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SUMMARY



Multiple functions have been identified for the plant hormones strigolactones (SLs) during plant
growth and development. However, due to their recent discovery, much still needs to be investigated
about the SL signaling cascades and detailed knowledge about their physiological effects is lacking. In this
PhD, we aimed to obtain a profound mechanistic and molecular insight into how SL signaling triggers the

downstream physiological responses and focused on the root system architecture of Arabidopsis thaliana.

To this end, we studied the effect of SLs on the development of the lateral root (LR) in an in-depth
spatiotemporal manner and investigated the SL crosstalk with cytokinin and auxin. We could show that
treatment with the SL analog rac-GR24 did not affect LR initiation, but negatively influenced LR priming
and emergence, the latter especially near the root-shoot junction. The cytokinin module ARABIDOPSIS
HISTIDINE KINASE3 (AHK3)/ARABIDOPSIS RESPONSE REGULATOR1 (ARR1);ARR12 was found to interact
with the rac-GR24-dependent reduction in LR development, because mutants in this pathway made the
LR development insensitive to rac-GR24. Additionally, pharmacological analyses, mutant analyses, and
gene expression analyses indicated that the affected polar auxin transport stream in mutants of the
AHK3/ARR1;ARR12 module could be the underlying cause. We were also able to determine that the
influence of rac-GR24 on the LR density requires the recognition of the two rac-GR24 enantiomers by both

the DWARF14 and KARRIKIN-INSENSITIVE2 receptors.

To obtain a genome-wide overview of the transcriptomic changes brought about by the rac-GR24
treatment and to identify the downstream players in the physiological responses of SLs on the root system
architecture, we applied RNA sequencing on root tissues. SLs were found to influence various pathways,
such as the hormonal crosstalk, drought responses, and light harvesting and sensitivity, and to modulate
the plant’s secondary metabolism. Based on the obtained datasets, we could characterize the
transcription factor TARGET OF MONOPTEROSS5 LIKE 1 (TMO5L1) as a downstream component of the SL

pathway in the root. Genetic and molecular evidence revealed that TMO5L1 plays a key role in the



regulation of the SL-mediated root responses, such as influence of the LR development and impact on the

flavonol content of the root.

Finally, we also initiated a chemical genetics screen with the aim to identify new SL antagonists
that could be helpful in the further deciphering of the SL actions. By screening a compound library for
molecules that inhibit the rac-GR24-induced reduction in hypocotyl elongation, we identified various lead
compounds. Of these lead compounds, three were also found to prevent the rac-GR24-induced
germination of parasitic seeds, whereas two others possibly influence the impact of rac-GR24 on LR

development.

In conclusion, by combining the results obtained via these various approaches, we contributed
greatly to a better understanding on how the SL signaling network results in the execution of the
downstream physiological responses. In addition, the newly identified lead compounds provide a new tool

for further research on the molecular SL signaling mechanisms.
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SAMENVATTING



Strigolactonen (SLs) zijn plantenhormonen waarvoor verscheidene functies geidentificeerd
werden tijdens de groei en ontwikkeling van de plant. Vanwege hun recente ontdekking moet er nog veel
onderzocht worden over de SL signalisatiecascades en gedetailleerde kennis over hun fysiologische
effecten ontbreekt. Dit doctoraat had tot doel om een diepgaand mechanistisch en moleculair inzicht te
verwerven in de manier waarop SL signalisatie zorgt voor de stroomafwaartse fysiologische responsen,

waarbij we de focus op de wortelarchitectuur van Arabidopsis thaliana legden.

Daartoe hebben we het effect van SLn op de ontwikkeling van de zijwortel (ZW) onderzocht via
een diepgaande spatiotemporele analyse en hebben we de interactie van SLn met cytokinine en auxine
bestudeerd. We konden aantonen dat behandeling met het SL analoog rac-GR24 geen effect had op ZW
initiatie, maar een negatieve invloed had op zowel ZW priming als uitgroei, dit laatste voornamelijk in de
buurt van de overgang van de wortel naar de scheut. De cytokinine module ARABIDOPSIS HISTIDINE
KINASE3 (AHK3)/ARABIDOPSIS RESPONSE REGULATOR1 (ARR1);ARR12 bleek te interageren met de rac-
GR24-afhankelijke verlaging van ZW uitgroei, omdat mutanten in deze module een ongevoeligheid
vertoonden voor het effect van rac-GR24 op ZW ontwikkeling. Bovendien toonden farmacologische
analyses, analyses van mutanten en genexpressie-analyses aan dat het verstoorde polaire auxine
transport in mutanten van de AHK3/ARR1;ARR12 module de onderliggende oorzaak zou kunnen zijn. We
konden ook vast stellen dat de invloed van rac-GR24 op de ZW densiteit de herkenning van de twee rac-

GR24 enantiomeren vereist, door zowel de DWARF14 als de KARRIKIN-INSENSITIVE2 receptor.

Om een genoom-wijd overzicht van de transcriptionele veranderingen ten gevolge van rac-GR24-
behandeling te bekomen, en om stroomafwaartse spelers in de fysiologische responsen van SLn op de
wortelarchitectuur te identificeren, pasten we RNA sequenering toe op wortelweefsel. SLn bleken
verscheidene pathways te beinvloeden, zoals hormonale interacties, droogteresponsen, capteren van
licht en lichtgevoeligheid, en het secundaire metabolisme. Op basis van de verkregen datasets, konden

we de transcriptiefactor TARGET OF MONOPTEROS5 LIKE 1 (TMOS5L1) karakteriseren als een
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stroomafwaartse component van het SL signalisatienetwerk in de wortel. Genetisch en moleculair bewijs
toonde aan dat TMOS5L1 een sleutelrol speelt in de regulatie van de SL-gemedieerde responsen in de

wortel, zoals een invloed op de ZW ontwikkeling en de flavonol inhoud van de wortel.

Tenslotte initieerden we ook een chemisch genetische screen met als doel nieuwe SL antagonisten
te identificeren die nuttig kunnen zijn bij de verdere ontcijfering van de SL activiteiten. Door het screenen
van een chemische bibliotheek naar moleculen die de rac-GR24-geinduceerde verlaging van
hypocotylelongatie verhinderen, identificeerden we verscheidene lead moleculen. Van deze lead
moleculen waren er drie die ook de rac-GR24-geinduceerde kieming van parasitaire zaden konden

voorkomen, terwijl twee anderen mogelijk ook de impact van rac-GR24 op LR ontwikkeling beinvioedden.

Samenvattend, door het combineren van de resultaten verkregen via deze verschillende
benaderingen konden we sterk bijdragen tot een beter begrip van hoe het SL signalisatienetwerk
resulteert in de uitvoering van de stroomafwaartse fysiologische reacties. Bovendien bieden de nieuw
geidentificeerde lead moleculen een nieuw instrument voor het verdere onderzoek naar de moleculaire

SL signalisatiemechanismen.
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Abstract

Strigolactones are a group of plant secondary metabolites that have been assigned multiple roles,
of which the most recent is hormonal activity. Over the last decade, these compounds have been shown
to regulate various aspects of plant development, such as shoot branching and leaf senescence, but a
growing body of literature suggests that these hormones play an equally important role in the root. In this
chapter, we present the biosynthesis and signaling and discuss the most important strigolactone-related
phenotypes, with a main focus on all known root phenotypes linked to strigolactones. We examine the
expression and presence of the main players in the biosynthesis and signaling of these hormones and
bring together the available information that allows us to explain how strigolactones act to modulate the

root system architecture.






1.1.  Strigolactone biosynthesis and transport

Much of the initial progress made in unraveling both the strigolactone (SL) biosynthesis and
signaling pathways has been based on a set of high-branching/tillering mutants identified in multiple
species, such as the high-branching phenotypes of decreased apical dominancel (dadl) in petunia
(Petunia hybrida), ramosus1 (rms1) to rms5 in pea (Pisum sativum), more axillary branchingl (max1) to
max4 in thale cress (Arabidopsis thaliana), and dwarf (d) and high tillering dwarf (htd) mutants in rice
(Oryza sativa) that directed the focus toward research aiming at deciphering the SL mode of action on
lateral shoot branching (Beveridge et al., 1996; Bainbridge et al., 2005; Zou et al., 2006; Stirnberg et al.,
2007; Alder et al., 2008; Drummond et al., 2009; Vogel et al., 2010). Indeed, mutants in the SL pathway
show a bushy phenotype that can be rescued by application of synthetic SLs for the biosynthesis, but not

for the signaling mutants.

Originally, all natural SLs were discovered in root exudates and consist of a tricyclic lactone group
(ABC-rings), connected by an enol-ether bridge to a butenolide group (D-ring) (Figure 1). Generally, one
or two methyl groups are coupled to the A-ring and one or more hydroxyl or acetoxyl groups to the A/B-
part (Xie et al., 2010; Al-Babili and Bouwmeester, 2015). The most rudimentary molecule is 5-deoxystrigol
and is, therefore, considered as the general precursor of the other SLs. Besides the natural SLs, also
synthetic bioactive analogs exist, such as the commonly used rac-GR24 (Figure 1) (Yoneyama et al., 2009;

Zwanenburg et al., 2009).
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Figure 1. Structure of natural SL molecules and synthetic SL analogs. (A) A selection of various occurring natural SLs. (B) Synthetic
SL analogs, GR7, GR5, Nijmegen-1, and imino analog. (C) Structure of the commonly used synthetic SL analog rac-GR24, consisting
of two enantiomers: GR24°PS or (+)GR24, and GR24e"t505 or (-)GR24. Figure modified from Xie et al., 2010 and Scaffidi et al., 2014.

The first step in the SL biosynthesis pathway is catalyzed by DWARF27 (D27) inside the plastids,
namely by isomerization of all-trans-p-carotene into 9-cis-B-carotene (Figure 2) (Lin et al., 2009; Waters

et al.,, 2012). The next steps in the biosynthesis also occur in the plastids and are catabolized by the
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carotenoid cleavage dioxygenases MAX3 and MAX4, giving rise to carlactone, a known SL biosynthesis
intermediate, which is the substrate of MAX1 (Figure 2) (Booker et al., 2005; Scaffidi et al., 2013; Seto et
al., 2014). In Arabidopsis, MAX1 converts carlactone to carlactonoic acid, which, in turn, is a precursor of

SLs and methyl carlactonoate, a compound shown to exhibit SL-related activity (Figure 2) (Abe et al., 2014).

Several decisive initial studies provided the foundations for the SL biosynthesis pathway, mainly
in pea (for a review, see Beveridge et al., 2009), but also in Arabidopsis, in which grafting of wild-type (WT)
rootstocks to the scions of either max1, max3, or max4 can rescue the high-branching phenotype
(Turnbull et al., 2002; Sorefan et al., 2003; Booker et al., 2004). These data underline the importance of
the root for (at least a precursor of) SL production, because the root is sufficient to rescue entirely the
shoot branching phenotype in these grafting experiments. However, the SLs are not exclusively produced
in the root, because d27, max3, and max4 rootstocks do not lead to an increased branching phenotype in
WT scions, a phenotype expected to occur when the SL production would completely be abolished

(Turnbull et al., 2002; Sorefan et al., 2003).
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Figure 2. Proposed SL biosynthesis pathway. The first step is the reversible, D27-catalyzed 9-cis/all-trans isomerization of B-

carotene. Carotenoid cleavage dioxygenase 7 (CCD7) (MAX3) then mediates the stereospecific cleavage of 9-cis-B-carotene at the

C9'-C10’ double bond in the trans-moiety of the substrate, yielding the intermediate 9-cis-B-apo-10'-carotenal and B-ionone. In

one step, CCD8 (MAX4) converts 9-cis-B-apo-10"-carotenal into carlactone.

In Arabidopsis, MAX1 converts carlactone to

carlactonoic acid, which, in turn, is a precursor of SLs and methyl carlactonoate. Figure modified from Abe et al., 2014.

More clues about SL production came from the expression patterns of the biosynthesis genes.

Although the grafting experiments hinted at the roots as important SL production sites, the relative

expression of the first biosynthetic gene D27 is lower in the roots than in the aboveground tissue (Lin et

al., 2009). Additionally, the d27 mutant rootstock, similar to that of the max3 and max4 mutants, does
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not increase the branching of grafted WT scions, suggesting that the D27 activity in the shoot is sufficient
to inhibit branching (Waters et al., 2012). Hence, these data indicate that the root is not the main site for
the first committed step in the SL biosynthesis pathway. Still, by means of mRNA in situ hybridization in
rice, D27 was shown within the root tissue to be specifically expressed in the lateral roots (LRs) and in the
vascular tissue of the crown roots (Figure 3) (Lin et al., 2009). However, an overview of the expression
pattern along the primary root is urgently needed. The expression pattern of the MAX3 and MAX4 genes
also points to a general production of SLs in several tissues, nonetheless with a main production site in
the root. Detailed analysis of the pMAX4:GUS lines in Arabidopsis revealed that, although a weak
expression could be detected in the hypocotyl, petioles, and somewhat in nodal tissue, most staining
occurred in the primary root tip as early as the first day post germination and in the tips of emerged LRs
(Figure 3) (Sorefan et al., 2003; Bainbridge et al., 2005). Additionally, detailed comparative analysis of the
MAX3 expression in multiple tissues hints at a predominant expression in the roots, although relatively
high levels are also detected in siliques, primary inflorescence stems, and, to a lesser extent, in secondary
inflorescence stems and petioles (Booker et al., 2004). Finally, the MAX1 gene, coding for a cytochrome
P450 enzyme, involved in the last documented step(s) of a bioactive SL formation (Figure 2), was
expressed all over the plant, more particularly within the vascular tissues (Booker et al., 2005). In the root,
the expression starts in the developing vascular tissue above the differentiation zone of the root tip, a
pattern that does not overlap with the MAX4 expression within the root tip (Figure 3) (Booker et al., 2005).
However, the nonoverlapping expression patterns are in agreement with the demonstrated mobile nature
of the SL intermediate carlactone (Booker et al., 2005; Scaffidi et al., 2013; Seto et al., 2014). The general

MAX1 expression suggests that SLs can be produced everywhere in the plant, thus also in the root.
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Figure 3. Arabidopsis gene expression in the roots for the main SL biosynthesis genes (D27, MAX4, and MAX1) and the upstream
(MAX2 and D14) and downstream (SMXL6 SMXL7 SMXL8 and SMAX1) signaling components. MAX4 is only expressed in the
root tip, whereas MAX1 is expressed in the vasculature until the differentiation root zone. MAX2 is expressed in the root
vasculature until the root tip, not completely overlapping with the D14 expression pattern, because D14 expression is absent in
the root tip, but the D14 protein is present in the root tip (data not included in the figure). As no data for D27 are available in
Arabidopsis, the current profile is deduced from information available in rice. Because of the lack of spatial information on the
D27 expression along the primary root, the extent of the expression pattern was assumed (indicated by ‘??’). Also for SMAX1 and

for SMXL6/7/8, no information on their expression pattern along the complete main root are known (also indicated by ‘?’).

Altogether, these data imply that SLs are not exclusively produced in the root, but more generally
within the vascular tissues of many organs, although long-distance transport from the root toward the

shoot has to be considered as well. In agreement, mass spectrometry revealed that SLs occur in the xylem

12



sap of Arabidopsis and tomato (Solanum lycopersicum) (Kohlen et al., 2011). However, more recently, the
long-distance transport of SLs in a large number of species has been questioned (Xie et al., 2015). In all
tested species, both endogenous and exogenous SLs were transported from the root to the shoot, but
could never be detected in the xylem sap (Xie et al., 2015), implying that the root-to-shoot transport of
SLs happens via active cell-to-cell transport. Valuable information regarding cell-to-cell transport has been
obtained from research in petunia that identified an ATP-binding cassette transporter, designated
PLEIOTROPIC DRUG RESISTANCE1 (PDR1) as a key SL transporter (Kretzschmar et al., 2012). This
transporter is localized asymmetrically in root cells with different expression patterns, depending on the
cell type involved (Sasse et al., 2015). In root hypodermal cells, PDR1 is localized on the apical membrane,
hinting at an active SL transport mechanism toward the shoot, whereas in the hypodermal passage cells,
in which arbuscular mycorrhizal fungi can specifically penetrate the host, the expression is confined to the

outer-lateral membrane, indicative for active transport outward into the rhizosphere.

1.2. The strigolactone signaling pathway

The SL signaling pathway is in the process of being unraveled with a central role for the
Arabidopsis MAX2 protein and its orthologs in various plant species (Beveridge et al., 1996; Ishikawa et
al., 2005; Stirnberg et al., 2007; Drummond et al., 2011). This nuclear leucine-rich-repeat-containing F-
box protein belongs to the same family as the auxin receptor TRANSPORT INHIBITOR RESPONSE1 (TIR1)
and the jasmonate receptor CORONATINE INSENSITIVE1 (Dharmasiri et al., 2005; Stirnberg et al., 2007;
Sheard et al., 2010). MAX2 is part of a Skp, Cullin, F-box (SCF)-type E3 ligase complex that ubiquitinates
proteins, often to target them for proteasomal degradation (Stirnberg et al., 2007; Vierstra, 2009). In rice
and petunia, the MAX2 orthologs interact with the D14 protein, an o/B hydrolase that is able to bind and
hydrolyze SLs (Hamiaux et al., 2012; Zhou et al., 2013). The active site of the D14 protein consists of a
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hydrophobic pocket containing the highly conserved catalytic triad Ser-Asp-His (Figure 4) (Hamiaux et al.,
2012). Binding of rac-GR24 in this pocket causes a hydrophilic attack, resulting in the cleavage of the rac-
GR24 molecule into an ABC-ring part and the D-ring attached to the catalytic Ser (Figure 4) (Zhao et al.,
2013). This reaction has a slow enzymatic turnover and destabilizes the D14 protein (Hamiaux et al., 2012;
Zhao et al., 2013). As mutation of the catalytic triad abolishes the D14 functionality and because the
hydrolyzed products no longer possess any biological activity, the destabilization of the protein is believed
to facilitate the interaction with other partner proteins, such as MAX2, followed by proteasomal
degradation of target proteins (Figures 4 and 5) (Hamiaux et al., 2012). Based on studies in rice and
Arabidopsis, DIWARF53 (D53) and the eight members of the SUPPRESSOR OF MAX2 1 LIKE (SMXL) family
(SMAX1 and SMXL2 to SMXL8), respectively, were proposed to be D3/MAX2 targets (Figure 5) (Jiang et al.,
2013; Stanga et al., 2013; Zhou et al., 2013; Kong et al., 2014). For D53, SMXL6, SMXL7, and SMXLS, a rac-
GR24-induced and for D3/MAX2, a Dl14-dependent proteasomal degradation were demonstrated,
bringing us closer to the understanding of how the MAX2/D14 signhaling components give rise to the well-

described phenotypes (Figures 4 and 5) (Wang et al., 2015; Soundappan et al., 2015).
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Figure 4. Model for the SL signaling pathway through SL hydrolysis. (a) The proposed SL receptor D14 is an a/b-hydrolase with
both binding and enzymatic activities. The hydrophobically active site pocket contains the conserved catalytic triad serine (S),
aspartate (D), histidine (H) essential for the D14 enzymatic and binding activities. Structural changes in D14 following SL binding
or hydrolysis would trigger MAX2-dependent degradation via the proteasome of SL signaling repressors. How MAX2 binds D14 is
still not understood. (b) Currently proposed model for rac-GR24 hydrolysis by D14 with nucleophilic attack of the D-ring and
formation of an intermediate. The hydroxyl group of the serine residue (S97) of the catalytic triad attacks the SL butenolide ring
on position C50 leading to the transitory opening of the D ring and the release of product 1. A transient intermediate product is
generated, covalently linked to the protein by the serine and rapidly converted into a hydroxyl butenolide (product 2). Figure

taken from De Saint Germain et al. (2013).

Both known SL signaling genes MAX2 and D14 are expressed in the vascular tissues of several
plant organs. MAX2 is mainly localized in the nucleus and distributed in the cells associated with vascular
tissues throughout the plant (Shen et al., 2007; Stirnberg et al., 2007). Also in the root, MAX2 expression

occurs in vascular, pericycle, and endodermal cells, with decreasing expression levels toward the root
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base (Figure 3) (Stirnberg et al., 2007). In Arabidopsis, the expression pattern of D14 largely ties in with
that of MAX2. However, inside the root, the D14 expression is absent in the meristematic zone of the root
tip, but appears in the root differentiation and elongation zones, whereafter it progressively gets
restricted to the phloem cells (Figure 3) (Chevalier et al., 2014). So, both in the root tip and in the older
part of the root vascular bundle, the expression patterns of MAX2 and D14 don’t appear to overlap.
Nevertheless, because the expression pattern of a translational D14:GUS fusion is larger than that of a
transcriptional fusion, together with a high expression level in the root tip, the D14 protein should be
present where MAX2 is expressed (Chevalier et al., 2014). The subcellular localization of D14 has been

found to be both cytoplasmic and nuclear in all investigated tissue types (Chevalier et al., 2014).
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Figure 5. Models of strigolactone (SL) and karrikin (KAR) signaling. SLs are recognized by D14, triggering an association of D14
with SCFMAX2 and the SMXL6,SMXL7,SMXL8/D53 proteins that are then targeted for proteasomal degradation, enabling growth
responses to SLs. Other carotenoid-derived SL-like molecules, such as methyl carlactonoate, may act similarly through D14. KARs
are produced by burning vegetation. Based on genetic evidence and analogy to the SL pathway, we hypothesize that KAR or a
putative KARRIKIN INSENSITIVE 2 (KAI2) ligand (KL) are recognized by KAI2, triggering the formation of a SCFMAX2—KAI2-SMAX1
complex. SMAX1 is then polyubiquitinated and degraded by the 26S proteasome, allowing KAR/KL responses, such as increased
germination. Dashed lines and question marks indicate that the KAI2-dependent signaling mechanism is an untested hypothesis.
Upward and downward arrows mark an increase and decrease in a growth response, respectively. *Leaf growth effects of kai2

and smax1 are influenced by photoperiod. Figure modified from Morffy et al. (2016).
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This general expression pattern suggests that SL signaling mediated by MAX2 and D14 can happen
throughout the plant, although generally restricted to the vascular tissues of the various organs. In the
root, it is noteworthy that the signaling components are not always expressed in the specific zones in
which SLs play a role, such as in the trichoblasts, i.e. the epidermal cells from where root hair cells develop
(Stirnberg et al., 2007; Koren et al., 2013; Chevalier et al., 2014). Additionally, reestablishment of the
MAX2 expression specifically in the endodermis via expression through the endodermis-specific
SCARECROW (SCR) promoter could rescue the root hair, lateral root density (LRD), and primary root length
phenotypes in the max2 mutant (Koren et al., 2013). As such, a non-cell-autonomous action of the SL
signaling complex in the root is very likely, because of the possible mobility of the D14 protein (Chevalier
et al., 2014; Thieme et al., 2015). Alternatively, mobile secondary messengers, other than SLs, might be
generated that move to the action site (Kumar et al., 2015). Finally, the expression profiles of the genes
encoding four SMXL proteins, responsible for the coordination of the SL signaling downstream of MAX2,
have been published (Wang et al., 2015, Soundappan et al., 2015). Through the use of promoter GUS-GFP
reporter lines, root-based expression of SMAX1, SMAX6, SMAX7, and SMAX8 has been shown to occur in
the vascular tissue of the main root and also, specifically for SMAX1, in the root cap (Figure 3)

(Soundappan et al., 2015).

A higher level of complexity has appeared concerning the SL signaling network, because some of
the core components are also involved in the signaling of other molecules. For instance, KAI2 in
Arabidopsis, a protein structurally closely related to D14, is responsible for the detection of karrikins,
smoke-derived signals that induce seed germination, a process that also appears to require the MAX2 F-
box protein and a member of the SMXL gene family, namely SMAX1 (Figure 5) (Nelson et al., 2011; Stanga
et al., 2013). Structurally, karrikins share the butenolide D-ring with the strigolactones, but despite their
similarity, they show different physiological effects (see below) (Figure 5) (Nelson et al., 2012). Just like

D14, KAI2 has a hydrophobic crevice that contains the highly conserved catalytic triad Ser-Asp-His that is
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essential for KAI2-functionality and a seemingly similar signaling cascade, although the different shape of
the ligang-binding pocket (Figure 5) (Waters et al., 2014, 2015). Moreover, besides a role as a karrikin
receptor, KAI2 is also required for the establishment of arbuscular mycorrhization in rice (Gutjahr et al.,
2015). Additionally, the commonly used SL analog rac-GR24 has been found to trigger non-SL responses
as well, making the understanding of the SL signaling and the resulting physiological effects even more
tangled (Scaffidi et al., 2014). rac-GR24 consists of an equimolar mixture of two enantiomers, (+)GR24 (or
GR24°%) and (-)GR24 (or GR24°"°P%) from which (+)GR24 mimics a natural SL molecule that initiates D14-
dependent signaling. However, the unnatural (-)GR24 enantiomer was found to initiate KAI2-specific
signaling, rather than a signaling cascade via D14 (Scaffidi et al., 2014). In other words, this enantiomer
mimics karrikins and other unknown endogenous compounds that signal via KAI2. Much care should thus
be taken when the MAX2-dependent phenotypes resulting from rac-GR24 treatment are evaluated,
because the outcome might not be SL specific. Furthermore, in parasitic plants, some KAI2 orthologs have

evolved to recognize SLs rather than karrikins (see below) (Conn et al., 2015, Tsuchiya et al., 2015).

1.3. Therole of strigolactones in rhizosphere communication

SLs have originally been identified as seed germination stimulants for parasitic weeds, such as
Striga spp. and Phelypanche spp. These parasites germinate in the neighborhood of host plant roots, to
which they attach themselves to subtract water, photosynthates, and nutrients. The end result is a
weakened or dead host, with large agricultural losses worldwide as a consequence (Yoder and Scholes,
2010). These seeds have been known for a long time to only germinate in the presence of host roots
(Vaucher, 1823), but it took until 1966 to discover that strigol was the active germination stimulant in root
exudates of cotton (Gossypium hirsutum) (Cook et al., 1966). Further research identified the CD-moiety
of the SL molecule as the bioactiphore for parasitic seed germination, more or less corresponding to the
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region that is required for its phytohormonal activity (Zwanenburg and Pospisil, 2013). Thus, the
perception mechanisms might be similar, as indeed in agreement with the recent demonstration that the
KAI2 paralogs present in parasites have acquired the ability to sense SLs (Figure 6) (Conn et al., 2015;

Tsuchiya et al., 2015; Toh et al., 2015).

The KAI2 gene has undergone extensive gene duplication in parasites that contain up to 13 copies,
whereas D14 was maintained as a single copy (Conn et al., 2015). Based on their conservation, they can
be subdivided into three phylogenetic clades: a conserved clade (KAI2c), an intermediate clade (KAI2i),
and a divergent clade (KAI2d), the latter containing the majority of the paralogs (Figure 6). Based on
homology modeling and crystal structure, the KAl2d clade is believed to have a larger ligand-binding cavity
than KAI2i and KAI2c that is seemingly more similar to the D14 cavity (Conn et al., 2015; Toh et al., 2015).
Interestingly, transgenic complementation of the Arabidopsis kai2 mutant with parasitic KAI2d members
confers SL-specific germination to Arabidopsis, whereas complementation with a KAI2i member restores
specifically karrikin-responsive germination (Conn et al., 2015; Toh et al., 2015). This observation implies
that the KAI2 gene has undergone extensive duplication in the parasite to obtain novel ligand specificities
that enables the parasite to respond to various germination stimulants, which, in turn, may influence the

host range of the parasite (Figure 6) (Conn et al., 2015).
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functions and ligands are unknown. D14 probably arose from a duplication of KAI2 before the evolution of seed plants
(spermatophytes). KAI2 of Arabidopsis recognizes KAR and probably an endogenous KAI2 ligand (KL). Duplication of KAI2 after
the evolution of Lamiids produced KAI2c and KAI2i paralogs in the Lamiales and Solanales. KAl2c may recognize KL and KAI2i
possibly also KAR. Further duplication events in the parasitic Orobanchaceae led to a fast evolving clade of KAl2d that recognizes

SLs. Figure taken from Conn et al., 2015.

Moreover, the recent development of a probe that activates specifically SL signaling by binding to
D14 of Arabidopsis and becomes fluorescent after enzymatic hydrolysis has provided more insights into
the SL signaling in parasitic seeds (Tsuchiya et al., 2015). This probe, Yoshimulactone Green (YLG), can also
be hydrolyzed by several KAl2d paralogs in Striga, but not by KAI2c, proving that KAl2d paralogs are indeed

responsible for SL-induced germination of parasitic seeds.

From an evolutionary point of view, one could wonder why plants still produce and exude these

suicidal compounds into the rhizospere. The question was addressed by the identification of SLs as
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branching factors of arbuscular mycorrhizal fungi (AMF) (Akiyama et al., 2005). These fungi form a
symbiosis with more than 80% of all land plants to facilitate water and nutrient uptake by the host plants
in return for photosynthates for the fungus (Parniske, 2008). The structural requirements for SL molecules
to be active as branching factors for AMF seem to be more stringent than those for germination of
parasitic seeds and hormonal activity. Indeed, they absolutely need the presence of the ABC-ring part
(Akiyama et al., 2010; Cohen et al., 2013), implying that the signaling mechanism of SLs in AMF probably
differs from that in plants. However, from the plant side of the symbiosis, KAI2 has been shown to play a
pivotal role in the establishment of the symbiotic interaction in rice (Gutjahr et al., 2015). Loss of KAI2
blocks the early colonization process and keeps the plant insensitive for exudates of germinating AMF.
Hence, KAI2 might regulate the plant’s ability to undergo a symbiotic interaction, although it cannot be
excluded that KAI2 might be involved in perception of early communication signals from the fungus

(Gutjahr et al., 2015).

1.4. Strigolactones as endogenous phytohormones

Non-host plants of AM fungi, such as Arabidopsis, were found to produce SLs, indicating that these
molecules must exert an additional endogenous role, because they were found to regulate lateral shoot
branching (Gomez-Roldan et al., 2008; Umehara et al., 2008). In the meantime, an increasing amount of
research is emerging on the effect of SLs on various other developmental processes, such as germination,
photomorphogenesis, and root architecture (Figures 5 and 7) (Woo et al., 2001; Snowden et al., 2005;

Shen et al., 2007, 2012; Tsuchiya et al., 2010; Toh et al., 2012).
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Figure 7. Roles of strigolactones (SLs) in plant development. SLs stimulate internode growth (a), accelerate leaf senescence (b),
enhance the elongation of root hairs and the growth of primary roots (c), increase stem thickness and induce secondary growth
(d), inhibit the outgrowth of axillary buds (e), and inhibit the formation of adventitious roots (f) and of lateral roots (g). Figure

taken from Al-Babili and Bouwmeester (2015).

1.4.1 Strigolactones control shoot branching

Shoot branching is a major determinant of the plant’s architecture and consists of two consecutive
processes, namely the formation of buds in the leaf axils and the outgrowth of these axillary buds into
branches (Bennett and Leyser, 2006). The outgrowth is tightly regulated by both internal
(phytohormones) and external (nutrients, light,...) cues, but, in most cases, the buds stay dormant by a
process called apical dominance (Leyser, 2009). This apical dominance is primarily determined by auxin

that is mainly produced by young leaves at the tip of the stem and is transported toward the root, although
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the apical auxin has been proven to only inhibit branching in an indirect fashion (Thimann and Skoog,
1933; Booker et al., 2003). Besides auxin, also cytokinins influence the shoot architecture by promoting
shoot branching instead of inhibiting it (Sachs and Thimann, 1967). Also a third class of phytohormones,
SLs, were shown to regulate branching (Gomez-Roldan et al., 2008; Umehara et al., 2008). SL mutants
show increased branching, which can be rescued by exogenous rac-GR24 in the biosynthetic mutants, but
not in the signaling mutants. Also application of the SLintermediate carlactone can rescue this phenotype,
but neither in the signaling mutants nor in the biosynthetic max1 mutant, indicating that carlactone is
metabolized in the plant into the bioactive compound in a MAX1-dependent fashion (Scaffidi et al., 2013).
For the branching regulation by SLs, SMXL6, SMXL7, and SMXL8 are specifically involved as downstream

targets of MAX2 (Soundappan et al., 2015).

Counterintuitively, SLs can both inhibit and promote branching, depending on the applied rac-
GR24 concentration and the auxin transport status of the plant (Shinohara et al., 2013). Generally,
exogenous rac-GR24 inhibits branching, but in a genetic background with an altered auxin status (such as
in the auxin receptor mutant transport inhibitor response 3 [tir3]) rac-GR24 promotes branching at very

low concentrations and inhibits branching at higher concentrations (Shinohara et al., 2013).

Currently, two, not mutually exclusive, models can explain the hormonal regulation of shoot
branching by auxin, cytokinins, and SLs: the ‘secondary messenger’ model and the ‘auxin transport
canalization’ model (extensively reviewed by Domagalska and Leyser, 2011). In the secondary messenger
model, the reason for indirect inhibition of bud outgrowth by apical auxin is that auxin produces secondary
messenger molecules that, in turn, regulate bud outgrowth locally. Both cytokinins and SLs are good
candidate secondary messengers, because auxin has been found to regulate their biosynthesis (Hayward
et al., 2009; Johnson et al., 2006; Nordstrém et al., 2004). In agreement with their role as secondary
messengers, both hormones can directly regulate bud outgrowth after their application on the buds

(Sachs and Thimann, 1967; Brewer et al., 2009).
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There is also a lot of supporting evidence for the ‘auxin transport canalization model’ (Figure 8).
In this model, dormant buds are assumed to be a source of auxin that needs to be transported outside
the bud to trigger leaf initiation and expansion (Bayer et al., 2009). An initial auxin flux from the buds
occurs that eventually develops into a polar auxin transport stream (PATS) by a positive feedback
mechanism (Figure 8a) (Balla et al., 2011). The efficiency by which this mechanism takes place depends
on the sink capacity of the stem, which is a good auxin sink, to be transported to the roots. However,
under normal circumstances, the sink capacity of the stem is already saturated by auxin from the shoot
apex, thus preventing bud outgrowth (Figure 8b). Mutants in the SL pathway show an increased
accumulation of the PIN-FORMED1 (PIN1) auxin transporter in the PATS with an accompanying enhanced
auxin transport capacity (Bennett et al., 2006; Brewer et al., 2009). In addition, the branching phenotype
of these mutants can be restored to WT levels by addition of low doses of auxin transport inhibitors
(Bennett et al., 2006). SLs are indeed capable of diminishing the auxin transport and the accumulation of
PIN1 on the basal membrane of xylem parenchyma cells within 10 minutes after treatment with rac-GR24,
independent of protein synthesis, but dependent of MAX2 and clathrin (Figure 8b) (Crawford et al., 2010;
Shinohara et al; 2013). Based on these data, the canalization model states that SLs act systemically to
dampen the PATS in the stem by reducing the PIN1 accumulation on the cell membrane. In this manner,

SLs lower the canalization efficiency and enhance the competition between the buds.
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Figure 8. Auxin transport canalization and bud activation. (a) The auxin transport canalization-based model describes a process
in which an initial auxin flux from source to sink is gradually canalized into cell files with high levels of highly polarized transporters.
Canalization is driven by a positive feedback loop in which the auxin flux upregulates and polarizes the auxin efflux facilitators in
the direction of the auxin flow, resulting in the formation of auxin transport canals. (b) In the auxin transport canalization-based
model, buds act as auxin sources and the stem as an auxin sink owing to its ability to transport auxin away toward the root. Buds
must export auxin to be activated and they compete for the common auxin transport pathway through the main stem to the root.
Upon bud activation, the auxin transport from active buds reduces the sink strength of the stem and thus prevents other buds
from exporting their auxin, allowing auxin to be transported in the PATS, derived either from more apical buds or from the primary
apex, to regulate bud activation in an indirect manner. SLs act systemically to dampen the PATS and reduce the accumulation of
PIN1 on cell membranes, enhancing competition between buds for the common auxin sink in the stem. Figure taken from

Domagalska and Leyser (2011).
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1.4.2 The role of strigolactones in photomorphogenesis

Various environmental stimuli regulate plant development, among which light is the most
important factor. Depending on the absence or presence of light, plants undergo two different
developmental programs: skotomorphogenesis in darkness and photomorphogenesis in the light.
Photomorphogenic development is characterized by hypocotyl elongation inhibition, cotyledon opening
and greening, and root growth promotion, whereas skotomorphogenesis is associated with an elongated
hypocotyl, apical hook maintenance, and closed unexpanded cotyledons (Kami et al., 2010). To be able to
respond to various light aspects, such as quality, quantity, duration, and direction, plants are equipped
with a vast array of photoreceptors. These receptors are the red/far-red sensing phytochromes (PHYA to
PHYE in Arabidopsis), cryptochromes (CRY1 and CRY2) and phototropins (PHOT1 and PHOT2) for the UV-
A/blue region of the light spectrum, and the UVB-RESISTANCE 8 (UVR8) UV-B receptor (Lin and Shalitin,

2003; Chaves et al., 2011; Rizzini et al., 2011; Burgie and Vierstra, 2014).

Downstream of these photoreceptors, several transcription factors regulate the expression of
light-induced genes, of which LONG HYPOCOTYL5 (HY5) is the most important one. HY5 encodes a basic
leucine zipper (bZIP) transcription factor that acts as a positive photomorphogenesis regulator
(Chattopadhyay et al.,, 1998) and its activity is controlled by the negative regulator CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1), an E3 ubiquitin ligase that marks HY5 for proteasomal degradation in the
dark (Saijo et al., 2003). Mutations in HY5 cause pleiotropic phenotypes, such as an elongated hypocotyl
in the light and a distorted root architecture (Oyama et al., 1997). This pleiotropism is not unexpected,
because HY5 had been identified as a central hub between light and hormone signaling. HY5 has been
shown to regulate auxin, gibberellin, and abscisic acid signaling by modulating their biosynthesis or

signaling (Cluis et al., 2004; Sibout et al., 2006; Chen et al., 2008; Weller et al., 2009).
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For SLs as well, a crosstalk with light signaling during seedling development has been discovered.
Indeed, in a genetic screen to identify mutants in the light signaling pathway, MAX2 was retrieved (Shen
et al., 2007) and max2 seedlings show a defective inhibition of the hypocotyl elongation when grown
under monochromatic red, far-red and blue light, but do not differ from the WT in the dark. The mutants
also develop slightly reduced cotyledons and are hyposensitive to light-induced seed germination (Shen
et al., 2007). These responses are regulated downstream of MAX2 by the SMAX1 member of the SMXL
family, again indicating that the different physiological responses of SLs are mediated by various SMXL
members (Stanga et al., 2013, 2016). Interestingly, the SL biosynthetic mutants max1, max3, and max4 do
not share these phenotypes with max2 (Shen et al., 2012). Based on this observation, MAX2 might
regulate photomorphogenesis independently of SLs by modulating several hormonal pathways. Indeed,
the max2 mutant is hyposensitive to gibberellic acid and hypersensitive to abscisic acid during seed
germination, accompanied with a misregulation of biosynthetic and catabolic genes of these hormones
when compared to the WT (Shen et al., 2012). However, based on these observations, it is hard to fully
rule out a role for SLs, because rac-GR24 and both pure enantiomers of rac-GR24 clearly inhibit the
hypocotyl elongation under continuous red light in the WT (Nelson et al., 2011; Scaffidi et al., 2014). The
possibility exists that the known SL biosynthetic mutants are leaky or that SLs or related signaling
molecules are produced via an alternative, non-canonical biosynthetic pathway. In support of this theory,
the Arabidopsis max1 and max4 mutants were found to be still capable of inducing germination of Striga
seeds and a SL biosynthetic mutant of Physcomitrella patens of producing SLs (Kohlen et al., 2011; Proust
et al., 2011). Also other basal plants known to produce SLs lack some of the canonical biosynthetic genes

(Delaux et al., 2012).

