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SUMMARY

The plant cell boundary generally comprises constituents of the primary and secondary cell wall (CW) that

are deposited sequentially during development. Although it is known that the CW acts as a barrier against

phytopathogens and undergoes modifications to limit their invasion, the extent, sequence, and require-

ments of the pathogen-induced modifications of the CW components are still largely unknown, especially at

the level of the polysaccharide fraction. To address this significant knowledge gap, we adopted the compati-

ble Pseudomonas syringae–Arabidopsis thaliana system. We found that, despite systemic signaling actua-

tion, Pseudomonas infection leads only to local CW modifications. Furthermore, by utilizing a combination

of CW and immune signaling-deficient mutants infected with virulent or non-virulent bacteria, we demon-

strated that the pathogen-induced changes in CW polysaccharides depend on the combination of pathogen

virulence and the host’s ability to mount an immune response. This results in a pathogen-driven accumula-

tion of CW hexoses, such as galactose, and an immune signaling-dependent increase in CW pentoses,

mainly arabinose, and xylose. Our analyses of CW changes during disease progression also revealed a dis-

tinct spatiotemporal pattern of arabinogalactan protein (AGP) deposition and significant modifications of

rhamnogalacturonan sidechains. Furthermore, genetic analyses demonstrated a critical role of AGPs, specifi-

cally of the Arabinoxylan Pectin Arabinogalactan Protein1, in limiting pathogen growth. Collectively, our

results provide evidence for the actuation of significant remodeling of CW polysaccharides in a compatible

host-pathogen interaction, and, by identifying AGPs as critical elements of the CW in plant defense, they

pinpoint opportunities to improve plants against diverse pathogens.

Keywords: plant immunity, cell wall, plant-microbe interactions, arabinogalactan proteins, Pseudomonas

syringae.

INTRODUCTION

During development, plant cells generally deposit a

polysaccharide-rich primary cell wall (CW) prior to the

deposition of a lignin-rich secondary CW, which occurs

once cell elongation is concluded. The major non-lignin

components of the dicot CW comprise three major compo-

nents: cellulose, hemicellulose (xyloglucan), and pectins,

such as homogalacturonan (HG), rhamnogalacturonan-I

and II (RG-I and II). The CW also contains proteoglycans,

such as extensins and arabinogalactan proteins (AGPs)

(Borassi et al., 2016; Cannon et al., 2008; Showalter &

Basu, 2016; Tan et al., 2013). While the role of these pro-

teoglycans is not well understood, emerging evidence sug-

gests that they play important roles in biotic and abiotic

stresses (Mareri et al., 2019).

The CW is actively modified during plant development

and in response to biotic and abiotic stresses, and signals

arising from CW changes act as cues for transcriptional

reprogramming events that influence plant growth and

stress responses (De Lorenzo et al., 2019; Pontiggia et al.,

2020; Wolf, 2022). Therefore, perturbations in either the

composition or structure of the CW can affect plant fitness

and/or pathogen resistance (Bethke et al., 2015; Engelsdorf

et al., 2017; Gille & Pauly, 2012; Hern�andez-Blanco et al.,

2007; Lionetti et al., 2012; Molina et al., 2021; Pogorelko

et al., 2013; Swaminathan et al., 2022; Vogel et al., 2004). A

recent study on Arabidopsis roots suggests that plant cells

activate immunity upon receiving dual signals of damage

and pathogen presence (Zhou et al., 2020). Thus, changes

in CW, either pre- or post-infection, have a bearing on
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pathogen resistance (De Lorenzo et al., 2019; Dora et al.,

2022; Molina et al., 2021; Wan et al., 2021).

The plant immune system broadly functions at two

interfaces: (i) at the plasma membrane (PM), where con-

served microbial signatures (e.g., flagellin and chitin) or

damage-associated molecules (e.g., CW-derived oligoga-

lacturonides, extracellular bioactive molecules) are recog-

nized by cell-surface pattern recognition receptors; and (ii)

inside the cell, where pathogen-secreted effectors are rec-

ognized by plant resistance proteins. Immunity activated

by cell-surface pattern recognition receptors is termed

“pattern-triggered immunity” (PTI), while immunity acti-

vated upon recognition of intracellular effectors is known

as “effector-triggered immunity” (ETI) (Couto & Zip-

fel, 2016; Jones & Dangl, 2006; Thordal-Christensen, 2020;

van der Burgh & Joosten, 2019). Basal immunity is a

defense response induced upon infection by a virulent

pathogen, which limits pathogen growth (Lapin et al.,

2020). Initiation of immunity leads to reprogramming of

the plant transcriptome and activation of multiple signaling

cascades. As a result, endomembrane traffic and hormonal

pathways are altered, and, in addition to localized cell

death, CW lignification can take place (Bhandari & Bran-

dizzi, 2020; Cui et al., 2015; Lee et al., 2019; Tsuda et al.,

2009). Although a reinforcement of the CW through the

accumulation of lignin and other phenolics most likely

restricts pathogen movement and/or proliferation (Lee

et al., 2019; Underwood, 2012), it is still to be systemati-

cally established whether other CW components are quali-

tatively and quantitatively altered upon infection. Likewise,

whether specific changes in CW upon infection drive suc-

cessful plant immunity is yet to be defined.

Resistance to biotrophic pathogens as well as hemi-

biotrophic bacteria, such as Pseudomonas syringae (Pst),

is largely mediated by the phytohormone salicylic acid

(SA), although SA-independent signaling pathways have

also been identified (Ding & Ding, 2020; Tsuda et al., 2009;

Zhang & Li, 2019). SA is also essential for initiating sys-

temic acquired resistance (SAR). SAR is an immune

response generated in the local tissue upon pathogen

infection and transmits defense signals to systemic tissues,

resulting in broad resistance at the organismal level (Hart-

mann & Zeier, 2019). Signaling molecules that initiate and

perceive systemic signals have been recently discovered

(Hartmann et al., 2018; Hartmann & Zeier, 2019); however,

whether SAR activation modifies CW in systemic tissues is

still unknown.

In this study, we used the well-established

Pst-Arabidopsis thaliana pathosystem to investigate

changes in CW polysaccharides during a compatible inter-

action. We adopted Pst DC3000 because this pathogen

does not cause lignin accumulation (Lee et al., 2019), and

therefore, would allow us to monitor changes in CW poly-

saccharides during infection. We observed that upon

infection by a compatible pathogen, the host CW

undergoes extensive remodeling. Most notably, we also

found that a virulent pathogen challenge in leaves leads to

an increased deposition of pentoses (i.e., arabinose and

xylose) into the CW of epidermal cells and mesophyll cells,

a phenomenon that requires the activation of host basal

immune signaling. We also demonstrated that the changes

in pentose levels are controlled by immune signaling in

spatially defined regions of the invaded tissue rather than

systemically. By monitoring these CW changes, we discov-

ered a Pst-driven accumulation of galactans, which is

attenuated by immune activation, and identified a critical

role for Arabinoxylan Pectin Arabinogalactan Protein1

(APAP1) in successfully antagonizing pathogen infection

during CW remodeling. Our results provide new insights

into the complex CW modifications occurring in a compati-

ble plant-pathogen interaction at a detailed spatiotemporal

resolution and advance current knowledge on the compo-

nents necessary for an effective plant defense against

phytopathogens.

