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Abstract We report new results from the re-analysis
of 672 complete mitochondrial (mtDNA) genomes of
unrelated Japanese individuals stratified into seven
equal sized groups by the phenotypes: diabetic pa-
tients, diabetic patients with severe angiopathy, heal-
thy non-obese young males, obese young males,
patients with Alzheimer’s disease, patients with Par-
kinson’s disease and centenarians. Each phenotype had
96 samples over 27 known haplogroups: A, B4a, B4b,
Bdc, B*, B5, D*, F1, F2, M*, M7a, M7b, M8, M9, D4a,
D4bl, D4b2, D4d, D4e, D4g, D4h, D5, G, Z, M*, N9a,
and N9b. A t-test comparing the fraction of samples in
a haplogroup to healthy young males showed a signif-
icant enrichment of haplogroups D4a, D5, and D4b2 in
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centenarians. The D4b2 enrichment was limited to a
subgroup of 40 of 61 samples which had the synony-
mous mutation 9296C > T. We identified this cluster as
a distinct haplogroup and labeled it as D4b2b. Using an
exhaustive procedure, we constructed the complete list
of “mutation patterns” for centenarians and showed
that the most significant patterns were in D4a, D5, and
D4b2b. We argue that if a selection for longevity ap-
peared only once, it was probably an autosomal event
which could be dated to after the appearance of the D
mega-group but before the coalescent time of D4a, DS,
and D4b2b. Using a simple procedure, we estimated
that this event occurred 24.4 + 0.9 kKYBP.

Introduction

Life expectancy of humans continues to rise (Abrams
2004; de Grey 2002; Lewis 1999). While much of this
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increase can be attributed to improved diet, sanitation
and medical care, there may also be genetic reasons for
longevity (Hawkes 2004; Hawkes et al. 1998). If so,
they may arise from mutations, which might be iden-
tifiable by a suitable stratification of the population.
Whereas there are several possible models for the
correlation between mtDNA variants and longevity
(e.g., see Elson et al. 2006) we will focus on one model
based on coordination of mtDNA and nuclear muta-
tions to explain the associations we observe in the data.

Mitochondria are non-recombinant and maternally
inherited and humans readily stratify into mtDNA
haplogroups (Brandon et al. 2005; Ingman and Gyl-
lensten 2006). The appearance of exclusively mito-
chondrial selective mutations would result in a distinct
pattern of mtDNA mutations in a single haplogroup,
which would persist over time without spread to other
haplogroups. However, if the selective mutations re-
quired both mtDNA and nuclear chromosomes, a
monophyletic signal would not exist (Elson et al.
2006). Mitochondria are subject to ‘‘hitch-hiking”
(Bazin et al. 2006), a process by which a haplogroup is
coherently amplified by selective mutations on other
chromosomes. Hence, the signature of mtDNA and/or
nuclear involvement in selective sweeps would be that
a number of haplogroups appear enriched with
enrichment spreading to other haplogroups over time.
The time over which the enrichment was visible would
depend on the degree of mixing between haplogroups.
In a sufficiently isolated population, it might be visible
in a number of haplogroups for some time. In this
paper, we use an exhaustive search to correlate such
patterns of mutation in haplogroups with several phe-
notypes including longevity.

An analysis of the mtDNA diversity in Japan using
complete mtDNA sequences was reported recently
(Tanaka et al. 2004). It was also shown that the D ha-
plogroup in Japan is selected for longevity (Tanaka
et al. 1998). We re-analyze the data of Tanaka et al.
(2004) using novel techniques and identify a significant
enhancement of the centenarian (longevity) phenotype
compared to healthy normals in three haplogroups:
D4a, D5, and D4b2b. The haplogroup D4b2b is a un-
ique subhaplogroup identified in Kong et al. (2006) and
Tanaka et al. (2004) and in the present study and is
characterized by a synonymous mtSNP 9296C > T.
Combining our results with previous studies, we con-
clude that the hierarchy of haplogroups: (D, (D5, D4,
(D4a, D4b (D4b2, D4b2b))})) is enriched in centenari-
ans. However, we find no single pattern of mutations
that is unique to these haplogroups. This suggests that if
the longevity phenotype was selected by a unique event,
it cannot be exclusively from mtDNA mutations.
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Since longevity is likely to have complex origins, if it
has a genetic basis, it probably requires a coordination
between mtDNA and nuclear mutations. If it appeared
only once in the Japanese population, the phylogenetic
hierarchy of enrichment in D and the observed corre-
lation with haplogroups D4b2b, D4a, and D5 can be
interpreted as relics of this ancestral event diffusing
into mitochondrial haplogroups over time. By com-
puting the coalescent time of these haplogroups, we
estimate that selective mutations conferring longevity
appeared in Japan at least (24.4 + 0.9) kYBP. The
other alternative is that this event has appeared mul-
tiple times for different reasons in the various haplo-
groups.

