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Abstract
Rigidoporus microporus is the fungus accountable for the white root rot disease that is detrimental to the rubber tree, Hevea 
brasiliensis. The pathogenicity mechanism of R. microporus and the identity of the fungal proteins and metabolites involved 
during the infection process remain unclear. In this study, the protein and metabolite profiles of two R. microporus isolates, 
Segamat (SEG) and Ayer Molek (AM), were investigated during an in vitro interaction with H. brasiliensis. The isolates were 
used to inoculate H. brasiliensis clone RRIM 2025, and mycelia adhering to the roots of the plant were collected for analysis. 
Transmission electron microscope (TEM) images acquired confirms the hyphae attachment and colonization of the mycelia 
on the root of the H. brasiliensis clones after 4 days of inoculation. The protein samples were subjected to 2-DE analysis 
and analyzed using MALDI-ToF MS/MS, while the metabolites were extracted using methanol and analyzed using LC/
MS-QTOF. Based on the differential analyses, upregulation of proteins that are essential for fungal evolution such as malate 
dehydrogenase, fructose 1,6-biphosphate aldolase, and glyceraldehyde-3-phosphate dehydrogenase hints an indirect role in 
fungal pathogenicity, while metabolomic analysis suggests an increase in acidic compounds which may lead to increased 
cell wall degrading enzyme activity. Bioinformatics analyses revealed that the carbohydrate and amino acid metabolisms 
were prominently affected in response to the fungal pathogenicity. In addition to that, other pathways that were significantly 
affected include “Protein Ubiquitination Pathway,” Unfolded Protein Response,” “HIFα Signaling,” and “Sirtuin Signal-
ing Pathway.” The identification of responsive proteins and metabolites from this study promotes a better understanding of 
mechanisms underlying R. microporus pathogenesis and provides a list of potential biological markers for early recognition 
of the white root rot disease.
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Introduction

Hevea brasiliensis or more commonly known as rubber 
tree is a monoclonal plant desired for its latex content. 
Ever since the introduction of rubber to the manufacturing 
industry and the global market, the consumption of natural 
rubber has elevated significantly leading to further expan-
sion of rubber plantations in tropical areas worldwide [1]. 
In Malaysia, latex is valued for its extensive properties 
in the application of various industrial products such as 
tires, gloves, and other rubber compounds that consumes 
up to 218,142 tons of natural rubber as of June of 2020 [2]. 
Thus, rubber is deemed as an important source of liveli-
hood today.

H. brasiliensis, however, is prone to root diseases, 
mainly white root rot disease caused by the fungus Rigi-
doporus microporus. This pathogen is a well-known 
destructive agent of the rubber trees, responsible for 50% 
of yield losses in West Africa, and the white root rot dis-
ease was recognized as a significant endemic problem in 
Indonesia [3], Malaysia [4], and Thailand [5]. The infec-
tion starts belowground through the decomposition of lig-
nified cell walls on the plant’s roots. The degradation of 
lignin followed by the secretion of hydrolytic and oxida-
tive enzymes causes polymer alteration of the plant [6], 
making it susceptible to nutrient loss thus rapidly killing 
the infected tree. This makes detection of the disease at 
early stages difficult and usually, when the symptoms start 
showing aboveground, the tree is already beyond treatment 
and recovery.

Mycelium forms during the vegetative growth of a 
fungus as an organized cellular network to accommodate 
nutrition for consumption [7]. The mycelium of a fungus 
comprises a network of fine, white, and porous filament 
structure called hyphae that spread upon and penetrates 
the growth sites [8]. Along with the ability to translocate 
materials through hyphae across regions of the fungi, 
mycelia serve as an important component of growth, adhe-
sion, and survival during the interaction between fungi and 
the organism.

Recently, proteomics and metabolomics studies have 
narrowed down the knowledge gap in understanding the 
virulence factors in phytopathogenic fungi [9]. The prot-
eomic analysis provides quantitative and qualitative data 
of critical proteins involved during complex interactions 
between plants and pathogens [10]. By utilizing a gel-
based proteomics approach such as 2-dimensional gel 
electrophoresis along with mass spectrometry (MS), the 
identification of thousands of proteins within a single run 
is possible [11]. Previous researches have shown the effec-
tiveness of proteomic studies in plant pathogenic fungi 
such as Ganoderma boninense [12, 13], Ustilago maydis 

[14], and Fusarium oxysporum [15]. Metabolomics, on the 
other hand, is a study of small metabolites (< 1200 Da) 
[16] as it facilitates comprehension of biological and bio-
chemical processes in complex systems. Metabolites are 
also the result of reactions; thus, the changes can be con-
sidered a definitive response of cellular systems to biotic 
and abiotic stress [17, 18]. At present, many methodolo-
gies enable thorough metabolic analysis via mass spec-
trometry such as LC–MS (liquid chromatography–MS) 
[19]. However, due to the complex nature of the cellular 
respond, a combined approach of different analysis is often 
favored to widen the metabolite spectrum coverage.

The focus of H. brasiliensis–R. microporus research has 
been on early detection and disease control measures, result-
ing in insufficient knowledge on the molecular mechanism 
that leads to deterioration of plant health following infec-
tion. Through the integration of MS-based proteomics and 
metabolomics, this research aims to identify pathogenesis-
related proteins and metabolites of two different R. micropo-
rus isolates during in vitro interaction with H. brasiliensis.

Materials and Methods

R. Microporus Culture

Two R. microporus isolates were collected, identified, and 
eventually deposited in NCBI GenBank. Ayer Molek (AM) 
(accession No. MG199552.1) and Segamat (SEG) (accession 
No. MG199553.1) used in this comparative study for their 
interaction with H. brasiliensis clone (RRIM 2025). Pure 
mycelial cultures were obtained from the Biotechnology 
Unit, Malaysian Rubber Board, Rubber Research Institute 
of Malaysia (RRIM, Malaysia). The cultures were kept in 
an incubator at 25 °C and maintained by subculture every 
2 weeks in the Cell Biology Laboratory, Agro-Biotechnol-
ogy Institute Malaysia (ABI), on potato dextrose agar (PDA) 
plates supplemented with 0.1% magnesium sulfate heptahy-
drate and 0.5% dipotassium hydrogen phosphate anhydrous.

