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Aquilaria species (Thymelaeaceae family) are an important botanical resources for the
fragrant agarwood. Agarwood is mainly composed of terpenoids that are produced by
a family of enzyme called terpene synthases (TPS). The species have been studied for
the decades, however, the size of its genome which are important for breeding effort
is yet to be analyzed. In addition, identification of terpenoid biosynthesis gene in
Aquilaria spp. is critical for a deeper understanding of the mechanisms involved in
agarwood formation. In this study, the genome size of five Aquilaria species which
include A. hirta, A. malaccensis, A. subintegra, A. sinensis, and A. microcarpa. were
estimated by using flow cytometry. The results showed no large variation in the 2C-
values of the five species (1.35 to 2.23 pg). The TPS genes was analyzed in one the
five species, A. malaccensis based on the previously developed in-house transriptome
database. Putative TPS transcripts in A. malaccensis encoding monoterpene,
sesquiterpene and diterpene were found clustered within known TPS families. A
transcript encoding linalool synthase, an acyclic monoterpene common to floral scents
of numerous plant was selected for protein expression analysis in E. coli where the
protein accumulated in insoluble form. Collectively, the information obtained on the
2C-values can help elucidate the underlying mechanism in the evolutionary forces
driving genome size variation in Aquilaria species while identification of putative TPS
transcripts in A. malaccensis provides a clue for the role of TPS in agarwood formation
in that particular species.
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Spesis Aquilaria (keluarga Thymelaeaceae) adalah spesies terancam yang Kini
dilindungi oleh undang-undang antarabangsa kerana perdagangan gaharu yang
merupakan sumber botani penting bagi wangian gaharu. Kajian ini merangkumi tiga
objektif utama iaitu menganggarkan saiz genom lima spesies Aquilaria termasuk A.
hirta, A. malaccensis, A. subintegra, A. sinensis, dan A. microcarpa. Sedikit diketahui
mengenai kepelbagaian spesies Aquilaria pada tahap saiz genom. Dalam kajian ini,
saiz genom lima spesies Aquilaria dianggarkan dengan menggunakan cytometry
aliran. Tidak terdapat variasi besar dalam nilai 2C dari lima spesies (1.35 hingga 2.23
pg). Objektif kedua dalam kajian ini adalah untuk mengenalpasti dan menganalisis
urutan terpene sintase daripada A. malaccensis. Gaharu terdiri daripada banyak
metabolit sekunder yang penting khususnya terpenoids, yang dikenali sebagai terpene
sintase (TPS) yang melibatkan pengeluarannya juga disiasat. Menggunakan
transkriptom dalaman yang dikumpul daripada A. malaccensis penjujukan, jujukan
homolog kepada TPS yang diambil dan pokok filogenetik telah dibina untuk
menunjukkan fungsi transkrip TPS. Transkrip TPS (monoterpene, sesquiterpene dan
diterpene) didapati berkumpul dalam keluarga terpene sintase masing-masing. Selain
itu, salah satu transkrip yang mengodkan sintesis linalool (AMTPS), berdasarkan
jujukan analisis, telah dipilih untuk expresi protein kerana ia adalah monoterpene
aciklik yang biasa untuk kebanyakan aroma bunga dalam tumbuhan. Tujuan kajian ini
adalah untuk mencirikan sifat enzimatik AMTPS yang diletakkan dari A. malaccensis
dalam E. coli. Transkrip ini dinyatakan dalam E. coli Rosetta untuk ekspresi
heterologus dan digambarkan oleh gel SDS-PAGE. Protein mengekpreskan tanpa tag
histidin (50 kDa) dalam bakteria menghasilkan protein yang terkumpul dalam bentuk
tidak larut. Sebagai kesimpulan, kumpulan TPS pengekodan transkrip dari pangkalan
data dalaman A. malaccensis telah dikenalpasti. Salah satu pengekodan transkrip yang
dikenal pasti untuk synthase monoterpene berjaya dinyatakan dalam perumah
bakteria. Kajian ini dapat membantu menjelaskan mekanisme asas dalam kuasa



evolusi yang memacu variasi saiz genom dalam spesies Aquilaria dan menyediakan
asas untuk menguraikan lagi peranan gen TPS gaharu dalam A. malaccensis.
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CHAPTER 1

INTRODUCTION

1.1 General

Aquilaria malaccensis is one a member of the Thymelaeaceae family. Agarwood-
producing tree species are endangered and listed as such in Appendix Il of the
Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES 2014) since 2005 due to the overexploitation and deforestation of tropical
forest. This tropical tree has significant economic potential due to its agarwood-
producing ability which is used commercially in traditional medicines such as
antiemetic drugs, sedatives, and digestives. It is also widely used as perfume and
incense especially in South Asia, China, Japan, and the Middle East. In Asia, interior
decoration from agarwood sculpturing is a source of significant income. International
markets claim that high-quality agarwood is more expensive than gold (Xu et al.,
2013).

