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Cell expansion is an increase in cell size and thus plays an essential role in plant growth and development. Phytohormones and
the primary plant cell wall play major roles in the complex process of cell expansion. In shoot tissues, cell expansion requires
the auxin receptor AUXIN BINDING PROTEIN1 (ABP1), but the mechanism by which ABP1 affects expansion remains unknown.
We analyzed the effect of functional inactivation of ABP1 on transcriptomic changes in dark-grown hypocotyls and investigated
the consequences of gene expression on cell wall composition and cell expansion. Molecular and genetic evidence indicates
that ABP1 affects the expression of a broad range of cell wall–related genes, especially cell wall remodeling genes, mainly via an
SCFTIR/AFB-dependent pathway. ABP1 also functions in the modulation of hemicellulose xyloglucan structure. Furthermore,
fucosidase-mediated defucosylation of xyloglucan, but not biosynthesis of nonfucosylated xyloglucan, rescued dark-grown
hypocotyl lengthening of ABP1 knockdown seedlings. In muro remodeling of xyloglucan side chains via an ABP1-dependent
pathway appears to be of critical importance for temporal and spatial control of cell expansion.

INTRODUCTION

The essential protein AUXIN BINDING PROTEIN1 (ABP1) func-
tions in the control of growth and development throughout plant
life. Initially identified by its capacity to bind the phytohormone
auxin, ABP1 was first shown to affect plasma membrane hyper-
polarization via the modulation of ion fluxes across the membrane
(Thiel et al., 1993; Barbier-Brygoo et al., 1996; Leblanc et al.,
1999a, 1999b). These rapid ionic changes indicate a possible
involvement of ABP1 in the control of cell expansion, at least
in shoot tissues, thus providing preliminary molecular evidence
supporting the acid growth theory. This theory states that auxin
promotes the excretion of protons at the apoplast resulting in cell
wall loosening and increased growth rate (Rayle and Cleland,
1992). Binding of auxin to ABP1 and increased amount of ABP1
at the plasma membrane promote protoplast swelling and en-
hance expansion of leaf cells (Jones et al., 1998; Steffens et al.,
2001; Christian et al., 2006). Conversely, the functional in-
activation of ABP1 severely impairs cell expansion in shoot tis-
sues irrespective of their DNA content (Braun et al., 2008; Xu
et al., 2010) but does not affect root cell elongation (Tromas et al.,
2009). The effect of ABP1 on cell expansion varies in a cell- or
tissue-dependent manner. Recent data indicate that ABP1 acts

both constitutively and in response to auxin (Robert et al., 2010;
Tromas et al., 2013). The mechanism by which ABP1 controls cell
expansion remains poorly understood. In shoot tissues, it remains
unclear whether the contribution of ABP1 to cell expansion relies
solely on nongenomic responses or acts also via the regulation
of gene expression. ABP1 was reported to affect expression of
various genes in response to auxin, but little is known on the
broader effects of ABP1 on gene expression (Braun et al., 2008;
Tromas et al., 2009; Effendi et al., 2011).
Recent work showed that ABP1 constitutively controls the

stability of AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) transcrip-
tional repressors and negatively regulates the SCFTIR1/AFB path-
way (Tromas et al., 2013). The SCFTIR1/AFB pathway includes
various combinations of TRANSPORT INHIBITOR1/AUXIN
SIGNALING F-BOX (TIR1/AFB) and AUX/IAA nuclear-localized cor-
eceptors, which have distinct relative affinities for auxin binding or
distinct specificities (Calderón Villalobos et al., 2012). TIR1/AFB
F-box proteins promote polyubiquitination of AUX/IAA substrates
and their degradation via the 26S proteasome (Chapman and
Estelle, 2009). After degradation of AUX/IAA repressors, AUXIN
RESPONSE FACTORs regulate the transcription of auxin re-
sponsive genes. ABP1 and SCFTIR1/AFB signaling pathways en-
sure highly controlled and balanced responses to changes in
auxin concentration during plant growth and development.
Cell expansion is an increase in cell size and thus plays an

essential role in plant growth and adaptive processes. Expansion
results from complex mechanisms, and the ability of cell walls to
extend is both important and potentially restrictive (Wolf et al.,
2012). Expansion requires cell wall loosening, which involves modi-
fication and remodeling of cell wall components and biosynthesis
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of new cell wall materials. In growing cells, crystalline cellulose
microfibrils and hemicelluloses of the primary cell wall interact to
form a complex network comparable to an external skeleton sur-
rounding the plant cells. In dicots, this network is embedded in
a gel of pectin that contains proteins involved either in cell wall
loosening or in the integration of novel cell wall components within
the network. Composition and physical properties of the primary
cell wall are highly regulated to control growth according to the
organ and in response to developmental or environmental stimuli.

In most vascular dicotyledonous plants, xyloglucan poly-
saccharides (XyGs) constitute the major hemicellulose (Harholt
et al., 2006). XyGs have a backbone of b-1,4-D-glucopyranosyl
and a combination of side chains of various lengths. These side
chains generally have one to three sugars, starting with D-Xyl then
D-Gal and L-Fuc; a single-letter nomenclature (X, L, F) corre-
sponding to the last substituted sugar designates each type of
side chain (Fry et al., 1993). Successive side chains form specific
patterns separated by free Glc residues (G) of the backbone.
Biosynthesis of XyGs takes place in the Golgi apparatus and
exocytosis delivers the polysaccharides to the cell surface. XyG
biosynthesis involves various glycosyl transferases (Lerouxel et al.,
2006; Zabotina, 2012). Sugar residues of XyG side chains can also
be O-acetylated in the Golgi apparatus by O-acetyltransferases,
but the biological function of acetylation remains unknown
(Salisbury et al., 1988). After its delivery to the cell wall, the XyG
structure can be modified by xyloglucan endo/transglycosidase
hydrolases (XTHs) and glycoside hydrolases (Rose et al., 2002;
Harholt et al., 2006). The XTHs exhibit xyloglucan endo-
transglycosidase and/or xyloglucan endohydrolase (XEH) activi-
ties and are responsible for both the integration of newly
synthesized XyGs and for polysaccharide remodeling (Rose et al.,
2002; Baumann et al., 2007). Xyloglucan biosynthesis and re-
modeling are proposed to play an important role in growth and
development (Fry, 1994; Pauly et al., 2001; Takeda et al., 2002;
Ryden et al., 2003; Peña et al., 2004; Swarup et al., 2008). The
wall loosening expansins are also important for cell wall re-
structuring, acting on wall hydration and disrupting hydrogen
bonds between XyGs and cellulose microfibrils (Cosgrove, 2000).

