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that bifonazole, clotrimazole, and econazole inhibit plant CYP51 and we identified

clomiphene as a novel inhibitor of the plant-specific cyclopropyl-cycloisomerase.
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Abstract

Sterols are produced via complex, multistep biosynthetic pathways involving similar enzymatic
conversions in plants, animals and fungi, yielding a variety of sterol metabolites with slightly
different chemical properties to exert diverse and specific functions. A tremendously diverse
landscape of sterols, and sterol-derived compounds, can be found across the plant kingdom,
determining a wide spectrum of functions. Resolving the underlying biosynthetic pathways is thus
instrumental to understanding the function and use of these molecules. In only a few plants, sterol
biosynthesis has been studied using mutants. In non-model species a pharmacological approach
is required. However, this relies on only a few inhibitors. Here, we probed a collection of inhibitors
of mammalian cholesterol biosynthesis to identify new inhibitors of plant sterol biosynthesis. We
show that imidazole-type fungicides, bifonazole, clotrimazole and econazole inhibit the obtusifoliol
14a-demethylase CYP5L1 in plants. Moreover, we found that the selective estrogen receptor
modulator, clomiphene, inhibits sterol biosynthesis in part by inhibiting the plant-specific
cyclopropyl-cycloisomerase CPI1l. These results demonstrate that rescreening of inhibitors
animal sterol biosynthesis is an easy approach for identifying novel inhibitors of plant sterol
biosynthesis. These molecules expand the toolkit for studying and manipulating sterol

biosynthesis in the plant kingdom.
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Introduction

Sterols mainly function as structural components of the plasma membrane where they
regulate membrane permeability and fluidity, contribute to organizing the membrane, and
modulate the activity of membrane-bound enzymes, such as plasma membrane H* ATPases
(Cacas et al., 2012; Gronnier et al., 2017; Morales-Cedillo et al., 2015; Schaller, 2003; Simon-
Plas et al., 2011). The importance of sterols in membrane functions, and their ubiquity among
eukaryotes indicate that sterol biosynthesis is a key evolutionary innovation in eukaryotes (Chen
et al., 2007). Consistently, in plants, many cellular processes are sterol-dependent, such as
clathrin-mediated endocytosis (Konopka et al., 2008; Men et al., 2008), cytokinesis (Boutte et al.,
2010; Nakamoto et al., 2015), polarity (Men et al., 2008; Stanislas et al., 2015), and signaling
(Simon-Plas et al., 2011). Additionally, sterols are also important for processes at the endoplasmic
reticulum, such as ethylene signaling (Zhao et al., 2020), and are required for the formation of
oleosin-coated lipid droplets (Yu et al., 2021). At the macroscopic level misregulated phytosterol
homeostasis results in various defects during embryonic and post-embryonic development
(Clouse, 2000; Schaller, 2003), fertility (Azpiroz et al., 1998; Catterou et al., 2001), plant flowering
(Schaller, 2003), growth (He et al., 2000; Schaller, 2003), seed germination (Guo et al., 1995),
biotic- and abiotic stress responses (Han et al., 2009; Kumar et al., 2015; Pose et al., 2009;
Senthil-Kumar et al., 2013), and the auxin-mediated regulation of cell polarity, gravitropism,
endocytosis and auxin efflux (Men et al., 2008; Pan et al., 2009; Willemsen et al., 2003; Yang et
al., 2013). Moreover, phytosterols are involved in many aspects of plant-microbe interactions (Der

et al., 2024), seed triacylglycerol content and seed morphology (Yu et al., 2021).

Phytosterol biosynthesis is a complex, multistep process, involving the coordinated activity
of distinct enzymes, converting cycloartenol into the major phytosterols 3-sitosterol, stigmasterol
and campesterol (De Vriese et al., 2021) (Supplementary Fig. S1). Notably, an astonishing

diversity of sterols and sterol-derived bioactive compounds can be found in the plant kingdom
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through variations to the canonical phytosterol biosynthetic pathway (Darnet et al., 2021; Moreau
et al., 2018). In example, a tomato STEROL SIDE CHAIN REDUCTASEZ2, that is not found in
Arabidopsis, produces the precursor for cholesterol biosynthesis via largely the same enzymes

as in for phytosterol biosynthesis (Sonawane et al., 2016).

Many Arabidopsis mutants that are defective in processing of C4-methyl phytosterol
intermediates such as CYCLOPROPYLSTEROL CYCLOISOMERASE1l (CPI1), CYP51G1,
FACKEL/HYDRA (FK/HYD) and HYDRA1 (HYD1) STEROL METHYLTRANSFERASE1 (SMT1),
and STEROL 4A-METHYL OXIDASE1 (SMO1) and SMO2 display a range of embryo and/or
seedling development defects (Boutte and Grebe, 2009; Clouse, 2000; Diener et al., 2000; Song
et al.,, 2019; Souter et al.,, 2002; Zhang et al., 2016). These strong phenotypes have been
associated with misregulation of auxin, cytokinin and/or ethylene activities (Song et al., 2019;
Souter et al., 2002; Wang et al., 2021; Zhang et al., 2016). Weak smt2/frll/cvpl mutant alleles
have modest developmental defects, such as serrated petals (Hase et al.,, 2005), and
discontinuous cotyledonary venation (Carland et al., 2002). A double mutant with its closest
ortholog (smt3) generates stronger phenotypes, including abnormal floral organs and root growth
defects (Carland et al., 2010). While single mutants smol-1, smol-2 and the weakly expressed
smol-3 do not show an obvious abnormal phenotype, smol-1smol-2 double mutants displayed
strong embryo developmental defects (Song et al., 2019). These defects, resulting in aberrant
embryonic and endosperm development, were stronger than in the smo2-1smo2-2 double mutant
(Zhang et al., 2016). In contrast, mutants defective in enzymes acting post-C4-demethylation,
such as dwarf7/steroll, dwarf5, and dwarfl/diminuto, do not show such severe developmental
defects. Instead, these mutants mainly display brassinosteroid-deficiency phenotypes, such as
dwarfism and defects in fertility, cell elongation, flowering and senescence, which can be largely
rescued by exogenous brassinosteroids (Choe et al., 1999a; Choe et al., 1999b; Choe et al.,

2000; Klahre et al., 1998). Moreover, these mutants are also defective in the formation of oleosin-
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coated lipid droplets, and seed development (Der et al., 2024). The wide variety of phenotypes in
mutants in the canonical sterol biosynthesis pathway indicates that these phenotypes might be
dependent on the accumulation of specific sterol biosynthesis intermediates, rather than by the
lack of the end-product sterol (Schrick et al., 2004). In example, the phytosterol biosynthesis
intermediate 4-carboxy-4-methyl-24-methylenecycloartanol was found to inhibit auxin transport
(Mialoundama et al., 2013). Similarly, the antifungal activity of azoles was recently shown to be
due to the accumulation of the CYP51 ergosterol biosynthesis pathway substrate eburicol

(Elsaman et al., 2024).

