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Highlights:
- RG-II dimerization is required for cell-cell adhesion in plants.

- Cell wall integrity sensors and brassinosteroid signalling mediate cell adhesion
downstream of RG-Il dimerization.

- Cell detachments due to defective RG-II dimerization are caused by weakened
middle lamella and higher tissue tension.

Summary:

Cell adhesion is a fundamental feature of multicellular organisms. In plants, cell
adhesion is mediated by the cell wall, but the control and maintenance of cell adhesion
during growth and development remains poorly understood®. Here we uncover the role
of a component of the cell wall, rhamnogalacturonan-Il (RG-Il) and its capacity to
crosslink in the presence of Boron?, as a key regulator of plant cell adhesion
maintenance. We show that RG-II dimerization deficiency leads to cell adhesion
defects. Importantly, the analysis of mur? mutants with RG-II dimerization defects
uncovers a cell adhesion pathway that is distinct from that identified by the analysis of
pectin deficient mutants®. We found that mutations in two cell wall integrity sensors,
RESISTANCE TO FUSARIUM OXYSPORUM 1 and RECEPTOR-LIKE PROTEIN 44,
as well as supplementation with the hormone brassinosteroid can partially rescue the
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adhesion defects associated with RG-Il dimerization deficiency. We also show that
adhesion defects associated with RG-Il dimerization deficiency are related to
increased epidermal tension as well as decreased homogalacturonan levels in the cell
wall, which can also be rescued by supplementation with brassinosteroid. Overall, we
propose that RG-Il dimerization defects alter cell adhesion directly (reduced
crosslinks) but also indirectly through cell wall integrity sensing, brassinosteroid
signalling, cell wall remodelling and cell layer growth coordination. Thus, our results
uncover the involvement of cell wall integrity sensors and hormonal signalling in the
coordination between growth and adhesion maintenance in plants, which is a key
feature for complex multicellularity.
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Result and discussion:

Cell-cell adhesion in plants is often thought of as a passive outcome of cell wall
synthesis. Adjacent plant cells adhere to each other via their cell wall and the middle
lamella, a thin pectin layer enriched in homogalacturonan (HG), that is believed to play
an adhesive role at the cell-cell interface'*’. This was supported by the
characterization of mutants deficient in HG synthesis such as quasimodo? and
quasimodo? that show cell adhesion defects®-'°. Nevertheless, a suppressor screen
on the quasimodo mutants identified that a mutation in ESMERALDA1 can largely
rescue quasimodo mutants' adhesion defects without restoring the pectin content in
the cell wall®. Along with subsequent work' 2 this suggested that adhesion
maintenance in plant was in fact likely regulated by cell wall integrity sensing
mechanism’, yet their exact nature and the molecular components involved have not
been identified'®. Rhamnogalacturonan-Il (RG-Il, another component of the pectin
network) and its capacity to crosslink in the presence of boron has also been proposed
to play a role in plant cell adhesion''6, and could thus reveal a new pathway
regulating adhesion in plants, but its actual contribution remains to be characterized.
To test the contribution of RG-Il dimerization for cell-cell adhesion in plants, we first
studied the murus1 (mur1) mutant, which was previously shown to be deficient in
pectin RG-Il dimerization'”. We grew wild type and mutant seedlings in vitro and in the
dark to promote fast and extensive elongation of the hypocotyl. Using 3D confocal
microscopy and cell wall staining with propidium iodide, we observed that two loss-of-
function alleles, namely mur1-1 and mur1-2, display cell adhesion defects (Figures 1
and S1). To reveal and quantify the extent of this adhesion defect on whole hypocotyls,
we made use of ruthenium red staining™ and developed a workflow for high-
throughput imaging and analysis of staining intensity and hypocotyl length. Our
quantitative analysis confirmed a widespread staining (and thus defective epidermis)
as well as shorter hypocotyl for mur1-2 compared to Col-0 (Figures 1 and S1). Along
with our cellular-level confocal observations and similar observations in mur1-1, our
results confirm that mur1 mutants indeed display cell-cell adhesion defects.
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Figure 1. RG-Il dimerization is crucial for cellular and supracellular integrity. (A,
C, I, K and M) Representative ruthenium red staining images from 4-days-old dark-
grown hypocotyls for Col-0 (A), mur1-2 (C), mur1-1 (1), hpGGLT1 (Line #1) (K) and 15
pm 2F-Fuc treatment (M). (B, D, E, F, J, L, N, O, P and Q) Representative max intensity
Z-projections of confocal stacks from 4-days-old dark-grown hypocotyl stained with
propidium iodide from Col-0 (B and E), mur1-2 (D and F), mur1-1 (J and O), hpGGLT1
(Line #1) (L and P) and 2F-Fuc (N and Q). Images in (E, F, O, P and Q) are
magnifications highlighting the cell adhesion defects pointed by a white arrow in (B, D,
J, Land N). (G) Quantification of the relative ruthenium red staining intensity and (H)
measurement of hypocotyl length for Col-0 and mur1-2. Violin plot and boxplot
summarize three biological replicates and asterisks indicate statistically significant
difference between Col-0 and mur1-2 determined by two-tailed Student’s t test, where
***P < 0.0005. [Scale bars, 30 um in confocal images and 900 ym in Ruthenium red
staining images.]. See Related content in figure S1 and S2.
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Because MUR1 encodes a GDP-mannose-4,6-dehydratase that catalyses the first
step in de novo biosynthesis of GDP-I-Fucose'®, we next tested if the phenotype
observed was specific to an RG-II fucosylation defect or may be attributable to another
fucosylated substrate. Known mutants for fucosyltransferases of xyloglucan'®,
arabinogalactan protein fucosylation?°, protein a1-3 fucosylation?' and protein o-
fucosylation??23 did not show any visible adhesion defects (Figure S1). Yet treatment
with the fucosyltransferase inhibitor 2-Fluoro-L-Fucose (2F-Fuc)?*?® mimicked the
mur1 mutants’ phenotype (Figure 1 M, N and Q). This suggest that one or several yet
unidentified fucosyltransferases (as is the case for the RG-Il specific
fucosyltransferases) are involved in the adhesion phenotype observed. We were also
able to largely rescue mur1-2 adhesion phenotype by supplementation with borate
(Figure S2), suggesting that the phenotype we observe in mur1 can be rescued by the
restoration of a normal level of boron-mediated RG-Il dimer'’. Finally, we also
observed clear adhesion defects in two hairpin silencing lines (hpGGLT1) 25 for GOLGI
GDP-I-GALACTOSE TRANSPORTER1 (GGLT1) that were shown to have RG-II
specific galactosylation defects leading to impairments in RG-1I dimerization?® (Figures
1K, L, Pand S1V and W). All together our results strongly suggest that a deficiency
in RG-II dimerization is sufficient to induce a loss of cell adhesion, indicating an
important role for RG-II dimerization in cell-cell adhesion.