Structural variations of XyG chains can alter the properties of
the XyG polymer and its cross-linking with cellulose microfibrils,
consequently reinforcing or weakening the cell wall (Levy et al.,
1997; Cosgrove, 2005; Park and Cosgrove, 2012b; Wolf et al.,
2012). A large set of apoplastic glycosidases or trans-glycosidases
(b-glucosidases, a-xylosidases, b-galactosidases, and a-fucosidases)
act specifically on XyGs. These enzymes modify XyG structure
by modulating the length of side chains, which might change
their susceptibility to XTH activity (Augur et al., 1993; Iglesias
et al., 2006; Franková and Fry, 2011) and/or their cellulose
binding properties (Levy et al., 1997). Modifications of XyG-
cellulose interaction or remodeling of XyG by metabolizing en-
zymes may modulate cell wall extensibility and thus facilitate cell
expansion. Substantial experimental data support a major role of
XyG in cell elongation (Cosgrove, 2005; Wolf et al., 2012), but
characterization of Arabidopsis thaliana mutants altered in XyG
structure or even lacking substituted XyG has raised doubts
about the critical function of XyGs, as these mutants exhibit no or
only subtle phenotypes when grown under standard laboratory
conditions (Vanzin et al., 2002; Tamura et al., 2005; Cavalier et al.,

2008; Zabotina et al., 2008; Günl et al., 2011). Plant plasticity and
compensation mechanisms may account for the lack of apparent
phenotypes. Indeed, further studies of the double xyloglucan
xylosyltransferase mutant, xxt1 xxt2, which lacks substituted
XyG, revealed alterations of cellulose organization suggesting
more severe alteration of the cell wall than originally reported for
these plants (Anderson et al., 2010). Involvement of other matrix
components may compensate for XyG structural defects (Park
and Cosgrove, 2012a). Further characterization of wild-type and
xxt1 xxt2 cell wall properties provided additional evidence sup-
porting the importance of XyG for primary cell wall strength and
wall loosening by expansin A (Park and Cosgrove, 2012a).
In addition, XyG-derived oligosaccharides, also named oligo-

saccharins, can be released from the cell wall. The modification of
XyGs by addition or removal of sugar residues from their side
chains affects their biological activity as signaling molecules. In
particular, removal of the Fuc from XXFG oligosaccharide frag-
ment suppresses its antiauxin activity (York et al., 1984; Fry et al.,
1990).
The effects of auxin on the cell wall extend beyond its in-

terference with oligosaccharins. Apoplastic acidification resulting
from auxin-related responses at the plasma membrane is thought
to favor the action of expansins on wall loosening (Cosgrove,
2000). Various cell wall–related genes also show differential ex-
pression in response to auxin or to alteration of auxin signaling
(Lorenzo et al., 2003; Okushima et al., 2005; Overvoorde et al.,
2005; Nemhauser et al., 2006; Stepanova et al., 2007; Lewis et al.,
2013). However, the effect of such changes in gene expression on
the composition or the structure of the cell wall remains unclear.
To further investigate the molecular mechanism by which ABP1

controls cell expansion, we studied transcriptomic changes in
dark-grown hypocotyls in response to conditional ABP1 inac-
tivation (Braun et al., 2008) and analyzed the effects on cell wall
composition. Here, we report how ABP1 modulates the ex-
pression of cell wall related genes and the remodeling of XyG
side chain structure, a parameter that turns out to be of critical
importance for hypocotyl elongation.

RESULTS

Skotomorphogenesis Requires Functional ABP1

ABP1 acts on cell elongation and cell division in a context-
dependent manner and controls a large range of physiological
processes (Braun et al., 2008; Tromas et al., 2009). To further in-
vestigate the role of ABP1 in cell expansion, we studied the effect
of ABP1 inactivation in dark grown seedlings, given that hypocotyl
growth in darkness is known to rely solely on enhanced cell elon-
gation (Gendreau et al., 1997). For that purpose, we used trans-
genic lines (SS12K, SS12S, and AS9.8) that conditionally and
functionally inactivate ABP1 upon ethanol induction (Braun et al.,
2008). The SS12K and SS12S lines inducibly express the re-
combinant antibody scFv12, which blocks ABP1 function; the
AS9.8 line inducibly expresses an antisense construct targeting
ABP1. Skotomorphogenesis of wild-type seedlings is characterized
by exaggerated elongation of the hypocotyl, maintenance of the
apical hook, small closed cotyledons, and reduced root growth
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(Figure 1A). By contrast, 4-d-old SS12K seedlings inactivated for
ABP1 since germination exhibited a partially deetiolated phenotype
with the length of the hypocotyl reduced by more than half com-
pared with the wild type, no apical hook, and open and epinastic
cotyledons that remained small. Hypocotyls were also agravitropic
(Figure 1A). Similar alterations were observed on independent
conditional lines for ABP1 (Supplemental Figure 1), indicating that
the partial deetiolation results from the loss of function of ABP1. To
determine whether the shorter hypocotyls resulted from an early
arrest of growth or from a reduced elongation rate, we measured
hypocotyl elongation of dark-grown seedlings over 10 d (Figure
1B). Hypocotyl elongation kinetics revealed a defect in hypocotyl
growth from the early stages of development of ABP1 inactivated
seedlings. In addition, the hypocotyl length plateaued at least 2 d
before the maximal elongation in wild-type seedlings, indicating
that ABP1 inactivation also reduces the period of growth.

To further investigate the difference in hypocotyl growth be-
tween wild-type and ABP1 inactivated seedlings, we measured
the length of individual epidermal cells along the full length of
dark-grown hypocotyls of ethanol induced seedlings for both
genotypes after 48, 72, and 96 h of culture (Figure 1C). The overall
size of SS12K epidermal cells was reduced compared with the
wild type. However, elongation defects were not equally distrib-
uted along the hypocotyl. In our experimental growth conditions,
at 48 h, wild-type epidermal cells 1 to 12, numbered from the
base of the hypocotyl, underwent huge elongation with cells 5
and 6 undergoing maximum elongation to around 600 µm. At 48 h,
ABP1 inactivation inhibited the elongation of basal cells; cells 5
and 6 were 2.7-fold smaller than in the wild type. The maximal
elongation in SS12K shifted to cells 9 to 11, with their length
being reduced by 40% compared with the same rank of cells in
the wild type. At later stages, the elongation zone moved up
for both genotypes and the 40% decrease of cell length was
maintained from the middle to the top of the hypocotyl. To vi-
sualize the elongation zone, we also used the marker pCESA6:
GUS (for b-glucuronidase), which expresses only in expanding
tissue (Desprez et al., 2007). GUS staining confirmed the pro-
gression of the elongation zone from the base of the hypocotyl
to the upper part over time (Figure 1D). We observed no sig-
nificant change in the organization of hypocotyl cell files and no
change in radial expansion (Figure 1E).

We thus measured the thickness of the external epidermal cell
wall at the base and in the elongation zone of hypocotyls. Both
genotypes had thinner cell walls at the base of the hypocotyl,
where cells have achieved their full elongation and started to
differentiate compared with the elongation zone (Figures 1F and
1G). At both positions, the cell wall was significantly thicker in
hypocotyls inactivated for ABP1, reflecting the overall reduced
cell elongation and suggesting that synthesis or deposition of cell
wall material remained unaffected.

