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Abstract

Rhamnogalacturonan-I biosynthesis occurs in the lumen of the Golgi apparatus, a
compartment where UDP-Rhamnose and UDP-Galacturonic Acid are the main
substrates for synthesis of the backbone polymer of pectin. Recent studies showed that
UDP-Rha is transported from the cytosol into the Golgi apparatus by a family of six
UDP-rhamnose/UDP-galactose transporters (URGT1-6). In this study, analysis of
adherent and soluble mucilage of Arabidopsis thaliana seeds revealed distinct roles of
URGT2, URGT4, and URGT®6 in mucilage biosynthesis. Characterization of soluble
mucilage polymer size showed shorter chains in the urgt2 urgt4 and urgt2 urgt4 urgté
mutants, suggesting that URGT2 and URGT4 are mainly involved in RG-I elongation.
Meanwhile, mutants in urgté exhibited changes only in adherent mucilage. Surprisingly,
the estimated number of RG-I polymer chains present in urgt2 urgt4 and urgt2 urgt4
urgté mutants was higher than in wild-type. Interestingly, the increased number of
shorter RG-I chains was accompanied by an increased amount of xylan. In the urgt
mutants, expression analysis of other genes involved in mucilage biosynthesis showed
some compensation. Studies of mutants of transcription factors regulating mucilage
formation indicated that URGT2, URGT4, and URGT®6 are likely part of a gene network
controlled by these regulators and involved in RG-I synthesis. These results suggest
that URGT2, URGT4, and URGT®6 play different roles in the biosynthesis of mucilage,
and the lack of all three affects the production of shorter RG-I polymers and longer

xylan domains.

Introduction

The plant cell wall is a highly dynamic structure that surrounds the cell membrane and
acts as a physical barrier, influencing plant development, cell morphology and also
controlling  external environmental cues (Verhertbruggen et al, 2013;
Levesque-Tremblay et al., 2015; Rasool et al., 2017; Wolf et al., 2017). The primary



plant cell wall is composed mainly of three classes of polysaccharides: cellulose,
hemicelluloses, and pectin, which are organized in a complex network that can be
restructured to allow cell elongation and differentiation, ensuring its functionality (Carpita
and Gibeaut, 1993). It has been proposed that cellulose and hemicelluloses form a rigid
network that provides the tensile strength of the plant cell wall, while pectin forms a
gelatinous network implicated in cell-cell adhesion and the determination of wall porosity
(Cosgrove, 2016). Cellulose and hemicelluloses are largely built of neutral sugars that
are mainly connected by 3-1,4 linkages. Pectin is the most complex polysaccharide in
the plant cell wall, characterized by its high content of acidic sugars, mainly composed
of galacturonic acid (GalA) residues connected by a-1,4 linkages (Mohnen, 2008). Four
domains characterize pectins, three of them being made of a backbone of GalA
residues, which can be unbranched (homogalacturonan/HG), substituted with xylose
(Xyl) residues (xylogalacturonan/XGA), or decorated with a conserved set of complex
side chains (rhamnogalacturonan-1I/RG-1l) (Mohnen, 2008). Rhamnogalacturonan-I
(RG-I) differs from these three pectin domains because its backbone is not only
composed of GalA residues but consists of a repeated a-p-1,4-GalA-a-L-1,2-Rha
(rhamnose) disaccharide. The Rha residues in the RG-I backbone can be substituted
with side-chain structures, including linear B-1,4-linked -galactan and a-1,5-linked
-arabinan or arabinogalactans containing both galactose (Gal) and arabinose (Ara) units
(Atmodjo et al., 2013). To date, the in vivo structure of pectin macromolecules has not
been well defined due to the difficulty of extracting them as an intact structure without
altering their natural form (Atmodjo et al., 2013). Over the last two decades, the
mucilage pocket synthesized in the Arabidopsis (Arabidopsis thaliana) seed coat has
been used to study in vivo pectin biosynthesis and structure (Western et al., 2000;
Macquet et al., 2007a; Voiniciuc et al., 2015). Mucilage consists of a jelly-like structure
mainly composed of pectin (Western et al., 2000; Macquet et al., 2007a; Voiniciuc et al.,
2015c) and has a highly organized structure constituted of a soluble (SM) and an
adherent layer (AM). Both layers are composed mainly (more than 90%) of unbranched
RG-I (Macquet et al., 2007a). The outer soluble mucilage layer can be removed easily
upon water imbibition. In addition to RG-I, it contains trace amounts of neutral sugars

such as Ara, Xyl, mannose (Man), Gal, and glucose (Glc) (Macquet et al., 2007a;



Voiniciuc et al., 2015 b and c; Ralet et al., 2016). In contrast, the inner adherent layer is
firmly attached to the seed surface. It can be detached from the seed by digestion with
rhamnogalacturonan hydrolase (Macquet et al.,, 2007a), by harsh chemical treatment
(Huang et al., 2011; Walker et al., 2011), by high-speed mechanical agitation (Voinicuic
et al.,, 2015c) and by ultrasonic treatment (Zhao et al., 2017). In addition to RG-I, the
adherent mucilage contains small amounts of cellulose, arabinan, galactan,
galactoglucomannan, and homogalacturonan (Macquet et al., 2007a, Voinicuic et al.,
2015b; Ralet et al., 2016).

In recent vyears, several genes have been described that encode for
glycosyltransferases (GT), which participate in the synthesis of mucilage
polysaccharides. This is the case of IRREGULAR XILEM14 (IRX14) and MUCILAGE
RELATED-21 (MUMS5/MUCIZ21), putative xylosyltransferases (XyIT), which have been
proposed to be responsible for the elongation and branching of xylan domains that may
anchor mucilage RG-I to cellulose microfibrils (Voiniciuc et al., 2015c; Hu et al., 2016;
Ralet et al., 2016). GALACTURONOSYLTRANSFERASE-LIKE 5 (GATL5) and
MUCILAGE-RELATED 70 (MUCI70) have been described as putative galacturonosyl
transferases involved in RG-I biosynthesis (Voiniciuc et al., 2018; Fabrissin et al., 2019).
Also, GALACTURONOSYLTRANSFERASE 11 (GAUT11) is a homogalacturonan
galacturonosyltransferase that synthesizes HG (Kong et al., 2013; Voiniciuc et al., 2018;
Fabrissin et al.,, 2019). Finally, RG-] RHAMNOSYLTRANSFERASE 1 (RRT1) was
recently described as a rhamnosyl transferase participating in RG-I elongation
(Takenaka et al., 2018). Nucleotide sugars, the donor substrates used by all these
Golgi-localized GTs required for RG-I, xylan, and HG polymerization, are synthesized in
a process that could be performed in the cytosol and within the Golgi apparatus (Reyes
and Orellana., 2008; Temple et al., 2016). UDP-GalA and UDP-Xyl could be
synthesized both in the cytosol and in the Golgi Apparatus, whereas UDP-Rha is
formed exclusively in the cytosol. This implies that cytosolic nucleotide sugars (such as
UDP-Rha) need to be transported into the lumen of the Golgi apparatus for their
incorporation into a nascent polymer (Reyes and Orellana., 2008; Temple et al., 2016).
To cope with this topological problem, a family of proteins called Nucleotide Sugar

Transporters (NSTs) located in the Golgi membrane, are responsible for the transport of



UDP/GDP-sugars from the cytosol to the Golgi lumen, supplying the substrates needed
for polysaccharide biosynthesis to the GTs (Reyes and Orellana, 2008; Orellana et al.,
2016; Temple et al., 2016). In Arabidopsis thaliana, 44 genes encoding NSTs, similar to
those encoding plastid triose phosphate translocators (TPTs), together form an NST
gene family of 51 members (Knappe et al., 2003; Rautengarten et al., 2014). Recently,
UDP-RHAMNOSE/UDP-GALACTOSE TRANSPORTER 2 (URGT2) and UDP-URONIC
ACIDS TRANSPORTER 1 (UUAT1) transporters were characterized as a

UDP-rhamnose/UDP-galactose transporter and a UDP-uronic acid transporter,

respectively, involved in mucilage synthesis. Indeed, urgt2 and uuatl mutants had
modified mucilage with lower amounts of Rha and GalA in the SM layer, suggesting that
accumulation of mucilage RG-I is affected in these mutants (Rautengarten et al., 2014,

Saez-Aguayo et al., 2017; Parra-Rojas et al., 2019).

URGT2 is part of the characterized clade of the nucleotide sugar transporter family
composed of 6 members (URGT1-6), which are all able to transport UDP-Rha and
UDP-Gal in vitro (Rautengarten et al., 2014). The weak phenotype of the urgt2 mutant,
with a decrease of only 20% of mucilage sugar contents, suggests the participation of
other URGTSs in the process of mucilage production in seed coat epidermal cells. Here
we show that the six URGT (1-6) members are expressed in the seed coat at the time
when mucilage polymers are being synthesized, meaning that all six members could
contribute to this process. To determine which of these URGT genes are required for
mucilage production, mutants in each gene were obtained and analyzed for defects in
mucilage production. The results revealed that urgt2-2, urgt4-2, and urgt6-1 seeds
exhibit a modest, though significant decrease in SM amount, suggesting the
participation of all three transporters in the synthesis of mucilage RG-I. Detailed
biochemical analysis coupled with physicochemical analysis of the soluble mucilage
extracted from the URGT2, URGT4, and URGT®6 single, double and triple mutant seeds
showed that urgt2-2 urgt4-2 and the triple urgt mutant have shorter RG-I polymers with
a concomitant increase in the number of RG-I chains. Furthermore, the monosaccharide
composition of this mucilage fraction had an increased Xyl content, which was directly
proportional to the increase in the number of RG-I chains observed in urgt mutants,

suggesting a coordinated synthesis of the RG-lI backbone and xylan side-chains.



Additionally, the single, double, and triple urgt mutants exhibited different levels of AM
density determined by FITC-dextran staining, suggesting that URGT2, URGT4, and
URGTG6 participate in the adherent mucilage production independently. Finally,
RT-gPCR analysis in developing seeds from the triple mutant, assessing some genes
likely involved in RG-I biosynthesis, exhibited a lower level of transcripts at the onset of
mucilage formation. However, some transcripts showed higher levels at later stages,
suggesting that genes involved in RG-I and xylan production are misregulated in the
triple mutant, perhaps to compensate for changes in mucilage production. These results
show the importance of URGT2, URGT4, and URGT®6 in the formation of mucilage RG-I
and describe the association of NSTs with the regulation of the number of RG-I

molecules produced and their length.

