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IN THE UNITED STATES DISTRICT COURT 
FOR THE WESTERN DISTRICT OF TEXAS 

SAN ANTONIO DIVISION 
 

JOHN A. PATTERSON, et al.,   ) 
) 

Plaintiffs,      ) 
) 

v.        )  No. 5:17-CV-00467 
) 

DEFENSE POW/MIA ACCOUNTING   ) 
AGENCY, et al.,     ) 

) 
Defendants.      ) 

 
 

DECLARATION OF TIMOTHY MCMAHON 
 

I, Timothy P. McMahon, pursuant to 28 U.S.C. § 1746, declare as follows: 

1. I am currently the Director of Department of Defense (DoD) DNA Operations for 

the Armed Forces Medical Examiner System (AFMES). The DoD DNA Operations division is 

comprised of two sections, the Armed Forces Repository of Specimen Samples for the 

Identification of Remains (AFRSSIR) and the Armed Forces DNA Identification Laboratory 

(AFDIL).  From October of 2016 until selection for my current position in April of 2017, I 

served as the Director of AFDIL.  From 2012 to 2016, I served as Director of Forensic Services 

within AFDIL.  

2. I am a Forensic Specialist with over 16 years of specialized experience in 

overseeing receipt, forensic analysis, forensic research and return of physical evidence associated 

with criminal investigations and I have over 26 years of biology, biochemistry and molecular 

biology experience.   

3. I received a PhD in Biomedical Sciences from the School of Public Health at the 
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University of Albany, New York in August of 2001. My graduate studies and post-doctoral 

research were performed in the division of Infectious Disease and Immunology at the New York 

State Department of Health.  From 2002 to 2007, I worked for the American Registry of 

Pathology as a contractor supporting AFDIL and AFMES.  From 2007 to 2012, I worked for 

Applied Biosystems where I was responsible for developing an organization to help create new 

DNA forensic laboratories and aided established government crime laboratories implement new 

automated and manual forensic technologies.  

4. The statements contained in this declaration are based on my personal knowledge 

and AFMES records and information made available to me in my official capacity. 

5. I am responsible for managing 150 contract scientist and support staff in meeting 

our mission requirements of performing DNA sequencing and testing on human remains for the 

AFMES and the Defense POW/MIA Accounting Agency (DPAA), criminal paternity testing for 

military investigative organizations, sample switches for military treatment facilities, and other 

Government, State or Local agencies as dictated. This includes serving as the AFMES subject 

matter expert on DNA, molecular biology, virology, biochemistry, genetics, DNA forensic 

applications, emerging technologies & research initiatives, and laboratory design & management. I 

am also responsible for guiding DoD DNA Operations in its development of new testing 

technologies, for developing and implementing growth plans to meet AFMES and DPAA needs, 

and for serving as a DoD subject matter expert in DNA human remains testing.   

AFDIL’s Mission and Organization 

6. The Armed Forces DNA Identification Laboratory (AFDIL) was established in 

1991 as the only DoD forensic DNA testing laboratory for the identification of human remains.  

7. AFDIL’s present day accounting and past accounting sections provide the DoD 
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and other federal and international agencies with human identification DNA testing support in 

the areas of personnel accounting, national security, law enforcement, humanitarian missions, 

and defense.  The primary missions of AFDIL are to provide: (1) forensic DNA testing of 

remains and other biological evidence in support of identification efforts through its past 

accounting section, which supports the DPAA, as well as its present day accounting section, 

which supports the Office of the Armed Forces Medical Examiner; (2) to create a conflict-

specific mitochondrial DNA (mtDNA), autosomal short tandem repeat (auSTR), and Y 

chromosome short tandem repeat (Y-STR) family reference database for use in the past 

accounting identification process; (3) to modify or create new methods to increase the present 

and past accounting sample success rates; and (4) to provide worldwide consultation, research, 

and education services in the field of forensic DNA to the DoD and other agencies. 

8. In 1998, AFDIL received its American Society of Crime Laboratory Directors - 

Laboratory Accreditation Board (ASCLD) and Federal Bureau of Investigation-Quality 

Assurance Standards (FBI-QAS) accreditation in Biology for nuclear and mitochondrial DNA 

testing and has been accredited continuously since 1998. AFDIL was one of the first laboratories 

accredited by ASCLD for mtDNA testing.  In 2014, AFDIL successfully underwent 

reaccreditation from the ASCLD-Legacy program to the American Society of Crime Laboratory 

Directors - Laboratory Accreditation Board (ASCLD-LAB) International Program, which found 

AFDIL to be in compliance with the International Organization of Standardization (ISO) 17025, 

ASCLD-LAB Forensic Requirements, and the Federal Bureau of Investigations Quality 

Assurance Standards (FBI-QAS) for Accreditation.  See Exhibit 1.  AFDIL has maintained its 

accreditation through each interim review process.  See Exhibits 2, 3.  ASCLD-LAB has now 

been acquired by the ANSI-ASQ National Accreditation Board (ANAB), and AFDIL is in the 
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process of renewing its accreditation through ANAB.  

9. AFDIL is comprised of six sections: 

a. Current Day Operations: Works directly with the Office of the Armed 

Forces Medical Examiner system to assist with human remains DNA testing for the 

identification of service members killed in current theaters of operation or training 

mishaps, and to assist military criminal investigative organizations with criminal 

paternity or kinship analysis cases. The section is comprised of a Technical Leader and 

Assistant Technical Leader who oversee the day to day operations of 10 qualified DNA 

analysts. 

b. Past Accounting Operations: Works directly with the DPAA and the 

AFMES to perform mtDNA, auSTR, and Y-STR testing on specimen samples submitted 

from WWII, Korea, Vietnam, and the Cold War. The section is comprised of one 

Technical Leader and three Assistant Technical Leaders, who manage eight teams 

comprised of 60 qualified DNA analysts and technicians. This section utilizes a team 

approach for efficiency and allows the greatest flexibility to meet changing DPAA 

requirements. 

c. Family Reference Specimen-Laboratory Automation: Works directly with 

the service causality offices and the past accounting section to process all of the family 

references that are submitted for inclusion in AFDIL Family Reference Database. This 

database is an internal database that is protected by HIPAA and only AFDIL scientist 

have access to. The family reference database is used by the past accounting section to 

compare the results generated from unknown specimens to the FRS specific conflict or 

person.  This section is comprised of a Technical Leader and Assistant Technical Leader, 
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who manage 11 qualified DNA analysts and technicians. 

d. Emerging Technology: Responsible for developing the new methods that 

are currently not commercially available but are needed to handle the highly degraded 

samples processed by AFDIL. These include the demineralization buffer that is used by 

most laboratories now and most recently the Next Generation mtDNA Capture assay.  

This section is comprised of a single team headed by a PhD and 6 research scientists. 

e. Validation and Quality Control: AFDIL employs both commercially 

available reagents as well as reagents that are generated in house. All of these reagents 

must meet defined validated procedures and accreditation requirements. To accomplish 

this, AFDIL has eight DNA scientist who are responsible for performing all of the 

validation, performance checks, and quality control of the instruments and reagents used 

by the casework sections.  

f. Quality Management and Training and Education: This is a six person 

team whose sole responsibility is the training of all scientists to meet accreditation 

requirements, maintenance of AFDIL’s accreditation, and the management of all 

proficiency tests assigned to qualified scientists. 

AFDIL’s DNA Testing Capabilities  

10. AFDIL uses auSTR and Y-STR tests to analyze nuclear DNA, and mtDNA 

sequencing (Sanger and Next Generation) to analyze mitochondrial DNA.  For the past 

accounting program, because of the age and degradation of the DNA due to environmental 

conditions, mitochondrial DNA testing is the most sensitive and is usually the first type of DNA 

testing used.  If the appropriate reference materials are available, autosomal DNA and Y-DNA 

will be tested as well.  
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11. Different DNA testing methods have different strengths and weaknesses when 

testing highly degraded samples and their use in the human remains identification process.  The 

multidisciplinary testing approach is most efficient and allows for the inclusion and exclusion of 

missing service members that might not be possible on the basis of one method alone. 

12. For example, mtDNA testing is highly effective in compromised skeletal cases 

because of its durability and high-copy number per sample compared to the single copy of 

nuclear DNA. Additionally, mtDNA is very effective for use in closed-population groups and in 

situations where auSTR or Y-STR reference samples may be difficult to obtain.   

13. AFDIL has a demonstrated record of developing methods to meet the needs of the 

AFMES and DPAA and is considered a world leader in human remains DNA testing.  AFDIL 

monitors success rates for testing and currently has a greater than 90% success rate for mtDNA 

Sanger sequencing results of non-chemically treated specimens, a greater than 50% success rate 

for auSTR and YSTR testing, and about a 45% success rate for mtDNA Next Generation 

Sequencing results.  To consistently achieve these success rates, AFDIL extensively tests 

samples with in-depth troubleshooting to make them work and to develop innovative solutions. 

14. To compare laboratories on the basis of metrics such as success rate, one must 

ensure that they involve comparable types of samples (e.g., highly degraded samples versus 

contemporary criminal casework). 

15. AFDIL developed and implemented in 1998 mtDNA mini-primer-sets and 

currently is the only laboratory that uses these. The advantage is that the amplicon size is 

approximately half the size of mtDNA primer-sets that all other laboratories use. Having the 

ability to use primer-sets and mini-primer sets increases the chance of success for specimens 

associated with DPAA. Currently, about 65% of all non-chemically treated DPAA specimens 
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require mini-primer-sets to obtain results. 

16. In 2006, AFDIL developed advances, including the demineralization buffer, 

which have reduced the needed sample size from 2.5 g of bone to 0.2 g of bone and allowed for 

the complete digestion of the bone, which made it possible to recover what little nuclear DNA 

was present and to perform auSTR and Y-STR testing.  The previous extraction method used by 

all forensic laboratories failed to release enough usable nuclear DNA for testing of highly 

degraded samples.  These advances also allowed for submission of smaller bones that could not 

be visually distinguished as human. AFDIL developed and implemented a 12s rRNA test to 

determine if a bone extract was human or non-human, which allows AFDIL to stop testing non-

human samples and focus on human samples.  

17. In 2015, AFDIL developed and forensically validated the Next Generation 

Sequencing (NGS) mtDNA Capture Assay and custom analysis software for analyzing NGS-

derived mtDNA sequencing data.  See Exhibit 3, C. Marshall, et al., Performance evaluation of a 

mitogenome capture and Illumina sequencing protocol using non-probative, case-type skeletal 

samples, 31 Forensic Science Int’l: Genetics 198-206 (2017); Exhibit 4, Kimberly Sturk-

Andreaggi, et al., AQME: A forensic mitochondrial DNA analysis tool for next-generation 

sequencing data, 31 Forensic Science Int’l: Genetics 189-197 (2017).  This grew out of AFDIL’s 

longstanding effort to meet the need to identify approximately 850 sets of remains that at the end 

of the Korean War that were treated with chemical agents (formaldehyde) to preserve the 

remains (known as the “Korean Punchbowl” remains).  Conventional mtDNA Sanger sequencing 

methods worked less than 5% of the time for these specimens.  AFDIL began successfully using 

this new sequencing method on Korean Punchbowl samples in March of 2016.   

18. Currently, AFDIL is the only forensic laboratory with a forensically validated 
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NGS mtDNA testing method for highly degraded samples. This method was externally reviewed 

by an audit team in 2016 with no findings of any deficiencies.  For disinterments associated with 

World War II sites like Cabanatuan, where the remains were chemically treated before final 

burial, and for highly degraded samples from Vietnam where traditional methods do not work, 

the NGS mtDNA capture assay is frequently the only method that will work.  

19. AFDIL, as part of a multi-laboratory team, performed the National DNA Index 

System (NDIS) testing on commercially available NGS forensic panels (auSTR, Y-STR, 

Ancestry SNPs, Phenotypic SNPs). The results from this testing were summarized, written up 

and submitted to the NDIS committee in late 2017, and are currently undergoing the review 

process.  The team observed that the commercially available kits worked well for modern high 

copy criminal casework samples, but are not optimal for low copy or degraded samples.  AFDIL 

does not find the commercially available kits useful for the past accounting mission. 

Family Reference Sample Collection  

20. AFDIL maintains a collection of family reference samples to support comparison 

of DNA testing results from unidentified remains.  Collection began in 1991, focused on family 

members associated with Vietnam losses, and in 1995 expanded to include family members 

associated with Korean War losses. After Congress provided additional funding to the service 

causality offices in 2010, DoD has engaged in a substantial push to gather all references for 

losses associated with World War II, Korean War, Vietnam War, and Cold War. Due to this push 

for collection of family references, AFDIL currently has 91% coverage for Korean War missing 

service members; 90% for the Cold War, 86% for the Vietnam War, and 8% for World War II. 

21. AFDIL receives and processes all family reference samples and maintains the 

family reference database.  The service casualty offices are responsible for identifying suitable 
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family references and sending the DNA collection kit to the family. The family receive the kit 

along with a shipping label for sending it to AFDIL. 

22. AFDIL coordinates with respective service casualty offices to generate a list of 

potential donors to collect at the Family Member Updates. Additionally, DPAA will request 

family reference samples as needed if suitable ones are not currently in the database and AFDIL 

will process those references as priority once received.   

23. AFDIL retains all family reference samples donated since the onset of collections 

and keeps the stored in a controlled environment that protects them from degradation.  As 

technologies advance, AFDIL has the ability to retrieve these samples and retest them as needed. 

24. Initially, family references from direct family members—to include brothers, 

sisters, and parents—of missing service members were targeted as a priority. The mothers, 

brothers and sisters are both good mtDNA references and good auSTR references, while the 

fathers and brothers are good Y-STR references.   

25. Since 2006, AFDIL has broadened the collection to include all suitable Y-STR 

and auSTR family members. AFDIL is actively asking that at a minimum, two maternal (mtDNA 

testing), two paternal (Y-STR Testing) and two autosomal (auSTR testing) references be 

collected when possible.  Not all extended relatives will have DNA usable as reference samples.  

