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RmCP, a cerato-platanin protein
from Rigidoporus microporus,
induces defense responses during
interaction with Hevea brasiliensis

Nor Afigah Maiden'?, Safiah Atan' and Wong Mui-Yun?**

!Production Development Division, Malaysian Rubber Board, Selangor, Malaysia, 2Institute of
Plantation Studies, Universiti Putra Malaysia, Serdang, Selangor, Malaysia, *Department of Plant
Protection, Faculty of Agriculture, Universiti Putra Malaysia, Serdang, Selangor, Malaysia

Introduction: The rubber tree (Hevea brasiliensis) is susceptible to various fungal
pathogens with Rigidoporus microporus being one of the most harmful. This fungus
causes white root disease in rubber trees which can potentially lead to massive
tree losses if left untreated. The use of elicitor proteins in enhancing host plant
resistance represents a sustainable approach for disease control by reducing the
use of chemical fungicides. Although cerato-platanin proteins (CPs) are recognized
elicitors in many pathosystems, CP from R. microporus has not been functionally
characterized, leaving its role in rubber—pathogen interactions unknown.

Methods: The coding sequence of the CP homolog RmCP was heterologously
expressed in Escherichia coli and purified to homogeneity by two-steps
purification method, namely, affinity and size-exclusion chromatography.
Bioactivity was assessed by infiltrating micromolar concentrations of RmCP into
leaves of the host (H. brasiliensis) and a model non-host (Nicotiana tabacum).

Results: Cell death (Trypan blue), reactive-oxygen species (DAB/NBT), callose
deposition (aniline blue) and transcription of four defense-related genes
(HbCDPK5, HbMAPK, HbPR3, HbEDS1) were monitored over 72 h. Purified RmCP
migrated as a single band between 11 and 17 kDa band. Infiltration induced
localized necrosis in N. tabacum within 48 h and in detached rubber leaves within
72 h. Both hosts accumulated H,O, and O,~, and deposited callose. Additionally,
significant up-regulation of HbCDPK5 and HbMAPK (early signaling), followed
by strong induction of downstream effector genes, HbPR3 and HbEDSI was
observed in H. brasiliensis. These findings identify RmCP as the first basidiomycete
CP shown to activate multilayer innate immunity in a latex-producing perennial.

Conclusion: The study extends the functional spectrum of the CP family beyond
ascomycete models and provides a biochemically defined platform for developing
protein-based priming agents to combat white-root disease in rubber plantations.

KEYWORDS

cerato-platanin, elicitor, plant immunity, Rigidoporus microporus, Hevea brasiliensis,
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Introduction

White root disease, caused by the basidiomycete Rigidoporus microporus, is one of the
most pervasive diseases of rubber. The rubber tree, or Hevea brasiliensis, is the only commercial
producer of natural rubber worldwide, making it a plant of significant economic importance
despite the fact that there are over 2,500 other species that can produce rubber (Yamashita and
Takahashi, 2020; Amerik et al., 2021). Rubber white root disease may lead to reductions in
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land productivity and latex yield if it is not treated. Current control
measures relies on the use of chemical fungicides which are
environmentally damaging and uneconomical. Hence, sustainable
plant defense strategies are urgently needed (Hamid and Wong, 2017;
De Britto and Jogaiah, 2022; Li X. et al,, 2022; Guo and Cheng, 2022;
Luti et al., 2020; Baccelli, 2015; Gaderer et al., 2014; Pazzagli et al.,
2014; Wang et al., 2018; Yang et al., 2018; Zhang et al., 2020; Zaparoli
et al., 2009; Barsottini et al., 2013; Baccelli et al., 2015; Chen et al.,
2015; Hamid et al., 2024; Maiden et al., 2024).

The ability of elicitors to activate or induce plant resistance makes
them a key tool in the fight against plant diseases (Hamid and Wong,
2017) by priming plants innate immune system, thereby reducing
disease severity and reliance on chemical fungicides (Frias et al., 2013;
Yang et al., 2018; Quarantin et al., 2019; Rojas Moreno et al., 2023).
Many investigations over the past 10 years have discovered elicitors
produced from microbes that trigger immunological responses in
many plant species (De Britto and Jogaiah, 2022; Li X. et al., 2022).
The cerato-platanin family of proteins (CPP) is one of the most widely
reported groups of elicitor proteins. CPPs are small proteins with four
cysteine residues, protein lengths between 105 and 241 amino acids
and a signature sequence of either CSD or CSN (Chen et al., 2013).
The four cysteine residues form two intramolecular disulfide bridges
which confers the stability of CPPs to high temperature and acidic
media (De Oliveira et al., 2011; Pazzagli et al., 2014). Studies on the
tertiary structure of CPPs from Ceratocystis platani, Moniliophthora
perniciosa and Trichoderma virens revealed the presence of a double
yp-barrel fold (De Oliveira et al., 2011; Barsottini et al., 2013).

