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Abstract

Agarwood, a precious natural product, can be defined as fragrant dark resinous heartwood of
diseased timber of Aquilaria and Gyrinops. Agarwood has been used for thousands of years in
several countries as incense, perfumes, and multifunctional pharmaceutical product. The main
compounds in agarwood include sesquiterpenes, 2-(2-phenylethyl)-4H-chromen-4-one and its
derivatives (PeCs), aromatics, triterpenes and five other categories. Natural agarwood resin
production is inefficient and and low vyield; thus, it is difficult to meet global demand. Different
methods have been implemented to stimulate biological agarwood induction, and the use of
endophytic fungi is one of the methods. In this review, we summarize the endophytic fungi and
their chemical compounds reported in agarwood.
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Introduction

Agarwood, one of the most expensive natural products in the world is widely used as incense
in religious ceremonies, raw material in the perfume industry, and a medicine for treating sedative,
analgesic, and digestive problems for thousands of years (Rahman et al. 2012, Abdin 2014).
Agarwood or heartwood is a resinous wood occasionally produced by Aquilaria and Gyrinops
species (Selina et al. 2013). Previous studies reported that 18 Aquilaria and five Gyrinops species
are capable to produce agarwood, and both are naturally distributed through Southeast Asia,
especially in Southern China and Papua New Guinea (Wang et al. 2010, Farah et al. 2018).

Aquilaria is distributed in many countries and is best adapted to the environment by growing
faster than Gyrinops (Lee et al. 2018). India is home to two Aquilaria species viz. A. khasiana is
found mainly in the Khasi Hills of Meghalaya while, A. malaccensis is native to nine northeastern
states (Kanjilal et al. 1982, Chakrabarty et al. 1994). Aquilaria is used as the main resource for
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agarwood production, and overharvesting and habitat loss now threaten the growth of Aquailaria
species (CITES 2004). All species of Aquilaria have been under the Convention on International
Trade in Endangered Species of Wild Fauna and Flora (CITES) since 2004, and Aquilaria trees are
now protected in most countries as they are under a drastic declination of the species in the natural
environment (CITES 2004, Lee & Mohamed 2016). The natural formation of agarwood is a slow
process, and only 10% of Aquailaria trees form resin naturally (Soehartono & Newton 2001).
Therefore, agarwood has become a precious commodity (Yan et al. 2019).

There are various artificial techniques have been developed to induce agarwood production.
Traditionally, agarwood formation is induced by wounding, holing, nailing, and chopping the
trunks and branches of Aquilaria trees (Liu et al. 2013, Du et al. 2022b). According to the latest
findings, agarwood formation is caused by activation of plant defense system (Zhang et al. 2010).
Damage signals are induced when an Aquilaria tree gets wounded, and transmit to the activatation
of the defense response, which leads to the production of defensive substances such as phenylethyl
chromone derivatives and sesquiterpenes (Zhang et al. 2010). These secondary metabolites are
entrenched in the wood tissue to control damage expansion, which results in the agarwood
formation (Vasconsuelo & Boland 2007). The wounding agents comprise of chemical, physical,
and fungi/bacteria-infecting and elicitors-inducing factors (Chen et al. 2017).

Agarwood formation is a complicated process, and three hypotheses have been given by
Zhang et al. (2010). The first hypothesis is that the formation of agarwood is related to fungal
infection after injury. The second hypothesis that wounding and pathology induce resin formation
in order to prevent fungal infections and insect attacks. The third hypothesis suggests that physical
or chemical injury causes the formation of agarwood. According to these hypotheses, the fungus is
one of the organisms that plays an important role in agarwood formation. However, Chalermpongse
et al. (1990) mentioned that the formation of agarwood is caused by the colonization of fungi in the
wound areas. Bhattacharya et al. (1952) first hypothesized the role of fungi in agarwood formation.
The association between these fungi and agarwood formation was later demonstrated by the
isolation of various fungi (Gong & Guo 2009, Mohamed et al. 2010, Cui et al. 2011, Tian et al.
2013). Liu et al. (2013) proposed a new technique for agarwood production in Aquilaria trees
(whole-tree agarwood inducing technique) and this technique can produce produce agarwood 4 to
28 times higher than the existing agarwood-inducing technique.

Agarwood is composed of 52% sesquiterpenes and 41% 2-(2-phenylethyl)-4H-chromen-4-
one derivatives (Chen et al. 2012a). These two types of chemical compounds are not found in
healthy trees of Aquilaria (Tamuli et al. 2005). Pharmacology studies have shown that these two
components in agarwood have pharmacological activities on the Central Nervous System (CNS) as
well as antimicrobial, antitumor, and antioxidative activities, while agarwood also contains
aromatics, triterpenes, and other compounds, expecting sesquiterpenes and PeCs (Okugawa et al.
1993, Mei et al. 2012, Miniyar et al. 2008).

Using endophytic fungi to stimulate agarwood induction is an important method, and in this
study, we review the differences between chemical profiles in agarwood induced by endophytic
fungi. Chemical constituents of agarwood are analyzed based on previous reports. The results of
this review show that more than 100 chemical compounds have been identified from endophytic
fungi in agarwood.

Endophytic fungi isolated from Aquilaria

Endophytic fungi have been isolated from several parts of Aquilaria, and some of them show
evidence for inducing agarwood formation. Gong & Guo (2009) isolated endophytic fungi from
leaf, root, and stem tissues of A. sinensis and found that the most abundant endophytic fungus is
Mycelia sterilia (14.3%) followed by Fusarium sp. (7.1%), Cladosporium edgeworthrae and
Glomerularia sp. (5.7%). Some fungal strains are known for antimicrobial activities, but the role of
fungal endophytes in the formation of agarwood was not explored in Gong & Guo (2009).
Mohamed et al. (2010) showed a wounded stem of A. malaccensis contains Fusarium sp. (46%)
and Lasiodiplodia sp. (35%) abundantly in a resinous wood while, Trichoderma sp.,
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Cunninghamella sp., and Curvularia sp. occur sporadically. Cui et al. (2011) found Fusarium and
Phaeoacremonium species are the dominant genera in the stem of A. sinesis, and Phoma herbarum
and Fusarium equiseti show promising antimicrobial activities, while Xylaria mali,
Phaeoacremonium rubrigenum, and Lasiodiplodia theobromae show high antitumor activity. Du et
al. (2022a) also showed Fusarium is the dominant genus of endophytic fungi which was isolated
from A. sinensis trees in China. Tian et al. (2013) compared differences in fungal communities
between non-resinous and agarwood-producing A. sinensis trees, they found that Colletotrichum
gloeosporioides can be isolated from both types of trees. Colletotrichum gloeosporioides was more
abundant in agarwood-producing trees than in non-resinous trees. In addition, some endophytic
fungi from agarwood have been successfully used to induce agarwood. For example, the
endophytic fungi Fusarium oxysporum and Chaetomium globosum have successfully been used to
induce agarwood in Aquilaria agallocha (Tamuli et al. 2005). In this study, we list endophytic
fungi that have been isolated from different plant tissues of Aquilaria based on previous studies
(Table. 1). The majority of reports come from China and India. The results have shown several
potential endophytic fungi were isolated in different parts of Aquilaria trees. However, more
experiments have not been carried out to see whether those fungi are able to induce agarwood in
Aquilaria.

