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Introduction

Mutations in the mitochondrial DNA (mtDNA) have been
reported to be associated with sensorineural deafness. The
most common of these mutations are the A3243G mutation
affecting tRNALeu and the A1555G base substitution in a
highly conserved region of the small (12S) rRNA gene. The
latter affects a site in which aminoglycoside resistance muta-
tions have been described in other species (De Stasio et al.
1989; Etzold et al. 1987;  Montandon et al. 1986), in line with
the observation that the phenotypic expression of the
mtDNA A1555G mutation is precipitated by exposure to
aminoglycoside antibiotics, although such exposure is not
always essential. Sensorineural deafness associated with in-
creased sensitivity to aminoglycoside antibiotics has been
reported in a number of Caucasian, Chinese, and Japanese
individuals and pedigrees (Prezant et al. 1993; Matthijs et al.
1996; Usami et al. 1997; Pandya et al. 1997; Estivill et al.
1998).

Here we report a seven-generation Balinese family with
progressive non-syndromic deafness associated with the
mtDNA A1555G mutation, the first sensorineural deafness
case reported in the Southeast Asian region, which, at first
inspection, presented itself with a confusing pattern of in-
heritance. We have studied this family in detail to investi-
gate (1) whether the exception to the maternal pattern of
inheritance has arisen because of multiple entries of the
mtDNA A1555G mutation into the pedigree, (2) the ge-
netic characteristics of the expression of the mutation as
non-aminoglycoside-induced sensorineural deafness, and
(3) the respiratory enzyme deficiencies as the biochemical
expression of the mtDNA mutation. We have sequenced
the mtDNA of two members of the family and one normal
control, and we report the first total mtDNA sequences of
island Southeast Asians, demonstrating a relatively large
number (20) of previously unreported single-nucleotide
polymorphisms (SNPs).
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Abstract Sensorineural deafness associated with increased
sensitivity to aminoglycoside antibiotics as the consequence
of an A1555G mutation in the mitochondrial DNA
(mtDNA) in a highly conserved region of the small (12S)
rRNA gene has been reported in Caucasian, Chinese, and
Japanese individuals. We report here a large family of
Balinese Indonesian origin with progressive/congenital
sensorineural deafness who carry the A1555G mutation.
The pedigree shows a generally maternal inheritance pat-
tern with some exceptions, which is the result of an unusual
multiple entry of the mutation into the pedigree. A
complete mtDNA genome sequence from three Balinese
individuals revealed a relatively large number of single-
nucleotide polymorphisms (20) not previously reported,
and confirmed the genetic distance of Southeast Asian
populations from those of Caucasians and Japanese. The
biochemical expression of the A1555G mutation under the
influence of this mtDNA background was investigated. Ex-
amination of respiratory enzyme activities showed a signifi-
cant decrease in respiratory complex I activity, particularly
in symptomatic family members.
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Patients and methods

Patients and fibroblast culture

The family members were first examined in Singaraja, on
the north coast of the island of Bali in Indonesia. Other
family members were then traced in Denpasar, the capital
city, 100km south of Singaraja. Twenty-six subjects were
analyzed both genetically and clinically. During the exami-
nation, blood samples (10ml), skin biopsies, and hair root
samples were taken from certain members of the family
with informed consent as part of the diagnostic workup of
the patients. These samples were kept at 4°C for about 24h
before being transported to Jakarta.

The procedures for skin biopsy and the generation of
fibroblast cell lines are as previously reported (Malik et al.
2000). The fibroblast cell lines used were derived from two
members of the pedigree: one deaf (EISi-IV-78) and one
hearing (EISi-V-46) member. One fibroblast cell line de-
rived from a normal individual was used as a control (EIN-
2-95; Malik et al. 2000).