We next tested if adhesion defects in mur1 can be attributed to the same pathway as
those observed in the qua mutants. Interestingly, the double mutant mur1-2 quaZ2-1
shows a strongly increased cell detachment phenotype and shorter hypocotyl when
compared to mur1-2 and quaZ2-1 alone (Figures 2 and S3), suggesting independent
pathways. We also tested boron supplementation on qua2-1 which did not rescue
quaZ2-1 phenotype (Figure S2). Similarly, the mur1-2 esmd1-1 double mutant did not
show any rescue of mur1-2 adhesion phenotype, as opposed to the rescue observed
in qua2-1 esmd1-1 (Figure 2 and S3). Overall, our results strongly suggest that mur1
(and RG-II dimerization deficiency) affect adhesion through a pathway distinct from
that mediated by homogalacturonans deficiency, characterised by analysis of qua2
and esmd1.
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Figure 2: Homogalacturonan deficiency and
dimerization defects affect adhesion through largely separate pathways. (A-G)
Representative max intensity Z-projections of confocal stacks from 4-days-old dark-
grown hypocotyl stained with propidium iodide from Col-0 (A), mur1-2 (B), qua2-1 (C),
mur1-2 qua2-1 (D), esmd1-1 (E), mur1-2 esmd1-1 (F) and qua2-1 esmd1-1 (G). (H)
Schematic representation of Boron-Rhamnogalacturonan-ll (RG-IlI) dimers and
Calcium-Homogalacturonan (HG) “egg-box” crosslinking domains along the HG
backbone. (1) Quantification of the relative ruthenium red staining intensity (see
representative images and length quantification in figure S3). Boxplots summarize
three biological replicates, as represented by dots of different colors, and letters
describe the statistically significant differences between populations determined by

