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Although many transcription factors involved in cell wall morphogenesis have been identified and studied, it is still unknown
how genetic and molecular regulation of cell wall biosynthesis is integrated into developmental programs. We demonstrate by
molecular genetic studies that SEEDSTICK (STK), a transcription factor controlling ovule and seed integument identity,
directly regulates PMEI6 and other genes involved in the biogenesis of the cellulose-pectin matrix of the cell wall. Based on
atomic force microscopy, immunocytochemistry, and chemical analyses, we propose that structural modifications of the cell
wall matrix in the stk mutant contribute to defects in mucilage release and seed germination under water-stress conditions.
Our studies reveal a molecular network controlled by STK that regulates cell wall properties of the seed coat, demonstrating
that developmental regulators controlling organ identity also coordinate specific aspects of cell wall characteristics.

INTRODUCTION

It is commonly accepted that the mechanisms of patterning and
growth are tightly constrained by genetic regulation and that this
constitutes the basis of morphogenesis. Although molecular
approaches continue to reveal genetic mechanisms of pattern
formation, the link between genetic regulators and global shape
control remains a central question in developmental biology.
Among the factors that contribute to the final shape of a given
tissue or organ, the cell wall plays a significant role (Lodish et al.,
2000). Indeed, the spatial-temporal patterning of growing tissues
is governed by a complex regulatory network controlling the
composition, organization, and mechanical properties of the cell
wall (Boudon et al., 2015). Cell wall-modifying enzymes, such as
expansins and xyloglucan endotransglycosylases, and pectin-
modifying enzymes, includingpectinmethylesterases (PMEs) and
PME inhibitor (PMEI) proteins, play roles in cell wall reorganization
(Peaucelle et al., 2012). Genes involved in cell wall modification act
downstreamof transcription factors that control plantmorphogenesis,

such as AINTEGUMENTA (Krizek et al., 2016), APETALA2 (Yant
etal., 2010),MONOPTEROS(Schlerethetal.,2010),andAGAMOUS
(Gómez-Mena et al., 2005). The activities of such enzymes modu-
late cell wall composition and components, which in turn affect the
viscosity/rigidity of the cell wall. The consequent alterations in ex-
tensibility influence growth (Cosgrove, 2014), as growth by cell
elongation involves an irreversible increase in cell volume along
with relaxation of the cell wall. The biochemical processes in-
volved in cell wall loosening during growth extension are only
partially understood (Keegstra, 2010; Cosgrove, 2014); however,
many physiological processes occurring during plant develop-
ment have already been associated with cell wall-modifying
enzymes, such as PMEs (reviewed in Pelloux et al., 2007).
The seed coat protects the embryo and plays important roles in

dormancy, dispersal mechanisms, and longevity (Windsor et al.,
2000; Bueso et al., 2014). InArabidopsis thaliana, the seed coat is
derived from the ovule inner and outer integuments (Haughn and
Chaudhury, 2005; Skinner et al., 2004). Upon fertilization, cells
from the two layers of the outer integument and the three layers of
the inner integument undergo rapid growth. During the first few
days after fertilization, this growth entails both cell division and
expansion (Windsor et al., 2000). The five different layers follow
distinct fates (Haughn and Chaudhury, 2005): The cells of the
innermost layer (the endothelium) biosynthesize proanthocyani-
dins,flavonoidcompounds that lateroxidizeand impart the typical
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brown color to the seed coat (Pourcel et al., 2005; Mizzotti et al.,
2014). The apoplastof theoutermost layer (also called themucilage
secretory cell) accumulates pectinaceous mucilage (Haughn and
Chaudhury, 2005;Western et al., 2000,Northet al., 2014).Mucilage
formation by the epidermal seed coat layer is a characteristic of
several flowering plants (including many of agricultural value) that
has attracted attention as a useful genetic model for studying as-
pects of cell wall biogenesis, function, and regulation (Yang et al.,
2012; Western, 2012). Upon extrusion, mucilage is organized into
two distinct domains: an inner, dense mucilage tightly attached to
the seed and an outer, water-soluble, more diffuse mucilage that
can be easily extracted (Macquet et al., 2007; North et al., 2014).
Mutations in genes coding for biosynthetic enzymes involved in the
production of cell wall polysaccharides cause defects in mucilage
releaseuponhydration (Griffithsetal., 2015; reviewed inNorthet al.,
2014). The potential for studies using Arabidopsis seed coat mu-
cilageasamodel for genetic analysis of plant cell wall structure and
functionhasgrownsubstantially in recentyearsandhasbeenuseful
in establishing connections between carbohydrate structure and
biosynthesis and in vivo cell wall properties (Francoz et al., 2015;
Haughn and Western, 2012).

Although mucilage is not required for seed germination under
normal conditions, it does provide ecological advantages under
extreme conditions by facilitating water imbibition, adherence to
soil particles, and the maintenance of adequate moisture (Western
et al., 2000; Yang et al., 2012). The release of mucilage is critical in
allowinggerminationunderdrought conditionsasevidencedby the
low germination efficiencies under arid conditions of decreased-
mucilagemutants, such asmyb61, transparent testa glabra1 (ttg1),
glabra2 (gl2), thebifunctionalb-D-xylosidase/a-L-arabinofuranosidase
mutant (bxl1), and the subtilisin-like serine protease mutant
(sbt1.7) (Penfield et al., 2001; Willats et al., 2001; Rautengarten
et al., 2008; Arsovski et al., 2009). In addition, a correlation be-
tween mucilage formation and seed longevity has recently been
discovered (Bueso et al., 2014).

One of the major regulators of ovule and seed differentiation is
SEEDSTICK (STK), a MADS transcription factor that, along with
SHATTERPROOF1 (SHP1) and SHP2, controls ovule integument
identity. STK, in association with another MADS domain gene
ARABIDOPSIS BSISTER, is required for correct formation of the
endothelium, the innermost layer of the seed coat (Mizzotti et al.,
2012).STK controls proanthocyanidinmetabolism in the seed coat
by regulating the expression of BANYULS/ANTHOCYANIDIN
REDUCTASE (BAN), which encodes a key enzyme in proantho-
cyanidinbiosynthesis (Mizzotti et al., 2014). Interestingly,STKalso
represses the expression of seed coat regulators, such as
TRANSPARENTTESTA8 (TT8) andENHANCEROFGLABRA3, by
binding directly to the promoters of these members of theWD40-
bHLH-MYB complex (Mizzotti et al., 2014). These factors not only
control the biosynthesis of anthocyanin in the endothelial layer of
the developing seed coat but also regulate outer seed coat dif-
ferentiation, consistent with their expression in the developing
testa epidermis (Baudry et al., 2006).

It is unclear how mechanical and biochemical changes in seed
coat properties (which ultimately lead to testa formation) influence
seed coat functions. Here, we show that the role of the homeotic
gene STK in differentiation hinges on the control of cell wall
structure.Wediscovered thatmodificationof thebiogenesisofcell

wall components in stk mutants altered the mechanical proper-
ties of the seed coat, strongly affecting mucilage extrusion and con-
sequently germination under arid conditions. The model we present
integrates molecular, biochemical, and mechanical elements to
provide a more complete view of the role of developmental reg-
ulators in the differentiation of the cell wall.

