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Abstract

Plant cell walls constitute physical barriers that restrict access of microbial pathogens to the contents of plant cells. The
primary cell wall of multicellular plants predominantly consists of cellulose, hemicellulose, and pectin, and its composition
can change upon stress. BETA-XYLOSIDASE4 (BXL4) belongs to a seven-member gene family in Arabidopsis (Arabidopsis
thaliana), one of which encodes a protein (BXLT) involved in cell wall remodeling. We assayed the influence of BXL4 on
plant immunity and investigated the subcellular localization and enzymatic activity of BXL4, making use of mutant and
overexpression lines. BXL4 localized to the apoplast and was induced upon infection with the necrotrophic fungal patho-
gen Botrytis cinerea in a jasmonoyl isoleucine-dependent manner. The bxl4 mutants showed a reduced resistance to
B. cinerea, while resistance was increased in conditional overexpression lines. Ectopic expression of BXL4 in Arabidopsis
seed coat epidermal cells rescued a bx/7 mutant phenotype, suggesting that, like BXL1, BXL4 has both xylosidase and arabi-
nosidase activity. We conclude that BXL4 is a xylosidase/arabinosidase that is secreted to the apoplast and its expression is
upregulated under pathogen attack, contributing to immunity against B. cinerea, possibly by removal of arabinose and xy-
lose side-chains of polysaccharides in the primary cell wall.
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Role of BETA-XYLOSIDASE4 in plant immunity

Introduction

Plants are continuously exposed to a plethora of biotic
threats such as herbivorous insects and microbial pathogens.
To help mitigate these threats, plants have evolved various
inducible and constitutive defense mechanisms against bi-
otic and abiotic perturbations (Jones and Dangl, 2006; Dang]
et al, 2013). Induced immune responses are diverse and in-
clude the production of various phytohormones that are ac-
tivated by different classes of microbial pathogens, insect
pests, and abiotic stresses (McDowell and Dangl, 2000;
Lebeis et al, 2015). Important constitutive barriers that plant
pathogens must overcome to access cellular contents are
the cuticle and the plant cell wall (Vorwerk et al, 2004;
Underwood, 2012; Engelsdorf et al, 2017; Escudero et al,
2017). The importance of cell walls for plant defense is dem-
onstrated by the abundance of cell wall degrading enzymes
that microbial pathogens secrete in order to successfully in-
vade plant tissues (Glass et al, 2013; Quoc and Bao Chau,
2017; Hao et al, 2019). The plant immune system in turn
reacts to cell wall degradation products such as oligogalac-
turonides (OGs; Ferrari, 2013; Davidsson et al,, 2017), hemi-
cellulose derived [-1,3-1,4-glucan oligosaccharides (Barghahn
et al, 2021; Yang et al, 2021), arabinoxylan oligosaccharides
(Mélida et al., 2020), and cellulose derived oligosaccharides
(Zarattini et al, 2021). Plant cell walls consist of a complex
meshwork of polysaccharides, where cellulose microfibrils
are cross-linked by various hemicelluloses and embedded in
a pectic matrix. Cellulose consists of (1-4)-B-linked p-glucose
residues and is synthesized by cellulose synthase complexes
located in the plasma membrane (Somerville, 2006; Carpita,
2011). Hemicelluloses are a diverse group of polysaccharides.
In Arabidopsis (Arabidopsis thaliana), the most abundant
hemicellulose is xyloglucan, which is characterized by a (1,4)-
B-linked glucan regularly substituted with (1-6)-a-xylosyl res-
idues (Zablackis et al, 1995; Scheller and Ulvskov, 2010;
Pauly and Keegstra, 2016; Hofte and Voxeur, 2017).

Pectin is the most complex cell wall polysaccharide and
its biosynthesis involves at least 67 different enzyme activi-
ties (Harholt et al, 2010). Pectin consists of four types of
polysaccharides: homogalacturonan (HG), xylogalacturonan,
and rhamnogalacturonan (RG) | and Il (Mohnen, 2008). HG,
xylogalacturonan, and RG-Il are all characterized by the pres-
ence of a (1-4)-o-p-galacturonic acid backbone, whereas
RG-l, has a backbone alternating in (1-2)-o-L-rhamnose and
(1-4)-0-p-galacturonic acid residues (O'Neill et al, 1990;
Ridley et al,, 2001; Mohnen, 2008; Mohnen et al,, 2008). RG-|
is also characterized by arabinan, galactan, and arabinogalac-
tan side chains, and xylan side chains were proposed to exist
as well (Ralet et al, 2016). In Arabidopsis, pectin is most
abundant in the primary cell walls (Zablackis et al, 1995)
and it is important for the regulation of cell wall mechanical
properties during growth and development (Moore et al,
2008). It also influences water imbibition of seeds, pollen
tube growth, leaf and flower abscission, fruit ripening, and
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cell wall integrity induced signaling (Mohnen, 2008; Arsovski
et al, 2009; Harholt et al, 2010; Kohorn and Kohorn, 2012).

In addition to polysaccharides, plant cell walls also contain
various proteins (Albenne et al, 2014). These proteins are
an integral part of the cell wall, as they contribute to its
structural integrity, or modify cell wall composition during
plant development and in response to environmental cues
(Fry, 2004; Passardi et al, 2004). One major group of cell
wall modifying proteins are pectin methylesterases (PMEs),
which demethylesterify the pectin HG after its biosynthesis
(Lionetti et al, 2014). At least 67 PME isoforms are thought
to be present in Arabidopsis (Lionetti et al, 2017). The activ-
ity of these PMEs is tightly regulated by PME inhibitor
(PMEI) proteins which exist in families equally as large as
the PMEs (Wormit and Usadel, 2018). HG is also modified
by polygalacturonases that hydrolyse the glycosidic linkages
of the galacturonic acid backbone (Xiao et al,, 2014).

The modifications occurring on pectin such as demethy-
lesterification and acetylation (Liu et al, 2018) are known to
play a role in cell wall integrity maintenance and resistance
to pathogens. For example, Arabidopsis reduced wall acetyla-
tion 2 mutants, that have reduced pectin acetylation, are
more resistant to Botrytis cinerea (Manabe et al, 2011). The
alteration of HG has also been shown to enhance resistance
to B. cinerea (Lorrai et al, 2021). Arabidopsis plants overex-
pressing PMEI-1 and PMEI-2 show enhanced resistance to
the phytopathogens B. cinerea and Pectobacterium carotovo-
rum (Lionetti et al, 2007). Another pectin modification im-
portant for pathogen defense is the oxidation of OGs
derived from HG hydrolysis (Benedetti et al, 2018). In
Arabidopsis, four members of a berberine bridge enzyme-
like family were found to be responsible for this oxidation.
Although the oxidized OGs trigger weaker immune
responses, they are more resistant to hydrolysis by B. cinerea
enzymes. Accordingly, Arabidopsis plants overexpressing
these oxidases are less susceptible to this pathogen
(Benedetti et al., 2018).

As highlighted above, many defense mechanisms involving
pectin are attributed to HG and its methylation status.
However, several questions still exist about how the minor
pectins such as RG-l and RG-Il together with their modifica-
tion affect plant—pathogen interactions. In this study, we in-
vestigated the role of the Arabidopsis protein BETA-D-
XYLOSIDASE4 (BXL4, AtBXL4, and XYL4) and its impact on
plant immunity. All seven Arabidopsis BXL family members
(BXL1-BXL7) possess predicted glycosyl hydrolase domains,
whilst some have predicted signal peptides for extracellular
localization (Goujon et al, 2003). Only BXL1 has been stud-
ied in detail. It was shown to be a bifunctional B-D-xylosi-
dase/a-L-arabinofuranosidase (Goujon et al, 2003; Minic
et al, 2004; Arsovski et al,, 2009) that is important for extru-
sion of pectin rich mucilage upon hydration of Arabidopsis
seeds (Arsovski et al, 2009) as it removes the side chains
present in RG-lI (Williams et al, 2020) and is associated with
tissues undergoing secondary cell wall thickening (Goujon
et al, 2003). We provide evidence that another member of
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this protein family, BXL4, localizes to the plant cell wall,
where it most likely acts on both xylans and arabinans. We
show that BXL4 expression is induced by B. cinerea infection
and by mechanical wounding in a jasmonoyl-isoleucine (JA-
lle) dependent manner. Accordingly, bx/4 mutants are more
susceptible when challenged with B. cinerea and display re-
duced levels of JA-lle and camalexin after infection suggest-
ing that BXL4 induction is part of the defense response.
Consistent with this hypothesis, overexpression of BXL4
results in increased transcript accumulation of the B. cin-
erea-responsive marker genes PLANT DEFENSIN 1.2 (PDF1.2)
and PHYTOALEXIN DEFICIENT 3 (PAD3) and enhanced resis-
tance to B. cinerea. Taken together, our data provide evi-
dence of an important role for BXL4 in plant immunity.

Results

BXL4 expression is induced by wounding and

B. cinerea infection

BXL4 is part of a seven-member protein family of putative
xylosidases in Arabidopsis (Supplemental Figure S1; Goujon
et al, 2003), and the expression of BXL4 is upregulated by
infection with various pathogens according to publicly avail-
able databases (Winter et al, 2007; Hruz et al, 2008). To
confirm that BXL4 is a stress-induced gene, its expression
pattern after mechanical wounding and infection with B.
cinerea was analyzed (Figure 1, A—C). Generally, BXL4 gene
expression is relatively low in Columbia-0 (Col-0) grown un-
der normal conditions (Supplemental Figure S2). However,
the BXL4 gene expression was induced 16-fold upon me-
chanical wounding of the rosettes of Col-0 (Figure 1A). BXL4
expression was also investigated in the JA-lle deficient mu-
tant line delayed-dehiscence2-2 (dde2-2; von Malek et al,
2002), because )A-lle regulates the expression of many
wounding responsive genes (Howe et al, 2018). Relative to
wild-type (WT) expression, upregulation of BXL4 transcript
levels after wounding was greatly reduced in the dde2-2 mu-
tant with a two-fold induction at 5h after wounding com-
pared with the 16-fold induction in the WT (Figure 1A).
Because Arabidopsis defense against necrotrophic pathogens
is associated with JA-lle (Pieterse et al, 2012; Zhang et al,
2017), accumulation of BXL4 transcript after infection with
B. cinerea was quantified. There was a significant 12- to 20-
fold induction of BXL4 transcript accumulation in
Arabidopsis 3days post inoculation (dpi) with B. cinerea
(Figure 1B). To investigate whether the induction of BXL4
expression after B. cinerea infection also occurs in unchal-
lenged systemic tissues, the BXL4 expression was analyzed in
distal leaves after a local B. cinerea drop-inoculation. This
analysis revealed that the BXL4 expression is significantly in-
duced in the uninfected distal leaves after local B. cinerea in-
fection (Figure 1C).

BXL4 localizes to the apoplast

Cell wall modification in muro is one important aspect of
plant defense (Ferrari et al, 2012; Lionetti et al, 2017). The
Arabidopsis protein BXL4 possesses a predicted signal
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peptide for secretion (Goujon et al, 2003) and showed in-
creased abundance in the Arabidopsis apoplast after
Pseudomonas syringae and B. cinerea infection (Breitenbach
et al, 2014; Sham et al, 2014). To confirm cell wall localiza-
tion, we transiently expressed BXL4-CITRINE under the con-
trol of the 35S promoter in Nicotiana benthamiana leaf
epidermal cells together with the plasma membrane marker
PLASMA MEMBRANE INTRINSIC PROTEIN 2A-mCHERRY
(PIP2A-mCHERRY; Nelson et al, 2007). The results indicate
that BXL4-CITRINE localizes to the apoplast between the
plasma membranes of adjacent cells (Figure 1, D and E).