ABP1 Affects Expression of Cell Wall Genes in
Dark-Grown Seedlings

To further understand the involvement of ABP1 in the control of
hypocotyl growth in darkness, we performed a transcriptomic
analysis to provide an overview of the biological processes that
are disturbed after inactivation of ABP1. We compared gene

expression of SS12K dark-grown seedlings inactivated for ABP1
either since germination (96 h) or for a short time (8 h of exposure
to the inducer) to the respective control seedlings (plants
expressing GUS under the same ethanol inducible system).
Considering the minimal time required after ethanol induction for
production of scFv12 recombinant antibodies, 8 h of induction
corresponds to an average of 2 h of effective functional in-
activation of ABP1. Statistical analysis was performed using a
combination of 2-fold change on the mean of the biological
replicates and false discovery rate below 0.05. Remarkably, many
genes exhibited differential expression following ABP1 inac-
tivation in both cases, confirming the broad and critical impor-
tance of ABP1 (Figure 2A). Even after 8 h of ethanol induction,
1185 genes exhibited differential expression, almost equally dis-
tributed between induced and repressed genes. About half of the
upregulated genes are consistently upregulated over time, as
they are common between short and long term inactivation sam-
ples. Other long-term upregulated genes (1168) likely result from
indirect processes, including many related to plastid differentia-
tion (Supplemental Figure 2). Interestingly, based on gene ontol-
ogy classifications, cell wall–related genes are overrepresented
among up- and downregulated genes in short- and long-term
ABP1 inactivation by more than 2-fold compared with random
draw (Figure 2B; Supplemental Figure 2 and Supplemental Data
Set 1). To have a more comprehensive view of cell wall–related
processes, the list of annotated cell wall related genes in TAIR
was supplemented with up to 989 genes whose expression re-
lates to cell wall biogenesis (Jamet et al., 2009). As a result, a set
of 217 cell wall genes was thus recorded as differentially ex-
pressed upon ABP1 inactivation. ABP1 inactivation caused major
changes in the expression of genes involved in cell wall remod-
eling but affected few genes involved in cell wall biosynthesis
(Figure 2C). Genes involved in hemicellulose modifications, such
as glycosyl hydrolases or different classes of XTHs, were among
the most differentially affected by the loss of function of ABP1.
ABP1 inactivation also affected expansins A, which promote cell
wall loosening in response to acidification (Cosgrove, 2000). In
summary, differential expression of cell wall–related genes sug-
gests a role of ABP1 in the modulation of cell wall extensibility to
sustain cell expansion.
The transcriptomic analysis was designed to avoid possible

interference with ethanol treatment as both genotypes were ex-
posed to ethanol vapors in identical conditions. However, we
used a subset of cell wall–related genes belonging to various
gene families and exhibiting differences between the wild type
and SS12K to verify that ethanol treatment has no effect on their
expression in the wild-type background (Supplemental Figure 3).
We took advantage of previously released transcriptomic data

on deetiolated seedlings to perform meta-analysis. Data from
paclobutrazol-induced (an inhibitor of gibberellin [GA] biosyn-
thesis) deetiolated seedlings and the det2mutant were compared
with long ABP1 inactivation to determine the possible influence of
ABP1 knockdown on GA and/or brassinosteroid pathways, re-
spectively (Gallego-Bartolomé et al., 2012). A limited number of
genes was found to be in common between ABP1 inactivation
and paclobutrazol-treated seedlings or det2 mutants (Supplemental
Figure 4A). Among cell wall–related genes affected after inactivation
of ABP1, only 12 and 27 genes were found to be differentially
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Figure 1. Characterization of the ABP1 Loss-of-Function Phenotype.

(A) Dark-grown phenotype of seedlings of the wild type (left) and SS12K inactivated for ABP1 since germination (right). Bar = 5 mm.
(B) Kinetics of hypocotyl elongation of ethanol-induced wild-type and SS12K dark-grown seedlings. Data represent mean 6 SD (n = 25)
(C) Length of hypocotyl epidermal cells in individual cell files along ethanol-induced wild-type and SS12K dark-grown seedlings at 48, 72, and 96 h from
base to apex. Error bars represent SD (n = 8 files from six or seven hypocotyls for SS12K; n = 3 files from three wild-type hypocotyls). Light- and
medium-gray backgrounds underline cell elongation maxima in the wild-type and SS12K, respectively.
(D) Elongation zone visualized by expression of pCESA6:GUS in ethanol-induced wild-type and SS12K of 2- and 4-d-old dark grown seedlings. Close-
up photos on the right correspond to the dotted line frames at 96 h. Bars = 1 mm.
(E) Cross sections of 3-d-old dark-grown hypocotyls of SS12K. Ep, epidermis; C, cortical cells; E, endodermis; S, stele
(F) Ultrathin transverse section of external epidermal cell wall of wild-type and SS12K dark-grown hypocotyls. Sections were taken at the elongation
zone and at the base of 3-d-old hypocotyls. Cu, cuticle; Cy, cytoplasm; Cw, cell wall; V, vacuole. Bar = 500 nm.
(G) Cell wall thickness of external epidermal wall as in (F). Data are mean 6 SD. Measurements were performed on 16 to 19 cells from three hypocotyls
for each. **P value < 0.001.
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expressed in paclobutrazol-treated and det2 seedlings, re-
spectively (Supplemental Figure 4B and Supplemental Data Set
2). Similarly we compared the transcriptomic data obtained on
dark-grown cop1-4 seedlings, which are impaired in the master
repressor of photomorphogenesis COP1 (Ma et al., 2002). We
found 162 genes in common with long ABP1 inactivation, among
which only 19 were cell wall–related genes (Supplemental
Figures 4C and 4D and Supplemental Data Set 2). In conclu-
sion, deetiolation induced by GA deficiency (paclobutrazol
treatment), BR deficiency (det2 mutation), or cop1-4 mutation
does not cause the same changes in gene expression, including
cell wall genes, as those induced by ABP1 knockdown. ABP1
inactivation generates a specific profile of gene expression with
unique overrepresentation of cell wall–related genes. This find-
ing motivated us to analyze cell wall composition and structure
in ABP1 knockdown.

ABP1 Affects Xyloglucan Structure

To evaluate the consequences of the differential expression of
cell wall–related genes on cell walls, we analyzed the composition

of wall polysaccharides after inactivation of ABP1. We first
quantified the composition in monosaccharides (Figures 3A and
3B), which revealed that cell walls of ABP1 inactivated dark-
grown seedlings have less Xyl, cellulosic Glc, and uronic acid.
A tremendous increase in noncellulosic Glc was observed in
SS12K. Lugol staining revealed that deetiolated SS12K seedlings
accumulate large amount of starch in cotyledons (Figure 3C),
which can account for the difference in noncellulosic Glc (Figure
3A). Comparison by Lugol staining of the cop10.4 mutant, which
exhibits a similar deetiolation phenotype to SS12K (i.e., cotyledon
opening, absence of apical hook, and similar reduction of hypo-
cotyl lengthening), revealed that starch accumulation is not
shared by all deetiolated mutants (Supplemental Figures 5A to
5C). Next, we performed a glycosidic linkage analysis (Figure 3D).
The increase in 1,4-Glc probably reflects the presence of starch
in the alcohol insoluble fraction. More critically, 1,2-Xyl, which is
specific to XyG (Zablackis et al., 1996), was reduced as well as
1,4,6-Glc, despite the increase of starch content in the mutant.
The decrease in the relative content of t-Xyl and 1,2-Xyl con-
firmed the global reduction of Xyl monosaccharide in the com-
position analysis.

Figure 2. Comparative Analysis of Genes Differentially Expressed between ABP1-Inactivated and Control Dark-Grown Seedlings after Short- and
Long-Term Ethanol Induction.

