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Supercentenarians (age 110+ years old) generally delay or escape age-related diseases and
disability well beyond the age of 100 and this exceptional survival is likely to be influenced
by a genetic predisposition that includes both common and rare genetic variants. In this
report, we describe the complete genomic sequences of male and female supercentenar-
ians, both age >114 years old. We show that: (1) the sequence variant spectrum of these
two individuals’ DNA sequences is largely comparable to existing non-supercentenarian
genomes; (2) the two individuals do not appear to carry most of the well-established human
longevity enabling variants already reported in the literature; (3) they have a comparable
number of known disease-associated variants relative to most human genomes sequenced
to-date; (4) approximately 1% of the variants these individuals possess are novel and may
point to new genes involved in exceptional longevity; and (5) both individuals are enriched
for coding variants near longevity-associated variants that we discovered through a large
genome-wide association study.These analyses suggest that there are both common and
rare longevity-associated variants that may counter the effects of disease-predisposing
variants and extend lifespan. The continued analysis of the genomes of these and other
rare individuals who have survived to extremely old ages should provide insight into the
processes that contribute to the maintenance of health during extreme aging.

Keywords: whole genome sequence, genetics, longevity, centenarian, supercentenarian, aging

INTRODUCTION
Human aging is affected by genes, life style, and environmental
factors. The genetic contribution to average human aging can
be modest with genes explaining ∼20–25% of the variability of
human survival to the mid-eighties (Herskind et al., 1996; Fraser
and Shavlik, 2001). By contrast, genetic factors may have greater
impact on survival to the ninth through eleventh decades (Tan
et al., 2008). Notably, exceptional longevity is rare and may involve
biological mechanisms that differ from those implicated in usual
human aging.

The nature and contribution of genetic variation to excep-
tional longevity remains unclear, particularly the role for undis-
covered rare genetic variants with large effects and/or the pres-
ence of many common genetic variants with small effects (Bloss
et al., 2010). Exceptional longevity is typically characterized by
strong familiality (Perls et al., 2000, 2002; Atzmon et al., 2005;
Schoenmaker et al., 2006) as well as a marked delay in disabil-
ity (Terry et al., 2008) and, as human lifespan is approached at
about age 110 years, many such individuals compress not only

disability but also age-related diseases (Andersen et al., 2011).
Studies of centenarians have provided strong evidence to sup-
port the hypothesis that a genetic contribution to human excep-
tional longevity is decisive, although only a small number of
genetic variants with modest effects have been irrefutably linked
to this phenotype (Schachter et al., 1994; Barzilai et al., 2003;
Christensen et al., 2006; Wheeler and Kim, 2011). The tech-
nology of next generation sequencing provides a tool to gen-
erate data that may eventually provide an answer (Metzker,
2009).

In this report, we describe the complete DNA sequences of two
supercentenarians, a male and a female, both ages >114 years old.
Although these data cannot provide conclusive evidence about the
genetic determination of human exceptional longevity, they are
the first step toward the generation of a comprehensive reference
panel of exceptionally long-lived individuals. The data also provide
interesting insights into genetic backgrounds that are conducive
to exceptional longevity and allow us to test different models of
exceptional longevity.
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RESULTS
SUBJECTS’ CHARACTERISTICS
Figure 1 shows some of the characteristics of the two subjects,
PG17 (female) and PG26 (male). We are purposefully vague about
the exact ages of these individuals to maintain their confidential-
ity and decrease the risk of their being identified. Both individuals
were Caucasians enrolled in the New England Centenarian Study
(NECS), and were reassessed annually until their deaths (Andersen
et al., 2011). Their European ancestry was verified by genome-
wide principal component analysis. They were selected for our
sequencing study because of their exceptional lifespans and health
histories, and the extreme delays in the ages of onset of disability
that they exhibited. The bottom panel of Figure 1 shows the aver-
age scores of cognitive and physical functions of the female (PG17)
and the male (PG26) relative to trajectories of cognitive and func-
tional declines that we generated using longitudinal data of more
than 1,300 centenarians and their nonagenarian siblings (Ander-
sen et al., 2011). While the decline of physical function of the
female matches the average trend of supercentenarians enrolled
in the NECS (n = 104), the male maintained functional inde-
pendence until at least the last 6 months of his life. The average
Blessed Information–Memory–Concentration Test scores (mea-
sures of cognitive function) of both subjects were higher than the
average of the NECS supercentenarian sample, until their deaths.
The man had substantial longevity in his family; 25% of his siblings
lived past the age of 100 and 50% lived past the age of 90 years.
Unfortunately we did not have complete information about the
family history of the woman.

DESCRIPTION OF THE DNA SEQUENCING
DNA from both individuals was sequenced using the Illumina
Genome Analyzer II by Illumina’s Clinical Laboratory Service,
using paired-end reads of 100 bp producing 1,650,463,996 reads
for the woman and 1,804,595,182 reads for the man. Reads were
mapped to the genome reference NCBI36 and NCBI37 using
the procedures described in Figure A1 in Appendix. Both ref-
erence genomes were used because some databases have not yet
completed the transition to NCBI37. The Eland aligner (Bent-
ley et al., 2008) mapped more than 75% of the reads for the
woman and more than 79% of the reads for the man with 95–
96% rates of genome coverage. Both the rates of mapped reads
and genome coverage are comparable to others reports (Wang
et al., 2008; Kim et al., 2009). The average depth of coverage was
36 for the woman and 43 for the man (Table A1 in Appendix)
and it was higher than the average of 30× recommended by the
manufacturer1. We also used the BWA aligner (Li and Durbin,
2009) with more relaxed thresholds on the number of allowed
mismatched per read, and aligned 1,334,406,235 reads for the
woman (80.85%), 1,559,315,652 reads for the man (86.41%) and
reached 99% genome coverage. Average depth of coverage with
BWA was 47 for the woman and 55 for the man. The results
from the two aligners were used for variant calling as explained
next.

1http://www.illumina.com/Documents/products/technotes/technote_snp_caller_
sequencing.pdf

FIGURE 1 | Summary of patients’ characteristics. (A)The woman (PG17)
had no medical history other than the births of her children until her early
nineties when she had cataracts removed. She did not develop the listed
diseases until the last few years of her life. Except for the surgically cured
obstructing but non-metastatic colon cancer in his seventies, the man
(PG26) was exceptionally healthy until the last year of his life. Ancestry
was confirmed by genome-wide PCA analysis. (B) Average functional and

cognitive status of the two subjects relative to other NECS subjects
(M = PG26 and F = PG17). The trajectories of physical and cognitive
functional declines were computed using Bayesian logistic regression of
Barthel and Blessed score as explained in Andersen et al. (2011) and for
each age group they are truncated by the maximum age for their defined
age ranges (e.g., 99 years for nonagenarians, 104 for centenarians, 109 for
semi-supercentenarians, and 119 for supercentenarians).
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VARIANT CALLING (SNPs AND INDELS)
Single nucleotide polymorphisms (SNPs) were called using the
Illumina CASAVA (Bentley et al., 2008) software and SAMTools
(Li et al., 2009). The CASAVA algorithm called 3,334,819 SNPs
for the woman and 3,476,407 SNPs for the man, while SAMTools
called 3,613,388 SNPs for the woman and 3,659,978 for the man.
3,084,838 SNPs for the woman and 3,255,051 SNPs for the man
were called by both SNP callers with >99% concordant geno-
type calls, and these SNPs were used in all subsequent analyses
(Figure 2A). The use of concordant SNP calls between the two
methods does risk limiting the true SNP discovery rate but min-
imizes the false discovery rate and also helps remove low quality
SNP calls. Figure A2A in Appendix displays the number of SNPs
by chromosome called by both SNP callers. The male subject had a
consistently larger number of SNPs than the female subject in each
chromosome, with the exception of chromosome X. Figure A2B
in Appendix displays the distribution of Phred scores calculated
with SAMTools for the SNPs with consensus call. Figure A2C
in Appendix displays the distribution of reads coverage used for
SNP calling with CASAVA for the SNPs with consensus call. Both
Figures A2B,C in Appendix show high quality SNPs.

