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1.0 Introduction

1.1 What is DNA?

Deoxyribonucleic acid, commonly known as DNA, contains the genetic
information for higher life forms. James Watson and Francis Crick first correctly
described its famous double-hdlix structurein 1953 [1]. The double-helix structure
issmilar to aladder twisted upon itself. The“rungs’ of the ladder are composed of
one of two base pairs (bp): adenine-thymine (A-T) or, cytosine-guanine (C-G). The
exact sequence of A, T, C, G directs the congtruction of proteins and ultimately
such physicd attributes as eye or hair colour. It can aso determine susceptibility to
genetic diseases such as cydic fibrogs. The human genome is composed of

approximately 3 billion bases.

1.2 History of the Human Genome Project

When a plan to sequence the entire human genome was first proposed in 1985, it
was met with much criticism. There was no doubt that the entire sequence was
useful, what was in question was the cost. The entire project was estimated to
consume roughly thirty thousand person years over fifteen years, costing about $3
billion[2]. After much debate, the publicly funded Human Genome Project (HGP)
wasjointly launched by the US Department of Energy and Nationd Ingtitutes of
Hedth in 1990. The god of the HGP was to complete a detailed map of the human

genome by 2005. The map wasto ad in finding genes that could be used to trest
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genetic diseases. Asthe project continued, other international centres joined the

monumenta task set out by the HGP.

By 1998, the HGP was over-budget and well behind its projected schedule[3].
On 9 May 1998, a private company, Ceera Genomics, was formed with the goa of
sequencing the entire human genome in just three years a a tenth the cost of the
HGP using aradica new approach. This helped fud aso-called race between the
public and private sectors. This race accelerated the sequencing process on both
sSdes. By June 2000, both teams jointly announced the completion of arough draft

of the human genome years ahead of schedule.

This paper describes the basics of DNA sequencing and how technology played
an integrd role in achieving such amilestone ahead of schedule. A brief
description of the methods used by the HGP is followed by adetailed look at the
methods employed a Celera Genomics to generate the draft genome. The
following discussion assumes the reader has a basic understanding of genetics and

biochemidiry.
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2.0 Sequencing Techniques

Sequencing of DNA requires the following key steps: the preparation and replication
of short segments of DNA; the creation of partid copies of the segments each one base
longer than the next; identification of the |last base of each copy; and ordering of the

bases[4].

Short segments of DNA are created by fracturing a source strand with sound
(sonification) or passing it through a nozzle under pressure (nebulation) [5]. These
short DNA segments are inserted in avector, typically abacterid virus (phage). The
virus then infects a bacterium with the DNA segment, dso known asaninsert. The
insert isnow part of the Bacteria Artificid Chromosome (BAC). Typica insert Szes

are 50 000 to 300 000 base pairs (bp) [4].

To prepare for sequencing, the human DNA insert must be extracted from the BAC
and then amplified. Thisisaccomplished with a routine process known as polymerase
chain reaction (PCR). For each sample to be sequenced, copies are made with each one
varying in length by one base usng redtriction enzymes. The fragments are then

labelled with one of four fluorescent dyes, corresponding to the last base.

Sequencers employ one of two drategies. dab-gd or the more advanced capillary
electrophoresis. The Applied Biosystems Inc. (ABI) 377 isadab-gd device whilethe
ABI PRISM 3700 is capillary eectrophoresis-based device. The theory of operation

for both types of devicesis essentidly the same, but the exact mechanics differ.
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In dab-gel devices, an dectric fidld is gpplied acrossthe gd matrix. Since DNA isa
negatively charged molecule, it migrates across the dectric fidd through the gdl.
However, sndler fragments move through the gel faster than larger fragments. The
time of migration indicates the Sze of the fragments. Asthe fragments emerge, alaser
causes the dye to fluoresce and the colour is detected opticaly by a charge-coupled
device (CCD). The sequence of the DNA fragment can then congtructed from the

seriesof colours seen [4].