Disruption of BXL4 results in subtle modification of
pectin composition but does not affect plant
growth

Alteration of the cell wall composition may impair normal
growth and development of Arabidopsis plants (Noguchi
et al, 1997). To test if the disruption of BXL4 gene function
affects the normal growth of Arabidopsis, two independent
Arabidopsis T-DNA insertion lines, bxl4-1 and bxl4-2, that
carry insertions in exons 5 and 4, respectively, were obtained
from the Nottingham Arabidopsis stock center (Figure 2A).
The position of the T-DNA insertion was confirmed by se-
quencing and BXL4 transcript levels were analyzed in the
T-DNA insertion lines by reverse transcription-quantitative
PCR (RT-gPCR) using primers that amplify regions of BXL4
both upstream and downstream of the T-DNA insertion lo-
cus. Whereas we could not detect full-length BXL4 tran-
scripts using primers downstream of the T-DNA insertion in
the bxl4-1 line, BXL4 transcript accumulation was detectable,
but significantly reduced, in bxl4-2 plants (Figure 2B). Use of
primers upstream of the T-DNA insertion site revealed a sig-
nificant reduction of BXL4 transcript accumulation in the
bxl4 mutants compared with Col-0 (Figure 2B). To evaluate
if the disruption of BXL4 gene function in bxl4-1 and bxl4-2
affects the monosaccharide composition of pectin in unchal-
lenged tissues, water-extracted pectin from alcohol insoluble
residues (AIRs) of leaf material was analyzed for monosac-
charide composition using a modified work-flow based on
gas chromatography-mass spectrometry (GC-MS; Biswal
et al, 2017). The monosaccharide compositions were nor-
malized to the total sugars. The two bx/4 mutant lines
showed a slightly increased relative abundance of arabinose
compared with Col-0 (Supplemental Figure S3A). However,
there was no significant difference in xylose or other pectin
monosaccharides measured of either line. Dot blot assays
carried out on pectin extracted from the three genotypes in-
dicate no changes in HG or RG I (Supplemental Figure S3, B
and C) but increased abundance of long stretches of 1,5-
linked arabinosyl residues, especially in the bxl4-1 mutant
(Supplemental Figure S3D). These residues are believed to
be side chains of RG-l (Arsovski et al, 2009). Despite these
subtle effects on leaf cell wall pectin composition, neither
bxl4 mutant exhibited any obvious growth defects and was
comparable to Col-0 (Supplemental Figure S4).
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Figure 1 BXL4 is secreted to the apoplast and induced upon mechanical wounding and B. cinerea infection. A, Expression pattern of BXL4 in Col-
0 and the JA-lle-deficient mutant dde2-2. RNA extracted from 6-week-old plants before wounding (0 h) and at 0.5-, 2-, and 5-h post wounding. B,
Relative expression of BXL4 in leaves of 6-week-old Col-0 plants after leaves were drop inoculated with B. cinerea conidiospores suspension or
Vogel's buffer (mock). C, Relative expression of BXL4 in infected or unchallenged systemic (distal) leaves at 0 d (before inoculation) and 1, 2, and 3
dpi. Error bars in (A), (B), and (C) show st (n = 3 biological replicates each performed on RNA extracted from whole individual plants for A and B,
or from four infected leaves or four noninfected leaves from individual plants for C); statistical differences to the WT at 0 h (A) and 0days (B and
C) were determined (Student’s t test; * indicates P < 0.05). Experiments were conducted three times with similar results. D, The BXL4-CITRINE fu-
sion protein (green) localizes to the cell wall in N. benthamiana leaves. The plasma membrane marker PIP2A-mCherry (magenta) was also coex-
pressed in N. benthamiana leaves. Overlay of the images shows that the plasma membrane of adjoining cells is separated by the BXL4-CITRINE
fluorescence. E, BXL4-CITRINE green fluorescence does not show gaps in the corners of adjoining cells which is consistent with cell wall localiza-
tion. Images are representative for 55 images from nine leaves derived from four independent transformations. Bars = 10 pm.
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with B. cinerea conidiospore suspensions and measuring the
As the expression of BXL4 is induced after B. cinerea infec- |esion area 3 dpi (Figure 2, C and E). The bxl4 mutants de-
tion (Figure 1), we tested if the bxl4 mutants are compro- veloped significantly larger lesions compared with Col-0. The
mised in resistance to B. cinerea by drop inoculating plants k3 mutant was used as a control with enhanced
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Figure 2 bxl4 mutant lines are more susceptible to B. cinerea infection. A, The intron—exon structure of BXL4 and the positions of T-DNA inser-
tions in bx/4-1 and bx/4-2. The exons are represented by gray boxes, introns by black lines, black triangles show positions of the T-DNA insertions
that were confirmed by sequencing. The 5" UTR is represented by a black box. Arrows indicate primers used for RT-qPCR analysis. B, Relative ex-
pression of BXL4 in leaves of 4-week-old WT and bxl4 mutant plants as determined by RT-qPCR using primers as indicated and shown in
Supplemental Table S1. Expression values were normalized to ACTIN8 and are shown relative to levels in Col-0. Error bars show st (n = 3 biological
replicates each performed on RNA extracted from whole individual plants), statistical differences to the WT were determined (Student’s t test,
* indicates P < 0.05; **P < 0.01). C, Infection phenotype of Col-0, bx/4-1, and bxI4-2 after B. cinerea infection. A minimum of 30 leaves from 5 in-
dependent plants were drop inoculated with 6 L B. cinerea conidiospores, and lesion diameter measured with a digital caliper 3 dpi. mpk3 was
used as the susceptible control. Error bars show se (n = 30 leaves), statistical differences to the WT were determined (Student’s t test, ** indicates
P < 0.01). Experiment was conducted four times with similar results. D, Infection phenotype measured after spraying plants with B. cinerea coni-
diospores and quantifying fungal genomic DNA by qPCR. Fungal genomic DNA was quantified 3 dpi. Error bars represent st (n = 3 biological repli-
cates each performed on RNA extracted from whole individual plants), statistical differences to the WT were determined (Student’s t test,
* indicates P < 0.05; **P < 0.01). The experiment was conducted times times with similar results. E, Lesion phenotype of detached leaves of Col-0,
mpk3, bxl4-1, and bxl4-2 at 3 dpi with B. cinerea. Scale bar, 10 mm.
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susceptibility (Galletti et al, 2011). An additional method
was used to quantify the disease susceptibility to B. cinerea.
Plants were sprayed with B. cinerea conidiospore suspension
and the fungal B-ACTIN genomic DNA was quantified
3 days after spray inoculation using qPCR (Ettenauer et al,
2014). The bxl4 mutants showed a significantly higher abun-
dance of fungal genomic DNA when compared with Col-0
(Figure 2D).

To assess the effects of BXL4 overexpression on
Arabidopsis defense reactions, three independent transgenic
inducible overexpression lines (OE1, OE2, and OE3) contain-
ing a BXL4 transgene under control of an estradiol-inducible
promoter were generated in the Col-0 background. The ex-
pression of BXL4 was evaluated by RT-qPCR in 6-week-old
Arabidopsis plants 4days after spraying with 0.01% Tween
20 (mock) or 50 uM [-estradiol (Figure 3, A and B). The
mock-treated plants did not show any induction of BXL4 ex-
pression (Figure 3A), but there was a 15- to 60-fold increase
compared with Col-0 in the B-estradiol-induced lines
(Figure 3B).

We then tested if the overexpression of BXL4 also had an
effect on immunity to B. cinerea. The inducible BXL4 overex-
pression lines were drop inoculated with B. cinerea conidio-
spores 4 days after B-estradiol induction, and the lesion area
was determined 3 dpi. The BXL4 overexpression lines OE1,
OE2, and OE3 developed smaller lesions with an average di-
ameter of 9.5, 9.8, and 9.7 mm, respectively, compared with
Col-0 with an average lesion diameter of 10.6 mm
(Figure 3C). In the mock-induced BXL4 overexpression lines,
there was no significant difference in lesion size compared
with Col-0 (Figure 3C). The fungal genomic DNA was quan-
tified 3 days after spraying the plants with B. cinerea conidio-
spores. Compared with Col-0, the BXL4 overexpression lines
induced by spraying with B-estradiol once per week for
6 weeks prior to the spraying with the pathogen showed a
decreased abundance of the fungal DNA (Figure 3D) and
showed weaker symptoms (Figure 3E). In contrast, the trans-
genic plants exposed to mock induction, did not result in
any significant decrease from Col-0 in fungal genomic DNA
accumulation (Figure 3D) or symptoms (Figure 3E).

Disruption of BXL4 alters the induction of plant
defense associated genes upon mechanical
wounding and B. cinerea infection

Mechanical wounding and attack of necrotrophic pathogens
in Arabidopsis triggers defense responses, some of which are
regulated via JA-lle signaling (Howe et al, 2018). To test if
the bxl4 mutants are impaired in JA-lle mediated response,
the transcript abundance of the JA-lle marker genes
JASMONATE-ZIM-DOMAIN PROTEINT0 (JAZ10) (Yan et al,
2007; Chung et al,, 2008) and PDF1.2 (Penninckx et al,, 1998;
Zarei et al, 2011) was tested in mechanically wounded Col-0
and bx/4 mutants (Figure 4, A and B) and were found to be
induced to a smaller degree in the bxl4 mutants at 2 h post
wounding. The transcript accumulation of JAZ10 and PDF1.2
after B. cinerea spray inoculation was compromised in the
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bxl4 mutants as well (Figure 4, C and D). This trend was
also observed in three independent experiments
(Supplemental Figure S5). The relative expression of the
B. cinerea-responsive marker gene PAD3, encoding an en-
zyme involved in antimicrobial camalexin biosynthesis, was
also reduced significantly in bxl4 plants especially at 2 dpi
compared with Col-0 (Figure 4E).

bxl4 mutant plants show a reduced accumulation of
JA-lle and camalexin after infection with B. cinerea
We next assayed if the reduced expression of PDF1.2 and
PAD3 in bxl4 mutants corresponds with a reduced accumu-
lation of JA-lle and camalexin upon infection with B. cinerea
(Figure 5; Ferrari et al, 2003, 2007; Scalschi et al, 2015; Nie
et al, 2017). The bxl4 mutants showed a slight reduction in
JA-lle abundance particularly at 3 dpi compared with Col-0
(Figure 5D). The abundance of camalexin after B. cinerea in-
fection was reduced especially at 1 dpi in the bxl4 mutants
compared with Col-0 (Figure 5F). There was no significant
increase in the abundance of JA-lle and camalexin after
mock inoculation of the different genotypes. The abundance
of other plant hormones or defense-related compounds did
not show obvious alterations in bxl4 plants after inoculation
(Supplemental Dataset S1). The bxl4 mutants also had a
slightly reduced accumulation of JA-lle compared with Col-0
after wounding (Supplemental Figure S6). Overall, however,
the effects on hormones are rather subtle.

