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ABSTRACT

We discuss the problems in defining the extent of the
proteomes for completely sequenced eukaryotic
organisms (i.e. the total number of protein-coding
sequences), focusing on yeast, worm, fly and human.
(i) Six years after completion of its genome sequence,
the true size of the yeast proteome is still not defined.
New small genes are still being discovered, and a large
number of existing annotations are being called into
question, with these questionable ORFs (qORFs)
comprising up to one-fifth of the ‘current’ proteome.
We discuss these in the context of an ideal genome-
annotation strategy that considers the proteome as a
rigorously defined subset of all possible coding
sequences (‘the orfome’). (ii) Despite the greater
apparent complexity of the fly (more cells, more
complex physiology, longer lifespan), the nematode
worm appears to have more genes. To explain this, we
compare the annotated proteomes of worm and fly,
relating to both genome-annotation and genome
evolution issues. (iii) The unexpectedly small size of
the gene complement estimated for the complete
human genome provoked much public debate about
the nature of biological complexity. However, in the
first instance, for the human genome, the relation-
ship between gene number and proteome size is far
from simple. We survey the current estimates for the
numbers of human genes and, from this, we estimate
a range for the size of the human proteome. The
determination of this is substantially hampered by
the unknown extent of the cohort of pseudogenes
(‘dead’ genes), in combination with the prevalence of
alternative splicing. (Further information relating to
yeast is available at http://genecensus.org/yeast/
orfome)

INTRODUCTION

The total amount of DNA in a genome has little correlation
with the apparent complexity of the organism that it encodes,

with some amoebae carrying more than 200 times the DNA in
the human genome (1; Database of Genome Sizes http://
www.cbs.dtu.dk/databases/DOGS). This has been dubbed the
‘C-value’ paradox (C-value is the total haploid DNA content
of an organism). The sequencing of the genomes of six eukary-
otes has provided us with a related quandary: namely, how is
the number of genes related to the biological complexity of an
organism (termed an ‘N-value’ paradox by Claverie) (2)? How
can our own supremely sophisticated species be governed by
just 50–100% more genes than the nematode worm? Here, we
review work on a directly related property, the size of the
proteome for the sequenced eukaryotes, where the ‘proteome’
can be defined as the total number of protein-coding sequences
(or ‘CDS’) used by an organism. We discuss issues arising in
defining the extent of the proteomes required by yeast and the
metazoan eukaryotes, and how proteome size relates to gene
number, touching upon some evolutionary issues relating to
proteome size.

Refining the yeast proteome

Since the yeast genome was sequenced (3), the true size of its
proteome has been a point of considerable confusion. Initially,
6275 open reading frames (ORFs) of length greater than or
equal to 100 codons were identified in the genome (3). Only
3.5% of these identified ORFs were spliced and there is very
little alternative splicing in Saccharomyces cerevisiae to
complicate definition of the proteome (4). About one-third of
the initially annotated proteome had no assignable function or
known protein homolog and were thus designated ‘orphans’
(5). A sizeable minority of these (390) were heuristically
labeled as ‘questionable’, i.e. unlikely to encode proteins due
to having bad codon usage [with a codon adaptation index
(CAI; a measure of codon usage) <0.11 (6) and being short
(less than 150 codons) (7)]. Smith and co-workers (8) noted
that the sequence length distribution for the initial ORFs set
that have no clear known protein homolog, peaks anomalously
at 100–110 codons, which is close to the arbitrary minimum
length cut-off point of 100 codons used in the original ORF
definition. The notion of ‘questionable ORF’ (qORF) was
further refined in the MIPS yeast genome database as an ORF
having two or three of the following attributes: (i) a CAI value
<0.11, (ii) overlap with a longer ORF and (iii) no similarity to
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other ORFs (http://mips.gsf.de). (Upon writing this, the current
total for such MIPS qORFs is 471.)

