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Abstract Recent studies suggest that certain mutations
with phylogeographic importance as haplogroup mark-
ers may also influence the phenotypic expression of
particular mitochondrial disorders. One such disorder,
Leber’s hereditary optic neuropathy (LHON), demon-
strates a clear expression bias in mtDNAs belonging to
haplogroup J, a West Eurasian maternal lineage defined
by polymorphic markers that have been called ‘second-
ary’ disease mutations. In this report, we present evi-
dence for a de novo heteroplasmic COX2 mutation
associated with a LHON clinical phenotype. This par-
ticular mutation—at nucleotide position 7,598—occurs
in West Eurasian haplogroup H, the most common
maternal lineage among individuals of European des-
cent, whereas previous studies have detected this muta-
tion only in East Eurasian haplogroup E. A review of
the available mtDNA sequence data indicates that the
COX2 7598 mutation occurs as a homoplasic event at
the tips of these phylogenetic branches, suggesting that it
could be a variant that is rapidly eliminated by selection.
This finding points to the potential background influ-
ence of polymorphisms on the expression of mild dele-
terious mutations such as LHON mtDNA defects and

further highlights the difficulties in distinguishing dele-
terious mtDNA changes from neutral polymorphisms
and their significance in the development of mitochon-
driopathies.
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Introduction

Leber’s hereditary optic neuropathy [MIM 535000]
(LHON), one of the most frequent mitochondrial dis-
orders (Man et al. 2003), is a common cause of blindness
in young males. While three mtDNA missense mutations
at nucleotide positions 3460A/ND1, 11778A/ND4 and
14484C/ND6 are traditionally considered to be strong
risk factors for visual loss, LHON represents an example
of a mitochondriopathy that demonstrates significant
variability in its expression in different populations, as
well as individual genetic backgrounds. Known features
of LHON, including incomplete penetrance, gender-
specific bias, often inconsistent biochemical profiles, and
large numbers of cases without any common pathogenic
mtDNA mutation, all suggest a considerable heteroge-
neity in disease expression and etiology, and may reflect
the involvement of other genetic and environmental
factors in disease development.

Numerous studies have demonstrated that cases of
LHON are also associated with a particular West Eur-
asian mtDNA background—haplogroup J—more fre-
quently than expected based on normal control
haplogroup frequencies and a random pattern of path-
ogenic mutation distribution in Caucasians. Some of the
phylogenetically ancient polymorphic sites in haplo-
group J have been suggested to play a secondary role in
LHON expression (see, e.g., Brown et al. 1995; Torroni
et al. 1997). Investigation of this interaction between
LHON mutations and different genetic environments
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has provided new insights into disease-causing loci, and
revealed the existence of other, hitherto unknown,
mechanisms for the pathogenesis of mitochondriopa-
thies (Valentino et al. 2004; Zhadanov et al. 2005).

A mitochondrial enzyme complex that has received
considerable attention in studies seeking a greater
understanding of mitochondrial pathogenesis is cyto-
chrome c oxidase (COX). COX is the terminal electron
acceptor of the mitochondrial respiratory chain that
transfers electrons from reduced cytochrome c to oxygen
to produce water, coupling this exchange with the
pumping of protons from the mitochondrial matrix to-
wards the intermembrane space (Babcock and Wikstrom
1992). COX deficiencies have been described as a cause
of a wide spectrum of mitochondriopathies, and may be
associated with mutations in both mitochondrial and
nuclear DNAs (for a review, see Darin et al. 2003). In a
few early studies, homoplasmic mutations in the
mtDNA-encoded subunit were reported as the possible
cause of LHON, but their role is still disputed (Johns
and Neufeld 1993; Johns et al. 1994).

In this report, we describe a heteroplasmic 7598A
mutation in the fifth codon of the COX2 subunit asso-
ciated with LHON in an affected family of Caucasian
origin. Genetic screening of maternal relatives for this
variant proved its de novo occurrence in the pedigree of
the studied family. The 7598A mutation has been previ-
ously described as a haplogroup-specific marker for East
Eurasian haplogroup E, a monophyletic sub-branch of
mtDNA haplogroup M9 that appears at minor fre-
quencies in some East Asian populations (Stoneking
et al. 1990; Ballinger et al. 1992; Ingman and Gyllensten
2003). However, it also occur as homoplasmic events in
two phylogenetic branches within Caucasian populations
(Finnila et al. 2001; Howell et al. 2003). Interestingly, this
mutation has arisen twice in haplogroup H mtDNAs,
including the case that is the focus of our study, and, in
both instances, was associated with LHON expression,
implying that it might have some role in disease etiology.

