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In the eukaryotic genome, genes with similar functions tend to co-localize in close proximity. Such gene clus-
ters together with non-clustered genes constitute a chromatin domain which is a higher order regulatory
unit. On a lower level co-expressed genes are regulated by differential activity of transcription factors (TF).
We compared genome-wide distributions of TF in gene clusters in the genomes of Drosophila melanogaster
and Arabidopsis thaliana. This revealed a significant excess of TF genes in gene clusters of the Arabidopsis ge-
nome, whereas in the genome of Drosophila distribution of TF in gene clusters did not differ from stochastic.
We speculate that these alternatives could lead to different pathways of regulation of clustered genes in two
species and to evolutionary-progressive changes in architecture of regulatory networks, governing the activ-
ity of clustered genes in the animal kingdom.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Distribution of genes along chromosomes in eukaryotes is far from
random. One of the possible reasons is that functionally-related, non-
homologous genes tend to co-localize in close proximity. Earlier stud-
ies have found such gene clusters in the human (Bortoluzzi et al.,
1998; Ko et al., 1998), Drosophila (Boutanaev et al., 2002; Spellman
and Rubin, 2002), mouse (Williams and Hurst, 2002) and, more re-
cently, zebrafish (Ng et al., 2009) genomes. Clusters of co-expressed
genes were also discovered in the Arabidopsis genome (Williams
and Bowles, 2004) and were further investigated in Schmid et al.
(2005), Zhan et al. (2006).

Apparently, there is a close relationship between chromatin do-
mains and clusters of unrelated genes with similar function (Blanco
et al., 2008; Zhan et al., 2006). The chromatin domain seems to pre-
sent a regulatory unit of higher order consisting of both clustered
and non-clustered genes, not all of them co-expressing (Dillon,
2006; Kalmykova et al., 2005; Sproul et al., 2005). On a lower level,
fine-tuning of co-regulated gene expression in open chromatin,
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including clustered genes, occurs by differential activity of transcrip-
tion factors (TF). Although the number of surveys in the field is grow-
ing fast, little is known about mechanisms of regulation of clustered
genes, except that they are co-regulated. In particular, there is signif-
icant lack of data on the genome-wide regulation of such genes.

Understanding a higher-order organization of the eukaryotic ge-
nome and corresponding genetic regulatory networks is a real chal-
lenge. Since clusters of functionally-related genes constitute a
considerable part of the global genome architecture, any new informa-
tion on the regulatory mechanisms involved in their activity would be
of substantial importance.

2. Results and discussion

In this work we examined the distribution of TF genes in gene
clusters of two model evolutionarily distant genomes, Drosophila
melanogaster and Arabidopsis thaliana. Firstly, we used genome-wide
computer profiling based on the mapping of expressed sequenced
tags (EST), as it was described earlier (Boutanaev et al., 2002, 2009).
As DNA databases are constantly supplied both with new EST se-
quences and more exact versions of annotated genomes, it could be
a good idea to keep upgrading computer-generated profiles.

A computer analysis of multiple EST collections publicly available
through Genbank resulted in specific gene expression profiles of
Drosophila and Arabidopsis. In the case of Drosophila, profiles were as-
sociated with larvae and pupae, testes, ovaries, embryos and head
whereas, in the case of Arabidopsis, with roots, seedlings, ovules, si-
lique and flowers, developing seeds and response to biotic stress. To
build an expression profile associated with biotic stress responses,
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Fig. 1. Clusters of functionally-related genes in the A. thaliana genome are enriched by TF
genes. On contrary, in the genome of D. melanogaster distribution of TF in gene clusters
does not differ from stochastic. The height of the bars represents the fraction of TF genes
per cluster calculated from all expression profiles of A. thaliana or D. melanogaster. Cluster
size is the number of genes per cluster. Black bars designate data revealed by EST profiling
and open-box bars designate the corresponding stochastic estimation. Raw data are pre-
sented in Supplementary Table S1.
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heterologous EST were used as previously described (Boutanaev et al.,
2009). Sequentially, these profiles allowed us to identify gene clusters
as groups of neighboring co-expressed genes (Boutanaev et al., 2002).
Finally, we determined TF/cluster ratio for clusters of different sizes of
both species by dividing the number of TF in clusters by the number
of clusters.

