AGP polysaccharide chains are required for normal biogenesis of plasmodesmata
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Summary

Arabinogalactan proteins (AGPs) are a plant-specific family of extracellular
proteoglycans characterized by large and complex galactose-rich polysaccharide chains.
Functional elucidation of AGPs, however, has been hindered by the high degree of
redundancy of AGP genes. To uncover as yet unexplored roles of AGPs in Arabidopsis, a
mutant of Hyp O-galactosyltransferase (HPGT), a critical enzyme that catalyzes the
common initial step of Hyp-linked arabinogalactan chain biosynthesis, was used. Here
we show, using the Apgt1,2,3 triple mutant, that a reduction in functional AGPs leads to a
stomatal patterning defect in which two or more stomata are clustered together. This
defect is attributed to increased and dysregulated symplastic transport following changes
in plasmodesmata structure, such that highly permeable complex branched
plasmodesmata with cavities in branching parts increased in the mutant. We also found
that the Apgt1,2,3 mutation causes a reduction of cellulose in the cell wall and
accumulation of pectin, which controls cell wall porosity. Our results highlight the
importance of AGPs in the correct biogenesis of plasmodesmata, possibly acting through

the regulation of cell wall properties surrounding the plasmodesmata.
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Significance Statement

There is a growing awareness that arabinogalactan proteins (AGPs) regulate
various aspect of plant development, but the highly redundant nature of this family's
members often makes it difficult to elucidate their functions by a conventional reverse
genetics approach. To sidestep gene redundancy problems, we focused on a mutant of
Hyp O-galactosyltransferase which catalyzes the initial step in the elongation of
complex arabinogalactan chains, and identified previously unknown roles of AGPs in

Arabidopsis.



Introduction

Arabinogalactan proteins (AGPs) are plant-specific extracellular proteoglycans
found widely throughout the plant kingdom, from the green alga Chlamydomonas to
higher plants (Ma et al., 2017). AGPs are characterized by a high proportion of
carbohydrate moieties, which represents more than 90% of the total molecular mass and
are thought to be critical for molecular function (Ellis et al., 2010). To date, a total of
151, 282, and 313 putative AGPs have been identified in the model plants Arabidopsis
thaliana, Oryza sativa, and Glycine max, respectively. In Arabidopsis, 151 AGPs are
further classified into five classes based on the similarities in their core protein
structures: 23 classical AGPs; 16 arabinogalactan (AG) peptides; three Lys-rich AGPs;
four hybrid AGPs; and 105 chimeric AGPs (Ma et al., 2017). AGPs are ubiquitous in all
plant organs and thought to perform various functions in each organ (Showalter, 2001,
Ellis et al., 2010, Su and Higashiyama, 2018, Leszczuk et al., 2020, Hromadova et al.,
2021). To date, however, fewer than 30 AGPs in Arabidopsis have been functionally
characterized, including SOS5/FLA4 (Shi et al., 2003, Griffiths et al., 2014, Seifert et
al., 2014, Basu et al., 2016, Seifert, 2021), FLA11, FLA12 (MacMillan et al., 2010, Ma
et al.,2022) and AGP18 (Acosta-Garcia and Vielle-Calzada, 2004, Demesa-Arevalo
and Vielle-Calzada, 2013). The available results suggest that AGPs play a range of
physiological roles in processes such as reproduction, cell proliferation, pattern
formation, growth, and plant-microbe interactions (Gaspar et al., 2004, Nguema-Ona et
al., 2007, Nguema-Ona et al., 2013, Pereira et al., 2016, Su and Higashiyama, 2018).
However, the high level of genetic and functional redundancy of AGP genes has
hindered the elucidation of their specific roles.

Yariv phenylglycosides are often used as cytochemical reagents to perturb the
molecular functions of AGPs (Yariv et al., 1962). Yariv reagents selectively and
non-covalently bind to the B-1,3-galactan moiety of AGPs, acting as specific functional
inhibitors (Kitazawa ef al., 2013). Yariv treatment caused the arrest of pollen tube
growth (Mollet, 2002), root hair elongation (Marzec et al., 2015), and root growth,
accompanied by microtubule disorganization (Nguema-Ona et al., 2007). However,
because Yariv reagents are unable to penetrate the plasma membrane, their targets are
limited to tissue surface AGPs.

