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Abstract An association between mitochondrial DNA
(mtDNA) mutations 11778G>A and 14484T>C and
mtDNA haplogroup J suggests that this haplogroup harbors
substitutions capable of modifying the phenotype of
Leber’s disease. Our knowledge of the compilation of sub-
stitutions in haplogroup J is based on only a small number
of complete mtDNA sequences, however. We constructed
phylogenetic networks for mtDNA haplogroup TJ that
were based on the sequence of the complete coding region
and the hypervariable segment I, respectively, in 28 Finnish
samples. The networks revealed a subdivision of the
haplogroup into subclusters T1, T2, J1, and J2, while com-
parison of the two networks suggested nine fast evolving
nucleotide sites in the hypervariable segment I. Genotypes
of patients harboring 11778G>A or 14484T>C were ob-
tained from the literature and were then placed in the net-
work. Only four substitutions were found to be common to
the patients, but none of these was unique to haplogroup J.
If increased penetrance of the 11778G>A and 14484T>C
mutations in patients belonging to haplogroup J is assumed,
combinations of ancient substitutions must be implicated.
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Introduction

Maternal inheritance and a high rate of new mutations
make mitochondrial DNA (mtDNA) a useful tool in popu-
lation genetics. Nucleotide variations detected by restric-
tion fragment length polymorphism (RFLP) analysis of the
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coding region or by sequencing of the hypervariable control
region have been used to define clusters of genotypes within
populations, and practically all Europeans, for example, fall
into the mtDNA haplogroups HV, UK, TJ, IWX, or M
(Torroni et al. 1996, Richards et al. 1998). Nucleotide varia-
tion in mtDNA nevertheless causes difficulties in the
identification of novel mutations among patients with
mitochondrial diseases.

Many mutations have been associated with Leber’s he-
reditary optic neuropathy (LHON) (Brown and Wallace
1994), three of which have been shown to be primary
causes, namely 11778G>A in the ND4 gene (Wallace et al.
1988), 14484T>C in the ND6 gene (Johns et al. 1992,
Mackey and Howell 1992) and 3460G>A in the NDI gene
(Howell et al. 1991, Huoponen et al. 1991), while at least 15
others may play an etiological or pathogenic role (Brown
and Wallace 1994). These secondary mutations are found in
normal individuals, although at a lower frequency than in
LHON patients.

The 11778G>A and 14484T>C mutations show an asso-
ciation with the European-specific mtDNA haplogroup J
(Brown et al. 1997, Lamminen et al. 1997, Torroni et al.
1997), suggesting that a combination of polymorphisms
specific to this haplogroup increases the penetrance of these
two primary mutations or the risk of disease expression.
Phylogenetic analyses of mtDNA harboring primary
LHON mutations have been carried out using RFLP data
or partial sequence data (Brown et al. 1992, 1995, 1997,
Howell et al. 1995, Torroni et al. 1997), but it is still unclear
whether haplogroup J harbors polymorphisms that contrib-
ute to the phenotype of LHON. We report here on the
construction of phylogenetic networks of haplogroup TJ
based on the nucleotide sequence of the entire mtDNA
coding region and the hypervariable segment I (HVS-I),
respectively, in 28 Finnish subjects. Previously reported
partial sequences for patients with primary LHON muta-
tions and belonging to haplogroup TJ (Brown et al. 1995,
Howell et al. 1995, Lamminen et al. 1997, Torroni et al.
1997) were then incorporated into the network in an at-
tempt to identify polymorphisms that could be considered
secondary mutations.