The main differences between dab-gd and capillary-based sequencers are the
sequencing time and rdiability. The ABI 377 requires 5 to 6 hours to sequence 500 bp
while the ABI 3700 can accomplish the same task in 2 to 3 hours. The maximum read
length of each deviceis gpproximately 600 bp. Reads of up to 1000 bp are possible,
but it takes longer and the error rate increases substantidly. The main disadvantage of
the ABI 377 isthat the dabs of gel have to be manudly prepared when needed. Quality
of the gds was difficult to maintain, varying from batch to batch and even with the time
of year. Furthermore, the dabs contained 96 lanes dlowing 96 samples to be loaded
and sequenced. Since the lanes were close together, the optical software could get
confused and take reads from adjacent lanes if the DNA fragment travelled outside its
lane. By design, the capillary-based ABI 3700 does not face such lane-tracking

difficulties[4].
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The emergence of the ABI 3700 not only solved lane-tracking errors, but aso ushered
in sequencing automation. It can hold two 384-well plates, about a day’ s worth of
andyss. Once loaded, arobotic arm takes samples two a atime and loads them until
96 samples are loaded. A voltageis applied to draw the samples along the capillaries.
When the samples emerge from the 50 cm capillaries, they flow into a stream of
polymer where alaser detects the 96 separate outputs. There are no lanes so there are

no such tracking problems asin dab-gd devices[4].

Automated sequencing has greatly accelerated the sequencing phase. Thisis
illudrated in Figure 1. Note the sharp increase in datain 1997 when the ABI 3700 was
introduced. Thefacility a Celeraemploys ABI 3700s and has been running
uninterrupted since May 1999 and can produce 175,000 reads per day [6]. At HGP

fadilities, the equivalent of one-fold coverage was produced every six weeks [7].

Growth of Genbank
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Figure1: Growth of GenBank
Source: Nationd Center for Biotechnology Information
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To determine longer sequences of DNA, the shotgun sequencing Strategy was

introduced soon after the invention of DNA sequencing methods.  Firg, fragments of

the source sequence are randomly selected. The first 300 to 900 bases of one end of a

fragment are then sequenced. If enough fragments are sequenced and the sampling is
aufficiently random, it should be possible to reconstruct the source sequence from the
overlapping fragments[5]. A smplified procedureisillugtrated in Table 1 with read
lengths of 4 bases. Thefirgt read overlaps with the known start sequence, highlighted
ingrey. The second read overlaps with the first read. This overlapping procedure

continues until the entire source sequence is congtructed from the set of random reads.

Table 1: Sample Shotgun Sequencing

Sequence ATGCGATCAT..AGACAGTAAAGA
Read 1 ATGC

Read 2 GCGA

Read N-1 AAAG
Read N AAGA

3.1 Challenges to Shotgun Sequencing

There are two key sources of failure for shotgun sequencing. Thefirst iswhen

the sampling is not entire randomly and the second is caused by repesat sequencesin

the genome.

Non-random sampling is quite common due to cdlone biasing. The most common
form of clone biasing occurs when an insart/vector combination is ungtable,

possibly causing atoxic environment for the host/vector environment. This
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potentia problem can be overcome by picking host/vector combinations where the

insert DNA will produce arelatively inert reaction [5].

The second chalenge to shotgun sequencing is the presence of repeatsin the
genome. Thiswas not a problem with smpler prokaryotic organisms. However,
higher-order eukaryotic organisms, such as humans, have a repeat-rich genome
introducing a computationa chdlenge. To solve this chdlenge, the nature of

repeats in the genome must first be understood.