Plant Materials

H. brasiliensis latex timber clone, namely RRIM 2025, at 
3 months old were acquired in autoclaved natural soil from 
Biotechnology Unit, Malaysian Rubber Board, Rubber 
Research Institute of Malaysia (RRIM, Malaysia), and iden-
tified and eventually deposited in NCBI GenBank (acces-
sion No. MF981856.1) were kept indoor at 28 °C with 95% 
relative humidity while being exposed to the sunlight. The 
plants were kept for a month to acclimatize to the laboratory 
environment before the in vitro challenge experiment.
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In Vitro Inoculation Procedures

A plant–fungal challenge experiment was done following 
Al-Obaidi et al. [12] with slight modifications. Both R. 
microporus isolates, AM and SEG, were cultured in 1-L 
flasks with PDA (Fig. 1) by cutting 1-week-old actively 
dividing mycelial plugs and placing them in the middle 
of the flask using sterile techniques. The flasks were then 
sealed and placed in an incubator at 28 °C with 95% relative 

humidity for 2 weeks for the fungus to cover the whole PDA 
surface in the flasks. After washing the roots with 70% etha-
nol and sterile distilled water, the mycelial cultures were 
introduced to RRIM 2025 by placing the roots of the plant 
with maximum contact on the culture inside the flask. The 
flasks were sealed and kept at a temperature of 28–32 °C in 
a light–dark cycle of 16–8 h.

Overall, 30 flasks for each of the fungal isolates (AM and 
SEG) as control and another 60 flasks for each of the inocu-
lations (AM 2025 and SEG 2025) were prepared for the 
challenge experiment. Sampling was done 4-, 7-, and 14-day 
post-inoculation, and during sampling, fungal mycelium 
attached to the roots was scrapped, wrapped in aluminum 
foils, and then placed in a container with liquid nitrogen 
before they were kept in − 80 °C until further analysis.

Microscopy Analysis Using Transmission Electron 
Microscope (TEM)

Samples were prepared according to the standard electron 
microscopy protocol [20] with some adjustments. Upon fix-
ing in 2.5% glutaraldehyde at 4 °C overnight and washing 
with sodium cacodylate buffer three times (30 min/time), the 
samples were put into 1% osmium tetroxide at 4 °C for 2 h 
and then washed again three times with sodium cacodylate 
buffer. Dehydration step was done next by passing the sam-
ples through a sequence of increasing acetone concentrations 
from 35 to 95% for 10 min and 100% for 15 min, three times 
for each concentration. Next, resin infiltration was done by 
submerging the samples in gradually increasing acetone to 
resin ratios before embedding in a rubber silicone mold for 
polymerization for 48 h at 60 °C. The embedded samples 
were sectioned using an ultramicrotome into 1–2-μm-thick 
blocks to choose the region of interest and then further sec-
tioned to 60–90 μm thick, stained with uranyl acetate, and 
lead citrate before viewing under a TEM (JEOL JEM-2100F 
Field Emission Electron Microscope, Tokyo, Japan) operat-
ing at 200 kV, 2000–500,000 × magnification.

Protein Extraction and Quantification

Extraction of mycelial proteins was done as described in 
[12] with some changes. The frozen mycelium was grounded 
into powder, and a total of 100 mg was dissolved in 500 
μL of extraction buffer (30% sucrose, 1 M Tris–HCl, 0.5 M 
EDTA, 1 M KCl, and 1% DTT) before the addition of 500 
μL buffered phenol. After mixing and spinning at 8000 rpm 
for 3 min at 4 °C, the phenol layer on the upper part of 
the solution was collected and re-extracted using the same 
amount of buffered phenol and centrifuged under the same 
conditions. The mycelial proteins in the upper layer were 
transferred into a new tube, and five volumes of cold 0.1 M 
ammonium acetate in 100% methanol were added into the 

Fig. 1  R. microporus isolates, Segamat (SEG) culture (a), Ayer 
Molek (AM) culture (b), challenge experiment (SEG) (c), (AM) (d). 
Roots of rubber seedlings interacting with (SEG) (e), with (AM) (f). 
Control flask (SEG) (g), (AM) (h)
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tube and left at − 20 °C overnight before it was centrifuged 
at 13,000 rpm for 60 min in 4 °C. The supernatant was then 
removed, and the pellets were rinsed twice with 0.2% dithi-
othreitol (DTT) in cold acetone. The pellet was then dried 
under room conditions, dissolved in 20 μL lysis buffer (7 M 
urea, 2 M thiourea, 4% w/v CHAPS, 2% w/v IPG buffer, 
and 40 mM DTT) and kept in − 80 °C before future analysis.

Protein quantification was done by Bradford assay, and 
the absorbance measurement was performed at 595 nm using 
a 96-well microplate reader (Tecan, Männedorf, Switzer-
land) with bovine serum albumin (BSA) of different dilu-
tions as standard. The concentration of the unknown samples 
was calculated by comparing the sample absorbance to the 
standard curve.

Two‑Dimensional Electrophoresis and Gel Image 
Analysis

The 1st-dimensional separation was done using 13 cm IPG 
strips (Immobiline® pH 4–7, GE Healthcare, WI, USA) and 
isoelectric focusing (IEF) system Ettan Ipghor II (Amer-
sham Bioscience). A total protein of 300 μg was loaded 
onto the strips, and IEF was performed at 500 V for 1 h, 
1000 V for 1 h, 8000 V for 11,300 V-hours, and 8000 V 
for 4400 V-hours at 20 °C. Before the second-dimension 
separation, the strips were equilibrated twice with 10 mg/
mL DTT and 25 mg/mL iodoacetamide (IAA) respectively. 
The 2nd-dimensional separation was done at 10 mA/gel 
for 15 min and then 20 mA/gel for 3 h using Ruby SE 600 
vertical electrophoresis system (GE Healthcare) with full-
range rainbow molecular weight marker (GE Healthcare) as 
standard. The gels were stained using Coomassie staining by 
fixing the gels in 50% (v/v) ethanol in 10% acetic acid over-
night, staining with 0.02% Coomassie Blue R-250 for 6 h 
followed by distaining with 7% acetic acid in 40% ethanol 
for 30 min. The imaging of the gels was done by scanning 
using GS-800 Calibrated Densitometer (Bio-Rad Laborato-
ries) with 32-bit pixel depth and 300 dpi resolutions. Pro-
tein profiles of four biological replicates of different time 
points from each pair were analyzed using Progenesis Same 
Spot software (Nonlinear Dynamics, Durham, NC) and one-
way analysis of variance (ANOVA). Spots with significant 
changes (p < 0.05 and fold value ≥ 2) were selected for the 
identification process [21].