While mutants are a great asset for the study of phytosterol and brassinosteroid biology
in plants, they are not without drawbacks. For instance, the severe growth phenotypes that are
typical for sterol and brassinosteroid biosynthesis mutants make it difficult to dissect what is direct
or what is an indirect, pleiotropic effect due to the often strong developmental phenotypes in the
mutants. Therefore, an interesting alternative to study phytosterol and BR biology in plants is the
use of small molecular inhibitors that target specific steps of their biosynthesis pathways,
especially in species in which no sterol biosynthesis mutants are available. The post-squalene
part of the sterol biosynthesis diverged significantly between the three eukaryotic kingdoms
(Supplementary Fig. S1): 1) Phytosterols derive from a 9B-19-cyclopropane ring precursor
(cycloartenol), while animal and fungal sterols derive from lanosterol. 2) While many of the
enzymatic conversions depend on diverged enzymatic isoforms, the sequence of removal of C-4
and C-14 methyl is different in plants compared to animals and fungi. 3) A plant-specific enzyme,
CYCLOPROPYLSTEROL CYCLOISOMERASE (CPI) isomerizes the cyclopropane ring to
produce A® phytosterol precursors. 4) Sterol side chains are methylated in plants and fungi
(Rahier and Taton, 1997). Despite such important differences, plant sterol biosynthesis enzymes
are able to complement yeast mutations in the corresponding enzyme (De Vriese et al., 2021;

Diener et al., 2000; Kushiro et al., 2001), suggesting the distinct metabolic precursors can still
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dock the substrate binding pockets of these evolutionary distant enzymes. Consequently, sterol
biosynthesis inhibitors that target specific sterol biosynthesis enzymes in fungi and mammals,

often also inhibit the corresponding isoform in plants, albeit often with distinct efficiencies.

Azoles and morpholines represent two major classes of sterol biosynthesis inhibitors that
act at distinct enzymatic conversions. Azoles typically target cytochrome P450 enzymes, including
CYP51 that catalyzes sterol C-14 demethylation, but also other CYP-family members (Zhang et
al., 2002). A variety of imidazoles and 1,2,4-triazoles, such as paclobutrazole, voriconazole, have
demonstrated effects on global sterol content in plants, associated with accumulation of C-14a
methylated sterols (Burden et al., 1987), indicating they inhibit CYP51 in plants. Some azoles
were developed that selectively inhibit a subset of cytochrome P450s, leading to the development
of azole fungicides, or plant growth regulators that are commonly used in agriculture and
horticulture (Jgrgensen and Heick, 2021). The triazoles paclobutrazole and uniconazole interfere
with gibberellin biosynthesis by inhibiting CYP701 ent-kaurene oxidases, ABA biosynthesis by

inhibiting CYP707 while brassinazole inhibits brassinosteroid biosynthesis.

Their use as antifungals in agriculture depends largely on affinity differences between
isoforms of the different kingdoms. Voriconazole, a triazole-type fungicide, inhibits members of
the CYP51 superfamily of 14a-demethylase cytochrome P450 enzymes in both yeast (0.2 pM)
(Saravolatz et al., 2003) and plants (1 yM) (Rozhon et al., 2013). Notably, natural variation in
CYP51 sequence explains variation in voriconazole sensitivity between different species (Rozhon
et al., 2013). Of these inhibitors, only fenpropimorph, a morpholine-derived fungicide, seems to
be commonly used to manipulate sterol biosynthesis in plants. In yeast, fenpropimorph inhibits C-
8,7 sterol isomerase (subnanomolar concentrations) and C-14 sterol reductase (micromolar
concentrations) (Kerkenaar, 1990; Marcireau et al., 1990). Also in plants, fenpropimorph inhibits
the plant Cl4-reductase and C-8,7 sterol isomerase activities. Additionally, fenpropimorph also

potently inhibits the plant-specific cyclopropyl-cycloisomerase (CPI) (Rahier et al., 1986; Taton et
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al., 1987). However, fenpropimorph and similar morpholines are commonly used in plants at
concentrations that are multiple orders of magnitude higher (high micromolar range) than their

effective concentration in yeast (Boutte et al., 2010; He et al., 2003; Li et al., 2015).

Many enzymatic steps of cholesterol biosynthesis in animals are analogous to those of
the yeast and plant biosynthesis pathway (Desmond and Gribaldo, 2009) (Supplementary Fig.
S1). This explains why some inhibitors of human cholesterol biosynthesis and/or fungal lanosterol
biosynthesis target analogous steps in phytosterol biosynthesis. Given the medicinal applications,
the list of inhibitors that target different steps of human cholesterol biosynthesis is continually
expanding (Kim et al., 2016; Korade et al., 2016). Since the current library of characterized plant
sterol biosynthesis inhibitors is rather limited (De Vriese et al., 2021), we set out to expand the
current catalog of inhibitors. Therefore, we selected a subset of compounds that target different
steps of the mammalian cholesterol biosynthesis pathway that were recently identified in screens
in human cell systems (Table 1). Clotrimazole, bifonazole and econazole are anti-fungal
imidazoles that are widely used in human and veterinary medicine. Of these imidazoles,
clotrimazole was also reported to have deleterious effects on the monocotyledonous macrophytes
Lemna minor and Lemna gibba (Dias de Santos Alkimin et al., 2020), and different algae,
correlated with shifts in sterol profiles (Porsbring et al., 2009; Voshall et al., 2021). Fluphenazine,
perphenazine and trifluoperazine are phenothiazines that are widely used to treat psychoses and
schizophrenia, possibly by antagonizing dopamine receptors. In plants, fluphenazine and
trifluoperazine have been used as calmodulin inhibitors (Fujiki et al., 2005). Trifluoperazine is
reported to inhibit electron transport and ATP production in plant mitochondria, possibly
independently of an effect on CaM (Dunn et al., 1984). Clomiphene and tamoxifen are
triphenylethylenes that are used for treatment of infertility and breast cancer based on their
selective modulation of estrogen receptor activity, and are commonly referred to as Selective

Estrogen Receptor Modulators (SERMs) (Haskell, 2003). Acitretin is a vitamin A-derivative that is
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commonly used to treat psoriasis. Doxepin is a tricyclic antidepressant that increases serotonin
and norepinephrine levels in the brain. Overall, none of the selected chemicals, even the

imidazoles, are established as inhibitors of sterol biosynthesis in higher plants.

