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The cytokinin signaling pathway, which is mediated by Arabi-
dopsis response regulator (ARR) proteins, has been involved in
the modulation of some disease-resistance responses. Here, we
describe novel functions of ARRG6 in the control of plant disease-
resistance and cell-wall composition. Plants impaired in ARR6
function (arr6) were more resistant and susceptible, respectively,
to the necrotrophic fungus Plectosphaerella cucumerina and to
the vascular bacterium Ralstonia solanacearum, whereas Arab-
idopsis plants that overexpress ARR6 showed the opposite phe-
notypes, which further support a role of ARR6 in the modulation
of disease-resistance responses against these pathogens. Tran-
scriptomics and metabolomics analyses revealed that, in arr6
plants, canonical disease-resistance pathways, like those acti-
vated by defensive phytohormones, were not altered, whereas
immune responses triggered by microbe-associated molecular
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patterns were slightly enhanced. Cell-wall composition of arré
plants was found to be severely altered compared with that of
wild-type plants. Remarkably, pectin-enriched cell-wall frac-
tions extracted from arré walls triggered more intense immune
responses than those activated by similar wall fractions from
wild-type plants, suggesting that arré pectin fraction is enriched
in wall-related damage-associated molecular patterns, which
trigger immune responses. This work supports a novel function
of ARRG in the control of cell-wall composition and disease re-
sistance and reinforces the role of the plant cell wall in the
modulation of specific immune responses.

Keywords: Arabidopsis response regulators (ARR), cell wall,
cytokinin, damage-associated molecular patterns (DAMPs), dis-
ease resistance, immunity, Plectosphaerella cucumerina, Ralstonia
solanacearum

Plants are sessile organisms that need to develop robust
disease-resistance mechanisms to efficiently defend themselves
from pathogens and pests. Plant defense is tightly regulated by
a complex network of phytohormones that precisely integrates
external and internal cues to maintain homeostasis and co-
ordinate the defense responses at the spatial and temporal levels
(Couto and Zipfel 2016; Pieterse et al. 2012). In Arabidopsis,
salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) are
the most important hormones regulating plant disease-resistance
responses (Denancé et al. 2013a; Robert-Seilaniantz et al. 2011;
Shigenaga et al. 2017). The SA pathway is usually effective in
mediating resistance against biotrophic pathogens, whereas JA
and ET pathways are commonly required for immune responses
against necrotrophic pathogens and insects (Bari and Jones 2009;
Denancé et al. 2013a; Glazebrook 2005). In addition to SA,
JA, and ET, other phytohormones may also function as plant
immunity modulators and play specific roles in resistance to
different types of pathogens (Robert-Seilaniantz et al. 2011;
Shigenaga et al. 2017).

Cytokinins have emerged as an important hub integrating
defense responses mediated by other hormones (Choi et al.
2011) and have been shown to regulate the expression of
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defense genes and the activation of immune responses as de-
termined in plants treated with cytokinins or in cytokinin—over-
accumulating lines (Choi et al. 2010). Cytokinins are a family
of N®-substituted adenine derivatives and chemically unrelated
phenylurea-type hormones primarily involved in cell growth
and differentiation. In Arabidopsis, cytokinins are perceived by
Arabidopsis histidine kinases 2 to 4 (AHK?2 to AHK4) recep-
tors, which are two-component system proteins that initiate a
downstream phosphotransfer cascade that leads to the phos-
phorylation of Arabidopsis response regulator (ARR) proteins
through Arabidopsis histidine phosphotransfer (AHP) proteins
(Hwang et al. 2012; Naseem et al. 2014; To et al. 2004, 2007).
The activation of the cytokinin pathway results in the tran-
scriptional expression of a set of specific cytokinin-regulated
genes that have been identified by meta-analyses (Bhargava
et al. 2013).

ARRs are encoded by a multigenic family comprising 21
members that have been classified in three types (A to C)
depending on their structural domains and functions. Type A,
comprising ARR3 to ARR9 and ARR15 to ARR17, negatively
regulate cytokinin responses and members are transcriptionally
regulated by type B ARRs. Type B, namely ARR1, ARR2,
ARR10 to ARR14, and ARR18 to ARR21, are transcription
factors that positively regulate cytokinin signaling (Hwang
et al. 2012). A type C group of ARRSs has also been described,
but its role in cytokinin signaling is unclear (Horak et al. 2008;
Kiba et al. 2004; Pils and Heyl 2009).

The activity of ARR members is, in general, partially re-
dundant in the regulation of biological processes, and thus, even
mutants impaired in six ARR genes may still retain partial
functions (To et al. 2004, 2007). Moreover, the existing regu-
latory loop between type A and type B ARRs could explain, at
least in part, the observed contradictory functions of cytokinins
in the regulation of some biological processes, like plant im-
mune responses. For example, it has been suggested that type B
ARRs might enhance immunity by promoting SA responses,
whereas type A ARRs have been proposed to attenuate immune
responses by inhibiting the SA pathway (Argueso et al. 2012;
Naseem et al. 2015). Additionally, some ARRs, such as ARR2,
ARRS5, ARR7, and ARRI1S5, can interact with ET signaling and
modulate ET biosynthesis, which provides additional levels of
regulation of immunity due to hormonal crosstalk (Hass et al.
2004; Shi et al. 2012).

Cytokinins have also been suggested to modulate plant cell-
wall structure by regulating the expression of genes encoding
cell-wall remodeling proteins such as pectin-modifying en-
zymes, expansins, and laccases (Brenner et al. 2012). Further-
more, degradation of cytokinins has been linked to alterations
in cell-wall integrity (CWI) that might function as a monitoring
system to regulate developmental processes, such as cell cycle
progression (Gigli-Bisceglia et al. 2018). Cytokinins also play
important roles in vascular development and, for instance,
ARRS5 and ARRG genes have been shown to regulate the for-
mation of protoxylem vessels of the vascular system (Kondo
et al. 2011). All these structural and biochemical cell-wall
modifications regulated by cytokinins and ARRs might affect
disease resistance responses and the in-planta spread of some
pathogens, like vascular ones.

Activation of plant defensive responses requires the percep-
tion of signals that trigger specific resistance mechanisms
through diverse molecular monitoring systems (Atkinson and
Urwin 2012). Among these monitoring mechanisms are pattern-
triggered immunity (PTI) and effector-triggered immunity (Dodds
and Rathjen 2010). PTT is based on the perception through pat-
tern recognition receptors (PRR) of “non-self”” microbe-associated
molecular patterns (MAMPs), pathogen-associated molecular
patterns, or “modified-self” damage-associated molecular patterns
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(DAMPs) derived from the plant (Boller and Felix 2009;
Boutrot and Zipfel 2017). MAMPs and DAMPs from different
biochemical natures, i.e., proteins, carbohydrates, lipids, and
nucleic acids, have been identified, thus reflecting the diversity
of immunogenic structures recognized by plants (Boutrot and
Zipfel 2017). Compared with MAMPs, far fewer DAMPs de-
rived from plants have been identified to date (Bacete et al.
2018; Choi and Klessig 2016; Claverie et al. 2018; De Lorenzo
et al. 2018).

