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ARTICLE INFO ABSTRACT

Keywords: In plants, the perception of cell wall fragments initiates signal transduction cascades that activate the immune
Vacuolar H-ATPase response. Previous research on early protein dynamics induced by oligogalacturonides (OGs), pectin fragments
Oligogalacturonides acting as damage-associated molecular patterns (DAMPs), revealed significant phosphorylation changes in
ED:(i\f)cP;tosis several proteins. Among them, the subunit C of the vacuolar H-ATPase, known as DE-ETIOLATED 3 (DET3), was

selected to elucidate its role in the OG-triggered immune response. The Arabidopsis det3 knockdown mutant
exhibited defects in HoO2 accumulation, mitogen-activated protein kinases (MAPKs) activation, and induction of
defense marker genes in response to OG treatment. Interestingly, the det3 mutant showed a higher basal resis-
tance to the fungal pathogen Botrytis cinerea that, in turn, was completely reversed by the pre-treatment with
OGs. Our results suggest a compromised ability of the det3 mutant to maintain a primed state over time, leading
to a weaker defense response when the plant is later exposed to the fungal pathogen. Using fluorescently labelled
OGs, we demonstrated that endocytosis of OGs was less efficient in the det3 mutant, implicating DET3 in the
internalization process of OGs. This impairment aligns with the observed defect in the priming response in the
det3 mutant, underscoring that proper internalization and signaling of OGs are crucial for initiating and
maintaining a primed state in plant defense responses.

Plant immunity

effectively combats a broad spectrum of pathogens (Barrett and Heil,
2012). Additionally, plant immunity relies on the capacity to detect
invading microbes through endogenous molecular patterns that emerge
solely during tissue infection or damage, termed damage-associated

1. Introduction

Plants have evolved sophisticated defense systems to safeguard

themselves from attack launched by phytopathogenic organisms. Some
of these defenses are constitutively present, such as physical and
chemical barriers, e.g., plant cell wall. Others are activated only upon
sensing a pathogen threat. The ability to swiftly detect danger and
activate defense responses is vital for survival, constituting a funda-
mental aspect shared between plants and animals. Plant immunity is of
the innate type and is triggered by the recognition of danger signals
mediated by germ line-encoded recognition proteins. These proteins
play a crucial role in sensing potential threats, initiating a cascade of
defense responses aimed at neutralizing the invading pathogens and
preserving plant health (Chisholm et al., 2006). Among the exogenous
danger signals, pathogen-/microbe-associated molecular patterns
(PAMPs/MAMPs) are conserved molecules secreted or constitutively
present on the cell surface of a class of microbes. PAMPs, traditionally
called elicitors, initiate the PAMP-triggered immunity (PTI), which
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molecular patterns (DAMPs). In these scenarios, the immune system is
activated through the differentiation between intact self and altered self
(De Lorenzo et al., 2001). Pattern recognition receptors (PRRs) play
crucial roles in immunity, development, and reproductive processes by
mediating the recognition of both endogenous and exogenous elicitors.
These signaling molecules significantly influence the growth-defense
trade-off (Pontiggia et al., 2020; Ngou et al., 2024).

PRRs encompass a broad range of cell membrane proteins formed by
an ecto- and a trans-domain, usually devoted to pattern-recognition and
interaction with other co-receptors, and an endo-domain, the latter
devoted to the signal transduction (Boller and Felix, 2009). Among the
various PRRs characterized to date are proteins with leucine rich repeats
(LRRs) and lysine motifs (LysMs), G- and L-type lectins, Wall-associated
kinases (WAKs) and Malectin/Malectin-like domain containing-proteins
(Ngou et al., 2024).
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Abbreviations

AF Alexa Fluor 488

AF-OGs Alexa Fluor 488 labelled oligogalacturonides
BR brassinosteroid

CYP81F2 cytochrome P450

DAMPs damage-associated molecular patterns

DET3 DE-ETIOLATED 3

Elf18 elongation factor thermos unstable 18-amino acid long
peptide

Flg22 flagellin 22-amino acid long peptide

FOX1 FAD-linked oxidoreductase 1

MAPK  mitogen-activated protein kinases

OGs oligogalacturonides

PAD3 Phytoalexin deficient 3

PAMPs/MAMPs pathogen-/microbe-associated molecular
patterns

PGIP1 Polygalacturonase Inhibiting Protein 1

PRR pattern recognition receptor

PTI PAMP-triggered immunity

ROS reactive oxygen species

TGN/EE Trans-Golgi Network/early endosome compartment
UBQ5  ubiquitin 5
Vacuolar H + -ATPase V-ATPase

Oligogalacturonides (OGs) are oligomers of a-1,4-linked galactur-
onosyl residues that act in plants as typical DAMPs (De Lorenzo et al.,
2011). OGs trigger a broad range of defense responses, including the
accumulation of secondary metabolites with antimicrobial activity
(Cervone et al., 1989; Hahn, 1981; Tsuji et al., 1992), ROS production
[mediated, in Arabidopsis thaliana, by the RESPIRATORY BURST OXI-
DASE HOMOLOG D (RbohD)] and the reinforcement of cell wall by the
in muro synthesis of callose (Galletti et al., 2008). Perception of molec-
ular signals at the cell membrane by PRRs induces a signal transduction
cascade that activates plant defenses; nevertheless, many of the mech-
anisms through which the OG signal is transduced remain unclear. Early
responses triggered by OGs and the bacterial PAMP flg22, a 22-amino
acid peptide localized in the domain 1 (D1) of bacterial flagellin, coin-
cide in large part (Denoux et al., 2008).

For example, mitogen-activated protein kinases (MAPKs) are acti-
vated within minutes upon perception of both OGs and flg22 (Bethke
et al,, 2012; Boudsocq et al., 2010; Rasmussen et al., 2012). The
response to OGs and flg22 is mainly mediated by the MAP kinases MPK3
and MPK6 (Asai et al., 2002; Galletti et al., 2011).

