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Cellulose synthase complexes (CSCs) at the plasma membrane (PM) are aligned with cortical microtubules (MTs) and direct the
biosynthesis of cellulose. The mechanism of the interaction between CSCs and MTs, and the cellular determinants that control the
delivery of CSCs at the PM, are not yet well understood. We identified a unique small molecule, CESA TRAFFICKING INHIBITOR
(CESTRIN), which reduces cellulose content and alters the anisotropic growth of Arabidopsis (Arabidopsis thaliana) hypocotyls. We
monitored the distribution and mobility of fluorescently labeled cellulose synthases (CESAs) in live Arabidopsis cells under chemical
exposure to characterize their subcellular effects. CESTRIN reduces the velocity of PM CSCs and causes their accumulation in the cell
cortex. The CSC-associated proteins KORRIGAN1 (KOR1) and POM2/CELLULOSE SYNTHASE INTERACTIVE PROTEIN1 (CSI1)
were differentially affected by CESTRIN treatment, indicating different forms of association with the PM CSCs. KOR1 accumulated in
bodies similar to CESA; however, POM2/CSI1 dissociated into the cytoplasm. In addition, MT stability was altered without direct
inhibition of MT polymerization, suggesting a feedback mechanism caused by cellulose interference. The selectivity of CESTRIN was
assessed using a variety of subcellular markers for which no morphological effect was observed. The association of CESAs with vesicles
decorated by the trans-Golgi network-localized protein SYNTAXIN OF PLANTS61 (SYP61) was increased under CESTRIN treatment,
implicating SYP61 compartments in CESA trafficking. The properties of CESTRIN compared with known CESA inhibitors afford
unique avenues to study and understand the mechanism under which PM-associated CSCs are maintained and interact with MTs and
to dissect their trafficking routes in etiolated hypocotyls.

Plant cell expansion and anisotropic cell growth are
driven by vacuolar turgor pressure and cell wall ex-
tensibility, which in a dynamic and restrictive manner
direct cell morphogenesis (Baskin, 2005). Cellulose is

the major load-bearing component of the cell wall and
is thus a major determinant for anisotropic growth
(Baskin, 2001). Cellulose is made up of b-1,4-linked
glucan chains that may aggregate to form microfibrils
holding 18 to 36 chains (Somerville, 2006; Fernandes
et al., 2011; Jarvis, 2013; Newman et al., 2013; Thomas
et al., 2013). In contrast to cell wall structural poly-
saccharides, including pectin and hemicellulose, which
are synthesized by Golgi-localized enzymes, cellulose
is synthesized at the plasma membrane (PM) by cel-
lulose synthase complexes (CSCs; Somerville, 2006;
Scheller and Ulvskov, 2010; Atmodjo et al., 2013). The
cellulose synthases (CESAs) are the principal catalytic
units of cellulose biosynthesis and in higher plants are
organized into globular rosettes (Haigler and Brown,
1986). For their biosynthetic function, each primary cell
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wall CSC requires a minimum of three catalytic CESA
proteins (Desprez et al., 2007; Persson et al., 2007).

On the basis of observations that cellulose microfi-
brils align with cortical microtubules (MTs) and that
MT disruption leads to a loss of cell expansion, it was
hypothesized that cortical MTs guide the deposition
and, therefore, the orientation of cellulose (Green, 1962;
Ledbetter and Porter, 1963; Baskin, 2001; Bichet et al.,
2001; Sugimoto et al., 2003; Baskin et al., 2004; Wasteneys
and Fujita, 2006). Confocal microscopy of CESA fluores-
cent fusions has advanced our understanding of CESA
trafficking and dynamics. CSCs are visualized as small
particles moving within the plane of the PM, with an
average velocity of approximately 200 to 400 nm min21.
Their movement in linear tracks along cortical MTs
(Paredez et al., 2006) supports the MT-cellulose align-
ment hypothesis.

Our current understanding of cellulose synthesis
suggests that CESAs are assembled into CSCs in either
the endoplasmic reticulum (ER) or the Golgi apparatus
and trafficked by vesicles to the PM (Bashline et al.,
2014; McFarlane et al., 2014). The presence of CESAs in
isolated Golgi and vesicles from the trans-Golgi net-
work (TGN) has been established by proteomic studies
(Dunkley et al., 2006; Drakakaki et al., 2012; Nikolovski
et al., 2012; Parsons et al., 2012; Groen et al., 2014). Their
localization at the TGN has been corroborated by electron
microscopy and colocalization with TGN markers, such
as vacuolar H+-ATP synthase subunit a1 (VHA-a1), and
the Soluble NSF Attachment Protein Receptor (SNARE)
protein SYNTAXIN OF PLANTS41 (SYP41), SYP42,
and SYP61 (Crowell et al., 2009; Gutierrez et al., 2009;
Drakakaki et al., 2012). A population of post-Golgi com-
partments carrying CSCs, referred to as microtubule-
associated cellulose synthase compartments (MASCs) or
small cellulose synthase compartments (SmaCCs), may
be associated with MTs or actin filaments and are
thought to be directly involved in either CSC delivery
to, or internalization from, the PM (Crowell et al., 2009;
Gutierrez et al., 2009).

In addition to the CESAs, auxiliary proteins have
been identified that play a vital role in the cellulose-
synthesizing machinery. These include COBRA (Roudier
et al., 2005), the endoglucanase KORRIGAN1 (KOR1;
Lane et al., 2001; Lei et al., 2014b; Vain et al., 2014),
and the recently identified POM-POM2/CELLULOSE
SYNTHASE INTERACTIVE PROTEIN1 (POM2/CSI1;
Gu et al., 2010; Bringmann et al., 2012). The latter pro-
tein functions as a linker between the cortical MTs and
CSCs, as genetic lesions in POM2/CSI1 result in a lower
incidence of coalignment between CSCs and cortical
MTs (Bringmann et al., 2012). Given the highly regu-
lated process of cellulose biosynthesis and deposition, it
can be expected that many more accessory proteins
participate in the delivery of CSCs and their interaction
with MTs. Identification of these unique CSC-associated
proteins can ultimately provide clues for the mechanisms
behind cell growth and cell shape formation.

