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Abstract
The sessile life of plant directed their evolution toward multiple adaptive strategies.
Rapid protein turn over has been described to be a key regulatory mechanism for plant
adaptation. Ubiquitin-modified proteins are targeted for degradation by the 26Sproteasome. A class of ubiquitin-ligases, the Cullin Ring Ligases (CRLs) have been
shown to be involved in most Arabidopsis developmental processes. CRLs are
stabilized by the covalent binding of the small peptide RELATED TO
UBIQUITIN (RUB). The CRLs modification is required for the activity of plant
hormones as exemplified by mutants deficient in the RUB-activating enzyme subunit
AUXIN-RESISTANT 1 (AXR1). The perception of auxin results in the ubiquitinmediated degradation of the AUXIN/INDOL-3-ACETIC ACID (Aux/IAA)
transcriptional repressors. Aux/IAA proteins control the auxin-mediated transcriptional
response. In this work, a forward chemical genomic strategy has been used to identify
small synthetic molecules affecting plant development. We used the resistance of the
axr1-30 mutants in order to select compounds requiring RUB activation. Among the
molecules isolated to alter specific plant developmental processes, three Developmental
Regulators (DRs) have been shown to directly interfere with the degradation of the
Aux/IAA proteins promoting a rapid induction of specific auxin-related transcriptional
responses. Furthermore, we used the molecule DR4, abolishing specifically apical hook
formation, to investigate the functional selectivity of auxin perception during apical
hook development. A forward genetic screen has been performed to isolate dr4resistant mutants. Several viable mutants were isolated with different sensitivity to
auxin but all resistant to DR4. The isolation of mutants preferentially resistant to the
differential growth defect induced by DR4 demonstrates the potential to determine the
molecular process mediating the developmental features induced by the selective
agonists of auxin. Since the first digital image 60 years ago, imaging techniques are
constantly evolving generating more and more digital images. The conversion of
images into biologically relevant quantitative data is an essential process to overcome
and understand biological variability. In this work, we describe two digital images
processing approaches which have been used to semi-automatically describe
intracellular structure density and colocalization; the complex shape of the Arabidopsis
pavement cells.
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Introduction
1.1 Arabidopsis thaliana
The use of Arabidopsis thaliana (called Arabidopsis hereafter) was firstly
reported in the early 20th century by Friedrich von Laibach (Laibach, 1907). In
1943, Laibach highlighted the interests of Arabidopsis as a model for genetics
and developmental biology: a small size; easy to cultivate; 4 to 5 weeks
generation time; a production of a large progeny; auto-fertilization; a low
chromosome number; a large variation in physiological traits among
subspecies and ecotypes (Laibach, 1943).
Arabidopsis became of real importance at the end of the 20th century with
the rise of interest in molecular biology. The successive discoveries of the
tumor-inducing plasmid in Agrobacterium tumefaciens (Larebeke et al., 1975)
opened the possibilities to perform horizontal and stable gene transfer in higher
plants (Chilton et al., 1977) and in particular in Arabidopsis (Lloyd et al.,
1986). Arabidopsis has one of the smallest genome among higher plants,
which, associated to its diploid condition, allowed rapid positional cloning of
natural or mutagenized variants in a population (Meyerowitz & Pruitt, 1985;
Estelle & Somerville, 1986; Meyerowitz, 1987).
Arabidopsis genome was the second of all multicellular organism genomes
to be sequenced, and the first genome available within the plant kingdom (The
Arabidopsis Genome Initiative, 2000). Within the last century, Arabidopsis
research has been rising exponentially as illustrated by more than 50,000
Arabidopsis publications in 2015 (Provart et al., 2016). The improvement of
analytical methods and the discovery of new molecular processes in
Arabidopsis have led to significant breakthroughs in biology (Jones et al.,
2008). The “one genome = one specie” equation has moved forward with 1,135
Arabidopsis ecotypes sequenced to date (Alonso-Blanco et al., 2016). This set
of genomic data revealed the geographical distribution of genetic divergence
and the potential to characterize the molecular basis of the plant capacity to
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adapt to their environment (Gan et al., 2011; Alonso-Blanco et al., 2016).
Genome-Wide Association Studies raised the possibility to associate
phenotypes with natural mutations (Weigel, 2012).

1.2 Chemical genomics
1.2.1 Chemical genomics and library of synthetic organic compounds

The increasing knowledge in genetics, cell biology and biochemistry
associated with a high throughput screening (HTS) of molecules radically
changed the fields of pharmacology in the beginning of the 1990s. The
pharmacological genetics (Mitchison, 1994), called today chemical genomics,
aims to use small-molecules to alter a biological process via the modification
of molecular functions, such as protein activity or protein conformation (Figure
1). The advantages of chemical genomics to classical genetics relay on the
potential to analyse the rapid induction and reversion of the small-molecule
effects (Robert et al., 2009). Strategies to identify small molecules by a
chemical genomic screening are analogous to genetic screening approaches: (i)
the forward chemical genomics approaches to isolate active compounds based
on a phenotype and without knowing their molecular targets and (ii) the
reverse chemical genomics approaches to isolate compounds active on a
defined molecular function (Stockwell, 2004; McCourt & Desveaux, 2010).
Prior organic chemistry, chemical screenings were performed using natural
resources and active compounds were enriched from natural extracts or natural
products (Dayan et al., 2009). Using synthetic compound libraries gave a direct
access to the structure of the active molecules.