In a previous study, various protein clusters of A. thaliana with a
potential involvement in molecular signaling were identified as
phospho-regulated in response to OGs (Mattei et al., 2016). Among these
clusters, the ATP synthase cluster encompassed different subunits of the
Vacuolar type H™-ATPase (V-ATPase; A, C and E1 subunits), all of which
are similarly regulated by dephosphorylation in response to OGs (Mattei
et al., 2016). V-ATPase is localized in the vacuolar (tonoplast) and
Trans-Golgi Network (TGN) membranes, where it plays an important in
the endocytic/secretory traffic (Luo et al., 2015; Schumacher and Krebs,
2010) and Ca®* signaling (Allen et al., 2000; Peiter, 2011; Tang et al.,
2012). DET3, the subunit C of the V-ATPase, was identified in
detergent-resistant membranes of flg22-treated Arabidopsis suspension
cells through quantitative mass spectrometric analysis (Keinath et al.,
2010), suggesting a change in membrane compartmentalization during
elicitation and a potential role in elicitor-induced immune responses,
possibly through alterations in membrane dynamics.

The characterization of the det3 mutant, initially isolated for its
photomorphogenic phenotype in the dark (Cabrera y Poch et al., 1993;
Schumacher et al., 1999), revealed complex defects, including a
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conditionally reduced hypocotyl cell expansion due to ethylene- and
jasmonate-mediated growth inhibition, ectopic lignification, increased
starch levels, altered meristem activity in response to brassinosteroid
(BR) and a reduced stomatal closure in response to extracellular Ca%*
but not to ABA (Schumacher and Krebs, 2010; Szekeres et al., 1996). The
det3 mutant carries a point mutation (t1592a) in the first intron of DET3
gene that impairs the RNA splicing at the 3’ site due to destruction of a
branchpoint consensus sequence, thereby leading to approximately a
50% reduction of both mRNA and DET3 protein levels as well as a
diminished V-ATPase activity. The mutant shows an aberrant plant
phenotype (Fukao and Ferjani, 2011; Schumacher et al., 1999), high-
lighting the importance of V-ATPase complex in the regulation of Ara-
bidopsis growth and morphogenesis. The reduced V-ATPase activity was
also associated to an increased pH of the TGN/early endosome
(TGN/EE) compartment and alterations of the transport and recycling of
important vital components of the cell membrane, such as the BR re-
ceptor and cellulose synthase complex (Luo et al., 2015). This negative
impact could account for the characteristic BR insensitivity and altered
cellulose content observed in the det3 mutant (Luo et al., 2015).

Moreover, despite normal levels of the flg22 receptor FLS2, the det3
mutant responded to flg22 with increased MAPK activation and stomata
closure, and was more susceptible to bacterial infection, suggesting an
important role of V-ATPase in PAMP-triggered immunity (Keinath et al.,
2010). These insights indicate a crucial role of DET3 in the physiology of
the plant and explain the lethality associated with the total loss of its
function (Schumacher et al., 1999). In this work, the involvement of
DET3 in DAMP-triggered immunity was investigated using OGs as
representative cell wall DAMP.

2. Materials and methods
2.1. Elicitors and plant material

The elicitors used in this study are a mixture of unsubstituted OGs
with a degree of polymerization ranging from 10 to 15, hereafter
referred to as OGs, purchased from Biosynth Carbosynth (https://www.
biosynth.com/p/0G59704/galacturonan-dp10-dp15-sodium-salt) and a
flg22 oligopeptide purchased from EZBiolab (http://store.ezbiolab.co
m/cp7201.html). The plants used in this study are Arabidopsis thaliana
ecotype Columbia-0 (Col-0). The det3 mutant (Col-O genetic back-
ground) derived from a diepoxy butane-mutagenized population has
been previously described (Cabrera y Poch et al., 1993) and was pro-
vided by Prof. Ralph Panstruga (Institute for Biology I of RWTH Aachen
University, Germany).

2.2. Plant growth conditions

Arabidopsis plants were grown in a chamber “Phytotron SGC2”
(Weiss Technik) at 22 °C and 60% relative humidity under 16/8 h light/
dark cycle (~120 pmol m~2.sec™!). For adult plant assays, seeds were
directly germinated on soil (Compo Sana). For seedling assays, seeds
were firstly surface sterilized [0.01% w/v sodium dodecyl sulfate (SDS),
1.6% v/v NaClO] for 10 min and then were washed with sterilized
water. Washed seeds were germinated and grown (10/well) in 2 mL of
0.5X Murashige and Skoog (MS) medium pH 5.7 supplemented with
0.5% sucrose in multi-well plates.

2.3. Measurement of the alkalinization of the growth medium

For the measurement of the alkalinization of the growth medium,
washed seeds (Col-0 and det3 mutant), prepared as described in para-
graph 2.2, were germinated in flasks containing 20 mL of 0.5X MS
medium supplemented with 0.5% (w/v) sucrose. 10 days-old seedlings
were treated with OGs (100 pg mL_l), flg22 (10 pM) or water as control.
A pH-meter (pH Meter Basic 20, Crisom) was used to measure the pH
changes in the culture medium at 10-s intervals after treatment with
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elicitors for 5 min (shorter times) and at 30-min intervals for 3 h after
treatments (longer times).