Chemical compounds from agarwood and Aquilaria tree

The chemical constituents of agarwood originating from Aquilaria, including agarwood
essential oil, feature over 150 compounds (Chen et al. 2012a). Agarwood contains many chemical
components and they are diverse, complex and most of them are biologically and
pharmacologically active, including neural activity, gastrointestinal regulation, antibacterial, anti-
inflammation, and cytotoxicity (Wang et al. 2018a). The compounds in agarwood include
sesquiterpenes, 2-(2-phenylethyl)-4Hchromen-4-one derivatives, aromatics and triterpenes (Wang
et al. 2018b). Among them, sesquiterpenes and 2-(2-phenylethyl)-4H-chromen-4-one derivatives
are the two predominant constituents in agarwood (Wang et al. 2018b). Sesquiterpenes consist of
three isoprene units and are mainly distributed in plants existing mostly in the form of volatile
constituents (Wang et al. 2018b, Abu-Izneid et al. 2020).

Sesquiterpenes isolated from agarwood are based on the four skeletons eudesmanes,
eremophilanes, guaianes and agarospiranes, and most of these compounds have significant
biological activities, like anti-inflammatory activity and neuronal activity (Li et al. 2021, Fig. 1).
We also summarize the chemical constituents of sesquiterpenes identified in agarwood which
including their names and the corresponding plant sources/origins (Table 2 and Fig. 2). In addition,
2-(2-phenylethyl)-4H-chromen-4-one derivatives in agarwood were shown to have anti-
inflammatory pharmacology activities (Wang et al. 2015, 2018b), and more than 80 2-(2-
phenylethyl)-4H-chromen-4-one derivatives have been isolated from the agarwood of Aquilaria
trees which we summaries their structures in Table 3 and Fig. 3. All the chemical structures were
drawn by ChemBioDraw Ultra 12.0 software.

SoUNNN e o N - e I}

Eudesmane Eremophilane Gualane Agarospirane

Fig. 1 — Main skeleton types of sesquiterpenes in agarwood (redraw from Li et al. 2021)
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Table 1 Endophytic fungi that have been isolated from different plant tissues of Aquilaria.

No. Endophytic fungi Plant tissues Host plant Host plant origin Fungi able touse  References
for inducing
agarwood
1 Alternaria sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
2 Alternaria sp. Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
3 Ascomycota sp. Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
4 Botryosphaeria rhodina Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
5 Botryosphaeria sp. Leaf Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
6 Cephalosporium sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
7 Chaetomium sp. - Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
8 Chaetomium sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
9 Cladophialophora sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
10 Cladosporium edgeworthrae Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
11 Cladosporium sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
12 Cladosporium sp. Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
13 Cladosporium cladosporoides  Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
14 Cochliobolus lunatus Healthy stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
15 Colletotrichum gleosporiodes  Leaf Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
16 Coniothyrium sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
17 Cunninghamella bainieri Healthy stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
18 Cylindrocladium sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
19 Davidiella tassiana Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
20 epicoccum sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
21 Epicoccum sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
22 Fusarium oxysporum Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
23 Fusarium solani Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
24 Fusarium solani Fragrant stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
25 Fusarium solani Fragrant stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
26 Fusarium sp. - Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
27 Fusarium sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
28 Fusarium sp. Fragrant stem Aquilaria sinensis Yunnan and Hainan (China) - Cui et al. (2011)
29 Fusarium sp. Healthy stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
30 Geotrichum sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
31 Glomerularia sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
32 Gonytrichum sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
33 Guignardia mangiferae Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
34 Hypocrea farinosa Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
35 Hypocrea lixii Healthy stem and Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
fragrant stem
36 Hypocrea sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
37 Hypocreales sp. Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
38 Lasiodiplodia sp. Fragrant stem Aquilaria sinensis Yunnan (China) — Cui et al. (2011)
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Table 1 Continued.

No. Endophytic fungi Plant tissues Host plant Host plant origin Fungi able touse  References
for inducing
agarwood
39 Lasiodiplodia theobromae Fragrant stem Aquilaria malaccensis Sungai Udang, Malacca (Malaysia) - Mohamed et al. (2010)
40 Leptosphaerulina sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui etal. (2011)
41 Lodderomycetes sp. Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
42 Massarina albocarnis Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
43 Monilia sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
44 Mortierella sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
45 Mycelia sterilia sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
46 Mycosphaerella sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
47 Nemania aquilariae Dark resinous Aquilaria sinensis Yunnan (China) Yes Tibpromma et al. (2021)
heartwoods
48 Nodulisporium sp. - Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
49 Ovulariopsis sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
50 Paraconiothyrium sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
51 Penicillium sp. Stem, root and leaves Aquilaria sinensis Guangdong and Yunnan (China) Yes Gong & Guo (2009), Tian et al. (2013)
52 Pestalotiopsis sp. - Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
53 Phaeoacremonium sp. Fragrant stem Aquilaria sinensis Yunnan and Hainan (China) - Cui et al. (2011)
54 Phoma sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
55 Phoma sp. Fragrant stem Aquilaria sinensis Yunnan and Hainan (China) - Cui et al. (2011)
56 Phomopsis sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
57 Pichia sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
58 Pichia sp. Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
59 Pleospora sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
60 Pleosporales sp. Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
61 Preussia africana Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
62 Preussia sp. Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
63 Ramichloridium sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
64 Rhinocladiella sp. Stem, root and leaves Aquilaria sinensis Yunnan (China) - Gong & Guo (2009)
65 Rhizomucor sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)
66 Saccharomycetes sp. Healthy stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
67 Sagenomella sp. Leaf Aquilaria sinensis Guangdong (China) - Tian et al. (2013)
68 Sordariomycetes sp Fragrant stem Aquilaria malaccensis Jorhat, Assam (India) - Premalatha & Kalra (2013)
69 Tichodema sp. Stem Aquilaria malaccensis Jorhat, Assam (India) Yes Premalatha & Kalra (2013)
70 Xylaria sp. - Aquilaria sinensis Guangdong (China) Yes Tian et al. (2013)
71 Xylaria sp. Fragrant stem Aquilaria sinensis Yunnan (China) - Cui et al. (2011)

20



Table 2 Chemical constituents of sesquiterpenes identified in agarwood.