Figure 1. Comparison between a mutant-based approach and a chemical-based strategy

The development of combinatorial synthesis (synthesis from building
blocks) opened the potential to screen either pure compounds or batches of
synthetic compounds (Balkenhohl et al., 1996). Since then, a tremendous
amount of libraries with diverse characteristics has been developed. The
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theoretical number of small-molecules with a molecular weight < 500 g.mol-1
has been estimated to be higher than 1060 (Bohacek et al., 1996; Dobson,
2004). To date (7th September 2016, 11:25 GMT), only 119,492,577 (108) pure
organic and inorganic compounds have been registered by the Chemical
Abstract Service (CAS). The difference in these numbers illustrates the
potential of the chemical space to fulfil the need for novel chemical structures.
Two kinds of chemical libraries are available: the biased libraries are generated
founded on defined chemical structures (Tan, 2005), while the unbiased
libraries contain the largest diversity of chemotypes (Gillet, 2008). Both kinds
of libraries can contain fluorescent, polarized or tagged compounds (Ahn et al.,
2007; Simeonov et al., 2008; Wagner et al., 2008; Bachovchin et al., 2014;
Hall et al., 2016). Literature and in silico screenings are now used to generate
biased chemical libraries, which preferentially target specific protein functions,
signalling pathways, developmental processes or poorly characterized enzyme
activities (Lipinski & Hopkins, 2004; Lowrie et al., 2004; Bachovchin et al.,
2009; Schreiber et al., 2015). Since 2001, the possibility to perform HTS on
library containing 1.5 million compounds in up to 1,536 well plates exists and
opens many possibilities (Mayr & Bojanic, 2009).
The cost of chemical biology approaches is a strong limitation. Only
initiative such as the National Institutes of Health (NIH) Molecular Libraries
Initiative demonstrates the potential to isolate thousands of small molecules
modulating specific cellular functions (Austin et al., 2004; Schreiber et al.,
2015). Furthermore, the diversity achieved by combinatorial synthesis is still a
limiting factor in comparison to the chemical complexity and diversity of small
molecules present in biological systems. Thus, improving strategies for a
natural product screening or the development of new libraries containing
natural product-like molecules are current challenges in chemical biology
(Dayan et al., 2009).
1.2.2 Chemical genomics and Arabidopsis development

The research for organic compounds affecting plant development started in the
beginning of the 20th century with the indol-3-acetic acid (IAA) presenting
herbicide properties affecting preferentially the growth of the dicotyledons
(Templeman & Marmoy, 1940). At the same time, growth substances such as
colchicine and 1-naphtalene acetic acid (1-NAA) were described for their
effects on the root meristem development (Borgstrom, 1939; Levan, 1939).
Moreover, the research on herbicides resulted in the description of 2,4dichlorophenoxy acetic acid (2,4-D) and 2,4,5-trichlorophenoxy acetic acid
(2,4,5-T) synthesis (Pokorny, 1941). The design of libraries and the isolation of
small molecules affecting plant growth are mostly accomplished by
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agrochemical companies (Lamberth et al., 2013; Wassermann et al., 2014;
Jeschke, 2016). It is worth to note that compounds active as herbicides have
raised ethical, health and environmental concerns after being largely used in
agriculture (Mithila et al., 2011) or as biological weapons during several wars
(Jacob & Walters, 2005).
Nevertheless, the use of small molecules on Arabidopsis contributed largely
to characterize several pathways mediating activities of endogenous small
molecules. For example, 2,4-D has been used in the first auxin-resistant screen
in Arabidopsis and the identification of the P83 mutant with an altered root
growth orientation demonstrated that endogenous auxin participates in the
response to gravity (Maher & Martindale, 1980). P83 has a mutation in the
AUXIN RESISTANT 1 (AUX1) gene expressing a major auxin influx carrier
demonstrating the importance of auxin transport for a gravitropic response
(Bennett et al., 1996; Marchant et al., 1999). Another screen for 2,4-D resistant
mutants led to the identification of 12 auxin-resistant 1 (axr1) alleles (Estelle
& Somerville, 1987). Among those, novel components were isolated, AUX1,
AXR1, AXR2 (Lincoln et al., 1990; Wilson et al., 1990), AXR3 (Leyser et al.,
1996), AXR4 (Hobbie & Estelle, 1995), AXR5 (Yang et al., 2004) and AXR6
(Hobbie et al., 2000). Additionally, aux1, axr1 and axr2 mutants were shown
to be less affected by other hormones such as ethylene, cytokinin (CK) or
abscisic acid (ABA) (Pickett et al., 1990; Wilson et al., 1990; Leyser et al.,
1993). This illustrates perfectly that approaches using small synthetic
molecules have the potential to isolate key molecular components regulating
plant development. Moreover, synthetic auxins have been shown to display
selective properties. An example would be the picloram compound, which
preferentially binds to one of the auxin receptors, the AUXIN F-BOX 5
(AFB5) (Walsh et al., 2006; Calderón Villalobos et al., 2012). Several
approaches to understand selectivity among auxin synthetic analogues have
been recently documented (Simon et al., 2013; Lee et al., 2014).
Chemical genomics screens in plants firstly aimed for an inhibitor or an
enhancer of a known defect. An unbiased library was successfully screened to
isolate inhibitors of a transcriptional auxin response (Armstrong et al., 2004).
Compounds enhancing or inhibiting root response to gravity were
characterized and led to establish a direct link between gravitropism and the
endomembrane system (Surpin et al., 2005). Among those, several complex
molecules with an auxinic moiety and biologically active as auxins suggested
the potential to isolate auxin activated after hydrolysis, called pro-auxin
(Christian et al., 2008). Similarly, Savaldi-Goldstein and co-authors isolated a
compound with a pro-auxin activity with the capacity to suppress the short

13

hypocotyl phenotype of deetiolated2-1 (det2-1), a mutant deficient in
brassinosteroids (BR) biosynthesis (Savaldi-Goldstein et al., 2008).
The phenocopy-based screen was another strategy used to find small
molecules inducing defects similar to those mediated by the signalling pathway
of interest. This strategy led to the isolation of the structurally unique
compounds, bikinin and naxillin for their potential to mimic brassinosteroid
treatment or auxin induction of lateral root respectively (De Rybel et al., 2009,
2012). Bikinin was characterized to simultaneously inhibit the activity of seven
glycogen synthase kinase 3 (GSK3) proteins which are part of brassinosteroidrelated signalling pathway (De Rybel et al. 2009). The characterisation of
naxillin activity raised the importance of the indole-3-butyric acid conversion
to IAA from the in the root cap to control root architecture (De Rybel et al.,
2012; Xuan et al., 2015).
Chemical genomics strategies also contributed to the discovery of a novel
family of endogenous small molecule receptors. The germination inhibitor,
called pyrabactin, is a selective agonist of ABA and led to the identification of
PYRABACTIN RESISTANCE 1/PYR1-LIKE (PYR1/PYLs) proteins, thus
characterized as the ABA receptors (Park et al., 2009). The selection of a
PYR1 protein with a high affinity to the commercially available agrochemical
mandipropamid opens up new strategies for the chemical control of plant
adaptation to dry conditions (Mosquna et al., 2011; Park et al., 2015).
Thus, the advances made since small molecules have been applied to alter
Arabidopsis development are illustrating the potential of chemical genomics to
dissect complex signalling pathways.
1.2.3 Chemical genomics and endomembrane trafficking