SLs and photomorphogenesis have been linked by the fact that rac-GR24 inhibits the hypocotyl
elongation by preventing the nuclear localization of COP1 and by promoting HY5 expression and

stabilization of the HY5 protein (Tsuchiya et al., 2010). However, the involvement of HY5 in the rac-GR24
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regulation of photomorphogenesis has been quite controversial. HY5 has been found to be not absolutely
required for SL-mediated inhibition of the hypocotyl elongation (Waters and Smith, 2013). Although the
hy5 mutant is less responsive to rac-GR24 than the WT, some known transcriptional SL responses were
not affected in the hy5 mutant. In addition, because the double mutant max2;hy5 had an additive effect
on the hypocotyl length, HY5 and MAX2 might act mainly in separate signaling pathways during
photomorphogenesis (Waters and Smith, 2013). In contrast, based on more recently available data, a
model for the rac-GR24-regulated inhibition of the hypocotyl elongation has been proposed with a central
role for HY5 (Figure 9) (Jia et al., 2014). rac-GR24 inhibits the hypocotyl elongation in a cryptochrome-
dependent manner in blue light and in a phytochrome-dependent manner in red and far-red light.
Downstream of these photoreceptors, both COP1 and PHYTOCHROME INTERACTING FACTORs (PIFs)
appear to be involved as negative regulators of the rac-GR24 effects. PIFs are basic helix-loop-helix (bHLH)
transcription factors that regulate negatively photomorphogenesis downstream of the phytochromes.
Upon activation by light, phytochromes interact with PIF proteins, with their phosphorylation and
degradation as a consequence (Leivar et al., 2008; Leivar and Monte, 2014). Whereas the pathway via
COP1 requires HY5, the pathway via PIF was found to be independent of HY5 (Figure 9) (Jia et al., 2014).
Thus, PIFs are believed to contribute to the rac-GR24 response through components different from HY5
that act in a parallel pathway downstream of MAX2, possibly explaining, in part, the previously obtained
data on the largely HY5-independent SL-mediated inhibition of the hypocotyl elongation (Waters and

Smith, 2013; Jia et al., 2014).
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Figure 9. Strigolactone and light signaling pathways coordinately regulate seedling development. Light signals perceived by
phytochromes and cryptochromes promote seedling development either by impairing the activity of the negative regulator COP1
that releases downstream positive factors, such as HY5, or by inducing the rapid phosphorylation and degradation of negative
transcription factors, such as PIFs. rac-GR24 signals, transduced by the SCFMAX2 E3 ubiquitin-protein ligase complex, regulate
seedling development through MAX2-dependent promotion of HY5 expression to increase the HY5 accumulation or through an

unknown PIF-regulated factor X. Figure taken from Jia et al. (2014).

To complicate matters even more, besides SLs, also karrikins have been shown to regulate the
photomorphogenic program of Arabidopsis (Nelson et al., 2011). Based on the long hypocotyl phenotype
of the kai2 mutant, which resembles that of max2 and differs from the WT hypocotyl phenotype of d14,
the role of endogenous SLs in this phenotype is believed to be subordinate to the endogenous molecule
that signals via KAI2 (Scaffidi et al., 2014). Furthermore, the exogenous SL precursor carlactone is at least

tenfold less active than rac-GR24 in inhibiting the hypocotyl elongation, suggesting that endogenous SLs
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-in contrast to exogenous rac-GR24- might be less important for photomorphogenesis (Nelson et al., 2011;

Scaffidi et al., 2013, 2014).

1.4.3 Strigolactones influence Arabidopsis seed germination

Seeds provide a strong protection niche to the vulnerable embryo. Therefore, it is not surprising
that seed germination happens under a tight environmental and hormonal control (Penfield and King,
2009). Abscisic acid plays a pivotal role in the establishment of dormancy in seeds, whereas gibberellins
are known to counteract these abscisic acid responses, making them powerful germination activators
(Yamaguchi et al., 2007). Besides these two key regulators, also a positive role for ethylene and cytokinins
in seed germination have been described, although the effect of cytokinins is believed to be due to

ethylene production (Lieberman, 1979; Ghassemian et al., 2000).

Recently, also a positive role in seed germination has been attributed to SLs in Arabidopsis (Nelson
et al,, 2011; Toh et al., 2012). In Arabidopsis, dormancy is generally weak, so that seeds germinate easily
under normal conditions. However, seed germination can be suppressed by supra-optimal temperature
conditions, a process called thermoinhibition (Toh et al., 2008). Exogenous rac-GR24 overcomes this
inhibition, by both decreasing and increasing abscicic acid and gibberellic acid levels in seeds, respectively.
In accordance with a role for SL during thermoinhibition, the SL signaling mutant max2 and the
biosynthetic mutant max1 (but not max3) show a hypersensitive phenotype that, in the case of max1, can
be rescued by rac-GR24 addition. Additionally, SLs also overcome secondary dormancy after a prolonged
imbibition period at high temperature (Toh et al., 2012). Freshly harvested Arabidopsis seeds undergo
primary dormancy that can be repressed by karrikins, but also by rac-GR24 addition, albeit with a tenfold
lower efficiency than that of karrikins (Nelson et al., 2011). Besides the photomorphogenic responses, this

response was also shown to be regulated downstream of MAX2 by SMAX1 (Stanga et al., 2013, 2016).

31



However, later only the non-natural (-)GR24, which is perceived by KAI2, has been found to be responsible
for this germination phenotype in primary dormant seeds (Scaffidi et al., 2014). This clarification implies
that not endogenous SLs, but karrikins or endogenous molecules that signal via KAl2, are involved in the
germination of primary dormant seeds, in agreement with the observation that exogenous carlactone is
unable to induce Arabidopsis germination (Scaffidi et al., 2013, 2014). The question remains to be
answered whether the observed effect of rac-GR24 during thermoinhibition is also not due to SLs.
However, the fact that the SL biosynthesis mutant max1 doesn’t have a WT phenotype might indicate that

endogenous SLs really play a role at least during thermoinhibition.

1.4.4 Regulation of the root system architecture by strigolactones

The root system architecture of Arabidopsis thaliana

In Arabidopsis, the root system architecture (RSA) is dominated by the primary root. This root is formed
already during embryogenesis and, after germination, it grows by cell divisions in the root apical meristem,
followed by cell elongation in a specific root zone. After a short while, the one-dimensional growth of the
root system expands by the formation of lateral roots (LRs). In contrast to the shoot, no axillary meristems
are formed in the root that can give rise to branches. Instead, LRs develop from the pericycle, a tissue
comprising the inner cell layer of the root that lines the vascular bundle (Figure 11a). The pericycle is not
a homogenous tissue, but consists of different cell types. The cells that are located opposite of the xylem
poles are shorter and are radially expanded when compared to the other cells (Laskowski et al., 1995;
Dubrovsky et al., 2000). In Arabidopsis, LRs only develop from these cell types, thus, only in front of the

xylem poles (Dolan et al., 1993).

LR development has been described as consisting of consecutive developmental programs (Figure

10) (Péret et al., 2009). The process starts with priming of the root xylem pole pericycle cells in the root
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meristem zone, followed by LR initiation through asymmetric cell division of primed pericycle cells and
then by a well-controlled pattern of cell division to finally form the dome-shaped LR primordium (LRP)

that pierces through the primary root during LR emergence (Péret et al., 2009).

Auxin transport (ap)

LR emergence

LRP development

ll-i-'i'illlll-i-'i'illllli-i-'i'ill*

=== LR initiation

Priming of pericycle cells
for LR initiation

Auxin transport (bp)

Figure 10. Developmental events during LR formation. First, pericycle cells are primed for the future LR initiation at the basal
meristem, followed by LR initiation (anticlinal cell divisions to produce shorter and longer cells) and LR primordium (LRP)
development, and finally by LR emergence. Auxin is transported toward the young root tip (acropetal transport; ap), and then, at
the root tip, it is redirected to the basal part of the root (basipetal transport; bp). Both acropetal and basipetal auxin transport
are required for LR formation. The apical meristem of primary and lateral roots is indicated by red ovals. On the left, a photograph

shows a 10-day-old wild-type Arabidopsis seedling (Columbia accession). Figure taken from Fukaki and Tasaka (2009).

Priming of pericycle cells — LRs are formed along the primary root according to a highly structured

pattern (Lucas et al., 2008). Indeed, not every xylem pole pericycle cell gives rise to a LRP. The first step
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during LR formation starts with an oscillatory gene expression in the basal meristem of the primary root,
a transition zone between the meristem and the elongation zone (De Smet et al., 2007; Moreno-Risueno
et al., 2010). This process is called priming and creates so-called prebranch sites, containing cells able to
form a LRP later on and characterized by the expression of the early LR marker GATA23 (De Rybel et al.,
2010). The oscilations in the basal meristem can be visualized by the activity of the synthetic auxin-
inducible DR5 promoter and seem to occur with an interval of approximately 6 hours (Moreno-Risueno et
al., 2010). Due to the cell divisions in the root meristem, these prebranch sites move shootward, where
some of these pericycle cells become specified as founder cells. Recently, the local conversion of indole-
3-butyric acid (IBA) into indole-3-acetic acid (IAA) in the root cap has been found to serve as a auxin source
that is required to regulate the amplitude of the oscillatory auxin response in the basal meristem and, in
turn, the prebranch site formation (Xuan et al., 2015). Moreover, the MEMBRANE-ASSOCIATED KINASE
REGULATOR 4 (MAKR4) has been identified to act downstream of the IBA-to-IAA conversion to transform
the prebranch sites into founder cells (Xuan et al., 2015). Besides auxin, also a carotenoid-derived signal
was shown to be involved in priming (Van Norman et al., 2014), of which the identity remains elusive,
because pharmacological experiments and mutant analyses have excluded the involvement of both

abscisic acid and SLs (Van Norman et al., 2014).

Lateral root initiation — Immediately after the specification of founder cells, the next step in the
LR formation takes place, called the initiation and is characterized by an asymmetric and anticlinal cell
division (Casimiro et al., 2001). As such, two smaller daughter cells are generated to form the center of
the future LRP. Also during this LR formation step, auxin plays a central role. Just before and during the
asymmetric division, auxin accumulates and/or responds in the small daughter cells, together with the

induction of various auxin-related genes (Benkova et al., 2003; Tatematsu et al., 2004).

Lateral root primordium development — Next, the smaller daughter cells undergo various

specifically oriented cell divisions, so that a primordium will develop that eventually will pierce through
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the epidermis of the primary root. Based on the cell division patterns, eight different stages can be
distinguished (Figures 11b and 11d) (Malamy and Benfey, 1997). First, the smaller daughter cells undergo
several rounds of anticlinal divisions by which a cell file of maximally 10 cells develop, characterizing stage
I. Then, these cells divide periclinally giving rise to a two-cell--layered structure (stage Il). Subsequently,
the outer cell layer divides periclinally to generate a stage-Ill LRP. As not all cells of the primordium divide,
the characteristic dome-shape of the LRP arises from this stage on. After this step, a fourth cell layer is
formed by another round of periclinal divisions of the inner cells (stage IV). Stage V is characterized by
some additional rounds of cell divisions, so that the developing LRP has migrated already half way through
the parental cortex. At stage VI, the primordium starts to penetrate into the epidermis and its size has
expanded so much that it becomes difficult to trace and define all occurring cell division events. At stage
VII, the primordium is on the verge to emerge from the primary root and the actual emergence (stage VIII)

is mainly brought about by cell expansion instead of cell division.

As auxin plays a crucial role during LRP development, the PIN1 proteins, which are the most
important auxin efflux transporters, are directionally relocalized to cause a lateral auxin flux toward the
developing LRP. The subsequent formation of an auxin gradient with a maximum at the primordium tip is

crucial for the correct organogenesis of LRs (Figure 11c) (Benkova et al., 2003).

Emergence of the LRP is believed to be coupled with the activation of the newly formed LR
meristem. From this point on, the primordium is considered to be a mature emerged LR, because their
own meristematic cells are responsible for future growth (Malamy and Benfey 1997). However, acropetal
transport of the shoot-derived auxin is still required to support the further LR elongation at the early stage

(Wu et al., 2007).
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Figure 11. Morphological changes during lateral root development. (a) Section of the Arabidopsis primary root. Lateral roots
originate deep within the primary root from the pericycle cells. (b) The eight stages of primordium development (roman numbers)
are shown. (c) Establishment of the auxin signaling maximum, as demonstrated with the DR5:GUS reporter (blue gradient). (d)
The cartoons were drawn from aniline blue-stained roots for each stage of lateral root development. The scale bars represent 20

um. Figure taken from Péret et al. (2009).

Hormonal regulation of lateral root development

Besides the dominant role of auxin during LR development, other hormones have been shown to
be involved in the regulation of this process. Cytokinins, for instance, are known to inhibit the auxin-
induced expression of PIN genes and to distort the formation of an auxin gradient during LR initiation
(Reviewed in Vanstraelen and Benkova 2012). As such, cytokinins inhibit both the initial asymmetrical cell
divisions of the founder cells and the patterning during the LRP development. Also abscisic acid inhibits
LR development, but, in contrast, it prevents the emergence and further outgrowth (De Smet et al., 2006).
Ethylene seems to exert a dual role. At high concentrations, it enhances both the acropetal and basipetal

auxin transport in the root and, as such, it inhibits auxin accumulation and formation of an auxin maximum
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(Negi et al., 2008). Instead, low concentrations promote LR initiation by enhancing auxin biosynthesis
(lvanchenko et al., 2008). Brassinosteroids have also been attributed a role during LR development: they
promote LR initiation by enhancing the acropetal auxin transport (Bao et al., 2004). Finally, SLs have been

shown to play a role in the RSA regulation (see below).

Which are the effects of strigolactones in the root?

Although the involvement of SLs in shaping the RSA has been demonstrated in various species,
including Arabidopsis, pea, Medicago truncatula (barrel medic), rice, and tomato, most research has been
done on Arabidopsis (Kapulnik et al., 2011a; Koltai, 2011; Ruyter-Spira et al., 2011; Rasmussen et al., 2012)
and the impact of SLs has been identified on all important aspects of the RSA, such as primary root length,
root hair formation, LRD, and adventitious rooting (Figure 12). The influence of SLs on the primary root
growth has been reported to be subtle and to depend on the growth conditions and the plant species
used. Addition of rac-GR24 increased the primary root length of Arabidopsis with an increase in cortical
cells in the primary root meristem as a consequence, especially when plants were grown in the absence
of exogenous sucrose (Ruyter-Spira et al., 2011), and coinciding with an increase in size of the meristem
and the primary root transition zone (Ruyter-Spira et al., 2011). In agreement, the biosynthetic SL mutants
max1 and max4 and the signaling mutant max2 have a shorter primary root than that of the WT, with
correspondingly fewer cortical cells in the primary root meristem, suggesting that endogenous SLs control
root growth (Ruyter-Spira et al., 2011). However, high concentrations of rac-GR24 (> 2.5 uM) lead to a
MAX2-independent inhibition of primary root growth, probably due to the toxicity of the nonphysiological
concentrations (Ruyter-Spira et al., 2011; Shinohara et al., 2013). Alternatively, it is possible that the max2
mutant is not completely flawed in SL signaling and starts to respond at higher concentrations of rac-GR24.
Also in rice, similar effects have been reported, although the primary root of SL mutants was only shorter

than that of the WT under low phosphate and low nitrate conditions, demonstrating that the effect of
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endogenous SLs is influenced by the growth conditions (Sun et al., 2014). Under both normal and nutrient-
poor conditions, application of rac-GR24 results in an elongation of the primary root of the WT and of the
SL mutants, except for the signaling mutant d3 (Sun et al., 2014). However, rac-GR24 has no effect on the
seminal root length (Arite et al., 2012) or on the primary root length of tomato and M. truncatula (Koltai
et al., 2010; De Cuyper et al., 2015). For tomato, only a combined treatment with auxin uncovered an
effect on the primary root length: the inhibitory effect of auxin on root growth diminished with the
addition of increased concentrations of rac-GR24 (Koltai et al., 2010). In contrast, in Lotus japonicus
(birdsfoot trefoil) upon silencing of the MAX3 ortholog, the length of the primary root had increased
instead of decreased (Liu et al., 2013). Hence, it is difficult to make general conclusions on the SL influence
on the primary root length, probably because of subtle phenotypes, the influence of growth conditions,

or even varying endogenous hormonal backgrounds between different species.

The effect of SLs is more pronounced on LR development. Treatment with rac-GR24 affects LR
initiation or outgrowth in a MAX2-dependent manner (Kapulnik et al., 2011a; Ruyter-Spira et al., 2011).
Accordingly, the LRD is higher in max2 than in the WT, indicative of a negative effect of SLs on LR
development. However, the LR phenotypes of the SL biosynthetic mutants max3 and max4 are still unclear,
because the phenotypes do not differ from the WT, although an intermediate phenotype between that
of the WT and that of the max2 mutant has been reported (Kapulnik et al., 2011a; Ruyter-Spira et al.,
2011). This observation might indicate that signals other than SLs are at play in the regulation of the
phenotype or that some residual SL metabolites are present in the used biosynthesis mutants. Just as for
the root length, at high rac-GR24 concentrations, a MAX2-independent decrease of the LRD has been
observed that could hint at a toxicity effect when rac-GR24 is applied at concentrations higher than 1 uM
(Ruyter-Spira et al., 2011). Similar to Arabidopsis, the LRD of WT rice is reduced after treatment with
various concentrations of rac-GR24 (Sun et al., 2014). Comparable to the effect on the primary root length,

growth conditions also influence the SL impact, because enhanced auxin levels or signaling as obtained
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through growth under low phosphate conditions, revert the negative effect of rac-GR24 on the LRD into
a positive one (Ruyter-Spira et al., 2011). The molecular basis for these observations is still unknown, but
could reflect the influence of the auxin landscape on the outcome of the SL treatments, as observed during

shoot lateral branching (Ruyter-Spira et al., 2011; Shinohara et al., 2013).

Root hair development is an inherent part of the RSA, because root hairs play an essential role in
taking up nutrients from the soil (Gilroy and Jones, 2000; Lopez-Bucio et al., 2003). In both Arabidopsis
and tomato, rac-GR24 elongates the root hairs (Koltai et al., 2010; Kapulnik et al., 2011a). However, SL
mutants (max2, max3, and max4) do not seem to exhibit shorter root hairs than the WT under control
conditions, indicating that this phenotype might not be controlled by endogenous SLs (Kapulnik et al.,
2011a; Koren et al.,, 2013; Pandya-Kumar et al., 2014). On the contrary, under phosphate-limiting
conditions, the root hair density of the SL-biosynthetic mutant max4 and signaling mutant max2 appears
to be lower than that of the WT, an effect that can be complemented with a high dose of exogenous rac-

GR24 (Mayzlish-Gati et al., 2012).
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Figure 12. Known effects of rac-GR24 on WT and max2 mutant Arabidopis roots when grown in nutrient-rich media.

Finally, an effect on root initiation from nonroot tissue in Arabidopsis, pea (adventitious roots),
and rice (crown roots) has been attributed to SLs (Arite et al., 2012; Rasmussen et al., 2012). In Arabidopsis
and pea, both SL biosynthesis and signaling mutants show a higher adventitious rooting capacity than the
WT, suggesting that endogenous SLs suppress the formation of adventitious roots (Rasmussen et al., 2012).
Likewise, application of rac-GR24 results in a clear dose-dependent decrease in adventitious roots, but
not in the signaling mutants (Rasmussen et al., 2012). In dark-grown pea, the SL biosynthesis mutants, but
not the SL signaling mutants, show a reduced number of adventitious roots, pointing to a potential role

of SLs, independently of MAX2, in adventitious root formation in the dark (Urquhart et al., 2015). In rice,
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the crown roots of all SL mutants seem to be shorter than those of the WT and are fewer in number, a
phenotype that is rescued by rac-GR24 in a concentration-dependent manner for all biosynthesis mutants
(Arite et al., 2012; Sun et al., 2014), suggesting that SLs regulate crown root development positively in rice,

rather than negatively in Arabidopsis and in light-grown pea.

Hence, thus far, of the four root-specific SL-triggered phenotypes that have been observed, two
seem directly related to SLs, namely increased primary root length and adventitious rooting. For the effect
on root hairs and LRD, more research needs to be done. For the time being, it cannot be excluded that a
yet unknown signal, mimicked by rac-GR24 and signaling through MAX2, might also be at play (Gutjahr et

al., 2015).

How do plants regulate the physiological responses in the roots?

Phytohormones are known to interact with each other to regulate specific phenotypes. A large
body of research has revealed that, just as for other organs, the action of SLs in the root often takes place
in concert with other phytohormones. The best studied case is the tight crosstalk between SLs and auxin
for the action of SLs on shoot branching (Crawford et al., 2010; Domagalska and Leyser, 2011; Shinohara
et al., 2013). For instance, exogenous auxin can directly affect the key SL biosynthesis genes, inducing the
expression of both MAX3 and MAX4 (Foo et al., 2005; Hayward et al., 2009). Inversely, rac-GR24 leads to
a significant decrease in expression of INDOLE-3-ACETIC ACID INDUCIBLE 1 (IAA1), an auxin-responsive
gene, for which the mutant is known to be resistant to inhibition of root and hypocotyl elongation and
stimulation of LR growth by auxin (Park et al., 2002; Yang et al., 2004; Mashiguchi et al., 2009). Additionally,
in the root tip, prolonged treatments with rac-GR24 result in a down-regulation of the auxin efflux carriers
PIN1, PIN3, and PIN7 (Ruyter-Spira et al., 2011). However, in-depth research on the PINI expression

revealed that, in contrast to SLs that induce the PIN1 endocytosis from the plasma membrane in shoots,
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roots are not responsive to short SL treatments, both regarding the total PIN1 protein levels and
subcellular localization (Shinohara et al., 2013). This observation could indicate that the crosstalk between
SLs and auxin might be differentially regulated in the shoot and in the root, or that some root responses

might be the indirect result of PIN1-affecting SLs in the shoot (Shinohara et al., 2013).

The effect of rac-GR24 on the LRD of Arabidopsis is influenced by the auxin status of the plant
(Ruyter-Spira et al., 2011). At low auxin concentrations, the addition of rac-GR24 leads to a decreased LRD,
whereas at high auxin concentration this treatment causes an increased LRD (Ruyter-Spira et al., 2011).
As an explanation, rac-GR24 might cause auxin levels to sink below an optimum for LR development,
through a reduction in auxin flow via modified PIN recycling at the membrane in the xylem parenchyma
cells, leading to a decreased LRD. However, at high auxin concentrations, the rac-GR24--triggered
reduction in the auxin flow would set off the total auxin content to reach the given optimum, thereby
giving rise to an increased LRD (Ruyter-Spira et al., 2011; Shinohara et al., 2013). Nevertheless, more

research will be required to fully understand these observations.

The crosstalk between auxin and SL signaling in root hair elongation is less clear, albeit the active
role of both hormones. An independent action mechanism would be expected, because auxin treatments
enhance the root hair responses to rac-GR24 and the max2 mutant remains responsive to auxin in its root
hair phenotype (Kapulnik et al., 2011b). Nevertheless, some crosstalk might occur, because the auxin
receptor mutant tirl was less responsive to rac-GR24 (Kapulnik et al., 2011b). Recently, a link between
SLs and auxin transport has been established that controls root hair elongation. Indeed, rac-GR24
increases the PIN2 abundance at the epidermal plasma membrane during root hair elongation, suggesting
that rac-GR24 affects PIN2 endocytosis and endosomal trafficking via actin dynamics in a MAX2-
dependent manner (Pandya-Kumar et al., 2014). Besides the auxin-SL link, a role for ethylene in the SL-
induced root hair elongation has been elucidated (Kapulnik et al., 2011b). SLs seem not to be necessary

for the root hair response to ethylene, but both the ethylene signaling mutants ethylene insensitive2 (ein2)
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and ethylene responsel (etr1) are less responsive to rac-GR24 in their root hair phenotype, implying that
ethylene is epistatic to SLs for this phenotype. Furthermore, as the rac-GR24 effect could be abolished by
blocking ethylene biosynthesis, ethylene might be required for the rac-GR24 impact on root hair

elongation (Kapulnik et al., 2011b).

The effect of rac-GR24 on adventitious rooting in Arabidopsis has been studied as well by the
interaction between SLs and auxin and has been found to act mainly independently in the regulation of
this process (Rasmussen et al., 2013). Moreover, a possible interaction between cytokinins and SLs has
been investigated and ruled out, because SL mutants are responsive to cytokinins and cytokinin mutants

to rac-GR24 for the adventitious rooting phenotype (Rasmussen et al., 2013).

The previous experiments allow insight into the SL effects at the physiological level, but
information on the mechanism at the molecular level is scarce. The next challenge in understanding SL
signaling in roots is to bridge the gap between the hormonal crosstalk network and MAX2 targets. As
MAX2 acts in an SCF complex to degrade specific SL targets, a considerable research effort has been
directed toward uncovering these elusive targets, of which the degradation might explain some of the SL-
induced MAX2-dependent phenotypes. Recently, the high LRD observed in the max2 mutant has been
shown to be rescued in the max2,smxl6,smx|7,smxI8 quadruple mutant, indicating that signaling through
these SMXL proteins controls the effects on LR development (Soundappan et al., 2015). Now, it would be
interesting to assess the response of this quadruple mutant for other known rac-GR24 responses, such as

root hair elongation or effect on primary root length.

Additionally, whereas the involvement of MAX2 in the different root responses is well established,
the role of the SL receptor D14 has not been investigated either for root length, LR development, root hair
elongation, or adventitious root phenotype. This research is all the more relevant when recent findings

are taken into account, namely that the commonly used racemic GR24 mixture is apparently not specific
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to SLs, but can mimic other naturally occurring signaling compounds as well, such as karrikins and
unknown endogenous ones, that are perceived through the D14 homolog KAI2 (Guo et al., 2013; Gutjahr
et al., 2015; Conn and Nelson, 2016). To solve this problem, it would be useful to investigate first whether
any of the known root phenotypes are either specific to a given rac-GR24 enantiomer or a given receptor
protein. As indicated above, the smx/6/smxl/7/smxI8 mutant can rescue the naturally increased LRD of the
max2 mutant (Soundappan et al., 2015). Hence, although not tested yet, these data would predict that

D14 is involved in the SL impact on the LRD.

1.5. Concluding remarks

Thanks to contributions made in several new studies, we progressively gain more insights into the
intricate SL signaling networks in the roots. The importance of SLs in shaping the RSA is clear from the
various phenotypes that have been identified across multiple species. Detailed information is now
available describing the elaborate crosstalk between SLs and other plant hormones. Furthermore, it is
becoming clear that SLs act in concert with at least auxin, cytokinins, and ethylene for several of the known
root phenotypes. Two main challenges remain to be tackled to fully unravel the role of SLs in the root.
The first task will be to bridge the gap between the MAX2 F-BOX targets and the known root phenotypes
and the second to investigate the possibility that compounds other than SLs could be at play in some of

the described max2 phenotypes.
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Plants are complex multicellular organisms and, as such, require a tight control of their
developmental processes. An important manner by which this tight developmental regulation can be
coordinated is via the action of hormones. Plants only possess a limited number of hormones that most
often can target almost all cell types. In addition, phytohormones frequently have different functions and,
on top of that, their impact can be influenced by the activity of other hormones. Therefore, unraveling
the complex hormonal signaling pathways in plants that result in various physiological responses is a very
important research theme. Besides the classic hormones auxin, cytokinins, ethylene, gibberellin, and
abscisic acid, several new plant hormones were discovered, of which strigolactones (SLs) are one of the
most recent ones. SLs had originally been identified as signaling molecules in the rhizosphere and
endogenously they regulate important processes, such as shoot branching, photomorphogenesis, and
root architecture. Because of their various roles in defining the plant’s morphology and communication
with organisms in the rhizosphere, SLs have become a cutting-edge topic in plant biology and agronomy,
with great potential in modern agriculture. Due to their recent discovery, much is still undetermined about

the SL signaling cascades and detailed knowledge about their physiological effects is lacking.

The main objective of this PhD is to obtain a profound mechanistic and molecular insight into how
SL signaling results in the downstream physiological responses with a focus on the root system
architecture of Arabidopsis thaliana. To this end, we study the effect of rac-GR24, a synthetic SL analog,
on lateral root development in an in-depth spatiotemporal manner and explore a possible crosstalk with
cytokinin and auxin, two other hormones, known to shape the root system architecture. The results are
presented in Chapter 2. In addition, we wanted to obtain a genome-wide overview of the transcriptomic
changes brought about by rac-GR24 treatment by means of RNA sequencing (Chapter 3). Furthermore, in
Chapter 4, we elaborate on the identification of a downstream player in the physiological responses of
SLs on the root system architecture. An additional objective of this PhD is to initiate a chemical genetics

screen, by which we aimed at characterizing new SL antagonists that can aid in further deciphering the SL
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signaling network. These results will be covered in Chapter 5. Finally, we will discuss our findings, place

our results in a broad context, and address future research perspectives in Chapter 6.
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Abstract

Strigolactones (SLs) are important rhizosphere signals that act as phytohormones and have
multiple functions, including modulation of lateral root (LR) development. Here, we show that treatment
with the SL analog rac-GR24 did not affect LR initiation, but negatively influenced LR priming and
emergence, the latter especially near the root-shoot junction. The cytokinin module ARABIDOPSIS
HISTIDINE KINASE3 (AHK3)/ARABIDOPSIS RESPONSE REGULATOR1 (ARR1);ARR12 was found to interact
with the rac-GR24-dependent reduction in LR development, because mutants in this pathway rendered
LR development insensitive to rac-GR24. Additionally, pharmacological analyses, mutant analyses and
gene expression analyses indicated that the affected polar auxin transport stream in mutants of the
AHK3/ARR1;ARR12 module could be the underlying cause. Altogether, the data reveal that the rac-GR24
effect on LR development depends on the hormonal landscape that results from the intimate connection

with auxins and cytokinins, two main players in LR development.
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2.1. Introduction

Strigolactones (SLs) are phytohormones that affect lateral branching of the shoot (Gomez-Roldan
et al., 2008; Umehara et al., 2008) and many other processes, such as drought tolerance, leaf senescence,
and secondary growth, among others (Woo et al., 2001; Snowden et al., 2005; Shen et al., 2007, 2012;
Tsuchiya et al., 2010; Agusti et al., 2011; Bu et al., 2014). In the rhizosphere, SLs influence interactions of
the host plant with neighboring organisms, such as root-parasitic plants, mycorrrhizal fungi, and rhizobia
(for review, see Xie et al., 2010; Rasmussen et al., 2013a). The root system architecture itself is also
affected by SLs, because SLs influence adventitious root development, main root growth, root hair
development, and lateral root (LR) development (Kapulnik et al., 2011a, 2011b; Ruyter-Spira et al., 2011;
Mayzlish-Gati et al., 2012; Rasmussen et al., 2012, 2013a; Sun et al., 2014). The ontogenesis of LRs consists
of several successive steps that are highly regulated (reviewed by Péret et al., 2009). The first step is
priming of the LR that occurs in the xylem pole pericycle (XPP) cells in the basal meristem zone of the root
tip. These primed XPP cells, also designated prebranch sites, have acquired the developmental program
to become a LR. As the root grows, the primed XPP cells enter the elongation zone, where they undergo
asymmetric cell division, a process designated LR initiation. Through further well controlled division
patterns, an LR primordium (LRP) will be formed that will ultimately develop into a typical dome-shaped

primordium that will pierce through the main root and will form an emerged LR.

Regarding LR development, addition of the SL analog rac-GR24 was found to reduce the LR density
(LRD), because of a diminished LR initiation and LR outgrowth (Koltai et al., 2010; Ruyter-Spira et al., 2011;
Kapulnik et al., 2011b). In Arabidopsis thaliana, mutants in the F-box protein MORE AXILLARY GROWTH2
(MAX2) are perturbed in SL perception and display higher LRDs than the wild-type (WT) plants (Kapulnik
et al., 2011b; Kohlen et al., 2011; Ruyter-Spira et al., 2011). When the MAX2 function was restored

specifically in the root endodermis of max2 mutants, their insensitivity could be partially complemented
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(Koren et al., 2013). SLs are perceived by an a/B-hydrolase, DWARF14 (D14), that binds and hydrolyzes
SLs and plays a central role in downstream signaling activation (Hamiaux et al., 2012; Zhao et al., 2013).
In petunia (Petunia hybrida) and rice (Oryza sativa), D14 interacts with MAX2/D3, a nuclear-localized F-
box protein that participates in the Skp-Cullin-F-box (SCF) complexes and, thus, can mediate the ubiquitin-

dependent degradation of signaling proteins (Hamiaux et al., 2012; Zhao et al., 2013).

The interaction of SLs with auxins and cytokinins in regulation of shoot lateral branching has been
thoroughly studied mainly in pea (Pisum sativum) and Arabidopsis (for a review, see Stirnberg et al., 2010;
Cheng et al., 2013; Rasmussen et al.,, 2013a). Indeed, SL biosynthesis and signaling are intimately
connected with auxin transport regulation (Foo et al., 2005; Bennett et al., 2006; Brewer et al., 2009;
Ferguson and Beveridge, 2009; Hayward et al., 2009; Crawford et al., 2010; Koltai et al., 2010; Shinohara
etal., 2013; Pandya-Kumar et al., 2014). The application of rac-GR24 reduces the basipetal auxin transport
and the accumulation of PIN-FORMED1 (PIN1) in the plasma membrane of xylem parenchyma cells in the
shoot in a MAX2-dependent manner (Crawford et al., 2010). Moreover, in buds, SLs promote PIN1
endocytosis through a clathrin-dependent mechanism that occurs independently of de novo protein
synthesis (Shinohara et al., 2013). In pea, SLs have been demonstrated to act also independently of auxin
(Brewer et al., 2015). Interestingly, SLs could inhibit shoot lateral branching only when a competing auxin
source was available (Crawford et al., 2010; Liang et al., 2010). The auxin landscape also influences the SL
control on branching, because the negative effect on shoot lateral branching disappeared and even
became positive when the auxin homeostasis was changed (Shinohara et al., 2013). In buds, SLs and
cytokinins are known to interact antagonistically and locally (Dun et al., 2012; Zhang et al., 2010; Hu et al.,
2014), probably through their common target, BRANCHED1 (BRC1) in Arabidopsis (Minakuchi et al., 2010;

Braun et al., 2012; Dun et al., 2012).

Also in the root, the interaction of SLs with auxins has been investigated. PIN1, PIN3 and PIN7

protein levels are reduced upon prolonged treatment with rac-GR24 (Ruyter-Spira et al., 2011).
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Additionally, during rac-GR24-induced root hair elongation, the PIN2 abundance increases at the apical
plasma membrane of epidermal cells, suggesting that SLs affect PIN2 endocytosis and endosomal
trafficking via actin dynamics in a MAX2-dependent manner (Pandya-Kumar et al., 2014). The inhibitory
effect of rac-GR24 on LR development can be reverted to an induction rather than a reduction of LRD by
applying a high dose of auxin, or under low phosphate conditions that may increase the auxin sensitivity
(Pérez-Torres et al., 2008; Ruyter-Spira et al., 2011). These observations suggest that, just as for branching,

changes in the auxin landscape could modulate the impact of rac-GR24 (Ruyter-Spira et al., 2011).

Cytokinins are also well known to influence the root architecture (reviewed in Vanstraelen and
Benkova, 2012). Cytokinin signaling negatively affects LR development by impinging on PIN-dependent
auxin transport (Laplaze et al., 2007; Bishopp et al., 2011; Marhavy et al., 2011, 2014; Bielach et al., 2012;
Chang et al., 2013; Moreira et al., 2013). Interaction of SLs with cytokinins during LR development has
been poorly studied, but max2-1 mutants have been reported to have a reduced sensitivity to the

syntethic cytokinin 6-benzylaminopurine (BAP) (Koren et al., 2013).

Here, LR priming as well as outgrowth are shown to be modulated by treatment with rac-GR24,
the latter in a spatiotemporal manner, mainly affecting the emergence of the LRs, which are the closest
to the root-shoot junction. In addition, the ARABIDOPSIS HISTIDINE KINASE3 (AHK3)/ARABIDOPSIS
RESPONSE REGULATOR1 (ARR1)/ARR12 cytokinin signaling module interacts with SLs to affect LR
development, probably through changes in polar auxin transport. Altogether, the results put the SL action

on LR development in the auxin landscape context via cross-talk mechanisms with cytokinin signaling.
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2.2. Results

2.2.1. rac-GR24 reduces lateral rooting in Arabidopsis by affecting LR emergence,

especially near the root-shoot junction in a MAX2-dependent manner

The overall MAX2-dependent reduction in LRD caused by rac-GR24 application had already been
reported (Kapulnik et al., 2011b; Kohlen et al., 2011; Ruyter-Spira et al., 2011), but phenotypical insights
into this event are still lacking. Upon rac-GR24 treatment, the first emerged LR had an altered position
and this effect was abolished in the max2-1 mutant. When plants were grown without rac-GR24 (mock),
the distance from the hypocotyl to the first emerged LR was on average 3.37 mm, whereas when grown

in the presence of rac-GR24 it increased to 6.27 mm in WT plants (Fig. 1A).
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Fig. 1. Effect of exogenous rac-GR24 on LR development near the root-shoot junction. (A) Distance to the first emerged LR in
Col-0 (top) and max2-1 (bottom). Data presented are means * SE of three biological repeats (n > 20). *P < 0.001, according to the
Student’s t-test. (B) Total number of prebranch sites under mock (white bars) and rac-GR24 treatment (grey bars), 4 and 9 DAG
in Col-0 (top) and max2-1 (bottom). Data presented are means + SE of three biological repeats (n > 20). *P < 0.05, according to
the Student’s t-test. (C) Percentage of initiated patches under mock and 1 uM rac-GR24 treatments in Col-0 (top) and max2-1
(bottom) at 9 DAG. (D) Percentage of emerged patches under mock and rac-GR24 treatment in Col-0 (top) and max2-1 (bottom).
Data presented are means + SE of three biological repeats (n > 20). *P < 0.05, according to the Student’s t-test. (E, F) Stages of LR
primordia via GATA23:GUS staining in Col-0 under mock (left) and rac-GR24 treatment (right) at 4 DAG (E) and 9 DAG (F). All
events, possibly leading to emerged LRs, were scored in individual plants, color-coded, and for each plant, vertically ordered from
the closest to the hypocotyl (up) downward to the meristem (down). The staging of the LR primordia was done according to
Malamy and Benfey 1997. Stage ‘0’ refers to a prebranch site, which is hallmarked by GATA23:GUS expression prior to cell division
events. The root fragments used for analysis were comparable in length. Data of one representative experiment are shown. The

experiments were repeated three times with similar results.

