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1. Introduction 

The past several years have seen a dramatic advance in the methods, chemistries and detection 
platforms available for DNA sequence data generation.  Next generation sequencing (NGS) 
technologies, which produce large volumes of sequence data at extremely low cost relative to 
current platforms, are being broadly applied to various questions in medical genetics, 
evolutionary biology, molecular anthropology, phylogeny, epidemiology and metagenomics.  
For many of these applications, NGS is being used to produce sequence data covering thousands 
of loci, or even entire organismal genomes in a single sequencing run.  Given this capacity, it is 
not difficult to envision the potential implications of this technology for criminalistics, missing 
persons and disaster victim identification purposes.  Historically, the recovery of large numbers 
of markers in a single assay has been restricted by both the technical limitations of current, 
established capillary based sequencing genotyping technologies, as well as the quality and 
quantity of DNA originating from the damaged and degraded specimens regularly encountered in 
forensic casework.  These limitations do not apply in quite the same way to NGS, however.  As a 
result, the simultaneous recovery of the standard autosomal DNA, mitochondrial DNA, and X 
and Y-chromosomal markers regularly assayed in forensic genetics, along with additional 
markers of interest, may be possible with these new technologies [1].   

To date, research into NGS by the forensic community has been relatively limited [2-11].  The 
high cost of sample processing and the sheer volume of sequence data produced initially made 
these methods more suitable for much larger-scale applications such as de novo sequencing of 
organismal genomes and exome sequencing for clinical research/diagnostics.  Furthermore, the 
large volume of data generated with traditional next generation shotgun sequencing approaches 
generally is not necessary, desirable, nor financially practical for most forensic genetic 
applications.   
 
More recently, however, the high throughput capacity of next generation sequencing has been 
harnessed for targeted re-sequencing applications [3-10,12-15]).  With these workflows, NGS is 
used to produce data from numerous samples and often numerous targeted markers in any given 
reaction.  That is, instead of producing genome-wide low coverage sequence data for a single 
sample in a given run, sequence data for many targeted genomic regions are produced at high 
depths of coverage for tens or hundreds of individuals.  Given that the forensic community is 
primarily interested in restricted regions of the genome, and given the potential of high 
throughput sequencing (both in terms of cost-efficiency and judicious use of limited sample 
material) for recovering genetic information from multiple markers and multiple individuals in a 
single run, these targeted approaches seem to be the most immediately applicable for forensic 
genetic applications. 
 
For the most commonly employed forensic markers, short tandem repeats (STRs), limited data 
exist in any discipline on the use of NGS for STR typing.  Although genome-wide data have 
been used to identify and locate variable tandem repeats in the genome [2,16-21], it has only 
been recently, and in a handful of studies, that STR sequencing via NGS has been evaluated for 
the routine genotyping of STRs in forensics [3,4,6,8,9,15].   
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To gather information on the potential of NGS technologies for short tandem repeat typing of 
highly degraded forensic specimens in particular, we have evaluated a workflow based on 
miniSTR amplicons and the Roche 454 platform.  We have focused on small (<250bp) fragments 
because of the sample type generally encountered in our laboratory (highly degraded skeletal 
remains) and the increased success of short amplicons with fragmented DNA [22-26].  For 
applications related to degraded DNA in particular, sequencing offers some major advantages 
over currently employed capillary electrophoresis-based fragment analysis methods, where the 
limited number of available fluorescent dyes restricts the number of markers with overlapping 
size ranges that can be multiplexed in a single reaction.  Because NGS is not subject to these 
same chemistry-based limitations, numerous markers with overlapping size ranges can be 
sequenced simultaneously.  Here, we describe our preliminary investigations into the 
multiplexed-STR typing of highly degraded specimens using next generation sequencing. 
 
 
2. Materials and methods 
 
2.1 Samples and DNA extraction 
 
The high-quality U.S. population samples used for this work were selected on the basis of the 
availability of fragment-based genotype information for the majority of the markers targeted in 
our study.  Those population samples were obtained, and DNA extraction was performed, as 
described in [27].  The non-probative, degraded skeletal remains tested, referred to as 
“casework” samples from here on, were selected to represent the range of sample quality 
routinely encountered in our laboratory’s missing persons casework.  The specimens were of 
highly variable quality (as assessed by earlier mitochondrial DNA typing success, data not 
shown) and ranged in age from 40-60 years postmortem.  DNA extractions from the casework 
samples were performed as described in [28]. 
 
All work described herein was reviewed and approved by the U.S. Army Medical Research and 
Materiel Command Institutional Review Board. 
 
2.2 Amplification strategies 
 
Although a number of different target enrichment techniques are available, enrichment of STR 
markers was performed via the polymerase chain reaction (PCR) for these experiments.  Both 
low and high quality samples were PCR-amplified with three different multiplexing strategies.  
First, a published multiplex optimized for mass spectrometry was used as described in [29] with 
the PCR conditions specified for AmpliTaq Gold DNA Polymerase (Life Technologies, 
Carlsbad, California) and 40 PCR cycles except that Amelogenin was excluded, resulting in a 
total of thirteen targeted markers ranging from 69-211 base pairs using the primer sequences in 
[30] (Table S1).  The published primer concentrations, as well as primer concentrations altered 
for this specific application, were tested (Table S2).  In total, twenty-four high quality population 
samples and three degraded specimens (triplicate amplifications of duplicate extractions for a 
total of six amplifications per degraded sample) were typed using this strategy.   

