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Abstract The Ion AmpliSeq™ HID single nucleotide poly-
morphism (SNP) panel, a primer pool of 103 autosomal SNPs
and 33 Y-SNPs, was evaluated using the Ion 314™Chip on the
Ion PGM™ Sequencer with four DNA samples. The study
focused on the sequencing of DNA at three different initial
target quantities, related interpretation issues, and concordance
of results with another sequencing platform, i.e., Genome An-
alyzer IIx. With 10 ng of template DNA, all genotypes at the
136 SNPs were detected. With 1 ng of DNA, all SNPs were
detected and one SNP locus in one sample showed extreme
heterozygote imbalance on allele coverage. With 100 pg of
DNA, an average of 1.6 SNP loci were not detected, and an
average of 4.3 SNPs showed heterozygote imbalance. The
average sequence coverage was 945–600× at autosomal SNPs
and 465–209× at Y-SNPs for 10 ng–100 pg of DNA. The
average heterozygote allele coverage ratio was 89.6–61.8 %
for 10 ng–100 pg of DNA. At 10 ng of DNA, all genotypes of
the 95 SNPs shared between the two different sequencing
platforms were concordant except for one SNP, rs1029047.
The error was due to the misalignment of a flanking homopol-
ymer. Overall, the data support that genotyping a large battery
of SNPs is feasible with massively parallel sequencing. With
barcode systems, better allele balance, and specifically designed
alignment software, a more comprehensive rapid genotyping

and more cost-effective results may be obtained from multiple
samples in one analysis than are possible with current typing
and capillary electrophoresis systems.
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Introduction

Forensic DNA typing can provide useful information on
human identification, such as in criminal cases and mass
disasters. Short tandem repeats (STRs) are the primary ge-
netic markers used because of their high discrimination
power and relatively short amplicon size. However, some
evidence samples are highly degraded and may not be
characterized well with the current battery of STRs. Al-
though commercial mini-STR typing kits enable generation
of amplicons ranging from approximately 70–280 bp, some
degraded samples still may produce partial or no STR
profiles.

In contrast, single nucleotide polymorphism (SNP) typing
may be applied successfully to degraded samples that are not
amenable to STR typing. Most SNP containing amplicons can
be designed to be smaller than 150 bp and, in theory, as short
as 50–60 bp in length. There have been a number of reports on
SNP typing methods describing the advantages of short
amplicon length and high discrimination power. For example,
the SNPforID group developed a multiplex assay with 52
autosomal SNPs with a mean match probability of at least
5.0×10−19 in nine different populations [1]. Pakstis et al. [2]
reported on a panel of 45 unlinked SNPs providing matching
probabilities of less than 1.0×10−15 in 44 populations. Con-
sidering that the match probability for the 13 CODIS core
STR loci is approximately 2.4×10−15 in, for example, the US
Caucasian population [3], these SNP panels provide
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discrimination power comparable to that of the STR core loci.
Various approaches have been used to analyze SNPs, such as
single base extension, chip-based microarrays, allele-specific
hybridization assays, and mass spectrometry ([1, 2, 4–6], see
refs [7–9] for reviews of technologies]. Each of these methods
has some limitations; the most notable is not being able to type
a large battery of SNPs in a single analysis.

Next generation sequencing technology, or given its matu-
rity current generation sequencing (CGS), provides a platform
for more comprehensive coverage of genetic markers. CGS
technologies sequence DNA in a massively parallel fashion
with high coverage and high throughput of specified targets.
Moreover, with the high-throughput capacity afforded by
CGS, many different samples, which can be distinguished
by barcoding, may be sequenced simultaneously. In theory,
hundreds to thousands of barcodes could be synthesized,
but currently 384 different reference samples can be
coded at one time [10]. With the economy of scales
afforded, sequencing cost and run time of the CGS
systems have dropped substantially and now offer a
potentially cost-effective approach to genetically charac-
terize samples for human identification purposes. These
features make SNP typing on a CGS platform particu-
larly appealing. Given the research that already has
identified a number of human identity SNPs, the com-
bination of SNPs and typing by CGS should be seam-
less. However, there are selection criteria to consider
beyond the typical population genetic information of
allele frequency, Hardy–Weinberg equilibrium, linkage
equilibrium, and population substructure [11]. One of
the most important criteria will be compatibility of the
SNP with the sequencing chemistry of a CGS system.