RESULTS

Pst infection leads to CW changes in local but not

systemic tissues

To monitor changes in CW composition in local and sys-

temic tissues during a compatible interaction, we infected

four-week-old Arabidopsis Col-0 (from here on Col) leaves

with the biotrophic pathogen Pst DC3000 (from here on

Pst). Samples were harvested 3 days post-infection (dpi)

from both the infiltrated leaf (local) and uninfiltrated adja-

cent leaves (systemic). The neutral sugar composition

(NSC) of the CW of both local and systemic tissues was

analyzed in de-starched alcohol insoluble residue (AIR). In

the local tissue, we found that pathogen challenge led to a

significant increase in all the measured sugars, indicative

of marked pathogen-induced changes in the CW NSC

(Figure 1A). Next, to assay the NSC of the systemic tissue,

we analyzed an uninfiltrated adjacent leaf of each infected

plant. Upon bacterial infection, systemic signaling mole-

cules accumulate in systemic tissues by 1 dpi up to 3 dpi

(Hartmann et al., 2018). When we analyzed the NSC of sys-

temic tissue at 3 dpi, we found no significant changes

compared to mock samples (Figure 1B). These results indi-

cate that, in a compatible interaction, by the time systemic

signaling has already peaked in systemic tissues, the CW

NSC is significantly altered only in the infected tissues.

Changes in CW composition correlate with pathogen

virulence and host immune signaling

The identification of CW NSC alteration caused locally by

Pst infection led us to test if such changes could be deter-

mined by either host immune signaling and/or pathogen

virulence. To do so, we adopted the established
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immune-compromised Arabidopsis mutants that are

hypersusceptible to Pst: eds1-2 (eds1 from here on), a

mutant lacking a central immune signaling component

(Aarts et al., 1998; Lapin et al., 2020), and sid2-2 (from here

on sid2), a mutant deficient in SA biosynthesis (Dewdney

et al., 2000). As pathogens, we used Pst, Pst hrcC� (a Pst
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Figure 1. Pseudomonas syringae infection leads to CW changes in local but not systemic tissue.

(a, b) Four-week-old Col Arabidopsis plants were infiltrated with either mock (10 mM MgCl2) or Pst. Infiltrated leaves [local (A)] and adjacent uninfiltrated leaves

[systemic (b)] were harvested 3 dpi, and the NSC was analyzed. Bars represent mean of three independent replicates � SD. Differences between treatments

were determined by student’s t-test (P < 0.05).

(c) Four-week-old Arabidopsis plants of the indicated genotypes were infiltrated with either Pst hrcC� or Pst and bacterial titers determined at 3 dpi. Bars repre-

sent mean of three biological replicates � SE. Differences between genotypes, within treatment, were determined by student’s t-test (P < 0.05).

(d) Four-week-old Arabidopsis plants were infiltrated with either mock (10 mM MgCl2), Pst hrcC�, or Pst. Infiltrated leaves were harvested 3 days later and the

NSC was analyzed. Bars represent mean of three replicates � SD. Differences between treatments were determined by two-way ANOVA (P < 0.05).
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mutant with reduced virulence due to a defective type-III

secretion system (T3SS) but activates PTI) and Pst DC3000

Dcor- (a Pst mutant lacking coronatine, a jasmonic acid

(JA)-mimic virulence factor) (Hauck et al., 2003; Yuan &

He, 1996). Coronatine is a phytotoxin used by Pst to sub-

vert host immune responses by antagonizing JA pathways

(Cui et al., 2018). Both Pst hrcC� and Pst DC3000 Dcor- are
less virulent than Pst and their growth in Col is reduced

compared to Pst (Figure 1C; Figure S1).

When we analyzed the CW NSC after infiltration of Col

and eds1 with either mock, Pst, or Pst hrcC�, we found

that, except for fucose, Pst infection led to a significant

increase in hexoses (glucose, galactose, and mannose),

deoxy-hexoses (rhamnose) in both Col and eds1

(Figure 1D, Figure S1), indicating that the observed

pathogen-driven increased accumulation of hexoses

occurs independently of host immune signaling. Interest-

ingly, the levels of cellulose, the most abundant CW poly-

saccharide, were not changed upon Pst infection in Col,

while a slight decrease was observed in eds1 (Figure S1b).

The decrease of cellulose levels in eds1 was observed

upon infection with Pst hrcC�, suggesting that this is a

response shared in PTI and basal resistance. We further

tested if the levels of uronic acids, which are indicative of

the abundance of pectic polysaccharides, were also

increased upon Pst infection and found that, upon Pst

infection, they were increased in both Col and eds1 com-

pared to mock-treated plants (Figure S1f). Thus, a large

part of CW changes upon infection are pathogen driven.

To further decipher the drivers of CW modifications during

Pst infection, we assayed the NSC of Col and eds1 plants

infected with Pst DC3000 Dcor- (Figure S1). Infection with

Pst DC3000 Dcor- resulted in increased rhamnose, glucose,

and fucose levels but not mannose and galactose signify-

ing a partial dependence of the accumulation of CW com-

ponents upon the pathogen-elicited coronatine during

infection. Furthermore, we established that contrary to the

marked changes in the CW hexoses upon challenge with

the virulent Pst or Pst DC3000 Dcor-, no substantial

changes occurred upon infection with Pst hrcC� compared

to mock-treated samples (Figure 1C,D; Figure S1). Signifi-

cantly, upon Pst and Pst DC3000 Dcor- infection, a clear

increase in pentose levels (i.e., arabinose and xylose) was

observed in Col, but not in the hypersusceptible eds1

(Figure 2A; Figure S1). Also, an increase in pentose levels

was not observed upon Pst hrcC� infection in both Col

and eds1 compared to mock-treated plants (Figure 2A).

Taken together, these results indicate that, upon a compat-

ible pathogen challenge, increased deposition of CW neu-

tral sugars is linked to pathogen virulence, specifically to

Pst-secreted effectors; however, plant immune signaling is

required for an increase in the deposition of pentoses.

The results obtained with Pst DC3000 Dcor- infection

indicate that coronatine plays a role in Pst-driven CW

modifications. However, to avoid complications due to the

SA-JA antagonism, we focused on CW modifications dur-

ing Pst infection to obtain a comprehensive understanding

of pathogen-driven CW changes.

Because our results showed that increased CW pen-

tose deposition relies on the host immune response

(Figure 2A), we next aimed to test whether reduced levels

of arabinose or xylose in the CW would impair resistance

to virulent bacteria. To do so, we analyzed Arabidopsis

mutants that are defective in UDP-arabinose or xyloglucan

production. Arabinose is commonly found in the arabinan

side chain of RG-I or AGPs (Showalter & Basu, 2016).

Xylose is a major component of xyloglucan in the primary

CW and constitutes the bulk of the xylan backbone and

xylogalacturonan in Arabidopsis (Scheller & Ulvskov, 2010).

For our analyses, we used a knockout (KO) mutant of

MURUS4 (mur4) (Burget et al., 2003), an epimerase catalyz-

ing the interconversion of UDP-xylose to UDP-arabinose.

This mutant has ~50% reduced arabinose in the leaf NSC

compared to Col (Burget et al., 2003). We also used a quin-

tuple mutant of Cellulose synthase like-C 4,5,6,8,12 genes

(cslc), which has no detectable xyloglucan (Kim et al.,

2020). Upon infiltration with Pst, we found that both mur4

and cslc displayed increased resistance compared to Col,

while eds1 and sid2 showed increased susceptibility as

expected (Figure 2B). We next analyzed the CW NSC of

pathogen-infiltrated leaves of Col, mur4, cslc, sid2, and

eds1 plants. Although mur4 and cslc had lower basal levels

of arabinose and xylose compared to Col, respectively,

upon Pst infection, both mutants showed a significant

increase in pentose levels, as follows: we observed a

greater increase of xylose in mur4 than in Col; conversely,

cslc showed a greater increase in arabinose compared to

all the other genotypes (Figure 2C). Pentose levels were

not largely changed in eds1, which showed a slight reduc-

tion in arabinose, and in the susceptible sid2 (Figure 2C).

