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[Abstract] Detecting heteroplasmies in the mitochondrial DNA (mtDNA) has been a challenge for many
years. In the past, Sanger sequencing was the main option to perform this analysis, however, this
method could not detect low frequency heteroplasmies. Massive Parallel Sequencing (MPS) provides
the opportunity to study the mtDNA in depth, but a controlled pipeline is necessary to reliably retrieve
and quantify the low frequency variants. It has been shown that differences in methods can significantly
affect the number and frequency of the retrieved variants.

In this protocol, we present a method involving both wet lab and bioinformatics that allows identifying
and quantifying single nucleotide variants in the full mtDNA sequence, down to a heteroplasmic load of
1.5%. For this, we set up a PCR-based amplification of the mtDNA, followed by MPS using lllumina
chemistry, and variant calling with two different algorithms, mtDNA server and Mutect.

The PCR amplification is used to enrich the mitochondrial fraction, while the bioinformatic processing
with two algorithms is used to discriminate the true heteroplasmies from background noise. The protocol
described here allows for deep sequencing of the mitochondrial DNA in bulk DNA samples as well as
single cells (both large cells such as human oocytes, and small-sized single cells such as human
embryonic stem cells) with minor modifications to the protocol.

Keywords: mtDNA, Massive parallel sequencing, Heteroplasmy, Long range PCR, Amplicon

sequencing

[Background] In the past, the methods used for studying the mtDNA were amongst others PCR-RFLP
(PCR-restriction fragment length polymorphism), Sanger sequencing and mitochondrial DNA re-
sequencing using Affymetrix’s MitoChip. However, these methods are not able to accurately quantify the
heteroplasmic load under 10%. Massive Parallel Sequencing (MPS) represents, in all likelihood, the
best solution to investigate variants in the mitochondrial genome. However, when analyzing mtDNA
there are two key factors that make mtDNA analysis less straightforward compared to the nuclear
genome. First, the mtDNA contains regions with significant homology to regions dispersed within the
nuclear genome called nuclear mitochondrial DNA sequences (NUMTS). Second, multiple mtDNA
copies are present within a cell, and variants can be present at frequencies ranging between 0 and
100%. For this reason, when performing MPS analysis of the mtDNA different strategies might be

applied to accurately identify and quantify single nucleotide variants (SNVs). The best approach to
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overcome the first problem is to enrich the sample for its mitochondrial genome only. This can be
achieved by selectively amplifying the mtDNA by long-range PCR, by isolating the mtDNA using mtDNA
enrichment kits, or by isolating the mitochondria themselves prior to DNA extraction (Just et al., 2015).
The second issue is more challenging. Whilst MPS provides the ideal type of data to simultaneously
identify SNVs and/or rearrangements and calculating their loads, the manner in which the data are
generated and processed will not only determine the type of variants that can be detected, but also their
lower threshold. If an SNV is present at a very low frequency, its signal will be undistinguishable from
the systems sequencing errors (Bai and Wong, 2004; Rohlin et al., 2009; Zhang et al., 2012; Ye et al.,
2014). Recently, many pipelines have been released to identify and quantify variants. However,
bioinformatic processing does not represent the only critical step in these analyses. In our hands, we
found that the initial amplification of the template is an extremely important step for the correct evaluation
of SNV frequencies, such that a suboptimal PCR amplification leads to a gross overestimation of the
retrieved frequencies (Zambelli et al., 2017). This is especially the case for PCR protocols with higher
cycle numbers and primer sets that do not result in a linear amplification. The method we present here
can be used to accurately detect and quantify single nucleotide variants at a low heteroplasmic load (as
low as 1.5%) in both bulk DNA samples and single cells (Zambelli et al., 2017 and 2018). We here
describe amplification conditions and bioinformatic processing for both bulk DNA and single cells with

detailed information and screenshots about the bioinformatic steps.

Materials and Reagents

96-well plate
200 pl Eppendorf tubes

3. LongAmp Buffer (LongAmp Taq DNA Polymerase kit) (New England Biolabs, catalog number:
MO0323L), stored at -20 °C

4. Taq LongAmp (LongAmp Tag DNA Polymerase kit) (New England Biolabs, catalog number:
MO0323L), stored and kept at all times at -20 °C

5. dNTP’s (dNTP sets, lllustra™) (VWR, catalog number: 28-4065-57), diluted to 2 mM and stored
at -20 °C

6. Tricine (Sigma-Aldrich, catalog number: T9784), diluted to 200 mM and stored at 4 °C

7. DTT (DL-Dithiothreitol) (Sigma, catalog number: D-0632), stored at 4 °C

8. NaOH (Stock solution: 1 M)

9. TBE buffer (1x) (Thermo Fisher Scientific, Invitrogen™, catalog number: 15581044)

10. Agarose (Agarose DNA Pure Grade, VWR, catalog number: 443666A)

11. PCR Purification Kit (AMPure XP for PCR purification, Beckman Coulter, catalog number:
A63882)

12. Primer set 1 (5042f-1424r) (Integrated DNA Technologies, diluted to 10 ymol, aliquoted and
stored at -20 °C)
Forward primer: 5'-AGC AGT TCT ACC GTA CAACC-3'
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13.

