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Ej)ui 37521524 ref NP 924901.12 similar to polyketide synthase | Gloscbkacter vioclaceus)
9i135212521 |dbj |BACBY9896.1 9111955 | Glusubkacter viclaceus PCO T421)
Length = 103

Score = 27.8 bkits (58), Expsct = 21
Identivies = 8/10 (80%), Pusitives = 10710 (100%)

Query: 1 ELVISLIVES 10
EL+ISL+VES
Skjet: 21 ELIISLLVES 30

E])qi 40739547 gk (EAMNSSTIT. 1 hypothetical protelin ANG353.2 | Asperglllus nidulans FGS5C A4)
Length = 421

Score = 27.8 bits (58), Expsect = 21
Identitvies = 8/9 (88%), Pusitlives = B8/9 (88%)

Query: 1 ELVISLIVE 9
ELVI LIVE
Skjet: 160 ELVIGLIVE 168

Ej>qi 33862265 ref NP 893826.1 Putative phospho-N-acetylmuramoyl-pentapeptide-transferase
| Prochlorococcus marinus subsp. pastorls str. CCMPL37T8E)

9i133634483 lemb ICAE20168.1 Putative phospho-N-acetylmuramoyl-pentapeptide-transferase
| Prochlorvcoccus marinus subsp. pastoris str. CCMPLY986)
Length = 359

Score = 26.1 bkits (54), Expsct = 68
Identivies - 8/9 (88%), Positives = 8/9 (88%)

Query: 2 LVISLIVES 10
LWVISLIV S
Skjen: 18 LVISLIVNS 26

Ej)q; 1361234 1pir 11555903 phosphotransferase system enzyme II, galactitol specific, protelin A
- Escherichla coll (strain EC3132)
qi15081 73 emb CARSH228.1 EIIMA domain of PTS-dependent Gat transport and phosphorylation
| Escherichia coll
9i11096948 prf112113201C carbohydrate phosphotransferase II
Length = 150

Score = 25.2 bkits (52), Expsct = 122
Identities = 7/8 (87%), Pusitlwves = 8/8 (100%)

Query: 2 LVISLIVE 9
LVI+LIVE
Skjevu: 97 LVIALIVE 104

Cj>qi 16272796 ref NP 439016.1 DNA polymerase I | Hasmophilus Influsnzase Rd KW20]

9i11169402 1 5p P43742 1DPO1 HAEIN DNA polymerase I (FOL I)

gqLil1074025 pir | |E64098 DNA-directed DNA polymerase (EC 2.7.7.7) I - Hasmophlilus influsnzae
(strain Rd KW20)
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[:]>qi 16081772 | ref INP 394158.1 conserved hypothetical protein [ Thermoplasma acidophilum]
gi110639973 lemb ICAC1I1825.1 conserved hypothetical protein | Thermoplasma aclidophilum)
Length = 651

Score = 26.5 bits (55), Expect = 50
Identities = 9713 (69%), Positives = 11/13 (B4%), Gaps = 2/13 (15%)

Query: 1 ELVIS--ISDEAD 11
E+VIS IS+EAD
Skjet: 209 EIVISDDISEEAD 221

Cj)qi 16265195 1ref INP 437987.1 putative proplonyl-CoA carboxylase beta chain protein
| Sinorhizobium meliloti]
gil1252939211pir) 1G96022 probable proplonyl-CoA carboxylase (EC 6.4.1.3) [ imported] -
Sinorhizobium meliloti (strain 1021) magaplasmid pSymB
gi1151413351embICAC49847.1 putative proplonyl-CoA carboxylase beta chain protein
| Sinorhizobium meliloti]
Length = 510

Score = 26.1 bits (54), Expect = 68
Identities - 7/11 (63%), Positives = 11/11 (100%)