In‑Gel Digestion, Mass Spectrometry, 
and Functional Analysis

Chosen protein spots were cut from the gels and kept in the 
preserving solution (7% v/v acetic acid and 10% v/v metha-
nol). The excised gel plugs were then washed with 100 mM 
ammonium bicarbonate (ABC) for 10 min before destained 
twice with 50% (v/v) acetonitrile (ACN) in 100 mM ABC 

and reduced by incubation in 10 mM DTT in 100 mM ABC 
for 30 min at 60 °C in after the alkylation process of add-
ing 55 mM IAA in 100 mM ABC at room temperature for 
20 min in the dark. Next, the plugs were dehydrated with 
50% (v/v) ACN in 100 mM ABC twice for 20 min each time 
before incubated with 100% (v/v) ACN for 15 min at room 
temperature. The gel plugs were dried in a vacuum drier 
and rehydrated in 25 μL trypsin solution (7 ng/nL trypsin in 
10% v/v ACN and 40 mM ABC), incubated overnight in a 
water bath at 30 °C for digestion. The gels were then dehy-
drated with 50% (v/v) ACN followed by 100% (v/v) ACN 
for 15 min each. Digested proteins were then transferred into 
a new tube and upon drying, it was then desalted with Zip-
Tip Cμ18 (Millipore, Bedford, MA, USA) according to the 
manufacturer’s protocol. The proteins were then spotted onto 
a MALDI plate, and mass spectrometry analysis was done 
using Ultraflextreme MALDI TOF/TOF (Bruker Daltonics, 
Bremen, Germany) and FlexAnalysis software (v3.3).

Metabolite Extraction

A total of 5 g of mycelial samples were added into a 15 mL 
Eppendorf tube filled with 5 mL of metabolite extraction 
buffer (60% methanol, 1% FA) and vortexed before the 
tube was frozen in liquid nitrogen for 5 min. Upon 10 min 
of thawing on ice, the extract was transferred into another 
tube and centrifuged for 10 min at 10,000 rpm in 4 °C. The 
upper layer was then transferred into a new tube followed by 
another round of metabolite extraction and centrifugation. 
The supernatant was collected and dried using a vacuum 
concentrator for 4–6 h until the solvent was completely 
removed. The dried sample was reconstituted with 50% 
methanol, diluted to 100 ppm, and filtered through a 0.2 µm 
PTFE membrane into an HPLC vial.

LC/MS‑QTOF Procedure

The separation and analysis of the metabolite extracts were 
separated technique using Agilent 1290 LC system joined 
to 6550 iFunnel Mass Spectrometry-Quadrupole Time of 
Flight instrument (Agilent Technologies Inc., USA). A total 
of 5 µl of the sample was injected through Agilent Zorbax 
C18 column (2.1 mm × 150 mm × 1.8 µm) at a flow rate of 
0.3 mL/min with the column oven at 35 °C. Mobile phase 
consists of water + 0.1% formic acid (FA) (A) and 100% 
ACN (B), and the samples were subjected to the following 
gradient: 0 min, 2% B; 0–22 min, 28% B; 22–22.5 min, 40% 
B; 23–25 min, 95% B; and 25–30 min, 5% B.

Mass spectrometry was done using ESI source in posi-
tive mode with the following parameters: 50–1000 m/z mass 
range, 4500 V capillary voltage, 1.2 bar nebulizer pressure, 
and 8 L/min at 200 °C of drying gas. Fifty percent methanol 
was used as blank, and biological replicates were provided 
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for each sample, with three technical replicates per biologi-
cal replicate.

 Metabolite Screening and Identification

Data were analyzed using Agilent MassHunter Qualitative 
Analysis software (Agilent Technologies Inc., USA). Metab-
olites with a statistical significance of a p-value lower than 
0.05 were selected and identified by running the metabo-
lite profile through METLINE Personal Metabolite Data-
base that is linked to the Kyoto Encyclopedia of Genes and 
Genomes and LIPID MAPS identifier.

Protein Function Analyses Using IPA Software

Protein function analyses were performed using the Ingenu-
ity Pathways Analysis (IPA) software (Ingenuity®Systems, 
http:// www. ingen uity. com/ [22]) to predict the affected 
networks and pathways related to the alteration of protein 
regulation in response to the expression changes of mycelial 
proteins from AM and SEG during interaction with RRIM 
2025. Protein quantitative expression values (fold change 
difference) were introduced into the IPA software. Pro-
teins network algorithm was generated following proteins 
connectivity.

Results

Colonization of H. Brasiliensis Roots by R. Microporus

The colonization and infection of mycelia into the roots of 
H. brasiliensis were visualized and validated by conducting 
microscopy analysis using TEM for the control and infected 
roots. Based on Fig. 2, control roots without any interaction 
with the fungus showed no sign of colonization, while roots 

inoculated with R. microporus showed hyphal growth within 
the cytoplasm and near the nuclear periphery. Thickened 
epidermal layer and distorted cell structure were also seen 
as a response to the fungal invasion.

The Proteome Profile of R. Microporus Isolates 
During In Vitro Interaction With H. Brasiliensis

Analysis of the proteomic profiles of R. microporus isolates 
with H. brasiliensis clone pairs was done using Progenesis 
Same Spots software, and for each pair, four biological 
replicates at three different time points were compared. A 
total of 154 spots in AM 2025 and 177 spots in SEG 2025 
showed significant differences (p > 0.05 and fold change ≥ 2) 
between the controls, 4-, 7-, and 14-day post-inoculation 
(Fig. 3). Identical protein profiles were observed in all rep-
licates of the sample pairs within the same time points.

Fourteen proteins were successfully identified from the 
154 spots in AM 2025, while 31 proteins were identified 
from a total of 177 spots in SEG 2025. The locations of the 
spots on the gels were shown in Fig. 4. Tables 1 and 2 show 
the details of the significantly regulated proteins of AM and 
SEG, respectively. For AM 2025, eight spots were found to 
be upregulated while 6 spots were downregulated, and for 
SEG 2025, 29 spots showed increased regulation while the 
other 11 spots were negatively expressed. Ten proteins were 
found present in both samples with only two of them differ 
in regulations. Fructose 1,6-biphosphate aldolase (FBA) and 
heat shock protein 70 (Hsp70) exhibited the highest fold 
change in AM (3.6- and 3.1-fold) and also found to be highly 
elevated in SEG. Aside from the two proteins, SEG recorded 
accumulation of up to 4.7-fold in ketol-acid reductoisomer-
ase, pyruvate kinase, flavocytochrome c, and a couple of 
hypothetical proteins.