RESULTS

The stk Mutant Shows Reduced Germination Efficiency and
Changes in the Cell Wall Mechanical Proprieties

STK plays a pivotal role in the differentiation of ovule and seed
integuments (Favaro et al., 2003; Pinyopich et al., 2003; Mizzotti
et al., 2012, 2014).Upon fertilization,STK is expressed in theouter
three cell layers of the seed integuments until the heart embryo
stage (Mizzotti et al., 2014; Figure 1A), whereas at later stages (up
to linear stage), STK expression is limited to the outermost cell
layer (Figures 1B and 1C).
The cells of this layer are responsible for the biosynthesis and

release of the mucilage upon water imbibition (Figures 1D and
1E). The use of ruthenium red staining indeed revealed the
presence of a thick, pink-staining capsule of mucilage around
wild-type seeds upon water imbibition (Figure 1D), while stk
seeds showed a significant reduction (or even absence) of
mucilage release (Figure 1E). Wild-type and stk seeds were
treated with EDTA, which chelates calcium ions and thus fa-
cilitates mucilage extrusion (Rautengarten et al., 2008). EDTA
treatment caused mucilage extrusion in both wild-type (Figure
1F) and stk seeds (Figure 1G).
We imaged the surface of dry, water-imbibed, or EDTA-treated

seeds by scanning electronmicroscopy (Figures 1H to 1M). In dry
stk seeds, the size of the epidermal cells was reduced compared
with the wild type, but no other morphological differences were
apparent (Figure 1K). After water imbibition, deep hollows were
visible around the columellae of wild-type epidermal cells (Figure
1I), whereas no significant change in seed coat morphology oc-
curred in stk cells (Figure 1L), indicating that mucilage had not
been extruded in the latter. By contrast, EDTA imbibition caused
mucilage release in both wild-type and stk seeds and no signifi-
cant differences were noted in cell morphology between the two
(Figures 1J and 1M). Despite this defect in mucilage release, seed
coat epidermal cell development, including the formation of
columellae and mucilage accumulation in the stk mutant, was
similar to the wild type (Supplemental Figure 1). Since the hy-
groscopic properties of mucilage could alter water uptake during
germination under conditions of decreased water potential (re-
viewed in Western, 2012), we tested germination under water
stress in wild-type and stk seeds (Figures 2A and 2B). Inhibition of
germination under water-limiting stress conditions was observed
for wild-type seeds exposed to 21% polyethylene glycol (PEG)
(Figure 2A). Germination and seedling establishment in stk seeds
were significantly inhibited onmedia containing 18%PEG (Figure
2B). Under these conditions, stk seeds displayed 60% germi-
nation comparedwith90%forwild-typeseeds. This indicates that
altered stkseedcoatproperties influencenegatively thesensitivity
to water stress.
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The biophysical properties of the cell wall could influence the
mechanical rupture of the seedcoat uponwater imbibition. To test
whether the mechanical properties of stk epidermal cells were
modifiedwith respect to thewild type,we tookadvantageof recent
advances in atomic force microscopy (AFM) that have provided
insights into the mechanics of plant growth and development
(Peaucelle et al., 2012). We used AFM to monitor mechanical
changes in theepidermal cells of developing seeds (Supplemental
Figure 2; see Methods). Since we found no delay in seed coat
development between the stk mutant and wild-type seeds
(Supplemental Figure 1), we directly compared the mechanical
changes in wild-type and stk seeds at 2 and 11 d after pollination
(DAP). Wild-type seeds showed an apparent elastic modulus
mean value of 0.666 0.35MPa, and amean value for stk seeds of
3.98 6 1.11 MPa, at 2 DAP (Figure 2C). When we analyzed
changes in the nanomechanical properties of the seed cell wall at

later stages of seeddevelopment (11DAP), wild-type seeds had an
apparent elasticmodulusmeanvalueof23.2618MPaandamean
value for stk seeds of 44.5 6 17 MPa (Supplemental Figure 2D).
Our observations indicate that epidermal cell wall stiffness

increases as seed growth and maturation proceeds and that the
outer layer of the stk seed coat is stiffer than that of the wild type.

STK Directly Regulates PMEI6 Expression

Defects in mucilage extrusion are often linked to modified levels
of methylesterification of the homogalacturonans (HGs), one of
the mayor components of seed mucilage (North et al., 2014).
Therefore, we analyzed the HG methylesterification in stk muci-
lage by immunolabeling using the monoclonal antibodies LM19
and LM20 (Figures 3A to 3H), which recognize poorly methyl-
esterified and highly methylesterified HGs, respectively.

Figure 1. Visualization of pSTK:STK-GFP Fluorescence, Water- and EDTA-Treated Seed Mucilage Extrusion, and Seed Surface Morphology.

(A) to (C)Confocal laser scanning imaging of thepSTK:STK-GFP line: seeds at preglobular (A) and linear ([B] and [C]) cotyledon stage. TheSTK-GFP signal
is expressed in seed outer integuments upon fertilization till 2 DAP (A) and only in the epidermal outer layer of the seed coat up to 6 DAP ([B] and [C]).
(D) to (G)Whole-mountedwild-type ([D] to [F]) and stk ([E] to [G]) mutant seeds stainedwith ruthenium red. Seedswere treatedwith water ([D] and [E]) and
EDTA ([F] and [G]). stk mutant seeds are defective in mucilage extrusion.
(H) to (M) Scanning electron microscopy of dried and water- and EDTA-treated wild-type and stk mutant seeds.
(H) and (K) Surface of dried wild-type (H) and stk mutant (K) seeds.
(I) and (L) Water-imbibed wild-type (I) and stk mutant (L) seeds.
(J) and (M) EDTA-imbibed wild-type (J) and stk mutant (M) seeds.
mi, micropyle; fu, funiculus; ii2, inner integument; oi1 and oi2, outer integuments; m, mucilage; cc, cytoplasmic column; sg; starch grains; c, columella; r,
radial cell wall. Bars = 30 mm in (A) and (D) to (G), 150 mm in (B), and 20 mm in (C) and (H) to (M).
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Inwild-typeseeds,LM19antibodies revealedpoorlymethylesterified
HGs distributed along the ray structures in the inner region of the
adherent mucilage (Figures 3A and 3B). By contrast, the LM20
immunosignal was visible at the outer edges of the outermucilage
andaround the cell walls,which are likely associatedwithcellulose-
enriched columellae (Figure 3E). Neither LM19 nor LM20 signal
was present in stk seeds treated with water (Figures 3C and 3G).
When we treated stk seeds with EDTA (Figures 3D and 3H) to
facilitate mucilage extrusion (as described in Figure 1), LM19

signal was visible in the outer edges of the outer mucilage but
with less intensity than in wild-type seeds, and the labeling along
the ray structures in the inner region (observed in wild-type
seeds) was absent (compare Figure 3D with 3B). There was no
signal from LM20 antibodies in either water- or EDTA-treated stk
seeds (compare Figure 3E with 3G and 3F with 3H), suggesting
the absence of highly methylesterified HGs in the mutant.
To confirm that STK is involved in the modulation of the HG

methylesterification, we compared PME activity in the stkmutant
seeds with that in the wild type using the method of Klavons and
Bennett (1986) (Figure 3I). We found that PME activity in stk ex-
tracts was 25% higher than in the wild type. A higher level of PME
activity in stkseedextractswasalsoobservedwhenwecompared
the diameter and intensity of activity halos by specificgel diffusion
assays (Figure 3J). One of the best-characterized enzymes
controlling HGmethylesterification is PMEI6 (Saez-Aguayo et al.,
2013). To explore whether PMEI6 expression was under the
control of STK, we crossed the pPMEI6:PMEI6-GFP reporter line
(Saez-Aguayo et al., 2013) with the stk mutant and analyzed the
surface (epidermal cells) of F2 seeds at the bent cotyledon stage
(Figure 4A). While the line expressing GFP-tagged PMEI6 in the
wild-type background showedGFPactivity in the seed epidermis,
no signal was detected in the stkmutant background (Figure 4A).
These observationswere further confirmed by qRT-PCR analysis,
which showed thatPMEI6 expressionwas strongly reduced in the
stk siliques compared with those of the wild type (Figure 4B).
These data suggest that STK positively regulates PMEI6.
To investigate whether the defect in mucilage extrusion in stk

