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Highlights
The availability of an increasing

number of plant genomes and the

development of new high-

throughput approaches is resulting

in the identification of large col-

lections of transcription factor-

target gene interactions.

Natural variation is being utilized in

a number of important crops to

conduct genome-wide association
Improvement of agricultural species has exploited the genetic variation responsible for complex

quantitative traits. Much of the functional variation is regulatory, in cis-regulatory elements and

trans-acting factors that ultimately contribute to gene expression differences. However, the

identification of gene regulatory network components that, when modulated, will increase plant

productivity or resilience, is challenging, yet essential to provide increased predictive power for

genome engineering approaches that are likely to benefit useful traits. Here, we discuss the op-

portunities and limitations of using data obtained from gene coexpression, transcription factor

binding, and genome-wide association mapping analyses to predict regulatory interactions that

impact crop improvement. It is apparent that a combination of information from these data types

is necessary for the reliable identification and utilization of important regulatory interactions

that underlie complex agronomic traits.
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studies to link DNA-sequence vari-

ation or changes in gene expres-

sion with phenotypes, often

quantitative.

Many trait-associated DNA variants

are located in gene regulatory re-

gions, suggesting significant po-

tential in linking gene regulatory

information with breeding for

complex phenotypes.

Fine-tuning the regulation of tran-

scription factors could generate

novel variation that would influence

plant traits.
Gene Regulation and Genetic Variation

Control of gene expression is central to all aspects of cellular activity. Fundamental to this process are

transcription factors (TFs) (see Glossary), proteins that bind to specific DNA sequences in the regu-

latory regions of the target genes that they control. TFs activate or repress transcription of specific

sets of targets genes by recruiting, interacting, or modifying components of the transcriptional ma-

chinery [1]. TFs often function in a combinatorial fashion, allowing a discrete number of TFs to control

the expression of a much larger number of target genes with unique temporal and spatial patterns [2].

Indeed, it is the concerted action of tens to hundreds of TFs tethered to regulatory regions through

specific protein–protein and protein–DNA interactions (PDIs) that allow genes to be expressed with

the appropriate expression patterns [2,3].

TFs can be hierarchically organized, such that one TF often controls the expression of a gene encod-

ing another TF. Alternatively, some TFs regulate the expression of genes encoding structural proteins

or metabolic enzymes, key players in many valuable agronomic traits. The hierarchical arrangement

of TFs allows signals to be amplified, providing the information necessary for given sets of genes to

be deployed with particular spatial and temporal patterns. Gene function is intimately linked to when

and where genes are expressed. This information is hardwired in gene regulatory regions composed

of proximal and distal cis-regulatory modules, formed by cis-regulatory elements (CREs) recognized

by one or combinations of TFs (Figure 1). Proximal regulatory modules include the core promoter, a

region of about 100 bp that flanks the transcription start site (TSS), and which is responsible for the

assembly of the pre-initiation transcription complex and thus, the accurate initiation of transcription.

In humans and other vertebrates, TF-binding sites are enriched within 1–2 Kb of the TSS, a situation

that also appears to be the case in plants [4]. However, there are also many cis-regulatory modules

located further away from the TSS that positively control gene expression. These distal CREs are often

referred to as enhancers, if they are able to drive transcription independent of orientation, location, or

relative distance with respect to the TSS (Figure 1). Enhancers are particularly dense in TF-binding

sites, and the cooperative binding of multiple TFs is believed to be necessary to facilitate the nucle-

osome eviction necessary for enhancer activation. Thousands of enhancers are known in animals and

are generally characterized by high chromatin accessibility, histone acetylation, the transcription of

enhancer RNAs (eRNAs), and low DNA methylation [5]. However, significantly fewer enhancers

have been identified in plants and, while it is clear that they share several properties with

animals, the unifying characteristics of plant enhancers are still being determined using both chro-

matin profiling and comparative genomics approaches to identify conserved noncoding sequences

[6–8].
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Figure 1. Main Components Required for Gene Expression that Can Be Affected by Natural Variation.

Asterisks indicate the specific interactions required for gene regulation that can be affected by natural variation,

including the position of the transcription start site (TSS); protein–protein interactions between transcription

factors (TFs), TFs and cofactors, or TF/cofactors and components of the basal transcriptional machinery;

interactions between TFs and DNA; and DNA-sequence changes that can influence nucleosome positioning.