Reverse primer; 5-ATC CAC CTT CGACCC TTAAG-3'

Primer set 2 (528f-5789r) (Integrated DNA Technologies, diluted to 10 ymol, aliquoted and
stored at -20 °C)

Forward primer: 5'-TGC TAA CCC CAT ACC CCG AAC C-3'

Reverse primer: 5-AAG AAG CAG CTT CAAACC TGC C-3'

Note: These two primer sets (Items 12 and 13) were selected because they were able to amplify

large fragments of the mtDNA and tested negative when amplifying Rho Zero cells, indicating that

they did not amplify NUMTS in the nuclear genome. These primer sets were also evaluated for their

performance in low frequency heteroplasmy calling by performing spike-in experiments and were

shown to give the better estimation of the low frequency variants (Zambelli et al., 2017).

14.
15.
16.
17.
18.
19.
20.

Qubit™ dsDNA Broad Range Assay Kit (Invitrogen™, catalog number: Q32853)

Ethanol (80%)

Tris-HCI solution (10 mM, pH 8.0)

Library Preparation kit (KAPA HyperPlus kit, Roche, catalog number: 07962436001)
Fragmentation Kit (HS NGS Fragment Kit, Agilent, catalog number: DNF-474)

Tween 20 (Sigma-Aldrich, catalog number: P9416)

MPS Reagent Kit (NovaSeq6000 S2 Reagent Kit [200 cycles]) (lllumina, catalog number:
20012861)

21. Gel electrophoresis (see Recipes)
22. Alkaline Lysis Buffer (see Recipes)
23. EBT (Elution Buffer with Tris) buffer (see Recipes)
Equipment
1. Agarose Gel electrophoresis apparatus
2. Power Supply (Electrophoresis Power Supply—EPS 301) (GE Health Care, catalog number:
18113001)
3. Thermal Cycler (Veriti™ 96-Well, Applied Biosystems, catalog number: 4375786)
4. Magnet
5. Qubit Fluorometric Quantification (Invitrogen™, catalog number; Q33238)
6. Fragment Analyzer (Agilent formerly Advanced Analytical Technologies, Agilent,
https://www.aati-us.com/instruments/fragment-analyzer/)
7. Sequencing system (e.g., NovaSeq6000, lllumina, catalog number: 20012850)
Software
1. bcl2fastq conversion software v2.19 script (lllumina,
http://femea.support.illumina.com/downloads/bcl2fastg-conversion-software-v2-19.html)
2. Seqtk (https://bioconda.qgithub.io/recipes/seqtk/README.html)
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6
7
8.
9

BWA-MEM
GATK v3.3 (Broad Institute, https://software.broadinstitute.org/gatk/)
GATK v3.6 Mutect2 (Broad Institute,

https://software.broadinstitute.org/gatk/documentation/tooldocs/3.7-

O/org broadinstitute gatk tools walkers cancer m2 MuTect2.php)

Mpileup (SAMtools, http://samtools.sourceforge.net/mpileup.shtml)

mtDNA server (https://mtdna-server.uibk.ac.at/index.html)

MitoWheel (http://mitowheel.org/mitowheel.html)

Mitimpact (http://mitimpact.css-mendel.it/)

10. MutPred2 (http://mutpred.mutdb.org/)

Procedure

1.

Extraction of bulk DNA: extract DNA from the sample of interest.

a. The sample can be a bulk of tissue or cell lines. No special kit is required for bulk analysis,

for instance, we routinely use either the DNeasy kit from Qiagen or a phenol/chlorophorm

extraction followed by ethanol precipitation (Zambelli et al., 2018).

b. For single cells, we manually collect them with the aid of a stereomicroscope under a

horizontal flow in 2.5 pl of alkaline lysis buffer (200 mM NaOH and 50 mM DTT) in 200 pl
Eppendorf tubes (Spits et al., 2006) and store them at -20 °C. Before amplification, the

single cells are incubated for 10 min at 65 °C for lysis, then prepared for amplification as

under Step 3.
Dilute the DNA sample to a working solution of 10 ng/ul (only for bulk DNA).
Prepare the master mix as following:

Reagent Volume per sample (Bulk DNA) | Volume per sample (Single Cells)
LongAmp Buffer 10 ul 10 ul

dNTP’s 7.5l 7.5l

Forward Primer 2 ul 2 ul

Reverse Primer 2yl 2yl

Taq Polymerase LongAmp | 2 yl 2 ul

Tricine* 0 ul 2.5l

H20 21.5 pl 21.5 ul

*Tricine is used in the PCR reaction to buffer the alkaline lysis buffer used in the single cell
collection.

Aliquot 45 pl of the master mix to PCR tubes and add 5 pl of 10 ng/ul DNA for bulk.
Note: For single cells, add 47.5 yl/ of the master mix to the Eppendorf tubes with the cells

collected in the alkaline lysis buffer.
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5. Use the following PCR program:
a. step 1 (Initiation): 30 s at 94 °C
b. step 2 (8 cycles): 15sat94 °C
30 s at 64 °C minus 0.4 °C per cycle (this is the touchdown step)
11 min at 65 °C (for primer set 1) or 5 min at 65 °C (for primer set 2)
c. step 3 (22 cycles for bulk; 27 cycles for large single cells (human oocytes), 37 cycles for
other single cells):
15sat94 °C
30sat6l°C
11 min at 65 °C (for primer set 1) or 5 min at 65 °C (for primer set 2)
d. step 4 (Final): 11 min at 65 °C (for primer set 1) or 5 min at 65 °C (for primer set 2)
e. step 5: cooling step at 4 °C until storage.
6. Keep the amplicons stored at 4 °C (for short-term storage) or -20 °C (long-term storage) until
further processing.
7. Confirm successful amplification by running a gel-electrophoresis (1% for bulk, 1.5% for single
cells) (see Recipes).
8. Load 9 ul per sample on the gel and run the gel at 80 V for 1 h. Successful amplification should

be as shown in Figure 1.

