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Abstract

From the historical record of genome sequencing, we show that the rate of discovery of new
families has remained constant over time, indicating that our knowledge of sequence space is far

from complete.

With the advent of genome projects,
the number of proteins has increased
exponentially. We have analyzed the
historical record of the discovery of
56,667 protein families encompassing
311,256 proteins from 83 complete
genomes (available as of 28 May
2002). Our findings show that the rate
of discovery of new families has
remained constant over time, indicat-
ing that our knowledge of sequence
space is far from complete.

A decade ago, it was proposed that
there might be a limited number of
protein families and folds [1]. Ever
since, the expectation has been that the
discovery of new proteins will eventu-
ally slow down with better sampling of
protein space through genome sequenc-
ing [2,3]. With a multitude of complete
genomes, it is now possible to assess the
extent of this notion by examining the
rate of protein family discovery.

To achieve this, we have clustered all
protein sequences from all 83 complete

genomes, using the TRIBE-MCL algo-
rithm [4]. The resulting clusters repre-
sent sequence families with common
functional properties and are tighter
than structure-defined families or folds
[4]. For each family, we recorded the
first sequenced genome in which it
appears for the first time (the ‘founder’
genome). We then counted the number
of new families each genome sequence
has contributed at the moment of
its release.

Remarkably, the number of families is
increasing steadily with each new
sequenced genome (Figure 1). This
result contradicts the belief that the
exploration of protein space is reaching
saturation. In fact, it reflects the con-
sistent reporting of unique proteins in
almost every publication of a new
genome [5].

According to our data, the rate of
protein family discovery continues to
be constant over time (correlation coef-
ficient with the genome sequencing
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order is R2 > 0.98). Although the major
leaps have been produced by eukary-
otic genomes, which contributed a
third of new protein families, diversity
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The number of unique protein families
accumulated from genome projects. Families
were obtained by clustering proteins from
complete genomes with the TRIBE-MCL
algorithm (inflation value |.1). Species with the
largest contributions are indicated. All data and
supplementary information are available at [9].
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cannot only be attributed to eukary-
otes. When only the Bacteria and the
Archaea are considered, the trait of a
constant rate for novel families is even
more pronounced (correlation coeffi-
cient R2> 0.99), suggesting that the
exploration of prokaryotic diversity
using genome sequencing is far from
reaching completion.

What are the major contributors of
novel protein families? When normal-
ized by the number of families per
genome, the phylogenetic position of
the corresponding organism is crucial.
The leading contributions come from
Haemophilus influenzae, Saccha-
romyces cerevisiae and Caenorhabdi-
tis elegans, representing the first
bacterial, eukaryotic and metazoan
genomes sequenced, respectively. In
contrast, the smallest contributions
come from multiple strains of already
sequenced species.

While a thorough analysis of all these
families is ongoing, some general trends
can already be inferred. We have
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observed a great variability of family
sizes, ranging from one to over 2,000
members. Although most of the largest
families were already found in the very
first genomes that had been sequenced,
the reverse, that the earliest-found fami-
lies have proved to be the largest, is not
true (Figure 2). Some of the earliest fam-
ilies have remained very small. Of the
1,175 families founded by the first cellu-
lar genome sequenced, that of
Haemophilus influenzae, 215 contain
fewer than 10 members, seven years and
82 sequenced genomes later. On the
contrary, newer families are generally
smaller, with the exception of families
founded by large genomes with a signifi-
cant degree of paralogy, such as that of
Arabidopsis thaliana. Thus, it is very
difficult to predict how new families will
develop as more complete genomes
become available. In fact, family size is
more related to phylogenetic distribu-
tion than to the time of the family’s dis-
covery, supporting the notion that the
phylogenetic distribution of proteins
ranges from universal to strain-specific
[6]. While the size of universal families
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Figure 2

Size distribution of protein families in relation to the time of their discovery. The x-axis represents
the time of discovery of the founding member of a family; the y-axis represents frequency (on a
logarithmic scale); each circle represents the number of protein families corresponding to the value
on the y-axis; and the area of each circle corresponds to family size. It is notable that some of the
largest families were founded early, but large families are still being discovered. Recently discovered
small families (upper right) are expected to grow with better sampling of protein space.
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increases with every new genome avail-
able, taxon-specific families might grow
only when a close relative to the founder
genome is sequenced.

Although there are important reasons
why a genome might be sequenced
other than just to cover protein-
sequence space [7], the contribution of
new protein families can also be nor-
malized by genome size, roughly repre-
senting the corresponding sequencing
effort. From this viewpoint, the human
genome has added only 1.3 new fami-
lies per megabase, although this may
be an underestimate given the uncer-
tainty surrounding the total number of
genes [8]. This number compares unfa-
vorably to an average of 172 new fami-
lies per megabase over all organisms,
or to species such as Xylella fastidiosa
and Borrelia burgdorferi with 380 new
families per megabase each.

In conclusion, the constant growth rate
for new protein families suggests that
protein-sequence space remains largely
unexplored. Sampling biological diver-
sity through genome sequencing will
continue to produce vast amounts of
novel protein families with interesting
biochemical properties.
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