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Abstract

Recent advances in sequencing technology allow for accurate detection of mitochondrial
sequence variants, even those in low abundance at heteroplasmic sites. Considerable
sequencing cost savings can be achieved by enriching samples for mitochondrial (relative
to nuclear) DNA. Reduction in nuclear DNA (nDNA) content can also help to avoid false
positive variants resulting from nuclear mitochondrial sequences (numts). We isolate intact
mitochondrial organelles from both human cell lines and blood components using two sepa-
rate methods: a magnetic bead binding protocol and differential centrifugation. DNA is
extracted and further enriched for mitochondrial DNA (mtDNA) by an enzyme digest. Only 1
ng of the purified DNA is necessary for library preparation and next generation sequence
(NGS) analysis. Enrichment methods are assessed and compared using mtDNA (versus
nDNA) content as a metric, measured by using real-time quantitative PCR and NGS read
analysis. Among the various strategies examined, the optimal is differential centrifugation
isolation followed by exonuclease digest. This strategy yields >35% mtDNA reads in blood
and cell lines, which corresponds to hundreds-fold enrichment over baseline. The strategy
also avoids false variant calls that, as we show, can be induced by the long-range PCR
approaches that are the current standard in enrichment procedures. This optimization pro-
cedure allows mtDNA enrichment for efficient and accurate massively parallel sequencing,
enabling NGS from samples with small amounts of starting material. This will decrease
costs by increasing the number of samples that may be multiplexed, ultimately facilitating
efforts to better understand mitochondria-related diseases.
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Introduction

Mitochondria are involved in fundamental cellular processes including generating ATP for cel-
lular energy, storing calcium for cell signaling, and mediating cell growth and death. A number
of human diseases are tied to dysregulation of mitochondrial function. Dysregulation is often
the result of DNA-level mutations affecting mitochondrial proteins [1], which may be encoded
in either the nuclear genome or the mitochondrial genome. The two genomes have different
codon usage and separate translational machinery. Detecting DNA-level variants in the mito-
chondrial genome presents unique challenges. Although the genome is much smaller than its
nuclear counterpart-some 16.5 kilobases as compared to 3.2 gigabases—it is present at hun-
dreds to thousands of copies per cell. As such, a mutation may be present in a very low percent-
age of mtDNA copies, in contrast to nuclear variants which are normally present in 0%, 50%,
or 100% of the cell’s nuclear genome (nDNA) copies. Low-level mtDNA variants were difficult
or impossible to detect using traditional Sanger sequencing, but the emergence of “next-gener-
ation” sequencing (NGS) now makes very sensitive detection possible [2]. However, variant
calling can be confounded by the presence of nuclear mitochondrial DNA sequences (numts).
Numts are tracts of nDNA that are near or perfect matches to the mtDNA sequence. These
numts can give rise to false positive variant calls when mistaken for mtDNA, as their small
deviations from the mitochondrial reference sequence are misidentified as mitochondrial vari-
ants. Furthermore, if the mitochondrial genome is of primary interest in a NGS experiment,
any nuclear reads add unnecessary cost and effort. The added cost can be considerable since
total genomic DNA is approximately 99.8% nuclear. For economic efficiency, and to avoid
numt-induced false positives, it is important to enrich the DNA sample for mtDNA, either
through mitochondrial isolation or mtDNA amplification.

Differential centrifugation (DC) is commonly used to isolate mitochondria. Typically, the
method entails cell lysis followed by serial gradient centrifugations, the first to remove the
heavier cellular components and the second to extract the mitochondrial organelles. DC is rela-
tively straightforward and allows for abundant mitochondrial isolates. However, due to the
harsh nature of high-speed centrifugation, disruptions of the nuclear and the mitochondrial
membranes can lead to nDNA contamination and less robust mtDNA enrichment. As an alter-
native, recent studies [3, 4] describe isolation of mitochondria from cell lysate using magnetic
beads coupled to TOM22 antibodies. These studies report that the magnetic bead (MB) isola-
tion approach yields whole mitochondria with intact membrane machinery, and less contami-
nation as compared to mitochondrial isolation using DC.

Amplification of the mitochondrial genome is also frequently used to enrich for mtDNA
sequences. Amplification can be performed either using multiple primers, resulting in smaller
mtDNA fragments, or using one to two primer pairs to obtain the genome in large fragments
via long-range PCR. For the purposes of NGS, amplification is most commonly performed
using long-range PCR [5, 6]. While long-range PCR results in high levels of mtDNA enrich-
ment, each cycle of amplification can induce false mutations owing to polymerase errors.
These errors are difficult to distinguish from true mutations in the downstream NGS reads.
Polymorphisms or mutations in the primer region also may interfere with the PCR process,
distorting allele frequencies in the downstream amplicons. Furthermore, long-range PCR
requires a relatively large amount of template DNA, which may be challenging to obtain
depending on the experiment. For example, some blood fractions harbor very low concentra-
tions of DNA.

