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Genome and protein evolution in eukaryotes
Richard R Copley*, Ivica Letunic and Peer Bork
The past year has seen the completion of the genome
sequence of the flowering plant Arabidopsis thaliana and the
initial sequence reports of the human genome. The availability
of completely sequenced eukaryotic genomes from disparate
phylogenetic lineages has opened the door to comparative
analyses and a better understanding of the evolutionary
processes shaping genomes. Complex many-to-many
relationships between genes from different species appear to
be the norm, suggesting that transfer of detailed functional
annotation will not be straightforward. In addition to expansion
and contraction of gene families, new genes evolve from
recombination of pre-existing domains, although some domain
families do appear to have evolved recently and to be specific
to restricted phylogenetic lineages. The overall picture is of a
huge diversity of gene content within eukaryotic genomes,
reflecting different functional demands in different species.
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Introduction
Despite the publication of the genomes of Saccharomyces
cerevisiae in 1996 [1], Caenorhabditis elegans in 1998 [2] and,
more recently, Drosophila [3], the relative abundance of
completed prokaryotic genome sequences has inevitably
focussed comparative studies of genome evolution on
prokaryotes. Now, the pivotal additions of the first plant
genome, that of Arabidopsis thaliana [4••] and the rough
drafts of the human genome [5••,6••], have paved the way
for a more profound understanding of the factors shaping
eukaryotic genome evolution. As more complete eukaryotic
genome sequences rapidly become available, the results of
comparative analyses are likely to become more informative, but progress is already being made in understanding
the evolution of the gene and protein content of genomes.

Eukaryotic gene numbers
Perhaps the most basic relevant measure of a genome is
how many genes it contains. Gene prediction in eukaryotes is notoriously difficult; it is not even a straightforward
business to decide how to count [7] and, in humans at
least, there is considerable discrepancy between different
gene prediction methods [8]. Clearly, phenomena such as
alternative splicing and post-translational modifications of
genes must also be taken into account. Accurate prediction
of alternative gene splicing is not yet available, although its
contribution to genome complexity is expected to be very

significant [9], and regulation of transcription and translation
will need to be better understood to fully get to grips with
genome complexity.
Although exact numbers of genes are uncertain, some
gross trends are apparent. Gene numbers of around 15 000
for Drosophila [10] and the urochordate Ciona intestinalis
[11], and 19 000 in C. elegans [2] (with experimental evidence for at least 17 300 [12]), contrast with around 25 000
in Arabidopsis [4••] and 30 000–40 000 in humans [5••,6••].
S. cerevisiae has roughly 6000 genes (although multicellular
ascomycetous fungi probably contain a third more [13]),
Leishmania major about 8500 [14] and the malaria parasite
Plasmodium falciparum about 6500 [15,16]. Interpreted in
the light of eukaryotic phylogeny [17,18], these numbers
suggest that the ancestral eukaryote had around 6000
genes (in line with large prokaryotic genome sizes),
independent expansions of gene numbers have taken
place in plants and metazoa, with the ancestral metazoan
having something of the order of 15 000 genes, and that
gene numbers have further doubled (at least) in the
lineage leading to vertebrates (see Figure 1).
How can we account for these variations in gene number?
The fact that the number for plants is so high, and that
C. elegans seems to have around a third more genes than
Drosophila suggests that, beyond multicellularity, there is
not a stately progression of gene count with what might be
regarded as intuitive measures of complexity. Where do
the new genes come from, and what do they do?

