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Lignin-based barrier restricts pathogens to the
infection site and confers resistance in plants
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Abstract

Pathogenic bacteria invade plant tissues and proliferate in the
extracellular space. Plants have evolved the immune system to
recognize and limit the growth of pathogens. Despite substantial
progress in the study of plant immunity, the mechanism by which
plants limit pathogen growth remains unclear. Here, we show that
lignin accumulates in Arabidopsis leaves in response to incompati-
ble interactions with bacterial pathogens in a manner dependent
on Casparian strip membrane domain protein (CASP)-like proteins
(CASPLs). CASPs are known to be the organizers of the lignin-based
Casparian strip, which functions as a diffusion barrier in roots. The
spread of invading avirulent pathogens is prevented by spatial
restriction, which is disturbed by defects in lignin deposition. More-
over, the motility of pathogenic bacteria is negatively affected
by lignin accumulation. These results suggest that the lignin-
deposited structure functions as a physical barrier similar to
the Casparian strip, trapping pathogens and thereby terminating
their growth.
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Introduction

During the course of the evolutionary plant-pathogen arms race,
plants have developed multilayered defense mechanisms to detect
invading pathogens and stop their growth (Jones & Dangl, 2006).
Pattern-triggered immunity (PTI), which relies on the recognition
of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs), provides basal resistance in plants

(Zipfel & Felix, 2005; Boller & He, 2009; Zhang & Zhou, 2010).
Adapted pathogens have overcome PTI by secreting effectors, which
are recognized by plant resistance (R) proteins, leading to effector-
triggered immunity (ETI; Cui et al, 2015). ETI is often associated
with programmed cell death (PCD), called the hypersensitive
response (HR), which is readily induced at the infection site (Green-
berg et al, 1994; Chisholm et al, 2006; Dodds & Rathjen, 2010; Coll
et al, 2011). PTI and ETI responses overlap considerably, and they
include oxidative bursts, transcriptional reprogramming, and the
deposition of phenolic compounds such as lignin (Nicholson &
Hammerschmidt, 1992; Yu et al, 1998; Torres, 2010; Konig et al,
2014). Effector-triggered immunity is often regarded as a more
robust and prolonged PTI response.

Lignin is a major phenolic polymer that constitutes the secondary
cell wall in vascular plants (Vanholme et al, 2010). Lignin provides
strength and imperviousness to cell walls, thus enabling long-
distance water transport in vascular tissues (Barros et al, 2015). The
main building blocks of the lignin polymer are monolignols,
p-coumaryl, coniferyl, and sinapyl alcohol, giving rise to p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S) lignin units, respectively
(Boerjan et al, 2003; Ralph et al, 2004). Monolignols are synthe-
sized from phenylalanine via the phenylpropanoid pathway, which
involves numerous enzyme reactions (Whetten & Sederoff, 1995;
Bonawitz & Chapple, 2010). Knockout or knockdown mutations in
genes encoding monolignol biosynthetic enzymes result in defective
phenotypes, such as dwarfing and male sterility, implying that
lignin is critical for plant growth and development (Schilmiller et al,
2009; Huang et al, 2010; Bonawitz et al, 2014). After their synthe-
sis, monolignols are transported from the cytosol into the apoplast,
where they are oxidatively polymerized to lignin units by the
actions of laccases and peroxidases (Boerjan et al, 2003; Berthet
et al, 2011; Lee et al, 2013). Monolignol composition and lignin
content vary among plant species and tissues as well as during plant
development (Voxeur et al, 2015). Angiosperms contain mostly
G and S lignin, whereas gymnosperm lignin is predominantly
composed of G units with trace amounts of H units.
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In addition to its roles in growth and development, lignin
has been suggested to be a physical barrier against pathogens
(Nicholson & Hammerschmidt, 1992; Sattler & Funnell-Harris, 2013;
Malinovsky et al, 2014; Cesarino, 2019). Expression of lignin
biosynthetic genes and lignin levels increased upon pathogen infec-
tion (Bhuiyan et al, 2008; Miedes et al, 2014). Analyses of plants in
which monolignol biosynthetic genes were silenced or overex-
pressed have revealed that lignin formation is important for disease
resistance. Arabidopsis knockout mutants for phenylalanine ammo-
nia-lyase (PAL), caffeic acid O-methyltransferase (COMT), and
cinnamyl alcohol dehydrogenase (CAD) showed reduction in basal
resistance and/or effector-triggered resistance against a number of
microbial pathogens, including virulent and avirulent strains of the
hemibiotrophic bacterial pathogen Pseudomonas syringae, the
necrotrophic fungal pathogens Alternaria brassicicola and Botrytis
cinerea, and the biotrophic fungal pathogen Blumeria graminis
(Quentin et al, 2009; Huang et al, 2010; Tronchet et al, 2010).
In wheat, tobacco, and flax, suppression of PAL, caffeoyl-CoA
O-methyltransferase (CCoAOMT), COMT, and CAD increased
susceptibility to fungal pathogens (Maher et al, 1994; Wrébel-Kwiat-
kowska et al, 2007; Bhuiyan et al, 2008). In several contrasting
cases, disruption of monolignol biosynthesis led to increased resis-
tance to pathogens; however, this was correlated with changes in
phenylpropanoid metabolism and accumulation or decrease of
certain metabolites. Tobacco plants suppressed in OMT (COMT and
CCoAOMT) showed enhanced resistance to Agrobacterium tumefa-
ciens, which coincided with lower levels of vir inducers such as
acetosyringone (Maury et al, 2010). Alfalfa suppressed in hydrox-
ycinnamoyl CoA: shikimate hydroxycinnamoyl transferase (HCT)
exhibited constitutive defense responses and was less susceptible
to fungal infection, which resulted from increased production
of defense hormones (Gallego-Giraldo et al, 2011). Although
previous studies support a role of lignin in plant immunity, many
details remain unknown, for example, the temporal and spatial
patterns of lignin polymerization, and what, if any, other factors
are involved.

In this study, we report that lignin plays an essential regulatory
role in plant immunity. We demonstrate that lignin deposition read-
ily occurs during incompatible plant—pathogen interactions and this
process requires Casparian strip membrane domain protein (CASP)-
like proteins (CASPLs), CASPL1D1 and CASPL4D1. We show that
the spread of bacterial pathogens is unimpeded and disease resis-
tance is decreased by defects in lignin deposition, that is, by treat-
ment with a lignin biosynthesis inhibitor and by suppression of
CASPL1DI, CASPL4D1, and lignin biosynthetic genes. Based on our
results, we propose that lignin, together with CASPL proteins, forms
a mechanical barrier similar to the Casparian strip in root endoder-
mal cells and traps pathogens at the infection site, thereby confer-
ring disease resistance in plants.