Arabidopsis (Arabidopsis thaliana) mutants with de-
fects in the cellulose biosynthetic machinery exhibit a

loss of anisotropic growth, which results in organ
swelling. This phenotype may be used as a diagnostic
tool in genetic screens to identify cellulose biosynthetic
and CSC auxiliary proteins (Mutwil et al., 2008). Chem-
ical inhibitors complement genetic lesions to perturb,
study, and control the cellular and physiological function
of proteins (Drakakaki et al., 2009). A plethora of bioac-
tive small molecules have been identified, and their an-
alytical use contributes to our understanding of cellulose
biosynthesis and CESA subcellular behavior (for review,
see Brabham and Debolt, 2012). Small molecule treat-
ment can induce distinct characteristic subcellular CESA
patterns that can be broadly grouped into three cate-
gories (Brabham and Debolt, 2012). The first is charac-
terized by the depletion of CESAs from the PM and their
accumulation in cytosolic compartments, as observed for
the herbicide isoxaben {N-[3-(1-ethyl-1-methylpropyl)-5-
isoxazolyl]-2,6-dimethyoxybenzamide}, CGA 325615
[1-cyclohexyl-5-(2,3,4,5,6-pentafluorophe-noxyl)-1l4,2,4,6-
thiatriazin-3-amine], thaxtomin A (4-nitroindol-3-yl
containing 2,5-dioxopiperazine), AE F150944 [N2-(1-
ethyl-3-phenylpropyl)-6-(1-fluoro-1-methylethyl)-1,
3,5-triazine-2,4-di-amine], and quinoxyphen [4-(2-bromo-
4,5-dimethoxyphenyl)-3,4-dihydro-1H-benzo-quinolin-2-
one]; (Paredez et al., 2006; Bischoff et al., 2009;
Crowell et al., 2009; Gutierrez et al., 2009; Harris et al.,
2012). The second displays hyperaccumulation of CESAs
at the PM, as seen for the herbicides dichlobenil (2,6-
dichlorobenzonitrile) and indaziflam {N-[(1R,2S)-2,3-
dihydro-2,6-dimethyl-1H-inden-1-yl)-6-(1-fluoroethyl]-1,
3,5-triazine-2,4-diamine} (Herth, 1987; DeBolt et al.,
2007b; Brabham et al., 2014). The third exhibits dis-
turbance of both CESAs and MTs and alters CESA
trajectories at the PM, as exemplified by morlin (7-ethoxy-
4-methylchromen-2-one; DeBolt et al., 2007a). Unique
compounds inducing a phenotype combining CESA ac-
cumulation in intermediate compartments and disruption
of CSC-MT interactions can contribute to both the iden-
tification of the accessory proteins linking CSCs withMTs
and the vesicular delivery mechanisms of CESAs.

In this study, we identified and characterized a unique
cellulose deposition inhibitor, the small molecule CESA
TRAFFICKING INHIBITOR (CESTRIN), which affects
the localization pattern of CSCs and their interacting
proteins in a unique way. The induction of cytoplasmic
CESTRIN bodies might provide further clues for traf-
ficking routes that carry CESAs to the PM.

RESULTS

CESTRIN Affects the Trafficking of CESA

Toward a better understanding of CSC trafficking,
we screened a library of 360 small molecules of pol-
len germination and endosomal trafficking inhibitors
(Drakakaki et al., 2011) for chemicals that specifically
alter the localization of CESA in hypocotyls of 3-d-old
etiolated Arabidopsis seedlings. We identified a com-
pound, 1-[2,6-dinitro-4-(trifluoromethyl)phenyl]-2-[6-
methyl-4-(trifluoromethyl)pyridin-2-yl]hydrazine,
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C14H9F6N5O4 (Supplemental Fig. S1), that induces
distinct and pronounced changes in the localization
pattern of CSCs in etiolated hypocotyls (Fig. 1). In control
(i.e. dimethyl sulfoxide [DMSO]-treated) plants, GFP-
CESA3 follows linear trajectories at the PM (Fig. 1A), as
observed previously (Crowell et al., 2009; Gutierrez
et al., 2009). Contrasting this, in the small molecule-
treated plants, the overall presence of CSCs at the PM
was substantially reduced. Furthermore, the particles
showed reduced motility, as demonstrated in the
translocation tracks of time-projected images (Fig.

1B). Analysis of time-lapse confocal imaging sequences
revealed that the average velocity of the particles drop-
ped from 218 nm min21 in the control plants to ap-
proximately 127 nm min21 in the treated ones (Fig. 1C;
Supplemental Movies S1 and S2). Concurrently, much
of the GFP-CESA3 accumulated in compartments at the
cell cortex, exhibiting increased fluorescence intensity
and larger size compared with the control. It is likely
that this subcellular population contains the CSCs in
SmaCCs/MASCs (Crowell et al., 2009; Gutierrez et al.,
2009). Given the effect on CESA trafficking, we refer to
the compound as CESTRIN and to the cytoplasmic
compartments as CESTRIN-induced bodies.

In order to assess the specificity of CESTRIN, a variety
of organelle markers and their subcellular localizations
were examined in Arabidopsis etiolated hypocotyls.
The unaltered morphology of endosomes labeled by
CLATHRIN LIGHT CHAIN2 (CLC2)-GFP demonstrates
that CESTRIN does not target endocytic trafficking (Fig.
2A). Furthermore, the localization of neither secretion
marker sec-GFP nor the PM-receptor-like kinase THESEUS1
(THE1)-GFP was altered (Fig. 2, B and C), suggesting
that the drug does not broadly disrupt trafficking to
the PM or secretion. The overall morphology of the
ER, Golgi, TGN, early endosomes, and vacuole and the
trafficking of soluble cargo to the vacuole were not
noticeably affected (Supplemental Fig. S2), indicating that

Figure 1. CESTRIN reduces GFP-CESA3 velocity (particle movement
rate) and induces its accumulation in endomembrane compartments.
Arabidopsis seedlings expressing GFP-CESA3 were grown in the dark
for 3 d and imaged by spinning-disk confocal microscopy. A, Seedlings
expressing GFP-CESA3 were treated with DMSO (control). A single
optical section and, as an indication of motility, an average of 60
frames are shown. B, Upon a 2-h 15 mM CESTRIN treatment, GFP-
CESA3 particles no longer follow linear trajectories and are accumu-
lated in punctae exhibiting increased fluorescence intensity. A single
optical section and an average of 58 frames are shown. Bars in A and
B = 10 mm. C, Histogram showing the distribution of GFP-CESA3
velocities at the PM focal plane under DMSO (white bars; n = 349)
and CESTRIN (black bars; n = 105) treatment.

