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INTRODUCTION

Plants adapt to diverse environments by modifying their architecture.
The cell walls surrounding all plant cells are key elements enabling
this adaptability and consist of different components including proteins and polysaccharides such as cellulose, hemicelluloses, pectins,
and lignin (1). These components are synthesized in different subcellular compartments and have specialized functions. Cellulose is
synthesized by plasma membrane–localized cellulose synthase complexes and released into the adjacent extracellular space as strands
that form microfibrils before being incorporated into the wall where
they function as the main load-bearing element. The walls are also
essential elements underlying growth, development, and resistance to
biotic and abiotic stresses, all of which influence crop yield (2, 3). This
is illustrated by mutations that improve yields of staple crops like
maize and rice by affecting cell wall biosynthesis, homeostasis, polysaccharide modifications, and signaling components (4, 5).
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Cell wall plasticity describes the ability of plant cell walls to adapt to
dynamic and challenging growth conditions. Plasticity and the resulting recalcitrance in cell wall biochemistry and structure against
targeted manipulation also represent a major challenge to producing energy from lignocellulosic biomass (6). The available evidence
suggests that the plant cell wall integrity (CWI) maintenance system
forms an integral element of cell wall plasticity (7–9). This mechanism seems to involve receptor-like kinases (RLKs) and ion channels that constantly monitor the state of the cell wall and initiate
adaptive changes in both cellular and cell wall metabolism in response
to cell wall damage (CWD) (10–12). Here, we refer to any changes to
cell wall structure or composition that impair CWI as CWD. Because
CWD may be induced by various means, both ligand-mediated mechanisms and mechanoperception could be involved in CWD detection.
For example, pathogen-derived enzymes break down cell walls, which
releases cell wall–derived fragments. This could lead to cell wall weakening, deformation, and displacement of the cell wall relative to the
plasma membrane and can eventually result in cell bursting due to
the high turgor pressure of the cell (13, 14). The cell wall fragments,
such as cellobiose or oligogalacturonides (OGs; fragments of pectic
polysaccharides), can activate plant immune responses (15, 16). Although OGs are detected through wall-associated receptor kinases
(WAKs), the receptors for cellobiose have not been identified (7).
Mechanosensitive systems may also be activated by CWD that compromises the structural integrity of the cell wall (17). In addition to
the enzymatic actions of pathogens and mechanical damage caused
by breakage or grazing, defects in cell wall biosynthetic processes
can also cause CWD by preventing the production of load-bearing
structural elements (18).
Although several candidate genes have been implicated in CWD
perception, experimental evidence confirming their involvement is
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Cell walls surround all plant cells, and their composition and structure are modified in a tightly controlled, adaptive
manner to meet sometimes opposing functional requirements during growth and development. The plant cell wall
integrity (CWI) maintenance mechanism controls these functional modifications, as well as responses to cell wall
damage (CWD). We investigated how the CWI system mediates responses to CWD in Arabidopsis thaliana. CWD
induced by cell wall–degrading enzymes or an inhibitor of cellulose biosynthesis elicited similar, turgor-sensitive
stress responses. Phenotypic clustering with 27 genotypes identified a core group of receptor-like kinases (RLKs)
and ion channels required for the activation of CWD responses. A genetic analysis showed that the RLK FEI2 and
the plasma membrane–localized mechanosensitive Ca2+ channel MCA1 functioned downstream of the RLK THE1
in CWD perception. In contrast, pattern-triggered immunity (PTI) signaling components, including the receptors
for plant elicitor peptides (AtPeps) PEPR1 and PEPR2, repressed responses to CWD. CWD induced the expression of
PROPEP1 and PROPEP3, which encode the precursors of AtPep1 and AtPep3, and the release of PROPEP3 into the
growth medium. Application of AtPep1 and AtPep3 repressed CWD-induced phytohormone accumulation in a
concentration-dependent manner. These results suggest that AtPep-mediated signaling suppresses CWD-induced
defense responses controlled by the CWI mechanism. This suppression was alleviated when PTI signaling downstream of PEPR1 and PEPR2 was impaired. Defense responses controlled by the CWI maintenance mechanism
might thus compensate to some extent for the loss of PTI signaling elements.
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expression of AtPROPEP1 and AtPROPEP3 as well as the release of a
PROPEP3 fusion protein. In contrast, application of AtPep1 and AtPep3
repressed CWD-induced phytohormone production, thus identifying
a mechanism through which PTI signaling and the CWI maintenance
mechanism cooperate to regulate defense responses.
RESULTS

CWD responses induced by different
stimuli are osmosensitive
We used an Arabidopsis seedling–based model system to investigate
how plants respond to different types of CWD and elucidate further
the role of turgor pressure in CWD perception (11). CWD was induced
using either Driselase, a mix of several cell wall–degrading enzymes
from Basidiomycetes sp., or isoxaben (ISX), a herbicide that blocks
cellulose biosynthesis (13, 18). We chose Driselase because this enzyme
mix is similar to the enzyme cocktail released by fungal pathogens
during infection (47–49). Furthermore, the enzymes lead to cell wall
fragmentation, thus directly causing CWD regardless of cell type, differentiation stage, or turgor pressure. We chose ISX because it inhibits
cellulose production only in actively elongating cells (for example, in
the root elongation zone). It causes CWD in conjunction with the
naturally high turgor pressure of plant cells because it reduces the
number of load-bearing cellulose microfibrills in the walls, thus making
the cell wall susceptible to failure. This is illustrated by the suppression
of ISX-induced lignin, callose, JA, and SA accumulation; tissue lesion
formation; and redistribution of carbohydrates by addition of osmotica
like sorbitol or mannitol (11, 50). Similar effects have also been reported
in yeast cells exposed to CWD, indicating the importance of turgor
pressure in CWI maintenance (51).
First, we investigated the effect of ISX or Driselase treatment on
the morphology of Wave 131Y seedlings, which ubiquitously express
membrane-localized yellow fluorescent protein (YFP), in the presence
or absence of an osmoticum (sorbitol) in time course experiments
(52). Whole seedlings were grown submerged in liquid culture (11),
and the medium was exchanged for fresh medium containing the ISX
solvent dimethyl sulfoxide (DMSO), sorbitol, Driselase, ISX, Driselase
with sorbitol, or ISX with sorbitol at the 0-hour time point. At 7 hours,
epidermal cells in the root elongation zone of ISX-treated seedlings
exhibited a swollen phenotype, which was reduced by cotreatment with
sorbitol (fig. S1A). Driselase treatment resulted in degradation of the
root tip (including the elongation zone) after 7 hours, leaving behind
only larger, already fully elongated cells for visualization (fig. S1B).
This degradation was possibly enhanced by the addition of osmoticum.
Because the effects on roots were so pronounced after 7 hours of treatment, we did not investigate the phenotypic effects in roots at later
time points. In cotyledons of ISX-treated seedlings, the plasma membrane marker signal was similar to that in cotyledons from DMSO
controls after 7 hours but was lost in patches after 24 hours (fig. S2,
A and B). Sorbitol treatment alone had no effect on membrane marker
intensity but, when coadministered with ISX, restored the marker
signal at the 24-hour time point. Driselase treatment resulted in the
formation of patches lacking the membrane marker after 7 hours (fig.
S2C). These patches seemed to be more pronounced after 24 hours and
were not affected by the addition of sorbitol (fig. S2, C and D).
After establishing the dynamics of CWD responses, we used the
same experimental setup to investigate cell death and the deposition
of lignin and callose in cotyledons and the accumulation of JA and
SA in whole seedlings (11). We also included isoxaben resistant1-1
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scarce (7, 10, 19). Among the candidates identified in Arabidopsis
thaliana are two homologs of plasma membrane–localized RLK1-like
proteins originally in Catharanthus roseus (CrRLK1Ls): THESEUS1
(THE1) and FERONIA (FER) (20, 21). Additionally, the leucine-rich
repeat (LRR) RLK MALE DISCOVERER 1 (MDIS1)–INTERACTING
RECEPTOR-LIKE KINASE 2 (MIK2), WALL-ASSOCIATED KINASE 1
(WAK1) and WAK2, as well as the putatively stretch-activated, mechanosensitive Ca2+ channel MATING PHEROMONE INDUCED
DEATH 1 (MID1)–COMPLEMENTING ACTIVITY 1 (MCA1) have
also been implicated in CWI maintenance in Arabidopsis (22–26).
MCA1 was originally identified through its ability to partially complement a Saccharomyces cerevisiae strain deficient for MID1-CCH1
(calcium channel homolog 1), which is required for CWI maintenance
in this yeast (22, 27). Homologs of MCA1 and THE1 have been identified in Oryza sativa (OsMCA1), Zea mays (NOD), and Marchantia
polymorpha (MpTHE), suggesting that these proteins may participate
in cell wall maintenance across the plant kingdom (28–30). A characteristic feature of THE1, FER, WAK1, and WAK2 is the presence of
domains that may bind cell wall–derived epitopes or ligands (8, 10, 31).