By definition, a cluster of functionally-related genes consists of co-
regulated and specifically expressed gene members. In this regard, a
criterion of specificity is important for the identification of gene clus-
ters. Except for response to biotic stress, specificity of all other ex-
pression profiles originated from the sources of EST libraries. In the
case of biotic stress, leaves or whole above-ground parts of the
infected plants were used to generate EST. Unfortunately, available
descriptions of the EST libraries do not allow getting more informa-
tion on the specificity of gene expression. Nevertheless, it is obvious
that genes in the profiles are co-regulated and are not overlapped be-
cause expression profiles were built by subtracting all profiles within
the same genome from the profile in question (see Materials and
methods). Consequently, all expression profiles of the two studied ge-
nomes are comparable. Although GO annotation provides more de-
tailed insights on gene expression and function, this discussion is
not within the scope of our study. It should also be emphasized that
many Drosophila and Arabidopsis genes still do not have functional
annotation.

Some well-annotated examples of the specific genes found as a re-
sult of Arabidopis expression profiling are the following: root profile-
associated genes AHA2 (AT4G30190) and GLT1 (AT5G53460), expressed
in roots; PAL2 (AT3G53260), expressed in root cortex (according to
the GO annotation); ovule profile-associated genes HOS9/PFS2
(AT2G01500) and ERL1 (AT5G62230), expressed during embryo
sac morphogenesis; SHP2 (AT2G42830), expressed during carpel de-
velopment. Some examples of the specific genes found as a result of ex-
pression profiling in Drosophila are: r-cup (Dmel_CG10998), expressed
during male meiosis; Klp59D (Dmel_CG12192), expressed during
microtubule-based movement; gskt (Dmel_CG31003), expressed
during male gonad development (all three are from the profile of
Drosophila testes); cta (Dmel_CG17678), responsible for regulation of
embryonic cell shape; jing (Dmel_CG9397), responsible for specifica-
tion of segmental identity; cact (Dmel_CG5848), expressed during dor-
sal appendage formation (all are associated with the embryo profile).

Next, using a random number generator, we created a stochastic
model which simulated a random distribution of TF genes in gene
clusters in corresponding genomes. This model used such parameters
as genome size, the number of TF in the genome, the number of clus-
tered genes and distribution of clusters in the respective genome
according to their size. According to the Wilcoxon signed-rank test,
a comparison between observed and stochastic distributions (Fig. 1)
showed that in the Arabidopsis genome there is a significant
(Pb=0.008) excess of TF genes in gene clusters, whereas in the
Drosophila genome, distribution of TF genes in gene clusters did not
differ significantly from stochastic (Pb=0.84). For instance, in the
Arabidopsis genome, TF/cluster ratio for clusters containing 5 genes
was 0.36 for the observed distribution vs. 0.33 for the stochastic dis-
tribution, in 8-gene clusters this fraction was 0.91 and 0.54, and in
9-gene clusters — 2.00 and 0.57, respectively. In other words, the ob-
served number of TF in 9-gene clusters exceeded stochastic by 3.5
times. Another non-parametric test, Kolmogorov–Smirnov test, gave
the similar result with Pbb0.001 (P=6.303e−06) for Arabidopsis
and P=1.0 for Drosophila.

Potentially, tandem gene duplication could lead to overestimation
of the TF/cluster ratio. In order to exclude influence of paralogous
gene pairs on the earlier result, we calculated the number of paralogs
in gene clusters of both Drosophila and Arabidopsis genomes. The re-
sult showed that, in the genome of Drosophila, gene clusters con-
tained 4.7% paralogs (141 of 3010 clustered genes), whereas there
were no clustered paralogous TF at all. In the Arabidopsis genome,
gene clusters included 2.1% paralogs (190 of 9179 clustered genes)
and only 28 clustered paralogous TF, which were located in duplets
(22) and triplets (6). Moreover, 58.9% and 83.2% of non-TF paralogs
were also found in duplets and triplets in Drosophila and Arabidopsis,
respectively. Obviously, the effect of gene duplication events on TF/
cluster ratio was minimal, if any.