Agarwood formation in Aquilaria wood stem is a type of defence response against
abiotic and biotic factors whether singly or in combination including mechanical
wounding and infection by fungus, or in natural conditions from wind damage or
lightning strikes can cause wounds. However, these processes in nature develop
slowly over years (Xu et al., 2013; Azzarina et al., 2016; Siah et al., 2016). In
Aquilaria, agarwood compound is synthesised by many chemical substances resulting
in a defence response and changes in plant secondary metabolites (Gao and Wei,
2016). The formation of agarwood is closely related to terpene metabolite that are
extracted for many different purposes such as fragrances, pharmaceutical agents and
insecticides. Terpene synthases play an important role in the various interactions
between plants and the environment (Tholl, 2006).

In generating the carbon skeletons of terpenoid in natural products, terpene synthases
makes use of prenyl diphosphate substrates geranyl diphosphate (GPP) (Cio), farnesyl
diphosphate (FPP) (Cus), and geranylgeranyl diphosphate (GGPP) (Czo). The TPS
gene family consists of monoterpene (Cio), sesquiterpene (Cis), and diterpene (Czo)
synthases in secondary metabolism (Bohlmann et al., 1999). Monoterpenes contain
low molecular weight volatile compounds which play a role in plant biology. They are
present in the floral volatiles to attract insects and other pollinators. Other than that,
this metabolite is often released from vegetative tissues to function as toxic agents in
direct defence against microbes or animals. It also protects the plant from predators
by attacking the herbivores by attracting the predators (Tholl et al., 2004). In modern
medicines, some of the important terpenoids are synthesised such as the Indian
ginseng withanolides in Withania somnifera (L.) Dunal and the antimalarial agent
artemisin in Artemisia annua L. (Rasool and Mohamed, 2016).



1.2 Problem Statements

This research is critically important as the uses agarwood from Aquilaria species has
increased dramatically with economic growth. The Aquilaria has being studied for the
decades, however, the size of its genome which are important for breeding effort is yet
to be discovered. Furthermore, the terpene groups contribute towards the fragrance
smell in agarwood. Since terpenes constitute the largest class of plant specialised
(secondary) metabolites, understanding the biosynthesis and regulation of terpenes
synthase in Aquilaria spp. is critical for determining the mechanism of agarwood
formation. Genes encoding sesquiterpene synthase, were successfully cloned from
Aquilaria malaccensis (Azzarina et al., 2016). However, there is still no study done
onmonoterpene synthase in A. malaccensis.. It was hypothesized that there is
significant different between five Aquilaria species and the terpene group are clustered
under respective group.

1.3 Objectives

The main objectives of this research are:

i.  To estimate the genome size of A. hirta, A. malaccensis, A. subintegra, A.
sinensis, and A. microcarpa,
ii. To identify and analyse the sequence of terpene synthases from A.
malaccensis,
iii.  To characterize the enzymatic property of putative monoterpene synthase from
A. malaccensis in E. coli.



REFERENCES

Adelina, N., Harum, F., Schmidt, L. H., & Joker, D. (2004). Aquilaria malaccensis
(Lam. Seed Leaflet, 103.

Alonso, W.R., J.I. Rajaonarivony, J. Gershenzon and R. Croteau (1992). Purification
of4Slimonene synthase, a monoterpene cyclase from the glandular trichomes
of peppermint (Mentha x piperita) and spearmint (Mentha spicata). Journal of
Biological Chemistry 267:7582-7587.

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.

Arimura, G. ., Matsui, K., & Takabayashi, J. (2009). Chemical and molecular ecology
of herbivore-induced plant volatiles: proximate factors and their ultimate
functions. Plant and Cell Physiology, 50(5), 911-923.

Arumuganathan K. & Earle E.D. (1991) Estimation of Nuclear DNA content of Plants
by Flow Cytometry. Plant Molecular Biology Reporter. Volume 9(3) 1991,
page 229-233

Ashayeri-Panah, M., Eftekhar, F., Kazemi, B., & Joseph, J. (2017). Cloning,
optimization of induction conditions and purification of Mycobacterium
tuberculosis Rv1733c protein expressed in Escherichia coli. Iranian journal of
microbiology, 9(2), 64.

Awouafack, M. D., Tane, P., Kuete, V., & Eloff, J. N. (2013). Sesquiterpenes from
the medicinal plants of Africa. In Medicinal plant research in Africa (pp. 33-
103).

