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Expression of genes in eukaryotic genomes is known to cluster, but cluster size is generally loosely defined and highly variable.
We have here taken a very strict definition of cluster as sets of physically adjacent genes that are highly coexpressed and form
so-called local coexpression domains. The Arabidopsis (Arabidopsis thaliana) genome was analyzed for the presence of such
local coexpression domains to elucidate its functional characteristics. We used expression data sets that cover different
experimental conditions, organs, tissues, and cells from the Massively Parallel Signature Sequencing repository and microarray
data (Affymetrix) from a detailed root analysis. With these expression data, we identified 689 and 1,481 local coexpression
domains, respectively, consisting of two to four genes with a pairwise Pearson’s correlation coefficient larger than 0.7. This
number is approximately 1- to 5-fold higher than the numbers expected by chance. A small (5%–10%) yet significant fraction of
genes in the Arabidopsis genome is therefore organized into local coexpression domains. These local coexpression domains
were distributed over the genome. Genes in such local domains were for the major part not categorized in the same functional
category (GOslim). Neither tandemly duplicated genes nor shared promoter sequence nor gene distance explained the
occurrence of coexpression of genes in such chromosomal domains. This indicates that other parameters in genes or gene
positions are important to establish coexpression in local domains of Arabidopsis chromosomes.

The combination of DNA sequence and expression
data has revealed the existence of chromosomal do-
mains of similarly expressed genes in several ge-
nomes, such as in yeast (Saccharomyces cerevisiae;
Cohen et al., 2000), fly (Drosophila melanogaster; Spell-
man and Rubin, 2002), worm (Caenohabditis elegans;
Roy et al., 2002; Lercher et al., 2003), human (Homo
sapiens; Caron et al., 2001; Lercher et al., 2002; Versteeg
et al., 2003), and more recently in the genome of the
plant Arabidopsis (Arabidopsis thaliana; Birnbaum et al.,
2003; Williams and Bowles, 2004). These analyses have
focused on coexpression (Cohen et al., 2000; Spellman
and Rubin, 2002; Lercher et al., 2003; Williams and
Bowles, 2004), high expression (Caron et al., 2001), and
so-called localized expression domains (Birnbaum
et al., 2003), defined as spatial and/or temporal
chromosomal domains of coordinated induction and
repression in gene expression. Chromosomal domains
(or clusters or regions) of similarly expressed (or
coexpressed or coregulated or correlated) genes have

been identified using sliding windows of either a given
sequence length (number of nucleotides; Lercher et al.,
2002) or of a given number of genes (Spellman and
Rubin, 2002; Lercher et al., 2003; Williams and Bowles,
2004). Major experimental differences exist in the size
of the window used for analysis and therefore the
fraction of the genome evaluated as chromosomal
domain. To determine the similarity between different
expression profiles, the Pearson’s correlation coeffi-
cient (R) was used and the average of all pairwise Rs
over the expression values across experiments or
tissues was evaluated over all windows and chromo-
somes (Cohen et al., 2000; Spellman and Rubin, 2002;
Lercher et al., 2003).

In such genome-wide analyses, four different types
of gene organization may account for high coexpres-
sion without giving evidence for the presence of
chromosomal domains. These four types are: (1) over-
lapping genes (Cohen et al., 2000), (2) tandemly dupli-
cated genes, (3) homologous genes (Spellman and
Rubin, 2002; Lercher et al., 2003), or (4) genes in the
same operon (Roy et al., 2002; Lercher et al., 2003).
Generally, these four gene configurations have
been analyzed separately for their contribution to
coexpression. The remaining genes, if coexpressed,
might be an indication of the existence of chromosomal
domains. Housekeeping genes (Lercher et al., 2002; Roy
et al., 2002; Lercher et al., 2003), genes with similar
functions in different biological processes (Cohen et al.,
2000; Spellman and Rubin, 2002), genes involved in the
same metabolic pathway (Birnbaum et al., 2003), or
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genes involved in the same biological process (Williams
and Bowles, 2004) have all been identified in these
chromosomal domains. Therefore, there does not ap-
pear to be a clear functional classification of genes
present in such chromosomal domains.

The molecular mechanisms responsible for coordi-
nated expression of neighboring genes are not well
understood (Hurst et al., 2004). Coexpressed adja-
cent genes in yeast could not be explained solely by
upstream activating sequences and are not due to
divergently transcribed promoter regions, although
the extent of physical vicinity seems to be important
(Cohen et al., 2000). In worm, coexpression of genes
could not be attributed to unrecognized operons or
read-through transcription (Roy et al., 2002). Neither
gene duplication nor common functionality was iden-
tified as the main cause for coexpression of neighbor-
ing genes in the Arabidopsis genome (Williams and
Bowles, 2004). It is generally assumed that the co-
ordinated expression of genes in chromosomal do-
mains represents gene regulation at the level of
specialized chromatin and chromosome structure. In
Arabidopsis, limited chromosomal clustering of co-
regulated genes associated genome organization with
gene regulation (Birnbaum et al., 2003). Analyses of
the phenomenon in transgenic plants also indicated
the importance of chromosomal context for proper
gene expression (Mlynarova et al., 1994, 1995).

We here present the identification and analysis of
local coexpression domains in the Arabidopsis ge-
nome. Local coexpression domains are here defined as
chromosomal regions where physically adjacent genes
have high correlated expression across all experi-
ments. This definition focuses on the behavior of
neighboring genes. Using the Munich Information
Center for Protein Sequences (MIPS) Arabidopsis
genome annotation (Schoof et al., 2002) and two types
of whole-genome expression data, Massively Parallel
Signature Sequencing (MPSS; Meyers et al., 2004) and
an Affymetrix microarray (MA; Birnbaum et al., 2003),
we have analyzed the coexpression of neighboring
genes to identify local coexpression domains. Our
results contrast with the genome-wide identification
of more global coexpression domains, consisting of
clusters up to 20 genes with a median cluster size of
100 kb. In such domains, coexpression was defined as
a significant deviation from the averaged R (Williams
and Bowles, 2004). This difference underlines the
importance of distinguishing the size dimension of
the chromosomal domains considered.

