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Human chromosome 7 has historically received prominent attention in the human genetics community, primarily related to the
search for the cystic fibrosis gene and the frequent cytogenetic changes associated with various forms of cancer. Here we present
more than 153 million base pairs representing 99.4% of the euchromatic sequence of chromosome 7, the first metacentric
chromosome completed so far. The sequence has excellent concordance with previously established physical and genetic maps,
and it exhibits an unusual amount of segmentally duplicated sequence (8.2%), with marked differences between the two arms. Our
initial analyses have identified 1,150 protein-coding genes, 605 of which have been confirmed by complementary DNA sequences,
and an additional 941 pseudogenes. Of genes confirmed by transcript sequences, some are polymorphic for mutations that disrupt
the reading frame.

As the reference human genome sequence nears completion, the
sequences of individual chromosomes are providing foundational
information for genome structure, organization and evolution.
Previously, chromosome 7 has been the focal point in the search
for the gene associated with cystic fibrosis' and the frequent
cytogenetic changes associated with some forms of cancer®. Here,
we describe our analysis of the chromosome 7 sequence, which has
exploited orthology with the mouse genome in refining gene
predictions and has discovered some unusual structural features
that have been implicated in genetic diseases. The unrestricted
access of the community to this sequence as it was generated has
aided in the discovery of genes on chromosome 7 related to human
health and well being, and we anticipate that the full sequence will
provide further impetus to these studies.

T+ Present addresses: Genome Sciences Centre, British Columbia Cancer Agency, 600 West 10th Avenue,
Room 3427, Vancouver, British Columbia, V5Z-4E6, Canada (M.A.M.); Department of Genome
Sciences, Box 357730, University of Washington, 1705 NE Pacific Street, Seattle, Washington 98195-7730,
USA (R.H.W.); Baylor College of Medicine, 1 Baylor Plaza, Human Genome Sequencing Center, N1519,
Houston, Texas 77030, USA (J.D.M.).
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General features of the chromosome 7 sequence

We generated the sequence of human chromosome 7 using a clone-
by-clone shotgun sequencing strategy™* and organized the resulting
sequence into 11 contigs (Fig. 1). With the exception of the
centromere and one gap near the terminal end of the long arm
(pter), the distances between contigs are relatively small (Table 1),
with most sized by fluorescence in situ hybridization (FISH) of DNA
fibres or by comparison to the analogous region in the mouse
genome sequence. The DNA in these remaining gaps is repetitive or
has proved recalcitrant to isolation in bacterial- or yeast-based
cloning systems, including the screening of a series of large-insert
genomic libraries that together provided 100-fold coverage of the
human genome. On the basis of the size estimates of these gaps, the
available sequence represents greater than 99.4% of the total
euchromatic sequence.

Isolation of clones containing the telomeric and pericentromeric
regions of the p arm were particularly hampered by the presence of
repetitive sequences. A 7p-telomere-containing ‘half-YAC™ (yeast
artificial chromosome) has been identified, but has been too
unstable to sequence. However, three cosmid clones estimated to
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Table 1 Contiguous sequence lengths and gap sizes

Map Sequence length (Mb)* Gap size by FISH (kb) Gap size by mouse (kb)T Accession (NT_) Comment}
Gap - - - - ~34-kb telomeric gap
1 0.3 - - 029998.5 -

Gap - NA 334 - -

2 47.4 - - 007819.11 Extended by 70kb

Gap - 50 54 - -

3 2.1 - - 030008.5 -

Gap - 40 45 - -

4 6.5 - - 033968.2 Merged, ends in a-satellite

034884.1

Gap - 20-50 NA - -

5 0.8 - - 023629.10 Centromeric, extended
by 300 kb

Gap - NA NA - -

6 0.2 - - 023603.4 Unanchored centromeric
(uc) clone, 190kb uc
clone added

Gap - NA NA - -

7 12.7 - - 007758.8 Right end extends into
WBS region§

034886.2

Gap - NA NA - -

8 64.4 - - 007933.10 Left end in WBS

Gap - NA 87 - -

9 14.8 - - 007914.10 -

Gap - 100 99 - -

10 0.7 - - 034885.1 -

Gap - 80 80 - -

11 3.9 - - 007741.10 29-kb gap closed

028233.7

Values were created by FISH and estimation from orthologous mouse sequence. NA, not applicable.

*Status as of 1 July 2002, as reflected in NCBI build 31. These data were used for analyses presented here.
1 Estimates of gap sizes based on mouse were obtained from A. Cook, M. Kamal and M. Zody (personal communication).
FIncludes any changes to the sequence since 1 July 2002 from continuing efforts to close all remaining gaps.

