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 How many base pairs (ACGT) in a human genome?

- About 3 billion (haploid).

 How much is the weight of a human genome?

- About 3 pg (haploid).

- 1pg = 1 x 10-9 g = 978 million base pairs

 How long is a human genome?

- About 2 meters.

 How long is the diameter of a nucleus that contains a 
human genome?

- About 10 micro meters.

Questions on Human Genome
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74mm

San Mateo Bridge (15 km)
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http://www.nig.ac.jp/museum/quiz/movie/sencyu.html
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 How much of nucleotides in human chromosomes are 
determined?    90%, 99%, 99.9% ?

Questions on Human Genome

red: unsequenced gaps
Finishing the euchromatic sequence of the human genome. Nature, 431(7011), 931–45. (2004)

100 million bp
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Genomic sequences of centromere 

Cellamare, a et al. New insights into centromere organization and evolution from the white-
cheeked gibbon and marmoset. Molecular biology and evolution 26, 1889–900 (2009).

Numerous copies of alpha-satellite repeat unit of ~171 bp in the human genome centromere

State-of-the-art second generation high-throughput sequencers 
(Illumina HiSeq, ABI 5500xl, ION Torrent) can sequence of DNA 
fragments of length about 100bp  (500bp in near future?)



Make Model Read length Throughput (bp) 
/ day

Illumina HiSeq 2500 100→ 250 50 – 100 billion
Life 
Technology

Ion Torrent
PGM

100 → 400

Roshe 454 800
Pacific
Biosciences

RS 3000～15000 1– 2 billion

2013  High‐throughput Next‐generation Sequencers

Make Model Read length Throughput 
(bp) / day

ABI 3730 500 2 million

2002  Sanger Sequencer
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 How much do personal genomes differ?

 A typical personal genome has about 3 million single 
nucleotide variations (single letter changes) 
inconsistent with the reference human genome.

 Single nucleotide variations are associated with many 
genetic disorders, such as brain diseases.

Questions on Personal Genomes
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1‐2 billion reads of 100 bp in length per person 
(100~200 billion base pairs)

Resequencing a human genome

reference human genome

DNA fragments 
from a personal 
genome

Hash table, suffix array,
Burrows-Wheeler Transform,
FM-index
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Error correction

reference human genome

DNA fragments 
from a personal 
genome

reference human genome

DNA fragments 
from a personal 
genome
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Reference human genome（hg19）

Genome of a diseased person
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Genome of diseased person
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heterozygous
Dominant disease

Reference human genome（hg19）
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 How much do personal genomes differ?

 A typical personal genome has ~3M single nucleotide variations.

 Large-scale structural variations such as long insertions and 
genome duplications are largely unexplored.

 They are likely to be associated with genetic disease.

Questions on Personal Genomes

deletion

inversion duplication

insertion

Use long reads that span large-scale insertions and duplications
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Correcting sequence errors in PacBio reads

High error rate  15-20%
High cost
Long  3000-15000 bp
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Correcting sequence errors in PacBio reads

High error rate  15-20%
High cost
Long  3000-15000 bp

Low error rate  1-2%
Low cost
Short  100bp
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• Aligning short reads of 120 Gbp (40x of human genome)
to SMRT long reads of 30 Gbp (10x of human genome)

• Avoid using prohibitively large main memory (e.g., 1TB)
• Avoid the IO bottleneck between main memory and 

secondary disk
• Move “big data” efficiently among secondary disks
• Complete the task in 20 hours using 600 CPU cores 

Correcting sequence errors in PacBio reads
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– multiple alignment and consensus
Correcting sequence errors in PacBio reads



31

 Aligning short reads of 120 Gbp (40x of human genome)
to SMRT long reads of 14 Gbp (5x of human genome)
collected from a Japanese individual

 LSC w 600 CPU cores

 Novoalign did not finish within 4 days

 Memory usage: 4GB / core

 Our program with 600 CPU cores

 Approximately 8 hours

 Memory usage: 4GB / core

Computational performance
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 Many fundamental questions on human genomes are 
unexplored:

 3D conformation structure

 Centromere genomic sequences

 Large-scale structural variations in human genomes

 High-throughput sequencing technologies would provide 
clues to these problems.

 Data parallel processing of large-scale human genome 
data is necessary.

 Move “big data” efficiently to avoid IO 

bottleneck

Conclusions
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