Results

urgt2, urgt4, and urgt6 mutant lines exhibit reduced rhamnose content in soluble

mucilage

The relative transcript abundance of URGT genes was determined in a range of plant
organs throughout development by RT-gPCR, normalizing the expression against two
reference genes (Figure 1 and Supplemental Figure 1). Most of the URGTs were
ubiquitously expressed in planta, suggesting an essential and redundant role during
plant development. To determine the contribution of URGTs to RG-l synthesis in
mucilage, first, we examined in seeds URGTs RNA transcript accumulation during the
developmental stages at which mucilage polysaccharides are deposited in the
apoplasm. Hence, their expression was analyzed at 6, 8, 10, and 12 Days After
Pollination (DAP) (Figure 1). Except for URGT5, all the URGT members were strongly
expressed during these developmental stages. Also, URGT1, URGT2, and URGT4
expression peaked at 8 to 10 DAP, which corresponds to the stages when
polysaccharide accumulation is the strongest in the seed coat epidermal cells.
Microarray data, from developing seed tissue (eFP browser) at stages when mucilage is
produced show that among the six URGT members, URGT2, URGT4, and URGT6

exhibit strong expression at the linear cotyledon stage (Supplemental Figure 2) (Winter



et al., 2007; Bassel al., 2008). These expression profiles suggested that, in addition to
the previously characterized URGT2 (Rautengarten et al., 2014; Parra-Rojas et al.,
2019), URGT1, URGT4, and URGT®6 could be involved in the biosynthesis of mucilage
pectin. Nevertheless, the participation of URGT3 and URGTS could not be excluded
because they also showed expression in the seed coat (Figure 1 and Supplemental
Figure 2). Therefore, to further determine which of the six URGT genes impact mucilage
formation, we screened at least one homozygous insertional mutant line for each
URGT, and the content of Rha was assessed in the outer layer of seed mucilage
(Figure 2).

The results showed lower levels of Rha in urgt2, urgt4, and urgt6. The analysis of GalA
contents also indicated lower levels of this monosaccharide in mucilage (Table 1,
Supplemental Table 1); thus, these results suggested that transporters encoded by
these three genes play a role in the synthesis of mucilage RG-I. No obvious phenotype
was observed in single, double, and triple mutant plants. Then, we performed a
thorough analysis of every single mutant, and no differences between wild-type and the
mutants were observed for germination rate and rosette size. Cotyledons were normal
in all mutants (Supplemental Figure 3A); however, urgt2-2 and urgt4-2 seedlings
exhibited roots that were 7.7% and 21.8% shorter than wild-type at day 7 of growth
(Supplemental Figure 3B). Even though URGT4 is more expressed in roots than
URGT?2, it is hard to provide an explanation for this result since we have no information
about the role that URGT4 and URGT2 are playing in root cells; hence, this finding

needs further analysis in future work.

urgt2, urgtd4, and urgt6 exhibit different soluble and adherent mucilage

phenotypes

Our results suggested that URGT4 and URGT6 contribute to the biosynthesis of
mucilage RG-I; thus, to confirm these results, a second mutant allele was selected for
each of these genes and further analyzed (Supplemental Figure 4). RT-gPCR analyses
(Supplemental Figure 5) revealed that urgt4-2, urgt4-3, and urgt6-2 mutant lines are
knock-down mutants with reductions of 65%, 57% and 43% of URGT4 and URGT6



expression, respectively. In contrast, no accumulation of URGT6 transcripts was
observed in urgt6-1. The impact of each mutation on mucilage biosynthesis was
assessed by measuring GalA content (Figure 3 and Supplemental Table 2A). A slight
decrease in GalA was observed in SM and AM from urgt2-1, urgt2-2, urgt4-2, and
urgt4-3 mutants, but no significant changes were observed for urgt6-1 and urgt6-2.
Furthermore, to analyze the RG-I content and distribution in the adherent mucilage,
whole-mount immunolabelling was carried out using the INRA-RU1 antibody, which
recognizes RG-I with at least six Rha-GalA disaccharide repeats (Ralet et al., 2010).
Reduced labeling (green fluorescence) was observed in all mutant lines (Supplemental
Figure 6), suggesting that URGT2, URGT4, and URGT6 are required to generate RG-I
epitopes in the AM. To confirm that these genes are responsible for the observed
phenotypes, we carried out the molecular complementation of the urgt2-1, urgt4-2, and
urgt6-1 mutant lines by transforming them with the constructs proURGT2:URGT2:GFP,
proURGT4:URGT4:GFP and proURGT6:URGT6:GFP, respectively. For each mutant,
three independent homozygous transformant lines containing a single insertion of the
construct were selected. We verified the rescue of each URGT mutant line by analyzing
the expression of the corresponding URGT by RT-gPCR (Supplemental Figures 7B, 8B,
9B).

Results showed the recovery to wild-type or higher levels of URGT gene expression for

all urgt2-2, urgt4-2, and urgt6-1 transformants, indicating molecular rescue in these
lines. The immunolabelling of RG-l epitopes on AM of transformants using the
INRA-RUL antibody revealed a recovery of the RG-I labeling (Supplemental Figures
7A-C, 8A-C, 9A-C), confirming that URGT2, URGT4, and URGT6 play a role in the
biosynthesis of RG-I.

Analysis of the contribution of URGT2, URGT4, and URGT6 to mucilage-RG-I

biosynthesis in double and triple mutants

To further investigate the contribution of URGT2, URGT4, and URGT6 to mucilage RG-I
biosynthesis, crosses were carried out using urgt2-2, urgt4-2 and urgt6-1; thus, different

combinations of double mutants and a triple URGT mutant were obtained. Then, the



expression of the URGT genes in the double and triple mutants was evaluated by
RT-PCR and by RT-gPCR (Supplemental Figure 10 and Supplemental Figure 11). No
significant changes in expression of the different URGTs (URGT1, URGT2, URGTS3,
URGT4, URGTS5 and URGT®6) were observed in any the mutants (Supplemental Figure
10 and Supplemental Figure 11). As we described above, urgt2-2 and urgt6-1 were
knock-outs, and they were absent in all the combinations that included them; however,
both urgt4 alleles were knock-downs, with approximately 25-30% of WT URGT4
expression observed in the double and triple mutants (Supplemental Figure 10). To
determine the impact on mucilage polysaccharide production in the double and triple
mutants, we measured the GalA contents of both AM and SM layers. The results
showed that urgt2-2 urgt4-2 and the triple urgt2-2 urgt4-2 urgt6-1 mutants were the
most affected in mucilage production, with decreases in total mucilage GalA contents of
29.1% and 36.1 %, respectively, compared to wild-type. These results showed an
additive effect on the biosynthesis of mucilage pectin in the double and triple mutants
(Figure 4 and Table 1).

To gain information about other changes that may occur in the mucilage from the
different mutants, a detailed analysis of the monosaccharide composition was
performed on the SM and AM layers, as well as demucilaged seeds (Table 1). No
significant differences in sugar content were observed among demucilaged seeds from
all the mutants and wild-type, confirming that the differences observed were specific to
mucilage polysaccharide production by the epidermal cells of the seed coat. Similar
reductions to those observed for GalA were observed for Rha contents in both SM and
AM from the different mutants (Table 1).

Interestingly, a significant increase in the content of Xyl was observed in the SM from all
the double mutants and the triple mutant: urgt2-2 urgt4-2 (50.8%) urgt2-2 urgt6-1
(27.1%), urgt4-2 urgt6-1 (23.7%) and the triple mutant (130.5%). We also observed
small variations in the contents of Gal, Man, and Glc in SM from some single, double,
and triple mutant lines (Table 1). Furthermore, small differences in Ara, Gal, and Glc
contents from AM were also observed in single, double, and triple mutant lines.

Comparison of total sugar contents for AM and SM from the different mutants showed



significant reductions in urgt2-2, the three double mutants and the triple mutant with the

strongest defect observed in the urgt2-2 urgt4-2 and the triple mutant (Table 1).

urgt2, urgt4, and urgt6 mutants have modified soluble mucilage macromolecular
characteristics

The decrease in GalA and Rha contents in the mutants suggests that RG-I may be
affected in its molecular features. Therefore, to assess potential changes of RG-I in the
mutants, polymers from the soluble mucilage layer were analyzed using
high-performance size-exclusion chromatography (HP-SEC) coupled with intrinsic
viscosity measurements. Since SM is composed of mainly linear RG-I chains, these
measurements provide a good estimation of the length of the RG-I polymer (Macquet et
al., 2007a; Kong et al., 2013; Williams et al.,2020). Intrinsic viscosity values for urgt2
and urgt4 mutants showed that RG-I polymers were shorter, with a reduction in intrinsic
viscosity of 24.2%, 28.6%, 9.3%, and 12.3% compared to wild-type for urgt2-1, urgt2-2,
urgt4-2, and urgt4-3, respectively (Supplemental Table 2B). A slight, but not significant,
decrease in the intrinsic viscosity was observed for urgt6-1 and urgt6-2 mutant lines

compared to wild-type.

To determine the potential redundancy of the three URGT members in determining the
length of RG-I polymers, the intrinsic viscosity of the outer mucilage layer was analyzed
in the different double mutant combinations and the triple urgt mutant (Figure 5A). A
significant decrease in the intrinsic viscosity was observed in all double and triple urgt
mutants. However, the strongest reductions were observed in the urgt2-2 urgt4-2 and
the triple mutants, where the intrinsic viscosity decreased by 59.7% and 66.6%,

respectively (Figure 5A).

We obtained an intrinsic viscosity value of the order of 6 dL/g for the principal polymer
population of wild-type Col-0, in good agreement with the literature (Macquet et al.,
2007a, Sullivan et al., 2011; Griffiths et al., 2015., Wiliams et al., 2020). Considering the
average mass of approximately 600 kDa in the wild-type (Macquet et al., 2007, Sullivan
et al., 2011; Griffith et al., 2016., Williams et al., 2020) and the fact that the [Rha-GalA]
subunit has a molecular mass of 322 g/mol, the number of [Rha-GalA] subunits/dimers

10



in an RG-I polymer from SM can be estimated as approximately 1845 for the wild-type.
Meanwhile, for the urgt2-2 urgt4-2 and the triple mutants, we estimated that the RG-I
molecules are composed of 756 and 629 [Rha-GalA] dimers, respectively
(Supplemental Table 3). In addition, by using the amount (in moles) of Rha and GalA,
plus the Avogadro constant and the calculated number of [Rha-GalA] dimers, we were
able to estimate the total number of RG-I molecules present in the SM for each mutant
line and the wild-type (Figure 5B; Fabrissin et al., 2019). Higher numbers of RG-I chains
were calculated for urgt2-2 urgt4-2 and the triple urgt mutant, compared to the wild-type,
with increases of 62% and 109%, respectively (Figure 5B).

