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Initial sequencing and analysis of the
human genome
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* A partial list of authors appears on the opposite page. Af®liations are listed at the end of the paper.

The human genome holds an extraordinary trove of information about human development, physiology, medicine and evolutior
Here we report the results of an international collaboration to produce and make freely available a draft sequence of the humar
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 weeksobrdinate regulation of the genes in the clusters.
the 20th century*® sparked a scienti®c quest to understand the There appear to be about 30,000+40,000 protein-coding genes in
nature and content of genetic information that has propellethe human genomebonly about twice as many as in worm or |y.
biology for the last hundred years. The scienti®c progress madi@vever, the genes are more complex, with more alternative
falls naturally into four main phases, corresponding roughly to theplicing generating a larger number of protein products.
four quarters of the century. The ®rst established the cellular basixdthe full set of proteins (the “proteome’) encoded by the human
heredity: the chromosomes. The second de®ned the molecular bgsisome is more complex than those of invertebrates. Thisis d

fungus, two animals and one plant. activity of such elements in the hominid lineage. DNA transpospns
Here we report the results of a collaboration involving 20 groupsppear to have become completely inactive and long-ter
from the United States, the United Kingdom, Japan, Francegpeat (LTR) retroposons may also have done so.

map covering more than 96% of the euchromatic part of the humaelsewhere in the genome. Segmental duplication is much
genome and, together with additional sequence in public databadfesguent in humans than in yeast, "y or worm.
it covers about 94% of the human genome. The sequence waBnalysis of the organization of Alu elements explains the long-
produced over a relatively short period, with coverage rising frostanding mystery of their surprising genomic distribution, and
about 10% to more than 90% over roughly ®fteen months. Theuggests that there may be strong selection in favour of preferential
sequence data have been made available without restriction aatbéntion of Alu elements in GC-rich regions and that these “sel®sh'
updated daily throughout the project. The task ahead is to producestements may bene®t their human hosts.
®nished sequence, by closing all gaps and resolving all ambigui€Bhe mutation rate is about twice as high in male as in female
Already about one billion bases are in ®nal form and the task wieiosis, showing that most mutation occurs in males.
bringing the vast majority of the sequence to this standard is nowCytogenetic analysis of the sequenced clones con®rms sugges-
straightforward and should proceed rapidly. tions that large GC-poor regions are strongly correlated with “dark

The sequence of the human genome is of interest in seveBbands' in karyotypes.
respects. It is the largest genome to be extensively sequenced s& fRRecombination rates tend to be much higher in distal regions
being 25 times as large as any previously sequenced genome(armind 20 megabases (Mb)) of chromosomes and on sharter
eight times as large as the sum of all such genomes. It is the ®sbmosome arms in general, in a pattern that promotes the
vertebrate genome to be extensively sequenced. And, uniquely, ddsurrence of at least one crossover per chromosome arm in leach
the genome of our own species. meiosis.

Much work remains to be done to produce a complete ®nishedMore than 1.4 million single nucleotide polymorphisms (SN

available through this collaborative effort allows a global perspectaiow the initiation of genome-wide linkage disequilibriu
on the human genome. Although the details will change as tieapping of the genes in the human population.
sequence is ®nished, many points are already clear. In this paper, we start by presenting background information on

elements, GC content, CpG islands and recombination rate. Thige sequence itself: the broad chromosomal landscape; the repeat
gives us important clues about function. For example, the devellements and the rich palaeontological record of evolutionary and
opmentally important HOX gene clusters are the most repeat-pobiological processes that they provide; the human genes|and
regions of the human genome, probably re"ecting the very complg@xoteins and their differences and similarities with those of other
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organisms; and the history of genomic segments. (Compariso@y The development of random shotgun sequencing of comple-
are drawn throughout with the genomes of the budding yeastentary DNA fragments for high-throughput gene discovery by
Saccharomyces cerevjsitie nematode wormCaenorhabditis Schimmel? and Schimmel and Sutcliffé later dubbed expressed
eleganghe fruit'y Drosophila melanogastard the mustard weed sequence tags (ESTs) and pursued with automated sequencing by
Arabidopsis thalianave refer to these for convenience simply agenter and other§*?
yeast, worm, 'y and mustard weed.) Finally, we discuss applicationsThe idea of sequencing the entire human genome was ®rst
of the sequence to biology and medicine and describe next steppioposed in discussions at scienti®c meetings organized by the
the project. A full description of the methods is provided a&/S Department of Energy and others from 1984 to 1986 (refs 21,
Supplementary Information orNaturés web site (http://www. 22). A committee appointed by the US National Research Council
nature.com). endorsed the concept in its 1988 regdrtout recommended
We recognize that it is impossible to provide a comprehensitoader programme, to include: the creation of genetic, physical
analysis of this vast dataset, and thus our goal is to illustrate thed sequence maps of the human genome; parallel efforts i

range of insights that can be gleaned from the human genome amaddel organisms such as bacteria, yeast, worms, “ies and mice; the

thereby to sketch a research agenda for the future. development of technology in support of these objectives; and
research into the ethical, legal and social issues raised by human

Background to the Human Genome Project genome research. The programme was launched in the US as a joint

emerged in the early 1980s: that the ability to take global viewstbé Wellcome Trust supported genomic research in Britain; the
genomes could greatly accelerate biomedical research, by allov@egtre d'Etude du Polymorphisme Humain and the French Mus-
researchers to attack problems in a comprehensive and unbiasatar Dystrophy Association launched mapping efforts in France;
fashion; and that the creation of such global views would requireg@vernment agencies, including the Science and Technology Agency
communal effort in infrastructure building, unlike anything pre-and the Ministry of Education, Science, Sports and Culture sup-
viously attempted in biomedical research. Several key projeptsted genomic research efforts in Japan; and the European Com-
helped to crystallize these insights, including: munity helped to launch several international efforts, notably the
(1) The sequencing of the bacterial viruseé€l 74°and lambd4 the  programme to sequence the yeast genome. By late 1990, the Human
animal virus SV40and the human mitochondrichbetween 1977 Genome Project had been launched, with the creation of genome
and 1982. These projects proved the feasibility of assembling sroalitres in these countries. Additional participants subsequently
sequence fragments into complete genomes, and showed the v@ired the effort, notably in Germany and China. In addition, the

of complete catalogues of genes and other functional elements.Human Genome Organization (HUGO) was founded to provide a
(2) The programme to create a human genetic map to make fiorum for international coordination of genomic research. Several
possible to locate disease genes of unknown function based solelpooks***provide a more comprehensive discussion of the genesis
their inheritance patterns, launched by Botstein and colleaguesahthe Human Genome Project.
1980 (ref. 9). Through 1995, work progressed rapidly on two fronts (Fig. [1).
(3) The programmes to create physical maps of clones covering ffiee ®rst was construction of genetic and physical maps of| the
yeast’ and worm* genomes to allow isolation of genes and regiorfsuman and mouse genontés*, providing key tools for identi®ca
based solely on their chromosomal position, launched by Olson atidn of disease genes and anchoring points for genomic sequence.
Sulston in the mid-1980s. The second was sequencing of the y&asd worn?® genomes, a
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Figure ITimeline of large-scale genomic analyses. Shown are selected conjpamemtEaih 1990; earlier projects are described in the text. SNPs, single nucleotide
work on several non-vertebrate model organisms (red), the mouse (blue) apolyradnpimams; ESTs, expressed sequence tags.
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well as targeted regions of mammalian gencfiigsThese projects libraries with more uniform representation. The practice of sequen-
showed that large-scale sequencing was feasible and developeditigefrom both ends of double-stranded clones (‘double-barrelled’
two-phase paradigm for genome sequencing. In the ®rst, ‘shotgshbtgun sequencing) was introduced by Ansorge and cthiers
phase, the genome is divided into appropriately sized segments 4880, allowing the use of ‘linking information' between sequence
each segment is covered to a high degree of redundancy (typicédthgments.
eight- to tenfold) through the sequencing of randomly selected The application of shotgun sequencing was also extended by
subfragments. The second is a ‘®nishing' phase, in which sequexpgying it to larger and larger DNA moleculesbfrom plasmids
gaps are closed and remaining ambiguities are resolved through4 kilobases (kb)) to cosmid clon®€40 kb), to arti®cial chro-
directed analysis. The results also showed that complete genomimsomes cloned in bacteria and y&x&00+500 kb) and bacterial
sequence provided information about genes, regulatory regions ayghome¥ (1+2 megabases (Mb)). In principle, a genome of arbi-
chromosome structure that was not readily obtainable from cDNA&ary size may be directly sequenced by the shotgun method,
studies alone. provided that it contains no repeated sequence and can be |uni-
In 1995, genome scientists considered a propotadt would formly sampled at random. The genome can then be assembled
have involved producing a draft genome sequence of the humasing the simple computer science technigue of “hashing' (in which
genome in a ®rst phase and then returning to ®nish the sequencerile detects overlaps by consulting an alphabetized look-up tahle of
a second phase. After vigorous debate, it was decided that sudil &-letter words in the data). Mathematical analysis of the
planwas premature for several reasons. These included the need@®stcted number of gaps as a function of coverage is similarly
to prove that high-quality, long-range ®nished sequence could steaightforward”.
produced from most parts of the complex, repeat-rich human Practical dif®culties arise because of repeated sequences and
genome; the sense that many aspects of the sequencing processng bias. Small amounts of repeated sequence pose |little
were still rapidly evolving; and the desirability of further decreasimgoblem for shotgun sequencing. For example, one can readily
costs. assemble typical bacterial genomes (about 1.5% repeat) or the
Instead, pilot projects were launched to demonstrate the feasidichromatic portion of the 'y genome (about 3% repeat).
bility of cost-effective, large-scale sequencing, with a target compientrast, the human genome is ®lled $0%) with repeated
tion date of March 1999. The projects successfully producsdquences, including interspersed repeats derived from transposable
®nished sequence with 99.99% accuracy and ndgapey also elements, and long genomic regions that have been duplicated in
introduced bacterial arti®cial chromosomes (BA€s) new large- tandem, palindromic or dispersed fashion (see below). These
insert cloning system that proved to be more stable than the cosmidslude large duplicated segments (50500 kb) with high sequence
and yeast arti®cial chromosomes (YAEshat had been used identity (98+99.9%), at which mispairing during recombination
previously. The pilot projects drove the maturation and converereates deletions responsible for genetic syndromes. Such features
gence of sequencing strategies, while producing 15% of the huntamplicate the assembly of a correct and ®nished genome sequence.
genome sequence. With successful completion of this phase, th&here are two approaches for sequencing large repeatrrich
human genome sequencing effort moved into full-scale productiagenomes. The ®rst is a whole-genome shotgun sequencing
in March 1999. approach, as has been used for the repeat-poor genomes of viruses,
The idea of ®rst producing a draft genome sequence was revibadteria and “ies, using linking information and computational
at this time, both because the ability to ®nish such a sequence was no
longer in doubt and because there was great hunger in the scienti®c
community for human sequence data. In addition, some scientists Hierarchical shotgun sequencing

favoured prioritizing the production of a draft genome sequence ] A

over regional ®nished sequence because of concerns about com- /,@fg;fi,"'é{v‘)”/;}..
mercial plans to generate proprietary databases of human sequeprfigmic DNA '{a',,\"‘-l’s"lii;.‘fm\z“
that might be subject to undesirable restrictions on‘tisé N ‘9t'47‘9

The consortium focused on an initial goal of producing, in a ®rst
production phase lasting until June 2000, a draft genome sequence

O
covering most of the genome. Such a draft genome sequengg, library , /\-;) /\*/\x/

although not completely ®nished, would rapidly allow investigators L ~ ‘) N -
to begin to extract most of the information in the human sequence. - = 1\ N
Experiments showed that sequencing clones covering about 90% &'

apped large = ——— @ —— —_— —_—

the human genome to a redundancy of about four- to ®vefold (‘halrfrOne contigs — —_— -
shotgun' coverage; see Box 1) would accomplisi*tfighe draft
genome sequence goal has been achieved, as described below.

The second sequence production phase is now under way. BEs to be
aims are to achieve full-shotgun coverage of the existing clorf&g-enced

during 2001, to obtain clones to ®Il the remaining gaps in the i
phy_5|cal map, and to produce a ®nished sequence (apart_fr%tgun o :)'\‘__J—s),; ).-\'_,-;__;h 5
regions that cannot be cloned or sequenced with currently availabignes ST A 2T~
techniques) no later than 2003.
Shotgun ... ACCGTAAATGGGCTGATCATGCTTAAA
Strategic issues sequence TGATCATGCTTAAACCCTGTGCATCCTACTG.|.

Assembly ...ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG!..
Hierarchical shotgun sequencing

Soon after the invention of DNA sequencing metdd% the Figure 2dealized representation of the hierarchical shotgun sequencing
shotgun sequencing strategy was introdd€dl it has remained library is constructed by fragmenting the target genome and cloning it inf
the fundamental method for large-scale genome sequeRéiffor  fragment cloning vector; here, BAC vectors are shown. The genomic DN

strategy. A
0 a large-
A fragmer

the past 20 years. The approach has been re®ned and extendeehbtesented in the library are then organized into a physical map and individual BA
make it more ef®cient. For example, improved protocols falones are selected and sequenced by the random shotgun strategy. Finally, the cl

fragmenting and cloning DNA allowed construction of shotgurequences are assembled to reconstruct the sequence of the genome.
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analysis to attempt to avoid misassemblies. The second is fbe clone-based information. Such analysis may help to re®ne
“hierarchical shotgun sequencing' approach (Fig. 2), also refersmtjuencing strategies for other large genomes.
to as “‘map-based;, ‘BAC-based' or “clone-by-clone' This approdathnology for large-scale sequencing

involves generating and organizing a set of large-insert clor@squencing the human genome depended on many technological
(typically 100£200kb each) covering the genome and separateiprovements in the production and analysis of sequence data|Key
performing shotgun sequencing on appropriately chosen clonésnovations were developed both within and outside the Human
Because the sequence information is local, the issue of long-ra@gome Project. Laboratory innovations included four-colqur
misassembly is eliminated and the risk of short-range misassemhlgrescence-based sequence deteftiormproved “uorescent
is reduced. One caveat is that some large-insert clones may suffe$§®*%¢ dye-labelled terminato?$ polymerases speci®cally
rearrangement, although this risk can be reduced by appropriatesigned for sequencitig™ cycle sequencifigand capillary gel
quality-control measures involving clone ®ngerprints (see belowdlectrophoresid®’™ These studies contributed to substantial

approach has a higher initial cost than the whole-genome approaectivances in the development of software packages for the an
owing to the need to create a map of clones (about 1% of the total sequence data. The PHRED software pack&tjetroduced the

small-insert clone libraries. base-quality scores. The program assigns “assembly-quality scores'

There was lively scienti®c debate over whether the humi@neach base in the assembled sequence, providing an obje
genome sequencing effort should employ whole-genome or hieriterion to guide sequence ®nishing. The quality scores were
archical shotgun sequencing. Weber and Mestimulated these on and validated by extensive experimental data.
discussions with a speci®c proposal for a whole-genome shotgunother key innovation for scaling up sequencing was the
approach, together with an analysis suggesting that the methdelvelopment by several centres of automated methods for sample
could work and be more ef®cient. Gré&rhallenged these conclu-preparation. This typically involved creating new biochemical
sions and argued that the potential bene®ts did not outweigh tipeotocols suitable for automation, followed by construction |of
likely risks. appropriate robotic systems.

In the end, we concluded that the human genome sequenci@gordination and public data sharing
effort should employ the hierarchical approach for several reasofibe Human Genome Project adopted two important principles
First, it was prudent to use the approach for the ®rst project with regard to human sequencing. The ®rst was that the collabora-
sequence a repeat-rich genome. With the hierarchical approach, tio& would be open to centres from any nation. Although potentially
ultimate frequency of misassembly in the ®nished product wouldss ef®cient, in a narrow economic sense, than a centralized

inevitable cloning biases, because it would more readily allomade publicly available without restriction within 24 hours
targeting of additional sequencing to under-represented regiormssembi® Pre-publication data releases had been pioneer
And fourth, it was better suited to a project shared among membensapping projects in the worfhand mouse genom&$*and were

foundation for biomedical research, we reasoned that the adveamd free availability of the human genome sequence. The explosion

tages of this more conservative approach outweighed the additionéiscienti®c work based on the publicly available sequence data in

cost, if any. both academia and industry has con®rmed this judgement.
A biotechnology company, Celera Genomics, has chosen to

incorporate the whole-genome shotgun approach into its owfenerating the draft genome sequence

efforts to sequence the human genome. Their Pi%ruses a

mixed strategy, involving combining some coverage with whol&enerating a draft sequence of the human genome involved three

genome shotgun data generated by the company together with 8teps: selecting the BAC clones to be sequenced, sequencing them

publicly available hierarchical shotgun data generated by the Intand assembling the individual sequenced clones into an overall draft

national Human Genome Sequencing Consortium. If the ragenome sequence. A glossary of terms related to genome sequencing
sequence reads from the whole-genome shotgun component arel assembly is provided in Box 1.
made available, it may be possible to evaluate the extent to which th&@he draft genome sequence is a dynamic product, which is

sequence of the human genome can be assembled without the negulilarly updated as additional data accumulate en route tolthe
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ultimate goal of a completely ®nished sequence. The results bepastial digestion of genomic DNA with restriction enzyme
are based on the map and sequence data available on 7 Octdlmgrether, they represent around 65-fold coverage (redundant s
2000, except as otherwise noted. At the end of this section, plang) of the genome. Libraries based on other vectors, suc
provide a brief update of key data. cosmids, were also used in early stages of the project.

Clone selection The libraries (Table 1) were prepared from DNA obtained fr¢
The hierarchical shotgun method involves the sequencing of ovaronymous human donors in accordance with US Federal R
lapping large-insert clones spanning the genome. For the Humkations for the Protection of Human Subjects in Resea
Genome Project, clones were largely chosen from eight large-ingdBCFR46) and following full review by an Institutional Revie
libraries containing BAC or Pl-derived arti®cial chromosomBoard. Brie'y, the opportunity to donate DNA for this purpose w
(PAC) clones (Table 1; refs 82+88). The libraries were made ypadly advertised near the two laboratories engaged in lib

Box 1

Genome glossary

Sequence

Raw sequence Individual unassembled sequence reads, produced
by sequencing of clones containing DNA inserts.

Paired-end sequence Raw sequence obtained from both ends of a
cloned insert in any vector, such as a plasmid or bacterial arti®cial
chromosome.

Finished sequence Complete sequence of a clone or genome, with
an accuracy of at least 99.99% and no gaps.

Coverage (or depth) The average number of times a nucleotide is
represented by a high-quality base in a collection of random raw
sequence. Operationally, a “high-quality base' is de®ned as one with an
accuracy of atleast 99% (corresponding to a PHRED score of at least 20).
Full shotgun coverage The coverage in random raw sequence
needed from a large-insert clone to ensure that it is ready for ®nishing; this
varies among centres but is typically 8+10-fold. Clones with full shotgun
coverage can usually be assembled with only a handful of gaps per
100 kb.

Half shotgun coverage Half the amount of full shotgun coverage
(typically, 4+5-fold random coverage).

Clones

BAC clone  Bacterial arti®cial chromosome vector carrying a genomic
DNA insert, typically 100+£200 kb. Most of the large-insert clones
sequenced in the project were BAC clones.

Finished clone A large-insert clone that is entirely represented by
®nished sequence.

Full shotgun clone A large-insert clone for which full shotgun
sequence has been produced.

Draft clone A large-insert clone for which roughly half-shotgun
sequence has been produced. Operationally, the collection of draft
clones produced by each centre was required to have an average
coverage of fourfold for the entire set and a minimum coverage of
threefold for each clone.

Predraft clone A large-insert clone for which some shotgun
sequence is available, but which does not meet the standards for
inclusion in the collection of draft clones.

Contigs and scaffolds

Contig  The result of joining an overlapping collection of sequences or
clones.
Scaffold  The result of connecting contigs by linking information from

paired-end reads from plasmids, paired-end reads from BACs, known
messenger RNAs or other sources. The contigs in a scaffold are ordered
and oriented with respect to one another.

Fingerprint clone contigs Contigs produced by joining clones
inferred to overlap on the basis of their restriction digest ®ngerprints.
Sequenced-clone layout Assignment of sequenced clones to the
physical map of ®ngerprint clone contigs.

Initial sequence contigs Contigs produced by merging over-
lapping sequence reads obtained from a single clone, in a process called
sequence assembly.

Merged sequence contigs Contigs produced by taking the initial
sequence contigs contained in overlapping clones and merging those
found to overlap. These are also referred to simply as “sequence contigs'
where no confusion will result.

Sequence-contig scaffolds Scaffolds produced by connecting
sequence contigs on the basis of linking information.
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Sequenced-clone contigs
lapping sequenced clones.
Sequenced-clone-contig scaffolds Scaffolds produced by join-
ing sequenced-clone contigs on the basis of linking information.

Draft genome sequence The sequence produced by combining
the information from the individual sequenced clones (by creating
merged sequence contigs and then employing linking information to
create scaffolds) and positioning the sequence along the physical map of
the chromosomes.

N50 length A measure of the contig length (or scaffold length)
containing a "typical' nucleotide. Speci®cally, it is the maximum length
suchthat 50% of all nucleotides lie in contigs (or scaffolds) of size at ledst
Computer programs and databases

PHRED Awidely used computer program that analyses raw sequence
to produce a "base call' with an associated "quality score' for each
position in the sequence. A PHRED quality score of corresponds to an
error probability of approximately 10*°. Thus, a PHRED quality score of
30 corresponds to 99.9% accuracy for the base call in the raw read.
PHRAP A widely used computer program that assembles raw
sequence into sequence contigs and assigns to each position in the
sequence an associated “quality score', on the basis of the PHRED
scores of the raw sequence reads. A PHRAP quality score of
corresponds to an error probability of approximately 109*°. Thus, a
PHRAP quality score of 30 corresponds to 99.9% accuracy for a base in
the assembled sequence.

GigAssembler A computer program developed during this project
for merging the information from individual sequenced clones into a draft
genome sequence.

Public sequence databases The three coordinated international
sequence databases: GenBank, the EMBL data library and DDBJ.
Map features

STS Sequence tagged site, corresponding to a short (typically less
than 500 bp) unique genomic locus for which a polymerase chain
reaction assay has been developed.

EST Expressed sequence tag, obtained by performing a single raw
sequence read from a random complementary DNA clone.

SSR Simple sequence repeat, a sequence consisting largely of a
tandem repeat of a speci®d-mer (such as (CA)s). Many SSRs are
polymorphic and have been widely used in genetic mapping.

SNP Single nucleotide polymorphism, or a single nucleotide position in
the genome sequence for which two or more alternative alleles are
present at appreciable frequency (traditionally, at least 1%) in the human
population.

Genetic map A genome map in which polymorphic loci are
positioned relative to one another on the basis of the frequency with
which they recombine during meiosis. The unit of distance is
centimorgans (cM), denoting a 1% chance of recombination.

Radiation hybrid (RH) map A genome map in which STSs are
positioned relative to one another on the basis of the frequency with
which they are separated by radiation-induced breaks. The frequency is
assayed by analysing a panel of human+hamster hybrid cell lines, each
produced by lethally irradiating human cells and fusing them with
recipient hamster cells such that each carries a collection of human
chromosomal fragments. The unit of distance is centirays (cR), denoting
a 1% chance of a break occuring between two loci.

Contigs produced by merging over-
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construction. Volunteers of diverse backgrounds were accepted dRRCI-13 and CalTech D libraries (Table 1). DNA from each BAC

®rst-come, ®rst-taken basis. Samples were obtained after discusgmre was digested with the restriction enzy#iedl|ll, and the size

with a genetic counsellor and written informed consent. Thef the resulting fragments were measured by agarose gel electro-
samples were made anonymous as follows: the sampling laboratgingresis. The pattern of restriction fragments provides a “®nger-
stripped all identi®ers from the samples, applied random numerngint' for each BAC, which allows different BACs to be distinguished
labels, and transferred them to the processing laboratory, whiahd the degree of overlaps to be assessed. We used these restriction-
then removed all labels and relabelled the samples. All records offitagment ®ngerprints to determine clone overlaps, and thereby

labelling were destroyed. The processing laboratory chose samasembled the BACs into ®ngerprint clone contigs.

at random from which to prepare DNA and immortalized cell lines. The ®ngerprint clone contigs were positioned along the chromo-
Around 5+10 samples were collected for every one that wsmsmes by anchoring them with STS markers from existing genetic
eventually used. Because no link was retained between donor and physical maps. Fingerprint clone contigs were tied to speci®c

DNA sample, the identity of the donors for the libraries is noSTSsinitially by probe hybridization and later by direct search of

the

known, even by the donors themselves. A more complete descigeguenced clones. To localize ®ngerprint clone contigs that did not

tion can be found at http://www.nhgri.nih.gov/Grant_info/Fund- contain known markers, new STSs were generated and placed

onto

ing/Statements/RFA/human_subjects.html. chromosome$. Representative clones were also positioned by “uor-

During the pilot phase, centres showed that sequence-tagged sig=nceén situ hybridization (FISH) (ref. 86 and C. McPherson,

(STSs) from previously constructed genetic and physical maspublished).

could be used to recover BACs from speci®c regions. As sequenciMje selected clones from the ®ngerprint clone contigs for sequen-
expanded, some centres continued this approach, augmented withg according to various criteria. Fingerprint data were

additional probes from “ow sorting of chromosomes to obtainreviewe&*°to evaluate overlaps and to assess clone ®delity
long-range coverage of speci®c chromosomes or chromosotniaks against rearranged clofié§. STS content information ang
region$§®*%4 BAC end sequence information were also Gs&dWhere possible

For the large-scale sequence production phase, a genome-wigetried to select a minimally overlapping set spanning a reg

(to

ion.

physical map of overlapping clones was also constructed by syewever, because the genome-wide physical map was constructed
tematic analysis of BAC clones representing 20-fold coverage oftbacurrently with the sequencing, continuity in many regions was
human genom®&. Most clones came from the ®rst three sections &dw in early stages. These small ®ngerprint clone contigs were

the RPCI-11 library, supplemented with clones from sections of tenetheless useful in identifying validated, nonredundant clo

Table 1 Key large-insert genome-wide libraries

Library name* GenBank Vector Source DNA Library Enzyme Average Total number Number of BAC-end  Number of Sequenced clones used in
abbreviation type segmentor digest insertsize of clonesin ®ngerprinted sequence  clonesin  construction of the draft genome
plate (kb) library clones? (ends/clones/ genome sequence
numbers clones with layout§
both ends
sequenced)3

Numberk Total bases Fraction of
(Mb)Y total from

library
Caltech B CTB BAC 987SK cells All Hindlll 120 74,496 16 2/1/1 528 518 66.7 0.016
Caltech C CTC BAC Human All Hindlll 125 263,040 144 21,956/ 621 606 88.4 0.021
sperm 14,445/
7,255
Caltech D1 CTD BAC Human All Hindlll 129 162,432 49,833 403,589/ 1,381 1,367 185.6 0.043
(CITB-H1) sperm 226,068/
156,631
Caltech D2 BAC Human All
(CITB-E1) sperm
2,501+2,565 EcoRlI 202 24,960
2,566+2,671 EcoRI 182 46,326
3,000+3,253 EcoRlI 142 97,536
RPCI-1 RP1 PAC  Male, blood All Mbol 110 115,200 3,388 1,070 1,053 117.7 0.028
RPCI-3 RP3 PAC  Male, blood All Mbol 115 75,513 644 638 68.5 0.016
RPCI-4 RP4 PAC  Male, blood All Mbol 116 105,251 889 881 95.5 0.022
RPCI-5 RP5 PAC  Male, blood All Mbol 115 142,773 1,042 1,033 116.5 0.027
RPCI-11 RP11 BAC Male, blood All 178 543,797 267,931 379,773/ 19,405 19,145 3,165.0 0.743
243,764/
134,110
1 EcoRI 164 108,499
2 EcoRI 168 109,496
3 EcoRI 181 109,657
4 EcoRI 183 109,382
5 Mbol 196 106,763
Total of top 1,482,502 321,312 805,320/ 25580 25241 3,903.9 0.916
eight libraries 484,278/
297,997
Total all libraries 354,510 812,594/ 30,445 29,298 4,260.5 1
488,017/
100,775

*For the CalTech librarie¥, see http://www.tree.caltech.edu/lib_status.html; for RPCI librari€¥, see http://www.chori.org/bacpac/home.htm.
2For the FPC map and ®ngerprintingf**¢, see http://genome.wustl.edu/gsc/human/human_database.shtml.

nes

3The number of raw BAC end sequences (clones/ends/clones with both ends sequenced) available for use in human genome sequencing. Typically, for clones in which sequence was obtained from bpth

ends, more than 95% of both end sequences contained at least 100 bp of nonrepetitive sequence. BAC-end sequencing of RPCI-11 and of the CalTech libraries was done at The Institute for Genor
Research, the California Institute of Technology and the University of Washington High Throughput Sequencing Center. The sources for the Table were http://www.ncbi.nlm.nih.gov/genome/clo
BESstat.shtml and refs 87, 88.

§ These are the clones in the sequenced-clone layout map (http://genome.wustl.edu/gsc/human/Mapping/index.shtml) that were pre-draft, draft or ®nished.
kThe number of sequenced clones used in the assembly. This number is less than that in the previous column owing to removal of a small number of obviously contaminated, combined or duplica
projects; in addition, not all of the clones from completed chromosomes 21 and 22 were included here because only the available ®nished sequence from those chromosomes was used in the assem
1 The number reported is the total sequence from the clones indicated in the previous column. Potential overlap between clones was not removed here, but Ns were excluded.
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that were used to “seed' the sequencing of new regions. The smlalhe, several centres routinely examined an initial sample of 96 raw
®ngerprint clone contigs were extended or merged with otherssexjuence reads from each subclone library to evaluate possible
the map matured. overlap with previously sequenced clones.
The clones that make up the draft genome sequence thereforeStmuencing
not constitute a minimally overlapping setbthere is overlap and he selected clones were subjected to shotgun sequencing. Although
redundancy in places. The cost of using suboptimal overlaps wihs basic approach of shotgun sequencing is well established, the
justi®ed by the bene®t of earlier availability of the draft genondetails of implementation varied among the centres. For exanple,
sequence data. Minimizing the overlap between adjacent clotlesre were differences in the average insert size of the shotgun
would have required completing the physical map before undeibraries, in the use of single-stranded or double-stranded cloning
taking large-scale sequencing. In addition, the overlaps betwesttors, and in sequencing from one end or both ends of each insert.
BAC clones provide arich collection of SNPs. More than 1.4 millioBentres differed in the uorescent labels employed and in the degree
SNPs have already been identi®ed from clone overlaps and otioewhich they used dye-primers or dye-terminators. The sequence
sequence comparisofis detectors included both slab gel- and capillary-based devices.
Because the sequencing project was shared among twenty cemsdailed protocols are available on the web sites of many of the
in six countries, it was important to coordinate selection of cloneisdividual centres (URLs can be found at www.nhgri.nih.gov/
across the centres. Most centres focused on particular chromosomgesome_hub). The extent of automation also varied greatly
or, in some cases, larger regions of the genome. We also maintaiaetng the centres, with the most aggressive automation efforts
a clone registry to track selected clones and their progress. In latsulting in factory-style systems able to process more than 100,000
phases, the global map provided an integrated view of the data framquencing reactions in 12 hours (Fig. 3). In addition, centres
all centres, facilitating the distribution of effort to maximize coverdiffered in the amount of raw sequence data typically obtained| for
age of the genome. Before performing extensive sequencing ogaah clone (so-called half-shotgun, full shotgun and ®nished
sequence). Sequence information from the different centres could
be directly integrated despite this diversity, because the data were
analysed by a common computational procedure. Raw sequence
traces were processed and assembled with the PHRED and PHRAP
software packag€<®(P. Green, unpublished). All assembled can-
tigs of more than 2 kb were deposited in public databases within
24 hours of assembly.
The overall sequencing output rose sharply during production
(Fig. 4). Following installation of new sequence detectors beginning
in June 1999, sequencing capacity and output rose approximately
eightfold in eight months to nearly 7 million samples processed|per
month, with little or no drop in success rate (ratio of useable reads
to attempted reads). By June 2000, the centres were producing raw
sequence at a rate equivalent to onefold coverage of the entire
human genome in less than six weeks. This corresponded |to a
continuous throughput exceeding 1,000 nucleotides per secpnd,
24 hours per day, seven days per week. This scale-up resulted in a
concomitant increase in the sequence available in the public
databases (Fig. 4).
Aversion of the draft genome sequence was prepared on the basis
Figure 3The automated production line for sample preparation at the Whitebktite map and sequence data available on 7 October 2000. Far this
Institute, Center for Genome Research. The system consists of custom-desigrsiaacttiyg mapping effort had assembled the ®ngerprinted BACs
style conveyor belt robots that perform all functions from purifying DNA frointtacteZd6 ®ngerprint clone contigs. The sequencing effort had
cultures through setting up and purifying sequencing reactions. sequenced and assembled 29,298 overlapping BACs and other|large-
insert clones (Table 2), comprising a total length of 4.26 gigabases
(Gb). This resulted from around 23 Gb of underlying raw shotgun

5,000 - sequence data, or about 7.5-fold coverage averaged across the
45001 M Finished genome (including both draft and ®nished sequence). The various
4’000 Unfinished (draft and pre-draft) contributions to the total amount of sequence deposited in the
' HTGS division of GenBank are given in Table 3.
~ 3,500 1
e}
2 3,000 _
© Table 2 Total genome sequence from the collection of sequenced clones, by
2 2,500 1 sequence status
(3]
qg,' 2,000 Sequence  Number of  Total clone Average Average Total amount
" 1500 - status clones length (Mb) number of sequence of raw
' sequence depth? sequence (Mb)
1,000 - reads per kb*
500 A Finished 8,277 897 20+25 8+12 9,085
0 - Draft 18,969 3,097 12 4.5 13,395
© © © © ~I~NM~~O® 0 VWD DDDO OO O Predraft 2,052 267 6 25 667
222929222222 292292222 223 . 23147
5538 5538883888388 5335 S ——
- < o0~ < i i - < *The average number of reads per kb was estimated based on information provided by eac
Month sequencing centre. This number differed among sequencing centres, based on the actual protocol

used.
. X X 2The average depth in high quality bases  99% accuracy) was estimated from information
Figure 4Total amount of human sequence in the High Throughput Genome,9aeHd®N68eh sequencing centre. The average varies among the centres, and the number ma

(HTGS) division of GenBank. The total is the sum of ®nished sequence (red)aM PR clones with the same sequencing status. For draft clones in the publi
databases (keyword: HTGS_draft), the number can be computed from the quality scores listed i
(draft plus predraft) sequence (yellow). the database entry.
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By agreement among the centres, the collection of draft clonedn addition to sequencing large-insert clones, three centres
produced by each centre was required to have fourfold averaggnerated a large collection of random raw sequence reads [from
sequence coverage, with no clone below threefold. (For this puvhole-genome shotgun libraries (Table 4; ref. 98). These 5.77

pose, sequence coverage was de®ned as the average number oftiitiea successful sequences contained 2.4Gb of high-qu

lity

that each base was independently read with a base-quality sdmses; this corresponds to about 0.75-fold coverage and would be

corresponding to at least 99% accuracy.) We attained an oversthtistically expected to include about 50% of the nucleotides i
average of 4.5-fold coverage across the genome for draft clonebufan genome (data available at http://snp.cshl.org/data).

longer active.