In this paper, we compare various mitochondrial isolation and mtDNA enrichment proce-
dures to perform NGS of human mitochondrial DNA from blood components and cell lines.
We also assess the use of an exonuclease digest, which we hypothesized would preferentially
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deplete nDNA since the digest cleaves nucleotides from the ends of the DNA strands. We use
real-time quantitative PCR (qPCR) and NGS results as enrichment metrics. For NGS, we have
adopted Illumina’s Nextera XT library preparation, allowing for sample barcoding for multi-
plex sequencing from only 1 ng of template DNA per sample.

Materials and Methods
Ethics statement

Whole blood was collected from healthy volunteers, under IRB-approved informed written
consent (University Hospitals Case Medical Center IRB Approval # 12-09-07). The University
Hospitals Case Medical Center Institutional Review Board specifically approved this study.

Isolation of mitochondria from cell lines

COLO 829 and COLO 829BL (tumor/normal matched) cell lines were purchased from ATCC.
DC isolation was performed using the Qproteome kit (Qiagen), and MB isolation with TOM22
antibody bound to MACS magnetic beads was performed using the Mitochondrial Isolation
Kit (Miltenyi Biotech), both according to manufacturers’ protocols. MtDNA was extracted
from pellet using DNeasy Blood and Tissue kit (Qiagen), eluted using smaller volumes.

Whole blood fractionation

Twenty-five milliliters (mls) of whole blood was collected from healthy volunteers, under IRB-
approved informed consent (University Hospitals Case Medical Center IRB Approval # 12-09-
07; the University Hospitals Case Medical Center Institutional Review Board specifically
approved this study), into vacutainers with EDTA to inhibit coagulation. Samples were then
separated into plasma, bufty layer, peripheral blood mononuclear cells (PBMCs) and erythro-
cytes (RBCs) fractions by density gradient centrifugation using Ficoll-Paque Plus (GE Health-
care) under their supplied protocol within an hour of blood collection. The intact
mitochondria were then isolated from these fractions.

Modified DC isolation for blood

We used a modified protocol from the Qproteome kit (Qiagen), omitting the lysis step then
using 2 mls of the separated fractions and centrifuging at 1,000 x g for 10 minutes at 4°C. We
transferred the supernatant to a clean tube and centrifuged again at 6,000 x g for 10 minutes at
4°C. The pellet was resuspended in 1 ml mitochondrial storage buffer and centrifuged at

6,000 x g for 20 minutes at 4°C. MtDNA was extracted from pellet as stated above.

Modified MB isolation for blood

We used a modified protocol from the Mitochondrial Isolation kit (Miltenyi Biotec) to isolate
intact mitochondria from blood fractions. The subcellular organelle was magnetically labeled
with the anti-TOM22 microbeads immediately after centrifugation by incubating 2.5 mls of
each of the separated fractions with 75 pl of microbeads in a total volume of 15 mls with sepa-
ration buffer for 60 minutes at 4°C on a nutator. The pull down was completed as per the Mil-
tenyi Biotec protocol. MtDNA was extracted from pellet as stated above.

Real-Time quantitative PCR

Following double-stranded DNA quantification using Quant-iT PicoGreen dsDNA Assay kit
(Life Technologies), relative and absolute copy numbers were determined by qPCR using a

PLOS ONE | DOI:10.1371/journal.pone.0139253 October 21, 2015 3/183



@’PLOS ‘ ONE

PCR-Free Enrichment of mtDNA for Next-Generation Sequencing

7300 Real Time PCR system (Life Technologies). We used human RNAse P Tagman Copy
Number Reference Assay, Tagman 18S Endogenous Control, and Tagman MT-ND1 Gene
Expression Assay (Life Technologies). The Minimum Information for Publication of Quantita-
tive Real-Time PCR Experiments (MIQE) guidelines [7] were adhered to. Each 96-well plate
included a po negative control consisting of human DNA devoid of mtDNA [8] (RhoZero).
Standard curves for both mtDNA and nDNA assess primer PCR efficiency with slopes between
-3.6 and -3.1. Quantification for copy number was based on standard curves determined from
a serial dilution of pooled female human genomic DNA (Promega). The relative standard
curve method was used to calculate target mtDNA copy abundance in each sample normalized
to the nDNA target. Each reaction produced the average threshold cycle (C;) amounts for
mtDNA and nDNA. To calculate AC, we used the average C, value for mtDNA less the average
C, value for nDNA. The amount of mtDNA relative to nDNA is determined by 274",

