
When the idea of sequencing the entire human genome
was initially put forward (Dulbecco 1986; DeLisi 1988;
Sinsheimer 1989), DNA sequencing was an expensive,
laborious process. The largest genome to have been se-
quenced at that time was that of the Epstein-Barr virus,
which at 172,282 bases, or about 1/20,000 the size of the
human genome, had taken a group of about a dozen peo-
ple several years to complete (Baer et al. 1984). The only
systematic analyses of larger, more complex genomes
had sought to produce ordered clone sets (clone-based
physical maps) of the Caenorhabditis elegans and Sac-
charomyces cerevisiae genomes (Coulson et al. 1986; Ol-
son et al. 1986). Today, less than 20 years later and just 2
1/2 years after publications describing draft sequences
(Lander et al. 2001; Venter et al. 2001), we have in hand
the essentially complete sequence of the human genome
(Rogers, this volume). Groups from across the globe con-
tributed to the sequence (Table 1) in a coordinated effort

called the International Human Genome Project (IHGP). 
The groups exploited advances contributed by many

laboratories for every step of the sequence process (Table
2), but none was more important than the steady advance
in fluorescence-based DNA sequencing instruments
(Smith et al. 1985; Ansorge et al. 1987; Prober et al. 1987;
Brumbaugh et al. 1988). Initially these machines required
sophisticated users and large amounts of carefully quan-
tified, high-quality template DNA to produce sequence of
limited accuracy over 300–400 bases, and capacity was
limited—for example, 16 samples daily on the ABI373
machine. With steady improvements not only in the in-
struments, but also in each step of the process before and
after sequence collection, a typical ABI3730 in a large
genome center today produces 1300 samples daily with
highly accurate reads of 750–900 bases with minimal at-
tendance. Automation with sophisticated LIMS systems
and sample tracking allow these machines to be fed con-
tinuously 24 hours a day, 7 days a week, 52 weeks a year,
with little down time.

The clone-based hierarchical shotgun strategy em-
ployed by the IHGP has resulted in a sequence that con-
tains more than 99% of the euchromatic sequence in
highly accurate form. The details of the sequence are pre-
sented elsewhere, but it is clear that the sequence includes
some large, complicated, repeated sequences that would
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Table 1. Contributions to the Finished Sequence by Center

Center Bases

Wellcome Trust Sanger Institute 824,879,622
Washington University Genome 584,507,988

Sequencing Center
U.S. DOE Joint Genome Institute 310,982,691
Whitehead Institute Center for Genome 374,404,412

Research
Baylor College of Medicine Human Genome 278,229,771

Sequencing Center
RIKEN Genomic Sciences Center 110,409,096
University of Washington Genome Center 108,221,396
Genoscope and CNRS UMR-8030 77,479,268
Keio University 21,285,289
GTC Sequencing Center 36,061,549
The Institute for Systems Biology 26,871,969
Max Planck Institute for Molecular Genetics 20,095,113
Beijing Genomics Institute/Human Genome 17,141,643

Center
University of Oklahoma’s Advanced Center 5,444,166

for Genome Technology
Stanford Human Genome Center 8,374,342
Max Planck Institute for Molecular Genetics 5,024,546
GBF German Research Center for 5,547,223

Biotechnology
Others 17,049,046

Table 2. Advances in Sequencing

Advance Reference

Libraries Shizuya et al. (1992)
DNA template prep Hawkins et al. (1994)
Cycle sequencing Axelrod and Majors (1989); 

Craxton (1993)
Fluorescent dyes Ju et al. (1995)
Taq polymerase variants Tabor and Richardson (1995)
Capillary sequencing Lu et al. (1994)
Base calling Ewing et al. (1998)
Assembly P. Green and L. Hillier (unpubl.)
Databases R. Durbin and J. Thierry-Mieg 

(unpubl.); FlyBase Consortium
(1994)

The principal steps in the DNA sequence process are listed
along with examples of early contributions to improvements to
the process. The continual improvement of each step has been
critical to the success of the Human Genome Project (Axelrod
and Majors 1989; Shizuya et al. 1992; Craxton 1993; Hawkins
et al. 1994; Lu et al. 1994; Ju et al. 1995; Tabor and Richard-
son 1995; Ewing et al. 1998).



have been difficult to obtain with the alternative whole-
genome shotgun strategy. The single-base miscall rate is
estimated at about 1/100,000 bases, and small deletion/
insertion differences arising from errors in propagation
and assembly occur on the order of 1 per 5 Mb (Schmutz
et al., this volume), both rates much lower than observed
polymorphism rates for these types of differences. In-
deed, many of the small insertion/deletion artifacts occur
in short, tandemly repeated sequences, which are often
themselves polymorphic in the population.