The lengths of the initial sequence contigs in the draft clones vagpresented in the sequenced large-insert clones; these can b
as a function of coverage, but half of all nucleotides reside in initia probes for portions of the genome not yet recovered.
sequence contigs of at least 21.7 kb (see below). Various properissembly of the draft genome sequence
of the draft clones can be assessed from instances in which thereWashen set out to assemble the sequences from the individual |

provide sequence coverage of about half of the nucleotides nat yet
used

arge-

substantial overlap between a draft clone and a ®nished (or neanlsert clones into an integrated draft sequence of the human

rise.

Table 3 Total human sequence deposited in the HTGS division of GenBank

Total human Finished human
sequence (kb) sequence (kb)

Sequencing centre

Whitehead Institute, Center for Genome Research* 1,196,888 46,560
The Sanger Centre* 970,789 284,353
Washington University Genome Sequencing Center* 765,898 175,279
US DOE Joint Genome Institute 377,998 78,486
Baylor College of Medicine Human Genome Sequencing 345,125 53,418
Center

RIKEN Genomic Sciences Center 203,166 16,971
Genoscope 85,995 48,808
GTC Sequencing Center 71,357 7,014
Department of Genome Analysis, Institute of Molecular 49,865 17,788
Biotechnology

Beijing Genomics Institute/Human Genome Center 42,865 6,297
Multimegabase Sequencing Center; Institute for Systems 31,241 9,676
Biology

Stanford Genome Technology Center 29,728 3,530
The Stanford Human Genome Center and Department of 28,162 9,121
Genetics

University of Washington Genome Center 24,115 14,692
Keio University 17,364 13,058
University of Texas Southwestern Medical Center at Dallas 11,670 7,028
University of Oklahoma Advanced Center for Genome 10,071 9,155
Technology

Max Planck Institute for Molecular Genetics 7,650 2,940
GBF + German Research Centre for Biotechnology 4,639 2,338
Cold Spring Harbor Laboratory Lita Annenberg Hazen 4,338 2,104
Genome Center

Other 59,574 35,911
Total 4,338,224 842,027

Total human sequence deposited in GenBank by members of the International Human Genome
Sequencing Consortium, as of 8 October 2000.The amount of total sequence (®nished plus draft
plus predraft) is shown in the second column and the amount of ®nished sequence is shown in
the third column. Total sequence differs from totals in Tables 1 and 2 because of inclusion of
padding characters and of some clones not used in assembly. HTGS, high throughput genome
sequence.

*These three centres produced an additional 2.4 Gb of raw plasmid paired-end reads (see Table 4),
consisting of 0.99 Gb from Whitehead Institute, 0.66 Gb from The Sanger Centre and 0.75 Gb from
Washington University.
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.Discovery.Resource was obtained from all 450 individuals who contributed samples. Samples frol
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based physical map. In practice, however, laboratory mixups
sionally resulted in incorrect assignments. To eliminate such
blems, sequenced clones were associated with the ®ngerprint| clone
contigs in the physical map by using the sequence data to calculate a

Table 4 Plasmid paired-end reads

Total reads deposited* Read pairs? Size range of inserts
(kb)
Random-sheared 3,227,685 1,155,284 1.8+6
Enzyme digest 2,539,222 761,010 0.8+4.7
Total 5,766,907 1,916,294

The plasmid paired-end reads used a mixture of DNA from a set of 24 samples from the DNA
Polymorphism Discovery Resource (http://locus.umdnj.edu/nigms/pdr.html). This set of 24 anon
ymous US residents contains samples from European-Americans, African-Americans, Mexican
Americans, Native Americans and Asian-Americans, although the ethnicities of the individual
samples are not identi®ed. Informed consent to contribute samples to the DNA Polymorphis

the European-American, African-American and Mexican-American individuals came from NHANES
(http://www.cdc.gov/nchs/nhanes.htm); individuals were recontacted to obtain their consent for
the Resource project. New samples were obtained from Asian-Americans whose ancestry was
from a variety of East and South Asian countries. New samples were also obtained for the Native
Americans; tribal permission was obtained ®rst, and then individual consents. See http:
www.nhgri.nih.gov/Grant_info/Funding/RFA/discover_polymorphisms.html and ref. 98.
*Re"ects data deposited with and released by The SNP Consortium (see http:/snp.cshl.org/data),
2Read pairs represents the number of cases in which sequence from both ends of a genomic
cloned fragment was determined and used in this study as linking information.
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partial list of restriction fragments silicoand comparing that list a Chromosome
with the experimental database of BAC ®ngerprints. The compari- I

son was feasible because the experimental sizing of restrlctlonggf
fragments was highly accurate (to within 0.5+1.5% of the true &
size, for 95% of fragments from 600 to 12,000 base pairs¥5p))
Reliable matchlng scores could be obtained for 16,193 of the cIones
The remaining sequenced clones could not be placed on the map by
this method because they were too short, or they contained too
many small initial sequence contigs to yield enough restriction
fragments, or possibly because their sequences were not represented
in the ®ngerprint database.

An independent approach to placing sequenced clones on the
physical map used the database of end sequences from ®ngerprinted
BACs (Table 1). Sequenced clones could typically be reliably
mapped if they contained multiple matches to BAC ends, with all
corresponding to clones from a single genomic region (multiple
matches were required as a safeguard against errors known to exist
in the BAC end database and against repeated sequences). This
approach provided useful placement information for 22,566
sequenced clones.

Altogether, we could assign 25,403 sequenced clones to ®ngerehromosome
print clone contigs by combiningn silicodigestion and BAC end —
sequence match data. To place most of the remaining sequenceciéf
clones, we exploited information about sequence overlap or BAC- £
end paired links of these clones with already positioned clones. This i
left only a few, mostly small, sequenced clones that could not be i
placed (152 sequenced clones containing 5.5 Mb of sequence out of
29,298 sequenced clones containing more than 4,260 Mb of
sequence); these are being localized by radiation hybrid mapping
of STSs derived from their sequences.

The ®ngerprint clone contigs were then mapped to chromosomal
locations, using sequence matches to mapped STSs from four
human radiation hybrid map&®!® one YAC and radiation
hybrid mag®, and two genetic map8'° together with data from
FISH®1% The mapping was iteratively re®ned by comparing the
order and orientation of the STSs in the ®ngerprint clone contigs
and the various STS-based maps, to identify and re®ne discrepan-
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sequenced clones, but these tended to be extremely small am@ and Marsh®eld genetic map (http://research.marsh®eldclinic.org/ge
together contain less than 1% of the mapped clones. About ongenotyping_service/mgsver2.htm), the GeneMap99 radiatidf’remdithmap
third have been targeted for sequencing. A few derive from thewhitehead YAC and radiation hyBf)cpottpd against their derived position
chromosome, for which the map was constructed sepafatdpst
of the remainder are fragments of other larger contigs or represessich map vary (cM, cR and so on) and thus all were scaled so that the en
other artefacts. These are being eliminated in subsequent versiong®full vertical range. Markers that map to other chromosomes are show
the database.) Of these 942 contigs with sequenced clones, &b@mosome lines at the top.The data sets generally follow the diagonal,
(90%, containing 99.2% of the total sequence) were localized daler and orientation of the marker sets on the different maps largely agre
speci®c chromosome locations in this way. An additional Slo genetic maps are completely superimpp#eete are two segments (bars

®ngerprint clone contigs, containing 0.5% of the sequence, cowld inverted in an earlier version draft sequence relative to all the, Btiesames.

be assigned to a speci®c chromosome but not to a precise positigfiomosome after the information was used to reorient those two segme
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Figure 6The key ste@s{d in assembling individual sequenced clones into the draft genome sequence. A1+ A5 represent initial sequence contigs derive
of clone A, and B1+B6 are from clone B.
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The remaining 39 contigs containing 0.3% of the sequence weré not
positioned at all.

We then merged the sequences from overlapping sequenced
clones (Fig. 6), using the computer program GigAssertdlgihe

Fingerprint clone contig program considers nearby sequenced clones, detects overlaps
Pick clones for sequencing between the initial sequence contigs in these clones, merges the

overlapping sequences and attempts to order and orient |the

N — —_— —_ sequence contigs. It begins by aligning the initial sequence contigs

from one clone with those from other clones in the same ®ngerprint
clone contig on the basis of length of alignment, per cent identity of
Sequenced-clone-contig scaffold  the glignment, position in the sequenced clone layout and other
Sequence to at least draft coverage . L 2o
factors. Alignments are limited to one end of each initial sequence
Sequenced clone B contig for partially overlapping contigs or to both ends of an initial
Sequenced Clone A = = == ———— = — — —— — sequence contig contained entirely within another; this eliminates
Initial sequence contig internal alignments that may re ect repeated sequence or possible
misassembly (Fig. 6b). Beginning with the highest scoring pairs,
initial sequence contigs are then integrated to produce ‘merged
sequence contigs' (usually referred to simply as “sequence contigs').
) The program re®nes the arrangement of the clones within|the
Sequence-contig scaffold ®ngerprint clone contig on the basis of the extent of sequence
_Cj'\/_ vV overlap between them and then rebuilds the sequence contigs. Next,
the program selects a sequence path through the sequence cpntigs
Figure 7Levels of clone and sequence coverage. A “®ngerprint clone conti¢Fig. 6¢). It tries to use the highest quality data by preferring longer
assembled by using the computer proditfit@rmalyse the restriction enzyriritial sequence contigs and avoiding the ®rst and last 250 bases of
digestion patterns of many large-insert clones. Clones are then selected for $8ifi@nggguence contigs where possible. Finally, it attempts to order
minimize overlap between adjacent clones. For a clone to be selected, all of@8@estietdrthe sequence contigs by using additional information,
enzyme fragments (except the two vector-insert junction fragments) must bigadingigequence data from paired-end plasmid and BAC reads,
at least one of its neighbours on each side in the contig. Once these overlakpdyolamassenger RNAs and ESTs, as well as additional li
have been sequenced, the set is a “sequenced-clone contig'. When all seléafedraiaties) provided by centres. The sequence contigs are thereby
from a ®ngerprint clone contig have been sequenced, the sequenced-clonelstk@id wapather to create “sequence-contig scaffolds’ (Fig. 6d), The
the same as the ®ngerprint clone contig. Until then, a ®ngerprint clone contigraeess@alao joins overlapping sequenced clones into sequenced-
several sequenced-clone contigs. After individual clones (for example, A andi)hevedsdégs and links sequenced-clone contigs to form sequenced-
sequenced to draft coverage and the clones have been mapped, the data arelamgysentig scaffolds. A ®ngerprint clone contig may contain
GigAssembler (Fig. 6), producing merged sequence contigs from initial sequeekalnsgguenced-clone contigs, because bridging clones remain
and linking these to form sequence-contig scaffolds (see Box 1). to be sequenced. The assembly contained 4,884 sequenced-clone

Sequenced-clone contig

Merge data
Merged sequence contig

Order and orient with mRNA, paired end reads, other information

Table 5 The draft genome sequence

Chromosome Sequence from clones (kb) Sequence from contigs (kb)
Finished clones Draft clones Pre-draft clones Contigs containing Deep coverage Draft/predraft
®nished clones sequence contigs sequence contigs

All 826,441 1,734,995 131,476 958,922 840,815 893,175
1 50,851 149,027 12,356 61,001 78,773 72,461
2 46,909 167,439 7,210 53,775 81,569 86,214
3 22,350 152,840 11,057 26,959 79,649 79,638
4 15,914 134,973 17,261 19,096 66,165 82,887
5 37,973 129,581 2,160 48,895 61,387 59,431
6 75,312 76,082 6,696 93,458 28,204 36,428
7 94,845 47,328 4,047 103,188 14,434 28,597
8 14,538 102,484 7,236 16,659 47,198 60,400
9 18,401 77,648 10,864 24,030 42,653 40,230
10 16,889 99,181 11,066 21,421 54,054 51,662
11 13,162 111,092 4,352 16,145 65,147 47,314
12 32,156 84,653 7,651 37,519 43,995 42,946
13 16,818 68,983 7,136 22,191 38,319 32,429
14 58,989 27,370 565 78,302 3,267 5,355
15 2,739 67,453 3,211 3,112 34,758 35,533
16 22,987 48,997 1,143 27,751 20,892 24,484
17 29,881 36,349 6,600 33,531 14,671 24,628
18 5,128 65,284 2,352 6,656 40,947 25,160
19 28,481 26,568 369 32,228 7,188 16,003
20 54,217 5,302 976 56,534 1,065 2,896
21 33,824 0 0 33,824 0 0
22 33,786 0 0 33,786 0 0
X 77,630 45,100 4,941 83,796 14,056 29,820
Y 18,169 3,221 363 20,222 333 1,198
NA 2,434 1,858 844 2,446 122 2,568
uL 2,056 6,182 1,020 2,395 1,969 4,894

The table presents summary statistics for the draft genome sequence over the entire genome and by individual chromosome. NA, clones that could not be placed into the sequenced clone layout.
clones that could be placed in the layout, but that could not reliably be placed on a chromosome. First three columns, data from ®nished clones, draft clones and predraft clones. The last three columns
break the data down according to the type of sequence contig. Contigs containing ®nished clones represent sequence contigs that consist of ®nished sequence plus any (small) extensions from mefrged
sequence contigs that arise from overlap with “anking draft clones. Deep coverage sequence contigs include sequence from two or more overlapping un®nished clones; they consist of roughly full shotgun
coverage and thus are longer than the average un®nished sequence contig. Draft/predraft sequence contigs are all of the other sequence contigs in un®nished clones. Thus, the draft genome sequence
consists of approximately one-third ®nished sequence, one-third deep coverage sequence and one-third draft/pre-draft coverage sequence. In all of the statistics, we count only nonoverlapping bases in
the draft genome sequence.
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contigs in 942 ®ngerprint clone contigs. Quality assessment
The hierarchy of contigs is summarized in Fig. 7. Initial sequend®e draft genome sequence already covers the vast majority of the
contigs are integrated to create merged sequence contigs, whichggmome, but it remains an incomplete, intermediate product that is
then linked to form sequence-contig scaffolds. These scaffolds resefgularly updated as we work towards a complete ®nished sequence.
within sequenced-clone contigs, which in turn reside within ®ngefhe current version contains many gaps and errors. We therefore
print clone contigs. sought to evaluate the quality of various aspects of the current draft
The draft genome sequence genome sequence, including the sequenced clones themselves, their
The result of the assembly process is an integrated draft sequen@ssignment to a position in the ®ngerprint clone contigs, and the
the human genome. Several features of the draft genome sequessembly of initial sequence contigs from the individual clones jnto
are reported in Tables 5+7, including the proportion represented sgquence-contig scaffolds.
®nished, draft and predraft categories. The Tables also show thiucleotide accuracy is re ected in a PHRAP score assigned to
numbers and lengths of different types of contig, for each chromeach base in the draft genome sequence and available to |users
some and for the genome as a whole. through the Genome Browsers (see below) and public datapase
The contiguity of the draft genome sequence at each level isemiries. A summary of these scores for the un®nished portion of the
important feature. Two commonly used statistics have signi®cagggnome is shown in Table 9. About 91% of the un®nished draft
drawbacks for describing contiguity. The “average length' of a congignome sequence has an error rate of less than 1 per 10,000 bases
is de"ated by the presence of many small contigs comprising onl{PHRAP score 40), and about 96% has an error rate of less than 1
small proportion of the genome, whereas the ‘length-weightéa 1,000 bases (PHRAP30). These values are based only on the
average length' is in‘ated by the presence of large segmentgjodlity scores for the bases in the sequenced clones; they do not
®nished sequence. Instead, we chose to describe the contiguityrasest additional con®dence in the sequences that are represented in
property of the “typical' nucleotide. We used a statistic called tlowerlapping clones. The ®nished portion of the draft gename
"N50 length!, de®ned as the largest lerigtduch that 50% of all sequence has an error rate of less than 1 per 10,000 bases.
nucleotides are contained in contigs of size at least Individual sequenced clonesWe assessed the frequency of
The continuity of the draft genome sequence reported here aagsemblies, which can occur when the assembly program PHRAP
the effectiveness of assembly can be readily seen from the followjoigs two nonadjacent regions in the clone into a single initial
half of all nucleotides reside within an initial sequence contig of aequence contig. The frequency of misassemblies depends heavily
least 21.7 kb, a sequence contig of at least 82 kb, a sequence-contifje depth and quality of coverage of each clone and the nature of
scaffold of at least 274 kb, a sequenced-clone contig of at least 828kbunderlying sequence; thus it may vary among genomic regions
and a ®ngerprint clone contig of at least 8.4 Mb (Tables 6, 7). Thad among individual centres. Most clone misassemblies are readily
cumulative distributions for each of these measures of contiguitprrected as coverage is added during ®nishing, but they may| have
are shown in Fig. 8, inwhich the N50 values for each measure carbkeen propagated into the current version of the draft gename
seen as the value at which the cumulative distributions cross 508équence and they justify caution for certain applications.
We have also estimated the size of each chromosome, by estimatindfe estimated the frequency of misassembly by examining
the gap sizes (see below) and the extent of missing heterochromatitances in which there was substantial overlap between a |draft
sequencé®+1%*1%Taple 8). This is undoubtedly an oversimpli®caclone and a ®nished clone. We studied 83 Mb of such overlaps,
tion and does not adequately take into account the sequence statuolving about 9,000 initial sequence contigs. We found 5.3
of each chromosome. Nonetheless, it provides a useful way to relatgances per Mb in which the alignment of an initial sequence
the draft sequence to the chromosomes. contig to the ®nished sequence failed to extend to within 200 bases

Table 6 Clone level contiguity of the draft genome sequence

Chromosome Sequenced-clone contigs Sequenced-clone-contig scaffolds Fingerprint clone contigs with sequenc
Number N50 length (kb) Number N50 length (kb) Number N50 length (kb
All 4,884 826 2,191 2,279 942 8,398
1 453 650 197 1,915 106 3,537
2 348 1,028 127 3,140 52 10,628
3 409 672 201 1,550 73 5,077
4 384 606 163 1,659 41 6,918
5 385 623 164 1,642 48 5,747
6 292 814 98 3,292 17 24,680
7 224 1.074 86 3,527 29 20,401
8 292 542 115 1,742 43 6,236
9 143 1,242 78 2,411 21 29,108
10 179 1,097 105 1,952 16 30,284
11 224 887 89 3,024 31 9,414
12 196 1,138 76 2,717 28 9,546
13 128 1,151 56 3,257 13 25,256
14 54 3,079 27 8,489 14 22,128
15 123 797 56 2,095 19 8,274
16 159 620 92 1,317 57 2,716
17 138 831 58 2,138 43 2,816
18 137 709 47 2,572 24 4,887
19 159 569 79 1,200 51 1,534
20 42 2,318 20 6,862 9 23,489
21 5 28,515 5 28,515 5 28,515
22 11 23,048 11 23,048 11 23,048
X 325 572 181 1,082 143 1,436
Y 27 1,539 20 3,290 8 5,135
uL 47 227 40 281 40 281

Number and size of sequenced-clone contigs, sequenced-clone-contig scaffolds and those ®ngerprint clone contigs (see Box 1) that contain sequenced clones; some small ®ngerprint clone contigs dag not
as yet have associated sequence. UL, ®ngerprint clone contigs that could not reliably be placed on a chromosome. These length estimates are from the draft genome sequence, in which gaps between
sequence contigs are arbitrarily represented with 100 Ns and gaps between sequence clone contigs with 50,000 Ns for “bridged gaps' and 100,000 Ns for “unbridged gaps'. These arbitrary values differ
minimally from empirical estimates of gap size (see text), and using the empirically derived estimates would change the N50 lengths presented here only slightly. For un®nished chromosomes, the N50 length
ranges from 1.5 to 3 times the arithmetic mean for sequenced-clone contigs, 1.5 to 3 times for sequenced-clone-contig scaffolds, and 1.5 to 6 times for ®ngerprint clone contigs with sequence.
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of the end of the contig, suggesting a possible false join in temall rearrangements during growth of the large-insert clones,
assembly of the initial sequence contig. In about half of these casegions of low-quality sequence or matches between segmental
the potential misassembly involved fewer than 400 bases, suggestimgications. Thus, the frequency of misassemblies may be over-

that a single raw sequence read may have beenincorrectly joinedstsed. On the other hand, the criteria for recognizing overlap
found 1.9 instances per Mb in which the alignment showed dvetween draft and ®nished clones may have eliminated some
internal gap, again suggesting a possible misassembly; andn@igassemblies.

instances per Mb in which the alignment indicated that two initiaLayout of the sequenced clonedVe assessed the accuracy of the
sequence contigs that overlapped by at least 150 bp had not bismut of sequenced clones onto the ®ngerprinted clone contigs by
merged by PHRAP. Finally, there were another 0.9 instances per déticulating the concordance between the positions assigned|to a
with various other problems. This gives a total of 8.6 instances p@quenced clone on the basisroéilicodigestion and the positio
Mb of possible misassembly, with about half being relatively sma#isigned on the basis of BAC end sequence data. The positions
issues involving a few hundred bases. agreed in 98% of cases in which independent assignments could be

Some of the potential problems might not result from misassemmade by both methods. The results were also compared with|well

bly, but might re ect sequence polymorphism in the populationstudied regions containing both ®nished and draft gengme
sequence. These results indicated that sequenced clone order in

the ®ngerprint map was reliable to within about half of one clone
a 100 T T T T T T T T length ( 100 kb).
- - - -~ A direct test of the layout is also provided by the draft genome
90 - . : ; .
P sequence assembly itself. With extensive coverage of the genpme, a
80 - P . correctly placed clone should usually (although not always) show
y P sequence overlap with its neighbours in the map. We found only 421
% 701 / e ] instances of “singleton’ clones that failed to overlap a neighbouring
S 60 / | clone. Close examination of the data suggests that most of these are
g e correctly placed, but simply do not yet overlap an adjacent
o 50 7 sequenced clone. About 150 clones appeared to be candidates for
E 10 / being incorrectly placed.
2 i / e Alignment of the ®ngerprint clone contigsThe alignment of the
3 304 / ’,-—-"" . ®ngerprint clone contigs with the chromosomes was based on the
/ Pt radiation hybrid, YAC and genetic maps of STSs. The positions of
20 1 T =" Sequenced congs T most of the STSs in the draft genome sequence were consistent with
e — — Sequenced-clone contigs | these previous maps, but the positions of about 1.7% differed from
':',':jﬁﬁl‘;ﬁgﬁﬁfjg‘ee;ﬁggS°""ﬂ°'d5 one or more of them. Some of these disagreements may be due to

. . : : errors in the layout of the sequenced clones or in the underlying
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000

Size (kb)
Clone level continuity ) . .
Figure Qverview of features of draft human genome. The Figure show®gthe

b 100 T T T T T T occurrences of twelve important types of feature across the human genome. Large
904 o grey blocks represent centromeres and centromeric heterochromatin (size not precise
e scale). Each of the feature types is depicted in a track, from top to bottom|as follows. |

80 -| =TT ] Chromosome position in Mb. (2) The approximate positions of Giemsa-stained

............ chromosome bands at the 800 band resolution. (3) Level of coverage in the draft geno
S ol 0 e A sequence. Red, areas covered by ®nished clones; yellow, areas covered by predraf
% 60 4 | sequence. Regions covered by draft sequenced clones are in orange, with darker sha
g re ecting increasing shotgun sequence coverage. (4) GC content. Percentage of base
g 50 ; a 20,000 base window that are C or G. (5) Repeat density. Red line, density of SINE cl
.% 0. / | repeats in a 100,000-base window; blue line, density of LINE class repeats in a 100,00
E / base window. (6) Density of SNPs in a 50,000-base window. The SNPs were detectec
3 304/ J sequencing and alignments of random genomic reads. Some of the heterogeneity in <
T density re ects the methods used for SNP discovery. Rigorous analysis of SNP dens

20 1 requires comparing the number of SNPs identi®ed to the precise number of bases
10 - 's”ézﬂjffeuigﬁﬁg?”“gs | surveyed. (7) Non-coding RNA genes. Brown, functional RNA genes such as tRNAs
,,,,,,,,,,,,,,, Sequence-contig scaffolds snoRNAs and rRNAs; light orange, RNA pseudogenes. (8) CpG islands.|Green ticks

0 . . . . . . . . . represent regions @00 bases with CpG levels signi®cantly higher than in the genome
0 100 200 300 400 500 600 700 800 900 1,000 . .
Size (kb) as a whole, anq GC.rgtlos of at least 50%. (9) Exo®sh ecores.'Reg|ons 0 ho.mology'
Sequence level continuity the puffer®@3h nigroviridi&are blue. (10) ESTs with at least one intron when aligned
against genomic DNA are shown as black tick marks. (11) The starts of genes predictec
Figure 8Cumulative distributions of several measures of clone level contiguigrsiecbr Ensembl are shown as red ticks. The starts of known genes from the RefSe
sequence contiguity. The ®gures represent the proportion of the draft genodastaegéaceshown in blue. (12) The names of genes that have been uniguely locate:
contained in contigs of at most the indicagdCéire level contiguity. The cloriaghe draft genome sequence, characterized and named by the HGM Nomenclature
have a tight size distribution with an N3®@kb (corresponding to 50% on th€ommittee. Known disease genes from the OMIM database are red, other genes blt
cumulative distribution). Sequenced-clone contigs represent the next level Diiisdrigiiuétys based on an earlier version of the draft genome sequence than analyse
and are linked by mRNA sequences or pairs of BAC end sequences to yietti¢htext, owing to production constraints. We are aware of various errors|in the Figur
sequenced-clone-contig scaffolds. The underlying contiguity of the layout ahclemgliremoetssions of some known genes and misplacements of others. S
clones against the ®ngerprinted clone contigs is only partially shown at thisnsqgaded to more than one location, owing to errors in assembly, close paralogues or
b, Sequence contiguity. The input fragments have low continuity (N50 = 21ps&bjiofiees. Manual review was performed to select the most likely location in thes
merging, the sequence contigs grow to an N50 length of about 82 kb. Aftecdis&sand to correct other regions. For updated information, see http://genome.ucsc.e
sequence-contig scaffolds with an N50 length of about 274 kb are createdand http://www.ensembl.org/.
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Table 7 Sequence level contiguity of the draft genome sequence

Chromosome Initial sequence contigs Sequence contigs Sequence-contig scaffolds

Number N50 length (kb) Number N50 length (kb) Number N50 length (kb

All 396,913 21.7 149,821 81.9 87,757 274.3
1 37,656 16.5 12,256 59.1 5,457 278.4
2 32,280 19.9 13,228 57.3 6,959 248.5
3 38,848 15.6 15,098 37.7 8,964 167.4
4 28,600 16.0 13,152 33.0 7,402 158.9
5 30,096 20.4 10,689 72.9 6,378 241.2
6 17,472 43.6 5,547 180.3 2,554 485.0
7 12,733 86.4 4,562 335.7 2,726 591.3
8 19,042 18.1 8,984 38.2 4,631 198.9
9 15,955 20.1 6,226 55.6 3,766 216.2
10 21,762 18.7 9,126 47.9 6,886 133.0
11 29,723 14.3 8,503 40.0 4,684 193.2
12 22,050 19.1 8,422 63.4 5,526 217.0
13 13,737 21.7 5,193 70.5 2,659 300.1
14 4,470 161.4 829 1,371.0 541 2,009.5
15 13,134 15.3 5,840 30.3 3,229 149.7
16 10,297 344 4,916 1195 3,337 356.3
17 10,369 229 4,339 90.6 2,616 248.9
18 16,266 15.3 4,461 51.4 2,540 216.1
19 6,009 38.4 2,503 134.4 1,551 375.5
20 2,884 108.6 511 1,346.7 312 813.8
21 103 340.0 5 28,515.3 5 28,515.3
22 526 113.9 11 23,048.1 11 23,048.1
X 11,062 58.8 4,607 218.6 2,610 450.7
Y 557 154.3 140 1,388.6 106 1,439.7
UL 1,282 214 613 46.0 297 166.4

This Table is similar to Table 6 but shows the number and N50 length for various types of sequence contig (see Box 1). See legend to Table 6 concerning treatment of gaps. For sequence contigs in the draft
genome sequence, the N50 length ranges from 1.7 to 5.5 times the arithmetic mean for initial sequence contigs, 2.5 to 8.2 times for merged sequence contigs, and 6.1 to 10 times for sequence-contig
scaffolds.

Table 8 Chromosome size estimates

Chromosome*  Sequenced FCC gaps? SCC gapsk Sequence gapst Heterochromatin ~ Total estimated Previously
bases? (Mb) and short arm chromosome size estimated
adjustments**(Mb) (including chromosome
artefactual size® (Mb)
duplication in draft
genome
sequencef? (Mb)
Number  Total bases Number Total bases Number Total bases
in gaps§ (Mb) in gapsY (Mb) in gaps (Mb)

All 2,692.9 897 152.0 4,076 142.7 145,514 80.6 212 3,289 3,286
1 212.2 104 17.7 347 12.1 11,803 6.5 30 279 263
2 221.6 50 8.5 296 10.4 12,880 7.1 3 251 255
3 186.2 71 12.1 336 11.8 14,689 8.1 3 221 214
4 168.1 39 6.6 343 12.0 12,768 7.1 3 197 203
5 169.7 46 7.8 337 11.8 10,304 5.7 3 198 194
6 158.1 15 2.6 275 9.6 5,225 2.9 3 176 183
7 146.2 27 4.6 195 6.8 4,338 2.4 3 163 171
8 124.3 41 7.0 249 8.7 8,692 4.8 3 148 155
9 106.9 19 3.2 122 4.3 6,083 3.4 22 140 145
10 127.1 14 2.4 163 5.7 8,947 5.0 3 143 144
11 128.6 29 4.9 193 6.8 8,279 4.6 3 148 144
12 124.5 26 4.4 168 5.9 8,226 4.6 3 142 143
13 92.9 12 2.0 115 4.0 5,065 2.8 16 118 114
14 86.9 13 2.2 40 1.4 775 0.4 16 107 109
15 73.4 18 3.1 104 3.6 5,717 3.2 17 100 106
16 73.1 55 9.4 102 3.6 4,757 2.6 15 104 98
17 72.8 41 7.0 95 3.3 4,261 24 3 88 92
18 72.9 22 3.7 113 4.0 4,324 2.4 3 86 85
19 55.4 49 8.3 108 3.8 2,344 1.3 3 72 67
20 60.5 7 1.2 33 1.2 469 0.3 3 66 72
21 33.8 4 0.1 0 0.0 0 0.0 11 45 50
22 33.8 10 1.0 0 0.0 0 0.0 13 48 56
X 127.7 141 24.0 182 6.4 4,282 2.4 3 163 164
Y 21.8 6 1.0 19 0.7 113 0.1 27 51 59
NA 5.1 0 0 134 0.0 577 0.3 0 0 0
uL 9.3 38 0 7 0.0 566 0.3 0 0 0

*NA, sequenced clones that could not be associated with ®ngerprint clone contigs. UL, clone contigs that could not be reliably placed on a chromosome.
2Total number of bases in the draft genome sequence, excluding gaps. Total length of scaffold (including gaps contained within clones) is 2.916 Gb.
3Gaps between those ®ngerprint clone contigs that contain sequenced clones excluding gaps for centromeres.

§ For un®nished chromosomes, we estimate an average size of 0.17 Mb per FCC gap, based on retrospective estimates of the clone coverage of chromosomes 21 and 22. Gap estimates for chromosomes
21 and 22 are taken from refs 93, 94.

kGaps between sequenced-clone contigs within a ®ngerprint clone contig.

{1 For un®nished chromosomes, we estimate sequenced clone gaps at 0.035 Mb each, based on evaluation of a sample of these gaps.

#Gaps between two sequence contigs within a sequenced-clone contig.

