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The FEI2-SOS5 pathway and CELLULOSE SYNTHASE 5 are required
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A common adaptation in angiosperms
is the deposition of hydrophilic

mucilage into the apoplast of seed coat
epidermal cells during the course of their
differentiation. Upon imbibition, seed
mucilage, composed mainly of carbohy-
drates (i.e. pectins, hemicelluloses and
glycans) expands rapidly, encapsulating
the seed and aiding in seed dispersal and
germination. The FEI1/FEI2 receptor-
like kinases and the SOS5 extracellular
GPI-anchored protein were previously
shown to act on a pathway regulating
cellulose biosynthesis during Arabidopsis
root elongation. In the highlighted study,
we demonstrated that FEI2 and SOS5
regulate the production of the cellulosic
rays deposited across the inner adherent-
layer of seed mucilage. Mutations in
either fei2 or sos5 disrupted the formation
of rays, which was associated with an
increase in the soluble, outer layer of
pectin mucilage and accompanied by a
reduction in the inner adherent-layer.
Mutations in CELLULOSE SYNTHASE
5 also led to reduced rays and mal-
partitioning of the pectic component
of seed mucilage, further establishing
a structural role for cellulose in seed
mucilage. Here, we show that FEI2
expressed from a CaMV 35S promoter
complemented both root and seed mucil-
age defects of the fei1 fei2 double mutant.
In contrast, expression of FEI1 from a
35S promoter complemented the root,
but not the seed phenotype of the fei1
fei2 double mutant, suggesting that
unlike in the root, FEI2 plays a unique
and non-redundant role in the regulation
of cellulose synthesis in seed mucilage.

Altogether, these data suggest a novel role
for cellulose in anchoring the pectic
component of seed mucilage to the seed
surface and indicate that the FEI2 protein
has a function distinct from that of FEI1,
despite the high sequence similarity of
these RLKs.

During differentiation, the maternally
derived seed coat epidermal cells (also
called mucilage secretory cells; MSC) from
Arabidopsis thaliana secrete mucilage
composed primarily of pectins into the
apoplast. Upon hydration of the mature
seed, the mucilage expands, rupturing the
tangential cell wall and encapsulating the
seed.1,2 Once released, the seed coat
mucilage is organized in two distinct
domains: an inner, dense layer, tightly
attached to the seed surface and an outer,
water soluble, diffuse layer. Both layers are
composed primarily of the pectin rham-
nogalacturonan I (RG-I), with the inner
layer also containing other pectins and
minor amounts of hemicellulose and
β-glucans.1,3-6 Genetic and biochemical
analyses of seed coat mucilage secretory
cells has led to new insights regarding the
complex mechanism involved in pectin
biosynthesis and in muro modification,
and has demonstrated the utility of seed
mucilage as a system for further study of
cell wall polymer biosynthesis and modi-
fication.7-9 The precise physiological role
of seed mucilage is yet to be determined,
but has been proposed to play a role in
seed dispersal and germination.5,9-11

A number of previous studies have pro-
vided data supporting a role for cellulose in
seed mucilage: (1) Calcofluor and Congo
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red stains suggested that β-glucans are
present in a set of rays deposited across the
inner layer of seed mucilage3,4,12; (2) These
β-glucan rays were resistant to pectolytic
enzymes, unless these were combined with
cellulases,3 (3) Fluorescently labeled cel-
lulose binding modules identified cellulose
in seed mucilage with distinct binding
patterns for crystalline and amorphous
cellulose.6,13,14

Cellulose microfibrils are synthesized at
the plasma membrane by protein complexes
comprised primarily of CELLULOSE
SYNTHASE A (CESA), which is encoded
by a family of ten genes in Arabidopsis.15 In
primary cell wall biosynthesis, CESA1 and 3
are unique, non-redundant components of
the cellulose synthase complex, while
CESA2, 5, 6 and 9 act as a third component
in a partially redundant manner.16,17

CESA4, 7 and 8 play a role in cellulose
biosynthesis in secondary cell walls, and
CESA10 has not as yet been assigned any
function.18-20

