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Even if considerable progress has been achieved towards the

understanding of natural variation in plant systems, the

contribution of transcript abundance variation to phenotypic

diversity remains unappreciated. Over the last decade, efforts

to characterise the genome-wide expression variation in

natural accessions, structured populations and hybrids have

improved our knowledge of the contribution of non-coding

polymorphisms to gene expression regulation. Moreover, new

studies are helping to unravel the role of expression

polymorphisms and their orchestrated performance. Recent

advances involving classical linkage analysis, GWAS and

improved eQTL mapping strategies will provide a greater

resolution to determine the genetic variants shaping the broad

diversity in plant systems.
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Introduction
Phenotypic traits of ecological, agronomical and economi-

cal interest are polygenic, with many components out-

lining natural variation between individuals. One of the

central goals in classical genetics is to understand how the

distinct allelic variants can shape phenotypic diversity

through multiple genetic and environmental interactions

[1]. The advent of new genotyping technologies (e.g.

arrays and DNA-sequencing) has heightened the map-

ping of quantitative trait loci (QTLs) [2]. Genome-wide

association studies (GWAS) and linkage mapping strat-

egies have identified countless numbers of QTLs in

plants; however, only a small number of essentially

large-effect loci originally detected as QTLs have been

molecularly characterised [3,4]. Moreover, many of the

resolved QTLs correspond to changes that dramatically

alter the encoded protein sequence, probably because
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transcriptional regulation differences are more difficult to

identify, target and complement. The lack of direct

approaches to relate gene expression variation to pheno-

typic variation has therefore left its actual contribution to

natural variation unappreciated.

To date, most expression QTL (eQTL) mapping studies

have aimed to resolve networks of genes in order to

identify candidate genetic elements that contribute to

complex phenotypes [5,6]. In contrast, only a handful of

studies were intended to detect signatures of selection

[7,8] and to understand the role of evolutionary forces on

heritable expression traits [9]. In this review, we focus on

genomic studies within the plant community that have

assessed the role of non-coding regions as a source of

natural phenotypic variation, demonstrating how the

identification of transcriptional modules can aid the dis-

section of complex biological processes. In addition, as

the understanding of the regulation of expression traits is

still in its infancy, we provide an overview of some future

approaches that could complement our knowledge of

transcript abundance variation.

The genetic architecture of transcript
accumulation
Gene transcription is a primary intermediate between the

information encoded in the genome and the final phe-

notype. In this regard, variation in expression levels may

be an important source of phenotypic variation [4,8]. A

fundamental step towards understanding the effects of

genetic variation in gene expression levels and its influ-

ence on trait adaptation is the characterisation of tran-

script abundance variation at the genome scale [7]. The

detection of loci exhibiting differential expression levels

between accessions was initially achieved in plants

through the use of microarrays in the model system

Arabidopsis thaliana, given its timely sequence availability

[10]. A series of pioneer studies (reviewed elsewhere [11])

initially described thousands of eQTLs and demon-

strated the polygenic character of expression traits in

plants ([12,13]; Cubillos, Loudet et al., unpublished

results).

The advent of next generation sequencing technologies,

genotyping approaches and the generalisation of tran-

scriptome arrays has allowed genome-wide expression

profiling within natural accessions and structured popu-

lations (RILs, Recombinant Inbred Lines [14]) to be

carried out in several plant systems, many of which are

industrially or economically relevant [6,15��,16,17].
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Among other systems, eQTL studies were conducted in

several important crops [16,18] and trees [19]. In agree-

ment with findings in Arabidopsis [12,13,20�] and other

non-plant species [21], these studies reported that a large

fraction of the expression differences segregating for a

single gene was due to polymorphisms either within the

gene’s own sequence or near the encoded transcript

(detected as local-eQTLs) and likely to act in cis. In

contrast, some eQTLs mapped elsewhere in the genome

(distant-eQTLs), and probably act in trans. Nevertheless,

the influence of distal regulations is not trivial and

numerous genes are controlled by distant-factors [22].

Although they explain a smaller fraction of the variation

on a single transcript, approximately 70% of the eQTLs

detected in maize [23], rice [6] and Brassica rapa [5] are

distant. Furthermore, the distribution of distant-eQTLs

along the genome is not random and many of them gather

in hotspots, each comprising one or several regulatory loci

[12]. Whether a hotspot is the consequence of many

tightly linked loci or a master regulator controlling

(directly or indirectly) the expression of many genes

remains to be addressed. It could be expected that the

relative effect of a trans-factor over a single transcript is

minor compared to cis-changes, since sequence variation

within large effect pleiotropic trans-factors affecting hun-

dreds of transcripts may be deleterious in a population

[23,24].

