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Abstract of thesis presented to the Senate of the Universiti Putra Malaysia in fulfillment 

of the requirement for the degree of Doctor of Philosophy 

 

CHARACTERIZATION OF SELECTED Aquilaria SPECIES THROUGH DNA 

BARCODES AND IDENTIFICATION OF WOUND-RESPONSE PROTEINS 

OF Aquilaria malaccensis Lam. 

 

By 

LEE SHIOU YIH 

July 2016 

Chairman: Associate Professor Rozi Mohamed, PhD 

Faculty:  Forestry 

Over-exploitation in search of its valuable non-wood fragrance product, the agarwood, 

has put pressure on the survival of the endangered Aquilaria trees in the wild. The lack 

of genetic information on these species rendered conservation efforts a tough task. 

Agarwood species identification is challenging as conventional techniques alone are 

unable to ascertain the species origin. In this work, the genetic variation within 

Aquilaria species in Peninsular Malaysia, and their relationship to several Aquilaria 

species of foreign origins were studied using molecular approaches. The internal 

transcribed spacer (ITS) of the nuclear region of 19 wild Aquilaria populations from 

different states in Peninsular Malaysia were sequenced and compared to the same 

species residing outside of Malaysia using fresh leaf samples. Single nucleotide 

polymorphisms (SNPs) were identified when comparisons were made between A. 

malaccensis from different countries, suggesting geographical segregation is a 

contributing factor toward genetic variation in A. malaccensis. The phylogenetic 

analysis conducted on the nuclear ribosomal ITS and the intergenic spacer region trnL-

trnF regions of selected agarwood-producing species further revealed that both 

sequences were able to separate two important genera of agarwood tree species 

(Aquilaria and Gyrinops) into two clades, indicating they are paraphyletic. In addition, 

during this study, a critically endangered species, Aquilaria rostrata, endemic to 

Peninsular Malaysia, was rediscovered and compared to other Aquilaria species using 

DNA sequence and taxonomic treatments. For the identification of agarwood species of 

origin, a reference DNA barcode library was developed using eight candidate barcode 

loci (matK, rbcL, rpoB, rpoC1, psbA-trnH, trnL-trnF, ITS, and ITS2) amplified from 

24 leaf accessions of seven Aquilaria species obtained from living trees. The 

combination of trnL-trnF+ITS and trnL-trnF+ITS2 yielded the greatest species 

resolution using the least number of loci combination, while matK+trnL-trnF+ITS 

showed potential in detecting the geographical origins of Aquilaria species. However 

the trnL-trnF+ITS2 was proposed as the best candidate barcode for Aquilaria because 
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the ITS2 is shorter in sequence length compared to ITS. This eases PCR amplification 

especially when using degraded DNA samples. In an attempt to identify processed 

agarwood products, real-time PCR technique coupled with species-specific primers 

derived from SNP positions in the matK and trnL-trnF sequences successfully targeted 

three commercial Aquilaria species: A. crassna, A. malaccensis, and A. sinensis, 

demonstrating their specificity for the purpose of DNA tracing. For identification of 

wound-response related proteins from A. malaccensis tree stem, 16 protein spots were 

identified reproducible between biological replicates under 2D-PAGE, with only two 

protein spots showing regulation in expression after wounding treatment. The two 

proteins were predicted as malate synthase and NADPH quinone oxidoreductase 

subunit 2B. Both proteins were reported to be directly and indirectly related to 

wounding treatments in plants, and thus may be involved in agarwood formation 

mechanism. In conclusion, the molecular information obtained from this study will 

serve as a useful reference in designing in-situ programs to conserve this threatened 

species, contributes to the international timber trade control by providing an effective 

method for species identification and agarwood product authentication, and contributes 

in preliminary information on protein expressions related to agarwood formation in 

Aquilaria. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk Ijazah Doktor Falsafah 

 

PENCIRIAN BAGI SPESIES Aquilaria TERPILIH MELALUI BARKOD DNA 

DAN PENGENALPASTIAN UNTUK PROTEIN TINDAKBALAS LUKA 

Aquilaria malaccensis Lam. 

 

Oleh 

LEE SHIOU YIH 

Julai 2016 

Pengerusi: Profesor Madya Rozi Mohamed, PhD 

Fakulti:  Perhutanan 

Eksploitasi berlebihan untuk mencari produk wangian bukan kayu yang berharga, 

gaharu, telah memberikan tekanan kepada kebolehidupan pokok terancam Aquilaria 

yang tumbuh liar. Kekurangan informasi genetik terhadap spesies ini mengakibatkan 

usaha pemuliharaan merupakan suatu tugas yang sukar. Pengenalpastian spesies gaharu 

adalah mencabar kerana penggunaan teknik konvensional sahaja tidak dapat 

menentukan asal-usul spesies dengan tepat. Dalam kajian ini, variasi genetik bagi 

spesies Aquilaria di Semenanjung Malaysia, serta hubungannya dengan beberapa 

spesies Aquilaria luar negara dikaji menggunakan pendekatan molekul. Penjarak 

jujukan dalam (ITS) di kawasan nuklear bagi 19 populasi liar Aquilaria dari beberapa 

negeri di Semenanjung Malaysia telah dijujuk dan dibandingkan dengan spesies yang 

sama yang bertempat di luar Malaysia dengan menggunakan sampel daun segar. 