Ethanol induction results in ABP1 inactivation in SS12K and expression of GUS reporter in the control line
(A) Venn diagram representing the number of overlapping and unique upregulated (left) and downregulated (right) genes after 8 and 96 h of ethanol
induction promoting scFv12 expression and resulting inactivation of ABP1. Differentially expressed genes are also compared with cell wall annotated
genes (gray circle) in TAIR10 implemented by cell wall genes expressed in dark-grown hypocotyl listed by Jamet et al. (2009).
(B) Histograms illustrating the overrepresentation of cell wall–related genes after inactivation of ABP1. The data take into account normalization to the
total number of cell wall genes present on the chip.
(C) Major classes of cell wall genes differentially expressed after short- and long-term inactivation of ABP1.
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To further characterize XyG structure in hypocotyls inactivated
for ABP1, we used oligosaccharide mass profiling (OLIMP) (Lerouxel
et al., 2002). XyG fragments were generated by endo-(1→4)-
b-glucanase enzymatic digestion, which cleaves the XyG back-
bone after nonsubstituted Glc. The mass spectrometry provides

relative abundance of the released oligosaccharide XyG from the
polymers, which gives information about the structure of the XyG.
Functional inactivation of ABP1 resulted in robust changes in
the relative abundance of specific XyG fragments (Figure 4;
Supplemental Figure 6). In particular, XXXG and XXLG/XLXG
decreased, whereas O-acetylated XXLG and especially O-Ac-
XXFG increased. More complex fragments also significantly in-
creased as an uncharacterized 1541 m/z ion that is consistent
with being Hex7Pent2 (Hsieh and Harris, 2012). The biological
function of cell wall polymer O-acetylation is still unclear, and the
relative ratio varies to some extent; however, the sum of non-
acetylated and O-acetylated XXFG always increased after ABP1
inactivation, revealing that XyGs were enriched in long and fu-
cosylated side chains (Figure 4D). Other fucosylated OXyGs, such
as XFLG and its acetylated form, were either not found or only
found as traces on both genotypes. Considering our analysis of
cell wall polysaccharides, the observed alterations resulting from
inactivation of ABP1 appear to be specific to XyG and more
precisely to modifications of XyG side chain composition. To
explore whether alteration of the auxin binding capacity of ABP1
would result in similar changes in XyG, we grew abp1-5 mutants
in darkness and analyzed XyG structure. The abp1-5 point mu-
tation affects one of the residues of the auxin binding pocket and
was hypothesized to impair the binding of auxin to the protein
(Robert et al., 2010; Xu et al., 2010). The phenotype of the mutant
and the relative distribution of XyG fragments were similar to
control seedlings (Figure 5), indicating that growth defects and
the alteration of the XyG structure result from the knockdown of
ABP1 protein rather than impaired binding of auxin to the protein.
Importantly, the XyG analysis of the cop10-4mutant (Supplemental

Figures 5D and 5E) did not mimic the alterations observed in ABP1
inactivated seedlings, indicating that these XyG changes are not
a common feature of deetiolated mutants but are specific con-
sequences of the loss of ABP1 function.

Modulation of Xyloglucan Fucosylation in Muro Restores
Hypocotyl Elongation

We then addressed the question of the relative importance of XyG
fucosylation in the reduced cell expansion in ABP1 inactivated
hypocotyls. To manipulate XyG fucosylation in ABP1 knockdown
seedlings, we took advantage of previously reported plants that
are either defective for the Golgi-located FUT1/MUR2 fucosyl
transferase, responsible for XyG fucosylation during biosynthesis
(Vanzin et al., 2002), or overexpress the apoplastic FUC95A
fucosidase (35S:AXY8) promoting XyG defucosylation in muro
(Günl et al., 2011). The conditional construct for ABP1 was in-
trogressed by crossing into the mur2-1 mutant, which is null for
the fucosyl transferase FUT1/MUR2 and into 35S:AXY8 trans-
formants. In accordance with previous work (Vanzin et al., 2002),
mur2-1 mutant exhibited a drastic decrease in fucosylated XyG
fragments and a reciprocal increase of XXLG/XLXG polymers
(Figure 6A). A similar profile was observed in the SS12K back-
ground; however, a slight and significant increase of XXFG,
O-acetylated XXLG, and XXFG as well as the increase of the 1541
m/z ion were observed after inactivation of ABP1. Similarly,
overexpression of the fucosidase promoted partial defucosyla-
tion of XyGs (Figure 6B). Interestingly, the mur2 mutation did not

Figure 3. Cell Wall Analyses of Wild-Type and SS12K Dark-Grown
Seedlings

(A) Monosaccharide composition analysis of the wild type and SS12K.
AIR, alcohol-insoluble residue. Bars represent SD (n = 4 biological repli-
cates); **P value < 0.001.
(B) Quantification of cellulosic Glc and uronic acid. Bars represent SD

(n = 4 biological replicates); *P value < 0.05.
(C) Lugol staining of wild-type and SS12K dark-grown seedlings.
(D) Glycosidic linkage analysis of cell wall polysaccharides extracted
from ethanol-induced wild-type and SS12K dark-grown hypocotyls. Data
are mean 6 SD (n = 4 biological replicates); *P value < 0.01
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result in significant change in the ABP1 knockdown phenotype,
whereas defucosylation mediated by AXY8 at the cell wall par-
tially restored hypocotyl elongation (Figures 6C and 6D). Hypo-
cotyl length of dark-grown 35S:AXY8,SS12K seedlings was twice
the length of SS12K, whereas agravitropic defect and cotyledon
opening were still as in SS12K. These observations suggest that
cell wall fucosidase activity was defective in ABP1 loss of func-
tion, thus impairing the capacity of the hypocotyl cells to expand.
While AXY8 expression was downregulated after inactivation of
ABP1, conversely, introgression of 35S:AXY8 construct promoted
elevated overexpression in both genotypes (Figure 6E).
The production of XyGs with shorter side chains is not suffi-

cient to modify the elongation of hypocotyls inactivated for ABP1
whereas an in muro modification of XyG fucosylation during the
elongation process restores hypocotyl growth. These data point
to the critical importance of the length and composition of XyG

Figure 4. Xyloglucan Fingerprinting of Dark-Grown Hypocotyls

(A) and (B) Representative spectra of oligosaccharides released by the
endoglucanase and analyzed by OLIMP of ethanol-induced wild-type (A)
and SS12K (B) 4-d-old dark-grown hypocotyls.
(C) Quantitative analysis of OLIMP data for the wild type and SS12K.
Data are mean 6 SD (n = 4 biological replicates). *P < 0.05 and **P < 0.01
(D) Relative amount of fucosylated OXyG fragments in the wild type and
SS12K. Histograms represent the sum of O-acetylated and non-
acetylated XXFG for each genotype. **P value < 0.01 Figure 5. Xyloglucan Fingerprinting of Dark-Grown abp1-5 Hypocotyls.

(A) Hypocotyl length of 4-d-old dark-grown seedlings
(B) Phenotypes of dark-grown seedlings
(C) Quantitative analysis of OLIMP data for the wild type and abp1-5.
Data are mean 6 SD (biological replicates n = 4). None of the differences
are statistically significant.
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side chains for cell expansion, with major differences between
biosynthesis and modifications occurring later within the cell wall.

