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Abstract The application of small molecules has played a
crucial role in identifying novel components involved in
plant signalling. Compared to classic genetic approaches,
small molecule screens offer notable advantages in
dissecting plant biological processes, such as technical sim-
plicity, low start-up costs, and most importantly, bypassing
the problems of lethality and redundancy. To identify small
molecules that target a biological process or protein of
interest, robust and well-reasoned high-throughput screen-
ing approaches are essential. In this review, we present a
series of principles and valuable approaches in small mole-
cule screening in the plant model system Arabidopsis
thaliana. We also provide an overview of small molecules
that led to breakthroughs in uncovering phytohormone sig-
nalling pathways, endomembrane signalling cascades, novel

growth regulators, and plant defence mechanisms. Mean-
while, the strategies to deciphering the mechanisms of these
small molecules on Arabidopsis are highlighted. Moreover,
the opportunities and challenges of small molecule applica-
tions in translational biology are discussed.
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Introduction

There is a long tradition of small molecule screenings to
generate starting points (hit compounds) for drug discovery
in animal and microbial systems. This requires a screening
collection with a large number of compounds that can be
analysed for the desired effect. Pharmaceutical companies
have access to collections that often amount to a total of
several millions of compounds. In addition, the agro-
industry has used similar approaches to identify useful agro-
chemicals. In recent years, diverse compound collections have
become available to academic researchers through commer-
cial suppliers. The availability of these commercial chemical
libraries allows exploration of their effect in specific pathways
and cellular processes in an academic setting [20].

The effect of these compounds can be tested via two types
of screening approaches. In pharmaceutical companies, drug
discovery often utilizes a target-based approach, by looking at
a protein that plays a role in a specific disease process and
subsequently identifying compounds that interfere with the
function of that protein [34]. But in addition to this, drug
discovery can also be approached in a phenotypic way to
identify compounds that produce a certain phenotype-of-
interest, either in a model organism or in a cell-based system.
For this purpose, highly advanced and innovative ways for
screening and evaluating compounds have been developed.
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One such tool that has been extensively used in phenotypic
screening is high content imaging. By utilising automated
microscopy, scientists can design in-depth qualitative and
quantitative paradigms into specific cellular and subcellular
processes to discover how these processes respond to certain
chemical stimuli [41]. This type of screening has led to sig-
nificant breakthroughs in the field of neurobiology, for exam-
ple by the discovery of compound FK506 and its respective
immunophilin receptors [27]. Other areas of research that have
been significantly advanced include oncology, toxicology, cell
cycle research, and protein ligand and receptor identification
[1, 5, 8, 24].

In agricultural research, synthetic molecules have a
longstanding tradition to be applied as fungicides, insecti-
cides, and herbicides. Many of them are structural analogues
of plant hormones, which are very pleiotropic in nature, and
as such are more difficult to apply as research tools to study
specific developmental processes. Only recently, the appli-
cation of chemicals to study biological processes (‘chemical
biology’ or ‘chemical genetics’) has found its way into the
field of plant sciences (Fig. 1). Many of the general methods
and principles of chemical biology can also be utilised in the
plant research field. Here, we will review the screening
approaches that were used to identify novel chemical re-
search tools and the strategies to identify their specific
mode-of-action.

Why do we need to screen in plants?

The significance of using synthetic molecules to disrupt high-
ly specific biological processes in plants is evident when
looking at the advantages of this technique compared to
classical genetics. In plant and animal systems, the highly
conserved nature of, for instance, protein kinases or phospha-
tases, which constitute large families of signal transduction
enzymes, presents a challenging task for the development of
chemical inhibitors that target only a subset of these enzymes.
RNA interference against non-conserved sequences can be
used as a genetic approach to analyse a subset of a large gene
family during plant growth and development. However, this
approach can become a significant problem when these genes
play an essential role in development at the embryonic stage.
Mutations in essential genes often lead to embryonic lethality,
and thus, prevent the discovery of other roles for that gene
later in development. For example, AURORA (AUR) kinases
and PROTEIN PHOSPHATASE 2A (PP2A) are comprised of
multiple classes or subunits, respectively. Single aur kinase
mutants show no obvious macroscopic phenotype, whereas
double mutants with strong alleles lead to gametophytic le-
thality and no plants can be recovered [43]. This makes it
difficult to determine the potential roles of these proteins at
later stages of development. Unlike genetic approaches, in

which mutations at the DNA level perturb gene function, syn-
thetic molecules exert their effect directly at the protein level in a
manner which is tunable, reversible, and conditional. Therefore,
embryonic lethality can be circumvented, and the effect of the
molecules can be assessed in later developmental stages under
variable conditions.