Long Range PCR of the mitochondrial genome

MtDNA was amplified using long range PCR resulting in two long overlapping fragments

of ~8.5 kb each. Specifically, primer sequences used were AAATCTTACCCCGCCTGTTT
(forward) and AATTAGGCTGTGGGTGGTTG (reverse) for one amplicon, and GCCATAC
TAGTCTTTGCCGC (forward) and GGCAGGTCAATTTCACTGGT (reverse) for the other.
Long range PCR was completed using Advantage GC Genomic LA Polymerase Mix (Clon-
tech), which includes a proofreading enzyme and a hot-start antibody. Long range PCR reac-
tion conditions were 94°C for 1 min, 30 cycles of 94° for 30 seconds, 56°C for 30 seconds, 72°C
for 9 minutes with a final extension of 72°C for 5 minutes. PCR products were run on a 0.8%
agarose gel, then the expected 8.5 Kb fragments were excised. DNA was extracted using a
QIAEX II Gel Extraction Kit (Qiagen). Quantification was assessed by Nanodrop.

Exonuclease digest

Digestion of linear DNA was performed using Plasmid Safe ATP-dependent DNAse (EpiBio).
Manufacturer’s protocol was followed, except that all volumes were halved save that of ATP.
Total input DNA varied between 2 to 50 ng, which was incubated for 30 minutes.

Isolation of cell-free DNA

PureLink Viral RNA/DNA kit (Life Technologies) was used to isolate cell-free DNA (cfDNA)
as per manufacturer’s instructions.

Library preparation and NGS

For each sample, 1 ng of DNA was indexed using the Nextera XT library preparation kit (Illu-
mina). During the Nextera procedure, after the tagmentation, amplification, and PCR cleanup
steps, fragment size distribution was assessed using the Bioanalyzer (Agilent) and total DNA
concentration was determined using the PicoGreen assay. Inputs were normalized accordingly.
The remainder of the library preparation was performed as per manufacturer protocols. In
each run, a p° sample was included as a negative control. DNA sequencing was performed on
the Illumina MiSeq, generating paired-end 150 bp reads.

NGS data processing

From the.fastq files, reads were sorted into individual files based on their adapter sequences.
Adapter sequences were automatically removed and quality trimming performed by the
Mlumina software, followed by alignment to a modified human genome build hg19 using
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BWA [9] version 0.7.5a-r405 with the "sampe" option. Hg19 was modified by removing
the original chrM and replacing it with the revised Cambridge Reference Sequence
(rCRS; NC_012920.1) [10]. Samtools version 0.1.18 was used to sort and index the bam
files. The Picard (version 1.93) tools AddOrReplaceReadGroups (with options SORT_
ORDER = coordinate and VALIDATION_STRINGENCY = SILENT) and MarkDuplicates
(with options CREATE_INDEX = true, VALIDATION_STRINGENCY = SILENT,
ASSUME_SORTED = true, and REMOVE_Duplicates = true) were applied to sort the .sam file
and remove any PCR duplicates. At this stage the number of reads mapping to the mitochon-
drial genome and the nuclear genome were tallied to compute enrichment in mtDNA. Version
2.6-5 of the Genome Analysis Toolkit (GATK) [11] was used to ensure quality variant calls.
Following best practices, "walkers" used (in order) were: RealignerTargetCreator with the-L
chrM:1-16569 option specified; IndelRealigner; Picard's FixMateInformation; BaseRecalibra-
tor with dbSNP version 137; PrintReads with the-BQSR option; UnifiedGenotyper with
options-glm BOTH (genotype-likelihoods model calling both SNPs and indels)-stand_call_-
conf 50.0-stand_emit_conf 10.0-dcov 1000-L chrM:1-16569, and the-D option; and Variant-
Filtration using filters HARD_TO_VALIDATE (MQO > = 4 && ((MQO0 /(1.0 * DP)) > 0.1),
LowCoverage (DP<5), LowQuality (QUAL<100.0), LowQD (QD<1.5), and StrandBias
(FS > 40.0). The resulting.vcf file was then used to identify variants from those that passed the
filters.

Overall, PCR duplicate rate ranges from <0.1% to 15.8% for all mapped reads (mean 3.1%),
and from 0% to 15.7% for mtDNA mapped reads (mean 5.5%). PCR duplicate information is
summarized in S1 Table.

Expected proportion of mtDNA reads in NGS data from unenriched total
genomic DNA

The theoretical unenriched proportion of reads expected to come from mtDNA is computed
assuming approximately 660 copies of the mitochondrial genome per cell:

660 copies x 16569 bases

%mitochondrial reads =
orrochondial reads (660 copies x 16569 bases) + (2 copies x 3.2 billion bases)

~ 0.2%.