Polimorfisme nukleotida tunggal (SNP) telah dikenalpasti semasa perbandingan 

dijalankan dengan A. malaccensis dari negara yang berbeza, yang mana ia 

mencadangkan bahawa pengasingan geografi merupakan satu faktor yang 

menyumbang ke arah variasi genetik dalam A. malaccensis. Analisis filogenetik yang 

dijalankan ke atas ITS ribosom nuklear dan rantau antara penjarak gen trnL-trnF bagi 

spesis gaharu yang terpilih juga mendedahkan bahawa kedua-dua jujukan tersebut 

dapat mengasingkan dua genera penting pokok gaharu (Aquilaria dan Gyrinops) 

kepada dua klad, justeru menunjukkan bahawa mereka adalah parafili. Di samping itu, 

spesies terancam Aquilaria rostrata yang endemik kepada Semenanjung Malaysia telah 

dijumpai semula dan dibandingkan dengan spesies Aquilaria lain menggunakan 

jujukan DNA serta taksonomi. Untuk pengenalpastian spesies asal gaharu, satu 

perpustakaan barkod DNA rujukan telah dibangunkan dengan menggunakan lapan 

calon lokus barkod (matK, rbcL, rpoB, rpoC1, psbA-trnH, trnL-trnF, ITS, dan ITS2) 

yang diamplifikasi daripada 24 aksesi daun dari tujuh spesies Aquilaria yang diperoleh 

daripada pokok hidup. Gabungan trnL-trnF+ITS dan trnL-trnF+ITS2 telah 

menghasilkan resolusi spesies terbesar dengan menggunakan bilangan kombinasi lokus 
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yang sedikit, manakala matK+trnL-trnF+ITS menunjukkan potensi dalam pengesanan 

asal-usul geografi spesies Aquilaria. Walaubagaimanapun, trnL-trnF+ITS2 telah 

dicadangkan sebagai calon barkod terbaik untuk Aquilaria kerana ITS2 mempunyai 

jujukan yang lebih pendek berbanding ITS. Hal ini memudahkan amplifikasi PCR 

terutamanya bagi sampel DNA yang terurai. Dalam usaha untuk mengenalpasti produk 

gaharu yang telah diproses, teknik PCR masa nyata telah digabungkan dengan primer 

yang spesifik kepada spesies tertentu hasil daripada terbitan kedudukan SNP dalam 

jujukan matK dan trnL-trnF, telah berjaya mensasarkan tiga spesies Aquilaria 

komersial: A. crassna, A. malaccensis, dan A. sinensis, justeru menunjukkan 

kekhususan mereka untuk tujuan pengesanan DNA. Bagi mengenalpasti protein 

berkaitan dengan tindakbalas luka daripada batang pokok A. malaccensis, 16 tompok 

protein telah dikenalpasti melalui ulangan biologi di bawah 2D-PAGE, dengan hanya 

dua tompok protein yang menunjukkan perbezaan ekspresi setelah pokok dicederakan. 

Protein tersebut dijangkakan adalah malat synthase dan NADPH quinona 

oxidoreduktas subunit 2B. Kedua protein ini dilaporkan berkait secara langsung dan 

tidak langsung dengan rawatan pencederaan dalam tumbuh-tumbuhan, dan oleh 

demikian ia mungkin terlibat dalam mekanisma pembentukan gaharu. Kesimpulannya, 

informasi molekular yang diperolehi daripada kajian ini akan menyumbang sebagai 

satu rujukan yang berguna dalam perancangan program in-situ bagi memelihara spesies 

terancam ini, menyumbang kepada kawalan perdagangan kayu antarabangsa melalui 

kaedah pengenalpastian spesies yang berkesan dan pengesahan produk gaharu, serta 

menyumbang kepada informasi awalan mengenai ekspresi protein yang berkaitan 

dengan pembentukan gaharu dalam pokok Aquilaria. 
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 CHAPTER 1 

INTRODUCTION 

 

1.1 General 

 

Aquilaria, from the Family of Thymelaeaceae, is an evergreen tropical forest tree, 

which is endemic to the Indomalesia region. The tree is well-known for its rare and 
valuable fragrance non-wood product, the agarwood. The natural production of 

agarwood on Aquilaria trees is commonly associated to exterior wounding on the stem 

and branches due to natural disasters such as wind and lightning, then with its open 

wounds further affected by fungi attacks. These fungal attacks trigger the defense 

mechanism of the tree, produced fragrance resin which creates a wall to prevent further 

penetration against foreign objects. Among 21 accepted species name in the genus 

Aquilaria, only 13 species were reported able to produce agarwood (Ding Hou, 1960; 

Ng et al., 1997; Compton and Zich, 2002; Kiet et al., 2005). However, not all Aquilaria 

individuals were able to produce agarwood naturally in the wild. Agarwood formation 

in Aquilaria is believed to relate to the genotype and environment of the tree. It was 

reported that not all trees in a population produce agarwood, and only a small part of 
the tree itself contains agarwood (Ng et al., 1997). As agarwood resources are rare, 

while its demand is high in the market, agarwood of different qualities can fetch 

incredible prices. This drives agarwood collectors to search for agarwood to make a 

fortune from these trees. Trees in the wild were mechanically wounded using machetes, 

creating wounds to allow fungal infections to form agarwood resins. The continuous 

routine to wound the stem and collect the agarwood on the tree had slowly threatened 

the life of the tree.  

 

The agarwood is an essential resource in the production of traditional medicines. 

Aquilaria sinensis and A. malaccensis are well recognized for their medicinal usage 

such as for relieving spasms and blockage in digestive and respiratory systems. The 
application of agarwood in medicines was backdated since more than 2000 years ago 

and is still strongly practiced in several communities, such as the Chinese, Indian, 

Tibetan and Greek-derived Islamic society (Burfield and Kirkham, 2005). Besides as 

traditional medicines, the captivating fragrance from the burning agarwood was made 

as meditation tools for religious ceremonies. In the Chinese and Indian societies, 

incenses made from agarwood were used for worshiping their Gods, and as for the 

Japanese and Buddhist, incense were burnt for meditation purposes as it promotes a 

relaxing environment through the release of fragrance in the air. Agarwood chips are 

processed for its oil which is commercially known as oud for the Arabs. Being a 

natural ingredient in perfumery, the agarwood oil is able to provide a distinct and long-

lasting smell (Compton and Ishihara, 2004; Lim and Awang Anak, 2010).  Due to the 
booming growth of the agarwood market in the early 21

st
 century, agarwood traders 

and entrepreneurs began to investigate for sustainable agarwood production by 

establishing Aquilaria tree plantations. This is to lift-off reliance on the natural stands, 

which may led to breaching the law in illegal agarwood (Edy Komar et al., 2014). The 

effort in producing sustainable agarwood resources was aided by various agarwood 

induction techniques for agarwood formation in these cultivated trees. Aquilaria trees 
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cultivation may help in reducing the exploitation of Aquilaria natural stands and at the 

same time promotes the growth of the agarwood industry to an even competitive 

market for both quality and sustainable agarwood production (Pojanagaroon and 

Kaewrak, 2005). 