The two subjects shared 1,997,897 SNPs, and 66% of these SNPs
had the same genotypes (Figure 2A). Comparison with dbSNP 132
and the 1000 Genomes database2 showed that 97.6 and 97.5% of
SNPs in the female and the male subjects were in dbSNP, and up to
99.7% of the SNPs in common between the two subjects were in

2http://www.1000genomes.org/

dbSNP. Only 1% of the SNPs in both individuals’ sequences were
reported in the 1000 Genomes database but not in dbSNP, and
2,590 of these SNPs were shared between the two subjects, 81% of
which with the same genotypes. 44,713 SNPs in the woman and
48,725 SNPs in the man were neither in dbSNP nor in the 1000
Genomes database, and were therefore labeled “novel.” Only 2,254
of these novel SNPs were shared between the two subjects, and
73% of these were called with the same genotypes. Figure 2 sum-
marizes these findings. The decreasing trend of shared SNPs that
were either in the 1000 Genomes database or novel is consistent
with these SNPs being rare in the population.

The number of called SNPs in the man and the fraction of
novel SNPs in both subjects were consistent with the projections
made by The 1000 Genomes Project Consortium (2010). The
number of SNPs in the woman was smaller than the expected
3.3 million, and to investigate this issue further, we used SNP
array data generated with the Illumina 610 array to describe the
genome-wide structure of chromosomal alterations in the woman.
The analysis showed that her genome was characterized by sig-
nificant stretches of homozygosity across many chromosomes
(Figure A3 in Appendix). These runs of homozygosity might be
consistent with inbreeding amongst her ancestors (Nalls et al.,
2009). The same analysis in the man showed no similar stretches
of homozygosity (Figure A4 in Appendix).

For additional assessment of the quality of the data, we com-
puted the concordance between genotype calls in the sequences
of the two subjects and their SNP array data. For both subjects,
the concordance between genotype calls of SNPs in the array and
SNPs in the sequences was >99.7%. In addition, more than 98%

FIGURE 2 | (A) Summary of SNPs and small insertions and deletions (Indels)
detected in the two sequences, their union and intersection. The January
2011 release of the 1000 Genomes was used to compare the SNPs detected
in the two sequences that were not found in dbSNP. (B) Venn diagram that

illustrates the proportion of known and novel SNPs in the woman (PG17) and
man (PG26) combined. (C) Distribution of effective coverage (reads used to
call genotypes in CASAVA) for novel SNPs. (D) Distribution of Phred scores
for the novel SNPs. The Phred scores were computed with BWA/SAMTools.
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of the SNPs in the array not included in the list of called SNPs from
the sequencing were homozygous for the referent allele. Transition
to transversion ratios (2.11 in the man and 2.07 in the woman)
were consistent with the expected number in Caucasians (Ebers-
berger et al., 2002), and comparable to other Caucasian genomes
(see Tables A2–A4 in Appendix; Drmanac et al., 2009; The 1000
Genomes Project Consortium, 2010) and also to genomes from
other racial groups (Wang et al., 2008; Kim et al., 2009; Moore
et al., 2011). The transition to transversion ratio of the novel SNPs
was comparable to the whole set (2.12 in the woman and 2.05 in
the man), while the transition to transversion ratio in the SNPs
that were reported only in the 1000 Genomes was slightly higher
(Table A4 in Appendix). The rates of heterozygous to homozygous
genotypes were 1.41 in the man and 1.24 in the woman. While the
heterozygous to homozygous genotypes ratio of the woman was
identical to that found in the whole genome sequence of Craig
Venter (Levy et al., 2007; Table A3 in Appendix), the heterozygote
to homozygote ratio in the man was higher but comparable to
values in other whole genome sequences (Moore et al., 2011). The
heterozygous to homozygous ratio of novel SNPs ranged between
6.3 and 9.2, while the heterozygous to homozygous ratio of SNPs
discovered in the 1000 Genomes was 7.12 in the woman and 14.6
in the man. This higher ratio is consistent with novel SNPs being
much rarer. Figure A5, A6 in Appendix show that these rates are
robust to different thresholds for depth of coverage.

We used both SAMTools and Dindel (Albers et al., 2011) to call
small insertions and deletions (Indels) as described in the Meth-
ods, and selected only those indels that were detected by both

algorithms, had a Phred score of 30 or higher, and passed the
default quality filters in Dindel. Figure A7 in Appendix shows
the distribution of coverage and Phred scores for the Indels
that passed the quality control filters. Both subjects were carri-
ers of a number of insertions and deletions that is comparable
to other published results of Caucasian genomes (Table A4 in
Appendix).

FUNCTIONAL ANNOTATION
We used a suite of bioinformatics tools assembled and built by
researchers at The Scripps Research Institute (Torkamani et al.,
2011) to characterize SNPs and Indels by location, functional role,
and predicted impact. Figure 3A gives a summary of SNP loca-
tions and functional roles. Approximately 37% of the positions
where the two subjects differed from the reference genome were in
protein coding genes, but only about 2% of these positions were
coding SNPs, and less than 50% of these coding SNPs were non-
synonymous or missense variants. The rate of non-synonymous
SNPs in coding regions was similar to other genomes (Figure 3B).
The rate of coding SNPs was comparable to the average rate in nine
European ancestry whole genome sequences generated at Com-
plete Genomics (unpublished data provided to author Nicholas
J. Schork but available for download at: http://www.complete
genomics.com/sequence-data/download-data/) and higher than
the rate observed in the whole genome of Venter or non-Caucasian
genomes (AK, CH, and YRI) based on published data (Figure 3B
and Kim et al., 2009). The distribution of types of coding variants
was not different from the nine Complete Genomics genomes

FIGURE 3 | (A) functional annotation of SNPs in PG17 (female), PG26 (male),
their union and intersection. Multiple transcripts of the same genes were
counted individually. (B) Rate of non-synonymous SNPs in coding SNPs in
PG17 and PG26 (brown) and other whole genome sequences generated at
Complete Genomics (orange), Sanger (green), and Illumina (blue). CG (9
CEPH) is the average rate of non-synonymous SNPs in nine whole genome
sequences generated at Complete Genomics. The rates of non-synonymous

SNPs in Venter (green), AK, CH, and YRI (blue) are from publications (see
Table A2 in Appendix for references). (C,D) Compare the distribution of SNPs
locations and role in PG17 and PG26 (brown) and nine whole genome
sequences generated at Complete Genomics (orange). (E) Provides a
summary of the predicted impact of coding SNPs in PG17, PG26, their union
and intersection, and the summary in nine Caucasians genotyped at complete
genomics and annotated in the same way as PG17 and PG26.
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that were annotated in the same manner (Figures 3C,D). The
inferred rates of SNPs with deleterious effects were also not dif-
ferent from the rates noted in the nine whole genomes sequences
(Figure 3E). We conducted a similar analysis of small insertions
and deletions and the results are summarized in Figures A8 and
A9 in Appendix.

DIFFERENT GENETIC MODELS OF EXCEPTIONAL LONGEVITY
We used the whole genome sequences of these two subjects to test
different hypotheses about the genetics of exceptional longevity.
These non-exclusive hypotheses and the results of the analyses are
described in the sections that follow.

