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Abstract

The plant cell wall provides a strong yet flexible barrier to protect cells from the external environment. Modifications
of the cell wall, either during development or under stress conditions, can induce cell wall integrity responses and ul-
timately lead to alterations in gene expression, hormone production, and cell wall composition. These changes in cell
wall composition presumably require remodelling of the secretory pathway to facilitate synthesis and secretion of cell
wall components and cell wall synthesis/remodelling enzymes from the Golgi apparatus. Here, we used a combination
of live-cell confocal imaging and transmission electron microscopy to examine the short-term and constitutive impact
of isoxaben, which reduces cellulose biosynthesis, and Driselase, a cocktail of cell-wall-degrading fungal enzymes,
on cellular processes during cell wall integrity responses in Arabidopsis. We show that both treatments altered organ-
elle morphology and triggered rebalancing of the secretory pathway to promote secretion while reducing endocytic
trafficking. The actin cytoskeleton was less dynamic following cell wall modification, and organelle movement was
reduced. These results demonstrate active remodelling of the endomembrane system and actin cytoskeleton fol-
lowing changes to the cell wall.

Keywords: Actin cytoskeleton, cell wall integrity, endocytosis, endosome, Golgi apparatus, isoxaben, plant cell walls, secretion,
trafficking, trans-Golgi network.

Introduction

Plant cells are surrounded by a polysaccharide-rich cell wall that
provides mechanical support, enables cell expansion, and acts as
a physical barrier against biotic and abiotic stresses (Anderson
and Kieber, 2020). Cell wall biosynthesis is mediated by the
endomembrane system, which consists of the endoplasmic re-
ticulum, Golgi bodies, the frans-Golgi network (TGN)/early
endosomes, multi-vesicular bodies/pre-vacuolar compart-
ments/late endosomes (LEs), the vacuole, and transport vesicles

(Hoftmann et al.,2021). The major structural component of the
cell wall, cellulose, is produced by CELLULOSE SYNTHASE
(CESA) enzymes that are trafficked through the Golgi and
TGN before localizing to the plasma membrane where they
are active (Pedersen ef al., 2023). The cell wall matrix polysac-
charides, hemicelluloses and pectins, are synthesized by Golgi-
resident proteins and then trafficked through the TGN prior
to secretion to the cell wall (Hoffmann et al., 2021). Vesicle

Abbreviations: CESA, CELLULOSE SYNTHASE; Dri, Driselase; FRAP, fluorescence recovery after photobleaching; GA-TGN, Golgi-associated trans-Golgi network;
GI-TGN, Golgi-independent trans-Golgi network; ISX, isoxaben; LE, late endosome; LatB, LatrunculinB; PI, propidium iodide; TEM, transmission electron micros-

copy; TGN, trans-Golgi network.
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trafficking and organelle movement are primarily dependent
on a dynamic actin cytoskeleton, associated myosin motors,
and actin—myosin-driven cytoplasmic streaming (Nebenfiihr
et al., 1999; Sampathkumar et al., 2013).

The structure and composition of the cell wall is not static
and responds both to developmental cues and to external stress.
Recent research has uncovered the existence of a complex
cell wall integrity mechanism in which changes to cell wall
structure activate intracellular signalling that can act to cor-
rect or alleviate cell wall modifications (Vaahtera et al., 2019).
This sensing system is intricately linked with the mechanical
strength of the cell wall and turgor pressure, as these forces
work against each other to prevent cell bursting (Bacete and
Hamann, 2020). Other known stimulators of cell wall integrity
signalling include low molecular mass cell wall fragments, such
as pectin-derived oligogalacturonides (Voxeur et al., 2019) or
cellulose-derived compounds (Tseng et al.,2022; Martin-Dacal
et al., 2023). Recent work has identified several receptors that
are involved in perceiving cell wall modification and the im-
mediate downstream processes following activation. These in-
clude post-translational modifications (Wang et al., 2020; Tseng
et al., 2022), alterations to gene expression, increased salicylic
acid and jasmonic acid phytohormones, and production of re-
active oxygen species (Hamann ef al., 2009; Wormit et al., 2012;
Engelsdort er al., 2018; Gigli-Bisceglia et al. 2018; Chaudhary
et al., 2020; Bacete et al., 2022). Cell wall composition also
changes in response to cell wall integrity signalling. For ex-
ample, cell wall changes have been documented following
pathogen infection (Chowdhury ef al., 2014) or reduced cel-
lulose biosynthesis (Hamann et al., 2009), including deposition
of callose or the phenolic polymer lignin (Denness ef al.,2011;
Chaudhary et al., 2020). Furthermore, inhibition of cellulose
biosynthesis led to up-regulation of genes involved in cell wall
remodelling (Duval and Beaudoin, 2009; Hamann ef al., 2009).
Although CESA secretion to the plasma membrane is altered
during cell wall integrity responses (McFarlane ef al., 2021), it
is unclear whether matrix polysaccharide and cell wall pro-
tein secretion are also altered by activation of cell wall integ-
rity signalling. Therefore, the specifics of how endomembrane
system organization and function change in response to cell
wall disruption, as well as the underlying mechanisms for these
changes, are still unknown.

Increasing evidence supports the role of the TGN/early
endosomes in mediating responses during developmental and
stress conditions (Uemura et al., 2019; Oda et al., 2020). High
resolution imaging has shown that within a single TGN there
are distinct subdomains mediating secretory, endocytic, and
vacuolar trafficking pathways (Heinze et al.,2020; Shimizu et al.,
2021). Imaging techniques have also identified two popula-
tions of TGN: Golgi-associated TGN (GA-TGN) and Golgi-
independent TGN (GI-TGN) (Viotti et al., 2010; Kang et al.,
2011; Uemura et al.,2014,2019). GA-TGN and GI-TGN are
thought to represent functionally distinct compartments, with
GA-TGN being involved in both endocytic and secretory

pathways and GI-TGN being primarily involved in secretion
(Kang et al., 2011; Uemura et al., 2019). The proportion of
GI-TGNs increased during root development (Uemura et al.,
2014) and following powdery mildew infection (Uemura et al.,
2019), suggesting that increasing the number of GI-TGNs
could promote secretory trafficking under specific conditions.

In this study, we characterized how endomembrane system
structure and function respond to cell wall modifications in-
duced by isoxaben (ISX) treatment, which inhibits cellulose
biosynthesis (Scheible et al., 2001), or following damage to
the cell wall using Driselase (Dri), which contains a combi-
nation of fungal cell wall-degrading enzymes, including cellu-
lase, xylanase, mannanase, and pectinase (Kubicek er al., 2014;
Engelsdort et al., 2018). Using live-cell confocal imaging and
high-resolution electron microscopy, we show that ISX or Dri
treatment imparts distinctive effects on the endomembrane
system under short-term and constitutive treatments. Both
conditions reduced the dynamics of the actin cytoskeleton and
adjusted the balance between endocytic trafficking and secre-
tion to favour increased secretion, presumably to accommo-
date increased trafficking from the Golgi apparatus to fortify
the cell wall.

Materials and methods

Plant materials

The Arabidopsis Columbia-0 (Col-0) accession was used in this study.
Fluorescent lines used for this study are listed in Supplementary Table S1.