In this study, CGS data obtained from four barcoded
DNA samples (three males and one female) at 10 ng, 1 ng,
and 100 pg of template DNA were described. The results
were used to assess the performance of CGS and SNP
typing and identify criteria for selecting SNPs for human
identification.

Material and methods

Sample preparation

DNAwas extracted from whole blood of four volunteers (one
female, three males) with informed consent. The QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) was used
for DNA extraction. The quantity of extracted DNA was
estimated using the Qubit® dsDNA BR Assay Kit (Life
Technologies, Foster City, CA) on a Qubit® 2.0 Fluorometer
(Life Technologies) and the Quantifiler® Human DNA Quan-
tification Kit (Life Technologies) on an ABI Prism® 7500
Sequence Detection System (Life Technologies).

Human identification SNP primer pool

The 2× Ion AmpliSeq™ HID SNP panel primer pool (panel,
HID_SNP_v0.1; Life Technologies) was used for this study.
This panel was designed to amplify 103 autosomal SNPs and
33 Y-SNPs. Information on the primer pool is described on
Ion Community (http://ioncommunity.lifetechnologies.com/
community/applications/hid/snps).

Library preparation

To amplify the targeted 136 SNPs, 10 ng, 1 ng, and 100 pg
of genomic DNA were used for each of the four samples.
PCRs were prepared using the Ion AmpliSeq™ Library Kit
2.0 and 2× Ion AmpliSeq™ HID SNP panel containing the
pool of PCR primers on a GeneAmp® PCR System 9700
(Life Technologies) following the manufacturer’s recom-
mended protocols [12]. The PCR conditions for 10 ng of
template DNA were 2 min at 99 °C for polymerase activa-
tion and 18 cycles of 15 s at 99 °C for denaturation and
4 min at 60 °C for annealing/extension. For 1 ng of template
DNA, the amplification cycles were increased to 22 cycles.
For 100 pg of template DNA, the amplification cycles were
carried out at 26 and 28 cycles and conducted in duplicate.
The resulting amplicons were treated with FuPa Reagent
(Life Technologies) to partially digest primers. Amplicons
then were ligated to Ion P1 and Ion Xpress™ Barcode
adapters (Life Technologies) and purified using Agencourt®
AMPure® XP Reagent (Beckman Coulter, Brea, CA).
Barcoded libraries were assessed by quantitative PCR with
the Ion Library Quantitation Kit (Life Technologies) follow-
ing the recommended protocol [13] and diluted to ∼20 pM.
Equal volumes of the four diluted libraries were combined
for the next steps.

Template preparation

The diluted library (20 μl) was used to generate template-
positive Ion Sphere™ Particles (ISPs) containing clonally
amplified DNA. Emulsion PCR was conducted by using the
OneTouch™ 200 Template Kit v2 DL with the Ion
OneTouch™ DL configuration (Life Technologies) follow-
ing the recommended protocol [14]. Template-positive ISPs
were enriched with the Ion OneTouch™ ES (Life Technol-
ogies). Quality of template-positive ISPs was assessed by
using the Ion Sphere™ Quality Control Kit (Life Technol-
ogies) on the Qubit® 2.0 Fluorometer.

Sequencing and data analysis

The Ion Torrent Personal Genome Machine (PGM™; Life
Technologies), a non-optical sequencing platform that ex-
ploits CMOS integrated circuits to detect pH shifts by
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release of protons during incorporation of nucleotides into
growing strands, was the primary CGS instrument used in
this analysis. Libraries were sequenced on the Ion 314™
Chip with the Ion PGM™ 200 Sequencing Kit (Life Tech-
nologies) following the recommended protocol [15]. The
plugin “HID SNP Genotyper” on the Ion Torrent server
and Integrative Genomic Viewer (IGV) [16, 17] were used
for data analysis. The reference genome was Hg19.

