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PLANT SCIENCES

FERONIA and wall-associated kinases coordinate
defense induced by lignin modification in plant

cell walls

Chang Liu't*, Hasi Yu't, Aline Voxeur?, Xiaolan Rao™3, Richard A. Dixon'*

Altering the content or composition of the cell wall polymer lignin is a favored approach to valorize lignin
toward biomaterial and chemical production in the biorefinery. However, modifying lignin or cellulose in trans-
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genic plants can induce expression of defense responses and negatively affect growth. Through genetic screen-
ing for suppressors of defense gene induction in the low lignin ccr1-3 mutant of Arabidopsis thaliana, we found
that loss of function of the receptor-like kinase FERONIA, although not restoring growth, affected cell wall re-
modeling and blocked release of elicitor-active pectic polysaccharides as a result of the ccr7-3 mutation. Loss of
function of multiple wall-associated kinases prevented perception of these elicitors. The elicitors are likely het-
erogeneous, with tri-galacturonic acid the smallest but not necessarily the most active component. Engineering
of plant cell walls will require development of ways to bypass endogenous pectin signaling pathways.

INTRODUCTION

The polymer-rich plant cell wall would appear to be an ideal loca-
tion for extracellular targeting of engineered polymeric bioprod-
ucts. For example, altering the composition of lignin, a major
structural polymer in secondarily thickened plant secondary cell
walls, is an approach to valorizing lignin in the biorefinery (I, 2).
Lignin also contributes to the recalcitrance of lignocellulosic
biomass for bioprocessing to liquid fuels (3), and engineered
plants with low lignin levels have enhanced release of cell wall
sugars for biofuel production (4-6). However, modifying lignin or
cellulose in transgenic plants can negatively affect growth (7, 8) and/
or induce expression of defense response genes in the absence of
biotic or abiotic stress through activation of endogenous defense
pathways (9, 10). Lignin is a complex heteropolymer of monolignol
units derived from the phenylpropanoid pathway and linked
through a free-radical driven process in the apoplast. The major
monolignols are coniferyl alcohol, leading to guaiacyl (G) units in
lignin, sinapyl alcohol, leading to syringyl (S) units, and coumaryl
alcohol, leading to the less abundant hydroxyphenyl (H) units (11).
Altering lignin content and/or composition can have marked effects
on recalcitrance to bioprocessing (3) or, in the case of forage crops,
digestibility by ruminant animals (12).

We previously showed that cell walls of Arabidopsis thaliana
lines with reduced lignin content in inflorescence stems through in-
dependent down-regulation of two lignin biosynthesis enzymes, hy-
droxycinnamoyl coenzyme A (CoA): shikimate hydroxycinnamoyl
transferase (HCT) and cinnamoyl CoA reductase (CCR), release
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oligosaccharide elicitors, which induce pathogenesis-related (PR)
protein gene expression through the salicylic acid signaling
pathway (13). The elicitors are found in cold water extracts of iso-
lated inflorescence stem cell walls, here referred to as cell wall elic-
itor/extract [e.g., ccrl-3 cell wall water extract (CWE)], and are of
pectic origin based on their destruction by incubation with com-
mercial polygalacturonase (PGA) (13). Genetic and biochemical
studies indicated that both in planta PR gene expression and
release of elicitors from cell wall pectic polysaccharides are the
result of ectopic expression of the gene encoding the ARABIDOP-
SIS DEHISCENCE ZONE POLYGALACTURONASE 1 (ADPG1)
in the inflorescence stems of the ccrl mutant (14). However, leaf in-
jection experiments using water extracts from isolated cell walls of
wild-type (WT) Columbia (Col-0) and ccrl mutant lines showed
that ADPGI itself is not induced by the CWEs from the Arabidopsis
lines with reduced lignin content.

There is increasing interest in the role of the cell wall in extracel-
lular signaling (15, 16). Communication between the extracellular
matrix and the inside of the cell is largely brought about through
the activities of receptor-like kinases (17). These are involved in
sensing a number of changes, from pathogen signals to salt stress
and pH (17, 18). Lignin is believed to be associated with hemicellu-
losic components of the cell wall, and possibly also pectin, to
provide increased structural integrity (19, 20). However, the molec-
ular mechanisms underlying how lignin modifications are per-
ceived in the cell wall and how plants recognize endogenously
released elicitors remain poorly understood. In the case of the
ccrl mutant, total lignin levels are reduced, primarily as a result
of parallel reductions in the amounts of G and S units (Fig. 1A).
The simplest hypothesis is that this change results in altered cell
wall integrity, which is sensed either directly via interactions of un-
shielded polysaccharides with receptors or indirectly via effects on
physical properties such as turgor, leading to receptor-mediated cell
wall remodeling to release pectic/oligosaccharide elicitors that then
activate defense gene expression after perception by elicitor recep-
tors (Fig. 1A) (14). However, the exact natures of the receptors and
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Fig. 1. FERONIA is required for elicitor release in the ccr7-3 mutant. (A) Simplified model of the signaling hypothesis. Altered lignin is sensed by a cell wall receptor
kinase to activate wall remodeling enzymes that solubilize pectin to release elicitor-active oligosaccharides that are sensed by other receptor kinases to activate defense
responses. Lignin in ccr1-3 has reductions in G and S units (see Fig. 2, A and B). Colored circles represent pectin units, with galacturonic acid in blue. The three classes of
pectins are rhamnogalacturonan Il (left), homogalacturonan (middle), and rhamnogalacturonan I (right). (B) Strategy for identification of the two types of receptors in (A).
ccr1-3 and cell wall receptor kinase mutants were crossed to screen for suppressors of ccr1-mediated PR expression in inflorescence stems. CWEs from stems were tested
for the presence of elicitors by injection into WT Col-0 leaves and subsequent measurement of PR transcripts. (C) Vegetative phenotypes of Col-0 and the ccr1, fer-4, and
ccri1/fer-4 mutants. Scale bar, 10 cm. (D) PR1, PR2, and PR5 transcript levels in inflorescence stems of ccri-3, fer-4, and ccri-3/fer-4 relative to Col-0. Transcript levels in Col-0
were set as 1. (E) PR1 transcript levels in Col-0 leaves after injection with CWEs from Col-0, ccr1-3, or ccri-3/fer-4 (0.1 mg/ml uronic acid equivalents). Water and PGA (0.1
mg/ml) were injected as negative and positive controls, respectively. (F) PR1 transcript levels in Col-0 and fer-4 leaves after injection with CWEs from Col-0 or ccr1-3, with
water and PGA as controls. Transcript level of the water control was set as 1. Bars represent means + SD.n = 3 (D), n = 6 (E), and n = 4 (F). Hollow dots represent individual
data points. Letters and asterisks indicate statistically significant differences according to Student’s t test, ***P < 0.001, in (E) and (F) and one-way ANOVA followed by
Tukey's honestly significant difference (HSD) test, a = 0.05, in (D).

