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ABSTRACT 

Aquilaria, known as a genus in the Thymelaeaceae family, is the primary source 

of agarwood and serves as a valuable resource in medicine and the fragrance industry. 

As a precious resin, agarwood has significant economic, cultural, and medicinal value. 

Given its medicinal and economic importance, understanding the fungal community 

associated with Aquilaria spp. is crucial. Currently, there are limited reports on saprobic 

fungi, whereas in the study of endophytic fungi, only some have been reported for their 

inducing potential or biological activities, and there are few reports on the fungal 

community of related fungi of Aquilaria spp.  

In this study, we investigated the fungal communities associated with Aquilaria 

sinensis by collecting samples from four plantations in Guangdong and Yunnan provinces 

of China. Fungal isolation was conducted from different plant tissues, including agarwood 

resin, healthy branches, healthy leaves, and decaying branches, and separated into four 

parts in this study. First, 960 fungal strains were isolated and identified at the genus level, 

belonging to 64 genera within the Ascomycota, Basidiomycota, and Mucoromycota phyla. 

Those 64 genera are provided with detailed notes including information on their habitats, 

life strategies (e.g., endophytic, saprobic, pathogenic), distribution ranges, and known host 

associations. These comprehensive annotations serve as a reference for future taxonomic, 

ecological, and functional studies. In addition, five novel species were described, viz., 

Banksiophoma endophytica, Deniquelata aquilariae, Montagnula sinensis,  

M. yunnanensis, and Fomitiporia aquilariae in this part. The second part, comprising 47 

representative strains from part one, was tested for antagonistic activity against common 

plant pathogens (Bacterial pathogens: Erwinia amylovora, Pseudomonas syringae, and 



Salmonella enterica; and fungal pathogens: Alternaria alternata, Botrytis cinerea, and 

Penicillium digitatum), and the results showed that 40 of 47 strains have biocontrol 

potential, with the most significant being Lasiodiplodia sp. (YNA-D3). The third part, 12 

selected strains from part one, were used in artificial agarwood induction experiments. In 

this part, Fusarium solani (GDA-HC01) exhibited outstanding performance by 

successfully inducing the formation of key medicinal compounds, including agarotetrol, 

which met pharmacological standards as early as the sixth month. In the last part, we 

introduced one genus, 17 novel saprobic fungal species, and five new records, belonging 

to 14 genera in nine families, four orders, and two classes in Ascomycota. 

 This research fills critical gaps in the diversity and ecological roles of agarwood-

associated fungi and saprobic fungi, and enriches the taxonomic foundation of the 

agarwood fungal ecosystem. Furthermore, several fungal strains with potential antagonistic 

activity against pathogens were identified. The study also provides important theoretical 

insights and practical support for elucidating the biological regulatory mechanisms 

underlying agarwood formation, developing effective biological induction techniques, and 

understanding the interactions between medicinal plants and fungi. 

Keywords: 1 New Genus, 22 New Species, 6 New Records, Agarwood-saprobic 

Fungi, Aquilaria, Ascomycota, Basidiomycota, Biological Control, 

Biotechnology, Endophyte, Fungal Communities, Fungal Induction, 

Fusarium solani, Genera Notes, Lasiodiplodia, Mucoromycota 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Rationale 

1.1.1 Overview of Agarwood: High-Value Resource 

Agarwood is a highly valuable, fragrant, and dark resinous heartwood, formed 

after microorganisms invade tree wounds (Chen et al., 2017; Chhipa et al., 2017; Wang 

et al., 2018, 2019b; Tan et al., 2019). Agarwood is also known as ‘‘woods of the Gods’’, 

and it has been widely used as incense, decorations, jewelry, perfume (essential oils), 

medicine and religious ceremonies (Wang et al., 2018; CITES, 2022). In terms of 

economic status: the best agarwood price ranges from $100,000–800,000 per kilogram 