Some regions of the genome are not accounted for in
the current sequence. The short arms of the acrocentric
chromosomes are not represented at all, and the large het-
erochromatic regions of Chromosomes 1, 9, and 16 and
the centromeric α-satellite sequences are only sparsely
represented. There are also infrequent gaps in the euchro-
matic regions, whose size generally is estimated from
FISH or comparison with orthologous mouse/rat genome
sequence. These gaps in sequence coverage reflect the ab-
sence of clones in available libraries and are particularly
prevalent near the centromeres and telomeres and in het-
erochromatic regions (Dunham et al. 1999; Deloukas et
al. 2001; Heilig et al. 2003; Hillier et al. 2003; Mungall et
al. 2003; Skaletsky et al. 2003). These gaps are often
flanked by locally highly repetitive sequence, by seg-
mentally duplicated sequence, or by regions with excep-
tionally high GC content. Efforts to close these few re-
maining gaps and to correct detected errors continue at
many of the centers.

With a highly accurate, essentially complete sequence
of the genome now in hand, efforts are shifting to the un-
derstanding of its contents. A full understanding will take
decades, but two immediate tasks face us now: defining
those sequences that function in the specification of hu-
mans—the “parts list’”—and defining human variation.
We comment in this paper on aspects of these tasks that
we faced in annotating the finished Chromosome 7 se-
quence (Hillier et al. 2003). One aspect deals with the im-
pact of human variation on the assembly of the human se-
quence and the extremes of variation observed in clone
overlaps. These more highly variant regions complicated
assembly of the genome, since such overlaps actually
might have represented distinct regions of the genome
that had resulted from segmental duplication, rather than
the same region of the genome. With appropriate tests,
they have been clearly shown to derive from a single re-
gion of the genome and thus represent curiously highly
variant regions of the genome. Another aspect deals with
efforts to improve the set of protein-coding gene predic-
tions, the first and most critical element of the parts list.
Gene-finding in mammalian genomes requires a com-
bined approach, employing gene prediction programs,
experimental evidence, and comparative sequence analy-
sis. The best sources of experimental evidence currently
are the RefSeq (Pruitt and Maglott 2001) and MGC
(Strausberg et al. 1999) full-length cDNA sequence col-
lections. However, in carefully aligning these sequences
against the genome, we have noted discrepancies be-
tween the cDNA and genomic sequences that alter the
reading frame. In investigating the source of these differ-
ences, we have discovered instances of sequence variants

in the population that must alter the protein product of the
gene. We have also used the mouse sequence for gene
prediction in the human genome as a means of greatly re-
ducing the problem of pseudogene contamination and
other false-positive predictions in the predicted set.

ASSEMBLY AND VARIATION

Assembling the human genome sequence from indi-
vidual BAC clones presented challenges not faced in as-
sembling simpler genomes like those of yeast (Johnston
et al. 1997; Mewes et al. 1997) and C. elegans (Consor-
tium 1998). The extensive amount of repeated sequence,
both from interspersed repeats (44% of the genome) and
from segmental duplications (another 5% of the genome)
(Lander et al. 2001), means that different BAC clones
may contain similar sequence, but derive from entirely
different regions of the genome. On the other hand,
clones may derive from the same region of the genome,
but because they derive from different genomes, they
may differ in sequence. About 1 in 1300 bases is expected
to differ between any two copies of the genome (Sachi-
danandam et al. 2001), and the sequenced clones came
from multiple, different diploid individuals (with 70%
coming from a single individual). Even within clones
from a single library, only half the overlaps are expected
to derive from the same chromosomal copy or haplotype.
Thus, in judging whether two clones overlap on the basis
of sequence, there is inevitably a balance to be found 
between accepting clones that truly should overlap and
rejecting clones that derive from two similar but distinct
regions of the genome.

Fortunately, the physical map largely mitigates the
problem (McPherson et al. 2001). Here, the large size of
the BAC clones (average insert length = 150–175 kb) and
their extensive overlaps (>90% on average) allow all but
the largest, most recent duplications to be sorted out.
Even nearly identical repeats of greater than the BAC in-
sert length may be recognized by the overabundance of
clone coverage in a region and targeted for special atten-
tion. As a further check, each overlap can be examined at
the sequence level. For Chromosomes 2, 4, and 7, we re-
quired that the overlap extend at least 2 kb through the
ends of the clones with at least 99.8% sequence identity,
with similar criteria applied for other chromosomes.
Overlaps not meeting these criteria were subjected to ad-
ditional scrutiny.