The total number of possible ORFs in the yeast genome
could be described as an ‘ORFome’, which contains the true
proteome as a subset. As noted above, an arbitrary minimum of
100 codons length has been used previously in the determination
of yeast ORFs that are otherwise unsupported by homology or
evidence of expression. For ORF lengths decreasing below 100
codons, the number of ‘acceptable’ ORFs (which have good
CAI >0.11 and do not overlap a longer ORF) becomes substan-
tially larger (Fig. 1). During annotation, any ORFs of a size
less than 100 codons have generally only been kept if there is
additional evidence, e.g. from previous functional character-
ization, protein homology or serial analysis of gene expression
(SAGE) (9). (SAGE is a method that uses short sequence tags
of 9–11 bp that are sufficiently informative to identify a tran-
script uniquely.) For ORFs greater than or equal to 100 codons,
the problem is largely one of deciding on the exclusion of
qORFs.

A number of studies have attempted to separate real ORFs
from qORFs computationally. It is a natural property of the
genetic code that alternative ORFs are generated inside of, or
overlapping, a coding sequence, either in the sense or antisense
strands (10,11). It is unclear to what extent these ‘generated’
ORFs can encode real proteins. Cebrat and co-workers (11–13)
analyzed yeast ‘orphans’ and concluded that many of them
have properties of alternative ORFs generated by the genetic
code. Using a measure of codon and nucleotide composition
bias (particularly at the first and second positions of codons),
they calculated that the yeast proteome is much smaller than
was originally proposed, comprising only 4800 ORFs. A more
recent gene prediction algorithm based on nucleotide composition
and tailored for S.cerevisiae yielded an estimate of less than
5645 true ORFs (14). The ‘Genolevures’ initiative to partially
sequence the genomes of 13 S.cerevisiae relatives has

indicated that the latter number might be nearer the true value
(15). Homologs for S.cerevisiae proteins from other hemiasco-
mycetes were detected for many orphan sequences, appearing
to bring the total number of real ORFs to at least 5651. However,
some of these may still be qORFs, as they may be conserved
‘generated’ ORFs like those described by Cebrat et al. (11).

If the homologs detected in the Genolevures project are real,
then what of the remaining approximately 600 ORFs greater
than 100 codons? These may still encode genuine proteins.
First, the proteins could be rapidly evolving, making it more
difficult to find homology with other organisms, and so be
naturally biased against with current techniques for homolog
searching and assignment. Such rapid divergence has been
observed for the fly Drosophila melanogaster, for which about
one-third of randomly picked cDNAs were found to be suffi-
ciently divergent that they do not cross-hydridize with
Drosophila virilis DNA, a species from which D.melanogaster
diverged 40–60 million years ago (16). Secondly, they may
have a marginal effect on yeast strain fitness and so be difficult
to study by conventional experiments to ascertain function
(17). For example, in a study of 34 S.cerevisiae genes that were
judged non-essential by gene disruption (18), 70% of these
genes were found to affect strain fitness marginally (19). This
implies that the effective size of the yeast proteome can only be
determined in a ‘selectomic’ way, i.e. from study of its
behavior from generation to generation for the reproducing
organism.

A number of genome-scale transcription experiments that
verify yeast ORFs have been performed, using SAGE or DNA
microarrays (9,20–25). When data from genome-wide cDNA
microarray analysis (23), SAGE (9) and transposon tagging
(26) are combined, we note that there are more than 400 annotated
ORFs, that do not appear at all in these experiments
(P.Harrison et al., unpublished data). On the other hand, a
small number of essential genes have consistently low expression;
for example, YGR113W (or DAM1), a protein that localizes to
intranuclear spindles and spindle pole bodies, is expressed at
consistently low levels, but is essential according to the
Winzeler et al. (18) ORF disruption data. Also, it is possible
that qORFs that are near a genuine expressed ORF may be
spuriously determined as expressed, purely because of this
proximity.