Our identification of haplogroups is not based on a
presumed phylogenetic tree. Instead, we use unsuper-
vised consensus ensemble clustering and agreement
across multiple clustering techniques (Monti et al.
2003; Strehl et al. 2003) to determine strong groups of
samples, which are similar within a group and dissim-
ilar across groups. We find that, with few exceptions,
the samples in the data fall into the haplogroups de-
fined in the literature Tanaka et al. (2004). Robust
patterns of mutations that distinguish the haplogroups
are directly identified by a clustering algorithm (Alexe
et al. 2004; Alexe and Hammer 2006) followed by a
data averaging procedure that eliminates spurious
mtSNPs and statistically meaningless haplogroup
labels.

Materials and methods

A detailed description of the methods used in the
collection, extraction, and sequencing of the mtDNA
samples used here is given in Tanaka et al. (2004). The
data were available as complete sequences of 96 sam-
ples in each of seven phenotypes: diabetic patients with
severe angiopathy, diabetic patients without angiopa-
thy, healthy non-obese young males, obese young
males, patients with Alzheimer’s disease, patients with
Parkinson’s disease and centenarians.

The subject groups are described in detail in the
Technical Annex of the mtSNP database: http:/
www.giib.or.jp/mtsnp/annex_e.html. Briefly, we sum-
marize this information below:

The Centenarian group consisted of 96 centenarians
over 100 years of age who were registered by the
Department of Gerontology, Keio University School
of Medicine, in Tokyo. This comprised the Tokyo
Centenarians (TC group) with 85 patients (60 females
and 25 males) and the Gifu Centenarians (the GC
group from the Gifu International Institute of Bio-
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technology) with 11 samples (six females and five
males). The Parkinson’s disease group consisted of 96
patients with Parkinson’s disease (mean age of
62.1 + 89 years; range, 39-81 years) who were diag-
nosed at the Department of Neurology, Juntendo
University School of Medicine, in Tokyo (53 were fe-
males and 43 males). The Alzheimer’s disease group
was comprised of 96 patients with Alzheimer’s disease
(mean age of 76.5 £ 9.7 years; range, 47-93) who were
diagnosed at the Department of Neurology, Nihon
Medical School, in Chiba (n = 96, 76 females, and 20
males). The Obesity group consisted of 96 young obese
male subjects (mean age of 21 x 2 years; range, 18-
25 years) with a body mass index (BMI) of 30.1 + 2.5,
who were registered at the Research Center of Health,
Physical Fitness and Sports, Nagoya University, in
Nagoya. The Healthy non-obese group consisted of 96
young healthy non-obese male subjects (mean age of
20 + 3 years; range, 18-25) with a BMI of 20.2 + 2.3,
who were registered at the same location as the obese
group. The Diabetes group came from Nagoya and
consisted of 96 patients (42 females and 54 males) with
type-2 diabetes mellitus (mean age of 58 £ 5 years;
range, 43-65), who were registered at the same loca-
tion as the obese group. The diabetes patients with
angiopathy came from a cohort of 96 patients with
severe vascular disease. This group had 48 females and
48 males and a mean age of 65 + 10 years ranging from
43 to 92. They were registered at the Department of
Internal Medicine, Juntendo University School of
Medicine, in Tokyo.

The complete mtDNA sequences from these pa-
tients were pair-wise aligned with the revised Cam-
bridge Reference Sequence rCRS (Brandon et al.
2005) by applying the linear global alignment algo-
rithm of Myers and Miller (1988) implemented in
Emboss  (http://www.emboss.sourceforge.net). We
found 1,351 polymorphic loci out of which we retained
240 loci with a frequency greater than 1%.