Carbohydrate-degrading enzymes of AGPs are also useful tools for functional
analyses of the sugar moieties of AGPs. Transgenic Arabidopsis plants expressing a
fungal exo-P-1,3-galactanase that specifically hydrolyzes the B-1,3-galactan backbone
of type I AGs showed severe tissue disorganization in the hypocotyl and cotyledons,

accompanied by a decrease in Yariv reagent reactive AGPs (Yoshimi et al., 2020). This



suggests that the degradation of type II AGs affects the regulation of cell shape;
however, it remains unclear whether this is due to the loss of functional AGPs or the
result of cryptic activities of the degraded oligosaccharides. Alternative strategies to
deal with gene redundancy at the whole-plant level are required for the comprehensive
functional analysis of AGPs.

The biosynthesis of AGP involves O-galactosylation of hydroxyproline (Hyp)
residues, followed by stepwise elongation of the complex sugar chains (Knoch et al.,
2014). Given the functional importance of the carbohydrate moiety of AGPs, the
biosynthetic enzymes of polysaccharides are attractive targets in comprehensive
loss-of-function analyses of AGPs. The majority of polysaccharides are composed of
B-1,3 linked D-galactopyranosyl (Galp) chains with -1,6 linked D-Galp side chains
(Tan et al., 2010). The side chains often terminate in L-Araf and other less-abundant
sugars, such as L-Fucp, L-Rhap and D-GlcpA (Haque et al., 2005, Tryfona et al., 2010,
Tryfona et al., 2012). There have been several reported cases in which loss of
glycosyltransferases that mediate elongation of AG chains has led to tissue-specific
phenotypes (Geshi et al., 2013, Knoch et al., 2013, Dilokpimol et al., 2014).

The Hyp O-galactosyltransferases (HPGT1 to 3 and GALT?2 to 6) are another
important class of AGP biosynthesis enzymes, and these enzymes mediate the initial
galactosylation of Hyp residues of AGP core proteins (Basu et al., 2013, Basu et al.,
2015, Ogawa-Ohnishi and Matsubayashi, 2015, Showalter and Basu, 2016). Disruption
of all three HPGT genes resulted in a significant decrease in Hyp O-galactosylation
activity both in vitro and in vivo, and caused pleiotropic phenotypes such as longer
lateral roots, longer root hairs, radial expansion of the cells in the root tip, smaller
leaves, shorter inflorescence stems, reduced fertility and shorter siliques
(Ogawa-Ohnishi and Matsubayashi, 2015). Multiple galt2,3,4,5,6 mutants display
weaker phenotypes compared with the Apgt1,2,3 mutant (Zhang et al., 2021); however,
the introduction of galt mutations into the Apgtl,2,3 mutant enhanced the phenotype,
indicating that the eight members of the CAZy GT31 family have, at least in part,
redundant roles in the biosynthesis of AG chains (Kaur et al., 2021). Hyp
O-galactosylation is a critical step in the elongation of complex AG chains; thus,
phenotypes of its loss-of-function mutant should reflect the deficiency in the
biosynthesis of all functional AGPs. As yet undiscovered functions of AGPs would be
revealed through phenotypic analysis of mutants of enzymes for Hyp O-galactosylation.

Here we show, using an Apgt1,2,3 triple mutant, that a reduction in functional
AGPs leads to a stomatal patterning defect in which two or more stomata are clustered

together. Our results highlight the importance of AGPs in the correct biogenesis of



plasmodesmata, possibly acting through regulation of the properties of the cell wall

surrounding plasmodesmata.



Results
Loss of AGP glycosylation increases stomatal clustering

In order to uncover as yet unexplored roles of AGP, we performed a detailed
phenotypic analysis of an Apgtl,2,3 triple mutant deficient in Hyp O-galactosylation, a
common initial step for AGP glycosylation. We found that the Apgt],2,3 triple mutant
displayed stomatal patterning defects; two-six stomata were frequently clustered together
in the cotyledon epidermis (Fig. 1a). The percentage of clustered stomata in the hpgt/,2,3
cotyledon epidermis was 13.3%, which was significantly greater than that in the
wild-type control (3.4%). The cluster size was also significantly increased in the
hpgtl,2,3 triple mutant. In the complementation lines in which HPGT1, HPGT?2 or
HPGT3 was expressed in the Apgtl,2,3 triple mutant under the control of the respective
promoters, the clustering rate recovered to a degree comparable to that of the wild-type
(Fig. 1b, c). These results indicate that AGP glycosylation is critical to the correct spacing
and patterning of stomata in the epidermis.