Growth conditions

Seeds were surface-sterilized for 10 min using 3% sodium hypochlorite
(Javel) and 0.1% Triton X-100 (Thermo Fisher Scientific) and rinsed five
times in sterile water, then sown on half strength Murashige and Skoog
(4 MS) medium with vitamins (Phyto Technology Laboratories) with
2.5 mM MES (Thermo Fisher Scientific) and 0.7% agar (Thermo Fisher
Scientific) at pH 5.8, supplemented with 1% w/v sucrose (Thermo Fisher
Scientific). Seeds were then stratified for 2—4 d at 4 °C. For root analyses,
seedlings were grown vertically for 5 d under ~100 umol m 2 s™! light at
21 °C for 18 h and in the dark at 18 °C for 6 h. For etiolated hypocotyl
analyses, seeds were light-treated for 5 h and then grown in the dark for
5 d under the same temperature cycle.

Stress and inhibitor treatments

Either 20 mM or 20 pM stock solutions of isoxaben (ISX; Sigma-
Aldrich, cat. no. 36138) were prepared in 100% ethanol and stored at
—20 °C.ISX was added to slightly cooled molten 2 MS + sucrose + agar
before being poured into plates with a final concentration of no more
than 0.001% v/v ethanol in the medium. A 2% w/v solution of Driselase
(Dri; Sigma-Aldrich, cat. no. D9515) was prepared in deionized H,O and
filter-sterilized, then added to slightly cooled molten 2 MS + sucrose +
agar before being poured into plates.To ensure Dri enzyme activity, plates
were made fresh for each experiment and used for no longer than 1 week.

For constitutive treatment, seeds were directly germinated on stress
medium (%2 MS + sucrose + 2 nM ISX or 0.03% Dri) and grown for 5 d.
For short-term treatments, seeds were germinated on sterile filter-paper
strips on %2 MS + 1% sucrose plates and grown for 5 d. The filter-paper
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strips were gently transferred to stress medium plates (+200 nM ISX or
+0.05% Dri) and left to grow vertically in the growth chamber for the
designated times. As a control, seeds were mock-treated for 4 h with an
equal volume of ethanol for a final concentration of 0.001% v/v.

For boiled Dri control experiments, 0.03% or 0.05% Dri solution was
heat-inactivated at 100 °C for 10 min, prior to being added to %2 MS +
1% sucrose medium. Boiled Dri plates were then used for root growth
assays and for root morphology imaging, and were compared with no
treatment (NT) plates (Y2 MS + sucrose).

A 10 mM stock of LatrunculinB (LatB) from Latruncula magnifica
(Sigma-Aldrich, cat. no. L5288) was prepared in dimethyl sulfoxide
(DMSO) and stored at —20 °C. For short-term treatments, a 25 pM
working solution was prepared in liquid 2 MS + 1% sucrose. For
fABD2—green fluorescent protein (GFP) imaging and NAG-GFP speed
quantification, 5-day-old seedlings were treated with LatB for 1 h prior
to imaging. For co-treatment of LatB with either ISX or Dri, 5-day-
old seedlings were incubated in liquid 2 MS + 1% sucrose with 0.25%
DMSO (Mock), 25 pM LatB, 200 nM ISX, or 0.05% Dri for 4 h or 24 h
prior to measuring root length.

Quantification of seedling phenotypes

For seedling growth assays, plates of 5-day-old seedlings were scanned
using an Epson V550 photo scanner. Quantification of root or etiolated
hypocotyl lengths was performed manually in FIJI (Schindelin et al.,
2012). For calculation of the change in length following short-term stress
treatments, the length of each stress-treated seedling was divided by the
mean length of mock-treated seedlings at a given time point. Data were
consistent for at least three independent experiments.

Fluorescent dyes

A 0.5 mg ml™" stock solution of propidium iodide (PI; Thermo Fisher
Scientific, cat. no. AC440300250) was prepared in deionized H,O and
stored at 4 °C in the dark. Five-day-old seedlings were incubated in a
15 uM working solution in deionized H,O for 15 min in the dark prior
to being imaged.

Molecular Probes FM1-43 (Thermo Fisher Scientific, cat. no. T35356)
was suspended in DMSO to 15 uM and stored at —20 °C in the dark.
For FM1-43 uptake quantification, 5-day-old roots were incubated in a
1.5 uM solution in liquid %2 MS + 1% sucrose for 5 min on ice, rinsed in
Y2 MS twice on ice, then mounted on a slide (denoting start of endocy-
tosis). Epidermal cells in the elongation zone were monitored for 30 min,
taking an image every 1 min. In a separate experiment, roots were stained
with FM1-43 and rinsed as above, then cells in the elongation zone were
imaged following 60 min of FM1-43 uptake.

Confocal microscopy

Seedlings were mounted on a custom-built slide (Verbanc¢i¢ et al., 2021)
in water under a pad of 0.8% agarose. For root analyses, all imaging was
performed on the early elongation zone of roots. Seedlings were imaged
using a Nikon Eclipse Ti2-E inverted microscope equipped with a CSU-
W1 spinning disk with dual Photometrics Prime95b sCMOS cameras.
Fluorophores were excited using a 488 nm laser for GFP (90 mW, 0.5%
power for NAG-GFP co-localization analyses and 19% power for all
other imaging) and a 561 nm laser for red fluorescent protein (RFP; 70
mW, 60% power for VHAal-RFP co-localization analyses and 24% for
all other imaging). Fluorescence emission was collected using a band
emission filter of 525/36 nm for GFP and 605/52 nm for RFP. For anal-
ysis of dual fluorescent lines, the 488 nm and 561 nm lasers were excited
simultaneously and emission was separated with a 561 nm long-pass di-
chroic mirror. For FM1-43 or PI staining, the dye was excited using
the 488 nm or 514 nm (30 mW, ~25% power) laser, respectively, and
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collected using the 605/52 nm emission filter. All images were collected
using either a X40 oil-immersion objective lens (CFI Plan Fluor, NA 1.3,
WD 0.24) or a X100 oil-immersion objective lens (Apochromat TIRE
MRDO01991, NA 1.49, WD 0.12). Pixel size for the X100 objective lens
is 110 nm (9.0909 pixels pm™"). Laser settings and exposure times were
kept identical between treatments and biological replicates of the same
experiment.

Quantification of cell perimeter, volume, and cell death

Images of the elongation zone of Pl-stained roots taken with the x40
objective were used to calculate the size and volume of cells following
ISX and Dri treatment. z-Stacks of depth 4-21 um were isolated for in-
dividual cells that had started elongating but prior to formation of root
hairs (i.e. the maturation zone). Due to differences in root growth be-
tween treatments, the length of this zone differed between treatments,
but the zone was evident due to the presence of swollen cells for ISX
treatment. Cell perimeter (for a rectangular cell, or circumference for
swollen ISX cells) was calculated manually from maximum projection
images in FIJI. n>16 cells from four to eight biological replicates per
treatment. Due to difficulties in approximating the volume of bulging
cells and swollen cells for ISX-treated roots using standard mathematical
equations for cuboids or perfect spheres, cell volume was calculated man-
ually from these images by measuring the surface area and known z-step
height for each image within a z-stack; n>16 cells from four to eight
biological replicates per treatment.