' We estimate the average humber of bases in sequence gaps from alignments of the initial sequence contigs of un®nished clones (see text) and extrapolation to the whole chromosome.
**|ncluding adjustments for estimates of the sizes of the short arms of the acrocentric chromosomes 13, 14, 15, 21 and 22 (ref. 105), estimates for the centromere and heterochromatic regions of
chromosomes 1, 9 and 16 (refs 106, 107) and estimates of 3 Mb for the centromere and 24 Mb for telomeric heterochromatin for the Y chromosottie
22The sum of the ®ve lengths in the preceding columns. This is an overestimate, because the draft genome sequence contains some artefactual sequence owing to inability to correctly to merge all
underlying sequence contigs. The total amount of artefactual duplication varies among chromosomes; the overall amount is estimated by computational analysis to be about 100 Mb, or about 3% of the total
length given, yielding a total estimated size of about 3,200 Mb for the human genome.
33 |ncluding heterochromatic regions and acrocentric short arm(s)’.
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localized on only one or two of the previous maps or that occuhe higher resolution radiation hybrid map (the TNG map) may
as isolated discrepancies in con’ict with several “anking STSwlp in this®. Future targeted FISH experiments and increased map
Many of these cases are probably due to errors in the previozentinuity will also facilitate positioning of these sequences.
maps (with error rates for individual maps estimated at 1% Genome coverage
Others may be due to incorrect assignment of the STSs to the drafé next assessed the nature of the gaps within the draft genome
genome sequence (by the electronic polymerase chain reacSequence, and attempted to estimate the fraction of the human
(e-PCR) computer program) or to database entries that contaigenome not represented within the current version.
sequence data from more than one clone (owing to cros&aps in draft genome sequence coveraglere are three types of
contamination). gap in the draft genome sequence: gaps within un®nished
Graphical views of the independent data sets were particulasigquenced clones; gaps between sequenced-clone contigs, but
useful in detecting problems with order or orientation (Fig. 5)within ®ngerprint clone contigs; and gaps between ®ngerprint
Areas of con’ict were reviewed and corrected if supported by tlsone contigs. The ®rst two types are relatively straightforward to
underlying data. In the version discussed here, there were @ase simply by performing additional sequencing and ®nishing on
sequenced clones falling in 14 sequenced-clone contigs with @FF8ady identi®ed clones. Closing the third type may require screen-
content information from multiple maps that disagreed with theng of additional large-insert clone libraries and possibly new
“anking clones or sequenced-clone contigs; the placement of thésehnologies for the most recalcitrant regions. We consider these
clones thus remains suspect. Four of these instances suggest etiogg cases in turn.
in the ®ngerprint map, whereas the others suggest errors in thaVe estimated the size of gaps within draft clones by studying
layout of sequenced clones. These cases are being investigatedhatahces in which there was substantial overlap between a draft
will be corrected in future versions. clone and a ®nished clone, as described above. The average gap size
Assembly of the sequenced clonadle assessed the accuracy of thia these draft sequenced clones was 554 bp, although the precise
assembly by using a set of 148 draft clones comprising 22.4 Mb éstimate was sensitive to certain assumptions in the analysis.
which ®nished sequence subsequently became avflablee Assuming that the sequence gaps in the draft genome sequence
initial sequence contigs lack information about order and orientaare fairly represented by this sample, about 80 Mb or about |3%
tion, and GigAssembler attempts to use linking data to infer suchkely range 2+4%) of sequence may lie in the 145,514 gaps within
information as far as possibBfé Starting with initial sequence draft sequenced clones.
contigs that were unordered and unoriented, the program placed The gaps between sequenced-clone contigs but within ®ngerprint
90% of the initial sequence contigs in the correct orientation anclone contigs are more dif®cult to evaluate directly, because the
85% in the correct order with respect to one another. In a separaieaft genome sequence "anking many of the gaps is often|not
test, GigAssembler was tested on simulated draft data produgedcisely aligned with the ®ngerprinted clones. However, most are
from ®nished sequence on chromosome 22 and similar results wengch smaller than a single BAC. In fact, nearly three-quarters of
obtained. these gaps are bridged by one or more individual BACs, as indigated
Some problems remain at all levels. First, errors in the initidly linking information from BAC end sequences. We measured the
seguence contigs persist in the merged sequence contigs built freimes of a subset of gaps directly by examining restriction fragment
them and can cause dif®culties in the assembly of the draft gend®megerprints of overlapping clones. A study of 157 “bridged' gaps and
sequence. Second, GigAssembler may fail to merge some o§Brunbridged' gaps gave an average gap size of 25 kb. Allowing for the
lapping sequences because of poor data quality, allelic differencgsassibility that these gaps may not be fully representative and|that
misassemblies of the initial sequence contigs; this may resultsiome restriction fragments are not included in the calculation, a more
apparent local duplication of a sequence. We have estimated donservative estimate of gap size would be 35 kb. This would indicate
various methods the amount of such artefactual duplication in thénat about 150 Mb or 5% of the human genome may reside in the
assembly from these and other sources to be about 100 Mb. On the76 gaps between sequenced-clone contigs. This sequence [should
other hand, nearby duplicated sequences may occasionally be inberreadily obtained as the clones spanning them are sequenced.
rectly merged. Some sequenced clones remain incorrectly placed ofhe size of the gaps between ®ngerprint clone contigs|was
the layout, as discussed above, and otherB.6%) remain unplaced. estimated by comparing the ®ngerprint maps to the essentially
The ®ngerprint map has undoubtedly failed to resolve some closetynpleted chromosomes 21 and 22. The analysis shows that the
related duplicated regions, such as the Williams region and sevé®alyerprinted BAC clones in the global database cover 97+9
highly repetitive subtelomeric and pericentric regions (see belowhe sequenced portions of those chromosdtheBhe published

®ngerprint map. However, many involve STSs that have bdandmark content remain dif®cult to place. Full utilization £f

Table 9 Distribution of PHRAP scores in the draft genome sequence

_ closure of such gaps on chromosomes 20 and 7 suggests thatmany
PHRAP score Percerg:ggrggbsfﬁe'r?cg‘e draft  of these gaps are less than one clone in length and will be closed by
clones from other libraries. However, recovery of sequence from

231919 2:2 these gaps represents the most challenging aspect of producing a
20£29 2.2 complete ®nished sequence of the human genome.

igfig g? As another measure of the representation of the BAC libraries,
0559 87 Riethmart®has found BAC or cosmid clones that link to telomeric
60+69 9.0 half-YACs or to the telomeric sequence itself for 40 of the 41 non-
70£79 12.1 satellite telomeres. Thus, the ®ngerprint map appears to have no
80+89 17.3 . . . ] . .

90 3 substantial gaps in these regions. Many of the pericentric regions are

i:.’.ll—ié./.-\.i:.’.;ga}é;.t;llr.tlelgiogarithmically based representation of the error probab lllg;illil/l\ll;;(l:grggfllallsolrepresented’ but analySIS is less Complete here (See belo )

Xcorresponds to an error probability of 10¥'°. Thus, PHRAP scores of 20, 30 and 40 correspond to Representation of random raw sequencde.another approach to
accuracy of 99%, 99.9% and 99.99%, respectively. PHRAP scores are derived from quality measuring Coverage we Compared a collection of random raw

scores of the underlying sequence reads used in sequence assembly. See http://www.genome. .. L]
washington.edu/UWGC/analysistools/phrap.htm. sequence reads to the existing draft genome sequence. In principle,
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the fraction of reads matching the draft genome sequence shoglohtigs but between sequenced clones (gaps of the second type
provide an estimate of genome coverage. In practice, the compane failed to identify clones in the ®ngerprint map (gaps of the thi

ison is complicated by the need to allow for repeat sequences, thee) but did identify clones in another large-insert library.

imperfect sequence quality of both the raw sequence and the diafthough these numbers are small, they are consistent with
genome sequence, and the possibility of polymorphism. Noneiew that the much of the remaining genome sequence lies wit
theless, the analysis provides a reasonable view of the extenalteady identi®ed clones in the current map.

which the genome is represented in the draft genome sequence Estimates of genome and chromosome sizésformed by this

) and
rd

the
hin

the public databases. analysis of genome coverage, we proceeded to estimate the sizes of
We compared the raw sequence reads against both the sequetiegenome and each of the chromosomes (Table 8). Beginning|with

used in the construction of the draft genome sequence and alltbe current assigned sequence for each chromosome, we corrected

GenBank using the BLAST computer program. Of the 5,615 rdar the known gaps on the basis of their estimated sizes |(see

sequence reads analysed (each containing at least 100 bp of etove). We attempted to account for the sizes of centromeres
tiguous non-repetitive sequence), 4,924 had a matcl$ &7% heterochromatin, neither of which are well represented in the dr.

and
aft

identity with a sequenced clone, indicating that®B8.5% of the sequence. Finally, we corrected for around 100 Mb of artefactual
genome was represented in sequenced clones. The estimatdujsication in the assembly. We arrived at a total human genome
subject to various uncertainties. Most serious is the proportion @fize estimate of around 3,200 Mb, which compares favourably with

repeat sequence in the remainder of the genome. If the unsequenpelious estimates based on DNA content.

portion of the genome is unusually rich in repeated sequence,We also independently estimated the size of the euchromatic
we would underestimate its size (although the excess would fartion of the genome by determining the fraction of the 5,615

comprised of repeated sequence). random raw sequences that matched the ®nished portion

of

We examined those raw sequences that failed to match twe human genome (whose total length is known with greater
comparing them to the other publicly available sequence resourcgsecision). Twenty-nine per cent of these raw sequences found a
Fifty (0.9%) had matches in public databases containing cDNiatch among 835 Mb of nonredundant ®nished sequence. [This

sequences, STSs and similar data. An additional 276 (or 43% of kbxads to an estimate of the euchromatic genome size of 2.9 Gb

This

remaining raw sequence) had matches to the whole-genome shaxgrees reasonably with the prediction above based on the length of

gun reads discussed above (consistent with the idea that these re¢laesiraft genome sequence (Table 8).
cover about half of the genome). Update.The results above re ect the data on 7 October 2000. N

ew

We also examined the extent of genome coverage by aligning tlaa are continually being added, with improvements being made to
cDNA sequences for genes in the RefSeq datagetthe draft the physical map, new clones being sequenced to close gaps and

genome sequence. We found that 88% of the bases of these cDNvast clones progressing to full shotgun coverage and ®nishing

The

could be aligned to the draft genome sequence at high stringencydedft genome sequence will be regularly reassembled and publicly

least 98% identity). (A few of the alignments with either the randomeleased.
raw sequence reads or the cDNAs may be to a highly similar regiorCurrently, the physical map has been re®ned such that

the

in the genome, but such matches should affect the estimate mmfmber of ®ngerprint clone contigs has fallen from 1,246 to 965;

genome coverage by considerably less than 1%, based ontli re ects the elimination of some artefactual contigs and
estimated extent of duplication within the genome (see below).) closure of some gaps. The sequence coverage has risen suc

he
h that

These results indicate that about 88% of the human genome96% of the human genome is now represented in the sequenced

represented in the draft genome sequence and about 94% in tlenes and more than 94% is represented in the combined publ

combined publicly available sequence databases. The ®gure of 888lable sequence databases. The total amount of ®nished seq

agrees well with our independent estimates above that about 3%now around 1 Gb.

5% and 4% of the genome reside in the three types of gap in the draft

genome sequence. Broad genomic landscape
Finally, a small experimental check was performed by screening a

icly
uence

large-insert clone library with probes corresponding to 16 of the&/hat biological insights can be gleaned from the draft sequence? In
whole genome shotgun reads that failed to match the draft genontnés section, we consider very large-scale features of the |draft
sequence. Five hybridized to many clones from different ®ngerprggnome sequence: the distribution of GC content, CpG islands

clone contigs and were discarded as being repetitive. Of thed recombination rates, and the repeat content and gene content of
remaining eleven, two fell within sequenced clones (presumabiye human genome. The draft genome sequence makes it possible to
within sequence gaps of the ®rst type), eight fell in ®ngerprint clomtegrate these features and others at scales ranging from individual
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Figure 105creen shot from UCSC Draft Human Genome Browser. See  Figure 11Screen shot from the Genome Browser of Project Ensembl. See
http://genome.ucsc.edu/. http://www.ensembl.org.
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nucleotides to collections of chromosomes. Unless noted, all arfieem these sites the entire draft genome sequence together with the

lyses were conducted on the assembled draft genome sequammtations in a computer-readable format. The sequences o
described above. underlying sequenced clones are all available through the p

Figure 9 provides a high-level view of the contents of the drasequence databases. URLs for these and other genome webs
genome sequence, at a scale of about 3.8 Mb per centimetreliéd in Box 2. A larger list of useful URLs can be found

course, navigating information spanning nearly ten orders efww.nhgri.nih.gov/igenome_hub. An introduction to using the

f the
ublic

tes are
at

magnitude requires computational tools to extract the full valuelraft genome sequence, as well as associated databases and analy-

We have created and made freely available various “Genome Briwal tools, is provided in an accompanying papér

sers' Browsers were developed and are maintained by the University addition, the human cytogenetic map has been integrated with

of California at Santa Cruz (Fig. 10) and the EnsEMBL project of thike draft genome sequence as part of a related project. The
European Bioinformatics Institute and the Sanger Centre (Fig. 1Besource Consortiutff established dense connections between

BAC
the

Additional browsers have been created; URLs are listed naaps using more than 7,500 sequenced large-insert clones that had

www.nhgri.nih.gov/genome_hub. These web-based computeren cytogenetically mapped by FISH; the average density ¢
tools allow users to view an annotated display of the draft genomeap is 2.3 clones per Mb. Although the precision of the integrat
sequence, with the ability to scroll along the chromosomes aisllimited by the resolution of FISH, the links provide a power
zoom in or out to different scales. They include: the nucleotid®ol for the analysis of cytogenetic aberrations in inherited dise
sequence, sequence contigs, clone contigs, sequence coveragaraithncer. These cytogenetic links can also be accessed throu
®nishing status, local GC content, CpG islands, known STS markéenome Browsers.

from previous genetic and physical maps, families of repeabng-range variation in GC content
sequences, known genes, ESTs and mRNAs, predicted genes, ShNP&xistence of GC-rich and GC-poor regions in the hum

f the
ion

ful
ases

ghthe

an

and sequence similarities with other organisms (currently thgenome was ®rstrevealed by experimental studies involving density

puffer®shTetraodon nigroviridisThese browsers will be updatedgradient separation, which indicated substantial variation in a

er-

as the draft genome sequence is re®ned and corrected as additiagal GC content among large fragments. Subsequent studies have
annotations are developed. indicated that these GC-rich and GC-poor regions may have
In addition to using the Genome Browsers, one can downloatifferent biological properties, such as gene density, composition
of repeat sequences, correspondence with cytogenetic bands and
Box 2 : : recombination rat€*'*’ Many of these studies were indirect, owing
Source's qf publlcly available sequence data and other relevant to the lack of suf®cient sequence data.
genomic information The draft genome sequence makes it possible to explore the

variation in GC content in a direct and global manner. Visual

http://genome.ucsc.edu/ inspection (Fig. 9) con®rms that local GC content underg

University of California at Santa Cruz
Contains the assembly of the draft genome sequence used in this paper and
updates

http://genome.wustl.edu/gsc/ human/Mapping/
Washington University
Contains links to clone and accession maps of the human genome

substantial long-range excursions from its genome-wide ave
of 41%. If the genome were drawn from a uniform distribution
GC content, the local GC content in a window of sidiep should
be 416 1((41)(59)/n)%. Fluctuations would be modest, with th
standard deviation being halved as the window size is quadruple
for example, 0.70%, 0.35%, 0.17% and 0.09% for windows of si
20, 80 and 320kb.

pes

rage

of

e
db

ze b5,

http:/fwww.ensembl.org The draft genome sequence, however, contains many regions with
SRR Caie _ _ ‘ . ~ much more extreme variation. There are huge regiondQ Mb)
Allows access to DNA and protein sequences with automatic baseline annotation with GC content far from the average. For example, the most distal
i AT e g e 48 Mb of chromosome 1p (from the telomere to about STS marker
NGB D1S3279) has an average GC content of 47.1%, and chromosome 13
Views of chromosomes and maps and loci with links to other NCBI resources has a 40-Mb region (roughly between STS marker AO05X38 and
http://www.ncbi.nlm.nih.gov/ genemap99/
Gene map 99: contains data and viewers for radiation hybrid maps of EST-based
STSs 12.000
http://compbio.ornl.gov/channel/index.html
Oak Ridge National Laboratory 10,000
Java viewers for human genome data
14
=
http://hgrep.ims.u-tokyo.ac.jp/ 8 8,000
RIKEN and the University of Tokyo §
Gives an overview of the entire human genome structure S
8‘ 6,000
http://snp.cshl.org/ 5
The SNP Consortium g
Includes a variety of ways to query for SNPs in the human genome E 4,000
z
http://www.ncbi.nlm.nih.gov/Omim/
Online Mendelian Inheritance in Man 2,000
Contain information about human genes and disease
http://www.nhgri.nih.gov/ELSI/ and http://www.ornl.gov/hgmis/elsi/elsi.html 0
NHGRI and DOE 20 25 30 35 40 45 50 55 60 65 70
Contains information, links and articles on a wide range of social, ethical and legal GC content
EEuEs Figure 1Histogram of GC content of 20-kb windows in the draft genomelsequence.
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Figure 13variation in GC content at various scales. The GC content in subrgiiond @®-a/1b region analysed in non-overlapping 20-kb windows. Middle
100-Mb region of chromosome 1 is plotted, starting at about 83 Mb from the libgi®nsd@Mb, analysed in 2-kb windows. Bottom, GC content of the ®rst
the draft genome sequence. This region is AT-rich overall. Top, the GC coimt&@tiGbiheindows. At this scale, gaps in the sequence can be seen.

stsG30423) with only 36% GC content. There are also examplesvofth rede®ning the concept so that it becomes possible rigora

GC conte
1Mb, anal

usly

large shifts in GC content between adjacent multimegabase regigagpartition the genome into regions. In the absence of a precise

For example, the average GC content on chromosome 17q is 588®nition, we will loosely refer to such regions as "GC con
for the distal 10.3 Mb but drops to 38% for the adjacent 3.9 Midomains' in the context of the discussion below.

There are regions of less than 300 kb with even wider swings in GEickettet al*?° have explored a model in which the underlying

content, for example, from 33.1% to 59.3%. preference for a particular GC content drifts continuously throug
Long-range variation in GC content is evident not just fromout the genome, an approach that bears further examinat

tent

h-
on.

extreme outliers, but throughout the genome. The distribution o€hurchilf?*has proposed that the boundaries between GC content
average GC content in 20-kb windows across the draft genomhemains can in some cases be predicted by a hidden Markov model,
sequence is shown in Fig. 12. The spread is 15-fold larger thaith one state representing a GC-rich region and one representing

predicted by a uniform process. Moreover, the standard deviati@m AT-rich region. We found that this approach tended to ident

ify

barely decreases as window size increases by successive factondyofery short domains of less than a kilobase (data not shown),

fourb5.9%, 5.2%, 4.9% and 4.6% for windows of size 5, 20, 80 armlit variants of this approach deserve further attention.

320 kb. The distribution is also notably skewed, with 58% below theThe correlation between GC content domains and various

average and 42% above the average of 41%, with a long tail of ®&@logical properties is of great interest, and this is likely to be
rich regions. most fruitful route to understanding the basis of variation in G

Bernardi and colleagu&&'*proposed that the long-range varia-content. As described below, we con®rm the existence of st
tion in GC content may re ect that the genome is composed of eorrelations with both repeat content and gene density. Using
mosaic of compositionally homogeneous regions that they dubbedegration between the draft genome sequence and the cytoge
‘isochores’ They suggested that the skewed distribution is comap described above, it is possible to con®rm a statisti
posed of ®ve normal distributions, corresponding to ®ve distinsigni®cant correlation between GC content and Giemsa bands
types of isochore (L1, L2, H1, H2 and H3, with GC contents dfands). For example, 98% of large-insert clones mapping to
, 38%, 38+42%, 42+47%, 47+52% an82%, respectively). darkest G-bands are in 200-kb regions of low GC content (ave

the
C
rong
the
netic
cally
5 (G-
the
rage

We studied the draft genome sequence to see whether stB@£6), whereas more than 80% of clones mapping to the lightest G-

isochores could be identi®ed. For example, the sequence tasds are in regions of high GC content (average 45%)stimated
divided into 300-kb windows, and each window was subdividelsand locations can be seen in Fig. 9 and viewed in the conte
into 20-kb subwindows. We calculated the average GC content fither genome annotation at http://genome.ucsc.edu/goldenP

xt of
ath/

each window and subwindow, and investigated how much of threapPlots/ and http://genome.ucsc.edu/goldenPath/hgTracks.html.

variance in the GC content of subwindows across the genome carQps islands

statistically “explained' by the average GC content in each wind@welated topic is the distribution of so-called CpG islands across the

About three-quarters of the genome-wide variance among 20-genome. The dinucleotide CpG is notable because it is gr

eatly

windows can be statistically explained by the average GC contentinfler-represented in human DNA, occurring at only about one-

300-kb windows that contain them, but the residual variance amor®@fth of the roughly 4% frequency that would be expected by sin
subwindows (standard deviation, 2.4%) is still far too large to baultiplying the typical fraction of Cs and Gs (0.2D.21). The
consistent with a homogeneous distribution. In fact, the hypothesie®cit occurs because most CpG dinucleotides are methylate
of homogeneity could be rejected for each 300-kb window in thtbe cytosine base, and spontaneous deamination of meth

ply

2d on
yl-C

draft genome sequence. residues gives rise to T residues. (Spontaneous deamination of
Similar results were obtained with other window and subwindowrdinary cytosine residues gives rise to uracil residues that are

sizes. Some of the local heterogeneity in GC content is attributable¢adily recognized and repaired by the cell.) As a result, me
transposable element insertions (see below). Such repeat elem€pts dinucleotides steadily mutate to TpG dinucleotides. Howe
typically have a higher GC content than the surrounding sequentiee genome contains many “CpG islands' in which CpG dinuc
with the effect being strongest for the most recent insertions.  tides are not methylated and occur at a frequency closer to
These results rule out a strict notion of isochores as compogiredicted by the local GC content. CpG islands are of partic
tionally homogeneous. Instead, there is substantial variation iaterest because many are associated with@eaés of gené&*'?/

hyl-
ver,
eo-
that
ular

many different scales, as illustrated in Fig. 13. Although isochoredVe searched the draft genome sequence for CpG islands. Ideally,

do not appear to merit the pre®x “iso, the genome clearly dotey should be de®ned by directly testing for the absence of cyt

osine

contain large regions of distinctive GC content and it is likely to beethylation, but that was not practical for this report. There are
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Table 10 Number of CpG islands by GC content

unusually low 2.9 islands per Mb, and chromosomes 16, 17 and 22
have 19+22 islands per Mb. The extreme outlier is chromosome 19,

GC content Number Percentage Nucleotides Percentage of ! . L . .

of island of islands of islands in islands nucleotides ~ With 43 islands per Mb. Similar trends are seen when considering the
in islands percentage of bases contained in CpG islands. The relative density of

Total 28,890 100 19,818,547 100 CpG islands correlates reasonably well with estimates of relative

'7(?3;/8% 58?; 2%-08 5 ui'gleg 1%-03 gene density on these chromosomes, based both on preyious

60+70% 18779 65 13110 924 66 mapping studies involving ESTs (Fig. 14) and on the distribution

50+60% 4,205 15 3,589,742 18 of gene predictions discussed below.

Potential CpG islands were identi®ed by searching the draft genome sequence one base ata ime, COMparison of genetic and physical distance

scoring each dinucleotide (+17 for GC; 1 for others) and identifying maximally scoring segments.
Each segment was then evaluated to determine GC content%(50%), length ( 200) and ratio of
observed proportion of GC dinucleotides to the expected proportion on the basis of the GC content

of the segment ( 0.60), using a modi®cation of a program developed by G. Micklem (personal recombination across the human chromosomes. We focus here on
communication).

CpG-containing regions), and the precise correspondence withromosomes. Figure 15 shows the comparison of the
experimentally undermethylated islands has not been validatggnome sequence for chromosome 12 with the male, femal
Nevertheless, there is a good correlation, and computational ars@x-averaged maps. One can calculate the approximate ratio of cM
lysis thus provides a reasonable picture of the distribution of Cpf@er Mb across a chromosome (re ected in the slopes in Fig. 15)|and
islands in the genome. the average recombination rate for each chromosome arm.
To identify CpG islands, we used the de®nition proposed by Two striking features emerge from analysis of these data. First, the
Gardiner-Garden and Fromm&f and embodied in a computer average recombination rate increases as the length of the chromo-
program. We searched the draft genome sequence for CpG islasdsne arm decreases (Fig. 16). Long chromosome arms haye an
using both the full sequence and the sequence masked to elimiraterage recombination rate of about 1cMper Mb, whereas|the
repeat sequences. The number of regions satisfying the de®nitioahafrtest arms are in the range of 2 cM per Mb. A similar trend has
a CpG island was 50,267 in the full sequence and 28,890 in tieen seen in the yeast gendthE? despite the fact that the physical
repeat-masked sequence. The difference re ects the fact that seeade is nearly 200 times as small. Moreover, experimental studies
repeat elements (notably Alu) are GC-rich. Although some of thebave shown that lengthening or shortening yeast chromosomes
repeat elements may function as control regions, it seems unlikedgults in a compensatory change in recombination’fate
that most of the apparent CpG islands in repeat sequences ardhe second observation is that the recombination rate tends to be
functional. Accordingly, we focused on those in the non-repeatetippressed near the centromeres and higher in the distal portions
sequence. The count of 28,890 CpG islands is reasonably close toftreost chromosomes, with the increase largely in the termjnal
previous estimate of about 35,000 (ref. 129, as modi®ed by ref. 130).
Most of the islands are short, with 60+70% GC content (Table 10).

More than 95% of the islands are less than 1,800 bp long, and more — 3
than 75% are less than 850bp. The longest CpG island (on | 1401 7
chromosome 10) is 36,619 bp long, and 322 are longer than 3,000 | 130f ]
bp. Some of the larger islands contain ribosomal pseudogenes,| 120f ¥
although RNA genes and pseudogenes account for only a small| 110f : : i
proportion of all islands ( 0.5%). The smaller islands are consis- 100F o
tent with their previously hypothesized function, but the role ofs 9or e 7
; X X > L .
these larger islands is uncertain. < 129 8 = K
The density of CpG islands varies substantially among some of 28_ e 2
the chromosomes. Most chromosomes have 5:15 islands per Mp, | | Nl B
with a mean of 10.5 islands per Mb. However, chromosome Y has &n ol : o Fadl
£ 0 o wod e |
25 2 30 é’. m—— po g i
3 201 - ’.“g-.' i
c ‘0'
10} o3 e .
220 9 24 o e [0 52
a DI St J
g 22417 10f ’,"v . .
915 <t 20F 7" 1
c 11,45 12 ¢ T
S 14,6 9 12,5 16 P 30rs .ot Sex-averaged
= 3470410 * 40( K * Male ]
© 10 g2 o « Female
5 4.°°5% 021 g0l |
2 13..18 ]_,'
g X* 60 L L L " L L L L L L L L L L
25 0 10 20 30/40 50 60 70 80 90 100 110 120 130 140
Centromere Position (Mb)
0 y y y y y Figure 1®istance in cM along the geneti i
o o 2o % 70 2 g g genetic map of chromosome 12 plotted against

Number of CpG islands per Mb

position in Mb in the draft genome sequence. Female, male and sex-averaged maps .
shown. Female recombination rates are much higher than male recombination rates.

Figure 14Number of CpG islands per Mb for each chromosome, plotted agéinstéised slopes at either end of the chromosome re ect the increased rates of
number of genes per Mb (the number of genes was taken from GeneMap9&¢@fmhidafjon per Mb near the telomeres. Conversely, the “atter slope near the
Chromosomes 16, 17, 22 and particularly 19 are clear outliers, with a densigndfoDpEse shows decreased recombination there, especially in male meiosis. This |
islands that is even greater than would be expected from the high gene coutygidat tifebe other chromosomes as well (see http://genome.ucsc.edu/goldenPath/
four chromosomes.
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mapPlots). Discordant markers may be map, marker placement or assembly errors.
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meiosis; this physical region of only 2.6 Mb has a genetic lengthrepeats, consisting of direct repetitions of relatively stkemers
50cM (corresponding to 20cM per Mb), with the result that asuch as (A), (CA), or (CGG),; (4) segmental duplications, con-
crossover is virtually assured. sisting of blocks of around 10+300 kb that have been copied from
Mechanistically, the increased rate of recombination on shortene region of the genome into another region; and (5) blocks of
chromosome arms could be explained if, once an initial recombingandemly repeated sequences, such as at centromeres, telomeres,
tion event occurs, additional nearby events are blocked by positibe short arms of acrocentric chromosomes and ribosomal gene
crossover interference on each arm. Evidence from yeast mutantslirsters. (These regions are intentionally under-represented in the
which interference is abolished shows that interference plays a Hegft genome sequence and are not discussed here.)
role in distributing a limited number of crossovers among the Repeats are often described as “junk’ and dismissed as uninterest-
various chromosome arms in yed&tAn alternative possibility is ing. However, they actually represent an extraordinary trove of
that a checkpoint mechanism scans for and enforces the presendefoirmation about biological processes. The repeats constitute a
at least one crossover on each chromosome arm. rich palaeontological record, holding crucial clues about evolu-
Variation in recombination rates along chromosomes antonary events and forces. As passive markers, they provide assays
between the sexes is likely to re ect variation in the initiation dfor studying processes of mutation and selection. It is possibl

possible to explore in an analogous manner whether variatisashuf ing existing genes, and modulating overall GC content.
in human recombination rates re ects systematic differences atso shed light on chromosome structure and dynamics,
chromosome accessibility during meiosis. provide tools for medical genetic and population genetic studi

Repeat content of the human genome majority component of the human genome. Although some of the

ity. For exampleHomo sapienkas a genome that is 200 times agsmerge.
large as that of the yeaSt cerevisiabut 200 times as small as that ofTransposon-derived repeats

3 genome as belonging to this class. Much of the remaining
‘unique’ DNA must also be derived from ancient transposable
element copies that have diverged too far to be recognized as

25 such. To describe our analyses of interspersed repeats, it is necessary

. brie'y to review the relevant features of human transposable
elements.
2 Classes of transposable elements. mammals, almost all trans
posable elements fall into one of four types (Fig. 17), of which three
- transpose through RNA intermediates and one transposes directly
15 as DNA. These are long interspersed elements (LINES), short
. . interspersed elements (SINEs), LTR retrotransposons and DNA
ot . . . transposons.
1 LINEs are one of the most ancient and successful inventions in
eukaryotic genomes. In humans, these transposons are about 6 kb
long, harbour an internal polymerase Il promoter and encode two
05 open reading frames (ORFs). Upon translation, a LINE RNA
assembles with its own encoded proteins and moves to the nucleus,
where an endonuclease activity makes a single-stranded nick and
0 5 " " . 50 100 130 190 160 the reverse transcriptase uses the nicked DNA to prime reverse
L transcription from the 3end of the LINE RNA. Reverse transcrip-
ength of chromosome arm (Mb) . . . .
tion frequently fails to proceed to thed®nd, resulting in man
Figure 16Rate of recombination averaged across the euchromatic portion dfea¢iated, nonfunctional insertions. Indeed, most LINE-derived
chromosome arm plotted against the length of the chromosome arm in Mbréeaigare short, with an average size of 900 bp for all LINE1 copies,
chromosomes, the average recombination rates are very similar, but as chraaigameeaian size of 1,070 bp for copies of the currently active
length decreases, average recombination rates rise markedly. LINE1 element (L1Hs). New insertion sites are "anked by a small

Recombination rate (cM per Mb)
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Classes of interspersed repeat in the human genome
Length Copy Fraction of
number genome
LINEs Autonomous ORFL  ORF2(pol)  jpa 6D8Kkb 850,000 21%
AB

SINEs Non-autonomous AAA 100D300 bp 1,500,000 13%
Retrovirus-like Autonomous g9ag pol (env) 6D11 K
elements 450,000 8%

Non-autonomous @39 1.5b3 k
DNA Autonomous transposase 2Db3 kb
transposon 300,000 3%
fossils

Non-autonomous 80D3,000 bp:

Figure 17AImost all transposable elements in mammals fall into one of four classes. See text for details.

target site duplication of 7£20 bp. The LINE machinery is believedntrast, DNA transposons cannot exerciseigpreference: the
to be responsible for most reverse transcription in the genomencoded transposase is produced in the cytoplasm and, wh
including the retrotransposition of the non-autonomous SINEs returns to the nucleus, it cannot distinguish active from inact
and the creation of processed pseudogén&€ Three distantly elements. As inactive copies accumulate in the genome, trans
related LINE families are found in the human genome: LINElion becomes less ef®cient. This checks the expansion of any
LINE2 and LINES. Only LINEL1 is still active. transposon family and in due course causes it to die out. To sur

en it
ve
posi-
DNA
ive,

SINEs are wildly successful freeloaders on the backs of LINNA transposons must eventually move by horizontal transfer
elements. They are short (about 100+400 bp), harbour an interrial virgin genomes, and there is considerable evidence for such

polymerase Il promoter and encode no proteins. These notransfet9+1%3
autonomous transposons are thought to use the LINE machineryTransposable elements employ different strategies to ensure

their

for transposition. Indeed, most SINEs °live' by sharing tBer8l evolutionary survival. LINEs and SINEs rely almost exclusively on

with a resident LINE elemetif. The promoter regions of all known vertical transmission within the host genofffgbut see refs 148
SINEs are derived from tRNA sequences, with the exception 01%5). DNA transposons are more promiscuous, requiring relati

ely

single monophyletic family of SINEs derived from the signdfequent horizontal transfer. LTR retroposons use both strategies,
recognition particle component 7SL. This family, which also doegith some being long-term active residents of the human genome
not share its 3end with a LINE, includes the only active SINE in th€such as members of the ERVL family) and others having only short

human genome: the Alu element. By contrast, the mouse has bo#isidence times.
tRNA-derived and 7SL-derived SINEs. The human genome con-
tains three distinct monophyletic families of SINEs: the active Aly

. . ‘Table 11 Number of copies and fraction of genome for classes of inter-
and the inactive MIR and Ther2/MIR3. spersed repeat P g

LTR retroposons are “anked by long terminal direct repeats that

. o Number of Total number of  Fraction of the  Number of
contain all of the necessary transcriptional regulato.ry elements. The copies ( 1,000) bases inthe draft draft genome  families
autonomous elements (retrotransposons) contajag and pol genome sequence (%) (subfamilies)
genes, which encode a protease, reverse transcriptase, RNAse H sequence (Mb)
and integrase. Exogenous retroviruses seem to have arisen fﬁ@)\*ﬁs 111333 ;gg-f llg-ég 10 20)
P u ) . .

endogenoltés retrotransposons by acquisition of a ce_zlhaltmelope MIR 393 0.1 220 11
gene é€ny**". Transposition occurs through the retroviral mechan- mirs 75 9.3 0.34 1(1)
ism with reverse transcription occurring in a cytoplasmic virus-like'T:fr\T‘E1 gfg 451(532'51; ig-gg 1
particle, primed by a tRNA (in contrast to the nuclear location and | ye, 315 88.2 322 1((2))
chromosomal priming of LINES). Although a variety of LTR retro- LINE3 37 8.4 0.31 1(2)
transposons exist, only the vertebrate-speci®c endogenous reffg-elements 443 221.0 8.29

; S . ERV-class | 112 79.2 2.89 72 (132)
viruses (ERVs) appear to have been active in the mammaliaBgryy-ciass 1 8 85 031 10 (20)
genome. Mammalian retroviruses fall into three classes (I1zIll),ERV (L)-class Il 83 39.5 1.44 21 (42)

i i T . MaLR 240 29.8 3.65 1(31)

each comprising many families wlth |!'1dep_er'1dent origins. Mosf °-° 04 76 > oa
(85%) of the LTR retroposon-derived “fossils' consist only of anpar group
isolated LTR, with the internal sequence having been lost by MER1-Charlie 182 38.1 139 25 (50)
homologous recombination between the “anking LTRs. Tczfg*r‘gjp 13 43 0.16 409
_ DNA transposons resemble pacterial transposons, h_aving term- mero-Tigger 57 28.0 1.02 12 (28)
inal inverted repeats and encoding a transposase that binds near thefc2 4 0.9 0.03 1(5)
inverted repeats and mediates mobility through a ‘cut-and-paste;,&?%ﬁ’_nke Y 20 P I 533»
mechanism. The human genome contains at least seven maj@inclassi®ed 22 3.2 0.12 7(7)
classes of DNA transposon, which can be subdivided into mapytiassieed 3 3.8 0.14 3(4)
families with independent origin€ (see RepBase, http://WWW.total interspersed 1,226.8 44.83

girinst.org/ server/repbase.html). DNA transposons tend to havereats

short life spans within a species. This can be explained by CONtrasé-number of copies and base pair contributions of the major classes and subclasses o

i iti nsposable elements in the human genome. Data extracted from a RepeatMasker analysis af
Ing the modes of transposmon of DNA transposons and LIN e draft genome sequence (RepeatMasker version 09092000, sensitive settings, using RepBasge

elements. LINE transposition tends to involve only functionalpdates.08). Incalculating percentages, RepeatMasker excluded the runs of Ns linking the contigs
elements owing to the:ispreference by which LINE proteins in the draft genome sequence. In the last column, separate consensus sequences in the repeal

databases are considered subfamilies, rather than families, when the sequences are closely related

assemble with the RNA from which they were translated. Bfelated through intermediate subfamilies.
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Census of human repeatsie began by taking a census of theransposon and, being generally under no functional constraint,

has

transposable elements in the draft genome sequence, usingcaumulated mutations randomly and independently of other
recently updated version of the RepeatMasker program (versioapies. We can infer the sequence of the ancestral active elements
09092000) run under sensitive settings (see http://repeatmaskesr.clustering the modern derivatives into phylogenetic trees and

genome.washington.edu). This program scans sequences to idettifiyding a consensus based on the multiple sequence alignmen
full-length and partial members of all known repeat familiesluster of copies. Using available consensus sequences for k

tofa
nown

represented in RepBase Update (version 5.08; see http://wwepeat subfamilies, we calculated the per cent divergence from the

girinst.org/, server/repbase.html and ref. 156). Table 11 shows timferred ancestral active transposon for each of three mil
number of copies and fraction of the draft genome sequeng@erspersed repeats in the draft genome sequence.