Chemical genomic approaches have been relevant in studying the intracellular
trafficking (Surpin & Raikhel, 2004). Interestingly, screens performed in
Saccharomyces cerevisiae led to the discovery of compounds active in plants
thanks to the conservation of some mechanisms regulating the endomembrane
system between kingdoms (Zouhar et al., 2004). Automated-microscopy and
fluorescent markers for individual intracellular compartments have been at the
basis of a chemical genomic screen which aimed to directly isolate compounds
effective on plant intracellular integrity (Robert et al., 2008; Drakakaki et al.,
2011). In order to efficiently isolate compounds targeting the endomembrane
system, a library of natural products was screened for altered pollen
germination, a developmental process involving an active endomembrane
trafficking to control the pollen tube tip growth (Robert et al., 2008). Within
the isolated compounds, referred to as endosidins, some led to the
mislocalization of a fluorescent marker normally localised to the tip of the
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pollen tube (Robert et al., 2008). Among them, endosidin1 selectively affects
the cycling of certain plasma membrane proteins (Robert et al., 2008), by
stabilizing actin microfilaments (Tóth et al., 2012). This approach identified
many compounds with the potential to alter more or less selectively the
endomembrane integrity (Drakakaki et al., 2011). Several endosidin molecules
have been further characterized to affect different trafficking routes and for
more details, please refer to Mishev et al., 2013, Doyle et al., 2015 and Klíma
et al., 2015.
1.2.4 Target identification in forward chemical biology

Forward chemical genomic screens aim to isolate molecules altering a
biological process of interest. This chemical screening approach leads to two
questions: (i) Is the molecule of interest known? (ii) How to identify the target
of the molecule? The first question can be answered by using structure
similarity search in database such as Pubchem (Kim et al., 2015). Answering
the second question is more complex. Genetic screen to identify resistant
mutants has shown great results especially if the molecules are selective (Park
et al., 2009) or inducing similar defect as endogenous compounds (De Rybel et
al., 2012). Moreover, several target identification strategies have been
developed with or without structural modification of the small molecules (Lee
& Bogyo, 2013; Schenone et al., 2013; Tresch, 2013; Ziegler et al., 2013;
Dejonghe & Russinova, 2014):
- Target isolation by affinity purification:

Synthesis and selection of tagged active analogues

Photo-Cross linking approaches (Kanoh, 2016)
- Chemical proteomics (chemoproteomics):

Drug-Affinity Responsive Target Stability (DARTS)

Stability of Protein from Rates of Oxidation (SPROX)

Activity-Based Protein Profiling (ABPP)
- Expression cloning techniques:

Yeast-3-hybrid

mRNA display

Phage display
After the identification of the target, the mechanism of action of the
molecule could be investigated. A chemical genomic screen could end with the
isolation of rare allosteric inhibitors but also with compounds altering a protein
function in competition with the endogenous ligand. Several experiments are
required to estimate binding affinity, such as surface plasmon resonance (SPR),
in vitro pull-down or Isothermal Titration Calorimetry (ITC). One should take
into account that endogenous molecules are often having affinity for the
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binding pocket of several proteins. ABPP have been used in combination with
unspecific antagonists to characterize more precisely the potential selectivity of
compounds within protein families or within the full proteome (Niphakis &
Cravatt, 2014). The small-molecules need to be engineered to introduce several
structural modifications in order to create probes. Combinatorial synthesis
focused on generating probe-candidate library enabling the feasibility to
rapidly isolate structurally diverse probe-candidates for further characterization
of the compound mechanism of action (Yang & Liu, 2015).

1.3 Auxin
1.3.1 Auxin metabolism

During the end of the 19th century, Julius von Sachs suggested the existence of
moving substances coordinating plant growth (Sachs, 1890). At the same time,
Charles Darwin and his son Francis demonstrated the requirement of a
transported signal to modulate plant growth (Darwin & Darwin, 1881). Auxin
chemical structure has been characterized as being indole acetic acid in 1934
by Kögl’s and Thimann’s labs (Kögl et al., 1934; Wildman, 1997). Since then,
several endogenous molecules were identified as auxinic compounds (Simon &
Petrášek, 2011; Enders & Strader, 2015). The synthesis of IAA is mainly
initiated from L-Tryptophan (Trp) through the indole-3-pyruvic acid (IPyA)
pathway (Kasahara, 2015). Nevertheless, IAA has been shown to be also
synthetized by other Trp-dependent or –independent metabolic pathways
(Ljung, 2013; Kasahara, 2015). Beside the production of auxin, its catabolism
is a key player in the regulation of auxin homeostasis. This step can occur by
(i) a reversible or irreversible conjugation of IAA to amino acid or sugar, or by
(ii) IAA-oxidation and degradation (Woodward & Bartel, 2005; Ljung, 2013;
Rampey et al., 2013; Mellor et al., 2016; Porco et al., 2016). Interestingly, 2oxoindole-3 acetic acid (oxIAA), a IAA catabolite, has been shown to be a
weak IAA-like compound on plant development and to be perceived by the
nuclear auxin signalling machinery in vitro (Pencík et al., 2013).
Recent progresses of chemical genomics and structure-based rational design
have been used to characterize many compounds with an auxin-like activity or
auxin-related activity (Ma & Robert, 2014). Compounds such as L-kynurenin,
L-amino-oxyphenylpropionic acid (L-AOPP) and yucasin, all inhibitors of
enzymes in the IPyA pathway, confirmed the results obtained using genetic
approaches as the compounds were mimicking auxin-deficient mutants and
reverting IAA-overproducing mutants (Kasahara, 2015). The isolation of new
compounds affecting auxin metabolism is essential to develop pharmacological
approaches that will functionally challenge the redundancy of the regulatory
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mechanism governing auxin homeostasis during plant development. Finally,
the use of synthetic auxin analogues confronted to similar enzymatic
conversion than endogenous auxin could facilitate the traceability of auxin-like
molecule conversion in plant (Eyer et al., 2016).
1.3.2 Auxin transport