Here the estimated 660 copies is derived from qPCR of pooled female human genomic
DNA from blood (Promega), where the mitochondrial MT-NDI locus was estimated to have
approximately 330 times more copies than the (two-copy) RNAse P locus (S2 Table). The
same qPCR experiment was performed using one of our normal blood samples, with very simi-
lar results (S2 Table).

Sanger sequencing validation

NGS library-prepared products were sequenced using BigDye Terminator (Life Technologies)
chemistry on an ABI3730 automated DNA sequencer (Life Technologies).

Data availability
Data is freely available for download from Dryad at http://dx.doi.org/10.5061/dryad.bq4t8
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Fig 1. qPCR assessment of mtDNA enrichment for DC and MB isolation in cell lines. Here the mitochondrial genome is represented using the MT-ND1
gene locus. As nuclear comparators, the genes RPPH1 (A) or 18S (B) are used. Error bars represent + one standard deviation from the mean. In (A), the 27,
vertical axis represents the estimated amount of MT-ND17 as compared to RNAse P. In (B), the vertical axis is scaled relative to the baseline total genomic DNA
(gDNA) samples (COLO 829BL gDNA and COLO 829 gDNA). Note that, in both cases, DC isolation yields the most robust enrichment.

doi:10.1371/journal.pone.0139253.g001

Results
Measuring enrichment in cell lines using gPCR

We first tested the isolation procedures on the metastatic melanoma cell line COLO 829 and its
matched normal lymphoblast line COLO 829BL [12]. Before proceeding to next-generation
sequencing, we assessed enrichment using qPCR. Since MT-NDI is present at hundreds to
thousands of copies per cell, using a two-copy gene as a comparator limits precision in measur-
ing relative abundances of mtDNA across samples. 18S is present at some 300-400 copies per
cell [13], closer to mitochondrial genome abundance. Using 18S as the nDNA reference allows
more precise assessment of relative mitochondrial enrichment between samples, while using
the RNAse P gene allows some estimate of per-cell mtDNA copy number since RPPH1 is pres-
ent at two copies per cell.

Real-time qPCR comparing mtDNA abundance using the RNAse P gene (Fig 1A) showed
considerable enrichment for cells subjected to DC as compared to total genomic DNA baseline,
for both COLO 829 and COLO 829BL. The MB COLO 829BL isolate also showed enrichment,
albeit to a lesser degree. Using 18S as the nDNA representative (Fig 1B) shows 1.2- to 2.2-fold
enrichment for MB isolation and 3- to 4.4-fold enrichment for DC isolation. Since our goal is
to assess relative mtDNA enrichment between samples, for the remainder of this study we use
18S as the nDNA representative since, as discussed above, measurements of its relative abun-
dance are likely to be more accurate.

Next-generation sequencing of cell lines

We next performed NGS on the cell isolates (NGS Run 1). MtDNA enrichment can be mea-
sured in NGS data as the proportion of reads mapping to mtDNA vs. nDNA. Compared to the
mtDNA proportion of ~0.2% expected from unenriched total genomic DNA, both MB and DC
isolation showed some enrichment for both COLO 829 and COLO 829BL (Table 1), but still
had majority residual nDNA. Unsurprisingly, the highest level of enrichment was observed
from samples undergoing long-range PCR, with greater than 95% of reads mapping to the
mitochondrial genome. However, comparing sequence content from the amplified DNA sam-
ples with those not subjected to long-range PCR (LR) revealed artifacts. We found that COLO
829 LR showed significant heteroplasmy at position 3850 that was absent in the unamplified
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Table 1. NGS Summary of Run 1.

Run Sample

COLO 829BL MB
COLO 829BL DC
COLO 829BL LR
COLO 829BL MB LR
COLO 829BL DC LR
COLO 829 MB
COLO 829 DC
COLO 829 LR
COLO 829 MB LR
COLO 829 DC LR

- 4 a4 a4 a4 a4 a4 A A

Total Reads

226596
260994
183386
246128
202558
219310
191944
209776
192530
172378

Reads Aligned (% of total)

210702 (92.99%)
243342 (93.24%)
157724 (86.01%)
203366 (82.63%)
171531 (84.68%)
205121 (93.53%)
177542 (92.45%)
175910 (83.86%)
165247 (85.83%)
149276 (86.60%)

MB: Magnetic Bead Separation, DC: Differential Centrifugation, LR: long-range PCR

doi:10.1371/journal.pone.0139253.t001

Reads Aligned to Mitochondrial Genome (% of aligned)

662 (0.31%)
1018 (0.42%)
156215 (99.04%)
201402 (99.03%)
171124 (99.76%)
1024 (0.50%)
10116 (5.70%)
175173 (99.58%)
164517 (99.56%)
148621 (99.56%)

cell line DNA (Fig 2A). Sanger sequencing of the LR DNA sample confirmed the heteroplasmy
call and its absence in the original sample (Fig 2B and 2C). Given this defect, we restricted fur-
ther investigation to the procedures that did not involve PCR amplification before library
preparation.

