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Abstract

The mapping, sequencing and analysis of the human genome is a milestone in biomed-
ical research and a fundamental advance in self-knowledge. Because the sequence was
intended to serve as a universal and permanent foundation of biomedical research, enormous
international efforts were undertaken to reach the highest level of accuracy and completeness
possible. The current assembly of the 24 DNA molecules covers ~99% of the euchromatic por-
tion. Including gaps, the euchromatin is ~2.88 Gb and the overall size of the human genome
~3.08 Gb. Repeated sequences account for more than half of the human genome. Remarkable
is the high proportion of segmental duplications. Until recently it was assumed that tiny vari-
ations in an otherwise universal reference sequence are the genetic bases of individual human
traits. Now, with the nearly-complete reference in hands, it becomes increasingly evident,
that our concept of genome plasticity has to be extended from seemingly fixed human seg-
mental duplications to interindividual, large-scale structural polymorphisms.

Copyright © 2006 S. Karger AG, Basel

‘The human genome underlies the fundamental unity of all

members of the human family, as well as the recognition of

their inherent dignity and diversity. In a symbolic sense, it is
the heritage of humanity.

Universal Declaration on the Human

Genome and Human Rights

(http://www.unesco.org/human_rights/hrbc.htm)

Humans are much more than simply the product of a genome, but in a genetic
sense we are, both collectively and individually, defined within our genome(s).
The mapping, sequencing and analysis of the human genome is therefore not
only a milestone in biomedical research but also a fundamental advance in self-
knowledge. Hopefully, application of this knowledge will, in time, benefit almost
everyone in the world.



Because the human genome sequence was intended to serve as a universal
and permanent foundation of biomedical research, enormous international
efforts were undertaken to reach the highest level of accuracy and completeness
currently possible as well as to provide (and preserve!) free and unlimited
access to the data. The current sequence (Build 35) represents the first near-
complete assembly of the euchromatic portion of a vertebrate genome.

Historical Background of the Human
Genome Sequence

The Human Genome Project (HGP) was launched in 1990 with the goal of
obtaining a highly accurate sequence of the vast majority of the euchromatic
portion of the human genome within a 15-year-time period. As our genome is
the common heritage of all humanity, the HGP adopted two important princi-
ples: collaboration would be open to centres from any nation and, since 1996,
rapid and unrestricted data release (referred to as ‘Bermuda rules’) [1]. Thus,
the International Human Genome Sequencing Consortium (IHGSC) was formed
as an open collaboration involving twenty centres in six countries [2]. In 1998 a
biotechnology company, Celera Genomics, initiated its own effort to sequence
the human genome [3], rising the danger that basic information would be with-
held from the public domain.

In February 2001, the IHGSC [2] and Celera Genomics [4] each reported
draft sequences providing an initial overall analysis of the human genome. Both
draft sequences, however, had important shortcomings. The IHGSC sequence,
e.g., omitted ~10% of the euchromatic genome; it was interrupted by ~150,000
gaps; and the order and orientation of many had not been established. The
IHGSC thus turned to the challenge of completing the sequence of the euchro-
matic genome. Celera, as a market-based enterprise, did not intend to finish its
working draft and, on the background of the public progress of the HGP, can-
celled efforts in commercialising access to genome-sequence information and
released its assembly to the public databases in 2005 [5].

Operationally, IHGSC defined a finished sequence as having an error rate
of mostly one event per 10* bases, and the goal for completion was coverage in
finished sequence of at least 95% of the euchromatic genome, with the only
gaps being those refractory to all available techniques (see http://www.genome.
gov/10000923). This goal was a challenge because the human genome is rich in
dispersed repeats and segmental duplications. In fact, near-complete sequences
had been obtained so far only for three multicellular organisms: a nematode [6],
mustard weed [7] and the fruitfly [8]. These genomes are all ~30-fold smaller
than the human genome and have much simpler repeat structures.
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The results of the multi-year finishing effort by the IHGSC were published in
October 2004 [9], illustrating the analyses with far reaching biological impact
made possible only by the high-quality near-complete sequence. In parallel, a
series of papers is being written describing the organisation of the individual chro-
mosomes in detail (http://www.nature.com/nature/focus/humangenome) such that
the HGP reaches its formal completion by the end of 2005 — as initially envisaged
in 1990.