No. Compound name Source or origin References
Eudesmane

1 2-((2R,4aR,8S,8aS)-4a,8-dimethyldecahydronaphthalen-2-yl)prop-2-en-1-ol(Bhattaharyya) A. agallocha Jain & Bhattaharyya (1959)
2 (4aR,7R,8aR)-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carbaldehyde A. agallocha Ishihara (1993b)

3 (4aR,7R,8aR)-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carboxylic acid A. agallocha Ishihara (1993b)

4 (4aR,7R,8aR)-7-(3-hydroxyprop-1-en-2-yl)-4a-methyl-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carbaldehyde A. malaccensis Wau et al. (2012)

5 (4aR,7R,8aR)-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carbaldehyde A. sinensis Lietal. (2015)

6 ((4aR,7R,8aR)-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalen-1-yl)methanol A. sinensis Ishihara et al. (1993b)
7 2-((2R,4aR,8aR)-8-(hydroxymethyl)-4a-methyl-1,2,3,4,4a,5,6,8a-octahydronaphthalen-2-yl)prop-2-en-1-ol A. sinensis Lietal. (2015)

8 2-((2S,4S,4aS,8aS)-4-hydroxy-4a,8-dimethyl-1,2,3,4,4a,5,6,8a-octahydronaphthalen-2-yl)acrylaldehyde A. sinensis Lietal. (2015)

9 Methyl 2-((2S,4S,4aS,8aS)-4-hydroxy-4a,8-dimethyl-1,2,3,4,4a,5,6,8a-octahydronaphthalen-2-yl)acrylate A. sinensis Lietal. (2015)

10 (4aS,5S,7S,8aR)-5-hydroxy-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carbaldehyde A. sinensis Li etal. (2015)

11 (1S,3S,4aS,8aS)-5,8a-dimethyl-3-(prop-1-en-2-yl)-1,2,3,4,4a,7,8,8a-octahydronaphthalen-1-ol A. agallocha Ishihara et al. (1991a)
12 (4aR,6S,7R,8aR)-6-hydroxy-4a-methyl-7-(prop-1-en-2-yl)-3,4,4a,5,6,7,8,8a-octahydronaphthalene-1-carbaldehyde A. sinensis Huo et al. (2015)

13 (2S,3R,4aR,8aR)-3-(3-hydroxyprop-1-en-2-yl)-5,8a-dimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen-2-ol A. sinensis Yu et al. (2019)

14 5-(hydroxymethyl)-8a-methyl-3-(prop-1-en-2-yl)-1,2,3,4,4a,7,8,8a-octahydronaphthalen-1-ol A. sinensis Kuang et al. (2017)
15 (1R,2R,3R,4aS,8aS)-5,8a-dimethyl-3-(prop-1-en-2-yl)-1,2,3,4,4a,7,8,8a-octahydronaphthalene-1,2-diol A. sinensis Huo et al. (2015)

16 (3S,4aS,8aS)-5,8a-dimethyl-3-(prop-1-en-2-yl)-2,3,4,4a,8,8a-hexahydronaphthalen-1(7H)-one A. agallocha Ishihara (1991a)

17 (4aR,7R)-4a-methyl-7-(prop-1-en-2-y1)-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carbaldehyde A. agallocha Ishihara et al. (1993b)
18 (4aR,7R)-4a-methyl-7-(prop-1-en-2-yl)-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carboxylic acid A. agallocha Ishihara et al. (1993b)
19 (4aR,7R)-4a-methyl-7-(3-oxoprop-1-en-2-yl)-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carbaldehyde A. sinensis Wau et al. (2012)

20 methyl 2-((2R,4aR)-8-formyl-4a-methyl-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-yl)acrylate A. crassna Kang et al. (2017)

21 2-((2R,4aS)-4a,8-dimethyl-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-yl)propan-2-ol A. malaccensis Nakanishi (1984)

22 (2S,3S,8aR)-3-(2-hydroxypropan-2-yl)-5,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-ol A. crassna Kang et al. (2017)

23 2-((2R,4aR)-8-(hydroxymethyl)-4a-methyl-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-yl)propan-2-ol A. sinensis Wau et al. (2012)

24 (4aR,7R)-7-(3-hydroxyprop-1-en-2-yl)-4a-methyl-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carbaldehyde A. sinensis Yu et al. (2019)

25 (4aR,7R)-6-hydroxy-7-(3-hydroxyprop-1-en-2-yl)-4a-methyl-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carbaldehyde A. sinensis Li et al. (2015)

26 (4aS,5S,7S)-5-hydroxy-4a-methyl-7-(prop-1-en-2-yl)-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carbaldehyde A. sinensis Li et al. (2015)

27 (4aS,5S,7S)-5-hydroxy-4a-methyl-7-(prop-1-en-2-yl)-2,3,4,4a,5,6,7,8-octahydronaphthalene-1-carboxylic acid A. agallocha Ishihara et al. (1993b)
28 2-((2S,4S,4aS)-4-hydroxy-4a,8-dimethyl-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-yl)acrylaldehyde A. sinensis Huo et al. (2015)

29 (1R,2R,3R,8aS)-5,8a-dimethyl-3-(prop-1-en-2-yl)-1,2,3,4,6,7,8,8a-octahydronaphthalene-1,2-diol A. sinensis Huo et al. (2015)

30 (1R,2R,3R,4aS,8aS)-8a-methyl-5-methylene-3-(prop-1-en-2-yl)decahydronaphthalene-1,2-diol A. sinensis Huo et al. (2015)

31 (2S,3S,4aS,8aR)-3-(2-hydroxypropan-2-yl)-8a-methyl-5-methylenedecahydronaphthalen-2-ol A. sinensis Huo et al. (2015)

32 (1S,4aR,6S5,8aS)-6-(2-hydroxypropan-2-yl)-8a-methyl-4-methylenedecahydronaphthalen-1-ol A. sinensis Li et al. (2015)

33 (1R,4R,4aR,6S,8aS)-6-(2-hydroxypropan-2-yl)-4,8a-dimethyldecahydronaphthalene-1,4a-diol A. sinensis Li et al. (2015)

34 (1R,4aR,7S,8aR)-7-(2-hydroxypropan-2-yl)-1,4a-dimethyldecahydronaphthalen-1-ol A. sinensis Li et al. (2015)

35 (1R,4aS,5S,7S,8aR)-1,4a-dimethyl-7-(prop-1-en-2-yl)decahydronaphthalene-1,5-diol A. sinensis Huo et al. (2015)

36 (1R,4aR,7R,8aR)-1,4a-dimethyl-7-(prop-1-en-2-yl)decahydronaphthalen-1-ol A. sinensis Huo et al. (2015)
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No. Compound name Source or origin References
37 2-((2R,4aS)-4a-methyl-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-yl)propan-2-ol A. agallocha N&f et al. (1992)

38 (S)-6-isopropyl-8a-methyl-1,2,3,7,8,8a-hexahydronaphthalene A. agallocha N&f et al. (1992)

39 (S)-4a-methyl-2-(propan-2-ylidene)-1,2,3,4,4a,5,6,7-octahydronaphthalene A. agallocha Naf et al. (1992)