The number of dead cells per root was counted manually by identifica-
tion of Pl-stained nuclei in X40 images. Cells only within the elongation
zone of roots were assessed, starting after the root apical meristem where
cells are starting to elongate (and start to swell for ISX/Dri treatment)
and ending prior to formation of root hairs. P is normally excluded from
internal staining of intact living cells, but if the cell is non-viable PI will
enter the cell and bind to DNA. n>4 roots per treatment.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) of PIP2A-GFP or
LTI6B—GFP was performed on 5-day-old roots using the X100 objective.
A circular region of interest (12 pm diameter) at the plasma membrane
was completely bleached using the 405 nm laser (50 mW) at 100% in-
tensity with a 100 ps dwell. For PIP2A—GFP, fluorescence recovery was
monitored for 30 min, with an image taken every 2 min. For LTI6B—
GFP, fluorescence recovery was monitored for 5 min, with an image
taken every 2.5 s. Quantification was performed as per McKenna (2022),
using data normalized to pre-bleach values.

Quantification of endocytosis and endocytic trafficking using
FM1-43

The plasma membrane signal for any given time point was calculated
by manually outlining single cells, and subtracting the fluorescence in-
tensity of the cytoplasm from the fluorescence intensity of the whole
cell (denoting plasma membrane signal) using measurements from FIJI
(Schindelin et al., 2012). Data are representative of n=17-24 cells from
each time point from six biological replicates.

Quantification of organelle size

Five-day-old roots were imaged using the X100 objective. Regions of in-
terest from NAG—-GFP/VHAal-mRFP or WAVE7-RFP were selected
from z-stacks (100 pixelsX 100 pixels with 0.2 pm z-spacing, for a total of
4 pm stack). Regions of interest were manually thresholded in FIJI, with
a minimum object size of 50 pixels and a maximum object size of 1000
pixels for NAG-GFP and WAVE7-RFP, and a minimum object size of
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10 pixels and a maximum object size of 1000 pixels for VHAal-mRFP.
The size of organelles was calculated using the ‘AnalyzeParticles’ plugin.
n=34 regions of interest for Golgi/TGN and n=24 for late endosomes
from 12-15 biological replicates.

Quantification of organelle number and co-localization using
DiAna

Regions of interest from NAG-GFP/VHAal-mRFP or WAVE7-RFP
were selected from z-stacks (100 pixelsX 100 pixels with 0.2 pm z-spacing,
for a total of 4 pm stack) and segmented using the DiAna plugin on FIJI
(Gilles et al., 2017). Regions of interest were manually thresholded, with
a minimum object size of 50 pixels and a maximum object size of 1000
pixels for NAG—GFP, and a minimum object size of 10 pixels and a max-
imum object size of 1000 pixels for VHAal-mRFP. Segmented objects
were used to calculate organelle number, distance between organelles,
and co-localization using default settings. n=34 regions of interest from
12 biological replicates.

The number of GA- and GI-TGNs was calculated using NAG-GFP/
VHAal-mRFP regions of interest. GA-TGNs were identified as TGN
significantly co-localizing with a Golgi body whereas GI-TGNs were
identified as TGNs not significantly co-localizing with a Golgi body,
using a segmented 3D image in DiAna. GI-TGNs were manually con-
firmed on the image, with GI-TGNs beingVHAal-mRFP TGN that are
physically separate from a NAG—GFP Golgi body and move independ-
ently (Uemura ef al., 2014).

Quantification of organelle speed

Five-day-old NAG—GFP or WAVE7-RFP roots were used to monitor
organelle speed using the X100 objective. A 1.2 pm (0.2 pm z-spacing)
z-stack was imaged every 2 s for a total time of 30 s. A 100 X 100 pixel
region of interest for each time point was generated in FIJI (Schindelin
et al., 2012), and individual organelle speeds were calculated manually
using the ‘ManualTracking’ plugin using default parameters. n>78 Golgi
per treatment from six biological replicates for NAG—GFP, and n>126
late endosomes for WAVE7-RFP from six biological replicates.

For washout experiments, 5-day-old roots were treated with 200 nM
ISX or 0.05% Dri for 24 h, then transferred to %2MS + 1% sucrose me-
dium (without ISX or Dri) for 2 h prior to imaging.

Quantification of actin occupancy and dynamics

Actin occupancy (measure of local abundance) was measured based on
Higaki (2017). Briefly, z-stacks of fABD2—-GFP roots (depth 5—6 pm,
spacing 0.5 pm) were taken with a X100 objective. In FIJI, z-stacks were
converted into maximum projections and cropped into 100 X 100 pixel
regions of interest, with each region representing one cell or region of a
cell. Maximum projections were manually thresholded to remove back-
ground, smoothed, and skeletonized using the Skeleton 2D/3D plugin.
The density of the skeletonized actin cytoskeleton was measured and
compared with the area of the region to obtain actin density. n>25 re-
gions of interest per treatment from eight biological replicates.

For actin dynamics, 5-day-old fABD2-GFP roots were imaged using
the X100 objective lens. A 5-6 um z-stack (0.5 pm per step) was imaged
every 2 s for a total time of 2 min. A 100 X 100 pixel region of interest
for each time point was generated in FIJI (Schindelin et al., 2012), and
the maximum projection images were used for analysis. The FIJI macro
JaCoP (Bolte and Cordelieres, 2006) was used to calculate Pearson’s cor-
relation coeflicient between sequential time points (time point 1 versus
time point 2, time point 2 versus time point 3, etc.). Three regions of
interest per image were averaged for one replicate. A high Pearson’s cor-
relation coeficient indicates low dynamics (actin does not change frame-
to-frame) whereas a low correlation coeflicient indicates high dynamics

(actin organization does not stay the same frame-to-frame). n>25 regions
of interest per treatment from eight biological replicates.

Ratiometric sec-GFP quantification

Five-day-old ratiometric sec—GFP roots were used to monitor secretion
using the X100 objective. A 2 pm z-stack (0.2 pm spacing) of GFP and
RFP was imaged. A 50 X 50 pixel region of interest was generated in FIJI
(Schindelin et al., 2012). Using the maximum projection image, the fluo-
rescence intensities of GFP and RFP channels were measured and com-
pared. n=36 regions of interest from six biological replicates per treatment.

Transmission electron microscopy cryofixation and embedding

Five-day-old root tips were dissected and submerged in 1-hexadecene
(Sigma-Aldrich, cat. no. H2131) as a cryoprotectant prior to loading into
B-type high-pressure freezing planchets (Electron Microscopy Sciences,
cat. no. 71167). Samples were frozen with a high-pressure freezer (Leica
EM ICE) and transferred to freeze-substitution vials under liquid nitrogen.
Samples were freeze-substituted in 8% (v/v) 2,2-dimethoxypropane
(Sigma-Aldrich, cat. no. D136808) and 2% (w/v) osmium tetroxide
(Electron Microscopy Sciences, cat. no. 19100) in anhydrous acetone over
5 d at =85 °C, slowly brought to room temperature over 3—4 h, separated
from their sample carrier, and rinsed with anhydrous acetone five times.
Spurr’s resin (Electron Microscopy Sciences, cat. no. 14300) was gradually
infiltrated in an ascending series of 10, 20, 30,40, 50, 60, 80, and 100% resin
for 2-3 h each or overnight. Two additional 100% resin exchanges were
performed for 3 h each, and then samples were polymerized in BEEM
embedding capsules (Electron Microscopy Sciences) for 24 h at 65 °C.