Hypothesis 1: the “metabolic” hypothesis
Genes involved in the insulin pathway (Guarente and Kenyon,
2000; Kops et al., 2002; Bonafe et al., 2003; Holzenberger et al.,

2003; Lee et al., 2003; Kojima et al., 2004; Al-Regaiey et al., 2005;
Arai et al., 2008; Suh et al., 2008; Willcox et al., 2008; Paw-
likowska et al., 2009), caloric restriction (Kuro-o et al., 1997;
Vaziri et al., 2001; Arking et al., 2002; Chua et al., 2005; Kurosu
et al., 2005; Kuningas et al., 2007), and lipid metabolism (Barzi-
lai et al., 2003, 2006) have notable impacts upon lifespan and
therefore have been a natural focus for consideration in inves-
tigating the genetic basis of exceptional longevity. We compiled
a table of 16 variants that have been associated with excep-
tional longevity in candidate gene studies based on evidence
from animal models of aging and related pathways (Table 1A).
This compilation was not intended to be comprehensive, but
rather an initial attempt at testing the hypothesis. The entire
sequences of the two subjects will be posted on dbGaP3 so that

3http://www.ncbi.nlm.nih.gov/gap

Table 1 | (A) List of SNPs that were linked to aging and exceptional longevity in the literature based on candidate gene studies and/or animal

models. Columns 5–7 define the referent allele (Ref Allele), the allele that was associated with longevity (EL Allele), and the frequency of the longevity

allele in Caucasians from dbSNP. Boldface highlights genotypes with one or more longevity variants. (B) All additional coding SNPs in the list of candidate

genes in which PG17 or PG26 carry non-referent alleles. Column 7 (CEU) reports the frequency of the referent alleles in Caucasians from dbSNP.

A. Coding SNPs linked to exceptional longevity in published literature

SNP HG18 Alleles Ref Allele EL Allele p (EL allele) Pubmed PG17 PG26

FOXO3A rs12206094 chr6:109012893 C/T C T 0.27 CC TT

rs2764264 chr6:109041154 C/T C C 0.29 TT CC

rs7762395 chr6:109051800 A/G G A 0.17 20849522 GG AA

rs9400239 chr6:109084356 C/T T T 0.24 CC TT

rs479744 chr6:109126725 G/T G T 0.20 GG TT

IGF1R rs2229765 chr15:97295748 G/A G A 0.42 12843179 AG AA

rs34516635 chr15:97269499 G/A G A 0.02 GG GG

chr15:97068418 G/A G A 18316725 GG GG

chr15:97272104 G/A G A GG GG

HSP70 rs2227956 chr6:31886251 G/A G A 0.76 PMC1576475 AA AA

CETP rs5882 chr16:55573593 A/G G GG 0.36 20068209 AA AA

PON1 rs662 chr7:94775382 T/C T C 0.33 15050299 CT TT

MINPP1 rs9664222 chr10:89338633 A/C A C 0.76 20304771 CC AC

SIRT1 Rs3758391 chr10:69313348 C/T T T 0.27 17895433 CC CT

Klotho rs9536314 chr13:32526138 T/G T G 0.14 11792841 GT GT

rs9527025 chr13:32526193 G/C G C 0.19 CG CG

B. Additional coding SNPs in genes linked to exceptional longevity

Gene SNP HG18 Alleles Ref EL Allele CEU Impact PG17 PG26

SIRT1 rs2273773 chr10:69336604 C/T T T 0.96 Syn TT CT

SIRT3 rs28365927 chr11:226091 A/G G G 0.85 Non-syn AG GG

klotho rs2772364 chr13:32488851 C/T T C 1.00 Syn CC TT

rs9527026 chr13:32526239 A/G G G 0.83 Syn AG AG

rs564481 chr13:32532983 C/T C C 0.63 Syn CT CT

rs648202 chr13:32533463 C/T T C 0.85 Syn CC CC

rs649964 chr13:32533835 C/T T C 1.00 Syn CC CC

IGF1R rs35812156 chr15:97252339 A/C C C 0.98 Syn AC CC

SIRT6 rs352493 chr19:4131836 C/T C T 0.96 Non-syn CT TT

SIRT5 rs3757261 chr6:13707282 C/T C C 0.73 Syn CT CT

P ON1 rs854560 chr7:94784020 A/T A A 0.59 Non-syn AA TT
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investigators can investigate other candidate genes, especially those
that receive attention in the future after our analyses have been
published.

The woman was homozygous for only one of the 16 longevity
variants (allele A of rs2227956 in HSP70), and heterozygous for 4
others. The man was homozygous for seven longevity variants
and heterozygous for four. Neither of the two sequences car-
ried the longevity-associated variant of CETP that was found in
Ashkenazi Jewish centenarians (Barzilai et al., 2003). The man car-
ried a cluster of longevity variants in FOXO3A, but the woman
did not, and only one longevity variant in IGF1R was found
in both subjects. Both carried the same genotypes of rs9536314
and rs9527025 in KL. We also examined additional coding SNPs
in the candidate genes in which the two subjects carried differ-
ent alleles from the reference genome (Table 1B). Eleven addi-
tional SNPs were found in metabolic genes (IGF1R, Sirtuins
genes, KL, and PON1) but no additional SNPs were found in
FOXO3A. All of the variants in Table 1 carried by PG17 and
PG26 were common in Caucasians, with the exclusion of the
T allele of SNP rs2772364 in KL in the man. Whether these
additional SNPs are present in the cited studies but were not
reported is unknown. The different genetic profiles of these can-
didate genes in the two supercentenarians suggest that even if the
variants in Table 1A may have a role in longevity they are not
critical to exceptional longevity in all humans. Additionally, the
impact of these variants must be considered within the context
of other as of yet undiscovered longevity- and disease-associated
variants.

Hypothesis 2: the lack of disease-associated variants hypothesis
As noted earlier, both subjects markedly delayed both disability
and age-related diseases until very late in their lives. We tested
the hypothesis that these two whole genome sequences did not
include disease-predisposing variants or, if they did, the number
was significantly lower compared to currently available genomes.
We compiled a list of 62,339 disease-annotated variants from the
Human Genome Mutation Database (HGMD@; Stenson et al.,
2009), which are mainly rare variants, and the NHGRI GWAS cat-
alog (Hindorff et al., 2011), which contains both rare and common
disease-associated variants. This list included 100 variants with
presumed protective effects, and 62,239 with presumed deleteri-
ous effects. We then assessed how many of these disease variants
were in the two sequences. Table S1 in Supplementary Material
reports the list of disease-annotated variants in each subject.

Figure 4A shows that while the two sequences include only
1% of mutations from the HGMD, they include approximately
50% of the mutations that were linked to common diseases in
genome-wide association studies. More than 50% of all the noted
mutations were heterozygous, but this number was smaller when
we only considered coding mutations from the HGMD. Figure 4B
shows the breakdown of these variants by disease group and by
role: (1) either damaging, if they are associated with increased
risk for disease, or (2) protective if the mutations are known to
decrease disease risk relative to the general population. Only 1%
of known disease-annotated mutations in the woman were protec-
tive, while 2% of known disease-annotated mutations in the man
were protective. The woman carried at least 30 mutations that

FIGURE 4 | (A) Summary of SNPs associated with disease in the HGMD
and the GWAS catalog, and number of these SNPs and rates found in
PG17 and PG26. (B) Number of SNPs in PG17 and PG26 that have either
a known protective or deleterious role in major age-related diseases. (C)

The bar plot shows the rate of disease-annotated variants in PG17 and
PG26 and 11 other whole genome sequences. We did not include in this

analysis the genomes of NA12878 and NA18507 that were sequenced
with SOLID. Blue: all SNPs from HGMD and GWAS; red: only coding
SNPs from HGMD; green: only SNPs from GWAS. Rates are per 100,000
SNPs. (D). Rate of protective variants in PG17 and PG26 and 11 other
whole genome sequences. The major difference seems to be race
related rather than subject related.
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were linked to Alzheimer’s disease and amyotrophic lateral scle-
rosis and one mutation linked to decreased risk for Alzheimer’s
disease (CT genotype for rs2736911 in ARMS2, Gatta et al., 2008),
201 mutations associated with cancer, including 27 associated with
increased risk for breast cancer and one mutation with reduced risk
for breast cancer (GG genotype of rs2295283 in MIIP ; Song et al.,
2010), 44 associated with lung cancer, and 30 associated with col-
orectal cancer. She also carried 52 mutations associated with heart
disease, 136 associated with diabetes, 12 linked to macular degen-
eration that she was diagnosed with after the age of 100 years.
The man carried 37 mutations associated with increased risk for
colon cancer, including several mutations in EXO1. Indeed, he pre-
sented with an obstructing colon cancer (adenocarcinoma) in his
mid-seventies that was cured by surgical resection but amazingly
there were no metastases despite the size of the obstructing mass.
His load of disease-predisposing variants was comparable to the
female subject. For example, he had 44 mutations associated with
lung cancer, and 33 mutations associated with Parkinson’s disease.
Regarding the APOE alleles, the male subject was heterozygous
for SNP rs7412 in APOE and homozygous TT for SNPrs429358
in APOE and therefore he carried the ε2/ε3 alleles of APOE that
are considered at less risk for Alzheimer’s disease. The woman
was homozygous for both rs7412 and rs429358, and therefore she
carried ε3/ε3 alleles of APOE which is considered the neutral allele.