BXL4 overexpression results in higher expression of
PDF1.2 and PAD3 after B. cinerea infection

To test the effect of BXL4 overexpression on the induction
of PDF1.2 and PAD3 expression, the inducible BXL4 overex-
pression lines were sprayed with [-estradiol or mock-
induced by spraying 0.01% Tween 20, and 4days later the
plants were infected with B. cinerea. Mock treatment did
not result in any induction of PDF1.2 or PAD3 prior to infec-
tion (Figure 6, A and C, time-point 0h). Induction of BXL4
by B-estradiol treatment, however, resulted in a strong upre-
gulation of PDF1.2 expression in the inducible overexpres-
sion lines compared with Col-0 (Figure 6B, time point 0h)
prior to infection. The transcript accumulation of PDF1.2
and PAD3 was then evaluated at 1, 2, and 3 dpi. The mock-
treated overexpression lines did not show strong differences
from the WT (Figure 6, A and C). When treated with [3-es-
tradiol, however, the overexpression lines had a significantly
increased PDF1.2 transcript abundance at 1 dpi (Figure 6B)
and PAD3 transcript was significantly higher, especially at 2
and 3 dpi (Figure 6D). We also tested if the overexpression
of BXL4 leads to an increase in JA-lle levels. However, JA-lle
levels were only slightly increased in one line (Supplemental
Figure S7). Also the composition of the cell wall was not sig-
nificantly altered upon induced overexpression of BXL4,
probably because the induced changes are too subtle to
measure (Supplemental Figure S8). We, therefore, tried to
find evidence in a system, where BXL4 can be expressed
throughout cell wall formation, that is, the seed coat
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Figure 3 The overexpression of BXL4 results in increased resistance to B. cinerea. The relative expression of BXL4 at 4 days after mock induction
(A) and after B-estradiol induction (B) of BXL4 inducible overexpression lines 1, 2, and 3 (OE1, OE2, and OE3). C, Lesion diameter of Col-0, mpk3,
and inducible overexpression lines 1, 2, and 3. Plants were treated with B-estradiol 4 days prior to infection with B. cinerea and lesion diameters
were scored 3 dpi. Error bars show st (n = 30 leaves from at least five plants), statistical differences to the WT were determined (Student’s t test,
* indicates P < 0.05, **P < 0.01). D, quantification of fungal genomic DNA measured after spraying plants with B. cinerea conidiospores and quan-
tifying with gPCR. Fungal genomic DNA was quantified 3 dpi. The overexpression of BXL4 was either mock induced or continuously induced once
per week for 6 weeks before spraying with B. cinerea conidiospores. Error bars represent so (n = 3 biological replicates each performed on RNA
extracted from whole individual plants), statistical differences to the WT were determined (Student’s t test ** indicates P < 0.01). E, infection phe-
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was continuously induced.
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Figure 4 BXL4 influences JA-lle mediated responses upon wounding and B. cinerea infection. Relative expression of JA-lle marker genes PDF1.2 (A)
and JAZ10 (B) in Col-0, bxl4-1, and bxl4-2 at 0 and 2 h post wounding. Relative expression of PDF1.2 (C), JAZ10 (D), and PAD3 (E) in 6-week-old
Col-0, bxl4-1, and bxl4-2 Arabidopsis plants at 0, 1, 2, and 3 dpi with B. cinerea. Expression values were normalized to the reference gene ACTIN8
and are shown relative to the WT levels at 0 h. Error bars show st (n = 3 biological replicates each performed on extracts from whole individual
plants), statistical differences to the WT were determined for each time point (Student’s t test * indicates P < 0.05, **P < 0.01). Experiments were

conducted three times with similar results.

epidermal cells that produce the seed mucilage during seed
maturation. Seed mucilage from Arabidopsis consists pre-
dominantly of RG-I and is thought to play a role in the pro-
tection of the seed from biotic and abiotic stress as well as
aiding in dispersal (Zhao et al, 2017).

BXL4 is able to rescue the bx/-1 mutant phenotype
in seed coat epidermal cells

BXL1, a protein closely related to BXL4, has been shown to
be a [-p-xylosidase/a-L-arabinofuranosidase that removes
arabinan side-chains from RG-l in Arabidopsis seed mucilage

(Goujon et al., 2003; Minic et al, 2004; Arsovski et al., 2009;
Williams et al,, 2020). Mutations in BXL1 result in seed muci-
lage with higher levels of arabinan that, following hydration,
extrudes from the seed coat much more poorly than that of
WT (Arsovski et al, 2009). Our analysis of the bxl4 mutant
(Supplemental Figure S3) suggests that BXL4 has a similar
role in leaf pectin, but the bx/4 mutant does not have a
seed coat phenotype (Supplemental Figure S9), probably be-
cause BXL4 is not expressed there (Tsai et al, 2017). To test
this hypothesis further, we sought to determine whether
BXL4 has a similar activity by testing whether it is able to
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Figure 5 bxl4 mutants show a slightly decreased accumulation of JA-lle and camalexin upon infection with B. cinerea. Col-0 and bxl4 mutant lines
were spray inoculated with B. cinerea and the leaves were sampled at 0, 1, 2, and 3 dpi. Extracted levels of JA-lle (A-D) and camalexin (E-H) were
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within each time point (Student’s t test * indicates P < 0.05, **P < 0.01). Experiments were performed three times with similar results. FW, fresh

weight.

rescue the bx/7 mutant phenotype (bxI1 is a mutant of the
ecotype Wassilewskija, Ws) when ectopically expressed in
seed coat epidermal cells. BXL4 and, as a positive control,
BXL1 constructs with or without a C-terminal CITRINE fu-
sion (BXL4-CITRINE) and under the control of the strong
seed coat specific TESTA ABUNDANT2 (TBA2) promoter
(Tsai et al, 2017; McGee et al, 2019) were generated and
transformed into Arabidopsis WT (Col-0; pTBA2:BXL4-
CITRINE only) and bxI1T mutant plants (all constructs). The
seed coat epidermal cells of T2 transgenic seeds expressing
pTBA2:BXL4-CITRINE or pTBA2:BXL1-CITRINE were visualized
under a confocal microscope 7days postanthesis. The
BXL4-CITRINE (Figure 7 and Supplemental Figure S10) and
BXL1-CITRINE (Supplemental Figure S10) fluorescence could
be detected in the mucilage pocket and radial cell walls but
not the cytoplasm demonstrating that our chimeric BXL4-
CITRINE and BXL1-CITRINE proteins, like the endogenous

BXL1, are expressed and targeted to the apoplast of seed
coat epidermal cells. Other citrine fused proteins localizing
to the apoplast also exhibited a similar uniform distribution
in the apoplast including BETA-GALACTOSIDASE6 (BGALG),
BGAL11, BGAL16, and BGAL17 (McGee et al, 2019) and
TBAT, TBA2, and TBA3 (Tsai et al,, 2017).

The ability of all constructs to complement the bx/1 muci-
lage extrusion defect was determined by placing T2 trans-
genic seeds in water and staining the mucilage with
ruthenium red, a dye that stains acidic polysaccharides such
as pectin (Figure 8; Steeling, 1970). Sixteen out of 17 inde-
pendent transformants carrying pTBA2:BXL1 (Figure 8C
and Supplemental Figure S11A) and all 21 independent
transformants carrying the pTBA2:BXL4 (Figure 8D and
Supplemental Figure S11B) constructs with and without the
CITRINE tag, showed normal mucilage extrusion. In contrast,
BXL6, a BXL4 homolog (Supplemental Figure S1) that is
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Figure 6 BXL4 inducible overexpression lines display induction of PDF1.2 and PAD3. Relative expression of PDF1.2 after mock induction of BXL4
(A) and B-estradiol induction of BXL4 (B) in WT Col-0 and [-estradiol inducible BXL4 overexpression lines 1, 2, and 3 (OE1, OE2, and OE3). PAD3
expression measured in mock (C) and BXL4 induced lines (D). Plants were induced with B-estradiol 4 days prior to B. cinerea inoculation and ex-
pression was measured in leaf samples collected right before (0 days) or 1, 2, and 3 dpi. Relative expression was measured by RT-qPCR, normalized
to the reference gene ACTINS, and relative to WT 0 h. Error bars show st of three biological replicates each performed on RNA extracted from
whole individual plants; statistical differences to the WT were determined for each time point (Student’s t test, * indicates P < 0.05, **P < 0.01).

predicted to target the plasma membrane (Goujon et al,
2003) under control of the TBA2 promoter failed to rescue
the mucilage defect of bxI1 (Supplemental Figure S12).

The Arabidopsis bxIT knockout mutant produces mucilage
with a higher content of arabinose than the WT (Arsovski
et al, 2009). To investigate if the bx/1 transgenic lines carry-
ing pTBA2:BXL4-CITRINE had mucilage with a monosaccha-
ride composition more similar to the WT (Ws) than to bxl1,
we analyzed the water-extracted mucilage from T2 seeds

after mild shaking. Mucilage of Arabidopsis seeds is com-
posed mainly of the pectin RG-l, which has a backbone al-
ternating in galacturonic acid and rhamnose (reviewed in
Sola et al, 2019a). Consistent with this, our monosaccharide
analysis of the mucilage showed that rhamnose and galact-
uronic acid were the most abundant sugars (Supplemental
Figure S13). In order to analyze changes in the side chains of
RG-l, we analyzed the mucilage monosaccharide composi-
tion and normalized the values to rhamnose, one of the
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Figure 7 BXL4-CITRINE localizes to the apoplast in Arabidopsis Col-0
seed coat epidermal cells. BXL4-CITRINE stably expressed under the
control of the TBA2 promoter localizes to the mucilage pocket (see
arrows), a section of the apoplast of Arabidopsis seed coat epidermal
cells, at 7 days post anthesis. Images are representative for 30 images
from 18 seed coats derived from four individual lines. A, Tangential
confocal section. B, radial confocal section. Scale bars, 10 um.

sugars in the RG-l backbone. The bx/T mutant exhibited a
four-fold increase in abundance of arabinans in comparison
to the WT Ws, whereas the bxI1 transgenic lines comple-
mented with pTBA2:BXL1-CITRINE or pTBA2:BXL4-CITRINE
showed arabinose levels similar to the WT (Figure 8E).
Interestingly, the bx/1 mutant line expressing pTBA2:BXL4-
CITRINE showed a xylose content that was not only reverted
to the WT levels but that was even lower (Figure 8E). Taken
together the data show that BXL4 is able to completely
complement bxl1 suggesting that it has xylosidase/arabinosi-
dase activity.

As an extension to our complementation analyses, we
also determined whether expression of pTBA2:BXL4 in WT
seeds altered the mucilage phenotype. The T2 seeds of
pTBA2:BXL4 transgenic plants were shaken vigorously in wa-
ter for 2h before staining with ruthenium red. The trans-
genic lines had an obvious reduction in the volume of
adherent mucilage compared with the WT control (Figure 9,
A-D) that was shown to be significant through quantifica-
tion of the adherent mucilage volume using Image) version
1.84 (Schneider et al, 2012; Figure 9E). The mucilage from
the T2 transgenic seeds was extracted and analyzed for
monosaccharide composition using GC-MS. Col-0 lines
expressing pTBA2:BXL4 had lower levels of xylose compared
with WT Col-0 (Figure 9F), a phenotype also observed in
bxl1-1 transformed with TBA2p:BXL4-Citrine (Figure 8E),
pointing toward BXL4 having xylosidase activity. On the
other hand, mucilage arabinose levels remained similar to
the WT lines ectopically expressing BXL4 (Figure 9F), even

Guzha et al.

though our previous data pointed toward BXL4 having ara-
binosidase activity (Figure 8E). Arabinose levels were similar
to the WT, whilst the xylose composition was further de-
pleted compared with Col-0 (Figure 9F).