AGP sugar chains affect cell-cell permeability via plasmodesmata

Increased stomatal clustering has also been reported in mutants of KOBITO, a
cellulose biosynthetic enzyme, and CHORUS, a callose biosynthetic enzyme, both of
which are involved in cell wall polysaccharide biosynthesis (Guseman et al., 2010, Kong
et al., 2012). In both cases, plasmodesmata-mediated cell-to-cell movement of
cytoplasmic macromolecules was promoted. We therefore hypothesized that the
hpgtl,2,3 triple mutant might also have induced increased intercellular transport via the
plasmodesmata. To test this hypothesis, we performed cell-to-cell macromolecular
transport assays using cotyledons of the wild-type and Apgt1,2,3 triple mutant by
simultaneously introducing free soluble sGFP (S65T) and endoplasmic reticulum
(ER)-targeted monomeric red fluorescent protein (mRFP)-HDEL via particle
bombardment. As the HDEL sequence retains mRFP in the ER, mRFP-HDEL serves as
an immobile marker of transformed cells. After 16 h of particle bombardment, we
observed that 57.4% of the transgenic cells showed diffusion of GFP into the adjacent
cells in the Apgtl,2,3 triple mutant, which was 2.8-fold higher than that in the wild-type
(20.9%) (Fig. 2a). A cluster of GFP-positive cells in the Apgt1,2,3 triple mutant contained
up to 14 cells, whereas GFP diffused into 7 cells at most in the wild-type (Fig. 2b). These
results suggest that increased stomatal clustering in the Apgt/,2,3 mutant is due to an
increase in plasmodesmata permeability, and raises the possibility that AG chains are

necessary for correct formation of plasmodesmata.



AGP sugar chains are essential for correct plasmodesmata formation

To investigate what structural alterations in the plasmodesmata of hpgt1,2,3 triple
mutants cause increased cell-to-cell permeability, we first compared the plasmodesmata
density in cotyledon epidermal cells between the wild-type and Apgt!,2,3 triple mutant.
Callose accumulates near the neck of plasmodesmata, and controls their opening and
closing (Wu et al., 2018). We stained the callose of cotyledons of the wild-type and
hpgtl,2,3 triple mutant with aniline blue and measured the density of plasmodesmata
along the outer periphery of the epidermal cells (Fig. 3a). Fluorescent spot counting
revealed the presence of plasmodesmata in the wild-type at 35.4 sites/mm and in the
hpgtl,2,3 triple mutant at 37.2 sites/mm, indicating that there was no difference in
plasmodesmata density between the wild-type and mutant (Fig. 3b). We also examined
the density of plasmodesmata in cotyledons by expressing the plasmodesmata marker
plasmodesmata-located protein 1 (PDLP1)-GFP, which enables visualization of
plasmodesmata at higher sensitivity, and we confirmed again that plasmodesmata density
was comparable between the wild-type and mutant (Fig. 3¢, d).

Next, we observed the morphology of plasmodesmata using transmission electron
microscopy (TEM) and classified them into four pattern categories according to shape:
simple (simple shape without branching); H-shaped (H-shaped with branching); complex
branched (complex shape with many branches without cavities); and large cavity
(complex shape with large cavities in branching parts; Fig. 4a-d). Both primary and
secondary plasmodesmata are initially simple in structure, and intrinsically form
branches or fuse with neighboring plasmodesmata to produce complex structures during
tissue development (Ehlers and Kollmann, 2001, Roberts and Oparka, 2003, Faulkner et
al., 2008). Notably, we found that the ratio of ‘large cavity’, the most complex structure,
was dramatically increased in the Apgt1,2,3 triple mutant (27.8%) compared with the
wild-type (3.1%; Fig. 4d). These results indicate that loss of AG chains promotes
maturation of simple to complex plasmodesmata. Although the relationship between the
structure of the plasmodesmata and the cell-to-cell transport efficiency of cytoplasmic
macromolecules is not straightforward, the increased intercellular permeability in the

hpgtl,2,3 mutant is highly likely due to structural alterations in the plasmodesmata.