3.1.1 Repeat Sequences

Repesats occur on three levels in the human genome. Fird, there are large-
scae repeats. For example, thereis afive-fold repeat of atrypsinogen gene that
is4 kbp long and varies 3 to 5% between copies[5]. Three of the repeats are
close enough thet they gppear in a Single shotgun-sequenced insert [8]. This
poses a problem because reads with unique portions outside of the repeat cannot
spanit. Thismakesit impossible to determine the correct sequence upon
exiting the repeat asshown in Table 2. The highlighted String “GATTACA” is
repeated in the sequence twice. It can be seen that read 1 can be uniquely
placed. However it isimpossble to determine which of read 2 or read 3 is

correct Snce the correct sequence is not known a priori.

Table 2: Shotgun Sequencing With Repeats

Sequence | ATCGGATTACAAAAGGGGATTACAGGGAAA
Read 1 TCGGATT

Read 2 TTACAGGG (i ncorrect)
Read 3 TTACAAAA (correct)
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Second, smdler repeat dements of about 300 bp exist. Even though the
repeet sequence can be spanned, they are ill problematic because they cluster
and can represent up to 60% of the source sequence, with copies varying from 5
t0 15% [9][10]. Findly, there are microsatellite repeats of the form x" near the
centromeres and telomeres [9]. Therepeated “ satellite” X isthreeto Six bases
long, nisvery large, and has avariation of 1 to 2%. It is estimated that the
human genome contains roughly 10% repeated Alu elements, 5% LINE (long
interspersed nucleotide elements), and about 25% repesat of genes[5]. The
impact of repeats must be carefully accounted for in shotgun assembly

dgorithms.

3.2 Double-barrelled Shotgun Sequencing

A variation of the shotgun approach involves sequencing an insart from both
ends, producing a pair of reads, known as mates. These mate-pairs are in opposite
orientation and separated by aknown distance. The information contained in these
meate pairs can help with the assembly of large uninterrupted stretches of DNA
sequence (contigs). For ingtance, if aread in one contig has a mate in another
contig, the relative spacing and orientation of the contigs can be determined. These
st of arranged contigs form a scaffold. Unlike contigs, scaffolds are not
contiguous, but have ggps. Using mating information, however, the Szes of these
gaps are known. With 7.5-fold coverage of the genome, smulations show contigs
to have an average length of 66 kbp and gaps of 66 bp [5]. The gaps can then be
filled usng PCR. The use of double-barrelled shotgun sequencing to produce

contigs and scaffoldsis shown below in Figure 2.
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Figure 2: Double-Barrelled Shotgun Sequencing
Source [5].

In addition to building scaffolds, mating information can be used to resolve
repeets. For the example shown in Table 2, it wasimpossible to determine which
of read 2 or read 3 was correct. However, if amate-pair spansthe repedt, it is
possible to determine which read is correct as shown below in Table 3. Using the
mate-pair information in read 4 dlows us to determine that read 3 is correct and

should be used for sequencing.

Table 3: Resolving Repeats

Sequence | ATCGGATTACAAAAGGGGAT TACAGGGAAA
Read 1 TCGGATT

Read 2 TTACAGGG (i ncorrect)
Read 3 TTACAAAA (correct)

Read 4 CG------ AA (mate-pair)

Until recently, usng mate-pair information for repeat resolution was rare because
of the high false-positive rate. About 10% of mate-pairs are mistakenly assigned,
that is, 10% of mate-pair information is actudly unrdated [5]. The primary source

of this error is due to lane tracking errors in the dab-gel sequencing machines. The
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meaterid does not migrate in a raight line so the opticd software misnumbersthe
32 to 96 lanes, causing these errors[5]. Mate-pair information can be used to

resolve repegts if the error rate is sufficiently low.

3.3 Mathematical Analysis

Intuitively, as the number of reads increases, so should the qudity of the find
assembled sequence. Before going into more detailed anadys's, we mugt first define

aset of tarms shownin Table 4.