Results
Lignification is important for plant innate immunity
In a recent study, lignification has been implicated in basal immu-

nity, and treatment with the bacterial PAMP flg22 markedly
increased lignin accumulation in Arabidopsis seedlings (Chezem
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et al, 2017). In this study, we further examined pathogen-induced
lignification by challenging Arabidopsis seedlings (12-day-old) and
adult plants (6-week-old) with virulent P. syringae pv. tomato (Pst)
DC3000, avirulent Pst DC3000 (AvrRpml) and Pst DC3000
(AvrRpt2), and the type III secretion-defective Pst DC3000 hrcC™
mutant that strongly activates the PTI response (Brooks et al, 2004).
Lignin deposition was monitored by phloroglucinol staining and
quantitatively measured by the acetyl bromide assay. In mock-
treated seedlings and leaves, staining was mostly seen in hypocotyls
and leaf veins, and this pattern little changed upon Pst DC3000 treat-
ment (Fig 1A). However, PTI-activating Pst DC3000 hrcC~ induced
uniform staining and increased lignin content in cotyledons and the
inoculated region of leaves, whereas ETI-activating Pst DC3000
(AvrRpm1) and Pst DC3000 (AvrRpt2) displayed this response to a
greater extent (Fig 1A-D). In adult plants, as an example, Pst
DC3000 marginally increased the lignin levels following inoculation
(I11% and 15% increase at 1 and 2 days post-inoculation (dpi),
respectively). Unlike virulent bacteria, both PTI- and ETI-activating
pathogens led to a large increase in lignin content over days, for
example, 22% and 51% increase at 1 and 2 dpi, respectively, for Pst
DC3000 hreC, and 56-66% and 78-110% increase at 1 and 2 dpi,
respectively, for Pst DC3000 (AvrRpm1) and Pst DC3000 (AvrRpt2)
(Fig 1B and D). These results suggest that lignification is a defense
response.

With the notion of AvrRpmi1/AvrRpt2-induced intense lignin
accumulation, we focused on lignification during the ETI response.
When treated with different titers of Pst DC3000 (AvrRpm1I), plants
accumulated lignin in a titer-dependent manner (Fig 1E). We further
determined lignin formation in rpm1-3 rps2-101c mutant lacking the
respective R genes, RPM1 and RPS2 (Mindrinos et al, 1994). Aviru-
lent pathogen-induced lignification was abolished in rpmI-3 rps2-
101c mutant (Fig 1F), verifying that it is an R gene-mediated ETI
response.

Lignin enhances disease resistance and prevents the spread
of HR PCD

Phenylalanine ammonia-lyase catalyzes the conversion of pheny-
lalanine to cinnamic acid, the first committed step in lignin
biosynthesis or the phenylpropanoid pathway, and Arabidopsis
has four PAL genes (PALI-4) (Huang et al, 2010). The pall/2/3/4
quadruple knockout mutant (hereafter designated as palQ; Huang
et al, 2010) was used to investigate the role of lignification
in plant immunity (Fig 2A). The importance of lignification
in immune responses was additionally evaluated by treating
plants with piperonylic acid (PA; Schalk et al, 1998; Lee et al,
2013), a monolignol biosynthesis inhibitor inactivating cinnamate
4-hydroxylase (C4H), and coniferyl alcohol (CA), the monolignol
giving rise to G lignin (Fig 2A). Disease resistance has been
attributed mainly to G lignin in Arabidopsis (Miedes et al, 2014;
Chezem et al, 2017).

Upon challenging with Pst DC3000 (AvrRpmlI), palQ plants
showed significantly lower lignin deposition than wild-type plants
(Fig 2B). Disease resistance was concomitantly decreased in palQ
plants (Fig 2C). It was noted that HR PCD gradually spread across
the entire infected leaves of palQ plants, whereas it was restricted to
the infection site in wild-type leaves (Fig 2D and E). PA-treated
wild-type plants also accumulated less lignin and had the same
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Figure 1. Lignification is an innate immune response.
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A Phloroglucinol staining of wild-type seedlings inoculated with PTI-inducing Pst DC3000 hrcC™, virulent Pst DC3000, and avirulent Pst DC3000 (AurRpm1) and Pst

DC3000 (AurRpt2).

@

Phloroglucinol staining of wild-type adult leaves inoculated with PTl-inducing Pst DC3000 hrcC™, virulent Pst DC3000, and avirulent Pst DC3000 (AurRpm1) and Pst

DC3000 (AurRpt2). The upper images are enlarged ones of the lower boxes at 2 dpi. Scale bars, 100 pm.
Quantification of lignin content in pathogen-treated seedlings as in (A). Data are shown as means + SD (n = 4; 20-30 seedlings each).

Quantification of lignin content in wild-type leaves treated with different titers of Pst DC3000 (AurRpm1). Data are shown as means + SD (n = 4; 3-9 leaves each).

C
D Quantification of lignin content in pathogen-treated wild-type leaves as in (B). Data are shown as means + SD (n = 4; 3-9 leaves each).
E
F

Quantification of lignin content in wild-type and rpm1-3 rps2-101c leaves treated with avirulent bacteria. Data are shown as means £ SD (n = 4; 3-9 leaves each).

Data information: Twelve-day-old seedlings were flood-inoculated with P. syringae at 108 cfu/ml in (A, C). Six-week-old leaves were syringe-infiltrated with P. syringae at
108 cfu/ml in (B, D, F) and at the indicated titers in (E). Significant differences are indicated by different letters (Tukey’s HSD test; P < 0.05) and by asterisks (t-test;

*P < 0.05; **P < 0.01; ***P < 0.001). Experiments were repeated three times with similar results. hrcC~, Pst DC3000 hrcC—; DC3000, Pst DC3000; AurRpm1, Pst DC3000
(AurRpm1); AurRpt2, Pst DC3000 (AurRpt2); dpi, days post-inoculation; IS, infected site; UIS, uninfected site.

defects in immune responses to pathogen challenge as palQ plants
(Fig 2B-E). The phenylpropanoid pathway leads to the production
of a number of phenolic compounds (Huang et al, 2010). There-
fore, to clarify the effects of lignin, we externally supplied leaves
with CA, which restored lignin deposition, disease resistance,
and localized HR cell death in palQ and PA-treated wild-type
plants (Fig 2B-E). These results suggest that lignification is

© 2019 The Authors

required for defense against bacterial pathogens and for restricting
HR cell death.

