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Abstract

P4B (2-phenyl-1-[4-(6-(piperidin-1-yl) pyridazin-3-yl) piperazin-1-yl] butan-1-one) is a novel cellulose biosynthesis inhibitor (CBI)
discovered in a screen for molecules to identify inhibitors of Arabidopsis (Arabidopsis thaliana) seedling growth. Growth and cellulose
synthesis inhibition by P4B were greatly reduced in a novel mutant for the cellulose synthase catalytic subunit gene CESA3 (cesa3"™).
Cross-tolerance to P4B was also observed for isoxaben-resistant (ixr) cesa3 mutants ixrl-1 and ixrl-2. P4B has an original mode of
action as compared with most other CBIs. Indeed, short-term treatments with P4B did not affect the velocity of cellulose synthase
complexes (CSCs) but led to a decrease in CSC density in the plasma membrane without affecting their accumulation in microtubule-
associated compartments. This was observed in the wild type but not in a cesa3”*"* background. This reduced density correlated with
a reduced delivery rate of CSCs to the plasma membrane but also with changes in cortical microtubule dynamics and orientation. At
longer timescales, however, the responses to P4B treatments resembled those to other CBIs, including the inhibition of CSC motility,
reduced growth anisotropy, interference with the assembly of an extensible wall, pectin demethylesterification, and ectopic lignin and
callose accumulation. Together, the data suggest that P4B either directly targets CESA3 or affects another cellular function related to
CSC plasma membrane delivery and/or microtubule dynamics that is bypassed specifically by mutations in CESA3.

Introduction intracellular compartments and the plasma membrane, where
they follow linear trajectories along cortical microtubules (CMTs),
driven by the polymerization of the 18 glucan chains that constitute

the cellulose microfibrils. Stresses, including osmotic stress, salt

The cell wall of growing plant cells consists primarily of matrix
polysaccharides and cellulose microfibrils. The former are
synthesized in Golgi bodies and delivered to the cell surface

by secretory organelles, the latter are spun out from plasma
membrane-embedded cellulose synthase complexes (CSC)
(Albersheim et al. 2012; Lampugnani et al. 2018). During the last
decade, major insights into the complexity of cellulose synthesis
were obtained from studies combining pharmacology, genetics,
cell biology, biochemistry, and structural biology.

CSCs are hexameric complexes, each globule of which consists of
a CELLULOSE SYNTHASE CATALYTIC SUBUNIT (CESA) trimer
(Purushotham et al. 2020). Three distinct subunits are required for
afunctional CSC (Desprez et al. 2007; Persson et al. 2007). For primary
cell wall synthesis, on which we will concentrate in this study, the
CSCs consist of CESA1, 3, and 6-like (Gonneau et al. 2014).
Fluorescently tagged CSCs can be observed cycling between

stress, and microbial toxins, can put cellulose synthesis on hold by
promoting the rapid (within minutes) accumulation of CSCs in intra-
cellular microtubule-associated compartments (MASCs, also re-
ferred to as small cellulose synthase compartments, SmaCCs)
(Crowell et al. 2009; Gutierrez et al. 2009; Endler et al. 2015). CSCs
also contain other proteins, which comigrate with CESAs in the plas-
ma membrane: the membrane-bound cellulase KORRIGAN (KOR1)
(Vain et al. 2014); CELLULOSE SYNTHASE INTERACTOR (CSI/POM2)
(Bringmann et al. 2012; Gu et al. 2010), which links CSCs to CMTs;
and COMPANION OF CELLULOSE SYNTHASE (CC) proteins (Endler
et al. 2015). The latter also binds CMTs, promotes CMT dynamics,
and is required for the redirection of CSC to the plasma membrane
after their salt stress-induced internalization.
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Genetic analysis has identified numerous other actors, which
do not migrate with the CSCs in the plasma membrane but
which are required for normal cellulose synthesis in growing
cells. This includes the proteins that chaperone the assembly
of the CSC in the Golgi apparatus, the delivery of CSCs to
the plasma membrane, the anchoring of the microtubules
to the plasma membrane, and the internalization of CSCs
through clathrin-mediated endocytosis (reviewed by Zhu and
McFarlane 2022).

In addition to mutant analysis, chemical genetics is providing in-
sights into the cell biology of cellulose synthesis and cell wall assembly
(Surpin et al. 2005). Atleast 16 distinct cellulose biosynthesis inhibitors
(CBIs) of diverse structures have been studied in more or less detail
(Larson and McFarlane 2021; Tateno et al. 2016). Plants treated with
CBIs phenocopy cellulose-deficient mutant phenotypes including de-
fectsin cell elongation, increased radial expansion, and the deposition
of callose and lignin in the cell wall (Desprez et al. 2002; Cano-Delgado
et al. 2003). Insights into the mode of action of CBIs were obtained by
analyzing their impact on CSC components and CMTs and from the
study of resistant mutants. Depending on the CBI, one can observe dif-
ferent effects on the CSCs (Tateno et al. 2016). The majority of the CBIs
(isoxaben (Paredez et al. 2006; Gutierrez et al. 2009), AE F150944
(Gutierrez et al. 2009), CGA 325’615 (Crowell et al. 2009), thaxtomin A
(Bischoff et al. 2009 ), quinoxyphen (Harris et al. 2012), acetobixan
(Xia et al. 2014), Cestrin (Worden et al. 2015), endosidin 20 (ES20)
(Huanget al. 2020), C17 (Hu et al. 2016), and flupoxam/triazofenamide
(Shim et al. 2018)) promotes the clearance from the plasma membrane
of the CSCs and their accumulation in MASCs/SmaCCs (Larson and
McFarlane 2021). Some CBIs, instead, promote the accumulation in
the plasma membrane of CSCs and reduce (indaziflam, Brabham
et al. 2014) or abolish (2,6-dichlorobenzonitrile [DCB], DeBolt et al.
2007b) their motility. Finally, the effect of 2 CBIs (morlin (Debolt
et al. 2007a) and cobtorin (Yoneda et al. 2007)) appeared to be limited
to the reorientation of microtubules (morlin and cobtorin) and CESA
trajectories (morlin) in the plasma membrane. It should be noted that
other CBIs can also affect microtubule orientation (Larson and
McFarlane 2021; Himmelspach et al. 2003). In general, the uncoupling
of CSCs in the plasma membrane from CMTs, through their internal-
ization orin csimutants, has been shown to enhance a mechanosens-
ing feedback loop, promoting the alignment of microtubules along
intraorgan stress patterns (Schneider et al. 2022). Such feedback
loops make it challenging to distinguish primary from secondary
effects of CBI treatments. Among all the CBIs studied, only ES20
was subjected to in vitro binding studies. This showed that
ES20 interact with the catalytic domain of CESA6 and not with
a mutated version that confers ES20 resistance. ES20 inhibits
cellulose synthase activity by reducing CSC motility and secre-
tion and promoting their accumulation in MASCs/SmaCCs
(Huang et al. 2020).