Azzarina, A.B. (2015). Cloning, characterization and expression of sesquiterpene
synthase 1 and o-guanine synthase 1 genes associated with ‘Gaharu’ formation
in Aquilaria malaccensis Lam. Master dissertation, Universiti Putra Malaysia,
Malaysia

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.

Barden, A., Anak, N. A., Mulliken, T., & Song, M. (2000). Heart of the matter:
agarwood use and trade and CITES implementation for Aquilaria
malaccensis. TRAFFIC International, Cambridge, UK.

Banerjee, A., & Sharkey, T. D. (2014). Methylerythritol 4-phosphate (MEP) pathway
metabolic regulation. Natural product reports, 31(8), 1043-1055.

Bennett, M. D., & Leitch, 1. J. (2011). Nuclear DNA amounts in angiosperms: targets,
trends and tomorrow. Annals of Botany, 107(3), 467-590.

34



Bennett M. D., Leitch I. J. (2012). Angiosperm DNA C-values Database. Release 8.0
Dec. 2012. http://www.kew.org/cvalues/ [accessed 20 March, 2017]

Bohlmann, J., Meyer-Gauen, G., & Croteau, R. (1998). Plant terpenoid synthases:
molecular biology and phylogenetic analysis. Proceedings of the National
Academy of Sciences, 95(8), 4126-4133.

Bohlmann, J., Martin, D., Oldham, N.J.,, & Gershenzon,J. (1999). Terpenoid
secondary metabolism in  Arabidopsis thaliana: cDNA cloning,
characterization, and functional expression of a myrcene/(e)-p-ocimene
synthase

Bohlmann, J., Martin, D., Oldham, N. J., & Gershenzon, J. (2000). Terpenoid
secondary metabolism in Arabidopsis thaliana: cDNA cloning,
characterization, and functional expression of a myrcene/(E)-p-ocimene
synthase. Archives of Biochemistry and Biophysics, 375(2), 261-269.

Chadwick, M., Trewin, H., Gawthrop, F., & Wagstaff, C. (2013). Sesquiterpenoids
lactones: benefits to plants and people. International journal of molecular
sciences, 14(6), 12780-12805.

Chen S. C., Cannon C. H., Kua C. S., Lui J. J., Galbraith D. W. (2014). Genome size
variation in the Fagaceae and its implications for trees. Tree Genet. Genomes
10 977-988.

Chen C. H.,, Kuo T. C. Y., Yang M. H., Chien T. Y., Chu M. J,, Huang L. C., et al.
(2014). Identification of cucurbitacins and assembly of a draft genome for
Aquilaria agallocha. BMC Genomics 15:578.

Chen, F., Tholl, D., Bohlmann, J., & 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.

Cheng, A. X., Lou, Y. G., Mao, Y. B., Lu, S., Wang, L. J., & Chen, X. Y. (2007).
Plant terpenoids: biosynthesis and ecological functions. Journal of Integrative
Plant Biology, 49(2), 179-186.

Chen, F., Tholl, D., D'Auria, J. C., Farooq, A., Pichersky, E., & Gershenzon, J. (2003).
Biosynthesis and emission of terpenoid volatiles from Arabidopsis flowers.
The Plant Cell, 15(2), 481-494.

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.

Chern, L. Y. (2014). Monoterpenes in plants-a mini review. Asian Journal of Plant
Biology, 1(1), 15-19.

35



Christianson, D. W. (2008). Unearthing the roots of the terpenome. Current opinion
in chemical biology, 12(2), 141-150.

CITES. (2013). Sixteenth meeting of the conference of the parties regarding of
amendment of appendices and inclusion of species in Appendix Il. Geneva:
CITES Secretariat.

Cordoba, E., Salmi, M., & Ledn, P. (2009). Unravelling the regulatory mechanisms
that modulate the MEP pathway in higher plants. Journal of Experimental
Botany, 60(10), 2933-2943.

Cseke, L., Dudareva, N., & Pichersky, E. (1998). Structure and evolution of linalool
synthase. Molecular biology and evolution, 15(11), 1491-1498.

Debnath B., Sil S., Sinha R. K., Sinha S. (1995). Chromosome number and karyotype
of Aquilaria agallocha Roxb. (Thymelaeaceae). Cytologia 60 407—4009.

Degenhardt, J., Kollner, T. G., & Gershenzon, J. (2009). Monoterpene and
sesquiterpene synthases and the origin of terpene skeletal diversity in
plants. Phytochemistry, 70(15-16), 1621-1637.

Dolezel, J. (1991). Flow cytometric analysis of nuclear DNA content in higher plants.
Phytochemical analysis, 2(4), 143-154.