However, binding to cell wall components has been confirmed only
for WAK1, WAK2, and FER (8, 21, 32). THE1, FER, and MIK2 are
required for resistance to the fungal pathogen Fusarium oxysporum
f. sp. conglutinans, implicating CWI signaling also in biotic stress
responses (25, 33).
CWD induced by the inhibition of cellulose production stimulates
the compensatory production of the cell wall components callose and
lignin; accumulation of the hormones jasmonic acid (JA), salicylic
acid (SA), and ethylene; generation of reactive oxygen species (ROS);
and activation of Ca2+-based signaling, implicating all of these processes in CWI maintenance (11, 23, 34–37). CWD in A. thaliana promotes the generation of ROS in the apoplast—the space adjacent to
the plasma membrane that contains the cell wall—by RESPIRATORY
BURST OXIDASE HOMOLOG D (RBOHD) (23). The activity of
RBOHD is regulated by both Ca2+-dependent and Ca2+-independent
mechanisms, with the latter requiring BOTRYTIS-INDUCED KINASE 1
(BIK1), which is a substrate of BRASSINOSTEROID INSENSITIVE 1
(BRI1)–ASSOCIATED KINASE 1 (BAK1) and other RLKs during
pattern-triggered immunity (PTI) (38, 39). BAK1 acts as a co-receptor
for LRR-RLKs and, as such, plays an important role in responses to
pathogen-associated molecular patterns (PAMPs) such as flagellin,
the flagellin-derived epitope flg22, elongation factor–thermo unstable
(EF-Tu), and the EF-Tu–derived epitope elf18, as well as damage-
associated molecular patterns (DAMPs) such as the AtPep1 and AtPep3
peptides (40–42). AtPep1 and AtPep3 precursor peptides are encoded
by the PROPEP1 and PROPEP3 genes, which are induced by pathogen
infection and wounding (43). The precursor peptides are reportedly
released into the apoplastic space where they are likely processed to
give rise to the active form (43). Application of AtPep peptides enhances both expression of their own PROPEP genes, creating a positive feedback loop, and PTI-controlled defense responses. PTI and
CWI maintenance may complement each other during plant defense,
but such regulatory interactions between CWI and PTI signaling have
not been characterized (44–46).
Here, we investigated the responses to different types of CWD to
understand the cellular events underlying CWD perception. We analyzed CWD responses in 27 A. thaliana genotypes to establish the
functions of candidate genes in CWI maintenance and performed
genetic analyses to assess whether key CWI signaling elements belong
to one or more signaling cascades. We found that CWD induced the
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plants (Fig. 1, A and B). Driselase treatments induced JA and SA accumulation in Col-0, bak1-5, and ixr1-1 seedlings to different degrees
compared to treatment with boiled Driselase (Fig. 1, C and D). In
contrast to ISX treatments, Driselase treatment reduced SA accumulation in bak1-5 compared to Col-0 (Fig. 1D). Although induction
of both JA and SA by Driselase was less pronounced than induction
by ISX in Col-0 and bak1-5 (Fig. 1, A to D), sorbitol cotreatments
nevertheless reduced or prevented accumulation of JA and SA in all
genotypes examined. The results of these experiments suggest that
responses to CWD are not restricted to a particular cell type (exemplified by lignin deposition in both vascular and epidermal tissues).
Despite apparent differences in damage caused by ISX and Driselase,
Col-0 seedlings exhibited similar osmosensitive responses to both types
of CWD with respect to callose, lignin deposition, as well as JA and
SA accumulation. These observations suggest that both mechanoperception and osmoperception may be required for induction of CWD
responses. bak1-5 seedlings, which have defects in PTI, exhibited distinct differences in their responses to the two CWD-inducing stimuli,
suggesting some cross-regulation between PTI and CWI signaling.
Osmosensitivity distinguishes CWI signaling from
DAMP- and PAMP-dependent responses
To investigate the regulatory processes responsible for the observed
CWD-induced phenotypes, we first performed expression analysis
of the defense marker PLANT DEFENSIN1.2 (PDF1.2) because it
encodes a defense peptide that is involved in both CWD- and PTI-
mediated processes (37, 56). In both Col-0 and bak1-5 seedlings,
treatment with boiled or active Driselase induced PDF1.2 expression;
however, PDF1.2 was less highly expressed in boiled Driselase–treated
bak1-5 seedlings compared to boiled Driselase–treated Col-0, and it
was more highly induced by Driselase in bak1-5 than in Col-0 seedlings
(Fig. 1E). This supports the hypothesis that BAK1 might contribute
to the PTI-mediated recognition of factors in the enzyme preparation,
which are not removed by boiling, but represses the response to CWD
elicited by the active enzymes. To investigate the role of mechanoperception in the response to CWD, we analyzed the expression of a
marker for mechanical stimulation [TOUCH4 (TCH4)] in ISX- and
Driselase-treated Col-0 seedlings (57). ISX and active Driselase induced TCH4 expression, whereas sorbitol cotreatments reduced it,
providing support for an involvement of mechanoperception in the
detection of CWD (Fig. 1F).
The results from the phytohormone measurements in bak1-5 seedlings treated with ISX and Driselase with or without sorbitol, in conjunction with the results from the PDF1.2 expression analysis, suggested
that DAMP or PAMP signaling, or both, might also be sensitive to
turgor changes. Therefore, we investigated a possible involvement of
OG-induced signaling in turgor-sensitive CWI maintenance using
gene expression analysis and phytohormone measurements (58). We
examined the expression of RETICULINE OXIDASE (RET-OX) and
CYTOCHROME P450, FAMILY 81, SUBFAMILY F, POLYPEPTIDE 2
(CYP81F2), both of which are induced by OG and the flagellin derivative flg22 (58), in Col-0 seedlings that had been treated with two
different concentrations of OGs in the absence or presence of the osmoticum sorbitol. Expression of both genes was induced by OG treatments but was not sensitive to sorbitol cotreatment (fig. S4, A and B).
We also quantified JA and SA in seedlings treated in the same manner.
Both OG and sorbitol treatments resulted in only minor changes in phytohormone amounts (fig. S4, C and D). These results showed that OGs
can be perceived by the seedlings in our assay and that OG-induced
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(ixr1-1) and bak1-5 mutant seedlings in the studies. The ixr1-1 mutation causes an amino acid substitution in CELLULOSE SYNTHASE
A3 (CESA3) that renders the protein resistant to inhibition by ISX
(53), thus providing a control for ISX specificity. Plants carrying the
bak1-5 allele are only impaired in immune responses triggered by
LRR-RLKs but not in brassinosteroid-dependent signaling, making
the plants a suitable control for detecting the involvement of either
DAMPs (for example, AtPep1) generated by CWD or PAMPs that
are possibly present as contaminants in Driselase (54) and perceived
by LRR-RLKs. Col-0 (wild type) and bak1-5 seedlings that were mock
(DMSO)–treated or treated with boiled (inactivated) Driselase exhibited no cell death in cotyledons (fig. S3, A and B). ixr1-1 seedlings treated in the same manner exhibited a slight increase in cell
death compared to Col-0. Treatment with ISX induced cell death in
Col-0 and bak1-5, but not in ixr1-1, cotyledons compared to mock-
treated controls. Driselase treatment induced cell death in all genotypes examined. Sorbitol addition suppressed ISX-induced cell death
but had no effect on Driselase-induced cell death.
We also analyzed compensatory lignin deposition in the cotyledons
of seedlings that were treated with DMSO, ISX, boiled Driselase, or
Driselase, with or without sorbitol, for 24 hours (fig. S3C). Lignin
deposition was detectable after ISX treatment in vascular tissue areas
in Col-0 and bak1-5, but not in ixr1-1, seedlings. Driselase-treated
Col-0, bak1-5, and ixr1-1 seedlings exhibited more ubiquitous lignin
deposition. The addition of sorbitol reduced lignin deposition in all
cases examined. bak1-5 and ixr1-1 cotyledons seemed more sensitive
to Driselase treatment than Col-0 cotyledons based on cell death and
lignin deposition phenotypes (fig. S3, A and C).
Next, we investigated compensatory callose deposition in the cotyledons of seedlings treated in the same manner. Whereas there was
no detectable callose deposition in mock- or boiled Driselase–treated
Col-0 and bak1-5 cotyledons, callose was deposited in ixr1-1 cotyledons subjected to these same control treatments (fig. S3D). Sorbitol
alone had no effect on callose deposition in Col-0 and bak1-5 cotyledons but reduced callose deposition in both ixr1-1 treatment groups.
ISX treatment induced callose deposition strongly in Col-0 seedlings,
moderately in bak1-5 seedlings, but not in ixr1-1 seedlings. Sorbitol
cotreatment with ISX reduced callose deposition in Col-0 and bak1-5.
