
in the co-expressed class, whereas the
apparent enrichment of conservation of
gene pairs is highly significant.

Prior evidence suggests that
divergently oriented genes (←→) are
especially likely to belong to a single
regulatory unit [11]. Within the highly
co-expressed group, the genes in divergent
orientation are indeed more common than
expected from their overall frequency 
(we expect 65, but observe 85). Contrary to
previous suggestions [11], we find a dearth
of gene pairs in which both genes are in
the same orientation (87 observed,
115 expected). Overall, there is a
significant difference in the proportion of
types in different orientations in the
highly co-expressed class compared with
their frequencies in the dataset as a whole
(χ2 =13.88, ν = 2, P < 0.001).

Of the 42 pairs that are conserved
within the highly co-expressed class,
19 (45%) are in the divergent orientation
in yeast, approximately double their
frequency within the dataset as a whole
(G test of independence, P < 0.01), and
higher than their frequency within the
co-expressed class, although not
significantly so (G test of independence,
P > 0.05). Although the above results
suggest that divergent orientation is
important for co-regulation and for
conservation of pairs, we do not find that
the divergent genes retain their
orientation at an especially high rate. Of
the 19, 14 (74%) have the same orientation
in Candida, which compares with 62% of
conserved pairs that have the same
direction in both species (i.e. 103 out of the
sample of 166). Nonetheless, our findings
are consistent with the observation [12]
that between S. cerevisiae and Candida
albicans, divergently transcribed gene-
pairs that are conserved in evolution have

a higher probability of being co-regulated
than divergently transcribed gene pairs
that are disrupted in evolution.

We conclude that, consistent with the
null neutral model, gene pairs that have
small intergene spacer are the most likely
to be conserved. This result emphasizes
the need to control for the length of
intergene spacer when testing hypotheses
of gene order evolution. However, among
the most highly co-expressed gene pairs, 
a clear signal of selection is evident, with
co-expressed genes being retained at about
twice the expected rate. Only a small
proportion of this signal can be explained
as a consequence of reduced intergene
spacer. Consequentially the null neutral
model cannot be considered an adequate
description of gene order conservation.
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Fig. 3. The number of conserved highly co-expressed
gene pairs observed (red) and expected (blue) as a
function of the intergene spacer size. The x axis
numbers indicate the upper limit to the subgroup size
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than or equal to 200, 400, indicate 201 to 400 etc.).

Detecting the undetectable: uncovering duplicated

segments in Arabidopsis by comparison with rice

Klaas Vandepoele, Cedric Simillion and Yves Van de Peer

Genome analysis shows that large-scale

gene duplications have occurred in fungi,

animals and plants, creating genomic

regions that show similarity in gene

content and order. However, the high

frequency of gene loss reduces colinearity

resulting in duplicated regions that,

in the extreme, no longer share

homologous genes. Here, we show that by

comparison with an appropriate second

genome, such paralogous regions can 

still be identified.
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Genome sequencing projects reveal that
genomes vary tremendously in size and
organization, even among closely related
organisms. This seems to be the result of 
a very dynamic process involving many
different factors, such as recombinations,
horizontal gene transfer, transposon



activity, gene duplication and gene loss. 
In particular, duplications are being
identified as important factors in the
evolution of most genomes. Apart from
small-scale tandem duplications, larger
block duplications and even duplications
of entire chromosomes or genomes are
now postulated to have shaped the
genomes of various animals, fungi and
plants [1]. From a population genetics
point of view [2], the frequency of gene
preservation over a large evolutionary

period after duplication is unexpectedly
high and several models have recently
been put forward to explain the retention
of duplicates [3–5]. However, the most
likely fate of a gene duplicate is
nonfunctionalization and consequent 
gene loss [6]. 

