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ABSTRACT

Chemical inhibitors are often implemented for the functional characterization of genes
to overcome the limitations associated with genetic approaches. Although it is well
established that the specificity of the compound is key to success of a pharmacological
approach, off-target effects are often overlooked or simply neglected in a complex
biological setting. Here we illustrate the cause and implications of such secondary
effects by focusing on piperonylic acid (PA), an inhibitor of CINNAMATE-4-
HYDROXYLASE (C4H) that is frequently used to investigate the involvement of lignin
during plant growth and development. When supplied to plants, we found that PA is
recognized as a substrate by GRETCHEN HAGEN 3.6 (GH3.6), an amido synthetase
involved in the formation of the indole-3-acetic acid (IAA) conjugate IAA-Asp. By
competing for the same enzyme, PA interferes with IAA conjugation, resulting in an
increase in IAA concentrations in the plant. In line with the broad substrate specificity
of the GH3 family of enzymes, treatment with PA increased not only IAA levels but also
those of other GH3-conjugated phytohormones, namely jasmonic and salicylic acid.
Finally, we found that interference with the endogenous function of GH3s potentially
contributes to phenotypes previously observed upon PA-treatment. We conclude that
deregulation of phytohormone homeostasis by surrogate occupation of the conjugation
machinery in the plant is likely a general phenomenon when using chemical inhibitors.
Our results hereby provide a novel and important basis for future reference in studies

using chemical inhibitors.



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

INTRODUCTION

Unraveling the physiological function of genes is challenging and a frequent
strategy towards this goal is the use of loss-of-function mutants. Such strategies
however come with limitations. Due to gene redundancy or compensation mechanisms
phenotypes can be masked and if lethal phenotypes are obtained further analysis of
the mutants is impossible (Bouche and Bouchez, 2001, Rohde et al., 2004, El Houari
et al., 2021b). An alternative approach is to use chemical inhibitors to interfere with the
protein of interest and mimic loss-of-function mutants. These inhibitors work rapidly,
their treatment is often reversible and they can be applied at a concentration and
developmental time-point of interest, thereby circumventing problems related to
lethality (McCourt and Desveaux, 2010). In addition, gene redundancy is less of an
issue, as inhibitors often target related proteins, allowing simultaneous inactivation of
different members of a gene family (Park et al., 2009). On the other hand, this lack of
specificity is often considered a drawback of pharmacological approaches, as it could
come with unwanted off-target effects (Bain et al., 2007, Karaman et al., 2008). For
example triiodobenzoic acid (TIBA), which is used to study polar indole-3-acetic acid
(IAA) transport through inhibition of the IAA efflux carrier PIN1 (Geldner et al., 2001),
was found to also perturb the plasma membrane proton-motive force (Dindas et al.,
2020). In addition, aminoethoxyvinylglycine (AVG), an inhibitor of ethylene
biosynthesis (Hanson and Kende, 1976, Najeeb et al.,, 2015), also inhibits IAA
biosynthesis (Soeno et al., 2010). Whereas such off-target effects can have a great
impact on data interpretation, they are often only discovered after many years of

research.
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Piperonylic acid (PA) is a well-known inhibitor of CINNAMATE-4-
HYDROXYLASE (C4H; (Schalk et al., 1998, Van de Wouwer et al., 2016, Desmedt et
al., 2021, El Houari et al., 2021b) that is often used to demonstrate the involvement of
the phenylpropanoid pathway in distinct developmental and physiological plant
processes (Naseer etal., 2012, Lee et al., 2013, Reyt et al., 2020). We previously used
PA to investigate the role of phenylpropanoid-derived lignin in seedling development
(El Houari et al., 2021b), and demonstrated that PA-treated seedlings phenocopy a
c4h-4 mutant by showing an accumulation of adventitious roots (ARS) in the top part
of the hypocotyl. This apical accumulation of ARs upon blocking C4H was found to be
caused by an inhibition of 1AA transport. In this follow-up study we demonstrate that
PA is recognized as a substrate by GRETCHEN HAGEN 3.6 (GH3.6), an enzyme
involved in the inactivation of IAA. By competing for the same enzyme, PA interferes
with the conjugation of IAA, resulting in increased free IAA concentrations in the plant.
Using PA as a case study we expose potential risks when treating plants with
exogenous molecules to study plant biology, as their conjugation could effectively
deregulate phytohormone homeostasis. Hereby we provide a new model for potential

broad off-target effects when treating plants with exogenous molecules and inhibitors.

