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Summary

The Final Technical Report contains the details of the study and thus is not described as explicitly
herein. Those interested in more specific technical aspects should consult the Final Technical
Report. Instead, a summary of the findings is provided to briefly capture the work performed in
this project.

The mitochondrial genome (mtGenome) has a number of characteristics, such as a higher copy
number per cell compared with the nuclear genome, a well-characterized phylogeny, a lack of
recombination, and is maternally inherited for lineage identification, that provide useful
information for forensic investigations. Mitochondrial DNA (mtDNA) has been analyzed by
Sanger sequencing [1] and this approach has been applied to forensic casework for more than 20
years [2-3]. While a valid and reliable approach, Sanger sequencing is time-consuming, costly,
enables only targeted sequencing of the mtGenome, is low throughput, cannot accommodate
analysis of length heteroplasmy, and is not quantitative. In contrast massively parallel sequencing
(MPS) may be able to overcome many of the limitations of Sanger sequencing.

MPS technologies now make it feasible for crime laboratories to sequence the entire mtGenome
in one run and without consuming additional sample. Sequencing the entire mtGenome expands
analysis to a previously untapped resource of far greater variation that resides in the coding region
of the mtGenome, which provides a higher discrimination power and higher phylogenetic
resolution [4-6]. Additionally, the quantitative nature of MPS provide opportunities for mixture
interpretation [7-9].

Even with the noted advantages of MPS, transitioning from current Sanger sequencing
technologies to a substantially different workflow with MPS is not a trivial endeavor. The primary
goal of this work is to transition whole mtGenome sequencing from a research environment to that
of the case working laboratory. Since UNTCHI already performs mtDNA analysis in casework
using Sanger sequencing, a baseline performance of the methodology was available to compare
how well MPS will perform with that of current capabilities. This implementation process also
leveraged the research and validation work being performed at the UNTCHI Research Unit. The
Research Unit has been investigating the feasibility of mtGenome sequencing for forensic
applications for the past several years [5, 10-19]. The results of that effort demonstrated that the
technology was sufficiently mature to consider moving it into casework in the Missing Persons
Unit and the Forensic Casework Unit at UNTCHI.

The lon Torrent S5 system and lon Chef were sought for these implementation efforts because of
several workflow advantages. First and foremost, the Precision ID mtDNA Genome panel
amplifies the entire mtGenome with two primer pools of 81 primer pairs each with amplicons of
175 bases in length or less [20]. Therefore, the entire mtGenome can be sequenced from DNA of
the limited quality that is typically encountered in human remains. Additionally, the UNTCHI
Research Unit already has tested (and presented at national and international meetings) the
sensitivity of detection of the system with as little as one pg nuclear DNA input. The final factor
for selecting this system is the availability of the lon Chef, which reduces the manual steps in the
lon Torrent MPS workflow to a mere three pipetting steps, particularly in the library preparation
phase. By automating the library preparation and chip loading phases of the workflow, the lon
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Chef reduces the opportunities for user-introduced error, reduces the amount of time an analyst
must spend at the lab bench, freeing the analysts up for the more time-consuming analytical steps,
and yields more consistent results among users.

Several factors contributed to the success of this project. One of these factors was that UNTHSC’s
Center for Human Identification (UNTCHI) performs mtDNA casework analysis routinely. Thus,
the analysts already had a wealth of experience with mtDNA analyses and were quite familiar with
handling mtDNA evidence. This experience aided the progress of the detailed training program
developed to familiarize analysts with MPS technologies. The upfront portion of the MPS
workflow, such as DNA extraction, quantification, and PCR amplification, are the same for Sanger
sequencing methodologies and were steps the analysts did not need to learn de novo. The analysts
experience with mtDNA analysis also meant they were familiar with the genetic variation in the
mtGenome. This knowledge facilitated them in learning to evaluate MPS data.

The routine performance of casework at UNTCHI, an additional factor contributing to the success
of this project, meant current capabilities were well known and documented. This experience
allowed the performance of MPS to be measured directly with the method primarily used in the
crime laboratory (over the last two decades). Thus, the current operational metrics can be collated
early on in the proposal. This knowledge of current capabilities and the experience gained during
the training program allowed for an effective generation of useful and efficient workflow
considerations, standard operating protocols (SOPs), worksheets, and quality assurance practices.

The UNTCHI Research Unit has been validating MPS and mtDNA for a number of years and did
not need a gearing up phase to learn the methodology, another factor contributing to success. Thus,
UNCHI had someone on staff who had sufficient fundamental knowledge to assist analysts with
the necessary training on MPS technologies and address technical difficulties that would inevitably
arise during technology transfer. The fruits of that research effort were leveraged so that
substantial resources could be dedicated to support the validation and concordance testing. These
pre-existing capabilities and efforts enabled implementation in a more cost effective fashion. With
an in-house understanding of how the MPS workflow performed, informative validation studies
could be planned minimizing the range of parameters that needed to be tested. Therefore, more
time could be devoted to the development of bioinformatic tools and data interpretation guidelines.