Dolezel J., Greillhuber J., & Suda J. (2007). Estimation of Nuclear DNA Content in
Plants using Flow Cytometry: Nature Publishing Group. Vol. 2 No.9

Dolezel J. & Jan B. (2004) Plant DNA Flow Cytometry and Estimation of Nuclear
Genome Size. Annals of Botany 95: 99-110, 2005

Dorman, H. J. D., & Deans, S. G. (2000). Antimicrobial agents from plants:
antibacterial activity of plant volatile oils. Journal of applied microbiology,
88(2), 308-316.

Dubey, V. S., Bhalla, R., & Luthra, R. (2003). An overview of the non-mevalonate
pathway for terpenoid biosynthesis in plants. Journal of biosciences, 28(5),
637.

Dudareva, N., Andersson, S., Orlova, 1., Gatto, N., Reichelt, M., Rhodes, D., Boland,
W. & Gershenzon, J. (2005). The nonmevalonate pathway supports both
monoterpene and sesquiterpene formation in snapdragon flowers. Proceedings
of the National Academy of Sciences, 102(3), 933-938.

Dudareva, N., Martin, D., Kish, C. M., Kolosova, N., Gorenstein, N., Faldt, J., Miller,
B. & Bohlmann, J. (2003). (E)-B-Ocimene and myrcene synthase genes of
floral scent biosynthesis in snapdragon: function and expression of three
terpene synthase genes of a new terpene synthase subfamily. The Plant Cell,
15(5), 1227-1241.

36



Dudareva, N., & Pichersky, E. (2000). Biochemical and molecular genetic aspects of
floral scents. Plant Physiology, 122(3), 627-634.

Falara, V., Akhtar, T., Nguyen, T. T., Spyropoulou, E. A., Bleeker, P. M,
Schauvinhold, I. Matsuba, Y., Bonini, M.E., Schilmiller, A.L., Last, R.L. &
Schuurink, R. C. (2011). The tomato (Solanum lycopersicum) terpene synthase
gene family. Plant physiology, 157 770-779.

Fridley J. D., Craddock A. (2015). Contrasting growth phenology of native and
invasive forest shrubs mediated by genome size. New Phytol. 207 659-668.

Fujita, Y., Koeduka, T., Aida, M., Suzuki, H., lijima, Y., & Matsui, K. (2017).
Biosynthesis of volatile terpenes that accumulate in the secretory cavities of
young leaves of Japanese pepper (Zanthoxylum piperitum): Isolation and
functional characterization of monoterpene and sesquiterpene synthase genes.
Plant Biotechnology, 34(1), 17-28.

Galbraith, D. W., Lambert, G. M., Macas, J., & Dolezel, J. (1997). Analysis of nuclear
DNA content and ploidy in higher plants. Current protocols in cytometry, 2(1),
7-6.

Gao, Z. H., Wei, J. H., Yang, Y., Zhang, Z., Xiong, H. Y., & Zhao, W. T. (2012).
Identification of conserved and novel microRNAs in Aquilaria sinensis based
on small RNA sequencing and transcriptome sequence data. Gene, 505(1),
167-175.

Gao, Z. H., & Wei, J. H. (2016). Molecular Mechanism Studies of Terpenoid
Biosynthesis in Agarwood. In Agarwood (pp. 73-87). Springer Singapore.

Garcia S., Garnatje T., Hidalgo O., Mas G., Pellicer J., Sanchez I., et al. (2010). First
genome size estimations for some Eudicot families and genera. Collect. Bot.
29 7-16.

Greilhuber, J., & Leitch, I. J. (2013). Genome size and the phenotype. In Plant
Genome Diversity Volume 2. Springer, Vienna. (pp. 323-344).

Gutensohn M, Orlova I, Nguyen TT, Davidovich-Rikanati R, Ferruzzi MG, Sitrit Y,
Lewinsohn E, Pichersky E, & Dudareva N. Cytosolic monoterpene
biosynthesis is supported by plastid-generated geranyl diphosphate substrate
in transgenic tomato fruits. The Plant Journal. 2013 Aug 1;75(3):351-63.

Hanson L., Boyd A., Johnson M. A., Bennett M. D. (2005). First nuclear DNA C-
values for 18 Eudicot families. Ann. Bot. 96 1315-1320.

Hare, E. E., & Johnston, J. S. (2012). Genome size determination using flow cytometry

of propidium iodide-stained nuclei. In Molecular methods for evolutionary
genetics. Humana Press. (pp. 3-12)

37



Hemmerlin, A., Harwood, J. L., & Bach, T. J. (2012). A raison d’étre for two distinct
pathways in the early steps of plant isoprenoid biosynthesis? Progress in lipid
research, 51(2), 95-148.