RESULTS

The c4h-4 mutant and PA-treated seedlings show metabolic differences

In the model plant Arabidopsis thaliana CINNAMATE-4-HYDROXYLASE (C4H)
is encoded by a single copy gene (El Houari et al., 2021b). As redundancy is not at
play for this gene, similar metabolic profiles are expected for c4h knockout mutants
and plants treated with PA, a well-known C4H inhibitor (Schalk et al., 1998, El Houari

et al., 2021b). To assess this, we reevaluated a previously reported metabolic profiling
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of etiolated mock-treated Col-0, PA-treated Col-0 and c4h-4 mutant seedlings
transferred to the light for 7 days (El Houari et al., 2021b), now solely comparing the
metabolic profiles obtained from c4h-4 mutants and PA-treated seedlings. PCA
analysis showed the formation of two separate clusters (Fig. 1A), pinpointing some
metabolic differences between the two conditions. The most evident explanation for
this difference is the presence of PA itself, as PA was not supplied to the c4h-4
mutants. A total of 398 statistically significant differentially abundant compounds were
detected between the c4h-4 mutant and PA-treated seedlings (p<0.0001). To further
investigate the cause of this difference we assessed the top 15 of differentials between
both conditions (Table 1, Fig. S1). All 15 compounds were present in the PA-treated
samples but nearly entirely absent in the c4h-4 mutant. Out of this list, eight could be
characterized and these were all either free PA or PA-conjugates (Table 1). The
highest differentially accumulating compounds were the amino acid conjugates PA-
Asp and PA-Glu, with the detected quantity of PA-Asp being higher than that of all 14
other top differential compounds combined. Noteworthy was also the lower amount of
free PA detected compared to its conjugates, reflecting, in accordance to previously

reported data (Desmedt et al., 2021), a strong detoxification of PA by the plant.

PA is conjugated to Asp by GH3.6

The conjugation of metabolites to amino acids in plants is conducted by the GH3
protein family (Staswick et al., 2005) and is key in the homeostasis of phytohormones
and other bioactive molecules. Among these, the GH3.6-mediated conjugation of IAA
to Asp, Ala, Phe and Trp is one of the best documented processes (Staswick et al.,
2005). Intriguingly, PA and IAA are similar in size (166 and 175 Da, respectively) and

both molecules consist of a planar aromatic carbon skeleton and a side chain
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containing a carboxylic acid (Fig. 1B). Despite these similarities, both compounds have
a different core carbon skeleton, PA being a benzodioxane whereas IAA is an indole.
Additionally, the length of the side chains differs for both compounds. However,
considering the general substrate promiscuity of the GH3s (Staswick et al., 2005), it is
not unlikely that PA could also be recognized by GH3.6 as a substrate. To predict
whether binding of PA to GH3.6 is possible and to estimate the likelihood of such an
event, we performed an in silico docking experiment using PA as well as I1AA as
substrates (Fig. 1C). As the structure of GH3.6 has not yet been solved, we did a
comparative modelling using the crystal structure of GH3.5 as a template. Since GH3.6
is expected to have the same two-step catalytic mechanism as GH3.5 (Westfall et al.,
2016), we retained adenosine monophosphate (AMP) within our model. Docking
results of the best predicted binding pose for the natural ligand IAA on the modeled
GH3.6 structure showed an excellent correspondence with the binding pose adopted
by IAA within the original crystal structure (Fig. 1C, left panel). This suggests that the
binding of IAA onto GH3.6 is indeed very likely to happen via the same interactions as
in GH3.5. A comparison of this result with the docked poses of PA revealed the
occurrence of a bound pose almost identical to that of IAA (Fig. 1C, right panel). This
indicates that PA could be a strong ligand for GH3s. To gain empirical evidence that
PA can indeed be conjugated by GH3.6, we evaluated the conjugation of PA by GH3.6
in vitro (Fig. 1D). GH3.6 was fed in vitro with different substrates, and the products of
the reaction were detected via TLC. A standard for PA-Asp was also included. As a
control we provided GH3.6 with either IAA alone, which yielded only IAA, or IAA and
Asp, which yielded both IAA and IAA-Asp. Similarly, feeding GH3.6 with PA yielded

only PA whereas feeding GH3.6 with PA and Asp resulted in the formation of the PA-



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Asp conjugation product. This demonstrates that PA can indeed be conjugated to Asp

by GH3.6 in vitro.

Conjugation of PA impacts phytohormone homeostasis

Having shown that GH3.6 conjugates PA to Asp, we speculated that high PA
levels could overload the conjugation machinery of the plant and thus obstruct the
conjugation of IAA. To verify this model, we assessed whether PA treatment could
specifically interfere with the conjugation of IAA to Asp in a cellular context (Fig. 2A-B,
Table S2). For this purpose, IAA and IAA-conjugate concentrations were measured
upon 1, 10, 20 and 60 minutes after addition of 20 nM 3H-IAA with or without 50 uM
PAin BY-2 cell cultures. Whereas the mock-treated samples showed a clear decrease
in the relative levels of IAA over time, PA-treated samples did not. Conform to these
results, mock-treated samples showed an increase in the relative levels of both
glycosylated and Asp-conjugated products, whereas such an increase was less
pronounced in PA-treated samples. In addition, interesting to note is that the
contribution of IAA-Asp to the pool of IAA conjugates seemed to be minor in

comparison to the IAA glycosyl esters (Fig. 2A-B, Table S2).