In extreme cases, such as the Y chromosome (Tilford
et al. 2001; Skaletsky et al. 2003) and the Williams-
Beuren Syndrome region (Hillier et al. 2003), the region
could not be sorted out by the physical map alone, and its
resolution required sequence information from clones
from the same haplotype with extensive overlap. Using
these procedures on Chromosome 7 allowed us to detect
8.2% of the sequence as segmentally duplicated, 7.0%
within the chromosome and 2.2% between 7 and other
chromosomes (Hillier et al. 2003).

In the course of the clone assembly, we encountered
examples where the sequence variation between two
clones was unusually high, and yet the physical map sup-
ported the join. To determine whether these clones de-
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ten behaved as a haplotype block; that is, the presence of a
particular base in one variant position was predictive of the
other variant bases assayed. Thus, these overlaps all ap-
peared to sample highly variant regions of the genome.

To investigate more broadly the frequency and extent of
such highly variant regions, we examined the pattern of
variation within 2,718 overlaps between clones on Chro-
mosomes 2, 4, and 7. For each overlap of at least 5 kb, we
looked at the variation within 5-kb nonoverlapping win-
dows. On average, just fewer than 4 differences in each
window would be expected if the clones derived from dif-
ferent haplotypes. Although many segments conformed to
expectation, we saw 302 intervals with more than 18 dif-
ferences (2 standard deviations from the mean). Often we
found multiple successive 5-kb segments with high varia-
tion (Fig. 1), as might be expected from a series of seg-
ments exhibiting linkage disequilibrium (Daly et al.
2001). To determine whether the set of variations arise
from two distinct copies of a single haplotype block will
require more experimental data across the region.

These investigations support two conclusions. First,
the finding that none of the tested regions of high vari-
ability represented segmental duplications, but rather
highly variable segments of the genome, suggests that

rived from the same region or instead arose from unrec-
ognized large, highly similar duplications, we used PCR
to recover a segment of the variant region from both the
parent clones and the genome from 24 individuals, a sub-
set of the DNA Polymorphism Discovery Resource
(Collins et al. 1998). We reasoned that if the sequences
derived from the same region, the two variants would be
allelic and would segregate in the population, with het-
erozygotes and homozygotes of each allele in proportion
to its frequency in the population. If, however, the se-
quences derived from distinct copies of a repeated se-
quence, both sequences would be present in all individu-
als. In rare instances, the same site might be variant
within both copies; even here we would find unusual ra-
tios of the two sequences in the population samples. 

In toto for Chromosome 7 we analyzed 39 overlaps with
a difference rate of at least 3 events per kilobase. These
overlaps totaled 1911 kb, with an average variation of 4.5
differences per kilobase. In all cases, the variant bases were
found to be polymorphic in the population sample, with ho-
mozygotes evident for at least one form. The proportion of
heterozygotes to homozygotes was generally in accord
with Hardy-Weinberg equilibrium. Furthermore, when
several variants were present in the region assayed, they of-
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Figure 1. Regions of high variation in the overlap between adjacent clones. Four different overlaps are depicted. Each point repre-
sents the number of substitution events in 5-kb nonoverlapping windows, including insertion/deletion events for 3 of them. The full
extent of the overlap is shown. The expected number of events per 5 kb between two clones of different origin would be about 4, and
the mean number of events plus 2 standard deviations for a 5-kb window is 18 for this set (15 for substitutions alone). For much of
the overlap the variation is within the normal limits, but in each case several successive 5-kb segments are present, with one case ex-
tending over about 40 kb. The region of high variation in A lies within a large intron of the LRP1B gene (low-density lipoprotein re-
ceptor-related protein 1B) and has several regions conserved in mouse and rat. The region of high variation in B shows no genes but
does contain several regions conserved with mouse or rat. The region in C corresponds to the 5´ half of the GYPE gene (a surface gly-
cophorin on red cells related to glycophorin A and B genes that specify the MN and Ss blood group antigens). The region in D con-
tains no feature and exhibits no regions conserved with mouse and rat.
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there are unlikely to be many large, recently duplicated
segments of the genome yet to be identified in regions
where the above criteria have been used to judge over-
laps. Second, there are multiple regions of the genome
where there is locally high variation, sometimes extend-
ing over tens of kilobases. Whether these are present be-
cause of balanced selection or because they represent by
chance the tail end of the distribution from the last coa-
lescent is uncertain (Charlesworth et al. 1997). 

We have examined the regions for features that might
suggest a basis for such balancing selection. Fifteen were
in the region of some gene, including the known genes
CRYPTIC, TSSC1, LRP1B, and GYPE. However, others
contain no known features. Regardless of the basis, if
variation has been accumulating at neutral rates, these re-
gions have been maintained independently in the popula-
tion since well before the founding of the species and, in
some cases, almost equal to the time of the chimp–human
divergence.