We provide proof-of-concept for several imidazoles as putative inhibitors of CYP51.
Moreover, we identified the Selective Estrogen Receptor Modulator clomiphene as a novel
inhibitor of plant sterol biosynthesis in part by inhibiting the plant-specific cyclopropyl-
cycloisomerase CPI1. These findings illustrate the principle that the wide array of, often
commercially available, animal sterol biosynthesis inhibitors can be exploited for the efficient
identification of novel plant sterol biosynthesis inhibitors. The identified inhibitors expand the

current toolbox for studying and manipulating the canonical sterol biosynthesis pathway in plants.

Materials and methods

Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana (L.) Heynh.) seeds were surface-sterilized for 15 min in
10% bleach, washed four times with sterile water and plated on %2-strength Murashige & Skoog
medium (pH 5.7), with 0.5% sucrose, 0.8% agar. Plants were stratified at 4°C for 2 or 3 d in
darkness and then transferred to a growth chamber at 21 °C under continuous illumination (light
intensity 120 umol m? s1). The Arabidopsis accession Columbia-0 (Col-0) was used as a WT for
phenotypic screening and GC-MS profiling. Other assays were based on lines described
previously, ABCB19::ABCB19-GFP (Wu et al., 2007), 35S::AtCYP51-YFP (Rozhon et al., 2013)
DR5rev::GFP (Friml et al., 2003), yuc3,5,7,8,9 (Chen et al., 2014) and tirl afb2 (Parry et al.,

2009).
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Rice seeds (Oryza sativa cv. Wuyungeng7) were sterilized with 70% (v/v) ethanol for 1
min, followed by 30%(v/v) sodium hypochlorite solution for 30 min. Geminated rice seedlings were
first grown in water for 3 days in a growth chamber at 24°C under continuous illumination (light
intensity 120umol m2 s?), and rice seedlings with 1.5 cm long seminal root (SR) were then
transferred to the hydroponic culture supplemented with modified Kimura B solution for different
inhibitor treatments. The modified Kimura B solution (pH 5.5, adjusted with HCI) contained
1.25mM (NH4),SO04, 2.5mM KNOs, 1mM CaCl;, 0.3 mM KHzPO4, 0.35mM K;SO4, 1mM
MgSO047H,0O, 0.5mM Na;SiO35H,0, 9uM MnCl>4H,0, 0.39uM Na:Mo042H,0, 20uM H3BOs3,
0.77uM ZnS0O47H,0, 0.32uM CuSO.5H,0 and 20uM Fe(l)-EDTA. The rice seedlings were

treated for 3 days unless otherwise noted and the hydroponic culture was refreshed every 2 days

Confocal microscopy

A Zeiss LSM 710 or Nikon Al confocal microscope was used with a x20 objective with
GFP was used to analyze ABCB19-GFP and DR5rev::GFP signals in the primary root meristem.

Quantitative analyses of the GFP signals were performed using Fiji (Schindelin et al., 2015).

Luminescence analysis

The luminescence emitted by the DR5::LUC plants was detected using charge-coupled
device (CCD) cameras integrated either in Nightshade LB985 (Berthold Technologies, Bad
Wildbad, Germany) imaging environment. To determine the effect of chemical inhibitors
DR5::LUC luminescence, the seedlings were kept in total darkness for 10 min before imaging.
Before imaging, the seedlings were transferred to new plates with or without chemical inhibiters

and then were sprayed with 1 mM D-luciferin solution (d-Luciferin dissolved in 0.01% (v/v) Tween-
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80 and 0.1% (v/v) DMSO; Duchefa Biochemie, Haarlem, the Netherlands). Luminescence was
captured with an exposure time of 15 min. After imaging, the picture series were saved as 8-bit
images in TIFF format for further analysis. Measurement of DR5::LUC signal intensities in the root

was performed using Fiji.

Compounds

All compounds used in the experiments (acitretin, bifonazole, clomiphene, clotrimazole,
doxepin, econazole, fluphenazine, flutrimazole, oxiconazole nitrate, perphenazine, tamoxifen,
tetraphenylphosphonium, trifluoperazine, trityl chloride) were obtained from Sigma-Aldrich

(Overijse, Belgium) and dissolved in DMSO.

Phenotype screen

Gas-sterilized Arabidopsis thaliana seeds (Col-0) were plated on ¥ Murashige and Skoog
(*2 MS) medium supplemented with the appropriate compounds at various concentrations (3
rows/plate, 0.5 cm between seeds). For the primary root length experiments, the plated seeds
were first stratified for 3 days in the dark at 4 °C and subsequently transferred to a growth chamber
under continuous light conditions at 21 °C. After 7 days of growth, the plates were scanned and
the primary root lengths of the seedlings were measured with Fiji (Schindelin et al., 2015). For
each treatment, 47-62 individual roots were measured. For the hypocotyl length experiments, the
plated seeds were stratified for 3 days in the dark at 4 °C. To induce germination they were
subjected to 4 hours light, prior to transfer to the dark. After 8 days of growth in the dark, the
plates were scanned and the hypocotyl lengths of the seedlings were measured with ImageJ. For

each treatment, 33-56 individual hypocotyls were measured.

GC-MS sterol profiling

10
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Arabidopsis thaliana seeds were grown on % MS plates (no sucrose) for 3 days until
germination. The seedlings were subsequently transferred to wells of 6-well plates containing 5
ml liquid %2 MS medium (no sucrose) and 0.5 or 5 uM of the appropriate compounds, or 0.1%
DMSO (1 well per sample, 5 biological replicates per treatment). The seedlings were grown for 5
days in these wells with the compounds, after which they were frozen in liquid nitrogen and

thoroughly ground into powder.

Approximately 100 mg (fresh weight) of plant material ground under liquid nitrogen was
extracted with 1 mL of methanol to which 5 ug/mL of B-amyrin was added as internal standard.
The extractions were carried out at room temperature for 30 min, after which the samples were
centrifuged at 20,800 x g for 5 min. The supernatant was collected and evaporated to dryness
under vacuum. The remaining plant material was lyophilized for dry weight determination. The
samples were derivatized for GC-MS analysis by adding 10 uL of pyridine and 50 pL of N-Methyl-
N-(trimethylsilyDtrifluoroacetamide (Sigma-Aldrich) to the residue. GC-MS analysis was carried
out using a GC model 6890 and an MS model 5973 (Agilent). A 1 pL aliquot was injected in
splitless mode into a VF-5ms capillary column (Varian CP9013, Agilent). The GC was operated
at a constant helium flow of 1 mL per min and the injector was set to 280°C. The oven was held
at 80 °C for 1 min after injection, then ramped to 280 °C at 20 °C per min, held at 280 °C for 30
min, ramped to 320 °C at 20 °C per min, held at 320 °C for one min, and finally cooled to 80 °C
at 50 °C per min. The MS transfer line was set to 250 °C, the MS ion source to 230 °C, and the
guadrupole to 150 °C, throughout. Full EI-MS (Electron Impact-MS) full scan spectra between m/z
60-800 were recorded after a solvent delay of 7.8 min. Peak areas were integrated using
Masshunter Qualitative Analysis Software (Agilent) and normalized against the dry weight of the
sample and the peak area of the internal standard. The total ion currents underneath the peaks
corresponding to campesterol, stigmasterol, B-sitosterol, isofucosterol and the internal standard

B-amyrin were determined for all samples. To correct for the loss of analyte during sample

11
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preparation or analysis, the values for these three sterols were normalized against the internal
standard B-amyrin, a pentacyclic triterpene alcohol with physicochemical properties similar to the
profiled sterols. In addition, the obtained values were also corrected for the amount of plant
material that was extracted by dividing the obtained values by the dry weight of the extracted plant
material. The relative abundance of the phytosterols 3-sitosterol, stigmasterol, campesterol and
isofucosterol in the different treatments was calculated by normalization against the DMSO

control.