ABP1 Acts on Xyloglucan Structure through Modulation
of Gene Regulation Mainly via Its Effect on the
SCFTIR1/AFBs Pathway

We recently demonstrated the modulation of the SCFTIR1/AFBs

pathway by ABP1 (Tromas et al., 2013). In particular, we reported
that multiple null mutations in TIR1 and AFBs suppress the
severe developmental alterations of light-grown ABP1-inactivated
seedlings. Here, we took advantage of this genetic material to
investigate whether ABP1-dependent alterations of XyGs result
from the activity of the protein at the plasma membrane or from
the control exerted by ABP1 on the TIR1/AFB-AUX/IAA pathway.
This question deserved to be raised especially considering the
partial restoration of hypocotyl growth after AXY8 overexpression
and the resulting remodeling of XyG. We first checked whether
tir1/afb mutations suppress the deetiolated phenotype of dark-
grown SS12K seedlings. Inactivation of ABP1 in the tir1-1 afb2-1
afb3-1 background did not result in the deetiolated phenotype,
indicating that it requires the TIR1/AFB-AUX/IAA pathway (Figure
7A). Cotyledon opening and hypocotyl elongation were all re-
stored, in contrast with the partial restoration of hypocotyl elon-
gation observed after AXY8 overexpression. Irrespective of the
functionality of ABP1, the hypocotyl length of the triple tir1/afb
mutant was 20% shorter than that of the wild type and the apical
hook was less pronounced (Figures 7A and 7B). The suppression
of the ABP1 inactivation phenotype by TIR1/AFB mutations while
ABP1 is still inactive offered a unique opportunity to discriminate
between genomic and nongenomic dependent role of ABP1 on
cell wall composition. We focused on XyG fragments exhibiting
consistent differences between the wild type and lines inactivated
for ABP1. Analysis of the triple mutant tir1-1 afb2-1 afb3-1 with or

Figure 6. Partial Restoration of Cell Expansion in ABP1-Inactivated Hypo-
cotyls of SS12K by a-Fucosidase–Mediated Xyloglucan Defucosylation.

(A) Comparison of the relative abundance of a selection of OXyGs,
quantified from OLIMP spectra, between ethanol-induced hypocotyls of
SS12K, mur2-1 null mutant, and SS12K in mur2-1 background. Statis-
tical tests were calculated for SS12K versus mur2-1 or versus mur2-
1SS12K; mur2-1 was also compared with mur2-1SS12K. *P < 0.05 and
**P < 0.005.
(B) Comparison of the relative abundance of a selection of OXyGs,
quantified from OLIMP spectra, between ethanol-induced hypocotyls of
SS12K, 35S:AXY8 overexpressor, and SS12K 35S:AXY8 double trans-
formants. In (A) and (B), data are mean 6 SD (biological repeats n = 4).
Statistical tests were calculated for SS12K versus 35S:AXY8 or 35SAX8,
SS12K. *P < 0.05 and **P < 0.001.
(C) Phenotype of 4-d-old dark-grown seedlings. Statistical tests were
calculated by comparing each genotype with and without SS12K.
**P < 0.001.
(D) Hypocotyl length of 4-d-old dark-grown seedlings. Bars represent SD

(n = 4 3 25).
(E) mRNA accumulation of AXY8 in dark-grown seedlings exposed to
ethanol vapors since germination. Data were normalized with respect to
ACTIN2-8 and expressed in relative units. Bars represent SD (three bi-
ological repeats and two technical replicates). Statistical tests were
calculated by comparing the wild type to other genotypes. *P < 0.05 and
**P < 0.001. AU, Actin unit.
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without inactivation of ABP1 revealed an OXyG profile very similar
to the wild type (Figure 7C). Loss of function for up to three
members of the TIR1/AFB F-box family had no measurable effect
on XyG structure but paradoxically was sufficient to suppress cell
wall defects resulting from ABP1 inactivation. These data lead
to the conclusion that observed alterations in XyGs in ABP1-
inactivated dark-grown seedlings reflect the effect of ABP1 on the
SCFTIR1/AFB pathway.

We thus analyzed whether tir1/afb mutations fully restored the
steady state expression of cell wall–related genes found to be
altered after ABP1 inactivation. In the context of this study, we
mainly focused on genes involved in XyGmodifications (Figure 7D;
Supplemental Figure 7). Figure 7D is a selection of representative
genes exhibiting distinct steady state expression after alteration of
the ABP1 and/or the SCFTIR1/AFB pathways. Importantly, real-time
RT-PCR analyses mainly confirmed ABP1-dependent differential

Figure 7. Suppression of ABP1 Loss-of-Function Phenotype in SS12K tir/afbs Background.

(A) Phenotype of 4-d-old dark-grown seedlings as indicated.
(B) Hypocotyl length for 4-d-old dark-grown seedlings.
(C) Comparison of the relative abundance of a selection of OXyGs, quantified from OLIMP spectra, between ethanol-induced hypocotyls of the wild
type, SS12K, tir1-1 afb2-1 afb3-1 triple mutant, and SS12K in the triple F-box mutant background. Data are mean 6 SD (biological repeats n = 4).
Statistical tests were calculated for the wild type versus each other genotypes. *P < 0.02 and **P < 0.001.
(D) RNA accumulation of a selection of XyG-related genes in the distinct genotypes as indicated. All data were normalized with respect to ACTIN2-8
and expressed in relative units. For all graphs, data are mean6 SD (biological repeats n = 3, and two technical repeats for each). Differences between the
wild type and SS12K are always significant at P value < 0.01. The wild type versus tir1 afb2 afb3 or tir1 afb2 afb3 SS12K is as indicated (*P < 0.05 and
**P < 0.01). AU, Actin unit.
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expression identified from the transcriptomic data. Within the
same gene family and even the same subfamily, opposite effects
of ABP1 inactivation were observed, as for XTH33 or EXPA5 and
XTH31 or EXPA10, which were down- and upregulated, respec-
tively. No or weak modification of expression was detected for
these genes in the triple tir1-1 afb2-1 afb3-1 mutant and in this
background, inactivation of ABP1 no longer had any effect on the
accumulation of their transcripts. XTH18 illustrates genes that
were downregulated in ABP1-inactivated seedlings as well as in
the triple tir1/afbs mutant, the combination of both being very
similar to the triple mutant. Finally, the putative XyG a-fucosidase
FXG1 was found to be downregulated after inactivation of ABP1
(as observed above for AXY8; Figure 6E), upregulated in the triple
mutant, and to be intermediate in the combination of both. In most
cases, tir1/afb mutations restored the expression of genes altered
after ABP1 inactivation either to a wild-type level or to the level of
the mutant, confirming that ABP1 mainly acts through the SCFTIR1/AFB

pathway. Analysis of expression of these genes after treatment of
wild-type-dark grown seedlings with 10 µM IAA was also per-
formed (Supplemental Figure 8). Most of the genes that were
downregulated in seedlings inactivated for ABP1 and in the triple
tir/afbmutant exhibited weak or transient increased accumulation
of their mRNA, with potentially distinct kinetics, in response to
auxin as XTH18, XTH19, or EXPA4. Genes that were upregulated
after ABP1 inactivation and not significantly affected in the triple
mutant, such as XTH31 or EXPA10, were not found to be re-
sponsive to auxin in our experimental conditions. Finally, genes
that were downregulated after ABP1 inactivation, such as XTH33
and FXG1, and were not affected or induced in the triple mutant,
were induced or slightly decreased, respectively, thus revealing
a complex network of gene regulation.

