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Abstract

Background: Chronic Fatigue Syndrome (CFS) is a prevalent debilitating condition that affects approximately
250,000 people in the UK. There is growing interest in the role of mitochondrial function and mitochondrial DNA
(mtDNA) variation in CFS. It is now known that fatigue is common and often severe in patients with mitochondrial
disease irrespective of their age, gender or mtDNA genotype. More recently, it has been suggested that some CFS

patients harbour clinically proven mtDNA mutations.

Methods: MtDNA sequencing of 93 CFS patients from the United Kingdom (UK) and South Africa (RSA) was
performed using an lon Torrent Personal Genome Machine. The sequence data was examined for any evidence of
clinically proven mutations, currently; more than 200 clinically proven mtDNA mutations point mutations have been

identified.

Results: We report the complete mtDNA sequence of 93 CFS patients from the UK and RSA, without finding
evidence of clinically proven mtDNA mutations. This finding demonstrates that clinically proven mtDNA mutations
are not a common element in the aetiology of disease in CFS patients. That is patients having a clinically proven
mMtDNA mutation and subsequently being misdiagnosed with CFS are likely to be rare.

Conclusion: The work supports the assertion that CFS should not be considered to fall within the spectrum of
mtDNA disease. However, the current study cannot exclude a role for nuclear genes with a mitochondrial function,
nor a role of mtDNA population variants in susceptibility to disease. This study highlights the need for more to be

done to understand the pathophysiology of CFS.
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Background

CFS is a chronic debilitating condition affecting approxi-
mately 600,000 people in the UK alone [1]. Fatigue is the
defining clinical problem, it is a fatigue that is not elimi-
nated by sleep or rest. Differences in exercise recovery in
those with CFS have been demonstrated, with patients
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showing a reduced capacity to recover from acidosis on
repeat exercise [2]. Other studies in those with CFS
showed additional features suggesting a specific
exercise-related defect [3]. Together these and other
studies are suggestive that mitochondrial dysfunction
plays a role in the pathophysiology of CFS. Additionally,
a number of publications have suggested that mtDNA
variation is important in the course of CFS [4, 5]. More-
over, it has been suggested that the “symptoms of mito-
chondrial diseases and CFES frequently overlap and can
easily be mistaken”, and thus it is conceivable that some
CFS patients may harbour clinically proven mtDNA
mutations [6].
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Clinically proven mtDNA mutations are an important
cause of inherited neuromuscular disease, frequently
presenting as multisystem disorders with fatigue being
prevalent in patients with mitochondrial disease [7, 8].
Most pathogenic mtDNA mutations are heteroplasmic,
that is wild-type and mutated mtDNA co-exist in the
cells and tissues of affected patients. Typically the mu-
tant allele would have to be present at 60% or greater
for a biochemical defect to be observed, termed the
“threshold effect” [9]. The expression of different clinical
phenotypes in patients is presumed in part to relate to
heteroplasmy levels within affected tissues. The thresh-
old for a phenotype depends on the specific mtDNA
mutation, and other factors that typically modify the ex-
pression of a pathogenic variant [9]. It is unknown if clin-
ically proven mtDNA mutations at levels insufficient to
cause clinically manifesting mitochondrial disease, could
be a risk factor for a particular complex disease, or alter
the course of disease after the person has been affected.

To investigate the possibility of CES patients harbour-
ing clinically proven mtDNA mutations, either above the
threshold required for mtDNA disease or at a sub-
threshold level, the complete mitochondrial genome of
93 CFS patients, was sequenced using next generation
sequencing as described [10]. We used two well-
characterised cohorts of CFS patients, one form the
North East of England (n=52) and the other from the
North-West Province of South Africa (1 =41). The CFS
patients (aged 42.94 years s.d +/- 14.6, n=93) in both
cohorts were identified following conventional clinical
screening approaches and met the Fukuda diagnostic
criteria [11]. Potentially confounding causes of fatigue,
including depression, were excluded in all patients.

Methods

Total DNA was isolated from blood samples using
QIAamp DNA Blood Mini Kits (Qiagen). Massively par-
allel DNA sequencing of the PCR fragments were per-
formed in both strands using an Ion Personal Genome
Machine® (PGM™) Sequencer. Libraries were prepared
using Ion Plus Fragment library kits (LifeTechnologies).
Ion Xpress™ Barcode Adapters were used instead of the
universal adaptors during library preparation. Primary
data analysis was performed using the CLC Genomics
Workbench 4.6.1 (CLC bio). Standard Flowgram Format
files were imported and trimmed in order to remove low
quality nucleotides, using default settings. High quality
sequencing reads for each patient were mapped against
the revised Cambridge Reference Sequence (rCRS) of
human mtDNA (GenBank NC_012920), using default
settings, in order to obtain a consensus sequence for
each individual and to enable variation detection. Single
nucleotide polymorphisms (SNPs) were automatically
detected using the high-throughput sequence SNP
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detection function, which also enables the estimation of
variant allele frequency (%), as performed in van der
Walt EM et al. [10].