Results and discussion

Library information

For the sequencing data of four samples at 10 ng, 1 ng,
100 pg (26 cycles, twice), and 100 pg (28 cycles, twice) of
initial genomic DNA, the number of filtered and trimmed
base pairs was 58.29, 50.03, 44.12±3.99 (standard devia-
tion), and 45.17±1.91 Mbp, respectively. Considering a
predicted error rate of 1 % (Q20), the total number of bases
for 10 ng, 1 ng, 100 pg (26 cycles, twice), and 100 pg
(28 cycles, twice) was 51.79, 44.85, 38.37±3.94, and
39.66±1.44 Mbp, respectively.

Allele coverage

The allele coverage of SNP typing with 10 ng to 100 pg of
genomic DNA is presented in Tables S1–6 (in the Electronic
supplementary materials, ESM). Allele coverage charts for
the 136 SNPs are presented in Figs. S1–6 (ESM). The
average coverage of autosomal and Y-SNPs for 10 ng,
1 ng, and 100 pg of template DNA are shown in Figs. 1
and 2.

Results show that at 10 ng of template DNA, there is
consistently high coverage with little variation between
samples. Genotypes of Y-SNPs were not detected in sample
no. 1 (female). However, variation in coverage was ob-
served among the SNPs (Figs. S1–6). Each SNP generally

showed similarly high or low coverage across the samples.
The lowest coverage was at rs2072422 (a Y-SNP) at 5–9× in
the three male DNA samples (Table S1). There were no
bases for this SNP with Base Phred Quality (BPQ) of ≤10.
The difference in coverage primarily may be related to
differences in PCR amplification efficiency. Modifications
of the primers and/or primer concentrations could increase
amplification and provide more balance and higher yield
across the SNPs in the panel.

The average coverage of autosomal SNPs with 1 ng of
template DNA was comparable to the 10 ng for the female
sample and lower for the male samples (Fig. 1). The average
coverage of Y-SNPs for 1 ng samples also was lower than
10 ng samples (Fig. 2). The SNP rs2072422 still displayed
the lowest allele coverage of 1–4× in male DNA samples
(Table S2). A genotype at the Y-SNP rs891407 was detected
with coverage of 2× in the female sample (sample no. 1).
This observation could be due to minor contamination (i.e.,
allele drop-in) with the increased number of PCR cycles or
partial homology on the X chromosome. Such low level
detection of 2× might be filtered out based on validation
studies that establish a minimum coverage level for reliable
allele calling. These overall results support that target am-
plification and detection are feasible with a relative low
quantity level of DNA template.

For the average coverage of autosomal and Y-SNPs with
100 pg of DNA for 26 and 28 cycles, overall, observed
allele coverage was higher for 26 PCR cycles than for
28 cycles (Figs. 1 and 2). However, this coverage difference
did not appear to be directly related to the number of
complete locus drop-out and heterozygote imbalance events
(see SNP detection section for details).

Allele coverage may depend on the total number of bases
obtained from sequencing. However, the number of bases was
higher with 100 pg of DNA at 28 cycles than at 26 cycles. Yet
100 pg of DNA with 28 PCR cycles (first run) produced a
lower sequencing coverage of 531× (autosomal and Y-SNPs)
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amounts of template DNA. Bar stands for standard deviation
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compared with those using 100 pg of DNA with 26 cycles
(611× at second run) and 28 cycles (629× at second run). The
total number of bases was 46.52, 41.30, and 43.82 Mbp in
100 pg of DNA with 28 PCR cycles (first run), 26 cycles
(second run), and 28 cycles (second run), respectively. Factors
such as the number of bases aligned to the reference sequence
and base quality might play a role in the minor variation in
coverage.

SNP detection

Genotypes at all SNP loci were obtained for all samples with
10 ng of template DNA on the PGM™. True genotypes were
based on a combination of the 10 ng results and genotype
results obtained from an in-house panel on a different chem-
istry and platform, i.e., the Genome Analyzer IIx (GAIIx;
Illumina, Inc., San Diego, CA) [18] (data not shown). These
genotypes were used to determine both locus and allele drop-
out at the other template quantities.