Salicylic acid (SA) is an essential defense hormone, and its
biosynthesis is partially PAL-dependent (Fig 2A). The bulk of SA is
reportedly synthesized via the shikimate pathway through the reac-
tion catalyzed by isochorismate synthase (ICS), also known as SA
induction-deficient 2 (SID2) in Arabidopsis (Wildermuth et al, 2001;
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Figure 2. Lignin enhances disease resistance and prevents the spread of HR PCD.

Simplified lignin biosynthetic pathway.

Cell death phenotypes of leaves inoculated with

Mmoo w >

(n = 5; 6 leaves each).

Pst DC3000 (AurRpm).

Quantification of leaves (n > 30) with spreading cell death as in (D).
Quantification of total and free SA in Col-0 and palQ leaves after the indicated treatments and pathogen infection. Data are shown as means + SD

Quantification of lignin content in palQ leaves after the indicated treatments and pathogen infection. Data are shown as means + SD (n = 4; 3-9 leaves each).
Measurements of Pst DC3000 (AurRpm1) growth. Data are shown as means + SD (n = 3).

Data information: Six-week-old leaves were inoculated with Pst DC3000 (AurRpm1) at 10° cfu/ml for growth assays and at 10® cfu/ml for other experiments. Different
letters indicate significant differences (Tukey’s HSD test; P < 0.05). Experiments were repeated three times with similar results. M, mock; PA, piperonylic acid; CA,

coniferyl alcohol; dpi, days post-inoculation.

Meétraux, 2002; Huang et al, 2010). We could not rule out the possi-
bility that the immune defects observed might be due to SA short-
age, and we therefore measured SA content to assess whether PAL
disruption and PA treatment affected SA accumulation. Total and
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free SA levels in palQ plants were still about 80% of wild-type levels
after infection with Pst DC3000 (AvrRpm1I) and were not influenced
by PA treatment (Fig 2F). In sid2 mutant, SA levels were only 2-3 %
of those in wild-type plants. These results demonstrate that the

© 2019 The Authors
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defective immune responses, that is, increased susceptibility and
uncontrolled HR cell death, in palQ and PA-treated wild-type plants,
were due to monolignol and lignin deficiency, but not due to SA
reduction. The possibility that PA and CA acted directly on bacteria
was also tested by treating P. syringae with these compounds in
media. The growth of bacteria was not influenced by treatments
with PA and CA, even at concentrations 1,000-fold higher than
those used in plants, indicating that PA and CA had no direct effect
on bacteria (Appendix Fig S1).

Lignin spatially restricts pathogens and limits their motility

Given the role for lignin as a physical barrier and in restricting HR
cell death, we reasoned that the spread of invading pathogens may
be additionally prevented by lignin deposition, thus enhancing
pathogen resistance. To test our hypothesis, we infiltrated wild-type
leaves with green fluorescent protein (GFP)-labeled Pst DC3000 and
Pst DC3000 (AvrRpt2) (Melotto et al, 2006) and observed their local-
ization. Whereas both virulent and avirulent bacteria colonized the
apoplast, bacterial colonies were detected in nearby uninfected sites
for Pst DC3000, but not for Pst DC3000 (AvrRpt2) (Fig 3A).

The infection behavior led to the speculation that spatial restric-
tion may disturb pathogen motility, especially as pathogens prolifer-
ate and fill the confined space. Thus, we assessed pathogen motility
using in vivo real-time imaging. Pst DC3000 was highly motile and
moved across the intercellular space (Movie EV1). In sharp contrast,
Pst DC3000 (AvrRpt2) appeared static and restricted in movement
(Movie EV2). This was evident from the observation that in the
merged time-lapse images of movies at 0, 15, and 30 s, Pst DC3000
did not show substantial overlap, whereas Pst DC3000 (AvrRpt2)
did (Fig 3B). However, when Pst DC3000 (AvrRpt2) motility was
monitored at an earlier time point when cell density was lower, the
bacteria were fairly active (Movie EV3), supporting our contention
that spatial limitation contributes at least partially to the decreased
motility. To check for this, Pst DC3000 and Pst DC3000 (AvrRpt2)
bacteria were extracted from inoculated plants over days, and their
movement in media was observed. Virulent and avirulent bacteria
that greatly differed in motility inside plants both exhibited consid-
erable motility in media (Movie EV4). These results demonstrate
that increased population density in the confined space negatively
affects mobility of Pst DC3000 (AvrRpt2) in plants.

Next, wild-type leaves were treated with PA and challenged with
Pst DC3000 (AvrRpt2). Compared to the mock control, PA pretreat-
ment enabled pathogens to vigorously move around and migrate to
the uninfected area (Fig 3C, Movie EV5). In lignin-deficient palQ
plants, invading Pst DC3000 (AvrRpt2) had high motility and spread-
ing activity, which were disturbed by CA treatment with its incipient
lignification (Fig 3C, Movies EV6 and EV7). Direct treatments of Pst
DC3000 (AvrRpt2) with PA and CA in media did not affect pathogen
motility (Movies EV8 and EV9). These results suggest that Pst
DC3000 (AvrRpt2) is spatially confined in the apoplast, and this is
primarily attributed to lignin during the ETI process.

Lignin deposits and encompasses pathogens in the
extracellular space

In a previous study, fluorescence-tagged monolignols that were
synthesized to visualize the lignin polymerization process were

© 2019 The Authors
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Figure 3. Lignin spatially restricts pathogens and limits their motility.

A Colonization patterns of GFP-Pst DC3000 and Pst DC3000 (AurRpt2) in
wild-type plants.

B Time-lapse images of GFP-Pst DC3000 and Pst DC3000 (AurRpt2) captured
at 0 (magenta), 15, (yellow), and 30 (green) s in Movies EV1 and EV2. Time
in seconds in the movies is shown at the top of images. Blue color was
used for chlorophyll autofluorescence.

C Colonization patterns of GFP-Pst DC3000 (AurRpt2) in wild-type and palQ
plants after PA and CA pretreatments.

Data information: Leaves were inoculated with GFP-labeled bacteria at

108 cfu/ml for 2 days. M, mock; PA, piperonylic acid; CA, coniferyl alcohol; IS,
infected site; UIS, uninfected site. White dash lines indicate the boundary
between IS and UIS. Scale bars, 100 pum (A, C), 10 pm (B).

successfully incorporated into lignin polymers (Tobimatsu et al,
2011, 2013). In the present study, nitrobenzofuran (NBD)-tagged CA

(CANBD) and dimethylaminocoumarin (DMAC)-tagged CA
(CADMAC) were used to monitor pathogen-induced lignin
The EMBO Journal ~ 38: €101948 | 2019 50f17
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formation. Following infiltration of an entire leaf with either CA and
CANBD or CA and CADMAC mixtures, one half of the leaf was inoc-
ulated with Pst DC3000 (AvrRpm1). CANBD green or CADMAC blue
fluorescence was detected solely in the pathogen-infiltrated, lignin-
deposited site, as indicated by phloroglucinol staining, but not in
the uninfected site of the inoculated leaf (Fig 4A). This indicates
that fluorescence-tagged CAs are compatible with pathogen-induced
lignin polymerization.

