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Arabidopsis (Arabidopsis thaliana) seed coat epidermal cells produce large amounts of mucilage that is released upon imbibition.
This mucilage is structured into two domains: an outer diffuse layer that can be easily removed by agitation and an inner layer
that remains attached to the outer seed coat. Both layers are composed primarily of pectic rhamnogalacturonan I (RG-I), the
inner layer also containing rays of cellulose that extend from the top of each columella. Perturbation in cellulosic ray formation
has systematically been associated with a redistribution of pectic mucilage from the inner to the outer layer, in agreement with
cellulose-pectin interactions, the nature of which remained unknown. Here, by analyzing the outer layer composition of a series
of mutant alleles, a tight proportionality of xylose, galacturonic acid, and rhamnose was evidenced, except for mucilage
modified5-1 (mumb-1; a mutant showing a redistribution of mucilage pectin from the inner adherent layer to the outer soluble
one), for which the rhamnose-xylose ratio was increased drastically. Biochemical and in vitro binding assay data demonstrated
that xylan chains are attached to RG-I chains and mediate the adsorption of mucilage to cellulose microfibrils. mumb5-1 mucilage
exhibited very weak adsorption to cellulose. MUMS5 was identified as a putative xylosyl transferase recently characterized as
MUCI21. Together, these findings suggest that the binding affinity of xylose ramifications on RG-I to a cellulose scaffold is one of

the factors involved in the formation of the adherent mucilage layer.

A characteristic of plant cells is the extracellular ma-
trix of polysaccharides and proteins that form a rigid
and resistant support while remaining malleable for
growth and intercellular exchanges. The association of
cellulose, hemicellulose, and pectin polymers provides
both rigidity and plasticity thanks to their distinct
structural properties and how they interact. The precise
nature of these interactions remains an open question,
with evidence for noncovalent binding of hemicellulose
or rhamnogalacturonan I (RG-I) arabinan and galactan
side chains to cellulose (Hayashi et al., 1987; Vincken
et al., 1995; Zykwinska et al., 2005; Kéhnke et al., 2011).
Improving our knowledge of the interactions between
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cell wall polymers, therefore, is fundamental to our
understanding of the regulation of plant growth and for
their exploitation in biodegradable materials or biofuel
production.

The polysaccharides produced by seed coat epider-
mal cells, notably those that form seed mucilage, are
emerging as a powerful model system. In plant cell
walls, polysaccharides are present as complex mixtures
of polymers, often with essential functions, whereas the
range of polysaccharides in a given seed mucilage are
generally simpler in composition and their absence is
not prejudicial. Mucilage polysaccharides are accumu-
lated during seed development in the apoplasm of seed
coat epidermal cells and released on imbibition of the
mature, dry seed (Beeckman et al., 2000; Western et al.,
2000; Windsor et al., 2000). In Arabidopsis (Arabidopsis
thaliana), released mucilage appears as two distinct
layers; the outer layer is soluble, whereas the inner layer
is adherent and difficult to remove completely even
with strong alkali solutions (Western et al., 2000, 2001;
Macquet et al., 2007a). Both layers are composed main-
ly of unsubstituted RG-I and a pectic domain made
of alternating (1,4)-a-D-GalA and (1,2)-a-L-Rha units
(Ridley et al., 2001). In wild-type seeds, the outer layer
can be recovered easily by gentle water, diluted am-
monium oxalate, or diluted EDTA extraction at 20°C
to 40°C (Usadel et al., 2004; Macquet et al., 2007a;
Rautengarten et al., 2008; Arsovski et al., 2009). Rha and
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GalA account for 90% to 95% of the sugars, with only
traces of Ara, Xyl, Man, Gal, and Glc. The macromo-
lecular characteristics of the outer layer RG-I in-
dicates two populations, a major (more than 90%)
homogenous one of approximately 600 kD and a
minor one of very high molar mass corresponding to
entangled, collapsed, or aggregated macromolecules
(Macquet et al., 2007a). It has been hypothesized
that the latter could originate from the inner layer
(Macquet et al., 2007a).

Analysis of the polysaccharides in the inner layer of
Arabidopsis mucilage is more complicated due to its
resistance to extraction by aggressive chemical proto-
cols (Macquet et al., 2007a). This can be overcome by
digestion with pectolytic and cellulolytic enzymes
in admixture after removal of the outer mucilage
(Macquet et al., 2007a) or by high-speed mechanical
agitation (Voiniciuc et al., 2015c). Coupled with in situ
immunolabeling, these techniques have enabled de-
tailed information to be obtained about the structure
and composition of the inner layer. As well as RG-],
cellulose is present together with minor amounts of
galactan, arabinan, mannan, and homogalacturonan
(HG; Penfield et al., 2001; Willats et al., 2001; Macquet
et al., 2007a; Arsovski et al., 2009; Harpaz-Saad et al.,
2011; Sullivan et al., 2011; Saez-Aguayo et al., 2013; Yu
et al., 2014; Voiniciuc et al., 2015¢c). The majority of the
methylesterified HG labeled in adherent mucilage, how-
ever, has been shown to be derived from fragments of the
outer cell wall trapped in the mucilage (Saez-Aguayo
et al., 2013).

Mucilage is nonessential in laboratory conditions,
simplifying the selection of mutants affected in muci-
lage production. Arabidopsis mutants with modified
mucilage phenotypes have proved to be excellent tools
for the identification of genes involved in the produc-
tion of polysaccharides (for review, see North et al.,
2014). A number of transcription factors have been
identified that regulate seed coat differentiation and
mucilage production. For example, mutants defective
for the homeodomain transcription factor GLABRA2
(GL2) do not complete epidermal cell differentiation
and show limited production of mucilage polysac-
charides (Koornneef, 1981; Rerie et al., 1994; Western
et al, 2001, Gonzalez et al., 2009). An exception is
LEUNIG_HOMOLOG (LUH)/MUM]1, which undergoes
normal differentiation and appears to modulate mu-
cilage release by controlling the expression of proteins
involved in pectin maturation (Huang et al., 2011;
Walker et al., 2011; Saez-Aguayo et al., 2013). The 8-p-
galactosidase MUM2 and bifunctional B-p-xylosidase/
a-L-arabinofuranosidase BXL1 trim RG-I side chains,
thereby modifying mucilage swelling and release (Dean
et al., 2007; Macquet et al., 2007b; Arsovski et al., 2009),
while the subtilisin-like Ser protease SBT1.7 and pectin
methylesterase inhibitor PMEI6 modulate HG methyl-
esterification of the outer primary cell wall of seed coat
epidermal cells so that it fragments under the pressure of
swelling mucilage polysaccharides (Rautengarten et al.,
2008; Saez-Aguayo et al., 2013).
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Mucilage mutants also have been identified that are
affected in enzymes implicated in polysaccharide syn-
thesis: mucilage modified4 (mum4)/rhamnose biosynthetic
gene2 (rhm?2), galacturonosyltransferase-like5 (gatl5), and
galacturonosyltransferasell (gautll) have reductions in
mucilage Rha and/or GalA contents (Usadel et al.,
2004; Western et al., 2004; Oka et al., 2007; Caffall et al.,
2009; Kong et al., 2013), whereas cellulose production is
reduced in the inner mucilage layer of cellulose synthaseb5
(cesab)/mum3, the cesa3 mutant irreqular xylem1-1 (irx1-1),
and fei2 (Harpaz-Saad et al.,, 2011; Mendu et al., 2011;
Sullivan et al., 2011; Griffiths et al., 2015). Although the
total amount of mucilage pectin is unchanged in the latter
mutants, their partitioning is modified in cesa5 and fei2,
with a reduction observed in the inner layer demon-
strating that cellulose plays a crucial role in anchoring
mucilage pectin to the seed coat surface. Similarly, salt
overly sensitive5 (s0s5), irx14, and mum5 mutants exhibit a
redistribution of pectin to the outer mucilage layer, sug-
gesting altered polysaccharide interactions (Macquet
etal., 2007a; Harpaz-Saad et al., 2011; Sullivan et al., 2011;
Griffiths et al., 2014; Voiniciuc et al., 2015a). As cesa5 sos5
mutants have more severely affected mucilage parti-
tioning, it appears that the arabinogalactan protein SOS5
modulates pectin adherence independently from cellu-
lose and that mucilage pectin is attached to the seed by at
least two independent mechanisms (Griffiths et al., 2014).
The identity and molecular role of MUMS5 remained to be
determined (North et al., 2014). Here, mapping com-
bined with whole-genome resequencing were employed
to identify MUMS, which is predicted to encode a puta-
tive xylosyl transferase recently characterized as MUCI21
by Voiniciuc et al. (2015a). Furthermore, a unique pop-
ulation of RG-I with xylan side branches was identified in
wild-type mucilage that mediated the adsorption of
mucilage to cellulose microfibrils in in vitro binding
assays. The absence of these side branches in the muci-
lage of mumb mutants is in agreement with a role for
MUMS in the synthesis of the RG-I xylan side branches
and demonstrates their crucial role in the formation of the
adherent mucilage layer.