Primer set 1 Primer set 2
12769 bp 5261 bp
(I T W |
e

Figure 1. Successful amplification of the two primer sets compared to a DNA ladder

shown by gel-electrophoresis

9. Clean up the samples with AMPure beads as follows.
Note: This is usually done in batches of 96 samples in a 96-well plate.

Add 54 pl of AMPure beads to 30 pl of each amplicon (the ratio is 1.8x).

o

Mix the samples by pipetting up and down and incubate the samples for 5 min at room
temperature.

Place the samples on the magnet for 5 min or until the solution is clear.

Add 200 pl ethanol (80%).

c
d. Remove the supernatant without disturbing the beads.
e
f. Incubate the samples for 30 s on the magnet.
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Remove the supernatant without disturbing the beads.

h. Repeat Steps 9e-9g.

i. Letthe beads dry for 5 min at room temperature.

j-  Remove the samples from the magnet.

k. Add 30 pl of Tris-HCI (10 mM, pH 8.0) and incubate the samples for 2 min at room
temperature.

I.  Place the samples on the magnet until the solution is clear.

m. Transfer the supernatant into a new 96-well plate.

10. Quantify the DNA concentration of the samples using the Qubit according to the manufacturer’s
instructions.

11. Pool the amplicons of primer sets 1 and 2 together per sample, and to maintain a uniform
coverage, the amplicons need to be mixed in a 0.35/0.65 ratio (35% of the shorter amplicon
generated by primer set 2 and 65% of the longer amplicon generated by primer set 1). Use a
total of 500 ng DNA in 17.5 pl Tris-HCI (10 mM, pH 8.0).

Note: The procedure is also possible for each amplicon separately, again with a total of 500 ng.

12. Prepare the library with the KAPA HyperPlus Kit using half of the reagent volumes as specified

by the supplier. This is the protocol in summary:

a. Prepare the fragmentation mix (on ice):

Component Volume per sample
KAPA Frag Buffer (10x) 2.5 ul
KAPA Frag Enzyme 5yl

b. Vortex the fragmentation mix and spin down.
c. Add 7.5 pl of the fragmentation mix to 17.5 ul of the purified DNA sample and mix by
pipetting (work on ice).
d. Incubate the samples in a thermocycler (lid heated at 50 °C).
10 minat4°C
15 min at 37 °C
Keep the samples at 4 °C
e. Proceed immediately to the End Repair and A-tailing.

f. Prepare the End Repair and A-tailing mix as follows:

Component Volume per sample
End Repair & A-Tailing Buffer 3.5l
End Repair & A-Tailing Enzyme Mix 1.5l

Mix the End Repair and A-tailing mix by vortexing and spin down.
h. Add 5 pl of the End Repair and A-tailing mix to the fragmented DNA.
i. Incubate the samples in the thermocycler (put the lid on 85 °C).

30 min at 65 °C
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Keep the samples at 4 °C.
j- Proceed immediately to the Ligation step.

k. Prepare the Ligation mix as follows:

Component Volume per sample
Ligation Buffer 15yl
DNA Ligase 5yl

[.  Mix the Ligation mix by pipetting up and down.
m. Add 20 ul of the Ligation mix to 30 pl of the End Repaired and A-tailed DNA.
n. Add a unique adapter per sample: 5 yl of 7.5 uM lllumina TruSeq Unique Dual (UD) indexed
adapter.
Note: These adapters may be custom produced by an oligo supplier (e.g., Integrated DNA
Technologies) or may be purchased as a kit (e.g., IDT for lllumina—TruSeq DNA UD Indexes).
Be aware that most suppliers deliver ready-made adapters at 15 yM while in this protocol
we use 7.5 uM.
0. Mix thoroughly by pipetting.
p. Incubate the samples in a thermocycler (no heated lid) for 15 min at 20 °C.
g. Proceed immediately with the bead sample clean up.
13. Clean up the libraries with AMPure beads as follows:
a. Add 44 pl of AMPure beads to 35 pl of the library (the ratio is 0.8x).
b. Mix the samples by pipetting up and down and incubate the samples for 5 min at room
temperature.
Place the samples on a magnet for 5 min or until the solution is clear.
Remove the supernatant without disturbing the beads.
Add 200 pl of ethanol (80%).

Incubate the samples for 30 s on the magnet.

-~ o a o

Remove the supernatant without disturbing the beads.

° e

Repeat Steps 13e-13g.

Let the beads dry for 5 min at room temperature.
j-  Remove the samples from the magnet.
k. Add 27 pl of Tris-HCI (10 mM, pH 8.0).
[.  Incubate the samples for 2 min at room temperature.
m. Place the samples on the magnet until the solution is clear.
n. Transfer 25 pl of the eluate to a new 96-well plate.
Note: This can be a stopping point. Keep the samples in the fridge (4 °C) for 24 h, or for longer
storage, keep them in the freezer (-20 °C).
14. Size-select the libraries with AMPure beads as follows:
a. Add 75 pl of nuclease-free water to the purified libraries.
b. Add 50 ul of AMPure beads to 100 pl of the library (the ratio is 0.5x).