Genomic Landscape

The human nuclear genome comprises 46 chromosomes (22 autosomes in
pairs and the gonosomes X and Y). The current assembly of these 24 DNA mol-
ecules (Build 35) contains 2.85 billion nucleotides with an error rate of only
about one event per 100,000 bases, covers ~99% of the euchromatic portion
and contains only 341 gaps (table 1). Thirty-three gaps (~198 Mb) reflect hetero-
chromatin, which was not targeted by the HGP, and 308 gaps (~28 Mb) are
euchromatic. Gap sizes were estimated by interphase and fibre FISH as well as
interphase nuclei mapping [10, 11]. Thus, the euchromatic portion is ~2.88 Gb
and the overall size of the human genome ~3.08 Gb.

For the 43 euchromatic chromosomal arms the proximal heterochromatic
and the distal telomeric boundaries were identified in 30 and 21 cases, respec-
tively. But even in these cases it cannot be excluded that there are additional
unique sequences beyond the ends of the current reference assemblies, as e.g. a
euchromatic 450-kb island recently identified within the pericentromeric repeats
of the human Y chromosome [12]. More than half of the intra-euchromatic phys-
ical gaps are flanked by segmental duplications with ~90% sequence identity,
although such duplications comprise only ~5% of the euchromatic genome [13].
The most extreme case occurs near the centromere of chromosome 9. The proxi-
mal 5Mb on 9p and 4 Mb on 9q comprise 0.3% of the genome, but account for
~12% of the physical gaps in the euchromatic sequence. These two pericentric
regions are unique in the genome with respect to density of segmental duplication
and average degree of intrachromosomal sequence identity (98.7%; for more
details see fig. 3 in [14]). The high sequence similarity between the two regions is
likely to be the reason for a polymorphic inversion in the centric heterochromatin
on chromosome 9, present with a 1%-frequency in the human population. Thus,
targeted efforts and novel techniques have to be applied to resolve the remaining
~1% of the euchromatin residing in the gaps, although the current sequence has
already reached a much higher degree of completion than initially anticipated.

The local GC content of the human genome undergoes substantial long-range
deviations from its genome-wide average of 41%. There are huge regions
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Table 1. Finished sequence and gaps (Build 35) [9]

Chromosome  Finished sequence, kb Gaps

Euchromatic? Heterochromatic

1 222,828 49 2
2 237,503 20 1
3 194,636 5 1
4 187,161 14 1
5 177,703 5 1
6 167,318 10 1
7 154,759 11 1
8 142,613 9 1
9 117,781 52 2
10 131,614 20 1
11 131,131 7 1
12 130,259 8 1
13 95,560 6 2
14 88,291 1 2
15 81,342 10 2
16 78,885 4 2
17 77,800 9 1
18 74,656 3 1
19 55,786 5 1
20 59,505 4 1
21 34,170 3 2
22 34,765 11 2
X 150,394 26 1
Y 24,872 16 2
Total 2,851,331 308 33

aSubsumes physical gaps (for which no clone was available, totalling 215),
sequence gaps (for which clones were found but reliable finished sequence
could not be obtained, totalling 58) and gaps in the euchromatic boundary
regions (totalling 35).

(>40Mb) with a GC content far from the average, e.g. 47% GC on chromosome
1 or only 36% GC on chromosome 13. There are large shifts in GC content
between adjacent multi-megabase regions in less than 300kb with even wider
swings in GC content, e.g., from 33% to 59%. Referring the ‘isochore’-concept
[15], which proposes that the long-range variation in GC content may reflect that
the genome is composed of a mosaic of compositionally homogeneous regions of
~300kb, substantial variation at many different scales can be observed and, in the
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absence of a precise definition, the term ‘GC content domains’ was proposed [2].
The association between GC content domains and biological properties is of great
interest. Strong correlations exist with repeat content, gene density and the cytoge-
netic Giemsa bands (darkest G-bands — low GC; lightest G-bands —high GC) [16].