Glossary
Agronomic trait: a complex
phenotype that has agronomic
importance because it influences
yield or crop performance.
Cis-regulatory element (CRE): a
small DNA sequence that serves
as the binding site for a tran-
scription factor.
Cis-regulatory variation: differ-
ences in cis-regulatory elements
between different accessions or
landraces that may or may not in-
fluence transcription factor
binding.
Gene coexpression network
(GCN): a network in which the
edges of the graph represent the
correlation of expression between
any two genes.
Gene regulatory network (GRN):
a temporal and/or spatial mani-
festation of the gene regulatory
grid that explains the interaction
between all transcription factors
and their target genes.
Genome-wide association
studies (GWAS): study of the as-
sociations between phenotypes
(traits) and specific regions in
genomes.
Transcription factor (TF): a pro-
tein that binds DNA in a
sequence-specific fashion and
that contributes to the control of
gene expression.
Trans-regulatory variation: dif-
ferences in transcription factors
between different accessions or
landraces that may influence the
expression of their target genes.
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Genetic variation describes the genotypic differences between individuals in a population and

among populations, providing the diversity substrate required for selection. Genetic variation at a

TF locus can influence TF abundance and/or TF activity (changes in TF protein sequence), potentially

resulting in trans-regulatory variation for target genes. Alternatively, changes in the DNA sequence

at the CREs of the target gene can result in cis-regulatory variation. A majority of the genetic variants

that are associated with quantitative trait variation in maize are found within putative regulatory re-

gions [9,10]. Other examples of genetic variation can affect protein–protein interactions that result

in the formation of active regulatory complexes and chromosome looping or the organization of

the nucleosomes that influence gene expression through chromatin structure (Figure 1).

Breeding for desirable traits often involves the selection of variant alleles with altered expression

levels [11–15], either as a consequence of allelic variations in CREs or differences in the activity or

expression of the corresponding TFs [16]. The relative influence of cis- and trans-regulatory variation

can be assessed through expression quantitative trait locus (eQTL) mapping of regulatory diversity or

through the analysis of expression levels progenies relative to parents [17]. Studies of regulatory vari-

ation in plant species have identified abundant cis- and trans-regulatory variation [18]. Lessons learnt

in yeast and humans suggest that most expression variation arises from trans-acting eQTLs [19,20];

whether this is generally the case in plants as well remains to be determined. There have been differ-

ences in the frequency and magnitude of effects that have been discovered that could reflect

biological variation among populations or technical differences in how regulatory variants were

uncovered. An improved understanding of the specific DNA-sequence changes that underlie
1076 Trends in Plant Science, December 2019, Vol. 24, No. 12
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trans- or cis-regulatory variation will be important for application of this knowledge to crop improve-

ment through the creation of new alleles, or selection for specific combinations of alleles.

As we seek to harness regulatory variation to influence plant traits, it is desirable to focus on the mod-

ulation of the trans-acting factors. The observation that one or a small set of TFs can regulate multiple

steps of a (metabolic) pathway [16,21] suggests that altering the activity or expression pattern of TFs

could often provide greater influence over metabolism than changing CREs at a single gene of a

pathway. In order to develop a roadmap for which TFs could influence specific pathways or traits,

it is critical to develop gene regulatory networks (GRNs) that provide functional information about

TF-target gene interactions. This type of knowledge will provide insights that can be used to improve

the outcome of approaches that use targeted genomic modification to develop novel alleles with

predictable impact on plant traits.
Avenues towards the Elucidation of GRNs

Transcriptional control, as opposed to RNA turnover or other aspects of gene expression, accounts

for most of the reported variation in mRNA accumulation levels in animals [22]. Thus, it is reasonable

to assume that most of the functional genetic variation in plants also has the primary consequence on

gene transcription compared with RNA abundance, as seems to be the case in maize [23]. Central to

understanding gene transcription are GRNs. GRNs are temporal and spatial manifestations of the

gene regulatory grid that describes the complex web of functional PDIs necessary for the expression

of all the genes in an organism [24]. Thus, a key step towards the characterization of GRNs is to deter-

mine the PDIs involving TFs and corresponding target genes. Approaches to determine PDIs can be

divided into gene- and TF-centered [25]. Gene-centered approaches, such as yeast one-hybrid (Y1H),

permit the identification of TFs that bind the promoter of a particular gene. The use of normalized TF

Y1H libraries, rather than whole cDNA libraries, significantly enhances the proportion of ‘true

interactions’, but eliminates the possibility of identifying novel DNA-binding proteins [26,27]. Y1H ap-

proaches have been successfully used to identify PDIs associated with Arabidopsis root development

[28], cell wall synthesis [29], and cellular reprogramming [30], and maize phenolic compound regula-

tion [31]. Yet, the identification of PDIs through Y1H has numerous limitations, including that only in-

teractions involving the small (usually �1 Kb) DNA bait region will be identified (Figure 2) and PDIs

that require more than one TF or plant-specific TF post-translational modifications will be missed.