To understand this effect, the LR development was spatiotemporally followed, with specific focus
on the upper root zone. Therefore, the expression of the early LR marker GATA23 that indicates prebranch
sites (Supplementary Fig. S1) (De Rybel et al., 2010), was used and combined with the staging of the LR
primordia (Malamy and Benfey, 1997), in both WT and max2-1 plants, under mock and rac-GR24
treatments (Fig. 1E, F; Supplementary Fig. S2). As such, all sites in which a LR could develop were visualized
from the root-shoot junction down to the root meristem at 4 DAG (Fig. 1E; Supplementary Fig. S2A). The
progression in LR development was subsequently analyzed at 9 DAG (Fig. 1F; Supplementary Fig. S2B) to
obtain a spatiotemporal view of how the LR primordium development was affected by rac-GR24
treatment. Fewer GATA23-marked sites were observed at 9 DAG than at 4 DAG, implying that not all
primed sites developed into a LR primordium. When the number of LR sites between mock and rac-GR24-
grown plants was compared, slightly, but significantly, fewer sites were counted upon rac-GR24 treatment,

both at 4 and 9 DAG (Fig. 1B), indicating that rac-GR24 treatment reduced the total number of prebranch
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sites in WT, but not in max2-1 seedlings (Fig. 1B). Concerning initiated patches (see Materials and
Methods), mock and rac-GR24-grown roots of both WT and max2-1 seedlings did not differ, suggesting
that rac-GR24 had no effect on LR initiation, once the prebranch site had been formed (Fig. 1C). rac-GR24
treatment also affected LR outgrowth (Kapulnik et al., 2011b; Ruyter-Spira et al., 2011; Kohlen et al., 2011).
When the percentage of emerged patches was calculated, significantly fewer sites were counted on rac-
GR24-grown roots than on control roots, but again not on max2-1 roots (Fig. 1D). Interestingly, when the
emergence pattern was analyzed at 9 DAG (Fig. 1F), the LR outgrowth inhibition was most pronounced at
positions 1-8, corresponding to the LR primordia closest to the root-shoot junction, but did not occur in
the max2-1 mutant (Supplementary Fig. S2B). These data indicate that mainly the first formed LR
primordia, thus those near the root-shoot junction, do not develop when plants are grown in the presence

of rac-GR24 and that this effect depends on MAX2.

2.2.2.  The cytokinin signaling components AHK3, ARR1 and ARR12 mediate the effect

of rac-GR24 on LR development

Both cytokinins and SLs have been described as negative regulators of LR development in
Arabidopsis (Benkova et al., 2003; Li et al., 2006; Laplaze et al., 2007; Kapulnik et al., 2011b; Ruyter-Spira
et al.,, 2011). Therefore, the link between the rac-GR24-mediated LRD reduction and the cytokinin-
mediated LRD inhibition was investigated in further detail. Firstly, the LRD of several cytokinin signaling
mutants, single and higher-order mutants affected in the cytokinin receptors CYTOKININ RESPONSE1
(CRE1)/AHK4, AHK2, and/or AHK3 (see Materials and Methods) was examined upon treatment with 1 uM
rac-GR24 (Fig. 2A, B). For all tested genotypes, rac-GR24 treatment did not significantly affect the main
root length (Supplementary Fig. S3). For Col-0, crel/ahk4, and ahk2, the LRD was significantly reduced

upon rac-GR24 treatment, but not for the ahk3 mutant (Fig. 2A). In the double cytokinin receptor mutant
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ahk2;ahk4, the LRD decreased significantly upon rac-GR24 treatment, whereas no significant changes in
LRD were observed for ahk2;ahk3 and ahk3,;ahk4 between mock and rac-GR24 treatment (Fig. 2B). Taken
together, these data show that in mutants specifically affected in one member of the cytokinin receptor
family, i.e. AHK3 (ahk3, ahk2;ahk3, and ahk3;ahk4), the rac-GR24 impact on LRD was abolished, whereas
other cytokinin receptor mutants responded as WT plants. The AHK3 expression was unaffected by rac-

GR24 treatment (Supplementary Fig. S4).
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Fig. 2. Effects of rac-GR24 on cytokinin perception and signaling mutants. LRD of single cytokinin receptor mutants (A), double
cytokinin receptor mutants (B), B-type response regulators ARR1, ARR12 and ARRI;ARR12 (C), and mutants in higher-order A-
type response regulators (D) upon rac-GR24 treatment. Data presented are means + SE of three biological repeats (n > 20). ***p

< 0.001, according to ANOVA mixed-model statistical analyses.

These observations prompted the investigation of the downstream signaling components of the
cytokinin perception machinery. As the B-type response regulators ARR1 and ARR12 are involved in
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mediating the AHK3-dependent effects in the root elongation zone (Dello loio et al., 2007, 2008). The rac-
GR24 impact on the LRD was tested in mutants of these response regulators. The single mutants arrl and
arr12 displayed a sensitivity to rac-GR24 similar to that of Col-0 (Fig. 2C), but the double mutant arri;arri2
did not, indicating that both ARRs need to be disrupted to interfere with the rac-GR24 effect on LR

development (Fig. 2C).

Having established that AHK3, ARR1 and ARR12 are involved in the GR24-mediated reduction of
LRD, we analyzed whether mutants affected in A-type response regulators would affect the GR24-
mediated LRD reduction. Therefore, the sensitivity was tested of higher-order A-type ARR mutants to rac-
GR24, because these negative regulators of the cytokinin response are known to act redundantly in root
architecture control (To et al, 2004; Zhang et al, 2011). The arr5;arr6;arr8;arr9 and
arr3;arrd;arr5;arr6;arr8;arr9 mutants showed a significant increase in sensitivity to rac-GR24: LRD
decreased by 37% in WT and by 58% and 67% in arr5;arr6;arr8;arr9 and arr3;arr4;arr5;arr6;arr8;arr9,
respectively (Fig. 2D). Hence, these data support the hypothesis that an altered cytokinin responsiveness
can enhance (A-type ARRs) or repress (B-type ARRs or AHK3) the rac-GR24 effect on LR development.
Taken together, these experiments demonstrate that specific cytokinin signaling components are needed

for the rac-GR24 action on LR development.

2.2.3.  The modified sensitivity to GR24 of ahk3/arri;arr12/shy2 mutants is due to

changes in the auxin landscape

The AHK3/ARR1/ARR12 cytokinin signaling pathway has been shown to act upstream of SHORT
HYPOCOTYL2 (SHY2) to control root differentiation (Dello loio et al., 2007, 2008) and, additionally, the
shy2 loss-of-function mutant has been shown to be insensitive to rac-GR24 as well (Koren et al., 2013). To

elucidate why mutants in the AHK3/ARR1/ARR12/SHY2 module are affected in their rac-GR24 sensitivity,
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the rac-GR24 phenotype of different pin mutants was examined, because SHY2 has been described to
specifically repress PIN1, PIN3, PIN5, and PIN7, whereas cytokinin treatment downregulated PIN1 and
PIN3, but upregulated PIN7 expression (Dello loio et al., 2007; RGzicka et al., 2009). First, the rac-GR24
effect on LRD of mutations in PIN1, PIN3, PIN5, or PIN7 was analyzed. The decrease in LRD of the pin7
mutants was only minor upon rac-GR24 treatment, indicating that mutation in PIN7 reduced the root
sensitivity to GR24 (Fig. 3A), but the LRD reduction of the pin1-613 mutants however was significantly
higher than that in WT plants (Fig. 3B). For the pin3-3 and pin5-3 mutants, the LRD did not differ from that

of WT plants (Fig. 3C).

Hence, these results provide the first genetic evidence that the LR response to exogenous rac-
GR24 is modulated by interference with the polar auxin transport through PIN1 and, to a lesser extent of
PIN7. Previously, prolonged, but not short rac-GR24 treatments, had been demonstrated to influence the
expression of PIN1, PIN3 and PIN7 in the root meristem; however, the expression in root parts other than
the meristem had not been assessed (Ruyter-Spira et al., 2011; Shinohara et al., 2013). Therefore, the rac-
GR24 effect was investigated on the transcription of PIN1 in the mature root, at the hypocotyl-root
junction, where LR emergence is mostly affected by the rac-GR24 treatment (Fig 3). The impact of GR24
on the PIN1 expression was analyzed after 7 days of growth of proPIN1::GUS seedlings. Interestingly, PIN1
expression was affected in a spatial way as especially closest to the shoot, the expression in the
vasculature was lower upon rac-GR24 treatment than under mock conditions (Fig. 3E, F). This observation
was confirmed by analyzing the PIN1 gene expression by qRT-PCR of roots grown either in the presence
or the absence of rac-GR24 and by assessing the mature versus younger regions of the root (Fig. 3D).
Moreover, the PIN1 expression was also lower in the developing LRs from the upper part of rac-GR24-
treated plants than that of mock-grown roots, in contrast to developing LRs at younger stages, i.e. near

the root meristem (Fig. 3F).
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Thus far, our data demonstrate that mutations in the AHK3/ARR1/ARR12 cytokinin signaling
module and in the auxin transport gene PIN1 and PIN7 affects the root sensitivity to rac-GR24, and that
rac-GR24 influences auxin homeostasis by downregulating the expression of PIN1 near the shoot-root
junction which complements the reported decreased PIN protein levels in the root upon prolonged

treatments with high concentrations of rac-GR24 (Ruyter-Spira et al., 2011).

To further investigate how the auxin environment alters the rac-GR24 effect, the rac-GR24
response was examined in plants that overexpressed YUCCA with concomitantly increased free auxin
levels (Zhao et al.,, 2001). The LRD of YUCCA1-D plants did not decrease upon rac-GR24 treatment,
indicating that enhanced endogenous auxin levels also modulate the rac-GR24 response in roots (Fig. 4A).
Also PIN1-overexpressing (PIN1ox) plants that have highly increased frequencies of root primordia with
retarded growth were analyzed (Benkova et al., 2003). The typical rac-GR24-mediated decrease in LRD
was no longer visible, but rather an increase in LRD was observed (Fig. 4B). Moreover, when the foliar
auxin source that determines the outgrowth potential of LRs (Bhalerao et al., 2002; Ljung et al., 2005) was
removed by decapitation after 6 days of growth and when these plants were subsequently treated with
rac-GR24 for 5 days, the effects disappeared on both the PINIox lines (increase in LRD) and the WT
(decrease in LRD), indicating that shoot-derived auxin is important for the rac-GR24 responses in roots
(Fig. 4C). Application of IAA in these experiments (see Materials and Methods) revealed that shoot-derived
auxin mediated the effect, because it complemented the phenotype of decapitated plants (Fig. 4D).
Altogether, the functional data demonstrate that shoot-derived auxin controls the effect of rac-GR24 on

lateral rooting in Arabidopsis, as previously hypothesized (Ruyter-Spira et al., 2011).
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Fig. 4. Dependence of rac-GR24 action on the plant auxin status. (A) LRD of WT and YUCCA-overexpressing (YUCCA1-D) plants,
grown with and without rac-GR24. (B) LRD of WT and PINI-overexpressing (PIN1ox) plants, grown with and without rac-GR24.
(C) LRD of Col-0 and 35S:PIN1 (PIN1lox) plants with and without shoot decapitation, grown in the presence or absence of rac-
GR24. (D) LRD of Col-0 and PIN1ox plants with decapitation and with and without apically applied IAA grown in the presence or
absence of rac-GR24. Mock/mock: decapitated plants grown in the absence of rac-GR24 and without applied IAA; mock/+GR24:
decapitated plants grown in the presence of rac-GR24 and without applied IAA; IAA/mock: decapitated plants grown in absence
of rac-GR24 and with apically applied IAA; IAA/+GR24: decapitated plants grown in the presence of GR24 and with apically applied
IAA. (E) LRD of Col-0, ahk3, Ler and shy2-24 mutants upon treatment with mock, rac-GR24, NPA, or NPA+ rac-GR24. Data

presented are means * SE of three biological repeats (n > 20). ***P < 0.001, according to ANOVA mixed-model statistical analyses.

All mutants with rac-GR24-insensitive root responses, i.e. ahk3, arr1;arr12, and shy2-24, display
an enhanced PIN1 expression (Dello loio et al., 2007, 2008; Zhang et al., 2011) that might cause their
insensitivity towards rac-GR24. This hypothesis was tested by applying low concentrations (100 nM) of

NPA, a polar auxin transport inhibitor (Himanen et al., 2002). The LRD response was analyzed under mock
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and rac-GR24 treatment after 9 days of growth (Fig. 4E). Addition of this low concentration of NPA had no
clear effect on PIN1 expression in the main root, although a slight increase in PIN1 gene expression was
observed in the root tip (Supplementary Fig. S5). However, when the ahk3 and shy2-24 mutants were
grown on plates supplemented with NPA as well as rac-GR24, the LRD was lower than that of roots grown
under mock conditions or supplemented with rac-GR24 or NPA alone, implying that treatment with NPA
rendered the mutant plants responsive to rac-GR24 again. For Col-0, no additional effect was seen when

the roots were treated with both NPA and rac-GR24.
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2.3. Discussion

Several aspects of the root system architecture are modulated by SLs (for reviews, see Cheng et al., 2013;
Rasmussen et al., 2013a; Koltai, 2014). Here, rac-GR24 was found to control LR development
spatiotemporally and to interplay with cytokinin that, just like SLs, regulates LR development. A

summarizing model is presented (Fig. 5).

The method established to build a developmental map of all possible initiated LRs combines the
GATA23 marker gene for induction of prebranching sites, i.e. pericycle-derived LR founder cells that are
predestined to start cell division for LR development, and LR positioning (Malamy and Benfey, 1997; De
Rybel et al., 2010). Together with the determination of the position of each event along the main root, a
precise developmental map provides location and developmental stage of each LR event, thereby
revealing that the main effect of rac-GR24 on the development of LRs concerns their emergence. This
observation concurs with previously published work, although the proposed specific interruption at stage
V of LR development was not detected (Ruyter-Spira et al., 2011). The fact that these authors used a
higher concentration of 2.5 uM rac-GR24, a different growth medium and growth conditions could be the
underlying cause of of this discrepancy, as the effect of SLs on the root system arachitecture has been

shown to be influenced by the environment (Ruyter-Spira et al., 2011; Shinohara et al., 2013).
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Fig. 5. Working model on the interaction of cytokinins with the SL analogue rac-GR24 to control lateral root development. rac-
GR24 treatment results in an inhibition of lateral root emergence, mainly but not exclusively near the root-shoot junction, and to
a minor extent in an inhibition of lateral root priming in the root meristem zone. In the region of the root near the root-shoot
junction, this coincides with a spatial downregulation of PIN1 expression by rac-GR24 treatment. The cytokinin module that
signals via AHK3, through the response regulators ARR1/ARR12, and ultimately to SHY2, influences the effect of GR24 on lateral
root development. Mutants in this pathway are insensitive to rac-GR24 probably due to their reported higher PIN1 levels since

reducing the auxin flux by NPA treatment renders the mutants sensitive again to rac-GR24.

On the 9-DAG map, it were the LRs that were mainly, but not exclusively, situated close to the
root-shoot junction that did no longer emerge under rac-GR24 treatment. Accordingly, the distance
between the hypocotyl-shoot junction and the first emerged LR was longer in rac-GR24-grown roots than
in control roots. This MAX2-dependent effect is in accordance with its essential function in SL signaling.
Hence, rac-GR24 might affect specifically the emergence of the LRs that develop first and are positioned

in the older part of the root. This spatiotemporal effect was also seen on the PIN1 expression pattern in
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the root. Although the reason for this effect still needs to be investigated, the disappearance of the SL
receptor might be the underlying cause, because rac-GR24 treatment reduces the D14 protein abundance

in roots (Chevalier et al., 2014).

Additionally, a small, but significant, decrease in prebranch sites was visible, whereas rac-GR24
had no appreciable effect on LR initiation. Hence, the previously detected rac-GR24 effect on LR initiation
(Kapulnik et al., 2011b; Ruyter-Spira et al., 2011) is possibly due to an impact on prebranching, which could
have been misinterpreted as an effect on initiation. Indeed, the authors did not score for an effect of
priming, as this can only be visualized using the early LR marker GATA23. Prebranch sites are established
by a periodic oscillation of auxin concentrations accompanied by fluctuations in specific gene expression
(De Smet et al., 2007; Moreno-Risueno et al., 2010). This oscillating pattern has been found to be
mediated by a carotenoid compound, distinct from SLs (Van Norman et al., 2014). In agreement with the
data presented, the max2 mutants also exhibited an increased LR capacity (Van Norman et al., 2014). It
would be interesting to analyze whether rac-GR24, as a mimic of SLs or related compounds, modulates
the periodic oscillation of auxin to cause the small effect on prebranching. Furthermore, independently
of SLs, at 9 DAG, fewer LR events are observed on the same main root part than at 4 DAG, possibly
indicating that not all primed sites develop into LRs. Cytokinins have been identified as endogenous
repressors of LR development in a close interplay with auxin (Benkova et al., 2003; Li et al., 2006; Laplaze
et al., 2007). Here, the rac-GR24 effect on LR development required the functional cytokinin receptor
AHK3, but not AHK2 and AHK4/CRE1. The dependence on AHK3 and not on AHK4 is remarkable, because
AHK4 has been implicated in LR patterning along the main root (Marhavy et al., 2011), whereas AHK3 and
the two immediately downstream B-type response regulator genes, ARR1 and ARR12, play an important
role in determining the root meristem size (Dello loio et al., 2007, 2008). Also in the experimental setup,
the double mutant arri;arr12 had no LR response toward rac-GR24, implying that the same cytokinin

module (AHK3/ARR1/ARR12) that determines the root meristem differentiation also governs the rac-
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GR24 action on LR development. AHK3 is involved in meristem differentiation by transcriptional control
of the auxin-induced SHY2/IAA3 gene (Dello loio et al., 2007, 2008). The typical reduction in lateral rooting
upon rac-GR24 treatment was indeed not seen in the shy2-24 loss-of-function mutants (Koren et al., 2013),
supporting the hypothesis that the AHK3/ARR1/ARR12 module acts through SHY2 to result in rac-GR24

insensitivity.

The AHK3/ARR1/ARR12/SHY2 module negatively influences PIN1/PIN3/PIN5/PIN7 expression
(Dello loio et al., 2007, 2008), whereas cytokinin treatment downregulates PIN1/PIN3/PIN5, but
upregulates PIN7 expression (Laplaze et al., 2007; Ruzicka et al., 2009). These changes in PIN gene
expression and their consequences on the polar auxin transport might be the underlying cause for the
rac-GR24 insensitivity of the mutants. Several PIN mutants had a modified sensitivity to rac-GR24: pin3
and pin5 mutants still displayed a reduced LR development upon rac-GR24 treatment, whereas pin7
mutants were only slightly responsive to GR24 and pin1-613 mutants were hypersensitive in agreement
with the opposite influence of cytokinins on their expression. In addition, treatment of ahk3 and shy2-24
with NPA made them sensitive again to rac-GR24. Hence, the changes in PIN gene expression, such as the
PIN1 overexpression observed in these mutants (Dello loio et al., 2007, 2008; Zhang et al., 2011) with an
enhanced polar auxin transport as a result, might be the reason that rac-GR24 does not reduce the LRD

in these mutants.

Moreover, the data support the central role of auxin transport for the SL action. Based on
exogenous auxin and phosphate level modulation, the auxin content in roots has been shown to
determine its responsiveness toward rac-GR24 (Ruyter-Spira et al.,, 2011). Indeed, endogenous
overproduction of auxin via overexpression of YUCCA could make lateral root development unresponsive
to rac-GR24. As auxin is well known to positively regulate its own efflux from cells, less PIN1 internalization
in the YUCCA1-D mutant was observed, resulting in the accumulation of PIN1 on the plasma membrane

(Paciorek et al., 2005). Hence, the observation on the YUCCA1-D mutant fits with the theory that mutants
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with an enhanced PIN1 expression are insensitive to rac-GR24. Interestingly, PIN1-overexpressing plants
no longer displayed a reduced LRD when treated with rac-GR24, but an opposite phenotype with an
increased LRD. The difference in phenotypes between the plants overexpressing YUCCA1-D and PIN1 is
intruiging, but might be due to differences in the severity of the PIN1 accumulation. Also in the shoot,
depending on the auxin transport landscape, rac-GR24 could have positive or negative effects on the
shoot lateral branching by depleting PIN1 from the membranes of xylem parenchyma cells of
inflorescence stems (Shinohara et al., 2013). In addition, rac-GR24 has been shown to have a different
effect on LR development that depends on the growth conditions: inhibition under sufficient and
induction under low phosphate conditions or with exogenous IAA (Ruyter-Spira et al., 2011). Hence,
overexpression of PIN1 has an effect on rac-GR24 responses similar to that of phosphate-limiting

conditions: an increase, rather than a decrease, in LRD.

In conclusion, the data presented imply that rac-GR24 regulates LR development in a
spatiotemporal manner with the strongest effect on emergence of the first developed LR positioned close
to the root-shoot junction. This effect is tightly integrated into the auxin-cytokinin network that rules the
root architecture with the polar auxin transport capacity as a central player on which both cytokinin and

rac-GR24 act.
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2.4. Materials and methods

Plant material and growth conditions

The pin7-1 mutant from Arabidopsis thaliana (L.) Heyhn. is in Landsberg erecta (Ler) background,
whereas the other lines described are in Columbia-0 (Col-0) background. The plant material used has been
described previously: ahk2-2, cre1-12, and ahk3-3 (Higuchi et al., 2004); ahk2;ahk3, ahk2;ahk4, and
ahk3;ahk4 (Riefler et al., 2006); arrl, arr12 and arrl;arrl12 (Mason et al., 2005); arr3;arr4;arr5;arr6, and
arr3;arrd;arr5;arr6;arr8;arr9 (To et al., 2004); pin1-613 (Bennett et al., 2006); 35S:PIN1-GFP (PIN1ox)
(RUZicka et al., 2007); pin3-3 (Friml et al., 2002); pin5-3 (Mravec et al., 2009); pin7-1 (Friml et al., 2003);
shy2-24 (Tian and Reed, 1999); proAHK3:GUS (Higuchi et al., 2004); proPIN1:GUS and pGATA23:NLS-GFP-

GUS (De Rybel et al., 2010); and YUCCA1-D (Zhao et al., 2001).

Seeds were surface-sterilized for 5 min in 70% (v/v) ethanol, 0.05% (v/v) sodium dodecyl sulfate
(SDS) solution, then incubated in 95% (v/v) ethanol for 5 min, and plated on half-strength Murashige and
Skoog (%:MS) medium (1% [w/v] sucrose and 0.8% [w/v] agar). Plants were stratified at 4°C for 2 days,
transferred to a growth chamber at 21°C (16-h light/8-h dark photoperiod). A racemic mixture of GR24
(rac-GR24) was supplemented to the growth medium at the start of the experiment and plants were
grown for the indicated time. All the experiments were repeated three times. Chemical compounds were
added in the following concentrations, except indicated otherwise: 1 uM GR24 and 0.1 pM 1-N-

naphthylphthalamic acid (NPA).

Phenotypic analysis and statistics

After 9 days of growth, LRs were counted under a binocular S4E microscope (Leica Microsystems)
and root length was measured with ImageJ (http://rsb.info.nih.gov/ij). Both values were used to calculate

the LRD. For the decapitation experiments, seedlings were grown for 6 days, where after the shoot was
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removed as described (Forsyth and Van Staden, 1981). The bottom part was transferred to 2MS medium
with or without 1 UM rac-GR24. For the complementation with indole-3-acetic acid (IAA), agar blocks (0.5
cm3) containing solidified growth medium with and without 10 uM IAA were added to the decapitated
site and the LRD was analyzed 5 days later. Replicate means were subjected to statistics by analysis of

variance (ANOVA; SAS Institute Inc., Cary, North Carolina, USA).

Stage determination by GATA23 expression analysis

PGATA23:NLS-GFP-GUS seeds were put on medium supplemented with 1 uM rac-GR24 or with
the same volume of acetone as control and were stratified for 2 days at 4°C. Seedlings were grown
vertically under continuous white light at 21°C. At 4 days after germination (DAG), half the seedlings were
harvested for analysis, whereas for the remaining seedlings, the position of the main root tip was marked
and the plates were transferred back to the growth room. At 9 DAG, the root parts above the mark were
harvested. Samples were stained with B-glucuronidase (GUS), cleared as described (Malamy and Benfey,
1997) and analyzed under the microscope (see below). For the calculations of the percentage of initiated
sites, the total average of initiations at 9 DAG was divided by the total average sites present at 4 DAG (i.e.
the sum of all events, from ‘stage 0’ (prebranch site) to ‘E’ (emerged LR), divided by the amount of plants
analyzed). Likewise for the calculations of the percentage of emerged sites, the total average of emerged

LRs at 9 DAG was divided by the total average sites present at 4 DAG.

Histochemical analysis of GUS activity

Whole seedlings were stained in multiwell plates as described (Jefferson et al., 1987). Samples
were cleared as described (Malamy and Benfey, 1997) and were analyzed by a differential interference
contrast BX51 microscope (Olympus). Alternatively, samples were mounted directly in chloral hydrate

solution (chloral hydrate:water:glycerol, 8:3:1) and microscopically analyzed.
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RNA isolation, qRT-PCR and statistical analysis of PIN1 expression

Arabidopsis proPIN1::GUS seeds were sown on %MS medium with or without 1 uM rac-GR24.
Seeds were stratified for 2 days at 4°C and then grown in vertical position at 21°C (16-h light/8-h dark
photoperiod). After 7 days, root material was harvested and flash-frozen in liquid nitrogen. The region
between the root-shoot junction and the first emerged LR was harvested separately from the remaining
root system. Approximately 100 seedlings were used for each treatment and the experiment was

repeated three times.

RNA preparation, cDNA synthesis, real-time gRT-PCR, and statistical analysis of expression
profiling were done as described (Rasmussen et al., 2013b). The primers used are the following:
PIN1 forward GGCATGGCTATGTTCAGTCTTGGG and PIN1 reverse ACGGCAGGTCCAACGACAAATC;

ACTIN_forward CGCCATCCAAGCTGTTCTC and ACTIN_reverse TCACGTCCAGCAAGGTCAAG.

Accession numbers

The Arabidopsis Genome Initiative locus identifiers for the genes characterized in this study are:
AHK3 (AT1G27320), SHY2 (AT1G04240), PIN1 (AT1G73590), PIN7 (AT1G23080), and YUCCA1 (AT4G32540).
Germplasm identification numbers for the seeds are: ahk2 (ahk2-2tk), ahk3-3 (SALK_069269), cre1-12
(SALK_048970), ahk2;ahk3 (ahk2-5ahk3-7), ahk2;ahk4 (ahk2-5crel1-12), ahk3;ahk4 (ahk3-7;crel-2), arrl-
2 (N6368), arri2-1 (CS6978), arrl;arrl2 (arri-3;arr12-1), pin1-613 (SALK 047613), and pin5-3

(SALK_021738).
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2.6. Supplementary data

Supplementary Figure S1. Expression pattern of the pGATA23:GUS reporter line. (A) pGATA23:GUS expression in

the mature root at sites of lateral root initiation (arrowheads). The horizontal black line represents the location of
the section shown in (B). (B) Section through a stage | lateral root primordium showing pGATA23:GUS expression at
one side of the xylem pole pericycle (XPP). Asterisks and arrowheads indicate phloem pole and XPP cells, respectively.
(C) Detailed expression analysis of GATA23 during stages of lateral root initiation. (D) Before the first asymmetric
division, GATA23 is expressed in patches in the root (arrowheads in D1 and D2). The vertical black line in (D) indicates
the basal meristem. (D1) and (D2) show magnifications of boxed areas in (D) (epi, epidermis; c, cortex; endo,

endodermis; p, pericycle). Figure taken from De Rybel et al., 2009.
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Supplementary Figure S2. Stages of lateral root primordia via GATA23:GUS staining in max2-1 under mock and
rac-GR24 treatment at 4 and 9 DAG. Stages of LR primordia via GATA23:GUS staining in max2-1 under mock (left)
and rac-GR24 treatment (right) at 4 DAG (A) and 9 DAG (B). All events, possibly leading to emerged LRs, were scored
in individual plants, color-coded, and for each plant, vertically ordered from the closest to the hypocotyl (up)
downward to the meristem (down). The root fragments used for analysis were comparable in length.
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Supplementary Figure S$3. Main root lengths of WT and cytokinin receptor and signal transduction mutants under mock and
rac-GR24 treatment. Main root lenght of single cytokinin receptor mutants (ahk2, ahk3 and crel), double cytokinin receptor
mutants (ahk2;3; ahk2;4 and ahk3;4), B-type response regulators (arrl, arr12 and arr1;12), and mutants in higher-order A-type
response regulators (arr5;6;8;9 and arr3,;4;5,;6,8,9) upon rac-GR24 treatment. Data presented are means * SE of three biological

repeats (n > 20).
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Supplementary Figure S4. pAHK3-GUS expression patterns of lateral root primordia at different developmental stages under

mock and GR24 treatment. pAHK3:GUS expression patterns of lateral root primordia of plants grown with and without rac-GR24,

7 days after growth.
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Supplementary Figure S5. pPIN1:GUS expression pattern after treatment with 0.1 uM NPA around the root-shoot junction
(left) and the root meristem zone (right). pPIN1:GUS expression patterns of plants grown with and without 0.1 uM NPA, 7 days
after growth. The region around the root-shoot junction until the first emerged lateral root primordium (left) and the root

meristem zone (right) are shown.
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Abstract

Multiple functions have been identified for the plant hormones strigolactones during plant growth
and development. In the root system architecture as well, strigolactones play an important role, but
an in-depth understanding of the responses in the root at the transcriptional level is lacking. Here, we
present a transcriptome-wide overview on the changes brought about by treatment with the synthetic
strigolactone analog rac-GR24 in the roots of Arabidopsis thaliana and on the differences in the root
transcriptome of the signaling mutant more axillary growth2 compared to the wild type.
Strigolactones were found to influence various pathways, such as the hormonal crosstalk, drought
responses, and light harvesting and sensitivity, and to modulate the plant’s secondary metabolism.
Additionally, we show that the influence of rac-GR24 on the lateral root density and root length
requires both the recognition of the two enantiomers of rac-GR24 by either the DWARF14 or
KARRIKIN-INSENSITIVE2 receptor. Altogether, the data imply that the rac-GR24 signaling involves the

alteration of different pathways to regulate its impact on the root system architecture.
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3.1. Introduction

Strigolactones (SLs) have recently been identified as plant hormones with potentially
important agricultural applications. The phytohormonal action of SLs is mainly assessed in the context
of the shoot architecture, because SLs play a role in the inhibition of lateral bud outgrowth (Gomez-
Roldan et al., 2008; Umehara et al., 2008). However, the phytohormonal effects on leaf senescence,
drought tolerance, biotic stress responses, seed germination, and secondary growth have been
reported as well (Snowden et al., 2005; Tsuchiya et al., 2010; Agusti et al., 2011; Toh et al., 20123,
2012b; Bu et al., 2014; Ha et al., 2014). Moreover, besides their function as phytohormones, SLs are
also known for their role in the rhizosphere, because they influence arbuscular mycorrhizal
associations, induce parasitic plant germination, and affect nodulation (Soto et al., 2010; Xie et al.,

2010; Foo and Davies, 2011; Foo et al., 2013).

Additionally, SLs influence the root system architecture. The widely used treatment with the
synthetic strigolactone rac-GR24 that consists of two enantiomers has been shown to increase the
primary root length, due to a size enhancement of the meristem and transition zone (Ruyter-Spira et
al., 2011). Furthermore, rac-GR24 has a positive effect on root hair elongation and plays an inhibitory
role on lateral root development and adventitious rooting (Kapulnik et al., 2011a, 2011b; Ruyter-Spira
et al., 2011; Rasmussen et al., 2012; Chapter 2). In agreement, mutants in the F-box protein MORE
AXILLARY GROWTH 2 (MAX2), perturbed in SL perception, have a shorter main root, display a higher
adventitious rooting capacity, and have a higher lateral root density than those of wild-type (WT)
plants (Ruyter-Spira et al., 2011; Kapulnik et al., 2011a; Rasmussen et al., 2012). Moreover, accordingly
with being a main signaling factor, max2 mutants do not display the characteristic rac-GR24-
dependent phenotypes (Kapulnik et al., 2011a; Ruyter-Spira et al 2011). Concerning the effect on the
lateral root density, restoring the MAX2 function specifically in the root endodermis was sufficient to

complement the response (Koren et al., 2013).
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The divergent effects of rac-GR24 on the root system architecture imply that the regulation
occurs on various tissues and maybe via different mechanisms. Additionally, the interpretation of the
observations is complicated by the fact that rac-GR24 consists of two enantiomers from which one,
the (+)GR24 is recognized by the SL receptor DWARF 14 (D14), whereas the other, the (-)GR24 by the
karrikin receptor, KARRIKIN INSENSITIVE 2 (KAI2) (Scaffidi et al., 2014). As a result, the rac-GR24 effects
are a combination of signaling through both D14 and KAI2, whereafter the signaling of both pathways
converge on MAX2 (Scaffidi et al., 2014). Thus far, it is not clear which is the contribution of D14 or

KAI2 in the root responses.

Recently, much insights have been obtained into the perception of SLs, but it is currently
unclear what happens thereafter (Soundappan et al., 2015; Wang et al., 2015; Bennett et al., 2016;
Liang et al.,, 2016;). Transcription-dependent, as well as transcription-independent signaling
mechanisms have been proposed (Shinohara et al., 2013; Liang et al., 2016). Insights into the
transcription-dependent approaches can be obtained via genome-wide transcriptome studies, of
which a few related to SLs have been published (Mashiguchi et al., 2009; Mayzlish-Gati et al., 2010;
Nelson et al., 2010; Ha et al., 2014). The first microarray analysis on whole Arabidopsis max1 seedlings,
affected in SL biosynthesis, after treatment with rac-GR24 revealed a limited amount of differentially
expressed genes (Mashiguchi et al., 2009). From this dataset, an intensive crosstalk between SLs and
auxin was demonstrated, because the majority of the downregulated genes were related to auxin.
Additionally, a modest link with light was suggested, due to the upregulation of some transcription
factors (TFs) putatively involved in light signaling (Mashiguchi et al., 2009). This molecular link was
later confirmed in another microarray study on tomato (Solanum lycopersicum) root tissue treated for
48 h with rac-GR24 (Mayzlish-Gati et al., 2010). A substantial amount of the upregulated genes was
involved in light harvesting, as part of the photosystems | and Il. Finally, comparison of the
transcriptome of max2 and WT leaves via microarray analysis, both under normal conditions and after
drought stress (Ha et al., 2014) revealed a role for MAX2 (and rac-GR24) in drought stress. Indeed,
nearly 20% of the downregulated genes in max2 under well-watered conditions were inducible by
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drought, a percentage that increased even more under drought stress. Accordingly, treatment with
rac-GR24 enhanced the drought tolerance of Arabidopsis, whereas mutants in the SL pathway were
hypersensitive to drought, confirming the molecular data (Bu et al., 2014; Ha et al., 2014). A
transcriptome dataset of Arabidopsis seeds treated for 24 h with karrikins (KARs) can potentially also
be related to the rac-GR24 treatment, because of the presence of the (-)GR24 enantiomer (Nelson et
al., 2010; Scaffidi et al., 2014). KAR treatment was shown to induce rather than repress transcripts and
the upregulated genes to be enriched for light-responsive genes (Nelson et al., 2010). Thus, besides

rac-GR24, also KAR influences light signaling in Arabidopsis.

Taking into account the diverse physiological effects that are attributed to rac-GR24 in the
Arabidopsis root, we can assume that they are coordinated by various transcriptional networks, which
are connected to D14 and/or to KAlI2-based signaling. However, transcriptome-wide changes in the
Arabidopsis root have not been investigated yet, creating a gap between the observable physiological
responses of rac-GR24 treatment on the root system architecture and their molecular basis. Here we
investigate the involvement of D14 and KAI2 on the influence of SLs on the lateral root density and
present the rac-GR24-dependent transcriptome profile of the Arabidopsis WT and max2 root tissue.
Our data imply that both D14 and KAI2 via MAX2 control the influence of rac-GR24 on the lateral root
density and that rac-GR24 treatment of roots does not influence one pathway, but modulates various

pathways to affect the root system architecture.
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3.2. Results and discussion

3.2.1. The Arabidopsis root shows physiological responses to rac-GR24 and to both

pure enantiomers

The involvement of MAX2 in the impact of the commonly used rac-GR24 mixture on the LRD
is well established, but neither the effect of the pure enantiomers nor the role of D14 or KAI2 has been
investigated. Previously, both enantiomers have been shown to be effective in hypocotyl elongation
inhibition in Arabidopsis and in germination of parasitic seeds, whereas only the (-)GR24 can alleviate
primary dormancy for the Arabidopsis seed germination (Scaffidi et al., 2014). The two enantiomers
also affect the suppression of shoot branching, although (+)GR24 is much more potent (Scaffidi et al.,
2014). To distinguish between the impact on the LRD of the two different enantiomers, Arabidopsis
seedlings were grown for 9 days in the presence of 1 uM purified (+)GR24, (-)GR24, or rac-GR24 and
the LRD was analyzed (see Materials and Methods). In the WT, both enantiomers and rac-GR24
similarly reduced the LRD, by 37% for rac-GR24 and (+)GR24 and by 33% for (-)GR24 (Figure 1). These
effects depended on MAX2, because no reduction was observed in the max2 mutant.

In a next step, the involvement of the receptors D14 and KAI2 was analyzed. Treatment with
rac-GR24 reduced the LRD of the d14 mutant by 19%, which is significantly lower than the 37%
decrease observed in WT plants (P <0.001), indicating that the d14 mutant was partially insensitive to
rac-GR24. The same was true for the effect of (+)GR24, because the decrease in LRD in d14 was lower
than that in the WT (14% vs 37%; P <0.001). However, when treated with (-)GR24, a reduction of 29%
was obtained for d14, which did not significantly differ from that of the WT (33%) (Figure 1). Because
d14 was still partially sensitive to rac-GR24 and (+)GR24, an additional receptor is expected to be
involved to provoke the effects on LRD. KAI2 could be a possible candidate. To investigate this, the
hyposensitive to light (htl-3) mutant, which is a mutant KA/2 allele in Col-0 background, was analyzed.
To avoid further confusion regarding gene names, we will use ‘kai2’ when referring to the ht/-3 mutant.