The time course of lignification was evaluated in cross-sections of
CA/CANBD-pretreated and Pst DC3000 (AvrRpmlI)-infiltrated leaf
tissues. The fluorescence signal of lignin was initially sporadic but
eventually expanded in the area of dead cells during the course of
pathogen infection (Fig 4B and C). Next, we examined how lignin is
spatially constructed against pathogens by infiltrating CA/CADMAC-
pretreated leaves with GFP-Pst DC3000 (AvrRpt2). Lignin polymeriza-
tion was induced near bacterial colonies at the infected site of the leaf
(Fig 4D). At the cellular level, only a few bacteria were initially
observed, and as the number of bacteria increased, the surrounding
cells experienced progressive lignification and simultaneous cell death
(Fig 4E). Lignification largely increased, and cell death and shrinkage
intensified at 48-h post-inoculation. As a result, the shrunken, lignified
cells encompassed pathogens, confining them in space. When the
infected leaf was chemically cleared, the wide, mesh-like lignin struc-
ture was revealed in a 3D image (Fig 4F, Movie EV10).

CASPL genes are induced in response to avirulent
bacterial treatment

A crucial question to address was whether lignin is associated with
a defined structure. A search for known barrier structures led to the
identification of the Casparian strip (CS), which functions as a diffu-
sion barrier and prevents the movement of water and solutes in the
root endodermis (Roppolo et al, 2011). Intriguingly, the CS is a
lignin-based structure and requires Casparian strip membrane
domain proteins (CASPs; CASP1 to CASP5) that mediate lignin
deposition and CS formation (Naseer et al, 2012). We postulated
that a CS-like structure (CSL) might be generated during the ETI
response, implying that proteins similar to CASPs would be
involved in CSL formation.

Evolutionary analysis of CASP genes revealed a large CASPL
family, composed of 34 CASP-like (CASPL) proteins in addition to
CASP1 to CASPS in Arabidopsis (Yang et al, 2015). Microarray data
available at Genevestigator (http://www.genevestigator.ethz.ch/)
indicated that, among CASP and CASPL genes, CASPLIDI1 and
CASPL4DI transcripts accumulate to high levels after challenging
with Pst DC3000 (AvrRpm1I) (Fig S5A). The expression of CASPLIDI
and CASPL4DI1 as well as CASPI1 to CASPS was evaluated in Pst
DC3000 (AvrRpm1I)-challenged wild-type plants. Consistently, the
transcript levels of CASPLIDI and CASPL4DI increased upon Pst
DC3000 (AvrRpm1I) inoculation (Appendix Fig S2). CASPI expres-
sion was slightly induced at 24-h post-inoculation (hpi), which dif-
fered from the Genevestigator data.

CASPL1D1 and CASPL4D1 are required for
pathogen-induced lignification

Based on the expression data, CASPLIDI and CASPL4D1 were
subjected to functional analysis, and knockout mutants caspl4di-1
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(SALK_201606) and caspl4di-2 (SALK_078525) were obtained
(Appendix Fig S3A-C). As no T-DNA insertion mutants were avail-
able for CASPL1DI1, CASPL1D1 knockdown lines (amiCASPLI1DI)
overexpressing artificial miRNAs were prepared (Appendix Fig
S3D). In addition, amiCASPL1DI1 caspl4dl double mutants were
generated by crossing amiCASPL1D1 (#7) with caspl4dl-1. In addi-
tion, caspl-1 (SAIL_265_HO05) (Roppolo et al, 2011) and, as a nega-
tive control, caspl5b3-1 (SALK_017299) mutants were included in
the analysis (Appendix Fig S3E-G).

AvrRpm1I-induced lignification was largely reduced in
amiCASPLID1 and caspl4dl plants but was not affected in
caspl-1 and casplSb3-1 plants (Fig 5B, Appendix Fig S4). In line
with the immune responses of palQ and PA-treated wild-type
plants, HR cell death spread beyond the infiltrated area in
amiCASPL1DI and caspl4dl plants (Fig 5C and D). The restricted
growth of Pst DC3000 (AvrRpml) and Pst DC3000 (AvrRpt2) in
wild-type plants was alleviated in amiCASPLIDI1 and caspl4dl
plants (Fig 5E and F). This was probably because bacteria lacked
nutrients over time due to spatial limitation in wild-type plants,
whereas they were capable of obtaining nutrients from the
surroundings in amiCASPLIDI and caspl4dl plants. Lignin depo-
sition was reduced even further in amiCASPLIDI1 caspl4dl
double mutants, but not completely abolished, suggesting the
involvement of other factors besides CASPL1ID1 and CASPL4D1
(Fig 5B). The spread of HR cell death and avirulent bacterial
growth were also more increased in amiCASPLIDI caspl4dl
plants (Fig 5C-E). GFP-labeled Pst DC3000 (AvrRpt2) bacteria
spread over the infection site and were vigorously motile in
amiCASPL1DI and casplddl leaves (Fig SF, Movies EV11 and
EV12). None of these defects in immune responses were rescued
by CA pretreatment (Fig EV1, Movies EV13 and EV14). These
results together suggest that CASPL1D1 and CASPL4D1 are
required for pathogen-induced lignin formation and ETI, and act
in a cooperative manner. CASPLID1 and CASPL4DI are phyloge-
netically distant, supporting their non-redundant functions
(Appendix Fig S5).

In Chezem et al (2017), lignin biosynthetic mutants were more
susceptible to virulent Pst DC3000 than wild-type plants, which
suggested that lignification contributes to basal immunity. Here, we
asked whether CASPL1D1 and CASPL4D1 function in PTI-associated
lignification and basal immunity. Upon Pst DC3000 hrcC inocula-
tion, lignin accumulation decreased in palQ and amiRCASPLI1DI1/
caspl4dl lines (Fig EV2A), indicating that CASPL1D1 and
CASPLA4DI1 are required for lignification during PTI responses. At
the same time, palQ and amiRCASPLI1DI/caspl4dl lines showed
increased susceptibility to Pst DC3000 (Fig EV2B). These results
suggest that CASPL1D1 and CASPL4D1 are involved in both PTI and
ETL

Stomatal closure is an essential PTI response, referred to as stom-
atal immunity (Melotto et al, 2006). Stomatal closure may also be
part of ETI (Melotto et al, 2006; Freeman and Beattie, 2009). To test
for a role of lignin in pathogen-triggered stomatal closure, bacterial
populations were additionally estimated in surface-inoculated palQ
and amiRCASPLIDI1/caspl4dl plants. Growth patterns of Pst
DC3000 and Pst DC3000 (AvrRpmlI) were little distinct between
syringe- and surface-inoculated plants (Figs SE and EV2B and C,
Appendix Fig S6), suggesting that lignin is not implicated in the
stomatal immune response.