§Mouse genome lacks analogous region®.

be 34 kilobases (kb) from the true telomere were recovered and
contain scattered telomere-specific repeats. Such difficulties were
not encountered with the 7q telomeres, where the sequence appears
to extend into the telomere. On either side of the centromere, we
analysed the sequence for higher-order alpha satellite repeats
indicative of centromeric boundaries. On the short (q) arm side
of the centromere, the sequence clearly contains such boundary
features. The boundary was less clear for the p-arm side of the
centromere, and the search for it was compounded by the dupli-
cation of this region elsewhere on the chromosome.

The quality of the chromosome 7 sequence exceeds the 99.99%
accuracy standard established by the International Human Genome
Consortium for sequencing the human genome®. We further
checked the integrity of the sequence and its assembly in two
ways. First, as each clone was finished, an in silico digest of the
sequence was compared to restriction digests of the clone DNA. We
also checked the fully assembled sequence by performing in silico
digests of clone-sized fragments across the chromosome against
the underlying fingerprint data used to construct the physical
map. In this way, we confirmed more than 99.9% of the testable
bands.

Gomparison to physical and genetic maps
We evaluated the completeness of the chromosome 7 sequence by
looking for its representation of sequence-tagged sites (STSs) from
previously constructed physical and genetic maps of the chromo-
some, specifically a YAC-based STS-content map’, the Genethon
microsatellite-based genetic map®, and a chromosome-7-specific
radiation-hybrid (RH) map’. There were only a small number of
unassigned STSs (see Supplementary Information), which included
those from multi-copy sequences, sequence polymorphisms,
regions within the remaining chromosome 7 sequence gaps, and
clerical errors that preclude accurate matching of STS names to their
true underlying sequence.

We also used these maps to evaluate the assembly of the sequence.
The chromosome 7 sequence positions of the identified STSs were
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plotted relative to their established map positions (Fig. 2). Less than
1% of the identified STSs in the YAC-based map are in serious
disagreement (defined as >3 megabases (Mb)) with their sequence
position. In only one and four instances of the Genethon genetic
and RH maps, respectively, are there discrepancies of more than
several megabases between the map and sequence position of the
STSs.

Together, these findings reveal an excellent overall concordance
between the chromosome 7 sequence and previously constructed
physical and genetic maps. The rare discrepancies can be largely
accounted for by the inherent lower-resolution nature of the various
mapping methods; however, it is also possible that some of the
observed differences reflect polymorphisms between the different
copies of chromosome 7 used for map construction and sequence
generation. Nonetheless, these results, in conjunction with the
robustness of the bacterial artificial chromosome (BAC)-based
physical map used for sequence generation’, provide strong support
for the established chromosome 7 sequence.

Orthology to mouse
The relationship between the human chromosome 7 sequence and
the mouse genome could be readily defined for approximately 92%

Figure 1 Overview of chromosome 7. Headings at each end of the figure indicate >
the following (from top to bottom): Cytogenetic map; Gaps, positions of gaps within

the chromosome 7 sequence; Orthologous mouse, orthologous mouse regions; (G + C)
content, (G + C) content (blue) in 20-kb windows (scale = 30-65%); Repeat density,
SINES (red) and LINES (blue) in 50-kb windows (scale = 0—70%); Interchromosomal,
duplicated interchromosomal regions (yellow); Intrachromosomal, duplicated
intrachromosomal regions (red); Genethon markers (green); CpG islands (blug), 200-bp
windows on repeat-masked sequence; RNA genes, non-coding RNAs (ncRNA genes in
orange; ncRNA predicted pseudogenes in brown); Pseudogenes, 573 processed (purple),
81 non-processed (lime) and 287 unknown (light purple) pseudogenes; Known genes,
known (blue) and predicted (red) genes and gene identifiers.
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of the chromosome, with 26 identifiable segments sharing the same
order of highly conserved sequences in the two species at a
resolution of 300kb (ref. 9) or 46 segments at a resolution of
100 kb (Supplementary Methods). The smallest and largest defined
segments are 200 kb and 38 megabases (Mb), respectively, with the
latter residing on 7q and containing the cystic fibrosis gene, the ST7
tumour suppressor gene'’, olfactory and taste receptors'"'?, and the
T-cell receptor beta gene region'.

General features

We analysed the chromosome 7 sequence for interspersed repeat
content, (G + C) content and the presence of CpG islands. The
sequence has an overall repeat content (47%) and distribution of
individual repeat classes (for example, short interspersed nucleotide
elements (SINEs), long interspersed nucleotide elements (LINEs)
and long terminal repeats (LTRs)) that differ only slightly from the
whole-genome averages* (Supplementary S1). Similarly, its overall
(G + C) content (41%) is almost identical to that of the genome as a
whole. The regions of highest (G + C) content flank the remaining
gaps, consistent with the idea that the (G + C)-rich regions may be
difficult to clone. Analysis of the repeat-masked chromosome 7
sequence revealed 1,461 CpG islands. Of the known chromosome-
7-derived messenger RNAs (see below), the 5" end of 66% were at or
near (5-kb upstream to 1-kb downstream of) a CpG island. For the
full gene set presented here, the number with overlapping CpG
islands was 51%—the two values bracketing the reported figure of
60% for the genome as a whole'. Table 2 provides a comparison of
some of the general features of chromosome 7 with the other
published chromosomes.