This project shows the community how MPS substantially can increase the value of mtDNA
sequencing for identification of unidentified human remains and analysis of hairs in traditional
forensic casework. With this MPS-based workflow, it is possible to characterize the entire
mtGenome from highly degraded DNA samples using no more sample input than current Sanger
sequencing methods use. Expansion of analysis to the entire mtGenome identified additional
single nucleotide polymorphisms (SNPs) that were previously untapped residing in the coding
region of the mtGenome due to the need to focus solely on the control region due to the limitations
of Sanger sequencing. This additional data increased resolution in haplotype and haplogroup calls.

Data at each stage of this project indicated that the tested MPS workflow generated reliable
MtDNA results for the analysis of biological evidence. The numerous resources generated during
this process, such as training materials, SOPs, and worksheets, will be made available to the
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forensic community so that others may benefit from this project’s efforts to facilitate their own
implementation of MPS in their respective laboratories.

Account of the Activities

The primary goals of this research were to: 1) to train in a formal manner Technical Leaders and
Analysts and document the training process; 2) perform internal validation of the analytical
process; 3) develop a working SOP; 4) develop accompanying tools, worksheets, data output
reports for the mtGenome sequencing process; 5) institute appropriate Quality Assurance
practices; 6) perform concordance testing with MPS and Sanger Sequencing methods; and 7)
implement mtGenome sequencing.

Accomplishments

The project was highly successful in all activity areas.

A detailed training program was developed to train the forensic analysts in the Missing Persons
Unit and Forensic Unit at UNTCHI. Prior to and during the weekly training sessions, a reading
list was provided to the analysts. These papers were selected to increase fundamental knowledge,
increase confidence in the use of MPS terminology, and allow analysts to become current on MPS
research. After this initial reading list, journal articles on MPS were incorporated into the analysts’
regularly scheduled journal club. Weekly training sessions started with 6 one-hour classroom style
lectures. The topics of each lecture can be found in the Final Technical Report. These lectures
were followed by in-house generated videos of the entire workflow to allow analysts an up-close
real-time view of the procedure they had just learned in a classroom environment prior to hands-
on use of the instrumentation. Following these didactic lectures, weekly training sessions moved
to a computer lab to provide hands-on lessons in analysis of MPS data from the mtGenome. Raw
data (BAM, BAI, and VCF files) were provided to the analysts to educate them on how to use the
software and assist them in generating mitochondrial haplotypes from MPS data. Finally, analysts
progressed to hands-on wet-lab training where teams of two sequenced 30 mtGenomes on the S5
where half of the libraries were prepared manually and half of the libraries were prepared in an
automated fashion on the Ion Chef. Analysts’ training results were compared to previously
generated results on these 30 samples to evaluate performance and concordance. Finally, a subset
of analysts was tasked with completing two sequencing runs (one with manually prepared libraries
and one with libraries prepared on the lon Chef) without the direct supervision of the training
coordinator. Again, results were compared to previously generated results to assess performance
and concordance. Both of these studies yielded results concordant to data previously generated on
an orthogonal MPS platform (MiSeq). Training materials used and developed by UNTCHI will
be made available to those interested in leveraging UNTCHI’s experience.

The validation process for the Precision ID mtDNA Whole Genome Panel, lon Chef, and lon S5
included a series of studies that adhered to current SWGDAM validation guidelines [21]. These
validation studies included: population studies to evaluate the performance on samples from a wide
array of lineages; evaluations of sensitivity and stochastic effects to demonstrate the dynamic
range, ideal target range, and limit of detection; reproducibility and repeatability studies to assess
the repeatability of results generated by the same operator and the reproducibility of results
generated by different operators; a contamination assessment for detection of exogenous DNA in
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controls and known samples; evaluation of known and non-probative evidence samples to
determine performance with potentially challenging samples; and mixtures to evaluate the
capability of the system to detect and resolve mixed haplotypes (even though the primary focus of
this validation was for single-source samples). Data from these validation studies support that this
MPS workflow yields reliable results for the analysis of biological evidence. The complete set of
population data and information on the relative performance of each amplicon in the Precision ID
mtDNA Whole Genome Panel can be found in Strobl et al [22]. The remaining validation data
will be submitted for publication in the near future.

Next, data and analysts’ experience from the training and validation runs were used to draft
working SOPs, develop workflow considerations, and generate worksheets for documentation
while completing lab work. The working SOPs and worksheets are included in the more detailed
Final Technical Report. These resources will be made available to those interested in leveraging
UNTCHI’s experience and intend to implement mtGenome/MPS analyses into their own
laboratories.