‘CpG islands’, i.e. regions in which CpG dinucleotides are not methylated
and occur at a frequency close to that predicted by the local GC content, are of par-
ticular interest because many are associated with the 5’ ends of genes [17]. Outside
of these islands, the dinucleotide CpG is greatly (~5X) under-represented. This
deficit occurs because these CpG dinucleotides are mostly methylated on the cyto-
sine, and spontaneous deamination of methyl-C residues gives rise to thymine.
As a result, methyl-CpG dinucleotides steadily mutate to TpG and CpA on the
reverse strand, respectively. Using standard parameters (length >250bp, ratio
observed/expected CpGs >0.6) [18], ~29,000 CpG islands can be localized in the
non-repetitive portion of the genome and ~21,000 within repeats (notably ‘Alu’-
repeats which are GC-rich). More than 75% of the former consist of less than
850 bp. The longest CpG island (on chromosome 10) is >36 kb, and only about
300 are longer than 3 kb. The role of these large islands is uncertain, but many of
the smaller islands are consistent with their previously hypothesized function as
part of primary or alternative promoters. Nevertheless, it seems unlikely that most
of the very small apparent CpG islands are functional. Own results of experimen-
tally testing for the absence of cytosine methylation [unpublished] and in silico
analyses of others [19] revealed more specific parameters for functional CpG
island prediction in the human genome (>500bp and o/e >0.55). The density of
CpG islands varies substantially among chromosomes and correlates well with the
gene density. The extreme outliers are chromosomes Y and 19 with ~3 and ~43
islands per Mb as well as ~3 and ~26 genes per Mb, respectively.

Repeat Content

Repeated sequences account for more than half of the human genome.
Repeats fall into five classes: (1) transposon-derived repeats, referred to as
interspersed repeats; (2) inactive retroposed copies of cellular genes, referred to
as processed pseudogenes; (3) simple sequence repeats (SSR), consisting of
direct repetitions of short oligomers; (4) segmental duplications, consisting of
blocks of around 10-300kb that have been copied from one region of the
genome into another region; and (5) blocks of tandemly repeated sequences
(centromeres, telomeres, the short arms of acrocentric chromosomes and ribo-
somal gene clusters that were beyond the euchromatic focus of the HGP and
thus are underrepresented in the current assembly).
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Fig. 1. Classes of interspersed repeats in the human genome. Empty arrow: promoter;
filled arrow: LTR (long terminal repeat); triangle: short terminal repeat.

Currently, ~45% of the euchromatic genome can be recognized as trans-
poson-derived repeats. A considerable part of the remaining ‘unique’ DNA is
also very likely derived from ancient transposon copies that have diverged too
far to be recognized as such. In mammals, almost all transposable elements fall
into one of four classes: (1) long interspersed elements (LINEs), (2) short inter-
spersed elements (SINEs), (3) LTR retrotransposons, and (4) DNA transposons
(fig. 1). The first three transpose through RNA intermediates and the last
directly as DNA by cut-and-paste mechanism.

LINEs are one of the most ancient and successful transposons in eukary-
otic genomes. In humans, three LINE families are found: LINE1, LINE2 and
LINE3. Only LINEI is still active and transposition is associated with comobil-
isation, deletion and inversion of flanking sequences [20]. The LINE machinery
is believed to be responsible for most reverse transcription in the genome,
including the creation of processed pseudogenes [21] and the retrotransposition
of the non-autonomous SINEs [22]. SINEs do not encode proteins. The internal
polymerase III promoters of all known SINEs are derived from tRNA sequences,
with the exception of a single monophyletic family derived from the signal
recognition particle component 7SL [23]. The human genome contains three
distinct SINEs: the active 7SL-derived Alu, and the inactive MIR and Ther2/
MIR3. LTR retrotransposons are autonomous elements falling into three classes
each comprising many families with independent origins. 85% of the human
LTR retrotransposon-derived ‘fossils’ consist only of an isolated LTR, with the
internal sequence lost by homologous recombination between the flanking
LTRs. DNA transposons in the human genome resemble bacterial transposons
and fall into at least seven major groups, which can be subdivided into many
families with independent origins.
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The repeat content varies strikingly across the genome on the hundreds-kb
scale between 89% (Xpll) and 2% (HOX gene clusters). The absence of
repeats may be an indication of large-scale cis-regulatory elements that cannot
tolerate being interrupted by insertions. There also exists a correlation between
GC content and repeat distribution [24]. LINE sequences occur at much higher
density in AT-rich regions (4X), whereas SINEs (MIR, Alu) are enriched in
regions with high GC content (5X for Alu).

