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Gene expression: sizing it all up
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Genomic architecture appears to be a largely unexplored component of gene expression.
That architecture can be related to chromatin domains, transposable element neighbor-
hoods, epigenetic modifications of the genome, and more. Although surely not the end of
the story, we are learning that when it comes to gene expression, size is also important.
We have been surprised to find that certain patterns of expression, tissue specific versus
constitutive, or high expression versus low expression, are often associated with physical
attributes of the gene and genome. Multiple studies have shown an inverse relationship
between gene expression patterns and various physical parameters of the genome such as
intron size, exon size, intron number, and size of intergenic regions. An increase in expres-
sion level and breadth often correlates with a decrease in the size of physical attributes
of the gene. Three models have been proposed to explain these relationships. Contradic-
tory results were found in several organisms when expression level and expression breadth
were analyzed independently. However, when both factors were combined in a single study
a novel relationship was revealed. At low levels of expression, an increase in expression
breadth correlated with an increase in genic, intergenic, and intragenic sizes. Contrastingly,
at high levels of expression, an increase in expression breadth inversely correlated with
the size of the gene. In this article we explore the several hypotheses regarding genome
physical parameters and gene expression.
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INTRODUCTION
Ever since Beadle and Tatum conducted simple but elegant exper-
iments that led to a basic understanding that “genes act by reg-
ulating definite chemical events” (Beadle and Tatum, 1941) we
have known that mutations can influence the fate of an organism.
This profound finding led to their receiving the Nobel Prize in
Physiology or Medicine in 1958. We now know that the regulation
of expression of genes is more complex. Expression is no longer
thought to be controlled solely by the “strength” of a promoter,
but is modulated by transcription factors, small RNAs, parachro-
matin, as well as by all of the components that make up epigenetics
(Jorgensen, 2011).

Identifying the internal cues that regulate gene expression
can help in deciphering the form and function of living organ-
isms. With the surge in whole-genome sequencing, exploring the
uncharted territories and complex evolutionary constraints is now
possible. Until recently, genic properties such as exon size and
intron size have been assumed to evolve under stochastic processes.
In the last 10 years, a correlation between transcriptional demands
and genic properties has been identified. Each gene has an individ-
ual profile varying in the level of transcription and the number of
tissues in which it is expressed. As the transcriptional demands of
a gene increase, the genic size tends to decrease. Proposals for the
explanation of this relationship have focused on selection for econ-
omy, a regional mutational bias, or genomic organization. While
this relationship is seemingly constant in animals, in plants many
contradicting results have been found (Ren et al., 2006; Camiolo

et al., 2009; Yang, 2009; Woody et al., 2011). It is apparent that dif-
ferent selective forces are acting on the plant genomes than what
has been previously thought.

THE MODELS
“Selection for economy” proponents base their argument on the
fact that transcription and translation are both time-consuming
and costly (Urrutia and Hurst, 2003; Seoighe et al., 2005). To tran-
scribe one nucleotide, two adenine triphosphate molecules and
roughly 0.05 s are required (Carmel and Koonin, 2009) thus it
would be advantageous to the organism to reduce the cost of
those genes ubiquitously and highly transcribed and translated.
As might be apparent, within the selection for economy argu-
ment, there are two sub-arguments; the energetic cost hypothesis
and the time cost hypothesis. The energetic cost hypothesis states
that selection is influenced by a drive to minimize the energetic
cost of transcription. Alternatively, in the time cost hypothesis,
shorter introns and shorter exons are selected when limited time
periods are required to transcribe large amounts of mRNA (Rao
et al., 2010). The common thread is that the decrease in genic size
is a result of selected mutations with the purpose to decrease the
demands of highly transcribed genes.

If indeed, selected mutations occur that result in decreased
gene sizes and increased transcription one has to wonder when
and how does this take place. Selection for gene reduction based
on economical reasons could occur at two stages, transcription
and translation. An equal decrease in intron and exon size would
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suggest selection is occurring at the transcription stage while a
decrease solely in the exon size would point to selection at the
point of translation. To make this even more complex, selection
could be occurring at both stages. For this reason, it appears that
there are two facets to the argument for selection for economy, is
it occurring and if so, is it in transcription or translation?