RESULTS

Chromosomal Coexpression Maps Reveal Local

Coexpression Domains

The combination of the MIPS annotation of the
Arabidopsis genome with the available MPSS and
MA data resulted in a collection of 16,144 gene pairs
with MPSS expression values and 18,443 pairs with

MA expression values that could be analyzed. A more
detailed description of the data sets generated is given
in Table I and in ‘‘Materials and Methods.’’ For
visualization purposes, the overall whole-genome
coexpression data were plotted in chromosomal coex-
pression maps as introduced by Cohen et al. (2000) for
each chromosome of Arabidopsis. Figure 1 shows the
chromosomal coexpression map of an area of 80 genes
on chromosome 1 for which both MPSS (Fig. 1A) and
MA (Fig. 1B) data were available. Genes with posi-
tively correlated expression are indicated in green.
Genes that have correlated expression and are phys-
ically close together form green regions along the
diagonal of the chromosomal coexpression map. Ex-
amples of such regions are indicated with a blue box
(Fig. 1, A and B). Comparison of the same genomic
regions in the MPSS (Fig. 1A) and MA (Fig. 1B) data
show that regions can have different coexpression
patterns in different data sets. Subsets of neighboring
genes having high coexpression in the MPSS data set
(Fig. 1A, blue box) showed low coexpression in the
MA data set (Fig. 1B, yellow box), while subsets of

Table I. Description of expression data used for
whole-genome analysis

MPSS MA

Genes with Expression
Total 20,041 21,940
Overlapping 39 34
Without expressed

neighbor(s)
851 651

Represented in pairs 19,151 21,255
Adjacent Pairs

Total 16,144 18,443
Tandemly duplicated

pairs
1,928 (11.9%)a 2,278 (12.4%)a

Coexpressed 905 (5.6%)b 1,800 (9.8%)b

Total excluding
tandemly duplicated

14,216 16,165

Coexpressed
excluding tandemly
duplicated

689 (4.8%)c 1,481 (9.2%)c

Coexpressed Adjacent
Pairs
Total 905 1,800
Tandemly duplicated
pairs

216 (23.9%)d 319 (17.7%)d

Tandemly Duplicated
Pairs
Total 1,928 2,278
Coexpressed 216 (11.2%)e 319 (14.0%)e

aThe percentage of tandem duplicated pairs relative to the total
number of adjacent pairs. bThe percentage of coexpressed adja-
cent pairs relative to the total number of adjacent pairs. cThe
percentage of coexpressed adjacent pairs excluding tandemly dupli-
cated relative to the total number of adjacent pairs excluding tandemly
duplicated pairs. dThe percentage of coexpressed tandemly dupli-
cated pairs relative to the total number of coexpressed adjacent
pairs. eThe percentage of coexpressed tandemly duplicated pairs
relative to the total number of tandem duplicated pairs.

Ren et al.

924 Plant Physiol. Vol. 138, 2005



neighboring genes in MA having high coexpression
(Fig. 1B, blue boxes) have low coexpression in the
MPSS data set (Fig. 1A, yellow boxes). Such differ-
ences in coexpression are likely to reflect the biological
differences between the MPSS and MA data sets,
although it cannot be fully excluded that technical
differences between whole-genome expression profil-
ing with MPSS and Affymetrix MA have also contrib-
uted in part to the differences observed. The MPSS
data cover plant tissues and organs, while the MA data
refer to defined root cells. The averaged expression
over the biological material sampled in a data set may
influence coexpression patterns of neighboring genes.

The number of local coexpression domains in the
Arabidopsis genome and the number of genes in-
volved were calculated. Two genes were considered to
be adjacent, so present in a local coexpression domain,
if their rank IDs (see ‘‘Materials and Methods’’) were
consecutive with a difference of one and their pairwise
R exceeded 0.7. Notably tandemly duplicated genes

are known to influence coexpression statistics (Zhu,
2003; Hurst et al., 2004). Therefore, the occurrence of
tandemly duplicated pairs was determined with pair-
wise protein BLAST using a cutoff of E , 2 3 1021

(Lercher et al., 2002, 2003; Fukuoka et al., 2004;
Williams and Bowles, 2004). This criterion has a false
error rate of about 10% (Lercher et al., 2002; Williams
and Bowles, 2004). In both the MPSS and MA expres-
sion data sets, only about 12% of all adjacent pairs
(1,928 for MPSS and 2,278 for MA) are tandemly
duplicated (Table I), of which only 11% to 14% are
coexpressed (216 for MPSS and 319 for MA). This
implies that in either expression data set only approx-
imately 20% of the coexpressed pairs consist of tan-
demly duplicated genes. Only a minority of 11% to
14% of all tandemly duplicated gene pairs in the
Arabidopsis genome are coexpressed (with R . 0.7),
reflecting gene divergence after duplication (Williams
and Bowles, 2004). As about 5% to 9% from all adjacent
pairs excluding the tandemly duplicated pairs (689 for
MPSS and 1,481 for MA) are coexpressed, a tandemly
duplicated pair is about 2-fold (that is, 11%–14%
relative to 5%–9%) more likely to be coexpressed
than a nontandemly duplicated adjacent pair. Further
analyses of the subpopulation of tandemly duplicated
gene pairs do not indicate that a particular transcrip-
tional orientation of the tandemly duplicated genes
has a significantly higher inclination to be coexpressed
(data not shown). In subsequent analyses, the subpop-
ulations were evaluated with and without tandemly
duplicated genes. The results are summarized in Table
II. Depending on the expression data set considered,
5% to 9% of all nonduplicated gene pairs consist of
coexpressed neighboring pairs (689 for MPSS and
1,481 for MA). These pairs tend to be spread through-
out the genome (Fig. 2; MPSS data). The MA data set
gave similar results (data not shown). Only 58 coex-
pressed pairs were common between the MPSS and
MA sets out of 11,144 total common pairs (excluding
tandemly duplicated pairs). These common coex-
pressed pairs are also widespread throughout the
genome (Fig. 2).