Previous analyses of the draft human genome sequence suggested
that Alu repeat distribution correlated more strongly with gene
content than with (G + C) content*. We re-examined this issue by
correlating (G 4 C) content, Alu repeat content and known exonic
sequences (see below) across chromosome 7. Using a range (50—
800kb) of non-overlapping windows, we found strong positive
correlations between (G + C) content, exonic sequence density and
Alu content. However, for all window sizes, Alu elements were more
strongly correlated with (G + C) content than with exonic sequence
density (R* = 0.66 compared with R* = 0.41 for 200-kb windows).
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Figure 2 Comparisons of mapped positions of STSs and their locations within the
chromosome 7 sequence. The position of each identified STS in the chromosome 7
sequence is plotted relative to its position on the chromosome 7 YAC-based map (blue),
Genethon genetic map (green), and RH map (red). For the YAC/STS and RH maps, the
left y axis reflects relative STS positions for those maps. For the Genethon genetic
map, the right y axis reflects the actual genetic distances in cumulative centimorgans
(cM). The apparent break at approximately 57—60 Mb reflects the position of the
centromere.
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This difference from the overall genomic pattern suggests that the
factors influencing Alu distribution are complex.

Known protein-coding genes

The identification of genes within genomic sequence typically uses
known mRNA sequences", ab initio methods'® and comparative
nucleotide or protein sequence data'”'®. Recognizing the challenges
of gene annotation' we sought to establish a foundation for the
gene catalogue of human chromosome 7 as an intermediate step en
route to a full understanding of all the functional elements encoded
by the chromosome. First, a set of 1,073 human mRNAs from
REFSEQ" and the Mammalian Gene Collection® were uniquely
assigned to the sequence and manually edited, resulting in 605 non-
overlapping mRNAs with 45% showing alternative splicing. Only
two (<0.3%) of the known genes mapped to chromosome 7 were
not identified in the existing sequence.

Detailed examination of these mRNAs aligned against the gen-
ome revealed some potential artefacts, even within this experimen-
tally supported set. For example, 23 mRNAs (2.4%) had no
similarities to any mouse gene or to any known protein in the
database. By contrast, less than 1% of predicted mouse genes have
no homologue in the human genome’. Although some of these
could be true genes, they may also represent untranslated segments
of bona fide genes or transcripts of uncertain function. Nonetheless,
these were retained in the current set. Additionally, eight other
mRNAs had no significant open reading frame and were not
included in the final gene set.

We also investigated 61 mRNAs where the matched genomic
sequence contained differences from the mRNA that caused in some
cases a frameshift and/or truncation of the protein product. To
determine the origin of the difference, we re-sequenced the region
of interest in a panel of 24 diverse individuals®', in the starting BAC
and in some cases in overlapping BACs. Ten cases could not be
uniquely amplified because of surrounding repetitive sequence. In six
cases the BAC sequence was found to be in error (representing either a
simple sequence error or a mutation at the site during propagation),
and the sequence was corrected. For another 35 cases, there was
support only for the BAC sequence. Using expressed sequence tag
(EST) data, underlying mRNA data and conservation with mouse,
these 35 cases were determined to be mRNA error (primarily a
deletion or insertion with a second compensatory insertion/deletion
downstream). In the remaining ten cases, the site was found to be
polymorphic, with support for both BAC and mRNA sequence. One
of these polymorphisms is a deletion in zonadhesin (ZAN)*, a sperm
membrane protein that binds in a species-specific manner to the
extracellular matrix (zona pellucida) of the egg. This deletion creates
a frameshift at position 1,922 of this 2,812 amino acid protein.

Predicted protein-coding genes
To predict additional genes on chromosome 7, we applied three gene
prediction programs. One, Genewise'’, uses protein homologies to

Table 2 Comparison of human genome and published chromosomes

Category* Chromosome Human
genome
7 14 20 21 22
(G + C) content (%) 41.0 409 441 409 478 41.0
Repetitive content (%) 45.0 46.2 42.0 40.1 41.9 44.8
Gene coverage (%) 36.5 436 424 31.0 50.0 27.0
Exon coverage (%) 1.4 2.3 2.4 - 5.0 1.5
Gene density (per Mb) 7.5 10.0 12.2 6.7 16.3 ~10.0
Known gene mean size (kb) 61.5 58.7 51.3 57.0 - 27.0
All genes mean size (kb) 45.8 45.7 27.6 36.0 341 -
Pseudogenes (% of total genes) 45.0 26.0 18.8 20.8 25.0 -
Sequence length (Mb) 153.8 87.4 59.2 33.5 335 2,737.0

*Differences in gene features between chromosomes may in part reflect methodological differ-
ences: chromosome 14 (ref. 44), chromosome 20 (ref. 45), chromosome 21 (ref. 46), chromosome
22 (ref. 49), genome (ref. 19).
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seed prediction, and the other two, Twinscan'®** and FGENESH2'¢,
use comparative sequence analysis. We used all available protein
predictions™ for Genewise and the mouse genome sequence’ as
informant sequence for Twinscan and FGENESH2. The combined
output predicted 90% of all known exons and 98% of the known
genes, indicating that for known genes the combined output is
reasonably comprehensive with high sensitivity, albeit at the cost of
specificity.