Query: 1 ELVISISDEAD 11
EL+++I+DEAD
Skjet: 285 ELILAIADEAD 295

Cj)ai 15896339 1ref INP 349688.1 NtrC family transcriptional regulator, ATPase domain fused to two
PAS domains [ Clostridium acetobutylicum)
gL1254961571pir| 1A97280 ntrl family transcription regqulator, ATPase domain fused to two PAS
domains CAC3088 | imported] - Clostridium acetobutylicum
gi1150261531gbIAMAKBI028.1 Nerl family transcriptional regulator, ATPase domain fused to two
PAS domains | Clostridium acetobutylicum)
Length = 667

Score = 25.7 bits (53), Expect = 91
Identivies - B8/9 (B8%), Positives = B/9 (88%)
Query: 3 VISISDEAD 11
VISIS EAD
Skjet: 313 VISISKEAD 321

G>q‘. 24666822 1 ref INP 730429.1 CG14098-PA | Drosophila melancgaster]

gLl 7293779 1gb I AAF49147.1 CG14098-PA | Drosophila melancgaster]
Length = 384

Score = 25.2 bits (52), Expect = 122
Identities - 7/8 (B7%), Positives = B/8 (100%)

Query: 4 ISISDEAD 11
IS+SDEAD
Sbjet: 338 ISVSDEAD 345
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GENOME: In modern molecular biology and genetics, the
genome is the entirety of an organism's hereditary
information. It is encoded either in DNA or, for many types of
virus, in RNA.The genome includes both the genes and the
non-coding sequences of the DNA/RNA

GENOMICS: is a discipline in genetics concerning the study
of the genomes of organisms
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Initial sequencing and analysis of the

International Human Genome Sequencing Consortium*

* A partial list of authors appears on the opposite page. Affiliations are listed at the end of the paper.

The human genome holds an extraordinary trove of information about human development, physiology, medicine and evolution.
Here we report the results of an international collaboration to produce and make freely available a draft sequence of the human
genome. We also present an initial analysis of the data, describing some of the insights that can be gleaned from the sequence.

The rediscovery of Mendel’s laws of heredity in the opening weeks of
the 20th century'~ sparked a scientific quest to understand the
nature and content of genetic information that has propelled
biology for the last hundred years. The scientific progress made
falls naturally into four main phases, corresponding roughly to the
four quarters of the century. The first established the cellular basis of
heredity: the chromosomes. The second defined the molecular basis
of heredity: the DNA double helix. The third unlocked the informa-
tional basis of heredity, with the discovery of the biological mechan-
ism by which cells read the information contained in genes and with
the invention of the recombinant DNA technologies of cloning and
sequencing by which scientists can do the same.

The last quarter of a century has been marked by a relentless drive
to decipher first genes and then entire genomes, spawning the field
of genomics. The fruits of this work already include the genome
sequences of 599 viruses and viroids, 205 naturally occurring
plasmids, 185 organelles, 31 eubacteria, seven archaea, one
fungus, two animals and one plant.

Here we report the results of a collaboration involving 20 groups
from the United States, the United Kingdom, Japan, France,
Germany and China to produce a draft sequence of the human
genome. The draft genome sequence was generated from a physical
map covering more than 96% of the euchromatic part of the human
genome and, together with additional sequence in public databases,
it covers about 94% of the human genome. The sequence was
produced over a relatively short period, with coverage rising from
about 10% to more than 90% over roughly fifteen months. The
sequence data have been made available without restriction and
updated daily throughout the project. The task ahead is to produce a
finished sequence, by closing all gaps and resolving all ambiguities.
Already about one billion bases are in final form and the task of
bringing the vast majority of the sequence to this standard is now
straightforward and should proceed rapidly.

The sequence of the human genome is of interest in several
respects. It is the largest genome to be extensively sequenced so far,
being 25 times as large as any previously sequenced genome and
eight times as large as the sum of all such genomes. It is the first
vertebrate genome to be extensively sequenced. And, uniquely, it is
the genome of our own species.

