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All cells of terrestrial plants are fortified by walls composed of crystalline cellulose microfibrils and a variety of matrix polymers.
Xylans are the second most abundant type of polysaccharides on Earth. Previous studies of Arabidopsis (Arabidopsis thaliana)
irregular xylem (irx) mutants, with collapsed xylem vessels and dwarfed stature, highlighted the importance of this cell wall
component and revealed multiple players required for its synthesis. Nevertheless, xylan elongation and substitution are complex
processes that remain poorly understood. Recently, seed coat epidermal cells were shown to provide an excellent system for
deciphering hemicellulose production. Using a coexpression and sequence-based strategy, we predicted several MUCILAGE-
RELATED (MUCI) genes that encode glycosyltransferases (GTs) involved in the production of xylan. We now show that MUCI21, a
member of an uncharacterized clade of the GT61 family, and IRX14 (GT43 protein) are essential for the synthesis of highly branched
xylan in seed coat epidermal cells. Our results reveal that xylan is the most abundant xylose-rich component in Arabidopsis seed
mucilage and is required to maintain its architecture. Characterization of muci21 and irx14 single and double mutants indicates that
MUCI21 is a Golgi-localized protein that likely facilitates the addition of xylose residues directly to the xylan backbone. These
unique branches seem to be necessary for pectin attachment to the seed surface, while the xylan backbone maintains cellulose
distribution. Evaluation of muci21 and irx14 alongside mutants that disrupt other wall components suggests that mucilage
adherence is maintained by complex interactions between several polymers: cellulose, xylans, pectins, and glycoproteins.

All cells of terrestrial plants are fortified by walls
composed of polysaccharides, proteins, and phenolic
compounds. Composites of crystalline cellulose mi-
crofibrils and a variety of matrix polymers form strong
yet resilient extracellular structures (Cosgrove, 2005).
Cellulose is the main load-bearing component of plant

cell walls and consists of linear b-1,4-linked Glc chains,
which are synthesized and assembled into microfibrils
at the plasma membrane. Most other wall polysacchar-
ides have more complex structures, can be branched,
and are usually synthesized in the Golgi apparatus
by coordinated action of glycosyltransferase (GT)
enzymes (Oikawa et al., 2013). While pectic polymers
(homogalacturonan [HG], rhamnogalacturonan [RG],
and xylogalacturonan [XGA]) are rich in uronic acids,
hemicelluloses (xylans, xyloglucans [XyGs], and
heteromannans) have backbones of neutral sugars that can
interact with cellulose via hydrogen bonds (Somerville
et al., 2004). Xylans are the second most abundant class
of polysaccharides on Earth, but they cannot be effi-
ciently utilized for biofuels because they consist pre-
dominantly of pentose sugars, which are difficult to
ferment by microorganisms such as yeast (Saccharomyces
cerevisiae; Rennie and Scheller, 2014). Xylans from
cereal-derived foods are important for human nutrition
but are largely indigestible without the complex and
dynamic polysaccharide-degrading machinery of the
gut microbiota (Rogowski et al., 2015). The xylan
backbone consists of b-1,4-linked Xyl residues and is
substituted with acetyl groups and different carbohy-
drates, typically GlcA in dicots and Ara in monocots
(Faik et al., 2014). Even within one species, xylan
structure can differ between the primary walls and
the secondary walls, which are deposited after cell
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expansion is completed (Mortimer et al., 2015). Xylans
play important roles in strengthening secondary walls
because most xylan-deficient mutants have collapsed
xylem vessels, dwarfed stature, and reduced fertility
(Scheller and Ulvskov, 2010). Analysis of Arabidopsis
(Arabidopsis thaliana) irregular xylem (irx) mutants en-
abled the discovery of many genes required for xylan
biosynthesis (Brown et al., 2007; Faik et al., 2014).

Even though the xylan backbone is a homopolymer,
multiple Golgi-localized putative xylosyltransferases
(XylTs) from two different protein families are required
for its elongation (Rennie and Scheller, 2014). IRX10
(a GT47 enzyme) and IRX9 and IRX14 (two GT43
members) are involved in xylan synthesis together with
their functionally redundant paralogs, IRX10-LIKE
(IRX10-L), IRX9-L, and IRX14-L. These three sets of
genes play distinct roles in xylan synthesis, and double
mutants lacking any of the pairs have either little to no
xylan compared with the wild type (Brown et al., 2009;
Lee et al., 2010; Wu et al., 2010). So far, only IRX10 and
IRX10-L proteins were unambiguously demonstrated
to function as xylan synthases in vitro (Jensen et al.,
2014; Urbanowicz et al., 2014). Although IRX9 and
IRX14 expression promotes xylan XylT activity in
Arabidopsis and tobacco (Nicotiana tabacum) micro-
somes (Lee et al., 2010, 2012b; Wu et al., 2010), their
biochemical functions are unclear. Based on site-
directed mutagenesis experiments, IRX9 and IRX14
are unlikely to be catalytically active, because they can
function without the conserved amino acids required
for mammalian GT43 enzymes (Ren et al., 2014). These
proteins might therefore play structural roles in a xylan
synthase complexwith IRX10/IRX10-L at its core. IRX14
could potentially bind UDP-Xyl (the donor substrate for
xylan synthesis) via its DxD motif and pass it to the
IRX10 enzyme (Ren et al., 2014).

The diversity of xylan side chains, which vary in a
species- and tissue-specific manner, adds another layer
of complexity to the complicated biosynthetic mecha-
nism described above. In Arabidopsis, the GlcA sub-
stitution of xylan (GUX) is catalyzed by a group of
enzymes from the GT8 family (Lee et al., 2012a; Rennie
et al., 2012). Because GUX1 and GUX2 decorate distinct
xylan domains in Arabidopsis secondary walls, gux1
gux2 double mutant stems have largely unbranched
xylans (Mortimer et al., 2010; Bromley et al., 2013).
Surprisingly, these mutants have normal xylan back-
bone content, demonstrating that the elongation and
substitution of xylan can be uncoupled in Arabidopsis
(Mortimer et al., 2010). By contrast, evidence from grass
suggests that xylan elongation and substitution are
coupled (Faik et al., 2014). The addition of arabinoxylan
side chains in monocots requires at least two distinct
groups of proteins from the GT61 family (Anders et al.,
2012; Chiniquy et al., 2012). Although there are several
putative homologs in the Arabidopsis genome, their
functions remain to be investigated.

While Ara-decorated xylan has not been reported in
Arabidopsis secondary walls, the seed mucilage of
another dicot, psyllium (Plantago ovata), is rich in

arabinoxylan and was successfully exploited to dis-
cover genes involved in the production of this poly-
saccharide (Jensen et al., 2011, 2013, 2014). Mucilage is a
specialized wall, containing hydrophilic polysacchar-
ides, that swells upon hydration and can play impor-
tant roles in promoting seed dispersal and germination
(Western, 2011). Transcriptional profiling indicates that
only IRX10 (without IRX9 and IRX14) might be re-
quired to synthesize the xylan backbone in psyllium
mucilage and that multiple GT61 proteins may be re-
sponsible for the various xylan substitutions in this spe-
cialized wall (Jensen et al., 2013). Although Arabidopsis
seed mucilage primarily consists of the pectic polymer
RG I, glycosyl linkage analysis suggests that highly
branched xylans are also present (Naran et al., 2008;
Walker et al., 2011; Voiniciuc et al., 2015b).