To reduce the number of false positives and pseudogenes in the
collection, we demanded that the predicted genes have a highly
significant match in the mouse gene set in the orthologous region of
mouse where possible, and in turn that the matching mouse gene
have among its best matches the original chromosome 7 predicted
gene (‘reciprocal match’). Furthermore, single-exon genes were
removed from the collection if they had matches to multi-exon
genes in either the human or mouse genomes. Redundancy between
the three sets among themselves and with known genes was
eliminated, accepting in order known genes, FGENESH?2, Twinscan
and Genewise predictions, with gene models with a reciprocal
match taking precedence. Predictions showing signs of non-
functionality (truncation or absence of introns) and those that
produced L1/reverse transcriptase were also removed from the set.
This yielded 545 predicted genes, bringing the total number of
protein-coding genes on chromosome 7 to 1,150.

We next examined ESTs to look for genes that the above process
may have missed. Of 41,399 spliced ESTs that had their best match
to chromosome 7, 93% at least partially overlapped existing exons,
and an additional 1% lay near or within existing genes and
suggested alternative splice forms (all were represented in the
redundant gene prediction set). The remainder lacked significant
open reading frames, and none satisfied the reciprocal match
criteria used for the gene predictions above (indeed only 5% had
any match to mouse predicted genes). Although these unplaced
spliced ESTs could represent protein-coding genes, there is currently
little corroborative evidence that they do. More likely they represent
other transcription products, including non-coding RNA genes or
untranslated fragments of protein-coding genes.

By several criteria, the predicted gene set is robust. As expected
given the methods used to establish it, 94% have a reciprocal best
match (that is, the predicted gene has as its best match a mouse
gene, which in turn has as its best match the starting human gene)
with the mouse genome (known genes show a 92% best match). The
remainder have a reciprocal match. High percentages of the pre-
dictions are supported by similarities to non-mammalian vertebrate
genomes and by EST matches (Table 3a), but as expected the rates
for each of these are not as high as seen for known genes. The known

Table 3 Coverage and characteristics of exons and genes on chromosome 7

a Coverage of predicted exons and genes by various data sets

Predicted (%) Known (%) Ratio
Exons Genes Exons Genes Exons Genes

Human ESTs 42 59 85 94 0.49 0.63
Non-mammalian* 20 38 36 52 0.56 0.73
Total 47 66 89 95 0.53 0.69
Pfam - 45 - 69 - 0.65
Interpro - 60 - 78 - 0.77
b Characteristics of predicted versus known genes

Predicted Known Ratio
Exons per gene 6.7 9.5 0.71
Coding bases per gene (bp) 1,231 1,457 0.84
Genic bases per gene (bp) 28,474 61,439 0.44

*Translated non-mammalian vertebrate genomic sequence: Fugu rubripes, Tetraodon nigroviridis,
Gallus gallus. Ratio is that of predicted to known.
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genes are enriched in highly expressed genes, which are more likely
to be represented in EST sets and are more likely to be conserved
across evolution. The predicted genes also compare favourably to
known genes in coding exon number and in total coding sequence
(Table 3b). The fact that both exon number and total coding
sequence is smaller for the predicted genes suggests that either
some terminal exons have been missed or that there are fragmented
genes in the set that reduce average values. Finally, the pseudogene
analysis carried out below shows that the set is remarkably free of
likely pseudogenes, and that the set is not missing many genes
(<60) with similarities to known proteins.

Pseudogenes

To identify pseudogenes on chromosome 7, we adapted an
approach used for analysing the Anopheles®® and mouse’ genome
sequences. This involved identifying sequence with significant
similarity to known proteins in regions that reside between
known or predicted genes, and then evaluating the ratio of non-
synonymous to synonymous coding changes (the K /K ratio) for
each potential coding sequence. Although not absolute, this ratio is
an indicator of selective constraints associated with particular DNA
regions, and can be used to assess differences between genes that
evolve under purifying selection and pseudogenes that evolve in a
neutral fashion®. Of the 941 such regions identified, nearly all
(97 = 3%) seem to evolve under neutrality and therefore are
considered to contain pseudogenes. In contrast, only 5 £ 3% of
the predicted and known genes have a K /K ratio consistent with
neutral evolution. As the search did not attempt to identify highly
diverged copies and may have merged two or more pseudogenes in
the same interval, this probably corresponds to a lower limit for the
number of pseudogenes. Indeed, there may be more pseudogenes
than true genes on chromosome 7. As with the mouse genome
sequence’, a significant fraction (33%) of the identified pseudo-
genes contain neither stop codons nor frameshifts. Virtually all
pseudogenes (94%) could be aligned to another region in the
human genome with higher sequence identity than to any region
in the mouse genome, suggesting that they originated after the
human-mouse divergence.