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 7
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c. Mix the samples by pipetting up and down and incubate the samples for 5 min at room
temperature.

d. Place the samples on the magnet for 5 min or until the solution is clear.

e. Transfer 140 pl of the supernatant to a new 96-well plate.

f.  Add 20 pl of AMPure beads to 140 pl of supernatant (the ratio is 0.7x).

g. Mix the samples by pipetting up and down and incubate the samples for 5 min at room
temperature.

h. Place the samples on the magnet for 5 min or until the solution is clear.

i. Remove the supernatant without disturbing the beads.

j- Add 200 pl of ethanol (80%).

k. Incubate the samples for 30 s on the magnet.

I.  Remove supernatant without disturbing the beads.

m. Repeat Steps 14j-14l.

n. Letthe beads dry for 5 min at room temperature.

Remove the samples from the magnet.

Add 15 pl of Tris-HCI (10 mM; pH 8.0).

Incubate the samples for 2 min at room temperature.

2 T ©

-

Place the samples on the magnet until the solution is clear.
s. Transfer 13 pl of the eluate to a new 96-well plate.
Note: This can be a stopping point. Keep the samples in the fridge (4 °C) for 24 h or, for longer
storage, keep them in the freezer (-20 °C).

15. Check the quality of the final library (1/10 dilution of the prepared library) by electrophoresis on
the AATI Fragment Analyzer using the HS NGS Fragment Kit. An example of successful libraries

is shown in Figure 2.
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Figure 2. Successfully prepared libraries shown by electrophoresis on an AATI Fragment

Analyzer
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16. Quantify all samples using the Qubit according to the supplier’s instructions.
17. Use the average size (smear analysis on the AATI Fragment Analyzer between 200 and 1500
base pairs) and the Qubit concentration, to calculate the molarity of the obtained library. Use

the formula below:

Qubit concentration (%)
W x 108

Molarity (nM) =
olarity (nM) Average size (base pairs)x 649

18. Dilute all libraries to 2 nM in EBT buffer.

19. Pool all the samples by combining equal volumes of each 2 nM library.

20. Load the samples on the lllumina platform of choice. For the lllumina NovaSeq6000, perform
the library denaturation as mentioned in the NovaSeq6000 Sequencing System Guide
(Document 1000000019358v11). For 96 samples, use 6% capacity (matching the denaturation
of 9 pl of 2 nM library pool) of the NovaSeq6000 S2 Reagent Kit (200 cycles).

Data analysis

1. Demultiplex the base call (.bcl) files to .fastq files with lllumina bcl2fastq v2.19 script.

2. Extract ad random 1.5 million reads from the .fastq files with the ‘seqtk’ tool.
Note: This is to reduce the number of reads because a high number can cause computational
problems in Step 6.

3. Align the .fastq file to the reference genome (NC_012920.1) and generate a .bam file using
BWA-MEM.

4. Realign for insertions and deletions and base recalibrations (from .bam to .bam) with GATK v3.3.
For variant calling, use the tool GATK v3.6Mutect2 (from .bam to .vcf).

Note: The code for the previous steps 1-5 can be found in the Supplementary File 1.

6. Upload the .bam file to mtDNA server (https://mtdna-server.uibk.ac.at/index.html).

The mtDNA server report shows:

a. Heteroplasmic variants (an example is shown in Figure 3).

Detected Heteroplasmies

This interactive table shows the detected heteroplasmic sites per sample. The heteroplasmy level (HET.LEVEL) always displays the percentage of the minor component.

Show 10 4 entries Search:
TYPE: 1 = reflable hteropleamy; 2 = Hetsropiasmy I kow complexky regon (LR 8 = MalorMincr componant ars swapped fo forward nd reverse srand

] POS = rCRS HETLEVEL ~ MAJORMIN FWD.REV TYPE | NUMTs NUMTs.locati rding.D:

-238-4_TC! TCTGA_sorted.clipped 152 00345 TIC 3863/ 1586 1 chr17:22020727-22020961

REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA sorted.clipped 210 00308 AG 3856 /3086

REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA sorted.clipped 3044

=
A

-238-4_TCC TCTGA_sorted.clipped 526 G 00390 G/C 2908/3151
T 00569 T/C 7387 /6463
5

-238-4_TCC TCTGA_sorted.clipped 10983 00067 T/C 3102/5677

Figure 3. Report of the detected heteroplasmic variants by mtDNA server

b. Homoplasmic variants (an example is shown in Figure 4).
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Detected Homoplasmies

This interactive table shows the detected variant sites per sample. The column AAG represents the Amino Acid Change, the MutPred Score (0-1 where values >0.5 are considered harmful and > 0.75 considered highly harmful) and mtDNA Selection Score (values < 1 indicate weak or no
harming effects) are pathogenicity scores. The HaploGrep scores (n.d.; 1-10) indicate if the variant is present in the current Phylotree (1-10) otherwise (n.d.). The closer the value to 1, the higher it is fluctuating, and the closer to 10 (indicating it is only presented in one branch in Phylotree,
rendering it more stable). Details to be found in the Supplemental Material of the HaploGrep2 Paper.