RESULTS

Xyl Contents in Outer Soluble Mucilage Show Tight
Proportionality to Those of Rha and GalA

In a screen for mucilage-release mutants from the
Versailles collection of transfer DNA (T-DNA) mutants,
a series of mutant alleles were identified in previ-
ously known genes. These mutant alleles were all in
the Wassilewskija (Ws) accession and provided the
opportunity for a comparative study of their effect
on mucilage production. Mucilage was extracted in a
similar manner to that described previously for the
mum2 mucilage-release mutant (Macquet et al., 2007b),
with HCI-NaOH extraction of nonattached and loosely
attached mucilage (North et al., 2014) followed by
rhamnogalacturonan hydrolase (RGase) digestion of
the inner mucilage layer. The composition and total

Plant Physiol. Vol. 171, 2016



sugar contents were then determined for both layers.
The total amounts of mucilage sugars and their parti-
tioning between the outer and inner layers in the dif-
ferent mutants compared with the wild type are shown
in Figure 1 and Supplemental Table S1. In gI2 mutant
alleles, the total amount of sugars was reduced drasti-
cally compared with the wild type, in agreement with
previous analyses (Western et al., 2001). Furthermore, a
clear redistribution from the outer soluble layer to the
inner adherent layer was observed. Iuh and mum?2
mutants also showed reduced levels of total sugars and
modified partitioning from the outer soluble layer to
the inner adherent layer, as reported previously for
mum2 (Dean et al., 2007; Macquet et al., 2007b). In
contrast, in the sbt1.7-3 mutant, neither mucilage sugar
amounts nor partitioning appeared unaltered, in agree-
ment with the hypothesis that SBT1.7 is required for
correct fragmentation of the outer primary cell wall of
seed coat epidermal cells (Rautengarten et al., 2008) and
does not affect mucilage production itself.

Individual neutral and acidic sugar contents in each
mucilage layer were examined by generating a cor-
relation heat map (Fig. 2). The mutant chemotypes
grouped with one cluster for the four g/2 mutant alleles
and a second for the luh and mum?2 mutants as expected;
the sbt1.7-3 mucilage composition was most similar to
the wild type. In agreement with the major component
of mucilage being RG-I, the most significant correlation
between sugars in each layer was between Rha and
GalA contents. Intriguingly, soluble mucilage Xyl con-
tents clustered tightly with Rha and GalA contents (Fig.
2). In effect, a clear linear relationship was observed
between Xyl and Rha contents between genotypes,
with on average one Xyl unit for 16 Rha units (Fig. 3).

In order to gain further insight into the significance of
this proportionality, mucilage from mum5 and cesa5
was examined, as they both have been shown to exhibit
a redistribution of mucilage from the inner to the outer
layer (Macquet et al., 2007a; Harpaz-Saad et al., 2011;
Mendu et al., 2011; Sullivan et al., 2011). Mucilage was
extracted as described for genotypes in the Ws acces-
sion followed by an additional extraction using Max-
azyme, a cellulase-hemicellulase cocktail. cesa5-2 and
mumb-1 both showed increases in Rha and GalA in the
HCI-NaOH extract, with concomitant decreases in the
same sugars in the RGase hydrolysate (Table I), con-
firming the redistribution of RG-I between the outer
and adherent mucilage in mum5 and cesa5 mutants.
cesab-2 also showed a clear decrease in Glc in the
Maxazyme hydrolysate (Table I), confirming that cesab
contains less mucilage cellulose (Harpaz-Saad et al.,
2011; Mendu et al., 2011; Sullivan et al., 2011). In con-
trast, Glc contents did not decrease in mum5-1 mucilage
extracts (Table I). Furthermore, when the proportions of
Xyl and Rha were plotted, wild-type Columbia-0
(Col-0), wild-type Columbia-2 (Col-2), and cesa5-2 fell
perfectly onto the previously established linear fit,
whereas mumb5-1 showed a reduction in the proportion
of Xyl (Fig. 3). To confirm that the modified mumb5-1 Xyl
contents were indeed due to differences in mucilage
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Figure 1. Seed mucilage amounts and partitioning are modified
in gl2, mum1, and mum2. Total sugar amounts are shown for
HCI-NaOH-extracted outer mucilage (light gray bars) and RGase-
extracted inner mucilage (dark gray bars). Values are means of two
biological repeats * sp. The percentage of mucilage recovered in
the HCI-NaOH-soluble fraction is indicated within the light gray
bars.

composition and did not result from contamination of
outer mucilage extracts with polymers derived from
cell walls of the outer seed coat released by HCI-
NaOH treatment, a gentle water extraction of muci-
lage was carried out. The sugar contents of these
extracts showed an even greater difference in the
amounts of Rha and GalA to Xyl for mum5-1 com-
pared with wild-type Col-2, while the amounts of
other minor sugars were unaffected (Supplemental
Table S2). Consequently, the Rha-Xyl ratio was in-
creased drastically in mumb-1 water-extractable mu-
cilage compared with wild-type Col-2 (Supplemental
Table S2).

Tailored Water-Soluble Mucilage from the Wild Type, But
Not mumb, Adsorbs to Cellulose in Vitro

The tight proportionality of Xyl-GalA-Rha suggested
that xylan side chains could be covalently linked to the
RG-I backbone in Arabidopsis seed mucilage, as has
been observed in polysaccharides from leaves of Dio-
spyros kaki (Duan et al., 2004; Tan et al., 2013) and
Arabidopsis suspension culture medium (Tan et al.,
2013). Xylan backbones are very similar in structure to
cellulose, with both macromolecules built of glycopyra-
nose rings in the *C; chair conformation linked to one
another by g-1,4 chequatorlal glycosidic bonds. This
means that the gross features of their potential energy
surfaces are very similar (Mazeau and Charlier, 2012).
As such, there is a high affinity between the two species,
and xylan adsorbs irreversibly onto cellulose surfaces
(Kabel et al., 2007; Kéhnke et al., 2011). Therefore, it is
possible that xylan side chains could participate in an-
choring mucilage pectin to the seed coat surface
through noncovalent interactions with cellulose.
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Figure 2. Clustering of sugars based on their quantity in outer or inner
mucilage layers of Arabidopsis mutants. The heat map represents hier-
archical clustering data obtained from the quantification of sugars by
sequential extraction of outer mucilage with 0.05 m hydrochloric acid
(30 min at 85°C, gentle shaking) followed by 0.2 m sodium hydroxide
(15 min at room temperature, gentle shaking) labeled in black and inner
mucilage sugars by RGase digestion (16 h at 40°C, gentle shaking)
labeled in red. Mean values from two biological replicates were nor-
malized, and the color of each block in the map reflects the relative
amount of each sugar (from —2 in black to the highest values in white).
All genotypes are in the Ws accession. WT, Wild type.

