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Differentiation of the maternally derived seed coat epidermal cells into mucilage secretory cells is a common adaptation in
angiosperms. Recent studies identified cellulose as an important component of seed mucilage in various species. Cellulose is deposited
as a set of rays that radiate from the seed upon mucilage extrusion, serving to anchor the pectic component of seed mucilage to the
seed surface. Using transcriptome data encompassing the course of seed development, we identified COBRA-LIKE2 (COBL2), a
member of the glycosylphosphatidylinositol-anchored COBRA-LIKE gene family in Arabidopsis (Arabidopsis thaliana), as coexpressed
with other genes involved in cellulose deposition in mucilage secretory cells. Disruption of the COBL2 gene results in substantial
reduction in the rays of cellulose present in seed mucilage, along with an increased solubility of the pectic component of the mucilage.
Light birefringence demonstrates a substantial decrease in crystalline cellulose deposition into the cellulosic rays of the cobl2 mutants.
Moreover, crystalline cellulose deposition into the radial cell walls and the columella appears substantially compromised, as
demonstrated by scanning electron microscopy and in situ quantification of light birefringence. Overall, the cobl2 mutants display
about 40% reduction in whole-seed crystalline cellulose content compared with the wild type. These data establish that COBL2 plays a
role in the deposition of crystalline cellulose into various secondary cell wall structures during seed coat epidermal cell differentiation.

In angiosperms, the seed coat (also called the testa),
derived from the maternal ovule integuments, provides a
boundary separating the embryo from the external en-
vironment (Haughn and Chaudhury, 2005; North et al.,
2010). The seed coat plays a major role in protecting the
next-generation embryo throughout development, desic-
cation and dormancy, seed dispersal, and the first stages
of germination in the new habitat. In various plant spe-
cies, including Arabidopsis (Arabidopsis thaliana), the seed
coat epidermal cells accumulate a large amount of pec-
tinaceous mucilage. Upon seed imbibition, the mucilage
is extruded, forming a gel-like capsule surrounding the
seed in a process known as myxospermy (Western et al.,

2000). Seed mucilage is composed primarily of pectins,
highly hygroscopic polysaccharides, with rhamnoga-
lacturonan I serving as the main component; yet other
polysaccharides can also be found in smaller quantities,
including homogalacturonan, arabinans, galactans,
xyloglucan, glucomannans, and cellulose (Arsovski
et al., 2010; Western, 2012; Yu et al., 2014). The function
of seed mucilage has not been definitively established,
but potential roles include seed hydration during the
first stages of seed germination, a role in seed dispersal
through its effect on buoyancy, protection from preda-
tion by insects, and/or interactions with microorgan-
isms (Engelbrecht and García-Fayos, 2012; Western,
2012; Yang et al., 2013; Saez-Aguayo et al., 2014).

The process of seed coat epidermal cell differentiation
(also called mucilage secretory cells [MSCs]) has been
well characterized in Arabidopsis. In summary, follow-
ing a phase of cell expansion, there is a massive induc-
tion of pectin biosynthesis and polar secretion from the
Golgi to the apoplast, leading to the formation of a cy-
toplasmic column (Fig. 1). Large quantities of secondary
cell wall material are then deposited into the radial cell
wall and throughout the cytoplasmic column, generating
a volcano-shaped structure known as the columella.
During the final stages of seed maturation, the cell un-
dergoes apoptosis and seed/mucilage desiccation (Western
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et al., 2000). The sequential induction of cell wall-related
metabolic pathways over the course of MSC differentiation
makes it an attractive system for the study of plant cell wall
polymer biosynthesis and modification (Arsovski et al.,
2010; Haughn and Western, 2012; Kunieda et al., 2013;
Saez-Aguayo et al., 2013; Voiniciuc et al., 2013; Griffiths
et al., 2014).

Upon hydration of the mature seed, the mucilage ex-
pands rapidly, rupturing the outer cell wall and encap-
sulating the seed (Western et al., 2000; Haughn and
Chaudhury, 2005). Once released, seed coat mucilage is
organized in two distinct domains: an adherent, inner
layer, tightly attached to the seed surface; and a non-
adherent, outer, diffuse layer. Both layers are composed
primarily of the pectin rhamnogalacturonan I, with the
adherent layer also containing other pectins and minor
amounts of hemicellulose and cellulose (Western et al.,
2000; Penfield et al., 2001; Willats et al., 2001; Macquet
et al., 2007; Young et al., 2008). A number of previous
studies provide data supporting a role for cellulose in
seed coat mucilage: (1) Calcofluor, Congo Red, and
Pontamine Fast Scarlet S4B stainings of seed mucilage
are consistent with the presence of cellulose in the set of
rays deposited across the inner layer of seed coat muci-
lage (Windsor et al., 2000; Willats et al., 2001; Macquet
et al., 2007; Harpaz-Saad et al., 2011; Mendu et al.,
2011a); (2) fluorescently labeled cellulose-binding mod-
ules identify the presence of crystalline and amorphous
cellulose (Blake et al., 2006; Young et al., 2008; Dagel
et al., 2011; Sullivan et al., 2011); (3) pectolytic enzymes
could not degrade the set of rays radiating from the seed
unless combined with cellulase treatment (Macquet et al.,
2007); and (4) most recently, genetic studies confirmed
the cellulosic composition of the rays of seed coat muci-
lage, identifying CELLULOSE SYNTHASE5 (CESA5) as
an essential player in cellulose deposition in this context
(Harpaz-Saad et al., 2011; Mendu et al., 2011a; Sullivan
et al., 2011). Altogether, these data demonstrate the es-
sential structural role of cellulose in anchoring the pectic
component of seed coat mucilage to the seed surface.

Cellulose microfibrils, the primary load-bearing ele-
ments of plant cell walls, are synthesized at the plasma

membrane by cellulose synthase complexes (Somerville
et al., 2004; Baskin, 2005; Somerville, 2006). The glycosyl
transferase, CELLULOSE SYNTHASE A (CESA), acts as
the catalytic subunit of the cellulose synthase complex
that produces paracrystalline chains of b(1→4)-linked Glc
molecules. Multiple b(1→4)-linked Glc chains are then
assembled into crystalline cellulose microfibrils, aligned
according to cell function and shape requirements
(Brown, 1985). The cellulose microfibrils are cross-linked
by hemicelluloses and embedded in a matrix of pectins.
During cell expansion, additional primary cell wall cel-
lulose is deposited, dictating the extent and orientation of
cell growth. Secondary cell wall is synthesized following
the completion of cell expansion as part of the process
of cell differentiation. Genetic and biochemical studies
demonstrate that, of the 10 CESA genes encoded by the
Arabidopsis genome, CESA1, CESA3, and CESA6 are
involved in the biosynthesis of primary cell walls, shown
to appear at a 1:1:1 molar ratio (Desprez et al., 2007;
Persson et al., 2007; Gonneau et al., 2014). While CESA1
and CESA3 are essential components of the cellulose
synthase complex involved in primary cell wall deposi-
tion, CESA2, CESA5, CESA6, and CESA9 act in a par-
tially redundant manner, with predominant roles in
different developmental contexts. CESA4, CESA7, and
CESA8 are involved in secondary cell wall deposition
during xylem cell differentiation (Arioli et al., 1998;
Beeckman et al., 2002; Gillmor et al., 2002; Taylor et al.,
2003; Desprez et al., 2007; Persson et al., 2007). In addi-
tion, recent findings demonstrate a partially redundant
role for CESA2, CESA5, and CESA9 in secondary cell
wall deposition during the course of MSC differentiation,
suggesting that a broader perspective should be adopted
with regard to the role of CESAs in various develop-
mental contexts and demonstrating the utility of MSCs
for the study of cellulose biosynthesis (Stork et al., 2010;
Mendu et al., 2011a, 2011b).