Patients and methods

Samples

Blood samples were obtained from 480 Finnish blood
donors, with the requirement that they and their mothers
should be free of diabetes mellitus, sensorineural hearing
impairment, and neurological ailments. After obtaining this
information the samples were anonymized. Total DNA was
isolated using a QIAamp Blood Kit (Qiagen, Hilden,
Germany), after which RFLP analysis of appropriate
polymerase chain reaction (PCR) amplified fragments was
used to define the haplogroups. Samples belonging to
haplogroup TJ were identified by the gain of a Nialll
restriction site at nucleotide (nt) 4216, and the gain of a
BamHI restriction site at nt 13366 was used to determine
haplogroup T and the loss of a Mval restriction site at nt
13704 was used to determine haplogroup J (Torroni et al.
1996).

Previously reported partial sequences from LHON
patients harboring either 11778G>A or 14484T>C and
belonging to haplogroup TJ were included in the study
(Brown et al. 1995, Howell et al. 1995, Lamminen et al.
1997, Torroni et al. 1997). None of these sequences covered
the entire mtDNA genome and they were based on restric-
tion fragment analysis (Brown et al. 1995, Torroni et al.
1997), on restriction fragment analysis and partial sequenc-
ing (Lamminen et al. 1997), or on partial sequencing cover-
ing 8300nts in the mtDNA coding region (Howell et al.
1995).

Conformation-sensitive gel electrophoresis

Thirty-four samples belonged to haplogroup TJ, and 17
haplogroup J samples and 11 haplogroup T samples were
randomly selected for analysis by conformation-sensitive
gel electrophoresis (CSGE), carried out as described previ-
ously (Finnil4 et al. 2000). In short, 63 pairs of primers were
designed for amplification of the mtDNA coding region (nts
523-16090). The heteroduplex formation was allowed to
occur autogenously and, furthermore, each amplified frag-
ment was mixed with the corresponding fragment amplified
on a control template with known sequence (Finnild et al.
2000). The amplified fragments were denatured at 95°C for
Smin and the heteroduplexes were subsequently allowed to
anneal at 68°C for 30min. The heteroduplex samples were
electrophoresed through a polyacrylamide gel at a constant
voltage of 400V overnight at room temperature. The bands
in the gel were stained with ethidium bromide and visual-
ized in UV light.

Sequencing

PCR fragments that differed in migration pattern from
homoduplexes on CSGE and the HVS I of all samples were
analyzed by automated sequencing (ABI PRISM 377
Sequencer, using the Dye Terminator Cycle Sequencing
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Ready Kit; Perkin Elmer, Foster City, CA, USA) after
treatment with exonuclease I and shrimp alkaline phos-
phatase (Werle et al. 1994). The primers used for sequenc-
ing of the coding region were the same as those used in the
amplification reactions for CSGE. The HVS I was amplified
in a fragment spanning nts 15975-16555 and the sequence
was determined between nts 16024 and 16400.

A median-joining network was constructed for the HVS-
I sequence data by means of the program NETWORK 2.0
(Bandelt et al. 1995, R6hl 1997).

Subcloning of fragments harboring a 9-bp tandem
repeat segment

The probable quasispecies in the intergenic region between
the gene encoding cytochrome oxidase subunit II (CO II)
and the tRNA"" gene in two samples (6 and 8) belonging to
haplogroup J were studied by subcloning a fragment span-
ning between nts 8100-8437 of mtDNA into a pCR2.1-
TOPO vector (TOPO TA Cloning Kit; Invitrogen, Leek,
The Netherlands). Positive colonies were cultured over-
night in 2ml of Luria Bertani (LB) medium containing
250pug/ml ampicillin. A portion of 1ul from 60 cultures was
then incubated for 10min at 94°C, in order to lyse the cells
and to inactivate the nuclease, and amplified in the presence
of the plasmid-specific primers M13F(—20) and M13R. The
sequencing was carried out using plasmid-specific and
insert-specific primers.