Although inhibitors against animal PP2As, such as canthar-
idin and okadaic acid, and AUR kinases, such as aurora inhib-
itor II, are available for the research community, they are
ineffective in plants because they abolish overall activity, are
not very specific, and/or result in pleiotropic effects [4, 6, 14,
31]. For instance, the AUR family consists of two classes [13]
of which only α AUR kinases (AUR1/2) are involved in
formative division plane orientation [43]. Therefore, general
inhibitors affecting the activity of all three Arabidopsis AUR
kinases would not be useful when examining the specific pro-
cess of cell division plane orientation and cell division. Thus, to
modulate the activity of individual proteins within a biological
process, novel, (plant-)specific molecules are required.

Small molecules are also very useful as they can address
the issue of genetic redundancy, a problem often associated
with reverse genetic approaches in plants. If interfering with
multiple pathways simultaneously is required to influence
plant growth and development, multiple molecules can be
added, which is analogous to multiple gene modifications.
Alternatively, synthetic molecules can target several mem-
bers of the same protein family (i.e. by interacting at con-
served sites) and can consequently overcome genetic
redundancy. Additionally, due to the highly conserved na-
ture of major plant protein families, such as receptor-like
kinases (RLKs), chemical genetics in model systems (like
Arabidopsis thaliana) allows for techniques to be trans-
ferred from one species to another, greatly enhancing the
significance of a single chemical screen.

Screening procedures

A prerequisite to find new chemicals that interfere with a
certain phenotypic response or biological pathway is the
availability of a ‘compound screening toolbox’. First, a large
collection of compounds needs to be available that, as a
whole, is capable of altering the function of a broad range of
proteins, including those involved in the biological process
of interest. The screening collection can consist of synthetic
molecules, natural products, or small signalling peptides
(collectively referred to as compounds) [19]. There are
several compound collections commercially available that
can be used for small molecule screening in Arabidopsis
[37]. For example, the ChemBridge DIVERSet library con-
tains in total about 100,000 drug-like low molecular mass
molecules designed to maximize structural diversity (http://
www.chembridge.com/screening_libraries/). Subsets of this
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collection have been used previously in Arabidopsis screen-
ings and have yielded interesting hits and tool compounds
[12, 15, 23]. Similar diverse collections are also available
from other suppliers such as Life Chemicals (http://
www.lifechemicals.com/), Asinex (http://www.asinex.com/
Libraries.html), and TimTec (http://www.timtec.net/
Screening-Compound-Libraries.html). During the assembly
process of these collections, compounds are selected via in
silico filtering algorithms based upon physico-chemical
properties to enhance bio-availability. In addition, substruc-
ture analyses are applied to remove unstable and/or toxic
compounds [44]. Diversity of the compound collection is
essential if no prior knowledge of the protein target is
known and the screening aims for the identification of

compounds that interfere with a phenotypic response rather
than a specific protein. On the other hand, if structural
information is known about the protein site(s) to target, a
more focused library can be designed in which screening
compounds are assembled or synthesized based upon one or
several structural scaffolds. Most suppliers allow cherry
picking from their collection to assemble custom and/or
focused libraries. In some cases, commercial focused librar-
ies are already available such as collections of kinase in-
hibitors and ion channel inhibitors.

To assess the potential effect of a compound collection on
a particular biological process or protein-of-interest, a robust
screening assay has to be developed in cell-free systems,
cellular systems, or even small model organisms. In the