Discussion

The role of enzymatic pectin modifications in plant defenses
has been elucidated in previous publications (Bethke et al.,
2014; Lionetti et al, 2014, 2017) that highlighted for example
the importance of HG methylation. Here, we provide evi-
dence that BXL4 acts in the apoplast, can remove arabinoses
and possibly xyloses from polysaccharides, and contributes
to immunity against B. cinerea.

Our work not only investigated the role of BXL4 in patho-
gen defense, but also its molecular function in cell wall
remodeling. The complexity of cell wall matrix polysacchar-
ides is generated by a plethora of biosynthetic enzymes lo-
calized in the Golgi (Harholt et al, 2010). However, matrix
polysaccharides can also be remodeled in muro (Micheli,
2001; Bosch, 2005) giving the plant more flexibility in the
regulation of its cell wall architecture (Rui et al, 2018, Wu
et al, 2018). Previous data on the cell wall proteome of
Arabidopsis leaves expressing a P. syringae effector AvrRpm1
indicated that BXL4 could be such an enzyme acting in
muro (Breitenbach et al, 2014). The apoplast localization of
BXL4 was predicted based on the algorithm of SignalP ver-
sion 5.0 (Armenteros et al, 2019), which indicated that the
first 38 amino acids of BXL4 act as a signal peptide for the
secretory pathway. Our analyses confirm an apoplastic local-
ization when BXL4 is introduced into seed coat epidermal
cells (Figure 7 and Supplemental Figure S10) or via transient
expression in N. benthamiana leaves (Figure 1) suggesting
that BXL4 indeed has a signal sequence for secretion in vivo.

Seed coat epidermal cells were also used to investigate the
enzymatic function of BXL4 (Figure 8; Sola et al, 2019,
2019b). BXL4, expressed in the seed coat epidermal cells,
was able to complement the mucilage extrusion and muci-
lage composition phenotypes of the bx/1 mutant (Figure 8,
D and E) strongly suggesting that like BXL1 (Minic et al,
2004) BXL4 has o-L-arabinofuranosidase activity and acts on
the side chains present in RG-l (Williams et al, 2020).
Similarly, ectopic expression of BXL4 under the strong TBA2
promoter also significantly decreased the amount of xylose
in the pectinacious mucilage especially in the Col-0 back-
ground (Figure 9F). Further, the transgenic seed also had a
reduction in adherent mucilage (Figure 9, A-E), implying
that the mucilage is more loosely attached to the seed coat
than in the WT. These data are consistent with studies of
the MUCILAGE-MODIFIED5 (MUMS5) gene, which encodes a
xylosyl transferase. The mum5 mutant has seed mucilage
with reduced xylose levels that is more loosely attached to
the seed coat (Ralet et al, 2016). It was hypothesized that
mucilage RG-I has xylan side chains that mediate the inter-
action with mucilage cellulose through noncovalent linkages
thus resulting in strong mucilage adherence to the seed sur-
face following mucilage extrusion. It is therefore conceivable
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Figure 8 BXL4 can complement the mucilage phenotype of bx/1. In Ws WT plants, the extrusion of the mucilage forms a halo around the seeds
that can be visualized by staining with ruthenium red (A). bx/1 seeds extrude their mucilage in a patchy manner (B). The bx/1T mucilage extrusion
defect can be complemented by transgenic expression of pTBA2:BXL1-CITRINE (C) or pTBA2:BXL4-CITRINE (D). Scale bars, 200 um. Images are rep-
resentative for least five images per line and for nine complemented lines. E, Relative monosaccharide composition of mucilage extracted from
Ws, bxl1, bxl1 pTBA2:BXL1-CITRINE (lines 1 and 6) and bxI1 pTBA2:BXL4-CITRINE (lines 2, 6, and 8). Monosaccharide composition was determined
by GC-MS and normalized to rhamnose. n = 3 biological replicates. Error bars show sp; statistical analysis was done by one-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test. Xylose and arabinose were analyzed independently of each other; different letters indicate significant

differences with P < 0.05.

that BXL4, like BXL1 (Minic et al,, 2004) also has -o-xylosi-
dase activity that acts on the xylan side chains of mucilage
RG-1. However, we cannot rule out that other polysacchar-
ides or glycosylated proteins are substrates of BXL4.

The expression of BXL4 in leaves is upregulated after
wounding and after infection with B. cinerea (Figure 1). The
upregulation after wounding is partially JA-lle dependent

(Figure 1A) similar to many genes involved in wound
responses and pathogen defense (Howe et al, 2018). The in-
duction of BXL4 expression indicates that it plays a role in
cell wall remodeling after wounding and pathogen attack.
Cell wall remodeling has been previously described to occur
after both these stresses. For example, the degree of pectin
methylesterification is altered in Arabidopsis in response to
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Figure 9 BXL4 expression in Col-0 seed coat epidermal cells results in less adherent mucilage after vigorous shaking in water. Adherent mucilage
of Col-0 (A), pTBA2:BXL4 in Col-0 lines 3, 4, and 5 (B—D) after vigorous shaking in water and staining with ruthenium red. Images are representa-
tive for at least 10 images per line. Scale bar = 250 um. E, quantification of the volume of adherent mucilage of Col-0, pTBA2:BXL4 expression lines
3, 4, and 5 after vigorous shaking and staining with ruthenium red. n = 10 seeds. F, Monosaccharide composition of mucilage extracted from WT
Col-0 and the three pTBA2:BXL4 transgenic lines (3, 4, and 5). Monosaccharide composition was determined by GC-MS and normalized to rham-
nose. n = 3 biological replicates. Error bars show sp, statistical differences to the WT were determined (Student’s t test; * indicates P < 0.05,
*P < 0.01, **P < 0.001).
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attack from fungal pathogens (Lionetti et al, 2012). In many
interactions between plants and pathogens, it was noted
that a high degree of methylesterification results in reduced
susceptibility of the plants to pathogen as the modified pec-
tin is more resistant to pectic enzymes of pathogens
(Lionetti et al., 2012, 2017; Liu et al, 2018). Wounding is also
thought to trigger the induction of endogenous polygalac-
turonases that generate OGs important for defense
responses (Leon et al, 2001). Similarly, we show genetic evi-
dence for the involvement of BXL4 in plant biotic stress re-
sistance, as the resistance to B. cinerea infection was
compromised in the bxl4 mutants (Figure 2), while the con-
ditional overexpression of BXL4 resulted in enhanced resis-
tance to this pathogen (Figure 3).

While the mode of action of BXL4 in plant defense
remains to be determined, upregulation of BXL4 expression
appears to be JA-lle dependent, as detected in the dde2-2
JA-lle deficient mutant (Figure 1). Conversely, the loss and
gain of BXL4 function influence JA-lle-related processes since
the expression levels of the jasmonate regulated genes
PDF1.2 and JAZ10 are influenced by both overexpression
and downregulation of BXL4 (Figures 4 and 6). These data
suggest that BXL4 expression is activated by JA-lle and in
turn, BXL4 action contributes to the synthesis of JA-lle as
part of a feed-forward loop (Wasternack and Feussner,
2018). However, the changes in JA-ILE levels are only subtle
and it is unlikely that BXL4 strongly influences resistance
through JA-lle related processes. More likely is that the cell
wall modifications of BXL4 have a more direct effect on the
ability of the pathogen to overcome the physical cell wall
barrier and infect the plant tissue.

Arabinan side chains that are likely trimmed by BXL4 play
a role in cell wall architecture (Verhertbruggen et al., 2013).
In Arabidopsis, the interspacing of HG with arabinan-rich
RG-I reduces crosslinking with Ca’*, thus making cell walls
more flexible (Jones et al, 2003; Moore et al, 2008; Merced
and Renzaglia, 2019). Trimming of arabinan side chains in
WT plants could result in greater pectin crosslinking by
Ca’* thus making the cell walls more recalcitrant to pene-
tration by fungal hyphae. In addition, the degradation of
this cross-linked homogalacturan by polygalacturonases
(Bellincampi et al., 2014; Sénéchal et al, 2014) would result
in the formation of Ca’" cross-linked OGs, which elicit
strong biological responses such as the production of reac-
tive oxygen species, phytoalexins, callose, and JA-lle produc-
tion (Kohorn and Kohorn, 2012; Bethke et al,, 2014; Savatin
et al, 2014 Mielke and Gasperini, 2019). It is also conceiv-
able that changes in the cell wall composition induced by
BXL4 are perceived by plasma membrane-bound receptor
kinases resulting in the activation of plant defense responses
(Bacete et al, 2018; Engelsdorf et al, 2018; Franck et al,
2018). Furthermore, BXL4 activity on the cell wall polysac-
charides may result in the generation of other nonpectic
fragments, for instance, xyloglucan derived fragments and
cellulose derived oligosaccharides which act as danger signals
that trigger plant immune responses (Claverie et al, 2018;
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Zarattini et al, 2021). The mutants with a compromised
BXL4 activity may therefore, be unable to produce these
danger signals resulting in an impaired immune response,
thus leading to increased susceptibility to B. cinerea. One of
the mutants, bx/1-2 exhibits a reduction in fucose in its leaf
AIR composition (Supplemental Figure S3). This could possi-
bly explain the increased susceptibility to B. cinerea as
Molina et al. (2021) could demonstrate that Arabidopsis
mutants with increased abundances of fucosylated xyloglu-
cans were more resistant to the necrotrophic fungus
Plectosphaerella  cucumerina. The Arabidopsis mutant
murus1 (murT) with no cell wall fucose also has increased
susceptibility to P. syringae DC3118 (Zhang et al, 2019).
Modifications in other cell wall components not identified
in this research and their degradation fragments could have
also contributed to the disease phenotype observed in this
research. It has been demonstrated that the alteration of
cell xylose content alters resistance to different pathogens.
Arabidopsis mutants with increased xylose content for ex-
ample de-etiolated3 (Rogers et al., 2005) show a significantly
higher resistance to P. cucumerina, while mutants with re-
duced cell wall xylose content have increased susceptibility
to the same plant pathogen (Delgado-Cerezo et al,2012).
Another gene influenced by BXL4 and partially regulated
by JA-lle signaling is PAD3 (Rowe et al, 2010) that catalyzes
the final step in camalexin biosynthesis (Schuhegger et al,
2006). Camalexin has been shown to act as a phytoalexin
not only against B. cinerea (Ferrari et al, 2007; Shlezinger
et al, 2011) but also various other phytopathogens
(Sanchez-Vallet et al, 2010; Schlaeppi et al, 2010). The re-
duction in the accumulation of camalexin in bxl4 mutants,
especially at early time points during infection (Figure 5F),
might be one small additional factor that leads to enhanced
susceptibility to B. cinerea, even though the differences are
rather small and can only be found in early time-points.

Conclusion

Findings from our study indicate that the modification of
cell wall polysaccharides by BXL4 is a factor that influences
plant defense responses to the necrotrophic fungus B.
cinerea.