Herber B. (2003). “Thymelaeaceae,” in The Families and Genera of Vascular Plants.
IV. Flowering Plants. Dicotyledons. Malvales, Capparales and Non-betalain
Caryophyllales, ed. Kubitzki K., editor. (Berlin: Springer; ),373-396.

Huang C.C. (2009). Study on Morphology and Cytology of Aquilaria Sinensis (Lour.)
Gilg. Master dissertation, Guangzhou University

Hyatt, D. C., Youn, B., Zhao, Y., Santhamma, B., Coates, R. M., Croteau, R. B., &
Kang, C. (2007). Structure of limonene synthase, a simple model for terpenoid
cyclase catalysis. Proceedings of the National Academy of Sciences, 104(13),
5360-5365.

Ismail, S. N., Maulidiani, M., Akhtar, M. T., Abas, F., Ismail, I. S., Khatib, A., Nor
Azah, M. A. & Shaari, K. (2017). Discriminative Analysis of Different Grades
of Gaharu (Aquilaria malaccensis Lamk.) via 1H-NMR-Based Metabolomics
Using PLS-DA and Random Forests Classification Models. Molecules,
22(10), 1612.

Ishnava, K. B., Chauhan, J. B., & Barad, M. B. (2013). Anticariogenic and
phytochemical evaluation of Eucalyptus globules Labill. Saudi journal of
biological sciences, 20(1), 69-74.

Jaapar A.J. (2008). Extraction of Gaharu Essential Oil Using Ultrasonic Assisted
Steam Distillation. Unpublished bachelor dissertation, Universiti Malaysia
Pahang, Malaysia.

Jedrzejczyk, 1., & Sliwinska, E. (2010). Leaves and seeds as materials for flow
cytometric estimation of the genome size of 11 Rosaceae woody species
containing DNA-staining inhibitors. Journal of Botany, 2010.

Jeena, K.O. T.T. A.R. A.P. A. T., Liju, V. B,, & Kuttan, R. A. M. A. D. A. S. A. N.
(2013). Antioxidant, anti-inflammatory and antinociceptive activities of
essential oil from ginger. Indian J Physiol Pharmacol, 57(1), 51-62.

Jia, Q., Kollner, T. G., Gershenzon, J., & Chen, F. (2017). MTPSLs: New Terpene
Synthase in Nonseed Plants. Trends in plant science.

Keeling Cl, Bohlmann J (2006). Genes, enzymes and chemicals of terpenoid
diversity in the constitutive and induced defence of conifers against insects
and pathogens. New Phytol 170:657-675

Kim, M. S., Song, J., & Park, C. (2009). Determining protein stability in cell lysates
by pulse proteolysis and Western blotting. Protein Science, 18(5), 1051-1059.

Kimura, D. K. (1980). Likelihood methods for the von Bertalanffy growth
curve. Fishery bulletin, 77(4), 765-776.

38



Kumar, S., Stecher, G., and Tamura, K. (2016). MEGAT7: Molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-
1874. doi: 10.1093/molbev/msw054

Lanzotti, V. (2013). Diterpenes for therapeutic use. In Natural Products (pp. 3173-
3191). Springer, Berlin, Heidelberg.

Lee, S. Y., Ng, W. L., Mahat, M. N., Nazre, M., & Mohamed, R. (2016). DNA
barcoding of the endangered Aquilaria (Thymelaeaceae) and its application in
species authentication of agarwood products traded in the market. PloS
one, 11(4), e0154631.

Lee S. Y., Mohamed R. (2016). Rediscovery of Aquilaria rostrata (Thymelaeaceae), a
species thought to be extinct, and notes on Aquilaria conservation in Peninsular
Malaysia. Blumea 61 13-19.

Lee S. Y., Ng W. L., Mahat M. N., Nazre M., Mohamed R. (2016). DNA Barcoding
of the endangered Aquilaria (Thymelaeaceae) and its application in species
authentication of agarwood products traded in the market. PLoS One
11:e0154631.

Leitch I. J., Leitch A. R. (2013). “Genome size diversity and evolution in land plants,”
in Plant Genome Diversity Vol. 2 eds Leitch I. J., Greilhuber J., Dolezel J.,
Wendel J., editors. (Verlag Wien: Springer;), 307-322. 10.1007/978-3-7091-
1160-4_19

Lim., Hin, F., Mamat., Mohd. P., Chang., & Yu. S. (2007) Production, use and trade
of gaharu in Peninsular Malaysia. International Economic Conference on
Trade and Industry (IECTI) 2007 (unpublished)

Lopez-Sampson, A., & Page, T. (2018). History of Use and Trade of Agarwood.
Economic Botany, 1-23.