Together, these results show that reduced basal levels of

either xylose (no xyloglucan in cslc) or arabinose (reduced

levels of arabinan in mur4) do not impair host defense.

These data also underscore the importance of pentose

deposition in the CW for defense upon immune activation,

as evidenced by an enhanced resistance of mur4 and cslc¸
which showed increased xylose and arabinose levels,

respectively.

Immunity activation results in reduced arabinan levels and

increased AGP and galactan deposition in the CW

To deepen knowledge about the modifications of the

observed CW NSC changes upon pathogen challenge (Fig-

ures 1 and 2), especially about how pentoses may be incor-

porated into the existing CW microstructures, we

investigated the distribution of xylose and arabinose in the

two CW matrix fractions by sequential extraction of

the soluble fractions from AIR of Pst-challenged leaves. We

� 2023 The Authors.
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focused on the 1 M KOH fraction to extract pectin and

hemicellulose weakly associated with other CW compo-

nents, and the 4 M KOH fraction to extract pectin and hemi-

cellulose tightly associated with other CW components.

We then used quantitative dot blotting analyses with anti-

bodies recognizing specific epitopes of CW polysaccha-

rides. First, we used the LM15 antibody specific to xylosyl

residues in the XXXG motif of xyloglucan and the LM10

antibody specific to unsubstituted xylan to gather insights

into the xylose distribution in the CW. In our CW

composition analyses, we found increased xylose levels in

Pst-infected Col (Figure 1A), but we did not observe a cor-

responding increase of either xyloglucan (LM15) or unsub-

stituted xylan (LM10) (Marcus et al., 2008; McCartney et al.,

2005) (Figure S2). Next, we used the LM2 antibody which

is specific to the ß-linked glucuronic acid of AGP, the LM6

antibody which is specific to the RG-I arabinan side chain,

and the LM5 antibody which is specific to the RG-I galactan

side chain, to detect the the levels of AGP, RG-I arabinan,

and RG-I galactan, respectively (Jones et al., 1997; Small-

wood et al., 1996; Willats et al., 1998; Yates et al., 1996). In

both AIR fractions, we observed a marked increase of LM2

(AGP) signal in Col infected with Pst compared to mock,

while in Pst hrcC� challenged leaves, the LM2 signal was

comparable to mock (Figure 3). Remarkably, Pst infection

led to an increase in AGP levels even in the 4 M KOH

extract (Figure 3b). Conversely, minimal levels of AGPs

were detected in 4 M KOH mock samples. Upon infection,
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Figure 2. Changes in CW composition correlate with pathogen virulence and host resistance.

(a) Four-week-old Arabidopsis plants were infiltrated with either mock (10 mM MgCl2), Pst or Pst hrcC�. Infiltrated leaves were harvested 3 dpi and NSC was

analyzed. Bars represent the mean of three independent replicates � SD. Differences between treatments were determined by two-way ANOVA (P < 0.05).

(b) Four-week-old Arabidopsis plants of the indicated genotypes were infiltrated with Pst and bacterial titers determined at 3 dpi. Bars represent the mean of

three biological replicates � SE. Differences between genotypes within treatment were determined using one-way ANOVA (Tukey’s HSD, P < 0.05).

(c) Four-week-old Arabidopsis plants were infiltrated with either mock (10 mM MgCl2) or Pst. Infiltrated leaves were harvested 3 days later and NSC was ana-

lyzed. Bars represent the mean of three replicates � SD. Differences between treatments were determined by two-way ANOVA (P < 0.05).
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no changes in the LM2 signal were observed in the Pst

hypersusceptible eds1 and sid2 mutants (Figure 3;

Figure S3). Furthermore, the AGP levels in the extracts of

the Pst-resistant mutants, mur4, and cslc, were similar to

Col, showing an increase of LM2 signal upon Pst infection

(Figure S3). These results indicate that, upon Pst infection,

quantitative and qualitative changes occur in the CW NSC

with an increased accumulation of arabinose into AGP,

and that such accumulation depends on the pathogen and

plant immune responses.

Next, using LM6 antibody (RG-I arabinan), we found

that the RG-I arabinan levels were decreased, in stark

contrast to AGP deposition (Figure 3). A reduction of LM6

signal was also observed in eds1 and cslc but not in sid2

(Figure 3; Figure S3). Although we did not verify any differ-

ences in the levels of arabinose in the NSC analysis upon

infection with Pst hrcC� in Col, we found a slight reduction

in the arabinan levels in Col. The levels of arabinan in eds1

were not changed upon infection with Pst hrcC�, consis-

tent with the results of the NSC analysis (Figures 2A and

3), suggesting that pathogen-elicited effectors are involved

in the depletion of RG-I arabinan from the CW. These

results indicate that Pst infection influences arabinose

metabolism possibly by altering both the synthesis and
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0.57        0.6       0.34       0.34       0.35       0.68 

1.00       0.74       0.24     0.26      0.50       0.50 

0.46      0.54       0.15       0.15      0.21       0.28 

1.00      0.95      0.25        0.22       0.84       1.05 

0.41      0.36       0.11       0.16       0.48       0.60 

1.00       3.6        6.60       7.07       3.24       3.12

1.51      2.05       3.61       3.84       1.87       1.81 

1.00      1.12       2.86       2.51       1.31       1.15 

0.67      0.94       2.35       2.20       0.73       0.67 

0.2        0.22       0.78       0.86       0.28       0.13 

0.21      0.12       0.40       0.69       0.18

1.00        1.02       8.8         7.88       2.87       2.19 

0.29        0.39       8.8         7.78       1.15       0.99 

                                6.52       5.89       0.46       0.38 

                                3.27       2.63       0.22       0.18 

                                0.81       0.56       

                                0.32       0.15       

1.00        0.56       0.54      0.39       0.50      0.56

                                0.17       0.11 

1.00      1.00       1.22     1.19       1.12      1.06 

0.86      0.66      0.99      0.93      0.88       0.83 

   0.58     0.50      0.87      0.75      0.39       0.57 

  0.29       0.22     0.41       0.35      0.22      0.18 

   0.18       0.11     0.16      0.16      0.11       0.11

1.00      1.16      1.36      1.24       1.10       1.12 

0.95      1.00      1.16      1.17       0.96       0.91 

  0.41      0.37      1.07      0.97       0.33       0.29 

  0.16      0.12      0.36       0.41      0.13       0.19 

                               0.18      0.18        0.05      0.11

Figure 3. Differential sequestration of arabinose upon Pseudomonas infection.

Four-week-old Arabidopsis leaves of the indicated genotypes were infiltrated with either mock (10 mM MgCl2), Pst hrcC�, or Pst. Infiltrated leaves were har-

vested 3 days later and AIR was extracted. Sequential extractions using (a) 1 M KOH and (b) 4 M KOH were performed on AIR, followed by dot-blot analyses on

2 lg de-starched AIR with LM2 (AGP), LM6 (alpha-1,5-arabinan), LM5 (beta-1,4-galactan). Values represent the relative quantification of each dot-blot sample

normalized to undiluted mock samples (value set to 1) within each blot.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16393
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degradation of molecules containing arabinose (i.e., AGP

and RG-I) in an immune-dependent manner. Importantly,

these results also suggest that, upon Pst infection, the

increased pool of arabinose-containing carbohydrates is

not equally utilized to produce AGP and arabinan. Specifi-

cally, a preferential sequestration of arabinose towards an

increased AGP deposition and a concomitant removal of

arabinan from RG-I appear to take place. In addition to the

changes in the levels of AGP and RG-I arabinan, we

observed increased levels of RG-I galactan (LM5) in both

Col-0 and eds1, indicating a pathogen-driven but host-

signaling independent activation of RG-I galactan

deposition.