The rapid characterisation of polymorphisms between

Arabidopsis accessions [25] provides an opportunity to

individually consider larger sets of allelic variants. The

utilisation of whole-genome genotyping arrays and

sequencing data have proven fruitful for Arabidopsis

GWAS at the species scale [20�] and within reduced sets

of accessions involved in complex crosses [15��]. In con-

trast to eQTL studies in structured populations, GWAS

for expression variation identified many more local associ-

ations than distant. Most of this potential cis-variation was

attributed to polymorphisms within the promoter region

and 50-genic sequence [15��]. Local variants exhibit, on

average, moderate population allele frequencies [20�],
consistent with a reduced or neutral selection over cis-
variants [26]. In contrast, trans-acting polymorphisms are

found at lower frequencies within populations, which may

be due to stronger selective forces [20�]. Alternatively,

this trend could be explained by a lack of resolution of

GWAS for trans-regulators, for example due to epistasis or

allelic/genetic heterogeneity.

Certainly, through the increased use of RNA-sequencing

(RNA-seq) technologies and analysis pipelines, full-scale

GWAS that use unbiased transcript quantification will

soon be performed, expanding the repertoire of interact-

ing local-acting and distant-acting variants. Moreover,

local and distant effects have been extensively and

independently quantified  in all these studies; however,

the principles by which polymorphic cis-elements and
www.sciencedirect.com 
trans-factors interact and how transcript abundance vari-

ation is modulated still remain largely unknown.

Transcript abundance and phenotypic
variation
While many QTLs accounting for large effect phenotypes

have been shown to be the result of major alterations in

gene expression such as knockdowns [4], it also became

clear that more subtle allelic variation in gene expression

is a major contributor to phenotypic evolution

[27,28��,29�]. The utilisation of comparative genomics

has been successfully applied for the identification of

polymorphisms within non-coding regions underlying

phenotypic variation. For example, a single nucleotide

polymorphism at the same position within a conserved cis-
regulatory element in Brassica [27] and domesticated rice

[30] is able to alter gene expression of the two orthologous

genes (REPLUMLESS and qSH1 in Brassica and rice,

respectively) and consequently the control of seed shat-

tering, suggesting convergent domestication processes

between unrelated species. Similarly, expression vari-

ation at TEOSINTE BRANCHED 1 (TB1), a major

QTL candidate for apical dominance in maize, has been

reported as a causal variant for this key step in the

domestication of the species. This variation in expression

is mediated by a transposable element inserted in an

upstream regulatory region of TB1 [31�].

Several examples of natural variation in quantitative

gene expression demonstrated a strong adaptive value

in response to endogenous or external stimuli. Plant

responses to fungal diseases were shown to vary quanti-

tatively in barley [32]. The ACTIN DEPOLYMERIZING
FACTOR 3 (ADF3) localised proximal to the main QTL

involved in fungal resistance, was previously excluded as

a candidate given the lack of non-synonymous substi-

tutions within the coding sequence. Nonetheless, a later

eQTL study in the same barley lines identified ADF3 as a

major candidate mediating resistance to Puccinia grami-
nis, due to a lower expression in resistant lines, validating

the role of strong expression polymorphisms [17]. A

direct link between growth and gene expression has been

confirmed in rice, in which grain size and yield of differ-

ent varieties is dependent on GS5, a putative serine

carboxypeptidase [29�], although the gene’s transcript

accumulation showed complex genotype � tissue (or

stage) interactions. The authors identified three haplo-

types (corresponding to sequence variation in the pro-

moter of GS5) resulting in different levels of expression

that are positively correlated with these traits of agro-

nomic importance. In A. thaliana, the cis-regulatory allelic

variation of a Na+ transporter named ATHKT1;1 has been

linked to differential salinity tolerance, suggesting local

adaptation to coastal and/or saline soils in Europe [28��].
Similarly, allelic contribution to gene expression vari-

ation was shown in Arabidopsis for FLOWERING LOCUS
T (FT) and FLOWERING LOCUS C (FLC), two key
Current Opinion in Plant Biology 2012, 15:192–198
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regulators in the network of pathways that control flower-

ing initiation. Many QTL analyses reported that these

two genes often contribute to the variation in flowering

time, and most of the natural allelic variation seems to

affect their expression levels, allowing a fine-tuning of

the flowering response [33,34]. Interestingly, FT and

FLC genes are under epigenetic regulation [34,35] that

could possibly be influenced by the sequence variation of

these polymorphic non-coding regions. Further evidence

for the role of epigenetic polymorphism was detected

between economically important Populus hybrids [36�].
Clones located in different locations exhibited distinct

genome-wide transcriptional patterns in response to

drought, potentially due to divergent epigenomes as a

way of adaptation to the local environment. Sequence

variation could, therefore, underlie differential chroma-

tin states leading to changes in expression patterns and

ultimately phenotypic differences between accessions.

Transcriptional networks as a tool for
dissecting complex traits
The mapping of large sets of differentially expressed

alleles is essential for understanding complex phenotypes

and can support the construction of complex regulatory

networks, particularly when a number of genes are con-

trolled by a common eQTL [13,37,38]. Additionally, the

integration of eQTL and QTL data can help to identify

candidate genes within QTLs for classical phenotypes

(Figure 1). Although cis-regulation exhibits substantial

robustness in different tissues and organs, trans-factors

play a significant role especially in response to distinct

environmental conditions [19,39–41]. This was demon-

strated using distant-eQTL hotspots in Populus through

the identification of tissue-specific transcriptional net-

works, demonstrating their role in differential plant de-

velopment and phenotypic variation [19]. Similarly, the

presence of co-localising eQTL and QTL hotspots in

Arabidopsis has been associated with pleiotropic genes

that can act as network hubs [42]. Different studies

conducted in this model organism demonstrated that

the utilisation of eQTL databases could also lead to

the identification of master regulatory loci and genes.

