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Abstract

The rapidly accumulating genome sequence data from the plant Arabidopsis thaliana
allows more detailed analysis of genome content and organisation than ever before possible
in plants. The genome shows a surprisingly high level of genetic redundancy, with as many
as 75% of gene products showing significant homology to another protein of A. thaliana.
Many duplicated genes occur in arrays of conserved order and indicate that A. thaliana is
likely to have had a tetraploid ancestor. Analysis of the divergence of duplicated genome
segments leads to the prediction of two major modes of plant genome evolution: macro-
scale duplication and rearrangement of chromosomes and micro-scale translocations,
duplication and loss of individual genes or small groups of genes. Copyright © 2000 John

Wiley & Sons, Ltd.
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The small plant Arabidopsis thaliana, which is a
member of the Brassicaceae, has been widely
adopted as a model for the study of many aspects
of plant biology. It shows all of the developmental
and physiological characteristics typical of flower-
ing plants, and exhibits straightforward diploid
genetics. Because of its small genome size, approxi-
mately 130 Mbp, it was chosen as the subject of the
first plant genome sequencing project. It is widely
anticipated that the complete nucleotide sequence
of the genome of A. thaliana will greatly enhance
our understanding of plant genome organization
and will allow the identification of all of the genes
of a typical flowering plant. These data will be a
vital component underpinning new and efficient
strategies for the improvement of crops.

It is expected that the complete sequence of the
genome of A. thaliana will be available by the end
of 2000. The sequences of chromosomes 2 and 4,
complete and contiguous except for gaps corre-
sponding to the centromere-containing regions,
were reported recently [8,10]. The combined total
of 37 Mbp of sequence data contain 30-35% of all
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of the protein-coding genes of A. thaliana. In all,
7781 protein-coding genes were identified, an
average of one every 4.76 kb. The mean statistics
for gene structure are: 4.91 exons of 276 bp and
3.91 introns of 183 bp, resulting in a span per gene
of 2071 bp, or 44% of the genome. The remainder
constitutes regulatory, non-translated and inter-
genic sequences. Thus, the genome of A. thaliana
has evolved to be very gene-rich and shows similar
mean density and exon number per gene as that of
the 97 Mb genome of the nematode worm Caenor-
habditis elegans [3]. However, the larger genome of
A. thaliana should compose 22 000-26 000 genes,
significantly more than that of C. elegans, which is
predicted to contain 19 000. Although C. elegans
appears a more complex organism, the greater
number of genes in A. thaliana underlines the great
complexity of the environmental sensing and
responses required by a sessile organism, and the
number of genes needed to facilitate the wide range
of secondary metabolism conducted by plants. For
both chromosomes 2 and 4, the densities of genes
identified and matched to expressed sequence tags



(ESTs) is uniform along the majority of the
chromosome arms. Close to the centromeres, how-
ever, the gene density drops as the proportions
of transposable elements and other repetitive
sequences increase greatly relative to their very low
levels along the chromosome arms.

The common occurrence of tandemly repeated
genes was noted during pilot-scale sequencing [1].
Analysis of the larger data set suggests that 12-15%
of all genes of A. thaliana may be the result of
tandem duplications. More surprising was the
observed extent of the occurrence of homologous
genes at distant chromosomal locations and the
identification of numerous segmental duplications.
Extrapolation to account for the presently incom-
plete status of the A. thaliana genome sequence
suggests that as many as 75% of gene products
might show significant homology to another protein
of A. thaliana. The majority of the corresponding
homologous genes are scattered apparently ran-
domly across the genome, but many genes were
identified as being in conserved arrays, indicating
segmental duplications. Further studies have indi-
cated that as much as 60% of the genome is
arranged in large blocks that appear to be the
result of ancient duplications (M. Delseney,
G. Blanc, A. Barakat, R. Guyot and R. Cooke,
personal communication). Some are very large, e.g.
a 4.6 Mbp region of chromosome 2 is duplicated on
chromosome 4, with 430 of 1100 genes (39%) being
conserved [8]. Other, smaller segments can show
higher degrees of conservation. For example,
Figure 1 illustrates a 47-gene segment of chromo-
some 4, for which 33 genes (69%) are conserved, in
perfect colinear order, on chromosome 5.

The genes identified in the nucleotide sequences
of chromosomes 2 and 4 were analysed for putative
function, on the basis of homology matches of their
protein products with those of genes of known
function. Overall, 55% of genes were found to have
sufficient homology to genes of known function
to allow categorization and putative broad function
to be determined. Many genes, particularly those
involved in transcription, protein synthesis, cell
growth and division, intracellular transport and
signal transduction defined a substantial eukaryote-
specific set of genes. We have no idea of the
functions of the 45% of genes not categorized.
More than 65% of the predicted proteins on
chromosome 2 do not show significant similarity
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to those specified by any other completed genome,
suggesting they are unique to plants [8].