one-way ANOVA followed by Tukey’s HSD test (P < 0.05).[Scale bars, 30um in images
(A-G).] See related content in figure S2 and S3.
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We next hypothesized that part of mur1 adhesion phenotype may stem from
secondary responses induced by cell wall integrity defects linked with reduced RG-II
dimerization. We took advantage of the fucosyltransferase inhibitor 2F-fuc that we
demonstrated to phenocopy mur1 adhesion phenotype (Figure 1 M,N and Q) to screen
a set of mutants for receptors previously proposed to act as cell wall integrity
sensors?’. We found that a mutant for RESISTANCE TO FUSARIUM OXYSPORUM
1 (RFO1; also called WALL-ASSOCIATED KINASE-LIKE 22) 28 and to a lower extent
RECEPTOR-LIKE PROTEIN 44 (RLP44) 2° are partially insensitive to 2F-Fuc (Figures
3 A-l and S4 A-l). Our screening also included a mutant for THESEUS 1 (THE1) *° that
was previously shown to be involved in cell wall integrity sensing during dark-grown
hypocotyl elongation® but did not appear insensitive to 2F-Fuc (Figures 3 A-l and S4
A-l). This finding suggests that both RFO1 and RLP44 may be specifically involved in
sensing cell wall integrity defect induced by RG-Il dimerization deficiency and trigger
downstream responses leading to the observed phenotype.
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Figure 3. Cell wall sensor mutants and brassinosteroid supplementation rescue
RGIl dimerization deficiency-induced adhesion defects. (A-O and J-L)
Representative max intensity Z-projections of confocal stacks from 4-days-old dark-
grown hypocotyls stained with propidium iodide for Col-0 (A, E, J and M), rfo71-1 (B
and F), rlp44°2 (C and G), the1-1 (D and H), mur1-2 (K and N) and qua2-1 (L and O),
under mock (A-D and J-L), 15uM 2F-Fuc (E-H) and 100nM EBR (M-O) treatment. (I
and P) Quantification of the relative ruthenium red staining intensity (see
representative images and length quantification in figure S4). Boxplots summarize
three biological replicates, as represented by dots of different colors, and letters
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describe the statistically significant differences between populations determined by
one-way ANOVA followed by Tukey’s HSD test (P < 0.05). [Scale bars, 30um in images
(A-H), and 100um in images (J-O).] See related content in figure S4, S5 and S6.

Both RFO1 and RLP44 were shown to influence brassinosteroid (BR) signalling in
response to cell wall integrity defects?®2%. Thus, we next investigated whether BR also
plays a role in our RG-II dimerization deficiency-related adhesion phenotype. We
tested the effect of exogenously applied epibrassinolide (EBR; an active form of
brassinosteroid) and observed a clear restoration of the adhesion phenotype of mur1-
2 (Figures 3 J-P and S4 J-P). We also performed a g-PCR analysis of BR responsive
genes?®':32 comparing Col-0 and mur1-2 and found that the BR pathway shows signs
of down-regulation in the mur1 background (Figure S5). Altogether, our results suggest
that RG-II dimerization deficiency may be perceived by the cell wall integrity sensors
RFO1 and RLP44 which may subsequently alter brassinosteroids signalling.
Brassinosteroids are known to regulate the expression of genes involved in cell wall
synthesis and remodelling®3. In turn, we can hypothesise that the misregulation of the
BR pathway in mur1 could lead to a weakening of the middle lamella and thus be
partially responsible for the observed adhesion defect.

Interestingly, when we performed EBR treatment on qua2-1 we did not observe a
suppression the adhesion defect phenotype (Figures 3 J-P and S4 J-P), further
confirming that QUA2 and MUR1 mutations affect adhesion through separate
pathways. However, we observed a drastic change in the cell separation pattern in
qua2-1 when treated with EBR, where cells separate longitudinally rather than
transversely along the hypocotyl (Fig 3 L and O). Furthermore, detached cell files
including both epidermal and cortex cells show longitudinal buckling (Fig 3 O)
suggesting that the stress pattern leading to cell separation is somehow reversed.
Indeed, it has been suggested that transverse cell separation in qua mutants was the
result of longitudinal tissue tensile stress in the epidermis of highly elongating dark-
grown hypocotyls due to the differential and anisotropic growth of inner tissues relative
to the growth restricting epidermis343, Interestingly, BR regulates growth specifically
in the epidermal cell layer®® and brassinosteroid deficiency has been shown to
increase mechanical constrain in the epidermis®’. Furthermore, mutation of DWARF4
(BR biosynthesis gene) in the qua2-1 background was shown to enhance the adhesion
defect phenotype by further restricting epidermal growth relative to inner tissues®’.
Conversely, BR is proposed reduce epidermal constrain through cell wall remodelling
and thus plays a central role in coordinating growth between cell layers®. Thus, while
the BR pathway deficiency in mur? may limit epidermal growth and increases
longitudinal tissue tension, our results on quaZ2 also suggest that EBR treatment likely
does the opposite by excessively releasing epidermal growth restriction. Cortex cells
may drive extensive elongation, unrestricted by the epidermis. In the absence of
proper adhesion (in qua2-1), cells become mechanically uncoupled from the rest of
the tissues®. This uncoupled epidermal and cortex growth may lead to local
longitudinal buckling and longitudinal cell detachment of the epidermal and cortex
layers. Conversely, the rescue of the mur1 phenotype by EBR treatment could also be
linked to a release of epidermal tension. To test if decreased epidermal tension can be
sufficient to rescue mur1 phenotype, we grew seedlings on medium containing 2.5%
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agar, (as previously proposed to decrease epidermal tensions)?”-35, and observed a
clear rescue of mur1 phenotype, similar to the rescue that is observed for qua2-1
(Figure S6). This suggest that mur1 adhesion defects can also be linked to improper
growth coordination between the epidermis and inner tissues.