Additionally, a series of twelve multiplexes containing four loci each (for a total of forty-eight 
markers) was employed.  These targeted markers include all Combined DNA Index System 
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(CODIS) core loci, those recently recommended by the CODIS Core Loci Working Group [31] 
as well as the entire set of non-CODIS miniSTRs described by the National Institute of 
Standards and Technology (NIST) in [32].  This series of multiplexes was amplified with the 
PCR parameters described in [29] with the exception of the annealing temperature, which was 
adjusted to accommodate the addition of the new primers.  The arrangement of markers within 
each multiplex (grouped by primer melting temperatures), as well as the amplification primer 
sequences, are shown in Table S1.  For high-quality samples, primers were added in equimolar 
ratios for a final concentration of 5.9 uM per reaction.  For degraded samples, primers that 
yielded few or no sequence read coverage for the high-quality population samples were doubled 
in each multiplex’s master mix, but the final concentration of 5.9 uM total primers was 
maintained.  Amplification products of the twelve multiplexes were pooled for each sample prior 
to library preparation.  A total of fifteen high quality population samples, three controls 
commonly used in forensic STR typing (Control DNA 9947A [Life Technologies], 9948 Male 
DNA [Promega Corporation, Madison, Wisconsin], and K562 High Molecular Weight [Promega 
Corporation]), and thirteen casework extracts (duplicate amplifications per extract) were typed 
with this strategy.  The casework samples typed with this series of twelve multiplexes are not the 
same samples used for13-plex testing, due to limited extract volume for all casework samples.   

Samples were also amplified with the AmpFℓSTR® Identifiler® PCR Amplification Kit (Life 
Technologies) using the primer mix included in the kit, with standard PCR parameters employed 
for high-quality samples and a modified amplification strategy for degraded samples [33].  
Although previous studies have reported successful 454 sequencing results generated from 
commercial STR kit amplification product [4,34], our two attempts resulted in an absence of 
DNA-containing beads following the post-emulsion PCR (emPCR) enrichment.  This problem 
never occurred when using unlabeled primers for sample enrichment; and thus, we believe it was 
likely related to the fluorescent label on the kit primers.  As a result, enrichment by commercial 
kit amplification was not pursued further in this study and no results are presented in this report.      
 
No samples were quantified during these experiments.  Inputs ranging from 5 to 10µl (per 50µl 
reaction) were used for all population samples.  Casework extracts were concentrated to the 
exact volume required for the planned amplifications in this study to maximize the DNA in each 
reaction. 
 
2.3 Preparation for GS Junior 
 
The GS Junior System was used for sequencing. At the time of experimental design and 
execution, this system and the GS FLX were the only massively parallel second-generation 
sequencing instruments that could produce average read lengths (400-600 base pairs) long 
enough to span entire miniSTR amplicons and both adaptors [35].   
 
Individual samples were tagged with multiplex identifiers (MIDs) and prepared for sequencing 
according to manufacturer guidelines [36-39] with a few exceptions.  For one, fragmentation by 
nebulization was unnecessary, since amplified targets were already smaller than the optimal 
DNA library size range (400-600 base pairs).  Second, adaptors and adaptor dimers were 
removed with Agencourt AMPure XP (Beckman Coulter, Inc., Brea, California) using 2µl 
AMPure XP per 1µl of PCR product and the general protocol recommended by the manufacturer 
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[40] as opposed to the process described in the GS Junior user manual.  The latter selects for 
fragments larger than 300 base pairs and would have eliminated not only the adaptors and 
adaptor dimers, but also the miniSTR amplicons.  Third, one to 1.8 molecules of sample library 
per capture bead were targeted for emPCR since initial experiments demonstrated that the 
recommended two molecules often produced an overabundance of DNA-containing beads.  This 
is generally indicative of multiple templates per bead and, in the end, leads to a drastic reduction 
in successful reads since those reads representing multiple templates are discarded during the 
data filtering process.  Finally, the quantity of amplification primer was reduced to one quarter 
the typical volume as suggested for amplicon libraries of short fragments.  This modification was 
intended to decrease signal crosstalk by reducing signal strength and eliminating incomplete 
extension [39].  Beads were sequenced on the GS Junior system using version 2.5p1 of the 
sequencing software.    
 
2.4 Data analysis 
 
Sequence data were imported into the CLC Genomics Workbench v5.1 software (CLC bio, 
Aarhus, Denmark) for post-processing data analysis.  Reads representing individual samples 
were separated based on the unique MID sequence tag and aligned to references designed for this 
project.  
 
Reference sequences were manually created for each described allele of every locus and spanned 
both amplification primers in length (Table S3).  Exact repeat structure was used when available 
[30,41], and remaining repeat structures and flanking sequences were deduced by using a 
combination of sources [32,41-43].  Reference sequence allele variation was limited to those 
alleles with known repeat structure at the time they were created, and distinctions among variants 
of the same length used established nomenclature (for example, 17 vs. 17’) [41].  The 
polymorphisms reported in this study (single nucleotide polymorphisms [SNPs] and insertions 
and deletions [indels], hereafter referred to as “SNPs”) include the differences from the allele 
variants with described repeat structure.  That is, the polymorphisms represent additional 
variation not already reported with a specific existing nomenclature strategy.       
 
The default Genomics Workbench mapping and alignment parameters were adjusted so that only 
the sequences matching a reference allele by 85% of its length and 85% of its base similarity 
were captured.  Non-specific matches, or reads that could be aligned equally well to multiple 
reference sequences [44], were ignored (not aligned). These stringent parameters were used to 
both ensure that STR markers with similar repeats would not align to the incorrect references and 
eliminate reads ending within the repeat region. 
 