For example, the identification of polymorphisms be-

tween two accessions in the trans-factor ELF3 revealed

the differential expression of related genes and its link

with shade avoidance [43]. Similarly, the utilisation of co-

expression networks in combination with GWAS can help

to decrease the high number of false-positive associations

usually detected by this approach and improve the map-

ping of correct candidate genes [44�]. These studies

emphasise the need to study genes as transcriptional
(Figure 1 Legend) QTL validation strategies by combining quantitative gene

cooperative strategies supporting the identification of candidate genes is ba

and/or genome-wide association studies (GWAS). A mapping set (either from

can be studied, for example, for an integrative trait, which together with tra

acting) variants or central hub controllers underlying the variation for the ob
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modules [45]. The identification of co-expressed allelic

variants with minor individual effects can also provide

novel insights into the biological processes underpinning

a specific trait, stressing the need for further eQTL

studies seeking the identification of large transcriptional

units.

Current advances and future directions
Given the large availability of genomic tools, the study of

transcript abundance towards the understanding of natural

variation can now be performed in a wide range of plant

species. Over the past 10 years microarray platforms have

been at the forefront of gene expression quantification

studies and were successfully used for the identification

of eQTLs. However, this technique presents several draw-

backs such as, insufficient sensitivity, a lack of reproduci-

bility, and susceptibility to be misled by sequence and

structural variation. The swift improvement of high-

throughput sequencing technologies for large-scale tran-

scriptome analyses provides a means of eliminating micro-

array deficiencies and extending the analysis beyond the

expected reference transcriptome [46]. Although RNA-seq

sensitivity is highly dependent on the sequencing depth

and its associated costs [47], this strategy has already

proven fruitful in a series of organisms, including maize

[48] and Brassica [49]. The sequencing of 1001 Arabidopsis

accessions and several of its relatives (Arabidopsis lyrata,

Capsella rubella, B. rapa, among others) is now starting to

yield high resolution data, providing evidence on how

sequence variants within coding and non-coding regions

affect gene functions [15��,25,27,50]. The clear benefit

from gathering huge quantities of genome sequences relies

on the opportunity to infer the impact of gene expression

variation from a wide genetic basis. Although DNA regu-

latory sequences are difficult to recognise since they tol-

erate a high degree of sequence degeneration while

preserving robustness of expression [41], there are several

approaches that could optimise the study of non-coding

regions in plants and their link with phenotypic variation.

Obtaining the transcriptome of multiple individuals within

a species allows the identification of differentially

expressed genes between accessions and the mapping of

potential cis-acting variants [15��]. A more comprehensive

assessment of cis-variation is also feasible: the utilisation of

F1 hybrids for systematic allele-specific expression (ASE)

assays through RNA-sequencing has already been success-

fully applied in yeast, mouse and Drosophila [51–53] and

still needs to be developed in plants.

Another upcoming challenge is to understand the extent

of the epigenetic effects on global variation in gene
tics approaches for classical and expression traits. The utilisation of

sed on the integration of expression trait mapping into classical linkage

 RILs or wild accessions) exhibiting a quantitative phenotypic variation

nscriptome data can facilitate the identification of local (potentially cis-

served phenotype (QTG = Quantitative Trait Gene).

Current Opinion in Plant Biology 2012, 15:192–198
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expression. One epigenetic modification that has been

extensively studied is DNA methylation, which directly

targets the DNA sequence at cytosines. In Arabidopsis, it

has been shown that spontaneous epigenetic variation in

DNA methylation may generate new allelic states that

alter transcription and could have major impacts on

phenotypic diversity [54,55]. Gene methylation appears

to be polymorphic so that only half of all gene methyl-

ation on any one chromosome is shared between natural

accessions collected from around the world, although it

would only account for changes in expression for a frac-

tion of the protein-coding genes [56]. Therefore, depict-

ing the global methylome/epigenome (beyond simple

DNA methylation) in natural accessions could assist the

identification of the complete molecular basis of expres-

sion differences between strains showing positive ASE.

Finally, the rapid development of RNA-sequencing tech-

nologies together with the recent accessibility to datasets

comprising hundreds of accessions from resequencing

projects and fine-scale genotyped recombinant popu-

lations will allow the combination of classical linkage,

GWAS and eQTL mapping strategies at a previously

unimaginable scale. Consequently, the identification of

genome-wide allelic expression differences, in interaction

with environmental perturbations, will improve our un-

derstanding of how variation within regulatory elements

affects transcript accumulation, allowing the prediction of

the mechanisms by which standing genetic variation

within these genetic elements shapes phenotypic diver-

sity in natural populations.
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