Materials and methods

Plant and B. cinerea growth conditions

Arabidopsis (A. thaliana) plants used for infection assays
were grown on semi-sterile soil heated in an oven at 80°C
for 8 h. The plants were grown under short-day conditions
(8 h light and 16 h darkness) at a temperature of 22°C and a
relative humidity of 65% in a growth cabinet (Percival
Scientific, Perry, GA, USA). Arabidopsis plants for seed prop-
agation were grown under long-day conditions (16h light
and 8h darkness), light intensity of 120-150 pmol m™ s/,
at 22°C and 60% relative humidity in a climate chamber
(York Industriekélte, Mannheim, Germany). The bx/1-1 mu-
tant and lines created from this mutant were in the Ws eco-
type background. All other lines used in this study were in
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the Col-0 ecotype background. bx/1-1 (Ws ecotype; CS16299,
Feldmann, 1991), mpk3-DG (Li et al,, 2002), and dde2-2 (von
Malek et al, 2002) were used. T-DNA mutant lines of bx/4-1
(SALK_071629) and bxl4-2 (SAIL_331_B06) were sourced
from Nottingham Arabidopsis Stock Centre and homozy-
gous mutants were confirmed through genotyping PCR on
genomic DNA using REDTag ReadyMix (Sigma, St. Louis,
MO, USA) following their protocol. Primers used are listed
in Supplemental Table S1.

Spores of the B. cinerea strain B05-10 (Staats and van Kan,
2012) were cultured on potato dextrose broth (Sigma) plus
agar, grown at RT for 10 days and harvested by washing the
spores off the plates using 1/4 potato dextrose broth and
sieving through Miracloth (Sigma) to collect the conidio-
spores. Conidiospores were counted using a hemacytometer
(Sigma) and stocks in 25% (v/v) glycerol were made and
stored at —80°C.

Wounding assay

Rosette leaves from 6-week-old Arabidopsis plants grown
under short-day conditions (8-h light and 16-h darkness)
were wounded with a forceps as described in Stenzel et al.
(2003). The rosettes were then harvested at different time
points and immediately frozen in liquid nitrogen before
RNA extraction.

Gene expression analysis (RT-qPCR)

RNA was extracted from leaves using Spectrum Plant Total
RNA Kit (Sigma). cDNA was made from RNA treated with
DNasel (Thermo Scientificc Waltham, MA, USA) using
Revert Aid H minus Reverse Transcriptase (Thermo
Scientific). cDNA derived from leaf RNA was used for RT-
gPCR using Takyon No Rox SYBR MasterMix dTTP Blue
(Eurogentec, L;vttich, Belgium) following the manufacturers’
instructions. The 22T method (Livak and Schmittgen,
2001) was used to estimate relative gene expression which
was normalized to the reference gene ACTINS (Ralhan et al,,
2012). The primers used are listed in Supplemental Table S1.

Molecular cloning and Arabidopsis transformation

The R4 Gateway Binary Vectors (R4pGWB; Nakagawa et al,,
2008) were employed to make several constructs used in
this work. The chimeric constructs with and without a
Citrine tag were assembled by first amplifying the TBA2 pro-
moters (1,293 bp) using PCR and cloning into the entry vec-
tor pDONRP4-P1R. The cDNA constructs were made by
amplifying the cDNA from WT Arabidopsis plants with PCR
(primers used are shown in Supplemental Table S1) and
cloning into entry vector pDONR207 (Invitrogen, Waltham,
MA, USA). A tripartite LR reaction was performed to incor-
porate the TBA2 promoter and cDNA into R4pGWB501
(modified vector) with and without Citrine tag (Nakagawa
et al, 2008). The BXL4 inducible overexpression lines were
generated using pER8-GW-3’HAStrep, a plant binary gateway
destination/35S-inducible expression vector with a pERS8-
vector backbone (Breitenbach et al, 2014). Arabidopsis
plants were transformed by floral dipping as described
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(Clough and Bent, 1998) and the subsequent T1 seeds were
germinated on Murashige and Skoog medium supplemented
with hygromycin for selection. The induction of BXL4 in the
inducible BXL4 overexpression lines was carried out by
spraying 6 weeks old Arabidopsis plants with 50 pM [B-estra-
diol in 0.01% (v/v) Tween20. Mock induction was performed
by spraying the lines with 0.01% Tween20.

Confocal microscopy

The transformed Arabidopsis T2 seeds were visualized using
a confocal microscope for localization of BXL proteins.
Confocal images were recorded using confocal microscope
Zeiss LSM 780 with a 63 x objective (Carl Zeiss Inc, Jena,
Germany). Citrine was excited at 488 nm through a 488 nm
major beam splitter. Detection of fluorophore was done at a
wavelength of 514-530nm and a gain of 700. Micrographs
of N. benthamiana leaves infiltrated with Agrobacterium
tumefaciens for transient expression were acquired using a
Zeiss LSM710 confocal laser-scanning microscope equipped
with a Apochromat 40 X objective lens. BXL4-CITRINE and
plasma membrane marker PIP2A:mCherry (Nelson et al,
2007) were excited at a wavelength of 561 and 514 nm, re-
spectively, while the emission fluorescence signals were col-
lected at 537 and 632 nm, respectively, at a gain of 600 and
578, respectively. Excitations and emission signals for fluores-
cent proteins were collected sequentially.

Botrytis cinerea infection assay

Botrytis cinerea spores were diluted to 5 x 10* spores per
milliliter in Vogel buffer (Vogel, 1956) for drop inoculation
assay or 2 x 10° spores per milliliter in Vogel buffer for
spray inoculation assay used for RT-qPCR analysis. The
spores were pregerminated for 4 h before inoculations were
carried out. For drop inoculations, 6 LLIL of spore suspension
in Vogel buffer was carefully placed on the adaxial side
(away from the midrib) of a fully expanded rosette leaf of
6-7 week-old Arabidopsis plants (at least 30 leaves were
used from 10 independent plants). For spray inoculation,
plants were sprayed until droplets began to run off the
leaves (Mengiste et al, 2003). Inoculated plants were cov-
ered and grown under high humidity conditions for 3 or
4 days. Lesion diameters of drop-inoculated leaves were mea-
sured using a digital caliper and used to calculate lesion di-
ameter. Spray-inoculated rosette leaves were harvested at 3
dpi. For fungal DNA quantification, fungal DNA was
extracted using a plant/fungi DNA isolation kit (Norgen
Biotek Corp, Thorold, Ontario, Canada) following the manu-
facturer’s protocol. The fungal B-ACTIN genomic DNA was
quantified by qPCR (Ettenauer et al, 2014) using primers
listed in Supplemental Table S1.

Mucilage staining with ruthenium red

Five micrograms of Arabidopsis seeds were placed in 500 pL
4daH>0 in an Eppendorf tube before being gently shaken for
1h on a rotary shaker. Water was gently removed and
500 pL 0.02% ruthenium red (Sigma) was added (Dean et al,
2007) to the tubes, which were then shaken for another
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15 min before the ruthenium red solution was removed and
seeds were again resuspended in 500 pL 44H,O. A droplet
with stained seeds was placed on a microscopic slide and
viewed under a light microscope (BX51, Olympus, Shinjuku,
Japan, equipped with an R6 Retiga camera, Q imaging
Surrey, BC, Canada) using a 4 x objective.

Monosaccharide analysis of mucilage

Mucilage was extracted by agitating 5 mg of seeds in water
for 2h on a rotary shaker. Seeds were then allowed to settle
for a few minutes before 1mL mucilage solution was re-
moved and placed in a glass tube. Mucilage solution was
evaporated in a water bath at 40°C under nitrogen stream.
Dry samples were hydrolyzed for 1h at 121°C using 2 M tri-
fluoroacetic acid, before being evaporated again. About
100 pL allo-inositol was added as an internal standard and
500 pL 44H,O was added to resuspend the hydrolyzed muci-
lage. About 20 puL sample was evaporated under a nitrogen
stream before overnight derivatization in 15uL methoxya-
mide (30 mg/mL in anhydrous pyridine). The next day, 30 uL
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) was
added, and samples were analyzed using GC-MS 1-6 h after
MSTFA addition.

GC-MS analysis

Samples were analyzed with a 7890B GC-System coupled to
a 5977B MSD quadrupole set-up from Agilent Technologies.
GC-separation was achieved on a HP-5 column (Agilent
Technologies, Santa Clara, CA, USA) using the following
temperature gradient: 150°C for 2 min, 5K/min gradient for
20min, 15K/min to a final temperature of 320°C, which
was held for 3min. For each run, 1uL of the derivatized
sample was injected. Identification of compounds was done
by a combination of retention times compared with external
standards and MS spectra. Prepared mucilage samples were
quantified relative to the internal standard allo-inositol. In
parallel runs, monosaccharide standards of different concen-
tration were used to determine response factors for area-to-
molar amount conversion allowing absolute quantification.

Monosaccharide analysis of the AIR of leaves

The AIR was extracted from plant leaves (6-7 weeks old
plants) grown in the dark 2 days before harvesting the plant
samples to reduce starch that could interfere with the meas-
urements. The AIR was extracted as described (Gille et al,
2009). The leaves were flash frozen in liquid nitrogen before
they were pulverized using mortar and pestle. The ground
material was washed two times with 70% (v/v) ethanol,
washed thrice with a chloroform:ethanol mixture (1:1 [v/v]),
and lastly with acetone, before being air dried. Hot water
pectin extraction (Yeoh et al, 2008) was used by shaking
2mg of AR in 14mL 4H,O at 90°C for 2h.
Monosaccharide analysis was then carried out on AIR using
the same GC-MS method used on mucilage as described
above.
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Calculation of adherent mucilage volume

The shape of the seed was taken as a spheroid as described
in Yu et al. (2014). The total length (2A) and width (2B) of
the seed including the mucilage was measured and the vol-
ume calculated. The length of the seed alone without muci-
lage (2a) and the width without mucilage (2b) was
measured and used to calculate the volume of the seed. The
volume of the adherent mucilage was calculated by sub-
tracting the volume of the seed alone from the total volume
of the seed with mucilage using the formula: volume = 4/
3 x 1/8 x length x width® (Supplemental Figure S14).

Pectin dot blot assay

The dot blot assay was performed as described in Bethke
et al. (2016). Pectin was extracted using a pectin extraction
buffer (50 MM Trizma and 50 mM CDTA, pH 7.2) at 50 pl/
mg AIR. Serial dilutions were done before spotting 1 pL on
nitrocellulose membranes. Overnight drying of the mem-
brane was done before the membranes were blocked by
adding 5% milk powder (w/v) dissolved in 1x PBS (8g L™
NaCl, 02g L™ KCl, 144g L' Na,HPO,, and 024g L'
KH,PO,, pH 7.4). The membranes were probed with LM13,
an anti-arabinan (Verhertbruggen et al, 2009), LM19, an
anti-unesterified-HG  (Verhertbruggen et al, 2009), and
CCRC-M7, an anti-RG-l (Steffan et al, 1995) antibodies.
LM13 and LM19 antibodies were diluted 1:250 and CCRC-
M7 diluted 1:500 in 5% milk powder (w/v) dissolved in 1x
PBS. Rabbit anti-rat I1gG antibody (Sigma) diluted 1:30,000 in
5% milk powder (w/v) in 1x PBS was used for the LM anti-
bodies. Goat anti-mouse IgG antibody (Sigma) diluted
1:30,000 in 5% milk powder (w/v) in 1x PBS was used for
CCRC-M7 antibodies. Blots were developed by equilibrating
in AP buffer (100mM Tris, 100 mM NaCl, 5 mM MgCl,, pH
9.5) before incubating in 10 mL AP buffer with 33 uL BCIP
and 66 L NBT in the dark until spots were visible.