© 2019 The Authors
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Subcellular localization of CASPL and lignin is correlated in
pathogen-infected cells

Next, we examined the temporal and spatial localization of CASPLs

and lignin in pCASPL4D1::CASPL4D1-mCherry transgenic plants that
express CASPL4AD1-mCherry under the control of the CASPL4DI
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promoter (Fig 6). pCASPL4D1::CASPL4DI-mCherry plants were
pretreated with CA/CADMAC and then infiltrated with Pst DC3000
(AvrRpm1). CASPL4D1-mCherry proteins were first detected at the
plasma membrane (2 hpi), after which CADMAC-lignin formed
around the cell membrane (4 hpi) where CASPL proteins were
located (Fig 6A-C). Cells readily shrank and suffered severe
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Figure 4. Lignin deposits and encompasses pathogens in the extracellular space.

A CANBD- and CADMAC-incorporated lignin polymerization. CANBD (green) and CADMAC (blue) fluorescence was observed in the lignified infection site at 2 dpi, as

revealed by phloroglucinol staining.
Cross-sections of CANBD- and Pst DC3000 (AurRpm1I)-treated leaves.
Cross-section of the entire leaf with one half leaf infected.

mmgO W

CADMAC-incorporated lignin deposition in the GFP-Pst DC3000 (AurRpt2)-infected site at 2 dpi.
Cellular observation of CADMAC-incorporated lignin formation against infecting GFP-Pst DC3000 (AurRpt2).
3D image of CANBD-polymerized structure. Images were taken at 24 hpi as in (C).

Data information: Bacterial inoculum was at 10° cfu/ml. IS, infected site; UIS, uninfected site; hpi, hours post-inoculation; DC3000, Pst DC3000; AurRpt2, Pst DC3000
(AurRpt2); Chl, chlorophyll. White dash lines indicate the boundary between IS and UIS. Scale bars, 500 um (A), 40 pm (B), 120 um (C), 200 um (D), 20 um (E, F).

deformation (8 and 24 hpi) indicative of HR cell death, resulting in
strong signals of CASPL proteins and lignin interwoven over the
dead cells. CADMAC-lignin embraced CASPL4D1-mCherry signals,
manifesting the disengagement of the plasma membrane from the
cell wall, and was conspicuous between cells (Fig 6B, arrows). In
the complementation test, caspl4di-1 mutant was crossed with
pCASPL4D1::CASPL4D1-mCherry plants, and the resulting caspl4di-
1 pCASPL4DI1::CASPL4DI1-mCherry plants restored AvrRpml-
induced lignin deposition (Appendix Fig S7), indicating that
pCASPL4D1::CASPL4D1-mCherry is functional. According to micro-
scopic observations, we propose that lignin deposition serves to seal
the apoplast and trap pathogens in the extracellular space of meso-
phyll cells (Figs 6D and 7).

Discussion

The phenylpropanoid pathway leads to the synthesis of lignin and
many other phenolic compounds, including phytoalexins, stilbenes,
coumarins, and flavonoids, which are implicated in disease resis-
tance in plants (Nicholson & Hammerschmidt, 1992; Kuc, 1995;
Dicko et al, 2005; Konig et al, 2014; Zernova et al, 2014). Accumu-
lation of phenolic compounds has been associated with the HR and
is described as a feature of HR PCD (Brisson et al, 1994; Bennett
et al, 1996; Skalamera & Heath, 1998; Lee et al, 2001; Mellersh
et al, 2002; Daniel & Guest, 2006). In particular, there are studies on
the causal relationship between lignin and hypersensitive resistance
of wheat to the stem rust fungus Puccinia graminis f.sp. tritici
(Moerschbacher et al, 1990; Menden et al, 2007). Treatments of
wheat with PAL and CAD inhibitors interfered with the development
of lignified hypersensitive cell death and fungal growth (Moer-
schbacher et al, 1990). Analysis of phenolic compounds in resistant
and susceptible wheat cultivars indicated the deposition of S-rich
lignin units, but no other phenolics, as a resistance-specific reaction
(Menden et al, 2007). These previous studies support a role of lignin
in plant immune responses.

In this study, lignification was induced during incompatible
plant-pathogen interactions. When lignin deposition was inhibited
by PAL mutations and PA treatment, plants failed to confine aviru-
lent bacterial pathogens to the infection site and limit pathogen
growth. Intriguingly, HR cell death was readily induced but spread
beyond the infection site in plants defective in lignin deposition. CA
treatment of palQ and PA-treated wild-type plants rescued lignifi-
cation and overcame the defects in immune responses, that is,
spatial restriction of pathogens and cell death, and disease resis-
tance, verifying the essential roles of lignin in ETI. However, the
mechanism by which lignin localizes HR cell death is currently
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unclear. Whether the spread of HR cell death results from defects in
lignification or is due to spatially unrestricted bacterial pathogens
remains to be investigated.

HR PCD has long been regarded as a mechanism to prevent
pathogens from spreading and to limit pathogen growth, as it is a
rapid, localized reaction at the infection site. However, many lines
of evidence contradict the proposed role of HR PCD in innate immu-
nity. There have been reports of R genes or Arabidopsis mutants
that exhibit disease resistance without the activation of HR cell
death (Yu et al, 1998; Bendahmane et al, 1999; Clough et al, 2000;
Bulgarelli et al, 2010; Coll et al, 2010). Conversely, ndrl (for non-
race-specific disease resistance) mutant plants were susceptible to
avirulent P. syringae, while still retaining the HR cell death pheno-
type (Century et al, 1995). Previous observations and our results
raise the concern as to whether HR PCD is essential for disease resis-
tance in plants, and detailed investigation is required to determine
the role of HR cell death.

Previous studies have shown that lignification is induced during
basal resistance or PTI responses (Robertsen, 1986; Kawano &
Shimamoto, 2013; Chezem et al, 2017). In a recent study, the SG2-
type R2R3-MYB transcription factor MYB15 directly bound to gene
promoters required for G-lignin biosynthesis and activated lignifi-
cation in response to flg22 (Chezem et al, 2017). Given that PTI and
ETI responses, including lignin biosynthesis, qualitatively overlap
(Tsuda et al, 2008; Thomma et al, 2011), it raises the question on
whether MYB15 or other transcription factors control ETI-related
expression of monolignol biosynthetic genes. On the other hand,
MYB36 was identified as a regulator for the expression of CS-asso-
ciated genes, such as CASPs and peroxidase 64 (PER64), leading to
CS formation in root endodermal cells (Kamiya et al, 2015; Liber-
man et al, 2015).