Most SNP genotypes were detected correctly at 1 ng of
template DNA, except for one SNP in one sample demon-
strated extreme heterozygote imbalance on allele coverage
(Table 1). At rs13218440 in sample no. 4, the true genotype
was AG, and allele coverage of A and G was 452× and 30×,
respectively (Table S2). In this study, SNPs that showed
allele coverage ratios <20 % were identified. Allele cover-
age ratio was calculated by dividing the coverage of one
allele (showing lower coverage) by the coverage of the other
allele (showing higher coverage; ex. 30/452=6.6 % at
rs13218440 in sample no. 4). The selection of this threshold
was arbitrary and further studies will be needed to determine
operational thresholds.

SNP typing with 100 pg of template DNA was conducted
using 26 PCR cycles and 28 PCR cycles in duplicate (a total of
four PCR reactions per sample). Most SNP genotypes were
detected. However, 2–6 SNPs and 1–5 SNPs were not detected
in sample nos. 3, 4, and 4275 using 26 and 28 PCR cycles,
respectively (Table 2). For emulsion PCR, equimolar amounts
of each barcoded library were combined and the pooled library
was used. Therefore, a portion of autosomal SNPs which is
amplified could be higher in the female sample (sample no. 1)

than in the male samples (sample nos. 3, 4, and 4275). This
coverage difference could be one of the reasons that all geno-
types were detected in the female sample. Autosomal SNPs
were not detected at rs1554472 in sample no. 3, and rs1355366
and rs727811 in sample no. 4275 (Tables S3–6). A total of 12
sequencing runs were performed at 100 pg for the male sam-
ples. In these runs, the following Y-SNPs were not detected:
rs2072422 (six occurrences), rs2032673 (five occurrences),
rs3900 (two occurrences), rs2032601, rs1800865, rs2075640,
rs2267801, rs1865680, rs2032598, rs2032599, rs2032607, and
rs2032653. Overall, the number of undetected genotypes was
higher for Y-SNPs than autosomal SNPs.

For 26 and 28 PCR cycles, an average of 5.5 SNPs and 3
SNPs showed heterozygote imbalance <20 %, respectively
(Table 1). The detailed information on the SNPs with such
heterozygote imbalance is shown in Table S7 (ESM). There
was no considerable difference of the number of SNPs
showing heterozygote imbalance between the two different
PCR cycles. No detectable pattern of heterozygote imbal-
ance was observed across the SNP loci, other than those
clearly low-performing loci with low coverage at 10 ng of
DNA. This phenomenon was more severe in the results from
100 pg of template DNA than those from 1 ng of template
DNA. Most discordant genotypes were due to heterozygote
imbalance, resulting in changes from heterozygous geno-
types to apparent homozygous genotypes. However, one
case showed a homozygous genotype that changed to a
heterozygous genotype. At rs576261 in sample no. 1, the
genotype was designated as AC (true type: CC; Table S4).
The number of reads of A and C was 108 and 210, respec-
tively. A possible reason for this observation might be con-
tamination (i.e., allele drop-in), as might be expected with an
assay with high sensitivity.

In addition, the number of complete locus drop-out and
heterozygote imbalance events was not related to coverage
difference. Overall, observed allele coverage was higher for
26 PCR cycles than for 28 cycles. The average number of
non-detected genotypes was 1.5 and 1.6 in 26 and 28 cycles,
respectively. The average number of SNPs showing hetero-
zygote imbalance was 5.5 and 3 in 26 and 28 cycles,
respectively.

Table 1 The number of SNPs
showing heterozygote imbalance
(<20 %) in the four samples

The SNP types were based on
comparison of types with 10 ng
of template DNA. The SNP
rs1029047 was excluded from
the count due to known typing
errors

The number of SNPs showing heterozygote imbalance

DNA amounts No. 1 No. 3 No. 4 No. 4275 Average

10 ng 0 0 0 0 0

1 ng 0 0 1 0 0.25

100 pg-26cy-1st 6 6 2 4 4.5

100 pg-26cy-2nd 6 7 7 6 6.5

100 pg-28cy-1st 6 1 3 2 3

100 pg-28cy-2nd 2 3 2 5 3
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Heterozygote allele balance

The coverage ratio of heterozygous alleles was assessed
(Fig. 3). Allele coverage ratio was calculated by the afore-
mentioned method on “SNP detection” section. The observed
allele coverage ratio with 10 ng, 1 ng, 100 pg (26 cycles), and
100 pg (28 cycles) of template DNAwas 89.6±11.3 %, 70.7±
18.3 %, 60.4±21.1 %, and 63.2±21.6 %, respectively. This
balance remained relatively consistent among samples at each
template amount.