Much work remains to be done to produce a complete finished
sequence, but the vast trove of information that has become
available through this collaborative effort allows a global perspective
on the human genome. Although the details will change as the
sequence is finished, many points are already clear.
® The genomic landscape shows marked variation in the distribu-
tion of a number of features, including genes, transposable
elements, GC content, CpG islands and recombination rate. This
gives us important clues about function. For example, the devel-
opmentally important HOX gene clusters are the most repeat-poor
regions of the human genome, probably reflecting the very complex

860 £2 © 2001 Macmillan Magazines Ltd

coordinate regulation of the genes in the clusters.

® There appear to be about 30,000—40,000 protein-coding genes in
the human genome—only about twice as many as in worm or fly.
However, the genes are more complex, with more alternative
splicing generating a larger number of protein products.

® The full set of proteins (the ‘proteome’) encoded by the human
genome is more complex than those of invertebrates. This is due in
part to the presence of vertebrate-specific protein domains and
motifs (an estimated 7% of the total), but more to the fact that
vertebrates appear to have arranged pre-existing components into a
richer collection of domain architectures.

@ Hundreds of human genes appear likely to have resulted from
horizontal transfer from bacteria at some point in the vertebrate
lineage. Dozens of genes appear to have been derived from trans-
posable elements.

@ Although about half of the human genome derives from trans-
posable elements, there has been a marked decline in the overall
activity of such elements in the hominid lineage. DNA transposons
appear to have become completely inactive and long-terminal
repeat (LTR) retroposons may also have done so.

® The pericentromeric and subtelomeric regions of chromosomes
are filled with large recent segmental duplications of sequence from
elsewhere in the genome. Segmental duplication is much more
frequent in humans than in yeast, fly or worm.

® Analysis of the organization of Alu elements explains the long-
standing mystery of their surprising genomic distribution, and
suggests that there may be strong selection in favour of preferential
retention of Alu elements in GC-rich regions and that these ‘selfish’
elements may benefit their human hosts.

® The mutation rate is about twice as high in male as in female
meiosis, showing that most mutation occurs in males.

® Cytogenetic analysis of the sequenced clones confirms sugges-
tions that large GC-poor regions are strongly correlated with ‘dark
G-bands’ in karyotypes.

® Recombination rates tend to be much higher in distal regions
(around 20 megabases (Mb)) of chromosomes and on shorter
chromosome arms in general, in a pattern that promotes the
occurrence of at least one crossover per chromosome arm in each
meiosis.

® More than 1.4 million single nucleotide polymorphisms (SNPs)
in the human genome have been identified. This collection should
allow the initiation of genome-wide linkage disequilibrium
mapping of the genes in the human population.

In this paper, we start by presenting background information on
the project and describing the generation, assembly and evaluation
of the draft genome sequence. We then focus on an initial analysis of
the sequence itself: the broad chromosomal landscape; the repeat
elements and the rich palacontological record of evolutionary and
biological processes that they provide; the human genes and
proteins and their differences and similarities with those of other
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Genome Sequencing Centres (Listed in order of total genomic
sequence contributed, with a partial list of personnel. A full list of
contributors at each centre is available as Supplementary
Information.)
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A 2.91-billion base pair (bp) consensus sequence of the euchromatic portion of
the human genome was generated by the whole-genome shotgun sequencing
method. The 14.8-billion bp DNA sequence was generated over 9 months from
27,271,853 high-quality sequence reads (5.11-fold coverage of the genome)
from both ends of plasmid clones made from the DNA of five individuals. Two
assembly strategies—a whole-genome assembly and a regional chromosome
assembly—were used, each combining sequence data from Celera and the
publicly funded genome effort. The public data were shredded into 550-bp
segments to create a 2.9-fold coverage of those genome regions that had been
sequenced, without including biases inherent in the cloning and assembly
procedure used by the publicly funded group. This brought the effective cov-
erage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage. The
two assembly strategies yielded very similar results that largely agree with
independent mapping data. The assemblies effectively cover the euchromatic
regions of the human chromosomes. More than 90% of the genome is in
scaffold assemblies of 100,000 bp or more, and 25% of the genome is in
scaffolds of 10 million bp or larger. Analysis of the genome sequence revealed
26,588 protein-encoding transcripts for which there was strong corroborating
evidence and an additional ~ 12,000 computationally derived genes with mouse
matches or other weak supporting evidence. Although gene-dense clusters are
obvious, almost half the genes are dispersed in low G+C sequence separated
by large tracts of apparently noncoding sequence. Only 1.1% of the genome
is spanned by exons, whereas 24% is in introns, with 75% of the genome being
intergenic DNA. Duplications of segmental blocks, ranging in size up to chro-
mosomal lengths, are abundant throughout the genome and reveal a complex
evolutionary history. Comparative genomic analysis indicates vertebrate ex-
pansions of genes associated with neuronal function, with tissue-specific de-
velopmental regulation, and with the hemostasis and immune systems. DNA
sequence comparisons between the consensus sequence and publicly funded
genome data provided locations of 2.1 million single-nucleotide polymorphisms
(SNPs). A random pair of human haploid genomes differed at a rate of 1 bp per
1250 on average, but there was marked heterogeneity in the level of poly-
morphism across the genome. Less than 1% of all SNPs resulted in variation in
proteins, but the task of determining which SNPs have functional consequences

