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EXECUTIVE SUMMARY
Massively parallel sequencing (MPS), also called next-generation sequencing, is an exciting
technology that holds promise for enhancing the capabilities of forensic DNA laboratories. However,
several challenges confront the implementation of an MPS system in a crime laboratory. These challenges
include laboratory methodology and validation, training and education on the fundamentals of the
technologies and chemistries, functionality, genetic marker systems, interpretation guidelines, policy and
data procedure developments related to Combined DNA Index System (CODIS) operations, and
perceived admissibility and privacy issues. The final outcome of a series of webinars hosted by the
Forensic Technology Center of Excellence (FTCoE) is to provide a technical resource document for
forensic DNA scientists that covers the fundamentals of the current platforms and chemistries, the
capacity and throughput of genetic marker analysis, bioinformatics and validation requirements, potential
applications, and potential admissibility issues related to implementing an MPS system in a crime
laboratory.
Capillary electrophoresis (CE)–based technology is a fluorescent detection-based platform that
allows routine typing of short tandem repeat (STR) markers, which are the primary markers used in
human genetic identity testing. In addition, a few laboratories analyze short target sequences of the
mitochondrial (mtDNA) genome that provide exquisite sensitivity of detection with challenging samples.
Lastly, in some instances, the forensic science community has used single nucleotide polymorphisms
(SNPs), which are markers well suited for analyzing degraded samples. The CE, both robust and reliable,
has been the standard method for human identity typing applications for more than 15 years. However, as
with any technology, limitations exist. The recognized limitations of the CE platform include the
methodology’s resolution, scalability, and throughput. The extent of these limitations became apparent
only with the advent of MPS technology, which, in comparison, excels in performance in these areas.
MPS has the potential to address the previously listed limitations and expand allelic typing
success, which therefore improves investigative capabilities with DNA evidence. MPS has a substantially
higher throughput, allowing simultaneous typing of larger sets and different types of genetic markers such
as autosomal, Y-chromosome, and X-chromosome STRs; identity and ancestry informative and
phenotypic SNPs; and even the entire mtDNA genome. MPS technology can provide opportunities to
substantially improve current practices and point to opportunities for advancement beyond current DNA
typing capabilities. The forensic science community can apply this technology to the characterization of
the same wide range of biological evidence as analyzed by CE, and it can expand forensic services to
include animal and plant forensic genetics, microbial forensics, and molecular autopsy, which may
require direct sequencing of a number of genes to be effective. In addition, MPS may improve the
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interpretation of complex mixtures, an application with which the DNA forensic science community has
struggled.
To accomplish the task of familiarizing the forensic science community with issues surrounding
MPS technology, the National Institute of Justice’s (NIJ) TCoE at RTI International, in partnership with
the University of North Texas Health Science Center’s (UNTHSC) Institute of Applied Genetics,
facilitated a webinar series to discuss the general protocols, considerations, and objectives of MPS
technology to inform and educate crime laboratories considering early adoption.. Discussions and
presentations addressed challenges and potential barriers to implementation such as obtaining a basic
understanding of the chemistry and functionality of MPS, designing validation studies for MPS,
developing policies/procedures to address the range of markers available with MPS including CODIS
considerations for MPS data, and addressing privacy issues. The data generated by MPS systems have the
potential to be compatible with current CODIS requirements, and as such, the technology itself is not a
major issue for CODIS adoption. However, in order to benefit from the additional capabilities that the
MPS systems provide, CODIS indices would need to be modified to accommodate the additional loci
attributes, as well as the potential changes in nomenclature.
This document captures the views of international and national scientists involved in developing
and validating MPS, the literature to date, and the experience of individuals fluent in both CE and MPS
applications. The project team used the webinar series model to collect information, engage open
discussion regarding MPS across multiple stakeholders with variant points of view and experiences,
obtain the current landscape of this dynamic technology, and address the potential barriers to adoption.
This work may be used as a guide to the derivation of policies and procedures that assist with
implementation should an agency choose to adopt MPS technology for the analysis of forensic DNA
samples.
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INTRODUCTION

For 30 years, forensic genetics has employed DNA-based molecular biology tools for human
identity testing and, more recently, for nonhuman identity applications.1–18 However, the combination of
high sensitivity, specificity, and resolution
was not achieved until the technology
combined the enrichment of specific genetic
targets, or markers (e.g., short tandem repeat
[STRs]), by the polymerase chain reaction
(PCR) with the subsequent detection of the

The specific aims of this project are to provide:
• a current informational source on massively parallel
sequencing (MPS) technology, procedures, capabilities,
and potential applications through a live webinar series,
which will then be archived for future viewing; and
• a guidance document that may be used to facilitate
laboratories that are considering investing resources and
implementing an MPS system.

fluorescently labeled amplicons by capillary
electrophoresis (CE). Over the years, the continued improvement of this combination of technologies has
substantially advanced forensic DNA analysis. Currently, laboratories can analyze extremely minute
quantities of DNA, and, in some cases of multiple-donor DNA evidence samples, laboratories can reduce
the number of potential contributors to specific individuals. CE has a well-developed workflow that is
suited for relatively high sample throughput in a semiautomated fashion. CE-based typing methods can
analyze biological evidence from criminal cases; the biological evidence also has been the platform that
has generated the millions of DNA profiles that are housed in forensic DNA databases worldwide.19–21
Although CE-based methods have been the “gold standard” in forensic genetics capabilities for
years, advances in science and technology continue to expand the boundaries and produce methodologies
that can replace current practices and augment the capability of a forensic DNA laboratory. The most
recent and exciting technology development in this regard is massively parallel sequencing (MPS). MPS
has the ability to enable higher sample throughput with a larger set of genetic markers for characterization
of biological evidence from humans, animals, plants, and microbes, in a semiautomated or an automated
fashion, all of which appeals to the forensic science community. This greater capacity will extract more
genetic information from a sample than is possible with current CE platforms and opens the door to
greater possible applications. The outcome is the potential to provide more investigative leads, to
associate individuals with biological evidence, exclude those falsely associated with biological evidence,
enhance kinship analyses in missing persons and mass disaster cases, help determine cause and/or manner
of death of unexplained or unexpected deaths by autopsy, support microbial forensic investigations, and
identify applications related to animal and plant materials.
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The CE methodology characterizes STR alleles by measuring the length of the PCR amplicons.
The length-based approach determines, in an operationally defined manner, the number of repeats that
comprise an STR allele(s). However, mass spectrometry and Sanger sequencing have established that
sequence variation exists within the population for some length-based alleles of STRs.22–24 The forensic
science community has used Sanger sequencing on the CE platform to sequence the hypervariable regions
of the mitochondrial (mtDNA) genome and is the methodology of choice for this type of forensic
analysis; however, this methodology is labor-intensive, time-consuming, and relatively expensive.15
Furthermore, although the hypervariable regions of the mtDNA genome contain a concentration of
genetic variation, significantly more variation exists in the coding region of the genome.25 Sequencing the
entire mtDNA genome or even the coding region is not practical on the CE platform. In addition, single
nucleotide polymorphisms (SNPs) are valuable for characterizing biological evidence due to their short
amplicon size, which is a feature that makes them well suited for analyzing degraded or compromised
samples. The lack of a stutter and high mutation rate, factors that otherwise can complicate STR data
interpretation, are not associated with SNPs. Although these features would seem to promote the use of
SNPs, the CE platform is unable to effectively distinguish SNPs because SNPs effectively have the same
size. Substantial sample preparation methods are required to enable SNP detection on the CE platform,
and these approaches are typically not quantitative and are labor-intensive.
In contrast, MPS detects the actual sequence of the targeted DNA marker and thus is able to (1)
detect variation within length-based STR alleles in both the repeats and in the flanking regions, (2)
sequence the entire mtDNA genome in a relatively straightforward approach requiring no more effort than
any other marker analyzed with MPS, and (3) analyze SNPs with the same sample preparation and
workflow used for any other marker.26–34 In addition, the high throughput of MPS makes possible the
analysis of a larger battery of genetic markers than that with CE. In CE-based analyses, the amplicons,
labeled with the same fluorescent dye molecule at each locus, must vary in size in order to assign alleles
to the appropriate locus. In contrast, with MPS analysis, size separation is no longer a requirement.
Therefore, the forensic science community can simplify panel designs and substantially reduce the
amplicon size of some markers. The MPS platform allows for various types of STRs (e.g., autosomal, Ychromosome, and X-chromosome) and various types of SNPs (e.g., identity, ancestry, linage, and
phenotype) to be analyzed separately or in one panel. An increased number of identity markers and
lineage markers would facilitate the characterization of evidence and promote alternate ways to develop
investigative leads such as with familial searching.35
The most demanding challenge in identity testing is the interpretation of complex mixtures.
Forensic crime laboratories struggle with complex mixture interpretation to the extent that sometimes
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errors in interpretation occur or data are not used to full capability, potentially hindering investigative
leads. Although MPS technology will not rectify all of the issues associated with complex mixture
interpretation, the technology can generate informative genetic data that may improve complex mixture
interpretation by reducing the number of possible explanations that constitute a particular mixture.

2.

MPS INSTRUMENTATION
The sequencing of the first human genome took more than a decade, required more than 40

genome center institutions, and cost billions of dollars.36 Given such demands, it was inconceivable that
large-scale sequencing would become part of the repertoire of the crime laboratory. However, slightly less
than a decade ago, benchtop, high-throughput massively parallel sequencers became commercially
available.37–44 These MPS instruments can be characterized as technologies that now make it possible for
just about any laboratory to carry out genome-size sequencing in a rapid and cost-effective manner.
Massively parallel means that laboratories can perform millions of sequencing reactions simultaneously in
a single instrument run. The amount of sequencing that laboratories can perform with MPS in a matter of
hours to a few days would take months to years with the CE platform.
Several MPS platforms are available that provide substantial sequencing capacity in a reduced
footprint. The primary benchtop MPS platforms include the MiSeq (Illumina), Ion Torrent Personal
Genome Machine® (PGM) and Ion Proton™ System (Thermo Fisher Scientific), and the discontinued GS
FLX system (Roche). The Illumina NextSeq 500 system and Ion Torrent S5 are the latest benchtop
platforms to become commercially available with increased throughput and simplified formats, all
indicating that MPS throughput will continue to increase and cost will continue to decrease.

3.