The interest in characterizing the nature of moving signal in plants raised when
such signal from young to old cells had been suggested to mediate coleoptile
phototropism (Darwin & Darwin, 1881). It has been shown that the protonated
IAA can diffuse better through the plasma membrane compared to the
deprotonated form (Raven, 1975). The pH difference between symplast and
apoplast leads to a passive diffusion of IAAH within the symplast, where it is
deprotonated into IAA- and gets concentrated (Rubery & Sheldrake, 1974).
However, deprotonated auxin is also actively transported through the plasma
membrane via auxin carriers. Auxin -influx and -efflux facilitators contribute
to the formation of an auxin gradient, essential for most of the plant
developmental processes (Friml, 2003; Petrásek & Friml, 2009). Several
carriers have been described with intracellular and tissue specific localization:
- PIN-FORMED [PIN] family are transmembrane proteins carrying
IAA from the cytoplasm to the apoplast or to/from the endoplasmic
reticulum lumen depending of their subcellular localization
(Adamowski & Friml, 2015). Plasma membrane localised PIN
proteins are asymmetrically distributed in the cell (Gälweiler et al.,
1998; Müller et al., 1998; Friml et al., 2002a, 2002b).
- PIN-LIKEs [PILs] are transmembrane proteins localized at the
endoplasmic reticulum. They are suggested to contribute to
intracellular auxin accumulation (Barbez et al., 2012).
- AUXIN1 [AUX1] / LIKE-AUX1 [LAXs] are plasma membrane
permeases carrying auxin from the apoplast to the cytoplasm (Bennett
et al., 1996; Swarup et al., 2008; Péret et al., 2012).
- Some ABCB / P-GLYCOPROTEIN [PGP] transporters have been
shown to export auxin from the cytoplasm to the apoplast (Noh et al.,
2001; Geisler et al., 2005).
- Some NITRATE TRANSPORTER1 / PEPTIDE TRANSPORTER
Family (NPF) have been shown to transport IAA (Krouk et al., 2010;
Léran et al., 2014).
The various levels regulating auxin transporter activities are complex and
mediated in response to various environmental and endogenous stimuli at the
transcriptional and post-transcriptional levels (Luschnig & Vert, 2014; Doyle
et al., 2015; Willige & Chory, 2015; Armengot et al., 2016). Furthermore,
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auxin signalling and induced transcriptional response have been shown to play
a critical role in a feedback loop regulating auxin flux (Schrader et al., 2003;
Vieten et al., 2005; Sauer et al., 2006). Small-molecules such as 1naphthylphthalamic acid (NPA), an auxin efflux inhibitor, have been used to
study the importance of auxin efflux during various developmental processes
(Klíma et al., 2015). The isolation of NPA resistant mutants led to the
identification of the TRANSPORT INHIBITOR RESPONSE1 (TIR1) gene
(Ruegger et al. 1997; Ruegger et al. 1998) which have been characterized as a
member the auxin receptor gene family (Dharmasiri et al., 2005; Kepinski &
Leyser, 2005). NPA has been shown to target auxin efflux carrier distribution
by altering their association with the actin cytoskeleton (Geisler et al., 2003;
Zhu et al., 2016).
The structure-based synthesis of auxin-related molecules brought several
alkoxy-auxins acting as a new class of auxin transport inhibitors (Tsuda et al.,
2011). Auxin transporter inhibitors have also been isolated by chemical
genomic screen such as the isolation of BUM (2-[4-(diethylamino)-2hydroxybenzoyl]benzoic acid), which compared to NPA displays more
specificity to inhibit auxin efflux through ABCB proteins rather than PIN
proteins (Kim et al., 2010). Thus, genetic and pharmacological approaches are
complementary to characterize the key players mediating auxin transport in
particular developing organs.
1.3.3 Auxin perception and transcriptional response to auxin

The complexity and the combinatorial properties of auxin signalling
components revealed another level of complexity mediating auxin pleiotropic
effects (Ulmasov et al., 1997; Vernoux et al., 2011; Calderón Villalobos et al.,
2012; Boer et al., 2014; Salehin et al., 2015; Weijers & Wagner, 2016). The
expression level of each auxin responsive gene is regulated by the auxin
concentration and the affinity between components of the signalling pathway
(Weijers & Wagner, 2016). Auxin is perceived in the nucleus by the
TIR1/AFB1-5-AUXIN/INDOL-3-ACETIC ACID (Aux/IAA) co-receptor
complex (Calderon-Villalobos et al., 2010; Salehin et al., 2015). The
TIR1/AFB1-5 F-BOX proteins act as auxin receptors (Dharmasiri et al., 2005;
Kepinski & Leyser, 2005; Walsh et al., 2006; Parry et al., 2009; Hu et al.,
2012; Prigge et al., 2016). The formation of the TIR1/AFBs-Aux/IAA complex
leads to the ubiquitination of the Aux/IAA transcriptional repressors targeting
them for rapid degradation by the 26S-proteasome (Worley et al., 2000; Zenser
et al., 2001; Maraschin et al., 2009). The rate of Aux/IAA degradation in the
presence of IAA differs among the 29 Aux/IAAs (Dreher et al., 2006; Havens
et al., 2012). This variation is dependent on the amino acid identity within the
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DII domain of the Aux/IAA proteins which are essential for the formation of
the co-receptor (Dreher et al., 2006; Calderón Villalobos et al., 2012).
Nevertheless, residues outside the DII domain also contribute to the Aux/IAA
stability and their degradation rate (Moss et al., 2015). The multiplicity of
potential co-receptor assembly associated to their different sensitivities to IAA
is the first element controlling the specificity of the auxin response. Indeed,
mutation altering the potential of the Aux/IAA to be degraded leads to
pleiotropic developmental defect as well as strong auxin insensitivity (Reed,
2001; Lavy et al., 2016).
An additional level of complexity is governed by the strength of the protein
interaction between the Aux/IAA and the AUXIN RESPONSE FACTORS
(ARFs) (Tiwari et al., 2004; Vernoux et al., 2011; Piya et al., 2014). Specific
Aux/IAA-ARF combination are required to modulate precise developmental
processes (Weijers et al., 2005; Smet et al., 2010; Yamaguchi et al., 2013).
The co-evolution of amino acid sequences responsible for the Aux/IAA- ARF
interaction revealed the essentiality of these interactions for plant development
(Paponov et al., 2009).
In absence of auxin, Aux/IAA proteins interact with ARF transcription
factors and recruit the co-repressor protein TOPLESS (Szemenyei et al., 2008).
Interestingly, TOPLESS has been shown to recruit the HISTONE
DEACETYLASE 19 (HDA19), which removes the histone acetylation leading
to a condensed DNA structure (Krogan et al., 2012). In presence of auxin, the
Aux/IAA proteins are degraded and the ARF protein MONOPTEROS/ARF5
has been shown to physically interact with two chromatin remodelling proteins
BRAHMA (BRM) or SPLAYED (SYD) in order to repress condensed
chromatin state at the ARF5 locus (Wu et al., 2015). The ARF-DNA binding
locus, called AuxRE, are TGTCTC (Ulmasov et al., 1995, 1997) and
TGTCGG (Boer et al., 2014). The capacity of the ARFs to regulate gene
expression also involves their potential to form dimers that bind to auxin
response DNA elements (AuxRE) (Boer et al., 2014). AuxRE are highly
present in the genome and are often associated with other cis elements such as
Y-patch or ABRE to finely regulate auxin-mediated gene transcription
(Mironova et al., 2014; Zemlyanskaya et al., 2016).