It is unclear to what extent the number of short proteins (less
than 100 codons) in the yeast proteome has been underestimated.
When one plots the total number of annotated yeast ORFs
versus minimum ORF length, there is an obvious discontinuity
at the 100-codon mark (Fig. 1). As one expands the possible
‘ORFome’ to include shorter minimum ORF size, one still
finds a number of acceptable ORFs that do not overlap a previ-
ously annotated gene or other feature and have a good CAI
value (CAI greater than or equal to 0.11; Fig. 1). For example,
for ORF length of greater than or equal to 80 and less than 100
codons there are 198 such ORFs that have good codon usage
(P.Harrison et al., unpublished data). In an early study, more
than 140 potential protein-coding ORFs of between 36 and 100
codons were found, using a discriminant function based on in-
phase hexamer frequencies in known and simulated ORFs
(27), and later also using protein homology (28). The MIPS
and SGD databases, in combination, list up to 217 short ORFs
with protein homology or SAGE tag support (9). A further 48
short ORFs were determined as a result of partial genome

Figure 1. Number of yeast ORFs as a function of the minimum allowed ORF
length. The total number of annotated ORFs in the yeast proteome is plotted
against minimum ORF length (continuous blue line). A curve for known proteins
or proteins confirmed by homology to a known protein is shown (red line),
along with a green curve for the remaining ORFs that have no homology to a
known protein (or are not otherwise characterized). Also displayed (dotted
pink line) is the total number of additional ‘acceptable’ ORFs from the yeast
genome that have good codon adaptation (CAI ≥0.11) that do not overlap an
annotated gene or other genomic feature. The plots are cumulative backwardly
at intervals of 10 residues.
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sequencing of hemiascomycetes (15). Indeed, an experiment to
identify genes in the yeast genome using a combination of
transposon tagging, microarray-based expression analysis and
exhaustive homology searching indicated up to 137 novel
ORFs with 104 of them less than 100 codons in length and
about one-third overlapping previously annotated genes
(26,29,30). Further material relating to this is available at http://
genecensus.org/yeast/orfome.

An additional complication relating to the size of the yeast
proteome is the number of ORFs that have simple disable-
ments (termed ‘dORFs’) and which could potentially form
complete ORFs in other yeast strains. We recently surveyed
the yeast genome for ‘dORFs’ and found over 100 that do not
entail an existing ORF annotation (31). Further details about
dORFs are described in http://genecensus.org/pseudogene/
yeast.

Thus, the yeast proteome may yet vary in size over a range of
more than 1700 ORFs—refinement and reannotation of the
proteome will take longer for the remaining problematic ORFs,
some of which appear to be refractive to conventional tech-
niques.

Worm versus fly—why more worm proteins?

For the worm and fly, splicing is much more extensive than in
yeast, and there is a minor degree of alternative splicing
(currently ∼2% of the documented worm proteome arises from
alternative splicing, ∼7% for fly) (32–35). Both have similar
overall genome size (100 Mb for worm, 120 Mb for the
euchromatic portion of the fly genome), and similar distribu-
tions of exon size, with small average numbers of exons per
gene (about six exons in worm and about four exons in fly). In
contrast, however, the total apparent proteome sizes of these
organisms differ markedly: the original estimates were 19 099
worm and 13 601 fly coding sequences, although the
proteomes comprise comparable numbers of protein families
(32–35). (At the time of writing, the annotated proteome sizes
are 20 009 for the worm and 14 332 for the fly.)

Notably, however, the worm has considerably more
organism-specific genes (∼50%) than the fly (∼30%) (35). To
investigate homology trends further, we scanned the raw
genomic sequences of the worm and the euchromatic portions
of the fly genome (and also yeast and human chromosomes 21
and 22 for comparison) for homologies to ‘known’ proteins in
the SWISS-PROT database (36) (Table 1). An intriguing
contrast arises between the profiles of homology found for the
worm and fly genomes. Although the worm has substantially
more annotated proteins (approximately 6000) than the fly, the
amount of protein homology in the fly is actually greater,
regardless of the subset of SWISS-PROT concerned. The
tendency for a stable ratio of homology across different levels
for worm and fly could be termed a ‘H-value’ paradox (similar
to the ‘C-value’ paradox for overall genome size) (1). This
relationship may result for evolutionary reasons and/or differ-
ences in genome annotation. For example, it may imply that
the worm genome has undergone a contraction in its number of
protein-coding genes (which included the deletion of many
bacterial and metazoan homologs), followed by a late,
organism-specific expansion. Alternatively, this observation
may imply a small number of worm gene over-predictions.