Generally, CPPs are able to trigger plants immune response,
hence, considered as microbe-associated molecular patterns (MAMPs;
Gaderer et al., 2014; Pazzagli et al., 2014). Besides expression during
interaction with plant host, expressions during hyphal growth,
mycelial development, sporulation, and spore maturation have also
been reported suggesting roles in fungal growth and development
(Pan et al., 2018; Wang et al., 2018; Yang et al., 2018; Zhang et al.,
2020). CPPs have also been reported to play role in fungal virulence
(Zhang et al., 2017, 2020; Pan et al., 2018; Wang et al., 2018; Yang et al.,
2018). Additionally, CPPs were reported to be able to protect fungal
cell wall from enzymatic degradation (Quarantin et al., 2016; Zhang
etal., 2017). Nevertheless, the most widely reported activity of CPPs
was the ability to induce cell death and necrosis (Ashwin et al., 2017;
Zhang et al., 2017, 2020; Li et al., 2019a, 2019b).

CPPs often exhibit capability to induce disease resistance against
plant pathogen owing to their aptness in stimulating plant’s immune
response. This function makes CPPs excellent candidates as priming
agents especially since the protection conferred by CPPs appeared to
be broad-spectrum (Yang et al., 2018; Yu et al., 2018; Li et al., 2019b;
Quarantin et al., 2019). After more than 20 years since the discovery
of the first member of the CPP family, the reports on functional
studies of CPPs have mostly been focused on ascomycetes. Despite the
presence of multiple copies of CPPs in basidiomycetes, the only
functional studies to date were on CPPs from Moniliophthora
perniciosa, Heterobasidion annosum, Heterobasidion irregulare and
Ganoderma boninense (Zaparoli et al., 2009; Barsottini et al., 2013;
Baccelli et al., 2015; Chen et al., 2015; Hamid et al., 2024).

A member of the cerato-platanin protein family, RmCP, from the
rubber pathogen, R. microporus was previously isolated (Maiden
etal., 2024). However, no functional study has been conducted to date
on CPPs from R. microporus, and their biological roles in
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host-pathogen interaction remain unexplored. Consequently, this
study characterizes the first cerato-platanin isolated from
R. microporus, RmCP. RmCP was heterologously expressed in
Escherichia coli and purified to homogeneity. Functional analysis
revealed that RmCP triggered cell-death lesions, reactive-oxygen
bursts, callose deposition, and induction of HhCDPK5, HbMAPK,
HbPR3 and HbEDSI in both host (H. brasiliensis) and non-host
(Nicotiana tabacum) tissues. This study provides the first insight into
CPP-mediated immunity in Hevea-Rigidoporus pathosystem and lays
the groundwork for protein based priming strategies against white
root disease.

Materials and methods
Fungal strain and plant material

The fungus R. microporus isolate AM, a virulent strain collected
from Air Molek, Melaka, Malaysia, was obtained from the Integrated
Pest and Disease Management Unit, Malaysian Rubber Board (MRB)
and maintained on potato dextrose agar (PDA) at 25°C in the dark.

Seedlings of H. brasiliensis clone RRIM 2002 were purchased from
Pendang Nursery Sdn. Bhd. (Pendang, Malaysia) and kept in a
greenhouse under natural climatic conditions (25-37°C, 40-96%
relative humidity) at the Sungai Buloh Research Station, MRB. Seeds
of tobacco (Nicotiana tabacum) were kindly provided by Lembaga
Kenaf dan Tembakau Negara (LKTN) and grown in the greenhouse.

Heterologous expression of RmCP protein

The truncated CDS of RmCP, without signal peptide and stop
codon, was cloned into the pEASY®-Blunt E2 vector (TransGen
Biotech, China) and transformed into E. coli TransB(DE3; TransGen
Biotech, China) for expression of recombinant proteins. The
expression of RmCP recombinant protein was induced with 0.3 mM
of IPTG and shaking at 200 rpm for 18 h at 20°C. The expressed
recombinant protein was purified from the soluble fraction using
HisTrap™ HP affinity chromatography column (GE Healthcare
Bio-Sciences AB, Sweden) coupled with AKTAprime plus liquid
chromatography system (GE Healthcare, United States) and eluted
through a gradient of 20 mM to 500 mM imidazole. Fractions
corresponding to the desired peak were collected and further purified
and desalted using HiPrep 16/60 Sephacryl S-200 High Resolution gel
filtration chromatography column (GE Healthcare Bio-Sciences AB,
Sweden). The purity and molecular weight (MW) of the recombinant
RmCP protein were analyzed using SDS-PAGE.