An important source of DAMPs that is currently attracting
research interest is the plant cell wall, which is a dynamic and
highly regulated structure essential for plant growth and de-
velopment. The functional integrity of cell walls is controlled
by CWI monitoring systems (Engelsdorf and Hamann 2014;
Engelsdorf et al. 2018). These systems trigger countervailing
responses to cell-wall damage that occurs upon pathogen in-
fection, abiotic stress, and cell expansion during growth and
development (Vaahtera et al. 2019). The plant CWI pathway is
strongly involved in the regulation of growth, immune re-
sponses, and resource allocation between development and
immunity (Engelsdorf et al. 2018; Hamann et al. 2009; Wolf
et al. 2012). Modification of cell-wall composition or integrity
by genetic or chemical means might affect the capacity of some
pathogens to degrade the wall during plant colonization and
might lead to the activation of defensive signaling pathways,
including those regulated by hormones (Bacete et al. 2018;
Houston et al. 2016; Miedes et al. 2014; Nafisi et al. 2015). For
example, enhanced resistance to pathogens has been observed
in Arabidopsis mutants defective in cellulose synthases re-
quired for the biosynthesis of primary (prc1/ixrl/cevl, procustel/
isoxaben resistant 1/constitutive expression of VSPI) or sec-
ondary (irxl/cesa8, irx3/cesa7 and irx5/cesa4, from irregular
xylem) cell walls (Ellis et al. 2002; Escudero et al. 2017;
Hernandez-Blanco et al. 2007). The disease-resistance pheno-
types of irxI/irx3/irx5 mutants are, in part, explained by the
constitutive activation of the abscisic acid (ABA) pathway and
the biosynthesis of antimicrobial compounds (Escudero et al.
2017; Hernandez-Blanco et al. 2007). In contrast, prcl/ixrl/
cevl resistance phenotypes are associated with the activation of
ET and JA signaling (Ellis et al. 2002). Similarly, the alteration
of O-acetylation patterns from cell-wall xylans caused by
mutations in ESKIMOI (ESKI) is associated with stress-
resistance phenotypes of eskl plants and an enhanced accu-
mulation of ABA and strigolactones (Escudero et al. 2017;
Lugan et al. 2009; Ramirez et al. 2018; Xin et al. 2007; Xu et al.
2014). In another example, the Arabidopsis walls are thin 1
(watl) mutant exhibits increased resistance to vascular patho-
gens, e.g., Ralstonia solanacearum, which is accompanied by
higher SA levels and a general repression of indole metabolism
(Denancé et al. 2013b). The alteration of the composition of
wall pectins (e.g., degree of methylesterification) also affect
disease-resistance responses, some of which can be reverted by
auxins (Ferrari et al. 2008; Raiola et al. 2011). Also, cell-wall
mutants with differential resistance to pathogens have been
described whose immune responses are not associated with the
activation of hormonal pathways (Delgado-Cerezo et al. 2012;
Klopffleisch et al. 2011; Llorente et al. 2005; Raiola et al. 2011;
Sanchez-Rodriguez et al. 2009).

Modifications of cell-wall structure or composition may also
alter one or both the presence or release of cell wall-derived
signaling molecules (e.g., DAMPs) that regulate immune re-
sponses. It has been shown that biochemical modification of the
plant wall by cell wall-degrading enzymes secreted by patho-
gens during the colonization process can result in the release of
DAMPs, such as pectic oligogalacturonides (OGs) derived
from homogalacturonan (Benedetti et al. 2015; Lionetti et al.
2017; Ridley et al. 2001; Voxeur et al. 2019). Moreover, the



overexpression or inactivation of plant genes encoding en-
zymes involved in the control of pectin structure (e.g., pectin
methyl esterases [PMEs] and PME inhibitors) results in the
modification of the degree of OG release upon infection and in
disease-resistance phenotype alterations (De Lorenzo et al.
2018; Ferrari et al. 2008; Lionetti et al. 2017; Raiola et al.
2011). However, the relationship between composition or
structure of the cell wall, the dynamic of the release of wall
DAMPs, the activation of canonical defensive responses, and
the resistance to pathogens are not well-understood.

Here, we show that arr6-3 plants defective in the ARR6 gene
and ARR6 overexpression lines have altered and opposing
disease-resistance outcome phenotypes to different pathogens.
We also demonstrate that arr6-3 plants display alterations in the
biochemical composition of their cell walls and that pectin-
enriched fractions extracted from arr6-3 walls contain wall-
related DAMPs triggering enhanced immune responses in
comparison with pectin-enriched fractions extracted from wild-
type plant walls. Our data demonstrate a novel link between
the activity of regulatory components of the cytokinin pathway
and Arabidopsis cell-wall composition and disease-resistance
responses.

RESULTS

ARRG6 modulates differential disease-resistance responses
to pathogens.

Arabidopsis mutants impaired in genes putatively involved in
cell-wall biosynthesis or remodeling represent useful tools to
study and characterize plant immunity mechanisms mediated
by CWI (Bacete et al. 2018; Miedes et al. 2014). We selected
the ARR6 gene to investigate the function of CWI on immunity,
as this is the Arabidopsis ortholog of DV017520 from Zinnia
elegans, a gene that is upregulated during late xylogenesis,
which is a developmental process involved in secondary cell-
wall formation (Pesquet et al. 2005). ARR6 has also been de-
scribed to regulate the formation of protoxylem vessels of the
Arabidopsis vascular system and, accordingly, arr6 mutants
show alterations in the xylem (Kondo et al. 2011). Moreover,
data retrieved from the Bio-Analytic Resource for Plant Bi-
ology BAR ePlant database also indicated that ARR6 expres-
sion was repressed in wild-type Columbia-O (Col-0) plants
upon infection with different types of pathogens, like the vas-
cular bacterium R. solanacearum (Hanemian et al. 2016; Hu
et al. 2008) or the biotrophic oomycete Hyaloperonospora
parasitica, after treatment with MAMPs (e.g., bacterial flg22
peptide) or under some abiotic stress conditions (Supplemen-
tary Fig. S1). Also, mutants impaired in several ARR members
including ARRG (e.g., arr5,6,8,9 and arr3,4,5,6,8,9 mutants)
but not the single arr6-1 mutant have been described to show
slightly enhanced resistance to H. parasitica (Argueso et al.
2012). Altogether, these data suggested that ARR6 could be
associated with the modulation of cell-wall composition and
activation of defense responses.

To further probe these putative ARR6 functions in the mod-
ulation of disease resistance and cell-wall composition, we
selected for disease-resistance studies two T-DNA insertional
alleles of ARRG (arr6-2 and arr6-3) (Supplementary Fig. S2A).
Quantitative real-time (qQRT)-PCR analysis of ARR6 expression
in the mutant alleles and Col-0 wild-type plants (Supplemen-
tary Fig. S2B) indicated that the arr6-3 allele was a knockout
(null), whereas arr6-2 was a knockdown (hypomorphic) mu-
tant. The arr6-2 allele harbors the T-DNA insertion very close
to that present in arr6-1 allele, which was also previously de-
scribed as a hypomorphic allele (To et al. 2004). The de-
velopmental phenotype of arr6 plants does not differ from that
of wild-type plants, as previously described (To et al. 2004). We

tested the disease-resistance phenotypes of arr6-2 and arr6-3 to
pathogens with different lifestyles, namely, the necrotrophic
fungus Plectosphaerella cucumerina BMM, the vascular bac-
terium R. solanacearum GMI1000, and the biotrophic oomy-
cete H. parasitica Noco2. Notably, the arr6-3 mutant was
slightly more resistant to the necrotrophic fungus P. cucumerina
BMM than Col-0 wild-type plants, as determined by fungal
biomass quantification by gPCR at 5 days postinoculation (dpi)
and by disease rating (DR) determination at 7 dpi (Fig. 1A;
Supplementary Fig. 3A). The accumulation of P. cucumerina
BMM biomass and DR were slightly higher in arr6-3 than that
observed in the irx/-6 plants included as a resistant control, and
in both mutants these values were significantly lower than that
of Col-0 wild-type plants (Fig. 1A; Supplementary Fig. 3A).
This contrasted with the enhanced fungal biomass and DR
observed in the aghl-2 mutant, which was included as hy-
persusceptible control (Fig. 1A; Supplementary Fig. 3A)
(Hernandez-Blanco et al. 2007; Llorente et al. 2005). Remarkably,
the arr6-3 mutant was highly susceptible to R. solanacearum
GMI1000 and plants decayed at 10 to 12 dpi, as determined by
visual evaluation of DR (Fig. 1B). As previously described for
arr single mutants (Argueso et al. 2012), susceptibility to the
oomycete H. parasitica of the arr6-3 allele was found to be
similar to that of Col-0 plants, as determined by quantification
of conidiosphores per milligram of fresh weight at 7 dpi (Fig.
1C). Similarly, the hypomorphic arr6-2 allele showed disease
symptoms similar to those of Col-0 wild-type plants to the three
pathogens tested (Supplementary Fig. S3B to D), which is in
line with the previously described lack of differential pheno-
types of arr6-1 hypomorphic allele (Argueso et al. 2012; To
et al. 2004).