Using the UniProt database, the identified proteins in AM 
2025 and SEG 2025 were classified based on their molecular 

Fig. 2  Transmission electron microscopy (TEM) images of con-
trol roots without any interaction with the fungus showed no sign of 
colonization (a), while roots inoculated with R. microporus fungus 
showed hyphal growth within the cytoplasm and near the nuclear 

periphery (black arrows). Thickened epidermal layer and distorted 
cell structure (white arrows) were also seen as the plant reacts 
towards the fungal invasion (b). Cyt, cytoplasm; Ep, epidermal layer; 
L, latex
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functions (Fig. 5) where the highest number of proteins pre-
dicted to be involved in catalytic and binding activities. The 
proteins can be found in the nucleus, polysome, cytoplasm, 
and cytosol, but the subcellular location of most of the 

proteins is unknown. The difference and changes in protein 
abundance were visualized in Fig. 6 where blue represents a 
very low level of expression while yellow indicates the other 
end of the spectrum.
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Fig. 3  Representative 2-D gel images of AM isolate (up) and SEG isolates (down). From left to right, control, 4, 7, and 14 days of inoculation

Fig. 4  Location of the spots on the representative gels for RRIM 2025 plant inoculated with AM fungal isolate (a) and inoculation with SEG 
isolate (b)
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The Metabolome Profile of R. Microporus Isolates 
During In Vitro Interaction With H. Brasiliensis

Untargeted metabolite profiling of the extract from each 
sample pair at different time points and controls was done 
by acquiring and filtering the total metabolite content 
under optimized conditions followed by identification 
of the metabolites. The representative total ion chro-
matograms (TIC) of each sample were shown in Fig. 7 
which varied in shapes and peaks indicating changes in 
the metabolite expression during the inoculation period. 
Normalization and filtering were done to the raw TIC data 
using the Agilent MassHunter software, and a total of 801 
unique compounds were found in AM 2025 samples, and 
942 compounds were found in SEG 2025 samples across 
all time points. Further filtration was carried out by select-
ing metabolites present during all inoculation stages to 
eliminate anomalous metabolites that might be detected 
due to contamination. Another selection criterion is the 
change in abundance of the metabolites of significant 
value (p-value < 0.05). The identity of the metabolites is 
presented in Table 3 along with the retention time and 
m/z value.

Pathway Connections and Top Canonical Pathways 
of the Significantly Regulated Proteins

IPA analyses identified “Amino Acid Metabolism, Car-
bohydrate Metabolism, Small Molecule Biochemistry” as 
the sole network linking 10 proteins with a score of 24 
(Table 4). A score of two or higher revealed 99% confi-
dence of not being randomly generated, and higher scores 
revealed a high level of confidence.

In comparison, IPA analyses acknowledged “Car-
bohydrate Metabolism, Molecule Biochemistry” as 
the most top network linking 18 proteins with a sig-
nificant change in their expression with a score of 45 
(Table 5). Nine proteins were involved in “Cellular 
Function and Maintenance, Cellular Development” 
followed by 4 proteins that were associated with 
“RNA Damage and Repair, RNA Post-Transcriptional 
Modification” with scores of 20 and 5, respectively. 
Notably, some other hypothetical and predicted pro-
teins listed in Tables  1 and 2 were not mapped in 
the IPA knowledge database. Therefore, they were 
excluded from the IPA analyses.

Table 1  List of significantly expressed mycelial proteins from AM during interaction with RRIM 2025

Spot no Accession no Name Ref organism Theoreti-
cal MW/pI 
(kDa)

Experimental 
MW/pI (kDa)

Score Fold change p-value

34 P18694 Heat shock 70 kDa 
protein 2

Ustilago maydis 70/5.05 241/5.01 41  + 2.1 0.017

146 CDS00971 Probable ENO1-enolase 
I (2-phosphoglycerate 
dehydratase)

Sporisorium scitamineum 190/5.5 233/4.31 63  + 2.2 9.73E-05

203 KIM41765 Malate dehydrogenase Hebeloma cylin-
drosporum

35/6.24 227/5.64 59  + 2.3 0.013

1213 GAT43501 Predicted protein 
MCHLO_01177

Mycena chlorophos 53/6.35 110/6.11 199  + 2.3 6.31E-05

952 KZV61113 Pyruvate decarboxylase Peniophora sp. 63/5.42 152/6.01 63  + 2.4 0.005
63 XP_007264237 Succinate dehydrogenase Fomitiporia mediterranea 71/6.5 239/5.46 55  + 2.5 0.045
680 CCA67787 Related to HSP70 heat 

shock protein 70
Serendipita indica 70/5.14 186/6.28 125  + 3.1 8.91E-07

1435 XP_001884461 Fructose 1,6-bisphos-
phate aldolase

Laccaria bicolor 39/5.54 71/6.54 138  + 3.6 1.16E-05

1990 KIO11264 Proteasome subunit beta Pisolithus tinctorius 21/6.32 106/6.12 68  − 2.2 0.002
919 GAW08468 Heat shock HSP70 

protein
Lentinula edodes 67/5.51 156/6.67 204  − 2.4 0.006

1105 KYQ45724 Enolase Hypsizygus marmoreus 47/5.73 134/5.13 82  − 2.5 0.001
193 OAJ00303 Glutamine synthetase Tilletia indica 40/5.94 227/5.89 73  − 2.5 0.005
868 EPT06250 Hypothetical 

protein FOM-
PIDRAFT_1044710

Fomitopsis pinicola 72/5.7 163/6.52 95  − 2.5 7.69E-04

388 EJU05725 Heat shock protein 70 Dacryopinax primo-
genitus

25/5.44 211/5.5 157  − 2.8 6.55E-04

369



 A. F. B. C. Fisol et al.

1 3

Table 2  List of significantly expressed mycelial proteins from SEG during interaction with RRIM 2025

Spot no Accession no Name Ref organism Theoreti-
cal MW/pI 
(kDa)

Experimental 
MW/pI (kDa)

Score Fold change p-value

670 KZS87156 Aconitate hydratase, mito-
chondrial

Sistotremastrum niveo-
cremeum

85/6.06 167/4.53 113  + 3.2 9.26E-04

1265 KDN40180 Adenosyl homocysteinase, 
partial

Rhizoctonia solani 47/5.79 16/4.42 71  + 2.4 1.91E-05

1234 KYQ45724 Enolase Hypsizygus marmoreus 47/5.73 21/6.79 60  + 2.5 1.44E-05
718 KZW01656 Flavocytochrome c Exidia glandulosa 67/7.08 159/6.14 115  + 4.2 8.43E-05
620 XP_001884461 Fructose 1,6-bisphosphate 