Fig. 1 Small molecule screen
approaches. The phenotype-
based approach (left) is
analogous to forward genetics
and comprises three different
steps. The first step is the
assembly of a set of mutation
equivalents, i.e. a chemical
library with 10,000 or more
compounds capable of altering
protein function. Subsequently,
a high-throughput screen is
performed to identify
compounds that affect a
biological process of interest. A
high-content screen can be
processed by using advanced
technologies. Target-based
chemical genetics (right) is
comparable to reverse genetics
and entails overexpressing a
protein of interest, screening for
compounds that interact with
the protein, and finally using
this compound to determine the
phenotypic consequences of
altering the function of this
protein in a cellular context. As
a final step, the protein targets
of these compounds or the
potential mechanism are
identified. Furthermore,
bioactive small molecules
would be modified and applied
into a translation platform.
Naxillin was used as example
for the structure-activity
analysis
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animal field, these are, for example, Danio rerio or Xenopus
laevis embryos [22, 39]. In plants, these are mainly A.
thaliana seedlings, but also suspension cells [33]. In yeast,
Saccharomyces cerevisiae is used as a tool in the yeast-3-
hybrid system, allowing for molecule–protein interactions in
vivo, which can be used to refute or confirm interactions
shown in other model systems [25]. An important aspect
during assay development is miniaturization of the assay to
96- or 384-well plates. This significantly reduces reagent
costs during screening campaigns and makes the assay
compatible with automation and liquid handling systems,
which allows the distribution of compounds, reagents, and
model systems in a high-throughput fashion. Because in
many screening collections compounds are dissolved in
DMSO, determining the sensitivity of the model system to
DMSO is essential to avoid toxicity due to too high solvent
concentrations. In addition, analysis of positive and negative
controls during assay development allows to determine the
assay window and to calculate a Z’ value, a measure to
assess robustness of the screening assay [46]. After assay
development and acquisition or synthesis of the screening
compounds, the compound collection is applied to the assay
system with automated liquid handling platforms, and the
assay output is detected by means of automated plate readers
or microscopes. Informatics and databases are required to
track, analyse, and retrieve screening data. After hit identi-
fication, hits are validated with secondary screening assays
and chemical characterization including evaluation of chem-
ical structure and initial structure-activity analysis.

Chemical genetics in plant growth

Chemical genetic approaches have been successfully applied
to study plant signalling pathways and to modulate plant
growth [2, 9, 11, 18, 23, 38, 42]. Initially, chemical screens
were mainly applied to gain insight into auxin signal trans-
duction. For example, the small molecule sirtinol was iden-
tified because it activated the auxin signal transduction
pathway and mimicked auxin-related developmental pheno-
types. It led to the identification of SIRTINOL RESISTANT
1 (SIR1), an upstream regulator of auxin signalling pathways
[48]. Further studies revealed that the activation of sirtinol
required a functional aldehyde oxidase [9]. In addition, in-
hibitory small molecules of auxin signalling pathways have
also been identified by chemical screens [2]. Only recently,
phenotype-based small molecule screens in Arabidopsis
gave rise to the discovery of various novel signalling path-
ways in abiotic stress and plant growth development [11, 23,
35, 36]. In this section, well-characterized small molecules
which were identified from phenotypic screens will be intro-
duced. Furthermore, the screening methods and the mecha-
nism of these chemicals will be briefly discussed.

Pyrabactin

The identification of the synthetic molecule pyrabactin (4-
bromo-N-[pyridin-2-yl methyl]naphthalene-1-sulfonamide)
as a selective abscisic acid (ABA) agonist has led to major
breakthroughs in understanding ABA perception mecha-
nisms [35]. Although many intermediate signalling compo-
nents had been described before [16], knowledge at the level
of ABA perception was only marginal. This was mainly due
to the high genetic redundancy of the ABA receptor gene
family. During a screen of a 10,000-membered chemical
library, pyrabactin was identified as a synthetic seed germi-
nation inhibitor in an A. thaliana seed germination assay
[47]. An ABA-hypersensitive Arabidopsis accession was
observed to also show hypersensitivity to pyrabactin. Sub-
sequently, pyrabactin-insensitive mutants were identified
containing insensitive alleles of PYRABACTIN RESIS-
TANCE1 (PYR1) genes. PYR1 was shown to interact with
HYPERSENSITIVE TO ABA1 (HAB1) (homolog of ABI1
and ABI2), a protein phosphatase which is a negative reg-
ulator of ABA signalling. Thus, the selectivity of pyrabactin
for a subset of ABA receptors allowed to bypass this redun-
dancy, and led to the identification of PYR/REGULATORY
COMPONENT OF ABA RECEPTOR (RCAR) proteins as
ABA receptors [35]. The PYR/RCAR proteins act together
with PP2Cs and SNF1-RELATED PROTEIN KINASE2
(SnRK2s) [17, 45] as negative and positive regulators, re-
spectively, of downstream ABA signalling [28, 35]. This
breakthrough, together with further detailed structural and
mutational approaches, provided new insights into ABA per-
ception and signalling, and exemplified the need for and use
of target-specific agonists in chemical genetics [30, 32].