The Arabidopsis seed coat epidermal (SCE) cells
represent a great model to study the synthesis and se-
cretion of polysaccharides (for review, see Haughn and
Western, 2012; North et al., 2014; Voiniciuc et al.,
2015b). Although more than 35 genes are known to
affect the structure of mucilage (Voiniciuc et al., 2015b),
most of the GTs necessary for the synthesis of its com-
ponents remain unknown. The architecture of distinct
polymers in mucilage influences three major properties
of this hydrogel: (1) release from SCE cells, (2) attach-
ment to the seed, and (3) mucilage density or com-
pactness. The release of mucilage upon hydration
depends on correct branching of RG I and on HG
methylesterification (Dean et al., 2007; Macquet et al.,
2007; Rautengarten et al., 2008; Arsovski et al., 2009;
Saez-Aguayo et al., 2013; Voiniciuc et al., 2013). An
adherent capsule, representing 35% of the total mucilage
produced (Voiniciuc et al., 2015b), is anchored around
each seed and is associated with ray-like structures
synthesized in part by CELLULOSE SYNTHASE
(CESA) proteins (Harpaz-Saad et al., 2011;Mendu et al.,
2011; Sullivan et al., 2011; Griffiths et al., 2015) and
potentially assembled by COBRA-LIKE2 (Ben-Tov
et al., 2015). Two additional proteins, SALT-OVERLY
SENSITIVE5 (SOS5; also annotated as FASCICLIN-
LIKE ARABINOGALACTAN PROTEIN4 [FLA4]) and
the receptor-like kinase FEI2 (named after the Chinese
word for fat) are required for mucilage adherence, but
their functions remain unclear (Harpaz-Saad et al.,
2011; Griffiths et al., 2014). Arabinogalactan proteins
can be covalently linked to both RG I and arabinoxylan
(Tan et al., 2013), so SOS5/FLA4 could potentially link
two structures (Griffiths et al., 2014).

Recently, heteromannan produced by CELLULOSE
SYNTHASE-LIKEA2 (Yu et al., 2014) andMUCILAGE-
RELATED10 (MUCI10; Voiniciuc et al., 2015a) was
shown to control the density of polysaccharides in the
mucilage capsule. Using a coexpression and sequence-
based strategy, we predicted that MUCI10 (GT34
member) is a mucilage biosynthetic gene. Our in-depth
biochemical and physiological characterization of
MUCI10 shows that this reverse genetic approach is
successful to discover GTs required for cell wall poly-
saccharide production (Voiniciuc et al., 2015a). By
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extending this screen, we identified At3g10320
(MUCI21), which belongs to an uncharacterized GT61
clade and three genes involved in xylan elongation
(IRX9, IRX10, and IRX14) as promising candidates
for mucilage synthesis. We demonstrate that highly
branched xylan made by IRX14 and MUCI21 is the
main Xyl-rich polymer in mucilage. XyG and XGA are
absent from mucilage or are not essential for its prop-
erties. We also show that Arabidopsis SCE cells pro-
duce a unique xylan structure, whose branches are
seem to be necessary for pectin attachment to the seed
surface and whose backbone mediates cellulose archi-
tecture. Comparison of muci21 and irx14 mucilage de-
fects to those of cesa5, fei2, or sos5mutants suggests that
adherence is maintained by complex interactions be-
tween several wall polymers.

RESULTS

MUCI21 Is Required for the Synthesis of Xyl-Rich
Mucilage Polymers

At3g10320 (annotated as MUCI21) is a promising
candidate from theMUCI screen, as it was coexpressed
with known mucilage genes in the GeneCAT and
GeneMANIA tools (Mutwil et al., 2008; Warde-Farley

et al., 2010) and had the hallmarks of a GT protein.
MUCI21 is related to enzymes from the GT61 family
and belongs to the hitherto uncharacterized clade B
(Fig. 1). We identified two to five clade B proteins in
each of the plants selected for our phylogenetic analysis:
Physcomitrella patens, Selaginella moellendorffii, rice (Oryza
sativa) ‘japonica,’ Populus trichocarpa, and Arabidopsis.
In contrast to this group of unknown proteins, a few
members of clades A and C have already been charac-
terized. The distantly related Arabidopsis XYLT enzyme
(GT61 clade C; Fig. 1) catalyzes the b-1,2-xylosylation of
N-glycans (Strasser et al., 2000; Kajiura et al., 2012). Our
phylogenetic analysis indicates that plants typically
have only one clade C isoform (Fig. 1), while clade A
has 8-fold more members in rice than Arabidopsis and
is likely involved in the arabinoxylan substitution.
Xylan a-1,3-arabinosyltransferase (XAT) and xylan
b-1,2-XylT (XAX) enzymes add xylan side chains that
typically distinguish grasses from dicots (Anders et al.,
2012; Chiniquy et al., 2012).

Microarray analysis of developing Arabidopsis seeds
shows thatMUCI21 is specifically expressed in the seed
coat at the linear cotyledon and mature green stages,
when mucilage synthesis occurs (Fig. 2A; Winter et al.,
2007; Belmonte et al., 2013). Using quantitative reverse
transcription (qRT)-PCR and UBIQUITIN5 (UBQ5) as a

Figure 1. Phylogenetic tree of GT61 proteins from five species. Branches are annotated with National Center for Biotechnology
Information Reference sequences, except for the known AtXYLT, OsXAT2, OsXAT3, and OsXAX1 enzymes. Clades are named as
first reported (Anders et al., 2012). MUCI21 belongs to the hitherto uncharacterized clade B of the GT61 family. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site. Bootstrap values indicate the reliability of the
nodes.
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reference gene, we confirmed the elevated expression of
MUCI21 in developing siliques at the linear andmature
green stages (Fig. 2C). Two independent insertions in
MUCI21 (Fig. 2B) did not dramatically alter expression
at the 59 end (before the mutations) but knocked out
more than 90% of transcription at the 39 end (Fig. 2D),
which encodes the Domain of Unknown Function
(DUF)563 conserved in all GT61 proteins. Therefore, the
partial transcripts detected in muci21 homozygous
mutants are unlikely to encode functional peptides.
Both alleles showed equally severe defects in seed
mucilage staining with ruthenium red (RR), a pectin
dye (Fig. 3, A–C). Adherent mucilage capsules were
dramatically reduced for muci21-1 and muci21-2 com-
pared with the wild type, whereas the total amounts of
mucilage sugars were not significantly altered (Fig. 3I).
Interestingly, the Xyl content was reduced by about
60% in the two muci21 alleles (Fig. 3J; Table I), despite
normal amounts of all other monosaccharides (Table I).
This suggests that MUCI21 is involved in the synthesis
of Xyl-rich polysaccharides in seed mucilage.

IRX14 and MUCI21 Are Essential For Xylan Synthesis in
SCE Cells

Xylan is likely a component of mucilage, although
the identity of Xyl-rich polymers in this specialized cell
wall was not previously confirmed (Voiniciuc et al.,
2015b). Interestingly, our reverse genetic search for
MUCI genes yielded three players that facilitate xylan
backbone elongation in Arabidopsis stems: IRX14
(MUCI64), IRX9 (MUCI65), and IRX10 (MUCI69).
These three genes resembled the expression profile
of MUCI21 during seed development (Fig. 2A;
Supplemental Fig. S1), while their respective paralogs
were broadly expressed (Winter et al., 2007; Belmonte
et al., 2013). Another microarray analysis of dissected
seed coats indicates that MUCI21, IRX9, IRX10, and
IRX14 are abundant at 7 d post anthesis, the peak of
mucilage biosynthesis, in both the wild type and the
apetala2 (ap2) mutant (Supplemental Fig. S2B; Dean
et al., 2011). Because ap2 fails to develop mucilage se-
cretory cells (Dean et al., 2011), these results suggest
that the genes are not expressed only in SCE cells, al-
though differences between the genotypes could be
masked by the high standard deviations of many
samples (Supplemental Figure S2B, asterisks). Even
though the two available seed coat microarray data sets
did not strongly agree in this instance (Dean et al., 2011;
Belmonte et al., 2013), the predicted MUCI genes rep-
resented good candidates for mucilage biosynthesis.