In view of the disease-resistance responses of the arr6-3
mutant and to corroborate the role of ARR6 in the modulation of
these responses, we generated different Col-0 lines that over-
express ARR6 (35S5::ARR6) or ARRG fused to the green fluo-
rescence protein (GFP) or the human influenza hemagglutinin
(HA) tags (355::ARR6-GFP and 35S::ARR6-3HA) as well as
plant lines overexpressing ARR6 in the arr6-3 background
(arr6-3 35S5::ARR6) (Supplementary Fig. S2C). ARR6 expres-
sion in these lines was evaluated by qRT-PCR and we selected,
for further characterization, different overexpression lines (in
Col-0 background) with expression levels of ARRG6 transgenes
four- to 10-fold higher than in Col-0 and arr6-3 lines (arr6-3
358::ARR6) with ARRG6 expression levels similar to that of
wild-type plants (Supplementary Fig. S2B). Notably, in the
arr6-3 35S5::ARR6 lines tested the enhanced resistance to
P. cucumerina BMM and susceptibility to R. solanacearum
GMI1000 was almost restored to wild-type levels, further
confirming the role of ARR6 in regulating these disease-
resistance responses (Fig. 1A and B; Supplementary Fig. S3A).
In line with these results, we found that P. cucumerina BMM
fungal growth (5 dpi) and DR (7 dpi) in the 35S::ARR6 over-
expression line were significantly increased compared with
Col-0 plants, whereas 35S::ARR6 plants were more resistant to
the bacterium R. solanacearum GMI1000 than Col-0 plants, as
revealed by their delayed disease symptoms (Fig. 1A and B;
Supplementary Fig. S3A). To further confirm these pheno-
types associated to ARR6 overexpression, independent over-
expression lines (35S::ARR6-3HA and 35S::ARR6-GFP) were
tested for disease resistance, and we found that they also
showed enhanced susceptibility and resistance to P. cucumerina
BMM and R. solanacearum GMI1000, respectively, as com-
pared with Col-0 wild-type plants (Supplementary Fig. S3B
and C). In agreement with previous results (Argueso et al.
2012), the 35S::ARRG lines tested were slightly more suscep-
tible than Col-0 plants to the oomycete H. parasitica (Fig. 1C;
Supplementary Fig. S3D). Altogether, these observations
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Fig. 1. Mutants and overexpression ARRG lines display altered resistance to
pathogens. A, Plectosphaerella cucumerina BMM biomass quantification
by quantitative PCR of fungus B-tubulin (B-tub) at 5 days postinoculation
(dpi). Values are represented as the average (+ standard error [SE]) of the n-
fold increased expression compared with Col-0 wild-type plants. Asterisks
indicate statistically significant differences compared with the wild-type
B-tub expression level (analysis of variance [ANOVA], multiple compari-
sons corrected by Holm-Sidak’s test, one asterisk (*) indicates P < 0.05,
three (***) P <0.001). Data are from one of three experiments performed (n
= 10) that gave similar results. B, Average disease index (+ SE), at different
days postinoculation, of the indicated Arabidopsis genotypes inoculated
with Ralstonia solanacearum GMI1000. Disease index: 0 (no symptoms) to
4 (100% decayed plant). Asterisks indicate statistically significant differ-
ences compared with wild-type (Col-0) (ANOVA, multiple comparisons
corrected by Holm-Sidak’s test, one asterisk (*) indicates P < 0.05, two (**)
P < 0.01, three (***) P < 0.001). Data are from one of two experiments
performed with similar results. C, Disease resistance phenotypes upon in-
fection with Hyaloperonospora arabidopsidis Noco2. Conidiospores per
milligram of leaf fresh weight were measured at 7 dpi. Values are means of
n = 20 = SE. Asterisks indicate statistically significant differences com-
pared with wild-type (Col-0) (ANOVA, multiple comparisons corrected by
Holm-Sidak’s test, one asterisk (*) indicates P < 0.05, two (**) P < 0.01).
Data are from one of two experiments performed with similar results.
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support a novel function of ARRG6 in the differential modulation
of Arabidopsis resistance responses to P. cucumerina BMM and
R. solanacearum GMI1000 and corroborate the redundant role
of type A ARRs (including ARRG6) in controlling the resistance
to H. parasitica (Argueso et al. 2012).

arr6-3 plants show differential expression
of defense and cell wall-associated genes.

A comparative transcriptomic analysis of 18-day-old arr6-3
and Col-0 plants was performed. RNA was extracted from the
plants 1 day after inoculation with P. cucumerina BMM or
mock treatment. Microarray data analysis of mock-treated
plants revealed 205 differentially expressed genes (DEGs) in
arr6-3 compared with Col-0 plants, of which 153 and 53 were
up- and down-regulated, respectively (Supplementary Table
S1). Functional classification and Gene Ontology (GO) terms
enrichment analyses performed using the hypergeometric test
and Benjamini and Hochberg false discovery rate (FDR; cor-
rected with a P value cut-off of 0.05) indicated that 126 GOs
were over-represented among the DEGs (Fig. 2A; Supple-
mentary Table S2). These GO included “Response to stimulus”
(GO:0050896, P value = 2.82 x 107°) and “Regulation of
transcription, DNA-templated” (GO:0006355, P value 1.18 x
107), each with 23 unique genes (11.2%), and “Response to
chitin” (GO:001020018, P value of 3.09 x 107", 18 genes
representing 8.7%) (Fig. 2A; Supplementary Table S2). A
closer view of the “Response to stimulus” category revealed
that most of the genes were related to defense responses (10 of
23) and response to stress (14 of 23), specifically, biotic stress
(nine of 23) (Supplementary Table S2). In the case of the
“Regulation of transcription, DNA-templated” category, we
observed that a significant number of DEGs were related to the
ET pathway (seven of 23). In addition, analysis of the 205
DEGs using the Thalemine web tool (Krishnakumar et al. 2017)
indicated that the APETALA?2/ethylene responsive factor (AP2/
ERF) domain (IPR001471) was over-represented (P value =5.71
x 107™) with 11 ERFs (5.34% of DEGs) upregulated in arr6-3
(Supplementary Table S3). Among these ERFs, four belonged
to the dehydration-responsive element binding (DREB) sub-
family (group A), known to be involved in the regulation of
dehydration- and cold-inducible genes (Sakuma et al. 2002),
whereas seven were ERFs from group B (Sakuma et al. 2002)
or IX (Nakano et al. 2006). Of note, six of these seven ERF's
have been implicated in pathogen resistance (Nakano et al.
2006) and the majority of these ERFs were found to be up-
regulated in microarray data of Col-0 plants infected with either
P. cucumerina BMM or R. solanacearum GMI1000 (Supple-
mentary Fig. S4). These microarray values were validated in
arr6-3 and Col-0 plants by qRT-PCR analysis of ARR6 and a set
of genes selected based on their putative functional relevance in
disease-resistance or abiotic-stress responses (Fig. 2B).