Drug Affinity Responsive Target Stability (DARTS)

Seven-day-old CYP51G1-YFP Arabidopsis seedlings were used for total protein
extraction. The seedlings were ground in liquid nitrogen, resuspended in total protein extraction
buffer (25 mM Tris-HCI, pH 7.5, 150 mM NacCl; 0.1% [v/v] IGEPAL CA-630, and Roche cOmplete
ULTRA protease inhibitor cocktail, EDTA free) in a 1:2 (w/v) ratio, and centrifuged at 15,000 g to
discard the cell debris. After determining the protein concentration with the Quick Start Bradford
1x Dye Reagent (Bio-Rad), the cell lysate was split into LoBind tubes and incubated with DMSO
or Clot at a 20 uM concentration for 30 min at 4 °C with slow mixing. The treated protein extracts
were further aliquoted, and each of the aliquots was mixed with Pronase (Roche) at the
corresponding dilution prepared in pronase buffer (25 mM Tris-HCI, pH 7.5, and 150 mM NaCl)
to achieve the aimed ratio of total enzyme to total protein substrate. After incubation for 30 min at
room temperature, the proteolytic digestion was stopped by adding a protease inhibitor cocktail
(Roche), and the tubes were incubated on ice for 10 min. The protein samples were then mixed
with 4 x NUPAGE LDS sample buffer (Invitrogen) and 10 x NuPage reducing reagent (Invitrogen),
heated at 70 °C for 10 min, and loaded onto 4-15% Mini-PROTEAN® TGX™ Precast Gels (Bio-
Rad). The protein transfer to PVDF membranes was performed using the Trans-Blot® Turbo™
Rapid Transfer System (Bio-Rad) and the protein detection was done according to standard

protein gel blotting procedures. The membranes were probed with a-GFP HRP-coupled (1:5000;

12
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Miltenyi Biotec) and rabbit a-ATPB (1:2000; Agrisera; reference for plant protein loading). The
secondary antibodies were ECL a-rabbit IgG, horseradish peroxidase-linked whole antibody (GE
Healthcare). Blots were developed with Western Lightning Plus-ECL, Enhanced
Chemiluminescence Substrate (Perkin-Elmer), and imaged with the Bio-Rad ChemiDoc XRS+
molecular imager. Intensity of protein bands was measured with the Bio-Rad Image Lab software
package. The ratio between the compound- and mock-treated samples for each of the pronase

concentrations was calculated.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.1.2. Details of sample
size, replicates and statistical tests (two-tailed t-test, one-way ANOVA, two-way ANOVA and

Tukey’s multiple comparisons test) are stated in the corresponding legends.

Results

Hypocotyl and root phenotypes highlight putative phytosterol biosynthesis inhibitors

among a set of cholesterol biosynthesis inhibitors

As an indirect readout of defective phytosterol biosynthesis (Rozhon et al., 2013), we
monitored the ability of the inhibitors to reduce hypocotyl length of etiolated Arabidopsis seedlings
(Fig. 1A-E; Supplementary Fig. S2A). Bifonazole, clotrimazole and econazole strongly reduced
hypocotyl length and were already effective at 0.5 uM concentrations (Fig. 1A,C,D). Clomiphene
had an effect at higher concentrations (5 — 10 uM range) and tamoxifen reduced hypocotyl length
only at 10 puM (Fig. 1B,C,E). Another putative C-8,7 isomerase/DHCR24 inhibitor, Perphenazine,
as well as the DHCR24 inhibitors fluphenazine, acitretin, trifluoperazine and doxepin had no

significant effects on hypocotyl elongation, even at the highest concentration (10 pM) tested (Fig.

13
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1B and Supplementary Fig. S2A), suggesting that the latter are not effective inhibitors of

phytosterol biosynthesis.

Next, we analyzed the effects of these inhibitors on root growth of light grown seedlings
(Fig. 1F-J; Supplementary Fig. S2B). In comparison to seedlings grown in the presence of 0.1%
DMSO, several of the selected compounds strongly inhibited root growth. At concentrations as
low as 0.1 uM, clotrimazole reduced the primary root length by more than 50% compared to the
control, while, bifonazole and econazole did so at 0.5 uM (Fig. 1F,H,I). Clomiphene and tamoxifen
also strongly reduced the primary root length, albeit at higher concentrations (1 uM and above)
than the tested imidazoles (Fig. 1G,H,J). At concentrations of 5 UM and higher, clotrimazole,
clomiphene and tamoxifen caused severe reductions in primary root length. Consistently with the
low bioactivity in the hypocotyl elongation assay, acitretin, doxepin, perphenazine, fluphenazine
and trifluoperazine had no obvious effect on the primary root length at the highest tested
concentration of 10 uM (Supplementary Fig. S2B). Due to the low bioactivity in our assays, we
did not further pursue acitretin, doxepin, perphenazine, fluphenazine and trifluoperazine in the

subsequent analyses.

To assess the time needed to cause root growth defects, seedlings were transferred after
germination on normal medium to medium with 0.5 uM and 1 pM of the retained inhibitors
(Supplementary Fig. S2C,D). Notably, all tested imidazoles (bifonazole, clotrimazole and
econazole) yielded a rapid, near complete inhibition of root growth at 0.5 uM and 1 uM,
corroborating their high bioactivity. The inhibitory effect of clomiphene was less prominent at these
concentrations than for the imidazoles. The inhibition of tamoxifen on root growth could not be
confirmed in the transfer experiment, and was therefore no longer considered in the following
experiments. Lastly, we tested the effects of the remaining inhibitors on root growth in rice

(Supplementary Fig. S2E,F). Each of the inhibitors reduced the root growth both concentrations,

14



Clomiphene is a novel plant sterol biosynthesis inhibitor

with exception of econazole, inhibiting root growth only at 10 uM, indicating that rice root displays

a differential sensitivity to these imidazoles.