We next verified whether treatment with PA would also result in an increase in
IAA levels in Arabidopsis seedlings due to an interference with IAA conjugation. For
this purpose, we measured the levels of both IAA and IAA-Asp in etiolated mock- and
PA-treated Col-0 seedlings after transfer to the light for 7 days. We indeed observed
an increase in IAA-levels of more than 3-fold (Fig. 2C). However, the levels of IAA-Asp
were also significantly increased (Fig. 2D), potentially due to a feedback response of
the plant to cope with the increased levels of IAA. Alternatively, GH3 expression could

be upregulated in response to the high levels of PA or due to the accumulation of
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intermediates upstream of C4H. To assess this, we quantified the shift in expression
of IAA-conjugating GH3 genes in mock- or PA-treated seedlings (Fig. 2E; (Staswick et
al., 2005)). Of the six GH3 genes tested, five showed a significant upregulation upon
PA treatment (i.e. GH3.1, GH3.2, GH3.3, GH3.5 and GH3.6). This upregulation in GH3

expression could explain the increased levels of IAA-Asp.

The conjugation of endogenous plant hormones by GH3s has not only been
described for IAA but also for other phytohormones, namely jasmonate (JA) and
salicylic acid (SA) (Zhang et al., 2007, Ding et al., 2008, Westfall et al., 2016,
Casanova-Saez and Voss, 2019). We thus verified whether treatment of plants with
PA would not only increase levels of IAA but also JA and SA levels (Fig. 2F). For this
purpose, we measured the levels of IAA, JA and SA in etiolated mock- and PA-treated
Col-0 seedlings transferred to the light for 7 days. As observed previously, IAA levels
were strongly increased in PA-treated seedlings. In addition, conform to our
hypothesis, JA and SA levels were increased significantly upon PA treatment, with JA
levels showing a fold increase higher than that of IAA. Although we cannot exclude
that the increased levels of JA and SA are secondary to the altered IAA homeostasis,
these results indicate that the occupation of the plant conjugation machinery by PA

has a broad-spectrum effect on hormone levels in the plant.

Obstructing the function of GH3s results in increased adventitious rooting

We next assessed whether interference of PA with IAA conjugation could
contribute to visible phenotypes in the plant. For this purpose, we first assessed
potential phenotypic differences between PA-treated and c4h-4 seedlings. Both were
previously shown to have a strongly induced AR growth, specifically at the top part of

the hypocotyl (El Houari et al., 2021b). However, whereas for the c4h-4 mutant this
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went paired with a reduction in ARs in the bottom part, PA-treated seedlings did not
show such a reduction. To see whether this phenotype is dose-dependent, we
investigated AR growth in c4h-4 seedlings and seedlings treated with a concentration
range of PA (0-200 uM; Fig. 3A) after etiolation and transfer to the light for 7 days. ARs
were quantified while also considering their localization on the hypocotyl, being either
at the top third part or the bottom two thirds part. PA-treated seedlings showed a clear
apical increase in ARs compared to mock-treatment, with no significant decrease in
ARs in the bottom two thirds for any of the concentrations tested (Fig. 3A). The total
number of ARs was lower for concentrations 100-200 uM PA than for 25 and 50 uM
PA, likely due to toxicity of the high concentrations of PA to the plant. On the other
hand, the c4h-4 mutant showed a significant apical increase of ARs but a near

complete depletion of ARs in the bottom two thirds part of the hypocotyl (Fig. 3A).

The apical shift in ARs upon blocking C4H is caused by an impaired IAA
transport, leading to an apical accumulation and basal depletion in I1AA levels (El
Houari et al., 2021b). Whereas the c4h-4 mutant shows a near complete basal
depletion in ARs, a small, non-significant reduction in ARs in this region was only
visible for high, likely toxic concentrations of PA. We hypothesized that in PA-treated
seedlings obstruction of GH3 function by PA leads to a local increase in IAA levels,
hereby allowing for basal AR growth. To assess whether obstruction of GH3s by PA
could indeed impact AR growth we compared AR growth in mock- and PA-treated Col-
0 seedlings to a sextuple gh3 mutant (Fig. 3B-C). This mutant bears knockouts for the
same GH3 genes whose expression we previously assessed (gh3.1-6). As before, PA-
treated Col-0 seedlings displayed a strong increase in total ARs compared to the mock-

treated Col-0 plants and this increase was specifically situated at the top part of the
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hypocotyl. Correspondingly, the gh3 sextuple mutants also showed a strong induction
of ARs compared to the mock-treated Col-0 plants (Fig. 3B-C), albeit along the entirety
of the hypocotyl. These results demonstrate that prohibiting GH3-mediated conjugation
of IAA upon PA-treatment is likely to contribute to an overall increase in AR growth

proliferation.