Here, we describe a molecule, called P4B, which inhibits cellulose
synthesis. The novel mutant CESA3 allele cesa3*”"* and the isoxaben-
tolerant mutations in CESA3 (ixrl-1 and ixrl-2) conferred increased
tolerance to P4B. P4B treatment reduced the CSC density in the plas-
ma membrane, by inhibiting their exocytosis, without promoting CSC
accumulation in MASCs/SmaCCs. P4B initially did not affect CSC mo-
tility in the plasma membrane but disturbed the dynamics of CMTs
and favored the formation of EB1a-GFP foci. These observations
suggest a mode of action of P4B that is different from previously
studied CBIs. Longer term treatments with P4B led to a reduced
CSC velocity in a wild type (WT) but not in a cesa3?”"* background,
areduced growth anisotropy, the promotion of ectopic lignin and
callose deposition, and the prevention of the assembly of an
extensible wall.
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Results

P4B inhibits cell elongation in Arabidopsis
(Arabidopsis thaliana) and rice (Oryza sativa)

A screen of a library of 12,000 chemicals (Zhao et al. 2007) for
growth inhibitory activity on 3-d-old dark-grown A. thaliana
Columbia (Col)-0 seedlings identified 236 chemicals that caused
at least a 70% reduction in hypocotyl length. One of these mole-
cules, 2-phenyl-1-[4-(6-(piperidin-1-yl) pyridazin-3-yl) piperazin-
1-yl] butan-1-one, Cy3H3NsO (Fig. 1A; Supplementary Fig. S1),
hereafter referred to as P4B, was studied in more detail. P4B inhib-
ited dark-grown hypocotyl and root growth with an ICsg of 20 um
(Fig. 1, Band C; Supplementary Fig. S2, A and B). Structure-activity
analysis of P4B analogs revealed that both the phenyl and ethyl
groups are critical for its growth-inhibiting activity on dark-grown
seedlings (Supplementary Fig. S1). No difference in sensitivity
for PAB was observed for Col-O, Landsberg erecta (Ler), or
Wassilevskija (Ws) accessions (Fig. 1B and Supplementary Fig.
S2E). P4B also inhibited root and coleoptile growth of rice (O. sat-
iva japonica rice variety ‘Zhonghua 11’ [Zh11]) seedlings with an
ICso of around 50 um (Supplementary Fig. S3, A and B). Finally,
up to 100 um P4B had no growth effect on the bacterium
Escherichia coli in liquid culture (Supplementary Fig. S4A) nor
on the yeast Saccharomyces cerevisiae grown on solid media
(Supplementary Fig. S4B). P4B caused reduced cell elongation
and increased radial expansion as shown in both Arabidopsis
hypocotyls (Fig. 1D, Supplementary Fig. S2, C and D) and rice co-
leoptiles (Supplementary Fig. S3, C to E).

Increased tolerance to P4B conferred by mutations
in CESA3

To identify possible cellular targets of P4B, we screened 100,000
EMS-mutagenized Col-0 M2 seeds grown on 50 um P4B and identi-
fied a mutant, named P4B resistant (pbr1), which showed increased
tolerance (ICso= 150 uwm) to the hypocotyl growth-inhibiting effect
of P4B (Fig. 2, A to C). P4B tolerance of pbrl was semidominant and
determined by a single locus as shown by the intermediate
P4B sensitivity (ICsp=40pum) of pbrlxCol-O F1 seedlings and
the 1:2:1 segregation ratio of the F2 (y* test, P value=0.325,
n=1207). Using map-based cloning and DNA sequence analysis,
we mapped the pbrl mutation to the CESA3 locus (At5G05170)
and showed that the mutation causes a L883F replacement in
the predicted 4th transmembrane domain of the enzyme
(Fig. 2D and Supplementary Fig. S2F). To confirm that this muta-
tion in CESA3 is causative for the mutant phenotype, we showed
that the introduction of a pCESA3-CESA3 transgene restored P4B
sensitivity to the homozygous cesa3?”"* mutant (Fig. 24). In addi-
tion, 2 previously described isoxaben-resistant CESA3 alleles,
cesa3™* and cesa3*? (Scheible et al. 2001), but not the CESA6 al-
lele cesa6™%! (Desprez et al. 2002) (Supplementary Fig. S2, G and
H) also conferred tolerance to P4B (Fig. 2, C and E). Finally,
cesa3* ™! and cesa3P"™, combined in F1 plants, did not comple-
ment each other with respect to the tolerance to P4B-induced
growth inhibition (Fig. 2F). Together, the results indicate that
the cesa3P""! mutation is causative for the increased tolerance to
the growth-inhibiting effects of P4B.