In vitro binding assays could not be carried out di-
rectly on water-extracted outer mucilage, as Xyl contents
were very low. The very high viscosity of these extracts
precluded the preparation of sufficiently concentrated
solutions for further reliable quantification of Xyl after
incubation with cellulose. Intensive hydrolysis of water-
extracted mucilage with RGase prior to ethanol pre-
cipitation was tested as a possible method to recover
Xyl-enriched fractions. In wild-type Col-2 mucilage ex-
tracts, approximately 90% of the Rha and GalA were
recovered in the ethanol-soluble fraction, together with
most of the Ara and Glc and part of the Man and Gal
(Supplemental Fig. S1). GlcA was not detected in either
the ethanol-soluble fraction or in the ethanol precipitate.
Most of the Xyl was recovered in the ethanol precipi-
tate, suggesting that Xyl residues are present in rela-
tively long structures prone to ethanol precipitation. For
mumb-1, the distribution of sugars between the ethanol-
soluble fraction and the ethanol precipitate was similar
to that of wild-type Col-2 mucilage, except for Xyl, which
was recovered mainly in the ethanol-soluble fraction
(Supplemental Fig. S1). The ethanol precipitates were
recovered in small amounts and were difficult to resol-
ubilize. To remedy this, water-extracted mucilage was
only partially hydrolyzed with RGase (3 h) prior to
ethanol precipitation. The ethanol precipitate fraction
obtained after 3 h of RGase treatment of the water-
extracted mucilage from wild-type Col-2 was easily
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resolubilized, and when analyzed for sugar contents it
contained 32.5 mol % Rha, 46.1 mol % GalA, and was
enriched in Xyl (13.3 mol %; Fig. 4A) compared with the
initial water-extracted mucilage. Low amounts of Ara
(less than 1 mol %), Man (1.8 mol %), Gal (2.9 mol %),
and Glc (2.2 mol %) also were detected. In contrast, the
mumb-1 ethanol precipitate had higher proportions of
Rha (42.7 mol %) and GalA (52.3 mol %) and was
enriched only slightly in Xyl (3.3 mol %) compared with
the initial water-extracted mucilage. Low levels (less
than 1 mol %) of Ara, Man, Gal, and Glc also were
detected.

Linkage analysis was performed on wild-type Col-2
and mumb-1 ethanol precipitates obtained after treating
water-extracted mucilage for 3 h with RGase (Table II).
In agreement with the major domain of water-extracted
mucilage being unbranched RG-I, the majority of Rha
was (1,2)-linked in both mumb5-1 and the wild type, al-
though these were enriched in the mutant, as they were
present in a higher proportion. The remaining Rha in
wild-type tailored mucilage extracts was either (1,2,4)-
linked (8%), indicating a small amount of substituted
RG-I, or terminal units (7%). In contrast, only very low
amounts of (1,2,4)-linked Rha units were present in
mumb-1 precipitates, in comparison with the wild type,
indicating a strong reduction in RG-I branching in
mumb-1. The RG-I backbone had a similar DP in both
mutant and the wild type and was calculated as 26. The
presence of branched xylans was indicated in wild-type
Col-2 by (1,4)-linked residues, with some (1,2,4)-linked
Xyl residues; however, in mumb-1, (1,4)-linked Xyl was
reduced and represented only 5.4 mol% of total neutral
sugars. RG-I branched at low levels, branched xylan
chains, and low amounts of other polymers such as
galactoglucomannans and xyloglucan also are likely to
be present in Arabidopsis mucilage (Voiniciuc et al.,
2015c). In agreement, significant amounts of t-Xyl,
t-Gal, (1,4,6)-Man, (1,4)-linked Glc, and (1,4,6)-linked
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Figure 3. Rha and Xyl contents of the outer HCI-NaOH-extracted
mucilage layer are tightly proportional except in mumb5. White circle,
Wild-type Ws; black circles, gl2, mum1, mum2, and sbt1.7 mutants
(Ws accession); white square, wild-type Col-0; black square, cesa5-2
(Col-0 accession); white triangle, wild-type Col-2; black triangle, mum5
(Col-2 accession). Values are means of two biological repeats =+ sp.
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Table I. Monosaccharide composition of seed mucilage extracted from cesa5 and mum5 compared with

the wild type

Intact seeds were extracted sequentially with 0.05 m HCl and 0.3 m NaOH, RGase, and Maxazyme.
Values (mg g~ intact dry seeds *+ sp) are shown for two independently extracted samples from two bi-

ological repeats. n.d., Not detected.

Monosaccharide Wild-Type Col-0 cesas-2 Wild-Type Col-2 mum-5-1
HCI-NaOH
Rha 8.72 £ 0.367 9.84 * 0.350 8.86 £ 0.219 13.47 £ 0.519
Fuc n.d. n.d. n.d.
Ara 2.43 = 0.030 2.08 = 0.041 2.29 = 0.146 3.44 = 0.056
Xyl 0.70 = 0.005 0.65 * 0.050 0.67 = 0.028 0.58 £ 0.085
Man 0.29 = 0.054 0.20 = 0.037 0.21 = 0.005 0.30 = 0.028
Gal 0.76 = 0.026 0.72 = 0.030 0.62 = 0.029 0.77 £ 0.026
Glc 2.28 = 0.341 2.03 = 0.066 1.95 + 0.067 2.54 = 0.230
GalA 13.97 £ 0.160 17.95 £ 0.072 10.89 £ 1.153 16.33 £ 0.149
Total 29.15 = 0.552 33.47 + 0.333 25.49 £ 1.199 37.44 + 0.462
RGase
Rha 3.99 £ 0.170 1.82 = 0.047 3.82 = 0.091 1.67 = 0.251
Fuc n.d. n.d. n.d.
Ara 1.55 = 0.051 1.26 = 0.017 1.86 * 0.264 2.21 = 0.197
Xyl n.d. n.d. n.d.
Man 0.26 = 0.049 0.22 = 0.027 0.26 = 0.031 0.31 = 0.023
Gal 0.38 £ 0.039 0.35 = 0.014 0.34 £ 0.095 0.33 = 0.075
Glc 0.43 £ 0.018 0.47 = 0.014 0.28 = 0.047 0.17 = 0.033
GalA 5.11 £ 0.051 2.26 = 0.032 4.99 = 0.058 1.92 = 0.081
Total 11.72 £ 0.377 6.38 = 0.098 11.56 = 0.249 6.61 = 0.595
Maxazyme
Rha 0.27 £ 0.018 0.19 = 0.003 0.31 = 0.021 0.23 = 0.036
Fuc 0.15 £ 0.017 0.10 = 0.004 0.18 = 0.009 0.18 = 0.014
Ara 0.68 = 0.021 0.45 = 0.019 0.74 = 0.003 0.86 = 0.056
Xyl 0.89 * 0.038 0.62 = 0.002 1.15 = 0.130 1.27 = 0.126
Man 0.40 = 0.028 0.31 = 0.000 0.45 = 0.005 0.51 = 0.056
Gal 1.32 = 0.002 1.12 = 0.027 1.38 = 0.053 1.44 = 0.093
Glc 4.53 = 0.017 3.21 £0.149 5.22 £ 0.562 5.86 = 0.789
GalA 0.37 £ 0.009 0.20 = 0.013 0.48 = 0.330 0.33 £ 0.043
Total 8.61 £ 0.057 6.21 £ 0.206 9.90 = 0.816 10.68 = 1.213

Gal also were detected in wild-type Col-2 ethanol pre-
cipitates. Interestingly, these residues also were re-
duced in mumb-1 tailored mucilage.

The ethanol-precipitated fractions obtained after 3 h
of RGase treatment of outer mucilage extracts were
tested for their ability to bind to fibrillated primary cell
wall cellulose. For the wild-type Col-2 fraction, 10 to
12 ug of Rha, Xyl, and GalA was able to adsorb onto
1 mg of cellulose, which corresponded to 30%, 82%, and
22% of the Rha, Xyl, and GalA initially present, re-
spectively (Fig. 4B). This indicated not only that xylan
chains strongly adsorb onto cellulose but also mediate
the adsorption of some RG-I oligomers, in agreement
with a covalent linkage between xylan and RG-I chains.
In contrast, mumb-1 ethanol precipitates exhibited very
weak adsorption to cellulose, with only approximately
2 ug of Rha, Xyl, and GalA able to adsorb onto 1 mg of
cellulose, which corresponded to 4%, 45%, and 4% of
the Rha, Xyl, and GalA initially present, respectively.
Although the very low amounts of Xyl present in the
fraction were able to adsorb onto cellulose to a certain
extent, RG-I stretches did not appear to be associated
with these. The very low amounts of Xyl present in
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mumb soluble mucilage could reflect the presence of
small amounts of independent Xyl-containing poly-
mers such as heteroxylans or xyloglucans.