Inhibitor induced cell division orientation defects and ectopic auxin accumulation

Defective sterol biosynthesis is often associated with defective cell division orientation, as
is the case for cpil, fk and smt2smt3 double mutants (Jang et al., 2000; Men et al., 2008; Pullen
et al., 2010; Souter et al., 2002). Therefore, we visualized the root meristem organization of
inhibitor treated roots using ABCB19-GFP as a plasma membrane marker (Fig. 2A,B). We
focused on the inhibitors that caused reductions in the root growth assays. The typical regular
organization of the meristem was disrupted by all inhibitors, as indicated by the appearance of
aberrant cell division orientations (Fig. 2A,B). While bifonazole, clomiphene, and econazole
treatment potently disrupted cell division orientations in the root meristem, this was less obvious
upon clotrimazole treatment (Fig. 2A). Similarly, cell division orientation defects were induced
within 2 days of transfer to the inhibitors, and after 4 days the plasma membrane signal became

diffuse for the azoles, but not for clomiphene (Supplementary Fig. S3A,B).

A second phenotype often seen in sterol biosynthesis mutants is an ectopic auxin
accumulation in the lateral root cap (LRC) (Souter et al., 2002; Wang et al., 2021). Each of the
tested inhibitors induced the spreading of the auxin response marker DR5rev::GFP. Instead of
the typical restricted triangular expression maximum overlapping with the quiescence center and
columella, the inhibitor treatment induced ectopic signals in the LRC with varying efficiencies (Fig.
2C,D). A similar ectopic DR5rev::GFP signal could be induced within 2 days of transfer

(Supplementary Fig. S3C,D).

The ectopic auxin response signals in cpil-1 seems to involve induction of auxin

biosynthesis (Wang et al., 2021). Therefore, we asked if the effects on auxin biosynthesis could
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explain the short root phenotype after inhibitor treatment. The yuc3,5,7,8,9 quintuple (yucQ)
mutant has strongly reduced root auxin levels and can be rescued by a nanomolar amount of
auxin (Chen et al., 2014). However, none of the inhibitors could rescue the root growth of yucQ.
Instead, a similar relative root growth inhibition was seen as in WT (Supplementary Fig. S3E).
Moreover, the auxin receptor double mutant tirlafb2, displayed a similar inhibitor sensitivity as
WT (Supplementary Fig. S3E). This shows that the short root phenotype is probably not due to

the ectopic auxin accumulation.

Jointly, the induced cell division orientation defects and ectopic DR5rev::GFP signals
highlights bifonazole, clomiphene, clotrimazole and econazole as potential inhibitors of sterol

biosynthesis.

GC-MS analysis reveals disturbed sterol composition in Arabidopsis seedlings after

inhibitor treatment

Next, we determined the impact of the compounds on the sterol composition of
Arabidopsis seedlings (Fig. 3). Seedlings were transferred for 5 days to liquid medium (without
sucrose) containing 0.5 uM or 5 pM of bifonazole, clomiphene, clotrimazole and econazole.
Sterols were extracted and analyzed via gas chromatography-mass spectrometry (GC-MS), using
B-amyrin as an internal standard. The other major peaks in the GC-MS chromatograms
corresponded to the three major phytosterols in Arabidopsis (campesterol, stigmasterol, and (-
sitosterol), the sterol biosynthesis intermediate isofucosterol and a-tocopherol (vitamin E) (Fig.
3A). Structural characterization of these metabolites was conducted by matching their EI-MS

spectra against NIST 20 Mass Spectral Library (Supplementary Fig. S4).
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From these analyses, it was clear that most of the tested compounds had at least some
effect on the sterol composition of these three major phytosterols, and the -sitosterol-precursor
isofucosterol (Fig. 3B-E). All compounds strongly reduced the levels of isofucosterol (Fig. 3B),
suggesting that these molecules have an impact on sterol biosynthesis upstream of isofucosterol.
Consistently, the isofucosterol-derived sterols B-sitosterol and stigmasterol levels were also
reduced (Fig. 3C,D). A similar, albeit weaker, trend was observed for campesterol, with exception
of a slight increase for the 0.5 yM bifonazole treatment (Fig. 3E). Surprisingly, B-sitosterol levels
in the clotrimazole samples were markedly less reduced than those of its direct product
stigmasterol (Fig. 3D,E). This suggests that clotrimazole, in addition to its effects upstream of
isofucosterol, might also reduce the flux from 3-sitosterol to stigmasterol, rendering B-sitosterol

levels less sensitive to inhibition of upstream steps.
Clotrimazole, bifonazole and econazole are inhibitors of CYP51 activity in Arabidopsis.

To infer the sterol biosynthesis step that is most likely targeted by these inhibitors, we
revisited the TIC GC-MS full scan chromatograms for each treatment, in search of new peaks that
likely correspond to sterol biosynthesis intermediates, and derivatives thereof. In the TIC GC-MS
full scan chromatograms of all imidazole-treated samples, we observed the appearance of up to
4 new peaks, with metabolite 1 accumulating prominently in all imidazole treated samples (Fig.

4A; Supplementary Fig. S5A,B).

The GC-MS profiles of these metabolites displayed prominent ions at [M-CHs]* and [M-
TMSIOH-CHg]* (Fig. 4B,C; Supplementary Fig. S6A,B), which are indicative of A® sterols with a
14a-methyl group (Goad and Akihisha, 1997). The accumulation of A8 sterols with a 14a-methyl
group is consistent with clotrimazole, bifonazole and econazole inhibiting 14a-demethylase
activity in Arabidopsis (AtCYP51G1), a deeply conserved target of many azoles (Crowley and

Gallagher, 2014; Lamb et al., 2001). A NIST 20 database search revealed that the GC-MS
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spectrum of metabolite 4 matched with that of TMS-obtusifoliol (Fig. 4B), the preferred target of

AtCYP51G1.

Similarities in the major ions suggest that the other three metabolites could be derivatives
of obtusifoliol metabolites (Fig. 4 and Supplementary Fig. S6). Metabolite 1 was the major
accumulating metabolite not only for clotrimazole, but also for bifonazole and econazole
treatments (Fig. 4A, Supplementary Fig. S5A-B) and had an GC-MS spectrum that was also
highly similar to that of TMS-obtusifoliol (NIST ‘20) (Fig. 4C). The major differences between both
spectra were at the level of its molecular ion [M]*, and the fragments [M-CHs]* and [M-TMSIOH-
CHz3]*, all of which had an m/z value that was 12 Da lower than the corresponding ions in the GC-
MS spectrum of TMS-obtusifoliol. This suggests that it contains one carbon atom less than
obtusifoliol, yielding C29Hs0O (TMS not counted). This chemical formula corresponds to that of
14a-methyl-24(24)-dihydrofecosterol, the major metabolite accumulating in atcyp51gl mutants

(Kim et al., 2005).