With regard to differences in genome annotation, the
numbers of genes for both organisms may yet converge some-
what. During the original fly genome annotation, a total of
17 464 genes were predicted by the program GENSCAN (37),
but these were believed to be about 4000 too many, and to be
largely artefactual because of the lack of parameterization in
GENSCAN for fly (34). However, a study on the fly genome
that used GENSCAN has yielded 1042 additional candidate
genes, potentially increasing the Drosophila proteome size to
greater than 15 400 (38). A large initial list of 19 410 potential
genes in the whole genome was predicted with GENSCAN,
regardless of matches to proteins, cDNAs or ESTs, and subse-
quently compared in translation with ESTs, cDNAs and other
proteins, with additional support from model-building of
distant sequence homologs (38).

Table 1. Calculated homology coverage or ‘H-value’ data and other characteristics for the genomes of worm, fly and yeast and the combined
human chromosomes 21 and 22

NB: Mb denotes megabases.
We call the total amount of protein homology detected for each genome (in bases) the ‘H-value’. This simple, direct examination of protein
homology content bypasses some of the vagaries of gene prediction algorithms. For human, data for chromosomes 21 and 22 are combined. The
values for human gene annotations for human are taken from predicted genes by the program GenomeScan (60). The term ‘bacterial’ denotes
homology to bacterial species, ‘non-phylum’ denotes homology to all proteins from phyla other than those represented by the organisms examined
here, and ‘all’ indicates homology to proteins not from the specific organism in question. We used BLASTX (80) (with an expectation value
<0.0001 and six-frame translation) to compare genomic sequence against the SWISS-PROT database (36). All other annotated features, including
repeats and transposable elements, were masked for and deleted from the total protein homology coverage. The homology trends shown do not
differ when we account for any possible pseudogenic homology match (data not shown), and are unlikely to be explained by an elaborate con-
figuration of database biases. Gene exon size is also not a factor in comparing worm and fly, as their exon sizes have similar distributions (56).
The value for C for the fly only comprises the euchromatic portion.

Genome or
chromosomes

Number of
annotated genes

Genome size (C)
(Mb)

Genomic DNA
coverage by
annotated genes
(G) (Mb)

Total homology
(H) to just
bacterial proteins
(Mb)

H for non-phylum
homology (Mb)

H for non-organism
homology (Mb)

Yeast 6280 12 8.92 1.26 1.80 2.85

Worm 18 576 99 24.35 0.98 2.11 4.37

Fly 13 601 112 14.83 1.40 2.80 6.15

Human chromosomes
21 and 22

924 69 1.34 0.06 0.18 0.57
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Since its publication (33), the size of the worm proteome has
varied over a range of 1433 proteins (Fig. 2). This is due partly
to updates and corrections in sequencing and partly to refinement
of gene predictions using verifying protein and EST/cDNA
homology. Projects to collate libraries of cDNAs and ESTs for the
fly and worm appear to be at similar stages of ‘completeness’: for
the fly, ∼42% (at the time of writing) of predicted genes have a
verifying EST/cDNA (39), compared with >50% for the worm
(40). Interestingly, an experiment to study genome-wide
expression of 98% of predicted worm ORFs only detected
expression that is significant on a ‘worm-wide’ scale for a
proportion of predicted worm transcripts (∼56% detected)
similar to that detected by EST/cDNA matching (40). This may
imply the approach of an expression ‘detection plateau’ in the
worm and a limit to the utility of methods that rely on relatively
higher expression for gene detection for this organism. Similar
microarray experiments have been performed for the fly;
White et al. (41) studied more than 4500 unique EST clones to
ascertain expression variation over the course of Drosophila
metamorphosis. Andrews et al. (42) studied EST frequency
and microarray expression in Drosophila testis and noted that
coverage of the fly gene complement with ESTs/cDNAs is still
far from complete, as only 44% of their derived cDNAs corre-
sponded to known or predicted genes—indeed, 22% of the
most highly over-expressed genes aligned with genomic
sequence, but not with the original set of fly gene annotations.