Enzymatically Tailored Water-Extracted Mucilage from
Wild-Type Col-0 Adsorbs to Cellulose in Vitro with High
Affinity via Xylan Side Chains

Outer mucilage was extracted from seeds of the ref-
erence accession wild-type Col-0, treated for 3 h with
RGase, and precipitated with ethanol. A solution of the
ethanol-precipitated fraction was prepared at a set
volume for three concentrations and then mixed with
a set volume of water or cellulose microfibrils in sus-
pension. After incubation, sugar analyses were per-
formed on the supernatants recovered, and the amounts
of each major individual sugar (GalA, Rha, and Xyl)
were determined. The initial concentration of unbound
sugars was determined from the sample with water
alone and compared with the concentration of unbound
sugars in samples with cellulose. The amount of bound
material (total and individual sugars) per mass of
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Figure 4. Sugar contents in enzymatically tailored water-extractable
mucilage. Water-extracted mucilage was partially degraded with
RGase (3 h) and then precipitated with ethanol. The ethanol precipi-
tate was recovered as enzymatically tailored water-extractable mucilage.
A, Enzymatically tailored water-extracted mucilage from wild-type Col-2
(light gray bars) was enriched in Xyl compared with mum5-1 (dark
gray bars). Results are given as average mol % = sp of three technical
replicates. B, Enzymatically tailored water-extracted mucilage from
wild-type Col-2 (light gray bars) was able to bind to cellulose in vitro,
unlike that of mum5-1 (dark gray bars). Mean values of each sugar
bound per mg of cellulose are shown = sp of two technical replicates.
The percentage of each sugar that was bound to cellulose is indicated
within the bars.

cellulose was then calculated. Rha, Xyl, and GalA were
adsorbed onto cellulose at all three concentrations used
(Supplemental Table S3), so the binding assay was re-
peated over a larger range of concentrations, including
concentrations high enough to approach cellulose sur-
face saturation to gain further insight into the binding
mechanism. Large amounts of enzymatically tailored
water-extracted mucilage (ethanol-precipitated fractions
after 3 h of RGase treatment) were prepared from seeds
of a biological replicate of wild-type Col-0. The ethanol-
soluble fraction, which represented approximately 80%
by weight of the initial water-soluble mucilage, contained
more than 98 mol% Rha and GalA in a molar ratio close
to 1 (Supplemental Fig. S2). The ethanol precipitate was
similar to that of wild-type Col-2 (Table II), with 27 mol%
Rha, 42 mol% GalA, and 19 mol% Xyl (Supplemental Fig.
S2). Minor amounts of Ara, Man, Gal, and Glc also were
detected (data not shown).
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The ethanol-soluble fraction and the ethanol-
precipitated fraction were tested for their ability to
bind to fibrillated primary cell wall cellulose. The
binding capacity of polymers to cellulose is presented
as binding isotherms (Fig. 5), where the mass of bound
material (total sugars or individual sugars) per mass of
cellulose is plotted versus the concentration of free
material remaining in solution at equilibrium concen-
tration. From binding isotherms for total sugars, the
ethanol precipitate was clearly observed to adsorb to
cellulose in vitro, whereas the ethanol-soluble fraction
did not bind to cellulose at all (Fig. 5A). As classi-
cally observed for a Langmuir adsorption mechanism,
concentration influenced adsorption and a plateau
was reached at saturation, which corresponded to the
maximum adsorption capacity. Plotting binding iso-
therms individually for each of the main sugars (Rha,
GalA, and Xyl) in the ethanol precipitate confirmed that
Xyl strongly adsorbs onto the cellulose surface (Fig. 5B).
Indeed, the amount of Xyl remaining in solution after
incubation of mucilage ethanol-precipitated fraction
solutions with cellulose was very low, even for the
highest concentrations of solutions used, so that a pla-
teau was not reached in our experimental conditions.
Additionally, part of the Rha and GalA present in the
ethanol precipitate also was adsorbed to cellulose (Fig.
5B), while Rha and GalA present in the ethanol-soluble
fraction were not (Fig. 5A). This confirmed that the
xylan chains mediate the adsorption of RG-I scaffold
stretches to which they are attached, since unsub-
stituted RG-I oligomers were unable to adsorb to

Table Il. Linkage analysis of tailored seed mucilage extracted from
mumb5-1 compared with the wild type

Wild-type Col-2 and mum5-1 water-extracted mucilage was par-
tially degraded with RGase (3 h) and then precipitated with ethanol.
Values (average mol % of neutral sugars) are shown two technical
repeats, with variance less than 7% for all samples. Values are scaled
to direct neutral sugar analysis (Fig. 4A). tr., Trace.

Sugar and Linkage Wild-Type Col-2 mumb5-1
Rha

t-Rhap 4.33 6.62

2-Rhap 50.99 82.07

2,4-Rhap 4.88 0.81
Ara

t-Araf 0.16 0.10

3-Araf 1.24 0.99
Xyl

t-Xylp 5.78 0.84

4-Xylp 14.67 5.40

2,4-Xylp 4.25 0.77
Man

4,6-Manp 3.30 tr.
Gal

t-Galp 3.69 0.66

3-Galp 0.72 tr.

4,6-Galp 0.99 0.66
Glc

4-Glep 3.10 1.09

4,6-Glcp 1.00 tr.
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Figure 5. Adsorption isotherms of enzymatically tailored water-
extracted mucilage from wild-type Col-0. Water-extracted mucilage
was partially degraded with RGase (3 h) and then precipitated with
ethanol. The ethanol precipitate was recovered as enzymatically tai-
lored mucilage. The mass of bound material per mass of cellulose (q,)
and the concentration of free material remaining in solution at equi-
librium concentration (C,) were quantified. Values are means = sp of
two technical replicates. A, Binding isotherms show that, in contrast to
the ethanol-soluble fraction (black squares), the ethanol precipitate
(white squares) is able to bind to cellulose in vitro. B, Binding isotherms
for each of the main individual sugars (Rha, GalA, and Xyl) in the eth-
anol precipitate show that Xyl strongly adsorbs onto the cellulose sur-
face (black circles), with Rha (black triangles) and GalA (white triangles)
binding more weakly. C, A linearized form of the Langmuir model was
applied to the Xyl-binding isotherm experimental data shown in B. A
maximum adsorption capacity of 37 ug Xyl mg™' cellulose and an
adsorption constant of 0.0311 mL ug™' Xyl were determined, corre-
sponding to a modest maximum adsorption capacity but a very high
affinity of the polymer for cellulose.

cellulose by themselves. To quantify the adsorption
mechanism of xylan onto cellulose, a linearized form of
the Langmuir model (Langmuir, 1918) was applied to the
Xyl-binding isotherm experimental data. As shown in
Figure 5C, it was possible to fit a linear model function to
data with an 7 of 0.89. A maximum adsorption capacity
of 37 ug Xyl mg " cellulose and an adsorption constant of
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0.0311 mL ug ™" Xyl were determined, which confirmed
the high affinity of xylan branches for cellulose.

Xylan Epitopes Are Localized in Adherent Mucilage
Regions with Diffuse Cellulose

Adherent mucilage has been shown previously to
exhibit domains that differ in their structure and con-
stituent polysaccharides (Willats et al., 2001; Blake et al.,
2006; Macquet et al., 2007a; Young et al., 2008). Notably,
cellulose is observed in wild-type mucilage as intense
rays that span from the tops of columella to the edge of
adherent mucilage combined with diffuse labeling be-
tween rays (Fig. 6, A, C, and D; Macquet et al., 2007a).
To determine where xylan was localized in adherent
mucilage, the AX1 antibody, which recognizes unsub-
stituted 1,4-B-D-xylosyl oligosaccharides (Guillon et al.,
2004), was used in whole-mount immunolocalization.
Wild-type Col-2 mucilage was labeled with AX1 in a
region from above the columella to the outer edge and
was excluded from regions with cellulose rays (Fig. 6,
A, B, and D). Furthermore, immunolabeling of the
pmei6-1 mutant, which is defective for the fragmenta-
tion of the outer primary cell wall, confirmed that AX1
was labeling xylan in mucilage and not cell wall frag-
ments (Supplemental Fig. S3). AX1 labeling of mumb5-1
mucilage was greatly reduced, although some was still
visible colocalized with the cellulose rays (Fig. 6, E-H),
suggesting that the mumb5-1 mutant is leaky or that the
MUMS5 function is redundant with that of another gene.