Pseudogenes are generally formed by two independent mecha-
nisms of duplication: retrotransposition (giving rise to processed
pseudogenes) and segmental duplication (often leading to non-
processed pseudogenes). In an attempt to classify the pseudogenes
on chromosome 7, we exploited the available mouse sequence. First,
in contrast to non-processed pseudogenes, processed pseudogenes
integrate throughout the genome and are unlikely to have sequence
similarity in orthologous mouse regions. Furthermore, pseudo-
genes that arose before the divergence of mouse and human are
probably so diverged as to be below the thresholds of detection used
here. For 654 pseudogenes within regions of chromosome 7 with
identified mouse orthology, 573 (88%) appear to be processed, and
81 (12%) appear to be segmentally duplicated pseudogenes. Pro-
cessed pseudogenes are broadly distributed along chromosome 7,
with a slight tendency to cluster near the telomeres, whereas non-
processed pseudogenes are concentrated in gene-rich regions (see
Fig. 1). A minority of the former (100) has inserted into the introns
of unrelated functional genes. The direction of these processed
pseudogenes relative to the host intron varies almost randomly: 41
(41%) are integrated in the same strand as the host gene, whereas 59
(59%) are in the opposite strand.

Non-coding RNAs

We identified non-coding RNA (ncRNA) genes in the chromosome
7 sequence as described for the draft human genome sequence'’,
followed by a refinement step using matches to mouse orthologous
regions. De novo computational gene-finding methods for most
non-coding RNA genes are not yet sufficiently robust for automated
genome annotation”. Annotation was restricted to transfer RNA
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genes, for which there is a robust identification programme,
tRNAscan-SE*, and to strong primary sequence similarities to
known mammalian ncRNAs, including recently discovered
human microRNAs>.

Twenty-three tRNA genes were identified in the chromosome 7
sequence, including a cluster of 20 tRNAs with 18 tRNACys-GCA
genes in one 400-kb interval. Eleven other ncRNA genes were found:
four microRNAs, two U6 small nuclear RNA (snRNA) genes, and
five genes for the four cytoplasmic Y RNAs (hY1, hY4, hY5 and two
near-identical copies of hY3); all of the human Y RNA genes were
already known to be located on chromosome 7 (ref. 30). Addition-
ally, 302 putative pseudogenes were detected by BLAST similarity to
other human ncRNA genes; this included 65 apparent U6 snRNA
pseudogenes, 43 hY3 RNA pseudogenes and 37 non-Alu SRP-RNA
pseudogenes.

Protein index

Using the above-generated gene set, we derived an index of
predicted protein sequences. In turn, this was compared to the
Interpro database® using Interproscan®, which predicts protein
families, domain and repeat families, and sequence motifs. The
Interpro results were used to assign Gene Ontology (GO) codes™:
51% of proteins were in the category of molecular function, 31% in
biological process and 18% in cellular components. Of the 68% of
the proteins that had an Interpro classification, 56% were multi-
domain. The two most prevalent families are also two of the most
prevalent in the human genome: the immunoglobulins and zinc
fingers.

The general homeobox domain proteins are heavily represented
on chromosome 7, accounting for 21 of the 211 currently annotated
records in the Ensembl gene set™ of the human genome. In addition,
the chromosome 7 gene set contains one-third of each of the more
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specific homeobox proteins in the genome: antennapedia homeo-
box proteins, engrailed-type homeobox proteins and homeo-
domain protein CUT domains. The chromosome 7 HOX region,
one of the four homeobox clusters in the human genome, contains
ten two-exon genes (with one alternative form). This 90.7-kb region
has a (G 4 C) content of 52% and is completely devoid of known
interspersed repeats.

Williams syndrome critical region

Williams—Beuren syndrome (WBS) is associated with large (typi-
cally about 1.6 Mb) deletions® within 7q11.23. A series of large
(>140kb) duplicated segments (duplicons) span over 2 Mb in this
region and are shown as coloured boxes in Fig. 3. The commonly
deleted region is flanked by a duplicon that contains the p47-phox
gene (or pseudogene), which has served as a useful marker for
differentiating among the different duplicated segments. A third
copy of the duplicon resides distal to the other pair within the
commonly deleted region, in inverted orientation. At present there
is a gap in the physical map and the chromosome sequence between
the second and third copies of this duplicon.