Phytohormone measurements

Extraction of phytohormones, separation, and analysis were
carried out as described in Herrfurth and Feussner (2020)
using the described mass transitions with some modifica-
tions specified in Supplemental Table S2.

Creation of phylogenetic tree

Phylogenetic trees were created with MEGA version X soft-
ware using MUSCLE alignment with gap penalties set to -9
for gap open and to -3 for gap extension (Kumar et al,
2018). The aligned protein sequences were used for phyloge-
netic tree construction using the maximume-likelihood
method based on the JTT matrix-based model (Jones et al.,
1992). The phylogeny was tested with the Bootstrap method
set for 1,000 replicates (Felsenstein, 1985).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers BXL1
(AT5G49360), BXL4 (AT5G64570), BXL6 (AT5G10560),
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PDF1.2 (AT5G44420),
(AT5G13220).

PAD3 (AT3G26830), and JAZ10

Supplemental data

The following materials are available in the online version of
this article.
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Supplemental Table S2. Mass transitions and corre-
sponding  conditions  for  determination of the
phytohormones.

Supplemental Figure S1. Phylogenetic tree of BXLs from
A. thaliana.

Supplemental Figure S2.
Arabidopsis rosette leaves.

Supplemental Figure S3. The disruption of BXL4 has
mild effects on the leaf cell wall composition.

Supplemental Figure S4. Morphological phenotypes of
Col-0, bxl4-1, and bxl4-2.

Supplemental Figure S5. BXL4 acts upstream of JA-lle-
mediated responses upon B. cinerea infection.

Supplemental Figure S6. JA-lle accumulation after me-
chanical wounding of Arabidopsis leaves.

Supplemental Figure S7. Induction of BXL4 induces a
slight accumulation of JA-lle in Arabidopsis.

Supplemental Figure S8. Monosaccharide composition of
pectin extracted from leaf AIR.

Supplemental Figure S9. bxl4 mutants show WT-like ex-
trusion of mucilage.

Supplemental Figure S$10. BXL1-CITRINE and BXL4-
CITRINE localize to the apoplast in Arabidopsis bx/1 seed
coat epidermal cells.

Supplemental Figure S11. BXL4 without a CITRINE tag
complements the mucilage phenotype of bxI1.

Supplemental Figure S$12. BXL6 fails to complement the
mucilage phenotype of bxI1.

Supplemental Figure S13. Mucilage monosaccharide
composition.

Supplemental Figure S14. Calculation of adherent muci-
lage volume.

Supplemental Dataset S1. Phytohormone analysis.

Expression of BXL4 in

Acknowledgments

We are grateful to Dr. Yi Li and Dr. Kresimir Sola at the
University of British Columbia for the R4pGWB501-Citrine
plasmid. We would like to thank Prof. Dr. Volker Lipka for
useful discussions and suggestions to improve the manu-
script, and Dr. Franziska Kretzschmar and Dr. Katharina
Blersch for proofreading the manuscript. We are also grateful
to the following individuals who helped with work in the
lab: Maurice Hadrich, Maximillian Sievers, Finni Hauf3ler, and
Dr. Milena Lewandowska. We would also like to thank Prof.
Grof3hans and Prof. Johnson together with Dr. Florian
Wegwitz and Johannes Sattmann for granting us access to
the microscopes and their assistance. We thank Dr. Kent
Chapman for his support.

Guzha et al.

Funding

This work was supported by German Research Foundation
(DFG, IRTG 2172 PROTECT to T.I, M.Wiermer, and I.F,; INST
186/822-1 to I.F; 1S273/10-1 to T.L.), the Studienstiftung des
Deutschen Volkes (stipend to P.S.), a University of British
Columbia four-year fellowship to R.M. and a Natural
Sciences and Engineering Research Council of Canada
Discovery grant to G.H.

Conflict of interest statement. None declared.

References

Albenne C, Canut H, Hoffmann L, Jamet E (2014) Plant cell wall
proteins: a large body of data, but what about runaways?
Proteomes 2: 224-242

Armenteros J), Tsirigos KD, Senderby CK, Petersen TN, Winther
O, Brunak S, von Heijne G, Nielsen H (2019) SignalP 5.0 improves
signal peptide predictions using deep neural networks. Nat
Biotechnol 37: 420-423

Arsovski AA, Popma TM, Haughn GW, Carpita NC, McCann MC,
Western TL  (2009) AtBXL1 encodes a  bifunctional
beta-D-xylosidase/alpha-L-arabinofuranosidase required for pectic
arabinan modification in Arabidopsis mucilage secretory cells.
Plant Physiol 150: 1219-1234

Bacete L, Mélida H, Miedes E, Molina A (2018) Plant cell wall-medi-
ated immunity: cell wall changes trigger disease resistance
responses. Plant | 93: 614-636

Barghahn S, Arnal G, Jain N, Petutschnig E, Brumer H, Lipka V
(2021) Mixed linkage B-1, 3/1, 4-glucan oligosaccharides induce de-
fense responses in Hordeum vulgare and Arabidopsis thaliana.
Front Plant Sci 12: 682439

Bellincampi D, Cervone F, Lionetti V (2014) Plant cell wall dynam-
ics and wall-related susceptibility in plant—pathogen interactions.
Front Plant Sci 5: 228

Benedetti M, Verrascina |, Pontiggia D, Locci F, Mattei B, De
Lorenzo G, Cervone F (2018) Four Arabidopsis berberine bridge
enzyme-like proteins are specific oxidases that inactivate the
elicitor-active oligogalacturonides. Plant ] 94: 260-273

Bethke G, Grundman RE, Sreekanta S, Truman W, Katagiri F,
Glazebrook J (2014) Arabidopsis PECTIN METHYLESTERASEs con-
tribute to immunity against Pseudomonas syringae. Plant Physiol
164: 1093-1107

Bethke G, Thao A, Xiong G, Li B, Soltis NE, Hatsugai N, Hillmer
RA, Katagiri F, Kliebenstein D), Pauly M, et al (2016) Pectin bio-
synthesis is critical for cell wall integrity and immunity in
Arabidopsis thaliana. Plant Cell 28: 537-556

Biswal A, Tan L, Atmodjo M, DeMartini J, Gelineo-Albersheim 1,
Hunt K, Black I, Mohanty S, Ryno D, Wyman CE, et al (2017)
Comparison of four glycosyl residue composition methods for ef-
fectiveness in detecting sugars from cell walls of dicot and grass
tissues. Biotechnol Biofuels 10: 182

Bosch M (2005) Pectin methylesterase, a regulator of pollen tube
growth. Plant Physiol 138: 1334-1346

Breitenbach HH, Wenig M, Wittek F, Jorda L, Maldonado-Alconada
AM, Sarioglu H, Colby T, Knappe C, Bichlmeier M, Pabst E, et al
(2014) Contrasting roles of the apoplastic aspartyl protease
APOPLASTIC, ENHANCED DISEASE SUSCEPTIBILITY1-DEPENDENT1
and LEGUME LECTIN-LIKE PROTEIN1 in Arabidopsis systemic ac-
quired resistance. Plant Physiol 165: 791-809

Carpita NC (2011) Update on mechanisms of plant cell wall biosyn-
thesis: how plants make cellulose and other (1-> 4)-B-o-glycans.
Plant Physiol 155: 171-184

Claverie ), Balacey S, Lemaitre-Guillier C, Brulé D, Chiltz A,
Granet L, Noirot E, Daire X, Darblade B, Héloir MC, et al (2018)

220z 8unp Qg uo Jasn Aleiqi [enua) - Usyousnpy wniuaz zijoywisH Aq 9v86959/76.2 L/S/68 1 /a1one/sAyd|d/woo dno-oiwspeoe//:sdiy woll papeojumoc]


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac165#supplementary-data

Role of BETA-XYLOSIDASE4 in plant immunity

The cell wall-derived xyloglucan is a new DAMP triggering plant
immunity in Vitis vinifera and Arabidopsis thaliana. Front Plant Sci
9: 1725

Chung HS, Koo AJK, Gao X, Jayanty S, Thines B, Jones AD, Howe
GA (2008) Regulation and function of Arabidopsis JASMONATE
ZIM-domain genes in response to wounding and herbivory. Plant
Physiol 146: 952-964

Clough S), Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16: 735-743

Dangl JL, Horvath DM, Staskawicz BJ (2013) Pivoting the plant im-
mune system from dissection to deployment. Science 341:
746-751

Davidsson P, Broberg M, Kariola T, Sipari N, Pirhonen M, Palva ET
(2017) Short oligogalacturonides induce pathogen resistance-associated
gene expression in Arabidopsis thaliana. BMC Plant Biol 17: 19

Dean GH, Zheng H, Tewari ), Huang ), Young DS, Hwang YT,
Western TL, Carpita NC, McCann MC, Mansfield SD, et al
(2007) The Arabidopsis MUM?2 gene encodes a beta-galactosidase
required for the production of seed coat mucilage with correct hy-
dration properties. Plant Cell 19: 4007-4021

Delgado-Cerezo M, Sanchez-Rodriguez C, Escudero V, Miedes E,
Fernandez PV, Jorda L, Hernandez-Blanco C, Sanchez-Vallet A,
Bednarek P, Schulze-Lefert P, et al (2012) Arabidopsis heterotri-
meric G-protein regulates cell wall defense and resistance to
necrotrophic fungi. Mol Plant 5: 98-114

Engelsdorf T, Gigli-Bisceglia N, Veerabagu M, McKenna JF,
Vaahtera L, Augstein F, Van der Does D, Zipfel C, Hamann T
(2018) The plant cell wall integrity maintenance and immune sig-
naling systems cooperate to control stress responses in Arabidopsis
thaliana. Sci Signal 11: 536

Engelsdorf T, Will C, Hofmann ), Schmitt C, Merritt BB, Rieger L,
Frenger MS, Marschall A, Franke RB, Pattathil S, et al (2017)
Cell wall composition and penetration resistance against the fungal
pathogen Colletotrichum higginsianum are affected by impaired
starch turnover in Arabidopsis mutants. ) Exp Bot 68: 701-713

Escudero V, Jordia L, Sopena-Torres S, Mélida H, Miedes E,
Munoz-Barrios A, Swami S, Alexander D, McKee LS, Sanchez-
Vallet A, et al (2017) Alteration of cell wall xylan acetylation
triggers defense responses that counterbalance the immune defi-
ciencies of plants impaired in the b-subunit of the heterotrimeric
G-protein. Plant ] 92: 386-399

Ettenauer ), Pinar G, Tafer H, Sterflinger K (2014) Quantification
of fungal abundance on cultural heritage using real time PCR tar-
geting the B-actin gene. Front Microbiol 5: 262

Feldmann KA (1991) T-DNA insertion mutagenesis in Arabidopsis:
mutational spectrum. Plant J 1: 71-82

Felsenstein J (1985) Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39: 783-791

Ferrari S (2013) Oligogalacturonides: plant damage-associated mo-
lecular patterns and regulators of growth and development. Front
Plant Sci 4: 1-9

Ferrari S, Galletti R, Denoux C, De Lorenzo G, Ausubel FM,
Dewdney ] (2007) Resistance to Botrytis cinerea induced in
Arabidopsis by elicitors is independent of salicylic acid, ethylene, or
jasmonate signaling but requires PHYTOALEXIN DEFICIENT3. Plant
Physiol 144: 367-379

