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Analysis of expressed sequence tags indicates 35,000

human genes

Brent Ewing & Phil Green

The number of protein-coding genes in an organism provides a
useful first measure of its molecular complexity. Single-celled
prokaryotes and eukaryotes typically have a few thousand genes;
for example, Escherichia coli' has 4,300 and Saccharomyces cere-
visiae? has 6,000. Evolution of multicellularity appears to have
been accompanied by a several-fold increase in gene number, the
invertebrates  Caenorhabditis elegans® and Drosophila
melanogaster* having 19,000 and 13,600 genes, respectively. Here
we estimate the number of human genes by comparing a set of
human expressed sequence tag (EST) contigs with human chro-
mosome 22 and with a non-redundant set of mRNA sequences.
The two comparisons give mutually consistent estimates of
approximately 35,000 genes, substantially lower than most previ-
ous estimates. Evolution of the increased physiological complex-
ity of vertebrates may therefore have depended more on the
combinatorial diversification of regulatory networks or alterna-
tive splicing than on a substantial increase in gene number.

In contrast to the situation with more compact genomes, com-
pletion of the human genome sequence will not immediately
provide definitive gene counts because de novo identification of
human genes from finished genomic sequence is not reliable’,
and will be even less so for ‘rough draft’ sequence in which the
relatively high error rate may prevent discrimination of genes
from pseudogenes (which are relatively frequent®). To estimate
the number of human genes, we adapted a method originally
applied to C. elegans® that involves determining the overlap
between two independently derived sets of gene sequences. The
first set should contain essentially full-length sequences for an
unbiased representative sample of genes from the genome; the
second set need not be an unbiased sample, and it may have
sequences that are incomplete or redundant provided they are
accurate enough to reliably determine matches to genes in the
first set. Under these assumptions, if the first set has n; genes,
which constitute a fraction f G of the total number G of genes in
the genome, then it should match a corresponding fraction fn,
of the n, sequences in the second set. So if 1, is the number of
sequences in the second set that are matched by the first, G may
be estimated as G=n,/f=nn,/m,. In contrast to some other
methods for estimating G, no assumption about the size of the
genome is required here. For the first (representative) set of gene
sequences, we use either the genes in the 33.5-Mb sequence’ of
chromosome 22 (estimated to
number [680) or a set of 7,662

from 168 cDNA libraries (generated at the Washington Univer-
sity Genome Sequencing Center’). These contigs do not ran-
domly sample the set of all genes, because expression level and
the spectrum of tissues from which the libraries were derived
affect the probability that a particular gene is represented; how-
ever, random sampling is not required for our calculation.

To eliminate the artefactual and contaminant sequences in
the ESTs (refs 7,8), we determined the high-quality part of each
read (using phred (refs 9,10) quality values) and used only
those parts of the contig sequences that were confirmed by the
high-quality parts of reads from at least two independent
clones. There were 62,064 confirmed, high-quality contig
sequences, averaging 540 bases in length. Of these, 43,278
include the putative 3" end of a cDNA clone; there can be several
such contigs for a single gene due to internal priming during
the construction of cDNA libraries (the normalization proce-
dure used for some libraries in fact tends to enrich for such
events'!), alternative splicing or the presence of multiple
polyadenylation sites for the same gene.

We compared the 3" EST contigs to chromosome 22 and to
the mRNA clusters using stringent criteria for a match, and
used the results to estimate the total number of genes in the
genome as described above (Table 1). The two comparisons
yielded similar estimates of less than 35,000 genes. Similar
results (data not shown) were obtained if we used all contigs or
‘scaffolds’ consisting of contig groups linked by forward-reverse
read pairs in place of the 3" contigs. In the comparison of 3”
contigs with mRNAs, 6,169 of the 7,662 mRNA clusters were
matched, so we estimate that the EST contigs may represent
approximately 80% of all genes.

In a 3-gigabase genome, the presence of 35,000 genes would
imply an average density of 1 gene per 85 kb. This is generally
consistent with what is currently known about how genes are
distributed in the genome!2. Genes in A+T-rich regions, which
constitute over 90% of the genome, tend to have very large
introns and frequently extend over hundreds of kilobases. Gene
density is significantly higher in G+C-rich regions, but these
appear to comprise less than 10% of the genome. Our estimate
is also consistent with older estimates of 30,000-40,000 genes
derived from mRNA reassociation studies (for review, see ref.
13), but is less than other published estimates!*1>,

genes obtained by clustering

Table 1 * Gene estimates from sequence comparisons

mRNA  sequences obtained Reference set Genes 3" EST contigs Matched contigs Predicted no. genes
from GenBank. For the second (nq) (ny) (my) (ny ny/my)

set, we constructed contig  cpromosome 22 680 43,278 848 34,700
sequences by  assembling mRNAs 7,662 43,278 9,859 33,630

approximately 1 million ESTs
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The main caveat to our calculation is our assumption that
the chromosome 22 genes and mRNA clusters are representa-
tive of all genes, and in particular that these sets are not biased
by expression level. The mRNA set almost certainly has some
expression-level bias, because early cDNA cloning efforts were
more likely to succeed with highly expressed genes. However,
the current size of this set, the diversity of research avenues
leading to cloned genes and the improved methods for cloning
rarely expressed messages all make this set much more repre-
sentative than it was a few years ago. Regarding the chromo-
some 22 gene set, it is tempting to assume that any
chromosome or large genomic region is likely to be typical of
the genome as a whole, but failure of that assumption caused
the application of the current method to underestimate (by
[25%) the number of genes in C. elegans® the genomic regions
selected for comparison were in the gene-rich central chromo-
somal clusters, which were subsequently found? to be enriched
for highly expressed genes. Although no similar expression bias
has yet been observed for entire human chromosomes, it
should be noted that chromosome 22 is more G+C rich and
gene dense than the genome as a whole®, and these properties
may correlate with expression level. In the event that this chro-
mosome and the mRNA set both have an expression bias rela-
tive to the whole-genome average that is comparable to that
seen for the C. elegans gene-rich clusters, our estimate could be
too low by a comparable fraction, in which case the true num-
ber of genes may be closer to 50,000. More generally, it is possi-
ble that there are substantial numbers of rapidly evolving,
rarely expressed genes (these two properties being generally
correlated®!%) under-represented or underannotated on chro-
mosome 22 and under-represented in the mRNA and EST sets
that are effectively invisible to our calculations. In this case,
however, our estimate should still give a reasonable picture of
the number of genes likely to be readily identifiable using cur-
rent methods and resources.