DISCUSSION

ABP1 Is Essential for Control of Cell Wall–Related
Gene Expression

The plant-specific protein ABP1 functions in auxin-dependent
processes, but remains enigmatic despite recent progress. Null
mutation and induced loss of function for ABP1 result in severe
and pleiotropic defects of Arabidopsis growth and development
with abp1-2 null mutant being embryo lethal and conditional
plants exhibiting a large range of alterations at all stages of de-
velopment (Chen et al., 2001; Braun et al., 2008; Tromas et al.,
2009; Xu et al., 2010). These broad effects result from the action of
ABP1 on cell division (David et al., 2007; Tromas et al., 2009) and
also its requirement for cell expansion in shoot tissues (Braun
et al., 2008; Xu et al., 2010). Conversely, the abp1-5 mutation,
which affects the auxin binding pocket and was proposed to im-
pair the binding of auxin to the protein (Robert et al., 2010; Xu
et al., 2010), results in only very subtle phenotypes, reinforcing the
idea that in addition to responses triggered by auxin binding, the
protein plays a critical and constitutive role. Moreover, ABP1 is
involved in both rapid and nongenomic responses to auxin and in
the regulation of gene expression, at least for a subset of early
auxin response genes (Braun et al., 2008; Tromas et al., 2009;
Effendi et al., 2011). The microarray data generated on dark-grown

seedlings reveal that functional inactivation of ABP1 affects the
expression of a large number of genes, even after a short-term
inactivation of the protein, consistent with the pleiotropism and
severity of observed phenotypes (Figure 1). Genes altered in ABP1
loss-of-function plants encompass many cell wall related genes
encoding structural cell wall proteins and enzymes involved in cell
wall modifications or remodeling (Figure 2; Supplemental Data Set
1). Interestingly, the regulation of these particular genes seems to
be a specific molecular feature caused by the inactivation of ABP1
and unconnected to its deetiolated phenotype, since it is not shared
with other mutants that also deetiolate in darkness (Supplemental
Figure 5). Genes encoding glycosyl hydrolases, XTHs, and A-type
expansins were among the most affected. Within these families,
most genes were repressed, indicating that functional ABP1 is
required to support their expression during hypocotyl growth.
Genes of a majority of XTH that were reported to have xyloglucan
endotransglycosidase activity are repressed, as well as genes
encoding XyG a-fucosidases (FXG1 and to a lesser extent AXY8)
and b-galactosidases (Figure 7; Supplemental Figure 7). All these
enzymes, as well as expansins, act on XyG remodeling or XyG-
cellulose cross-links, and the concomitant decrease of their
relative expression is likely to affect primary wall extension. In-
terestingly, XTH31 and to a lesser extent XTH32, which belong to
the group III-A of XTH genes, were expressed at a higher level
after inactivation of ABP1. These enzymes were reported to be
responsible for most of the hydrolysis of xylosylated or gal-
actosylated xyloglucans occurring in parallel with primary wall
expansion and were proposed to have integral roles in xyloglucan
assembly or disassembly (Baumann et al., 2007; Maris et al., 2011).

ABP1 Acts Mainly via the SCFTIR1/AFB Pathway

Suppression of the developmental alterations resulting from
ABP1 inactivation by loss-of-function mutations in TIR1 and AFB
F-box genes suggests that modifications of gene expression
via the SCFTIR1/AFB pathway are predominantly responsible for
the restoration of the dark-grown phenotype. This restoration of
gene expression includes several cell wall genes irrespective of
whether their expression was repressed or induced after ABP1
inactivation (Figure 7D; Supplemental Figure 7). However, the
variety of expression profiles indicates that ABP1-dependent
gene expression is not only dependent upon the SCFTIR1/AFB

pathway. The genes that are up- or downregulated after ABP1
inactivation but unchanged in the triple mutant show a complete
restoration of expression. That is the case for XTH33, XTH31,
EXPA5, EXPA10, and several others (Figure 7D; Supplemental
Figure 7) for which null mutations in TIR1 and AFBs do not impair
their expression but are sufficient to restore expression when
ABP1 is not functional. For genes that are impaired in the triple
tir1/afbs mutant, there is an apparent partial restoration close to
the level of expression in the triple mutant. For example, this is the
case for XTH19, which is repressed in both SS12K and the triple
tir1/afbs mutant. This gene was also induced by auxin, as pre-
viously reported (Vissenberg et al., 2005). Its downregulation in
all genotypes suggests that both ABP1 and TIR1/AFB pathways
are required. Conversely, cell wall genes that were already re-
ported as auxin-regulated genes in etiolated hypocotyls were not
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differentially expressed in SS12K, as in EXPA1, for example
(Esmon et al., 2006). A simple and unique model of SCFTIR1/AFB-
dependent gene regulation is clearly not sufficient to account for
the complexity of the distinct expression profiles found in the
different genetic backgrounds. Previous transcriptomic analyses
comparing gene expression in auxin signaling mutants or after
auxin treatments have already reported important changes in cell
wall related genes (Pufky et al., 2003; Okushima et al., 2005;
Overvoorde et al., 2005; Nemhauser et al., 2006; Lewis et al.,
2013). The correlation between the auxin-mediated regulation,
including cell wall genes, and alteration of their expression in
axr3-1 (Overvoorde et al., 2005) or nph4-1 arf19-1 (Okushima
et al., 2005) auxin signaling mutants was paradoxically not so well
established. We observed similar discrepancies when comparing
effects of ABP1 inactivation, mutations in TIR1, AFB2, and AFB3,
and auxin treatment, which is likely to reflect a rather predictable
involvement of multiple transcriptional factors acting in combi-
nation to control gene expression and/or feedback regulatory
loop buffering transcriptional responses. In any case, it appears
that an ABP1-dependent pathway massively affects gene ex-
pression, sometimes in concert with the SCFTIR1/AFB pathway,
sometimes exerting opposite effects.

Interestingly, whereas gene expression and the dark-grown
phenotype of tir1 afb2 afb3 SS12K are similar to those of the class
III tir1 afb2 afb3 mutant (Dharmasiri et al., 2005) (Figures 7A and
7B), its XyG structure is fully restored as in wild-type hypocotyls
(Figure 7C). This suggests that gene alterations that are still ob-
served in the triple mutant are not critical for XyG structure. In these
seedlings with restored hypocotyl elongation, ABP1 is still in-
activated, thus indicating that the protein does not have a critical
role on cell wall acidification and related cell wall loosening in-
dependently of its transcriptional role, as originally hypothesized.

ABP1 Affects Xyloglucan Structure

Considering the relatively large number of cell wall–related genes
differentially expressed after inactivation of ABP1, it was some-
what surprising that no massive changes in the cell wall com-
position were observed. Cell wall changes essentially concerned
XyG and more specifically the length of side chains that were
globally enriched into Fuc and O-acetylation.