The biosynthesis of 14a-methyl-24(28)-dihydrofecosterol from obtusifoliol requires C4a-
demethylation and C24(28) double bond reduction (Supplementary Fig. S5C). The C4a-
demethylation of obtusifoliol was also seen in the Atcyp51gl mutant with the accumulation 14a-
methyl-fecosterol (CaH4s0) (Kim et al., 2005). The molecular ion of metabolite 2, m/z 484
(Supplementary Fig. S6A), corresponds with a chemical formula of CxsH4sO and a double bond
equivalent (DBE) of 6, which indicates the presence of 2 double bonds. This metabolite could
thus be 14a-methyl-fecosterol. Metabolite 3 displayed the molecular ion at m/z 500
(Supplementary Fig. S6B), matching a chemical formula of C3oHs2,O and a DBE of 5, indicating a
single double bond. This corresponds to the main features of 24(24)-dihydro-obtusifoliol, another
metabolite that also accumulates in the cyp51 mutant (Kim et al., 2005). Jointly, the accumulation
of these 14a-methyl sterols indicates that clotrimazole, bifonazole and econazole inhibit CYP51

activity.
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To validate whether the Arabidopsis CYP51 is a direct protein target of clotrimazole, we
used the drug affinity-responsive target stability (DARTS) assay (Mishev et al., 2018). This assay
assumes that a protein’s sensitivity to proteolytic degradation is altered upon drug binding.
Lysates from Arabidopsis seedlings overexpressing ATCYP51G1-YFP (Rozhon et al., 2013),
were incubated with increasing concentrations of pronase, a mixture of proteases, in the presence
or absence of clotrimazole. Subsequent quantification of the intact protein revealed a significant
stabilization effect of clotrimazole on ATCYP51G1-YFP, but not on the unrelated endogenous
ATP synthase B (Fig. 4D,E). Therefore, the DARTS experiments corroborate that clotrimazole
can interact directly with CYP51G1. Together with the GC-MS analyses, these data show that

clotrimazole is a direct inhibitor of CYP51G1 in Arabidopsis.

Clomiphene inhibits CPI activity in Arabidopsis

In contrast to the imidazole TIC GC-MS chromatograms, no 14a-methyl-24(28)-
dihydrofecosterol (metabolite 1) peak appeared in the clomiphene chromatograms. Instead, five
new compounds appeared in the clomiphene-treated samples that were not induced in the
imidazole-treated samples (Fig. 5A; pink arrows), suggesting that clomiphene has a different
target than the imidazoles. The GC-MS spectrum of the most prominent peak (metabolite 9),
revealed a mixed spectrum, indicating the coelution of two metabolites (metabolites 9a and 9b).
A database search of the deconvoluted spectra revealed that the GC-MS spectra for these
metabolites corresponded to the fragmentation spectra of TMS-cycloeucalenol and TMS-a-

amyrin (Fig. 5B,C).

Similarly to TMS-cycloeucalenol, metabolite 6 and metabolite 7 showed two intense
fragment ions [M-TMSIOH]" and [M-TMSIOH-CHgs]*, and a (very) weak molecular ion ([M]*)
(Supplementary Fig. S7A,B), indicating these metabolites are also 9f3,19-cyclopropanesterols

(Goad and Akihisha, 1997), related to cycloeucalenol. Based on the m/z of their molecular ions,
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one is likely its demethylated version, 24-methylene pollinastanol (metabolite 6) and the other
differing from the previous by a reduced double bond, 24-methyl pollinastanol (metabolite 7)
(Supplementary Fig. S7A,B). The identity of these metabolites was further supported by a shared
fragment ion at m/z 269, representing the sterol backbone ([M-TMSIOH-SC]*) and a fragment ion
unique to 24-methyl pollinastanol at m/z 220 (Béhme et al.,, 1997). The accumulation of
cycloeucalenol, and its aberrant metabolites 24-methylene pollinastanol and 24-methyl
pollinastanol was also reported in the cpil-1 mutant (Men et al., 2008), suggesting that

clomiphene inhibits CYCLOPROPYLSTEROL CYCLOISOMERASEL1 (CPI1) activity (Fig. 5D).

The GC-MS spectrum of metabolite 5 was very similar to that of 24-methylene lophenol
(C29H450) (Zu et al., 2021), including major fragment ions (m/z 343, 255 and 229) (Supplementary
Fig. S7C).This suggests that the structure of metabolite 5 is closely related to 24-methylene
lophenol. The identity of metabolite 8 (Supplementary Fig. S7D) could not be reliably resolved
due to low abundance, but also resembled the spectrum of 24-methylene lophenol. The
accumulation of metabolites that are related to 24-methylene lophenol indicated that clomiphene
might also target enzymes acting downstream of 24-methylene lophenol, such as SMO2 and

SMT2/3.

Discussion

Phytosterol biosynthesis is orchestrated by complex, branched pathways that are
regulated by a wide range of enzymes, which makes the study of these processes often difficult.
While several mutants are available that are defective in specific steps of phytosterol biosynthesis,
these mutants often show severe growth phenotypes and are thus not ideal to study sterol
biosynthesis defects later in a plant’s life. Notably, mutants are also unavailable for studying sterol
biosynthesis in non-model species, making such studies largely reliant on sterol biosynthesis

inhibitors. Unfortunately, the current toolset of sterol biosynthesis inhibitors in plants is limited (De
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Vriese et al.,, 2021). The close homology of the structures and the relative conservation of
enzymes involved, explains why imidazoles that are known to block sterol biosynthesis in animals
and/or fungi can also interfere with sterol biosynthesis in plants (He et al., 2003; Rozhon et al.,
2013). While differences in structure and divergence of the catalytic centers may cause shifts in
specificity, inhibitors of human sterol biosynthesis should thus be enriched in molecules that can

interfere with plant sterol biosynthesis.

We exploited this principle by exploring a set of putative mammalian cholesterol
biosynthesis inhibitors and identified several new inhibitors of plant sterol biosynthesis. Based on
morphological and biochemical effects we demonstrate that the imidazoles, bifonazole,
clotrimazole, and econazole, and the selective estrogen receptor modulator, clomiphene, are
potent inhibitors of the canonical sterol biosynthesis pathway in plants. Matching the strong
functional conservation of CYP51 activities, the tested imidazoles were found to potently interfere
with CYP51G1 of Arabidopsis. This principle could not be applied for clomiphene. Instead of
targeting the expected homologous enzymes with C8,7 isomerisation or C24-reductase activities,
we found that clomiphene targeted CPI activities in Arabidopsis. Notably, multiple inhibitors of
human sterol biosynthesis did not have strong effects on plant growth, indicating that they do not

inhibit plant sterol biosynthesis, and were therefore not further analyzed.

Jointly, these data suggest that the exploration of inhibitors of human sterol biosynthesis
is a valuable approach for identifying new inhibitors of plant sterol biosynthesis. Exploration of
structural variants for improving affinity and specificity could lead to the development of plant-

specific sterol biosynthesis inhibitors.