Lucker, J., M.K. EI Tamer, W. Schwab, F.W. Verstappen, L.H. van der Plas, H.J.
Bouwmeester and H.A. Verhoeven (2002). Monoterpene biosynthesis in
lemon (Citrus limon). cDNA isolation and functional analysis of four
monoterpene synthases. European Journal of Biochemistry 269:3160-3171.

Maciejak, A., Leszczynska, A., Warchol, 1., Gora, M., Kaminska, J., Plochocka, D.,
Sojka, M., Wysocka-Kapcinska, M., Tulacz, D., Siedlecka, J., Swiezewska, E.,
Sojka, M., Danikiewicz, W., Odolczyk, N., Szkopinska, A., Sygitowicz, G.,
and Burzynska, B. (2013). The effects of statins on the mevalonic acid pathway
in recombinant yeast strains expressing human HMG-CoA reductase. BMC
biotechnology, 13(1), 68.

Madon M., Phoon L. Q., Clyde M. M., Mohd A. (2008). Application of flow cytometry
for estimation of nuclear DNA content in Elaeis. J. Oil Palm Res 20 447-452.

Mahmoud, S. S., & Croteau, R. B. (2002). Strategies for transgenic manipulation of
monoterpene biosynthesis in plants. Trends in plant science, 7(8), 366-373.

39



Martin, D. M., Aubourg, S., Schouwey, M. B., Daviet, L., Schalk, M., Toub, O &
Bohlmann, J. (2010). Functional annotation, genome organization and
phylogeny of the grapevine (Vitis vinifera) terpene synthase gene family based
on genome assembly, FLcDNA cloning, and enzyme assays. BMC plant
biology, 10(1), 226.

Martin, V. J., Pitera, D. J., Withers, S. T., Newman, J. D., & Keasling, J. D. (2003).
Engineering a mevalonate pathway in Escherichia coli for production of
terpenoids. Nature biotechnology, 21(7), 796.

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

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., & Irdayu, I. (2014). Succession patterns of fungi associated to
wound-induced agarwood in wild Aquilaria malaccensis revealed from
quantitative PCR assay. World Journal of Microbiology and Biotechnology,
2427-2436.

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.

Morgan H. D., Westoby M. (2005). The relationship between nuclear DNA content
and leaf strategy in seed plants. Ann. Bot. 96 1321-1330.

Mulyaningsih, T., & Yamada, |. (2018). Three new species of Aquilaria
(Thymelaeaceae) from Borneo Indonesia. In AIP Conference Proceedings.
AIP Publishing, 2023 (1), 020114

Naef, R. (2011). The volatile and semi-volatile constituents of agarwood, the infected
heartwood of Aquilaria species: a review. Flavour and Fragrance Journal,
26(2), 73-87.

Ng C. H., Lee S. L., Tnah L. H., Ng K. K. S., Lee C. T., Madon M. (2017). Genome
size variation and evolution in Dipterocarpaceae. Plant Ecol. Divers. 9 437—
446.

Nor Azah, Chan YS, Mailina J, Abu SA, Abd Majid J, Saidatul HS, Nor HH, & Nik
YY (2008). Comparison of chemical profiles of selected gaharu oils from
Peninsular Malaysia. The Malaysian Journal of Analysis Science. 12(2): 338-
340.

Ohri D. (2005). Climate and growth form: the consequences for genome size in plants.
Plant Biol. 7 449-458.

40



Pellicer J., Leitch 1. J. (2014). “The application of flow cytometry for estimating
genome size and ploidy level in plants,” in Molecular Plant Taxonomy:
Methods and Protocols Vol. 1115 ed. Besse P., editor. (New York, NY:
Springer Science+Business Media), 279-307.

Peng, C. S., Osman, M. F., Bahari, N., Zakaria, R., & Rahim, K. A. (2015). Agarwood
inducement technology: a method for producing oil grade agarwood in
cultivated Aquilaria malaccensis Lamk. Journal of Agrobiotechnology, 6, 1-
16.

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, Dordrecht.

Phillips, M. A., Leon, P., Boronat, A., & Rodriguez-Concepcion, M. (2008). The
plastidial MEP pathway: unified nomenclature and resources. Trends in plant
science, 13(12), 619-623.

Pichersky, E., Lewinsohn, E., & Croteau, R. (1995). Purification and characterization
of S-linalool synthase, an enzyme involved in the production of floral scent in
Clarkia breweri. Archives of biochemistry and biophysics, 316(2), 803-807.

Rasool, S., & Mohamed, R. (2016). Understanding agarwood formation and its
challenges. In Agarwood (pp. 39-56). Springer, Singapore.