To determine if alteration of cytokinin perception contributes
to arr6-3 disease-resistance phenotypes, we compared the
arr6-3 DEGs with those of ahkl and ahk2 ahk3 mutants (E-
MEXP-1155) (Tran et al. 2007). Notably, only five DEGs
were common between ahk2 ahk3 and arr6-3 (including the
downregulated ARR6) and one between ahkl and arr6-3
(Supplementary Fig. S5A). To strengthen these results, we also
compared arr6-3 DEGs with the dataset of 75 cytokinin-
specific regulated genes proposed by Bhargava et al. (2013).
In line with our previous comparison with ahkl and ahk2 ahk3
datasets, we did not find any of these 75 cytokinin-responsive
genes among the arr6-3 DEGs, further indicating that arr6-3
DEGs are not cytokinin-associated genes (Supplementary
Fig. S5B).

We next studied the disease-resistance response of arr6-3
plants upon inoculation with P. cucumerina BMM, and we



found 2,816 DEGs in arr6-3 inoculated plants, of which 905
were specifically expressed in arr6-3 but not in Col-0 (Fig. 2C;
Supplementary Tables S5 and S6). According to GO term en-
richment analysis, among these arr6-3 DEGs were genes re-
lated to defense responses, to diverse biotic and abiotic stresses,
as well as to other physiological processes (Supplementary Fig.
S6). Notably, among these 905 DEG, we found 75 of the 205

genes (36.59%) constitutively upregulated in non-inoculated
arr6-3 plants (Supplementary Fig. S5B; Supplementary Table
S5), further supporting the function of this set of genes in
disease-resistance responses. Strikingly, only nine of these
arr6-3 DEGs upon P. cucumerina BMM infection were also
among cytokinin-regulated marker genes described by Bhargava
et al. (2013) (Supplementary Fig. S5). Together, these results
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hypergeometric test, the Benjamini and Hochberg false discovery rate (FDR), and a P value cut-off of 0.05. When a determined gene had more than one
associated biological function GO term with a P value <0.05, the GO term with lowest P value was selected to classify that gene. B, Quantitative real-time
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pointing arrows) or downregulated (blue downward pointing arrows). D, Expression levels of genes implied in different defense-response pathways were
determined by qRT-PCR in Col-0 and arr6-3 plants at 1 dpi with P. cucumerina BMM. Asterisks indicate statistically significant differences between Col-0 and
arr6-3 (analysis of variance, multiple comparisons corrected by Dunnett’s test, one asterisk (*) indicates P < 0.05, two (**) P < 0.01, three (***) P < 0.001.
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indicate that the arr6-3 disease-resistance phenotypes are un-
likely to be associated with differential regulation of the cyto-
kinin pathway.

Of note, canonical defense pathways (i.e., SA, ET, JA, and
biosynthesis of secondary metabolites) and PTI signaling were
up-regulated in response to P. cucumerina BMM infection both
in Col-0 and arr6-3 plants, with a slightly higher upregulation
in arr6-3 plants, as corroborated by qRT-PCR expression
analysis of marker genes (Fig. 2D). These data suggested that
the arr6-3 disease-resistance phenotypes are not associated to
the misregulation of canonical defensive pathways. To further
validate this hypothesis and to identify potential defense-
associated metabolites in arr6-3, we performed a comparative
and global metabolite profiling of four-week-old, non-
inoculated arr6-3 and Col-0 plants. Within the 373 analyzed
metabolites (including all the defensive hormones and some of
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Fig. 3. arr6-3 plants display alterations in their cell-wall compositions. A,
Fourier-transform infrared spectroscopy difference spectra obtained after
digital subtraction of Col-0 cell wall. B and C, Monosaccharide composi-
tion (Mol%) of pectin I (B) and pectin II (C) cell-wall fractions from Col-
0 wild-type and arr6-3 plants. Fuc = fucose, Ara = arabinose, Rha =
rhamnose, Gal = galactose, Glc = glucose, Xyl = xylose, Man = mannose,
GalA = galacturonic acid, GlcA = glucuronic acid. Asterisks indicate sta-
tistically significant differences (analysis of variance, multiple comparisons
corrected by Holm-Sidak’s test, one asterisk (*) indicates P < 0.05, two (¥*)
P < 0.01, three (***) P < 0.001).
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their precursors), only 11 were more abundant (n-fold higher
than 1.5 and P < 0.1) in arr6-3 compared with Col-0 (Supple-
mentary Fig. S7A; Supplementary Table S7). Gentisate, a disease-
resistance modulator (Bellés et al. 2006; Navarova et al. 2012),
and camalexin and sulforaphane-cysteine-glycine glucosino-
late, two antimicrobial compounds (Buxdorf et al. 2013; Zhou
et al. 1998), were found to be more abundant in the mutant
than in Col-0 plants (Supplementary Fig. S7A; Supplementary
Table S7). Glucosinolates but not camalexin have been pre-
viously shown to be required for Arabidopsis resistance to
P. cucumerina BMM (Sanchez-Vallet et al. 2010). With the
exception of cyano-alanine, a product of ET metabolism,
which showed a slightly higher abundance in arr6-3, we did
not find significant alterations in the levels of hormones or
their precursors (e.g., SA, JA, and brassinosteroids) that reg-
ulate canonical immune pathways in arr6-3 plants (Supple-
mentary Fig. S7B; Supplementary Table S7). The slight
increased abundance of a small subset of antimicrobial com-
pounds is, most likely, not sufficient to fully explain arr6-3
disease-resistance phenotypes to two different pathogens with
distinct colonization styles.

Since some PTI marker genes (e.g., PHII) were up-regulated
in non-inoculated arr6-3 plants (Fig. 2B) and showed a slightly
enhanced expression upon P. cucumerina BMM infection, we
determined PTI responses in arr6-3 plants upon treatment with
two MAMPs (flg22 and chitin hexamer [Mélida et al. 2018])
and compared these responses with that of 35S:ARR6 and Col-
0 plants. The phosphorylation of mitogen-activated protein
kinases (MAPKs: MAPK3, MAPK6, MAPK4, MAPK11) and
expression of the PHII gene were slightly higher in arr6-3 than
in Col-0 plants (Supplementary Fig. S8), which is in line with
the transcriptomic data (Fig. 2B). Notably, MAPK phosphory-
lation was weaker in 35S:ARRG6 plants than in Col-0, suggesting
a defective activation of PTI in the overexpressor line (Sup-
plementary Fig. S8). We then tested the expression of ARR6 in
these genotypes, and we found that ARR6 expression was
down-regulated upon MAMP treatment in Col-0, as described
previously (Supplementary Fig. S1), but also in 35S:ARR6
plants. The results point to a complex mechanism of regulation
of ARRG6 function during immune activation.

arr6 mutants show alterations
in their cell-wall composition.

Among the arr6-3 DEGs, we found 16 genes that were as-
sociated with one or both cell-wall biosynthesis and remodeling
or with responses to CWI impairments (Supplementary Fig.
S9), which suggested some cell-wall alterations in arr6-3
plants. Since ARRG6 has been involved in regulation of forma-
tion of protoxylem vessels of the vascular system (Kondo et al.
2011), we determined the cell-wall composition of arr6-3
plants and compared it with that of wild-type plants. First, we
performed a cell-wall characterization using Fourier-transform
infrared (FTIR) spectroscopy to obtain ‘cell wall fingerprints’
that could reveal general differences between Col-0 and arr6-3
cell walls. FTIR is able to recognize polymers and functional
groups and is used as a powerful and rapid technique for ana-
lyzing cell-wall components, since they can be assigned to
different wavenumbers of the FTIR-spectra (Alonso-Simén
et al. 2011). The analysis of the differential FTIR spectra
obtained after digital subtraction of the wild-type values
revealed differences mainly in the region between 1,500 and
1,750 cm™ (Fig. 3A). This region is characterized by the ab-
sorption of uronic acids in wavenumbers 1,600 to 1,630 and
1,740 cm™ (McCann et al. 1992; Mouille et al. 2003) and lignin
at 1,515, 1,630, and 1,720 cm™ (Séné et al. 1994; Carpita et al.
2001). With FTIR data pointing to differences in cell-wall
components, such as uronic acids, lignin, or both, and bearing



in mind that overlap in absorption and vibrational coupling
between chemical bonds corresponding to different cell-wall
polymers may occur, a more detailed biochemical character-
ization of the cell-wall composition was carried out.