Bifonazole, clotrimazole and econazole are inhibitors of plant CYP51 activity
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Multiple azoles were identified as potent fungicides by inhibiting the cytochrome P450-
dependent monooxygenase CYP51 (Shafiei et al., 2020). They typically act by non-competitive
binding to the ferric ion of the heme group of the cytochrome P450, thus preventing substrate
binding (Warrilow et al., 2013). Sterol C14-demethylation is a highly conserved step in sterol
biosynthesis in eukaryotes, and is mediated by CYP51 enzymes. The strong conservation of
CYP51 enzymatic activity is also reflected in its broad sensitivity to different azoles (Shafiei et al.,
2020). Yet, sequence divergence between fungi, plants and animals has installed differential
sensitivities to azoles, allowing their application as fungicides in medicine and agriculture. In
example, bifonazole, clotrimazole, and econazole are commonly used to treat fungal infection of
the skin and urogenital tracts, reflecting their preference towards fungal over human CYP51s
(Warrilow et al., 2013). We found that bifonazole, clotrimazole, and econazole interfered with plant
growth and development, with effects already at submicromolar concentrations. Of these
inhibitors only clotrimazole was previously shown to be bioactive in plants; it is toxic to Lemna
species (Alkimin et al., 2020), and it inhibits radish root growth (Bach, 1985), and root gravitropism
in Pisum sativum (Amzallag and Vaisman, 2006). These studies did not provide biochemical
evidence that sterol biosynthesis was indeed inhibited in these conditions. Our GC-MS analysis
revealed that bifonazole, clotrimazole, and econazole treatments induce the accumulation of
sterol biosynthesis intermediates that also accumulate in the Arabidopsis cyp51 mutant (Kim et
al., 2005). Similarly, clotrimazole caused a lowering of the major sterols and accumulation of
obtusifoliol in marine algae (Porsbring et al., 2009). Moreover, our DARTS analyses demonstrated
direct interaction between clotrimazole and AtCYP51, providing compelling evidence that
clotrimazole likely directly inhibits CYP51 activities in plants. In extension it is thus also likely that
bifonazole, and econazole directly inhibit the Arabidopsis CYP51 orthologue (CYP51G1).

Azoles may also have additional cytochrome P450 targets in the sterol biosynthesis
pathway. In example, the conversion of B-sitosterol into stigmasterol is mediated by CYP710A
sterol C22-desaturases. The additional inhibition of CYP710A could explain the high levels of 3-
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sitosterol compared to the prominent reduction of stigmasterol in the clotrimazole treated samples
(Fig. 3C,D). The dual inhibition of C-14 demethylase (CYP51), and C-22 desaturase activity
(CYP710A) was recently suggested for clotrimazole effects on the freshwater microalga Chlorella
sorokiniana (Voshall et al., 2021).

Clotrimazole was likely more potent than bifonazole and econazole in inhibiting CYP51
and CYP710A activities, as indicated by the more pronounced accumulation of obtusifoliol and
derived aberrant sterols, and the less pronounced reduction of 3-sitosterol. A consequence of the
latter may be reflected in the modest effect of clotrimazole on cell division orientation compared
to the other inhibitors (Fig. 2). This is in line with the observation that exogenously supplied -
sitosterol could recover abnormal lateral root development in smt2smt3 mutants (Nakamoto et
al., 2015). Jointly, these data highlight clotrimazole, bifonazole and econazole as potent inhibitors

of plant sterol biosynthesis, acting directly on CYP51 and possibly also on CYP710.

Clomiphene is a novel plant sterol biosynthesis inhibitor

Clomiphene is well known as estrogen receptor agonist or antagonist, depending on the
target tissue, and is used to induce ovulation or treat breast cancer. In a repurposing screen of
FDA (US Food and Drug Administration) approved drugs, clomiphene was identified as an
inhibitor of A8-7 sterol isomerase and DHCR24 activities (Korade et al., 2016). The corresponding
enzymes in plants are the A8-7 sterol isomerase HYDRAL, and the C24 sterol side chain
reductase DWARF1. Consistently with inhibition of sterol biosynthesis enzymes, clomiphene
caused altered cell division patterns in the root meristem that were associated with reduced sterol
levels. Unexpectedly, the analysis of the sterol biosynthesis intermediates indicated that
clomiphene interferes with cyclopropylsterol-cycloisomerase (CPI), and possibly another step

downstream of 24-methylene lophenol.
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Current CPI pharmacology consists of morpholines such as fenpropimorph (Taton et al.,
1987), and LDAO (Darnet et al., 2020). Similarly to clomiphene, neither inhibitor is selective for
CPI. Morpholines additionally inhibit the C14 sterol reductase (FACKLE) and A8-7 sterol
isomerase (HYDRAL) activities (Taton et al., 1987), while LDAO is a potent inhibitor of 2,3-
oxidosqualene cyclization to cycloartenol and B-amyrin (Cerutti et al., 1985). Clomiphene caused
the accumulation of two other metabolites. These metabolites seem related to 24-methylene
lophenol, suggesting that clomiphene also targets downstream enzymes such as SMO2 and

SMT2/3.

In human liver microsomes, nine clomiphene metabolites could be identified that were
more potent estrogen antagonists than clomiphene itself (Murdter et al., 2012). It is therefore not
unlikely that clomiphene is also metabolized in plants, and that one or more of these metabolites
inhibit one or more steps of plant sterol biosynthesis. A more detailed exploration of clomiphene
metabolism in plants will be required. Interestingly, CPl is a plant-specific enzyme (Desmond and

Gribaldo, 2009), indicating that it is an interesting target for developing novel herbicides.

A call for caution for using estradiol and SERM-inducible systems

Our analyses identified clomiphene, a Selective Estradiol Receptor Modulator (SERM), as
an inhibitor of sterol biosynthesis in plants. Clomiphene caused aberrant cell divisions in the root
meristem. Similar cell division phenotypes were observed with tamoxifen, that can be metabolized
in human cells into the SERM, 4-hydroxytamoxifen. This suggests that estrogen receptor ligands

potentially inhibit sterol biosynthesis in plants.