In order to identify additional elements involved in the
emerging mechanism of cellulose microfibril deposition in
MSCs, we employed tissue-specific coexpression analysis
covering the course of seed development. This seed-
specific coexpression analysis led to the identification of

Figure 1. Schematic representation of seed epidermal cell differentiation and mucilage extrusion. The process of seed epi-
dermal cell differentiation (also called MSCs) goes through a phase of cell expansion (I); massive biosynthesis and secretion of
pectins from the Golgi to the apoplast leading to the formation of a cytoplasmic column (II); secondary cell wall deposition into
the radial cell wall and throughout the cytoplasmic column, generating a volcano-shaped columella (III); and desiccation and
apoptosis of the mature seed and mucilage (IV), as described previously by Western et al. (2000). Upon seed hydration, the
hygroscopic pectic component of seed mucilage expands rapidly, breaking the outer cell wall and encapsulating the seed; a set
of cellulosic rays anchor the pectic component of seed mucilage to the seed surface (V).
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COBRA-LIKE2 (COBL2) as a novel regulator of crystalline
cellulose deposition. COBL2 is a member of the plant-
specific, COBRA-LIKE (COBL) gene family composed of
12 genes in Arabidopsis. The putative COBL gene pro-
ducts share three common domains: an N-terminal
cellulose-binding domain, a Cys-rich CCVS domain, and
a C-terminal hydrophobic domain for the attachment of
a glycosylphosphatidylinositol (GPI) anchor (Roudier
et al., 2002; Brady et al., 2007). In both plant and animal
systems, the presence of a GPI anchor is often associated
with polar secretion of the protein to distinct areas of the
plasma membrane. In certain cases, following secretion,
the GPI anchor is cleaved, releasing the polypeptide,
which then can act as a soluble signal molecule
(Rodriguez-Boulan and Powell, 1992; Matter and
Mellman, 1994; Friedrichson and Kurzchalia, 1998; Varma
and Mayor, 1998). The mechanism of COBL protein
function has yet to be elucidated. However, various
COBL family members were shown previously to be re-
quired for anisotropic growth in different developmental
contexts. COBRA, the founder member of the family, was
first identified in a genetic screen for mutants with per-
turbations in root elongation. In wild-type seedlings, root
elongation occurs through the deposition of cellulose
microfibrils transverse to the longitudinal axis, yielding
turgor-driven anisotropic cell expansion. Mutations in
cobra (cob) result in reduced levels of crystalline cellulose
and disorganized deposition of cellulose microfibrils at
the root elongation zone, leading to short and swollen
roots (Benfey et al., 1993; Hauser et al., 1995; Schindelman
et al., 2001; Roudier et al., 2005; Sorek et al., 2014). Other
characterized COBL family members have been assigned
similar functions in other contexts: COBL9 in root hair
elongation (Parker et al., 2000; Ringli et al., 2005; Jones
et al., 2006), COBL10 and COBL11 in pollen tube elon-
gation through the transmitting tract (Li et al., 2013), and
COBL4, initially identified through its coexpression with
CESA4, CESA7, and CESA8 (as well as its orthologs from
rice [Oryza sativa] and maize [Zea mays]), in secondary cell
wall deposition in xylem cells (Li et al., 2003; Brown et al.,
2005; Persson et al., 2005; Ching et al., 2006; Sato et al.,
2010b; Dai et al., 2011; Liu et al., 2013). Of the 12 COBL
family members, seven remain uncharacterized. Despite
accumulating evidence of the profound roles of various
COBL proteins in crystalline cellulose deposition, their
mechanism of action remains largely unknown. In this
work, we assign a central role for the previously unchar-
acterized COBL2 in the mechanism of cellulose deposition
during the course of seed coat epidermal cell differentia-
tion in Arabidopsis.

RESULTS

Organ-Specific Coexpression Analysis Suggests That
COBL2 Is Involved in Cellulose Deposition in the
Arabidopsis Seed Coat

Cellulose, deposited into a set of rays radiating from
the Arabidopsis seed upon hydration, anchors the pectic
component of seed mucilage to the imbibed seed. CESA5,

the FEI2 receptor-like kinase (FEI2), and the extracellular
arabinogalactan protein, SALT OVERLY SENSITIVE5
(SOS5), were identified as important players in seed
mucilage ray formation (Harpaz-Saad et al., 2011; Mendu
et al., 2011a; Sullivan et al., 2011). Two complementary
approaches were employed to further investigate the
mechanism of cellulose deposition into the rays of seed
coat mucilage: (1) investigation of the expression pattern
of genes known to be involved in cellulose deposition (or
their homologs); and (2) identification of the genes that
are coexpressed with FEI2 and/or CESA5. SOS5 was
not included in this analysis, due to its absence from
the ATH1 Affymetrix chip. Both approaches used the
publicly available gene expression profiling data set of
laser-captured microdissected seeds (divided into seven
subtissues), sampled throughout seed development, in
five predefined developmental stages (Le et al., 2010). One
of the gene families examined was COBL, members of
which were shown previously to affect crystalline cellu-
lose content and the orientation of cellulose microfibril
deposition (Schindelman et al., 2001; Roudier et al., 2005).
The expression pattern of COB, the founder member,
did not support a role in cellulose deposition in MSCs.
However, the expression pattern of other COBL genes,
over the course of seed development (as observed using
the Bio-Array Resource eFP browser), suggests that
COBL2 and COBL6 may play roles in this process (Fig.
2A; Supplemental Fig. S1A; Winter et al., 2007; Le et al.,
2010). Both genes exhibit a seed coat-specific induction of
expression during the course of seed development and
have not been assigned functions so far. Generally, these
data are in agreement with the expression pattern of
COBL2 as demonstrated by the Haughn laboratory data
set following gene expression profiling in Arabidopsis
seed coats during development (Dean et al., 2011). While
COBL2 is expressed throughout seed coat differentiation,
COBL6 is expressed specifically during the early stages of
seed development in a pattern resembling that described
previously for CESA2 (Fig. 2A; Supplemental Fig. S1, A
and C; Harpaz-Saad et al., 2011). These data identify
COBL2 and COBL6 as candidates for possible roles in
cellulose deposition during seed development.