P4B inhibits cellulose synthesis in WT but not in
cesa3P’"! seedlings

The nature of the P4B-resistant mutants suggests that the mole-
cule is a CBI. This was supported by the 40% to 50% reduction in
cellulose content of seedlings grown in the presence of 10 or
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Figure 1. P4B inhibits cell elongation. A) The chemical structure of P4B. B) Phenotypes of 3-d-old Col-0 seedlings grown in the dark on either 0.5% (u/v)
DMSO (left), 20 um (middle), or 50 um P4B (right). Scale bar =2 mm. C) Dose-response curve of dark-grown hypocotyl length on P4B. IC50 =20 ym. Data
represent mean + so, n=20. D) Propidium iodide (PI)-stained 3-d-old etiolated hypocotyl cells treated with 0.5% DMSO or 50 pm P4B. Scale bar =100 um.

40 yum P4B relative to DMSO-treated controls, similar to those
grown in the presence of 2 nu of the well-characterized CBI isoxa-
ben (Fig. 3A). In addition, P4B inhibited the incorporation of
13C-labeled glucose into the cellulosic fraction in WT but not in
cesa3?’™ seedlings (Fig. 3B).

P4B inhibits CSC delivery to the plasma
membrane

To investigate the mode of action of P4B, we monitored, in the hy-
pocotyl epidermis of dark-grown seedlings, its effect on CSC dy-
namics using plants expressing pCESA3-GFP-CESAS3 in the partial
loss-of-function cesa3’® background (Fig. 4 and Supplementary
Fig. S5). We found that 5 h P4B treatment reduced the density of
GFP-CESA3 punctae, without reducing their velocities in the plas-
ma membrane (Fig. 4, A to C). We were unable to detect an accu-
mulation of CSCs in MASCs/SmaCCs (Supplementary Videos S1
and S2) as has been observed for certain CBIs such as isoxaben
(Gutierrez et al. 2009), CGA325'615 (Crowell et al. 2009; Vain
et al. 2014), or C17 (Hu et al. 2016), which were shown to rapidly
and totally clear GFP-tagged CSCs from the surface and to pro-
mote their accumulation in MASCs/SmaCCs. The CSC trajectories
in P4B-treated cells also showed a more oblique orientation rela-
tive to mock-treated cells (Fig. 4A). This will be addressed below.
To investigate the cause of the P4B-induced, decreased density,
we monitored the delivery of GFP-CESA3 to the plasma membrane
by fluorescence recovery after photobleaching (FRAP). We found
that the rate of CSC insertion into the plasma membrane was sig-
nificantly reduced in P4B-treated cells relative to mock-treated

cells (Fig. 4, D and E). This effect appeared to be specific for CSC
since P4B did not induce a change in the fluorescence intensity
of the plasma membrane protein GFP-LTI6b (Cutler et al. 2000)
(Fig. 4, F and G). In addition, P4B treatment did not induce visible
changes in the shape of Golgi bodies (marker 22R (Geldner et al.
2009)), TGNs (VHA1l-mRFP (Dettmer et al. 2006)), or actin
filaments (Kost et al. 1998) nor in Golgi body motility
(Supplementary Fig. S6). To assess the effect of the cesa3?""! muta-
tion on CSC behavior, we compared pKOR1-GFP-KOR1in the leaky
kor't and kor''/cesa3P?"? backgrounds, respectively. Given its pres-
ence in the CSC complex, GFP-KOR1 can also be used to monitor
CSC dynamics (Vain et al. 2014). Like GFP-CESA3, GFP-KOR1 in
ko't showed a reduced particle density in the plasma membrane
after 5h P4B treatment accompanied by a more oblique orienta-
tion of the trajectories but no change in particle velocity (Fig. 5,
A to C). Interestingly, in the kor'/cesa3?""! background, P4B treat-
ment for 5 h, or even 24 h (see below), did not affect the density
or particle velocity nor did it change the direction of the CSC tra-
jectories, relative to mock-treated seedlings except for 5 h mock
and P4B-treated samples; we noted that there was a slight in-
crease of around 30 nm/min in the velocity of GFP-KOR1 com-
plexes in kor'/cesa3?” background (Fig. 5, D to F, and
Supplementary Fig. S7, D to F).

P4B alters CMT dynamics

Given the effect of P4B treatments on the orientation of CSC tra-
jectories, we investigated in more detail its effect on CMT dynam-
ics and orientation. Time-lapse experiments on hypocotyl
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Figure 2. Mutations in CESA3 confer increased tolerance to P4B. A, B) Three-day-old phenotypes of WT and cesa3””"* mutant seedlings grown in the dark
in the presence of 50 v P4B or control (0.5% [u/u] DMSO). A) Photo of the complementation of cesa3?”"* (pbr1) phenotype by a pCESA3-CESA3 transgene,
scale bar =2 mm. B) Quantification of hypocotyl length in presence of 50 ym P4B; bars represent sp, *P <0.05, *P<0.01, Student’s t test, n=20.

C) Dose-response curve of dark-grown hypocotyl length of control, cesa3?’™, cesa3*'*! (ixr1-1) , and cesa3™"™*~2 (ixr1-2) on P4B. cesa3*"*! and cesa3*'*2
mutations also confer resistance to P4B. Data represent mean =+ sp, n = 20. D) Genetic mapping and cloning of pbrl mutant locus. E) Photos of cesa3™*'*
and cesa3™'*? dark-grown seedlings on either DMSO or 50 um P4B, scale bar=2 mm. F) Photo of cesa3”""’/cesa3*"*~! F1 cross grown on either DMSO or
50 um P4B, scale bar=2 mm.
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Figure 3. P4B is a cellulose synthesis inhibitor. Col0 Arabidopsis seedlings were grown for 3 d in the dark in the presence of buffer only, P4B (10 um or
50 um), or isoxaben (2 nv). A) Cellulosic glucose content (in pug/mg AIR). B) Ratio between 5 and 24 h of the amount of C**-glucose incorporation into
crystalline cellulose in Col0 and cesa3 P*'* (pbrl) mutants treated with DMSO or 50 mum P4B. Bars represent sp, *P < 0.05, *P < 0.01, Student’s t test, n=4 for
each experiment.