The haplogroups used in our analysis are those de-
fined in Tanaka et al. (2004). We used unsupervised
consensus ensemble clustering techniques and boot-
strap data perturbation techniques (Monti et al. 2003;
Strehl et al. 2003) to divide the data into an optimum
number of robust clusters and inferred their haplo-
group labels using the specific haplogroup identifying
mutations in Brandon et al. (2005) and Tanaka et al.
(2004). The unsupervised consensus ensemble cluster-
ing method proceeds by first finding the optimum
number of clusters (haplogroups) in the data using
principal component analysis (see, e.g., Jolliffe 1986 )
and statistical measures such as the silhouette score
(Rousseeuw 1987). Next, we create several datasets
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with the 96 samples in each phenotype by a random
sampling with replacement from each phenotype. A
number of clustering techniques, representing hierar-
chical, apglomerative and probabilistic clustering
methods, were then applied to each dataset. Each
clustering technique divided the samples into clusters
in slightly different ways. We averaged the sample
assignments over the datasets to produce an agreement
matrix for each clustering method used. The entries of
the agreement matrix represent the fraction of times a
pair of samples appears in the same haplogroup cluster.
Averaging these agreement matrices over the cluster-
ing techniques and applying an appropriate threshold
for the acceptable fraction of agreement (0.9 in our
case) divided the samples into an optimum number of
robust haplogroups. The markers defining each ha-
plogroups were easily identified from the clusters by a
frequency analysis of mtSNPs for all polymorphic loci.
Our criterion for a good marker is one that is present in
90% or more samples in at least one haplogroups and
in 10% or less in at least one other. Independent of the
haplogroups clustering, we applied the method of
Alexe et al. (2004) and Alexe and Hammer (2006) to
exhaustively identify all subsets of samples that share a
pattern of mutations. The algorithm used is based on
an iterative consensus approach, runs in total polyno-
mial time and is linear in the number of patterns found.

Results

The assignment of samples to clusters and clusters to
haplogroups mostly agrees with the earlier analyses
(Tanaka et al. 2004). However, our clustering revealed
additional structure in the data not previously noticed.
We found a new marker 9296C > T in 40 of 61 samples
of D4b2, which defines a new haplogroup which we call
D4b2b (Kong et al. 2006; Tanaka et al. 2004).

We stratified the samples by both phenotype and
haplogroup. For each haplogroup, we compared the
number of samples in each phenotype to the number of
samples in healthy normals. As a preliminary analysis,
we computed a t-statistic for each haplogroup using the
sample frequencies in the non-centenarian phenotypes
to compute the standard deviation. Table 1 shows our
results. We see that the haplogroups enriched in cen-
tenarians are D4a, D5, and D4b2b. We also calculated
an exact Fisher test odds ratio, which supported the
t-test results, although with somewhat larger P-values.
Other than the enrichment in centenarians, the only
other significant signal was that haplogroup M7a is
protected against the diabetes with angiopathy phe-
notype at P ~ 0.005. Table 1 also shows that there is an
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Table 1 Number of samples in each phenotype for the haplogroups (in bold with *) where the centenarian (longevity) phenotype is

enriched over healthy normals

Haplogrp Diabetes with Diabetes Healthy Obese  Alzheimer Parkinson Centen- t HN P_val Odds P-value
angio. without normal normal disease disease rian t-test ratio  Fisher test
angio. patients patients
*D4b2b 3 7 2 4 9 4 1 341 0.007 6.03 0.009
D4b2a 3 1 6 1 2 2 6 0.00 0500 100 0617
D4b2 6 8 8 5 u 6 17 417 0.003 236 0.042
*DS 2 5 1 4 4 5 7 3.65 0.005 741 0.032
*Dd4a 7 6 4 6 5 5 8 381 0.004 2.08 0.186
D4b 9 9 12 6 14 10 19 254 0022 172 0120
D4 25 25 28 27 28 24 36 464 0.002 145 0.142
D 33 39 34 35 36 38 47 561 0.001 174 0.040
M 54 66 63 57 60 71 70 113 0150 141 0174

Results are sorted by phylogeny hierarchy in D and M, with the significantly enriched hapologroups in bold. The t_HN statistic is
defined as t_ HN = (number of centenarians — number of healthy normals)/sdev, where sdev is the standard deviation of the haplo-
group samples over the six non-centenarians phenotypes. The P-value of t_HN was computed from a 7 distribution with 6 degrees of
freedom. The Fisher P-value was computed by applying a Fisher exact test to check whether the frequency of centenarians versus
healthy normals in each haplogroup was greater than the frequency of centenarians versus healthy normals outside the haplogroup.
The estimate of the odds ratio was computed by using the conditional Maximum Likelihood Estimate (MLE)

enrichment in the parent group D4b2, but it is re-
stricted to the subgroup D4b2b which is distinguished
from the D4b2 haplogroup by the synonymous muta-
tion 9296C > T.