The bar plot in Figure 4C shows the rate of disease-associated
variants in both subjects and 11 additional genomes described
in Moore et al. (2011) and The 1000 Genomes Project Consor-
tium (2010), normalized to the overall number of variants used
in each genome. Although the actual number of variants may
depend on the sequencing technology and mapping algorithm,
the rates normalized to the overall number of called SNPs should
allow for relative comparisons. We observed no reduction in the
rate of disease-annotated variants in the woman and man com-
pared to the Venter and Watson genomes, and even higher rates
compared to the high coverage trio of Caucasians included in
the 1000 Genomes project (NA12891, NA12892, and NA12878).
The major differences appear to be race-specific, with subjects
of African ancestry carrying a smaller rate of disease-annotated
variants (either protective or damaging) compared to Asians and
Caucasians. These differences may be ancestral differences or they
might reflect the better knowledge of genetic variants in Cau-
casians (Lohmueller et al., 2008). We also examined the rate of
protective variants in the 13 genomes (Figure 4D) and, although
the rate of known protective variants in PG26 was higher than in
PG17, it was smaller than in NA07022. The genome of NA07022
was sequenced at Complete Genomics and the overall number of
called variants was similar to that found in PG26 (Table A4 in
Appendix).

Overall, the two subjects carried 403 disease-associated variants
with the same genotype (Table S1 in Supplementary Material), but
only 209 of these were coding variants, and in only 76 of these posi-
tions the two sequences were homozygous for the risk allele. For
example, both subjects were CC homozygotes for rs222859 (YBX2,
chromosome 17). This gene is associated with male infertility, and
the male subject did not have children (but we have no additional
information). Both subjects were homozygous for the A allele of
rs4880 in SOD2. The alternative allele G is a missense mutation

that changes the amino acid valine to alanine. The common allele
A has been associated with increased oxidative stress that should
act negatively on lifespan, and increased risk for cardiovascular
disease and susceptibility to cancer (Bastaki et al., 2006). How-
ever, there is conflicting evidence about the role of this SNP with
some studies that show a protective effect of the A allele in spe-
cific genetic backgrounds4. Similarly, the two subjects carried the
same heterozygous genotype for SNP rs4641 in LMNA and the
same homozygous genotype GG for SNP rs1801195 in WRN. The
LMNA gene, which encodes the nuclear envelope proteins lamin
A and lamin C, has been associated with the progeroid (premature
aging-like) syndrome, Hutchinson–Gilford syndrome (Eriksson
et al., 2003). Although the T allele of rs4641 was associated with
increased fat mass in elderly twins and increased risk for dia-
betes, the increased fat mass may be associated with decreased
muscle wasting at older ages (Wegner et al., 2010). The WRN
gene is a DNA helicase and exonuclease that plays a role in DNA
repair and another progeroid syndrome,Werner’s Syndrome (Gray
et al., 1997). SNP rs1801195 was associated with decreased risk for
myocardial infarction.

This analysis shows that the two supercentenarians did not
carry a smaller rate of disease-associated variants compared to
other genomes.

Hypothesis 3: the rare variants hypothesis
One of the explanations for the small number of genetic vari-
ants irrefutably linked to exceptional longevity (Schachter et al.,
1994; Barzilai et al., 2003; Christensen et al., 2006) is that rare
or private mutations shared in families may be the major genetic
determinants of this phenotype (Wheeler and Kim, 2011). To test
this hypothesis, we characterized the novel mutations in these
two supercentenarians in terms of functional role and possible
links to age-related diseases. Each subject’s sequence had ∼45,000
novel SNPs (Figure 2A), of which 372 and 442 were coding
SNPs in the woman and the man, respectively, and approximately
2% of all novel mutations were coding. This rate is compara-
ble to the overall rate of coding SNPs (Figure A3 in Appendix).
These novel coding mutations are listed in Table S2 in Supple-
mentary Material. We then used the DAVID functional anno-
tation tool5 to determine whether the genes carrying the novel
mutations were enriched in particular functional categories, or
had been associated to categories of age-related diseases. The
woman had 428 genes with novel mutations (including all pos-
sible transcripts) and the man had 500 genes with novel muta-
tions. In both subjects the most significantly enriched category
of genes with novel coding mutations was “alternative splicing”
(205 genes in the man and 179 genes in the woman, enrichment
score p-value <5E-04 after Bonferroni correction). In addition,
15 of the genes with novel mutations in the woman were in
the “Immunoglobulin subtype 2” domain (enrichment score p-
value 0.01, after Bonferroni correction). In the man, 22 of the
genes with novel mutations were in the “Cadherin 6/Cell adhe-
sion” domain (enrichment score p-value 0.03 after Bonferroni
correction), and 6 of the genes were in the “von Willebrand

4http://www.snpedia.com/index.php/Rs4880
5http://david.abcc.ncifcrf.gov/
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factor/coagulation” domain (p-value 0.01). The prominence of
novel mutations in genes that direct alternative splicing suggests
the importance of determining the transcriptomes of these two
subjects and other supercentenarians and doing so from spe-
cific tissue types. This suggests that transcriptional profiling by
next generation RNA sequencing (RNA seq) of RNA from cells
obtained or derived from centenarians could be informative in
understanding potentially unique expression patterns in these
individuals.

Eleven of the genes with novel mutations in the woman were
linked to the class of diseases “infection” in the genetic association
database (LTBP2, IL16, SELL, CABIN1, IRF4, KIR2DL3, DDX5,
KIR2DL2, IFNGR2, TLR9, GJB2, p-value 0.066 that however does
not remain significant after Bonferroni correction), but no addi-
tional disease categories were found to be significantly enriched.
Thirty six genes with novel coding mutations in the man were
linked to the disease classes“infection”and“immune.”These genes
collectively point to the innate immune response and extracellu-
lar matrix remodeling genes collectively arguing for immune and
tissue homeostasis as a nodal point for these subjects.

Figure 5A shows the distribution of genes with novel coding
mutations in the woman (PG17) and the man (PG26) by spe-
cific diseases. The woman had a higher rate of novel mutations in

genes linked to immune diseases and infections, as well as hema-
tological diseases and development compared to the man. The
man had a higher rate of novel mutations in genes linked to can-
cer, cardiovascular disease, neurological disease, and metabolism.
To test whether the distributions of genes with novel mutations
were significantly enriched for these disease categories, we gen-
erated reference distributions for the disease-annotated genes by
randomly selecting genes from the whole list of genes with coding
SNPs in the two subjects. The genes were annotated by disease
groups and average rates and SD were computed in 1,000 resam-
pled sets. The analysis showed that the rate of genes with novel
coding SNPs annotated as “development,” “immune,” “infection,”
and “renal” differed from the distributions expected if the genes
were selected at random in the woman (Figure 5B). Interestingly,
while the rate of genes with novel coding mutations annotated
as “immune” and “infection” in the man was higher than the
mean rate, it was not significantly different from what is expected
by chance (Figure 5C). The significant enrichment of these dis-
ease categories in the woman but not the man suggests that the
woman may be enriched for private mutations that promote excep-
tional longevity while the man may be enriched for more common
longevity-associated variants. Figure 5D shows some examples of
novel variants.

