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A B S T R A C T

To assess the utility of next generation sequencing (NGS) technologies for missing persons applications, we

have recently initiated a study of various platforms and target enrichment strategies for sample types

regularly encountered in our large-scale identification efforts. Specific laboratory workflows based on target

marker enrichment and NGS platform are being considered for different sample types, and the overall effort

is being undertaken with a strong emphasis on both raw data and final consensus sequence quality. The

current study is first and foremost a general evaluation of these data and technologies from the standpoint of

forensic application, yet the strategy we are pursuing is ultimately intended to facilitate NGS integration

into standard casework laboratories. We are, therefore, evaluating NGS workflows and data for the typical

nuclear and mitochondrial DNA markers used in forensics, while still allowing for future work that may take

greater advantage of the strengths of these technologies. Here, we present an overview of our NGS strategy.
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1. Introduction

Developments in DNA sequencing methods have advanced
rapidly over the past few years, and new technologies that produce
large volumes of data at low cost (relative to current platforms) are
being broadly applied to various questions in medical genetics,
evolutionary biology, molecular anthropology, phylogeny, epidemi-
ology and metagenomics. These so-called next generation sequenc-
ing (NGS) technologies are permitting the de novo characterization of
entire genomes, and are also being used to resequence 1000 human
genomes [1]. Given these types of applications, it is not difficult to
imagine the potential implications of this technology for missing
persons and disaster victim identification purposes. Historically, the
recovery of large numbers of markers (more than 50 STRs or SNPs, for
example) in a single assay has been restricted by technical limitations
of current, established capillary based sequencing and genotyping
technologies, particularly when considering the typical damaged and
degraded forensic specimens regularly encountered in missing
persons casework. However, these limitations do not apply to
NGS. Instead, the simultaneous recovery of the standard autosomal
DNA (STRs and SNPs), mitochondrial DNA, as well as X and Y-
chromosomal markers regularly assayed in forensic genetics may
well be possible with these new technologies.

Although NGS technologies have the potential to improve the
overall cost, throughput, and discriminatory power of applied DNA-
based assays, their practical utility for forensic genetics specifically is
as yet unproven. The feasibility of implementing even standard NGS
approaches in routine casework laboratories has not yet been
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investigated. And while the benefits of the technology have been
demonstrated on some of the most difficult specimens [2–6], in an
applied casework laboratory these benefits must be carefully
weighed against their cost in terms of time and money. Furthermore,
and even more importantly, neither NGS data quality assessments
nor data analysis/interpretation procedures have yet been performed
according to the strict standards required for forensic genetics [7,8].
Thus, it remains to be seen if NGS technologies are suitable for
forensic applications [9].

The goal of our current effort is to comprehensively characterize
NGS data from the standpoints of quality and interpretation as
required for forensic purposes. Data from various NGS platforms on a
variety of relevant sample material are being evaluated, with the
objective of detailing the characteristic features, strengths, weak-
nesses and limitations of the NGS chemistries and platforms, using
the genetic markers regularly employed by our laboratory. Generally
speaking, the effort is intended to establish a comprehensive
understanding of the data so that laboratory assays can be improved
to mitigate data artifacts, and appropriately robust and reliable NGS
data analysis and interpretation guidelines can be developed.

2. Strategy

2.1. Samples

The range of sample types and qualities regularly encountered
in the Armed Forces DNA Identification Laboratory’s (AFDIL)
human identification casework are being targeted in these studies.
That is, common reference material such as buccal swabs and
bloodstains are being used to develop assays and NGS data for
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high-quality specimens, while representative degraded skeletal
remains (nonprobative case samples), which vary dramatically in
terms of quality, are being used to develop data generation and
analysis procedures for moderately and severely degraded speci-
mens. It has been our experience that only by using actual
casework material can the utility of any assay, or the value of the
resulting data, be adequately assessed for application to degraded
specimens. Thus, our NGS efforts are targeting these samples from
the start. All samples have been specifically selected based on the
availability of Sanger mtDNA sequence data and/or standard STR
profiles to serve as reference data.