Genome and gene duplication
New genes evolve from old genes. One way in which the
raw material can be supplied is via a whole genome duplication event. In the past, this idea had wide acceptance,
with evidence of increased numbers of hox genes, interpreted in the light of the expectation of around 80 000
genes in humans, being taken as evidence of two rounds of
genome duplication in the early history of the vertebrates.
Decreased human gene counts, and systematic studies
based on individual gene families have given ample reason
to question this hypothesis. In a pertinent recent paper,
Hughes et al. [19•] examined the phylogeny of 42 gene
families that included two or more members on the hoxbearing chromosomes, and in 32 found evidence against
simultaneous duplication with the hox clusters. Moreover,
neither of the two initial analyses of the human genome
found strong evidence for whole-genome duplication,
although large block duplications do occur [5••,6••]. An
additional genome duplication event has been proposed
for ray-finned fish [20]. Again, the evidence from different
sources is contradictory [21–24]. The case for a genome
duplication in the lineage leading to Arabidopsis appears
strong, and is supported by independent lines of evidence

40

Proteomics and genomics

Figure 1
Estimated gene numbers in a variety of
eukaryotes, alongside a proposed phylogeny
of these species. References for gene number
estimates are given in the text. See [17] for a
discussion of deep-branching eukaryote
relationships Species names in bold represent
estimates from complete genome data. The
bars are colour coded according to taxanomic
group. Black, deep branching eukaryotes;
green, plant; red, metazoa; blue, fungi.
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[25,26•]. Wolfe [27•] has recently reviewed the arguments
for and against genome-wide duplication, and suggested
that even if such an event had occurred in the lineage
leading to vertebrates, it will no longer appear to have had
a major impact in shaping the vertebrate proteome.

pseudogenes detected in the Celera genome sequence
[6••]. There does not appear to be a clear correlation
between the size of a pseudogene population for a given
protein family and the number of real representatives of
that family [29].

Recently duplicated genes are likely to have the same
functions, and thus it is possible that one of the duplicate
copies will be lost. The fate of duplicated gene pairs has
been analysed by Lynch and Conery [26•] and others [28•],
by examining the patterns of synonymous and nonsynonymous mutations in closely related gene pairs. Using
this information it was possible to estimate when gene
duplication events occurred, and thus the likely rates of
gene duplication and loss.

Lineage-specific gene gain and loss

Genes that do not acquire new functions are likely to
become pseudogenes. Pseudogenes are detected in
genome sequences by the presence of interruptions such
as frameshifts or stop codons in the putative translation of
a gene, or by an absence of introns in a copy of a gene that
has paralogues with introns (‘processed’ pseudogenes).
Other features that could be used to identify pseudogenes
are the absence of promoters, or relaxed selection as
evidenced by the ratio of synonymous to non-synonymous
nucleotide substitutions. Gerstein and co-workers [29]
surveyed the pseudogene population of C. elegans, looking
for interrupted reading frames or evidence of processing,
and found evidence that there was one pseudogene for
every eight genes. This compares with around 20% for
human chromosome 22 [30], and around 3000 processed