In the second approach, Spearman and Pearson rank
correlation coefficients were used to evaluate the ex-
pression correlation between the baits (FEI2 and CESA5)
and each of the genes represented on the ATH1 Affy-
metrix chip during the course of seed development. Data
set-specific coexpression analysis with FEI2 as a bait
assigned a Spearman rank correlation coefficient value of
0.8 (and Pearson correlation of 0.77) between FEI2 and
COBL2, implying significant correlation (Fig. 2B). The
previously described role of various COBL family mem-
bers in cellulose deposition in different developmental
contexts (Brady et al., 2007) prompted us to further ex-
plore the role of COBL2 in seed mucilage. Examination
of the correlation between FEI2 and other COBL family
members using the Spearman correlation coefficient
clearly demonstrates that the highest and only significant
correlation in the seed development-specific context exists
between FEI2 andCOBL2 (Fig. 2B; Supplemental Fig. S1B).
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This context-specific coexpression analysis suggested
that COBL2 is a candidate to be involved in cellulose
deposition in seed coat epidermal cells.

COBL2 Gene Expression

To test the role of COBL2 in seed coat mucilage, two
independent transfer DNA (T-DNA) insertion alleles
were examined, cobl2-1 (SALK_044883), with an inser-
tion in the COBL2 promoter sequence, and cobl2-2
(SAIL_317_C05), with an insertion in the last exon of the
COBL2 gene (Fig. 2C; Alonso et al., 2003). Allelism tests
between the cobl2 T-DNA insertion lines and the cob-1
mutant, serving as a negative control, demonstrate that
cobl2-1 and cobl2-2 are indeed allelic (Supplemental Fig. S2).
Phenotypic analysis (i.e. seed mucilage ray formation)
was assessed in the F2 of these crosses (due to the ma-
ternal origin of the MSCs), confirming the allelic nature
of the cobl2 insertion mutants (Supplemental Fig. S2). No
seed coat-related phenotypes were observed for cobl6
mutants in the three different T-DNA insertion lines ex-
amined using the Calcofluor stain (Supplemental Fig.
S3). The expression of COBL2 in the insertion mutants
was analyzed using developing seeds of the wild type,
cobl2-1, and cobl2-2 examined by quantitative reverse

transcription (RT)-PCR conducted using TUBULIN as a
reference gene. Both cobl2-1 and cobl2-2 appear to be null
alleles, as neither had any detectable COBL2 transcript in
developing seeds (Fig. 2D).

In order to further characterize the expression pattern
of COBL2 during the course of seed development, RT-
PCR was conducted on seeds at 4, 6, 8, 10, 12, and 14
DPA. As predicted from the expression profile of COBL2
in the Goldberg and Harada data set (Fig. 2A; Le et al.,
2010), COBL2was found to be expressed throughout seed
development (Fig. 3A). The transgenic lines previously
described by Brady et al. (2007) were examined, in de-
veloping seeds, for the expression of either GFP or GUS
driven by the COBL2 promoter. While GUS staining of
developing seeds at 12 DPA effectively demonstrated
expression in endosperm/embryo, GUS expression does
not appear to localize to the seed coat, contrary to the
predicted COBL2 gene expression (Supplemental Fig. S4).
Additionally, GFP fluorescence could not be observed in
the developing seeds. To further study COBL2 expression
in seeds, seed coat and embryos of wild-type seeds har-
vested 8, 10, and 12 DPA were separated and examined
by RT-PCR for the expression of COBL2 in the different
subseed contexts. GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE C SUBUNIT (GAPC) and TUBULIN
served as reference genes, with NAC-RELATED SEED

Figure 2. Expression analysis of COBL2 during the course of seed development. A, Expression pattern of representative
members of the COBL gene family through the course of seed development as depicted by the Bio-Array Resource eFP browser
(Winter et al., 2007) based on the data set generated by Le et al. (2010) following gene expression in laser-capture micro-
dissected seeds. B, Coexpression relationship between FEI2 and COBL2 as demonstrated by Spearman correlation coefficient
calculated according to their expression patterns in the Le et al. (2010) gene expression data set. C, Schematic representation of
the COBL2 gene as annotated by The Arabidopsis Information Resource, pinpointing the location of the T-DNA insertion in both
alleles examined, named cobl2-1 and cobl2-2. The blue bars represent the locations of diagnostic primers. Alleles are indicated
above the insertion lines. D, Quantitative RT-PCR analysis of the effect of the cobl2-1 and cobl2-2 mutations on COBL2 gene
expression in developing seeds compared with the wild type (WT), performed with COBL2- or TUBULIN-specific primers, with
TUBULIN serving as a reference gene.
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MORPHOLOGY1(NARS1) and PROTODERMAL FAC-
TOR1 (PDF1) serving as seed coat- and embryo-specific
markers, respectively (Kunieda et al., 2013). COBL2
gene expression was detected in the seed coat fraction
and, interestingly, at similar levels also in the embryo
fraction (Fig. 3B). The discrepancy between the GUS
staining results and the COBL2 expression data by the
two independent microarray experiments described
above (Le et al., 2010; Dean et al., 2011) and the RT-PCR
results obtained from seed coats versus embryos (Fig.
3B) might be attributed to the possible absence of reg-
ulatory elements required for proper in planta COBL2
expression or, alternatively, to posttranscriptional reg-
ulation mechanisms affecting COBL2 transcript levels.
Previous work demonstrated that COBL2 promoter-
driven GUS expression is observed in various devel-
opmental contexts, including the ovule, seed funiculus,
embryonic root tip, root tip columella cells, and at lateral
root emergence sites (Brady et al., 2007). Therefore, the
cobl2 mutants were examined for additional phenotypes.
Screening for perturbations in root development, seedlings
were grown on medium with no additional Suc versus
medium supplemented with 4.5% (w/v) Suc and observed
for root elongation, root tip swelling, number and length of
lateral roots, and root hair morphology. However, no sig-
nificant phenotypes were evident (Supplemental Fig. S5).
Additionally, the effect of the cobl2 alleles on the elongation
and swelling of etiolated seedlings was examined, but no
significant phenotypes were observed in this develop-
mental context (Supplemental Fig. S6). Expression profiling
of COBL2 by RT-PCR demonstrated that the highest level
of expression is observed in siliques (Fig. 3C). Overall, these
results confirm that COBL2 is expressed in the seed coat
during the course of seed development and suggest that it
may serve additional functions in other developmental
contexts.

cobl2 Mutants Display Malformation of the Rays
Deposited across the Adherent Layer of Seed Mucilage