1.4 Rubbylation of CRLs controls auxin sensitivity
Recent progresses towards a better understanding of the molecular mechanisms
of hormone signalling have revealed the importance of modulating the protein
level for switching on and off signalling pathways via the ubiquitin proteasome
system (UPS) (Santner & Estelle, 2010; Kelley & Estelle, 2012). Remarkably,
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this mechanism is highly evolutionary conserved. Various post-translational
modifications, such as the binding of small polypeptide modifiers, appear to
play an essential role in the regulation of protein stability (Downes & Vierstra,
2005; Hochstrasser, 2009). In the early 1980s it was found that ubiquitous (in
animals and plants) peptides such as ubiquitin (Ub), when covalently attached
to a protein, generate a signal recognized by a large protein-degrading enzyme
complex, the 26S proteasome (Pickart & Cohen, 2004). The linkage of Ub
requires several enzymes and occurs in three steps: the Ub is first activated by
an Ub-activating enzyme (E1), the activated Ub is then passed to an Ubconjugating enzyme (E2), which works in concert with an Ub-protein-ligase
(E3) to link the Ub to the targeted protein and send it for degradation (Kerscher
et al., 2006). Other small peptide modifiers have been discovered, such as
RELATED-TO-UBIQUITIN/NEURAL PRECURSOR CELL EXPRESSED
DEVELOPMENTALLY DOWNREGULATED PROTEIN 8 (RUB/NEDD8),
which require the same E1, E2, E3 enzymatic cascade to be covalently linked
to the RUB-modified proteins (Hotton & Callis, 2008; Mergner &
Schwechheimer, 2014; Enchev et al., 2015). Some E3 Ub-ligases are part of a
multimeric protein complex categorized in at least three classes of CULLIN
RING LIGASE (CRLs) in plants (Hua & Vierstra, 2011). CRLs are composed
of a scaffold proteins called CULLIN (CUL) which are RUB-modified (Pozo
et al., 1998; del Pozo & Estelle, 1999; Petroski & Deshaies, 2005; Hotton &
Callis, 2008; Sarikas et al., 2011).
Plant studies have made key contributions in elucidating the UPS-mediated
signalling processes, as the first RUB-activating enzyme was discovered in
Arabidopsis (Leyser et al., 1993). Further studies have shown that more than
5% of the proteins in Arabidopsis participate in the UPS (Vierstra, 2003).
Interestingly, more than 1,500 genes encode E3s and these include almost 900
encoding F-BOX proteins, compared to 20, 27 and 69 in Saccharomyces
cerevisiae, Drosophila melanogaster and the human genome, respectively
(Skaar & Pagano, 2009). Loss of any of the components reducing RUBconjugation, such as the activity of the RUB-activating enzyme AXR1, leads to
a hormone-related phenotype, including resistance to auxin, cytokinin,
ethylene, brassinosteroid and jasmonate (Leyser et al., 1993; Timpte et al.,
1995; Schwechheimer et al., 2001; Tiryaki & Staswick, 2002). RUBmodification of CRLs is essential to mediate plant sensitivity to endogenous
and environmental stimuli (Hotton & Callis, 2008; Kelley & Estelle, 2012).
Auxin is perceived by one type of CRL where TIR1/AFBs proteins are the FBOX subunits of the S-PHASE KINASE ASSOCIATED PROTEIN
1/CULLIN 1/F-BOX (SCF) Ub ligase. In presence of auxin, TIR1/AFB binds
to the Aux/IAA proteins that will be poly-ubiquitinated after recruitment of
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Ub-conjugating enzymes such as UBC13 (Del Pozo & Manzano, 2014; Wen et
al., 2014).

1.5 Digital image processing
1.5.1 Digital image and basics of image restoration

A digital image corresponds to data (pixels or voxels) arranged in a dot matrix.
The first digital image was a scanned picture in 1957 by Russell A. Kirsch
using the Standards Eastern Automatic Computer (Kirsch et al., 1958). Since
then, all types of cameras have been equipped with sensors transforming light
into discrete signal. Digital image processing aims to remove the noise
generated by the sensor (restoration) and extract quantitative value based on
the distribution of the discrete signal in the dot matrix (Takeda et al., 2007).
All the following illustrative examples and processing have been made using
the ImageJ public domain software (https://imagej.nih.gov/ij/index.html). Preprocessing or image restoration increases the signal/noise ratio by removing
the called noise generated in the digital image by the sensor. Several complex
algorithms have been developed in order to perform image restoration
(Boulanger et al., 2007). Image processing can often be impossible without
image pre-processing.
1.5.2 Image segmentation and shape characterization

A scaled digital image of a sample affords the possibility to extract
automatically many information such as sample perimeter, surface, angle and
length. In order to access this information, the images must be converted into
binary signal to discriminate the signal of interest and its geometry within the
dot-matrix (Figure 2a). Binary pictures can be obtained by various methods
such as defining a threshold to discriminate between background and sample
discrete value. The shape descriptors are calculated to characterize (i) the
perimeter and area of the structure (Figure 2b); (ii) the circularity which
measures the form and the roughness of the shape (Figure 2c); (iii) the
roundness which measures the ratio between an equivalent diameter, calculated
from the area of the structure, with the maximal length of the structure (Figure
2d). Both circularity and roundness coefficients are approaching a value of one
for spherical structures. However, circularity coefficient is more sensitive than
roundness to small-scale bumps that increase the perimeter. The quantitative
data can then be used to compare shape variability within or between different
samples, without the bias of manual measurement or visual appreciation.
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Figure 2. Scanned image segmentation and shape characterization. (a) Scanned picture processed
by binary transformation after isolating the edge of the sample (red line) and holes filled within
the structure. (b) Discrimination of structure according to the surface or perimeter. (c)
Discrimination of structures according to circularity (C) with almost similar roundness (R). (d)
Discrimination of structures according to the roundness with almost circularity.