their ligands for initial perception and downstream response RESULTS

remain to be determined. Loss of function of FERONIA prevents PR expression and
elicitor release in lignin-modified plants
To interrogate the initial sensing mechanism, we screened for sup-
pressor mutants of defense signaling in the ccrl-3 mutant back-
ground (Fig. 1B). By searching the protein function annotation
database, combined with the Arabidopsis eFP Browser gene
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expression database, we collected loss-of-function mutants of cell
wall proteins, membrane proteins, membrane receptors, and recep-
tor-like kinases that have been predicted to sense cell wall integrity
or interact with plant cell wall oligosaccharides (21-29), and which
are expressed in the inflorescence stem (table S1 and fig. S1). These
selected mutants (two independent alleles where possible) were ge-
netically crossed with the ccrI-3 mutant (30) to obtain homozygous
double mutants. The transcript abundance of the PRI gene in the
inflorescence stems of the homozygous progeny was used as a
genetic selection marker to screen for suppression of cell wall
defense signaling associated with the ccrl-3 mutation. Subse-
quently, we tested whether CWEs from isolated cell walls of these
mutants could induce PR gene expression following injection into
Col-0 leaves, to confirm whether the mutation affected elicitor
release (Fig. 1B). To determine whether the mutation affected a re-
ceptor(s) involved in recognizing the ccrI-CWEs, we injected leaves
of the candidate loss-of-function mutants with ccrl-CWEs and
again measured PR gene transcript levels (Fig. 1B).

When plants of the ccr1-3 mutant were crossed with the bups1/2,
anx1/2, herk1/2, feil/2, cap(eru)1, thel, or perk4 mutants selected as
described above (table S1) and PR1 transcript levels compared in
stems of homozygous progeny to those in WT and ccri-3, the pres-
ence of the receptor mutation did not significantly reduce the PR
transcript level to below that of ccrl-3 (fig. S2). The fer-4 mutant
of FERONIA, a Catharanthus roseus receptor-like kinase 1
(CrRLK1)-like subfamily receptor-like kinase implicated in
hormone signaling, the maintenance of cell wall integrity under
high salt stress and control of plant immunity (18, 31, 32), has
been well characterized (18, 33). Loss of function of FERONIA re-
sulted in loss of PRI, PR2, and PR5 gene transcript induction in
stems of the ccr1-3/fer-4 double mutant accompanied by further re-
duction in plant stature (Fig. 1, C and D). Furthermore, leaf injec-
tion assays with CWEs from the double mutant revealed loss of the
PR gene—inducing activity compared to that of CWEs from ccr1-3
mutant plants with functional FERONIA (Fig. 1E). However, ccrl-
3—derived CWEs and PGA (positive control elicitor) could still
induce PRI gene expression in fer-4 mutant leaves (Fig. 1F), indi-
cating that FERONIA is involved in generating, but not sensing, the
elicitors of PR gene expression. We also consistently observed that
fer-4leaves responded to CWE from WT Col-0 by activation of PRI,
suggesting the possible loss of an inhibitory effect on recognition of
components from unperturbed WT cell walls. It is also possible that
the higher PRI expression in fer-4 than in Col-0 for all leaf injection
treatments including water (Fig. 1F) is associated with defective
sensing of turgor pressure in fer-4 (33) or enhanced sensitivity of
fer-4 to mechanical damage.

Lignin modification combined with loss of function of
FERONIA has profound effects on cell wall integrity

Previous studies showed that the reduction in lignin content in the
ccrl mutant resulted in release of water-soluble pectic polysaccha-
rides from isolated cell walls (14). To explore the role of FERONIA
in altering cell wall properties in ccrl-3, we first compared the lignin
content and composition in inflorescence stems of ccrl-3 and the
ccrl-3/fer-4 double mutants by thioacidolysis, a method in which
the lignin polymer is chemically depolymerized to release deriva-
tives of the different monomer units, which can then be separated
and quantified by gas chromatography—mass spectrometry (GC-
MS). The lignin thioacidolysis monomer yield was lower in the