 

1.2 Problem Statements 

 

Indiscriminate felling was reported in the wild due to illegal harvesting in search of 

agarwood, threatening the natural reproduction cycle in the nature, resulting in 
population decline over the years. The first species in Aquilaria to be reported 

endangered and listed in the CITES Appendix II was A. malaccensis in 1995. The list 

expanded in 2005 to all species under Aquilaria, together with the inclusion of a 

closely –related agarwood-producing genus, Gyrinops. The continuously increasing 

demand for agarwood drives traders to locate for alternative sources, indirectly posing 

a threat towards its habitat. At the same time, the International Union for Conservation 

of Nature and Natural Resources (IUCN) had taken the initiative to list nine Aquilaria 

species under the IUCN Red List of Threatened Species since 1998, highlighting the 

endangered status of these species in the wild and possible of extinction if conservation 

measurements are not taken seriously. 

 

1.3 Justification 

 

The decline in natural Aquilaria populations has raised the alarm among naturalists and 

conversationists to protect and conserve its gene pool resources. In order to develop 

effective breeding programmes and to identify the genetic structure of these natural 

Aquilaria populations, studies on the genetic diversity through DNA approaches is an 

important first step towards conservation efforts. Molecular markers that utilize DNA 

polymorphism have always been the first choice for most researchers in investigating 

genetic diversity and genetic structure of natural populations. DNA-based studies on 

Aquilaria species started to pick-up from 2005 onwards after TRAFFIC had pointed 
out the need to secure the natural Aquilaria resources in the wild. 

 

Molecular markers and DNA fingerprinting techniques have developed rapidly over the 

years and have been applied widely in plant identification. The advantages of using 

DNA in analyzing the plant samples is that they provide rich, reliable, high 

polymorphic genetic information which is not easily influenced by environment 

changes. In this study, genetic information of these endangered tree species will be 

generated as it is a requisite step towards conserving their natural habitat and genetic 

diversity. Sufficient information on genetic variation and useful species identification 

techniques will help conservation efforts such as in setting up suitable breeding 
programmes, and in assisting in timber trade controls. 
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1.4 Objectives 

 

The general objective of this study was to characterize selected Aquilaria species using 

molecular techniques. 

 

The specific objectives of this study include: 

 

1. To identify the genetic variation within two Aquilaria species in Peninsular 

Malaysia using gene markers from nuclear ribosomal internal transcribed 
spacer (ITS) region and chloroplast intergenic spacer region trnL-trnF. 

 

2. To determine the genetic diversity of agarwood-producing trees of different 

species and related genera using using gene markers from ITS and trnL-trnF 

regions at taxa level. 

 

3. To create DNA barcodes for selected Aquilaria species and demonstrate their 

use in tracing agarwood species. 

 

4. To characterize wound-response peptides from Aquilaria malaccensis using 

two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and matrix-

assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-

TOF MS). 

  



© C
OPYRIG

HT U
PM

120 

 

REFERENCES 

 

Alvarez, I and Wendel J.F. 2003. Ribosomal ITS sequences and plant phylogenetic 

inference. Molecular Phylogenetics and Evolution 29: 417-434. 

Anderson, J.A.R. 1980. A checklist of the trees of Sarawak. Kuching: Forest 
Department, Sarawak. 

Andianto. 2010. Anatomical features of five species producing-eaglewood and two 

related species. Jurnal Penelitian Hasil Hutan 28: 169-183. 

Angiosperm Phylogeny Group. 1998. An ordinal classification for the families of 
flowering plants. Annals of the Missouri Botanical Garden 85: 531–553. 

Antonopoulou, M., Compton, J., Perry, L.S. and Al-Mubarak, R. 2010. The trade and 

use of agarwood (Oudh) in the United Arab Emirates. Selangor: TRAFFIC 

Southeast Asia. 

Aroonrungsikul, C. and Wongsatain, W. 2010. Seed quality of some cloning of 

agarwood (Aquilaria crassna) in Trad Province area, In Proceedings of the 48th 

Kasetsart University Annual Conference, Subject: Plants, Kasetsart, March 3-5, 

2010. Kasetsart University. 

Aroonrungsikul, C., Karwsuwan, U. and Wongsatain, W. 2009. Preliminary study of 

agarwood (Aquilaria crassna) fruit and seed storage. In Proceedings of the 47th 

Kasetsart University Annual Conference, Subject: Plants. Kasetsart, March 17-
20, 2009. Kasetsart University. 

Asdar, M. 2007. The anatomical characteristics of Eaglewood (Gyrinops versteegii 

(Gilg.) Domke) from Gorontalo. Jurnal Perennial 3: 6-10. 

Ashfaq, M., Asif, M., Anjum, Z.I. and Zafar, Y. 2013. Evaluating the capacity of plant 
DNA barcodes to discriminate species of cotton (Gossypium: Malvaceae). 

Molecular Ecology Resources 13: 573-582. 

Azarkan, M., Wintjens, R., Looze, Y. and Baeyens-Volant, D. 2004. Detection of three 

wound-induced proteins in papaya latex. Phytochemistry 65: 525-534. 

Baldwin, B.G., Sanderson, M.J., Porter, J.M., Wojciechowski, M.F., Campbell, C.S. 

and Donoghue, M.J. 1995. The ITS region of nuclear ribosomal DNA: a 

valuable source of evidence on angiosperm phylogeny. Annals of the Missouri 

Botanical Garden 247-277. 

Baldwin, B.G. 1992. Phylogenetic utility of the internal transcribed spacers of nuclear 

ribosomal DNA in plants: An example from the Compositae. Molecular 

Phylogenetics and Evolution 1: 3-16. 