In tests with 10 ng of template DNA, SNPs displaying
imbalanced allelic coverage ratios of <60 % were investi-
gated further (Table S1). In sample no. 1, rs1029047 showed
T(35 .3 %) /A(64 .7 %) and r s4530059 showed
G(25.2 %)/A(74.8 %), which are equivalent to allele coverage
ratios of 54.6 and 33.7 %, respectively. In sample no. 3,
rs4530059 showed G(23.8 %)/A(76.2 %) and rs576261
showed A(63.5 %)/C(36.5 %), which are equivalent to allele
coverage ratios of 31.2 and 57.4 %, respectively. In sample no.
4, rs4530059 showed G(24.4 %)/A(75.6 %), which is equiva-
lent to an allele coverage ratio of 32.2 %. In sample no. 4275,
rs576261 showed A(65.5 %)/C(34.5 %), which is equivalent to
an allele coverage ratio of 52.7 %. The heterozygote allelic

imbalancemay be attributed to a primermismatch causing PCR
bias or may just be a stochastic effect that is greater at some loci
than others. Further work will be performed by typing more
samples to determine if a trend persists. If such a trend con-
tinues for certain loci presenting a high allelic imbalance, then
primers should be modified or the SNP could be replaced with
a better performing SNP.

Problematic SNP

The high throughput of CGSmakes it difficult to verify typing
results with standard capillary electrophoresis-based methods,
as the latter method does not have sufficient throughput.
Concordance typing is more efficient for determining correct
typing results using two CGS systems based on different
chemistries. Of the 103 autosomal SNPs, there were 95 SNPs
in common with an in-house panel of SNPs (data not shown).
Data from this panel were generated using the GAIIx [18].
The SNPs rs10495407, rs10768550, rs901398, rs2175957,
rs4789798, rs689512, rs2292972, and rs9606186 were not
part of the in-house panel run on the GAIIx. All SNP typing
results using 10 ng of template DNAwere concordant for the
SNPs in common between the two platforms, except for the
SNP rs1029047. This SNP is flanked by homopolymeric
stretches, and the SNP states are the same as the homopolymer
regions [TTT(T/A)AAAAAAAAA]. A priori this SNP was
suspected of posing a potential typing problem because of the
continuum of flanking homopolymers. The homopolymer
reads interfered with the alignment of bases to the Hg19
genome reference. In sample no. 1, the locus appeared to be
heterozygous; a mixture of T and A was observed with IGV
(Fig. 4a). However, 44.4 % of bases showed BPQ of ≤10 at
the locus when bases with BPQ of ≥4 were counted. IGV
aligned bases to the reference genome based on a 3′ end
strategy. Therefore, misalignment could have occurred at ba-
ses at the 5′ end of the homopolymers when homopolymer
length was not correctly determined, e.g., the alignment at the
first T position at the T stretch (TTTT). The first T was
incorrectly designated as a deletion in 22.6 % of the reads
when bases with BPQ of ≥4 were counted; in these reads, the
T bases were shifted to other T positions. This observation
indicates a high probability that the SNP genotype was incor-
rect with the PGM™ data. The overall data indicated that the
true genotype of rs1029047 for sample no. 1 is AA. The in-
house GAIIx panel yielded an AA type for this SNP.

The rs1029047 SNP was examined in the other samples.
In sample nos. 3 and 4, 99.0 % of the bases were detected as
T (Fig. 4b, c). The TT genotype was correctly called and
was concordant with GAIIx-generated results. However, the
A deletion and A calls with low BPQ scores were still
observed in the homoploymeric A stretch. The insertion of
A, AA or TA between A and T stretches also was observed.
In sample no. 4275, the portion of reads calling T and Awas

Table 2 The number of non-detected genotypes (i.e., locus drop-out)
in the four samples