The concepts of orthology and paralogy have been of great
value in genome annotation. Orthologues are genes that are
related by a speciation event, whereas paralogues are genes
that have duplicated within a genome. The significance of
the distinction lies in the fact that orthologues are likely to
have the same function. Although for many cases, unambiguous assignments of orthology can be made [5••,6••], the
increased gene counts seen within many crown group eukaryotes complicate the use of orthologues to predict functions. If
a gene in one organism has multiple copies in another, it is not
clear that any will share exactly the same function. Cases of
many-to-one orthologous relationships, or many-to-many
relationships are likely to represent instances of new function
arising and/or of sub-functionalization, where the original
function of the gene is partitioned over multiple new copies
[31]. Four lamprey Dlx genes, for instance, have overall
expression patterns similar to six mammalian homologues,
although the common ancestor of lampreys and mammals is
believed to have had only two such genes [32]. In more
dramatic cases of duplication, new functions are likely to be
acquired: for instance, in nuclear hormone receptors specific
to C. elegans ([5••], see Figure 39 in this reference), and in a
similar case, steroid receptors found in humans, but not
lampreys, have evolved new functions [33].
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At the other extreme to the orthology/paralogy distinction,
some studies simply count relative numbers of a given
protein domain or sequence family in a given organism,
seeking to highlight cases where the number in one
organism is dramatically different to that in another. This
can highlight gross changes in domain usage. It does not,
however, draw sufficient attention to the precise relationships between these domains. Even if two organisms have
comparable numbers of a given domain, the evolutionary
(and, by presumption, functional) links between those
domains are not necessarily straightforward. What is
ultimately necessary is detailed study of individual families,
to tease out the evolutionary relationships within them.
Complex evolutionary relationships between characteristically eukaryotic genes are widespread. Remm and
Sonnhammer [34] found that out of 189 groups of C. elegans
proteins predicted to contain two or more transmembrane
domains, for 174, putative human–worm orthology could
be assigned, with around 30% of these consisting of simple
one-to-one relationships, and 30% many-to-many relationships. The usefulness of the orthology concept depends on
the gene family, the phylogenetic distance being considered, and the extent to which functions are conserved.
Basic helix–loop–helix (bHLH) transcription factors, for
instance, can be divided into 44 families: 36 of these have
only animal members, four are found only in plants, and
two are found in fungi, suggesting the presence of the
domain in the last common ancestor of these eukaryotes,
but later adaptation for different functions [35]. Of the 38
total animal families however, 35 are conserved in flies,
nematodes and humans, suggesting conserved roles specific
to animal development [35]. The last common ancestor of
plants and animals probably had one serpin-like gene —
now there are distinct monophyletic families with multiple
members in plants, insects, nematodes and vertebrates,
although none in fungi [36]. The case of the plant receptor
kinases, transmembrane proteins involved in signalling, is
another dramatic example of differential expansion of a
family, with acquisition of new functions. Phylogenetic
analysis of the kinase domain suggests that around 600 of
these genes found in Arabidopsis arose from a single kinase
present in the ancestor of plants and metazoa, and that
the metazoan Pelle (IRAK) kinases represent the extant
metazoan descendants [37].
Family expansions are also seen over much smaller phylogenetic distances. In such cases, chromosomal locations of
genes aid the interpretation of evolutionary relationships.
Comparing human chromosome 19 with related regions in
mouse shows independent expansions of different genes
containing the Krüppel associated box (KRAB) domain [38•].
The novel function, if any, of these new genes is not clear.
Rapid gene loss and gain can obscure the relationships
between genes and confound evolutionary analyses. When
insufficient data are available, contraction in one lineage
can be mistaken for expansion in the other. Rodent
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eosinophil-associated RNase genes appeared to have
undergone rapid expansions in different rodent lineages
[39]. Re-analysis of these relationships including pseudogenes suggested instead that the results were better
interpreted in terms of rapid gene sorting, with gene
duplication and subsequent deactivation (‘pseudo-izaton’)
of different genes in different lineages [40].
Gene loss is apparent in the fungal lineage leading to
S. cerevisiae [41•]. Koonin and co-workers [42•] have studied
cases of gene loss and rapid divergence of sequences
between the fungi Schizosaccharomyces pombe and S. cerevisiae.
Since divergence from a common ancestor, they estimate
that around 300 genes have been lost in S. cerevisiae, with a
further 300 undergoing rapid sequence divergence. Many
genes appear to be lost as functionally linked groups,
suggesting that analysing patterns of gene loss may allow
some level of function prediction. As more eukaryotic
genome sequences become available, such techniques are
likely to gain importance.

Horizontal transfer versus gene loss
One of the more striking conclusions of the publicly funded
human genome project’s analysis of the rough draft of the
human genome, was that the presence of many genes was
best explained by horizontal gene transfer from
bacteria into the vertebrate lineage [5••]. This argument
was based on the phylogenetic distribution of the closest
matches to the genes in question — in all cases, the best
matches were to bacterial sequences. Further analyses
have convincingly questioned the inference of horizontal
transfer [43–45], although for some cases such transfer into
the germline of metazoans remains a possibility [46].
These works favour an explanation in terms of multiple
gene loss events in eukaryotic gene evolution, and suggest
that such widespread gene loss may be more common than
previously imagined.