2.4. Oxidative burst assay

The accumulation of HyO5 produced during incubation with elicitors
was determined using the spectrophotometry-based ferrous oxidation-
xylenol orange method (Jiang et al., 1990; Scortica et al., 2022, 2023)
with some modifications. We chose the xylenol orange assay for
measuring the oxidative burst because, unlike the luminol-HRP coupled
assay, it is not affected by pH changes (Bolwell et al., 2002). HyO2
released in the culture medium was measured by using the xylenol or-
ange assay (Scortica et al., 2023). Ten-day-old seedlings of wild type and
det3 plants were treated with OGs (50 pg mL™}), fIg22 (10 nM) and
water. An aliquot (100 pL) from each elicitor-supplemented growth
medium was combined with 100 pL of the assay reagent (0.5 mM
ammonium iron(ii) sulfate, 50 mM H3SO4, 0.2 mM xylenol orange and
200 mM sorbitol). Absorbance at 560 nm was measured at 0 (without
treatments), 10, 30, 60, 90, 180 min after treatment with elicitors. Data
were expressed as pmol HyO2.mg ™! FW seedlings * mL.

2.5. Protein extraction and MAPK immunoblotting

For the immunoblotting assays, seedlings were grown under the
controlled conditions previously olutlined.

9 day-after growth, the culture medium was adjusted to 1 mL, and
24 h later, Arabidopsis seedlings were treated with OGs (50 pg mL 1)
and flg22 (10 nM) for 10 and 30 min. The phosphatase-inhibiting buffer
[50 mM Tris-HCIl pH 7.5, 200 mM NaCl, 1 mM EDTA, 20 mM NaF, 2 mM
NagVOy4, 1 mM NayMoOy, 10% (v/v) glycerol, 0.1% (v/v) Tween-20, 1
mM DTT, 1 mM phenyl-methyl-sulfonyl fluoride, phosphatase inhibitor
cocktail P9599 (Sigma-Aldrich)] was used to extract the total proteins
from Arabidopsis seedlings (n = 20, about 100 mg DW). The bradford
reagent (Bio-Rad) was used to quantify the protein content in the plant
extracts. For each sample, total protein extract (40 pg) was separated by
SDS- PAGE 8% and analyzed by Western blot analysis. The equal loading
of samples was determined by staining the membrane with Ponceau-S
Red. The immunodetection of phosphorylated MAPKs was performed
with an a-p44/42-ERK antibody (1:2000 dilution, Cell Signaling Tech-
nology). Thereafter, an a-AtMPK3 (1:2500 dilution, Sigma, M8318) and
a-AtMPK6 (1:10000 dilution, Sigma, A7104) antibodies were used to
detect the MPK3 and MPK6 proteins, respectively. Membranes were
then incubated in Tris-buffered saline, 0.1% Tween 20 (TBS-T) con-
taining 0.5% (w/v) BSA (bovine serum albumin) with a secondary
horseradish peroxidase-conjugated anti-rabbit antibody (1:6000 dilu-
tion, Bio-Rad). The Clarity™ Western ECL substrate detection kit (Bio-
Rad) and the Alliance Q9 imaging system (UVITEC Cambridge) were
used for digital imaging.

2.6. Gene expression analysis

For gene expression analysis, seedlings were grown under controlled
conditions as described above. After 9 days of growth, the volume of
culture medium was adjusted to 1 mL, and 24 h later, Arabidopsis
seedlings were treated with OGs (50 pg mL 1) and flg22 (10 nM), for 1
and 3 h. Plant tissues were pulverized by using MM301 Ball Mill (Retsch,
Basel, Switzerland) for 1 min at 24 Hz. Total RNA extraction, cDNA
synthesis and quantitative real-time polymerase chain reaction (qRT-
PCR) were performed in accordance with Giovannoni et al., 2021a. Gene
expression levels were normalized against the reference gene UBIQ-
UITIN 5 (UBQ5, At4G05320) and the data were analyzed with Lin-
RegPCR software in accordance with Ruijter et al. (2013). The gene
expression analysis was performed on three different biological repli-
cates (each of them composed of three technical replicates) and the re-
sults obtained were averaged. The primers used for the qRT-PCR
analysis are listed in Supplementary Table S1.
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2.7. Botrytis cinerea infection assay

The fungus Botrytis cinerea was grown for 20 days at 22 °C on MEP
medium [malt-agar 2% (w/v), peptone 1% (w/v) and micro-agar 1.5%
(w/v)] until sporulation and then, it was maintained at 20 °C in a dark
chamber in accordance with Giovannoni et al., 2021c. Subsequently, the
infection assays were performed in accordance with (Ferrari et al., 2007;
Giovannoni et al., 2021b; Giovannoni et al., 2021c). For elicitor-induced
protection, plants were treated by spraying with water, OGs (200 pg
mL Yor flg22 (1 pM) 24 h before fungal inoculation. B. cinerea infection
was assessed 48 h after inoculation by measuring the lesion areas (mm?)
of infected leaves. 48 h post infection, a disease-resistance (DR) rating
was assessed using a rating scale as previously described (Fabian et al.,
2023; Wang et al., 2011) with some modifications. In brief, DR values
ranging from 1 to 5, were scored as follows: value 1 = no or small lesion,
rare symptoms; value 2 = lesions on 10%-30% of leaf surface; value 3 =
lesions on 30%-50% of leaf surface; value 4 = lesions on 50%-70% of
leaf surface, profuse necrosis; value 5 = lesions on over 70% of leaf
surface, decayed/dead symptoms. Then, the lesion areas and DR values
were measured by using the ImageJ software (https://imagej.nih.
gov/ij).

2.8. Oligogalacturonide labelling with Alexa Fluor 488 (AF-OGs)

The OGs were conjugated to aminooxy derivative of the Alexa Fluor
dye 488 (A30629, Invitrogen, http://www.invitrogen.com/) as previ-
ously described (Mravec et al., 2014) with minor modifications. In brief,
OGs were incubated with Alexa Fluor 488 in water at a ratio of 0.5
equivalent moles. The reaction mixture was firstly incubated at 37 °C in
dark condition for 24 h under gentle shaking (900 rpm) and then was
incubated at room temperature for additional 24 h. The reaction mix-
tures were stored at —20 °C and used for downstream applications
without any additional purification. The ability of AF-OGs to induce the
expression of the defense marker gene FOX1 was evaluated in 10-day--
old wild type seedlings according to the conditions described in para-
graph 2.2.