MPS WORKFLOW
The fundamental steps of an MPS workflow share similarities, particularly on the front end, with

the current CE platform. Therefore, the expertise gained from current work applies equally to the
functionality and interpretation of MPS. Figure 1 shows a general MPS workflow from DNA extraction
through data analysis. There is commonality between the MPS and CE workflows at the DNA extraction,
DNA quantitation, and PCR steps. In the CE workflow, PCR enriches the target for subsequent analyses;
this same enrichment strategy is the primary approach used for MPS. In the MPS workflow, an alternate
enrichment strategy—known as capture—can also be employed. The capture process uses probes that
target and isolate specific regions of the genome. Typically, relatively large DNA input requirements for
capture proved to be a limitation and thus capture would likely only be used for reference sample typing
or database applications.. However, recent studies to date show that PCR enrichment and subsequent
MPS can provide detection sensitivity that rivals or exceeds that of CE.32,34
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In most MPS processes, the DNA fragments need to be less than a few hundred bases. Therefore,
when appropriate, it may be necessary to fragment the DNA of long amplicons.45 With long PCRgenerated amplicons, such as those generated for
typing mtDNA genomes from reference samples,

Figure 1.

laboratories must perform fragmentation to reduce

Depiction of the General MPS
Workflow from Sample to Result
Extract DNA

the size of the DNA molecules to be better suited
for sequencing.46–49 With short PCR-generated

Quantify DNA

amplicons, fragmentation is not required. This
PCR step is considered the first enrichment step of

Long PCR

PCR

the process.
Fragment

Once analysts have enriched the targets,
they

conduct

library

preparation.

Library

Library
Preparation

preparation adds specific, short sequences to the
ends of the DNA fragments in preparation for

Template
Preparation

sequencing.50–56 Typically, this process attaches
adapters and universal primer sequences to both or
either of the 5 and 3 prime ends of the DNA
fragments. Adapters are short sequences that allow
library-generated fragments to attach to a solid
support for cloning of each individual DNA
fragment. Priming sequences allow for annealing
of primers to initiate sequencing.37,40,57 Template
preparation creates clones of individual target

Sequence

Note: The initial steps of extracting DNA, determining the
quantity of DNA recovered from a sample, and
amplifying the DNA through PCR are common to MPS
and CE. Thus, the forensic DNA typing community
already has experience with a portion of MPS
methodology. Library preparation and template
preparation are procedures to format the DNA
molecules (derived from PCR products) for
sequencing. Sequencing determines the bases and
their order in DNA fragments. The resultant sequences,
and hence the genetic markers, are interpreted in a
similar manner as DNA evidence from a CE analysis.

fragments. In a sequence-by-synthesis fashion, the
instrument translates signals (with the two most common platforms by change in pH or by fluorescence)
of each fragment of the library into sequence data (see Figure 2).
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Depiction of a General Library Preparation Workflow

Note: Short DNA fragments are processed (or modified) such that short pieces of DNA—known as adapters, primer binding
sites, and barcodes—are added. These tags facilitate sequencing of the DNA molecule.

Multiplexing, the ability to type more than one marker at a time, is extremely important as it
reduces consumption of often limited evidence, reduces labor, minimizes the chances of contamination or
sample mix-up, and most importantly, provides more genetic information per analysis. The same feature
of marker multiplexing on the CE platform is accommodated by MPS. However, due to its high
throughput, MPS also can enable multiplexing of samples. A process called barcoding allows the
interpretation software to distinguish among the different samples sequenced in one analysis. Barcodes
are short, specific sequences attached to the ends of the fragments of each sample that tag and
individualize the DNA fragments specific to each sample. After sequencing, an individual can parse, or
demultiplex, the data bioinformatically based on the distinguishing barcodes. Although it is feasible to
generate hundreds to thousands of barcodes, an individual can currently pool anywhere from 12 to 96
different samples using commercially available, application-specific preparation kits.58,59
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Currently, two MPS platforms—MiSeq and PGM—are the focus of forensic research and
validation. Both platforms can yield reliable results.26–34 The MiSeq uses a flat, solid support—called a
flow cell—to perform clonal amplification of each DNA fragment through a patented process known as
bridge amplification. The process generates millions of clusters (or clones) of target DNA fragments
randomly distributed across the flow cell.42,44,60,61 The instrument uses sequencing-by-synthesis chemistry
to sequence the clusters simultaneously and detects the various bases of the sequence by fluorescence of
the four distinctly labeled nucleotides in a similar strategy as that of terminator chemistry employed by
Sanger sequencing.62,63 PGM uses a different strategy known as emulsion PCR (ePCR) for cloning and
semiconductor chip technology instead of the fluorescent dye and laser optics system that is used by
Illumina and in the CE platform. The ePCR method clones the short fragments attached to beads within a
micelle. As a result, ePCR generates millions of beads, or microbeads, containing clones of individual
fragments.40,41,64 Each of these microbeads is placed into individual microwells in a sequencing chip, and
the actual sequencing occurs on each microbead contained in these individual microwells of the
sequencing chip. Using a sequence-by-synthesis strategy, the instrument detects a specific nucleotide by a
change in pH.41 Although both platforms provide reliable sequencing results, the PGM chemistry has
more

difficulties

in

accurately

sequencing

homopolymers

compared

with

Illumina-based

chemistry.34,37,65,66 Recent advances using the Hi-Q™ polymerase can increase sequencing success
through homopolymer stretches.67 Both platforms can sequence fragments up to 400 bases in length,
which should be sufficient for sequencing most forensic STR alleles.
As has always been the case with forensic DNA typing, the major and critical components of
MPS are data analysis and interpretation of results. MPS generates massive amounts of data that have not
been encountered previously in forensic identity testing. Therefore, bioinformatics is integral for the
analysis of the sequence data. Accuracy and reliability of sequence data rely on a number of factors such
as base calling, alignment or flank selection strategies, depth of sequence coverage, heterozygote allele
balance (allele coverage ratios), strand balance (or only using one strand), misincorporation rates, read
length, size selection method, and other chemistry-specific issues (see Table 1). There are a number of
software tools available to analyze sequence data.27,68,69,70,71 In addition, commercial software products are
available that typically support kits developed by the manufacturer. The requirement and parameters of
these software and features, or a subset thereof, will need to be determined and assessed by the laboratory
during validation studies.
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Table 1. Metrics Affecting the Accuracy and Reliability of Sequence Data
Metric

Definition

Alignment

Secondary analysis; mapping quality assigned based on how well an individual read
aligns to a reference; typically problematic for insertions and/or deletions (InDels)
and STRs

Allele coverage ratio

Heterozygote allele balance (equivalent to peak height ratios in traditional, forensic
STR typing)

Base calling

Primary analysis; quality scores assigned to each base of individual reads to assign
a probability of base call reliability

Chemistry-specific issues

May exist at platform or assay level, and must be defined during validation

Flanking region selection
strategy

Tertiary analysis; InDel and STR data may be called by designation of flanking
regions immediately surrounding the expansion/contraction site

Misincorporation rates

Incorrect bases incorporated into, or removed from, the true sequence observed in
the combination of individual reads

Read length

The number of bases sequenced in a row along a DNA fragment

Strand balance

Measure of coverage generated for each sequenced strand at a given locus

3.1

Approach
The webinar series served to educate forensic science practitioners, legal professionals, and

decision makers on the potential benefits of MPS technology and how it may best fit into the laboratory
system. Additionally, the webinar series presented options and potential solutions to the current barriers
to adoption. It was essential that the panelists in the webinar series be (1) leaders in the forensic science
community who are currently conducting research in MPS that addresses development of the technology,
the genetic markers that may be analyzed, and bioinformatics tools; (2) individuals with expertise in
validation and implementation issues; or (3) individuals with expertise in the legal arena in admissibility
and/or privacy concerns. Therefore, the project team selected panelists for either their current MPS
experience or knowledge to discuss and present solutions based on other relevant experiences (e.g.,
previously validated systems, quality assurance, admissibility of scientific evidence, and/or privacy issues
related to genetics and genomics). The webinar series represented an international perspective and
engaged with researchers, practitioners, and other experts in both the United States and Europe to
elucidate the current landscape of MPS. The panelists were all well-known, respected experts in their
respective disciplines and brought varied perspectives on MPS and its potential applications as well as
how data generated from MPS could be used and might be constrained.
The project team constructed the webinar series to obtain high engagement from the online
participants and provide as much information as possible on practices, procedures, as well as
implementation considerations for the production of this document. The project team emphasized the
engagement of the leaders in MPS research and application on an international scale. The project team
also stressed the participation of the legal perspective and social issues from a U.S. perspective because
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using genetic data ultimately impacts the legal system and, more importantly, society. To facilitate
participation, the presentations and discussions intentionally allowed time for viewer questions. To ensure
fluent dialogue in each webinar, the Web host and a presenter monitored the active chat pod for questions,
where presenters were able to answer many questions directly. While the RTI Web host highlighted other
questions directed to specific individuals (i.e., one or more of the presenters or panelists) and brought
those questions to the attention of that individual. Finally, in order to achieve a focused discussion and to
prevent panelists from straying off topic, the project team provided questions to the panelists several days
before each live event. These questions were designed to maintain direction of the discussion. The project
team encouraged the panelists to address any concerns or questions about the content of the upcoming
discussion with the lead presenter; however, no panelists expressed any concerns.
The project team made surveys available to all Web participants immediately following each
webinar to obtain data metrics to assess the quality and impact of discussion content, and to gain
information on the structure of the Web audience. RTI, the NIJ, and the FTCoE newsletter (29,000
subscribers) were some venues and channels through which the webinar series was advertised and
promoted. In addition, the lead presenters reached out to multiple agencies and practitioners.
To achieve the project objectives within the scope of the four-part webinar series, the project
team generated the following tasks.
•

Task 1—Assess the current state of MPS as applied to forensic applications.
In order to assess the current state of MPS, the project team conducted an extensive literature
review (Appendix A) and derived specific topics from these documents for discussion during
the four webinars and for the final document on MPS. The team ensured that these topics
aligned with the project goals, provided sufficient information, and framed the discussion so
the content would be engaging, be substantial in depth and scope, and provide some key
resources to which the attendees could refer as needed.

•

Task 2—Obtain panelists for the discussion.
The project team selected the panelists for each webinar based on their knowledge of the
subject matter for the webinar. The team also made every effort to include stakeholders with
a variety of perspectives and experiences. There was no set limit on the number of panelists,
but rather a focus on creating a dynamic discussion group that could provide as many
experiences and perspectives as possible. In that regard, the project team selected a number of
panelists from Europe with expertise in MPS research and applications. The project team
deemed it necessary to look for international panelists because a large effort by forensic
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science researchers and developers to develop MPS strategies is concentrated in Europe, and
this expertise was critical to gain insight into the strengths and obstacles to implementing
MPS-based technologies.
•

Task 3—Host, webcast, and archive the individual series.
The webinar series consisted of one webinar per month for a 4-month block and began in
May 2015. The project team constructed each webinar around a 2-hour time slot, with a
combination of presentation and discussion to maximize engagement. The project team made
available archived versions of the broadcasted webinars after each one of the series was
completed. The intent of memorialization was to allow access of the information to
individuals who may have missed a particular webinar; in this manner, no viewer was
“behind” for any subsequent webinars. Moreover, it was anticipated that viewers would not
likely be engaged in MPS and thus may not fully absorb the technology discussions.
Therefore, the project team established the archive so the viewers could become more
intimate and involved with MPS at a later time.