was due to the lack of PMEI6, we crossed the stkmutant with an
Arabidopsis line expressing the PMEI6 CDS under the control of
the 35S promoter. As show in Figure 4C, the mucilage release in
water imbibition was partially restored, showing that the resto-
ration of PMEI6 expression in the stk mutant could partially
complement the mucilage extrusion phenotype.
To understand whether STK, a MADS domain transcription

factor, could directly regulate PMEI6, we analyzed the sequence
for the presence of MADS domain CArG-box binding sites (Tilly
et al., 1998). Five putativeCArG-boxeswere identified (Figure 4D).
Subsequently we performed a ChIP (chromatin immunoprecipi-
tation) assay using GFP antibodies and developing siliques (up to
6 DAP) of stk mutant plants expressing pSTK:STK-GFP (Figure
4D). Chromatin extracted from wild-type siliques was used as
a negative control, and as positive control we monitored the bind-
ing of STK to the VERDANDI (VDD) promoter (Matias-Hernandez
et al., 2010). Of the five CArG-boxes in the PMEI6 promoter,
the ChIP-qRT assay revealed significant enrichment for binding
to the regions spanning CArG-boxes 1 and 2 and CArG-box 4
(Figure 4D).

The Role of STK in Cell Wall Structure and Function

Cellulose is a constitutive component of the seed coat epidermal
cell wall and interacts with other polymers, such as HGs, rham-
nogalacturonans, and glucomannans, present in the mucilage,
thus influencing the properties of the extrudedmucilage (Macquet
et al., 2007; Mendu et al., 2011; Sullivan et al., 2011; Yu et al.,
2014). To determine whether loss of STK function affects cellu-
lose deposition and organization as well as its biosynthesis in

Figure 2. Effects of stkMutation on SeedGermination and Stiffness of the
Epidermal Cell Walls of the Seed.

(A) and (B) Comparison of the germination rate of wild-type (A) and stk (B)
seeds in increasing concentrations of PEG over a 7-d time course. Data
points represent the average and SD of three independent experiments in
both panels.
(C) Average elastic moduli of the epidermal cell walls of developing wild-
type and stk seeds. Each square represents the average elasticmodulus of
over 300 force curves per seed at 2 DAP, allowing the computation of an
average apparent elastic modulus and its SD. The horizontal axis differ-
entiates replicates in each genotype (wild type and stk). Thesemodulimost
likely account for the properties in the direction perpendicular to the cell
wall (see Methods).

Developmental Regulators Control Seed Coat Structure 2481



Arabidopsis mucilage secretory cells, wild-type and stk seeds
were stained with Calcofluor (which stains cellulose and other
b-glucans) and with Pontamine Fast Scarlet 4BS, a cellulose-
specificdye (Andersonet al., 2010) (Figures 5A to 5Dand5E to5H,
respectively). In wild-type water-treated seeds, both Calcofluor
and Pontamine stained the columellae, the primary cell wall
remnants attached to the columellae, and the diffuse rays ex-
tending from the tip of the columellae across the adherent layer of
the seed mucilage (Figures 5A and 5E, respectively). Following
imbibition with EDTA in stk seeds, Calcofluor and Pontamine
stains showed the diffuse rays, but the staining signal wasmostly
located at the base of the rays just above the columellae. No
tangential cell wall remnants were observed attached to the
columellae tips. The naked columellae in stk seeds lacked the
attached cellulosic fragments that were present in the wild type
(compare Figure 5B with 5D and 5F with 5H).
CELLULOSESYNTHASE5(CESA5) is required for theproduction

of seed mucilage cellulose and the adherent mucilage (Harpaz-
Saad et al., 2011). CESA5 also functionswithCESA2 andCESA9 in
seed coat epidermal radial wall reinforcement (Mendu et al., 2011;
Sullivan et al., 2011). In addition, cesa3 mutants exhibit altered
biosynthesis of mucilage cellulose (Griffiths et al., 2015). CESA5
transcript levels were markedly decreased in the stkmutant, while
CESA2 and CESA3 expression was slightly enhanced (Figure 5I).
We also quantified the expression of FEI2 and SOS5, which play
roles inseedmucilage ray formation (Harpaz-Saadetal., 2011).Like
CESA5, low transcript levels of FEI2 were found in the stkmutant,
while the expression of SOS5 was unaltered (Figure 5I).
The question remains: How do STK-induced transcriptional

changes affect overall cellulose deposition in seeds? Therefore,
we quantified the crystalline cellulose content of mature Arabi-
dopsis seeds using the Updegraff assay (Updegraff, 1969). Our
results indicated a 15% reduction in cellulose levels in stkmutant
seeds compared with the wild type (Figure 5J).
We have also analyzed the expression of COBRA-LIKE2

(COBL2) andCELLULOSESYNTHASE-LIKEA2 (CSLA2) because
both cobl2 and csla2mutants show malformed rays of cellulose,
which ultimately leads to altered adhesion of seed mucilage
pectins (Yu et al., 2014; Ben-Tov et al., 2015). In the stk mutant,
levels ofCOBL2mRNA were unaltered, but those of CSLA2were
slightly increased (Figure 5I). In the csla2mutant, decreased levels
of glucomannan lead to a modification of the mucilage cellulose
ultrastructure, which affects the maintenance of adherence of the
mucilage layer (Yu et al., 2014). We therefore tested whether STK

Figure 3. STK Modifies HG Methylesterification and PME Activity in
Mucilage Secretory Cells.

(A) to (H) Immunolabelingofpartially nonesterifiedandmethylesterifiedHG
inner adherent mucilage released from wild-type and stk seeds visualized
by confocal microscopy (fire colored signal). Whole-mounted mature
seeds imbibed in water ([A], [C], [E], and [G]) and EDTA ([B], [D], [F], and

[H]) were labeled with monoclonal antibodies LM19 ([A] to [D]) and LM20
([E] to [H]), which recognize nonesterified or poorly methylesterified HGs
and highly methylesterified HGs, respectively. AM, adherent mucilage; R,
ray structure; C, columella. Bars = 100 mm.
(I) PME activities in protein extracts from mature wild-type and stk dry
seeds. PME activity was determined by quantification of formaldehyde
produced from methanol by alcohol oxidase, according to Klavons and
Bennett (1986). Error bars represent SD (n=5). **,Wilcoxon signed rank test,
P < 0.01.
(J) Radial gel diffusion assay showing PME (fuchsia halo) activities in
proteins extracted from seeds. Equal protein samples (4 mg in 20 mL) were
loaded in 4-mm-diameterwells andPME levelswere visualizedwith 0.05%
ruthenium red staining.
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might influence the glucomannan content in Arabidopsis mu-
cilage by whole-mount immunolabeling using the monoclonal
antibody LM21, which binds to heteromannan polysaccharides.
In wild-type water-imbibed seeds, LM21 labeled a combination
of intense rays originating from the top of columellae and
showed diffuse labeling between rays (Figure 6A). In wild-type
EDTA-treated seeds, no LM21 signal was observed (Figure 6B).
Interestingly, stk EDTA-extruded seeds showed irregular labeling,
with strongly labeled regions in the outer layer of the adherent
mucilage (Figure 6D).

Our data suggest that loss of STK influences the spatial dis-
tribution of glucomannans in the adherent mucilage.