To understand the effect of RG-Il dimerization deficiency on adhesion and its rescue
by EBR, we next characterize the chemistry and mechanics of the cell wall. We first
used extensometer-based tensile tests to measure hypocotyl elasticity (tensile
modulus) and breaking strength (ultimate tensile strength). We observed that mur1
hypocotyls have a decreased stiffness and strength compared to Col-0 (Figure 4 Aand
B), confirming previous observations*?4!. EBR treatment further decreased stiffness
and strength for both Col-0 and mur1-2 (Figure 4 A and B) further supporting the global
effect of BR on cell wall loosening that reduces epidermal tension. On the other hand,
the cell wall composition analysis revealed a deficiency in homogalacturonan in mur1-
2 compared to Col-0, which is restored by treatment with EBR (Figure 4 C and S7).
These results suggest that mur?1 middle lamella may be weaker than wildtype (lower
HG level). In turn, the complementation of mur1 with EBR could rescue normal
adhesion by a combined restoration of normal cell wall composition (restored HG level)
and reduced epidermal tension (further suggested here by the decreased tissue
stiffness).
A B
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Fig 4. mur1 mutation and rescue by EBR impact tissue mechanics and
homogalacturonan status of the cell wall. (A) Quantification of 4-days-old dark-
grown hypocotyl’s Young's modulus E, (B) ultimate tensile strength ¢ and (C)
homogalacturonan content (quantity as a percentage of total extracted
monosaccharide weight, see related content in figure S7), for Col-0 and mur1-2 under
mock or EBR treatment. Boxplots in (A and B) summarize three biological replicates,
as represented by dots of different colors and data in (C) are represented as mean *
SEM. Letters in panels A-C describe the statistically significant differences between
different populations determined in (A and B) by one-way ANOVA followed by Tukey-
Kramer test (P<0.05) and in (C) by one-way ANOVA followed by Tukey’s HSD test (P
< 0.05). See related content in figure S7. (D) Working model for the mechanism of RG-
Il dimerization defect impact on cell adhesion and integrity: RGIl dimerization defects
may have both a direct mechanical effect related to the reduction of RGII crosslink,
but also affect the structure of the pectin network. RFO1 and RLP44 may sense this
pectin integrity defect and tune-down the brassinosteroid (BR) signaling pathway. Miss
regulation of the BR pathway may have a dual effect. On one hand impacting
homogalacturonan levels and thus likely the middle lamella. On the other hand, by
modulating cell layer growth coordination through epidermal growth restriction in turn
increasing epidermal tension. The combination of weakened middle lamella and
increased epidermal tension would ultimately lead to the observed adhesion defects.

RG-Il is a complex component of cell wall whose role in growth and development is
not well understood in comparison with cellulose, hemicellulose or homogalacturonan.
Our results now identify a role of RG-Il dimerization in cell adhesion. Importantly, by
studying the effect of reduced RG-Il dimerization in plants, we uncover a new pathway
regulating the maintenance of cell-cell adhesion. Moreover, we identify the key
contribution of cell wall integrity sensing and hormonal regulatory players for the
maintenance of cell adhesion in plants mediated by RG-II dimerization. Previous work
had hypothesised that such mechanisms should be in place to allow a coordinated
regulation of fast extensive growth with the maintenance of adhesion'335, but the
components and mechanisms had remained mostly unknown. Here, we address this
significant gap in our knowledge by identifying the wall associated receptor-like kinase
RFO1, the receptor-like protein RLP44 and the brassinosteroid signalling pathway that
play a crucial role in coordinating cell wall integrity, cell adhesion and growth
coordination. Taken together, our experiments point to a model where RG-II
dimerization deficiency leads to cell wall perturbations that are first sensed by the cell
wall integrity sensors RFO1 and RLP44. This response modulates the brassinosteroid
pathway, leading on one hand to lower HG levels in the middle lamella, and to
increased epidermal tension. The combination of the cell-level weakening of the
middle lamella, and tissue-level increase in epidermal tension presumably leads to the
loss of cell adhesion phenotype observed in response to RG-II dimerization deficiency.
Yet, decrease in BR signalling alone cannot fully explain the phenotype observed since
down-regulation of the BR pathway alone does not cause adhesion defects on its own.
In turn, RG-II crosslinks are also likely to play a direct structural role in the cell wall for
adhesion strength. Interestingly this new pathway appears to be largely independent
from the previously characterized pathway involving the quasimodo and esmeralda1
mutants. It suggests that both HG and RG-II crosslinks play important roles in the cell
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wall either directly, mediating adhesive crosslinks, and indirectly as a wall integrity
signal regulating downstream response. Here we show that RG-Il dimerization defect
impacts the BR pathway downstream. Because of the key role of BR in growth control,
we propose that normal levels of RG-Il dimerization are important to ensure proper
feedback signalling contributing to the coordination between fast growth and cell
adhesion maintenance in plants. Future work integrating a deeper investigation of the
wall integrity defect perception by RFO1 and RLP44 in response to RG-Il dimerization
deficiency, as well as the downstream perturbation of the BR pathway will surely open
the door for groundbreaking discoveries regarding cell wall integrity sensing and cell
wall homeostasis mechanisms. Our work provides novel lines of evidence for the
complex regulation of cell adhesion in plants, showing that this fundamental feature of
multicellular organism indeed necessitates a tight regulation by sensing mechanism
and coordination with growth regulators to ensure multicellular tissue integrity.
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Data:

- All the confocal microscopy data used to support this study (including those not
displayed in figures) has been deposited at Zenodo and is publicly available as
of the date of publication (10.5281/zenodo.14170979).

- All the light microscopy data for ruthenium red staining experiments along with
the processed data (including segmented masks, corrected masks, raw
quantifications, processed quantifications) has been deposited at Zenodo and
is publicly available as of the date of publication (10.5281/zenodo.14171190).

- All the light microscopy and measurements data for the tensile test experiment
has been deposited at Zenodo and is publicly available as of the date of
publication (10.5281/zenodo.14171222).

- Raw data for the Q-PCR analysis and cell wall quantification reported in this
paper will be shared by the lead contact upon request.

Code:

- The code for the ruthenium red quantification workflow is publicly available on
github (github.com/VergerLab/RRQuant) and the specific version used for this
study has been archived at Zenodo and is publicly available as of the date of
publication at (10.5281/zenodo.14173185).
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- Any additional information required to reanalyze the data reported in this paper
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Supplemental information:

Document S1. Figures S1-S7

Data S1. Excel file containing the source data for the experiments in this study too
large to fit in a PDF, related to Figures 1-4 and S2-S7.

Figure titles and legends:

Figure 1. RG-ll dimerization is crucial for cellular and supracellular integrity. (A,
C, I, K and M) Representative ruthenium red staining images from 4-days-old dark-
grown hypocotyls for Col-0 (A), mur1-2 (C), mur1-1 (1), hpGGLT1 (Line #1) (K) and 15
pum 2F-Fuc treatment (M). (B, D, E, F, J, L, N, O, P and Q) Representative max intensity
Z-projections of confocal stacks from 4-days-old dark-grown hypocotyl stained with
propidium iodide from Col-0 (B and E), mur1-2 (D and F), mur1-1 (J and O), hpGGLT1
(Line #1) (L and P) and 2F-Fuc (N and Q). Images in (E, F, O, P and Q) are
magnifications highlighting the cell adhesion defects pointed by a white arrow in (B, D,
J, L and N). (G) Quantification of the relative ruthenium red staining intensity and (H)
measurement of hypocotyl length for Col-0 and mur1-2. Violin plot and boxplot
summarize three biological replicates and asterisks indicate statistically significant
difference between Col-0 and mur1-2 determined by two-tailed Student’s t test, where
***P < 0.0005. [Scale bars, 30 um in confocal images and 900 ym in Ruthenium red
staining images.]. See Related content in figure S1 and S2.

Figure 2: Homogalacturonan deficiency and rhamnogalacturonan-li
dimerization defects affect adhesion through largely separate pathways. (A-G)
Representative max intensity Z-projections of confocal stacks from 4-days-old dark-
grown hypocotyl stained with propidium iodide from Col-0 (A), mur1-2 (B), qua2-1 (C),
mur1-2 qua2-1 (D), esmd1-1 (E), mur1-2 esmd1-1 (F) and qua2-1 esmd1-1 (G). (H)
Schematic representation of Boron-Rhamnogalacturonan-Il (RG-IlI) dimers and
Calcium-Homogalacturonan (HG) “egg-box” crosslinking domains along the HG
backbone. (I) Quantification of the relative ruthenium red staining intensity (see
representative images and length quantification in figure S3). Boxplots summarize
three biological replicates, as represented by dots of different colors, and letters
describe the statistically significant differences between populations determined by
one-way ANOVA followed by Tukey’s HSD test (P < 0.05).[Scale bars, 30um in images
(A-G).] See related content in figure S2 and S3.

Figure 3. Cell wall sensor mutants and brassinosteroid supplementation rescue
RGIl dimerization deficiency-induced adhesion defects. (A-O and J-L)
Representative max intensity Z-projections of confocal stacks from 4-days-old dark-
grown hypocotyls stained with propidium iodide for Col-0 (A, E, J and M), rfo71-1 (B
and F), rlp44¢m2 (C and G), the1-1 (D and H), mur1-2 (K and N) and qua2-71 (L and O),
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under mock (A-D and J-L), 15uM 2F-Fuc (E-H) and 100nM EBR (M-O) treatment. (I
and P) Quantification of the relative ruthenium red staining intensity (see
representative images and length quantification in figure S4). Boxplots summarize
three biological replicates, as represented by dots of different colors, and letters
describe the statistically significant differences between populations determined by
one-way ANOVA followed by Tukey’s HSD test (P < 0.05). [Scale bars, 30um in images
(A-H), and 100um in images (J-O).] See related content in figure S4, S5 and S6.