•

Task 4—Prepare and provide a final report.
The project team generated this final report to capture and document the webinar discussions,
serve as a resource document, provide the current landscape of MPS, and present discussions
for future adoption. The development of MPS technology and the panels of markers that can
be analyzed by MPS are dynamic, and, over the next few years, they will likely evolve
substantially. Nonetheless, certain issues will be common to all technologies and markers.
Therefore, this document provides foundations and concepts and where and how MPS data
may be used and not used to guide the forensic science community to make informed
decisions as it begins to embrace MPS.

3.2

Project Team
This project was a collaborative effort with the UNTHSC, whose primary consultants and

discussion leaders were Dr. Bruce Budowle and Mr. Jonathan King. Dr. Budowle is currently the
executive director of UNTHSC’s Institute of Applied Genetics and professor in the Department of
Molecular and Medical Genetics. He was previously employed by the Federal Bureau of Investigation
(FBI) for 26 years and is an expert in forensic genetics. Mr. King directs the research laboratory of the
Institute of Applied Genetics and has been conducting research in MPS and bioinformatics for several
years.
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The RTI team comprised Dr. Patricia Melton and Mr. Shane Hamstra from the Center for
Forensic Sciences. Dr. Melton is a senior research forensic scientist and was the project leader responsible
for project coordination and logistics. She has nearly a decade of experience as a forensic DNA analyst
and has been on the faculty of two universities. Mr. Hamstra is a research training specialist and was
responsible for all technical webinar logistics including coordination with subject matter experts, graphic
artists, and instructional designers. Biographies of individuals are available in Appendix B.
The panelists were an integral part of the overall goal of describing MPS and defining the issues
that the forensic science community should consider. Choosing panelists with backgrounds relevant to the
topics presented within each webinar ensured greater impact and more dynamic discussion. Most
participants in the first three webinars had a high level of experience in research, development, and
application of MPS and/or bioinformatics. The final webinar also included well-known individuals with
well-established expertise in legal and social issues. Also, a member of the FBI involved in the operation
of the Combined DNA Index System (CODIS) participated to provide insight into what may be
considered issues regarding national databases. Table 2 summarizes the subject content and participants
for the entire webinar series.
Table 2. Summary of Webinar Series
Broadcast Date

Session 1:
May 20, 2015

Presenters and
Panelists
Bruce Budowle

Affiliation
Institute of Applied Genetics,
UNTHSC

Seth Faith

North Carolina State University

Ernesto Guzman

Illumina, Inc.

Jonathan King
Mike Leliveit

Institute of Applied Genetics,
UNTHSC
ThermoFisher Scientific

Mark Wilson

Western Carolina University

Peter Vallone

National Institute of Standards and
Technology

•

•
•

•

Subject Content
What is the value of this
technology and chemistry as
it relates to forensic
applications?
Review the current platforms
and chemistry.
What are some of the focus
areas that need to be
evaluated for
implementation?
Does this technology
represent a paradigm shift?

(continued)
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Table 2. Summary of Webinar Series (continued)
Broadcast Date

Session 2:
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Jonathan King
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Peter de Knijff

Leiden University Medical Center

Lilliana Moreno
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(FBI)

Niels Morling
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University of Copenhagen

Doug Storts

Promega Corporation

Bruce Budowle
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Jonathan King

Institute of Applied Genetics,
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ThermoFisher Scientific

Narasimhan (Narsi)
Rajagopalan
Christophe Van Neste

Laboratory of Pharmaceutical
Biotechnology, Ghent University

John Walsh

Illumina, Inc.

Brian Young
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Bruce Budowle

Institute of Applied Genetics,
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Thomas Callaghan

FBI
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Alameda County (retired)

Sara Katsanis

Duke Science and Society, Duke
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Jonathan King

Institute of Applied Genetics,
UNTHSC

Brian Young

Battelle

4.

ASSESSMENT OF THE MPS LANDSCAPE

4.1

Literature Review

•

•
•

•

•

•

•

•

•

Subject Content
How does the implementation
of MPS technology affect the
work flow of a crime
laboratory?
What benefits do additional
markers bring to forensics?
What considerations need to
be made to accommodate
national databases?

What is bioinformatics, and
what are the basic software
tools available for the
process?
What are the basic and
specialized tools required for
analysis of all the marker
types?
What considerations need to
be made for mixture
interpretation?
How do we address and
decide on the validation needs
of this technology?
What considerations need to
be made to accommodate the
CODIS database?
What are the legal
considerations for MPS data?

The project team conducted a review of peer-reviewed literature, current issues, resources, and
policies associated with MPS technology, thus providing an overview of the MPS landscape. Although
extensive, the literature review was not intended to be exhaustive; rather, the purpose of the literature
review was to identify key resources that address the discussion topics that may assist those considering
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whether or not to implement an MPS platform. The key sources designated within the literature review
section may assist decision makers in developing policies and procedures related to MPS technology.
Currently, this field is very dynamic, and the literature is anticipated to grow rapidly. Regardless, the
sources in Appendix A describe the foundations of MPS and current studies that should be extremely
useful for those seeking to gain a foothold in understanding MPS.

4.2

MPS: Understanding the Basic Technology

Session 1
The first webinar’s objectives were to provide an overview of massively parallel sequencing (MPS)
that accomplished the following:
 Addressed the value of this new technology and chemistry as it relates to forensic applications.
 Reviewed the current platforms and their respective chemistries.
 Addressed the implementation of MPS technology representing a paradigm shift.
To facilitate the discussion of these topics, the project team provided the following questions to the
panelists prior to the webinar:
 As laboratories consider these platforms and accompanying chemistries, what areas should be
focused on to test and develop the system?
 What value does MPS bring to forensic applications?
 With respect to turnaround time and additional information, how does MPS impact the workflow
of a crime laboratory?
 What target enrichment strategies are available?
 What unique chemistry issues arise with the library preparation process?
 What unique chemistry issues arise with sequencing, and how should they be addressed?
 What are the causes of sequencing noise, and how is it distinguished from true sequence?
 What is strand bias, and should it be a concern?
 What are the issues associated with barcoding?
 Does this technology represent a true paradigm shift?
A total of 182 registrants attended the webinar. The majority of them (71%) listed themselves as
forensic DNA professionals, with an additional 7% representing crime laboratory managers or directors.
Law enforcement and legal representation were each 3%. The remaining attendees listed themselves as
forensic professionals (4%) or were from academia (12%). The survey questions and respective metrics
are listed in the following table. An event performance sheet (EPS) captured the specific demographic and
impact information of this webinar. Appendix C includes the EPS for this webinar.
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Question

Response
•

How informative was the webinar?

•
•

Prior to this webinar, how familiar were you with the
concept of massively parallel sequencing (MPS) as
applied to forensic DNA applications?

•

How likely are you to share the information
presented in this webinar with other policy makers
associated with your agency?

•

Choose the option that best describes why you are
viewing this webinar.

•

•
•
•
•

•
•
•

Based on the information presented today, do you
believe that there are suitable criteria for the
application of MPS to forensics?

•
•
•

Highly informative: 17%
Somewhat informative: 80%
Not very informative: 3%
Very familiar: 15%
Basic understanding: 48%
Not very familiar at all: 37%
Highly likely: 34%
Somewhat likely: 63%
Not likely: 3%
My agency is considering implementing an MPS
instrument: 25%
I want to know how other agencies are addressing
and using MPS technology: 7%
I want to know more about MPS in general: 65%
Other: 3%
Yes: 52%
Possibly: 48%
No: 0%

The project team asked webinar participants the following question: “What was the biggest
benefit of attending this webinar?” Some of the feedback included the following responses:

“I learned a great deal about
the MPS technology and
have a better understanding
of the limitations, concerns,
and potential of the
information and capabilities
of the MPS systems.”

“Learning about a potential
new technology that may
be implemented in the
future of forensics.”

“Hearing more specific
information how the two
systems work than had
previously been made
available to me; enjoyed the
questions segment at the
end.”