(https://tmhagarwood.com/agarwood-price/), and agarwood oil had a global market 

value of USD 278.03 million in 2021 (Niego et al., 2023a), with a market analysis report 

has predicted that the agarwood essential oil market will reach a value of USD 345.5 

million by 2030 (Agarwood Essential Oil Market, 2021). In terms of medicinal value: 

agarwood plays important roles in traditional medicine in Arabia, China, and India, as 

well as in modern pharmacology (Liu et al., 2013; Liao et al., 2018; Du et al., 2022a; 

Ngadiran et al., 2023; Wang et al., 2018). The natural formation of agarwood is very 

slow and rare, and fungal induction has been reported as an effective method for 

artificially inducing agarwood formation (Laurence, 2013; Azren et al., 2018; 

Subasinghe et al., 2019). However, currently only a small number of fungal strains have 

been reported to be able to induce agarwood, and the characteristics of different fungal 

strains are different (Du et al., 2022a). This means that more research needs to be 

conducted to screen suitable stable fungal strains that can quickly induce agarwood. 

Research in this area can promote economic benefits, reduce dependence on chemical 

induction, and promote green and sustainable development. 
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1.1.2 The Central Role of Aquilaria in Agarwood Production and the Need 

for Mycological Insight 

Aquilaria is the most important and common genera for the production of 

agarwood in Thymelaeaceae, it as a genus of evergreen broad-leaved trees in tropical 

and subtropical regions, mainly distributed in Southeast Asia (Borneo, Cambodia, 

China, India, Indonesia, Laos, Malaysia, New Guinea, Philippines, Thailand, and 

Vietnam) (Rasool & Mohamed, 2016; Wang et al. 2018, 2019). According to the latest 

CITES (2022) report, Aquilaria contains 21 accepted species, of which 13 species are 

reported to produce agarwood resin (Lee et al. 2016; POWO, 2021). In China, Aquilaria 

sinensis is the species that mainly produces agarwood, primarily planted in southern 

regions viz., Fujian, Guangdong, Guangxi, Hainan, Hong Kong, Taiwan, and Yunnan 

provinces, while A. yunnanensis is only distributed in Yunnan Province (Cui et al., 2013; 

Tibpromma et al. 2021). The genus Aquilaria holds significant economic, medicinal, 

and ecological value. Research on Aquilaria spp. not only supports the sustainable use 

and conservation of agarwood resources but also provides a scientific foundation for 

the development of artificial induction technologies and high-value products.  

Fungi are widely distributed across various ecological niches in terrestrial, 

freshwater, and marine ecosystems, where they exist in diverse forms such as pathogens, 

endophytes, saprobes, epiphytes, and symbionts (Ritz & Young, 2004; Hyde et al., 

2020a, 2020b). They play vital ecological roles by decomposing organic matter, 

promoting nutrient cycling, and maintaining soil health, thereby indirectly supporting 

plant diversity and ecosystem stability (Hyde & Lee, 1995; Hyde et al., 2019a). 

Through interactions with host plants, fungi can establish mutualistic relationships that 

enhance plant resilience to environmental stresses such as drought and disease.  

Research on pathogenic fungi associated with agarwood-producing trees has 

garnered significant interest because of the high value of agarwood (Li & Chen, 2008; 

Xu et al., 2012; Samsuddin et al. 2019; Syazwan et al., 2019). Several fungal species 

have been reported to contribute significantly to agarwood formation by stimulating 

resin production in Aquilaria spp. (e.g., Fusarium solani (Mart.) Sacc.) (Rasool & 

Mohamed, 2016; Subasinghe et al., 2019; Faizal et al., 2020; Du et al., 2022a; Du et al., 
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2024b). Moreover, endophytic fungi isolated from Aquilaria spp. have demonstrated 

notable bioactivities, including antimicrobial and anti-inflammatory effects (e.g., 

Nemania aquilariae Tibpromma & Zhang Lu) (Azren et al., 2018; Tibpromma et al., 

2021; Du et al., 2022a, c). However, studies on fungi associated with Aquilaria spp. 

remain limited and lack systematic investigation, and substantial variation often exists 

among strains of the same fungal species. Therefore, it is essential to identify and screen 

stable, effective, and highly bioactive fungal strains. In addition, research on saprobic 

fungi of Aquilaria spp. is extremely scarce, prior to this research, there were only eight 

records available—most lacking molecular data and comprehensive morphological 

descriptions. Therefore, in-depth research on plant-associated fungi—especially those 

associated with Aquilaria spp.—is crucial for advancing our understanding of plant–

fungi interactions, expanding fungal biodiversity knowledge and for advancing our 

understanding of agarwood formation mechanisms, enhancing the medicinal potential 

of host plants, and promoting the sustainable development of biological resources. 