See Exhibit 5, Family Reference Collection Form at 3 (link). 

26. AFDIL’s family reference database is protected under the Privacy Act and Health 

Information Portability and Accountability Act (HIPAA). See Exhibit 5, Family Reference 

Collection Form at 4.  The database is only accessible by AFDIL scientists who have been 

approved to do comparison reports.  It is not accessible to any outside individuals, including 

other DoD components. 
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AFDIL Past Accounting Program Procedures  

27.  Once samples are received by AFDIL for processing from the DPAA laboratory, 

the skeletal elements or biological material is signed over to an evidence custodian who photo-

documents the remains and enters the information into the laboratory’s information management 

system.  

28. The Technical Leader assigns samples to a team and the evidence custodian signs 

the specimens over to a DNA analyst for processing. Case samples are processed on a rolling 

basis, in the order they are received, unless the DPAA laboratory changes the priority of a 

specific sample. AFDIL has approximately 600 samples in progress at any one time.  

29. The samples are cleaned, ground into a powder, and the powder is dissolved, 

which release nuclear and mitochondrial DNA into a solution.  

30. The DNA is then purified, concentrated and analyzed using mtDNA Sanger or 

NGS and/or Y-STR and/or auSTR testing methods. In 2013, success rates for mtDNA testing 

were 90%, but for STR testing were about 25% using organic purification methods. AFDIL 

looked at many different purification methods and identified a post PCR amplification 

purification kit that was shown to remove downstream inhibitors to sequencing. AFDIL 

forensically validated this kit for extract purification, which increased STR success rates to over 

50%. AFDIL monitors results success rates and the current technological advancements and, 

through biweekly scientific meetings, establishes the requirements for developing, testing, 

validating and implementing technologies that will keep success rates high. 

31. Each specimen is processed in duplicate, and the final results have to match in 

order for DNA results to be reported.  This is a key aspect of AFDIL’s quality assurance 

measures and was supported by the Defense Science Board 1995.  See Exhibit 6, Defense 
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Science Board, The Use of DNA Technology for Identification of Ancient Remains (July 1995). 

32. AFDIL performs two independent DNA analyses from the same skeletal 

specimens tested, using overlapping sequencing products, and dedicated separate laboratory 

rooms.  When processing specimens in duplicate, each sample is extracted twice and processed 

to completion with the appropriate testing methods. To report out the duplicate extracts, the 

results between the individual extracts need to be consistent with one another; if the results are 

not consistent the samples are reported as “inconclusive.”  This differs dramatically from how 

modern criminal casework is processed at commercial, state and local laboratories, where a 

single extraction and analysis is sufficient to report out a result.  Due to the low quality of the 

samples AFDIL receives, it is very easy to amplify a modern contaminant over the low quality 

authentic DNA; and it’s why reproducibility of results are essential. 

33. The average turn-around-time for processing a sample in duplicate (extraction to 

DNA summary report) is approximately 85 days.  

34. The DNA results, when appropriate, are compared to the family reference 

database and these results are reported back to the DPAA Laboratory.  

35. The entire testing procedure is carried out in the “blind”; this means that AFDIL 

DNA analysts do not know the potential identity of the individual for the specimen being tested.  

Analysts are informed of the conflict (i.e. Vietnam, Korea, or World War II), and where the 

remains were found, as environmental conditions specific to loss location will play a role in the 

extraction and DNA process. AFDIL maintains several validated extraction, purification, and 

testing procedures, which allows AFDIL to adapt to any sample type submitted for testing.   

Challenges in Obtaining Results From Aged Remains  

36. The biggest challenge to obtaining results from aged remains is DNA degradation 
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both from the environment (acidic soil, temperature, humidity) and post mortem effects (fire, 

chemical treatment, and time).  As a result, the samples received by AFDIL’s past accounting 

section that have not been chemically treated have an average mtDNA size between 100 and 300 

base pairs and an average nuclear DNA size between 100 and 400 base-pairs.  For remains that 

have been chemically treated, including many remains coming from Manila American Cemetery, 

the average size is significantly smaller.  Modern DNA samples that have not been degraded 

generally have sizes greater than 400 base pairs. 

37. To counteract the effects of degradation laboratories need the flexibility to 

employ a variety of testing strategies.  Several of the strategies AFDIL developed or 

implemented are discussed above.  In addition, in 2007, AFDIL was part of the developmental 

validation and one of the first laboratories to utilize MiniFiler, the first commercial STR system 

to target degraded samples. And in 2013, AFDIL forensically validated a low copy Y-STR 

testing method that increased success rates with degraded samples.  

38. An additional challenge is finding appropriate references for the missing service 

members.  Some service members have no apparent living relatives.  Many others have no 

autosomal references (mother, father, brother, sister, children), but do have a maternal or paternal 

reference.  Thus, the use of linage markers (mtDNA and Y-STR) as well as auSTR opens up the 

number of viable references and increases the chance of success.  

39. The farther afield one goes for references, however, the more references may be 

needed.  For example, cousins only share about 12.5% of the DNA with each other, so due to 

inheritance patterns, it would take more than two references from both the paternal and maternal 

side to develop a sufficient reference. Locating so many relatives becomes progressively more 

difficult as time passes. 
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*  *  *  *  * 

Pursuant to 28 U.S.C. § 1746, I declare under penalty of perjury that the foregoing is true 

and correct. 

Executed this 18 day of May, 2018. 

      _____________________________________ 
     TIMOTHY P. McMAHON 
     Director, DoD DNA Operations 

Armed Forces Medical Examiner System 
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A B S T R A C T

Next-generation ancient DNA technologies have the potential to assist in the analysis of degraded DNA extracted
from forensic specimens. Mitochondrial genome (mitogenome) sequencing, specifically, may be of benefit to
samples that fail to yield forensically relevant genetic information using conventional PCR-based techniques.
This report summarizes the Armed Forces Medical Examiner System’s Armed Forces DNA Identification
Laboratory’s (AFMES-AFDIL) performance evaluation of a Next-Generation Sequencing protocol for degraded
and chemically treated past accounting samples. The procedure involves hybridization capture for targeted
enrichment of mitochondrial DNA, massively parallel sequencing using Illumina chemistry, and an automated
bioinformatic pipeline for forensic mtDNA profile generation. A total of 22 non-probative samples and associated
controls were processed in the present study, spanning a range of DNA quantity and quality. Data were generated
from over 100 DNA libraries by ten DNA analysts over the course of five months.

The results show that the mitogenome sequencing procedure is reliable and robust, sensitive to low template
(one ng control DNA) as well as degraded DNA, and specific to the analysis of the human mitogenome.
Haplotypes were overall concordant between NGS replicates and with previously generated Sanger control re-
gion data. Due to the inherent risk for contamination when working with low-template, degraded DNA, a
contamination assessment was performed. The consumables were shown to be void of human DNA contaminants
and suitable for forensic use. Reagent blanks and negative controls were analyzed to determine the background
signal of the procedure. This background signal was then used to set analytical and reporting thresholds, which
were designated at 4.0X (limit of detection) and 10.0X (limit of quantiation) average coverage across the mi-
togenome, respectively. Nearly all human samples exceeded the reporting threshold, although coverage was
reduced in chemically treated samples resulting in a ∼58% passing rate for these poor-quality samples. A
concordance assessment demonstrated the reliability of the NGS data when compared to known Sanger profiles.
One case sample was shown to be mixed with a co-processed sample and two reagent blanks indicated the
presence of DNA above the analytical threshold. This contamination was attributed to sequencing crosstalk from
simultaneously sequenced high-quality samples to include the positive control. Overall this study demonstrated
that hybridization capture and Illumina sequencing provide a viable method for mitogenome sequencing of
degraded and chemically treated skeletal DNA samples, yet may require alternative measures of quality control.

1. Introduction

Next-generation sequencing (NGS) technologies have significantly
expanded the ability to recover genetic information from ancient and

degraded DNA samples. In particular, hybridization capture has proven
useful for targeted enrichment of genomic DNA (gDNA) [1–5], as well
as smaller targets such as the human exome [6] and the mitochondrial
genome (mitogenome) [1,7]. Capture is amenable to DNA fragments
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that are too degraded for NGS workflows involving PCR enrichment,
which are more common to forensics [8–12]. The technological ad-
vancement offered by hybridization capture and NGS therefore create
the potential to obtain genetic data from forensic specimens that were
heretofore too degraded for DNA analysis. In particular, next-genera-
tion mitogenome sequencing holds promise for human identification
efforts and missing persons cases such as those of the Defense Personnel
Accounting Agency (DPAA). Working in conjunction with DPAA, the
Armed Forces Medical Examiner System’s Armed Forces DNA Identifi-
cation Laboratory (AFMES-AFDIL) performs all of the DNA testing to
assist in the identification of missing service members from past mili-
tary conflicts. The samples typically submitted by DPAA to the AFMES-
AFDIL for genetic testing are aged skeletal remains that were exposed to
post-traumatic (e.g., fire) and environmental insults and sometimes
chemical treatment with formaldehyde or powdered hardening com-
pounds. As a result, endogeneous DNA is often limited in quantity,
degraded and damaged, and plagued with co-extracted inhibitory mo-
lecules common to ancient DNA such as microbial DNA and humic acid.
Though the AFMES-AFDIL currently has a>90% mtDNA success rate
using traditional Sanger-type-sequencing (STS) methods [13,14], an
NGS method for mitochondrial genome sequencing was needed for the
most challenging samples that yield partial or unreproducible results
from standard techniques.

The present study summarizes a performance evaluation of a mi-
togenome capture and Illumina sequencing procedure for non-proba-
tive case-type samples. The procedure is a low-throughput, labor-in-
tensive process with numerous tube transfers requiring approximately
ten hours of hands-on time. The laboratory workflow involves several
clean-lab steps, including an initial enzymatic damage mitigation step
to minimize cytosine deamination typical of aged and degraded DNA
[15], followed by purification and dual-indexed Illumina library pre-
paration. In the post-amplification laboratory, a limited-cycle PCR
completes the library preparation procedure, then indexed libraries are
quantified to confirm successful amplification. Libraries are subse-
quently enriched for the mitogenome in an overnight in-solution hy-
bridization incubation with biotinylated RNA baits. After DNA capture,
purification, and amplification of the captured product, samples are
purified and quantified before being pooled for paired-end sequencing
on an Illumina MiSeq. The procedure takes roughly two weeks to
complete from bone preparation to mitogenome profile for a sample set
of three case samples and associated controls. As summarized below, 40
non-probative, case-type samples libraries and associated controls were
processed for a total of more than 100 libraries sequenced by ten DNA
analysts over the course of five months. These NGS data confirm the
reliability, specificity, cleanliness, and sensitivity of this novel forensic
DNA testing procedure.

2. Materials and methods

2.1. Samples

A total of 22 previously reported and therefore non-probative
AFMES-AFDIL case samples were selected for this study, and were ca-
tegorized into four types: chemically treated, degraded, high quality,
and nonhuman (Table S1). The chemically treated samples represent a
set of Korean War unknowns that were treated with formaldehyde be-
fore being buried in the National Memorial Cemetery of the Pacific
(NMCP) in Honolulu, Hawaii. The degraded samples were chosen from
World War II (WWII), Korean War, or Vietnam War cases. Two high-
quality, non-probative bone samples were included for the purposes of
the mixture study. All 22 non-probative case samples were previously
tested with Sanger-type sequencing (STS) technology (following
methods outlined in [13,14,16]), indicating a range of mtDNA quality.
The high quality samples generated>1000-bp amplicons, the de-
graded and nonhuman samples generated 150–300-bp amplicons, and
the chemically treated samples yielded either very small amplicons or

failed to amplify. This sample quality information was utilized to assess
the sensitivity of the procedure in lieu of a traditional sensitivity series
with control DNAs, which lack the environmental contaminants that
necessitate the capture procedure.

2.2. Contamination monitoring and controls

DNA extraction and library preparation were carried out in a pre-
PCR DNA laboratory dedicated for low copy and degraded DNA sample
testing. Reagent blanks (RBs) were introduced during DNA extraction
and were carried through the entire downstream procedure. A non-
template library negative control (NC) and a library positive control
(PC) were introduced during library preparation. The inclusion of a PC
is unconventional for the ancient DNA community because the PC itself
presents a potential source of contamination. However, the Federal
Bureau of Investigation (FBI) Quality Assurance Standards (QAS)
mandates that a PC be utilized to monitor the success of a DNA testing
procedure [17]. In order to adhere with the QAS for accreditation
purposes, this study employed a PC but utilized the following measures
to minimize its potential to contaminate associated samples: 1) only
1.0 ng of fragmented gDNA was utilized in library prep (four-fold less
DNA than the manufacturer’s recommendation), 2) the PC was spiked
into the library pool for sequencing to control the number of reads that
it consumed (see below), and 3) the control DNA exhibited a rare mi-
togenome profile (K562; Promega Corporation, Madison, WI) to be
readily identified in the sequence data (Table S2). The K562 control
DNA was enzymatically fragmented with NEBNext Fragmentase (New
England Biolabs Inc. (NEB), Ipswich, MA) in a separate pre-PCR la-
boratory, then diluted to 0.2 ng/μL prior to being taken to the degraded
sample laboratory for library preparation. Overall, a total of 27 RBs, 18
NCs and 17 PCs were processing simultaneously with the non-probative
samples.

2.3. DNA extraction and USER treatment

DNA was isolated from 0.2 g–1.0 g powdered bone sample. Bone
powder was first demineralized in a buffer containing 0.5 M EDTA, 1%
sarkosyl and 20 mg/ml proteinase K by incubating overnight with
agitation at 56 °C [18]. DNA was purified using one of three protocols:
organic [18], QIAquick PCR Purification Kit (QIAGEN, Hilden, Ger-
many) [19], or a variation of the [19] procedure that utilized the
MinElute PCR Purification Kit (QIAGEN) instead of the QIAquick. As
with the PC, the high quality DNA samples were enzymatically frag-
mented with NEBNext Fragmentase following the manufacturer’s pro-
tocol in order to make the DNA suitable for library preparation. When
additional bone sample was available, replicate DNA extracts were
prepared for reproducibility testing (Table S3). Additionally, three
mixtures were created from the remaining DNA extract volume after
neat sample processing of the two high quality DNA extracts. Mixtures
of 30 μL were created using a volume-based mixing scheme in ratios of
1:9, 1:1, and 9:1. To keep the input volumes consistent with neat
samples, mixed samples were suspended in 70 μL volumes using Tris-
EDTA (10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5).

