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Abstract of thesis presented to the Senate of the Universiti Putra Malaysia in
fulfilment of the requirement for the degree of Master of Science

IDENTIFICATION OF WOUND-RESPONSE PROTEINS ASSOCIATED WITH
GAHARU FORMATION IN Aquilaria malaccensis Lam VIA PROTEOMIC
ANALYSIS

By

MUHAMMAD SYAHMI BIN HAJI HISHAMUDDIN

July 2018

Chairman: Professor Rozi Mohamed, PhD
Faculty: Forestry

Aquilaria malaccensis is a native tree in Malaysia that produce aromatic
oleoresin known as gaharu in response to biotic and abiotic stress. Gaharu is a
highl-value non-timber product due to its important role in fragrance,
aromatherapy, medicines and religious activities. Little is known about gaharu
formation in the wood. Mechanical wounding is a major trigger for the formation
of gaharu in the tropical tree taxa Aquilaria. To understand the molecular
mechanism by which Aquilaria reacts to wounding, we applied the proteomic
approach using liquid chromatography coupled with mass spectroscopy (LC/MS-
MS). Proteins were extracted from wounded area on the stems of 5-year old
trees as a result of a drilling method. Changes in the A. malaccensis stem tissue
proteomes were examined at 0, 2, 6, 12, and 24 hours after wounding treatment
and led to the identification of 2227 differentially expressed proteins. The
identified proteins were then undergone Venn diagram analysis resulting with
564 time-point specific proteins with 25% overlap among the five time points. All
of the 564 time-point specific proteins were then grouped into biological process
categories by using Gene ontology and REVIGO analysis and based on these
analyses, 21 wound-response proteins were successfully identified.
Identification of a set of wound-response proteins that is part of the plant defense
system and proteins that are involved in gaharu formation in A. malaccensis tree
provides a valuable reference for further studies.
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PENGENALAN TINDAK BALAS PROTEIN TERHADAP LUKA DIKAITKAN
DENGAN PEMBENTUKAN GAHARU DALAM Aquilaria malaccensis Lam
MELALUI ANALISIS PROTEOMIK
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Pengerusi: Professor Rozi Mohamed, PhD
Fakulti: Perhutanan

Aquilaria malaccensis adalah pokok asli di Malaysia yang menghasilkan
oleoresin aromatik yang dikenali sebagai gaharu sebagai tindak balas kepada
tekanan biotik dan abiotik. Gaharu adalah produk bukan kayu yang sangat
komersil kerana peranannya penting dalam wangian, aromaterapi, ubat-ubatan
dan aktiviti keagamaan. Tidak banyak yang diketahui tentang pembentukan
gaharu di dalam kayu. Luka mekanikal adalah pencetus utama pembentukan
gaharu di dalam taksonomi tropika Aquilaria. Untuk memahami mekanisme
molekul di dalam Aquilaria yang bertindak balas terhadap Iuka, kami
menggunakan pendekatan proteomik menggunakan kromatografi cecair dan
spektroskopi jisim (LCMS/MS). Protein diekstrak dari kawasan yang telah di
cederakan pada batang pokok berusia 5 tahun menggunakan kaedah
penggerudian. Perubahan dalam proteom tisu A. malaccensis diperiksa pada 0,
2, 6, 12, dan 24 jam selepas penggerudian dan membawa kepada identifikasi
2227 protein yang dinyatakan secara berbeza. Protein yang dikenal pasti
kemudiannya menjalani analisis gambarajah Venn yang menghasilkan 564
protein yang spesifik terhadap masa yang tertentu dengan 25% bertindih di
antara lima titik masa. Semua 564 masa spesifik protein kemudian dikumpulkan
ke dalam kategori proses biologi dengan menggunakan analisis ontology Gene
dan analisis REVIiGO dan berdasarkan analisis ini terdapat 21 protein telah
dikenal pasti yang bertindak balas dengan luka. Kajian ini menyediakan satu set
protein yang bertindak balas terhadap luka yang merupakan sebahagian
daripada sistem pertahanan tumbuhan dan protein yang terlibat dalam
pembentukan gaharu dalam A. malaccensis, menyediakan rujukan berharga

untuk kajian seterusnya.
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CHAPTER 1