1.1.3 Current Knowledge Gaps on the Functionality and Ecological Roles 

of Agarwood-associated Fungi 

Southern China and Southeast Asia, as major distribution regions for Aquilaria 

spp., are known for their rich biodiversity and the extensive use of agarwood in 

traditional medicine and cultural practices (Azren et al., 2018; Wang et al., 2018). 

However, fungi inhabiting various tissues of Aquilaria spp.—particularly endophytes 

and saprobes—are still poorly understood in terms of community structure, ecological 

function, and specific roles in resin induction.  

Endophytic fungi from agarwood have play attention, due to most of the fungi 

reported as inducers are endogenous, and some of the secondary metabolites isolated 

from endophytic fungi are similar to those in agarwood resin. Although previous studies 

have demonstrated that endophytic fungi play a key inductive role in agarwood resin 

formation (Rasool & Mohamed, 2016; Subasinghe et al., 2019; Du et al., 2022a, 2024b), 

systematic research on fungal communities associated with the genus Aquilaria remains 

limited, and strains with better induction effect, stronger biological activity, and more 

stable characteristics still need to be screened.  
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On the other hand, research on saprobic fungi is especially scarce, with only a 

few species reported to date, most lacking comprehensive morphological descriptions 

and molecular data. In-depth studies on the isolation, identification, and functional 

characterization of Aquilaria-associated fungi will not only enhance our understanding 

of fungal diversity and uncover potential new species, but also provide critical insights 

into the biological regulation of agarwood formation. Such research will support the 

development of efficient biological induction technologies and promote the sustainable 

utilization and industrial advancement of agarwood resources. 

1.2 Significance of the Study 

As a traditional medicinal resource, agarwood has long been valued for its 

therapeutic properties, including anti-inflammatory, analgesic, and sedative effects (Liao et 

al., 2018; Wang et al., 2018). It is also a precious aromatic material widely used in religious, 

cosmetic, and cultural practices across Asia and the Middle East (Du et al., 2022a). With 

increasing global demand, agarwood has become a high-value commodity, contributing 

significantly to international trade and rural economies (Azren et al., 2018; Rasool & 

Mohamed, 2016). Therefore, Aquilaria (the agarwood-producing genus) holds substantial 

importance across medical, economic, ecological, and cultural domains. In addition, 

Aquilaria species play an essential role in conserving subtropical and tropical biodiversity 

and form an integral part of sustainable forestry and agroforestry systems. As such, research 

on Aquilaria is closely linked to human health, cultural heritage, biodiversity conservation, 

and economic development. 

Research on fungi associated with Aquilaria spp. is equally important. These fungi 

are believed to play a central role in inducing agarwood formation by activating the host’s 

defense responses and promoting resin biosynthesis (Subasinghe et al., 2019; Du et al., 

2022a, 2024b). Fungi isolated from Aquilaria spp. have demonstrated promising 

bioactivities, including antimicrobial and anti-inflammatory effects, indicating their 

potential for pharmaceutical and agricultural applications (Azren et al., 2018; Du et al., 

2022c). However, comprehensive studies on the taxonomy, ecology, and functions of 
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Aquilaria-associated fungi remain limited—especially regarding saprobic fungi. 

Investigating these fungal communities not only enhances our understanding of plant–fungi 

interactions but may also lead to the discovery of novel fungal taxa and the identification 

of effective resin-inducing or biocontrol strains. Such research supports sustainable 

agarwood production, promotes biodiversity conservation, and provides new insights for 

the development of natural products.  