STK Affects Mucilage Content and Composition

To find out if stkmutation affected the organization of the different
polysaccharideswithin themucilage secretory cells, we performed
a sequential extraction of mucilage-containing polysaccharides
(vigorously extracted using a vortex; seeMethods), followed by the
determination of their monosaccharide composition using gas-
liquid chromatography (Supplemental Table 1). Following water
imbibition, the total sugar content of stk seeds was very low,
representing ;5% of that of wild-type water-extracted mucilage.
However, compositional analysis of this fraction showed that the
water-soluble fractions of both stk and wild-type consisted

predominantly of rhamnose (Rha) and galacturonic acid (GalA) and
that their compositions were very similar. After 0.2 M NaOH ex-
traction, the totalsugarcontent fromstkseeds (115.6nmol/mg)was
greater than that obtained with the wild type (96.7 nmol/mg). In the
wild-type seeds, 0.2 M NaOH-soluble mucilage represented ;42%
of total mucilage, whereas in stk, this was increased to >70%. This
additional quantity probably originated from mucilage that did not
extrude with water. In this fraction, a substantial increase of both
Rha andGalA contents in stkwas observed. Finally, the 2MNaOH
extraction showedvery little difference in termsofmucilage content
fromwild-type and stk seeds. The total amount of sugars across all
three fractions was reduced to <70% in stk seeds with respect to
wild-type seeds. Appreciable differences were noted in their total
contents of GalA (;41 and ;37% in wild-type and stk seeds, re-
spectively) and Rha (;31 and ;35%, in wild-type and stk seeds,
respectively). We concluded that stk mutation affected the
organization/distribution of mucilage-containing polysaccharides
in both the water-soluble and 0.2 M NaOH-soluble fractions.

Transcriptional Network Controlling Pectin Modification in
Mucilage Secretory Cells

Since STK is a transcription factor involved in the differentiation
and function of the cell wall of the outermost seed coat layer, we
investigated thegenetic interaction betweenSTKandother genes

Figure 4. STK Directly Regulates PMEI6.

(A) Confocal laser scanning imaging of wild-type and stk seeds expressing pPMEI6:PMEI6-GFP at the bent cotyledon stage. Fusion protein is visible and
expressed in the epidermal outer layer of the wild-type seed coat. This signal is not present in the stk background. Bars = 50 mm.
(B) Analysis of PMEI6 and STK expression in developing wild-type and stk siliques from 3 to 6 DAP. Measurements of relative mRNA levels indicate low
expression levels ofPMEI6 in the absenceof STK. Error bars represent thepropagated error valueof three replicates. **,Wilcoxon signed rank test, P< 0.05.
(C) stk mucilage release phenotype is complemented by 35S:PMEI6. Bar = 100 mm.
(D)ChIPenrichment testsbyqRT-PCRshow thatSTK-GFPbinds to the selected regions ofPMEI6containingCArG-boxes1, 2, and4. Fold enrichmentwas
calculated against the signal in the wild type. Error bars represent the propagated error value using three replicates. Binding of STK to a CArG-box in the
VERDANDI promoter (VDDcarg3; seeMethods) was used as the positive control. Schematic representation of the locations of putative CArG-boxes in the
PMEI6 locus is included. FiveMADS recognitionmotif CArG-boxes are present. AChIP enrichment assay showed that STKbinds to twoCArG-box regions
(asterisk). Gray box, exon; triangles, CArG-boxes.
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playing roles in mucilage secretory cell function, including mu-
cilage hydrophilic properties and extrusion, pectin metabolism,
and seed coat differentiation. For our analysis, we focused on
LEUNIG HOMOLOG/MUCILAGE MODIFIED1 (LUH/MUM1;
Huanget al., 2011),MYB61 (Penfield et al., 2001),b-galactosidase-
encodingMUM2 (Dean et al., 2007), subtilisin-like serine protease-
encoding SBT1.7 (Rautengarten et al., 2008), transmembrane E3
ubiquitin ligase-encoding FLYING SAUCER1 (FLY1) (Voiniciuc

et al., 2013), and a member of the class III peroxidase family,
PEROXIDASE36 (PER36). Both SBT1.7 and FLY1 are required
for correct methylesterification and extrusion of mucilage, while
PER36 is active in the outer primary cell wall and generates reactive
oxygen species that may degrade rhamnogalacturonan-I and/or
HG during pectin secretion. In addition, per36mutant seeds show
impaired mucilage defects that resemble those of the sbt1.7 and
pmei6 mutants (Kunieda et al., 2013). The expression of these

Figure 5. STK Affects the Cellulose That Connects Mucilage to the Seed.

(A) to (H) In situ localization of crystalline cellulose (blue signal) inwild-type ([A], [B], [E], and [F]) and stk ([C], [D], [G], and [H]) seeds. Detectionofb-glycans
withCalcofluorWhite ([A] to [D]) andcrystallinecellulosebyPontamine ([E] to [H]) inwater-imbibed ([A], [C], [E], and [G]) andEDTA-imbibedseeds ([B], [D],
[F], and [H]).Whitearrowspointout thecolumellae.Note the lackof tangential cellwall remnantson the tipsof thecolumellae instkseeds (markedwithyellow
arrows). C, columella. Bars = 20 mm.
(I) qRT-PCR analysis of CESA2, 3, and 5, FEI2, SOS5, CBL2, and CSLA2 expression in developing siliques of wild-type and stk plants from 3 to 6 DAP.
Relative mRNA levels are shown, with wild-type levels set to 1. Error bars represent the propagated error value using three replicates. **, Wilcoxon signed
rank test comparing wild-type and mutant values, P < 0.05.
(J) Crystalline cellulose content is decreased in the stk mutant. Crystalline cellulose content from whole seed extracts was determined by the Updegraff
(1969) method. Error bars represent SD (n = 5). **, Wilcoxon signed rank test, P < 0.01.

2484 The Plant Cell



genes was analyzed by qRT-PCR in developing wild-type and stk
siliques (Supplemental Figure 3A). LUH/MUM1, MYB61, MUM2,
and SBT1.7 transcript levels were increased in the stk mutant,
suggesting that STK could act as a repressor at this specific stage
of development. However, ChIP assays revealed that STK did not
directly bind the corresponding CArG-containing regions of these
genes (Supplemental Figure 3B).

The transcriptional regulators GL2 and LUH/MUM1 have also
been proposed to control PMEI6 expression (Saez-Aguayo et al.,
2013). To test if STK is controlled by LUH/MUM1 and GL2, we
analyzed the expression of STK in developing siliques of luh/
mum1 and gl2 mutants. Interestingly, STK transcript abundance
was increased in the luh/mum1mutant (Supplemental Figure 3C),
suggesting a reciprocal repressive interaction between STK and
LUH/MUM1.ExpressionanalysisofSTK ingl2developingsiliques
revealed no change in STK expression (Supplemental Figure 3C),
suggesting that GL2 is not involved in controllingSTK expression.