Figure 2. CESTRIN does not broadly disrupt trafficking to the PM or
secretion in Arabidopsis hypocotyls. Three-day-old etiolated Arabi-
dopsis seedling hypocotyls were observed in the confocal microscope
for either DMSO or 2-h CESTRIN treatment. Seedlings expressing
CLC2-GFP (A), sec-GFP, a secretion marker (B), and THE1-GFP, a PM
receptor-like kinase (C), did not show localization or morphological
defects after CESTRIN treatment. Bars = 10 mm.
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CESTRIN does not exert broad toxicological effects in
Arabidopsis etiolated hypocotyls. Taken together, these
results suggest that CESTRIN perturbs the localization
and motility of compartments involved in CSC traf-
ficking. Evaluating if CESTRIN causes a broad growth
inhibition, we analyzed its impact on bacteria (Escherichia
coli), for which no effect on their proliferation was ob-
served (P = 0.89 at 7 mM; Supplemental Fig. S3A); how-
ever, minor growth defects were observed for yeast
(Saccharomyces cerevisiae; Supplemental Fig. S3B).

CESTRIN Inhibits Cell Elongation and Reduces
Cellulose Content

CESTRIN reduced anisotropic cell growth in a
concentration-dependent manner, with an estimated
half-maximal inhibitory concentration of 4.85 mM (Fig.
3, A and B) in 5-d-old etiolated seedlings germinated
on CESTRIN-containing medium. CESTRIN induced
changes in hypocotyl cell morphology, with clearly
visible cell swelling and reduced cell elongation (Fig. 3,
C and D). CESTRIN also impacted cellulose produc-
tion: Arabidopsis hypocotyls grown on 9 mM CESTRIN
contained approximately 30% less cellulose compared
with control seedlings (Table I). To assess the short-

term effects of CESTRIN on Glc incorporation, we
performed a 2-h pulse chase on 3-d-old etiolated seed-
lings using [13C]Glc. We monitored the relative in-
corporation of 13C into the Glc detected in the cellulose
fraction, using gas chromatography-mass spectrometry
analysis of alditol acetates generated after hydrolysis of
the cellulose fraction. Selective ion monitoring mode, as
described previously (Greve and Labavitch, 1991; Huysamer
et al., 1997), indicated that CESTRIN significantly de-
creased the amount of [13C]Glc that was incorporated
into the cellulose fraction; this reduction was greater
when more CESTRIN was applied (P , 0.00001 for
15 mM, P = 0.000124 for 8 mM) in our short-term treatment
(Table II). In addition, a less profound but still significant
reduction was observed in the 2 N trifluoroacetic acid
(TFA)-hydrolyzed cell wall fraction (i.e. the noncel-
lulosic neutral sugars) of the isolated cell walls (P =
0.0176 for 15 mM, P = 0.0325 for 8 mM), suggesting
reduced incorporation of [13C]Glc into structural
polysaccharides.

CESTRIN Treatment Induces Mislocalization of the
CESA-Interacting Proteins POM2/CSI1 and KOR1

Recent studies have shown that the glucanase KOR1
is an integral part of the primary cell wall CSCs at the
PM (Vain et al., 2014). Similar to CSCs, the localization
pattern of KOR1 follows MT reorientation during ep-
idermal cell elongation (Lei et al., 2014b; Vain et al.,
2014). We investigated if CESTRIN affects CESAs or
KOR1 in a differential manner by comparing the re-
spective localization patterns. Under control condi-
tions, GFP-KOR1-labeled PM particles migrate along
linear trajectories with comparable velocities (average
of 220 nm min21) to those observed for GFP-CESAs
(Fig. 4, A and C). Overall, the trafficking pattern of
CSCs and KOR1 showed similar behavior after CESTRIN
treatment; however, subtle differences also were evident.
CESTRIN treatment dramatically reduced the presence
of mobile, PM-localized GFP-KOR1 and instead concen-
trated the protein in trafficking compartments at the
cell cortex, as judged from the higher fluorescence
intensity (Fig. 4, B and C). The mean velocity of GFP-
KOR1-labeled particles was reduced to approximately
60 nm min21 (Fig. 4C), with particle motion resembling a
random walk rather than following straight trajectories.

CESAs involved in primary cell wall biosynthesis
interact with POM2/CSI1 (Gu et al., 2010; Bringmann
et al., 2012), which prompted an investigation into the

Figure 3. CESTRIN inhibits anisotropic growth in Arabidopsis. A and
B, Concentration-dependent growth inhibition of 5-d-old Arabidopsis
etiolated hypocotyls under CESTRIN treatment. The half-maximal in-
hibitory concentration is calculated to be 4.85 mM using an expo-
nential trend line (r2 = 0.9416, n = 48). C and D, Propidium iodide
staining of hypocotyl cells in 5-d-old Arabidopsis seedlings treated
with CESTRIN shows decreased elongation and increased radial
swelling. Bars = 50 mm.

Table I. CESTRIN treatment significantly reduces cellulose content in
Arabidopsis etiolated seedlings

Cellulose content is shown in mg mg21 of alcohol-insoluble residues
(AIR). The asterisk indicates a significant difference in cellulose con-
tent as measured in dark-grown hypocotyls (P , 0.01 by Student’s
t test).

Treatment Cellulose Content

DMSO 103.7 6 6.4
CESTRIN (9 mM) 75.3 6 2.7*
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trafficking dynamics of POM2/CSI1 fused with triple
yellow fluorescent protein for energy transfer Ypet
(3xYpet) under CESTRIN treatment. In control plants,
the localization pattern of POM2/CSI1-3xYpet showed
distinct punctae that exhibit a directional motility (Fig.
4D), in accordance with previous observations (Gu et al.,
2010; Bringmann et al., 2012). However, in CESTRIN-
treated plants, POM2/CSI1-3xYpet-labeled particles
lost organization, leading to a more dispersed localiza-
tion (Fig. 4E). This behavior occurred concurrent with
the reduction in directional movement after approximately
1.5 h of CESTRIN treatment (Fig. 4E). After 2 h of treat-
ment, we observed a diffuse, cytoplasmic pattern of the
fluorescent signal, suggesting that the POM2/CSI1 be-
came disengaged from the PM CSCs. The average mo-
tility of POM2/CSI1-labeled particles was reduced from
approximately 262 to 164 nm min21 after about 1.5 h of
treatment (Fig. 4F). Overall, these data suggest that
CESTRIN inhibits the dynamics of CSCs, KOR1, and
POM2/CSI1 and alters a cellulose-related pathway.