Allele calls were made based on the number of reads that aligned to each reference.  In most 
cases the authentic allele or alleles were obvious, as they were represented by the vast majority 
of reads for a particular locus.  The alignment for each called allele was reviewed to confirm 
correct alignment and the number of repeats, and any consensus differences from the reference 
sequence were noted.  Alleles that could potentially represent stutter (i.e. alleles with one fewer 
or one more repeat as compared to the called allele) were not designated as alleles (i.e. they were 
assumed to be stutter) if the number of reads that aligned was less than approximately 15% of the 
majority allele [45,46].  Thus, in essence, a 15% stutter filter was applied to the data.       
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2.5 Comparative CE data 
 
To evaluate the allele calls made from the 454 sequence data, all samples were either typed by 
standard fragment analysis methods using CE and commercially available kits or compared with 
known genotypes.  In addition, a subset of the alleles was Sanger sequenced to verify 
concordance between Sanger generated and NGS generated data, and thus confirm the 
authenticity of NGS detected SNPs.  Fifteen alleles representing six different samples were 
Sanger sequenced for these purposes.  For fragment analyses, population samples were typed 
using the AmpFℓSTR® Identifiler® PCR Amplification Kit (Life Technologies), and known 
genotypes of the non-CODIS miniSTRs were provided by NIST (C. Hill, personal 
communication).  Casework extracts were typed with the AmpFℓSTR® Identifiler® PCR 
Amplification Kit (Life Technologies) or the PowerPlex® 16 System (Promega Corporation) 
using a modified amplification strategy and replicate amplifications [47].  Because the focus of 
our study was the feasibility of STR sequencing via NGS, rather than the development of an 
optimized assay, the genotypes generated by CE typing were typically only used to verify alleles 
called in the sequenced STRs.  That is, generally no allele recovery comparisons were performed 
between the CE-generated and 454 sequencing profiles.  The only exception to this was the 
typing of casework specimens using the NGS 48-marker assay.  In the case of these highly 
compromised samples, which frequently result in limited useful fragment analysis data, such 
comparisons were performed to assess the potential for additional information recovery with an 
NGS approach.   
 
 
3. Results and discussion 

-  
3.1 Summary of data analysis issues 
 
At the data analysis stage, a number of data features were encountered that we elected to classify 
into one of two distinct categories: those resulting from the wet laboratory procedures used to 
produce the data, and those encountered post data production as a result of data analysis and 
alignment tools not yet optimized for STR markers nor forensic applications of STRs in 
particular.   
 
Those data characteristics falling into the molecular biology procedure category included 1. 
stutter - a known PCR artifact that we observed at percentages comparable to previous reports 
[45,46,48],  2.  locus/allele imbalance – reflecting the challenges of multiplex optimization, and 
3. unusual sequencing artifacts (described in detail in section 3.2) that couldn’t be simply 
explained by known PCR or NGS/454 issues.  In this last case, the unusual features were 
observed only in the sequence data produced from the 13-plex, and they disappeared completely 
upon switching to the smaller multiplexes of four markers each.  Interestingly, the affected reads 
were only in one direction, rather than in both forward and reverse reads as one would expect 
with the nonspecific amplification of a similar repeat elsewhere in the genome.   
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Issues falling into the second category primarily relate to NGS read alignment difficulties 
resulting from imperfect data analysis tools and the highly complex repeat structure of a few of 
the common forensic markers.  Specifically, D21S11 and vWA, which exhibit significant 
variation in repeat structure among alleles of the same length [8], were problematic.  Without a 
customized set of STR analysis tools and unsuccessful efforts with de novo assemblies (further 
described below), we relied on the set of references we created for each described allele for the 
purposes of NGS read alignment.  However, when not all variation was represented in those 
references, alignment difficulties were occasionally encountered.                                

 
3.2 13-plex 
 
Population sample profiles 
 
Although primer concentrations were slightly adjusted to improve performance, the 13-plex was 
never fully optimized to produce equal reads among loci. Even so, when considering both the 
high quality samples and the degraded specimens, the reads from those loci that amplified well 
reflected repeat motifs that were perfectly consistent with known genotypes.  Allele calls for 
high quality population samples are presented in Table S4 and summarized in Table 1.  Nine of 
the targeted markers exhibited some degree of allele dropout.  While four of those markers 
dropped out in at least half the typed samples, the remaining nine loci in the 13-plex consistently 
produced sequence data.  Of the nine markers that consistently amplified, 99% of all recovered 
alleles were confirmed with fragment analysis data produced with commercially available kits.  
The single discordant call, the D21S11 29 allele in sample GC03394, was the result of high 
(27%) stutter in the multiplex amplification/NGS assay that appeared to be an authentic allele.  
 
In addition to permitting the simultaneous recovery of a larger number of alleles as compared to 
traditional CE typing, STR sequencing also provides the opportunity to discern sequence 
variation.  A summation of the observed SNPs is listed at the bottom of each sample in Table S4.  
Between zero and six previously undescribed SNPs were observed per sample across the 
recovered loci, with an average of 2.3 SNPs per individual.  SNPs were observed in 5 of the 9 
markers that were consistently amplified with this assay.  Fourteen of the sixty-two (23%) 
observed SNPs were unique within this dataset, and the remainder were shared by two or more 
individuals.  In the marker D8S1179, all six observed polymorphisms were unique in this 
dataset.      
 
Casework sample profiles 
 
Samples of aged, degraded skeletal elements with “known” autosomal STR profiles were 
unavailable.  Thus, performance of the NGS assay was based on the profile inferred for a 
particular individual using the data recovered from separate amplifications of two replicate 
extractions as well as the partial profiles generated with commercial STR kits.  Because of the 
multiple replicates per individual, the total number of different casework evidentiary samples 
tested was reduced as compared to the population samples. 
 