Loss of AGP sugar chains causes an increased proportion of pectin in the cell wall
The pectin-rich cell wall, which is more flexible than cellulose fibers, allows for
dynamic changes to the plasmodesmal structure in response to a range of environmental

cues. Indeed, plasmodesmata are connected to each other in the middle lamella, a region



particularly rich in pectin and important in adhesion to adjacent cells (Roberts and Oparka,
2003). In our TEM analysis, the middle lamella layer, which is usually observed as a
relatively electron-dense region, tended to be less distinguishable in the Apgtl,2,3 triple
mutant than in the wild-type (Fig. 4b,c). This led us to hypothesize that the cell wall
composition may be changed in the Apgt!,2,3 triple mutant.

To examine the composition of the cell wall, cell wall fractions were prepared as
alcohol-insoluble residue (AIR) from the cotyledons of the wild-type and Apgt1,2,3 triple
mutant. There was no difference in AIR content between the wild-type and hpgt1,2,3
triple mutant (Fig. 5a). The fractionation of cell wall polysaccharides by sequential
extraction from AIR revealed that the pectin-enriched fraction in the Apgtl,2,3 triple
mutant was increased by 36.8% compared with the wild-type (Fig. 5b). The
hemicellulose (HC)-enriched fraction, a supporting material that stabilizes the cell wall,
was also slightly increased in the Apgt!,2,3 triple mutant. In contrast, the
cellulose-enriched fraction in the Apgt1,2,3 triple mutant decreased by 24.3% compared
with the wild-type. Analysis of the monosaccharide composition of AIR confirmed that
levels of galacturonic acid, galactose, arabinose, xylose and rhamnose, which are major
constituents of pectin, were increased in the Apgt!,2,3 triple mutant (Fig. 5c).
Additionally, the total content of calcium ions, which interact with anionic
polysaccharide pectin, was 1.6-fold higher in the mutant compared with the wild-type
(Fig. 5d). In contrast, levels of glucose, which is the main product of cellulose hydrolysis,
were reduced by more than 20% in the Apgtl,2,3 triple mutant compared with the
wild-type (Fig. 5¢). These results indicate that loss of AG chains causes a decrease in

cellulose proportion and an increase in the pectin proportion in the cell wall.



Discussion

In the present study, we performed a phenotypic analysis of the cotyledons of
hpgtl,2,3, a mutant defective in Hyp-linked AG chain biosynthesis, and we found that the
AGPs are critical for the correct spacing and patterning of stomata in the epidermis. The
loss of three HPGTs significantly increased stomatal clustering, a phenotype that has not
been described previously in AGP-related mutants. Stomatal development is initiated by
the basic helix-loop-helix transcription factor SPEECHLESS (SPCH), which serves as an
acceptor of hormonal and environmental signals to regulate stomatal density and
patterning during development (MacAlister et al., 2007, Han and Torii, 2016). SPCH
does not normally travel in a cell-to-cell manner, but enhanced movement of SPCH to
neighboring cells due to increased symplastic connectivity induces stomatal clustering
(Guseman et al., 2010, Kong et al., 2012). Because the ipgtl, 2,3 mutant shows increased
plasmodesmata permeability of GFP and because the molecular size of SPCH is
comparable to that of GFP, it is possible that stomata developed in clusters in the
hpgtl,2,3 mutant as a result of enhanced movement of SPCH to neighboring cells
following increased symplastic connectivity.

As plant cells are connected by plasmodesmata, which facilitate the symplastic
transport of macromolecules, we expected that the Apgtl,2,3 triple mutant would exhibit
increased intercellular transfer via plasmodesmata. Indeed, we found that the ratio of the
‘large cavity’ class, the most complex plasmodesmata with large central cavities, was
dramatically increased in the Apgtl,2,3 triple mutant compared with that in the wild-type.
Although the relationship between plasmodesmata branching and conductivity is not
simple and is often affected by the cell wall environment, symplastic connectivity is
reportedly related to changes in the geometry of the plasmodesmata cavity (Oparka et al.,
1999, Knox and Benitez-Alfonso, 2014). Increased symplastic transport in Arabidopsis
isel and ise2 mutants is associated with increased X- and Y-shaped and twinned
plasmodesmata (Kobayashi et al., 2007, Stonebloom et al., 2009, Burch-Smith and
Zambryski, 2010). Computational flow simulations also showed that plasmodesmata
with expanded central cavities can be more conductive than plasmodesmata with
cylindrical cavities, especially when the cell wall thickness increases (Deinum ef al.,
2019). Conversely, symplastic transport is restricted in dse/ mutants, in which the
proportion of X- and Y-shaped and twinned plasmodesmata is reduced. These lines of
evidence support the theory that more plasmodesmata orifices result in increased
symplastic transport (Xu et al., 2012).