CESTRIN Alters MT Stability in a Mechanism Different
from Oryzalin

Given that CESAs interact closely with MTs, we stud-
ied the effect of CESTRIN on MT stability and organiza-
tion using Arabidopsis seedlings expressing GFP-CESA3/
mCherry-TUA5 (for red monomeric fluorescent protein
attached to tubulin a-5; Gutierrez et al., 2009). Concurrent
with the pronounced mislocalization of GFP-CESA3,
CESTRIN treatment induced marked changes in MT or-
ganization, including a reduction in transverse-oriented
cortical arrays in comparison with DMSO-treated con-
trols (Fig. 5). The majority of the treated cells featured
disordered MT arrays or more diffuse fluorescence pat-
terns (Fig. 5; Supplemental Fig. S4A). To further investi-
gate the impacts of CESTRIN onMT arrays, we examined
the localization pattern of the MT plus-end binding pro-
tein END BINDING1 (EB1; Chan et al., 2003; Dixit et al.,
2006). As described previously, GFP-EB1 localizes in distinct
foci that dominantly label MT plus ends (Supplemental Fig.
S4B). In contrast, CESTRIN-treated cells showed diffuse
EB1 fluorescence in the cytoplasm (Supplemental Fig.
S4B). It is likely that the loss of MT stability due to
CESTRIN treatment leads to the loss of MT-localized EB1.
Additionally, despite these MT behavioral effects under
CESTRIN treatment, the MT tip disconnection from the

cortex (Shaw et al., 2003) is not increased (P = 0.19;
Supplemental Movies S3 and S4).

Under normal conditions, CESAs are typically deliv-
ered to sites that coincide with cortical MTs (Gutierrez
et al., 2009). A possible explanation for the observed
CESA behavior under CESTRIN treatment could be a
failure to deliver CESAs to MT sites and/or an inability
to properly guide the CSCs along the MTs. This hy-
pothesis in turn prompted us to compare CESTRIN with
the MT depolymerization drug oryzalin, which binds
tubulin dimers and interferes with the dimer addition to
MT ends (Morejohn et al., 1987). The effect of CESTRIN
on cortical MT array organization shares partial simi-
larities with oryzalin. As mentioned above, CESTRIN
treatment caused alterations in the organization and
depolymerization of MTs, leading to less defined arrays
and a more diffuse pattern of presumably free mCherry-
TUA5 (Fig. 5B; Supplemental Fig. S4A). This effect is
similar for oryzalin, although less pronounced under
CESTRIN treatment. A dramatically different behavior
was observed for the cellular dynamics of CSCs during
treatment with CESTRIN than that with oryzalin. Even
under extended oryzalin treatment, the CSCs do not
dissociate from the PM, unlike the phenotype observed
under CESTRIN treatments (Supplemental Fig. S4A;
Paredez et al., 2006; Gutierrez et al., 2009). To further
investigate if CESTRIN is a direct MT polymerization
inhibitor, we employed an in vitro spectrometric
absorption assay. The assay did not yield any evi-
dence for CESTRIN inhibiting the tubulin polymeri-
zation process in vitro; there was, however, a slight
but significant increase in polymerization (P = 0.011;
Supplemental Fig. S4D).

In stark contrast to the distinct changes in the MT,
no changes were observed for actin organization and
dynamics under chemical treatment (Supplemental
Fig. S4C), which further demonstrates that the small
molecule does not broadly affect the cytoskeleton.

CSCs Are Enriched in SYP61-Associated Compartments
upon CESTRIN Treatment

The apparent redistribution of CSCs from the PM to
the cell cortex prompted us to further investigate the
identity of the CESTRIN bodies. Previous studies have
shown that CSCs are partially colocalized with SYP61/
VHA-a1 in early endosome/TGN compartments (Crowell
et al., 2009; Gutierrez et al., 2009). The presence of CESAs
in SYP61 vesicles was further established by proteomic
analysis (Drakakaki et al., 2012). Moreover, of several
endosomal/TGNmarkers investigated previously, SYP61
was shown to partially overlap with cortically tethered
SmaCCs (Gutierrez et al., 2009). As shown previously,
both SYP61 and SYP41/42 partially overlap with CESA6
under mock treatment; however, only SYP61 remains
partially colocalized with the CESA signal after mannitol
treatment (Gutierrez et al., 2009). Therefore, we examined
the behavior of GFP-CESA3 in relationship to SYP61
under CESTRIN treatment. Partial colocalization of the
GFP-CESA3 and cyan fluorescent protein (CFP)-SYP61

Table II. [13C]Glc incorporation into cellulose under CESTRIN
treatment

Values shown are [13C]Glc:[12C]Glc 3 100. Asterisks indicate sig-
nificant differences in [13C]Glc incorporation under 2-h treatment in
dark-grown Arabidopsis seedlings (**P , 0.01; *0.01 , P , 0.05 by
Student’s t test).

Treatment Cellulose Fraction Soluble Fraction

DMSO 2.37 6 0.01 4.16 6 1.1
CESTRIN (15 mM) 0.44 6 0.01** 1.65 6 1.87*
CESTRIN (8 mM) 0.76 6 0.19** 1.97 6 0.43*
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compartments was observed under DMSO treatment
and was enhanced significantly (approximately 15%)
upon CESTRIN application (P = 0.0013, Student’s t test;
Fig. 6). Our data corroborate the presence of CSCs
in SYP61 vesicles, which is increased by CESTRIN
treatment.

Isoxaben-Resistant Plants Are Not Resistant to CESTRIN

To determine if CESTRIN acts on the CESAs in a
similar manner to that of the well-characterized cellu-
lose inhibitor isoxaben, we compared the hypocotyl
growth in etiolated seedlings of the isoxaben-resistant