Indeed, kai2 appeared partially insensitive to (+)GR24 with a reduction in LRD of 26% compared to
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37% in the WT, but this difference turned out not to be significant (P = 0.06). Moreover, the d14;kai2
double mutant displayed an insensitivity to (+)GR24 likewise as max2. Hence, to perceive the LRD-
affecting (+)GR24 enantiomer, both KAI2 and D14 are involved. Regarding the effect of the (-)GR24
enantiomer, compared to the 33% decrease in LRD observed in the WT, still a 20% reduction occurs
in the kai2 mutant, showing that the kai2 mutant remained partially sensitive to (-)GR24 (P <0.01).
Thus, KAI2 might not be the sole receptor to perceive the (-) enantiomer to act on the LRD. When both
receptor genes were mutated in the d14;kai2 double mutant, Arabidopsis was insensitive to (-)GR24
and phenocopied the max2 mutant, hinting at an additional involvement of D14 in the (-)GR24
perception. However, the observation that the d14 mutant was fully sensitive to (-)GR24 is not in
agreement with this hypothesis. More research is required to fully understand this phenotype. One
hypothesis would be that both receptors are redundant, and that the relative importance of the
functional receptor increases when the other receptor is non-functional. Indeed, biochemical research
in pea (Pisum sativum) showed that RAMOSUS 3 (RMS3), the D14 ortholog, has a high affinity for
(+)GR24, but a low affinity for (-)GR24, and that both enantiomers are hydrolyzed by RMS3 (de Saint
Germain et al., 2016). This result is in agreement with previous data revealing that D14 in rice (Oryza
sativa) selectively consumes (+)GR24 over (-)GR24, when rac-GR24 is supplied, but also that (-)GR24
is hydrolyzed over time (Nakamura et al., 2013). Also in Arabidopsis, D14 is capable of hydrolyzing
both enantiomers, but with a much higher efficiency for (+)GR24, whereas KAI2 also hydrolyzes both
enantiomers, but inversely has a much higher efficiency for (-)GR24 (Flematti et al., 2016). Hence, our
experiments are in agreement with these biochemical data, but are not in line with earlier findings on
the hypocotyl phenotype (Scaffidi et al., 2014). There, a complete separation between D14 and KAI2
as responsible for the perception of (+)GR24 and (-)GR24, respectively, was proposed. A difference in
sensitivity between the two bioassays could be the underlying cause of this discrepancy.
Nevertheless, we can conclude that both enantiomers can cause a decrease in LRD and that
both D14 and KAI2 receptors are involved in the perception of the natural (+)GR24 enantiomer and

that KAI2 plays a main role in (-)GR24 perception, but also in (+)GR24 perception.
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Figure 1. Effects of 1 uM rac-GR24, (+)GR24, and (-)GR24 on the LRD of WT, d14, kai2, max2, and the d14;kai2 double
mutant. Plants were grown for 9 days under continuous light conditions at 21°C on half-strength Murashige and Skoog
medium with 1% [w/v] sucrose. Error bars represent the standard error (SE), based on three independent biological repeats
(n>20). * P<0.05; ** P <0.001, according to ANOVA mixed modeling; the treatments were compared to the MOCK condition
for each genotype. Numbers above the bars represent the % reduction compared to the MOCK control for each genotype.
P-values regarding the differences in LRD reductions between different genotypes and different treatments are indicated in

the text, where appropriate.

The previous data showed the effects of exogenous rac-GR24 on the LRD. In agreement, max2
mutants displayed an increased LRD. To get an initial idea of the importance of the two receptors in
the SL-induced LRD reduction, we compared the phenotypes of the different mutants. The LRD of the
kai2 and the d14;kai2 mutants was higher than that of the WT, similarly to the max2 mutant (Table 1).
In contrast, the LRD of d14 was not significantly different from that of the WT (Table 1). This finding
could indicate that endogenously, KAI2 plays an important role in the control of the LRD. However,
staging of the LR primordia in the different receptor mutants should additionally be performed, as this
will give a better insight into the lateral root forming potential of the mutants. Indeed, genetical

studies have indicated that mainly the D14 signaling pathway via SMXL6, SMXL7 and SMXL8 could play
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an important role in the regulation of LRD (Soundappan et al., 2015). The SL biosynthesis mutants
max3 and max4 do not share the same strong phenotype as the max2 mutant (Kapulnik et al., 2011a;
Ruyter-Spira et al., 2011). This could indicate that the biosynthesis mutants still produce some residual
SLs or the existence of a non-canonical pathway for SL synthesis (Chapter 1). Alternatively, it could be
that the LRD is not regulated by SLs, but by currently unknown components that signal through KAI2,
D14 and MAX2. These signals might be the same as those that control hypocotyl elongation and
Arabidopsis seed germination. These two previously annotated SL phenotypes caused by unknown
endogenous molecules signal through the MAX2 signaling cascade (Scaffidi et al., 2013; Waters et al.
2014; Conn and Nelson, 2016; Sun et al., 2016). Hence, the next challenge will be to discover the
metabolites, produced independently from MAX3 and MAX4, but mimicked by (+)- and (-)GR24 that
use the D14/KAI2/MAX2 signaling cascade (Sun et al., 2016).

In summary, the LRD is likely controlled through both the D14 and the KAI2 signaling pathway

that perceive unknown molecules and/or SLs and exogenous rac-GR24 mimicks this effect.
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Table 1. LRD of SL signaling mutants compared to WT plants. Plants were grown for 9 days under
continuous light conditions at 21°C on half-strength Murashige and Skoog medium with 1% [w/v]

sucrose. Student’s t test was used to show statistical differences between the WT and a specific

mutant.

Genotype LRD * SE % Increase? P value®
Col-0 (WT) 3.23+£0.02 - -

di4 3.40£0.03 5.19 (0,21)
kai2 3.55+0.03 9.97 ok
d14;kai2 3.52+0.03 9.06 *

max2 3.65+0.03 13.16 rokx

2 Percentage increase in LRD relative to the WT.
b Student’s t test compared to the WT; * P value <0.05; ** P value <0.01; *** P value <0.001; n.s., not

significant

3.2.2. Therootresponds transcriptionally to rac-GR24 treatment in a manner different

from that of the shoot

Previously, several SL markers have been delivered via a transcriptomic experiment on whole
seedlings that are frequently used in SL and karrikin research (Mashiguchi et al., 2009; Nelson et al.,
2011; Waters et al., 2012). In a first step to analyze the transcriptional responses especially in the root,
we selected 10 published SL marker genes and examined whether they were also valid SL markers in
root tissue. To this end, 5-day-old Arabidopsis seedlings were transferred to medium containing 1 uM
rac-GR24 or to mock medium and after 0, 6, 24, and 48 h of treatment, the whole root was isolated
for gRT-PCR analysis. Five of the 10 tested genes had a transcriptional response upon rac-GR24
treatment: KAR-UP F-BOX 1 (KUF1; AT1G31350); a DREB TF (AT1G64380); B-BOX DOMAIN PROTEIN 20

(BBX20; ATAG39070); D14-LIKE 2 (DLK2; AT3G24420), and MORE AXILLARY BRANCHING 4 (MAX4;
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AT4G32810) (Figure 2). The SL biosynthetic gene MAX4 was subjected to negative feedback regulation
in the root at all investigated time points, in agreement with previous results obtained on whole
seedlings (Mashiguchi et al., 2009). The expression of KUF1 and BBX20 was already induced after 6 h
of treatment and was maintained until at least 48 h oftreatment. The effect on DLK2 expression was
also induced from 6 h of treatment onward, but was only statistically different going from 24 h of
treatment with rac-GR24. Finally, for the DREB TF an induction of expression was seen from 24 h of
treatment onward, but was only statistically different after 48 h of treatment. Of the five genes that
are not root SL markers, one gene, RESPONSE REGULATOR 16 (ARR16; AT2G40670), was not expressed
in root tissues, whereas the other four genes had no transcriptional response upon the rac-GR24
treatment in the root, namely SMALL AUXIN UP RNA 63 (SAUR63; AT1G29440); SAUR15 (AT4G38850);
AT3G60290, and CYTOCHROME P450, FAMILY 707, SUBFAMILY A, POLYPEPTIDE 3 (CYP707A3)

(Supplementary Figure 1).

These data indicate that the Arabidopsis root is responsive to transcriptional changes brought
about by rac-GR24 treatment, although they also reveal that roots have a distinct response compared
with whole seedlings. Some shoot marker genes were not transcriptionally modified in root tissues,
indicative of the existence of shoot-specific SL markers. In contrast, also yet to be discovered root-

specific SL markers may exist.
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Figure 2. Effect of 1 uM rac-GR24 on the expression levels of various SL markers in the Arabidopsis root. Plants were grown
for 5 days under continuous light conditions at 21°C on half-strength Murashige and Skoog medium with 1% [w/v] sucrose
whereafter they were transferred to fresh medium containing 1 uM rac-GR24 or to MOCK medium. Root material was
harvested 6 h, 24 h, and 48 h after transfer. Transcript levels were measured in root tissues by qRT-PCR and normalized to
ACTIN2. Error bars represent the standard error (SE), based on three independent biological repeats, approximately 100

seedlings were pooled for each sample. An ANOVA-mixed model was used for the statistical analysis. * P <0.05; ** P <0.01;

6 hours

24 hours

48 hours

2:5

15

0.5

0 hours

DREB TF

6 hours 24 hours 48 hours

DLK2

% %

0 hours

m MOCK
1 uM rac-GR24

6 hours 24 hours 48 hours

*** P <0.001. For each timepoint, statistical differences between the MOCK and the treated samples are depicted.

114



3.2.3. rac-GR24 has no high impact on lateral root marker gene expression

Next, we wanted to identify additional genes in the root for which the expression is influenced
by rac-GR24 treatment. Previously (Chapter 2), we showed that rac-GR24 affects the LR development
at two levels, with a minor and major effect on LR priming and LR outgrowth, respectively. To discover
rac-GR24-induced LR markers, we made an educated guess and used a dataset containing marker
genes specific for different developmental stages during LR development (Supplementary Table 1)
(data published by Vop et al. [2015] and further analyzed by Boris Parizot). To obtain synchronized
root material for this microarray analysis, LRs had been induced by a gravitropical stimulant and root
tissue had been harvested after several time points (Ditengou et al., 2008; VoR et al., 2015). Genes
with a clear induction at a specific time point during development were considered as potential LR
marker genes (Supplementary Table 1). First, from the original list of 178 genes, the expression of the
106 most clear markers was confirmed by qRT-PCR. These genes were selected based on some criteria
such as clear induction of expression, without multiple or broad peaks in the expression pattern during
LR development. We used RNA derived from synchronized root material by means of the lateral root
inducing system (Himanen et al., 2002). To this end, seedlings were first grown for 72 h on NPA-
containing medium to prevent LR development and then transferred to NAA-containing medium to
induce synchronized LR development along the primary root. Harvest at specific time points after
transfer to auxin-containing medium (i.e. after 0, 2, 6, 12, 18, 24, or 48 h) allows enrichment of the LR
material at specific developmental stages. By using this material for gRT-PCR, we could validate 46 of
the 106 marker genes in two independent repeats (Supplementary Table 2). Finally, the expression of
these 46 genes was tested for the root response to the rac-GR24 treatment. Five-day-old seedlings
were transferred to fresh medium containing 1 UM rac-GR24 or to MOCK medium and were treated
for 6, 24, or 48 h and material of the whole root was harvested. Only one single gene, AT2G22590,
encoding a UDP-glycosyltransferase superfamily protein was responsive to the rac-GR24 treatment
(Figure 3). The glycosyltransferase was also a transcriptional target of the MYB12 TF, one of the key

regulators of flavonol biosynthesis in Arabidopsis (Stracke et al., 2007). The fact that this gene, and
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thus probably downstream flavonol biosynthesis, was upregulated is in agreement with the
investigated effect of the rac-GR24 treatment on the root proteome (Walton et al., 2016). Multiple
proteins involved in flavonol biosynthesis have demonstrated to accumulate upon treatment wih rac-
GR24 in a MAX2-dependent manner and this effect has been implied to be caused by an impact on
the transcript level (Walton et al., 2016). However, the rac-GR24-responsive gene that we identified

is not part of that dataset.

In summary, rac-GR24 does not seem to affect greatly the direct transcriptional regulation of
the developmental LR program, although the clear physiological effects on the root system
architecture. As such, a genome-wide view on the transcriptomic changes is required to identify more

rac-GR24 responsive transcripts in the root.
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Figure 3. ldentification of a rac-GR24-responsive potential root marker gene. A microarray analysis was done on

gravitropically induced LR primordia at different stages of development (1). From this dataset, 178 genes with an upregulated

expression at one specific time point were selected as potential LR markers (2). From this subset, 46 genes could be validated

via gRT-PCR with synchronized LR material (for details, see text) (3). One single potential marker gene appeared to be

responsive to rac-GR24 treatment (4). Plants were grown for 5 days under continuous light conditions at 21°C on half-

strength Murashige and Skoog medium with 1% [w/v] sucrose whereafter they were transferred to fresh medium containing

1 uM rac-GR24 or to MOCK medium. Root material was harvested 6 h, 24 h, and 48 h after transfer. Transcript levels were

measured in root tissues by qRT-PCR and normalized to ACTIN2. Error bars represent the standard error (SE), based on three

independent biological repeats. An ANOVA-mixed model was used for the statistical analysis. * P <0.05; *** P <0.001.
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3.2.4. An RNAseq analysis of transcriptome-wide rac-GR24 effects in the Arabidopsis

root

Previous results indicate that additional molecular data are needed to thoroughly understand
the effects of rac-GR24 on the root system architecture. To obtain a profound insight into the
transcriptome-wide changes, we carried out an RNAseq experiment on the whole root of Arabidopsis,
of plants treated with rac-GR24. At the time when the RNAseq was initiated, very few to no molecular
data was available on the effect of SLs on root development. As such, we first wanted to obtain a
general and complete view of the transcriptomic changes that are brought about by rac-GR24
treatment. Because SLs are known to affect the root architecture at different developmental
processes such as LR development, primary root growth and root hair elongation (Chapter 2; Kapulnik
et al., 2011; Ruyter-Spira et al., 2011), we decided to analyze the effect of rac-GR24 on the complete
root. Additionally, the role of D14 in SL signaling was not clear at that time, the KAI2 signaling pathway
via MAX2 was still unknown and the different activity of the two enantiomers of rac-GR24 were still
to be discovered. As such, we decided to include only the WT and the max2 mutant for analysis, and
used rac-GR24 instead of the pure enantiomers. To this end, seedlings of both Col-0 and max2 were
grown for 5 days, whereafter they were transferred to fresh medium supplemented with 1 uM rac-
GR24 or to MOCK medium for 6 h. In comparison with other plant hormones, this time frame could
be considered as fairly late, because for many hormones, the first transcriptional events happen within
several minutes after treatment as illustrated with the jasmonate responses (Pauwels et al., 2010).
The signaling cascade of SLs is not initiated so rapidly. Indeed, the degradation of the direct target
proteins SMXL6, SMXL7, and SMXL8 occurs only 30 minutes to 1 hour after treatment (Zhao et al.,
2013; Soundappan et al., 2015; Wang et al., 2015). Thus, harvesting after 6 h of treatment will ensure
picking up transcriptional responses, based on the effects of rac-GR24 on the expression of previously
published SL marker genes (Figure 2). Although in general the transcriptional responses of the

analyzed markers was stronger after 24 h compared to 6 h of treatment, we decided to select the
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earliest possible timepoint in order to minimize secondary effects. To enrich for statistically and
biologicaly significant differentially expressed genes, we applied as selection criteria a corrected P-
value < 0.05 and a fold change cutoff of 1.2. Treatment with rac-GR24 is known for its relative weak
effect on expression levels (Mashiguchi et al., 2009). For our analyses, selection of this fold change
cut-off was justified by the confirmation of genes that are known to be regulated by rac-GR24 in the
root, such as the flavonol biosynthesis genes and genes of the SMXL family (See below) (Walton et al.,

2016).

For Col-0 treated with rac-GR24, 146 differentially expressed genes were obtained, 63 induced
and 83 repressed genes (Supplementary dataset 1), whereas for the max2 mutant, 107 genes were
differentially expressed, of which 87 were upregulated and 20 were downregulated (Supplementary
dataset 2). The fact that there are differentially expressed genes in the max2 mutant after rac-GR24
treatment is unexpected, and will be discussed later on. Finally, comparison of max2 to the WT grown
under normal growth conditions resulted in 2,011 differentially expressed genes, of which 882 were
upregulated and 1,129 were downregulated (Supplementary dataset 3). The latter dataset will be
referred to as the max2-MOCK dataset. As extra information, the datasets with a FC cutoff of 2 is also
made available via supplementary data: WT treated with rac-GR24 (Supplementary Dataset 4), max2
treated with rac-GR24 (Supplementary Dataset 5) and the max2-MOCK dataset (Supplementary
Dataset 6). Clearly, the max2-MOCK dataset contains much more genes compared to the rac-GR24
dataset. This is not completely unexpected, because max2 is a mutant and has a distinct phenotype
compared to the WT (Shen et al.,, 2007), as such many differentially expressed genes could be
secondary effects, compared to the short time rac-GR24-treatment. In part, it could also be that rac-
GR24, compared to natural SLs or endogenous molecules that signal via D14 and KAI2, is not the most

potent SL mimick to induce changes in the transcriptome.

Clearly, a lot of genes had a perturbed expression, requiring an in-depth analysis of the

content of these datasets. First, the overlap with published SL-related datasets was analyzed.
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Compared to a dataset of rac-GR24-treated two-week-old max1 seedlings, 3 genes were also present
in the dataset of the WT roots treated with rac-GR24 (CYCLING DOF FACTOR 4 [AT2G34140), SMXL2
and SMXL7) (Figure 4A) (Mashiguchi et al., 2009). A dataset of KAR-treated seeds had 4 genes in
common with the WT roots treated with rac-GR24 (URIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE
74E2 [AT1G05680], RAFFINOSE SYNTHASE 2 [AT3G57520], a Leucine-rich repeat family protein
[AT1G33590] and a receptor-like protein kinase-related family protein [AT5G48540]) (Figure 4B)
(Nelson et al., 2010). Finally, a microarray analysis comparing 24-day-old shoot tissue of WT and max2
displayed 230 genes in common with the max2-MOCK dataset of root tissue. As such, based on the
relatively small overlaps, it could be that the response on the transcriptome is different depending on

the timing and the type of tissue that is assayed.

A rac-GR24-treate
WT root

rac-GR24-treat

rac-GR24-treated
max1-seedlings

max2 roots vs. WT
roots

max2 rosette vs.
WT rosette

Figure 4. Overlap of datasets with published SL-related datasets. (A) Overlap of the rac-GR24-treated WT root dataset with
a dataset of max1-seedlings treated with rac-GR24 (Mashiguchi et al., 2009). (B) Overlap of the rac-GR24-treated WT root

dataset with a dataset of KAR-treated seeds (Nelson et al., 2010). (C) Overlap of the max2-roots compared to WT root tissue
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under mock conditions with a dataset comparing the max2 rosette with WT rosette (Ha et al., 2014). Genes were selected
based on a FC cutoff of 1.2 and P-value < 0.05.
Various processes affected by rac-GR24 treatment in Col-0 are also affected by a mutation in max2

under normal growth conditions

To interpret and simultatenously get a clear visualization of the content of the datasets, we
used the MapMan software that allows the organization and display of genes onto schemes of
metabolic pathways or biological processes (Thimm et al., 2004). Figure 5A gives a general overview
of the transcriptomic changes brought about by rac-GR24 treatment of WT root tissue, whereas Figure
5B summarizes this general overview for the max2 root grown under normal conditions compared to
the WT (the max2-MOCK dataset). The biologically most relevant processes are those that are both
affected by the rac-GR24 treatment in the WT as well as differentially expressed in max2 under normal

conditions. Therefore, we first focused on these common processes.
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mutant root compared to the WT grown under normal growth conditions. (A) MapMan-generated overview that

summarizes the cellular processes that were perturbed by rac-GR24 in the WT and (B) in the max2 mutant under normal
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growth conditions compared to the WT. Each square represents one gene. Color coding according to the LOG2 scale: blue,
upregulated; red, downregulated. Data were manually curated. For the gene identity, see Supplementary Table 3 (for figure

5A) and Supplementary Table 4 (for Figure 5B).

Several transcriptional regulators appeared to be differentially expressed after rac-GR24
treatment (Figure 5; Supplementary Table 3, ‘regulation of transcription’). When the overlap with the
max2-MOCK dataset was taken in account, only five transcriptional regulators were retained (Table
2). Besides this selection, also a full list of overlapping genes between the max2-MOCK dataset and
the WT treated with rac-GR24 is available via Supplementary Table 5. From the transcriptional
regulators, the TF TARGET OF MONOPTEROS 5 LIKE1 (TMO5L1) showed the strongest downregulation
by rac-GR24 and was upregulated in the max2 root grown under normal growth conditions.
Interestingly, also its closest homolog TMO5 had the same pattern, albeit slightly weaker. The role of
these TFs in the regulation of the SL physiology will be covered in Chapter 4. Besides these two TFs,
also two members of the SUPPRESSOR OF MAX2 (SMAX) family were upregulated by rac-GR24 and
downregulated in the max2-MOCK dataset: SMAX1 LIKE 2 (SMXL2) and SMXL7 (Table 4). Additionally,
also SMAX1 was downregulated in the max2-MOCK dataset (Table 3, ‘regulation of transcription’).
These three genes, SMAX1, SMXL2, and SMXL7, are involved in downstream SL/KAR signaling (Stanga
etal., 2013, 2016; Soundappan et al., 2015; Wang et al., 2015). As under normal circumstances SMXL7,
and probably also SMAX1 and SMXL2, is degraded by MAX2 upon SL signaling, downregulation of these
genes in max2 suggests that the SMAX proteins negatively regulate their own expression (Soundappan
et al., 2015; Wang et al., 2015). In agreement, the expression of SMXL2 and SMXL7, but not of SMAX1,
was induced by rac-GR24 in the WT (Supplementary dataset 1; Table 4). As validation, the expression
of SMAX1, SMXL2, and SMXL7 was reconfirmed by qRT-PCR. After 5 days of growth, seedlings were
transferred to 1 uM rac-GR24-containing medium or to mock medium and the roots were harvested
for analysis at different time points. All three genes were induced after 6 h of rac-GR24 treatment and,

compared to the mock treatment, they were upregulated until 48 h after treatment, the last
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investigated time point (Figure 6). For SMXL2 and SMXL7, GUS reporter lines were constructed and
confirmed the induction of transcription after rac-GR24 treatment (Supplementary Figures 2 and 3;
LX. Jiang, unpublished data). In other plant hormonal pathways, in which ubiquitin-dependent
proteasomal degradation plays an essential role, as during auxin and jasmonate signaling, the genes
encoding the repressor proteins are often transcriptionally self-regulated as part of a feedback loop

(Chini et al., 2007; Kepinski and Leyser, 2005).

Table 2. Transcriptional regulators shared between the Col-0 rac-GR24-treated and the max2-MOCK

datasets
Description
FDR (WT, FC (WT, FDR (mock,  FC(mock, aver. counts  aver. counts aver. counts
AGl code rac-GR24) rac-GR24) max2) max2) (WT MOCK) (WT rac-GR24) (max2 MOCK)

AT1G68810 6.85E-27 6.65492E-06 = 1.3089518 TMO5L1 377 179 563

AT3G25710 0.0234167 | 0.7939342 0.001548477 1.24559262 TMOS5 334 259 480

AT1G66140 0.0308496 | 0.8080716 6.75539E-10  1.42480574 zinc finger protein 4 314 248 513

AT4G30350 0.0017711 1.2056147 1.07106E-62 SMXL2 781 917 405

AT2G29970 1.439E-12 | 1.4473004 2.06843E-08 | 0.73860528 SMXL7 540 761 457

SMAX1 SMXL2 SMXL7
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Figure 6. Relative transcriptional levels of SMXL1, SMXL2, and SMXL7 in the presence of rac-GR24 at different time points.
Plants were grown for 5 days under continuous light conditions at 21°C on half-strength Murashige and Skoog medium with
1% [w/v] sucrose whereafter they were transferred to fresh medium containing 1 uM rac-GR24 or to MOCK medium. Root
material was harvested 6 h, 24 h, and 48 h after transfer. Transcript levels were measured in root tissues by qRT-PCR and
normalized to ACTIN2. Error bars represent the standard error (SE), based on three independent biological repeats. An
ANOVA-mixed model was used for the statistical analysis. * P <0.01; ** P <0.001; comparisons of MOCK and treatment within

each timepoint are depicted.
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Also various hormonal pathways were perturbed, but only a few by the rac-GR24 treatment
itself (Figure 5A; Supplementary Table 3, ‘hormones’), whereas quite a large group of genes related to
phytohormone biosynthesis and signaling were differentially expressed in the max2 mutant compared
to the WT (Figure 5B; Supplementary Table 4, ‘hormones’). Although only a few genes involved in auxin
transport and signaling were affected by rac-GR24, nearly one third (18 of 57) of the ‘hormone’ gene
cluster that is differentially expressed in max2 was related to auxin (Table 3, ‘hormones’). The majority
of these auxin-related genes was upregulated, pointing to an increased auxin flux and signaling in
max2. Indeed, the intimate crosstalk between SLs (rac-GR24) and auxin has been reported (Foo et al.,
2005; Bennett et al., 2006; Brewer et al., 2009; Ferguson and Beveridge 2009; Hayward et al., 2009;
Crawford et al., 2010; Koltai et al., 2010; Shinohara et al., 2013; Pandya-Kumar et al., 2014;). However,
this enhanced auxin flux seems also to be balanced by reduction of the available free or active auxin.
METHYL ESTERASE 17 (MES17) was downregulated in max2, which is known to methylate IAA to an
inactive form, whereas NITRILASE1 (NIT1), which catalyzes the terminal activation step in indole-acetic
acid (IAA) biosynthesis, was downregulated and genes that affect auxin homeostasis were upregulated
(AT1G05680 and AT4G27260) (Supplementary Table 4, ‘hormones’). Nevertheless, the fact that only a
few genes related to auxin were differentially expressed by rac-GR24 in the WT is in contrast with
previous results (Mashiguchi et al., 2009), in which via microarray analysis of whole seedlings a vast
amount of the by rac-GR24 differentially expressed genes were found to be related to auxin. This
discrepancy might be due to the use of whole plantlets instead of root tissues and, as already
suggested, the rac-GR24 effects on auxin dynamics might be less pronounced or slower in root tissues
than in the shoot (Shinohara et al., 2013). Besides auxin, also a minor link with brassinosteroids,
salicylic acid, and ethylene were detected after treatment of the WT with rac-GR24, each represented
by one single gene (Table 2, ‘hormones’). In contrast, in the max2 mutant, the levels and signaling of
abscisic acid, cytokinin, and gibberellin were both positively and negatively affected, pointing to a
complex hormonal network, as already demonstrated (Supplementary Table 4, ‘hormones’) (Shen et

al., 2012). For crosstalk with SLs in the root, mainly auxin, but more recently, also cytokinins have been
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identified (see Chapter 2). However, this interaction is not fully supported by transcriptional effects,
probably because the effects on the crosstalk of rac-GR24 with cytokinins have been demonstrated to
occur locally in the upper, and not in the younger, part of the root (see Chapter 2). As such,

transcriptomic changes might not be visible when tissue samples of the whole root are considered.

A substantial amount of genes involved in transport activities and metabolic processes were
also differentially regulated (Figure 5; Supplementary Table 2 and 3, ‘transport’). Regarding transport,
strikingly six genes encoding for water channels were downregulated by rac-GR24 in the roots:
PLASMA MEMBRANE INTRINSIC PROTEIN 1 (PIP1), PIP1a, PIP2B, RESPONSE TO DESSICATION 28 (RD28),
GAMMA TONOPLAST INTRINSIC PROTEIN (GAMMA-TIP), and TIP2;2. Downregulation of aquaporins
helps the plant to cope with drought or salt stress (Aharon et al., 2013). This result fits with previous
studies that showed that rac-GR24 has a positive effect on drought tolerance of plants, although the
effect on drought tolerance depended on the shoot and not the root (Bu et al., 2014; Ha et al., 2014).
So, although root-related traits are not affected, the transcriptome of the root seemingly still responds
to rac-GR24 to protect the plant from drought and salinity stress. Inversly and accordingly, in the max2
root grown under normal conditions, various aquaporin-coding genes were upregulated compared to
the WT (Supplementary Table 4, ‘transport’). Also numerous other genes, known to be upregulated

by salt and drought, were downregulated in max2 (Supplementary Table 4, ‘abiotic stress’).

Next, we considered the metabolic processes that are represented in the dataset of WT roots
treated with rac-GR24 (Figure 7; Table 5) and in the max2-MOCK dataset (Figure 8; Table 6). Light
perception and signaling are an essential part of plant survival and have already been linked to MAX2
and SLs (see Chapter 1). Also the results from these datasets support this role for MAX2 (and rac-
GR24). Various genes involved in the light reactions of light-harvesting complex Il were highly
upregulated by the rac-GR24 treatment: LIGHT HARVESTING COMPLEX B1.1 (LHCB1.1; AT1G29920),
LHCB1.2, LHCB1.4 (AT2G34430), and LHCB2.2 (Figure 7; Table 5). Also in tomato, rac-GR24 and light-

harvesting gene expression have been positively correlated in the root as well as in the shoot
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(Mayzlish-Gati et al., 2012). However, genes involved in the light reactions were upregulated in the
max2 mutant as well (Figure 8; Table 6, ‘Light reactions’). Genes of which the expression is positively
regulated by rac-GR24, are not expected to be upregulated in the max2 signaling mutant under normal
growth conditions. Of course, it can be that the expression of these genes is upregulated because of
feedback mechanisms or because of secondary effects taking place in the max2-mutant. To investigate
this, we determined the expression levels via gRT-PCR in the WT and the max2 mutant, but could not
confirm an enhanced expression of LHCB1.4 and LHCB1.1 (Supplementary Figure 4). However, when
looking at the average counts for these genes in the RNAseq (Supplementary Tables 3 and 4) they are
very lowly expressed under normal conditions, and are slightly upregulated by both rac-GR24 and the
max2 mutation. This leads to very high fold changes, but are maybe not very biologically relevant.
Furthermore, and in agreement with the hyposensitivity of max2 to light, several genes related to light
perception and signaling were downregulated in the max2 mutant, among which the key TF
ELONGATED HYPOCOTYL 5 (HY5) and its homolog HY5-HOMOLOG (HYH), whereas the negative
regulator CONSTITUTIVE PHOTOMORPHOGENIC 2 (COP2) was upregulated in max2 (see Table 3,

‘regulation/signaling’).
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overview that summarizes the metabolic pathways that were perturbed by the rac-GR24 treatment in the WT. (B) MapMan-

generated overview of the metabolic pathways that were perturbed in the max2 mutant compared to the WT. Each square
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represents one gene. Color coding according to the LOG2 scale: blue, upregulated; red, downregulated. Data were manually

curated. For the gene identity, see Supplementary Table 6 and 7.

When the overview of the changes in the general metabolism of max2 is considered, an
obvious negative effect on the secondary metabolism could be observed (Figure 7B; Supplementary
Table 7, ‘secondary metabolism’). The majority of the genes involved in the phenylpropanoid pathway
to flavonoid/lignin production in the dataset were downregulated in max2. A complementary effect
was also present in the rac-GR24-treated WT dataset: several genes in flavonoid production were
upregulated after treatment with rac-GR24 (Figure 7B, Supplementary Table 6, ‘secondary
metabolism’). Two genes involved in flavonoid biosynthesis were upregulated: TRANSPARANT TESTA
7 (TT7) and the UDP-GLYCOSYLTRANSFERASE SUPERFAMILY PROTEIN (AT2G22590), which had
previously been identified as a rac-GR24-responsive gene from the LR marker dataset (Figure 3).
Accordingly, both genes were strongly downregulated in the max2 roots grown under normal
conditions (Figure 7B; Supplementary Table 7, ‘secondary metabolism’). One flavonoid-related gene
did not follow this pattern: the AT1G25460 gene that was downregulated after the rac-GR24
treatment. However, the possible involvement of this gene in flavonoid biosynthesis might derive
from weak structural similarities with a dihydroflavonol-4-reductase and not from biochemical
evidence (Zhou et al. 2010). Hence, because its actual functionality in flavonoid biosynthesis is not yet
proven and also, because its gene expression profile in the RNAseq dataset that does not fit that of
the other genes involved in flavonoid biosynthesis, we suggest that this gene does probablly not
function in this process. In addition, the average counts of this gene in the RNAseq are very low
compared to the other genes. These data are in agreement with the increased flavonoid production
in the root after treatment with rac-GR24 found via via proteomic and metabolomic analyses (Walton
et al., 2016), whereas in max2 it was lower than that of the WT, in line with protein and transcript
levels of flavonoid biosynthetic genes (Walton et al., 2016). These effects in the max2 mutant were

validated and checked whether they were the result of signaling via the D14- and/or the KAI2-

129



mediated pathway by means of qRT-PCR on root tissues of WT, max2, d14, kai2, and the d14;kai2
double mutant grown for 5 days (Figure 8). As such, in analogy to their transcriptional repression in
the max2 mutant background, the expression levels of these genes could give a first impression by
which receptor their expression might be regulated. For the majority of the tested genes, a similar
pattern could be observed: a downregulation in the max2 and in the kai2 mutant background as well
as in the double d14;kai2 mutant (Figure 8A-8D). However, the expression of these genes was not
affected by a mutation in D14. Only for PHENYLALANINE AMMONIA-LYASE1 (PAL1) and 4-
COUMARATE-CoA LIGASE3 (4CL3), the expression was not (statistically significantly) reduced in the
kai2 single mutant, but only in the d14;kai2 double mutant and in max2 (Figures 8E and 8F). These
results indicate that the negative impact on the secondary metabolism in max2 could be mainly the
result of distorted signaling via the KAI2 receptor, because a mutation in this receptor only gave a
similar effect. Although the expression of these genes in the single d14 mutant was unaffected, a slight
role for the D14 receptor in this process cannot be ruled out, given that the PAL1 and 4CL3 expression
was affected in the d14;kai2 double mutant and not in the kai2 mutant, implying some redundancy
between these two receptors, with a potential major role for KAI2 and a minor role for D14. Certainly,
analysis of gene expression in the different mutants treated with rac-GR24 or pure enantiomers will
give stronger clues to which signaling pathway(s) is involved. Nevertheless, this observation broadly
fits with a previous demonstration that both pure enantiomers of rac-GR24 were capable of enhancing
the flavonoid levels in the roots of Arabidopsis (Walton et al., 2016). Although a strict separation
between the perception of (-)GR24 and (+)GR24 by KAI2 and D14 had been suggested previously, we
found that, at least in regulating the LRD phenotype, KAI2 could perceive both pure enantiomers
(Figure 1). This fact, together with the redundancy between D14 and KAI2, might be reason that both
pure enantiomers are (equally) capable of positively affecting the flavonoid content in Arabidopsis

roots (Walton et al., 2016).
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Figure 9. Expression in the root of several genes involved in flavonoid biosynthesis in the different SL signaling mutants.

Plants of Col-0, d14, kai2, d14;kai2, and max2 were grown under continuous light conditions at 21°C on nylon meshes placed

on half-strength Murashige and Skoog medium with 1% [w/v] sucrose. Root tissue was harvested after 5 days of growth.

Transcript levels were measured by qRT-PCR and normalized to ACTIN2. Error bars represent the standard error (SE), based

on three independent biological repeats. A one-way ANOVA was used for the statistical analysis. * P <0.05; ** P <0.01; ***

P <0.001; the expression levels in the different mutants were compared to that of the WT.

In conclusion, the the MAX2 gene mutation caused a great change in the transcriptome of the

Arabidopsis root, in contrast to a rather slight effect of the rac-GR24 treatment on WT roots. Generally,

various common pathways seemed to be affected, both by the rac-GR24 treatment and by a mutation
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in max2, such as hormonal crosstalk, water housekeeping (response to drought and salinity),
photosynthesis, and secondary metabolism. Not the distortion of one specific pathway is seemingly
responsible for the physiological effects on the root system architecture. Instead, rac-GR24 and MAX2

signaling might influence many different physiological processes and, as such, regulate complex traits.

The max2 mutant seems responsive to rac-GR24

Despite already a few microarray analyses related to SL actions, none checked changes in the
max2 transcriptome upon the rac-GR24 treatment, because this mutant is presumed to be insensitive
to rac-GR24. However, based on the RNAseq results, the max2 mutant seemed not at all completely
insensitive to rac-GR24 at the transcriptional level, because 107 genes were differentially expressed
(Supplementary Dataset 2). This could either mean that the max2 mutant is not completely flawed in
SL signaling, or shows the existence of a MAX2-independent rac-GR24 signaling pathway in the plant.
The commonly used max2 mutant in literature is the max2-1, which accounts for a point mutation.
Indeed, the max2 mutant was earlier reported to respond phenotypically when higher concentrations
of rac-GR24 were applied, which could imply a remnant of SL signaling (Ruyter-Spira et al., Shinohara

et al., 2013). This should be investigated by using a max2 knock out mutant, such as max2-3.

