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METABOLITE PROFILING OF Boesenbergia rotunda TISSUE CULTURE
CALLUS RELATED TO EMBRYOGENESIS AND PLANT

REGENERATION

ABSTRACT
Boesenbergia rotunda or fingerroot ginger is commonly found in South East Asia and
traditionally used to treat common illnesses. Interest in the medicinal properties of B.
rotunda has led to the tissue culture studies of this plant. The exploitation of culture
conditions can be expected to affect production of different calli types and cell
metabolites. Hence, analysis of primary and secondary metabolites as well as hormones
was performed by Ultra Performance Liquid Chromatography Mass Spectrometry to
determine the biochemical changes related to embryogenesis and plant regeneration. This
was complemented by histological characterization study by microscopy. Primary
metabolite profiles showed higher levels of glutamine, arginine and lysine in B. rotunda
embryogenic callus compared to non-embryogenic tissues (suspension cells, dry and
watery calli). The metabolite markers for embryogenic competency were confirmed in
sieved embryogenic cells. Rhizome had the highest flavonoid levels while shoot tips the
lowest indicating that flavonoids in shoot tips may result from diffusion from the rhizome.
The low endogenous auxin level in embryogenic callus suggests active auxin metabolism
to stimulate cell division and elongation for embryogenesis. Histo-morphological study
indicated that embryogenic callus can be characterized by the presence of starch granules,
fibrils on cell surfaces and bright fluorescent spots after diphenylboric acid 2-
aminoethylester staining. Cells in watery callus were non-proliferative, lacking
fluorescent spots, nuclei and starch granules, however had apparently higher flavonoid
levels, possibly due to higher stain specificity towards selected flavonoids in B. rotunda.

Ultimately, the identification of primary metabolite and cell morphology markers in B.

il



rotunda cell cultures together with ongoing genomic studies can improve understanding

of molecular processes related to embryogenesis and plant regeneration.

v



PROFIL METABOLIT Boesenbergia rotunda TISU KULTUR KALUS

BERKAITAN DENGAN EMBRIOGENESIS DAN PERTUMBUHAN SEMULA

ABSTRAK
Boesenbergia rotunda atau tumbuhan temu kunci biasanya ditemui di Asia Tenggara dan
digunakan secara tradisional untuk merawat penyakit - penyakit biasa. Ciri-ciri perubatan
yang terdapat pada B. rotunda telah membawa kepada kajian kultur tisu tumbuhan ini.
Namun begitu, eksploitasi keadaan kultur tisu boleh menyebabkan penghasilan pelbagai
jenis kalus dan metabolit sel. Oleh itu, analisis metabolit primer, sekunder dan hormon
telah dilakukan dengan menggunakan Spektrometri Jisim Kromatografi Cecair
Berprestasi Tinggi untuk menentukan perubahan biokimia yang berkait dengan
embriogenesis dan pertumbuhan semula. Ini disokong oleh kajian pencirian histologi
menggunakan mikroskop. Profil metabolit primer menunjukkan tahap glutamin, arginin
dan lisin yang lebih tinggi dalam B. rotunda kalus embriogenik berbanding tisu bukan
embriogenik (sel ampaian, kalus kering dan kalus berair). Petanda kimia metabolit yang
mengawal keupayaan embriogenik telah disahkan dalam sel-sel embriogenik melalui
proses penyaringan. Rizom mempunyai tahap flavonoid tertinggi berbanding dengan
pucuk tumbuhan yang paling rendah. Ini menunjukkan bahawa kemungkinan kandungan
flavonoid dalam pucuk adalah disebabkan oleh resapan daripada rizom. Tahap auksin
dalaman yang rendah pada kalus embriogenik mencadangkan bahawa metabolisme
auksin sangat aktif dalam merangsang pembahagian dan pemanjangan sel untuk
embriogenesis. Kajian histo-morfologi menunjukkan bahawa kalus embriogenik boleh
dicirikan dengan kehadiran kanji, gentian halus pada permukaan sel dan tompok
pendarfluor selepas pewarnaan dengan asid diphenylboric 2-aminoethylester. Sel-sel
kalus berair merupakan sel-sel yang tidak berkembang dimana ia kekurangan tompok

pendarfluor, nukleus dan granul kanji, sungguh pun ia mempunyai tahap flavonoid yang



lebih tinggi. Ini mungkin kerana pengkhususan pewarnaaan terhadap flavonoid yang
tertentu pada B. rotunda. Akhirnya, pengenalan metabolit primer dan penanda morfologi
sel dalam kultur sel B. rotunda bersama dengan kajian genomik yang berterusan boleh
meningkatkan pemahaman dalam proses-proses molekul yang berkaitan embriogenesis

dan pertumbuhan semula.
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CHAPTER 1

INTRODUCTION

The Zingiberaceae family, also known as the ginger family, consists of several
genera including Zingiber, Curcuma, Kaempferia and Boesenbergia. Gingers are
commonly grown in the tropical and subtropical climate of the South East Asia region
such as Thailand, Indonesia, and Malaysia. These herbaceous plants are widely utilized
in food and beverages, traditional medicines, and as decorative plants.