Transmission electron microscopy sectioning and imaging

Sections of ~70 nm were cut with a DIATOME knife on a Leica Ultracut
E ultramicrotome, suspended on copper grids (ProSci Tech) coated with
1% formvar (Electron Microscopy Sciences). Samples were poststained
with UranyLess (Electron Microscopy Sciences, cat. no. 22409) for 1 min
and Reynolds’ lead citrate (Reynolds, 1963; all chemicals from Thermo
Fisher Scientific) for 10 min. Grids were imaged using a Hitachi HT7700
transmission electron microscope at 80 kV accelerating voltage with a
tungsten filament coupled to an AMT XR-111 digital camera. Images
were captured with AMT Capture Engine software.

Transmission electron microscopy quantification

Quantification of Golgi ultrastructure was performed manually using
FIJI; see Supplementary Fig. S8 for a description of parameters.

Data visualization

Most data (n>24) are presented in a violin plot, which is a kernel density
plot that ranges from the minimum to the maximum value. Within each
violin plot there is a box plot. The box represents the 25-75% quartiles,and
the median is represented by a horizontal line within the box. The whiskers
of the box represent the minimal and maximal values of the sample.

Results

Changes in cell wall integrity induced by isoxaben or
Driselase impact plant growth and cell morphology

To test the impact of cell wall integrity responses on cel-
lular processes, we utilized two commonly used treatments,
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isoxaben (ISX), which inhibits cellulose biosynthesis (Scheible
et al., 2001), and Driselase (Dri), a cocktail of fungal enzymes
including cellulases, xylanases, mannanases, and pectinases
(Engelsdorf et al., 2018). Cellular and molecular responses to
ISX have been extensively documented in a time-dependent
manner (Supplementary Fig. S1A). However, many of these
studies used a high concentration of ISX (600 nM), which
under our conditions induced substantial cell death in the root
elongation zone after 4 h as indicated by PI staining of the
nucleus (Supplementary Fig. S1B). We therefore tested a range
of concentrations and durations for both ISX and Dri to assess
the impact on seedling growth and cell morphology.

Wild-type Col-0 seedlings germinated and grown on %2 MS
medium including 1% sucrose and a range of concentrations
of ISX (0.5-5 nM) for 5 d showed a reduction in root and eti-
olated hypocotyl length and substantial cell swelling at higher
concentrations (Supplementary Fig. S2). Short-term treatment
with 200 nM ISX, which had lower amounts of cell death rel-
ative to 600 nM ISX (Supplementary Fig. S1C), caused ini-
tial cell swelling as early as 4 h, and reduced root length was
apparent after 24 h (Supplementary Fig. S3). Consistent with
previous work (Gutierrez et al., 2009), imaging of fluorescently
tagged CELLULOSE SYNTHASE3 (GFP-CESA3) (Desprez
et al.,2007; Crowell ef al.,2009) in root cells showed decreased
GFP—-CESA3 abundance at the plasma membrane after 1 h of
200 nM ISX (Supplementary Fig. S3E), confirming ISX is ac-
tive and sufficient to trigger CESA internalization and reduce
cellulose synthesis. From these results, we selected a short-term
treatment of 200 nM ISX for 4 h and 24 h and a constitutive 5
d treatment on 2 nM ISX, which represent initial cell swelling,
the onset of root growth inhibition/severe cell morphological
changes, and a constitutive treatment, respectively, to assess the
impact of ISX on cellular processes.

The effect of Dri on wild-type Col-O showed differ-
ing effects relative to Mock, compared with ISX treatment.
Constitutive growth on %2 MS medium with 1% sucrose and
a range of concentrations of Dri showed reduced root length
and degradation of the root apical meristem, but comparably
minor changes in etiolated hypocotyl length or morphology
(Supplementary Fig. S4). Short-term treatments with 0.05%
Dri decreased root length after 4 h, with initial cell swelling
observed at this time (Supplementary Fig. S5). We therefore
selected a short-term treatment of 0.05% Dri for 4 h and 24 h
and a constitutive 5 d treatment on 0.03% Dri. Due to the
comparably minor effect of Dri on etiolated hypocotyls, we fo-
cused subsequent work on the elongation zone of light-grown
roots, which is highly sensitive to stress treatments (Hamann
et al., 2009). Treatment with boiled Dri eliminated the degra-
dation of the root apical meristem at all time points and did
not cause root growth inhibition at 4 h, but still caused some
cell swelling and root growth inhibition after 24 h and 5 d
treatment (Supplementary Fig. S6A, B), suggesting that non-
enzymatic components of Dri also somewhat impact root
growth and morphology.
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Following selection of the ISX and Dri concentrations and
time points, we performed further morphological analysis
using the Pl-stained roots of both ISX and Dri treatments. Cell
size and volume increased significantly following 24 h ISX
treatment due to cell swelling (Supplementary Fig. S6C, D).
We also used internal staining of nuclei with PI as a proxy
for cell death, and found that 4 h and 24 h ISX had signifi-
cantly more cell death relative to Mock-treated controls, con-
sistent with previous work (Hamann er al., 2009), and there
was also increased cell death following 5 d Dri treatment
(Supplementary Fig. S6E). Despite the increased cell death, the
vast majority of cells at the lower (200 nM) ISX concentration
were still viable, as were the cells in the Dri-treated roots under
our growth conditions. Together, the combination of short-
term and constitutive treatments allowed us to specifically dis-
sect early, middle-term, and long-term responses to cell wall
modification induced by ISX or Dri (Fig. 1).

Disrupting cell wall integrity increases secretion to the
cell wall

Cell wall fortification under cell wall integrity stress requires
secretion from the Golgi apparatus and TGN: matrix polysac-
charides are synthesized at the Golgi apparatus and secreted to
the cell wall (Hoffmann et al., 2021) and CESAs are trafficked
through the Golgi apparatus to synthesize cellulose at the plasma
membrane (Zhu and McFarlane, 2022). Therefore, we assessed
the impact of ISX and Dri treatment on Golgi and TGN mor-
phology using the dual fluorescent marker line NAG-GFP/
VHAal-mRFP (Fig. 2A; Supplementary Fig. S7A, B), which
labels cis-Golgi cisterna via an N-acetylglucosaminyltransferase,
which is part of the N-glycosylation pathway (NAG-GFP), and
the TGN with VHAa1,a component of the V-type H'-ATPase
that maintains the pH of the TGN (Grebe et al.,2003; Dettmer
et al.,20006), in root elongation zone epidermal cells. Golgi body
size significantly increased following 24 h ISX and both 4 h
and 24 h Dri treatments (Fig. 2B), but there were no changes
to Golgi body number (Fig. 2C). There were also no significant
differences for VHAal-mRFP-labelled TGN size (Fig. 2D) or
number (Supplementary Fig. S7C). Use of the dual Golgi and
TGN marker allowed us to dissect whether a TGN was Golgi-
associated (GA-TGN) or Golgi-independent (GI-TGN), based
on co-localization with a Golgi body and movement together
with, or independently of, a Golgi stack (Uemura ef al., 2014).
Association between Golgi and TGN was higher in 24 h ISX
treatment, as there was a significantly lower distance between
the two organelles (Supplementary Fig. S7D). The propor-
tion of GI-TGNs in Mock-treated roots was similar to those
observed by Uemura et al. (2019). ISX or Dri treatment did
not significantly alter the number of GA-TGNs or GI-TGNs
(Supplementary Fig. S7E, F), resulting in a similar GI-TGN:GA-
TGN proportion between treatments (Fig. 2E). These results
suggest that Golgi body size increases following short-term ISX
or Dri, but there are no changes to the size or number of TGNE.
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Fig. 1. Summary of the treatments used in this work. Arabidopsis Col-0 was treated with either isoxaben (ISX), which reduces cellulose biosynthesis,