INTRODUCTION

11 General

Agarwood or known as gaharu in Malaysia is a non-wood fragrant product
found in several parts of Aquilaria tree, a genus which is taxonomically belongs
to the family of Thymeleaceae (Lee and Mohamed, 2016). Gaharu (highly
fragrant wood) which is commonly dark in color, with the resins usually derived
from the wounded stems of Aquilaria species as a result of fungal infection under
natural condition (wind, lightning, invaded by the microorganism) or mechanical
wounding. Gaharu actually have been used for over two thousand years, and
mainly used as incense in Buddhist, Hindu and Islamic traditional ceremonies.
Planters nowadays choose to plant Aquilaria because of its application in
medicines, perfume and incense and also due to increasing demand of gaharu
in the industries which provide substantial economic returns (Eurlings et al.,
2010). Due to illegal harvesting by gaharu smugglers and illegal logging, many
species of Aquilaria are being threatened with extinction. To control the trade of
gaharu around the world, all species of Aquilaria were placed on CITES
Appendix Il of the Convention on International Trade in Endangered Species of
Wild Fauna and Flora in 1995.This matter has attracted the attention and
interest of scientists around the world to find a solution to produce sustainable
gaharu resources and to increase its production from an infected wood by
intentionally wounding the trees. Conventional gaharu inducing techniques
such as fungal inoculation, partial trunk pruning and burning chisel drilling were
often used by traders to wound Aquilaria tree (Liu et al., 2013). Other traders
and researcher also have developed several gaharu inducing methods such as
nailing, drilling, aeration, and agar-wit to serve as a way to reserve gaharu and
to conserve of wild Aquilaria stock. However, the current methods used by the
planters are time-consuming, with low quality and vyield. Thus better
understanding of the gaharu production mechanism is needed.

According to Liu et al., (2013), gaharu formation is a result of activation plant
defense responses of the Aquilaria tree upon wounding. Sesquiterpenes and
phenylethyl chromone derivatives which are the main compounds in gaharu
resin will be produced once the defense response is activated. Sesquiterpenes
in gaharu was reported to have antimicrobial and anti-disease activity (Liu et
al., 2013). The gaharu resin will play a role as a barrier to avoid damages
towards the tree in place of a hypersensitive response (HR), a rapid death at
the infection site which cause further necrotic lesions. Previously, the
biosynthesis of both sesquiterpenes and chromone in the formation of gaharu
were studied to understand the mechanism that occurs during gaharu formation (Xu et al.,
2013). It was also found that jasmonic acid is a crucial signal transducer that can
induce sesquiterpenes formation in Aquilaria tree (Xu et al., 2016).



Gaharu formation is a result of defense-associated responses (Rasool &
Mohamed, 2016), and based on the previous research, plant will produce
proteins that have toxic, repellent and/or anti-nutritional effect to protect
themselves (War et al., 2012). In the case of Aquilaria, secondary metabolites
or specialized morphological structure will be produced in response to
herbivore attack (War et al., 2012). Researchers believed that wound-response
protein in Aquilaria is responsible for the activation of the plants defense (Chen
& Pramanik, 2009; Azzarina et al., 2016; Rasool & Mohamed, 2016). Study on
wound-response proteins by using proteomic approaches has been reported to
be useful in term of understanding the relationship between the proteins and
stress in plant for example, commercially exploited plants such as rice, where
four proteins related to wound-response have been found (Shen et al., 2003).
Several wound-response proteins have also been identified in papaya by using
proteomic approach which includes trypsin inhibitor, a class-II chitinase and a
glutaminyl cyclase (Azarkan et al., 2004). Not only that, tomato also produces
wound-response proteins that have been identified as BofuT4_P108020 (Shah
et al., 2012).

1.2 Problem Statement

At present, very little is known about proteins that involve in gaharu formation,
this study will emphasize the use of proteomics to better understand the
mechanism behind gaharu formation. Gaharu also has been listed as an
endangered species on Appendix Il of the Convention on International Trade in
Endangered Species of Wild Fauna and Flora in 1995 due to decreasing in
number of Aquilaria tree in the natural. The hypothesis for Ho is there is a
constant number and types of protein within Aquilaria tree. While, for H1 there
is significant different in number and types of proteins in pre and post wounding
in Aquilaria tree.

1.3 Justification

The downturn in natural Aquilaria populations has raised the alarm among
conservationists and researchers to conserve and protect this tree in its natural
environment. In order to shorten the time for gaharu formation and to increase
the yield and quality of the gaharu in Aquilaria tree, studies on the wound-
response proteins that involve in the gaharu formation is an important from the
point of understanding the mechanism of how the formation of the gaharu
occurs.

Proteomics analysis that studies large-scale of proteins has always been the
first choice for most researchers in investigating wound-response proteins.
Protein-based studies on Aquilaria species begun to pick-up from 2005
onwards when TRAFFIC (the wildlife trade monitoring network) had pointed out
the need to secure the natural Aquilaria resources in the wild (Heuveling &
Philiphs, 1999). Proteomics analysis has developed rapidly over the years and
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has been applied commonly in protein identification. The advantages of using
protein in analyzing the plant samples is that they provide rich, reliable and high
information regarding the biological process that occurs in the plant. Due to
protein diversity, it can take on many different configurations and can play
varied roles in cells and tissues.



1.4 Research Objectives

i) To compare the protein expression profiles in wounded stems of Aquilaria
malaccensis at different time frames using Nanoflow-ESI-LC-MS/MS.

ii) To identify the differentially expressed proteins involved in wound-response
in Aquilaria malaccensis.



