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Abstract

Standard methods for mitochondrial DNA (mtDNA) extraction do not provide the level of
enrichment for mtDNA sufficient for direct sequencing and must be followed by long-range-PCR
amplification, which can bias the sequencing results. Here, we describe a fast, cost-effective, and
reliable method for preparation of mtDNA enriched samples from eukaryotic cells ready for direct
sequencing. Our protocol utilizes a conventional miniprep kit, paramagnetic bead-based
purification, and an optional, limited PCR amplification of mtDNA. The first two steps alone
provide more than 2000-fold enrichment for mtDNA when compared with total cellular DNA
(~200-fold in comparison with current commercially available kits) as demonstrated by real-time
PCR. The percentage of sequencing reads aligned to mtDNA was about 22% for non-amplified
samples and greater than 99% for samples subjected to 10 cycles of long-range-PCR with mtDNA
specific primers.
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In mammalian cells, mitochondria are often present in thousands of copies, depending on the
cell type. Mitochondrial genomes lack histone protection and reside in close proximity to
reactive oxygen species. These factors, as well as limited fidelity of mtDNA replication and
repair machineries, ensure a much higher mutation rate in the mitochondrial genome than in
the nuclear genome (1,2), leading to heterogeneity within the mtDNA population (3,4).
However, any deleterious effects of random mutations in mtDNA are compensated by the
presence of multiple mitochondria in each cell. This decreased selection pressure allows
mutated mtDNA to accumulate over time, making mtDNA a powerful indicator of
detrimental effects of endogenous and environmental damaging agents, as well as overall
somatic deterioration. It is also known that inherited mutations in the mtDNA can cause

Address correspondence to Alexander Y. Maslov, Albert Einstein College of Medicine, Bronx, NY. alex.maslov@einstein.yu.edu.

Competing interests
The authors declare no competing interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quispe-Tintaya et al.

Page 2

human diseases or mitochondrial disorders such as maternally inherited diabetes and
deafness (5,6), mitochondrial myopathy (7), and even accelerated aging (8).

Currenly, next-generation sequencing (NGS) approaches are widely used for analysis of
mtDNA (9,10). However, despite the presence of multiple mitochondrial genomes in each
cell, mtDNA only comprises a small portion of total cellular DNA, thus making it necessary
to enrich samples for mtDNA before sequencing. Current methods for enrichment either
require special equipment (ultra-centrifugation in CsClI density gradients), application of
relatively expensive kits, or PCR amplification of mtDNA from total cellular DNA. This last
and most commonly used method is relatively cheap and efficient, but may lead to artifacts
as high number of PCR amplification cycles are often needed for sufficient enrichment. This
can lead to misinterpretation of results and, ultimately, incorrect conclusions.

To overcome these limitations, we have designed a fast, cost-effective, and reliable method
for preparation of samples highly enriched for mtDNA (Figure 1). This method includes two
steps—isolation of total cellular DNA enriched for supercoiled mtDNA using a conventional
bacterial miniprep kit followed by additional purification using solid phase reversible
immobilization on paramagnetic beads.

As proof of principle, we applied our method for the isolation of mtDNA-enriched cellular
DNA from mouse embryonic fibroblasts (MEFs). MEFs were harvested from E13.5
C57BI/6 mouse embryos and maintained in culture using standard conditions. Cultured cells
were collected into 10 mL of PBS using cell lifters to avoid excessive damage associated
with the application of trypsin. Next, MEFs were pelleted by centrifugation at 500 x g for 5
min. Approximately 17 million cells were used for each mtDNA extraction.

We assumed, as have others (11,12), that since mtDNA properties are similar to those of
bacterial DNA (i.e., it is supercoiled and its size is in the range of conventional plasmids), a
common miniprep kit can be used for extraction and enrichment of mtDNA from eukaryotic
cells. In our experiments we applied the QIAprep Spin Miniprep Kit (Qiagen, Germantown,
MD) as the first step for mtDNA isolation (Figure 1). The procedure was performed
according to the manufacturer's recommendations, and DNA was eluted into 100 pL of
elution buffer. Next, the mtDNA-enriched fraction was purified using Agencourt AMPure
XP system (Beckman Coulter, Brea, CA). The beads were added in a 0.4x proportion by
volume, collected on the magnetic stand, and washed twice with freshly prepared 70%
ethanol. After air-drying the beads, the mtDNA was resuspended in 25 pL of 0.1x TE buffer.
In parallel, mtDNA was isolated using two different commercial kits, the Mitochondrial
DNA Isolation Kit (BioVision, Milpitas, CA) and the Mitochondria Isolation Kit (MACS)
(Miltenyi Biotec Inc., Auburn, CA). In the latter case, DNA from isolated mitochondria was
extracted using Quick-gDNA Blood miniprep kit (Zymo Research, Irvine, CA).
Additionally, total cellular DNA was extracted from the cell pellets using this last kit. DNA
obtained by these methods was also subjected for an additional purification step using 0.4x
AMPure beads as described above. To compare the levels of mtDNA enrichment obtained
with the different procedures we performed real-time PCR using genomic GAPDH as a
reference. The primers used were:
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GAPDH (amplicon size 84 bp): 5’-GGCTCCCTAGGCCCCTCCTG-3’ and 5’-
TCCCAACTCGGCCCCCAACA-3’

mtDNA (amplicon size 119 bp): 5’-CCCAGCTACTACCATCATTCAAGT-3’ and 5’-
GATGGTTTGGGAGATTGGTTGATGT-3’