Rodriguez-Concepcion, M., & Boronat, A. (2002). Elucidation of the methylerythritol
phosphate pathway for isoprenoid biosynthesis in bacteria and plastids. A
metabolic milestone achieved through genomics. Plant physiology, 130(3),
1079-1089.

Santos, M. R., Moreira, F. V., Fraga, B. P., Souza, D. P. D., Bonjardim, L. R., &
Quintans-Junior, L. J. (2011). Cardiovascular effects of monoterpenes: a
review. Revista Brasileira de Farmacognosia, 21(4), 764-771.

Shen Y., Jiao X., Zhao S. (2009). Chromosomal studies on populations of Aquilaria
sinensis. Guangxi Zhi wu 29 192-197

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), 1-10.

Siljak-Yakovlev S., Pustahija F., Soli¢ E. M., Bogunié¢ F., Muratovi¢ E., Bagi¢ N., et
al. (2010). Towards a genome size and chromosome number database of
Balkan flora: C-values in 343 taxa with novel values for 242. Adv. Sci. Lett. 3
190-213.

Singh, B., & Sharma, R. A. (2015). Plant terpenes: defense responses, phylogenetic
analysis, regulation and clinical applications. 3 Biotech, 5(2), 129-151.

41



Siti Suhaila A. R., Norihan M. S., Norwati M., Azah M. N., Mahani M. C.,
Parameswari N., et al. (2015). Aquilaria malaccensis polyploids as improved
planting materials. J. Trop. For. Sci. 27 376-387.

Siti Suhaila A. R., Norihan M. S., Norwati M., Mahani M. C., Azah M. N.,
Parameswari N., et al. (2013). “Chromosome doubling in A. malaccensis
through in-vitro polyploidisation,” in Proceeding of the 10th Malaysian
International Genetics Congress, ed. Genetics Society of Malaysia (Kuala
Lumpur: Genetics Society of Malaysia), 247-250.

Sliwinska, E. (2018). Flow cytometry—a modern method for exploring genome size
and nuclear DNA synthesis in horticultural and medicinal plant species. Folia
Horticulturae, 30(1), 103-128.

Steele, C. L., Crock, J., Bohlmann, J., & Croteau, R. (1998). Sesquiterpene synthases
from grand fir (Abies grandis) comparison of constitutive and wound-induced
activities, and cDNA isolation, characterization, and bacterial expression of d-
selinene synthase and y-humulene synthase. Journal of Biological Chemistry,
273(4), 2078-2089.

Subasinghe, S., & Hettiarachchi, D. (2013). Characterisation of agarwood type resin
of Gyrinops walla Gaertn growing in selected populations in Sri Lanka.
Industrial Crops and Products, 76-79.

Terpe, K. (2003). Overview of tag protein fusions: from molecular and biochemical
fundamentals to commercial systems. Applied microbiology and
biotechnology, 60(5), 523-533.

Tholl, D. (2006). Terpene synthases and the regulation, diversity and biological roles
of terpene metabolism. Current opinion in plant biology, 9(3), 297-304.

Tholl, D., Kish, C.M., Orlova, I., Sherman, Debra., Gershenzon, J., Pichersky, E., &
Dudareva, N. (2004). Formation of Monoterpenes in Antirrhinum majus and
Clarkia breweri flowers involves heterodimeric geranyl diphosphate
synthases. The Plant Cell, 16, 977-992

Tholl, D., & Lee, S. (2011). Terpene specialized metabolism in Arabidopsis thaliana.
The Arabidopsis Book/American Society of Plant Biologists, 9.

Vranova, E., Coman, D., & Gruissem, W. (2013). Network analysis of the MVA and
MEP pathways for isoprenoid synthesis. Annual review of plant biology, 64,
665-700.

Wanke, M., Skorupinska-Tudek, K., & Swiezewska, E. (2001). Isoprenoid
biosynthesis via 1-deoxy-D-xylulose 5-phosphate/2-C-methyl-D-erythritol 4-
phosphate (DOXP/MEP) pathway. ACTA BIOCHIMICA POLONICA-
ENGLISH EDITION-, 48(3), 663-672.

42



War, A. R., Sharma, H. C., Paulraj, M. G., War, M. Y., & Ignacimuthu, S. (2011).
Herbivore induced plant volatiles: their role in plant defense for pest
management. Plant signaling & behavior, 6(12), 1973-1978.

Wise, M.L., T.J. Savage, E. Katahira and R. Croteau (1998). Monoterpene synthases
from common sage (Salvia officinalis). cDNA isolation, characterization, and
functional expression of (+)-sabinene synthase, 1,8-cineole synthase, and (+)-
bornyl diphosphate synthase. Journal of Biological Chemistry 273:14891-
14899.

