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How many genes are there in plants

(... and why are they there)?

Lieven Sterck', Stephane Rombauts’, Klaas Vandepoele’,

Pierre Rouzé® and Yves Van de Peer’

Annotation of the first few complete plant genomes has
revealed that plants have many genes. For Arabidopsis, over
26 500 gene loci have been predicted, whereas for rice, the
number adds up to 41 000. Recent analysis of the poplar
genome suggests more than 45 000 genes, and partial
sequence data from Medicago and Lotus also suggest that
these plants contain more than 40 000 genes. Nevertheless,
estimations suggest that ancestral angiosperms had no more
than 12 000-14 000 genes. One explanation for the large
increase in gene number during angiosperm evolution is gene
duplication. It has been shown previously that the retention of
duplicates following small- and large-scale duplication events
in plants is substantial. Taking into account the function of
genes that have been duplicated, we are now beginning to
understand why many plant genes might have been retained,
and how their retention might be linked to the typical lifestyle of
plants.
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Introduction

How to count the number of genes in eukaryotic genomes,
much less the number of proteins that they encode, is not
self-evident [1-4]. Nevertheless, in the past few years,
much has been learned from major genome annotation
projects, and estimates of gene number are generally
becoming more realistic [5,6]. What has become clear from
recent plant genome-sequencing projects is that plants
seem to have lots of genes: studies often report more than
40 000 [7,8°°,9°,10°°]. There might be several reasons for

this. A first explanation that has been put forward many
times has to do with the typical lifestyle of a plant. Plants
are sessile and cannot escape enemies or uncomfortable
conditions. They are stuck in place and have therefore
developed many strategies that improve their chances of
survival when faced with grazing herbivores (including
insects and snails), pathogens (viral, bacterial and fungal),
varying climates, competing neighbour species, and other
forms of stress. In addition, because they do not move,
many plants have invented either efficient reproductive
strategies that rely on external factors, such as wind and
water, or ways to build colourful and scented flowers
that attract pollen- and nectar-collecting animals to effect
efficient mating and seed dispersal. In other words,
plants must make tens of thousands of chemical com-
pounds, which they use to ward off competition from other
plants, to fight infections, and to respond generally to the
environment.

A second reason why plants have so many genes might be
gene duplication, or more precisely gene retention fol-
lowing gene duplication. Gene duplication and retention
in plants has been extensive and gene families are gener-
ally larger in plants than in animals. Furthermore, most (if
not all) plant species have experienced at least one (and
probably more) whole-genome duplications in their evol-
utionary past [11,12°]. Many of the genes created through
these major events have been retained in extant plant
genomes [13°°]. Here, we briefly discuss what is known
about the number of genes in those plant species whose
whole-genome sequences have been determined, and
comment on possible reasons for the large number of
genes in these genomes. When discussing gene numbers,
we consider protein-coding gene loci rather than the
number of transcripts a gene potentially encodes. Non-
protein-coding genes are not discussed here, although it
has been shown that many regions of the genome that
were previously considered inactive or featureless might
actually contain many sites of RNA activity [14,15].

How many genes are there in plants?

The caveats in gene prediction have been extensively
discussed elsewhere and are not the subject of this paper.
Suffice it to say that, although great progress has been
made in the development of sophisticated gene finders
and gene-prediction platforms (e.g. [16-20]), gene pre-
diction and genome annotation are notoriously difficult
[3-5]. Because the annotation community is well aware of
this, gene models are continuously being re-evaluated on
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the basis of novel data and feedback from experts, and
software is being improved and retrained before the
whole annotation pipeline is applied again [21°]. In
addition, increasing numbers of transposable elements
are being identified [5,22], and hence these can be
masked in annotation processes. More and more
expressed sequence tags (ESTs), full-length cDNAs
and genomes are being sequenced, allowing the use of
comparative approaches to reveal regions of sequence
conservation and hence indicating the presence of genes
that were missed by intrinsic prediction [23]. It is also
important to realize that, for many genomes, particularly
during the first stages of annotation, there are a consider-
able number of so-called ‘hypothetical genes’. The struc-
ture of these genes has been predicted solely on the basis
of intrinsic gene prediction, with no support from either
expressed sequence matches or homologs of nucleic acids
or proteins from other species. For instance, at the com-
pletion of the Arabidopsis thaliana genome in 2000, 5690
of the annotated genes were designated as ‘hypothetical’
[24,25], but with increased database content, improved
annotation, and proof of expression (e.g. [25]), this num-
ber has decreased over time to just 732.