remains an open challenge.

Decoding of the DNA that constitutes the
human genome has been widely anticipated
for the contribution it will make toward un-
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derstanding human evolution, the causation
of disease, and the interplay between the
environment and heredity in defining the hu-
man condition. A project with the goal of
determining the complete nucleotide se-
quence of the human genome was first for-
mally proposed in 1985 (/). In subsequent
years, the idea met with mixed reactions in
the scientific community (2). However, in
1990, the Human Genome Project (HGP) was
officially initiated in the United States under
the direction of the National Institutes of
Health and the U.S. Department of Energy
with a 15-year, $3 billion plan for completing
the genome sequence. In 1998 we announced
our intention to build a unique genome-
sequencing facility, to determine the se-
quence of the human genome over a 3-year
period. Here we report the penultimate mile-
stone along the path toward that goal, a nearly
complete sequence of the euchromatic por-
tion of the human genome. The sequencing
was performed by a whole-genome random
shotgun method with subsequent assembly of
the sequenced segments.

The modern history of DNA sequencing
began in 1977, when Sanger reported his meth-
od for determining the order of nucleotides of
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DNA using chain-terminating nucleotide ana-
logs (3). In the same year, the first human gene
was isolated and sequenced (4). In 1986, Hood
and co-workers (5) described an improvement
in the Sanger sequencing method that included
attaching fluorescent dyes to the nucleotides,
which permitted them to be sequentially read
by a computer. The first automated DNA se-
quencer, developed by Applied Biosystems in
California in 1987, was shown to be successful
when the sequences of two genes were obtained
with this new technology (6). From early se-
quencing of human genomic regions (7), it
became clear that cDNA sequences (which are
reverse-transcribed from RNA) would be es-
sential to annotate and validate gene predictions
in the human genome. These studies were the
basis in part for the development of the ex-
pressed sequence tag (EST) method of gene
identification (&), which is a random selection,
very high throughput sequencing approach to
characterize cDNA libraries. The EST method
led to the rapid discovery and mapping of hu-
man genes (9). The increasing numbers of hu-
man EST sequences necessitated the develop-
ment of new computer algorithms to analyze
large amounts of sequence data, and in 1993 at
The Institute for Genomic Research (TIGR), an
algorithm was developed that permitted assem-
bly and analysis of hundreds of thousands of
ESTs. This algorithm permitted characteriza-
tion and annotation of human genes on the basis
of 30,000 EST assemblies (/0).