Table 2 shows the recovered alleles for three non-probative casework specimens using the 13-
plex strategy.  Each of the six specimens was extracted in duplicate, and each extraction was 
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amplified in triplicate, resulting in a total of eighteen degraded sample amplifications.  The same 
marker that consistently dropped out with the population samples, D10S1248, also dropped out 
for all the evidentiary samples.  As expected with challenging samples, the number of called 
alleles for the other twelve markers varied greatly depending on the quality of each particular 
sample/extraction, with a range of three to nineteen alleles recovered and an average of 11.7 per 
amplification using the NGS assay.  Nevertheless, the amplification and extraction replicates 
consistently produced profiles concordant with each other as well as the genotypes generated 
with a commercial STR kit, despite sometimes low coverage.   
 
In addition, between zero and nine SNPs were observed in the NGS profiles with an average of 
three SNPs per amplification.  In amplifications where only a relatively small number of alleles 
could be recovered, the sequence variants provided additional discrimination potential that would 
have otherwise been lost with traditional CE typing methods.  For example, replicate 
amplification 3 of Sample 1, extraction B, only produced seven alleles but contains additional 
discriminatory information in the form of two SNPs that are not detectable with CE typing.   
 
Quality of sequence reads 
 
While the vast majority of NGS reads for any given marker exhibited the sequence data expected 
based on previously described motifs (i.e. the known repeat structure, along with SNPs and 
indels in some alleles), a few of the markers showed unusual features that were clearly evident in 
both pristine and degraded specimens.  For instance, Figure S1 shows the alignment of NGS 
reads from locus D21S11. In addition to the sequences expected based on the known STR 
profiles and Sanger data, a number of the reads reflected a different sequence.  The Sanger data 
(not shown) exhibited background in the same region, yet the exact sequence observed in the 
NGS data was not apparent.   
 
D16S539 also showed evidence of a secondary sequence. While the sequences aligned to the 
proper allele reference, a number of the forward sequences harbored additional guanine residues 
towards the beginning of the reads (see Figure S2).  Although the randomly distributed insertions 
likely represent the type of homopolymer sequencing errors known to manifest in 454 data, the 
most abundant G insertions are not as easily explained.   In this case, there was no evidence of a 
secondary sequence, or any other type of background, in the Sanger data originating from single-
plex amplification of that marker. 
 
3.3 48-marker assay 
 
Population sample profiles 
 
Because of the aforementioned sequence quality issues with the 13-plex, all remaining 
experiments were performed with unlabeled primers that covered the thirteen miniSTR markers 
previously used [29], plus thirty-five more (Table S1).  The forty-eight markers were organized 
into twelve multiplexes of four markers each to simplify the reactions and determine if sequence 
quality would improve for those markers that exhibited artifacts in the 13-plex.  NGS allele calls 
for high quality population samples, along with those calls confirmed via CE, are listed in Table 
S5 and summarized in Table 3.   
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Again, because our goal was simply to assess the feasibility of NGS for STR sequencing, and we 
did not optimize the multiplexes beyond their initial construction, sequence data were absent or 
incomplete for a number of markers.  Thirty-four of the forty-eight included markers exhibited 
some degree of allele dropout. Seven of the forty-eight markers never resulted in any 454 
sequence data, and thus evaluations are based on the forty-one markers for which any sequence 
data was produced.  For thirty-eight of these markers, the allele calls were confirmed with CE 
typing methods (three were not confirmed by CE data because they were not included in any 
available commercial STR kit).  Despite the lack of multiplex optimization reflected in the 
dropout rates with this assay, the alleles recovered successfully were abundant, ranging from 
thirty-eight to sixty-one alleles called with an average of fifty-two alleles per sample.  The 48-
marker assay also produced much cleaner alignments as compared to the larger multiplex.  As 
with the 13-plex, the initial NGS assay allele calls that were inconsistent with CE data - two 
alleles in this dataset, or 0.21%, were due to unusually high stutter (24% and 60% of the 
authentic allele). 
 
Despite allele dropout, the number of SNPs identified (assessed in comparison to the references 
sequences to which the data were aligned) for each individual ranged from three to fourteen, with 
an average of 8.4 SNPs per individual typed.  There was a SNP detected in one out of every six 
alleles recovered, on average.  Twenty-seven of forty markers recovered (this number excludes 
Amelogenin) show the expected repeat structure and have no variation aside from the number of 
repeats.  However, the remaining thirteen markers exhibited sequence variation that cannot be 
detected with CE typing.  The number of total SNPs and unique SNPs (those found in only one 
sample in our dataset) were tallied for each recovered marker, and are shown in Figure 1.  
D12S391 had the greatest proportion of unique variants, with twelve unique of the fourteen total 
observed.  An example of variation in D12S391 is shown in Figure S3.   
 
To assess the additional information gleaned by STR sequencing in another way, we compared 
the number of alleles that would be detected with traditional CE typing methods to the number 
detected with the NGS assay in this study (Figure 2).  While there was no difference in the 
number of alleles for twenty-eight of the markers, twelve markers (again, excluding 
Amelogenin) yielded additional alleles when sequence variation was considered. For three of 
these markers (D5S818, D5S2500, and D12S391) the number of alleles doubled when utilizing 
sequence information instead of fragment size alone. Overall, forty more alleles were detected 
with STR sequencing than would have been detected with CE typing, representing an increase of 
21%.  Given the allele dropout that is known to have occurred at twenty-seven of the recovered 
markers, these values likely underrepresent the informational increase reaped by STR 
sequencing.  In fact, if only the thirteen markers at which no dropout was observed with the NGS 
assay are considered (again, excluding Amelogenin), twenty-two more alleles were detected with 
sequencing than would have been detected via CE typing - an increase of 31%.  
 