For the worm, work using ORF sequence tags (OSTs) that
are directly generated from predicted ORFs has by-passed
reliance on higher relative expression to detect genes (43).
OSTs that were made from a sample of one-eighth of nearly
10 000 genes (that had been unconfirmed by EST/cDNA) were
used to obtain an estimate of about 17 300 genes in the worm
genome.

So, why might the worm need more proteins than the fly, yet
have comparable numbers of protein families in its proteome?
Aside from questions of genome annotation, the worm may
have more proteins than the fly from evolutionary considerations.
The larger worm proteome may simply arise because factors
such as genomic DNA deletion rate and chromosomal rearrange-
ment have allowed it. The fly genomic DNA deletion rate

(which is known to be very high from the apparent rarity of
true fly pseudogenes) (44–46) may hamper the maintenance of
recent gene duplications, so that they have less time to become of
use. Experiments with transposable elements in D.melanogaster
and the cricket species Laupala indicate a very rapid loss of
genomic DNA in Drosophila (1,47,48). Drosophila also has an
extremely high rate of chromosomal rearrangement (49).
However, studies on families of worm chemoreceptor genes
and pseudogenes also suggest that the worm has a rather high
genomic DNA deletion rate (50–52). Nonetheless, the number
of pseudogenes for the worm seems to be about a scale of
magnitude larger than that for the fly. A preliminary survey
suggests there are about 100 pseudogenes in the fly genome
(P.Harrison et al., unpublished data). In comparison, the worm
genome appears to have at least approximately 1100 pseudo-
genes, with the largest numbers associated with families of
seven-transmembrane receptors (53). Indeed, the population of
olfactory receptors/chemoreceptors, and other seven-
transmembrane receptors in the worm (about 1100) is almost a
scale of magnitude larger than in the fly (about 160 such recep-
tors: InterPro Database http://www.ebi.ac.uk/interpro) and is
>80% organism-specific (54,55).

The out-of-focus human proteome

The near-complete sequencing of the human genome has
yielded gene total estimates that, at first glance, seem surprisingly
low; of the order of 23 000–40 000 genes (56,57). This finding
has triggered much debate in the public press (58). Gene
numbers arising from the two human genome sequencing
projects are compared in Figure 3 to gene number estimates
published just prior to the genome publications, as well as gene
numbers and proteome sizes for the other eukaryotes. Venter et al.
(57) identified approximately 6500 human genes previously
discovered, and then annotated genes using a novel gene
prediction procedure called ‘Otto’ and three other prediction
algorithms that used conservation between human and mouse
genomic DNA, and support from human and rodent ESTs and
from protein homology. Depending on the number of ‘lines of
evidence’ (e.g. a protein homology and a rodent EST provides
two lines of evidence), the total predicted gene number varies
between approximately 23 000 (three lines of evidence) and
approximately 40 000 (one line). The International Human
Genome Sequencing Consortium (IHGS) combined predicted
genes from two procedures [one based on the Ensembl system
that uses the ab initio gene predictor GENSCAN (37), and the
other from the program Genie (59)] with the approximately
10 000 known genes in the RefSeq set of mRNAs from the
NCBI, to compile a list of 31 778 predicted transcripts, arising
from an estimated greater than 24 500 true genes (56). Both
procedures used supporting evidence from ESTs, mRNAs and
protein homology. They estimated that the predicted genes
comprise ∼60% of unknown human genes, thereby arriving at
a total of approximately 31 000. The program GenomeScan, a
development of GENSCAN that incorporates scoring for
protein homology, predicted a total of 20 000–25 000 predicted
genes out of an estimated total of 30 000–40 000, including a
further approximately 6500 distinct whole or partial genes
relative to the IHGS gene set (60). Estimations of the number
of human genes just prior to the publication of the genome,
with one notable exception (which estimated about 120 000
genes) (61), yielded largely similar numbers, in the range of