Cell-death inducing activity of RmCP

The effects of RmCP recombinant protein in host (H. brasiliensis)
and non-host (N. tabacum) were assessed. Leaves of 4-weeks old
N. tabacum were infiltrated with 20 pL purified RmCP protein on the
abaxial side using sterile needle-less syringe. A volume of 20 pL of
storage buffer (0.05 M sodium phosphate, 0.15 M NaCl, pH 7.2) was
infiltrated as the negative control. The formation of necrotic lesion was
observed daily. Different concentrations of purified RmCP (0, 1, 2, 3,
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and 4 pM) in a 20 pL volume were infiltrated into tobacco leaves to
determine the minimum concentration of RmCP needed for necrosis.

Application of purified RmCP on H. brasiliensis was performed
on detached leaves of H. brasiliensis clone RRIM 2002. Leaves at the
limp green stage were collected and cleaned with sterile distilled water.
The cleaned leaves were placed with the abaxial side facing up, in a
Petri plate containing sterile filter paper soaked in sterile distilled
water with a layer of parafilm on top of the filter paper. Subsequently,
the leaf was pricked with sterile syringe needle and 20 pL of purified
RmCP solution was dropped onto the area. For the negative control,
20 pL of storage buffer was used. The Petri plates were covered and
incubated at room temperature (23-27°C). Formation of necrotic
lesion was observed daily. N. tabacum leaves were collected at 24 h
post infiltration (hpi) while leaves of H. brasiliensis were collected at
72 hpi for further analysis. All experiments were conducted with
5 replicates.

The induction of cell death was visualized microscopically
through trypan blue staining. Trypan blue staining was conducted
according to Fernandez-Bautista et al. (2016) with slight modifications.
Leaf tissues were immersed in 0.5% trypan blue stain solution (Nacalai
Tesque, Japan) for an hour followed by rinsing in absolute ethanol. The
leaf tissues were then placed in absolute ethanol and incubated
overnight at room temperature with mild agitation. Thereafter, the
ethanol solution was replaced with fresh absolute ethanol until all
green tissue turned colorless. Completely cleared leaf tissues were
viewed and photographed using Olympus CX43 biological microscope
(Olympus Life Sciences, Japan).

Accumulation of reactive oxygen species in
leaves treated with RmCP

The generation of hydrogen peroxide (H,0,) and superoxide (O,")
in infiltrated tissues were assayed through histochemical staining
using 3,3’-Diaminobenzidine (DAB) and nitro blue tetrazolium
(NBT), respectively. DAB (Sigma-Aldrich, United States) and NBT
(Sigma-Aldrich, United States) staining were performed according to
Kumar et al. (2014) with slight modifications.

The infiltrated leaves were immersed in DAB solution (1 mg/mL,
pH 3.8) or NBT solution (0.2% in 50 mM sodium phosphate buffer,
pH 7.5) and incubated overnight in darkness at room temperature
with mild agitation. The chlorophyll in the leaves were then cleared by
boiling in absolute ethanol with several changes until the leaves
became completely cleared. The accumulation of DAB and NBT
deposits were then viewed and photographed with Olympus CX43
biological microscope (Olympus Life Sciences, Japan).

Callose deposition in leaves treated with
RmCP

Infiltrated leaves were stained with aniline blue (Sigma-Aldrich,
United States) to visualize callose deposition. Staining was performed
according to Schenk and Schikora (2015). Firstly, the leaf tissues were
fixed and cleared overnight in acetic acid: ethanol (1:3) solution at
room temperature with mild agitation. The leaves were then washed
in 150 mM potassium phosphate dibasic (K,HPO,) for 30 min
followed by incubation in aniline blue solution (0.01% in 150 mM
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K,HPO,) at room temperature in darkness for at least 2 h with mild
agitation. The leaves were then directly viewed and photographed
under UV filter with Olympus CX43 biological microscope (Olympus
Life Sciences, Japan).

Application of purified RmCP recombinant
protein on detached Hevea brasiliensis
leaves

Leaves of RRIM 2002 clones at the limp green stage were collected
and cleaned with sterile distilled water and dried with sterile tissue
paper. The leaves were then placed with the abaxial side facing
upwards on top of a layer of parafilm on sterile filter paper moistened
with sterile distilled water in Petri plates. The leaves were then pricked
with sterile syringe needle at three different areas each along the right
and left side on the leaf blade. A volume of 20 pL of purified
recombinant RmCP protein was dropped onto each pricked area while
20 pL of storage buffer was used as the negative control. The Petri
plates were covered and incubated at room temperature. The leaves
were collected at 24, 48, and 72 h post application (hpa). Three
biological replicates were prepared for each treatment at each sampling
point. The mid veins were removed, and 500 mg of leaf tissue was
weighed, wrapped in aluminum foil, and immediately frozen with
liquid nitrogen. Samples were stored at —80°C.