As Sanger sequencing of STRs is time-consuming and challenging [49], sequence variation 
among many of these 48 markers is currently not comprehensively described.  The data 
presented here, some of the first addressing STR sequence variation among randomly sampled 
individuals, hint at the additional information that is likely to be revealed through sequence 
characterization of these and other markers.  Our data mirror recently published results 
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describing variation among the markers D21S11 [8] and D12S391 [9], which showed that 
sequence variation was not only represented by SNPs and indels, but also - for these two 
complex repeats - by sub-repeat composition differences that are generally undetectable in CE 
typing.  The sub-repeat variation was shown to dramatically increase the diversity and 
discriminatory power of these markers, highlighting once again the benefits of large scale 
sequence characterization of these markers.                      
               
 
Casework sample profiles 
 
Because of the primer concentration adjustments made prior to the casework sample 
amplifications, only five of forty-eight markers completely dropped out in these experiments.  
However, incomplete multiplex optimization combined with low quantity/quality templates 
caused low coverage in several other markers.  Thus, allele recovery for the skeletal casework 
samples, as expected for these evidentiary specimens, was highly variable.  As shown in Table 4, 
the alleles recovered ranged from three to fifty-six, with an average of 30.6 alleles called per 
sample replicate.  The sample profiles were consistent between replicate amplifications (barring 
the expected stochastic effects of low DNA quality/quantity template amplification) and with 
partial genotypes generated from a commercial STR kit.  Although many alleles dropped out of 
the 48-marker 454 runs due to the non-optimized enrichment amplification, the average allele 
recovery of 30.6 alleles per replicate assay run exceeded the number of alleles recovered in any 
single amplification with the commercial STR kit (a maximum of thirty alleles for one sample).   
 
Given the substantial number of sequence variants observed in the pristine samples, we 
investigated how much additional information in the form of discriminatory SNPs might be 
recovered in a practical casework degraded sample scenario where a smaller number of alleles 
would amplify.  In total, 186 SNPs were identified in over 795 recovered alleles, averaging one 
SNP for every four called alleles.  The number of SNPs per sample replicate ranged from zero to 
sixteen, with an average of seven SNPs identified per replicate.  For example, sample J (Table 4), 
which showed the highest allele recovery with the commercial kit amplification (performed in 
duplicate) had twenty-nine and thirty alleles recovered with no marker dropout.  However, even 
with markers completely dropping out in the 48-marker NGS assay, forty-two and forty-nine 
alleles were recovered in replicate amplifications and six and nine SNPs, respectively, were 
identified as well.  At the other end of the spectrum, replicate amplifications of a poor quality 
specimen, sample I, recovered three and four alleles with a commercial STR kit.  Yet, our 48-
marker STR assay recovered twelve and fifteen alleles with two and three SNPs, respectively.  
The opportunity to target only small amplicons, and also retrieve discriminatory sequence data 
will allow for greater information recovery from these challenging casework samples.   
 
Quality of sequence reads 
 
In terms of sequence data quality, we observed a vast improvement in the data produced from the 
smaller multiplexes.  For all samples, the unusual artifacts previously observed in the D21S11 
forward sequences were not observed with the 4-plex strategy (Figure S1).  Likewise, the extra 
guanine residues in some D16S539 reads from the 13-plex (Figure S2) disappeared completely 
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when that marker was amplified in the 4-plex format.  We suspect this is due to reduced primer 
interaction during PCR.   
 
3.4 Data analysis 
 
In terms of secondary data analysis, we approached the NGS data in two different ways early on: 
via de novo assembly and via reference alignment.  Despite multiple attempts to perform de novo 
assemblies, and regardless of the mapping and alignment parameters used, this strategy never 
yielded useful contigs for our application.  Without an automated method to separate sequences 
by marker first, de novo assembly attempts resulted in all contigs for all markers in a single large 
list of generically-named assemblies (i.e. contigs were not identified by marker and/or allele).  
Further, some contigs contained multiple markers, resulting in a consensus sequence containing 
concatenated fragments.  Additionally, without software customization, de novo assembly 
consensus sequences (even once properly identified and split into discrete marker sequences) 
would either need to be aligned to reference sequences or manually assigned to a particular 
allele/repeat call.  It is possible that de novo alignments of multiplexed STRs even with the most 
stringent alignment settings are simply too difficult with the current software options available.  
This may be due to repeat motif similarity among the different loci, and the complexities of 
accurately sorting very similar reads while also allowing for sufficient mismatch in the 
alignments to accommodate SNPs and sequencing errors.  These types of issues have been 
previously noted in other applications [50].   
 
As a result, reference alignments were used for all aspects of the study.  For the majority of 
markers, alignment to a list of references worked quite well.  The authentic reads aligned to the 
correct references, and stutter, normally one fewer repeat, was generally apparent and excluded 
from the authentic allele calls.  An example mapping summary for one sample is shown in Table 
S6.  Resulting contigs are sorted by marker, and authentic alleles are easily recognizable, 
possessing the highest total read counts for each marker.  Contigs that represented stutter 
typically presented with read counts less than 10-15% of those for authentic alleles, and aligned 
to the allele with one fewer repeat.  Figure 3 shows an example of a typical reference alignment.  
Although there are the expected intermittent incorporation errors throughout the reads, the 
authentic sequence is clear.   
 