DNA isolation and analysis

Total DNA was extracted from blood and fibroblasts as
described elsewhere (Lertrit et al. 1992). A 551-bp fragment
of the mtDNA within the 12S rRNA gene between nucle-
otide (nt) 1231 and nt 1782 was polymerase chain reaction
(PCR) amplified using primer pair L1231 (5�-AACCTC
ACCACCTCTTGCTCA-3�) and H1782 (5�-CTATAT
CTATTGCGCCAGGTTTCA-3�) in a programmable ther-
mal cycler (Perkin Elmer 9700 GeneAmp System; ABI-PE,
Norwalk, CT, USA). The PCR amplification was carried
out for 30 cycles of denaturation at 95°C for 1min (95°C for
5min at first cycle), annealing at 56°C for 1min 30s, and
extension at 72°C for 2min 30s (72°C for 5min for final
extension). The amplified DNA was then digested with
Alw26I restriction endonuclease (Promega, Madison, WI,
USA) (Pandya et al. 1997), and electrophoresed on a 2%
agarose gel (Sigma, St. Louis, MO, USA). The A1555G
base substitution was detected as the loss of an Alw26I
restriction site.

Five restriction endonucleases, which define eight poly-
morphic sites (10394 DdeI, 10397 AluI, 16517 HaeIII, 12408
HincII, 12408 HpaI, 13259 HincII, 13262 AluI, 663 HaeIII),
were used for haplotype analysis of the mtDNA using the
procedure essentially as in Malik et al. (2002). Together
with the COII/tRNALys 9-bp deletion, these polymorphic
sites characterize the most common haplogroups associated
with Asian populations (Torroni et al. 1993).

For the sequencing of the total mtDNA, overlapping
fragments were amplified by PCR essentially as described in
Marzuki et al. (1991), directly sequenced (as in Sudoyo et al.
2002) using 60 internal primers, and compared with the
previously published sequence (Anderson et al. 1981;
Andrews et al. 1999).

Isolation of mitochondria from fibroblast cells and
measurement of respiratory enzyme activities

Mitochondria were isolated from fibroblast cells by a modi-
fication of the method described in Trounce et al. (1996).
The measurements of the mitochondrial respiratory en-
zyme activities were carried out spectrophotometrically
with a dual beam UV-visual spectrophotometer (U3300,
Hitachi, Tokyo, Japan). NADH-cytochrome c oxidoreduc-
tase (EC1.6.5.3 plus EC1.10.2.2) and succinate-cytochrome
c oxidoreductase (EC1.3.5.1 plus EC1.10.2.2) activities were
assayed as described by Byrne et al. (1988). The NADH-
cytochrome c oxidoreductase activity of the isolated
fibroblast mitochondria was assayed in triplicate at 37°C
using 50µg of mitochondrial protein in a 1-ml reaction
mixture containing 25 mM potassium phosphate and 5mM
magnesium chloride at pH 7.2. The reaction was initiated by
the addition of 150µM NADH, and the rate of the enzyme
activity was determined by following the antimycin A-
sensitive reduction of cytochrome c by NADH at 550nm.
The succinate-cytochrome c oxidoreductase activity was
assayed at 37°C in triplicate with the addition of 50µg of
mitochondrial protein into a 1-ml reaction mixture, as noted
earlier, by measuring the antimycin A-sensitive reduction of
cytochrome c by 20mM succinate.

Results

The Balinese family with maternally inherited congenital
sensorineural deafness

The large family lived in a village in the Singaraja region of
Bali, and the pedigree constructed is shown in Fig. 1. Deaf-
ness can be traced back for six generations of the 213 family
members and was confirmed by audiological examinations
with a type D audiometer (Minaty Medical Science, Osaka,
Japan). Although the pedigree did not show a typical pat-
tern of inheritance, certain branches suggested the possibil-
ity of a maternal mode. At the time of the study, there were
188 living members, of which 26 members were available for
clinical examination. Most of these members exhibited signs
of sensorineural deafness, with clinical manifestation vary-
ing from mild to total deafness. The age of onset was found
to vary from 2 to 10 years, and extensive interviews estab-
lished that the Balinese family has no history of exposure to
aminoglycoside antibiotics. Local health authorities con-
firmed that streptomycin has not been used in the region for
at least 20 years, and kanamycin and neomycin were only
introduced recently and were far too expensive for the local
population. Neurological examination performed on 12
deaf members excluded other neurological involvement.