Figure 4. CESTRIN alters the localization and velocity of GFP-KOR1 and POM2/CSI1-3xYpet. Arabidopsis seedlings expressing
GFP-KOR1 and POM2/CSI1-3xYpet were grown in the dark for 3 d and imaged by spinning-disk confocal microscopy. A, Seedlings
expressing GFP-KOR1 were treated with DMSO (control). A single optical section and an average of 50 frames are shown. B, Upon a
2-h 15 mM CESTRIN treatment, GFP-KOR1 particles are accumulated in punctae exhibiting increased fluorescence intensity. A single
optical section and an average of 55 frames are shown. Bars in A and B = 5 mm. C, Histogram showing the frequency of GFP-KOR1
velocities at the PM focal plane under DMSO (white bars; n = 406) or 15 mM CESTRIN (black bars; n = 247) treatment. D, Seedlings
expressing POM2/CSI1-3xYpet were treated with DMSO (control). A single optical section and an average of 58 frames are shown.
E, Upon a 1.5-h 15 mM CESTRIN treatment, POM2/CSI1-3xYpet particles show an altered distribution pattern, as shown by a
60-frame average. Upon a 2-h 15 mM CESTRIN treatment, POM2/CSI1-3xYpet was localized to the cytoplasm; an average of
60 frames is shown. Bars in D and E = 5 mm. F, Histogram showing the frequency of POM2/CSI1-3xYpet velocities at the PM focal
plane under DMSO (white bars; n = 420) or 15 mM CESTRIN (black bars; n = 106) treatment.
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CESA3 mutant ixr1-1 (Heim et al., 1989; Scheible et al.,
2001) with that of wild-type Columbia (Col-0) and the
CESA6, procuste1 (prc1-1) allele (Fagard et al., 2000).
While the hypocotyl growth of ixr1-1 was resistant to
isoxaben treatment (P = 0.2), a 62% reduction in elonga-
tion was observed when the mutant was grown on
CESTRIN-containing plates (P = 8.6 3 1025). However,
the reduction was more pronounced for the wild-type
Col-0, exhibiting an 80% reduction (P = 0.001; Fig. 7).
When comparing Col-0 and ixr1-1, the two genotypes
showed significantly different responses to the two
chemicals (two-way ANOVA, P = 4.7 3 10212). In addi-
tion, a significantly different response of prc1-1 compared
with Col-0 was observed for both chemical treatments
(two-way ANOVA, P = 0.008). The prc1-1mutant showed
sensitivity to both isoxaben and CESTRIN, although to a

lower degree compared with the growth reduction in the
wild-type Col-0. Taken together, these data indicate that
isoxaben and CESTRIN have distinct targets or mech-
anisms of action.

DISCUSSION

Although recent studies have identified a molecular
component that mediates the interaction between CESAs
and MTs, many unknown players potentially await dis-
covery. In addition, the cellular determinants that control
CSC delivery to, and internalization from, the PM remain
ill understood (Lei et al., 2014a; McFarlane et al., 2014).
Such unique components could be critical for regulating
the stability and activity of CSCs and may reveal new
aspects of anisotropic cell growth. We have identified a
compound, CESTRIN, that alters the trafficking of CSCs
and their associated proteins POM2/CSI1 and KOR1,
leading to MT instability and a reduction in cellulose
content.

CESTRIN did not affect the localization patterns of
a variety of endomembrane compartments, including
the ER, Golgi, TGN, and vacuole, demonstrating that
the subcellular phenotype is not the result of broad cell
toxicity. Strikingly, neither general secretion nor cyto-
solic clathrin compartments were affected, indicating
that CESTRIN’s mode of action does not indiscrimin-
ately affect endocytic or secretion pathways but rather
selective pathways involved in CESA delivery in
Arabidopsis etiolated hypocotyls.

Exposure to CESTRIN increased the colocalization
of SYP61 vesicles with CESA, suggesting that CESTRIN
bodies are enriched in the syntaxin. Mannitol treatment
is thought to tether MT to SmaCCs. Corroborating our
findings, mannitol-induced SmaCCs only colocalized
partially with SYP61 among the different TGN markers
tested (Gutierrez et al., 2009). Moreover, proteomic
analysis of SYP61 vesicles has established that they
contain CESAs involved in primary cell wall biosynthe-
sis and KOR1 (Drakakaki et al., 2012), suggesting a role
of SYP61 in the trafficking of CSCs. A recent TGN pro-
teomic analysis identified CESA1 in VHA-a1 fractions;
however, neither CESA3/6 nor KOR1 could be detected
(Groen et al., 2014). A plausible explanation might be
that SYP61 defines a population that is distinct from
VHA-a1 vesicles involved in the delivery of CSCs, al-
though other currently uncharacterized populations may
be involved as well.

Our studies showed that the two CESA-interacting
proteins POM2/CSI1 and KOR1 are affected by CESTRIN;
however, subtly different behaviors were observed
for the two. The nature of these proteins might give
clues about their subcellular behavior after CESTRIN
treatment. POM2/CSI1 is currently the most well-
characterized protein that serves as a linker between
MT and CSCs. In vitro assays demonstrated that it
interacts both with MTs and CESAs involved in pri-
mary cell wall synthesis, while in planta studies have
shown that it colocalizes with CESAs while traveling
along trajectories aligned with MT CSCs (Gu et al.,

Figure 5. CESTRIN alters MT organization concurrent with GFP-CESA3
mislocalization. Three-day-old etiolated Arabidopsis seedlings expressing
both RFP-TUA5 and GFP-CESA3 were imaged. A, DMSO-treated seed-
lings. A trace from six frames shows colocalization of GFP-CESA3 particles
and MTs. B, A 2-h 15 mM CESTRIN treatment causes loss of MT organi-
zation and redistribution of GFP-CESA3 particles. The trace was composed
of 58 frames. Bars = 10 mm.
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2010; Bringmann et al., 2012; Li et al., 2012). In addition,
genetic lesions in pom2/csi1 null mutants exhibit both
CSCs and cortical MT defects (Bringmann et al., 2012; Li
et al., 2012; Mei et al., 2012; Landrein et al., 2013).

The glucanase KOR1 interacts with CESAs involved
in primary cell wall formation and colocalizes with
CESAs at the PM moving along linear trajectories.
Moreover, KOR1-GFP is present in SmaCCs/MASCs
and at the Golgi, TGN, and late endosome compart-
ments (Robert et al., 2005; Lei et al., 2014b; Vain et al.,
2014). Under CESTRIN treatment, KOR1-GFP displays
subcellular patterns similar to that of GFP-CESA3; both
localize in bright fluorescent punctae. This observation
suggests that the membrane association of CESAs and
KOR1 is maintained upon chemical treatment, leading
to their enhanced localization in the intermediate

CESTRIN bodies. This is in contrast to the partial
cytoplasmic localization of POM2/CSI1 upon chemical
treatment, which suggests a dissociation from CSCs. The
fact that CESTRIN targets both proteins associated with
CSCs underscores the selectivity of CESTRIN toward a
pathway potentially controlling the interaction between
the two.