GENES

Finding genes in the draft human genome sequence
was challenging, and the results were often inconsistent
(Hogenesch et al. 2001). Even with finished, highly ac-
curate genomic sequence, the extensive amount of non-
coding sequence and the abundant pseudogenes present a
significant challenge to gene prediction. The concerted
efforts to obtain full-length sequences for cDNAs have
been invaluable in annotation (Strausberg et al. 2002),
providing direct evidence for an increasing number of
genes. However, as yet, the collections for human remain
incomplete and contain errors. Furthermore, the assign-
ment of the sequence to its source in the genome may be
complicated by the presence of close paralogs, recently
formed pseudogenes, and polymorphisms. Another po-
tentially powerful complementary approach comes from
comparative sequence analysis, where conserved features
such as genes stand out against neutrally evolving se-
quence. The recent release of a draft mouse sequence
(Waterston et al. 2002) provides an opportunity to apply
this approach genome-wide to human. As the first of
many other mammalian sequences that will become
available in the next few years, it provides a taste of the
power to come from comparative analysis. 

In annotating the finished sequence of Chromosome 7,
we combined cDNAs, gene models from gene prediction
programs, and comparison with the mouse sequence to
derive a gene set that accurately reflects available exper-
imental evidence and offers improved discrimination be-
tween genes and pseudogenes. In the course of these stud-
ies, we uncovered genes with apparently active and
inactive forms present in the population. Such variants
might be usefully exploited to learn more about the role
of the gene in human biology.

KNOWN GENES:  cDNAs

We began our efforts to define the genes on Chromo-
some 7 with the extensive RefSeq (Pruitt and Maglott
2001) and the MGC (Strausberg et al. 2002) cDNA col-

lections. We aligned all 14,769 RefSeq and 10,047 MGC
sequences against the entire genome sequence, allowing
each cDNA to confirm only a single genomic locus.
Spliced forms were favored over single or minimally
spliced forms to avoid processed pseudogenes, and only
the single match with the highest percent identity was
kept to avoid confusion with recent paralogs. 

In aligning these cDNAs against the genome, we no-
ticed certain discrepancies that complicated interpreta-
tion. Alignment of the cDNAs to the genome, although
often straightforward, was erroneous in many cases using
any of the several programs. In our experience, Spidey
(Wheelan et al. 2001) gave the most reliable results,
aligning about 65% of the cDNAs and 79% of their exons
accurately against the genomic sequence. But for any
given gene, BLAT (Kent 2002) or EST_GENOME (Mott
1997) may give a better alignment (where the quality of
the alignment is judged by minimizing base substitutions
between the cDNA and genomic sequence and the avoid-
ance of noncanonical splice sites). Every case was manu-
ally reviewed, and in some cases, manual review uncov-
ered better alignments than did any of the available
programs. 

Even after exhaustive efforts to obtain an optimal
alignment, some problems remained. For example, 23
mRNAs had no similarity to any mouse gene, and the
translation product had no similarity to any known pro-
tein. Although these could be true genes, it seems more
likely that they represent untranslated segments of bona
fide genes. Nonetheless, these were kept in the current
gene set. Eight others contained only a single, very short
open reading frame (<20 amino acids), where again the
translation product had no similarity to any known pro-
tein. Inspection of the genomic region generally showed
that these instances were immediately downstream of 
another gene. We suspect these represent incomplete 
cDNAs from alternative 3´ exons, and we excluded these
genes from the Chromosome 7 gene list.

Other genes contained differences between the cDNA
and the aligned genomic sequence as expected, since the
cDNA and genomic sequences derived from different in-
dividuals. Whereas most of these left the gene intact, at
most changing a codon or two, some disrupted the read-
ing frame of either the cDNA or the genomic sequence,
either by changing the frame of the translation or by di-
rectly introducing a stop codon. For Chromosome 7, this
amounted to some 60 genes (10% of the total genomic
sites to which cDNAs aligned). To investigate which of
the two sequences (the cDNA and the genomic) was cor-
rect, or if indeed both versions of the sequence are com-
monly represented in the population, we attempted to re-
sequence the region in question from the original clone
and related clones and also in a panel of 24 diverse indi-
vidual DNAs from the DNA Polymorphism Discovery
Resource (Collins et al. 1998). We also compared the se-
quence to the orthologous region from the mouse where
available.