In order to investigate the role of COBL2 in cellulose
deposition in seed mucilage, and in particular in the

formation of the cellulosic rays, seed coat cellulosic
structures were visualized by staining with Calcofluor
White, which stains cellulose and other b-glucans, and
Pontamine Fast Scarlet S4B, a cellulose-specific dye
(Willats et al., 2001; Anderson et al., 2010; Wallace and
Anderson, 2012). In wild-type seeds, both Calcofluor and
Pontamine stain the columella, the remnants of the pri-
mary cell wall attached to the columella tips upon muci-
lage extrusion, and a set of organized rays extending from
the tip of the columella at the seed surface and across the
adherent layer of seed mucilage (Figs. 1 and 4). Although
both stains label the columella and remnants of the pri-
mary cell wall in the cobl2-1 and cobl2-2 mutants, the rays
appear substantially reduced and malformed compared
with the wild type, suggesting a role for COBL2 in seed
mucilage ray formation (Fig. 4). cob-1 seeds were indis-
tinguishable from the wild-type seeds in this analysis.
While COB plays a central role in cellulose deposition
during root elongation, it does not appear to play a role in
the developing seed coat, consistent with its expression
pattern. Interestingly, when the Pontamine staining was
conducted following treatment with the divalent cation
chelator EDTA, detachment of the outer cell wall rem-
nants from the tips of the columella was observed in cobl2
mutant seeds, similar to that described previously for fei2,
sos5, and cesa5 mutants (Fig. 5; Harpaz-Saad et al., 2011).
Cation chelators modulate the properties of pectin mu-
cilage, presumably due to their effect on pectin cross-
linking through Ca2+ and other divalent ions. The effect
of cation chelators on the attachment of the outer cell wall
remnants to the columella following mucilage extrusion
may suggest a role for pectin-cellulose interactions in the
adhesion of those two structures. Altogether, the data
identify COBL2 as a novel player in cellulose deposition
into the set of rays radiating from the seed upon mucilage
extrusion.

cobl2 Mutants Display Increased Solubility of the Pectic
Component of Seed Coat Mucilage

Recent studies have defined a new class of seed
mucilage mutants in which perturbation of cellulose

Figure 3. Expression analysis of COBL2. A, Ex-
pression of COBL2 throughout seed development,
using COBL2- and TUBULIN-specific primers,
with TUBULIN serving as a reference gene. B, RT-
PCR analysis of COBL2 expression in seed coat
versus embryo at representative time points during
the course of seed development. NARS1 serves as
a seed coat-specific marker (Kunieda et al., 2013),
PDF1 serves as an embryo-specific marker, and
TUBULIN and GAPC serve as reference genes
(Kunieda et al., 2013). C, COBL2 gene expression
in different developmental contexts, performed with
COBL2- or GAPC-specific primers, with GAPC
serving as a reference gene.

Plant Physiol. Vol. 167, 2015 715

COBL2 and Cellulose Deposition in Seed Mucilage

 www.plantphysiol.orgon July 13, 2020 - Published by Downloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org


deposition into the rays radiating from the seed leads to
increased solubility of the pectic component of seed
mucilage. Malformed rays, as described previously for
cesa5, fei2, sos5, and cellulose synthase-like A2 (csla2)
mutants, are associated with malpartitioning of seed
mucilage pectins, leading to a reduced inner, adherent
layer alongside an expanded outer, nonadherent layer
(Harpaz-Saad et al., 2011; Mendu et al., 2011a; Sullivan
et al., 2011; Griffiths et al., 2014; Yu et al., 2014). In order
to examine the effect of the malformed rays in the cobl2
seeds on the structure of the pectic component of seed
mucilage, the relative levels of adherent and non-
adherent mucilage in the mutant seeds were examined
(Fig. 6). Upon imbibition, following mucilage extrusion,
the wild-type seeds are separated by gaps, formed due
to the clear, adherent layer of seed coat mucilage that
remains attached to the seed surface. Both cobl2 mutant
alleles occupy a substantially smaller volume, compared
with the wild-type seeds (Fig. 6A), which was associated
with greatly reduced gaps between individual seeds,
suggesting a reduced adherent layer of seed mucilage in
the mutants (Fig. 6A).

To further examine the adherent layer of seed mu-
cilage, seeds were stained with the cationic dye Ru-
thenium Red, which marks acidic pectins and has been
used extensively for visualization of the pectic com-
ponent of seed mucilage (Hanke and Northcote, 1975;
Western et al., 2000; Willats et al., 2001). The Ruthe-
nium Red staining was conducted in conjunction with
mild shaking to remove the nonadherent layer of
mucilage. Both alleles of cobl2 exhibited a substantially
reduced adherent layer as compared with seeds of

both the wild type and the cob-1 mutant (Fig. 6B). This
result confirms that the depletion of the adherent layer of
seed coat mucilage in the cobl2 mutants, as observed
under Ruthenium Red staining, is likely the cause of the
reduced gaps between the seeds evident in the hydration
assay (Fig. 6, A and B). In contrast, when the nonadherent
layer of cobl2-1 and cobl2-2 seed coat mucilage was vi-
sualized via Ruthenium Red staining in the absence of
shaking, it appeared substantially expanded in the mu-
tant lines compared with both wild-type and cob-1 mu-
tant seeds (Fig. 6C). The increased solubility of the pectic
component of seed mucilage observed for cobl2 resembles
that described previously for cesa5, fei2, and sos5mutants,
further confirming the structural role of seed mucilage
cellulosic rays in the adhesion of the pectic component of
seed mucilage to the seed surface.

COBL2 Is Required for Crystalline Cellulose Deposition
into the Rays

The mechanism by which the COBL genes affect cel-
lulose deposition remains unclear. In other developmental

Figure 4. cobl2 mutant seeds exhibit reduced rays of cellulose observed
in wild-type seed coat mucilage. Calcofluor staining for b-glucans (top
row) and Pontamine staining for cellulose (middle and bottom rows) are
shown following gentle shaking in water of the wild type (WT) and var-
ious mutants as indicated. Whole-seed views (top and middle rows) and
closeups (bottom row) are shown. Both Calcofluor and Pontamine stain
label the columella, outer cell wall remnants, and rays deposited across
the inner, adherent layer of mucilage in the wild type. Bars = 0.25 mm
(top and middle rows) and 0.05 mm (bottom row).