A 338-bp fragment with a sequence identical to the
Cambridge reference sequence between nts 8100 and 8437
was subcloned into pCR2.1-TOPO vector. The vector was
grown in host bacteria in a stepwise manner. Thirty colonies
were analyzed straight from the bowl, while 30 other colo-
nies were cultured further overnight in 2ml of LB medium
containing 250 ug/ml ampicillin. A portion of 1ul from these
30 cultures was then amplified with plasmid-specific primers
and sequenced. Another portion of 1l from the 30 cultures
was then cultured further overnight in 2ml of LB medium
containing 250 ug/ml ampicillin, and amplified by PCR and
sequenced.

Results

Construction of median networks of haplogroup TJ

Sequence data on the mtDNA coding region in the 28
samples belonging to haplogroup TJ were used to construct
a median-joining network (Fig. 1a). Six mtDNA sub-
stitutions in the coding region were found in all the samples.
The polymorphisms at nts 2706, 7028, and 11719 are com-
mon to all the other haplogroups, except for haplogroup
H (Richards et al. 1998, Macaulay et al. 1999), and there-
fore only the polymorphisms at nts 4216, 11251, and 15452
were specific to haplogroup TJ. Haplogroup J was
characterized by polymorphisms at nts 10398, 12612, and
13708, but 10398 A>G is also found in haplogroups I, J, K,
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Fig. 1. a Phylogenetic network of haplogroup TJ based on variation in
the coding sequence. Numbers inside the nodes denote samples. The
polymorphic variants are shown on the lines connecting the nodes and
are transitions unless otherwise marked. The following substitutions
were common to all samples: 750A>G, 1438A>G, 3423G>T,
4769A>G, 4985G>A, 8860A>G, 9559G>C, 11335T>C, 13702G>C,
14199G>T, 14272G>C, 14365G>C, 14368G>C, 15326 A>G, and de-
letion 3106C. Broken lines around the branches show the locations of
subclusters J1, J2, T1, and T2. CRS, Cambridge reference sequence;

and M at least (Torroni et al. 1996, Richards et al. 1998,
Macaulay et al. 1999), and 13708G>A is found in some
samples belonging to haplogroup X (Macaulay et al. 1999).
Nine polymorphisms appeared to be specific to haplogroup
T.
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i8281C, insertion of variable number of cytosine; d 9bp, 9-bp deletion
in the CO II-tRNA™ intergenic region. b Phylogenetic network of
haplogroup TJ based on variation in the hypervariable segment I
(HVS-I) sequence (nucleotides 16024-16400). The numbers inside the
nodes denote samples and numbers on the lines connecting the nodes
denote polymorphic nucleotides, with the first two digits, 16, omitted.
Polymorphisms are transitions unless otherwise marked. Underlined
digits indicate parallel mutations. CRS, Cambridge reference
sequence
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A median-joining network was also constructed for the
HVS-I sequence data (Fig. 1b). Haplogroup J was defined
by polymorphisms at nts 16069 and 16126, and haplogroup
T by polymorphisms at nts 16126 and 16294, with the excep-
tion of one sample. The haplogroup T network included



parallel mutations at nts 16172, 16182, 16183, 16186, 16189,
16304, and 16363, and one reticulation. Comparison of the
HVS-I network with the coding region network suggested
that the polymorphisms creating the reticulation in sample
18 had arisen in the order 16296 — 16189 rather than the
reverse. In the case of haplogroup T, the HVS-I network
correlated well with the network based on the coding region
sequence, with the exception of sample 23, which was dis-
crepant between the two networks. On the other hand,
parallel mutations at nts 16145, 16172, and 16261 had to be
assumed in order to obtain concordant networks for
haplogroup J.

