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We present a statistical analysis of chromosomal
clustering among nuclear genes encoding mitochondrial
or chloroplast proteins in Arabidopsis. For both orga-
nelles, the clustering was significantly increased above
the expectation, but the clustering effect was weak, and
most clusters were small and dispersed. Clustered genes
showed coexpression but not more than expected, and
no substantial synteny was detected in other eukaryotic
genomes. We propose that the unexpected clustering
results from continuous selection favoring chromoso-
mal proximity of genes acting in the same organelle.

Introduction

Mitochondria and chloroplasts both originated from
endosymbiotic events. During the course of evolutionary
history, most of the essential genes required for mitochon-
drial and chloroplast function were transferred to the
nuclear genome [1]. The organelle protein sets encoded
in the nucleus today are not simply the genes originally
transferred from the ancient endosymbiont but have a
much more complicated genetic history. Evidence for
proteins derived from the original endosymbiont, from
the host genome, and even originating from other
endosymbionts is found in both mitochondrial and chlor-
oplast protein sets [2,3,4]. Due to the discrete metabolic
roles of the two plant energy organelles, their origins,
the mechanisms of gene transfer and the need for coordi-
nation of nuclear and organelle function in plants, it is
possible that chromosomal organization of nuclear genes
according to function could be an important aspect
of regulation. Genes with various kinds of functional
relationships are known to be in clusters on the chromo-
somes of a number of organisms [5-10]. Combining the
experimental organelle sets [11-13] with clustering of
their location and their expression in Arabidopsis, we
have attempted to determine if any of the complex factors
noted above link physical location with function or origin
in this model plant.

Results

Chromosomal clustering of genes encoding targeted
organelle proteins

Clusters of neighboring genes were built by finding
stretches of organelle genes closer than 10 kb to another
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organelle gene along the five chromosomes of Arabidopsis.
To resolve the problem of tandemly duplicated genes,
clustered homologs (those with a unidirectional BLAST
similarity score >100 bits) were counted as one gene. To
calculate the statistical significance of the number of clus-
tered genes in the experimental sets of 473 mitochondrial
and 664 chloroplast genes, we picked the same number of
genes randomly from the genome 5000 times to generate a
probability distribution (Figure 1 and Table 1). The
P-values for the observed clustered genes in the mitochon-
drial and chloroplast sets were 0.0034 and 0.0004, which
are greatly significant.

No large clusters were found using a 10-kbp cutoff. Most
chloroplast and mitochondrial clusters contained two
genes. Five clusters had three organelle genes, and one
contained four genes. Variable numbers of other genes
were found in these clusters — the largest total cluster size
was observed with three mitochondrial genes and six other
genes. The importance of the cutoff distance was assessed
by using a number of cutoffs between 5 and 80 kbp, as
summarized in Figure 2. Approximately 50% of all Arabi-
dopsis genes have a neighbor within 80 kbp, hence it was
not meaningful to investigate higher cutoffs. For the chlor-
oplast genes, the observed clustering was significant
(P < 0.05) at all cutoffs except 80 kbp, whereas the mito-
chondrial genes are generally less significantly clustered,
particularly at the 5-kbp cutoff.

The clustering analysis was also made with a gene-
based distance cutoff, that is, counting the number of
intermediate genes rather than the number of base pairs.
The cutoffs 0, 1, 2, 4 and 9 in-between genes were used. In
this case, we found the clustering tendency much weaker,
and, again, less significant in the mitochondrial set (only
one P-value was <0.05). The optimum was seen at two
genes in between for both groups. This indicates that the
genes clustered by absolute distance tend to reside in gene-
rich regions. We confirmed this by comparing the neighbor
distance distributions of the two organelle sets with genes
from none of the sets. Both the chloroplast and mitochon-
drial sets were significantly (P < 0.00001 by Fisher’s exact
test on four bins) enriched in genes having a close neighbor
(data not shown).

For comparison, the same procedure was applied to
the set of 750 proteins found in yeast (Saccharomyces
cerevisiae) mitochondria [14]. The base-pair cutoffs were
reduced in accordance with the more compact (2.15 times
shorter intergenic distances) yeast genome. This displayed
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Figure 1. Chromosomal clustering of genes for mitochondrial and chloroplast proteins. Distribution of cluster sizes in 5000 random samples of (a) chloroplast and (b)
mitochondrial gene groups using a 10-kbp cutoff. The observed real number of clustered genes is shown with black arrows.

a similar, but weaker, pattern of gene clustering, with a
minimum P-value of 0.0066 at 4 kbp. The clustering
tendency practically disappeared when using the
gene-based distance cutoffs (minimal P-value = 0.065 at
two genes in between). The enrichment of genes with a
close neighbor was also significant (P < 0.05).