BIBLIOGRAPHY

Agarwood Bibliography: A Compilation of Abstracts on Agarwood Studies.
Ministry of Forestry, Forestry Research and Development, Center for
Conservation and Rehabilitation Research and Development, 2014.

Akter, N., & Neelim, A. Z. (2008). Agarwood plantation at BRAC Tea Estate:
introduction, environmental factors and financial analysis. BRAC
Centre, Dhaka, Bangladesh.

Akter, S., Islam, M. T., Zulkefeli, M., & Khan, S. I. (2013). Agarwood production-
a multidisciplinary field to be explored in Bangladesh. International
Journal of Pharmaceutical and Life Sciences, 2(1), 22-32.

Antonopoulou, M. A. R. I. N. A,, Compton, J. A. M. E. S, Perry, L. S., & Al-
Mubarak, R. A. Z. A. N. (2010). The trade and use of agarwood (Oudh)
in the United Arab Emirates. TRAFFIC Southeast Asia, Petaling Jaya,
Selangor, Malaysia.

Arabidopsis Genome Initiative. (2000). Analysis of the genome sequence of the
flowering plant Arabidopsis thaliana. nature, 408(6814), 796.

Azarkan, M., Wintjens, R., Looze, Y., & Baeyens-Volant, D. (2004). Detection
of three wound-induced proteins in papaya latex. Phytochemistry,
65(5), 525-534.

Azzarina, A. B., Mohamed, R., Lee, S. Y., & Nazre, M. (2016). Temporal and
spatial expression of terpene synthase genes associated with
agarwood formation in Aquilaria malaccensis. New Zealand Journal of
Forestry Science, 46(1), 1-13.

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in
vivo. Annu. Rev. Plant Biol., 59, 89-113.

Banerjee AK, Laya MS, Poon PS (2006) Sesquiterpenes classified as
phytoalexins. In: Atta-ur R (ed) Studies in natural products chemistry,
vol 33, part 13. Elsevier, Amsterdam, pp 193-237

Bruce, T. J., Matthes, M. C., Napier, J. A., & Pickett, J. A. (2007). Stressful
“memories” of plants: evidence and possible mechanisms. Plant
Science, 173(6), 603-608.

Bustin, S.A., and Nolan, T. (2004). Pitfalls of quantitative real-time reverse
transcription polymerase chain reaction. Journal of biomolecular
technique. 15(3): 155-156

Burkill, 1. H. (1966). A dictionary of the economic products of the Malay

Peninsula. A Dictionary of the Economic Products of the Malay
Peninsula., 2(2nd edition).

52



Campos-Vargas, R., Nonogaki, H., Suslow, T., & Saltveit, M. E. (2005). Heat
shock treatments delay the increase in wound-induced phenylalanine
ammonia-lyase activity by altering its expression, not its induction in
Romaine lettuce (Lactuca sativa) tissue. Physiologia Plantarum,
123(1), 82-91.

Casati, P., Drincovich, M. F., Edwards, G. E., & Andreo, C. S. (1999). Malate
metabolism by NADP-malic enzyme in plant defense. Photosynthesis
Research, 61(2), 99-105.

Chakrabarty, K., A. Kumar and V. Menon (1994). Trade in Agarwood. In
Barden, A., A.A. Noorainie, T. Mulliken, and M. Song (2000). Heart of
the matter; Agarwood use and trade and CITES implementation for
Aquilaria malaccensis. TRAFFIC International.

Chen, F., Tholl, D., Bohlmann, J., and Pichersky, E. (2011). The family of
terpene synthases in plants: a mid-size family of genes for specialized
metabolism that is highly diversified throughout the kingdom. The Plant
Journal, 66(1), 212-229.

Chen, G., Kuo, T.C., Yang, M., Chien, T., Chu, M., Huang, L., Chen, C., Lo, H.,
Jeng, S. and O Chen, L. Identification of cucurbitacins and assembly
of a draft genome for Aquilaria agallocha. BMC Genomics, 2014, 15,
578.

Chen, H. Q., Wei, J. H.,, Yang, J. S., Zhang, Z., Yang, Y., Gao, Z. H., Sui, C. &
Gong, B. (2012). Chemical constituents of agarwood originating from
the endemic genus Aquilaria plants. Chemistry & biodiversity, 9(2),
236-250.

Chen, G., & Pramanik, B. N. (2009). Application of LC/MS to proteomics studies:
current status and future prospects. Drug discovery today, 14(9), 465-
471.

Chen, H., McCaig, B. C., Melotto, M., He, S. Y., & Howe, G. A. (2004). Regulation
of plant arginase by wounding, jasmonate, and the phytotoxin
coronatine. Journal of Biological Chemistry, 279(44), 45998-46007.