SSRs, called ‘microsatellites’ with a repeat unit of 1-13 bases and ‘min-
isatellites’ with 14—500 base elements, comprise about 3% of the human genome,
with the greatest single contribution coming from dinucleotide repeats (0.5%)
[2]. On average, there is one SSR per 2 kb. With the exception of poly(A) tails
from reverse transcribed messages, SSRs are thought to arise by slippage during
DNA replication [25].

The human genome is remarkable for its high proportion of recent seg-
mental duplications [26]. These are defined regions that are not transposable
element copies, with =1 kb in length and sequence identity =90% (which cor-
responds to duplication within the past ~40 million years (Myr)). Accurate
analysis of segmental duplications became feasible only with the near-complete
sequence, where artefacts (collapsed assemblies, artefactual duplications) are
largely eliminated [9]. On this basis, segmental duplications cover ~5.3% of
the euchromatic genome. The most extreme case is chromosome Y, which car-
ries segmental duplication along ~25% of its total length and includes blocks
as large as ~1.45Mb with sequence identity of ~99.97% [27]. In addition,
many pericentromeric and subtelomeric regions are particularly rich in
dispersed segmental duplications [28].

Gene Content, Birth and Death

One of the central goals of the HGP was the compilation of an as complete
as possible list of all human genes to serve as a universal foundation of biomed-
ical research. Although this task remains challenging and will not be finished in
the near future, the probably most surprising result of the HGP is certain: the
human genome contains only little more genes than the nematode [6] and the
fruitfly [8], and even less than mustard weed [7]. However, the genes are more
complex, with more alternative splicing generating a larger number of protein
products. More than 70% of human multi-exon genes show evidence for alterna-
tive splicing [29]. Moreover, the full set of proteins (proteome) is more complex
than those of invertebrates. This is due in part to the presence of vertebrate-
specific protein domains and motifs (~7% of the total), but more to the fact that
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vertebrates appear to have arranged pre-existing components into a richer col-
lection of domain architectures [2].

The current version of the human gene catalogue (Ensembl 34.35¢g,
Nov 2004), greatly aided by the near-complete sequence together with other
improved resources (such as expanded cDNA collections, genome sequences
from other organisms and better computational methods), contains 24,194
gene loci (with a total of 35,845 transcripts, corresponding to 1.48 transcripts
per locus), including 1,976 pseudogenes. These gene loci have a total of
245,231 exons, with ~10.1 exons per locus. The total length covered by the
coding exons is ~34 Mb or ~1.2% of the euchromatic genome; the untrans-
lated regions of the processed transcripts are estimated to cover another
~21Mb or ~0.7% of the euchromatic genome [9].

In addition to protein-coding genes the human genome contains thou-
sands of genes with so called ‘non-coding” RNAs (ncRNAs, non-protein-cod-
ing) as their ultimate product [30]. Their overall number is currently much
more obscure than that of the protein-coding genes. As they are often small
and not polyadenylated, established cDNA sequencing efforts fail and effective
computational gene-finding techniques are still missing. High resolution map-
ping of polyadenylated and nonpolyadenylated RNAs revealed, that unanno-
tated, nonpolyadenylated transcripts comprise the major proportion of the
transcriptional output of the human genome [31] and was supported by a
recent comprehensive analysis of the transcriptional landscape of the mouse
genome [32].