aldolase
Laccaria bicolor 39/5.54 176/5.26 92  + 2.3 5.78E-05

1428 EGO04203 Fructose-bisphosphate 
aldolase

Serpula lacrymans 39/5.95 161/6.55 56  + 4.1 3.93E-05

1436 EJD01101 Glutamine synthetase Fomitiporia mediter-
ranea

39/5.95 174/5.97 48  + 2.2 0.004

1391 KLO18751 Glyceraldehyde-3-phos-
phate dehydrogenase

Schizopora paradoxa 36/6.54 163/6.71 56  + 2 0.002

976 KZT24125 Glycosyltransferase family 
4 protein

Neolentinus lepideus 81/6.54 104/5.15 55  + 2.3 6.72E-05

767 EPT06250 Hypothetical protein FOM-
PIDRAFT_1044710

Fomitopsis pinicola 72/5.7 149/5.25 98  + 2.7 0.002

1348 XP_007870005 Hypothetical protein 
GLOTRDRAFT_65728

Gloeophyllum trabeum 268/5.56 168/4.8 54  + 2.9 0.007

964 CCK72214 Hypothetical protein 
KNAG_0J01330

Kazachstania naganishii 61/5.71 107/6.94 53  + 2.9 0.003

971 XP_001731432 Hypothetical protein 
MGL_1615

Malassezia globosa 62/5.77 105/4.59 60  + 3.3 0.001

811 EKM55372 Hypothetical protein 
PHACADRAFT_255953

Phanerochaete carnosa 70/5.14 140/4.27 188  + 2 0.001

352 KIP08869 Hypothetical protein 
PHLGIDRAFT_126717

Phlebiopsis gigantea 102/5.73 207/6.13 63  + 3.3 0.005

666 KDN48107 Hypothetical protein 
RSAG8_03123

Rhizoctonia solani 82/6.14 167/6.47 92  + 4.3 1.21E-04

1404 EIN09857 Ketol-acid reductoisomer-
ase

Punctularia strigoso-
zonata

44/8.84 165/6.27 139  + 3.5 2.13E-06

1237 AAA82936 NADP-glutamate dehydro-
genase

Laccaria bicolor 48/6.0 20/6.75 128  + 3.2 8.81E-06

950 EJC99976 Phosphoglucomutase Fomitiporia mediter-
ranea

61/5.49 111/5.14 111  + 2.2 1.24E-04

1257 KZP29975 Phosphoglycerate kinase Fibularhizoctonia sp. 44/6.0 17/6.59 70  + 3.2 1.59E-05
1213 GAT43501 Predicted protein 

MCHLO_01177
Mycena chlorophos 53/6.35 26/6.53 199  + 2.3 6.31E-05

841 CEJ1160 Putative Heat shock 70 kDa 
protein 2

Rhizopus microsporus 43/5.03 134/5.99 70  + 2.5 1.75E-06

952 KZV61113 Pyruvate decarboxylase Peniophora sp. 63/5.42 109/4.38 63  + 2.4 0.005
1013 KDQ30900 Pyruvate kinase Pleurotus ostreatus 58/6.3 97/5.73 61  + 3.7 0.003
800 CCA67787 Related to HSP70 heat 

shock protein 70 (hsp70)
Serendipita indica 70/5.14 144/6.09 144  + 4.7 4.17E-09

1804 GAW02404 Short-chain dehydrogenase Lentinula edodes 30/6.92 111/6.48 58  + 2 0.005
1128 KLO18796 Trehalose phosphorylase Schizopora paradoxa 81/6.59 54/4.72 76  + 2.9 5.54E-04
1080 KLO18046 Tubulin alpha Schizopora paradoxa 49/5.13 69/5.82 147  + 2.3 3.42E-05
530 XP_001831176 Valosin-containing protein Coprinopsis cinerea 90/4.91 187/6.93 57  + 2.3 6.46E-08
1001 KIM84981 Transket_pyr domain-

containing protein
Piloderma croceum 71/5.9 99/6.13 82  − 4.4 7.35E-06

1333 KLO14648 Heat shock cognate 70 Schizopora paradoxa 71/5.13 160/5.8 119  − 3.6 5.13E-04
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Discussion

Hevea brasiliensis is susceptible to the white root rot dis-
ease caused by R. microporus that affects rubber yields in 
plantations all over the world [20]. Despite being a major 
problem, very little is known about the virulence factors and 

infection mechanism of this saprotrophic fungus. Through 
proteomic and metabolomic analysis, identification of 
potential pathogenicity-related proteins and -metabolites 
of R. microporus may facilitate the development of a novel 
treatment or improve the responses of current control meth-
ods [23][23].

Table 2  (continued)

Spot no Accession no Name Ref organism Theoreti-
cal MW/pI 
(kDa)

Experimental 
MW/pI (kDa)

Score Fold change p-value

1580 OJA19579 D-xylose reductase Rhizopogon vesiculosus 41/6.83 169/5.95 92  − 2.4 3.07E-06
919 GAW08468 Heat shock HSP70 protein Lentinula edodes 67/5.51 117/5.29 204  − 2.4 0.006
1397 OSD01199 Adenosine kinase Pycnoporus coccineus 37/5.37 163/5.49 58  − 2.3 0.002
1384 EPT06059 Hypothetical protein FOM-

PIDRAFT_1021155
Fomitopsis pinicola 71/5.1 93/4.19 55  − 2.2 3.57E-04

1990 KIO11264 Proteasome subunit beta Pisolithus tinctorius 333/6.48 114/6.07 79  − 2.2 0.002
1163 KEP45662 Trehalose synthase Rhizoctonia solani 81/6.73 45/6.89 95  − 2.2 0.005
2656 KIK01860 40S ribosomal protein S21 Laccaria amethystina 9/7.79 54/4.85 60  − 2.1 0.048
1465 KZT03018 Extracellular metallopro-

teinase
Laetiporus sulphureus 90/4.93 149/5.11 73  − 2.1 0.004

791 KJE00575 V-type proton atpase cata-
lytic subunit A

Cryptococcus gattii 68/5.29 145/5.7 83  − 2.1 0.026

Fig. 5  Distribution chart of identified proteins according to molecular function and subcellular locations for RRIM 2025 plant inoculated with 
AM fungal isolate (a, b) and SEG isolate (c, d)
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In vitro study of host–fungus relationship provides an 
isolated environment that removes external factors during 
the interaction [25]. In this study, isolated R. microporus 
covered the whole surface of the PDA media in the absence 
of other organisms that might interfere with the in vitro 

challenge experiment. From the challenge experiment, the 
fungal colonization can be seen in detail with the help of 
a TEM where the cross-section of the sampled roots was 
observed at the nanometer scale. Hyphal growth can be seen 
all over the cross-section of the inoculated roots. Primary 

Fig. 6  Heat maps of differ-
entially expressed mycelial 
proteins during the inoculation 
of AM fungal isolate and SEG 
isolate with RRIM 2025 after 
4, 7, and 14 days of inocula-
tion compared to the control. 
The color intensity represents 
the relative abundance of the 
proteins
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hyphae are formed as the fungus penetrates the epidermal 
cell into the intracellular space [26] and serve as an impor-
tant tool in transporting and secreting molecules during 
pathogenesis [27]. From the findings in wheat pathogens 
Zymoseptoria tritici and Fusarium germanium, secretion of 
cell wall degrading enzymes (CDWE) by the necrotrophic 
fungi perturbs the structure of the host cell wall to allow 
further colonization and nutrient liberation [28]. Therefore, 
the hyphal growth and changes in cell wall morphology can 
be attributed to the release of the pathogenic molecules by 
the fungus.