Plasmodesmata are often found in a region called the pit field, which is

characterized by high pectin and low cellulose content (Faulkner ef al., 2008). Pectin has



lower mechanical strength than cellulose (Marga et al., 2003, Phyo et al., 2017), and it is
thought to promote the development of secondary plasmodesmata. Analysis of the cell
wall composition of the Apgt1,2,3 triple mutant revealed that the proportion of cellulose
was decreased and that of pectin increased. Stomatal patterning defects have also been
reported in a mutant of glycosyltransferase-like protein KOBITO1. The kobito! mutant
shows an increased pectin/cellulose ratio and increased plasmodesmata transport
accompanied by increased stomatal clustering (Pagant et al., 2002, Kong et al., 2012,
Wang et al., 2015). Therefore, we interpreted these results to indicate that the pectin-rich
cell wall environment of the Apgt1,2,3 triple mutant allows for the facile development of
secondary plasmodesmata.

Pectin methylesterase, an enzyme that catalyzes demethylesterification of pectic
homogalacturonan, has been shown to localize preferentially around plasmodesmata
(Morvan et al., 1998, Knox and Benitez-Alfonso, 2014). Although this
demethylesterification can lead to both cell wall strengthening and loosening, depending
on the pattern of demethylesterification (Wolf and Greiner, 2012), a high level of
demethylesterification generally softens the cell wall and increases cell wall extensibility
(Peaucelle et al., 2011, Qi et al., 2017). Pectin is abundant in the middle lamella layer,
which is responsible for cell adhesion and appears as a relatively high-electron density
area in the cell wall in electron microscopic images. A positive correlation has been
reported between the electron density of the middle lamellar region and the extent of
calcium-mediated pectin crosslinking (Yan et al., 2022). In the hpgti,2,3 triple mutant,
the middle lamellar region was often not clearly recognized compared with the wild type
in electron microscopy, albeit an increase in pectin proportion in the cell wall was
observed. This might suggest that the middle lamella of the Apg?1,2,3 triple mutant has an
increased level of uncrosslinked pectin, which leads to cell wall loosening.

B-Glucosyl-Yariv reagent is known to strongly stain the cell plate, which eventually
develops into the middle lamella after cytokinesis, suggesting that AGPs are abundant in
the middle lamella as well as in the cell plate (Shibaya and Sugawara, 2009, Yu and Zhao,
2012). AGPs have been proposed as modulators of cell wall mechanics by physically
interacting and/or crosslinking with pectin (Seifert and Roberts, 2007). Indeed, AGP57 is
covalently linked with pectin via a glycoside linkage (Tan et al., 2013). Loss of AGPs
might interfere with correct development of the middle lamella and/or alter its
mechano-chemical properties, resulting in the formation of highly permeable
plasmodesmata with large central cavities.

Although the function of AG chains in cell wall synthesis and modification remains

a topic for debate, several lines of evidence suggest that AGPs positively affect cellulose



biosynthesis. The cagelcage2 double mutant, a member of the GT31 family putatively
involved in the synthesis of the f-1.3-galactans of AGP, showed a 30% decrease in
inflorescence cell wall cellulose content compared with the wild type (Nibbering et al.,
2022). Plants in which the expression of FLLA3, fasciclin-like AGP, was suppressed by
RNAIi showed abnormal cellulose distribution in the pollen during microspore
development (Li et al., 2010). Mutants defective in FLA4/SOSS5 function showed a
reduction in cellulose biosynthesis in the root tip (Basu et al., 2016). The Arabidopsis
flall flal2 double mutant displayed a reduction in cellulose content and tensile strength
accompanied by altered cellulose microfibril angle (MacMillan et al., 2010). In contrast,
overexpression of FLA12 showed higher cellulose content compared with wild-type
plants (Ma et al., 2022). Interestingly, treatment with B-glucosyl-Yariv reagent or
antibodies specifically recognizing AGPs caused disorganization of microtubules, which
are known to determine the orientation of newly formed cellulose microfibrils, resulting
in thicker cortical F-actin filaments, suggesting that microtubule and F-actin organization
may depend on the pattern of AGP localization (Sardar ef al., 2006, Nguema-Ona ef al.,
2007).