Therefore, we examined the mucilage phenotypes of
irx9, irx10 (Supplemental Table S1), and irx14 (Fig. 2B)
homozygous mutants. Although irx9 plants displayed
severe dwarfism and were largely infertile (Brown
et al., 2005), only insertions in IRX14 disrupted seed
mucilage properties (Fig. 3; Supplemental Fig. S3).
Consistent with the seed expression profiles (Fig. 2A),
qRT-PCR analysis showed that IRX14 and MUCI21
were highly expressed in siliques at the linear cotyledon

andmature green stages (Fig. 2C), when secondarywall
synthesis occurs. The irx14-1 (Brown et al., 2007) and
irx14-2 (Fig. 2D) knockout mutants produced wild-type
amounts of total mucilage (Fig. 3I) but lacked approx-
imately 90% of the Xyl residues (Fig. 3J; Table I). Be-
cause IRX14 is essential for the synthesis of the xylan
backbone (Brown et al., 2007; Lee et al., 2010; Wu et al.,
2010; Mortimer et al., 2015), the severe Xyl deficiency of
irx14 mucilage indicates that xylan is the primary
source of this monosaccharide. Both irx14-1 and irx14-2,
as well as a third independent allele (irx14-3), displayed
a complete loss of adherent mucilage (Fig. 3, E–G),
suggesting that xylan may be required for the attachment

Figure 2. Overview of MUCI21 and IRX14 expression and mutations.
A, MUCI21 and IRX14 are expressed in the seed coat (Winter et al.,
2007; Belmonte et al., 2013). B, Insertions and qRT-PCR primers (ar-
rowheads) used. C, Transcription in wild-type (WT) siliques stages
based on embryo shape (two biological replicates each). All values are
relative to the first MUCI21 sample. D, Mutant siliques at the linear
stage have reduced expression (arrows; Student’s t test, P , 0.05) rel-
ative to thewild type. Data in C andD show themeans + SD (normalized
to UBQ5) of three technical replicates.
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of mucilage to the seed. Because similar mucilage
properties were disrupted in muci21 mutants (Fig. 3),
albeit to lesser extent, we speculated that MUCI21
might also be involved in xylan biosynthesis. The
reduced levels of Xyl in irx14 and muci21 homozygous
mutants (Fig. 3J; Table I) were heritable in the offspring
(Supplemental Table S2).
To investigate if, in addition to xylan, mucilage con-

tains other Xyl-containing polymers that are important
for its architecture, we analyzed the mucilage pheno-
types of mutants that disrupt XyG and XGA synthe-
sis. Although five XyG XylT (XXT) genes and XGA
DEFICIENT1 (XGD1) are expressed in seeds, they are
not tightly associated with mucilage production in SCE
cells (Supplemental Fig. S2, A and C;Winter et al., 2007;
Dean et al., 2011; Belmonte et al., 2013). The XXT genes
and XGD1, unlike MUCI21 and IRX14, did not satisfy
the requirements of our coexpression strategy and do
not represent MUCI candidate genes. Accordingly,
knockout mutations in these genes (Supplemental
Table S1) did not alter the RR staining, total mucilage
amounts, or the relative Xyl content (Supplemental Fig. S3).

Even the xxt1;2;5 triple mutant, which lacks detectable
XyG in other Arabidopsis tissues (Zabotina et al., 2012),
had normal mucilage structure (Supplemental Fig. S3).
In contrast to xylan polymers, XyG and XGA are
therefore absent from mucilage or are not essential for
its properties.

Unlike typical dicot secondary cell walls, mucilage
does not contain glucuronoxylan, as we detected only
trace levels of GlcA (approximately 0.05 mol %), and
gux mutants displayed normal mucilage properties
(Supplemental Fig. S3, D and E). While irx14-2 had 50%
less Xyl and GlcA in stem cell walls, muci21-1 and
muci21-2 mutants did not exhibit reductions in glucur-
onoxylan content or any other changes in stem mono-
saccharide composition (Supplemental Fig. S4). These
data suggest that MUCI21 is specifically involved in
the synthesis of unusual xylan polysaccharides in
Arabidopsis seed mucilage.

Arabidopsis Seed Mucilage Contains a Unique, Highly
Branched Xylan

Glycosyl linkage analysis of muci21-1 and irx14-2
total mucilage extracts (Table II) revealed specific
changes in the abundance and structure of xylan (Table
III). Relative to the wild type, only terminal-Xyl (t-Xyl)
and branched 2,4-Xyl linkages were reduced by up to
90% in two independent analyses of muci21-1, whereas
the unbranched 4-Xyl linkage was not significantly
altered (Fig. 4A; Table II; Supplemental Table S3). The
muci21-1 mutant had a low degree of xylan branching
(7%–10%) compared with the wild type (28%–45%;
Table II; Supplemental Table S3). By contrast, irx14-2
mucilage had 95% less unbranched 4-Xyl than the wild
type and no detectable 2,4-Xyl units (Fig. 4A), consistent
with a nearly complete loss of xylan. Mucilage does
not seem to contain arabinoxylan, similar to other
Arabidopsis secondary walls (Rennie and Scheller,
2014), because muci21-1 and irx14-2 had no significant
changes in Ara linkages (Table II; Supplemental Table
S3). Therefore, the xylan backbone in Arabidopsis
mucilage is most likely decorated with single t-Xyl
linkages rather than typical GlcA or Ara residues.
Because related proteins from clades A and C of the
GT61 family were reported to function as b-1,2-XylTs
(Fig. 1; Strasser et al., 2000; Chiniquy et al., 2012), we
hypothesized that MUCI21 may facilitate the addition of
b-1,2-Xyl units directly to the xylan backbone (Fig. 4C).

To corroborate the glycosyl linkage data, we then
quantified the amount of unbranched xylan in total
mucilage extracts using the LM10monoclonal antibody
(McCartney et al., 2005), which cannot label wild-type
Arabidopsis seed mucilage in situ (Young et al., 2008).
As expected, enzyme-linked immunosorbent assays
(ELISAs) did not detect LM10 epitopes above back-
ground levels in both the wild type, which contains
highly branched xylan (Fig. 4A; Voiniciuc et al., 2015b),
and in the irx14-2 mucilage (Fig. 4B), which is almost
devoid of xylan. However, unbranched xylan labeled

Figure 3. muci21 and irx14 mutants have seed mucilage defects. A to
H, Seeds hydrated in water were stained with RR. The 35S:MUCI21-
sYFP transgene rescuedmuci21-1 staining defects (D) but not the irx14-2
phenotype (H). The muci21 and irx14 mutants produced normal
amounts of total mucilage (I) but had severe decreases in Xyl content (J).
Letters in J indicate significant changes between the mutants and wild
type (WT; Student’s t test, P , 10–5). Bars = 200 mm.
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by the LM10 antibody was abundant in muci21-1 mu-
cilage (Fig. 4B), confirming the results of the linkage
analysis (Fig. 4A). Therefore, MUCI21 appears to be
responsible for the high branching degree of xylan
polysaccharides in this specialized wall.

MUCI21 Decorates Xylan Produced by IRX14 in
Seed Mucilage

Wild-type mucilage likely contains a unique xylan
structure, whose backbone is produced by IRX14 and is
frequently decorated with single Xyl units by MUCI21
(Fig. 4C). We isolated amuci21-1 irx14-2 double mutant
and found that it was biochemically indistinguishable
from the irx14-2 single mutant (Fig. 3K), consistent with
our model (Fig. 4C). Moreover, we expressed MUCI21
proteins tagged with yellow super fluorescent protein
(sYFP) under the control of the 35S promoter. The 35S:
MUCI21-sYFP transgene fully complemented the
muci21-1 staining defects (Fig. 3D) but did not even
partially rescue the irx14-2 mucilage phenotype (Fig.
3K). The MUCI21-sYFP fusion proteins restored the
muci21-1 Xyl content to wild-type levels (Fig. 4D) and
were localized in small intracellular punctae, unlike
the sYFP alone or the negative control (Fig. 5, A–C). In
addition, the punctae of both MUCI21-sYFP (Fig. 5D)
and Wave22Y (Fig. 5F), a Golgi marker (Geldner et al.,
2009), aggregated in large compartments after a 60-min
treatment with 100 mg mL–1 Brefeldin A (BFA), an in-
hibitor of the secretory system (Nebenführ et al., 2002).
Colocalization with the Golgi marker sialyltransferase
(ST)-red fluorescent protein (RFP) (Fig. 5, H–J)
showed that MUCI21-sYFP proteins were present at
the site of xylan biosynthesis (Fig. 4C). Although
MUCI21 likely functions as a XylT required for xylan
substitution in vivo, we could not confirm its enzymatic
activity in vitro. Relative to controls, glutathione
S-transferase (GST) tagged MUCI21 soluble proteins
purified from Escherichia coli were not able to add Xyl
units from UDP-Xyl to xylan oligosaccharides with
several degrees of polymerization (2–6), cellohexaose,
or RG I (Supplemental Fig. S5). Similarly, Nicotiana

benthamiana microsomes expressing full-length MUCI21
proteins tagged with YFP did not incorporate [14C]Xyl
into xylohexaose (B. Ebert and H. Scheller, personal
communication).