Expansion of the 9-bp tandem repeat in the CO
II-tRNA™ intergenic region

An autogenous formation of heteroduplexes in a fragment
spanning between the nts 8100 and 8437 was observed in
two samples belonging to haplogroup J, but not in 478 other
samples suggesting haplogroup-specificity. A heteroplasmic
mutation within the fragment would explain the heterodu-
plex formation and, therefore, these two samples were stud-
ied further in order to obtain complete sequence data. PCR
amplified fragments were subcloned and sequence data
were obtained for 50 (sample 6) and 39 (sample 8) clones.
All clones were found to harbor 8269G>A and 8286T>C
excluding contamination. Furthermore, the CO II-tRNA™*
intergenic region was found to harbor two heteroplasmic
mutations. The degree of the 8288T>C mutant hetero-
plasmy was 12% in sample 6 and 2% in sample 8. The
second heteroplasmic mutation was a length variation in the
3'-copy of the 9-bp tandem repeat (Table 1). The repeat was
expanded by 1 to 4 cytosines in sample 6 and by 2 to 6
cytosines in sample 8. Together with 8288T>C this length
variation gave rise to cytosine tracts consisting of 8-11 and
9-13 cytosines, respectively. The modal number of cytosine
residues was 8 in sample 6, while the corresponding value
was 12 in sample 8 (Table 1).

A control experiment revealed that the length variation
in the CO II-tRNA"" intergenic region was not generated as
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a cloning artifact. A fragment with a sequence identical to
the Cambridge reference sequence was subcloned and the
colonies were passaged three times. No length polymor-
phisms were found in either repeats of the 9-bp segment
when 30 colonies were examined at each passage.

Discussion

Comparison of the HVS-I network constructed here for
mtDNA haplogroup TJ with similar networks based on a
large number of European samples (Richards et al. 1998,
Macaulay et al. 1999) revealed a good concordance, sug-
gesting that the haplotypes found in the Finnish population
are similar to those in other European populations. There-
fore, the present network may be used for the comparison
of sequences from any European population. The proposed
subcluster T1 (Richards et al. 1998) was found to be defined
by the coding region variant 9899T>C and could be en-
larged to include samples with 12633C>A. We suggest that
the remaining part of haplogroup T may be regarded as
forming subcluster T2, defined by coding region polymor-
phisms 11812A>G and 14233 A>G. Such a subdivision into
subclusters T1 and T2 is also supported by a previous net-
work (Macaulay et al. 1999).

The haplogroup J network based on sequence variation
in the coding region could be divided into two sub-
clusters that conformed to the subdivision proposed pre-
viously (Torroni et al. 1997). Accordingly, 7476C>T and
15257G>A were found to define subcluster J2, whereas
subcluster J1, which has been defined by the lack of
15257G> A (Torroni et al. 1997), was found to be character-
ized by the polymorphism 3010G>A. A major part of
this subcluster was further determined by 14798T>C in the
cytochrome b gene.

CSGE analysis suggested the presence of a hetero-
plasmic mutation in samples 6 and 8 that belonged to
haplogroup J. The CO II-tRNA"” intergenic region was
found to harbor two heteroplasmic mutations, one being
8288T>C and the other being a length variation in the 3'-

Table 1. Sequence of the CO II-tRNA™ intergenic region in mtDNA between nts 8269 and 8294 in clones from samples 6 and 8
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copy of the 9-bp tandem repeat (Table 1). The length varia-
tion was not generated as a cloning artifact, as our results
did not reveal any new length variation in clones passaged
several times. Furthermore, the length variation was ob-
served exclusively in the 3'-copy of the tandem repeat, and
none of the clones revealed instability in the 5'-copy. These
analyses enabled us to obtain complete sequence data also
for these two subjects.

Phylogenetic analysis revealed that samples 6 and 8 be-
longed to a specific subcluster of haplogroup J and that
sample 8 departed from a common node by substitutions at
nt 2158 in the coding region and at the frequently mutated
site 16186 in the control region, while sample 6 departed
from the node by a substitution at nt 16247 in the control
region. These differences suggest that haplotype 8 is geneti-
cally more distant than haplotype 6 from their common
ancestor and, interestingly, the expansion of the 3'-copy was
also larger in sample 8 than in sample 6. This finding sug-
gests that the length variation in the 9-bp repeat sequence in
the CO II-tRNA™ intergenic region is polymorphic in na-
ture. Support for this assumption has been provided by
demonstration of similar expansions in members of two
tribes in India (Watkins et al. 1999). Interestingly, two
samples from the Khonda Dora tribe have been found to
harbor an expansion in the 3'-copy of the tandem repeat
and the 8288T>C (Watkins et al. 1999), thus being identical
to our samples 6 and 8. On the other hand, samples from the
Santal tribe harbored an expansion in the 5’-copy but not in
the 3’-copy of the 9-bp repeat (Watkins et al. 1999).