Col-0 max2-1

Figure 10. Overlap between the datasets of the rac-GR24-treated WT (Col-0) vs. the rac-GR24-treated max2 mutant. Genes
were selected based on a FC cutoff of 1.2 and P-value < 0.05. Content for the 3 gene sets can be retrieved in Supplementary

Tables 8 (WT unique), 9 (overlap) and 10 (max2 unique).
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The overlap between the treated WT and max2-1 datasets contained 25 genes (Figure 10;
Supplementary Table 9), which at least indicates that the majority of the responsive genes in WT
depend on MAX2 (Supplementary Table 8). On the other hand, this also suggests that the 82 genes
that are uniquely differentially expressed in max2 upon treatment with rac-GR24 were not responsive
in WT (Supplementary Table 10). The latter result is completely unexpected. To further investigate
this, these 82 genes were searched for in the full dataset of the WT treated with rac-GR24 (without
fold change- and P-value cutoffs). When applying a less restrictive P-value of P< 0.1, 15 of the 82 genes
were found to be potentially also differentially expressed in the WT (As indicated in yellow in
Supplementary Table 9), amongst which the MAX4 gene (P = 0,0508 in WT). Even after this step, still
67 genes are uniquely differentially expressed in max2 after rac-GR24 treatment. In the max2 mutant,
many pathways are perturbed, which could be the underlying cause of an apparent enhanced
sensitivity towards rac-GR24. In an attempt to confirm this, we selected MAX4 (which was originally
in the max2-unique dataset) and five additional genes from the list of genes that are expected to be
specifically differentially expressed in the max2 mutant upon treatment with rac-GR24 and
investigated their expression pattern via qRT-PCR (Figure 11). The MAX4 gene was differentially
regulated in the WT upon the rac-GR24 treatment and this trend seems also present in the max2-
mutant, but was not statistically significant (Figure 11A). For the other genes, no significant differences
could be observed, despite a certain trend in the data (Figure 11 B-F). To investigate this further, these
experiments should be repeated on material with less variation between the different biological

repeats, and in addition more genes should be included for confirmation.
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Figure 11. gRT-PCR analysis of a subset of genes that were specifically downregulated by rac-GR24 in max2, but not in the
WT. Col-0 and max2 seedlings were grown for 5 days under continuous light conditions at 21°C on half-strength Murashige
and Skoog medium with 1% [w/v] sucrose whereafter they were transferred to fresh medium containing 1 uM rac-GR24 or
to MOCK medium. Root material was harvested 6 h after transfer. Transcript levels were measured in root tissue by gRT-PCR
and normalized to ACTIN2. Error bars represent the standard error (SE), based on three independent biological repeats. An

ANOVA-mixed model was used for the statistical analysis. * P <0.05.
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The RNAseq also reveals the involvement of MAX2 in processes that are not regulated via D14 or

KAI2

The dataset comparing the max2 mutant with the WT under untreated conditions contains
over 2,000 genes, which was far more than the differentially expressed genes after the rac-GR24
treatment. Besides the common processes disturbed both after the rac-GR24 treatment of the WT
and in the max2 compared to the WT under untreated conditions, also various unique processes are
perturbed in the latter. Generally, the max2 mutant seemed to have a higher cellular activity than that
of the WT root tissue (Figure 5; Supplementary Table 4). Most cell cycle-related genes that were
differentially expressed in max2 compared to WT were upregulated and, correspondingly, also the
expression of genes involved in DNA synthesis and histone production was higher in max2 than in the
WT. A possible link might be the higher LR-forming potential in the max2 mutant than in the WT: more
LR primordia are formed, implying that more cell division should take place. Coupled with more
dividing cells, most of the genes involved in RNA and protein synthesis were upregulated in the max2
mutant; more specifically, a large amount of genes encoding ribosomal proteins were slightly
upregulated in max2. Inversely, the expression of the majority of the differentially expressed genes
involved in protein degradation was rather low. To validate and to get some initial insights whether
these effects in the max2 mutant result from signaling via the D14- and/or the KAI2-mediated pathway,
we selected some genes and analyzed their expression in the root tissue of the WT, max2, d14, kai2,
and the d14;kai2 double mutant grown for 5 days via qRT-PCR. For the B-type cyclin gene CYCB2;1,
the 60S RIBOSOMAL PROTEIN L9 gene, and the HISTONE 3 gene (AT5G10390), we could confirm an
upregulation in max2, but no differential expression in either one of the receptor mutants or double
mutant (Figures 12A-12C), suggesting that the upregulation in max2 roots does not occur via signaling
through the receptors for rac-GR24, in agreement with their unaffected expression by the rac-GR24
treatment. Hence, these max2 effects are either late downstream effects of blocked rac-GR24
signaling or caused by the blocked signaling pathway of an unknown compound that also signals via

MAX2. Another gene homologous to D14 and KAI2 is D14-LIKE 2 (DLK2), to which no function has been
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attributed yet (Arite et al., 2009). Although for all known phenotypes related to SL and KAR, a role for
DLK2 has been excluded, these findings suggest that the d/k2 mutant should be carefully analyzed for
phenotypes related to these genes (Waters et al., 2012; Bennett et al., 2016). Alternatively, it can also
be that MAX2 is involved in other pathways and processes, besides the rac-GR24-signaling cascade,

resulting in differential expression of these gene classes in max2.
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Figure 12. Expression in the root of several genes involved in cellular activities in the different SL signaling mutants. Plants
of Col-0, d14, kai2, d14;kai2, and max2 were grown under continuous light conditions at 21°C on nylon meshes placed on
half-strength Murashige and Skoog medium with 1% [w/v] sucrose. Root tissue was harvested after 5 days of growth.
Transcript levels were measured by qRT-PCR and normalized to ACTIN2. Error bars represent the standard error (SE), based

on three independent biological repeats. A one-way ANOVA was used for the statistical analysis. * P <0.05.
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3.2.5. Concluding remarks

Strigolactones play an important role in the root system architecture, regulating LRD, adventitious
root formation, primary root growth and root hair elongation. However, an in-depth understanding
of the responses in the root at the transcriptional level were lacking. Here, we investigated the
transcriptome-wide changes brought about by treatment with rac-GR24 in the roots of Arabidopsis
thaliana and the differences in the root transcriptome of the max2 signaling mutant compared to the
wild type. Strigolactones were found to influence various pathways, such as the hormonal crosstalk,
drought responses, and light harvesting and sensitivity, and to modulate the plant’s secondary
metabolism. Additionally, we showed that the influence of rac-GR24 on the LRD requires both the
recognition of the two enantiomers of rac-GR24 by either the DWARF14 or KARRIKIN-INSENSITIVE2
receptor. Altogether, the data imply that the rac-GR24 signaling involves the alteration of different

pathways to regulate its impact on the root system architecture.
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3.3. Materials and methods

Phenotypic root analysis

Arabidopsis thaliana (L.) Heynh. (Columbia accession [Col-0]) WT plants and max2-1 (Stirnberg
et al., 2002), d14-1 (Arite et al., 2009), htl-3 (i.e. a mutant allele of KAI2 in Col-0 background), and d14-
1,htl-3 (Toh et al., 2014) mutants were grown for 9 days under continuous light conditions at 21°C on
half-strength Murashige and Skoog medium with 1% [w/v] sucrose, supplemented with either 1 uM
rac-GR24, 1 uM (+)GR24, or 1 uM (-)GR24 (kind gifts of Dr. F.-D. Boyer). Lateral roots (LRs) were
counted under a binocular S4E microscope (Leica Microsystems) and root length was measured with
Imagel (http://rsb.info.nih.gov/ij). Both values were used to calculate the lateral root density (LRD).
For the statistical analysis, the number of LRs was modelled by Poisson regression with the root length
as offset variable. In the presence of overdispersion, the negative binomial distribution was preferred
over the Poisson distribution. For the analysis, the GLIMmMIX procedure (SAS Institute, Cary, NC, USA)
was used that allows random effects. The whole experiment was repeated three times. To account for
the correlation between the observations within one repeat, a random intercept for repeat was
included in the model. The fixed factors were genotype and treatment. The model included both
factors as well as the interaction term. User-defined contrasts were estimated with the PLM procedure
(SAS Institute). To check for a family-wise error rate of 0.05, the MAXT method was applied through

the simulation method implemented in the PLM procedure.

Expression analyses

For the expression analyses of the Arabidopsis Col-0 seeds treated for 0 h, 6 h, 24 h, and 48 h
with rac-GR24, the seeds were set on nylon meshes (20 uM) to facilitate their transfer to half-strength
Murashige and Skoog medium with 1% [w/v] sucrose media. The plates were incubated at 4°C for
2 days, then transferred and grown vertically for 5 days under continuous light conditions at 21°C.

Plants were subsequently shifted onto either mock or medium containing 1 uM rac-GR24 and
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returned to the growth room for 0, 6, 24, or 48 h. The complete root was harvested, flash-frozen in
liquid nitrogen and stored at —80°C until processing. Approximately 100 seedlings were used for each

treatment and the experiment was repeated three times.

For the expression analyses of Col-0 and max2 seeds treated for 6 h with rac-GR24 or mock
treated, Arabidopsis WT and max2-1 seeds were sown, grown, transferred, and harvested similarly as

described above after 6 h of mock treatment or treatment with 1 uM rac-GR24.

For the expression analyses on Col-0, max2, d14, kai2, and d14;kai2, Arabidopsis WT, max2-1,
d14-1, htl-3 (kai2 allele in Col-0 background), and d14-1;htl-3 seeds were set on half-strength
Murashige and Skoog medium with 1% [w/v] sucrose. The plates were incubated at 4°C for 2 days,
then transferred, and grown vertically for 5 days under continuous light conditions at 21°C. The whole
root was harvested and flash-frozen in liquid nitrogen. Approximately 100 seedlings were used for

each treatment and the experiment was repeated three times.

For the validation of the potential LR marker genes by means of synchronized LR material
according to the ‘Lateral Root Inducing System’ (Himanen et al., 2002), Arabidopsis WT seeds were set
on nylon meshes (20 um) on half-strength Murashige and Skoog medium with 1% [w/v] sucrose
supplemented with 10 uM naphthylphtalamic acid (NPA) to prevent LR primordia development and
to synchronize the pericycle. The plates were incubated at 4°C for 2 days, transferred, and grown
vertically for 3 days under continuous light conditions at 21°C. Plants were subsequently shifted onto
medium containing 10 uM 1-naphthyl acetic acid (1-NAA) to induce synchronously LR development
along the main root and returned to the growth room for 0, 2, 6, 12, 18, 24, or 48 h. The whole root
excluding the root tip was harvested, flash-frozen in liquid nitrogen, and stored at -80°C until
processing. Approximately 100 seedlings were used for each treatment and the experiment was

repeated twice.

Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) according to the

manufacturer’s protocol. Genomic DNA was removed by DNase treatment and the RNA samples were
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purified through NHsAc (final concentration of 2.5 M) precipitation. Samples were quality-controlled
and quantified with a Nano-Drop Spectrophotometer (Isogen). One microgram of RNA was reverse-
transcribed into cDNA with the iScript cDNA synthesis Kit (BioRad) and subsequently diluted 25 times.
Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was run on a
LightCycler 480 (Roche Diagnostics) with SYBR Green for detection. The experiment was done in
triplicate on a 384-multiwell plate in a total volume of 5 pl and 10% cDNA fractions. Cycle threshold
(Ct) values were obtained with the accompanying software, analyzed with the 2—AACT method (Livak
and Schmittgen, 2001), and normalized against those of ACTIN2 (ACT2, AT3G18780), which was used

as an internal standard.

Statistics were done as previously described (Rasmussen et al., 2012).

RNAseq analysis

Arabidopsis Col-0 and max2-1 seeds were put together on nylon meshes (20 uM) in a square
plate divided in two to facilitate transfer to half-strength Murashige and Skoog medium with 1% [w/v]
sucrose. The plates were incubated at 4°C for 2 days, transferred, and grown vertically for 5 days under
continuous light conditions at 21°C. Plants were subsequently put on either mock or 1 uM rac-GR24-
containing medium and returned to the growth room for 6 h. The whole root was harvested, flash-
frozen in liquid nitrogen, and stored at -80°C until processing. Approximately 100 seedlings were used

for each treatment and the experiment was repeated three times.

RNA sequencing (RNAseq) was done after RNA quality control and in-house library
preparation to enrich for mRNA. The samples were run on an lllumina HiSeq 2000 platform with a
paired-end sequencing mode and a read length of 50 base pairs. The raw data files contained 15-18
million reads per sample. First, these data files were quality checked and filtered to remove reads with
a globally insufficient sequencing quality, to trim read ends with poor quality, and to discard
overrepresented sequences (such as adaptor sequences). Next, the reads were mapped on the
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Arabidopsis genome by means of the annotated genome of The Arabidopsis Information Resource
(TAIR10). Only the reads that met specific requirements that reflected their mapping quality were
considered, such as those uniquely mapped or with both the mapped forward and the reverse reads
in the correct orientation and distance. Each of these reads were then assigned to a specific gene,
resulting in a table with raw counts per gene. The raw data and following differential expression
analysis was normalized with EdgeR, a plugin for R software, and with the default settings. After
statistical analysis, the fold-change threshold was set between 1.2 and 0.83 to select potentially

biologically relevant genes.

Mapman analyses

Excel datasets consisting of the differentially expressed genes for each condition were constructed
containing the AGI code accompanied with the Log(2) fold change. These files served as input for the
MapMan software (http://mapman.gabipd.org/web/guest/mapman). The imported dataset was
selected for which the genes were mapped onto the desired MapMan pathway. For each functional
category, the genes and description were manually selected and collected into a new table. The

constructed lists were finally manually curated with the most recent data available on arabidopsis.org.
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3.5. Supplementary data
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Supplementary Figure 1. Expression levels of several SL markers in the Arabidopsis root not affected by rac-GR24. Plants
were grown for 5 days under continuous light conditions at 21°C on half-strength Murashige and Skoog medium with 1%
[w/v] sucrose whereafter they were transferred to fresh medium containing 1 uM rac-GR24 or to MOCK medium. Root
material was harvested 6 h, 24 h, and 48 h after transfer. Transcript levels were measured in root tissue by qRT-PCR and
normalized to ACTIN2. Error bars represent the standard error (SE), based on three independent biological repeats. An

ANOVA-mixed model was used for the statistical analysis.
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Supplementary Figure 2. Expression pattern of SMXL2 in the root and upon rac-GR24 treatment. Seeds of each line were
sown on medium with and without 1 uM rac-GR24 for 7 days. (A, B) Overview of proSMXL2:GUS expression in the root with
and without rac-GR24 treatment, respectively. Arrows indicate lateral root primodia that do not emerge. (C, D) Magnification
of the framed regions in (A) and (B), respectively (scale bar =50 um). (E, F) Stages of lateral root primordia of proSMXL2:GUS
plant with and without rac-GR24 treatment, respectively. Scale bar =50 um. Arrows indicate lateral root primordia that do

not emerge. n = 8-12 per repeat. Figure taken from L-X. Jiang, unpublished data.
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Supplementary Figure 3. Expression pattern of SMXL7 in the root and upon GR24 treatment. (A, B) Overview of hypocotyl
of a proSMXL7:GUS plant with and without rac-GR24, respectively. (C, D) Overview of the proSMXL7:GUS expression in the
primary root with or without rac-GR24. (E, F) Magnifications of the framed regions in (C, D); respectively. Three independent

lines with three independent repeats were investigated. n = 8-12 per repeat. Figure taken from L-X. Jiang, unpublished data.
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Supplementary Figure 4. Expression of several light-harvesting genes not upregulated in the roots of max2. Plants of Col-
0 and max2 were grown under continuous light conditions at 21°C on nylon meshes placed on half-strength Murashige and
Skoog medium with 1% [w/v] sucrose. Root tissue was harvested after 5 days of growth. Transcript levels were measured by
gRT-PCR and normalized to ACTIN2. Error bars represent the standard error (SE), based on three independent biological

repeats. A Student’s t-test was used for the statistical analysis.
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Abstract

Multiple roles for strigolactones (SLs) during plant growth and development, such as regulation
of shoot and root development, have been uncovered. Despite progress in the unraveling of the early
signaling events leading to the degradation of repressor proteins of the SUPPRESSOR OF MORE AXILLLARY
BRANCHES2 (MAX2) 1 LIKE (SMXL) family, still no candidate genes further downstream of these SMXL
repressors have been identified that control the SL-mediated root responses. Here, we report on the
characterization of the transcription factor TARGET OF MONOPTEROS5 LIKE 1 (TMO5L1) as a putative
downstream component in the SL pathway in the root. Genetic and molecular evidence indicates that
TMOS5L1 might play a role in the regulation of the SL-mediated root responses, such as influence on the

lateral root development and effect on the flavonol content of the root.
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4.1. Introduction

Plants produce a vast variety of low-molecular weight compounds of which some act as hormones,
such as the strigolactones (SLs). This class plays multiple roles in plant development and in rhizosphere
communication. Thus far, SLs have been mainly studied for their inhibitory effect on axillary bud
outgrowth, but they are also known to influence other important plant traits, such as the root system
architecture (Gomez-Roldan et al., 2008; Umehara et al., 2008; Kapulnik et al., 2011a; Ruyter-Spira et al.,
2011). In the root, SLs inhibit lateral root (LR) development by affecting both priming and the emergence
of LRs, but also by altering the primary root length and root hair elongation (Chapter 2; Kapulnik et al.,
2011a, 2011b; Ruyter-Spira et al., 2011; Shinohara et al. 2013). Recently, SLs have been shown to
positively influence the flavonol content of the root by enhancing transcript and protein levels of various
key flavonol biosynthesis genes (Walton et al. 2016). In modern agriculture, biotechnologists as well as
breeders seek the most effective plant architecture to obtain the highest yield in specific growth
environments. Hence, it is important to understand the SL action and to elucidate the molecular players

in SL recognition and signaling.

SLs are derived from apocarotenoids and, in spite of several physiological studies, little is known

about the signaling pathways that control SL-dependent functions. DWARF14 (D14), an o/B-fold hydrolase,

is able to bind and hydrolyze SLs (Hamiaux et al., 2012; Zhou et al., 2013; de Saint Germain et al., 2016;
Yao et al., 2016). Binding of SLs causes the cleavage of the SL molecule into an ABC-ring part and the D-
ring that becomes attached to the catalytic serine residue (Zhao et al., 2013). This reaction has a slow
enzymatic turnover and destabilizes the D14 protein (Hamiaux et al., 2012; Zhao et al., 2013). This
destabilization is believed to facilitate the interaction with other partner proteins, such as MORE AXILLARY
BRANCHES2 (MAX2) (Hamiaux et al., 2012; de Saint Germain et al., 2016; Yao et al., 2016). MAX2 is a

nuclear localized leucine-rich repeat F-box protein and is, besides D14, a key player in SL signaling
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(Stirnberg et al., 2007; Umehara et al., 2008; Gomez-Roldan et al., 2008). Interestingly, karrikins (KARs),
which are smoke-derived germination-inducing compounds with a small structural resemblance to SLs
also require MAX2 for signaling (Nelson et al., 2011). Whereas SLs are perceived by D14, KARs and,
possibly still elusive, endogenous karrikin-like (KL) compounds, are recognized and bound by KARRIKIN
INSENSITIVE2 (KAI2), a protein structurally closely related to D14 (Nelson et al., 2011; Flematti et al., 2013;
Soundappan et al., 2015). Recently, the commonly used synthetic bioactive SL, GR24, that consists of a
racemic mixture (rac-GR24) has been found to be capable of activating both the D14 and the KAI2 signaling
pathway (Scaffidi et al., 2014). Genetic and biochemical studies in rice (Oryza sativa) and Arabidopsis
thaliana have revealed that DWARF53 (D53) and members of the Arabidopsis SUPPRESSOR OF MAX2 1
LIKE (SMXL) family act as D3/MAX2 targets and are ubiquitinated and degraded upon SL/KAR signaling
(Jiang et al., 2013; Stanga et al., 2013; Zhou et al., 2013; Kong et al., 2014). Currently, one of the SMXL
family members, SMAX1, is believed to act specifically in the KAR/KL signaling pathway, whereas the
SMXL6/SMXL7/SMXLS clade to be specific for the SL signaling pathway (Stanga et al., 2013; Soundappan
etal., 2015; Wang et al., 2015; Liang et al., 2016). SMXL7, as well as the other members of the SMXL clade,
contain an ETHYLENE-RESPONSIVE FACTOR Amphiphilic Repression (EAR) domain, indicating that they
might act as nuclear repressor proteins. In accordance with this hypothesis, the localization of all the
components of the SL signaling complex in the nucleus and the interaction between SMXL7, D14, and
MAX2 have been demonstrated (Liang et al., 2016). Interestingly, because this repression domain is not
required for every phenotype, the repressing activity of SMXL7 might not be the sole mechanism by which

SL signaling occurs (Liang et al., 2016).

In parallel with other hormonal signaling pathways, the SL signaling complex is expected to inhibit
the activation of particular transcription factors (TFs) that is relieved upon signaling. In the shoot, the TF
TEOSINTE BRANCHED (TB) in maize (Zea mays), and its homologs BRANCHED 1 (BRC1) and BRC2 in

Arabidopsis, FINE CULM1 (FC1) in rice, and PsBRC1 in pea (Pisum sativum) have been reported to act

158



downstream of the SL signaling in bud outgrowth suppression (Aguilar-Martinez et al., 2007; Minakuchi
et al., 2010; Braun et al., 2012; Dun et al., 2012). To date, no candidate genes farther downstream of the
SMXL repressors have been identified that regulate the SL-mediated root responses. Here, we identified
such a TF, TARGET OF MONOPTERQOS5 LIKE1 (TMOS5L1). TMO5L1 is a member of a clade of four
homologous genes: TMO5, TMO5L1, TMO5L2, and TMO5L3 (De Rybel et al., 2013). TMO5 and TMO5L1
are the closest homologs with a protein identity of 48% and essentially a similar function (De Rybel et al.,
2013). They encode basic helix-loop-helix (bHLH) TFs that are expressed in the xylem precursor cells of
the root apical meristem. Both TMO5 and TMOS5L1 form heterodimers with the bHLH TF LONESOME
HIGHWAY (LHW) to become transcriptionally active (Ohashi-Ito and Bergmann, 2007; De Rybel et al.,
2013; An et al., 2014). TMO5/LHW and TMO5L1/LHW heterodimers were shown to control the cell
divisions that underlie the establishment and indeterminate growth of the root vascular tissue (De Rybel
et al., 2013). This effect was accomplished by direct induction of cytokinin biosynthesis genes of the
LONELY GUY (LOG) family, resulting in elevated cytokinin levels in the surrounding cells (De Rybel et al.,
2014; Ohashi-lto et al., 2014). In addition to the cell division control, the TMO5L1/LHW complex also
regulates the xylem differentiation and development in the root apical meristem in a negative feedback
loop (Vera-Sirera et al., 2015; Katayama et al., 2015). A schematic overview on the role of TMO5/TMO5L1

in vascular development is depicted in Figure 1.
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Figure 1. Proposed model for TMO5(L1)-dependent vascular cell proliferation. The bHLH TF's TMO5(L1) and LHW form a
heterodimer that results in the expression of target genes, such as LOG4, which leads to cytokinin production. As such, periclinal
cell divisions in the vascular tissue are regulated. The action of the TMO5(L1)-LHW dimer is believed to be feedback inhibited by
the induction of other bHLH TF’s (SAC51-LIKE (SACL)) that can interact with LHW and as such compete with TMO5(L1). Figure

modified from Vera-Sirera et al., 2015.

Here, we report on the characterization of the TF TMO5L1 as a downstream component in the SL
pathway in the root. Genetic and molecular evidence suggest that TMO5L1 might play a key role in the
regulation of the SL-mediated root responses; such as in the impact on the LR development and the

flavonol biosynthesis in the root.
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4.2. Results

4.2.1 The effect of rac-GR24 treatment on the expression of TMO5L1

Previously, we have shown via RNA-seq that rac-GR24 is able to influence various pathways in the
roots of Arabidopsis (Chapter 3). As TFs fulfill an important regulatory role, they were selected for further
analysis. Various transcriptional regulators were found to be differentially expressed after 6 h of rac-GR24
treatment (Chapter 3; Table 1). Interestingly, the rac-GR24 treatment repressed the bHLH TF TMO5L1
most strongly, whereas it was induced in the max2 mutant grown under normal conditions (Chapter 3;
Table 1). The expression of its closest homolog, TMO5, was, to a lesser extent, also downregulated upon
rac-GR24 treatment and upregulated in the max2 mutant (Chapter 3; Table 1). For this reason, we had a

closer look at the relation between TMO5L1 and rac-GR24 signaling.

Table 1. Transcriptional regulators in the root shared between the Col-0 rac-GR24-treated and the

max2-MOCK datasets

Gene name
FDR (WT, FC (WT, FDR (mock, FC(mock, aver. counts  aver. counts aver. counts
AGl code rac-GR24) rac-GR24) max2) max2) (WT MOCK) (WT rac-GR24) (max2 MOCK)
AT1G68810 6.85E-27 6.65492E-06 1.3089518 TMO5L1 377 179 563
AT3G25710 0.0234167 | 0.7939342 0.001548477 1.24559262 TMO5 334 259 480
AT1G66140 0.0308496 | 0.8080716 6.75539E-10 ' 1.42480574 zinc finger protein 4 314 248 513
AT4G30350 0.0017711 1.2056147 1.07106E-62 - SMXL2 781 917 405
AT2G29970 1.439E-12  1.4473004 2.06843E-08 [0.73860528 | SMXL7 540 761 457

The expression pattern of TMO5L1 was validated via qRT-PCR (Figure 2). In agreement with the
RNA-seq data, a two-fold downregulation could be detected 6 h after rac-GR24 treatment of the WT

(Figure 2A), but not in the max2 mutant treated with rac-GR24 (Supplementary Figure 1). Compared to
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the WT, the max2 mutant had an enhanced TMO5L1 expression under normal growth conditions, also
confirming the RNA-seq data (Figure 2C). Also after 2 h of rac-GR24 treatment, TMO5L1 was already
significantly downregulated, but to a lesser extent than at the 6-h treatment (Figure 2B). We also
investigated the expression at later time points after treatment and after 24 h and 48 h of treatment,
TMO5L1 expression remained lower than that of the WT (Figure 2D). Hence, the expression of TMO5L1

was persistently and not temporarily repressed by the rac-GR24 treatment.

Because TMOS5 and TMOS5L1 are mainly known for their role in vascular development in the root
in a heterodimer complex with LHW, the RNA-seq dataset of the rac-GR24-treated WT was searched for
LHW and known downstream target genes of this heterodimer: LONELY GUY3 (LOG3), LOG4, SUPPRESSOR
OF ACAULIS 51 (SAC51), SAC51 LIKE 1 (SACL1), SACL2 and SACL3 (De Rybel et al., 2014; Ohashi-Ito et al.,
2014; Katayama et al., 2015; Vera-Sirera et al., 2015). However, none of these genes were found to be
differentially expressed by rac-GR24. Also in the max2-MOCK dataset, only TMO5L1 and TMO5 were
retrieved as differentially expressed. This could potentially suggest that the effect of rac-GR24 might not
be related to vascular development. To get more confirmation for this, the expression of these genes

should be analyzed by qRT-PCR.

162



>
w

i 6 h rac-GR24 08 2 h rac-GR24
kS 8
2 @ *
£ :
¢ 3
i % %k k %
5 0.5 T -g 0.5
k- k]
® ¢
0 0
MOCK rac-GR24 MOCK rac-GR24
C max2 vs. Col-0
15 * %k
c
9
2
£
]
2
&
¢ 05
5
e
0
Col-0 max2
D
1.5
s
o
“a * %k % %k k
2 X XN il
B X * %k
2 it
[
o
G
oo
05 I L
% I
g
0
0 hours 6 hours 24 hours 48 hours

m MOCK rac-GR24

Figure 2. Effect of rac-GR24 treatment on the relative gene expression of TMO5L1 in the root. Five-day-old Col-0 seedlings were
transferred to fresh medium containing 1 uM rac-GR24 or to control medium (MOCK). Root samples were taken (A) after 6 h of
treatment, (B) after 2 h of treatment, and (D) in a time series of 0 h, 6 h, 24 h, and 48 h of treatment. (C) Also the expression of
TMO5L1 in max2 was determined compared to the WT, both grown in the absence of rac-GR24. The relative gene expression was
determined via qRT-PCR and the expression level was normalized via ACTIN (ACT2). Means of three independent biological
repeats are presented and error bars represent the standard error (SE) of these three independent repeats. Asterisks indicate
statistically significant differences compared to the MOCK treatments (* P < 0.05; ** P < 0.01; *** P < 0.001; A to C, Student’s t-

test; D, ANOVA-mixed model).
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Because of the recent findings that rac-GR24 is not strigolactone specific and can activate
signaling via both D14 and KAI2 through MAX2, the question was raised whether the rac-GR24 effect on
the TMO5L1 expression was mediated via D14 or via KAI2. To get an initial insight, gRT-PCR was applied
on root tissue of WT, max2, d14, kai2, the d14;kai2 double mutant, and a MAX2-overexpressing line grown
for 5 days. Confirming the previous data, the TMO5L1 expression was higher in the max2 mutant than in
the WT and, accordingly, the MAX2 overexpression caused a slight repression of the TMO5L1 expression
(Figure 3). An increased expression could also be observed in the d14 mutant background, but not as high
as in the max2 mutant, whereas the expression level in kai2 was the same as that in the WT (Figure 3).
Only in the d14;kai2 double mutant, the upregulation was as high as in max2 (Figure 3). As such, this data
suggests that the TMO5L1 expression might be regulated via the signaling pathway that goes via D14 to

MAX2, although a certain redundancy of KAI2 cannot be excluded.
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Figure3. Expression of TMOS5L1 in the root of the different SL signaling mutants. Plants of Col-0, d14, kai2, d14,;kai2, max2, and
a MAX2-overexpressing line in max2 (355:MAX2-GFP (max2)) were grown for 5 days and root samples were harvested. The
relative gene expression was determined via qRT-PCR and the expression level was normalized via ACTIN (ACT2). Error bars
represent the standard error (SE) of three independent biological repeats. Asterisks indicate statistically significant differences

compared to the WT (Col-0) (** P <0.01; *** P <0.001; one-way ANOVA)
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4.2.2. Overexpression of TMO5L1 results in a large overlap with the rac-GR24-related

transcriptome

To get a general insight into the effects of TMO5L1 on the transcriptome, we analyzed the
TMO5L1-overexpressing line 355:TMO5L1-GFP (TMO5L1-0X) via RNA-seq (E. Russinova, unpublished).
With a FC cutoff of 1.2 and P < 0.05, overexpression of TMO5L1 resulted in the differential expression of
3,144 genes, of which 1,869 were upregulated and 1,275 were downregulated (Supplementary Dataset
1). With a FC cutoff of 2 and P < 0.05, 716 genes were differentially expressed (440 upregulated, 276
downregulated). Because of the known role for TMO5L1 in vascular development, it was first analyzed if
the known target genes of TMO5L1 in this process were also present in this dataset (LOG3, LOG4, SAC51,
SACL1, SACL2 and SACL3). Indeed, both SAC51 (FC of 1.27) and SACL3 (FC of 2.25) were found to be
differentially expressed (Supplementary Dataset 1). For the LOG genes no differential expression was
detected, which is in agreement with earlier findings that only a combined overexpression of TMO5L1 and
LHW results in LOG induction; whereas for TMO5, only overexpression of TMO5 is sufficient to induce LOG

gene expression (De Rybel et al., 2014; Ohashi-Ito et al., 2014).

Several datasets, which are broadly comparable to the setup of our TMO5L1-OX dataset, have
been published: (i) inducible combined overexpression of TMO5L1 and LHW in plant cell culture (Ohashi-
Ito et al., 2014); (ii) inducible overexpression of TMOS5 (selective harvest of root tips) (De Rybel et al.,
2014); and (iii) inducible overexpression of TMO5 combined with cycloheximide (CHX) treatment to enrich
for primary response genes (selective harvest of root tips) (De Rybel et al., 2014). In order to compare the
content of these datasets, an overlap of differentially expressed genes (with a FC cutoff of 2 and P < 0.05
for all datasets) was generated (Figure 4). The gene content of the most important overlaps can be

retrieved in Supplementary Table 1.
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TMO5L1-0X

Figure 4. Overlap of the existing datasets related to the TMO5L1-OX dataset. Genes in the datasets were selected based on a
FC cutoff of 2 and P-value < 0.05. Gene content of the TMO5L1-OX dataset was compared to three broadly related datasets: (i)
inducible combined overexpression of TMO5L1 and LHW in plant cell culture (TMO5L1/LHW induced) (Ohashi-Ito et al., 2014);
(i) inducible overexpression of TMO5 with selective harvest of root tips (TMO5 induced) (De Rybel et al., 2014); and (iii) inducible
overexpression of TMO5 combined with CHX treatment to enrich for primary response genes with selective harvest of root tips

(TMO5 induced (CHX)) (De Rybel et al., 2014).

In general, the majority of genes in all four datasets are unique for that specific dataset (Figure 4).
This could potentially be because of the use of different tissues (cell cultures vs. whole plants vs. root tips),
different gene constructs (TMOS5, TMO5L1, TMO5I1 + LHW) and inducible vs. constitutive overexpression
of that gene construct. Clearly, there are also considerate amounts of overlaps between the different
datasets, with ultimately 4 genes shared between all datasets (Figure 4). SACL3 was one of these 4 genes,

a downstream target of TMO5 and TMOSL1 in the regulation of vascular development (Katayama et al.,
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2014; Vera-Sirera et al., 2014). As indicated above, also SAC51 could have been part of this overlap, but

this gene was in the TMO5L1-OX dataset induced only 1.27 times (< FC 2).

To generate an overview of the affected processes by TMO5L1-0X, we visualized the dataset with
the MapMan software (Figure 5). Clearly, TMO5L1-OX had a large negative impact on photosynthesis, as
various genes involved in light reactions and chlorophyll (tetrapyrrole) synthesis were downregulated
when compared to the WT (Figure 5; Supplementary Table 2). Also many genes involved in the secondary
metabolism were affected by TMO5L1-0OX, of which the majority of the genes were upregulated in
comparison with the WT (Figure 5; Supplementary Table 2). When the gene content of the published
TMOS5L1-related datasets was visualized, genes involved in the light reactions and secondary metabolism
were also present, but not as many as in the TMO5L1-OX dataset, which could indicate that the TMO5L1-

OX dataset is enriched for secondary effects (Supplementary Figure 2).
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Figure 5. General overview of the transcriptomic changes after TMO5L1-OX. MapMan-generated overview that summarizes the
cellular processes that were perturbed after TMO5L1 overexpression. Each square represents one gene. Color coding according
to the LOG2 scale: blue and red, upregulated and downregulated, respectively. For the gene identity, see Supplementary Table

2.

Interestingly, when the TMO5L1-OX dataset was compared with the datasets either of rac-GR24-
treated root tissue or of the max2 roots compared to the WT (Chapter 3), an enriched overlap in gene
content could be observed in both cases (Figure 6). As such, 42% of the genes that were differentially
expressed in the WT by the rac-GR24 treatment were also differentially expressed by the TMO5L1-0X, an
enrichment which is statistically significant (P = 5.2E™*) (Figure 6A; Supplementary Table 3). Similarly, 25%

of the genes, of which the expression was distorted in the max2 roots, were also distorted in the TMO5L1-
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0X, an enrichment which is also statistically significant (P = 1.9E%) (Figure 6B; Supplementary Table 4).
On the other hand, the rac-GR24-treated WT and the max2-MOCK dataset only had a small overlap with
the published TMOG5L1-related datasets, and were not statistically significant enriched (Supplementary
Figure 3). This could indicate that the overlap with the SL-related datasets might consist of indirect effects
of constitutive TMOS5L1-0X. Alternatively, it is also possible that the genes in the overlaps are specifically
differentially expressed by only overexpressing TMO5L1, and not by the combination of TMO5L1 and LHW

or by TMOS5.

A Col-0 (rac-GR24) TMO5L1-0X B max2-MOCK TMO5L1-0X

Figure 6. Overlap of differentially expressed genes between the TMO5L1 overexpression RNA-seq dataset and the SL-related
RNA-seq datasets. (A) Overlap between the set of differentially expressed genes in the WT root after rac-GR24 treatment and
after TMOS5L1 overexpression. (B) Overlap between the set of differentially expressed genes in the root of max2 under normal
growth conditions and after TMO5L1 overexpression. Statistical analysis of the overlap was done with a one-sided Fisher Exact

test. Genes were selected based on a FC cutoff of 1.2 and a P-value < 0.05.

As the rac-GR24 treatment resulted in a strong downregulation of TMO5L1, genes that were
differentially expressed in the rac-GR24 treated WT dataset and the TMO5L1-0OX dataset are expected to
have an opposite expression pattern: upregulated by rac-GR24 and downregulated by the TMO5L1-0X,
and vice versa. Indeed, more than half of the overlapping genes followed this criterion: 36 genes had an
opposite and 25 had a similar expression pattern in both datasets (Supplementary Table 3). Inversely,
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because the max2 mutant was hallmarked with an induced expression of TMO5L1, the genes in the
overlap between this dataset and the TMO5L1-OX dataset are foreseen to behave similarly. Almost half
of the overlapping genes (239 of 495) followed the expected expression pattern, whereas 256 genes had

the opposite one (Supplementary Table 4).

When the overlap between the rac-GR24 dataset and the TMO5L1-OX dataset was visualized, an
enrichment for genes related to light reactions was apparent (Figure 7, top panel). These genes were
upregulated after the rac-GR24 treatment and downregulated in TMOS5L1-overexpressing plants. Also
genes involved in flavonoid biosynthesis were common but were upregulated in the two datasets (Figure
7, top panel). Furthermore, also an overlap between the max2 dataset and the TMO5L1 overexpression
dataset was visualized (Figure 7, bottom panel). Common genes in the secondary metabolism and, more
specifically, in flavonoid synthesis occurred (Figure 7, bottom left panel). These genes were
downregulated in max2; but upregulated in the TMO5L1-OX. However, in the published TMO5L1-related
datasets, genes related to light reactions and secondary metabolism were present but not as enriched as
in the TMO5L1-OX dataset (Supplementary Figure 2). As indicated above, this could mean that the
enrichment for these genes in the TMO5L1-0OX dataset might be in part the result of secondary responses.
For this we analyzed a Chromatin immunoprecipitation (ChIP)-seq dataset of TMO5L1-0OX that contains
putative primary targets of TMO5L1 (Supplementary Table 5; E. Russinova, unpublished results).
Comparing these putative primary targets with the genes that are differentially expressed by rac-GR24 in
the WT, shows an overlap of 19 genes (Supplementary Table 6). From these, two are related to light
harvesting: CHLOROPHYLL A/B BINDING PROTEIN 3 (AT1G29910) and a RIBULOSE BISPHOSPHATE
CARBOXYLASE FAMILY PROTEIN (AT5G38410). However, no genes related to secondary metabolism were
retrieved as putative primary targets of TMO5L1 in the rac-GR24-treated WT dataset (Supplementary

Table 6).
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Figure 7. General overview of the overlap of differentially expressed genes between the TMO5L1 overexpression and the SL-
related RNA-seq datasets. MapMan-generated overview that summarizes the cellular processes that were common in the
transcriptomes of the rac-GR24-treated WT and the overexpression of TMOS5L1 (top panels) and the cellular processes common
in the transcriptomes of the max2 root under normal growth conditions and the overexpression of TMO5L1 (bottom panels).
Each square represents one gene. Color coding according to the LOG2 scale of the SL-related datasets: blue and red, upregulated

and downregulated, respectively. For the gene identity, see Supplementary Tables 3 and 4.
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In conclusion, many genes that are differentially expressed after rac-GR24 treatment or genes
that are differentially expressed in max2 roots compared to the WT, also have a distorted expression
pattern when TMO5L1 is overexpressed. From these common genes, only a few processes appeared to
be enriched, namely photosynthesis and flavonoid synthesis. However, the majority of these genes might
not be primary targets of TMO5L1. Nonetheless, because of the strong response of rac-GR24 on the
expression of TMO5L1, a further investigation for a role for TMOS5L1 in the SL responses in the root is

justified.

4.2.3. Subcellular localization and expression pattern analysis of TMO5L1

TMO5L1 encodes a member of the bHLH family and, as such, probably acts as a TF in the nucleus.
To verify this assumption, we determined its subcellular localization by means of a transgenic
35S5:TMO5L1-GFP-overexpressing line (TMO5L1-0X). In addition, we also checked whether rac-GR24 could
have a direct impact on the subcellular localization or protein stability of TMOS5L1 by treating TMO5L1-0X
seedlings with 1 uM rac-GR24. Confocal microscopy images confirmed the nuclear localization of TMO5L1
(Figure 8). No difference in intensity or in localization could be observed between the rac-GR24-treated
and untreated seedlings, indicating that rac-GR24 might not influence the stability or the subcellular
localization of TMO5L1 (Figure 8). Regarding the GFP expression domain of this overexpressing line, it
should be noted that it does not seem to correspond to the expression domain of a 355-promoter. This
observation should be reanalyzed, but if this would be truly the case, it might provide an additional reason
for the relative low overlap with the published TMO5L1-related datasets or might possibly even question

the validity of the TMO5L1-0OX dataset.
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MOCK rac-GR24

Figure 8. Subcellular localization of TMO5L1 in root tip cells. Five-day-old seedlings of a 355:TMO5L1-GFP (TMO5L1-0X) line
were transferred for 6 h to fresh medium supplemented with 1 UM rac-GR24 or to control medium. The expression of the
construct was visualized in the root tip by confocal laser scanning microscopy. Propidium lodide (PI) was used to stain the cell

wall. Bars = 20 um.