Highly Branched Xylan Is Required for Mucilage
Adherence to Seeds

Despite producing total mucilage amounts similar to
the wild type, muci2, and irx14 seeds were surrounded
by very small or no RR-stained capsules, respectively
(Fig. 3) after 5 min of gentle shaking. To investigate this
discrepancy, we hydrated seeds directly in RR and
imaged them without any shaking. Consistent with
the biochemical data, both muci21 and irx14 mutants
released copious amounts of mucilage (Fig. 6, A–F).
However, unlike the wild type, most of the mucilage
immediately detached from the muci21 and irx14 seeds
and dispersed into the surrounding solution. These
mucilage detachment defects could not be rescued by
the addition or removal of Ca2+ ions (Supplemental Fig.
S6). Within aminute of hydration, wild-type seeds sank
to the bottom of tubes containing water (Fig. 6G), be-
cause they were covered by dense hydrogels (Fig. 3A).
Due to the loss of mucilage attachment (Figs. 3 and 6,
A–F), most irx14 seeds and some muci21 seeds floated
even after prolonged contact with water (Fig. 6, H–L).
The irx14 seeds floated for several days and germinated
at the water surface (data not shown).

We then compared muci21 and irx14 to three other
mutants that display impaired mucilage attachment
(Fig. 7). Insertions in MUCI21, IRX14, CESA5, FEI2, or
SOS5 reduced the average size of mucilage capsules
compared with the wild type, without decreasing seed
size (Fig. 7A). The adherent mucilage layers of muci21,
irx14, cesa5, and fei2 mutants were 64% to 79% smaller
than the wild type, while sos5 had 46% smaller muci-
lage capsules but 14% larger seeds (Student’s t test, P,
10–3). More than 90% of total RG I sugars from all five
mutants were extracted by gentle shaking, in contrast to
wild-type mucilage where only 72% of RG I sugars did
not adhere to the seed (Fig. 7B). Consistent with its

Table I. Monosaccharide composition of total mucilage extracts

Relative monosaccharide composition (mol %) and total mucilage content (micrograms of sugar per
milligram of seed). Values represent the mean 6 SD of four (wild type and irx14-2) or three (other gen-
otypes) biological replicates.

Sugar Wild Type muci21-1 muci21-2 irx14-1 irx14-2

Rha 41.39 6 1.72 45.18 6 0.27 44.07 6 0.15 38.96 6 0.49 43.51 6 1.59
Ara 1.23 6 0.20 1.08 6 0.03 1.07 6 0.16 1.24 6 0.06 1.14 6 0.10
Gal 3.50 6 0.32 2.50 6 0.16 2.89 6 0.13 3.30 6 0.34 3.24 6 0.51
Glc 0.72 6 0.04 0.59 6 0.04 0.69 6 0.01 0.70 6 0.03 0.73 6 0.12
Xyl 3.48 6 0.13 1.30 6 0.02a 1.43 6 0.12a 0.40 6 0.02a 0.42 6 0.08a

Man 0.58 6 0.02 0.50 6 0.02 0.61 6 0.01 0.65 6 0.02 0.63 6 0.07
GalA 49.09 6 1.16 48.85 6 0.28 49.24 6 0.16 54.75 6 0.61 50.34 6 2.21
Total 33.44 6 2.29 37.63 6 2.49 36.38 6 2.96 31.34 6 2.34 32.67 6 4.13

aSignificant difference (Student’s t test, P , 10–5) from the wild type.
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severe staining defects (Fig. 3), irx14 mucilage was
easier to detach relative to the other mutants, and more
than 96% of its RG I sugars did not adhere to the seed
(Fig. 7B). Because cesa5, fei2, and sos5 did not have

decreased Xyl content (data not shown), adherence of
mucilage to the seed is likely maintained by several
polymers.

Highly Branched Xylan Attaches Mucilage Pectin to
Cellulosic Rays

To further investigate which components are re-
quired for the adherence of mucilage to the seed, we
examined the in situ distribution of different polysac-
charides. When stained with the Pontamine Fast Scarlet
4B (S4B) dye, muci21 seeds showed cellulosic rays that
were more similar to the wild type than to cesa5, sos5, or
muci10mutants (Fig. 8). Whilemuci21 did not show any
dramatic cellulose defects, a nearly total loss of xylan in
irx14 resulted in irregular cellulose organization (Fig. 8,
I and L). The irx14 columellae either lacked rays or
displayed cellulosic columns that were highly variable
in width and height. However, unlike the muci10 mu-
tant, the irx14 seeds had no obvious decreases in S4B
signal intensity relative to the wild type (Fig. 8).

Several monoclonal antibodies were used to deter-
mine where RG I and xylan are located in the adherent
mucilage layer, relative to cellulose counterstainedwith
S4B (Fig. 9; Supplemental Fig. S7). Unbranched RG I,
bound by CCRC-M36 (Young et al., 2008; Pattathil
et al., 2010), was observed at the edge of wild-type
mucilage capsules (Fig. 9A; Griffiths et al., 2014) but
directly surrounded the cellulosic rays in muci21 (Fig.
9E). CCRC-M30, which was raised against Arabidopsis
mucilage, showed similar results (Supplemental Fig.
S7). A large-scale ELISA data set (Pattathil et al., 2010)
indicates that the CCRC-M139 antibody, unlike LM10,
should be able to bind xylan in wild-type Arabidopsis
mucilage. We successfully used CCRC-M139 to label
adherent mucilage around wild-type and muci21 seeds
(Fig. 9, G–L). In accordance with the biochemical
composition analysis (Table III), mucilage displayed
less intense CCRC-M139 signals compared with RG I
labeled by CCRC-M36. Although its precise epitope
structure remains to be confirmed, CCRC-M139 can
bind unbranched xylan with degrees of polymerization
of at least 6 (Schmidt et al., 2015). CCRC-M139 epitopes

Table III. Polysaccharide composition of total mucilage extracts

The relative amount (mol %) of each polysaccharide was calculated based on the linkage analysis results
in Table II.

Polysaccharide Wild Type muci21-1 irx14-2

Arabinan 0.87 6 0.05 0.90 6 0.02 0.90 6 0.05
Type I arabinogalactan 0.37 6 0.08 0.28 6 0.02 0.30 6 0.17
Type II arabinogalactan 2.20 6 1.25 1.70 6 0.28 4.31 6 2.53
Xylan 3.07 6 0.20 1.42 6 0.12a 0.35 6 0.00a

Galactoglucomannan 1.79 6 0.06 1.80 6 0.17 1.64 6 0.35
RG I 66.59 6 1.27 65.02 6 3.45 65.55 6 2.22
HG 20.59 6 2.28 22.22 6 1.62 24.01 6 0.04
Cellulose 0.56 6 0.03 0.48 6 0.12 0.47 6 0.00a

Others 3.95 6 1.68 6.17 6 4.29 2.47 6 0.40

aSignificant difference (Student’s t test, P , 0.05) from the wild type.

Table II. Glycosyl linkages in total mucilage extracts

Mean relative abundance (mol %) of each linkage 6 SD of three or
two (irx14-2) biological replicates.