DISCUSSION

Plants make extensive use of bioactive molecules to steer their growth and
development. As these molecules can negatively affect plant growth when mislocalized
or when over or under abundant, their levels are under tight control. Accordingly, plants
are equipped with a range of enzymes that mediate the conjugation and/or
sequestration of these compounds, such as UDP-glycosyltransferases (UGTS),
glutathione-S-transferases (GSTs) and amido synthetases (Schroder and Collins,
2002, Casanova-Saez et al., 2021). For example, the glycosylation of several
phenylpropanoids allows for the regulation of their endogenous levels via
sequestration into the vacuole (Dima et al., 2015, Le Roy et al., 2016), a mechanism
which is proposed to mitigate the toxicity of bioactive phenylpropanoid accumulation
(Le Roy et al., 2016, Steenackers et al., 2019, Vanholme et al., 2019, El Houari et al.,
2021a). Such conjugating enzymes tend to have large substrate promiscuities and can
act both on endogenous compounds as well as compounds that are exogenous to the
plant (Staswick et al., 2005, Aoi et al., 2020, Mateo-Bonmati et al., 2021).
Consequently, when exogenous compounds are supplied in excess, their inactivation
could overwhelm the pool of catabolic enzymes and jeopardize the homeostasis of

endogenous bioactive compounds.
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In this study we assess potential off-target effects of the C4H inhibitor PA. We
confirm previous findings that both PA-treated and c4h-4 mutant seedlings show an
increase of ARs in the top part of the hypocotyl caused by an inhibition in IAA transport
(El Houari et al., 2021b). As the apical induction of ARs and inhibition in IAA transport
were confirmed in both PA-treated seedlings and c4h-4 mutant seedlings, we can infer
that these phenotypes are indeed caused by the inhibition of C4H. However, here we
also demonstrate that GH3.6, an enzyme known to be involved in the conjugation of
amino acids to a variety of molecules, recognizes and conjugates PA, resulting in an
increase in the levels of free IAA. Although we focused on GH3.6, it is likely that PA is
also recognized by other GH3 enzymes and interferes with their normal cellular activity.
In addition, glucosyl conjugation products of PA were highly accumulating in PA-
treated seedlings and treatment with PA impaired the conjugation of IAA to glucose,
likely by also blocking the endogenous function of UGTSs. This indicates that also the
conjugation of IAA to sugars by UGTs and possibly other classes of conjugating

enzymes is impaired by PA.

Besides the PA-mediated increase of endogenous IAA levels, we also
demonstrated an increase in the concentration of JA and SA in PA-treated seedlings.
As both JA and SA are recognized by GH3s and UGTs (Zhang et al., 2007, Ding et al.,
2008, Westfall et al., 2016, Casanova-Saez and Voss, 2019), it is tempting to link the
increase in their concentrations upon PA treatment to a mechanism similar to the one
described for IAA. However, alternative mechanisms should not be excluded. For
example, the increased levels of JA and SA could be secondary to the altered auxin
homeostasis. In addition, the PA-mediated increase in SA-levels could be a direct

consequence of the inhibition of C4H, as the substrate of C4H (i.e. cinnamic acid) acts



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

as a precursor of SA (Lefevere et al., 2020, Vlaminck et al., 2022). Considering the
critical role of phytohormones in a wide range of plant processes, these findings imply
that occupation of the conjugation machinery of the plant by PA could affect a large
array of biological processes. Also, and importantly, treatment with other exogenous
compounds will likely also obstruct the metabolism of endogenous molecules in a
similar manner. Therefore, other chemical inhibitors could, analogously to PA,
influence phytohormonal homeostasis by hijacking the plant conjugation machinery.
As a consequence, the transcriptome, proteome and metabolome might be altered by
such treatment in an indirect manner, causing erroneous conclusions to be drawn. We
therefore advise to take into account the catabolism of the exogenous compound by
the plant, as this could give valuable insight into possible off-target effects caused by

the implemented compound and prohibit confusing primary with secondary effects.

MATERIAL & METHODS

Plant material, transgenic lines, chemicals and growth conditions

Arabidopsis thaliana of the Col-O ecotype was used for all analyses unless stated
otherwise. The c4h-4 mutant (GK-753B06; (Kleinboelting et al., 2012)) was obtained
from the NASC institute. The gh3 sextuple mutant was obtained from prof. Paul
Staswick (Porco et al., 2016). Seeds were vapor-phase sterilized and plants grown on
% Murashige & Skoog (MS) medium (pH 5.7) containing 2.15 g MS basal salt mixture
powder (Duchefa), 10 g sucrose, 0.5 g MES monohydrate, 8 g plant tissue culture agar
per liter. When relevant, the medium was supplemented with either dimethyl sulfoxide
(DMSO) as a mock treatment or PA (Sigma Aldrich). This compound was prepared as
a stock solution in DMSO and was added to the autoclaved medium before pouring

the plates. Seeds were stratified using a 2-day cold treatment. To stimulate etiolation,
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seeds were given a 4h light pulse and transferred for 7 days to darkness at 21°C.
Plates were then transferred to a tissue culture room for 7 days under a 16-h-light/8-h-
dark photoperiod at 21°C, after which relevant analyses were conducted.