Cellulose biosynthesis inhibitors (CBIs) influence the
trafficking and dynamics of CESAs or MTs (Brabham
and Debolt, 2012; McFarlane et al., 2014). Small molecules
such as isoxaben, CGA 325615, and mannitol deplete
CSCs from the PM, leading to their subsequent accu-
mulation in SmaCCs/MASCs (Crowell et al., 2009;
Gutierrez et al., 2009). CESTRIN is unique in causing CSC
accumulation in CESTRIN bodies while concurrently af-
fecting MT organization. The way CESTRIN influences

Figure 6. CESTRIN causes an increase in
colocalization between CSCs and SYP61
in Arabidopsis hypocotyls. Colocalization
of CFP-SYP61 (magenta) and GFP-CESA3
(cyan) in etiolated Arabidopsis hypocotyls
(A) increases under 2 h of 15 mM CESTRIN
treatment when comparedwith the DMSO
control (B). A 15% increase in the coloc-
alization of GFP-CESA3 and CFP-SYP61
particles was observed. Analysis was per-
formed on three time series per treatment,
acquired by sequential line scanning.
Bars = 10 mm.

Figure 7. The isoxaben-resistant mutant ixr1-1 did not display cross resistance to CESTRIN. A, Hypocotyl growth of wild-type
Col-0, the isoxaben-resistant CESA3 mutant ixr1-1, and the CESA6 mutant prc1-1 in 8 mM CESTRIN compared with DMSO-
supplemented medium (n = 16 seedlings per treatment). B, Wild-type Col-0, ixr1-1, and prc1-1 5-d-old seedlings were grown
on medium containing 4 nM isoxaben or DMSO (n = 16 seedlings per treatment). The hypocotyl growth of ixr1-1 was reduced
under CESTRIN treatment by 62% (P = 8.6 3 1025), while it was not reduced under isoxaben treatment (P = 0.2) when
compared with wild-type Col-0. When comparing Col-0 and ixr1-1, the two genotypes showed significantly different responses
to the two chemicals (two-way ANOVA, P = 4.73 10212). Significantly different responses of prc1-1 compared with Col-0 were
observed for both chemical treatments (two-way ANOVA, P = 0.008).
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the stability of MTs is markedly different from that ob-
served for CBIs and oryzalin. Application of oryzalin at
a concentration depolymerizing MTs has no significant
effect on the velocity and localization of CSCs (DeBolt
et al., 2007a); however, extended oryzalin treatment
results in a complete removal of MTs and a uniform
distribution of CSCs at the PM (Gardiner et al., 2003; Li
et al., 2012). Furthermore, under MT depolymerization
conditions, no dissociation of POM2/CSI1 with CSCs is
observed, despite their localization in less-defined tra-
jectories (Bringmann et al., 2012). The only previously
described effect of oryzalin on CSC trafficking is in
combination with other CBIs (Gutierrez et al., 2009;
Sampathkumar et al., 2013). In contrast to oryzalin, which
inhibits tubulin polymerization in vitro at a concentration
of 5 mM (Morejohn et al., 1987), CESTRIN application at a
concentration inducing CESTRIN bodies (15 mM) does not
inhibit in vitro tubulin polymerization. This suggests
that MT instability and depolymerization are not likely
the primary effects of the small molecule but possibly a
feedback mechanism, through an intermediate compo-
nent associating with both CESAs and MT. For example,
those could include POM2/SCI1 or other not-yet iden-
tified proteins involved in this interaction. Null mutants
of pom2/csi1 have decreased elongation and increased
swelling in hypocotyls, reduced velocity of CSCs, re-
duced cellulose content, and disorganized MTs, which
are phenocopied by CESTRIN application (Bringmann
et al., 2012; Gu et al., 2010).
The CBIs morlin and cobtorin (4-[(2-chlorophenyl)-

methoxy]-1-ntirobenzene) affect cytoskeleton organiza-
tion but do not cause CSC accumulation in intermediate
bodies (DeBolt et al., 2007a; Yoneda et al., 2007, 2010).
The distinct subcellular phenotypes caused by CESTRIN
compared with oryzalin, morlin, and cobtorin illustrate
that CESTRIN has a markedly different mode of action,
featuring an altered trafficking of extended CSCs and
causing their accumulation in intermediate CESTRIN-
induced bodies while affecting the MT-CSC interaction.
Further corroborating that CESTRIN affects cellulose

deposition is the fact that seedlings grown in the pres-
ence of the compound display an approximately 30%
reduction in cellulose, with additional reduction in [13C]
Glc in the 2 N TFA-insoluble cell wall fraction after 2 h of
CESTRIN treatment. In addition, our data show that
CESTRIN does not act on MT polymerization directly
under our in vitro conditions, and the MT phenotype
observed may be due to feedback from CSC disruption.
The notion of feedback disruption from cell wall to cy-
toskeleton organization is supported by genetic studies
in which it was shown that mutations in the genes en-
coding the glucanase KOR1 and CESA6 (kor1-3, prc1-20,
and jiaoyao1) resulted in changes of MT organization
(Paredez et al., 2008; Lei et al., 2014b). It is plausible that
CESTRIN’s inhibition of the CSCs provides feedback to
the MT, which in turn leads to a disorganized or col-
lapsing MT array. However, we cannot rule out the
possibility that CESTRIN may be acting upon MTs
in vivo, changing their behavior by mechanisms other
than direct polymerization but perhaps interfering with

additional factors, which could lead to altered traffick-
ing of CESA. It is possible that the small molecule acts
on a linker protein between CSCs and MTs, such as the
POM2/CSI1 or other not-yet identified proteins involved
in this interaction.

Despite the reduction in cellulose content, we reason
that CESTRIN affects CESA, employing a different
mode of action than observed for isoxaben. The sen-
sitivity of the ixr1-1 mutant to CESTRIN, in contrast to
that of isoxaben resistance, implies that even if a CESA
subunit is targeted by CESTRIN, it does not corre-
spond to the ixr1-1 locus on CESA3. A number of
mechanisms can account for the cumulative observed
behavior of CESTRIN, although it is challenging to
ascribe likelihoods to these mechanisms with certainty.
We put forward some plausible hypotheses.