Cherry, J. H., Locy, R. D., & Rychter, A. (Eds.). (2000). Plant tolerance to abiotic
stresses in agriculture: role of genetic engineering (Vol. 83). Springer
Science & Business Media.

Chmielowska-Bak, J., Gzyl, J., Rucinska-Sobkowiak, R., Arasimowicz-Jelonek,
M., & Deckert, J. (2014). The new insights into cadmium sensing.
Frontiers in plant science, 5.

Chin, C. F., & Tan, H. S. (2018). The Use of Proteomic Tools to Address

Challenges Faced in Clonal Propagation of Tropical Crops through
Somatic Embryogenesis.Proteomes,6(2), 21.

53



Conesa, A., Gotz, S., Garcia-Goémez, J. M., Terol, J., Talén, M., & Robles, M.
(2005). Blast2GO: a universal tool for annotation, visualization and
analysis in functional genomics research. Bioinformatics, 21(18), 3674-
3676.

Compton, J., & Ishihara, A. (2004). The use and trade of agarwood in Japan. A
TRAFFIC report to the CITES Secretariat, 6, 1-21.

Cohen, S. S. (1998). Guide to the Polyamines. Oxford University Press.

Dahham, S. S., Tabana, Y. M., Igbal, M. A., Ahamed, M. B., Ezzat, M. O., Majid,
A. S., & Majid, A. M. (2015). The anticancer, antioxidant and
antimicrobial properties of the sesquiterpene B-caryophyllene from the
essential oil of Aquilaria crassna. Molecules, 20(7), 11808-11829.

Eurlings, Marcel CM, Henry Heuveling van Beek, and Barbara Gravendeel.
"Polymorphic microsatellites for forensic identification of agarwood
(Aquilaria crassna)." Forensic science international 197.1 (2010): 30-34.

Faridah-Hanum, |., Mustapa, M. Z., Lepun, P., Tuan Marina, T. |., Nazre, M.,
Alan, R., & Mohamed, R. (2009). Notes on the distribution and ecology
of Aquilaria Lam. (Thymelaeaceae) in Malaysia. Malaysian Forester,
72(2), 247-259.

Faridah-Hanum, |., Mustapa, M. Z., Lepun, P., Tuan Marina, T. |., Nazre, M.,
Alan, R., & Mohamed, R. (2009). Notes on the distribution and ecology
of Aquilaria Lam. (Thymelaeaceae) in Malaysia. Malaysian Forester,
72(2), 247-259.

Gao, Z. H., Wei, J. H., Yang, Y., Zhang, Z., & Zhao, W. T. (2012). Selection and
validation of reference genes for studying stress-related agarwood
formation of Aquilaria sinensis. Plant cell reports,31(9), 1759-1768.

Gao, Zhi-Hui, and Jian-He Wei. "Molecular Mechanism Studies of Terpenoid
Biosynthesis in Agarwood." Agarwood. Springer Singapore, 2016. 73-
87.

Galvez-Valdivieso, G., Fryer, M. J., Lawson, T., Slattery, K., Truman, W.,
Smirnoff, N., Asami, T., Davies, W.J., Jones, A.M., Baker, N.R. &
Mullineaux, P. M. (2009). The high light response in Arabidopsis
involves ABA signaling between vascular and bundle sheath cells. The
Plant Cell, 21(7), 2143-2162.

Gershenzon J., & Dudareva, N. (2007) The function of terpene natural products
in the natural world. Nature chemical biology, 3(7), 408.

Gupta, K., Dey, A., & Gupta, B. (2013). Plant polyamines in abiotic stress
responses. Acta Physiologiae Plantarum, 35(7), 2015-2036.
Guan, H., & Yang, K. (2008). RNA isolation and real-time quantitative
RT-PCR. In Adipose Tissue Protocols (pp. 259-270). Humana press.

54



Goff, S.A., Ricke, D., Lan, T.H., Presting, G., Wang, R., Dunn, M., Glazebrook,
J., Sessions, A., Oeller, P., Varma, H. and Hadley, D., 2002. A draft
sequence of the rice genome (Oryza sativa L. ssp. japonica).
Science,296(5565), pp.92-100.

Hatfield, J. L., & Prueger, J. H. (2015). Temperature extremes: effect on plant
growth and development. Weather and climate extremes, 10, 4-10.

Hashimoto, M., & Komatsu, S. (2007). Proteomic analysis of rice seedlings
during cold stress. Proteomics, 7(8), 1293-1302.

Heuveling van Beek, H., & Phillips, D. (1999). Agarwood: trade and CITES
implementation in Southeast Asia. Unpublished report prepared for
TRAFFIC Southeast Asia, Malaysia

Hepburn’, A. G., & Ingle, J. (1976). Molecular integrity of plant ribosomal
ribonucleic acid. Plant Physiology. 57:410-414

Hu, Y., & Yu, D. (2014). Brassinosteroid Insensitive interacts with Abscisic Acid
Insensitive to mediate the antagonism of brassinosteroids to abscisic
acid during seed germination in Arabidopsis. The Plant Cell, 26(11),
4394-4408.