While the selection for economy hypothesis is reasonable, it
does not explain the shortening of non-coding regions in genes
that are highly and/or broadly transcribed. Vinogradov (2004)
suggested that broadly expressed genes required simple regulation
and therefore less regulatory elements. Conversely, tissue specific
genes contain more functional domains and are associated with
more complex protein architecture (Vinogradov, 2004) resulting
in larger gene “spaces.” The genome complexity model postulates
that the functional properties of a gene determine the length of
the physical genic properties (Eisenberg and Levanon, 2003; Vino-
gradov, 2006). Intron and intergenic regions are hypothesized to
be involved in chromatin-mediated suppression and higher order
regulation thus introns and intergenic regions are increased when
genes are transcribed at a low level or in a tissue specific manner.

The mutational model focuses on transcription-associated
non-adaptive deletion bias, the idea that highly expressed regions
are in chromosomal regions with high deletion rates resulting in
the bias (Urrutia and Hurst, 2003; Comeron, 2004). The selec-
tion for economy model and the mutational bias model share a
lot of overlap but the underlying concept is different for the two.
The selection for economy model refers to the strain an individual
gene’s transcription and translation puts on the cell. At a larger
level, the mutational bias model suggests that the “neighborhood”
of the gene is the cause for selection. Highly expressed genes tend
to cluster in the chromosomes (Caron et al., 2001) and it is hypoth-
esized that this clustering might result in local mutational bias.

Eukaryotic genomes are composed with a myriad of distinct
regions of varying GC content. Genomic regions containing many
genes tend to be GC rich (Urrutia and Hurst, 2003) and thus are
also regions of high recombination rates (Fullerton et al., 2001).
It is possible that the increase in recombination imposes a muta-
tional bias on these highly expressed genes (Seoighe et al., 2005).
However, the mutational bias model has also been suggested at
the individual gene level. As a gene is transcribed more it is more
disposed to retroposition and reverse transcription (Mourier and
Jeffares, 2003).

In chicken, (Rao et al., 2010) gene size, CDS length, first intron
length, average intron length, and total intron length are nega-
tively correlated with expression level and expression breadth.
In humans, (Eisenberg and Levanon, 2003) 575 constitutively
expressed genes were analyzed and were found to have shorter
introns, untranslated regions, and coding sequences than tissue
specific genes. These studies add support to the selection for econ-
omy model as the regions that are transcribed are decreasing in
size as expression increased. They also found that the difference
in genic size between tissue specific and housekeeping genes was
larger for the introns than for the exons and proposed that the
coding sequences and UTRs would be less susceptible to change
based on selection. Another study in humans and Caenorhabdi-
tis elegans identified a significant decrease in the intron size of
highly expressed genes and this decrease was much larger than the

decrease in coding region size suggesting that the reduction is not
functional but a result of natural selection (Castillo-Davis et al.,
2002).

It is readily apparent that the models allow for conceptual over-
lap. A reduction in intron size could also support the genome
complexity model. An increase in expression correlates with a
decrease in regulatory elements and thus a decrease in intron and
intergenic size according to the model. However, Li et al. (2007)
analyzed genes with high functional/regulatory complexity in M.
musculus, human, and Arabidopsis thaliana and found that these
genes did not have longer introns or longer proteins. In addition,
they did not find that housekeeping genes were more compact than
tissue specific genes expressed at similar expression levels. And so,
the controversy grows.

THE “CONTROVERSY”
A controversy has emerged regarding expression and the struc-
ture of plant genomes. In a contradiction to the models, Ren et al.
(2006) studied both Oryza sativa and A. thaliana and found that
highly expressed genes contained more and longer introns and a
produced a larger primary transcript than genes expressed at a
low level. The genic parameters also increased as the expression
breadth increased which is different than what had been found
in animals. However, in a subsequent study in Arabidopsis both
the non-coding and coding regions of the genes decreased as the
expression level increased (Camiolo et al., 2009).