Liu et al., Sci. Adv. 9, eadf7714 (2023) 10 March 2023

ccrl-3/fer-4 double mutant than in ccrl-3 (Fig. 2A), and only
small differences in lignin composition were observed (Fig. 2B).
We interpret these results as unlikely to bear on defense signaling,
since the lower lignin amount in ccr1-3/fer-4 would be predicted to
result in higher PR gene expression if FERONIA were not involved
in the signaling process, and alterations in lignin composition
without changes in lignin amount do not appear to induce PR
gene expression in Arabidopsis (13). The apparent pectin content
(measured as uronic acid equivalents) in the water extract from
cell walls of the ccr1-3/fer-4 double mutant was not significantly dif-
ferent from that of the ccrl-3 single mutant (Fig. 2C) but around
threefold higher than in Col-0 or fer-4. Therefore, loss of function
of FERONIA itself does not affect the overall content of water-
soluble pectin-like polysaccharides in the cell walls of ccr1-3/fer-4
mutants. However, because PR genes are not induced in the ccrl-
3/fer-4 double mutant, loss of function of FERONIA may qualita-
tively affect the release of pectic materials via cell wall remodeling
enzymes. Loss of function of FERONIA strongly reduced the induc-
tion of ADPGI resulting from the ccrl-3 mutation (Fig. 2D), and
enzymatic fingerprinting of homogalacturonans present in Col-0,
ccrl-3, fer-4, and ccrl-3/fer-4 CWE preparations by digestion with
endopolygalacturonase (EPG) from Aspergillus aculeatus suggested
that the pectins were qualitatively different (fig. S3). Pectins from
ccrl-3/fer-4 and fer-4 were less sensitive to treatment with EPG. Ol-
igosaccharides across a large size range (from 6 to 8 min) produced
diagnostic fragment ions of demethylesterified oligogalacturonide
(OG) upon in-source fragmentation (fig. S3). Treatment of Col,
fer-4, and ccr1-3/fer-4 CWEs with EPG released more acetylated
and slightly more methylesterified OGs than were released from
ccrl-3 CWE (fig. S3).

To obtain a better understanding of the impact of loss of
function of FERONIA on extractable cell wall polysaccharide com-
position, we performed total oligosaccharide profiling by LC-MS,
comparing CWE preparations from inflorescence stems of Col-0,
fer-4, ccr1-3, and ccrl-3/fer-4 before and after digestion with EPG
(Fig. 3). The main peaks in the mass spectra of CWEs from Col-0
and fer-4 represented mannose-glucuronic acid-inositol-P [mass-
to-charge ratio (m/z) = 597.107], presumably originating from the
hydrolysis of polar heads of glycosyl inositol phosphoryl
ceramide lipids (34), along with uronic acid-(hexose),-(pentose),
(m/z = 781.225) and wuronic acid-(hexose),-(pentose);
(m/z = 913.267), potentially originating from rhamnogalacturonan
I (Fig. 3A, upper trace). Treatment of the Col-0 CWE with EPG
resulted in appearance of lower molecular weight peaks, including
one corresponding to tri-galacturonic acid (GalAj;) (m/z = 545.099),
a product of the degradation of homoglacturonan or rhamnogalac-
turonan II (Fig. 3A, lower trace). Very similar profiles were observed
for the CWEs from the fer-4 mutant (Fig. 3B). In contrast, CWEs
from the ccr1-3 mutant showed, in addition, a number of oligosac-
charide peaks that were not present in Col-0 or fer-4 extracts; these
included hexose oligomers (pentamers, hexamers, and septamers),
a pentose pentamer (m/z = 721.205) likely originating from xylan,
and GalA3;, the amount of which was increased following digestion
of the CWE with EPG (Fig. 3C). This suggests that, in addition to
release of pectic material, the cell walls of the ccrl-3 mutant have
undergone remodeling to solubilize hemicellulosic components.

The largest change in the composition of the CWEs was seen in
extracts from the ccrl-3 mutant in the fer-4 background (Fig. 3D).
Notably, GalA; was not observed, even after digestion with EPG,
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Fig. 2. Loss of function of FERONIA results in down-regulation of defense response and cell wall remodeling genes in inflorescence stems of ccr7-3. (A) Thi-
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ccri-3/fer-4. (D) Levels of ADPG1 transcripts in inflorescence stems of Col-0, ccri-3, fer-4, and ccri-3/fer-4. Bars represent means + SD, n = 3 (A to D), and hollow dots
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consistent with the lack of induction of ADPGL in the ccri-3/fer-4
stems (Fig. 2D). Even more striking, however, was the appearance of
many new oligosaccharide peaks that were not present in extracts
from the single ccrl-3 or fer-4 mutant stems. These included
several methylated and nonmethylated uronic acid pentose oligo-
saccharides, some with one oxidized pentose unit (likely the result
of lytic polysaccharide monooxygenase activity), and hexose-
pentose oligosaccharides (compositions given in Fig. 3D). A key
to the fragmentation of xylan-derived oligosaccharides and evi-
dence for the presence/absence of GalAj; in selected cell wall extracts
are given in fig. S4A.

Clearly, loss of function of FERONIA increases the solubility of
hemicellulosic fractions in the ccr1-3 mutant background but pre-
vents the solubilization of moieties that can be cleaved to yield
GalA;. Considering the high amount of glucuronic acid—containing
xylan oligosaccharides in the ccrl-3 and ccri-3/fer-4 fraction and
the low amount of GalAj; released by EPG, the high content of
total uronic acid in water extracts of cell walls from ccrl-3 and
ccrl-3/fer-4 (Fig. 2C) is more related to glucuronoxylan than
pectin content.