Summary of Webinar Session 1
The primary value of MPS resides in the massive amounts of data it generates. The forensic
science community can combine much larger panels and different types of markers to better characterize
evidentiary samples and address particular needs in novel ways for supporting investigative leads. It can
also analyze autosomal, Y-chromosome, and X-chromosome STRs simultaneously—and combine SNPs
with STRs. Alternatively, the forensic science community can contain each marker system within a
single, multiplex panel. Autosomal STRs are informative of identity testing, are well suited for analyzing
mixture evidence, and are the mainstay of the forensic genetics community. Y-chromosome STRs allow
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for identifying and characterizing male contributor DNA, particularly in mixtures containing large
amounts of female DNA. X-chromosome STRs are useful for certain kinship cases, such as incest
situations. Due to their smaller amplicon size, SNPs are useful for typing degraded DNA. Although
identity SNPs provide similar genetic information as STRs, certain classes of SNPs (e.g., ancestry and
phenotype) can be used to generate novel investigative leads that were not readily possible (although
feasible) with CE-based approaches. With CE, the forensic science community analyzes these various
marker systems separately, each consuming a portion of precious sample. With MPS, the forensic science
community can type all of these markers, or subsets thereof, from one portion of a sample. Therefore, the
forensic science community can reduce evidence sample consumption and yet gain more information.
This sample saving is particularly valuable when there may be enough sample for only a single analysis
or when (although not routinely recommended) a sample may have to be divided.
STR polymorphisms (i.e., alleles) manifest as length differences by CE analysis. With MPS, the
forensic science community also obtains length-based polymorphisms. Therefore, MPS will provide STR
results that are backward compatible with the current millions of STR profiles stored in forensic DNA
databases worldwide. Implementation of MPS does not require re-testing of the millions of samples with
profiles archived in DNA databases. However, sequencing of STRs—instead of just determining the
length of the alleles—provides additional information, which is sequence variation within length-based
alleles. Obtaining sequence variants will increase the discrimination power of some STRs for identity
testing and kinship analyses. This increased diversity also will enable better deconvolution of some
mixtures than what is currently possible.
STR data are best suited for identity testing applications (e.g., direct matching and kinship
analyses). There will be situations in which the forensic science community may search an STR profile
that is derived, for example, from an evidentiary sample against a database but receives no hits. Currently,
under this scenario, DNA evidence provides no investigative lead value. With MPS, the forensic science
community can consider two additional approaches that may generate investigative leads even without a
direct match from a database search. These approaches are familial searching and ancestry and/or
phenotypic information. Familial searching exploits potential kinship relationships (typically parentoffspring or sibling-sibling) between the donor of the evidence and reference profiles in a DNA database
(https://www.forensiccoe.org/Our-Impact/Advancing-Technology/Reports/Familial-DNA-SearchingCurrent-Approaches). In jurisdictions which allow familial testing, MPS could enhance the efficacy of the
familial searching process because the increase in the number of markers typed and the ability to
simultaneously type lineage markers (e.g., Y-chromosome STRs) can reduce adventitious hits. Moreover,
if reference samples are typed both for autosomal STRs and, for example, Y-chromosome STRs, the
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amount of labor will be substantially reduced that is currently required for re-testing samples to reduce
adventitious hits—which, in turn, will identify highly viable candidates for potential lead value. Ancestry
and/or phenotypic SNPs either indirectly or directly, respectively, can provide evidence of the physical
appearance of the donor who provided the biological evidence, which can focus investigations and be
useful for verifying or refuting eyewitness accounts. Overall, MPS enables the forensic science
community to generate more data and novel data that can enhance the power of forensic DNA typing.
All webinar panelists agreed that MPS is of substantial value and will be implemented over the
next few years. A number of considerations are necessary to effectively adopt MPS for forensic analyses:
validation studies; quality assurance requirements; workflow; throughput; cost, data type, and storage
requirements; and analyst training and education. These issues are not new to forensic DNA typing, and
the same general approaches that were used to bring to fruition previous DNA typing methods apply to
MPS. Clearly, education and training are critical. Workshops and webinars, such as this series and many
others, will be essential for providing the information, especially for those analysts who are not engaged
in MPS. Analysts should seek formal training, or analysts in training could visit an MPS functional
laboratory for hands-on training. When hands-on training opportunities are limited due to budgetary or
other constraints, analysts have the opportunity to engage in virtual and simulated environments such as
the MPS training tool developed by the FTCoE. Access to this tool along with associated manuals and
training materials can be found at https://www.forensiccoe.org/massively_parallel_sequencing_workshop.
The turnaround time will increase in comparison with traditional DNA typing methods. There will be
demands for some cases to be analyzed expeditiously, and MPS currently cannot provide a DNA result in
a similar time frame as CE. However, the sheer increase in data generated may override the time
requirement, as more data can develop more leads, and additional markers (e.g., SNPs) can increase the
success of typing challenged samples. Until the turnaround time of MPS is comparable with that of CE,
laboratories may want to consider maintaining both CE and MPS capabilities in a laboratory.
The MPS chemistry, technology, and jargon may seem foreign to users unfamiliar with them, but
the overall process does not represent a paradigm shift in the manner in which DNA evidence is analyzed.
The initial process is the same for MPS and CE; that is, one extracts DNA, determines the DNA quantity,
and uses PCR to enrich the target markers of each sample. The primary enrichment strategy for forensic
DNA typing involves PCR to obtain a sufficient sensitivity of detection. This PCR process is similar, if
not identical, to that of traditional CE approaches. Therefore, the experience of amplification and
stochastic effects of current DNA typing provide a basis that analysts can rely on when embracing MPS
typing strategies. In some situations, one may employ alternate enrichment strategies (e.g., probe-based
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capture assays), and these approaches may enable typing of highly degraded samples with marker systems
(e.g., mtDNA genome).72,73
The differences between MPS and CE lie in the library preparation, cloning, and sequencing.
Commercial kits for each of these steps are available, and commercial manufacturers already provide
workflows to facilitate the process. There are differences in the various library preparation and
sequencing chemistries, and therefore each system will have to be validated. Laboratories that use the
same workflows may be able to leverage data and experience among them. In contrast, the results of a
different chemistry may not provide support for the validation of a different system, with one exception.
As previously stated, the amount of generated data is massive. It would take weeks to months for a CE
system to match the output of a single MPS run. Therefore, it will be an unreasonable expectation that
current CE-based data will have to be used to validate MPS data. Instead, data from different MPS
platforms and respective chemistries may be a better way to validate these systems. Orthogonal testing is
not a new concept and should be considered for validation by some laboratories.
The volume of data produced by MPS appears daunting, and the forensic science community has
yet to deal with such a magnitude of data. Researchers often use a variety of software tools and combine
these tools into a workable pipeline, which can be a very cumbersome process for an operational
laboratory, especially if a bioinformatician is not present in the laboratory. However, commercial entities
already are providing streamlined pipelines capable of analyzing and managing the data and for providing
helpful data outputs of results. The laboratory will need to validate these software packages. Another data
issue is that new types of data analysis (e.g., principal component analyses [PCAs] plots for estimating
ancestry and reporting probabilities for hair and eye color) may be unfamiliar to many forensic DNA
analysts. Training, education, and validation of these approaches will have to occur so that the data will
be understood and reported properly. Although the amount of data is substantially greater, the transition
to the laboratory likely will be accomplished in a similar fashion as that which occurred for other DNA
typing systems.
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MPS: The Genetic Marker Potential

Session 2
The objectives of this webinar were to





Discuss how the implementation of MPS technology affects the workflow in a crime laboratory.
Review the types of genetic markers that can be typed with MPS technology.
Discuss the benefits that these additional markers bring.
Discuss the considerations to accommodate national databases.

To facilitate the discussion of these topics, the project team provided the following questions to the
panelists prior to the webinar:

















What types of STRs can be analyzed?
Should all STR categories be sought?
What additional information or benefit can be obtained?
Why seek this additional sequence information?
Why seek SNPs for forensic applications?
What types of SNPs can be analyzed?
What SNPs should we focus on, and why?
Should we make efforts to expand to whole genome sequencing? If so, why?
Is the European DNA Profiling Population Database (EMPOP) working toward accommodating
the additional information?
What can we do to support EMPOP in this endeavor?
What can we do to support Y-chromosome STR databases, such as Y-Chromosome STR
Haplotype Reference Database (YHRD), in order to accommodate additional sequence
information?
What sequence information should be uploaded into a national DNA database?
What are the benefits for each of the two different strategies for using MPS data?
Is there a maximum number of markers that can be typed?
What other information/markers would one want to seek (if any)?

Nearly 100 people registered for this webinar and 40% attended. The majority (67%) of
participants listed themselves as forensic DNA professionals, with an additional 9% representing crime
laboratory managers or directors. Law enforcement and legal representation were each 3%. The
remaining attendees listed themselves as forensic professionals (6%), academia (9%), or other (3%).
Appendix D includes the EPS for this webinar.
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The project team asked participants the following questions to assess a metric of impact.
Question

Response

Choose the option that best describes why
you are viewing this webinar.

•
•
•
•

How informative was the webinar?

•
•

Based on the information presented
today, do you believe there are suitable
criteria for the application of MPS
technology to forensics?

•

Prior to this webinar, how familiar were
you with the concept of MPS as applied
to forensic applications?

•

After viewing this webinar, do you feel
you have a better understanding of how
MPS would fit into the workflow of a
DNA crime laboratory?

•

How likely are you to share the
information presented in this webinar
with other practitioners associated with
your agency?

•

•
•

•
•
•
•

•
•

My agency is considering implementing an MPS instrument: 24%
I want to know how other agencies are addressing and using MPS
technology: 18%
I want to know more about MPS technology in general: 58%
Highly informative: 41%
Somewhat informative: 59%
Not very informative: 0%
Yes: 94%
Possibly: 6%
No: 0%
Very familiar: 19%
Basic understanding: 70%
Not very familiar at all: 11%
Yes: 58%
Somewhat: 42%
Not really: 0%
Highly likely: 75%
Somewhat likely: 25%
Not likely: 0%

The project team asked webinar participants the following question: “What was the biggest
benefit of attending this webinar?” Some of the feedback included the following responses:

“Obtaining a clearer
description of the
technology.”

“Hearing the discussions
concerning limitations
and concerns.”

“Obtaining a well-explained
overview of the implementation
and use of the technology, both
pros and cons.”

“Obtaining a better
understanding of MPS.”

Summary of Webinar Session 2
It became apparent during the first webinar via participant comments that some attendees were
not sufficiently familiar with the general workflow of MPS, which made it difficult to follow some of the
discussion. This lack of knowledge is expected because very few in the community are engaged in MPS
research or testing, but lack of knowledge reinforces the earlier recommendation for education and
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training to promote and expand MPS use. To address this temporary limitation, the project team dedicated
a substantial portion of the second webinar for the panelists to provide a basic tutorial to familiarize
attendees with the MPS workflow. That portion is not summarized herein because an introduction to the
basic technology and chemistry of MPS is located at the beginning of this document. In addition, if the
reader desires to become further informed about the details of MPS workflow, the comprehensive
presentations

are

archived

at

https://forensiccoe.org/Our-Impact/Sharing-Knowledge/Virtual-

Education/Massively-Parallel-Sequencing.