Innovation in proteins
Genes are translated into proteins, which fold to give a
functioning three-dimensional structure. Protein structures often reveal the presence of distinct domains — that
is, regions of compact three-dimensional structure that can
have distinct evolutionary histories but conserved functions. Genome sequences, via their predicted proteins,
provide a rich source for understanding how domains
evolve and recombine, leading to new functions.
New domain arrangements

A simple first approach to rationalizing phenotypic
complexity is to look for protein families that are only
found within particular phylogenetic lineages, and then
attempt to correlate the presence or absence of these families with particular biological systems. In such studies, it is
important to distinguish protein families from domain families. A protein family is defined by having a particular
arrangement of domains; new protein families can arise
from the shuffling and rearrangement of domains within a
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genome. Data from comparisons of human, worm, fly and
yeast suggest that increasing complexity of protein
architecture correlates with increasing complexity of an
organism [5••], although such results are potentially biased
by an over-representation of identified human domains in
current domain databases.
New domain architectures can arise by a process dubbed
‘domain accretion’ — over time, an ancestral gene
acquires DNA encoding new domains, and thus the
protein product gradually becomes more complex, with
only part of the gene being related by descent to the
original [47]. Examples can be seen in chromatin-associated proteins [5••] and proteins involved in apoptosis
[48]. Comparison of domain architectures in such ways
relies on having accurate gene predictions. It is easy for a
gene prediction to miss a domain, which makes it look as
though an orthologous sequence has instead gained a
domain. Original annotation of the C. elegans genome did
not include the TIR domain in the single Toll-like
receptor that has recently been identified [49,50], for
instance, making it appear as though such receptors are
innovations that appeared after the divergence of
nematodes from other lineages. Moreover, inferring loss
of a domain in one lineage rather than gain in the other
relies on accurate phylogenies. The interpretation of
accretion from C. elegans to Drosophila and human (rather
than loss in C. elegans), for instance, depends crucially on
the existence of a coelomate clade, which other lines of
evidence question [51–53].
Domain loss is also a possibility. Fungal zuotin proteins, for
example, are believed to have lost MYB domains, as these
are present in orthologous sequences from plants, metazoa
[49,54], and Leishmania (RR Copley, unpublished data). An
alternative, though less parsimonious, scenario is that both
domain architectures were present in an ancestral eukaryote, but have been differentially lost in extant organisms.
Another possibility is the existence of a plant/fungal clade
rather than an animal/fungal clade, in conflict with current
views of eukaryotic phylogeny [18], and the sequences of
the genes themselves [54]. MRNA-capping enzymes in
metazoa are found with a phosphatase-like domain fused
at the N-terminus. This architecture is also found in
plants, though not in fungi. Such a scenario is similar to the
one described for fungal zuotins — however, in this case,
the sequence of the equivalent enzyme in P. falciparum
resembles the architecture of the fungal sequences [55],
suggesting that either two separate fusion events have
occurred, or that fungi are better regarded as an outgroup
of plants and animals. As always, however, new data can
change the perspective: mRNA-capping enzyme appears
to be independently fused with adenylate-kinase-like
domains in trypanosomes, and the fungus Candida albicans
encodes a sequence similar to the phosphatase-like
domain found in the metazoan proteins (RR Copley,
unpublished data), suggesting a particularly complex
evolutionary history for these genes.

