
U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

1 Review

2 Evolutionary perspectives on the links between mitochondrial genotype
3 and disease phenotype☆

4 Damian K.Q1 Dowling
5 School of Biological Sciences, Monash University, Clayton 3800, VIC Australia

6

7

a b s t r a c ta r t i c l e i n f o

8 Article history:
9 Received 11 June 2013
10 Received in revised form 24 October 2013
11 Accepted 11 November 2013
12 Available online xxxx
131415
16 Keywords:
17Q2 Mitochondrion
18 Adaptation
19 Mitochondrial genome evolution
20 Mitochondrial disease
21 Heteroplasmy
22 Male health

23Background: Disorders of the mitochondrial respiratory chain are heterogeneous in their symptoms and under-
24lying genetics. Simple links between candidate mutations and expression of disease phenotype typically do
25not exist. It thus remains unclear how the genetic variation in the mitochondrial genome contributes to the
26phenotypic expression of complex traits and disease phenotypes.
27Scope of review: I summarize the basic genetic processes known to underpin mitochondrial disease. I highlight
28other plausible processes, drawn from the evolutionary biological literature,whose contribution tomitochondrial
29disease expression remains largely empirically unexplored. I highlight recent advances to the field, and discuss
30common-ground and -goals shared by researchers across medical and evolutionary domains.
31Major conclusions: Mitochondrial genetic variance is linked to phenotypic variance across a variety of traits
32(e.g. reproductive function, life expectancy) fundamental to the upkeep of good health. Evolutionary theory pre-
33dicts that mitochondrial genomes are destined to accumulate male-harming (but female-friendly) mutations,
34and this prediction has received proof-of-principle support. Furthermore,mitochondrial effects on the phenotype
35are typically manifested via interactions between mitochondrial and nuclear genes. Thus, whether a mitochon-
36drial mutation is a pathogenic in effect can depend on the nuclear genotype in which is it expressed.
37General significance:Many disease phenotypes associatedwith OXPHOSmalfunctionmight be determined by the
38outcomes of mitochondrial–nuclear interactions, and by the evolutionary forces that historically shaped mito-
39chondrial DNA (mtDNA) sequences. Concepts and results drawn from the evolutionary sciences can have
40broad, but currently under-utilized, applicability to the medical sciences and provide new insights into under-
41standing the complex genetics of mitochondrial disease. This article is part of a Special Issue entitled Frontiers
42of Mitochondrial Research.
43© 2013 Published by Elsevier B.V.
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48 1. Introduction

49 The mitochondria are cornerstones to eukaryote life, providing the
50 cell with a highly efficient means of converting biochemical energy
51 stored in food, through the oxidation of nutrients to produce
52 adenosine-5′-triphosphate (ATP). This process occurs via themetabolic
53 pathway known as oxidative phosphorylation (OXPHOS), duringwhich
54 redox reactions, which take place over a series of five enzyme
55 complexes (the mitochondrial respiratory chain), release energy that
56 is used to form ATP [1]. This ability to harness energy via OXPHOS is
57 likely to have been salient in enabling the evolution of complex and
58 energy-demanding forms of life [2]. In addition to their central role in
59 energy conversion, the mitochondria are heavily involved in other
60 vital biological processes including thermogenesis via mitochondrial
61 uncoupling [3], cellular apoptosis [4], calcium storage and signaling
62 [5], and reactive oxygen species (ROS) production (used in signaling
63 [6], albeit highly toxic when at surplus levels [7]).

64As a legacy of their ancient endosymbiotic origin, the mitochondria
65retain their own diminutive genome (around 16 000 nucleotides, 37
66genes in the typical metazoan) of mitochondrial DNA (mtDNA) [8];
67although many of the genes essential for mitochondrial respiration
68have been translocated across to the nuclear genome throughout the
69course of evolutionary history [9]. As a result, of the more than 80 pro-
70tein subunits that comprise the enzyme complexes of themitochondrial
71respiratory chain, 13 are encoded by the mtDNA, and the remainder
72by genes within the nuclear genome [8]. Given their pivotal role in
73regulating essential biological function, one would logically infer that
74if mutations were to arise in these genes, then the phenotypic conse-
75quenceswould be serious. Thus, by implication, these geneswill be sub-
76jected to the intense and perpetual force of natural selection to ensure
77their optimization. Yet, despite the prediction of strong and effective
78selection to remove such mutations, it is well known that mutations
79to OXPHOS-encoding genes do persist and can cause mitochondrial
80disease in humans. However, the link between these mutations and
81the expression of disease is complex [10], and for instance likely to be
82mediated by interactions between alleles spanning both mitochondrial
83and nuclear genomes (mito-nuclear interactions) [11], and predicting
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84 the presence or severity of mitochondrial disease of patients based on
85 their genetic profile remains a major challenge in many cases.
86 In this review, I draw on insights from evolutionary theory and
87 empiricism to suggest new avenues for exploring the complex genetics
88 underlying human mitochondrial disease. Research into mitochondrial
89 genome evolution and research intomitochondrial disease share funda-
90 mental common ground, because both center on the study ofmutations.
91 While each field is undoubtedly driven by a different set of conceptual
92 questions and end goals, a central shared aim is to understand the
93 effects and role that mutations within the mitochondrial–nuclear
94 (mito-nuclear) complexes of the respiratory chain have on expression
95 of the organismal phenotype (Fig. 1). I start by introducing human
96 mitochondrial disease (Section 1.1), and then outline the primary
97 genetic factors that are well known by medical researchers to affect
98 the expression and severity of disease symptoms (Section 2). I then
99 discuss other genetic peculiarities and processes relevant to the mito-
100 chondrial genome (Sections 3 and 4), which have received focused
101 attention from evolutionary theorists and empiricists, but for which
102 the realized implications to mitochondrial disease expression remain
103 elusive and not at the frontline of the biomedical mitochondrial
104 research agenda, despite their potential key relevance.