or Driselase (Dri), a combination of fungal enzymes that degrades cellulose, hemicelluloses, and pectins. For short-term treatments, 5-day-old roots
were transferred to medium containing either 200 nM ISX or 0.05% Dri and left to grow for 4 h or 24 h. For constitutive treatment, Col-0 seeds were
germinated and grown on medium containing 2 nM ISX or 0.03% Diri for 5 d prior to analysis. Mock-treated Col-0 seedlings were treated with an equal
volume ethanol for 4 h. Images are maximum-projection images of Pl-stained root tissue and are representative of six biological replicates. Scale bars are

50 pm.

To examine further whether ISX or Dri treatment impacts
the size or morphology of GA-TGN and GI-TGNs, we
assessed Golgi body and TGN ultrastructure at high reso-
lution using transmission electron microscopy (TEM) of
high-pressure frozen, freeze-substituted roots. Due to the
fragile state of 24 h-treated roots, we instead looked at early
ultrastructural changes following 4 h of ISX or Dri treatment
(Fig. 2F; Supplementary Fig. S8). Overall cell and cell wall
morphology was similar between Mock and ISX treatments,
while there was cell wall degradation and cell detachment
observed during Dri treatment (Supplementary Fig. SSA-C).
We next examined four parameters of Golgi and TGN ul-
trastructure, including the length of Golgi cisterna, the di-
ameter of the margins of frans-Golgi cisternae (a measure
of vesicle formation), and the diameter of TGN vesicles at
both the GA-TGN and the GI-TGN (Supplementary Fig.
S8G). There were no differences in Golgi ultrastructure be-
tween treatments (Supplementary Fig. S8H, I), but for Dri
treatment, there was a significant increase in GA-TGN vesicle
diameter (Fig. 2G). Together, these results suggest that Golgi
and TGN number are unchanged following ISX or Dri treat-
ment, but short-term treatment increases the size of Golgi
bodies following either ISX or Dri, and increases the size of
the GA-TGN following Dri treatment.

We next asked whether anterograde secretion to the plasma
membrane and cell wall was impacted by ISX or Dri treatment.
Since there are currently no methods to track polysaccharide

secretion from the Golgi apparatus directly using live-cell im-
aging, we used a ratiometric secreted GFP (ratiosec—GFP)
marker, in which a vacuolar-targeted RFP is produced in equi-
molar amounts to a secreted form of GFP (Samalova et al.,
2006), to quantify protein secretion of GFP to the apoplast
(Supplementary Fig. S9). Short-term 4 h and 24 h treatments
of ISX or Dri showed increased secretion of GFP, while con-
stitutive treatments had only a minor effect. Since the ac-
cumulation of GFP in the apoplast is pH-sensitive, and cell
wall integrity signalling can increase the pH of the apoplast
(Kesten et al., 2019), we decided to confirm these results by
assessing the real-time secretion of the plasma membrane pro-
tein PIP2A—GFP, a putative aquaporin (Cutler et al., 2000),
using FRAP experiments (Fig. 3A; Supplementary Fig. S10).
PIP2A—GFP was previously shown to be a good marker for de
novo secretion, as it shows very limited diffusion in the plasma
membrane (Luu ef al., 2012). Interestingly, both 4 h and 24 h
ISX treatments showed a significant increase in fluorescence
recovery 30 min after photobleaching, relative to Mock treat-
ment, with 4 h Dri treatment also showing a significant in-
crease in recovery (Fig. 3B, C).

While PIP2A-GFP exhibits low diffusion in the plasma
membrane under standard conditions (Luu et al., 2012),
previous work showed that the lateral mobility of plasma
membrane-localized proteins increased following separation of
the plasma membrane from the cell wall via plasmolysis or cell
wall degradation (Feraru ef al., 2011; Martiniere et al., 2012),
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Fig. 2. Treatment with isoxaben (ISX) or Driselase (Dri) impacts Golgi and trans-Golgi network (TGN) morphology. (A) Representative maximum-projection
images of 5-day-old Col-0 root elongation zone epidermal cells with the dual Golgi (green) and TGN (magenta) marker NAG-GFP/VHAa1-RFP. White
dashed circles indicate Golgi-independent trans-Golgi network (GI-TGN). Scale bar is 2 um. (B) Quantification of Golgi size. (C) Quantification of the
number of Golgi bodies. (D) Quantification of TGN size. (E) Proportion of GI-TGN to Golgi-associated trans-Golgi network (GA-TGN). (F) Representative
TEM images of Mock-, 4 h-ISX-, or 4 h-Dri-treated 5-day-old high-pressure frozen root elongation zone epidermal cells. Scale bars are 200 nm. g
denotes Golgi bodies, cis-/trans- denotes the face of the Golgi. (G) Quantification of GA-TGN vesicle diameter. See Supplementary Fig. S8 for more
information about TEM parameters. For fluorescence imaging, n=34 regions of interest from each treatment from 12 biological replicates. For TEM, n=83,
123, and 182 TGN from Mock, 4 h ISX, and 4 h Dri, respectively, from three biological replicates. Letters indicate significantly different means using a
one-way ANOVA with a Dunn’s post-hoc test with Bonferroni correction, P<0.05; n.s., not significant.

and ISX treatment decreased the total range of movement
of proteins (Martiniere ef al., 2012). We therefore performed
FRAP experiments using LTI6B—GFP (Cutler ef al., 2000), a
single-pass transmembrane protein that shows fast lateral diffu-
sion in the plasma membrane (McKenna ef al., 2019), to eval-
uate whether changes to cell wall integrity following ISX or
Dri treatment might affect plasma membrane protein diffusion
and complicate our interpretation of the PIP2A—-GFP data.
Short-term ISX treatment, as well as 5 d Dri treatment, reduced
the recovery of LTI6B—GFP in the bleached region after 2 min
(Supplementary Fig. S11), providing evidence that short-term
ISX and constitutive Dri treatment reduces the mobility of
LTI6B—GFP in the plasma membrane. Therefore, changes to
lateral diffusion of plasma membrane-localized proteins are

unlikely to have contributed to the increased recovery of
PIP2A—GFP at the plasma membrane. Together, these results
provide evidence that bulk secretion of proteins, and presum-
ably cell wall material, is stimulated following short-term ISX
or Dri treatment.