Results

The variants seen in each of the 93 CFS patients are
listed in Additional file 1: Table S1, the lists were com-
piled by comparison of consensus sequence to the stand-
ard reference sequence the revised Cambridge Reference
Sequence (rCRS). We compared mtDNA variants seen
in the CFS patients (Additional file 1: Table S1) to a list
of mtDNA variants reported as pathogenic or associated
with disease on the MitoMap database [12, 13]. Variants
on the list of disease associated variants also seen in the
CES cohort were evaluated by reference to the reporting
literature and applying accepted criteria to evaluate the
evidence for pathogenicity presented in the reporting lit-
erature [14] to ensure the variants could be classified as
proven mtDNA mutations.

The average coverage was 398 reads, with heteroplas-
mies of as low as 10% being considered in preliminary
analyses when these positions met certain criteria [10],
including to be near the average coverage. Using the
sequnce data, we detected three Cclinically-validated
mtDNA mutations in the CFS patients substantially
below the levels required to cause mtDNA disease these
were m.7497G>A [15, 16], m.9185 T>C [17] and
m.10197G > A [18], see Additional file 1: Table S1. The
low frequency clinically-proven variants detected in the
first phase of the analysis appeared to be genuine low-
level heteroplasmies. Given clinically-proven mtDNA
variants at low frequencies below that required to cause
mtDNA disease were of particular interest in this study,
it was important to carefully consider such findings and
conduct rigorous validation. Upon further investigation
of these low frequency mtDNA variants using pyrose-
quencing, which provides the diagnostic gold standard
for quantification of mtDNA heteroplasmy, the presence
of these variants was not confirmed and they were thus
considered as artefacts of the initial NGS on the Ion
Torrent.

Discussion

This study did not find evidence that any of our 93 CES
patients diagnosed with the Fukuda criteria were suffer-
ing from undiagnosed mtDNA disease, nor did it un-
cover low levels of clinically proven mtDNA mutations
that might be a susceptibility factor for CFS, or impact-
ing on the course of disease. Initial exploratory sequen-
cing using NGS on the Ion Torrent indicated this was
potentially the case, but subsequent investigation apply-
ing pyrosequencing did not support this assertion. This
demonstrates the need to validate such observations on
platforms accepted for quantification in the diagnostic
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context. Blood is still used in diagnostic practice, and
was used in this study. However, it is known that the
heteroplasmy levels of mtDNA mutations can vary be-
tween tissues, with some mutations in particular the
m.3243A > G mutation being known to decline in blood
with age [19, 20]. It has been shown that for the
m.3243A > G mutation urinary epithelium is a more reli-
able indicator of the level of mutations in skeletal muscle
[21]. Despite this, in the absence of evidence of the pres-
ence of any clinically proven mtDNA mutations in the
93 patients studied here, the collection of additional tis-
sues for study would be difficult to justify, especially the
collection of skeletal muscle, which would entail an inva-
sive muscle biopsy. Deeper sequencing or targeted muta-
tion detection would be capable of detecting lower levels
of mtDNA mutation than we could detect in this study.
A study using a targeted detection method has been
used previously to show as many as 1/200 healthy indi-
viduals carry very low levels of a known mtDNA muta-
tion [22]. However, given the high levels of heteroplasmy
required to see a biochemical defect in mitochondrial
patients [9] it becomes biologically less plausible that
very low levels of mtDNA mutations would be exerting
a phenotypic effect even in the context of co-occurrence
with a disease phenotype such as CFS. The data sup-
ports the view that CFS does not fall within the
spectrum of inherited mtDNA disorders, as there is an
absence of clinically proven mutations at appreciable
levels of heteroplasmy in the 93 patients sequenced for
this study.

This work does not exclude a role for mtDNA popula-
tion variation in the susceptibility to CFS as such,
mtDNA variation has been linked to other complex dis-
eases, including multiple sclerosis [23] where fatigue is
part of the clinical presentation. In investigating the pos-
sibility that mtDNA population variation might play a
role in susceptibility to CES, or impact on the course of
disease, alternative models such as the mutational load
hypothesis should be considered [24] as well as the trad-
itional haplogroup association model, as the later model
has been the subject of increasing levels of critical com-
ment [25]. However, to make the breakthough in under-
standing the genetics of this complex condition a large
scale-sequencing project will need to be undertaken to
help discover the genes and pathways that differ in those
suffering from this complex condition. Data from such a
“big data” genomics project will help us understand how
this disease is stratified, which in turn should help to
guide the way that patients are treated, as well as provid-
ing therapeutic targets.