epidermal cells expressing EB1a-GFP revealed 2 spatially sepa- plus-ends of microtubules (Fig. 6, A and B, and Supplementary
rated subpopulations of EBla-GFP: 1 population of immobile foci Fig. S8, A and B). P4B treatment for 5h reduced the speed of
at the plasma membrane and a mobile population labeling the the microtubule plus-ends and increased the size of the
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(A to E) or LTI6-GFP (F, G) were transferred to Arabidopsis liquid medium containing 0.5% (v/v) DMSO or 100 ym P4B and incubated for 5 h. A, B)
Representative single frame and time-projected images (10 min, 61 frames) of GFP-CESA3/cesa3®® in 5 h mock and P4B-treated hypocotyl cells.
Arrowheads indicate brighter punctae. B) Coverage of GFP-CESA3 particles in DMSO and P4B-treated hypocotyl cells after 5 h treatment. Error bars
represent st. ***P < 0.0001 Student’s t test, n =92 cells in each treatment. C) Distribution of velocities of GFP-CESA3/cesa3*® in 5 h mock (mean velocity:
260 + 53 nm/min) and P4B-treated (mean velocity: 276 + 60 nm/min) hypocotyl cells. D) Representative time-course images of photobleaching of GFP-CESA3 in
5 h mock and treated P4B hypocotyl cells. E) Quantification of the rate of GFP-CESA3 recovery in the plasma membrane after photobleachingin 5 h mock and
P4B-treated hypocotyl cells. The graph summarizes 3 independent experiments. Error bars represent se. P < 0.01 Student’s t test, n= 15 cells in each treatment
(1 cell imaged per seedling). F) Representative images of the plasma membrane marker, GFP-LTI6b, in mock and P4B-treated plants after 5 h treatment.
G) Quantification of signal intensity from GFP-LTI6b signal represented in (F). Error bars represent st n= 30 cells in each treatment. Scale bars=10 pym.

quasi-immobile population (Fig. 6, A and B, Supplementary
Videos S3 and S4). This type of immobile EB1 foci has been pre-
viously described (Chan et al. 2003; Barton et al. 2008).
Measurement of CMT polymerization dynamics in GFP-TUA6-
expressing cells after 5 h P4B treatment confirmed the decrease
(~35%) in elongation rate at the plus-end and revealed an unaltered
shrinkage rate (Fig. 6, C to E), associated with an increase and a de-
creasein the % of time spent growing or shrinking, respectively. P4B
also promoted the bundling of GFP-MAP4-labeled CMTs indicated
by the stronger labeling of the microtubules relative to the mock
control (Fig. 6, F and G). P4B treatment for 5 h also induced a reorien-
tation from transverse to oblique of RFP-MBD-tagged CMTs and
GFP-CESA3-tagged CSC trajectories, which correlated with the inhib-
ition of hypocotyl elongation (Fig. 7, A and B). The latter data also
showed that P4B did not affect the microtubule-CSC interaction.

Taken together, the earliest observable cellular effects of P4B
treatments were the reduced CSC delivery to the plasma mem-
brane and the altered dynamics of the CMTs, without an inhibi-
tion of the motility of the CSCs in the plasma membrane.

Long-term effects of P4B treatment

In contrast to 5h treatments, 24 h and longer treatments with
P4B greatly reduced the velocity of EBla-GFP comets

(Supplementary Fig. S8), GFP-CESA3- (Supplementary Fig. S5)
and GFP-KOR1-tagged CSCs in the plasma membrane
(Supplementary Fig. S7), and GFP-CESA3-tagged Golgi bodies but
did not slow down in the presence of P4B but showed a tendency
to aggregate (Supplementary Figs. S5 and S9). Also, after 24 h
P4B treatment, GFP-CESA3 trajectories and RFP-MBD-labeled mi-
crotubules remained parallel suggesting that the treatment did
not interfere with the CMT-CSC interaction. Again, in the kor'/
cesa3?’™ background, the 24 h P4B treatment did not affect the
GFP-KOR1 particle density in the plasma membrane nor the par-
ticle velocity or directionality relative to mock-treated seedlings
(Supplementary Fig. S7). P4B also favored the accumulation of
ectopic lignin and callose (Supplementary Fig. S10, A and B); the
latter was also reflected in the higher amounts of noncellulosic
glucose in the cell walls (Supplementary Fig. S10C). The treatment
also induced other changes in the cell wall composition, such as
theincreased galactose and xylose levels and the reduced methyl-
esterification levels of an acetylated fraction of the pectic polymer
homogalacturonan (Supplementary Fig. S10D), as shown by the
reduction in methylesterified oligosaccharides (GalAsMe, and
GalAs;Me) and the increase in GalA3 and acetylated oligosacchar-
ides (GalAsAc and GalA4Ac) released by endo-polygalacturonase
treatment of cell wall preparations. The latter effects were not ob-
served in cesa3P""! treated or not with P4B.
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Figure 5. In cesa3””"! mutant, the density and the velocity of CSC is
restored. Three-day-old dark-grown seedlings of GFP-KOR1/kor'* (A to C)
or GFP-KOR1/kor'xcesa3”"" (D to F) were transferred to Arabidopsis
liquid medium containing 0.5% DMSO or 100 um P4B and incubated for
5 h. A) Representative single frame and time-projected images (10 min,
61 frames) of GFP-KOR1 in 5 h mock- and P4B-treated kor'* hypocotyl
cells. B) Coverage of GFP-KOR1 particles in DMSO- and P4B-treated kor'*
hypocotyl cells after 5 h treatment. Error bars represent se. ***P < 0.0001
Student’s t test, n=115 cells in each treatment. C) Distribution of
GFP-KOR1 velocities in 5 h mock (mean velocity: 266 + 73 nm/min) and
P4B-treated hypocotyl cells (mean velocity: 258 + 77 nm/min). Arrows
indicate brighter puncta. D) Representative single frame and
time-projected images (10 min, 61 frames) of GFP-KOR1/kor'xcesa3*™*
in 5 h mock- and P4B-treated hypocotyl cells. E) Coverage of GFP-KOR1
particles in DMSO- and P4B-treated kor''xcesa3?”" *hypocotyl cells after
S5 h treatment. Error bars represent sg, n=115 cells in each treatment.
F) Distribution of velocities of GFP-KOR1 in 5 h mock- (mean velocity:
297 +77 nm/min) and P4B-treated kor''xcesa3?*"* hypocotyl cells