2.9. Confocal laser scanning microscopy using AF-OGs and FM4-64
labelling

Seven-day-old wild type and det3 seedlings were treated for 30 min
with AF-OGs (50 pg mL 1) and AF, the latter used as a control. Labelled
root samples with AF-OGs were scanned using a Leica SP5 TCS SP5 II
confocal system (488 nm of excitation and 500-540 nm of emission)
with 63X oil immersion lens.

The staining with FM™4-64 dye (2 puM, Invitrogen ™, T13320) was
performed according to Giovannoni et al., 2021c. Labelled root samples
with FM4-64 were scanned using a Leica SP5 TCS SP5 II confocal system
(516 nm of excitation and 640 nm of emission) with 63X oil immersion
lens. Z-stack images were collected over a length of 1.5 pm with 0.4 pm
intervals to acquire signals. The images were processed by using the
ImageJ software (https://imagej.nih.gov/ij) for contrast and brightness
enhancement and they were treated equally (Tang et al., 2012).

3. Results

3.1. Elicitor-induced extracellular alkalinization and extracellular H,O4
accumulation are higher in det3 mutant seedlings

The altered phenotype of the det3 mutant, carrying a single mutation
(t1592a) localized in the first intron of DET3 gene (Supplementary Data
S1, Supplementary Fig. S1a) was assessed. The plants exhibited a stun-
ted growth at each developmental stage, resulting in a dwarf phenotype
and reduced biomass production compared to wild-type (Col-0) plants
(Supplementary Fig. S1b), in agreement with previous observations
(Schumacher et al., 1999). Next, we investigated whether, besides being
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altered in the pH (increased) of the TGN/EE (Luo et al., 2015), the det3
mutant also shows an alteration of apoplastic pH. The natural pH of
extracellular environment is typically acidic in healthy plants and can
dynamically change in response to various environmental stimuli and
physiological factors (Boller and Felix, 2009; Geilfus, 2017). Indeed,
extracellular alkalinization represents one of the earliest and most
simply measurable response in the context of PTI (Boller and Felix,
2009; Geilfus, 2017; Huffaker et al., 2006). We observed that under
resting conditions, the extracellular pH of det3 mutant seedlings grown
in liquid medium was slightly higher (6.2 + 0.05) than that of Col-0
wild-type seedlings (5.85 + 0.05), pointing to a tendency of det3 mu-
tants to alkalize the extracellular environment (Fig. 1a and b; see solid-
and dashed-lines with black circles, i.e., HyO-treatment). pH variations
of the culture medium were also measured over time in response to OG
and flg22. The det3 mutant seedlings were able to further alkalinize the
extracellular environment in response to OGs and flg22 (Fig. 1a and b;
see solid- and dashed-lines with grey/white circles), although the
maximal net increase of pH, as observed after 12 min from the treatment
with the elicitors, was lower (+0.16) than that of wild type seedlings
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(+0.28), however reaching a pH even slightly higher than that of the
elicited wild type (Fig. 1b). These results indicate that the DET3 subunit
is relevant also for the apoplastic pH homeostasis, thereby suggesting
that V-ATPases and cell membrane H'-ATPases work together to regu-
late the pH of plant tissues both in rest conditions and in response to
elicitors (Boller and Felix, 2009; Elmore and Coaker, 2011; Jeworutzki
et al., 2010).

We then investigated a typical early apoplastic immune response
induced by OGs and flg22, i.e. the accumulation of HyO,. This was
measured in the culture medium of seedlings treated with OGs and in
parallel with flg22, using the xylenol orange assay. In the elicitor-treated
seedlings, the accumulation of HyO, was significantly higher (6-8X) in
the culture medium of det3 mutant than in that of wild type (Fig. 1c and
d, Supplementary Fig. S1).

3.2. OG-induced MAPK phosphorylation and defense marker gene
expression are decreased in det3 mutant seedlings

Next, we examined the role of DET3 in other response to OGs and
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Fig. 1. Analysis of extracellular alkalinization and H>0» production in elicitor-treated wild-type and det3 seedlings. a, b) Extracellular alkalinization in wild-
type and det3 seedlings at a) short and b) longer times after treatments with OGs and flg22. Bars represent mean + SD (n = 5). ¢, d) H,0, accumulation in the growth
medium of wild-type and det3 seedlings after treatments with (c) OGs or (d) flg22 for the indicated time. Bars represent mean + SD (n = 3). In all the experiments

here reported, the treatment with water (H,O) was used as negative control.
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flg22. The phosphorylation status of MPK3 and MPKG6 in elicitor-treated
det3 mutant seedlings was examined, since DET3 was found to be
phospho-regulated after elicitation with OGs (Mattei et al., 2016). The
immuno-decoration analysis was performed using the anti-pTpY anti-
body (Ichimura et al., 2002; Zhang and Dong, 2007). Compared to wild
type plants, the phosphorylation of MPK6 and MPK3 in the det3 mutants
showed a slight decrease at 10 min with both elicitors whereas it was
clearly decreased after 30 min after OG treatment only (Fig. 2a). After
30 min, phosphorylation was markedly higher in the det3 mutant after
flg22 treatment (Fig. 2a), in accordance with previous observations
(Keinath et al., 2010). No differences in the basal phosphorylation status
(water treatment) were observed. These results indicate that a reduced
level of DET3 alter the OG- and flagellin-triggered phosphorylation of
MAPKSs in an opposite manner.