Ball, S.L. and Armstrong, K.F. 2006. DNA barcodes for insect pest identification: a 

test case with tussock moths (Lepidoptera: Lymantriidae). Canadian Journal of 

Forest Research 36: 337-350. 



© C
OPYRIG

HT U
PM

121 

 

Barden, A., Awang Anak, N., Mulliken, T. and Song, M. 2000. Heart of the matter: 

agarwood use and trade and CITES implementation for Aquilaria malaccensis. 

Cambridge: Traffic International. 

Borisenko, A.V., Lim, B.K., Ivanova, N.V., Hanner, R.H. and Hebert, P.D. 2008. DNA 

barcoding in surveys of small mammal communities: a field study in Suriname. 

Molecular Ecology Resources 8: 471-479. 

Browne, F.G. 1955. Forest Trees of Sarawak and Brunei. Kuching: Government 

Printing Office. 

Burfield, T. and Kirkham, K. 2005. The Cropwatch files – The Agarwood Files. 

Retrieved 3 August 2015 from http://www.cropwatch.org/agarwood.htm 

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M. et al. 
2009. The MIQE guidelines: Minimum information for publication of 

quantitative real-time PCR experiments. Chinical Chemistry 55: 611-622. 

Che, J., Chen, H.M., Yang, J.X., Jin, J.Q., Jiang, K.E., Yuan, Z.Y. et al. 2012. 

Universal COI primers for DNA barcoding amphibians. Molecular Ecology 

Resources. 12: 247-258. 

Chen, S., Pang, X., Song, J., Shi, L., Yao, H., Han, J. and Leon, C. 2014. A renaissance 

in herbal medicine identification: From morphology to DNA. Biotechnology 

Advances 32: 1237-1244. 

Chen, S., Yao, H., Han, J., Liu, C., Song, J., Shi, L. et al. 2010. Validation of the ITS2 

region as a novel DNA barcode for identifying medicinal plant species. PloS 

One 5: e8613. 

Cheng, T., Xu, C., Lei, L., Li, C., Zhang, Y.and Zhou, S. 2015. Barcoding the kingdom 

Plantae: new PCR primers for ITS regions of plants with improved universality 

and specificity. Molecular Ecology Resources Doi: 10.1111/1755-0998.12438 

Chinese Pharmacopoeia Commission. 2010. Pharmacopeia of the People’s Republic of 

China. Volume 1. China Medical Science Press. 

Chua, L.S.L. Agarwood (Aquilaria malaccensis) in Malaysia. Paper presented at the 

International Expert Workship on CITES Non-Detriment Findings, Mexico. 

November 2008. 

Compton, J. and Ishihara, A. 2004. The use and trade of agarwood in Japan. TRAFFIC 
Southeast Asia and TRAFFIC East Asia-Japan. 

Compton, J.G.S., and Zich, F.A. 2002. Gyrinops ledermannii (Thymelaeaceae) being 

an agarwood-producing species prompts call for further examination of 

taxonomic implications in the generic delimitation between Aquilaria and 

Gyrinops. Flora Malesiana Bulletin 13: 61-65.  

Convention on International Trade in Endangered Species of Wild Fauna and Flora 

(CITES). Resolutions of the Conference of the Parties. Paper presented at the 



© C
OPYRIG

HT U
PM

122 

 

Ninth meeting of the conference of the parties, Fort Lauderdale, USA, 

November 1994. 

Convention on International Trade in Endangered Species of Wild Fauna and Flora 

(CITES). Consideration of Proposals for Amendment of Appendices I and II- 

Aquilaria spp. and Gyrinops spp. Paper presented at the Thirteenth meeting of 

the Conference of the Parties, Bangkok, Thailand. October 2004. 

Costa, C.M. and Roberts, R.P. 2014. Techniques for improving the quality and quantity 

of DNA extracted from herbarium specimens. Phytoneuron 48: 1-8. 

Cronquist, A.1988. The evolution and classification of flowering plants, 2nd edition. 

USA: The New York Botanical Garden Bronx. 

Decaisne J (1843) Gyrinopsis Decne. Annales des Sciences Naturelles 19: 41. 

Després, L., Gielly, L., Redoutet, B. and Taberlet, P. 2003. Using AFLP to resolve 

phylogenetic relationships in a morphologically diversified plant species 

complex when nuclear and chloroplast sequences fail to reveal variability. 

Molecular Phylogenetics and Evolution 27: 185-196. 

Domke, W. 1934. Untersuchungen über die systematische und geographische 

Gliederung der Thymelaeaceen. Bibliotheca Botanische 27: 1–151. 

Don, G. 1832. A General History of the Dichlamydeous Plants, Volume 2. London: J.G. 

and F. Rivington. 

Duke, J.A. 2007. Duke's Handbook of Medicinal Plants of the Bible. USA: CRC Press. 

Edy Komar, T., Wardani, M., Hardjanti, F.I. and Ramdhania, N. 2014. In-situ and ex-

situ conservation of Aquilaria and Gyrinops: A Review. Bogor: Forestry 
Research, Development, and Innovation Agency (FORDA) and International 

Tropical Timber Organization (ITTO) CITES Phase II Project. 

Escher, C. L. and Widmer, F. 1997. Lipid mobilization and gluconeogenesis in plants: 

do glyoxylate cycle enzyme activities constitute a real cycle? A hypothesis. 

Biological chemistry 378: 803-813. 

Eurlings, M.C.M. and Gravendeel, B. 2005. TrnL-trnF sequence data imply paraphyly 

of Aquilaria and Gyrinops (Thymelaeaceae) and provide new perspectives for 

agarwood identification. Plant Systematics and Evolution 254: 1-12. 

Faridah-Hanum, I., Mustapa, M.Z., Lepun, P., Tuan Marina, T.I., Nazre, M., Alan, R. 

and Mohamed, R. 2009. Notes on the distribution and ecology of Aquilaria Lam. 