What do the sequences of chromosomes 2 and 4
of A. thaliana tell us about plant genome evolution?
Many comparative genetic mapping studies have
revealed conservation of genome organization
between related species, e.g. between tomato and
potato [15] and between grasses [l11]. There is,
however, evidence of extensive genome rearrange-
ments between other related species. The ‘diploid’
Brassica species, including Brassica nigra, are
degenerate hexaploids, with three copies of a unit
genome resembling that of A. thaliana [5,6,2]. On
the basis of comparative genetic mapping, there
were estimated to have been ca. 90 rearrangements
between the genomes of A. thaliana and B. nigra [6],
which diverged 10-35 million years ago [12,6]. This
rate of rearrangement within the Brassicaceae
contrasts with that observed in the grasses, where
only 19 linkage blocks in an ancestral cereal
genome can be reassembled to represent the
genomes of six present-day species [11], some of
which are polyploids, and which diverged as much
as 60 million years ago [18,9]. The majority of
flowering plants are polyploid, and polyploidy is
thought to play a major role in the evolution of
higher plants [7]. The extensive duplications identi-
fied in the A. thaliana genome suggest that A.
thaliana had a tetraploid ancestor. The observation
that the duplicated segments in A. thaliana are
extensively broken-up and dispersed across the
genome is in accordance with the hypothesis that
rearrangement of chromosomes may have an
important role in the stabilization of polyploid
genomes in plants [7]. The duplication represented
in Figure 1, which is one of the best conserved, is of
relatively ancient origin. The same duplication is
present in all unit copies of the genome of Brassica
oleracea, thus dating its occurrence to at least 10-35
million years ago, although several individual genes
are absent from corresponding positions (C. O’Neill
and I. Bancroft, unpublished).

The A. thaliana sequence data indicate that a
variety of micro-scale evolutionary mechanisms
have operated in addition to macro-scale duplica-
tion and rearrangement. Analysis of the chromo-
some 4 genes not conserved in the chromosome 5
segment, as illustrated in Figure 1, indicated that
three genes (atdgl7260, atdgl7540 and atd4gl7590)
have homologues scattered around the genome,
suggesting that translocation of individual genes
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Figure 1. Segmental duplications on chromosomes 4 and 5 of A. thaliana. Nucleotide sequences representing all modelled
genes on chromosome 4 between at4g|5970 and at4gl7810 were obtained from the MIPS website (http://www.mips.
biochem.mpg.de/) and used to conduct BLASTN analysis on the MIPS server to a database of A. thaliana genomic DNA
sequences. For the region containing at4g17250 to at4gl 7730, all gene models with a homologue in a contiguous segment of
chromosome 5 sequence data, represented in accessions MNJ7, MQL5, KI14A3, MQD22 and MSD23, are listed. Also shown
are the end coordinates and P values for the most highly homologous segment encompassed by each gene model
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may have occurred. Ten genes have no homologues
elsewhere in the genome, indicating deletion or
extensive divergence of gene sequences. A cluster of
three genes, at4gl7380, at4gl7381 and atdgl7340
(the last of which also has a conserved homologue
on chromosome 5), have homologues (P values
from BLASTN analysis of 2.4 e-24, 1.5 e-28 and
2.6e-23, respectively) ca. 250 kb away on chromo-
some 4. This suggests that short-range, but
not tandem, small-scale duplication events occur.
Detailed physical mapping and sequencing has
been conducted for putatively homoeologous seg-
ments of the genomes of A. thaliana (the chromo-
some 4 region illustrated in Figure 1) and rice,
which diverged ca. 200 million years ago [18]. These
studies provided no evidence for a corresponding
duplication in the rice genome, but indicated that
many micro-scale changes to gene content and
position have occurred during the divergence of
these species, resulting in extensive alteration of
fine-scale genome organization. The result is that
only a framework consisting of a few, largely non-
rearranged, conserved genes is discernible today
(van Dodeweerd et al. [16]; G. Murphy, C. Hall and
I. Bancroft, unpublished).

Taken together, the data comparing gene organi-
zation both within the A. thaliana genome and
between that of A. thaliana, B. oleracea and rice,
suggest that the construction of unified genetic
maps will be more complex than had been specu-
lated [13]. It appears that macroscopic rearrange-
ment of chromosome segments will be common,
and proportional to the number of rounds of
polyploidization and stabilization since divergence
of the lineages of present-day species. Superimposed
on this will be micro-scale divergence of local gene
content, caused by a variety of mechanisms, which
may be more strongly proportional to time since
divergence. A prediction is that other plant species
would also show conserved frameworks of genes, in
largely non-rearranged segments. More closely
related species would show a higher proportion of
conserved genes in related chromosomal segments,
but the sizes of those segments may not correlate
with time since divergence.

The complement of genes contained within all
plants appears to be well conserved, with a large
proportion of genes in even the most distantly
related species, A. thaliana and rice, being matched
via predicted amino acid sequences of their products
[14,16]. Therefore, the prospects are good for
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grouping related genes in all plant species. But are
the functions of genes conserved? Although the
homologies of over half of the genes predicted in A.
thaliana genomic DNA sequence indicated a broad
function, the exact biological roles and phenotypic
manifestations of very few of these genes are known.
Some homology matches were noted with human
genes involved in processes that do not exist in
plants, e.g. at4g00020 is a homologue of Brca2,
which is involved in breast cancer susceptibility. The
significance of such matches will often lie more in
structural constraints on particular binding or
catalytic domains of proteins, rather than in biolo-
gical role within the organism as a whole. Systematic
functional analysis programmes have been initiated,
which aim to take a variety of approaches to
assigning functions to the genes of A. thaliana [17].
Such analyses are challenging in plants due to their
genetic redundancy (even A. thaliana appears to be a
degenerate tetraploid) and lack of an efficient
homologous recombination system for site-directed
mutagenesis. Also, the subtleties of gene expression
patterns, as well as the amino acid sequences of the
products they encode, are key in defining the
contribution of genes to plant evolution [4]. How-
ever, the availability of complete genome sequence
data for A. thaliana makes systematic and global
functional analyses feasible. This is the next priority
for the A. thaliana research community.
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