RG-I branching and xylan length appear to be altered in the outer mucilage of the

triple urgt mutant

Among the differences observed in sugar content, the substantial increase in xylose
observed in the outer mucilage extracted from dry seeds of double and triple mutants
was particularly noteworthy (Table 1) and suggested an alteration in xylose-enriched
polysaccharides in these mutants. Recent studies have shown that mucilage RG-I is
accompanied by xylan domains present in a tight proportionality to the number of
constituent GalA-Rha disaccharides and which are required for its adherence to
cellulose microfibrils and the seed surface (Ralet et al., 2016; Voiniciuc et al., 2018;
Fabrissin et al., 2020). To understand the xylose increase in the mutants, we first
calculated the ratio between the number of Xyl residues and the number of RG-I
molecules in the urgt mutant lines (Figure 6). The analysis predicted approximately 67
Xylose residues for each RG-I molecule, in both wild type and the different urgt mutant
lines, indicating that the proportion of Xyl per RG-I is not affected in their mucilage. To
investigate further the structure of RG-1 and xylan domains, a glycosyl linkage analysis
of WT and triple mutant SM was performed. Xylan chains are formed from 1,4-linked
xylose units that can be branched at O-2 (Table 2, 1,2,4-Xyl) and finish with a
terminal-xylosyl (Table 2, Xyl-t). The ratio of 1,2,4-Xyl/1,4-Xyl/Xyl-t in triple mutant was
0.3/3/1 vs 0.4/0.3/1 in the wild-type (Table 2) suggesting that xylan branches in the
mutant are longer than those of wild-type (Voiniciuc et al., 2018; Fabrissin et al., 2019).

An indication of the number of RG-l branches can also be deduced from the ratio of

11



rhamnosyls with side-chain linkages (1,2,4-Rha) vs the number of rhamnosyls present
in the RG-I backbone (1,2-Rha) and terminal rhamnosyls (Rha-t). In the triple mutant,
this ratio was 0.09/23.1/1 vs 0.15/22.2/1 in the wild-type, suggesting that the RG-I
macromolecules in mutant mucilage are less branched that those of wild-type (Voiniciuc
et al., 2018; Fabrissin et al., 2019).

Combination of urgt2, urgt4, and urgt6 mutations has different effects on

adherent mucilage structure

To evaluate the contribution of URGT2, URGT4 and URGT®6 in the formation of the
inner AM layer, whole-mount immunolabelling of RG-I epitopes in the AM released from
mature seeds of urgt mutants was performed and compared to wild-type using the
INRA-RUL1 antibody (Ralet et al., 2010, Figure 7). As described above, reduced labeling
(green fluorescence) was observed in urgt2-2, urgt4-2, and urgt6-1 in comparison to
wild-type. In contrast, more labeling and a more intense signal were observed in the
double (urgt2-2 urgt4-2 and urgt2-2 urgt6-1) and triple urgt mutant seeds, suggesting
that the epitopes were either more abundant or more accessible in these mutants. No
significant differences in labeling were observed in the urgt4-1 urgt6-1 double mutant in

comparison to the wild-type.

Increased antibody accessibility could be due to a modified density of the AM. To
evaluate changes in the porosity of the AM, we used dextran molecules labeled with
fluorescein isothiocyanate (FITC) (Willats et al., 2001; Voiniciuc et al., 2015). Using
70-kD FITC-dextran, we observed a black halo in the AM of wild-type seeds, a result
that is likely obtained because the inner mucilage capsule, composed of densely
packed polysaccharides, prevents the diffusion of FITC-Dextran (Figure 8A). While the
AM of the urgt6-1 mutant exhibited a similar feature to the wild-type, the other urgt
single, double and triple mutants exhibited an altered FITC-dextran penetration. The
results of measuring the width of the halo in comparison to the size of the seed (Figure
8B) or the intensity of the fluorescence within the halo (measured as pixels per um?,
Figure 8C), allowed us to classify the mutants into three phenotypic groups. The urgt2-2

mutant was unique in having a similar fluorescence intensity to wild-type, but a smaller

12



mucilage halo.

In contrast, in the urgt4-2 and urgt4-2 urgt6-1 mutants, the mucilage halo was similar in
size to the wild-type, but the fluorescence intensity was higher, suggesting that the AM
is less densely packed. Finally, urgt2-2 urgt4-2, urgt2-2 urgt6-1, and the triple mutant
had smaller halos and higher fluorescence intensities, suggesting that the AM from

these mutants was more porous.

RRT1, GATL5, MUCI21 and UXT3 expression are differentially accumulated in the

triple urgt mutant line

Given the changes in RG-I and Xyl, we wondered whether some of the genes involved
in their synthesis exhibited altered expression in the triple mutant. Previously, it was
demonstrated that RRT1 are involved in mucilage RG-I biosynthesis (Kong et al., 2013;
Takenaka et al., 2018). Additionally, MUM5/MUCI21 encodes for a putative
xylosyltransferase involved in the modification of xylan present in mucilage (Voiniciuc et
al., 2015; Ralet et al., 2016). Besides, UDP-XYLOSE TRANSPORTER 3 (UXT3)
encodes for a UDP-xylose transporter involved in xylan biosynthesis, which is highly
expressed in the seed coat integument when mucilage polysaccharides are produced
(Le et al., 2010; Ebert et al., 2015). To determine if the expression of these genes was
misregulated in the triple mutant, we compared their transcript accumulation in
developing seeds from 5 DAP to 12 DAP (Figure 9). In the wild-type, RRT1, GATLS5,
and MUCI21 had a peak of expression at 8-9 DAP, with lower levels at the beginning
(5-7 DAP) and the end (11-12 DAP) of seed development (Figure 9). This pattern of
expression contrasted with the expression profile of the UXT3 gene, which was higher
at early developmental stages (5-8 DAP) than later stages (9-12 DAP). In the triple urgt
mutant, similar profiles to those of wild-type were observed for all four genes; however,
the expression level for RRT1 was lower at early stages of seed development (5-6 DAP)
and higher at later stages of development (10-12 DAP) in comparison to the wild-type
(Figure 9A). GATLS5 transcript abundance in the triple mutant was lower from 5 to 9
DAP, and then higher at 10-11 DAP (Figure 9B). Finally, expression of MUM5/MUCI21
was less abundant at 6 DAP and more abundant at 10 and 12 DAP, whereas, UXT3
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transcripts were less abundant at 5, 6, 10, and 11 DAP, and increased at 12 DAP
(Figure 9C and 9D). We concluded that the genes analyzed tend to have a lower
expression at the beginning and an increase towards the end of seed development in

the triple mutant compared to wild-type.

URGT2, URGT4, and URGT®6 are dissimilarly orchestrated by GL2, TTG2, MYB61,
and MUM1

The transcription regulators GLABRA2 (GL2), TRANSPARENT TESTA GLABRA2
(TTG2), MYB61 and LEUNIG_HOMOLOG (LUH)MUCILAGE-MODIFIED 1 (MUM1)
have been previously described to be part of the complex regulatory network that
controls the synthesis of mucilage polysaccharides in the Arabidopsis seed coat
(reviewed by Golz et al., 2018). Therefore, if URGT2, URGT4, and URGT6 are involved
in mucilage biosynthesis, their expression could be regulated by these transcription
factors. All four regulators are highly expressed in developing seeds at 8 DAP
(Supplemental Figure 13, so to assess whether these transcription factors are involved
in regulating the expression of URGT2, URGT4, and URGTS6, their transcript abundance
was determined in developing seeds of luh/mumil, gl2, ttg2 and myb61 mutants at 8
DAP. URGT2 transcript levels were markedly reduced in all four mutants compared to
wild-type (Figure 10). Similar, but more modest reductions were also observed in
URGT4 transcript levels in all the mutants. In contrast, URGT6 expression levels were
only modified in the luh/muml1 mutant, where levels were slightly higher. These results
indicate that the expression of URGT2 with URGT4 is positively regulated by GL2,
TTG2, MYB61, and MUM1, while MUML1 represses URGT6 expression.

Discussion
URGT2, URGT4, and URGT®6 contribute to mucilage polysaccharide synthesis
A family of six URGT genes encodes Golgi-localized transporters that transport

UDP-Rha and UDP-Gal in vitro (Rautengarten et al., 2014). These are the only NST

genes reported to date capable of transporting UDP-Rha; thus, they likely play a role in
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supplying the substrate for the biosynthesis of Rha-containing polysaccharides.
Mucilage is highly enriched in rhamnogalacturonan-I; therefore, it is a suitable system to
analyze the contribution of each URGT to the biosynthesis of this polysaccharide.
Previous reports from our laboratory already showed that URGT2 plays a role in this
process (Rautengarten et al., 2014; Parra-Rojas et al., 2019); however, seeds from
urgt2 only had a 20% decrease in mucilage. This partial decrease raised the question:
which other URGT members participate in the biosynthesis of RG-I or could functionally

compensate for the impact of knocking out URGT2?

Since all URGTSs are expressed in developing seeds, we assessed the sugar content in
mucilage in mutants of all six URGT genes and found reductions in Rha and GalA in SM
for urgt2, urgt4 mutants (Figure 1 and Figure 2). In contrast, Rha and GalA contents in
SM were not affected in the urgt6-1 mutant. However, a small but significant decrease
in Rha content in AM was observed, indicating a subtle effect on RG-I production in of
RG-I epitopes in the inner mucilage was less intense in urgt2, urgt4, and urgt6,
suggesting that while absolute levels of polymer sugars were not strongly affected in the
mutants, RG-I present in AM was somehow altered (Figure 7). Based on these results,
we concluded that URGT2 makes a significant contribution to UDP-Rha transport for the
synthesis of both SM and AM layers, whereas URGT6 seems to play a more important
role in AM production. Finally, URGT4 contributes to the synthesis of both SM and AM
layers but, since we could only analyze knock-down mutants with a residual expression
of around 25%, it was not possible to define the precise contribution of this gene to
mucilage biosynthesis (Supplemental Figure 5). We found no evidence for URGT],
URGT3, and URGT5 playing a role in the biosynthesis of RG-I in seeds, indicating that
in wild-type genotype conditions, not all URGTs are supplying the UDP-Rha needed for

the biosynthesis of this polymer.