Conclusions
The work supports the view that CFS should not be con-
sidered to fall within the spectrum of disease caused by
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or associated with clinically proven mtDNA mutations.
That is CFS patients with mtDNA mutations are likely
to be rare. This has implications for suggested treatment
modalities of CFES patients, and for the suggested clinical
follow-up of CFS patients.

Additional file

Additional file 1: Table S1. Contains the mtDNA variants from
participants. (XLSX 24 kb)

Abbreviations
CFS: Chronic fatigue syndrome; MtDNA: Mitochondrial DNA; rCRS: Cambridge
reference sequence; RSA: South Africa; UK: United Kingdom

Acknowledgements
We would like to thank the patients who donated blood to make this study
possible.

Funding

We would like to thanks the following bodies for funding support. The Centre
for Human Metabolomics, North-West University The Wellcome trust by means
of the Institutional Strategic Support Fund (ISSF) and Action for ME RES/0200/
7841 (to JLE). RWT is supported by a Wellcome Trust Strategic Award (096919/
Z/11/2), the MRC Centre for Neuromuscular Diseases (G0601943), the Lily
Foundation and the UK NHS Highly Specialised “Rare Mitochondrial Disorders
of Adults and Children” Service in Newcastle upon Tyne.

Availability of data and materials
The sequence data used in this project has been made available in a
supplemental file accompanying this publication.

Authors’ contributions

ES carried out the experimental work, analysed of data and drafted
manuscript. FVW: experimental study design, data analysis and manuscript
drafting. EE: collected South African cohort. EvD: carried out the
experimental work and analysed of data. CK: carried out the experimental
work. SAA: carried out the experimental work. FWN: cohort collection in the
UK and manuscript drafting. RWT: expert advice on experimental
methodology and manuscript drafting. JLN: expert advice on the clinical
condition and manuscript drafting. JLE: conceived project, data analysis and
drafted manuscript. All authors have read and approved the manuscript.

Competing interest
The authors declare that they have no competing interests’.

Consent for publication
‘Not Applicable’.

Ethics approval and consent to participate

This study was approved by the “Research Ethics Committee of Newcastle
and North Tyneside LREC" (12/NE/0225) ethics committee in the UK. The
approving body in South Africa was the “South Africa Institutional Research
Ethics Committee (IRERC) of the North-West University, Potchefstroom, South
Africa”, (NWU 00 102- 12-S1). Consent allowed genetics investigations that
covers mtDNA sequencing. All individuals included in the study signed a
consent to participate. In Newcastle studies were performed using samples
collected via the Newcastle Academic Health Partners Biobank.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Centre for Human Metabolomics, North-West University, Potchefstroom,
South Africa. “Institute of Cellular Medicine, Faculty of Medical Sciences,

Newcastle University, Newcastle upon Tyne, UK. *Department of Biology,


dx.doi.org/10.1186/s12881-017-0387-6

Schoeman et al. BMC Medical Genetics (2017) 18:29

College of Science, University of Basrah, Basrah, Irag. “Wellcome Trust Centre
for Mitochondrial Research, Institute of Neuroscience, The Medical School,
Newcastle University, Newcastle upon Tyne NE2 4HH, UK. *Newcastle
Hospitals NHS Foundation Trust, Newcastle upon Tyne, UK. SInstitute of
Genetic Medicine, Newcastle University, Central Parkway, Newcastle upon
Tyne, UK

Received: 7 October 2016 Accepted: 2 March 2017
Published online: 16 March 2017

References

1. Lewis I, Pairman J, Spickett G, Newton JL. Is chronic fatigue syndrome in
older patients a different disease? - a clinical cohort study. Eur J Clin Invest.
2013;43(3):302-8. doi:10.1111/eci.12046. Epub 12013 Feb 12049.

2. Jones DE, Hollingsworth KG, Jakovljevic DG, Fattakhova G, Pairman J,
Blamire AM, Trenell MI, Newton JL. Loss of capacity to recover from acidosis
on repeat exercise in chronic fatigue syndrome: a case-control study. Eur J
Clin Invest. 2012;42(2):186-94. doi:10.1111/}.1365-2362.2011.02567 . Epub
02011 Jul 02512.