Next, we examined the endogenous expression pattern of TMO5L1 in the root with a transgenic
line containing a pTMO5L1:TMO5L1-YFP construct. In line with previous reports, a faint and nuclear
localized expression could be detected in the prevascular bundle of the apical root meristem (Figure 9A)
(De Rybel et al., 2013). In addition to the root tip, TMO5L1 appeared to be also specifically expressed in
LR primordia. The expression was visible from the early stages of LR primordia development on and
persisted until LR emergence (Figures 9C, 9E, 9G, 9l, and 9K). This expression pattern was roughly
consistent with the transcriptional high-resolution spatiotemporal expression pattern and the
gravistimulus-induced LR expression pattern of TMO5L1 that are available via the e-FP-browser (Figures
10 and 11) (Winter et al., 2007; http://bbc.botany.utoronto.ca/efp). To determine whether rac-GR24
influences the protein level of TMO5L1, seedlings containing the pTMOS5L1:TMOS5L1-YFP construct were
treated for 24 h with 1 uM rac-GR24. However, no difference in intensity could be observed between the
treated and the untreated plants, not in the root tip (Figures 9A and 9B), nor during any stages of LR

primordia development (Figures 9C-9L).
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Figure 9. Endogenous expression pattern analysis of TMO5L1 in the root. Five-day-old seedlings of a pTMO5L1:TMO5L1-YFP line
were transferred for 24 h to fresh medium supplemented with 1 uM rac-GR24 or to control medium. The expression was
visualized by confocal laser scanning microscopy. (A and B) The expression of TMO5L1 with pTMO5L1:TMOS5L1-YFP plants in the
root tip (A) under control conditions or after rac-GR24 treatment (B). (C to L) Expression of TMO5L1 in pTMO5L1:TMOS5L1-YFP
plants during different stages of LR development under control conditions (C, E, G, I, and K) and after rac-GR24 treatment (D, F,

H, J, and L). Propidium lodide (Pl) was used to stain the cell wall. Bars = 30 um.
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Figure 10. High-resolution transcriptional spatiotemporal map of TMO5L1. Root material from 5-to 6-day-old seedlings (radial
data) or 7-day-old seedlings (longitudinal data) was collected by fluorescence-activated cell sorting or sectioning (Brady et al.,
2007). Spatiotemporal expression levels were imputed with an EM algorithm (Cartwright et al., 2009). Data are normalized by
the GCOS method, TGT wvalue of 100. Figure adapted from e-FP Browser (Winter et al. 2007,

http://bar.utoronto.ca/efp/development/).
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Figure 11. Expression of TMO5L1 during gravistimulation-induced LR development. Col-0 seedlings were grown vertically on
half-strength Murashige and Skoog medium in square Petri dishes for 3 days. LR induction was obtained by rotating the plates by
90 degrees. For each time point, a root segment corresponding to the bend was microdissected for RNA extraction. A mature
root segment located between the bend and the shoot was harvested 9 h after gravistimulation to serve as a reference of
nongravitropically stimulated root tissues devoid of LR initiation (time point O in the dataset) (VoP et al., 2015). Data are
normalized by the GCOS method, TGT value of 100. Figure adapted from e-FP Browser (Winter et al.,, 2007;

http://bar.utoronto.ca/efp/development/).
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4.2.4. Investigation of the rac-GR24-mediated effect on LR density in TMO5L1-related

mutants

SLs are known to modulate the root system architecture, with one of the most pronounced effects
the MAX2-dependent reduction in LRD (Kapulnik et al., 2011a; Ruyter-Spira et al., 2011). As rac-GR24
strongly downregulated the TMO5L1 expression in the root and the TMOS5L1 protein was specifically
produced during the various stages of LR development, the effect of rac-GR24 on a mutant and
overexpression line of TMO5L1 was investigated. Additionally, because of a possible redundancy with
TMO5, a double tmo5,tmo5L1 mutant was also analyzed. The root system architecture of tmo5/1, tmo5,
tmo5;tmo5/1, and the TMO5L1-OX was examined upon treatment with rac-GR24 (Figure 12). The primary
root length of tmo5/1 and the tmo5,tmo5/1 double mutant, but not of tmo5, was shorter than that of the
WT under normal growth conditions (Figures 12A, 12C, and 12E). A reduction in the primary root length

was also observable in the TMO5L1-0X line.

Treatment with rac-GR24 is known to modulate the primary root length (Ruyter-Spira et al., 2011;
Shinohara et al., 2013). In our hands, the reduction was very minor and could only be observed in the
experiment where TMO5L1-OX plants were analyzed (Figure 12G). Nevertheless, also the TMO5L1-0OX line

had a decreased primary root length after treatment with rac-GR24 (Figure 12G).

Regarding the LRD phenotype, the LRD of tmo5, tmo5I/1, and tmo5;tmo5/1 was slightly smaller
than that of the WT under normal growth conditions (Figures 12B, 12D, and 12F). Moreover, after
treatment with rac-GR24, the LRD in tmo5/1 had decreased by 47%, a reduction significantly higher than
the 34% in the WT (P < 0.01), hinting at a hypersensitivity toward rac-GR24 (Figure 12B). In contrast, the
LRD reduction after treatment with rac-GR24 treatment was similar for tmo5 (54%) and the WT (50%)
(Figure 12D). However, in the tmo5;tmo5/1 double mutant, the rac-GR24 treatment resulted in a higher

reduction in LRD (67%) than that in the WT (42%) (P < 0.001), indicative of hypersensitivity of the double
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mutant to rac-GR24 (Figure 12F). Interestingly, the LRD reduction of the 355:TMO5L1-GFP line was also
higher after rac-GR24 than that of the WT (51% vs. 35%; P < 0.01) (Figure 12H). It should be noted that
the tmo5/1 mutant is in Nossen (No-0) background and not in Col-0. As such, the results should be

confirmed with a proper control in the future.
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Figure 12. Effects of rac-GR24 on the root system architecture of TMO5L1-related mutants. Primary root length of tmo5/1 (A),

tmo5 (C), tmo5;tmo5/1 (E), and 355:TMO5L1-GFP (G) upon rac-GR24 treatment. LRD of tmo5/1 (B), tmo5 (D), tmo5;tmo5/1 (F),
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and 355:TMO5L1-GFP (H) upon rac-GR24 treatment. Data presented are means + SE of three biological repeats (n > 20). Asterisks
indicate statistically significant differences (* P <0.05; ** P <0.01; *** P <0.001; ANOVA-mixed model for the primary root length;
Poisson regression model for the LRD and LRD reductions). Numbers in far red in panels B, D, F and H indicate percentage of LRD
reduction as compared to the MOCK grown control for each genotype. Asterisks in far red in panels B, D, F and H indicate statistical

significant differences in LRD reduction between the WT control and the respective mutant (also indicated in the text).

In summary, lack of TMO5L1 (and TMO5) expression resulted in various aberrations in root
development and to hypersensitivity to rac-GR24 responses in the root regarding the effect on the LRD.
As such, the data suggest that TMO5L1 might have an important function in the control of the rac-GR24-

mediated effect on LR development.

4.2.5. Therole of TMO5/TMO5L1 in the rac-GR24-regulated effect on flavonol

biosynthesis gene expression in the root

Besides an effect on the root architecture, treatment with rac-GR24 also results in the
upregulation of transcript and protein levels of various flavonol biosynthesis genes and accumulation of
flavonols in the root (Walton et al., 2016). To examine whether TMO5L1 is also involved in the control of
this process, we determined the transcript levels of two key flavonol biosynthetic genes, CHALCONE
SYNTHASE (CHS) and FLAVONOL SYNTHASE (FLS) in the tmo5/1 and tmo5;tmo5/1 mutants and the

TMO5L1-0OX line treated or not with rac-GR24 for 24 h (Figure 13).

In agreement with Walton et al. (2016), the expression of both genes was upregulated after rac-
GR24 treatment in the WT (Figure 13). For CHS, but not for FLS, the expression level in the absence of rac-
GR24 was higher in the TMO5L1-0OX line than that in the WT, as was also the case for both genes in the

tmo5;tmo5/1 double mutant (Figure 13). Next, we investigated whether the expression changed after rac-
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GR24 treatment and found that the upregulation of these genes, as seen in the WT, was not present in

the TMO5L1-0X line nor in one of the mutants (Figure 13).
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Figure 13. Effect of rac-GR24 treatment on the relative gene expression of key flavonol biosynthesis genes in the root of
TMOS5L1-related mutants. Five-day-old Col-0, tmo5/1, tmo5;tmo5/1, and TMOS5L1-overexpressing (35S:TMO5L1-GFP) seedlings
were transferred to fresh medium containing 1 uM rac-GR24 or to control medium (MOCK). Root samples were taken after 24 h
of treatment. The relative gene expression of CHS (A) and FLS (B) was determined via qRT-PCR and the expression level was
normalized via ACTIN (ACT2). Means of three independent biological repeats are presented. Error bars represent the standard
error (SE). Letters above bars indicate statistically significant differences (bars with no common letter are significantly different

from each other; ANOVA mixed model).

4.2.6. TMOsL1 is probably not implicated in the rac-GR24-mediated reduction of the

hypocotyl

Besides reducing the LRD, treatment with rac-GR24 is also known to decrease the hypocotyl
elongation of seedlings grown under continuous red light (Nelson et al.,, 2011). Recently, signaling
mediated by D14 as well as KAI2 has been found to be involved in the regulation of this process, although
only the kai2, but not the d14, mutant exhibits an elongated hypocotyl in the absence of exogenous rac-
GR24 (Scaffidi et al., 2014). To determine whether TMO5L1 also plays a role in the control of this rac-GR24

phenotype, we grew tmo5/1 and tmo5;tmo5/1 mutant plants and the 355:TMO5L1-GFP line in the
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presence and absence of rac-GR24 under continuous red light, along with the rac-GR24 signaling mutants

max2, d14, kai2 and the double mutant d14;kai2 (Figure 14).

When the hypocotyl length is considered in the absence of rac-GR24, the hypocotyl length was
obviously longer in max2, kai2, and the kai2;d14 double mutant than that in the WT, whereas it was
indistinguishable from the WT in d14, corresponding with previous findings (Figure 14) (Waters et al.,
2012; Toh et al. 2014) and in tmo5/1 as well, but it was slightly shorter in tmo5;tmo5/1 and the
35S5:TMO5L1-GFP than that in the WT (Figure 14). In the presence of rac-GR24, the hypocotyl length was
clearly reduced in the WT (Figure 14). Both receptor mutants d14 and kai2 were also still responsive to
rac-GR24, but only the d14;kai2 double mutant and max2 were fully insensitive to the rac-GR24 treatment,
confirming previous data (Waters et al., 2012; Toh et al. 2014) (Figure 14). tmo5/1 and the double mutant
tmo5;tmob511 displayed a sensitivity to rac-GR24, but, in contrast to the effects on the LRD, these mutants

had no hypersensitive response (Figure 14).

ynT
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Figure 14. hypocotyl assay for TMO5L1-related mutants. Seeds of Col-0, d14, kai2, d14;kai2, max2, tmo5I1, tmo5;tmo5I/1, and
TMO5L1-OX were sown on half-strength Murashige and Skoog medium without sucrose, supplemented or not with 1 uM rac-
GR24. After stratification, plates were exposed to white light for 3 h, followed by incubation in the dark for an additional 21 h,
and ultimately to red light for 4 days. Graphs represent means of three biological repeats (n > 25). Error bars represent the
standard error (SE). Letters above bars indicate statistically significant differences (bars without common letter are significantly

different from each other; ANOVA-mixed model), numbers in far red indicate percentage of reduction of hypocotyl length.
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4.3. Discussion

In the last years, a lot of research has been focused on unraveling the SL signaling network.
Although considerate amount of progress has been made in recent years, further downstream signaling
events leading to the various physiological responses are still lacking. Here, we report on the

characterization of TMOG5L1, a TF that likely plays a role in the SL-regulated root responses.

In a previous RNA-seq experiment on Arabidopsis roots treated with 1 uM rac-GR24, TMO5L1 had
emerged as a strongly downregulated gene. This MAX2-dependent downregulation was confirmed by
gRT-PCR and persisted from 6 h until at least 48 h of treatment (Figure 2). This negative impact of the rac-
GR24 treatment on the TMO5L1 expression was also noted after 2 h of treatment, albeit not so strong as
after 6 h (Figure 2). In comparison with other plant hormones, this event could be considered as fairly late,
because for many hormones, the first transcriptional events happen within several minutes after
treatment as illustrated with the jasmonate responses (Pauwels et al., 2010). The signaling cascade of SLs
is not initiated so rapidly. Indeed, the degradation of the direct target proteins SMXL6, SMXL7, and SMXL8
occurs only 30 minutes to 1 hour after treatment (Zhao et al., 2013; Soundappan et al., 2015; Wang et al.,
2015). As such, the downregulation of TMO5L1 might be a primary response after SL perception and target
degradation. This possibility can be investigated by the addition of the protein synthesis inhibitor
cycloheximide (CHX) (Roig-Villanova et al., 2006). If the rac-GR24-triggered downregulation would still
take place in the presence of CHX, no additional protein synthesis would be required and, hence, TMO5L1
would be a primary target. However, a complication might be the relatively slow SL signaling cascade,
because a CHX application longer than 2 h can be considered as toxic for plants (L. Pauwels, personal
communication) and combined with the relatively weak TMO5L1 downregulation after 2 h of rac-GR24
treatment would hinder the readout. Nevertheless, a direct target, of which the expression is

downregulated by rac-GR24, is not in line with the current working hypothesis of the SL signaling pathway.
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The SMXL family (the direct protein targets) contain an EAR motif known to be an active repression motif
that mediates the interaction with TOPLESS (TPL) or members of the TPL RELATED (TPR) family (Kagale
and Rozwadowski, 2011; Soundappan et al.,, 2015; Wang et al., 2015). Thus, the SMXL proteins are
suggested to act as negative transcription regulators and, hence, SL-induced degradation of the SMXL
proteins would induce, rather than repress transcription. This hypothesis implies that either the TMO5L1
downregulation by rac-GR24 is not a direct transcriptional target, or that an alternative pathway,
independent of the EAR domain of the SMXL proteins, is at play to regulate the TMO5L1 expression.
Indeed, recently, the EAR domain of the SMXL proteins has been demonstrated to be required for most,
but not all, SL-regulated phenotypes, indicating that also EAR-independent mechanisms play a role (Liang

et al., 2016).

Analysis of the 355:TMO5L1-GFP and pTMOS5L1:TMOS5L1-YFP lines confirmed the nuclear
localization of TMO5L1, as expected for an (active) TF (Figures 8 and 9) (De Rybel et al., 2013; An et al.,
2014). We could show that the TMOS5L1 protein is not posttranslationally regulated by rac-GR24 nor that
its subcellular localization is influenced by rac-GR24. TMOS5L1 has been previously reported to be
specifically expressed in the xylem precursor cells of the root apical meristem, in agreement with its role
in controlling vascular cell division and differentiation (Figure 9) (De Rybel et al., 2013; Ohashi-Ito et al.,
2014). We could additionally determine that TMO5L1 is also strongly expressed during all the LR
development stages (Figure 9), an expression pattern that is broadly confirmed by transcript profiling
during gravitropy-induced LR development (Figure 11). Despite the strong impact of rac-GR24 on the
transcriptional expression of TMO5L1, no clear effect on the protein level of TMO5L1 could be seen. The
pPTMO5L1:TMO5L1-YFP line used for this study might possibly miss a regulatory element that is essential
for SL regulation. To clarify this assumption, complementation of the tmo5/1 mutant with the construct
should be carried out and, additionally, the responsivity of TMO5L1 to rac-GR24 should be checked in

more independent lines.
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As TMOS5L1 is most probably expressed during LR development and SLs are known LR
development inhibitors, we investigated whether TMO5L1 plays a role in the rac-GR24-regulated LR
response. As such, we found that both tmo5/1 and tmo5;tmo5/1, but not tmo5, were hypersensitive for

the LR development inhibition by rac-GR24.

Both TMO5L1 and TMOS5 are known to form heterodimers with LHW and to control the
vasculature development in the root apical meristem (De Rybel et al., 2013; Ohashi-Ito et al., 2014). These
regulators function at the interplay between auxin and cytokinin, because they are induced by auxin and,
in turn, directly induce cytokinin biosynthesis (Schlereth et al., 2010; De Rybel et al., 2013, 2014; Ohashi-
Ito et al., 2014). During the vascular development, these hormones act in a module in which they inhibit
each other and, as such, tightly regulate the vascular patterning (Mahoénen et al., 2006; Bishopp et al.,
2011; De Rybel et al., 2014). However, neither LHW nor the downstream targets of the TMO5L1/LHW
heterodimer in the regulation of vascular development were differentially expressed upon rac-GR24
treatment or in the max2 mutant under MOCK conditions. Indeed, if SLs would impinge on the vascular
development as a manner to regulate LR development, differential expression of these genes is expected.
Moreover, because TMO5L1 forms heterodimers, interaction with a bHLH TF different from LHW or its
homologs, might extent the toolbox and result in a different outcome. That TMO5L1 might be expressed
during all developmental LR stages and that its expression is not restricted to specific cells giving rise to

the vascular system in the LR primordium (Figure 9) also support an additional role for TMO5L1.

Besides a role in the rac-GR24 effect on LRD, we could show that TMO5L1 might influence the SL-
mediated response on the flavonoid levels in the root. Whereas SLs enhance the production of flavonoids
(Walton et al., 2016), TMO5L1-related mutants might have increased levels of flavonoids, as inferred from
transcript analysis (Figure 13). Especially, the tmo5,;tmo5/1 double mutant displayed high transcript levels
of flavonoid biosynthetic genes that did not increase upon rac-GR24 treatment under normal conditions,

because the levels were already the same as in the WT after treatment with rac-GR24. As these results
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were not so clear in the tmo5/1 mutant, redundancy between TMO5 and TMOG5L1 is expected. However,
based on analysis of TMO5L1-related datasets and a ChIP-Seq analysis on TMO5L1, the role of TMO5L1

on SL-regulated flavonoid levels is likely not a primary response.

As rac-GR24 triggers both the signaling pathways mediated by D14 and KAI2 that lead to responses
regulated by SL or KAR, respectively, we analyzed in which pathway TMO5L1 acts downstream (Scaffidi et
al.,, 2014) and found indications that TMO5L1 might function mainly in the D14-cascade. However, a
certain redundancy between D14 and KAI2 is very likely, because the expression level of TMO5L1 in the
d14;kai2 double mutant exceeds that in the d14 mutant and equals that in the max2 mutant (Figure 3).
Although both D14 and KAI2 had previously been shown to be involved in the LR development regulation
after addition of (pure enantiomers of) GR24, KAI2 might be responsible for the endogenous LR
development control, because the kai2 mutant, but not the d14 mutant, exhibits an enhanced LRD under
mock conditions (Chapter 3). Hence, at least a partial involvement of KA/2, instead of D14 only, is expected

upstream of TMO5L1 as a regulator of rac-GR24-mediated LR inhibition.

The signaling cascade via D14 is mainly known in shoot branching regulation and the involvement
of TMOS5L1 in shoot branching should certainly be evaluated genetically (Bennett et al., 2016). Previously,
overexpression of TMO5L1 has been found to induce various shoot-related phenotypes, among which an
increase in the number of secondary inflorescences (An et al., 2014). Although enhanced branching of the
inflorescences is not the same as axillary bud outgrowth, the involvement of TMO5L1 in SL-mediated

inhibition of bud outgrowth should be investigated properly.

Finally, overexpression of TMO5L1 seemed to result in various anomalies, both at the transcript
level and phenotypically. Because of the downregulation of TMO5L1 by rac-GR24, common genes in the
TMO5L1-OX and in the rac-GR24-treated WT datasets are expected to behave inversely, but this behavior

was only true for 50% of the overlap (Supplementary Table 4). Similarly, nearly 50% of the overlapping
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genes between the TMO5L1-0OX dataset and the dataset comparing max2 with WT roots had the same
behavior, despite the TMO5L1 upregulation in max2 (Supplementary Table 4). Whereas the loss-of-
function mutants tmo5/1 and tmo5;tmo5/1 exhibit a reduced primary root length and are hypersensitive
to the rac-GR24-mediated LRD reduction, the TMO5L1-0OX line acts in a similar manner, instead of a lack
or opposite response (Figure 12), hinting at a dominant-negative effect of the TMO5L1 overexpression.
Indeed, under normal circumstances, TMO5L1 is transcriptionally active as a heterodimer, for which the
dimerization with LHW is well documented (Ohashi-Ito and Bergmann, 2007; De Rybel et al., 2013; An et
al., 2014). In vitro, TMOS5L1 alone has no transcriptional activity and, in vivo, only the combined
overexpression of TMO5L1 and LHW results in an induction of the cytokinin biosynthesis genes LOG3 and
LOG4 (An et al., 2014; Ohashi-Ito et al., 2014). Thus, homodimers could be formed by overexpression of
TMOGSL1 only, preventing the creation of certain heterodimers and, hence, compelling the overexpression
line to behave to a certain extent like a loss-of-function mutant. This mechanism could explain why not
all the genes in the overlaps between the TMO5L1-OX dataset and the SL-related datasets behave as
expected, as illustrated by the flavonol biosynthesis genes. Indeed, for these genes, we could show that a
downregulation by the rac-GR24 treatment correlated with an upregulation in the loss-of-function
mutants, whereas they were also upregulated (thus with an opposite pattern) in the TMO5L1-0OX dataset.
As such, it could be that the overlapping genes in the transcriptome might be valid, whether they follow
an expected expression pattern or not. However, because the majority of these genes are likely not

primary targets of TMO5L1, the content of these gene overlaps might possibly not be very relevant.

In conclusion, we identified the TF TMOG5L1 as a likely downstream component of the SL signaling pathway
in the root, controlling SL-regulated LR development and (indirectly) SL-regulated flavonol content in the

root.
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4.4. Materials and methods

Transcript analyses

For the expression analyses of RNA-segencing (RNA-seq) samples treated for 2 h and 6 h with
rac-GR24, wild-type (WT) Arabidopsis thaliana (L.) Heynh., accession Columbia-0 (Col-0) and max2-1 seeds
(Leyser et al., 2002) were grown together on nylon meshes (20 um) to facilitate transfer and on half-
strength Murashige and Skoog medium with 1% [w/v] sucrose in a square plate divided in two. For the
time series, WT Arabidopsis Col-0 seeds treated for 0 h, 6 h, 24 h, and 48 h with rac-GR24 were set likewise
on square plates. The plates were incubated at 4°C for 2 days, then transferred, and placed vertically for
5 days under continuous light conditions at 21°C. Plantlets were subsequently shifted onto either mock
or medium containing 1 uM rac-GR24 and placed back in the growth room. Root material was harvested

after the indicated time points and flash-frozen in liquid nitrogen.

To determine the expression levels of the flavonol biosynthesis genes, Arabidopsis Col-0, tmo5I1
(De Rybel et al., 2013), tmo5,tmo5/1 (De Rybel et al., 2013), and 355:TMO5L1-GFP expressing seeds (E.
Russinova, unpublished material) were also set on square plates on 20-um nylon meshes and grown as
described above. After 5 days of growth, plants were subsequently shifted onto either mock or medium
containing 1 uM rac-GR24 and placed back in the growth room for 24 h. Root material was harvested and

flash-frozen in liquid nitrogen.

For the expression levels of TMO5L1 in the SL/KAR signaling mutants, Arabidopsis Col-0, max2-1,
d14-1 (Arite et al., 2009), htl-3 (kai2 allele in Col-0 background) (Toh et al., 2014), d14-1;htl-3 (Toh et al.,
2014); and 355:MAX2-GFP in the max2-1 mutant background (Kindy provided by B. Marquez-Garcia,
unpublished) were set and grown as described above. After 5 of growth, root material was harvested and

flash-frozen in liquid nitrogen.
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For each tissue sample, approximately 100 seedlings were used stored at —80°C until processing.

The experiments were repeated three times.

Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s
protocol. Genomic DNA was removed by DNase treatment. The RNA samples were purified through NH,Ac
precipitation (at a final concentration of 2.5 M NHsAc). Samples were quality-controlled and quantified
with a Nano-Drop Spectrophotometer (Isogen). RNA (1 pg) was reverse-transcribed into cDNA with the
iScript cDNA synthesis Kit (BioRad) and subsequently diluted 25 times. Quantitative real-time--polymerase
chain reaction (QRT-PCR) was done on a LightCycler 480 (Roche Diagnostics) with SYBR Green for
detection, in triplicate on a 384-multiwell plate in a total volume of 5 ul and 10% cDNA fraction. Cycle
threshold (Ct) values were obtained with the accompanying software and analyzed with the 272" method
(Livak and Schmittgen, 2001). The obtained values were normalized against those of ACTIN2 (ACT2,

AT3G18780) that was used as an internal standard.

Transcriptome profiling of 355:TMO5L1-GFP-expressing seedlings

The database with differentially expressed genes between the WT Arabidopsis Col-0 and TMO5L1-
overexpressing 355:TMO5L1-GFP seedlings (TMO5L1-0OX) was determined via RNA-seq analysis of whole

seedlings.(E. Russinova, unpublished)

Confocal microscopy

Plants expressing 355:TMO5L1-GFP or pTMO5L1:TMO5L1-YFP (De Rybel et al., 2013) were grown
for 5 days under continuous white light conditions at 21°C on half-strength Murashige and Skoog medium

with 1% [w/v] sucrose on nylon meshes (20 um). Plants were subsequently shifted onto either mock or
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medium containing 1 uM rac-GR24 and placed back in the growth room for 6 h for 355:TMO5L1-GFP-
expressing plants or for 24 hours for pTMO5L1:TMO5L1-YFP-expressing plants. Seedlings were mounted
on slides in liquid half-strength Murashige and Skoog medium with 1% [w/v] sucrose supplemented with
propidium iodide (0.01 mg/ml). The seedling roots were examined and images were taken with a confocal

laser scanning microscope (Zeiss LSM 710 confocal).

Lateral root assay

WT, tmo5 (De Rybel et al., 2013), tmo5/1, tmo5;tmo5/1, and 355:TMO5/1-GFP plants were grown
for 9 days under continuous light conditions at 21°C on half-strength Murashige and Skoog medium with
1% [w/v] sucrose, supplemented with 1 uM rac-GR24 (kind gift of F-D Boyer). LRs were counted under a
S4E binocular microscope (Leica Microsystems) and root length was measured with Imagel

(http://rsb.info.nih.gov/ij). Both values were used to calculate the LR density (LRD).

Hypocotyl assay

Seeds of Col-0, max2-1; di14-1; htl-3 (kai2 allele in Col-0 background); di14;htl-3; tmo5I1;
tmo5;tmo5/1, and 355:TMO5L1-GFP were sown on half-strength Murashige and Skoog medium without
sucrose, supplemented with or without 1 UM rac-GR24 and kept for 2 days at 4°C before exposure to
white light for 3 h to induce germination. Hereafter, the seeds were kept in the dark at 21°C for an
additional 21 hs by wrapping the plates in aluminum foil, followed by exposure to continuous red light at

21°C (20 PAR) in a horizontal position. Hypocotyl lengths were measured 4 days later.
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Statistics

Statistics regarding the expression analyses of experiments consisting of more than one genotype
or time point combined with more than one treatment (i.e. MOCK and rac-GR24) were done via analysis
of variance (ANOVA)-mixed models as previously described (Rasmussen et al., 2012). A Student’s t-test
was used for the experiments containing only one genotype, treated or not with rac-GR24 at one specific
time point (Excel). A one-way ANOVA was used in experiments in which expression was analyzed in
multiple genetic backgrounds under normal growth conditions (i.e. one treatment) by means of the SAS
Enterprise Guide Software (Cary, NC, USA), followed by a post-hoc analysis. Tukey corrections were

applied to multiple testing.

The statistical significance of the created overlaps between the various RNA-seq datasets was
determined via a one-sided Fisher Exact test, based on the hypergeometric distribution (R Development

Core Team, 2012).

For the statistical analysis of the phenotypic root analyses, the number of LRs was modeled by
Poisson regression with the root length as offset variable. In the presence of overdispersion, the negative
binomial distribution was preferred over the Poisson distribution. The GLIMMIX procedure (SAS Institute)
was used that allows random effects. To account for the correlation between the observations within one
repeat, a random intercept for repeat was included in the model. The fixed factors were genotype and
treatment. The model included both factors as well as the interaction term. User-defined contrasts were
estimated with the LM procedure. To control for a family-wise error rate of 0.05, the MAXT method was
applied by means of a simulation method as implemented in the PLM procedure. For the statistical analysis
of the primary root length, ANOVA-mixed models were used, as previously described (Rasmussen et al.,

2013). For the statistical significance of the hypocotyl assay, a similar ANOVA-mixed model was applied.
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Supplementary Figure 1. Effect of rac-GR24 treatment on the relative gene expression of TMO5L1 in max2. Five-day-old max2
seedlings were transferred to fresh medium containing 1 uM rac-GR24 or to control medium (MOCK). Root samples were taken
after 2 h (left) and after 6 h (right) of treatment. The relative gene expression was determined via gRT-PCR and the expression
level was normalized via ACTIN (ACT2). Means of three independent biological repeats are presented. Error bars represent the

standard error (SE). Statistically significance was determined via Student’s t-test.
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Supplementary Figure 2. General overview of the transcriptomic changes in published TMO5L1-related datasets. MapMan-
generated overview that summarizes the cellular processes that were perturbed after in the various published TMO5L1-related
datasets. (A) inducible combined overexpression of TMO5L1 and LHW in plant cell culture (Ohashi-Ito et al., 2014); (B) inducible

overexpression of TMO5 (selective harvest of root tips) (De Rybel et al., 2014); and (C) inducible overexpression of TMO5
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combined with cycloheximide (CHX) treatment to enrich for primary response genes (selective harvest of root tips) (De Rybel et
al., 2014). Each square represents one gene. Color coding according to the LOG2 scale: blue and red, upregulated and

downregulated, respectively.
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Supplementary Figure 3. Overlap of differentially expressed genes between the published TMO5L1-related datasets and the
SL-related RNA-seq datasets. Left: overlaps with rac-GR24 treated WT; Right: overlaps with the max2-MOCK dataset with (A)
inducible combined overexpression of TMO5L1 and LHW in plant cell culture (Ohashi-Ito et al., 2014); (B) inducible overexpression

of TMO5 (selective harvest of root tips) (De Rybel et al., 2014); and (C) inducible overexpression of TMO5 combined with
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cycloheximide (CHX) treatment to enrich for primary response genes (selective harvest of root tips) (De Rybel et al., 2014).

Selection of the genes in the TMO5L1-related datasets is based on a FC-cutoff of 2 and P-value < 0.05.

Supplementary Table 1. Gene content of the overlaps between the TMOSL1-related datasets. Available via

https://goo.gl/ckowXg

Supplementary Table 2. Identity of genes covered in Figure 5. Available via https://goo.gl/ckowXg

Supplementary Table 3. Overview of the overlap between the rac-GR24 treatment dataset (WT) and the TMO5L1-OX dataset.

Available via https://goo.gl/ckowXg

Supplementary Table 4. Overview of the overlap between the max2-MOCK dataset and the TMO5L1-0OX dataset. Available via

https://goo.gl/ckowXg

Supplementary Table 5. List of potentially directly regulated genes by TMOS5L1 (ChIP-seq) (E. Russinova, Unpublished data).

Available via https://goo.gl/ckowXg

Supplementary Table 6. Overlap of rac-GR24 treated WT dataset with potentially directly regulated genes by TMO5L1 (ChIP-

seq). Available via https://goo.gl/ckowXg

Supplementary Dataset 1. Differentially Expressed genes in p355:TMO5L1-GFP (TMO5L1-0X) vs. WT seedlings. Available via

https://goo.gl/ckowXg
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Abstract

Strigolactones (SLs) are a group of phytohormones that regulate various aspects of shoot and root
development, but had initially been discovered because of their role in rhizosphere interactions. However,
a lot about the SL signaling cascades still needs to be discovered. Here, we report on the initiation of a
chemical genetics approach in Arabidopsis thaliana to obtain a better insight into the molecular
mechanisms of SL sensing and signaling by screening a compound library for molecules that inhibit the
reduction in hypocotyl elongation induced by the synthetic racemic SL rac-GR24. We identified 10 putative
lead SL antagonists and tested their effects on various SL related physiological responses. In addition to
the effect on the hypocotyl length, three were also shown to prevent the rac-GR24-induced germination
of parasitic seeds, whereas two others might influence the impact of rac-GR24 on lateral root
development. Hence, after validation, the new lead compounds will help to provide more knowledge on

the molecular mechanisms by which SL signaling results in the various physiological outcomes.
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5.1. Introduction

Strigolactones (SLs), which had initially been discovered for their role in rhizosphere interactions
(Xie and Yoneyama, 2010), have become a cutting-edge topic in plant biology and agronomy, with a great
potential in modern agriculture because of their various physiological responses. SLs influence root and
shoot architecture (Gomez-Roldan et al., 2008; Umehara et al., 2008; Tsuchiya et al., 2010; Kapulnik et al.,
2011; Ruyter-Spira et al., 2011). In addition, they induce arbuscular mycorrhization and induce
germination of parasitic weeds, such as Striga spp. and members of the Orobanchaceae family (Yoder and
Scholes, 2010). Knowledge on the regulation of plant architecture is essential to improve crop yield in an
ever-changing environment. Moreover, parasitic weeds still cause world-wide crop losses (Yoder and
Scholes, 2010) and understanding the mycorrhizal symbiosis might lead to agricultural practices with a
reduced input of chemical fertilizers. Hence, it is important to understand how SL signaling results in their

various physiological outcomes.

MORE AXILLARY GROWTH2 (MAX2), a nuclear localized leucine-rich repeat F-box protein, is a key
player in SL signaling in Arabidopsis thaliana (Stirnberg et al., 2007; Gomez-Roldan et al., 2008; Umehara
et al., 2008). In the presence of SLs, MAX2 forms a complex with the SL receptor DWARF14 (D14) that
eventually results in the ubiquitination and subsequent degradation of their direct protein targets of the
SUPPRESSOR OF SMAX1 LIKE (SMXL) family (Stanga et al., 2013; Soundappan et al., 2015; Wang et al.,
2015; Liang et al., 2016). Interestingly, MAX2 is also recruited in the signaling pathway of karrikins, smoke-
derived compounds that induce germination (Nelson et al., 2011). These karrikins bind to a protein that
is closely related to D14, KARRIKIN INSENSITIVE2 (KAI2). In analogy to the D14 pathway, it is believed that
this might also lead to the recruitment of MAX2 and the degradation of other members of the SMXL family.
This duality is all the more relevant, because the commonly used SL analog rac-GR24 activates both

signaling via the D14 and the KAI2 pathway (Scaffidi et al. 2014).
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Chemical genetics is a technique that makes use of small molecules that alter protein function to
study biological processes and that has proven to be very powerful in deciphering plant hormone signaling
pathways (Armstrong et al., 2004; Gendron et al., 2008; Savaldi-Goldstein et al., 2008; De Rybel et al.,
2009b). It provides complementary information to that results obtained by molecular genetics and often
overcomes its limitations, such as redundancy, lethality, and pleiotropic effects (Téth and van der Hoorn,
2009). The discipline often utilizes classical forward genetics screens for chemical resistance or
hypersensitivity to identify target proteins and pathways. The use of small molecules is an integrated part
of, for instance, auxin research, because it allows researchers to pinpoint specific pathways and decipher
the pleiotropic effects of this versatile hormone (De Rybel et al., 2009a). Because SLs have diverse effects,
chemical genetics will greatly help to unravel the unknown signaling nodes and networks on which SLs act.
Several years ago, compounds have been identified that inhibit SL biosynthesis or enhance SL levels
(Sergeant et al., 2009; Tsuchiya et al., 2010). Additionally, a yeast-based chemical screen has revealed
several SL agonists, and more recently, an inhibitor of KAI2 activity in Arabidopsis and Striga could be

identified via chemical genetics (Toh et al., 2014; Holbrook-Smith et al., 2016).

By developing a chemical screen based on the rac-GR24-induced reduction in hypocotyl length,
we identified 10 lead compounds that possibly interfere with SL signaling, of which three also prevented
the rac-GR24-induced germination of parasitic seeds and two others might also influence the impact of
rac-GR24 on the lateral root development. After further validation, these new compounds will help us
understand the molecular mechanisms of the various physiological consequences triggered by the SL

signaling.
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5.2. Results and discussion

5.2.1. A bioassay for high-throughput screening

For a successful chemical genetics screen, a well-characterized and robust bioassay needs to be
established, based on either phenotype or on expression of marker genes (Toéth and van der Hoorn, 2009).
This bioassay will be used for a high-throughput screen of a chemical compound library of 12,000
compounds to yield hit compounds. To screen for compounds that interfere with the rac-GR24 signaling,
we optimized a protocol based on the observation that rac-GR24 enhances the red light-mediated
inhibition of the hypocotyl elongation (Figure 1) (Shen et al., 2007; Nelson et al., 2011; Waters et al., 2012).
For this assay, seeds were sown on solid medium either supplemented or not with rac-GR24. After a 2-
day stratification period, they were exposed to 3 h of white light to induce germination followed by a 21-
h dark period, whereafter the plates were exposed to continuous red light for 4 days to allow seedling
development (Figure 1A). As such, the rac-GR24 treatment resulted in a reduced hypocotyl length in a
MAX2-dependent manner; whereas under MOCK conditions, the hypocotyl of the max2 mutant was
longer than that of the WT (Figures 2B and 2C), in agreement with previous findings (Shen et al., 2007;

Nelson et al., 2011).
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Figure 1. rac-GR24 hypocotyl assay. Seeds of Col-0 and max2-1 were sown on half-strength Murashige and Skoog medium
without sucrose, supplemented or not with 1 UM rac-GR24. After stratification, plates were exposed to white light for 3 h,
followed by incubation in the dark for an additional 21 h and were ultimately exposed to red light for 4 days. (A) Visual
representation of the followed protocol. (B) Graphs represent means of three biological repeats (n > 25). Error bars represent the

standard error (SE). Asterisks indicate statistically significant differences (*** P <0.001; ANOVA-mixed model). (C) Five

representative seedlings are shown. Bars = 0.5 cm.
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As a chemical screen requires a small-scale assay, we investigated whether similar results could be
obtained when this assay was done in a microtiter plate. To this end, we examined various concentrations
of rac-GR24 and tested them on both solid and liquid growth medium in 96-well plates, while the other
parameters of the assay were kept unchanged (Figure 2). After the treatment with red light, seedlings
were individually spread on a thin layer of agar to allow the hypocotyl measurement. The hypocotyl length
was clearly reduced in both medium types containing 1 uM and 2 uM rac-GR24, with almost no difference
between the two concentrations (Figure 2). Additionally, in liquid medium the hypocotyl length was also
slightly reduced with 0.1 uM rac-GR24 (Figure 2). Previous studies only report the use of 1 uM or 10 uM
rac-GR24 in solid medium and the reductions were similar as those after treatment with 1 uM or 2 uM
rac-GR24 (Nelson et al., 2011; Waters et al., 2012; Toh et al., 2014). The fact that treatment with 0.1 uM
rac-GR24 only in liquid medium resulted in a length reduction, might indicate that the rac-GR24 uptake is
enhanced in liquid medium. This could perhaps be because the full seedling is in contact with the growth

medium, instead of solely the root in the case of solid medium.
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Figure 2. Optimizations of the hypocotyl assay for high-throughput screening. Seeds of Col-0 and max2-1 were sown in multiple
wells in a 96-well format on half-strength Murashige and Skoog medium without sucrose (solidified or not with 0.8% [w/v] plant

tissue culture agar), supplemented or not with 0.1, 1, or 2 uM rac-GR24. 3-5 seeds were sowed per well. After stratification,
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plates were exposed to white light for 3 h, followed by incubation in the dark for an additional 21 h and ultimately exposed to
red light for 4 days. Graphs represent means of three biological repeats (n > 25). Error bars represent the standard error (SE).
Asterisks indicate statistically significant differences within the medium type for each concentration compared to the respective

MOCK condition (** P < 0,01; *** P <0.001; ANOVA-mixed model).