The loss of the AGP APAP1 leads to increased

susceptibility to Pst

Because we observed significant changes in AGP deposi-

tion in the CW upon Pst infection in Col (Figure 3), we

hypothesized that plants with defective AGP deposition

would be vulnerable to pathogens. Therefore, to test our

hypothesis, we infected Pst into KO mutants of AGP17,

AGP18, and APAP1 (i.e., agp17, agp18, and apap1-4) (Gas-

par et al., 2004; Tan et al., 2013; Yang & Showalter, 2007).

AGP17 and AGP18 are anchored to the PM by a glycosyl-

phosphatidylinositol anchor (Zhang et al., 2011). APAP1

contains the AGP57Ca core protein that cross-links pectin

and hemicellulose, resulting in a large proteoglycan (Tan

et al., 2013). In addition, we included the arabinose biosyn-

thesis KO mutant arabinokinase1 (ara1), which has reduced

levels of arabinose in the CW (Sherson et al., 1999), as well

as mur4 and sid2 as controls. Upon Pst infection, we did

not observe any differences in bacterial growth between

agp17, agp18, and Col, while the apap1 and sid2 mutants

supported 5- to 7-fold and 10- to 12-fold increase in bacte-

rial colonies compared to Col, respectively (Figure 4). Con-

versely, ara1 and mur4 showed increased resistance to Pst

(Figure 4), suggesting that ara1 may have an AGP increase

upon pathogen infection similar to mur4. These results

indicate that an accumulation of a specific form of AGP

upon pathogen infection may be responsible for the

increased resistance. Furthermore, the significant decrease

of resistance in apap1-4 underscores the unique role of

APAP1 among the AGPs in resistance to Pst.

SA has a limited role in immunity-induced CW

modifications

Upon Pst infection, SA plays an important role in upregu-

lating defense pathways for limiting pathogen growth

(Tsuda et al., 2009; Wildermuth et al., 2002). We observed

that Pst infection led to marked modifications in the CW

NSC of Col but not sid2 (Figure 3; Figure S3). Therefore,

we next aimed to test if SA-mediated defense responses

were causative of the CW modifications upon pathogen

infection. To do so, we grew Col and non-expresser of PR1

(npr1), a SA receptor mutant (Manohar et al., 2015; Wu

et al., 2012), on plates supplemented with SA. The efficacy

of SA treatment was verified by measuring the expression

of the SA marker gene PR1 (Sels et al., 2008), which was

increased in Col but not in npr1 (Figure 5a). We then

sequentially extracted: pectin/chelating agent-soluble

solids (ChASS), 1 and 4 M KOH fractions for analyses with

epitope-specific antibodies. Because of the verified

increase in AGP levels in the CW upon immune activation

(Figure 3), and the key role of SA in bacterial immunity, we

hypothesized that SA signaling would also play a role in

AGP deposition. However, in both Col and npr1 back-

grounds we did not observe any SA-induced change in

AGP (LM2) and galactan RG-I (LM5) in all the fractions

tested (Figure 5b). Rather we found that SA treatment led

to a decrease of RG-I arabinan (LM6) in the pectin fraction,

but not in the other fractions (Figure 5b), suggesting a lim-

ited role of SA in CW remodeling. Taken together, the

results from Pst infection (Figure 3) and SA treatment (Fig-

ure 5) indicate the involvement of distinct immune-

signaling pathways to modify specific CW polymers.

Spatio-temporal changes in the CW correlate with host

resistance and bacterial proliferation

Next, we aimed to test if CW remodeling occurred concur-

rently with bacterial proliferation and the associated

immune response, and we monitored the dynamics of CW

remodeling focusing on AGP and pectin over the course of

pathogen infection. To do so, we infiltrated Col and eds1

leaves with Pst, harvested samples at 1, 2, and 3 dpi, and

monitored the increase in bacterial growth and expression

of the defense marker PR1 (Figure 6a; Figure S7a). To bet-

ter understand Pst-driven modifications in different CW

fractions, we sequentially extracted pectin-enriched ChASS

fractions prior to 1 and 4 M KOH fractions. At 2 and 3 dpi,

we observed a clear increase in AGP levels concomitant
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Figure 4. The loss of the AGP APAP1 leads to increased susceptibility to P.

syringae.

Four-week-old Arabidopsis plants of the indicated genotypes were infil-

trated with Pst and bacterial titers were determined at 3 dpi. Bars represent

the mean of three biological replicates � SE. Differences between geno-

types were determined by one-way ANOVA (Tukey’s HSD, P < 0.05).

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16393

Programmed cell wall modification upon immune activation 7

 1365313x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.16393 by M

ichigan State U
niversity, W

iley O
nline Library on [30/08/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



0

500

1000

1500

2000

Col npr1 Col npr1

Mock SA

R
el

at
iv

e
ex

pr
es

si
on

PR1(a)

(b)
mock SA mock SA

Col npr1
mock SA mock SA

Col npr1
mock SA mock SA

Col npr1

LM2 (AGP) LM6 (RG-I Arabinan)LM5 (RG-I Galactan)

Pectin (ChASS)
1 M KOH

4 M KOH

1.00       1.13     1.08     1.17       1.11     1.08     1.02      1.14  

0.15     0.13     0.18     0.18         0.27      0.34     0.29      0.33  

1.00       0.97     1.13     1.15       1.02     1.32     1.24      1.16  

0.89     0.82     0.91     0.95         0.94     1.06      1.04     1.04

0.39          0.18     0.43     0.40     0.43    0.53     0.24      0.39  

1.00       1.62     2.06     1.77       2.02     2.30     1.64      1.36  

0.50       0.74     0.88     0.78       1.01    1.02      0.99     0.68

0.14        0.17     0.34     0.18       0.23    0.23     0.32      0.31  

0.39       0.40     0.32     0.29       0.45      0.50     0.50      0.51  

1.00      0.88     0.74     0.70        1.02     0.98      0.94     0.95  

0.65      0.58     0.48      0.54       0.79    0.72     0.65     0.62

 0.26    0.29     0.19      0.16      0.31     0.36      0.30     0.34  

 0.22    0.22     0.11      0.11      0.22      0.25     0.19     0.22  

0.70     0.86 0.66     0.66 0.91      0.94 0.90       0.84

1.00     1.03 1.00     1.02 1.16       1.53 1.23      1.28

1.08     1.18 1.00     1.07      1.37      1.34 1.54       1.32

0.30     0.39      0.34      0.34 0.48       0.48 0.47       0.48

0.17     0.20      0.13     0.15  0.26       0.27    0.24     0.21

0.22       0.31 0.28     0.26      0.38      0.37     0.44      0.38

1.00      1.16     1.08       1.11      1.30       1.45 1.68       1.41

0.49       0.60 0.55      0.55 0.74      0.78 0.98     0.80

0.10      0.11 0.10      0.11 0.19      0.20 0.27     0.20

0.06      0.08 0.04    0.03     0.09      0.09      0.08        0.22

1.00     0.93 0.58      0.65 1.06     1.02      0.96     1.12

0.14      0.10 0.06    0.04     0.11      0.10     0.12       0.29

0.32       0.31 0.29        0.18 0.38     0.37 0.51      0.80

1.00     0.79 0.80      0.92     1.00      0.97      1.19      1.97

0.57        0.54 0.48        0.43 0.55     0.62 0.94      1.36

0.21       0.19  0.12      0.12 0.15     0.13 0.31       0.56

1.00      0.47      0.55     0.56          0.85       0.70     1.48    1.49

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16393
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with bacterial growth in all three Col CW fractions (i.e.,

pectin/ChASS, 1, and 4 M KOH) (Figure 6b; Figures S4 and

S5) while a slight decrease was observed in AGP levels in

the 1 M KOH fraction of the hypersusceptible eds1 mutant.