Driselase treatment induced callose deposition in Col-0, but not in
bak1-5, cotyledons and did not induce more callose deposition in ixr1-1
seedlings than did boiled Driselase treatment (fig. S3D). bak1-5 plants
also exhibit reduced flg22-induced callose deposition, suggesting that
the lack of induction observed here is part of a more general defect
(55). The lack of significant increase in callose deposition in ixr1-1
was possibly caused by the combination of the substantial amount of
basal callose deposition in mock conditions and limited callose induction by Driselase.
We next quantified phytohormones in Col-0, bak1-5, and ixr1-1
seedlings treated in the same manner as before. JA and SA abundances
were low in mock-treated Col-0 and bak1-5 seedlings and slightly
increased in ixr1-1 seedlings (Fig. 1, A and B). ISX treatment induced
JA accumulation in bak1-5 seedlings more than in Col-0 seedlings,
but no induction was observed in ixr1-1 seedlings (Fig. 1A). ISX induced SA accumulation in both Col-0 and bak1-5 seedlings to a similar degree, but not in ixr1-1 seedlings (Fig. 1B). Cotreatment with
sorbitol repressed ISX-induced JA and SA accumulation in Col-0 and
bak1-5. Phytohormone amounts were lower in ixr1-1 seedlings treated
with sorbitol or a combination of ISX and sorbitol than in mock-
treated ixr1-1 seedlings, suggesting that sorbitol reduced stress in these
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ISX and cell wall–degrading enzymes induce similar
osmosensitive responses
Driselase is a complex mix of enzymes that degrade several different
cell wall polymers (59). To investigate whether the effects observed in
Driselase-treated seedlings can be assigned to particular enzymatic
activities, we obtained homogeneous preparations of the individual

enzymes (xylanase, cellulase, and pectinase) that, according to the
manufacturer, account for most of the enzymatic activities in commercially prepared Driselase. Initially, we treated seedlings with increasing concentrations of the individual enzymes and measured
phytohormone accumulation to establish optimal experimental conditions (fig. S5, A and B). Xylanase did not induce phytohormone
production, whereas cellulase induced only SA accumulation. Pectin
ase treatment increased the abundance of both SA and JA in seedlings in a concentration-dependent manner. On the basis of these
tests, we focused primarily on pectinase and cellulase. JA or SA did
not accumulate in seedlings treated with boiled enzymes or sorbitol
(Fig. 1, G to J). Pectinase treatment induced accumulation of both
JA and SA in an osmosensitive manner (Fig. 1, G and H). Because
cellulase treatment alone did not induce JA accumulation, we quantified hormone accumulation after combining cellulase with either
xylanase or pectinase. Seedlings treated with cellulase plus xylanase
exhibited no increase in JA and a moderate increase in SA accumulation, similar to cellulase alone (Fig. 1, I and J, and fig. S5B). Cellulase
plus pectinase elicited JA accumulation, which was higher than in the
seedlings treated with the individual enzymes (Fig. 1, G and I, and
fig. S5A). SA amounts were lower than in pectinase-treated seedlings but higher than in those treated with cellulase alone (Fig. 1, H
and J, and fig. S5B). Sorbitol addition reduced phytohormone accumulation in all enzyme treatments examined. These results suggested
that the combination of cellulase and pectinase is mainly responsible
for the observed JA and SA accumulation in Driselase-treated seedlings. The differences in the effects of individual enzymes suggest

Fig. 1. Different types of CWD induce similar osmosensitive responses. Quantification of (A) JA and (B) SA, expressed as microgram per gram dry weight (gDW), in
Col-0, bak1-5, and ixr1-1 seedlings that had been treated with DMSO (mock), DMSO and sorbitol (S), ISX, or ISX and sorbitol (ISX + S). (C) JA and (D) SA quantification in
Col-0, bak1-5, and ixr1-1 seedlings treated with boiled (inactive) Driselase (bDri), bDri and sorbitol (bDri + S), Driselase (Dri), or Driselase and sorbitol (Dri + S). (E) Relative
expression of PDF1.2 as determined by quantitative reverse transcription polymerase chain reaction (qRT-PCR) in Col-0 and bak1-5 seedlings treated with bDri or Dri
compared to untreated (NT) seedlings. (F) Relative expression of TCH4 in Col-0 seedlings treated as indicated. (G) JA and (H) SA quantification in Col-0 seedlings treated
with boiled pectinase (bP), boiled pectinase and sorbitol (bP + S), pectinase (P), or pectinase and sorbitol (P + S). (I) JA and (J) SA quantification in Col-0 seedlings treated
with the indicated combinations of boiled (b) or active preparations of cellulase (C), pectinase (P), xylanase (X), and sorbitol (S). All values represent means with error bars
indicating SD. n = 4 (A to D) and n = 3 (E to J). Letters a to d (A to J) indicate statistically significant differences according to one-way analysis of variance (ANOVA) and
Tukey’s HSD (honestly significantly different) test ( = 0.05) between treatments for each genotype. Asterisks (A to D) indicate statistically significant differences to the
wild type (Student’s t test, **P < 0.01; ***P < 0.001; ns, not significant).
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responses, unlike ISX- and Driselase-induced responses, are not osmosensitive, suggesting that CWD responses analyzed here do not
involve OG-dependent signaling.
Next, we quantified RET-OX and CYP81F2 expression and the
amounts of JA and SA in seedlings treated with flg22, sorbitol, or both.
RET-OX and CYP81F2 expression was not significantly increased by
sorbitol treatment alone, increased moderately by flg22 treatment, and
increased greatly in seedlings treated with flg22 plus sorbitol (fig. S4,
E and F). Treatments with sorbitol and flg22 resulted in changes in
JA amounts that were at the lower limit of detection, although both
sorbitol alone and flg22 plus sorbitol promoted JA accumulation (fig.
S4G). Flg22 induced SA accumulation after 3 and 7 hours of treatment,
and cotreatment with sorbitol enhanced SA accumulation after 7 hours
(fig. S4H). These results showed that flg22-induced gene expression
and JA and SA accumulation are turgor-sensitive. However, sorbitol
treatments seem to enhance the flg22-induced responses, contrary
to what we observed with the responses to Driselase and ISX. These
results suggest that turgor pressure is relevant for flg22-induced responses but that the underlying regulatory process is distinct from
CWI maintenance signaling.
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tion of mechanical [MCA1; MECHANOSENSITIVE CHANNEL OF
SMALL CONDUCTANCE (MSCS-LIKE) 4 (MSL4), MSL5, MSL6,
MSL9, and MSL10], hypo-osmotic (MCA1, MSL2, and MSL3), and
hyperosmotic stresses [ARABIDOPSIS HISTIDINE KINASE1 (AHK1),
AHK2, AHK3, and AHK4] were involved in CWI maintenance (17).
We used plants harboring mutations in these genes and also included
the1-4 mutants in this analysis because the1-4 has been described as a
gain-of-function allele that affects the cellular response to the inhibition of cellulose biosynthesis (20, 60). This allowed us to test whether
any stimulus perceived by THE1 was also sensitive to osmoticum and
to place osmosensitive responses upstream or downstream of THE1-
mediated signaling. We treated mutant seedlings with ISX, sorbitol, or
a combination of ISX plus sorbitol and measured JA accumulation
in whole seedlings and lignification at the root tip (fig. S7, A and B).
JA and lignin were selected for this analysis because they enabled us to
assess two qualitatively different responses (phytohormone production
and cell wall metabolism). For these experiments, we used only ISX
because the analysis above had shown that JA accumulation and lignin
production are activated similarly by ISX and Driselase in an osmosensitive manner. Only mca1 and msl2 msl3 seedlings exhibited
reduced JA accumulation upon ISX treatment compared to the correMechanical and hypo-osmotic stress sensors mediate certain sponding wild-type (Col-0 or Ws-2) controls (fig. S7A). ISX induced
CWD responses
lignin deposition in all mutants and wild-type plants that were tested,
The phenotypic data suggested that osmosensitive processes are an but cotreatment with sorbitol reduced ISX-induced lignin accumuimportant element of the mechanism mediating CWD responses. lation (fig. S7B). Lignin deposition was reduced in mca1 and enhanced
Therefore, we investigated whether genes implicated in the percep- in msl4/5/6/9/10 (plants in which MSL4, MSL5, MSL6, MSL9, and
MSL10 were all mutated), ahk1, and ahk2
ahk3 seedlings compared to the correA
D
sponding controls (Fig. 2A). These re*
*
*
*
sults confirm the requirement of MCA1
2
*
–3 0 +3
for ISX-induced JA and lignin accumuthe1-4
*
*
* *
*
Log2
1
lation (23) and indicate that MSL2 MSL3
cvy1
*
*
herk2
are required for JA accumulation, whereas
*
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0
MSL4/5/6/9/10, AHK1, and AHK2 AHK3
herk1
B 6
*
only affect ISX-induced lignin producbkk1
4
bik1
* *
tion. In all genotypes examined (includ3
*
*
rlp44
*
* *
* *
ing the1-4), sorbitol cotreatments still
*
2
pepr2
reduced ISX-induced lignin and JA acpepr1
*
*
1
* * *
*
WAK2cTAP
cumulation. This suggests that the effects
*
fei1
0
of the sorbitol treatment could be due
Wild type
C
*
to turgor equilibration, illustrated by the
msl4/5/6/9/10
3
shape changes in ISX-treated root epiahk2 ahk3
*
*
* *
ahk1
2
dermal cells [fig. S1A and previously re*
*
ahk4
ported in (61)], and would therefore not
* * *
1
eru
*
*
*
require any of the sensors tested (62).