Metabolic profiling and analysis

For each repeat 8 seedlings were pooled after etiolation and transfer to the light for 7
days. The material was flashfrozen in liquid N2 and ground using a Retsch mill (1 min,
20 Hz, 5-mm bead). Samples were supplied with 1 mL methanol and incubated for
15 min at 70 °C while shaking at 1000 rpm. Samples were then centrifuged and 800 L
of the supernatant was dried under vacuum. The pellet was dissolved in 100 pL
cyclohexane and 100 yL milliQ water was added. After centrifugation 70 pL of the water
phase was subjected to UHPLC-MS on an ACQUITY UPLC I-Class system (Waters)
consisting of a binary pump, a vacuum degasser, an autosampler, and a column oven.
Chromatographic separation was performed on an ACQUITY UPLC BEH C18
(150 x 2.1 mm, 1.7 um) column (Waters), while maintaining the temperature at 40 °C.
A gradient of two buffers (A and B) was utilized: buffer A (99:1:0.1
water:acetonitrile:formic acid, pH 3) and buffer B (99:1:0.1 acetonitrile:water:formic
acid, pH 3), as follows: 99% A for 0.1 min decreased to 50% A in 30 min, decreased to
0% from 30 to 40 min. The flow rate was 0.35mL per min, and the injection volume
was 10 yL. This UHPLC system was connected to a Vion IMS QTOF hybrid mass
spectrometer (Waters). The LockSpray ion source was used in negative electrospray
ionization mode under the following specific conditions: capillary voltage, 3 kV;
reference capillary voltage, 2.5kV; cone voltage, 30 V; source offset, 50 V; source
temperature, 120 °C; desolvation gas temperature, 550 °C; desolvation gas flow, 800
liter per h; and cone gas flow, 50 liter per h. The collision energy for full MSe was set

at 6 eV (low energy) and ramped from 20 to 70 eV (high energy), intelligent data
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capture intensity threshold was set at 5. For DDA-MSMS, the low mass ramp was
ramped between 15 and 30eV. The high mass ramp was ramped between 30 and
70 eV. Nitrogen (greater than 99.5%) was used as desolvation and cone gas.
Leucinenkephalin (250 pg per uL solubilized in water:acetonitrile 1:1 (v/v), with 0.1%
formic acid) was utilized for the lock mass calibration, with scanning every 2 min at a
scan time of 0.1 s. Profile data were recorded through a UNIFI Scientific Information
System (Waters). Data processing was performed with Progenesis QI software version
2.4 (Waters). PCA plots were generated using MetaboAnalyst 4.0. To detect significant
differential metabolites between the c4h-4 and PA-treated seedlings we applied
several criteria: (1) Peaks should be present in all samples of at least one out of two
conditions; (2) Student’s t-test P<0.0001; (3) average normalized abundance should
be higher than 100 counts in at least one out of two conditions; (4) there should be at
least a 100-fold difference in peak area between the two conditions. From this set, the
15 most abundant peaks were selected and sorted by detected quantities in PA-treated
samples. Annotation of compounds matching these criteria was based on accurate
m/z, isotope distribution, and tandem mass spectrometry (MS/MS) similarities.
Compounds were structurally elucidated based on similarity of their MS/MS spectra
with either commercially available standards (PA; Sigma Aldrich) or previously
identified metabolites that were already described in the literature (Desmedt et al.,
2021).

Homology modelling and docking

To create a putative structure of GH3.6 Modeller 10.1 was used (Sali and Blundell,
1993). Chain B of the crystal structure of AtGH3.5 (PDB: 5KOD) was selected as
template, since it has a sequence identity of 91% with AtGH3.6 on an alignment over

573 residues out of 612. Note that of the 39 non-aligned residues, all but 14 were found
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at the termini of the protein, where short disordered loops were not crystallized. Sixty-
four different initial models were built, performing a slow annealing stage twice on each
one. Each model was then refined 16 independent times, specifically targeting the non-
aligned region between R376 and A389 to predict its folded state using loop refinement
(Fiser et al., 2000). In all the resulting 1024 models, the presence of AMP within the
binding site was retained. To identify the best model, each was scored according to a
high-resolution version of the Discrete Optimized Protein Energy, or DOPE-HR (Shen
and Sali, 2006), and the model with the best score that did not exhibit structural clashes
was chosen. All docking runs were performed with Autodock Vina (Vina, 2010). A
search space of 7400 cubic A (20x20x18.5) centered on the binding site (x, y and z
coordinates -2.04, 101.2 and 94.73, respectively) was set and a search
exhaustiveness of 128 was used. Ligand files were drawn and energy-minimized in
Avogadro2 (Hanwell et al., 2012). Ligand files and model were prepared for docking
using AutoDockTools (Morris et al., 2009). Docked poses were evaluated visually
using IAA as the reference. All visualizations were produced using UCSF Chimera
(Pettersen et al., 2004).

Enzyme assays

Conjugation assays were done using GH3.6-GST fusion protein produced in E. coli as
previously described (Staswick et al., 2005). Qualitative analysis reactions were
performed for 16 h at 23°C in 50 mM Tris-HCI, pH 8.6, 1 mM MgCI2, 1 mM ATP, 1 mM
DTT, and 2 mM Asp. Either IAA (1 mM) or PA (10 mM) was included in each reaction.
Reactions were analyzed on silica gel 60 F260 plates developed in chloroform:ethyl
acetate:formic acid (35:55:10, v/v) and then stained with vanillin reagent (6% vanillin

[wiv], 1% sulfuric acid [v/v] in ethanol).