Ferrari S, Plotnikova JM, De Lorenzo G, Ausubel FM (2003)
Arabidopsis local resistance to Botrytis cinerea involves salicylic
acid and camalexin and requires EDS4 and PAD2, but not SID2,
EDS5 or PAD4. Plant J35: 193-205

Ferrari S, Sella L, Janni M, De Lorenzo G, Favaron F, D’Ovidio R
(2012) Transgenic expression of polygalacturonase-inhibiting pro-
teins in Arabidopsis and wheat increases resistance to the flower
pathogen Fusarium graminearum. Plant Biol 14: 31-38

Franck CM, Westermann J, Boisson-Dernier A (2018) Plant
malectin-like receptor kinases: from cell wall integrity to immunity
and beyond. Ann Rev Plant Biol 69: 301-328

PLANT PHYSIOLOGY 2022: 189; 1794-1813 | 1811

Fry SC (2004). Primary cell wall metabolism: tracking the careers of
wall polymers in living plant cells. New Phytol 161: 641-675

Galletti R, Ferrari S, De Lorenzo G (2011) Arabidopsis MPK3 and
MPK6 play different roles in basal and oligogalacturonide- or
flagellin-induced resistance against Botrytis cinerea. Plant Physiol
157: 804-814

Gille S, Hansel U, Ziemann M, Pauly M (2009) Identification of
plant cell wall mutants by means of a forward chemical genetic
approach using hydrolases. Proc Natl Acad Sci USA 106:
14699-14704

Glass NL, Schmoll M, Cate JHD, Coradetti S (2013) Plant cell wall
deconstruction by ascomycete fungi. Ann Rev Microbiol 67:
477-498

Goujon T, Minic Z, El Amrani A, Lerouxel O, Aletti E, Lapierre C,
Joseleau JP, Jouanin L (2003) AtBXL1, a novel higher plant
(Arabidopsis thaliana) putative beta-xylosidase gene, is involved in
secondary cell wall metabolism and plant development. Plant J33:
677-690

Hao G, McCormick S, Vaughan MM, Naumann TA, Kim HS,
Proctor R, Kelly A, Ward T) (2019) Fusarium graminearum arabi-
nanase (Arb93B) enhances wheat head blight susceptibility by sup-
pressing plant immunity. Mol Plant Microbe Interact 32: 888-898

Harholt J, Suttangkakul A, Vibe Scheller H (2010) Biosynthesis of
pectin. Plant Physiol 153: 384-395

Herrfurth C, Feussner | (2020) Quantitative jasmonate profiling us-
ing a high-throughput UPLC-NanoESI-MS/MS method. Methods
Mol Biol 2085: 169-187

Hofte H, Voxeur A (2017) Plant cell walls. Curr Biol 27: R865-R870

Howe G, Major I, Koo AJ (2018) Modularity in jasmonate signaling
for multistress resilience. Ann Rev Plant Biol 69: 387-415

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L,
Widmayer P, Gruissem W, Zimmermann P (2008)
Genevestigator v3: a reference expression database for the
meta-analysis of transcriptomes. Adv Bioinformatics 2008: 420747

Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of
mutation data matrices from protein sequences. Comput Appl
Biosci 8: 275-282

Jones JD, Dangl ) (2006) The plant immune system. Nature 444:
326-329

Jones L, Milne JL, Ashford D, McQueen-Mason S) (2003) Cell wall
arabinan is essential for guard cell function. Proc Natl Acad Sci
USA 100: 11783-11788

Kohorn BD, Kohorn SL (2012) The cell wall-associated kinases,
WAKSs, as pectin receptors. Front Plant Sci 3: 88

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X:
molecular evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol 35: 1547-1549

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring },
McDonald M, Malfatti S, Del Rio TG, Jones CD, Tringe SG, et al
(2015) Salicylic acid modulates colonization of the root micro-
biome by specific bacterial taxa. Science 349: 860-864

Ledn J, Rojo E, Sanchez-Serrano ) (2001) Wound signalling in
plants. ] Exp Bot 52: 1-9

Li X, Lassner M, Zhang Y (2002) Deleteagene: a fast neutron dele-
tion mutagenesis-based gene knockout system for plants. Compar
Funct Genom 3: 158-160

Lionetti V, Cervone F, Bellincampi D (2012) Methyl esterification
of pectin plays a role during plant—pathogen interactions and
affects plant resistance to diseases. ] Plant Physiol 169: 1623-1630

Lionetti V, Fabri E, De Caroli M, Hansen AR, Willats WGT, Piro
G, Bellincampi D (2017) Three pectin methylesterase inhibitors
protect cell wall integrity for arabidopsis immunity to botrytis.
Plant Physiol 173: 1844-1863

Lionetti V, Raiola A, Camardella L, Giovane A, Obel N, Pauly M,
Favaron F, Cervone F, Bellincampi D (2007) Overexpression of
pectin methylesterase inhibitors in Arabidopsis restricts fungal in-
fection by Botrytis cinerea. Plant Physiol 143: 1871-1880

220z 8unp Qg uo Jasn Aleiqi [enua) - Usyousnpy wniuaz zijoywisH Aq 9v86959/76.2 L/S/68 1 /a1one/sAyd|d/woo dno-oiwspeoe//:sdiy woll papeojumoc]



1812 I PLANT PHYSIOLOGY 2022: 189; 1794-1813

Lionetti V, Raiola A, Cervone F, Bellincampi D (2014) Transgenic
expression of pectin methylesterase inhibitors limits tobamovirus
spread in tobacco and Arabidopsis. Mol Plant Pathol 15: 265-274

Liu N, Sun Y, Pei Y, Zhang X, Wang P, Li X, Li F, Hou Y (2018) A
pectin methylesterase inhibitor enhances resistance to Verticillium
wilt. Plant Physiol 176: 2202-2220

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 27**°T method.
Methods 25: 402-408

Lorrai R, Francocci F, Gully K, Martens H), De Lorenzo G,
Nawrath C, Ferrari S (2021) Impaired cuticle functionality and ro-
bust resistance to Botrytis cinerea in Arabidopsis thaliana plants
with altered homogalacturonan integrity are dependent on the
class Il peroxidase AtPRX71. Front Plant Sci 12: 696955

von Malek B, van der Graaff E, Schneitz K, Keller B (2002) The
Arabidopsis male-sterile mutant dde2-2 is defective in the ALLENE
OXIDE SYNTHASE gene encoding one of the key enzymes of the
jasmonic acid biosynthesis pathway. Planta 216: 187-192

Manabe Y, Nafisi M, Verhertbruggen Y, Orfila C, Gille S,
Rautengarten C, Cherk C, Marcus SE, Somerville S, Pauly M,
et al (2011) Loss-of-function mutation of REDUCED WALL
ACETYLATION2 in Arabidopsis leads to reduced cell wall acetyla-
tion and increased resistance to Botrytis cinerea. Plant Physiol 155:
1068-1078

McDowell JM, Dangl JL (2000) Signal transduction in the plant im-
mune response. Trend Biochem Sci 29: 79-82

McGee R, Dean G, Mansfield S, Haughn G (2019) Assessing the
utility of seed coat-specific promoters to engineer cell wall polysac-
charide composition of mucilage. Plant Mol Biol 101: 373-387

Mélida H, Bacete L, Ruprecht C, Rebaque D, Del Hierro |, Lopez
G, Brunner F, Pfrengle F, Molina A (2020) Arabinoxylan-oligosac-
charides act as damage associated molecular patterns in plants
regulating disease resistance. Front Plant Sci 11: 1210

Mengiste T, Chen X, Salmeron ), Dietrich R (2003) The BOTRYTIS
SUSCEPTIBLE1 gene encodes an R2R3MYB transcription factor
protein that is required for biotic and abiotic stress responses in
Arabidopsis. Plant Cell 15: 2551-2565

Merced A, Renzaglia KS (2019) Contrasting pectin polymers in
guard cell walls of Arabidopsis and the hornwort Phaeoceros re-
flect physiological differences. Ann Bot 123: 579-585

Micheli F (2001) Pectin methylesterases: cell wall enzymes with im-
portant roles in plant physiology. Trends Plant Sci 6: 414-419

Mielke S, Gasperini D (2019) Interplay between plant cell walls and
jasmonate production. Plant Cell Physiol 60: 2629-2637

Minic Z., Rihouey C, Do CT, Lerouge P, Jouanin L (2004)
Purification and characterization of enzymes exhibiting d-xylosi-
dase activities in stem tissues of Arabidopsis. Plant Physiol 135:
867-878.

Mohnen D (2008) Pectin structure and biosynthesis. Curr Opin Plant
Biol 11: 266-277

Mohnen D, Bar-Peled M, Somerville C (2008) Biosynthesis of plant
cell walls. In M Himmel, ed, Biomass Recalcitrance. Blackwell
Publishing, Oxford, pp 94-187

Molina A, Miedes E, Bacete L, Rodriguez T, Mélida H, Denancé N,
Sanchez-Vallet A, Riviere MP, Lépez G, Freydier A, et al (2021)
Arabidopsis cell wall composition determines disease resistance
specificity and fitness. Proc Natl Acad Sci USA 118: 5

Moore JP, Farrant JM, Driouich A (2008) A role for pectin-associated
arabinans in maintaining the flexibility of the plant cell wall during
water deficit stress. Plant Signal Behav 3: 102-104

Nakagawa T, Nakamura S, Tanaka K, Kawamukai M, Suzuki T,
Nakamura K, Kimura T, Ishiguro S (2008) Development of R4
gateway binary vectors (R4pGWB) enabling high-throughput pro-
moter swapping for plant research. Biosci Biotechnol Biochem 72:
624-629

Nelson BK, Cai X, Nebenfiihr A (2007) A multicolored set of in vivo
organelle markers for co-localization studies in Arabidopsis and
other plants. Plant ] 51: 1126-1136

Guzha et al.