The complete 49-kbp bacteriophage lamb-
da genome sequence was determined by a
shotgun restriction digest method in 1982
(11). When considering methods for sequenc-
ing the smallpox virus genome in 1991 (12),
a whole-genome shotgun sequencing method
was discussed and subsequently rejected ow-
ing to the lack of appropriate software tools
for genome assembly. However, in 1994,
when a microbial genome-sequencing project
was contemplated at TIGR, a whole-genome
shotgun sequencing approach was considered
possible with the TIGR EST assembly algo-
rithm. In 1995, the 1.8-Mbp Haemophilus
influenzae genome was completed by a
whole-genome shotgun sequencing method
(13). The experience with several subsequent
genome-sequencing efforts established the
broad applicability of this approach (14, 15).

A key feature of the sequencing approach
used for these megabase-size and larger ge-
nomes was the use of paired-end sequences
(also called mate pairs), derived from sub-
clone libraries with distinct insert sizes and
cloning characteristics. Paired-end sequences
are sequences 500 to 600 bp in length from
both ends of double-stranded DNA clones of
prescribed lengths. The success of using end
sequences from long segments (18 to 20 kbp)
of DNA cloned into bacteriophage lambda in
assembly of the microbial genomes led to the
suggestion (/6) of an approach to simulta-
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SOME KEY FINDINGS

* The HGP has revealed that there are probably about 25,000 to 40,000 (since
updated to a count of ~20,500 human genes)

 Human genome is remarkably similar to other genomes in terms of total gene
humbers and gene functions, although most genes are more complex.
(Comparitive Genomics)

* Between 1.1% to 1.4% of the genome's sequence codes for proteins.
Nonfunctional regions appear to account for ~97%. 12% of human genomic
DNA 1s due to copy number variations - CNVs

 ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total
genome)



LOOKING AT SNPs



SOME KEY FINDINGS

* The HGP has revealed that there are probably about 25,000 to 40,000 (since
updated to a count of ~20,500 human genes)

 Human genome is remarkably similar to other genomes in terms of total gene
numbers and gene functions, although most genes are more complex.
(Comparitive Genomics)

* Between 1.1% to 1.4% of the genome's sequence codes for proteins.
Nonfunctional regions appear to account for ~97%. 12% of human genomic
DNA 1s due to copy number variations - CNVs

~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total
genome).



 ~2 million single nucleotide polymorphisms - SNPs (~0.1 to 0.3% of total
genome)

is a DNA sequence variation occurring when a single nucleotide — A, 1, C, or G
— in the genome (or other shared sequence) differs between (human) members.

AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

AGCTTAGCGAGTGACCGGTCAGCTTACGCAGATCGAGGAGCTTACG

AGCTTAGCGAGTGCCCGGTCAGCTTACGCAGATCGAGGATCTTACG

2 ALLELES A vs C in GENE X 2 ALLELES G vs T in GENEY
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~10,000,000 SNPs
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JUST SEQUENCE THE
ENTIRE THING BETTER?
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Output per instrument run

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

10"
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°

Output (kbp)
3 3 & 8 =2
o

T

0
Platforms
ABI 3730xI 454 GS-20| Solexa/Nlumin ABI SOLID Roche/454| lllumina GAllx, | llumina Hi-Seq
capillary pyrosequencer sequence sequencer Titanium, SOLID 3.0 2000
sequencer analyser llumina GAIl
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
, L r > L ] ’
1,000
1,000 Genomes, Watson Genomes pilot
Draft human Human Microbiome genome and HapMap3
genome | HapMap Project begins | ENCODE Project begins projects begin publication | publications
ENCODE Project] First tumour:normal Human genetic

pilot publications! genome publication syndromes publications

Projects and publications

Figure 1. Changes in instrument capacity over the past decade, and the timing of major sequencing projects (ER
Mardis. Nature 470, 198-203 (2011) doi:10.1038/naturc09796)



Cost per Raw Megabase of DNA Sequence
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PREPARE GENOMIC DNA SAMPLE
Randomly fragmented genomic DNA and ligate
adaptors to both ends of the fragments

Adapter

DNA fragment

Dense lawn
of primers

ATTACH DNA TO SURFACE

Bind single stranded fragments randomly to the
inside surface of the flow cell channels.