ion

occupied by each of the four major classes and the main subclasseEhe percentage of sequence divergence can be converted into an

The precise count of repeats is obviously underestimated becaagproximate age in millions of years (Myr) on the basis of eva
the genome sequence is not ®nished, but their density and ottienary information. Care is required in calibrating the clog
properties can be stated with reasonable con®dence. Currebigause the rate of sequence divergence may not be constan
recognized SINEs, LINEs, LTR retroposons and DNA transpostime or between lineag$ The relative-rate teSt can be used tg

lu-
K,
t over

copies comprise 13%, 20%, 8% and 3% of the sequence, resmadeulate the sequence divergence that accumulated in a lineage after
tively. We expect these densities to grow as more repeat familiesaagéven timepoint, on the basis of comparison with a sibling species

recognized, among which will be lower copy number LTR elemeritgat diverged at that time and an outgroup species. For example

,the

and DNA transposons, and possibly high copy number ancieatibstitution rate over roughly the last 25 Myr in the human lineage
(highly diverged) repeats. can be calculated by using old world monkeys (which diverged
Age distribution. The age distribution of the repeats in the humarabout 25 Myr ago) as a sibling species and new world monkeys as an

genome provides a rich “fossil record' stretching over seveoaitgroup. We have used currently available calibrations for
hundred million years. The ancestry and approximate age of eduiiman lineage, but the issue should be revisited as sequ
fossil can be inferred by exploiting the fact that each copy is deriviedormation becomes available from different mammals.

from, and therefore initially carried the sequence of, a then-activeFigure 18a shows the representation of various classes of {
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Figure 18Age distribution of interspersed repeats in the human and mouse tgemsposable elements with high and low Cp@, ddveetistribution, for the hu
Bases covered by interspersed repeats were sorted by their divergence fragaribeie, in bins corresponding to 1% increments in substitotibnd elatks.
consensus sequence (which approximates the repeat's original sequence gtopdiriatofbins representing roughly equal time periodsd)fEXfuidatent da

the
ence

rans-

man

[a

insertion). The average number of substitutions per 100 bp (subKlitwasn levet,available mouse genomic sequence. There is a different correspondence betwe

calculated from the mismatctplassuming equal frequency of all substitutionsutlsétution levels and time periods owing to different rates of nucleotide
one-parameter Jukes+ Cantor ikeded/4In(: 4/3p)). This model tendsto  the two species. The correspondence between substitution levels and tin
underestimate higher substitution levels. CpG dinucleotides in the consendamyeigreerived from three-way species comparisons (rel&iivéatithielse ag

substitutic
ne periods

o

excluded from the substitution level calculations betalisetistion rate in Cp@stimates based on fossil data. Human divergence from gibbon 20+30 Myr; old wo

pairs is about tenfold higher than other transitions and causes distortions imoork@adBe 35 Myr; prosimians 55+ 80 Myr; eutherian mammaliatO@Msti
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posable elements in categories re ecting equal amounts of sequendeénally, LTR retroposons appear to be teetering on the brink of
divergence. In Fig. 18b the data are grouped into four birextinction, if they have not already succumbed. For example, the
corresponding to successive 25-Myr periods, on the basis of most proli®c elements (ERVL and MaLRs) “ourished for more than
approximate clock. Figure 19 shows the mean ages of varidu¥ Myr but appear to have died out about 40 Myr &#§&* Only a
subfamilies of DNA transposons. Several facts are apparent fremgle LTR retroposon family (HERVK10) is known to have trans-
these graphs. First, most interspersed repeats in the human gengroged since our divergence from the chimpanzee 7 Myr ago, with
predate the eutherian radiation. This is a testament to the extremelgly one known copy (in the HLA region) that is not shared
slow rate with which nonfunctional sequences are cleared frametween all human®. In the draft genome sequence, we dan
vertebrate genomes (see below concerning comparison with the “igentify only three full-length copies with all ORFs intact (the
Second, LINE and SINE elements have extremely long lives. Breal total may be slightly higher owing to the imperfect state of
monophyletic LINE1 and Alu lineages are at least 150 and 80 Mire draft genome sequence).
old, respectively. In earlier times, the reigning transposons wereviore generally, the overall activity of all transposons has declined
LINE2 and MIR*® The SINE MIR was perfectly adapted fomarkedly over the past 35+50 Myr, with the possible exception of
reverse transcription by LINE2, as it carried the same 50-bdd&lE1 (Fig. 18). Indeed, apart from an exceptional burst of activity
sequence at its%end. When LINE2 became extinct 80+100 Myof Alus peaking around 40 Myr ago, there would appear to have
ago, it spelled the doom of MIR. been a fairly steady decline in activity in the hominid lineage since
Third, there were two major peaks of DNA transposon activitthe mammalian radiation. The extent of the decline must be even
(Fig. 19). The ®rst involved Charlie elements and occurred loggeater than it appears because old repeats are gradually remoyed by
before the eutherian radiation; the second involved Tigger elemerasdom deletion and because old repeat families are harder to
and occurred after this radiation. Because DNA transposons caatognize and likely to be under-represented in the repeat databases.
produce large-scale chromosome rearrangem@it¥ it is possible (We con®rmed that the decline in transposition is not an artefact
that widespread activity could be involved in speciation events. arising from errors in the draft genome sequence, which, in
Fourth, there is no evidence for DNA transposon activity in therinciple, could increase the divergence level in recent elements.
past 50 Myr in the human genome. The youngest two DNAirst, the sequence error rate (Table 9) is far too low to have a
transposon families that we can identify in the draft genomsigni®cant effect on the apparent age of recent transposons; and
sequence (MER75 and MERS85) show 6+7% divergence from thescond, the same result is seen if one considers only ®njshed
respective consensus sequences representing the ancestral elexaguence.)
(Fig. 19), indicating that they were active before the divergence oWhat explains the decline in transposon activity in the lineage
humans and new world monkeys. Moreover, these elements wkrading to humans? We return to this question below, in the context
relatively unsuccessful, together contributing just 125 kb to the draff the observation that there is no similar decline in the mouse
genome sequence. genome.
Comparison with other organismsWe compared the complement
of transposable elements in the human genome with those of the

8:000 + Charlie other sequenced eukaryotic genomes. We analysed the "y, worm
. 7,000 1= PigayBacike x and mustard weed genomes for the number and nature of repeats
g 6.000 11 :":;'"e* * (Table 12) and the age dISthlbutlon (Fig. 20)._ (For the 'y, we
< * Tigger analysed the 114 Mb of un®nished “large' contigs produced by the
2 5,000 4o nclassifed whole-genome shotgun assenttlywhich are reported to represent
s Zaphod euchromatic sequence. Similar results were obtained by analysing
g 4,000 : 30Mb of ®nished euchromatic sequence.) The human genome
2 3 000 . stands in stark contrast to the genomes of the other organisms.
5 . . . ¢ (1) The euchromatic portion of the human genome has a much
£ 2,000 ¥ higher density of transposable element copies than the euchromatic
§ 5 . DNA of the other three organisms. The repeats in the other
1,000 N N . organisms may have been slightly underestimated because the
0 & mr T, T oeggttete repeat databases for the other organisms are less complete than
0 005 0.1 015 0.2 0.25 0.3 0.35 0.4 forthehuman,especiallywith regardto older elements; onthe other
Average nucleotide substitution level for family hand, recent additions to these databases appear to increase the

repeat content only marginally.

transposons; Mariner, Tc2 and Tigger were Tcl-like elements. Unlike retropeseint, @igin. The difference is most marked with the "y, but is clear
transposons are thought to have a short life span in a genome. Thus, the aferdfiemther genomes as well. The accumulation of old repeats is
median divergence of copies from the consensus is a particularly accurate mé¢glyrdoflaee determined by the rate at which organisms engage in
age of the DNA transposon copies. “housecleaning' through genomic deletion. Studies of pseudogenes

Table 12 Number and nature of interspersed repeats in eukaryotic genomes

Human Fly Worm Mustard weed
Percentage Approximate Percentage Approximate Percentage Approximate Percentage Approximate
of bases number of of bases number of of bases number of of bases number of
families families families families
LINE/SINE 33.40% 6 0.70% 20 0.40% 10 0.50% 10
LTR 8.10% 100 1.50% 50 0.00% 4 4.80% 70
DNA 2.80% 60 0.70% 20 5.30% 80 5.10% 80
Total 44.40% 170 3.10% 90 6.50% 90 10.50% 160

The complete genomes of "y, worm, and chromosomes 2 and 4 of mustard weed (as deposited at ncbi.nlm.nih.gov/genbank/genomes) were screened against the repeats in RepBase Update 5.02
(September 2000) with RepeatMasker at sensitive settings.
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have suggested that small deletions occur at a rate that is 75-folduse with such representatives as the active IAP family land
higher in “ies than in mammals; the half-life of such nonfunctionaputatively active members of the long-lived ERVL and MaLR

DNA is estimated at 12 Myr for Ties and 800 Myr for mammiéls families. LINE1 and a variety of SINEs are quite active. These
The rate of large deletions has not been systematically compamaghlutionary ®ndings are consistent with the empirical observations
but seems likely also to differ markedly. that new spontaneous mutations are 30 times more likely tg be
(3) Whereas in the human two repeat families (LINE1 and Alu¢aused by LINE insertions in mouse than in human3@6 versus
account for 60% of all interspersed repeat sequence, the otldet%)™® and 60 times more likely to be caused by transposable
organisms have no dominant families. Instead, the worm, "y anelements in general. It is estimated that around 1 in 600 mutations
mustard weed genomes all contain many transposon families, eatihuman are due to transpositions, whereas 10% of mutation
consisting of typically hundreds to thousands of elements. Thisouse are due to transpositions (mostly IAP insertions).

25% in the other genomes. In contrast, the horizontally transmitteopulation structure and dynamics would seem to be likely
and shorter-lived DNA transposons represent only a small portigrects. Rodents tend to have large populations, whereas ho

elements may have its origin in the well developed immune systenay shed light on the forces responsible for the differences i

of mammals, as horizontal transfer requires infectious vectors, sumttivity of transposable elemetifs

as viruses, against which the immune system guards. Variation in the distribution of repeats. We next explored varia:
We also looked for differences among mammals, by comparitign in the distribution of repeats across the draft genome sequ

the transposons in the human and mouse genomes. As with thg calculating the repeat density in windows of various sizes ac

human genome, care is required in calibrating the substitution clotke genome. There is striking variation at smaller scales.

substitution level was an average of 1.7-fold higher in mouse thasith extremely high densities of Alu (56% at three loci, including
human (not shown). (This is likely to be an underestimate becausee on 7q11 with a 50-kb stretch of 61% Alu) and the ancien
of an ascertainment bias against the most diverged copies.) Trensposons MIR .( 15% on chromosome 1p36) and LIN
faster clock in mouse is also evident from the fact that the anciefpit 18% on chromosome 22q12).

LINE2 and MIR elements, which transposed before the mammalianin contrast, some genomic regions are nearly devoid of repe
radiation and are readily detectable in the human genome, canritithe absence of repeats may be a sign of large-Gisaggulatory
be readily identi®ed in available mouse genomic sequence (Fig. #8ments that cannot tolerate being interrupted by insertions.

, and

regulation.

It may be worth investigating other repeat-poor regions, such

1007 region on chromosome 8921 (1.5% repeat over 63 kb) containing a
gene encoding a homeodomain zinc-®nger protein (homologous to
mouse pID 9663936), a region on chromosome 1p36 (5% repeat
over 100 kb) with no obvious genes and a region on chromosome

©
o
!

@
o
!

B 250 Oldest

g

[2]

©

[}

[o%

2 701 . .

B 60 | | <25% 18022 (4% over 100 kb) containing three genes of unknown func-

é B <o0% tion (among which is KIAA0450). It will be interesting to see

2 07 ] B B B <150 whether the homologous regions in the mouse genome have
0

£ 404 = — H

5 3044 - - || O <100

c

'8 204 | || || || |:|<5% Youngest chr 22

o

S 104 1 —_— — -

a5 : : : chr2

& S $0«‘° 6&'5‘6‘&6 100 kb HoxD cluster
X ®\> &

Figure 2ITwo regions of about 1 Mb on chromosomes 2 and 22. Red bars, |interspers
Figure 20Comparison of the age of interspersed repeats in eukaryotic genaesatEhblue bars, exons of known genes. Note the de®cit of repeats in the HoxD cl
copies of repeats were pooled by their nucleotide substitution level from thevbartsenstains a collection of genes with complex, interrelated regulation.
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Figure 22Density of the major repeat classes as a function of local GC content, in windows of 50 kb.
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Figure 2DNA transposon copies in AT-rich DNA tend to be younger than
—— AluY < 1% (<1 Myr) AluSc (25D35 Myr)

—=— AluY 1D4% (1D5 Myr)  —*— AluS (35960 Myr)

ALY > 4% (530 Myr)  —e— Alud, FAM (60D100 Myr) median substitution level (see Fig. 19). The proportion attributed to each

shown as a function of GC content. Similar patterns are seen for LINE1 anc

Figure 23Alu elements target AT-rich DNA, but accumulate in GC-rich DNA. This graph

shows the relative distribution of various Alu cohorts as a function of local GC c%ilgnt. The

divergence levels (including CpG sites) and ages of the cohorts are showni _cumulate_ i_n GC-rich DNA, particularly if they depend
9 ( 9=p ) 9 the LINE transposition machinet{?? Notably, the same pattern

hose in mor:

GC-rich DNA. DNA transposon families were grouped into ®ve age categories by thi

age class is
LTReleme

on
S

seen for the Alu-like B1 and the tRNA-derived SINEs in mouse and
similarly resisted the insertion of transposable elements durifigr MIR in human'*2 One possibility is that SINEs somehow target

rodent evolution. GC-rich DNA for insertion. The alternative is that SINEs initia

Distribution by GC content. We next focused on the correlationinsert with the same proclivity for AT-rich DNA as LINEs, but that

ly

between the nature of the transposons in a region and its Gfte distribution is subsequently reshaped by evolutionary

content. We calculated the density of each repeat type as a functforces**"?
of the GC content in 50-kb windows (Fig. 22). As has been We used the draft genome sequence to investigate this myste

ry by

reported*>+78 | INE sequences occur at much higher density inomparing the proclivities of young, adolescent, middle-aged and

AT-rich regions (roughly fourfold enriched), whereas SINEs (MIRgld Alus (Fig. 23). Strikingly, recent Alus show a preference for
Alu) show the opposite trend (for Alu, up to ®vefold lower in AT-rich DNA resembling that of LINES, whereas progressively o
rich DNA). LTR retroposons and DNA transposons show a mor&lus show a progressively stronger bias towards GC-rich D

AT-
Ider
NA.

uniform distribution, dipping only in the most GC-rich regions. These results indicate that the GC bias must result from strong

The preference of LINEs for AT-rich DNA seems like a reasonalpleessure: Fig. 23 shows that a 13-fold enrichment of Alus in GC+

rich

way for a genomic parasite to accommodate its host, by targetibgNA has occurred within the last 30 Myr, and possibly more

gene-poor AT-rich DNA and thereby imposing a lower mutationatecently.

burden. Mechanistically, selective targeting is nicely explained byrhese results raise a new mystery. What is the force that produces

the fact that the preferred cleavage site of the LINE endonucleasthés great and rapid enrichment of Alus in GC-rich DNA? O
TTTT/A (where the slash indicates the point of cleavage), whichégplanation may be that deletions are more readily toleratec
used to prime reverse transcription from the poly(A) tail of LINEgene-poor AT-rich regions than in gene-rich GC-rich regio

ne
1 in
ns,

RNA, resulting in older elements being enriched in GC-rich regions.

The contrary behaviour of SINEs, however, is baf ing. How d8uch an enrichment is seen for transposable elements su
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DNA transposons (Fig. 24). However, this effect seems too slow agehe-poor and tolerates the accumulation of other transposable
too small to account for the observed remodelling of the Alelements. The third seems more feasible, in that it involves selecting
distribution. This can be seen by performing a similar analysis for favour of the minority of Alus in GC-rich regions rather than
LINE elements (Fig. 25). There is no signi®cant change in the LIldgainst the majority that lie in AT-rich regions. But positive
distribution over the past 100 Myr, in contrast to the rapid changselection for Alus in GC-rich regions would imply that they bene®t
seen for Alu. There is an eventual shift after more than 100 Myhe organism.
although its magnitude is still smaller than seen for Alus. Schmid®has proposed such a function for SINEs. This hypoth-
These observations indicate that there may be some force act@sis is based on the observation that in many species SINEs are
particularly on Alus. This could be a higher rate of random loss @fanscribed under conditions of stress, and the resulting RNAs
Alus in AT-rich DNA, negative selection against Alus in AT-riclspeci®cally bind a particular protein kinase (PKR) and block its
DNA or positive selection in favour of Alus in GC-rich DNA. ability to inhibit protein translatio®*!#3 SINE RNAs would thu
The ®rst two possibilities seem unlikely because AT-rich DNApsomote protein translation under stress. SINE RNA may be well
suited to such arole in regulating protein translation, because itican
be quickly transcribed in large quantities from thousands| of

20 elements and it can function without protein translation. Under
18 this theory, there could be positive selection for SINEs in readily
2, transcribed open chromatin such as is found near genes. This could
ﬁ £ 16 _A explain the retention of Alus in gene-rich GC-rich regions. Itis also
= é 1.4 consistent with the observation that SINE density in AT-rich DNA is
ee ., (\ \ higher near gen&®
gc Further insight about Alus comes from the relationship between
cz 1.0 - Alu density and GC content on individual chromosomes (Fig. 26).
25 os There are two outliers. Chromosome 19 is even richer in Alus than
%3 \\ \ predicted by its (high) GC content; the chromosome comprises|2%
5¢ 0.6 N of the genome, but contains 5% of Alus. On the other hand,
% 3 04 = chromosome Y shows the lowest density of Alus relative to its| GC
i 02 \3\\ content, being higher than average for GC content less than 40%
’ o and lower than average for GC content over 40%. Even in AT-fich
00— ' e 9o v e o' s oo DNA, Alus are under-represented on chromosome Y compared
P e e e L e E & 8 » with other young interspersed repeats (see below). These phenom-
S A ST ena may be related to an unusually high gene density on chromo-
GC content bins (%) . . .
some 19 and an unusually low density of somatically active genes on
——L1PA (0D65 Myr) L1MB (1009150 Myr) chromosome Y (both relative to GC content). This would be
—=— | 1PB (50080 Myr) —*%—L1M4 (80D150 Myr) consistent with the idea that Alu correlates not with GC content
L1IMA (509100 Myr) but with actively transcribed genes.

Our results may support the controversial idea that Sl

divergence levels and ages of the cohorts are shown in the key. (The divergepkeié¥éle needed to prove or disprove the hypothesis that S|
were measured for tB&/BR of the LINE1 element only, which is best characigézgénomic symbionts.

corresponds to a much longer time than for CpG-rich Alu copies). that nucleotide substitution is not uniform across mammalian
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Figure 28Comparison of the Alu density of each chromosome as a function ohiforah @Cmost chromosomes, with the exception of a 1.5 to 2-fold over-representa
content. At higher GC levels, the Alu density varies widely between chromasémes;iwidgions of the X and Y chromosomes (not shown).
chromosome 19 being a particular outlier. In contrast, the LINE1 density pattern is quite
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genome¥**1¥7 By studying sets of repeat elements belonging tolANA replication, to become depleted late in the cell cycle, theteby
common cohort, one can directly measure nucleotide substitutiaresulting in a small but signi®cant shift in substitution towaed
rates in different regions of the genome. We ®nd strong eviderzzse pairs®®® Another theory proposes that many substitutions
that the pattern of neutral substitution differs as a function of locahre due to differences in DNA repair mechanisms, possibly related
GC content (Fig. 27). Because the results are observed in repetitovéranscriptional activity and thereby to gene density and GC
elements throughout the genome, the variation in the pattern aontent® 891
nucleotide substitution seems likely to be due to differences in theThere is also an absolute bias in substitution patterns resulting in
underlying mutational process rather than to selection. directional pressure towards lower GC content throughout the
The effect can be seen most clearly by focusing on the substituttman genome. The genome is not at equilibrium with respect to
procesg $ a, whereg denotes GC or CG base pairs andenotes the pattern of nucleotide substitution: the expected equilibrium GC
AT or TA base pairs. Kis the equilibrium constant in the direction content corresponding to the valuestoébove is 29, 35 and 44% for
of a base pairs (de®ned by the ratio of the forward and reversgions with average GC contents of 37, 43 and 50%, respectively.
rates), then the equilibrium GC content should be 1/(K} Two Recent observations on SNPgon®rm that the mutation patter
observations emerge. in GC-rich DNA is biased towardsbase pairs; it should be possible
First, there is a regional bias in substitution patterns. Th® perform similar analyses throughout the genome with the
equilibrium constant varies as a function of local GC content: availability of 1.4 million SNF$'* On the basis solely of nucleotide
base pairs are more likely to mutate towaadsase pairs in AT-rich substitution patterns, the GC content would be expected to be about
regions than in GC-rich regions. For the analysis in Fig. 27, tH&6 lower throughout the genome.
equilibrium constant is 2.5, 1.9 and 1.2 when the draft genome What accounts for the higher GC content? One possible explana-
sequence is partitioned into three bins with average GC contenttain is that in GC-rich regions, a considerable fraction of the
37, 43 and 50%, respectively. This bias could be due to a reportadtleotides is likely to be under functional constraint owing [to
tendency for GC-rich regions to replicate earlier in the cell cyclee high gene density. Selection on coding regions and regulatory
than AT-rich regions and for guanine pools, which are limiting folCpG islands may maintain the higher-than-predicted GC content.
Another is that throughout the rest of the genome, a constant in Jux
of transposable elements tends to increase GC content (Fig| 28).

20 Young repeat elements clearly have a higher GC content than their
18 Average background | | surrounding regions, except in extremely GC-rich regions. Mare-

—l nucleotide composition over, repeat elements clearly shift with age towards a lowenr GC
16 4 Os7wcc || content, closer to that of the neighbourhood in which they reside.
W 43%GC Much of the “non-repeat' DNA in AT-rich regions probably consists

14 4 Osowce H  of ancient repeats that are not detectable by current methods|and

that have had more time to approach the local equilibrium value.

g
Py
35
88 7] The repeats can also be used to study how the mutation process is
§§ 10 4 affected by the immediately adjacent nucleotide. Such “context
25 effects’ will be discussed elsewhere (A. Kas and A. F. A. Smit,
88 84 unpublished results).
2 ; Fast living on chromosome YThe pattern of interspersed repeats
3 677 can be used to shed light on the unusual evolutionary history of
c

chromosome Y. Our analysis shows that the genetic material on

65

G—A A—G G—T A—C A—T G—C —&— AlIDNA
C—T T—C C—A T—G T—A Cc—G 60 7| —H— Young interspersed repeats
(<10% divergence)

All interspersed repeats
Figure 2B ubstitution patterns in interspersed repeats differ as a function of G°\§ &8riter Non-repeat DNA
We collected all copies of ®ve DNA transposons (Tiggerl, Tigger2, Charlieg, MERI-arm
HSMARZ2), chosen for their high copy number and well de®ned consensus%egbl nces
DNA transposons are optimal for the study of neutral substitutions: they do n§t segfegate
into subfamilies with diagnostic differences, presumably because they are shrt-livg
new active families do not evolve in a genome (see text). Duplicates and closg peralogues -
resulting from duplication after transposition were eliminated. The copies wede grouped /
on the basis of GC content of the "anking 1,000 bp on both sides and aligne@ %tke

consensus sequence (representing the state of the copy at integration). Recursive|efforts

using parameters arising from this study did not change the alignments signi®cartly.

Alignments were inspected by hand, and obvious misalignments caused by inse?#fiq]
duplications were eliminated. Substittiti@8(00) were counted for each position

in the consensus, excluding those in CpG dinucleotides, and a substitution fregyigncy : : : : : : : : : :
matrix was de®ned. From the matrices for each repeat (which corresponded to diffesgnt 39 43 47 51 >54
ages), a single rate matrix was calculated for these bins of, G@eb@ENU0+ GC content of genome DNA (%)

47% GC and 47% GC). Data are shown for a repeat with an average divergence (in

Type of substitution

non-CpG sites) of 18% in 43% GC content (the repeat has slightly higher diguge@8eterspersed repeats tend to diminish the differences between GC bins, despi
AT-rich DNA and lower in GC-rich DNA). From the rate matrix, we calculatedtiog filot iihao@ C-rich transposable elements (speci®cally Alu) accumulate|in GC-rich L
matrices with different entropies (divergence levels), which are theoreticallgrmpAfaldbrelements (LINE1) in AT-rich DNA. The GC content of particular componen
alignments of neutrally diverged copies to their common ancestral state (Athéasegpuence (repeats, young repeats and non-repeat sequence) was calculated as

A. F. A. Smit, unpublished). These matrices are in use by the RepeatMaskiemptagrarhoverall GC content.
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chromosome Y is unusually young, probably owing to a highActive transposonsWe were interested in identifying the youngest
tolerance for gain of new material by insertion and loss of olgetrotransposons in the draft genome sequence. This set should
material by deletion. Several lines of evidence support this pictuoentain the currently active retrotransposons, as well as the inser-
Forexample, LINE elements on chromosome Y are on average mtioh sites that are still polymorphic in the human population.
younger than those on autosomes (not shown). Similarly, MaLR- The youngest branch in the phylogenetic tree of human LI
family retroposons on chromosome Y are younger than those @tements is called L1Hs (ref. 158); it differs in ig&suBtranslated
autosomes, with the representation of subfamilies showing a stramgjion (UTR) by 12 diagnostic substitutions from the next oldest
inverse correlation with the age of the subfamily. Moreover, chreubfamily (L1PA2). Within the L1Hs family, there are two
mosome Y has a relative over-representation of the younger reteubsets referred to as Ta and pre-Ta, de®ned by a diagnostic
viral class Il (ERVK) and a relative under-representation of thieinucleotide®>%¢ All active L1 elements are thought to belong|to
primarily older class Il (ERVL) compared with other chromo-these two subsets, because they account for all 14 known cases of
somes. Overall, chromosome Y seems to maintain a youthfulman disease arising from new L1 transposition (with 13 belong-
appearance by rapid turnover. ing to the Ta subset and one to the pre-Ta suld$et)® These
Interspersed repeats on chromosome Y can also be usedstibsets are also of great interest for population genetics because at
estimate the relative mutation rates,, and a;, in the male and least 50% are still segregating as polymorphisms in the human
female germlines. Chromosome Y always resides in males, whepeasilation'*'?7 they provide powerful markers for tracin
chromosome X resides in females twice as often as in males. Pbpulation history because they represent unique (non-recurrent
substitution ratesyy, and ik, on these two chromosomes shouldand non-revertible) genetic events that can be used (along
thus be in the ratiom:nx = (am):(am + 2a;)/3, provided that one similarly polymorphic Alus) for reconstructing human migrations.

within a large segmental duplication from X to Y that occurred 3 +tetrotransposition-competeff’-202203
Myr ago in the human lineage. On the basis of phylogenetic analysisVe searched the draft genome sequence and identi®ed 535
of the sequence on human Y and human, chimp and gorilla X, théglonging to the Ta subset and 415 belonging to the pre-Ta supset.
obtained a much lower estimate of:mx = 1.36, corresponding to These elements provide a large collection of tools for probing
am:as = 1.7. They suggested that the other estimates may have beeman population history. We also identi®ed those consisting of
higher because they were based on much longer evolution&mil-length elements with intact ORFs, which are candidate active
periods or because the genes studied may have been under seledtidiEs. We found 39 such elements belonging to the Ta subset and
Our database of human repeats provides a powerful resource & belonging to the pre-Ta subset; this substantially increases the
addressing this question. We identi®ed the repeat elements frammber in the ®rst category and provides the ®rst known examples
recent subfamilies (effectively, birth cohorts dating from the past the second category. These elements can now be tested for
50 Myr) and measured the substitution rates for subfamily memberstrotransposition competence in the cell culture assay. Preliminary
on chromosomes X and Y (Fig. 29). There is a clear linear relaticemalysis resulted in the identi®cation of two of these elements as the
ship with a slope ofry.mk = 1.57 corresponding ta,:a; = 2.1. The likely progenitors of mutagenic insertions into theglobin and
estimate is in reasonable agreement with that of Bagk although RP2 genes (R. Badge and J. V. Moran, unpublished data). Si
itis based on much more total sequence (360 kb on Y, 1.6 Mb on Ahalyses should allow the identi®cation of the progenitors of
and a much longer time period. In particular, the discrepancy with not all, other known mutagenic L1 insertions.
earlier reports is not explained by recent changes in the humanL1 elements can carry extra DNA if transcription extends through
lineage. Various theories have been proposed for the higher mutlae native transcriptional termination site into “anking genomic
tion rate in the male germline, including the greater number of celdDNA. This process, termed L1-mediated transduction, provides a
divisions in the formation of sperm than eggs and different repaimeans for the mobilization of DNA sequences around the genome
mechanisms in sperm and eggs. and may be a mechanism for “exon shuf ity Twenty-one per
cent of the 71 full-length L1s analysed contained non-L1-derived
sequences before th@t8rget-site duplication site, in cases in whi

10 the site was unambiguously recognizable. The length of the trans-
duced sequence was 30+970 bp, supporting the suggestion that 0.5+
5 1.0% of the human genome may have arisen by LINE-based
B transduction of ® anking sequencé%*¢
6 / Our analysis also turned up two instances @ftfansduction
5 §> 5 (145 bp and 215 bp). Although this possibility had been suggested
g / on the basis of cell culture mod&R2® these are the ®rst docu-
33 / mented examples. Such events may arise from transcription initiat-
38 ing in a cellular promoter upstream of the L1 elements. [L1
g 5] / transcription is generally con®ned to the germith&® but
/ transcription from other promoters could explain a somatic L1
0 T T retrotransposition event that resulted in colon carfter
0 5 10 Transposons as a creative forc&he primary force for the origin
Median substitution level of and expansion of most transposons has been selection for their

repeat subfamily on X (%) ability to create progeny, and not a selective advantage for the host.

Figure 2Higher substitution rate on chromosome Y than on chromosome ¥lawever, these sel®sh pieces of DNA have been responsible for
calculated the median substitution level (excluding CpG sites) for copies of tHatpestestieiinovations in many genomes, for example by contri-

L1 subfamilies (L1Hs+L1PAS8) on the X and Y chromosom@tlTBbf the 81 buting regulatory elements and even new genes.
element was considered because its consensus sequence is best establishedwenty human genes have been recognized as probably derived

NATURE| VOL 409 15 FEBRUARY 200@ww.nature.com A2 © 2001 Macmillan Magazines Ltd 887



articles

from transposon$??® These include the RAG1 and RAG2 recomilike termini show the typical divergence level of such elements)
binases and the major centromere-binding protein CENPB. Wg actively transcribed provides strong evidence that it has
scanned the draft genome sequence and identi®ed another 27 casiegted by the human genome as a gene. Its function is unkng
bringing the total to 47 (Table 13; refs 142, 209). All but four are LINEL1 activity clearly has also had fringe bene®ts. We menti
derived from DNA transposons, which give rise to only a smadlbove the possibility of exon reshufing by cotranscription
proportion of the interspersed repeats in the genome. Why there areighbouring DNA. The LINE1 machinery can also cause rev
so many DNA transposase-like genes, many of which still contamanscription of genic mMRNAs, which typically results in nonfun
the critical residues for transposase activity, is a mystery. tional processed pseudogenes but can, occasionally, give r
To illustrate this concept, we describe the discovery of one of thenctional processed genes. There are at least eight human
new examples. We searched the draft genome sequence to ideriifjit mouse genes for which evidence strongly supports suc
the autonomous DNA transposon responsible for the distributionrigin®! (see http://www-i®.uni-muenster.de/exapted-retrogen
of the non-autonomous MERS85 element, one of the most recentlgbles.html). Many other intronless genes may have been cre
(40+£50 Myr ago) active DNA transposons. Most non-autonomodus the same way.
elements are internal deletion products of a DNA transposon. We Transposons have made other creative contributions to
identi®ed one instance of a large (1,782 bp) ORF "anked by @hedgenome. A few hundred genes, for example, use transcripti
and ®Phalves of a MER85 element. The ORF encodes a novel proteinminators donated by LTR retroposons (data not shown). Ot
(partially published as pID 6453533) whose closest homologuegisnes employ regulatory elements derived from repeat elefte
the transposase of the piggyBac DNA transposon, which is found3imple sequence repeats
insects and has the same characteristic TTAA target-sBanple sequence repeats (SSRs) are a rather different ty
duplicationg' as MERS85. The ORF is actively transcribed in fetadpetitive structure that is common in the human genomeD perfg
brain and in cancer cells. That it has not been lost to mutation ior slightly imperfect tandem repeats of a particldaner. SSRs with
40+50 Myr of evolution (whereas the "anking, noncoding, MER8%a short repeat unitif = 1+13 bases) are often termed micros

Table 13 Human genes derived from transposable elements

GenBank ID* Gene name Related transposon family? Possible fusion gene§ Newly recognized derivako
niD 3150436 BC200 FLAM Alu?
pID 2330017 Telomerase non-LTR retrotransposon
pID 1196425 HERV-3 env Retroviridae/HERV-R?
pID 4773880 Syncytin Retroviridae/HERV-W3
pID 131827 RAG1 and 2 Tcl-like
pID 29863 CENP-B Tcl/Pogo
EST 2529718 Tcl/Pogo +
PID 10047247 Tc1/Pogo/Pogo +
EST 4524463 Tcl/Pogo/Pogo +
pID 4504807 Jerky Tcl/Pogo/Tigger
pID 7513096 JRKL Tcl/Pogo/Tigger
EST 5112721 Tcl/Pogo/Tigger +
EST 11097233 Tcl/Pogo/Tigger +
EST 6986275 Sancho Tcl/Pogo/Tigger
EST 8616450 Tcl/Pogo/Tigger +
EST 8750408 Tcl/Pogo/Tigger +
EST 5177004 Tcl/Pogo/Tigger +
PID 3413884 KIAA0461 Tcl/Pogo/Tc2 +
PID 7959287 KIAA1513 Tcl/Pogo/Tc2 +
PID 2231380 Tcl/Mariner/Hsmarl3 +
EST 10219887 hAT/Hobo + +
PID 6581095 Busterl hAT/Charlie +
PID 7243087 Buster2 hAT/Charlie +
PID 6581097 Buster3 hAT/Charlie
PID 7662294 KIAA0766 hAT/Charlie +
PID 10439678 hAT/Charlie +
PID 7243087 KIAA1353 hAT/Charlie +
PID 7021900 hAT/Charlie/Charlie3? +
PID 4263748 hAT/Charlie/Charlie83 +
EST 8161741 hAT/Charlie/Charlie93 +
pID 4758872 DAP4,pP52'"¢ hAT/Tip100/Zaphod
EST 10990063 hAT/Tip100/Zaphod +
EST 10101591 hAT/Tip100/Zaphod +
pID 7513011 KIAA0543 hAT/Tip100/Tip100 +
pID 10439744 hAT/Tip100/Tip100 +
pID 10047247 KIAA1586 hAT/Tip100/Tip100 +
pID 10439762 hAT/Tip100 + +
EST 10459804 hAT/Tip100 +
pID 4160548 Tramp hAT/Tam3 +
BAC 3522927 hAT/Tam3 +
pID 3327088 KIAA0637 hAT/Tam3 +
EST 1928552 hAT/Tam3 +
pID 6453533 piggyBac/MER853 +
EST 3594004 piggyBac/MER853 +
BAC 4309921 piggyBac/MER853 +
EST 4073914 piggyBac/MER753 +
EST 1963278 piggyBac +

The Table lists 47 human genes, with a likely origin in up to 38 different transposon copies.

