UNIVERSITI PUTRA MALAYSIA
[BERILMU BERBAKTI]

3%
.’E]I]E’II

1[I

IDENTIFICATION, CHARACTERISATION AND FUNCTIONAL ANALYSIS
OF ELICITOR PROTEINS FROM Ganoderma boninense

By

SATHYAPRIYA A/P HAMID

Thesis Submitted to the School of Graduate Studies, Universiti Putra
Malaysia, in Fulfilment of the Requirements for the Degree of Doctor of
Philosophy

December 2022

IPTSM 2022 17



All material contained within the thesis, including without limitation text, logos,
icons, photographs and all other artwork, is copyright material of Universiti
Putra Malaysia unless otherwise stated. Use may be made of any material
contained within the thesis for non-commercial purposes from the copyright
holder. Commercial use of material may only be made with the express, prior,
written permission of Universiti Putra Malaysia.

Copyright © Universiti Putra Malaysia
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Chair : Professor Wong Mui Yun, PhD
Institute : Tropical Agriculture and Food Security

Ganoderma boninense, the causal agent of Basal Stem Rot (BSR) disease,
threatens oil palm production in Southeast Asia where there is no effective
control method currently available. The fungus, like various phytopathogenic
fungi, is anticipated to secrete elicitor proteins that modify plant immune
responses to promote infection during its early interaction with oil palm.
Understanding the roles of G. boninense elicitor proteins in oil palm root
penetration and pathogenicity is imperative for developing effective BSR
disease management strategies. Therefore, this study focused on (i) the
isolation and identification of candidate elicitor proteins with hypersensitive
response (HR)-inducing activity from the culture filtrate of G. boninense, (ii) the
isolation, characterisation and expression analysis of genes encoding two
cerato-platanin proteins in G. boninense-oil palm pathosystem, and (iii) the
elucidation of the elicitation of early defence responses and the improvement of
disease resistance by extracellular protein sample from G. boninense in oll
palm. In this study, peptide matches to candidate elicitor proteins such as
cellulases, chitinase, glucanases, pectate lyases, xylanases, cerato-platanin
(CP) proteins, fungalysin and carboxypeptidases were identified in two active
fractions obtained from a bioassay-guided fractionation of the 14-day-old fungal
culture filtrate using anion exchange chromatography (AIEX), followed by a
nano-LC-MS/MS analysis of the active AIEX fractions against the UniProtKB
database of G. sinense ZZ0214-1. GbCP2 and GbCP6 were identified as
potential elicitor proteins based on their effector properties in a bioinformatic
investigation of GbCP1 through 9, the G. boninense CP gene models. The
coding regions of 528 bp and 450 bp of GbCP2 and GbCP6, respectively, were
successfully isolated using polymerase chain reaction (PCR) method. The
deduced amino acid sequences of GbCP2 and GbCP6 resembled elicitor CP
proteins from several ascomycetes and basidiomycetes. The quantitative real-
time PCR analysis of GbCP2 and GbCP6 in oil palm root-infecting mycelia at 3,
7 and 11 d after inoculation (DAI) revealed that GbCP6 was significantly up-
regulated by 16.3-fold at 11 DAI. GbCP2, on the other hand, was not



differentially expressed at any sampling point, indicating that the protein may
have a different function. Besides, the extracellular protein sample induced HR-
associated cell death and reactive oxygen species (ROS) generation in oil palm
leaf sections at 24-h post-infiliration. In addition, the activities of guaiacol
peroxidase and superoxide dismutase enzymes were significantly higher in
extracellular protein sample-treated oil palm roots at 12, 24, 48, and 72 h post-
treatment (hpt) compared to the control. Significant induction of RbohB, a gene
encoding respiratory burst oxidase homolog B, by 2.5-fold at 12 hpt further
confirmed ROS accumulation and the HR-inducing potential of the extracellular
protein sample. BSR disease incidence of 45% and disease reduction of
71.43% at 9 months after inoculation showed the potential of the extracellular
protein sample from G. boninense strain PER71 as a plant defence activator. In
light of all findings, it can be concluded that G. boninense secretes elicitor
proteins that elicit events involved in early defence during G. boninense-oil
palm interaction.