This observation has consequences for
the detection of duplicated regions in
genomes. Identifying duplicated regions 
is usually based on a within-genome
comparison that aims to define colinear

regions (regions of conserved gene content
and order) in different parts of the
genome. In general, one tries to identify
duplicated blocks of homologous genes
that are statistically valid (i.e. that are
probably not generated by chance). 
The statistics that determine colinearity
usually depend on two factors, namely the
number of pairs of genes that still can be
identified as homologous (usually referred
to as ‘anchor points’), and the distance
over which these gene pairs are found,
which usually depends on the number of
‘single’genes that interrupt colinearity.
When a putative colinear region has been
detected, its statistical significance is
usually evaluated by some sort of
permutation test in which a large number
of randomized datasets are sampled to
calculate the probability that a cluster
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Fig. 1. ‘Ghost’ block duplications in the Arabidopsis genome. Homologous genes between Arabidopsis (green) and
Oryza sativa (purple) are indicated by grey bands. (a) Two genomic segments of Arabidopsis, on chromosomes 2
(top) and 5 (bottom), map to the same rice segment. Therefore, these segments are paralogous and result from a
duplication event within the Arabidopsis genome. Because of differential gene loss, the duplicated Arabidopsis
segments no longer have any paralogous genes in common. As a result, this duplication can not be detected
anymore. (b) ‘Ghost’ block duplication between Arabidopsis chromosomes 4 (top) and 5 (bottom). One anchor point
(i.e. the paralogous gene pair At5g51920 – At4g22980) is still present on both segments, but is insufficient to detect
microcolinearity between the two segments.



detected could have been generated by
chance [7–10]. However, the high level 
of gene loss – together with phenomena
such as translocations and chromosomal
rearrangements – often renders it very
difficult to find statistically significant
homologous regions in the genome,
particularly when the duplication events
are ancient [11].

The search for traces of (ancient)
large-scale gene duplications has received
much attention lately, and hypotheses
about the number and age of polyploidy
events in eukaryotes are actively being
discussed. Partly, this is because of the
fact that the detection of homologous
(paralogous) regions in genomes is not
self-evident, for the reasons discussed
above and, in consequence, the number 
of duplicated regions is likely to be
underestimated. In plants, the systematic
analysis of the Arabidopsis thaliana
genome sequence has shown that this
genome contains a large number of
duplicated regions and that about 60% of
the Arabidopsis genes occur in duplicated
blocks [12–14]. Here, we show that
additional duplicated regions can be
discovered in Arabidopsis when its
genome is compared with that of rice.

Recently, the draft genome sequences
have been reported for two subspecies of
rice [15,16], in addition to data being made
available by the International Rice Gene
Sequencing Project [17]. We used the
IRGSP data to compile a large set of BAC
sequences for which the map position
information is available and used these,
where possible, to build longer rice
contigs. This resulted in a dataset of
453 overlapping BACs, forming
continuous genomic stretches of 62 Mb,
and a remaining set of 821 individual
BACs (representing 104 Mb). We
compared these with the Arabidopsis
genome to find statistically significant
regions of colinearity between the
genomes, using a new software tool called
ADHoRe (for ‘automatic detection of
homologous regions’) [10].

The comparison of rice, the major food
source for billions of people and a model 
for larger cereal crop genomes [18] with
Arabidopsis, a model plant organism for
dicotyledons, revealed numerous examples
of (short) genomic segments that shared
conserved gene content and order, as
reported previously [14,19,20]. In several
cases, two (or more) regions of the
Arabidopsis genome showed clear

homology with a single region in rice. 
This is not surprising, because the
Arabidopsis genome has undergone at
least one [6,13], and probably more [7,14],
polyploidizations. However, some of the
duplicated regions escape detection in a
within-genome comparison of Arabidopsis.
More detailed analysis shows that each of
these regions in Arabidopsis has lost a
different set of genes (see Fig. 1a). This
phenomenon, which we refer to as
‘differential gene loss’, turns the originally
identical duplicated regions into two
nonredundant sets of genes, divided over
two distinct genome locations. Differential
gene loss thus reduces the number of
paralogs that can be identified by a within-
genome comparison. For a few genes, both
duplicates might have been retained, but
in that case the number of anchor points is
usually too small to detect significant
colinearity when permutation tests are
applied (Fig. 1b). Therefore, the use of
intergenomic comparisons can help to
recover block duplications that had
seemingly disappeared.

By considering only a small amount of
the rice genome sequence, we were able to
detect several examples of such ‘ghost’
duplications in Arabidopsis. Once a
completely assembled and well-annotated
rice genome sequence is available,
comparisons between rice and
Arabidopsis, which diverged from one
another ~200 million years ago [21] will
probably reveal many more of such
regions. Furthermore, most probably,
many other examples of such ‘ghost’
duplications are waiting to be discovered
in other eukaryotic genomes as well.
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