About 500 tRNA genes are dispersed throughout the human genome, show-
ing a striking clustering on a genome-wide scale. More than 25% of the tRNA
genes are found in a region of only about 4 Mb on chromosome 6. More than
half of the tRNA genes reside on either chromosome 1 or chromosome 6.
Chromosomes 3, 4, 8, 9, 10, 12, 18, 20, 21 and X appear to have fewer than ten
tRNA genes each; and chromosomes 22 and Y have none. Two-thirds of tRNA
clusters colocalize with transcriptional hotspots (e.g. MHC on chromosome 6)
and it was postulated that selection-mediated recruitment and/or hitchhiking are
responsible for the observed clustering and localization [33]. The genes for
rRNAs occur in the human genome as a 44-kb tandem repeat. It is assumed, that
~150-200 copies of this repeat unit are arrayed on the short arms of acrocentric
chromosomes 13, 14, 15,21 and 22 [34]. In addition, hundreds of rDNA-derived
sequence fragments are dispersed throughout the complete genome, including
one ‘full-length’ copy of an individual 5.8S rRNA gene which is not associated
with a true tandem repeat unit. Small nucleolar RNAs (snoRNAs), responsible
for rRNA modification, are almost all expressed from single copy genes. In con-
trast, there are multiple copies for several spliceosomal snRNAs; e.g., 44
dispersed genes for U6 snRNA, and 16 for Ul snRNA. The U2 RNA genes are
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located in a tandem array of 10-20 copies of nearly identical 6.1-kb units [35].
Similarly, the U3 snoRNA genes are clustered, not in a tandem array, but in a
complex inverted repeat structure of about 5—10 copies per haploid genome [36].
To date, 222 human microRNAs have been identified and recent findings sug-
gest that the total number is at least 800, many of them clustered [37]. In addi-
tion, there is a striking proliferation of ncRNA-derived pseudogenes. There are
thousands of sequences in the genome related to some of the ncRNA genes. The
most prolific pseudogene counts come from RNA genes transcribed by RNA
polymerase III promoters, including U6, the hY RNAs and SRP-RNA.

In general, a comprehensive search for pseudogenes requires a high quality
genome sequence. Recent sensitive methods to detect even small and old
pseudogenes have already identified ~20,000 processed (originated by reverse
transcription of mRNAs) and unprocessed (originated by segmental duplica-
tions) pseudogenes [38]. This is certainly still an underestimate, because such
analysis will miss pseudogenes that are extremely old or that contain primarily
untranslated regions. Therefore, the total number of pseudogenes is likely to
exceed the total number of functional genes.

In particular, recently arisen non-processed pseudogenes (nearly intact
human genes that appear to have acquired an inactivating mutation) shed light
on the phenomenon of gene death in the human lineage. A careful analysis
identified 32 respective pseudogenes fixed in the human population, including
ten that are derived from olfactory receptor genes [9].

The birth of new genes is of interest because extra copies of genes are able
to undergo functional divergence in response to positive selection. Such analysis
would have been unreliable with a draft sequence, because the artefactual local
duplication and collapsed assemblies would have given rise to many false posi-
tives and negatives, respectively. Mining the near-complete human euchromatin,
recent duplications are enriched in genes with immune and olfactory function, as
well as those likely to be involved in reproductive functions. For example the
family of cancer/testis antigen genes, which are normally expressed in the testis
and show high expression in carcinomas [39] are, surprisingly, enriched on
‘female’ chromosome X [40]. The distribution of duplications shows a striking
excess of genes corresponding to recent events occurring ~3—4 Myr ago [9].
Possible explanations are: (1) an explosion in the rate of gene duplication in the
human lineage, (2) an ongoing process of gene conversion of older gene dupli-
cations, or (3) a transient state of duplicated genes that are too young relative to
the characteristic time of deletion.

Olfactory genes occur prominently in both birth and death analyses, indi-
cating a dynamic extension and contraction of this gene family. In accordance,
also ‘resurrection’ of pseudogenes by gene conversion may generate diversity at
the odorant binding sites [41].
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Evolutionary Genome Dynamics

Mobile elements are drivers of genome evolution [42] and their age distri-
bution in the human genome provides a rich ‘fossil record’ stretching over sev-
eral hundred Myr. Determining the phylogeny of all three million interspersed
repeats, several conclusions can be drawn [2]. First, most interspersed repeats in
the human genome predate the eutherian radiation. This indicates the extremely
slow rate with which nonfunctional sequences are cleared from vertebrate
genomes (in contrast e.g. to the fly genome). Second, LINE and SINE elements
are active over extremely long periods. The monophyletic LINE1 and Alu lin-
eages are at least 150 and 80 Myr old, respectively. In earlier times, the prevail-
ing transposons were LINE2 and MIR [23] until LINE2 became extinct 80—100
Myr ago. Third, there were two major peaks of DNA transposon activity. The
first occurred long before the eutherian radiation; the second after this period.
Because DNA transposons can cause large-scale chromosome rearrangements
[42, 43], it is possible that this widespread activity could be involved in specia-
tion events. Fourth, there is no evidence for DNA transposon activity in the past
50 Myr in the human genome. Finally, LTR retroposon activity appears to be
extinct. Only a single LTR retroposon family (HERVK10) is known to have
transposed since our divergence from the chimpanzee 7 Myr ago, with only one
known copy (in the HLA region) that is not shared between all humans [44].