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

Cellular IAA conjugation assays

Cellular 2H-IAA metabolites were determined in tobacco BY-2 cells supplied with 20
nM 3H-IAA (specific activity 25 Ci/mmol, American Radiolabeled Chemicals) and
with/without 50 uM PA 48 hours after subcultivation. Samples (50 mg FW) were taken
after 1, 10, 20 and 60 minutes of incubation with 3H-IAA. IAA metabolites were
extracted and purified according to (Dobrev and Kaminek, 2002) and analyzed on
HPLC Ultimate 3000 (Thermo Fisher Scientific, MA, USA) coupled to a radioactivity-
HPLC flow detector (Ramona 2000; Raytest, Straubenhardt, Germany) with on-line
admixture at volumetric ratio 3:1 of scintillation cocktail Flo-Scint Il (Perkin Elmer, MA,
USA). Analysis was done on a Kinetex C18 HPLC column (5 pm, 150 mm x 4.6 mm;
Phenomenex, Torrance, CA, USA) at 0.6 mL/min with tertiary gradient of A: 400 mM
ammonium acetate, pH 4, B: 5% methanol in water by volume, and C:
methanol/acetonitrile (1:1, v/v). The gradient program was 5-45% C for 20 min, 45—
95% C for 1 min, 95% C for 1 min, with A kept constant at 5%. Metabolite identification
was based on comparison of retention times of applied standards.

Phytohormone quantification

For each repeat 40-50 seedlings were pooled after etiolation and transfer to the light
for 7 days, with a total of 9 repeats per condition. Samples were frozen and
homogenized using a MixerMill (Retsch GmbH). Extraction, purification and detection
of phytohormones and their conjugation products (IAA; IAA-Asp; JA; SA) was
performed as described previously (Flokova et al., 2014).

RNA isolation and qRT-PCR analysis

Total RNA was isolated from seedlings with TriZol (Invitrogen) after etiolation and
transfer to the light for 7 days, purified with the RNeasy Plant Mini Kit (Qiagen) and

treated with DNase | (Promega). Complementary DNA (cDNA) was prepared with the
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iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.
Relative transcript abundancies were determined using the Roche LightCycler 480 and
the LC480 SYBR Green | Master Kit (Roche Diagnostics). The resulting cycle threshold
values were converted into relative expression values using the second derivative
maximum method. For each of the GH3 genes ACTIN2, ACTIN7 and UBIQUITIN10
were used as reference genes for normalization. All experiments were performed in
three biological replicates (~10 seedlings per replicate), each with three technical
replicates. The primer sequences are listed in Supplemental Table S1.

Adventitious rooting assays

Seedlings were etiolated and transferred to the light for 7 days and the number of ARs
was counted separately for the top third part and lower two thirds part along the
hypocotyl using a stereomicroscope. The plates were scanned using an Epson
Expression 11000XL scanner. Statistical analysis of adventitious rooting was
performed using GEE models in the SAS windowing environment (Version 9.4) (El

Houari et al., 2021b).
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FIGURES

Table 1. PA is conjugated by the plant.

Metabolic profiling was performed for etiolated mock-treated Col-0, PA-treated Col-0
and c4h-4 seedlings (El Houari et al., 2021b) after transfer to the light for 7 days. The
table shows the top 15 accumulating compounds and their average peak area + SE for
PA-treated seedlings compared with c4h-4 seedlings (n>7) for all 3 conditions (mock-
treated Col-0 (WT), PA-treated Col-0 and c4h-4 seedlings). For each of these
compounds a number (No.), mass-to-charge ratio (m/z) and retention time (RT) is

given.

No. RT m/z Name WT c4h-4 PA

1 5.64 280.0457 Piperonyl aspartate 0.00 + 0.00 3.00 £ 8.21 9085.10+ 2990.26
2  6.49 294.0613 Piperonyl glutamate 0.00+ 0.00 0.00+ 0.00 2176.32 + 895.68
3 9.04 753.1494 Unknown 0.00+ 0.00 0.00 + 0.00 1001.24 + 440.91
4 580 327.0711 Piperonyl hexose 0.00+ 0.00 1.00 + 1.54 710.03 + 250.90
5 4.84 293.0772 no MS/MS 2.00 £ 0.59 0.00 = 0.00 576.88 + 238.47
6 5.26 407.0281 Piperonyl sulfohexose 0.00+ 0.00 0.00 £ 0.00 531.41+ 215.38
7 9.51 380.9547 no MS/MS 0.00 + 0.00 0.00 = 0.00 473.64 £ 161.19
8 5.63 236.0553 Piperonyl aspartate fragment 0.00 = 0.00 0.00 + 0.00 380.09 + 128.55
9 5.78 165.019 Piperonyl hexose 0.00+ 0.00 0.00 + 0.00 349.51 + 78.97
10 5.62 379.9698 Unknown 0.00+ 0.00 0.00 + 0.00 345.08 + 92.89
11 9.52 165.019 PA 0.00+ 0.00 0.00+ 0.00 298.39+ 82.70
12 5.77 363.047 Unknown 0.00+ 0.00 0.00 + 0.00 26141+ 95.63
13 4.61 535.1293 PA + 2 hexoses 0.00+ 0.00 0.00 £ 0.00 247.16 + 117.25
14 9.05 827.1488 no MS/MS 0.00+ 0.00 0.00+ 0.00 209.75 + 190.79
15 9.50 615.9776 no MS/MS 0.00+ 0.00 0.00 = 0.00 204.78 + 78.18
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LC-MS analysis of etiolated c4h-4 and 50 uM PA-treated Col-0 seedlings (n=8) after
transfer to the light for 7 days. Each data point represents eight pooled seedlings. (B)
Chemical structures of IAA and PA. (C) Docking of the best possible position for IAA
(left, pink) and PA (right, green) in the modeled GH3.6 binding pocket. The
experimentally determined position of IAA (orange) and adenosine monophosphate is
shown for both figures. (D) TLC analysis of the products of in vitro enzymatic assays
by GH3.6 supplemented with IAA (ImM) £ Asp (2mM) and PA (10mM) £ Asp (2mM).
A standard for PA-Asp was included (left).