As a result of ongoing annotation efforts, predicted gene
numbers continue to change (Figure 1). The genomes of
Arabidopsis and rice, have both been available to the
scientific community for a couple of years. When the first
draft of the Arabidopsis genome sequence was published,
about 25 500 protein-coding genes were reported [24]. In
subsequent releases of the genome, this number increased
to more than 27 000, mainly because of the availability of
many more EST's and improved gene prediction software.
These new data and improved gene prediction revealed
that some genes were fused in the initial modelling, while

Figure 1

smaller genes were missed. Currently, 31 407 genes are
documented in the TAIR6 (The Arabidopsis Information
Resource6) release ([26]; http://www.Arabidopsis.org/), of
which 26 751 are annotated as protein-coding genes, 3818
as pseudogenes, and 838 as non-coding RNA genes. For
the rice genome, more than 50 000 genes were predicted
upon publication of its draft sequence [27,28]. In further
releases of its annotation, this number has dropped signifi-
cantly to slightly more than 41 000 genes (http://www.
tigr.org/). This decrease in the number of genes is mainly
due to the discovery and removal of an increasing number
of transposable elements [5]. Although all predictions of
gene number are thus still subject to change, it is clear that
Arabidopsis has a considerably smaller number of genes
than rice (see also [29]). It would be premature to conclude,
however, that dicots in general have smaller numbers of
genes than monocots [8°°]. For example, the number of
genes in the poplar genome is estimated to be over 45 000
[10*°], whereas partial sequence information from the
Medicago and Lotus genome projects also suggests more
than 40 000 genes [9°].

Figure 2 shows a Venn-diagram representing the number
of shared and unique genes in the genomes of Arabidopsis,
poplar, and rice. Populus has more protein-coding gene
loci than Arabidopsis, with an average of 1.4-1.6 puta-
tive Populus homologs for each Arabidopsis gene. The
relative frequency of protein domains in the two genomes
is highly similar [10°°], however, confirming that
the greater gene number in poplar is largely due to the
expansion of gene families. Rice also has many more
genes than Arabidopsis, but unlike the situation in poplar,
these are primarily genes for which no homolog exists in
Arabidopsis, and might therefore be monocot specific
([29]; Figure 2). Although we only consider gene loci
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Change in the predicted number of protein-coding gene loci for Arabidopsis thaliana (left axis) and Oryza sativa (right axis).
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Venn-diagram representation of (a) genes that are shared or unique and (b) gene families for Arabidopsis, poplar, and rice. Gene families were
constructed with McLBLASTLINE (inflation factor: 2.2) based on BLasTP (E-value < %) analyses. Genes are classified as unique when they do not belong to

gene families that are shared with the other genomes.

here, it should be stressed that the proteome of plants
might be much larger than the number of predicted
protein-coding loci. Recent analyses suggested that more
than 20% of plant genes might be alternatively spliced
[25,30°], although it remains to be seen to what extent all
of these splice variants are biologically functional.

Why are there so many genes in plants?

One of the most striking features of angiosperms is that
many have experienced one or more episodes of poly-
ploidy in their ancestry [12°,31]. Apart from species that
are currently polyploid, which include most crops, others
are considered to have paleopolyploid genomes. When
the sequencing of the flowering plant Arabidopsis genome
started, this model plant, with its small genome, was not
expected to be an ancient polyploid. Five years after the
release of its genome sequence [24], however, there is
compelling evidence that the genome of Arabidopsis, or
rather that of its ancestors, has been duplicated three
times during the past 150-200 million years [13°°,32,33].

Recently, we developed an evolutionary model that
simulates the birth and death dynamics of genes on
the basis of the age distribution of duplicated genes in
the Arabidopsis genome [13°°]. We took into account both
a continuous mode of small-scale gene duplications and
the three major genome-wide duplications that the Ara-
bidopsis genome has undergone in its evolutionary past.
When different functional classes of genes are con-
sidered, our study showed that gene families that are
involved in transcriptional regulation, signal transduction,
and development have all expanded considerably follow-
ing the whole-genome duplications. Similar conclusions
were reached by others who studied the retention of
genes after genome duplication events [34,35]. However,
few regulatory and developmental gene duplicates appear

to have survived small-scale duplication events. This is in
agreement with the ‘gene balance’ hypothesis, which
states that the retention of genes that could have strong
dosage effects, such as transcription factors, will be
selected against if they are copied without their partners
in a regulatory or protein-interaction network [13°%,36].
On the other hand, if genes that encode products that
cooperate in a complex pathway or network are dupli-
cated together, as is the case in whole-genome dupli-
cations, gene dosage effects might be avoided by
retaining all of the genes in that particular complex or
network.