Fig 4. mur1 mutation and rescue by EBR impact tissue mechanics and
homogalacturonan status of the cell wall. (A) Quantification of 4-days-old dark-
grown hypocotyl’'s Young’'s modulus E, (B) ultimate tensile strength ¢ and (C)
homogalacturonan content (quantity as a percentage of total extracted
monosaccharide weight, see related content in figure S7), for Col-0 and mur1-2 under
mock or EBR treatment. Boxplots in (A and B) summarize three biological replicates,
as represented by dots of different colors and data in (C) are represented as mean +
SEM. Letters in panels A-C describe the statistically significant differences between
different populations determined in (A and B) by one-way ANOVA followed by Tukey-
Kramer test (P<0.05) and in (C) by one-way ANOVA followed by Tukey’s HSD test (P
< 0.05). See related content in figure S7. (D) Working model for the mechanism of RG-
Il dimerization defect impact on cell adhesion and integrity: RGIl dimerization defects
may have both a direct mechanical effect related to the reduction of RGII crosslink,
but also affect the structure of the pectin network. RFO1 and RLP44 may sense this
pectin integrity defect and tune-down the brassinosteroid (BR) signaling pathway. Miss
regulation of the BR pathway may have a dual effect. On one hand impacting
homogalacturonan levels and thus likely the middle lamella. On the other hand, by
modulating cell layer growth coordination through epidermal growth restriction in turn
increasing epidermal tension. The combination of weakened middle lamella and
increased epidermal tension would ultimately lead to the observed adhesion defects.

Methods:
Plant growth conditions

Plants were grown on 1/2 MS (Murashige-Skoog) medium (Duchefa) which also
contained 0.5 % (w/v) sucrose, 0.8% plant agar (Duchefa). The pH of the media was
set to 5.7 by NaOH which was buffered by using 0.05% (w/v) 2-(N-
morpholino)ethanesulfonic acid (MES) (Sigma-Aldrich). Sterilized seeds were then put
on media and stratified at 4°C for 2 days in darkness and then light induced for 6 hours
in white light at 21°C. After the light induction the petri plates containing the seeds
were wrapped in few layers of aluminum foil and left vertically to germinate in the dark
at 21°C for 4 days. In case of high agar experiments, 2.5% plant agar was used in the
media and 0.8% plant agar was used as control media, with other constituents in
media kept similar. In experiments with liquid media the constituents were same as
above but did not contain any agar.
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Plant materials

Arabidopsis thaliana ecotype Columbia (Col-0) was used as wildtype control in all
experiments with the exception of one experiment where Landsberg erecta (Ler) was
used for a comparison with a mutant in the Ler background. The mutant lines mur1-1
and mur1-2 842 qua2-1 °, esmd1-1 and qua2-1 esmd1-1 3, mur2-1 %43, fut4 and
fut4/6 2°, FucTA/FucTB 2!, spy8 and spy12 2223, rfo1-1 28, rip44°2 29, the1-1 0,
hpGGLT1 (Line #1 and Line #3) RNAi transgenic lines with a hairpin (hp) RNA
construct 26 have been described earlier. We also screened the mutant lines fer-4 44,
herk2-1 and herk1-145, cvy1-1 46 and wakA5 3. The double mutants mur1-2 esmd1-1
and mur1-2 qua2-1 have been generated in this study. Primers used in the genotyping
of the mutants were those described in the corresponding references, except for the
rfo1-1 left primer for which we used TCACCGTAAACCCATTAG.

Chemical treatments

For fucosylation inhibition, 2-Deoxy-2-fluoro-L-fucose (2F-Fuc) (MedChemExpress)
dissolved in DMSO by ultrasonication and then filter sterilized was used. Sterilized
seeds were grown on 2 MS liquid media containing 15uM 2F-Fuc. For boron
treatment, boric acid (Sigma) prepared by dissolving in MilliQ water and then filter
sterilized was used. Sterilized seeds were grown on 2 MS solid media containing
either 500uM or 750uM of boric acid. For brassinosteroid treatments, epibrassinolide
(EBR) (Sigma-Aldrich) dissolved in DMSO and filter sterilized was used. Sterilized
seeds were grown on 2 MS solid media containing 100nM EBR. For all treatments,
seedlings were grown for 4 days in the dark as described in the “plant growth condition”
section and DMSO was used as mock control in media except for boric acid treatment.