3. Brown AE, Jones DE, Walker M, Newton JL. Abnormalities of AMPK
activation and glucose uptake in cultured skeletal muscle cells from
individuals with chronic fatigue syndrome. PLoS One. 2015;10(4):e0122982.
doi:10.1371/journal.pone.0122982. eCollection 0122015.

4. Billing-Ross P, Germain A, Ye K, Keinan A, Gu Z, Hanson MR. Mitochondrial
DNA variants correlate with symptoms in myalgic encephalomyelitis/
chronic fatigue syndrome. J Transl Med. 2016;14:19. doi:10.1186/512967-
12016-10771-12966.

5. Boles RG, Zaki EA, Kerr JR, Das K, Biswas S, Gardner A. Increased prevalence
of two mitochondrial DNA polymorphisms in functional disease: Are we
describing different parts of an energy-depleted elephant? Mitochondrion.
2015;23:1-6. doi:10.1016/j.mit0.2015.1004.1005. Epub 2015 Apr 1029.

6.  Galan F, de Lavera |, Cotan D, Sanchez-Alcazar JA. Mitochondrial myopathy
in follow-up of a patient with chronic fatigue syndrome. J Investig Med
High Impact Case Rep. 2015;3(3):2324709615607908. doi:10.1177/
2324709615607908. eCollection 2324709615602015 Jul-Sep.

7. Gorman GS, Elson JL, Newman J, Payne B, McFarland R, Newton JL, Turnbull
DM. Perceived fatigue is highly prevalent and debilitating in patients with
mitochondrial disease. Neuromuscul Disord. 2015;25(7):563-6. doi:10.1016/j.
nmd.2015.1003.1001. Epub 2015 Apr 1023.

8. Gorman GS, Schaefer AM, Ng Y, Gomez N, Blakely EL, Alston CL, Feeney C,
Horvath R, Yu-Wai-Man P, Chinnery PF, et al. Prevalence of nuclear and
mitochondrial DNA mutations related to adult mitochondrial disease. Ann
Neurol. 2015;77(5):753-9. doi:10.1002/ana.24362. Epub 22015 Mar 24328.

9. Tuppen HA, Blakely EL, Turnbull DM, Taylor RW. Mitochondrial DNA
mutations and human disease. Biochim Biophys Acta. 2010;1797(2):113-28.
doi:10.1016/j.bbabio.2009.1009.1005. Epub 2009 Sep 1015.

10.  van der Walt EM, Smuts |, Taylor RW, Elson JL, Turnbull DM, Louw R, van der

Westhuizen FH. Characterization of mtDNA variation in a cohort of South
African paediatric patients with mitochondrial disease. Eur J Hum Genet.
2012;20(6):650-6. doi:10.1038/ejhg.2011.1262. Epub 2012 Jan 1018.

11. Fukuda K Straus SE, Hickie I, Sharpe MC, Dobbins JG, Komaroff A. The
chronic fatigue syndrome: a comprehensive approach to its definition and
study. International chronic fatigue syndrome study group. Ann Intern Med.
1994;121(12):953-9.

12. Lott MT, Leipzig N, Derbeneva O, Xie HM, Chalkia D, Sarmady M, Procaccio
V, Wallace DC. MtDNA variation and analysis using mitomap and
mitomaster. Curr Protoc Bioinformatics. 2013;44(1):23.1-26. doi:10.1002/
0471250953.bi047125012350471250944.

13. MitoMap. A human mitochondrial genome database. http://www.mitomap.
org/MITOMAP. Accessed on 01/04/2016.

14. Yarham JW, Al-Dosary M, Blakely EL, Alston CL, Taylor RW, Elson JL,
McFarland R. A comparative analysis approach to determining the
pathogenicity of mitochondrial tRNA mutations. Hum Mutat. 2011;32(11):
1319-25.

15.  Grafakou O, Hol FA, Otfried Schwab K; Siers MH, ter Laak H, Trijbels F,
Ensenauer R, Boelen C, Smeitink JA. Exercise intolerance, muscle pain and
lactic acidaemia associated with a 7497G > A mutation in the tRNASer(UCN)
gene. J Inherit Metab Dis. 2003,;26(6):593-600.

16.  Mdller T, Deschauer M, Neudecker S, Zierz S. Late-onset mitochondrial
myopathy with dystrophic changes due to a G7497A mutation in the

20.

21.

22.

23.

24.

25.

Page 4 of 4

mitochondrial tRNA(Ser(UCN)) gene. Acta Neuropathol. 2005;11(4):426-30.
Epub 2005 Aug 2025.