This finding is consistentwith the hypothesis that, once
occurring in a specific genetic background, certain poly-
morphic mutations can contribute to mechanisms influ-
encing development of mitochondriopathies. It provides
additional suggestive evidence for functional differences
among mtDNA haplogroups, and the possible rapid
elimination of deleterious genetic variants by selection.
We discuss the possible pathogenic role of the 7598A
mutation, as well as describe the complexity of population
genetic factors that might influence LHON expression.

Materials and methods

Patients

All investigations were conducted with the approval of
the ethics committees of the participating institutions and
according to the tenets of the Declaration of Helsinki.
Informed consent was obtained from all individuals prior

to donation of blood samples and genetic analysis of their
mtDNAs. The proband and his mother were interviewed
about their history of symptoms and genealogy, and were
also given standard neurological and ophthalmological
exams by experienced clinicians. Best-corrected visual
acuity (BCVA) was measured with the Snellen chart, to-
gether with far and near binocular visual acuity. Colour
vision was assessed with the Farnsworth desaturated D-
15 or Ishihara tests. Visual fields were tested with Gold-
mann and Humphrey perimetry, and slit-lamp micro-
scopic examinations performed before and after dilation
of the pupils. Brain magnetic resonance imaging (MRI),
electroencephalography (EEG), electrocardiography
(EKG) and follow-up blood biochemistry were also car-
ried out using standard methods. The proband and his
mother declined further invasive investigation, thus,
muscle biopsies were not performed.

Molecular genetic studies

Venous blood samples were obtained from the proband
and his mother, and hair samples from family member
IV-16 (see Fig. 1) were also acquired. Total genomic
DNA was extracted from the samples by a standard
phenol–chloroform technique. Initially, patient mtD-
NAs were screened for a comprehensive list of reported
deleterious mtDNA changes, including three common
LHON mutations (3460A, 11778A and 14484C), by
PCR amplification followed by mutation-specific
restriction endonuclease digestion (Brown et al. 1995).
Southern blotting of mtDNAs subjected to SnaBI and
PvuII enzyme digestion was performed to rule out the
presence of common mtDNA deletion/rearrangements.

The coding region of the proband’s mtDNA was
subsequently amplified in 3–4 kb overlapping fragments
with specific primer sets (primer sequences available
upon request). Both strands were sequenced using Big-
Dye Terminator Pre-Mix kits, v3.1 (Applied Biosystems,
Foster City, CA), purified with Centri-Sep columns
(Princeton Separations, Adelphia, NJ), and run on ABI
3100 Gene Analyzers in the Sequencing Centre of the
Department of Genetics, University of Pennsylvania.
Trace files were aligned with Sequencher 3.1 (Gene-
Codes, Ann Arbor, MI) and compared to Cambridge
Reference Sequence (rCRS) (Anderson et al. 1981; An-
drews et al. 1999). The presence of the 7598A mutation
was verified using a mutation-specific restriction diges-
tion with HhaI following PCR amplification of mtDNA
with a specific primer set (see Fig. 3b). In addition, we
screened 187 haplogroup-matched healthy and mito-
chondrial disease controls available from our ongoing
biomedical projects for this COX2 mutation.

Quantification of DNA levels

The amount of mutated mtDNA present in blood and
hair samples was quantified using restriction enzyme
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analysis. Digests were electrophoresed in agarose gels
and analysed by laser densitometry after ethidium bro-
mide staining. The level of heteroplasmy was estimated
from actual pixel intensity of different bands on the gel
image (Liu et al. 1997).

Sequence alignment and molecular modelling

To exclude potential nuclear pseudogene amplification,
a primer set was designed to avoid significant homology
with the human nuclear genome. Direct BLAST search
(Altschul et al. 1997) of the National Centre for Bio-
technology Information sequence database for the hu-
man genome using primer sequences as queries did not
produce any structurally reasonable hits other than in
mitochondrial DNA, regardless of the search parameters
(http://www.ncbi.nlm.nih.gov/BLAST/).