2.2. Target enrichment

The markers being targeted for enrichment are the standard
nuclear and mitochondrial loci used in our current identification
efforts. Although this strategy of targeting very few markers does not
take full advantage of the strengths of NGS in terms of data
production, it permits a direct comparison of the NGS data to existing
high-quality control data. We anticipate increasing the number of
target markers in the future. However, at this stage of the study we
are simply evaluating the potential of these new technologies, andthe
best way to do this is by restricting testing to the markers with which
we are most familiar and for which we have standard reference data
from both pristine and degraded specimens.

For target enrichment, three different approaches are currently
being pursued: a standard PCR-based approach, hybridization
capture [10] and primer extension capture [2]. Different target
enrichment strategies are being employed for different sample types
(in terms of quality) and target markers. The ease of any given
enrichment method and its potential for near-term implementation
in a production setting are also considerations. However, the quality
of the NGS data produced with a given enrichment method on a given
sample type will ultimately dictate the strategies we elect to further
optimize.

2.3. Platforms

NGS data from both pristine and degraded samples are being
generated at this time on two different platforms: the 454 GS Junior
system (Roche Diagnostics Corporation), and the Illumina Genome
Analyzer (Illumina, Inc). The Roche 454 Jr is being used to sequence
STR amplicons since the short read lengths of the current Illumina
sequencing chemistry (at present, the maximum read length is 150
base pairs for single-end sequencing) do not permit complete
coverage of most repeat regions. The Illumina Genome Analyzer is
being used primarily for mtDNA sequencing efforts, as this is the
most cost-effective approach for generating deep read coverage.
High coverage depth is desirable for mtDNA applications because it
(1) permits better detection of low level heteroplasmy and (2)
facilitates the interpretation of highly damaged DNA templates.

2.4. NGS data review

NGS data are being directly compared both to fragment analysis
profiles generated with standard, commercially available STR kits, as
well as Sanger-based sequence data that have been generated from
the same samples. The control data are serving as the benchmark by
which to assess the overall signal to noise ratio in the NGS data as
measured by, among other things: the overall frequency of NGS
errors; mtDNA heteroplasmy detection; the ease of distinguishing
heteroplasmy from sequencing error; and the accuracy of both the
individual reads and the consensus sequences across homopolymer
regions, short tandem repeats and other complicated motifs. In all
cases, the NGS data are being tied back to the sample preparation/
target enrichment steps, so that the effect of different library
construction protocols on data recovery, data quality, and data
consistency with Sanger profiles can be determined.

In addition, since the different NGS platforms under investiga-
tion are known to exhibit well-described differences in the
resulting data, our data are being reviewed with these chemis-
try-specific characteristics in mind. 454 data, for instance, are
known to be problematic in homopolymer regions due to the
specific chemistry/signal detection of this platform. As a result, the
454 sequences are being evaluated under the assumption that
these chemistry-specific artifacts are likely to manifest in the
sequence reads in other ways as well.

3. Discussion

By understanding and characterizing the basic features and
footprints of the various NGS chemistries and then tying those
assessments back to the laboratory assays, NGS raw data quality can
be improved and data analysis/interpretation strategies that
accommodate these features and are appropriate for forensic
applications can be devised. Our preliminary results from both
the Illumina and 454 platforms with pristine and degraded samples
already suggest that this should be feasible. Though the fundamental
differences between the various NGS technologies may require the
development of platform-dependent data quality, analysis and
interpretation guidelines, a comprehensive understanding of the
data will help mitigate particular issues at both the laboratory assay
and data analysis stages. In the end, we hope to generate the same
high-quality raw and consensus data using NGS technologies that
are routinely developed via Sanger sequencing. This will, in turn,
lead to the same level of comfort with and confidence in the use of
NGS data for forensics as we have with Sanger-based data.
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