MUMS5 Encodes a Putative Xylosyl Transferase

The gene affected in mumb5-1 remained to be identi-
fied, although it had been indicated previously to be a
pectin methylesterase (M. Facette and C. Somerville,
personal communication [cited in Western, 2006]). We
mapped the mumb5-1 mutation to a region of 6.68 Mb on
the upper arm of chromosome 3 using linkage analysis
to molecular markers. Analysis of data obtained by
whole-genome resequencing of wild-type Col-2 and
mumb genomic DNA identified 137 polymorphisms
unique to the mutant in the interval. Of these, only 34
were predicted to generate stop or nonsynonymous
codons or frameshift mutations. The gene At3G10320
was highlighted as a likely candidate for the MUMS5
gene, as it was annotated as a glycosyl transferase family
61 protein, which are classed by the Carbohydrate-Active
Enzymes database (http://www.cazy.org/) as S-1,2
xylosyl transferases. This gene contained a C-to-T point
mutation in the open reading frame that changed Ala-387
to Thr (Fig. 7A), and although considered a conservative
mutation, it has been documented previously to cause
defective protein function, probably due to physical
differences (Yanagisawa et al., 2001; Podoly et al.,
2010). The At3G10320 gene was annotated recently as
MUCILAGE-RELATED?21 and shown to be required
for the synthesis of branched xylan in seed coat
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Figure 6. Labeling of xylan in adherent mucilage released from wild-
type and mum5-1 seeds. Confocal microscopy optical sections show
adherent mucilage released from mature imbibed seeds after labeling of
xylan epitopes with AX1 antibody (green) or staining of cellulose with
Pontamine Fast Scarlet 4B (magenta). A to D, Wild-type Col-2 seeds.
E-H, mumb-1 seeds. A and E show whole seeds, and B, C,and D or F, G,
and H show higher magnifications of mucilage from the same seeds,
respectively. A, D, E, and H show composite images of double labeling
with Pontamine and AXT antibody. Arrows indicate zones in adherent
mucilage that are not labeled with AX1. C, Columella; M, adherent
mucilage. Bars = 100 um (A and E) and 20 um (B-D and F-H).

epidermal cells (Voiniciuc et al., 2015a). Furthermore,
available in silico data and quantitative reverse
transcription-PCR  analysis indicated that MUMS5/
MUCI21 was expressed specifically in the seed coat
when the embryo was at the linear cotyledon and
mature green stages (Supplemental Fig. S4; Le et al,,
2010; Voiniciuc et al., 2015a). This expression pattern
is similar to those of other genes, such as CESA3,
CESA5, and MUM4/RHM?2, which encode enzymes
involved in the production of mucilage. Two inde-
pendent mutants with insertions in At3G10320 were
obtained (Fig. 7A), and mucilage released from their

172

A
mumbj-1
ATG TGA
‘l A jT '1671
mums3-2 mum3-3
B C
D — E
.\
L]
f
F

G
Figure 7. Mutants in the MUMS putative xylosyl transferase have a re-
duced adherent mucilage layer. A, Schematic representation of the struc-
ture of MUMS5 as annotated by The Arabidopsis Information Resource
(http://www.arabidopsis.org/). The positions and nature of mum5-1 muta-
tions and the sites and orientation of mum5-2 and mum5-3 insertions are
indicated. LB, Left border. B to G, Visualization of the adherent mucilage
layer by ruthenium red staining of seeds from wild-type Col-2 (B), mum5-1

(©), wild-type Col-0 (D), mum5-2 (E), mum5-3 (F), and F1 seed coat/F2
seed from a cross between mum5-1 and mum5-2 (G). Bars = 200 um.
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seeds was examined by ruthenium red staining (Fig.
7, E and F). Seeds from both mutants had reduced
adherent mucilage layers compared with wild-type
seeds (Fig. 7, A and D), similar to mumb-1 seeds. To
confirm that they were mutant alleles of mumb-1,
crosses were performed between the different mu-
tants, and mucilage released from F1 seed coats of F2
seeds was examined by ruthenium red staining. A
reduced adherent mucilage layer was observed in all
cases (Fig. 7G; data not shown). This genetic non-
complementation confirmed that At3G10320 was
MUMS5 and that the insertion mutants were indeed
mutant alleles, so they were named mumb5-2 and mumb5-3
accordingly.

A gentle water extraction of mucilage was carried out
on seeds from mumb5-1, mumb5-2, and mum5-3 and their
corresponding wild type. This gentle water extraction
was followed by RGase digestion of the inner mucilage
layer. A clear and similar redistribution of the inner to
the outer layer was observed for the three alleles (Table
II). In both wild-type accessions, the proportion of
outer mucilage (calculated on a GalA basis) was cal-
culated to be 69%, whereas in mumb5-1, mumb-2, and
mumb-3, this represented 85% = 1%. Interestingly, the
Rha-Xyl ratio was more drastically increased in mumb5-2
and mumb-3 water-extractable mucilage compared
with wild-type Col-0 (+236% and +275%, respectively)
than in mumb-1 water-extractable mucilage compared
with wild-type Col-2 (+189%).

DISCUSSION

Interactions between cellulose, hemicelluloses, and
pectin are key determinants of plant cell wall properties
and function. Much remains to be understood concern-
ing these interactions, and studies are often hampered by
the difficulty of isolating individual components for
physicochemical studies. Seed mucilage is a relatively
simple and easily accessible mixture of polysaccharides
that is becoming an important model for studying these
polymers. Two layers of mucilage are released from
Arabidopsis seeds, an outer diffuse layer that can be
easily removed by agitation and an inner layer that re-
mains attached to the seed coat. Cellulose has been
clearly demonstrated to mediate the adherence of inner
mucilage RG-I to the seed surface (Harpaz-Saad et al.,

Xylan Side Branches Attach RG-I to Cellulose

2011; Mendu et al., 2011; Sullivan et al., 2011; Ben-Tov
et al., 2015; Griffiths et al., 2015), but the exact mecha-
nism remained to be defined. Determining the relation-
ship between the outer and the inner layers should
contribute to our understanding of the interactions in-
volved, and it can be hypothesized that two key points
are necessary for the partitioning of polysaccharides into
two layers: (1) a correctly constructed cellulose scaffold;
and (2) mucilage pectin with an appropriate structure
and properties for both interaction with cellulose and
hydration.

Disruption of the formation of the cellulosic rays in
mucilage has systematically been associated with a re-
distribution of RG-I from the inner to the outer layer, in
agreement with cellulose-pectin interactions (Harpaz-
Saad et al., 2011; Mendu et al., 2011; Sullivan et al., 2011;
Ben-Tov et al., 2015; Griffiths et al., 2015). Mechanisms
through which such interactions could occur have been
suggested to consist of noncovalent bonding between
cellulose and RG-I side chains (Haughn and Western,
2012). This is based on the fact that, while most of the
RG-I backbone is unbranched in the outer mucilage
layer, more complex branched pectin molecules to-
gether with some hemicelluloses are found in the inner
layer, and these may adhere to the cellulose framework.
This is, however, hard to prove, since the inner adher-
ent layer is difficult to extract for study as an indepen-
dent entity. Strong chemicals or procedures involving
vigorous shaking have been used for this purpose, and
it has been shown that, although mucilage consists
primarily of RG-L, it also contains other polymers such
as HG, xylans, heteromannans, xyloglucan, and arabi-
nogalactan proteins (Walker et al., 2011; Voiniciucetal.,
2015c). Despite their low abundance, these components
could play essential roles in controlling mucilage
properties (Voiniciuc et al., 2015c). For example, glu-
comannans and galactoglucomannans synthesized by
CSLA2 and MUCII0 seem to be involved in structur-
ing the adherent layer of mucilage (Yu et al., 2014;
Voiniciuc et al., 2015b). Determining how these differ-
ent polymers are involved in RG-I attachment to cel-
lulose is challenging, and it is unclear which are part
of the mucilage itself or originate from fragments of
primary cell wall released when the epidermal cells
rupture on imbibition. Treatment of intact seeds
with RG-I-hydrolyzing enzymes after removal of the
outer mucilage layer enables the solubilization of the

Table Ill. GalA content and Rha-Xyl molar ratio of seed mucilage extracted from mum5-1, mum5-2, and

mumb5-3 compared with the wild type

Intact seeds were extracted sequentially with water and RGase. Values (mg g~ intact dry seeds for GalA
and molar ratio for Rha/Xyl = sp) are shown for three biological repeats.