*Where available, the GenBank ID numbers are given for proteins, otherwise a representative EST or a clone name is shown. Six groups (two or three genes each) have similarity at the DNA level well b}
that observed between different DNA transposon families in the genome; they are indicated in italics, with all but the initial member of each group indented. This could be explained if the genes
paralogous (derived from a single inserted transposon and subsequently duplicated).

2Classi®cation of the transposon.

3 Indicates that the transposon from which the gene is derived is precisely known.

§ Proteins probably formed by fusion of a cellular and transposon gene; many have acquired zinc-®nger domains.

kNot previously reported as being derived from transposable element genes. The remaining genes can be found in refs 142, 209.
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Table 14 SSR content of the human genome the population. In fact, analysis of the draft genome sequence shows
that chromosome X has the same density of ((&peats per Mb a

Length of repeat unit Average bases per Mb Average number of SSR 3 .
elements per Mb the autosomes (data not shown). Thus, the de®cit of polymorphic

1 1,660 36.7 markers relative to autosomes results from population genetic

2 5,046 43.1 forces. Possible explanations include that chromosome X has a

i ;gég ;;S smaller effective population size, experiences more frequent selec-

5 2,686 176 tive sweeps reducing diversity (owing to its hemizygosity in males),

6 1,376 15.2 or has a lower mutation rate (owing to its more frequent passage

! Lo o through the less mutagenic female germline). The availability of the

9 '900 8.6 draft genome sequence should provide ways to test these alternative

10 1576 8.6 explanations.

SSRs were identi®ed by using the computer program Tandem Repeat Finder with the following A remarkable feature of the human genome is the segm ntal

parameters: match score 2, mismatch score 3, indel 5, minimum alignment 50, maximum repeat

length 500, minimum repeat length 1. duplication of portions of genomic sequert®?’ Such duplica-

are often termed minisatellites. With the exception of poly(A) tailarranged, suggesting mechanisms other than unequal crossing-over
from reverse transcribed messages, SSRs are thought to aristrbtheir origin. They are relatively recent, inasmuch as strong
slippage during DNA replicatigi?'3 sequence identity is seen in both exons and introns (in contrast to
We compiled a catalogue of all SSRs over a given length in tlegions that are considered to show evidence of ancient duplica-
human draft genome sequence, and studied their propertiions, characterized by similarities only in coding regions). Indeed,
(Table 14). SSRs comprise about 3% of the human genome, witfany such duplications appear to have arisen in very recent
the greatest single contribution coming from dinucleotide repeatyolutionary time, as judged by high sequence identity and by
(0.5%). (The precise criteria for the number of repeat units and thieir absence in closely related species.
extent of divergence allowed in an SSR affect the exact census, b8egmental duplications can be divided into two categories. First,
not the qualitative conclusions.) interchromosomal duplications are de®ned as segments that are
There is approximately one SSR per 2 kb (the number of nokluplicated among nonhomologous chromosomes. For example, a
overlapping tandem repeats is 437 per Mb). The catalogue con®@is-kb genomic segment of the adrenoleukodystrophy locus from
various properties of SSRs that have been inferred from samplig28 has been duplicated to regions near the centromeres of
approaches (Table 15). The most frequent dinucleotide repeats ahgomosomes 2, 10, 16 and 22 (refs 218, 219). Anecdotal observations
AC and AT (50 and 35% of dinucleotide repeats, respectivelpyggest that many interchromosomal duplications map near|the
whereas AG repeats (15%) are less frequent and GC repeats (0.dé€ajromeric and telomeric regions of human chromosoities®
are greatly under-represented. The most frequent trinucleotides ard’ he second category is intrachromosomal duplications, which
AAT and AAC (33% and 21%, respectively), whereas ACC (4.0%f¥cur within a particular chromosome or chromosomal arm. This
AGC (2.2%), ACT (1.4%) and ACG (0.1%) are relatively rareategory includes several duplicated segments, also known as low
Overall, trinucleotide SSRs are much less frequent than dinucleoti®y repeat sequences, that mediate recurrent chromosomal struc-
SSR&* tural rearrangements associated with genetic di$&&¥&Examples
SSRs have been extremely important in human genetic studies,chromosome 17 include three copies of a roughly 200-kb repeat
because they show a high degree of length polymorphism in teeparated by around 5 Mb and two copies of a roughly 24-kb repeat
human population owing to frequent slippage by DNA polymerasgeparated by 1.5 Mb. The copies are so similar (99% identity)
during replication. Genetic markers based on SSRsb particulagaralogous recombination events can occur, giving rise to contig-
(CA), repeatsbhave been the workhorse of most human diseagsus gene syndromes: Smith+Magenis syndrome and Charcot+
mapping studie$*1%2 The availability of a comprehensive catalogublarie+ Tooth syndrome 1A, respectivBf#* Several other exa
of SSRs is thus a boon for human genetic studies. ples are known and are also suspected to be responsible for recurrent
The SSR catalogue also allowed us to resolve a mystery regardireggodeletion syndromes (for example, Prader+Willi/Angelman,
mammalian genetic maps. Such genetic maps in rat, mouse and
human have a de®cit of polymorphic (CAgpeats on chromosome
X30101 There are two possible explanations for this de®cit. There
may simply be fewer (CA)epeats on chromosome X; or (CA)
repeats may be as dense on chromosome X but less polymorphic in

Table 15 SSRs by repeat unit

Repeat unit Number of SSRs per Mb

AC 27.7

AT 19.4

AG 8.2

GC 0.1

AAT 41

AAC 2.6

AGG 15 . - . .

AAG 14 Figure 3Muplication landscape of chromosome 22. The size and location of

ATG 0.7 intrachromosomal (blue) and interchromosomal (red) duplications are depicted for
ggg 82 chromosome 22q, using the PARASIGHT computer program (Bailey and Eichler,
AGC 03 unpublished). Each horizontal line represents 1 Mb (ticks, 100-kb intervals). The
ACT 0.2 chromosome sequence is oriented from centromere (top left) to telomere (bottom ri
A i 00 ] Pairwise alignments wiB0% nucleotide identity.arickb long are shown. Gaps

SSRs were identi®ed as in Table 14. within the chromosomal sequence are of known size and shown as empty space.
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velocardiofacial/DiGeorge and Williams' syndrofite&5+24 assembly of closely related sequences from nonoverlapping
Until now, the identi®cation and characterization of segmentahay underestimate the true frequency of such features, particularly
duplications have been based on anecdotal reportsbfor exampéamong those segments with the highest sequence similarity. Accord-
®nding that certain probes hybridize to multiple chromosomal sitésgly, we adopted a conservative approach for estimating such
or noticing duplicated sequence at certain recurrent chromosomadiplication from the available draft genome sequence.
breakpoints. The availability of the entire genomic sequence vHéricentromeres and subtelomere¥/e began by re-evaluating the
make it possible to explore the nature of segmental duplicatio@nished sequences of chromosomes 21 and 22. The initial papers on
more systematically. This analysis can begin with the current statetafse chromosom&s“noted some instances of interchromosomal
the draft genome sequence, although caution is required becadselication near each centromere. With the ability now to compare
some apparent duplications may arise from a failure to mergeese chromosomes to the vast majority of the genome, it is

of the interchromosomal duplications on chromosome 22 were
located in this region, which comprises only 5% of the chromo-
some. Also, the subtelomeric end consists of a 50-kb region con-
sisting almost entirely of interchromosomal duplications.
Chromosome 21 presents a similar landscape (Fig. 31). The ®rst
1Mb after the centromere is composed of interchromosomal
repeats, as well as the largest200 kb) block of intrachromoso-
Figure 31Duplication landscape of chromosome 21. The size and location ehally duplicated material. Again, most interchromosomal duplica-
intrachromosomal (blue) and interchromosomal (red) duplications are depitietialong tihe chromosome map to this region and the most
sequence of the long arm of chromosome 21. Gaps between ®nished seqsefatemeric region (30 kb) shows extensive duplication amopng
denoted by empty space but do not represent actual gap size. nonhomologous chromosomes.
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Figure 32Mosaic patterns of duplications. Panels depict various patterns of sieglieatierduplication is indicated (with a distinct colour) relative to per cent nucleotic

within the human genome (PARASIGHT). For each region, a segment of ddghtgrfomtbe duplicated segyeers); Black bars show the relative locations of large
sequence (100+500 kb) is shown with both interchromosomal (red) and intoémtk®widieterochromatic sequences (alpha, gamma and HSA,TAe'equm%e).

somal (blue) duplications displayed along the horizontal line. Below the line, pacicspparaggic region on chromosdm@& Ancestral region from Xg28 that has
contributed various “genic' segments to pericentromecicA@ginosntromeri
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The pericentromeric regions are structurally very complex, dsiplication, because it requires that at least two copies of|the
illustrated for chromosome 21 in Fig. 32a. The pericentromergegment are present in the ®nished sequence and because some
regions appear to have been bombarded by successive insertiorieuefduplications have over 99.5% identity.
duplications; the insertion events must be fairly recent because th@he ®nished sequence consists of at least 3.3% segmental [dupli-
degree of sequence conservation with the genomic source loctason (Table 16). Interchromosomal duplication accounts for
fairly high (90+100%, with an apparent peak around 96%). Distinetbout 1.5% and intrachromosomal duplication for about 2%,
insertions are typically separated by AT-rich or GC-rich minisatelith some overlap (0.2%) between these categories. We analysed
lite-like repeats that have been hypothesized to have a functiotta lengths and divergence of the segmental duplications (Fig.| 33).
role in targeting duplications to these regiétig* The duplications tend to be large (10+50 kb) and highly homo-

A single genomic source locus often gives rise to pericentromeogous, especially for the interchromosomal segments. [The
copies on multiple chromosomes, with each having essentially thequence divergence for the interchromosomal duplications
same breakpoints and the same degree of divergence. An exampéppears to peak between 96.5% and 97.5%. This may indicate
such a source locus on Xg28 is shown in Fig. 32b. Phylogendtiat interchromosomal duplications occurred in a punctuated

analysis has suggested a two-step mechanism for the origin amanner. It will be intriguing to investigate whether such genomic
dispersal of these segments, whereby an initial segmental dupligaheaval has a role in speciation events.
tion in the pericentromeric region of one chromosome occursandis In a second approach, we compared the entire human draft

complete sequencing of the genome, but the evidence from the digéhome sequence contains at least 3.6% segmental duplication. The
genome sequence indicates that the same picture is likely to be ssetoal proportion will be signi®cantly higher, because we excluded
throughout the genome. Several papers have analysed ®nighady true matches with more than 98% sequence identity (at least
segments within pericentromeric regions of chromosomes 121% of the ®nished sequence). Although exact measurement/must
(160Kkb), 10 (400 kb) and 16 (300 kb), all of which show extensiavait a ®nished sequence, the human genome seems likely to
interchromosomal segmental duplicatfdi?'®2%223® An example contain about 5% segmental duplication, with most of this
from another pericentromeric region on chromosome 11 isequence in large blocks (0kb). Such a high proportion o
shown in Fig. 32c. Interchromosomal duplications in subtelomeriarge duplications clearly distinguishes the human genome from
regions also appear to be a fairly general phenomenon, as illustradgiter sequenced genomes, such as the "y and worm (Table 18).
by alarge tract,( 500 kb) of complex duplication on chromosome 7 The structure of large highly paralogous regions presents one of
(Fig. 32d). the “serious and unanticipated challenges' to producing a ®nished
The explanation for the clustering of segmental duplications magquence of the genoffieThe absence of unique STS or ®ngerprint
be that the genome has a damage-control mechanism whereiignatures over large genomic distanced Mb) and the high
chromosomal breakage products are preferentially inserted indegree of sequence similarity makes the distinction between para-
pericentromeric and, to a lesser extent, subtelomeric regions. Tihgous sequence variation and allelic polymorphism problematic.

possibility of a speci®c mechanism for the insertion of thesairthermore, the fact that such regions frequently harbour intron+
sequences has been suggested on the basis of the unusual sequemestructures of genuine unique sequence will complicate efforts
found “anking the insertions. Although it is also possible that thes® generate a genome-wide SNP map. The data indicate that a
regions simply have greater tolerance for large insertions, mamgpdest portion of the human genome may be relatively recalcitrant
large gene-poor ‘deserts' have been identfR@ut there is no to genomic-based methods for SNP detection. Owing to their
accumulation of duplicated segments within these regions. Alongpetitive nature and their location in the genome, segmental
with the fact that transitions between duplicons (from different
regions of the genome) occur at speci®c sequences, this suggests that
active recruitment of duplications to such regions may occur. In aryble 16 Fraction of ®nished sequence in inter- and intrachromosomal
case, the duplicated regions are in general young (with mafip'ications
duplications showing, 6% nucleotide divergence from their chromosome Intrachromosomal (%) Interchromosomal (%) All (%
source loci) and in constant "ux, both through additional duplica-, 14 05 1.9
tions and by large-scale exchange among similar chromosornal 0.1 0.6 0.7
environments. There is evidence of structural polymorphism i o3 e e
the human population, such as the presence or absence of olfactory 0.6 03 09
receptor segments located within the telomeric regions of sevefal 0.8 0.4 11
,227 7 3.4 13 4.1

human chromosomé& 8 03 o1 03
Genome-wide analysis of segmental duplicationd/e also per- o 0.8 2.9 37
formed a global genome-wide analysis to characterize the amodt 21 0.8 2.9
of segmental duplication in the genome. We ‘repeat-masked' tﬁe 15 gé iz
known interspersed repeats in the draft genome sequence aad 0.0 0.5 0.5
compared the remaining draft genomic sequence with itself in% g-g g-g (13-8
massive all-by-all BLASTN similarity search. We excluded matchgs 15 20 58
in which the sequence identity was so high that it might re ectr 16 0.3 1.8
artefactual duplications resulting from a failure to overlap sequeni:‘gé gg g; g;
contigs correctly in assembling the draft genome sequence. Spggi- 0.2 03 05
®cally, we considered only matches with less than 99.5% identity for 14 16 3.0
®nished sequence and less than 98% identity for un®nisHgd % o 5
sequence. \% 121 16.0 27.4

We took several approaches to avoid counting artefactual dupli= 0.0 0.5 0.5
cations in the sequence. In the ®rst approach, we studied o 2.0 15 33
®nished sequence. We compared the ®nished sequence with its@lfies duplications with identities. 99.5% to avoid artefactual duplication due to incomplete |
to identify segments of at least 1kb and 90£99.5% seqUeREg o o i the toal amount o &nished seduencd
identity. This analysis will underestimate the extent of segmentﬁﬂ. Note that there is some overlap between the interchromosomal and intrachromosomal sets
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Figure 33 atdSequence properties of segmental duplications. Distributionsiafeegitf aligned bp, for the subset of ®nished genome sequence. Intra
and per cent nucleotide identity for segmental duplications are shown as a fuadtiorteithemosomal, blue.

duplications may well be underestimated by the current analysis.
understanding of the biology, pathology and evolution of these

duplications will require specialized efforts within these exception@kenes (or at least their coding regions) comprise only a tiny frac
regions of the human genome. The presence and distribution of human DNA, but they represent the major biological function
such segments may provide evolutionary fodder for processestltd genome and the main focus of interest by biologists. They
exon shuf ing and a general increase in protein diversity associat#go the most challenging feature to identify in the human gend
with domain accretion. It will be important to consider both sequence.

genome-wide duplication events and more restricted punctuatedThe ultimate goal is to compile a complete list of all human ge
events of genome duplication as forces in the evolution of vertebrated their encoded proteins, to serve as a “periodic table'

genomes.

Table 17 Fraction of the draft genome sequence in inter- and intrachromo-
somal duplications

Chromosome Intrachromosomal (%) Interchromosomal (%) All (%)
1 2.1 1.7 3.4
2 16 1.6 2.6
3 1.8 1.4 2.7
4 15 2.2 3.0
5 1.0 0.9 1.8
6 15 14 2.7
7 3.6 1.8 45
8 1.2 15 21
9 21 2.3 3.8
10 3.3 2.0 4.7
11 2.7 1.4 3.7
12 21 1.2 2.8
13 1.7 1.6 3.0
14 0.6 0.6 1.2
15 41 4.4 6.7
16 34 34 55
17 4.4 1.7 5.7
18 0.9 1.0 1.9
19 5.4 1.6 6.3
20 0.8 1.4 2.0
21 1.9 4.0 4.8
22 6.8 7.7 11.9
X 1.2 11 2.2
Y 10.9 13.1 20.8
NA 2.3 7.8 8.3
uL 11.6 20.8 22.2
Total 2.3 2.0 3.6

Excludes duplications with identities. 98% to avoid artefactual duplication due to incomplete

merger in the assembly process. Calculation was performed on an earlier version of the draft .
*This is an underestimate of the total amount of segmental duplication in the human genome

genome sequence based on data available in July 2000 and re"ects the duplications found within
the total amount of ®nished sequence then. Note that there is some overlap between the
interchromosomal and intrachromosomal sets.
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Fly Worm Human (®nished)*
1kb 1.2 4.25 3.25
------ 5-kb:o 0.37 1.50 2.86
10kb 0.08 0.66 2.52
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Aene content of the human genome

biomedical researéfi But this is a dif®cult task. In organisn
with small genomes, it is straightforward to identify most genes
the presence of long ORFs. In contrast, human genes tend to
small exons (encoding an average of only 50 codons) separat
long introns (some exceeding 10 kb). This creates a signal-to-r
problem, with the result that computer programs for direct ge
prediction have only limited accuracy. Instead, computatio
prediction of human genes must rely largely on the availability
cDNA sequences or on sequence conservation with genes
proteins from other organisms. This approach is adequate
strongly conserved genes (such as histones or ubiquitin), but
be less sensitive to rapidly evolving genes (including many cruc
speciation, sex determination and fertilization).

Here we describe our efforts to recognize both the RNA genes
protein-coding genes in the human genome. We also study
properties of the predicted human protein set, attempting to disci
how the human proteome differs from those of invertebrates suc
worm and y.
Noncoding RNAs
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Although biologists often speak of a tight coupling between “genes

Table 18 Cross-species comparison for large, highly homologous segmen-
tal duplications

Percentage of genome (%)

because it only re ects duplication detectable with available ®nished sequence. The proportion g

segmental duplications of. 1kb is probably about 5% (see text).
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and their encoded protein products; it is important to remembel(Table 20). Second, the earlier estimate assumed too high a value for
that thousands of human genes produce noncoding RNALe size of the human genome; repeating the calculation using the
(ncRNAs) as their ultimate produ#f. There are several majorcorrect value yields an estimate of about 890 tRNA-related loci,
classes of ncRNA. (1) Transfer RNAs (tRNAs) are the adapters thdtich is in reasonable accord with our count of 821 tRNA genesjand
translate the triplet nucleic acid code of RNA into the amino-acipseudogenes in the draft genome sequence.
sequence of proteins; (2) ribosomal RNAs (rRNAs) are also centralThe human tRNA gene set predicted from the draft genome
to the translational machinery, and recent X-ray crystallograptsequence appears to include most of the known human tRNA
results strongly indicate that peptide bond formation is catalysed bpecies. The draft genome sequence contains 37 of 38 human
rRNA, not proteirf*>?* (3) small nucleolar RNAs (snoRNAs) aretRNA species listed in a tRNA datab@$ellowing for up to one
required for rRNA processing and base modi®cation in thmismatch. This includes one copy of the known gene for a
nucleolug*?* and (4) small nuclear RNAs (SnRNAs) are criticagpecialized selenocysteine tRNA, one of several components of a
components of spliceosomes, the large ribonucleoprotein (RNBaroque translational mechanism that reads UGA as a selenocys-
complexes that splice introns out of pre-mRNAs in the nucleugeine codon in certain rare mMRNAs that carry a spedi®acting
Humans have both a major, U2 snRNA-dependent spliceosome thHRINA regulatory site (a so-called SECIS element) in tl@UTBRs.
splices most introns, and a minor, U12 snRNA-dependent splicebhe one tRNA gene in the database not found in the draft genome
some that splices a rare class of introns that often have AT/A€quence is DE9990, a tRNAGIu species, which differs in|two
dinucleotides at the splice sites instead of the canonical GT/A@sitions from the most related tRNA gene in the human
splice site consensts genome. Possible explanations are that the database version of
Other ncRNAs include both RNAs of known biochemical functhis tRNA contains two errors, the gene is polymorphic or this is
tion (such as telomerase RNA and the 7SL signal recognitiargenuine functional tRNA that is missing from the draft genome
particle RNA) and ncRNAs of enigmatic function (such as theequence. (The database also lists one additional tRNA gene
large Xist transcript implicated in X dosage compensatar the (DS999% but this is apparently a contaminant, most similar to
small vault RNAs found in the bizarre vault ribonucleoproteirbacterial tRNAs; the parent entrg{3399was withdrawn from the
complex®!, which is three times the mass of the ribosome but hd3NA database, but the tRNA entry has not yet been removed from
unknown function). the tRNA database.) Although the human set appears substantially
ncRNAs do not have translated ORFs, are often small and are nomplete by this test, the tRNA gene numbers in Table 19 should be
polyadenylated. Accordingly, novel ncRNAs cannot readily lsensidered tentative and used with caution. The human and "y (but
found by computational gene-®nding techniques (which searclot the worm) are known to be missing signi®cant amounts of
for features such as ORFs) or experimental sequencing of cDNAhaterochromatic DNA, and additional tRNA genes could be located
EST libraries (most of which are prepared by reverse transcriptititere.
using a primer complementary to a poly(A) tail). Even if the With this caveat, the results indicate that the human has fewer
complete ®nished sequence of the human genome were availdBRBA genes than the worm, but more than the y. This may seem
discovering novel ncRNAs would still be challenging. We casyrprising, but tRNA gene number in metazoans is thought to| be
however, identify genomic sequences that are homologous rdated not to organismal complexity, but more to idiosyncrasie
known ncRNA genes, using BLASTN or, in some cases, mtine demand for tRNA abundance in certain tissues or stag
specialized methods. embryonic development. For example, the fragnopus laeyis

reconciled with experimental data. Abelsor®® predict that about 46 tRNA species will be suf®cient to
Transfer RNA genesThe classical experimental estimate of theead the 61 sense codons (counting the initiator and elongg
number of human tRNA genes is 1,310 (ref. 252). In the drafhethionine tRNAs as two species). According to these rules, i
genome sequence, we ®nd only 497 human tRNA genes (Tablesd®on's third (wobble) position, U and C are generally decoded
20). How do we account for this discrepancy? We believe that thimgle tRNA species, whereas A and G are decoded by two separate
original estimate is likely to have been in ated in two respects. FirsRNA species.
it came from a hybridization experiment that probably counted In “two-codon boxes' of the genetic code (where codons ending
closely related pseudogenes; by analysis of the draft genamith U/C encode a different amino acid from those ending wijth
sequence, there are in fact 324 tRNA-derived putative pseudogef&s), the U/C wobble position should be decoded by a G at position
34 inthe tRNA anticodon. Thus, in the top left of Fig. 34, there is|no
Table 19 Number of tRNA genes in various organisms tRNA with an AAA anticodon for Phe, but the GAA anticodon can
recognize both UUU and UUC codons in the mRNA. In “four-

the

:;gr:;]:m Number of z::omcal (RNAS Secis RUA codp_n boxes' of the genetic code_(wher_e U,C,Aand Ginthe wqble
Worm 584 1 position all encode the same amino acid), the U/C wobble position
Fly 284 1 is almost always decoded by 134 (inosine) in the tRNA, where|the
m‘ﬁ;mcoccus. i 2;2 (1) inosine is produced by post-transcriptional modi®cation of an
Eechatichincop et 26 1 adenine (A). In the bottom left of Fig. 34, for example, the GUU

--------------------------------------------------------------------------------------------------- and-GUC codons of the four-codon Val box are decoded by a tRNA

Number of tRNA genes in each of six genome sequences, according to analysis by the computer . K . . .
program tRNAscan-SE . Canonical tRNAs read one of the standard 61 sense codons; this category with an anticodon of AAC, which is no doubt modi®ed to IAC.
excludes pseudogenes, undetermined anticodons, putative supressors and selenocysteine tRNAs. Presumably this pattern, which is strikingly conserved in eukar-

Most organisms have a selenocysteine (SeCys) tRNA species, but some unicellular eukaryotes do d i .
not (such as the yeasts. cerevisiag. yotes, has to do with the fact that IA base pairs are also possible| thus
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the IAC anticodon for a Val tRNA could recognize GUU, GUC anthe strongly preferred CUG leucine codon, with a mere six tRNA-

even GUA codons. Were this same 134 to be utilized in two-coddreu-CAG genes producing a tRNA to decode it, and the relati
boxes, however, misreading of the NNA codon would occur, resutare cysteine UGU and UGC codons, with 30 tRNA genes to de
ing in translational havoc. Eukaryotic glycine tRNAs representtem.

vely
code

conserved exception to this last rule; they use a GCC anticodon toThe tRNA genes are dispersed throughout the human genome.
decode GGU and GGC, rather than the expected ICC anticodortHHowever, this dispersal is nonrandom. tRNA genes have sometimes

Satisfyingly, the human tRNA set follows these wobble rulbeen seen in clusters at small sééésbut we can now see strikin

g

almost perfectly (Fig. 34). Only three unexpected tRNA specigsstering on a genome-wide scale. More than 25% of the tRNA
are found: single genes for a tRNATyr-AUA, tRNAlle-GAU, andenes (140) are found in a region of only about 4 Mb on chromo-
tRNAAsn-AUU. Perhaps these are pseudogenes, but they appeaaime 6. This small region, only about 0.1% of the genome, contains

be plausible tRNAs. We also checked the possibility of sequencamgalmost suf®cient set of tRNA genes all by itself. The 140 t

RNA

errors in their anticodons, but each of these three genes is in a regganes contain a representative for 36 of the 49 anticodons found in

of high sequence accuracy, with PHRAP quality scores higliee complete set; and of the 21 isoacceptor types, only tRNAs to

than 70 for every base in their anticodons. decode Asn, Cys, Glu and selenocysteine are missing. Many of these
As in all other organisms, human protein-coding genes shotiRNA genes, meanwhile, are clustered elsewhere; 18 of the 30 Cys

codon biasbpreferential use of one synonymous codon ovéRNAs are found in a 0.5-Mb stretch of chromosome 7 and man
anothef®® (Fig. 34). In less complex organisms, such as yeastthe Asn and Glu tRNA genes are loosely clustered on chromoso

y of
me 1.

bacteria, highly expressed genes show the strongest codon Witse than half of the tRNA genes (280 out of 497) reside on either
Cytoplasmic abundance of tRNA species is correlated with bathromosome 1 or chromosome 6. Chromosomes 3, 4, 8, 9, 10, 12,

codon bias and overall amino-acid frequency (for example, tRNAS, 20, 21 and X appear to have fewer than 10 tRNA genes eac

h; and

for preferred codons and for more common amino acids are moghromosomes 22 and Y have none at all (each has a single

abundant). This is presumably driven by selective pressure fmseudogene).
ef®cient or accurate translatiéh In many organisms, tRNA Ribosomal RNA genesThe ribosome, the protein syntheti
abundance in turn appears to be roughly correlated with tRNAachine of the cell, is made up of two subunits and contains f

Cc
our

gene copy number, so tRNA gene copy humber has been used BRNA species and many proteins. The large ribosomal subunit
proxy for tRNA abundanc®. In vertebrates, however, codon bias igontains 28S and 5.8S rRNAs (collectively called ‘large subunit'
not so obviously correlated with gene expression level. DifferifgSU) rRNA) and also a 5S rRNA. The small ribosomal subunit

codon biases between human genes is more a function of theintains 18S rRNA (‘small subunit' (SSU) rRNA). The genes for

location in regions of different GC compositih In agreement LSU and SSU rRNA occur in the human genome as a 44-kb tan
with the literature, we see only a very rough correlation of humarepeat unit® There are thought to be about 150+200 copies of
tRNA gene number with either amino-acid frequency or codon biagpeat unit arrayed on the short arms of acrocentric chromoso
(Fig. 34). The most obvious outliers in these weak correlations &8, 14, 15, 21 and 22 (refs 254, 264). There are no true com

171 UuU AAA O 147 uUcCU AGA 10 124 UAU AUA 1 99 UGU ACA 0
Phe 7 Tyr X Cys
203 UUC GAA 14 172 uUcc GGA 0 158 UAC GUA 11 119 UGC GCA 30
Ser
I: 73 UUA ~ UAAS8 118 UCA T UGA 5 SIOP = 0 UAA “UUA 0 SIOP — 0 UGA ~UCA 0
Leu
125 UUG — CAAG6 45 UCG ~ CGA 4 stop — 0 UAG T CUA 0 Trp — 122 UGG ~ CCA 7
127 Cuu 7AAG 13 175 CCU 7AGG 11 104 CAU xAUG 0 47 CGU 7ACG 9
His
187 CuC GAGO 197 CCC GGG 0 147 CAC GUG 12 107 CGC GCG 0
Leu Pro Arg
69 CUA — UAG2 170 CCA ~ UGG 10 121 CAA T UUG 11 63 CGA ~UCG 7
Gin
392 CUG ~— CAG6 69 CCG — CGG 4 343 CAG ~— CUG 21 115 CGG ~ CCG 5
165 AUU 7AAU 13 131 ACU 7AGU 8 I: 174 AAU XAUU 1 |:121 AGU XACU 0
Asn Ser
lle 218 AUC GAU1 192 ACC GGU 0 199 AAC GUU 33 191 AGC GCU 7
Thr
71 AUA — UAUS 150 ACA — UGU 10 I: 248 AAA T UUU 16 I: 113 AGA ~UCU 5
Lys Arg
Met — 221 AUG — CAU17 63 ACG ~ CGU 7 331 AAG T CUU 22 110 AGG ~ CCU 4
111 GUU 7AAC 20 185 GCU 7AGC 25 I: 230 GAU XAUC 0 112 GGU &ACC 0
Asp
146 GUC GACO 282 GCC GGC 0 262 GAC ~ GUC 10 230 GGC ~ GCC11
Val Ala Gly
72 GUA T UACS 160 GCA — UGC 10 I: 301 GAA T UUC 14 168 GGA ~ UCC 5
Glu
288 GUG ~— CAC19 74 GCG ~ CGC 5 404 GAG — CUC 8 160 GGG ~ CCC 8

Figure 34The human genetic code and associated tRNA genes. For each dRN& @nes found with this anticodon. The modi®ed anticodon sequenc
codons, we show: the corresponding amino acid; the observed frequency of tRNZodongieshown, even where post-transcriptional modi®cations can b
10,000 codons; the codon; predicted wobble pairing to a tRNA anticodon (blpoédints);(for example, when an A is used to decode a U/C third position,
unmodi®ed tRNA anticodon sequence; and the number of tRNA genes fourattaiithythis inosine in the mature tRNA). The Figure also does not show
anticodon. For example, phenylalanine is encoded by UUU or UUC; UUC iistirect tRNA species (such as distinct sequence families) for each antico
frequently, 203 to 171 occurrences per 10,000 total codons; both codons areiexpectdtian one species for each anticodon.

be decoded by a single tRNA anticodon type, GAA, using a G/U wobble; and there are 14
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copies of the rDNA tandem repeats in the draft genome sequend@NA®. Only about half of these have been tentatively assigned to
owing to the deliberate bias in the initial phase of the sequencikgown guide snoRNAs. There are also snoRNA-directed
effort against sequencing BAC clones whose restriction fragmemdi®cations on other stable RNAs, such as U6 (ref. 269), |and
®ngerprints showed them to contain primarily tandemly repeatdtie extent of this is just beginning to be explored. Sequence
sequence. Sequence similarity analysis with the BLASTN compuienilarity has so far proven insuf®cient to recognize all snoRNA
program does, however, detect hundreds of DNA-derived sequerganes. We therefore expect that there are many unrecognized
fragments dispersed throughout the complete genome, includisgoRNA genes that are not detected by BLAST queries.
one “full-length' copy of an individual 5.8S rRNA gene not ass&pliceosomal RNAs and other ncRNA gené&de also looked fo
ciated with a true tandem repeat unit (Table 20). copies of other known ncRNA genes. We found at least one copy of
The 5S rDNA genes also occur in tandem arrays, the largestaf (95%) of 22 known ncRNAs, including the spliceosomal
which is on chromosome 1 between 1g41.11 and 1g42.13, clossit®NAs. There were multiple copies for several ncRNAs, as
the telomer&>?® There are 200+300 true 5S genes in theszpected; for example, we ®nd 44 dispersed genes for U6 snRNA,
array$®™?’ The number of 5S-related sequences in the genonasd 16 for U1 snRNA (Table 20).
including numerous dispersed pseudogenes, is classically cited &or some of these RNA genes, homogeneous multigene families
2,000 (refs 252, 254). The long tandem array on chromosome ZXhat occur in tandem arrays are again under-represented owing to
not yet present in the draft genome sequence because there ar¢heaestriction enzymes used in constructing the BAC libraries and,
Ecdl or Hindlll sites present, and thus it was not cloned in thén some instances, the decision to delay the sequencing of [BAC
most heavily utilized BAC libraries (Table 1). We expect to recoverdiones with low complexity ®ngerprints indicative of tandemly
during the ®nishing stage. We do detect four individual copies of 5&peated DNA. The U2 RNA genes are located at the RNU2 locus,
rDNA by our search criteria¥ 95% identity and$ 95% full atandem array of 10+20 copies of nearly identical 6.1-kb units at
length). We also ®nd many more distantly related dispers@@q21+g22 (refs 270+272). Similarly, the U3 snoRNA genes
sequences (520 &# 0.001), which we interpret as probable(included in the aggregate count of C/D snoRNAs in Table 20)|are
pseudogenes (Table 20). clustered atthe RNU3 locus at 17p11.2, notin atandem array, butin
Small nucleolar RNA genesukaryotic rRNA is extensively pro-a complex inverted repeat structure of about 5+10 copies |per
cessed and modi®ed in the nucleolus. Much of this activity @ploid genom#&®. The U1 RNA genes are clustered with about
directed by numerous snoRNAs. These come in two families: CAD copies at the RNUL1 locus at 1p36.1, but this cluster is thought to
box snoRNAs (mostly involved in guiding site-speci®©2ibose be loose and irregularly organized; no two Ul genes have peen
methylations of other RNAs) and H/ACA snoRNAs (mostlcloned on the same cosmiid In the draft genome sequence, we see
involved in guiding site-speci®c pseudouridylatidfisf® We six copies of U2 RNA that meet our criteria for true genes, three of
compiled a set of 97 known human snoRNA gene sequenceswd¥ich appear to be in the expected position on chromosome 17.For
of these (87%) have at least one copy in the draft genome sequed8eso far we see one true copy at the correct place on chromosome
(Table 20), almost all as single-copy genes. 17p11.2. For U1, we see 16 true genes, 6 of which are loosely
It is thought that all BO-ribose methylations and pseudouri- clustered within 0.6 Mb at 1p36.1 and another 6 are elsewhere on
dylations in eukaryotic rRNA are guided by snoRNAs. There acromosome 1. Again, these and other clusters will be a matter for
105+107 methylations and around 95 pseudouridylations in humahe ®nishing process.