In the absence of a commercially available kit for DNA fragments
averaging ∼75 bp (such as those intended for the present procedure), a
quantitative PCR (qPCR) was not performed. Instead, total extracted
DNA (human and microbial) was quantitated to confirm the success of
the DNA extraction procedure. An aliquot of each DNA extract was
quantified using the Agilent 2100 Bioanalyzer using the High
Sensitivity (HS) or 7500 assay (Santa Clara, CA) to confirm the success
of DNA extraction. All DNA extracts were subjected to a 1-h Uracil-
Specific Excision Reagent (USER) (NEB) treatment to mitigate the ef-
fects of cytosine deamination [20,21], followed by purification with the
MinElute kit with elution in Tris-EDTA.

C. Marshall et al.

Case 5:17-cv-00467-XR   Document 34-3   Filed 05/18/18   Page 21 of 109



2.4. Library preparation

Each library preparation sample set included one to three case
samples and one or two associated RBs, a library NC, and a library PC
(fragmented K562). To increase sample size and to evaluate the re-
producibility of the procedure, replicate libraries were prepared from
the same DNA extract when excess volume was available. In total, 40
DNA libraries were prepared from the 31 DNA extracts (including the
three intentional mixtures) by ten different scientists. The libraries in
each sample set were taken through downstream processing together.
Quantitation of samples was completed using the Qubit 2.0
Fluorometer (Invitrogen, Waltham, MA) to calculate DNA quantity for
input into library preparation. DNA libraries were prepared using the
NEBNext Ultra DNA Library Prep kit for Illumina (NEB) with the fol-
lowing modifications to the manufacturer’s version 1.0 protocol: 1.3 x
AMPure XP (Beckman Coulter, Brea, CA) purification of adapter-ligated
samples, and elution with 42 μL of Tris-EDTA. Two PCR enrichment
reactions of 20 μL adapter-ligated DNA were prepared using the
NEBNext Multiplex Oligos for Illumina Dual Index Primers Set 1.
Twelve cycles of PCR were carried out on a GeneAmp PCR System 9700
thermal cycler (Applied Biosystems, Foster City, CA) following the
NEBNext High-Fidelity 2X PCR Master Mix recommendations. The two
PCR reactions were pooled and purified with AMPure XP using a 0.9 x
bead:sample ratio, then eluted in 20 μL of Tris-EDTA. Successful am-
plification of DNA libraries was confirmed using the 2100 Bioanalyzer
HS or 7500 assay by the presence of a DNA smear in the 170–1000 bp
range.

2.5. Hybridization capture

An in-solution hybridization capture method using a custom
MYbaits RNA probe array (MYcroarray, Ann Arbor, MI) was employed
to enrich for the mitogenome [2,7]. This kit includes 20,000 copies of
over 1800 unique, 50 bp–70 bp biotinylated RNA oligos that scaffold
the revised Cambridge Reference Sequence (rCRS) [22,23] with ap-
proximately 5 x tiling (Fig. S1). Probe density was augmented in the
mitochondrial control region (CR) to improve CR coverage for com-
parison with family reference specimen (FRS) CR data. The bait se-
quences consist primarily of rCRS sequences, although sequences with
commonly observed variant motifs in the AFMES-AFDIL FRS database
were included in the design (Table S4). The hybridization conditions
followed the MYbaits V2 protocol with a 24-h incubation at 62 °C using
the Veriti thermal cycler (Applied Biosystems). This hybridization
temperature was chosen to enable hybridization between the baits and
mtDNA sequences from diverse human haplotypes. This was a mod-
ification to the manufacturer-recommended 65 °C hybridization tem-
perature for greater specificity and higher on-target percentage. The
captured product was amplified in four PCR reactions per sample, each
having 10 μL of captured DNA, using the Herculase II Fusion Enzyme
with dNTPs Kit (Agilent) with HPLC-purified universal Illumina primers
(P5: 5′-AAT GAT ACG GCG ACC ACC GA-3′; P7: 5′-CAA GCA GAA GAC
GGC ATA CGA-3′) (Integrated DNA Technologies, Coralville, IA).
Nineteen PCR cycles were completed on a 9700 thermal cycler. Am-
plified capture product was pooled by sample and purified with 1X
AMPure XP, and eluted in 25 μL Tris-EDTA.

2.6. Library pooling and multiplexed sequencing

Each sample set was sequenced individually by pooling the two to
three case samples, associated RB(s), and the NC by volume without the
PC. High quality samples were sequenced separately from degraded and
chemically treated samples. The molarity of the pool was determined
using the 2100 Bioanalyzer. Each pool was diluted to 4 nM and pre-
pared for sequencing following the manufacturer’s recommendations.
The associated PC and Phi-X Sequencing Control V3 (Illumina, San
Diego, CA) were diluted and denatured separately, then spiked into the

pool for loading. A final loading concentration of approximately 8 pM
was targeted with 95% 20 pM sample pool, 2.5% 12.5 pM PhiX, and
2.5% 12.5 pM PC. Paired-end sequencing was completed using an
Illumina MiSeq Reagent Kit v2 (300-cycle, 2 × 150) on the MiSeq
Desktop Sequencer (Illumina). A total of 17 MiSeq runs were per-
formed.

2.7. Read mapping and data analysis

MiSeq Reporter software (Illumina) generated demultiplexed
FASTQ files from the raw data, and reads were imported into the CLC
Genomics Workbench v7.5.1 (QIAGEN) for data analysis. The following
steps were incorporated into an automated workflow to analyze sample
sequence data and generate a mtDNA profile. Paired reads were
mapped to the rCRS using stringent parameters (0.85 length fraction
and 0.95 similarity fraction) to minimize the inclusion of off-target
reads. As such, a sequence read of 75 bp, for example, must match the
rCRS for a minimum stretch of 65 bp and within those 65 bp only three
differences from the rCRS are permitted. These mapping parameters
may result in reduced coverage of insertion/deletion (indel) clusters
and SNP clusters depending on DNA fragment length and individual
haplotype; but they are necessary to prevent bacterial DNA from
mapping to the rCRS. Mapped duplicates were removed, and a local
realignment was performed to assist in gap (indel) alignment. Coverage
metrics were generated per individual read mapping, and only paired
reads were analyzed in order to exclude broken pairs from instrument
crosstalk in coverage calculations.

When paired coverage met or exceeded a 10X variant calling
threshold, variants were reported if the variant frequency (VF) was
≥10% and variant count was ≥4 to overcome background noise from
DNA damage and/or PCR and sequencing error. To conform the re-
sulting variant profile to forensic guidelines (with 3′ alignment of indels
and use of appropriate International Union of Pure and Applied
Chemistry (IUPAC) codes for mixed positions), a custom mtDNA ana-
lysis tool developed by the AFMES-AFDIL for the CLC Genomics
Workbench known as AQME (AFDIL-QIAGEN mtDNA Expert) was
employed [24]. Haplogroups were determined using AQME, which
performs an alignment of the consensus sequence against virtual hap-
logroup sequences in Phylotree Build 16 [25]. The highest scoring
haplogroup based on shared polymorphisms was reported.

2.8. Concordance

Previously obtained STS sequence data from the mtDNA control
region (CR) were used for concordance evaluation. The STS data orgi-
nated from either the same skeletal element and/or an associated FRS.
In some cases, identification of the remains was based solely on an-
thropological analysis [26,27] and/or circumstantial evidence; there-
fore these cases lacked direct STS data from the same skeletal element
for comparison. Regardless, mtDNA comparison data from the CR were
available for all non-probative case samples − either from data gen-
erated directly from the sample or from a FRS, or both.

3. Results and discussion

3.1. MiSeq run assessment

The sequencing runs produced an average cluster density of
740.41 K/mm2, with an average of 11.93 million (M) reads passing
filter (PF) (Table 1). The 17 runs produced an average of 87.46% of
bases with a quality score greater than 30 (Q30, which corresponds to a
99.9% base call accuracy), and all but two runs (with 79.2% and 79.3%
Q30) exceeded the manufacturer expectation of 80% Q30. One run
produced a cluster density roughly twice the overall average at 1399 K/
mm2. This run contained high quality samples that may have affected
accurate quantitation of the pool on the Bioanalyzer. At the other
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extreme, one run produced much lower cluster density at 136 K/mm2,
and this run contained three chemically treated samples that produced
low coverage data. The aligned reads (Phi-X) percentage was 4.09% on
average, slightly higher than the 2.5% expected from the pool. Despite
this variability, the Phi-X control was successfully sequenced and
aligned to the reference genome in all runs, demonstrating its utility as
a sequencing control. The PC comprised an even higher average of
9.02% of the sequenced reads despite the targeted proportion of 2.5%.
And maximally the PC consumed over one-third of the sequenced reads
(in the pool with the lowest cluster density) at 38.49% of all reads
identified passing filter (PF). The percent of total reads apportioned to
control DNAs (Phi-X and PC) was dependent on the overall quality of
the pool; lower quality pools generated less reads per sample and
consequently a higher percentage of reads were assigned to the PC and
Phi-X control (Table S5). Despite the variation observed across the se-
quencing runs, each was successful and produced high quality DNA
sequence data.

3.2. DNA quantity

Sample quality, as determined from STS success, was consistent
with DNA quantitation results (Table 2). Higher quality DNA samples
resulted in higher DNA concentrations after DNA extraction, resulting
in increased library DNA yield. All human and nonhuman samples in-
cluding the PC generated sufficient DNA libraries for hybridization
capture, whereas the RBs and NCs contained only dimer products in
Bioanalyzer traces after library purification (but were captured and
sequenced regardless). RBs had more primer dimer than NCs due to
their earlier initiation than NCs in the NGS procedure. As shown in
Fig. 1, samples with increased DNA input generally produced more
capture product. The chemically treated samples fell into one of two
clusters − the first with the RBs (representing quantifiable primer
dimer) and the second with other non-probative case samples. There-
fore the capture DNA yield from the lowest-template chemically treated
samples was of comparable DNA concentration to the primer dimer
quantified from several RBs. The PCs exhibited consistently high

capture product (each> 77 nM) despite the reduced library input of
one ng, likely due to the pristine nature of the human DNA present in
the control sample. Overall, the samples with higher DNA quantity
prior to library PCR also yielded more capture product for NGS.

3.3. DNA sequence data

The total number of reads per sample was variable (Table 3), yet
this was expected due to the variability in run composition (e.g., two
samples and two RBs vs. three samples and one RB) as well as variation
in the number of reads PF per run. Each non-probative case sample
garnered an average of eight million reads, whereas RBs and NCs pro-
duced substantially fewer than reads on average (250,000 and 50,000,
respectively). RBs produced more reads than NCs, although a smaller
portion of the RB reads mapped to the rCRS (5.1%) than NC reads
(17.3%). When considering the non-probative case samples, the higher
the sample quality, the higher percentage of reads that mapped to the
rCRS. However, even the PC and high quality samples exhibited high
proportions of unmapped reads (34.5% and 54.2%, respectively). It is
possible that the stringent mapping parameters precluded some human
mtDNA sequences from mapping to the rCRS, such as reads containing
indels or PCR/sequence errors. Yet preliminary mapping of the high
quality sample dataset to the human reference genome using the same
mapping stringency (0.85 length fraction and 0.95 similarity fraction)
indicated that the remaining reads were likely of nuclear DNA origin.
Although some inefficiency in capture is expected based on findings
from the ancient DNA literature (e.g., [2]), future optimization of the
extraction and capture procedures aim to improve on-target read

Table 1
Summary of the run metrics from the 17 MiSeq runs.

Run Metric Minimum Maximum Average Standard
Deviation

Cluster Density (K/mm2) 136.00 1,399.00 740.41 319.35
Clusters Passing Filter (PF)

(%)
76.51 95.43 89.08 5.18

Reads (Million (M)) 2.77 25.27 13.70 5.60
Reads PF (M) 2.43 19.35 11.93 4.36
Q30 (%) 79.20 94.20 87.46 4.41
Aligned (%) (Phi-X) 1.48 21.96 5.14 4.79
% Reads PF Identified 65.52 96.30 86.51 9.08
% PC 2.18 38.49 9.02 8.82
% Sample Pool 27.03 93.05 77.49 15.69

Table 2
Quantitation results by sample type.

Library dsDNA Input (ng) Library DNA Yield (ng/μL) Capture DNA Yield (nM)

Sample Type Library Count Average Standard Deviation Average Standard Deviation Average Standard Deviation

Positive Control 17 1.0 0.0 5.0 3.6 275.3 116.7
High Quality 2 1055.4 104.7 58.0 7.6 538.5 142.3
Degraded 18 310.6 349.3 14.3 20.7 119.5 103.5
Chemically Treated 15 106.3 150.2 8.7 18.8 64.0 68.1
Reagent Blank 27 0.9 2.0 0.4 0.6 10.3 14.0
Negative Control 18 0.0 0.0 0.1 0.2 4.6 9.2
Nonhuman 2 674.5 847.5 5.3 1.0 63.5 12.3
Mixture 3 224.1 27.6 88.4 9.6 369.9 40.2

Fig. 1. Capture yield in relation to DNA input by sample type. Scatterplot excludes
samples and controls with no quantifiable DNA (0 ng).
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percentage [28–30]. Compared to the PCs and high quality samples, the
degraded and chemically treated samples generated much less on-target
reads, averaging just 13%. Without capture, the chemically treated
samples were shown to exhibit less than 0.01% human mtDNA, 15%
bacterial DNA, and 85.5% DNA with no matches in GenBank [31].
Thus, the capture procedure effectively enriched the small amount of
endogenous human mtDNA present in the chemically treated samples.
Although outside the scope of this report, future investigation into the
sources of the unmapped reads may shed light on the postmortem mi-
croenvironment of the skeletal remains. From the reads that success-
fully mapped to the rCRS, only 337,676 unique mitogenome reads re-
mained on average from the degraded and 37,004 from the chemically
treated samples after removal of mapped duplicates. Therefore despite
an average library input of more than 100 ng gDNA for chemically
treated and degraded samples, these samples are low in mtDNA tem-
plate because human DNA composes only a very small fraction of the
total DNA extracted.