(mean velocity: 289 + 83 nm/min). Scale bars=10 ym.
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Finally, we used transmission electron microscopy to study the
cell walls in growing hypocotyls (Supplementary Fig. S11).
Whereas in most cells, wall deposition is coupled to cell growth,
in the epidermis of dark-grown hypocotyls, massive wall deposi-
tion takes place in the external wall during a slow isotropic growth
phase. This leads to the formation of an over 1-um-thick multila-
mellated, but highly extensible, cell wall, which during a subse-
quent rapid anisotropic growth phase undergoes significant
thinning (Refrégier et al. 2004; Derbyshire et al. 2007). In this con-
text, we studied the impact of P4B on wall deposition and remod-
eling in WT and cesa3?""? at 3 time points marking the transition
between slow isotropic growth (42 to 48 h) and rapid anisotropic
growth (48 to 72 h) (Pelletier et al. 2010; Peaucelle et al. 2015).
Over the time period studied, hypocotyl elongation growth was
comparable in mock-treated Col-0 and cesa3”" (Supplementary
Fig. S12). In the presence of 50 um P4B, however, elongation growth
was greatly reduced for Col-0 and slightly reduced for cesa3?”"*. As
shown previously (Refrégier et al. 2004), in mock-treated Col-0
seedlings, walls were thickest with a multilamellated architecture
at 42 h and became substantially thinner at 72 h (Supplementary
Fig. S11, A and B), while the outer surface of the cell wall became
more undulated. This undulation may reflect a gradient in wall
elasticity, where, upon removal of the turgor pressure during
the sample preparation, more elastic inner layers of the wall con-
tract, causing the less elastic outer layers to buckle. The absence
of buckling at 42 h suggests that, at this stage, inner and outer wall
layers had a comparable elasticity (Supplementary Fig. S11C). In
the presence of P4B, Col-0 seedlings showed a thinner wall, which
lacked the pronounced layered architecture of the mock control.
Interestingly, in contrast to the mock control, the thickness of
the walls of P4B-treated cells increased between 42 and 48 h, tore-
main stable at 72 h, and with no change in the degree of buckling
(Supplementary Fig. S11, A to C). These results indicate that P4B
slowed down cell wall deposition during the slow isotropic cell
growth phase and prevented the thinning of the cell wall that is
normally associated with the rapid anisotropic growth phase.
The reduced buckling suggests that P4B prevented the stiffening
of older wall layers and/or promoted the stiffening of newly de-
posited layers. In mock-treated cesa3”’™, the cell wall was thinner
relative to Col0 at 42 h, indicating that, even in the absence of P4B,
cell wall accumulation was reduced in the mutant. Despite their
reduced thickness, however, the walls maintained their growth
capacity, as shown by the normal growth rate and the further
thinning between 48 and 72 h. P4B treatment slightly reduced
the wall thickness at 42 h relative to the mock-treated mutant,
but no such differences were seen at 48 and 72 h consistent with
the P4B tolerance of the mutant. Also, wall maturation appeared
to occur normally for cesa3P"™ both in the presence or absence
of P4B, as seen by the gradual increase in the buckling of outer
cell wall layers. In conclusion, P4B interfered with the assembly
of an extensible cell wall and the cesa3*”! mutation bypassed
this effect.

Discussion

This study identified P4B as a new small molecule inhibitor of cel-
lulose synthesis, demonstrated by its inhibitory effect on cellulose
accumulation and the increased tolerance to the molecule con-
ferred by 3 mutations in CESA3. P4B affects seedling growth
both in Arabidopsis and rice with IC50 values of around 20 and
50 v, respectively, without perturbing yeast or bacterial growth.
Structure-function analysis of the molecule shows that the piper-
idinyl and ethyl groups are essential for its growth-inhibiting
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Figure 6. P4B affects the dynamic instability of CMT. Three-day-old dark-grown seedlings of EB1a-GFP (A to B), GFP-TUAG6 (C to E), and GFP-MAP4 (F, G)
were transferred to Arabidopsis liquid medium containing 0.5% DMSO or 100 um P4B during 5 h. A) Representative single frame and time-projected
images (2 min, 120 frames) of the EBla-GFP marker in epidermal cells. Arrows indicate immobile foci. B) Distribution of the velocities of EB1 comets in
epidermal cells (data from 40 cells from 20 plants with 629 measurements in mock samples and with 647 measurements in P4B-treated samples)
calculated from kymographs extracted from the time series realized during these experiments. C) Representative single frame and time-projected
images (2 min, 120 frames) of the GFP-TUA6 marker in epidermal cells after 5 h treatment. D) Representative image of a kymograph obtained from the
time series realized during these experiments after mock (upper panel) and P4B (lower panel) treatment (2 min, 120 frames). E) Measurements of single
CMT of plus-end growth phases in vivo. Measurements of 20 CMT in 5 cells in mock and P4B-treated samples. F) Representative image of GFP-MAP4
marker after 5 h DMSO treatment and the corresponding profile of intensity peaks along the line. G) Representative image of GFP-MAP4 marker after 5 h
P4B treatment and the corresponding profile of intensity peaks along the line. Scale bars=10 ym.

activity. Given the relatively high ICs, value (10* times higher than
that of isoxaben), its use as a broad-spectrum herbicide would re-
quire the isolation of more effective analogs.