Of the 61 samples in D4b2 in the data, 40 have
mtSNP 9296C > T and 21 do not. Another marker
enriched in centenarians is the synonymous mutation
14605A > G seen in a subgroup containing 29 of 40
samples in haplogroup D4b2b. This may define a fur-
ther split of the D4b2b haplogroup (Tanaka et al.
2004), identified as D4b2b1 in Kong et al. (2006). The
centenarian enrichment is not found in the subgroup
D4b2a of D4b2 which does not have mtSNP
9296C > T. The enrichment is present in D4b2 but not
visible at the level of D4b. It persists at the level of the
D mega-group but disappears at the level of the M
clade. We also do not find any single mtSNP signifi-
cantly enriched in centenarians compared to the other
phenotypes other than the defining mtSNPs for the D
mega-group.

For all D samples taken as a single group, we ob-
serve the known (Tanaka et al. 1998) enrichment in
centenarians correlated with two markers, a non-syn-
onymous transversion 5178C > A (ND2: Leu237Met)
and a synonymous transition 4883C > T. The subgroup
D4b2a of D4b2 (which does not have the 9296C > T
mutation), is not enriched. We find that the enrichment
is not visible in D4b, but shows up in the parent and
grandparent mega-groups D4 and D. However, the
signal is again lost at the level of the M clade.

In summary, the hierarchy of haplogroups: (D, (D5,
D4 (D4a, D4b (D4b2 (D4b2b)))))) is enriched in
centenarians. However, there is no single pattern of
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mutations enriched exclusively in the three subhaplo-
groups (D4a, D5, D4b2b), which is not seen in other D
haplogroups. There are several mtSNPs in the control
region: (16187C>T, 161897 >C, 16278C > T,
16311T > C, and 16362T > C) which are enriched in
various combinations in these three haplogroups.
However, these mtSNPs are also common in other
haplogroups, which are not enriched in centenarians as
well as outside the D clade (they also exist in N and L
clade haplogroups). Thus we find no pattern of mtSNPs
that is unique to the longevity enriched haplogroups.

A more detailed analysis was done using the meth-
ods of Alexe et al. (2004) and Alexe and Hammer
(2006), which identified all maximal patterns of muta-
tions carried by a minimum of five samples. For each
pattern, we calculated the number of samples in each
phenotype that displayed the pattern. The #-test scores
for all observed patterns for centenarians compared to
healthy normals are shown in Fig. 1. The 2,805 patterns
with r-test scores >3.0 were selected for further analy-
sis.

Figure 2 shows the haplogroups in which the sig-
nificant patterns of Fig. 1 are found. Note again the
appearance of the haplogroups D4a, D5, and D4b2b.
Other haplogroups also show up in this figure but with
lower frequency. Table 2 shows the mtSNPs in the
enriched patterns. The mtSNPs are sorted by the D
haplogroup hierarchy (Tanaka et al. 2004). The known
enrichment in D shows up as the known mtSNPs
5178C > A and 4883C > T. The D4 mtSNP 8414C > T,
the D4b and D4b2 mtSNPs 8020G > A, and
(1382A > C, 8964C > T), respectively, are also identi-
fied as are several mutations characteristic of D4a, D5,
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Fig. 1 The t-test scores for enrichment in centenarians for the
~20,000 patterns identified in the data. We define a pattern as a
set of mutations exhibited by at least five samples. The patterns

Fig. 2 Of enriched patterns
in haplogroups. About 2,805
enriched patterns with a t-test
score >3.0 were selected (see
Fig. 1) and their frequency in
haplogroups is shown. A
pattern was considered to be
associated to a haplogroup if
it is present in at least 50% of
the samples in the haplogroup

and D4b2b. In particular, the mtSNPs 9296C > T and
14605A > G for D4b2b are identified. There are also a
few mutations characteristic of other haplogroups
(D4d1, M7b, B4a, B5). Finally there are three mtSNPs
(16362T > C, 3010G > A, and 10410T > C), which are
seen in many haplogroups outside the Japanese ha-
plogroups in this study. These relate to older events in
the evolution phylogeny (Brandon et al. 2005) and are
not relevant in our analysis.