588
589

590
591
592
593
594
595
596
597
598
599
600
601
602

A B

100% Mock 100% PA

12.1 ; . i 11.1

17.0 : : -

B80% |3 80% i ‘1
- . - . . -4

44.8

60% 60%

40% < 40% |re g as 80.1
.6 67.5
20% 42.4 18.6 20%
13.4
0% 0%
1min 10min 20min 60min 1min 10min 20min 60min
O IAA [ IAA-GE I OxIAA [ OxIAA-Asp I IAA [ IAA-GE [ OxIAA [ OxIAA-Asp
[JIAA-Asp  [JUnidentified peaks [JIAA-Asp [ Unidentified peaks
pmol/g FW IAA pmol/g FW IAA-Asp Relative expression Fold change s
[ Mock 81 [ Mock
2504 20 1.0 &= PA CIPA
dedkd
*kk kkk 6
200+ . 16 0.8 * e
dekk
*kok
1504 12 0.6 44
100+ 8 | 0.4-
*hk
2 4
504 < 4 0.2 ﬁ ﬁ
0- I 0- 0.0) A A = 0- ﬁ ﬁ ﬁ
Mock PA Mock PA IAA JA SA

6&3 (,&} (,e?’?’ Gx\“"“ (,é"?’ @""P

Figure 2. Conjugation of PA impacts phytohormone homeostasis.
(A-B) Quantification of IAA and IAA conjugates in BY-2 cells over time upon addition
of 3H-IAA and treatment without (A) or with (B) PA (n=4). (C-D) Quantification of IAA
(C) and 1AA-Asp (D) in etiolated seedlings treated with or without 50 yM PA (n=10)
after transfer to the light for 7 days. Error bars represent 95% confidence intervals.
Asterisks are given to distinguish statistically significant values (***:P<0.0001;
Student’s t-test). (E) Expression levels of GH3.1-6 in mock-treated and PA-treated in
etiolated seedlings (n=9) after transfer to the light for 7 days. Error bars represent 95%
confidence intervals. Asterisks indicate significant differences compared to the
corresponding mock-treatment (*:P<0.01; **:P<0.001; ***:P<0.0001; Student’s t-test)
(F) Quantification of IAA, JA and SA in etiolated seedlings treated with or without 50
MM PA (n=9) after transfer to the light for 7 days. Error bars represent 95% confidence
intervals. Asterisks are given to distinguish statistically significant values
(***:P<0.0001; Student’s t-test).
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Figure 3. Obstructing the function of GH3s results in increased adventitious

rooting

(A) Average number of ARs of etiolated PA-treated (0-200 uM) and c4h-4 mutant
seedlings (n>25) after transfer to the light for 7 days. Error bars represent 95%
confidence intervals. Letters a-c and a’-b’ are given to distinguish statistically
significant results (P<0.05; General Estimation Equation (GEE) model). (B) Average
number of ARs of etiolated mock- and PA-treated Col-0 seedlings and gh3 sextuple
(gh3.1-6) mutant seedlings (n>90) after transfer to the light for 7 days. Error bars
represent 95% confidence intervals. Letters a-c and a’-b’ are given to distinguish
statistically significant results (P<0.05; GEE model). (C) Representative phenotypes
for etiolated mock- and PA-treated Col-0 seedlings and gh3 sextuple mutant seedlings
after transfer to the light for 7 days. Yellow arrow, ARs located in the top third part of
the hypocotyl; blue arrow, ARs located at the bottom two-thirds part of the hypocotyl.