Huda, A. W. N., Munira, M. A. S., Fitrya, S. D., & Salmah, M. (2009). Antioxidant
activity of Aquilaria malaccensis (Thymelaeaceae) leaves.
Pharmacognosy Research, 1(5), 270.

Horvath, E., Szalai, G., & Janda, T. (2007). Induction of abiotic stress tolerance
by salicylic acid signaling. Journal of Plant Growth Regulation, 26(3),
290-300.

Howe, G. A. (2004). Jasmonates as signals in the wound-response. Journal of
Plant Growth Regulation, 23(3), 223-237.

Itoh, T., Tabata, Y., Widjaja, E., Mulyaningsih, T., Wiriadinata, H., Parman, H.,
and Mandang, Y.l. (2002). Structure and artificial induction of aloe
wood. IAWA Journal. 23(4): 466-467

ITTO (2015) Development of An Information Database for The Conservation
and Sustainable use of Gonystylus bancanus (Ramin) and Aquilaria
malaccensis (Karas) in Malaysia. Technical report, ITTO-CITES
Project.

Jalaluddin, M. (1977). A useful pathological condition of wood. Economic
Botany, 31(2), 222-224.

Jiménez-Bremont, J. F., Marina, M., de la Luz Guerrero-Gonzalez, M., Rossi,
F. R., Sanchez-Rangel, D., Rodriguez-Kessler, M. Ruiz, O.A. & Garriz,
A. (2014). Physiological and molecular implications of plant polyamine
metabolism during biotic interactions. Frontiers in plant science, 5.

55



Jong, P.L., Tsan, P., and Mohamed, R. (2014). Gas chromatography-mass
spectrometry analysis of agarwood extracts from mature and juvenile
Aquilaria malaccensis. International Journal of Agriculture and
biology. 16: 644-648.

Knight H., Knight M.R. 2001. Abiotic stress signalling pathways: specifity and
cross-talk. Trends Plant Sci., 6: 262—268.

Kumar, M., Bijo, A. J., Baghel, R. S., Reddy, C. R. K., & Jha, B. (2012).
Selenium and spermine alleviate cadmium induced toxicity in the red
seaweed Gracilaria dura by regulating antioxidants and DNA
methylation. Plant Physiology and Biochemistry, 51, 129-138.

Kumeta, Y., & Ito, M. (2011). Genomic organization of &-guaiene synthase
genes in Aquilaria crassna and its possible use for the identification
of Aquilaria species. Journal of natural medicines, 65(3-4), 508-513.

Kumeta, Y.; Ito, M. Characterization of a-humulene synthases responsible for
the production of sesquiterpenes induced by methyl jasmonate in
Aquilaria. J. Nat. Med., 2016, 70(3), 452-459.

Lawrence, S. D., Dervinis, C., Novak, N., & Davis, J. M. (2006). Wound and
insect herbivory responsive genes in poplar. Biotechnology letters,
28(18), 1493-1501.

Lee, S. Y., Weber, J. S., & Mohamed, R. (2011). Genetic variation and
molecular authentication of selected Aquilaria species from natural
populations in Malaysia using RAPD and SCAR marker. Asian
Journal of Plant Sciences, 10(3), 202-211.

Lee, S. Y., & Mohamed, R. (2016). The origin and domestication of Aquilaria,
an important agarwood-producing genus. In Agarwood (pp. 1-20).
Springer Singapore

Ledn, J., Rojo, E., & Sanchez-Serrano, J. J. (2001). Wound signalling in plants.
Journal of Experimental Botany, 52(354), 1-9.

Le Gall, H., Philippe, F., Domon, J. M., Gillet, F., Pelloux, J., & Rayon, C.
(2015).Cell wall metabolism in response to abiotic stress. Plants,
4(1), 112-166.

Li, W., Cai, C. H., Dong, W. H., Guo, Z. K., Wang, H., Mei, W. L., & Dai, H. F.
(2014). 2-(2-Phenylethyl) chromone derivatives from Chinese
agarwood induced by artificial holing. Fitoterapia, 98, 117-123.

Liu, Y., Chen, H., Yang, Y., Zhang, Z., Wei, J., Meng, H., H., Chen, W, Feng, J.,
Gan, B., Chen, X. & Gao, Z., (2013). Whole-tree agarwood-inducing
technique: an efficient novel technique for producing high-quality
agarwood in cultivated Aquilaria sinensis trees. Molecules, 18(3),
3086-3106.