DISCUSSION

The Role of STK in Seed Development Includes Modification
of the Cell Wall Structure

Many cell wall-modifying enzymes, such as expansins and
xyloglucanendotransglycosylases,andpectinmodifyingenzymes,
including PMEs and PMEI proteins, play roles in cell wall reor-
ganization. Although the corresponding genes have been found
downstream of transcription factors controlling organogenesis

and differentiation (Yant et al., 2010; Schlereth et al., 2010), the
molecular and genetic mechanisms connecting differentiation
and cell wall modification is still largely unknown.
Here, we provide an example of how homeotic transcription

factors might be directly involved in cell wall differentiation and
reorganization.Themorphologyof theoutercell layerofstkmutant
seeds appears similar to that of the wild type; however, using
biophysical technologies, such as AFM assays, we show that the
stk seed coat epidermal cells are stiffer than those of the wild type
(Figure 2C; Supplemental Figure 2). Our results suggest that al-
terations in the biophysical properties of the cell wall as described
in this work influence the mechanical rupture of the seed coat
upon water imbibition and the extrusion of mucilage during seed
germination. This might be due to the reinforcement of pectin
structures through the activation of PME activities and resultant
formation of Ca2+ cross-links and/or to the many other mod-
ifications occurring during the development of the seed coat in the
stkmutant. In concordance with our observations, Peaucelle and
coworkers showed thatPMEactivity influences the stiffnessof the
cell wall thereby controlling tissue growth and the emergence of
organ primordia (Peaucelle et al., 2008, 2011). The use of in-
novative biophysical applications, such as AFM, will allow more
detailed investigationsof theeffect of single ormultiple changes in
cell wall structures that affect cell wall functionality.
The stk phenotype is consistent with previous observations by

Penfield and colleagues (2001), who showed that germination is
compromised in mutants that show an alteration in mucilage
release under drought conditions, which supports the importance
of seed mucilage as a natural hydrogel and efficient absorber of
water. Alterations in metabolite accumulation, specifically alter-
ations in flavonoid pigmentation, can also affect seedgermination
(Debeaujon et al., 2000). Debeaujon et al. (2000) investigated the
influence of the seed coat structure on seed dormancy, germi-
nation, and longevity and found that most mutants with altered
flavonoid pigmentation, including ban and tt8, exhibited earlier
germination. Recently, it has been demonstrated that STK plays
a pivotal role in the control of anthocyanidin accumulation in the
seedcoatbynegatively regulatingTT8andBAN (Mizzotti etal., 2014).
We therefore hypothesize that the altered germination properties of
stk mutant seeds can be attributed to changes in the seed coat
structures leadingtoalteredwaterabsorption,mechanical resistance,
or both as a result of alterations in mucilage and PA properties.

STK Is a Major Regulator of PMEI6 Activity in Seed Coat
Epidermal Cells

Modificationsoccurring in thecellwall and inmucilagecomponents
such as pectin methylesterification/demethylesterification have an
effect on cell wall physical properties (Seymour and Knox, 2002).
Thesemodificationswere recently shown to be crucial for adherent
mucilage extrusion properties of Arabidopsis mucilage secretory
cells (Saez-Aguayo et al., 2013; Voiniciuc et al., 2013). Similar to
findings reported for the Arabidopsis pmei6mutant (Saez-Aguayo
et al., 2013), we found no labeling of highly methylesterified HG in
stkseeds (Figures3Gand3H).Thisobservationsuggests thatSTK
promotes mucilage release by modulating PME activity, which
was also confirmed by the comparative analysis of PME activity in
protein extracts of stk and wild-type seeds (Figures 3I and 3J).

Figure 6. STK Mucilage Displays an Altered Pattern of Glucomannan
Localization.

Localization of glucomannan in adherent mucilage released from wild-
type ([A] and [B]) and stk ([C] and [D]) water- and EDTA-imbibed seeds
upon LM21 monoclonal antibody staining. White arrows point out the
presence of heteromannan in the adherent mucilage. AM, adherent
mucilage. Bars = 20 mm.
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Together, these results provide evidence that transcription fac-
tors controlling organ differentiation, such as the homeoticMADS
domain factor STK, directly control key cell wall biosynthetic
processes, such as HG methylesterification.

We also showed that the transcript levels of other regulators of
the pectin maturation pathway during seed coat epidermal cell
development such as MYB61, MUM2, LUH/MUM1, and SBT1.7
are increased in the stkbackground (Supplemental Figure3A). The
pmei6 and sbt1.7 mutants both display a low level of methyl-
esterification of HG and high PME activities when compared with
the wild type (Saez Aguayo et al., 2013). The expression of PMEI6
and SBT1.7 in the stkmutant was lower and higher, respectively,
compared with the wild type. This finding could indicate a com-
pensatory effect on global PME activity. However, the finding that
PME activities are increased in the stk mutant indicates that this
altered activity is primarily influenced through thePMEI6pathway.

We propose a dual role for STK in the modulation of this
pathway, first with MUM2, MYB61, LUH/MUM1, and SBT1.7 as
downstream targets (although it remains unclear if this occurs via
direct repression or via activation of an intermediary inhibitor) and
second by direct control to promote PMEI6 expression. How
alterations in the cell wall result in altered organ nanomechanics is
still unknown. It may be reasonable to expect that the methyl-
esterification status of pectins could modify the biophysical
properties of the cell wall, since we have presented evidence that
STK plays also a critical role in cell wall stiffening (Figure 2C).
Future experiments will therefore be focused on determining the
natureof the responseofotherplantorgans thatmanifestdramatic
cell wall changes during organogenesis to such coordinated
genetic and biochemical events.

STK Modulates the Transcriptional Network Involved in
Mucilage Packaging and Organization

Cellulose participates in the attachment of the adherent mucilage
(Sullivanetal., 2011).Observationsmadeonstkseeds treatedwith
EDTA, which sequesters divalent cations (e.g., Ca2+) and disrupts
the cross-linking of pectins, showed that EDTA facilitated the
release of stk mucilage within the seed epidermal cell wall. How-
ever, we observed no tangential cell wall remnants present on the
columella tipsandno labelingofcellulosestructureswithCalcofluor
and with Pontamine Fast Scarlet 4BS (a generic stain for b-glucan
and a cellulose-specific dye, respectively). Quantification of crys-
talline cellulose indeed revealed a significantly lower amount in stk
seeds compared with the wild type (Figure 5J). Thus, our cellulose
staining assays are consistent with the quantification data. We
hypothesize that the reduction in cellulose found in the stkmutant
might result from the loss of cellulose microfibrils, which may be
decreased in the adherent mucilage of stk.

Our data also establish a role for STK in the control of cellulose
deposition in seedcoat epidermal cells. The finalmetabolic stepof
cellulose biosynthesis is driven by CESAs that tend to hetero-
dimerize and generate an array of cellulose synthase complexes
with specialized functions in different developmental contexts
(Mendu et al., 2011). Our data show that CESA5 transcript levels
are markedly decreased in the stk mutant, while levels of CESA3
(which is also involved in mucilage cellulose synthesis; Griffiths
et al., 2015) were almost the same as in the wild type (Figure 5I).

CESA5 and the Leu-rich receptor-like kinase FEI2 on one hand
and the fasciclin-like arabinogalactan protein SOS5 on the other
control mucilage adherence independently (Griffiths et al., 2014).
While CESA5 and FEI2 are thought to do this by influencing
cellulose biosynthesis, recently it was discovered that SOS5
mediates mucilage adherence through pectin organization, not
cellulose (Griffiths et al., 2014). We found low FEI2 mRNA levels
in stk concomitantly with the decrease in CESA5 (Figure 5I). To-
gether with CESA5, other cellulose synthases like CESA2 affect
radial cell wall thickening and the formation of the columellae

Figure7. Model of theCentral Role ofSTK in theDifferentiation ofCellWall
of the Seed Coat Epidermal Cells.