In addition to the number of coexpressed gene pairs
(duplets), the number of coexpressed triplets, quadru-
plets, and pentaplets in the Arabidopsis genome was
determined (Table II; Fig. 2) using the strict criterion of
highly correlated expression (R. 0.7) of all members in
a multiplet. Triplet and quadruplet coexpression do-
mains were considerably rarer (Table II), whereas
coexpressed pentaplets did not occur in either the
MPSS or the MA data set. To evaluate the significance
of the observed numbers of the local coexpression
domains in Arabidopsis, these numbers were com-
pared with the numbers of pairs, triplets, and qua-
druplets obtained from randomized sets using the
cumulative binomial distribution (Cohen et al., 2000).
Such comparisons indicated that in all cases examined,
local coexpression domains ranging from two to four
genes occur in the Arabidopsis genome significantly
more often than expected by chance alone (Table II).

Figure 1. Chromosomal coexpression map of the Arabidopsis genome.
The expression of each gene is correlated with all other genes on the
same chromosome using a color coded representation of R. Green is
positive correlation (R . 0), magenta is anticorrelation (R , 0), and
black shows no correlation (R 5 0), no expression, or missing data. A,
Coexpression map of a small part of chromosome 1 using MPSS
expression data, showing the 80 genes from At1g16240 (rank ID 1550)
to At1g17090 (rank ID 1630). B, Coexpression map of the same 80
genes on chromosome 1 usingMA expression data. The blue boxes in A
and B indicate regions of blocks of coexpressed adjacent genes. The
yellow boxes in A and B indicate the equivalent regions in the other
data set.
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Excluding tandem duplicates, coexpressed adjacent
genes also occurred significantly more often than in
random sets (Table II). Tandem duplicates are therefore
not an important explanation for the occurrence of local
coexpression domains in the Arabidopsis genome.

Local Coexpression Domains Are Not Solely Explained
by Gene Orientation and/or Gene Distance

Apart from tandem duplications, gene orientation
and gene distance could also explain the occurrence of
local coexpression domains. If promoter sharing is an

important mechanism for coexpression in the Arabi-
dopsis genome, divergently transcribed gene pairs
()gene A gene B/) should be overrepresented in the
subpopulation of coexpressed pairs, compared to
coexpressed pairs that are tandemly (gene A/gene
B/ or )gene A)gene B, so two possibilities) or
convergently (gene A /)gene B) transcribed. For all
three orientation groups, the number of pairs and the
number of coexpressed pairs were determined (Table
III; Fig. 3, A and B). These results show that the Arabi-
dopsis genome contains about twice as many tan-

Table II. Number of local coexpression domains ranging two to four genes

Arabidopsis Genome Random Genome (1003)

Totala Coexpressedb Averagec P Valued

Pairs
MPSS1e 16,144 905 (5.60%) 676 6 25 1.523 10218

MPSS2f 14,216 689 (4.85%) 588 6 24 2.883 1026

MA1g 18,443 1,800 (9.76%) 1,352 6 33 1.803 10234

MA2h 16,165 1,481 (9.16%) 1,211 6 31 5.963 10216

Triplets
MPSS1 13,142 52 (0.40%) 22.6 6 4.7 7.953 1028

MPSS2 12,392 42 (0.34%) 19.6 6 4.1 6.333 1026

MA1 15,634 113 (0.72%) 70.9 6 8.0 9.703 1027

MA2 14,493 107 (0.74%) 70.9 6 8.8 1.393 1025

Quadruplets
MPSS1 10,718 5 (0.05%) 0.76 6 0.89 9.883 1024

MPSS2 10,403 5 (0.05%) 0.72 6 0.92 7.843 1024

MA1 13,282 8 (0.06%) 4.39 6 2.38 5.813 1022i

MA2 12,866 7 (0.05%) 4.50 6 1.85 8.243 1022i

aTotal number of pairs, triplets, and quadruplets in each data set. bCoexpressed pairs, triplets, and
quadruplets in each data set. Percentages in the brackets are coexpressed relative to the total. cAverage
and SD from 100 times randomizations. dP value according to the cumulative binomial distribution
(Cohen et al., 2000) for obtaining such result by chance. P , 0.01 is considered significant. eMPSS
data set including tandem duplicates. fMPSS data set excluding tandem duplicates. gMA data set
including tandem duplicates. hMA data set excluding tandem duplicates. iNot significant.

Figure 2. Distribution of local coexpression domains over the Arabidopsis chromosomes. Rectangles are schematic
representations of chromosomes 1 to 5 from top to bottom, with black dots as centromeres. The numbers on the top show
the scale in million bases along the chromosomes. Each gene is depicted as a black bar. Only the data sets excluding tandemly
duplicated genes are shown. The letters on the left are: lane A, coexpressed pairs in the MPSS data set (689 pairs); lane B,
common coexpressed pairs in both the MPSS and the MA data set (58 pairs); lane C, coexpressed triplets in the MPSS data set (42
triplets); and lane D, coexpressed quadruplets in the MPSS data set (5 quadruplets).
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demly transcribed pairs as divergently or convergently
transcribed pairs. This is as expected, because the
tandem orientation has two possibilities. For each
orientation group, the fraction of coexpressed pairs
relative to the total number of pairs in that group is
plotted in Figure 3C. Expressed as a fraction relative to
the total number of pairs in each orientation group,
coexpressed divergently transcribed gene pairs occur
in the same frequency as tandemly and convergently
transcribed gene pairs (Fig. 3C). There are no signif-
icant differences in the proportions of coexpressed
pairs between tandem and divergent, tandem and
convergent, or divergent and convergent pairs (Table
III). These results demonstrate that divergently tran-
scribed gene pairs are not overrepresented in the
subgroup of coexpressed gene pairs. Shared promoter
sequences are therefore not a major explanatory vari-
able for high coexpression between adjacent genes.