40 (2R,4aS)-4a-methyl-2-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-octahydronaphthalene A. agallocha N&f et al. (1992)

41 (3R,5aS,9aS)-2,2,5a-trimethyl-9-methyleneoctahydro-2H-3,9a-methanobenzo[b]oxepine A. sinensis Néf et al. (1992)

42 ((3R,5aS,9S,9aS)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepin-9-yl)methanol A. sinensis Yang et al. (1986)
43 (3R,5aS,9R,9aR)-9-(hydroxymethyl)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepin-9-ol A. sinensis Yang et al. (2014)
44 ((3R,5aS,9aR)-2,2,5a-trimethyl-3,4,5,5a,6,7-hexahydro-2H-3,9a-methanobenzo[ b]oxepin-9-yl)methanol A. sinensis Yang et al. (1986)
45 ((3R,5aS,9R,9aS)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepin-9-yl)methanol A. sinensis Yang et al. (1989)
46 (3R,5aS,9S,9aS)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepine-9-carboxylic acid A. sinensis Yang et al. (1992)
47 (3R,5aS,9S,9aS)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepine-9-carbaldehyde A. agallocha Naf et al. (1993)

48 (3R,5aS,9R,9aS)-2,2,5a,9-tetramethyloctahydro-2H-3,9a-methanobenzo[b]oxepine A. agallocha Maheshwari (1963)
49 (3R,5aS,9aR)-2,2,5a,9-tetramethyl-3,4,5,5a,6,7-hexahydro-2H-3,9a-methanobenzo[b]oxepine A. agallocha Nakanishi et al. (1984)
50 (2'R,3R,5aS,9aR)-2,2,5a-trimethyloctahydrospiro[ 3,9a-methanobenzo[b]oxepine-9,2'-oxirane] A. agallocha Naf et al. (1993)

51 (3R,5aS,9R,9aR)-2,2,5a,9-tetramethyloctahydro-2H-3,9a-methanobenzo[b]oxepin-9-ol A. agallocha Naef (2011)

52 (3R,5aR,8R,9R,92aR)-2,2,5a,9-tetramethyloctahydro-2H-3,9a-methanobenzo[ b]oxepine-8,9-diol A. agallocha Naef (2011)

53 (3R,5aS,9aR)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[ b]oxepine A. agallocha Naf et al. (1992)

54 (3R,5aS,9R,9aR)-2,2,5a-trimethyloctahydro-2H-3,9a-methanobenzo[b]oxepin-9-ol A. agallocha N&f et al. (1992)

55 (3R,5aS,9aS)-2,2,5a-trimethyl-9-methyleneoctahydro-2H-3,9a-methanobenzo[b]oxepine A. agallocha Naef (2011)
Eremophilane

56 (1S,4aS,7R,8aR)-7-(3-hydroxyprop-1-en-2-yl)-1,8a-dimethyldecahydronaphthalen-4a-ol A. sinensis Wu et al. (2012)

57 2-((2R,4aS,8S,8aR)-4a-hydroxy-8,8a-dimethyldecahydronaphthalen-2-yl)acrylaldehyde A. sinensis Wau et al. (2012)

58 (1aR,3S,4aR,5S,8aR)-44a,5-dimethyl-3-(prop-1-en-2-yl)octahydro-1aH-naphtho[ 1,8a-b]oxirene A. sinensis Huo et al. (2015)
59 (1aR,2S,3R,4aR,5S,8aR)-4a,5-dimethyl-3-(prop-1-en-2-yl)octahydro-1aH-naphtho[ 1,8a-b]oxiren-2-ol A. sinensis Wu et al. (2012)

60 (1S,3R,4aR,5S,8aS)-4a,5-dimethyl-3-(prop-1-en-2-yl)decahydronaphthalene-1,8a-diol A. crassna Kang et al. (2017)
61 2-((2R,8S,8aR)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)prop-2-en-1-ol A. sinensis N&f et al. (1995)

62 2-(8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propanal A. sinensis N&f et al. (1995)

63 2-((2R,8R,8aS)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propan-2-ol A. sinensis Nakanishi et al. (1983)
64 2-((2R,8R,8aS)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propane-1,2,3-triol A. sinensis Tian et al. (2020)
65 2-((2R,8R,8aR)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propane-1,3-diol G. salicifolia Shao et al. (2016)
66 2-((2R,8R,8aR)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propane-1,2,3-triol G. salicifolia Shao et al. (2016)
67 2-((2R,8R,8aR)-8,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydronaphthalen-2-yl)propane-1,2-diol G. salicifolia Shao et al. (2016)
68 (3R,3aR,4aR,5S,9aR)-3,4a,5-trimethyl-3,3a,4,4a,5,6,7,8-octahydronaphtho[2,3-b]furan-2(9aH)-one A. sinensis Chen et al. (2019)
69 (3aR,4aR,5S)-4a,5-dimethyl-3-methylene-2,3,3a,4,4a,5,6,7,8,9a-decahydronaphtho[ 2,3-b]furan A. sinensis N&f et al. (1995)

70 (3R,3aS,4aR,5S,9aR)-3-(hydroxymethyl)-4a,5-dimethyl-2,3,3a,4,4a,5,6,7,8,9a-decahydronaphtho[ 2,3-b]furan-3-ol A. sinensis Wang et al. (2016)
71 (3S,3aS,4aR,5R,9aR)-3-hydroperoxy-3,4a,5-trimethyl-2,3,3a,4,4a,5,6,7,8,9a-decahydronaphtho[ 2,3-b]furan G. salicifolia Shao et al. (2016)
72 (3S,3aS,4aR,5R,9aR)-3,4a,5-trimethyl-2,3,3a,4,4a,5,6,7,8,9a-decahydronaphtho[ 2,3-b]furan-3-ol A. sinensis Xiang et al. (2017a)
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73 (2R,3S,4aS,5R)-3-(2-hydroxypropan-2-yl)-4a,5-dimethyl-2,3,4,4a,5,6,7,8-octahydronaphthalen-2-ol

74 (3R,4aR,5S)-3-(2-hydroxypropan-2-yl)-4a,5-dimethyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

75 (3R,4aR,5S5)-4a,5-dimethyl-3-((R)-2-methyloxiran-2-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

76 (3R,4aR,5S)-4a,5-dimethyl-3-((R)-2-methyloxiran-2-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

77 (3S,4aR,5S,7R)-7-hydroxy-4a,5-dimethyl-3-(prop-1-en-2-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one
78 (3R,4aR,5S)-4a,5-dimethyl-3-(prop-1-en-2-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

79 (4aR,5S)-4a,5-dimethyl-3-(propan-2-ylidene)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

80 (4aR,5S)-4a,5-dimethyl-3-(propan-2-ylidene)-4,4a,5,6-tetrahydronaphthalen-2(3H)-one

81 2-((2R,8R,8aS)-8,8a-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-2-yl)propan-2-ol