The fact that humans apparently have less than twice as many
genes as the 959-cell nematode C. elegans is notable. The pro-
tein ‘parts list’ of an organism may be substantially larger than
its set of genes due to post-translational modifications and
alternative splicing, which for humans at least is now believed
to be relatively frequent!”. Thus the relative molecular com-
plexities of the two organisms may differ by a substantially
greater ratio than the gene numbers would indicate. We specu-
late, however, that the greater physiological complexity of verte-
brates has instead been generated primarily by regulatory
combinatorics, particularly the diversification of gene regula-
tory networks through signals encoded in the genome.

Methods

Details regarding EST assembly, mRNA clustering, chromosome 22 gene
count and sequence comparisons, as well as the confirmed contig
sequences, are available (http://www.phrap.org). In brief, we obtained
chromatograms for 1,043,599 human ESTs from the Washington Univer-
sity Genome Sequencing Center, derived base calls and quality values
(log-transformed error probabilities) using phred (refs 9,10), removed
cloning vector sequences, assembled the ESTs using phrap, and identified
the portions of contig sequences confirmed by high-quality segments
from at least two ESTs. We eliminated probable chimaeras and a small
number of E. coli and mouse contaminants.

By clustering mRNA sequences from GenBank, we obtained a set of
7,662 ‘genes’, defined as mRNA clusters in which at least one mRNA has
an annotated full-length coding sequence at least 100 bases long and at
least 20 bases of 3" untranslated sequence.
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For comparisons of the contig sequences with chromosome 22 and
with the mRNA clusters, we only accepted matches in which the aligned
regions were at least 98% identical and did not lie within a repeat. For the
chromosome 22 comparison, we additionally required the matches to
(collectively) constitute at least 90% of the contig length. For the mRNA
comparison this was relaxed to a minimum of 100 aligned bases because
some of the mRNAs were incomplete or represented different alterna-
tively spliced forms of the same gene.

Technical comments on previous gene-number estimates. Using a
method similar to ours in which EST clusters were compared with
mRNAs, an estimate of 60,000-70,000 genes was obtained'®. A major dif-
ference with our calculation is that these authors included clusters con-
sisting of single unconfirmed ESTs. We believe this may have spuriously
inflated the estimate due to the inclusion of contaminant, artefactual or
inaccurate ESTs. The cDNA library normalization process tends to enrich
for contaminants and aberrant clones, and even if they represent only a
tiny percentage of the total EST set, they can constitute a large fraction of
the clusters. For this reason, we used conservative criteria for deriving
contig sequences. Although many of the unconfirmed ESTs are undoubt-
edly real, eliminating them does not affect the validity of our calculation,
because the set of EST contigs is not assumed or required to be a random
sample of all genes, and part of it can therefore be removed without bias-
ing the estimate. We believe that even some of what we consider ‘con-
firmed’ EST contigs are cases in which a single contaminant or artefactu-
al clone spuriously confirms itself because it has been duplicated due to
library amplification or well-to-well or plate-to-plate cross-contamina-
tion. Such cases may account in part for recent unpublished estimates of
a very high gene number based on counting EST contigs assembled from
proprietary databases'®. A low rate of such artefacts still may produce
large absolute numbers when the data set is very large.

It has been estimated! that there are 45,000 unmethylated CpG
islands in the human genome, which, under the assumptions that 56% of
genes have an island and that all islands are associated with genes, extrap-
olates to an estimate of 80,000 genes. Several aspects of this calculation
are open to question and may have inflated this estimate. First, in con-
verting from tritiated counts to genome percentage (Table 1 of ref. 14), it
was assumed that DNA fractions 1 and 2 have the same overall G+C con-
tent as the CpG-island fragments in these fractions. These fractions,
however, were known to contain a significant fraction (28.6%) of non-
island DNA, which may reasonably be assumed to have a G+C content
equal to the genome average (40%) rather than that of island fragments
(67.1%). Making this correction reduces the estimated number of islands
from 45,000 to 34,200. Second, our own analyses (unpublished data) of
CpG islands suggest that the estimated length of an island is somewhat
sensitive to the precise definition that is applied. Using a definition more
sensitive to CpG dinucleotide frequency (which should be the best indi-
cator of methylation status) than to C+G content, we obtained an average
island length of [1.3 kb rather than 1 kb. Use of this value would reduce
the island count further to 26,300 and the estimated number of genes to
[#7,000. Third, there may be islands not associated with genes. For
example, many transposable elements and pseudogenes are known to
have CpG islands!®, some of which may be unmethylated, and as some
tissue-specific genes have one or more islands associated with cryptic
internal promoters that do not produce translatable transcripts'®, it
seems possible that other islands are not associated with any gene.
Fourth, it is possible that the size of the gene-bearing, euchromatic por-
tion of the genome, which must be assumed in the CpG-island calcula-
tion but is irrelevant in ours, is substantially smaller than has been
assumed, as in fact was the case with chromosome 22 (ref. 5).
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