Total RNA extraction and cDNA synthesis

The collected and frozen leaf tissue was ground into powder using
liquid nitrogen with mortar and pestle. The leaf powder was then
added into a mixture of 3 mL extraction buffer (50 mM Tris-HCI, 150
mM LiCl, 5 mM EDTA, 5% SDS, pH 9.0), 3 mL chloroform, 120 pL
p-mercaptoethanol and 120 mg polyvinylpyrrolidone (PVP),
subsequently vortexed and incubated at room temperature for 5 min.
The mixture was centrifuged for 15 min at 12,000 x g and 4°C. The top
clear supernatant layer was transferred into a new microcentrifuge
tube. Total RNA was extracted from the supernatant using TRIzol
Reagent (Invitrogen, United States) according to manufacturer’s
instructions. The obtained RNA pellet was resuspended in 50 puL
RNase-free water. RNA clean-up was performed using RNeasy Plant
Mini Kit (Qiagen, Germany) according to manufacturer’s instructions.
Removal of genomic DNA was performed using RQ1 RNase-Free
DNase (Promega, United States). The DNase I-treated total RNA
samples were utilized in cDNA synthesis using RevertAid First Strand
cDNA synthesis Kit (Thermo Scientific, United States).

Reverse transcription quantitative real-time
PCR analysis

Quantification of the expression level of four H. brasiliensis
defense-related genes by RT-qPCR was performed using 1:10 dilution
of cDNA as templates. Primers used for RT-qPCR are listed in Table 1.
Amplification was conducted using CFX96™ Real-Time System (Bio-
Rad, United States) and 1X TransStart® Tip Green qPCR SuperMix
(TransGen Biotech, China). Reference genes, ubiquitin-protein ligases
2a (HbUBC2a) and ubiquitin-protein ligase 4 (HbUBC4) were
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TABLE 1 List of primers used in RT-qPCR of Hevea brasiliensis.

10.3389/fmicb.2025.1553350

Primer name Primer sequence (5'-3) Target Gene Source
HbUBC2a-F CATTTATGCGGATGGAAGCA ubiquitin-protein ligase 2a, Lietal. (2011)
HbUBC2a-R CAGGGGAGTTTGGATTTGGA HbUBC2a

HbUBC4-F TCCTTATGAGGGCGGAGTC ubiquitin-protein ligase 4,

HbUBC4-R CAAGAACCGCACTTGAGGAG HbUBC4

HbCDPK5-F ATGGAGTTGCTCCTGATAGA calcium-dependent protein kinase | XM_021804721.1
HbCDPK5-R TGGAACATCTCTCGCAAAC 5, HbCDPKS

HbMAPK-F TACCGTGCACCAGAACTA mitogen-activated protein kinase, | XM_021798013.1
HbMAPK-R CTGATGGAGTCCCAATTAGC HbMAPK

HbPR3-F CAGCAGCCAAAGCATTTC chitinase, HbPR3 XM_021790654.1
HbPR3-R CTCCTCCTTGTGGCAATATC

HbEDSI-F GCTGTTCCCTAGTCTCAAAC enhanced disease susceptibility 1, = XM_021815604.1
HbEDSI-R CAAGAGAGTGCCCTGTAAAC HYEDSI

employed as the internal controls. The relative fold-change expression
level between treated and control sample was determined according
to method described by Vandesompele et al. (2002) using CFX
Maestro 2.2 software (Bio-Rad, United States). Statistical significance
was analyzed using data from three biological replicates at a significant
level () equal to 0.05 using a two-tailed Student’s t-test in CFX
Maestro 2.2 (Bio-Rad, United States).

Results

Heterologous expression and purification
of RmCP

The full-length coding sequence (CDS) of RmCP was amplified
from R. microporus using RT-PCR. A fragment sized 438 bp encoding
a protein with 145 a.a. residues was obtained. Purification of the
histidine tagged RmCP recombinant protein using HisTrap™ HP
affinity column (GE Healthcare Bio-Sciences AB, Sweden) coupled
with AKTAprime plus system (GE Healthcare, United States) resulted
in a single peak during gradient elution step with imidazole
(Figure 1A). Further purification was conducted using HiPrep 16/60
Sephacryl S-200 High Resolution column (GE Healthcare Bio-Sciences
AB, Sweden) for simultaneous purification and desalting of the
sample. One high and sharp peak representing RmCP recombinant
protein was observed with one small peak representing the co-eluted
proteins (Figure 1B). The fractions were collected and pooled. The
SDS-PAGE analysis of the pooled fraction showed migration of a clear
single band between 17 kDa and 11 kDa indicating that the RmCP
recombinant protein has been purified to homogeneity (Figure 1C).