Table 4: Definition of Terms

Symbol | Description

G Length of target sequence

L Average length of sequence read

R Number of sequence reads in shotgun data set
N RL , total number of base pairs sequenced

i Average length of aclone inset

C N/G, average sequence coverage

m Rl /2G , average clone or map coverage
Source [9]

A typicd BAC of length G = 100 kbp is sequenced R = 1500 times with alength
L =500 bp. Intota thisisN = RL = 750 kbp of raw data for an average coverage
of ©= N/G = 7.5-fald. In practice, we want to sequence to a known leve of
coverage o we sequence until we get N = GC base pairsof data. Assuming

perfectly uniform random sampling, the following results follow:

1. The probability that a base is not sequenced is e ¢
2. Average contig lengths of (E/ r:)eE
3. Gapsof averagelength L /T

Source [5].
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Thisinformation can now guidein the slection of |, the average size of the insert.

For double-barrelled shotgun sequencing, it follows that m =¢(7/2L) is grester

than T, so thereisafactor of eE/ e" =e "% fawer gaps in the source inserts than

gaps in the assembly of the clone. For an insert length of 5 kbp, there is afactor of
> (or 148) fewer clone gaps than sequence gaps. From another point of view,
scaffolds are 148 times larger than contigs. With 7.5-fold coverage using a 200 kbp

source, it is expected that al contigs could be ordered with mate information [5].

3.4 Clone-by-Clone Approach

The done-by-clone approach is a hierarchd two-tiered method of sequencing.
Fird, the entire human DNA sequence is fractured into 50- to 300-kbp fragments
and then inserted into BACsto create alibrary. Thefirst step isto produce alow-
resolution physical map from the inserts and creste aminima tiling set of inserts
that span the entire genome.  These inserts, or clones, are then shotgun sequenced to
reved the entire genome. The physical map is created by using fingerprint
information about each BAC insait. The most common type of fingerprinting is the
STS (Sequence Tagged Site) probe which is the presence or absence of apair of 18-
length substrings between 200 and 1,000 bases apart in theinsert [5]. Figure 3

below illudtrates the clone-by-clone procedure.
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Figure 3: Clone-by-Clone Sequencing

Source [7].
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3.5 Whole-Genome Shotgun Assembly

In the early 1980s, typical source sequence sizesranged from 5to 10 kbp. By
1990, it was routine to shotgun sequences of about 40 kbp, comparable to the length
of cosmid-sized clones. By 1995, the entire genome of the 1.8 Mbp bacteria
Haemophilus influenzae was successfully shotgun sequenced [11]. It wasthen
proposed that larger eukaryotic organisms could be sequenced with awhole-
genome shotgun gpproach. By March 2000, thefruit fly Drosophila melanogaster
had been successfully sequenced with this method. 1t was vaidated that large
complex organism could be sequenced with the whole-genome approach. The main
advantage of the whole-genome method is that it does not require a physical map to

be built first. This step is both cogtly and time consuming.
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4.0 The Human Genome Project

There has been much debate over which method of sequencing the Human Genome
Project should employ. Simulations by proponents of the whole-genome shotgun
approach suggested it was feasble and that it would be more efficient [12]. This stance
was chdlenged by arguing that the likely risks outweighed the benefits and thet the
clone-by-clone approach should be used [13]. In the end, the HGP decided to use the

clone-by- clone gpproach mainly because it was safer [7].

4.1 Selection of Clones

The clones were chosen from eight large-insert libraries containing BAC or P1-
derived atificid chromosome (PAC). Partid digestion of genomic DNA with
restriction enzymes was used to create the libraries. In totd, the library represents
approximately 65-fold coverage. It must be noted that libraries based on other
vectors, such as cosmids, were aso used earlier in the project. Thismay potentialy

introduce clone bias[7].