Figure 2. The variation in the size of the WormPep database over time. The
size of the WormPep database is plotted against time for the period after and
just prior to publication of the genome sequence. The dotted line indicates the
approximate time of genome sequence completion.
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approximately 28 000–35 000 (Fig. 3) (62–65). Recently,
Wright et al. (66) non-redundantly mapped all available
cDNA, EST and protein sequence data from public databases
and arrived at a considerably higher estimate of 65 000–75 000
genes or ‘transcriptional units’. An algorithm to predict the
first exons of human genes (‘FirstEF’) identified about 69 000
such exons, also suggesting a much higher number of human
genes (67). Hogenesch et al. (68) compared the predicted gene
sets from Celera and from the IHGS and found that, collec-
tively, 80% of novel genes were predicted by only one of the
groups. Also, they performed RNA expression analysis to
characterize a pool of novel genes from both sets of annotations,
and found that a similar proportion of these novels genes
(>80%) was found to be expressed as for a set of known human
genes. This rather puzzlingly suggests that the substantial
majority of the novel transcripts arising from either of the
Celera or IHGS annotations are real genes. We expect that, in
the future, a variety of approaches, such as the probing of
arrays containing segments covering entire human chromo-
somes, will be a valuable tool in discovering novel gene exons.

How do these estimated gene numbers relate to the size of the
human proteome? Two main issues complicate the extrapolation
of human proteome size from the corresponding gene numbers.

First, the prevalence of pseudogenes in the human genome is
still unclear (69). Pseudogenes are either ‘processed’, i.e.
resulting from reverse transcription from messenger RNA

and re-integration into the genomic DNA, or ‘duplicated’, i.e.
arising from duplication in the genomic DNA and subsequent
disablement, most commonly through frameshift or premature
stop codon formation. Processed pseudogenes will be less
likely to interfere with the accuracy of gene predictions; they
will, on average, tend to be longer than the average human
exon size, and comprise characteristic signals, including a
C-terminal poly(A) tail (70,71). Duplicated pseudogenes are
more problematic for gene annotation. An exon with a
disablement that is in the region of a gene may have been
recently discarded evolutionarily (perhaps as part of an alternative
splicing) and so may not be a part of the extant gene; also, gene
prediction algorithms may shorten an exon to avoid inclusion
of a disabled extension to it. In the completed chromosome 22
sequence, the annotators initially predicted at least 545 genes
and 134 pseudogenes (one for every approximately 4.1 genes)
(62). They surmised that 82% of these pseudogenes were proc-
essed, since they contained single spans of homology and
lacked the characteristic exon structure of the closest matching
gene. This implies only a small proportion of duplicated pseudo-
genes relative to the gene total (about one for every 25 genes).
For the initial publication of chromosome 21, there was a total
of 225 known and predicted genes and a corresponding total of
59 pseudogenes (one for every approximately 3.8 genes), but
no assessment of the number of processed and duplicated
pseudogenes was presented (63). The IHGS project estimated