The closer two genes are, the higher the likelihood
may be that their promoters influence each other,
irrespective of gene orientation. Gene distance is here
defined as the distance in nucleotides from the 5# start
ATG of one gene to the 5# start ATG of the next gene.
Thus defined, gene distance covers the distance be-
tween one coding sequence and promoter region for
tandemly transcribed genes. For the other two gene
orientations, this definition of gene distance results in
the length of either the promoter sequence (in the case
of divergently transcribed genes) or the inclusion of
two coding regions (in the case of convergently tran-
scribed genes). As a consequence, gene distance will
favor divergently transcribed genes in the shorter
distances and tandemly and convergently transcribed
pairs in the larger distances. The subsequent distance
analysis also distinguishes between gene orientations.
All adjacent gene pairs (excluding the tandemly du-
plicated gene pairs) were sorted by gene distance and
divided into consecutive bins of 1,000 pairs. This way,
any influence of unequal numbers of pairs in distance
bins was prevented. For each 1,000-pair bin, the

number of tandemly, divergently, and convergently
transcribed adjacent pairs was counted and plotted
against the average gene distance (Fig. 4A). The
average distance was calculated by averaging the
gene distance of all pairs in each 1,000-pair bin. In
the same way, the number of coexpressed adjacent
pairs in each orientation group was counted and
plotted (Fig. 4B). In both cases, it can be concluded
that in the shorter gene distance classes divergently
transcribed pairs occur more often than tandemly and
convergently transcribed pairs, whereas in the larger
gene distance classes divergently transcribed genes
occur less often. Interestingly, coexpressed adjacent
genes in any orientation could occur even at a gene
distance as large as 12 kb. To be able to compare the
relative occurrence of the orientation groups among all
the 1,000-pair bins, the fraction of coexpressed pairs
was plotted for each orientation group (Fig. 4C). The
fractions of coexpressed pairs stay similar among three
orientation groups and also stay similar over large
gene distance range. Basically identical results were
obtained for the MA data set (Fig. 4, D–F). Similar
results were obtained using distance bins of 1-kb
intervals or intergenic distances (data not shown).
These results show that over a large gene distance
range, the relative fraction of coexpressed pairs does
not depend on gene distance, irrespective of gene
orientation. Therefore, also gene distance and/or gene
orientation are not important explanations for the
occurrence of local coexpression domains in the Arab-
idopsis genome.

Genes in Local Coexpression Domains Scatter over
Functional Categories

Having estimated the number of local coexpression
domains in the Arabidopsis genome, the nature of the
genes involved in such chromosomal domains was
analyzed. The Arabidopsis Information Resource
(TAIR)’s Gene Ontology (GO) using the high-level
ontology terms known as GOslims developed for
plants (Berardini et al., 2004) were used to character-
ize the genes in local coexpression domains. Genes in
coexpressed triplets and quadruplets were not exam-
ined separately and pairs consisting of tandemly
duplicated genes were not included in this analysis.
Using the plant GOslim terms, the genes in coex-
pressed pairs were classified into the divisions for
molecular function (15 categories), biological process
(15 categories), and cellular components (16 catego-
ries). A pair was classified into a category if both
members fell into the same category; otherwise, the
pair was classified as ‘‘not falling into the same
category.’’ Pairs of which one or both genes could
not be classified were not included in the analysis.
About 90% of all pairs (out of 14,216 for MPSS and
16,165 for MA; Table II) or coexpressed pairs (out of
689 for MPSS and 1,481 for MA; Table II) could be
assigned to at least one GOslim category. Classifica-
tion using the MIPS Functional Catalogue (Wu et al.,

Table III. Orientation of coexpressed gene pairs

Orientation Groupsa Totalb Coexpressedc

MPSS
tan 2 tandemly duplicated 6,979 322 (4.61%)
div 2 tandemly duplicated 3,541 191 (5.39%)
con 2 tandemly duplicated 3,696 176 (4.76%)

MA
tan 2 tandemly duplicated 7,895 715 (9.06%)
div 2 tandemly duplicated 4,127 396 (9.60%)
con 2 tandemly duplicated 4,143 370 (8.93%)

atan 2 tandemly duplicated, div 2 tandemly duplicated, and con 2

tandemly duplicated, respectively, are the subgroups of tandemly, di-
vergently, and convergently transcribed pairs excluding tandem dupli-
cates. bTotal number of pairs in each direction group. cNumber
of coexpressed pairs in each direction group. Percentages in the brackets
are number of coexpressed pairs relative to the total number of pairs.
None of the proportions are significantly different from each other
according to the z test for comparing population proportions.
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2002) covered much less (about only 30%) of the
genes in pairs (data not shown). In each GOslim
division, there are GOslim terms for ‘‘unknown’’ and
‘‘other’’ (Berardini et al., 2004). These should be
considered less informative for the classification of
pairs of genes. Therefore, we have distinguished
a subclass of genes falling into the well-defined
categories, excluding all categories with unknown
and other. The results are summarized in Table IV.
Considering the GOslim division for molecular func-
tion (GO_func), about 22% of the coexpressed pairs
consist of genes that fall in the same functional
category for both the MPSS and MA data sets (Table

IV). For biological process (GO_proc), this is about
43% and for cellular component (GO_comp) this is
29%. When limited to the genes in categories that
have no indication of other or unknown, about 6% to
7% of the pairs have genes that classify in the same
category. Compared to the distribution of the genes of
all pairs, the percentages of pairs in the same func-
tional category do not differ significantly (at P ,
0.01). Therefore, coexpressed pairs do not tend to fall
more in the same GOslim category than other gene
pairs (Table IV). Compared to what is expected on the
basis of randomized genomes, the percentage of
coexpressed genes falling in the same GOslim is not

Figure 3. Orientation of genes in
coexpressed pairs does not solely ex-
plain the occurrence of coexpression.
The orientation groups based on the
relative direction of transcription
within a gene pair are tandem (tan),
divergent (div), and convergent (con).
Black bars are Arabidopsis expression
data, white bars represent the aver-
aged result from 100 randomizations.
The x axis gives the expression data set
used, either MPSS or MA, without
tandemly duplicated genes. A, The
number of pairs in each orientation
group; B, the number of coexpressed
pairs; C, the fractions of coexpressed
pairs in each orientation group (given
in B) relative to the total number of
pairs in that corresponding orientation
group (given in A). When corrected for
the higher occurrence of tandemly
oriented gene pairs, due to two pos-
sible orientations, none of the orien-
tation groups is overrepresented in
coexpressed pairs.
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different from what is found in random genomes,
with the notable exception of the percentage of genes
that fall in the same category of well-defined biolog-
ical processes. In both the MPSS and the MA data,
about three times (6%–7% versus 2% expected) more
coexpressed pairs occur in this category than expec-
ted on the basis of a random distribution. Within the
category of well-defined biological processes, the
category ‘‘protein metabolism’’ is overrepresented in
both data sets: 43% (18 from 43) for MPSS and 61%
(48 from 79) for MA of the pairs fall in this particular
GOslim category (Table IV).