Show 10 + entries Search:

D 1EY POS MuT FWD REV Locus AAC MutPred SelectionScore Haplogroup
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 13395 A>G 5312/5317 5791/5799 MT-CYB . . . yes(7.2)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 16354 C>T 1999/2012 5283/5313 MT-DLOOP1 . . . yes (6.2)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 263 A>G 3726/3729 3239/3243 MT-DLOOP2 . . . yes (8.8)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 3107 N>T 138/179 127/191 MT-RNR2 . . . no(n.d.)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 750 A>G 7831/7835 11325/11336 MT-RNR1 . . . yes (10.0)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 8860 A>G 5189/5192 5611/5617 MT-ATPE T112A 0.369 0.287 yes (10.0)
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA _sorted.clipped 951 G>A 13163/13176 12551/ 12566 MT-RNR1 . . . yes(7.2)

Figure 4. Report of the detected homoplasmic variants by mtDNA server

c. Haplogroup and possible contamination with other haplogroups (an example is shown in

Figure 5).

Classified Haplogroups

Detected haplogroups using HaploGrep based on Phylotree 16. Several coverage values, the average heteroplasmy level (HET.LEVEL) and the amount of detected heteroploasmies (HET.COUNT) are displayed.

Show 10 4 entries Search:
SamplelD |5 Haplogroup Quality mean.COV.FOR mean.COVREV min.COV MDNA.COVERED HET.Level HET.Count
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA sorted.clipped H2a1b 946 6831.916 6823.1 263 16568 0033579 5

Showing 1t 1 of 1 entres proviovs [l vex

Haplogroup Potential Contamination / Haplogroup Conflicts

A sample is listed as a possible contamination, if the major and minor haplogroup of p " Always verify. by checking distance of the two haplogroups using Phylotree.
Show 10 ¢ entries Search:
Sampleld |5 Haplogroup HaploMajor HaploMinor
REGE-G-MITO-Z38-4_TCCGGAGA-GGCTCTGA sorted.clipped Healb Hzatb Hat
Showing 1 to 1 of 1 entries Previous Next

Figure 5. Report of the haplogroup detected by mtDNA server

d. Coverage plot (an example is shown in Figure 6).

Coverage Plots

The dotted line in purple shows the mean coverage over all analysed samples. The dotted line In turquoise shows the mean coverage for this specific sample.

REGE-G-MITO-Z238-4_TCCGGAGA-GGCTCTGA_sorted.c

40000 =
30000 -

20000 -

Coverage

0 .‘:I]I(}I] 1 Zl(.] 00 1}.!‘](}!]
mtDNA position

Figure 6. Example of a coverage plot provided by mtDNA server

8. Open the Mutect file and sort the variants per frequency.

a. Open the Mutect file and follow the process shown in Figure 7:

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 10
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Text Import Wizard - Step 1 of 3 ? X Text Import Wizard - Step 2 of 3 ? X

The Text Wizard has determined that your data is Fixed Width, This screen lets you set the delimiters your data contains, You can see how your text is affected in the

If this is correct, choose Next, or choose the data type that best describes your data. preview below.
Original data type Delimiters
ile type that best describes your data Tab
- Characters such as commas or tabs separate each field. [ semicoion [ Treat consecutive delimiters as one
ixed width - Fields are aligned in columns with spaces between each field. O] comma
= Text qualifier: |~ v
[ space
Start import at row: |1 5| File origin: | MS-DOS (PC-8) v [] other:
[[] My data has headers.

Data preview
Preview of file Z:\loke _Mertens\Experiments\Run MPS\2018_10\...\REGE-G-MITO-W1_mutectvcf.

gs#fileformat=VCFv4.2 A
<ID=alt_allele_in_normal,Description="Evidence seen in the nor
<ID=clustered_events,Descripti

$fileformat=VCFv4 .2 ~
ID=alt_allele_in_normal,Descripti
ID=clustered_events,Descriptions ustered events cbserved in thej

DEQ“N”“‘_““’D?”“P“"‘: O ID=germline_risk,Description= dence indicates this site is ge
<ID=hemologous_mapping_event,Description="More than three events|v ID=homologous_mapping_event, Description="More than three events v
% >

>
Cancel Einish Cancel < Back

vidence seen in the normal

Einish

Text Import Wizard - Step 3 of 3 ? %

This screen lets you select each column and set the Data Format.
Column data format

@ General )

“General’ converts numeric values to numbers, date values to dates, and
O Text all remaining values to text.
QO pate: |DMY v Advanced...

(O Do not import column (skip)

Data preview

Cancel < Back

Figure 7. Sequential steps to open a Mutect file in a Microsoft Office Excel. Make sure that
“Delimited” is indicated in step 1 and follow the standard settings.

b. When the file is opened, select the complete column below cell J39 as shown in Figure 8.

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 11
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Figure 8. Lay-out when a Mutect file is opened and the complete column below cell J39
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C.

shown

in Figure 9.