Mutation of URGT2, URGT4 or URGT6 had different impacts on mucilage

production

As the urgt2, urgt4, and urgt6 single mutants did not have a strong impact on mucilage

composition, the analysis of double and triple urgt mutant combinations was carried out
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to gain information about the relative contribution of each URGT to the production of
mucilage RG-I polymers. The urgt2-2 urgt4-2 plants showed the strongest decrease in
Rha and GalA in mucilage from all possible combinations that produced double mutants
(Figure 4 and Table 1). Although the triple mutant exhibited a similar reduction, a
greater decrease of Rha in the AM layer was observed in the triple mutant. These
results confirmed the participation of all three URGTSs in the synthesis of RG-I secreted
into the mucilage pocket, with URGT2 and URGT4 playing a more critical role than
URGT6. Rautengarten et al., (2014) reported that the URGT family are transporters of
UDP-Rha and UDP-Gal based on their in vitro activity. Moreover, it has been proposed
that RG-I is synthesized by the coordinated action of a rhamnosyltransferase and a
galacturonosyltransferase, acting one after the other, adding Rha and GalA onto a
growing RG-I chain (Takenaka et al., 2018). Therefore, the reduction in GalA observed
in urgt single, double and triple mutants is a direct consequence of the defective RG-I
synthesis due to reduced availability of UDP-Rha, whose transport into the Golgi is
diminished. A similar phenotype was observed in the URONIC ACID TRANSPORTER
mutant, uuatl, where the GalA reduction caused by the lack of UUAT1 function was
accompanied by a decrease in Rha amounts in mucilage (Saez-Aguayo et al., 2017). In
the same line, mutants of the putative and proven galacturonosyltransferases GATL5
and GAUT11, respectively, also exhibit a reduction in Rha and GalA contents (Kong et
al.,, 2013 and Voiniciuc et al., 2018). Recently, the rhamnosyltransferase RRT1 was
characterized, and mutants defective in that enzyme had reductions in both Rha and
GalA contents (Takenaka et al., 2018). All these results confirm that any impairment in
the incorporation of any of the two sugars that are part of the RG-I backbone produces
a reduction in RG-l synthesis and a concomitant decrease in both Rha and GalA

amounts in mucilage.

A shortage in the supply in UDP-Rha should lead to alterations in RG-I structure, and
our results showed that polymers from soluble mucilage were shorter in the urgt2-2
mutant in comparison to wild-type. Polymer size was reduced even further in the double
mutant urgt2-2 urgt4-2 and the triple mutant (Figure 5). These results provide evidence
that the mutation of URGTs impaired the elongation of RG-I molecules. When RG-I
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polymer length was plotted against the number of RG-1 molecules for each genotype,
we could observe that RG-l length and molecule number content of the soluble
mucilage layer are tightly proportional (Supplemental Figure 12). Indeed, we found that
urgt2-2 urgt4-2 contained around 30% more RG-I molecules than wild-type, with almost
twice the number of polymers in the triple mutant. These results suggest that the
reduction in RG-I synthesis due to the mutation of these URGTSs leads to the synthesis
of more, but shorter, RG-I molecules. Also, there is less UDP-Rha available for RG-I
biosynthesis in the URGT mutants; therefore, elongation terminates prematurely,
followed by subsequent reinitiation of a new polymer and multiple reiterations of this

process.

The proportion of xylose to RG-I molecules is maintained in soluble mucilage of

urgt mutants, but the structure of xylan and RG-I chains are altered

Previous studies have demonstrated that mucilage contains xylan domains that mediate
the anchoring of RG-I molecules to cellulose microfibrils on the seed surface (Ralet et
al., 2016). The efficient synthesis of these RG-I domains was recently shown to require
MUCI70, which encodes a putative galacturonosyltransferase (Voiniciuc et al., 2018;
Fabrissin et al., 2019). Combining a mutant in this gene and irx14, which is defective for
a putative xylan synthase, led to stronger reductions in RG-I production than in the
muci70 single mutant, showing that coordinated synthesis of RGI and xylan is essential
for mucilage production (Voiniciuc et al., 2018; Fabrissin et al., 2019). Furthermore,
reduced Rha and GalA contents in muci70 mucilage were associated with a strong
increase in Xyl contents (Voiniciuc et al., 2018; Fabrissin et al., 2019). This chemotype
is reminiscent of that observed here for the urgt double and triple mutants, where Xyl
contents were increased in the SM of urgt2-2 urgt4-2 and triple mutants. In all urgt
mutant genotypes, the ratio of Xyl residues per RG-I molecule was constant at
approximately 67:1, the same as observed in wild-type. This result indicates that a
change in the number of RG-I polymers and their length does not impact the proportion
of Xyl to RG-I (Figure 6). Linkage analysis of the SM from the triple urgt mutant

suggested a decrease in the branching of the RG-I backbone with a strong increase in
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the proportion of 1,4-Xyl, which forms linear xylan (Table 2). Based on the data
collected for the triple mutant and the wild-type, we propose that the triple urgt mutant
contains twice the number of RG-I molecules, which are three-times shorter than those
present in wild-type mucilage. Linkage analysis data indicated that even though the
proportionality between Xyl and RG-I polymers is maintained, the RG-I polymer is less
substituted in the triple urgt mutant, and the structure of xylan domains might be
different with longer xylan chains. However, these analyses should be verified by
independent molecular weight determination techniques such as GPC-MALLS, after
isolation of xylan moieties. These results are similar to those found in muci70 mucilage
where shorter RG-I polymers were associated with altered xylan structure (Fabrissin et
al., 2019), and reinforce the hypothesis proposed by Ralet et al. (2016) that a covalent
link could exist between RG-I and xylan. Further experimental evidence is required to
prove that xylan is covalently attached to RG-I; therefore, it cannot be excluded that
RG-I length and branching influence the structure of free xylan domains or xylan

attached to polymers in an AGP proteins (Tan et al., 2013).

The role of URGTs in adherent mucilage structuration

Increased labeling of AM was observed with an antibody against RG-I in double and
triple mutant combinations of urgt2, urgt4, and urgt6, despite AM Rha and GalA sugar
contents being reduced (Table 1; Figure 7). Analysis of the AM permeability using 70kD
FITC-dextran showed that while the halo of AM around double and triple mutant seeds
was smaller, its permeability was also increased compared to that of wild-type (Figure
8). These results indicated that increased labeling with INRA-RU1 could be due to a
looser network, allowing access of the antibody to a larger number of epitopes within
the AM. Also, it was described that INRA-RU1 binds to, at least, six unsubstituted
Rha-GalA repeats (Ralet et al., 2010), and a higher permeability may facilitate the
access to the epitopes. Interestingly, while differences in AM width corresponds well
with differences in sugar contents, this appeared to be independent of permeability
(Figure 8B compared to C). This contrast was evident when comparing the urgt4 mutant
and wild-type, or urgt2urgt4d compared to the triple mutant, where mucilage halos were

more permeable, despite having equivalent widths and sugar contents. These results
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indicated that the regulation of RG-1 polymer synthesis through the availability of
UDP-Rha provided by URGTs impacts the interactions between the resulting polymers

and the structure of AM.

Genes involved in mucilage synthesis are misregulated in the triple urgt mutant

To determine whether regulatory feedback mechanisms were initiated in response to
the deficit of UDP-Rha, the expression of four genes, RRT1, GATL5, MUM5/MUCI21,
and UXT3 was examined in developing seeds between 5 and 12 DAP. RRT1, GATL5
and MUM5/MUCI21 have demonstrated roles in mucilage synthesis (Kong et al., 2013,
Voinicuic et al., 2015b; Takenaka et al., 2018). UXT3, encodes for a UDP-Xyl
transporter, strongly expressed in the seed coat integument, but no mucilage phenotype
has been reported (Winter et al., 2007; Ebert et al., 2015). Only GATL5 expression was
reduced in the triple mutant during the stages of seed development when mucilage is
actively synthesized (7-9 DAP). GATL5 encodes a putative galacturonosyl transferase
that may participate in HG domain synthesis. Still, it has also been implicated in
determining RG-I length because gatl5 mutants produce longer mucilage RG-I
molecules compared to wild-type (Kong et al., 2013). Interestingly, both GATL5 and
RRT1 were expressed at higher levels during the later stages of seed coat epidermal
cell differentiation (10-12 DAP), when mucilage deposition is drawing to an end in
wild-type. RRT1 is a rhamnosyltransferase explicitly involved in the synthesis of RG-I
(Takenaka et al., 2018). In the triple urgt mutant, RRT1 transcripts are accumulated at
later stages of mucilage deposition. This difference from wild-type could be due to
positive feedback regulation from reduced RG-I production or low UDP-Rha substrate
levels. Similarly, expression of MUM5/MUCI21, which encodes a putative
xylosyltransferase and is required to incorporate the first Xyl on Rha before xylan
elongation by IRX14 takes place (Voiniciuc et al., 2015; Ralet et al., 2016), was also
expressed at higher levels at 10 and 12 DAP. Both UXT3 and MUCI21 expression
levels were decreased at the beginning of seed development. The former also showed
a small decrease later during seed development. Together these results showed that

the triple urgt mutant modifies the expression level of genes related to RG-I synthesis.
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Whether the changes in gene expression level observed for these genes compensate

for the lack of URGTs will need to be further explored.

The expression of URGT2, URGT4, and URGT®6 is finely regulated in seed coat

epidermal cells

A network of transcription regulators has been described to control the differentiation of
seed coat epidermal cells. Some of these have been implicated in the regulation of
genes involved in the production of mucilage polysaccharides (Golz et al., 2018).
Notably, GL2 is required for MUM4 and GATL5 expression, TTG2 and MYB61 also
positively regulate GATL5 expression, and LUH/MUM1 controls the expression of
B-GALACTOSIDASE6 (BGAL6/MUM2) and B-XYLOSIDASE1 (BXL1) genes that were
previously reported to have an impact on RG-I maturation (Western et al., 2004; Dean
et al., 2007; Macquet et al., 2007b; Huang et al., 2011; Walker et al., 2011; Kong et al.,
2013). Similarly, the expression of URGT2 and URGT4 was reduced in developing
seeds of gl2, ttg2, mum1, and myb61 (Figure 10). In contrast, URGT6 appeared to be
repressed only by MUM1 (Figure 10).

This difference in the regulation of URGT6 compared to URGT2 and URGT4 agrees
with a more specific role in AM RG-I production compared to the stronger contribution of
URGT2 and URGT4 to RG-I synthesis, as demonstrated by the extent of impaired
polymer production in the urgt2urgt4 mutant. Figure 11 presents our proposed model for
the regulation of URGT2, URGT4, URGT6 and additional mucilage specific
UDP-Sugars transporters (UUAT1 and UUATS3) by different transcription factors acting
on mucilage modification and synthesis (Figure 11 and Supplemental Figure 15).
However, it is important to note that these factors are required for URGT2, URGT4,
URGT6, UUAT1 and UUAT2 expression, and more experiments are required to

demonstrate this proposed model.