What is the mode of action of P4B? Like other CBIs, P4B induced
numerous changes in seedlings, but to distinguish primary from
secondary effects, it is important to focus on short-term effects
(Desprez et al. 2002; Cano-Delgado et al. 2003; Bischoff et al.
2009; Hu et al. 2016). A 5 h treatment did not entail the clearance

of GFP-CESA3 or GFP-KOR1 from the plasma membrane and accu-
mulation in MASCs/SmaCCs as described for most of the reported
CBIs (Paredez et al. 2006; Crowell et al. 2009; Gutierrez et al. 2009;
Bischoff et al. 2009; Harris et al. 2012; Xia et al. 2014; Worden et al.
2015; Hu et al. 2016; Shim et al. 2018; Huang et al. 2020). The treat-
ment also did not change the GFP-CESA3 or GFP-KOR1 motility.
Given that cellulose polymerization drives the CSC movement in
the plasma membrane, this suggests that P4B did not directly
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Figure 7. P4B promotes microtubule reorientation but does not affect microtubule-CSC interaction. Single frame images (A) and quantification of the
angle of GFP-CESA3 trajectories or CMTs (B) of epidermal cells of 3-d-old etiolated hypocotyls expressing GFP-CESA3 and RFP-MBD after 5 h mock or
100 pm P4B treatment. Scale bar=10 um. Error bars represent se. P <0.01 Student’s t test, n=15 cells in each treatment.

inhibit the enzymatic activity of the complex. A 5 h P4B treatment
instead did reduce the rate of CSC exocytosis, as described for
ES20 (Huang et al. 2020), induced the CMTs to adopt a more obli-
que orientation, and reduced their plus-end growth rates. The 3
P4B-tolerant alleles in CESA3 suggest that the decrease in cellulose
synthesis is causative for most if not all other phenotypes, in which
case the changes in CMT dynamics may be the consequence of
changes in the supracellular stress patterns associated with
changes in cell expansion rates, which are known to feed back
onto the CMT orientation through an unknown mechanism
(Hamant et al. 2019). The 3 mutations conferring P4B tolerance
map to transmembrane domain (TM)4 (cesa3P?"™?), TM7 (cesa3*"*%),
and the gating loop (cesa3**2) of CESA3. It is plausible that these
mutations at different locations within the molecule directly or in-
directly affect the binding of P4B to CESA3. In this scenario, the
lack of P4B resistance of the cesa6™?! mutant suggests that P4B
has a binding pocket that is different from that of isoxaben.
Alternatively, the mutations could prevent the interaction of
CESA3 with some other molecule that changes upon P4B treatment,
forinstance, a regulator of CMT dynamics thatinteracts with CESA3
and controls the plasma membrane insertion of CSCs.

Besides triggering the inhibition of cellulose accumulation,
long-term treatments with P4B like with other CBIs, induced
other changes in the cell wall, including changes in the outer
cell wall architecture of hypocotyl epidermis cells, ectopic
lignin and callose accumulation, an increase in xylose- and
galactose-containing polymers, and a reduction in pectin methyl-
esterification. These changes are most likely in part related to
P4B-induced cell wall damage responses induced by the inhibition
of cellulose. A future challenge will be to understand these com-
plex interrelationships, and P4B may be a valuable tool in this
endeavor.

Materials and methods
Plant materials

EMS Arabidopsis mutant lines for cesa3™'' and cesa3™'?
(Heim et al. 1989; Scheible et al. 2001) were purchased
from the Arabidopsis Biological Resource Center. Cesa6™>™* is
from (Desprez et al. 2002). The Wave 22R (Geldner et al. 2009),
VHA-A1-mRFP (Dettmer et al. 2006), GFP-MAP4 (Marc et al.
1998), GFP-mTalin (Kost et al. 1998) GFP-LTI6b (Cutler et al.
2000), and EB1a-GFP (Chan et al. 2007) were kindly provided by

N. Geldner, K. Schumacher, M. Pastuglia, S. Cutler, and J. Chan.
The GFP-CESA3, GFP-TUA6, GFP-KOR1, and the dual marker line
expressing GFP-CESA3 and mRFP-MBD were described previously
(Chanetal. 2007; Desprez et al. 2007; Crowell et al. 2009; Vain et al.
2014). The GFP-TUA6 and GFP-KOR1 were crossed into cesa3?”".
The presence of CESA3P""! mutation was verified by a CAPS
marker using primers pbrl CAPS F and pbrl CAPS R and subse-
quent Hinfl digestion (Supplementary Table S1).

Chemical genetics screens

Novel molecules with cell growth inhibitory activities were uncov-
ered from chemical genetic screenings using etiolated 3-d-old
Col-0 seedlings against a 12,000 structurally diverse synthetic
small molecule chemical library purchased from the Life
Chemical Incorporation (Ontario, Canada). The chemical screen-
ings were carried out in 96-well plates as described (Zhao et al.
2007) except the chemical concentration used in the initial screen
was 100 um. The plant chemical genetics phenotypes were ob-
served and imaged using a SZX16 dissecting microscope
(Olympus).

Growth conditions and chemical treatment

Surface sterilized Arabidopsis seeds were suspended with 0.1%
(w/v) agar, plated on 0.7% solidified agar medium containing 1/2
MS salts (Sigma-Aldrich) with 1% sucrose for root experiments
or without sucrose for hypocotyl experiments, and then cold-
treated at 4 °C for 3 d. For root measurements, seedlings were
vertically grown at 22 °C under 16 h light/8 h dark conditions.
For hypocotyl measurements, seeds were exposed to fluorescent
white light (150 mmol/m?%/s) for 6h, and then, plates were
wrapped in aluminum foil, and seedlings were vertically grown
at 22 °C under constant dark. Seedlings were scanned and photo-
graphed using a SZX16 dissecting microscope (Olympus). The age
of the seedlings was defined with respect to the end of stratifica-
tion. For confocal microscopy, 3-d-old seedlings on 1/2 MS agar
plate were transferred on liquid media containing DMSO or P4B,
for further growth for 5 h (as a short-term treatment) or 24 h (as
a long-term treatment).