Protein secondary structure

The protein secondary structure of COX2 was analysed
using computer-assisted Proteomics tools of the ExPASy
server and mtSNP Database. A total of 974 amino acid
sequences were retrieved from GenBank and aligned
using CLUSTAL W, as provided in the Biology Work-
bench (http://workbench.sdsc.edu). The selected se-
quences aligned included those from Homo sapiens,
Hylobates lar, Bos taurus, Equus caballus, Ovis aries, Sus
scrofa, Pteropus scapulatus, Echinops telfairi, Rattus
norvegicus, Mus musculus, Ochonota collaris, Gallus
gallus, sea urchin and Drosophila.

Phylogenetic analysis

The mtDNA data from the proband’s family and con-
trol population studies were subjected to phylogenetic
analysis with NETWORK (Bandelt et al. 1995) to
determine the evolutionary relationships among haplo-
types bearing the 7598A mutation. The haplotype net-
work was initially constructed with the reduced-median
algorithm (Bandelt et al. 1995) and then re-drawn by
hand.

Results

Clinical features

An otherwise healthy 26-year-old Caucasian male pa-
tient (Fig. 1, IV-7) experienced painless blurring of vi-
sion in his left eye at age 24, with the subsequent
involvement of the second eye within a 6-month period.
Initial examination records provided evidence for
hyperemia, swelling of papillae, and diffusion of disk
verges that were recognised as acute optic neuropathy.
His vision progressively deteriorated until, a year after
initial onset, his BCVA stabilised at 0.01 binocularly,
with extended central scotomas in both visual fields.
During the following 2 years, he was given a few courses
of non-invasive low frequency optic nerve electrosti-
mulation, and, by the time he was referred for our
investigation, his BCVA had improved to 0.02 in his left
eye and 0.2 in his right eye.

Ophthalmoscopic findings showed him to have iso-
lated temporal pallor of optic discs bilaterally, while the

Fig. 1 The family pedigree of the Leber’s hereditary optic
neuropathy (LHON) proband. The proband is indicated by the
arrow. Patients affected with only visual and neurological symp-

toms are indicated by black and grey symbols, respectively.
Individuals suffering from hypertrophic cardiomyopathy and
congestive heart failure are shown by hatched symbols
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peripheral retina and fundus a/v ratio were unremark-
able. On visual field examination, central scotomas were
found to be reduced in size relative to earlier records,
with a lower number of absolute defects on computer-
ised Humphrey Field Analyser. Colour vision testing
revealed non-specific trichromatic reduction involving
all primary axes. The flash ERG appeared normal,
reflecting unaffected functional activity of photorecep-
tors and pigment epithelium.

At age 22, 2 years prior to the worsening of his vi-
sion, the patient experienced two consecutive episodes of
generalised seizures, and was diagnosed as having grand-
mal epilepsy. He was effectively treated with carbamaz-
epine without recurring symptoms over the subsequent
years. Upon neurological examination, he showed no
evidence of muscle weakness or fatigue, and all of his
tendon reflexes were normal. The results of brain MRI
and EEG were unremarkable, as were basic biochemical
tests. Electrocardiography revealed him to have sinus
bradycardia of 50 bpm.

His family history was notable for having individuals
expressing a variety of optic and neurological symptoms.
Clinical examination of the proband’s mother (III-8)
revealed no pathological eye or neurological signs, aside
from mild hyperopia with BCVA of 0.9/1.0. However,
the proband’s first cousin (IV-10) experienced severe
visual deterioration at age 20 as a result of bilateral optic
neuropathy. Despite intense anti-inflammatory therapy,
his visual acuity remained non-correctable at low levels.
In addition, an uncle on the proband’s mother’s side (III-
10) was described as suffering from repeated migraine
episodes, focal seizures and pyramidal syndrome since
his youth. While otherwise appearing healthy, the pro-
band’s blood-sister (IV-6) was also reported as having
experienced severe migraine headaches.