To further investigate whether det3 mutants exhibit alterations in
response to elicitor treatments, the expression level of four defense-
related genes known to be induced by OGs was analyzed by qRT-PCR,
namely FOX1 (At1g26380) and CYP81F2 (AT5G57220), which gener-
ally peak at around 1 h after elicitation (early induced genes), and PAD3
(AT3G26830) and PGIP1 (AT5G06860), which generally reach their
highest expression 3 h after elicitation (late induced genes) (Denoux
et al., 2008; Galletti et al., 2008; Gravino et al., 2017). FOX1 encodes a
flavoenzyme belonging to the berberine bridge enzyme-like (BBE-1)
protein family, a class of FAD-dependent enzymes that act as defense
proteins in A. thaliana (Benedetti et al., 2018; Locci et al., 2019; Pon-
tiggia et al., 2020). In particular, FOX1 converts indole-cyanohydrin into
indole-3-carbonyl nitrile, a secondary metabolite with antimicrobial
activity (Boudsocq et al., 2010; Rajniak et al., 2015). CYP81F2 encodes a
cytochrome P450 monooxygenase involved in the biosynthesis of indole
glucosinolate, a secondary metabolite produced in response to elicitor
treatment (Asai et al., 2002; Nafisi et al., 2007). PAD3 is involved in the
biosynthesis of phytoalexins and plays a major role in providing resis-
tance against the necrotrophic fungus Botrytis cinerea, whereas PGIP1
encodes an extracellular leucin-rich repeat (LRR) protein that acts as
inhibitor of several fungal polygalacturonases (Ferrari et al., 2003).
Compared to wild-type plants, the det3 mutant showed a reduced
expression of FOX1 and PAD3 only in response to OG treatment, and of
CYP81F2 and PGIP1 in response to both OG and flg22 treatments
(Fig. 2b); levels of transcript of FOX1 and PAD3 were similar to the
wild-type in response to flg22. Basal levels of all gene were higher in the
mutant, except for PGIPI (Fig. 2b).

In summary, in the det3 mutant, both the phosphorylation status of
MPK3 and MPK6 and the induction of defense marker genes were
markedly decreased in response to OGs, whereas the same defense re-
sponses were only partially affected in response to flg22 (Fig. 2).

3.3. Basal and elicitor-induced resistance against Botrytis cinerea is
altered in det3 mutant plants

To further investigate the involvement of DET3 in immunity, the
basal and elicitor-induced resistance against the necrotrophic fungus B.
cinerea was investigated. Both the leaf lesions caused by the fungus and
the macroscopic disease symptoms, the latter assessed using specific DR
values, were evaluated (Fig. 3). Compared to wild type plants, the det3
mutant plants exhibited a significantly enhanced resistance against B.
cinerea infection, since lesion areas and disease symptoms were both
reduced in pathogen-inoculated leaves (Fig. 3a—c). Protection against B.
cinerea can be promoted in Arabidopsis plants by pre-treating them with
OGs or flg22 (Ferrari et al., 2007; Giovannoni et al., 2021b; Giovannoni
et al., 2021c). The consequence of such pre-treatment is the acquisition
of a ‘primed’ state that make plants more responsive to subsequent
stimuli of both biotic and abiotic origin (Conrath, 2011; Kohler et al.,
2002; Martinez-Medina et al., 2016). To analyze the priming effect, OGs
and fl122 were sprayed on adult det3 plants and after 24 h, the sprayed
leaves were inoculated with B. cinerea spores. Before proceeding with
the fungal inoculation, the expression of the late defense marker gene
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PR1 was evaluated in the leaves of plants sprayed with the elicitors. The
time-course analysis revealed that PRI expression was induced at
comparable levels in wild-type and det3 mutant plants at 16h
post-elicitor treatment. However, the induction of PR1 expression was
significantly reduced in det3 mutant at 24h post-treatment with OGs,
which coincided with the time of fungal inoculation (Supplementary
Fig. S2).

As expected, wild-type plants pre-treated with OGs or flg22 exhibited
reduced susceptibility compared to non-pre-treated plants. Surprisingly,
compared to the wild type, both elicitor pre-treatments increased sus-
ceptibility to fungal infection in det3 mutant plants, since lesion areas
and disease symptoms were both increased in pathogen-inoculated
elicitor-pretreated leaves (Fig. 3d-i). These results clearly indicate that
the higher basal resistance to B. cinerea displayed by the det3 mutant was
completely reversed by the pre-treatment with either OGs or flg22,
although these elicitors were both able to induce a primed state in the
same plant (Supplementary Fig. S2).

3.4. Fluorescently labelled OGs are internalized by endocytosis only in the
root cells of wild type seedlings

Since the V-ATPase activity in the TGN is required for endocytic and
secretory trafficking (Brux et al., 2008; Seidel, 2022), we investigated
the role of endocytic pathway in OG signaling and whether the det3
mutant shows any defects related to this function.