Cell wall integrity responses decrease endocytic
trafficking

Given our results that cell wall modification by ISX or Dri
increased anterograde trafficking, we next assessed the retro-
grade trafficking pathway by imaging the late endosome (LE)
marker WAVE7—RFP, which labels RabF2a (Geldner et al.,
2009) (Fig. 4A; Supplementary Fig. S12A). Twenty-four hours
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Fig. 3. PIP2A-GFP fluorescence recovery at the plasma membrane is increased with isoxaben (ISX) or Driselase (Dri). (A) Representative images of
pre-bleach, bleach, and 15-30 min recovery of PIP2A-GFP fluorescence (white) in 5-day-old root elongation zone epidermal cells. The bleached region
is outlined by a dashed white circle. Scale bars are 5 um. (B) Mean fluorescence recovery curves of PIP2A-GFP following bleaching. (C) Plateau value,
the fluorescence intensity at which the fluorescence recovery after photobleaching (FRAP) curve levels off, normalized to the pre-bleach value, following
bleaching. n>5 regions of interest from five biological replicates. Letters indicate significantly different means using a one-way ANOVA with Dunn’s post-

hoc test with Bonferroni correction, P<0.05.

of ISX treatment increased LE size (Fig. 4B) but decreased the
number of organelles (Fig. 4C), while there were no consistent
trends for Dri treatment. No apparent changes were observed
to LE ultrastructure using TEM images (Supplementary Fig.
S8K—-M), but this may be due to the earlier time point of
high-pressure frozen seedlings for TEM (4 h) versus the later
changes observed using fluorescence imaging (24 h). To mon-
itor initial endocytosis from the plasma membrane, we quanti-
fied the uptake of the lipophilic dye FM1-43 (Emans et al.,
2002) following ISX or Dri treatment (Fig. 4D; Supplementary
Fig. S12B). There were no significant differences for FM1-43
uptake within the first 5 min for any treatment, indicating that
the initial steps of endocytosis are unaffected by these treat-
ments (Supplementary Fig. S12C), but from 15-30 min there
was a significant decrease in internal FM1-43 signal for 24 h
and 5 d treatments of ISX or Dri (Supplementary Fig. S12D).
After 60 min, FM1-43 uptake was significantly reduced in
short-term ISX and 5 d Dri treatments (Fig. 4E). These results
suggest that while the initial steps of endocytosis from the
plasma membrane are unaffected following ISX or Dri treat-
ment, the rate of endocytic trafficking from the early endo-
some to the late endosome and/or from the late endosome to

the vacuole is reduced for short-term ISX and constitutive Dri
treatments.

Disrupting cell wall integrity decreases organelle
movement and dynamics of the actin cytoskeleton

During the live-cell imaging of the Golgi apparatus, TGN,
and LE, we observed that organelle movement was reduced by
ISX or Dri treatment. These results are similar to the reduced
Golgi body movement following ISX treatment observed by
Gutierrez et al. (2009). We quantified these using the Golgi
marker NAG-GFP (Fig. 5; Supplementary Fig. S13A) and the
LE marker WAVE7-RFP (Supplementary Fig. S13B, C). Both
organelles showed significantly decreased speed following
short-term ISX or 24 h Dri treatments. This effect was revers-
ible, as 24 h ISX or Dri treatment followed by a 2 h wash-
out in 2 MS medium significantly increased the movement
of Golgi relative to 24 h-treated roots (Fig. 5B; Supplementary
Fig. S13A).

Due to the association between organelle movement and
the actin cytoskeleton (Nebenfiihr et al., 1999), we hypothe-
sized that the changes in organelle movement might be due to
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Fig. 4. Late endosome (LE) size is increased with isoxaben (ISX) treatment, and endocytic trafficking is reduced following ISX or Driselase (Dri) treatment.
(A) Representative maximum-projection images of WAVE7-RFP LEs from 5-day-old, light-grown root elongation zone epidermal cells. (B) LE size. (C) LE
number. n>45 regions of interest from 14 biological replicates. (D) Representative images of FM1-43 endocytosis in 5-day-old, light-grown root elongation
zone epidermal cells after 5, 15, 30, or 60 min. Images from 5-30 min represent the same cell over a time progression, while images at 60 min represent
different roots. (E) Quantification of plasma membrane (PM):internal ratio of FM1-43 after 60 min of endocytosis. n=17-24 cells from six biological
replicates. Letters represent significantly different means using a one-way ANOVA and Dunn’s post-hoc test with Bonferroni correction, P<0.05. Scale

bars are 2 ym for (A) and 5 um for (D).

changes to actin. We therefore imaged actin via fABD2-GFP,
the fluorescently tagged f~actin binding domain of FIMBRIN1
(Sheahan et al., 2004), following ISX or Dri treatment (Fig.
6A; Supplementary Fig. S14A). Actin occupancy (density, or a
measure of local abundance) was significantly reduced in 24 h
and 5 d treatments of ISX or Dri (Fig. 6B). Using a Pearson’s
correlation coefficient-based method to determine bulk actin
remodelling and dynamics (Vidali ef al., 2010), we found that

actin remodelling was significantly reduced by short-term
treatment of ISX or Dri (Fig. 6C,D; Supplementary Fig. S14B).
These results suggest that cell wall modification from ISX or
Dri treatment impacts the organization and dynamics of the
actin cytoskeleton, which may underlie the reduced organelle
speeds that we observed.

To further connect the reduced actin dynamics with
slower organelle movement, we treated seedlings with the
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treatment, from six biological replicates.

actin depolymerizing drug LatrunculinB (LatB; Baluska ef al.,
2001). LatB treatment depolymerized the actin cytoskeleton
as visualized by fABD2—GFP (Supplementary Fig. S15A) and
significantly reduced Golgi body speed (Supplementary Fig.
S15B, C). To test whether actin remodelling is important for
the response to ISX or Dri, we co-treated seedlings with LatB
and either ISX or Dri and measured root length after 4 h
or 24 h treatment (Supplementary Fig. S15D). Co-treatment
of ISX+LatB or Dri+LatB did not significantly impact root
length at any time point relative to ISX or Dri treatment
alone, indicating that actin remodelling 1s not strictly re-
quired following cell wall integrity disruption via ISX or Dri
treatment.