Table 20 Known non-coding RNA genes in the draft genome sequence

RNA gene* Number expected? Number found? Number of Function
related genes§
tRNA 1,310 497 324 Protein synthesis
SSU (18S) rRNA 150+200 0 40 Protein synthesis
5.8S rRNA 150+200 1 11 Protein synthesis
LSU (28S) rRNA 150+200 0 181 Protein synthesis
5S rRNA 200+300 4 520 Protein synthesis
U1l , 30 16 134 Spliceosome component
u2 10+£20 6 94 Spliceosome component
ua ?? 4 87 Spliceosome component
Udatac ?? 1 20 Component of minor (U11/U12) spliceosome
us ?? 1 31 Spliceosome component
ué ?”? 44 1,135 Spliceosome component
UBatac ?? 4 32 Component of minor (U11/U12) spliceosome
u7 1 1 3 Histone mRNA 3processing
ul11 1 0 6 Component of minor (U11/U12) spliceosome
u12 1 1 0 Component of minor (U11/U12) spliceosome
SRP (7SL) RNA 4 3 773 Component of signal recognition particle (protein secretion)
RNAse P 1 1 2 tRNA ®end processing
RNAse MRP 1 1 6 rRNA processing
Telomerase RNA 1 1 4 Template for addition of telomeres
hy1l 1 1 353 Component of Ro RNP, function unknown
hy3 1 25 414 Component of Ro RNP, function unknown
hy4 1 3 115 Component of Ro RNP, function unknown
hY5 (4.5S RNA) 1 1 9 Component of Ro RNP, function unknown
Vault RNAs 3 3 1 Component of 13-MDa vault RNP, function unknown
7SK 1 1 330 Unknown
H19 1 1 2 Unknown
Xist 1 1 0 Initiation of X chromosome inactivation (dosage compensation)
Known C/D snoRNAs 81 69 558 Pre-rRNA processing or site-speci®c ribose methylation of rRNA
Known H/ACA snoRNAs 16 15 87 Pre-rRNA processing or site-speci®c pseudouridylation of rRNA

*Known ncRNA genes (or gene families, such as the C/D and H/ACA snoRNA families); reference sequences were extracted from GenBank and used to probe the draft genome sequence.
2Number of genes that were expected in the human genome, based on previous literature (note that earlier experimental techniques probably tend to overestimate copy number, by counting closely related
pseudogenes).

3The copy number of “true' full-length genes identi®ed in the draft genome sequence.
§ The copy number of other signi®cantly related copies (pseudogenes, fragments, paralogues) found. Except for the 497 true tRNA genes, all sequence similarities were identi®ed by WashU BLASTN 2.0MP
(W. Gish, unpublished; http://blast.wustl.edu), with parameters “-kap wordmask = seg B = 50000 W = 8' and the default +54 DNA scoring matrix. True genes were operationally de®ned as BLAST hits
with $ 95% identity over$ 95% of the length of the query. Related sequences were operationally de®ned as all other BLAST hits fithalues# 0.001.
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Table 21 Characteristics of human genes

Median Mean Sample (size)

Internal exon 122 bp 145 bp RefSeq alignments to draft genome sequence, with
con®rmed intron boundaries (43,317 exons)

Exon number 7 8.8 RefSeq alignments to ®nished sequence (3,501 genes)
Introns 1,023 bp 3,365 bp RefSeq alignments to ®nished sequence (27,238 introns
39UTR 400 bp 770 bp Con®rmed by mRNA or EST on chromosome 22 (689)
59UTR 240 bp 300 bp Con®rmed by mRNA or EST on chromosome 22 (463)
Coding sequence 1,100 bp 1,340 bp Selected RefSeq entries (1,804)
(CDS) 367 aa 447 aa
Genomic extent 14 kb 27 kb Selected RefSeq entries (1,804)

Median and mean values for a number of properties of human protein-coding genes. The 1,804 selected RefSeq entries were those that could be unambiguously aligned to ®nished sequence over
entire length.

Our observations also con®rm the striking proliferation ofinderestimates. In particular, the UTRs given in the RefSeq d

ncRNA-derived pseudogenes (Table 20). There are hundredsbase are likely to be incomplete; they are considerably shorter,

heir

ata-
for

thousands of sequences in the draft genome sequence relatedx@ample, than those derived from careful reconstructions on chro-

some of the ncRNA genes. The most proli®c pseudogene countssome 22. Intron sizes were measured only for genes in ®n
generally come from RNA genes transcribed by RNA polymerasegdnomic sequence, to mitigate the bias arising from the fact
promoters, including U6, the hY RNAs and SRP-RNA. These
ncRNA pseudogenes presumably arise through reverse transcrigt 7
tion. The frequency of such events gives insight into how ncRNA
genes can evolve into SINE retroposons, such as the tRNA-derived
SINEs found in many vertebrates and the SRP-RNA-derived Alu,,
elements found in humans.

Protein-coding genes

Identifying the protein-coding genes in the human genome is one of
the most important applications of the sequence data, but also oneg 3
of the most dif®cult challenges. We describe below our efforts tOu
create an initial human gene and protein index. &
Exploring properties of known genes.Before attempting to
identify new genes, we explored what could be learned by aligning
the cDNA sequences of known genes to the draft genome sequence. Ay
Genomic alignments allow one to study exonzintron structure and 0 100 200 300 400 500 600 700 800 900 1,000
local GC content, and are valuable for biomedical studies because Exon length (bp)

they connect genes with the genetic and cytogenetic map, link ther 60
with regulatory sequences and facilitate the development of poly- W Human
merase chain reaction (PCR) primers to amplify exons. Until now, 50+ W Worm
genomic alignment was available for only about a quarter of known o
genes.

The “known' genes studied were those in the RefSeq datdbase
manually curated collection designed to contain nonredundant ¢ 30+
representatives of most full-length human mRNA sequences ing
GenBank (RefSeq intentionally contains some alternative splice8 20-
forms of the same genes). The version of RefSeq used containedl
10,272 mRNAs. 10

The RefSeq genes were aligned with the draft genome sequence,
using both the Spidey (S. Wheelan, personal communication) and o/ HESSESS SSSSSS Siesty B0 BN
Acembly (D. Thierry-Mieg and J. Thierry-Mieg, unpublished; <100 bp 101 bpb2 kb 2kbB5kb 5030 kb >30 kb
http://www.acedb.org) computer programs. Because this sequence Intron length
is incomplete and contains errors, not all genes could be fully® 25 ———
aligned and some may have been incorrectly aligned. More than — Worm
92% of the RefSeq entries could be aligned at high stringency overat 5 - —ry N
least part of their length, and 85% could be aligned over more than g \
half of their length. Some genes (16%) had high stringency align-g \ A
ments to more than one location in the draft genome sequencey 15 ’ \ \

l
|
|

—— Human
— Worm
—Fly

age of exon

o

| Fly

40

of introns

owing, for example, to paralogues or pseudogenes. In such cases, we
considered only the best match. In a few of these cases, the assig- 1o
ment may not be correct because the true matching region has not
yet been sequenced. Three per cent of entries appeared to be
alternative splice products of the same gene, on the basis of their 5 |
alignment to the same location in the draft genome sequence. In all, /J g&
we obtained at least partial genomic alignments for 9,212 distinct
known genes and essentially complete alignment for 5,364 of 0 20 40 60 80100 120 140 160
them. Intron length (bp)

Previous efforts to study human gene structti&***have been Figure 35ize distributions of exons, introns and short introns, in sequenc
hampered by limited sample sizes and strong biases in favourapfxond, introns;, short introns (enlarged ijoGon®rmed exons and intro
compact genes. Table 21 gives the mean and median values of s@gieuman were taken from RefSeq alignments and for worm and y fron

shed
that

ed genomes
ns for
n Acembly

basic characteristics of gene structures. Some of the values maytigements of ESTs (J. and D. Thierry-Mieg and, for worm, Y. Kohara, unpublished).
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long introns are more likely than short introns to be interrupted bynuman exons of less than 19 bp, the nucleotide frequencies of

gaps in the draft genome sequence. Nonetheless, there may be sbraed C are 39, 33, 15 and 12%, respectively, showing a st

residual bias against long genes and long introns. purine bias. Purine-rich sequences may enhance spiiéfipand it
There is considerable variation in overall gene size and intron siepossible that such sequences are required or strongly select
with both distributions having very long tails. Many genes are ovéw ensure correct splicing of very short exons. Previous studies
100 kb long, the largest known example being the dystrophin gesteown that short exons require intronic, but not exonic, splici
(DMD) at 2.4 Mb. The variation in the size distribution of codingenhancers’
sequences and exons is less extreme, although there are still sorite contrast to the exons, the intron size distributions diff
remarkable outliers. The titin gefié has the longest currently substantially among the three species (Fig. 35b, c). The worm
known coding sequence at 80,780bp; it also has the larggstach have a reasonably tight distribution, with most introns ne
number of exons (178) and longest single exon (17,106 bp).  the preferred minimum intron length (47 bp for worm, 59 bp fag
It is instructive to compare the properties of human genes withy) and an extended tail (overall average length of 267 bp for wa
those from worm and y. For all three organisms, the typical lengthnd 487 bp for “y). Intron size is much more variable in human
of a coding sequence is similar (1,311 bp for worm, 1,497 bp for with a peak at 87 bp but a very long tail resulting in a mean of m
and 1,340 bp for human), and most internal exons fall within ghan 3,300 bp. The variation in intron size results in great variat
common peak between 50 and 200bp (Fig. 35a). However, tinegene size.
worm and "y exon distributions have a fatter tail, resulting in a The variation in gene size and intron size can partly be expla
larger mean size for internal exons (218 bp for worm versus 145bp the fact that GC-rich regions tend to be gene-dense with m
for human). The conservation of preferred exon size across all th@@npact genes, whereas AT-rich regions tend to be gene-poor
species supports suggestions of a conserved exon-based companani sprawling genes containing large introns. The correlatio
of the splicing machinefy". Intriguingly, the few extremely short gene density with GC content is shown in Fig. 36a, b; the reld
human exons show an unusual base composition. In 42 detecehsity increases more than tenfold as GC content increases
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Figure 365C contera, Distribution of GC content in genes and in the genomerfmlized to sum to bn&ene density as a function of GC content, obtaine:
9,315 known genes mapped to the draft genome sequence, the local GC dbetestiovalsthe datairvalues are less accurate at higher GC levels becau
calculated in a window covering either the whole alignment or 20,000 bp certeztharinaal is sm@alDependence of mean exon and intron lengths on GC ¢
the midpoint of the alignment, whichever was larger. Ns in the sequence wexemsand introns, the local GC content was derived from alignments to ®r)
counted. GC content for the genome was calculated for adjacent nonoverlappihg 26¢D@@re calculated from windows covering the feature or 10,000 bp
bp windows across the sequence. Both the gene and genome distributionsdetueche@drichever was larger.
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30% to 50%. The correlation appears to be due primarily to introfNonetheless, it is valuable for experimental studies and provides
size, which drops markedly with increasing GC content (Fig. 36énportant insights into the nature of human genes and proteins.
In contrast, coding properties such as exon length (Fig. 36¢) or exonThe challenge of identifying genes from genomic sequence varies
number (data not shown) vary little. Intergenic distance is alsgreatly among organisms. Gene identi®cation is almost trivial in
probably lower in high-GC areas, although this is hard to proveacteria and yeast, because the absence of introns in bacteria and
directly until all genes have been identi®ed. their paucity in yeast means that most genes can be readily
The large number of con®med human introns allows us teecognized byb initio analysis as unusually long ORFs. It is not
analyse variant splice sites, con®rming and extending recastsimple, but still relatively straightforward, to identify genes in
report$® Intron positions were con®rmed by applying a stringerdnimals with small genomes and small introns, such as worm land

to be prevalent in humans, with lower estimates of about 35% tént remains uncertain, with upper and lower estimates differing by
human genes being subject to alternative splé#i&® These as much as 30%. The initial report of the ®nished sequence of
studies may have underestimated the prevalence of alternattbeomosome 22 (ref. 94) identi®ed 247 previously known genes,
splicing, because they examined only EST alignments cover®®$ predicted genes con®rmed by sequence homology or ESTs and
only a portion of a gene. 325ab initio predictions without additional support. Many of the
To investigate the prevalence of alternative splicing, we analysed®rmed predictions represented partial genes. In the past year,
reconstructed mRNA transcripts covering the entire coding regiodg0 additional exons (10%) have been added to existing gene
of genes on chromosome 22 (omitting small genes with codiramnotations by the chromosome 22 annotation group, although
regions of less than 240bp). Potential transcripts identi®ed the number of con®rmed genes has increased by only 17 and some
alignments of ESTs and cDNASs to genomic sequence were veri@@viously identi®ed gene predictions have been méfyed
by human inspection. We found 642 transcripts, covering 245 gene8efore discussing the gene predictions for the human genome, it
(average of 2.6 distinct transcripts per gene). Two or more altdés useful to consider background issues, including previous esti-
natively spliced transcripts were found for 145 (59%) of these genemtes of the number of human genes, lessons learned from worms
A similar analysis for the gene-rich chromosome 19 gave 1,858d “ies and the representativeness of currently “known' human
transcripts, corresponding to 544 genes (average 3.2 distinct trgenes.
scripts per gene). Because we are sampling only a subset oPadlious estimates of human gene nudltieough direct enumera
transcripts, the true extent of alternative splicing is likely to bgon of human genes is only now becoming possible with the advent
greater. These ®gures are considerably higher than those for wasfithe draft genome sequence, there have been many attempts jin the
in which analysis reveals alternative splicing for 22% of genes fast quarter of a century to estimate the number of genes indirectly.
which ESTs have been found, with an average of 1.34 (12,816/9, &)y estimates based on reassociation kinetics estimated the mRNA
splice variants per gene. (The apparently higher extent of alternatoa@nplexity of typical vertebrate tissues to be 10,000+20,000| and
splicing seen in human than in worm was not an artefact resultingere extrapolated to suggest around 40,000 for the entire geéflome
from much deeper coverage of human genes by ESTs and mRNAsthe mid-1980s, Gilbert suggested that there might be ahout
Although there are many times more ESTs available for human th400,000 genes, based on the approximate ratio of the size of a typical
worm, these ESTs tend to have shorter average length (because rgang ( 3~ 10*bp) to the size of the genome {(3L0° bp). Although
were the product of early sequencing efforts) and many match tlois was intended only as a back-of-the-envelope estimate, the
human genes. We calculated the actual coverage per bp used infleasing roundness of the ®gure seems to have led to it being
analysis of the human and worm genes; the coverage is owliglely quoted and adopted in many textbooks. (W. Gilbert,
modestly higher (about 50%) for the human, with a strong biapersonal communication; ref. 288). An estimate of 70,000+£80,000

genome sequence and correspond to con®rn®eS3 clusters. In collection and the extent to which multiple distinct ESTs corfe-
addition to alternative splicing, we found evidence of the terminalpond to a single gene. The most rigorous analfsesclude as
exon employing alternative polyadenylation sites (separated $purious any ESTs that appear only once in the data set and carefully

100 bp) in 24% of cases. calibrate sensitivity and speci®city. Such calculations consistently
Towards a complete index of human gene¥/e next focused on produce low estimates, in the region of 35,000.
creating an initial index of human genes and proteins. This index is Comparison of whole-genome shotgun sequence from the puf-
quite incomplete, owing to the dif®culty of gene identi®cation ifer®shT. nigroviridiswith the human genont& can be used to
human DNA and the imperfect state of the draft genome sequenestimate the density of exons (detected as conserved sequences
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between ®sh and human). These analyses also suggest arouk began with predictions produced by the Ensembl sy$fe
30,000 human genes. Ensembl starts withab initio predictions produced by Gensc&n
Extrapolations have also been made from the gene counts &rd then attempts to con®rm them by virtue of similarity to

chromosomes 21 and 22 (refs 93, 94), adjusted for differengesteins, mRNAs, ESTs and protein motifs (contained in the
in gene densities on these chromosomes, as inferred from B¥am databas&) from any organism. In particular, it con®rm
mapping. These estimates are between 30,500 and 35,500, depiatdns if they are bridged by matches and exons if they are "anked
ing on the precise assumptions ué&d by con®rmed introns. It then attempts to extend protein matches
Insights from invertebraté&e worm and "y genomes contain ausing the GeneWise computer progrifn Because it require
large proportion of novel genes (around 50% of worm genes amdn®rmatory evidence to support each gene component, it |fre-
30% of "y genes), in the sense of showing no signi®cant similarityqoiently produces partial gene predictions. In addition, when there
organisms outside their phylufi#*?*®* Such genes may have beeis evidence of alternative splicing, it reports multiple overlapping
present in the original eukaryotic ancestor, but were subsequenttignscripts. In total, Ensembl produced 35,500 gene predictions
lost from the lineages of the other eukaryotes for which sequencevith 44,860 transcripts.
available; they may be rapidly diverging genes, so thatitis dif®cult toTo reduce fragmentation, we next merged Ensembl-based gene
recognize homologues solely on the basis of sequence; they praglictions with overlapping gene predictions from another
represent true innovations developed within the lineage; or thgyogram, Geni&2 Genie starts with mRNA or EST matches and
may represent acquisitions by horizontal transfer. Whatever th@mploys an HMM to extend these matches by usaly initio
origin, these genes tend to have different biological properties frostatistical approaches. To avoid fragmentation, it attempts to link
highly conserved genes. In particular, they tend to have low expregormation from 59and I ESTs from the same cDNA clone and

nations of three basic approaches: direct evidence of transcriptiont we used only the longest transcript in each group.)
provided by ESTs or mRNA%*>? indirect evidence based onmerged 15,437 Ensembl predictions into 9,526 clusters, an

andab initiorecognition of groups of exons on the basis of hiddemwas taken as the representative.
Markov models (HMMs) that combine statistical information Next, we merged these results with known genes contained i
about splice sites, coding bias and exon and intron lengths (fRefSeq (version of 29 September 2000), SWISSPROT (release 39.6
example, Gensc#A Genié®*®and FGENES). of 30 August 2000) and TrEMBL databases (TrEMBL release 14.17
The ®rst approach relies on direct experimental data, but a1 October 2000, TTEMBL_new of 1 October 2000). Incorporating
subject to artefacts arising from contaminating ESTs derived frotinese sequences gave rise to overlapping sequences because of
unspliced mRNAs, genomic DNA contamination and nongenialternative splice forms and partial sequences. To construct a
transcription (for example, from the promoter of a transposablaonredundant set, we selected the longest sequence from|each
element). The ®rst two problems can be mitigated by comparigerlapping set by using direct protein comparison and by mapping
transcripts with the genomic sequence and using only those thhe gene predictions back onto the genome to construct the oyer-
show clear evidence of splicing. This solution, however, tendslépping sets. This may occasionally remove some close paralogues in
discard evidence from genes with long terminal exons or single event that the correct genomic location has not yet been
exons. The second approach tends correctly to identify gene-derigedjuenced, but this number is expected to be small.
sequences, although some of these may be pseudogenes. Howevekiitally, we searched the set to eliminate any genes derived from
obviously cannot identify truly novel genes that have no sequenmentaminating bacterial sequences, recognized by virtue of near
similarity to known genes. The third approach would suf®ce alonddfentity to known bacterial plasmids, transposons and chromaso-
one could accurately de®ne the features used by cells for geraé genes. Although most instances of such contamination had
recognition, but our current understanding is insuf®cient to ddeen removed in the assembly process, a few cases had
so. The sensitivity and speci®cityadifinitiopredictions are greatly through and were removed at this stage.
affected by the signal-to-noise ratio. Such methods are moreThe process resulted in version 1 of the IGI (IGI.1).
accurate in the 'y and worm than in human. In “yab initio composition of the corresponding IPI.1 protein set, obtained |by
methods can correctly predict around 90% of individual exons anitlanslating IGI.1, is given in Table 22. There are 31,778 pratein
can correctly predict all coding exons of a gene in about 40% pfedictions, with 14,882 from known genes, 4,057 predictions from
case¥® For human, the comparable ®gures are only about 70% aBdsembl merged with Genie and 12,839 predictions from Ensembl
20%, respectivel{®® These estimates may be optimistic, owing talone. The average lengths are 469 amino acids for the known
the design of the tests used. proteins, 443 amino acids for protein predictions from the
In any collection of gene predictions, we can expect to see varidrssembl+ Genie merge, and 187 amino acids for those from
errors. Some gene predictions may represent partial genes, bec&msembl alone. (The smaller average size for the predictions from
of inability to detect some portions of a gene (incomplete sensitinsembl alone re ects its tendency to predict partial genes where
ity) or to connect all the components of a gene (fragmentation}here is supporting evidence for only part of the gene; the remainder
some may be gene fusions; and others may be spurious predictiohthe gene will often not be predicted at all, rather than included as
(incomplete speci®city) resulting from chance matches or pseudmart of another prediction. Accordingly, the smaller size cannot be
genes. used to estimate the rate of fragmentation in such predictions.
Creating an initial gene indeMVe set out to create an initial The set corresponds to fewer than 31,000 actual genes, because
integrated gene index (IGI) and an associated integrated protedome genes are fragmented into more than one partial prediction
index (IPI) for the human genome. We describe the results obtainethd some predictions may be spurious or correspond to pseudo-
from a version of the draft genome sequence based on the sequegarees. As discussed below, our best estimate is that IGI.1 includes
data available in July 2000, to allow time for detailed analysis of thbout 24,500 true genes.
gene and protein content. The additional sequence data that Hagluation of IGI/IPl. We used several approaches to evaluate the
since become available will affect the results quantitatively, but aensitivity, speci®city and fragmentation of the IGI/IPI set.
unlikely to change the conclusions qualitatively. Comparison with ‘new' known gei@e approach was to examine

NATURE| VOL 409 15 FEBRUARY 200@ww.nature.com A2 © 2001 Macmillan Magazines Ltd 899



articles

Table 22 Properties of the IGI/IPI human protein set

Source Number Average length (amino acids) Matches to nonhuman Matches to RIKEN mouse Matches to RIKEN mouse cDNA
proteins cDNA set set but notto nonhuman proteins

RefSeq/SwissProt/TrEMBL 14,882 469 12,708 (85%) 11,599 (78%) 776 (36%)

Ensembl+Genie 4,057 443 2,989 (74%) 3,016 (74%) 498 (47%)

Ensembl 12,839 187 81,126 (63%) 7,372 (57%) 1,449 (31%)

Total 31,778 352 23,813 (75%) 219,873 (69%) 2,723 (34%)

The matches to nonhuman proteins were obtained by using Smith-Waterman sequence alignment with &walue threshold of 10° and the matches to the RIKEN mouse cDNAs by using TBLASTN with an|

E-value threshold of 10°. The last column shows that a signi®cant number of the IGI members that do not have nonhuman protein matches do match sequences in the RIKEN mouse cDNA set, suggesting

that both the IGI and the RIKEN sets contain a signi®cant number of novel proteins.

newly discovered genes arising from independent work that wareannotated portions of existing gene predictions or to currer
not used in our gene prediction effort. We identi®ed 31 such genesiannotated genes (of which there are estimated to be about 10
22 recent entries to RefSeq and 9 from the Sanger Centre's giieechromosomg).

identi®cation program on chromosome X. Of these, 28 wefghromosomal distributiofinally, we examined the chromosomal

contained in the draft genome sequence and 19 were represerditribution of the IGl gene set. The average density of ¢
in the IGI/IPI. This suggests that the gene prediction process hapradictions is 11.1 per Mb across the genome, with the extre

tly
Oon

ene
mes

sensitivity of about 68% (19/28) for the detection of novel genes breing chromosome 19 at 26.8 per Mb and chromosome Y at 6.4 per

the draft genome sequence and that the current IGI contains abdudb. It is likely that a signi®cant number of the predictions on

61% (19/31) of novel genes in the human genome. On average, 788tomosome Y are pseudogenes (this chromosome is known {
of each gene was detected. The extent of fragmentation could alsoitiein pseudogenes) and thus that the density for chromosome
estimated: 14 of the genes corresponded to a single prediction in #re overestimate. The density of both genes and Alus on chrg
IGI/IPI, three genes corresponded to two predictions, one genegsome 19 is much higher than expected, even accounting for the

o be
Yis
mo-
high

three predictions and one gene to four predictions. This corrésC content of the chromosome; this supports the idea that Alu

sponds to a fragmentation rate of about 1.4 gene predictions pdensity is more closely correlated with gene density than with
true gene. content itself.
Comparison with RIKEN mouse cDNWasa less direct but larger- Summary.We are clearly still some way from having a complete

GC

set

scale approach, we compared the IGI gene set to a set of mooShuman genes. The current IGI contains signi®cant numbers of
cDNAs sequenced by the Genome Exploration Group of the RIKFrtial genes, fragmented and fused genes, pseudogenes and spur-
Genomic Sciences CentérThis set of 15,294 cDNAs, subjected taous predictions, and it also lacks signi®cant numbers of true genes.

full-insert sequencing, was enriched for novel genes by selecfitigs re ects the current state of gene prediction methods
cDNAs with novel 8ends from a collection of nearly one million vertebrates even in ®nished sequence, as well as the add

n
tional

ESTs from diverse tissues and developmental timepoints. \dleallenges related to the current state of the draft genome sequence.
determined the proportion of the RIKEN cDNAs that showedNonetheless, the gene predictions provide a valuable starting point
sequence similarity to the draft genome sequence and the propfor a wide range of biological studies and will be rapidly re®ned in

tion that showed sequence similarity to the IGI/IPI. Around 81% ofhe coming year.

the genes in the RIKEN mouse set showed sequence similarity to th€he analysis above allows us to estimate the number of distinct
human genome sequence, whereas 69% showed sequence simigeitgs in the IGI, as well as the number of genes in the human
to the IGI/IPI. This suggests a sensitivity of 85% (69/81). This genome. The IGI set contains about 15,000 known genes and about
higher than the sensitivity estimate above, perhaps because sonE7gd00 gene predictions. Assuming that the gene predictions are

the matches may be due to paralogues rather than orthologues. Ibiject to a rate of overprediction (spurious predictions a
consistent with the IGI/IPI representing a substantial fraction of theseudogenes) of 20% and a rate of fragmentation of 1.4, the
human proteome. would be estimated to contain about 24,500 actual human ge

Conversely, 69% (22,013/31,898) of the IGI matches the RIKE$suming that the gene predictions contain about 60%

nd
IGI

nes.
of

cDNA set. Table 22 shows the breakdown of these matches ampreyiously unknown human genes, the total number of genes in

the different components of the IGI. This is lower than théhe human genome would be estimated to be about 31,000. T
proportion of matches among known proteins, although this igonsistent with most recent estimates based on sampling, w

isis
hich

expected because known proteins tend to be more highly consergedgest a gene number of 30,000+ 35,000. If there are 30,000+35,000
(see above) and because the predictions are on average shorter geanes, with an average coding length of about 1,400 bp and average

known proteins. Table 22 also shows the numbers of matches to lenomic extent of about 30kb, then about 1.5% of the hum
RIKEN cDNAs among IGI members that do not match knowrgenome would consist of coding sequence and one-third of
proteins. The results indicate that both the IGI and the RIKEN sgenome would be transcribed in genes.

contain a signi®cant number of genes that are novel in the sense dfhe IGI/IPI was constructed primarily on the basis of ge
not having known protein homologues. predictions from Ensembl. However, we also generated an expa
Comparison with genes on chromosom@/22also compared the set (IGI+) by including additional predictions from two other ger
IGI/IP1 with the gene annotations on chromosome 22, to assess fediction programs, Genie and GenomeScan (C. Burge, pers

an
the

ne
nded
e

onal

proportion of gene predictions corresponding to pseudogenes andédommunication). These predictions were not included in the core
estimate the rate of overprediction. We compared 477 1G| gel®l set, because of the concern that each additional set will provide

predictions to 539 con®rmed genes and 133 pseudogenes on cHiownishing returns in identifying true genes while contributing its

mosome 22 (with the immunoglobulin lambda locus excluded owingwn false positives (increased sensitivity at the expense of sp
to its highly atypical gene structure). Of these, 43 hit 36 annotateity). Genie produced an additional 2,837 gene predictions
pseudogenes. This suggests that 9% of the IGI predictions nmerlapping the IGI, and GenomeScan produced 6,534 such
correspond to pseudogenes and also suggests a fragmentationpegdictions. If all of these gene predictions were included in the

ecCi®-
not
gene
Gl,

of 1.2 gene predictions per gene. Of the remaining hits, 63 did nthte number of the 31 new "known' genes (see above) contained in
overlap with any current annotations. This would suggest a rate tfe |Gl would rise from 19 to 24. This would amount to an increase
spurious predictions of about 13% (63/477), although the true rataf about 26% in sensitivity, at the expense of increasing the number

is likely to be much lower because many of these may corresponafredicted genes (excluding knowns) by 55%. Allowing a hig
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overprediction rate of 30% for gene predictions in this expanded setechanisms that create functional diversity, including invention of
the analysis above suggests that IGI+ set contains about 28,000 puagein domains, expansion of protein and domain families, evolu-
genes and yields an estimate of about 32,000 human genes. Wetianeof new protein architectures and horizontal transfer of genes.
investigating ways to ®lter the expanded set, to produce an |G| wiliher mechanisms, such as alternative splicing, post-translational
the advantage of the increased sensitivity resulting from combiningpdi®cation and complex regulatory networks, are also crucial in
multiple gene prediction programs without the corresponding losgenerating diversity but are much harder to discern from the
of speci®city. Meanwhile, the IGI+ set can be used by researchpeimary sequence. We will not attempt to consider the effects of
searching for genes that cannot be found in the IGI. alternative splicing on proteins; we will consider only a single spli
Some classes of genes may have been missed by all of the dema-from each gene in the various organisms, even when multiple
®nding methods. Genes could be missed if they are expressed aslolice forms are known.
levels or in rare tissues (being absent or very under-representedrimctional and evolutionary classi®catione began by classi
EST and mRNA databases) and have sequences that evolve rapidlyhe human proteome on the basis of functional categories jand
(being hard to detect by protein homology and genome compaevolutionary conservation. We used the InterPro annotation pro-
ison). Both the worm and "y gene sets contain a substantial numbtcol to identify conserved biochemical and cellular processes.
of such gené®?* Single-exon genes encoding small proteins magterPro is a tool for combining sequence-pattern information
also have been missed, because EST evidence that supports fhmm four databases. The ®rst two databases (PRWIERd
cannot be distinguished from genomic contamination in the ESProsité?) primarily contain information about motifs correspond
dataset and because homology may be hard to detect for sniad] to speci®c family subtypes, such as type Il receptor tyrasine
proteins™, kinases (RTK-II) in particular or tyrosine kinases in general.
The human thus appears to have only about twice as many gesesond two databases (Pf8mand Prosite Pro®1&) contain
as worm or "y. However, human genes differ in important respectaformation (in the form of pro®les or HMMs) about families
from those in worm and y. They are spread out over much largestructural domainsbfor example, protein kinase domains. Inte

primary protein products in the human as in the worm or "y. detailed level as being an RTK-II, at a more general level as be
The predicted gene and protein sets described here are clearlkfaase speci®c for tyrosine, and at a still more general lev

until they converge to a ®nal accurate list of every human gene. Tadlections of proteins, but not all proteins can be classi®ed at
gene predictions will be linked to RefSeq, HUGO and SWISSPR@iEsent. The proportions of the yeast, worm, 'y and mustard weed
identi®ers where available, and tracking identi®ers between versimosein sets that are assigned to at least one InterPro family is, for
will be included, so that individual genes under study can be tracedch organism, about 50% (Table 23; refs 307, 326, 327).
forwards as the human sequence is completed. About 40% of the predicted human proteins in the IPI could be
Comparative proteome analysis assigned to InterPro entries and functional categories. On the basis
Knowledge of the human proteome will provide unprecedentedf these assignments, we could compare organisms according to the
opportunities for studies of human gene function. Often clues willumber of proteins in each category (Fig. 37). Compared with the
be provided by sequence similarity with proteins of known functiotwo invertebrates, humans appear to have many proteins involved
in model organisms. Such initial observations must then be folr cytoskeleton, defence and immunity, and transcription and
lowed up by detailed studies to establish the actual function of thesanslation. These expansions are clearly related to aspegts of
molecules in humans. vertebrate physiology. Humans also have many more proteins|that
For example, 35 proteins are known to be involved in the vacuolare classi®ed as falling into more than one functional category (426
protein-sorting machinery in yeast. Human genes encoding homat human versus 80 in worm and 57 in 'y, data not shown).
logues can be found in the draft human sequence for 34 of thdseerestingly, 32% of these are transmembrane receptors.
yeast proteins, but precise relationships are not always clear. In ningVe obtained further insight into the evolutionary conservation|of
cases there appears to be a single clear human orthologue (a gengeins by comparing each sequence to the complete nonredun-
that arose as a consequence of speciation); in 12 cases theralant database of protein sequences maintained at NCBI, using the
matches to a family of human paralogues (genes that arose owinggloASTP computer prograiffand then breaking down the matches
intra-genome duplication); and in 13 cases there are matchascording to organismal taxonomy (Fig. 38). Overall, 74% of the
to speci®c protein domaif$**** Hundreds of similar stories proteins had signi®cant matches to known proteins.
emerge from the draft sequence, but each merits a detailed interSuch classi®cations are based on the presence of clearly detectable
pretation in context. To treat these subjects properly, there will l@mologues in existing databases. Many of these genes have surely
many following studies, the ®rst of which appear in accompanyiegolved from genes that were present in common ancestors but|have
paperg!®*323 since diverged substantially. Indeed, one can detect more distant

worm, "y and mustard weed. Such comparisons shed useful light @mobable nonvertebrate homologues for about 45% of the “v
the commonalities and differences among these euka®bt#s$®  brate-speci®c' set. Nonetheless, the classi®cation is useful for gain-
The analysis is necessarily preliminary, because of the imperfagt insights into the commonalities and differences among the

nature of the human sequence, uncertainties in the gene and protpimteomes of different organisms.
sets for all of the multicellular organisms considered and ouRrobable horizontal transferAn interesting category is a set of 223
incomplete knowledge of protein structures. Nonetheless, sompmoteins that have signi®cant similarity to proteins from bacteria,
general patterns emerge. These include insights into fundameriiat no comparable similarity to proteins from yeast, worm, 'y and
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Table 23 Properties of genome and proteome in essentially completed eukaryotic proteomes