Figure 5. Effects of cation chelators on seed mucilage morphology.
Pontamine staining is shown following water or cation chelator treatment
with gentle shaking of the wild type (WT) or various mutants as indicated.
Whole-seed views (left column) and closeups of Pontamine-stained seeds
(middle and right columns) are shown. Note the detachment of the outer
cell wall remnants from the tips of the columella in cobl2 mutant seeds
following treatment with the cation chelator EDTA. DIC, Differential in-
terference contrast. Bars = 0.25 mm (left column) and 0.05 mm (middle
and right columns).
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contexts, COBL gene products have been shown to affect
crystalline cellulose deposition (Schindelman et al.,
2001; Li et al., 2003; Dai et al., 2011). Schindelman and
colleagues elegantly employed polarized light micros-
copy to demonstrate a substantial reduction in crystal-
line cellulose deposition at the elongation zone of cob-1
mutant roots under restrictive conditions, a pheno-
type associated with the perturbation in anisotropic
cell expansion (Schindelman et al., 2001; Roudier et al.,
2005). Polarized light microscopy was also used to
visualize crystalline cellulose deposition into the rays
radiating from the seed uponmucilage extrusion (Sullivan
et al., 2011; Yu et al., 2014). Under polarized light, the
amount of light retardance observed correlates with the
amount and average degree of alignment of crystalline
cellulose microfibrils in the light path. A polarized light
microscope system equipped with an automated liquid
crystal compensator (LC-PolScope; Abrio Imaging Sys-
tem) was utilized to further investigate the role of COBL2
in cellulose deposition in seed mucilage (Schmidt, 1924;
Oldenbourg, 1996). Use of the LC-PolScope is an infor-
mative method for in situ determination of cellulose
microfibril orientation and crystalline cellulose content
through its intrinsic ability to retard polarized light
birefringence (Eder et al., 2010; Abraham and Elbaum,
2013). The LC-PolScope system enables high-resolution,
noninvasive, in situ visualization and quantification of
the effects of biological structures on polarized light due
to their intrinsic anisotropic properties. Therefore, it is
devoid of prelabeling treatments that may affect the ex-
amined tissue. Following imbibition, there was no ob-
servable difference in whole seeds of the cobl2-1 mutant
when examined in bright light as compared with wild-

type seeds (Fig. 7A). Under polarized light, wild-type
seeds appeared surrounded by a halo, reflecting the cel-
lulose rays radiating from the seed that cause a retard-
ance of the polarized light. Moreover, the columella and
remnants of the primary cell wall remaining following
mucilage extrusion also can be identified at the seed
surface due to their similar ability to retard polarized light
(Fig. 7, B and C; Supplemental Fig. S6). While the colu-
mella and the remnants of the primary cell wall could be
observed in the cobl2 seeds, the halo of cellulosic rays
appears substantially reduced, resembling the pheno-
type of cesa5 seeds (Fig. 7; Supplemental Fig. S6). The
similarity in phenotype between the cobl2 and cesa5
mutants suggests that COBL2 functions in the deposi-
tion of crystalline cellulose into the rays radiating from
the seed upon imbibition.

The LC-PolScope system enables further analysis of
the orientation of crystalline cellulose microfibril depo-
sition by calculation of the orientation of the slow axis of
the birefringent cellulose microfibrils per pixel. These
data demonstrate that the crystalline cellulose microfi-
brils in the rays are deposited perpendicular to the seed
surface (Fig. 7, D and E; Supplemental Fig. S6). Inter-
estingly, while both Calcofluor and Pontamine stains
reveal reduced rays in the cobl2 mutants, crystalline
cellulose visualization by polarized light birefringence
demonstrates a nearly complete lack of rays. This dis-
parity suggests either a decreased crystallinity of the
malformed rays remaining in the cobl2 and cesa5 mutant
backgrounds or a limited sensitivity of the LC-PolScope
visualization as compared with the cellulose stains (Figs.
3 and 6). In order to address this question, Pontamine-
stained seeds were observed by both LC-PolScope and
fluorescence microscopy (Supplemental Fig. S7). When
the sensitivity of polarized light birefringence was set
according to the optimal conditions for wild-type ray
visualization, as in Figure 4, the residual rays of the
mutants seen with the Pontamine stain were almost
completely absent in the polarized light image. In-
creasing the sensitivity of the LC-PolScope led to satu-
rated visualization of the rays in the wild type but did
enable visualization of the residual rays evident in the
cobl2 mutant background, which perfectly colocalizes
with the Pontamine stain images (Supplemental Fig. S7).
Interestingly, when stains such as Calcofluor or Pont-
amine are used for cellulose visualization, the rays of the
wild-type seeds tend to stain to a lower extent than
those of the mutants under the same conditions. This
might be attributed to the increased accessibility of the
rays to the stain as a result of the increased solubility of
the pectinaceous component of seed coat mucilage in the
mutants. In contrast, LC-PolScope imaging visualization
based on the intrinsic properties of the visualized sub-
stance directly correlates with the amount of crystalline
cellulose, unhindered by properties of stain diffusion,
highlighting another distinct advantage of the LC-
PolScope for the visualization of crystalline cellulose.

As a complementary approach aimed at the char-
acterization of the role of COBL2 in crystalline cellu-
lose deposition in seeds, we measured the crystalline

Figure 6. cobl2 mutants display an increased solubility of the pecti-
naceous component of seed mucilage. A, Ten milligrams of seeds of
the wild type (WT) and indicated mutants was immersed in water
overnight at room temperature and occasionally shaken. B, Staining of
seeds with Ruthenium Red for pectins, with gentle shaking, following
pretreatment with EDTA. Note that only the adherent mucilage layer
stays attached following shaking. C, Staining of seeds with Ruthenium
Red with no shaking, demonstrating both adherent and nonadherent
layers of seed mucilage. Bars = 2 mm (A), 0.25 mm (B), and 1 mm (C).

Plant Physiol. Vol. 167, 2015 717

COBL2 and Cellulose Deposition in Seed Mucilage

 www.plantphysiol.orgon July 13, 2020 - Published by Downloaded from 
Copyright © 2015 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.240671/DC1
http://www.plantphysiol.org


cellulose content of mature, dry Arabidopsis seeds
using the Updegraff assay. Seeds of the cesa5 mutant
served as a control, as it has been shown previously to
exhibit a reduction in whole-seed crystalline cellulose.
Our results indicate a 25% reduction in crystalline
cellulose content in seeds of the cesa5 mutant, con-
sistent with previous results (Fig. 7; Sullivan et al.,
2011). Disruption of COBL2 results in a significant
reduction (approximately 40%) in crystalline cellulose
levels in seeds of both cobl2mutant alleles (cobl2-1 and
cobl2-2; Fig. 8). As discussed previously, such a de-
crease in crystalline cellulose content cannot be at-
tributed solely to a reduction of crystalline cellulose
deposition in the rays (Sullivan et al., 2011), sug-
gesting that COBL2 must play additional roles in
cellulose deposition during seed development. These
results demonstrate that COBL2 is essential for crys-
talline cellulose deposition in the seed. Specifically,
COBL2 functions in crystalline cellulose deposition
into the rays radiating from the Arabidopsis seed coat
upon mucilage extrusion and is predicted to play
additional roles in other developmental contexts in
the seed as well.