The transcription factor STK regulates a complex regulatory network in-
volving pectin maturation and cellulose deposition, driving the strength-
ening of the cell wall in the seed coat. STK controls themethylesterification
status of the cell wall in the seed coat by repressing PME activity. STK
represses genes involved in pectin maturation, including LUH/MUM1,
MYB61, SBT1.7, and MUM2. As a transcription factor, LUH/MUM1 ap-
pears to antagonize STK function since each represses the other’s activity.
At the same time, STKdirectly promotes expression of the inhibitorPMEI6.
This could explain the low PMEI6 transcript levels and higher PME activity
in stk seeds. This results in higher levels of demethylesterified HG, thereby
exposing more negative charges that are involved in Ca2+ binding that
might, directly or indirectly, strengthen the cell wall. The effects of induced
stiffness in the seed coat might delay primary cell wall rupture with the
described consequences formucilage swelling. STKmay play a parallel role
in thepositive regulatory control of cellulosebiosynthesis in themucilage ray
via the FEI2-CESA5 pathway. STK directly controls CESA5 but does not
induce changes in SOS5, CESA3, and COBL2 expression. STK negatively
influences glucomannan deposition in the adherent mucilage by repressing
CSLA2 regulation. STK controls cellulose deposition in the columellae and
the radial cell wall promoting the expression of CESA5 and repressing
CESA2. STK promotes cellulose deposition to fulfill the need for a structural
link required for the assembly/organization of pectin in the seed coat epi-
dermal cell wall. The formation of this matrixmay require the pectinmatrix to
be organized around cellulose rays in the columellae.
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(Mendu et al., 2011). We found CESA2 relative expression to be
enhanced in the stkmutant. The role of COBL2 (found to be highly
coexpressed with FEI2) in multiple aspects of secondary cell wall
deposition in mucilage secretory cells, including ray formation,
radial cell wall thickening, and the formation of the columellae, has
recently been studied (Ben-Tov et al., 2015). That the levels of
SOS5 andCOBL2were unaffected in the stkmutant suggests that
STK-controlledcellulosedepositionoccursvia thecontrol ofFEI2-
CESA5 and is independent of COBL2 and SOS5.

Theglucomannan synthase-encoding geneCSLA2 also affects
cellulose deposition by controlling the way glucomannan is de-
posited in the external domain of adherent mucilage (Yu et al.,
2014). We found altered glucomannan localization in stk seeds,
with the presence of strongly labeled regions in the outer layer of
the adherent mucilage (Figure 6D). Concomitantly, we found in-
creased transcripts levels ofCSLA2 in stk compared with the wild
type.Therefore, it seems thatSTKcould influenceadherentmucilage
spatial organization, and this could involve altered glucomannan
deposition via repression of CSLA2. Notably, our monosaccha-
ride composition analysis showed that the stk mutation affected
theorganization/distributionofmucilage-containingpolysaccharides
(Supplemental Table 1). Several genes affecting mucilage adhesion
have been recently discovered: MUCILAGE-RELATED10 (affecting
galactoglucomannan synthesis), MUCILAGE-RELATED21 (implicated
in the addition of xylan branches to mucilage polysaccharides),
and IRREGULAR XYLEM14 (involved in the production of xylan)
(Voiniciuc et al., 2015b, 2015a). Future studies are needed to clarify
theeffectofSTKonglucomannan,galactoglucomannan,andxylan
cross-links with cellulose and other mucilage components and the
resulting influences on Arabidopsis mucilage structure.

Taken together, our observations suggest that STK is involved
in modulating the structure of adherent mucilage, regulating the
expression of genes involved in (1) the degree of methylester-
ification of HGs, (2) controlling the adherence of mucilage to seed
epidermis through cellulose deposition, and (3) altering the as-
sociation between glucomannan and mucilage matrix. To date,
the prevailing model of the cell wall assumes that a cellulose-
hemicellulose network is embedded in a pectin matrix (reviewed
in Fry, 2011). The mechanisms of assembly between pectins and
the cellulose-hemicellulose network, which ultimately determines
the relative strength of the tissue, are still unclear (reviewed in
Cosgrove,2014). Interestingly, recentstudieshavehighlighted the
existence of a critical relationship between celluloses, hemi-
celluloses, and pectins at the levels of the synthesis and de-
position of these polymers, which affects the correct function of
the seed coat (Griffiths et al., 2015, 2014). Given the data pre-
sented in thiswork, we propose that STK plays a pivotal role in the
coordination of these processes.

Future Perspectives in Plant Development: Differentiation
Patterns Are Connected to Cell Wall Alterations

Recent studies have highlighted the importance of methylester-
ification of cell wall pectins in determining a variety of important
biological functions such as cell elongation, fruit ripening, and
mechanical strength of supporting stems (Peaucelle et al., 2012;
Hongo et al., 2012; Giovannoni, 2004).

Therefore, genetic and biochemical processes involved in
cellulose-pectin matrix biosynthesis are critical in determining
organ growth. In this study, genetic, biophysical, and biochemical
approaches have been used to define how PME activity is fine-
tuned in seedcoat epidermal cells. Previousobservations showed
that the stk mutant displays a reduced seed size phenotype
(Pinyopich et al., 2003). The question therefore arises as to
whether STK control of HG demethylesterification could regulate
seed growth either completely or at least in part. From a mecha-
nistic point of view, a large number of negatively charged carboxyl
groups on poorly methylesterified HG in the stk mutant could
enhance Ca2+ cross-linking between pectins and influence the
elasticity andporosity of cellwallmatrix properties, and thusaffect
the ratio of growth during differentiation.
Basedonour results,weproposeamodel (Figure 7) inwhich the

maintenance of cell wall integrity throughout seed development,
which is essential for correct seed coat biogenesis, is under
control of the master developmental regulator STK. This repre-
sents a direct relationship between a differentiation process and
the molecular mechanisms that underlay the properties related to
mechanical stress responses ina tissue, in this case theseedcoat.
The studies presented here suggest that seed coat properties
such as stiffness can be fine-tuned by genetic factors, thus
influencing processes including primary cell wall rupture, muci-
lage swelling, and testa rupture under water-limiting conditions.
These processes are central for seed germination and are of
enormous importance for agriculture. Furthermore, this report
highlights how changes in the expression of a master develop-
mental regulator affect seed properties, underlining the important
role these transcription regulators might have in the evolution of
a species or during domestication by humans.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana wild-type (ecotype Columbia) and stk plants were
grown at 22°C under short-day (8 h light/16 h dark) or long-day (16 h light/
8 h dark) conditions under continuous fluorescent illumination of 90 to
110 mmol m22 s21. Arabidopsis stk seeds were kindly provided by M.
Yanofsky.Thestk-2allelecontainsa74-nucleotide insertionnear thesplice
site of the third intron (Pinyopich et al., 2003). The marker line pSTK:STK-
GFP used in this work is described in Mizzotti et al. (2014). The pPMEI6:
PMEI6-GFP marker line and the mutants pmei6-1 (SM_3.19557), 35S:
PMEI6 (pmei6OX-21), luh-3 (SALK_107245C), and gl2-6 (SM_3.16350)
(Saez-Aguayo et al., 2013) were kindly provided by the Helen North Lab,
Institut National de la Recherche Agronomique (INRA).

PCR-Based Genotyping

Identification of the stk and wild-type alleles was performed as described
by Mizzotti et al. (2014).

Morphological Analysis

Formucilage release,wholeseedswerestainedbyshaking ina0.01%(w/v)
ruthenium red (Sigma-Aldrich) solution for90min.Seeds treatedwithEDTA
(0.5 M) were imbibed for 2 h before staining with ruthenium red. After
staining, samples were rinsed in deionized water prior to visualization
according toDurandet al. (2009). Seedswereobserved andphotographed
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using a stereomicroscope. For mucilage extrusion, scanning electron
microscopywasperformedonwild-typeandmutantseedsbeforeandafter
imbibition. Dry seeds were maintained at 37°C overnight before pro-
ceeding with the analysis. Imbibed seeds were air dried overnight on filter
paper and then treated the same as dry seeds. Dried and imbibed seeds
were gold coated using a sputter coater (SEMPREP2; Nanotech) and
observed with a LEO 1430 scanning electron microscope (LEO Electron
Microscopy). For the morphological analysis of seed coat differentiation,
wild-type and stk seeds at different stages of development were fixed as
previously described (Ambrose et al., 2000). Sections (8 mm) were stained
in 0.5% (w/v) Toluidine blue O. A Zeiss Axiophot D1microscope equipped
with differential interface contrast optics was used for observation, and
images were recorded with an Axiocam MRc5 camera (Zeiss) using the
Axiovision program (version 4.1).