In accordance with the previous study, another study in Ara-
bidopsis found that expression breadth positively correlated with
the non-coding structural parameters (Yang, 2009), e.g., non-
coding regions got larger as expression breadth increased. How-
ever, in the same study expression breadth was negatively corre-
lated with the coding regions, e.g., coding regions got smaller. It is
possible that plant genomes are under a different selection pressure
than animals and that different methods are needed to decipher
the evolutionary process.

Using a “primitive” plant, Stenøien (2007) studied the possible
effect of selection on genome organization in the haploid moss
Physcomitrella patens. They found that total intron length, the
number of introns, and the total length of genes are negatively cor-
related with the level of expression. They suggest that if animals
and plants have followed separate evolutionary pathways then this
difference must have occurred after the split between vascular and
non-vascular plants (250 mya, Palmer et al., 2004). One suggested
explanation for this difference is that plants tend to have much
smaller introns. Arabidopsis has an average intron length per gene
of 152, 387 bp in rice (Ren et al., 2006) compared to 5.5 kbp in
humans (Sakharkar et al., 2004). A much larger transcriptional
demand on the introns of humans seems plausible. However, P.
patens’ average intron length is 252 bp, not significantly different
from Arabidopsis and smaller than rice (Rensing et al., 2005). Sub-
sequent expression studies done in Arabidopsis and other plant
species revealed different results. Colinas et al. (2008) found that
the size of the introns and exons negatively correlated with expres-
sion levels. This seemingly nullified the argument that vascular
and non-vascular plants are evolving under different constraints.

Interestingly, it is not just in plants that opposing correlations
have been discovered.
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In several yeasts and other unicellular organisms, highly
expressed genes have longer introns than genes expressed at a low
level (Vinogradov, 2001). In the unicellular green algae Ostreococ-
cus lucimarinus, intron number and intron density are positively
correlated with expression level (Lanier et al., 2008). Even in ani-
mals, as in the mouse example above, controversy has occurred.
In chicken, ubiquitously expressed genes were compared with nar-
rowly expressed genes and they found that ubiquitously expressed
genes were larger (Rao et al., 2010). However, they found that gene
size, CDS length, first intron length, average intron length, and
total intron length all negatively correlated with expression level.
Throughout the dispute, it is unclear as to whether the source of
the contradictions is expression level or expression breadth.

An important consideration when evaluating the contradic-
tions is the quantification and characterization of expression and
genic properties both within and across species. Can an ancient
polyploid with a large genome such as soybean be compared to a
genome such as rice? Both have experienced dramatically different
evolutionary trajectories. Can the evolutionary processes of plants
be analyzed and compared with animals? Even within a species
experiments vary. Expression breadth is relative to the tissue and
time points analyzed in the study. This is not to say that we can-
not compare across studies but this should be contemplated when
making generalizations. A similar conflict occurs when analyzing
genic properties. Each individual property (exon length, intron
length, intergenic region, individual exon lengths) can tell us a
different story to complement the fluid movements of the whole
gene. Understanding the evolutionary differences between intron
and exon length can give us a wealth of information on what may
be occurring during transcription compared to translation

A NOVEL DICHOTOMY IN HIGHLY EXPRESSED GENES
COMPARED TO LOWLY EXPRESSED GENES
A recent study in soybean took a unique approach and parti-
tioned the genes first into categories of expression level (low, mid,
high) and then into categories of expression breadth (Woody et al.,
2011). A unique division was observed; genes that were expressed
at high levels decreased in size as the expression breadth increased
while genes that were expressed at low levels increased in size
as the expression breadth increased. This leads to the hypoth-
esis that multiple divergent evolutionary paths may be present.
Those genes at a low level of expression may be under a differ-
ent model of selection than those at a high level of expression. In
humans, Zhu et al. (2008) looked at 17,288 RefSeq loci across 18
tissues and found that, on average, highly expressed genes are more
compact but that genes expressed at a low level show a lot more
variation. They suggested that highly expressed genes could be the
only genes under an economical selection pressure (selection for
economy). In Arabidopsis and rice, it was found that housekeep-
ing genes, compared to tissue specific genes, are under stronger
selective constraints and that weakly expressed genes, compared to
highly expressed genes also are under stronger selective constraints
(Mukhopadhyay et al., 2008). When analyzed further they found
that highly expressed housekeeping genes had a lower synonymous
substitution rate than lowly expressed housekeeping genes. Berg
and Martelius (1995) suggested that a lower synonymous substi-
tution rate was due to a transcriptional selection for economy.