In the large- scale sequencing phase, a genome-wide physica map of overlgpping
cloneswasfirgt constructed by systematic anaysis of BAC clonesfor 20-fold
coverage. DNA from each BAC was fingerprinted with aredtriction enzyme. The
fingerprint pattern was then positioned with STS markers from exigting genetic
maps. Thisdlowed for BACsto be eadlly retrieved for later andysis. Where
possible, clones were selected to form aminimum tiling set. However, snce

congruction of the physica map was concurrent with sequencing, it was not
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possibleto salect such aset. The clones used for the HGP are therefore not a
minimally overlapping s&t, but was justified because it allowed sequencing to start

earlier. Furthermore, it alowed many SNPs to be discovered [7].

4.2 Sequencing and Assembly

Each of the twenty centres involved with the project had different sequencing
equipment and standards. Average length of insert Sze varied, as wdll as the use of
double-barreled or sngle-ended sequencing. They dso differed in the fluorescent
labels and the degree to which dye-primers or dye-terminators were used. Both dab
gel- and capillary-based sequencers were used. However, the resulting data could
till be compared directly because the raw sequences were al processed with the

Phred, Phrap, and Consed software packages|[7].

The Phred (Phil’ s read editor) program assesses the qudity of the fluorescent
sgnds. Using Fourier methods, it determines the likelihood that a given base has
been correct identified by the sequencer. The scoreislogarithmic, so aquaity of
15 indicates a 1-in- 101%2° chance that the base isincorrectly assigned [4]. A
digtribution scores for the draft sequenceis shown below in Table 5. Phrap
(phragment assembly program, or Phil’ s revised assembly program) uses these
scores to assemble the shotgun data. The assembled datais visudly output to
Consed, a consensus visudizing and editing program. A human user can examine
the assembly created by Phrap and correct any mistakes and identify possible gaps
tofill [4]. The contigs generated by Phrap were then assembled into scaffolds with

GigAssembler usng MRNA, mate-pairs, and other information [7].
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Table5: Distribution of Phred Scores
Phred Score Percentage of basesin the

draft genome sequence
0-9 0.6
10-19 1.3
20-29 2.2
30-39 4.8
40-49 8.1
50-59 8.7
60 — 69 9.0
70-79 12.1
80 -89 17.3
>90 359

Source [7].

As of 7 October 2000, the draft contained 1,246 fingerprint clone contigs. A tota
of 4.26 Gbp had been sequenced from 29,298 overlapping BACs. Thisresultsin 23
Ghp of raw shotgun data for 7.5-fold coverage. However, sSince some clones have

not been ‘finished,’” the overdl draft genome has an average of 4.5-fold coverage

[71.

The qudity of the draft produced by the HGP was measured againgt a datistic
cdled the *N50 length’, defined as the largest length L such that 50% of dl
nucleotides are contained in contigs of a least L [7]. The N50 length for intid
sequence contigsis 21.7 kbp, 82 kbp for sequence contigs, 274 kbp for a sequence-
contig-scaffold, 826 kbp for a sequence-cloned contig, and 8.4 Mbp for a
fingerprint clone contig [7]. Anillugtration of these different contigs and scaffolds

isshown beow in Figure 4.
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Figure4: lllustration of Contigs used for HGP
Source[7].
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5.0 Celera Genomics

In contrast to the HGP which used the conservative clone-by-clone approach, Celera
employed alargdly untested sequencing method. With the success of the Drosophila
genome, Celerawas ready to tackle the larger, more repeat- intensve human genome
with the whole-genome assembly method. This approach to generate a draft human

genomeis discussed below.

5.1 Selection of Clones

The whole-genome shotgun strategy revolves around high-qudity libraries
congsting of varying insart Szeswith mate-pairing information. The libraries must
have an equa representation across the genome, asmal number of clones without
inserts, and no contamination from mitochondrid or E. coli DNA. Libraries

congsted of inserts of three sizes: 2 kbp, 10 kbp, and 50 kbp [6].