More generally, the overall activity of all transposons has declined
markedly over the past 35-50 Myr. Indeed, apart from an exceptional burst of
activity of Alus peaking since the mammalian radiation around 40 Myr ago a
steady decline in activity can be observed in the hominid lineage. A possible
explanation refers to hominid populations that tend to be small and underwent
frequent bottlenecks. Evolutionary forces affected by such factors (inbreeding,
genetic drift) might restrict the persistence of active transposable elements, as it
is observed during long-term laboratory inbreeding of C. elegans [45].

Strikingly, recently transposed Alus show a target site preference for AT-rich
DNA resembling that of LINEs, whereas progressively older Alus show a pro-
gressively stronger bias towards GC-rich DNA. These observations may be
interpreted as the result of positive selection in favour of Alus in GC-rich
regions within the last 30 Myr [2]. It was supposed that the beneficial effect of
Alus in GC-rich DNA may result from SINE-RNA-mediated promotion of
translation under stress [46].

There is strong evidence that the nucleotide substitution pattern varies as a
function of local GC content [2]. GC base pairs are more likely to mutate
towards AT in AT-rich regions than in GC-rich ones. This bias could be due to
the tendency for GC-rich regions to replicate earlier in the cell cycle than AT-rich
regions together with the fact that guanine pools become limiting during DNA
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replication. Late in the S-phase, the depleted guanine may result in a small but
significant shift in substitution towards AT base pairs [47]. Another theory pro-
poses differences in DNA repair mechanisms, possibly related to transcriptional
activity and thereby to gene density and GC content [48]. Moreover, there is an
absolute bias in substitution patterns resulting in directional pressure towards
lower GC content throughout the human genome. The human genome is not at
equilibrium with respect to the pattern of nucleotide substitution. On the basis
of nucleotide substitution patterns, the GC content would be expected to be
about 7% lower throughout the genome [2]. But selection on coding regions
and regulatory CpG islands may maintain the higher-than-predicted GC
content.

Segmental duplications have recently been shown to be evolutionary nurs-
eries in which coding sequences are undergoing strong positive selection [49]
and have created much more of human differences from chimpanzee than single
base-pair differences [50]. Moreover, the evolutionary plasticity of the human
genome is illustrated by the fact that some regions of our genome are more
closely related to gorilla than to chimpanzee [51]. By whole genome sample
sequencing of gorilla, orangutan and rhesus macaque we could show that for
about one fifth of the human genome the chimpanzee is not our closest relative
[unpublished].

Polymorphisms and Interindividual Genome Dynamics

SSRs show a high degree of length polymorphism in the human population
owing to frequent slippage by DNA polymerase during replication. Thus, genetic
markers based on SSRs — particularly (CA), repeats — have been extremely
important in most human disease-mapping studies until recently. A longstanding
mystery of vertebrate genetic maps — the observed deficiency of polymorphic
(CA), repeats on chromosome X — is not due to a smaller fraction of these SSRs
there [2, 40]. It results either from population genetic forces (the smaller effec-
tive population size, owing to its hemizygosity in males, may lead to more fre-
quent selective sweeps reducing diversity), or a lower mutation rate (owing to its
more frequent passage through the less mutagenic female germ line).

Single-nucleotide polymorphisms (SNPs) are the most common variants in
the human genome and have replaced SSRs in recent association studies [52].
Any two copies of the human genome differ from one another by approximately
0.1% of nucleotide sites (one variant per 1,000 bases on average) [53]. It has been
estimated that, in the world’s human population, about ten million sites (one vari-
ant per 300 bases on average) vary such that both alleles are observed at a fre-
quency of =1%, and that these ten million common SNPs constitute 90% of the
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a % * *
. .AGCTT...CCAAA...TCACC.. Chromosome 1
. .AGGTT...CCAAA...TCACC.. Chromosome 2
. .AGGTT...CCAAA...TCGCC.. Chromosome3
. .AGGTT...CCGAA...TCGCC.. Chromosome 4

b TGATTGTTAACAACCTTTACC Haplotype 1
AGGTCGCTCAGAAATCTAACC Haplotype 2
AGGCTATTCGGAGACCTAGGT Haplotype 3
AAGTTACCCGGGGACCCAGCC Haplotype 4

c T/C A/G

Fig. 2. SNPs, haplotypes and tag SNPs. @ Three SNPs (red asterisks) within a short
segment of four alleles of the same chromosome. b Four haplotypes comprised of 21 consec-
utive SNP alleles from larger regions of the same four chromosomes. ¢ Two ‘tag SNPs’ are
sufficient to distinguish the four haplotypes in genotyping efforts.