Mukhopadhyay et al. (2008) found that by analyzing preferred
codon usage, highly expressed genes that were broadly expressed
were under selection for economy through tRNA copy number
that was used to optimize the synonymous codon usage. Lowly
expressed genes are under a stronger selective pressure than highly
expressed genes but highly expressed housekeeping genes are also
under a selective pressure and this can be localized to a codon
usage bias.

Selection for economy may explain the evolution of highly
expressed genes but other selective forces, potentially stronger
forces, are acting upon weakly expressed genes. This selection
appears to increase as the expression breadth increases. In Woody
et al. (2011) it was observed that tissue specific genes did not
display a large difference in genic size between low, mid, and
highly expressed genes, although the physical parameters of highly
expressed tissue specific genes were always slightly larger than
lowly expressed tissue specific genes. It was postulated that the
genes expressed at a low level of expression are selected upon by the
demands of being polytypic (genes involved in alternative splicing
evens). Genes that are lowly expressed, with an increasing breadth
of expression share many properties with polytypic genes. Genes
expressed at a low level increased in total genic length by increasing
the number of exons, not the size of exons and this is dissimilar to
highly expressed genes. In humans, an increase in exons and larger
transcripts were shown to correlate with polytypic genes expressed
at a low level.

What properties of alternative splicing lead to a selection for
an increase in exon number? Exon–exon junction complexes are
placed on mRNAs during splicing. These complexes result in a
post-transcriptional effect in that the size of the transcript and
the efficiency of translation are both increased (Camiolo et al.,
2009). In a previous study on alternative isoforms in humans, it
was found that many gene isoforms of alternative splice genes
contained premature termination codons and were subject to
non-sense mediated decay and subsequently decreases the tran-
scription level (Hillman et al., 2004). Thus, a selection for economy
could be suggested in the highly expressed genes but the lowly
expressed genes have a different method of evolutionary selection
that possibly rises from the demands of being polytypic.

SELECTION ON THE INDIVIDUAL GENE OR ON AN ENTIRE
REGION?
If weakly expressed genes evolve under the umbrella of alter-
native splicing demands, it would appear evident that selection
would be at an individual level. However, if nature was selecting
for an economical purpose, it is reasonable to question whether
entire neighborhoods are under specific selection. Clustering of
highly expressed genes has been established and several physical
genomic properties have been associated with these regions. In a
study that combines transposable elements, gene length, and gene
expression Jjingo et al. (2011) found that all three of those fac-
tors are closely related. Combined together, transposable elements
and gene length account for 78% of the variation in expression
level, 76% of the variation in expression breadth, and 66% of
the variation in tissue specificity. The authors proposed a role for
selection for economy but suggested that the removal of trans-
posable elements may be a stronger mechanism of selection than
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reduction of gene length. In a study done in rice (Tian et al., 2009)
retrotransposons, genetic recombination, and gene density were
all correlated and they suggested this relationship helped shape
the makeup of the rice genome.

In rice, transposable element families were differentially distrib-
uted across the genomes in areas of varying methylation patterns
(Takata et al., 2007). Kim et al. (2004) found that the expres-
sion breadth of a gene is highly correlated with Alu elements and
expression level is highly correlated with L1 densities in human.
Confirmed by Eller et al. (2007), highly and broadly expressed
genes are enriched with Alu elements and depleted in L1 elements.
This suggests that rather than gene expression or transposable
element insertion accounting for a variation in genic level, epi-
genetics may be influencing the entire genetic region. Isochores,
large regions within the genome that are homogeneous in their GC
content have been characterized and analyzed since 1976 (Macaya
et al., 1976). Gene density, gene expression, insertion of trans-
posable elements and density of transposable elements are only
a few of the basic biological properties associated with isochores
(Bernardi, 2004). It is possible that these properties act as a unit
and isochores are the homes for these interactions.