Comprehensive functional analyses of AGPs have long been hindered by a high
degree of redundancy of genes encoding AGPs. We have overcome these limitations by
using a loss-of-function mutant for enzymes catalyzing Hyp O-galactosylation, a critical
step in the elongation of complex AG chains. Phenotypes of this loss-of-function mutant
reflect deficiencies in the biosynthesis of the functional AGPs and thus enable us to
uncover physiological connections between AGPs and the symplastic permeability of
cells. The exact molecular mechanism by which AGP participates in the control of
plasmodesmata development remains elusive, but our findings provide the basis for

further explorations of AGP functions and cell wall mechano-chemical dynamics.



Experimental procedures

Plant growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type.
Loss-of-function homozygous mutants used in this study (hpgti-1, SALK 007547;
hpgt2-1, SALK 070368; hpgt3-1, SALK 009405) were described previously
(Ogawa-Ohnishi et al., 2015). For complementation analysis, the full-length HPGT1,
HPGT2 and HPGT3 genomic fragments containing the 2.5-kb promoter region were
cloned into the binary vector pIG121-Hm. The primers are listed in Table S1.The
constructs were introduced into the Apgtl,2,3 triple mutant. Surface-sterilized
Arabidopsis seeds were sown on agar-solidified B5 medium containing 1.0% sucrose,
and vernalized for 2 days at 4°C, and then incubated at 22°C under continuous light for

the indicated period.

Quantitative analysis of stomatal phenotype

Differential interference contrast microscopy was used to observe the stomatal
phenotype on 12-day-old cotyledons of wild-type and hpgt1,2,3 plants as described.
Cotyledons were incubated overnight in a solution of 9:1 ethanol:acetic acid, and then
washed in 90, 70, 50, 30 and 0% ethanol for 20 min each. Cotyledons were cleared in a
mixture of 8:1:2 chloral hydrate:glycerol:water. For stomatal measurements, the
cotyledon epidermis of 15 seedlings was observed, and the epidermal cells, stomata and
their cluster size in the center of the cotyledon, excluding the mid-vein region, were

quantified using ImagelJ software.

Transient transformation of cotyledon epidermis and cell-to-cell mobility assay

Arabidopsis 7-day-old cotyledons were transiently transformed as previously described
(Guseman et al., 2010). A 1-pg portion of plasmid encoding
proCaMV35S::mRFP-HDEL and proCaMV35S.:sGFP was mixed and coated on
0.6-um gold particles and bombarded using a PDS-1000/He particle delivery system
(Bio-Rad) under a rupture-disc pressure of 450 psi. After 12 to 16 h of bombardment,
transformed epidermal cells were observed under a confocal laser-scanning microscope
(Olympus FV3000) with excitation at 488 nm and 543 nm.

Aniline blue staining

Eight-day-old cotyledons were fixed overnight at 4°C in a solution of 3:1 ethanol:acetic
acid. Fixed cotyledons were incubated first for 1 h at 60°C in 1 M sodium phosphate

buffer, and then for 2 h at room temperature in 0.01% aniline blue dissolved in 2%



K3POs. The cotyledons were placed in 5% glycerol and observed under an FLUOVIEW
FV3000 (Olympus Corp.) confocal laser-scanning microscope with excitation at 405 nm

and emission at 440-480 nm.

Expression analysis of PDLP1-GFP
The PDLPI1 ORF and GFP coding regions were ligated in-frame between the CaM V35S

promoter and NOS terminator of the pIG121-Hm vector using an In-Fusion cloning

system (Takara Bio Inc., Kusatsu, Japan). Wild-type and Apgtl,2,3 plants were
transformed with Agrobacterium tumefaciens strain C58C]1 harboring the
pIG-35S:PDLPI-GFP:NOS vector. The cotyledons were observed under an
FLUOVIEW FV3000 (Olympus Corp.) confocal laser-scanning microscope with

excitation at 488 nm.