(Thymelaeaceae) in Malaysia. The Malaysian Forester 72: 247-259. 

Flora Reipublicae Popularis Sinicae. 1999. Retrieved on 3 August 2015 from 

http://www.eflora.cn 

Forestry Department of Peninsular Malaysia (FDPM). 2005. Taburan bilangan pokok 

karas mengikut negeri. Inventori Hutan Nasional Ke 4. Jabatan Perhutanan 

Semenanjung Malaysia. 



© C
OPYRIG

HT U
PM

123 

 

Gao, Q., Zhang, D., Duan, Y., Zhang, F., Li, Y., Fu, P. and Chen, S. 2012. Intraspecific 

divergences of Rhodiola alsia (Crassulaceae) based on plastid DNA and internal 

transcribed spacer fragments. Botanical Journal of the Linnean Society 168: 

204-215. 

Gasson, P., 2011. How precise can wood identification be? Wood anatomy’s role in 

support of the legal timber trade, especially CITES. IAWA Journal 32: 137-154. 

Gaudeul, M., Gardner, M.F., Thomas, P., Ennos, R.A. and Hollingsworth, P.M. 2014. 

Evolutionary dynamics of emblematic Araucaria species (Araucariaceae) in 

New Caledonia: nuclear and chloroplast markers suggest recent diversification, 

introgression, and a tight link between genetics and geography within species. 

BMC Evolutionary Biology 14: 171 

Gaudeul, M., Rouhan, G., Gardner, M.F. and Hollingsworth, P.M. 2012. AFLP 

markers provide insights into the evolutionary relationships and diversification 

of New Caledonian Araucaria species (Araucariaceae). American Journal of 

Botany 99: 68-81. 

Gilg, E. 1894. Thymelaeaceae. In Die Natürlichen Pflanzenfamilien III, 6a, ed. A. 

Engler,. and K. Prantl, pp. 216–245. Leipzig: Engelman. 

Gregory, T.R. 2004. Insertion–deletion biases and the evolution of genome size. Gene 

324: 15-34. 

Hailier, J.G. 1922. Beiträge zur Kenntnis der Thymelaeaceen und ihrer natüralichen 

Umgrenz-ungen. Meded. Rijaks-Herb 44: 1-31. 

Hamilton, F. 1836. Chapter 11: A Commentary on the Second Book of the Herbarium 

Amboinense. In Memoirs of the Wernerian Natural History Society, Volume 6. 

pp. 268-333. London: Adam Black and Longman. 

Hebert, P.D., Cywinska, A. and Ball, S.L. 2003. Biological identifications through 

DNA barcodes. Proceedings of the Royal Society B: Biological Sciences 270: 
313-321. 

Hebert, P.D., Stoeckle, M.Y., Zemlak, T.S. and Francis, C.M. 2004. Identification of 

birds through DNA barcodes. PLoS Biology. 2: 1657-1663. 

Herber, B.E. 2002. Pollen morphology of the Thymelaeaceae in relation to its 
taxonomy. Plant Systematics and Evolution 232: 107–121. 

Herber, B.E. 2003. Thymelaeaceae. In The Families and Genera of Vascular Plants, 

Volume 5: Flowering Plants Dicotyledons (Malvales, Capparales and Non 

betalain Caryoplyllales), ed. K. Kubitzki and C. Bayer, pp 373-438. Germany: 

Springer-Verlag Berlin Heidelberg. 

Heywood, V.H. 1993. Flowering Plants of the World. London: B. T. Batsford Ltd. 

Hô, P.H. 1992. Aquilaria (Thymelaeaceae). In Flora of Cambodia, Laos and Vietnam, 

ed. P. Morat, pp. 51. Parisin: Museum National d'Histoire Naturelle. 



© C
OPYRIG

HT U
PM

124 

 

Hollingsworth, P.M., Forrest, L.L., Spouge, J.L., Hajibabaei, M., Ratnasingham, S., 

van der Bank, M. et al. 2009. A DNA barcode for land plants. Proceedings of 

the National Academy of Sciences U S A. 106: 12794-12797. 

Hou, D. 1960. Thymelaeaceae. In Flora Malesiana Series I, Volume 6, ed. C.G.G.J. 

Van Steenis, pp. 1-48. Netherlands: Wolter-Noorhoff Publishing. 

Hou, D. 1964. Notes on some asiatic species of Aquilaria (Thymelaeaceae). Blumea 12: 

285-288. 

Hutchinson, J. 1967. The Genera of Flowering Plants. Volume II, Dicotyledons. Oxford: 

Clarendon Press. 

Ito, M. and Honda, G. 2005. Taxonomical identification of agarwood-producing 

species. Natural Medicines 59: 104-112. 

Jiao, L., Yin, Y., Cheng, Y. and Jiang, X. 2014. DNA barcoding for identification of 

the endangered species Aquilaria sinensis: comparison of data from heated or 

aged wood samples. Holzforschung 68: 487-494. 

Karlinasari, L., Indahsuary, N., Kusumo, H.T., Santoso, E., Turjaman, M. and Nandika, 

D. 2015 Sonic and ultrasonic waves in agarwood trees (Aquilaria microcarpa) 

inoculated with Fusarium solani. Journal of Tropical Forest Science 27: 351-

356. 

Kiet, L.C., Kessler, P.J.A. and Eurlings, M.C.M. 2005. A new species of Aquilaria 
(Thymelaeaceae) in Vietnam. Blumea 50: 135-141. 

Kim, I. and Park, B. 2011. A study on the actual origin species of Aquilaria 

malaccensis imported from Indonesia. The Korea Journal of Herbology 26: 97-

101. 

Kimura, M. 1980. A simple method for estimating evolutionary rates of base 

substitutions through comparative studies of nucleotide sequences. Journal of 

Molecular Evolution 16: 111-120. 

Klein, D. 2002. Quantification using real-time PCR technology: applications and 

limitations. Trends in Molecular Medicine 8: 257-260 

Kress, W.J. and Erickson, D.L. 2007. A two-locus global DNA barcode for land plants: 

the coding rbcL gene complements the non-coding trnH-psbA spacer region. 