DISCUSSION

For different organisms, it has been demonstrated
that appreciable numbers of genes in a genome occur
in clusters characterized by correlated expression.
Averaging coexpression over size-based or gene
number-based windows showed that about 20% of the
Drosophila genome resides in coexpression clusters
(Spellman and Rubin, 2002). Within the Arabidopsis
genome, such window-based coexpression clusters
may consist of up to 20 genes (Birnbaum et al., 2003;
Zhu, 2003; Williams and Bowles, 2004), while some

Figure 4. Gene distance of genes in coexpressed pairs does not solely explain the occurrence of coexpression. Gene distance,
defined as start-to-start distance of adjacent gene pairs, is averaged for each 1,000-pair bin and plotted as function of gene
orientation, subdivided into tandem pairs (tan; circles), divergent pairs (div; triangles), and convergent pairs (con; squares) for the
MPSS data set (A–C) and the MA data set (D and E). A and D, Number of pairs; B and E, number of coexpressed pairs; C and F,
the fraction of coexpressed pairs relative to the total number of pairs.
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evidence from quantitative trait loci studies suggested
that clusters may be much larger (Khavkin and Coe,
1997). These data support the notion of higher-level
genome organization that may range over distances
up to several megabases (Hurst et al., 2004). Yet the
concept of large coexpression clusters in such studies
is based on a loose definition of the term cluster or
chromosomal domain and associated terms such as
neighboring. The process of summing and averaging
may obscure local effects and underrate the presence
and/or role of individual genes with different expres-
sion levels or expression patterns in large clusters.
Therefore, it is perhaps not surprising that coexpres-
sion clusters are often associated with the activity of
housekeeping (Lercher et al., 2002, 2003; Roy et al.,
2002) or highly expressed (Caron et al., 2001; Versteeg
et al., 2003) genes. Previous experience with transgene
expression data indicated that the particular position
of a single gene in a genome affects the expression of

that gene. Depending on chromosomal context, two
physically neighboring transgenes could be made to
show correlated expression (Mlynarova et al., 2002).
Therefore, we have here taken a very rigorous ap-
proach to the concept of cluster and analyzed the
coexpression characteristics of genes that are physi-
cally adjacent in the genome according to genome
annotation data.

Whole-genome chromosomal coexpression maps
indicate the existence of numerous cases of local
coexpression (Fig. 1), as was also shown in yeast
(Cohen et al., 2000). Combining expression data and
genome annotation, we identified 16,144 adjacent
pairs of genes with sufficient expression data in the
MPSS data set. The arbitrary criterion taken for in-
clusion of a gene in the analysis was detectable ex-
pression in at least one of the data libraries available.
Although some genes may then have expression only
in one library, around 80% of the genes have expres-

Table IV. Distribution of gene pairs over GOslim categories

Genome Alla Coexpressedb P Valuec Random Coexpressedd P Valuee

MPSS
GO_func
Coveredf 12,920 624 537
SameCatg 2,662 (20.6%) 136 (21.8%) 0.48 114 (21.2%) 0.80
SameKnCath 1,041 (8.06%) 43 (6.89%) 0.26 43 (7.95%) 0.49

GO_proc
Covered 12,927 623 537
SameCat 5,366 (41.5%) 268 (43.0%) 0.46 225 (41.9%) 0.71
SameKnCat 867 (6.71%) 43 (6.90%) 0.86 11 (2.05%) ,0.0001i

GO_comp
Covered 13,043 628 539
SameCat 3,314 (25.4%) 181 (28.8%) 0.07 138 (25.6%) 0.22
SameKnCat 789 (6.05%) 42 (6.69%) 0.41 29 (5.38%) 0.35

MA
GO_func
Covered 14,804 1304 1,117
SameCat 3,234 (21.8%) 286 (21.9%) 0.93 245 (21.9%) 1.0
SameKnCat 1,147 (7.75%) 99 (7.59%) 0.83 99 (8.86%) 0.26

GO_proc
Covered 14,770 1,316 1,115
SameCat 6,132 (41.5%) 552 (42.0%) 0.73 470 (42.2%) 0.92
SameKnCat 931 (6.30%) 79 (6.00%) 0.66 24 (2.15%) ,0.0001i

GO_comp
Covered 14,756 1,317 1,115
SameCat 3,806 (25.8%) 375 (28.5%) 0.04 289 (25.9%) 0.15
SameKnCat 811 (5.50%) 97 (7.37%) 0.012 77 (6.91%) 0.66

aNumber of neighboring pairs included in the analysis. bNumber of coexpressed pairs included in
the analysis. cP value, the probability under the null hypothesis that the two population proportions
are the same, derived from the standard normal tables of the z statistic for the difference of the population
proportion between coexpressed pairs and all the pairs. dNumber of coexpressed pairs in random
sets. eP value, the probability under the null hypothesis that the two population proportions are the
same, derived from the standard normal tables of the z statistic for the difference of the population
proportion between coexpressed pairs of the Arabidopsis genome and coexpressed pairs in randomized
sets. fNumber of pairs of which both members are falling in a GOslim category. gNumber of pairs
of which both members fall into the same GOslim category. Percentage is the number of pairs relative to
the total number of pairs covered. hNumber of pairs of which bothmembers fall into the same ‘‘known’’
GOslim category (excluding the categories with the indications ‘‘unknown’’ and ‘‘other’’). Percentage is the
number of pairs relative to the number of pairs covered. iSignificant (two-tailed; P , 0.01).
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sion data in at least three different libraries and this is
likely to yield reliable results. A major issue in such
coexpression analyses is the occurrence of tandemly
duplicated genes (Zhu, 2003; Hurst et al., 2004).
Tandemly duplicated genes could be considered a triv-
ial case of coexpression. All analyses, except when
indicated, were performed with and without tan-
demly duplicated genes. From the 16,144 pairs, 12%
were identified as tandemly duplicated genes. Only
11% of these tandemly duplicated gene pairs identified
showed coexpression, which is 24% of all pairs with
coexpression (Table I). The MA data set corroborates
the MPSS findings: only 14% of the tandemly dupli-
cated pairs showed coexpression. This suggests that,
in contrast to inferences made for other genomes
(Lercher et al., 2003), tandemly duplicated genes in
the Arabidopsis genome are not a major cause of
correlated expression of adjacent genes. Also the
particular orientation of the tandemly duplicated
genes, either tandemly, divergently, or convergently
transcribed, was found to have no significantly higher
inclination to be coexpressed, in contrast to the con-
clusions of the analyses of Williams and Bowles (2004).
As the MA and MPSS data sets used in this study are
biologically very different, their agreement with re-
spect to the relative unimportance of tandemly dupli-
cated genes in our analysis suggests that the data sets
used in the respective analyses need to be considered.
Careful future comparisons of data sets, gene cover-
age, and analytical methods used will have to reveal
the cause of such differences.