The WBS region presented the single greatest challenge to the
mapping and sequencing of the euchromatic regions of chromo-
some 7. Indeed, even after considerable effort, there remains some
uncertainty about the location and orientation of some sequences.
The duplicated segments approach the size of BACs, and the
frequency of sequence differences among duplicons approaches
(or is less than) the human polymorphism rate. To add to this
complexity, the long-range organization of the region, perhaps
including the number of duplicons, differs among individuals.

In attempting to establish a representative sequence of the WBS
region, we used clones from a single BAC library to reduce the allelic
complexity to just two variants. We also deliberately sequenced

F S

Figure 3 Repetitive content surrounding the commonly deleted region of the
Williams—Beuren Syndrome area of 7q11.23 illustrated using self_dot_plot (H. Skaletsky
and S. Rozen, personal communication). Each dot represents an identical match of
200 bp. Direct repeats are shown by horizontal lines, inverted repeats as vertical lines and
palindromes as vertical lines that nearly intersect the baseline. Large sequence
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duplications are indicated by coloured boxes. As indicated by the line break, a central
1.15Mb of non-duplicated sequence has been omitted. The start of the region shown
corresponds to base 70,945,566. Arrows mark the positions of the two phox genes
(closed) and the phox pseudogene (open).
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BACs with extensive overlaps to establish linkage of variant sites and
used polymerase chain reaction (PCR) analysis of clones and a
human population panel to distinguish polymorphic sites from
differences between duplicated segments. This process eventually
yielded the two sequence contigs shown in Fig. 3.

Segmental duplications

Segmental duplications are large low-copy repeats that arise as a
consequence of duplication of genomic DNA and may range up to
hundreds of kilobases in length. We performed a detailed analysis of
duplicated sequence (=90% sequence identity and =1 kb in length;
see Methods), comparing the chromosome 7 sequence against a
recent assembly of the human genome. We identified a total of 3,215
pairwise alignments that met these criteria of length and sequence
identity (Fig. 4a; see also Supplementary S3 and S4), making
chromosome 7 one of the most duplicated human chromosomes.
Opverall, 8.2% (12,588 kb) of the sequence shares sequence homol-
ogy to more than one location in the genome (Fig. 4a; see also
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Figure 4 Recent segmental duplications on chromosome 7. a, Large (>10kb) highly
similar (>95%) intrachromosomal (blue) and interchromosomal (red) segmental
duplications are shown for chromosome 7. Chromosome 7 is magnified in scale relative to
the other chromosomes. The intrachromosomal duplications shown may be sites of
unequal homologous recombination resulting in large-scale rearrangements such as
those that cause WBS. The centromere is coloured purple. For more details regarding
these regions see Supplementary S3-S6. b, Sequence similarity of segmental
duplications. For all pairwise alignments, the total number of aligned bases was
calculated and binned based on per cent sequence identity. Sequence identity
distributions for interchromosomally (red) and intrachromosomally (blue) duplicated bases
are shown. Assuming a clock-like rate for nuclear DNA substitution, per cent similarity is
linear with evolutionary time providing a surrogate for the age of the duplication or gene
conversion event.
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Supplementary S4). The enrichment is predominantly due to an
increase in intrachromosomal duplications (7.0% of the sequence)
rather than interchromosomal duplications (2.2%) with 0.5%
(729,982 bp) sequence overlap between the two types. The spatial
distribution of the interchromosomal and intrachromosomal
duplications is clustered (Fig. 4a; see also Supplementary S3 and
S4). As expected, large blocks of interchromosomal duplication
locate preferentially within the pericentromeric and subtelomeric
regions®. A marked asymmetry, however, was observed between
the short and long arms of chromosome 7. The short arm of
chromosome 7 has large blocks of recent interchromosomal dupli-
cations within both the pericentromeric (600 kb) and subtelomeric
(about 150kb) regions. The p arm subtelomere contains the most
recent interchromosomal duplications (>99%). The low degree of
sequence divergence suggests that such regions may have duplicated
and/or undergone gene conversion since the separation of the
human and chimpanzee lineages from a common ancestor.

In contrast to the short arm, the q arm pericentromeric region
shows a much smaller block of duplication (<200 kb) followed by a
large (about 600kb) tract of monomeric alpha-satellite repeat
sequence. These duplications are highly divergent (<93%).
Although possibly a much more extensive domain of pericentro-
meric duplication remains to be sequenced closer to the centromere,
the current configuration and the low degree of sequence similarity
among these interchromosomal duplications suggest that the 7q
pericentromeric region has been relatively quiescent over the last 25
million years of evolution. The subtelomeric region of chromosome
7q is even more striking in this regard. There is virtually no evidence
of segmental duplication within a megabase of the telomere. The
molecular mechanisms that underlie the difference in subtelomeric
and pericentromeric duplication architecture between the two arms
of chromosome 7 are unknown, but the asymmetry may represent a
general property of metacentric chromosomes as has been suggested
previously®®**.