RG-I production in seed coat mucilage is fine-tuned by URGT2, URGT4, and
URGT®6 regulating UDP-rhamnose availability in the Golgi apparatus
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Previous studies demonstrated that URGT2, URGT4, and URGT6 are proteins with the
same function of importing UDP-Rha and UDP-Gal from the cytosol to the lumen of the
Golgi apparatus (Rautengarten et al., 2014). However, even though they exhibit the
same in vitro activity, their mutation results in different phenotypes; thus, these results
suggest that the three transporters contribute in different ways to mucilage RG-I
biosynthesis. URGT2 and URGT4 mainly affect the length of SM RG-I, whereas URGT6
and URGT4 also affect AM structuration. Changes in the xylose amount, which
maintain the Xyl-RG-I ratio in the mutant similar as in the wild-type, confirm the
importance of xylan domains in RG-I mucilage polymer production, suggesting the
possible coordination of the enzymes responsible for addition and synthesis of the xylan
chains and those synthesizing the RG-I backbone, as proposed in Fabrissin et al.
(2019). How do URGTZ2, URGT4, and URGT6 contribute in different manners to
mucilage biosynthesis and its structuration? A possible explanation is a formation in the
Golgi of specific complexes with different combinations of GTs and URGTSs, where each
URGT plays a different role in supplying the building blocks for RG-I biosynthesis with
different characteristics. The identification of glycosyltransferases and other proteins

involved in RG-I biosynthesis should provide more tools to investigate this hypothesis.

Material and Methods
Plant Material and Growth Conditions

The urgtl-2 (SAIL_768_C08), urgt2-1 (SALK_125196), urgt2-2 (SALK_071647), urgt3-2
(SAIL_273 EO01), wurgt4-2 (SALK 152675), urgt4-3 (FLAG_424A06), urgt5-1
(SALK_059372C), urgt6-1 (GK-099E03) and urgt6-2 (SALK_061826) mutants were
obtained from the ABRC (http://abrc.osu.edu/) using the SIGnAL Salk collection (Alonso
et al.,, 2003) and from the Versailles Arabidopsis Stock Center (Jean-Pierre Bourgin
Institute, INRA). Homozygous lines were selected by PCR using the primers indicated in
Supplemental Table 4 on the genomic DNA of each mutant. Mutants in transcription

regulators, gl2-6, myb61, muml/luh-3, and ttg2-3 have been described previously
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(Ishida et al., 2007; Saez-Aguayo et al., 2013; 2014). Plant growth was performed in
either a growth chamber (photoperiod of 16 h light at 21°C, 8 h dark at 18°C, 65%
relative humidity, and 170 pmol m?s™) or a greenhouse (18 to 28°C) with a minimum
photoperiod of 13 h assured by supplemental lighting. Plants were grown in compost
(Stender substrate for Versailles and Top Crop substrate for Santiago) and watered with
Plan-Prod nutritive solution (Fertil for Versailles). In all comparative analyses, seeds
used were from a pool of approximately 10 mutant and wild-type plants that had been

simultaneously cultivated and harvested from at least 3 biological repeats.
Cloning procedure of urgt2-2, urgt4-2 and urgt6-1 molecular rescue

The entire coding sequence of URGT2, URGT4, and URGT6 were cloned from cDNA

synthesized from Arabidopsis leaf RNA. All sequences without native stop codon were

PCR-amplified using the following primer pairs: FWURGT2:
5-CACCATGGAGAAAGCAGAGAACGAGA-3, RevURGT2:
5-TGCTTTATTATTTCCAAGCTCCAT-3, FWURGTA4:
5'-CACCATGTTTAAAAAAATGAGTGCT-3', RevURGT4:
5-CACCTTTTCATCAGATTCGTTTGT-3/, FWURGT®G:
5'-CACCATGGCTCCAGTGAGTAAAGCTG-3', RevURGT®6:

5-GGCTTTGTCTTCGTTGTCGTC -3'. Resulting PCR products were introduced into the
pENTR™/D-TOPO® cloning vector according to the standard protocol (Thermo Fisher
Scientific) to generate the entry clones pENTR-URGT2, pENTR-URGT4, and
PENTR-URGT®6. The intergenic region of 778bp between At1g21080 and At1g21070
genes, 2038bp between At4g39390 and At4g39380 genes and 2012bp between
At1g34020 and At1g34010 genes was defined as the URGT2 (proURGT2), URGT4
(proURGT4) and URGT®6 (proURGT6) promoters, respectively. Those promoter regions
were amplified by PCR from Arabidopsis genomic DNA using the following primers:

proURGT2Fw: 5 -TCATGTGTTGCGAATCTTATTC-3, proURGT2Rev:
5 -TTGGATTCAAATTAAAAAAATTCGAAATCTGAAATC-3’ proURGT4Fw:
5-ATACGAGTCAGTAGATGTGCA-3, proURGT4Rev:

5-CTCAAATTCAGATCTCTGCA-3’, proURGT6: 5-AGTCATATCATTAATAAAA-3,
proURGT6Rev S—TTTTCTGAACTAACTTTCTCT-3. PCR products were introduced
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into the pENTRTM/ 5-TOPO® vector (Thermo Fisher Scientific) to generate the
PENTR5-pURGT2, pENTR5-pURGT4, and pENTR5-pURGT®6 entry clones. C-terminal
GFP fusion was obtained by recombination of the entry clones for promoter and CDS
regions of each gene with the destination vector R4ApGWB504 (Nakagawa T. et al.,
2008), using LR clonase (Thermo Fisher Scientific). The resulting constructs were
introduced into the respective A. thaliana urgt2-2, urgt4-2, and urgt6-1 mutant lines
through the Floral Dip method (Clough and Bent, 1998). At least three resistant lines for
each genetic rescue were selected.

Expression Analysis

Different tissue organs were collected at indicated days of growth, and seeds were
dissected from approximately four siliques in each Days After Pollination (DAP) (6, 8,
10, and 12 DAP) for further RNA extraction. RNA was extracted following the procedure
of RNeasy Plus Micro Kit (Qiagen). One microgram of total RNA, with a previous
DNAse | (Invitrogen) treatment, was used as a template for first-strand cDNA synthesis
with oligo(dT) primer and SuperScript Il (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Measurements were realized from at least 3 different
plants. For RT-PCR analysis, primers described in Supplemental Table S4 were used to
amplify the entire coding sequence of URGTs from single-stranded cDNA in the
wild-type Col-0, urgt2-2, urgt4-2, urgt6-1, double and triple mutants. The primers used
to amplify EFlaA4 were those described by North et al. (2007). RT-qPCR was
performed using the Fast EvaGreen gPCR Master Mix kit (Mx3000P; Stratagene).
Reactions containing 1 pL of 1:2 diluted cDNA in a total volume of 10 pL were
performed using primers that have been previously tested for their efficiency rates and
sensitivity in a cDNA dilution series. The quantification and normalization procedures
were done using the equation described in Saez-Aguayo et al., 2017. EFlaA4
(At5g60390), Clathrin adaptor (At5g46630), and the seed reference gene At4g12590
(Hong et al., 2010) were used as reference genes, and all primers used in this study are

described in Supplemental Table S4.

Histological techniques
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For FITC-dextran staining, dry seeds were incubated in 300 uL of 1 mg mL™
FITC-dextran 70-kD molecules (Sigma-Aldrich; 46945) for 30 min at 125 rpm. Seeds
were transfered to glass slides and imaged with a Leica TCS SP8 confocal system A
488-nm neon laser line was used to excite the molecule. The laser intensity was fixed at
5%, collection bandwidth fixed between 502-542nm, and the gain at 900. Image J 1.52a
Software (Schindelin et al., 2015), was used to analyze and quantify the FITC-dextran
70-kD penetration and the yellow/orange pixel quantification contained in the inner
adherent mucilage. Images were acquired by generating black and white 8-bit image
with a grayscale of pixel intensity values from O to 255, where O correspond to the
absence and 255 to the total presence of FITC-dextran 70-kD. A set threshold was used
to separate seed (without mucilage) and the mucilage outline between the
FITC—dextran colored and not colored zones. Seed diameters and mucilage area were
recorded to obtain the mucilage width and to quantify the pixel intensity observed in the

inner adherent mucilage following the equation:

Where “IntMuci” and “AreaMuci1” are the measures of pixel intensity and area,
respectively, of the mucilage pocket. In the same way, “IntSeed” and “AreaSeed” are
the measures within the circumference that encloses the seed without considering the
mucilage, and IntBackground is an average of pixel intensity measurements inside the

seed used as a background.

For mature seed size determination, FITC-dextran staining images were used. For WT
Col-0 and triple urgt mutant line, 65 seed images from 3 biological replicates were used.
Image J v.1.52a software (Schindelin et al., 2015) threshold was adjusted to delimit and
mark the area of the seeds without considering mucilage, from which the total area of

the seed was determined. Student’s t-test with p < 0,05 was performed to determine
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significant differences.
Extraction and analysis of mucilage layers and demucilaged seeds

For a quick screening of the urgt single mutants impact on the soluble mucilage
composition, 50 mg of dry seeds were imbibed three times with 2 mL of water for 20
min. Supernatants were collected after 10 min of centrifugation at 8000g and mixed to
form the SM fraction. The SM was later lyophilized, resuspended in 600 pL of deionized

water and stored at -20° C until monosaccharide analysis.

To gain a deeper knowledge of the changes in mucilage composition and structuration
of the urgt single, double and triple mutants, a sequential extraction procedure was
used to obtain the soluble mucilage layer, the adherent mucilage layer and demucilaged
seeds. The soluble mucilage was extracted from 200 mg of dry seeds by mixing for 3 h
in 4 mL of distilled water at RT. Supernatants were recovered after centrifugation at
8,000g for 10 min, filtered through a disposable glass microfiber filter (13 mm diameter,
2.7 mm pore size; Whatman) and stored at -20°C before sugar and macromolecular
analysis. After soluble mucilage extraction, seeds+AM were rinsed twice with 4 mL of
distilled water. For digestion and separation of the adherent layer, hydrated seeds+AM
were imbibed in sodium acetate, pH 4.5, to a final molarity of 50 mM in a final volume of
4 mL. Rhamnogalacturonan hydrolase (Swiss-Prot Q00018) provided by Novozymes
was added (0.1 nkat), and samples were incubated overnight at 40°C to digest the AM
and separate them from the seed surface. After centrifugation (8,000g, 3 min),
supernatants containing the depolymerized AM were collected and stored at -20°C for
sugar analysis. The demucilaged seeds were rinsed three times with distilled water,

freeze-dried stored at -20° C until their analysis.
AIR Preparation, acid hydrolysis and sugar analysis

Freeze-dried demucilaged seeds were ground under liquid nitrogen and lipids were
removed by incubating overnight with methanol:chloroform (2:1, v:v) followed by two
washes of 2 h with the same solution. The residue was collected by centrifugation and

the defatted and demucilaged seed fraction was dried overnight at room temperature
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followed by 2 h in a vacuum oven.