Bikinin

In addition to specific agonists, such as pyrabactin, general
antagonists can also be powerful chemical tools. For example,
bikinin, (4-[(5-bromo-2-pyridinyl)amino]-4-oxobutanoic ac-
id), was identified as an activator of brassinosteroid (BR)
signalling in a screen for small molecules that induce a con-
stitutive BR response [10]. A commercial 10,000-compound
library (DIVERSet, ChemBridge Corporation) was used for
this screen. The structure-activity analysis identified bikinin as
a non-steroidal molecule modulating the BR signalling cascade
downstream of the BRASSINOSTEROID-INSENSITIVE1
(BRI1) receptor. A combination of BES1 phosphorylation
analysis, kinase assays, surface plasmon resonance binding
studies, and microarray analysis showed that bikinin directly
targets BRASSINOSTEROID-INSENSITIVE2 (BIN2) pro-
tein, which belongs to the group II glycogen synthase kinase
3 family (GSK3s). To assess the binding mode of bikinin, an
ATP-competition assay with BIN2 and modelling of the com-
pound into the crystal structure of the human BIN2 homolog,
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GSK3β, revealed that bikinin acts as an ATP-competitive
kinase inhibitor. In A. thaliana, a set of ten GSK3s is present
[21]. Interestingly, because bikinin targets several subsets of
GSK3s, including a subset of three GSK3s shown to be in-
volved in the negative regulation of BR signalling, the com-
pound could act as a conditional and multiple knockout tool for
this subset of GSK3s and therefore induce a BR response [10].
This type of response would never have been observed by
single loss-of-function mutants in genes encoding GSK3s or
by a selective GSK3 inhibitor. Thus, the specificity of bikinin
for a subset of GSK3s offers the opportunity to study other
effects of specifically inhibiting GSK3s in A. thaliana.

DFPM

The small molecule [5-(3, 4-dichlorophenyl) furan-2-yl]-pi-
peridine-1-ylmethanethione (DFPM) has been used to deter-
mine the coordination and interaction between abiotic stress
and plant immunity [23]. DFPM was first selected from a
chemical library of ChemBridge’s DIVERSet E library of
9,600 compounds (ChemBridge, San Diego) as a negative
regulator of the ABA signalling pathway by using a WT-
RAB18 reporter line. Microarray-based whole genome
transcriptomic analysis revealed that DFPM downregulated
ABA-induced gene expression, but also stimulates the expres-
sion of pathogen resistance genes, including PATHOGENE-
SIS-RELATED5 (PRS) and ENHANCED DISEASE
SUSCEPTIBILITY1 (EDS1). Interestingly, the inhibitory ef-
fects of DFPM on ABA-responsive genes and ABA-induced
stomatal closure were impaired in mutants of plant disease
resistance pathways, such as eds1, pad4, sgt1b, and rar1, but
not in npr1, which is the crucial salicylic acid (SA) response
regulator [7]. This indicated that DFPM-dependent ABA sig-
nal transduction required early pathogen resistance response
regulators rather than SA signalling. Notably, transcriptional
activation of defence-related gene expression or Pseudomo-
nas syringae infection can mimic the effect of DFPM onABA
responses, suggesting a negative regulation of ABA signal
transduction by activation of plant immunity pathways. Fur-
ther investigation on the mechanism of DFPM-interfered
ABA signal transduction revealed that ABA perception by
PYR/RCAR receptors [35] and subsequent activation of the
major ABA signalling kinases, SnRK2s, were not affected by
DFPM. However, DFPM blocked ABA-induced Ca2+ activat-
ed S-type anion channel currents in the wild-type guard cells,
but not in pad4-1 background. This indicated a EDS1/PAD4–
dependent plant immunity pathway which plays a key role in
interrupting early ABA responses by modulation of Ca2+

signalling [23]. Taken together, the synthetic molecule DFPM
has provided a comprehensive understanding of cross talk
between biotic and ABA signalling networks. DFPM also
presents the characteristics of an effective instigator of plant

immunity, and could thus be widely applied in abiotic–biotic
interaction research.