Arabidopsis mutants null for the a-fucosidase AXY8 exhibit in-
creased XyG fucosylation, but these changes in XyG structure
were not associated with significant growth or developmental
phenotypes (Günl et al., 2011). Similarly, growth defects were re-
ported for a decrease in XyG fucosylation neither in mur2 mutants
(Vanzin et al., 2002) nor in plants overexpressing AXY8 (Günl et al.,
2011). However, in the absence of functional ABP1, the partial
restoration of elongation resulting from AXY8 overexpression in
these plants revealed that defucosylation of XyG is required for
hypocotyl elongation in darkness (Figure 6). These data highlight
the importance of tight regulation of XyG side chain fucosylation
for expansion. This effect can be observed after ABP1 inactivation
thanks to the specific signature of gene expression in this back-
ground, especially for genes involved either in the metabolism of
XyG or in XyG-cellulose interactions. Reciprocally, the combination
of altered gene expression after ABP1 inactivation might have
significantly reduced possibilities for compensation; thus, in this

background, changes in critical cell wall components generate
obvious developmental defects (Supplemental Figure 9).

ABP1 and Oligosaccharins

Group III-A XTH genes, which include XTH31 and XTH32, were
induced after inactivation of ABP1, whereas many other XTHs,
except XTH7, were repressed. XTH31 and XTH32 encode pro-
teins exhibiting predominantly xyloglucan hydrolase activity
(Maris et al., 2011). ABP1 inactivated hypocotyl might have an
increased XEH activity, thus increasing XyG hydrolysis. Cleavage
of hyperfucosylated XyG would release an increased amount of
fucosylated oligosaccharides, which can act as signaling mole-
cules and affect cell elongation (Fry et al., 1993; Fry, 1994). Within
such oligosaccharides, the Fuc residue is not strictly required to
promote growth but XXFG fragments were the most effective to
stimulate growth in pea (Pisum sativum) stems (McDougall and
Fry, 1989). Interestingly, XXFG was shown to antagonize the
promotive effect of the synthetic auxin 2,4-D on growth of pea
stem segments, whereas fragments lacking Fuc were not able to
counterbalance the auxin effect (York et al., 1984; McDougall and
Fry, 1989; Augur et al., 1993). Based on these observations, it is
tempting to hypothesize that, in plants inactivated for ABP1, the
inhibition of hypocotyl lengthening partially results from an in-
crease in fucosylated oligosaccharides. That might be an expla-
nation for the partial restoration of hypocotyl elongation after
overexpression of the a-fucosidase AXY8; however, it is much
less likely when considering the lack of growth restoration by
mur2 mutation, except if there is a tight specificity of XEHs for
XyG substrates. There is currently no evidence supporting the
idea that XEHs differentially hydrolyze fucosylated versus non-
fucosylated XyG. We cannot rule out that ABP1 somehow affects
the relative amount of oligosaccharins produced at the cell wall
by controlling the expression of XTHs but determining whether it
can account for the observed difference between AXY8 over-
expression and mur2 mutation is still unclear.

ABP1 Differentiates between XyG Biosynthesis
and Metabolism

As indicated above, a critical difference was observed after ABP1
inactivation between the defect in fucosylated XyG biosynthesis
in themur2 mutant and removal of XyG Fuc within the cell wall by
the apoplastic a-fucosidase AXY8 (Figure 6). In the first case, no
restoration of hypocotyl growth was observed, whereas in muro
defucosylation efficiently restored cell elongation. Beyond the
information on the importance of XyG fucosylation modification,
this observation reveals that acting primarily on XyG biosynthesis
diverges significantly from affecting XyG metabolism within the
cell wall. Various and nonexclusive scenarios might explain the
basis for such a difference. First, the substitution pattern of newly
synthetized XyGs, typically the presence or absence of Fuc on
the side chains, might affect their incorporation into the polymer.
Second, the length and nature of side chains are predicted to
modify the XyG-cellulose microfibril network. Analysis and mod-
eling of XyG-cellulose interaction indicated that all XyGs were
able to interact with cellulose, but the length and nature of the
side chains modify their interface and resultant conformations
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(Pauly et al., 1999; Bootten et al., 2004; Hanus and Mazeau, 2006;
Whitney et al., 2006; Dick-Perez et al., 2011; Park and Cosgrove,
2012b). The nature and diversity of XyG substitutions are po-
tentially responsible for the reported or predicted behaviors of
XyG (Pauly et al., 1999). Integrating nonfucosylated (as inmur2-1)
or fucosylated XyG into XyG polymers might then change the
XyG-cellulose microfibril network. Third, XyG fucosylation and
acetylation, and resulting changes in XyG and XyG-cellulose
network conformations, might also affect the accessibility or
substrate specificity to cell wall A-type expansins or XTH en-
zymes. To date, little is known about the possible specificity of
various XTHs toward XyG motifs. Many members of these two
gene families were found to be differentially expressed after in-
activation of ABP1, and we can hypothesize that these changes
affect XyG remodeling. During hypocotyl growth in darkness, the
elongation zone of the hypocotyl progresses from the base to
the upper part of the hypocotyl and cells undergo progressive
changes in cell wall characteristics accordingly. Interestingly,
ABP1-dependent regulation of the fucosylation/defucosylation
combined with modification of gene expression might be an ef-
ficient mechanism to control and coordinate cell elongation in
time and space.

METHODS

Plant Lines and Growth Conditions

Wild-type Columbia-0 (Col-0) ecotype of Arabidopsis thaliana and condi-
tional lines for ABP1 (SS12K and SS12S that express the recombinant
antibody scFv12 blocking ABP1 function or the antisense line AS9) were
surface sterilized and grown under sterile conditions on plates containing
half-strength Murashige and Skoog basal salt mixture, buffered at pH 5.7
with 2.5mMMES, andcontaining 0.9%vitro agar (Kalys). After stratification,
plateswere exposed 4 h to light and transferred to a vertical position at 22°C
for 4 d in darkness. These growth conditions were obtained using a dedi-
cated growth chamber placed in a dark room equipped with green light. The
wild type and SS12K were grown in the same plate for growth and cell wall
composition analyses. Ethanol induction was performed at the indicated
time by exposure of siblings to ethanol vapors coming from a microtube
containing 500mL of 5%ethanol, placed at the bottomof each square plate.
Plates were sealed with Parafilm to hold the vapors in the plate (Supplemental
Figure 1C). Inductions were performed either immediately after stratification
of the seeds, 24 or 8 h before harvesting the seedlings.

SS12K was crossed withmur2-1 (Vanzin et al., 2002) and tir1-1 afb2-1
afb3-1 (Dharmasiri et al., 2005) mutants or with p35S:AXY8 overexpressor
(Günl et al., 2011), p35S:PIP2;1-GFP (for green fluorescent protein; Luu
et al., 2012), and pCESA6:UidA (Desprez et al., 2007) to introgress the
ethanol inducible scFv12 construct into the corresponding background.
Double homozygotes were selected for growth and cell wall analyses
except for 35S:AXY8 SS12K where heterozygous plants were used.

Cell Measurements and GUS Staining

Epidermal cell length of Col-0 and SS12K hypocotyls were performed using
plants exhibiting p35S:PIP2,1-GFP construct (Luu et al., 2012). Dark-grown
seedlings of 2, 3, and 4 d were observed using an inverted confocal mi-
croscope TCS SP2 (Leica Microsystems). Hypocotyls were reconstructed
using Photoshop, and cell lengths were measured using ImageJ software
(NIH).