On the proband’s father’s side, a few family members
were diagnosed with X-linked inherited hypertrophic
cardiomyopathy. In addition, both the proband’s father
(III-7) and his half-blood brother (III-4) died from
congestive heart failure in their middle thirties. It is

notable that the proband’s paternal grandmother (II-5)
also developed heart muscle hypertrophy at her late
fifties. However, she also had a history of hypertension,
and died from brain infarction at the age of 60. All other
female individuals in this branch of the family pedigree
appeared to be healthy, although they were possibly
carriers of the X-linked defect.

Genetic and phylogenetic analysis

Southern blot analysis excluded the presence of large-
scale rearrangements of mtDNA in total genomic DNA
from the patient’s blood (data not shown). Mutation-
specific RFLP-PCR analysis of the proband’s mtDNA
did not reveal any common or rare LHON mutations.
The coding sequence of the proband’s mitochondrial
genome revealed eight base changes compared to the
rCRS (Anderson et al. 1981) (Table 1). This mtDNA
belonged to West Eurasian haplogroup H due to the
presence of lineage-specific polymorphisms at nucleotide
positions 2706A, 7028C, 11719G and 14766C, and
lacked any other European haplogroup-specific poly-
morphisms (Torroni et al. 1996; Herrnstadt et al. 2002).

The proband’s mtDNA also carried a few rare genetic
variants. Of these, the synonymous 3333T transition in
the ND1 gene apparently represented a silent mutation.
It was detected in two of our haplogroup H controls, and
had been noted in four other haplogroup H-specific
mtDNA sequences in extensive European population
surveys, two of which also had the 11778A LHON
mutation in their mtDNAs (Herrnstadt et al. 2002; Ho-
well et al. 2003) (Fig. 2). Thus, the 3333T mutation likely
represents an ancestral variant, and delineates a separate
monophyletic subcluster within this haplogroup.

Among mtDNAs belonging to haplogroup H,
the 3849A transition was unique to the proband’s
haplotype (Fig. 2), although it had previously been
reported in healthy controls whose mtDNAs belonged to
haplogroups U2 and R (Herrnstadt et al. 2002; Pala-

Table 1 Mitochondrial DNA (mtDNA) nucleotide changes in the
coding region of the studied case family compared to the revised
Cambridge sequence (adapt from Anderson et al. 1981; Andrews

et al. 1999). Polymorphic sites were determined by searching the
MITOMAP database (http://www.mitomap.org), unless otherwise
specified

Nucleotide position Nucleotide change Region/gene Amino acid change Comment

750 A to G 12S rRNA –a CRS polymorphism
1,438 A to G 12S rRNA – CRS polymorphism
3,333 C to T ND1 – Polymorphismb

3,849 G to A ND1 – Current study
4,769 A to G ND2 – CRS polymorphism
7,598 G to A COX2 Ala to Thr Current studyc

8,860 A to G ATP6 Thr to Ala CRS polymorphism
15,326 T to C CytB Thr to Ala CRS polymorphism

aNo amino acid change
bFound in downloaded mtDNA sequences (adapt from Herrnstadt et al. 2002; Howell et al. 2003), and present in haplogroup H specific
background in our sample set
cHeteroplasmic appearance; also reported as homoplasies in different phylogenetic branches (see text for details); CRS polymorphism
refers to rare polymorphisms present in the original Cambridge sequence (adapt from Anderson et al. 1981; Andrews et al. 1999)
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nichamy et al. 2004). This mutation modified the third
nucleotide of a leucine codon in theND1 gene and did not
create an amino acid substitution, and thus is a silent base
change.

The only candidate mutation—a G fi A transition at
7,598—altered the very beginning of the COX2 gene
sequence (Table 1). At the translational level, this tran-
sition substitutes a small hydrophobic neutral alanine

for a hydrophilic polar threonine at the fifth amino acid
position of the COX2 subunit, thereby changing its side-
chain hydrophobicity. Phylogenetic analysis of COX2
polypeptide sequences from different species demon-
strated that the alanine residue is relatively poorly con-
served, although it is adjacent to a highly conserved, and
hydrophilic, glutamine residue in an evolutionarily sta-
ble domain (Table 2). Interestingly, the mtDNA of the