Lignin is a structural component embedded into cell walls and
has been implicated in plant growth and development, such as trac-
heary element formation, anther dehiscence, and pod shattering
(Fukuda, 1997; Dawson et al, 1999; Liljegren et al, 2000). In this
work, we provide compelling evidence suggesting that the lignin-
deposited CSL is formed during immune responses and this
functions as a physical barrier against pathogens, similar to the
endodermal CS. CS mainly consists of lignin and functions as a
paracellular diffusion barrier in the root endodermis (Roppolo et al,
2011; Naseer et al, 2012; Lee et al, 2013). Lignin would provide
rigidity and hydrophobicity to CS and CSL, which then renders these
structures suitable for sealing the extracellular space of juxtaposed
cells. The role of lignin as a mechanical barrier has additionally
been demonstrated in a recent study, in which lignin accumulated
in secession cells of the abscission zone and blocked the diffusion of
cell wall enzymes for precise organ separation (Lee et al, 2018).

© 2019 The Authors
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Figure 5. CASPLs are required for pathogen-induced lignification.

Myoung-Hoon Lee et al

A Time course expression profiles of CASPLs in response to Pst DC3000 (AurRpm1) treatment. Analysis was based on the Genevestigator database (http://www.geneve
stigator.ethz.ch/). The darker color corresponds to stronger expression. ND, not determined.

B Quantification of lignin content in wild-type and casp/ mutant leaves after Pst DC3000 (AurRpm1) inoculation. Data are shown as means & SD (n = 4; 3-9 leaves
each).

C Cell death phenotypes of leaves inoculated with Pst DC3000 (AurRpm1I).

D Quantification of leaves (n > 30) with spreading cell death after Pst DC3000 (AurRpm1) inoculation.

E Measurements of Pst DC3000 (AurRpm1) and Pst DC3000 (AurRpt2) growth. Data are shown as means + SD (n = 3).

F Colonization patterns of GFP-Pst DC3000 (AurRpt2) in caspl mutant plants. IS, infected site; UIS, uninfected site. White dash lines indicate the boundary between IS

and UIS. Scale bars, 100 pm.

Data information: Different letters indicate significant differences (Tukey’s HSD test; P < 0.05). Experiments were repeated three times with similar results. AurRpm1, Pst

DC3000 (AurRpm1); AurRpt2, Pst DC3000 (AurRpt2); dpi, days post-inoculation.

Lignin polymerization occurs via monolignol oxidation, which
implicate NADPH oxidases or respiratory burst oxidase homologs
(RBOHs) for reactive oxygen species (ROS) production (Kdrkdnen &
Koutaniemi, 2010). In fact, RBOHD/F are essential regulators for
biotic interactions (Torres et al, 2002; Torres & Dangl, 2005;
Morales et al, 2016) and for lignin biosynthesis associated with CS
formation, organ abscission, and cell wall integrity signaling (Den-
ness et al, 2011; Lee et al, 2013, 2018). It will be worthwhile to
determine whether pathogen-induced lignification is one of lignify-
ing processes regulated by RBOHD/F.

Casparian strip membrane domain proteins are specifically
expressed in the root endodermis, where they direct lignin deposi-
tion and therefore CS formation by scaffolding lignin polymerization
enzymes such as PER64 (Lee et al, 2013). Previous studies and ours
reveal that 34 Arabidopsis CASPLs are expressed in tissue- and
condition-specific manners, for example, in the abscission zone
(CASPL1D1, CASPL1D2, CASPL4B1, CASPL4D1, and CASPLAD2;
Roppolo et al, 2014; Lee et al, 2018) and the anther wall (CASPL1F1;
Roppolo et al, 2014), and in response to cold stress (CASPL4CI;
Yang et al, 2015) and biotic stress (CASPL1D1 and CASPL4D1; in
this study). When ectopically expressed in the endodermis, many
CASPLs behaved like CASPs, accumulating at the CS membrane
domain (Roppolo et al, 2014). These results suggest that CASPs and
CASPLs share a common function as scaffolding proteins, probably
recruiting lignin polymerizing and/or other cell wall modifying
enzymes, but are distinguished via their specific expression in cells,
tissues, developmental stages, and stress responses.

In microscopic analyses, pathogens were encompassed by the
lignified structure, and their motility decreased as bacteria prolifer-
ated but recovered when extracted from plants and resuspended in
media. This lends support to the idea that reduced motility is attrib-
uted primarily to increased density due to pathogen growth in a
limited space. On the other hand, there are reports suggesting that
cells evoking the HR synthesize and secrete antimicrobial phenolics,
phytoalexins, and pathogenesis-related (PR) proteins, such as -
glucanases and chitinases, leading to the inhibition of pathogen

Figure 6. Temporal and spatial localization of CASPL4D1 and lignin polymers.

growth (Nicholson & Hammerschmidt, 1992; van Loon et al, 2006).
The closed space may provide for a high local concentration of the
released antimicrobial compounds and thus enable the suppression
of pathogens more effectively. The lack of nutrients due to spatial
closure, combined with attack by antimicrobials, would eventually
lead to the elimination of pathogens.

Neutrophils, the immune phagocytes in animals, are armed with
large, extracellular, web-like structures, called neutrophil extracellu-
lar traps (NETs), that are formed primarily through a cell death
process and are composed of DNA and DNA-associated antimicro-
bial proteins (Brinkmann et al, 2004; Papayannopoulos, 2018).
NETs trap and kill microbes extracellularly and are thought to serve
as physical barriers that prevent the further spread of pathogens. It
is interesting to note these similarities between the plant lignin
barrier and animal NETs. In plants, extracellular DNA has been
suggested to function in defense of the root tip against fungal infec-
tion (Wen et al, 2009), although more evidence is needed to clarify
the exact role of extracellular DNA in plant defense.

Together, our findings underscore the importance of the lignin-
impregnated structure in plant immunity. We propose a model in
which CASPLs are first positioned at the plasma membrane to guide
lignin polymerization and together construct the CSL against invad-
ing pathogens (Fig 7). Whereas both CS and CSL commonly act as a
diffusion barrier, they form structures of different patterns. In
contrast to the former’s continuous ring structure in the center of
root endodermis cells (Roppolo et al, 2011), the latter displays a
wide structure embracing dead cells. Previous studies have reported
that the site of CS deposition is marked by CASP localization (Rop-
polo et al, 2011). In this context, CASPLs are uniformly distributed
along the cell membrane, thus determining the CSL pattern. We
cannot exclude the possibility that CASPLs localize to distinct
membrane nanodomains where the lignin deposition machinery,
equivalent to that formed in CS development, may be assembled, as
observed for RBOHD and receptor kinases, flagellin sensing 2
(FLS2) and brassinosteroid insensitive 1 (BRI1) (Hao et al, 2014;
Biicherl et al, 2017). The discrete CSL pattern may be visible at

A Visualization of CASPL4D1 proteins and lignin by mCherry and CADMAC fluorescence.