Plant GalA Outer Layer GalA Inner Layer Rha/Xyl Outer Layer
Wild-type Col-2 12.76 = 0.489 5.87 £ 0.093 16.4 = 0.50
mumb5-1 15.48 * 0.575 2.66 = 0.003 31.2 £0.27
Wild-type Col-0 13.91 = 0.441 6.24 = 0.031 16.1 = 0.30
mumb5-2 16.24 * 0.332 2.55 = 0.008 38.1 £ 1.35
mumb5-3 14.31 £ 0.769 2.66 = 0.005 443 = 1.73
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depolymerized inner layer of RG-I, but not polymers
that interact strongly with cellulose. An alternative for
gaining insight into the polymers present in the
adherent layer, as shown here, is a detailed characteri-
zation of outer layer polysaccharides, as a minor com-
ponent of outer mucilage has been hypothesized to
originate from the adherent mucilage layer (Macquet
et al., 2007a). This component was precipitated with
ethanol and contained around 10% of the outer mucilage
RG-T and the majority of the Xyl residues (Supplemental
Fig. S1, A and B).

Analysis of the composition of the outer layer of
mucilage in a series of mutant alleles demonstrated
a tight proportionality of Xyl-GalA-Rha (Fig. 2), in ac-
cord with increasing evidence for a connection be-
tween pectin and xylan synthesis (Atmodjo et al., 2013).
Linkage analysis of the ethanol precipitate from outer
mucilage identified xylan linkages, in agreement with
xylan side chains covalently linked to the RG-I back-
bone (Table II), similar to those observed in polysac-
charides isolated from leaves of D. kaki and from
Arabidopsis suspension culture medium (Duan et al.,
2004; Tan et al., 2013). In vitro binding assays showed
that, while unbranched RG-I oligomers did not bind to
cellulose, a Xyl-enriched mucilage fraction did (Fig.
5A). Moreover, in the latter fraction, a proportion of the
Rha and GalA residues, in addition to most of the Xyl,
were bound to cellulose. If Xyl-containing polymers
and RG-I were independent one from another, Rha and
GalA residues would not bind to cellulose. This dem-
onstrates that mucilage RG-I has xylan branches, which
can mediate the adsorption of mucilage onto cellulose
in vitro through noncovalent linkages and, thus, could
fix mucilage RG-I to cellulose in adherent mucilage.

The adsorption constant value observed for these
RG-I-attached xylan chains is very close to that deter-
mined experimentally for xyloglucan adsorption onto
bacterial microcrystalline cellulose (Lopez et al., 2010),
highlighting that both polymers show a similar very
high affinity for cellulose. Xylan affinity for cellulose
has been observed previously in quince (Cydonia
oblonga) seed mucilage, which is constituted of highly
branched, partially acetylated 4-O-methyl-glucuronoxylans
coating individual cellulose microfibrils (Lindberg
et al., 1990). Acidic glucuronoxylans act as biological
surfactants, giving each cellulose microfibril a net
negative repulsive surface charge, which prevents them
from flocculating. Microfibrils can be organized into
remarkable helical arrays that are very similar to those
of cholesteric liquid crystals (Abeysekera and Willison,
1988, 1990; Reis et al., 1991). The occurrence of mucilage
cellulose being solubilized through interactions with
negatively charged polysaccharides was suggested in
the pioneering work of Miihlethaler (1950). In flaxseed
(Linum usitatissimum) mucilage, when the so-called
polyuronide was hydrolyzed by sulfuric acid, cellu-
lose microfibrils were shown to associate and pre-
cipitate as a fibrous insoluble residue (Miihlethaler,
1950). More recently, it was proposed that fractions of
the arabinoxylan and RG-I in flaxseed mucilage are

174

associated through covalent interactions, which en-
hances their viscosity (Naran et al., 2008). The solubi-
lization of cellulose in Arabidopsis mucilage through
interactions with xylan branches on RG-I is corrobo-
rated by the localization of xylan epitopes within seed
mucilage. These were excluded from regions where
cellulose was observed as rays (Fig. 6, A, B, and D), the
rays being microfibrils of birefringent crystalline cel-
lulose (Sullivan et al., 2011). In contrast, they were
abundant in the regions occupied by diffuse non-
refractive cellulose (Fig. 6D). The exact chemical struc-
ture of the xylan moieties attached to RG-I cannot be
deduced from the linkage analysis. The total ratio of
residues singly branched at O-2 to unbranched residues
in the xylan backbone was relatively low (0.29:1; Table
1), and, since GlcA and t-Ara were rare if not absent, it
is unlikely that there is glucuronoarabinoxylan or ara-
binoxylan. A portion of the more abundant t-Gal and
t-Xyl residues, therefore, is likely to constitute side
group residues of the xylan backbone, as suggested
previously for flax (Naran et al., 2008).

In mumb mutants, RG-I is redistributed to the outer
mucilage layer (Table III; Macquet et al., 2007a), despite
cellulose still being present in the adherent layer (Table
I; Fig. 6, G and H). This suggested that mucilage ad-
hesion is affected in the mutant due to differences in the
branching or cross-linking of other mucilage polysac-
charides (Western et al., 2001; Macquet et al., 2007a). In
contrast to other mucilage mutants, the ratio of Rha to
Xyl in the outer mucilage of mum5 mutants was much
higher (Table III; Fig. 3), indicating a defect in the ad-
dition of Xyl branches to RG-I. This was confirmed by
the significant reduction in (1,2,4-)-linked Rha and
(1,4)-linked Xyl in enzymatically tailored mucilage ex-
tracts from mumb-1 compared with the wild type (Table
IT). Xylan epitopes within adherent mucilage also were
reduced in the mutant (Fig. 6F). Furthermore, enzy-
matically tailored mucilage extracts from mumb5-1 had
dramatically reduced binding to cellulose in vitro
compared with the wild type. Taken together, the mu-
tant phenotypes confirm that the affinity of Xyl
branches for cellulose is responsible for the adhesion of
mucilage RG-1. It was proposed previously that the
high-M,, macromolecular population of polymers in
outer mucilage separated by HP-SEC was part of the
adherent layer (Macquet et al., 2007a). This population
was absent from mumb5-1 extracts (Sullivan et al., 2011),
which have less Xyl in their ethanol-precipitated frac-
tion of outer mucilage (Supplemental Fig. S1), and thus
confirms that these polymers are representative of those
in the adherent layer. This provides important infor-
mation about how mucilage layers are formed: during
seed development, both unbranched and Xyl-branched
RG-I populations are secreted into the apoplast; how-
ever, part of the Xyl-branched RG-I is released into the
outer layer on imbibition, probably because it does not
come into contact with cellulose microfibrils.

The causal mutation in mumb5-1 was identified in a
gene annotated as a xylosyl transferase (Fig. 7A). These
enzymes synthesize polysaccharides by the transfer of
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Xyl residues from a nucleotide sugar to an oligosac-
charide or polysaccharide acceptor (Mohnen, 2008).
The predicted activity of MUMS5 is thus in agreement
with the reduced levels of Xyl branches on RG-I in
mutant mucilage. In a recent study, this gene was im-
plicated in the addition of xylan branches to mucilage
polysaccharides and termed MUCI21 (Voiniciuc et al.,
2015a). Furthermore, in silico expression data and
analyses of transcript abundance indicate strong ex-
pression in the seed coat, similar to other enzymes in-
volved in the synthesis of mucilage polysaccharides
(Supplemental Fig. 54; Voiniciuc et al., 2015a). Glycosyl
transferases involved in pectin synthesis are type II
membrane proteins localized in the Golgi membrane
with their catalytic site facing the lumen. In accordance,
the hydropathy profile of MUMS indicates a potential
transmembrane domain in the N-terminal region of the
protein, and Voiniciuc et al. (2015a) localized MUM5/
MUCI21-sYFP to the Golgi. Xylan epitopes were still
observed in the mucilage of mumb5-1, indicating that this
mutant could be leaky or functionally redundant with
another xylosyl transferase. Comparison of the sugar
composition of mucilage extracts from two other mumb
alleles resulting from T-DNA insertions in the gene in-
dicated that the increase in the ratio of Rha to Xyl was
greater in the insertion mutants, in accord with mum5-1
being a weaker mutant allele with a causal mutation
producing a conserved amino acid change (Fig. 7A).
The glycosyl transferase IRX14 also has been implicated
in the production of xylan, and irx14 mutants have al-
most no adherent mucilage (Voiniciuc et al., 2015a). It
was proposed that IRX14 synthesizes a linear xylan
backbone to which xylan branches are added by
MUMS5/MUCI21, with the branches required for pectin
attachment to the seed surface and the xylan backbone
maintaining cellulose distribution. Based on the results
presented here that implicate MUMS5/MUCI21 in the
addition of Xyl branches to RG-], an alternative is that
IRX14 participates in the extension of xylan from the
Xyl branches on RG-1.