Keywords: basal stem rot, elicitor proteins, Ganoderma boninense
hypersensitive response, oil palm
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Ganoderma boninense, agen penyebab penyakit reput pangkal batang,
mengancam pengeluaran kelapa sawit terutamanya di Asia Tenggara di mana
tiada kaedah kawalan berkesan tersedia setakat ini. Kulat ini, seperti pelbagai
kulat fitopatogen, dijangka merembeskan protein pengelisit yang mengubah
suai tindak balas imun tumbuhan untuk menggalakkan jangkitan semasa
interaksi awal dengan kelapa sawit. Memahami peranan protein pengelisit G.
boninense dalam penembusan akar sawit dan kepatogenan adalah penting
untuk membangunkan strategi pengurusan penyakit reput pangkal batang yang
berkesan. Oleh itu, kajian ini tertumpu kepada (i) pengasingan dan
pengenalpastian calon protein pengelisit dengan aktiviti rangsangan seperti
tindak balas hipersensitif (HR) daripada tapisan kultur G. boninense, (ii)
pengasingan, pencirian dan analisis ekspresi gen yang mengekodkan dua
protein cerato-platanin (CP) dalam patosistem G. boninense- sawit, dan (iii)
penjelasan tentang rangsangan tindak balas pertahanan awal dan peningkatan
rintangan penyakit oleh sampel protein daripada G. boninense pada sawit.
Dalam kajian ini, peptida sepadan dengan calon protein pengelisit seperti
selulase, kitinase, glukanase, pektat liase, xilanase, protein CP, fungalisin dan
karboksipeptidase telah dikenal pasti dalam dua pecahan aktif yang diperoleh
daripada pemisahan berpandukan biocerakin bagi tapisan kultur kulat yang
berumur 14 hari menggunakan kromatografi pertukaran anion (AIEX), diikuti
dengan analisis nano-LC-MS/MS bagi pecahan AIEX aktif terhadap pangkalan
data UniProtKB G. sinense ZZ0214-1. GbCP2 dan GbCP6 dikenal pasti
sebagai protein pengelisit yang berpotensi berdasarkan sifat efektor mereka
dalam penyiasatan bioinformatik GbCP1 hingga 9, model gen G. boninense
CP. Seksyen pengekodan 528 bp dan 450 bp bagi GbCP2 dan GbCP6,
masing-masing, telah berjaya diasingkan menggunakan kaedah tindak balas



rantai polimerase. Jujukan asid amino GbCP2 dan GbCP6 yang disimpulkan
menyerupai protein pengelisit CP elicitor daripada beberapa askomiset dan
basidiomiset. Analisis kuantitatif tindak balas berantai polimerase masa nyata
GbCP2 dan GbCP6 dalam miselia yang menjangkiti akar sawit pada 3, 7, dan
11 hari selepas inokulasi (DAI) mendedahkan bahawa GbCP6 dikawal secara
bererti sebanyak 16.3 kali ganda pada 11 DAI. GbCP2, sebaliknya, tidak
diekspresikan secara berbeza pada mana-mana titik pensampelan,
menunjukkan bahawa protein ini mungkin mempunyai fungsi yang berbeza.
Selain itu, sampel protein ekstraselular menyebabkan kematian sel serupa HR
dan penjanaan spesies oksigen reaktif (ROS) dalam daun sawit pada 24 jam
selepas suntikan. Di samping itu, aktiviti enzim guaiacol peroksidase dan
superoksida dismutase adalah tinggi secara bererti dalam akar sawit yang
dirawat dengan sampel protein ekstraselular pada 12, 24, 48 dan 72 jam
selepas rawatan (hpt) berbanding kawalan. Induksi bererti RbohB, gen
pengekodan letusan respirasi oksidase homolog B, sebanyak 2.5 kali ganda
pada 12 hpt seterusnya mengesahkan pengumpulan ROS dan potensi
rangsangan HR bagi sampel protein ekstraselular. Insiden penyakit reput
pangkal batang sebanyak 45% dan pengurangan penyakit sebanyak 71.43%
pada 9 bulan selepas inokulasi menunjukkan potensi sampel protein
ekstraselular daripada G. boninense strain PER71 sebagai pengaktif
pertahanan tumbuhan. Berdasarkan semua penemuan, dapat disimpulkan
bahawa G. boninense merembeskan protein pengelisit yang mencetuskan
kejadian yang terlibat dalam pertahanan awal semasa interaksi antara G.
boninense dan sawit.