RmCP induces cell death, accumulation of
reactive oxygen species, and callose
deposition in Nicotiana tabacum and
Hevea brasiliensis

Many CPPs have been shown to have the ability to induce cell
death in plants. N. tabacum is a well-established system for elicitor
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study, hence, the effects of RmCP recombinant protein were assayed
on both the model (N. tabacum) and host (H. brasiliensis) plants. The
effects of the purified protein were studied by applying the purified
RmCP on the leaves. Infiltration of RmCP into leaves of N. tabacum
resulted in cell death manifested as the formation of necrotic lesion
observed on the second day post infiltration (dpi) which continued to
enlarge up to the 5 dpi. No necrosis was observed at the site infiltrated
with the control buffer (Figure 2A).

The application of RmCP on detached H. brasiliensis leaves also
resulted in the formation of necrotic lesion whereas the control buffer
did not have any visible effects (Figure 2B). The formation of necrosis
was observed on the third day post application (dpa) and continued
to develop up to the seventh dpa.

The infiltrated leaf samples were stained with Trypan blue to
observe cell death microscopically. The infiltrated areas in N. tabacum
and H. brasileinsis leaves were stained blue indicating cell death. On
the contrary, the area infiltrated with control buffer was not stained
(Figure 2C).

The generation of ROS, specifically H,O, and O,~, was assayed in
plant cells infiltrated with RmCP. Staining using DAB on the infiltrated
leaves of both tobacco and rubber exhibited brown precipitates which
signified the presence of H,O, (Figure 3A). The staining of the leaves
with NBT exhibited blue deposits indicating the formation of
formazan resulting from the reaction between NBT and O,”
(Figure 3B). The staining of tobacco and rubber leaves with aniline
blue exhibited fluorescent green deposits indicating the presence of
callose (Figure 3C). On the contrary, infiltration with control buffer
did not produce any fluorescent green deposits.

RmCP activates the expression of
defense-related genes in Hevea brasiliensis

Reverse Transcription Quantitative Real Time PCR (RT-qPCR)
was utilized to determine the expression of four defense-related genes
in leaves of H. brasiliensis treated with purified RmCP recombinant
protein. These defense-related genes include calcium-dependent
protein kinase 5 (HbCDPK5), mitogen-activated protein kinase
(HbMAPK), chitinase (HbPR3), and enhanced disease susceptibility 1
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©) M RmCP
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FIGURE 1

between 11 kDa and 17 kDa.

Purification of RmCP recombinant protein. (A) Elution profile of affinity chromatography using HisTrap™ HP affinity column (GE Healthcare Bio-
Sciences AB, Sweden) coupled with AKTAprime plus system (GE Healthcare, United States) for the purification of RmCP from the soluble fraction of cell
lysate. (B) Elution profile of gel filtration chromatography using HiPrep 16/60 Sephacryl S-200 High Resolution column (GE Healthcare Bio-Sciences
AB, Sweden) coupled with AKTAprime plus system (GE Healthcare, USA) for the purification of RmCP from the pooled fractions from affinity
chromatography. (C) SDS-PAGE analysis of purified RmCP. Clear migration of a single band of the His-tagged recombinant RmCP was observed

(HbEDSI). The RT-qPCR results showed significantly elevated
expression of all defense-genes in H. brasiliensis leaves treated with
RmCP compared to control throughout all tested time points
(Figure 4).

Discussion

Cerato-platanin proteins have been studied mainly in
ascomycete fungi, leaving the functional role of their basidiomycete
counterparts largely unexplored (Oghenekaro et al., 2020; Shao
etal.,, 2021; Prasad et al., 2022; Ghozlan et al., 2020; Liao et al., 2022;
Li et al,, 2020; Liao et al., 2022; McCombe et al., 2022; Ngou et al,,
2022; Shamrai, 2022; Mansoor et al., 2022; Castro et al., 2021; Lukan
and Coll, 2022; Singh et al., 2021; Pan et al., 2018; Wang et al., 2018;
Li et al., 2019a; Quarantin et al., 2019; Zhang et al., 2020; Wang et al.,
2021; Wang et al., 2013, 2016; Li et al., 2019a; Bredow and Monaghan,
2019; Dekomah et al., 2022; Zhang et al., 2022; Li L. et al., 2022; Sun
and Zhang, 2022; Oghenekaro et al., 2016; Ribeiro et al., 2021; Ali
et al., 2018; Boccardo et al., 2019; Chouhan et al., 2022; Kaur et al.,
2022; Chiu et al., 2022; Vaghela et al., 2022; Oghenekaro et al., 2016;
Woraathasin et al., 2017; Syafaah et al., 2020; Bernacki et al., 2019;
Wang et al., 2020; Dongus and Parker, 2021; Ramirez-Zavaleta et al.,
2022; Chengetal., 2018; Li et al., 2019a). Our investigation identifies
RmCP from the basidiomycete R. microporus as a potent elicitor that
host,
H. brasiliensis, and non-host, the model plant N. tabacum. The