5.2 Sequencing

The process for DNA sequencing at Ceerawas modular and automated. The four
modules a the sequencing facility were: (i) library transformation, plating, and
colony picking; (ii) DNA template preparation; (iii) dideoxy sequencing resction
set-up and purification; and (iv) sequence determination with the ABI PRISM 3700
[6]. Itisimportant to recdl that the ABI 3700 is a capillary-based sequencer
capable of creating mate-pair information with high accuracy. This mate-pair
information can then be reliably used to resolve repeats and assemble contigs and

scaffolds
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After quaity and vector trimming, the average sequence length was 543 bp, and
the sequencing accuracy was exponentialy distributed with a mean of 99.5% and
with lessthan 1 in 100 reads being less than 98% accurate [14]. Each sequence was
then screened againgt vector aone, E. coli genomic DNA and human mitochondria
DNA. A totd of 713 reads match E. coli genomic DNA, and 2114 matched
mitochondrid DNA [6]. These samples were discarded and not used for assembly.
Other sequences not used for assembly were reads from highly repetitive regions,
data from other organisms introduced through various routes as found in many

genome projects, and data of poor quaity or untrimmed vector [6].

Qudity control was maintained because dl sequencing was performed in asingle
fecility. The successful assembly of the Drosophila genome confirmed the vdidity

of sequence data and qudlity control standards [14].

5.3 Assembly

Celera used two independent data sets for their assemblies. Thefirg wasa
random shotgun data set of 27.27 million reads with average length of 543 bp
produced by Celera. Combining the 2 kbp, 10 kbp, and 50 kbp libraries and mate-
pair information, this sequence gave 5.1-fold coverage of the genome, and clone
coverage of 3.42-fold, 16.40-fold, and 18.84-fold for the 2-, 10-, and 50-kbp
libraries, respectively, for atota of 38.7-fold clone coverage. The second data set
was derived from the HGP, and downloaded from GenBank on 1 September 2000

for atota of 4443.3 Mbp of sequence at various levels of completion [6].
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To prepare for whole-genome assembly, the HGP data was first disassembled, or
“shredded” into a synthetic shotgun data set of 550 bp reads that form a perfect 2-
fold coverage of the bactigs.  This resulted in 16.05 million “faux” readsfor 2.96-
fold genome coverage. The combined data set of 43.32 million reeds (8-fold

coverage) was then subject to the whole-genome assembly dgorithm [6].

The whole-genome assembly (WGA\) routines from the Drosophila project were
extended for the 25-times larger human genome. The WGA assembler consgs of a
pipeline of five stages. Screener, Overlapper, Unitigger, Scaffolder, and Repeat
Resolver, respectively. The Screener finds and marks dl microsatdlite repeats with
less than a 6 bp eement, and screens out dl known interspersed dements, including
Alu, LINE and ribosoma DNA. The marked regions get searched for overlaps, but
screened regions do not. The Overlapper compares every reed against every other
read in search of complete end-to-end overlaps of at least 40 bp and with no more
than 6% variaion. Saigticaly, every overlapisa1-in-10 event, meking it

unlikely to be a coincidenta event [6].

Overlaps may be incorrectly assgned due to large-scae repeat in the genome not
screened for earlier in the sequence. Thisis known as a repest-induced overlap.
The Unitigger resolves repeat-induced overlgps. First, al assemblies of reads that
appear to be uncontested with respect to al other reads are found. These

Subassemblies are known as unitigs (uniquely assembled contigs). Even if some of



Page 21

these subassemblies are indeed correct, some are actually collections of reads from
severd copies of arepetitive eement that have been overcollgpsed into asingle
subassembly. Fortunately, thisis very easy to identify. The depth of coverage for
the overcollgpsed assemblies will be inconsstent with overall average coverage. A
sample gatistica discriminator was used to determineif the unitig was composed of
unique DNA or of arepeat congasting of two or more copies. With the correct
discriminator threshold, a subset of unitigs that are certain can be identified. Using
aless gtringent threshold, a subset of unitigs can be cregted that are dmost certainly
correct because they will consistently be assembled. The collection of these two

setsis dubbed U-unitigs [6].