The number of non-detected genotypes

DNA amounts No. 1 No. 3 No. 4 No. 4275 Average

10 ng 0 0 0 0 0

1 ng 0 0 0 0 0

100 pg-26cy-1st 0 2 0 6 2

100 pg-26cy-2nd 0 0 2 2 1

100 pg-28cy-1st 0 2 1 5 2

100 pg-28cy-2nd 0 0 1 4 1.25
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67.0 % and 33.0 %, respectively, and the TT genotype was
determined using the HID SNP Genotyper plugin (Fig. 4d).
When the TTT(T/A)AAAAAAAAA region flanking of
SNP rs1029047 was examined using IGV, 14.9 % of the
first T in the T stretch was incorrectly designated as a
deletion due to a shift of bases when bases with BPQ of
≥4 were counted. After correcting the alignment problem,
46.0 % of bases showed A and 54.0 % of bases showed T at
the locus. This observation indicated that the true SNP type
was an A/T heterozygote. It also indicated that even with
flanking homopolymers it may be possible to overcome

incorrect calls with software that uses a specifically
designed algorithm for alignment.

Based on the chemistry and detection system of the
PGM™, the intensity of the electronic signal due to pH
change increases proportionally with the number of incor-
porated bases added [19]. In theory, a homopolymer with
ten residues should produce twice the signal of homopoly-
mer with five residues. However, operationally, signals gen-
erated from homopolymers with the PGM™ system are not
entirely linear [20], and each locus with adjacent homopol-
ymers needs to be evaluated and tested. Overall, the PGM™

Fig. 4 SNP typing results from a subset of alignments with 10 ng of template DNA for sample nos. 1 (a), 3 (b), 4 (c), and 4275 (d) at SNP
rs1029047, which resides adjacent to a homopolymer. Black bar, (-): Deletion. Purple bar, (I): Insertion. Shading: low quality base
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chemistry was quite successful in typing SNPs and showed
concordance with the GAIIx data, except for the one SNP.
Chemistry enhancements and/or software may reduce the
typing difficulty of SNP rs1029047. The GAIIx, because of
a different chemistry approach, did not experience the same
degree of sequencing problems with homopolymers sur-
rounding SNP rs1029047. For genotyping with the GAIIx,
misalignment of bases due to homopolymers was less likely,
and an overall error of genotype designation was not ob-
served at SNP rs1029047. At sample no. 1, only 5.5 % of
GAIIx reads showed T and 94.5 % of reads showed A (and
the genotype was determined as AA) using IGV. At sample
no. 4275, 45.1 % of reads showed A and 54.9 % of reads
showed T (determined as the AT genotype). These results
indicated that the GAIIx was more accurate at sequencing
homopolymeric stretches compared with the PGM™. While
the low percentage of misalignments with the GAIIx data
had no impact on typing single source samples, there may
be some limitations with mixture analyses. The 5.5 % T calls
might be reduced with better-directed alignment software. In
total, an incorrect estimation of homopolymer length and a
concomitant alignment issue contributed to the typing prob-
lem of the SNP. The alignment issue due to homopolymeric
stretches was more severe in samples (nos. 1 and 4275) with
at least one A allele at SNP rs1029047 than in samples (nos.
3 and 4) with only a T allele at this position. The length of
the A homopolymer was 10 in the former samples and 9 in
latter samples. If the SNP is selected for a human identifi-
cation panel, then special attention will be required to des-
ignate heterozygous genotypes compared with homozygous
genotypes (see. Fig. 4a and d, samples no. 1 and 4275) by
correction of misaligned SNPs and calculation of allele
ratios.

Table S8 (ESM) lists those SNPs within the Ion
AmpliSeq™ HID SNP panel that were proximal to homo-
polymers of three bases or more. Only SNP rs1029047 has
such an extremely long homopolymer immediately flanking
the site. All others demonstrated no genotyping errors, i.e.,
complete concordance among the two CGS platforms. As an
example, a TT genotype [TTT(C/T)T stretch], was deter-
mined with a T called in 94.1 % of the reads at SNP
rs430046 (sample no. 4). It has been reported that for
homopolymers of length 5, the per-base accuracy is 97 %
on the PGM™ [19]. Therefore, designating homopolymeric
stretches may be correct up to (or slightly beyond) 5 resi-
dues but may not be relevant if alignments can anchor on a
base adjacent to the SNP. Immediate flanking SNPs that
differ from the known allelic state of a SNP could anchor
alignments, further reducing error in allele calls. Consider,
for example, SNP rs10092491, where a G residue lies im-
mediately 5′ to the C/T SNP. Even if an incorrect estimation
of the number of homopolymer bases were to arise, the
alignment could anchor on the G residue and reduce the

chance of mistyping. Although no typing errors were ob-
served with 94 of the 95 SNPs on the PGM™, it would be
beneficial to review sequences around all SNPs for potential
homopolymer and alignment issues.