Table 3 furthermore shows that mapped read length increased with
increasing sample quality. The PCs and high quality samples received
the same DNA fragmentation treatment; therefore the mean read
lengths of these two sample types were similar (approximately 120 bp).
Degraded and chemically treated samples expectedly produced shorter
read lengths, averaging 81.9 bp and 68.5 bp, respectively. Interestingly,
mean read length of the RBs and NCs was> 110 bp. Therefore it is
unlikely that the mapped reads in the RBs and NCs originated from co-
processed case samples due to the observed length discrepancy. Similar
to read length, coverage also increased with increasing sample quality
(Fig. 2). The PCs exceeded an average of 2800X average coverage, and
all PCs produced over 1000X average coverage. These results from the

17 PCs demonstrate that one can expect consistent, robust results from
one ng dsDNA input of pristine, fragmented DNA. The high-quality case
samples, which garnered three times the reads of most PCs, averaged
more than 8000X average coverage across 100% of the mitogenome. In
contrast, the degraded samples resulted in an average of 820X average
coverage, but coverage depth varied considerably by sample. Out of 18
tested, only one degraded sample had incomplete (< 100%) coverage
of the mitogenome above the 10X variant calling threshold, which
brought the degraded sample average down to 99.89%. This degraded
sample (17A) produced an average coverage depth of 7.4X with 24.43%
of bases covered above the 10X variant calling threshold. In retrospect,
it was identified that more than five μg of DNA was used in library prep
of 17A. Thus, the incomplete coverage can be attributed to an error in
processing, as the DNA extract was not appropriately diluted to the
maximum input of 1 μg dsDNA prior to library preparation. When this
outlier is excluded, all 17 of the degraded case samples resulted in
100% mitogenome coverage with an average coverage depth of 914X.
The chemically treated samples exhibited the least mitogenome cov-
erage of the human sample types, and coverage also varied con-
siderably by sample. Average depth of coverage was 76.4X, and the
portion of mitogenome coverage averaged 61.7%. Coverage was
minimal in the nonhuman samples, consistent with data generated from
RBs and NCs. Thus, nonhuman mtDNA is not captured and sequenced
as efficiently as human mtDNA using the present protocol.

3.4. Background signal assessment

The limit of detection (LOD) and limit of quantitation (LOQ) were
calculated from the mitogenome coverage of the control blanks (RBs
and NCs). The LOD and LOQ represent the 99.73% and>99.99%
confidence limits of average coverage, respectively, and were utilized to
establish the analytical (LOD) and reporting (LOQ) thresholds. By
constructing the analytical and reporting thresholds from the control
blank data, the background signal of the entire procedure was captured
− from DNA extraction through sequencing. Of the 45 control blanks
that were sequenced, two reagent blanks were determined to be con-
taminated (discussed below) and excluded from the background as-
sessment. A total of 43 remaining control blanks (25 RBs and 18 NCs)
were used to determine the background signal of the procedure. The
LOD (average + 3 standard deviations (SDs)) was 3.599X average
coverage, which was rounded to 4.0X for simplicity. Mapped sequence
data exceeding 4.0X average coverage were therefore above back-
ground noise (analytical threshold). The LOQ (average + 10 SD) was
10.217X average coverage, rounded to 10.0X. This 10.0X average
coverage LOQ was determined to be the threshold for reporting sample
data generated from a single library (reporting threshold). Sample data
between 4.0X and 9.99X average coverage would require additional
sequencing of the captured library to meet the 10.0X minimum

Table 3
Sequence data by sample type.

Total Reads Reads Mapped to
rCRS (%)

# Unique Reads Mapped to
rCRS

Mean Mapped Read
Length (bp)

Average Coverage % of Mitogenome
Covered ≥ 10X

Sample Type Library
Count

Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. Avg. St. Dev.

Positive Control 17 1,683,300 831,602 65.1 9.8 628,553 253,332 125.5 6.3 2828 1148 100 0.0
High Quality 2 6,253,915 149,311.3 45.8 7.3 1,995,842 552,722.7 119.1 3.0 8291 1878 100 0.0
Degraded 18 9,480,890 6,391,180 13.4 12.5 337,680 326,530 81.9 13.2 822 797 99.9 0.2
Chemically

Treated
15 6,134,300 6,205,300 13.3 20.9 37,000 55,850 68.5 11.9 76 110 61.7 44.9

Reagent Blank 27 250,400 423,300 5.1 8.4 580 300 113.0 14.4 1.5 2.1 2.4 5.8
Negative

Control
18 42,000 109,000 17.3 21.9 390 500 112.7 17.3 0.4 0.5 0.4 0.8

Nonhuman 2 9,782,069 3,152,937 0.0 0.0 96.9 117 100.1 2.7 1.9 1.0 1.8 0.7
Mixture 3 11,999,350 1,980,190 42.7 4.4 3,555,603 276,754.6 113.3 3.8 13,428 1608 100 0.0

Fig. 2. Reads that mapped to the rCRS by sample type.
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coverage threshold for reporting. For resequenced libraries from the
same capture product, mapped duplicates should be removed simulta-
neously to avoid the inclusion of separately sequenced PCR duplicates
in variant calling.

When the analytical (LOD) and reporting (LOQ) thresholds were
applied to the non-probative sample data, all PCs and high quality
samples (including the mixtures) passed the reporting threshold.
Seventeen out of eighteen (94%) degraded samples passed the reporting
threshold, yet one sample fell between the analytical and reporting
thresholds (17 A) with 7.4X average coverage. As discussed above, this
degraded sample had excess DNA in library preparation that likely in-
hibited library preparation. The chemically treated samples yielded
more variable results: only 60% (9 of 15) passed the reporting
threshold, 27% (4 of 15) passed the analytical threshold, and 13% (2 of
15) failed to exceed 4.0X average coverage. Although the results are
less robust for chemically treated samples than the nearly 100% passing
rate for degraded DNA samples, the NGS results outperformed the 6%
Sanger sequencing success rate from the same samples (data not
shown). Of further note is the finding that the contaminated RBs that
were excluded from the LOD and LOQ calculations were shown to be
above the analytical threshold yet below reporting threshold.
Consequently a 4.0X maximum coverage threshold for control blanks is
consistent with the presense of contamination determined by the ana-
lyst. Finally, the nonhuman samples failed to meet the analytical
threshold with no reportable data.

3.5. Mitogenome profile assessment

The variant profiles generated from the non-probative samples and
PCs are summarized in Table 4, and haplotypes are shown in Table S6.
The haplotypes of samples above the analytical threshold were con-
sistent among 11 of the 12 cases within NGS replicates. One sample
(4A) appeared to be contaminated with DNA from an unknown source,
although the associated RB was clean. The major profile of 4A was
consistent with the NGS data from the sample replicate. The 4A extract
was generated from 0.2 g tooth powder four years prior for STS pro-
cessing, and the extract was handled several times for PCR amplifica-
tion attempts before NGS was initiated. Therefore the low-level
(∼10%) contaminant affecting sample 4A may have been introduced
prior to the start of the present study. Importantly, the reduced average
VF (91.85%) and seven nucleotide positions with mixed bases observed
in the 4A profile were not observed in the replicate 4B profile generated
from a freshly prepared DNA extract. Therefore due to the sensitivity of
NGS, starting from freshly prepared DNA extracts to minimize repeated
tube handling may be worthwile to prevent unnecessary reprocessing.
Despite the one instance of a low-level contaminant, the NGS data,
which were replicated by the same and different scientists, were de-
termined to be repeatable and reproducible.

The NGS profiles were then compared with STS CR data in order to
authenticate the mitogenome data obtained. When consistent with the
known CR profile, the data were considered to be single-source. When
multiple nucleotide positions with two or more bases (mixed positions)
were observed or inconsistencies were identified between NGS and STS,
the profiles were determined to be mixed (Table 5). All PCs and the two
high quality samples exhibited single-source profiles that were con-
sistent with STS (Table 5). Only minor fluctuation in low-level variants
(5%–10%) was observed in the PCs (Table S7). The three intentional
mixtures (i.e., volume:volume mixtures) exhibited reduced average VF
and/or excess mixed positions compared to the high-quality samples
and PCs. One of the three intentional mixtures was a 1:9 mixture that
appeared to be umixed because it showed zero minor variants above the
10% variant calling threshold. The mixture was identifiable, however,
because of the reduced average VF (95.76% for the 1:9 mixture com-
pared to an average of 99.13% in the neat components). The remaining
two intentional mixtures each produced 31 mixed positions. Hence, the
two metrics of average VF and number of mixed positions across the

mitogenome may be useful for mixture detection. By applying a 99.73%
confidence interval (average − 3 SDs) to the average VF of single-
source degraded and chemically treated samples (above the reporting
threshold), a VF reduction below 94.0% may indicate a mixture. Given
that average VF is haplotype- and sample-type- dependent, and that it
encompasses the signal of background noise, this metric serves only as a
means to flag potential mixtures for further scrutiny. And secondly, an
excessive number of nucleotide positions with two or more bases may
indicate a mixed profile, as three point heteroplasmies (PHPs) is the
maximum observed in a single-source profile based on high quality STS
haplotypes [32].

The majority of degraded (16 of 18 (89%)) and chemically treated
(11 of 13 (84%)) samples above the analytical threshold produced
profiles that were single-source and concordant with Sanger CR data.
Variants were largely consistent with the expected profile. Only three
unreplicated instances of mixed positions were observed among the
single-source degraded and chemically treated case samples, all of
which were consistent with cytosine deamination (4464 G(89.8%)/
A(10.2%) in sample 6A1, 16519 C(88.6%)/T(11.4%) in sample 9B, and
3498 C(90.0%)/T(10.0%) in sample 15). Nucleotide position 16519
was previously noted by Rathbun et al. to be a damage hotspot in their
CR analysis [9], further supporting the hypothesis that DNA damage is
evident in these data. Therefore the initial USER treatment to remove
damaged cytosine bases may not be 100% effective. Two degraded
sample libraries generated from the same DNA extract (12A1a and
12A1b) were inconsistent with Sanger results and determined to be
mixed with a co-processed, degraded sample (16A). Due to the presence
of contamination in both 12A1 libraries (a and b), it is possible that
only one cross-contamination event occurred before the libraries were
prepared. The contaminating case sample was of much higher quality
with> 30% of reads mapping to the rCRS and> 1700X average cov-
erage in both replicates (16A1a and 16A1b).

The remaining instances of contamination also originated from co-
processed high quality samples. Two of the three such instances were
attributed to the PC, which affected one chemically treated DNA extract
(2A2) and one RB (RB-6). A second RB (RB-7) produced a profile
consistent with an associated high quality sample (18). Average cov-
erage for each of these three contaminated profiles was above the
analytical but below the reporting threshold, with 2X-9X average cov-
erage originating from the contaminant. The contamination was evi-
dent in the RBs (at a rate of 7.4%), and was a detriment to data in-
terpretation of the low-quality samples for which the procedure was
developed. Of the 31 degraded and chemically treated sample libraries
that were sequenced, three (9.7%) were contaminated with sequence
data from a high quality sample or PC. This rate of contamination was
not expected given the measures that were taken to minimize con-
tamination both in the laboratory and during the sequencing runs. As
explained in the methods above, the clean-lab steps prior to indexing
were performed by trained DNA analysts who routinely process de-
graded DNA samples from sample preparation through sequencing.
Therefore cross-contamination between co-processed samples was ex-
pected to be minimal. Moreover, the treatment of the PC was done in a
way to minimize the potential for cross-contamination and crosstalk.
This included artificial degradation and dilution of the K562 control
DNA, barcoding the PC to remove PC sequences from the sample data
bioinformatically, using a relatively low 8 pM loading concentration to
prevent overclustering on the flow cell, and spiking the PC into the pool
at a limited quantity to minimize its impact on the sequencing run.

In order to evaluate the possibility that the contamination occurred
from index cluster crosstalk during the sequencing runs, seven sample
pools were resequenced without the PC (using 97.5% sample pool and
2.5% Phi-X control). Additionally, the high quality sample (18) that was
believed to be the source of the RB-7 contamination was not included in
its pool. As shown in Table 6, the PC was entirely removed from the
sequence data in the runs without the PC and was no longer a source of
contamination. And, the RB that was contaminated with the co-
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processed sample was no longer above LOD when sequenced without
the PC, indicating that the contamination observed in the first run was
due to sequencing crosstalk. One of the three samples (16A1b) believed
to be truly contaminated with a co-processed sample was also re-
sequenced, and the profile was still mixed when the PC was removed.
This finding of the persistent contaminating sequence supports the
plausibility of 16A being mixed at the library level and not a result of
sequencing crosstalk. Thus, the contamination indication in RBs and
NCs was not indicative of contamination in a sample (and vice versa).

Overall, the rate of contamination decreased when the PC was

removed from the sequencing runs, as it contributed approximately
1–2X coverage to the samples and control blanks. (This estimate was
based upon the data from the pools resequenced without the PC, which
were compared back to the original data). These results therefore in-
dicate that sequencing crosstalk may have caused the mis-assignment of
sequence data to an incorrect index. This can happen via “spatial
crosstalk” among neighboring DNA clusters, which is a known issue
with Illumina sequencing technology [33,34]. The crosstalk observed in
the present study was caused by high-quality samples (including PCs) in
which a high proportion of reads mapped to the rCRS. Yet it may be just

Table 4
Mitogenome profile summaries.