Fig. 2 A diagram showing the
phylogenetic relationships
between different haplotypes
carrying the 7598A mutation.
Coding region sequence data
only were used to construct
these branches. LHON1–
LHON4 represents LHON
patient haplotypes. LHON 1,
LHON 2 and LHON 4

correspond to S003, S136 and
S015, respectively (from Howell
et al. 2003). LHON3 is the
proband from this study. The
asterisk (*) indicates the
heteroplasmic appearance of
the 7598A mutation. C1–7 are
control samples. C1 and C3
were taken from our sample set;
C2, C4 and C6 are haplotypes
#74, 116, and 214 from
Herrnstadt et al. (2002); and the
C5 haplotype is sample #153
from Finnila et al. (2001). C7
corresponds to GenBank
accession number AY289070
(adapted from Ingman and
Gyllensten 2003). The West
Eurasian portion of the
phylogeny is enclosed in the
dashed square

Table 2 Evolutionary conservation of the A5T residue in 7598A-
positive Leber’s hereditary optic neuropathy (LHON) family and a
number of other species. The altered amino acid has only low
evolutionary conservation but a hydrophobic residue (indicated in
bold) is present at this position in most of these species, and is

adjacent to a highly conservative glutamine. Data were taken from
ExPASy Proteomics (http://us.expasy.org/cgi-bin/protscale.pl) and
mtSNP database (http://www.giib.or.jp/cgi-bin/mtsnp/specAligh/
ctrlSpecAlignE.cgi)

LHON family M A H A Ta Q V G L Q D A
Homo sapiens M A H A A Q V G L Q D A
Hylobates lar M A H A T Q V G L Q D A
Bos taurus M A Y P M Q V G L Q D A
Ovis aries M A Y P M Q L G F Q D A
Equus caballus M A Y P F Q L G F Q D A
Sus scrofa M A Y P F Q L G F Q D A
Pteropus scapulatus M A Y P S Q L G F Q D A
Echinops telfairi M A Y P S Q L G F Q D A
Rattus norvegicus M A Y P F Q L G L Q D A
Mus musculus M A Y P F Q L G L Q D A
Ochotona collaris M A Y P S Q M G F Q D A
Gallus gallus M A N H S Q L G F Q D A
Sea urchin M G T W A Q F G L Q D A
Fruit fly M S T W A N L G L Q D S

aAmino acid changed in index LHON family
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white-handed gibbon (Hylobates lar) showed the same
amino acid sequence at the beginning of the COX2 gene
as did the proband. However, given the significant
evolutionary distance between the gibbon and modern
humans (Hall et al. 1998; Gagneux et al. 1999), it is
highly unlikely that the 7598A mutation would have the
same significance for this hominoid ape species.

A mutation-specific restriction enzyme assay for the
7598A variant revealed that it was heteroplasmic in the
proband and his mother, with mutational loads of 80
and 25% mutant molecules, respectively (lanes IV-7 and

III-8; Fig. 3). However, this mutation was totally absent
from mtDNA isolated from the hair of the proband’s
cousin (lane IV-16, Fig. 3), who instead showed 100%
presence of the wild type allele. These data pointed to
the de novo occurrence of the 7598A mutation in the
proband’s maternal lineage, most likely in the germ line
of individual II-9. We also screened nearly 200 haplo-
group-matched (haplogroup H) normal and LHON-
positive Caucasian controls from our data set for this
mutation, but failed to detect it (data not shown).

In addition, we surveyed more than 1,000 published
full mtDNA sequences of Caucasian origin available in
GenBank (Torroni et al. 1996; Howell et al. 2003;
Moilanen et al. 2003; Achilli et al. 2004; Coble et al.
2004), those available in the mtSNP Database, published
reports of whole genome sequences (Ingman et al. 2000;
Kivisild et al. 2002; Tanaka et al. 2004), and a list of
unpublished polymorphisms (MITOMAP 2005; http://
www.mitomap.org) for the 7598A/COX2 mutation. We
found two mtDNAs of Caucasian origin that also car-
ried this mutation (Fig. 2). The mtDNA sequence
LHON 4 (S015 in supplemental material of Howell et al.
2003) belonged to a 11778A-positive LHON patient
whose mtDNA also contained a mutation set specific for
haplogroup H. This mtDNA also had the transversion
at 14470A, which classifies it as belonging to sub-branch
H10 (Achilli et al. 2004).