TheGUS assays were performed as previously described (Tromas et al.,
2009). Two- and four-day-old dark-grown seedlings of Col-0 and SS12K

harboring the pCESA6:UidA construct were stained during 3 h at 37°C.
GUS-stained seedlings were observed without clearing with a MultiZoom
AZ100 microscope (Nikon Instruments) under bright field.

Hypocotyl length measurements were made on high-resolution scans
of each plate using ImageJ software, at exactly 4 d of growth. Mean length
was obtained from four biological repeats in duplicates grown in parallel to
material for cell wall analysis.

Transmission Electron Microscopy and Measurement of Cell
Wall Thickness

Three-day-old dark-grown seedlings of Col-0 and SS12K were collected
and fixed overnight at room temperature in 3% (w/v) glutaraldehyde/1%
(w/v) paraformaldehyde in 0.2 M sodium cacodylate, pH 6.8, under gentle
agitation. After three washes in the same buffer at 0.1 M, seedlings were
postfixed in 1% (w/v) osmium tetroxide/1.5% potassium ferrocyanide (w/v)
in water for 1 h. After extensive washes in water, seedlings were dissected
under water to select hypocotyl fragments from the base and the elon-
gation zone. Fragments were dehydrated through graded ethanol series
and then embedded in epoxy resin (agar low-viscosity premix kit medium;
Oxford Instruments) and polymerized for 20 h at 60°C.

Transversal ultrathin sections (;90 nm) of embeddedmaterial were cut
using an ultramicrotome (Ultracut UC6; Leica) and were picked up onto
200 mesh, Formvar-coated copper grids. Sections were stained with
aqueous 2% (w/v) uranyl acetate for 20min, rinsed, and then silver stained
for 6 min. Grids were examined under a JEOL 1400 TEM operating at
120 kV. Images were acquired using a postcolumn high-resolution
(11 megapixels) high-speed camera (SC1000 Orius; Gatan).

Cell wall thickness was measured on images previously acquired from
three hypocotyls of each genotype using ImageJ software.

Hypocotyl transverse semithin sections of SS12K (;300 nm) were
stained by toluidine blue and observed with a BX53microscope (Olympus).
Images were captured with an Olympus DP73 digital camera.

Microarray Analysis

Four-day-old dark-grown seedlings of Col-0 and SS12K ABP1 condi-
tional line were harvested under green light at day 4 (96 h) after culture in
the dark. Seedlings were induced by ethanol vapor either since their
transfer to darkness or 8 h before harvesting. RNA was extracted using
a Qiagen RNeasy kit and digested with RNase free DNase on the column
following the manufacturer’s instructions, and RNA quantification and
quality control were achieved using 2100 Bioanalyzer RNA chip (Agilent).
Three independent biological replicates were used for each condition.

RNA labeling, hybridization of 70-mer oligonucleotide arrays with the
Qiagen-Operon ArabidopsisGenome Array Ready Oligo Set (AROS) version
3.0 (http://www.ag.arizona.edu/microarray/), and data analysis were as
previously described (Stavang et al., 2009). Microarray slides were scanned
with a GenePix 4000B scanner (Axon Molecular Devices). Spot intensities
were quantified using Genepix Pro 6.0 software (Axon Molecular Devices),
and those with a net intensity in both channels lower than the median signal
background plus twice the standard deviations were removed as low-signal
spots. Data were normalized by median global intensity and with LOWESS
correction (Yang et al., 2002) with Genepix Pro 6.0 and Acuity 4.0 software
(Axon Molecular Devices), respectively. Microarray raw data have been
deposited in the National Center for Biotechnology Information’s Gene
Expression Omnibus database under accession number GSE46196.

Monosaccharide Composition and Linkage Analysis
of Polysaccharides

The analyses of polysaccharides were performed on an alcohol-insoluble
material prepared as follows. Two grams (fresh weight) of 4-d-old dark-
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grown hypocotyl were washed twice in 4 volumes of absolute ethanol for
15 min, then rinsed twice in 4 volumes of acetone at room temperature for
10 min and left to dry under a fume hood overnight at room temperature.

Neutral monosaccharide composition and uronic acid quantification
were performed on 10 mg of dried alcohol-insoluble material after hy-
drolysis in 2.5 M trifluoroacetic acid for 1 h at 100°C as described by
Harholt et al. (2006) and Blumenkrantz and Asboe-Hansen (1973), re-
spectively. The linkage analysis was performed on 500 µg of alcohol-
insoluble material as described (Eudes et al., 2008). To determine the
cellulose content, the residual pellet obtained after the monosaccharide
analysis was rinsed twice with 10 volumes of water and hydrolyzed with
H2SO4 as described (Updegraff, 1969). The released Glc was diluted 500
times and then quantified using an HPAEC-PAD chromatography as
described (Harholt et al., 2006).

Xyloglucan Fingerprinting (OLIMP)

Dark-grown seedlings were collected under green light and stored in cold
ethanol. For each biological repeat, five hypocotyls were dissected and
used for the analysis. After one night at room temperature in ethanol, the
ethanol was removed and hypocotyls were dried at 37°C for 1 h. Twenty
microliters of 50mMacetate buffer, pH5.0, containing endoglucanase from
Trichoderma longibrachiatum (Magzyme) was then added and left over-
night at 37°C. OLIMPwas then performed as reported (Lerouxel et al., 2002)
using Super DHB matrix (9:1 mixture of DHB and 2-hydroxy-5-methoxy-
benzoic acid; Fluka) instead of DHB.

Starch Staining

Four-day-old dark-grown seedlings of Col-0, SS12K, and cop10-4 were
incubated in Lugol’s iodine solution (6 mM iodine, 43 mM KI, and 0.2 N

HCl) to detect starch granules.

Real-Time RT-PCR Analysis

RNA was extracted from 4-d-old dark-grown seedlings using an Qiagen
RNeasy kit and digested with RNase-free DNase on the column following
the manufacturer’s instructions (Qiagen). First-strand cDNAs were syn-
thesized from 5 µg of total RNA using SuperScript III reverse transcriptase
according to the manufacturer’s instructions (Invitrogen). Quantitative RT-
PCR analyses were performed using LightCycler 480 SYBRGreen I master
mix (Roche) with specific primers as presented Supplemental Table 1. PCR
cycling conditions for amplification were 95°C for 10 min, then 40 to 50
cycles of 95°C for 15 s, 62°C for 15 s, and 72°C for 15 s followed by
0.1°C$s21 ramping up to 95°C for fusion curve characterization. Three
biological repeats were analyzed in duplicates. Each sample was nor-
malized with ACTIN2-8, and data are expressed in relative units to ACTIN.

Statistics

Classical statistical analyses were performed using either Student’s t test or
nonparametric Kruskal-Wallis analysis according to experimental constraints.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: At1g70230, At4g34260, At3g13750, At3g52840, At5g63800,
At2g28470, At5g64570, At1g69530, At1g26770, At5g56320, At4g38210,
At2g39700, At3g29030, At3g45970, At1g67830, At2g03220, At2g20370,
At4g37800, At1g11545, At4g30290, At4g25810, At1g32170, At3g44990,
At2g36870, At1g10550, At4g37800, and At1g11545, At1g68560.
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