Germination Tests on Polyethylene Glycol

Seeds from three independent batches of stk and wild-type plants grown
side-by-side under identical environmental conditions were harvested on
the same day. The seedswere placed on paper discsmoistened with 1mL
water or PEG8000 solution from12 to 25%concentration (Sigma-Aldrich),
sealed in Petri dishes, and stratified for 3 d at 4°C. Seeds were scored as
germinated when testa rupture preceding radicle protrusion was visible.
Similar results were obtained with seed stocks from a second set of plants
grown independently.

Quantitative Real-Time PCR Analysis

qRT-PCR experimentswere performed on cDNAobtained from3 to 6DAP
siliques. Total RNA was extracted using the LiCl method (Verwoerd et al.,
1989). DNA contamination was removed using the Ambion TURBO DNA-
free DNase kit according to the manufacturer’s instructions. The treated
RNA was reverse transcribed using the ImProm-II reverse transcription
system (Promega). Diluted aliquots of the first-strand synthesis were used
as templates in the qRT-PCR reactions containing the iQ SYBR Green
Supermix (Bio-Rad). The qRT-PCR assay was conducted in triplicate in
a Bio-Rad iCycler iQ Optical System (software version 3.0a). The relative
transcript enrichment of genes of interest was calculated by normalizing
against various housekeeping genes (UBIQUITIN, ACTIN, PPA2, and
SAND;Hongetal., 2010). The22DDC

Tmethod (LivakandSchmittgen, 2001)
was used to analyze the data. Primers used are listed in Supplemental
Table 2.

Monosaccharide Compositional Analysis of the Different Mucilage-
Enriched Fractions

Sequential extractions of different mucilage-enriched fractions were
performed following the protocol developed byHuang et al. (2011). Briefly,
125mg of seeds (wild-type or stk) was placed in 2-mL test tubes with 2mL
water for 2 h. Water-exposed seeds were then further sequentially ex-
tracted with 0.2 and 2 M NaOH and stored at 4°C. During this procedure,
tubeswere vortexedevery 5min for 5 s. Thematerial collectedwasused for
compositional monosaccharide analyses. Mild and strong alkaline sol-
utionswere neutralizedwith glacial acetic acid, dialyzed againstwater, and
lyophilized. To determine the total sugar contents in each fraction, we
followed the protocol described by Filisetti-Cozzi and Carpita (1991). A
gas-liquid chromatography method (Nguema-Ona et al., 2006; York et al.,
1985) was used to determine the monosaccharide content of the different
mucilage-enriched fractions. Approximately 0.5 to 1 mg mucilage was
hydrolyzed (2 M trifluoroacetic acid 110°C, 2 h), and the liberated mono-
saccharides were converted to methoxy sugars using 1Mmethanolic HCl
at 80°C for 24 h. Silylation was performed at 80°C (20 min) to produce
trimethyl-silyl-glycosides, which were dissolved in cyclohexane. The de-
rivatives were separated and analyzed in a Varian 3500 gas-liquid

chromatograph equipped with a flame ionization detector and a 30 m 3

0.25 mm (i.d.) HPS-MS column. The oven temperature was stabilized at
120°C for 2min, ramped at 10°C/min to 160°C, then at 1.5°C/min to 220°C
and finally at 20°C/min to 280°C. Myo-inositol (0.5 mmol) was used as the
internal standard. Derivativeswere identifiedbasedon their retention times
and quantified by determination of their peak areas. Monosaccharides
(Sigma-Aldrich)were used asstandards todetermine the retention timesof
the nine main monosaccharides found in the plant cell wall. Sugar com-
position was expressed as mole percentage for each monosaccharide.
Error bars in the histograms represent the SD of the mean of two biological
samples and two technical replicates per biological sample.

ChIP Assay

The genomic regions located 3 kb upstream of the ATG, 1 kb downstream
of the stop codon, and in the exons and introns of the selected geneswere
analyzed in silico to identify CArG-box sequences (allowing up to one
mismatch). ChIP experiments were performed as a modified version of
a previously reported protocol (Gregis et al., 2008) using a GFP polyclonal
antibody (Living Colors Polyclonal antibody raised in rabbit; Clontech; cat
no. 632460). Enrichment of the target region was determined by qRT-PCR
(iQ_ SYBR Green Supermix; Bio-Rad). This assay was conducted in
triplicate using a Bio-Rad iCycler iQ optical system (software version 3.0a).
For the binding of STK to the selected genomic regions, the enrichment of
targets obtained from stk/stk pSTK:STK-GFP siliques (up to 6 DAP) was
comparedwith the enrichment of the same targets fromwild-type siliques.
Fold enrichment was calculated using ACTIN7 and previously reported
formulae (Matias-Hernandez et al., 2010). To determine the efficiencies of
the chromatin immunoprecipitations, we used the third CArG-box of VDD
as a positive control (Matias-Hernandez et al., 2010). Three independent
ChIP assays were performed. Sequences of the oligonucleotides used for
ChIP analyses are listed in Supplemental Table 2.

PME Activity Assays

PMEactivity was determined in protein extracts by the release ofmethanol
85% esterified citrus fruit pectin (Sigma-Aldrich). Equal amounts of pro-
teins (10mg) were incubated in 300mL of 30mMsodium phosphate buffer
with pH 6.5 to which 1% pectin and 0.03 units of alcohol oxidase were
added (Sigma-Aldrich). The mixture was incubated for 1 h at 28°C.
Thereafter, amixture of 500mL containing 20mM2,4-pentanedione in 2M
ammonium acetate and 50 mM acetic acid was added. After 15 min of
incubation at 60°C, samples were directly cooled on ice and absorbance
was measured at 412 nm. The methanol content was calculated as the
amount of formaldehyde produced from methanol by alcohol oxidase
(Klavons and Bennett, 1986), by comparison with a standard calibration
curve. For PME activity measurement via radial gel diffusion assays, gels
werepreparedwith0.1% (w/v) of 85%esterifiedcitrus fruit pectin, 1% (w/v)
agarose, 12.5 mM citric acid, and 50 mM Na2HPO4, pH 6.5. Volumes of
15 mL gel were cast into agar plates and allowed to polymerize at room
temperature. Equal protein samples (4 mg in 20 mL) were loaded in 4-mm-
diameter wells. Plates were incubated at 28°C for 16 h. The gels were
stainedwith 0.05% (w/v) ruthenium red for 45min anddestainedwithwater
(five times in 5 h).

The measurement of the diameter of the red-stained areas, resulting
from the hydrolysis of esterified pectin, was performed with ImageJ
software.

Crystalline Cellulose Quantification

Dry Arabidopsis seeds (20mg) of wild-type and stk genotypes were frozen
in liquidnitrogenandground toafinepowder.Groundmaterialwaswashed
twicewith70%(v/v) ethanol (1.5mL)byvortexingandpelleting (17,000g for
15 min), discarding the supernatant. The pellets were washed three times
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with a 1:1 (v/v) methanol:chloroform solution (1.5 mL per wash) under the
previous conditions. The pellets (at this step, total cell wall fractions) were
completely dried. For each pellet, 1 mg was treated with 1.5 mL Updegraff
reagent (acetic acid:nitric acid:water, 8:1:2 [v/v]; Updegraff, 1969) at 98°C
for 30 min. Samples were cooled to room temperature and pelleted
(17,000g for 15 min) to obtain crystalline cellulose. The supernatants were
carefully removed, and the pellets were washed four times with 1.5 mL
acetoneandpelletedat17,000g for 15min.Samplesweredriedcompletely
at room temperature. The resulting crystalline cellulose was hydrolyzed
with 175 mL of 72% (w/w) sulfuric acid for 1 h at room temperature under
300 rpmagitation.Afterhydrolysis,waterwasadded (425mL).The resulting
solution was used for Glc determination using the anthrone assay; 1 mL of
0.2% (w/v) anthrone solution in75%H2SO4wasadded toeach tube.Tubes
were vortexed and heated in boiling water for 5min. Tubes were cooled on
iceandkept in thedark topreventphotobleaching.Absorbancewas readat
620 nm. A standard curve was made with Glc. Cellulose hydrolytic effi-
ciency was tested using cellulose standards.