The sequence C5 (#153) from Finnila et al. (2001)
also carried the 7598A mutation at homoplasmic levels.
It was obtained from an anonymous Red Cross donor
participating in an occipital stroke survey of the Finnish
population. This haplotype belongs to West Eurasian
haplogroup K, and differs from that of the proband by
more than 20 SNPs (Fig. 2). Since neither of the pub-
lished sequences was closely related to the proband’s
mtDNA or to each other, the 7598A mutation appeared
to represent independent mutational events in different
branches of the Caucasian mtDNA phylogeny (Fig. 2).

The 7598A mutation also appeared to be a mono-
phyletic marker for East Eurasian haplogroup E. This
maternal lineage occurs at low frequencies in some East
and Southeast Asian populations (Stoneking et al. 1990;
Ballinger et al. 1992; Torroni et al. 1994). However, it
was not clear from these reports whether this particular
mutation was truly present in all of these Asian haplo-
types. They were reported as having the HhaI 7598 site
loss, an RFLP marker that has been detected in different
sub-branches of haplogroups M, N and R, and could
potentially be caused by one of four different mutations
in the HhaI recognition sequence (Ballinger et al. 1992;
Torroni et al. 1994; Herrnstadt et al. 2002; Kivisild et al.
2002; Tanaka et al. 2004). Unfortunately, no whole
genome sequence data were available for the earlier
mtDNA studies (Ballinger et al. 1992; Torroni et al.
1994), making it uncertain if the reported RFLPs reflect
the occurrence of the 7598A mutation.

Thus, for the sake of clarity, we restricted the
assignment of haplogroup E to only those two individ-
uals for whom full mtDNA sequences are available and

Fig. 3 a A schematic overview of the amplified fragment of the
mtDNA indicates the position of the HhaI restriction site. The wild
type mtDNA lacks the HhaI site and leads to a single fragment of
550 bp. The 7598A mutation results in HhaI site gain and two
fragments of 317 and 223 bp. b A short fragment including the
cytochrome c oxidase (COX2) gene (positions 7,368–7,918) was
amplified in available family members, as designated on the gel
image in concordance with pedigree symbols (Fig. 1). The frag-
ments were resolved through agarose gel electrophoresis after HhaI
digestion. The proband and his mother (lanes IV-7 and III-8,
respectively) contain a mixture of mutant and wild type molecules;
however, the proband’s second cousin (lane IV-16) showed only
wild type mtDNA molecules in his hair
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in which the 7598A mutation is present (Herrnstadt
et al. 2002; Ingman and Gyllensten 2003) (Fig. 2; hapl-
otypes C6 and C7). One exception to this categorisation
is a Japanese individual sequence in which the 7598A
mutation appears, although it is clearly differentiated
from haplogroup E mtDNAs by at least 20 mutations
due to belonging to mtDNA haplogroup C1 (Tanaka
et al. 2004).

It should further be added that the majority of
forensic and population genetic studies often use genetic
data from mitochondriopathy patients without any ref-
erence to the clinical or genealogical status of the
examined individuals (e.g. Palanichamy et al. 2004;
Achilli et al. 2004). As a result, such studies may erro-
neously bias estimates of frequency of deleterious
mutations in population controls.

Discussion

We describe here evidence for the de novo occurrence of
a heteroplasmic 7598A mutation in the COX2 gene of
mtDNA in a Caucasian family affected with Leber’s
optic neuropathy. Although observed in this LHON
maternal lineage, the presence of the 7598A mutation in
control populations could potentially cast doubt on its
pathogenic significance. However, its role as a deleteri-
ous variant in the proband’s family can be supported by
several lines of evidence.