From all nontandemly duplicated pairs in the MPSS
data set, 4.9% shows coexpression. They are distrib-
uted over the whole genome (Fig. 2). Although this is
a low percentage, randomization assays indicate that
the number is significantly higher than to be expected
by chance alone (Table II). There is a small yet
significant fraction of the Arabidopsis genome that
shows correlated expression between neighboring
genes. Enlarging such local clusters by looking for
series of consecutive genes that are correlated in all
pairwise combinations reveals that there are few areas
in the Arabidopsis genome that consist of more than
two (up to four) genes (Table II; Fig. 2) with highly
correlated expression. The size of these local coex-
pression domains is in agreement with local cluster
sizes observed in yeast (Cohen et al., 2000) and worm
(Roy et al., 2002). The MA data set, despite its
technologically different approach for obtaining ex-
pression data and its biologically different experi-
mental background, also showed local coexpression
domains ranging from two to four genes distributed
over the genome.

Over the whole genome, the two expression data
sets show areas that have different coexpression pat-
terns (Fig. 1) and in total only 58 coexpressed pairs
were shared between both data sets (Fig. 2). These
differences in coexpression and low number of shared
pairs are likely to reflect the biological differences
between the data sets. The MA data are well defined

root cells and tissues, while the MPSS data concern
more broad tissues and organs. Such biological differ-
ences will influence correlations in gene activity. Any
expression data set will present a fixed average of
expression over the sampled cells, tissues, organs, and
experiments that should be taken into account when
comparing such data sets.

To understand the possible causes for coexpression,
the role of shared promoters and/or short gene
distances was analyzed. The population of divergently
transcribed genes does not contain a higher proportion
of coexpressed genes compared to tandemly or con-
vergently transcribed genes (Fig. 3; Table III). Pro-
moter sharing is therefore not a likely explanation for
the presence of local coexpression domains in the
Arabidopsis genome, unlike the situation in the yeast
genome (Cohen et al., 2000). Also, gene distance does
not offer an important explanation for the occurrence
of local coexpression domains. When corrected for
gene orientation, the fraction of coexpressed genes
does not depend on either gene orientation or gene
distance (Fig. 4, C and F). Short gene distances (,1 kb)
do not favor local coexpression and longer distances
(up to 10 kb) need not necessarily be barriers to local
coexpression. In this analysis, gene distance is defined
as the distance from the 5# start ATG of one gene to the
5# start ATG of the next gene and includes the coding
region of a gene (for tandemly transcribed gene pairs)
or of both genes (for convergently transcribed gene
pairs). Similar results were obtained when the inter-
genic distance, defined as the distance between the
stop codon of one gene and the start codon of the next
gene, was taken for analysis (data not shown). There-
fore, the precise definition of gene distance in the
analyses as presented does not affect the conclusions.
The role between gene distance and correlation of
expression has given different results in different
studies. Some indicate that correlation declines with
increasing distance (Cohen et al., 2000; Williams and
Bowles, 2004), while others are less explicit and
emphasize the role of relative genome compactness
(Fukuoka et al., 2004). Analyses of the MA data with
the TIGR5 annotation of the Arabidopsis genome had
no significant effect on trends and conclusions (data
not shown).

Previous studies suggested that clustering of func-
tionally related genes may occur in all metazoans
(including yeast, fly, worm, and human; Cohen et al.,
2000; Lercher et al., 2002, 2003; Spellman and Rubin,
2002). A recent study (Williams and Bowles, 2004)
demonstrated a significant enrichment for coex-
pressed genes in the same metabolic pathway, al-
though this appeared not to be an explanation for
the neighboring coexpression. In this study, a loose
definition of neighboring was used, defining two
genes as neighboring when they were within 10 genes
of each other (Williams and Bowles, 2004). In worm,
clusters of similarly expressed genes cover similar
biological functions (Roy et al., 2002). In human,
coexpression analysis over the whole genome was
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shown to correlate with functional relatedness (Lee
et al., 2004). In the expression data sets here analyzed
with a gene ontology developed for plants (GOslim;
Berardini et al., 2004), there is, however, no evidence
that coexpressed genes in pairs are enriched in the
same functional category compared to all genes in
pairs (Table IV). This is also the case when compared
to the percentages of coexpressed genes in random
sets (Table IV). When the GOslim categories without
‘‘unknown’’ or ‘‘other’’ are used, only in the GOslim
division covering ‘‘biological process’’ coexpressed
gene pairs are about 3 times more frequently present
than expected to occur by chance, notably in the
GOslim biological process category ‘‘protein metabo-
lism.’’ In the other GOslim divisions, no such trend is
present; coexpressed gene pairs are as frequently
present as all gene pairs. (Table IV).

In our coexpression analyses of expression data,
different libraries from either MPSS or MA data were
combined irrespective of the biological characteristics
of the material assayed. Therefore, the analyses have
revealed the gene pairs that show stringent coexpres-
sion under a range of different (biological) conditions,
cells, and/or tissue types. Combining more and dif-
ferent data sets, such as the data in various Arabidop-
sis expression repositories now available at TAIR
(Rhee et al., 2003), National Center for Biotechnol-
ogy Information (NCBI)’s Gene Expression Omnibus
(Edgar et al., 2002), Genevestigator (Zimmermann
et al., 2004), Stanford Microarray Database (Gollub
et al., 2003), or the Arabidopsis Tissue-Specific Expres-
sion Database (Obayashi et al., 2004), will help to
analyze the expression of genes over various condi-
tions and cell types. Yet averaging more and different
expression data sets would continue to favor the
identification of gene pairs expressed under all con-
ditions in as many cell and tissue types as available in
expression repositories. Although this would reveal
the expression potential of gene pairs in a genome, it
would be much less informative for elucidating the
whole-genome dynamics of coexpression. Local coex-
pression domains may be dynamic during growth and
development of plants. In future analyses, it may
therefore be worthwhile to analyze prechosen subsets
of libraries and compare the local coexpression dy-
namics of different organs, tissues, or cells to identify
time- or tissue-specific local coexpression domains.