Transmission electron microscopy

Seven-day-old cotyledon fragments (< 2 mm?) were fixed overnight at 4°C with 2%
paraformaldehyde and 2% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.4).
Following fixation, the samples were washed three times with 0.05 M cacodylate buffer
for 30 min each, and then postfixed for 3 h at 4°C with 2% OsO4 in 0.05 M cacodylate
buffer. Next, the samples were dehydrated in a graded ethanol series (50, 70, 90, and
100%) and infiltrated with propylene oxide (PO) two times for 30 min each and then
immersed for 1 h in a 7:3 mixture of PO and resin (Quetol-651; Nisshin EM, Japan).
The PO was volatilized overnight, and the samples were transferred to fresh 100% resin
and polymerized at 60°C for 48 h. Thin sections (80 nm) were stained with 2% uranyl
acetate for 15 min and lead stain solution (Sigma) for 3 min and then observed under a
transmission electron microscope (JEM-1400Plus; JEOL, Japan) at 100 kV. TEM was
performed by Tokai Electron Microscopy Inc. (Nagoya, Japan).

Preparation of AIR

Eight-day-old cotyledons were freeze-dried and ground to a powder using a
Multi-Beads Shocker (Yasui Kikai Corp., Osaka, Japan). The powdered tissue was
suspended in aqueous 70% (v/v) ethanol and vortexed. The suspensions were
centrifuged at 1300 g for 2 min. The insoluble residue was washed three times with a
series of 70% ethanol, water, methanol:chloroform (1:1, [v/v]) and acetone, and then
air-dried. The starch in the sample was degraded at 37°C for 24 h with 2 units ml™! of
a-amylase (Sigma-Aldrich Co. LLC., Tokyo, Japan). The suspension was centrifuged



for 2 min at 1300 g. The pellet was washed three times with water and then acetone, and

finally dried under vacuum.

Fractionation of plant cell walls
AIR (3.0 mg) was treated with 50 mM ethylenediaminetetraacetic acid (pH 6.8) at 95°C

for 15 min. The slurry was centrifuged at 9800 g for 5 min, and the supernatants from

three consecutive extractions were pooled as the pectin-enriched fraction. The residue
was then extracted three times at 25°C for 15 min each with 4% and then with 24%
KOH containing 0.02% NaBHa4. The 4% KOH extracts and 24% KOH extracts were
neutralized with acetic acid to obtain an HC1-enriched fraction and HC-2 enriched
fraction, respectively. The insoluble residue was then washed three times each with 0.03
N acetic acid and 99.5% ethanol, and dried under vacuum. The cellulose-enriched
fraction was dissolved at 25°C for 1 h in 72% (v/v) sulfuric acid and then diluted with a
29-fold volume of water. The total sugar content in each fraction was determined by the

phenol sulfuric acid method (Dubois et al. 1956) and expressed as glucose equivalents.

Analysis of cell wall monosaccharide composition
AIR (2.0 mg) was hydrolyzed at 121°C for 1 h in 400 pl of 2 M trifluoroacetic acid

(TFA) containing D-ribose (100 ug ml!) as an internal standard and then cooled at room

temperature. The hydrolysates were dried with a centrifugal evaporator at 50°C. The
sample was suspended in 400 ul of methanol, dried again, and dissolved in 400 pl of
water. After centrifugation at 18 800 g for 5 min, the supernatant was collected as the
TFA-soluble fraction. The pellet was resuspended in 50 pl of 72% (v/v) sulfuric acid
containing D-ribose (800 pg ml™!) as an internal standard. The suspension was incubated
at 25°C for 1 h, diluted with 640 pl of water, and boiled at 100°C for 3 h. The
hydrolysate was neutralized with CaCO3, and the supernatant was collected as the
TFA-insoluble fraction after centrifugation at 18 800 g for 5 min. For analysis of
monosaccharides, 5 pl of the hydrolysate was incubated at 80°C for 1 h with 20 pl of
ABEE labeling kit reagent (J-Oil Mills Inc., Tokyo, Japan). ABEE-labeled
monosaccharides were extracted with 400 pl of water/chloroform (1/1 [v/v]), followed
by filtration with a DISMIC-13 CP (Advantec Co., Ltd., Tokyo, Japan). Labeled
monosaccharides were analyzed by reverse-phase chromatography using a semi-micro
HPLC system (PU-2085; Jasco Inc., Tokyo, Japan) equipped with an XBridge C18
column (3.5 pm, 150 mm x 2.1 mm [.D; Waters Corp., Milford, MA, USA) and a
fluorescence detector (Ex: 305 nm; Em: 360 nm). Elution was performed with 0.2 M

borate-potassium buffer (pH 8.9)/acetonitrile (93/7 [v/v]) at a flow rate of 0.15 ml min™'.