Exonuclease digest boosts mtDNA enrichment

To further enrich our samples for mtDNA content, we explored the use of an exonuclease
digest. Since the mitochondrial genome is circular, exonuclease should preferentially eliminate
(linear) nDNA. qPCR analysis of COLO 829 showed that the digest provided substantial gains
in enrichment from both DC and MB isolation in both cell lines (Fig 3). Overall, the best result
was obtained using DC isolation followed by exonuclease digest, with enrichment nearly
20-fold over gDNA.

MtDNA enrichment in blood

There are a number of possible procedures for mtDNA enrichment in blood (summarized

Fig 4). Isolation may be performed from any of the blood fraction components, and DC or MB
isolation (or neither) may be followed by exonuclease digest. We sought to assess all of these
enrichment procedures using qQPCR and NGS data. As an unenriched baseline, we used total
genomic DNA from peripheral blood mononuclear cells (PBMCs).

We were unable to obtain adequate quantities of DNA in the plasma isolates and red blood
cell (RBC) fractions, as would be expected, but the buffy coat fraction shows strong mtDNA
enrichment after DC and MB isolation, according to gPCR (Fig 5). The MB isolation yielded
insufficient DNA for exonuclease digest, but enrichment in the DC isolate was substantial fol-
lowing the digest, recapitulating observations from the cell lines.

Optimizing next-generation sequencing of MtDNA in blood and cells

As a final assessment, we performed two additional NGS runs (2 and 3), each containing a cell
line sample (COLO 829 and COLO 829BL, respectively) and blood samples (donors 1309 and
1312, respectively). Given the results from the qPCR experiments, we focused on the buffy coat
fraction of the blood samples. The NGS results again showed particularly high levels of enrich-
ment for DC followed by digest (Table 2). The near total absence of mitochondrial reads in the
p° sample demonstrates that our NGS analysis procedure is not confounded by the presence of
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Sample o0 REF A c G T N TOTAL
(A) name

COLO829 LR 3850 G 383 0 615 0 0 998
COLO829DC 3850 G 0 0 86 0 0 86

(B) COLO829 LR

L0 100
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_ — T B T .‘ " —— ‘_—-. A ‘- -~ -

-_— = =S =

(C) coLO829

20
1
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Fig 2. False heteroplasmy call and Sanger sequencing validation. (A) Table of showing counts, by allele, of all reads covering position 3850 counts. The
non-PCR amplified sample (COLO 829 DC) is purely homoplasmic reference (G), but the LR sample shows G/A heteroplasmy. Sequencing traces for the
COLO 829 LR (B) and COLO 829 gDNA(C) confirm that the PCR step did induce the false heteroplasmy. Position 3850 is indicated with the rectangle and
arrow in both panels, showing heteroplasmy (black and green peaks colocalizing) in the LR sample.

doi:10.1371/journal.pone.0139253.9002
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Fig 3. qPCR assessment of mtDNA enrichment from exonuclease digest in COLO829 cell line
isolates. Digestion substantially boosts enrichment levels over isolation alone.

doi:10.1371/journal.pone.0139253.g003

numts. However, the total reads from each sample varied considerably, ranging from 16,156 to
2,042,234 mapped reads. Sample-to-sample variation in reads mapped can raise problems
when designing experiments that require specific minimal read depths for each sample. We
therefore sought to better equalize input DNA amounts for each sample in the next run.
Toward this end, in our final run we more carefully normalized the input DNA amounts fol-
lowing adapter ligation (see Methods). This approach indeed resulted in better uniformity of
total reads per sample (Table 2). Maximal mtDNA enrichment, in both the blood and the cell
line, was again obtained from DC isolation followed by digest. We also included in NGS Run 3

Plasma

DC —[ Digest ]

MB

Buffy Coat

RBC’s

PBMCs |— Digest

Fig 4. Alternatives for isolating mtDNA from blood. After density gradient centrifugation, each fraction may be subjected to DC or MB isolation. From the
resultant DNA, exonuclease digest may also be performed. Note that there was not enough DNA available from plasma isolates or from RBC’s to perform
exonuclease digest or NGS.

doi:10.1371/journal.pone.0139253.9004
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Fig 5. qPCR assessment of mtDNA enrichment from blood sample 1312. The vertical axis is scaled relative to the baseline PBMCs ((MT-ND1-18s)/
PBMCs).

doi:10.1371/journal.pone.0139253.g005

cell-free DNA (cfDNA) from plasma. Although there is some degree of enrichment over base-
line, the level does not approach that in the digested isolates.