If different gene sizes and transposable element densities
change across isochore families and these properties have a large
influence on expression, it follows that expression profiles are
also influenced by these homogeneous structures. Two questions
would arise if this was the case: what is the relationship between
these characteristics in the homogeneous regions and do hetero-
geneous regions have different sets of characteristics with their
own distinguishing features. This brings us back to the cost of
transcription and translation, the nucleosome formation poten-
tial, related to homogeneity and heterogeneity, could influence
both the chromatin domain and the size of the gene.

Another variable to consider when studying the evolution of
individual components and their relationship with expression level
at a whole-genome level is replication timing. Replication tim-
ing and expression profiles do not directly influence each other
but both seem to be regulated through a mediator (Gilbert, 2002;
MacAlpine and Bell, 2005; Gilbert and Gasser, 2006; Hiratani et al.,
2008; Farkash-Amar and Simon, 2009; Schwaiger et al., 2009; Ryba
et al., 2010). There are two main stages in replication, early and
late. If a replication domain changes timing, the chromatin state

usually changes and transcriptional activation or suppression usu-
ally follows. Replication timing correlates with isochore structure
as well suggesting overarching domains.

Could chromatin domains be the top order of regulation? Chro-
matin domains have been well studied in many higher eukaryotes
although Arabidopsis is the only plant with extensive research
done. Replication domains in Arabidopsis are correlated with
chromatin conformation and sequence content (Lee et al., 2010).
Co-expression can be coordinated by the sharing of a promoter in
neighboring genes. However, co-expressed domains at large dis-
tances have also been identified (Chen et al., 2010). It is known
that epigenetics helps regulate transcription but it’s effects in
whole-genome view are still unclear. Are the replication domains
determining the chromatin domains which in turn regulate gene
expression? Does the sequence composition, the isochore family,
enrich these determinants or are they the determinants for the
replication domain?

A circular debate seems inevitable if we try to account for
the actions of one biological property such as gene size acting
on another property such as presence or absence of transpos-
able elements. It is becoming clear that we need to consider gene
expression in a more holistic manner. A complex array of neigh-
borhoods appears to be covering the genome. Jorgensen (2011)
described the genome as comprised of two types of chromatin,
“orthochromatin” which is the stable, constant function of the
chromatin and “parachromatin,” a dynamic and reactive chro-
matin. Parachromatin could provide a large but dynamic and
flexible cloud over the active properties within the genome. Each
element, transcriptional demands, transposable element inser-
tion, small RNAs, etc., impact the other but survival is not
possible unless the elements are fit to live under the epigenetic
cloud.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the financial support of the
North Central Soybean Research Program and the USDA Agri-
cultural Research Service. Names are necessary to report factually
on the available data; however, the USDA neither guarantees nor
warrants the standard of the product, and the use of the name by
the USDA implies no approval of the product to the exclusion of
others that may also be suitable.

REFERENCES
Beadle, G. W., and Tatum, E. L. (1941).

Genetic control of biochemical reac-
tions in Neurospora. Proc. Natl. Acad.
Sci. U.S.A. 27, 499–506.

Berg, O. G., and Martelius, M. (1995).
Synonymous substitution-rate con-
stants in Escherichia coli and Sal-
monella typhimurium and their rela-
tionship to gene expression and
selection pressure. J. Mol. Evol. 41,
449–456.

Bernardi, G. (2004). Structural and Evo-
lutionary Genomics. Natural Selec-
tion in Genome Evolution. Amster-
dam: Elsevier.