CESTRIN might affect a signaling mechanism regu-
lating the activity of CSCs, potentially mediated by
phosphorylation. It is known that changes in CESA
phosphorylation alter their motility and reduce anisotro-
pic growth (Chen et al., 2010; Bischoff et al., 2011). Further
interactions of MT-associated proteins and MTs can be
modulated via phosphorylation by altering protein sur-
face charge (Smertenko et al., 2006, 2008). Hence, it is
tempting to suggest that CESTRIN targets phosphoryla-
tion; however, on the basis of the observed reduction in
cellulose content and the formation of CESTRIN bodies,
without affecting MT polymerization in vitro, this seems
unlikely. Another possible mechanism is that signaling
events may take place that cause the accumulation of
CSCs to CESTRIN bodies and feedback, altering MT
stability. It is also possible that CESTRIN affects substrate
availability during the biosynthesis of cellulosic glucans
and cell wall polysaccharides. This effect could take place
during the nucleotide sugar conversion pathway. De-
tailed analysis of monosaccharides in the matrix poly-
saccharide fraction is under way to examine the effects of
CESTRIN in the overall UDP-Glc conversion and utili-
zation. Only future studies that identify the target of
CESTRIN and identify the mode of action of CESTRIN
can conclusively determine which of these hypotheses is
correct; these efforts are currently under way.

Our study has identified CESTRIN, a unique inhibitor
of processes associated with cellulose deposition that al-
ters the trafficking of CSCs and their interacting proteins,
enriching the CSC population in SYP61 compartments.
CESTRIN affords unique avenues to study and under-
stand the mechanism under which PM-associated CSCs
are maintained and interact with MTs and to dissect
trafficking routes that deliver CSCs to the PM.

MATERIALS AND METHODS

Plant Materials and Growth for Microscopy Studies

Arabidopsis (Arabidopsis thaliana) seeds were sterilized using 30% (v/v)
sodium chlorate in ethanol (absolute) with 30 mL of Triton X-100 (Sigma) per
50 mL of solution. Seeds were plated on 0.53 Arabidopsis growth medium
(AGM) with phytagar (2.3 g L21 Murashige and Skoog [MS] minimal organics
medium, 10 g L21 Suc, and 8 g L21 phytagar) and cold vernalized for 48 h at 4°C
in the dark. Plates were transferred to a 24°C growth chamber, exposed upright
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to light for 3 h, and etiolated in the dark for 3 d prior to chemical treatment and
further examination.

After 3 d, seedlings were transferred to 24-well plates containing 0.8 mL of
0.53 AGM with phytagar supplemented with 0.5% (v/v) DMSO (Sigma),
15 mM CESTRIN (12 mM stock), or 30 mM oryzalin (40 mM stock; Fisher 50-748-30).
To ensure consistency, all treatments were carried out in phytagar-supplemented
medium. Pulse treatments of Arabidopsis seedlings with the desired chemicals
were performed for 2 h in the dark.

Transgenic lines expressing MANNOSIDASE-yellow fluorescent protein
(MAN-YFP; Nebenführ et al., 1999); the ER marker HDEL-GFP (Nelson et al.,
2007); the vacuolar marker, vesicle-associated membrane protein711 (VAMP711-
YFP; Geldner et al., 2009); the vacuolar marker containing the N-terminal vacuolar
sorting signal fused to red fluorescent protein (NTPPpro-RFP; Hunter et al., 2007);
the THE1-GFP (Hématy et al., 2007), the CLC2-GFP (Konopka et al., 2008),
the endosomal/TGN marker VHA-a1-RFP (Dettmer et al., 2006); the endosomal/
TGN marker vesicle transport V-SNARE12 (VTI12-YFP; Geldner et al., 2009); the
endosomal/TGN marker syntaxin of plants61 fused to CFP (CFP-SYP61; Robert
et al., 2008), the sec-GFP (Zheng et al., 2004), the cellulose synthases CESA6-YFP
(Paredez et al., 2006) and GFP-CESA3 (Desprez et al., 2007); the double cellulose
synthase/tubulin marker GFP-CESA3/mCherry-TUA5 (Gutierrez et al., 2009); the
tubulin marker TUB-GFP (Nakamura et al., 2004), the EB1-GFP (Dixit et al., 2006),
and the actin marker TALIN-GFP (Mathur et al., 1999) were used.

Plant Expression Vectors

POM2/CSI1-3xYpet was created using the basic experimental procedures
described by Zhou et al. (2011) by employing the transformation competent
artificial clone JAtY77F05 to generate an in-frame C-terminal translational
fusion between the CSI1/POM2 gene (AT2G22125) and the 3xYpet tag (Arab-
idopsis Biological Resource Center stock no. CD3-1727). All of the Arabidopsis
genomic sequences in the clone JAtY77F05 10 kb upstream and 5 kb down-
stream of POM2/CSI1 were replaced by recombineering using the ampicillin
and tetracycline resistance genes, respectively. Primers used in this procedure
and verification of insertion are shown in Supplemental Table S1. The re-
sulting plasmid was transformed into plants using Agrobacterium tumefaciens
strain GV3101 standard protocols. T2 transformants were selected by BASTA
(glufosinate ammonium; 200 g L21) spray, and gene expression was validated
by confocal microscopy.

Microscopy and Image Analysis

Spinning-disk confocal microscopy to observe the dynamics of CESA3-GFP 3
TUA5-RFP, POM2-3xYpet, and KOR1-GFP (Vain et al., 2014) was performed using
two similar customized microscopes (3I) equipped with spinning-disk heads
(Yokogawa), electron-multiplying charge-coupled device cameras (Andor and
Photometrics), and oil-immersion objectives (1003, numerical aperture 1.4). Time-
lapse images were taken every 5 s, with exposure times between 600 and 800 ms.

Confocal images for CFP-SYP613 CESA3-GFP were obtained using a Leica
SP5 microscope using a 633 water objective employing dual-channel se-
quential line scanning. Fluorescent markers were excited at 442 nm (CFP) and
488 nm (GFP). Analysis of hypocotyls was performed on a time series acquired
by sequential line scanning to minimize temporal variations. Additional
confocal images were obtained using a Zeiss 710 equipped with 633 oil and
403 water objectives. A 561-nm diode laser was used for propidium iodide
(Sigma) and RFP, a 488-nm laser was used for GFP, a 514-nm laser was used
for YFP, and a 405-nm laser was used for CFP.

Image analysis was performed using a combination of software tools,
ImageJ (version 1.36b; http://rsbweb.nih.gov/ij/), Image Pro Plus (Media
Cybernetics), and Imaris (Bitplane). For the determination of vesicle trajecto-
ries and time-projected images, as recorded image sequences were enhanced
by applying an alignment routine to the sequence to minimize drift, a flat-
tening filter was used to correct for background artifacts and a bandpass filter
to enhance small particles. For the time-projected images, more than 50 images
were averaged, unless stated otherwise. Enhanced sequences were processed
in Imaris by using an automated particle detection routine with a particle size
of approximately 200 nm. Tracks were generated for these particles using
appropriate gap and lifetime filters. Artifacts in the tracks data were elimi-
nated manually. Data for the total displacement and duration for each track in
a sequence were exported, average velocities were calculated, and histograms
were plotted in Origin (OriginLab). Colocalization experiments were analyzed
in 2d, using Imaris’s automated colocalization tool on the basis of the algo-
rithms described in detail earlier (Costes et al., 2004). Thresholds were

determined using the integrated wizard in Imaris, and three cells each, for the
control and treated samples, were used. Each image sequence used contained
between 13 and 30 frames.