*
wak2
0
msl2 msl3
Turgor manipulation affects all the phethe1-1
notypic effects of CWD that we examined,
mik2
whereas supernatants from seedlings that
mca1
fei2
Ion
had previously experienced CWD did not
CrRLK1Ls
AHKs channels
RLKs
ixr1-1
induce phytohormone production, the
Fig. 2. Phenotypic clustering identifies groups of genes involved in CWD responses. Quantification of (A) root tip
most sensitive readout of the response to
lignification, (B) JA, and (C) SA in the indicated mutant seedlings after treatment with ISX. Values represent means with
CWD. This suggests that turgor-sensitive,
error bars indicating SD and are expressed relative to the appropriate wild-type control (Col-0 or Ws-2, depending on the
nonsecreted stimuli may activate CWD
genetic background of the mutant strain) from a representative experiment (dashed line). n ≥ 10 (A) and n = 4 (B and C);
responses. The substantial accumulation
asterisks indicate statistically significant differences between the mutant and wild type (Student’s t test, *P < 0.05).
of JA we observed in the1-4 seedlings
Mutant lines are organized in functional groups (RLKs, CrRLK1Ls, AHKs, and Ion channels), and individual genotypes are
supports the hypothesis that the plasma
described in detail in table S2. (D) Hierarchical clustering of mutant phenotypes assigning functions in CWI maintenance
membrane–localized RLK THE1 is into candidate genes based on their responses to ISX. Mutant phenotype data from (A) to (C) and fig. S9F [root growth
volved in perception of these turgor-
inhibition (RGI)] were normalized to wild-type controls and log2-transformed before average linkage clustering. Blue
sensitive stimuli. This suggests that the
color indicates reduced ISX responses, and red color indicates increased ISX responses compared to wild type.
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that particular types of CWD may induce distinct phytohormone
responses.
It is conceivable that a factor that is released or secreted from
cells upon ISX or Driselase treatment is responsible for activation of
the CWD responses observed. To test this hypothesis, we measured
JA and SA accumulation in (i) ixr1-1 seedlings that had been incubated with supernatants from Col-0 seedlings pretreated with ISX
for 12 or 24 hours and (ii) Col-0 seedlings incubated with boiled
supernatants from Col-0 seedlings pretreated with Driselase for 12
or 24 hours (fig. S6, A and B). JA accumulation was barely above the
detection limit in the seedlings treated with the different supernatants
(fig. S6C). With respect to SA accumulation, only minor changes
were detected compared to mock-treated samples (fig. S6D). These
results suggested that ISX and Driselase treatments do not cause the
release of a factor into the medium that is capable of inducing JA
and SA accumulation. Together, the osmosensitivity and similarities
in seedling responses to different types of CWD (enzymatic versus
ISX) suggest that different causes of CWD may stimulate cells similarly (or even in the same way), which, in turn, activates the same
cellular responses.

SCIENCE SIGNALING | RESEARCH ARTICLE
stimuli indicating compromised CWI may consist of cell wall–bound
epitopes that change conformation. Alternatively, mechanical distortion or displacement of the plasma membrane against the cell wall
upon CWD, similar to the processes activating the CWI maintenance
mechanism in S. cerevisiae, is conceivable as stimuli (51).
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THE1 is a key signaling element mediating
CWD- but not PAMP-induced responses
We performed a genetic analysis to establish whether THE1, MCA1, and
FEI2 are part of the same or different signaling cascade, using both a
THE1 loss-of-function (the1-1) and a gain-of-function (the1-4) allele.
We generated the mca1 fei2, the1-1 mca1, the1-1 fei2, the1-4 mca1,
and the1-4 fei2 double mutants and measured the accumulation of JA,
SA, and lignin in these mutant seedlings after mock and ISX treatments.
JA, SA, and lignin phenotypes in mca1 fei2, the1-1 mca1, and the1-1 fei2
seedlings were not additive, but fei2 was epistatic to mca1, and the1-1
was epistatic to both mca1 and fei2 (Fig. 3, A to C). Next, we compared
responses in the1-4 mca1 and the1-4 fei2 seedlings to the1-4 alone. JA
and SA accumulation in the double mutants was reduced compared to
the1-4 and similar to Col-0, whereas relative lignification was only reduced in the1-4 mca1 (Fig. 3, D to F). These results suggested that MCA1
and FEI2 are both required for hormone signaling downstream of THE1,
but only MCA1 is required for THE1-dependent lignification.
Phenotypic clustering and genetic analyses confirmed THE1 as a key
regulatory component in CWI maintenance in response to ISX treatment.
To determine whether THE1 was also required for Driselase-induced
CWD, we quantified JA and SA accumulation in the1-1 loss-of-function
and the1-4 gain-of-function seedlings treated with boiled or active
Driselase. SA content was slightly increased in the1-4 controls treated with
boiled Driselase compared to Col-0 seedlings, but JA content was similar
in all genotypes (Fig. 3, G and H). JA accumulation was reduced in the1-1
and enhanced in the1-4 seedlings upon treatment with active Driselase
compared to Col-0 seedlings (Fig. 3G). SA amounts were increased similarly in Col-0 and the1-4 seedlings compared to boiled Driselase controls
and even further increased in the1-1 (Fig. 3H). These results suggest that
a THE1-dependent mechanism controls JA accumulation in response
to both Driselase- and ISX-induced CWD but indicate that additional
factors control SA accumulation in Driselase-treated seedlings.
THE1 is critical for CWI signaling and also involved in pathogen
resistance (25). Therefore, it is conceivable that THE1 might also be
involved in PTI. We tested this by treating the1-1 and the1-4 seedlings with flg22 and measuring subsequently SA accumulation (fig.
S10). SA accumulated similarly in Col-0, the1-1, and the1-4 seedlings. In summary, these results suggest that THE1 acts upstream of
MCA1 and FEI2, is required for both ISX and Driselase-induced JA
production, but is not required for PTI, implying that THE1 is specifically involved in CWI signaling.
AtPEP1 and AtPEP3 repress CWD-induced
phytohormone production
To identify transcriptionally regulated elements of the CWI maintenance mechanism, Col-0 seedlings were mock- or ISX-treated and
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Phenotypic clustering identifies a core group of RLKs
and ion channels mediating CWI maintenance
Genes required for cell elongation, fertilization, and immunity have
been implicated in CWI maintenance (3, 10, 19, 63). To gain further
insight into the molecular mode of action of CWI maintenance and
to establish which of the candidate genes are required and assess
their relative importance in the process, we investigated knockout
or gain-of-function alleles for 15 RLKs and 1 RLP [THE1, CURVY 1
(CVY1), FER, HERCULES RECEPTOR KINASE 1 (HERK1), HERK2,
ERULUS (ERU), WAK2, FEI1, FEI2, MIK2, BAK1, BAK1-LIKE 1
(BKK1), PEPR1, PEPR2, BIK1, and RECEPTOR-LIKE PROTEIN 44
(RLP44)]. The specific alleles of each gene, including a T-DNA insertion allele of WAK2 that we designated as WAK2-12 (fig. S8, A to
C), are noted in the figures and summarized in table S2. We measured JA and SA accumulation in mock- and ISX-treated seedlings
of these genotypes, as well as in the osmosensing and mechanosensing ahk1, ahk2 and ahk3 (ahk2/3), mca1, msl2 and msl3 (msl2/3), and
msl4/5/6/9/10 mutants and in the ISX-resistant ixr1 mutant (Fig. 2, B
and C, and fig. S9, A to D). JA and SA accumulation was similar to
the corresponding wild-type controls in all mock-treated genotypes
with the exception of fer-5 seedlings, which already exhibited increased
JA and SA accumulation in the mock-treated samples, in line with the
multifunctional nature of FER (fig. S9, A to D) (9, 64). Moreover,
ISX-induced JA and SA accumulation was strongly increased in fer-5
compared to wild type, suggesting that FER is not essential for perception of ISX-induced CWD (fig. S9, B and D). We also investigated
root growth and ISX resistance, which could potentially distort the
analyses performed here, in each genotype and found no substantial
deviations from wild type, with the exception of bak1-5 seedlings
showing somewhat shorter roots than wild-type seedlings and irx1-1
seedlings being resistant to ISX, as expected. (fig. S9, E and F). We
quantified lignin deposition in the root tip area using an image
analysis–based approach to generate quantitative data that could be
normalized and used for subsequent hierarchical clustering (Fig. 2A).