Discussion

Changes to cell wall integrity triggered by isoxaben or
Driselase treatment impact overlapping intracellular
processes to increase secretion

In this work we provide evidence that cell wall modifica-
tion broadly impacts cell morphology, endomembrane system
structure and function, and organization and dynamics of the
actin cytoskeleton (Fig. 7). We propose a model for how root
cells respond to short-term cell wall modification following
ISX or Dri treatment (Fig. 8). ISX treatment inhibits cellulose

biosynthesis and activates cell wall signalling, perhaps through a
mechanosensitive mechanism (Hamann ef al., 2009; Engelsdorf
et al., 2018). The weakening of the cell wall observed fol-
lowing ISX treatment (Bacete et al., 2022) is caused by rapid
internalization of CESAs from the plasma membrane (Paredez
et al., 2006) and consequently reduced cellulose production
(Hamann et al., 2009). The impact of ISX has been shown to
be tissue-dependent and conditional on nutrient and sucrose
concentration in the medium (Engelsdorf et al., 2018; Ogden
et al., 2023). Dri weakens the cell wall via digestion of struc-
tural polysaccharides (Zhang et al., 2019), presumably trigger-
ing mechanosensitive mechanisms and also causing release of
small cell wall oligosaccharides from cellulose (Tseng et al.,
2022; Martin-Dacal et al., 2023) or pectin (Voxeur et al., 2019)
that may bind to cognate receptors at the plasma membrane.
Both treatments reduced actin dynamics, decreased organelle
movement, and increased secretion while decreasing endocytic
trafficking. Consistent with the altered trafficking pathways,
organelle number and morphology were impacted, including
increased LE size after ISX treatment, larger GA-TGN vesicles
following Dri treatment, and larger Golgi bodies after both
treatments. Interestingly, most of the changes observed under
short-term modification were not seen in the constitutive
treatments (Fig. 7), indicating that plant cells can habituate to
low levels of cell wall signalling and/or cell wall stress over
longer periods.
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Fig. 6. Cortical actin occupancy and dynamics are decreased following isoxaben (ISX) or Driselase (Dri) treatment. (A) Representative maximum-
projection images of 5-day-old fABD2-GFP root elongation zone epidermal cells. (B) Quantification of cortical actin occupancy (density). n>25 regions of
interest for eight biological replicates. Letters represent significantly different means using a one-way ANOVA and Dunn’s post-hoc test with Bonferroni
correction, P<0.05. (C) Representative maximum-projection images of fABD2-GFP actin filaments at O s (green), 30 s (magenta), and 60 s (cyan), with
overlaid image. The amount of overlap of the three colours indicates degree of actin dynamics over 60 s. (D) Pearson’s correlation coefficient to quantify
dynamics of actin over 60 s. A high Pearson’s correlation coefficient indicates low dynamics (actin flaments do not change over time), whereas a low
Pearson’s correlation coefficient indicates increased dynamics. n=42 regions of interest from 14 biological replicates. Asterisks indicate significantly
different means from Mock-treated seedlings at 5, 30, and 55 s using a one-way ANOVA and Dunn’s post-hoc test with Bonferroni correction, P<0.05.

Scale bars are 5 pm for (A) and 2 pm for (C).

Cell wall integrity responses impact organelle
morphology and movement

We hypothesized that remodelling of intracellular processes,

including production and secretion of new cell wall compo-
nents, would occur between 4 and 24 h of cell wall modifi-
cation. This was based on previous time course experiments
in roots that indicated a transcriptional response after 3—4 h
of ISX treatment (Hamann et al., 2009), production of phy-
tohormones by 7 h (Engelsdorf et al., 2018), and altered cell
wall composition by 12 h (Denness et al., 2011). The precise
time course following Dri treatment is less established, but se-
vere root tip degradation and increased phytohormone levels
were seen by 7 h and altered cell wall composition by 24 h
(Engelsdorf et al., 2018).

Golgi and TGN number, size, and ultrastructure have been
shown to change in response to increased polysaccharide pro-
duction (Young et al., 2008; Wang et al., 2017; Meents et al.,
2019) and stress conditions (Uemura et al., 2019), so we first
evaluated the ultrastructure of the Golgi apparatus and TGN.
We hypothesized that GI-TGN number might be affected,
specifically under Dri treatment, as cell wall damage and infec-
tion by powdery mildew increased the number of GI-TGNs
(Uemura et al., 2019). Unexpectedly, cell wall modification
induced by ISX or Dri did not impact Golgi body or TGN
number. Short-term ISX and Dri treatment increased Golgi
body size, and Dri treatment specifically increased the size of
GA-TGNs (Fig. 2), which is similar to the increased Golgi
body and TGN size observed in cells undergoing higher rates



3742 | Hoffmann et al.

ISX Dri
Fieure 4h, 24 h, 5d, 4h, 24 h, 5d,
& 200 nM 200 nM 2nM 0.05% | 0.05% | 0.03%
| t lant
mpact on pfan Root length Suppl. Figs $2-85 | -2 -3g* -10* | -29* | -39*
development
Golgi size Fig. 2B 1 26 * 8 22 % 25 % 5!
Number of Golgi Fig. 2C 12 2 20 1 6 15
TGN size Fig. 2D 6 -8 25 4 2 11
Organelle Number of GA-TGN Suppl. Fig. S7E 17 9 14 -4 9 11
morphology
(confocal imaging) | Number of GI-TGN Suppl. Fig. S7F = -34 6 -34 =21 =22
Proportion GI-TGN:GA-TGN Fig. 2E -3 -40 * 6 -29 -29 -27
LE size Fig. 4B 15 * 27 * 11 11 * 5 0
Number of LEs Fig. 4C 4 ‘ 12 =il
Golgi cisternae length Suppl. Fig. S8E -3 n.d. n.d. =3 n.d. n.d.
Organelle
morphology (TEM GA-TGN size Fig. 2G 6 n.d. n.d. 12 * n.d. n.d.
imaging)
GI-TGN size Suppl. Fig. S8J -2 n.d. n.d. -2 n.d. n.d.
Ratiometric-secGFP secretion Suppl. Fig. S9 13 * 25 * 8 * 12 * 29 * 6
Secretion PIP2A-GFP secretion (plateau) Fig. 3C 12 46 * -10 21
LTI6B—GFP mobility (plateau) Suppl. Fig. S11 -9 2 9 -35
Endocyti
n c.>cy. ¢ FM1-43 uptake (60 minutes) Fig. 4E 1 =7 =7/ -14 *
trafficking
Golgi speed Fig. 5 -28 * -14 -17 * -12
H — - * — * — *
Organelle and actin LE speed Suppl. Fig. S13 18 16 27 24
dynamics Actin occupancy (%) Fig. 6B -8 -19 * -29% | -11 | -24* | -19*%
Actin dynamics Fig. 6D =27 * -35 % -9 -28 * -15* -7

Fig. 7. Summary of spinning disk confocal and TEM imaging results from short-term and constitutive ISX and Dri treatment. The percentage change
from Mock-treated seedlings is indicated, and the relative intensity of the change is visualized by a heatmap, where red indicates increased values relative
to Mock-treated, white indicates no change from Mock-treated, and blue indicates decreased values relative to Mock-treated. Significant differences
(P<0.05) from Mock-treated are denoted by asterisks. GA-TGN, Golgi-associated trans-Golgi network; GI-TGN, Golgi-independent trans-Golgi network;
LE, late endosome; n.d., not determined; TEM, transmission electron microscopy.

of cell wall biosynthesis and secretion (Young et al., 2008; Both biotic and abiotic stress can impact the rate of endo-
Meents et al., 2019). Despite observing no changes to TGN  cytosis or secretion. For example, increased secretion of cell
structure here, the TGN 1s important for ISX response, as wall components and defence compounds was observed fol-
mutants with defective TGN function were hypersensitive to  lowing pathogen infection (Chowdhury ef al., 2014; Uemura
ISX (Briix ef al.,2008). Besides the changes to the Golgi appa- et al.,, 2019), and multiple studies have shown that osmotic
ratus and TGN, 24 h ISX treatment increased the size of LEs (Zwiewka et al., 2015) or salt (Luu et al., 2012; Baral ef al.,
while decreasing the number of LEs. 2015) stresses can impact the rate of secretion or endocytosis.
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Fig. 8. Proposed model for how short-term cell wall integrity signalling triggered by isoxaben (ISX) or Driselase (Dri) impacts endomembrane system
structure and function. Under ISX treatment, reduced cellulose synthesis presumably activates cell wall integrity signalling via receptors, which transduce
intracellular signals. Golgi body and late endosome size is increased, while organelle movement significantly slows due to, in part, reduced actin
dynamics. The rate of secretion increases, while the rate of endocytic trafficking decreases. Under Dri treatment, breakdown of cellulose and matrix
polysaccharides activates cell wall integrity signalling. Golgi and GA-TGN size increases. Organelle movement and actin dynamics are decreased, and the
rate of secretion is increased while rate of endocytic trafficking is decreased. GA-TGN, Golgi-associated trans-Golgi network; GI-TGN, Golgi-independent

trans-Golgi network; PM, plasma membrane.