56



Liu, J., Xu, Y., Zhang, Z., & Wei, J. (2015). Hydrogen peroxide promotes
programmed cell death and salicylic acid accumulation during the
induced production of sesquiterpenes in cultured cell suspensions of
Aquilaria sinensis. Functional plant biology, 42(4), 337-346.

Liu, S. J., Huang, Y. H., He, C. J., Cheng, F. A. N. G., & Zhang, Y. W. (2016).
Cloning, bioinformatics and transcriptional analysis of caffeoyl-
coenzyme A 3-O-methyltransferase in switchgrass under abiotic
stress. Journal of integrative agriculture, 15(3), 636-649.

Mabberley, D. J. (2008). Mabberley's plant-book: a portable dictionary of plants,
their classifications and uses (No. Ed. 3). Cambridge University Press.

MacRae, E. (2007). Extraction of plant RNA. Methods in Molecular Biology.353:
15-24.

Maksymiec, W. (2007). Signaling responses in plants to heavy metal stress. Acta
Physiologiae Plantarum, 29(3), 177.

Maldonado-Bonilla L, Betancourt-diménez M, & Lozoya-Gloria E (2008) Local
and systemic gene expression of sesquiterpene phytoalexin
biosynthetic enzymes in plant leaves. European Journal of Plant
Pathology 121(4):439

Marino, D., Dunand, C., Puppo, A., & Pauly, N. (2012). A burst of plant NADPH
oxidases. Trends in plant science, 17(1), 9-15.

Mat, N., Rahman, S. A., Ngah, N., Mahmud, K., Rosni, N. A., & Rahim, K. A.
(2012). Growth and Mineral Nutrition of Aquilaria Malaccensis (Karas)
In Two Habitats As Affected By Different Cultural Practices. Journal of
Nuclear and Related Technologies, 9(1), 6-16.

Modzelewska, A., Sur, S., Kumar, S. K., & Khan, S. R. (2005). Sesquiterpenes:
natural products that decrease cancer growth. Current Medicinal
Chemistry-Anti-Cancer Agents, 5(5), 477-499.

Mohamed, R., Jong, P. L., & Zali, M. S. (2010). Fungal diversity in wounded
stems of Aquilaria malaccensis. Fungal Diversity, 43(1), 67-74.

Mohamed, R., Wong, M. T., & Halis, R. (2013). TROPICAL AGRICULTURAL
SCIENCE. Pertanika J. Trop. Agric. Sci, 36(1), 43-50.

Mohamed, R., Jong, P. L., & Kamziah, A. K. (2014). Fungal inoculation induces
agarwood in young Aquilaria malaccensis trees in the nursery.
Journal of forestry research, 25(1), 201-204.

Morkunas, |., & Ratajczak, L. (2014). The role of sugar signaling in plant
defense responses against fungal pathogens. Acta Physiologiae
Plantarum, 36(7), 1607-1619.

Nakanishi, T., Inada, A., Nishi, M., Yamagata, E., & Yoneda, K. (1986). A new

57



and a known derivatives of 2-(2-phenylethyl) chromone from a kind
of agarwood (" Kanankoh," in Japanese) originating from Aquilaria
agallocha. Journal of Natural Products, 49(6), 1106-1108.

Neutelings G. 2011. Lignin variability in plant cell walls: contribution of new
models. Plant Science, 181, 379-386

Nobuchi T. & Siripatanadilok S (1991) Preliminary observation of Aquilaria
crassna wood associated with the formation of aloeswood.

Nobeli, I., Favia, A. D., & Thornton, J. M. (2009). Protein promiscuity and its
implications for biotechnology. Nature biotechnology, 27(2), 157.

Nobuchi, T., & Sahri, M. H. (2008). Formation of wood in tropical forest trees.
Penerbit Universiti Putra Malaysia.

Okudera Y, Ito M. Production of agarwood fragrant constituents in Aquilaria calli
and cell suspension cultures. Plant Biotechnology. 2009 Jun
1;26(3):307-15.

Perez-Novo, C.A Claeys, C., Speleman, F., Cauwenberge, P.V., Bachert, C.,
and Vandesompele, J. (2005). Impact of RNA quality on reference
gene expression stability. Biotechniques. 39:52-56

Persoon, G. A., & van Beek, H. H. (2008). Growing ‘the wood of the gods’:
agarwood production in Southeast Asia. In Smallholder Tree Growing
for Rural Development and Environmental Services (pp. 245-262).
Springer Netherlands.

Pfaffi, M.W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acid Research. 29:9

Pichersky, E., & Gershenzon, J. (2002). The formation and function of plant
volatiles: perfumes for pollinator attraction and defense. Current
opinion in plant biology, 5(3), 237-243.

Pojanagaroon, S., & Kaewrak, C. (2003, February). Mechanical methods to
stimulate aloes wood formation in Aquilaria crassna Pierre ex H.
Lec.(Kritsana) trees. In /Il WOCMARP Congress on Medicinal and
Aromatic Plants-Volume 2: Conservation, Cultivation and Sustainable
Use of Medicinal and 676 (pp. 161-166).