Camiolo, S., Domenico, R., and
Porceddu, A. (2009). Mutational

biases and selective forces shaping
the structure of Arabidopsis
genes. PLoS ONE 4, e6356.
doi:10.1371/journal.pone.0006356

Carmel, L., and Koonin, E. V. (2009).
A universal nonmonotonic relation-
ship between gene compactness and
expression levels in multicellular
eukaryotes. Genome Biol. Evol. 1,
382–390.

Caron, H., van Schaik, B., van der
Mee, M., Baas, F., Riggins, G.,
van Sluis, P., Hermus, M., van
Asperen, R., Boon, K., Voute, P.
A., Heisterkamp, S., van Kampen,
A., and Versteeg, R. (2001). The
human transcriptome map: cluster-
ing of highly expressed genes in

chromosomal domains. Science 291,
1289–1292.

Castillo-Davis, C. I., Mekhedov, S. L.,
Hartl, D. L., Koonin, E. V., and
Kondrashov, F. A. (2002). Selec-
tion for short introns in highly
expressed genes. Nat. Genet. 31,
415–418.

Chen, W., Meaux, J., and Lercher, M.
J. (2010). Co-expression of neigh-
bouring genes in Arabidopsis: sepa-
rating chromatin effects from direct
interactions. BMC Genomics 11, 178.
doi:10.1186/1471-2164-11–178

Colinas, J., Schmidler, S. C., Bohrer,
G., Iordanov, B., and Benfey, P.
N. (2008). Intergenic and genic
sequence lengths have opposite

relationships with respect to gene
expression. PLoS ONE 3, e3670.
doi:10.1371/journal.pone.0003670

Comeron, J. M. (2004). Selective and
mutational patterns associated with
gene expression in humans: influ-
ences on synonymous composition
and intron presence. Genetics 67,
1293–1304.

Eisenberg, E., and Levanon, E. Y. (2003).
Human housekeeping genes are
compact. Trends Genet. 19, 362–365.

Eller, C. D., Regelson, M., Merri-
man, B., Nelson, S., Horvath, S.,
and Marahrens, Y. (2007). Repeti-
tive sequence environment distin-
guishes housekeeping genes. Gene
390, 153–165.

Frontiers in Genetics | Plant Genetics and Genomics October 2011 | Volume 2 | Article 70 | 4

http://dx.doi.org/10.1371/journal.pone.0006356
http://dx.doi.org/10.1186/1471-2164-11--178
http://dx.doi.org/10.1371/journal.pone.0003670
http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Plant_Genetics_and_Genomics
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive


Woody and Shoemaker Gene expression: sizing it all up

Farkash-Amar, S., and Simon, I.
(2009). Genome-wide analysis
of the replication program in
mammals. Chromosome Res. 18,
115–125.

Fullerton, S. M., Bernardo Carvalho,
A., and Clark, A. G. (2001). Local
rates of recombination are positively
correlated with GC content in the
human genome. Mol. Biol. Evol. 18,
1139–1142.

Gilbert, D. M. (2002). Replica-
tion timing and transcriptional
control: beyond cause and
effect. Curr. Opin. Cell Biol. 14,
377–383.

Gilbert, D. M., and Gasser, S. M. (2006).
“Nuclear structure and DNA repli-
cation,” in DNA Replication and
Human Disease, ed. M. L. DePam-
philis (Cold Spring Harbor, NY:
Cold Spring Harbor Laboratory
Press), 175–196.

Hillman, R. T., Green, R. E., and Bren-
ner, S. E. (2004). An unappreciated
role for RNA surveillance. Genome
Biol. 5, R8.

Hiratani, I., Ryba, T., Itoh, M., Yoochi,
T., Schwaiger, M., Chang, C. W.,
Lyou, Y., Townes, T. M., Schubeler,
D., and Gilbert, D. M. (2008).
Global reorganization of replication
domains during embryonic stem cell
differentiation. PLoS Biol. 6, e245.
doi:10.1371/journal.pbio.0060245

Jjingo, D., Huda, A., Gundapuneni, M.,
Marino-Ramirez, L., and Jordan, I.
K. (2011). Effect of the transpos-
able element environment of human
genes on gene length and expression.
Genome Biol. Evol. 3, 259–271.