Sample ID Sample Type Average
Coverage

% of mtG Covered ≥ 10X Haplogroup # Variants
Called

Average Variant
Forward/Reverse
Balance

Average
Variant
Quality

# mixed
positions

Average VF

1 Chemically
Treated

22.3 89.28 H4a1a1 13 0.39 37.50 0 97.27

2A1 Chemically
Treated

3.4 0.93 Undefined 0 0

2A2 Chemically
Treated

5.6 8.28 Undefined 4 0.39 36.76 3 70.24

3A1a Chemically
Treated

400.5 100 H4a1a4b 21 0.34 34.51 0 96.65

3A1b Chemically
Treated

17 80.9 H4a1a4b 14 0.37 36.69 0 97.78

3B Chemically
Treated

42.5 99.98 H4a1a4b 21 0.43 37.01 0 100.00

4A Chemically
Treated

206.4 100 H1 + 16189 16 0.42 35.98 7 91.85

4B Chemically
Treated

178.4 100 H 14 0.44 36.96 0 98.87

5 Chemically
Treated

7.6 22.63 H44a 3 0.40 35.89 1 96.67

6A1a Chemically
Treated

5.7 9.8 H4a 4 0.21 37.72 0 100.00

6A1b Chemically
Treated

73.9 100 H4a1a1a 22 0.36 34.47 2 93.53

7A1 Chemically
Treated

99.6 99.96 U2e3a 46 0.40 36.43 1 95.68

7A2 Chemically
Treated

72.9 99.92 U2e3a 42 0.45 36.80 1 96.01

8 Chemically
Treated

3.5 2.63 Undefined 1 0.31 35.69 0 100.00

9A1 Degraded 143.9 100 I4a 36 0.44 36.64 0 98.55
9A2 Degraded 221.3 100 I4a 37 0.46 36.59 1 93.95
10A1 Degraded 84.5 99.38 V1a1 18 0.41 36.90 0 98.94
10A2 Degraded 2,417.6 100 V1a1 17 0.41 37.15 0 98.95
11A1 Degraded 1,589.7 100 H2a2a1 4 0.37 36.54 2 88.18
11A2 Degraded 2158 100 H2a2a1 4 0.37 36.48 2 87.11
12A1a Degraded 42.6 99.76 T2a1b1a1 46 0.43 36.37 27 85.25
12A1b Degraded 38.3 99.12 T2a1b1a1 40 0.44 37.36 12 93.62
13 Degraded 1,366.9 100 T2b 38 0.40 35.61 1 97.25
14A1a Degraded 1,296.2 100 B4b1a2a 32 0.43 36.04 0 97.70
14A1b Degraded 429.1 100 B4b1a2a 32 0.43 36.89 0 98.53
15 Degraded 249 100 B4e 41 0.34 36.40 1 95.28
16A1a Degraded 1,745.3 100 N9b1c 28 0.48 37.06 0 97.36
16A1b Degraded 1,868.6 100 N9b1c 29 0.46 35.17 0 95.69
16B1a Degraded 1,615.3 100 N9b1c 27 0.48 36.24 0 97.31
16B1b Degraded 170.2 100 N9b1c 28 0.43 36.90 0 97.73
17A1 Degraded 7.4 24.43 T 10 0.34 37.09 0 98.48
17A2 Degraded 108 100 T1a 34 0.36 37.09 1 95.86
18 High Quality 6946 100 V10a 18 0.36 37.49 0 98.72
19 High Quality 9,580.5 100 U1b 37 0.38 37.60 0 99.48
20 Nonhuman 2.6 1.64 Undefined 23 0.44 36.79 10 87.80
21 Nonhuman 1.1 1.16 Undefined 6 0.40 37.48 0 95.35
22 Chemically

Treated
6.1 10.92 Undefined 6 0.41 36.40 0 98.48

23A Mixture 1A:1B 15,204 100 Undefined 44 0.38 36.02 31 77.76
23B Mixture 1A:9B 12,156 100 U1b 38 0.41 35.97 0 95.76
23C Mixture 9A:1B 12,792.8 100 Undefined 44 0.38 35.99 31 78.95
RB-6 Reagent Blank 6.4 6.1 T2 9 0.31 36.80 1 95.37
RB-7 Reagent Blank 8.94 29.24 V10 9 0.38 38.05 1 95.34
PC Average all 2,877.9 100 T2a1b1a1a 43 0.36 37.1 3 99.11
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as likely that chemically treated and degraded DNA samples produced
sequence data that were mis-assigned to a neighboring cluster on the
flow cell. Due to the fact that the majority of reads (averaging ∼87%)
generated from degraded and chemically treated samples did not map
to the rCRS, the crosstalk from one of these samples would not be re-
cognized in the mitogenome data because the majority of reads were
off-target. Consequently, the source of the observed crosstalk was more
likely to be high-quality samples than samples with low endogenous
mtDNA content. Therefore it is paramount that samples of disparate
quality − in particular the endogenous mtDNA content − are se-
quenced separately.

The removal of the PC was of little consequence to the success of the
sequencing runs and analytical thresholds. In fact, when the side-by-
side data were compared from the runs with and without the PC, the
sequence analysis metrics were very similar (Table S8). The number of
reads passing filter, total reads identified per sample, and average
coverage per sample were not statistically significantly different be-
tween runs (p > 0.3). Moreover, when only the RBs and NCs were
considered (used to calculate LOD and LOQ), average coverage was not
statistically significantly different between the sequencing runs with
and without the PC (p= 0.145).

Until Illumina sequencing technology is adapted to mitigate spatial
crosstalk [34], best scientific practice for this particular procedure is to
forego the use of a traditional positive control. Instead, other means of
determining whether a reaction was successful can be utilized as QC
measures. These include quantitation of DNA after each step in the NGS
workflow, checking for adapter dimer in control blanks to confirm that
library preparation was performed properly, replication of NGS data
through two independent DNA extractions and library preparation
events to verify the sequence result, and the use of Phi-X as a sequen-
cing control to monitor the sequencing reaction. And given that all of

the DNA extract is consumed during library preparation, a failed library
will always result in starting over from DNA extraction − regardless of
the PC result. The need for the traditional positive control, a control
DNA that is initiated at the amplification step, can be satisfied by the
adoption of these alternative, yet robust, QC procedures.

4. Conclusion

The present study evaluated a NGS mitogenome capture protocol for
sequencing mtDNA from non-probative case-type samples typically
processed by the AFMES-AFDIL. The results showed NGS methods to be
exceedingly sensitive, capable of generating entire mitogenome data
from samples that failed to yield reliable sequences with standard PCR-
based techniques. All degraded and high-quality samples generated
complete mitogenome profiles with the exception of one sample that
exceeded the maximum library DNA input. The workflow produced re-
liable, reproducible mitogenome profiles that were concordant with
Sanger data (when available) as well as consistent between NGS re-
plicates. The data herein demonstrate the cleanliness of the reagents
involved in the laboratory workflow. Yet the results showed that low-
level crosstalk can be expected during the sequencing run, especially
from high quality samples and positive controls, which may lead to the
appearance of contamination. The comparison of sample data from se-
quencing runs performed with and without the positive control suggest
that the inclusion of a positive control in this method interfered with data
analysis of the low-quality samples that necessitated the capture proce-
dure. Thus, it is recommended for this procedure that degraded DNA
samples are not sequenced in conjunction with high-quality samples or
controls. Although the FBI’s Quality Assurance Standards requires the use
of a positive control, it was shown here to be detrimental to the inter-
pretation of sample and reagent blank data. Instead of a traditional po-
sitive control, alternative quality control procedures may be utilized to
ensure the authenticity of the obtained data. This will reduce un-
necessary costly reprocessing of seemingly contaminated samples that do
not contain exogenous mtDNA. These findings underscore the fact that
quality assurance measures must be specific to the DNA testing proce-
dure at hand, thus forcing a paradigm shift in forensic DNA analysis.
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Table 5
NGS-Sanger data concordance of sample profiles above the analytical threshold.

Sample Type Library
Count

Concordant
with STS
Data

Mixed
with
Positive
Control

Mixed with
Associated
Sample

Mixed with
Unknown
Source

Positive
Control

17 100%

High Quality 2 100%
Degraded 18 89% 11%*
Chemically

Treated
13 84% 8% 8%

Reagent
Blank

2 50% 50%

*These two libraries were generated from the same DNA extract; therefore it is possible
that only one contamination event occurred.

Table 6
Crosstalk observed in samples sequenced with and without the PC.

Sequenced With PC Sequenced Without PC

Sample
Type

Library
Count

# Mixed
Profiles
Above
LOD

Observations
of PC in rCRS
read mapping

# Mixed
Profiles
Above
LOD

Observations
of PC in rCRS
read mapping

High
Quality

1 0 0 0 0

Degraded 6 1 1 1 0
Chemically

Treated
8 1 5 0 0

Reagent
Blank

12 2 6 0 0

Negative
Control

7 0 1 0 0
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.fsigen.2017.09.001.
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A B S T R A C T

The feasibility of generating mitochondrial DNA (mtDNA) data has expanded considerably with the advent of
next-generation sequencing (NGS), specifically in the generation of entire mtDNA genome (mitogenome) se-
quences. However, the analysis of these data has emerged as the greatest challenge to implementation in for-
ensics. To address this need, a custom toolkit for use in the CLC Genomics Workbench (QIAGEN, Hilden,
Germany) was developed through a collaborative effort between the Armed Forces Medical Examiner System −
Armed Forces DNA Identification Laboratory (AFMES-AFDIL) and QIAGEN Bioinformatics. The AFDIL-QIAGEN
mtDNA Expert, or AQME, generates an editable mtDNA profile that employs forensic conventions and includes
the interpretation range required for mtDNA data reporting. AQME also integrates an mtDNA haplogroup es-
timate into the analysis workflow, which provides the analyst with phylogenetic nomenclature guidance and a
profile quality check without the use of an external tool. Supplemental AQME outputs such as nucleotide-per-
position metrics, configurable export files, and an audit trail are produced to assist the analyst during review.
AQME is applied to standard CLC outputs and thus can be incorporated into any mtDNA bioinformatics pipeline
within CLC regardless of sample type, library preparation or NGS platform.

An evaluation of AQME was performed to demonstrate its functionality and reliability for the analysis of
mitogenome NGS data. The study analyzed Illumina mitogenome data from 21 samples (including associated
controls) of varying quality and sample preparations with the AQME toolkit. A total of 211 tool edits were
automatically applied to 130 of the 698 total variants reported in an effort to adhere to forensic nomenclature.
Although additional manual edits were required for three samples, supplemental tools such as mtDNA hap-
logroup estimation assisted in identifying and guiding these necessary modifications to the AQME-generated
profile. Along with profile generation, AQME reported accurate haplogroups for 18 of the 19 samples analyzed.
The single errant haplogroup assignment, although phylogenetically close, identified a bug that only affects
partial mitogenome data. Future adjustments to AQME’s haplogrouping tool will address this bug as well as
enhance the overall scoring strategy to better refine and automate haplogroup assignments. As NGS enables
broader use of the mtDNA locus in forensics, the availability of AQME and other forensic-focused mtDNA
analysis tools will ease the transition and further support mitogenome analysis within routine casework. Toward
this end, the AFMES-AFDIL has utilized the AQME toolbox in conjunction with the CLC Genomics Workbench to
successfully validate and implement two NGS mitogenome methods.

1. Introduction

The use of next-generation sequencing (NGS) for mitochondrial
DNA (mtDNA) analysis has been thoroughly evaluated by the forensics
community as a high-throughput, sensitive method compared to

traditional Sanger sequencing [1–5]. Although similar to Sanger, the
analysis of the comparatively large amount of data produced with NGS
technologies has emerged as the greatest challenge to implementation,
necessitating the development of forensic-specific bioinformatics tools.
Until recently, NGS software development was driven by other fields
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such as evolutionary genetics and biomedical research, which focus on
genome assembly and variant discovery versus haplotype comparison
that is the thrust of forensic mtDNA analysis.

Consequently, forensic mtDNA analysts must convert a variant list
generated by the traditional NGS software into a profile for forensic use
[6–8]. The forensic profile requires 3′ placement of indels, the separa-
tion of grouped adjacent variants (i.e. multiple nucleotide variants,
MNVs), the assignment of IUPAC characters for heteroplasmic positions
(i.e. point heteroplasmies, PHPs), and accordance with forensic no-
menclature including calling of the major molecule (MM) in regions of
length heteroplasmy (LHP). Without specialized forensic tools for
mtDNA analysis, these profile manipulations have to be performed
manually and are therefore susceptible to errors in addition to being
time consuming.

In recent years, forensic scientists have begun to develop bioinfor-
matics tools for mtDNA profile generation. For example, mitoSAVE [9]
is an Excel-based solution designed as an ad hoc nomenclature modifier
to be used after a bioinformatics workflow has produced a VCF file.
MitoSAVE not only generates a haplotype consistent with current for-
ensic nomenclature guidelines, but it furthermore applies user-defined
thresholds for profile reporting (e.g., coverage, heteroplasmy). More
recently, GeneMarker HTS (SoftGenetics, Inc., State College, PA) was
introduced for mtDNA analysis within a forensic context [10]. This
program offers a user-friendly interface to analyze FASTQ data and
generate mtDNA profiles adhering to forensic nomenclature. Such for-
ensically developed tools have significantly helped to make the analysis
of mtDNA NGS data generated from high-quality samples straightfor-
ward.