Discussion

In this study, we have compared various approaches to preparing mtDNA from human blood
and cell lines for NGS. Our conclusion here is that, among the various strategies examined, the
optimal is differential centrifugation isolation followed by exonuclease digest. In our hands,
this strategy yielded ~36% mtDNA reads in blood and ~37-62% in cell lines, which corre-
sponds to hundreds-fold enrichment over baseline. This level of enrichment exceeds that
which was previously reported in murine cell lines [14] (22.47% mtDNA reads) for MB
isolation.

Deep sequencing of mtDNA is necessary to detect low-level heteroplasmic variants, and to
accurately estimate relative abundances of different variant alleles in the cell. Accuracy has sub-
stantial clinical importance. For instance, the impact of a deleterious mtDNA mutation can be
very closely tied to its allelic abundance in patient cells [15].

If sequencing is performed on total genomic human DNA from lymphocytes, only ~ 0.2%
of the reads are expected to be mitochondrial. Therefore, if 100X average coverage of the mito-
chondrial genome is desired, it would be necessary to generate over 1.5 billion bases of
sequence. Enriching the sample for mtDNA therefore allows far more samples to be multi-
plexed on the same sequencing run, resulting in substantial cost savings. Minimizing nDNA

PLOS ONE | DOI:10.1371/journal.pone.0139253 October 21, 2015 10/13
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Table 2. Summary of NGS Runs 2 and 3 for Cell lines and Blood Components.

Run Sample

COLO 829 MB
COLO 829 DC

COLO 829 MB Digest
COLO 829 DC digest
0° gDNA

1309 PBMCs gDNA
1309 Buffy Coat MB
1309 Buffy Coat DC
1309 PBMCs Digest

1309 Buffy Coat DC
Digest

COLO 829BL gDNA
COLO 829BL MB
COLO 829BL DC

COLO 829BL gDNA
Digest

COLO 829BL MB Digest
COLO 829BL DC Digest
0° gDNA

1312 PBMCs gDNA
1312 Buffy Coat MB
1312 Buffy Coat DC
1312 PBMCs Digest

1312 Buffy Coat DC
Digest

3 1312 cfDNA

W W w w [ AT G \C R \O I \C R \C T \C TR \C I\ B )

W W W wwwowow

Total Reads Aligned (% of
Reads total)

1456822 1366821 (93.82%)
2042234 1880404 (92.08%)
22922 19349 (84.41%)
16156 13086 (81.00%)
854566 808326 (94.59%)
1998350 1877178 (93.94%)
1391126 1260611 (90.62%)
1681104 1550309 (92.22%)
260710 240976 (92.43%)
41528 38090 (91.72%)
441140 410072 (92.96%)
560102 512107 (91.43%)
1783560 1679059 (94.14%)
2276262 2087881 (91.72%)
1122872 920826 (82.01%)
370496 309341 (83.49%)
723274 628386 (86.88%)
1181402 1106903 (93.69%)
664134 616025 (92.76%)
566140 537704 (94.98%)
503418 472681 (93.89%)
431816 385146 (89.19%)
636960 596453 (93.64%)

Aligned to Mitochondrial Genome (% of
aligned)
6168 (0.45%)
105553 (5.61%)
1474 (7.61%) 0)
8085 (61.78%)
91 (0.01%)
10231 (0.55%)
16612 (1.32%)
60885 (3.93%)
20009 (8.30%)
9488 (24.91%)

1208 (0.29%
2034 (0.40%
29357 (1.75%
13817 (0.66%

- = = <

123541 (13.42%)
107139 (34.63%)
72 (0.01%)

1698 (0.15%)
13786 (2.24%)
4667 (0.87%)
18227 (3.86%)
125817 (32.67%)

4365 (0.73%)

*Fold enrichment is computed over unenriched gDNA from the the same sample.
NA: gDNA from COLO829 not included on this run. Results from DC digest are shown in bold.

doi:10.1371/journal.pone.0139253.t002

Enrichment*

NA
NA
NA
NA
0.02
1.00
2.42
7.21
15.23
45.70

1.00
1.35
5.94
2.25

45.54
117.57
0.04
1.00
14.59
5.66
25.14
212.95

4.77

content also reduces the risk of numt-induced artifacts. Long-range PCR clearly provides the
greatest level of enrichment, approaching 100% mtDNA reads. However, as we have shown,
sequencing artifacts can arise even when using a high-fidelity polymerase. These artifacts can
take the form of false variants, or shifts in relative allelic abundance at heteroplasmic sites. Fur-
thermore, performing long-range PCR can be difficult in settings where DNA quantity is scant.
This problem is particularly exacerbated when sequencing from blood, in which some fractions

have extremely low DNA content.