For this study, out of six different gene expression profiles of
Arabidopsis, we have chosen one associated with response to biotic
stress because of an almost complete lack of any data on co-
expressed non-homologous clustered genes responsive to biotic and
abiotic factors. The profile contained 1590 clustered genes or 30% of
all genes responsive to biotic stress. One hundred and two clusters
belonging to this profile and containing 6 or more genes included at
least one TF. In order to confirm non-random co-localization of TF
and non-TF genes, we arbitrarily selected a single 8-gene cluster lo-
cated on chromosome 5 containing 3 TF genes. The cluster did not in-
clude either TF or non-TF paralogs.

To investigate gene expression in the cluster, we took advantage
of the experimental model, based on salicylic acid (SA) treatment of
Arabidopsis plants. As SA represents a signal triggering the global de-
fense response of the plant to pathogen attack (Durrant and Dong,
2004), the model imitates biotic stress. It might be expected that
the cluster's members also could be activated in response to SA treat-
ment because the selected cluster derived from the expression profile
of putative responsive genes.

Indeed, 3 to 6 hours after treatment by 1 mM SA, we observed co-
activation of the cluster's genes, including all 3 TF (Fig. 2). Variation in
gene expression was considerable and exceeded corresponding levels
in control, water-treated plants from 2.54 (AT5G49540) to 80.0
(AT5G49480) times. Activation of two genes (AT5G49480 and
AT5G49520) belonging to this cluster was also observed in the host-
pathogen interaction model (Ascencio-Ibáñez et al., 2008). The au-
thors, however, did not emphasize their possible clustering. Thus,



Fig. 2. Members of an eight gene cluster (A) in the A. thaliana genome are upregulated
in response to salicylic acid (SA) treatment (B). Numbers 1 through 8 designate the
A. thaliana genes AT5G49480, AT5G49490, AT5G49500, AT5G49510, AT5G49520,
AT5G49525, AT5G49530, AT5G49540. Numbers 2, 5 and 7 designate the TF genes
AT5G49490, AT5G49520 and AT5G49530. Arrowheads denote direction of transcription.
Ordinates in (B) represent upregulation level of six cluster members including three TF
genes (left panel). In fact, all eight genes are upregulated (Supplementary Table S2).
Bars represent confidence intervals (P=0.05). Primer sequences are presented in Sup-
plementary Table S3.
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localization of TF among other co-activated genes of this cluster was
not random.

Escape of TF genes beyond the borders of gene clusters in the
Drosophila genome would be conceivable if the fraction of genes
encoding TF in Drosophila was less than in Arabidopsis. In general,
this might justify a reduction of TF genes in individual clusters. Alter-
natively, if the ratio TF/genome was similar in both species, location
of TF outside gene clusters in Drosophila would suggest a presence
of different pathways that regulate expression of clustered genes in
two genomes.

In order to elucidate this, we have determined the percentage of
TF genes in the genomes of Drosophila and Arabidopsis using comput-
er analysis of the corresponding genomic files in the Genbank format.
This resulted in 5.9% (823 TF out of 13831 protein coding genes) and
8.5% (2334 TF out of 27379 protein coding genes) in Drosophila and
Arabidopsis, respectively (Table 1). However, considering that a
broad implementation of alternative splicing in the Drosophila
genome often leads to multiple proteins corresponding to the same
gene, we counted alternative splicing in both genomes, which
resulted in TF percentage of 11.4 for Drosophila (1582 TF out of
13831 protein coding genes) and 10.9 for Arabidopsis (2999 TF out
of 27379 protein coding genes).

Thus, on the one hand, the TF/genome ratio was slightly less in the
Drosophila genome comparative to the Arabidopsis one (1.4 times).
On the other hand, taking into account alternative splicing, this ratio
Table 1
Percentage of TF in the genomes of D. melanogaster and A. thaliana computed with or
without alternative splicing.

D. melanogaster A. thaliana

No alternative splicing 5.9 8.5
Alternative splicing 11.4 10.9
was very similar in both genomes. However, comparison of average
values of the TF/cluster ratios in two species, calculated for clusters
of all sizes, showed that in Arabidopsis it is 2.6 times greater than in
Drosophila (0.63 and 0.24 respectively). Taken together, the results
may suggest different regulatory mechanisms participating in expres-
sion of clustered genes in two model genomes. These differences
could be both on the higher order chromatin level and on the level
of regulation of individual clustered genes by interaction of TF and
their corresponding cis-acting binding sites.