COBL2 Is Required for Cellulose Deposition in the Radial
Cell Wall and the Columella of MSCs

The significant reduction in crystalline cellulose in
cobl2 mutant seeds prompted us to further investigate a
role for COBL2 in other contexts in the seed. Previous
studies have assigned roles for different members of the
CESA gene family in cellulose biosynthesis in various
contexts throughout seed development. In the Arabi-
dopsis seed coat, CESA5 plays a nonredundant role in
the formation of seed coat rays, yet it acts redundantly
with CESA2 and CESA9 in cellulose deposition during
radial cell wall thickening and the formation of the col-
umella (Harpaz-Saad et al., 2011; Mendu et al., 2011a;
Sullivan et al., 2011). In order to further examine the role
of COBL2 during cellulose deposition in MSCs, scanning
electron microscopy was conducted (Stork et al., 2010;
Mendu et al., 2011a). Scanning electron microscopy
imaging of dry seeds of cobl2 mutants revealed substan-
tially thinner radial cell walls and reduced columella size
compared with those observed in wild-type seeds (Fig. 9).
Quantification of radial cell wall width and columella tip
area revealed an approximately 50% reduction of both
parameters in the two cobl2 alleles examined compared
with wild-type and cob-1mutant seeds (Fig. 9, B and C). To
further confirm these results, 10-mm cryosections of im-
bibed seeds were examined by the LC-PolScope system
(Fig. 10; Supplemental Fig. S8). The retardance of polarized
light by the columella of both cobl2 alleles was reduced
significantly compared with wild-type seeds, indicating
that COBL2 plays an additional role in the deposition of
crystalline cellulose into the cytoplasm ofMSCs, giving rise
to the columella (Fig. 10). Together, these data suggest a
central role for COBL2 inmultiple aspects of secondary cell
wall deposition in MSCs, including ray formation, radial
cell wall thickening, and the formation of the columella.

DISCUSSION

Recent studies demonstrate multiple roles for cellu-
lose deposition throughout the course of seed coat

Figure 8. Dry seeds of cobl2 mutants display reduced amounts of crys-
talline cellulose as compared with the wild type. Whole-seed crystalline
cellulose content was measured by Updegraff assay. Error bars represent SD,
and asterisks indicate significant differences compared with the wild type
(WT) when using the Mann-Whitney U test (P , 0.05; n $ 9).

Figure 7. Polarized light birefringence demonstrates severe reduction
in crystalline cellulose deposition into the rays of cobl2 mutant
seeds, resembling the cesa5 seed phenotype. In situ visualization of
crystalline cellulose deposition in MSCs of imbibed seeds was in-
vestigated by LC-PolScope for their ability to retard polarized light
birefringence. The phenotypes of imbibed seeds of the indicated
genotypes are shown by bright light (A), polarized light (B), and
liquid crystal polarized light microscopy (LC-PolScope; C). The or-
ientation of crystalline cellulose microfibril deposition is demon-
strated by the angle of the slow optical axis per pixel and visualized
by color-code index (D and E). WT, Wild type. Bars = 0.25 mm
(A–C) and 0.1 mm (D and E).
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epidermal cell differentiation. Various CESAs were
shown to play roles in the deposition of cellulose (1) into
the set of cellulosic rays radiating from the seed upon
mucilage extrusion and (2) into the secondary cell wall
structures known as the columella and the radial cell wall
(Stork et al., 2010; Harpaz-Saad et al., 2011; Mendu et al.,
2011a; Sullivan et al., 2011). However, other components
of the machinery employed in cellulose deposition in this
developmental context remain largely uncharacterized.
Here, we assign a novel function to COBL2, demon-
strating its role in crystalline cellulose deposition in seed
coat epidermal cells. Mutations in cobl2 lead to crystalline
cellulose ray malformation associated with increased
solubilization of seed mucilage pectins. These results
identify the cobl2 mutants as part of an emerging class of
seed coat mucilage mutants (including the previously
described cesa5, fei2, sos5, csla2, and mum5) in which
perturbation in mucilage cellulosic ray formation is as-
sociated with a redistribution of seed mucilage pectins
(Harpaz-Saad et al., 2011; Mendu et al., 2011a; Sullivan
et al., 2011; Yu et al., 2014). In a similar manner to CESA5,
COBL2 affects cellulose deposition into the rays, the col-
umella, and the radial cell wall. However, unlike CESA5,
the effect of COBL2 on the columella and radial cell walls
appears nonredundant, as a single cobl2 mutation signif-
icantly impacts the morphology of these secondary cell
wall structures. Various results suggest that COBL2 acts
through a direct effect on the deposition of crystalline
cellulose microfibrils: (1) the high similarity in phenotype
between the reduced rays observed for cobl2 and cesa5
mutants by both Pontamine stain and polarized light
microscopy; (2) the significantly reduced retardance of

polarized light by the columella of cobl2 mutant seeds as
compared with the wild type; and (3) the reduction of
approximately 40% in total seed crystalline cellulose
content compared with the wild type. Therefore, COBL2
is essential for crystalline cellulose deposition into spe-
cialized secondary cell wall structures of seed epidermal
cells, such as the set of rays radiating from the seed across
the adherent layer of seed mucilage, the columella, and
the radial cell wall. Additionally, although LC-PolScope
visualization of whole-seed cryosections for cobl2-1,
compared with the wild type and cesa5, did not indicate
significant variance in crystalline cellulose content in
other cell layers in the seed, the approximately 40% re-
duction in crystalline cellulose quantity measured in
whole seeds and the RT-PCR results suggesting COBL2
expression during embryo development may indicate an
even more extensive role for COBL2 in this context and
require further study (Fig. 3; Supplemental Fig. S9).

COBL2 is a member of the COBL gene family encoding
extracellular, GPI-anchored proteins. Other COBL gene
products were shown previously to be required either for
oriented crystalline cellulose deposition into the primary
cell wall during cell expansion (e.g. COBRA in the root,
COBL9 in root hairs, and COBL10 and COBL11 in pollen
tube elongation) or for the assembly of crystalline cellu-
lose microfibrils during the deposition of the secondary
cell wall (such as COBL4 during the formation of the
vascular system; Parker et al., 2000; Schindelman et al.,
2001; Brown et al., 2005; Persson et al., 2005; Li et al.,
2013). While the COBL gene products do not appear to
function as part of the core machinery employed in the
synthesis of the b(1→4)-linked Glc chains, accumulating

Figure 9. cobl2 mutant seeds display al-
terations in MSC secondary cell wall struc-
tures like the columella and the radial cell
wall. A, Scanning electron microscopy im-
ages of mature seeds of the indicated geno-
types. The radial cell wall is artificially
stained in yellow and the columella tip in
blue. Bars = 25 mm (top row), 25 mm
(middle row), and 10 mm (bottom row). B
and C, Quantification of MSC radial cell wall
width (B) and columella tip area (C) in the
indicated genotypes. For each genotype, 150
epidermal cells from 10 seeds were mea-
sured. Error bars indicate SE. WT, Wild type.
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evidence suggests that they may play a central role in the
assembly of multiple b(1→4)-linked Glc chains into
crystalline cellulose microfibrils (Schindelman et al.,
2001; Liu et al., 2013; Sorek et al., 2014). Previous studies
demonstrate that loss-of-function mutations in various
COBL family members, like COBRA, COBL4, and sev-
eral of the COBL4 orthologs, result in reduced levels of
crystalline cellulose (Schindelman et al., 2001; Li et al.,
2003; Brown et al., 2005; Ching et al., 2006; Liu et al.,
2013). In this study, mutations in cobl2 led to reduced
levels of crystalline cellulose, as demonstrated by both in
situ light birefringence and whole-seed cellulose quan-
tification. Nevertheless, deciphering the mechanism by
which COBL2 affects crystalline cellulose deposition will
require further investigation. Liu et al. (2013) showed
that BRITTLE CULM1 (BC1), the rice ortholog of Ara-
bidopsis COBL4, preferentially interacts with crystalline
cellulose through conserved aromatic residues located at
the N-terminal carbohydrate-binding module conserved
across different members of the COBL family. The re-
duced crystallinity index in the bc1 mutant suggests a
reduced ratio of crystalline to amorphous cellulose that
can be complemented and even increased by the ex-
pression of the wild-type BC1 gene in the bc1 and wild-
type backgrounds, respectively (Sato et al., 2010a; Liu
et al., 2013). Additionally, Sorek et al. (2014) recently
demonstrated that COBRA binds individual b(1→4)-
linked glucan chains with higher affinity than crystal-
line cellulose. Solid-state NMR analysis of cob mutant
cell walls indicated that cellulose microfibril crystallin-
ity is reduced and more reducing ends are available
as compared with the wild type. These results further