For a quick screening of urgt single mutants, SM was hydrolyzed with 2 M trifluoroacetic
acid (TFA) at 121°C for 1h30 min, followed by termination of the hydrolysis by cooling
the samples. TFA was evaporated at 60°C under nitrogen gas and the samples were
washed twice with 400 mL of 100% isopropanol and dried with nitrogen. Hydrolyzed
products were resuspended with water and filtered by passing through a syringe filter
(pore size: 0.45 mm), transferred to a new tube, and used for HPAEC-PAD (Dionex
ICS3000) analysis as described Saez-Aguayo et al., 2017; 0,25 mM of Myo-inositol and

allose were used as internal standards.

For a deeper analysis of the changes in the mucilage composition of the urgt single,
double, and triple mutants, we quantified the individual neutral sugars and the uronic
acid sugars on SM, AM, and deffated demucilaged seeds. Uronic acid quantification
(considered as GalA) was determined by the automated m-hydroxybiphenyl method
(Thibault, 1979). The individual neutral sugars analysis was performed by the
guantification of their alditol acetate derivatives (Blakeney et al., 1983) by gas-liquid
chromatography after hydrolysis with 2 M trifluoroacetic acid at 121°C for 2.5 h for
soluble fractions (SM and AM) and prehydrolysis (26 N H2SO4, 1 h, 25°C), followed by
hydrolysis (2 N H2S04, 2 h, 100°C) for insoluble fractions (deffated demucilaged
seeds). The adherent mucilage was extracted using rhamnogalacturonan hydrolase, an
enzyme that is not expected to cause substantial cellular disruption in contrast to other
methods (Zhao et al., 2017). Therefore, we assumed that starch contamination would

be minimal; thus, we did not treat the samples with amylase.

HP-SEC-MALLS-Viscometer analysis of soluble mucilage layer

For analysis of the macromolecular characteristics of soluble mucilage, 1 mL of SM was
vigorously shaken, boiled for 5 min, and filtered through a polyvinylidene difluoride filter
(13 mm diameter, 0.45 mm pore size; Whatman) prior to HP-SEC injection. HP-SEC
analysis was performed at room temperature on a system comprising a Shodex OH
SB-G precolumn followed by a Shodex OH-Pack SB-805 HQ column
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(http://www.shodex.de/). Elution was carried out with 50 mM sodium nitrate buffer at a
constant flow rate of 60 mL.h"*. Measurements were performed using a differential
refractometer (VE 3580 RI Detector) and a Viscotek 270 Dual Detector (dual laser light
scattering, | = 670 nm, 90 and 7, combined with a differential pressure viscometer;
Malvern Instruments; http://www.malvern.com/). All detectors were calibrated with a
pullulan standard that has narrow molecular mass distribution (Mw = 145,618 Da, Mn =
139,180 Da, [n] = 54.0 mL g™* at 30 C in 0.1 M sodium nitrate, dn/dc = 0.147 mL.g"%;
Malvern Instruments). Samples were automatically injected through a 50 pL loop. Data

analyses were performed using OmniSec version 4.5 software (Malvern Instruments).

Calculation of the number of RG-I molecules was carried out using the following

equation as published in Fabrissin et al., 2019:

Where corresponds to SM Rha + GalA content expressed in moles; is the Avogadro
constant (6.022x10%° mol™); and refers to the number of {Rha-GalA} dimers calculated

for the RG-I molecule for each genotype (Supplemental Table 2).
Linkage analysis of the soluble mucilage fraction

Soluble mucilage samples were solubilized in water with a final sugar concentration
between 0.5 and 1g of sugars/mL and converted into their H" form by percolating the
solutions through a 1 mL Sigma Dowex 50WX4 resin. Samples were freeze-dried and
further dried in a vacuum oven at 40°C for 2 h before being dissolved in 0.2 mL of
dimethyl sulfoxide. Mixtures were left for 30 min at room temperature with occasional
vortexing before adding 0.2 mL of NaOH-dimethyl sulfoxide solution. Methylation was
performed with 0.1 mL of methyl iodide for 10 min. The mixture was sonicated and
vortexed several times. Two milliliters of water were added, and methylated products
were extracted with 2 mL of chloroform. The organic phase was washed three times
with 2 mL of water and dried (45°C). Methylated carbohydrates were hydrolyzed with
2M trifluoroacetic acid and converted to their alditol acetates. The partially methylated

alditol acetates were analyzed by gas chromatography-mass spectrometry.
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Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries under
accession numbers KP872774 (URGT?2), KJ667160.1 (URGT4), and KJ667162.1
(URGTS6)._
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Tables

Table 1: Monosaccharide composition of adherent and soluble mucilage layers
and demucilaged seeds of the urgt mutant lines compared to the wild-type.

Mucilage was sequentially extracted with water followed by enzymatic digestion with
rhamnogalacturonan hydrolase, and sugar contents determined for soluble and

adherent mucilage or demucilaged seeds. Values represent the means and SD (in
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parentheses) of 3-4 biological repeats (n=3-4). AM, adherent mucilage; SM, soluble

mucilage; DS, demucilaged seed. Letters represents differences between different

genotypes with statistical analyses performed using the Mann and Whitney test with

p<0.05.
Soluble mucilage polysaccharides (mg/g of dry seed)
WT urgt2-2 | urgt2-2 | urgt4-2 | Triple
Sugars Col-o | Ur9t2-2 urgt4-2 | urgté-1 urgt4-2 | urgté-1 | urgté-1 | urgt
GalA 929 | 703 | 961 963 | 6.31 8.19 8.62 5.80
(0.30)a | (0.47)b | (0.40)a | (0.45)a | (0.38)b | (0.36)c | (0.23)c | (0.53)d
Rha 11.08 | 9.33 | 9.47 | 10.22 | 6.09 8.06 9.00 6.71
(0.7a | (0.6)b | (1.0)b | (1.7)a | (0.1)d | (0.5)c | (0.1)b | (0.7)d
Ara 015 | 0.10 | 0.11 | 013 | 0.10 0.13 0.11 0.13
(0.07) | (0.004) | (0.02) | (0.03) = (0.01) | (0.02) @ (0.003) | (0.02)
Xyl 059 | 0.66 | 0.61 | 056 | 0.89 0.75 0.73 1.36
(0.08)a | (0.08)a  (0.03)a | (0.04)a  (0.04)b | (0.01)c | (0.02)c @ (0.22)d
Man 025 | 017 | 025 @ 020 | 0.12 0.15 0.17 0.24
(0.09)a | (0.02)b | (0.02)a | (0.05)a  (0.02)c | (0.05)b | (0.05)b | (0.02)a
Gal 041 | 024 | 035 | 022 | 0.20 0.33 0.26 0.25
(0.15)a | (0.03)b | (0.03)a | (0.03)b | (0.01)b | (0.01)a & (0.02)b | (0.07)b
Gl 030 | 029 | 041 033 | 0.18 0.30 0.22 0.29
(0.15)a | (0.07)a | (0.06)a | (0.07)a  (0.05)b | (0.05)a & (0.11)a | (0.02)a
Total sugars 22.06 | 17.83 | 20.81 | 21.30 & 13.89 | 17.90 | 19.10 | 14.78
(SM) (0.49)a | (0.93)c | (0.52)b | (1.49)a | (0.30)d | (0.10)c | (0.26)c | (0.95)d
Adherent mucilage polysaccharides (mg/g of dry seed)

GalA 562 | 484 | 575 | 593 | 3.49 4.75 5.76 3.57
(0.04)a | (0.24)b | (0.37)a | (0.42)a  (0.08)c | (0.13)b | (0.06)a | (0.09)c
Rha 414 | 353 | 40 | 368 | 285 3.40 3.81 2.46
(0.19)a | (0.19)c | (0.21)a | (0.07)b | (0.22)d | (0.20)c | (0.08)b @ (0.18)d
Ara 025 | 026 | 026 | 026 | 0.22 0.18 0.23 0.25
(0.01)a | (0.03)a | (0.01)a | (0.01)a  (0.01)b | (0.03)b | (0.003)b | (0.003)a
Xyl 014 | 011 | 011 | 012 & 0.10 0.09 0.09 0.11
(0.01)a | (0.02)b | (0.03)b | (0.03)b | (0.02)b | (0.03)c | (0.02)c | (0.04)b
Man 029 | 028 | 025 | 028 | 0.27 0.27 0.28 0.25
(0.02) | (0.02) | (0.03) | (0.02) @ (0.01) | (0.08) | (0.03) | (0.01)
Gal 230 | 256 | 222 | 233 | 221 2.30 2.24 2.42
(0.10)a | (0.13)b | (0.13)a | (0.07)a | (0.07)a | (0.21)a | (0.10)a | (0.02)c
Gl 11.72 | 10.69 | 11.17 | 1145 13.09 | 11.16 @ 10.33 | 11.58
(1.03)a | (0.33)a | (0.78)a | (0.67)a | (0.94)b | (1.91)a | (0.50)a | (0.64)a
Total sugars 2445 | 2227 | 23.74 | 24.06 | 2221 | 2217 | 22.75 | 20.66
(AM) (0.91)a | (0.54)b | (0.95)a | (0.79)a | (0.78)b | (1.77)b | (0.25)b | (0.48)c
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Total sugars 46.51 | 40.10 | 4455 | 4535 | 36.10 | 40.07 | 41.85 | 35.44
(SM+AM) (1.40)a | (0.62)b (0.96)a  (2.11)a  (1.08)d | (1.80)b | (0.36)c | (1.42)d
Total sugars 100.0 86.2 95.8 97.5 77.6 86.1 90.9 76.2
(SM+AM) (%) | (3.0) | (1.3) | (21) | (45) | (2.3 (3.9) (0.8) | (3.1)
Demucilaged seed polysaccharides (mg/g of dry seed)

GalA 26.04 | 27.49 | 27.87 | 26.91 | 2691 | 27.09 | 26.32 | 26.64
(2.79) | (2.00) | (2.16) | (1.79) = (3.16) | (1.49)  (4.23) | (1.96)