New domains

New domain architectures in different lineages can be
readily detected using sequence-based methods. Cases of
invention of protein domains are harder to be sure about.
Although many domains appear, at the sequence level, to
be specific to particular phylogenetic lineages, it can be
difficult to ascertain whether they have progenitors in
other organisms. Statistically significant sequence similarity
can be lost relatively quickly, but homology can still be
inferred if two domains share a common structure. In such
cases of rapid sequence divergence, the domain is likely to
have acquired a new function, as in the case of the ephrin
ectodomain, which is structurally similar to cupredoxins,
and was inferred to be related to them, despite little
sequence similarity [56]. As more sequences and structures
become available, new light can be shed on evolutionary
origins of domains. For instance, Grishin [57] has demonstrated that the MH1 domain of SMADs, a family of
transcription factors specific to metazoans, is probably
homologous to His–Me finger endonucleases, which are
found in all kingdoms of life.
The sequence-based families of ephrins and SMADs are
found only in metazoans, but structural analysis suggests
that they may have precursors in other kingdoms of life. In
contrast, the α-helical structure of the Frizzled domain,
another apparently metazoan-specific extracellular signalling
domain, was found not to be similar to any known folds
[58]. Koonin et al. [47] have suggested that many new
α-helical domains have evolved from coiled-coil structures
that are particularly abundant in eukaryotes. Other
scenarios cannot be ruled out: Grishin [59] has proposed a
plausible route by which an all β class fold could, via a
succession of intermediates, evolve into an all α-helical
type. Given enough time, new folds will evolve from old
folds, and the absence of intermediate forms in protein
structure databases will give the appearance of de novo
invention of fold types.

Contrasting organization of eukaryotic and
prokaryotic genomes
Aside for the complement of genes carried, what can we
learn about higher order aspects of genome evolution? Is
eukaryotic complexity evident at other levels? The
genomes of bacteria show evidence of organisation into
operons. With the comparison of increasing numbers of
bacterial genome sequences, it is possible to identify
where gene order is apparently conserved between
smultiple species (although whether this always represents
conservation, distinct from convergence, is perhaps a moot
point). Such conservation is typically found when the
proteins all have some functional association, such as
operating in a particular pathway or protein complex. This
has been used to develop new methods for protein function prediction [60,61]. Attempts to find similar types of
organization within eukaryotic genomes have not been
fruitful. The arrangement of genes within higher eukaryotic genomes does not appear to be shaped by conserved
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higher-order regulatory structures such as operons [62],
although microarray data reveal adjacent genes with correlated expression in yeast [63].
Within the vertebrate lineage, even zebrafish and
humans show considerable numbers of syntenies [21].
The extent to which these have adaptive significance (are
some syntenies preferentially conserved?) or simply
reflect the shorter time periods since divergence remains
to be seen, although some kinds of order are apparent.
For instance, organization is seen at the level of the sex
chromosomes [64]. Not only are male-specific genes
found on the Y chromosome in mice, but also on the X.
This X-linkage is believed to reduce the effect of alleles
that would be deleterious in females, while maximizing
the advantage for males, during the evolution of such
genes. Another kind of higher order is seen in the clustering of highly expressed genes in certain chromosomal
domains [65].
As more closely related eukaryotic species are sequenced,
we will be better placed to address issues of eukaryotic
genome organisation.

Conclusions
The differences between the eukaryotic genomes
sequenced so far are striking. Although the case for a
conserved eukaryotic core set of genes has been confirmed, it represents only a small proportion of the larger
genomes. As a consequence, the relationships between
many genes in the completed genomes defy simple
summary. This should not be surprising, given the
extensive differences in lifestyle between eukaryotes.
What we can say is that gene duplication and gene loss
seem to be pervasive themes shaping eukaryotic gene
content. In addition to these processes, new genes are
created by the recombination of old domains, and new
domains (or at any rate, dramatically different ones)
appear from time to time. In general, we expect loss of
a gene or domain to be less common than gain. New
genes or domains are free to acquire new functions, but
it does not seem likely that pre-existing genes are free
to lose their functions.
The overall picture gained from comparison of the
currently available eukaryotic genomes is of a dynamic
gene content. A clearer picture of these dynamics will
emerge as more eukaryotic genome sequences become
available. Sequences from organisms such as Plasmodium
falciparum and Leishmania major will give us a broader
picture of the basic conservation and variability of the
genomes of eukaryotes, and wider genomic coverage of
metazoa, including representatives from invertebrate
chordates, will enable us to better understand the innovation and change that has led to humans.
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