support a role for the COBL gene products in the as-
sembly of multiple b(1→4)-linked Glc chains into crys-
talline cellulose. Further studies will be required in order
to understand the mechanism of COBL protein function
and its interaction with other components involved in
cellulose synthesis.

In this work, tissue-specific coexpression analysis was
used to identify COBL2 as a candidate player in cellulose
deposition in the Arabidopsis seed epidermis. Gene co-
expression analysis is a powerful tool for the prediction
of gene function and the discovery of biological path-
ways. Many genes involved in the biosynthesis of cell
wall components, such as cellulose, hemicellulose, and
lignin, have been identified using coexpression analyses
(for review, see Ruprecht and Persson, 2012). Here, we
hypothesized that, in certain cases, global coexpression
analyses encompassing all available data sets may over-
look tissue-specific coexpression relationships. Evolution
of gene families by subfunctionalization leads to the de-
velopment of similar yet specialized functions for dif-
ferent members in varying developmental contexts. In
the case of cellulose biosynthesis, it was shown previ-
ously that different CESAs tend to heterodimerize to
generate an array of cellulose synthase complexes with
specialized functions in different developmental contexts
(Desprez et al., 2007; Mendu et al., 2011a). Members of
the receptor-like kinase superfamily to which FEI2 is re-
lated tend to heterodimerize with various receptor-like
kinases in a context-specific manner as well (Russinova
et al., 2004; Wang et al., 2005). In fact, seed-specific
coexpression analysis with FEI2 led to the identification
of the role of COBL2 in crystalline cellulose deposition in

Figure 10. The retardance of polarized light bi-
refringence demonstrates significant reduction in
crystalline cellulose deposition into the columella
of cobl2 mutant seeds. Dry seeds of the indicated
genotypes were cryosectioned and observed by LC-
PolScope for in situ visualization of crystalline cel-
lulose deposition in MSCs. A to C, Representative
images of the retardance of polarized light birefrin-
gence by the columella of seed epidermal cells as
visualized by LC-PolScope for the wild type (A),
cobl2-1 (B), and cobl2-2 (C). The color-code index
refers to the extent of polarized light retardance: a
high degree of retardance is indicative of high levels
of crystalline cellulose in the light path (as designated
in red), and a low degree of retardance is indicative
of a lack of crystalline cellulose in the light path (as
designated in black). Bars = 5 mm. D, Quantification
of the retardance of polarized light birefringence by
the columella of epidermal cells of seeds from the
indicated genotypes. For each genotype, five epi-
dermal cells from three seeds were measured. Error
bars indicate SE. WT, Wild type.
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seed epidermal cells, a relationship entirely overlooked
by available, global coexpression analysis methods. Var-
ious Web-based tools used for global coexpression anal-
ysis with FEI2 as bait, including ATTED-II, GeneCAT,
and ACT (Manfield et al., 2006; Obayashi et al., 2007;
Mutwil et al., 2008), failed to identify significant gene
expression correlation between FEI2 and COBL2. These
results suggest that commonly used global coex-
pression analysis methods may overlook tissue- or
context-dependent coexpression relationships. The
massive induction of cellulose deposition in a highly
defined spatial localization (specifically localized to the
epidermal layer of the seed coat) makes it an attractive
developmental context for the study of cellulose metab-
olism through a tissue-specific coexpression analysis.
This work provides evidence that organ- or physiology-
specific coexpression analysis may uncover meaningful
coexpression relationships overlooked by the commonly
used global coexpression analysis methods. Therefore,
we suggest that some biologically relevant transcrip-
tional relationships will be revealed only under specific
experimental conditions or in tissue-specific data sets.
The data presented further establish the role of crys-

talline cellulose in the adhesion of the pectinaceous
component of seed mucilage to the seed surface. How-
ever, further studies are required in order to uncover the
specialized machinery employed in cellulose deposition
in this developmental context. Additionally, characteri-
zation of the interactions behind the cellulose-pectin net-
work responsible for seed mucilage adhesion requires
further investigation. Recent work by Saez-Aguayo et al.
(2014) recently described the floating mucilage-releasing
accessions, natural Arabidopsis variants with perturba-
tion in ray formation associated with increased pectin
solubility. These may serve as valuable tools for further
study of the mechanism employed in seed mucilage ray
formation and the cellulose-pectin interactions affecting
pectin solubility. The development of new tools for
correlative microscopy that facilitate the in situ study of
cell wall composition will be valuable for future studies
as well.

MATERIALS AND METHODS

Plant Material

The Columbia ecotype of Arabidopsis (Arabidopsis thaliana) was used in this
study. The cobl2 (cobl2-1, SALK_044883; cobl2-2, SAIL_317_C05) alleles and cob-1
(Schindelman et al., 2001), cobl6 (cobl6-1, SAIL_144_C06; cobl6-2, SAIL_315_A08;
cobl6-3, SALK_033122), and cesa5 (SALK_118491) mutants were obtained from the
Arabidopsis Biological Resource Center. For growth in soil, plants were grown at
22°C in 75 mE of constant light. For growth in vitro, seeds were surface sterilized,
cold treated at 4°C for 4 d in the dark on 13 Murashige and Skoog medium, and
grown at 22°C in 100 mE of constant light.