There are a number of other potential avenues for mtDNA enrichment. As an alternative to
amplification using long-range PCR, we have investigated the use of rolling circle isothermal

amplification with random primers [16]. However, large amounts of primer-dimers were gen-
erated in the no-template control (water), indicating that many of the reads in the NGS run
would be by-products of the amplification process. Another approach worth exploring would
be a refinement of the isolation, where the outer membrane is stripped off prior to DNA extrac-
tion and sequencing. This approach is motivated by the observation that, despite mitochon-
drial isolation, there still is substantial nNDNA contamination. It is therefore possible that DNA
is adhering to the mitochondrial outer membrane. This phenomenon has been observed for
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RNA [17], and was ameliorated by removing the outer membrane to create mitoplasts. In any
case, an ideal protocol would yield near-100% mtDNA reads without any amplification step.
However, even at the enrichment levels attained in the current study, approximately 100 sam-
ples could be sequenced on a single MiSeq run at an average coverage of 1000X.

Although next-generation sequencing costs continue to decrease, studies involving large
numbers of individuals still face limitations when using NGS technology. Mitochondrial DNA
sequencing has the economic advantage of an extremely small genome, but a priori separation
of the mitochondrial genome from the nuclear genome remains non-trivial. PCR can induce
sequence artifacts and may not be possible if the sample has low DNA abundance.

In this study, we have compared various approaches to isolating mtDNA from blood and
cell lines, and have concluded that the optimal approach entails differential centrifugation fol-
lowed by exonuclease digest. This latter step is a novel application, as the digest is typically
used to remove contaminating bacterial DNA from plasmid preparations. Our approach
enriches mtDNA content hundreds-fold over baseline, requires only 1 ng of starting material,
and does not involve PCR prior to library preparation. High throughput sequencing has much
promise to facilitate a deeper understanding of human mitochondria-related diseases. It is
therefore crucial that methods to ensure the most efficient and accurate assessment of mtDNA
content continue to be developed.

Supporting Information

S1 Table. Alignment statistics with and without duplicate removal.
(XLSX)

$2 Table. Estimated Copy number of (MT-ND1)-RPPH1 (2°*<Y).
(PDF)

Acknowledgments

The technical assistance of D’ Arbra Blankenship, Simone Edelheit and Milena Rajak and the
CWRU Genomics Core Facility is greatly appreciated.

Author Contributions

Conceived and designed the experiments: MPG TL BTG. Performed the experiments: MPG
CMB SM. Analyzed the data: MPG TL CMB SG. Contributed reagents/materials/analysis tools:
TL BTG SG. Wrote the paper: MPG TL.

References

1. Scharfe C, Lu HH, Neuenburg JK, Allen EA, Li GC, Klopstock T, et al. Mapping gene associations in
human mitochondria using clinical disease phenotypes. PLoS Comput Biol, 2009. 5(4): p. e1000374.
doi: 10.1371/journal.pcbi.1000374 PMID: 19390613

2. HeY,Wuld, Dressman DC, lacobuzio-Donahue C, Markowitz SD, Velculescu VE, et al. Heteroplasmic
mitochondrial DNA mutations in normal and tumour cells. Nature, 2010. 464(7288): p. 610—4. doi: 10.
1038/nature08802 PMID: 20200521

3. Hornig-Do HT, Ginther G, Bust M, Lehnartz P, Bosio A, Wiesner RJ. Isolation of functional pure mito-
chondria by superparamagnetic microbeads. Anal Biochem, 2009. 389(1): p. 1-5. doi: 10.1016/j.ab.
2009.02.040 PMID: 19285029

4. Franko A, Baris OR, Bergschneider E, von Toerne C, Hauck SM, Aichler M, et al. Efficient isolation of
pure and functional mitochondria from mouse tissues using automated tissue disruption and enrich-
ment with anti-TOM22 magnetic beads. PLoS One 2013. 8(12): p. €82392. doi: 10.1371/journal.pone.
0082392 PMID: 24349272

PLOS ONE | DOI:10.1371/journal.pone.0139253 October 21, 2015 12/183


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139253.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139253.s002
http://dx.doi.org/10.1371/journal.pcbi.1000374
http://www.ncbi.nlm.nih.gov/pubmed/19390613
http://dx.doi.org/10.1038/nature08802
http://dx.doi.org/10.1038/nature08802
http://www.ncbi.nlm.nih.gov/pubmed/20200521
http://dx.doi.org/10.1016/j.ab.2009.02.040
http://dx.doi.org/10.1016/j.ab.2009.02.040
http://www.ncbi.nlm.nih.gov/pubmed/19285029
http://dx.doi.org/10.1371/journal.pone.0082392
http://dx.doi.org/10.1371/journal.pone.0082392
http://www.ncbi.nlm.nih.gov/pubmed/24349272

@’PLOS ‘ ONE

PCR-Free Enrichment of mtDNA for Next-Generation Sequencing

10.