FIGURE 5 | (A) Rates of genes with novel coding mutations annotated by
disease. Disease groups are as in the labels of (B,C). Note that the woman
did not carry any novel mutations in known aging genes, and neither of
them carried novel coding SNPs in mitochondrial genes. (B)

Resampling-based distributions of the rates of disease-annotated genes in
PG17 when ∼400 genes were selected at random from the list of genes
with coding SNPs. Red asterisks display the rate of disease-annotated

genes with novel coding mutations in PG17. Distributions are based on
1,000 simulations. Error bars represent mean rate ± 2 SD. (C)

Resampling-based distributions of the rates of disease-annotated genes in
PG26 when ∼500 genes were selected at random in the list of genes with
coding SNPs. Distributions are based on 1,000 simulations. (D) A sample
of novel mutations in the female (PG17) and male (PG26). The complete
list is in Table S2 in Supplementary Material.
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Hypothesis 4: the enrichment of longevity variants hypothesis
In a genome-wide association study of exceptional longevity
with 801 centenarians (median age at death 104 years) and 914
genetically matched controls, we identified 281 SNPs that were
significantly associated with exceptional longevity and could be
used to predict the phenotype with 78% sensitivity for a replica-
tion set with a mean age of 108 years (Sebastiani et al., 2012).
Both subjects were included in this analysis and they carried
130 (46%) and 149 (53%) of the SNP alleles that increase the
posterior probability of exceptional longevity. We called these
variants that increase the posterior probability of exceptional
longevity “longevity-associated variants.” Overall, the genetic pro-
file of the woman translated into a 4.88 posterior odds for excep-
tional longevity, while the genetic profile of the man translated
into an 11.5 posterior odds for exceptional longevity. Since the
majority of SNPs in the genetic model in Sebastiani et al. (2012)
were based on convenience rules used to design commercial SNP
arrays, we investigated whether the longevity-associated variants
in genes were close to coding SNPs in the sequences of the two
subjects that are reported in either dbSNP or HGMD. We iden-
tified 63 and 68 longevity-associated variants in the woman and
the man (86 was the sum total for the two subjects’ data com-
bined, Table S3 in Supplementary Material) that were in genes.
One of the 86 SNPs was a coding SNP in LY6G6F (HLA-B com-
plex in Chromosome 6) and both subjects were heterozygous at
this position. Seventeen (20%) of the remaining 85 SNPs were
within 10 kb from coding mutations, 33 (39%) were within 50 kb

from coding mutations, and 51 (60%) within 500 kb from cod-
ing mutations (Figure 6A). This analysis suggests that the two
individuals’ sequences are enriched for coding SNPs in proxim-
ity of the longevity-associated variants and Figure 6B shows a
selection of the closest coding mutations. Compared to SNPs ran-
domly selected from the list of SNPs that were studied in the
original genome-wide association study, the longevity-associated
SNPs were much closer to coding SNPs (Figure 6C) and there-
fore this enrichment of coding mutations is not what we would
expect by chance. Similar results were found in Smith et al. (2011).
Based on this analysis, the two sequences appear to be enriched
for coding mutations in close proximity to longevity-associated
variants that were discovered through a genome-wide association
study, and the results reinforce our hypothesis that exceptional
longevity is determined by many longevity-associated variants that
may counteract the effect of deleterious or disease-predisposing
variants.

DISCUSSION
We generated the whole genome sequences of a male and a female
supercentenarian who were selected for this study because of both
their exceptional lifespan and healthspan. Although two sequences
do not provide sufficient data for general inference on the genetics
of exceptional longevity, they are a first step toward the genera-
tion of a reference panel of exceptionally long-lived individuals
and provide some interesting insights about genetic backgrounds
that might be conducive to exceptional longevity. The $10 million

FIGURE 6 | (A) Distance in log 10 (bp) of 51 SNPs that are predictive of
exceptional longevity and nearest non-referent coding SNPs in PG17 and
PG26. (B) Details of the 17 SNPs that are within 10 kb from coding SNPs. (C)

The box plot in red shows the distribution of log 10 (bp) distance between the
longevity-associated variants and the closest coding SNPs in PG17 and PG26.

The 100 box plots in white show the distributions of the distance between
SNPs chosen at random from the SNPs included in the genome-wide
association study in Sebastiani et al. (2012) and the closest coding SNPs in
PG17 and PG26. Wiskhers extend to 1.5 SD from the quartiles and circles
represent outliers.
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Archon Genomics X Prize6 will greatly expand this reference panel
with extremely accurate, 100 “medical grade” and economically
feasible whole genome sequences of centenarians sequenced by
multiple competing teams. It was recently announced that over
1,000 individuals who have lived to at least age 80 without suffering
from any common chronic diseases will have their entire genomes
sequenced and made available to the scientific community for use
as a reference panel7.

The analysis of next generation sequence data is still very chal-
lenging, and no single mapping and variant calling algorithm has
emerged as the standard tool to use. Therefore, we used two algo-
rithms to select a set of robust variants to examine further. The
specifically selected data show that the genetic architectures of
the two subjects are comparable to published sequenced genomes,
particularly in terms of rates of coding variants and predicted
damaging variants, and it is likely that overall differences seen
between genomes are due to different platforms, algorithms, and
annotation methods rather than major structural changes that can
be linked to exceptional longevity, at least in the case of germ line
mutations.

We also used the genome sequences of these two subjects to
test different genetic models of exceptional longevity. The insulin
pathway, caloric restriction, and lipid metabolism significantly
influence lifespan in other organisms including the mouse, fly, and
worm (Christensen et al., 2006) and have provided natural candi-
dates for the genetics of human exceptional longevity. Our analysis
shows that while the man had several of the noted longevity vari-
ants in metabolic genes, particularly FOXO3A, the woman was
homozygous only for one variant in HSP70 that is also common
in the population. No additional novel coding SNPs in these puta-
tive genes were discovered, and the different genetic profiles of
these candidate genes in the two supercentenarians suggest that
not all of the genetic variants associated with exceptional longevity
to-date are necessary to achieve such survival, and even if some
of these variants may have a role in longevity there are likely
many more yet to be discovered. This suggests that the meta-
bolic hypothesis may be just one of the many paths to exceptional
lifespan.

One of the hypothetical genetic models of exceptional longevity
is that, in order for centenarians to achieve their exceptional
survival, they must lack disease-predisposing variants. Phenotyp-
ically, there is evidence that this is not necessarily the case, since
approximately 40% of centenarians have had onset of age-related
diseases before the age of 80 (Evert et al., 2003). On the other
hand, we have observed that supercentenarians tend to escape
both age-related diseases and disability at least beyond the age of
105 years, as in the case of the two subjects in this study (Andersen
et al., 2011). Therefore, we tested whether the genome of these two
subjects had lower rates of disease-associated variants compared
to other published genomes. Surprisingly, both supercentenari-
ans turned out to be carriers of many disease-associated variants,
and the rates of disease-associated variants and protective vari-
ants in the genomes of these two supercentenarians did not differ

6http://genomics.xprize.org/
7http://ir.completegenomics.com/releasedetail.cfm?ReleaseID=610178

from known genomes. These findings raise several possibilities.
For example, some of the common disease-associated variants
found through genome-wide association studies may have very
little penetrance and this fact would be consistent with their lim-
ited predictive values noted in various studies (Paynter et al., 2010;
Wang et al., 2011). An alternative hypothesis is that centenarians
may carry protective variants that counter the effect of damaging
variants. The enrichment of coding variants nearby SNPs that were
found associated with exceptional longevity in our genome-wide
association study (Sebastiani et al., 2012) supports this hypothe-
sis. An interesting finding from the analysis of disease-annotated
variants is the evidence that several genes may have pleiotropic
effects, and the same gene that can increase risk for disease might
also increase the ability to live long lives. Good examples are the
LMNA and WRN genes, or alleles of SOD2 that were found to have
protective or damaging roles based on the genetic background.
This hypothesis suggests that an analysis that considers individu-
als variants out of their “genetic context” may not be informative
and better methods to analyze the effect of genetic profiles are
needed.