PLoS One 2: e508. 

Kumeta, Y. and Ito, M. 2010. Characterization of δ-guaiene synthases from cultured 

cells of Aquilaria, responsible for the formation of the sesquiterpenes in 

agarwood. Plant physiology 154: 1998-2007. 

Lau, K.H. and Chua, L.S.L. 2011. Conservation of Aquilaria (Thymelaeaceae) in 

Peninsular Malaysia. In Asia and the pacific workshop: Multinational and 

transboundary conservation of valuable and endangered forest tree species, 

IUFRO World Series Vol. 30, ed. H. Sim, S. Abdul Hamid, M. Li, pp. 43-45. 

Vienna: IUFRO Headquarters. 



© C
OPYRIG

HT U
PM

125 

 

Lau, K.H. 2015. Agarwood flowering: masting or coincidence? Conservation Malaysia 

20: 1-2. 

Lee, S.Y. and 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., Weber, J.S. and 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: 

202-211. 

Lee, S.Y., Faridah-Hanum, I. and Mohamed, R. 2013. Vegetative description of three 

Aquilaria (Thymelaeaceae) saplings in Malaysia. Pertanika Journal of Tropical 
Agricultural Science 36: 287-294. 

Li, D.Z., Gao, L.M., Li, H.T., Wang, H., Ge, X.J., Liu, J.Q. et al. 2011. Comparative 

analysis of a large dataset indicates that internal transcribed spacer (ITS) should 

be incorporated into the core barcode for seed plants. Proceedings of the 

National Academy of Sciences U S A. 108: 19641-19646. 

Li, X., Yang, Y., Henry, R.J., Rossetto, M., Wang, Y. and Chen, S. 2015. Plant DNA 

barcoding: from gene to genome. Biological Reviews 90: 157-166. 

Li, T. 1998. Nguyen Cochinchina: Southern Vietnam in the Seventeenth and Eighteenth 

Centuries (No. 23). SEAP Publications. 

Lim, T.W. 2012. Aquilaria rostrata. The IUCN red list of threatened species. Version 

2015.2. Retrieved 3 August 2015 from 

http://www.iucnredlist.org/details/31810/0 

Lim, T.W. and Awang Anak, N., 2010. Wood for the Trees: A Review of the Agarwood 

(Gaharu) Trade in Malaysia. Traffic Southeast Asia. 

Lok, E.H. and Yahya, A.Z. 1996. The growth performance of plantation grown 

Aquilaria malaccensis in Peninsular Malaysia. Journal of Tropical Forest 

Science. 8: 573-575. 

Mabberley, D.J. 2008. Mabberley's plant-book: a portable dictionary of plants, their 

classifications, and uses. Cambridge University Press. 

Marino, D., Dunand, C., Puppo, A. and Pauly, N. 2012. A burst of plant NADPH 

oxidases. Trends in Plant Science 17: 9-15. 

Meier, R., Shiyang, K., Vaidya, G. and Ng, P.K. 2006. DNA barcoding and taxonomy 

in Diptera: a tale of high intraspecific variability and low identification success. 
Systematic Biology 55: 715-728. 

Mohamad, A., Azhari, M.H., Ismail, S.N. and Parween, K.S.A.S. 2013. Optimization 

of ISSR markers for molecular DNA fingerprinting in Aquilaria sp [Electronic 

version]. Nuclear Technical Convention 2013. 



© C
OPYRIG

HT U
PM

126 

 

Mohamed, R., Tan, H.Y. and Siah, C.H. 2012. A real-time PCR method for the 

detection of trnL-trnF sequence in agarwood and products from Aquilaria 

(Thymelaeaceae). Conservation Genetic Resources 4: 803-806. 

Mohamed, R., Wong, M. T. and Halis, R. 2013. Microscopic observation of Gaharu 

wood from Aquilaria malaccensis. Pertanika Journal of Tropical Agricultural 

Science 36: 43-50. 

Nakashima, E.M., Nguyen, M.T., Tran, Q.L. and Kadota S. 2005. Field survey of 

agarwood cultivation at Phu Quoc Island in Vietnam. Journal of Traditional 

Medicines 22: 296-300. 

Navarro, E., Serrano-Heras, G., Castano, M.J., Solera, J. 2015. Real-time PCR 

detection chemistry. Clinica Chimica Acta 439: 231-250. 

Neves, S.S. and Forrest, L.L. 2011. Plant DNA sequencing for phylogenetic analyses: 

from plants to sequences. In Network Biology, ed. G. Cagney and A. Emili, pp. 

183-235. Humana Press. 

Ng, L.T., Chang, Y.S. and Kadir, A.A. 1997. A review on agar (gaharu) producing 
Aquilaria species. Journal of Tropical Forest Products 2: 272-285. 

Nithaniyal, S., Newmaster, S.G., Ragupathy, S., Krishnamoorthy, D., Vassou, S.L. and 

Parani, M. 2014. DNA barcode authentication of wood samples of threatened 

and commercial timber trees within the tropical dry evergreen forest of India. 

PloS One 9: e107669. 

Niu, X.L., Ji, K.P. and Lu, G.Q. 2010. Preliminary studies on identification of 

Aquilaria sinensis (L.) Gilg by the PCR product of rDNA ITS sequencing. 

Guangdong Nong Ye Ke Xue 37: 167-169. 

Nobuchi, T., Siripatanadilok, S. 1991. Preliminary observation of Aquilaria crassna 

wood associated with the formation of aloeswood. Bulletin of the Kyoto 

University Forests 63: 226-235. 

Pojanagaroon, S. and Kaewrak, C. 2005. Mechanical methods to stimulate aloes wood 

formation in Aquilaria crassna Pierre ex H.Lec. (kritsana) trees. Acta Hortic 

676: 161–66. 

Pua, E. C., Chandramouli, S., Han, P. and Liu, P. 2003. Malate synthase gene 
expression during fruit ripening of Cavendish banana (Musa acuminata cv. 