MtDNA mutation underlying the congenital sensorineural
deafness in the Balinese family

The most common mtDNA mutation associated with senso-
rineural deafness is the A1555G mutation in the 12S rRNA
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gene. Two deaf members of the family (EISi-V-43 and EISi-
V-44) were examined for this mutation, and direct sequenc-
ing of a PCR-amplified fragment of the mtDNA revealed
the A1555G mutation (Fig. 2a). The presence of this muta-
tion in a homoplasmic manner was subsequently demon-
strated by using a PCR-based restriction fragment length
polymorphism (RFLP) strategy in 24 other members exam-
ined (Fig. 2b).

The finding of the mtDNA A1555G mutation is an
enigma in terms of the pattern of inheritance observed.
Deaf family members could also be identified along the
nonmaternal III-1 and III-9 lines of the pedigree. We did
not examine the descendants of III-1, because we did not
have access to the wife of IV-1 or the two children of this
small branch; the wife of IV-1 was deaf and the deafness
observed in the two children was most likely to be inherited
through their mother. More interesting is the nonmaternal
branch started with male member III-9, which is much
larger in size and had three deaf members; the wife of III-9
was not deaf. We have examined the mtDNA of family
members IV-43, IV-45, and IV-46 of this branch and have
found the A1555G mutation there also. The hearing wife of

III-9 who was not available for the study, therefore, must
have carried the mtDNA A1555G mutation.

To examine whether the mtDNA background asso-
ciated with the main A1555G mutation in the large family
is different from the newly introduced one through the
wife of III-9, we investigated the haplotypes of the mtDNA
belonging to descendants of II-2 (V-22 and V-23), II-5
(IV-78 and V-43), and II-3 (IV-43 and IV-45) by high-
resolution PCR-RFLP at several diagnostic polymorphic
sites in the mtDNA (Torroni et al. 1993). All six mtDNAs
examined were found to be of haplogroup B (absence
of 10394 DdeI and 10397 AluI sites; gain of 16517 HaeIII
site and the 9-bp deletion; Torroni et al. 1993; data not
shown).

To obtain a more detailed picture of the mtDNA back-
ground associated with the two entries of the A1555G mu-
tation, we sequenced the highly polymorphic hypervariable
region I and II of the mtDNA D-loop of the large family
(represented by V-43) and that introduced by the wife of
III-9 (represented by IV-45). The two mtDNAs carry 13
and 12 SNPs when compared with the Cambridge reference
sequence (Table 1; Anderson et al. 1981; Andrews et al.
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Fig. 1. A six-generation Balinese
family with nonsyndromic senso-
rineural deafness. The pedigree
of the Balinese family consists of
213 (188 living) members, of
which a total of 41 (35 living) are
affected. � �, Male; � �, female;
� �, affected; � �, asymptom-
atic; /, deceased. Two deaf mem-
bers of the family (�) were
examined for the mtDNA
A1555G mutation by direct se-
quencing, and the existence of
this mutation was subsequently
examined in 24 other members
(�) by polymerase chain reaction
— restriction fragment length
polymorphism. Branches shaded
are those of non-maternally in-
herited deaf members. All the
fifth-generation members were
older than 5 years of age. The
sixth-generation members were
between 1 and 5 years of age, and
thus not included in the present
study



122 N. Matsuda et al.: EGF receptor and osteoblastic differentiation

1999). Comparison of the sequencing data of EISi-V-43 and
EISi-IV-45 revealed that their mtDNA are identical except
for one nucleotide difference at nt 186 (G residue in V-43
and C residue in IV-45). This observation indicates that the
wife of IV-9 is still related to the large family, although
perhaps rather remotely. Our finding is consistent with the
sociocultural setting of the Balinese village, in that most of
the family members have been living in a relatively isolated
village for generations, and that distance consanguinity
through intermarriage is common.

Sequence analysis of the Balinese family mtDNA that
forms the background for the A1555G mutation