Figure 3. Human gene numbers and proteome size. The figure depicts, in bar chart form, the number of human genes (blue bar) from various estimates and a
corresponding estimate for proteome size (orange bar). Gene numbers and proteome sizes are shown for the other sequenced eukaryotes, with the same coloring.
The size of the human proteome (NCDS) can be estimated as follows: NCDS = f1.f2.Ngenes, where f1 is the proportion of gene structures that are not pseudogenic, and
f2 is the ratio of the total number of distinct protein-coding transcripts to the total number of genes (arising from alternative splicing). Assuming 0.76 ≤ f1 ≤ 0.91
(see text), a minimum value of f2 = 1.16 can be derived from the alternative splicing survey of Mironov et al. (72), and a maximum value f2 = 2.22 is calculable
from the alternative splicing analysis of Lander et al. (56). Using these, and the wider range for Ngenes given by Venter et al. (57) a range of approximately 20 300
to approximately 83 800 is yielded for NCDS. This range is clearly rather large, and is reminiscent of the range of values arising for estimates of Ngenes that arose in
the months and years prior to publications of the human genome.
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that ∼9% of their predicted genes may be pseudogenes, from
comparison with chromosome 22 sequence data (56). Yeh et
al. (60) used their program GenomeScan, to estimate that
between 11 and 22% of predicted genes in a set of 20 000–25
000 were either false positives or pseudogenes. A survey on
pseudogenes in chromosomes 21 and 22 yielded an estimate of
one duplicated pseudogene for approximately four genes, with
up to 6% of predicted gene exons being potentially pseudo-
genic, and up to 14% of predicted genes (69). So, in summary, an
estimated range for the proportion of duplicated pseudogenes is
4–22% of predicted genes.

Secondly, alternative splicing is much more prevalent in the
human than in the worm or fly. The IHGS project noted from
analysis of chromosomes 19 and 22 that there may be up to
about 3.2 mRNA transcripts per gene, with ∼70% involving
alternatives within the coding region, and thus producing
distinct proteins (56). Mironov et al. (72) performed an analysis
of human alternative splicing based on alignment of EST data
to genomic DNA. They observed that ∼40% of genes undergo
alternative splicing. A lower bound of about 1.8 mRNA tran-
scripts per gene can be deduced from their data (M.Gelfand,
personal communication). Contrary to the survey noted above,
they found that only ∼20% of alternative splicing occurred in
coding regions of transcripts. Two other EST-based
approaches found a similar proportion of alternatively spliced
genes [∼38% (73) and >42% (74)]. Using the data from Brett et al.
(73), we can deduce an overall ratio of about 2.1 mRNA tran-
scripts per gene. Evidently, also, pseudogene assignment is
complicated by alternative splicing, as it may be unclear
whether a disabled exon is actually required in the gene structure
or not.

The estimated proportions of duplicated pseudogenes and
alternative splicing can be used to speculate about the total
human proteome size (Fig. 3). The true value is more likely to
be closer to approximately 84 000, as the alternative splicing
surveys described above err on the conservative side (72,73).
Indeed, all of the current data may under-estimate the rate of
alternative splicing because it is based on transcripts observed
to date, which are likely to be only a fraction of the total
expressed at all times in all tissues, so the human proteome size
is likely to be significantly larger than approximately 90 000.

Concluding remarks

We have examined how proteome definition for different
eukaryotic organisms with (near-) complete genome sequences
is progressing. But is the size of the proteome of an organism
any more an indicator of biological complexity than the
number of genes, or the total amount of genomic DNA? For the
higher eukaryotes, alternative splicing in non-coding segments
of mRNA transcripts, alternative polyadenylation and differential
binding to promoter elements, and networks of interaction in
genetic control all engender biological complexity in ways that
are independent of the number of genes or protein-coding
sequences in an organism. Claverie (2) noted that biological
complexity is perhaps better understood in terms of distinct
‘transcriptome’ states, i.e. there is a combinatorial explosion in
the number of possibilities as the number of genes under
controlled expression gets larger. Nonetheless, knowing the
manner and extent of proteome size variation between the
vertebrate genomes—puffer fish (Fugu rubripes) (75), mouse

(76), rat (77) and, perhaps, chimpanzee (78,79)—will yield
insight into how the apparently greater biological complexity
of the human species arises.
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