Alexa Fluor 488 labelled OGs (AF-OGs) were prepared, and their
elicitor activity was confirmed by analysing the induction of FOX1 gene
in AF-OG-treated plants by qRT-PCR (Supplementary Fig. S3). Using
confocal microscopy (CM), we observed their cellular distribution in
roots of treated seedlings. To test the specificity of the fluorescent OG
uptake, the fluorochrome AF alone was used as controls in a parallel
assay (Supplementary Fig. S4a). While the early distribution of the two
types of fluorescent molecules (AF and AF-OGs) at the level of the cell
wall was not significantly different, only AF-OGs were observed within
the cells after 30 min (Supplementary Fig. S4b). The AF-OGs first
accumulated at the level of the cell wall and in proximity to the cell
surface and then appeared in small vesicles, likely due to internalization
through the endocytic pathway (Supplementary Fig. S4b). In the det3
mutant, the internalization of AF-OGs was severely impaired, with much
fewer vesicles and a more diffuse background labelling that made the
treatments with AF and AF-OGs indistinguishable (Supplementary
Figs. S4c and d). The AF-OGs uptake was also investigated through a co-
localization analysis using FM4-64, a tracer commonly employed to
study dynamic endocytic processes (Rigal et al., 2015). The high degree
of co-localization between the FM4-64 signal and AF-OGs in wild type
seedlings clearly indicated that AF-OGs were internalized through
endocytic vesicles (Fig. 4a—c). Conversely, the uptake of AF-OGs in the
det3 mutant was significantly impaired (Fig. 4b-d). These observations
indicate the involvement of the V-ATPases in the energy-dependent
endocytic process of cell wall DAMPs and provide additional in vivo
evidence for the internalization of OGs. In conclusion, these results
indicate that V-ATPase activity is involved in OG signaling and, prob-
ably, in the mobilization/recycling of putative OGs-PRR complexes from
cell surface.

4. Discussion

We show in this work that the subunit C of V-ATPase DET3 plays an
important role in the response to both OGs and flg22.

V-ATPases, belonging to the hetero-oligomeric H + -pumps, consist
of two structurally distinct domains (VO and V1) and generate the
membrane potential and proton motive force necessary for secondary
active transport (Sze et al., 1992, 2002). V-ATPases are highly conserved
proteins since they can be found in all eukaryotic cells (Beyenbach and
Wieczorek, 2006; Schumacher and Krebs, 2010) where they are local-
ized in the plasma membrane (animals), the tonoplast (plants) and
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Fig. 2. Analysis of MAPK activation and defense marker gene induction in elicitor-treated wild-type and det3 seedlings. a) Immunoblot analysis on MPK3/6
phosphorylation in response to OGs and fIg22 elicitors. 10-day-old Col-0 and det3 seedlings were treated for 10 and 30 min with OGs and flg22. Phosphorylated
MPK3 and MPK6 (pMPK3/6) were detected by a a-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody. Total MPK3 and MPK6 were detected using
a-AtMAPK3/6 antibodies. Ponceau-S Red staining was used to verify the equal loading. The experiment was repeated three times with similar results. b) Expression of
the defense marker genes determined by qRT-PCR in 10-day-old of Col-0 and det3 seedlings upon 1 h- and 3 h-treatment with H,O, OGs and flg22. Normalization of
gene expression was performed by using UBQ5 a reference. Values are means of three independent biological experiments. Bars represent mean + SD (n = 3). Inset
indicate transcript levels in the water-treated seedlings. Asterisks indicate statistically significant differences between WT and det3 mutants, according to Student’s t-

test (*, p < 0.05; **, p < 0.01; ***, p < 0 0.001).
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Fig. 3. Impact of det3 mutation on basal and elicitor-induced resistance against B. cinerea. Infection assay on leaves of four-week-old Col-0 and det3 plants. a)
Representative images of Col-0 and det3 plants/leaves infected with B. cinerea, (b) lesion areas (mm?) of infected leaves and (c) DR rating at 48 h post infection with
B. cinerea. d-f) Infection assay on leaves of four-week-old Col-0 and det3 plants sprayed with OGs 24 h before the infection. d) Representative images of Col-0 and det3
plants/leaves infected with B. cinerea, (e) lesion areas (mm?) of infected leaves and (f) DR rating at 48 h post infection with B. cinerea. g-i) Infection assay on leaves of
four-week-old Col-0 and det3 plants sprayed with flg22 24 h before the infection. g) Representative images of Col-0 and det3 plants/leaves infected with B. cinerea, (h)
lesion areas (mm?) of infected leaves and (i) DR rating at 48 h post infection with B. cinerea. Each lesion area is delimited on the leaf surface by a white dotted line.
DR rating ranges from 1 (non-infected plants) to 5 (dead plants). The color-coding of each column indicates the level of the observed resistance phenotype, i.e., from
susceptible (yellow) to resistant (blue). Data are means + SE (n > 10); asterisks indicate statistically significant differences between wild-type and det3 mutant

according to Student’s t-test (**, p > 0.01; *** p < 0.001). The experiments were repeated twice with similar results. Scale bars = 10 mm.
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Fig. 4. Confocal microscopy analysis of wild type and det3 roots upon treatment with AF-OGs. Confocal microscope analysis of roots from seven-days old Col0
(a) and det3 (b) seedlings after 30 min of treatment with (a, b) Alexa Fluor 488-labelled OGs (AF-OGs) and FM4-64 labelling (FM4-64). AF-OGs, green; FM4-64, red;
merged channels, orange. The corresponding bright-field (BF) microscopy images are shown. Scale bar = 20 pm. c,d) For each genotype, the degree of colocalization
between the green and red channels was expressed with Pearson’s correlation coefficient (PC) and the Mander’s colocalization coefficients M1 and M2. ¢) M1
represents the fraction of AF-OGs (green signal) overlapping with the tracer FM4-64 (red signal) in Col0 seedlings whereas M2 represents the fraction of FM4-64 (red
signal) overlapping with the fraction of AF-OGs (green signal) in the same genetic background. d) M1 represents the fraction of AF-OGs (green signal) overlapping
with the tracer FM4-64 (red signal) in det3 seedlings whereas M2 represents the fraction of FM4-64 (red signal) overlapping with the fraction of AF-OGs (green signal)
in the same genetic background. [PC = 0, non-colocalization; PC = 1, complete colocalization].

endomembrane compartments characterized by a secretory trafficking
pathway (fungi, plants and animals), such as the TGN/EE, a dynamic
organelle responsible for receiving and sorting proteins to different
subcellular destinations (Allen et al., 2000; Dettmer et al., 2006; Luo
et al., 2015; Viotti et al., 2010). Changes in pH and uphill transport of
protons mediated by V-ATPases have a relevant role not only in pH
homeostasis of cell, but also in endomembrane trafficking and post-
translational processing of secretory proteins, in both plants (Robinson
et al., 2012) and animals (Huotari and Helenius, 2011). The fact that
only a knock-down mutant, i.e., the det3 mutant used in this study, has
been identified suggests that the total loss of its function is lethal for
plants (Schumacher et al., 1999); this conclusion is supported by the
severe growth alterations displayed by the mutant (Supplementary
Fig. S1b).