In theory, the real genome structures such as the length of the
genes and intergenic sequences can affect regulation of the clustered
genes and the two studied genomes differ in this respect. However, in
this study we assumed that this is more a question of functionality
rather than of the established structure of the clusters. In our investi-
gation we used a formal approach, which permits abstraction from
the length of coding and non-coding sequences of clustered genes
and gene spacers. The conclusions of this study were not drawn
from the specific details of the genome structure and are based on
the more generalized picture.

An important fact is that many TF in Arabidopsis and Drosophila
belong to the different protein families. Besides, the same families
can differ considerably in their size between two species. For exam-
ple, lineage-specific TF constitute 45% in Arabidopsis and 14% in
Drosophila due to disproportionally amplified C2H2 zinc finger TF
genes (Riechmann et al., 2000). Another example of different expan-
sion of the TF family is the MADS-box family which has four members
in Drosophila and more than 100 members in Arabidopsis (Parenicova
et al., 2003). Potentially, divergence of regulatory protein structures
in two genomes can contribute to divergence of regulatory mecha-
nisms in general and of regulation of clustered genes in particular.
As mentioned earlier, the formal approach used in this study permits
abstraction from functional details as well as it permits to define a TF
gene simply as a regulatory unit (according to the GO functional
annotation).

One can argue that there are homeobox (hox) gene clusters con-
sisting of homeotic TF genes in the Drosophila genome (Lewis,
1978). However, the hox gene clusters in the fly genome came into
existence as a result of several duplications and subsequent diver-
gence; that is, they are not functionally-related, non-homologous
genes. Perhaps this may be the exception rather than the rule. Even
though clusters containing non-random TF genes could be found suf-
ficiently frequently in the Drosophila genome, the frequency of such
clusters, according to the results of this investigation, would be signif-
icantly lower than in Arabidopsis.

The development of new techniques allowed construction of ge-
nomic maps of chromatin protein binding (Ren et al., 2000; van
Steensel et al., 2001) which in turn revealed contiguous regions of
open and condensed interphase chromatin. Chromatin domains can
be very large and include dozens of genes. Some of these domains dis-
play a nested architecture when larger domains are subdivided into
smaller regions (de Wit et al., 2008). Perhaps transcriptional activa-
tion of a small chromatin region, corresponding to a gene cluster, by
cooperative action of ATP-dependent chromatin remodeling com-
plexes (Clapier and Cairns, 2009; Lorch et al., 2010) and histone
modifying enzymes (Kouzarides, 2007) results in accessibility of pro-
moters to the RNA II initiation complex. Consequent regulation of
gene expression is, possibly, biased either to the activity of clustered
TF genes in the Arabidopsis genome or to the activity of non-
clustered TF genes in the genome of Drosophila.

The gene cluster in a chromatin domain can be considered as a
subsystem with respect to the domain itself. In other words, such a
cluster is part of a system which could be regulated either externally
by outward TF genes or internally by TF genes belonging to the
same cluster, or both. As we have shown earlier, in the Arabidopsis
genome, gene clusters include non-random TF genes, which could
be co-regulated together with gene-members of the same clusters.

image of Fig.�2
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It assumes that TF genes may indeed regulate gene expression of
“their own” cluster and/or other clusters. There are at least two
experimental works presenting data in favor of this point of view
(Finnegan et al., 2004; Hirai et al., 2005).

If clustered TF genes do regulate the expression of members of the
same cluster, escape of the regulator (TF gene) out of the regulated
system (gene cluster) is an evolutionarily progressive event as the
regulator becomes independent of the regulated system. Regulatory
mechanisms of gene expression in Drosophila should be more elabo-
rate than in Arabidopsis, since molecular and cellular organization of
animals is much more complex than plants. Overall, the difference
in distribution of TF genes in gene clusters of the two genomes possi-
bly suggests evolutionarily progressive changes in the architecture of
regulatory networks governing the activity of clustered genes in the
animal kingdom.