The quantitative data for JA, SA, and lignin accumulation were integrated through hierarchical clustering to generate a global, standardized
overview, allowing assessment of both relative importance and functions of individual candidates in CWI maintenance (Fig. 2D). Data
for fer-5 were not included in the hierarchical clustering to avoid distortion during data integration due to the increased amounts of phytohormones in mock-treated seedlings (fig. S9, A and C). The results
showed that knockouts in five PTI signaling elements (BAK1, BKK1,
BIK1, PEPR1, and PEPR2) enhanced JA and SA accumulation in response to ISX treatment. Whereas the WAK2cTAP dominant-active
allele exhibited increased JA accumulation, wak2 seedlings showed
only a slight and statistically insignificant reduction in JA accumulation, which might be caused by redundancy within this gene family (8).
In parallel, fei2 and mik2 seedlings exhibited significant reductions in
the CWD responses examined, implicating (in the case of FEI2) or confirming [in the case of MIK2; (25)] their involvement in CWI maintenance. Seedlings in which the CrRLK1L family members CVY1, HERK1,
and HERK2 had been knocked out exhibited enhanced hormone responses, whereas eru seedlings were not strongly affected, and the1-1

seedlings exhibited reduced responses, implying functional divergence
within the CrRLK1L family. Loss of RLP44, which is involved in cell
wall–mediated activation of brassinosteroid signaling (63), did not
affect the responses analyzed, suggesting that RLP44 is not required
for responses to ISX-induced CWD. In summary, the hierarchical
clustering showed that among the genes we tested, MIK2, MCA1,
MSL2/3, FEI2, and THE1 are the most important ones for activation
of ISX-induced CWD responses. Several of these proteins have been
implicated in turgor perception and mechanoperception and are located in the plasma membrane or plastid envelope, both of which are
subcellular compartments that are particularly sensitive to changes in
turgor and mechanical stimuli (19, 65).
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pendent of THE1-mediated processes (Fig. 4C). AtPep1 enhances JA,
SA, and ethylene accumulation in response to wounding (66). To investigate whether AtPep1 also enhanced CWD responses, Col-0 seedlings were treated with different concentrations of AtPep1 alone or in
combination with ISX before JA, SA, and lignin accumulation were
measured. AtPep1 treatments alone did not induce JA and SA accumulation (Fig. 4, D and E). Seedlings cotreated with ISX and AtPep1
exhibited reductions in ISX-induced JA and SA accumulation in a
manner that depended on the concentration of AtPep1 (Fig. 4, D
and E). AtPep1 induced lignin deposition in Col-0 seedling roots in
a distinctly different pattern than ISX treatment did, whereas lignin
deposition seemed to be additive in cotreated root tips compared to
roots treated with either AtPep1 or ISX alone (fig. S11B).
To exclude indirect effects and determine whether the observed
effects on AtPep1 were mediated by the established AtPep1 receptors,
the experiments were repeated with Col-0, pepr1, pepr2, and pepr1
pepr2 seedlings. ISX-induced JA and SA accumulation was reduced in
pepr1 and pepr2 seedlings upon cotreatment with ISX and AtPep1,
similarly to the Col-0 seedlings (Fig. 4, F and G). However, this was not
the case in pepr1 pepr2 seedlings, in which cotreatment with AtPep1
did not counteract ISX-induced accumulation of JA and SA, suggesting that AtPep1 can inhibit ISX-induced phytohormone production
through either PEPR1 or PEPR2. Analysis of lignin deposition in seedlings treated with AtPep1, ISX, or both
b
A 1.4 b
D 3
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*
b
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1.2
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both mock- and ISX-treated samples, conFig. 3. THE1 functions upstream of MCA1 and FEI2 and promotes responses to different types of CWD. Quantisistent with the fusion protein being profication of (A) root tip lignification, (B) JA, and (C) SA after ISX treatment in wild-type (Col-0) and mutant seedlings
cessed after secretion into the apoplast
carrying the indicated loss-of-function mutations. Quantification of (D) root tip lignification, (E) JA, and (F) SA after
to release Venus alone (27 kDa) (Fig. 4K).
ISX treatment in Col-0 and mutant seedlings carrying the gain-of-function allele the1-4 or the1-4 in combination with
A band corresponding to the size of the
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37 kDa) was only detected in the
Letters a to e (A to F) indicate statistically significant differences between genotypes according to one-way ANOVA
preparation from ISX-treated seedlings.
and Tukey’s HSD test ( = 0.05). Asterisks (G and H) indicate statistically significant differences compared to the Col-0
Subjecting the proteins in these bands
control (Student’s t test, *P < 0.05; **P < 0.01; ***P < 0.001).
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analyzed by RNA sequencing (RNA-seq) using mock- or ISX-treated
ixr1-1 seedlings as controls. In Col-0 seedlings treated with ISX for
1 hour, 109 transcripts exhibited statistically significant differences
from mock-treated controls (data file S1). Although mock-treated
ixr1-1 seedlings exhibited differences compared to mock-treated Col-0
at the transcriptome level, none of the ISX-regulated transcripts in
Col-0 were differentially expressed in ISX-treated ixr1-1 seedlings
(data file S1). Gene Ontology (GO) enrichment analysis detected an
overrepresentation of genes implicated in phytohormone-dependent
stress responses in ISX-treated Col-0 seedlings (table S1). Among the
differentially expressed transcripts were PROPEP1, PROPEP2, PROPEP3,
and PROPEP4, which encode the precursors of the signaling peptides AtPep1 to AtPep4 (fig. S11A) (43). PEPR1 has been shown to
bind AtPep1 to AtPep4, whereas PEPR2 binds only AtPep1 and AtPep2
(43). This observation was intriguing given that pepr1 and pepr2 seedlings exhibit enhanced JA accumulation upon ISX treatment (Fig. 2B).
Gene expression analysis by qRT-PCR showed that PROPEP1 and
PROPEP3 expression were particularly strongly induced by ISX (Fig. 4A).
Time course expression analysis of PROPEP1 and PROPEP3 detected
increases in expression over time in ISX-treated seedlings, suggesting
that AtPep1 and AtPep3 might accumulate in response to ISX treatment
(Fig. 4B). Expression of PROPEP1 and PROPEP3 was still increased in
ISX-treated the1-1 seedlings, indicating that their induction was inde-
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to peptide mass fingerprinting by liquid chromatography–coupled
tandem mass spectrometry (LC-MS/MS) identified unique peptides
corresponding to PROPEP3 and the VENUS tag with high confidence
only in growth medium derived from ISX-treated seedlings (Fig. 4L
and data file S2). These results suggest that PROPEP3 is secreted from
seedlings in response to ISX treatment.
Together, our data suggest that CWD induces the production of
AtPep1 and AtPep3 through a mechanism that is independent of THE1
and seems to be regulated at the transcriptional level through controlled expression of PROPEP1 and PROPEP3. The AtPep1 and AtPep3
signaling process via PEPR1 and PEPR2 is redundantly organized because only pepr1 pepr2 seedlings are unresponsive to AtPep1 treatment.
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Fig. 4. ISX induces PROPEP expression, and AtPep1 and AtPep3 repress responses to CWD. (A) Relative PROPEP1, PROPEP2, PROPEP3, and PROPEP4 expression determined by qRT-PCR in Col-0 seedlings treated with DMSO (mock) or ISX for 1 hour. (B) PROPEP1 and PROPEP3 expression in Col-0 seedlings at the indicated time points.
(C) PROPEP1 and PROPEP3 expression in Col-0 and the1-1 seedlings after 1 hour of mock or ISX treatment. Quantification of (D) JA and (E) SA in Col-0 seedlings after
cotreatment with either mock conditions or ISX plus 0, 1, 10, or 100 nM AtPep1. Quantification of (F) JA and (G) SA in Col-0, pepr1, pepr2, and pepr1 pepr2 seedlings after
cotreatment with either mock conditions or ISX plus 10 nM AtPep1. (H) Root tip lignification in Col-0, pepr1, pepr2, and pepr1 pepr2 seedlings after cotreatment with either
mock conditions or ISX plus 10 nM AtPep1 was visualized by phloroglucinol staining. Scale bar, 200 m. Quantification of (I) JA and (J) SA in Col-0 seedlings after cotreatment with either mock conditions or ISX plus 0 or 10 nM AtPep3. All values represent means with error bars indicating SD. n = 3 (A to C, I, and J), n = 4 (D to G), and n ≥ 5 (H).