First, the studied family exhibited the typical clinical
presentation of the optic neuropathy, with a clear pat-
tern of maternal phenotypic transmission. The clinical
spectrum also included extra-ocular neurological chan-
ges that are normally seen in LHON patients when
broad clinical investigatory tools are applied (Zhadanov
2000, 2001; Brown et al. 2001; Carelli et al. 2001). Al-
though seizures and migraines are uncommon symptoms
in LHON cases, these have been described earlier in the
presence of primary mutations (e.g. Brown et al. 2001;
Carelli et al. 2001), and could be also explained here by
the nature of the genetic defect in the COX gene. The
maternal inheritance of the clinical symptoms, along
with the typical appearance of identical phenotypes in
the first line of maternal cousins deriving from separate
marriages of individual II-9 (Fig. 1), further suggest that
the mitochondrial genome is the likely location of the
defective gene.

Second, the 7598A mutation is heteroplasmic and
present at high levels (mutant load �80%) in the pro-
band’s blood cells. The confirmation of the de novo
occurrence of this mutation in his maternal lineage clearly
indicates its recent emergence in the affected family. This
is an important observation because most phylogeneti-
cally neutral mutations rapidly segregate and become
fixed during evolution of the mitochondrial genome,
thereby creating the deep internal structure of the human
mtDNA tree (Cann et al. 1987; Ingman et al. 2000; Her-
rnstadt et al. 2002). Unlike these variants, pathogenic

defects are under certain negative selective pressure, and
occur repeatedly during human evolution (Brown et al.
1995; Nachman et al. 1996; Torroni et al. 1997). As a
result, they should be randomly distributed in different
genetic backgrounds. Thus, the heteroplasmic appear-
ance of the 7598A mutation may indicate its recent
emergence in the proband’s family, and likely points to its
recurrence and elimination from human mtDNA ge-
nomes through negative selection throughout evolution.

Third, the load of mutated mtDNA molecules in the
maternal pedigree corresponds very well with the phe-
notypic expression of the disease, assuming the existence
of a specific genetic threshold for disease expression. In
addition, those branches of the proband’s family that
had wild type alleles appeared not to express the dele-
terious phenotype, although no samples were available
for members of the II12–V5 branch (Fig. 1) to test this
assumption. However, while an important feature of this
case, heteroplasmy may not be a necessary condition for
defining LHON mutations (Smith et al. 1993), as only
12% of individuals carrying common LHON mutations
demonstrate a mixture of mtDNA genomes (Man et al.
2003). In addition, we cannot exclude the existence of
other low level heteroplasmic mutations in the studied
mtDNAs that could segregate to significant levels in
target tissues, as has been recently observed in Alzhei-
mer’s and Parkinson’s patients (Coskun et al. 2004;
Parker and Parks 2005).

Fourth, the 7598A mutation converts the evolution-
arily poorly conserved hydrophobic aliphatic alanine
into the hydrophilic polar threonine, in close vicinity to
the evolutionarily stable domain of COX2, thereby
enhancing the hydrophilicity of the adjacent polar glu-
tamine. This amino acid change might be predicted to
interfere with the anchoring of the N-terminal trans-
membrane helix-hairpin of COX2 within the mito-
chondrial membrane (Tsukihara et al. 1996), which, in
turn, would compromise the assembly or stability of the
COX holoenzyme. In this regard, it is worth noting that
many LHON mutations, including the primary 14484C
transition, create substitutions at poorly conserved res-
idues, which, being adjacent to conserved domains, can
potentially lead to drastic defects and phenotypic
expression in either mammals (LHON) or yeast models
(Machingo et al. 2001; Kao et al. 2005).

Fifth, there is general agreement that deleterious
mutations should not occur in healthy controls, nor
should they be found at the population level as poly-
morphisms. However, an extensive survey of published
mtDNA sequences revealed that the 7598A mutation
has appeared independently at least three times in West
Eurasian mtDNA backgrounds, and twice in different
haplogroup H sub-branches, including the proband’s
mtDNA (Fig. 2). In both of these latter cases, when
occurring in a haplogroup H background, the 7598A
mutation was associated with a LHON phenotype
(Fig. 2). Thus, it is possible that the 7598A mutation
could be a contributing or modifying factor in LHON
expression in the published family pedigrees.