Pfeffer G, Blakely EL, Alston CL, Hassani AMB, Horvath R, Samuels DC, Taylor
RW, Chinnery PF. Adult-onset spinocerebellar ataxia syndromes due to
MTATP6 mutations. J Neurol Neurosurg Psychiatry. 2012;83(9):883-6. doi:10.
1136/jnnp-2012-302568. Epub 302012 May 302510.

Sarzi E, Brown MD, Lebon S, Chretien D, Munnich A, Rotig A, Procaccio V. A
novel recurrent mitochondrial DNA mutation in ND3 gene is associated
with isolated complex | deficiency causing Leigh syndrome and dystonia.
Am J Med Genet A. 2007;143(1):33-41.

Rahman S, Poulton J, Marchington D, Suomalainen A. Decrease of 3243 A-—G
mtDNA mutation from blood in MELAS syndrome: a longitudinal study. Am J
Hum Genet. 2001;68(1):238-40. Epub 2000 Nov 2020.

Elson JL, Swalwell H, Blakely EL, McFarland R, Taylor RW, Turnbull DM.
Pathogenic mitochondrial tRNA mutations-which mutations are inherited
and why? Hum Mutat. 2009;30(11):E984-992. doi:10.1002/humu.21113.
Whittaker RG, Blackwood JK, Alston CL, Blakely EL, Elson JL, McFarland R,
Chinnery PF, Turnbull DM, Taylor RW. Urine heteroplasmy is the best
predictor of clinical outcome in the m.3243A > G mtDNA mutation.
Neurology. 2009;72(6):568-9. doi:10.1212/1201.wnl.0000342121.0000391336.
0000342124d.

Elliott HR, Samuels DC, Eden JA, Relton CL, Chinnery PF. Pathogenic
mitochondrial DNA mutations are common in the general population. Am J
Hum Genet. 2008,;83(2):254-60. doi:10.1016/j.ajhg.2008.1007.1004.

Yu X, Koczan D, Sulonen AM, Akkad DA, Kroner A, Comabella M, Costa G,
Corongiu D, Goertsches R, Camina-Tato M, et al. mtDNA nt13708A variant
increases the risk of multiple sclerosis. PLoS One. 2008;3(2):¢1530. doi:10.
1371/journal.pone.0001530.

Elson JL, Herrnstadt C, Preston G, Thal L, Morris CM, Edwardson JA, Beal MF,
Turnbull DM, Howell N. Does the mitochondrial genome play a role in the
etiology of Alzheimer's disease? Hum Genet. 2006;119(3):241-54. Epub 2006
Jan 2012.

Salas A, Elson JL. Mitochondrial DNA as a risk factor for false positives in
case-control association studies. J Genet Genomics. 2015;42(4):169-72. doi:
10.1016/}j9g.2015.1003.1002. Epub 2015 Mar 1017.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central



http://dx.doi.org/10.1111/eci.12046
http://dx.doi.org/10.1111/j.1365-2362.2011.02567.x
http://dx.doi.org/10.1371/journal.pone.0122982
http://dx.doi.org/10.1186/s12967-12016-10771-12966
http://dx.doi.org/10.1186/s12967-12016-10771-12966
http://dx.doi.org/10.1016/j.mito.2015.1004.1005
http://dx.doi.org/10.1177/2324709615607908
http://dx.doi.org/10.1177/2324709615607908
http://dx.doi.org/10.1016/j.nmd.2015.1003.1001
http://dx.doi.org/10.1016/j.nmd.2015.1003.1001
http://dx.doi.org/10.1002/ana.24362
http://dx.doi.org/10.1016/j.bbabio.2009.1009.1005
http://dx.doi.org/10.1038/ejhg.2011.1262
http://dx.doi.org/10.1002/0471250953.bi0471250123s0471250944
http://dx.doi.org/10.1002/0471250953.bi0471250123s0471250944
http://www.mitomap.org/MITOMAP
http://www.mitomap.org/MITOMAP
http://dx.doi.org/10.1136/jnnp-2012-302568
http://dx.doi.org/10.1136/jnnp-2012-302568
http://dx.doi.org/10.1002/humu.21113
http://dx.doi.org/10.1212/1201.wnl.0000342121.0000391336.0000342124d
http://dx.doi.org/10.1212/1201.wnl.0000342121.0000391336.0000342124d
http://dx.doi.org/10.1016/j.ajhg.2008.1007.1004
http://dx.doi.org/10.1371/journal.pone.0001530
http://dx.doi.org/10.1371/journal.pone.0001530
http://dx.doi.org/10.1016/j.jgg.2015.1003.1002

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Results
	Discussion
	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interest
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