It is striking that the yeast results were so similar to
Arabidopsis despite the fact that a much larger set of the
proteome encodes experimentally confirmed mitochondrial
proteins (12% compared with 1.7% and 2.4% in the Arabi-
dopsis organelle sets).

Function and coexpression of the genes in organelle
groups and clusters

The clustered genes were found to encode proteins with a
wide set of biological functions, and covered a broad range
of expression levels based on the available EST informa-
tion (see Supplementary Material Table 1). We found no
evidence for greater enrichment of targeting presequences
in the clustered genes compared with the organelle sets as

a whole. Also, no increased coexpression among genes in
the same cluster compared with the average coexpression
among all genes in the same organelle sets was observed.
The lack of elevated coexpression in chromosomal clusters
might be caused by the fact that the nuclear organelle
genes are often coexpressed [mean Pearson correlation
coefficient (r) = 0.35 and 0.11 for chloroplast and mitochon-
dria, compared with 0.01 for random gene pairs and 0.03
for close (<10 kbp) chromosomal neighbors]. Extracting
only greatly coexpressed (r > 0.77) clustered gene pairs
gave fractions also statistically indistinguishable from
the complete organelle sets. The occurrence of elevated
coexpression in the clusters thus seems to correspond to
the general degree of functional coupling, but does not
exceed it.

Clustering of orthologous genes between Arabidopsis
and rice

We analyzed the degree of clustering among orthologs to
the mitochondrial and chloroplast genes in Oryza sativa

Table 1. Gene and clustering statistics using a 10-kbp cutoff, and P-values of the observed number of clustered genes relative to the

random distribution for a range of distance cutoffs

Observed
Organelle set Total number number of Number of clustered genes (10 kbp) P-value at different cutoffs (kbp)
of genes clusters
(10 kbp) Observed Above expected 5 10 20 40 80
Mitochondrial 473 29 62 22.7 0.0602 0.0034 0.0223 0.0346 0.1085
Chloroplast 664 55 11 37.2 0.0005 0.0004 0.0031 0.0281 0.0717
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Figure 2. Number of clustered genes in chloroplasts and mitochondria as a function of the clustering cutoff. The chloroplast groups were clustered under the same cutoffs
as the mitochondrial ones, but their points were shifted to the left for visibility. Observed real data points for the groups are denoted with arrows. The bars denote 95%

confidence intervals.

(rice), using the InParanoid program [15]. The fraction of
Arabidopsis nuclear organelle genes with orthologs was
great: 52% for mitochondrial genes and 69% for chloroplast
ones, whereas the whole-genome average was 26%. How-
ever, conservation of the gene clusters was scant — we
extracted all possible gene pairs in each cluster in each
species, and looked for such pairs that were found clustered
in both species. Only 1 of the 131 clustered Arabidopsis
gene pairs had conserved their nearby genomic position in
O. sativa (Table 2). Even when adopting a much looser
limit (Arabidopsis pairs at <60 kbp and O. sativa orthologs
at <1 Mbp) we found conservation of only two (of 179)
mitochondrial and five (of 287) chloroplast pairs
(Table 2). This is approximately the same as the fraction
of such neighbors in the whole genome (~1.0%); hence we
found no evidence of increased conservation of organelle
clusters between rice and Arabidopsis. No clustered mito-
chondrial pairs defined in Arabidopsis were found

conserved in four other eukaryotes (S. cerevisiae, Caenor-
habditis elegans, Drosophila melanogaster and Homo
sapiens).

Discussion

If a biological mechanism is driving the statistically
significant coupling of genes in the two organelle groups
to be chromosomal neighbors in the Arabidopsis nuclear
genome, it seems to be operating mostly at the intergenic
distance of ~10 000—20 000 base pairs (Figure 2). Open
chromatin domains extending >2-5 genes in C. elegans
chromosomes have been identified that contain coex-
pressed genes responsible for tissue-specific functions in
the worm muscle [7]. Also, genes that are strongly
expressed in a variety of human tissues or that are coex-
pressed in yeast are known to be clustered along the
chromosomes across similarly sized intergenic regions
[6,10,16].