Homo Insort__Pago Layout _Formuias_[JCH
D ) 5 5
= L A ¢ i 5" L 2| @ 3
e From) New Diasese | Persen 4 s Ao G avaces | oo flrum romowe oma comotome Wt G Ungr St
S ol cauma| T cupicnes vaiision Ay
139 5 f | 0/1:5897,19:3.2446-03:11:8:0.421:183329,484:3055:2842
A . < D . . o " . i x R ) D a o« s T [ VoW« v M om x
1 sl
2 EBFTER el sl s esrios“Edderc s inth o sl
: 2
X ks
s i« -
H ot sl .1
7 o -
& TR S
5 AFILTER—lt o o DescrptionTumo o ok meet b thrshle'>
0 e pscion
i
b b1
5 itz umber1. -
10 s a1 S
1 S
1 >
n ; pe
18 BEORATC-GT NurmberTye-Stiog Deseptlan- Gt
i E
» S
2 ez, pecticain's
n “sun >
n ¥ g
h Farimber.
3 Pt s Y  coo1s o 5 2_soe relped
) Numbers,
o umbers,

» o)
25 #HINFO=CID=MIN
0

35 SHINFO=<ID=TLOD Number=1Type=Sting
36  sscontg=<iDechiM engihe16569>

Descrpton="Tumor LOD score’>

H
2o 108 IR AT QUL ATER O FOMNAT AGEGMTO i TCGGAGAGGEICTGA A2
% Gt n PO s
o i " Tl ot
i o 4 R bty 4
@ o 0 PO Fre
i o i ER: o
Py e T ot
i o 2o P e
s e e PR by arosinz:
o e i PR by
P B4 P bty v
b o 3o T ot
50 oo Y @ s har 4
3w r &l e
% o s PO ot
5 o o PR e
S+ e i T by
= e e S Gt
% o o PR ot
5 o = ¢ bty i
o 100 PO ey
% o s Tl Gt
o o e T e
o o b LR by
& ant s oo by
& o e R ot
& o e Tl ey ;
& o 10 PR ey o siszae
o o e PO o
& o P ER ot
o o P PR by e
o ant o6 R by

"' | nece-amo-zis Tocaoandeer | +

Ready _Caluate R

Figure 9. Conversion of text to columns in the complete column below cell J39
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d. Follow these setting to complete the conversion as shown in Figure 10.

Convert Text to Columns Wizard - Step 1 of 3 ? b4 Convert Text to Columns Wizard - Step 2 of 3 ? X
The Text Wizard has determined that your data is Delimited. This screen lets you set the delimiters your data contains. You can see how your text is affected
in the preview below.
If this is correct, choose Next, or choose the data type that best describes your data.
Original data type DEte
Choose the file type that best describes your data: Tab . "
- Characters such as commas or tabs separate each field, [ semicoton [ Treat consecutive delimiters as one
(O Fixed width - Fields are aligned in columns with spaces between each field. [ comma - =
Text gualifier: 2
[ space
Other:

Data preview
Preview of selected data:

:5963,22:3.452e-03:5:17:0.773:1782€1,574:3003:2560 A /1 963,22 B.452e-03 Y ) 0.773 [L782€1,574 B003 RS€0 ~
2€287,2€:4.102e-03:11:15:0.577:147532,722:315€:3131 /1 287,2€ 4.102e-03 11 s 0.577 [L47532,722 B1S€ 3131
:€390,3€:5.487e-03:15:21:0.583:190389,933:3195:3155 /1 390,36 [5.487e-03 IS 1 0.583 150389,533 B1SS B19S
2€,3410:0.558:1€€2:1748:0.513:1€€,72824:5:1 /1 €,3410 p.9ss €€2 |1748 P.513 [L€€, 72824
:277,€0:0.030:19:23:.:2219,1124:41:59 v /1 77,60 pP.030 -] 3 - 215,1124 3 S v

Cancel Einish Cancel < Back

Convert Text to Columns Wizard - Step 3 of 3 ? X

Einish

This screen lets you select each column and set the Data Format.

Column data format

(@ General
‘General’ converts numeric values to numbers, date values
O Text to dates, and all remaining values to text.
QO pate: DMy M Advanced...
O Do not import column (skip)
Destination: | $J539 £:3
Data preview
eneral Leperal aceperal enerfzeperal
9€3,22 B.452e-03 7 D.773 [L782€1,574 [3003 R9€0 "
287,2€ [§.102e-03 |11 s 0.577 |L47532,722 Bl5€ Bl3l
390,3€ [.487e-03 IS g1 0.583 |150385, 933 3195 (155
.3410 p.sss fLE€2 1748 D.513 |L€€, 72824 f5 18
77,€0 p.030 183 g3 - R21S,1124 K1 Fs v

Cancel < Back

Figure 10. Sequential steps to complete the conversion from text to columns. Make sure
that “Delimited” is indicated in step 1 and that the delimiter “other” is indicated with a semicolon

as the delimiter. Follow the standard settings in step 3.

e. Select all rows from Row 39 and sort in “Column L” for “Largest to smallest” as shown in
Figure 11.
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Figure 11. Example of the selected rows from Row 39 and of the sorting from largest to

smallest from all rows below Row 39
f. The variants > 0.015 in column L are selected for further analysis. Column K represents the

forward and reverse reads of the position divided by a comma. Only variants with total reads

(forward + reverse) above 1000 are considered (Figure 12).
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Figure 12. The cells shown in yellow are the variants that are considered for further

analysis

9. Crosscheck the frequency of the variants detected by MuTect with the variants of mtDNA server
and report possible insertions/deletions.

10. If there is a discrepancy, calculate the frequency given by the coverage file as follows:

variant coverage (forward) + variant coverage (reverse)

coverage of the position

11. Annotate the variant by looking up the region on http://mitowheel.org/mitowheel.html. An

example is shown in Figure 13.
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Figure 13. Results of the annotation provided by mitoWheel for the position 7306

12. If the variant is in a protein-coding region, identify the potential amino acid change on

http://mitimpact.css-mendel.it/. An example is shown in Figure 14.