Despite the general utility of the reference alignment approach, we did encounter a few 
problems.  For one, reference assemblies were sometimes incorrect for those markers with more 
complex repeat structures.  Because not all possible variation was represented in the reference 
sequences, sequence reads would occasionally align to an allele with a different number of 
repeats.  In those cases, the consensus of the NGS sequences contained fewer or more repeats 
than the reference, and thus the consensus repeats had to be counted manually to determine the 
correct allele call. For example, Figure S4 shows an alignment of D21S11 allele 30 reads to the 
allele 31 reference. With Sanger data and standard Sanger data analysis software, these types of 
alignment issues can be corrected by hand.  However, available commercial NGS analysis 
software generally does not allow for this type of manual editing (and ideally it would not be 
required in an NGS data analysis pipeline) and thus the consensus sequences for novel variation 
must be reviewed and handled carefully when performing alignments to a reference.   
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Similar problems of reads not aligning to a reference have been reported in different contexts 
[51], and this potentially introduces difficulties from the standpoint of establishing that all 
successfully amplified loci/alleles are also successfully assembled and represented in the final 
analyzed data.  Although our manipulation of the various assembly and alignment parameters 
was not exhaustive, it is fair to say that STR data analysis and assembly warrants a significant 
amount of further investigation.  Our experience suggests that uniform NGS assembly and 
alignment parameters may not be appropriate for all STR loci and/or data features.  Instead, 
custom parameters may be required for different markers, and assembly/alignment algorithms 
will likely require careful development and optimization to accommodate not only the unique 
features of the various markers and reads, but (assuming reference alignment continues to be 
pursued moving forward) also the uncharacterized genetic variation that may not be represented 
in reference sequences. 
 
3.5 Challenges to PCR multiplex optimization for subsequent sequencing 
 
Aside from the issues related to secondary data analysis, the other challenges we encountered 
were related to multiplex optimization to yield equal representation of all targeted markers.  
Since our primary goals were to 1. assess the feasibility and utility of STR typing by NGS on 
authentic casework material, 2. perform a preliminary assessment of the NGS data produced (in 
terms of quality and ease of analysis) and 3. get an idea of the sequence variation that is present 
among these markers, we did not pursue multiplex optimization any further than the twelve 
quadruplexes.  Obviously, a highly multiplexed assay with all 48 (or more) miniSTR markers in 
a single reaction would be a more ideal end-product, and greater multiplexing would indeed be 
criticial for those forensic cases in which evidence and DNA extract is limited.  And, clearly, 
standard miniSTR fragment analyses could also be performed in quadruplexes.  However, it is 
the potential to multiplex tens if not hundreds of these small amplicons, combined with the 
additional sequence data recovered that make the NGS approach desirable. 
 
Yet, even with a highly optimized multiplex, or if commercially produced assays are eventually 
available, the sensitivity of NGS approaches and the granularity of NGS data in terms of 
displaying/showing “background” signal (that may have otherwise gone undetected with 
standard CE – fragment analysis or Sanger sequencing) may necessitate a greater understanding 
of the origin of the kinds of data artifacts we observed in some of our results (see Figures S1 and 
S2).  Identifying their source (which may in some cases be introduced during the NGS lab 
workflow or data analysis steps) and clearly defining the difference between signal and noise 
will be helpful in establishing which reads can be ignored as “noise” or “background”.  In this 
study, simplification of the multiplexes resulted in a dramatic improvement to the final sequence 
quality, and while further multiplexing would obviously be desirable for the reasons discussed 
above, it is also necessary to maintain sequence quality.   
 
It is possible that alternative PCR-based enrichment strategies could minimize the effort required 
to optimize standard highly multiplexed amplifications, while at the same time reducing the 
artifacts we observed with traditional multiplex PCR.  Enrichment techniques based on PCR via 
picoliter droplets [52-54] or chip-based PCR (e.g. Fluidigm) are two possible options and, in 
theory, both of them offer an opportunity to amplify a large number of markers with reduced 
amplification bias.  This would not only facilitate implementation, but would also enhance the 
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utility of any PCR-based enrichment workflow.  These methods of enrichment would seemingly 
be the most straightforward way to address high quality samples. However, in terms of the most 
degraded and low template specimens, these approaches may be limited by the quantity of target 
molecule in the extract.  For the picoliter PCR technology, the likelihood of the correct template 
meeting up with the corresponding microdroplet may be more restricted than it would otherwise 
be in a standard multiplex reaction, in which all molecules are more or less free to interact with 
each other.  Or, for a chip-based technology, the likelihood of the desired template being 
represented in the small volume applied to the chip may be low. 
 
From the standpoint of low quality and low DNA template forensic specimens, and based on in-
house experience with alternate NGS workflows, target enrichment based on hybridization 
capture seems to hold promise for enriching multiple targets while also minimizing template 
sampling problems [55].  When tested in our hands, a hybridization assay for human 
mitochondrial DNA has yielded relatively uniform coverage across the mtGenome, and others 
are also having success with this approach (C. Calloway, personal communication).  For us, this 
assay has produced robust entire mitochondrial genome data from skeletal remains that are both 
extremely low in endogenous DNA and heavily contaminated with microbes (data not shown).  
We suspect that this approach would potentially prove useful with other sample types 
encountered in forensics as well.  This method (like miniSTR amplification) is particularly 
effective in recovering small, fragmented templates.  However, to the best of our knowledge, 
probe design for STR capture/enrichment is not something that has been previously described, 
and probe-based capture for variable-length STR targets is likely to be more complex than for 
mitochondrial DNA.   
 