82 2-((2R,8R,8aR)-8,8a-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-2-yl)propane-1,2,3-triol

83 methyl 2-((2R,8R,8aR)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)-2,3-dihydroxypropanoate
84 (25,4R,4aR,6R)-4,4a-dimethyl-6-(prop-1-en-2-yl)-2,3,4,4a,5,6,7,8-octahydronaphthalen-2-ol

85 methyl 2-((2R,8S,8aS)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)-2,3-dihydroxypropanoate
86 2-((2R,8S,8aS)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)-3-hydroxy-2-methoxypropanoic acid
87 2-((2R,8R,8aS)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)propan-2-ol

88 2-((2R,8R,8aS)-8,8a-dimethyl-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)propane-1,2-diol

89 methyl 2-((2R,8S,8aR)-8,8a-dimethyl-6-0x0-1,2,3,4,6,7,8,8a-octahydronaphthalen-2-yl)-2,3-dihydroxypropanoate
90 (4R,4aS,6R)-6-(2-hydroxypropan-2-yl)-4,4a-dimethyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one

91 (4R,4aS,65)-6-(2-hydroxypropan-2-yl)-4,4a-dimethyl-4,4a,5,6-tetrahydronaphthalen-2(3H)-one

92 2-((2R,8S,8aR)-8,8a-dimethyl-1,2,6,7,8,8a-hexahydronaphthalen-2-yl)propan-2-ol

93 (2S,3S)-2,3-dimethyl-2-((e)-3-methylbut-1-en-1-yl)cyclohexanone

Gualane

94 (1S,4S)-1,4-dimethyl-7-(propan-2-ylidene)-1,2,3,4,5,6,7,8-octahydroazulene

95 (3S,3aS,5R)-3,8-dimethyl-5-(prop-1-en-2-yl)-1,2,3,3a,4,5,6,7-octahydroazulene

96 (1S,7R,8aS)-1-methyl-7-(prop-1-en-2-yl)-1,2,3,5,6,7,8,8a-octahydroazulene-4-carbaldehyde

97 ((1S,7R,8aS)-1-methyl-7-(prop-1-en-2-yl)-1,2,3,5,6,7,8,8a-octahydroazulen-4-yl)methanol

98 (1S,7R,8aS)-1-methyl-7-(prop-1-en-2-yl)-1,2,3,5,6,7,8,8a-octahydroazulene-4-carboxylic acid

99 (1S,7R,8aS)-methyl 1-methyl-7-(prop-1-en-2-yl)-1,2,3,5,6,7,8,8a-octahydroazulene-4-carboxylate

100 (1laR,4R,5aS,6S,8aS)-1a,6-dimethyl-4-(prop-1-en-2-yl)octahydro-1aH-azuleno[3a,4-b]oxirene

101  (1S,7S,8aS)-1,4-dimethyl-7-(prop-1-en-2-yl)-2,3,6,7,8,8a-hexahydroazulen-5(1H)-one

102  (2aR,4S,4aS,6R)-4-methyl-6-(prop-1-en-2-yl)-2a,3,4,4a,5,6,7,8-octahydro-1H-azuleno[1,8-bc]furan-1-one
103  (1S,3S,7R,8aS)-3-hydroxy-1-methyl-7-(prop-1-en-2-yl)-1,2,3,5,6,7,8,8a-octahydroazulene-4-carboxylic acid
104  (3S,5R,8S)-3,8-dimethyl-5-(prop-1-en-2-yl)-2,3,5,6,7,8-hexahydroazulen-1(4H)-one

105 (1S,3aS,7R,8aR)-1-methyl-7-(prop-1-en-2-yl)hexahydro-3a,8a-epoxyazulen-4(1H)-one

106  (1S,4R,7R,9R)-methyl 7-hydroxy-1,4,9-trimethyl-3,6-dioxo-1,2,3,4,5,6,7,8-octahydro-4,7-methanoazulene-9-carboxylate