An alternative, complementary hypothesis is that variants, pos-
sibly rare, not hitherto associated with health maintenance, com-
pensate for disease-causing variants among the healthy elderly.
In this light, the genomes of these two supercentenarians were
not particularly enriched for novel variants, although the strin-
gency of our approach to variant calling may have increased
the false negative rate to reduce the false-positive rate. Neverthe-
less, the 1% novel variants discovered through this analysis may
lead to the discovery of novel genes involved with exceptional
longevity. The observation that the novel variants were in genes
implicated in “alternative splicing” highlights the importance
of pursuing follow-up studies involving transcriptome sequenc-
ing from different cells and tissues to identify RNA isoforms
or expression profiles that may be important for exceptional
longevity.

In summary, the two supercentenarian genomes we studied
have different features including, for example, a number of pri-
vate mutations in specific categories of genes in the case of the
woman but not the man. Other ongoing studies of centenari-
ans are showing that different centenarian genomes have different
characteristics (Cirulli et al., 2011; Holstege et al., 2011). Rates
of disease-associated variants that are similar to samples of much
younger subjects point to the importance of epigenetic phenom-
ena and the critical presence of longevity-associated variants in
extreme longevity. The enrichment for coding mutations near
longevity-associated variants and the enrichment in novel muta-
tions suggest that a combination of rare and common variants
contribute to the genetic background that allows some individuals
to live beyond the 11th decade.

It is also likely that environmental factors and possibly the
genetic ancestry may influence the likelihood of an individual to
live long ages directly or by interacting with the genetic back-
ground. The NECS has shown that the chance of male and female
siblings of centenarians to live past 100 can be 8 and 17 times
higher than the risk in the general population (Perls et al., 2002).
Consistent with this observation, our data suggest that the genetic
contribution increases with older and older ages as the limit of
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lifespan is approached (Sebastiani et al., 2012). The male super-
centenarian included in this study had strong longevity in his
family. Although we do not have information about the family his-
tory of the female supercentenarian, she has living offspring who
are approaching their nineties in good health and are currently
enrolled in the NECS. The heterogeneity of the results herein
suggest that sequencing additional exceptionally old individuals
of different genetic ancestry and possibly their family members
will provide the critical information to understand roles of com-
mon and rare genetic determinants of exceptional longevity and
healthspan.

MATERIALS AND METHODS
ETHICS STATEMENT
Subjects provided informed consent and this project was approved
by the Boston University Medical Campus Institutional Review
Board.

SUBJECTS
The man and woman were both age 114+ years at the time of
blood collection for DNA extraction. Their age was confirmed
by birth/baptism certificates and early U.S. Census entries. For
both subjects we examined the European ancestry by principal
component analysis of genome-wide genotype data, as described
in Sebastiani et al. (2012), and the male had German ancestry,
while the female had a mixed French, Celtic background (see
Figure A10 in Appendix). The man had been enrolled in the NECS
for 2 years and the woman for 6 years prior to the sequencing
study and their functional and cognitive status were determined
every 1–2 years. Measures of physical (Barthel Index; Mahoney
and Barthel, 1965; Sinoff and Ore, 1997) and cognitive function
(Blessed Information–Memory–Concentration Test; Blessed et al.,
1968; Kawas et al., 1995) were obtained annually. The Barthel
Index measures the ability to independently perform activities
of daily living with a score ranging between 0 and 100. Scores
of 80–100 indicate independent functioning, 60–79 require mini-
mal assistance, 40–59 indicate partial dependence, 20–39 indicate
very dependent, and 0–19 indicate total dependence for perform-
ing activities of daily living. The Blessed Information–Memory–
Concentration Test scores global cognition on a scale 0–37. Scores
of 34 or greater represent no impairment, 27–33 indicate mild
impairment, 21–26 signify moderate impairment, and less than
20 are associated with severe impairment (Kawas et al., 1995). The
man’s Barthel Index and Blessed scores indicated that he was highly
functional within a year of his death. He had no history of age-
related illnesses except for cataracts (removed at age 74 years) and
an osteoporotic fracture at age 109 years. He had a colon cancer in
his seventies that was surgically removed. His only medication for
years was an aspirin per day. The woman subject was cognitively
intact 6 years prior to the sequencing study and then demonstrated
a steady decline in cognitive and functional status. She was phys-
ically independent up to age 105 years, but then had a decline in
her physical function disproportionate to her decline in cognitive
function, likely due to progressive and severe frailty. She had no
reported age-related illnesses except hypertension and relatively
recently diagnosed dry macular degeneration. She had been on

only two medications, both diuretics, during the last few years of
her life.

SEQUENCING
Peripheral blood was obtained from each subject and used for
DNA extraction. DNA samples were sequenced using a GAII
sequencer at the Illumina Clinical Service Laboratory (San Diego,
CA) using 100 bp paired-end reads. Fastq files were generated from
the image files using the Illumina pipeline software (Firecrest for
image analysis and Bustard for base calling).

MAPPING
Reads in Fastq files were mapped to the NCBI36 reference genome
including all chromosomes and Mt DNA using the Eland aligner
(Bentley et al., 2008) and BWA (Li and Durbin, 2009; The BWA
version we used was 0.5.9-r16). The Eland_pair alignment algo-
rithm was used to map paired ends with more than 95% genomic
coverage (Figure A11, Table A1 in Appendix). Reads that aligned
to more than one region of the reference genome or that were of
low quality were excluded. The BWA algorithm was used to map
paired end with the options

aln -n 4 -o 1 -e 2 -k 2 -l 35 -R 5
to limit the maximum edit distance to 4, the maximum number
of gap opens to 1, the maximum number of gap extensions to 2,
the maximum number of edit distance in the seed to 2, the seed
to the first 35 bases, and to proceed with suboptimal alignment if
there are no more than 5 best hits. The more relaxed thresholds
produced a larger number of aligned reads [1,559,315,652 aligned
reads for PG26 (86.41%) and 1,334,406,235 aligned reads for PG17
(80.85%)].

SNP CALLING
Single nucleotide polymorphisms were called using the CASAVA
algorithm (see http://www.illumina.com/software/genomestudio_
software.ilmn and Bentley et al., 2008) and SAMTools (http://
samtools.sourceforge.net/ and Li et al., 2009). PCR duplicates
were removed before running the SNP caller algorithms using
SAMTools. The CASAVA algorithm calls SNPs in two steps, first
alleles are called based on base calls, alignment and quality scores,
and then SNPs genotypes are called based on allele calls and read
depths. Alleles scores are approximately equivalent to a Phred score
divided by 10, where the Phred score is −10 log 10 of the poste-
rior probability that the allele call is wrong, and alleles with allele
scores <3 (approximately Phred score <30, and hence error rate
>0.1%) are filtered out. Homozygote genotypes are called at posi-
tions where an allele that differs from the reference genome at that
position has a score >10 and the read depth is <3 (mean depth)
per chromosome. Heterozygote genotypes are called when both
alleles have a score >6 (Phred score >60), and the ratio between
the scores of the two alleles is less than 3. Additional details are
in the supporting manual8. In addition, SAMTools was used to
generate pileup files from the reads aligned with BWA in the form
of variant calling format files. SNPs with Phred score <30 were
filtered out.

8http://www.illumina.com/software/genomestudio_software.ilmn
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IDENTIFICATION OF NOVEL VARIANTS
We annotated the single polymorphic bases that differ from the
reference genome (hg18) against dbSNP build 132 and the sum-
mary data distributed by the 1000 Genomes project9 that were
published using coordinates of the UCSC release hg19 of the
human genome. We used the liftover conversion tool in the UCSC
Genome Browser to convert genomic coordinates from hg18 to
hg19, and then calculated the number of polymorphic bases in
the sequences of PG17 and PG26 that are not in dbSNP 132 but
were reported in the December 2010 data release from the 1000
Genomes project. With the exception of 65 positions that map to
22 unique regions in hg18 and could not be remapped to hg19, all
others were successfully translated, and more than 65% of the vari-
ants not in dbSNP were found in the 1000 Genomes data release.
We also checked novel variants to detect mapping errors and tried
to remove novel variants that were within few bases as those could
be due to mapping errors. After this annotation, approximately
1.5% of the SNPs from the original set that were not found in
dbSNP or 1000 Genomes were labeled as “novel” (Figure 2A).
These steps were conducted with Genephony10, an online tool for
the manipulation of large datasets of genomic information (Nuzzo
and Riva, 2009).