variation in the population [54] (fig. 2a). dbSNP (www.ncbi.nlm.nih.gov/pro-
jects/SNP), the most comprehensive public SNP database, currently contains
already more than ten million human SNPs (version 124). But it has to be taken
into account, that a recent metaanalysis of four confirmation studies estimated a
false positive rate of ~15-17% [55].

The specific set of SNP alleles observed on a single chromosome, or part of
a chromosome, is called a haplotype (fig. 2b). The coinheritance of SNP alleles
on haplotypes leads to associations between these alleles in the population
(known as linkage disequilibrium, LD). The strong associations between SNPs in
a region have a practical value: genotyping only a few, carefully chosen ‘tag
SNPs’ in the region will provide enough information to predict much of the infor-
mation about the remainder of the common SNPs in that region (fig. 2¢) [56].

The recently finished International HapMap Project [57] provides a public
database of more than one million single SNPs for which accurate and complete
genotypes have been obtained in 269 DNA samples from four populations
(http://www.hapmap.org). The analyses confirm the generality of hotspots of
recombination, long segments of strong LD, and limited haplotype diversity.
Most important is the extensive redundancy among nearby SNPs, providing (1)
the potential to extract extensive information about genomic variation without
complete resequencing, and (2) efficiencies through selection of tag SNPs and
optimized association analyses.

Until recently it was assumed that tiny variations like SNPs and haplotypes
thereof in an otherwise universal reference sequence are the genetic bases of
individual human traits. Now, with this nearly-complete reference in hands, it
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Fig. 3. Structural variants in the human genome. Arrows represent a particular locus,
e.g. a gene or a group of genes. Different colours represent allelic variations of the locus.
‘InDel’ stands for insertion/deletion and ‘Combination’ for any possible combination of
inversion, InDel and/or allelic variation.

becomes increasingly evident, that our concept of genome plasticity has to be
extended from seemingly fixed human segmental duplications [26, 58] to
interindividual, large-scale structural polymorphisms (copy-number variations
owing to insertions/deletions and/or inversions; fig. 3). Few examples of large
duplication polymorphisms have been reported in the past [59]. However, the
findings of hundreds of these polymorphisms with a size >100kb [60, 61] and
with a size >8kb [62] suggest a widespread phenomenon. Owing to their size
and gene content, these polymorphisms are unlikely to be selectively neutral. In
particular, segmental duplications are of great medical interest because their
structure often predisposes them to large-scale copy number polymorphisms with
consequent phenotypic effects [63, 64]. This is consistent with the growing body
of findings showing how inversions [65, 66] and copy-number variations [67]
influence the predisposition to chromosomal rearrangements, higher fertility
rates and susceptibility to viral infections or cancer [unpublished]. An attempt to
consolidate information on structural genomic variants is currently being made
by the Database of Genomic Variants project (http://projects.tcag.ca/variation). In
this respect it has to be mentioned, that multisite variations, a new type of poly-
morphism representing the sum of the signals from many individual duplicon
copies that vary in sequence content due to duplication, deletion or gene conver-
sion, can masquerade as normal SNPs when genotyped [68]. Thus, new effective
strategies must be established and deployed to identify multisite variation.

The recently detected large-scale heterogeneity argues for a more dynamic
structure of the human genome than previously anticipated. The estimate of
99.9% total sequence identity between any two human beings will need to be
reassessed over the coming years. In comparison to the human genome, the
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mouse is thought to differ in having less recent segmental duplications [69]. As
this and other vertebrate genome projects reach a comparable level of com-
pleteness and quality, it may be possible to determine whether the human
genome is exceptional in respect to this dynamics.
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