We observed no quantitative difference in the amount of two
major load-bearing cell-wall components such as lignin and
cellulose between arr6-3 and Col-0 plants (Supplementary Fig.
S9). In order to get a better understanding of the differences
observed by FTIR, the highly complex cell-wall crude extracts
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were chemically fractionated. Four fractions enriched in dif-
ferent cell-wall components (two pectic and two hemicellulosic
ones) were analyzed for their monosaccharide composition and
their glycosidic linkages types. arr6-3 pectin fractions dis-
played some striking differences in monosaccharides compo-
sition compared with their wild-type counterparts, whereas
no significant differences in composition were found between
their hemicellulose fractions (Fig. 3B and C; Supplementary Fig.
S10). In comparison with the Col-0 pectin I fraction, the arr6-3
fraction was highly enriched in galacturonic acid (57 versus
34 mol% in Col-0) and glucose (17 versus 9 mol% in Col-0),
while they contained less arabinose, rhamnose, and galactose
amounts than the fractions from wild-type plants (Fig. 3B).
Similarly, the pectin II fraction from the mutant contained more
galacturonic acid (45 versus 22 mol%) and lower arabinose and
galactose content than that of Col-0 plants (Fig. 3C). Glycosidic
linkage analyses of the pectin fractions confirmed that the en-
richment in 1,4-linked galacturonic acid observed in the arr6
pectin fractions was from homogalacturonan-type polymers
(Supplementary Fig. S11). Other 1,4-galacturonic acid—containing
polymers such as rhamnogalacturonan did not show any in-
creased levels of other residues from these structures, such as
1,2-linked rhamnose, ruling out the possibility that the observed
increased levels in galacturonic were due to modifications in
rhamnogalacturonan content (Supplementary Fig. S11). These
analyses confirmed that arr6-3 cell walls are altered and that
these modifications are mainly associated to the pectic fractions.

The pectin-enriched fractions
from arr6 trigger immune responses.

From the results presented above, we hypothesized that an
enhanced and differential presence of carbohydrate-based
DAMPs in the cell walls of arr6-3 in comparison with Col-
0 might explain, at least partially, the differential disease-
resistance responses of arr6-3 plants. These DAMPs, when
released, would activate immune responses, thus triggering
disease resistance. arr6-3 cell-wall fractions were tested for
their capacity to trigger intracellular Ca** influxes, an early
immune response, by using Col-0“F? sensor lines that express
the apoaequorin gene from Aequorea victoria and can be used
as an in-vivo bioluminescent Ca®* sensor (Knight et al. 1991;
Mélida et al. 2018). Interestingly, we found that Ca** entry was
activated by Col-0 and arr6-3 pectin fractions but not by
hemicellulose ones. Moreover, arr6-3 pectin fractions induced

&
~

Fig. 4. Pectin-enriched cell-wall fractions trigger calcium influxes. A and
B, Ca®* influx kinetics triggered in Col-0*F? seedlings by pectin I, pectin
II, hemicellulose I, or hemicellulose II fractions from wild-type (Col-0) (A)
or arr6-3 (B) plants (50 ng sugar/mL). C, Well-characterized damage- or
pathogen-associated molecular patterns used as controls (1 uM flg22,
0.25 uM oligogalacturonides with 10 to 15 degrees of polymerization [OGs
DP 10-15], mock treatment is H,O). All treatments were applied by auto-
matic injection, and luminiscence was recorded in seconds, up to 1,200 s.
Red-shaded areas represent time before automatic injection, i.e., back-
ground signal. Data shown in A to C belong to the same experiment but
have been spliced into different panels. Values are means + standard error,
n = 8, and are representative of at least three biological replicates. D,
Variation of intracellular Ca®* concentration after 10 min of treatment of
Col-0"FQ seedlings with untreated pectin 1 fractions (0.5 pg/ul) or flg22
(500 nM) or fractions treated with heat (20 min at 95°C) or proteinase K (1
U overnight at 37°C) followed by heat treatment for 20 min at 95°C. Bars
indicate significant differences between Ca** influx triggered by fractions
subjected to different treatments (analysis of variance, multiple compari-
sons corrected by Holm-Sidak’s test, three asterisks (***) indicate P <
0.001). Proteinase K might have an effect on plants or growth medium
used, since we observed an increase in Ca** concentration in mock samples
(H,O + proteinase K) upon application to seedlings.
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higher Ca®* influxes than those from Col-0 (Fig. 4A). These
calcium signatures were compatible with a ligand-receptor
binding interaction, like that observed for flg22 MAMP and
OGjg.;5 (degree of polymerization [DP] of 10-15) DAMP,
which were included in the experiment as controls (Fig. 4A). Of
note, the DAMPs contained in pectin I and pectin II fractions
from Col-0 and arr6-3 remained active (e.g., triggered [Ca2+]Cyt
entry) after different treatments affecting stability of proteins,
i.e., denaturation by heat treatment and proteolysis with pro-
teinase K combined with heat denaturation (Fig. 4B). Slight but
not significant increases in the activity of these fractions were
observed in some cases upon these treatments (Fig. 4B) that are
consistent with solubilization effects of the fractions, which
would facilitate the release of their DAMPs, as it has been
previously reported for insoluble polysaccharides subjected to
heat solubilization (Mé€lida et al. 2018). Such observation
contrasted with the immune activity of flg22 after heat + pro-
teinase K treatment that was significantly reduced (Fig. 4B).
The resistance to proteolysis of the pectin I fraction from arr6-3
and Col-0 suggested that this fraction contains DAMPs that are
not peptides and might be of glycosidic nature.

The pectin-enriched fractions extracted from arr6-3 and Col-
0 cell walls triggered phosphorylation of MAPK3 and MAPK6
but not MAPK4 or MAPKI11 in Col-0 wild-type plants, since
the activities of pectin I fractions were higher than those of
pectin II (Fig. 5A and B). The pectin I-induced MAPK phos-
phorylation was similar to that triggered by OGjq_;5, since no
phosphorylation of MAPK4 or MAPK11 occurred, in contrast
to the phosphorylation triggered by flg22 (Fig. 5C). We also
evaluated the expression of PTI marker genes in wild-type
plants 30 min after treatments with pectin fractions from Col-0
and arr6-3 plants or water. The selected genes for the qRT-PCR
analyses were either specifically activated by the calcium-
dependent protein kinase (CDPK) pathway (i.e., PHI-1, which
is constitutively up-regulated in arr6-3), the CDPKs + MAPKs
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A B
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pathways (i.e., CYP8IF2), or by pathogens (e.g., WRKY33
[Boudsocq and Sheen 2013; Boudsocq et al. 2010]). Re-
markably, upregulation of these three genes was observed in
Col-0 plants treated with the arr6-3 pectin fractions (Fig. 5D
and E) and such induction was comparable to that observed
upon treatments with highly purified MAMPs or DAMPs, such
as flg22 or OGg_;5 (Fig. 5F). Of note, Col-0 pectin I fractions
did not trigger the expression of any of these marker genes
upregulated by the arr6-3 pectin I fraction (Fig. 5D and E),
whereas the pectin II fractions from arr6-3 and Col-0 plants
induced similar expression of the tested genes (Fig. 5D and E).
Together these data suggested that the arr6-3 pectin I fraction
contained either enhanced levels of DAMPs compared with the
Col-0 fraction or specific DAMPs, of glycosidic nature, that
triggered differential immune responses.