Home Description Output legend Download - Lioime Descripton Sowlputlresid i
708170) 08 Tm)
o - a
strt 7308 720
M > I 2 e 7908 7306
itlmpact . : ;
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nucleotide changes that cause non-synonymous substitutions in human
mitochondrial protein coding genes i A s
0K0HOS complex v w
Ensembigenaid ENSGa0000158804 ENSGa0000158604
Ensembiproteinid ExsPO0000IS499 ENsPO0C000S 4459
ersemiteancrit 4 ensTooonnss1szs ensTooonoasezs
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movVEN e et

Figure 14. Results for the variants that cause an amino acid change on the position 7306

provided by Mitimpact2

13. Check if the amino acid change is pathogenic by uploading the amino acid sequence and amino

acid changes on http://mutpred.mutdb.org/. An example is shown in Figure 15.
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MUtPredQ Submit query View results Download About Help FAQ Contact

U INDLANA UNIVERSITY W onmsmwme <2 UCSD

Predict the pathogenicity of amino acid substitutions and their molecular mechanisms
MutPred2 is a standalone and web application developed to classify amino acid substitutions as pathogenic or benign in
human. In addition, it predicts their impact on over 50 different protein properties and, thus, enables the inference of
molecular mechanisms of pathogenicity. The original MutPred web application can still be accessed here.

For frameshift and stop-gain variants, please download our new software MutPred-LOF here.

For splice variants, we have developed MutPred Splice here.

MutPred2 web server

The web server can be used for small-scale data sets (at most 100 substitutions, with no input sequence of length >
35,000 residues). Currently, this web site provides MutPred2.0. It requires protein sequences in the FASTA format, a list of
amino acid substitutions in the corresponding FASTA headers (separated by spaces only), and a valid email address. The
protein ID cannot contain spaces, semi-colons or commas.

Sequence and substitution information (FASTA format)

SMT-CQ1_Humar]M468T M468;

MFADRWLFSTNHKDIGTLYLLFGAWAGVLGTALSLLIRAELGQPGNLLGNDHIYNVIVTAHAFVMIFFMV
MPIMIGGFGNWLVPLMIGAPDM MSFWLLPPSLLLLLASAMVEAGAGTGWTVYPPLAGNYSHPG
ASVDLTIFSLHLAGVSSILGAINFITTIINMKPPAMTQYQTPLF VLITAVLLLLSLPVLAAGITMLL
TDRNLNTTFFDP DPILYQHLFWFFGHPEVYILILPGFGMISHIVTYYSGKKEPFGYMGM
GFLGFIVWAHHMFTVGMDVD TRAYFTSATMIAIPTGVKVFSWLATLHGSNMKWSAAVLWAL
GGLTGIVLANSSLDIVLHDTYYVVAHFHYVLSMGAVFAIMGGFIHWFPLFSGY TLDQTYAKIHFTIMFIG
VNLTFFPQHFLGLSGMPRRYSDYPDAYTTWNILSSVGSFISLTAVMLMIFMIWEAFASKRKVLMVEEPSM
NL PPPYHTFEEPVYMKS

MMSI
v

OR
Upload FASTA file

Bestand kiezen [eEilENENGREIGrL]

P-value threshold (optional)

Your job has been successfully submitted with an ID 985022f2-1262-468f-9d79-ed6d9dfb8a92.

0.05

An email has been sent to joke.mertens@vub.be and another will be sent out when MutPred2 finishes this job.
Sequence:

>MT-CO1_Human
MFADRWLFSTNHKDIGTLYLLF GAWAGVLGTALSLLIRAELGQPGNLLGNDHIYNVIVTA
HAFVMIFFMVMPIMIGGFGNWLVPLMIGAPDHAFPRINNMSFILLPPSLLLLLASAMVEA
GAGTGWTVYPPLAGNYSHPGASVDLTIFSLHLAGVSSILGAINFITTIINMKPPAMTQYQ
TPLFVKSVLITAVLL LLSLPVL AAGITML LTDRNLNTTFFDPAGGGDPILYQHL FWFFGH
PEVYTLILPGFGMISHIVTYYS GKKEPFGYHGMVNAMHS TGF LGF TVWAHHHF TVGHDVD
TRAYFTSATHIIAIPTGVKVFSHLATLHGSNHKWSAAVLWALGF IF LFTVGGLTGIVLAN
SSLDIVLHDTYYVVAHFHYVLSHGAVFATHMGGF IHNFPLFSGYTLDQTYAKIHF TIMFIG
VNLTFFPQHFLGLSGHMPRRYSDYPDAYTTWNILSSVGSF ISLTAVMLMIFHIWEAFASKR
KVLMVEEPSHNLENLYGCPPPYHTFEEPVYHKS

Mutations:
M468T MA6BK
Download results
D Substitution MutPred2 score Remarks Affected PROSITE and ELM Motifs
MT-CO1_Human MaesT 0.363 Predicted conservation -
scores
D Substitution MutPred2 score Remarks Affected PROSITE and ELM Motifs
MT-CO1_Human M468K 0.713 Predicted conservation None
scores
Molecular mechanisms with P-values <= 0.05 Probability P-value
Altered Ordered interface 025 002
Gain of Allosteric site at w473 022 0.03
Altered Transmembrane protein 017 9.4e-03
Altered Signal peptide 0.01 7.0e-03

Figure 15. Results of the pathogenicity predictor MutPred2 for the amino acid changes

M468T and M468K in the MT-CO1 gene
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14. Certain regions were excluded from the analysis. These excluded regions can be found in the
supplementary data of Zambelli et al, 2018 (https://www.cell.com/stem-cell-
reports/fulltext/S2213-6711(18)30224-8#secsectitle0020).