The binding affinity of Xyl ramifications on RG-I to a
cellulose scaffold is not the only factor involved in the
formation of the adherent mucilage layer. The SOS5
fasciclin-like arabinogalactan protein also has been
implicated in pectin adhesion through a mechanism
independent of cellulose (Griffiths et al., 2014). In effect,
sosb mutants have modified partitioning of mucilage
polysaccharides, similar to cesa5 and mum5, with a more
severe loss of adherence in cesa5 sos5 mutants. SOS5
is thought to influence pectin-mediated adherence, as
it alters the pectin defects of flyl and mum2 mutants
(Griffiths et al., 2014). Therefore, in addition to Xyl
branching of RG-I, other pectin modifications also
would appear to influence adherence, and these
remain to be characterized. Glucomannans and
galactoglucomannans can interact with cellulose and
appear to participate in the organization and crystal-
lization of mucilage cellulose (Yu et al., 2014; Voiniciuc
et al.,, 2015b). csla2 and mucil0 mutants affected in
glucomannan and galactoglucomannan synthesis have
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more densely packed adherent layer polymers, with a
small repartitioning of RG-I to the outer mucilage layer.
Voiniciuc et al. (2015b) proposed that galactoglucomannan
serves as a scaffold around the cellulosic rays that
control mucilage density. This would involve interactions
between galactoglucomannan and cellulose and, proba-
bly, other mucilage polymers. Cellulose observed on
direct staining of irx14 mucilage was lost when seeds
were shaken, which was not the case in mumb/muci21
(Voiniciuc et al., 2015a), which suggests that IRX14
synthesizes xylan in polymers other than RG-I
branches, which also could interact with cellulose. The
loss of cellulose staining coupled with the severity of
the irx14 pectin redistribution to outer mucilage could
be due to impaired anchoring of cellulose to the seed
surface in the absence of xylan synthesized by IRX14.
Finally, calcium cross-links between HG also would
appear to influence adherent mucilage density, as im-
bibition of wild-type mucilage in EDTA increases the
size of this layer (Rautengarten et al., 2008; Arsovski
etal., 2009; Saez-Aguayo et al., 2013). The identification
here of a novel link between RG-I and cellulose through
Xyl branches opens up new perspectives for our un-
derstanding of how cell wall polymers interact and
form cell wall architecture.

MATERIALS AND METHODS
Plant Material

Arabidopsis (Arabidopsis thaliana) plants were grown in either a growth
chamber (photoperiod of 16 h of light at 21°C and 8 h of dark at 18°C, 65%
relative humidity, and 170 umol m2s Hora glasshouse (18°C-28°C) with a
minimum photoperiod of 13 h ensured when required by supplementary
lighting. Plants were grown in compost (Tref Substrates) and watered with
Plan-Prod nutritive solution (Fertil; http://www.plantprodsolutions.com/).
Seeds for biochemical analyses were produced from plants of each genotype
grown and harvested together, but biological repeats were not cultivated in
parallel.

Mutants affected in mucilage release were isolated from the Institut National
de la Recherche Agronomique Versailles collection of T-DNA mutants in the
Wassilewskija-4 (Ws-4) accession (Bechtold and Pelletier, 1993). Pools of T3 or
T4 lines were sown on 0.5% (w/v) agarose plates and examined after 16 h for
the presence of a refractive halo of mucilage around the seed. Seedlings from
seeds that did not release mucilage were transplanted to soil for seed produc-
tion. The resulting plants were noted for the presence or absence of trichomes on
leaves and stems. The nonrelease phenotype was verified on the seed lots
produced, and their seed color was examined. Four mutants derived from in-
dependent pools had normal seed color but had glabrous leaves and stems, so
they were crossed to g/2-6 (SM_3.16350). F1 plants and seed coats showed
noncomplementation of the glabrous and mucilage-nonrelease phenotypes,
respectively, confirming them to be gI2 mutant alleles. They were thus named
§12-7 to g12-10. Three mutants with a mum2 chemotype had a decreased ratio of
soluble to adherent mucilage and increased Gal contents. Two mutants showed
noncomplementation of the mucilage-release phenotype in F1 seed coats when
crossed with mumil-1, and these mutant alleles were renamed [uh-7 and [uh-8.
The third mutant showed noncomplementation of mucilage release in F1 seed
coats when crossed with mum2-11 and was renamed mum?2-15. Sequencing
identified the causal mutation as a 64-bp deletion at the end of the 15th exon,
5,092 bp into the open reading frame, which removes 14 amino acids from the
BGALS6 protein. The remaining mutant released mucilage when imbibed in
water overnight. When crossed with the sbt1.7-1 mutant, the mucilage-
nonrelease phenotype of this mutant was not complemented in F1 seed coats,
showing it to be a new mutant allele that was named sbt1.7-3. Sequencing
identified the causal mutation to be a 30-bp deletion, 1,762 bp into the open
reading frame, which eliminates 10 amino acids from the SBT1.7 protein. g/2-9,
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812-10, mum2-14, and sbt1.7-3 were backcrossed once, and [uh-7 was back-
crossed twice, to wild-type Ws-4 prior to biochemical analyses.

Two lines in the Col-0 accession with T-DNA insertions in At3G10320 were
identified in the SIGnAL database (Alonso et al., 2003; http:/ /signal.salk.edu);
WiscDSLox line 503F10 corresponds to mum5-2 and SALK _041744 corresponds
to mum5-3. Seeds from these lines were obtained from the Nottingham Arabi-
dopsis Stock Centre (http://arabidopsis.info). Homozygous lines were
obtained using the primers indicated in Supplemental Table S4.

Mucilage Extraction and Tailoring

Outer soluble mucilage was usually extracted from 200 mg of intact seeds
with 0.05 m HCI (5 mL) for 30 min at 85°C. After centrifugation (8,000g for
5 min), supernatants were carefully removed, and 5 mL of 0.3 m NaOH was
added to the seeds. Suspensions were incubated at room temperature with
intermittent gentle head-over-tail mixing for 10 min prior to centrifugation
(8,000g for 5 min). Supernatants were carefully removed, and seeds were rinsed
three times with 5 mL of water, acidified to pH 4.5 with 0.05 m HCl, and then
rinsed with 5 mL of 50 mm sodium acetate buffer, pH 4.5 (three changes). The
extraction supernatants (HCl and NaOH) and first three rinses were combined,
filtered through a disposable glass microfiber filter (13 mm diameter, 2.7 um
pore size; Whatman), and retained for analysis after extensive dialysis. RGase
(Swiss Prot Q00018; Novozymes) was added to washed seeds (0.8 nkat), and
inner adherent mucilage extracts were recovered as described previously
(Sullivan et al., 2011). For one series of experiments, wild-type Col-0, cesa5,
wild-type Col-2, and mumb5-1 seeds were rinsed an additional three times with
5 mL of 50 mm sodium acetate buffer, pH 4.5. Maxazyme (DSM) was added to
washed seeds (0.9 nkat), and the reaction was incubated at 40°C for 16 h. After
centrifugation (8,000¢ for 5 min), supernatants were removed for analysis. For
some experiments, outer soluble mucilage was extracted from 200 mg of intact
wild-type Col-0, mumb5-1, wild-type Col-2, mumb5-2, and mum5-3 seeds with
water and inner mucilage was extracted with RGase as described previously
(Sullivan et al., 2011).

Large-scale extractions were carried using 1 g of seeds and 20 mL of distilled
water (wild-type Col-0 culture 1, wild-type Col-2, and mum5-1) or 2 g of seeds
and 20 mL of distilled water (wild-type Col-0 culture 2) for 3 h at room tem-
perature with gentle head-over-tail mixing. The extracted mucilage was re-
covered after centrifugation as described above. The three washes were pooled
with the extract and filtered on a G2 sintered glass. Aliquots were retained for
sugar analysis before freeze drying. Large-scale extractions were performed in
triplicate for wild-type Col-0 culture 1, wild-type Col-2, and mumb-1 and eight
times for wild-type Col-0 culture 2.