DISCUSSION

The plant cell wall is currently viewed as a dynamic structure
regulating different processes, like immunity and development
(Bacete et al. 2018; Bethke et al. 2016; De Lorenzo et al. 2018
Engelsdorf et al. 2018; Voxeur and Hofte 2016). To better un-
derstand the relationship between plant cell walls and immu-
nity, we have characterized the function of the Arabidopsis
ARRG6 gene in the regulation of CWI and disease-resistance
responses. This gene was selected based on: i) its expression
profile in Arabidopsis plants subjected to different stresses,
including MAMP treatment (Supplementary Figs. S1 and S8);
ii) its described role on protoxylem vessel formation (Kondo
et al. 2011); iii) the upregulation of its Zinnia elegans ortholog
during xylogenesis, a secondary cell-wall biosynthetic process
triggered by auxin and cytokinin (Pesquet et al. 2005); and iv)
its expression during R. solanacearum infections, since ARR6
expression is repressed in leaves from susceptible Arabidopsis
genotypes but is up-regulated in clavatal mutants that are more
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Fig. 5. Activation of pattern-triggered immunity responses by pectin cell-wall fractions from Col-0 and the arr6-3 mutant. A to C, Western blot determination
of mitogen-activated protein kinase (MAPK) phosphorylation at different timepoints (0, 10, 20, and 30 min) upon application to wild-type plants (Col-0) of the
pectin I or B, pectin II fractions from Col-0 or arr6 plants (0.5 pug/ul) or C, 100 nM flg22 and 0.5 pg of the OG(_;5 control per microliter (oligogalacturonides
with 10 to 15 degrees of polymerization [OGs DP 10-15]). a.-Phospho-p44/42 rabbit antibody was used for MAPK detection, and Ponceau staining was used to
show equal protein loading. Data are representative of one of three independent experiments performed with similar results. All these samples were analyzed in
the same experiment and blot. D, Quantitative real-time PCR analyses of defense and microbe-associated molecular pattern—induced genes in Col-0 seedlings
treated for 30 min with pectin I or E, pectin II fractions (0.5 pg/ul) or F, 100 nM f1g22 and 0.5 ug of OG (.5 per microliter. Relative expression levels to the
UBC21 (At5g25760) gene are shown. Asterisks indicate significant differences (analysis of variance, multiple comparisons corrected by Dunnett’s test, one
asterisk (*) P < 0.05, two (¥*) P < 0.01). Data are representative of one of two independent experiments performed with similar results.
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tolerant to this bacterium than wild-type plants (Hanemian et al.
2016; Hu et al. 2008). These data suggest that ARR6 could be
involved in the regulation of stress responses or modulation of
plant cell-wall composition or both. In line with this initial
hypothesis, we have demonstrated that, compared with wild-
type plants, the arr6-3 loss of function mutant allele shows
differential disease-resistance phenotypes to different patho-
gens (Fig. 1; Supplementary Fig. S3) and alterations in its cell-
wall composition (Fig. 3).

ARRG6 belongs to type A ARRs, which have been previously
described to be involved in disease resistance. For example, an
arr3,4,5,6,8,9 sextuple mutant exhibited decreased suscepti-
bility to the biotrophic pathogen H. parasitica, whereas trans-
genic lines overexpressing either ARR6, ARRS, or ARR9 were
more susceptible to this pathogen (Argueso et al. 2012). The
unaltered resistance phenotype of the arr6-3 single mutant to
H. parasitica (Fig. 1) compared with the described enhanced
resistance of the arr3,4,5,6,8,9 mutant indicates that ARR6 has
overlapping functions with other ARRs in the regulation of
disease-resistance responses to H. parasitica, as previously
reported (Argueso et al. 2012). Notably, we have shown that
arr6-3 is more resistant and susceptible, respectively, than Col-
0 plants to the necrotrophic fungus P. cucumerina and to the
vascular bacterium R. solanacearum (Fig. 1; Supplementary
Fig. S3), further supporting a relevant and specific function of
ARRG in the regulation of disease-resistance responses to these
two pathogens with different lifestyles. As previously described
for arr6-1 (To et al. 2004), the additional hypomorphic allele
(arr6-2) tested here did not show any alteration on the disease-
resistance phenotypes tested (Supplementary Fig. S3). In-
terestingly, ARR6 expression is down-regulated by MAMPs
(e.g., flg22) and different biotroph and necrotroph pathogens, in
both compatible and incompatible interactions (Supplementary
Figs. S1 and S8). This highlights the relevance of ARRG in the
immune response and suggests that ARR6 may act as a nega-
tive regulator of disease-resistance activation against certain
pathogens (e.g., P. cucumerina BMM) similarly to what has
been described for other genes, such as PMRG6, that mediate cell
wall-based resistance to pathogens (Vogel et al. 2002). The
specific function of ARR6 in immunity was further supported
by the disease phenotypes of lines overexpressing ARR6, which
showed opposite disease-resistance phenotypes to arr6-3 (e.g.,
in 35S::ARR6, 35S::ARR6-GFP, and 35S::ARR6-HA) or com-
plemented them (e.g., arr6-3 35S::ARR6 lines) (Fig. 1; Supple-
mentary Fig. S3). Notably, ARR6 expression was downregulated
in 35S::ARRG6 plants upon treatment with MAMPs, suggesting
a complex regulation of ARR6 function during PTI activation
(Supplementary Fig. S8C). Together, these results corroborate a
role of type A ARRs in the regulation of disease-resistance
responses and support a relevant function of ARR6 in this
process.

Cytokinins have been suggested to upregulate plant immu-
nity via an elevation of SA-dependent defense responses that, in
turn, inhibit cytokinin signaling in a feedback loop (Argueso
et al. 2012). Type-A ARRs are considered central components
of this process and of other hormonal cross-talks (e.g.,
cytokinin-ET) that are activated in response to different stresses
(O’Brien and Benkova 2013; Shi et al. 2012). These regulatory
pathways are mediated by the cytokinin receptors AHK?2 and
AHK3, which function upstream of ARRs (including ARR6)
sensing cytokinin concentrations (Argueso et al. 2012; Hwang
and Sheen 2001). However, the transcriptome pattern of ahk2
ahk3 double mutants did not overlap with that of arr6-3 and
neither did that of the ahkl mutant (Supplementary Fig. S5A),
which is impaired in the CWI sensor AHK1 (Hamann et al.
2009; Wormit et al. 2012). Therefore, AHK1, AHK2, and
AHK3 do not seem to be linked, at least at the transcriptional

level, with the alterations in gene expression observed in the
arr6-3 plants, suggesting that the immune responses regulated
in arr6-3 are not related to the cytokinin signaling pathway or,
at least, with AHK2 and AHKS3 function. This is further sup-
ported by the fact that none of the cytokinin-regulated genes
identified in previous works (Bhargava et al. 2013) are among
the DEGs in arr6-3 mock-treated plants and only nine of the
arr6-3 DEGs upon P. cucumerina BMM infection were among
the set of cytokinin-regulated marker genes (Bhargava et al.
2013) (Supplementary Fig. 5B). Similarly, metabolomic and
transcriptomic analyses of arr6-3 plants demonstrated that
canonical immune pathways, like those regulated by hormones,
are not misregulated in the arr6-3 in comparison with wild-type
plants, since hormone homeostasis and expression of marker
genes of the pathways mediated by these hormones are not
altered in the mutant (Fig. 2; Supplementary Tables S4 and S7).