The pathogenesis of R. microporus towards rubber tree 
has not been widely explored at the molecular level thus 
studying protein profiles of R. microporus would provide 
more understanding of the mechanism and can be used 
as an extension to another omics approach in pinpointing 
potential candidate for its virulence factor. This study identi-
fied a group protein that matched known virulence factors 
in fungal phytopathogenesis. Analysis of mycelial proteins 
of R. microporus isolates through comparative proteomics 
reveals a set of proteins that are generally involved in cata-
lytic activity and bindings. Among these proteins, fructose-
1,6-biphosphate aldolase (FBA), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and malate dehydrogenase 

(MDH) are often found associated with virulence in other 
phytopathogenic fungi. These virulence-related proteins 
were found in at least one of the isolates and the difference 
in the antagonistic level of the two isolates may correspond 
to the presence and expression of these proteins.

Malate dehydrogenase (MDH) was found elevated up to 
2.3-fold in AM, but none was found in SEG. This could 
be linked to the virulence level between the two isolates 
as similar findings were demonstrated earlier; however, a 
proper pathogenicity study is required to prove this claim 
[29]. MDH has been suggested to help in creating an acidic 
environment that promotes suitable ecology for a myco-
logical pathogenic characteristic such as secretion of cell 
wall degrading enzyme and phytotoxins [30]. MDH cata-
lyzes the conversion of malate to the precursor of oxalic 
acid, oxaloacetate which is the key virulence factor in Bot-
rytis cinerea and Sclerotinia sclerotiorum [9]. However, the 
metabolomic analysis did not detect any oxalic acid despite 
the abundance of MDH protein. This is probably due to 
oxalic acid being a low molecular weight acid which is bet-
ter detected using gas spectrometry or electrospray ioniza-
tion [9, 31, 32]. Another protein, FBA, was found abundant 
in both AM and SEG. Most Type A Class II FBA can be 
predominantly found in fungi which may contribute to the 

Fig. 7  Representative total ion 
chromatograms (TIC) of metab-
olites expressed by R. micropo-
rus mycelia during interaction 
with H. brasiliensis clone
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glycolysis and gluconeogenesis pathways [33]. The role of 
FBA in R. microporus pathogenicity could be similar to that 
in Tilletia indica and Paracoccidioides, where the protein 

serves as an important virulence role by facilitating fungal 
adhesion to the surface, penetration, and colonization [9]. 
The presence of succinylation sites on FBA could contribute 

Table 3  List of metabolites of AM 2025 and SEG 2025 analyzed using LC-QTOF MS in positive ionization mode

Sample Compound name Formula p-value Retention time m/z

AM 2025 (1R,2R)-3-oxo-2-pentyl-cyclopentanehexanoic acid C16  H28  O3 0.00037 14.717 269.21
1-Aminocyclobutane carboxylic acid C5  H9 N  O2 0.00008 1.357 116.07
2,4-Octadienal C8  H12 O 0.00194 14.386 107.09
4R-aminopentanoic acid C5  H11 N  O2 0.03521 1.269 140.07
5a,7a-Dihydroxy-11-ketotetranorprostanoic acid C16  H28  O5 0.0007 14.362 301.20
Allopurinol C5  H4  N4 O 0.00026 2.858 137.05
Asp Arg Leu C16  H30  N6  O6 0.00293 14.81 403.23
Betaxolol (deaminated) C15  H20  O5 0.00003 14.384 281.14
Cinnamaldehyde C9  H8 O 0.00086 14.382 115.05
Cuscohygrine C13  H24  N2 O 0.00542 14.028 225.20
Dihydropteroic acid C14  H14  N6  O3 0.00019 13.89 315.12
Doxapram C24  H30  N2  O2 0.06449 14.226 379.24
Dulcitol C6  H14  O6 0.00001 1.274 205.07
Glycerophosphocholine C8  H21 N  O6 P 0.03024 1.282 258.11
Isoacitretin C21  H26  O3 0.02672 14.479 327.20
Mefenamic acid C15  H15 N  O2 0.00009 14.609 242.17
N-acetylarylamine C8  H9 N O 0.00068 6.068 136.08
N-Acetyl-p-benzoquinonimine C8  H7 N  O2 0.00977 11.635 132.04
Nanoxynol C33  H60  O10 0.03407 14.565 634.45
Penbutolol C18  H29 N  O2 0.00073 11.693 292.23
Phenylmethyl methyl ketone C9  H10 O 0.00011 14.391 135.08
Terephthalic acid C8  H6  O4 0.00001 13.868 149.02
Trimethoprim C14  H18  N4  O3 0.00309 14.388 295.12

SEG 2025 16-hydroperoxy-9Z,12,14E-octadecatrienoic acid C18  H30  O4 0.00001 13.861 293.21
2,4,6-octatrienal C8  H10 O 0.00001 4.59 105.07
4R-aminopentanoic acid C5  H11 N  O2 0.00003 1.268 140.07
7,8-Diaminononanoate C9  H20  N2  O2 0.00491 1.182 189.16
8-Epiiridotrial glucoside C16  H24  O8 0.00001 13.706 345.15
9,15-dioxo-11R-hydroxy-2,3,4,5-tetranor-prostan-

1,20-dioic acid
C16  H24  O7 0.00306 14.811 329.16

Allopurinol C5  H4  N4 O 0.00033 2.873 137.05
Butorphanol C12  H29 N  O2 0.01795 13.153 202.22
Cytosine C4  H5  N3 O 0.00213 1.397 112.05
Dihydropteroic acid C14  H14  N6  O3 0.0201 13.775 315.12
Glycerophosphocholine C8  H21 N  O6 P 0.02645 1.293 258.11
Idebenone Metabolite (QS-8) C17  H24  O6 0.02232 13.526 301.10
L-Carnitine C7  H16 N  O3 0.00003 1.284 162.11
N (g)-Nitro-L-Arginine C6  H13  N5  O4 0.00007 1.251 220.10
N-(2-hydroxyethyl) icosanamide C22  H45 N  O2 0.04281 14.097 356.35
N-Ethylaniline C8  H11 N 0.02598 14.973 122.09
N-propyl arachidonoyl amine C23  H39 N O 0.00474 13.591 346.31
Octopine C9  H18  N4  O4 0.00063 1.337 229.13
Terephthalic acid C8  H6  O4 0.04139 15.007 149.023
Tetranor-12(R)-HETE C16  H26  O3 0.01273 14.027 267.20
Val Ser Arg C14  H28  N6  O5 0.00056 13.696 383.20
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to the regulation of basal metabolism similar to Pyricularia 
oryzae, inducing growth and pathogenicity [34]. A study 

by Luong et al. in 2019 found that in vitro fungicidal activ-
ity inhibiting FBA reduced the mycelial growth of seven 