The selection and use of genetic markers are critical because the genetic markers impact the types
of evidence that the laboratory can analyze and the information that it may translate into viable
investigative leads. Although MPS may analyze any type of genetic marker, the CODIS core STR loci
should be accommodated by MPS regardless of the potential to expand the MPS STR marker set(s).
However, research indicates that a few STRs may not be compatible with an MPS system. Relying on the
required core for platform selection may need to be reconsidered as a strategy moving forward. It might
be worthwhile to consider relaxing the requirement of all core STR loci that MPS will genotype. For
example, if two different MPS kits were required to meet at least 17 out of 20 core STR loci, they would
still have, at a minimum, 14 loci in common, although the common number could be higher. Fourteen loci
would still provide substantial power far exceeding any foreseeable increase in the size of DNA
databases. Moreover, given that MPS can type many more STRs, losing a few markers by design or due
to sample quality can easily be regained many fold. The forensic science community should research the
value and consequences of this strategy of requiring all core loci in a panel.
More data are needed before selecting additional STR markers. Data to consider include genetic
diversity, sequence variation, stutter rates, sequence motif, error rates, noise, and chemistry compatibility.
The forensic research community should place a focus on reducing the amplicon size for more mini
STRs. MPS allows for reduction in size of STR amplicons, thereby allowing for more challenging
samples to be typed.
Considering the wide range in applications (e.g., paternity, missing persons, and forensic
casework), a single kit containing all three STR categories may not be the most strategic approach. For
example, markers with low mutation rates are better suited for kinship analyses. An example of a highly
discriminating marker for identity testing is SE33; however, its high mutation rate would be problematic
for kinship testing. X-chromosome STRs can be quite useful for particular kinship cases but are not
particularly applicable to mixture analyses. Thus, a more specialized kit may be more suitable. Each
manufacturer has addressed this matter by offering multiple primer mixes for different applications. In
contrast, for reference samples placed into DNA databases, a comprehensive panel may be sensible. As
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the evidence and case context drive the best markers to analyze, one cannot know the type of marker that
will provide the best information. If the reference samples contain all or most usable marker systems, then
no matter what panel is used to analyze an evidence sample, some database searching may be feasible.
Many laboratories use CE to type Y-chromosome STRs and mtDNA sequence data. These
markers are valuable for close relative and distant relative associations, for mixture analyses, and/or for
increased sensitivity of detection. The Y-chromosome STR sequence data (as with all STRs) also will
require nomenclature for communication and substantial database updates to accommodate the sequence
information. In contrast, the EMPOP database already supports mtDNA data and has made great strides to
accommodate whole mtDNA genome data.74 Therefore, MPS mtDNA data likely will be more readily
implemented because most of the requirements are in place.
One issue webinar participants raised was the use of rapidly mutating Y-chromosome STRs
placed into a multiplex kit. These markers are highly polymorphic and thus desirable for identity testing,
but their high mutation rate makes them less suitable for kinship association cases. They, however, are
good markers for potentially distinguishing close paternal relatives, such as brothers. All STRs have
relatively high mutation rates, so partitioning highly mutating Y-chromosome STRs does not eliminate
the need for understanding how to deal with mutation in kinship analyses. Regardless, the forensic
science community should consider choosing the appropriate marker for the application for panel and kit
design. For characterizing database reference samples, one should consider all selected markers and only
search those types for case-specific circumstances. The forensic science community should consider
which markers are best suited for each application. More studies are required to establish the global utility
of each marker or panel of markers. Ultimately, the consumers (i.e., the forensic science community) will
need to be educated on the use and application of the individual markers/panels because the community
will be the driver for more marker selection.
Although MPS can sequence any marker, there is some debate on the best strategy to move
forward. Some suggest that the entire mtDNA genome be sequenced, and others advocate that a better
strategy is combining nuclear markers and the hypervariable region of the mtDNA genome. It is well
established that mtDNA typing is the most sensitive approach for typing DNA and can yield results when
the nuclear markers fail to do so. Therefore, sequencing the whole genome may be a better strategy for
analyzing the most challenging samples. In contrast, small-sized amplicon nuclear markers likely will
increase the sensitivity of detection to possibly rival that which is currently enjoyed with mtDNA
analyses by CE. Some panelists expressed doubts about the multiplexing efficiency of including markers
with notable copy number differences (which is the case for nuclear and mtDNA) in the same multiplex.
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X-chromosome STRs have a more limited application than other markers and were not advocated
as a priority by the webinar participants. Despite perceived legal issues, the webinar participants placed
ancestry and phenotypic markers ahead of X-chromosome STRs for kit development purposes. All
panelists agreed that ancestry and phenotype SNPs have investigative value on a case-by-case basis, but
these should not be maintained in forensic DNA databases. Such genetic information has little intrinsic
value for database searches (i.e., limited discrimination power), but does have value on a per-case,
investigation level.
SNPs, which consist of small-sized amplicons, may provide more genetic data from challenged or
degraded samples than STRs. One panelist noted that the amplicon sizes of STRs were sufficiently small
in commercial MPS STR panels, and therefore SNPs offered nominal improvements. There is no
disagreement that SNPs in general can be generated on average from smaller amplicons than that of
STRs. Regardless, the panelists agreed that SNPs offered several analytical advantages (e.g., ease of
typing) and simplified interpretation. On a marker-by-marker basis, STRs appear to be better for mixture
interpretation compared with SNPs because of a greater number of alleles that can facilitate mixture
deconvolution. However, it is possible that a very large panel of SNPs may rival STRs for mixture
analyses. One does not have to contend with the artifact stutter with SNPs. In addition, microhaplotype
SNPs, two or more SNPs within an amplicon, could mimic to some degree a multiallelic STR marker.
Multiple panelists indicated that if, 20 years ago, SNPs could be typed as easily as they can be today by
MPS, they would have been the marker of choice for identity testing. Validation studies should shed light
on whether this size difference has any practical impact in typing success and whether SNPs can rival
STRs for mixture deconvolution.
Tissue source identification is an important analysis for some cases. Currently, a variety of
protein- or chemical-based tests are used to presumptively determine or confirm the tissue source of a
biological sample. Laboratories often cannot run these tests in parallel, which creates a resource burden.
A promising approach is to use nucleic acid markers, either messenger RNA (mRNA) or methylation sites
in DNA, to determine tissue source. Several researchers are evaluating the possibility of combining both
mRNA and DNA markers within the same assay. Panelists suggested that one approach may be parallel
library preparations using traditional primer design or bisulfite conversion of epigenetic markers.
However, a single assay containing all relevant markers has yet to be described.
Although there was substantial discussion about marker selection and practical implications of
marker use, the overwhelming criterion for choice of system was whether the provided kit is sufficiently
robust. The ability to type challenged samples appears to override the choice of marker.
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Nomenclature is an obstacle that must be addressed, especially for STRs. Sequence data require a
new mechanism(s) to describe alleles. The nomenclature experience with sequencing mtDNA will
provide guidance for MPS data. STR data may be presented as full text strings, motif-based, or a
simplified set of characters for each variant. The forensic science community may embrace all three
strategies. Efforts are underway under the auspices of the International Society of Forensic Genetics to
develop an overarching nomenclature system; therefore, it is likely that the forensic science community
will address nomenclature in the near term, and some organization will take the responsibility to oversee
and maintain the integrity of the system. Funding is essential to coordinate and maintain a robust
nomenclature infrastructure. To facilitate the process, as many participants as possible should submit
high-quality data to identify the genetic variation and generate population frequency databases for
statistical calculation regarding DNA evidence. Lastly, the forensic science community will have to
modify or enhance databases to accommodate the expanded genetic variation.
Although it is anticipated that a few laboratories may implement MPS as a standalone
technology, there was overwhelming agreement that MPS technology initially will most likely be
implemented primarily as an adjunct to current CE approaches. The primary reason provided for this
strategy was the need for education and training regarding defined use, workflow, validation,
implementation, and interpretation of data. Additional reasons given for MPS as an adjunct to CE
included other new technologies (e.g., rapid DNA typing) and the associated costs with MPS; however,
the latter concern may be a misguided perception. On a per-sample basis, MPS cost is nearly equivalent to
CE-based DNA typing after ~32 samples/run (see Figure 1). This cost argument is countered further when
considering the amount of data generated from an MPS run. On a per-marker basis, some MPS
chemistries can be cheaper than CE-based typing after multiplexing only 10 samples within a run. The
forensic research community should perform more cost-benefit analyses to determine the resource needs
for MPS implementation.
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MPS: Bioinformatics

Session 3
The objectives of this webinar were as follows:
 Provide an overview of what bioinformatics is and how it pertains to MPS technology.
 Discuss both basic and specialized bioinformatics tools.
 Discuss the considerations required for mixture interpretation.
To facilitate the discussion of these topics, the project team provided the following questions to the
panelists prior to the webinar:



















Does the battery of current software meet the needs for forensic analysis?
How user-friendly is the current software?
What improvements are needed to facilitate the transfer and use of software to the community?
Will there be a need for bioinformatics specialists in the forensic DNA laboratory?
Given a certain number of markers, how long will it take to generate an output?
Will data analysis be a bottleneck?
How do we validate software?
Predictive modeling is used for some markers, but what do the results entail?
How do we convey the interpretation of the data?
What data should be stored or maintained?
Are there considerations for storage issues?
Should the DNA forensic science community add bioinformatics training to the training
requirements?
The Open Forensic DNA Analysis Toolbox (OFDAT) may combine strategies or take the best of
different approaches. What do you see as the highest priority to tackle bioinformatically?
How should we address nomenclature?
Should there be positive or negative strand strategies for consistency?
Should there be a bioinformatic ranking of the marker difficulty for analysis?
How should sequencing data and results from different platforms be analyzed or compared?
What data are important from a bioinformatics tool perspective?
More than 100 people registered for this webinar and 45% attended. The majority (66%) of

participants listed themselves as forensic DNA professionals, with an additional 7% representing crime
laboratory managers or directors. Law enforcement and legal representation were each 4%. The
remaining attendees listed themselves as forensic professionals (7%), academia (4%), medicolegal death
investigators (4%), or other (4%). Appendix E includes the EPS for this webinar.
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The project team asked participants the following questions to assess a metric of impact.
Question

Response

Choose the option that best describes why you
are viewing this webinar.

•
•
•
•

How informative was the webinar?

•
•

Based on the information presented today, do
you believe there are suitable criteria for the
application of MPS technology to forensics?

•

Prior to this webinar, how familiar were you
with the concept of MPS as applied to forensic
applications?

•

How likely are you to share the information
presented in this webinar with other
practitioners associated with your agency?

•

After viewing this webinar, do you feel you
have a better understanding of how MPS
would fit into the workflow of a DNA crime
laboratory?

•

•
•
•
•
•
•
•
•

My agency is considering implementing an MPS instrument:
31%
I want to know how other agencies are addressing and using
MPS technology: 14%
I want to know more about MPS technology in general: 55%
Highly informative: 35%
Somewhat informative: 65%
Not very informative: 0%
Yes: 100%
Possibly: 0%
No: 0%
Very familiar: 21%
Basic understanding: 69%
Not very familiar at all: 10%
Highly likely: 72%
Somewhat likely: 28%
Not likely: 0%
Yes: 58%
Somewhat: 42%
Not really: 0%

The project team asked webinar participants the following question: “What was the biggest
benefit of attending this webinar?” Some of the feedback included the following responses:

“Hearing the
perspectives of the
experts.”

“Learning so much about
MPS technology.”

“Obtaining information
about a seldom-discussed
topic relating to MPS;
bioinformatics information
is hard to come by.”