B Magnified views of CASPL4D1 and lignin localization. Images in boxes were enlarged in the 2" to 4™ columns. Arrows indicate lignin deposition between cells.
C Relative fluorescence intensity profiles of CASPL1D1 (mCherry) and lignin (CADMAC) across transects indicated by dotted lines and letters (a, b) in (B).

D A model showing morphological changes of CASPL- and lignin-deposited cells during the HR response.

Data information: pCASPL4D1::CASPL4D1-mCherry plants were pretreated with CADMAC and then inoculated with Pst DC3000 (AurRpm1I). mCh, mCherry; Chl, chlorophyll;

hpi, hours post-inoculation. Scale bars, 20 pm (A), 10 pum (B).
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Figure 7. A model for the role of the lignin-deposited structure in plant immunity.

A Bacterial pathogens invade leaf tissues through stomata.
B Pathogens proliferate in the extracellular space or the apoplast.
C, D Virulent pathogens spread over the infection site (C) and develop disease (D).

E, F Avirulent pathogens are restricted to the infection site as a result of the construction of the CASPL- and lignin-deposited structure (E) and are eventually

eliminated from the infection site of the leaf (F).

higher microscopic resolution. A leucine-rich repeat receptor-like
kinase schengen3/gasshol (SGN3/GSO1) (Pfister et al, 2014), a
receptor-like cytoplasmic kinase SGN1 (Alassimone et al, 2016),
and CS integrity factors (CIF1/2) (Doblas et al, 2017; Nakayama
et al, 2017) have also been identified as major players of CS forma-
tion. Further research is required to explore additional regulatory
factors and mechanisms that regulate the distribution of CASPLs,
and thus the organization of CSL.
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Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (ecotype Columbia, Col-0) plants were grown
at 23°C under long-day conditions (16-h light/8-h dark cycle) for
general growth and reproduction, and under short-day conditions
(8-h light/16-h dark cycle) for pathogen infection. The mutant lines

© 2019 The Authors
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used in this study are caspl-1 (SAIL_265_HO05), caspl4dl-1
(SALK_201606), caspl4di-2 (SALK_078525), caspl5b3-1
(SALK_017299), rpml-3 rps2-101C (Mindrinos et al, 1994), palQ
(Huang et al, 2010), and sid2 (Wildermuth et al, 2001). T-DNA
insertion sites were verified by sequencing using gene-specific
primers (Appendix Table S1), and homozygous lines were selected.
To generate CASPLIDI knockdown plants, an artificial microRNA
(nucleotides 223-242) targeting CASPL1DI was designed using the
Web microRNA Designer (WMD) interface (Ossowski et al, 2008;
Lee et al, 2013). The artificial microRNA sequence was incorporated
into the miR319a precursor by overlap PCR using miR319a- and arti-
ficial microRNA-specific primers (Appendix Table S1). The PCR
products were cloned into the binary vector pCAMBIA 1300 to be
expressed under the control of the cauliflower mosaic virus (CaMV)
35S promoter. The constructs were transformed into Agrobacterium
tumefaciens GV3101 and then introduced into Col-0 plants using the
floral dip method (Clough & Bent, 1998).

Plant treatments

For bacterial pathogen inoculation, bacterial strains were grown at
28°C on King’s B agar medium containing 50 pg/ml kanamycin and
100 pg/ml rifampicin for Pst DC3000, Pst DC3000 (AvrRpml), Pst
DC3000 (AvrRpt2), GFP-Pst DC3000, and GFP-Pst DC3000
(AvrRpt2), or 100 pg/ml rifampicin for Pst DC3000 hrcC~ (King
et al, 1954). Bacteria were resuspended in 10 mM MgCl, for syringe
and spray inoculation or in water for flood inoculation. Silwet L-77
(0.025%) was included in bacterial suspensions for spray/flood
inoculation. Six-week-old leaves grown in soil were syringe-infil-
trated at 10° colony-forming units (cfu)/ml (ODgoo = 0.0001) or
spray-inoculated at 10° cfu/ml (ODgo = 1) for bacterial growth and
at 10® cfu/ml (ODggo = 0.1) for all other experiments. Twelve-day-
old seedlings grown on 1/2 Murashige and Skoog (MS)-sucrose
(1%) agar media were flood-inoculated for 2 min with bacterial
inoculum at 10® cfu/ml (ODggo = 0.1) (Ishiga et al, 2011; Chezem
et al, 2017). For all experiments, 10 mM MgCl, was used as a mock
treatment. For chemical treatments, coniferyl alcohol (Tobimatsu
et al, 2011), piperonylic acid (Lee et al, 2013), CANBD (Tobimatsu
et al, 2011), and CADMAC (Tobimatsu et al, 2011) were dissolved
in 100% dimethyl sulfoxide (DMSO; Duchefa) to make stock solu-
tions at concentrations of 50 mM for CA and PA and 1 mM for
CANBD and CADMAC. CA and PA were diluted with distilled water
to a final concentration of 50 uM. For the preparation of CA and
CANBD or CA and CADMAC mixtures, CA and CANBD/CADMAC
stocks were diluted to final concentrations of 100 uM and 1 pM,
respectively. All treatments were carried out by syringe infiltration.
Chemical-treated leaves were air-dried before pathogen inoculation.

Bacterial growth assay

Bacterial growth was determined as previously described (Shindo
et al, 2012; Kwon et al, 2013). Leaves of 6-week-old plants were
syringe-inoculated with bacterial suspensions (ODgoo = 0.0001) or
spray-inoculated with bacterial suspensions (ODgpo = 1). Chemical
pretreatments were carried out 1 h before pathogen infiltration.
Two leaf disks (5 mm in diameter) per leaf were taken and pooled
as one replicate. The pooled leaf disks were ground in 10 mM
MgCl,, and cfu was determined by serial dilution plating on King’s B
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agar medium containing 50 pg/ml kanamycin and 100 pg/ml rifam-
picin. Experiments were repeated 3-5 times with biologically inde-
pendent samples.