Cytochemical Staining and Immunolabeling Procedures

Bright-field microscopy was used to observe whole-mounted seeds
stained with 0.05% (w/v) ruthenium red dye (Sigma-Aldrich) in deionized
water for 15min. After staining, the seedswere gently washed in deionized
water and observed. Staining of b-glucans, including cellulose, was
performed using Calcofluor White M2R (Sigma-Aldrich; 1 mg/mL) Pont-
amine Fast Scarlet 4 BS stain (synonym Direct Red 23; Sigma-Aldrich;
0.01% [w/v]) for 30 min in the dark (Andème-Onzighi et al., 2002). After
having been gentlywashed in deionizedwater, seedswere observed using
a microscope equipped with a UV lamp (excitation filter, 359 nm; barrier
filter, 461 nm). Images were acquired with a Leica DFC 300 FX camera and
fluorescence microscope. Laser scanning confocal microscopy was used
to observe whole-mounted seeds labeled with either with monoclonal
antibodies to homogalacturonan (catalog code LM19 and LM20) or to
heteromannan (catalog code LM21) (Verhertbruggen et al., 2009; Plant
Probes). Immunolabeling was performed according to Macquet et al.
(2007) withminor modifications. Briefly, intact mature seeds were imbibed
inwaterwithout shaking for 30min at room temperature and then fixedwith
4%(w/v)paraformaldehyde for1h.Seedsweresubsequently incubated for
2 h at room temperature or overnight with the primary antibody diluted
10-fold in PBScontaining 1% (w/v) BSA. Theywere thenwashedwith PBS
(three times, 3 min per wash) and finally incubated for 2 h at 37°C with the
secondary goat anti-rat-IgG antibody coupled to fluorescein iso-
thiocyanate (Sigma-Aldrich) diluted 1:5000 in PBS containing 1% (w/v)
BSA. After washing in PBS (three times, 3 min per wash), seeds were
mounted on slides. An antifading agent (Citifluor; Agar Scientific) was
incorporated before examination. For the labeling of EDTA-treated seeds,
a similar protocol was followed except that seeds were successively im-
bibed in water and EDTA. The lookup table of ImageJ software (http://
rsbweb.nih.gov/ij/) was used for all labelings.

Measurement of the Elastic (Young’s) Modulus of the Cell Wall by
AFM and Analysis of Data

DevelopingArabidopsisseedswere isolated fromindependentsiliquesofstk
and thewild type at 2 and 11DAP. After dissection, the siliquewasmounted
on double-sided tape and the replum was gently removed with tweezers to
detachseedswithoutdamaging them.The tapewasplacedon thebottomof
a Petri dish filled with water to prevent dehydration during AFM measure-
ments.Anopticalmicroscopeallowedustoposition theAFMcantileverat the
desired location on the seed epidermal surface for AFM scanning.

AFM is based on the ability of a small flexible element (the cantilever) to
bebentwhen forced to indentasample (SupplementalFigure2A).Since the
mechanical properties of the cantilever are known, those of the sample can
be deduced. At the same time, AFM provides topographic maps (height

maps, as shown in Supplemental Figures 2B and 2C) in which higher
regions are depicted in lighter colors. During the scanning process, the
AFM performed force-curve measurements on a square grid of points on
the seed surface, and these force curves were stored for further pro-
cessing. The force curves were fitted using the Sneddon model (see
methods) to extract the apparent Young’smodulus (E) of the seed cell wall
(units areMPa). The results of theanalysis ofdevelopingseedsat 2DAPare
shown inFigure 2C.Each square represents theaverageapparent Young’s
modulus per seed of over 300 force curves, with the associated SD.

A Bruker Catalyst atomic force microscope was used in the quantitative
nanomechanical property mapping (QNM) mode that allows acquisition of
AFMforcecurvesona two-dimensionalgridofpoints.All the forcecurvesare
stored and can be extracted for fitting. We used Bruker cantilevers with
a pyramidal tip (Scanasyst-air, nominal stiffness 0.4 N/m). The spring con-
stant was calibrated before each experiment using the thermal tune mode
and was found to be in the range 0.16 to 0.47 N/m. All measurements were
done inwater.Thepositioningof thecantileveroneachseedwasmadeusing
an upright Leica microscope (MacroFluo). We chose seeds that were well
positioned on their side and placed the cantilever tip above the center. The
60 3 60-mm scans (for 2 DAP seeds) and 70 3 70-mm scans (for 11 DAP
seeds) were performed using the default QNM parameters (a scan rate of
0.5 Hz per line, 128 3 128 pixels; ScanAsyst Auto Control On). The typical
maximal force applied was 20 mN (for 2 DAP seeds) and 50 mN (for 11 DAP
seeds because of higher stiffness values in this developmental stage), re-
sulting in typicalmaximal indentation depths ranging from 0.1 mm (stk) to 0.4
mm (wild type) depending on the seed. The AFM force curves chosen for
analysis were extracted from regions in the middle of centrally located cells
(two to three successive box selections). The fit was applied using Bruker’s
NanoScope Analysis software. To extract the mechanical properties of the
cellwall (Milani et al., 2011),weanalyzed forcedisplacement curvesbetween
contact and 100-nmdepth. As the tip is pyramidal, we applied a Sneddon fit
to the curves (Milani et al., 2014). Given that the Sneddon fit to the retraction
curveswasmorerobustthanthefit tothoseofextension,wechosetoanalyze
the retraction curves, and possible adhesion was taken into account. Only
those fits with a coefficient of determination R2 higher than 0.95 were
considered (the majority). More than 300 curves per seed were analyzed,
allowing the computation of an average apparent elasticmodulus and SD for
each seed. This modulus most likely accounts for the properties in the di-
rection perpendicular to the cell wall (Milani et al., 2011).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data li-
braries under the following accession numbers: STK, At4g09960; GL2,
At1g79840;LUH/MUM1,At2g32700;PMEI6,At2g47670;SBT1.7,At5g67360;
SOS5, At3g46550; CESA2, At4g39350; CESA3, AT5G05170; CESA5,
At5g09870; FEI2, At2g35620;MYB61, At1g09540;CSLA2, At5g22740;COBL2,
AT3G29810; FLY1, AT4G28370; and PER36, AT3G50990.

Supplemental Data

Supplemental Figure 1. Differentiation of seed coat epidermal cells in
the stk mutant.

Supplemental Figure 2. Preparation of atomic force microscopy
measurements on live developing stk and wild-type seeds (related to
Figure 2C).

Supplemental Figure 3. SEEDSTICK controls the transcriptional
network required for pectin modification in mucilage secretory cells.

Supplemental Table 1. Monosaccharide distributions in mole per-
centage of carboxyl-reduced mucilage polysaccharides from seeds
successively extracted with water, 0.2 M NaOH, and 2 M NaOH.

Supplemental Table 2. Primers used for ChIP-PCR and qRT-PCR
experiments.
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