The observed temporal deposition of AGPs led us to exam-

ine if the dynamics of AGP deposition correlated with an

induction of AGP biosynthesis genes. We selected candi-

dates induced during biotic stress from the Galactosyl

transferase (GALT) and Prolyl-4-hydroxylase (P4H) families

based on previous reports and a public gene expression

database (BAR) (Kaur et al., 2021; Vlad et al., 2007; Winter

et al., 2007). Significant differences in the expression of the

tested genes were observed between Col and eds1 at 2 dpi

compared to mock-treated samples. We observed an

increase in the expression of GALT7, GALT8, and GALT9

at 2 dpi compared to mock in Col but not in eds1

(Figure S7b). However, P4Hs were induced at 2 dpi both in

Col and eds1, indicating GALTs could relate to AGP deposi-

tion during immune activation. Together these results (Fig-

ures 3 and 6; Figures S4 and S5) underscore a need for

immune signaling leading to gene reprogramming and

increased AGP deposition in specific CW fractions.

We next focused on changes in galactan levels, which

increased in both Col and eds1 upon Pst infection (Fig-

ure 3). In both the ChASS and 4 M fractions of Col and

eds1, we observed a discernible decrease in galactan levels

at 1 dpi compared to mock-treated leaves, followed by a

notable increase at 2 and 3 dpi (Figures S4 and S5). In con-

trast, in Col 1 M fraction, we observed an increase in galac-

tan levels early in the infection (1 dpi) followed by a peak

at 2 dpi and a decrease by 3 dpi (Figure 6), suggesting the

occurrence of a pathogen-driven increase in galactan levels

early in infection that is attenuated later (Figure 6). Consis-

tent with this possibility, in eds1 we found a steady

increase in galactan deposition during the infection (Fig-

ure 6). Similar to the AGP deposition, the increase in galac-

tan deposition was associated with an increase in the

expression of Galactan synthase genes (GALS1, 2, 3) upon

Pst infection in both Col and eds1 (Figure S7c).

In contrast to the decrease in arabinan levels when

1 M KOH fraction was not depleted of ChASS fraction (Fig-

ure 3), we observed an increase in arabinan levels in the

1 M KOH fraction stripped of the ChASS fraction (Figure 6).

As expected, decreased arabinan levels were observed in

Col ChASS fraction, indicating a higher level of RG-I arabi-

nan depletion in the pectic fraction, and suggesting that

the composition of CW polysaccharides can change

dynamically during infection. Different from the activated

AGP and galactan biosynthesis pathways upon Pst infec-

tion, we found that Pst-induced changes in the expression

of genes regulating arabinan did not correlate with

observed changes in arabinan levels (Figure S7c). The

observed modifications in RG-I suggest that galactan and

arabinan may be independently modified in RG-I or

masked by other factors in the CW during Pst infection.

The major pectic polysaccharide in Arabidopsis pri-

mary CW is HG. Because RG-I was modified significantly

upon Pst infection (Figure 6), we evaluated changes in HG

upon Pst infection using ChASS fraction. We monitored

HG using JIM5 and JIM7 antibodies, which recognize lowly

methylesterified HG and highly methylesterified HG,

respectively. We observed an increase of lowly methyles-

terified HG (JIM5) and a decrease of highly methylesteri-

fied HG (JIM7) labeling 2 dpi onwards (Figure S6).

Although the verified changes in JIM5 and JIM7 labeling

upon Pst infection indicate that either HG is demethylated

with no overall changes in the levels of HG or that the bio-

synthesis and degradation of HG are balanced in the

pectin-enriched fraction, they support that Pst infection

leads to pectin demethylesterification.

CW modifications occur at the sites where pathogen

contacts the CW

During infection, Pst initially comes in contact with the epi-

dermal layer and spongy mesophyll cells (Xin et al., 2018).

Therefore, we next aimed to understand if the observed

CW changes (Figures 1–6) would predominantly affect

these two cell layers in the leaf. To do so, we generated

transverse sections of mock and Pst-infected leaves of Col

and eds1 for immunofluorescence analyses with anti-

bodies for AGP (LM2), galactan (LM5), and xyloglucan

(LM15). We did not observe differences in antibody label-

ing pattern between Col and eds1 mock-treated samples,

which showed uniform labeling of LM2, LM5, and LM15

(Figure 7a). In line with the dot-blotting results and CW

composition data (Figures 2, 3 and 6), we found that in Col

Pst infection led to changes in the labeling pattern of LM2,

LM5, and LM15 specifically at the spongy mesophyll and

epidermal cells (Figure 7a; Figure S8). In contrast, we did

not observe such a distinct labeling pattern in eds1

(Figure 7a). Interestingly, in both pathogen-unchallenged

Col and eds1 tissues, we detected labelling of AGP in punc-

tate structures; however, we found that Pst infection

resulted in a uniform labeling of AGP across abaxial cells

Figure 5. SA leads to selective depletion of arabinan in rhamnogalacturonan-I.

Ten-day-old Arabidopsis seedlings of the indicated genotypes were grown for 3 days on plates supplemented with 50 lM SA. (a) PR1 transcripts were measured

using qRT-PCR. Bars represent means � SE of three biological replicates. (b) AIR was extracted from leaf tissue. Sequential extractions of pectin (ChASS), 1 M

KOH, and 4 M KOH fractions were performed, followed by dot-blot analyses on 2 lg de-starched AIR with LM2 (AGP), LM6 (alpha-1,5-arabinan), LM5 (beta-1,4-

galactan). Values represent the relative quantification of each dot-blot sample normalized to undiluted mock samples (value set to 1) within each blot.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2023), doi: 10.1111/tpj.16393
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)  Pst

Col eds1

***
***

***

(a)

(b)
mock 1 dpi 3 dpi2 dpi

Col
mock

eds1

LM2 (AGP)
LM6 (RG-I Arabinan)

LM5 (RG-I Galactan)

1 dpi 3 dpi2 dpi

0.58                0.55             0.72             0.63       0.92 0.95              1.14                1.26

1.00              1.05               1.11              1.03      1.25 1.31              1.52               1.56

0.77               0.75              0.84              0.70              1.13 1.11              1.05               1.12

0.19              0.23               0.27              0.29              0.50 0.46             0.46                 0.47

0.26               0.27              0.40               0.34       0.65 0.73               0.72                0.78

0.12               0.13              0.19              0.16       0.34 0.36             0.39               0.35

0.51                0.55              0.56              0.45         0.51  0.47              0.46                0.48

1.00              0.88               1.01              0.84       0.95 0.95               0.86               0.79

0.77               0.75               0.81              0.65                0.62    0.64              0.57               0.64

0.17               0.17                0.20              0.17              0.14 0.25               0.17               0.17

 0.29                 0.27              0.29              0.25           0.26    0.22               0.24             0.26

0.16                0.17              0.15               0.15        0.19   0.18             0.19                0.19

0.21               0.17                0.97             0.74        1.20               1.18              0.60               0.49

1.00             1.34                1.74            1.89           2.16 2.16                 1.77              1.72