Loss of function of FERONIA blocks the induction of cell
wall remodeling enzymes in response to lignin
modification

We next used RNA sequencing (RNA-seq) analysis of total RNA
from inflorescence stems of WT, ccrl-3, fer-4, and ccr1-3/fer-4 to
determine the extent to which loss of function of FERONIA affected
the expression of other genes that are up-regulated in ccr1-3. Gene
ontology (GO) analysis was performed on the 314 differentially ex-
pressed genes found (dataset S1), and these were enriched in the
functions of biotic stress response and cell wall composition
(Fig. 2E and fig. S5). Heat map analysis showed that, compared
with ccrl-3, the transcript abundances of disease resistance and
cell wall remodeling-related genes were decreased to varying
degrees in ccr1-3/fer-4 (Fig. 2F). The loss of induction of various
cell wall remodeling enzymes that are induced in ccr1-3 is consistent
with involvement of FERONIA in processes underlying the release
of cell wall elicitors. However, it should be noted that blocking of
defense gene expression through loss of function of FERONIA
does not restore growth in the ccrl-3 mutant background; rather,
growth is further reduced beyond that seen in fer-4. This indicates
that the growth reduction in ccrI-3 is not simply the result of a
growth defense trade-off.

Wall-associated kinases act redundantly in elicitor
reception and signaling

Because the fer-4 mutant remains sensitive to ccrI-CWE or PGA
treatment (Fig. 1F), other receptors are necessary to perceive the
elicitor signal. As previous studies suggest the strong likelihood
that the elicitors are released from pectin, we focused on receptors
that have been reported to interact with pectin or OGs. Wall-asso-
ciated kinase (WAK) family proteins have been shown to interact
with pectin and transmit defense and developmental signals in
plant cells (35-37). There are five WAK family genes in Arabidopsis
that are located next to each other on chromosome 1. WAKI and
WAK?2 have the highest transcript expression levels in stems, fol-
lowed by WAK3. WAKS5 shows the lowest transcript expression
level among all the five WAK family genes (fig. S6A). We therefore
crossed ccrl-3 with the wak1, wak2, wak3, and wak4 single mutants.
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PRI and PR2 transcript levels remained high in stems of the homo-
zygous double mutants (fig. S6B), and ccrl-derived CWEs could
still induce PR genes in wakl and wak2 single mutant leaves (fig.
S6C). Considering the potential redundancy of WAK family pro-
teins, we next generated the wak1/2 double mutant by CRISPR-
Cas9 gene editing (fig. S7A). However, ccrl-CWEs could still
induce PR gene expression in the wak1/2 double mutant back-
ground (fig. S7B). Last, we designed a single-guide RNA (sgRNA)
to target all five WAK genes and obtained two lines of wak1/2/3/4/5
quintuple mutants (Fig. 4A). The quintuple mutant appeared to
grow normally (fig. S8). In the leaf injection assay, ccrl-CWEs
could not induce PRI, PR2, or PR5 expression in wak quintuple
mutant leaves (Fig. 4B). To test whether WAKs are responsible
for perceiving ccrI-CWEs in vivo, we crossed the ccrI-3 single
mutant with each of the two wak quintuple mutant lines to generate
ccrl/wak1/2/3/4/5 sextuple mutants. Similar to the situation with
ccrl-3/fer-4, loss of function of WAKs did not restore growth in
the ccrl-3/wak1/2/3/4/5 sextuple mutant (fig. S8). PR1, PR2, and
PR5 transcript levels in the sextuple mutants were similar to or
lower than those in the WT (Fig. 4C). The elevated uronic acid—con-
taining polysaccharide content of cell wall extracts of ccr1-3 was
maintained in the ccrl/wak1/2/3/4/5 sextuple mutants (Fig. 4D),
and there was no significant difference in lignin monomer compo-
sition or total lignin thioacidolysis yield (H + G + S) in the inflores-
cence stems (Fig. 4, E and F), suggesting that loss of function of all
five WAK genes does not noticeably alter the cell wall properties of
ccrl-3. These results suggest that WAKSs are likely involved redun-
dantly in perceiving ccrl-CWEs. Another possibility, based on the
negative results with wakl, wak2, wak3, and wak4 single mutants
(fig. S6B), is that WAKS is the elicitor receptor, although this
appears unlikely in view of its very low expression level in inflores-
cence stems.

ADPG1 processes pectins as ligands for WAKs

ADPG] activity is required for the release of elicitors from the re-
modeled cell wall matrix, and no elicitor activity is observed in cell
wall extracts from the ccri-3/adpgl double mutant (14). However,
elicitor activity is recovered after incubating ccr1-3/adpgl CWEs
with recombinant ADPGI protein (14). We therefore used a
high-resolution oligosaccharide profiling liquid chromatography-
mass spectrometry (LC-MS) platform to profile oligosaccharides
in the water-soluble extracts from cell walls of ccrI-3/adpgl and
ccrl-3/fer-4 before and after digestion with ADPG1 to attempt to
identify elicitor-active molecules and address their binding to WAK.

Extracts from ccr1-3/adpgl contained a complex mixture of oli-
gosaccharides across a large size range that produce diagnostic OG
fragments upon in-source fragmentation (Fig. 5A). Treatment of
ccrl-3/adpgl extracts with recombinant ADPGI resulted in the
loss of most of the higher molecular weight oligosaccharides and
generated a large peak around the region of GalA; (Fig. 5A). Ex-
tracts from ccr1-3/fer-4 also had a broad range of oligosaccharides
(Fig. 5A). However, treating the ccrl-3/fer-4 extracts with recombi-
nant ADPGI, although shifting the molecular weight profile to
smaller oligosaccharides, did not result in the release of a predom-
inance of oligomers around the size of GalA; (Fig. 5A).