The many training and validation runs completed during this implementation process allowed for
the development of appropriate Quality Assurance practices. These guidelines included
instrument and network maintenance, data storage procedures, inclusion of appropriate controls,
evaluation of no template controls (NTCs) and bioinformatic negatives, and a procedure for
addressing nuclear mitochondrial DNA segment (NUMTSs) that create signal noise when
sequencing the mtGenome. Discussions about sequencing artefacts and NUMTSs are included in
Strobl et al [22]. The process of developing thresholds for analysis of the MPS generated
mtGenome data and additional details for addressing NUMTs will be submitted for publication in
the near future.

Concordance was evaluated between data generated with the MPS workflow, consisting of the
Precision ID mtDNA Whole Genome Panel, Ion Chef, and Ion S5, and UNTCHI’s currently used
Sanger sequencing methodology. The samples evaluated included hairs, bones, family reference
samples, and staff samples. The data were concordant between the common areas sequenced
supporting that this MPS workflow yields reliable results for the analysis of biological evidence.
The additional information afforded by MPS of the entire mtGenome (approximately 75% of
mtGenome variation resides in the coding region [5]) highlighted the potential for an increase in
discrimination power and phylogenetic resolution for the samples analyzed. Information
specifically addressing concordance with Sanger sequencing results and the evaluation of evidence
samples was included in an abstract and submitted for presentation at ISHI in 2019.

There was a six-month delay during this project because the manufacturer redesigned the
chemistry. Because of that delay UNTCHI is slightly behind in implementing the MPS workflow
for analysis of forensic biological evidence. Implementation is expected in the next quarter.
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Invention Report

No patents were submitted related to this project
Participating Scientists and Collaborators
What individuals have worked on the project?

Name: Bruce Budowle

Project role: Pl

Nearest person month worked: 1 year

Contribution to Project: Dr. Budowle has provided the overall direction and management of
the project as well as participating in the technical research and data analysis.

Name: Jennifer Churchill Cihlar

Nearest person month worked: 1 year

Contribution to Project: Jennifer Churchill Cihlar is a Research Assistant Professor
performing the main effort of the work on validation, training, and implementation guidance
of mtGenome MPS into casework.

Name: Jonathan King

Nearest person month worked: 1 year

Contribution to Project: Mr. King is the laboratory manager performing daily analysis and
evaluation of supporting data accumulation and will be assisting in bioinformatics support.

What other organizations have been involved as partners? none
Have other collaborators or contacts been involved? no

Impact
a. What is the impact of the project on the criminal justice system?

Due to the increased power of discrimination and phylogenetic resolution afforded by being able
to analyze the entire mtGenome with the same amount of input DNA as current Sanger sequencing
affords, this MPS-based workflow will increase the utility of mtDNA analyses of forensic
biological evidence. The outcome is that more biological evidence will be analyzed successfully,
which in turn will result in more and better investigative leads to solve crimes and identify human
remains. The training materials and supporting data generated during these implementation efforts
will be made available to assist other potential users of MPS technologies. In addition, this work
will define the advantages and limitations of MPS which policy and decision makers can use for
long term planning and funding directions. Lastly, although the focus of the work is on single-
source samples, the foundations laid will allow exploitation of the quantitative nature of MPS so
that mtDNA may in the near future be used to characterize mixture samples.

b. How has it contributed to crime laboratories?
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While the contribution to crime laboratories cannot be measured yet, the overall outcome of this
effort is that a more effective tool for characterizing mtDNA evidence is now available. Properly
designed amplification panels and MPS technologies now make it feasible for crime laboratories
to analyze the entire mtGenome with the same amount of input DNA as current Sanger sequencing
methodologies afford, but with the benefit of an increased power of discrimination. UNTCHI’s
validation and implementation of this MPS workflow will serve as a demonstration of the utility
of MPS to other labs that may want to implement MPS technologies or send evidence to UNTCHI
to be processed. In addition, training materials will be available for the community to facilitate
implementation in those laboratories interested in MPS and mtGenome analyses.

c. What is the impact on technology transfer?

The training materials, experience, and data developed during these implementation efforts will
be available for the community to facilitate implementation in those laboratories interested in
MPS and mtGenome analyses.

Changes/Problems

There were no challenges that could not be met. The only changes were a no cost extension to
ensure that the work could be completed. In late 2017, Thermo Fisher Scientific announced their
lon 520 & lon 530 Kit-Chef, which is used for templating on the lon Chef, would be discontinued
in 2018. This kit was necessary for the workflow that UNTCHI was validating and implementing.
The company’s subsequent process of testing which product would be best to replace this kit for
Human Identification applications, commercially releasing the new product, and manufacturing
limited quantities of this kit in the first few quarters resulted in an approximately six-month delay
in UNTCHTI’s progress of validating and implementing its MPS workflow for whole genome
mitochondrial DNA sequencing. During the time period that UNTCHI was unable to acquire
reagents for validation studies, time and effort was focused on training and developing worksheets
and SOPs.

Proprietary Information

There was no proprietary information related to this work.
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