107  (1S,4R,7R,9S)-7-hydroxy-9-(hydroxymethyl)-1,4,9-trimethyl-2,3,4,5,7,8-hexahydro-4,7-methanoazulen-6(1H)-one
108 (1S,4R,7R,9R)-7-hydroxy-1,4,9-trimethyl-6-o0x0-1,2,3,4,5,6,7,8-octahydro-4,7-methanoazulene-9-carbaldehyde
109  2-((3S,5R,8S)-3,8-dimethyl-1,2,3,4,5,6,7,8-octahydroazulen-5-yl)propane-1,2,3-triol
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110  (1S,3aS,4R,7S,8aS)-1,4-dimethyl-7-(prop-1-en-2-yl)decahydroazulene-1,4-diol A. sinensis Xiang et al. (2017a)
111 (1R,3R,3aS,4S,7R,8aR)-1,4,9,9-tetramethyldecahydro-4,7-(epoxymethano)azulen-3-ol A. sinensis Yang et al. (2016a)
112 (1R,2R,3aR,7R,8aS,10R)-2,10-dihydroxy-1,4-dimethyl-9-methylene-2,3,8,8a-tetrahydro-1H-3a,7-ethanoazulen-6(7H)-one A. sinensis Yang et al. (2016a)
113 ((3S,6R,6aR,9S,9aS)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]oxocin-9-yl)methanol A. sinensis Yang et al. (2016b)
114 ((3S,6S,6aR,9S,9aS)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]Joxocin-9-yl)methanol A. sinensis Yang et al. (2016b)
115  (3S,6S,6aR,9S,9aS)-9-(hydroxymethyl)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]oxocin-9-ol A. sinensis Yang et al. (2016b)
116  (3S,6R,6aR,9R,9aS)-9-(hydroxymethyl)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]oxocin-9-ol A. sinensis Yang et al. (2016b)
117 (3S,6R,6aS,9R,9aS)-9-(hydroxymethyl)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]oxocin-9-ol A. sinensis Yang et al. (2016b)
118  ((3S,6S,6aR,9R,9aR)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]Joxocin-9-yl)methanol A. sinensis Xu et al. (1988)
119  (3S,6S,6aR,9S,9aR)-2,2,6-trimethyloctahydro-2H-3,9a-methanocyclopenta[b]oxocine-9-carbaldehyde A. sinensis Xu et al. (1988)
120  (3aR,4aS,5S,7aR,8R,9aR)-3a,8-dihydroxy-5,8-dimethyl-3-methyleneoctahydro-7a,9a-epoxyazuleno[6,5-b]furan-6(7H)-one A. sinensis Lietal. (2016)
121 (3S,3aS,4aS,5R,7aS,8S,9aS)-3,5,8-trimethyloctahydro-4a,7a-epoxyazuleno[ 6,5-b]furan-2(3H)-one A. sinensis Lietal. (2016)
122 (1R,3aR,4R,8aR)-3a-hydroxy-1,4-dimethyloctahydroazulen-6(2H)-one A. sinensis Zhao et al. (2016)
123 (3S5,4R)-3-(((1R,2S,5R)-2-hydroxy-5-methyl-2-(prop-1-en-2-yl)cyclopentyl)methyl)-4-(hydroxymethyl)-4-methyldihydrofuran- ~ A. sinensis Zhao et al. (2016)
2(3H)-one
124 (3S,4S,5R)-3-methyl-4-(((1S,2S)-2-methyl-5-oxocyclopent-3-en-1-yl)methyl)-5-(2-oxopropyl)dihydrofuran-2(3H)-one A. sinensis Zhao et al. (2016)
125 (3S,3aS,4aR,5R,9aR)-3,5,8-trimethyl-3,3a,4,4a,5,6,9,9a-octahydroazuleno[ 6,5-b]furan-2,7-dione A. sinensis Zhao et al. (2016)
126  (3R,3aR,4aS,5S,6R,7S,9aS)-6,7-dihydroxy-3,5,8-trimethyl-3a,4,4a,5,6,7,9,9a-octahydroazuleno[6,5-b]furan-2(3H)-one A. sinensis Yang et al. (2016a)
127  (3R,3aR,4aS,5R,7aR,9%aR)-3,5,8-trimethyl-3a,4,4a,5,6,7-hexahydro-7a,9a-epoxyazuleno[6,5-b]furan-2(3H)-one A. sinensis Mi et al. (2019)
128  (3S,3aS,5R,8R,9aR)-3,5,8-trimethyl-3,4,5,6,7,8,9,9a-octahydro-2H-3a,8-epoxyazuleno[6,5-b]furan-2-one A. sinensis Mi et al. (2019)
129  (3S,3aR,4aS,5S,6S,9aR)-6-hydroxy-3,5,8-trimethyl-3a,4,4a,5,6,7,9,9a-octahydroazuleno[ 6,5-b]furan-2(3H)-one A filaria Shao et al. (2016)
130 (3S,3aR,4aS,5S,9aR)-3,5,8-trimethyl-3a,4,4a,5,6,7,9,9a-octahydroazuleno[6,5-b]furan-2(3H)-one A filaria Shao et al. (2016)
131  (R)-3,5,8-trimethyl-6,7-dihydroazuleno[6,5-b]furan-2(5H)-one A filaria Shao et al. (2016)
132 (4aS,5R)-3,5,8-trimethyl-4,4a,5,6-tetrahydroazuleno[6,5-b]furan-2,7-dione A filaria Mi et al. (2019)
133 (R)-3,5,8-trimethyl-5,6-dihydroazuleno[6,5-b]furan-2,7-dione A. filaria Mi et al. (2019)
134 3,5,8-trimethylazuleno[6,5-b]furan-2,7-dione A. filaria Shao et al. (2016)
Agarospiranes
135  2-((2S,5R,10R)-6,10-dimethylspiro[4.5]dec-6-en-2-yl)propan-2-ol A. sinensis N&f et al. (1993)
136  2-((2S,5R,10R)-6-(hydroxymethyl)-10-methylspiro[4.5]dec-6-en-2-yl)propan-2-ol A. sinensis Yu et al. (2019)
137  (2S,5R,10R)-2-(2-hydroxypropan-2-yl)-10-methylspiro[4.5]dec-6-ene-6-carboxylic acid A. sinensis N&f et al. (1992)
138  (2S,5R,10R)-2-(2-hydroxypropan-2-yl)-10-methylspiro[4.5]dec-6-ene-6-carbaldehyde A. sinensis Nakanishi et al. (1984)
139  (2S,5R,10R)-2-(2-hydroxypropan-2-yl)-6,10-dimethylspiro[4.5]dec-6-en-8-one A. sinensis Ueda et al. (2006)
140  (2R,5S,10S)-6-(hydroxymethyl)-2-(2-hydroxypropan-2-yl)-10-methylspiro[4.5]dec-6-en-8-one A. sinensis Xiang et al. (2017a)
141 2-((2S,5R,6R)-6-methyl-10-methylenespiro[4.5]decan-2-yl)propan-2-ol A. sinensis Naef (2011)
142 (5R,7R,10R)-10-methyl-6-methylene-2-(propan-2-ylidene)spiro[4.5]decan-7-ol A. sinensis N&f et al. (1995)
143 (5R,10R)-10-methyl-2-(propan-2-ylidene)spiro[4.5]dec-6-ene-6-carbaldehyde A. sinensis N&f et al. (1995)
144 (3S,5aR,6R)-3-isopropyl-6-methyl-3,4,5,6,7,8-hexahydro-1H-3,5a-methanobenzo[ c]oxepine A. sinensis N&f et al. (1995)
145  (3S,5aR,6R)-3-isopropyl-6-methyl-4,5,6,7-tetrahydro-3H-3,5a-methanobenzo[ c]oxepine A. sinensis N&f et al. (1995)
146  2-((2R,5R,10S)-6,10-dimethylspiro[4.5]dec-6-en-2-yl)propane-1,2,3-triol A. sinensis Tian et al. (2020)
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Table 3 Chemical constituents of 2-(2-Phenylethyl) chromones identified in agarwood.

No. Compound name Source or References
origin

1 7-Hydroxy-6-methoxy-2-[2-(3’-hydroxy-4’-ethoxyphenyl)ethyl]chromone A. sinensis Yang et al. (2012)
2 6,7-Dimethoxy-2-[2-(40-hydroxy-30-methoxyphenyl) ethyljchromone A. sinensis Yang et al. (2012)
3 7-hydroxy-2-(3-hydroxy-4-methoxyphenethyl)-6-methoxychroman-4-one A. sinensis Yang et al. (2012)
4 2-(4-hydroxy-3-methoxyphenethyl)-6,7-dimethoxychroman-4-one A. sinensis Yang et al. (2012)
5 6,7-dihydroxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Yang et al. (2012)
6 6-hydroxy-2-(4-hydroxyphenethyl)-7-methoxychroman-4-one A. sinensis Yang et al. (2012)
7 6,8-dihydroxy-2-(3-hydroxy-4-methoxyphenethyl)chroman-4-one A. sinensis Yang et al. (2012)
8 (E)-6-hydroxy-2-(4-hydroxy-3-methoxystyryl)chroman-4-one A. sinensis Yang et al. (2012)
9 5,6,7,8-tetrahydroxy-2-(3-hydroxy-4-methoxyphenethyl)chroman-4-one A. sinensis Dai et al. (2009)
10  8-chloro-6-hydroxy-2-phenethylchroman-4-one A. sinensis Gao et al. (2012)
11 8-chloro-6-hydroxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Gao et al. (2012)
12 7-hydroxy-6-methoxy-2-(4-methoxyphenethyl)chroman-4-one A. malaccensis ~ Wu et al. (2012)
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Table 3 Chemical constituents of 2-(2-Phenylethyl) chromones identified in agarwood.