Several systems that are commonly used for chemically induced expression in plants use
estradiol or 4-hydroxytamoxifen as an activating ligand. The most popular system involves the

chimeric transcription factor XVE, that can activate a LexA operator based promoter in response
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to B-estradiol (Zuo et al., 2000), that is typically applied between 2 and 10 uM in Arabidopsis
(Schlucking et al., 2013; Wang et al., 2020; Yamada et al., 2020), and up to 20 yM in rice
protoplasts (Chen et al., 2017). A derivative hereof allows for activation of UAS operator based
promoters in response to the SERM 4-hydroxytamoxifen (Friml et al., 2004), that is typically
applied at 2 uM in Arabidopsis (Kitakura et al., 2011). The concentrations of these ligands are in
the range of, and even higher than, those at which we observed significant root growth
phenotypes for clomiphene and tamoxifen, molecules whose chemical space closely matches
that of the inductive ligands, B-estradiol and 4-hydroxytamoxifen, respectively. This indicates that
some of the observed phenotypes in such inducible backgrounds may be modified by reduced
sterol content, or the accumulation of sterol biosynthesis intermediates. This calls for caution for
using such inducible systems in the context of cell biological processes that are sterol-dependent,
such as clathrin-mediated endocytosis (Men et al., 2008), cytokinesis (Boutte et al., 2010;

Nakamoto et al., 2015) and polarity (Men et al., 2008; Stanislas et al., 2015).

Supplementary data

Supplementary Fig. S1. Scheme of sterol biosynthesis in fungi, animals and plants

Supplementary Fig. S2 Additional dose responses, transfer experiments and effects on rice roots

Supplementary Fig. S3 Root responses to short-term inhibitors treatment.

Supplementary Fig. S4 Molecular identification of major sterols via GC-MS

Supplementary Fig. S5 Bifonazole and econazole induce accumulation of metabolite 1

Supplementary Fig. S6 GC-MS spectra of metabolite 2 and 3

Supplementary Fig. S7 GC-MS spectra of metabolites 5, 6, 7, 8
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Table 1. List of putative sterol biosynthesis inhibitors selected for analysis in Arabidopsis

Compound Common use Mammalian target in | Analogous Arabidopsis
sterol biosynthesis enzyme(s)
Bifonazole antifungal CYP51A1 CYP51G1
Clotrimazole antifungal CYP51A1 CYP51G1
Econazole antifungal CYP51A1 CYP51G1
Clomiphene SERM EBP and DHCR24 HYD1 and DWF1
Tamoxifen SERM EBP and DHCR24 HYD1/DWF1
Perphenazine | antipsychotic, CaM EBP and DHCR24 HYD1/DWF1
antagonist
Fluphenazine antipsychotic, CaM EBP HYD1
antagonist
Acitretin retinoid antipsoratic DHCR24 DWF1
Doxepin antipsychotic DHCR24 DWF1
Trifluoperazine | antipsychotic, CaM DHCR24 DWF1
(TFP) antagonist
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Fig. 1. Effect of putative sterol biosynthesis inhibitors on hypocotyl and root length. (A-B) Dose-
response curves of hypocotyl lengths of etiolated seedlings 8 days after germination on (A) Clotrimazole
(Clot), Bifonazole (Bif) or Econazole (Eco) and (B) Clomiphene (Clom), Tamoxifen (Tam) or Perphenazine
(Perph). (C-E) Representative images of etiolated seedlings exposed to (C) 0.1% DMSO, (D) Clotrimazole
and (E) Clomiphene. (F-G) Dose-response curves of primary root lengths of seedlings grown for 7 days
under continuous illumination in presence of (F) Clotrimazole, Bifonazole or Econazole and (G)
Clomiphene, Tamoxifen or Perphenazine. (H-J) Representative images of etiolated seedlings exposed to
(H) 0.1% DMSO, (I) Clotrimazole and (J) Clomiphene. Averages for each condition are depicted relative to
the DMSO (0.1%) control (0.1 %). n = 33 — 56 Error bars indicate +SEM. Student’s t-test p-values: *p <

0.05, ***p < 0.001. Scale bar =1 cm.
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Fig. 2. Perturbed cell division orientation and auxin distribution in the root meristem after inhibitor
treatment. (A) Root organization of 5 day-old ABCB19-GFP seedlings grown on media with different
inhibitors Scale bar = 50 um. (B) Quantification of anticlinal cell wall orientation of cortex cells relative to
horizontal (n = 5 roots, 15 cells/root). (C) Expression pattern of DR5rev::GFP in the root meristem grown
on media with different inhibitors for 7 days. Scale Bar, 100 um. Arrowheads indicate expression in the
lateral root cap (LRC). Color scale indicates relative fluorescence intensities. (D) Quantification of the
DR5rev::GFP signal in the LRC (n = 13). Treatments are DMSO (0.1%), Bifonazole (1 uM), Clomiphene (1

1M), Clotrimazole (1 uM), Econazole (1 uM).
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Fig. 3. Relative quantification of the major sterols after inhibitor treatment. (A) Representative Total
lon Current (TIC) GC-MS chromatogram of DMSO-treated seedlings, with annotation of the major peaks.
(B-E) Peak intensities of (B) isofucosterol , (C) B-sitosterol, (D) stigmasterol and (E) campesterol in
seedlings treated with two concentrations (0.5 or 5 uM) of Bifonazole (Bif), Clomiphene (Clom), Clotrimazole
(Clot) and Econazole (Eco), relative to DMSO (0.1%). Error bars represent SEM. n = 5. Student’s t-test *p

< 0.05, **p < 0.01, ***p < 0.001. Non-significant (n.s.) p = 0.05.
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Fig. 4. Clotrimazole target identification. (A) Overlay of a representative TIC GC-MS chromatogram of a

control sample and samples treated with 5 uM clotrimazole. Four new peaks induced by clotrimazole

treatment are indicated by numbers. (c) is a contaminant. (B-C) Comparison of the GC-MS profile of TMS-

obtusifoliol (NIST '20) to (B) metabolite 2 and (C) metabolite 1. Major fragment ions are indicated in red.

(D) DARTS analysis of the protein susceptibility to proteolytic degradation. Total protein extracts of

35S::AtCYP51G1-YFP seedlings were incubated with DMSO or clotrimazole (20 uM) and then challenged

with different pronase dilutions. The AtCYP51G1-YFP protein levels were detected by protein gel blot (WB)

analysis using anti-GFP and anti-ATP antibodies. (E) Quantification of the protein band intensity relative

to the DMSO control. n=3. p < 0.05 by two-way ANOVA analysis followed by Tukey’s multiple comparisons

test. Letter code labels significant differences.
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Fig. 5. GC-MS based identification of CPI1 as a clomiphene target. (A) Overlay of a representative TIC
GC-MS chromatogram of the controls and the samples treated with 5 uM clomiphene. Arrows indicate the
positions of the novel accumulating metabolites. (c) = contaminant. (B,C) Comparison of the GC-MS profile
of Metabolite 9a to TMS-Cycloeucalenol (B) and Metabolite 9b to TMS-a-amyrin (C). Reference GC-MS
profiles obtained from the Golm Metabolome Database and NIST 20. Major fragment ions are indicated in
red. (D) Model explaining how clomiphene treatment could lead to accumulation of cycloeucalenol
(metabolite 9a) and subsequent conversion to 24-methylene pollinastanol (metabolite 6) and 24-methyl

pollinastanol (metabolite 7).
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