True neighboring pairs can form local coexpression
domains of two to four genes irrespective of gene
orientation or gene distance. Having eliminated such
configuration factors, a role of either the gene se-
quence itself or the DNA sequences surrounding
these genes is suggested. In the transgenic situation,
it was shown before that the expression of two un-
related genes became correlated when their surround-
ing DNA was supplied with a chromatin boundary
element (Mlynarova et al., 2002). A next step of
genome analysis will therefore be the detailed analy-
sis of the sequences next to local coexpression do-
mains. These may consist of boundary elements such

as matrix-associated regions (Boulikas, 1995; Bell et al.,
2001) and help to further define the (sequence) char-
acteristics of such elements.

CONCLUSION

Defining local coexpression domains as genome
areas with physically neighboring genes showing tight
coexpression, we have here shown that the Arabidop-
sis genome contains a small yet significant number of
coexpression domains that range from two to four
genes. Neither tandemly duplicated genes nor diver-
gently transcribed promoter regions nor short gene
distances explain such local coexpression of adjacent
genes. Either gene sequence or the surrounding DNA
sequences are of importance for the coexpression
pattern of such neighboring genes. Our study and
the further unraveling of the relationships between
local and global coexpression domains in relationship
to surrounding DNA, gene regulation, and chromo-
some structure will help to gain understanding of the
molecular mechanisms that establish local chromo-
somal domains of genes with high coexpression char-
acteristics.

MATERIALS AND METHODS

Data Retrieval and Processing

The Arabidopsis (Arabidopsis thaliana) genome annotation from the March

2003 version of MIPS (Schoof et al., 2002) has 26,439 annotated genes on five

chromosomes. Mitochondria and chloroplast genes were not taken into

account in this study. There are 6,813, 4,181, 5,363, 3,987, and 6,095 genes on

chromosome 1 to 5, respectively. The genes along each chromosome were

sorted based on ascending start coordinates and were numbered consecu-

tively. This established a rank number (rank ID) that helped to eliminate any

discontinuity in the Arabidopsis Genome Initiative (AGI) numbers of the

annotated genes and allowed analyzing physically adjacent genes. These rank

IDs of genes were used to compare two different whole-genome expression

data sets, MPSS expression data and MA expression data. Data are summa-

rized in Table I. The MPSS data was obtained from the Arabidopsis MPSS

website (http://mpss.udel.edu/at/java.html; Meyers et al., 2004). The MPSS

data set has 14 libraries covering 5 plant tissues: callus, inflorescence, leaf,

root, and silique. All MPSS 17-bp signatures that had a normalized expression

abundance of at least 1 transcript per million in at least one of the 14 libraries

were retrieved manually. Genes without MPSS signature or with no expres-

sion value of at least 1 transcript per million in any of the 14 libraries were not

taken into consideration. With Python scripts, the MPSS signatures were

mapped onto the MIPS genome annotation, based on an exact match of 17 bp,

and assigned the corresponding chromosomal position. Each signature that

was assigned more than once was removed from the data set. Each MPSS

mapped signature was assigned to a class based on the genomic location and

MIPS annotation. Seven different classes were defined according to the criteria

on the MPSS website (http://mpss.udel.edu/at/java.html): class 1 (inside an

annotated gene/feature); class 2 (within 250 bp 3# of the annotated gene/

feature); class 3 (anti-sense to annotated gene/feature); class 4 (between gene/

feature); class 5 (within intron, sense strand); class 6 (within intron, anti-sense

strand); and class 7 (within 17 bp of an exon boundary; spliced). With the

precedence ranking of classifications: 1 5 7 . 2 . 5 . 3 . 6 . 4 for signatures

belonging to more than one possible class, every signature was assigned to

only one class. The normalized expression values of both class 1 and class 2

signatures in the same library were summed and used as the expression value

of the corresponding gene. Genes with neither class 1 nor class 2 signatures

were considered to be not expressed and were not taken into consideration.

This way, we obtained 20,041 genes having MPSS expression values, referred

to as the MPSS data set.
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The MA expression data were obtained from the on-line supplementary

material of a Science article (Birnbaum et al., 2003). The MA data set based on

the ATH1 GeneChip (Affymetrix, Santa Clara, CA) has expression data only

from Arabidopsis root tissue, encompassing 15 different zones of the root that

correspond to different cell types and tissues at progressive developmental

stages. Genes not on the array were not taken into consideration. Genes on the

array of which the AGI numbers could not be mapped to the MIPS genome

annotation were also discarded. After mapping these gene expression data by

their unique AGI numbers to the MIPS annotation, we obtained 21,940 genes

having MA expression values, referred to as the MA data set. Analyses of the

MA data with the TIGR5 annotation of the Arabidopsis genome had no major

effect on trends and conclusions (data not shown).

In case of physically overlapping genes in either data set, the smaller one of

the overlapping genes was removed from the data set, by which both gene and

rank ID orders were maintained. For this reason, 39 and 34 genes were

removed from the MPSS and the MA data set, respectively. The resulting data

sets used for analysis consisted of 20,002 genes with MPSS expression data

and 21,906 genes with MA expression data. Two genes were considered to be

adjacent when their rank IDs were consecutive with a difference of one and

when the genome sequence had no long stretches of N’s in-between. In six

cases (three on Chr1 and three on Chr2), the genome sequence was inter-

rupted by a stretch of 60 or 120 N’s. These genes were included in the

subsequent analyses. Adjacent genes were considered per chromosome. With

these criteria, 16,144 adjacent gene pairs were identified in the MPSS data set.

These pairs comprised 19,151 genes with expression values. A total of 851

(that is, the difference between 20,002 and 19,151) genes in the MPSS data set

had no neighbors with expression data. In the MA data set, 18,443 adjacent

gene pairs in the MA data set were identified, comprising 21,255 genes and

651 isolated genes without expressed neighboring genes (Table I).