Naxillin

The non-auxin like probe naxillin was identified as a specific
modula to r o f l a t e ra l roo t deve lopment f rom a
marker/phenotype-based small-molecule screen of a commer-
cial 10,000-compound library (DIVERSet, ChemBridge Cor-
poration) in A. thaliana [12]. The plant hormone auxin is
known as a regulator of many plant developmental processes,
including lateral root development [10]. By contrast, naxillin
specifically induces root branching with minimal side effects
typical of auxin treatment, such as inhibition of primary root
growth. At the transcriptome level, naxillin treatment induced
401 genes, whereas treatment with the synthetic auxin analog
naphthalene acetic acid (NAA)-induced 2,581 genes,
suggesting a much narrower mechanism of action. As such,
naxillin represents a valuable tool to decipher the molecular
networks involved in lateral root development. To gain insight
into the mode of action of naxillin, an ethyl methane
sulfonate-mutagenized population was screened, and a
naxillin-resistant mutant allele was selected for further analy-
sis. A positional cloning approach identified a missense mu-
tation in INDOLE-3-BUTYRIC ACID RESPONSE3 (IBR3),
which acts on conversion of indole-3-butyric acid (IBA) to
indole-3-acetic acid (IAA) [49]. IBA-to-IAA conversion path-
waymutants were further checked upon naxillin treatment and
demonstrated that naxillin acts at the level of the enoyl-CoA
hydratase step of the pathway. Expression pattern analysis of
IBA-to-IAA conversion genes INDOLE-3-BUTYRIC ACID
RESPONSE1, IRBR1 IBR3, IBR10, and ABNORMAL INFLO-
RESCENCE MERISTEM 1 (AIM1) revealed that expression
domains of all these genes overlapped in the root tip of the
primary root, specifically in root cap cells. This indicated that
root cap-specific auxin production might be involved in root
branching. The existence of tissue-specific sources of auxin as
a mechanism to fine-tune developmental processes, such as
root branching, has never been observed by applying auxins or
its analogs, which produce the global effects on plant root
developmental processes. This breakthrough provides new in-
sights into the function of auxin homeostasis on root develop-
ment and nicely illustrates how novel chemical tools can be
applied to discover biological mechanisms that are involved in
specific plant developmental processes.

Endosidins

The synthetic molecule endosidin1 (ES1) was elected from an
automated image-based screen from a chemical library
(Microsource Spectrum) containing 2,016 chemicals with
known biological activity for inhibitors of pollen germination
or effectors of polar growth, and the screen was conducted by
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using GFP-RIP1, a maker line of apical plasma membrane in
Arabidopsis and tobacco pollen tubes [36]. The application of
ES1 selectively disrupted the trafficking of PIN-FORMED
(PIN) auxin efflux carrier PIN2, AUXIN INSENSITIVE1
(AUX1), and BRI1, and formed intracellular agglomerations
termed “endosidin bodies”. Endosidin bodies were further
defined as trans-golgi network/endosomal proteins SYP61
and the V-ATPase subunit VHA-a1. This suggested that
SYP61 and VHA-a1 act as components of an early endosome
compartment in PIN2 and AUX1 mediated endomembrane
trafficking processes [36]. To explore more components in-
volved in this pathway, a modified laser scanning confocal
microscopy-based high-content intracellular screen was
established, which allowed the identification of small mole-
cules that phenocopy ES1 treatment [15]. Meanwhile, more
chemical libraries, including Chembridge Diverset library,
Chembridge, Novacore library, and Sigma TimTec Myria li-
brary, containing 46,418 compounds in total were screened.
After two rounds of screening, 123 small molecules were
selected as both inhibitors of pollen germination and effectors
of plasma membrane markers. The image database was then
transformed by a flexible algorithm into a marker-by-
phenotype-by-treatment time matrix, and molecules were clus-
tered into groups of endosidins (ESs) depending on the specific
profiles of subcellular phenotypes. Although these molecules
may induce a similar endomembrane trafficking phenotype,
detailed analysis of different plasma membrane makers re-
vealed diverse modes of action of these ESs on early events
of endosome trafficking. For example, endosidin3 was found
to target Rho GTPases trafficking and exhibited cell polarity
defection, whereas endosidin5 was linked to PIN cycling and
gravitropism. Thus, the direct discovery of endomembrane-
defective phenotypes could then easily be linked to develop-
mental phenotypes, which still poses a challenge for exclu-
sively forward genetic screens. This breakthrough is the first
time that an automated microscopy-driven phenotypic mole-
cule screen has been used in plants, suggesting that a high-
content small molecule screen could serve as an effective tool
to illustrate intracellular signalling pathways in vivo, and also
help to set up a comprehensive systems biology view.