4. Conclusion 
 
Regardless of the challenges encountered and the need for additional work both at the assay 
development and data analysis stages, the results described here demonstrate the potential of 
NGS for multiplexed sample and STR sequencing from authentic casework material.  As 
previously noted, the ability to simultaneously type and sequence numerous markers with small, 
overlapping size ranges is likely to be one of the greatest benefits of NGS in forensic 
applications given the highly compromised sample types regularly encountered in casework.  
Though we did not attempt to further combine the 48 markers in this study, additional 
multiplexing that also maintains high data quality is the logical next step.  Yet even with small 
multiplexes and severely compromised samples (which may only yield partial profiles regardless 
of target amplicon size), large quantities of discriminatory data were recovered in a single NGS 
run – both in terms of the number of markers typed, and the sequence variation detected.  Among 
the 48 STRs typed on skeletal remains of highly variable quality, the recovered data and 
resulting aligned reads revealed allele recovery exceeding that of the commercially available 
STR kits.  Furthermore, sequence variation that in some cases doubled the number of represented 
alleles introduces an opportunity for discrimination not possible with standard CE based STR 
typing.  This potential to recover sequence information in addition to repeat number is likely to 
be useful in a number of scenarios, but will be especially valuable in those situations where only 
partial STR profiles are recovered and/or the question involves extended kin.   Additionally, our 
results reveal that particular loci may provide greater potential for additional discriminatory 
information (Figures 1 and 2).  Thus, with further characterization of population data and known 
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heterozygosity values, typing strategies that first target those markers most likely to yield 
maximum information could be devised.  This type of targeted strategy may be useful in low 
DNA template quantity or limited evidentiary material situations, or for mixture deconvolution 
when many alleles may be shared (e.g. mixtures involving close kin).   
 
It is the case, however, that additional SNP information introduces some complications when 
viewed from the familiar standpoint of repeat-based allele nomenclature.  Conversion of the 
sequence-based information to repeat-based data will undoubtedly be necessary to facilitate 
comparisons to existing fragment-based STR profiles.  However, the added benefits of 
recovering sequence information would be lost if allele calls were based solely on the number of 
repeats.  Thus, some type of alternative nomenclature system that retains the repeat-based 
information, yet also captures the SNP variation, will need to be developed.   
 
One potentially viable nomenclature option might parallel the system currently employed in 
forensic, and other, mitochondrial DNA sequencing applications.  MtDNA sequences are aligned 
to an established reference mtDNA genome - the revised Cambridge Reference Sequence (rCRS, 
[56,57]), and the consensus sequence is typically reported as position-based differences from that 
standard reference.  Similar methodology could seemingly be applied to STR sequence data: 
consensus sequences could be compared to a single designated reference for each marker (or 
perhaps, a set of accepted references representing the described alleles for each locus), and repeat 
and sequence variation accordingly denoted by position.  The difference-based nomenclature 
could be used to represent and report alleles, while database queries could be performed using 
string-based sequences of the alleles (again mirroring forensic mtDNA, and most other sequence 
based applications).  See the discussions of Röck et al. [58] for further information regarding the 
pros and cons of difference-based versus string-based database queries.   There are certainly 
other viable STR nomenclature options as well.  We simply present this one in an effort to 
initiate the discussion.  Given the rapid pace at which investigations into NGS for forensic 
purposes are now proceeding, it would behoove the community to address standardization of 
STR nomenclature soon. 
 
Generally speaking, our experience demonstrates that one of the greatest challenges to 
maximizing the information recovered from NGS sequencing of STRs may be the data analysis 
pipeline – of which profile nomenclature and reporting represent just one aspect.  Our multiple 
attempts to perform de novo assembly of STR sequences using standard software tools but 
variable assembly parameters produced results that would require either additional data 
manipulation (subsequent alignment of de novo assembly consensus sequences to a reference) or 
extensive manual/visual interpretation.  Read mapping of multiplexed marker/sample data to our 
654 manually-created references (Table S3) worked substantially better in almost all instances; 
but challenges were encountered with some complex repeat structures and when not all sequence 
variation was represented in the references.  As it will be critical for forensic applications to 
ensure that sequence read assemblies accurately reflect the amplified alleles for any given 
sample/marker set, custom analysis tools specific to STR sequencing may need to be developed, 
or custom parameters may need to be applied on a locus-by-locus basis, regardless of the data 
assembly method employed. 
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Additional work is required before STR sequencing using NGS methods can be fully validated 
and routinely applied in a forensic casework setting, particularly given that new assays, 
platforms, tools and workflows are continuously emerging.  Our results, however, clearly 
demonstrate the transformative potential of these new technologies for typing the most 
commonly employed forensic markers, STRs, on highly compromised casework specimens, and 
highlight some critical issues specific to forensic NGS applications that would benefit from 
immediate discussion and longer-term research and development efforts. 
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•  Study demonstrates feasibility and accuracy of miniSTR typing by NGS 
 
•  Large quantities of information recovered from both high and low quality samples 
 
•  Discriminatory information (sequence variation) gleaned by NGS exceeds CE typing 
 
•  Challenges of NGS data assembly and analysis for STRs are highlighted 
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Figure 3
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Sample
Alleles recovered 

by NGS

% Alleles verified 

by CE

SNPs observed via 

NGS

GT38070 20 100% 0

GT36877 19 100% 5

GT38087 19 100% 2

GT38107 19 100% 2

GC03394 19 95% 1

GT36880 19 79% 4

TT51435 18 100% 3

GT38065 18 100% 3

GT38095 18 100% 3

TT51422 17 100% 2

GT38093 17 100% 4

GT38119 17 100% 3

PT83912 16 100% 1

PT84541 16 100% 4

PT84183 15 100% 1

MT95744 15 100% 2

GT38100 15 100% 2

GT38076 15 100% 1

GT37864 14 100% 3

GT37047 14 100% 2

GT38098 14 100% 1

GT37168 13 100% 6

GT38069 13 100% 1

GT38081 12 100% 0

Table 1
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Sample

Extraction replicate

Amplification replicate 1 2 3 1 2 3

Marker

CSF1PO 10 10 10 10 10 10

D10S1248

D13S317 12

D16S539 11 11 11 11

D21S11 30

D22S1045 15 15

D2S441 11 10 10 10,11

D3S1358 18 18

D5S818

D7S820 11

D8S1179

TPOX 8 8 8 8 8 8

vWA 18

Alleles called 5 5 3 5 4 7

Total polymorphisms observed 0 1 0 1 0 2

1

BA

Table 2
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Sample
Alleles recovered 