Tandemly duplicated genes were identified by local pairwise protein

BLAST (BLASTP 2.2.6 [April 9, 2003]; Altschul et al., 1997) on all gene pairs in

both data sets. A gene pair was considered to be a tandemly duplicated pair if

BLASTP yielded E , 2 3 1021 (Lercher et al., 2002, 2003; Fukuoka et al., 2004;

Williams and Bowles, 2004). This criterion, developed on the basis of

duplicated human (Homo sapiens) genes, removes about 90% of the related

genes from a population and has a false positive rate of about 10% (Lercher

et al., 2002; Williams and Bowles, 2004). This way, 1,928 and 2,278 adjacent

pairs were identified in the MPSS and the MA data set, respectively. Most

analyses were done for data sets including tandemly duplicated or excluding

tandemly duplicated. Such exclusion implied that the tandemly duplicated

pair was not included in the coexpression analysis, but the expression of each

member of a tandemly duplicated gene pair was analyzed relative to its other

neighbor.

Identification of Local Coexpression Domains

R was calculated between all adjacent pairs (duplets) of genes using the

expression data from all libraries available in each data set. If R was higher

than 0.7, the gene pair concerned was considered to be coexpressed. The

value of R . 0.7 is generally considered a rule-of-thumb threshold (for

example, see http://bbc.botany.utoronto.ca/affydb/BAR_instructions) and

is used in various analyses (Cohen et al., 2000; Lee et al., 2004). When

calculating the R values from a whole-genome all-against-all comparison

(used to establish Fig. 1.) and plotting these as a histogram, the top 5% in this

distribution may be used to derive a threshold for determining coexpression,

analogous to the 5% upper tail in a normal distribution. For the MPSS data,

the upper 5% cutoff is 0.65 and for the MA data 0.72. For convenience and

comparability, the approximate average of R . 0.7 was chosen for analysis.

With a lower threshold value for R, such as for example R . 0.5 (Blanc and

Wolfe, 2004), the absolute numbers of the various categories of genes go up,

but the relative results do not change dramatically from what is presented

(data not shown).

The number of coexpressed adjacent pairs was counted. To evaluate the

statistical significance of these numbers, they were compared with the number

of coexpressed pairs from 100 randomizations of the population of expressed

genes using the cumulative binomial distribution (Cohen et al., 2000). Pre-

liminary analyses indicated that more than 100 randomizations did not result

in significant changes in the numbers obtained (data not shown). In each

round of randomization, nonadjacent pairs of genes were randomly selected

with replacement from the list of expressed genes that have expressed

neighbors until the same total number of pairs was obtained. For example,

the MPSS data set has 16,144 gene pairs that are neighboring genes with

expression values. One round of randomization on the MPSS data set

consisted of 16,144 times of randomly picking two genes with replacement

out of the list of genes represented in the 16,144 gene pairs, calculating R for

each pair, and counting the number of pairs having R . 0.7. Similarly,

coexpressed adjacent triplets, quadruplet, and pentaplets were identified

as series of genes with consecutive IDs in which all possible [that is, (n!/

(n – 2)!)*2; Smith, 2002] pairwise R were above the cutoff of 0.7. The signifi-

cance of results was evaluated with randomizations equivalent to the proce-

dure used in case of duplets.

The Role of Gene Direction and Gene Distance in
Local Coexpression Domains

Adjacent gene pairs were separated into tandemly, divergently, and

convergently transcribed pairs according to their relative direction of tran-

scription. The number of coexpressed pairs in each orientation group was

expressed as percentage relative to the total number of adjacent pairs in that

group. Random pairs were made by randomly picking two nonadjacent genes

from the list of expressed genes represented in pairs, analyzed for their

orientation, and compared with the real genome using a variant of the two-

sample t test for proportions for determining the significance of a difference

between two population proportions (Ott and Longnecker, 2001). The test

statistic is based on the z statistic from the normal distribution and is given by

(p1 2 p2)/O(p1*(1 2 p1)/n1 1 p2*(1 2 p2)/n2), with p1 and p2 the two

sample proportions, n1 and n2 the two sample sizes, under the condition that

n1*p1, n1*(1 2 p1), n2*p2 and n2*(1 2 p2) are all larger than 5. When jzj .
2.575, the two sample proportions are considered to be significantly different

at the 1% level (P, 0.01). The z value is converted to a P value using standard

normal tables.

For gene distance, the length in nucleotides from the 5# start of one gene to

the 5# start of the next gene was used. The data sets excluding the tandemly

duplicated gene pairs were analyzed. This way, there were 14,216 pairs in the

MPSS-tandemly duplicated data set and 16,165 pairs in MA-tandemly

duplicated data set. For each data set, gene pairs were sorted based on gene

distance and bins of 1,000 pairs were taken and analyzed, excluding the last

bin with less than 1,000 pairs. Per 1,000-pair bin, gene distance was calculated

as the average over all 1,000 pairs. In total, 14 bins of 1,000 pairs for the MPSS-

tandemly duplicated data set and 16 bins of 1,000 pairs in MA data set were

analyzed. Within each 1,000-pair bin, the numbers of tandem, divergent, and

convergent pairs were determined, as well as the numbers of coexpressed

pairs within each orientation group. To be able to compare bins, the fraction of

coexpressed pairs relative to the total number of pairs in each orientation

group in each bin was calculated.

Functional Categorization of Genes Represented in
Local Coexpression Domains

TAIR’s GOslim, the GO developed for plants (Berardini et al., 2004), was

used to classify the genes present in local coexpression domains. The

categories for molecular function (15 GOslim categories), biological process

(15 GOslim categories), and cellular component (16 GOslim categories) were

taken in consideration. With Python scripts, the number of pairs of which both

members could be classified in GOslim was determined from the total number

of coexpressed pairs. From this, the number of pairs of which both members

fall in the same GOslim category was determined, also with the help of Python

scripts. The GOslim categories include several ‘‘unknown’’ and ‘‘other.’’ These

were considered to give less information about functional categorization and

were set apart from the genes falling into a well-defined category. The

percentages obtained were compared with random sets using the z test for the

significance of difference between two proportions (Ott and Longnecker, 2001)

as outlined above.

Upon request, all novel materials described in this publication will be

made available in a timely manner for noncommercial research purposes,

subject to the requisite permission from any third-party owners of all or parts

of the material. Obtaining any permissions will be the responsibility of the

requestor.
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