No. Compound name Source or References
origin

13 (1aS,2S,3S,7bR)-2,3-dihydroxy-5-(4-methoxyphenethyl)-2,3-dihydro-1aH- A. malaccensis  Wu et al. (2012)
oxireno[2,3-f]chromen-7(7bH)-one

14 (1aS,2S,3S,7bR)-2,3-dihydroxy-5-phenethyl-2,3-dihydro-1aH-oxireno[2,3- A. malaccensis  Wu et al. (2012)
flchromen-7(7bH)-one

15  (1aS,2S,3S,7bR)-2,3-dihydroxy-5-(3-hydroxy-4-methoxyphenethyl)-2,3- A. malaccensis  Wu etal. (2012)
dihydro-1aH-oxireno[2,3-flchromen-7(7bH)-one

16 (5S,6R,7R,8S)-8-chloro-5,6,7-trihydroxy-2-(4-methoxyphenethyl)-5,6,7,8- A. malaccensis  Wu et al. (2012)
tetrahydro-4H-chromen-4-one

17 (5S,6R,7R,8S)-8-chloro-5,6,7-trihydroxy-2-(3-hydroxy-4- A. malaccensis  Wu etal. (2012)
methoxyphenethyl)-5,6,7,8-tetrahydro-4H-chromen-4-one

18  (5S,6R,7S)-5,6,7-trihydroxy-2-phenethyl-5,6,7,8-tetrahydro-4H-chromen-4-  A. malaccensis ~ Wu et al. (2012)
one

19  (5S,6R,7S)-5,6,7-trihydroxy-2-(4-methoxyphenethyl)-5,6,7,8-tetrahydro-4H- ~ A. malaccensis ~ Wu et al. (2012)
chromen-4-one

20  6-hydroxy-7-methoxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Liao et al. (2016)

21 2-(3,4-dimethoxyphenethyl)-6-hydroxychroman-4-one A. sinensis Liao et al. (2016)

22 6,8-dihydroxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Liao et al. (2016)

23 8-chloro-6-hydroxy-2-(3-hydroxy-4-methoxyphenethyl)chroman-4-one A. sinensis Liao et al. (2016)

24 6-hydroxy-2-(3-hydroxy-4-methoxyphenethyl)-5-methoxychroman-4-one A. sinensis Liao et al. (2016)

25  2-((R)-2-hydroxy-2-phenylethyl)-6,7-dimethoxychroman-4-one A. sinensis Liao et al. (2016)

26 2-((S)-2-hydroxy-2-phenylethyl)-6,7-dimethoxychroman-4-one A. sinensis Liao et al. (2016)

27  2-(3-hydroxy-4-methoxyphenethyl)-6-methoxychroman-4-one A. sinensis Lietal. (2014)

28  5-hydroxy-2-(3-hydroxy-4-methoxyphenethyl)-6-methoxychroman-4-one A. sinensis Lietal. (2014)

29  (1aS,2R,3R,7bR)-2-hydroxy-3-methoxy-5-phenethyl-2,3-dihydro-1aH- A. sinensis Lietal. (2014)
oxireno[2,3-flchromen-7(7bH)-one

30  5-hydroxy-2-(3-hydroxy-4-methoxyphenethyl)-6-methoxy-7- A. sinensis Xiang et al. (2017b)
(((5S,6R,7S,8R)-5,6,7-trihydroxy-2-(4-methoxyphenethyl)-4-0x0-5,6,7,8-
tetrahydro-4H-chromen-8-yl)oxy)chroman-4-one

31  2-phenethyl-6-(((5S,6R,7S,8R)-5,6,7-trihydroxy-4-oxo-2-phenethyl-5,6,7,8-  A. sinensis Xiang et al. (2017b)
tetrahydro-4H-chromen-8-yl)oxy)-4H-chromen-4-one

32 2-(4-methoxyphenethyl)-6-(((5S,6R,7S,8R)-5,6,7-trihydroxy-2-(4- A. sinensis Xiang et al. (2017b)
methoxyphenethyl)-4-0xo0-5,6,7,8-tetrahydro-4H-chromen-8-yl)oxy)-4H-
chromen-4-one

33 2-phenethyl-6-(((5R,6R,7R,8S)-5,6,7-trihydroxy-4-oxo-2-phenethyl-5,6,7,8-  A. sinensis Xiang et al. (2017b)
tetrahydro-4H-chromen-8-yl)oxy)-4H-chromen-4-one

34 Agquilarone A A. sinensis Chen et al. (2012b)

35  Agquilarone B A. sinensis Chen et al. (2012b)

36  Aquilarone C A. sinensis Chen et al. (2012b)

37  Agquilarone D A. sinensis Chen et al. (2012b)

38  Aquilarone E A. sinensis Chen et al. (2012b)

39  Agquilarone F A. sinensis Chen et al. (2012b)

40  Agquilarone G A. sinensis Chen et al. (2012b)

41  Aquilarone H A. sinensis Chen et al. (2012b)

42 Aaquilarone | A. sinensis Chen et al. (2012b)

43 5-hydroxy-7-methoxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Liu et al. (2016)

44 5,8-dihydroxy-6-methoxy-2-phenethylchroman-4-one A. sinensis Liu et al. (2016)

45  (1aR,2S,3S,7bS)-2,3-dihydroxy-5-(3-hydroxy-4-methoxyphenethyl)-2,3- A. sinensis Liu et al. (2016)
dihydro-1aH-oxireno[2,3-flchromen-7(7bH)-one

46  6-methoxy-2-(2,3,4-trihydroxyphenethyl)chroman-4-one A. sinensis Liu et al. (2016)

47  5-hydroxy-6,7-dimethoxy-2-(4-methoxyphenethyl)chroman-4-one A. sinensis Huo et al. (2017)

48  (5R,6R,7R,8S)-8-chloro-5,6,7-trihydroxy-2-(4-methoxyphenethyl)-5,6,7,8- A. sinensis Huo et al. (2017)
tetrahydro-4H-chromen-4-one

49  (5S,6S,7S,8S)-8-chloro-5,6,7-trihydroxy-2-phenethyl-5,6,7,8-tetrahydro-4H- A sinensis Huo et al. (2017)
chromen-4-one

50 (5R,6R,7R,8R)-8-chloro-5,6,7-trihydroxy-2-(4-methoxyphenethyl)-5,6,7,8- A. sinensis Huo et al. (2017)
tetrahydro-4H-chromen-4-one

51  (5R,6S,7S)-5,6,7-trihydroxy-2-(4-hydroxy-3-methoxyphenethyl)-5,6,7,8- A. sinensis Huo et al. (2017)
tetrahydro-4H-chromen-4-one

52  (5S,6R,7S,8R) Aquisinenone A A. sinensis Huo et al. (2018)

53  (5R,6S,7R,8S) Aquisinenone A A. sinensis Huo et al. (2018)

54  (-)-40-Methoxyaquisinenone A A. sinensis Huo et al. (2018)
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Table 3 Chemical constituents of 2-(2-Phenylethyl) chromones identified in agarwood.