Linkage Wild Type muci21-1 irx14-2

Rha
t-Rha 1.68 6 1.38 1.12 6 0.24 3.74 6 2.38
2-Rha 31.89 6 0.54 26.37 6 4.14 30.62 6 0.17
2,3-Rha 1.40 6 0.57 2.76 6 1.25 1.46 6 0.10
2,4-Rha 0.96 6 0.71 3.35 6 1.78 0.99 6 0.66
Ara
t-Ara 0.15 6 0.08 0.05 6 0.03 0.13 6 0.00
5-Ara 0.09 6 0.01 0.46 6 0.03a 0.15 6 0.10
3-Ara 0.62 6 0.09 0.40 6 0.04a 0.62 6 0.15
Gal
t-Gal 0.42 6 0.17 0.28 6 0.05 0.22 6 0.06
2-Gal 0.17 6 0.01 0.13 6 0.02a 0.13 6 0.08
4-Gal 0.20 6 0.04 0.15 6 0.02 0.12 6 0.00
6-Gal 0.09 6 0.01 0.10 6 0.03 0.18 6 0.03a

2,4-Gal 0.11 6 0.09 0.12 6 0.01 0.09 6 0.02
4,6-Gal 0.18 6 0.04 0.13 6 0.02 0.18 6 0.17
3,6-Gal 0.43 6 0.15 0.48 6 0.03 0.39 6 0.18
Glc
t-Glc 0.03 6 0.00 0.09 6 0.01a 0.03 6 0.00
4-Glc 0.79 6 0.03 0.71 6 0.11 0.69 6 0.11
3,4-Glc 0.03 6 0.01 0.03 6 0.01 0.05 6 0.00
4,6-Glc 0.09 6 0.02 0.13 6 0.01 0.14 6 0.05
Xyl
t-Xyl 0.52 6 0.08 0.15 6 0.0a 0.25 6 0.03a

4-Xyl 1.83 6 0.02 1.18 6 0.10a 0.10 6 0.04a

2,4-Xyl 0.73 6 0.19 0.09 6 0.02a 0.00 6 0.00a

Man
4-Man 0.24 6 0.02 0.23 6 0.06 0.22 6 0.11
4,6-Man 0.56 6 0.03 0.54 6 0.08 0.46 6 0.02a

GalA
t-GalA 0.63 6 0.24 0.40 6 0.08 0.71 6 0.47
4-GalA 54.22 6 1.60 54.31 6 2.15 56.37 6 1.23
2,4-GalA 0.54 6 0.14 1.07 6 0.34 0.51 6 0.06
4,6-GalA 1.32 6 0.87 5.09 6 2.81 1.36 6 1.18

aSignificant difference (Student’s t test, P , 0.05) from the wild type.
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were only detected at the outer edge of wild-type ad-
herent mucilage (Fig. 9J) but were more abundant in the
muci21 mutant and tightly surrounded the cellulosic
rays (Fig. 9K), similar to the RG I distribution (Fig. 9E).
In contrast to both the wild type and muci21, no pectin
or xylan was detected at the surface of irx14 seeds (Fig.
9). The irregular cellulosic columns observed in irx14
seeds stained directly with S4B (Fig. 8L) were detached
by the washes of the immunolabeling procedure (Fig. 9,
F and L). These data suggests that while xylan branches
added by MUCI21 are primarily required to anchor the
pectic components of mucilage to the seed surface, a

certain amount of the xylan backbone produced by
IRX14 is necessary for maintaining the architecture of
the cellulose.

DISCUSSION

Mucilage Contains Hemicelluloses Typical of
Secondary Walls

Even though Arabidopsis seed mucilage consists
primarily of unbranched RG I, there is mounting
evidence that it also contains several polysaccharides
found in typical secondary walls (Voiniciuc et al.,
2015b). In spite of their low abundance, these minor
components are important for the overall architecture
and properties of the mucilage capsule. For example,
cellulose is essential for the adherence of mucilage to
the seed (Harpaz-Saad et al., 2011; Mendu et al., 2011;
Sullivan et al., 2011; Griffiths et al., 2015), while gal-
actoglucomannan is indispensable for the density
of pectic polymers and the structure of cellulose
(Voiniciuc et al., 2015a). Based on labelingwith anti-XyG
polyclonal antibody, whose cross-reactivity to other
hemicelluloses remains unclear (Young et al., 2008),
and the detection of linkages typical of branched xylan,
two other hemicelluloses could occur in Arabidopsis
seed mucilage (Haughn and Western, 2012; Voiniciuc
et al., 2015b). We investigated xylan and XyG pres-
ence and functions by characterizing the mucilage
phenotypes of mutants deficient in these hemicellu-
loses (Supplemental Table S1). The severe mucilage
defects caused by three independent insertions in

Figure 4. MUCI21 decorates xylan backbones produced by IRX14. A,
Mucilage Xyl linkages from two independent experiments. B, Abun-
dance of unbranched xylan labeled by LM10 (McCartney et al., 2005) in
mucilage extracts. Epitopes were not detected (ND) in the wild type
(WT) and irx14 after background correction. C, Proposed structure of
mucilage xylan, with Xyl units colored according to the legend in A. D,
Composition of total mucilage extracts. Letters show that 35S:MUCI21-
sYFP rescued the Xyl defect of muci21-1, while muci21 irx14 double
mutants were similar to irx14 (Student’s t test, P , 10–3). Data show
means + SD of at least three biological replicates, except only two for
irx14-2 in A and the double mutant in D.

Figure 5. MUCI21-sYFP proteins are localized in the Golgi. Arabidopsis
cells expressing MUCI21-sYFP (A), the free sYFP tag (B), or no transgene
(C). A to C, sYFP (yellow), chloroplast intrinsic fluorescence (blue), and
transmitted light (gray) signals overlaid in Fiji. E to H, After BFA treatment,
MUCI21-sYFPand theWave22YGolgi marker aggregated in large bodies
(red arrows). H to J, MUCI21-sYFPand ST-RFP Golgi punctae colocalized
(white arrows). Bars = 50 (A–G) and 10 mm (H–J).
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IRX14 (Figs. 3 and 4), an essential player for xylan
elongation (Brown et al., 2007; Lee et al., 2010;Wu et al.,
2010; Mortimer et al., 2015), demonstrate that xylan
represents the main Xyl-rich polymer in mucilage and
that its structure is critical for mucilage attachment to
seeds. By contrast, our analysis of five xxt single mu-
tants and the xxt1;2;5 triple mutant (Supplemental Fig.
S3), which lacks detectable XyG in all other Arabidopsis
tissues examined (Zabotina et al., 2012), indicates that
this polysaccharide is either absent or not essential
for mucilage structure. We therefore conclude that
heteromannans and xylans are the most abundant

hemicelluloses in seed mucilage, similar to other sec-
ondary walls (Scheller and Ulvskov, 2010).

MUCI21, a GT61 Protein, Decorates Xylan with Unusual
Side Chains

Through coexpression analysis with knownmucilage
genes, we have identified a new player that is essential
for xylan biosynthesis. MUCI21 encodes a member of
GT61 clade B, whose biological functions were previ-
ously unknown (Fig. 1). MUCI21 is, to our knowledge,
the first Arabidopsis GT61 to be characterized, and our
data indicates that it plays critical roles in the substi-
tution of xylan in SCE cells. Golgi-localized MUCI21-
sYFP proteins fully rescued the Xyl deficiency and the
RR staining defects of muci21 mutants but not those
of the irx14 mutant (Figs. 3 and 4D). Consistent with
MUCI21 only facilitating the substitution and not the
elongation of xylan (Fig. 4C), 4-Xyl (unbranched xylan
backbone) levels were not significantly reduced in both
of our two independent analyses of glycosyl linkages in
muci21 mucilage (Table II; Supplemental Table S3).
However, the severe loss of branched 2,4-Xyl units in
themuci21mutant did not cause a proportional increase
in 4-Xyl linkages (Fig. 4A). This suggests that in contrast
to decoration of stem glucuronoxylan by GUX proteins
(Mortimer et al., 2010; Lee et al., 2012a), mucilage xylan
substitution by MUCI21 is not completely uncoupled
from the elongation of the xylan backbone by IRX14.
This implies that MUCI21 may function in cooperation
with other biosynthetic enzymes, as proposed for some
GT61 proteins in grasses (Faik et al., 2014). This scenario
could explain why purified MUCI21 proteins did not
show any XylT activity. Consistent with the role of
IRX14 in xylan elongation in other Arabidopsis stems
(Brown et al., 2007; Lee et al., 2010; Wu et al., 2010;
Mortimer et al., 2015), the muci21 irx14 double mutant
phenocopied the reduced Xyl content of irx14 single
mutants (Fig. 4D).