TF-centered approaches include chromatin-immunoprecipitation (ChIP) and DNA-affinity purifica-

tion (DAP) assays, which, when coupled with massively parallel DNA sequencing (as in ChIP-Seq

and DAP-Seq), allow the simultaneous identification of thousands of potential TF target genes

[32,33]. The vast majority of the plant putative PDIs so far determined have been identified using

TF-centered approaches and, for Arabidopsis alone, correspond to over 5 million interactions (see

https://agris-knowledgebase.org/). Based on recent studies in other organisms [34], this number of

PDIs likely corresponds to a small fraction of the interactions necessary to explain the Arabidopsis

gene regulatory grid, emphasizing a significant challenge for crop plants with larger genomes and

fewer molecular tools than Arabidopsis. ChIP-Seq permits the capture of in vivo TF-target interac-

tions, but it can also identify target sequences indirectly bound by the TF (e.g., through another

TF). Because it requires the availability of antibodies and relies on rather variable protein–DNA cross-

linking and immunoprecipitation phenomena, ChIP-Seq is time-consuming and expensive to imple-

ment. In contrast, DAP-Seq allows a much higher throughput and is inexpensive, yet misses PDIs

requiring multiple TFs or requiring TF post-translational modifications, and CREs identified by

DAP-Seq can be within inaccessible chromatin regions in vivo and hence not be truly available for

TF binding (Figure 2). The assessment of the biological relevance of ChIP-Seq or DAP-Seq enrich-

ment at a particular locus often utilizes transcriptome profiling for loss-of-function alleles for the

TF. However, in many crop plants, there are limited resources for genome-wide loss-of-function ge-

notypes that could be used to confirm GRNs inferred from these TF-target interaction approaches.

A challenge in interpreting results obtained fromgene- and TF-centered approaches is that identified

PDIs frequently have little or no effect on mRNA accumulation when the expression of the TF involved
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Figure 2. Protein–DNA Interactions Revealed by Gene- or Transcription Factor-Centered Approaches.

Diagrammatic representation of the cis-regulatory region of a gene with nucleosomes (teal structures) and various

DNA-binding transcription factors (colored structures). The arrow represents the transcription start site. The three

squares indicate which protein–DNA interactions would be identified if conducting yeast one-hybrid (Y1H) studies

with the represented portion of the gene regulatory region (usually �1 Kb), by DNA-affinity purification (DAP)-Seq

or by chromatin-immunoprecipitation (ChIP)-Seq. Note that in vitromethods such as Y1H and DAP-Seq can identify

interactions with cryptic DNA sites that would be masked in vivo, for example, by nucleosomes.
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is perturbed (e.g., [35–39]). While in some instances technical artifacts are responsible for the low

overlap between target and differentially expressed genes, more often TF redundancy, poised and

transient TF-target interactions [40], and regulation of the target gene by the TF in only a fraction

of the cells sampled play a part [41]. For these reasons, recruitment of a TF to a particular gene reg-

ulatory region without a consequence on gene expression is interpreted as inconclusive from the

perspective of the biological significance of that particular PDI [42,43]. It is also difficult to determine

which PDIs are the ones that have the most significant impact, particularly since it is often the combi-

natorial interaction of multiple TFs with a regulatory region that determines the consequences on

gene expression [44].

A complementary approach to inferring regulatory networks is through the use of statistical inference

algorithms or machine learning techniques applied to gene expression data. In the simplest case, it is

generally accepted that genes with very similar mRNA accumulation patterns (coexpression) are func-

tionally related and are regulated by a similar mechanism involving shared TFs [45,46]. Gene

coexpression networks (GCNs) and GRNs capturing specific spatio-temporal patterns of gene

expression can be used as effective tools to identify genes involved in a specific pathway or process.

However, the specific approaches used to construct GCNs (e.g., correlation method and of datasets

used) can have significant impact on the resulting GCN [47]. Yet, GCNs have been useful in prioritizing

genes underlying traits identified through genome-wide association studies (GWAS) in maize [48].