Expression Analysis

For gene expression analysis, flowers were marked at anthesis and harvested
4, 6, 8, 10, 12, and 14 DPA. For 4, 6, and 8 DPA, whole siliques were harvested,
while for 10, 12, and 14 DPA, developing seeds were collected from the siliques.
Total RNA was extracted using the Plant/Fungi Total RNA Extraction kit
(Norgen Biotek)with additionalDNase treatment (Qiagen). First-strand synthesis

of complementary DNA (cDNA) from RNA template (2 mg) was accomplished
with SuperScript II Reverse Transcriptase (Invitrogen) and conducted according
to the manufacturer’s instructions. For the amplification of PCR products from
cDNA of the indicated genotypes (wild type, cobl2-1, and cobl2-2), the following
exon-exon primers were used with TUBULIN serving as the reference gene:
COBL2 CDS 39, forward primer 59-GGTTGCCATCACAAACTTTAAC-39 and
reverse primer 59-CATGGCCGTGTCATTTATGTT-39; and TUBULIN CDS,
forward primer 59-AAACTCACTACCCCCAGCTTTG-39 and reverse primer
59-GAGAGGAGCAAAACCAACCA-39. For the analysis of COBL2 expression
in seed coat and embryo, GAPC served as an additional general reference gene
and NARSI and PDFI as seed coat- and embryo-specific genes. Primers were as
follows: GAPC CDS, forward primer 59-GATTCGGAAGAATTGGTCGTTT-39
and reverse primer 59-CTTCAAGTGAGCTGCAGCCTT-39 (Voiniciuc et al.,
2013); NARSI CDS, forward primer 59-CCCTACCGACGAAGAGCTTGTTG-39
and reverse primer 59-CAATGGTGGAGTCTCTTCCATCATG-39 (Kunieda
et al., 2013); and PDFI CDS, forward primer 59-ACTCCGGTTGTTGTGACTCC-39
and reverse primer 59-GTGCCTTCACGGTAGAGAGC-39 (Kunieda et al., 2013).
Quantitative real-time PCR was prepared with the above primers using Absolute
Blue qPCR SYBR Green ROX Mix (Thermo Scientific) according to the manufac-
turer’s instructions (Bustin, 2000). Primer sensitivity and efficiency were analyzed on
a dilution series of cDNA with reference sample (7 mg). The quantitative PCR and
analysis were processed by Rotor-Gene 6000 (Corbett Research).

Seed Staining and Microscopy

For seed coat visualization, seedswere prehydratedwith either water or 50mM

EDTA for 90 min, washed with water, and then stained as follows. The Ruthe-
nium Red stain for pectins was prepared as described (Willats et al., 2001), and
hydrated seeds were incubated in 0.01% (w/v) Ruthenium Red (Sigma) for
90 min at room temperature. The Calcofluor stain was conducted as described
(Willats et al., 2001) using 25 mg mL21 Fluorescent Brightener 28 (Sigma) for
20 min at room temperature. In both cases, seeds were washed for 16 h in
water and then photographed. Pontamine staining was conducted as de-
scribed (Anderson et al., 2010) using 0.01% (w/v) Pontamine Fast Scarlet
S4B stain (Sigma) for 30 min following pretreatment as described above. The
seeds were then destained with water for 4 h before examination. Ruthe-
nium Red stain without shaking was prepared by dropping the seeds onto
12-well plates containing 0.0025% (w/v) Ruthenium Red in water for 90 min
before imaging.

Observations were conducted with either a Leica compound dissection
microscope or the Zeiss LSM710 confocal microscope equipped with a 405-nm
laser diode for Calcofluor and a 561-nm laser for Pontamine. In order to de-
termine the volume occupied by the seeds, 10 mg of dry seeds was hydrated
with water overnight with occasional rough shaking.

Polarized Light Microscopy (LC-PolScope)

Sample birefringence was investigated using the LC-PolScope image-
processing system (CRi) mounted on a microscope (Nikon Eclipse 80i)
equipped with Plan Fluor 103/0.3 OFN25 DIC L/N1, Plan Fluor 203/0.5
OFN25 DIC N2, Plan Fluor 403/0.75 OFN25 DIC M/N2, and Fluor 603/
100w DIC H/N2 ∞/0 WD 2.0 objectives. The system includes a computer-
controlled universal compensator composed of two liquid crystal variable
retarders. Images were taken by a cooled CCD camera at high optical
resolution.

For whole-seed imaging, the complete seeds were imbibed in water for 1 h
and mounted in water on a glass slide. For section imaging, the wet seeds were
embedded in tissue-freezing medium, frozen, and sectioned at 10 mm thickness
(Leica CM1850 Cryostat). The sections were mounted on glass slides, wetted,
and sealed to prevent water evaporation. Retardance values were extracted
manually from the LC-PolScope map in retardance mode using the Abrio
software tools (CRi) from the columella of five epidermal cells from each seed
section. The average retardance values were calculated for three different seed
sections from each mutant line.

Scanning Electron Microscopy

Mature, dry seeds were mounted on aluminum stubs (Electron Microscopy
Sciences), sputter coated with 40 nm of gold-palladium, and viewed using a
Hitachi S-4700 field emission scanning electron microscope. Every genotype
was examined in four independent groups of roughly 20 seeds each.
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Crystalline Cellulose Quantification

Dry seeds of Arabidopsis of the various genotypes (33.2–33.9 mg) were frozen
in liquid nitrogen and ground to a fine powder using three small metal beads in
2-mL plastic tubes (Retsch Ball Mill; two times at 25 Hz for 2.5 min). The ground
material was washed two times with 70% (v/v) ethanol (1.5 mL) by vortexing,
pelleting the wall residue (21,000g for 10 min), and discarding the supernatant.
This was followed by three washes with a 1:1 (v/v) methanol:chloroform solution
(1.5 mL per wash) using the same pelleting conditions as described above. The
pellet was dried in a speed vacuum centrifuge at 60°C for 15 min. This pellet
(1 mg) was treated with 1.5 mL of Updegraff reagent (acetic acid:nitric acid:water,
8:1:2 [v/v]; Updegraff, 1969) at 100°C for 30 min. Samples were allowed to cool at
room temperature and spun down at 21,000g for 10 min, resulting in a pellet
consisting primarily of crystalline cellulose. The supernatant was removed, and
the pellet was washed four times with 1.5 mL of acetone and pelleted at 21,000g
for 10 min each time. The samples were dried at room temperature followed by
15 min of drying under vacuum. The crystalline cellulose was then hydrolyzed
with 175 mL of 72% (w/w) sulfuric acid for 1 h at room temperature under 300
rpm agitation. After hydrolysis, water was added (425 mL), and the samples were
spun down at 21,000g for 30 s. The remaining solution was used for Glc deter-
mination using the anthrone assay (Laurentin and Edwards, 2003).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression analysis of the COBL gene family
during seed development.

Supplemental Figure S2. Allelism tests between cobl2-1 and cobl2-2 dem-
onstrate that both carry a mutation in the same gene.

Supplemental Figure S3. Mutants in cobl6 did not display seed mucilage
phenotypes.

Supplemental Figure S4. Expression of COBL2 promoter-driven GUS in
seeds.

Supplemental Figure S5. cobl2mutants display no root elongation phenotype.

Supplemental Figure S6. Etiolated seedlings of cobl2 mutants are indistin-
guishable from the wild type.

Supplemental Figure S7. Both cobl2 mutant alleles display reduced crys-
talline cellulose levels in the rays of seed mucilage.

Supplemental Figure S8. Comparison of seed mucilage ray visualization
by LC-PolScope and Pontamine staining.

Supplemental Figure S9. Crystalline cellulose in whole-seed sections of
cobl2-1 as compared with the wild type.
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