In Table 3, we show the best patterns enriched in
centenarians. All the mtSNPs in Table 2 for D4b2b,
DS, and D4a and in their ancestral groups appear in
these patterns. Some ancient mtSNPs such as 150C > T
and 152T > C reported previously (Niemi et al. 2005)
are also seen in the patterns. There are patterns
involving a number of mtSNPs in the control region:
(16187C > T, 16189T > C, 16278C > T, 16311T > C,
and 16362T > C) which appear in the three haplo-
groups. However, these mutations are very common in
the data and also appear in haplogroups not enriched
in centenarians and in haplogroups not seen in Japan
(Brandon et al. 2005). Overall, the patterns and
mtSNPs in Tables 2 and 3 suggest that the only
markers enriched in centenarians are the haplogroup
markers for D4a, D5, and D4b2b. Since these three
haplogroups are not in a subtree of the D phylogeny

i

y of enriched patt

haplogroup
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were identified by applying an exhaustive search algorithm and

are shown sorted with respect to the r-test scores. About 2,805
patterns with z-test score >3 were selected for further analysis
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(Tanaka et al. 2004), the longevity selection event (if it
was unique) probably involved changes in the nuclear
genes as well as on mitochondria. The selection
event(s) suggested by the present analysis originated in
D and spread to D4a, D5, and D4b2b. Since it is seen in
D but not in M, it must have arisen after the appear-
ance of the D clade but before the coalescent time of
D4a, D5, and D4b2b.

To compute the second of these times, we use the
following procedure: we compare the three haplo-
groups in pairs. For each haplogroup pair, we compute
the distribution of the number of mutations between
all the sample pairs, one from each haplogroup.
Restricting to the mutations seen in more than 90% of
the sample pairs, we compute the mean number of
mutations ny and its standard deviation ops. The time
to most recent common ancestor (TMRCA) is then
given by:

Te = [nmE oml]/(2 1),

where g is the mutation rate in units of number of
mutations per sample per year. Using the value
1.7 x 10™® mutations per site per year (Ingman et al.
2000) we get u=2.82 x 107* mutations/year/sample.
We find the following results for each pair of
haplogroups:
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Table 2 mtSNPs in enriched patterns in centenarians (#-test value >3.00)

SNP t-test statistic  z-test P_value  Haplogroups  Haplogroup rCRS Mutant Type Gene Sense
with SNP? specificity

9,296" 341 0.007 1 D4b2b C T TS CO3 Syn

14,605* 3.87 0.004 1 D4b2b A G TS NDé6 Syn

11,944 395 0.004 1 D5 T C T8 ND4 Syn

12,026° 395 0.004 1 D5 A G TS ND4 Nsyn

1,107% 4.26 0.003 3 D5 T C TS 12S rRNA

5,301% 4.26 0.003 3 D5 A G TS ND2 Nsyn

10,397 4.26 0.003 3 D5 A G TS ND3 Syn

752° 3.95 0.004 1 D5 C T TS 128 IRNA

14979  3.30 0.008 1 D4a T C TS Cytb Nsyn

3,206" 3.81 0.004 1 Dda C T TS 16S rRNA

8,473* 3.30 0.008 1 Dd4a T C TS ATP8 Syn

5,178° 6.37 0.001 15 D C A TV ND2 Nsyn

4,883° 5.81 0.001 15 D C T T8 ND2 Syn

8,414° 4.08 0.003 13 D4 C T TS ATP8 Nsyn

8,020° 330 0.008 5 Ddb G A TS Cco2 Syn

1,382° 3.99 0.004 2 D4b2 A C TV 12S rRNA

8,964° 4.17 0.003 2 D4b2 C T TS ATP6 Syn

194¢ 4.58 0.002 2 D4b2b, D4dla C T TS MajorNCR1

199¢ 6.10 0.001 3 M7b, Bda, D4dla T C TS MajorNCR1

5,460° 3.02 0.012 2 MT7b G A TS ND2 Nsyn

204° 4.95 0.001 1 B5 T C TS MajorNCR1

4,071° 4.06 0.003 1 M7b C T TS ND1 Syn

13,651° 447 0.002 1 Bda A G TS NDS5 Nsyn

16362  4.95 0.001 19 None C T TS

3,010 4.00 0.004 13 None G A TS 16S rRNA

10,410 3.81 0.004 8 None T C TS tRNA-Arg

Column 2 is the t-test score and column 3 is the P-value of the r-test score. The next two columns show the number of haplogroups
enriched in the mtSNP (frequency above 70%) and the haplogroup or clade for which the mtSNP is a known marker. The next two
columns present the nucleotide in rCRS and its mutated mtSNP form. In the column “Type,” TV transversion and 7§ transition. The