Wong, M.T., Molecular Cloning and Characterizations of Transcripts Encoding
Terpene Synthase Genes from Aquilaria malaccensis Lam, PhD Thesis,
Universiti Putra Malaysia, Malaysia, 2017.

Wyn, L. T., & Anak, N. A. (2010). Wood for the trees: A review of the agarwood
(gaharu) trade in Malaysia. TRAFFIC Southeast Asia.

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

Xu, Y., Liu, J., Liang, L., Yang, X., Zhang, Z., Gao, Z., Sui, C., & Wei, J. (2014).
Molecular cloning and characterization of three cDNAs encoding 1-deoxy-d-
xylulose-5-phosphate synthase in Aquilaria sinensis (Lour.) Gilg. Plant
physiology and biochemistry, 82, 133-141.

Yagura, T., Ito, M., Kiuchi, F., Honda, G., & Shimada, Y. (2003). Four new 2-(2-
phenylethyl) chromone derivatives from withered wood of Aquilaria sinensis.
Chemical and pharmaceutical bulletin, 51(5), 560-564.

Yin, J. L., Wong, W. S., Jang, I. C., & Chua, N. H. (2017). Co-expression of
peppermint geranyl diphosphate synthase small subunit enhances monoterpene
production in transgenic tobacco plants. New Phytologist, 213(3), 1133-1144.

Zerbe, P., Hamberger, B., Yuen, M. M., Chiang, A., Sandhu, H. K., Madilao, L. M.,
Nguyen, A., hamberger, B., Bach, S. S. & Bohlmann, J. (2013). Gene
discovery of modular diterpene metabolism in non-model systems. Plant
physiology, pp-113.

Zou, M., Xia Z., Lu C., Wang W. (2013). Advances in the study of Aquilaria sinensis
(Lour.). Gilg. Anhui Agric. Sci. Bull. 18 51-53.

43



BIODATA OF STUDENT

Farah Hanani Binti Azman was born on 7" January 1991 in Bentong, Pahang. She is
the second from five siblings. She began her primary education at Sekolah
Kebangsaan Tuanku Fatimah, Bentong, Pahang, before continued her secondary
education at Sekolah Menengah Kebangsaan Bentong. In year 2009, she received
Diploma in Biotechnology Industry from University Selangor before continuing her
study in Forest Science in Universiti Putra Malaysia (UPM) for four years. She
pursued her studies in the field of Forest Biotechnology at the Faculty of Forestry,
UPM in August 2016.

47



PUBLICATION

Farah, A. H., Lee, S. Y., Gao, Z., Yao, T. L., Madon, M., & Mohamed, R. (2018).
Genome Size, Molecular Phylogeny, and Evolutionary History of the Tribe
Aquilarieae (Thymelaeaceae), the Natural Source of Agarwood. Frontiers in
plant science, 9.

48



o

UNIVERSITI PUTRA MALAYSIA
STATUS CONFIRMATION FOR THESIS / PROJECT REPORT AND COPYRIGHT
ACADEMIC SESSION :

TITLE OF THESIS / PROJECT REPORT :
ANALYSIS OF GENOME SIZE OF Aquilaria SPECIES AND CHARACTERIZATION OF
TERPENE SYNTHASE TRANSCRIPTS FROM Aquilaria malaccensis Lam.

NAME OF STUDENT: FARAH HANANI BINTI AZMAN

| acknowledge that the copyright and other intellectual property in the thesis/project report
belonged to Universiti Putra Malaysia and | agree to allow this thesis/project report to be
placed at the library under the following terms:

1. This thesis/project report is the property of Universiti Putra Malaysia.

2. The library of Universiti Putra Malaysia has the right to make copies for educational
purposes only.

3. The library of Universiti Putra Malaysia is allowed to make copies of this thesis for
academic exchange.

| declare that this thesis is classified as :

*Please tick (V)

CONFIDENTIAL (Contain confidential information under Official Secret
Act 1972).
RESTRICTED (Contains restricted information as specified by the

organization/institution where research was done).

OPEN ACCESS | agree that my thesis/project report to be published
as hard copy or online open access.

U00

This thesis is submitted for :

PATENT Embargo from until
(date) (date)

1

Approved by:

(Signature of Student) (Signature of Chairman of Supervisory Committee)
New IC No/ Passport No.: Name:
Date : Date :

[Note : If the thesis is CONFIDENTIAL or RESTRICTED, please attach with the letter from
the organization/institution with period and reasons for confidentially or restricted. ]



	Blank Page
	Blank Page
	Blank Page
	Blank Page