Furthermore, increased CESA enzyme secretion from the
Golgi apparatus to the plasma membrane is required as part
of cell wall fortification in response to cell wall integrity
stresses, such as ISX treatment, and mutants with defects in
this response are hypersensitive to ISX (McFarlane ef al., 2021;
Vellosillo et al., 2021). Altering the flux between anterograde
or retrograde trafficking could modulate cell size and water
content by adjusting the amount of membrane at the plasma
membrane or changing the concentration of ion transporters
or aquaporins (Zwiewka et al., 2015). Following short-term
treatment of ISX or Dri, we observed a significant increase in
secretion of PIP2A—-GFP to the plasma membrane (Fig. 3) and
secreted GFP to the apoplast (Supplementary Fig. S9), sug-
gesting that bulk secretion pathways were stimulated. Although
we cannot exclude that increased PIP2A—GFP recovery could

be due to changes to protein biosynthesis, the large increase
in fluorescence recovery at the earliest time point following
ISX or Dri treatment suggests it is not due to alterations in
transcription or protein biosynthesis. There was also a signifi-
cant decrease in the rate of FM1-43 endocytic trafficking (Fig.
4E) after 15-60 min. Increased secretory rates and decreased
endocytic trafficking rates were also observed after 10 min in
root cells during hypoosmotic stress (Zwiewka et al., 2015),
which causes cell swelling similar to ISX or Dri treatment, and
there is a complex relationship between responses to changes
to cell wall integrity and osmotic stress (Hamann et al., 2009;
Engelsdorf et al., 2018). Therefore, it would be interesting to
investigate the role of osmotic changes in cell wall responses
in the future. Together, our results indicate that the balance
between secretion and endocytic trafficking is adjusted when
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cell wall integrity is perturbed, presumably to allow cell wall
fortification.

Disrupting cell wall integrity may indirectly modify
the actin cytoskeleton to compound impacts on
intracellular trafficking and secretion

Previous studies have examined the effects of ISX on microtu-
bule organization. Although ISX had no effect on in vitro mi-
crotubule polymerization (Fisher and Cyr, 1998), short-term
ISX treatments, similar to our 4 h treatment, resulted in minor
microtubule reorientation, from longitudinal to oblique ori-
entation in root elongation zone cells (Paredez et al., 2008).
This reorientation may be the result of the mechanical equi-
librium between cellulose synthesis and microtubule organi-
zation (Schneider ef al., 2022). Genetic disruption of cellulose
synthesis did not affect microtubule orientation in the short
term, but microtubule reorganization was observed after the
onset of cell swelling, after 24 h (Sugimoto et al.,2001).The ef-
fect of Dri treatment on microtubules has not been examined,
but microtubules are sensitive to physical signals from the cell
wall (Hardham er al., 2008), which may be impacted by cell
wall digestion through Dri. During the live-cell imaging, we
observed that organelle movement and actin dynamics were
significantly reduced following short-term treatments of ISX
or Dri, with organelles being almost immobile following 24 h
ISX treatment, but that this movement significantly recovered
after 2 h wash-out (Fig. 5). This is similar to the decreased
actin dynamics seen in mature rosette cells following ISX
treatment (Tolmie ef al., 2017). An altered actin cytoskeleton
has also been shown to decrease the rate of endocytosis of
the dye FM4-64 (Sampathkumar et al., 2013), which could
also explain the reduced endocytic trafficking observed in this
study following short-term ISX or Dri treatment. However,
actin remodelling was not strictly required for plant growth
responses under ISX or Dri treatment (Supplementary Fig.
S14).

While this study has informed on the various intracellular
changes that occur at different time points following cell wall
modification, the underlying mechanisms for how these pro-
cesses happen are still unknown. Changes to the morphology
and function of the endomembrane system following cell
wall modification could be mediated through direct and indi-
rect mechanisms. For example, the small GTPases ROP1 and
ROP6 are implicated in actin cytoskeleton regulation and traf-
ficking of endomembrane vesicles (Chen ef al.,2012;Venus and
Oelmiiller, 2013). Recent work has shown that the cell wall
integrity sensor FERONIA (FER) is upstream of ROP6 ac-
tivity following mechanosensing (Tang et al., 2022), changes
to pectin methylesterification status (Lin ef al., 2022), or os-
motic stress (Smokvarska et al., 2023). Therefore, future work
could examine whether the reduced dynamics of the actin cy-
toskeleton following ISX or Dri treatment is FER- and/or
ROP6-dependent.

Together, the results from this work indicate that activation
of cell wall integrity responses impacts cell morphology, plasma
membrane dynamics, structure and function of the endomem-
brane system, and organization and movement of the actin cy-
toskeleton. These internal changes could provide mechanisms
to produce new cell wall components to fortify the cell wall
and protect the cell from bursting when cell wall integrity is
compromised.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Summary of previous research examining short-
term impact of ISX on Arabidopsis seedlings.

Fig. S2. Constitutive growth on ISX reduces root and hypo-
cotyl growth and impacts tissue morphology.

Fig. S3. Short-term treatment of 200 nM ISX impacts
growth and cell morphology.

Fig. S4. Constitutive growth on Dri reduces growth and
alters tissue morphology in light-grown roots.

Fig. S5. Short-term treatment of 0.05% Dri impacts plant
growth and cell morphology.

Fig. S6.1SX and Dri cause cell swelling, but heat-inactivated
Dri has only minor effects.

Fig. S7. Other time points and parameters examining impact
of ISX or Dri on the Golgi and TGN.

Fig. S8. Additional TEM images and quantification.

Fig. S9. ISX and Dri treatment impact secretion to the
apoplast.

Fig. S10. Additional data for PIP2A-GFP FRAP.

Fig.S11.LTI6B—-GFP FRAP following ISX or Dri treatment.

Fig. S12. Additional time points for LE size and number, and
endocytic trafficking of FM1-43.

Fig. S13. Additional time points for movement of Golgi and
measurements of LE speed following ISX or Dri treatment.

Fig. S14. Additional images for cortical actin organization
and dynamics following ISX or Dri treatment.

Fig. S15. LatB depolymerizes actin filaments, reduces Golgi
speed, and impacts plant growth, but does not exacerbate cell
wall integrity signalling-induced phenotypes.

Table S1. Fluorescent lines used for imaging.
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