Asterisks (A to C) indicate statistically significant differences compared to mock-treated controls (Student’s t test, *P < 0.05). Letters a to e (D to J) indicate statistically
significant differences between treatments of each genotype according to one-way ANOVA and Tukey’s HSD test ( = 0.05). (K) Seedlings expressing PROPEP3-Venus
were mock- or ISX-treated for 24 hours. Proteins in the growth medium were immunoprecipitated, separated by SDS–polyacrylamide gel electrophoresis (PAGE), and
stained with silver nitrate. The expected mass of PROPEP3-Venus is 37 kDa, and the expected mass of Venus alone is 27 kDa. n = 2. (L) Numbers of unique PROPEP3-Venus
peptides after trypsin digest identified by LC-MS/MS from silver-stained bands at around 25 and 37 kDa. FDR, false discovery rate.
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AtPep1 and AtPep3 seem to act as inhibitors of phytohormone accumulation in response to CWD, whereas they have been previously
described exclusively as enhancers of PTI responses. These results
suggest that the specific activities of AtPep1 and AtPep3 are context-
dependent.
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osmotic, mechanical, or CWD (9, 19, 65, 69). This provides further
support that the initial stimulus, indicating that CWD has occurred,
could be physical (mechanical). Together, these observations suggest
that CWD could result in distortion or displacement of the plasma
membrane relative to the cell wall possibly caused by changes in the
surface tension of the wall itself due to weakening of the load-bearing
cellulose framework. These changes, in turn, could be detected by the
CWI maintenance mechanism and lead to the observed responses.
CWD in vivo is often caused by developmental processes, such as
cell elongation, abiotic stressors (such as drought or cold temperature),
or a pathogen breaking down the cell wall as part of the infection process (7, 70). Each of these different sources of CWD requires specialized, adaptive responses. The data presented here suggest that CWI
and PTI signaling may coordinately contribute to these adaptive responses. If plants experience CWD, initially both CWI and AtPep-
dependent PTI signaling seem to be activated independently (Fig. 5A).
Induction of PROPEP1 and PROPEP3 expression leads to the release of PROPEPs, which are probably processed in the apoplast to
generate AtPeps that are perceived by the receptors PEPR1 and PEPR2
and contribute to increased PTI responses (Fig. 5A, red elements).
In parallel, CWD is perceived separately through the CWI maintenance mechanism, which enables plant cells apparently to detect
mechanical- or osmotic-induced physical damage to their cell walls
or the consequences thereof (Fig. 5A, blue elements). If CWD is derived from developmental processes or abiotic stress, activation of
the PROPEPs might not be further enhanced because PAMPs are
absent, and the responses would consequently be mainly mediated by
the CWI mechanism. If CWD is derived from a cell wall–degrading
pathogen, PROPEP activation would be enhanced by the simultaneous presence of PAMPs (Fig. 5A). This leads, on the one hand, to
increased activation of PTI-controlled, targeted defense responses and,
on the other hand, to active repression of CWI-controlled responses
through PEPR1 and PEPR2. If PTI is impaired—or if PEPR1 and
PEPR2 are inactive—activation of the tailored defense responses is
not enhanced, but the CWI-controlled responses are not repressed
(Fig. 5B). This means that basal defense
Cell wall damage
Cell wall damage
A
B
responses (exemplified here by JA and SA
accumulation) controlled by the CWI
Other stimuli
Other stimuli
(pathogen elicitors,
(pathogen elicitors,
maintenance mechanism are enhanced
THE1
THE1
hormones, )
hormones, )
PEPR1/2
PEPR1/2
?
?
to compensate for a reduction of PTI-
MCA1 and FEI2
MCA1 and FEI2
controlled responses.
To summarize, the results presented
PROPEP1/3
PROPEP1/3
here suggest that PTI and the CWI maintenance mechanism both “detect” CWD
in plant cells in different ways and modulate responses in an adaptive manner.
Coordination between PTI and CWI
Cell wall integrity
Cell wall integrity Pattern-triggered
maintenance
maintenance
immunity
maintenance signaling is apparently mediated by AtPep1 and AtPep3, which funcStress responses
Stress responses
tion in this context as repressors, not
Fig. 5. Model of stress response integration through CWI and PTI signaling. (A) Responses to CWD caused by
enhancers, of CWI signaling. The effects
inhibition of cellulose biosynthesis (ISX) or enzymatic cell wall degradation (Driselase) in Arabidopsis depend on the
observed in the pepr1 pepr2 double-mutant
RLK THE1. THE1 acts upstream of the ion channel MCA1 and the RLK FEI2 to stimulate the CWI maintenance system.
seedlings suggest that the CWI mainteIndependently, through an unknown mechanism, ISX treatment induces the expression of PROPEP1 and PROPEP3
nance mechanism acts as backup system
(PROPEP1/3) and secretion of PROPEP3. Processing of PROPEP1 and PROPEP3 generates the host defense peptides AtPep1
for activating basal defenses in case PTI
and AtPep3 (AtPep1/3), which are DAMPs that are also induced by pathogen elicitors during PTI. AtPep1/3 repress
and activation of the regular defense reISX-induced hormone accumulation through the AtPep receptors PEPR1 and PEPR2, suggesting an AtPep-dependent
negative feedback mechanism. AtPep signaling also induces a positive feedback loop that enhances PTI. (B) If PTI- sponses are impaired. Because homologs
of THE1, MCA1, and WAK2 have been
mediated induction of AtPeps or AtPep signaling is impaired, suppression of CWI signaling is alleviated, and the CWI
identified in both monocotyledonous and
maintenance pathway contributes to stress response induction to a greater extent than does PTI.
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molecular components, most of which are involved in the perception
of mechanical or hypo-osmotic stress, that mediate both local (deposition of lignin) and systemic (phytohormone accumulation) responses
to CWD. Simultaneously, we observed that loss of PTI signaling elements, such as BAK1, BIK1, BKK1, PEPR1, and PEPR2, enhanced
the responses to CWD. We showed that THE1, MCA1, and FEI2
belong to the same signaling cascade and that THE1 was involved in
mediating responses to both Driselase and ISX-induced CWD but
not PTI-associated SA accumulation. We found that CWD induced
PROPEP1 and PROPEP3 expression in a THE1-independent manner
and that a PROPEP3-VENUS fusion protein is released into the growth
medium from seedlings in response to ISX treatment. Application
of AtPep1 and AtPep3 repressed CWD-induced JA and SA accumulation in a concentration-dependent manner, and repression by AtPep1
depended on the activity of PEPR1 and PEPR2. These results provide
insights into the early events during CWD perception and the mechanisms regulating the cellular and systemic responses.
ISX and Driselase treatments resulted in similar responses in seedlings. Experiments with the individual cell wall–degrading enzymes
found in Driselase and combinations thereof showed that pectinase
and cellulase together caused overall the greatest JA accumulation,
whereas SA amounts were lower than in seedlings treated with pectin
ase alone. Pectinase may increase the accessibility of cellulose to
cellulase, thus facilitating the breakdown of this load-bearing cell
wall component and perhaps explaining the similarities in the observed responses to ISX, Driselase, and combined pectinase plus cellulase treatments. Sorbitol cotreatments dampened all the responses to
both enzyme- and ISX-induced CWD, suggesting that CWD responses
are induced by a stimulus that is sensitive to turgor pressure. Treatments with supernatants derived from seedlings exposed to ISX or
Driselase induced neither JA nor SA accumulation in a manner similar to Driselase and ISX treatments, suggesting that the stimulus activating the CWD responses is not mobile. All the genes that we identified
through phenotypic clustering as being required for responses to CWD
have been implicated in signal transduction or the perception of hypo-
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dicotyledonous plants as well as in more ancient species, the CWI
maintenance mechanism—and potentially its interactions with PTI-
based defense responses—may be conserved throughout the plant
kingdom (28–30).
MATERIALS AND METHODS

Reagents
All chemicals and enzymes were purchased from Sigma-Aldrich unless stated otherwise.

Confocal laser scanning microscopy
WAVE 131Y (52) seedlings used to investigate structural changes in
root and cotyledon cells after CWD were placed on microscopy slides,
covered with the same medium used for the treatment, and imaged
with a Leica SP8 confocal laser scanning microscope. Four Z-stacks
were taken for each of the conditions analyzed using HC PL APO
10×/0.40 DRY objective [excitation, 514 nm; BA (barrier filter), 525
to 535], 0.7–airy unit pinhole, and 700-V gain. Z-stacks were transformed in two-dimensional images by using the maximum intensity
projections (0, threshold) function on LAS X software. To highlight
the cell outlines, Z-projection images were transformed in grayscale
using GIMP v2.8.22 and presented as insets.