Jorgensen, R. A. (2011). Epi-
genetics: biology’s quantum
mechanics. Front. Plant Sci. 2:10.
doi:2289/fpls.2011.00010

Kim, T. M., Yung, Y. C., and Rhyu, M.
G. (2004). Alu and L1 retroelements
are correlated with the tissue extent
and peak rate of gene expression,
respectively. J. Korean Med. Sci. 19,
783–792.

Lanier, W., Moustafa, A., Bhattacharya,
D., and Comeron, J. M. (2008). EST
Analysis of Ostreococcus lucimari-
nus, the most compact eukaryotic
genome, shows an excess of introns
in highly expressed genes. PLoS

ONE 3, e2171. doi:10.1371/jour-
nal.pone.0002171

Lee, T., Pascuzzi, P. E., Settlage, S. B.,
Shultz, R. W., Tanurdzic, M., Rabi-
nowicz, P. D., Menges, M., Zheng,
P., Main, D., Murray, J. A. H.,
Sosinski, B., Allen, G. C., Mar-
tienssen, R. A., Hanley-Bowdoin, L.,
Vaughn, M. W., and Thompson, W.
F. (2010). Arabidopsis thaliana chro-
mosome 4 replicates in two phases
that correlate with chromatin state.
PLoS Genet. 6, 6. doi:10.1371/jour-
nal.pgen.1000982

Li, S. W., Feng, L., and Niu, D. K.
(2007). Selection for the miniatur-
ization of highly expressed genes.
Biochem. Biophys. Res. Commun.
360, 586–592.

MacAlpine, D. M., and Bell, S. P. (2005).
A genomic view of eukaryotic DNA
replication. Chromosome Res. 13,
309–326.

Macaya, G., Thiery, J. P., and Bernardi,
G. (1976). An approach to the orga-
nization of eukaryotic genomes at a
macromolecular level. J. Mol. Biol.
108, 237–254.

Mourier, T., and Jeffares, D. C. (2003).
Eukaryotic intron loss. Science 300,
1393.

Mukhopadhyay, P., Basak, S., and
Ghosh, T. C. (2008). Differential
selective constraints shaping codon
usage pattern of housekeeping and
tissue-specific homologous genes of
rice and Arabidopsis. DNA Res. 15,
347–356.

Palmer, J. D., Soltis, D. E., and Chase,
M. W. (2004). The plant tree
of life: an overview and some
points of view. Am. J. Bot. 91,
1437–1445.

Rao, Y. S., Zhang, F. W., Chai, X. W.,
Wu, G. Z., Zhou, M., Nie, Q. H., and
Zhang, X. Q. (2010). Selection for
the compactness of highly expressed
genes in Gallus gallus. Biol. Direct 5,
35.

Ren, X., Vorst, O., Fiers, M., Stiekema,
W., and Nap, J. (2006). In plants,
highly expressed genes are the
least compact. Trends Genet. 22,
528–532.

Rensing, S. A., Fritzowsky, D.,
Lang, D., and Reski, R. (2005).
Protein encoding genes in an

ancient plant: analysis of codon
usage, retained genes and splice
sites in a moss, Physcomitrella
patens. BMC Genomics 6, 43.
doi:10.1186/1471-2164-6-43

Ryba, T., Hiratani, I., Lu, J., Itoh,
J., Kulik, M., Zhang, J., Schulz, T.
C., Robins, A. J., Dalton, S., and
Gilbert, D. M. (2010). Evolutionar-
ily conserved replication timing pro-
files predict long-range chromatin
interactions and distinguish closely
related cell types. Genome Res. 20,
761–770.

Sakharkar, M. K., Chow, V. T., and
Kangueane, P. (2004). Distributions
of exons and introns in the human
genome. In silico Biol. (Gedrukt) 4,
387–393.

Schwaiger, M., Stadler, M. B., Bell,
O., Kohler, H., Oakeley, E. J., and
Schubeler, D. (2009). Chromatin
state marks cell-type- and gender-
specific replication of the Drosophila
genome. Genes Dev. 23, 5890601.