However, the remaining challenge in performing mtDNA analysis of
NGS data is the ability to determine the breadth of the mtDNA reference
genome that meets the coverage threshold for variant detection (i.e. the
interpretation range). This necessity for the reporting of an interpreted
range is particularly relevant to low-quality samples that often contain
coverage drop-out. Furthermore, NGS chemistries that result in mtDNA
genome (mitogenome) coverage imbalance regardless of sample quality
will require interpreted range designation (e.g., [11,12]). With Sanger
data, analysts visually confirm the presence of the requisite number
(and direction) of sequences in order to generate the corresponding
interpretation range for the mtDNA profile. While seemingly straight-
forward, sequence pileup and read filtering parameters employed for
variant detection make this task extremely difficult for NGS data and
certainly impractical when analyzing the 16,569-bp mitogenome and/
or hundreds of samples per worklist. As a result of the lacking inter-
preted range from analyzed NGS data, a polymorphism may appear
absent from the mtDNA profile when in fact the position is below the
coverage threshold and therefore not subject to variant detection [1].
Consequently an incorrect profile may be reported if the interpretation
range is assumed as the entire target region instead of accurately re-
flecting only those positions sufficiently covered.

A second need for NGS mtDNA data analysis is a software tool that
will produce a haplogroup estimate during profile generation. The
haplogroup information assists the analyst in adhering to phylogenetic
nomenclature according to international guidelines [6,8]. In the ab-
sence of integrated haplogroup assignment, it is necessary to generate
the mtDNA profile and/or consensus sequence and then enter that
output into external haplogrouping tools (e.g., [13–18]). The ability to
determine the mtDNA haplogroup without user intervention during
NGS data analysis provides the analyst with accurate, real-time phy-
logenetic nomenclature guidance. The other major advantage of esti-
mating the haplogroup during the initial profile review is that it can act
as a critical quality assurance check of the validity of a haplotype by
flagging artificial recombination [19], phantom mutations [20], and
other potential errors in the data. Furthermore, the haplogroup can be
used to predict maternal ancestry that may provide valuable informa-
tion to an investigation.

Though forensic mtDNA analysis tools are now available, none

provide all of the desired functionality within a single software solu-
tion. To this end, the Armed Forces Medical Examiner System − Armed
Forces DNA Identification Laboratory (AFMES-AFDIL) with QIAGEN
Bioinformatics created a custom tool for forensic analysis of mtDNA
data within the CLC Genomics Workbench (QIAGEN, Hilden,
Germany). The AFDIL-QIAGEN mtDNA Expert, or AQME, is a collection
of tools designed to be employed at the end of any mtDNA analysis
workflow in CLC to generate a profile according to user-defined para-
meters and forensic conventions. AQME has been designed for the
analysis of mtDNA data from all sample types regardless of the sample
quality, targeted range (e.g., mtDNA control region (CR), mitogenome),
library preparation method or sequencing platform. To demonstrate the
functionality of the AQME tools, mitogenome NGS data from both high-
and low-quality samples were analyzed. The outputs were evaluated to
assess the reliability of AQME in profile generation and haplogroup
assignment as well as the gains in efficiency observed for mitogenome
NGS data analysis.

2. Materials and methods

2.1. Forensic mtDNA analysis tool

AQME requires two CLC input files: a read mapping (sequence reads
aligned to the mtDNA reference genome) and the associated variant
track (list of detected mtDNA variants). This allows AQME to be used on
any mtDNA data independent of sample type, library preparation, and
NGS platform. The AQME toolbox provides the CLC user with three
primary tools for forensic mtDNA analysis: Realign Variants, Create
Mitochondrial Variant Table and Mitochondrial Haplogrouper (Fig. 1).
Supplemental tools also included in the AQME toolbox allow for easy
import of files utilized by the three main tools, creation of a consensus
sequence from the mtDNA profile, and analysis of read counts in spe-
cified regions (e.g., regions of LHP). The AQME tools are employed
following defined steps for variant calling such as sequence trimming,
mapping to the targeted portion of the revised Cambridge Reference
Sequence (rCRS) [21–23], and other read handling steps specific to the
data (Fig. S1). Because the CLC mapping tool aligns indels 5′ in
homopolymeric tracts [24], the conventional CLC variant track lists
indels incorrectly according to forensic guidelines [6,8]. To address this
issue, the Realign Variants tool virtually shifts indels 3′ within the
homopolymeric region (Fig. S2). Variants are shifted only in the variant
track but not in the mapping; however both the original and shifted
position are documented in the Realigned Variant Track (and thus in-
cluded in the mtDNA Table) to maintain an auditable edit trail.

The Realigned Variant Track and Read Mapping outputs are input
into the Create Mitochondrial Variant Table tool. Multiple outputs
allow the user access to detailed information about the mtDNA data
(Fig. 1). The main output, the mtDNA Table (Figs. 2 and S3), includes
both original and final variant calls with edited positions flagged by
color as well as tool comments identifying modifications performed
automatically. These tool-edited positions include PHPs that are auto-
matically assigned the appropriate IUPAC character, variants shifted by
the Realign Variants tool, and variants previously categorized as MNVs
that were separated into single nucleotide polymorphisms. Ad-
ditionally, the ability to filter entire regions from the profile or certain
types of variants (e.g., substitution or indel) based on their frequency
has been incorporated into the Create Mitochondrial Variant Table tool.
These modifications are also displayed and flagged in the mtDNA Table.
The mtDNA Table displays twelve metrics for each variant position in
order to allow the analyst to comprehensively review the profile (Table
S1).

Another output of the Create Mitochondrial Variant Table tool, the
Coverage Table, provides six metrics for each nucleotide at every po-
sition in the mtDNA target region (i.e. rCRS) based upon the variant
detection parameters (Table S1). These metrics provide forensic DNA
analysts, who are accustomed to visually inspecting each base in
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Sanger-generated data, with the same level of scrutiny not previously
possible due to the sheer volume of NGS data. The quantitative data
now accessible to the analyst offers a means to validate the variants
reported as well as all non-variant positions. This information can be
used to assess the background noise of NGS data, which is useful for
determining variant detection thresholds. AQME utilizes the informa-
tion in the Coverage Table to determine the interpretation range, and
allows the analyst to exclude specific regions from the range as neces-
sary. The analyst can edit, delete, or add variants based upon their
review of the data provided in these two outputs and the read mapping,
which can be displayed alongside the mtDNA Table (Fig. S4). Any edit
requires entry of the user’s initials and a comment, and edit details are
recorded in the History (Fig. S5). The History report also includes de-
tailed information about each step in the automated analysis workflow
that generated the mtDNA Table, and can then be exported as a PDF file
for inclusion of the profile audit trail in the case file.

The Mitochondrial Haplogrouper tool provides an integrated hap-
logroup estimation of the generated consensus sequence. To utilize the
Mitochondrial Haplogrouper, a variant list and virtual mtDNA se-
quences are imported into CLC using a supplemental AQME tool to
create an annotated haplogroup database for comparison. This database
can be based upon the haplogroups in the Phylotree mtDNA tree [25]
and updated as new mtDNA phylogenetic trees are released, or even
utilized for other purposes with alternative haplotype sources (e.g., staff
elimination database). The Haplogrouper tool performs the assignment
by first generating a consensus sequence from the interpretation range
of the profile in the mtDNA Table, and then aligning that sequence to all
of the reference haplogroup sequences in the database. The tool returns
the haplogroup with the greatest alignment score. When multiple
haplogroups share the top alignment score, all are listed in the report.
The number of reported (i.e., top-scoring) haplogroups is typically one
for full mitogenome data and multiple if only a portion of the mito-
genome is covered. From those select sequences, the haplogroup-de-
fining SNPs are compared to the sample variants and the haplogroups
are ranked based on user-defined scoring. For this study the following
scoring strategy was used: +10 for a shared SNP,−8 for a missing SNP,
−5 for a missing unstable/uncertain SNP, and −3 for a private SNP.
The current version of AQME considers phylogenetically neutral var-
iants (e.g., T16519C, 315.1C, 523–524 AC indels) as private mutations
even though they are excluded from phylogenetic reconstruction by

Phylotree [25]. This two-step process assigns the haplogroup first by
string search and then variant profile comparison; therefore nomen-
clature can be informed by the phylogeny without impacting accurate
mtDNA haplogroup estimation. Once the haplogroup assignment is
complete, a Haplogroup Report is generated (Fig. S6). The mtDNA
Table is automatically updated with the haplogroup-defining variants if
the report contains only one haplogroup (Figs. 2 and S3); conversely,
the analyst must select the haplogroup to add to the mtDNA Table if
multiple lineages are identified by the Mitochondrial Haplogrouper
tool.

An analyst then approves the mtDNA Table once the generated
profile is deemed complete, allowing for the Profile Report to be ex-
ported. This report includes the sample name, profile approval in-
formation, the software and plug-in versions, the coverage threshold
used, variant profile, interpretation range, and haplogroup (if de-
termined). The haplogroup represented in the mtDNA Table will be
reflected in the Profile Report; however, “Undefined” will be reported if
the analyst did not select one haplogroup when multiple were identified
by AQME or “N/A” if no haplogroup assignment was performed. The
Profile Report can be exported as a text file (Fig. S7) and/or XML file,
which is in the Combined DNA Index System (CODIS) mtDNA format
for electronic transfer into a compatible database. Moreover, all com-
ponents of the mtDNA Table can be exported through the workflow as
individual files or separate tabs in a single Excel workbook.

The AQME toolkit can be used on a stand-alone CLC Genomics
Workbench or on a high-capacity server to increase efficiency.
Furthermore, the incorporation of the AQME tools into an automated
workflow enables an administrator to lock all parameters to ensure that
only the validated pipeline is utilized to analyze forensic data.

2.2. Data collection and analysis

CLC read mappings and variant tracks from 12 high-quality re-
ference-type samples and five low-quality non-probative case samples
were analyzed with the AQME tools to generate forensic mtDNA pro-
files and haplogroups. Associated controls were also included in the
analyses. Sanger sequencing data were available for the entire mito-
genome of the reference-type samples [26]. MtDNA CR data were
previously generated with Sanger sequencing from the case samples
and/or related family reference sample. NGS data were generated on

Fig. 1. Flowchart of the AQME tools, inputs, outputs and exports.
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the MiSeq System (Illumina, San Diego, CA) using procedures described
in Peck et al. for the high-quality samples [1] and Marshall et al. for the
low-quality samples [27].

The analysis workflows utilized to generate the read mappings and
variant tracks in the CLC Workbench were based upon the specific
needs of each library preparation and sample type. Sample information,
processing methods, and data analysis parameters are summarized in

Table 1 for reference. Following read mapping and variant detection in
each workflow, the Realign Variants tool was used to virtually shift
variants 3′ according to forensic convention. Then, the Create Mi-
tochondrial Variant Table tool converted the Realigned Variant Track
based on the variant detection parameters utilized. The mtDNA tool
also applied a filter in regions of known LHP (nps 302–316, 452–464,
513–525, 568–574, 956–966, 5891–5900, 8270–8290, 12418–12426,

Fig. 2. The mtDNA Table for sample mtGAfrWI0001 with 11 of the 33 optional columns displayed. Tool modifications are flagged with highlighting and/or comments such as shifted
positions (yellow row, tool comment), heteroplasmic sites (cyan variant, IUPAC edited variant), MNVs (magenta position, tool comment), filtered LHP regions (filter note, tool comment),
and changes to positions or variants (blue edited position, reference and/or variant). One user comment is shown at np 204 confirming the presence of a PHP; no other user edits were
necessary. The variants diagnostic for haplogroup X2a1a are also shown in the mtDNA Table, and the assigned haplogroup is indicated at the bottom of the profile as well as the top of the
haplogroup variant column. Rows highlighted in green indicate mutations observed in the sample profile and assigned haplogroup with unhighlighted/yellow rows denoting private or
ignored mutations. The orange row is an example of a haplogroup-defining variant not present in the sample and the details for that variant are displayed. The profile was approved by
analyst “KSA” on 18 April 2017. See Fig. S3 for a detailed view of this table.

Table 1
Information about the two sample sets including sample type, processing method and analysis details. Each sample set also included one positive and one negative control, which are not
represented in the count.

Sample Set Count Substrate DNA Quality Mitogenome Enrichment Library Preparation Analysis Workflow Variant Detection

Reference-Type 12 Serum High Long-Range PCR Nextera XT Sequences trimmed; 100X minimum coverage;
Reads mapped to rCRS (default); 10 minimum variant count,
Local realignment 10% variant frequency

Non-Probative 5 Degraded Bone Low Hybridization Capture NEBNext Ultra Reads mapped to rCRS (stringent); 10X minimum coverage;
Mapped duplicate reads removed; 4 minimum variant count,
Local realignment 10% variant frequency
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16180–16194) in order to automatically report the major molecule
(variants with ≥50% frequency). Each workflow incorporated the
Mitochondrial Haplogrouper to estimate the mtDNA haplogroup based
on the phylogenetic haplotypes presented in Phylotree.org mtDNA tree
Build 16 [25]. AQME-generated haplogroup assignments were com-
pared to haplogroup estimations generated by a new tool developed as
part of the EDNAP Mitochondrial DNA Population Database (EMPOP
[28]; W. Parson, personal communication) based upon Build 17 of
Phylotree [29]. Haplogroups were manually confirmed using Phylotree.

3. Results and discussion

3.1. Analysis time

Each workflow was completed in roughly two and a half minutes
when a FASTQ file of 60–500 MB was analyzed using the Genomics
Server extension of the CLC tools on a high-capacity server with three
compute nodes (each node includes 16 × 2.6 GHz processors, 64 GB
RAM, 2 TB hard drive). The same analysis took about seven minutes
using the CLC Genomics Workbench on a personal computer (2.53 GHz
processor, 12 GB RAM, 465 GB hard drive). The generation of the read
mapping and variant detection using the standard CLC tools required
less than two minutes regardless of the system used, with the remaining
time required for the AQME-specific steps. Though haplogroup as-
signment took only 10 s when performed on a high-capacity server, the
process was significantly longer (approximately five minutes) on the
Workbench due to the number of haplogroup reference sequences used
for comparison (> 4800). Therefore the haplogrouping process was the
most time-consuming step, but only when performed on the Genomics
Workbench. If an experienced user performed all of the AQME-specific
steps manually on the standard CLC outputs, analysis would take sub-
stantially more time (≥15 min/sample). In fact, manual generation of
96 mtDNA forensic profiles and haplogroups would likely take over
24 h, introducing greater opportunity for error. In comparison, batch
analysis of 96 samples (∼200,000 paired reads of∼225 bp per FASTQ)
on the high-capacity server took just over an hour (68 min), equating to
less than a minute per sample.