Human Fly Worm Yeast Mustard weed
Number of identi®ed genes , 32,000* 13,338 18,266 6,144 25,706
% with InterPro matches 51 56 50 50 52
Number of annotated domain families 1,262 1,035 1,014 851 1,010
Number of InterPro entries per gene 0.53 0.84 0.63 0.6 0.62
Number of distinct domain architectures 1,695 1,036 1,018 310 +
Percentage of 1-1-1-1 1.40 4.20 3.10 9.20 +
% Signal sequences 20 20 24 11 +
% Transmembrane proteins 20 25 28 15 +
% Repeat-containing 10 11 9 5 +
% Coiled-coil 11 13 10 9 +

The numbers of distinct architectures were calculated using SMART and the percentages of repeat-containing proteins were estimated using Prospef8 and a P-value threshold of 10°. The protein sets
used in the analysis were taken from http://www.ebi.ac.uk/proteome/ for yeast, worm and “y. The proteins from mustard weed were taken from the TAIR website (http:// www.arabidopsis.org/) on
September 2000. The protein set was searched against the InterPro database (http://www.ebi.ac.uk/interpro/) using the InterProscan software. Comparison of protein sequences with the InterR
database allows prediction of protein families, domain and repeat families and sequence motifs. The searches used Pfam releasé®, Prints release 26.£2°, Prosite release 162 and Prosite preliminary

a1

pro®les. InterPro analysis results are available as Supplementary Information. The fraction of 1-1-1-1 is the percentage of the genome that falls into orthologous groups composed of only one member each

in human, y, worm and yeast.
*The gene number for the human is still uncertain (see text). Table is based on 31,778 known genes and gene predictions.

mustard weed, or indeed from any other (nonvertebrate) eukaryote.We cannot formally exclude the possibility that gene trans
These sequences should not represent bacterial contaminatioroaturred in the opposite directionBthat is, that the genes we
the draft human sequence, because we ®ltered the sequendeviented in the vertebrate lineage and then transferred to bact
eliminate sequences that were essentially identical to known bactéowever, we consider this less likely. Under this scenario, the b

sfer
ere
eria.
road

ial plasmid, transposon or chromosomal DNA (such as the hosistribution of these genes among bacteria would require extensive

strains for the large-insert clones). To investigate whether these woeizontal dissemination after their initial acquisition. In additior
genuine human sequences, we designed PCR primers for 35 of thlesefunctional repertoire of these genes, which largely enc
genes and con®rmed that most could be readily detected directlyntracellular enzymes (Table 24), is uncharacteristic of verteb

n,
zode
ate-

human genomic DNA (Table 24). Orthologues of many of thesgpeci®c evolutionary innovations (which appear to be primarily

genes have also been detected in other vertebrates (Table 24). extracellular proteins; see below).
A more detailed computational analysis indicated that at least 113We did not identify a strongly preferred bacterial source for

he

of these genes are widespread among bacteria, but, among eugatative horizontally transferred genes, indicating the likelihgod

yotes, appear to be present only in vertebrates. Itis possible that tiemultiple independent gene transfers from different bacte
genes encoding these proteins were present in both early prok@iable 24). Notably, several of the probable recent acquisit
yotes and eukaryotes, but were lost in each of the lineages of yd@sie established (or likely) roles in metabolism of xenobiotics
worm, "y, mustard weed and, possibly, from other nonvertebratstress response. These include several hydrolases of dif
eukaryote lineages. A more parsimonious explanation is that thesggeci®cities, including epoxide hydrolase, and several deh

ria
ons

5 Or
ferent
ydro-

genes entered the vertebrate (or prevertebrate) lineage by horizogihases (Table 24). Of particular interest is the presence of two

transfer from bacteria. Many of these genes contain introns, whiplaralogues of monoamine oxidase (MAO), an enzyme of
presumably were acquired after the putative horizontal transferitochondrial outer membrane that is central in the metabolis
event. Similar observations indicating probable lineage-speci@cneuromediators and is a target of important psychiat
horizontal gene transfers, as well as intron insertion in the acquirddugs®***** This example shows that at least some of the ge
genes, have been made in the worm genine thought to be horizontally transferred into the vertebrate linez

appear to be involved in important physiological functions and

the
5M
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probably have been ®xed and maintained during evolution because
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@Q\\ <& A oé\ O @0\ & P @\6 Figure 3®istribution of the homologues of the predicted human proteins| For each
Qév o@',\‘\ protein, a homologue to a phylogenetic lineage was considered present ifla search of
Q¢ NCBI nonredundant protein sequence database, using the gapped BLASTP program,

Figure 37 unctional categories in eukaryotic proteomes. The classi®cationecatedoniesxpectatif)value éf 0.001. Additional searches for probable homologues

were derived from functional classi®cation systems, including the top-levelbiblyieslsequence conservation were performed using the PSI-BLAST

program, rur

function category of the Gene Ontology project (GO; see http://www.genedhteligratins using the same cut-off for inclusion of sequences o the pro®le
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of the increased selective advantage(s) they provide. We identi®ed 1,308 groups of proteins, each containing at |
Genes shared with "y, worm and yeastPl.1 contains apparent one predicted orthologue in each species and many contai
homologues of 61% of the 'y proteome, 43% of the wormadditional paralogues. The 1,308 groups contained 3,129 hu
proteome and 46% of the yeast proteome. We next considered {h®teins, 1,445 "y proteins, 1,503 worm proteins and 1,441y
groups of proteins containing likely orthologues and paralogugsoteins. These 1,308 groups represent a conserved core of pr
(genes that arose from intragenome duplication) in human, “ythat are mostly responsible for the basic “housekeeping' functio
worm and yeast. the cell, including metabolism, DNA replication and repair, a
Brie'y, we performed all-against-all sequence compaffédor translation.
the combined protein sets of human, yeast, 'y and worm. Pairs of In 564 of the 1,308 groups, one orthologue (and no additio
sequences that were one another's best matches in their respegaralogues) could be unambiguously assigned for each of hu
genomes were considered to be potential orthologues. These wgravorm and yeast. These groups will be referred to as 1-1

then used to identify orthologous groups across three orgarifémsgroups. More than half (305) of these groups could be assigne
Recent species-speci®c paralogues were de®ned by using ththalfunctional categories shown in Fig. 37. Within these functig

east
ning
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ns of
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nal
man,
1-1
dto
nal

against-all sequence comparison to cluster the protein set for eagttegories, the numbers of groups containing single orthologues

organism. For each sequence found in an orthologous group, tlreeach of the four proteomes was: 19 for cellular processe
recent paralogues were de®ned to be the largest species-spémi®@uetabolism, 31 for DNA replication and modi®cation, 1

cluster including it. The set of paralogues may be in"ated bipr transcription/translation, 13 for intracellular signalling, 24

unrecognized splice variants and by fragmentation. for protein folding and degradation, 38 for transport, 5 fi

Table 24 Probable vertebrate-speci®c acquisitions of bacterial genes

Human protein (accession) Predicted function Known orthologues in Bacterial homologues Human origin con®rmed by

other vertebrates PCR
Range Best hit
AAG01853.1 Formiminotransferase Pig, rat, chicken ~ Thermotoga Thermoplasma Thermotoga maritima Yes
cyclodeaminase Methylobacter
CAB81772.1 Na/glucose cotransporter Rodents, ungulates Most bacteria Vibrio parahaemolyticus ~ Yes (CAB81772, AAC41747.1)
AAB59448.1 NT* (AAB59448.1,
AAA36608.1)
AAA36608.1
AACA41747.1
BAA1143.21 Epoxide hydrolased/b-hydrolase) = Mouse,Danio, fugu Most bacteria Pseudomonas aeruginosa Yes
®sh
CAB59628.1 Protein-methionineS-oxide reductase Cow Most bacteria Synechocystis sp. Yes
BAA91273.1 Hypertension-associated protein SA/  Mouse, rat, cow Most bacteria Bacillus halodurans NT*
acetate-CoA ligase
CAA75608.1 Glucose-6-phosphate transporter/ Mouse, rat Most bacteria Chlamydophila pneumoniae Yes
glycogen storage disease type 1b
protein
AAA59548.1 Monoamine oxidase Cow, rat, salmon Most bacteria Mycobacterium tuberculosis Yes
AAB27229.1
AAF12736.1 Acyl-CoA dehydrogenase, Mouse, rat, pig Most bacteria P. aeruginosa Yes
mitochondrial protein
AAA51565.1
IGI_M1_ctg19153_147 Aldose-1-epimerase Pig (also found in Streptomyces, Bacillus Streptomyces coelicolor Yes
plants)
BAA92632.1 Predicted carboxylase (C-terminal None Streptomyces, Rhizobium, S. coelicolor Yes
domain, N-terminal domain unique) Bacillus
BAA34458.1 Uncharacterized protein None Gamma-proteobacteria Escherichia coli Yes
AAF24044.1 Uncharacterized protein None Most bacteria T. maritima Yes
BAA34458.1 b-Lactamase superfamily hydrolase None Most bacteria Synechocystissp. Yes
BAA91839.1 Oxidoreductase (Rossmann fold) None (several human Actinomycetes Leptospirg; S. coelicolor Yes
fused to a six-transmembrane protein paralogues of both  more distant homologues in
parts) other bacteria
BAA92073.1 Oxidoreductase (Rossmann fold) None Synechocystis, Pseudomonas Synechocystisp. Yes
BAA92133.1 alb-hydrolase None Rickettsig more distant Rickettsia prowazekii Yes
homologues in other bacteria
BAA91174.1 ADP-ribosylglycohydrolase None Streptomyces, Aquifex S. coelicolor Yes
Archaeoglobus(archaeon),
E. coli
AAA60043.1 Thymidine phosporylase/endothelial None Most bacteria Bacillus stearothermophilus Yes
cell growth factor
BAA86552.1 Ribosomal protein S6-glutamic acid None Most bacteria and archaea Haemophilus in"uenzae Yes
ligase
IGI_M1_ctg12741_7 Ribosomal protein S6-glutamic acid None Most bacteria and archaea H. inuenzae Yes
ligase (paralogue of the above)
IGI_M1_ctg13238_61 Hydratase None Synechocystis Synechocystissp. Yes
Sphingomonas
IGI_M1_ctg13305_116 Homologue of histone macro-2A C- None (several human Thermotoga, Alcaligenes E. T. maritima Yes
terminal domain, predicted paralogues, RNA  coli, more distant homologues
phosphatase viruses) in other bacteria

IGI_M1_ctg14420_10 Sugar transporter None Most bacteria Synechocystissp. Yes
IGI_M1_ctg16010_18 Predicted metal-binding protein None Most bacteria Borrelia burgdorferi Yes
IGI_M1_ctg16227_58 Pseudouridine synthase None Most bacteria Zymomonas mobilis Yes
IGI_M1_ctg25107_24 Surfactin synthetase domain None Gram-positive bacteria, Bacillus subtilis Yes

Actinomycetes
C bacteri

*NT, not tested.
Representative genes con®rmed by PCR to be present in the human genome. The similarity to a bacterial homologue was considered to be “signi®cantly’ greater than that to eukaryotic homologues

difference in alignment scores returned by BLASTP was greater than 30 bits @ orders of magnitude in terms ofE-value). A complete, classi®ed and annotated list of probable vertebrate-speci®c horizontal

gene transfers detected in this analysis is available as Supplementary Information. cDNA sequences for each protein were searched, using the SSAHA algorithm, against the draft genome seque
Primers were designed and PCR was performed using three human genomic samples and a random BAC clone. The predicted genes were considered to be present in the human genome if a band of
expected size was found in all three human samples but not in the control clone.
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multifunctional proteins and 3 for cytoskeletal/structural. No suclparalogues could be identi®ed, it was apparent that the functions of
groups were found for defence and immunity or cellxcell commuhe subgroup members could differ signi®cantly. For example| the
nication. "y receptor for the "y-speci®c hormone ecdysone and the human
The 1-1-1-1 groups probably represent key functions that havetinoic acid receptors cluster together on the basis of sequence
not undergone duplication and elaboration in the various lineagesimilarity. Such examples underscore that the assignment of func-
They include many anabolic enzymes responsible for such functidimal similarity on the basis of sequence similarities among these
as respiratory chain and nucleotide biosynthesis. In contrast, théheee organisms is not trivial in most cases.
are few catabolic enzymes. As anabolic pathways branch Mew vertebrate domains and proteindle then explored how the

function in the nervous system (17 families) are particularly
< Human enriched in this set. These data indicate the recent emergence or
(>200) <Jw rapid divergence of these proteins.
orm Representative human proteins were previously known for nearly
« ry all of the vertebrate-speci®c families. This was not surprising, given
the anthropocentrism of biological research. However, the analysis
did identify the ®rst mammalian proteins belonging to two of these
families. Both of these families were originally de®ned in ®sh. The
(4)Hepatocyte nuclear factors ®rst is the family of polar ®sh antifreeze Il proteins. We found a

human sialic acid synthase containing a domain homologous to

polar ®sh antifreeze Il protein (BAA91818.1). This ®nding suggests
® <] (6)Vitamin D3 that ®sh created the antifreeze function by adaptation of this
domain. We also found a human protein (CAB60269.1) homo-
logous to the ependymin found in teleost ®sh. Ependymins|are

ly

Ecdysone
—| g major glycoproteins of ®sh brains that have been claimed to be
i ®) involved in long-term memory formatioti The function of the
(3)Thyr01d hormone mammalian ependymin homologue will need to be elucidated.
(3)Retmo|c acids New architectures from old domainsWhereas there appears to be
— pSteroid | | only modest invention at the level of new vertebrate protein
hormone domains, there appears to be substantial innovation in the creation
4) of new vertebrate proteins. This innovation is evident at the level of
@) (3) Peroxisome domain architecture, de®ned as the linear arrangement of domains

proliferator activated within a polypeptide. New architectures can be created by shuf ing,
adding or deleting domains, resulting in new proteins from old
parts.

@ | ; @) We quanti®ed the number of distinct protein architectures found

Ecdysone

ririda

(3)Retinoic acids resourc&® (Fig. 40). The human proteome set contained 1.8 ti

-
—| novel extracellular and transmembrane architectures in the human

(2)Apolipoprotein lineage. Human extracellular proteins show the greatest innovation:
regulatory protein b

each group. shown). (We also checked that the larger number of human
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Figure 40Number of distinct domain architectures in the four eukaryotic germoenesrmalized with respect to the numbers of domains predicted in each
predicted using SMARThe number of architectures is split into three cellulavoid artefactual results from the relatively low detection rate for some re

phylum.”
peat type:

environments: intracellular, extracellular and membrane-associated. The itarekse occurrences of tetratricopeptide, armadillo, EF-hand, leucine-rich, WD40 o
architectures for the human, relative to the other lineages, is seen when thesskytimtegrsats or C2H2-type zinc ®ngers were treated as single occurrences.

architectures could not be an artefact resulting from erroneous gene
predictions. Three-quarters of the architectures can be found in
known genes, which already yields an increase of about 50% over
worm and "y. We expect the ®nal number of human architectures to
grow as the complete gene set is identi®ed.)

A related measure of proteome complexity can be obtained kg/60- | O vustard ‘
considering an individual domain and counting the number of & “ weed |
different domain types with which it co-occurs. For exampleg B Yeast “
the trypsin-like serine protease domain (number 12 in Fig. 41§” 404 Oworm ‘w
co-occurs with 18 domain types in human (including proteinsg | OFy \
involved in the mammalian complement system, blood coagulat|ona 301 M Human |

and ®brinolytic and related systems). By contrast, the trypsin- Ilke
serine protease domain occurs with only eight other domains in y°
®ve inworm and one inyeast. Similar results for 27 common domau@ 10
are shownin Fig. 41. In general, there are more different co-occurriigy
domains in the human proteome than in the other proteomes.

One mechanism by which architectures evolve is through the
fusion of additional domains, often at one or both ends of the
proteins. Such “‘domain accretiéf{is seen in many human proteins
when compared with proteins from other eukaryotes. The effectfgyure 4INumber of different Pfam domain types that co-occur in the sam
illustrated by several chromatin-associated proteins (Fig. 42). dach of the 10 most common domain families in each of the ®ve eukaryg
these examples, the domain architectures of human proteins diffgcause some common domain families are shared, there are 27 families
from those found in yeast, worm and "y proteins only by theThe data are ranked according to decreasing numbers of human co-occ
addition of domains at their termini. domains. The domain families are: (1) eukaryotic protein kinase [IPRO0Q

Among chromatin-associated proteins and transcription factorg?) immunoglobulin domain [IPR003006]; (3) ankyrin repeat [IPR002110];
a signi®cant proportion of domain architectures is shared betwepPR001841]; (5) C2H2-type zinc ®nger [IPR000822]; (6) ATP/GTP-bind
the vertebrate and "y, but not with worm (Fig. 43a). The trend wagPR001687]; (7) reverse transcriptase (RNA-dependent DNA polymeras
even more prominent in architectures of proteins involved in8) leucine-rich repeat [IPR001611]; (9) G-ptDidid repeats [IPRO01680];
another key cellular process, programmed cell death (Fig. 43{1)0) RNA-binding region RNP-1 (RNA recognition motif) [IPR000504]; (1
These examples might seem to bear upon the unresolved issue offdreain [IPR001304]; (12) serine proteases, trypsin family [IPR001254];
evolutionary branching order of worms, “ies and humans, suggest-terminal domain [IPR001650]; (14) collagen triple helix repeat [IPR0OOC

Domain family

e protein, f
tic proteot
rather that
rring Pfar
719];

(4) RING ¢
ng P-loop
e) [IPROO(

1) C-type
13) helica
087];

ing that worms branched off ®rst. However, there were other caseglif) rhodopsin-like GPCR superfamily [IPR0O00276]; (16) esterase/lipase/thioester:

which worms and humans shared architectures not present in "y. [fPR000379]; (17) Myb DNA-binding domain [IPR001005]; (18) F-box do
global analysis of shared architectures could not conclusiv@i§r001810]; (19) ATP-binding transport protein, 2nd P-loop motif [IPRO!
distinguish between the two models, given the possibility of ling20) homeobox domain [IPR001356]; (21) C4-type steroid receptor zinc

main
01051];
Rnger

age-speci®c loss of architectures. Comparison of protein architpPR001628]; (22) sugar transporter [[IPR001066]; (23) PPR repeats [IPR002885];

more detailed analyses of many protein families. (25) cytochrome P450 enzyme [IPR001128]; (26) fungal transcriptional regulatory pr

tures may help to resolve the evolutionary issue, but it will requir@4) seven-helix G-protein-coupled receptor, worm (probably olfactory) fang’il)y [IPROOC

New physiology from old proteins. An important aspect of N terminus [IPR001138]; (27) domain of unknown function DUF38 [IPRO
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Figure 4ZExamples of domain accretion in chromatin proteins. Domain accdetinaiis are SET, a chromatin protein methyltransferase domain; SWI2,

a superfami

various lineages before the animal divergence, in the apparent coelomate liredigaseli@dfiease domain; Sa, sant domain; Br, bromo domain; Ch, chromodomain; (

vertebrate lineage are shown using schematic representations of domain argstiésatutrésd motif associated with the Msl-2 and SET domains; A, AT h

ok motif; Ef

(not to scale). Asterisks, mobile domains that have participated in the accrefiB2, 8pbeaeser of polycomb domains 1 and 2; Znf, zinc ®nger; sja, SET-JOR-associ:

in which a domain architecture has been identi®ed are indicated above theldragmaifL. Aravind, unpublished); Me, DNA methylase/Hrx-associated D
(Y, yeast; W, worm; F, "y; V, vertebrate). Protein names are below the diag@ager; Bee bromo-associated homologyanbiiffierent examples of accretio

NA binding
n.

vertebrate innovation lies in the expansion of protein families. Tabmparison of relative expansions in human versus "y is shown in

25 shows the most prevalent protein domains and protein famili€sg. 44.
in humans, together with their relative ranks in the other species.Many of the families that are expanded in human relative to

y

About 60% of families are more numerous in the human than in angnd worm are involved in distinctive aspects of vertebrate physiol-

of the other four organisms. This shows that gene duplication hagy. An example is the family of immunoglobulin (IG) domain
been a major evolutionary force during vertebrate evolution. ®rstidenti®ed in antibodies thirty years ago. Classic (as oppos|
divergent) IG domains are completely absent from the yeast

mustard weed proteomes and, although prokaryotic homolog

a Conserved domain architectures in chromatin proteins exist, they have probably been transferred horizontally f
metazoan$® Most IG superfamily proteins in invertebrates a
cell-surface proteins. In vertebrates, the IG repertoire inclu

£ Human and fly antibody receptors and many lymphocyte cell-surface proteins.
@ Human and worm large expansion of IG domains in vertebrates shows the versatil
g X\:l":ﬂeae”d fly a single family in evoking rapid and effective response to infect
60 Two prominent families are involved in the control of develo

ment. The human genome contains 30 ®broblast growth fac

3 contains 42 transforming growth factdrs (TGHs) compared with
nine and six in the 'y and worm, respectively. These growth fac
b c ) . : ) . are involved in organogenesis, such as that of the liver and the
onserved domain architectures in apoptotic proteins
organs (tracheae) in embryd$ Thus, developmental triggers
morphogenesis in vertebrates have evolved from related but sin
systems in invertebraté
Another example is the family of intermediate ®lament prote
with 127 family members. This expansion is almost entirely du
111 keratins, which are chordate-speci®c intermediate ®la
proteins that form ®laments in epithelia. The large number
human keratins suggests multiple cellular structural support r
for the many specialized epithelia of vertebrates.

10

[ Human and fly

B Human and worm
16 | 0 Worm and fly

[ All three

of about 1,000 genes and pseudog&hé&s The number of olfac-
tory receptors testi®es to the importance of the sense of sm
Figure 4Zonservation of architectures between animal species. The pie chavilitiebtiates. A total of 906 olfactory receptor genes and pseudo

3

the shared domain architectures of apparent orthologues that are conservaplildt Basdenti®ed in the draft genome sequence, two-thirds

two of the three sequenced animal genomes. If an architecture was detectetlhiicinglenie not previously annotated. About 80% are found

(FGFs), as opposed to two FGFs each in the "y and worm.
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Finally, the olfactory receptor genes comprise a huge gene family

ell in
genes
of

n

plants, as well as two of the animal lineages, it was omitted as ancient and itabstrivedndozen clusters ranging from 6 to 138 genes and encom-

the third animal lineage attributed to geagdbssmatin-associated proteins. passing about 30 Mb, (1%) of the human genome. Despite the

b, Components of the programmed cell death system. importance of smell among our vertebrate ancestors, hominids
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appear to have considerably less interest in this sense. About 60%rdfation. The emergence of major variations in the developmental
the olfactory receptors in the draft genome sequence have disrupkexly plans that accompanied the early radiation of the anitffals
ORFs and appear to be pseudogenes, consistent with reasmild have been driven by lineage-speci®c proliferation of such
report$**34¢suggesting massive functional gene loss in the last tt@nscription factors. Beyond these large expansions of protein
Myr3473%8 |nterestingly, there appears to be a much higher propofamilies, protein components of particular functional systems
tion of intact genes among class | than class Il olfactory receptossch as the cell death signalling system show a general incregse in
suggesting functional importance. diversity and numbers in the vertebrates relative to other animals.

Vertebrates are not unique in employing gene family expansidror example, there are greater numbers of and more novel archi-
For many domain types, expansions appear to have occurredtures in cell death regulatory proteins such as BCL-2, TNFR and
independently in each of the major eukaryotic lineages. A godiFkB from vertebrates.
example is the classical C2H2 family of zinc ®nger domains, whichnclusion. Five lines of evidence point to an increase in the
have expanded independently in the yeast, worm, 'y and humaomplexity of the proteome from the single-celled yeast to the
lineages (Fig. 45). These independent expansions have resultechutticellular invertebrates and to vertebrates such as the human.
numerous C2H2 zinc ®nger domain-containing proteins that ar@peci®cally, the human contains greater numbers of genes, damain
speci®c to each lineage. In “ies, the important components of ta@d protein families, paralogues, multidomain proteins with
C2H2 zinc ®nger expansion are architectures in which it is comultiple functions, and domain architectures. According to these
bined with the POZ domain and the C4DM domain (a metal-measures, the relatively greater complexity of the human proteome
binding domain found only in y). In humans, the most prevalentis a consequence not simply of its larger size, but also of large-scale
expansions are combinations of the C2H2 zinc ®nger with PQifotein innovation.

(independent of the one in insects) and the vertebrate-speci®@n important question is the extent to which the greater
KRAB and SCAN domains. phenotypic complexity of vertebrates can be explained simply by
The homeodomain is similarly expanded in all animals and isvo- or threefold increases in proteome complexity. The real
presentin both architectures that are conserved and lineage-spe@gmanation may lie in combinatorial ampli®cation of these

architectures (Fig. 45). This indicates that the ancestral aninmabdest differences, by mechanisms thatinclude alternative splicing,
probably encoded a signi®cant number of homeodomain proteirst-translational modi®cation and cellular regulatory networks.
but subsequent evolution involved multiple, independent exparFhe potential numbers of different proteins and protein+protein
sions and domain shufing after lineages diverged. Thus, the masteractions are vast, and their actual numbers cannot readily be
prevalent transcription factor families are different in worm, 'y anddiscerned from the genome sequence. Elucidating such system-
human (Fig. 45). This has major biological implications becausevel properties presents one of the great challenges for madern
transcription factors are critical in animal development and differbiology.
Table 25 The most populous InterPro families in the human proteome and other species
Human Fly Worm Yeast Mustard weed
InterPro ID No. of Rank No. of Rank No. of Rank No. of Rank No. of Rank
genes genes genes genes genes
IPR0O03006 765 1) 140 9) 64 (34) 0 (na) 0 (na) Immunoglobulin domain
PR000822 706 @) 357 1) 151 (10) 48 (7) 115 (20) C2H2 zinc ®nger
IPR000719 575 3) 319 2) 437 2) 121 1) 1049 1) Eukaryotic protein kinase
IPR000276 569 4) 97 (14) 358 3) 0 (na) 16 (84) Rhodopsin-like GPCR superfamily
IPR001687 433 (5) 198 (4) 183 (7) 97 ) 331 (5) P-loop motif
IPRO00477 350 (6) 10 (65) 50 (41) 6 (36) 80 (35) Reverse transcriptase (RNA-dependent DNA polymerase)
IPR000504 300 (7 157 (6) 96 (21) 54 (6) 255 (8) rrm domain
IPR001680 277 8) 162 (5) 102 (19) 91 ) 210 (10) G-proteinWD-40 repeats
IPR002110 276 9) 105 (13) 107 a7) 19 (23) 120 (18) Ankyrin repeat
IPR0O01356 267 (20) 148 ) 109 (15) 9 (33) 118 (29) Homeobox domain
IPR001849 252 (1) 77 (22) 71 (31) 27 17) 27 (73) PH domain
IPR002048 242 (12) 111 (12) 81 (25) 15 @7 167 (12)  EF-hand family
IPR0O00561 222 13) 81 (20) 113 (14) 0 (na) 17 (83) EGF-like domain
IPR001452 215 (14) 72 (23) 62 (35) 25 (18) 3 97) SH3 domain
IPR001841 210 (15) 114 (11) 126 (12) 35 (12) 379 4) RING ®nger
IPR001611 188 (16) 115 (10) 54 (38) 7 (35) 392 ) Leucine-rich repeat
IPR001909 171 a7 0 (na) 0 (na) 0 (na) 0 (na) KRAB box
IPR001777 165 (18) 63 27) 51 (40) 2 (40) 4 (96) Fibronectin type Ill domain
IPR001478 162 (19) 70 (24) 66 33) 2 (40) 15 (85)  PDZ domain
IPR001650 155 (20) 87 17) 78 (27) 79 4) 148 (13) Helicase C-terminal domain
IPR001440 150 (21) 86 (18) 46 43) 36 (12) 125 (17)  TPRrepeat
IPR002216 133 (22) 65 (26) 99 (20) 2 (40) 31 (69) lon transport protein
IPR001092 131 (23) 84 (19) 41 (46) 7 (35) 106 (24) Helix+loop+helix DNA-binding domain
IPRO00008 123 (24) 43 (34) 36 (49) 9 (33) 82 (34)  C2domain
IPRO01664 119 (25) 4 (71) 22 (63) 1 (41) 2 (98) SH2 domain
IPR001254 118 (26) 210 3) 12 (73) 1 (41) 15 (85) Serine protease, trypsin family
IPR002126 114 27) 19 (56) 16 (69) 0 (na) 0 (na) Cadherin domain
IPRO00210 113 (28) 78 (21) 117 (13) 1 (41) 54 (50)  BTB/POZ domain
IPR000387 112 (29) 35 (40) 108 (16) 12 (30) 21 (79) Tyrosine-speci®c protein phosphatase and dual speci®city
protein phosphatase family
IPR000087 106 (30) 18 (57) 169 9) 0 (na) 5 (95) Collagen triple helix repeat
IPRO00379 94 (31) 141 8) 134 (11) 40 (10) 194 (11) Esterase/lipase/thioesterase
IPR000910 89 (32) 38 (38) 18 (67) 8 (34) 18 (82) HMG1/2 (high mobility group) box
IPR0O00130 87 (33) 56 (29) 92 (22) 8 (34) 12 (88) Neutral zinc metallopeptidase
IPR001965 84 (34) 37 (39) 24 (61) 16 (26) 71 (39) PHD-®nger
IPR0O00636 83 (35) 32 (43) 24 (61) 1 (41) 14 (86) Cation channels (non-ligand gated)
IPR001781 81 (36) 38 (38) 36 (49) 4 (38) 8 (92) LIM domain
IPR002035 81 (36) 8 (67) 45 (44) 3 (39) 17 (83) VWA domain
IPR0O01715 80 37) 33 (42) 30 (55) 3 (39) 18 (82) Calponin homology domain
IPR000198 77 (38) 20 (55) 20 (65) 10 (32) 9 (91) RhoGAP domain
Fortymost populous Interpro families found in the human proteome compared withl equwalem numbersfromotherspemesnanot applicable (used when there are no proteins in an organism in that family).
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Segmental history of the human genome And third, detailed comparative maps may assist in the assembly of
the mouse sequence, using the human sequence as a scaffold.
In bacteria, genomic segments often convey important information Two types of linkage conservation are commonly descted
about function: genes located close to one another often encodnserved synteny' indicates that at least two genes that reside on a
proteins in a common pathway and are regulated in a commogommon chromosome in one species are also located on a common
operon. In mammals, genes found close to each other only rarelyromosome in the other species. Syntenic loci are said to lie|in a
have common functions, but they are still interesting because th@pnserved segment’ when not only the chromosomal position| but
have a common history. In fact, the study of genomic segments déwe linear order of the loci has been preserved, without interruption
shed light on biological events as long as 500 Myr ago and as recelaylpther chromosomal rearrangements.
as 20,000 years ago. An initial survey of homologous loci in human and mod¥e
Conserved segments between human and mouse suggested that the total number of conserved segments would be
Humans and mice shared a common ancestor about 100 Myr agdout 180. Subsequent estimates based on increasingly detailed
Despite the 200 Myr of evolutionary distance between the speciespmparative maps have remained close to this proje&igit>
signi®cant fraction of genes show synteny between the two, beingp://www.informatics.jax.org). The distribution of segment
preserved within conserved segments. Genes tightly linked in deegths has corresponded reasonably well to the truncated negative
mammalian species tend to be linked in others. In fact, conservegponential curve predicted by the random breakage nitidel
segments have been observed in even more distant species: humakise availability of a draft human genome sequence allows the ®rst
show conserved segments with ®%1'and even with invertebrates global humanzmouse comparison in which human physical dis-
such as "y and worrit2 In general, the likelihood that a syntenictances can be measured in Mb, rather than cM or orthologous gene
relationship will be disrupted correlates with the physical distane@unts. We identi®ed likely orthologues by reciprocal comparison
between the loci and the evolutionary distance between the speadshe human and mouse mRNAs in the LocusLink database, using
Studying conserved segments between human and mouse m&gaBLAST. For each orthologous pair, we mapped the location of
several uses. First, conservation of gene order has been useifhi@diuman gene in the draft genome sequence and then checked the
identify likely orthologues between the species, particularly whéacation of the mouse gene in the Mouse Genome Informatics
investigating disease phenotypes. Second, the study of consedagdbase (http://www.informatics.jax.org). Using a conservative
segments among genomes helps us to deduce evolutionary anceitrgshold, we identi®ed 3,920 orthologous pairs in which [the
human gene could be mapped on the draft genome sequence| with
high con®dence. Of these, 2,998 corresponding mouse genes had a

400 known position in the mouse genome. We then searched|for
350 de®nitive conserved segments, de®ned as human regions containing
_ orthologues of at least two genes from the same mouse chromosome
g 300 region ( 15cM) without interruption by segments from oth
g 50 chromosomes.
S We identi®ed 183 de®nitive conserved segments (Fig. 46). The
é 200 average segment length was 15.4 Mb, with the largest segment/being
3 150 90.5Mb and the smallest 24 kb. There were also 141 “singletons,
EZ 100 segments that contained only a single locus; these are not counted in

50 | g,

0 100 200 300 400 500 600 700 800 goo Servative approach, the observed number of de®nitive segm
likely be lower than the correct total. One piece of evidence for this

conclusion comes from a more detailed analysis on human chro-

Figure 44Relative expansions of protein families between human and y. Thaesame 7 (ref. 358), which identi®ed 20 conserved segments, of
have not been normalized for proteomic size differences. Blue line, equalitywbéghdbiee were singletons. Our analysis revealed only 13 de®nitive
normalized family sizes in the two organisms. Green line, equality between segirealtgean this chromosome, with nine singletons.
family sizes. Numbered InterPro entries: (1) immunoglobulin domain [IPR00300é)8 #y&tfidency of observing a particular gene count in a conserved
®nger, C2H2 type [IPR000822]; (3) eukaryotic protein kinase [IPR000719]; @ gragsgdmplotted on a logarithmic scale in Fig. 47. If chromosomal
like GPCR superfamily [IPR0O00276]; (5) ATP/GTP-binding site motif A (P-lbepaks occur in a random fashion (as has been proposed)|and
[IPR0O01687]; (6) reverse transcriptase (RNA-dependent DNA polymerase)diff@®@oze];in gene density are ignored, a roughly straight |line
(7) RNA-binding region RNP-1 (RNA recognition motif) [IPRO00504W(B) G-phatiial result. There is a clear excesaferl, suggesting that 509
40 repeats [IPR001680]; (9) ankyrin repeat [IPR002110]; (10) homeobox domalare of the singletons are indeed artefactual. Thus, we esti
[IPR001356]; (11) PH domain [IPR001849]; (12) EF-hand family [IPRO02048atieyearmber of conserved segments is around 190+230, in
like domain [IPRO00561]; (14) Src homology 3 (SH3) domain [IPR001452]agmamest with the original Nadeau+ Taylor predicfidn

Human (number of genes)