Rha 503 | 4.97 | 507 | 463 | 4.46 5.40 4.27 4.56
(0.56) | (0.32) | (0.53) | (0.63) = (0.33) | (1.63) = (0.49) | (0.69)

Fuc 077 | 082 | 0.80 | 089 | 0.81 0.87 0.76 0.80
(0.09) | (0.08) | (0.03) | (0.08) (0.04) | (0.18) @ (0.08) | (0.07)

Ara 23.03 | 22.64 | 24.08 | 23.66 | 24.36 | 2440 | 22.65 | 22.80
(1.99) | (1.93) | (2.07) | (1.51) (0.67) | (4.31) (1.70) | (1.37)

Xyl 772 | 801 | 824 | 805 | 8.8 8.26 7.87 8.01
(0.76) | (0.58) | (0.48) | (0.78) = (0.15) | (1.62) @ (0.60) | (0.42)

Man 294 | 277 | 313 | 288 @ 3.04 3.14 2.84 3.13
(0.32) | (0.31) | (0.41) | (0.16) @ (0.26) | (0.83) @ (0.27) | (0.53)

Gal 15.31 | 1540 1598 | 14.70 1491 | 16.54 | 1438 | 14.57
(1.79) | (1.88) | (1.07) | (1.17) = (0.90) | (4.08) @ (1.67) | (1.66)

Gl 38.24 | 37.76 | 3883 | 36.57 | 38.96 | 39.40 @ 35.89 | 38.79
(3.87) | (3.94) | (1.68) | (4.15) @ (1.46) | (10.77) (3.17) | (5.83)

Total sugars 119.06 | 118.91 | 124.00 | 117.12 | 126.44 | 125.11 | 115.38 & 119.81
(DS) (5.17) | (3.22) | (2.88) | (8.09) = (5.04) | (24.25) @ (4.49) | (9.28)

Table 2: Linkage analysis of tailored seed mucilage extracted from the triple urgt

mutant line compared with the wild-type.

Values (average mol % of neutral sugars) are shown from 2 technical repeats from 2

biological replicates, with variance of less than 8% for all samples. Values are scaled to

direct neutral sugar analysis.

WT Col-0 Triple urgt

Rhamnose Family

2,3,4-Rha/Rha-t 3.99 3.47
1,2-Rha 88.72 80.16
1,2,4-Rha 0.60 0.30
2,3,4-Rha 0.16 (Traces)
Total Rha 93.47 83.92
Arabinose Family

2,3,5-Ara/ Ara-t 1.34 2.12
Total Ara 1.34 2.12
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Xylose Family

2,3,4-Xyl/ Xyl-t 0.69 2.35
1,4-Xyl 0.24 7.01
1,2,4-Xyl 0.30 0.58
Total Xyl 1.22 9.94
Galactose Family

2,3,4,6-Gal/ Gal-t 0.36 0.46
Total Gal 0.36 0.46
Glucose Family

2,3,4,6-Glc/ Glc-t 0.33 0.47
2,3,6- Glc/ 4-Glc 3.28 3.09
Total Glc 3.60 3.56
Manose Family

Total Man n.d. n.d.

Figure Legends

Figure 1: The six members of the URGT gene family are expressed during

mucilage deposition

Top panel: schematic representation of seed coat epidermal cell differentiation in
Arabidopis. Starch granules (sg) are formed at 6 DAP and are surrounded by a large
vacuole (v) which pushes the cytoplasm (cy) to the cell periphery. At 8 DAP, mucilage
polysaccharides are starting to be synthesized and deposited into the apoplast of
epidermal cells. These force the cytoplasm into a central column filled with starch
granules by 10 DAP due to the polar deposition of mucilage polysaccharides. At 12
DAP, mucilage deposition has stopped, and starch granules are degraded and replaced
with wall material that forms a structure called the columella (c). 8 and 10 DAP are the
stages when the production and accumulation of mucilage are maximal in the epidermal
cells. M, mucilage; dw, distal wall; rw, radial wall.

Lower panel: RT-gPCR analysis of steady-state transcript levels in developing seeds
from 6 to 12 days after pollination (DAP) for the six URGT genes in wild-type Col-0. The

expression was calculated relative to EF1laA4 and a seed-specific reference gene
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(At4g12590). Error bars represent SE values from 3 biological replicates (n=9). All the

URGTs are expressed during epidermal cell differentiation.

Figure 2: Rhamnose content in the soluble mucilage of mutants with insertions in
the 6 URGT genes

Soluble mucilage was extracted with water, hydrolyzed with TFA and Rha contents
were determined by HPAEC. Bars represent the % of the Rha amount of the soluble
mucilage relative to WT (100%). Error bars represent the SE from 3 biological replicates
(5<n<6). Statistical analyses were performed using the Mann and Whitney test
comparing to the wild-type with *=p<0.05 and **=p<0.01. Schematic representation of
seed mucilage layers is represented above the graph with SM= soluble mucilage and
AM= adherent mucilage. urgt2-1, urgt2-2, and urgt6-1 are knock out mutant lines while
urgt4-2, urgt4-3, and urgt6-2 are knock-down mutant lines (see Supplemental Figure 4
and Parra-Rojas et al., 2019).

Figure 3: Changes in mucilage polysaccharide galacturonic acid content in urgt
mutants

The galacturonic acid content of soluble and adherent mucilage from seeds of urgt
mutant alleles. Polysaccharides from soluble mucilage (SM) were extracted with water,
and adherent mucilage (AM) by enzyme digestion. GalA contents were quantified by the
p-hydroxybyphenyl method. Error bars represent SE from 3 biological replicate (n=3) .
Statistical analysis using the Mann and Whitney test comparing each line to the

wild-type found no significant differences.

Figure 4: Galacturonic acid content of soluble and adherent mucilage layers of
urgt single, double and triple mutant lines

Galacturonic acid content was determined using the m-hydroxybiphenyl method for
polysaccharides in soluble mucilage (extracted with water) and adherent mucilage (by
enzymatic digestion). Values represent means and SE from 4 biological replicates (n=4)
. Letters represents differences between different genotypes with statistical analyses

performed using the Mann and Whitney test with p<0.05.
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Figure 5: urgt mutants have altered rhamnogalacturonan-l polymer length and
numbers of molecules

(A) Intrinsic viscosity of outer soluble mucilage rhamnogalacturonan-1 (RG-1) polymers
in urgt mutants. Values represent means and SE from 4 biological replicates (n=4).

(B) Number of RG-l1 molecules in urgt mutant lines. Values represent means and SE
from 4 biological replicates (n=4) . A and B, letters represent differences between
different genotypes with statistical analyses performed using the Mann and Whitney test
with p<0.05.

Figure 6: Ratio between number of xyloses and number of RG-I molecules in the
outer soluble mucilage layer of urgt mutants

The N(Xyl)/N(RG-I) ratio is similar in wild-type and urgt mutant lines. Values represent
the means and error bars represent SE values from 4 biological replicates (n=4) .
Letters represents differences between different genotypes with statistical analyses
performed using the Mann and Whitney test with p<0.05. No differences were observed.

Figure 7: Immunolabelling of rhamnogalacturonan-l in adherent mucilage
released from seeds of urgt2, urgt4 and urgt6 single, double and triple mutants

INRA-RUL1 labeled rhamnogalacturonan-I (RG-I) in the inner layer of adherent mucilage
from mature seeds of wild-type and urgt mutants. Confocal microscopy optical section
reconstructions of inner adherent mucilage (AM) released from imbibed seeds of
wild-type (WT) Col-0, single, double and triple urgt mutants. Fluorescence
corresponding to INRA-RU1 antibody labeling is green, and calcofluor white, used to
detect B-1,4-glucans, is magenta. AM, adherent mucilage; dw, distal wall and c,

columella. Bar = 50 pym.

Figure 8: Seeds of urgt mutants release adherent mucilage with differing

porosity
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(A) Direct imbibition of dry seeds in FITC-dextran 70-kD molecules (orange). The extent
that FITC-dextran molecules diffuse into the adherent mucilage (AM) depends on the
latter’'s porosity. Images of seeds were digitally extracted and placed on the same
background for adherent mucilage phenotype comparison. Scale bars = 50 pm.
Quantification of (B) the width of the AM layer and (C) average intensity of yellow pixels
over the inner adherent mucilage surface, using images of FITC-dextran staining.
Values are means and SE values from 4 biological replicates. Measurements were
carried out from more than 306 images for each genotype (n > 306.) Letters represents
differences between different genotypes with statistical analyses performed using the

Tukey test with o = 0.01.

Figure 9: Relative gene expression of RRT1, GATL5, MUCI21, and UXT3 in the
urgt triple mutant compared to the wild-type

(A-D), RG-I RHAMNOSYLTRANSFERASE1 (RRT1),
GALACTURONOSYLTRANSFERASE-LIKE 5 (GATL5), MUCILAGE MODIFIED-21
(MUM5/MUCI21), and UDP-XYLOSE TRANSPORTER-3 UXT3 expression in
developing seeds of the triple urgt mutant line urgt2-2 urgt4-2 urgt6-1 compared to its
corresponding wild-type (Col-O accession). Transcript abundance in developing seeds
was determined by reverse transcription quantitative PCR (RT-gPCR) from 5 to 12 days
after pollination (DAP), corresponding to stages when seed coat epidermal cell
differentiation is in progress. Steady-state mMRNA levels are represented as relative
expression compared to two reference genes, EFlaA4 and the seed reference gene
(At4g12590). Error bars represent SE values from 3 biological replicates (n=9).
Statistical analyses were performed using a Wilcoxon test and comparing to the
wild-type, *p < 0.05%, **p < 0.01.

Figure 10: Modulation of URGT2, URGT4, and URGT6 expression by MUMI,
MYB61, TTG1, and GL2 transcription regulators

Comparison of URGT2, URGT4 and URGT6 expression in developing seeds of the
wild-type (WT Col-0) to gl2-6, ttg2-3, muml/luh-3, and myb61 mutants by reverse
transcription quantitative PCR (RT-gPCR) analysis was used to determine the URGT2,

35



URGT4 and URGT®6 transcript levels in developing seeds at 8 days after pollination,
which corresponds to the developmental stage when mucilage deposition is maximal in
the wild-type. Steady-state mRNA levels are represented as relative expression
compared to two reference genes, EF1aA4 and the seed reference gene (At4g12590).
Error bars represent SE values from 3 biological replicates (n=9). Statistical differences
were analyzed using the Wilcoxon test and comparing to the wild-type, *p < 0.05%, **p
<0.01.