The leucine rich repeat receptor like
kinases (RLKs) FEI1 and FEI2 act
redundantly in the regulation of cellulose

biosynthesis during root elongation.21 The
fei1 fei2 double mutant displays root
growth arrest, root tip swelling and a
reduction in the biosynthesis of crystalline
cellulose in the presence of elevated sucrose
or salt.21 SALT OVERLY SENSITIVE 5,
which encodes a GPI-anchored fasciclin-like
arabinogalactan protein,21,22 was shown by
genetic interaction to act on the same
pathway as the FEIs in the regulation of
cellulose biosynthesis.21 Interestingly, the
root phenotype of both fei1 fei2 and sos5 is
suppressed by inhibitors of ethylene bio-
synthesis, but not by disruption of the
ethylene signaling pathway, suggesting a
role for ACC as a signaling molecule in this
pathway.21,22

The FEI-SOS Pathway Plays
a Non-Conditional Role
in Seed Coat Mucilage

Upon imbibition of wild type Arabidopsis
seeds, the transparent mucilage rapidly
expands, resulting in the gaps observed
between the seeds and leading to an
increase in the overall volume occupied

by the hydrated seeds. In both fei1 fei2
and sos5 mutant seeds, these gaps are
greatly reduced compared to wild-type,
leading to the reduced overall volume
occupied by the seeds (Fig. 1). Staining of
the seed mucilage for acidic pectins using
the cationic dye ruthenium red confirmed
that the adherent inner layer of seed
mucilage, which remains attached to
the seed surface following mild shaking,
is reduced in both fei1 fei2 and sos5
mutant seeds. These data were supported
by immunolabeling with the CCRC-
M36 antibody, which recognizes the
unbranched backbone of RGI in seed
mucilage and by monosaccharide analysis
of soluble vs. adherent seed mucilage
extracts. Interestingly, the reduced inner
layer of mucilage in the mutants, was
associated with a corresponding increase in
the outer-soluble layer of seed mucilage, as
observed by both ruthenium red stain and
monosaccharide analysis. The role of FEI1
and FEI2 in the regulation of cellulose
biosynthesis during root elongation sug-
gested they may affect cellulose biosyn-
thesis also in seed mucilage. We therefore

Figure 1. FEI2 plays a non-redundant role in the regulation of cellulose synthesis in seed mucilage and cannot be replaced by ectopic expression of FEI1.
Phenotypes of the wild-type (WT) or fei1 fei2 mutants transformed with FEI1 or FEI2 expressed from their native promoter of a CaMV 35S promoter as
indicated above each column. (A) Seed volumes of 10mg of seeds suspended in water. (B) Pontamine staining for cellulose following gentle shaking in water.
Pontamine stain labels the columella, tangential cell wall remnants and rays deposited across the inner layer of mucilage in the wild-type. (C) Root phenotype
of seedlings grown on MS medium plus 0% sucrose for 4days and then transferred to medium supplemented with 4.5% sucrose for another 5 days.
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used both calcofluor and pontamine fast
scarlet S4B stains in order to visualize
crystalline cellulose in seed mucilage. In
wild-type, both calcofluor and pontamine
stains revealed a set of rays radiating the
seed, deposited from the tip of the
columella and across the inner layer of
seed mucilage. This set of rays was almost
completely absent or substantially com-
promised in either fei1 fei2 or sos5 seed
mucilage, respectively. Together these data
suggest that the depleted cellulose rays in
fei1 fei2 and sos5 leads to mal-partitioning
of the pectic component between the inner
and outer domains of seed mucilage.