1.5.3 TopHat transformation for subcellular structure colocalization

The TopHat transformation consists in removing an opened image from the
pre-proceeded image (Serra, 1982). The opened image is obtained by the
combination of two morphological operators: the erosion and the dilatation. A
priori knowledge about the shape of the studied structure (e.g. vesicles in
Figure 3) is needed to determine the use of an appropriated shape for the two
operators. This shape is named structuring element (SE). The erosion shrinks
all the structures in the image, whose shape and size are inferior or equal to the
one defined for the SE (Figure 3). In this case we were interested in extracting
a circle with an average diameter of seven pixels. After TopHat transformation,
Pearson’s correlation coefficient (PC) was computed to estimate the correlation
of the signal intensity on each overlapping pixels between both channels of the
dual-channel image (Bolte & Cordelières, 2006). The thresholds have been set
according to the signal of interest. The result of this segmentation is a binary
picture to discriminate pixels with a signal and pixels without a signal. The
overlap between pixels with signal was analysed using the Manders coefficient
(Manders et al., 1993). The Manders coefficients are computed to estimate the
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fraction of overlapping pixels in each channel (Figure 3c). Pearson’s and
Manders’s coefficients are used to estimate the co-localizing fraction of each
marker (Bolte & Cordelières, 2006).

Figure 3. TopHat transformation of a dual channels image of endosomes for colocalization
quantification. Raw images processed using TopHat transformation and binary pictures were
obtained after applying a grey value-based threshold on TopHat transformed pictures for (a) the
magenta channel and (b) the cyan channel. (c) Overlay of the magenta and cyan channels for each
processing step. (d-e) Plot profile of the red line in (a) and (b) representing the effect of TopHat
transformation on (d) the magenta signal and (e) the cyan signal respectively. (f-g) Plot profile
representing the signal overlay along the red line in (c) before (f) and after (g) TopHat
transformation.
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Objectives
-

Isolate, characterize and use molecules active on plant development
through the AXR1-mediated signalling pathway

-

Collaboration to develop and apply digital image processing workflow

3

Results and Discussion

3.1 Chemical genomics and isolation of selective agonists of
auxin (Paper I)
3.1.1 Forward developmental defect-based chemical genomic screen

We performed a forward chemical genomic screen to identify compounds with
an AXR1-dependent activity. We screened 8,000 synthetic small molecules for
altered development of the wild-type (Col-0) Arabidopsis plants with the axr130 mutant plants as a control (Hotton et al., 2011). Thirty-four compounds
were identified affecting either hypocotyl and/or primary root length. Including
axr1-30 as a secondary screen performed in parallel, led to the direct isolation
of compounds acting through the AXR1-mediated signalling pathway.
As auxin has an important role in the development of Arabidopsis
seedlings, we used transgenic plants expressing -glucuronidase as a reporter
under the synthetic auxin responsive promoter pDR5::GUS (Ulmasov et al.,
1997) to test the potential of the compounds to induce an auxin response.
Seventeen compounds (out of 34, 50%) were inducing pDR5::GUS in the root
tip after 5h treatments.
3.1.2 Tanglegram as a Structure Activity Relationship (SAR) representation

The structure similarity of the 34 isolated compounds was assessed using
structure similarity clustering using ChemMine (Backman et al., 2011). The 34
compounds were clustered in three major groups and most of them contained at
least two carbon rings. Some compounds display an auxinic substructure such
as a 2,4-D or a naphthalene moiety. We have identified six classes of
compound-induced phenotypes. Interestingly, similar phenotypes were induced
by structurally different compounds while structurally similar compounds were
inducing diverse phenotypes. The phenotypes induced by the identified
compounds were independently clustered. The two independent hierarchical
clusters were linked with auxiliary lines in a tanglegram which has been
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untangled using Treemap3 (Charleston & Robertson, 2002). Tanglegram is a
recent approach used in phylogeny and co-evolutionary analysis (Scornavacca
et al., 2011; Matsen et al., 2015). The tanglegram representation revealed that
two group of structurally similar molecules were not inducing an auxin
response and had distinct activities on development. The four most potent
compounds, called Developmental Regulators (DR1-4), were chosen within
these two groups of molecules.
3.1.3 Reverse chemical genetics to identify the chemically targeted signalling
pathway

AXR1 regulates the activity of three types of CRLs in plants (Santner &
Estelle, 2010). The compounds were assayed for their activity on mutants of
each type of CULLIN. All the compounds were less active on cul1-6 (Moon et
al., 2007), showing that CUL1 is required for the activity of the DRs.
Moreover, these results also demonstrate that the DR compounds were not
acting on a general mechanism regulating CRLs activity. CUL1, backbone of
the SCF complex, is an essential component of the auxin signalling pathway.
Thus, we assayed the requirement of the auxin perception machinery for the
activity of the DRs. We demonstrated the requirement of the auxin receptors by
showing the less sensitivity of tir1-1 (Ruegger et al. 1998) and tir1-1afb13afb3-4 mutants to the DRs effects. Furthermore, auxinole, an auxin antagonist
(Hayashi et al., 2012), used in co-treatment with the DRs, was reducing their
activity validating the requirement of a proper degradation of the Aux/IAA
proteins for the DR effects.
3.1.4 Selective agonists