Also, computational inference methods have been employed to construct GRNs and find important

genes and regulatory relationships involved in plant growth and developmental processes such as

cell wall synthesis [29], regeneration [30], and root hair growth [49]. Several approaches have been
1078 Trends in Plant Science, December 2019, Vol. 24, No. 12
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developed to utilize knowledge of annotated TFs to create putative GRNs from GCN data [50,51].

These coexpression-derived GRNs often exhibit some enrichment for known targets, but also contain

many putative edges that are not observed in PDI datasets [52,53].

In summary, there are many approaches that can be utilized to uncover GRNs and assess their impact.

Each approach has the potential to provide additional value and novel insights to such understand-

ing, but false-positive and false-negative interactions can predispose subsequent steps and therefore

complicate the generation of a robust GRN. There are challenges in finding the best strategy to inte-

grate the output from the different methods used in elucidating complete GRNs. A key tool in the

dissection and validation of GRNs has been the use of loss-of-function mutants in TFs. Improvements

in our ability to scale-up approaches for the systematic genetic elucidation and assessment of indi-

vidual TFs in crop species would greatly increase our understanding of the biologically relevant

GRNs.
Opportunities and Challenges in Linking Natural Variation to GRNs

In somemodel species, GRNs can be tested and explored through the use of mutant libraries that can

systematically probe the function of all genes [54]. Forward-genetic screens have identified mutants

in many TFs in crop plants and, in some cases, these have been utilized to provide insights into critical

GRNs in crop traits [38,39,55]. However, systematic genome-wide screens of TFs are not currently

feasible in crop plants and forward-genetic approaches can be complicated by genetic redundancy

and loss of viability of null alleles. This limits our ability to test the GRNs developed from TF-centered,

gene-centered, or coexpression data. The study of natural variation present within crop species pro-

vides the opportunity to test some of the gene regulatory predictions offered by GRNs. In crop spe-

cies, there is wide-spread variation of gene expression levels, and even gene content, among

different varieties. This furnishes the opportunity to utilize natural variation that results in differences

in TF presence/expression to assess whether putative target genes have altered expression. Also, in

contrast with extreme loss- or gain-of-function mutations, the presence of different conformations of

variant states, in a natural variation context, allow researchers to simultaneously test multiple combi-

nations of TFs and target genes, especially in the case of diverse association panels with large pop-

ulation sizes. These approaches can also be extended to study differences in networks in wild and

domesticated populations [56] or in closely related species [57].

Approaches focused on the study of natural variation have the benefit of simultaneously uncovering

supported edges in GRNs and providing opportunities to utilize these alleles for crop improvement.

The quantitative trait loci identified by GWAS often account for relatively small proportions of the

variance for a trait, but once identified, variants can be enhanced or repressed via transgenic or edit-

ing approaches. This can result in the ability to generate allelic series with greater phenotypic effects

than observed for alleles in natural populations. While gene expression levels could be influenced by

changing CREs, TF variants have the potential for greater influence due to their control of multiple

target genes [16,21]. Thus, focusing on characterizing the TFs with supported roles in GRNs could

help uncover key control points influencing plant traits.

Pioneering studies on variations in plant and flower pigmentation resulted in the identification of the

genes that encode pathway enzymes as well as key TFs, thanks to the ease in following phenotypes

[58]. Our knowledge on the flavonoid pathway and its regulation across many plants provides evi-

dence that GRNs can be elucidated through the analysis of natural variants and mutants, when phe-

notypes are easily scored. Many other studies have effectively utilized natural variation to probe the

genetic basis for many quantitative traits through the analysis of bi-parental populations or associa-

tion panels. A number of those studies have highlighted the importance of gene regulation as a

mechanism to control the observable phenotypic variation, and examples include maize teosinte

branched1 (tb1) [11], opaque2 (o2) [12], ZmCCT [13], vegetative to generative transition 1 (vgt1)

[14], and teosinte glume architecture1 (tga1) [15]. Importantly, in many of these cases we have found

natural variants that result in altered patterns of expression of TFs rather than true loss-of-function

alleles, highlighting the potential for agronomic traits to arise through the manipulation of TFs.
Trends in Plant Science, December 2019, Vol. 24, No. 12 1079
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Recent approaches to combine GWAS and GCNs suggest routes to integrate multiple evidence

pieces to prioritize high quality candidate genes and to validate GRNs [48]. However, these studies

will face a key limitation, since analyses of natural variation are restricted to the variants that are pre-

sent in populations. Many crop species have populations of improved lines that have been subjected

to intense selection pressure. Variation in key TFs may result in strong pleiotropic changes in pheno-

type that would be selected for, or against, and this can be exacerbated or ameliorated by the effect

of the environment. This means that many surveys of natural variation will be limited to the variants

that are tolerated in improved varieties and may have lost key variation that would be useful in

exploring GRNs. This will also limit the potential to utilize GRN knowledge to create improved vari-

eties through traditional plant breeding approaches. Advances in transformation efficiency and ex-

panding the range of usable germplasm [59] open up the possibility to explore the effect of back-

ground variants in the presence of specific (especially if dominant in nature) perturbations across a

wider range of natural diversity.