Qu, A. L., Ding, Y. F., Jiang, Q., & Zhu, C. (2013). Molecular mechanisms of
the plant heat stress response. Biochemical and biophysical research
communications, 432(2), 203-207.

Rasool, S., & Mohamed, R. (2016). Understanding Agarwood Formation and Its
Challenges. In Agarwood (pp. 39-56). Springer Singapore.

Rao K. R., & Dayal, R. (1992) The secondary xylem of Aquilaria agallocha
(Thymelaeaceae) and the formation of ‘agar’. IAWA Journal, 13(2):163—

58



172

Ratajczak, L. (2014). The role of sugar signaling in plant defense responses
against fungal pathogens. Acta physiologiae plantarum, 36(7), 1607-
1619

Rejeb, I. B., Pastor, V., & Mauch-Mani, B. (2014). Plant responses to
simultaneous biotic and abiotic stress: molecular mechanisms. Plants,
3(4), 458-475.

Reymond P., Weber H., Damond M., Farmer E.E. 2000. Differential gene
expression in response to mechanical wounding and insect
feeding in Arabidopsis. Plant Cell, 12: 707-719.

Sambrook, J., & Russell, D. W. (2001). Molecular cloning: a laboratory manual
3rd edition. Coldspring-Harbour Laboratory Press, UK.

Saini, S., Sharma, I., & Pati, P. K. (2015). Versatile roles of brassinosteroid
in plants in the context of its homoeostasis, signaling and crosstalks.
Frontiers in plant science, 6.

Sallaud C, Rontein D, Onillon S, Jabés F, Duffé P, Giacalone C, Thoraval S,
Escoffier C, Herbette G, Leonhardt N, Causse M. A novel pathway
for sesquiterpene biosynthesis from Z, Z-farnesyl pyrophosphate in
the wild tomato Solanum habrochaites. The Plant Cell. 2009 Jan 1;
21(1):301-17.

Scala, A., Allmann, S., Mirabella, R., Haring, M. A. & Schuurink, R. C. Green
leaf volatiles: A plant’'s multifunctional weapon against herbivores
and pathogens. Int. J. Mol. Sci. 14(9), 17781-17811 (2013).

Sen, S., Dehingia, M., Talukdar, N. C., & Khan, M. (2017). Chemometric
analysis reveals links in the formation of fragrant bio-molecules
during agarwood (Aquilaria malaccensis) and fungal interactions.
Scientific reports, 7, 44406.

Shetty, P., Atallah, M. T., & Shetty, K. (2002). Effects of UV treatment on the
proline-linked pentose phosphate pathway for phenolics and L-
DOPA synthesis in dark germinated Vicia faba. Process
Biochemistry, 37(11), 1285-1295.

Shen, Shihua, Yuxiang Jing, and Tingyun Kuang. "Proteomics approach to
identify wound-response related proteins from rice leaf sheath.”
Proteomics 3.4 (2003): 527-535.

Sheynkman, G. M., Shortreed, M. R., Cesnik, A. J., & Smith, L. M. (2016).
Proteogenomics: integrating next-generation sequencing and mass

spectrometry to characterize human proteomic variation. Annual
review of analytical chemistry, 9, 521-545.

Shah, P., Powell, A. L., Orlando, R., Bergmann, C., & Gutierrez-Sanchez, G.

59



(2012). A Proteomic Analysis of Ripening Tomato Fruit Infected by
Botrytis cinerea. Journal of proteome research, 11(4), 2178.

Siah, C. H., Namasivayam, P., & Mohamed, R. (2016). Transcriptome reveals
senescing callus tissue of Aquilaria malaccensis, an endangered
tropical tree, triggers similar response as wounding with respect to
terpenoid biosynthesis. Tree genetics & genomes, 12(2), 33.

Sinha, A. K., Jaggi, M., Raghuram, B., & Tuteja, N. (2011). Mitogen-activated
protein kinase signaling in plants under abiotic stress. Plant signaling
& behavior, 6(2), 196-203.

Supek, F., Bo$njak, M., Skunca, N., & Smuc, T. (2011). REViGO summarizes
and visualizes long lists of gene ontology terms. PloS one, 6(7),
€21800.

Suzuki, N., Koussevitzky, S., Mittler, R. O. N., & Miller, G. A. D. (2012). ROS
and redox signalling in the response of plants to abiotic stress. Plant,
Cell & Environment, 35(2), 259-270.

The IUCN Red List of Threatened Species. Version 2017-2.
www.iucnredlist.org. (Accessed November 11, 2017).

Unsicker, S. B., Kunert, G., & Gershenzon, J. (2009). Protective perfumes: the
role of vegetative volatiles in plant defense against herbivores. Current
opinion in plant biology, 12(4), 479-485.