Phytohormone analysis
The JA and SA contents of seedlings were analyzed as described in
(71), with minor modifications. Seedlings were sampled at 7 hours
after treatment, flash-frozen in liquid nitrogen, and freeze-dried for
Engelsdorf et al., Sci. Signal. 11, eaao3070 (2018)
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Callose analysis
Seedlings were sampled 24 hours after treatment and placed in 70%
(v/v) ethanol. For callose staining, samples were incubated in 0.07 M
sodium phosphate buffer (pH 9) for 30 min and in 0.005% (w/v)
aniline blue [in 0.07 M sodium phosphate buffer (pH 9)] for 60 min.
Samples were washed with water, mounted in 50% (v/v) glycerol,
and analyzed on a Nikon Eclipse E800 microscope using a UV-2A
filter (excitation, 330 to 380 nm; dichroic mirror, 400 nm; BA, 420 nm).
Images were taken at ×10 magnification, and callose depositions were
quantified using ImageJ software.
Lignin analysis
Lignification was investigated 12 hours (root tips) and 24 hours
(cotyledons) after the start of treatments. Lignin was detected with
phloroglucinol-HCl as described (23). Seedlings were photographed
using a Zeiss Axio Zoom.V16 stereomicroscope. To assess the extent of lignin production in root tips, phloroglucinol-stained areas
and the total root area imaged were quantified using ImageJ (the same
root length was maintained in all images taken). The relative lignified
area was plotted as fold change compared to wild-type root tips.
Cell death analysis
Seedlings were sampled after 24 hours of treatment and incubated
in trypan blue staining solution (0.025% trypan blue, 25% phenol,
dissolved in equal volumes of lactic acid, glycerol, and water) for
6 hours at room temperature. Samples were destained in chloral hydrate overnight and transferred into 60% glycerol before microscopy.
Images of the cotyledons were obtained with a Zeiss Axio Zoom.V16
stereomicroscope. The percentages of trypan blue–stained areas were
quantified from cotyledons using ImageJ color thresholding.
Root growth measurements
Absolute root lengths were measured immediately before ISX treatment (0 hours) to examine root growth phenotypes and 24 hours
after start of treatment to determine ISX-dependent RGI. For calculation of %RGI, the following formula was applied: [1 − (ISX
24 hours − ISX 0 hours)/(mock 24 hours − mock 0 hours)]*100.
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Plant growth and treatments
Wild-type and mutant A. thaliana strains used in this study were
ordered from the Nottingham Arabidopsis Stock Centre (http://
arabidopsis.info/) or obtained directly from the laboratories previously
publishing them. Detailed information is listed in table S2. Seedlings
were grown in liquid culture as described (23) with minor modifications. Thirty milligrams of seeds was sterilized by sequential incubation with 70% ethanol and 50% bleach on a rotating mixer for 10 min
each and washed three times with sterile water. Seeds were then
transferred into 250-ml Erlenmeyer flasks containing 125-ml halfstrength Murashige and Skoog growth medium [Murashige and
Skoog Basal Medium (2.1 g/liter), MES salt (0.5 g/liter), and 1% sucrose at pH 5.7]. Seedlings were grown under long-day conditions
(16-hour light, 22°C and 8-hour dark, 18°C) at a photon flux density
of 150 mol m−2 s−1 on a IKA KS 501 flask shaker at a constant
speed of 130 rpm.
For all experiments, seedlings were grown for 6 days before treatment. The following products were used for treatments at the indicated
final concentrations throughout the paper, unless stated otherwise:
ISX (600 nM; DMSO), mock (DMSO), Driselase (0.03%, w/v; D8037,
Sigma-Aldrich), cellulase (0.09%, w/v; C8001, Duchefa), pectinase
(0.09%, w/v; 17389, Sigma-Aldrich), xylanase (0.09%, w/v; X2753,
Sigma-Aldrich), and sorbitol (300 mM). For heat inactivation, enzymes
were boiled for 10 min. Supernatants from treated Col-0 cultures were
incubated with ixr1-1 seedlings (DMSO, ISX, and ISX + S) or boiled
for 10 min and incubated with Col-0 seedlings (DMSO + S, bDri,
bDri + S, Dri, and Dri + S). AtPep1 (ATKVKAKQRGKEKVSSGRPGQHN), AtPep3 (EIKARGKNKTKPTPSSGKGGKHN), and flg22
(QRLSTGSRINSAKDDAAGLQIA) peptides were obtained from
Peptron and dissolved in sterile water.

24 hours. Aliquots each containing 6 to 7 mg of freeze-dried seedlings were ground with 5-mm stainless steel beads in a Qiagen
TissueLyser II for 2 min at 25 Hz. Shaking was repeated after the
addition of 400-l extraction buffer (10% methanol and 1% acetic
acid) with internal standards (10 ng of jasmonic-d5 acid and 28 ng
of salicylic-d4 acid; CDN Isotopes) before samples were incubated
on ice for 30 min and centrifuged for 10 min at 16,000g and 4°C.
Supernatants were transferred into fresh tubes, and the pellets were
reextracted with 400-l extraction buffer without internal standards.
Supernatants were combined and centrifuged three times to remove
all debris before LC-MS/MS analysis. An extraction control not
containing plant material was treated equally to the plant samples.
Chromatographic separation was carried out on a Shimadzu UFLC
XR, equipped with a Waters Cortecs C18 column (2.7 m; 2.1 × 100 mm).
The solvent gradient [acetonitrile (ACN)/water with 0.1 % formic
acid each] was adapted to a total run time of 7 min: 0 to 4 min, 20 to
95% ACN; 4 to 5 min, 95% ACN; 5 to 7 min, 95 to 20% ACN; flow
rate, 0.4 ml/min. For hormone identification and quantification, an
AB SCIEX Triple Quad 5500 system was used. Mass transitions
were as follows: JA 209 > 59, D5-JA 214 > 62, SA 137 > 93, D4-SA
141 > 97.
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Hierarchical cluster analysis
Hierarchical clustering of ISX-dependent phenotypes was performed with Cluster 3.0 using the C Clustering Library v1.52 (72).
All data from mutant seedlings were normalized to their corresponding wild-type control. Log2-transformed data were then used
for average linkage clustering with an uncentered correlation similarity metric. Results were depicted using Java TreeView v1.1.6r4
and color-coded blue (less than in wild type) or red (more than in
wild type) (73).

Quantitative reverse transcription polymerase
chain reaction
Total RNA was isolated using a Spectrum Plant Total RNA kit (Sigma-
Aldrich). Two micrograms of total RNA was treated with RQ1 RNase-
Free DNase (Promega) and processed with the ImProm-II Reverse
Transcription System (Promega) for complementary DNA (cDNA)
synthesis. qRT-PCR was performed using a LightCycler 480 SYBR
Green I Master (Roche) and primers (table S3) diluted according to
the manufacturer’s specifications. Four different reference genes (PP2A,
ACT2, UBA1, and GRF2) were examined to identify one exhibiting
stable expression during ISX treatment. ACT2 was the most stable
and used in all experiments as a reference.
RNA-seq analysis
Total RNA was extracted using a Spectrum Plant Total RNA kit (Sigma-
Aldrich). RNA concentration was measured using a Qubit RNA HS
Assay kit (Thermo Fisher Scientific), and the integrity of the RNA
was assessed using an Agilent RNA 6000 Pico kit. RNA-seq libraries
were prepared using a TruSeq Stranded mRNA kit (Illumina) according to the manufacturer’s instructions. Total RNA (500 ng) was
used as starting material.
First, index barcodes were ligated for identification of individual
samples. mRNA purification, fragmentation, and cDNA synthesis
were performed as described in (74). Exonuclease/polymerase was
used to produce blunted overhangs. Illumina SR adapter oligonucleotides were ligated to the cDNA after 3′ end adenylation. DNA
fragments were enriched by 15 cycles of PCR. The libraries were purified using the AMPure XP (Beckman Coulter), quantitated by qPCR
using a KAPA Library Quantification kit (Kapa Biosystems), and
validated using an Agilent High Sensitivity DNA kit on a Bioanalyzer.
The size range of the DNA fragments was measured to be in the range
of 200 to 700 base pairs (bp) and peaked around 296 bp. Libraries
were normalized and pooled to 2.2 pM and subjected to clustering
Engelsdorf et al., Sci. Signal. 11, eaao3070 (2018)
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Extracellular PROPEP3-Venus assay and peptide
mass fingerprinting
Seedlings stably expressing pPROPEP3::PROPEP3-Venus were grown
for 6 days before mock and ISX treatments (68). After 24 hours, the
growth medium was filtered through sterile Miracloth and pH-
adjusted to 7.5 with KOH. The number of seedlings per treatment
was counted. Protease inhibitor cocktail (P9599, Sigma-Aldrich) and
phosphatase inhibitor cocktail 1 (P2850, Sigma-Aldrich) were added to
the medium. GFP-Trap agarose beads (ChromoTek) were equilibrated
according to the manufacturer’s instructions, and 50 l of bead slurry
was added to 2-ml medium. The suspension was tumbled end-over-end
for 2 hours at 4°C. Beads were recovered by centrifugation and washed
as described. Proteins were dissociated from beads by incubating for
10 min at 95°C in 2× Laemmli buffer, and supernatants were separated
via 10% acrylamide gel for SDS-PAGE. Proteins were visualized using a
Bio-Rad Silver Stain Plus kit according to the manufacturer’s instructions,
and the gel was imaged on a Bio-Rad ChemiDoc XRS+ System.