ADDITIONAL GENOMES
We identified 15 additional whole genome sequences for com-
parison. The samples and references are in Table A2 in
Appendix.

SNP QUALITY
We assessed SNP call quality using several measures.

RUNS OF HOMOZYGOSITY
We used SNP array data genotyped with the Illumina array to
describe the genome-wide structure of chromosomal alterations
of PG17 and PG26. The two samples were genotyped with the
Illumina 610 array (PG17) and 1M array (PG26) and data were
processed as described in Sebastiani et al. (2012). We computed
the B allele frequency (a measure of heterozygosity/homozygosity)
and the log R ratio (a measure of signal intensity that relates to
copy number variations) using Illumina BeadStudio. The plot of
B allele frequency in Figure A3 in Appendix showed that there
are significant stretches of homozygosity across many chromo-
somes (see red arrows). However, this was not associated with
a shift in log R ratio at these locations suggesting that this
was not due to big deletions but probably to inbreeding of her
ancestors with distant relatives that resulted in higher homozy-
gosity. The same analysis for PG26 is displayed in Figure A4 in
Appendix.

CONCORDANCE WITH GENOTYPE CALLS
We compared genotype calls detected from next generation
sequence analysis against the genotype calls determined with SNP
array analysis. Missing genotypes were ignored.

9ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/2010_11/
10http://genome.ufl.edu/gp/

TRANSITION TO TRANSVERSION RATIOS AND RATE OF
HETEROZYGOSITY
We calculated the number of transitions (A ↔ G or C ↔ T) and
transversions (A ↔ C,T; C ↔ G; and T ↔ G) and their rate in all
called SNPs, in SNPs reported only in the 1000 Genomes project,
and in novel SNPs. Rates of heterozygosity were computed by
the ratio of the number of heterozygous calls versus homozygous
calls only for the SNPs with alleles that differ from the reference
genome.

INDEL CALLING
For short indel finding, the reads were mapped to the human ref-
erence genome (NCBI build 37) using BWA in paired-end mode
with default settings except for the following differences in BWA
aln module: to control false-positive rate, the maximum edit dis-
tance in mapped end (-n) was lowered from 5 (default for 100 bp
reads) to 4, and, to increase pairing accuracy, the seed size (-l) was
decreased to 20 and the number of best hits to search in subopti-
mal alignments (-R) was increased to 100. In BWA sampe module,
the number of occurrences for one end (-o) was increased to 10
million.

We found that using BWA with the last three parameters reduces
the number of discordant pairs and pairs with ends mapped
to different chromosomes without sacrificing overall alignment
accuracy. Since Dindel uses both ends of discordant pairs for
realignment and for calculation of variant qualities, we wanted
to keep the number of discordant pairs low. The BAM alignment
files produced by BWA were merged and split by chromosomes,
library and read group information was added, and duplicates
were removed on per-library basis using Picard MarkDuplicates.
Short indel calls were made using Dindel and SAMTools mpileup.
Since our data were relatively high coverage, before running Din-
del, candidate indels were selected with – minCount parameter set
to 3 using the script in the Dindel package. SAMTools mpileup was
run with mapping quality coefficient – C50. For the mitochondrial
chromosomes where coverage exceeded 3,000 due to high sample
copy number, we increased maximum depth in mpileup to one
million. Only indels that were called by both algorithms and had
a Phred score >30 were selected for further annotation.

FUNCTIONAL ANNOTATION
For bioinformatics analysis, we used the complementary genome-
wide variant annotation tools embedded in a suite of tools devel-
oped by researchers at The Scripps Research Institute (Torka-
mani et al., 2011) as well as Genephony (Nuzzo and Riva, 2009).
These tools integrate different approaches to assessing the likely
functional significance of DNA sequence variants based on infor-
mation such as genomic region, functional elements they reside
in, conservation of nucleotides, biophysical properties of the
nucleotide or amino acid sequence they reside in, known role
in gene/protein function, disease associations. These annotations
provide insights that link specific variants to gene function by
predicting whether or not the variant impacts, e.g., a transcrip-
tion factor binding site, or a microRNA binding site, a splice site,
and/or whether they impact the function of a proteins. These
tools both incorporate and go well beyond other available tools
for variant functional prediction such as SIFT and POLYPHEN
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by considering more information as well as regulatory genomic
elements.

LIST OF DISEASE-ANNOTATED VARIANTS
We compiled this list by merging disease-annotated variants
from the HGMD11 with the catalog of genome-wide association
studies12. We completed the list of variants in the GWAS catalog
by searching for the unreported SNP alleles, and then compared
the full sequences of PG17 and PG26 to detect the SNPs with risk
alleles. Note that for this analysis we used the assembled sequences
and not only the SNPs that were called by the SNP caller algo-
rithms, because several of the risk alleles are actually the reference
allele in the hg18 version of the human genome. All SNPs in the
catalog were recoded according to the forward strand to make the
results comparable to the whole genome sequences. We analyzed
the number of risk alleles stratified by whether they belong to a
coding SNP. Protective variants were identified by searching for
the key-words “reduced risk” in disease annotation.

ENRICHMENT ANALYSIS
We used the David functional tool (Huang da et al., 2009) to anno-
tate genes by functional role and association with diseases. The
disease associations are based on the genetic association database
and disease classes derived in Zhang et al. (2010). To test whether
the distributions of genes with novel mutations in PG17 and PG26
were significantly enriched for the found disease categories, we
generated reference distributions as follows. We randomly selected
421 genes from the whole list of genes with coding SNPs in PG17
and 500 genes from the whole list of genes with coding SNPs in
PG26, and the genes lists were annotated by disease groups. We
repeated the random selection 1,000 times and then computed
average rates and SD.

11http://www.hgmd.org/
12http://www.genome.gov/gwastudies/

LONGEVITY-ASSOCIATED VARIANTS
We detected the longevity-associated variants in PG17 and PG26
as those genotypes that increase the posterior probability of excep-
tional longevity in the two subjects in the list of 281 SNPs reported
in Sebastiani et al. (2012). We selected the longevity-associated
variants that were in genes, searched the closest coding mutation
called by the SNPs callers or the closets coding mutations in the
HGMD for each longevity variants and then computed the physi-
cal distances. Genes that did not have any coding mutation in the
sequences were ignored. To build reference distributions, we ran-
domly selected 281 SNPs from the list of SNPs that were included
in the genome-wide association study of exceptional longevity as
described in Sebastiani et al. (2012), selected the SNPs located in
genes and searched for the closest coding mutation in the same
genes that were called by the SNP callers or were in the HGMD.
The box plot in Figure 6C shows 100 replications of random
selection.
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APPENDIX

FIGURE A1 | Schematic of the mapping/alignment and variant calling

steps. We used the Eland and BWA aligners to map reads to the reference
genome, and CASAVA and SAMTools to call SNPs as explained in Section
“Materials and Methods.” Short insertion and deletions were called using
SAMTools and Dindel. Only variants that were called by both algorithms and
passed quality control filters were included in the follow-up analyses.

FIGURE A2 | (A) Number of SNPs called by both SNP callers, the CASAVA
algorithm and SAMTools, with >99% concordant genotype calls, by
chromosome. (B) Distribution of Phred scores in SNPs called in PG17 and
PG26 (From SAMTools). (C) Distribution of reads used for SNPs calling in
PG17 and PG26 (From CASAVA). The median number of used reads was 36
in PG17 and 43 in PG26.
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FIGURE A3 | Plot of the B allele frequency (a measure of

heterozygosity/homozygosity) and the log R ratio (a measure of signal

intensity that relates to copy number variations) using Illumina

BeadStudio. The plot of B allele frequency shows that there are significant

stretches of homozygosity across many chromosomes (see red arrows).
However, this was not associated with a shift in log R ratio at these locations
suggesting that this was not due to big deletions but probably to inbreeding
of her ancestors with distant relatives that resulted in higher homozygosity.