Freeze-dried water-soluble mucilage aliquots from large-scale extractions
were further subjected to digestion with RGase (0.1 nkat g ' freeze-dried mu-
cilage) for 3 h at 40°C or for 16 h at 40°C. Enzyme hydrolysates were precipi-
tated by adding an equal volume of ethanol and incubating overnight at 4°C.
The resulting pellets and supernatants were recovered as described previously
(Saez-Aguayo et al., 2013).

Glycosyl Residue Composition and Linkage Analysis

Uronic acid (as GalA) was determined by an automated m-hydroxybiphenyl
method (Thibault, 1979). The difference in response to GlcA and GalA in the
presence and absence of sodium tetraborate (Filisetti-Cozzi and Carpita, 1991)
was used to quantify them individually in selected fractions. Individual neutral
sugars were analyzed as 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.

Linkage analyses were performed according to Anumula and Taylor (1992)
with some modifications. Samples were solubilized in water (1 mg 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 was 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 carbo-
hydrates were hydrolyzed with 2 M trifluoroacetic acid and converted to their
alditol acetates. The partially methylated alditol acetates were analyzed by gas
chromatography-mass spectrometry.
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Binding Assays

Solutions of enzymatically tailored water-soluble mucilage (ethanol pre-
cipitate of RGase digest for 3 h at 40°C) were prepared at 3 mg mL ' (wild-type
Col-0 culture 2) or 1 mg mL™! (wild-type Col-0 culture 1, wild-type Col-2, and
mumb5-1), centrifuged (9,000¢ for 20 min), and filtered through a disposable
glass microfiber filter (13 mm diameter, 2.7 um pore size; Whatman). Wild-type
Col-0 culture 1 solution was further diluted to give concentrations of approxi-
mately 200, 300, and 500 pg mL™". Wild-type Col-0 culture 2 solutions were
further diluted to give a range of concentration from approximately 300 g mL ™
to approximately 3 mg mL ", Freeze-dried primary cell wall fibrillated cellulose
(Zykwinska et al., 2005) was suspended in distilled water (10 mg mL ") by
Ultra-Turrax treatment (three times 30 s). A total of 925 uL of mucilage solution
was added to 500 ug of cellulose suspension and 75 uL of 400 mm sodium
acetate buffer, pH 5.8. Controls and blanks were performed by replacing cel-
lulose suspension and mucilage solution, respectively, with identical amounts
of distilled water. Samples, including controls and blanks, were incubated 6 h at
40°C with continuous head-over-tail mixing, centrifuged for 20 min at 9,000g,
and supernatants were carefully removed for direct GalA analysis and indi-
vidual neutral sugar analysis after trifluoroacetic acid hydrolysis. The amount
of adsorbed matter was calculated from the difference in sugar content
measured for controls and corresponding cellulose-mucilage blends,
taking into account the amount of sugars released by cellulose blanks
(average of four measurements). Controls and assays were performed in
duplicate.

Langmuir Fit

The adsorption mechanism was quantified using a Langmuir model
(Langmuir, 1918), which can be expressed as follows:

_ qubC,
T = 170G,

where g, is the mass (ug) of absorbed polymer per mg of cellulose, g,, is the
maximum adsorption capacity (ug polymer mg " cellulose), b is the adsorption
constant (mL pugf] polymer), and C, is the concentration of free polymer
remaining in solution at equilibrium (ug mL™").

The experimental binding isotherm data were further plotted by the line-
arized form of the Langmuir model with the following equation:

C_1 .G
2 8Ty,

The maximum adsorption capacity was calculated from the slope of line a, by

qm = 1/a; and the adsorption constant from the intercept of line a, by b =

1/ (@ m)-

Cytochemical Staining and Immunolabeling of
Seed Mucilage

Seeds were imbibed in water for 3 h and then rinsed twice prior to staining.
The released adherent mucilage was stained with Ruthenium Red or Pont-
amine Fast Scarlet 4B as described previously (Macquet et al., 2007a; Anderson
et al., 2010). The xylan-binding monoclonal antibody AX1 diluted 1:10 was
used for immunolabeling (Guillon et al., 2004) with a rat anti-mouse IgG
secondary antibody conjugated to Alexa Fluor 488 (Invitrogen). Stained or
immunolabeled seeds were observed with a light microscope for ruthenium
red (Axioplan 2; Zeiss) or a Leica TCS-SP5-AOBS confocal microscope using a
514- or 488-nm argon laser line to excite Pontamine or Alex Fluor, respectively,
and detection of fluorescence emission between 570 and 650 nm or 500 and
550 nm. For comparison of signal intensity within a given experiment, laser gain
values were fixed.

Genetic Analyses and DNA Sequencing

The MUMS gene was localized to an interval between 851 and 7,538 kb on
the upper arm of chromosome 3 using a mapping population of 92 F2 indi-
viduals derived from a cross between wild-type Ws-4 and mumb5-1. DNA was
extracted as described by Doyle and Doyle (1990) from flower buds of F2 plants
for 11 progeny showing a reduced halo of adherent mucilage on Ruthenium
Red staining of F2 seed coats. Genotyping of the individuals was carried out
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using the extracted DNA and simple sequence length polymorphism markers
and an approximate map position established based on recombination per-
centages. In parallel, whole-genome resequencing was carried out on wild-type
Col-2 and mumb-1 genomic DNA extracted from leaves by Genome Enterprise
(http:/ /www norwichresearchpark.com/parkdirectory /genomeenterpriselimited.
aspx) using an Illumina HiSeq 2000 sequencer. DNA polymorphisms in the
mapping interval in the mumb5-1 sequence were identified compared with
available wild-type Col-0 sequence (The Arabidopsis Information Resource
version 10) and filtered to remove polymorphisms common to wild-type
Col-2 using the mutDetect pipeline and fileMatch script developed by the
Institut Jean-Pierre Bourgin bioinformatics team (F. Granier, D. Charif and
J. Tran, unpublished data).

Statistical Analyses

Data were analyzed in R, a language and environment for statistical com-
puting (R Core Team; http://www .R-project.org/), and combined into a data
frame using the dplyr and tidyr packages (http:/ /CRAN.R-project.org/web/
packages/dplyr/ and http://CRAN.R-project.org/web/packages/tidyr/).
Data were scaled prior to hierarchical ascendant clustering with hclust using
either Euclidean distances for genotype clustering or the 1 — Spearman corre-
lation distance for sugar clustering; in both cases, the ward clustering method,
ward.D, was employed. Finally, clustered data were plotted as a heat map
using the ggdendro and ggplot2 R packages (http://CRAN.R-project.org/
web /packages/ggdendro/ and http://CRAN.R-project.org/web/packages/
ggplot2/).

Sequence data from this article can be found in The Arabidopsis Information
Resource (http:/ /www.arabidopsis.org) database with the locus identifier
At3G10320 (MUMS5).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Sugar distribution between the ethanol-soluble
fraction and ethanol precipitate from wild-type and mumb-1 water-
extracted mucilage after a complete digestion with rhamnogalacturonan
hydrolase.

Supplemental Figure S2. Sugar distribution between the ethanol-soluble
fraction and ethanol precipitate from wild-type water-extracted muci-
lage after a short digestion with rhamnogalacturonan hydrolase.

Supplemental Figure S3. AX1 labelling of xylan epitopes is limited to
mucilage and is not observed in the primary cell wall.

Supplemental Figure S4. MUMS5 is preferentially expressed in the seed
coat during seed development.

Supplemental Table S1. Total sugar amounts in seed mucilage sequen-
tially extracted from sbt1.7-3, gl2-6, gI2-7, gI2-8, gI2-9, luh-7, luh-8, and
mum2-15 compared to wild type.

Supplemental Table S2. Monosaccharide composition of water-extracted
mucilage.

Supplemental Table S3. Adsorption assays for three concentrations of
enzymatically-tailored water-extracted mucilage from wild-type Col-0.

Supplemental Table S4. Sequences of primers used for identification of
homozygous mutants.
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