Summary of Webinar Session 3
Bioinformatics combines computer science, mathematics, statistics, and engineering functionalities to analyze and interpret biodata. The application of bioinformatics is not different in concept for
MPS data as it is for CE data with STRs. A large amount of data processing occurs behind the scenes for
generating CE output data. The CE output, an electropherogram and supporting data, is a simplified
picture resulting from raw data, processing signals, and the creation of an image that is readily
interpretable. The same thing occurs with MPS data, except the magnitude of data is on a scale
unprecedented in forensic genetics, and the forensic scientist will need to become familiar and appreciate
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what goes on behind the scenes of bioinformatics with MPS data to develop and implement effective
systems. It is unlikely that each crime laboratory will have a resident bioinformatician, so it will be
necessary to develop facile and robust data and output processes.
The forensic science community has performed sequencing of biological evidence for more than
20 years through sequencing of mtDNA by Sanger sequencing chemistry and detection by the CE system.
Sanger sequencing chemistry has an associated error rate. Likewise, sequencing error is associated with
MPS chemistries. The error rate with Sanger sequencing was nominal as laboratories sequenced both
strands of the DNA molecule, and the consistency of sequence results of both strands was required to call
the specific bases in a target site. This two times X (X stands for coverage and is presented as 2X for
Sanger sequencing of both strands) approach reduced Sanger sequencing error to levels considered
tolerable in the forensic genetics laboratory. Overall, the sequencing accuracy for current forensic MPS
kits has yet to be established; however, manufacturers indicate the accuracies of their systems to be
between 99.5% and 99.999%, based on internal studies. The webinar panelists have had similar
experiences with high coverage once data processing is performed. The user will need to be able to
analyze data effectively, with facile bioinformatics tools, to achieve sequence data accuracies similar to
current methods in the crime laboratory. All indications are that such sequencing accuracy can be
achieved. Further studies must address base calling accuracy and any locus or motif-specific error rates.
The accuracy levels for STRs, in particular, may impact selection of analytical thresholds with sequencebased data. Length-based data (i.e., the backward-compatible data with that of CE) may not be similarly
restricted, as sequence error may not affect the length of a fragment. It may be possible, on a case-by-case
basis, that when coverage is very low (i.e., only a few fragments of the target are sequenced) and
confidence in sequence accuracy is reduced, it still may be possible to type a length-based STR
polymorphism with confidence. It is not clear yet whether sequence from both strands will be required for
obtaining high accuracy—at least for some loci—or if data from only one strand will suffice. Validation
studies will be required to determine whether sequence data from one or both strands will be necessary.
Strand balance may be necessary for some markers but unlikely for all markers.
The current “needs” of the community for bioinformatics have yet to be fully realized. The
current requirements are relative to those individuals involved in the development and testing of the
current software and their experiences may not represent the needs of eventual downstream users. It is
anticipated that as the technology transitions from early to mainstream users, the forensic science
community will seek additional requirements. Early users tend to use a variety of software tools that are
not designed specifically for the demands of the casework laboratory. More tools, user-friendly interfaces,
and single pipeline systems will be needed for more widespread use of MPS technology for forensic
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analyses. Commercial manufacturers have been developing, and continue to develop, software that
include features to address these needs based on early access feedback. If software tools facilitate
analyses and provide user-friendly capabilities, laboratories should not need dedicated bioinformatics
specialists. Software validation is critical to ensure that tools are sufficiently robust for mainstream
application. As previously stated, software validation is critical. For example, during an analysis of a
large panel of markers, some markers were not detected, which would lead the researcher to hypothesize
that the chemistry failed. However, for a number of technical reasons, the software failed to locate the
specific data. The failure was readily resolved but points to the need for understanding the limitations of
software, testing software, and producing robust tools for the end user. All are part of the validation
process.
The MPS workflow currently requires a number of manipulations, especially on the front-end
sample preparation. The process must be able to prepare and analyze a relatively large number of samples
simultaneously and minimize chances of contamination within the laboratory setting to realize the
benefits of MPS for practical use. Forensic analysts will need to be familiar with the entire process to
ensure proper application. Training and educating will be necessary for analysts to understand the
pipelines and the data generated. Bioinformatics training should be considered for forensic DNA analysts
as soon as possible to prepare them for MPS and the data that will be generated. The training should focus
on understanding the potential and applications, as well as to help participants become fluent on the topic.
The vast amounts of generated data pose a novel problem previously not encountered in the
forensic DNA laboratory. The amount of data generated will likely outpace current data storage
capacities. Thus, data storage is a critical issue. The forensic science community needs to determine if all
data, raw and processed, will be retained. It is anticipated that there will be requests to review raw data,
which might be expected during discovery by the legal community, or the final processed data (i.e.,
FASTA or FASTQ files) that contain all sequence reads used for downstream analysis. Laboratories
rarely reanalyze most, if not all, stored raw data. On a practical level, the processed data are much
smaller, easier, and cheaper to store than stored raw data, and laboratories typically rely on processed data
for genetic interpretation. The forensic science community may have to consider mechanisms for
providing large amounts of data. At this time, the forensic science community has not discussed what data
to retain. Actual use, quality issues, cost, and admissibility challenges likely will affect policy.
The sensitivity of detection appears to be comparable between CE and MPS systems, and PCR is
still the preferred enrichment method; therefore, the same stochastic issues with resultant data will arise.
Fortunately, software is available to help the forensic science community interpret forensic DNA data.
So-called smart systems, such as probabilistic genotyping, can enable the interpretation of limited and
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more complex DNA profiles than had been possible with more binary systems that were used originally.
These approaches should translate to MPS data. The forensic science community should seek modeling of
MPS data for probabilistic genotyping.
All indications are that with PCR enrichment on the front end of the analytical process, MPS
rivals CE for detection sensitivity. Sensitivity will be dynamic and can vary from run to run. When
laboratories analyze a few samples per run, coverage will be relatively high compared to a run with a
greater number of samples. This aspect of MPS is not a negative or positive observation but rather a
reflection of the throughput of the system. Detection sensitivity, an important criterion, will have to be
balanced with sample throughput (a criterion for cost benefit). Obviously, detection sensitivity is the more
important factor, but for MPS to be a viable approach, the forensic science community will have to
consider the cost per marker or cost per sample. One advantage with sequence data is that noise may be
distinguished better from true DNA signal. This feature may reduce a detection threshold, which, in turn,
may enable greater detection sensitivity. A cautionary note is that reduction in noise, if possible, does not
mean that a relaxation in interpretation guidelines will follow. The forensic science community will need
to develop guidelines in a manner similar to those in place for current DNA typing systems, but specific
to the requirements of MPS.
As is with STR kits from different manufacturers, data compatibility from different MPS kits
must occur. Otherwise, the efficacy of searching forensic DNA databases may be somewhat reduced.
Studies to date, although limited, demonstrate that the compatibility of MPS allele calls with CEgenerated STR data and between MPS platforms are comparable with those that have been observed
between commercial STR/CE kits. Thus, data compatibility should not be a hurdle to implementing MPS.
However, some conversions of STR allele data may be necessary. With the CE STR, alleles are defined
operationally by length in comparison to an allelic ladder. The underlying sequence variability of an allele
is unknown. With MPS, laboratories will know the underlying variability and discern the true repeat
region within STR alleles. In some cases, the true repeat region may be different than the assumed lengthbased allele call. This difference is not an error in typing; but it does affect nomenclature. The forensic
science community will have to choose to select either the original length-based STR nomenclature or
change to one based on sequencing. The decision should be policy-based, may be determined by
convenience, and can be facilitated readily bioinformatically.
Unlike STRs, there are no accepted panel of core SNPs. Therefore, manufacturers are developing
commercial and in-house SNP panels without direction by the forensic science community. This could
possibly result in some incompatibility of marker sets among laboratories. Fortunately, manufacturers
have relied on similar resources for SNP selection, and therefore there appears to be substantial overlap in
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SNP markers between commercial kits. The forensic science community should develop criteria for SNP
selection, define a core set of markers, and/or determine whether only a portion or all of identified
candidate markers need to be in a panel for practical use. The International Society for Forensic Genetics
(ISFG), the Scientific Working Group on DNA Analysis Methods (SWGDAM), and the research
community are considering guidance issues for validation and nomenclature.

4.5

MPS: Validation and Applications

Session 4
The objectives for this webinar were as follows:
 Discuss how to address the validation needs of this technology.
 Discuss what considerations need to made in order to accommodate the CODIS database.
 Discuss the legal considerations for MPS data.
To facilitate the discussion of these topics, the project team provided the following questions to the
panelists prior to the webinar:
 How do we manage validation when stability is needed but we are in a phase of technology
development where dynamic change is high?
 What areas and steps require validation?
 Are we able to leverage past studies or partner with other laboratories to reduce some of the
burden?
 How should software be validated?
 Should there be additional validation criteria for data interpretation?
 Will threshold and noise levels be different for STRs than for SNPs?
 How should sequencing data or results from different platforms be analyzed and compared?
 What reference materials will be needed, and how should they be characterized?
 How should heteroplasmy be addressed?
 Should databases be expanded to accommodate the additional markers available?
 Should database searches accommodate all or a subset of the markers?
 What are the concerns about the admissibility of MPS data?
 Are there potential privacy issues associated with MPS data?

A total of 70 people registered for this webinar and more than 60% attended. The majority (70%)
of participants listed themselves as forensic DNA professionals, with an additional 25% representing
crime laboratory managers or directors. Law enforcement was 5%. There was not legal, forensic
professional, academic, medicolegal death investigator, or other representation. Appendix F includes the
EPS for this webinar.
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The project team asked participants the following questions to assess a metric of impact.
Question

Response

Choose the option that best describes why you are •
viewing this webinar.
•
•

My agency is considering implementing an MPS instrument:
63%
I want to know how other agencies are addressing and using
MPS technology: 26%
I want to know more about MPS technology in general: 11%

Based on the information presented today, do you •
believe there are suitable criteria for the
•
application of MPS technology to forensics?
•

Yes: 100%
Possibly: 0%
No: 0%

Prior to this webinar, how familiar were you with •
the concept of MPS as applied to forensic
•
applications?
•

Very familiar: 30%
Basic understanding: 70%
Not very familiar at all: 0%

•
How likely are you to share the information
presented in this webinar with other practitioners •
associated with your agency?
•

Highly likely: 72%
Somewhat likely: 28%
Not likely: 0%

After viewing this webinar, do you feel you have a •
better understanding of the validation needs for
•
MPS workflows?
•

Yes: 40%
Somewhat: 60%
Not really: 0%

After viewing this webinar, do you feel you have a •
better understanding of the role of MPS
•
technology with respect to the Combined DNA
•
Index System (CODIS)?

Yes: 60%
Somewhat: 40%
Not really: 0%

After viewing this webinar, do you feel you have a •
better understanding of the legal considerations
•
for MPS technology?
•

Yes: 58%
Somewhat: 42%
Not really: 0%

The project team asked webinar participants the following question: “What was the biggest
benefit of attending this webinar?” Some of the feedback included the following responses:

“As a certified latent print
examiner and BCI director,
I found all of the
information valuable.”

“The webinar provided sufficient
information to enable us to begin
our initial assessment of the
technology and put a validation
plan in place.”