No. Compound name Source or References
origin
55  (5R,6S,7R,8S) Aquisinenone B A. sinensis Huo et al. (2018)
56  (5S,6R,7S,8R)Aquisinenone B A. sinensis Huo et al. (2018)
57  (-)-6”-Hydroxyaquisinenone B A. sinensis Huo et al. (2018)
58  (+)-6”-Hydroxy-40,4000-dimethoxyaquisinenone B A. sinensis Huo et al. (2018)
59  (5R,6S,7R,8S)Aquisinenone C A. sinensis Huo et al. (2018)
60  (5S,6R,7S,8R)Aquisinenone C A. sinensis Huo et al. (2018)
61  (-)-Aquisinenone D A. sinensis Huo et al. (2018)
62  (5R,6S,7R,8S)40-Demethoxyaquisinenone D A. sinensis Huo et al. (2018)
63  (5S,6R,7S,8R)40-Demethoxyaquisinenone D A. sinensis Huo et al. (2018)
64  (+)-Aquisinenone E A. sinensis Huo et al. (2018)
65  (-)-Aquisinenone F A. sinensis Huo et al. (2018)
66  (-)-Aquisinenone G A. sinensis Huo et al. (2018)
67  (+)-4’-Methoxyaquisinenone G A. sinensis Huo et al. (2018)
68  Tetrahydrochromone A A. sinensis Liao et al. (2017)
69  Tetrahydrochromone B A. sinensis Liao et al. (2017)
70  Tetrahydrochromone C A. sinensis Liao et al. (2017)
71 Tetrahydrochromone D A. sinensis Liao et al. (2017)
72 Tetrahydrochromone E A. sinensis Liao et al. (2017)
73 Tetrahydrochromone F A. sinensis Liao et al. (2017)
74 Tetrahydrochromone G A. sinensis Liao et al. (2017)
75  Tetrahydrochromone H A. sinensis Liao et al. (2017)
76  Tetrahydrochromone I A. sinensis Liao et al. (2017)
74 Tetrahydrochromone G A. sinensis Liao et al. (2017)
75  Tetrahydrochromone H A. sinensis Liao et al. (2017)
76  Tetrahydrochromone I A. sinensis Liao et al. (2017)
77  Tetrahydrochromone J A. sinensis Liao et al. (2017)
78  Tetrahydrochromone K A. sinensis Liao et al. (2017)
79  Tetrahydrochromone L A. sinensis Liao et al. (2017)
80  Tetrahydrochromone M A. sinensis Liao et al. (2017)
81  7-Hydroxyl-6-methoxy-2-(2-phenylethyl)chromone A. sinensis Wang et al. (2015)
82  Qinanone A A. sinensis Yang et al. (2013)
83  Qinanone B A. sinensis Yang et al. (2013)
84  Qinanone C A. sinensis Yang et al. (2013)
85  Qinanone D A. sinensis Yang et al. (2013)
86  Qinanone E A. sinensis Yang et al. (2013)
87  Qinanone G A. sinensis Yang et al. (2013)
88  2-(2-Hydroxy-2-phenylethyl)-4H-chromen-4-one A. filaria Suzuki et al. (2017)
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Fig. 3 — Structures of chromones in agarwood (Table 3)
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Discussion

Agarwood is widely used in perfume industries, religious ceremonies, pharmacology and
aromatherapy owing to its chemical compounds (Barden et al. 2000). Sesquiterpenes, 2-(2-
phenylethyl)-4Hchromen-4-one derivatives, aromatics and triterpenes are the main compounds of
agarwood (Kalra & Kaushik 2017, Yang et al. 2019) demonstrated the sedation effect of 8 2-(2-
phenylethyl)-4Hchromen-4-one derivatives extracted from agarwood. Ueda et al. (2006) isolated a
sesquiterpene that can be used as a sedative, and similar results were also reported that 2-(2-
[phenylethyl)chromone from agarwood have anticancer activity (Chen et al. 2012a, Liu et al.
2016). Chen et al. (2012a) mentioned that sesquiterpenes and 2-(2-phenylethyl)-4Hchromen-4-one
derivatives contribute to the characteristics of resin-infiltrated wood. In addition, Chinese
pharmacopeia (2020 edition) defines agarotetrol, (5S,6S,7S,8R)-8-Chloro-5,6,7-trihydroxy-2-
phenylethyl-5,6,7,8-tetrahydro-4H-chromen-4-one, and 6-hydroxy-2-[2-(3-methoxy-4-
hydroxyphenyl)ethyl] chromone as the maker compounds of agarwood. However, sesquiterpenes
and chromone derivatives extracted from agarwood are rare and also found in healthy Aquilaria
trees (Chen et al. 2013). Injuries and fungal infections stimulate the defensive reaction of Aquilaria
trees, while antibacterial compounds accumulate in the parenchymal cells inside vascular and
phloem tissues (Zhang et al. 2010, Du et al. 2022b).

Endophytic fungi and plants are well established a close symbiotic relationship in the long
process of evolution, and endophytic fungi can affect the production of plant active ingredients or
can produce active ingredients themselves (Aly et al. 2011). According to the results presented in
Table. 1, Fusarium spp. was ranked the highest record associated with the formation of agarwood,
followed by Cladophialophora spp., Fusarium spp. While, Cladophialophora spp., Fusarium spp.
able to causes plant blight by infecting vascular tissues and have been widely isolated from various
plants (Li et al. 2013, Zhang et al. 2021). Previous studies have shown that when Dianthus
caryophyllus is infected by Fusarium spp., the content of phenol and flavonoids increases inside D.
caryophyllus in order to defend Fusarium (Curir et al. 2003, Romero-Rincon et al. 2021). However,
more in-depth molecular research on how Fusarium spp. and other endophytic fungi affect the
formation of agarwood has not yet been carried out. Some fungi are known as they have the
potential to induce the Aquilaria trees to produce agarwood. According to Liu et al. (2013),
Aquilaria trees are infected with endophytic fungi, resin and pectin start depositing at vascular
tissues. Then secondary metabolite compounds such as sesquiterpenes and chromes began to
synthesize in order to defend against the fungi before the fungi infects the entire plant via water
transportation. At last, a mixture of resin, sesquiterpenes and chromes deposit at wounded areas to
seal it (Liu et al. 2013).

Conclusion

In this review, we summarize endophytic fungi and their corresponding chemical compounds
in agarwood. In total, 146 sesquiterpenes, 88 chromones and 71 endophytic fungi were isolated
from different parts of agarwood. We also discuss possible relationships between endophytic fungi,
compound synthesis and accumulation, but corresponding research could not be found. Injecting
endophytic fungi and investigating the molecular mechanisms behind agarwood formation will
likely be of significant interest in future.
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