Some close analogues of the DR molecules have been described as pro-drugs
or pro-auxins (Christian et al., 2008; Savaldi-Goldstein et al., 2008). A prodrug is inactive, but more permeable that the initial drug and the active drug is
released after hydrolysis in specific tissues (Rautio et al., 2008). In order to test
the potential pro-drug activity of the DRs, we assayed their purity and stability.
We showed that the DRs were not stable and are metabolized into potent auxin
agonists, detected in the media and plant tissues. Interestingly, the presence of
plants in the media increased the degradation product concentration in the
media suggesting an enzymatic conversion. In order to identify if we could
correlate a tissue specific auxin response with the induced phenotypes, we used
several lines expressing transcriptional reporter fusions described to be
responsive to auxin. All the tested reporter lines were reproducibly induced by
auxin. DR1, DR3 and DR4 were able to promote the expression of the reporter
in at least one of the lines tested in tissues where IAA was also inducing auxin

26

response. These data suggested that only a part of the transcriptional auxin
response was induced by the DRs and not in a tissue dependent manner. In
order to confirm this hypothesis, a transcriptomic profiling of cell culture after
a short treatment with IAA, DR3 and DR4 was performed. Analysis of the upregulated genes revealed that these two DRs were inducing independently
some IAA-dependent gene clusters. Thus, we hypothesized that the DRs might
be directly and selectively perceived by the auxin perception machinery.
The crystal structure of the auxin co-receptor complex (TIR1-IAAAux/IAA7 degron) is available on the RCSB Protein Data Bank
(www.pdb.org) and referred as 2P1Q (Tan et al., 2007). Thus, we performed
docking experiment in the 2P1Q structure using the webserver SwissDock
(Grosdidier et al., 2011) and the DR-structures ready-to-dock in the ZINC12
database (Irwin et al., 2012). The best docking results demonstrated that the
four DRs were able to physically fit within the auxin binding pocket. Quantum
computations were performed to compare the potential of the DRs to
thermodynamically stabilize TIR1 as was shown for the IAA. We showed that
apart from DR2, the conformations that were able to stabilize TIR1 were close
to the conformation of the molecules when docked in the co-receptor complex.
Then, we performed in vitro pull down to test the capability of the DRs to
promote the formation of the co-receptor complex (Kepinski, 2009). IAA was
increasing TIR1 recovery with every Aux/IAA proteins tested. Interestingly,
depending of the Aux/IAA proteins used to pull-down TIR1, the DRs were
able to promote with different strength the recovery of TIR1. The degradation
of various Aux/IAA proteins was assayed in planta and in presence of the DRs
using a luciferase assay (Gilkerson et al., 2009). The DRs were able to
selectively promote the degradation of some Aux/IAA while IAA was effective
on the four different constructs tested. Overall, our data demonstrated that three
DRs act as selective agonists of auxin to modulate plant development.

3.2 Forward genetic screen to isolate DR4 resistant mutants
We showed that upon DR4 treatment, Arabidopsis plants grown in light have a
longer hypocotyl and present a defect in phototropism at high concentration
(paper I). Nevertheless, DR4 treatment applied on Arabidopsis grown in dark
abolished the apical hook formation and reduced the hypocotyl length only at
higher concentration (Figure 5 a-d). The lower sensitivity of axr1-30, cul1-6
and tir1-1afb1-3afb3-4 mutants demonstrated the requirement of an activated
and functional auxin perception complex to mediate DR4 induced apical hook
opening in the dark (Figure 5c). These mutants were also less affected by the
DR4 effects on hypocotyl length suggesting that a functional auxin perception
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machinery was also required for the DR4-induced inhibition of hypocotyl
elongation (Figure 5d). To identify molecular actors mediating the DR4
effects, we performed a DR4 resistant screen on a M2 EMS population of Col0. Ten thousands chemically mutated seedlings have been screened for a hook
back phenotype in presence of DR4.
Within the isolated mutants, three independent lines carrying a recessive
mutation conferring resistance to the DR4 effect in light have been selected
(dr4-resistant mutants; paper I). Under light growth conditions, the mutations
conferring DR4-resistance were associated with different levels of sensitivity
to treatments with IAA, 2,4-D or other DRs. These mutants demonstrated the
potential to isolate mutations associated with the auxin response selectively
induced by DR4. Moreover, the short root phenotype of two dr4-resistant
mutants (dr4-r1 and dr4-r3) and their sensitivity to IAA and 2,4-D demonstrate
that those mutants would have been missed using a forward genetic screen to
identify IAA or 2,4-D resistant mutants.
Among the isolated mutants, five of them were considered for further
analyses of their phenotypes in presence or absence of DR4 (Figure 5e). The
hookback mutations were co-segregating with effects on various
developmental processes requiring regulated differential growth such as apical
hook maintenance (Figure 5f), leaf shape and serration (Figure 5g). The
identification of the mutated nucleotides and functional characterization of the
mutated genes will bring new insights into the auxin-mediated differential
growth.
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Figure 4. DR4 abolishes apical hook formation and dr4-resistant mutants (dr4-r; hookback;
hkb). (a) Three day-old Col-0 seedlings grown on two concentrations of DR4. (b) Apical hook
angle of Col-0 measured every four hours after germination in DMSO or in presence of DR4.
DR4 affects apical hook angle (c) and hypocotyl length (d) in a dose dependent manner and
requires an activated and functional SCFTIR1/AFB complex (means ± s.e. are shown, n = 20). (e)
Representative images of the hookback mutants in presence of DR4. (f) Maximal intensity
projection of a 48-hour time course of the hookback mutants in control condition. (g) Side and top
view of four-week-old hookback mutants grown in soil. Concentrations are indicated in µM
between brackets.

3.3 Digital image processing to study cellulose biosynthesis and
pavement cell shape
3.3.1 Density estimation and colocalization (Paper II)