To avoid compound interference with seed germination during a chemical screen, the library is
generally preferably added after germination and, thus, an assay in liquid medium is favored. As our aim
was to find antagonists of the SL signaling, the presence of rac-GR24 in the growth medium long before
addition of the compound library had to be avoided. To investigate whether rac-GR24 (and at a later stage
also the compound library) could be added after the germination without influencing the outcome of the
assay, we sowed Arabidopsis seeds in the absence of rac-GR24 and added it only after the incubation time
in the dark. To ensure that all seeds had germinated, we extended this dark incubation from 21 hto 27 h,
or 42 h and visually confirmed the progression of the germinating seeds (data not shown). Even after a
delayed treatment of 42 h, rac-GR24 was still able to inhibit the hypocotyl length (Figure 3). As the
hypocotyl reduction after treatment with 1 uM and 2 uM rac-GR24 is almost indistinguishable, the
following experiments were done with 1 uM. Thus, these modifications resulted in a compatible and

robust assay for an optimal high-throughput chemical screen.
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Figure 3. Effect of delayed addition of rac-GR24 on the reduction in hypocotyl elongation. Seeds of Col-0 and max2-1 were sown
in a 96-well format on liquid half-strength Murashige and Skoog medium in the absence of rac-GR24. After stratification, plates
were exposed to white light for 3 h, followed by incubation in the dark for an additional 21 h (A) 27 h (B), or 42 h (C). Then, fresh
medium supplemented or not with rac-GR24 was added to the wells (1 uM or 2 uM final rac-GR24 concentrations) and were
ultimately exposed to red light for 4 days. Graphs represent means of three biological repeats (n > 25). Error bars represent the

standard error (SE). Asterisks indicate statistically significant differences within the genotype compared to the respective MOCK

213



5.2.2.  Chemical screening and the selection of hit compounds

Using the optimized hypocotyl bioassay, we want to screen for compounds that antagonize rac-
GR24 signaling. Recently, rac-GR24 has been shown to trigger both the D14- and the KAI2-signaling
pathway via MAX2, whereby D14 preferentially binds to and hydrolyzes (+)GR24 and KAI2 preferentially
to (-)GR24 (Figure 4) (Scaffidi et al., 2014; Flematti et al., 2016). Additionally, both signaling pathways
were shown to be involved in the regulation of the hypocotyl length by rac-GR24 (Figure 4) (Chapter 4;
Nelson et al., 2011; Waters et al., 2012; Toh et al., 2014). As such, only when the two signaling pathways
are blocked (e.g. genetically by a mutation in MAX2, or by a mutation of both D14 and KA/2), plants are
fully insensitive to the rac-GR24-effect on hypocotyl length. On the other hand, when only one of the two
pathways is blocked, this results in a reduced sensitivity towards the rac-GR24 effect on hypocotyl length,
so d14 or kai2 are not completely insensitive. In other words, rac-GR24 still causes a certain reduction of
the hypocotyl length in d14 and in kai2, but this reduction is weaker compared to the WT (Nelson et al.,
2011; Waters et al., 2012; Toh et al., 2014). As such, we will screen for antagonists of rac-GR24 signaling,

thus compounds that partially or fully prevent the rac-GR24-mediated reduction of hypocotyl length.
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Figure 4. Schematic representation of hypocotyl length reduction by rac-GR24. rac-GR24 consists of two enantiomers. (+)GR24
is preferentially recognized by D14, triggering an association of D14 with SCFMAX2 and the SMXL6,SMXL7,SMXL8/D53 proteins that
are then targeted for proteasomal degradation, eventually enabling a reduction of the hypocotyl length. (-)GR24 is preferentially
recognized by KAI2, likely triggering the formation of a SCFMAX2—KAI2-SMAX1 complex, allowing responses, such as reduction of
hypocotyl length. Dashed lines and question marks indicate that the KAI2-dependent signaling mechanism is an untested

hypothesis. Figure modified from Morffy et al. (2016).

To screen for putative SL antagonists, we used a ChemBridge™ chemical library of 12,000
compounds. The workflow of the screening procedure is summarized in Figure 5. First, Arabidopsis seeds
were sown in liquid medium in 96-well plates. After 2 days of stratification, the plates were incubated for
3 h in white light to induce germination. Next, the plates were put in the dark for 42 h, whereafter both
rac-GR24 and one of the 12,000 compounds from the ChemBridge™ chemical library were added in each
well (final concentrations 50 uM and 1 pM of compound and rac-GR24, respectively). For the sake of
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comparison, no rac-GR24 nor any compound were added (MOCK control) in one row of wells, whereas
rac-GR24 was added without any compound (rac-GR24 control) in another row, allowing the testing of 80
compounds per plate. Finally, the plates were incubated for 4 days in continuous red light and the
hypocotyl length was analyzed qualitatively under a binocular by comparing with the MOCK and rac-GR24
control wells. As such, compounds that resulted in seedlings with a hypocotyl that was clearly longer than

the rac-GR24 treated control plants were retained as hit compounds.
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Figure 5. Workflow of the chemical screening procedure. For details, see text.

From the 12,000 tested compounds, 490 resulted in a long hypocotyl phenotype in the presence
of rac-GR24 in the primary screen. To reduce this amount, we performed a structure-based clustering of
the hit compounds prior to a confirmation screen (Supplementary Table 1). Thus, a representative
compound from each cluster was selected, resulting in 168 compounds. These 168 compounds were

confirmed by means of the same setup as the primary screen, except that after 4 days of growth in
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continuous red light, the seedlings were transferred from the wells and spread on a thin layer of agar to
allow the quantitative hypocotyl measurements. As a result, 58 compounds were validated
(Supplementary Figure 1; Supplementary Table 2). From the remaining compounds, any compound that
resembled the so-called pro-auxins was discarded. These molecules had been discovered in a chemical
screen based on the promotion of hypocotyl elongation (Savaldi-Goldstein et al., 2008) and shared
structural characteristics with synthetic and natural auxins, such as 2,4-dichlorophenoxyacetic acid (2,4D)
or 1-naphthaleneacetic acid (1-NAA) or do so only when they are metabolized into active auxin inside the
cells. Indeed, bioconversion of compounds into an auxin due to hydrolytic cleavage events by amidases
or esterases has been frequently reported (Dai et al., 2005; Sungur et al., 2007; Christian et al., 2008;
Savaldi-Goldstein et al., 2008). Hence, these compounds do not act by directly antagonizing the rac-GR24
signaling. For this selection, any compound that contained the structure of 2,4D; 1-NAA or indole-3-acetic
acid (IAA) (Supplementary Figure 2) connected to a ‘carrier’ structure via an easily hydrolysable bond,
were considered as pro-auxins and were discarded. Finally, 30 compounds were retained for further
analysis (Supplementary Table 3). Recently, KAI2 inhibitors were reported, but none of the compounds
are structurally similar to the hits that we have identified (Supplementary Table 4) (Holbrook-Smith et al.,
2016). This was done by visually comparing the 30 remaining hit compounds with the structures published
by Holbrook-Smith (2016). However, a comparison is somewhat complicated by the fact that the active

moieties of the (putative) KAI2 inhibitors are not yet identified.

The hypocotyl length is known to be regulated by a complex network of both endogenous (such
as various hormones) and environmental (such as light) cues (for a review, see Vandenbussche et al. 2005;
Boron and Vissenberg, 2014). With a secondary screen on the remaining compounds, we aimed at
discarding compounds that act independently of rac-GR24. Indeed, in order to derive whether a specific
hit compound truly antagonizes the effect of rac-GR24, one should be able to compare the reduction in

hypocotyl length between absence and presence of rac-GR24 treatment on the one hand; with the
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reduction in hypocotyl length between the compound alone and the compound in the presence of rac-
GR24 on the other hand. In the initial screen, the growth condition where only the compound was present
in the absence of rac-GR24 was not included. As such, one could only screen for compounds that resulted
in a longer hypocotyl in the presence of rac-GR24 compared to rac-GR24 treatment alone. Determining
the differences in reduction of hypocotyl length between absence or presence of compound was not

possible.

In order to determine the differences in reduction, and as such infer if the compounds are able to
completely or incompletely antagonize the rac-GR24-mediated reduction in hypocotyl length, we carried
out the hypocotyl assay on Col-0 and max2 seeds in a 24-well plate under four different conditions: (i) in
the absence of both rac-GR24 and the compound; (ii) only in the presence of rac-GR24; (iii) only in the

presence of the compound; and (iv) in the presence of both rac-GR24 and the compound.

As such, by comparing the reduction in hypocotyl length between condition (i) and (ii), with the
reduction in hypocotyl length between condition (iii) and (iv) for each hit compound, it can be determined
whether the specific hit compound results in an equal sensitivity (i.e. not antagonistic); partial or complete
insensitivity towards rac-GR24 treatment. As mentioned earlier in the hypothesis at the beginning of this
section, both the D14- and the KAI2-signaling pathway are involved in the response of the hypocotyl to
rac-GR24. As such, the receptor mutants d14 and kai2 are not fully insensitive to the rac-GR24 treatment
when the reduction in hypocotyl length is analyzed, whereas the d14;kai2 double mutant and the max2
mutant are fully insensitive (Nelson et al., 2011; Waters et al., 2012; Toh et al., 2014). Hence, compounds
that only antagonize one specific signaling pathway would result in only partial insensitivity, whereas
compounds that are able to antagonize both pathways would result in a complete insensitivity towards

rac-GR24.
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Additionally, only the kai2 mutant exhibited an elongated hypocotyl likewise the max2 mutant
under MOCK conditions (Chapter 4; Nelson et al., 2011; Waters et al., 2012; Toh et al., 2014). As a result,
compounds that do not cause an enlargement of the hypocotyl length of WT seedlings, but antagonize
the effect of rac-GR24 on the hypocotyl length might interfere with D14-dependent signaling, while
compounds that do enlarge the WT hypocotyl might affect both D14 and KAI2-mediated effects, or might
be specific for KAI2. Additionally, we hypothesized that hit compounds should not change the hypocotyl

length of max2, as this mutant is flawed in rac-GR24 signaling.

Without compounds, the rac-GR24 treatment reduced the hypocotyl length in a MAX2-dependent
fashion; whereas under MOCK conditions the hypocotyl was longer in the max2 mutant than that in the
WT (Figure 6A), in agreement with the results obtained on solid medium and with previous findings (Shen
et al., 2007; Nelson et al. 2011). From the 30 compounds, 10 (partially) prevented the strong reduction in
hypocotyl length that is normally caused by the rac-GR24 treatment (Figure 6). Indeed, the MAX2-
dependent reduction in hypocotyl length was less pronounced in the presence of compound 5, 7, 8, 9, 21,
26, 27, or 30 or was completely absent in the presence of compound 10 or 24 (Figure 6). Thus, these
compounds might function as rac-GR24 antagonists, because they made the WT insensitive or partially
insensitive to the rac-GR24 treatment. The remaining 20 compounds were unable to fully or partially
antagonize the rac-GR24 treatment, because the reduction in hypocotyl length in the presence of these

compounds was indistinguishable from the control treatment with rac-GR24 (Supplementary Figure 3).

For compounds 7 and 8, additionally, the hypocotyl length of the WT slightly increased (P <0.001)
(Figure 6). Because the mutation in kai2 (but not in d14) leads to an elongated hypocotyl phenotype,
compounds 7 and 8 might at least antagonize the KAI2 signaling pathway (Chapter 4, Nelson et al., 2011;
Waters et al., 2012; Toh et al., 2014). However, they also slightly increased the hypocotyl length of the
max2 mutant (P <0.001) (Figure 6). This is unexpected and could imply two things: (i) the impact of these

compounds on the hypocotyl length could be off-target effects, or (ii) the max2-mutant might not be
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completely flawed in rac-GR24 signaling (as discussed in Chapter 3) and the compounds antagonize the

remaining rac-GR24 signaling, resulting in a slight increase of the hypocotyl length.

For compounds 5, 9, 26, 27, and 30, no effect on the hypocotyl length of the WT and max2 was
found in the absence of rac-GR24 (Figure 6). As these compounds provoked a partial insensitivity to rac-
GR24, they could antagonize signaling via D14, because a mutation in d14 does not result in an elongated

hypocotyl phenotype (Chapter 4, Nelson et al., 2011; Waters et al., 2012; Toh et al., 2014).

Finally, also special care should be taken for compounds 10, 21, and 24. Although compounds 10
and 24 resulted in a complete insensitivity, thus hinting at their antagonism of both D14 and KAI2, and
compound 21 in a partial insensitivity, they had a negative impact on the hypocotyl length of the max2
mutant under MOCK conditions (P <0.001) (Figure 6). Also this effect is unexpected, and can currently not

be explained.
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Figure 5. Positive hits of a secondary screen based on the hypocotyl phenotype. Seeds of WT and max2-1 were sown in a 24-
well format on liquid half-strength Murashige and Skoog medium in the absence of rac-GR24. After stratification, plates were
exposed to white light for 3 h, followed by incubation in the dark for an additional 42 h. Then, the compounds and fresh medium
supplemented with or without rac-GR24 were added to the wells (1 uM and 50 uM final concentrations of rac-GR24 and of the
compounds, respectively) and were ultimately exposed to red light for 4 days. (A) Graphs represent means of three biological
repeats (n > 25). Error bars represent the standard error (SE). Asterisks indicate statistically significant differences compared to
the respective no-rac-GR24 condition (* P <0.05; ** P <0.001; ANOVA-mixed model). Other relevant statistically significant effects
are indicated in the text in order to keep the figure clear. Numbers in far red indicate the percentage of reduction in hypocotyl

length (comparing ‘no rac-GR24’ treatment with ‘rac-GR24’ treatment). (B) Structure of the positive-hit compounds shown in (A).
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In conclusion, 10 lead compounds were retained after the secondary screening. Compounds 5, 9,
26, 27, and 30 might be antagonists of the D14 signaling pathway, whereas compounds 7 and 8 might
antagonize the KAI2 signaling or both KAI2 and D14 signaling. Compounds 10, 21, and 24 also antagonized
the rac-GR24 effect on the hypocotyl length, but given their negative effect on max2, care should be taken

when further analyzing these hits.

5.2.3.  Effects of the lead compounds on Phelypanche aegyptiaca germination

Besides their role in the regulation of hypocotyl elongation, SLs also impact various physiological
responses, such as lateral shoot branching, LR development, and germination of parasitic weeds. To check
whether the newly discovered putative antagonists acted specifically on the hypocotyl effect of rac-GR24
or whether they were able to antagonize SLs in a broader way, we investigated their impact on some other
SL-controlled phenotypes. As mentioned, SLs had been initially discovered because of their role in
rhizosphere interactions. They induce germination of harmful root parasitic weeds that results in huge
agricultural losses worldwide (Yoder and Scholes, 2010). Hence, we explored whether the 10 remaining
antagonists were also able to prevent the SL-induced germination of P. aegyptiaca seeds. Generally, the
seeds of this parasite remain dormant until their germination is triggered by the presence of SLs in the
medium. Here, we exposed P. aegyptiaca seeds to a combined treatment of rac-GR24 with one of the
antagonists and checked the effect on their germination. As expected, under control conditions, the P.
aegyptiaca seeds did not germinate, but approximately 80% germinated by rac-GR24 treatment (Figure
7). Interestingly, co-treatment of rac-GR24 with compounds 24, 27, or 30 strongly reduced the impact of
rac-GR24 on the germination (Figure 7). For compounds 24, 27, and 30, the germination was reduced to
31%, 51%, and 38%, respectively, compared to the 80% germination when treated with rac-GR24 only,

suggesting that these three compounds might antagonize SL signaling over the species border. Indeed,
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recent research has revealed that SLs are perceived by parasitic plants through several KAI2 paralogs,
rather than by D14, as is the case in other land plants (Conn et al., 2015; Toh et al., 2015; Tsuchiya et al.,
2015). The KAI2 gene has undergone extensive gene duplication in parasites, whereas D14 remained as a
single copy (Conn et al., 2015). The divergent clade (KAl2d) of paralogs has an extended ligand-binding
cavity that can be compared to that of D14 in Arabidopsis. As such, the KAI2 gene seems to have
undergone extensive duplication in the parasite to obtain novel ligand specificities, enabling the parasite
to respond to various germination stimulants that, in turn, may influence the host range of the parasite
(Conn et al., 2015). As compounds 24, 27, and 30 could reduce the germination of the parasites, they

might antagonize signaling via one or more members of the KAI2d clade.
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Figure 6. Phelipanche aegyptiaca seed germination assay in the presence of the selected hit compounds. After preconditioning
of the seeds, the compounds (50 uM final concentration) were administered either with or without 0.1 uM rac-GR24. For the
positive control, rac-GR24 solution was added and for the negative control, 1 ml of H,0. After 7 days, the germination percentage
was determined. Graphs represent means of three biological repeats. Error bars represent the standard error (SE) of three

biological repeats. Asterisks indicate statistically significant differences compared to rac-GR24 treatment in the absence of

compounds (* P <0.05; ** P <0.01; one-way ANOVA).
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Thus far, the lead compounds were tested at the concentration that had originally been used
during the chemical screening procedure. To investigate whether the compounds were also active at low
concentrations, we conducted a dose response analysis. The antagonistic activity of compounds 24, 27,
and 30 on the rac-GR24-induced germination of P. aegyptiaca seeds was tested in concentrations ranging
between 1 uM and 50 uM (Figure 8). For compound 24, a dose-dependent antagonistic effect could be
observed starting from 10 uM toward 50 uM, but the effect was only significant at 50 uM (Figure 8) and,
similarly, for compound 27 from 10 uM onward but significant at both 10 uM and 50 uM (Figure 8). Also

treatment with compound 30 resulted in a concentration-dependent reduction in germination and the

impact was significant at 50 uM (Figure 8).
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Figure 8. Dose response analyses of compounds 24, 27, and 30 on P. aegyptiaca seed germination. After preconditioning of the
seeds, the compounds (final concentrations ranging from 1, 5, 10, 25 to 50 uM) were administered either with or without 0.1 uM

rac-GR24. For the positive control, rac-GR24 solution was added and for the negative control, 1 ml of H,0. After 7 days, the
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germination percentage was determined. Graphs represent means of three (for compound 30) and two (for compounds 24 and
27) biological repeats. Error bars represent the standard error (SE) for the respective amount of biological repeats. Asterisks
indicate statistically significant differences compared to rac-GR24 treatment in the absence of compounds (* P <0.05; one-way

ANOVA).

Hence, the tested compounds seem to be the most potent as antagonists the higher the
concentrations, but almost ineffective at low concentrations (Figure 8), indicating that the activity of these
compounds might still be improved, for instance by structure-activity relationship (SAR) studies (Téth and
van der Hoorn, 2009). Via SAR studies, various functional groups of a specific molecule are replaced by
other groups and their effect on the activity is evaluated. The bioactive moiety of the molecule can be

identified and the structure can be altered in such manner as to enhance the biological activity.

5.2.4.  Effects of the lead compounds on the lateral root phenotype

To investigate whether the 10 lead compounds could also impact on the rac-GR24-mediated
reduction of the LRD, we grew WT and max2 seeds for 9 days on growth medium either supplemented
with or without rac-GR24 together with absence or presence of the compound (applied concentrations of
rac-GR24 and compounds were 1 uM and 50 uM respectively). As the effects of the compounds on the
root system architecture is so far only repeated once, the obtained results below should be interpreted

with care.

This preliminary experiment indicated that in Arabidopsis, the compounds 7, 10, 24, 26, 27, and
30 caused a serious growth defect when seeds were directly exposed to the compound prior to
germination, although the germination itself was not affected (Supplementary Figure 4), but their effect

on the rac-GR24-mediated LRD reduction could not be inferred. Treatment with compounds 5, 8, and 21
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also resulted in a reduction of the primary root length, albeit less serious, whereas treatment with
compound 9 did not (Figure 9A and 9C; Supplementary Figure 5A and 5C). Currently, the role of SLs in the
regulation of the primary root length is a matter of debate, because both positive (Ruyter-Spira et al.,
2011) as negative (Shinohara et al., 2013) effects have been reported. As such, it is difficult to assess
whether the reduced primary root length after treatment with compound 5, compounds 8 and compound
21, is a SL-related effect or not. Additionally, the effect of the compounds on the root system architecture

should be repeated in order to confirm or reject these findings.

In agreement with previous studies, in the absence of compounds, treatment with rac-GR24
resulted in a MAX2-dependent reduction of the LRD when compared to control conditions (Figure 9)
(Chapter 2; Chapter 4; Ruyter-Spira et al., 2011; Kapulnik et al., 2011). Our preliminary data suggest that
when rac-GR24 was administered together with compound 5, the LRD was largely restored to the level in
the presence of compound 5 without rac-GR24, which could imply an antagonistic effect of compound 5
on the rac-GR24 effect on the LRD (Figure 9B). Compound 5 also had a positive impact on LR development,
because under MOCK conditions the LRD had increased by the addition of compound 5, both in the WT
and in max2 (Figure 9B). This could potentially point to an antagonism of compound 5 to endogenous SL
signaling occurring in the WT. However, because this increase in LRD under MOCK conditions was also
present in the max2 mutant, this effect could be independent of SLs, unless the max2 mutant is not fully
flawed in SL signaling (see Chapter 3). Likewise as for the hypocotyl, the preliminary results for compound
5 seem to indicate an incomplete insensitivity of rac-GR24 on the LRD, possibly reconfirming an
antagonistic effect specific for the D14 signaling pathway, because previously the d14 mutant had been
shown to be also partially insensitive at the LRD level to the rac-GR24 treatment (Chapter 3). Again here,
the results of the compound on root system architecture should first be confirmed in additional repeats

before clear conclusions can be drawn.
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Treatment with compound 8 together with rac-GR24 seems to prevent the rac-GR24-mediated
reduction in the LRD (Figure 9D). However, the preliminary experiment seems to indicate that compound
8 might have a very strong positive effect on the LR development, because under MOCK conditions the
LRD strongly increased by the addition of compound 8, both in the WT and in max2 (Figure 9D). Although
the preliminary experiment seems to indicate that compound 8 might cause an insensitivity to rac-GR24,
the general phenotype induced by compound 8 might not match a SL-related, but more an auxin effect
(Boerjan et al., 1995; Himanen et al., 2002; Ruyter-Spira et al., 2011). Additionally, a high auxin level has
been shown to overrule the rac-GR24 impact (Chapter 2; Ruyter-Spira et al., 2011). Hence, based on the
results of this preliminary experiment, compound 8 might act as an auxin and, as such, cancels the rac-
GR24 effect. However, the effect of compound 8 should be repeated to confirm or reject these initial

findings.

Finally, treatment with compounds 9 or 21 does not seem to reduce the sensitivity to the rac-
GR24 effect on the LRD. Thus, these compounds are likely not SL antagonists for this specific phenotype

(Supplementary Figure 5).
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Figure 9. Preliminary results on the effects of compounds 5 and 8 on primary root length and on the rac-GR24-mediated
reduction in lateral root density. Primary root length of Col-0 (WT) and max2-1 after treatment with rac-GR24 and compound 5
(A) or compound 8 (B). LRD of Col-0 and max2-1 after treatment with rac-GR24 and compound 5 (C), or compound 8 (D).Data
presented are means * SE of one biological repeat (n > 20). Asterisks indicate statistically significant differences (* P <0.05; ** P

<0.01; *** P <0.001; Student’s t-test).

To further investigate the growth defect caused by compounds 7, 10, 24, 26, 27, and 30, we sowed
Col-0 WT seeds expressing the auxin reporter pDR5:GUS on growth medium supplemented with the
compounds. For plants grown in the presence of compounds 5, 8, 9, and 21, no obvious differences could
be observed compared to the control plants, both regarding the general morphology as the pDR5:GUS
expression pattern (Figure 10). For compound 8, these results are in contradiction to the observed
preliminary effects on the root system architecture above (Figure 9). There, compound 8 was shown to

highly induce the LRD and hence could potentially be considered as an auxin-like molecule. However, in
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seedlings expressing the pDR5:GUS construct treated with compound 8, no obvious induction of the
construct, nor excessive formation of LR primordia could be observed (Figure 10). As the experiments on
the pDR5:GUS expression pattern were repeated, and the effects on the RSA were the observations of
only one biological repeat, the observed effects of compound 8 on the latter should be questioned. For
compound 5, an induction of the pDR5:GUS expression pattern could be observed near the shoot-root
junction (Figure 10). This is in Arabidopsis the location where adventitious roots are formed. As SLs are
also known to inhibit adventitious root formation, this observation could suggest that compound 5 might

also possibly antagonize this SL-effect and should be further investigated (Rasmussen et al., 2012).

However, for compounds 7, 10, 24, and 30, the growth inhibition of the primary root was
accompanied with a strong induction of the pDR5:GUS expression in the cotyledons, the root tip, the
hypocotyl, and near the shoot-root junction. Compound 7 contains a structure that is highly similar to the
synthetic auxin phenylacetic acid, linked via a hydrolysable bond to another structure (Figure 5B). As such,
it also has the characteristics of a pro-auxin molecule, and should have been discarded in an earlier
elimination step (Savaldi-Goldstein et al., 2008). Similar for compound 10, a structure similar to the
synthetic auxin 2,4D is present (Figure 5B; Supplementary Figure 2). During the initial selection to remove
pro-auxin-like compounds it was argued that this molecule might not be a pro-auxin-like compound,
because the auxin-moiety was linked to a ring structure and not via a (easily) hydrolysable bond.
Nevertheless, the compound strongly induces pDR5:GUS. Additionally, treatment with compounds 26 and
27 resulted in a reduced primary root length and induction of the pDR5:GUS expression pattern near the
shoot-root junction and in the root tip. Thus, compounds 7, 10, 24, 26, 27, and 30 cause serious growth
defects of the primary root, accompanied with a strong induction of pDR5:GUS, hinting at elevated auxin
levels and/or signaling. As high auxin levels are known to strongly reduce the primary root growth, they
might explain the serious growth defects caused by these compounds (Himanen et al., 2002; Missig et al.,

2003; Rahman et al., 2007). Hence, these compounds likely distort the auxin homeostasis in Arabidopsis,
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causing elevated auxin accumulation and/or signaling. Based on this result, their antagonistic effect on
the rac-GR24-regulated hypocotyl length should be treated with care, because it has been reported that
high auxin levels overrule the rac-GR24 effects (Chapter 2; Ruyter-Spira et al., 2011). On the other hand,
compound 24, 27 and 30 were also shown to antagonize the rac-GR24-mediated germination of P.
aegyptiaca seeds (Figure 7). This could indicate that they might be true SL antagonists in addition to their
possible effect on the auxin homeostasis in Arabidopsis. Such a dual activity for chemical compounds has
been reported earlier, exemplified by the compound brassinopride that has been shown to affect both

brassinosteroid and ethylene signaling (Gendron et al., 2008).
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Figure 10. Effect of the hit compounds on the general root development and the pDR5:GUS expression pattern. pDR5:GUS
expression patterns of plants grown in the presence of 50 uM of the different compounds, 5 days after growth. This experiment
was done in two biological repeats, with similar results (n = 7). The expression pattern was similar in all investigated seedlings,

and one representative seedling was selected for imaging.

Finally, also for compounds 5 and 8, a dose response analysis was done, based on their inhibition
of the rac-GR24-mediated reduction of the hypocotyl in Arabidopsis. Concentrations ranging between
1 uM and 50 uM were tested. The antagonistic effect of compound 5 on the rac-GR24 effect became
slightly apparent from treatment with 5 uM onward and became stronger with increasing concentrations
(Figure 11), whereas for compound 8, it started at a concentration of 10 uM and intensified with
increasing concentrations (Figure 11). At 50 uM, compound 8 also had a positive impact on the hypocotyl
length in the absence of rac-GR24, confirming the results obtained during the secondary screen (Figure

6).

Hence, as for compounds 24, 27, and 30, the compounds seem to be most potent as antagonists
at high concentrations, whereas they had almost no effect at low concentrations (Figures 8 and 11). For
compounds 5 and 8 too, the bioactivity might still be improved by SAR studies. Unlike phytohormones
that are active at low concentrations, compounds used in a chemical screen did not undergo a strong

evolutionary pressure and are, as such, not yet optimized to work in a highly efficient way.
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Figure 11. Dose response analyses of compounds 5 and 8 on the hypocotyl phenotype. Seeds of Col-0 and max2-1 were sown
in a 24-well format on liquid half-strength Murashige and Skoog medium. After stratification, plates were exposed to white light
for 3 h, followed by incubation in the dark for an additional 42 h. Then, the compounds (at concentrations ranging from 1, 5, 10,
25 to 50 uM) and fresh medium supplemented with or without rac-GR24 (final concentration of 1 uM) were added to the wells
and were ultimately exposed to red light for 4 days. Graphs represent means of three biological repeats (n > 25). Error bars
represent the standard error (SE). Asterisks indicate statistically significant differences compared to the respective condition in

the absence of compound (No comp) (** P <0,01; *** P <0.001; ANOVA-mixed model).

In conclusion, a chemical genetics screen was initiated, and 10 hit compounds could be identified
as putative antagonists of the rac-GR24 inhibition of hypocotyl elongation. However, further analyses
revealed that six of these compounds (compounds 7, 10, 24, 26, 27, and 30) might alter the auxin
homeostasis in Arabidopsis, and might as such overrule the rac-GR24 effect. As discussed above, the
results on the effect of compound 8 on the root system architecture are currently contradictory and
should first be repeated. Of the remaining compounds, compound 5 could potentially be a general
antagonist of rac-GR24 signaling, because it has an impact on both the hypocotyl and possibly also the
LRD phenotype. In contrast, the antagonizing effect of compounds 9 and 21 is most probably restricted to

the rac-GR24 effect on the hypocotyl. Although compounds 24, 27, and 30 possibly affect the auxin
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homeostasis in Arabidopsis, they had a strong inhibitory effect on the rac-GR24-induced germination of
P. aegyptiaca seeds. Thus far, a negative effect of auxin on the germination of P. aegyptiaca has not been
reported yet. If auxin would seemingly not affect their germination, compounds 24, 27, and 30 would be
valid SL antagonists, besides influencing the auxin homeostasis in Arabidopsis. In addition to the
optimization of their bioactivity and the identification of their bioactive moiety, SAR has also been proven
useful for the uncoupling of different phenotypes caused by a lead compound (Rojas-Pierce et al., 2007;
Gendron et al., 2009). Hence, derivates might be found that no longer have auxin activities, but still

antagonize the germination of parasitic weeds by SLs.

Table 1 summarizes the different effects of the compounds that have been investigated so far. A
next step would be to validate if these compounds are true antagonists of rac-GR24 signaling. This could
be done by analysis of various SL-related mutants, by checking their effect on SL-marker gene expression
and by SAR studies. Besides a SAR study, unraveling the mode-of-action of the remaining lead compounds
by identification of their target proteins will be the next challenge. Likewise, new insight will be obtained
into how SL signaling triggers the various physiological responses and the identification of chemicals might

be useful to modify SL-dependent processes for biotechnological applications.
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Table 1. summary on the different effects of the compounds

Comp. rac-GR24 mediated reduction of hypocotyl lenght rac-GR24 mediated P. rac-GR24 mediated reduction of LRD effect on DR5:GUS expression
aegyptiaca germination

5 | Partial insensitive: 29% reduction instead of 53%  / Partial insensitive? No strong induction

reduction * reduction of primary root length?
* increase on LRD?

7 | Partial insensitive: 14% reduction instead of 53% / n.a. Strong induction in the cotyledons, root tip,
reduction hypocotyl and near the shoot-root junction
* Causes slight increase in hypocotyl length

8 | Partial insensitive: 29% reduction instead of 53%  / Fully insensitive? No strong induction
reduction * reduction of primary root length?
* Causes slight increase in hypocotyl length * Increase on LRD??

9 | Partial insensitive: 25% reduction instead of 53%  / Fully sensitive? No strong induction
reduction * decrease on LRD?

10 | Fully insensitive: no significant reduction / n.a. Strong induction in the cotyledons, root tip,
* Causes slight decrease in max2 hypocotyl hypocotyl and near the shoot-root junction
length

21 | Partial insensitive: 26% reduction instead of 53%  / Fully sensitive? No strong induction
reduction * reduction of primary root length?

* Causes slight decrease in max2 hypocotyl * decrease on LRD?
length

24 | Fully insensitive: no significant reduction 31% germination instead n.a. Strong induction in the cotyledons, root tip,
* Causes slight decrease in max2 hypocotyl of 80% germination hypocotyl and near the shoot-root junction
length

26 | Partial insensitive: 17% reduction instead of 53%  / n.a. Strong induction in the root tip and near the
reduction shoot-root junction

27 | Partial insensitive: 15% reduction instead of 53%  51% germination instead n.a. Strong induction in the root tip and near the
reduction of 80% germination shoot-root junction

30 | Partial insensitive: 27% reduction instead of 53%  38% germination instead n.a. Strong induction in the cotyledons, root tip,

reduction

of 80% germination

/: no effect; n.a. : not analyzed; ?: uncertain effect, preliminary; ??: uncertain effect, preliminary and contradicting data present
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5.3. Materials and methods

Hypocotyl assays

Wild-type (WT) Arabidopsis thaliana (L.) Heynh., accession Columbia-0 (Col-0) and max2-1 seeds
(Leyser et al., 2002) were sown on half-strength Murashige and Skoog medium (0.8% [w/v] plant tissue
culture agar) without sucrose, supplemented with or without 1 UM rac-GR24 (kindly provided by Prof. Dr.
F.-D. Boyer) and kept for 2 days at 4°C before exposure to white light for 3 h to induce germination.
Thereafter, the seeds were kept in the dark at 21°C for an additional 21 h by wrapping the plates in
aluminum foil. Then, the seeds were grown horizontally in continuous red light at 21°C (20

photosynthetically active radiation [PAR]). Hypocotyl lengths were measured 4 days later.

For optimization, 3-6 seeds were sown in each well of a 96-well plate with 100 pL solid or 200 pL
liquid half-strength Murashige and Skoog medium without sucrose. Concentrations of 0.1, 1, and 2 uM
rac-GR24 were used. For the delayed addition of rac-GR24, seeds were sown in 100 pL liquid medium.
After the exposure to white light for 3 h and dark incubation for either 21, 27, or 42 h, the plates were
unwrapped and an extra 100 pL of fresh medium supplemented with or without rac-GR24 was added to
the wells, resulting in a total volume of 200 uL medium (final concentrations of 1 or 2 uM of rac-GR24)
prior to the red-light exposure. For the hypocotyl measurements, the medium was replaced first by a 70%
ethanol solution to stop growth. Seedlings were carefully transferred on a thin layer of agar to allow
scanning and subsequent measurement of the hypocotyl by means of the Imagel software

(http://rsb.info.nih.gov/ij).
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Chemical screening

The ChemBridge™ DiverSet 3 chemical library containing 12,000 compounds was employed. The
compounds were dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 5 mM. Three to 6 Col-
0 seeds were sown per well containing 100 pL of liquid medium and were handled as described above.
After a 42-h dark incubation, the plates were unwrapped and the compounds were distributed,
whereafter 100 uL of liquid medium supplemented with rac-GR24 was added, resulting in a final
concentration of 50 UM compound, 1 UM rac-GR24, and 1% (v/v) DMSO. As a negative control, in the first
row of each 96-well plate, no compound was administered. As a positive control, 100 pL of liquid medium
without rac-GR24 or compound was added to the last row of each 96-well plate. After this procedure,
plates were resealed and exposed to continuous red light for 4 days (20 PAR). The seedling growth was
stopped by replacing the growth medium by a 70% ethanol solution. The hypocotyls were scored

gualitatively under a binocular.

The structure-based clustering of the hit compounds was carried out with the KNIME workflow
with the CDK extension (https://tech.knime.org/community/cdk). The input of the chemical structures
and generation of the fingerprints was done via CDK nodes, whereas the distance matrix and clustering

were done by means of the KNIME software itself.

For the confirmation screen, seedlings were carefully transferred on a thin layer of agar to allow

guantitative measurements of the hypocotyl length.

Secondary screening

Confirmed hit compounds were ordered via the ChemBridge™ Chemical store
(www.hittolead.com®) and were dissolved in DMSO to a final concentration of 20 mM (except for 10 mM

for compound 20) and were stored at -20°C. Approximately 20 Arabidopsis Col-0 and max2-1 seeds were
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sown in each well of a 24-well plate containing 400 pL liquid half-strength Murashige and Skoog medium
without sucrose. The plates were incubated as described above and after 42 h of dark incubation, the
plates were unwrapped and compounds and 400 L of fresh medium supplemented or not with rac-GR24
were added to each well (final concentrations 50 uM and 1 pM of compound and rac-GR24, respectively).
In the absence of compound, DMSO was added as a control. After the further growth procedure, seedlings
were carefully transferred to a thin layer of agar to allow hypocotyl length measurements. The procedure

was done in three biological repeats.

For the hypocotyl-based dose response analyses, seeds were likewise sown. The compounds were

added to a final concentration of 1 uM, 5 uM, 10 uM, 25 uM, and 50 uM or only DMSO as a control.

Phelypanche aegyptiaca germination assays

The Phelypanche aegyptiaca (broomrape) seeds (kindly provided by Dr. Radi Aly, Newe Yaar
Research Center, Ramat Yeshai, Israel) were surface sterilized with 70% (v/v) ethanol containing 0.05%
(v/v) sodium dodecyl sulfate for 5 min and then washed with 95% (v/v) ethanol for 5 min and air dried.
For the preconditioning, the seeds were sprinkled on a filter paper humidified with 1 ml of sterile water
containing 1% (v/v) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and 0.1% (v/v)
Plant Preservative Mixture (Plant Cell Technology®) in a 5-cm Petri dish, sealed with parafilm, and kept in
the dark at 24°C for 7 days. Excess water was removed as much as possible. For the positive control, 1 ml
of the solution was added and for the negative control, 1 ml of water. The compounds (50 uM final
concentration) were administered as a 1-ml solution either supplemented or not with 0.1 uM rac-GR24.
The Petri dishes were resealed with parafilm and incubated in the dark at 24°C. After 7 days, the

germination percentage was determined. All incubations were done in triplicate. The dose response
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analyses for P. aegyptiaca were carried out as described above and concentrations of the compounds

were 1 uM, 5 uM, 10 uM, 25 uM, and 50 uM or only DMSO as a control.

Lateral root density assay

WT and max2-1 plants were grown for 9 days under continuous light conditions at 21°C on half-
strength Murashige and Skoog medium with 1% (w/v) sucrose, supplemented or not with 1 pM rac-GR24
in the absence (DMSO) or presence of the compounds (50 uM final concentration for the compounds).
Laterals roots (LRs) were counted under a binocular S4E microscope (Leica Microsystems) and root length

was measured with Imagel. Both values were used to calculate the LR density (LRD).

pDR5:GUS analysis and clearing

Seeds of pDR5:GUS were sown on medium supplemented with 50 uM compound or with the
same volume of DMSO as control and were stratified for 2 days at 4°C. Square 8-well plates (Nunc) were
utilized. Seedlings were grown vertically under continuous white light at 21°C. After 5 days, the seedlings
were harvested for analysis and were stained for 90 min in multiwell plates as described (Jefferson et al.,
1987). Samples were cleared as described (Malamy and Benfey, 1997) and were analyzed by a differential

interference contrast BX51 microscope (Olympus).