Comparison of the features of inter- and intrachromosomal
duplications reveals some intriguing differences. In general, the
intrachromosomal alignments tend to be larger than interchromo-
somal alignments (8 out of 10 pairwise alignments in excess of
100 kb were intrachromosomal duplications; Supplementary S5).
This trend may, in part, be due to the fragmented nature of the draft
sequence for other unfinished chromosomes. Furthermore, intra-
chromosomal duplications show an abundance of highly similar
duplications (>98% identity), whereas most (57.1%) of the inter-
chromosomally duplicated bases cluster between 93% and 96%
identity (mode of 94.5-95.0%) (Fig. 4b; see also Supplementary S5).
This interchromosomal mode is significantly different from the

Table 4 Duplicated features for non-redundant transcripts

Duplicated features All features
Non-redundant source Exons (%) Transcripts (%) Exons  Transcripts
mRNA-based transcripts 533 (8.7%) 121 (20.6%) 6,122 588
Gene 508 (8.6%) 117  (20.4%) 5,926 573
Pseudogene 25  (12.8%) 4 (26.7%) 196 15
Predicted transcripts 694 (22.8%) 136 (36.2%) 3,045 376
Gene 353  (15.3%) 64  (26.0%) 2,314 246
Pseudogene 341 (46.6%) 72 (55.4%) 731 130
Spliced EST clusters 202 (19.3%) 91 (24.6%) 1,049 370
Total 1,429 (14.0%) 348 (26.1%) 10,216 1,334

The non-redundant transcript set was screened for confirmatory transcriptional support by best
genomic placement of ESTs. mRNAs required one supporting EST, and EST clusters and predicted
transcripts required two ESTs and evidence of splicing (two or more exons). Thus, EST clusters of a
single EST were removed. Additionally, each gene feature was binned as duplicated if at least 50 bp
overlapped a duplicated region. Thus, exons less than 50 bp were lost from this analysis. Overall,
14.0% of all exons were binned as duplicated. Similar results were obtained requiring the entire exon
to be encompassed by duplication (13.8% of all exons duplicated). Coding potential was only
assessed as part of the analysis of mRNA-based and predicted transcripts. For these, the
pseudogene fraction of duplicated exons (366/1,227 = 30%) was greater than for unique exons
(927/7,940 = 11%).
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average computed for the draft genome as well as other published
chromosomes (96.0-98.0%)*. Using sequence divergence as an
indicator of evolutionary age, the data suggest that chromosome
7 has been the target of more ancient interchromosomal duplication
and/or gene conversion events. In contrast, more recent chromo-
some-specific duplication/gene conversion events* have occurred
since the separation of the human and African ape lineages.

Segmental duplications are known sites of both pathological and
evolutionary instability*"*?. To identify regions on chromosome 7
that may be associated with genomic disorders, we searched for
regions (between 50 kb and 10 Mb apart) that were flanked by large
(=10kb), highly homologous (=95%) segmental duplications
(Supplementary S6). In addition to the WBS region, we detected
ten regions of chromosome 7 (Supplementary S7 and S8), nine of
which contained genes and would be considered candidates for
genomic disorders. In total, these 11 regions (corresponding to 103
pairwise alignments) of chromosome 7 implicate almost a quarter
(40.7 Mb) of the chromosome as being susceptible to duplication-
mediated rearrangement. It will be important to investigate these
regions experimentally for large-scale variation and association with
disease.

Segmental duplications have long been noted for their potential
role in the evolution of new genes*. To examine the transcriptional
and coding potential of duplicated regions, we analysed a hierar-
chical, non-overlapping set of known genes, predicted genes and
remaining spliced EST clusters (see above). For each group, we
categorized every exon as unique or duplicated on the basis of its
overlap with duplicated sequence (Table 4). Almost 14% (1,244 out
of 9,890) of all exons are duplicated, and most of these lie within
intrachromosomal duplicated sequence as opposed to inter-
chromosomal duplicons. Our analysis shows that the relative
number of transcribed exons is significantly greater for duplicated
DNA when compared with non-duplicated DNA on chromosome 7.
These results support a previous observation® that recently dupli-
cated regions are rich in genes/transcripts. It should be noted,
however, that many transcripts within the duplicated sequence
have poor translational potential (44% compared with 20% of
exons in pseudogenes for duplicated and unique regions), based on
analysis of open reading frames (see pseudogene analysis above).
Indeed, our analyses suggest that genes within duplicated regions
show relaxed selective constraint when compared with genes
encoded within unique portions of chromosome 7. Duplicate
regions of chromosome 7 are, therefore, enriched for a particular
class of pseudogene, which may be transcribed and may possess
intron—exon structure but is unlikely to be translated. Most of the
pseudogenes probably represent dying transcripts, which may on
rare occasions lead to the formation of new genes.