Plants use regulated cell expansion during development and to adapt their form
to environmental conditions. The cell wall is composed of long, load-bearing
cellulose microfibrils embedded in a viscoelastic matrix of pectins,
hemicelluloses, and structural proteins (Baskin, 2005; Lerouxel et al., 2006).
Cellulose consists of a paracrystalline assembly of parallel  -1,4-linked glucan
chains, which coalesce to form microfibrils (Guerriero et al., 2010). In land
plants, cellulose is synthesized from an hexameric membrane-bound protein
complex named Cellulose Synthase Complex (CSC) (Guerriero et al., 2010).
The Arabidopsis genome contains at least 10 different CELLULOSE
SYNTHASE (CESA) genes (Richmond, 2000). Another protein essential for
cellulose biosynthesis is a membrane-bound endo-1,4- -D-glucanase, called
KORRIGAN1 (KOR1) (Nicol et al., 1998). Genetic studies indicate that KOR1
is required for cellulose synthesis in primary and secondary cell walls (Nicol et
al., 1998; Lane et al., 2001; Peng et al., 2001; Szyjanowicz et al., 2004). GFPKOR1 in living cells was found in discrete particles at the plasma membrane as
it was described for GFP-CESA (Paredez et al., 2006; Crowell et al., 2009;
Gutierrez et al., 2009). KOR1 is also present in different intracellular
compartments (Robert et al., 2005). These findings are similar to those
observed in CESAs suggesting that KOR1 might be part of the CSC.
GFP-CESA3 proteins are present as fluorescent punctuate at the plasma
membrane and move bidirectionally at a constant average of ~250 nm.min-1
(Paredez et al., 2006; Pochylova et al., 2007; Bischoff et al., 2009; Crowell et
al., 2009). The impact of KOR1 on GFP-CESA3 velocity was investigated by
expressing GFP-CESA3 in the kor1-1 mutants. Interestingly, the velocity of
the GFP-CESA3 was significantly reduced in the absence of a functional
KOR1. The spinning disk microscopy approach has been used to study the
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dynamics of the GFP-CESA3 proteins. This kind of microscopy has great
advantages in monitoring fluorescent proteins dynamics and reduces
photobleaching. However, the resulted images are very noisy. The GFPCESA3 signal, when recorded at the plasma membrane comprised at least the
small particles described as CSC and the GFP-CESA3 labelled Golgi
apparatus. Thus, digital image processing has been developed to (i) restore
image, (ii) select area without Golgi signal and (iii) extract and measure the
surface covered by the GFP-CESA3 at the plasma membrane. Thus, we
showed that KOR1 did not influence the surface covered by the GFP-CESA3
proteins at the plasma membrane. However, internalization of GFP-CESA3 in
microtubule-associated compartment (MASC) upon treatment with a cellulose
synthesis inhibitor was reduced in kor1-1 mutant background demonstrating a
role of KOR1 for the intracellular trafficking of the CSCs. In order to
determine if CSCs could interact with KOR1, we analysed the colocalization of
mCherry-CESA1 and GFP-KOR1 at the plasma membrane. Dual-channel
images were denoised and processed using the TopHat transformation.
Subsequently, we computed the Pearson’s coefficient to estimate the
correlation between the two processed images. As control, we rotated one
channel to 90 degrees, which resulted in a coefficient close to 0 corresponding
to a random correlation. Thus, we concluded that KOR1 and CSC partially
colocalised at the plasma membrane. Split Ubiquitin Yeast Two Hybrid and
Bimolecular Fluorescence complementation confirmed the direct interaction of
KOR1 with the CSC at the plasma membrane.
3.3.2 Pavement cell shape analysis (Paper III)

Arabidopsis leaf pavement cells have jigsaw puzzle geometry. The formation
of interdigitating lobes between adjacent cells requires localised outgrowth and
cell wall extension (Fu et al., 2002, 2005). Pavement cell shapes vary in term
of surface and their geometrical complexity increases with their size (Armour
et al., 2015). A semi-automated image analysis workflow has been developed
to measure the geometrical features of a pavement cell population. To label the
cell outline, propidium iodide, a cell wall dye, was applied on fixed samples.
First, and to facilitate the automated image segmentation, a pre-processing of
the pictures was performed to remove the background and increase the contrast
of the cell outlines. The semi-automated segmentation was conducted using
watershed with the CellSet software (Pound et al., 2012), as it allows manual
corrections. The output of such segmentation was a binary image of the cell
outlines. The stomata were removed (coloured as background) to consider only
pavement cells in the analysis. Then, the surface and circularity of each
pavement cell were measured to characterise the shape of the pavement cell
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population. The skeletonization of the cell shape was performed and the edge
number of the skeleton was considered as an estimator of the lobe number.
Such factor has recently been used to monitor pavement cell growth (Armour
et al., 2015). The skeletonization has been described to underestimate the lobe
number especially for large pavement cells, which are highly interdigitated
(Wu et al., 2016). The rapid computation of a large number of cells (1928 > n
> 350) without a potential bias introduced by manual measurements provided a
robust quantitative strategy to analyse pavement cell geometry. By this semiautomated approach, sixteen cell wall deficient mutants have been analysed
systematically and these data demonstrated the interdependence of cell wall
component synthesis and/or remodelling to control the growth and the
interdigitation level of pavement cells.
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Conclusions and Future Perspectives
In paper I, by forward chemical screen we isolated 34 compounds acting
through the AXR1-mediated signalling pathway. Among them, we
characterized a new type of auxin related molecules acting as selective
agonists. This work confirmed the potential to modulate various developmental
features by affecting Aux/IAA turnover. DR compounds target only some
specific paths within the complex signalling network transducing auxin
perception. Thus, the choice of one DR associated to its specific effect should
lead to isolate functional components of the auxin signalling pathway. Detailed
reverse genetic screen using mutated Aux/IAA and ARFs proteins could be
performed to determine their involvement in the developmental defects
induced by the DRs. Moreover, the isolation of DR-resistant mutants will allow
the isolation of novel molecular players in specific developmental processes. In
this work, we show the potential of DR4 to act through genes controlling
developmentally programed differential growth. The characterization of
mutations conferring resistance to DR4 will certainly lead to previously
inaccessible auxin-related molecular regulation.
Induction of phenotypes by applying a chemical compound is a powerful
tool for studying plant development. However, the chemical nature of the agent
used lead to complex questions regarding chemical stability, uptake,
metabolism and toxicity. Characterizing the chemical permeability and stability
within living organism is a challenging question that we addressed in paper I.
The analysis of the DR-degradation products and DR-analogues in term of
effect and target affinity demonstrated the importance of each functional group
for the DR-effects. In the case of this study, such analysis confirmed that prodrug properties of DR compounds were not sufficient to modulate the observed
effect on seedling development. The DR structures have the potential to serve
as a base to generate biased chemical libraries and extend the prospection of
the chemical space related to auxin biology.
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The digital image processing used in paper II and paper III exemplifies
the basic workflow required to extract quantitative data from digital images.
The developments of automated microscopes and computer controlled cameras
allow the possibility to perform phenotyping from a tremendous amount of
diverse images.
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