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Abstract

Background: Massively parallel sequencing (MPS) technologies have the capacity to sequence targeted regions or
whole genomes of multiple nucleic acid samples with high coverage by sequencing millions of DNA fragments
simultaneously. Compared with Sanger sequencing, MPS also can reduce labor and cost on a per nucleotide basis
and indeed on a per sample basis. In this study, whole genomes of human mitochondria (mtGenome) were
sequenced on the Personal Genome Machine (PGMTM) (Life Technologies, San Francisco, CA), the out data were
assessed, and the results were compared with data previously generated on the MiSeqTM (Illumina, San Diego, CA).
The objectives of this paper were to determine the feasibility, accuracy, and reliability of sequence data obtained
from the PGM.

Results: 24 samples were multiplexed (in groups of six) and sequenced on the at least 10 megabase throughput
314 chip. The depth of coverage pattern was similar among all 24 samples; however the coverage across the
genome varied. For strand bias, the average ratio of coverage between the forward and reverse strands at each
nucleotide position indicated that two-thirds of the positions of the genome had ratios that were greater than 0.5.
A few sites had more extreme strand bias. Another observation was that 156 positions had a false deletion rate
greater than 0.15 in one or more individuals. There were 31-98 (SNP) mtGenome variants observed per sample for
the 24 samples analyzed. The total 1237 (SNP) variants were concordant between the results from the PGM and
MiSeq. The quality scores for haplogroup assignment for all 24 samples ranged between 88.8%-100%.

Conclusions: In this study, mtDNA sequence data generated from the PGM were analyzed and the output
evaluated. Depth of coverage variation and strand bias were identified but generally were infrequent and did not
impact reliability of variant calls. Multiplexing of samples was demonstrated which can improve throughput and
reduce cost per sample analyzed. Overall, the results of this study, based on orthogonal concordance testing and
phylogenetic scrutiny, supported that whole mtGenome sequence data with high accuracy can be obtained using
the PGM platform.
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Background
Forensic genetic analyses provide useful information on
individuals that may or may not be associated with bio-
logical evidence found at crime scenes, identification of
individuals who are missing or from mass disasters, and
inferences related to cause and manner of death. Short
tandem repeat (STR) loci, single nucleotide polymorph-
isms (SNPs) and lineage markers (primarily residing
within the mitochondrial DNA (mtDNA) genome and Y
chromosome) are the markers systems primarily used in
forensic DNA typing and human identification [1-7].
The mtDNA genome (mtGenome) is a marker of choice
for human identification, especially where forensic biolo-
gic evidence contains too little or no nuclear DNA, such
as a hair shaft without root, a fingernail and old bones.
Because of a lack of recombination in the mtGenome,
this marker is particularly informative in kinship analyses
where the maternal association being investigated may be
separated by several generations. Sanger sequencing [8]
and separation by capillary electrophoresis have been the
standard method for mtDNA sequencing [9-11]. How-
ever, current mtDNA typing protocols are labor inten-
sive, time consuming, and relatively costly. Therefore,
most application-oriented laboratories tend to focus only
on a portion of the mtGenome, i.e., the non-coding
hypervariable regions. More discrimination power could
be attained if more efficient and cost effective technolo-
gies allow expansion of genetic interrogation to the entire
mtGenome.

Massively parallel sequencing (MPS) technology, also
known as next generation sequencing, has become a viable
and practical tool for biological research and application,
such as in disease diagnosis [12], personalized medicine
[13], species identification [14], evolutionary studies [15],
and population studies [16]. MPS technologies have the
capacity to sequence targeted regions or whole genomes
of multiple nucleic acid samples with high coverage by
sequencing millions of DNA fragments in a massively-
parallel fashion. In fact, 2 to 96 different samples can be
sequenced simultaneously using commercial barcoding
kits, such as Ion Xpress Barcode kit (Life Technologies)
and Nextera XT Index kit (Illumina). MPS platforms make
possible higher throughput sequencing compared with
Sanger sequencing at a substantially reduced cost on a per
nucleotide basis and indeed on a per sample basis. In for-
ensics, Parson et al. [17] demonstrated that sequence
results with the Ion Torrent Personal Genome Machine
(PGM™) (Ion Torrent, Life Technologies, San Francisco,
CA) were highly concordant with those obtained with
Sanger sequencing. Sanger sequencing is recognized as the
gold standard for mtDNA sequencing and it would seem
reasonable to compare new technologies with it for con-
cordance testing. However, the gold standard status does