167



In a third case, the 7598A mutation apparently did
not cause disease expression in its anonymous carrier,
whose mtDNA belonged to haplogroup K (Finnila et al.
2001). However, the lack of phenotypic data makes it
impossible to know whether this person developed a
disease phenotype subsequent to blood donation (J.S.
Moilanen, personal communication). On the other hand,
none of the haplogroup K mtDNA sequences available
through extensive population and forensic surveys,
including our own 47 samples, have been shown to
possess the 7598A mutation (Herrnstadt et al. 2002;
Coble et al. 2004; unpublished data). Therefore, it is
unlikely that the 7598A mutation represents a phyloge-
netically ancient polymorphism in this haplogroup.
Furthermore, haplogroup K has been associated with
increased longevity, a protective effect against Alzhei-
mer’s and Parkinson’s disease, and lowered LHON
expression (Carrieri et al. 2001; van der Walt et al. 2003).
For these reasons, this haplogroup could possibly
tolerate the presence of deleterious mutations in its
branches.

Similarly, a mtDNA from a female Japanese cente-
narian was also found to carry the 7598A mutation
(TC52; Tanaka et al. 2004). Her mtDNA belonged to
haplogroup C, a maternal lineage in which mutations
known to cause LHON or similar mitochondriopathies
have not yet been detected. This observation, along with
the woman’s longevity, would seem to indicate that this
mutation did not affect the function of the COX2 gene
product. However, the exact interactions between the
7598A mutation and others present in the coding region
of her mtDNA (e.g. 3826, 9099, 9730, 13590, 15973) are
not known. This is an intriguing point because three of
these mutations (3826, 9750 and 15773) cause non-syn-
onymous changes in the ND1, COX3 and CytB genes,
respectively. Therefore, it is possible that the deleterious
effect of the COX2 mutation was ameliorated or buf-
fered by the other mutations present in this Japanese
mtDNA.

In light of these genetic data, one could ask whether
the presence of a mutation in control population mtD-
NAs refutes its putative pathogenic role. Our findings
suggest that, for LHON cases, it does not. Even severe
LHON mutations often arise as singleton cases, and can
be normally seen in healthy carriers in LHON families
(Brown et al. 1995, 2001; Howell et al. 2003). Therefore,
the rare occurrence or absence of known deleterious
mtDNA mutations in normal controls may indicate the
limited nature of genetic surveys of human populations,
which would have undersampled individuals bearing
these mutations, as well as reflecting the low penetrance
of LHON in different human groups.

In fact, studies of large population cohorts have
occasionally reported the presence of common LHON
mutations in these groups (e.g. Herrnstadt et al. 2002;
Howell et al. 2003; Palanichamy et al. 2004; Tanaka
et al. 2004; Achilli et al. 2004). Moreover, genealogical
analysis of LHON families with common 14484C
mutation revealed them to have descended from a small

number of founder haplotypes within haplogroup J,
thereby unambiguously demonstrating the fixation of
deleterious mtDNA mutations in a phylogenetic lineage
over its short evolution history (Howell et al. 2003;
Laberge et al. 2005). The prolonged persistence of
LHON mutations in a particular mtDNA background,
such as haplogroup J, makes deleterious defects behave
similarly to neutral variants, and blurs the distinction
between pathogenic LHON mutations and mtDNA
polymorphisms.

The 7598A COX2 mutation seems to demonstrate
dual genetic characteristics of deleterious and neutral
variants in behaving differently in separate branches of
the human phylogenetic tree. This observation may be
explained by the putative interaction of specific mtDNA
variants with particular genetic environments. However,
the nature of these interactions is not yet entirely clear.
The 7598A mutation could possibly be another mildly
deleterious mtDNA variant having adaptive significance
in human evolution and accumulating during the ancient
expansion of modern humans out of Africa as they
relocated to new climatic zones (Mishmar et al. 2003).
These initially ‘advantageous’ mtDNA variants may
later have become maladaptive and detrimental when
occurring as homoplasies in different mtDNA back-
grounds.

Should this hypothesis be correct, it has at least two
main implications. The first is that the relative neutrality
of a given mutation should be determined with respect to
the specific haplogroup background in which it occurs.
In addition, for a mitochondrial disorder such as LHON
to develop, a causative mutation must interact with
certain ‘neutral’ variants within a particular genetic
background. We believe that our finding of a putatively
polymorphic 7598A in association with a pathological
phenotype in different genetic backgrounds supports this
model, but are further investigating this relationship.
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