Transcriptomic analyses of arr6-3 plants identified defense-
associated genes that are specifically up-regulated in non-
inoculated and P. cucumerina BMM-infected plants (Fig. 2;
Supplementary Fig. 6; Supplementary Tables S4 and S5) and
that may help explain arr6-3 resistance to this fungus. For
example, arr6-3 plants are characterized by a clear over-
representation of upregulated genes encoding ERF transcrip-
tional factors belonging to group IX-b, whose members are
known to be involved in responses to pathogens (Licausi et al.
2013). Transgenic lines overexpressing ERF5 or ERF6 are re-
sistant to the necrotrophic fungus Botrytis cinerea but show
enhanced susceptibility to Pseudomonas syringae pv. tomato
DC3000 (Huang et al. 2016; Moffat et al. 2012; Wang et al.
2013), ERF104 overexpression lines are resistant to P. syringae
pv. phaseolicola (Bethke et al. 2009), and overexpression of
ERF] confers enhanced resistance to the necrotrophic fungi
P. cucumerina and B. cinerea (Berrocal-Lobo et al. 2002). Thus,
the observed enhanced resistance of arr6-3 to P. cucumerina
BMM could be explained, at least in part, by the expression
pattern of some ERF genes. Additionally, the enhanced accu-
mulation of some antimicrobial secondary metabolites in arr6-
3 (Supplementary Fig. S7) may also contribute to arr6-3
disease resistance (Sanchez-Vallet et al. 2010). Moreover, some
PTI responses (e.g., phosphorylation of MAPKSs) are enhanced
in arr6-3 upon MAMP treatment in comparison with wild-type
plants (Supplementary Fig. S8A and B), suggesting a negative
function of ARR6 in immune regulation. In line with this
function, ARRG expression was down-regulated upon pathogen
infection and MAMP treatment (Supplementary Figs. S1
and S8).

Arabidopsis resistance to R. solanacearum has been shown to
be enhanced in ET signaling mutants (Hirsch et al. 2002), in-
dicating that ET has a negative regulatory role on Arabidop-
sis resistance response to this bacterium, which is in line with
the finding that ET is one of the effectors produced by
R. solanacearum to colonize Arabidopsis (Weingart et al.
1999). The constitutive upregulation in arr6-3 plants of some
ERFs, regulated by the ET pathway, as well as other genes that
are DEGs in susceptible Arabidopsis—R. solanacearum inter-
actions might explain the enhanced susceptibility of arr6-3 to
the bacterium (Hanemian et al. 2016; Hu et al. 2008). Notably,
ARRG expression is repressed in leaves from susceptible plants
compared with resistant plants during R. solanacearum infec-
tions and is activated in clavatal mutants that are more tolerant
to this bacterium than wild-type plants (Hanemian et al. 2016;
Hu et al. 2008). Also, the alteration of protoxylem vessel
structure in arr6-3 plants might help to explain the enhanced
susceptibility of arr6-3 to the vascular bacterium that system-
ically colonize the plant through the xylem (Hirsch et al. 2002).
All these R. solanacearum—associated susceptibility factors of
arr6-3 plants might favor bacterial colonization and are not
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counterbalanced by the slight enhanced activation of PTI ob-
served in the arr6-3 or the higher PTI activity of the DAMPs
found in mutant wall fractions in comparison with Col-
0 fractions.

Here, using biochemical analyses, we show that leaves of
arr6-3 plants display significant alterations in their cell-wall
composition, particularly in their pectic fractions (Fig. 3),
which is in line with the described alteration of protoxylem
vessel formation in a different arr6 allele (Kondo et al. 2011).
These arr6 cell-wall features may contribute to the differential
disease-resistance responses of arr6 plants as the cell-wall
structure influences Arabidopsis resistance to R. solanacearum
and P. cucumerina, as observed in irx!, eskl, and watl mutants
(Denancé et al. 2013b; Digonnet et al. 2012; Escudero et al.
2017; Hernandez-Blanco et al. 2007), and pectins have been
described as being involved in Arabidopsis resistance to necrotro-
phic fungi, like B. cinerea (Bethke et al. 2016; Lionetti et al.
2017). Beyond structural reasons, pectins —homogalacturonan
in particular—are a source of different types of OGs, the best-
characterized plant cell wall-derived DAMPs, which regulate
DAMP-triggered immunity (Davidsson et al. 2017; Ferrari
et al. 2013; Galletti et al. 2008; Voxeur et al. 2019).

The increased abundance of homogalacturonan in the arr6-3
pectic fractions suggested that some OGs, or the OG concen-
tration or availability of OGs might be higher in arr6-3 walls
than in wild-type ones and, accordingly, we found that the
pectin I and pectin II fractions from arr6-3 mutant triggered
enhanced immune responses in Arabidopsis Col-0 plants, in
comparison with the responses activated by the corresponding
fractions from wild-type plants (Figs. 4 and 5). These data
suggest that additional or higher concentrations of DAMPs are
present in arr6 wall fractions compared with Col-0 fractions.
Also, we can hypothesize that differential release of specific
DAMPs might occur upon infection of arr6-3 and Col-0 plants
by distinct pathogens expressing different sets of cell wall-
degrading enzymes. Interestingly, the arr6-3 pectin I fraction
but not that of Col-0 plants triggers the upregulation of some
marker genes (e.g., PHI-1) that are also constitutively up-
regulated in arr6-3 plants, suggesting that some of these genes
would be markers of immune responses activated by the arr6
pectin I fraction. We also show here that MAPK phosphory-
lation cascades, which have a crucial role in signal transduction
in response to pathogens (Meng and Zhang 2013) and regulate
immune responses, are triggered by the pectin I and pectin II
fractions of arr6-3 and Col-0 plants. Phosphorylation patterns
upon treatment with pectin I or pectin II fractions or OGyq.15
support the idea that the pathways activated by these fractions
are not identical to those activated by flg22 (Fig. 5). Based on
the enhanced PTI-triggering capacities of arr6-3 pectic frac-
tions, their direct application to plant leaves should confer
disease resistance. However, future research will be needed in
this direction in order to get suitable formulations of these
complex carbohydrate mixtures that will favor penetration of
DAMPs through the plant cuticle and will avoid their degra-
dation by epiphytic microorganisms or pathogens in leaves, as
has been described previously (Trouvelot et al. 2014).

In summary, we show here that impairment of the ARR6 gene
affects cell-wall composition, which may impact plant-
pathogen interactions and lead to the accumulation of precur-
sors of the differential DAMPs (e.g., OGs) that would favor a
“defense-ready” state instead of resting stage. Under the attack
of a necrotrophic pathogen harboring a repertoire of cell
wall-degrading enzymes, these DAMPs would be released and
perceived through unidentified PRR complexes, contributing to
the observed increased resistance of arr6-3 plants. However,
this response would not take place in arr6-3 plants being
attacked by pathogens that colonize the plant through the
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vascular system but that do not massively degrade plant cell
walls, such as R. solanacearum GMI1000. Further character-
ization of ARR6-mediated immunity will pave the way to un-
derstand its role in CWI perception and maintenance and PTI
regulation.

MATERIALS AND METHODS

Plant material and growth conditions.

The Arabidopsis thaliana mutants used in this work, i.e., arr6-2
(SALK_008866) and arr6-3 (SALK_133123), were in Col-0
genetic background. Details of all mutant lines are provided
in Supplementary Table S8. Arabidopsis plants were grown as
previously described (Mélida et al. 2018; Sanchez-Vallet et al.
2010). For generation of ARR6 transgenic lines, constructs
(Supplementary Fig. S1) were brought into the Agrobacterium
tumefaciens C58 strain using Gateway technology (Earley et al.
2006). ARR6 (At5g62920) cDNA was cloned in Gateway
plasmids pGWB2, pGWBS5, and pGWBI14. The constructs were
used to transform wild-type Col-O and arr6-3 plants by the
standard floral dip method (Clough and Bent 1998). Segregation
was analyzed until the T4 generation on one-half Murashige-
Skoog 1% sucrose agar plates containing 50 pg of hygromycin
per liter. For each combination of background and construct,
expression levels of 10 independent transgenic lines were an-
alyzed by gRT-PCR using oligonucleotide primers (Supple-
mentary Table S9). Two lines from each construct with different
expression levels of the transgene were selected for further
analyses and one of them was tested for resistance (Fig. 1;
Supplementary Figs. S2 and S3; data not shown).

Pathogenicity assays.