by NGS

% Alleles verified 

by CE

SNPs observed 

via NGS

GT38100 61 92% 10

GT38107 61 92% 10

GT38081 59 92% 10

GT38093 58 91% 10

GT38076 57 91% 11

9948 54 96% 6

9947A 54 93% 14

GT38069 54 91% 8

GT36880 53 38% 9

GT38095 52 90% 5

GT38087 52 90% 3

GT38070 51 92% 8

TT51422 50 88% 12

GT38098 48 92% 12

GT36877 47 94% 6

K562 43 95% 8

GT38119 43 91% 3

GC03394 38 87% 7

Table 3
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Sample

Amplification replicate 1 2 1 2 1 2

Marker

Amelogenin X,Y X,Y X,Y Y Y X,Y

CSF1PO 11,12 11,12 12 11,12

D1GATA113 12 12 12 11,12

D1S1627 14 13,14 14 14

D1S1656 14 14 14

D1S1677 12

D2S1338 17

D2S1776 12 12 12 12

D2S441 11 11,14 11 14

D3S1358 15' 15' 15'

D3S3053 11,12 11,12

D3S4529 14 14,15

D4S2364 9 9 9

D4S2408 10 10,11 10,11

D5S2500 14,17 14 14 14,17

D5S818 11

D6S1017 10 10 10 10 10

D6S474 17 17 17

D7S820 9 9

D8S1115

D8S1179 14 14 14 11

D9S1122 12 12 12 11,12

D9S2157

D10S1248

D10S1435 12,14

D11S4463 14 16 14,16

D12ATA63 14

D12S391 17,21' 17

D13S317

D14S1434 13 13 13 13

D16S539 11 11,12 11,12

D17S1301 11,12 11

D17S974 9

D18S51 17 17

D18S853 14 11,14 11

D19S433

D20S1082 11 11 11 11

D20S482 14,16 14

D21S11 28,31.2 28,31.2 31.2 31.2

D22S1045 15,16 15 15,16 16

DYS391 11 11 11

FGA 23.3,24.2 23.2 23,24

Penta D

A B C

Table 4
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Figures and Tables 

 
 
Figure 1. Polymorphism information by locus for eighteen high-quality samples using the 48 marker 
assay 
Total and unique polymorphisms (SNPs or indels) observed across fifteen population samples and three 
positive controls sequenced using the 48 marker NGS assay.  An asterisk (*) designates those markers 
known to have at least some allele dropout, determined by comparison to CE fragment analysis data.  
No variation in repeat structure was identified in the alleles recovered for twenty-seven of the markers, 
while thirteen markers showed SNPs when compared to the reference sequence.      
 
Figure 2. Allele counts by fragment analysis versus sequencing 
For the fifteen population samples and three positive controls typed using the 48 marker NGS assay, the 
data were evaluated to determine the number of alleles that would have been detected by fragment 
analysis  versus the number of alleles revealed when sequence variation was taken into account.  An 
asterisk (*) designates those markers known to have at least some allele dropout (determined by 
comparison to CE data).  For twenty-eight of the loci, the same number of alleles would have been 
detected by both fragment analysis and sequencing. For the remaining twelve markers, utilizing 
sequence information would increase the number of alleles detected relative to CE data.   Three of the 
markers (D5S818, D5S2500, and D12S391) contain double the number of alleles when using sequence 
information instead of fragment size alone.        
 
Figure 3. Example alignment of 454 STR sequence reads to a reference sequence 
Although there are expected intermittent base incorporation errors throughout the reads, the authentic 
sequence is easily identified.    
 
Table 1.  Population sample profile summary for 13-plex 
For each sample tested, the alleles recovered by NGS, the percentage of those alleles confirmed by CE 
data, and the number of SNPs observed were tallied.  Alleles recovered ranged from 12 to 20, and nearly 
all (99%) called alleles were verified by commercial STR kit typing and existing CE data.  The 5 
unconfirmed allele calls were due to 1) incomplete CE genotype information for sample GT36880, and 2) 
a high stutter allele (drop-in) in sample GC03394.          
 
Table 2. Casework sample profiles for 13-plex   
Calls confirmed with traditional CE typing in 2 of 3 replicate amplifications are bolded.  For example, no 

alleles weare duplicated in replicate CE typing for Sample 1, therefore no alleles detected by 454 
sequencing are bolded.  The number of NGS alleles called and the observed polymorphisms were tallied 
(at the bottom of the table) for each amplification replicate.  
 
Table 3.  Population sample profile summary for 48 marker assay 
For the 15 population samples and 3 controls typed using the 48 marker assay, the number of alleles 
recovered, the alleles verified by CE, and the number of SNPs observed were tallied.  Allele recovery for 
these samples ranged from 38 to 61, and 89% of all called alleles were verified by CE data.  Nearly all of 
the 107 unconfirmed alleles were due to 1) incomplete CE data for one sample, and 2) three loci that are 
not included in accessible commercial STR kits (D1S1656, D12S391 and DYS391).      
     
Table 4. Casework sample profiles for 48 marker assay 

Legends for figures and tables

http://ees.elsevier.com/fsigen/download.aspx?id=87684&guid=09795125-140d-407b-ac23-9380461a3c06&scheme=1
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Markers typed and calls confirmed with traditional CE typing in 2 of 2 replicate amplifications are 
bolded.  For example, no alleles were replicated in duplicate CE typing for Sample  B, therefore no alleles 
detected by 454 sequencing are bolded. The number of NGS alleles called and the observed 
polymorphisms were tallied for each amplification replicate.   