Because of repeated sequence and other technical is-
sues, a few regions failed to give results. We found 35 of
the cDNA/genomic pairs had a likely error in the cDNA
sequence; that is, sequence from all tested individual
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DNAs and the clones agreed with the original genomic
sequence. Of these, 16 had multiple base insertion/dele-
tion differences such that the reading frame between the
two sequences was eventually restored. In such cases,
comparison with the mouse sequence revealed that in
each instance the reading frame of the genomic sequence
yielded the amino acid sequence better conserved in the
mouse translation. The other 19 had simple insertion/
deletion or missense differences that shifted or truncated
the reading frame in the cDNA relative to the genomic 
sequence. Again, translation of the orthologous mouse
sequence supported the genomic reading frame.

We found eight instances where the genomic sequence
was likely in error. For five of these, reexamination
and/or resequencing revealed an error in the original
BAC sequence, either in sequencing or during propaga-
tion of the clone. For an additional three, resequencing of
the BAC agreed with the original genomic sequence, but
all of the individual DNAs agreed with the cDNA se-
quence. No other clones from the same library were avail-
able in these cases to determine whether the difference
might be an individual polymorphism. 

Surprisingly, in three instances, we found the panel of
24 to contain both versions of the sequence; that is, the
human population is polymorphic at the site. These cases
involved different kinds of changes. In one, a single base
deletion in the genomic sequence produced a frameshift
in exon 31 of more than 40 exons in the gene encoding
zonadhesin, a protein found on the surface of the sperm
head (Fig. 2) (Hardy and Garbers 1995). In a second case,
a premature stop codon (codon 60) was found in the ge-
nomic sequence where there is a glutamine in the cDNA
for transmembrane protein induced by tumor necrosis
factor (TMPIT, NM_031925) (Table 3). The conse-
quence, if any, of these disrupted or altered translations
on human biology will require further investigation. 

The accurate alignment of 1,073 RefSeq and MGC
cDNA sequences onto Chromosome 7 has provided a
clear evidence for 605 genes. The alignment of the 

cDNAs against the finished genomic sequence also pro-
vides a valuable means of improving the cDNA re-
sources. A few seem unlikely to represent independent or
functional genes. Probable frameshift errors or other
chain-terminating changes in genes have been recognized
and investigated. The compensated frameshift errors
found here have led to incorrect translation products and
masked otherwise conserved regions of the protein. Fi-
nally, the careful comparison of cDNA and genomic se-
quence has led to the discovery of some variants that dis-
rupt the reading frame. These genes may be in transition
to becoming pseudogenes, or perhaps both forms of the
protein may be of selective benefit in certain circum-
stances, leading to their longer-term persistence. 

PREDICTED GENES 

With a solid set of known genes established for Chro-
mosome 7, we set out to find additional likely protein-cod-
ing genes. We wanted the set to be comprehensive, yet as
free as possible of false predictions, particularly pseudo-
genes, which can be significant contaminants of predicted
gene sets. For example, in initial analysis of the mouse
genome, almost 20% of the identified genes were esti-
mated to be pseudogenes. In one dramatic case, the mouse
genome contains just one functional copy of the GAPDH
gene and more than 400 related sequences. Of these, 118
were found contaminating the predicted gene set.

Pseudogenes are of two principal types, arising by dis-
tinct mechanisms. Processed pseudogenes result from the
reverse transcription of mRNA and the subsequent inser-
tion of the copy into the genome. Unprocessed pseudo-
genes arise from the duplication of segments of the
genome that include functional genes or from the degra-
dation of genes that are no longer subject to selection.
Pseudogenes of either type may be complete or partial
and, over time, will accumulate mutations that make it
obvious they are inactive. Deletions, insertions, and other
rearrangements can also obscure their origin.
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Figure 2. The gene encoding zonadhesin con-
tains a variable base that alters the reading
frame. (A) The gene structure as displayed on
the UCSC browser (labeled “Known Genes”
and “RefSeq Genes”), along with tracks show-
ing the location along Chromosome 7, the posi-
tion of the genomic region containing the
frameshifting variation (labeled “Your se-
quence”), the regions conserved with mouse
and rat, and the repeat content of the sequence.
(B) Alignment of the genomic sequence and
exon 31 of the zonadhesin cDNA, demonstrat-
ing the single-base deletion in the genomic se-
quence relative to the cDNA.



To avoid pseudogenes and other false positives in the
Chromosome 7 predicted gene set, we developed a proto-
col that exploited newly available draft genome sequence
of the mouse. We reasoned that recently derived pseudo-
genes are problematic because they most closely resem-
ble functional genes, whereas older pseudogenes have de-
graded through neutral drift and are less likely to be
confused with genes. With 75 million years separating
mouse and human from their last common ancestor, only
pseudogenes that arose after the split would present prob-
lems. Since processed pseudogenes in general do not in-
sert near their source gene, any processed pseudogene
that arose in one organism thus would not have a coun-
terpart in the corresponding portion of the other genome.
(For convenience, we call regions in the mouse and hu-
man genomes that descended from a common ancestor
orthologous, similar to the usage that has been adopted
for genes.) Thus, for regions where the orthologous rela-
tionships have been established between the two
genomes (and this covers 90% of the human genome),
genes are likely to have counterparts in both organisms,
whereas processed pseudogenes will not. Furthermore,
having arisen since the divergence of the two species, the
closest relative of the pseudogene will lie within the same
genome, rather than in the second genome.