The SNPs in the Ion AmpliSeq™ HID SNP that were not
in common with our in-house Genome Analyzer panel were
reviewed for adjacent homopolymers, as described. The
data support that the calls were correctly obtained. Larger
samplings are needed to verify if there are primer binding
variants in the population that could impact typing success.

Conclusion

In this study, the Ion AmpliSeq™ HID SNP panel typed on
the PGM™ was evaluated. Genotypes were obtained for all
136 SNPs for the three male samples and 103 SNPs for the
female sample with 10 ng of initial template DNA. With
1 ng of DNA, most SNPs were detected and typed correctly;
there was one example of extreme heterozygote imbalance
across the four samples. With 100 pg of DNA, an average of
1.6 SNP loci was undetected and an average of 4.3 SNPs
showed heterozygote imbalance <20 % across the samples.
All barcoded samples showed high autosomal SNP allele
coverage averaging 945× with 10 ng of template DNA,
792× with 1 ng of DNA and 689× with 100 pg of DNA.
For Y-SNPs, the samples showed high average allele cover-
age of 465× with 10 ng of template DNA, 350× with 1 ng of
DNA and 257× with 100 pg of DNA. Average heterozygote
allele coverage ratios were 89.6, 70.7, and 61.8 % with
10 ng, 1 ng, and 100 pg of template DNA, respectively.
Successful and accurate typing with approximately 1 ng of
initial template DNA is promising and indicates that the
sensitivity of detection of CGS technology may reach the
sensitivity of detection of current forensic DNA typing
methods.

In the analyses using the standard 10 ng of template
DNA, all genotypes were the same as those obtained from
an in-house GAIIx SNP panel, except for SNP rs1029047,
where a typing error was induced by an adjacent homopol-
ymer. SNPs residing adjacent to homopolymers may require
further scrutiny before placing them in panels and, even
more so, before selecting them as core markers. One ap-
proach would be not to select such SNPs as universal
forensic identity markers since they would not work on all
known current platforms. In contrast, this approach could be
limiting for implementation with new technologies that are
certain to be developed. If SNPs are selected based on
compatibility with the current platforms and the SNPs be-
come standards, then future technologies could be locked
out even if their sequencing capabilities were superior. An-
other approach may be to let different technologies incor-
porate whatever panels are accurate and reliable, as long as
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there is substantial overlap among panels. Given that all but
one of the SNPs tested were concordant between CGS
systems and that hundreds of SNPs may be typable, panels
with substantial SNP overlap are possible and the very few
SNPs that may not be amenable to one particular platform
should not impact community compatibility. Other factors
such as simplicity of library preparation, cost, labor, cover-
age, accuracy, and robustness may be more meaningful for
selecting a particular platform.

This study, although limited to four samples, indicated
that typing of samples for a large battery of SNPs is feasible
and that CGS technology may be a reality for characterizing
at least reference samples for national DNA databases in the
near term. In addition, applications of massive SNP typing
in forensic genetics go beyond databasing and make feasible
testing such as distant familial relationships [21]. Further
efforts will focus on increasing sample sizes, simplifying
library preparation, balancing the amplicon yield to obtain
similar coverage across more of the SNPs in a panel, selec-
tion of additional SNPs, elucidating the contributing factors
of allele drop-out, and alignment and interpretation guide-
lines for single-source and mixture samples. Although not
the focus of this study, the combination of SNPs from the
Kidd-panel and SNPforID 52plex would yield much greater
discrimination powers beyond that of either panel. As CGS
provides the capability of multiplexes larger than previously
conceived, population genetics studies will need to be car-
ried to assess the effects of linkage and linkage disequilib-
rium that will inevitably be encountered. Such studies will
be carried out in the near future to support application of
large multiplex analyses.
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