orchestrates multi-layered defense responses in its
recombinant protein, obtained as a single 11-17 kDa band, produced
rapid necrosis in Nicotiana tabacum within 48 h and in detached
rubber leaves within 72 h, accompanied by a burst of hydrogen
peroxide, superoxide and extensive callose deposition. These
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responses mirror but also extend the spectrum of activities reported
for ascomycete CPPs such as FgCPP2, SsCP1, cmcp and FocCP1
(Yang et al., 2018; Li et al., 2019a; Quarantin et al., 2019; Zhang et al.,
2020), which trigger hypersensitive-like cell death yet seldom have
been evaluated in woody hosts. Our data therefore demonstrates that
CPP-mediated defense is not restricted to annual model plants and
highlights RmCP as the first basidiomycete CPP shown to activate
multilayered innate immunity in a commercially important
tree crop.

One of the most widely reported activity of CPPs was the ability
to induce cell death and necrosis. The formation of necrotic lesions
was observed after the application of RmCP on tobacco and rubber
leaves indicating that the purified RmCP recombinant protein was
functionally active and was able to trigger cell death. Cell death was
also observed microscopically with Trypan blue staining.
R. microporus is a necrotrophic fungus which kills the host’s living
cells and feeds on dead tissues (Oghenekaro et al., 2020). While cell
death is beneficial to impede the advancement of biotrophic or
hemibiotrophic pathogens, the effects on necrotrophs is the opposite
as necrotrophs co-opt host programmed cell death (PCD; Shao et al.,
20215 Prasad et al, 2022). Infection by necrotrophic pathogens
involves the secretion of phytotoxins, cell wall degrading enzymes
(CWDEs), cell death-inducing proteins (CDIPs), and other
extracellular enzymes resulting in necrotic lesions in the host
(Ghozlan et al., 2020; Liao et al., 2022). CDIPs, also known as necrosis-
inducing proteins (NIPs), are cytotoxic to dicotyledonous plants and
secreted by a wide range of microbes. It has been demonstrated that
CDIPs can cause cell death, promote pathogen colonization, and
induce plant immune response, hence, considered as pathogen-
associated molecular patterns (PAMPs; Li et al., 2020; Liao et al,
2022). Therefore, the ability of RmCP to induce cell death implies a

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1553350
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Maiden et al.

10.3389/fmicb.2025.1553350

(A) (B)

N. tabacum

H. brasiliensis

FIGURE 2

microscope. Dead leaf cells were stained blue.

The cell death-inducing activity of RmCP. (A) Nicotiana tabacum leaf and (B) Hevea brasiliensis leaf were infiltrated with RmCP and control buffer
(0.05 M sodium phosphate, 0.15 M NaCl, pH 7.2; CB) and photographed on the fifth day post infiltration (dpi). Leaf area infiltrated with RmCP displayed
clear necrotic lesion while the area infiltrated with CB appeared clear of any lesion. (C) Microscopic observation of cell death in N. tabacum and H.
brasiliensis leaves infiltrated with CB and RmCP. Leaves were stained with trypan blue at 24 h post infiltration (hpi) and observed under light

possible role as CDIPs, secreted during infection process to promote
host colonization.

The recognition of pathogen by plant receptors triggers an array
of defense reactions including the accumulation of ROS, the
production of antimicrobial compounds and defense-related
hormones, callose deposition, the influx of Ca** into the cytosol,
stomatal closure, transcriptional reprogramming, and hypersensitive
response (HR) that results in localized plant cell death (McCombe
etal,, 2022; Ngou et al., 2022; Shamrai, 2022). The ability of RmCP to
trigger plant immune responses including accumulation of ROS,
callose deposition and expression of defense-related genes
was evaluated.

The accumulation of ROS, specifically hydrogen peroxide (H,0,)
and superoxide anion (O,"), were observed in tobacco and rubber
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leaves following application of RmCP. These two forms of ROS are
some of the most stable and abundant ROS in plants (Mansoor et al.,
2022). The production of ROS is crucial for plant development and
response to abiotic and biotic stress (Castro et al., 2021) and
represents one of the earliest hallmarks of plant immune response
(Lukan and Coll, 2022). The functions of ROS during host and
pathogen interactions include roles in the mediation of cell wall
modifications, the regulation of different plant hormone signaling
pathways and the induction of PCD (Singh et al., 2021). The
accumulation of ROS was reported in multiple studies on CPPs (Pan
etal., 2018; Wang et al,, 2018; Li et al., 2019a; Quarantin et al., 2019;
Zhang et al., 2020).