3.2. Interpretation range

The depth and breadth of coverage was reported in both the inter-
pretation range as well as the variants detected for all samples (Tables
S2-S3). Only one reference-type sample (mtGAfrOH0001) had coverage
less than the 100X minimum coverage threshold for variant calling. The
low coverage was observed across portions of the hypervariable region
2 (HV2), resulting in drop-out of the expected 315.1C insertion in this
high-quality profile. However, the interpretation range accurately de-
noted that the position was not covered, and thus excluded from variant
detection. Therefore even reference-type specimens may exhibit in-
complete mitogenome coverage that necessitates interpretation range
information. The three low-quality samples without full coverage re-
sulted in varying breadths of mitogenome coverage ranging from 3.2%
(Sample 5) to 99.6% (Sample 3). In these cases, the interpretation range
assisted in the comparison of profiles by clarifying the presence or
absence of variants (Table S4). The negative controls had no positions
above the specified coverage threshold, and consequently no mtDNA
variants were detected. For all samples and controls, the interpretation
range was shown to be accurate and consistent with the variants that
were called, enabling a reliable mtDNA profile to be reported and used
for comparison.

3.3. Profile edits

A total of 698 variants were reported in the 21 samples and controls
included in the study (Table 2). Without the use of AQME, 130 (18.6%)
variant positions would have required manual adjustment of the CLC-
reported variants by the analyst. In total, AQME successfully performed
211 edits with 99 (46.9%) attributed to the indel realignment in
homopolymeric (or repeat) regions such as the three polycytosine
stretches (C-stretches) located in the CR. All other edits (i.e. MNV se-
paration, LHP MM filtering and IUPAC assignment for PHPs) were
completed by the Create Mitochondrial Variant Table tool. Each variant
profile modification performed by the AQME toolkit was identified with
color highlighting and/or a comment in the mtDNA Table, visually
showing the user the position and type of edit. During validation studies

Table 2
Sample profile details including the edits required to generate the forensic haplotype. Particular variants required more than one type of tool edit (e.g., AC deletions needed to be split into
individual variants and then shifted from nps 514–515 to 523–524) and were therefore included in multiple “Tool Edits” columns. The “Edited Positions” columns represent the number of
variant positions that required editing by the tool and/or user. The edit counts and final variant number included the np 3107 (deletion) placeholder.

Set Sample Bases Covered Tool Edits Edited Positions Final Variants

Shift Indels MNV MM PHP Tool User

Reference-Type
mtGAfrCO0001 16,569 14 14 1 0 17 0 102
mtGAfrOH0001 16,511 1 0 0 0 1 0 54
mtGAfrVA0010 16,569 6 11 3 0 16 10 58
mtGAfrWI0001 16,569 5 2 7 1 10 0 39
mtGCaucMN0001 16,569 1 0 0 0 1 0 2
mtGCaucNY0002 16,569 3 0 0 2 5 0 40
mtGCaucOH0003 16,569 5 2 2 0 5 0 43
mtGCaucWI0008 16,569 2 0 0 0 2 0 37
mtGHispCA0015 16,569 10 4 2 0 10 0 51
mtGHispCA0031 16,569 12 11 4 1 16 1 41
mtGHispPR0005 16,569 5 2 0 0 5 0 43
mtGHispTX0008 16,569 12 9 10 0 12 0 41
2800 M (Positive) 16,569 2 0 1 1 3 0 13
Negative 1 0 0 0 0 0 0 0 0

Non-Probative
Sample 1 16,569 7 5 1 0 7 0 37
Sample 2 16,569 6 4 2 2 8 0 23
Sample 3 16,509 3 0 0 0 3 0 19
Sample 4 2805 0 0 0 0 0 0 6
Sample 5 533 0 0 0 0 0 0 1
K562 (Positive) 16,569 5 6 0 2 9 5 48
Negative 2 0 0 0 0 0 0 0 0

Total 284,893 99 70 33 9 130 16 698
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it will be the onus of the laboratory to determine the tool flags that
require additional scrutiny.

Three AQME-generated profiles required manual edits (16 variant
positions) in order to adhere to forensic nomenclature (Table 2).
Sample mtGHispCA0031 needed manual adjustment of the variant at
np 16183 as part of the HV1 C-stretch. LHP caused by the T16189C in
the HV1 region often results in A-C transversions at nps 16180–16183,
which further complicate the alignment and variant detection in that
region. However, review of the read mapping, Coverage Table, and
supplemental read count output of this sample allowed the analyst to
make an informed decision to modify the position to the expected
A16183C (Fig. S8). The other two samples requiring manual edits both
contained indel clusters that were not shifted properly by the Realign
Variants tool due to the presence of a SNP in the same region. Although
the haplogroup-diagnostic 9-bp deletion was correctly placed at nps
8281–8289 in two other samples (mtGAfrCO0001 and mtGHispC-
A0031), the presence of a variant at np 8270 in sample mtGAfrVA0010
prevented the group of deletions from shifting. Notably, the incorrect
alignment was flagged by the correctly assigned haplogroup since the
consensus sequence and not a nomenclature-dependent variant list is
utilized by the Haplogrouper tool (discussed further below). Guided by
the haplotype phylogeny, the analyst shifted the deletions and added
the SNP to the variant profile in order to reflect the consensus sequence
with the recommended nomenclature. Similarly, the analyst edited the
HV2 C-stretch for K562, which contained a T310C and cytosine dele-
tions that failed to shift properly. Better alignment and/or incorpora-
tion of supplemental tools could help to improve variant detection in
these regions, recognize problematic motifs, and reduce the incidences
of these types of manual edits. However, in each case AQME flagged
these positions for further inspection by the analyst and the edits to the
profile were tracked in the History (e.g., Fig. S5).

3.4. Haplogroup assignment

The AQME haplogroup assignments were identical to those de-
termined by EMPOP for 15 of the 17 full mitogenomes (Table 3). The

first full mitogenome discrepancy was a minor discordance observed
between the assignments for K562 that resulted from the use of two
different builds of Phylotree. In this case, the mtDNA haplogroup
T2a1b1a1a2 did not exist in Build 16 (AQME) and was added in Build
17 (EMPOP). When the T2a1b1a1a2 annotated sequence was added to
the AQME haplogroup database, the precise haplogroup was assigned.
The second difference in haplogroup assignment involved reference-
type sample mtGHispTX0008. Its full mitogenome haplotype was as-
signed to a more refined haplogroup by EMPOP (Y2a1a) than AQME
(Y2a1). The profile contained one Y2a1a SNP (C2856T) but was missing
the other Y2a1a haplogroup-defining SNP (G13135A). The incon-
sistency between the AQME and EMPOP haplogroup assignments can
be explained by differences in the tools’ respective haplogrouping
methods, particularly how missing and private mutations impact the
assignment. The EMPOP tool utilizes variant fluctuation rates within a
particular clade to derive the most likely haplogroup, even when di-
agnostic polymorphisms are missing from the profile [13]. By contrast,
AQME uses a simplified scoring strategy that was designed for the
present study to err on the side of a conservative haplogroup assign-
ment, favoring private over missing SNPs regardless of their individual
mutation rates. As a result, EMPOP haplogroup calls may be more
precise than AQME − though both are accurate − especially when a
profile lacks haplogroup-defining polymorphisms as was the case for
mtGHispTX0008. With the exception of this one sample, the AQME-
assigned haplogroups were shown to be reliable and concordant with
EMPOP when analyzing full mitogenome profiles (and the same Phy-
lotree mtDNA tree version was utilized).

For full mitogenome data, the real-time haplogroup information
provided by AQME enabled profiles to be checked for inconsistencies
with phylogenetic nomenclature during review. For example, the hap-
logroup assignment of sample mtGAfrVA0010 was critical in identi-
fying nomenclature inconsistent with its phylogeny. The consensus se-
quence generated from mtGAfrVA0010 was assigned to mtDNA
haplogroup M1a1d, but the annotations added to the mtDNA Table
showed that several phylogenetically diagnostic variants were missing
from the profile (Fig. S9a). As discussed above, the C8270T and 9-bp

Table 3
AQME and EMPOP haplogroup assignments for samples including controls with mitogenome coverage (n = 19). Samples are split into two groups based upon mitogenome coverage: full/
nearly full ( > 16,500 bp) and partial. AQME assignments identical to those determined by EMPOP are indicated with a “-” in the table. The adjusted SNP score ignores phylogenetically
neutral variants that are excluded from the Phylotree.org mtDNA tree. The maximum SNP score is the highest possible score based on the haplogroup-diagnostic SNPs present in the
queried range, and if different, the maximum score for the entire mitogenome is listed in parentheses.

Mitogenome
Coverage

Sample EMPOP AQME

Reported
Haplogroup

Reported
Haplogroup

Haplogroups
Identified

Reported SNP
Score

Corrected SNP
Score

Maximum SNP
Score

Full/Nearly Full
mtGAfrCO0001 L0a2a1b – 1 911 929 950
mtGAfrOH0001 L2a1b1 – 1 138 147 150
mtGAfrVA0010 M1a1d – 1 415 442a 490
mtGAfrWI0001 X2a1a – 1 278 293 320
mtGCaucMN0001 H2a2a1b – 1 7 10 10
mtGCaucNY0002 U5b2b3 – 1 270 279 300
mtGCaucOH0003 K1a4a1a2 – 1 308 326 350
mtGCaucWI0008 T1a1b – 1 331 340 340
mtGHispCA0015 C1b7a – 1 380 395 410
mtGHispCA0031 B2m – 1 332 344 350
mtGHispPR0005 L3b1a + 152 – 1 313 328 340
mtGHispTX0008 Y2a1a Y2a1 1 241 250 280
Sample 1 I4a – 1 292 310 310
Sample 2 H4a1a1a – 1 126 144 150
Sample 3 V1a1 – 1 324 339 360
2800M H1c + 152 – 1 78 87 90
K562 T2a1b1a1a2 T2a1b1a1a 1 501 504 510

Partial
Sample 4 K U8b 98 50 47a 50 (190)
Sample 5 L3 – 3750 10 10 10 (180)

a The corrected score also includes adjustments to the value to correct for errors in scoring caused by bugs in the current version of AQME.
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deletion at nps 8281–8289 expected in the profile were represented as
8270–8278 deletions. Although shifting the deletions to nps 8281–8289
does not adhere to maximum parsimony because of the additional
polymorphism (C8270T), it is consistent with the M1a1d motif and
therefore the recommended nomenclature [8]. The analyst was able to
edit the profile and adjust the variants reported to reflect the appro-
priate call during review (Fig. S9b). The nomenclature discrepancy was
also apparent in the Haplogroup Report because the 9-bp deletion was
misclassified as both found and private (Fig. S9c). The duplication of
the misaligned deletions in the report, caused by the way the hap-
logroup and sample variants are compared, resulted in a reduced score
(415). If the bug affecting the classification of this indel cluster was
corrected (i.e. only as found since the mtGAfrVA0010 and M1a1d se-
quences are identical in that region), the score would increase to 442
(or 457 with phylogenetically neutral variants ignored). Although the
fix would ensure appropriate scoring that may be useful for validating
an assignment, the haplogroup derived by AQME Haplogrouper was
accurate and provided an invaluable resource in recognizing incorrect
profile nomenclature contrary to the phylogenetic alignment.

The AQME Haplogrouper was tested with two incomplete mito-
genomes and the results were less robust than EMPOP. This is due in
part to the tool differences that predominantly affect haplogroup as-
signment of partial profiles. In particular, the EMPOP tool auto-
matically reports the most conservative node of haplogroups with the
same likelihood, which is beneficial when multiple haplogroups of
equal likelihood/score are identified. On the other hand, AQME reports
all of the top-scoring haplogroups and the user must identify the basal
haplogroup for a conservative call. For example, the basal haplogroup
assignment for Sample 5 (L3) was automatically output by the EMPOP
tool; yet AQME reported over 3500 haplogroups with equal alignment
and SNP scores (Table 3), therefore requiring the analyst to pinpoint the
ancestral node. Aside from AQME’s inability to automatically deduce
the most basal haplogroup from a long list of top-scoring options, which
is likely to occur with partial mitogenome data, AQME furthermore
errored by producing a list of haplogroups for Sample 4 that included
two wrong lineages. Although the basal haplogroup of this sample (K)
was correctly reported by EMPOP, the most basal haplogroup of the 98
reported by AQME was U8b (which was determined by the analyst).
Although U8b is phylogenetically close to K and includes five of the six
variants called in the sample profile, this haplogroup is incorrect for
Sample 4. Upon investigation of this inaccuracy, it was discovered that
the AQME Haplogroup Report only included these five SNPs instead of
the six total profile variants (Fig. S10). This incorrect Haplogroup Re-
port for Sample 4 revealed a bug in the Haplogrouper in which some
portions of the fragmented interpretation range did not align to the
haplogroup sequences; therefore the variant in that region was not
considered towards the alignment and SNP scores. In the case of Sample
4, a haplogroup K diagnostic SNP (T14798C) was in the variant profile
but, due to the bug in the tool, was not used in the haplogrouping
alignment against the Phylotree haplogroups. This caused the in-
accurate assignment to U8b (instead of K). Furthermore, the SNP score
was incorrectly reported as 50 due to the exclusion of T14798C when it
should have been 47 (5 shared SNPs, 1 private SNP). Due to these issues
inherent to partial profile haplogrouping in the current AQME version,
the results may be inaccurate until the bugs in the tool are fixed. Al-
though the interpretation range (i.e. region sequenced) and the specific
haplogroup motif limit the precision of haplogrouping for partial pro-
files regardless of the tool utilized (AQME, EMPOP, etc.), AQME at this
time requires substantial analyst discretion to ensure accurate hap-
logroup assignments are generated from incomplete mitogenome data.