Figure 11: Hypothetical model of URGT2, URGT4, and URGT6 transcriptomic

regulation by specific epidermal cell transcription factors

Expression levels observed in mutants indicate that TRANSPARENT TESTA GLABRA2
(TTG2), MYB61, GLABRA2 (GL2), and LEUNIG HOMOLOG/ MUCILAGE-MODIFIED1
(LUH/ MUM1) transcriptional regulators directly or indirectly control the expression of
URGT2, URGT4, URGT6, UUAT1 and UUAT3. URGT2, URGT4, and URGT6 transport
UDP-Rha, one of the principal substrates of RG-I, and are independently required for
the elongation of soluble mucilage RG-I polymers. UUAT1 and UUAT3 transport
UDP-Uronic acid and undetermined UDP-Sugars that are also required for the synthesis
of mucilage pectin (Saez-Aguayo et al.,, 2017; Parra-Rojas et al.,, 2019). URGTZ2,
URGT6, URGT4, UUATL1, UUAT3, also act in adherent mucilage structuration. White
proteins: Transcription factors described as acting on mucilage secretory cells (MSC)
development. Doted proteins: UDP-Sugar Transporters regulated by Transcription
Factors (gray proteins) evaluated in this study. Colored and dotted arrows indicate

regulation demonstrated here. MSC, mucilage secretory cells.
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Figure 1: The six members of the URGT gene family are
expressed during mucilage deposition

Top panel: schematic representation of seed coat epidermal cell
differentiation in Arabidopis. Starch granules (sg) are formed at 6
DAP and are surrounded by a large vacuole (v) which pushes the
cytoplasm (cy) to the cell periphery. At 8 DAP, mucilage
polysaccharides are starting to be synthesized and deposited into
the apoplast of epidermal cells. These force the cytoplasm into a
central column filled with starch granules by 10 DAP due to the
polar deposition of mucilage polysaccharides. At 12 DAP, mucilage
deposition has stopped, and starch granules are degraded and
replaced with wall material that forms a structure called the
columella (c). 8 and 10 DAP are the stages when the production
and accumulation of mucilage are maximal in the epidermal cells.
M, mucilage; dw, distal wall; rw, radial wall.

Lower panel: RT-gPCR analysis of steady-state transcript levels in
developing seeds from 6 to 12 days after pollination (DAP) for the
six URGT genes in wild-type Col-0. The expression was calculated
relative to EF1aA4 and a seed-specific reference gene
(At4g12590). Error bars represent SE values from 3 biological
replicates (n=9). All the URGTs are expressed during epidermal cell
differentiation.
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Figure 2: Rhamnose content in the soluble mucilage of
mutants with insertions in the 6 URGT genes

Soluble mucilage was extracted with water, hydrolyzed with
TFA and Rha contents were determined by HPAEC. Bars
represent the % of the Rha amount of the soluble mucilage
relative to WT (100%). Error bars represent the SE from 3
biological replicates (5<n<6). Statistical analyses were
performed using the Mann and Whitney test comparing to
the wild-type with *=p<0.05 and **=p<0.01. Schematic
representation of seed mucilage layers is represented
above the graph with SM= soluble mucilage and AM=
adherent mucilage. urgt2-1, urgt2-2, and urgt6-1 are knock
out mutant lines while urgt4-2, urgt4-3, and urgt6-2 are
knock-down mutant lines (see Supplemental Figure 4 and
Parra-Rojas et al., 2019).
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Figure 3: Changes in mucilage polysaccharide
galacturonic acid content in urgt mutants

The galacturonic acid content of soluble and adherent
mucilage from seeds of wurgt mutant alleles.
Polysaccharides from soluble mucilage (SM) were
extracted with water, and adherent mucilage (AM) by
enzyme digestion. GalA contents were quantified by the p-
hydroxybyphenyl method. Error bars represent SE from 3
biological replicate (n=3) . Statistical analysis using the
Mann and Whitney test comparing each line to the wild-
type found no significant differences.
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Figure 4: Galacturonic acid content of soluble and
adherent mucilage layers of urgt single, double and
triple mutant lines

Galacturonic acid content was determined using the m-
hydroxybiphenyl method for polysaccharides in soluble
mucilage (extracted with water) and adherent mucilage (by
enzymatic digestion). Values represent means and SE from
4 biological replicates (n=4). Letters represents differences
between different genotypes with statistical analyses
performed using the Mann and Whitney test with p<0.05.
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Figure 5: urgt mutants have altered rhamnogalacturonan-l polymer length
and numbers of molecules

(A) Intrinsic viscosity of outer soluble mucilage rhamnogalacturonan-l (RG-I)
polymers in urgt mutants. Values represent means and SE from 4 biological
replicates (n=4).

(B) Number of RG-I molecules in urgt mutant lines. Values represent means and
SE from 4 biological replicates (n=4) . A and B, letters represent differences
between different genotypes with statistical analyses performed using the Mann
and Whitney test with p<0.05.
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Figure 6: Ratio between number of xyloses and number
of RG-l molecules in the outer soluble mucilage layer of
urgt mutants

The N(Xyl)/N(RG-I) ratio is similar in wild-type and urgt
mutant lines. Values represent the means and error bars
represent SE values from 4 biological replicates (n=4) .
Letters represents differences between different genotypes
with statistical analyses performed using the Mann and
Whitney test with p<0.05. No differences were observed.
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Figure 7: Immunolabelling of rhamnogalacturonan-l in
adherent mucilage released from seeds of urgt2, urgt4
and urgt6 single, double and triple mutants

INRA-RU1 labelled rhamnogalacturonan | (RG-I) in the
inner layer of adherent mucilage from mature seeds of
wild-type and urgt mutants. Confocal microscopy optical
section reconstructions of inner adherent mucilage (AM)
released from imbibed seeds of wild-type (WT) Col-0,
single, double and triple urgt mutants. Fluorescence
corresponding to INRA RU1 antibody labeling is green, and
calcofluor white, used to detect 3-1,4-glucans, is magenta.
AM, adherent mucilage; dw, distal wall and c,
columella.Bar = 50 pm
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Figure 8: Seeds of urgt mutants release adherent mucilage with differing porosity

(A) Direct imbibition of dry seeds in FITC-dextran 70-kD molecules (orange). The extent
that FITC-dextran molecules diffuse into the adherent mucilage (AM) depends on the
latter’'s porosity. Images of seeds were digitally extracted and placed on the same
background for adherent mucilage phenotype comparison. Scale bars = 50 um.
Quantification of (B) the width of the AM layer and (C) average intensity of yellow pixels
over the inner adherent mucilage surface, using images of FITC-dextran staining. Values
are means and SE values from 4 biological replicates. Measurements were carried out
from more than 306 images for each genotype (n > 306 .) Letters represents differences
between different genotypes with statistical analyses performed using the Tukey test with
a=0.01.
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Figure 9: Relative gene expression of RRT1, GATLS,
MUCI21 and UXT3 in the urgt triple mutant
compared to the wild-type

(A-D), RG-I RHAMNOSYLTRANSFERASE1 (RRT1),
GALACTURONOSYLTRANSFERASE-LIKE 5 (GATL5),
MUCILAGE MODIFIED-21 (MUM5/MUCI21), and UDP-
XYLOSE TRANSPORTER-3 UXT3 expression in
developing seeds of the triple urgt mutant line urgt2-2
urgt4-2 urgt6-1 compared to its corresponding wild-type
(Col-0 accession). Transcript abundance in developing
seeds was determined by reverse transcription
quantitative PCR (RT-gPCR) from 5 to 12 days after
pollination (DAP), corresponding to stages when seed
coat epidermal cell differentiation is in progress. Steady-
state  mMRNA levels are represented as relative
expression compared to two reference genes, EF1aA4
and the seed reference gene (At4g12590). Error bars
represent SE values from 3 biological replicates (n=9).
Statistical analyses were performed using a Wilcoxon
test and comparing to the wild-type, *p < 0.05%, **p <
0.01.




0.12 URGT2
0.10 - [
S 0.08 1 l
2 )
© 0.06 1 T
L|>j * * 1
2 *%
S 0.02 - |
0
0 ST 3 AN
OO' o) \"\g \)((\ A‘QCO
& ¢ Q
0.5 URGT4
0.4 1
T
S N =
@ 037 el g
2
W 0.21
()
=
3 017
0
S99 oA
\gx & Q
0.06 URGT6
. -
5 0.04 rd
A
(O]
S
x
W 0.021
()
=
©
4
0
\,Q

Figure 10: Modulation of URGT2,
URGT4 and URGT6 expression by
MUM1, MYB61, TTG1 and GL2

transcription regulators

Comparison of URGT2, URGT4 and
URGT6 expression in developing seeds of
the wild-type (WT Col-0) to g/2-6, ttg2-3,
mum1/luh-3 and myb61 mutants reverse
transcription quantitative PCR (RT-qPCR)
analysis were used to determine the
URGT2, URGT4 and URGT6 transcript
levels in developing seeds at 8 days after
pollination, which corresponds to the
developmental stage when mucilage
deposition is maximal in the wild-type.
Steady state mRNA levels are represented
as relative expression compared to two
reference genes, EF1aA4 and the seed
reference gene (At4g12590). SE values
from 3 Dbiological replicates (n=9).
Statistical differences were analyzed using
the Wilcoxon test and comparing to the
wild-type, *p < 0.05%, **p < 0.01.
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Figure 11: Hypothetical model of URGT2, URGT4, and URGT6 transcriptomic
regulation by specific epidermal cell transcription factors

Expression levels observed in mutants indicate that TRANSPARENT TESTA GLABRAZ2
(TTG2), MYB61, GLABRA2 (GL2), and LEUNIG HOMOLOG/ MUCILAGE-MODIFIED1
(LUHI MUM1) transcriptional regulators directly or indirectly control the expression of
URGT2, URGT4, URGT6, UUAT1 and UUAT3. URGT2, URGT4, and URGT®6 transport
UDP-Rha, one of the principal substrates of RG-I, and are independently required for
the elongation of soluble mucilage RG-I polymers. UUAT1 and UUAT3 transport UDP-
Uronic acid and undetermined UDP-Sugars that are also required for the synthesis of
mucilage pectin (Saez-Aguayo et al., 2017; Parra-Rojas et al., 2019). URGT2, URGT®6,
URGT4, UUAT1, UUATS3, also act in adherent mucilage structuration. White proteins:
Transcription factors described as acting on mucilage secretory cells (MSC)
development. Doted proteins: UDP-Sugar Transporters regulated by Transcription
Factors (gray proteins) evaluated in this study. Colored and dotted arrows indicate
regulation demonstrated here. MSC, mucilage secretory cells.
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