These data suggest that loss of function of FERONIA blocks the
release/availability of higher molecular weight pectic material (a
substrate for ADPGI1) that can be further processed by ADPGI to
yield smaller oligomers such as GalA;. To explore this further, we
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Fig. 4. WAK is required for perceiving the water-soluble elicitors released from cell walls of the ccr7-3 mutant. (A) Gene-editing mutations generated in the five
WAK genes in the wak1/2/3/4/5 (wakQ) quintuple mutant. (B) PR1 transcript levels in Col-0 and wakQ mutants after treatment with CWEs from Col-0 or ccr1-3 (0.1 mg/ml
uronic acid equivalents). The transcript level of WT treated by Col-0 extracts was set as 1. (C) PR1, PR2, and PR5 transcript levels in inflorescence stems of Col-0, ccr1-3,
wakQ, and ccri1-3/wakQ hextuple mutant. The transcript level of each gene in Col-0 was set as 1. (D) Relative ratio of water-soluble to total uronic acid content of Col-0,
ccri-3, wakQ, and ccr1-3/wakQ. (E) Thioacidolysis lignin monomer yield of inflorescence stems of Col-0, ccr1-3, wakQ, and ccr1-3/wakQ. (F) Lignin monomer compositions
of alcohol-insoluble cell wall extracts from Col-0, ccr1-3, wakQ, and ccr1-3/wakQ. H, hydroxyphenyl; G, guaiacyl; S, syringyl. Bars represent means £ SD.n=4 (B)and n=3 (C
to F). Hollow dots represent individual data points. Letters and asterisks indicate statistically significant differences among samples according to Student’s t test,
***p < 0.001, in (B) and one-way ANOVA followed by Tukey's HSD test, a = 0.05, in (C) to (F).
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Fig. 5. Pectins released from cell walls of the ccr7 mutant are cleaved by ADPG1 to release GalA3, which binds to the WAK OG-binding domain and induces PR
proteins. (A) Extracted ion chromatograms of OGs from DP3 to DP9 in CWEs from ccr1-3/fer-4 and ccr1-3/adpg1 with and without digestion with recombinant ADPG1. (B)
Selected ion monitoring for GalAs (at m/z = 545) of LC-MS traces of oligosaccharides from CWEs from ccr1-3/fer-4 (black) and ccr1-3/adpg1 (red). CWEs were preincubated
with recombinant ADPG1. (C) PR1 and PR2 transcript levels in leaves of Col-0 or wak1/2/3/4/5 quintuple mutant after injection of water (control) or GalA; (0.05 mg/ml). (D)
ELISA of the binding of GalA; (20 ug per well) and polygalacturonic acid (20 pg per well, positive ligand control) to the WAK1 OG-binding domain, expressed in E. coli as a
GST fusion protein (fig. S9B). GST serves as a negative binding protein control. Bars represent means + SD. n = 3. Hollow dots represent individual data points in (C) and (D).
Letters and asterisks indicate statistically significant differences among samples according to one-way ANOVA followed by Tukey's HSD test, a = 0.05, in (C) and Student’s t

test, ***P < 0.001, in (D).

used selected ion monitoring at m/z = 545 to examine production of
GalA; after digestion of CWEs from ccri-3/fer-4 and ccr1-3/adpgl.
GalA; was efficiently released from ccri-3/adpgl CWE by ADPGI,
but only a small peak of GalA; was observed in ADPGI-treated
ccr1-3/fer-4 CWE (Fig. 5B). Parallel analysis of ADPG1 digestion
of WT Col-0 CWE revealed generation of some GalAj;, but less
than from ccrl/adpgl (fig. S9). Together, these results, combined
with the MS profiling in Fig. 3 (C and D), confirm that altered
lignin content results in FERONIA-dependent solubilization of a
specific fraction of pectin that is further processed by ADPGI1 to
lower molecular weight products.

GalA; is an elicitor
We next used the leaf injection assay to verify whether GalA; itself
has elicitor activity and is perceived by WAK receptors. GalA; could

Liu et al., Sci. Adv. 9, eadf7714 (2023) 10 March 2023

induce PRI and PR2 gene expression in WT leaves but not in wak
quintuple mutant leaves (Fig. 5C). To test whether GalA; could in-
teract with WAK protein, we expressed the WAK1 OG-binding
domain (38) (fig. S10A) as a glutathione S-transferase (GST)
fusion in Escherichia coli and purified the recombinant protein,
confirming the band by protein gel blot analysis (fig. S10B).
Enzyme-linked immunosorbent assay (ELISA) assays showed that
GalA; can interact with the OG-binding domain of WAKI1
(Fig. 5D). Last, we used the immobilized OG-binding domain of
WAKI in pull-down assays of CWEs from Col-0 and ccrI-3 (fig.
$10C). To simplify the oligosaccharide profiling, the bound polysac-
charides were first digested by EPG before LC-MS analysis. The
results indicated that more pectic material with degree of polymer-
ization (DP) between DP3 to DP20 was bound from the ccrl-3—

8 of 13

$202 ‘S0 Jequis1das U0 JUSWBULOIIAUT | 3P 10 anbILouo.BY aydJoysey B ap [euoiieN INsu| 3N | e 610°90us 105 MAMM//:SA1Y WO | PaPe0 [UMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

derived CWE than from Col-0 and that GalA; was the
major product.