Kata kunci: Ganoderma boninense, protein pengelisit, reput pangkal batang,
sawit, tindak balas hipersensitif

SDG: Matlamat 12: Penggunaan dan pengeluaran yang bertanggungjawab
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CHAPTER 1

INTRODUCTION

The African oil palm (Elaeis guineensis Jacq.) is a perennial oil crop with high
oil productivity. It is native to the tropical forests of West and Central Africa.
The crop is now being commercially grown in Africa, Latin America, and
Southeast Asia due to increasing global demand for crude palm oil and palm
kernel oil that serve as raw materials for food and non-food industries (Murphy,
2018; Murphy et al., 2021).

World palm oil production has nearly doubled over the last twelve years, from
44.5 megatonnes (Mt) in 2008 to 73.8 Mt in 2022. At present, Southeast Asia is
the leading palm oil production region, with Indonesia and Malaysia being the
major producers of palm oil. These countries supply 86.3% of total palm oil
supplies (United States Department of Agriculture [USDA], 2023). Malaysian
palm oil production has massively increased from 1.3 Mt in 1975 (Gunstone,
2011) to 19.2 Mt in 2020 (USDA, 2021). With a production of 18.2 Mt in
December 2022, the country remains the second largest palm oil producer,
behind Indonesia (USDA, 2023). Government-funded efforts in oil palm and
palm oil research and production have partly contributed to the country’s
prominence as one of the top palm oil producers in the world.

However, oil palm plantations in Indonesia and Malaysia are under threat from
the deadly basal stem rot (BSR) disease caused by Ganoderma boninense, a
white-rot basidiomycete. The fungus attacks seedlings, young, and mature oil
palms (Rees et al., 2012). However, it is most destructive in 10- to 15-year-old
oil palms in the plantations (Turner & Gillbanks, 2003). It infects the palm
mostly through the roots and spreads to the stem's base, targeting the vascular
bundle. The severely infected palm gradually collapses (Cooper et al., 2011).
The BSR disease greatly affects the growth, yield, and sustainability of the
palms (Flood et al., 2005). For instance, the disease can reduce fresh fruit
bunches by 50-80% and can also kill 80% of palm stands when the palms are
halfway through their economic life span if the infection spreads across a
plantation (Corley & Tinker, 2016).

In Malaysia, BSR has led to huge losses in total revenue generated by the
palm oil sector, notably in the previous 30 years, and the loss is expected to
rise as BSR incidences rise (Paterson, 2019). BSR disease management in
Malaysian oil palm plantations is crucial for meeting the increasing domestic
and global demands for palm oil and palm-oil-based products while maintaining
the industry's profitability. Nonetheless, it is rather difficult since current BSR
disease management measures such as chemical, cultural, and mechanical
practices are ineffective and not satisfactory. Therefore, stimulation and



improvement of the palm’s innate immunity against the disease is an
alternative solution to BSR disease management.