For chemical genetics assay on seedlings of rice (O. sativa L.),
rice dry seeds of ‘Zhonghua 11," a japonica cultivar, were surface
sterilized with 10% (v/v) NaClO solution for 10 min and washed
with sterilized distilled water for 3 times. Sterilized rice seeds

$20Z Jaquiaides (0 UO Josn sais1)sel0- Sayolayoay YYNI Aq /97897 /¥21/1/96 1 /21on1e/sAyd|d/woo dno-oiwspeoe)/:sdiy woi) papeojumoc]


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae232#supplementary-data

132 | Plant Physiology, 2024, Vol. 196, No. 1

were placed on 9 cm wide petri dishes containing water, germi-
nated at 28 °C for 2 d under dark condition and then 37 °C grew
for another day, and then transferred to 12-well plates, of which
each well was filled with 2 mL distilled water containing either
1% DMSO or different concentrations of P4B. Seedlings were photo-
graphed after 3 d growth at 28 °C under a 16/8 h light/dark cycle.
Measurement of hypocotyl, root, or coleoptile length was performed
using Image] (W.S. Rasband; National Institutes of Health).

E. coli growth and S. cerevisiae growth assay

For E. coli growth assay, a single colony of E. coli DH5a was inocu-
lated in 3 mL of Luria-Bertani (LB) liquid medium and incubated
overnight at 37 °C on a shaker (Thermo). Then 20 uL of the culture
was inoculated in 4 mL LB liquid medium containing DMSO or dif-
ferent concentrations of P4B and grew on the shaker at 37 °C. The
optimal density value was measured every hour from 0 to 8 h after
incubation using a SmartSpec Plus spectrometer (Biorad).

For S. cerevisiae growth assay, a single colony of S. cerevisiae that
has grown for 48 h on solid medium was then inoculated and sus-
pended in 25 uL of sterile water. A total of 2.5 uL of the serially di-
luted (1:1, 1:10, 1:100, 1:1,000) suspensions of S. cerevisize was
separately spotted onto petri plates of solid yeast extract peptone
dextrose (YPD) medium containing DMSO or various concentra-
tions of P4B. Plates were incubated for 48 h at 30 °C before photos
were taken.

Callose and lignin staining

Col-0 and cesa3”’™ seedlings were grown on either 0.5% (u/v)
DMSO or 50 um P4B for 3 d in the dark. For callose staining, the
seedlings were merged in Eppendorf tubes containing 400 uL
0.1 mg/mL Aniline Blue Fluorochrome (Sigma-Aldrich) solution
and stained for 1h under dark. Then samples were spread
on slides before observation using a BX51TRF microscope
(Olympus) under UV light. For lignin staining, seedlings were put
on slides on which phloroglucinol in a 20% (v/v) hydrochloric
acid solution was added. After 5 min staining, samples were cov-
ered with a cover slip and then observed under a SZX16 dissecting
microscope (Olympus) in bright field (BF) mode.

Cell wall monosaccharide composition analysis
and crystalline cellulose

The analyses of polysaccharides were performed on alcohol in-
soluble residue (AIR) from 3-d-old seedlings grown in the dark.
Thirty seedlings ground were washed twice with ethanol 96%
and rinsed twice with acetone at room temperature and then
dried using a SpeedVac. For 1 mg AIR, 400 uL of trifluoroacetic
acid 2 m (freshly made) was added and incubated at 120 °C for
1h. After centrifugation at 4 °C during 15 min, the supernatant
was used for the injection. The pellet was washed twice with etha-
nol 70% and then dried. Sixty-three uL of H,SO4 72% was added at
20°C during 1 h, and then, 690 xL of H,O was added, and the sam-
ples were placed 3 h at 100 °C under agitation. After centrifugation
at 4 °C during 15 min, the supernatant was used for the injection.
Monosaccharide composition of the different supernatant was
subsequently determined by high-performance anion exchange
chromatography with pulsed amperiometric detection using a
PA20 column (Dionex).

Quantification of **C-glucose incorporation into
crystalline cellulose

Twenty mg of sterilized seeds were grown for 3 d in Arabidopsis
medium in the dark and under agitation. On the 3rd day, 1%

(w/v) glucose (90% [w/v] glucose, 10% [w/v] **C-glucose, Sigma
Cas number: 201136-45-0) was added with DMSO (0.5% [v/v]) or
50 um P4B during 5 h or 24 h. After the growth plants were placed
into ethanol 96% (v/v). The cellulose content was performed on
an AIR and prepared as described for the analysis of polysacchar-
ide in the previous section. For each sample, 1ug was carefully
weighed in tin capsules to quantify the total **C percentage using
a FLASH 2000 Organic Elemental Analyzer (Thermo Fisher
Scientific) coupled to a DELTA V Advantage Isotope Ratio Mass
Spectrometer (Thermo Fisher Scientific).

Homogalacturonan enzymatic fingerprinting

AIR were subjected to the endo-polygalacturonase M2 (Aspergillus
aculeatus), and the oligosaccharides thus produced were analyzed
according to Paterlini et al. (2022).

P4B-resistant mutant screening, map-based
cloning, and complementation experiment

Atotal of 100,000 EMS-mutagenized M2 seeds of Col-0 background
were germinated and grown on 1/2 MS solid medium containing
50 um P4B in the dark at 22 °C for 3 d, and P4B-resistant seedlings
with longer hypocotyls were selected for further characterization.
In order to clone the genetic locus responsible for the chemical re-
sistance of the chemical-resistant mutant, F1 and F2 progenies
from the crosses of the P4B-resistant mutant and Ler WT were
generated and used. About 1,000 chemical-resistant F2 lines
were used to delimit the mutant gene in a 30 kb interval between
5-AB018111-0563 (1.51 Mb) and 5-AB010692-0574 (1.54 Mb) con-
taining 8 candidate genes using all public available InDel and
CAPs markers. These genes from both the mutant and WT were
sequenced to identify the mutation site.