The result of the Unitigger was a set of correctly assembly contigs estimated to
cover 73.6% of the human genome. Using mate-pair information, the Scaffolder
ordered the contigs into scaffolds. Assuming mate-pairs are fase less than 2% of
the time, the information can link agiven pair of U-unitigswith acertain
orientation and distance, with a 1-in-10*° probahility of being wrong. The U-unitigs
can then be assembled with confidence using the 2- or 10-kbp mate pairs. These
intermedi ate Sizes scaffolds can then be recursively linked with 50 kibp mates and
BAC end sequences. The scaffolds were typicaly of megabase size with gaps
between between their contigs that generaly correspond to repetitive e ements and
occasiondly to smdl sequencing gaps. The resulting scaffolds reconstructed the

mgjority of the unique sequence of agenome [6].
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The next step was resolving repeets in the genome. Thiswas done using a
progressively more aggressive strategy. Using the “rocks’ dtrategy, dl unitigswith
agood, but not definitive score was placed in a scaffold gap. Thiswas only done
on the condition that two or more mate pairs with one of their reads placed it
unambiguoudy within the gap of the scaffold. The chance of an incorrect insertion

is estimated to be less than 1-in-107 [6].

Using the “stones’ approach, gaps are filled with mate pairs. A read may be
placed in the gap because its mate pair isin the contig of the scaffold. In other
words, aread may beinferred to be in the gap because of distance and location
information initsmate pair. All such inferred mate pair information is collected
and used to fill these gaps. Externd gap “waking” atemptsto fill the remaining

gaps. The gaps are filled with assembled BAC data that cover these gaps [6].

Thefina step in assembling the genome was to order and orient the scaffolds
aong the chromosomes. The scaffolds were digned againgt two maps. a
fingerprint map of BAC clones and GeneMap99, ahigh-density STSmap [6]. The

find assembly of scaffolds was produced by digning them with both maps.

54 Computing Power Required

As=mbly of the human genome is a very computationdly intensve task. This
section outlines the computing power required for selected processes, computing

limitations, and modifications from the Drosophila dgorithms.
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A graghtforward application of the Drosophila software would have required
600 GB of RAM, s0 the routines had to be modified for the assembly of the human
genome. The Overlapper and Unitigger were made incrementa so that the
maximum indtantaneous usage of memory was only 28 GB. The computing power
required by the Overlapper to find al overlaps was roughly 10,000 CPU hours with
aguite of four-processor Alpha SMPswith 4 GB of RAM. With 40 such machines
operating in parald, this processrequire 4 to 5 days. Sequence construction

routines were run in pardle with the Overlgpper [6].

Since the firgt three stages were now incremental, new data could be added at any
time. The Scaffolder and Repeat Resolution could then be completed in 7 days
with the new data. Assembly operations used 10 four-processor SMPswith 4 GB
of memory per cluster (Compaq’'s ESA0, Regatta) and a 16 processor NUMA
machine with 64 GB of memory (Compag’'s GS160, Wildfire). Assembly required

approximately 20,000 CPU hours[6].

5.5 Quality of Assembled Data

When dl data had been assembled, the scaffolds spanned 2.848 Gbp and contigs
congsting of 2.586 Ghp of sequence data. More than 84% of the genome was
covered by scaffolds greater than 100 kbp, averaging 91% sequence and 9% gaps
for atotal of 2.297 Gbp of sequence. In tota, there were 93,857 gaps among these
1637 scaffolds. The average scaffold length was 1.5 Mbp, the average contig Size
was 24.06 kbp, and the average gap size was 2.43 kbp with exponentid distribution.

More than 50% of al gaps were less than 500 bp long, and more than 62% were
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less than 1 kbp, with no gaps greater than 100 kbp. Moreover, 65% of the sequence
isin contigs greater than 30 kbp, more than 31% in contigs > 100 kbp, with the

largest contig at 1.22 Mbp long [6].