MT images were observed for instances of MT tips leaving the cortex as
described previously (Shaw et al., 2003). Videos using TUA5-RFP were
obtained using the spinning disk as described above, cells were observed, and
events of MT cortical disconnection were counted (in DMSO [n = 9 cells] and
in CESTRIN [n = 12 cells]).

Hypocotyl Growth Measurements

For growth analysis, seeds were sterilized, plated, cold vernalized, and
germinated as described above; however, seedlings were germinated on plates
containing 0.53 AGM with CESTRIN or isoxaben solubilized in DMSO. After 5 d,
the plates were scanned using a flatbed scanner (Epson Perfection V300), and hy-
pocotyl lengths were measured using the segmented line tool in the image-analysis
software ImageJ (http://imagej.nih.gov/ij/). Statistical analyses were carried out
using the statistical package R (http://www.R-project.org.).

The Arabidopsis ecotype Col-0 was used in this study along with the
mutants ixr1-1 (Scheible et al., 2001) and prc1-1 (Fagard et al., 2000).

Escherichia coli Growth

Two milliliters of Luria-Bertani medium (10 g of tryptone, 5 g of yeast
extract, 10 g of NaCl, and 1 L of distilled, deionized water, pH 7) was inoculated
with a single colony of chemically competent E. coli TOP10 cells and incubated
overnight at 37°C. Thirty microliters of this culture was then used to inoculate
3 mL of Luria-Bertani medium containing the chemical. The optimal density
was measured every 30 min over 8 h using a spectrometer.

Saccharomyces cerevisiae Growth

Two milliliters of liquid yeast extract peptone dextrose (YPD) medium (10 g
of yeast extract, 20 g of peptone, 10 g of Glc [dextrose], and 1 L of distilled,
deionized water, pH 7) was inoculated with a single colony of S. cerevisiae and
incubated at 30°C for 24 h. Thirty microliters of yeast culture was added to 3 mL
of fresh YPD medium and grown to an optimal density of 0.5. Plates were made
with solid YPD (same as liquid with 1.5% [w/v] bacto agar) containing various
concentrations of CESTRIN. The yeast culture was serially diluted (1:1, 1:10, 1:100,
and 1:1,000), and 10 mL of each yeast concentration was spotted into each well of
CESTRIN-containing medium. Plates were incubated in 30°C for 48 h.

MT Polymerization Assay

The MT polymerization data were obtained using a polymerization assay
kit (Cytoskeleton, Inc.), employing optimal density measurements of po-
lymerized tubulin as described previously (Shelanski et al., 1973; Lee and
Timasheff, 1977).

Cellulose Content

Etiolated wild-type Col-0 Arabidopsis seedlings were grown on 0.53 AGM
containing CESTRIN as described above. Hypocotyls were harvested after
8 d of growth. Cell wall materials were isolated into AIR (Günl et al., 2010),
and cellulose content was estimated based on the principles of the modified
Updegraff method (Updegraff, 1969). Briefly, the AIR remaining insoluble
after a 1-h 2 N TFA hydrolysis at 121°C was collected by centrifugation and
dissolved by stirring overnight at room temperature in 67% (v/v) sulfuric acid.
Aliquots were then assayed using the anthrone colorimetric assay (Dische, 1962)
with a 67% (v/v) sulfuric acid solution of cellulose powder (Whatman; CF11)
used for the preparation of a standard curve.

[13C]Glc Incorporation Assay and Analysis

Four-day-old etiolated Arabidopsis seedlings were germinated in liquid
0.53 MS medium containing 2% (w/v) Glc. Then the seedlings were grown in
0.53 MS liquid medium without Suc overnight prior to Glc chase. The etio-
lated seedlings were incubated for 2 h in 0.53MS medium supplemented with
0.4% (w/v) 13C-uniformly labeled Glc (Cambridge Isotope Laboratories) as the
only sugar source and the indicated CESTRIN concentrations. After 2 h of
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incubation, treated seedlings were washed three times to eliminate unincor-
porated Glc, and cell wall materials were extracted.

Cell wall materials were isolated into AIR (Günl et al., 2010). The AIR
remaining insoluble after a 1-h 2 N TFA hydrolysis at 121°C (cellulose fraction)
was collected by centrifugation, dissolved by stirring overnight in 15 N TFA at
room temperature, and then hydrolyzed in 5 N TFA for 1 h. The 2 N and 15 N

TFA fractions were derivatized into alditol acetates as described previously
(Greve and Labavitch, 1991; Huysamer et al., 1997). Gas chromatography-
mass spectrometry analysis was carried out as described previously in the
selective ion monitoring mode to determine the relative incorporation of [13C]
Glc. Secondary ions of 187 atomic mass units (from the 12C precursor) and 191
atomic mass units (from the 13C precursor) from the alditol acetates for Glc
were used for quantification as described previously (Greve and Labavitch,
1991; Huysamer et al., 1997).

Sequence data in this article can be found in the Arabidopsis Genome
Initiative database under the accession numbers POM2/CSI1 (At2g22125) and
3xYpet tag (6530483954; stock CD3-1727).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Structure of CESTRIN.

Supplemental Figure S2. The overall endomembrane morphology of etio-
lated hypocotyl cells is not noticeably affected under CESTRIN treatment.

Supplemental Figure S3. CESTRIN does not reduce growth of E. coli;
however, growth reduction is observed in S. cerevisiae.

Supplemental Figure S4. Effect of CESTRIN treatment on the cytoskeleton.

Supplemental Table S1. Primer sequences used in generation of
POM2/CSI1-3xYpet.

Supplemental Movie S1. GFP-CESA3 particle dynamics under DMSO
treatment.

Supplemental Movie S2. GFP-CESA3 particle dynamics under CESTRIN
(15 mM) treatment.

Supplemental Movie S3. Microtubule tip behavior (RFP-TUA5) under
control, DMSO conditions.

Supplemental Movie S4. Microtubule tip behavior (RFP-TUA5) under
CESTRIN (15 mM) treatment.
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