Summary of Webinar Session 4
MPS validation has yet to be described extensively for forensic applications. However, a number
of studies are underway, and experience from early users suggests that MPS systems will meet
requirements for forensic applications and be successfully implemented. Developing specific validation
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criteria for guidance within the forensic science community would be helpful. There are some
publications on MPS validation in other related disciplines that may facilitate the development of
validation criteria.75–78 Validation initially may be divided into chemistry, instrument, and bioinformatics
systems, but the forensic science community must eventually test the entire system. Availability should
not be a metric in itself for software reliability. The forensic science community should establish
guidelines for software validation. The project team recommends that laboratories conduct performance
checks early on to refine the system. One benefit of MPS is that the chemistries and technologies are
evolving rapidly, and these advances hold promise to enhance MPS, making it even more desirable for
forensic applications. However, this benefit also has a constraint. Substantial resources and time are
dedicated to validating a system. There is a risk that by the time a validation study is completed, standard
operating procedures (SOPs) are prepared, and analysts are qualified, the existing system may have
changed for the better, but the versions of kits and software are no longer available. Thus, the laboratory
may have to validate the system again. Some degree of stability is needed to enable implementation and
carry out work for a reasonable time frame.
Currently, although the cost per marker can be comparable or even less than that for CE, an
overall MPS experiment is rather costly. The community might consider developing a network to share
data for certain aspects of development and validation to reduce the cost burden per laboratory. The added
value of a network of MPS users is that all users can gain from the experience of others. Leveraging
efforts with other laboratories may help move the technology forward in an efficacious manner. To
exploit data sharing, the forensic science community should determine the parts of validation that can be
shared and the parts that should be performed in each laboratory. For example, internal validation is an
important process for determining the functionality of a system within the laboratory, and the process
provides invaluable experience for the user. Therefore, data sharing must be balanced with lab-specific
needs and cost benefits.
Although validation concentrates on analytical processes and can be accomplished in a
straightforward manner, there are other aspects of MPS to be addressed to facilitate technology transfer
and make the best use of this powerful system. These include marker selection, privacy concerns, legal
admissibility, databases, and data storage. Some individuals have raised concerns that MPS-generated
data could pose risks to privacy. The issue of privacy should not be anchored on MPS per se. MPS is just
a tool for DNA sequencing. The focus should be on the markers used for forensic typing, regardless of if
they were typed by MPS, CE, or another methodology. Marker selection and privacy are not new topics in
the forensic DNA typing arena. Sequencing the entire human genome certainly would present an issue
regarding potential divulgence of data on genes that could disclose personal information (e.g., health risks
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or status of individuals). However, such a concern is likely to be very limited in forensic analyses. Most
applications for forensic investigations, except possibly differentiating identical twins, would not involve
sequencing the entire genome. The markers selected for identity testing (to date) are targeted for their
individualization value and likely pose little or no privacy risks. These markers have little predictive value
and essentially have no more privacy risks than current forensic human DNA markers. Moreover, whole
genome sequencing currently is not an effective use of MPS technology. Most of the throughput of MPS
would be wasted on sequencing regions of little human identity value. Furthermore, whole genome
sequencing would not be cost-effective.
MPS-generated STR data are likely to be entered into DNA databases, as these resources already
accommodate such data. The forensic science community currently does not enter identity SNP data into
DNA databases for developing investigative leads. There is nothing inherently different about identity
SNPs and STRs, except that on a per-locus basis, SNPs are less polymorphic. SNPs, however, potentially
offer a higher success rate for typing degraded samples. Efforts to upload identity SNP data into DNA
databases and implement search tools that can accommodate SNP data would help support the law
enforcement community in developing more investigative leads.
Other markers (e.g., ancestry informative SNPs and phenotypic SNPs) require further
consideration as to how and when to apply these markers. Clearly, these classes of SNPs can have
investigative value in certain situations, most likely when no database search hits (either direct or indirect)
have been obtained. Unlike identity markers, the panelists were strongly against entering ancestry and
phenotype SNPs into DNA databases. These types of SNPs have limited investigative power, and thus
database searches based on these markers are not a good use of resources. Panelists discussed privacy
concerns regarding the use of ancestry and phenotype SNPs, and deemed the risk to be low. However, it
is possible that an ancestry SNP might have some predictive power regarding personal (i.e., privacy)
information. The forensic science community should assess whether any of the ancestry SNPs that are
selected have known associations that have reasonably high predictive power. Ancestry SNPs describe the
ethnic makeup of an individual. Some individuals may not want that information disclosed. The forensic
science community should discuss whether or not ethnic ancestry is a privacy issue. Phenotype has been a
bit more confusing. Phenotype has different meanings to the forensic science and general genetics
communities. Phenotype, from the forensic science community perspective, is the physical appearance of
an individual. In the genetics community, phenotype is used in broader sense as the expression of any
gene. These two definitions are sometimes interchanged and result in misunderstandings about privacy
risks. The physical appearance of an individual is not a privacy issue, and thus every effort should be

33 | P a g e

Massively Parallel Sequencing: Application to Forensics

December 2016

made to clarify what is meant by the term phenotype when discussed for application by the forensic
science community.
Primary privacy concerns in the eyes of the public tend not to focus on what data are retained, but
rather on who has access to these data. As discussed in the webinar, some individuals may be concerned
that the police may misuse the DNA data despite the lack of any such cases to date. However, it seems
that methodology is in place to control any misuse of data. After 25 years of no privacy violations, the
track record is quite good regarding the proper use of forensic genetic data. Although MPS is different in
terms of sophistication, the markers that will be generated are the same or similar to current markers, and
existing safeguards will suffice.
As previously stated, the vast amount of MPS data presents an unprecedented challenge. Software
tools and effective pipelines address data interpretation, which likely will not be an obstacle for long-term
implementation. However, data storage requires further discussion because it can be costly to maintain all
sequence data. On a practical level, it does seem reasonable to discard a portion of or all raw data (i.e.,
data before generating a FASTQ file) from validation studies and population studies. Individuals rarely
review the original raw data, which reduces the cost burden. It may be more cost-effective to rerun some
samples, if, on a rare occasion, raw data are required. However, from a legal perspective, the retention of
raw MPS data may shape policy. Although a researcher or an analyst may never use the raw data, and the
data would likely add little value to support the reliability of a result, it is anticipated that some legal
professionals will request the raw data. The project team recommends that the forensic science
community discuss more about the cost, benefits, and risks of maintaining or discarding raw data.
Including sequence data in a DNA database presents technical challenges that must be addressed.
For STRs and the increased allelic information that is obtained by MPS, the forensic science community
will have to develop a defined nomenclature system. Allele nomenclature is not a trivial issue. The
nomenclature could be in full string (full sequence text), a summary of the motifs and variants, or with
some arbitrary letter or number system. Nomenclature systems will require an official stable body to
identify and name alleles. The ISFG appears to be considering potential nomenclature strategies for STR
alleles. DNA databases and software packages (e.g., tools for population genetic analyses) must be able to
accommodate the new data.
As discussed heavily in the webinar, it can be anticipated that MPS-generated data will be met
with admissibility challenges through Daubert and/or Frye hearings, as have all other DNA typing
methodologies. The defense is likely to vigorously challenge evidence in support of its client(s). As
previously stated, MPS use is not considered a paradigm shift. There is nothing inherently different about
MPS and CE as far as addressing the criteria for admissibility. MPS technology is a detection tool. New
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markers—although most, if not all, are not novel to the forensic arena—may not likely be a basis for an
admissibility hearing in most jurisdictions because markers themselves have not been the basis for
reliability. To address admissibility challenges, the project team recommends that the forensic science
community perform good science, such as validation and peer review.

5.

COMPLETE SESSION HIGHLIGHTS AND SUMMARY
More than 470 online participants from around the world attended the live webinar series. The

participants represented forensic practitioners and professionals including forensic DNA analysts,
technicians and specialists, laboratory directors and managers, legal and law enforcement representatives,
academics, and medicolegal death investigators.
This webinar series discussed the considerations and needs addressing MPS technology adoption
to the forensic crime laboratory. The participants greatly valued the series, as indicated by the survey
metrics. With each webinar, the project team observed an increase in the percentage of individuals who
felt that there are suitable criteria for the application of MPS technology to forensics. This strengthens the
notion that the forensic science community values MPS technology, and the strengths of this technology
are beneficial to forensic applications. Respondents also indicated an increase in the likelihood of sharing
the information from this webinar series with colleagues, again demonstrating the importance and
comprehensiveness of the information presented in this series. Several guiding observations may be
obtained from the discussions and presentations that took place in this series and are listed below:
•

The primary value of MPS resides in the massive amounts of data it generates. Much larger
panels of markers and different types of markers can be combined to better characterize
evidentiary samples and to address particular needs in novel ways for supporting
investigative leads. With MPS, the forensic science community can consider two additional
approaches—familial searching and ancestry and/or phenotypic information—that may
generate investigative leads even without a direct match from a database search.

•

The forensic science community may demand for some cases to be analyzed expeditiously,
and MPS currently cannot provide a DNA result in a similar time frame as does CE.
However, the sheer increase in data generated may override the time requirement, as more
data can develop more leads, and additional markers (such as SNPs) can increase the success
of typing challenged samples. Until the turnaround time of MPS is comparable with that of
CE, it would be advisable to maintain both CE and MPS capabilities in a laboratory.

•

The volume of MPS-generated data appears daunting. However, commercial entities are
providing streamlined pipelines capable of analyzing and managing the data. The forensic
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science community will need to validate these software packages. Another data issue is that
many forensic DNA analysts may be unfamiliar with new types of data analysis for
estimating ancestry and reporting probabilities for hair and eye color. Training, education,
and validation of these approaches will have to occur so that the forensic science community
will understand data and report them properly.
•

The magnitude of data from MPS is on a scale unprecedented in forensic genetics, and
forensic scientists will need to become familiar and appreciate what goes on behind the
scenes of bioinformatics with MPS data to develop and implement effective systems. It is
unlikely that each crime laboratory will have a resident bioinformatician, so it will be
necessary to develop facile and robust data and output processes. The current “needs” of the
community for bioinformatics have yet to be fully realized. More tools, user-friendly
interfaces, and single pipeline systems will be needed for more widespread MPS technology
use for forensic analyses.

•

The selection and use of genetic markers are critical because these markers impact the types
of evidence that the forensic science community can analyze and the information that it may
translate into viable investigative leads. Although MPS can analyze any type of genetic
marker, it should accommodate the CODIS core STR loci regardless of the potential to
expand the MPS STR marker set(s). More data are needed before selecting additional STR
markers, if desired. Data to consider include genetic diversity, sequence variation, stutter
rates, sequence motif, error rates, noise, and chemistry compatibility. Focus should be on
reducing the amplicon size for more mini STRs. MPS allows for a reduction in STR amplicon
size, thereby allowing the forensic science community to type more challenging samples.

•

Although it is anticipated that a few laboratories may implement MPS as a standalone
technology, there was overwhelming agreement that MPS technology will most likely be
implemented primarily as an adjunct to current CE approaches. The primary reason provided
for this strategy was the need for education and training regarding defined data use,
workflow, validation, implementation, and interpretation. Additional reasons given for MPS
as an adjunct to CE included other new technologies (e.g., rapid DNA typing) and MPS costs.