Applying GRNs for Crop Improvement

While there may be limits on the natural variation that is available in crops, there are other potential

avenues to exploit GRN knowledge to develop improved varieties. Transgenic approaches or

genome editing could be used for significant TFs to create novel alleles that are not represented

in natural populations and to drive higher levels or novel patterns of expression. These changes

may result in changes to the expression of targets that could modulate the outcome of pathways

[60]. Alternatively, genome editing could be used to target distal regulatory regions of key TFs to

create novel patterns or levels of expression of the endogenous gene. In both cases, they may pro-

vide alternatives to loss-of-function alleles typically generated by forward-genetics approaches and

could result in novel traits. Recent studies on key tomato developmental regulators have shown that

modulation of CREs can generate variants not seen in nature that can result in novel phenotypes [61].

Improvements in our ability to utilize chromatin profiles to identify distal regulatory elements [7,62,63]

will guide efforts to create novel alleles of TFs that can be screened for improved agronomic perfor-

mance. The potential to modulate regulation of TFs could mimic the creation of alleles observed in

plant domestication of improvement [11–15].

It is worth noting that the application of GRNs to crop improvement will likely require different ap-

proaches for different types of traits. Some key metabolic traits may provide ideal starting points.

There are many examples in which a single TF can regulate multiple structural genes of the same

pathway and modulation of that TF can result in metabolic shifts in the pathway [21]. Given our under-

standing of enzymes and annotation of metabolic pathways it will likely be easier to characterize

GRNs that are associated with activities of enzymes in metabolic pathways and modulate portions

of these GRNs. In contrast, complex phenotypes such as yield or morphological traits may pose a

greater challenge. There are not clear pathways or enzymes that necessarily affect these processes.

Identifying GRNs and TFs that play critical roles in these traits, which are often very sensitive to envi-

ronmental or genotype by environment interactions, will undoubtedly bemore challenging. Mapping

intermediate states, including component phenotypes, RNA transcripts, and/or metabolites, can

improve resolution compared with mapping the resulting (and more complex) phenotype. The cre-

ation of novel variants for TFs that are associated with these processes could begin the process of

screening for alleles or variants that provide improved performance or resilience.

Concluding Remarks and Future Perspectives

Despite substantial technological advances and continually improved understanding of cellular func-

tion, our ability to predict traits from genomes, in the context of variable environments, is limited due

to the dynamic and complex networks that connect genotypes to phenotypes. Plant breeding oper-

ations continue to invest substantial resources in the conversion portion of their pipelines that intro-

gresses QTL or transgenes into multiple genetic backgrounds. Background effects are known to have

substantial impacts on the resulting phenotype and can limit the ability to deploy the QTL or trans-

gene for improvement. The Quality Protein Maize project is a good example of the effort required to

manage the potentially detrimental pleiotropic effect of a single mutant (opaque2) that otherwise
1080 Trends in Plant Science, December 2019, Vol. 24, No. 12



Outstanding Questions

Which method(s) capture best the

protein–DNA interactions that are

relevant for the regulation of agro-

nomic traits?

To what extent is natural variation

influencing gene regulation

through mechanisms other than

protein–DNA interactions, such as,

for example, by changing the

epigenome?

How informative are coexpression

networks, from the perspective of

targets of transcription factors and
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provides enhanced grain protein composition [64]. Traditionally, a forward breeding approach has

also been preferred for the integration of transgenes to account for the potential dependency on

endogenous alleles that can interact with the specific event in the context of the environment. For

each of these situations, rational combinations of well-characterized functional genetic variants can

enhance the efficiency of breeding outcomes [65]. A focus on strategies to better characterize

network architecture and dynamics, including the role of functional versus genetic dependency

and the preponderance of common versus rare regulatory variants, as well as a better understanding

of what fraction of a genome plays a regulatory role (e.g., functioning as CREs) is expected to provide

insights into efficient strategies to improve agronomic traits (see Outstanding Questions).
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