Table 2. Pairs of genes that have intergenic distance <60 kbp in Arabidopsis and orthologs in rice (O. sativa) at a distance <1 Mbp

Arabidopsis Rice

Gene 1 Gene 2 Distance (bp) Genes in Gene 1 Gene 2 Distance Genes in
between (bp)?® between®

Mitochondrion

At2g43780 At2g43750 4122 2 0s12g41760 0s12g42980 823 323 121

At5g50850 At5g50810 13 166 3 0s08g42410 0s089g42380 27 227 2

Chloroplast

At1g21750 At1g21650 41 615 9 0s11g09280 0Os11g08980 200 075 29

At3g56940 At3g56910 6337 2 0s01g17170 0s01g17150 13 631 1

At4g25100 At4g25080 6521 1 0s06902500 0s06904150 867 202 164

At5g35170 At5g35100 58283 6 0s08g19140 0s08g19610 274 570 46

At5g42765 At5g42650 51 146 11 0s03g56320 0s03g55800 340 053 51

®Minimal value of alternative orthologs.
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However, we show here that coexpression can be
largely ruled out as the driving force for the observed
clustering. There have been many other reports that
physical clustering is not required for coexpression or
regulation of genes for organelle proteins. Although inser-
tion into the vicinity of other genes encoding organelle
proteins could initially provide signals required for
expression or targeting (or both), coexpression of genes
encoding subunits of multisubunit complexes can be read-
ily achieved without physical clustering [17,18]. A study
analyzing expression of 3292 genes enriched for nuclear-
encoded plastid genes defined coexpression of only three
gene pairs, when strongly homologous genes were
excluded [19].

Could the insertion sites of the original gene transfer be
the cause of some of the clusters? In a range of studied
cases of gene transfers the genes are located adjacent to or
inserted into a gene encoding a mitochondrial protein, for
example RPS11 (a gene encoding a mitochondrial protein
of the small ribosomal subunit) in rice [20], RPS10 in carrot
and fuchsia [21], succinate dehydrogenase 3 (sdh3) in
Arabidopsis and cotton [22], and RPL15 (a gene encoding
a mitochondrial protein of the large ribosomal subunit) in
wheat [23]. This is most strikingly seen with the RPS14
gene in maize and rice, which is inserted into a gene
encoding succinate dehydrogenase subunit 2 — differential
processing results in both functional transcripts [24,25]. In
Arabidopsis, RPS10 (At3g22300) has undergone recent
gene transfer [21] and we show that it is encoded in a
mitochondrial cluster in Arabidopsis (see Table 1 in
Supplementary Material). However, because we could find
no elevated synteny between Arabidopsis and rice for the
observed clusters, we had to reject the hypothesis that the
clusters are relicts of original insertion groups.

Co-inheritance of specific allele combinations has been
suggested to explain clustering of genes for organelle
function in plants. Elo et al. [26] noted that a large region
of chromosome 3 in Arabidopsis contained a raft of genes
for chloroplast and mitochondrial DNA and RNA main-
tenance. This 6-10-Mbp region is a different order of
magnitude to the clustering investigated here, but some
conservation was noted with regions of close clustering
here on chromosome 3 (see Table 1 in Supplementary
Material).

It therefore seems most likely that the observed clus-
tering is the result of sampling of functionally related
genes and has been ongoing in the course of evolution.
Although hardly having an impact on organelle expression
and function across the whole plant kingdom, this phe-
nomenon would enable important gene or allele groups to
survive both recombination and catastrophic genome-
scale rearrangements. Reduced recombination rate has,
for example, been demonstrated in clusters of essential
yeast genes [27].

The preferential location of the clustered genes in gene-
dense regions serves as additional evidence of a post-
insertion rearrangement.

A mixture of other factors might also be responsible for
the observed chromosomal clustering of genes for organelle
proteins in the Arabidopsis genome. Further functional
genomics studies will be necessary to identify specific
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patterns of functional coupling in individual species. The
discovered clustering could be important in our under-
standing of the evolutionary history of gene transfer and
activation, and the co-inheritance of this material in par-
ticular lineages.

Supplementary material

The data and methods for our analysis are described in the
supplementary material associated with this article, which
can be found online at doi:10.1016/j.tig.2006.09.002.
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