0.44             0.48                1.14               1.05              1.89  1.56               0.99               0.75

                                               0.19            0.20        0.26  0.21               0.17              0.11

0.06                 0.05              0.32               0.25         0.35    0.36               0.25             0.19

                                               0.19            0.15        0.22  0.13                0.09              0.06

   1.00             0.52                0.72             1.29            1.21  2.41               2.93              2.16

   0.55             0.40               0.86              1.11               0.75   0.81             0.94               0.93

                                               0.41             0.44        0.32    0.32              0.30              0.48

                                               0.13              0.20        0.19  0.23                0.25              0.18

   0.36               0.39              0.63             0.60        1.03               0.98               1.51              1.45

1.00              1.00                 1.21             1.15            2.33  2.30               2.43               2.60

0.57                0.57              0.65               0.67              1.34  1.31               1.76               1.64

                                               0.08            0.09        0.22  0.22             0.39              0.26

  0.08               0.06               0.20               0.20         0.42    0.42               0.89             0.61

                                                                                            0.12  0.10              0.19              0.15

   0.21           0.21              0.28              0.47       0.31               0.21               0.13              0.13

1.00              1.10               1.27             1.31            1.44  1.67              1.64               2.39

 0.55              0.41              0.44               0.86              0.85  0.56               0.50              0.25

     0.12          0.10              0.11               0.15         0.10    0.10              0.04              0.03

  0.09          0.23                0.31              0.23         0.08  0.07              0.05              0.05

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2023), doi: 10.1111/tpj.16393
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of Col, but not in eds1 (Figure 7a). We did not observe

such marked changes in the adaxial cells (Figure 7a). Con-

sistent with CW labeling pattern upon Pst infection in the

abaxial side of leaf, we found bacterial cells mostly in

abaxial intercellular spaces (Figure 7b). As expected, we

observed multiple bacterial colonies in eds1, but not in Col

(Figure 7b). We also observed instances of shriveled CW

organization in the abaxial side of eds1 later in the

Figure 6. Spatio-temporal changes in CW correlate with dynamics of bacterial proliferation.

(a) Four-week-old Arabidopsis plants were infiltrated with Pst and bacterial titers were determined at 3 dpi. Data represent the mean of three biological

replicates � SE. Differences between genotypes were determined using Student’s t-test (P < 0.05).

(b) Four-week-old Arabidopsis leaves of the indicated genotypes were infiltrated with Pst. Infiltrated leaves were harvested at 1, 2, and 3 dpi. Mock-treated plants

were harvested at 3 dpi. Dot-blot analyses on 2 lg of 1 M KOH AIR (after extracting pectin fraction) with LM2 (AGP), LM6 (alpha-1,5-arabinan), LM5 (beta-1,4-

galactan). Values represent the relative quantification of each dot-blot sample normalized to undiluted mock samples (value set to 1) within each blot.
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Figure 7. CW changes occur in the localized abaxial side of leaf.

(a) Four-week-old Arabidopsis plants of the indicated genotypes were infiltrated with either mock or Pst. Samples were harvested and fixed at 2 dpi. CW poly-

mers were probed using antibodies against LM2 (AGP), LM5 (beta-1,4-galactan) and LM15 (xyloglucan). Stronger and localized signals were observed in the

mesophyll cells of Col, but not eds1. Arrowheads indicate punctate labeling of LM2, and arrows indicate specific labeling in the sponge mesophyll cells in Col.

Scale bar = 100 lm.

(b) TEM images of mock and Pst-infiltrated leaf tissue. Note the intact CW in Col and the shriveled CW in eds1 on the abaxial side of the leaf only. Bacterial cells

are indicated with arrowheads.

� 2023 The Authors.
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infection (3 dpi) but not in the adaxial side of the tissue

(Figure 7b). These results point to CW modifications being

limited to cells in contact with Pst rather than broadly in

the tissue, supporting a local cell response, which is

in agreement with our data for a lack of occurrence of sys-

temic CW modifications (Figure 1b).

DISCUSSION

In addition to being a support structure, the CW is an inter-

face between the protoplast and pathogens, which can

modulate plant immunity (Underwood, 2012; Wolf et al.,

2012). While CW modifications upon infection by penetrat-

ing fungal pathogens that have an arsenal of CW-

degrading enzymes have been extensively studied (Dora

et al., 2022; Kubicek et al., 2014), relatively little was known

about CW modifications during the course of infection by

bacteria, such as Pst, which reside in intercellular spaces.

More specifically, it was not fully understood how, where,

and to what extent the CW is modified during Pst infection

and concomitant immune signaling. To address this signif-

icant gap in plant-pathogen interactions and contribute to

the understanding of defense strategies actuated by the

host, we systematically analyzed the changes in the CW

NSC during a compatible interaction using the well-

established Pst-A. thaliana system. Our study revealed that

upon virulent infection the CW undergoes significant local

modifications, which encompass an immune-independent

accumulation of hexoses and an immune-dependent

increase in pentoses, underscoring that the extensive and

yet specific CW modifications are the combined result of

both pathogen virulence and host immune responses. By

analyzing CW modifications during disease progression,

we also found significant changes in AGP deposition and

attributed a critical requirement of APAP1 in immune

responses. These results support that the CW undergoes

specific local remodeling events and pinpoints specific

polysaccharidic CW constituents as critical components in

limiting pathogen growth.

To date, research on the role of the CW in plant immu-

nity has been largely centered on identifying CW muta-

tions that affect immune signaling or pathogen invasion

(Malinovsky et al., 2014; Molina et al., 2021; Under-

wood, 2012; Wan et al., 2021). However, the underpinnings

of, if and how, the plant immune response shapes the CW

during the progression of the disease have not been

defined yet. Significant lignin deposition has been verified

in Col upon infection with Pst HrcC� and by avirulent Pst

strains but not with Pst (Lee et al., 2019). Our work extends

these findings by focusing on the analysis of the CW NSC.

Particularly, we observed significant NSC changes in Pst-

infected leaves of Col but not eds1, a mutant that lacks a

central plant immunity component necessary to thwart

pathogens (Lapin et al., 2020). The changes in NSC are

unlikely attributable to increased bacterial cells because

the most distinct NSC changes were observed in Col,

which has reduced bacterial growth compared to eds1. In

addition, a similar NSC alteration was also observed in Pst

DC3000 Dcor-, which grew less on both Col and eds1 com-

pared to Pst (Figure S1). These results underscore that

immune activation induces extensive CW changes that are

not limited to lignin abundance (Lee et al., 2019) but also

impact the NSC. Furthermore, we found that plants

infected with Pst HrcC�, which is deficient in the type III

secretion system (Yuan & He, 1996), did not manifest

changes in CW NSC. Therefore, the observed CW changes

are due to one or more effectors secreted by Pst and con-

comitant basal immune signaling activated to limit Pst.

Our data are in line with the notion that Pst elicits effectors

to subvert host immunity. An example is the Pst effector

AvrPto, which suppresses callose deposition as part of a

strategy to inhibit CW-based defense and enable the

growth of Pst HrcC�. Future experiments quantifying NSC

using different Pst effector mutants will be informative to

understand how one or more of these effectors can affect

CW-based defense. CW modifications by lignification (Lee

et al., 2019) or alteration of the NSC (this work) might be

tailored to specific pathogens and/or effectors. Although

the identity of such effectors is yet unknown, by employing

genetic tools, we were able to establish that the occurrence

of CW NSC modifications is underpinned by different and

specific requirements. For example, we showed that some

of the NSC alterations, such as galactose and mannose,

are due to pathogen-elicited coronatine, and we observed

them only in infections with Pst but not with Pst DC3000 D-
cor- (Figure 1d; Figure S1). Significantly, we established

that, although SA plays a vital role in initiating SAR (Hart-

mann & Zeier, 2019), SA treatment alone did not result in

extensive CW modifications, highlighting that extensive

changes in CW due to Pst infection are likely the product of

other signaling cues in addition to SA, including possible

physical interactions between the CW and pathogens or

CW damage by pathogens. This is in agreement with other

studies showing that SA has a limited role in CW-based

defense (Hauck et al., 2003; Molina et al., 2021).