“Sense” column shows whether the mutation is synonymous or non-synonymous

% mtSNPs that are specific for haplogroups Dda, D4b2b, and D5
P mtSNPs that are specific for their ancestor megahaplogroup

c

(D4a, D4b2b) : ny = 10.9, oy = 0.3,
T. =193+ 05kYBP,

(D4a, D5) : ny = 11.9, oy = 0.4,
T.=21.1+0.7kYBP,

(D4b2b, D5) : ny = 13.8, oy = 0.5,
T. = 24.4+0.9KkYBP.

Since the coalescent time of all three haplogroups
must be greater than the maximum of the T -values
above, the longevity event, if it was unique, must have
occurred at least 24.4 + 0.9 kYBP. The coalescent time
for each pairs of haplogroups within D can also be
calculated using the same technique. We find that all

) Springer

56

mtSNPs in other haplogroups. The remaining mtDNA SNPs are highly polymorphic and not useful for classification

these times are smaller than 24.4 kY which corresponds
to the oldest split of the D clade (the split of D5 and
D4).

Summary and discnssion

In this paper, we show that the data suggest that Japa-
nese individuals are more likely to live longer if they are
in haplogroups D4a, DS, and D4b2b. Our analysis raises
the possibility that if longevity was selected for once,
possibly by a gradual process of accumulated muta-
tions, then it may not be an exclusively mitochondrial
event but would have markers on nuclear chromo-
somes. The simplest way to study this possibility would
be an association study correlating mtSNPs with nu-
clear SNPs in D4a, D5, and D4b2b haplogroups that
show an enrichment in centenarians.
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Table 3 Best patterns (z-test score >3.0) enriched in centenarians for haplogroups D4a, D4b2b, D5

No Haplogroup Coverage (%)
of patterns across

Pattern description

haplogroups
D4a D4b2b D5
1 Dd4a/ 100.00 97.50 92.86 16187 16278 16362
D4b2b/
D5

1 Dd4a 100.00 0.00  0.00 489 3010 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16187 16189 16278
16362

2 Dda 100.00 0.00 0.00 4893010 3206 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16187 16189 16278
1632

3 Dda 98.00 000 0.00 4893010 3206 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16129 16187 16189

: 16278 16362

4 D4a 98.00 0.00 0.00 4893010 3206 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16187 16189 16278
16311 16362

5 Dda 98.00 0.00 0.00 489 3010 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16129 16187 16189
16278 16362

6 D4a 98.00 0.00 0.00 489 3010 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16187 16189 16278
16311 16362

7 D4a 9500 000 0.00 489 3010 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16129 16187 16189
16278 16311 16362

8 Dda 9500 000 0.00 4893010 3206 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16129 16187 16189
16278 16311 16362

9 D4a 80.00 0.00 0.00 4893010 3206 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16187 16189
16278 16362

10 D4a 80.00 0.00 0.00 489 3010 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16187 16189
16278 16362

11 D4a 78.00 0.00 0.00 489 3010 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16129 16187
16189 16278 16362

12 D4a 7800 0.00 0.00 489 3010 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16187 16189
16278 16311 16362

13 Dd4a 78.00 0.00 0.00 4893010 3206 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16129 16187
16189 16278 16362

14 D4a 66.00 0.00 0.00 310489 3010 4883 5178 8414 8473 10400 14668 14783 14979 15043 15301 16187 16189 16278
16311 16362

15 D4a 51.00 000 0.00 3104893010 4883 5178 8414 8473 10400 10410 14668 14783 14979 15043 15301 16129 16187
16189 16278 16311 16362

1 D4b2b 0.00 100.00 0.00 152 489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301 16278
16311 16362

2 D4b2b 0.00 9800 0.00 152489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301 16189
16278 16311 16362

3 D4b2b 0.00 98.00 0.00 152489 138230104883 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301 16278
16311 16362

4 D4b2b 0.00 98.00 0.00 152489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301 16187
16278 16311 16362

5 D4b2b 0.00 93.00 0.00 152194489 13823010 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301 16278
16311 16362

6 D4b2b 0.00 73.00 50.00 152310 16311

7 D4b2b 0.00 70.00 0.00 152489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14605 14668 14783 15043 15301
16187 16189 16278 16311 16362