The penetrance of the A1555G mutation was found to be
28.9% (35 deaf members of 121 members older than 10
years of age carrying, or suspected to carry by virtue of the
maternal inheritance, the mtDNA A1555G), with a male-
to-female ratio of 21/14, presumably as the result of the
modulation of the expression of the A1555G mutation by
nuclear modifiers (Guan et al. 1996). The influence of the
overall mtDNA genetic background in the expression of the
A1555G mtDNA mutation is less well understood. We have
observed that the Southeast Asian mtDNAs are phyloge-

netically distant from those of the Caucasians and Japanese
(Sudoyo et al. 2002). To investigate the extent of the differ-
ence in the mtDNA sequence that forms the background
for the A1555G mutation in our Balinese patients, as com-
pared with those of the Caucasians and Japanese, we have
sequenced the coding regions of the mtDNA of V-43 and
IV-45, which, together with the D-loop sequence in the
previous section, provide the complete mitochondrial ge-
nome sequence of the Balinese patients. In addition, a nor-
mal Balinese EIBal-034 was also included in this analysis. A
total of 11 SNPs were observed in the protein-coding region
of the mtDNA of EISi-V-43, and 5 others in the rRNA
genes (Table 1). EISi-IV-45, a descendant of II-3, shows an
identical set of 16 SNPs. Of the 16 SNPs in the coding
region, 4 were found to be novel, not reported previously in
Caucasians and Japanese, including 1 in the 16S rRNA gene
(Table 1; shaded). Together with the mtDNA sequences of
the normal Balinese EIBal-034, 20 SNPs not previously
reported were identified; of these, 12 are in the coding
regions of the mtDNA.

The sequences of the three Balinese mtDNAs described
earlier are the first sets of the mitochondrial genome se-
quence reported for Southeast Asians. The comparison of
the variations of the mtDNA sequence of our Balinese
individuals with those of Caucasians and Japanese confirms
the genetic distance of the Southeast Asian populations
(data not shown).

Phenotypic expression of the A1555G mutation in
fibroblast cell lines

We have investigated the defects in respiratory chain activ-
ity as a consequence of the A1555G mutation in fibroblast
cell lines derived from symptomatic member EISi-IV-78
and asymptomatic member EISi-V-46. Microphotometric
quantitative assessment of the well-characterized NADH-
tetrazolium reductase (NADH-TR) (Malik et al. 2000),
a partial reaction of respiratory complex I, gave an indica-
tion of more than 10% reduction of the NADH-TR activi-
ties in both symptomatic EISi-IV-78 and asymptomatic
EISi-V-46 fibroblast lines when compared with a normal
cell line (EIN-2-95; data not shown). The respiratory
complex I activity, therefore, was more precisely deter-
mined by measuring the NADH-cytochrome c oxidoreduc-
tase activity (complex I � III), to examine the extent of its
reduction.

The NADH-cytochrome c oxidoreductase activity of
mitochondria isolated from fibroblasts of the symptomatic
member EISi-IV-78 showed a significant (35%; P � 0.005)
reduction of activity when compared with that of the nor-
mal cell line EIN-2-95. Despite the significant reduction of
NADH-cytochrome c oxidoreductase activity, succinate-
cytochrome c reductase activity (Table 2) did not show any
significant reduction. Thus, the lower NADH-cytochrome c
oxidoreductase activity in the symptomatic member is
mainly due to a defective respiratory complex I (NADH-
ubiquinone oxidoreductase).

Fig. 2a,b. Detection of the MtDNA A1555G mutation in the Balinese
family. a A 1451-bp fragment of the mitochondrial DNA (mtDNA) of
family members V-43 and V-44, containing the 12S rRNA gene, was
amplified by PCR using a set of primers, L892 and H2343. Cycle
sequencing reactions were then performed using internal primer L1231
with ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction
(ABI, Perkin Elmer, Norwalk, CT, USA), in a model 377 automated
DNA sequencer (ABI). Shown is the electrophoregram of V-43 with
the A1555G mutation. b The presence of the A1555G mutation was
examined in 24 other members of the family (IV-43, IV-45, IV-46, IV-
71, IV-73, IV-74, IV-77, IV-78, V-22, V-23, V-37, V-38, V-40, V-41, V-
42, V-46, V-47, V-48, V-49, V-50, V-51, V-52, V-55, and V-56) by
PCR-RFLP using primer pair L1231 and H1782, and the PCR products
were then digested with Alw26I restriction endonuclease. Shown are
RFLP analyses of the PCR-amplified fragment from seven members of
the family showing the homoplasmic presence of the mtDNA species
carrying the A1555G mutation. The results of the other 17 members
showed similar homoplasmicity of the mtDNA
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Discussion

The results of the study reported here are of interest for
several reasons. First, we have been able to demonstrate
that the unusual pattern of inheritance observed in the Ba-
linese family is the result of multiple entries of the causal
mtDNA A1555G mutation into the family. These multiple
entries are most likely due to distant consanguinity not
known to the family, perhaps more common in the sociocul-
tural setting of island Southeast Asian villages, a fact that is
important to recognize in future studies.