DISCUSSION

Together, our results suggest that FERONIA is essential for control-
ling the processing of cell walls for release of defense signals in re-
sponse to lignin modification and that GalAj; is one resultant signal
that can induce PR gene expression by binding with the WAK ex-
tracellular domain. However, pectic fractions of various sizes are
known to be elicitor active (35), and the complexity of the present
oligosaccharide profiles makes it hard to ascribe elicitor activity to
any single moiety, especially as complex pectins with DPs from 3 to
20 are revealed in pull-down assays from ccrI-3 CWEs with the
WAK OG-binding domain. Furthermore, treatment of ccri-3
CWE with recombinant EPG from A. aculeatus destroys elicitor ac-
tivity, whereas similar treatment with the endogenous EPG ADPG1
does not (14). This indicates that GalA; cannot be the only elicitor
but may be an epitope found on (and maybe a marker for) larger,
and possibly more bioactive, pectic oligosaccharides released in a
FERONIA-dependent process.

We do not suggest that GalA; or oligosaccharides with related
epitopes are necessarily the ligands in all WAK-mediated responses.
Furthermore, OG signaling through WAKSs appears quite complex.
For example, it has been shown that PRI is not induced in Arabi-
dopsis by OGs up to 3 hours after application, whereas a FAD-linked
oxidase that is a marker for OG-induced responses is induced (39).
Induction of reactive oxygen species (ROS; an early response to OG
signaling) is blocked in an Arabidopsis wak quintuple mutant that
retains a potentially functional WAK4 extracellular domain, but in-
duction of the FAD-linked oxidase is not suppressed (40). These
results suggest that WAKs 1 to 5 may not be the only OG receptors
in plants. Last, the previously described wak quintuple mutant is
also defective in ROS induction in response to chitin and bacterial
flagellin, suggesting a role beyond OG recognition (40). However,
the requirement for ADPGI for elicitor release and the loss of elic-
itor activity on digestion of ccr1-CWE preparations with commer-
cial EPG (14) place the OG binding of WAKSs in the signaling
pathway between lignin modification and PR gene expression.

A conservative model based on our data in the present paper and
in (14), and explained further in the model in Fig. 6, proposes that
the reduced lignin content in secondary cell walls of the ccri-3
mutant affects interactions with pectin and other wall polysaccha-
rides and that these perturbations are sensed by FERONIA, leading
to activated expression of a number of cell wall remodeling
enzymes, including ADPG1 and pectin lyase superfamily
members as shown by RNA-seq analysis (14). We suggest that the
latter enzymes release pectic material (primary cell wall remodeling)
that harbors latent elicitors, which require ADPG1 for their release
in planta (secondary cell wall remodeling). It is likely that these mol-
ecules, which include GalA;, are heterogeneous but function
through binding to WAK receptors.

FERONIA has previously been implicated in binding to pectin
and sensing wall softening, leading to the maintenance of cell wall
integrity under high salt conditions that is disrupted in the fer-4
mutant (18). Our results now provide direct evidence for alterations
in pectin composition and extractability directed by FERONIA in
response to an endogenous, cell wall-localized signal, leading to
release of elicitors that are perceived by WAK receptors. Many
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questions remain, however. These include understanding the rela-
tionship between FERONIA's ability to sense lignin-mediated
chemical and/or mechanical perturbations in the wall through its
complex with pectin (18, 41) and its ability to coordinate expression
of pectin-modifying enzymes to regulate cell wall integrity, deter-
mining the full spectrum of latent and active elicitor molecules gen-
erated as a result of lignin modifications, and understanding the
exact roles of the redundant WAKs in PR gene induction in re-
sponse to lignin modification. It is also possible that other receptors
are involved in recognition of the perturbed cell wall status of ccrI-3.
The thel-4 mutant we chose to analyze is a hypermorphic gain-of-
function allele that encodes a truncated protein, lacking the kinase
domain, and could trigger stress responses through the interaction
with other membrane receptor kinases (42).

The signaling events immediately downstream of the FERONIA
and WAK receptors will presumably involve kinase cascades, which
require further study. Last, it will be important to determine the cel-
lular localization of the triggering, signaling, and response events.
Lignin is a feature of secondarily thickened cell walls, so the signal-
ing is likely initiated there. ADPG1 was first associated with anther
dehiscence, a process involving separation of lignified cell layers
(43), so it is likely that the cell wall remodeling also takes place in
the secondary walls of the vascular system. We cannot, however,
rule out the generation of OG signals originating from remodeling
of primary cell walls in response to initial changes in secondary cell
walls. Answers to all these questions will facilitate balancing engi-
neering polymers in plant cell walls in a way that does not overacti-
vate or compromise plant defense.

MATERIALS AND METHODS

Plant materials and growth conditions

WT and mutant A. thaliana lines used in this study were obtained
from the Arabidopsis Biological Resource Center (https://abrc.osu.
edu). Detailed information is listed in table S1. Seeds were stratified
on '/, strength Murashige and Skoog (MS) agar medium containing
1.5% sucrose at 4°C for 3 days and then transferred to a growth
chamber set at 22°C under a 16-hour light/8-hour dark photoperiod
(light intensity, 110 pmol m~> s™", supplied by both incandescent
and fluorescent lights) for 10 days. The small seedlings were then
transferred to soil (Metro-Mix 360, SUN GRO with controlled fer-
tilizer: 20-10-20; 20% N, 10% P,Os, and 20% K,O at 200 ppm/
gallon), and growth continued at 22°C under the same photoperiod.
For crossing experiments, ccr1-3 was used as male parent, and the
other mutants were used as female parents. All mutants were in the
A. thaliana Columbia ecotype background. Primer pairs for geno-
typing mutant alleles are listed in table S2. Analyses of cell wall com-
position, extractability, and transcript levels were performed on
inflorescence stems of 8-week-old plants. The siliques, leaves, and
apical parts of the stem were removed, leaving the basal lignified
parts for preparation of cell wall extracts.