•

MPS validation has yet to be described extensively for forensic applications. However, a
number of studies are underway, and experience from early users suggests that MPS systems
will meet requirements for forensic applications and be successfully implemented. It would
be helpful to develop specific validation criteria for guidance within the forensic science
community. Validation initially may be divided into chemistry, instrument, and
bioinformatics systems, but, eventually, the entire system must be tested.
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There are other aspects of MPS to be addressed to facilitate technology transfer and make the
best use of the system’s power. These include marker selection, privacy concerns, legal
admissibility, databases, and data storage. Some individuals have raised concerns that data
generated by MPS could pose risks to privacy. The issue of privacy should not be anchored
on MPS. MPS is just a tool for DNA sequencing. The privacy focus should be on the markers
used for forensic typing, regardless of if they were typed by MPS, CE, or another
methodology. Marker selection and privacy are not new topics in the forensic DNA typing
arena. The forensic science community has raised little concern regarding privacy for the
identity testing markers.

•

MPS-generated STR data are likely to be entered into DNA databases because these
resources already accommodate such data. Currently, the forensic science community does
not enter identity SNP data into DNA databases for developing investigative leads. SNPs,
however, potentially offer a higher success rate for typing degraded samples. Efforts to
upload identity SNP data into DNA databases and implementing search tools that can
accommodate SNP data would help support the law enforcement community in developing
more investigative leads. Other markers such as ancestry informative SNPs and phenotypic
SNPs require further consideration as to how and when to apply these markers. Clearly, these
classes of SNPs can have investigative value in certain situations, most likely where law
enforcement has not obtained any direct or indirect database search hits. Unlike identity
markers, the consensus from the discussions is to not enter ancestry and phenotype SNPs into
DNA databases. These types of SNPs have limited investigative power, and thus database
searches based on these markers are not a good use of resources.

6.

CONCLUSION
This webinar series addressed several aspects regarding (1) the MPS technology; (2) the potential

applications that can be envisioned with MPS; (3) the logistics surrounding technology transfer into the
forensic laboratory; and (4) issues about legal admissibility and privacy, real or perceived. MPS is an
exciting technology, and all indications are that it eventually will become an important part of the forensic
genetics toolbox. MPS technology enables DNA analyses ranging from traditional human identification
approaches, to novel leads based on the phenotype of the unknown sample contributor, to characterization
of animals and plants, to identification of microbes that may be used in an act of bioterrorism. This report
summarizes the discussions and opinions of the participants and of viewers who provided input. The
FTCoE intends that the information herein and the archived webinars will serve as an invaluable
information resource to assist the forensic DNA community with embracing this exciting new technology
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and/or to understand how it may assist in the missions of developing investigative leads, solving more
cases, and exonerating the innocent through biological evidence.
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networks such as the National Geographic Channel and the Discovery Channel, independent films, and
educational training and corporate videos. In his previous and current work, Mr. Hamstra coordinates
with subject matter experts, graphic artists, instructional designers, Web developers, voice talent,
recording engineers, and editorial resources to bring projects to fruition.
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Appendix C: Event Performance Sheet for Webinar 1 (May 2015)

Each event is tracked by the following:
Non-attendance rate: Those who registered but did not attend divided by registration
(an indication of conversion from registration to attendance).

Active attendance rate: Rate at which registrants attend and interact consistently
throughout the event. For a day-long event, we expect this rate to be lower because
attendees will attend sessions of interest, but not necessarily the entire date. For
perspective, we see inactive attendance rates for purely online, 90-minute events of ~5%.

Inactive attendance rate: Rate at which registrants attend but do not stay active for the
entire event. We do not have the ability to estimate this interaction of on-site attendees.

Event Performance Statement

Massively parallel sequencing (MPS) is an exciting technology that holds promise
for enhancing the capabilities of the forensic DNA analyst. This first webinar,
Understanding the Basic Technology, will be on the latest cutting edge
information from the representatives, stakeholders and practitioners currently
bringing this technology to fruition in the forensic science arena. The
presentations and panel discussion will include an overview of platforms - the
Ion PGM™ and MiSeq™ systems- and their respective chemistries, including
sample and library preparation. The discussions will focus primarily on salient
features of the platforms/systems so that forensic scientists can be better
informed as they decide to move forward with this promising new technology.

Appendix C: Event Performance Sheet for Webinar 1 (May 2015)
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An open chat is used in each event.
The host and ghost host encourage
interaction from attendees to
the subject matter expert. New
conversation topics brought up by
attendees will be extracted from
the chat and further discussed.

Contact
Forensic Technology Center of
Excellence
www.forensiccoe.org
866.252.8415
forensiccoe@rti.org
RTI International
3040 E. Cornwallis Road, PO Box 12194
Research Triangle Park, NC
27709-2194 USA

Appendix D: Event Performance Sheet for Webinar 2 (June 2015)

Event Performance Statement

Massively parallel sequencing (MPS) is an exciting technology that holds promise
for enhancing the capabilities of the forensic DNA analyst. In this second
webinar, The Genetic Marker Potential, we will discuss the different genetic
markers which can be typed, including the future roles and benefits of these
markers, as well as considerations for CODIS compatibility and expansion. In
addition, we will discuss the pros and cons of the different sized multiplexes.
These discussion will clearly identify the potential benefits this promising
technology can bring to forensic science.

Each event is tracked by the following:
Non-attendance rate: Those who registered but did not attend divided by registration
(an indication of conversion from registration to attendance).

Active attendance rate: Rate at which registrants attend and interact consistently
throughout the event. For a day-long event, we expect this rate to be lower because
attendees will attend sessions of interest, but not necessarily the entire date. For
perspective, we see inactive attendance rates for purely online, 90-minute events of ~5%.

Inactive attendance rate: Rate at which registrants attend but do not stay active for the
entire event. We do not have the ability to estimate this interaction of on-site attendees.

Appendix D: Event Performance Sheet for Webinar 2 (June 2015)
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49%

1%
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11%

18%

An open chat is used in each event.
The host and ghost host encourage
interaction from attendees to
the subject matter expert. New
conversation topics brought up by
attendees will be extracted from
the chat and further discussed.

Contact
Forensic Technology Center of
Excellence
www.forensiccoe.org
866.252.8415
forensiccoe@rti.org
RTI International
3040 E. Cornwallis Road, PO Box 12194
Research Triangle Park, NC
27709-2194 USA

Appendix E: Event Performance Sheet for Webinar 3 (July 2015)

Event Performance Statement

Massively parallel sequencing (MPS) is an exciting technology that holds promise
for enhancing the capabilities of the forensic DNA analyst. In this third webinar,
Bioinformatics, we will discuss the different software tools available for data
processing from raw data to variant identification, as well as specialized tools
specifically designed for STR, mtDNA and SNP analysis. Furthermore, we will
discuss the potential increased ability for mixture deconvolution and
interpretation using data from the MPS platforms. These discussion will clearly
identify the potential benefits this promising technology can bring to forensic
science.

Each event is tracked by the following:
Non-attendance rate: Those who registered but did not attend divided by registration
(an indication of conversion from registration to attendance).

Active attendance rate: Rate at which registrants attend and interact consistently
throughout the event. For a day-long event, we expect this rate to be lower because
attendees will attend sessions of interest, but not necessarily the entire date. For
perspective, we see inactive attendance rates for purely online, 90-minute events of ~5%.

Inactive attendance rate: Rate at which registrants attend but do not stay active for the
entire event. We do not have the ability to estimate this interaction of on-site attendees.

Appendix E: Event Performance Sheet for Webinar 3 (July 2015)
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An open chat is used in each event.
The host and ghost host encourage
interaction from attendees to
the subject matter expert. New
conversation topics brought up by
attendees will be extracted from
the chat and further discussed.

Contact
Forensic Technology Center of
Excellence
www.forensiccoe.org
866.252.8415
forensiccoe@rti.org
RTI International
3040 E. Cornwallis Road, PO Box 12194
Research Triangle Park, NC
27709-2194 USA

Appendix F: Event Performance Sheet for Webinar 4 (August 2015)

Massively Parallel Sequencing: Validation and Applications
NIJ Live Online Workshop

AUGUST 29

2015

1 PM ET
Duration: 120 minutes

Format: Live Online
Massively parallel sequencing (MPS) is an exciting technology that holds promise
for enhancing the capabilities of the forensic DNA analyst. In this fourth webinar,
Validation and Applications, we will discuss potential validation requirements to
derive resolutions to pending issues of MPS implementation, including legality
and CODIS considerations. We will look to successful examples of MPS
application and lessons learned from previous technology platforms to
determine next steps for forensic adoption.

Attendee Interactivity Rate

Satisfaction
Our standard survey consists of
17 questions. The questions reflecting
the overall performance are shown
below.

Response Rate

21%
18%

Total Responded

9
28

Online Participation

NonAttendance
40%

Inactive
Attendance
1%

100%

Visual Quality

100%

Topic Interest

89%

Technical Quality

100%

Objectives Met

89%

Audio Quality

42

Attended
Active
Attendance
44%

61%

Conversion

Instruction Minutes: 8,400
Activity Minutes: 5,640
Registered: 70
Each event is tracked by the following:

Non-attendance rate: Those who registered but did not attend divided by registration
(an indication of conversion from registration to attendance).

Active attendance rate: Rate at which registrants attend and interact consistently
throughout the event. For a day-long event, we expect this rate to be lower because
attendees will attend sessions of interest, but not necessarily the entire date. For
perspective, we see inactive attendance rates for purely online, 90-minute events of ~5%.
Inactive attendance rate: Rate at which registrants attend but do not stay active for the
entire event. We do not have the ability to estimate this interaction of on-site attendees.

Event Performance Statement

www.rti.org

Appendix F: Event Performance Sheet for Webinar 4 (August 2015)

“The webinar provided sufficient
information to enable us to begin
our initial assessment of the
technology and put a validation plan
in place.”—Online Attendee Response

Attendance

Values are a percentage of the attendees throughout the day.
International Online Attendance
"As a certified latent print examiner
and BCI Director, I found all was of
value.”
—Online Attendee Response
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U.S. Online Attendance

An open chat is used in each event.
The host and ghost host encourage
interaction from attendees to
the subject matter expert. New
conversation topics brought up by
attendees will be extracted from
the chat and further discussed.
Content Related
Questions/Comments

35

Attendee
Interaction
Technical Comments/
Issues

29
18

Chatter
Based on
120 minutes of
content delivered

1 chat every
1.58 minutes

Which Best Describes You?
At the beginning of each event attendees are polled “Which best
describes you?”
69%

3%

3%

3%

Legal Prof

LE Prof

Admin
Management

6%

8%

8%

MDI

Academia

Forensic
Prof

Contact
Forensic Technology Center of
Excellence
www.forensiccoe.org
866.252.8415
forensiccoe@rti.org

Forensic
Path

RTI International
3040 E. Cornwallis Road, PO Box 12194
Research Triangle Park, NC
27709-2194 USA

Event Performance Statement

Massively Parallel Sequencing: Validation and Applications
NIJ - Sponsored Event