Our analyses also identified two distinct modalities of

CW NSC modifications due to pathogen virulence: (i) host

immune-independent modifications, which lead to an

increase in hexoses deposition, and (ii) host immune-

dependent modifications, which lead to an increase in pen-

tose levels, AGP deposition, and RG-I arabinan depletion.

These results support that the observed NSC modifications

that are consequent to pathogen infection are the

combined result of immune-dependent and immune-

independent responses by the host.

Pst infection hijacks organelles and intracellular sig-

naling pathways to ensure bacterial proliferation and tissue

propagation (Bhandari & Brandizzi, 2020; Dodds & Rath-

jen, 2010; Xin et al., 2018). We found that in the eds1

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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mutant, which allows higher Pst proliferation compared to

Col, galactan levels were increased and correlated with

increased expression of GALS transcripts. Conversely,

GALS induction was attenuated early upon immune activa-

tion in Col. It has been shown that Pseudomonas strains

favor sugars such as D-glucose and D-mannose for growth

in vitro and in vivo, but nutrient limitation in the apoplast

can drive bacteria to utilize unfavored sugars, such as D-

galactose, as a carbon source (Rico & Preston, 2008). Early

in infection, Pst perceives plant-derived factors as a signal

to induce type III effectors, such as AvrPto (Anderson et al.,

2014). Also, cultivation of Pst in minimal media supple-

mented with galactose has been shown to lead to the

induction of AvrPto in Pst (Anderson et al., 2014). There-

fore, the observed increase of the levels of hexose sugars

in the CW NSC due to Pst infection is suggestive of

pathogen-driven nutrient appropriation to favor bacterial

growth and virulence, especially in a background such as

eds1, which allows for high levels of bacterial infection.

The clear increase of pentose levels in Col compared to the

hypersusceptible mutants sid2 and eds1 underpins a role

of immune signaling in pentose deposition. Compared to

hexoses, pentoses are not preferred by bacteria, and the

pentose metabolism in bacteria is energetically costly (Rico

& Preston, 2008; Watanabe et al., 2019). Therefore, deposit-

ing more pentoses into the CW could represent a strategy

of the host to make the CW less hospitable for Pst and thus

potentially providing a hurdle to bacterial proliferation.

Among the increased pentoses, in this work, we found

a remarkable increase in arabinose in the CW upon infec-

tion. Arabinose is commonly found in pectic polysaccha-

rides, proteoglycan, and hemicelluloses such as

arabinoxylan or xyloglucan. In addition, arabinose deco-

rates AGPs, whose functions in the CW are not clearly

understood yet (Showalter & Basu, 2016; Tan et al., 2013).

Our results indicate preferential sequestration of the

increased levels of arabinose into AGP deposition and not

to RG-I arabinan. Because we observed a significant

increase in AGP levels in mur4, which has almost undetect-

able RG-I arabinan and is more resistant to Pst (this work),

degradation of RG-I arabinan does not appear necessary for

AGP synthesis and plant immunity. AGPs are hypothesized

to have roles in strengthening and monitoring CW and stor-

ing Ca2+ or transmitting Ca2+-mediated signaling (Lamport

& V�arnai, 2013; Showalter & Basu, 2016). Thus, increased

deposition of AGPs could either serve to attenuate immune

signaling by quenching Ca2+ in the CW or act as sentinels to

release Ca2+ upon perception of a pathogen attack. In addi-

tion, the verified immunity-driven deposition of AGPs in 4 M

KOH fraction, where AGP is not usually found [(Pattathil

et al., 2012) and this work], supports a structural role of

AGPs in crosslinking different CW polymers, which may

result in cordoning off pathogens. Indeed, we established

that the loss of APAP1 leads to increased bacterial growth.

It is plausible that, through a structural role in linking CW

polysaccharides (Tan et al., 2013), APAP1 may restrict path-

ogen infection. This is in line with findings that AGP deposi-

tion is spatially regulated in response to different biotic

interactions. For example, during infection by the gray mold

Botrytis cinerea, a general increase of AGP levels and

fraction-specific alteration of RG-I were observed in both

wild type (resistant) and susceptible pectin methyl esterase

mutants, indicative of pathogen-driven changes similar to

our results (Lionetti et al., 2017). Therefore, AGP and RG-I

modification could be a central target for CW modifications

upon infection. Additionally, during infection by the another

powdery mildew fungus Golovinomyces orontii, AGPs have

been found excluded from a specialized PM structure,

known as extrahaustorial membrane (EHM), which is

formed during fungal invasion (Bozkurt & Kamoun, 2020;

Micali et al., 2011). Nonetheless, AGPs were found to be

part of the encasement surrounding the EHM (Micali et al.,

2011), which suggests the role of AGPs in limiting pathogen

penetration and highlights a specific spatial deposition of

components in the CW. Thus, AGPs seemed to be recruited

by both pathogens and plants to remodel CW. Notably, we

found that AGP deposition occurs at later stages of Pst

infection (i.e., days 2 and 3), which supports that AGP depo-

sition is a late-stage immune event and likely a conse-

quence of limiting pathogen growth.

CW fortification against invading fungal pathogens

has been reported to occur at focal points of the infected

tissue to limit pathogen spread (Chowdhury et al., 2016;

Schmelzer, 2002). Our results support this notion as we

found that Pst infection led to local CW changes in the

infected leaves. Furthermore, we observed no CW changes

in the systemic tissue, despite the activation of a systemic

response. Therefore, systemic immunity actuated upon Pst

infection is limited to intracellular signaling cascades that

do not extend to changes in CW of systemic leaves despite

the activation of systemic signaling.

In summary, our results support a novel model of spa-

tiotemporal CW NSC modifications during Pst infection

(Figure 8). The model envisions that the pathogen chal-

lenge induces remarkable changes in the NSC that are lim-

ited to focal regions in locally infected leaves (Figure 8a,b).

Our results also support that the observed CW modifica-

tions are a function of pathogen-elicited effectors driving

increased hexose deposition, including galactans

(Figure 8c), an effect that is attenuated upon activation of

immunity in Col but not in eds1 (Figure 8d). In this model,

activation of immunity leads to potentiation of defense

pathways resulting in a depletion of RG-I arabinan but also

in an increase in AGP deposition, including APAP1, which

is necessary to mount a robust defense (Figure 8e). Further

studies with different pathogens and effectors are likely to

shed light on whether these are broadly conserved

responses or evolved against specific pathogens.

� 2023 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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EXPERIMENTAL PROCEDURES

Plant materials, growth conditions, and pathogen strains

All mutants and lines were in Arabidopsis accession Col-0 back-
ground. The mutants eds1-2, sid2-2, mur4-1, cslc4568 12, and
apap1 were previously described (Bhandari et al., 2019; Kim et al.,
2020; Tan et al., 2013; Wildermuth et al., 2002). Pseudomonas syr-
ingae pv. tomato (Pst) strain DC3000, Pst hrcC�, and Pst DC3000
Dcor- were used (Bhandari et al., 2019; Xin et al., 2018). Plants
were grown on soil in controlled environment chambers under a
10 h light regime (120–150 lE m�2 sec�1) at 22°C and 60% relative
humidity.