Induced resistance refers to a phenomenon in which plants exhibit an
augmented defence capacity when appropriately stimulated by certain
beneficial microbes, chemicals, herbivores, pathogens, pests or physical
wounding (van Loon et al., 1998; Gamir et al., 2017). It encompasses systemic
acquired resistance (SAR) and induced systemic resistance (ISR) which are
effective against an array of pathogens and pests (van Loon et al., 2006).
Microbe- or plant-derived compounds that are capable of triggering such
responses are called elicitors. In recent years, microbe-derived elicitors have
received much attention in plant disease control as alternatives to chemical
pesticides. Various microbe-derived elicitors have been widely sought and
used in molecular plant-pathogen interaction studies to investigate the
molecular mechanisms that connect the initial perception of a pathogen and the
activation of plant defence responses (Hamid & Wong, 2017).

Bioactive signals such as pathogen-associated molecular patterns (PAMPs),
microbe-associated molecular patterns, and danger-associated molecular
patterns can activate host resistance when recognised by specialised plant
receptors (Durrant & Dong, 2004). The nature of the elicitors influences the
activation of PAMP-triggered immunity (PTI) or effector-triggered immunity
(ETI) and their corresponding immune responses. Signalling events such as
calcium ion influx, reactive oxygen species (ROS) generation, mitogen-
activated protein kinases activation and transcriptional reprogramming are
common in both PTI and ETI of plants (Dodds & Rathjen, 2010; Yang et al.,
2022). Activation of PTI and/or ETI is vital for the induction of systemic
resistance in plants. SAR, which is reliant on the salicylic acid (SA) signalling
pathway (Gao et al., 2021), provides long-term and powerful protection against
an array of pathogens. It is typically associated with programmed cell death
that is confined to the infected area and the accumulation of pathogenesis-
related (PR) proteins (Durrant & Dong, 2004).

Fungal-derived elicitors such as cerato-platanin (CP) family proteins, endo-1,4-
xylanases, oligosaccharides and pectolytic enzymes are well-studied defence
activators in host and non-host plants. Among these, CP family proteins are
multifunctional in fungi-host interactions. These proteins were able to promote
cell death or necrosis, activate plant defence by inducing expression of defence
genes and SA, as well as to loosen celluloses in the cell walls in a range of
host and non-host plants (Hamid & Wong, 2017). For instance, the HR- and
disease resistance-inducing capability of MoHrip proteins from M. oryzae has
been documented (Chen et al.,, 2012; Khan et al., 2016). Furthermore, a
glycoprotein from B. cinerea designated as BcGs1 has also shown necrosis-
inducing activity in tomato and tobacco leaves (Zhang et al., 2015). MoHrip and
BcGs1 proteins activated PTI through HR and hydrogen peroxide production in
host and non-host plants (Chen et al., 2012; Zhang et al.,, 2015). It is



hypothesised that G. boninense, like various fungal phytopathogens, produces
elicitor proteins that activate defence responses in oil palm during its early
interaction. However, little is known about the fungal elicitor proteins and their
involvement during early G. boninense-oil palm interaction.

Understanding the significant roles of elicitor proteins in the oil palm root
penetration and pathogenicity of G. boninense, especially during its early
interactions with oil palm, may provide a potential novel strategy for controlling
BSR. Intending to discover an environmentally friendly BSR disease control
approach, this research focused on the identification of candidate proteins with
elicitor activity from G. boninense. The elicitors can be used as plant defence
activators and exploited as biofungicides to control BSR. In addition, the
identification of elicitors can facilitate the development of nanosensors for early
detection of G. boninense in oil palms in real time.

A research study was, therefore, carried out with the following objectives:

1. To isolate and identify candidate elicitor proteins with hypersensitive
response (HR)-inducing activity from the culture filirate of Ganoderma
boninense strain PER71.

2. To isolate, characterise and study the expression of genes encoding
two cerato-platanin proteins in G. boninense strain PER71-oil palm
pathosystem in vitro.

3. To elucidate the elicitation of early defence responses and the
improvement of disease resistance by extracellular protein sample
from G. boninense strain PER71 in oil palm.
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