105 1.1. Mitochondrial disease

106 Mitochondrial disease in humans encompasses a broad range of
107 metabolic disorders that result in a range of disease phenotypes, from
108 myopathies, to visual and hearing impairment, organ failure, respiratory
109 and neurological disorders, dementia, aging [1,12–16] and even male
110 infertility [17]. Mitochondrial genetics have furthermore been linked
111 to several other common human diseases, including diabetes [18],
112 autism spectrum disorders [19], cancer [16,20], Alzheimer's [21] and
113 Parkinson's [22] disease. The first case of mitochondrial disease was
114 not identified until the early 1960s [23], followed by the first identified
115 mtDNA disease-causing mutations in the 1980s [24,25]. The present
116 estimate is that mutations to genes affecting OXPHOS function cause
117 mitochondrial disease in around one in every five thousand human
118 births [26]. A caveat is that this number could well be much higher,

119since mitochondrial OXPHOS disorders are clinically heterogeneous in
120their symptoms, as well as genetically heterogeneous (pathogenic
121mutations at 30 of the 37 mtDNA encoded genes, and at more than 30
122nuclear genes alone, have been linked to OXPHOSmalfunction), making
123their accurate diagnosis difficult. It has been suggested that over 100
124nuclear-encoded OXPHOS disorders might still await identification
125[26]. This estimate seems plausible, in light of recent estimates that at
126least one in every 200 humans in the general population harbors a
127pathogenic mutation in the mtDNA alone [27] (i.e. not including the
128possible suite of mutations at nuclear-encoded sites), and are hence at
129risk of developing mitochondrial disease.

1302. Mitochondrial disease is governed by distinct
131mitochondrial genetics

132There are many factors, acting synergistically, which can account for
133the difficulty that researchers and clinicians face in establishing clear
134and consistent linkages between pathogenic mutations in the mtDNA
135and resulting disease phenotypes. These factors can be directly ascribed
136to the distinct genetics of the mitochondrial genome [28,29], and while
137some of the factors have been the subject of intense research by bio-
138medical researchers (e.g. heteroplasmy, mitochondrial bottlenecks, and
139critical energy thresholds), the details of others remain nearly completely
140elusive (sex-specific mutation accumulation, mitochondrial–nuclear
141interactions, environmental-dependent mitochondrial genetic effects).
142These factors are the focus of this review.
143The peculiarities of mitochondrial genetics render it not only possi-
144ble, but actually commonplace, for individuals to harbor known patho-
145genic point mutations in the mtDNA without actually expressing a
146disease phenotype at all [27], or alternatively expressing disease at
147just one of numerous possible tissues or organs known to be associated
148with that particular mutation [10]. In short, the fundamental principles
149of mitochondrial genetics are markedly different from the Mendelian
150principles governing the inheritance of nuclear genes and their associated
151phenotypic effects. To start with, in diploid metazoans such as humans,
152each somatic cell generally harbors two copies of the nuclear genome,
153and germ cells carry a single copy. This contrasts to the intra-cellular
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Fig. 1.Prospective routes tomitochondrial disease. Thefigure illustrates the generalfield-specific focus of researchers studying the linkbetweenmitochondrial genotype andphenotype. In
the biomedical domain (top half of figure — blue bubbles), research has focused on known pathogenic mtDNA mutations, and effects of frequency changes of mutant relative to healthy
mtDNA molecules under heteroplasmy (i.e. intra-individual mtDNA variation). Such frequencies can change rapidly as a consequence of the mitochondrial bottleneck during oogenesis,
and these dynamics determine incidences and expression ofmitochondrial disease. In the evolutionary biological domain (bottom half of figure— green bubbles), research has focused on
adaptive (selection) and non-adaptive (mutation accumulation, drift) processes shapingnaturally-occurringmitochondrial genetic variation (i.e. inter-individualmtDNAvariation), across
generations. These studies havehighlighted theubiquity bywhichmitochondrial effects onphenotype aremanifested viamito-nuclear interactions, uncovered empirical evidence for a set
of male-harming mutations within the mtDNA sequence, and provided evidence that mtDNA mutations beneficial in one environment (e.g. arctic climates), may be harmful in another
(e.g. tropical climates).
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