We also showed that genes that are involved in secondary
metabolism or in responses to biotic stimuli, such as
pathogen attack, tend to be preserved regardless of the
mode of duplication [13°°]. The finding that such genes
have a good chance of retention following either small- or
large-scale gene duplications probably reflects the con-
tinuous interaction between plants and animals, fungi, or
plant pathogens, which imposes a constant need for
adaptation. In other words, whatever the mechanism of
duplication, novel genes that are important for fast adap-
tation to changing environments are often retained and
quickly put to use by plants [37].

We can use the number of genes that have been retained
following small- and large-scale duplication events to esti-
mate the number of genes present in the ancestral angio-
sperm genome. Assuming a continuous rate of gene birth
and three whole-genome duplications during the evolution
of Arabidopsis and its predecessors, we estimate that the
ancestor of the angiosperms had no more than 14 000 genes
[13°°]. A comparison of the Arabidopsis and poplar gene sets
infers a similar number of around 12 000 genes in the
conserved gene complement of their common ancestor
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[10°°]. So, if Arabidopsis and poplar both started out with
about 12 000 or 14 000 genes and both experienced three
genome duplications, two of which have been shared,
how can poplar have more than 45 000 genes whereas
Arabidopsis has only 26 5007 This is particularly puzzling
as it is believed that the youngest genome duplication in
Arabidopsis occurred more recently (24-40 Mya, [38])
than that in poplar (60-65 Mya, [10°°]). If the youngest
genome duplication in Arabidopsis is more recent than
that in poplar, we would expect Arabidopsis to have lost
fewer genes (i.e. to have formed fewer pseudogenes)
than poplar as gene decay is a function of time [13°°,39].
One explanation for the smaller number of genes in
Arabidopsis is that this species could have lost an unex-
pectedly large set of genes since its divergence from
poplar. There are indeed some indications that this might
be the case [8°%,40]. For instance, there are 224 gene
families that are present in poplar and rice but absent
from Arabidopsis (Figure 2). About 30% percent of these
gene families are also present in the partially determined
Medicago genome (L. Sterck ez al., unpublished). Alter-
natively, the greater number of genes in poplar might be
explained by its lower rate of evolution. Because poplaris
a long-lived vegetatively propagated species, it has the
potential to contribute gametes to multiple generations.
Arabidopsis plants have an annual lifespan, whereas a
single Populus genotype can persist as a clone on the
landscape for millennia. Recurrent contributions of
ancient gametes from very old individual trees could
potentially account for the markedly reduced rates of
sequence evolution [10°*] and thus also gene loss seen in
Populus. This implies that many poplar genes might still
be on the track to pseudogenisation.

Rice has probably also experienced several genome-wide
duplications [41], although convincing evidence can only
be found for the most recent one, which occurred after
the split of monocots and dicots (120-150 Mya) but
before the divergence of the grasses (50-70 Mya)
[41,42]. There is, however, evidence of additional seg-
mental duplications and massive ongoing individual gene
duplications in rice [7], which are at least partly respon-
sible for the large number of genes in rice.

Conclusions

When discussing genomes with fellow scientists, their
first question is usually, ‘How many genes’? The abstracts
of papers that publish the first drafts of genome sequences
also often mention the estimated number of genes. Our
interest in the number of genes in a genome is probably a
relic from the days when we were convinced that this
number was correlated with the complexity of its host. In
the meantime, we have learned better. The fact that man
has only about twice the number of genes of the worm
Caenorhabditis elegans, which in turn has more genes than
the more complex fly Drosophila, was sobering in this
respect. We have come to realize that the number of gene

loci is far from being the sole contributor to genomic and
biological complexity.

Nevertheless, the number of genes in plant genomes is
very high. The sessile lifestyle of most plants could be
part of the explanation, particularly if we link it to gene
duplication, which has been rampant in plant genomes.
Until we have a more complete picture that is based on
the careful annotation of many more genomes, it will be
hard to judge the extent to which gene number is related
to the rate of evolution, the number of major duplication
events, ecology, and plant biology in general.
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