Table 4  An outline of Ingenuity Pathway Analysis (IPA) presented the top predicted canonical pathways affected by expression changes of 
mycelial proteins from AM during interaction with RRIM 2025

ID Top network Proteins Score*

1 Amino Acid Metabolism, Carbohydrate 
Metabolism, Small Molecule Biochem-
istry

ALDO, ENO, ENO1, GLUL, 
HSPA1A, HSP70, MDH, PDC, 
PSMB, SDH

24

Top canonical pathway p-value Overlap ratio Genes
Gluconeogenesis I 7.33 ×  10−8 4/26 ALDO, ENO, ENO1, MDH
TCA Cycle II (Eukaryotic) 2.96 ×  10−5 2/24 MDH, SDH
Glycolysis I 3.48 ×  10−5 3/26 ALDO, ENO, ENO1
Glutamine Biosynthesis I 3.51 ×  10−4 1/1 GLUL
Aspartate Degradation II 2.45 ×  10−3 1/7 MDH
Protein Ubiquitination Pathway 3.18 ×  10−3 3/273 HSPA1A, HSP70, PSMB
Unfolded Protein Response 1.95 ×  10−2 2/56 HSPA1A, HSP70

Fig. 8  The predicted molecular linkage between the proteins from 
top networks linked to the top 7 predicted pathways listed in Table 4. 
Overall, the expression changes of 10 proteins, namely enolase (ENO 
and ENO1), fructose 1,6-bisphosphate aldolase (ALDOA), glutamine 
synthetase (GLUL), heat shock 70 kDa protein 2 (HSPA1A), malate 
dehydrogenase (MDH), heat shock HSP70 (HSP70), pyruvate decar-
boxylase (PDC), succinate dehydrogenase (SDH), and proteasome 
subunit beta (PSMB), were associated with gluconeogenesis, metabo-
lism of a dicarboxylic acid, glutamine synthase deficiency, ubiquit-
ination, and refolding of protein and aberration of chromosome ends. 

The altered expression of ALDOA, ENO, ENO1, and MDH signifi-
cantly affected the first top canonical pathway, “Gluconeogenesis I” 
(p < 7.33 ×  10−8), and expression changes of MDH and SDH affected 
the second pathway, “TCA Cycle II (Eukaryotic).” On the other hand, 
the expression of ALDOA, ENO, and ENO1 significantly affected the 
third pathway, “Glycolysis I” followed by the changes of GLUL (Glu-
tamine Biosynthesis I), MDH (Aspartate Degradation II), HSPA1A, 
HSP70, PSMB (Protein Ubiquitination Pathway), HSPA1A, and 
HSP70 (Unfolded Protein Response), respectively
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phytopathogenic fungi up to 75% [34]. Glyceraldehyde-
3-phosphate dehydrogenase is another protein reported to 
be highly abundant in the SEG mycelium. The protein is 
important in the glycolysis/gluconeogenesis pathway and is 
involved in several on-metabolic processes such as a surface 
antigen, membrane transport, and nuclear RNA transport 
[35]. It also serves as a virulence factor for a few patho-
genic fungi such as B. cinerea, Paracoccidioides lutzii, and 
T. indica [9, 30, 36] by facilitating pathogen localization and 
help in the colonization of the host tissue. In this research, 
GAPDH protein was highly expressed as the fungus colo-
nize the roots that possibly play a role in rapid coloniza-
tion and destroying the infected tissues of the plant [37]. 
Another noteworthy protein from the proteomic analysis is 
pyruvate decarboxylase (PDC), where the expression was 
elevated in both AM and SEG up to 2.4-fold. Pyruvate is a 

vital connector link glycolysis-gluconeogenesis with lipid 
metabolic pathways. It also acts as a substrate for other 
carbon metabolism-related enzymes during fungal growth 
[38]. Deletion of PDC gene in Gibberella zeae resulted in 
reduced growth of the embedded mycelia due to underde-
veloped perithecium [38] suggesting a critical role of PDC 
in energy production to sustain fungal growth during the 
infection process. Several Hsp70 proteins and their cognates, 
known as the main components of the cellular network of 
molecular chaperones and protein folding processes [39] 
were found to change significantly expressed in this study. 
In the context of pathogenicity, knockdown of Hsp70 gene 
was found to repress the growth and conidiation of Fusar-
ium pseudograminearum along with reduced symptoms and 
lesion size when inoculated onto wheat [40]. It could be pos-
sible that Hsp70 participated in pathogenesis as chaperones 

Fig. 9  The predicted molecular linkage between the proteins from 
top networks linked to the top 7 predicted pathways listed in Table 5. 
Overall, the expression changes of 30 proteins, namely aconitate 
hydratase (ACO), adenosyl homocysteinase (AHCY), enolase (ENO), 
flavocytochrome c (FC), fructose 1,6-bisphosphate aldolase and 
fructose bisphosphate aldolase (ALDOA and ALDO), glutamine 
synthetase (GLUL), glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), glycosyltransferase family 4 (GLT4), ketol-acid reductoi-
somerase (KARI), NADP-glutamate dehydrogenase (GDH), phos-
phoglucomutase (PGM), phosphoglycerate kinase (PGK), heat shock 
70  kDa protein 2 (HSPA1A), pyruvate decarboxylase (PDC), heat 
shock 70 (HSP70), pyruvate kinase (PK), short-chain dehydrogenase 
(SDR), trehalose phosphorylase (TP), tubulin alpha (TUBA), valosin-
containing protein (VCP), transket_pyr domain-containing protein 
(TKT), heat shock cognate 70 (HSPA8), D-xylose reductase (DXR), 
adenosine kinase (ADK), proteasome subunit beta (PSMB), treha-

lose synthase (TS), 40S ribosomal protein S21(RPS21), extracellular 
metalloproteinase (MMP), and V-type proton ATPase catalytic subu-
nit A (ATP6V1A), were associated with gluconeogenesis, glycolysis 
of cells, cell movement, catabolism of glutamic acid, metabolism of 
nucleic acid component, fungal infection, hypersensitive reaction, 
and senescence. The altered expression of ALDO, ALDOA, ENO, 
GAPDH, PGK, and PK significantly affected the first top canonical 
pathway, “Glycolysis I” (p < 4.36 ×  10−13), and expression changes 
of ALDO, ALDOA, ENO, GAPDH, and PGK affected the second 
pathway, “Gluconeogenesis I.” On the other hand, the expression of 
HSPA1A, HSPA8, HSP70, and VCP significantly affected the third 
pathway, “Unfolded Protein Response” followed by the changes 
of ALDO and ALDOA (Sucrose Degradation); HSPA1A, HSPA8, 
HSP70, MMP, and PK (HIFα Signaling); HSPA1A, HSPA8, HSP70, 
and PSMB (Protein Ubiquitination Pathway); and GDH, PGK, and 
TUBA (Sirtuin Signaling Pathway), respectively
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during protein translocation and maturation in the endoplas-
mic reticulum. Based on this, Hsp70 proteins are suggested 
as the factors responsible for the biological functions and 
growth of the antagonistic fungus.