Although we were unable to confirm the predicted
XylT activity ofMUCI21 proteins in vitro using E. coli or
N. benthamiana expression systems, this biochemical
activity has already been reported for two other GT61
proteins. The related XYLT and XAX enzymes, from
clades A and C (Fig. 1) catalyze the transfer of b-1,2-Xyl
units onto different substrates: N-glycoproteins and
arabinoxylan (Strasser et al., 2000; Chiniquy et al.,
2012), respectively. Two independent glycosyl linkage
analyses of wild-type and muci21 mucilage extracts
revealed no consistent changes in Ara linkages but
identified proportional decreases in t-Xyl and 2,4-Xyl
units (Table II; Supplemental Table S3). This suggests
that mucilage xylan is primarily decorated with Xyl
residues (Fig. 4C). Because some groups detected trace
levels of 3,4-Xyl (Dean et al., 2007; Arsovski et al., 2009;
Huang et al., 2011), which could be substituted with
3-Ara units, a minor domain of mucilage xylan could
have side chains distinct from the model shown
in Figure 4C. Even though MUCI21 is specifically

Figure 6. Mucilage is easily detached from muci21 and irx14 seeds. A
to F, Nonadherent mucilage (arrows) released by seeds hydrated directly
in RR. G to L, The majority of irx14 seeds, and some muci21 seeds,
floated (arrows) after 20 min of contact with water. Similar seed quan-
tities were added to each tube. Bars = 2 mm.
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expressed in the seed coat (Fig. 2), and the highly
branched xylan observed in mucilage has not been pre-
viously reported, glucuronoxylan in other Arabidopsis
tissues could also be decorated with a few t-Xyl units.
This would be difficult to notice in stem alcohol-
insoluble residues, because such extracts contain both
primary and secondary walls, and t-Xyl units would be
typically assigned to XyG (Pettolino et al., 2012). Con-
versely, mucilage cannot be frequently substituted with
GlcA because there are only trace amounts of this sugar
in mucilage extracts (Voiniciuc et al., 2015b), and gux1
and gux2 mutants had normal mucilage properties
(Supplemental Fig. S3). Mucilage xylan probably has a
unique structure that has not been previously described
(Fig. 4C). Because this polymer represents only approx-
imately 0.1% of wild-type dry seeds (Table I), its purifi-
cation and characterization is not trivial. Future studies
should elucidate the precise structure of xylan in muci-
lage and in other seed tissues, where xylan biosynthetic
genes are also expressed (Supplemental Fig. S1).

Defects in Two Distinct Mucilage Properties Can Cause
Seed Flotation

The detachment of mucilage from both muci21 and
irx14 mutant seeds is significantly higher than in the
wild type (Figs. 3 and 7), indicating the importance of
xylan polysaccharides for the architecture of this spe-
cialized wall. In the irx14 mutant, the mucilage de-
tachment was so severe that most seeds did not sink
even after prolonged contact with water (Fig. 6), similar
to floating mucilage-releasing (FMR) natural Arabidopsis
accessions (Saez-Aguayo et al., 2014). The gene(s) re-
sponsible for the FMR defects remain unknown but
were predicted to be involved in cellulose production
(Saez-Aguayo et al., 2014). Our results demonstrate that
the FMR phenotype could also be caused by impaired
xylan synthesis, rather than a direct loss of cellulose.
In addition to these severe loss-of-adherence mutants,
seed flotation may also be triggered by reduced muci-
lage release from SCE cells. Mutations in at least nine
different genes impairmucilage release (Voiniciuc et al.,
2015b), primarily by altering the content or decorations

Figure 7. Comparison ofmuci21 and irx14with other loss-of-adherence
mutants. A, Dimensions of seeds and their RR-stained mucilage cap-
sules. B, Rha andGalA easily detached from themutant seeds. Data show
means + SD of five biological replicates. The a and b indicate signifi-
cant changes between the wild type and the mutants (Student’s t test,
P , 0.05).

Figure 8. Cellulose structure in mutants with impaired mucilage ad-
herence. A to L, S4B staining of cellulose in mucilage. Signals were
visualized with the Orange Hot look-up table, using the calibration bar
shown in C. All mutants displayed ray-like regions (arrows) except sos5.
Magnified panels correspond to the seeds above them. Bars = 200 (A–C
and G–I) and 25 mm (D–F and J–L).
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of pectin polymers. For example, mucilage release is
prevented by increased RG I branching (Dean et al.,
2007; Macquet et al., 2007; Arsovski et al., 2009) or
by a lower degree of pectin methylesterification
(Rautengarten et al., 2008; Saez-Aguayo et al., 2013).
Although distinct defects in the release and the at-
tachment of mucilage cause natural variants to float,
and might improve seed dispersal over rivers (Saez-
Aguayo et al., 2014), the exact advantage of each of
mechanism has not been investigated.

Mucilage Adherence Is Maintained by Multiple Polymers

Xylan likely mediates pectin attachment in coop-
eration with other polysaccharides and glycoproteins.
Multiple groups previously showed that cellulose, or-
ganized in ray-like structures, is essential for anchoring
RG I polymers to the seed surface (Harpaz-Saad et al.,
2011; Mendu et al., 2011; Sullivan et al., 2011; Griffiths
et al., 2014, 2015; Ben-Tov et al., 2015). The main bio-
logical function of hemicelluloses is to strengthen the

cell wall via interactions with cellulose (Scheller and
Ulvskov, 2010). Based on muci10 mucilage defects and
the dramatic effects of a-galactosidase and b-mannanase
digestion on pectin attachment, galactoglucomannan
primarily maintains the structure of cellulose but is also
partially required to anchor pectin (Voiniciuc et al.,
2015a). Unlike muci10, the muci21 mutant had surpris-
ingly normal cellulose distribution (Fig. 8) but had RG I
detachment defects as severe as the cesa5 cellulose mu-
tant (Fig. 7). The nearly complete loss of xylan in the
irx14mutant further reducedmucilage attachment (Fig.
7B) and disrupted the uniform distribution of the cel-
lulosic rays (Fig. 8). These data, together with the in situ
colocalization of RG I and xylan epitopes around the
cellulosic rays (Fig. 9), suggest that mucilage xylan, via
its frequent branches, may function as an intermediate
linker between RG I polymers and cellulose microfi-
brils. In agreement with the normal xylem morphology
of gux1 gux2 stems (Mortimer et al., 2010), our results
indicate that cellulose organization is only severely
disrupted by reduced xylan elongation (irx14 mutant)
and not by decreased substitution (muci21 mutant).

In addition to the hemicellulose-cellulose network,
adherence of mucilage to seeds is affected by two sur-
face proteins, SOS5 and FEI2, as well as by the structure
of pectin itself. Mucilage adherence is positively regu-
lated by the HGdegree of methylesterification (Voiniciuc
et al., 2013). The presence of toomuch unesterified pectin
can completely block the release of mucilage from the
seed (Rautengarten et al., 2008; Saez-Aguayo et al., 2013).
In contrast to the known pectin methylesterification
mutants, themuci21 and irx14mucilage defects were not
affected by the presence of Ca2+ ions, consistent with our
biochemical data that the increased detachment results
from the specific loss of xylan rather than from pleiotro-
pic changes in HG structure (Tables I and III). The roles
of SOS5 and FEI2 are even less clear than those of the
polysaccharides described above. These proteins were ini-
tially proposed to function in a linear pathway that
regulates the CESA5-mediated synthesis of cellulose in
mucilage (Harpaz-Saad et al., 2011). However, detailed
phenotypic analyses of sos5 and cesa5 single and double
mutants demonstrate that the affected players mediate
adherence via partially independent mechanisms
(Griffiths et al., 2014). Because RG I and xylan can be
covalently linked via an arabinogalactan protein (Tan
et al., 2013), it is tempting to speculate that SOS5, which
is likely glycosylated (Basu et al., 2015), could be a
structural component of such a complex in mucilage.
Alternatively, RG I polymers could be directly linked to
xylans (Naran et al., 2008; Tan et al., 2013; Cornuault
et al., 2015), which could interact with cellulose mi-
crofibrils via hydrogen bonding. Because Arabidopsis
mucilage attachment appears to be a complex trait,
controlled by many genes, the roles of the different
players should be further dissected by analysis of
double mutants (Griffiths et al., 2014) or biochemical
means (Tan et al., 2013). Mucilage provides a good
model system to explore how xylans interact with other
polymers to control the architecture of the cell wall.