Another component of defense response toward pathogen attack
is callose deposition. Callose deposition was observed in tobacco and
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FIGURE 3
The accumulation of reactive oxygen species (ROS) and callose deposition in infiltrated N. tabacum and H. brasiliensis leaves. (A) Microscopic
observation of H,O, accumulation in N. tabacum and H. brasiliensis leaves. Leaves infiltrated with control buffer (0.05 M sodium phosphate, 0.15 M
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FIGURE 3 (Continued)

NaCl, pH 7.2; CB) and RmCP were stained with 3,3’-diaminobenzidine (DAB) 24 h post infiltration (hpi) and photographed under light microscope. H,0,
accumulation indicated by brown DAB deposits observed in leaves infiltrated with RmCP but not in CB. (B) Microscopic observation of O,
accumulation in N. tabacum and H. brasiliensis leaves. Infiltrated leaves were stained with nitro blue tetrazolium (NBT). O,~ accumulation indicated by
blue precipitates of formazan observed in leaves infiltrated with RmCP but not in CB. (C) Microscopic observation of callose deposition in N. tabacum
and H. brasiliensis leaves. Infiltrated leaves were stained with aniline blue and photographed under light microscope with UV filter. Callose deposition
indicated by green fluorescence observed in leaves infiltrated with RmCP but not in CB.
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FIGURE 4

Relative abundance of HbCDPK5 (calcium-dependent protein kinase 5), HbMAPK (mitogen-activated protein kinase), HbPR3 (chitinase), and HbEDS1
(enhanced disease susceptibility 1) transcripts in leaves treated with purified RmCP recombinant protein. HbUBCZ2a (ubiquitin-protein ligase 2a) and
HbUBC4 (ubiquitin-protein ligase 4) were used as internal control to normalize the data. The relative transcriptional abundances of the defense-related
genes were determined after 24, 48 and 72 h post application (hpa) of RmCP and compared to expression level in control leaves treated with control
buffer (0.05 M sodium phosphate, 0.15 M NaCl, pH 7.2). Error bars were calculated based on three replicates. Asterisks indicate significant differences

(p < 0.05, t-test).

rubber leaves infiltrated with RmCP. The deposition of callose between
the plasma membrane and the cell wall, at the plasmodesmata, and on
other plant tissues is intended to slow the invasion and spread of
pathogens (Wang et al., 2021). Several studies on CPPs have also
reported callose deposition in infiltrated leaves (Wang et al., 2013,
2016; Li et al., 2019a). Given that callose plugs are pivotal for
restricting the advance of pathogens in trees, the robust deposition
we recorded implies that RmCP may enhance physical barriers against
R. microporus spread in the field.

The expression of four defense-related genes, HbCDPKS5,
HbMAPK, HbPR3, and HbEDS1 were assessed following application
of purified RmCP recombinant protein on H. brasiliensis leaves.
Transcript analysis corroborated the biochemical hallmarks of
immunity. Up-regulated expressions of HbCDPK5, HbMAPK,
HbPR3, and HbEDSI compared to control were observed throughout
all sampling points. RmCP triggered the rapid Ca*" influx that was
indirectly detected through HbCDPK5 induction. CDPKs act as
sensor proteins with four EF-hand motifs and an autoinhibitory
junction domain which enables CDPKs to translate transient
cytosolic Ca** spikes into phosphorylation of NADPH oxidase
(Rboh) and attendant ROS production (Bredow and Monaghan,
2019; Dekomah et al., 2022). Consistent with that role, HhCDPK5
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transcripts peaked at 24 h post-application, the same window in
which DAB/NBT staining revealed H,O, and O, accumulation.
HbCDPK5 was reported to regulate the accumulation of ROS in
rubber tree mesophyll protoplast and its overexpression in
Arabidopsis enhanced the resistance to Botrytis cinerea indicating
roles in plant disease resistance (Zhang et al., 2022).

Downstream of this Ca** node, the HbMAPK gene showed a
sustained two- to three-fold up-regulation through 72 h. MAPKs
contains the conserved TEY activation loop and were reported to play
multiple roles in plant defense including the phosphorylation of
WRKY transcription factors related to disease resistance, regulation
of the synthesis of plant antitoxins, mediation of cell wall thickening
through callose deposition, activation of plant hypersensitivity
through overexpression of defense related genes and oxidative burst,
promotion of stomatal closure to impede pathogen invasion and lastly
involvement in the synthesis of plant disease resistance-related
hormones (Li L. et al., 2022; Sun and Zhang, 2022). The temporal
separation between CDPK5 and MAPK induction suggests a relay in
which Ca®* sensors ignite a MAPK cascade that maintains defense
momentum after the initial ROS burst subsides. Similar to this study,
the expression of MAPKSs was reported to be up regulated in rubber
shoot inoculated with R. microporus (Oghenekaro et al., 2016) and in
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rubber leaves treated with purified cassiicolin Casl, an effector from
the rubber leaf pathogen, Corynespora cassiicola (Ribeiro et al., 2021).