Gene expression analysis

Total RNAs were extracted using TRIzol reagent and reverse-tran-
scribed into cDNAs using PrimeScript™ RT Reagent Kit (TaKaRa).
Quantitative real-time PCR was performed using KAPA SYBR FAST
qPCR Master Mix (Kapa Biosystems) with gene-specific primers
(Appendix Table S1) on a LightCycler 480 system (Roche) according
to the manufacturer’s protocol. For transcript normalization, Actinl
was used as a reference gene. Data were analyzed using LC480Con-
version and LinRegPCR software (Heart Failure Research Center).
Experiments were repeated at least three times with biologically
independent samples.

Phloroglucinol staining

Phloroglucinol staining was performed at room temperature as
previously described (Mitra & Loqué, 2014). Leaves and seedlings
were dehydrated in 100% ethanol overnight, rehydrated in a graded
series of ethanol (75%, 50%, and 25%) and water for 30 min each,
and then stained with 3% phloroglucinol (Sigma-Aldrich) dissolved
in 30% HCI for 1 min. The stained leaves and seedlings were
observed under an optical microscope (Leica EZ4E) or photo-
graphed using the camera (Canon).

Lignin quantification

Lignin content was determined by the acetyl bromide-based method
as previously described (Chang et al, 2008). Pathogen-inoculated
leaves and seedlings were frozen and ground to a fine powder in
liquid nitrogen. The dried samples (3 &+ 1 mg, accurately weighed)
were washed serially with 70% ethanol, chloroform/methanol (1:1
v/v), and acetone. The washed pellets were completely dried at
45°C and digested with 1 ml of 25% acetyl bromide in acetic acid at
70°C for 1 h by vortexing every 10 min. Samples were cooled on ice
and centrifuged for 5 min at 16,000 g. The supernatants (100 pl)
were transferred to glass tubes and mixed with 2 M NaOH (400 pl),
0.5 M hydroxylamine hydrochloride (70 pl), and acetic acid
(430 pl). The prepared solutions were transferred to 96-well micro-
plates, and the absorbance was measured using Microplate Reader
(Molecular Devices) at 280 nm. The content of acetyl bromide
soluble lignin (% ABSL) was calculated using Beer’s Law (Kapp
et al, 2015). The extinction coefficient used for Arabidopsis was
15.69 1/g cm (Foster et al, 2010).

SA quantification

Total and free SA were quantified as previously described (Kim
et al, 2013; Quentin et al, 2016). Leaf samples (150 mg), together
with o-anisic acid (50 ng) as an internal standard, were ground in
liquid nitrogen and extracted with 90% methanol. For total SA, the
methanol-evaporated samples were further hydrolyzed with 4 M
HCI at 80°C for 1 h. The samples (for both total and free SA) were
subjected to phase separation in ethyl acetate/cyclohexane (1:1 v/v).
Following evaporation of the organic phase, the dry residues were
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solubilized in 10% methanol containing 0.1% TFA. Chromatography
analysis was performed on HPLC 1290 system (Agilent) using ZORBAX
Extend-Cyg column (2.1 x 150 mm, 5 pm; Agilent) combined with a
guard column (UHPLC C;g; Phenomenex) at 30°C. Mobile phases A
and B were 0.1% TFA and 0.1% TFA in acetonitrile, respectively. The
gradient profile was 10-60% (B) for 15 min followed by equilibration
for 5 min, and the flow rate was 0.4 ml/min. Fluorescence was
recorded with excitation/emission wavelengths of 305/407 nm for
o-anisic acid and SA.

Microscopic analysis of lignin

For histochemical analysis, CA (100 uM)/CANBD (1 pM)- and
pathogen-infiltrated leaves were fixed in 50 mM phosphate-buffered
saline (pH 7.0) containing 2.5% (v/v) glutaraldehyde and 4% (v/v)
paraformaldehyde for 24 h at 4°C. Samples were then dehydrated in
a graded series of ethanol (50, 70, 90, 95, and 100%) and embedded
in LR White resin (Ted Pella). The resin was polymerized for 2 days
at 55°C. Sections (7 um) were prepared using a microtome (Leica
RM 2255) and stained with 1% (w/v) toluidine blue O for 1 min.
The samples were immersed in mineral oil and observed under a
fluorescence microscope (Zeiss Axio Imager.A2). For 3D image anal-
ysis, CA (100 uM)/CANBD (1 uM)- and pathogen-infiltrated leaves
were dehydrated in 100% ethanol at 100°C for 1 min. After rinsing
with distilled water and 10% glycerol, CANBD signals were detected
using a confocal microscope (Zeiss LSM 700) at 488/530 nm excita-
tion and emission. In total, 32 images were acquired along the z-axis
(approximately 31 um) and converted into a 3D structure using the
Zen 2.3 Blue imaging software (Zeiss).

Time-lapse imaging of bacterial pathogens

Leaves were infiltrated with GFP-Pst DC3000 or Pst DC3000
(AvrRpt2) and incubated for 1-2 days. Images for bacterial motility
observed in vivo and in vitro were taken every 3 s for 5 min and
every 1.8 s for 3 min, respectively, using a confocal microscope
(Zeiss LSM 700), and converted to a video played at 3.3 frames/s
for 30 s and at 10 frames/s for 10 s, respectively, using the Adobe
Photoshop CS6 software (Adobe Systems).

Subcellular localization of CASPL4D1 and lignin polymers

Leaves were obtained from CA (100 uM)/CADMAC (1 puM)- and
pathogen-infiltrated pCASPL4D1::CASPL4D1-mCherry leaves, fixed
in 4% (v/v) paraformaldehyde for 24 h at 4°C, and washed with
distilled water. Samples were observed under a confocal microscope
(Zeiss LSM 700). Excitation and emission were set at 405/490 nm
for CADMAC, 555/630 nm for mCherry, and 639/710 nm for
chlorophyll. Confocal images were analyzed and processed using
the Zen 2.1 Black imaging software (Zeiss).

Antimicrobial activity test

Sensitivity of bacterial pathogens to CA and PA was tested as previ-
ously described (Elleuch et al, 2010). King’s B agar plates were
covered with 5 ml of top agar media (0.7% agar) containing bacte-
rial suspensions (ODggg = 0.02). Filter paper disks (6.5 mm in diam-
eter) impregnated with the indicated chemicals and antibiotics were
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laid on the agar surface. The prepared plates were incubated for
2 days at 28°C. A clear zone indicates bacterial growth inhibition
and antimicrobial activity.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (v. 8.0).
Significant differences between experimental groups were analyzed
by one-way ANOVA with Tukey’s HSD test or unpaired Student’s
t-test for multiple comparisons or single comparisons, respectively.
Detailed information about statistical analysis is described in the fig-
ure legends. Statistical significance was set at P < 0.05. All experi-
ments were repeated 3-5 times with similar results.

Expanded View for this article is available online.
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