Figure 9. muci21 and irx14 mucilage has impaired RG I and xylan
distribution. Optical sections show unbranched RG I labeled by CCRC-
M36 (A–F) or xylan bound by CCRC-M139 (G–L) in green. Cellulose
was counterstained with S4B (magenta). As xylan epitopes were less
abundant than RG I, green intensity was increased in postacquisition
(G–L). Bars = 200 (A–C and G–I) and 25 mm (D–F and J–L).
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Arabidopsis SCE Cells Are Excellent to Explore
Xylan Biosynthesis

Surprisingly, only IRX14 plays nonredundant roles
in the elongation of mucilage xylan, while knockout
mutations in IRX9 and IRX10, two other promising
MUCI candidates, did not disrupt the properties or Xyl
content of mucilage. This could be caused by the pres-
ence of functional redundant IRX9-L and IRX10-L in
developing seed coats, although they are not specifically
associated with mucilage production (Supplemental
Figs. S1 and S2). Our results show that Arabidopsis SCE
cells offer an exciting new platform to explore the mo-
lecular mechanisms for the elongation and substitution
of xylan. Although psyllium mucilage has more abun-
dant levels of heteroxylan, it likely evolved to have a
xylan synthase complex without GT43 proteins that is
distinct from monocots as well as other dicots (Jensen
et al., 2013). Therefore, Arabidopsis seed mucilage rep-
resents a better model to test the functions of genes re-
quired for xylan synthesis. In addition, our functional
characterization of MUCI21 suggests that GT61 clade B
proteins are involved in xylan substitution, similar to
clade A members (Fig. 1). This discovery increases the
arsenal of genes that could be used to manipulate the
structure of this abundant hemicellulose for improved
nutrition or feedstocks.

MATERIALS AND METHODS

Plant Material

The insertionmutants analyzed in this study are listed in Supplemental Table
S1, and were selected from the SALK (Alonso et al., 2003), SAIL (Sessions et al.,
2002), WiscDsLox (Woody et al., 2007), and GABI-Kat (Kleinboelting et al.,
2012) collections, using the T-DNA Express tool (http://signal.salk.edu/cgi-bin/
tdnaexpress). Seeds were obtained from the Nottingham Arabidopsis Stock
Centre (http://arabidopsis.info). Plants were grown as previously described
(Voiniciuc et al., 2015a, 2015b) in individual 7 3 7 3 8-cm pots at constant light
(around 170 mE m–2 s–1), temperature (20°C), and relative humidity (60%). Seeds
from each plant were harvested into individual paper bags. Plants were geno-
typed by Touch-and-Go PCR (Berendzen et al., 2005), with the primers listed in
Supplemental Table S4. These were created using the SALK T-DNA Primer
Design (http://signal.salk.edu/tdnaprimers.2.html).

Phylogenetic Analysis

All the MUCI21-related GT61 protein sequences from five organisms were
obtained using the standard protein BLAST provided by National Center for
Biotechnology Information. These datawere used to buildphylogenetic analysis
in the MEGA6.0 software (http://www.megasoftware.net/; Tamura et al.,
2013) using a published guide (Hall, 2013). Proteins were aligned (MUSCLE
method), and the evolutionary history was inferred using the maximum-
likelihood method. The tree was built using the best substitution model
found (LG + G) and partial deletion of gaps/missing data. Its reliability was
tested with the bootstrap method (1,000 replicates). The three GT61 clades were
named as first reported (Anders et al., 2012). Proteins that did not cluster with
these clades were excluded from the phylogenetic analysis.

RNA Isolation and qRT-PCR Analysis

Developing siliques were staged and harvested as previously described
(Voiniciuc et al., 2015a). For Figure 2C, RNA was isolated using the ZR Plant
RNAMiniPrep kit (Zymo Research). For Figure 2D, RNAwas isolated with the
RNeasy Plant Mini Kit (Qiagen). The on-column DNase I treatment recom-
mended by the manufacturers was performed for all samples to remove any

DNA contaminants. RNA was quantified using a NanoDrop 1000 (Thermo
Fisher Scientific) and the Qubit RNA High Sensitivity kit (Thermo Fisher Sci-
entific). First-strand complementary DNA (cDNA) was synthesized using the
iScript cDNA Synthesis Kit (Bio-Rad) and 200 ng of RNA template. The primers
for qRT-PCR amplification (Supplemental Table S4) were designed using the
QuantPrime (http://www.quantprime.de) tool (Arvidsson et al., 2008). UBQ5
served as a reference gene (Gutierrez et al., 2008). The amplicons were detected
using iQ SYBR Green Supermix (Bio-Rad) and a Bio-Rad MyiQ system. Ampli-
fication efficiencies, determined using a serial dilution of DNA or cDNA, were
used to calculate fold changes in gene expression (Pfaffl, 2001; Fraga et al., 2008).

Mucilage RR Staining

Except for the seed floatation experiment (Fig. 6, G–L), all seeds were hy-
drated for 5 min in water and stained for 5 min with 0.01% (w/v) RR (VWR
International) in 24-well plates, as previously described in detail (Voiniciuc
et al., 2015a). Every well was then imaged with a Leica DFC 295 camera on a
Leica MZ12 stereomicroscope. Nonadherent mucilage was examined by add-
ing dry seeds to 300 mL of 0.01% (w/v) RR solution (Fig. 6, A–F). The effect of
calcium cross-links onmucilage properties was investigated by hydrating seeds
in 500 mL of water, 50 mM CaCl2, or 50 mM EDTA, pH 9.5, for 60 min at 125 rpm
in a 24-well plate. Seeds were rinsed twice withwater and then stainedwith RR.
All images in this study were processed in Fiji (http://fiji.sc/Fiji; Schindelin
et al., 2012).

Quantification of Mucilage Area

Mucilage and seed dimensions were quantified in Fiji using a published
protocol (Voiniciuc et al., 2015a), with the following updates. Mucilage plus
seed regions were segmented using these color thresholding (minimum, max-
imum) parameters: red (0, 255), green (0, 135), and blue (0, 255), while seed
regions were segmented using red (0, 145), green (0, 255), and blue (0, 255).
Regions of interest were selected using the Analyze Particles function
(circularity = 0.5–1.0), excluding edges and extreme particle sizes.

Statistical Analyses

The dimensions ofmucilage capsules and their biochemical composition (see
detailed methods below) were normally distributed according to the Shapiro-
Wilk test (Shapiro andWilk, 1965), performed using the Real Statistics Resource
Pack (http://www.real-statistics.com) for Microsoft Excel 2010. Statistically
significant changes were identified through the T.TEST function in Microsoft
Excel 2010, using two-tailed distribution and assuming equal variance of two
samples.

Mucilage Monosaccharide Composition

Total mucilage was extracted from seeds, and its monosaccharide compo-
sition was analyzed as previously described in detail (Voiniciuc et al., 2015a). In
summary, 5 mg of seeds was vigorously mixed with 1 mL of water, spiked with
ribose as internal standard, using a ball mill (Retsch MM400) for 30 min at
30 Hz. The seeds were allowed to settle, and the supernatant was transferred to
a new tube, dried, and then hydrolyzed using 2 N trifluoroacetic acid for 90min.
After evaporating the trifluoroacetic acid, monosaccharides were resuspended
in water and were quantified by high-performance anion-exchange chroma-
tography (HPAEC) with pulsed amperometric detection (PAD) using a Dionex
system equipped with a CarboPac PA20 column and GP50, ED50, and AS50
modules. Amounts were normalized to the internal standard and quantified
using standard calibration curves. Figures 4D and 7B and Supplemental Table
S2 results were obtained in parallel with analyses of muci10mutants (Voiniciuc
et al., 2015a) and share the same reference wild-type values. For each data set,
all genotypes were grown, harvested, processed, and analyzed simultaneously.
Nonadherent (with ribose as internal standard) and adherent mucilage
(with 2-deoxy-D-Glc as internal standard) fractions were sequentially extracted
as previously described (Voiniciuc et al., 2015a).