Seoighe, C., Gehring, C., and Hurst, L.
D. (2005). Gametophytic selection
in Arabidopsis thaliana supports
the selective model of intron
length reduction. PLoS Genet. 1,
e13. doi:10.1371/journal.pgen.
0010013

Stenøien, H. K. (2007). Compact genes
are highly expressed in the moss
Physcomitrella patens. J. Evol. Biol.
20, 1223–1229.

Takata, M., Kiyohara, A., Takasu, A.,
Kishima, Y., Ohtsubo, H., and
Sano, Y. (2007). Rice transposable
elements are characterized by
various methylation environments
in the genome. BMC Genomics
8, 469. doi:10.1186/1471-2164-
8-469

Tian, Z., Rizzon, C., Du, J., Zhu, L., Ben-
netzen, J. L., Jackson, S. A., Gaut,
B. S. and Ma, J. (2009). Do genetic
recombination and gene density
shape the pattern of DNA elimi-
nation in rice long terminal repeat
retrotransposons. Genome Res. 19,
2221–2230.

Urrutia, A. O., and Hurst, L. D.
(2003). The signature of selec-
tion mediated by expression on
human genes. Genome Res. 13,
2260–2264.

Vinogradov, A. E. (2001). Intron length
and codon usage. J. Mol. Evol. 52,
2–5.

Vinogradov, A. E. (2004). Compact-
ness of human housekeeping genes:
selection for economy or genomic
design?. Trends Genet. 20, 248–253.

Vinogradov, A. E. (2006). “Genome
design” model: evidence from con-
served intronic sequence in human-
mouse comparison. Genome Res. 16,
347–354.

Woody, J. L., Severin, A. J., Bolon, Y.,
Joseph,B.,Diers,B. W.,Farmer,A. D.,
Weeks, N., Muehlbauer, G. J., Nelson,
R. T., Grant, D., Specht, J. E., Gra-
ham, M. A., Cannon, S. B., May, G.
D.,Vance, C. P., and Shoemaker, R. C.
(2011). Gene expression patterns are
correlated with genomic and genic
structure in soybean. Genome 54,
10–18.

Yang, H. (2009). In plants, expression
breadth and expression level dis-
tinctly and non-linearly correlate
with gene structure. Biol. Direct 4,
45; discussion 45.

Zhu, J., He, F. H., Hu, S. N., and Yu,
J. (2008). On the nature of human
housekeeping genes. Trends Genet.
24, 481–484.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 11 July 2011; accepted: 29 Sep-
tember 2011; published online: 17 Octo-
ber 2011.
Citation: Woody JL and Shoemaker
RC (2011) Gene expression: sizing
it all up. Front. Gene. 2:70. doi:
10.3389/fgene.2011.00070
This article was submitted to Frontiers in
Plant Genetics and Genomics, a specialty
of Frontiers in Genetics.
Copyright © 2011 Woody and Shoe-
maker. This is an open-access article sub-
ject to a non-exclusive license between the
authors and Frontiers Media SA, which
permits use, distribution and reproduc-
tion in other forums, provided the original
authors and source are credited and other
Frontiers conditions are complied with.

www.frontiersin.org October 2011 | Volume 2 | Article 70 | 5

http://dx.doi.org/10.1371/journal.pbio.0060245
http://dx.doi.org/10.1371/journal.pone.0002171
http://dx.doi.org/10.1371/journal.pgen.1000982
http://dx.doi.org/10.1186/1471-2164-6-43
http://dx.doi.org/10.1371/journal.pgen.{\penalty -\@M }0010013
http://dx.doi.org/10.1186/1471-2164-{\penalty -\@M }8-469
http://dx.doi.org/10.3389/fgene.2011.00070
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Genetics_and_Genomics/archive

	Gene expression: sizing it all up
	Introduction
	The models
	The ``controversy''
	A novel dichotomy in highly expressed genes compared to lowly expressed genes
	Selection on the individual gene or on an entire region?
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