CESA5 Plays a Role in Cellulose
Biosynthesis in Seed Mucilage

In order to further investigate the mech-
anism involved in crystalline cellulose
deposition into the rays of Arabidopsis
seed mucilage, we examined the structure
of seed mucilage in cesA2, cesA5, cesA6 and
cesA9 mutants. Calcofluor and pontamine
staining revealed that only the disruption
of cesA5 compromised the rays across the
inner layer of seed mucilage, resulting in
a phenotype similar to that observed in
fei1 fei2 and sos5. Consistent with this,
Sullivan et al., 2011 and Mendu et al.,
2011 recently observed similar phenotypes
for other mutant alleles of cesA5, as well as
additional, partially redundant roles for
CESA2, CESA5 and CESA9 in cellulose
deposition during seed development.23,24

Together, these studies demonstrate that
cellulose is an essential component of seed
mucilage and that it acts to anchor the
pectic component of seed mucilage to the
seed surface, resulting in an inner layer of
seed mucilage that remains attached to the
seed most likely in order to maintain a
hydrated environment during the first
phase of seed germination.

FEI2, But Not FEI1, Plays a
Unique and Non-Redundant Role

in Seed Mucilage

The fei1 fei2 double mutant displays a
swollen root phenotype as a result of

reduced cellulose biosynthesis, but neither
single mutant displays any detectable
root phenotype.21 In contrast, fei2 single
mutants, but not fei1 mutants, display a
mucilage defect similar to the double fei1
fei2 mutant phenotype, suggesting that
FEI2 plays a non-redundant role in seed
mucilage. Consistent with this, expression
of FEI2 from its endogenous promoter
complemented both the root and the seed
mucilage defect of the double fei1 fei2
mutant. Expression of FEI1 driven by its
endogenous promoter complemented only
the root phenotype of the double mutant.
Thus, only FEI2 is involved in the regula-
tion of cellulose biosynthesis into the
cellulosic rays deposited across the inner
layer of seed mucilage.

The question arises is whether the
unique and non-redundant function of
FEI2 in seed mucilage is a result of a
distinct expression pattern of the gene as
compared to FEI1, or is due to differences
in the function of the two proteins, which
are highly similar in sequence (82% amino
acid identity). To address this question, we
expressed FEI1 and FEI2 from the CaMV
35S promoter in fei1 fei2 double mutant
background and assessed the ability of
each to complement the root and seed
phenotypes. As each transgene is expressed
from the same constitutive promoter, any
difference in the ability to complement
these phenotypes must be due to differ-
ences in the function of the encoded
proteins. Consistent with the results
obtained by the expression from its native
promoter, expression of FEI2 from the
CaMV 35S promoter complemented
both the root and seed phenotypes in the
double fei1 fei2 mutant background
(Fig. 1). Likewise, expression of FEI1
from the CaMV 35S promoter comple-
mented the root phenotype of the double
fei1 fei2 mutant (in all ten different lines
examined). However, the CaMV 35S::
FEI1 transgene failed to complement the
seed mucilage phenotype of the fei1 fei2
double mutant (Fig. 1). These data
indicate that despite the high sequence
similarity shared by these LRR-RLKs, the
FEI2 protein has a distinct function in the

regulation of cellulose biosynthesis in
seed mucilage. This suggests that there
are likely distinct signaling inputs and/or
outputs acting through FEI2 to regulate
cellulose biosynthesis during the pro-
duction of seed coat mucilage. The
intracellular domain of both FEI1 and
FEI2, encompassing the C-terminal kinase
domain, share more than 90% identity
in sequence, while the extracellular
domain, containing the leucine-rich
repeats is more variable (62% identity in
sequence). This suggests that perhaps the
extracellular domain is more likely to
harbor a unique function in seed mucilage
related cellulose deposition, though
further studies examining the structure-
function relationship of FEI1 and FEI2
will be required to clearly define the
domains imparting the unique function
to FEI2.

Mucilage secretory cells have been
shown to be a powerful model system
for the study of pectin metabolism and
in muro modification.7,8 We have estab-
lished cellulose as an essential component
of seed mucilage and identified CESA5,
FEI2 and SOS5 as regulators of cellulose
deposition into the rays radiating the seed
across the inner layer of seed mucilage.
Other recent studies have defined addi-
tional, partially redundant functions for
CESA2, CESA5 and CESA9 in cellulose
deposition into the radial cell walls of
mucilage secretory cells.23-25 These studies
set the stage for the use of mucilage
secretory cells as a novel tool for further
research aimed to uncover new players
regulating cellulose biosynthesis.
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