Modifications to the Mitochondrial Haplogrouper in future versions
of AQME would improve upon its functionality to enable more precise
and accurate haplogroup assignment in the CLC Workbench without
user intervention. One such enhancement would automatically adjust
the SNP score to be reported without phylogenetically neutral variants
(such as T16519C, for example) that artificially reduce the score.

Additionally, the result would include normalization based on the
maximum possible score for both the queried region and full mito-
genome. These modifications to the SNP scoring would provide the user
with metrics to better evaluate the validity of a haplogroup assignment.
For example, mtGCaucMN0001 was assigned to haplogroup H2a2a1b
with a corrected score of only 10. However, the maximum score pos-
sible for H2a2a1b is 10 because this haplogroup contains a single di-
agnostic variant. Therefore the comparison of the queried profile score
to the maximum possible haplogroup score would help to support the
assignment in spite of a relatively low score; or, conversely, that a high
score is not necessarily reliable if the maximum score is substantially
greater. Though the Haplogrouper may be useful in identifying errant
(or at least questionable) haplogroup assignments for full mitogenome
data, partial profiles pose a more challenging task due to reduced
coverage of the mitogenome and haplogroup-diagnostic variants. A
majority of the time this results in more than one haplogroup with the
greatest alignment score, and therefore requires the user to determine
the basal node from a potentially long list of divergent options. AQME
improvement plans include the ability to automatically identify the
most conservative haplogroup from those of equal alignment and SNP
scores. This would streamline the analysis and allow for useful phylo-
genetic information to be gleaned from even partial mitogenome pro-
files. The addition of specific AQME features will further enable the
haplogroup assignment reported by AQME to serve as a means to
quickly QC each haplotype [6,30,31]. Although not observed in this
study, a large number of private mutations or missed haplogroup-de-
fining mutations in a mitogenome profile may indicate the occurrence
of an error during processing (e.g., flagging potential artificial re-
combination [19] based on visual inspection of the profile as demon-
strated in Fig. S11). Future enhancements would allow for these types
of issues to be automatically flagged by the tool. The use of the hap-
logroup assignment as a QC measure will also require the development
of specific guidelines to identify questionable profiles for further ana-
lyst inspection. Overall, the real-time application of mtDNA haplogroup
assignment during analyst review allows for an increase in efficiency,
assists in phylogenetic nomenclature guidance, and can be an invalu-
able QC assessment of the profile.

3.5. Profile review

Sample profiles were approved following completed review by the
analyst. Changes to the mtDNA Table were not possible in approved
profiles, and removing the approval to make edits was subsequently
tracked in the History including the user and an explanation note. The
three files exported for each sample included an Excel workbook,
CODIS XML and History PDF. The Excel file contained the mtDNA
Table, Profile Report and Coverage Table along with seven supple-
mental reports (Supplemental File 1); therefore more than 200 reports
were generated and available for ancillary review of the 21 samples
analyzed. Meta-analysis of the data was then performed to determine
various metrics (e.g., average variant frequency, average variant
quality) utilized for sample interpretation (i.e. profile acceptability).
The Profile Report was also exported as a text file allowing for easy
review of the haplogroup, range and profile (Fig. S7). All CODIS-for-
matted XML files were successfully imported into the AFMES-AFDIL’s
laboratory information management system, Laboratory Information
System Applications (LISA; Future Technologies, Inc.). The range, var-
iants and haplogroup imported into the LISA database were consistent
with those approved by the analyst within the CLC Workbench.
Additionally, the NGS mitogenome haplotypes were compared to the
previously generated Sanger data, and the profiles were 100% con-
cordant in overlapping regions with the exception of minor variation of
low-level and length variants (Table S4). Overall, the AQME toolkit
assisted in the generation of reliable mtDNA profiles consistent with
forensic guidelines.
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4. Conclusion

AQME is a toolkit developed for the forensic analysis of NGS mi-
togenome data within the CLC Genomics Workbench. The AQME tools
function as part of a user-defined bioinformatics pipeline (CLC work-
flow) to automate mtDNA analysis from sequence data to forensic
profile. This software solution is agnostic to sample type, library pre-
paration method, and sequencing platform − and can furthermore
accommodate Sanger data by utilizing the CLC Workbench for analysis.
Thus, AQME can facilitate the forensic community’s transition to NGS
for mtDNA analysis by providing a toolkit that is backward compatible
with CE methods. Moreover, AQME offers integrated mtDNA hap-
logroup assignment to inform phylogenetic nomenclature necessary for
profile comparisons. This automatic haplogrouping feature may expand
the use of the mtDNA haplogroup in forensics as a QC measure and
maternal ancestry predictor. Although enhancements may improve
upon certain functionalities, the CLC Genomics Workbench with the
AQME toolkit allows for robust analysis pipelines that generate reliable
mtDNA profiles for forensic use. At this time, AQME may be shared by
the AFMES-AFDIL with other laboratories using CLC for the purposes of
validation, testing, or collaboration on a specified project. Tool sharing
must be approved by QIAGEN and there is a cost to the receiving la-
boratory for tool maintenance and support. In the future, expanded
use/interest may drive down AQME tool maintenance costs and/or
promote potential commercial availability of AQME (or similar for-
ensic-specific mtDNA analysis tool) by QIAGEN Bioinformatics.

The broader implementation of NGS and specialized analysis tools
like AQME will allow mtDNA sequencing to become more practical for
routine forensic use. At the AFMES-AFDIL, specifically, the AQME
toolbox was instrumental to the validation of two NGS mitogenome
methods [27,32] in which it was shown to produce accurate forensic
profiles for high-quality, degraded, and chemically treated DNA sam-
ples. In just one year since implementation, the AQME toolbox has been
used to analyze thousands of mtDNA haplotypes for both casework and
research applications (e.g., [12]). With efficient methods for data
analysis now available, mitogenome data from forensically relevant
population samples can be generated for public use. The availability of
accurately reported population reference haplotypes will maximize the
utility of the mitogenome in forensic applications.
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FAMILY REFERENCE COLLECTION FORM 
Armed Forces DNA Identification Laboratory AFDIL Case #:________________ 

DONOR INFORMATION 
FIRST NAME MIDDLE NAME LAST NAME 

HOME TELEPHONE DATE OF BIRTH (Month/Day/Year) GENDER (Check Box)

 Male     Female 
HOME STREET ADDRESS DCIPS-FAMILY MEMBER NUMBER 

CITY STATE ZIP CODE COUNTRY OF BIRTH (If not the United States) 

Check Box For Your Ethnic Group (See Below For Group Classifications) FOR AFDIL USE ONLY (Check All Applicable)
   Caucasian African American   Hispanic  American Indian   MtDNA Reference   NucDNA Reference 

Y DNA Reference   Direct Reference 
Asian Or Pacific Islander  Other (Specify): _________________________ Ineligible Reference    Exclusion Reference 

ETHNIC GROUP 
Caucasian: A person having origins in any of the peoples of Europe, North America, or the Middle East (not of Hispanic 

origin). 
African American: A person having origins in any of the black racial groups of Africa (not of Hispanic origin). 
Hispanic: A person of Mexican, Puerto Rican, Cuban, Central or South American, or other Spanish cultural origin, 

regardless of race. 
American Indian: A person having origins in any of the original peoples of North America, and who maintains a cultural 

identification through tribal affiliation or community recognition. 
Pacific Islander or Asian: A person having origins in any of the original peoples of the Far East, Southeast Asia, the Indian 

Subcontinent or the Pacific Islands. 

MISSING INDIVIDUAL INFORMATION 
FIRST NAME MIDDLE NAME LAST NAME Date of Birth (Month/Day/Year) 

CONFLICT (Check Applicable Box) 
WW I  WW II  Korean War  Cold War  Vietnam War  Other (Specify):______________________ 

BRANCH OF SERVICE (Check Applicable Box) 
US Army USAAF (WWII)  US Navy  USMC US Air Force  Other (Specify):______________________ 

SSN Or SERVICE NUMBER RANK DCIPS CASE NUMBER JPAC ISN NUMBER JPAC INCIDENT NUMBER 

REFNO # (SEA Only) FIELD SEARCH CASE NUMBER MACR (WWII USAAF Only) BUNO (USN Only) 

FAMILY RELATIONSHIP INFORMATION 
(See Page 3 and circle your relationship to the missing individual) 

Please list your relationship to the missing individual:__________________________________________________________________ 

Are you adopted? YES    NO 

Are you a step-sibling to the missing individual (no shared biological parent)?  YES NO 

Are you a half-sibling to the missing service member (shared biological parent)?  YES* NO 

* If yes, do you share the same:       Mother   Father

 Highlighted Information MUST Be Completed By Donor For Sample To Be Accepted By AFDIL 

DNA Form 332 – v9.0W ISSUING AUTHORITY: For Official Use Only  Page 1 of 4 
RELEASED ON: 6/22/2016 Quality Manager Controlled Versions only exist Electronically 
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AFDIL Case#: ______________________ 

POTENTIAL LIVING OR DECEASED BIOLOGICAL DONORS FOR DNA ANALYSIS 

FATHER/MOTHER OF MISSING INDIVIDUAL 
NAME RELATIONSHIP ADDRESS PHONE 

SPOUSE/BIOLOGICAL CHILDREN OF MISSING INDIVIDUAL
 
NAME RELATIONSHIP ADDRESS PHONE 

BROTHERS AND SISTERS OF MISSING INDIVIDUAL
 
NAME RELATIONSHIP ADDRESS PHONE 

UNCLES/AUNTS OF MISSING INDIVIDUAL
 
NAME RELATIONSHIP ADDRESS PHONE 

NEPHEWS/NIECES/COUSINS OF MISSING INDIVIDUAL
 
NAME RELATIONSHIP ADDRESS PHONE 

DNA Form 332 – v9.0W 
RELEASED ON: 6/22/2016 

ISSUING AUTHORITY: 
Quality Manager 
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If your relationship is not represented in the chart above, please describe, in detail, your relationship to the missing individual: 
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 DONOR CONSENT FORM AFDIL Case #: __________________ 

PRIVACY ACT STATEMENT
 
In accordance with the Privacy Act of 1974 (Public Law 93-579), this notice informs you of the purpose of the form and how it will be used. 

Please read it carefully. 
AUTHORITY: 10 U.S.C. §1471; Public Law 104-191; Deputy Secretary of Defense Memorandum, "Establishment of a Repository of 
Specimen Samples, December 16, 1991; and DoDI 5154.30. 
PRINICIPAL PURPOSES: To establish a DNA reference specimen repository and database of information from kindred family members 
of unaccounted for/unidentified service members or other individuals needing to be identified. DNA will be extracted from a biological 
specimen or personal effect and used in identifying human remains. 
ROUTINE USE: Use and disclosure of your records outside of DoD may also occur in accordance with the DoD Blanket Routine Uses 
published at http://dpclo.defense.gov/privacy/SORNs/blanket_routine_uses.html and as permitted by the Privacy Act of 1974, as amended (5 
U.S.C. 552a(b)).  Any protected health information (PHI) in your records may be used and disclosed generally as permitted by the HIPAA 

Privacy Rule (45 CFR Parts 160 and 164), as implemented within DoD.  

DISCLOSURE: Voluntary. Failure to provide a reference sample or requested information may render DNA identification impossible. 


STATEMENT OF CONSENT 
The above answers are correct to the best of my knowledge and belief, and I understand that my answers are important in determining my 
kindred family relationship to an unaccounted for service member or other unaccounted for individual.  I have also read the Privacy Act 
statement above.  Realizing that nuclear or mitochondrial deoxyribonucleic acid (DNA) may be extracted from my biological specimen or 
personal effect and used in the identification of a kindred family member, I agree to donate a biological specimen or personal effect, to have 
my DNA control region analyzed and if necessary the whole mitochondrial DNA (mtDNA) genome, and to have my name and other relevant 
typing information placed in a confidential registry or database for identification and statistical analysis.  I am voluntarily donating a 
biological specimen including, but not limited to, blood, buccal swab, or personal effect, as required and consent to the Department of 
Defense using the information and specimens for the identification of any unaccounted for family member. 

DISCLOSURE: Mitochondrial DNA (mtDNA) sequencing data results will be reported as differences compared to the revised Cambridge 
Reference Sequence (rCRS).  Certain differences may have medical implications.  I understand that the Armed Forces DNA Identification 
Laboratory (AFDIL) is not a medical genetic testing laboratory and is not engaged in the practice of medicine.  If I have medical concerns 
about my mtDNA sequencing data, I understand that I should consult my doctor. 

Use Of Your Sample By AFDIL For Training, Research, or Validation 

Use of your anonymized/confidential DNA information will allow AFDIL scientists to improve laboratory testing protocols, test the 
validity of new techniques, and generally advance the overall DNA identification process.  Your refusal to consent for the use of your 
anonymized sample and/or data will in no way affect the use of your sample for identification of your family member. 

Please Check Appropriate Box And Initial: 
_________YES, I consent to the use of my sample/DNA information for training, research and/or validation purposes. 

Initials 
_________ NO, I do not want my sample/DNA information utilized for training, research or validation purposes. 

Initials 
DISCLOSURE: Failure to provide this information will be taken as consent by the donor to use the donor’s anonymized DNA 
information for training, research and/or validation purposes to assist in the identification of unaccounted for family members. 

DNA Report Request
 Please Check The Appropriate Box and Initial: 

_________YES, I authorize my DNA report(s) to be sent to me at the address shown on page 1. 
Initials 

_________ NO, I do not want my DNA report sent to me.  
Initials 

DISCLOSURE: Failure to provide this information will be taken as consent by the donor to have their DNA report sent to them. 

SIGNATURE OF DONOR PRINT DONOR NAME DATE
 

SIGNATURE OF COLLECTOR PRINT COLLECTOR NAME DATE 
Check FRS Collection Source:   Service Collection   DPAA Collection   Family Update Collection Other (Please Specify):________________ 

Highlighted Information MUST Be Completed By Donor For Sample To Be Accepted By AFDIL 

DNA Form 332 – v9.0W 
RELEASED ON: 6/22/2016 

ISSUING AUTHORITY: 
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