An association has been reported between haplogroup
J and the primary LHON mutations 11778G>A and
14484T>C (Brown et al. 1997, Lamminen et al. 1997,
Torroni et al. 1997), suggesting that polymorphisms in this
haplogroup increase the penetrance of the mutations or the
risk of disease expression. The relative risk of LHON ap-
pears to be highest among those belonging to subcluster
J1 (Torroni et al. 1997). Six of the substitutions that have
been considered to be secondary mutations in LHON were
found to be scattered in the haplogroup TJ network, but
only two of them, 4216T>C and 13708G>A, were common
to the 31 LHON patients belonging to haplogroup J and
harboring 11778G>A or 14484T>C (Brown et al. 1995,
Howell et al. 1995, Lamminen et al. 1997, Torroni et al.
1997) (Fig. 2).

In addition, the polymorphisms 10398A>G and
15452C>A were common to the patients with LHON. The
nt 10398 is a variable one (Macaulay et al. 1999), and there-
fore was not considered further. The transversion
15452C> A leads to replacement of a moderately conserved
leucine by isoleucine in cytochrome b and 4216T>C to
replacement of a poorly conserved tyrosine by histidine in
the NDI subunit. Prediction of the protein domains by
means of the Profile fed neural network systems from
HeiDelberg (PHD) program (Rost et al. 1995) suggested
that both replacements are located in a putative trans-
membrane region. The transition 13708G>A leads to the
replacement of a moderately conserved alanine by threo-
nine in the ND5 subunit. This creates a novel phosphoryla-
tion site KRLT for cyclic adenosine monophosphate

B: 2/14484
H: 2/11778
B: 1/11778, 1/14484 L: 1/11778
L: /11778 T 3/11778
T 1/11778
15812
T /11778
15257
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H: 2/14484 B: 3/11778
L: 2/11778 T- 211778
T: 7/]1778, 2/14484 13708 4917
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Fig. 2. Mitochondrial DNA genotypes of patients with Leber’s heredi-
tary optic neuropathy and with one of the primary mutations
11778G>A or 14484T>C, placed in the network skeleton. The original
publications are indicated by the letters B (Brown et al. 1995), H
(Howell et al. 1995), L (Lamminen et al. 1997), and T (Torroni et al.
1997). The number of patients is shown before the mutation. As only
partial mtDNA sequences and restriction fragment length polymor-
phism (RFLP) data on the coding region are available for these pa-
tients (Brown et al. 1995, Howell et al. 1995, Lamminen et al. 1997,
Torroni et al. 1997), their genotypes are placed in a network skeleton
rather than in the complete network

(cAMP)-dependent protein kinase (Bairoch et al. 1997),
which is known to phosphorylate a number of mitochon-
drial proteins (Papa et al. 1999). The substitutions
3010G>A and 14798T>C associated with subcluster J1
were not considered secondary mutations, because they
have been detected in population controls belonging to
haplogroups other than J (our unpublished observations).

We found only four substitutions to be common to pa-
tients with primary LHON mutations, but none of these was
unique to haplogroup J. If increased penetrance of the
11778G>A and 14484T>C mutations in patients belonging
to haplogroup J is assumed, then combinations of ancient
substitutions must be implicated. Complete mtDNA se-
quences from patients with LHON will be required in order
to clarify the role of putative secondary mutations any
further.
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