Bioinformatics analyses revealed that carbohydrate 
metabolism was mainly affected by both AM and SEG dur-
ing their interactions with RRIM 2025. It has been reported 
that pathogen infections are amongst the earliest signs to 
activate defense mechanism via the expression of primary 
metabolism in the infected tissue. The defense mechanism 
works by increasing the capacity for carbohydrate metabo-
lism where fungi work to alter plant metabolism to gain the 
energy required for fungal survival.

IPA analyses showed that both AM and SEG interactions 
with RRIM 2025 affected the pathways related to the major 
carbohydrate metabolism namely gluconeogenesis and gly-
colysis (Tables 4 and 5). However, with regard to the differ-
ence in their virulence level, interaction with AM affected 
other carbohydrate and amino acid metabolism pathways 
related to TCA cycle, glutamine biosynthesis, and aspartate 
degradation (Table 4 and Fig. 8). On the other hand, interac-
tion with SEG changed the expression of proteins involved 
in sucrose degradation (Table 5 and Fig. 9). Therefore, we 
speculated that the nutrient competition occurs at the root-
mycelial interface, where activities of carbon metabolism-
related enzymes from rubber trees as hosts or/and the fungi 
appear to be important for the result of this interaction. 
Previous evidence revealed that the sucrose degradation 

activity by pathogenic proteins acts as an important regu-
lator of the plant–pathogen interactions [41]. Thus, IPA 
analyses predicted that pathogenic fungi, AM and SEG, use 
energy accession mechanisms to ensure a sustainable sup-
ply of nutrients through the regulation of sugar converters 
from the plant affecting the primary metabolism including 
carbohydrate and amino acid metabolisms.

Additionally, metabolomics data can give us a similar kind 
of information regarding host–pathogen interaction from the 
viewpoint of metabolites. Through a metabolomic approach, a 
list of metabolites from different time points during the inter-
action of R. microporus with the rubber tree was obtained from 
two biological samples. Higher statistical power from a higher 
number of biological replicates will validate the data even fur-
ther. Nonetheless, the total ion chromatogram representatives 
across the three time points (4, 7, and 14 days) and control for 
both isolates showed peak differences, attributed to changes in 
metabolite level during the interaction. Collectively, the liquid 
chromatography was able to detect many acidic compounds 
(e.g., dihydropteroic acid, mefenamic acid, and terephthalic 
acid) released by the fungus which might lower the pH in 
the plant cell as one of the strategies to increase their infec-
tious potential. An acidic environment will act as a conducive 
niche for the activity of cell wall degrading proteases [9]. For 
instance, Sclerotinia sclerotiorum and Botrytis sp. are among 
the plant-necrotizing fungi that secrete a large amount of acid 
to damage the host tissues and also lower the reactive oxy-
gen species of the host [42]. Some of the acidic compounds 

Table 5  An outline of Ingenuity Pathway Analysis (IPA) presented the top predicted canonical pathways affected by expression changes of 
mycelial proteins from SEG during interaction with RRIM 2025

*Score of 2 or higher shows at 99% of not being randomly generated and higher scores revealed a high level of confidence.

ID Top network Proteins Score*

1 Carbohydrate Metabolism, Small 
Molecule Biochemistry

ACO, ADK, AHCY, KARI, 
ALDO, ALDOA, ATP6V1A, 
ENO, GAPDH, GDH, HSPA1A, 
HSP70, HSPA8, PDC, PGK, 
PGM, PK, RPS21

45

2 Cellular Function and Maintenance, 
Cellular Development

ADK, DXR, GLUL, MMP, SDR, 
FC, TKT, TUBA, VCP

20

3 RNA Damage and Repair, RNA 
Post-Transcriptional Modification

TP, TS, PSMB, GLT4 5

Top canonical pathway p-value Overlap ratio Genes
Glycolysis I 4.36 ×  10−13 6/26 ALDO, ALDOA, ENO, GAPDH, 

PGK, PK
Gluconeogenesis I 1.23 ×  10−10 5/26 ALDO, ALDOA, ENO, GAPDH, 

PGK
Unfolded Protein Response 4.39 ×  10−5 4/26 HSPA1A, HSPA8, HSP70, VCP
Sucrose Degradation 5.20 ×  10−5 2/9 ALDO, ALDOA
HIFα Signaling 1.09 ×  10−4 5/205 HSPA1A, HSPA8, HSP70, MMP, 

PK
Protein Ubiquitination Pathway 4.45 ×  10−3 4/273 HSPA1A, HSPA8, HSP70, PSMB
Sirtuin Signaling Pathway 5.31 ×  10−3 3/291 GDH, PGK, TUBA
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are possibly further involved in the disintegration of the host 
plant than just creating surrounding for the release of cell wall 
degrading enzymes [43]. One of the acidic compounds identi-
fied in this study, dihydropteroic acid, is one of the intermedi-
ates in the folate biosynthesis pathway. Biosynthesis of folate 
is vital for fungal virulence as impairment of the pathway 
resulted in the loss of virulence in Aspergillus fumigatus and 
Aspergillus nidulans [44]. Terephthalic acid is another com-
pound that could be linked to fungal virulence. Its involvement 
in aminobenzoate degradation could indirectly influence the 
synthesis of sulfacetamide, one of the virulent factors causing 
necrosis and wilting in the cotton plant [45].

Conclusion

This study manages to observe the proteome and metabo-
lites in two R. microporus isolates during interaction with 
H. brasiliensis in vitro. TEM images show infiltration and 
colonization within the roots and from the proteomic anal-
ysis, the pathogenicity of the fungus may be the result of 
the increase in abundance of some of the proteins such as 
MDH, FBA, and GAPDH during the inoculation period. 
Also, a large number of acid compounds were identified 
as a potential virulence factor of the fungus. Down the 
line, a validation test to study the specific proteins and 
metabolites could be done to provide conclusive evidence 
on the virulence capacity of these proteins and their role in 
R. microporus pathogenicity against rubber trees.
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