Williams). Journal of Experimental Botany 54: 309-316. 

Quisumbing, E. 1946. A critical study of Philippine species of the tribe Aquilarieae, 

family Thymelaeaceae. Journal of Arnold Arboretum 27: 401-407. 

Rautenbach, M. 2008. Gnidia L. (Thymelaeaceae) is not monophyletic: taxonomic 

implications for Gnidia and its relatives in Thymelaeoideae, PhD Thesis, 

University of Johannesburg. 

Ridley, H.N. 1924. Thymelaeaceae.In The Flora of the Malay Peninsula, Vol. 3, ed. 

H.N. Ridley, pp. 143-148. London: L. Reeve & Company, Limited. 



© C
OPYRIG

HT U
PM

127 

 

Ridley, H.N. 1901. Garu and Chandan. In Royal Asiatic Society of Great Britain and 

Ireland Straits Branch, Journal of the Straits Branch of the Royal Asiatic 

Society, Volume 35-36, pp. 73-82. 

Rimbawanto, A. and Widyatmoko, A.Y.P.B.C. 2011. Identifikasi Aquilaria 

malaccensis dan Aquilaria microcarpa dengan RAPD Marker. Jurnal 

Pemuliaan Tanaman Hutan 5: 23-30. 

Royle, J.F. 1839. Illustrations of the Botany and Other Branches of the Natural History 

of the Hamalayan Mountains and of the Flora of Cashmere, Volume 1. London: 

WM. H. Allen and Company. 

Saikia, P. and Khan, M.L. 2012. Phenology, seed biology and seedling survival and 

growth of Aquilaria malaccensis: a highly exploited and red listed tree species 
of North East India. Indian Forester 138: 289-295. 

Sambrook, J. and Russel, D.W. 2001. Molecular cloning: A laboratory manual. Third 

edition. New York: Cold Spring Harbor Laboratory Press. 

Sang, T., Crawford, D.J., Stuessy, T.F. 1997. Chloroplast DNA phylogeny, reticulate 
evolution and biogeography of Paeonia (Paeoniaceae). American Journal of 

Botany. 4: 1120-1136. 

Sass, C., Little, D.P., Stevenson, D.W. and Specht, D.C. 2007. DNA barcoding in the 

cycadales: testing the potential of proposed barcoding markers for species 

identification of cycads. PLoS One. 2: e115. 

Schmidt, L.H. and Nguyen, X.L. 2004. Aquilaria crassna Pierre. Seed Leaflet 100. 

Shen, Y., Yan, P., Zhao, X., Pang, Q. and Zhao, S. 2008. Application of ISSR marker 

and ITS sequence to investigation of genetic variation of Aquilaria sinensis. 

Journal of South China University of Technology (Natural Science Edition) 36: 

128-132. 

Shen, Y.J., Tan, X.M., Zhao, X., Pang, Q.H. and Zhao, S.J. 2009. Ribosomal DNA ITS 

sequence analysis of Aquilaria sinensis from different geographical origin in 

China. China Journal of Traditional Chinese Medicine and Pharmacy. 4: 46. 

Shen, S., Jing, Y. and Kuang, T. 2003. Proteomics approach to identify 

wound‐ response related proteins from rice leaf sheath. Proteomics 3: 527-535. 

Society for the Difussion of Useful Knowledge. 1838. The Penny Cyclopaedia of the 

Society for the Difussion of Useful Knowledge, Volume 9. London: Charles 

Knight and Company. 

Soehartono, T. and Newton, A.C. 2001. Reproductive ecology of Aquilaria spp. in 
Indonesia. Forest Ecology and Management. 152: 59-71. 

Song, J., Shi, L., Li, D., Sun, Y., Niu, Y., Chen, Z. et al. 2012. Extensive 

pyrosequencing reveals frequent intra-genomic variations of internal transcribed 

spacer regions of nuclear ribosomal DNA. PLoS One 7: e43971. 



© C
OPYRIG

HT U
PM

128 

 

Subasinghe, S.M.C.U.P., Hettiarachchi, D.S. and Rathnamalala, E. 2012. Agarwood-

type Resin from Gyrinops walla Gaertn: A New Discovery. Journal of Tropical 

Forestry and Environment, 2: 44-49. 

Suharyanto and Shiraishi, S., 2011. An identification system using multiplex allele-

specific PCR assay in the Japanese black pine (Pinus thunbergii Parl.). Breeding 

Science 61: 301-306. 

Susilo, A., Kalima, T. and Santoso, E. 2014. Status taksonomi dan Populasi :Jenis-

jenis Aquilaria dan Gyrinops. Bogor: Forestry Research, Development, and 

Innovation Agency (FORDA) and International Tropical Timber Organization 

(ITTO) CITES Phase II Project. 

Suzuki, N., Miller, G., Morales, J., Shulaev, V., Torres, M. A. and Mittler, R. 2011. 
Respiratory burst oxidases: the engines of ROS signaling. Current opinion in 

plant biology 14: 691-699. 

Taberlet, P., Gielly, L., Patou, G., Bouvet, J. 1991. Universal primers for amplification 

of three noncoding regions of chloroplast DNA. Plant Molecular Biology 17: 

1105-1109. 

Tabin, T. and Shrivastava, K. 2014. Factors affecting seed germination and 

establishment of critically endangered Aquilaria malaccensis (Thymelaeaceae). 

Asian Journal of Plant Science and Research 4: 41-46. 

Takase, H., Sasaki, K., Shinmori, H., Shinohara, A., Mochizuki, C., Kobayashi, H. and 

Takata, R. 2015. Cytochrome P450 CYP71BE5 in grapevine (Vitis vinifera) 

catalyzes the formation of the spicy aroma compound (−)-rotundone. Journal of 
Experimental Botany Doi: 10.1093/jxb/erv496 

Takeuchi, W. and Golman, M. 2002. The identity of Eaglewood (Gyrinops, 

Thymelaeaceae), a new economic resource for Papua New Guinea. SIDA, 

Contributions to Botany 20: 261-267. 