The present study is also of importance because it re-
ports the first complete mtDNA genome sequence from
Southeast Asia, which confirms the genetic distance of

Southeast Asian populations from those of Caucasians and
Japanese. A reduction of respiratory complex I activity was
observed, consistent with the earlier suggestion from the
study of an Arab-Israeli family that the mtDNA A1555G
mutation results in a defective respiratory enzyme complex
(Guan et al. 1996). The reduction in respiratory complex I
activity observed (35% in symptomatic and 13% in asymp-
tomatic members, respectively) is not as severe as that
reported for the Arab-Israeli pedigree [56% and 50%
in symptomatic and asymptomatic members (Guan et al.
1996)], but it is not clear as yet whether the less severe
reduction is due to the difference in the mtDNA back-
ground. The different degree of reduction in respiratory
enzyme activity observed in symptomatic and asymptom-
atic members is consistent with the observation of Guan et

Table 2. Respiratory enzyme activities measured in mitochondria isolated from fibroblast cells
with the A1555G MtDNA mutation

NADH-cyt c reductase Succinate-cyt c reductase
(nmol cytochrome c (nmol cytochrome c

Cell line /min/mg protein) /min/mg protein)

EIN-2-95 207.7 � 24.5 30.5 � 8.2
EISi-IV-78 (symptomatic) 134.4 � 15.5 37.5 � 0.7
EISi-V-46 (asymptomatic) 181.6 � 22.3 28.0 � 2.8

Table 1. SNPs in the MtDNA of the Balinese family carrying the A1555G mutation

D-loop region

rCRS

EISi-V-43 G T G C G . . . C C C C C . A . G . C
EISi-IV-45 G T . C G . . . C C C C C . A . G . C
EIBal-034 G . . C G G del del . . . . . T . T . T .

tRNAs and rRNAs

F 12S 16S

Gene

rCRS
EISi-V-43 . . . A G . G G T
EISi-IV-45 . . . A G . G G T
EIBal-034 C A T . G T G . .

Protein coding

Gene
ND1 ND2 COI

ATP
ND4 ND5 Cyt b6

rCRS

EISi-V-43 T T . G . C T G . A . G . A G A
EISi-IV-45 T T . G . C T G . A . G . A G A
EIBal-034 . . A G C . . G C A G . A . G ·

SNPs, Single-nucleotide polymorphisms; rCRS, revised Cambridge reference sequence (Anderson et al. 1981; Andrews et al. 1999)
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al. (1996), which in the latter has been shown to be due to as
yet unidentified nuclear modifiers (Guan et al. 2001). Such
nuclear factors could also contribute to the variation in
respiratory enzyme activity observed in patients of different
ethnic backgrounds.

Finally, the demonstration that the mtDNA A1555G mu-
tation exists in island Southeast Asians is of significance. This
is particularly so because, in contrast, the mtDNA A3243G
mutation, which is another major mtDNA mutation underly-
ing sensorineural deafness [with or without diabetes mellitus
(Manouvrier et al. 1995; Kadowaki et al. 1994; van den
Ouweland et al. 1992)], has not been found in Southeast
Asians, despite the screening of more than 1500 Indonesian
patients with type II diabetes mellitus (Sudoyo H, Pranoto
A, Marzuki S, unpublished). In Japan, the A3243G mutation
accounts for 0.9%–2% of diabetic patients (Kadowaki et al.
1994, 1995), 1.74% of sensorineural deafness patients
(Nagata et al. 2001), and as many as 50% of patients with
sensorineural deafness and diabetes mellitus (Nagata et al.
2001). The mtDNA A1555G mutation is an important con-
tributor to sensorineural deafness in the Japanese popula-
tion [3% of patients with sensorineural deafness carry the
A1555G mutation (Usami et al. 1999)]. It is thus important to
determine the contribution of this mutation as the cause of
sensorineural deafness in Southeast Asia.
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