Beyond initiating signaling events, RmCP also drives the
upregulation of key effector genes. Pathogenesis-related (PR) proteins
is a group of functionally diverse proteins produced in response to a
pathogen attack, with roles in limiting the growth and spread of
pathogens (Ali et al., 2018). PR proteins can directly affect the
pathogens, and/or generate signal molecules to induce other plant
defense related pathways (Boccardo et al, 2019). PR proteins
accumulate locally inside the infected as well as distant un-infected
tissues, hence, preventing the spread of infection and leading to
systemic acquired resistance (Chouhan et al., 2022; Kaur et al., 2022).
The PR3 gene encodes a class-11II chitinase whose (ff/a)s TIM-barrel
fold and catalytic Glu-123/Glu-125 dyad acting as hydrolytic enzymes
which are able to digest chitin, the structural element of fungal cell
wall, therefore, effective against a wide range of phytopathogenic fungi
(Chiuetal., 2022; Vaghela et al., 2022). Its robust expression coincides
with visible callose deposition, implying a coordinated fortification of
the cell wall. Several studies have reported the up regulation of HhPR3
in rubber tissue inoculated with R. microporus as observed in this
study (Oghenekaro et al., 2016; Woraathasin et al., 2017; Syafaah
et al., 2020).

Enhanced Disease Susceptibility 1 (EDS1), a lipase-like o/f
hydrolase that scaffolds PAD4-SAG101 complexes is a key component
involved in resistance (R) gene-mediated and basal disease resistance
specifically in signal transduction toward transcriptional
reprogramming and cell death (Bernacki et al., 2019; Wang et al,,
2020; Dongus and Parker, 2021; Ramirez-Zavaleta et al., 2022). The
expression of HVEDS! remained elevated throughout the time course,
consistent with its role in sustaining systemic acquired resistance
beyond the local hypersensitive response. In accordance with the
findings in this study, the application of CPPs Epl1 from Trichoderma
formosa and FocCP1 from Fusarium oxysporum were also reported to
result in the up regulation of EDSI in tobacco (Cheng et al., 2018; Li
etal., 2019a).

Collectively, these structural and temporal patterns outline the
following model: RmCP surface loops act as MAMPs, triggering Ca**
influx. CDPKS5 then phosphorylates Rboh to produce an oxidative
burst that both restricts pathogen ingress and feeds forward into the
MAPK module. The MAPK-WRKY pathway amplifies defense gene
activation, notably HbPR3, while the EDSI ensures long-term salicylic
acid dependent immunity. This integrated response explains the
convergence of ROS accumulation, callose deposition and cell-death
observed in detached-leaf assays and underscores RmCP’s dual
potential as both virulence factor and deployable elicitor for priming
rubber trees against white-root disease.

The findings of this study position RmCP as the first
experimentally validated cerato-platanin from a necrotrophic
basidiomycete pathogen of rubber. By bridging the longstanding
knowledge gap between the abundance of CP homologs in
basidiomycetes and their largely unexplored biological roles, our
results not only extend the functional spectrum of the CP protein
family beyond ascomycete models but also establishes a solid
foundation, with biochemical and defense data, for future research
and practical applications. Results from this study point to a signaling
network capable of amplifying local alerts into systemic readiness.
Harnessing RmCP or engineered peptide derivatives that retain
defense inducing activity but lack necrotic side-effects, could provide
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an eco-friendly and broad-spectrum priming agent to bolster rubber-
tree resilience against white-root disease and other fungal threats.
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Glossary

CDIP - Cell death-inducing protein
CDS - Coding sequence

CPP - Cerato-platanin protein
CWDE - Cell wall-degrading enzymes
DAB - 3,3’-Diaminobenzidine

dpi - Days post infiltration

dpa - Days post application

hpa - Hours post application

hpi - Hours post infiltration

HR - Hypersensitive response
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MAMP - Microbe-associated molecular pattern
MRB - Malaysian Rubber Board

MW - Molecular weight

NBT - Nitro blue tetrazolium

NIP - Necrosis-inducing protein

PAMP - Pathogen-associated molecular pattern
PCD - Programmed cell death

PDA - Potato dextrose agar

PVP - Polyvinylpyrrolidone

ROS - Reactive oxygen species

RT-qPCR - Reverse transcription quantitative real time PCR
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