[IPR001650]; (22) ion transport protein [IPR002216]; (23) helix+loop+helix Dumbai@rgre small), but the trend appears to be consistent with a
domain [IPR001092]; (24) cadherin domain [IPR002126]; (25) intermediaté@igtaentoreakage model.
proteins [IPR001664]; (26) C2 domain [IPRO00008]; (27) Src homology 2 (SH¥alatiaimpted to ascertain whether the breakpoint regions have
[IPR0O00980]; (28) serine proteases, trypsin family [IPR001254]; (29) BTB/ROY spewial characteristics. This analysis was complicated by impre-
[IPR000210]; (30) tyrosine-speci®c protein phosphatase and dual speci®@dtisi@oténthe positioning of these breaks, which will tend to blur any
phosphatase family [IPR000387]; (31) collagen triple helix repeat [IPROOOTBTtIGAEhips. With 2,998 orthologues, the average interval within
esterase/lipase/thioesterase [IPR000379]; (33) neutral zinc metallopeptidasdsichne break is known to have occurred is about 1.1 Mb. We
binding region [IPR0O00130]; (34) ATP-binding transport protein, 2nd P-loog@isffared the aggregate features of these breakpoint intervals with
[IPR001051]; (35) ABC transporters family [IPR001617]; (36) cytochrome FtAB0 gefnyonae as a whole. The mean gene density was lower in
[IPR0O01128]; (37) insect cuticle protein [IPR000618]. breakpoint regions than in the conserved segments (13.8 versus
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18.6 per Mb). This suggests that breakpoints may be more likelyitothese lineagé%. Additional evidence that rodents are outlie
occur or to undergo ®xation in gene-poor intervals than in geneomes from a recent analysis of synteny between the human
rich intervals. The occurrence of breakpoints may be promoted gbra®sh genomes. From a study of 523 orthologues, it was po
homologous recombination among repeated sequéficé¥hen to project 418 conserved segmétsAssuming 400 Myr since
the sequence of the mouse genome is ®nished, this analysis carobrenon vertebrate ancestor of zebra®sh and hufffang obtain
revisited more precisely.

rs
and

ssible
a

an estimate of 0.52 rearrangements per Myr. Recent estimates of

A number of examples of extended conserved segments aedrrangement rates in plants have suggested bimodality, with some

syntenies are apparent in Fig. 46. As has been noted, almosipalts showing rates of 0.15+0.41 rearrangements per Myr,

human genes on chromosome 17 are found on mouse chromosowtiers showing higher rates of 1.1+1.3 rearrangements pefMyr

11, with two members of the placental lactogen family from mous#&ith additional detailed genome maps of multiple species, it sho
13 inserted. Apart from two singleton loci, human chromosome 20e possible to determine whether this particular molecular clog
appears to be entirely orthologous to mouse chromosome tuly operating at a different rate in various branches of t
apparently in a single segment. The largest apparently contigu@welutionary tree, and whether variations in that rate are bimo
conserved segment in the human genome is on chromosomeo4 continuous. It should also be possible to reconstruct the kar
including roughly 90.5 Mb of human DNA that is orthologous totypes of common ancestors.
mouse chromosome 5. This analysis also allows us to infer the lik&lycient duplicated segments in the human genome
location of thousands of mouse genes for which the humatinother approach to genomic history is to study segmental du
orthologue has been located in the draft genome sequence but tagions within the human genome. Earlier, we discussed exan
mouse locus has not yet been mapped. of recent duplications of genomic segments to pericentromeric
With about 200 conserved segments between mouse and hunsaibtelomeric regions. Most of these events appear to be evolu
and about 100 Myr of evolution from their common ancestwe ary dead-ends resulting in nonfunctional pseudogenes; how
obtain an estimated rate of about 1.0 chromosomal rearrangemesggmental duplication is also an important mode of evolution
being ®xed per Myr. However, there is good evidence that the ratérafovation: a duplication permits one copy of each gene to drift a
chromosomal rearrangement (like the rate of nucleotide substitpotentially to acquire a new function.
tions; see above) differs between the two species. Among mammalSegmental duplications can occur through unequal crossing
rodents may show unusually rapid chromosome alteration. By create gene families in speci®c chromosomal regions.

and
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comparison, very few rearrangements have been observed ammeghanism can create both small families, such as the ®ve related

primates, and studies of a broader array of mammalian ordeigenes of thd-globin cluster on chromosome 11, and large on
including cats, cows, sheep and pigs, suggest an average ratudf as the olfactory receptor gene clusters, which together co
chromosome alteration of only about 0.2 rearrangements per Mgearly 1,000 genes and pseudogenes.
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Figure 49.ineage-speci®c expansions of domains and architectures of trardmmipiignCG-1, novel domain in KIAA0909-like transcription factors (L. A
factors. Top, speci®c families of transcription factors that have been expandegibésiced)f MTF, myelin transcription factor domain; SAZ, specialized
the proteomes. Approximate numbers of domains identi®ed in each of thet(meahigljx (HTH) domain found in Stonewall, ADF-1 and Zeste (L. Aravind,
complete proteomes representing the lineages are shown next to the domaiA3;-andlsoméf; E2F, winged HTH DNA-binding domain; GHL, gyraseB-h
of the most common architectures are shown. Some are shared by differeMatiirAdPase domain; ATX, ATaXin domain; RFX, RFX winged HTH DN
lineages; others are lineage-speci®c. Bottom, samples of architectures fronMyamdeiiiBidiomain; KDWK, KDWK DNA-binding domain; POZ, Pox zinc
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Myb-like
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factors that are shared by all animals (ancient architectures), shared by "y an8ABrdamairtt P53F, P53 fold domain; HF, histone fold; ANK, ankyrin repeat; TIG,
unique to each lineage. Domains: K, kelch; HD, homeodomain; Zn, zinc-bindargdoptiainfactor I|g domain; SSRP, structure-speci®c recognition protein domair

LB, ligand-binding domain; C4DM, novel Zn cluster with four cysteines, probadolysteinkvetetal binding domain; C2H2, classic zinc ®nger domain; WD,

\WD40 rep

in proteint protein interactions (L. Aravind, unpublished); MATH, meprin-associated TRAF
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The most extreme mechanism is whole-genome duplicatievolution is the proposal that two WGD events occurred early in
(WGD), through a polyploidization event in which a diploid the vertebrate lineage, around the time of jawed ®shes some 500 Myr
organism becomes tetraploid. Such events are classi®ed as autago- Some authot$**“have seen support for this theory in the fact
lyploidy or allopolyploidy, depending on whether they involvehat many human genes occur in sets of four homologuesbmost
hybridization between members of the same species or differaatably the four extensive HOX gene clusters on chromosomes| 2, 7,
species. Polyploidization is common in the plant kingdom, witi2 and 17, whose duplication dates to around the correct ti
many known examples among wild and domesticated crop specidswever, other authors have disputed this interpretatign
Alfalfa (Medicago satiyas a naturally occurring autotetraploitf, suggesting that these cases may re ect unrelated duplications of
and Nicotiana tabacumsome species of cottoriizpssypiujnand  speci®c regions rather than successive WGD.
several of the common brassicas are allotetraploids containing pair$Ve analysed the draft genome sequence for evidence that
of “homeologous' chromosome pairs. bear on this question. The analysis provides many interesting

In principle, WGD provides the raw material for great bursts obbservations, but no convincing evidence of ancient WGD. We
innovation by allowing the duplication and divergence of entiréooked for evidence of pairs of chromosomal regions containing
pathways. Ohn®® suggested that WGD has played a key role imany homologous genes. Although we found many pairs contain-
evolution. There is evidence for an ancient WGD event in thag a few homologous genes, the human genome does not appear to
ancestry of yeast and several independent such events in the ancesimtain any pairs of regions where the density of duplicated genes
of mustard weetf®***? Such ancient WGD events can be hard tapproaches the densities seen in yeast or mustard®*#&€n
detect because only a minority of the duplicated loci may be We also examined human proteins in the IPI for which the
retained, with the result that the genes in duplicated segmemighologues among "y or worm proteins occur in the ratios 2:1(1,
cannot be aligned in a one-to-one correspondence but rath8rl:1, 4:1:1 and so on (Fig. 49). The number of such families [falls
require many gaps. In addition, duplicated segments may kenoothly, with no peak at four and some instances of ®ve or more
subsequently rearranged. For example, the ancient duplicationtiomologues. Although this does not rule out two rounds of WGD
the yeast genome appears to have been followed by loss of more flodlowed by extensive gene loss and some unrelated gene duplica-
90% of the newly duplicated ger&s tion, it provides no support for the theory. More probatively, if two

One of the most controversial hypotheses about vertebrateccessive rounds of genome duplication occurred, phylogenetic

analysis of the proteins having 4:1:1 ratios between human, "y|and
worm would be expected to show more trees with the topology
(A,B)(C,D) for the human sequences than (A,(B,(C,5%))How-
ever, of 57 sets studied carefully, only 24% of the trees constructed
from the 4:1:1 set have the former topology; this is not signi®cantly
different from what would be expected under the hypothesis of
random sequential duplication of individual loci.
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Figure 4 Distribution of number of genes per conserved segment between human an

mouse genomes.
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Figure 46::onser\{ed segments in thg human and mouse genome. Humah 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
chromosomes, with segments containing at least two genes whose order is conserved in
the mouse genome as colour blocks. Each colour corresponds to a particular mouse

Conserved segment length (Mb)

chromosome. Centromeres, subcentromeric heterochromatin of chromosoRigare, £8aistribution of lengths (in 5-Mb bins) of conserved segments betiveen huma

16, and the repetitive short arms of 13, 14, 15, 21 and 22 are in black. and mouse genomes, omitting singletons.
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We also searched for sets of four chromosomes where there ggaomé& and sheds light on the unique properties and history

of

multiple genes with homologues on each of the four. The strongesich genomic region. The average heterozygosity at a locus will

example was chromosomes 2, 7, 12 and 17, containing the H@Xd to increase in proportion to the local mutation rate and the

clusters as well as additional genes. These four chromosomes apjzege’ of the locus (which can be de®ned as the average number of

to have an excess of quadruplicated genes. The genes are n@eglérations since the most recent common ancestor of two
clustered in a single region; this may re ect intrachromosomalomly chosen copies in the population). For example, posi

an-
ive

rearrangement since the duplication of these genes, or it msglection can cause a locus to be unusually “young' and balancing
indicate that they result from several independent events. Of teelection can cause it to be unusually "old. An extreme example is

genes with homologues on chromosomes 2, 12 and 17, manytloé HLA region, in which a high SNP density is observed, re ec
those missing on chromosome 7 are clustered on chromosomett® fact that diverse HLA haplotypes have been maintained

ing
for

suggesting a translocation. Several additional examples of groupsafy millions of years by balancing selection and greatly predate

four chromosomes were found, although they were connected the origin of the human species.
fewer homologous genes. SNPs can also be used to study linkage disequilibrium in
Although the analyses are sensitive to the imperfect quality of thaman genom&® Linkage disequilibrium refers to the persisten

the
ce

gene predictions, our results so far are insuf®cient to settle whetbéancestral haplotypesbthat is, genomic segments carrying parti-

two rounds of WGD occurred around 500 Myr ago. It may beular combinations of alleles descended from a common ancest
possible to resolve the issue by systematically estimating the timeani provide a powerful tool for mapping disease g&#&8and for
each of the many gene duplication events on the basis of sequemmbing population history**%®! There has been considerah

or. It

ly

divergence, although this is beyond the scope of this report. Anotheantroversy concerning the typical distance over which linkage

approach to determining whether a widespread duplicatiodisequilibrium extends in the human genoffé%®7 With the
occurred at a particular time in vertebrate evolution would be taollection of SNPs now available, it should be possible to res
sequence the genomes of organisms whose lineages diverged thisrimportant issue.

vertebrates at appropriate times, such as amphioxus.

Recent history from human polymorphism Applications to medicine and biology

The recent history of genomic segments can be probed by studying

olve

the properties of SNPs segregating in the current human populmost research papers, the authors can only speculate about future
tion. The sequence information generated in the course of thégplications of the work. Because the genome sequence has been
project has yielded a huge collection of SNPs. These SNPs weleased on a daily basis over the past four years, however, we can

extracted in two ways: by comparing overlapping large-insert clorgseady cite many direct applications. We focus on a handfu
derived from distinct haplotypes (either different individuals ompplications chosen primarily from medical research.
different chromosomes within an individual) and by comparingisease genes
random reads from whole-genome shotgun libraries derived frod key application of human genome research has been the abil
multiple individuals. The analysis con®rms an average heteroz@md disease genes of unknown biochemical function by positi
osity rate in the human population of about 1 in 1,300 bp (ref. 97)cloning®®® This method involves mapping the chromosomal regi
More than 1.42 million SNPs have been assembled intocantaining the gene by linkage analysis in affected families and
genome-wide map and are analysed in detail in an accompanysmpuring the region to ®nd the gene itself. Positional clonin
papef’. SNP density is also displayed across the genome in Figp8werful, but it has also been extremely tedious. When
The SNPs have an average spacing of 1.9kb and 63% of Sakiproach was ®rst proposed in the early 1980 searcher wishin
intervals contain a SNP. These polymorphisms are of immediate perform positional cloning had to generate genetic markers
utility for medical genetic studies. Whereas investigators studyingrace inheritance; perform chromosomal walking to obtain genor

| of

ty to
onal
on
then
g is
the
g
5 to
mic

gene previously had to expend considerable effort to discoNA covering the region; and analyse a region of around 1 Mb by

polymorphisms across the region of interest, the current collectiaither direct sequencing or indirect gene identi®cation meth
now provides then with about 15 SNPs for gene loci of average siEbe ®rst two barriers were eliminated with the development in

nds.
the

The density of SNPs (adjusted for ascertainmentbthat is, polynid-1990s of comprehensive genetic and physical maps of the

morphisms per base screened) varies considerably across hiian chromosomes, under the auspices of the Human Genpme
Project. The remaining barrier, however, has continued to| be
formidable.
Human(x):Fly(1):Worm(1) All that is changing with the availability of the human draft
1,400 genome sequence. The human genomic sequence in public data-
bases allows rapid identi®catiam silicoof candidate genes, fol-
1,200 + lowed by mutation screening of relevant candidates, aided by
information on gene structure. For a mendelian disorder, a gene
1,000 - search can now often be carried out in a matter of months with anly
- a modestly sized team.
2 800t At least 30 disease getié¥***{Table 26) have been positionally
> cloned in research efforts that depended directly on the publicly
L 600+ available genome sequence. As most of the human sequence has
only arrived in the past twelve months, itis likely that many similar
400 discoveries are not yet published. In addition, there are many cases
in which the genome sequence played a supporting role, such as
200 - providing candidate microsatellite markers for ®ner genetic linkage
| | IR | | L analysis. .
O T, T 4 s e 7 8 9 10 1 The genome sequence has also helped to reveal the mechanisms

leading to some common chromosomal deletion syndromes

No. of human paralogues . .
paralog several instances, recurrent deletions have been found to result

In
from

Figure 4Number of human paralogues of genes having single orthologues il@giglagous recombination and unequal crossing over between

y. large, nearly identical intrachromosomal duplications. Examj
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include the DiGeorge/velocardiofacial syndrome region on chroherapies. A recent compendidfh*?’ lists 483 drug targets as
mosome 22 (ref. 238) and the Williams+Beuren syndrome recwecounting for virtually all drugs on the market. Knowing the
rent deletion on chromosome 7 (ref. 239). complete set of human genes and proteins will greatly expand the
The availability of the genome sequence also allows rapid idergearch for suitable drug targets. Although only a minority of human
®cation of paralogues of disease genes, which is valuable for ¢§@pes may be drug targets, it has been predicted that the number will
reasons. First, mutations in a paralogous gene may give rise texaeed several thousand, and this prospect has led to a massive
related genetic disease. A good example, discovered through usexpfinsion of genomic research in pharmaceutical research| and
the genome sequence, is achromatopsia (complete colour blirevelopment. A few examples will illustrate the point.
ness). TheCNGA3 gene, encoding tha-subunit of the cone (1) The neurotransmitter serotonin (5-HT) mediates rapid excita-
photoreceptor cyclic GMP-gated channel, had been shown tary responses through ligand-gated channels. The previgusly
harbour mutations in some families with achromatopsia. Compuidenti®ed 5-HE, receptor gene produces functional receptars,
tational searching of the genome sequences revealed the paralopotusvith a much smaller conductance than obseniadviva
gene encoding the correspondibgsubunit, CNGB3(which had Cross-hybridization experiments and analysis of ESTs failed to
not been apparent from EST databases). TUiGB3gene was reveal any other homologues of the known receptor. Recently,
rapidly shown to be the cause of achromatopsia in othdrowever, by searching the human draft genome sequence at low
families®’#%® Another example is provided by the presenilin-Istringency, a putative homologue was identi®ed within a PAC clone
and presenilin-2 genes, in which mutations can cause early-onfetm the long arm of chromosome 11 (ref. 428). The homologue
Alzheimer's disea¥é** Second, the paralogue may provide amvas shown to be expressed in the amygdala, caudate and hippo-
opportunity for therapeutic intervention, as exempli®ed bgampus, and a full-length cDNA was subsequently obtained. [The
attempts to reactivate the fetally expressed haemoglobin genegéne, which codes for a serotonin receptor, was named HT
individuals with sickle cell disease brthalassaemia, caused bywWhen assembled in a heterodimer with 5-giTit was shown to
mutations in theb-globin gené?. account for the large-conductance neuronal serotonin channel.
We undertook a systematic search for paralogues of 971 kno@iven the central role of the serotonin pathway in mood disorders
human disease genes with entries in both the Online Mendeliand schizophrenia, the discovery of a major new therapeutic target
Inheritance in Man (OMIM) database (http://www.ncbi.nlm.nih. is of considerable interest.
gov/Omim/) and either the SwissProt or TTEMBL protein database@) The contractile and in"ammatory actions of the cysteinyl
We identi®ed 286 potential paralogues (with the requirement ofleukotrienes, formerly known as the slow reacting substance of
match of at least 50 amino acids with identity greater than 70% bahaphylaxis (SRS-A), are mediated through speci®c receptors. The
less than 90% if on the same chromosome, and less than 95% if cseaond such receptor, CyslWas identi®ed using the combinatian
different chromosome). Although this analysis may have identi®efl a rat EST and the human genome sequence. This led ta the
some pseudogenes, 89% of the matches showed homology @ening of a gene with 38% amino-acid identity to the only other
more than one exon in the new target sequence, suggesting theteptor that had previously been identi&&dThis new receptor
many are functional. This analysis shows the potential for rapighich shows high-af®nity binding to several leukotrienes, mapgto a
identi®cation of disease gene paralogneslico region of chromosome 13 that is linked to atopic asthma. The gene
Drug targets is expressed in airway smooth muscles and in the heart. As the
Over the past century, the pharmaceutical industry has largégukotriene pathway has been a signi®cant target for the develop-
depended upon a limited set of drug targets to develop nement of drugs against asthma, the discovery of a new receptor has
obvious and important consequences.
(3) Abundant deposition ofb-amyloid in senile plaques is th
Table 26 Disease genes positionally cloned using the draft genome hallmgrk of Alzhelmer's dlseagfe_'AmleId IS gengrated by pro
sequence teolytic processing of the amyloid precursor protein (APP). One of
the enzymes involved is thesite APP-cleaving enzyme (BACE),

Locus Disorder Reference(s) . : .
BRCAD Broast il o which is a transmembrane aspartyl protease. Computational
reast cancer susceptioility H H
AIRE Autoimmune polyglandular syndrome type 1 (APS1 389 _searc_hlng of the public human draft genome sequence rec ntl_y
or APECED) identi®ed a new sequence homologous to BACE, encoding a protein
PEX1 Peroxisome biogenesis disorder 390,391 now named BACE®*! BACE2, which has 52% amino-acjd
PDS Pendred syndrome 392 id . BACE . . . d
XLP X-linked lymphoproliferative disease 303 sequence identity to , contains two active protease sites an
DFNA5 Nonsyndromic deafness 394 maps to the obligatory Down's syndrome region of chromosome 21,
ATP2A2 Darier's disease . 395 as does APP. This raises the question of whether the extra copies of
SEDL X-linked spondyloepiphyseal dysplasia tarda 396 . L.
WISP3 Progressive pseudorheumatoid dysplasia 397 both BAQE? and APP may contribute to accelerated deposition of
ccmL Cerebral cavernous malformations 398,399 b-amyloid in the brains of Down's syndrome patients. The devel-
COL11A2/DFNA13 Nonsyndromic deafness 400 H i
LGMD 26 Limb.girdle muscular dystrophy 201 opment of antagonists to BAC.E anld B.ACEZ represents a promising
EVC Ellis-Van Creveld syndrome, Weyer's acrodental 402 appfoaCh to preventmg Alzheimer's disease. .
dysolswlsris | o sl Given these examples, we undertook a systematic effort to
ACTN4 Familial focal segmental glomerulosclerosis 403 H : H i ;
SCN1A Generalized epilepsy with febrile seizures plus type 2 404 Identlfy paralogues of the classic druQ targe'; prot_ems In the_ raft
AASS Familial hyperlysinaemia 405 genome sequence. The targeftistas used to identify 603 entries
gzgg; ;ietreldite}ry mglyotrjand sensory neuropathy-Lom 0 7404608 in the SwissProt database with unique accession numbers. These
otal colour-pblindness , H
VUL Mulibrey nanism 409 were then searched against the current genome sequence database,
USHIC Usher type 1C 410, 411 using the requirement that a match should have 70+100% identity
MYH9 May-Hegglin anomaly 412,413 to atleast 50 amino acids. Matches to named proteins were ignored,
PRIARIA Carneys complex e as we assumed that these represented known homologues
MYH9 Nonsyndromic hereditary deafness DFNA17 415 . p g O
SCA10 Spinocerebellar ataxia type 10 416 We found 18 putative novel paralogues (Table 27), including
OPAL Optic atrophy 417 apparent dopamine receptors, purinergic receptors and insulin-like
XLCSNB X-linked congenital stationary night blindness 418 hf . h | |
FGF23 Hypophosphataemic rickets 419 growth factor receptors. In six cases, the novel paralogue matches at
GAN Giant axonal neuropathy 420 least one EST, adding con®dence that this search process can
AAAS Triple-A syndrome 421 H H i ini R
HSPG2 Schwarts Jampel syndrome ey identify novel functional genes. For the remaining 12 putative

--------------------------------------------------------------------------------------------------- paralogues without an EST match, all have long ORFs and all but
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one show similarity spanning multiple exons separated by intronsionths. All chromosomes should be essentially completed by 2003,

so these are not processed pseudogenes. They are likely to repréfseoit sooner.

interesting new candidate drug targets. Finally, techniques must be developed to close recalcitrant gaps.

Basic biology Several hundred such gaps in the euchromatic sequence
Although the examples above re ect medical applications, there am@bably remain in the genome after exhaustive screening

will
of

also many similar applications to basic physiology and cell biologyxisting large-insert libraries. New methodologies will be needed
To cite one satisfying example, the publicly available sequence waecover sequence from these segments, and to de®ne biological

used to solve a mystery that had vexed investigators for seveealsons for their lack of representation in standard libraries. Idea

lly,

decades: the molecular basis of bitter tdételumans and other it would be desirable to obtain complete sequence from all hetero-

animals are polymorphic for response to certain bitter tasteshromatic regions, such as centromeres and ribosomal gene |c
Recently, investigators mapped this trait in both humans anrs, although most of this sequence will consist of high

lus-
ly

mice and then searched the relevant region of the human drgiblymorphic tandem repeats containing few protein-coding genes.

genome sequence for G-protein coupled receptors. These studdeseloping the IGI and IPI
led, in quick succession, to the discovery of a new family of su¢he draft genome sequence has provided an initial look at |t

he

proteins, the demonstration that they are expressed almost excdlusman gene content, but many ambiguities remain. A high priority
sively in taste buds, and the experimental con®rmation that théll be to re®ne the IGI and IPI to the point where they accurately
receptors in cultured cells respond to speci®c bitter subst8#é& re ect every gene and every alternatively spliced form. Several|steps

are needed to reach this ambitious goal.

The next steps Finishing the human sequence will assist in this effort, but the

experiences gained on chromosomes 21 and 22 show that sequ
Considerable progress has been made in human sequencing, dahe is not enough to allow complete gene identi®cation. O

ence
ne

much remains to be done to produce a ®nished sequence. Epewerful approach is cross-species sequence comparison| with
more work will be required to extract the full information containedrelated organisms at suitable evolutionary distances. The sequence

in the sequence. Many of the key next steps are already underwayverage from the puffer®sh nigroviridishas already proven
Finishing the human sequence valuable in identifying potential exofi§ this work is expected tg

The human sequence will serve as a foundation for biomediaantinue from its current state of onefold coverage to reach at least

research in the years ahead, and it is thus crucial that the remaini®gefold coverage later this year. The genome sequence of

gaps be ®lled and ambiguities be resolved as quickly as possible.l&hiratory mouse will provide a particularly powerful tool for

will involve a three-step program. exon identi®cation, as sequence similarity is expected to iden

The ®rst stage involves producing ®nished sequence from clod&s97% of the exons, as well as a signi®cant number of regula
spanning the current physical map, which covers more than 96%admaing+*® A public-private consortium is speeding this effort
the euchromatic regions of the genome. About 1 Gb of ®nishég producing freely accessible whole-genome shotgun coverage
sequence is already completed. Almost all of the remaining clormes be readily used for cross-species compéfisddore than

the

tify
tory

that

are already sequenced to at least draft coverage, and the rest baefold coverage from the C57BL/6J strain has already been
been selected for sequencing. All clones are expected to reachcfufipleted and threefold is expected within the next few months.

shotgun' coverage (8+10-fold redundancy) by about mid-2001 atdl the slightly longer term, a program is under way to produce
®nished form (99.99% accuracy) not long thereafter, using esta&nished sequence of the laboratory mouse.

a

lished and increasingly automated protocols. Another important step is to obtain a comprehensive collectjon
The next stage will be to screen additional libraries to close gagsull-length human cDNAs, both as sequences and as actual clones.

between clone contigs. Directed probing of additional large-insefhe Mammalian Gene Collection project has been underway fo

ra

clone libraries should close many of the remaining gaps. Unclosgehrf® and expects to produce 10,000+15,000 human full-length
gaps will be sized by FISH techniques or other methods. Te®NAs over the coming year, which will be available without

chromosomes, 22 and 21, have already been assembled in mbstrictions on use. The Genome Exploration Group of th
“essentially complete’ form in this manf&t, and chromosomes RIKEN Genomic Sciences Center is similarly developing a call
20, Y, 19, 14 and 7 are likely to reach this status in the next féian of cDNA clones from mousé, which is a valuable complement

Table 27 New paralogues of common drug targets identi®ed by searching the draft human genome sequence

Drug target Drug target Novel match IGI Chromosome Percent  dbEST GenBank
number containing identity accession
paralogue

HGM symbol ~ SwissProt Chromosome
accession

Aquaporin 7 AQP7 014520 9 IGI_M1_ctg15869_11 2 92.3 AW593324
Arachidonate 12-lipoxygenase ALOX12 P18054 17 IGI_M1_ctg17216_23 17 70.1

Calcitonin CALCA P01258 11 IGI_M1_ctg14138_20 12 93.6

Calcium channel, voltage-dependentg-subunit CACNG2 Q9Y698 22 IGI_M1_ctg17137_10 19 70.7

DNA polymerased, small subunit POLD2 P49005 7 IGI_M1_ctg12903_29 5 86.8

Dopamine receptor, D1a DRD1 P21728 5 IGI_M1_ctg25203_33 16 70.7

Dopamine receptor, D1b DRD5 P21918 4 IGI_M1_ctg17190_14 1 88.0 Al148329
Eukaryotic translation elongation factor, d EEF1D P29692 2 IGI_M1_ctg16401_37 17 77.6 BE719683
FKBP, tacrolimus binding protein, FK506 binding protein FKBP1B Q16645 2 IGI_M1_ctg14291_56 6 79.4

Glutamic acid decarboxylase GAD1 Q99259 2 IGI_M1_ctg12341_103 18 70.5

Glycine receptor,al GLRA1 P23415 5 IGI_M1_ctg16547_14 X 85.5

Heparan N-deacetylaseN-sulphotransferase NDST1 P52848 5 IGI_M1_ctg13263_18 4 815

Insulin-like growth factor-1 receptor IGF1R P08069 15 IGI_M1_ctg18444_3 19 71.8
Na,K-ATPase,a-subunit ATP1A1 P05023 1 IGI_M1_ctg14877_54 1 83

Purinergic receptor 7 (P2X), ligand-gated ion channel P2RX7 Q99572 12 IGI_M1_ctg15140_15 12 80.3 H84353
Tubulin, e-chain TUBE* Q9UJTO 6 IGI_M1_ctg13826_4 5 78.5 AA970498
Tubulin, x-chain TUBG1 P23258 17 IGI_M1_ctg12599_5 7 84.0

Voltage-gated potassium channel, KV3.3 KCNC3 Q14003 19 IGI_M1_ctg13492_5 12 80.1 H49142

*HGM symbol unknown.
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because of the availability of tissues from all developmental tif@@ common diseases. Launching such an intense era of hu
points. A challenge will be to de®ne the gene-speci®c patternsnofecular epidemiology will also require major advances in the

man
cost

alternative splicing, which may affect half of human genes. Existiafciency of genotyping technology, in the collection of carefully
collections of ESTs and cDNAs may allow identi®cation of the mgsttenotyped patient cohorts and in statistical methods for relating

abundant of these isoforms, but systematic exploration of thiarge-scale SNP data to disease phenotype.
problem may require exhaustive analysis of cDNA libraries frofrom sequence to function

multiple tissues or perhaps high-throughput reverse transcriptionthe scienti®c program outlined above focuses on how the genome

PCR studies. Deep understanding of gene function will probaldgquence can be mined for biological information. In addition,
require knowledge of the structure, tissue distribution and abursequence will serve as a foundation for a broad range of functi

dance of these alternative forms. genomic tools to help biologists to probe function in a more

Large-scale identi®cation of regulatory regions systematic manner. These will need to include improved technic
The one-dimensional script of the human genome, shared layd databases for the global analysis of: RNA and protein ex
essentially all cells in all tissues, contains suf®cient informationsion, protein localization, protein+protein interactions and chen
provide for differentiation of hundreds of different cell types, andal inhibition of pathways. New computational techniques will
the ability to respond to a vast array of internal and externaleeded to use such information to model cellular circuitry. A f
in"uences. Much of this plasticity results from the carefully orchediscussion of these important directions is beyond the scope of
strated symphony of transcriptional regulation. Although much hagaper.

been learned about th@sacting regulatory motifs of some speci®c

genes, the regulatory signals for most genes remain uncharacterigg@icluding thoughts

Comparative genomics of multiple vertebrates offers the best hope

he
onal

Jues
pres-
Ni-
be
ull
this

for large-scale identi®cation of such regulatory $iteBrevious The Human Genome Project is but the latest increment in a
studies of sequence alignment of regulatory domains of ortheemarkable scienti®c program whose origins stretch back a hundred

logous genes in multiple species has shown a remarkaipésrs to the rediscovery of Mendel's laws and whose end is noy
correlation between sequence conservation, dubbed “phylogenigisight. In a sense, it provides a capstone for efforts in the
footprints**, and the presence of binding motifs for transcriptioncentury to discover genetic information and a foundation for effo
factors. This approach could be particularly powerful if combineth the coming century to understand it.

vhere
past
rts

with expression array technologies that identify cohorts of genesWe ®nd it humbling to gaze upon the human sequence now
that are coordinately regulated, implicating a common setisf coming into focus. In principle, the string of genetic bits holds long-

acting regulatory sequené®$** It will also be of considerable sought secrets of human development, physiology and medicin
interest to study epigenetic modi®cations such as cytosine methyleactice, our ability to transform such information into unde
tion on a genome-wide scale, and to determine their biologicatanding remains woefully inadequate. This paper simply rec

e.In

ords

consequenc&€**’ Towards this end, a pilot Human Epigenomesome initial observations and attempts to frame issues for future
Project has been launchéy4? study. Ful®lling the true promise of the Human Genome Project will
Sequencing of additional large genomes be the work of tens of thousands of scientists around the world, in

More generally, comparative genomics allows biologists to perumsh academia and industry. It is for this reason that our high
evolution's laboratory notebookDto identify conserved functionalpriority has been to ensure that genome data are available ray
features and recognize new innovations in speci®c lineages. Ddteely and without restriction.

est
didly,

mination of the genome sequence of many organisms is veryThe scienti®c work will have profound long-term consequences
desirable. Already, projects are underway to sequence the genoimesedicine, leading to the elucidation of the underlying molecular

of the mouse, rat, zebra®sh and the puffer®@¥heigroviridisand mechanisms of disease and thereby facilitating the design in n

nany

Takifugu rubripedlans are also under consideration for sequencirmgises of rational diagnostics and therapeutics targeted at those

additional primates and other organisms that will help de®ne keyechanisms. But the science is only part of the challenge
developments along the vertebrate and nonvertebrate lineages.must also involve society at large in the work ahead. We mus

We
t set

To realize the full promise of comparative genomics, however rialistic expectations that the most important bene®ts will not be

needs to become simple and inexpensive to sequence the genonieaged overnight. Moreover, understanding and wisdom will

be

any organism. Sequencing costs have dropped 100-fold over the tagtiired to ensure that these bene®ts are implemented broadly and

10 years, corresponding to a roughly twofold decrease everyetfitably. To that end, serious attention must be paid to the m
months. This rate is similar to "Moore's law' concerning improveethical, legal and social implications (ELSI) raised by the accele

any
ated

ments in semiconductor manufacture. In both sequencing arghce of genetic discovery. This paper has focused on the scienti®c

semiconductors, such improvement does not happen automaticakghievements of the human genome sequencing efforts. This i
but requires aggressive technological innovation fuelled by majtie place to engage in a lengthy discussion of the ELSI issues,

s not
which

investment. Improvements are needed to move current dideokpve also been a major research focus of the Human Genome
sequencing to smaller volumes and more rapid sequenciRgoject, but these issues are of comparable importance and could

times, based upon advances such as microchannel technol@gppropriately ®Il a paper of equal length.

More revolutionary methods, such as mass spectrometry, singleFinally, it is has not escaped our notice that the more we learn

molecule sequencing and nanopore approathdmve not yet aboutthe human genome, the more there is to explore.
been fully developed, but hold great promise and deserve strong We shall not cease from exploration. And the end of all

our

encouragement. exploring will be to arrive where we started, and know the place for

Completing the catalogue of human variation the ®rst time."DT. S. Eligt° M
The human draft genome sequence has already allowed the idegtiz,eq 7 pecember 2000; accepted 8 anuary 2001.
®cation of more than 1.4 million SNPs, comprising a substantiat — - -

. . L . 1. Correns, C. Untersuchungéiver die Xenien bei Zea mayBerichte der Deutsche Botanische
proportion of all common human variation. This program should ™ eqeyschatr, 410418 (1899).
be extended to obtain a nearly complete catalogue of commen pe vries, H. Surla loie de disjonction des hybridzmmptes Rendue Hebdemodaires, Acad. Sci.
variants and to identify the common ancestral haplotypes present in 130,845:847 (1900).
the p_opulaﬂon. In pr|nC|pI_e,_these genetic tpols sho_uld makg it Goselschat, 2322236, (1800)
posslble to_perf(_)rm association studies and Ilnkag_e dlSEQUI“bI’Il_Jm Sanger, fet al.Nucleotide sequence of bacterioph&g¥174 DNA.Nature265,687+695 (1977).
studied™to identify the genes that confer even relatively modest risk - sanger, ket al. The nucleotide sequence of bacterioph&e.74. Mol BiolL25,225+246 (1978).
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