In basal conditions, the growth medium of det3 mutant seedlings
exhibited a higher pH value of 6.2 compared to that of wild-type plants
(Fig. la). In this regard, it is interesting to note that, although
mammalian V-ATPases have been found on the plasma membrane in
specialized cells (Emruli et al., 2016), such a localization has never been
shown in plant cells. Instead, V-ATPases have been found in the tono-
plast and the TGN/EE, suggesting that perturbed intracellular pH ho-
meostasis caused by the loss of DET3 may have effects, directly or
indirectly, on extracellular pH homeostasis, making it more alkaline. It’s
worth noting that the V-ATPase overexpression has been observed in
several human tumors, where it has been demonstrated to increase the
extracellular acidification (Emruli et al., 2016).

However, in the medium of liquid-grown seedlings, the extracellular
alkalinization induced by treatment with flg22 and OGs was less pro-
nounced in the det3 mutant than in wild-type plants, ultimately reaching
a pH value only slightly higher (of about 0.3 pH units) than that
observed in the wild type. It is not known if homeostatic mechanisms,
independent of DET3, prevent excessive alkalinization of the extracel-
lular medium in response to elicitors. It is known that OGs induce
phosphorylation of plasma membrane H + -ATPases AHA1 and AHA2

(Mattei et al., 2016), a modification reported to inhibit proton transport
and that may contribute to the extracellular alkalinization induced by
elicitors (Fuglsang and Palmgren, 2021). The activity of plasma mem-
brane proton pumps may already be partially inhibited in the det3
mutant, consistent with the higher basal pH. Subsequent elicitation may
result in complete inactivation of these pumps, ultimately bringing the
pH to a level comparable as that observed in the wild type after elici-
tation. Also, other mechanisms responsible for alkalinization, such as
proton-coupled anion symport, cannot be excluded (Boller and Felix,
2009; Elmore and Coaker, 2011; Jeworutzki et al., 2010).

Both OG- and flg22-induced ROS production was increased in det3
mutant seedlings, indicating that the partial loss of DET3 increased the
extracellular H,O5 accumulation (Fig. 1c¢ and d). It is possible that the
pH condition of the extracellular environment, which is altered in the
det3 mutant, influences the activity of the ROS-generating enzyme, or
alternatively that these enzymes are de-regulated in the mutants
through more complex transcriptional or post-transcriptional
mechanisms.

We also observed a relevant reduction of OG-induced MPK3 and
MPK6 phosphorylation, whereas, in accordance with previous obser-
vations (Keinath et al., 2010), an increased phosphorylation was
observed in det3 mutant 30 min after treatment with flg22. Notably, an
opposite effect on MAPK phosphorylation similar to that in the det3
mutant in response to treatments with OGs and a bacterial PAMP (elf18)
has been observed in conditional triple mutants defective in the
MAPKKKs known as ANPs, which also show severe developmental de-
fects (Savatin et al., 2014).

Consistent with the reduced phosphorylation of MPK3 and MPK®6, a
reduced induction of the expression of defense marker genes FOXI,
CYP81F2, PGIP1 and PAD3 was observed after 1 and 3 h of treatment
with OGs (Fig. 2). On the other hand, despite the increased flg22-
induced phosphorylation of MPK3 and MPK®6 in the det3 mutant flg22-
induced expression of FOX1 and PAD3 was not significantly affected
compared to WT plant (Fig. 2). Noteworthy, the higher basal expression
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of FOX1, CYP81F2 and PAD3 in the det3 mutant may be more likely
ascribed to a generic stress response derived from the altered develop-
mental phenotype rather than to the specific absence of DET3 function
(Fig. 2b). It has also been noted that the direction of the changes in the
accumulation of Hy05 in response to OGs shows no correlation with the
changes in the MAPK phosphorylation.

Compared to wild type plants, det3 mutant plants were significantly
more resistant against B. cinerea infection (Fig. 3a—c). The enhanced
basal resistance may be attributed to one or more constitutive feature of
det3 mutant, including an altered cell wall composition characterized by
an increased abundance of glucuronoxylans and xyloglucans, with a
reduced presence of pectic uronic acids (Molina et al., 2021). This
atypical cell wall composition could hinder efficient colonization of
plant tissue by the fungus. Moreover, the altered pH homeostasis of det3,
which results in a more alkaline extracellular pH, may also play a role,
since acidification of the tissue by B. cinerea is required for the proper
progression of the infection (Muller et al., 2018).

The OG-induced dephosphorylation of the C subunit of the V-ATPase
(DET3) is expected to have an important impact of the function of the
holoenzyme. The activity of eukaryotic V-ATPase is known to be regu-
lated by (i) the reversible assembly/disassembly of VO-V1 domains (Voss
et al., 2007) and (ii) the activity of specific kinases that, in turn, in-
fluences the assembly, activation, and function of the V-ATPase holo-
enzyme. However, differently from yeast and mammalian V-ATPases,
the regulation by reversible assembly/disassembly may not be
conserved in plants (Seidel, 2022) and, additionally, the role of phos-
phorylation and dephosphorylation dynamics in regulating plant
V-ATPase orthologs remains poorly understood. So far only the Arabi-
dopsis WNK8 serine/threonine kinase, member of the WNK family,
which is distinguished by an unusual positioning of a catalytic lysine
thus earning the acronym “WITH NO LYSINE”, has been characterized as
capable of phosphorylating DET3 (Cao-Pham et al.,, 2018; Hon-
g-Hermesdorf et al., 2006). The det3 default status may mimic the
condition, i.e. dephosphorylation, determined by the perception of OGs
that likely contributes to switching cell activity towards plant defense
and inhibiting plant growth and development. This might explain the
strong basal resistance to B. cinerea.