Statistics

Statistics regarding the hypocotyl length in the various experiments were done by means of
analysis of variance (ANOVA)-mixed models as previously described with slight modifications (Rasmussen

et al., 2012). A Student’s t-test was used for the experiments on the impact on the root system
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architecture (Excel, Microsoft Office 2013). A one-way ANOVA was done for the P. aegyptiaca germination
assays according to the Enterprise Guide Software (SAS, Cary, NC, USA). A post-hoc analysis and Tukey

corrections were applied to correct for multiple testing.
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Supplementary Figure 1. Confirmation screen of hit compounds. (Part 2) Col-0 seeds were sown and treated as described for
the chemical screen (1 uM rac-GR24 and 50 uM of compound). As a negative control, rac-GR24, without compound was
administered in the first row of each 96-well plate and as a positive control, medium lacking rac-GR24 and compound was added
to the last row of each 96-well plate. After this procedure, plates were resealed and exposed to continuous red light for 4 days.
The growth of the seedlings was stopped by replacing the growth medium by a 70% (v/v) ethanol solution. Seedlings were
carefully transferred on a thin layer of agar to allow quantitative measurements of the hypocotyl length. Graphs represent means

of 3 to 6 seedlings. Error bars represent the standard error (SE). Asterisks indicate confirmed hits.
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Supplementary Figure 3. Secondary screening results of all 30 hit compounds. Seeds of WT and max2-1 were sown in a 24-well
format on liquid half-strength Murashige and Skoog medium in the absence of rac-GR24. After stratification, plates were exposed
to white light for 3 h, followed by incubation in the dark for an additional 42 h. Then, the compounds and fresh medium
supplemented with or without rac-GR24 were added to the wells (final concentrations of 1 uM and of 50 uM for rac-GR24 and
the compounds, respectively) and were ultimately exposed to red light for 4 days. In the graphs, the effect of all 30 compounds

are depicted. For the positive results only, see Figure 6.
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Untreated control Compound 24
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Compound 27

Compound 7
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Supplementary Figure 4. Effect on the root development of seedlings germinated in the presence of the hit compounds. Plants

Compound 30

were grown for 9 days under continuous light conditions at 21°C on half-strength Murashige and Skoog medium with 1% (w/v)
sucrose in the absence (DMSO) or presence of compounds (50 uM final concentration). Effects of compounds 7, 10, 24, 26, 27,

and 30 on the root development are depicted. Bars =1 cm.
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Supplementary Figure 5. Effects of compounds on the rac-GR24-mediated reduction in LRD and the primary root length.
Primary root length of Col-0 and max2-1 after treatment with rac-GR24 and compound 9 (A) and compound 21 (B). LRD of Col-0
and max2-1 after treatment with rac-GR24 and compound 9 (C), and compound 21 (D). Data presented are means + SE of one

biological repeat (n > 20). Asterisks indicate statistically significant differences (*** P <0.001; Student’s t-test).

Supplementary Table 1. Structure-based clustering of the SL antagonist hit compounds. Available via https://goo.gl/gQpr37

Supplementary Table 2. Structure of the 58 confirmed hit compounds. Available via https://goo.gl/gQpr37

Supplementary Table 3. Structure of the selected 30 lead compounds
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ChemBridge Mol. Mass
Structure ID ID (g/mol) Mol. Formula
1 5103619 203.2 CoHioNOS.Na
Moy OO
1-
Na+
2 6383233 380.4 CigsHis F3N2 O3 S
3 6636623 276.4 Ci6 H2a N; O3
l.\/\“/\
4 6998095 339.3 C19H17 N Os
cH 5 7584981 274.3 Ci5 Higs N2 O3
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Supplementary Table 4. Structures of all (putative) KAI2 inhibitors identified by Holbrook-Smith et al. (2016). Available via

https://goo.gl/gQpr37
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Plants produce a wide variety of chemical compounds, primary and secondary metabolites, of
which some act as hormones. Generally, hormones are small signaling molecules that are active at very
low concentrations and support communication between cells and organs. As such, they play a pivotal
role in optimizing plant growth and development, but they often have different functions and, additionally,
their effects can be influenced by the activity of other hormones. Therefore, it is very important to unravel
the complex hormonal signaling pathways that result in various physiological responses. To date, many
signaling components remain elusive and, besides the ‘classic’ hormones (auxin, cytokinins, ethylene,
gibberellins, and abscisic acid), new endogenous molecules are often expanding the list of phytohormones.

Strigolactones (SLs) have been detected as ones of the latest.

Strigolactones, compounds with a past

The study of SLs is hallmarked by its rich history of discoveries that have impacted on various
agricultural aspects. At first, in 1966, they had been depicted as malignant molecules, inducing the
germination of parasitic weeds, with serious loss in crop yields all over the world as a consequence (Cook
et al., 1966). This negative image was counterbalanced in 2005 by the discovery that SLs were also able
to enhance the symbiotic interaction between plants and arbuscular mycorrhizal fungi, resulting in a more
efficient uptake of water and nutrients (Akiyama et al., 2005). However, because plant species that do not
undergo arbuscular mycorrhization, such as Arabidopsis thaliana, also produced SLs, an endogenous
function was expected. Indeed, in 2008, a function for SLs as inhibitors of shoot branching was uncovered,
adding them as the most recent members to the list of plant hormones (Gomez-Roldan et al., 2008;
Umehara et al., 2008). Later on, additional roles of SLs in the regulation of plant physiology have been
described, such as the control of the root system architecture (Chapter 2; Kapulnik et al., 2011a, 2011b;
Ruyter-Spira et al., 2011; Shinohara et al., 2013). As lot of research has been focused on the elucidation

of the SL signaling network behind the various physiological responses, a considerate amount of progress
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has been made in recent years. DIWARF14 (D14) has been identified as a SL receptor that -after binding
and hydrolysis of a SL molecule- brings the MORE AXILLARY BRANCHING2 (MAX2) complex with Skp, Cullin,
F-box (SCFMAX?) in the proximity of the SUPPRESSOR OF MAX2 1 LIKE (SMXL) family target proteins,
enabling their polyubiquitination and subsequent degradation (Soundappan et al., 2015; Wang et al.,
2015; Bennett et al., 2016). However, further downstream signaling events leading to the different

physiological responses are lacking.

In this PhD, we aimed at getting a profound molecular insight into how SL signaling results in the
downstream physiological outcomes, with a focus on the root system architecture of Arabidopsis thaliana.
To this end, we studied the effect of rac-GR24 on the lateral root (LR) development in an in-depth
spatiotemporal manner and its crosstalk with cytokinin and auxin. In addition, we performed RNA
sequencing (RNA-seq) on root tissue to obtain a transcriptome-wide overview of the changes brought
about by treatment with rac-GR24 and to identify downstream players in the physiological responses of
SLs on the root system architecture. Finally, we also initiated a chemical screen for which our goal was the

detection of new SL antagonists that could be helpful in the further deciphering of SL actions.

Toward a better understanding of the SL effects on LR development

In 2011, SLs were found to have a MAX2-dependent negative impact on LR development (Kapulnik
et al., 2011a; Ruyter-Spira et al., 2011). Both an impact on the initiation and blockage of LR development
around stage V were reported. However, in-depth phenotypical insights on the effect of rac-GR24 on LR
development were still lacking. By means of the early LR marker GATA23, we were able to follow the
effect of rac-GR24 on LR development in a spatiotemporal manner (Chapter 2). A developmental map of
all possible LR primordia and prebranch sites, i.e. pericycle-derived LR founder cells that are predestined

to start cell division for LR development, positioned along the primary root could be constructed (Malamy
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and Benfey, 1997; De Rybel et al., 2010). A dual effect of rac-GR24 on the development of LRs was
revealed: a minor one on the prebranch site development and a main one on LR outgrowth. The latter
observation corresponds with previous observations, although the proposed specific interruption at stage
V of the LR development was not detected (Ruyter-Spira et al., 2011). This map also showed that the
impact of rac-GR24 was most pronounced on the first developing LR primordia that are located in the
older root part. This spatiotemporal effect was also visible on the PINFORMED 1 (PIN1) expression pattern.
As a dependence on the shoot-derived auxin could be demonstrated for the rac-GR24 treatment on the
LRs, this effect might be partially explained by the low dependency of the LR development on shoot-
derived auxin at later stages of seedling development (Bhalerao et al., 2002). An alternative explanation
for the weaker effect of rac-GR24 on younger root tissue might lie in the reported disappearance of the

SL receptor D14 in the root after the rac-GR24 treatment (Chevalier et al., 2014).

However, an effect on LR initiation, as reported previously (Kapulnik et al., 2011a), was not
confirmed by our analysis, but this might be due to the impact of rac-GR24 on prebranching. The
formation of prebranch sites occurs in the basal meristem and is the result of an auxin-induced oscillatory
gene expression (De Smet et al., 2007; Moreno-Risueno et al., 2010; Xuan et al., 2015). This oscillating
pattern was shown to be regulated by a still unknown carotenoid-derived signal (Van Norman et al., 2014).
Despite the increased root-forming potential of the max2 mutant, a function for SLs as the carotenoid-
derived signal was excluded, mainly because this effect was absent in the SL biosynthesis mutants (Van
Norman et al.,, 2014). Nevertheless, it might be that the KAI2 ligand (KL), which is the unknown
endogenous ligand of KARRIKIN INSENSITIVE2 (KAI2) (and which is probably also perceived by D14, see
below) might be this unknown carotenoid-derived signal. Efforts to reveal the identity of this KL molecule
have been initiated. Recently, the presence of the presumed KL molecule has recently been detected in
Arabidopsis leaf extracts by means of a novel reporter-gene assay (Sun et al., 2016). Awaiting the

identification of KL, it would be interesting to analyze the effect of rac-GR24 as a mimic of SLs or related

275



compounds on the periodic oscillations in the basal meristem via the use of the pDR5:LUCIFERASE reporter
line. In addition, the GATA23 marker should also be crossed in the receptor mutants d14 and kai2 and the
d14;kai2 double mutant to investigate any spatiotemporal effect of rac-GR24 or its pure enantiomers on
the LR development and to investigate the lateral root forming potential in these mutants. The obtained
results should be compared with those in the wild type (WT) and max2. Furthermore, the basic-HELIX-
LOOP-HELIX (bHLH) transcription factor (TF) TARGET OF MONOPTEROSS LIKE1 (TMOS5L1), discovered as a
downstream signaling component of SLs in the roots, is expressed in the protoxylem (Chapter 5; De Rybel
et al., 2013). As this TF is located near the oscillation zone of the basal meristem, it would be worthwhile

to examine a possible role for TMO5L1 in LR priming, for instance, by mutant analyses.

Although the involvement of MAX2 and the effect of rac-GR24 on the LR development is well
established, rac-GR24 has recently been shown to activate SL signaling both via D14 and KAI2 (Scaffidi et
al., 2014). Based on the hypocotyl phenotype, (-)GR24 has been suggested to specifically trigger KAI2
signaling and (+)GR24 the D14 signaling (Scaffidi et al., 2014), but biochemically the separation does not
seem to be strict. In rice (Oryza sativa) and pea (Pisum sativum), the D14 ortholog binds and hydrolyzes
both enantiomers, but with a higher specificity to (+)GR24 (Nakamura et al., 2013; de Saint Germain et al.,
2016). In Arabidopsis, D14 and KAI2 hydrolyze both enantiomers, but the reactions are much more for
efficient to (+)GR24 and (-)GR24 for D14 and KAI2, respectively (Flematti et al., 2016). In contrast to the
effects on the hypocotyl (Scaffidi et al., 2014), these biochemical data fit with the physiological outcome
of the pure enantiomers on the LR density (LRD) of the SL signaling mutants (Chapter 3). Here we could
show that the WT was equally sensitive to both pure enantiomers and to rac-GR24. However, the d14
mutant was still partially sensitive to (+)GR24, probably because of partial signaling of (+)GR24 via the
active KAI2 receptor and, vice versa, for the kai2 mutant to (-)GR24 via the D14 activity. Indeed, only a
mutation of both receptors leads to a full insensitivity toward both enantiomers and rac-GR24. These

results put both D14 and KAI2 central in the LRD regulation. Nevertheless, endogenously seen, KAI2 could
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be considered as the main receptor for the LR phenotype, because only kai2 and not d14 exhibits an
increased LRD comparable to that of max2. However, determining the lateral root potential of the various
mutants by staging might provide additional information. Interestingly, genetic evidence revealed that
smxl6;smxI7;smxI8 and not smax1 could suppress the high LRD phenotype of max2 (Soundappan et al.,
2015). As SMXL6, SMXL7, and SMXL8 are known to be downstream of D14, and SMAX1 downstream of
KAI2, these data demonstrate that D14 is also involved (Stanga et al., 2013; Soundappan et al., 2015;
Wang et al., 2015; Bennett et al., 2016). Indeed, both receptors are very probably truly implicated in the
regulation of the LRD phenotype, endogenous SLs are perhaps not, because SL biosynthesis mutants do
not exhibit an induced LRD (reviewed in Chapter 1). In other words, rac-GR24 might serve as a mimic of
the endogenous KL molecule that will be the bona fide KAI2 and D14 ligand, at least for the regulation of

the LRD.

To get a better molecular understanding of how rac-GR24 influences the root system architecture,
we determined the transcriptome via RNA-seq (Chapter 3). For our setup, we used Columbia-0 (Col-0) and
max2 seedlings that were transiently treated with rac-GR24 for 6 hours. A much earlier timepoint would
not have been appropriate, because, in comparison to other hormones, the SL signaling cascade is not
initiated so rapidly. Indeed, the degradation of the direct target proteins SMXL6, SMXL7, and SMXL8
occurs only 30 minutes to 1 hour after treatment (Zhao et al., 2013; Soundappan et al., 2015; Wang et al.,
2015). Thus, harvesting after 6 hours of treatment ensured picking up transcriptional responses, based on
the effects of rac-GR24 on the expression of previously published SL marker genes. The fact that the SL
signaling pathway seems to start slower than other hormonal pathways might be because of the non-
natural nature of rac-GR24. It is possible that this synthetic analog, which is commonly used in SL research,
might not be as powerful as naturally occurring SLs for initiating the molecular signaling cascade. Natural
SLs might be more efficiently in initiating the response and might result in stronger transcriptional

responses than rac-GR24. Further research will be required to investigate this possibility.
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Treatment with rac-GR24 resulted in a restricted amount of 146 differentially expressed genes,
generally with a limited fold change. Selection of this fold change cut-off was confirmed by the occurrence
of genes known to be regulated by rac-GR24 in the root, such as the flavonol biosynthesis genes and genes
of the SMXL family (Walton et al., 2016). For the SMXL genes, the effect of rac-GR24 on the GUS reporter
lines provided extra validation (L. Jiang, unpublished data). In contrast to the rac-GR24 treatment, 2,011
genes were differentially expressed in max2 roots grown under MOCK conditions. By combining the
information present in both datasets, we found that SLs influenced various pathways, such as the
hormonal crosstalk, drought responses, and light harvesting and sensitivity, and modulated the plant’s
secondary metabolism (flavonol biosynthesis). Although previously a crosstalk had been reported
between SLs and cytokinins in the LRD regulation via the ARABIDOPSIS HISTIDINE KINASE3
(AHK3)/ARABIDOPSIS RESPONSE REGULATOR1(ARR1)/ARR12/SHORT HYPOCOTYL2 (SHY2) module
(Chapter 2), a strong crosstalk was not retrieved on the transcriptional level, based on the results from
our RNA-seq. This is probably because the insensitivity to rac-GR24 of mutants in the
AHK3/ARR1/ARR12/SHY2 module had been shown to result from an enhanced auxin transport flux in
these mutants. However, strong transcriptional effects, as described for PIN1 (Chapter 2), were not
obtained as well, probably due to the spatiotemporally restricted effect of rac-GR24 (on PIN1 expression)

to the upper root part. Hence, sampling of the whole root might have diluted the signal.

Besides the gene classes that were both differentially expressed after rac-GR24 and in the max2
roots under MOCK conditions, various other genes were upregulated in max2 only, pointing to an
increased cellular activity in the max2 mutant. As this transcriptional effect did not proceed via the D14
or KAI2 signaling, the involvement of another receptor for this response, such as D14 LIKE2 (DLK2), was
hypothesized. To confirm this possibility, gene expression analyses should be carried out in a dlk2 mutant
line. Furthermore, because these genes were not differentially expressed after the rac-GR24 treatment,

this pathway might possibly be triggered by a different, endogenous ligand that cannot be mimicked by
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rac-GR24. This ligand could be the still unknown KL molecule, if DLK2 were highly specific toward KL
perception of KL and not toward rac-GR24. Identification of the KL molecule will be crucial to study this

pathway in detail.

Among the TFs present in the rac-GR24 dataset (Chapter 3 and 4), TMO5L1 was found the most
repressed. A role for TMO5L1 in the rac-GR24 response in the root was suggested based on genetic and
molecular approaches. We could show that TMO5L1 might act mainly via the D14 pathway, but a certain
redundancy with the KAI2 pathway could not be excluded. For detailed investigation, the expression of
TMOS5L1 could be checked in the d14 and kai2 mutants and in the d14;kai2 double mutant treated with
rac-GR24. The downregulation of TMO5L1 by rac-GR24 should be abolished in the signaling mutants, in
which it acts downstream. The use of pure GR24 enantiomers could also be considered. Additionally, to
investigate the position of TMO5L1 downstream of the SMXL family, its expression should be checked in
these mutants as well. Depending on the downstream position of TMO5L1 action, smax1 or smax1;smxI|2
(for the KAI2 pathway) or smxl6;smx|7;smxI8 (for the D14 pathway) should be analyzed by molecular as
well as genetical analyses. Via the generation of a max2;tmo5/1 double mutant, it would be possible to
investigate whether tmo5/1 can suppress the increased LRD phenotype of max2. Likewise, because
smxl6;smxl|7;smxI8 can also rescue this max2 phenotype (Soundappan et al., 2015), crossing in tmo5/1 will

be informative to know whether they work in the same genetic pathway or not.

Although TMO5L1 is transcriptionally strongly downregulated by the rac-GR24 treatment, thus
far, this mechanism could not be confirmed at the protein level and should be investigated, because this
result is completely unexpected. First, the effect of rac-GR24 on the expression pattern of a transcriptional
TMO5L1 reporter line should be examined. Besides the corroboration of the downregulation of TMO5L1
by rac-GR24, this experiment would also confirm the expression of TMO5L1 in the LR primordia.
Alternatively, in situ hybridization could be employed to confirm the expression pattern and the

transcriptional effect of rac-GR24 on TMOS5L1. As already discussed, the pTMOS5L1:TMOS5L1-YFP
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translational line might not be completely bona fide, for instance by missing SL-regulatory signals in the
cloned promoter. First, complementation of the tmo5/1 mutant should be checked, together with an
analysis of independent lines. After confirmation, the effect of rac-GR24 on the TMOS5L1 protein level

should be re-investigated in these lines.

Regarding the functional role of TMO5L1 in the SL network of the roots, several options can be
formulated. Because of the well described role of TMO5L1 in the regulation of vascular development in
the primary root (De Rybel et al., 2013, 2014; Ohashi-Ito et al., 2014; Katayama et al., 2015), the very same
process can very well be regulated by SLs during LR development and, as such, slow down the further
development of the LR primordia. However, the other key players during vascular development, such as
the cytokinin biosynthesis genes of the LONELY GUY (LOG) family, SUPPRESSOR OF ACAULIS 51 (SAC51),
SAC51 LIKE’s and LONESOME HIGHWAY (LHW) families, seemed unaffected by rac-GR24 or in max2 roots
under MOCK condition. Moreover, because TMO5L1 forms heterodimers, interaction with a bHLH TF
different from LHW or its homologs, might extend the toolbox and have another outcome. To investigate
a potentially different role for TMO5L1 in the SL signaling network in the root, the primary targets of
TMO5L1 should be carefully investigated. Crucial will be the identification of novel bHLH interaction
partners of TMO5L1, possibly resulting in different TMO5L1 functionalities. To this end, tandem affinity
purification or green fluorescent protein (GFP)-trapping can be utilized as a technique to find new
interaction partners. Alternatively, a candidate-gene approach can be set up by specifically looking for
bHLH proteins that are expressed in the Arabidopsis (lateral) root and inferring their interaction with
TMOG5L1, for example by means of yeast two-hybrid screening. If interaction partners could be selected,
identification of the genes they regulate will greatly broaden our knowledge on how LR development is

regulated by the SL signaling network.
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Chemical genetics to decipher the role of SLs in plant development

As an alternative to mutational genetics, chemical genetics has been used to understand various
plant hormone signaling pathways (Armstrong et al., 2004; Gendron et al., 2008; Savaldi-Goldstein et al.,
2008; De Rybel et al., 2009). Because chemical genetics provides complementary information and often
overcomes redundancy, lethality, and pleiotropic effects, it is a valuable approach to decipher the SL
signaling network. To this end, a well-characterized and robust bioassay, based on either phenotype or

on marker gene expression is a must (Téth and van der Hoorn, 2010).

Although SLs influence various physiological responses, such as axillary bud outgrowth, secondary
stem thickening, leaf senescence, hypocotyl elongation, adventitious and LR development, and root hair
elongation (for a review, see Al-Babili and Bouwmeester, 2015), many of these phenotypes are difficult -if
not impossible- to assess via a small-scale setup or do not allow efficient high-throughput screening.
Additionally, screening for compounds with a positive outcome (i.e., a positive screen) is preferred to
avoid that compounds are collected that cause the effect due to toxicity or lethality. For example, a screen
based on the effect of SLs on parasitic seed germination to find SL antagonists would have resulted in a
negative screen and, additionally, entailed the risk that the impact of the compound could not be
translated to Arabidopsis for further research. Moreover, because SL agonists had already been screened
(Toh et al., 2014), we selected the inhibitory effect of SLs on the hypocotyl length as a suitable phenotype
to allow a positive screen for antagonists. Recently, a direct antagonist of the KAI2 protein had been

identified via a similar assay, proving its usefulness for antagonist screening (Holbrook-Smith et al., 2016).

Alternatively, a screen based on marker gene expression could be considered. However, at the
time we initiated a chemical genetics approach to identify SL signaling antagonists, no valuable SL markers
were available. Even to date, not many ideal markers are obtainable. Recently, DLK2 has been used in a

reporter-assay to demonstrate the presence of the KL molecule in leaf extracts (Sun et al., 2016). However,
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the use of this marker to identify SL antagonists would result in a negative screen, namely inhibition of
gene expression. Likewise, a screen based on the downregulation of the TMOS5L1 expression by rac-GR24,
would not be ideal, because it is known to be induced by auxin (Schlereth et al., 2010). Indeed, compounds
that act like an auxin or are bioconverted into an auxin are frequently found during a chemical genetics
screen (Sungur et al., 2007; Christian et al., 2008; Savaldi-Goldstein et al., 2008). Especially in the case of
SLs, these auxin-like compounds form a major hurdle, because high auxin levels mask the SL effects
(Chapter 2, Ruyter-Spira et al., 2011). After removal of the hits with proauxin-like characteristics, still six
of the 10 lead compounds identified appeared to have a strong impact on auxin homeostasis. Based on
this observation, any future chemical genetics approach to identify SL antagonists should include a control
for auxin-like behavior of the compounds. In the case of the hypocotyl, for instance, an Arabidopsis line
containing a pDR5:GUS construct could be used to screen the compounds and good candidates should

result in an elongated hypocotyl without induction of the GUS reporter.

By not taking into account the compounds that seem to influence the auxin homeostasis, we could
identify at least three (or four, as also compound 8 might possibly not influence the auxin homeostasis)
putative lead SL antagonists. Although their discovery was based on a similar assay, none of the newly
identified lead compounds presented here are structurally similar to the recently published KAI2 protein
inhibitors (Holbrook-Smith et al., 2016), probably because our compounds might act via the D14 pathway
or possibly further downstream of KAI2 and/or D14. Certainly, these compounds first need to be validated
as true SL antagonists by SAR analysis, SL mutant analysis and inferring their effect on SL marker gene
expression. After that, the next challenge will be to find the mode of action of these compounds by
identifying their target proteins. Compound 5 could probably act as a general SL antagonist, because it
affects both the hypocotyl and possibly also the LRD phenotype and, thus, has likely an impact on a protein
quite upstream in the SL signaling complex. In contrast, the antagonizing effect of compounds 9 and 21

might probably be more restricted to the effect of rac-GR24 on the hypocotyl, hinting at an impact on a
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molecular player further downstream of the SL signaling network. To confirm a function for compounds
24, 27, and 30 in the SL signaling network of parasitic seed germination, this effect should first be further

investigated.

To identify the target of compound 5, a candidate approach could be considered. Binding of SLs
slightly destabilizes the D14 protein, as visualized by differential scanning fluorimetry (DSF) (Hamiaux et
al., 2012; Abe et al., 2014; de Saint-Germain et al., 2016 ). DSF is a fast method to detect compounds that
bind and, hence, (de)stabilize purified proteins (Niesen et al., 2007). Thus, it is relatively easy to assess
whether compound 5 can prevent the SL binding to D14 or whether the compound itself can bind with
any of the known SL signaling components. Alternatively, compound 5 could possibly target an unknown
protein of the SL signaling network. Therefore, more general approaches should be taken to identify the
target proteins, and especially for compounds 9 and 21, because they could probably target a protein that

is further downstream of the core SL signaling pathway.

In plant chemical biology, commonly used strategies include transcriptome analyses to define
target pathways and off-target effects (Goda et al., 2002; Manabe et al., 2007; De Rybel et al., 2009; Park
et al., 2009) and forward-genetic screens for compound resistance (Rojas-Pierce et al., 2007; Park et al.,
2009; De Rybel et al., 2012). Besides these classical approaches, also various identification strategies
emerge, such as Yeast 3-Hybrid, affinity-based technologies, or label-free compound-based technologies
(for a review, see Dejonghe and Russinova; 2014). Indeed, many options are available for the ultimate

finding of the targets of our identified SL antagonists.

Concluding remarks

Although SLs had already been discovered in 1966, only recently major breakthroughs have been

made in the unraveling of the early signaling events, but it is still currently unclear what happens
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thereafter. In this PhD, we obtained valuable new insights into how SLs regulate their physiological
responses, with a main focus on the root system architecture. On top of that, we have initiated a chemical
genetics screen that resulted in the identification of various putative SL antagonists. Nevertheless, many

guestions remain unanswered yet, offering challenging opportunities for future research.
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ABSTRACT Strigolactones have recently been implicated in both above- and below-ground developmental pathways
in higher plants. To facilitate the molecular and chemical properties of strigolactones in vitro and in vivo, we have devel-
oped a fluorescent strigolactone molecule, CISA-1, synthesized via a novel method which was robust, high-yielding, and
used simple starting materials. We demonstrate that CISA-1 has a broad range of known strigolactone activities and
further report on an adventitious rooting assay in Arabidopsis which is a highly sensitive and rapid method for testing
biological activity of strigolactone analogs. In this rooting assay and the widely used Orobanche germination assay,
CISA-1 showed stronger biological activity than the commonly tested GR24. CISA-1 and GR24 were equally effective at
inhibiting branching in Arabidopsis inflorescence stems. In both the branching and adventitious rooting assay, we also
demonstrated that CISA-1 activity is dependent on the max strigolactone signaling pathway. In water methanol solu-
tions, CISA-1 was about threefold more stable than GR24, which may contribute to the increased activity observed in
the various biological tests.

Key words: strigolactones; adventitious rooting; branching; fluorescent markers; parasitic weed seed germination.

INTRODUCTION indications that the presence of H-bond acceptors on the
A- and B-rings enhances the biological activity; however,
this effect remains to be validated for models other than
parasitic seed germination (Kim et al., 2010; Malik et al.,
2011). Moving forward from the natural strigolactones,
synthetic efforts have shown, through the generation of non-
naturally occurring strigolactones, that the bioactiphore can
be further simplified. First, the lactone contained within the
C-ring is unimportant for biological activity. Furthermore,
the synthesis of non-natural strigolactones has shown an
even higher-than-expected structural freedom. In fact, it was
recently shown (Boyer et al., 2012) that the D-ring contains
the essence of the biological activity and that the whole of

Strigolactones are a class of signaling molecules emitted by
host plants that control in the rhizosphere the germination
of parasitic plant seeds (Cook et al., 1966), hyphal branching
in arbuscular mycorrhizal fungi (Akiyama et al., 2005), as
well as several developmental processes in higher plants
including germination, branching, and root development
(Matusova et al., 2005; Gomez-Roldan et al., 2008; Umehara
et al., 2008; Kapulnik et al., 2011; Koltai, 2011; Rasmussen
et al,, 2012). Typically, natural strigolactones are composed
of a tricyclic lactone (A-, B-, and C-rings) connected via an
enol ether bridge to a D-ring. This generalized core structure
contains four structural regions (Figure 1). The structural
features which are conserved in all natural strigolactones
and which are generally regarded as the bioactiphore are the
lactone D-ring, connected through an enol ether to an a,f3- i o

© The Author 2012. Published by the Molecular Plant Shanghai Editorial
unsaturated ester (or ketone) (Mangnus and Zwanenburg, Office in association with Oxford University Press on behalf of CSPB and
1992; Zwanenburg et al., 2009). The A- and B-rings allow a IPPE, SIBS, CAS.

large degree of structural freedom, as observed in the great doi:10.1093/mp/sss110, Advance Access publication 30 September 2012
variety of naturally occurring strigolactones. There are some Received 3 August 2012; accepted 19 September 2012
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Abstract

Leafy gall syndrome is the consequence of modified plant development in response to a mixture of cytokinins secreted
by the biotrophic actinomycete Rhodococcus fascians. The similarity of the induced symptoms with the phenotype of
plant mutants defective in strigolactone biosynthesis and signalling prompted an evaluation of the involvement of strigo-
lactones in this pathology. All tested strigolactone-related Arabidopsis thaliana mutants were hypersensitive to R. fas-
cians. Moreover, treatment with the synthetic strigolactone mixture GR24 and with the carotenoid cleavage dioxygenase
inhibitor D2 illustrated that strigolactones acted as antagonistic compounds that restricted the morphogenic activity
of R. fascians. Transcript profiling of the MORE AXILLARY GROWTH1 (MAX1), MAX2, MAX3, MAX4, and BRANCHED1
(BRC1) genes in the wild-type Columbia-0 accession and in different mutant backgrounds revealed that upregulation of
strigolactone biosynthesis genes was triggered indirectly by the bacterial cytokinins via host-derived auxin and led to
the activation of BRC1 expression, inhibiting the outgrowth of the newly developing shoots, a typical hallmark of leafy
gall syndrome. Taken together, these data support the emerging insight that balances are critical for optimal leafy gall
development: the long-lasting biotrophic interaction is possible only because the host activates a set of countermeas-
ures—including the strigolactone response—in reaction to bacterial cytokinins to constrain the activity of R. fascians.

Key words: Apical dominance, Gram-positive phytopathogen, witches’ broom.

Introduction

Leafy gall syndrome is an infectious plant disease that affects recent reviews, see Stes et al., 2011b, 2013). The pathology
a wide range of plants, primarily dicotyledonous herbs (for is caused by the Gram-positive actinomycete Rhodococcus

Abbreviations: 2-iP, 2-isopentenyladenine; 2MeS, 2-methylthio; AHK, Arabidopsis histidine kinase, BRC, BRANCHED; CCD, carotenoid cleavage dioxygenase;
CKX, CYTOKININ DEHYDROGENASE/OXIDASE; c¢Z, cis-zeatin; D27, DWARF27; DAD, DECREASED APICAL DOMINANCE; DMSO, dimethylsulfoxide; dpi, days
post infection; GR24, strigolactone analogue; GUS, $-glucuronidase; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MAX, MORE AXILLARY
GROWTH; gRT-PCR, quantitative reverse-transcription-polymerase chain reaction; SCF, Skp-Cullin-F-box; TAA, TRYPTOPHAN AMINOTRANSFERASE; TAR,
TAA1-RELATED; tZ, trans-zeatin; WEI, WEAK ETHYLENE INSENSITIVE.

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Strigolactones are important rhizosphere signals that act as phytohormones and have multiple functions, including mod-
ulation of lateral root (LR) development. Here, we show that treatment with the strigolactone analog GR24 did not affect
LR initiation, but negatively influenced LR priming and emergence, the latter especially near the root-shoot junction. The
cytokinin module ARABIDOPSIS HISTIDINE KINASE3 (AHK3)/ARABIDOPSIS RESPONSE REGULATOR1 (ARR1)/ARR12
was found to interact with the GR24-dependent reduction in LR development, because mutants in this pathway ren-
dered LR development insensitive to GR24. Additionally, pharmacological analyses, mutant analyses, and gene expres-
sion analyses indicated that the affected polar auxin transport stream in mutants of the AHK3/ARR1/ARR12 module could
be the underlying cause. Altogether, the data reveal that the GR24 effect on LR development depends on the hormonal
landscape that results from the intimate connection with auxins and cytokinins, two main players in LR development.

Key words: Arabidopsis thaliana, cytokinin signaling, lateral root development, polar auxin transport, strigolactones.

Introduction

Strigolactones (SLs) are phytohormones that affect lat- photomorphogenesis, drought tolerance, leaf senescence, and
eral branching of the shoot (Gomez-Roldan et al, 2008; secondary growth, among others (Woo et al., 2001; Snowden
Umehara et al, 2008) and many other processes, such as et al, 2005; Shen et al., 2007, 2012; Tsuchiya et al., 2010;

Abbreviations: AHK, ARABIDOPSIS HISTIDINE KINASE; ARR, ARABIDOPSIS RESPONSE REGULATOR; BAP, 6-benzylaminopurine; BES, BRASSINOSTEROID
INSENSITIVE--EMS-SUPPRESSOR; BRC, BRANCHED; CRE, CYTOKININ RESPONSE; D14, DWARF14; DAG, days after germination; EMS, ethyl methanesul-
fonate; GUS, B-glucuronidase; IAA, indole-3-acetic acid; LR, lateral root; LRD, lateral root density; MAX, MORE AXILLARY GROWTH; NPA, 1-N-naphthylphthalamic
acid; PIN, PIN-FORMED; SCF, Skp-Cullin-F-box; SHY, SHORT HYPOCOTYL; SL, strigolactone; WT, wild-type; XPP, xylem pole pericycle.

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Main conclusion Strigolactones control various
aspects of plant development, including root architec-
ture. Here, we review how strigolactones act in the root
and survey the strigolactone specificity of signaling
components that affect root development.
Strigolactones are a group of secondary metabolites pro-
duced in plants that have been assigned multiple roles, of
which the most recent is hormonal activity. Over the last
decade, these compounds have been shown to regulate
various aspects of plant development, such as shoot
branching and leaf senescence, but a growing body of lit-
erature suggests that these hormones play an equally
important role in the root. In this review, we present all
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known root phenotypes linked to strigolactones. We
examine the expression and presence of the main players in
biosynthesis and signaling of these hormones and bring
together the available information that allows us to explain
how strigolactones act to modulate the root system
architecture.

Keywords rac-GR24 - Root system architecture -
Strigolactone - Strigolactone-related compounds

Abbreviations

D DWARF

KAI KARRIKIN INSENSITIVE
LR Lateral root

LRD Lateral root density

MAX MORE AXILLARY GROWTH
PIN PIN-FORMED

rac-GR24 RACEMIC GR24

SCF Skp, Cullin, F-box

SL Strigolactone

SMAX1 SUPPRESSOR OF MAX2 1

SMXL SUPPRESSOR OF MAX2 1 LIKE

TIR1 TRANSPORT INHIBITOR RESPONSE1
WT Wild type

Introduction

Strigolactones (SLs) are carotenoid-derived metabolites
originally identified as signals that stimulate seed germi-
nation of plant-parasitic weeds, such as Striga sp. and
Orobanche sp. (Cook et al. 1966). Additionally, within the
rhizosphere, these molecules have been found to enhance
the initiation of arbuscular mycorrhization, a plant-fungal
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The Response of the Root Proteome to the
Synthetic Strigolactone GR24 in Arabidopsis*s

Alan Walton$§7]|]°, Elisabeth Stest§7)|°, Geert Goeminnet§, Lukas Braem1§,
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Strigolactones are plant metabolites that act as phytohor-
mones and rhizosphere signals. Whereas most research
on unraveling the action mechanisms of strigolactones is
focused on plant shoots, we investigated proteome adap-
tation during strigolactone signaling in the roots of Ara-
bidopsis thaliana. Through large-scale, time-resolved,
and quantitative proteomics, the impact of the strigolac-
tone analog rac-GR24 was elucidated on the root pro-
teome of the wild type and the signaling mutant more
axillary growth 2 (max2). Our study revealed a clear MAX2-
dependent rac-GR24 response: an increase in abundance
of enzymes involved in flavonol biosynthesis, which was
reduced in the max2-1 mutant. Mass spectrometry-driven
metabolite profiling and thin-layer chromatography ex-
periments demonstrated that these changes in protein ex-
pression lead to the accumulation of specific flavonols.
Moreover, quantitative RT-PCR revealed that the flavonol-
related protein expression profile was caused by rac-GR24-
induced changes in transcript levels of the corresponding
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genes. This induction of flavonol production was shown to
be activated by the two pure enantiomers that together
make up rac-GR24. Finally, our data provide much needed
clues concerning the multiple roles played by MAX2 in the
roots and a comprehensive view of the rac-GR24-induced
response in the root proteome. Molecular & Cellular Pro-
teomics 15: 10.1074/mcp.M115.050062, 2744-2755, 2016.

Root development is pivotal for plant survival, providing
anchorage, ensuring water and nutrient uptake, and allowing
the plant to engage in beneficial interactions with soil micro-
organisms. Root growth is modulated in response to numer-
ous abiotic and biotic environmental cues, which are inter-
preted and transduced by hormonal pathways. Besides the
well-known regulators of root development, such as auxin
and cytokinin, a group of carotenoid-derived terpenoid lac-
tones, coined strigolactones, have been described to play a
role in the regulation of root architecture. The influence of
strigolactones on the lateral root density (LRD)', adventitious
root formation, and induction of root hair elongation has been
demonstrated, but the molecular networks ruling these be-
lowground effects are still not well understood (1-7).

Multiple research teams have contributed to a better un-
derstanding of the strigolactone biosynthesis pathway, early
signaling processes, and transport mechanisms (8—-14). Early
signaling occurs mainly through the action of an o/B-hydro-
lase DWARF14 (D14)/DECREASED APICAL DOMINANCE2
(DAD?2) that interacts with an F-box protein, MORE AXILLARY
GROWTH2 (MAX2) (15). MAX2 together with an additional
o/B-hydrolase and a D14 paralog, KARRIKIN INSENSITIVE2

" The abbreviations used are: C4H, cinnamate-4-hydroxylase; CFl,
chalcone flavone isomerase; CHS, chalcone synthase; D14,
DWARF14; DAD, DECREASED APICAL DOMINANCE; DPBA, diphe-
nylboric acid 2-amino ethyl ester; F3H, flavanone 3-hydroxylase;
FLS, flavonol synthase; GO, gene ontology; HPLTC, high-perform-
ance thin-layer chromatography; hpt, hours post treatment; HTL,
HYPOSENSITIVE TO LIGHT; KAI, KARRIKIN INSENSITIVE; LRD,
lateral root density; LTQ, linear trap quadrupole; MAX, MORE
AXILLARY GROWTH; MS, Murashige and Skoog; NAP, nonintrinsic
ABC protein; PAL, phenyl ammonia-lyase; PIN, PIN-FORMED; rac-
GR24, strigolactone analog; UGT, UDP-glucosyl transferase; ULPC,
ultra-performance liquid chromatography; WT, wild type.
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