Gel bands were cut in smaller pieces (3 to 5 mm3) and were destained
by incubation for 2 min in 150-l ProteoSilver Destainer solution mix.
The gel pieces were washed with ultrapure water and then shrunk
with ACN. They were reduced with dithiothreitol at 56°C, alkylated by
iodoacetamide at room temperature in the dark, and—after being
washed and shrunk—digested by trypsin at 37°C overnight. Peptides
were collected, dried in a vacuum concentrator, and reconstituted in
0.1% formic acid.
LC-MS/MS analysis was performed on an EASY-nLC 1200 UPLC
system interfaced with a Q Exactive HF mass spectrometer via a
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Genotyping the WAK2 T-DNA insertion
Seeds were sown on a six-well plate and grown in 1/2 MS1 for 6 days.
Genomic DNA was extracted by grinding the plant material in a
2-ml Eppendorf tube with 5-mm stainless steel beads and 500 l of
extraction buffer [0.5 M NaCl, 50 mM EDTA, 0.1 M tris-HCl (pH 8.0)]
in a Qiagen TissueLyser II for 1 min at 25 Hz. The lysate was centrifuged, and 300 l of supernatant was combined with 300 l of isopropanol to precipitate the DNA. After centrifugation, the pellet was
washed with 70% ethanol and dissolved in 100 l of Milli-Q water.
One microliter of the isolated DNA was used for PCR using Taq
polymerase. The PCR program included an initial denaturation at
95°C for 2 min, followed by 30 cycles with 95°C for 30 s, 57°C for 30 s,
and 72°C for 1 min with final elongation at 72°C for 2 min. The PCR
products were run on 1% agarose gel containing GelRed dye and
imaged with a Syngene G:BOX imaging device.

on NextSeq 500 high-output flow cells. Finally, single-read sequencing
was performed for 75-bp read lengths on a NextSeq 500 instrument
(Illumina) according to the manufacturer’s instructions. Base calling
has been performed on the NS500 instrument by Illumina RTA v2.4.6.
FASTQ files were generated using bcl2fastq2 Conversion Software
v1.8.4. Each FASTQ file was subjected to quality control through
FastQC v11.1 before technical replicates were combined, and an average of 13.1 million reads was produced for each library. The reads
were then aligned to the A. thaliana genome (Ensembl v82) with
STAR v2.4.1 in two-pass mode. On average, 96.2% of the reads
aligned to the genome. The reads that aligned uniquely to the genome
were aggregated into gene counts with featureCounts v1.4.6 using
the genome annotations defined in Ensembl v82. Of the 32,000 genes
defined in the gene model, a total of 20,750 genes were left for analysis after filtering out genes with a CPM (counts per million) value
less than 1 in two or more samples.
The filtered gene count table was used as input to the Voom method
of the limma R package v3.26.9 for differential expression (75). The samples were normalized using the TMM (trimmed mean of M values normalization) method before a linear model was defined (76). Differential
expression between groups was tested by empirical Bayesian moderated
t tests, and P values were corrected for multiple testing by the Benjamini-
Hochberg FDR adjustment. Statistical significance of pairwise comparisons was determined using a Student’s t test. Genes with significantly
altered expression after 1 hour of ISX treatment (data file S1) were analyzed for GO enrichment using the PANTHER Overrepresentation
Test (release 15 July 2016) and the GO Ontology database (release
28 February 2017) on http://geneontology.org/. Results were filtered by
P < 0.05 after Bonferroni correction for multiple testing. Data generated
in the transcriptomics experiments are available under the following
Gene Expression Omnibus (GEO) submission ID: GSE109613.
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Statistical analysis
Statistical significance was assessed using either Student’s t test or
one-way ANOVA, followed by post hoc analysis with Tukey’s HSD test.
Statistical details of experiments are specified in the figure legends.
Statistically significant differences are indicated by *P < 0.05, **P <
0.01, and ***P < 0.001 for Student’s t test and different letters for
one-way ANOVA/Tukey’s HSD test at  = 0.05. All statistical analyses were performed in IBM SPSS Statistics v24.
SUPPLEMENTARY MATERIALS
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Fig. S1. Sorbitol modifies root responses to ISX and Driselase.
Fig. S2. Sorbitol modifies responses to ISX and Driselase in cotyledons.
Fig. S3. CWD-induced cell death and lignin and callose production are sensitive to turgor
manipulation.
Fig. S4. Sorbitol does not reduce OG- and flg22-induced defense responses.
Fig. S5. Individual cell wall–degrading enzymes have specific effects on JA and SA accumulation.
Fig. S6. Supernatants from damaged seedlings do not induce pronounced JA and SA
accumulation.
Fig. S7. ISX-induced CWD responses in osmosensing and mechanoperception mutants.
Fig. S8. Isolation of the wak2-12 allele.
Fig. S9. JA and SA accumulation, root growth, and ISX resistance phenotypes in mock-treated
mutant seedlings.
Fig. S10. THE1 is not required for flg22-induced SA accumulation.
Fig. S11. PROPEP1-7 expression in ISX-treated seedlings and effects of AtPep1 and AtPep3
treatments on lignin production.
Table S1. GO enrichment analysis of genes with ISX-dependent expression changes.
Table S2. Arabidopsis genotypes used in this study.
Table S3. Primers used in this study.
Data file S1. Transcriptomics data.
Data file S2. Peptide mass fingerprinting data.
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Nanospray Flex ion source. Peptides were injected onto an Acclaim
PepMap100 C18 trap column (75-m inside diameter, 2 cm long,
3 m, 100 Å) and further separated on an Acclaim PepMap100 C18
analytical column (75-m inside diameter, 50 cm long, 2 m, 100 Å)
using a 60-min gradient (40 min, 5 to 40% B; 7 min, 40 to 100% B;
13 min, 100% B; where B is 0.1% formic acid in CH3CN) at a flow of
250 nl/min. Peptides were analyzed in positive ion mode under data-
dependent acquisition using the following parameters: electrospray
voltage, 1.9 kV; HCD fragmentation with normalized collision energy,
28%. Each MS1 scan [200 to 2000 mass/charge ratio (m/z), profile]
was acquired at a resolution of 120,000 full width at half maximum
(FWHM) in the Orbitrap analyzer, followed by 15,000 FWHM MS2
scans (1.2 m/z isolation width, centroid) triggered for the 12 most
intense ions, with a 15-s dynamic exclusion. Charge exclusion was
set to unassigned, 1, and greater than 5.
Database search was performed in Proteome Discoverer 2.2 using
Sequest HT engine against the proteome of A. thaliana at UniProt
(UP000006548; 3 September 2017), the amino acid sequence for
PROPEP3-Venus, and a list of sequences of usual protein contaminants. The search allowed up to two missed cleavages, precursor mass
tolerance was 10 parts per million, and fragment mass tolerance was
0.02 Da. Carbamidomethyl (M +57.021 Da) was set as static modification, and up to four dynamic modifications per peptide were allowed.
Possible modifications were as follows: oxidation (H,M,W +15.995 Da)
and deamidation (N,Q +0.984 Da). Validation was performed at peptide spectrum match, peptide, and protein level with high confidence
set as 1% FDR, and medium confidence representing 5% FDR. The
mass spectrometry–derived proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the data set identifier PXD009153 (77).
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Responding to plant cell wall damage
When plant cell walls are damaged by mechanical or biochemical means, the cells initiate adaptive responses to
repair the walls and prevent infection. Whereas the cell wall integrity (CWI) maintenance mechanism monitors the status
of the cell wall and initiates adaptive cellular responses to damage, pattern-triggered immunity (PTI) induces both cellular
and systemic responses that limit infection. Engelsdorf et al. found that osmosensitive alterations in the mechanical
properties of the cell wall were important for inducing the adaptive responses to cell wall damage. The receptor-like
kinases THE1 and FEI2 and the ion channel MCA1 were required for stimulating CWI-dependent responses to damage.
Cell wall damage also induced the expression of host defense peptides that promoted PTI and dampened
CWI-dependent processes. The CWI mechanism still elicited damage responses even when PTI was impaired,
suggesting that it serves as a failsafe to protect plants even if the immune response is compromised.