Pathogen infection assays

For bacterial growth assays, Pst (OD600 = 0.0005) in 10 mM MgCl2
was hand-infiltrated into leaves of four-week-old plants, and bac-
terial titers were measured, as described earlier (Bhandari et al.,
2019). Each biological replicate is comprised of three leaf discs
from different plants and data shown in each experiment is com-
piled from 3 to 4 biological replicates. Statistical analyses were
performed using one-way ANOVA with post-hoc multiple testing
correction using Tukey’s HSD (P < 0.05).

qRT-PCR analyses

Total RNA was extracted using a Plant RNA extraction kit
(Macherey-Nagel, Allentown, PA, USA). Five hundred nanograms
of total RNA were used for cDNA synthesis (iScript) and qRT-PCR
analyses were performed using SYBR green master mix. The
housekeeping gene GapDH was used as a reference. Primer

efficiencies were above 90% for all oligos, and data were analyzed
by dCt to calculate relative expression. Primers used in this analy-
sis are listed in Table S1.

Exogenous salicylic acid treatment

Arabidopsis seeds were surface-sterilized and plated on 0.5 MS
with 1% sucrose. 10- to 12-day old seedlings were transferred to
0.5 MS with 1% sucrose plates supplemented with either 50 lM
SA or DMSO. Samples were harvested at 3 dpi.

Cell wall analyses

Four-week-old Arabidopsis leaves from 25 plants were harvested
after treatments, and immediately frozen in liquid N2. Freeze-dried
biomass was washed three times using each 70% ethanol and 1:1
chloroform/methanol, followed by washing with 100% acetone.
Starch in the dried AIR was digested by a-amylase and pullanase.
NSC was analyzed using three replicates from the pulled samples
after producing alditol acetate derivatives of neutral sugars by
TFA hydrolysis of de-starched AIR by GLBRC cell wall facility as
described previously (Kim et al., 2015; York et al., 1986). Two inde-
pendent experiments were performed.

The levels of uronic acids from mock or Pst-treated samples
were estimated using the sulfamate/carbazole method using three
biological replicates as described previously (Filisetti-Cozzi &
Carpita, 1991).

Glycan array

Glycan array was performed as reported previously (Kim et al.,
2020). Two replicates per each genotype are comprised of ~20

CW

Immune 
signaling

galactan

AGP

arabinan

Palisade

spongy 
mesophyll

local (infiltrated leaf)

Pst

unmodified mesophyll cell

CW-modified mesophyll cell

secreted effectors

no  CW changes 
detected systemic  in 

un-infiltrated leaf 

b

a

e

c

d

Figure 8. Model summarizing the CW NSC changes upon pathogen infection.

(a) Pst-driven CW changes are restricted to locally infiltrated leaves and not to systemic (uninfiltrated) leaves.

(b) CW modifications are limited to spongy mesophyll cells, likely because of direct contact with Pst.

(c) Pst-secreted effectors induce expression of galactan synthase genes leading to increased galactan deposition into the CW. Such increased galactan deposi-

tion is not observed in the type III secretion-deficient pathogen strain (Pst HrcC�).

(d) Activation of immune signaling in Col, but not in eds1, leads to attenuation of effector-driven galactan deposition.

(e) Activation of immune signaling cascades leads to increased deposition of arabinogalactan proteins (AGP) and depletion of RG-I arabinan. Image was gener-

ated using Biorender.
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leaves from ~8 different plants. Glycan arrays were repeated at
least twice. In this assay, sequentially extracted fractions from
2 mg of AIR were used. Chelating agent-soluble solids fraction
(ChASS) was first isolated using a solution (50 mM Tris–HCl,
50 mM ammonium oxalate, and 50 mM trans-1,2-
cyclohexanediaminetetraacetic acid (CDTA) at pH 7.2) with 2 mg
of destarched AIR (10 mg ml�1) (Francocci et al., 2013) prior to
extraction of KOH fractions to avoid pectin de-methylesterification.
KOH soluble fractions were extracted from the pellet (ChASS
insoluble) using 1 and 4 M KOH with 20 mM NaBH4 sequentially.
Each KOH soluble fraction was neutralized with 50% acetic acid.
To generate a dilution series, the ChASS fraction was diluted with
ChASS solution with 0.25% (w/v) of oat b-glucan; the KOH
fractions were diluted with 0.8 M KOH with 0.25% (w/v) of oat b-
glucan. Primary antibodies (LM2, 1:500 dilution; LM5, 1:500 dilu-
tion; LM6, 1:500 dilution; LM10, 1:500 dilution; LM15, 1:500
dilution; JIM5, 1:500 dilution; JIM7, 1:500 dilution) in 1 9 PBS with
0.5% non-fat dairy milk and secondary antibody (Rabbit anti-rat
conjugated with HRP, 1:2000 dilution) in 1 9 PBS with 0.5% non-
fat dairy milk were used for the assay. For visualization, Super-
signal West Femto maximum sensitivity substrate (www.
thermofisher.com) was used for LM6 blotting, and Supersignal
West pico maximum sensitivity substrate (www.thermofisher.
com) was used for other antibodies. Dot blot signal intensity was
quantified using Image Lab V6.1 software (Bio-Rad, Hercules, CA,
USA). The software measured the signal intensity from each pixel
inside equally sized areas for each dot. The background intensity
was manually adjusted to obtain an accurate signal measurement.
For all dilution series, the relative signal intensity of each dot was
normalized to the mock control (top left dot, set to 1). For dilution
series up to 0.05, the measurement data were presented below
the respective dot in each image. Because of a low detectability of
arabinan in the 4 M KOH, changes in arabinan were not quantified
in the 4 M KOH fraction in Figures 3, 4, and Figure S5.

Immunofluorescence microscopy and transmission

electron microscopy (TEM)

Four-week-old Arabidopsis leaves were fixed after treatment in 4%
formaldehyde, 0.5% glutaraldehyde in 1 9 PBS. Samples were
dehydrated and embedded in LR white resin, then transverse sec-
tions (0.5 lm) were used for immunofluorescence, as previously
described (Kim et al., 2015). As primary antibodies, LM2 (1:30),
LM5 (1:30), and LM15 (1:30) were used. Goat anti-rat antibody con-
jugated with Alexa488 (1:100) was used as the secondary
antibody.

For the TEM, ultra-thin sections (70 nm) were prepared from
the samples used for immunofluorescence. The sections were
post-stained with 2% uranyl acetate (w/v in water) for 5 min and
1% lead citrate for 2 min and visualized using JEOL 1400 Flash
Electron Microscope.

Antibodies

The antibodies adopted in this work were procured from PlantP-
robes and Kerafast. A detailed information is available at https://
plantcellwalls.leeds.ac.uk/wp-content/uploads/sites/103/2021/11/
JPKab2021.pdf
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Figure S1. Pst infection leads to CW changes in local but not sys-
temic tissue.

Figure S2. Level of xyloglucan and heteroxylan were not signifi-
cantly altered upon Pst infection.

Figure S3. Differential sequestration of arabinose upon Pst
infection.

Figure S4. Spatiotemporal changes in CW composition correlate
with dynamics of bacterial proliferation.

Figure S5. Spatiotemporal changes in the 4 M CW fraction corre-
late with dynamics of bacterial proliferati1on.

Figure S6. Pst causes demethylation of pectin.

Figure S7. Transcript levels of genes involved in AGP and RG-I are
changed upon Pst infection.

Figure S8. CW changes occur in the localized abaxial side of an
infected leaf.

Table S1. Primers.
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