Instead, the observation that OG-pre-treatment is detrimental for the
ability of the det3 mutant to combat B. cinerea is puzzling. An increased
susceptibility induced by elicitor pre-treatment has never been
described. The priming effect was evaluated by analyzing the induction
over time of the late-defense marker gene PR1 in plant leaves sprayed
with OGs and flg22 before fungal inoculation. The induction of PR1
expression was significantly reduced in the det3 mutant at 24 h post-
treatment with OGs, which coincided with the time of fungal inocula-
tion. This result suggests a compromised ability of the det3 mutant to
maintain a primed state over time, leading to a weaker defense response
when the plant is later exposed to the fungal pathogen. The impairment
in elicitor-induced protection indicates that the det3 mutant not only
lacks the mechanisms necessary to efficiently counter the invading
fungus but also shows a suppression of its constitutive defense potential
(Fig. 3d-i). In this regard, the higher HyO, accumulation of det3 mutant
in response to elicitors (Fig. 1c and d) may also contribute to the
increased susceptibility to B. cinerea. It is known that the fungus itself
generates ROS and HyO; during infection (Rolke et al., 2004); for
example, it generates ROS directly from its hyphal tips in order to
accumulate Hp0; inside and around the penetrated cell walls (Tenberge
et al., 2002). The production of ROS has been observed to correlate with
susceptibility to necrotrophic pathogens, such as B. cinerea, in different
Arabidopsis mutants (Veronese et al., 2006; Wang et al., 2009). More-
over, increased levels of ROS, observed in plants silenced in the tomato
histone H2B mono-ubiquitination enzymes SIHUB1 and SIHUB2, were
associated with an increased susceptibility to B. cinerea (Zhang et al.,
2015). Therefore, the exaggerated Hy0, accumulation in the
elicitor-treated det3 mutant plants may provide a more ideal environ-
ment for the virulence of the fungus. Taken together, our findings
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support the hypothesis that necrotrophic fungi like B. cinerea depend
significantly on the direct or indirect generation of ROS to invade host
tissues.

We uncover here an additional feature of the det3 mutant, namely its
reduced capability to internalize fluorescently labelled OGs. In the roots
of wild-type plants, OG fluorescence was primarily observed at the cell
surface within a few minutes, followed by its appearance in vesicles
inside the cell, indicating rapid endocytosis. This process was clearly
impaired in the mutant.

Endocytosis facilitated by receptor-ligand interactions has been
documented for OGs in cultured soybean cells (Horn et al., 1989).
Furthermore, the uptake of pectin fragments and their integration into
the developing cell plate during cytokinesis has been reported
(Dhonukshe et al., 2006; Samaj et al., 2005). More recently, the inter-
action of OGs with Rapid Alkalinization Factor 1 (RALF1) has been
shown to promote the clustering and endocytosis of membrane protein
condensates formed by Feronia (FER) and Lorelei-Like-GPI-anchored
protein 1 (LLG1). Importantly, the reduced internalization of such pro-
tein aggregates in the OG-treated ralfI mutant was associated with a
weaker OG-triggered immune response (Liu et al., 2024).

The uptake of AF-OGs was investigated through a co-localization
analysis using FM4-64: in wild-type seedlings, there was a high degree
of co-localization between the FM4-64 signal and AF-OGs, clearly indi-
cating that AF-OGs were internalized via endocytic vesicles (Fig. 4a—c).
Conversely, in the det3 mutant, the uptake of AF-OGs was significantly
impaired (Fig. 4b-d). This impairment indicates a disruption in the
endocytic process, due to the defective function of the DET3 protein.

The DET3 gene is involved in vesicle trafficking, and its mutation
likely impairs the cells’ ability to internalize OGs efficiently. This
impairment aligns with the observed defect in the priming response in
the det3 mutant, underscoring that proper internalization and signaling
of OGs are crucial for initiating and maintaining a primed state in plant
defense responses. Therefore, the impaired endocytosis of OGs in the
det3 mutant provides a mechanistic explanation for its compromised
immune priming, indicating that the effectiveness of OG-triggered im-
mune response depends not only on the recognition of OGs but also on
their efficient internalization.

Moreover, the internalization of OGs can contribute to remove the
residual elicitor-active molecules from the cell surface, thereby clearing
the stimulus that promoted the reallocation of metabolic energy from
primary to secondary metabolism (Horn et al., 1989). This likely rep-
resents an additional homeostatic mechanism, beside that based on
enzymatic oxidation of OGs, catalyzed by specific plant oligosaccharide
oxidases belonging to BBE-I protein family, and capable of impairing the
elicitor activity of such DAMPs (Benedetti et al., 2018; Costantini et al.,
2023; Locci et al., 2019).

5. Conclusions

Our observations highlight that the det3 mutant, which exhibits
impairments in the endocytosis pathway and rapid internalization of
OGs, also shows defects in defense responses to OGs, including extra-
cellular alkalinization, MAPK phosphorylation and early defense gene
induction. These findings suggest a close association between OG
internalization and their action, indicating that the V-ATPase function is
essential for both the early activation of the signal cascade by OGs and
potentially their clearance. Overall, our results indicate that not only is
MAMP signaling compromised, but also DAMP signaling is severely
impaired in the det3 mutant uncovering the crucial role of V-ATPase in
both the early responses induced by OGs and their internalization.
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