Conclusions

The sequence of human chromosome 7 described here, and that of
several other human chromosomes**, represent landmark steps in
the Human Genome Project. As chromosome sequences advance
from their initial ‘draft’ status to a high-accuracy comprehensive
stage, the molecular landscape becomes clearer, and the ability to
perform detailed analyses becomes more robust. For our studies of
chromosome 7, the combination of a high-quality, nearly complete
sequence and a draft sequence of the mouse genome allowed us to
perform rigorous gene analyses that included an improved ability to
distinguish pseudogenes from bona fide genes. In addition to
generating a gene index for the chromosome, our data provide
evidence for a small subset of proteins that contain a polymorphism
leading to a truncated protein in the human lineage. A chromo-
some-wide view of segmental duplications revealed that, compared
with other chromosomes analysed so far, chromosome 7 exhibits a
much higher rate of intrachromosomal duplication. Furthermore,
there seems to be evolutionary asymmetry between the long and
short arms. Taken together, these findings illustrate the dynamic
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nature of a mammalian chromosome. Such dynamic behaviour also
has adverse consequences, as revealed by the sequence features of the
WBS region, where large duplicons of remarkably high sequence
similarity mediate disease-causing deletions. Finally, the sequence
we report here for chromosome 7 has directly facilitated
the identification of a number of genes associated with human
disease (for example, refs 10, 48). But these examples, although
highly gratifying, simply represent the beginning of efforts to
capitalize on the knowledge provided by finished genomic sequence
for better understanding the genetic bases for human health and
disease. O

Methods

Tiling-path verification

To evaluate clone overlaps where the rate of difference between overlapping clone
sequences was higher than 1 in 1,000 bases, a PCR product encompassing the differences
was sequenced from each BAC in the overlap region and from each of a panel of 24
ethnically diverse genomic DNA samples®'. If the 24 samples showed allelic variation, the
overlap was judged to be correct, but if the 24 samples yielded persistent heterozygosity,
the sequence was judged to be derived from a repeated sequence, with sequence differences
between the copies.

Assaying mRNA/genomic discrepancies

To investigate discrepancies between mRNA and genomic sequence, PCR products were
generated, re-sequenced and the polymorphic bases examined in the DNA from 24
individuals, the original BAC, and in some cases other BACs.

Pseudogene detection

After masking all predicted and known genes and common repeats, we performed
homology searches by comparing the DNA sequence of chromosome 7 with a
non-redundant protein database (see Supplementary Information). All regions matching
non-viral and non-transposon known proteins (E value <0.001) were further processed
by merging those likely to be parts of the same gene or pseudogene. This step, although
likely to cause the loss of some real pseudogenes, is essential to eliminate possible
fragmented predictions, which could otherwise lead to an overestimation. We refined the
prediction for the resulting DNA fragments by comparing them with the closest protein
sequence using Genewise'”. We finally confirmed the integrity of the predictions by
removing elements without significant matches (E values <0.001) in a second round of
BLASTX against NRDB.

Each candidate pseudogene and all predicted and known genes were subjected to a
K A/K analysis. We first inferred the ancestral sequence of each of the target sequences (A)
using a protein-based DNA multiple alignment of A and its two closest matches in
NRDB between 50% and 95% identical. We next estimated the number of synonymous
and non-synonymous substitutions occurring in sequence A by comparing it with its
ancestral sequence using the YNOO program. In addition to the program’s pre-set, we
excluded those K /K ratios that were based on excessively low (<20) or high (Ks > 1)
numbers of substitutions, resulting in reliable calculations for approximately 50% of
analysed sequences.

The fraction of neutrally evolving sequences included in the pseudogene and gene sets
was calculated comparing their K /K distributions with benchmark distributions for
functional and pseudogenic elements. These distributions were obtained from the K»/Ks
analysis of 2,000 functional human genes randomly selected from a 50% non-redundant
RefSeq'” (reviewed) collection, and 1,730 processed pseudogenes with open reading frame
truncations identified from a homology search through the whole human genome as
performed for chromosome 7 (manuscript in preparation). Each of the K4/Kg
distributions associated to the pseudogene and gene sets of chromosome 7 was compared
with benchmark distributions using a ‘least squares fitting’ to obtain estimates of neutrally
evolving fractions of sequences. The error rate associated with this estimate is <3%
according to cross-validation analysis with the benchmark sequences.

We compared each identified pseudogene at the protein level with all mouse genes
(Ensemb!®) located in the corresponding orthologous regions. Positive match was
considered when the associated E-value was <10 . To avoid mis-annotations owing to
the possible absence of decisive sequences in the mouse gene set, we also compared each
translated pseudogene with the whole mouse orthologous region using tBLAST# with the
same E-value cutoff as above.
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