Table A1 | Summary of sequencing and mapping using the Illumina aligner and the BWA aligner.

Illumina report (hg18) BWA (hg18)

Male >110 Female >110 Male >110 Female >110

No of reads 1,804,595482 1,650,463,996 1,804,595,182 1,650,463,996

Read length 100 100 100 100

Number of bases used to generate consensus 114,850,993,633 98,120,678,830 156,017,244,672 133,347,354,219

Base pairs reported (consensus) 2,736,567,883 2,699,489,763 2,855,361,624 2,828,277,701

Number aligned reads 1,430,677,828 (79.3%) 1,246,883,285 (75.5%) 1,559,315,652 (86.41%) 1,334,406,235 (80.85%)

Rate of genome covered 0.957 0.952 0.999 0.998

Coverage depth 43.14 36.40 54.60 47.04

The parameters used with the aligner algorithms are in the Section “Materials and Methods.”
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FIGURE A4 | Plot of the B allele frequency and the log R ratio in PG26. The plot of B allele frequency shows that there are no large structural variations.
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FIGURE A5 |Trends in QC parameters. We evaluated the effect of tighter
thresholds on the minimum coverage (=number of reads) on the transition
to transversion ratio (A), the heterozygous to homozygous ratios (B) and
the mean depths (C). The quality parameters appear to be stable for
different thresholds on minimum coverage.
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FIGURE A6 | Cumulative distributions of depth. The plots show the cumulative distributions of SNPs with coverage < values in the x -axes. For example,
80% of the reads in PG17 have more than 20-fold coverage.
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FIGURE A7 | Distribution of coverage and Phred scores of indels.
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FIGURE A8 | Functional analysis of the insertions detected in PG17 and PG26, their union and intersection. The chart in maroon shows the breakdown of
insertions and the rate of coding insertions in PG17 and PG26. The chart in orange shows the summary of insertions in nine whole genomes generated from
complete genomics and annotated in the same way as PG17 and PG26.
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FIGURE A9 | Functional analysis of the deletions detected in PG17 and PG26, their union and intersection. The chart in maroon shows the breakdown of
deletions and the rate of coding deletions in PG17 and PG26. The chart in orange shows the summary of deletions in nine whole genomes generated from
complete genomics and annotated in the same way as PG17 and PG26.
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FIGURE A10 | Population structure of the two supercentenarians. The two
scatter plots display the principal components 1 and 2 (PCI and 2 PC2, top
panels), and principal components 3 and 4 (PC3 and PC4, bottom panels) in
801 subjects from the NECS that were estimated using genome-wide data.
We colored the points by one of 16 ancestral groups that were inferred using

an algorithm described in Solovieff et al. (2010). The clusters were then
labeled by ethnicity using the information about mother tongue and place of
birth of NECS subjects and their parents. Based on the coordinates of the
PCs of two subjects in the plots, we confirmed that the female had a mixed
French/British ancestry, while the males had mainly a Germanic ancestry.

FIGURE A11 | Genomic Coverage from ELAND. Barplots show the % of genomic coverage per chromosome when the reads were mapped to HG18 using
the Illumina Elander aligner.

Frontiers in Genetics | Genetics of Aging January 2012 | Volume 2 | Article 90 | 24

http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Genetics_of_Aging
http://www.frontiersin.org/Genetics_of_Aging/archive


Sebastiani et al. Whole genome sequences of supercentenarians

Table A2 | List of genome sequences that were used for comparisons with PG17 and PG26.

Genome Ethnicity Gender Platform Reference

NA12891 CEU M Illumina http://www.nature.com/nature/journal/v467/n7319/full/nature09534.html

NA12892 CEU F Illumina http://www.nature.com/nature/journal/v467/n7319/full/nature09534.html

NA12878 CEU F ABI_SOLiD http://www.yandell-lab.org/publications/pdf/ten_genomes_analysis.pdf

NA12878 CEU F Illumina http://www.nature.com/nature/journal/v467/n7319/full/nature09534.html

YH Chinese M Illumina http://www.nature.com/nature/journal/v456/n7218/full/nature07484.html

AK1 Korean M Illumina http://www.nature.com/nature/journal/v460/n7258/full/nature08211.html

NA07022 CEU M Complete genomics http://www.completegenomics.com/sequence-data/data-summary/

NA20431 CEU M Complete genomics http://www.completegenomics.com/sequence-data/data-summary/

NA19240 AA F Complete genomics http://www.completegenomics.com/sequence-data/data-summary/

NA19240 AA F ABI_SOUD http://www.yandell-lab.org/publications/pdf/ten_genomes_analysis.pdf

NA18507 AA M Illumina http://www.nature.com/nature/journal/v456/n7218/full/nature07517.html

NA18507 AA M ABI_SOLiD http://www.yandell-lab.org/publications/pdf/ten_genomes_analysis.pdf

Quake CEU M Helicos http://www.nature.com/nbt/journal/v27/n9/abs/nbt.1561.html

Venter CEU M Sanger http://www.plosbiology.org/article/info:doi/10.1371/journal.pbio.0050254

Watson CEU M Roche 454 http://www.nature.com/nature/journal/v452/n7189/full/nature06884.html

PG17 CEU F Illumina

PG26 CEU M Illumina
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Table A5 | Predicted functions (TFBS and miRs).

PG17

(all SNPs)

PG26

(all SNPs)

PG17

(all ins)

PG26

(all ins)

PG17

(all del)

PG26

(all del)

miRNA

Total number of variants creating miRNA binding sites 5,965 6,150 208 241 265 298

Total number of variants destroying miRNA binding sites 6,007 6,267 298 320 197 192

Total number of variants perturbing miRNA binding sites (diff

deltaG > 0)

13,190 13,655 880 938 808 877

TFB

Total number of TFBS disrupting variants 587,761 638,857 28,896 33,234 50,997 58,709

Total number of major TFBS disrupting variants

(dScore < −7)

4,037 4,619 7,560 9,005 30,123 35,117

Total number of TFBS deleting variants: 52 62 0 0 416 524

SPLICE

Total number of splice site variants 3,385 4,284 306 352 269 308

Total number of “splicing change” variants 23 28 85 104 102 129

Total number of variants creating exonic splicing enhancer

binding sites

6,628 7,240 39 66 189 200

SITES

Total number of variants destroying exonic splicing enhancer

binding sites

6,646 7,300 50 65 193 211

Total number of variants creating exonic splicing silencer

binding sites

3,738 4,038 38 43 176 179

Total number of variants destroying exonic splicing silencer

binding sites

3,607 3,982 14 23 158 153

The functional annotation was done with the complementary genome-wide variant annotation tools embedded in a suite of tools developed by researchers at The

Scripps Research Institute (see reference Torkamani et al., 2011).

Table A6 | Rates of SNPs and indels that affect microRNAs and transcription factor binding sites (TFBS).

PG17

(all SNPs, %)

PG26

(all SNPs, %)

PG17

(all ins, %)

PG26

(all ins, %)

PG17

(all del, %)

PG26

(all del, %)

miRNA

Total number of variants creating miRNA binding

sites

0.19 0.19 0.12 0.13 0.16 0.16

Total number of variants destroying miRNA binding

sites

0.19 0.19 0.18 0.17 0.12 0.10

Total number of variants perturbing miRNA binding

sites (diff deltaG > 0)

0.43 0.42 0.52 0.50 0.48 0.48

TFB

Total number of TFBS disrupting variants 19.05 19.63 17.01 17.77 30.24 32.04

Total number of major TFBS disrupting variants

(dScore < −7)

0.13 0.14 4.45 4.81 17.86 19.17

Total number of TFBS deleting variants 0.00 0.00 0.00 0.00 0.25 0.29

The functional annotation was done with the complementary genome-wide variant annotation tools embedded in a suite of tools developed by researchers at The

Scripps Research Institute (see reference Torkamani et al., 2011).
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