1.3 Objectives 

1.3.1 To isolate and identify endophytic fungi of Aquilaria sinensis and 

agarwood-associated fungi to the genus level, and analyze its community diversity. 

1.3.2 To screen and test the ability of fungal strains to induce and promote 

agarwood formation by Agar-Wit and PIT methods. 

1.3.3 To screen and test the antagonistic abilities of fungal strains against 

fungal and bacterial pathogens. 

1.3.4 To identify and describe novel/known saprobic/endophytic/agarwood-

associated fungi taxa of Aquilaria spp. in China based on morphology and phylogeny 

evidence. 

1.4 Expected Outcomes 

1.4.1 Endophytic fungi of Aquilaria sinensis and agarwood-associated fungi 

will be identified and described to the genus level, community diversity will be 

analyzed and discussed, and notes for each genus will be provided as literature materials. 

1.4.2 The ability of fungal strains to induce and promote agarwood formation 

will be screen and test.  

1.4.3 The antagonistic ability of fungal strains against fungal and bacterial 

pathogens will be screen and test. 
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1.4.4 This study will provide the host, lifestyle, and perform the taxonomy and 

phylogeny analyses of new taxa associated with Aquilaria spp. 

1.5 Research Contents 

This study focuses on the taxonomy, phylogeny, inducing ability, antagonistic 

ability, and community analysis of fungi associated with agarwood and agarwood-

producing trees in southern China, comprising seven chapters. 

In Chapter 1, a general introduction is provided, introducing the background 

and rationale for the study, discussing the importance of agarwood and Aquilaria spp. 

and their associated fungi in these biodiverse regions. It outlines the significance of the 

study, clearly stating the research objectives, expected outcomes and the outline of the 

thesis. 

In Chapter 2, an in-depth overview of agarwood and agarwood-producing trees, 

along with a detailed review of fungi, and the relationships between them, is provided. 

In Chapter 3, the research methodology of fungi in Aquilaria sinensis's inside 

tissue is described. Including the isolation of endophytic and agarwood-associated 

fungal strains and preliminary identification, identification of new species based on 

multi-gene phylogenetic analyses and culture morphology, comparative analyses of 

community composition of 960 isolated strains based on circular phylogenetic trees and 

related charts, and summary of basic characteristics of 64 genera, such as lifestyle, 

habits, host and distribution range, and relationship with agarwood, as reference 

materials for literature. 

In Chapter 4, the isolation, identification, and screening methods of induced 

fungal strains, as well as the detection and analysis methods of agarwood quality, are 

provided. A total of two experiments were conducted, and the preliminary screening 

experiment lasted for one year. Using 12 strains, a highly efficient strain was screened. 

In the extended experiment, the selected strains were used to conduct a six-month 

experiment using two common fungal induction methods. The results showed that the 

strain Fusarium solani (GDA-HC01) promoted the production of agarwood resin by 
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Agar-Wit method at the sixth month, which contained agarotetrol that could meet the 

medicinal standards. 

In Chapter 5, the isolation, identification, and screening methods (Dual culture 

assay) of strains with antagonistic ability are provided. This study underwent pre 

experiments and formal experiments, and ultimately 40 out of 47 strains were 

considered to have inhibitory effects, with inhibition rates calculated and analyzed. 

Lasiodiplodia sp. (YNA-D3) showed the best inhibition effect on pathogens, with a 

more in-depth discussion and analysis were conducted. 

In Chapter 6, research methodology of saprobic fungi are provided, including 

samples collection and isolation, observation and recording of morphological structures, 

acquisition of multi gene sequences, and construction of phylogenetic trees. Dealing 

with the taxonomic and phylogenetic study of saprobic fungi related to Aquilaria spp. 

in Guangdong and Yunnan provinces of China. Brief notes for each genus and species 

are given. The morphological structure of each species has been thoroughly examined 

and made photo plates. The phylogenetic analyses for each taxa are separately carried 

out based on the datasets of multi-gene sequences. The description and illustrations for 

each taxon are provided.  

In Chapter 7, providing an overall conclusion, the research advantages, and 

future work. 
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