Small molecules in translational plant sciences

The above examples illustrate the power of chemical genet-
ics to identify chemical ‘probes’ that can be applied to study
biology. From a translational point of view, small molecules
could be of great value by forming the starting point in the
discovery of new agrochemicals. Evidently, this requires
that the compound’s target protein(s) and/or the mechanism
of action be conserved between the species in which the
activity of the compound was observed (e.g. A. thaliana)
and the target crop species.

Based upon analysis of currently available pesticides and
herbicides, agrochemicals obey certain structural and
physico-chemical rules [40]. This is similar to drug-like
properties as illustrated by Lipinski’s Rule-of-Five, which
states that poor bioavailability (poor absorption and perme-
ability) is more likely when more than 5 H-bond donors are
present, more than 10 H-bond acceptors are present, the
molecular weight is greater than 500 Da, and the calculated
octanol/water coefficient is greater than 5 [26]. The ranges
of these parameters for agrochemicals are similar, except for
the lower acceptable number of H-bond donors. However,
some important differences exist between agrochemicals
and pharmaceuticals regarding the types of functional
groups [40]. For example, to be able to protect a crop, a
chemical must persist in the field for several weeks to be of
practical value. Therefore, alcohols and amines are much
less common in agrochemicals than in pharmaceuticals as
these groups are less stable in field environments (due to
ease of oxidation). Aromatic rings are also more prevalent
among agrochemicals because aromatic rings are more likely
to be stable in the environment than alicyclic rings. Finally,
acidic groups such as carboxylic acids and acylsulfonamides
are prevalent among post-emergence agrochemicals. This is
because weakly acidic groups promote phloem mobility,
which is required to transport the chemical to the growing
points of the plant. These structural, functional, and physico-
chemical constraints should be considered during the assem-
bly of a compound screening collection with the aim to
identify new types of agrochemicals. In view of non-GMO
applications, synthetic molecules are required that specifically
mimic, disturb and/or enhance protein activities, and that can
easily and cost-effectively (potentially as a modified variant)
be applied to crops (for instance through addition to fertiliser
or water). This will generate tools (synthetic molecules) that
can be widely applied to non-related species, without requir-
ing genetic modifications. This translational approach is rele-
vant considering the fact that several key signalling pathways
are conserved between species.

Conclusion

The application of small molecules in plant research has
expanded rapidly in the past decade and has made genuine
contributions to our comprehensive knowledge of the molec-
ular mechanisms of plant development. However, plant chem-
ical genetics is now at the stage where faster and more
efficient ways of screening have to be developed to permit
wider accessibility in the plant research field. The establish-
ment of a compound screening platform is of prime impor-
tance (Fig. 1) as small molecule use in plant systems has been
shown to significantly accelerate and enhance developmental
research. This requires development of robust screening
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assays in plant-based systems and compound collections that
are more dedicated for applications in the field of plant sci-
ences. In addition, the application of high-throughput imaging
technologies in plant screenings would certainly technically
allow us to delve more deeply into complex intracellular
networks than previous approaches permitted. In addition,
development of small molecules that can modulate protein–
protein interactions remains a challenge even in human drug
development, and heavily relies on biochemical and biophys-
ical knowledge of the respective target interactions [3]. Such
knowledge unfortunately remains scarce in plant biology.
Thus, further investigation will not only be emphasized on
searching for protein targets but also on the mechanistic level
where small molecules act as regulators of, for instance, plant
RLK signalling [29]. Importantly, one of the greatest chal-
lenges remaining is the generation of useful, applicable small
molecules in agricultural production. This requires explora-
tion of small molecules that affect specific protein activities,
and that can easily and cost-effectively be applied to crops.
This in turn could be a potential solution for the non-GMO,
and could ultimately lead to a new green revolution.
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