The situation is less clear with pseudogenes arising
from duplication. Duplications may be at a distance, in
which case orthology may be a useful discriminator, but
often they are near and even tandemly arranged with re-
spect to the source gene. In some cases, both copies may
be functional members of a gene family, with one or both
copies adopting new functions. Nonetheless, those copies
that become pseudogenes may be recognized, because the
copy may be incomplete or may have drifted significantly
from the original, often with frameshift mutations or
other chain-termination mutations disrupting the reading
frame. The functional gene will remain most similar to
the orthologous gene in the second organism.

With this screening procedure in mind, we set about to
obtain a comprehensive set of putative genes, reasoning
that false positives could be recognized and removed by
careful examination of the orthologous regions between
mouse and human. We used three different gene predic-
tion programs, FGENESH2 (Solovyev 2001), TwinScan
(Korf et al. 2001), and GeneWise (Birney and Durbin
2000), to recognize as many elements as possible. The
first two use comparative sequence information (without
using orthology) to modify ab initio predictions and im-

prove accuracy, whereas GeneWise uses protein homolo-
gies to seed predictions. We used the mouse sequence as
the informant sequence for TwinScan and FGENESH2
and all available protein predictions for GeneWise. Twin-
Scan produced 1,350 gene models, FGENESH2 3,793
models, and GeneWise 22,326 models. (GeneWise pre-
dicts multiple, alternatively spliced models in any given
region.) The combined output included 90% of all known
exons and at least one exon from 98% of the known
genes. 

Although the combined output from the three programs
is thus reasonably sensitive, there are undoubtedly a large
number of false-positive predictions, including many
pseudogenes. To eliminate most of these unwanted pre-
dictions, we used each prediction to search the ortholo-
gous region of the mouse genome for a matching gene. In
turn, the matching mouse genes were used to search for
matches in the orthologous region of the human genome.
The matches in the orthologous regions had to be the best
or close to the best in the entire genome. Furthermore,
single-exon genes were removed if they had matches to
multi-exon genes in either genome. Generally, at any one
site only the best reciprocally matching pair was kept
(near-best for local duplications). This left us with 728
FGENESH2, 284 TwinScan, and 400 GeneWise predic-
tions.

To eliminate redundancy between the various gene
models, for each region we accepted only one prediction,
taking in order known genes, FGENESH2, TwinScan,
and GeneWise (the order was based on the performance
of the three programs against known genes) and giving
priority to models with the best reciprocal matches. Mod-
els that showed signs of nonfunctionality (early trunca-
tion compared to closely related genes, absence of introns
in gene models with closely related genes with exons) and
high homology to L1/reverse transcriptase were also re-
moved. This yielded an additional 545 predicted genes.

We examined this gene set in several ways to deter-
mine how complete and accurate it might be. On average,
the predicted genes, when compared to the known genes,
have fewer exons (6.7 vs. 9.5), have fewer coding bases
(1,231 vs. 1,457), and span less of the genome (28.5 kb
vs. 61.4 kb), suggesting that the predicted genes either
lack terminal exons or include some fragmented genes
that reduce the average. A high fraction of both known
genes (92%) and predicted genes (95%) have reciprocal
best matches in the mouse genome at the orthologous po-
sition, whereas the others have near-best matches. This is
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Table 3. Genes with Disruptive Variants

Gene ID cDNA Genomic BACS DNA PDR
RefSeq ID Gene name sequence sequence Codon gs/cdna gs/het/cDNA

gi13994299 TMPIT cttCAGaac CttTAGacc 42 3:3 0:0:24
NM_031925 L    Q   N L   *   N

gi15706488 hypothetical gaatgCGAgcc gaatgTGAgcc 2 nd 2:11:9
BC012777 M   R   A M   *   A

gi16554448 zonadhesin ccgtTGTcgg CcgtT*Ttcgg 1,922 nd 9:7:7
NM_003386 R   C   R R   F   G



expected, given the methods used to build the set, but
nonetheless their conservation strongly supports their va-
lidity.