Glycosyl Linkage Analysis of Seed Mucilage

Total mucilage was extracted using the ball mill method and prepared for
linkage analysis via a previously published protocol (Voiniciuc et al., 2015a),
including the following key steps. An aliquot of the extracted mucilage was
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used for HPAEC-PAD monosaccharide analysis. The remaining sample was
acidified, and uronic acids were reduced to their respective 6,6-dideuterio de-
rivatives (Gibeaut and Carpita, 1991). Afterward, the samples were extensively
dialyzed against water, lyophilized, and solubilized in anhydrous dimethyl
sulfoxide (DMSO). The polysaccharides were methylated (Gille et al., 2009),
hydrolyzed, derivatized to the corresponding alditol acetates, and analyzed by
gas chromatography-mass spectrometry (Foster et al., 2010), using sodium
borodeuteride for the reduction. For Supplemental Table S3, the muci21-1 re-
sults were obtained in parallel with the analysis of muci10 (Voiniciuc et al.,
2015a) and share the same reference wild-type values. Polysaccharide compo-
sition was calculated using an existing protocol (Pettolino et al., 2012), with
minor modifications. The 2,3-Rha, 2,4-GalA, and 4,6-GalA linkages were
assigned to RG I, and t-Xyl was assigned to xylan.

LM10 ELISA of Mucilage Xylan

ELISA was performed as described (Pattathil et al., 2010), with minor
modifications (Voiniciuc et al., 2015a). Total mucilage was extracted from 8 mg
of seeds using 1 mL of water, and 125-mL aliquots of the supernatant were
transferred to a 96-well plate (Corning). Based on our monosaccharide data,
these aliquots yield 0.5 mg of Xyl, which should be sufficient to saturate the
wells with xylan antigens. The LM10 antibody for unbranched or low-
substituted xylan (McCartney et al., 2005) was obtained from PlantProbes
(http://www.plantprobes.net).

Stem Monosaccharide Composition

Alcohol-insoluble residue isolated from themain inflorescence stem (bottom
3 cm) of 4-week-old Arabidopsis (Arabidopsis thaliana) plants was processed for
monosaccharide composition analysis with HPAEC-PAD, as previously de-
scribed (Voiniciuc et al., 2015a). For Supplemental Figure S4B, the muci21 re-
sults were obtained in parallel to the analysis of muci10 (Voiniciuc et al., 2015a)
and share the same reference wild-type values.

Mucilage Cellulose Staining

Around 20 seeds were hydrated in 500 mL of water in a 24-well plate for
5min. Thewater was removed, and cellulose was stainedwith 0.01% (w/v) S4B
(now sold as Direct Red 23 [Sigma-Aldrich]) in 50 mM NaCl solution. After
60 min at 125 rpm, the seeds were rinsed three times with 300 mL of water and
imaged with the Leica SP8 confocal system (552-nm excitation and 600- to 650-nm
emission).

Whole-Seed Immunolabeling

For immunolabeling, the four CCRC primary antibodies used were ob-
tained from CarboSource (http://www.ccrc.uga.edu/~carbosource/CSS_home.
html), while Alexa Fluor 488 goat anti-mouse secondary antibody was pur-
chased from Life Technologies. Samples were prepared in a 24-well plate, and
all incubations were performed on horizontal shaker (125 rpm, room temper-
ature) for the indicated duration. For each sample, around 20 seeds were in-
cubated in 500 mL of water for 30 min. After removing 470 mL of water from
each well, seed mucilage was blocked for 30 min with 100 mL of 5% (w/v)
bovine serum albumin (BSA) in phosphate-buffered saline (PBS; pH 7.0) solu-
tion. The blocking solution was removed, and seeds were sequentially incu-
bated for 90min with primary and secondary antibodies diluted 1:10 and 1:100,
respectively, using 1% (w/v) bovine serum albumin in PBS solution. The seeds
werewashed five timeswith 300mL of PBS after each antibody treatment. Seeds
were counterstained for 30 min with 0.01% (w/v) S4B in 100 mM NaCl, rinsed
four times with water, and stored overnight at 4°C. Images were acquired on a
Leica SP8 confocal microscope using the following settings: Alexa Fluor signal
(488-nm excitation and 500- to 530-nm emission) and S4B signal (552-nm ex-
citation and 590- to 700-nm emission). Wild-type samples prepared without the
primary antibody and/or S4B served as negative controls.

Expression and Analysis of MUCI21-sYFP Proteins

The 35S:MUCI21-sYFP construct was created using the pCV01 vector
(Voiniciuc et al., 2015a). Genomic DNA was isolated using a commercial kit
(GeneON). A 1,677-bp MUCI21 fragment (the complete coding sequence,
without the stop codon) was amplified using Phusion High-Fidelity DNA

Polymerase (New England Biolabs). Because the primers had large adapters
(Supplemental Table S4), we first used five three-step amplification cycles with
a low annealing temperature (55°C), followed by 30 two-step Phusion PCR
cycles with an annealing/extension temperature of 72°C. The gel-purified
fragment was then prepared for ligation-independent cloning as described
(De Rybel et al., 2011). The plasmid was verified by Sanger sequencing and,
using Agrobacterium tumefaciens GV3101::pMP90::pSOUP cells, was trans-
formed inArabidopsis plants using amodified floral spraymethod (Weigel and
Glazebrook, 2006), with an infiltration medium containing 5% (w/v) Suc and
0.02% (v/v) Silwet L-77. T1 seedlings were selected with a 10 mg L–1

glufosinate-ammonium spray (Sigma-Aldrich).
Protein subcellular localization in rosette leaf epidermal cells was examined

using aLeica SP8 confocalmicroscope. For theBFA treatment, seedswere placed
on one-half-strengthMurashige and Skoog plates (Voiniciuc et al., 2015b). After
6 d under constant light, seedlings were transferred to a 24-well plate and
incubated (60 min at 80 rpm) with 0.02% (v/v) DMSO (negative control) or
100 mg mL–1 BFA (Sigma Aldrich) in 0.02% (v/v) DMSO. Hypocotyl epidermal
cells were imaged using a Leica SP8 confocalmicroscope. The sYFP signal (500- to
575-nm emission) and intrinsic plant fluorescence (615- to 705-nm emission) were
simultaneously acquired using 488-nm laser excitation.

Expression and Analysis of GST-MUCI21 Proteins

The MUCI21 protein topology was assessed using ARAMEMNON
(Schwacke et al., 2003). A truncated MUCI21 (1,290-bp) fragment, without the
59 region encoding a transmembrane span, was amplified from cDNA, using
the primers in Supplemental Table S4. The amplicon was inserted between the
NotI and SalI sites of the pGEX-5x-3 vector (GE Healthcare) to generate an
N-terminal fusion to GST. Plasmids were propagated in NEB 5-a Escherichia coli
(New England Biolabs) and, after sequence verification, were transformed in
BL21(DE3) E. coli (New England Biolabs) cells for protein expression. Proteins
were expressed and purified precisely as described (Voiniciuc et al., 2015a).
XylT activity was assayed with the UDP-Glo Glycosyltransferase Assay
(Promega, Custom Assay CS1681A05), according to the manufacturer’s in-
structions and the conditions that were successful for the IRX10-L xylan XylT
(Urbanowicz et al., 2014). GT reactions (25mL) containing 50mMHEPES-NaOH
buffer (pH 7.0) and 1.25 mg of purified protein were carried out using 800 mM

ultrapure UDP-Xyl (CarboSource) as donor and 1 mM of an acceptor substrate:
xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose, or cellohexaose
(all from Megazyme International Ireland) or RG I oligosaccharides. GT reac-
tions were incubated for 60 min at 23°C in a 96-well plate (VWR International).
After adding 25 mL of UDP-Glo detection reagent and incubation for 60 min at
23°C, luminescence was measured with a Synergy H1M Hybrid Reader (BioTek)
and quantified using a serial dilution of UDP standards (Promega).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Xylan gene expression in developing seeds.

Supplemental Figure S2. Gene expression in seeds and seed coats.

Supplemental Figure S3. Mutants with normal mucilage properties.

Supplemental Figure S4. Cell wall composition of stems.

Supplemental Figure S5. XylT assays for E.coli-purified proteins.

Supplemental Figure S6. Effects of Ca2+ on mucilage defects.

Supplemental Figure S7. CCRC-M30 labeling of mucilage.

Supplemental Table S1. Mutants examined for mucilage defects.

Supplemental Table S2. muci21 and irx14 chemotypes are heritable.

Supplemental Table S3. Linkage analysis of muci21-1 mucilage.

Supplemental Table S4. Primer sequences (59–39) used.
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