The column temperature was maintained at 50°C. The retention times of the peaks were

compared with those of ABEE-monosaccharide standards.

Determination of calcium concentrations in AIR

Calcium concentrations in AIR were measured by inductively coupled plasma mass
spectrometry (Agilent 7700x; Agilent Technologies Inc., Santa Clara, CA, USA). These

analyses were performed by Japan Testing Laboratories (Ogaki, Japan).
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Fig. 1. The hpgtl,2,3 triple mutant exhibits a stomatal patterning defect. (a)
Differential interference contrast images are shown of the abaxial cotyledon epidermis
from 12-day-old seedlings. The white arrowheads indicated clustered stomata. Scale bar,
50 um. (b) Quantification of clustered stomata on the abaxial epidermis of 12-day-old
cotyledons in the wild-type, hpgtl,2,3 triple mutant, and mutant complemented with
HPGTs (mean £ SEM, p < 0.05, one-way ANOVA followed by Tukey's test, n = 70). (¢)
Percentage of stomata in each cluster size class. Abaxial cotyledons from 12-day-old
seedlings of the wild-type, Apgtl,2,3 triple mutant, and mutant complemented with
HPGTSs (mean + SEM, n = 70). HPGT, Hyp O-galactosyltransferase.
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Fig. 2. The hpgtl,2,3 triple mutant exhibits increased plasmodesmata conductivity.
(a) Representative images of the epidermis of cotyledons of 7-day-old seedlings
expressing co-bombarded endoplasmic reticulum (ER) localized monomeric red
fluorescent protein (mRFP; top), sGFP (S65T; middle), and both merged (bottom).
Cells with a less-intense GFP signal are labeled with asterisks. Scale bar: 100 um. (b)
Quantitative distribution analysis of the number of cells expressing GFP per site (n =
50-54).
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Fig. 3. Plasmodesmata density does not change in the Apgtl,2,3 triple mutant. (a)
Aniline blue staining of plasmodesmal callose in the wild-type and Apgt1,2,3 triple
mutant. Scale bar: 50 um. (b) Density of callose deposits by aniline blue staining in the
wild-type and Apgtl,2,3 triple mutant (mean + SD, p < 0.05, Student's #-test, n = 20-22).
(c) Confocal micrographs showing the cotyledon epidermis of 8-day-old seedlings
expressing plasmodesmata-located protein 1 (PDLP1)-green fluorescent protein (GFP).
Scale bar: 50 um. (d) Density of PDLP1-GFP dots in the wild-type and hpgt1,2,3 triple
mutant (mean + SD, p < 0.05, Student's ¢-test, n = 34-38).
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Fig. 4. The hpgtl1,2,3 triple mutant exhibits increased plasmodesmata with highly
complex structures. (a) Classification of plasmodesmata structures. (b) Transmission
electron microscope (TEM) images. Classification of plasmodesmata in cotyledons of
7-day-old wild-type: simple, H-shaped, complex branched, and large cavity (from left to
right). Scale bar: 200 nm. (¢) TEM images. Classification of plasmodesmata in
cotyledons of 7-day-old Apgti,2,3 triple mutants: simple, H-shaped, complex branched,
and large cavity (from left to right). (d) Fractions of classified structures of

plasmodesmata in the wild-type and Apgtl,2,3 triple mutant (n = 90-97).
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Fig. 5. The hpgtl,2,3 triple mutant exhibits altered cell wall carbohydrate
composition. (a) Comparison of alcohol-insolube residue (AIR) content in 8-day-old
cotyledons of the wild-type and Apgt!,2,3 triple mutant (mean + SD, p < 0.05, Student's
t-test, n = 3). (b) Quantitative comparison of total sugar content in fractions after
sequential extraction of AIR from 7-day-old cotyledons of wild-type and hpgt1,2,3
triple mutants (mean + SD, *p < 0.05, two-way ANOVA followed by Sidak's multiple
comparison test, n = 3). (¢) Quantitative comparison of cell wall monosaccharide
composition of 7-day-old cotyledons of the wild-type and Apgt1,2,3 triple mutant (mean
+ SD, *p <0.05, two-way ANOVA followed by Sidak's multiple comparison test, n = 3).
(d) Quantitative comparison of calcium (Ca) content of 7-day-old cotyledon AIR in the
wild-type and hpgtl,2,3 triple mutant (mean + SD, *p < 0.05, Student's ¢-test, n = 3).
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