Since we had not used ESTs in building the gene set,
we used them as an independent measure of the represen-
tation of the set. We found 41,399 spliced ESTs with their
best match to Chromosome 7. Of these, 93% at least par-
tially overlapped an exon of the gene set, and an addi-
tional 1% lay near or within existing genes, suggesting
that they might represent alternative splice forms or ex-
ons missing from the predicted genes. The remainder
lacked significant open reading frames, and none satis-
fied the reciprocal match criteria used in making the gene
predictions. Only 5% of the remainder had any match to
mouse sequence. These unmatched spliced ESTs may
nonetheless represent missed genes, although at present
there is little corroborating evidence that they derive from
protein-coding genes.

PSEUDOGENES

We attempted to identify pseudogenes directly, adapt-
ing a method used previously (Waterston et al. 2002;
Zdobnov et al. 2002). We inspected all the intervals be-
tween known and predicted genes for sequence that
yielded translation products with similarity to known pro-
teins. Altogether we identified 941 such regions. More
than one pseudogene may lie in any one interval, and old,
largely degraded pseudogenes would be missed using the
thresholds used here. As a result, we probably have un-
dercounted pseudogenes. 

We then evaluated the validity of our classifications to
determine how often likely pseudogenes were included in
the gene set and how many excluded genes were later
found in the pseudogene set. We reasoned that genes
should largely be under purifying selection, and pseudo-
genes should be subject to neutral drift. These differences
in evolutionary pressures would produce differences in
the ratio of synonymous vs. nonsynonymous substitu-
tions (Ka/Ks ratio) in the coding portion of the genes or
pseudogenes (Ohta and Ina 1995). Positive selection act-
ing on genes will increase the Ka/Ks ratio, but generally
the positive selection is limited to specific domains. Only
rarely will positive selection act so broadly across a gene
as to elevate the Ka/Ks ratio to near or above that of neu-
trally evolving sequence.

Of the 941 regions identified as containing likely pseu-
dogenes, nearly all (97% ± 3%) had Ka/Ks ratios consis-
tent with neutrally evolving sequence, supporting our
classification. As with the mouse genome analysis, a sig-
nificant fraction of the predicted pseudogenes (33%) had
as yet no disruption to the reading frame. Virtually all the
predicted pseudogenes could be aligned to another region
of the human genome with higher sequence identity than
to any region of the mouse genome, consistent with an
origin after the mouse–human divergence.

We also attempted to classify the pseudogenes by ori-
gin, by using the orthologous mouse region for related
sequence. For 88% (573/654) of the identified pseudo-
genes, no related sequence in the orthologous mouse re-
gion was found; these are likely to represent processed

pseudogenes and are broadly distributed through the
chromosome. Another 12% (81/654) did have related se-
quence in the orthologous mouse region, suggesting they
were derived by segmental duplication. Indeed, these lie
predominantly in segmentally duplicated regions of the
chromosome.

We carried out the same analysis on the 1,152 members
of the gene set. Only 5% ± 3% had a ratio consistent with
neutral selection, suggesting the set is relatively free of
pseudogenes. The total of 1,152 genes is a relatively mod-
est number. Extrapolating to the genome, this would sug-
gest that the human genome contains some 25,000 genes.
The total number of genes is only slightly more than the
number of pseudogenes found and is about 40% less than
the number of genes predicted in another analysis of
Chromosome 7 sequence (Scherer et al. 2003). Our ap-
proach has been deliberately conservative, but several
points of our analysis suggest that our count is fairly ac-
curate. By Ka/Ks analysis, only a few (0–60) of the pseu-
dogenes are likely to be functional. The gene set covers
the vast majority of the ESTs that have their best match to
Chromosome 7, and those few that fall outside the gene
set do not seem likely to be protein-coding. Perhaps much
of the difference between our estimate and that of others
lies in our treatment of pseudogenes.

CONCLUSION

Our initial analysis of the content of human Chromo-
some 7 illustrates some of the challenges that lie ahead,
even with an accurate, complete sequence. It also sug-
gests some avenues available for understanding the
genome.

An immediate goal must be defining the parts list, that
is, all the functional elements of the genome. At present,
obtaining even the protein-coding gene set remains a dif-
ficult and complex task. The available experimentally de-
termined cDNA sequences remain incomplete, and both
these and, to a lesser extent, the genome sequence contain
errors. Alignment of the cDNA sequences to the genome
is not always straightforward and is complicated by poly-
morphism. Gene prediction programs give only partial
answers and are often confounded by the abundant pseu-
dogenes in the human genome. Comparative sequence
analysis, using the mouse as the informative sequence,
improves the accuracy of exon prediction in new pro-
grams such as TwinScan and FGENESH2. Further pro-
cessing of the results exploiting the conserved synteny
between mouse and human to establish orthologous rela-
tionships helps substantially in distinguishing genes from
pseudogenes. As the sequences of additional mammalian
genomes become available over the next few years, the
description of the gene set will become increasingly ac-
curate and complete. These additional sequences will also
facilitate the identification of other functional sequences,
such as those for noncoding RNAs and regulation of gene
expression. This pathway, combined with ongoing exper-
imental testing and validation, holds the promise of a rel-
atively complete parts list in just a few years’ time.