1.

12

13.

14.

15.

16.

17.

Cui H, Li F, Chen D, Wang G, Truong CK, Enns GM, et al. Comprehensive next-generation sequence
analyses of the entire mitochondrial genome reveal new insights into the molecular diagnosis of mito-
chondrial DNA disorders. Genet Med, 2013. 15(5): p. 388—94. doi: 10.1038/gim.2012.144 PMID:
23288206

Fendt L, Zimmermann B, Daniaux M, Parson W. Sequencing strategy for the whole mitochondrial
genome resulting in high quality sequences. BMC Genomics, 2009. 10: p. 139. doi: 10.1186/1471-
2164-10-139 PMID: 19331681

Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, et al. The MIQE guidelines: mini-
mum information for publication of quantitative real-time PCR experiments. Clin Chem, 2009. 55(4): p.
611-22. doi: 10.1373/clinchem.2008.112797 PMID: 19246619

Chandel NS, Schumacker PT. Cells depleted of mitochondrial DNA (rho0) yield insight into physiologi-
cal mechanisms. FEBS Lett, 1999. 454(3): p. 173—6. PMID: 10431801

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics, 2009. 25(14): p. 1754—60. doi: 10.1093/biocinformatics/btp324 PMID: 19451168

Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, Turnbull DM, Howell N. Reanalysis and revi-
sion of the Cambridge reference sequence for human mitochondrial DNA. Nat Genet, 1999. 23(2): p.
147. PMID: 10508508

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome Res,
2010. 20(9): p. 1297-303. doi: 10.1101/gr.107524.110 PMID: 20644199

Morse HG, Moore GE. Cytogenetic homogeneity in eight independent sites in a case of malignant mel-
anoma. Cancer Genet Cytogenet, 1993. 69(2): p. 108—12. PMID: 8402545

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing and analysis
of the human genome. Nature, 2001. 409(6822): p. 860—921. PMID: 11237011

Quispe-Tintaya W, White RR, Popov VN, Vijg J, Maslov AY. Fast mitochondrial DNA isolation from
mammalian cells for next-generation sequencing. Biotechniques, 2013. 55(3): p. 133-6. doi: 10.2144/
000114077 PMID: 24003945

Picard M, Zhang J, Hancock S, Derbeneva O, Golhar R, Golik P, et al. Progressive increase in mtDNA
3243A>G heteroplasmy causes abrupt transcriptional reprogramming. Proc Natl Acad Sci U S A, 2014.
doi: 10.1073/pnas.1414028111 PMID: 25192935

Wolff JN, Shearman DC, Brooks RC, Ballard JW. Selective enrichment and sequencing of whole mito-
chondrial genomes in the presence of nuclear encoded mitochondrial pseudogenes (numts). PLoS
One, 2012. 7(5): p. €37142. doi: 10.1371/journal.pone.0037142 PMID: 22606342

Mercer TR, Neph S, Dinger ME, Crawford J, Smith MA, Shearwood AM, et al. The human mitochondrial
transcriptome. Cell, 2011. 146(4): p. 645-58. doi: 10.1016/j.cell.2011.06.051 PMID: 21854988

PLOS ONE | DOI:10.1371/journal.pone.0139253 October 21, 2015 13/13


http://dx.doi.org/10.1038/gim.2012.144
http://www.ncbi.nlm.nih.gov/pubmed/23288206
http://dx.doi.org/10.1186/1471-2164-10-139
http://dx.doi.org/10.1186/1471-2164-10-139
http://www.ncbi.nlm.nih.gov/pubmed/19331681
http://dx.doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
http://www.ncbi.nlm.nih.gov/pubmed/10431801
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://www.ncbi.nlm.nih.gov/pubmed/10508508
http://dx.doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://www.ncbi.nlm.nih.gov/pubmed/8402545
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://dx.doi.org/10.2144/000114077
http://dx.doi.org/10.2144/000114077
http://www.ncbi.nlm.nih.gov/pubmed/24003945
http://dx.doi.org/10.1073/pnas.1414028111
http://www.ncbi.nlm.nih.gov/pubmed/25192935
http://dx.doi.org/10.1371/journal.pone.0037142
http://www.ncbi.nlm.nih.gov/pubmed/22606342
http://dx.doi.org/10.1016/j.cell.2011.06.051
http://www.ncbi.nlm.nih.gov/pubmed/21854988