UNEP-WCMC (Comps.) The Checklist of CITES Species Website. CITES
Secretariat, Geneva, Switzerland. Compiled by UNEP-WCMC,
Cambridge, UK. http://checklist.cites.org (Accessed July 17, 2017).

Van den Ende, W., De Coninck, B., & Van Laere, A. (2004). Plant fructan
exohydrolases: a role in signaling and defense?. Trends in plant
science, 9(11), 523-528.

Van Loon, L. C., Rep, M., & Pieterse, C. M. (2006). Significance of inducible
defense-related proteins in infected plants. Annu. Rev. Phytopathol.,
44, 135-162.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe,
A., & Speleman, F. (2002). Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome biology, 3(7).

Vanholme R, Morreel K, Ralph J, Boerjan W. 2008. Lignin engineering. Current
Opinion in Plant Biology, 11, 278-285

Walley J.W., Coughlan S., Hudson M.E., Covington M.F., Kaspi R., Banu G.,
Harmer S.L., Dehesh K. (2007). Mechanical stress induces biotic and
abiotic stress responses via a novel cis-element. PLOS Genetics, 3:
1800-1812.

60



War, A. R,, Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B., Ignacimuthu,
S., & Sharma, H. C. (2012). Mechanisms of plant defense against
insect herbivores. Plant signaling & behavior, 7(10), 1306-1320.

Wong, M. T. (2010). Characterization of Genes Associated with Gaharu
Formation and Anatomical Changes in Stress-Induced Aquilaria
Malaccensis Lam (Doctoral dissertation, Universiti Putra Malaysia).

Wong, M. T., Siah, C. H., Faridah, Q. Z., & Mohamed, R. (2013).
Characterization of wound responsive genes in Aquilaria malaccensis.
Journal of plant biochemistry and biotechnology, 22(2), 168-175.

Wyn, L. T., & Anak, N. A. (2010). Wood for the Trees: A Review Of the
Agarwood (Gaharu) Trade In. Kuala Lumpur: TRAFFIC Southeast
Asia.

Xing F., Li Z., Sun A., & Xing, D. (2013) Reactive oxygen species promote
chloroplast dysfunction and salicylic acid accumulation in fumonisin
B1-induced cell death. FEBS Letters 587, 2164-2172.

Xu, Y., Zhang, Z., Wang, M., Wei, J., Chen, H., Gao, Z., & Meng, H. (2013).
Identification of genes related to agarwood formation: transcriptome
analysis of healthy and wounded tissues of Aquilaria sinensis. BMC
genomics, 14(1), 227.

Xu, Y. H,, Liao, Y. C., Zhang, Z., Liu, J., Sun, P. W., Gao, Z. H., Sui, C. & Wei,
J. H. (2016). Jasmonic acid is a crucial signal transducer in heat shock
induced sesquiterpene formation in Aquilaria sinensis. Scientific
reports, 6.

Xu, Y., Zhang, Z., Wang, M., Wei, J., Chen, H., Gao, Z., Sui, C., Luo, H., Zhang,
X., Yang, Y., & Meng, H. (2013). Identification of genes related to
agarwood formation: transcriptome analysis of healthy and wounded
tissues of Aquilaria sinensis. BMC genomics, 14(1), 227.

Yagura, T., Shibayama, N., Ito, M., Kiuchi, F., & Honda, G. (2005). Three novel
diepoxy tetrahydrochromones from agarwood artificially produced by
intentional wounding. Tetrahedron letters, 46(25), 4395-4398.

Yakimova, E. T., Kapchina-Toteva, V. M., Laarhoven, L. J., Harren, F. M., &
Woltering, E. J. (2006). Involvement of ethylene and lipid signalling in
cadmium-induced programmed cell death in tomato suspension cells.
Plant Physiology and Biochemistry, 44(10), 581-589.

Yates lll, J. R. (2013). The revolution and evolution of shotgun proteomics for
large-scale proteome analysis. Journal of the American Chemical
Society, 135(5), 1629-1640.

Ye, W., Wu, H., He, X., Wang, L., Zhang, W., Li, H., Fan, Y., Tan, G,, Liu, T., &
Gao, X. (2016). Transcriptome sequencing of chemically induced

61



Aquilaria sinensis to identify genes related to agarwood formation.
PloS one, 11(5), e0155505.

Ye, W., Zhang, W., Liu, T., Zhu, M., Li, S, Li, H., Huang, Z. and Gao, X., 2018.
iTRAQ-Based Quantitative Proteomic Analysis of Chemically Induced
Aquilaria sinensis Provides Insights into Agarwood Formation
Mechanism. Proteomics, p.1800023.

Zhao, J., Davis, L. C. & Verpoorte, R. Elicitor signal transduction leading to

production of plant secondary metabolites. Biotechnology Advance 23,
283-333 (2005).

62