Elicitation assays

The elicitor activity of CWEs and pectic compounds was deter-
mined with a leaf injection assay as previously described in (14).
The assays used 0.1 mg uronic acid equivalents/ml CWEs, and
treated leaves were harvested after 24 hours. For testing elicitor ac-
tivity of pectic compounds, 0.05 mg uronic acid equivalents/ml
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transduce signals for the transcriptional activation of defense response genes such as PR1.

elicitors were used, and treated leaves were harvested after 6 hours
for RNA extraction.

RNA-seq analysis

RNA was extracted from the main inflorescence stems of 2-month-
old WT Col-0, ccr1-3, fer-4, and ccri-3/fer-4 double mutant plants.
Total RNA was isolated with TRIzol reagent (Invitrogen, USA) and
treated with the TURBO DNA-free Kit (Ambion) to remove
genomic DNA contaminants. RNA was cleaned using an RNA
cleanup kit (Qiagen). Purified RNA was quantified using a Nano-
Drop ND-100 spectrophotometer (NanoDrop Technologies) and
evaluated for purity with an Agilent 4200 TapeStation system
(Agilent Technologies). Three biological replicates for each
sample were used for RNA-seq. Libraries were constructed using
a TruSeq stranded mRNAseq prep kit following the standard pro-
tocols and ran on an Illumina Nextseq 500 platform [2 x 75 base
pairs (bp)].

For each sample, RNA-seq raw reads were trimmed and filtered
using in-house perl scrips as described previously (44). Clean reads
were mapped to the A. thaliana genome sequence and the refer-
ence-annotated genes (TAIR10) using Bowtie v2.3.2.0 (45) and
TopHat v2.1.1 (46) with default parameters. The gene expression
levels for each sample were estimated by Cufflinks v2.2.1 (47)
based on the FPKM (fragments per kilobase of exon model per
million mapped fragments) method. Significantly differentially ex-
pressed genes were analyzed by Cuffdiff in the cufflinks package
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(48) using twofold change and multiple test P value of <0.05. The
GO analysis was performed on differentially expressed genes by
AgriGO (49, 50).

Quantitative real-time polymerase chain reaction

Total RNA was extracted as described above. The first-strand com-
plementary DNA (cDNA) was synthesized using the High-Capacity
c¢DNA Reverse Transcription Kit (Thermo Fisher Scientific). The
10x diluted cDNA samples were used as templates, and quantitative
real-time polymerase chain reaction (QRT-PCR) was performed
with a QuantStudio 6 Flex system (Applied Biosystems) using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific).
qRT-PCR analysis was performed as described previously (51).
Gene-specific primers are listed in table S2.

Determination of lignin and pectin

Mature inflorescence stems were harvested from 2-month-old A.
thaliana WT Col-0, and mutant plants of ccr1-3, fer-4, ccrl-3/fer-
4, wak1/2/3/4/5, and wak1/2/3/4/5/ccr1-3. The alcohol-insoluble
cell wall residues (AIRs) were prepared as previously described
(52). The lignin monomer content and composition were deter-
mined by an optimized thioacidolysis method as described in
(53). Extraction of water-soluble elicitors from AIRs was performed
as described previously (14) with the following minor modifica-
tions; after 24 hours of incubation of AIR with water at room tem-
perature, the extracts were filtered through a 0.22-um filter
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(Millipore). After that, the filtered extracts were either lyophilized
for further storage or directly used for elicitation assay. The
pectin in AIRs and pectic material released by cold-water extraction
were determined by the m-hydroxydiphenyl method in the form of
uronic acid (54). For each measurement, three independent biolog-
ical replicates were analyzed.

CRISPR-Cas9 vector construction and generation of
transgenic lines

To make the wak1/2 double mutant, sgRNA was designed to target
the third exons of WAKI and WAK2 at the same time. To generate
the wak1/2/3/4/5 quintuple mutant, the sgRNA was designed to
target the third exons of all the five WAKs. The sgRNAs were de-
signed using the software Geneious R7 and cloned into the
pCambial300-35S-Cas9 plasmid after the AtU6 promoter. Trans-
formation of A. thaliana was performed by the floral dip method
(55). Transgenic plants were isolated on 1/, MS medium containing
hygromycin (50 pg/ml), and positive seedlings were transferred to
soil. The homozygous double or quintuple mutants in the T4 gen-
eration of transgenic plants were used for further analysis. Sanger
sequencing was used for genotyping of the mutant alleles. DNA
was isolated from 3-week-old A. thaliana leaves and was amplified
using a forward PCR primer 500 bp upstream and a reverse primer
400 bp downstream of the sgRNA target site. The homozygous and
biallele mutation results were analyzed using the method previously
described in (56). All primers are listed in table S2.

Digestion of CWEs by ADPG1

The expression and purification of recombinant ADPGI protein
were performed as described in (14). The CWEs of WT and
mutant A. thaliana plants were prepared as described above and ly-
ophilized. One-milligram batches of lyophilized CWEs were
weighed and incubated with 1.5 pg of recombinant ADPGI1
protein in 500 pl of 20 mM sodium acetate buffer (pH 5.0) at
37°C for 1.5 hours. An amount of 1.5 units of the commercial
EPG M2 from A. aculeatus (Megazyme) was incubated with
CWEs in parallel with recombinant ADPG1 protein as the positive
control. After incubation, an equal volume of absolute ethanol was
added to stop reactions. After centrifuging at 5000¢ for 10 min, the
supernatants were collected and either dried in a speed vacuum
concentrator to prepare samples for oligosaccharide profiling or ly-
ophilized for use in elicitation assays.