Bar = 1cm.
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Supplemental table S1. Primers used for gPCR analysis

Gene Locus Pri mer=FW Primer=REV

ACTIN2 AT3G18780 TTGACTACGAGCAGGAGATGG ACAAACGAGGGCTGGAACAAG
ACTIN7  AT5G09810 TCCATGAAACAACTTACAACTCCATCA CATCGTACTCACTCTTTGAAATCCACA
UBQ10 AT4G05320 GGCCTTGTATAATCCCTGATGAATA AAAGAGATAACAGGAACGGAAAC
GH3.1 AT2G14960 CTCGGTGCTGCTTGGAAATG TGGGCTGAAGTGTGTAGATA

GH3.2 AT4G37390 CTTAGACCGACGTCAGCTTTTATACAG GGTAACCCACCTGACGTCTTTG
GH3.3 AT2G23170  ACGTCAGCTTITATACAGTCT GCTGGTAATCCACCGGGAGTCT
GH3.4 AT1G59500 ACTTCAGGACGTCGGATTCA TTTGAGACGAGTCACAGCAGA

GH3.5 AT4G27260 GCTTGTTGTCACCACTTACGCC GCTTTGTTCTTGAAACCAGTCACTC
GH3.6 AT5G54510  CTATCAGTCTTCCAAAAGCACTCAC TTCTTGAAACCAGCCACGC




623 Supplemental table S2. Quantification of IAA and IAA conjugates upon treatment
624  with or without PA.

625  Quantification of IAA and IAA conjugates in BY-2 cells over time upon addition of 3H-
626  IAA and treatment without or with PA (n=4).

Mock
Peak no. Peak ID RT (min) 1 min 10 min 20 min 60 min
1 Background
2 - 3.35 0.80 + 0.24 6.72 + 1.17 1448 + 213 3421 + 1.46
3 - 4.92 0.43 + 0.09 1.50 + 0.15 283 + 0.24 6.15 + 0.60
4 OxIAA-Asp 6.92 4.25 * 0.80 5.13 + 0.33 6.28 + 0.51 6.25 + 0.32
5 IAA-Asp 9.30 1.18 + 0.13 265 + 0.17 3.42 + 0.14 3.05 + 0.06
6 OxIAA 10.12 563 * 1.14 465 £ 0.14 5.08 + 0.63 3.61 + 0.42
7 IAA-GE 13.30 1.46 £ 0.03 459 + 0.29 8.64 + 020 18.60 = 1.10
8 1AA 15.98 69.96 + 3,06 59.90 + 1.79 4238 + 420 13.39 + 0.91
9 - 18.67 2.52 + 0.48 1.87 * 0.05 191 + 0.26 1.28 + 0.13
10 - 23.62 3.87 + 0.44 3.09 + 0.32 2.62 t 0.16 1.09 + 0.18
11 - 24.98 4.43 + 0.69 3.86 + 0.20 4.36 + 0.87 2.05 + 0.14
+PA
Peak no. Peak ID RT (min) 1 min 10 min 20 min 60 min
1 Background
2 - 3.35 0.34 * 0.12 1.06 = 0.15 1.22 = 0.28 3.38 £ 0.44
3 - 4.92 0.22 * 0.10 0.26 £ 0.06 0.26 + 0.06 0.61 + 0.13
4 OxIAA-Asp 6.92 0.73 £ 0.07 1.62 * 0.19 1.93 + 0.15 3.45 £ 0.23
5 I1AA-Asp 9.30 0.39 + 0.03 0.74 £ 0.07 0.73 + 0.08 1.25 + 0.08
6 OxIAA 10.12 6.34 + 0.90 6.34 + 0.77 3.22 £ 0.67 436 + 0.74
7 IAA-GE 13.30 1.05 + 0.14 1.73 + 0.17 2.30 + 0.09 6.53 + 0.15
8 1AA 15.98 76.80 £+ 295 7476 + 225 80.12 + 159 67.51 + 2.62
9 - 18.67 2.54 + 0.10 2.32 + 0.28 1.26 + 0.15 1.43 + 0.33
10 - 23.62 3.52 * 0.12 3.26 £ 0.21 2.81 + 0.39 2.80 + 0.14
627 11 - 24.98 3.69 + 1.19 3.40 + 0.30 2.40 + 0.50 2.86 + 0.31
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Supplemental figure S1. List of MS/MS spectra used for characterization of
compounds in table 1.

Except for PA, all compounds were structurally characterized based on their m/z and
MS/MS. PA was characterized based on m/z and retention time match with its chemical

standard.

1. Piperonyl aspartate (m/z 280.0457; 5.64 min.)
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2. Piperonyl glutamate (m/z 294.0613; 6.49 min.)
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3. Unknown (m/z 753.1494; 9.04 min.)
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4. Piperonyl hexose (m/z 327.0711; 5.80 min.)
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6. Piperonyl sulfohexose (m/z 407.0281; 5.26 min.)
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8. Piperonyl aspartate fragment (m/z 236.0553; 5.63 min.)
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9. Piperonyl hexose (m/z 165.019; 5.78 min.)
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10. Unknown (m/z 379.9698; 5.62 min.)
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11. PA (m/z 165.019; 9.52 min.)
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12. Unknown (m/z 363.047; 5.77 min.)
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693 13. PA + 2 hexoses (m/z 535.1293; 4.61 min.)
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