Nie P, Li X, Wang S, Guo J, Zhao H, Niu D (2017) Induced systemic
resistance against Botrytis cinerea by Bacillus cereus AR156 through
a JA/ET- and NPR1-dependent signaling pathway and activates
PAMP-triggered immunity in Arabidopsis. Front Plant Sci 8: 238

Noguchi K, Yasumori M, Imai T, Naito S, Matsunaga T, Oda H,
Hayashi H, Chino M, Fujiwara T (1997) bori-1, an Arabidopsis
thaliana mutant that requires a high level of boron. Plant Physiol
115: 901-906

O’Neill M, Albersheim P, Darvill A (1990) The pectic polysacchar-
ides of primary cell walls. In PM Dey, ed, Methods in Plant
Biochemistry. Academic Press, Cambridge, MA, pp 415-441

Pauly M, Keegstra K (2016) Biosynthesis of the plant cell wall matrix
polysaccharide xyloglucan. Ann Rev Plant Biol 67: 235-259

Passardi F, Penel C, Dunand C (2004) Performing the paradoxical: how
plant peroxidases modify the cell wall. Trends Plant Sci 9: 534-540

Penninckx 1A, Thomma BP, Buchala A, Métraux JP, Broekaert WF
(1998) Concomitant activation of jasmonate and ethylene re-
sponse pathways is required for induction of a plant defensin gene
in Arabidopsis. Plant Cell 10: 2103-2114

Pieterse CM), Van der Does D, Zamioudis C, Leon-Reyes A, Van
Wees SCM (2012) Hormonal modulation of plant immunity. Ann
Rev Cell Dev Biol 28: 489-521

Quoc NB, Bao Chau NN (2017) The role of cell wall degrading
enzymes in pathogenesis of Magnaporthe oryzae. Curr Protein
Peptide Sci 18: 1019-1034

Ralet MC, Crépeau M), Vigouroux J, Tran J, Berger A, Sallé C,
Granier F, Botran L, North HM (2016) Xylans provide the struc-
tural driving force for mucilage adhesion to the arabidopsis seed
coat. Plant Physiol 171: 165-178

Ralhan A, Schottle S, Thurow C, Iven T, Feussner |, Polle A, Gatz
C (2012) The vascular pathogen Verticillium longisporum requires a
jasmonic acid-independent COI1 function in roots to elicit disease
symptoms in Arabidopsis shoots. Plant Physiol 159: 1192-1203

Ridley BL, O’Neill MA, Mohnen D (2001) Pectins: structure, biosyn-
thesis, and oligogalacturonide-related signaling. Phytochemistry 57:
929-967

Rogers LA, Dubos C, Surman C, Willment J, Cullis IF, Mansfield
SD, Campbell MM (2005) Comparison of lignin deposition in
three ectopic lignification mutants. New Phytol 168: 123-140

Rowe HC, Walley JW, Corwin ), Chan EK-F, Dehesh K,
Kliebenstein D) (2010) Deficiencies in jasmonate-mediated plant
defense reveal quantitative variation in Botrytis cinerea pathogene-
sis ()L Dangl, Ed.). PLoS Pathog 6: 1000861

Rui Y, Chen Y, Kandemir B, Yi H, Wang J, Puri V, Anderson CT
(2018) Balancing strength and flexibility: how the synthesis, organi-
zation, and modification of guard cell walls govern stomatal devel-
opment and dynamics. Front Plant Sci 9: 1202

Sanchez-Vallet A, Ramos B, Bednarek P, Lopez G, Pislewska-
Bednarek M, Schulze-Lefert P, Molina A (2010)
Tryptophan-derived secondary metabolites in Arabidopsis thaliana
confer non-host resistance to necrotrophic Plectosphaerella cucu-
merina fungi. Plant ] 63: 115-127

Savatin D, Gramegna G, Modesti V, Cervone F (2014) Wounding
in the plant tissue: the defense of a dangerous passage. Front Plant
Sci 5: 470

Scalschi L, Sanmartin M, Camanes G, Troncho P, Sanchez-Serrano
Jl, Garcia-Agustin P, Vicedo B (2015) Silencing of OPR3 in to-
mato reveals the role of OPDA in callose deposition during the ac-
tivation of defense responses against Botrytis cinerea. Plant | 81:
304-315

Scheller HV, Ulvskov P (2010) Hemicelluloses. Ann Rev Plant Biol
61: 263-289

Schlaeppi K, Abou-Mansour E, Buchala A, Mauch F (2010) Disease
resistance of Arabidopsis to Phytophthora brassicae is established
by the sequential action of indole glucosinolates and camalexin.
Plant ) 62: 840-851

Schneider C, Rasband W, Eliceiri K (2012) NIH Image to Image): 25
years of image analysis. Nat Methods 9: 671

220z 8unp Qg uo Jasn Aleiqi [enua) - Usyousnpy wniuaz zijoywisH Aq 9v86959/76.2 L/S/68 1 /a1one/sAyd|d/woo dno-oiwspeoe//:sdiy woll papeojumoc]



Role of BETA-XYLOSIDASE4 in plant immunity

Schuhegger R, Nafisi M, Mansourova M, Petersen BL, Olsen CE,
Svatos A, Halkier BA, Glawischnig E (2006) CYP71B15 (PAD3)
catalyzes the final step in camalexin biosynthesis. Plant Physiol
141: 1248-1254

Sénéchal F, Wattier C, Rustérucci C, Pelloux ) (2014)
Homogalacturonan-modifying enzymes: structure, expression, and
roles in plants. ) Exp Bot 65: 5125-5160

Sham A, Al-Azzawi A, Al-Ameri S, Al-Mahmoud B, Awwad F, Al-
Rawashdeh A, Iratni R, AbuQamar S (2014) Transcriptome
analysis reveals genes commonly induced by Botrytis cinerea infec-
tion, cold, drought and oxidative stresses in Arabidopsis. PLoS
ONE 9: 113718

Shlezinger N, Minz A, Gur Y, Hatam |, Dagdas YF, Talbot NJ,
Sharon A (2011) Anti-apoptotic machinery protects the necrotro-
phic fungus Botrytis cinerea from host-induced apoptotic-like cell
death during plant infection (B Tyler, Ed.). PLoS Pathog 7:
e1002185

Sola K, Dean G, Haughn G (2019a) Arabidopsis seed mucilage: a
specialised extracellular matrix that demonstrates the structure--
function versatility of cell wall polysaccharides. Ann Plant Rev
Online 2: 1085-1116

Sola K, Gilchrist E, Ropartz D, Wang L, Feussner I, Mansfield S,
Ralet M, Haughn G (2019b) RUBY, a putative galactose oxidase,
influences pectin properties and promotes cell-to-cell adhesion in
the seed coat epidermis of Arabidopsis. Plant Cell 31: 809-831

Somerville C (2006) Cellulose synthesis in higher plants. Ann Rev
Cell Dev Biol 22: 53-78

Staats M, van Kan JAL (2012) Genome update of Botrytis cinerea
strains B05.10 and T4. Eukaryot Cell 11: 1413-1414

Steeling C (1970) Crystal-structure of ruthenium red and stereo-
chemistry of its pectic stain. Am ) Bot 57: 172-175

Steffan W, Kovac P, Albersheim P, Darvill AG, Hahn MG (1995)
Characterization of a monoclonal antibody that recognizes an ara-
binosylated (1-6)-Beta-p-galactan epitope in plant complex carbo-
hydrates. Carbohydr Res 275: 295-307

Stenzel I, Hause B, Miersch O, Kurz T, Maucher H, Weichert H,
Ziegler ), Feussner I, Wasternack C (2003) Jasmonate biosynthesis
and the allene oxide cyclase family of Arabidopsis thaliana. Plant
Mol Biol 51: 895-911

Tsai AYL, Kunieda T, Rogalski ), Foster L}, Ellis BE, Haughn GW
(2017) Identification and characterization of arabidopsis seed coat
mucilage proteins. Plant Physiol 173: 1059-1074

Underwood W (2012) The plant cell wall: a dynamic barrier against
pathogen invasion. Front Plant Sci 3: 85

Verhertbruggen Y, Marcus S, Chen J, Knox ] (2013) Cell wall pectic
arabinans influence the mechanical properties of Arabidopsis thali-
ana inflorescence stems and their response to mechanical stress.
Plant Cell Physiol 54: 1278-1288

Verhertbruggen Y, Marcus SE, Haeger A, Verhoef R, Schols HA,
McCleary BV, McKee L, Gilbert HJ, Knox PJ (2009)
Developmental complexity of arabinan polysaccharides and their
processing in plant cell walls. Plant ] 59: 413-425

Vogel H) (1956) A convenient growth medium for Neurospora
crassa. Microbial Genet Bull 13: 42-43

PLANT PHYSIOLOGY 2022: 189; 1794-1813 | 1813

Vorwerk S, Somerville S, Somerville C (2004) The role of plant cell
wall polysaccharide composition in disease resistance. Trends Plant
Sci 9: 203-209

Wasternack C, Feussner | (2018) The oxylipin pathways: biochemis-
try and function. Ann Rev Plant Biol 69: 363-386

Williams MA, Cornuault V, Irani AH, Symonds VV, Malmstrom },
An Y, Sims IM, Carnachan SM, Sallé C, North HM (2020)
Polysaccharide structures in the outer mucilage of arabidopsis
seeds visualized by AFM. Biomacromolecules 21: 1450-1459

Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ
(2007) An “Electronic Fluorescent Pictograph” browser for explor-
ing and analyzing large-scale biological data sets. PLoS ONE 8: €718

Wormit A, Usadel B (2018) The multifaceted role of pectin methyl-
esterase inhibitors (PMEls). Int ] Mol Sci 19: 2878

Wu H, Bulgakov V, Jinn T (2018). Pectin methylesterases: cell wall
remodeling proteins are required for plant response to heat stress.
Front Plant Sci 9: 1612

Xiao C, Somerville C, Anderson C (2014) POLYGALACTURONASE
INVOLVED IN EXPANSIONT1 functions in cell elongation and
flower development in Arabidopsis. Plant Cell 26: 1018-1035

Yan Y, Stolz S, Chetelat A, Reymond P, Pagni M, Dubugnon L,
Farmer EE (2007) A downstream mediator in the growth repres-
sion limb of the jasmonate pathway. Plant Cell 19: 2470-2483

Yang C, Liu R, Pang ), Ren B, Zhou H, Wang G, Wang E, Liu )
(2021) Poaceae-specific cell wall-derived oligosaccharides activate
plant immunity via OsCERK1 during Magnaporthe oryzae infection
in rice. Nat Commun 12: 1-3

Yeoh S, Shi J, Langrish TAG (2008) Comparisons between different
techniques for water-based extraction of pectin from orange peels.
Desalination 218: 229-237

Yu L, Shi D, Li J, Kong Y, Yu Y, Chai G, Hu R, Wang J, Hahn MG,
Zhou G (2014) CELLULOSE SYNTHASE-LIKE A2, a glucomannan
synthase, is involved in maintaining adherent mucilage structure in
Arabidopsis seed. Plant Physiol 164: 1842-1856

Zablackis E, Huang ), Muller B, Darvill AG, Albersheim P (1995)
Characterization of the cell-wall polysaccharides of Arabidopsis
thaliana leaves. Plant Physiol 107: 1129-1138

Zarattini M, Corso M, Kadowaki MA, Monclaro A, Magri S,
Milanese |, Jolivet S, de Godoy MO, Hermans C, Fagard M, et al
(2021) LPMO-oxidized cellulose oligosaccharides evoke immunity
in Arabidopsis conferring resistance towards necrotrophic fungus
B. cinerea. Commun Biol 4: 1-13

Zarei A, Korbes AP, Younessi P, Montiel G, Champion A,
Memelink J (2011) Two GCC boxes and AP2/ERF-domain tran-
scription factor ORA59 in jasmonate/ethylene-mediated activation
of the PDF1.2 promoter in Arabidopsis. Plant Mol Biol 75: 321-331

Zhang L, Zhang F, Melotto M, Yao }J, He SY (2017) Jasmonate sig-
naling and manipulation by pathogens and insects. ] Exp Bot 68:
1371-1385

Zhang L, Paasch BC, Chen J, Day B, He SY (2019) An important
role of L-fucose biosynthesis and protein fucosylation genes in
Arabidopsis immunity. New Phytol 222: 981

Zhao X, Qiao L, Wu AM (2017) Effective extraction of Arabidopsis
adherent seed mucilage by ultrasonic treatment. Sci Rep 7: 1-8

220z 8unp Qg uo Jasn Aleiqi [enua) - Usyousnpy wniuaz zijoywisH Aq 9v86959/76.2 L/S/68 1 /a1one/sAyd|d/woo dno-oiwspeoe//:sdiy woll papeojumoc]