Recipes

1. Gel electrophoresis
50 ml of 1x TBE buffer
0.5 g agarose

2. Alkaline Lysis Buffer

Dithiotreitol 0.001g
NaOH 26 ul
H20 104 pl

3. EBT (Elution Buffer with Tris) buffer
10 mM Tris-HCI pH 8.5
1% Tween 20

Acknowledgments

This work was funded by the Wetenschappelijke Fonds Willy Gepts (UZ Brussel), the Fonds voor
Wetenschappelijk Onderzoek (FWO, 1506616N) and the Methusalem grant of the Vrije Universiteit

Brussel to Prof. Karen Sermon.

Competing interests

None.

Ethics
In this protocol, we have used human mtDNA for optimization only. All donors gave their informed
consent and all studies related to this protocol received approval of appropriate local ethical
committees.

References

1. Bai, R. K. and Wong, L. J. (2004). Detection and quantification of heteroplasmic mutant

mitochondrial DNA by real-time amplification refractory mutation system quantitative PCR

analysis: a single-step approach. Clin Chem 50(6): 996-1001.

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 18



http://www.bio-protocol.org/e3283
https://www.cell.com/stem-cell-reports/fulltext/S2213-6711(18)30224-8#secsectitle0020
https://www.cell.com/stem-cell-reports/fulltext/S2213-6711(18)30224-8#secsectitle0020
http://www.ncbi.nlm.nih.gov/pubmed/15073091
http://www.ncbi.nlm.nih.gov/pubmed/15073091
http://www.ncbi.nlm.nih.gov/pubmed/15073091

Please cite this article as: Mertens et. al., (2019). Detection of Heteroplasmic Variants in the Mitochondrial Genome through Massive Parallel
Sequencing,Bio-protocol 9 (13): €3283. DOI: 10.21769/BioProtoc.3283.

b‘i'.'_ t I Bio-protocol 9(13): €3283.
O'pro (X:O www.bio-protocol.org/e3283 DOI:10.21769/BioProtoc.3283

2. Just,R. S, Irwin, J. A. and Parson, W. (2015). Mitochondrial DNA heteroplasmy in the emerging

field of massively parallel sequencing. Forensic Sci Int Genet 18: 131-139.

3. Rohlin, A., Wernersson, J., Engwall, Y., Wiklund, L., Bjork, J. and Nordling, M. (2009). Parallel
sequencing used in detection of mosaic mutations: comparison with four diagnostic DNA
screening technigues. Hum Mutat 30(6): 1012-1020.

4. Spits, C., Le Caignec, C., De Rycke, M., Van Haute, L., Van Steirteghem, A., Liebaers, I. and
Sermon, K. (2006). Whole-genome multiple displacement amplification from single cells. Nat
Protoc 1(4): 1965-1970.

5. Ye, F., Samuels, D. C., Clark, T. and Guo, Y. (2014). High-throughput sequencing in
mitochondrial DNA research. Mitochondrion 17: 157-163.

6. Zambelli, F., Mertens, J., Dziedzicka, D., Sterckx, J., Markouli, C., Keller, A., Tropel, P., Jung,
L., Viville, S., Van de Velde, H., Geens, M., Seneca, S., Sermon, K. and Spits, C. (2018).

Random mutagenesis, clonal events, and embryonic or somatic origin determine the mtDNA

variant type and load in human pluripotent stem cells. Stem Cell Reports 11(1): 102-114.

7. Zambelli, F., Vancampenhout, K., Daneels, D., Brown, D., Mertens, J., Van Dooren, S., Caljon,
B., Gianaroli, L., Sermon, K., Voet, T., Seneca, S. and Spits, C. (2017). Accurate and
comprehensive analysis of single nucleotide variants and large deletions of the human
mitochondrial genome in DNA and single cells. Eur J Hum Genet 25(11): 1229-1236.

8. Zhang, W., Cui, H. and Wong, L. J. (2012). Comprehensive one-step molecular analyses of

mitochondrial genome by massively parallel sequencing. Clin Chem 58(9): 1322-1331.

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC. 19


http://www.bio-protocol.org/e3283
http://www.ncbi.nlm.nih.gov/pubmed/26009256
http://www.ncbi.nlm.nih.gov/pubmed/26009256
http://www.ncbi.nlm.nih.gov/pubmed/19347965
http://www.ncbi.nlm.nih.gov/pubmed/19347965
http://www.ncbi.nlm.nih.gov/pubmed/19347965
http://www.ncbi.nlm.nih.gov/pubmed/17487184
http://www.ncbi.nlm.nih.gov/pubmed/24859348
http://www.ncbi.nlm.nih.gov/pubmed/24859348
http://www.ncbi.nlm.nih.gov/pubmed/29910126
http://www.ncbi.nlm.nih.gov/pubmed/29910126
http://www.ncbi.nlm.nih.gov/pubmed/28832570
http://www.ncbi.nlm.nih.gov/pubmed/28832570
http://www.ncbi.nlm.nih.gov/pubmed/28832570
http://www.ncbi.nlm.nih.gov/pubmed/22777720
http://www.ncbi.nlm.nih.gov/pubmed/22777720