For complementation experiment, pCESA3-CESA3 construct
was made by using Gateway cloning technology (Invitrogen).
A 7.1kb fragment of the CESA3 gene containing its native
promoter was amplified by PCR. Subsequently, they were intro-
duced in pENTR vector using the pENTR/D-TOPO Cloning Kit
(Invitrogen, USA). Then, an LR reaction was performed to clone
pCESA3-CESA3 into the pGWB404 binary vector (Nakagawa et al.
2007). pCESA3-CESA3 construct was transformed into Arabidopsis
cesa3?’™ plant through flower dip method (Clough and Bent
1998). Ten transgenic T1 plants were selected on solid medium
containing hygromycin (30 ug/mL, Roche). Two T2 lines homozy-
gous for cesa3?" containing the transgene were fully sensitive
to P4B (Fig. 2), while the 8 other transformants were partially or
fully P4B-resistant.

Semithin section sample preparation and
microscopy

The rice samples for cross-section were prepared as described (Song
et al. 2007). Materials of the top, the middle, and the bottom
of 3-d-old rice coleoptiles were fixed in FAA (50% [v/v] ethanol, 5%
[u/v] acetic acid, and 5% [v/v] formaldehyde) for overnight,
dehydrated in an ethanol series, and embedded in Paraplast sepa-
rately (Sigma). Tissue sections (10 um thick) were cut with a rotary
microtome (RM 2235), mounted, and stained with toluidine blue.
Sections were observed and photographed under an AX10 micro-
scope (Zeiss) with a Zeiss Axio camera. Arabidopsis hypocotyl trans-
verse semithin sections of each seedling group were stained by
toluidine blue and observed using a BXS51TRF microscope
(Olympus). Images were made using an Olympus DP71 digital
camera.
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Transmission electron microscopy observation
and measurement of cell wall thickness

Dark-grown Arabidopsis seedlings were collected and fixed in 3%
(v/v) paraformaldehyde and 0.5% (v/v) glutaraldehyde in 0.1m
phosphate buffered saline (PBS), pH7.5, with vacuum infiltration
for 3 times and stored at 4 °C overnight. After 3 washes with
0.1m PBS, seedlings were postfixed in 1% osmic acid for 2 h.
Then, the tissues were extensively washed using 0.1 m PBS and de-
hydrated through graded ethanol solutions. The hypocotyl frag-
ments of the elongation zone from aforementioned tissues were
dissected and then embedded in LR white resin (Polysciences,
Warrington, PA, USA) and polymerized at 50 °C. Transversal ultra-
thin sections of 100 nm were cut using an ultramicrotome
(Ultracut UCe6; Leica) and then picked up onto formvar-coated
nickel mesh grids. After drying at room temperature, plant sec-
tions were stained with periodic acid, thiocarbohydrazide, and sil-
ver proteinate (PATAg) for observing the wall polysaccharides as
described (Chan et al. 2010). Grids were examined under an elec-
tron microscope (H-7650; HITACHI, Kyoto, Japan) at 100 kV. Cell
wall thickness was measured using Image] software (NIH), and ul-
trathin sections from 3 hypocotyls of each seedling group were
used for observation and measurement.

Spinning disk confocal microscopy

Seedlings expressing GFP-CESA3, GFP-TUA6, EB1a-GFP and dual
label lines of GFP-CESA3 and mCherry-MBD were visualized and
imaged on an Olympus IX81 confocal microscope equipped with
a Yokogawa CSU-X1 spinning disk head, Olympus 100x/1.4 nu-
meral aperture oil objective, and Andor EMCCD iXon Ultra camera
(The Core Facility Center, Shanghai Institute of Plant Physiology
and Ecology) or on an Axio Observer Z1 Zeiss confocal microscope
equipped with a Yokogawa CSU-X1 spinning disk, Zeiss 3100/1.4
numerical aperture oil objective, and Roper EMCCD Quantum
512C (time exposure: 500 ms) (Plateforme d'Imagerie Institut
JeanPierre Bourgin-Institut national de recherche pour I'agricul-
ture, I'alimentation et 'environnement, Versailles). GFP was ex-
cited at 488 nm (10% laser), and mCherry (20% laser) was
excited at 561 nm, while emission was collected using bandpass
488/25 and 568/25 filters (Semrock). For time series observation
of GFP-CESA3, the video of CESA3 trajectory was taken every
10 s per picture for 10 min in total. To avoid CMT reorientation
of dark-grown hypocotyls caused by light effects, manipulations
were performed under green light, and all images were acquired
<10 min after samples were mounted between slides. For the
EB1a-GFP and GFP-TUA6 time-lapse experiments, images were
taken every 1s or 0.5 s during 2 min in total.

Image analysis

Image analysis was performed using Image] software (W.S.
Rasband; National Institutes of Health). The Stack Reg
(Thevenaz et al. 1998) plugin for Image] was performed to correct
the focus drift due to the extensive growth of etiolated hypocotyls.
To quantify the orientation of CMTs in hypocotyl cells, the percent-
age of CMTs at a certain angle range was calculated according to
the ratio of the number of these CMTs to the total CMTs measured.
CMTs at the inner face of hypocotyl epidermal cells were measured
using the angle tool in ImageJ according to the orientations relative
to hypocotyl growth axis as described (Crowell et al. 2011). Different
CMTs angles were classified into following 3 categories: transverse
direction (-22.5 to 22.5°), oblique direction (22.5 to 67.5°/-67.5 to
—22.5°), and longitudinal direction (67.5 to 90°/-90 to —67.5°). At
least 19 cells of different hypocotyls were measured, and in each
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cell, at least 30 CMTs were quantified and analyzed for each treat-
ment. The moving rate of CESA3 was qualified by using Kymograph
analysis as described (Bringmann et al. 2012). In brief, after each
group of frames were stacked. Kymographs were made using the
multiple Kymograph plugin for ImageJ (http:/www.embl.de/
eamnet/html/body_kymograph.html), and then, particle velocities
were calculated from the slopes of kymographs.

Accession numbers

Sequence data from this article can be found in the Arabidopsis
Genome Initiative under the following accession numbers:
CESA3 (At5G05170), TUA6 (AT4G14960), KOR1 (AT5G49720),
EBla (At3g47690), and MBD (from MAP4 and M72414).
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