Propidium iodide staining and confocal microscopy

Dark-grown seedlings were first immersed for 5 minutes in 0.1mg/ml propidium iodide
(Sigma-Aldrich) prepared in milliQ water and then they were washed with water before
imaging. Seedlings were then placed between glass slides and coverslip with spacers
in between them to prevent sample crushing. Images of hypocotyls were taken with a
Zeiss LSM 880 inverted laser scanning confocal microscope using the Zen blue
software for acquisition. Samples were imaged with either 10X (air NA 0.3) or 32X
(Water, NA 0.85) objectives. Z-stacks were acquired without averaging and with a 0.5
um Z step. The images have a size of 1024 x 1024px for a pixel size of 0.83 or 0.42
um. Excitation of Pl was performed by using a 552 nm solid-state laser and the
fluorescence was detected at 600—650 nm. A minimum of 7 seedlings were imaged
for each genotype and conditions and one representative image was included in the
figures.

Ruthenium Red staining and dark field microscopy
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Four-days-old dark-grown seedlings were immersed for 1 minute in 0.05% (w/v)
ruthenium red (Sigma-Aldrich) solution prepared in milliQ water and the seedlings
were immediately washed in water. Washed seedlings were then transferred on
square petri plates containing 50 ml of solidified 1% agarose along with two or three
non-stained seedlings per genotype and conditions. A Leica M205CFA microscope
with 1X/0.02NA objective was used to acquire large tile RGB darkfield images of the
plates. Large, stitched tile images were generally made of 90 to 110 individual
1920x1080px images with a pixel size of 6.29 ym that were acquired with 10% overlap
and merged with the Leica Application Suite (LAS X) software. Experiments were done
in three independent biological replicates with 15 or more seedlings for each genotype
or treatment per replicate.

Quantification of ruthenium red staining and hypocotyl length.

Ruthenium red staining intensity was quantified in hypocotyls with a workflow involving
the automated deep learning-based hypocotyl segmentation followed by quantification
of relative staining intensity, hypocotyl morphology and statistical analysis
(github.com/VergerLab/RRQuant). Briefly, we used root painter*” to train a U-Net CNN
deep learning model for high-throughput and accurate hypocotyl segmentation from
our darkfield images of stained and non-stained samples. If needed segmentation
masks were further manually corrected and saved using a Fiji ¥ macro. We then
developed another Fiji macro for the quantification of staining intensity and hypocotyl
morphology. Ruthenium red staining intensity was calculated by converting the RGB
image into an HSB (Hue, Saturation, Brightness) stack, inverting the “brightness”
image values, and creating a new “intensity” image by adding the “saturation” and
inverted “brightness” pixel values. Staining intensity was quantified as the average
pixel value in the “intensity” image within the region of the segmented mask that was
eroded by 10px to limit edge coloration effects, for each hypocotyl individually.
Hypocotyl length was quantified using the geodesic diameter measurement values of
the MorpholibJ ImageJ plugin #° on the non-eroded masks. We then developed a script
for data processing, plot generation and statistical analysis in R (https://www.R-
project.org). Relative staining intensity was calculated as the ratio of individual stained
samples over the average value measured on non-stained reference samples of the
corresponding genotype and condition, treating each replicates independently.
Relative staining intensity and hypocotyl length values were used to generate plots in
R studio. Statistically significant differences among the samples were determined by
one-way ANOVA followed by the Tukey’s HSD (post hoc) test (P < 0.05) or by two-
tailed Student’s t test wherever applicable.

RNA isolation and quantitative Real-Time PCR analysis

RNA isolation was performed on the 4-days-old dark-grown hypocotyls from the
control and mutant seedlings. Sampling of the seedings was performed under green
light and then were immediately frozen in the liquid nitrogen. The total RNA of each
sample was extracted using the RNeasy Plant Mini Kit (QIAGEN). Following
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extraction, total RNA was treated with RNase-free DNase (Thermo Fisher Scientific).
cDNA was synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad) and was used in
quantitative real-time PCR (QRT-PCR). qRT-PCR was carried out using iTaq Universal
SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instruction. Primers
used for the qRT-PCR studies are those described in 332, The data was analyzed
using the method described in 557, UBQ10 and ACT2 were used as two reference
genes. Plots and the statistical analysis were done using RStudio. Statistically
significant difference between the samples was determined by a two-tailed Student’s
t test (P<0.05).