Completenessis defined as “the percentage of eucrhomatic sequence represented
inthe assembly” [6]. However, Since the entire euchromatin sequence has not been
completed, the completeness of the sequence can only be estimated. Using a
comparison with GeneMap99, it is estimated that the Celera assembled sequence
contains 93.4% of the human genome and 5.5% in unassembled data for atotd of

98.9% coverage [6].

Correctness is defined as “the structura and sequence accuracy of the assembly”
[6]. Based on adatidtica andyss of the qudity readings of the underlying deta, it
is estimated that the Celera sequence is 99.96% correct. Another method using the

clone coverage of 39-times estimates that &t least 99% of the assembly is correct

[6].
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6.0 Comparison of Drafts

The two draft sequences produced by the HGP and Celera each have their strengths
and wesknesses. The HGP draft has 0.65% unidentified bases while the Celera draft
has 8.7%. After these unidentified bases have been removed from the sequence, the
HGP sequence has 2.84 Gb of nucleotide sequence while the Celera sequence has 2.66
Gb[15]. Using ‘N’ to represent an unidentified base, the HGP sequence has 181,079
strings of 100 N, with strings up to 2,500 Ns. Meanwhile, the Celera sequence
contains 21,684 strings of 50 Ns, but contains strings of up to 168,735 Ns. Thisis
shownin Figure 5. However, since the annotation of the two drafts differ, this does not
imply that gaps in the HGP draft are smaller than that of Celera's. As both these drafts

move towards their completed form, it is expected that the differences between the two

will dminish [15].
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Figure5: Comparison of HGP and Celera Data
Source [15].
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7.0 Critical Analysis

The whole-genome shotgun assembly of the human genome was successful. It
delivered high-quality recongtruction in unigue regions of the genome and lessin the
repetitive regions [6]. Combined with the success of the Drosophila genome, thereis

not doubt about the utility and vaidity of the whole-genome approach.

The expensve cogt and inefficiency of the clone-by-clone gpproach compared to
whole-genome assembly makesiit difficult to justify for subsequent large-scale projects.
Still, other options such as BAC walking [5] and hybrid methods [6] may be explored
for efficiency and cost. Celerawill continue to sequence animals and plants at their

fadllity usng the whole-genome assembly approach.

Furthermore, sequencing rates appear to follow “Moore sLaw.” The amount of
sequence reads doubles gpproximately every 18 months while the cost to do soisaso
cut in haf [4]. With the conventiond progresson of Moore' s Law, computing time
required for genome assembly will also decrease rapidly. Thiswill dlow future

genomes to be sequenced even fagter for even cheaper.
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8.0 The Future

The draft sequence of human genome marks the beginning, not the end, of a
revolution in biology. With the book of man in hand, researchers have a plethora of
new chalenges ahead. Three such important fields are in the andysis of sngle

nucl ectide polymorphisms (SNPs), comparative genomics, and proteomics.

Asits name suggests, a SNPisa variaion of a sngle nuclectide anong individuas.
These variations are important in determining differences between people. 1t may aso
cause certain individuas to be more susceptible to certain disease than others. So far,
over 1.4 million SNPs have been identified [7]. Understanding of SNPs can lead to
personalized medicine. Companies, such as Affymetrix, have developed “GeneChips’

to andyze fragments of DNA for SNPs.

Since some hiologica tests cannot be ethically conducted on humans, an
understanding of common laboratory animalsis essentid. By comparing genomes
across species, researchers can gain better ingght into the functions of specific genes.

Gene manipulation can be performed on lab anima's before being tested on humans.

Since the DNA ultimately codes proteins, the human genome can be used for
proteomics. Proteomicsinvolves andyzing the complex folding of the protein from the
given genome sequence. The proteins function comes from this three-dimensona
folding pattern. Understanding of protein behaviour can help towards the devel opment

of targeted drugs, radicaly reducing development time.
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