BRIDGE AMPLIFICATION
Add unlabeled nucleotides and enzyme to initi-
ate solid-phase bridge amplification.

© 2007, Illumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserve

17 saurce: httn://www illiimina.com/



Attached

Attached
terminus

Attachea
terminus

DENATURE THE DOUBLE STRANDED
FRAGMENTS BECOME DOUBLE STRANDED MOLECULES

© 2007, Illumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserved.
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Clusters

9 J

COMPLETION OF AMPLIFICATION

On completion, several million dense clusters
of double stranded DNA are generated in each
channel of the flow cell.

© 2007, Illumina Inc. All rights reserved.

source: http://www.illumina.com/
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8

After laser excitation, capture the image
of emitted fluorescence from each cluster
on the flow cell. Record the identity of the
first base for each cluster.

k Laser J \ Laser
FIRST CHEMISTRY CYCLE: SECOND CHEMISTRY CYCLE: DETERMINE
DETERMINE FIRST BASE k J SECOND BASE
To initiate the first sequencing cycle, add all To initiate the next sequencing cycle, add all
four labeled reversible terminators, primers and IMAGE OF FIRST CHEMISTRY CYCLE four labeled reversible terminators and enzyme
DNA polymerase enzyme to the flow cell. to the flow cell.

© 2007, Illumina Inc. All rights reserved © 2007, Illumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserved.

19 source: http://www.illumina.com/
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After laser excitation, collect the image Repeat cycles of
data as before. Record the identity of the A S 9 l i
second base for each cluster. determing the ’ :
sequence of bases T
in a given . ..GCTGATGTGCCGCCTCACTCCGGTGG
fragment a single . G
base at a time. CACTCCRGTGG
l CTCACTCCTIGTGG
. —>GCTGATGTGCCACCTCA :
GATGTGCCACCTCACTC
o GTGCCGCCTCACTCCIG
® O CTCCTGTGG
G Unknown voriant Known
G identified and called SNP called

l

@
® @

\%GCTGA...
\_ y | /L /

IMAGE OF SECOND CHEMISTRY CYCLE IS SEQUENCE READS OVER MULTIPLE CHEMIS- ALIGN THE NEW DATA TO A REFERENCE AND
CAPTURED BY THE INSTRUMENT. TRY CYCLES IDENTIFY SEQUENCE DIFFERENCES.
© 2007, Tllumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserved. © 2007, Illumina Inc. All rights reserved

20 source: http://www.illumina.com/
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AT LAUNCH OF HUMAN GENOME PROJECT (1990)
Several machines to sequence the human genome. Est. time and cost:
15 years and $3 billion

4 years ago (2012):
One machine can sequence an entire genome in about 8 days at a cost
of about $10,000

3 years ago (2013):
One machine can sequence an entire genome in about 3 days at a cost
of about $5,000

2 years ago (2014):

One large scale set up (HiSeq X Ten) can sequence an entire genome’s
worth of data in about 1 day at a cost of $1,000 (set up is tens of millions
of dollars).

Latest (October 2015):
One machine can sequence an entire genome in about 1 day at a cost of
about $1,200



THE PRICE IS RIGHT!

lllumina MISEQ lon Proton MinlON
$125,000 $80,000 ~$1,500



http://vimeo.com/77246565




ARMED WITH INFORMATION ON VARIATIONS
OF CODE, WHAT IF YOU COULD EDIT THAT
CODE IN YOUR GENOME?

CRISPR/Cas



Cell membrane

Pl Creation of a novel spacer

CRISPR Array \V
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CRISPR
set up

DNA code that
makes this vector
“happy” in the cell
you put it in.

CRISPR vector

Cutting
CaS Enzyme

GCTTAGCTTGC
ATCG

Cutting

CaS Enzyme

INSIDE A CELL