8 D4b2b 0.00 7000 0.00 152310489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14605 14668 14783 15043 15301
16187 16278 16311 16362

9 D4b2b 0.00 6500 0.00 152194 489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14605 14668 14783 15043 15301
16187 16278 16311 16362

10 D4b2b 0.00 63.00 0.00 152194 310 489 1382 3010 5178 8020 8414 8964 9296 9824 10400 14668 14783 15043 15301
16187 16189 16278 16311 16362

1 D5 0.00 800  100.00 150 489 16187 16278

2 D5 0.00 800 6800 15048916278

3 D3 0.00 000 96.00 489 4883 5178 10397 10400 14783 15043 15301 16187 16278

4 D5 0.00 0.00 96.00 489 4883 5178 10397 10400 14783 15043 15301 16187 16278 16362

5 D5 0.00 0.00 96.00 489 1107 4883 5178 5301 10397 10400 14783 15043 15301 16187 16278
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Table 3 continued

No Haplogroup Coverage (%)
of patterns across

Pattern description

haplogroups
Dda D4b2b D5
6 D5 0.00 0.00  93.00 310 489 1107 4883 5178 5301 10400 14783 15043 15301 16187 16278
7 D5 0.00 0.00  93.00 489 1107 4883 5178 5301 10400 14783 15043 15301 16187 16278
8 D5 0.00 0.00  93.00 489 1107 4883 5178 5301 10397 10400 14783 15043 15301 16187 16278 16311
9 D5 0.00 0.00  89.00 310 489 4883 5178 10397 10400 14783 15043 15301 16187 16278
10 D5 0.00 0.00 64.00 152 489 10400 14783 15043 15301 16183 16187 16278 16311 16362
11 D5 0.00 0.00 61.00 150 152 489 1107 4883 5178 5301 9180 10397 10400 14783 15043 15301 16182 16183 16187
16278 16362
12 b5 0.00 0.00  61.00 152 310 489 10400 14783 15043 15301 16183 16187 16311 16362
13 D3 0.00 0.00  57.00 489 752 1107 4883 5178 5301 9180 10397 10400 11944 12026 14783 15043 15301 16182 16183
16187 16278
14 D5 0.00 0.00  57.00 150 152 310 489 1107 4883 5178 5301 9180 10397 10400 14783 15043 15301 16182 16183 16187
16278 16362
15 D5 0.00 0.00  54.00 489 752 1107 4883 5178 5301 9180 10397 10400 11944 12026 14783 15043 15301 16182 16183

16187 16278 16311

Column 2 shows the haplogroup(s) characterized by the pattern. Columns 3-5 show the % of samples in each of the three haplogroups,
which satisfy the pattern. Column 6 shows the list of mutation loci in the pattern

Parkinson’s and Alzheimer’s are late-onset diseases.
Hence, one might expect that they would also show an
enrichment in D4a, D3, and D4b2b relative to healthy
normals. As can be seen from Table 1 by comparing
columns 6/7 with column 4, there is a small signal for
both these phenotypes. However, this signal is not
statistically significant. The average age in the Parkin-
son’s and Alzheimer’s disease groups was 62.1 + 8.9
and 76.5 = 9.7 years, respectively, compared to the
average age of centenarians, which was greater than
100 years. This difference in average age was sufficient
to eliminate any signal for association of longevity
haplogroups with the Parkinson’s and Alzheimer’s
disease phenotypes because of the contamination from
younger samples.

To check the consistency of our time estimates for
coalescence, we computed the coalescence times of the
other haplogroup clusters in our data. In the D clade,
the largest coalescent time was between Dd4a and
D4b2b (24.4 + 0.9 kYBP) and the smallest was be-
tween D4e and D4h (3.5 + 0.3 kKYBP). We find that the
D4b2b haplogroup (with mtSNP 9296C > T) split off
from D4b2 approximately (6.8 + 0.6) kKYBP.

It would be interesting to see if longevity is also
amplified in these haplogroups outside Japan. This
would identify whether the enrichment is specific to
some condition of diet or lifestyle in Japan in these
haplogroups or whether it has a different origin. An-
other interesting study would be to see whether the N-
clade hapologroups, which are genetically very distinct
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and have undergone a different adaptation to climate,
disease and diet from the D clade after emerging from
Africa  (https://www3.nationalgeographic.com/geno-
graphic/), have such an enrichment in haplogroups and
whether it correlates with the same loci.