The relative level of enrichment was calculated using the formula RQ = 2(-2ACY),_ The results
indicate that our method provides a considerable level of enrichment for mtDNA, as
compared with the two commercial kits tested (Table 1). We were able to achieve more than
3 orders of magnitude of enrichment as compared with total genomic DNA, whereas
standard kits provided roughly 10x enrichment. The additional bead purification step had an
effect only when applied to DNA samples extracted with the QIAGEN Kkit. Interestingly, the
QIAGEN miniprep kit applied without bead purification still achieved much better results
than any other specialized Kkit.

To test the suitability of the mtDNA enriched with the new method, we performed direct
next-generation sequencing, using the lon Torrent PGM platform (Life Technologies, Grand
Island, NYY), of (i) total cellular DNA, both un-amplified and enriched for mtDNA by 10
cycles of PCR amplification; (ii) mtDNA isolated by the two commercially available kits;
and (iii) mtDNA isolated by our method. PCR amplification of the total mitochondrial
genome was performed using Q5 High-Fidelity DNA polymerase (New England Biolabs,
Ipswich, MA), and two primer sets.

First set (amplicon size 8.6 Kb): 5’-~AGCAAAAGCCCACTTCGCCA-3’ and 5’-
GGTTGGCCCCCAATTCAGGT-3’

Second set (amplicon size 8 Kb): 5’-ACCTGAATTGGGGGCCAACC-3’ and 5’-
TGGCGAAGTGGGCTTTTGCT-3’

PCR reactions were performed separately for each primer pair. Once the reaction was
completed, products were combined and purified using AMPure beads (1.5 x) as described
above.

Bar-coded sequencing libraries were prepared using the NEBNext Fast DNA Fragmentation
& Library Prep Set for the lon Torrent (New England Biolabs) and sequenced on the lon
Torrent PGM using the lon PGM Sequencing 200 Kit v2 (Life Technologies) and the lon
318 chip (Life Technologies) (Table 2). Results obtained for the sample purified with our
new procedure show that after 10 cycles of amplification for mtDNA, 99% of reads aligned
to the mitochondrial genome, whereas the un-amplified sample had about 22% of the reads
aligning to the mitochondrial genome (Table 3). In sharp contrast, we observed an alignment
of ~10% and ~35% for total cellular DNA and mtDNA extracted with the MACS,
respectively, but only after 10 cycles of amplification. Of note, direct sequencing after
MACS enrichment remains unfeasible.

Taken together, these results show that our new method is a convenient, fast, and cost-
effective means of preparing mtDNA, with or without limited PCR amplification, for next-
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generation sequencing. To our knowledge, this is currently the only approach allowing
direct sequence analysis of mtDNA after enrichment from total cellular DNA.
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Method summary

Here we present a fast and cost-effective two-step protocol for isolation of mtDNA from
mammalian cells that is suitable for NGS analysis: (i) extraction of an mtDNA-enriched
fraction using a common plasmid miniprep kit and (ii) further purification of mtDNA
using the Agencourt AMPure XP system. This method is capable of an up to ~2000-fold
enrichment of mtDNA, is superior to commercial kits, and costs a fraction of the price.
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Figure 1. Workflow for mtDNA isolation
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Enrichment of mtDNA over nuclear DNA using different isolation methods as measured by real-time PCR.

Sample Fold enrichment for mtDNA

Before AM Pure beads purification

After AMPure beads purification

Total cellular DNA 1.0+0.0 0.9+0.2
mtDNA Isolation Kit (BioVision) 11.0+15 9.1+12
Mitochondria Isolation Kit (MACS) 7.7 +4.6 6.9+4.1
QIAGEN Miniprep Kit 463.8+94.0 2028.0 £ 1455

Data are normalized to the total cellular DNA and shown as a mean + SD; n = 5.
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Table 2
Sequencing quality.
Total number  Total number of  Number of bases Averageread length Number of Aligned bases  Aligned bases
of reads bases with Q>20 aligned reads with Q>20
(MapQ>20)
5,747,206 884,456,037 741,502,606 154 3,905,208 602,315,529 508,604,702
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Sample

PCR enrichment

Number of aligned reads (MapQ
>20)

Aligned to mtDNA (MapQ>20)

Number of reads % of reads
Total cellular DNA No 583,809 80 0.01
10 cycles 324,310 30,914 9.53
mtDNA |solation Kit (BioVision) No 693,552 438 0.06
10 cycles 215,951 322 0.15
Mitochondria I solation Kit (MACS) No 667,856 710 0.11
10 cycles 400,926 139,081 34.69
QIAGEN Miniprep Kit and AM Pure Beads No 584,866 131,397 22.47
10 cycles 433,938 430,004 99.09
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