Understanding how those parts function and how they
contribute to human disease when they fail to function
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normally will take much longer. Studies of homologous
elements in experimentally tractable animals will be crit-
ical in this analysis, along with studies of human genes in
tissue culture and in vitro. Ultimately, we will need to un-
derstand these elements in the context of the human. Nat-
ural variation in the human population provides a power-
ful tool for achieving this understanding. Thus, a key
challenge in the coming years will be to define the varia-
tion in the human population, focusing first on common
variations and then, as methods improve, to extend this to
less common variations. In turn the impact of these vari-
ations, if any, on the human phenotype and in particular
on health and disease must be established, leading to an
understanding of the role of each element in the whole.

The complete sequence of the human genome is thus
only a beginning. Our efforts on Chromosome 7 were, of
course, focused on obtaining this reference sequence, but
variation was encountered in the course of the analysis,
and our results suggest two avenues of exploration. 

In the comparison of the cDNAs to genomic sequence,
we encountered examples of variations with predictable
effects on gene function; that is, alterations to the reading
frame that are expected to result in loss of function. This
strong prediction is testable, and examination of the im-
pact of such loss-of-function variations on the human
phenotype would undoubtedly be highly informative
about the normal role of the gene, just as loss-of-function
mutations have been important in the genetic dissection
of function in experimental animals. 

The number of genes with such variations was small,
but came at almost no extra cost and with the comparison
of only two different sequences. As additional human
genome sequences are described, other examples will
come to light. Furthermore, for many genes, missense
substitutions can have an equally predictable effect on
protein function, expanding the range of changes that can
be used. Comparative sequence analysis will reveal those
residues under purifying selection, adding still more can-
didates. As resequencing of human genomes becomes
routine, “acquisition by genotype,” as this approach
might be called, will become more widespread, comple-
menting the more traditional approach of “acquisition by
phenotype.”

The regions with unusually high density of variation
may point to functionally important regions of the
genome. Differences in SNP density have been noted pre-
viously, with low density noted in some regions (Miller
and Kwok 2001; Miller et al. 2001) and high density in
HLA region (Mungall et al. 2003) and around the gene
underlying the ABO blood group antigen (Yip 2002). The
SNP “deserts” may reflect the relatively recent fixation of
a single variant in the population, either through selective
mechanisms or through founder effects and chance. The
regions of high SNP density around HLA and the ABO
gene are thought to represent instances of balanced selec-
tion, where multiple versions of the region have been
maintained in the population over millions of years for
HLA and hundreds of thousands of years for the ABO 
locus. 

The regions described here have a lower density of

variation than observed in the HLA region and are more
similar in density to that observed in the ABO locus.
Their size (tens of kilobases) is similar to that of haplo-
type blocks described elsewhere in the genome (Gabriel
et al. 2002), but whether their boundaries correlate with
the boundaries of haplotype blocks remains to be deter-
mined. Of course, such regions might simply represent
the chance persistence of two different haplotype blocks
over extensive evolutionary time. However, if balancing
selection is responsible for the maintenance of these re-
gions for the hundreds of thousands to millions of years
required to accumulate this density of variation, under-
standing their role in the generation of the variable human
phenotype will be important.

Both the enumeration of a parts list and a description of
human variation require the high-quality, essentially com-
plete reference human genome sequence that is now avail-
able to all without restriction. Distinguishing genes from
pseudogenes was an almost impossible task with the draft
human sequence and without a high-quality mouse se-
quence for comparison. The variants that alter the reading
of genes are sufficiently unusual that errors in sequence
would have obscured them in earlier versions, and even
with a high-quality human genome, errors in the other data
sets predominated. Recognition of areas of high SNP den-
sity requires accurate assembly, so that segmentally dupli-
cated regions are not mistaken for such regions. 

The completion of the human genome sequence marks
a major milestone in science and comes just 50 years af-
ter the discovery of the structure of DNA. For the first
time, we as a species have before us the genetic instruc-
tion set that molds us. Knowledge of the sequence pre-
sents the scientific community with the challenge to un-
derstand its content. The human genome sequence also
presents society with enormous challenges, not the least
of which is to use the knowledge for the betterment of hu-
mankind. Undoubtedly, the tasks will take longer than
some have forecast, but the potential is clear and the im-
plications profound.
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