Oligosaccharide profiling and analysis

The oligosaccharides present in CWEs or released upon digestion
were separated and analyzed according to (57). The chromato-
graphic separation was performed on an ACQUITY UPLC
Protein BEH SEC Column (125A, 1.7 pm, 4.6 mm X 300 mmy;
Waters Corporation, Milford, MA, USA) coupled with BEH SEC
Guard Column (125A, 1.7 pm, 4.6 mm X 30 mm).

Expression of recombinant WAK1 OG-binding domain in

E. coli

A 651-bp cDNA sequence encoding amino acids 67 to 254 contain-
ing the galacturonan binding subdomain of the extracellular
domain of A. thaliana WAKI1 (58) was amplified and fused with
an X-press tag peptide (DLYDDDDK) at the N terminus. To con-
struct this recombinant protein, a 24-bp DNA sequence encoding
the X-press peptide was synthesized into the PCR primer and fused
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with the 651-bp WAKI1 sequencing in frame. The construct was
cloned into pGEX-6p-1 vector to provide a GST tag at the N termi-
nus of the expressed protein. The resulting plasmid was trans-
formed into E. coli strain Origami 2(DE3) pLysS cells (Novagen).
Recombinant protein expression was induced with isopropyl-p-p-
thiogalactopyranoside (IPTG) (0.5 mM) at 28°C for 5 hours.
After induction, soluble recombinant protein was extracted and pu-
rified using Glutathione Sepharose 4B (Cytiva) according to the
manufacturer’s protocol. Protein purification was verified by
SDS—polyacrylamide gel electrophoresis (PAGE) and anti—X-press
tag Western blot, and protein concentrations were determined
using the Bradford Protein assay (Bio-Rad). After verification, pu-
rified protein was desalted and concentrated using Amicon Ultra4
centrifugal filters (Sigma-Aldrich) against corresponding buffer
used in the binding tests.

Enzyme-linked immunosorbent assays

ELISA was performed as described (35) with modifications. The
Maxisorp microplates were pretreated with polylysine-HBr (50
pg/ml in H,0, 50 pl per well) for 1 hour at 25°C. The polylysine-
HBr was then discarded, and the wells were washed five times
with 50 ul per well of tris-NaCl buffer (20 mM tris-HCI and 150
mM NaCl, pH 8.2). CaCl, was not included in the buffer to restrict
the interaction of recombinant WAK1 OG-binding domain protein
with long-chain pectin homogalacturonans. The microplates were
then coated with 20 pg of PGA or GalAj; dissolved in tris-NaCl
buffer overnight at 4°C. After coating, the wells were washed five
times with 50 pl per well of tris-NaCl buffer. The wells were then
blocked with 50 pl per well of 3% skimmed milk for 2 hours at
25°C, and the wash step was repeated three times after removing
the blocking buffer. The recombinant WAK1 OG-binding
domain protein (100 ng/pl in tris-NaCl buffer with 10 mM dithio-
threitol) was added to the wells in increments, and the GST tag
protein was used as the negative control. The wells were washed
and incubated with 1:1000 diluted anti-Xpress primary antibody
(Invitrogen) in tris-NaCl buffer containing 1% skimmed milk for
1 hour at 25°C. The primary antibody was removed, and the wells
were washed 20 times. Then, 1:10,000 diluted horseradish peroxi-
dase anti-mouse secondary antibody in tris-NaCl buffer containing
1% skimmed milk was added and the wells were shaken for 1 hour at
25°C. The secondary antibody was removed, and the wash step was
repeated 20 times. Last, working solution (50 ul per well) of Super-
Signal ELISA Femto maximum sensitivity substrate (Thermo Fisher
Scientific) was added. The liquid in the wells was mixed for 1 min
using a microplate mixer, and then a Synergy Mx luminometer
(BioTeK) was used to measure relative light units at 425 nm for
between 1 and 5 min.

WAK1 pull-down assays

Fifty milliliters of E. coli cells containing recombinant WAK1 OG-
binding domain protein (around 125 pg of GST fusion proteins)
was collected and broken down by sonication in 15 ml of 20 mM
tris and 150 mM NaCl buffer (pH 8.0). Then, the cell lysate was in-
cubated with 1.5 ml of balanced Glutathione Sepharose 4B (Cytiva)
for 2 hours at 4°C. The beads were then washed three times with 10
ml of tris-NaCl buffer. Next, recombinant WAK1 OG-binding do-
main—GST beads were divided into three equal portions. The por-
tions were incubated overnight at 4°C with either 1 ml of Col-0
CWE (1 mg/ml), 1 ml of ccr1-3 CWE (1 mg/ml) dissolved in tris-
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NaCl buffer, or 1 ml of tris-NaCl buffer alone. The concentration of
CWE was calculated as the total weight of freeze-dried powder/
volume. As a control, 0.5 ml of balanced GST beads was incubated
with 1 ml of ccr1-3 CWE (1 mg/ml). After binding, the beads were
washed five times with 2 ml of water. The beads were then treated
with 1 ml of 70% ethanol for 2 hours at room temperature. The su-
pernatant was collected and dried in a speed vacuum concentrator,
and the dried samples were then used in the analysis of bound oli-
gosaccharide fragments.

Statistical analysis

In general, data are represented by means + SD of biological tripli-
cates. Statistical significance was assessed using either Student's ¢
test or one-way analysis of variance (ANOVA).

Supplementary Materials
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Figs. S1to S10

Tables S1 and S2
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