not necessarily translate to a result (or in this context a
base call) being correct. For example, Harismendy et al.
[18] reported that Sanger sequencing generated 0.9% false
negative and 3.1% false positive SNPs compared with
three MPS platforms and one microarray platform. More-
over, the lower throughput of Sanger sequencing makes it
impractical for concordance testing, and hence validation
of whole mtGenome sequencing by MPS. Typically, only a
small region of the mtDNA genome can be assessed by
both approaches within a reasonable time and cost.
Instead concordance testing of a MPS system may be
achieved better by testing with an orthogonal MPS technol-
ogy. King et al. [19] reported highly reliable whole mtGe-
nome sequencing using long PCR, Nextera XT library
preparation, and MPS with the MiSeq system (Illumina,
San Diego, CA). A total of 283 mtDNA genomes were gen-
erated, the data were analyzed with multiple software tools,
and the haplotype data were assessed phylogenetically. In
addition, a subset of the samples were typed by Sanger
sequencing at hypervariable regions (HV1 and HV2) and
whole genome results from a cell line sample (data not
shown) were compared with published literature; all base
calls were concordant (excluding heteroplasmy). While the
data reported by King et al. [19] are considered reliable,
concordance testing of whole genome data would increase
the confidence in MPS results. The PGM has been shown
to provide quality mtDNA sequence results, and the results
have been compared with Sanger sequencing generated
data [17]. It now is feasible to perform orthogonal MPS
concordance testing of whole mtDNA genome analyses in
a high throughput, timely and cost-efficient fashion. More-
over, concordance testing permits evaluation and improve-
ment of both systems. Results that are consistent between
the two MPS systems can be considered reliable, and efforts
can be focused on the differences to improve one, the
other, or both systems. In this study, whole mtGenome
sequencing was performed on the PGM to determine its
feasibility, accuracy, and reliability. These results were com-
pared with sequence data previously generated on the
MiSeq [19], and the findings demonstrated that reliable
base calling can be obtained by the PGM system as well.

Results and discussion
In this study, 6 samples were multiplexed and sequenced at
one time on a 314 chip (10 megabase throughput). The
average throughout of 4 chips was 84 Mb (± 17), and the
average total reads was 448,129 (± 78,773). Sufficient cov-
erage was obtained to reliably determine the sequence for
the entire mtGenome of six pooled libraries. In all, 24 sam-
ples were sequenced successfully on 4 chips. The number
of samples that can potentially be sequenced simulta-
neously is determined by throughput and the lowest cover-
age region that allows for reliable variant calls at all sites.
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Coverage variation
The depth of coverage pattern was similar among all 24
samples. Balanced coverage across nucleotide positions
would be ideal. Although the average coverage across
samples by position was 810X (± 664), the coverage
across the genome varied (Figure 1 and Figure 2). Cov-
erage was consistently low at certain positions and high
at other positions across the mtGenome (Additional
file 1, Table S1). For example, the coverage of one sam-
ple (no. 8) ranged from approximately 25X to 2815X.
Given that long PCR was used to generate the ampli-
cons, the variation in coverage cannot be explained as a
result of the PCR. The differences in coverage are more
likely generated during library preparation and/or
sequencing. This range in coverage might be attributed
to homopolymeric stretches as these areas may be diffi-
cult to sequence due to chemistry-related limitations
[20]. Homopolymeric stretches (>3 bases) could be

observed along the whole mtGenome (Figure 1). Even
though homopolymers were pervasive, accurate
sequence results were obtained using the PGM system
(excluding potential heteroplasmy). Areas of relatively
high (fi810X) and low coverage (fl500X) were investi-
gated further. There were 17 regions with relatively high
coverage and 18 regions with low coverage (Additional
file 1, Table S1). Areas of low coverage had substantially
more C homopolymers (fi2C) than high coverage areas
(Table 1). In contrast, the numbers of A, G or T homo-
polymers were more evenly distributed between high
and low coverage regions. Thus, long homopolymers
alone did not explain the reduction in coverage. Interest-
ingly, all regions with C homopolymers interrupted by
another base (e.g., CnTCn) displayed relatively low cover-
age (Figure 2). This motif may impact low coverage, but
does not explain all low coverage regions. Further
research is necessary to elucidate mechanisms impacting

Figure 1 A concentric Circos plot of the mtGenome. A concentric Circos plot of the mtGenome representing mean coverage (outer circle;
n=24); homopolymers, nfi4 bases, per region nucleotide position (middle circle; n=24); and mean coverage differentiated by reverse (dark) or
forward (light) strand (inner circle; n=24). The rose diagram in the center is included for nucleotide position orientation and scale bars are
included to the left of the individual plots to approximate values. The control region is offset slightly for orientation.
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