Tamura, K., Stecher, G., Peterson, D., Filipski, A. and Kumar, S. 2013. MEGA6: 

Molecular evolutionary genetics analysis version 6.0. Molecular Biology and 

Evolution 30: 2725-2729. 

Tangmitcharoen, S., Yongrattana, P., Luangvirivasaeng, V., Tasen, W., Chantbep, P. 

and Saengtubtim, S. 2008. Floral Biology of Aquilaria crassna Pierre ex 

Lecomte. Thai Journal of Forestry 27: 1-13. 

Tate, J.A. and Simpton, B.B. Paraphyly of Tarasa (Malvaceae) and diverse origins of 

the polyploidy species. Systematic Botany 28: 723-737. 

Tawan, C.S. 2004. Thymelaeceae. In Tree flora of Sabah and Sarawak. Vol. 5, eds. E. 

Soepadmo, L.G. Saw, R.C.K. Chung, pp. 133-484. Kuala Lumpur: Forest 

Research Institute Malaysia. 

Techen, N., Parveen, I., Pan, Z. and Khan, I.A. 2014. DNA barcoding of medicinal 

plant material for identification. Current Opinion in Biotechnology 25: 103-110. 



© C
OPYRIG

HT U
PM

129 

 

The International Plant Names Index (IPNI). 2012. Retrieved 3 August 2015 from 

http://www.ipni.org 

The IUCN Red List of Threatened Species (IUCN). 2015. Version 2015.2. Retrieved 3 

August 2015 from http://www.iucnredlist.org. 

The Plant List. 2013. Version 1.1. Retrieved 17 July 2015 from 

http://www.theplantlist.org 

Tnah, L.H., Lee, C.T., Lee, S.L., Ng, K.K.S., Ng, C.H., Nurul-Farhanah, Z., Lau, H. 

and Chua, L.S.L. 2012 Isolation and characterization of microsatellite markers 

for an important tropical tree, Aquilaria malaccensis (Thymelaeaceae). 

American Journal of Botany 99: e431-e433. 

Toruan-Mathius, N., Rahmawati, D. and Anidah. 2009. Genetic variations among 

Aquilaria species and Gyrinops versteegii using Amplified Fragment Length 

Polymorphism markers. Biotropia 16: 88-95. 

Tropicos. 2015a. Missouri Botanical Garden. Retrieved 30 August 2015 from 

http://www.tropicos.org/ 

Tropicos. 2015b. Missouri Botanical Garden. Retrieved 30 August 2015 from 

http://www.tropicos.org/Name/50314049 

Tropicos. 2015c. Missouri Botanical Garden. Retrieved 30 August 2015 from 

http://www.tropicos.org/Name/50314819 

UNEP-WCMC (Comps.). 2015 The Checklist of CITES Species Website. Retrieved 17 

July 2015 from http://checklist.cites.org 

Valentini, A., Pompanon, F. and Taberlet, P. 2009. DNA barcoding for ecologists. 
Trends in Ecology and Evolution 24: 110-117. 

Van der Bank, M., Fay, M.F. and Chase, M.W. 2002. Molecular phylogenetics of 

Thymelaeaceae with particular reference to African and Australian genera. 

Taxon 51: 29-339. 

Ward, R.D., Hanner, R., Hebert, P.D. 2009. The campaign to DNA barcode all fishes, 

FISH‐ BOL. Journal of Fish Biology 74: 329-356. 

Watt, G. 2014. A Dictionary of the Economic Products of India, Volume 1. Cambridge 

University Press. 

Whitmore, T.C. 1973 Thymelaeaceae. Order 28: Myrtiflorae. In Tree Flora of Malaya 

– A Manual for Foresters, pp. 1: 18, 2: 383-391. Selangor: Longman.  

Wong, M. T., Siah, C. H., Faridah, Q. Z. and Mohamed, R. 2013. Characterization of 

wound responsive genes in Aquilaria malaccensis. Journal of Plant 

Biochemistry and Biotechnology 22: 168-175. 



© C
OPYRIG

HT U
PM

130 

 

Xin, T., Li, X., Yao, H., Lin, Y., Ma, X., Cheng, R. et al. 2015. Survey of commercial 

Rhodiola products revealed species diversity and potential safety issues. 

Scientific Reports 5: 8337. 

Xin, T., Yao, H., Gao, H., Zhou, X., Ma, X., Xu, C. et al. 2013. Super food Lycium 

barbarum (Solanaceae) traceability via an internal transcribed spacer 2 barcode. 

Food Research International 54: 1699-1704. 

Xu, Y., Zhang, Z., Wang, M., Wei, J., Chen, H., Gao, Z. and Meng, H. 2013. 

Identification of genes related to agarwood formation: transcriptome analysis of 

healthy and wounded tissues of Aquilaria sinensis BMC genomics 14: 227. 

Yang, D.J., Qiu, Q., Wen, J. 2007. Preliminary study on Aquilaria sinensis cultivate in 

mountainous area and the growth rule of young plantation. Guangxi Forestry 
Science 4: 8. 

Yao, H., Song, J., Liu, C., Luo, K., Han, J., Li, Y. et al. 2010. Use of ITS2 region as the 

universal DNA barcode for plants and animals. PloS One 5: e13102. 

Zhang, Z., Yang, Y., Meng, H., Sui, C., Wei, J. H. and Chen, H. Q. 2010. Advances in 
studies on mechanism of agarwood formation in Aquilaria sinensis and its 

hypothesis of agarwood formation induced by defense response. Chinese 

Traditional and Herbal Drugs 41: 156-159. 

Zhou, M., Xia, Z., Lu, C., Wang, H., Ji, J. and Wang, W. 2012. Genetic diversity and 

differentiation of Aquilaria sinensis (Lour.) Gilg revealed by ISSR and SRAP 

markers. Crop Science 52: 2304-2313. 

  


	full-cover_B5_edited
	Full abstract_B5_edited
	full-text_B5_editedNEW