Whether expression of clustered genes in Arabidopsis is regulated
primarily by TF genes located in the same clusters or not still remains
to be elucidated. Nevertheless, availability of large collections of mu-
tant Arabidopsis plants offers unlimited opportunities to investigate
this problem.

3. Materials and methods

3.1. EST mapping. Gene profiling and identification of clustered genes

EST mapping and building of gene expression profiles consisted of
a number of steps (Boutanaev et al., 2002, 2009): i) BLAST homology
search in the annotated genome using EST derived from different
sources; ii) assignment of each EST to a corresponding gene based
on coordinates of the homology region present in the BLAST output
file; iii) building of an expression profile by assigning each gene a
fraction of homologous EST; iv) a number of profiles originated
from different EST sets were subtracted from the profile in question
in order to obtain specific expression profile. Genes were considered
to be specific if their profile values were positive. Two neighboring
genes were considered to be located in the same cluster if their profile
values were positive. Home-made software was used for all computa-
tional work.

3.2. Building a stochastic model

In the well-studied genomes of Arabidopsis and Drosophila, all
genes can be numbered beginning with the first gene of the first chro-
mosome and ending with the last gene of the last chromosome.
Knowing the number of the specific genes derived from all expression
profiles of the genome in question, it is possible to generate an equal
set of random numbers in the range of 1 to the genome size (total
number of genes) employing a random number generator. Two num-
bers are considered to represent clustered genes if they differ only by
one. For instance, a row of 8, 9, 10, and 11 would represent a random
4-gene cluster. The generation of random numbers was repeated 100
times creating 100 independent sets of clusters and the latter were
randomly selected from that pool to build a stochastic distribution
corresponding to the observed counterpart. The next randomly
selected cluster was eliminated if it overlapped with the previously
selected ones. As the genomes of Arabidopsis and Drosophila are
well-annotated, we used the functional Gene Ontology annotation
tool to find all the TF included in the random clusters. Next, the TF/
cluster ratio for each cluster size was found. The computing was cy-
cled 200 times and average of the TF/cluster ratio for each cluster
size was calculated.

3.3. Finding paralogs in gene clusters

BLAST stand alone enginewas used for homology search (e=10−6)
among all protein sequences corresponding to every gene in the
genomes of Arabidopsis or Drosophila. After computer treatment of the
BLASTP output file, paralogs located in gene clusters were identified
for both genomes.

3.4. Plant growth

Arabidopsis thaliana plants (ecotype Columbia-0, accession Col-0/
Redei-L206440) were obtained from Lehle Seeds, Round Rock, TX,
USA and grown at a density of 2–3 plants per pot to 21 days of age,
in a Percival growth chamber (model E30BHOC8, Percival Scientific,
Perry, IA, USA), set for a 16-h photoperiod and 24 °C. Five leaves on
each of the 3 plants per time point were harvested at 1, 3, 6, and
12 h after spraying, snap frozen in liquid nitrogen, and stored at
−80 °C until RNA extraction.

3.5. RNA extraction, first-strand synthesis and real-time RT-PCR

Total RNA was extracted using TRIzol reagent as described by the
manufacturer (Invitrogen Corp., Carlsbad, CA, USA). Copy DNA was
synthesized using SuperScript First-Strand cDNA Synthesis System
according to the manufacturer's directions (Invitrogen). Real-time
PCR was performed with iQ SYBR Green Supermix kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) on the MiniOpticon Real-Time
PCR system (Bio-Rad) using the following parameters: 94 °C–1 min
(1 cycle); 94 °C–30 s, 60 °C–30 s, 72 °C–30 s (30 cycles). Amplifica-
tion was performed in several (no fewer than five) biological and
two technical replicas. Arabidopsis actin gene ACTIN1 (AT2G37620)
was used as a reference in all real-time PCR experiments.

3.6. Data source

Genbank at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov) was used as the data source. The
Arabidopsis and Drosophila genomes were versions TAIR9 and 5.22,
respectively. These versions presented 27379 and 13831 protein cod-
ing genes for Arabidopsis and Drosophila (http://www.arabidopsis.org
and http://flybase.org), respectively. All information on EST libraries
is freely available on the NCBI site: http://www.ncbi.nlm.nih.gov
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