One may ask the question: ““If the phenotype is from
an autosomal event, why should the signal be visible in
only a few haplogroups? Should it not rapidly diffuse
to all haplogroups?” The relative isolation of the
Japanese population and their social stratification may
be one reason the longevity phenotype is still visible in
this population. In addition, there may be other effects
from lifestyle and diet that also play a role.

Alternatively, the longevity phenotype may have
multiple causes (appeared more than once). In this
case, each subhaplogroup identifying mtDNA muta-
tion may have distinct effects on longevity. As shown
in Table 2, subhaplogroup D4a is associated with
mtSNP 3206C > T in the 16S rRNA gene and synon-
ymous mtSNP 8473T > C in the ATP6 gene. In addi-
tion, subhaplogroup D4a is characterized by the
mtSNP 14979T > C causing the 1le78Thr replacement
in the cytochrome b subunit of respiratory chain
complex III (cytochrome bc; complex, or ubiquinol-
cytochrome ¢ oxidoreductase, EC 1.10.2.2). We can
speculate that this amino acid replacement might affect
the functionality of the cytochrome b subunit, thereby
conferring resistance against reactive oxygen species
(ROS) or decreasing the production of ROS from
mitochondria.
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In a previous study it was shown that the combina-
tion of three mtSNPs 150C > T, 489T > C, and
10398A > G is associated with longevity in both Fin-
land and Japan (Niemi et al. 2005). Although the
mtSNP 150C > T was enriched in subhaplogroup D5,
the present extensive search for combinations of
mtSNPs did not detect the association of these three
mtSNPs with the longevity phenotype. As shown in
Table 2, subhaplogroup D5 is characterized by several
mtSNPs including two non-synonymous mutations, the
mtSNP 5301A > G causing the Ile278Val replacement
in the ND2 subunit and the mtSNP 12026A > G
causing the Ile423Val replacement in the ND4 subunit
of respiratory chain complex I (NADH-ubiquinone
oxidoreductase, EC 1.6.5.3). Since several pathogenic
mutations in both ND2 and ND4 genes have been
identified in patients with Leber’s hereditary optic
neuropathy (Yen et al. 2006), we cannot exclude the
possibility that the mtSNPs in these genes are func-
tionally associated with longevity.

Subhaplogroup DS5a is specified by two mtSNPs
752C > T and 1107T > C in the 12S rRNA gene. The
contribution of these mtSNPs to longevity also re-
mains hypothetical. Subhaplogroup D4b2b is distin-
guished from its sister subhaplogroup D4b2a by two
mtSNPs 9296C > T and 14605A > G. Because both of
these mtSNPs are synonymous mutations, it is difficult
to understand why these mtSNPs are enriched in
Japanese centenarians. One possibility is that these
mtSNPs confer resistance against ROS to the local
mtDNA sequences surrounding them. An alternative
is the “hitch-hiking” effect from nuclear SNPs that
predispose individuals to longevity.

There are several limitations of the present study.
The first is the rather small sample size. In each
phenotype, including “longevity” and “control” or
“Healthy Normals,” we have only 96 samples. Larger
sample sizes are necessary to validate our results.
Second, we identified mtDNA SNP patterns solely on
the basis of their dominance in phenotypes. Func-
tional analysis of the identified mtSNPs for each ha-
plogroup/phenotype using the trans-mitochondrial
cybrid approach (Kazuno et al. 2006) is necessary to
validate or disprove our results. Third, our analysis
suggests but cannot prove or disprove a ‘“hitch-
hiking” effect correlating mtDNA SNPs with nuclear
SNPs to create the longevity enrichment in D5, D4a,
and D4b2b. Concurrent genome-wide analysis of
centenarian DNA using GeneChip technology is
necessary both to verify and to elucidate this
relationship.

In this paper, we describe a robust and accurate
method of identifying hidden enrichment of specific
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haplogroups from a limited number of samples.
Although the results need to be validated on larger
sample sets, the method itself is reliable and can be
used in any situation where a robust correlation be-
tween patterns of mtSNPs and phenotypes need to be
identified. Combined with linkage analysis on nuclear
chromosomal polymorphisms, our method should be
useful in identifying correlated linked blocks under
selection for complex phenotypes. In such a study, the
correlation between the identified nuclear loci and
mtDNA haplogroups would give key clues about pos-
sible population events that gave rise to the conditions
under which the selection occurred.
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