For P. cucumerina BMM pathogenicity assays, 18-day-old
plants (n > 12) growing on soil were sprayed with a spore
suspension (4 X 10° spores per milliliter) of the fungus, as
previously described (Delgado-Cerezo et al. 2012; Sanchez-
Vallet et al. 2010). Fungal biomass in planta was quantified
at 5 dpi by qPCR determining the B-tubulin gene from the
fungus and normalizing these values to those of the UBC2]
(At5g25760) gene from Arabidopsis thaliana (Delgado-Cerezo
et al. 2012). The progress of P. cucumerina BMM infection was
estimated at 7 dpi as average DR from 0O to 5, where 0 = no
symptoms, 1 = plant with some necrotic spots, 2 = one or two
necrotic leaves, 3 = three or more leaves showing necrosis, 4 =
more than half of the plant showing profuse necrosis, and 5 =
decayed or dead plant (Delgado-Cerezo et al. 2012). For
Hyaloperonospora arabidopsidis Noco2 assays, 12-day-old
plants (n > 20) were sprayed with a conidiospore suspension
(2 x 10* spores per milliliter). Plants were incubated under
short-day conditions for 7 days, the aerial parts of all plants
were harvested, and released conidiospores were counted
(Mélida et al. 2018). A bacterial suspension of R. solanacearum
GMI1000, cells grown as described by Deslandes et al. (1998),
were used for root inoculation of 28-day-old plants and bac-
terial growth curves were then calculated by determining the
disease index (from O [no symptoms] to 4 [100% wilted leaves
or dead plant]) of inoculated plants, as described previously
(Deslandes et al. 1998).

Transcriptomic analyses.

For transcriptomic analyses, 18-day-old wild-type and arr6-3
plants were mock-treated or P. cucumerina BMM--inoculated
and rosettes (n > 25) were collected at 1 dpi (four biological
replicates). Total RNA was extracted, using the RNeasy mini
kit (Qiagen), and was resuspended in 30 pl of RNase-free water.
RNA quality was tested using a Bioanalyzer 2100 (Agilent Tech-
nologies). The one-color microarray-based gene expression



analysis protocol (Agilent Technologies) was used to amplify
and label RNA with cyanine-3-labeled CTP (Cy3). Three of the
four biological replicates were independently hybridized for
transcriptomic comparison, using Arabidopsis (V4) gene ex-
pression microarrays 4 9 44k (G2519F; Agilent Technologies).
The expression levels of the genes were visualized with the
FIESTA Viewer (BioinfoGP, Spanish National Biotechnology
Centre (CNB)-CSIC). Differentially expressed genes were se-
lected based on i) fold change, which had to be <2 or >2, and ii)
P value, calculated with the LIMMA package, which had to be
<0.05. The expression of some genes identified in the tran-
scriptome analysis was validated by qRT-PCR amplification,
using the oligonucleotides listed in Supplementary Table S9.

Cell-wall fractionation and characterization.

Plant material was collected and was immediately frozen
in liquid nitrogen. Cell walls and their fractions were prepared
as described (Bacete et al. 2017). FTIR spectroscopy de-
termination was done with discs prepared from mixtures of
purified AIR and KBr (1:100, wt/wt), using a Graseby-Specac
press. FTIR spectra were recorded and analyzed as described
(Mélida et al. 2009). Lignin-like material was quantified by the
Klason gravimetric method with minor modifications (Mélida
et al. 2015a). Cell-wall extracts were hydrolyzed with 72%
(wt/vol) sulphuric acid for 1 h at 30°C. Sulphuric acid was
subsequently diluted to 2.5% (wt/vol) with water and the
mixtures were further heated at 115°C for 1 h. The residues
were filtrated through Durapore polyvinylidene diflouride fil-
ters (0.45 um; Millipore), were dried, and were weighed. Cel-
lulose quantifications were performed as previously described
(Sopefia-Torres et al. 2018).

For monosaccharide analysis, dried purified cell-wall frac-
tions (0.5 mg) were hydrolyzed in the presence of 2 M tri-
fluoroacetic acid (TFA) at 121°C for 3 h. Myo-inositol was used
as an internal standard. The resulting monosaccharides were
analyzed by high-performance anion-exchange chromatogra-
phy on a CarboPac PA-10 anion exchange column (4.6 x
250 mm; Dionex) using a pulsed amperometric detector
(HPAEC-PAD; Dionex ICS 3000 system). Monosaccharides
were eluted, at 1 ml min~!, using a linear saline gradient of
100 mM NaOH to 100 mM NaOH and 300 mM sodium acetate
over 20 min.

Prior glycosidic linkage analysis uronic acid residues were
converted to 6,6-dideuterio neutral sugar derivatives as pre-
viously described (Mélida et al. 2015b). Polysaccharide net-
works in the dry carboxyl reduced cell-wall samples (0.1 mg)
were methylated according to Mélida et al. (2013). Partially
methylated polysaccharides were hydrolyzed in the presence of
2 M TFA at 121°C for 3 h and were converted to permethylated
aldiol acetates (Albersheim et al. 1967). The latter were sepa-
rated and were analyzed on a SP-2380 capillary column (30 m x
0.25 mm i.d.; Supelco) using a HP-6890 gas chromatography
system and a HP-5973 electron-impact mass spectrometer
(EI-MS) as a detector (Agilent Technologies). The temperature
program increased from 180 to 230°C at a rate of 1.5°C min™".
The mass spectra of the fragments obtained from the per-
methylated alditol acetates (EI-MS) were compared with those
of reference derivatives and by comparison with available data
from the Complex Carbohydrate Research Center (CCRC)
spectral database (University of Georgia, Athens, GA, U.S.A.).

Aequorin luminescence measurements.

Arabidopsis 8-day-old liquid-grown transgenic seedlings
(n > 8) of ecotype Col-0 carrying the calcium reporter aequorin
(Col-OAEQ) (Knight et al. 1991) were used for cytoplasmic
calcium (Ca2+cyl) measurements as previously described
(Bacete et al. 2017).

Immunoblot analysis of MAPK activation.

Twelve-day-old seedlings were treated with different cell-
wall fractions and MAMPs or DAMPs. The seedlings were then
harvested at the indicated timepoints. Immunoblots were per-
formed as previously described (Mélida et al. 2018).

Gene expression analyses.

gRT-PCR and detection were carried out in a 7300 real-time
PCR system (Thermo Fisher). Reactions were conducted in a
final volume of 20 ul with 10 pl of 2x SYBR green master mix
(Roche Applied Science), 1 uM of the oligonucleotides, and
10 ng of cDNA. PCR conditions were as follows: 95°C for
10 min and then 45 cycles of 95°C for 15 s and 60°C for 1 min.
At the end of each experiment, a dissociation stage (95°C for
15 s, 60°C for 30 s, and 95°C for 15 s) was carried out to ensure
that only single products were formed. The expression levels of
each gene, relative to UBC21 (At5g25760) expression, were
determined using the Pfaffl method (Pfaffl 2001). The oligo-
nucleotides used for qRT-PCR are summarized in Supple-
mentary Table S9.

MAMPs and DAMPs.

In Ca?* input, MAPK phosphorylation, and gene expression
experiments, 1,4-B-D-(GlcNAc)g, derived from fungal chitin,
and flg22, derived from bacterial flagella, were included as
MAMP controls. 1,4-B-D-(GIcNAc)s, (O-CHI6), purchased
from Megazyme, was prepared from chitin; and flg22 was a
synthetic peptide obtained from EZBiolab. Likewise, OGjq.15
(1,4-a-p-(GalA)¢.15) derived from homogalacturonan were
included as a DAMP control. OGq_;5s, obtained from Elicityl,
was generated from galacturonate polysaccharide hydrolysis
with a >99% purity.

Metabolic profiling.

Col-0 (25-day-old) and arr6-3 plants were collected, were
ground in liquid nitrogen, and were freeze dried for 24 h under
vacuum. Four biological replicates for each of these genotypes
were further processed and analyzed, by Metabolon Inc., for
global unbiased metabolite profiling as described previously
(Ren et al. 2012).
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