Young modulus and ultimate tensile strength measurements

Our micro-extensometer setup is similar to the ones used previously®?-%* that use
SmarAct positioners (MCS2, SLC-1720) to stretch the sample and Futek load cells
(Futek LSB200) to measure force. To image samples during the experiments, we used
an upright brightfield imaging setup that consists of a color CMOS camera (IDS; U3-
3080SE-C-HQ R), a 12X zoom Lens (Thorlabs; MVL12X3Z) and white light
transmission illumination. We developed software in the MorphRobotX (MRX)
framework of MorphoDynamX (morphographx.org/morphorobotx/) to synchronize
image capture from our setup with extensometer steps. This allowed us to use
landmarks on the images to track the deformation during stretching, and avoid artifacts
due to slippage of the sample at the anchoring sites. Four-day-old dark-grown
hypocotyls were mounted on the extensometer arms. This was done using two pieces
of tough-tag (Merk; Z359106) placed parallel to each other with approximately 2mm
of spacing in between. A small piece of silicone transfer adhesive (Adhesive
Applications; PolySil™ S5005DC; 1x4mm) was placed at the edge of each tough tags.
Individual hypocotyls (one per stretching measurement) were placed in between the
two silicon adhesives. Another piece of the silicon adhesive was placed on top of the
hypocotyl in a way that the samples is sandwiched between the silicon adhesive tapes.
The tough-tags were then transferred to the arms of the micro extensometer before
the arms of the extensometer were lowered into a petri dish filled with Milli-Q water.
Extensometer  experiments were automatically performed with MRX
(processes/Tools/MorphoRobotX/Experiment/Extensometer). The stretching was
performed at a constant speed of 7.7um/s with the nanopositionners of the
extensometer moving 1um in each measurement step. Images acquired with the
camera were used to estimate the sample cross section area and the strain during
stretching. For cross section area, we used Fiji to draw three lines across the width of
the hypocotyl at three different positions on the image at the first time point (before
stretching). The average width value (w) was used to calculate the cross-section area
(A) by approximating the hypocotyl as cylinder (n*(w/2)?). For strain quantification, a
MATLAB code was created to extract and track two points on the hypocotyl in the
video recorded during stretching. The distance between these two points at the first
time point (LO) and throughout the experiment (L) was quantified in pixels and used to
calculate the strain ((L-LO)/LO) at each time point. The value from the load cell was
used to calculate the stress (F/A) at each time point as the force (F) divided by the
initial circular cross-section area (A) of the sample. The stress and strain values were
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used to plot stress-strain curves for each stretched samples and calculate the Young
modulus and ultimate tensile strength. The Young modulus of the hypocotyl was
extracted by fitting a line between two points in the linear part of the stress-strain curve
and using the slope as the elasticity value. The ultimate tensile strength was extracted
from the curves as the maximum stress imposed to the sample. We ran four
independent biological replicates, measuring 4 to 5 samples per genotype and
treatment in each replicate, thus generating 16 to 20 measurements per genotype and
treatment. Several measurements were excluded due to visible issue with sample
slippage, abnormalities in the trend of the stress-strain curve or absence of identifiable
linear regime, reducing to 12-13 samples per genotypes and treatments being
included in the final analysis and plots. Data analysis and graphs generation was done
in MATLAB. Statistically significant difference between the samples was determined
by one-way ANOVA followed by Tukey-Kramer test (P<0.05).

Cell wall analysis

Whole four-days-old dark-grown seedlings were freeze-dried and subsequently
ground using a ball-mill. To obtain the alcohol insoluble residue (AIR), 10 mg of
grounded material per sample was first incubated for 30 min at RT with 80% EtOH
followed by chloroform: methanol (1:1) incubation for another 30 min. The material
was dried and 1000 units of a-amylase in 0.1M potassium phosphate buffer was added
to remove the starch. After overnight incubation, the samples were first washed with
Milli-Q water and then with acetone and left to dry in the vacuum desiccator overnight.
0.5 mg DW of previously treated samples was taken for monosaccharide analysis by
Trimethylsilyl derivatization (TMS) and were analysed as described previously®® with
GC/MS (7890A/5975C; Agilent Technologies). To determine the degree of methyl
esterification, 1.5 mg DW was taken from the AIR treated samples. The material was
first saponified by incubating it with 1M NaOH for 1h at RT after which the reaction
was neutralized with 1M HCI. Around 180 pL of supernatant was taken for further
methanol detection. Reactions were prepared in ELISA-plates where 50 pL of alcohol
oxidase in 0.1M sodium phosphate buffer was added to each sample and was
incubated for 15 min at RT. After that, 100 pL of developer containing acetylacetone,
acetic acid and ammonium acetate in water was added in each sample, covered and
incubated at 68°C for 10 min. Finally, the absorption was read at 412 nm. The analysis
was done as previously described®. The homogalacturonan content was
approximated by subtracting the quantified rhamnose from galacturonic acid values.
Data analysis and graphs generation was done in RStudio. Statistically significant
difference between the samples was determined by one-way ANOVA followed by
Tukey HSD test (P<0.05), Welch’s ANOVA followed by Games-Howell test (P<0.05)
and Kruskal-Wallis with Dunn’s test for pairwise comparisons (P<0.05) where
applicable.
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