Boesenbergia rotunda (B. rotunda), a species of ginger found in Southeast Asia,
India and China, is used in traditional medicines and as a flavouring in meals. A great
deal of research on this plant had been carried out due to its positive medicinal properties,
such as studies in isolation of novel compounds, investigation into its biological activities,
and mass propagation through tissue culture techniques.

The research described in this thesis was conducted as part of a larger research
programme (High Impact Research Programme UM.C/625/1/HIR/MOHE/SCI/19) that
addresses the hypothesis that failure of B. rotunda suspension cells to regenerate into
somatic embryos after long periods in in vitro culture is due to underlying molecular
changes in the cells caused by deoxyribonucleic acid (DNA) methylation. To test the
hypothesis, a multi-omics approach was undertaken to profile the genome, transcriptome,
methylome and metabolome of B. rotunda samples. The metabolite profile data will be
useful information as a basis for comparative profile study among various sample types
and also a means to identify potential markers from the distinct metabolites or patterns
within the profile.

Metabolites are small molecules ranging from 50 to 2000 Dalton (Da) and can be
classified into primary metabolites and secondary metabolites. Primary metabolites

include classes of sugars, lipids, amino acids, organic acids and phosphorylated organic



acids involved in fundamental functions such as growth, development, and reproduction.
On the other hand, secondary metabolites consist of alkaloids, polyketides, terpenes and
flavonoids involved mainly in plant defense mechanisms. Metabolite profiling can be
performed using analytical platforms like Gas Chromatography Mass Spectrometry (GC-
MS), Ultra Performance Liquid Chromatography Mass Spectrometry (UPLC-MS) and
Capillary Electrophoresis Mass Spectrometry (CE-MS).

This thesis focused on metabolite profiling of seven B. rotunda sample types
(conventionally propagated leaf, shoot base, embryogenic callus, dry callus, watery
callus, suspension cells, and leaves from plants regenerated in vitro) using Ultra-
Performance Liquid Chromatography Mass Spectrometry (UPLC-MS). The metabolite
profiles of these tissues would allow the biochemical characterization of cell cultures that
resisted growth under prolonged culture conditions, as well as identification of metabolite
markers associated with embryogenesis. These data can be analyzed later together with
gene expression and DNA methylation data for a more comprehensive study. The specific
objectives of this thesis were:

1. To determine the metabolite profiles of various tissue types in B. rotunda
by quantification of primary metabolites, secondary metabolites and
hormones

2. To examine and document features of embryogenic and non-embryogenic
calli of B. rotunda by scanning electron microscope (SEM), light and
fluorescent microscopy using Periodic Acid-Schiff (PAS) reagent and

diphenylboric acid-2-aminoethyl ester (DPBA), respectively



CHAPTER 2
LITERATURE REVIEW

2.1 Boesenbergia rotunda (B. rotunda)

The plant used in this study, Boesenbergia rotunda, is classified under the
Zingiberaceae family and Boesenbergia genus. The common gingers, turmeric,
melegueta pepper and galanga are examples of plant species classified under the same
family. B. rotunda is commonly known as fingerroot ginger, Chinese keys or Chinese
ginger (Figure 2.1). B. rotunda is an aromatic non-woody, monocotyledon plant with
fleshy rhizomes. The pinkish-purple flowers are bisexual and have simple distichous
leaves (Sirirugsa, 1999) with strong ascending veins. In addition, B. rotunda is consumed
as a condiment in meals such as curries and soups (Tan ef al., 2012b). An example would
be to cook the young leaves, shoots and rhizomes of B. rotunda, with coconut and spices
(Facciola, 1990). It is also a traditional practice to blend the rhizomes of B. rotunda
together and apply the paste to ease body pains and inflammation (Teron & Borthakur,

2013).

Figure 2.1: The plant organs of the Boesenbergia rotunda species; A: rhizome, young
shoots and rootlets, B: leaves, C: flowers (author captured images)



2.2 Biological activities of B. rotunda

The importance of B. rotunda’s various biological activities has been reported
previously. B. rotunda is traditionally used as tonic for women after childbirth and to treat
rheumatism, muscle aches, febrifuge, gout, stomach ulcers, and peptic ulcers (Tan et al.,
2012b). A recent study into the biological activities of essential oils showed that those
from B. rotunda had better anti-bacterial activity against two Gram-positive (S. aureus
and B. cereus) and two Gram negative bacteria species (P. aeruginosa and E. coli)
compared to essential oils from Curcuma mangga (Baharudin et al., 2015). Furthermore,
a complete inhibition of larvicidal activity was observed with B. rotunda essential oils at
an inhibitory concentration (ICso) of 4.28% after 60 min of contact with the larvae of the
mosquito vector for dengue and zika viruses, Aedes aegypti L. (Phukerd & Soonwera,
2013).

Apart from essential oils, flavonoid extracts from B. rotunda also exhibited
promising anti-inflammatory, anti-microbial, and anti-viral effects (Tan et al., 2012b).
For example, panduratin A was identified to be the most potent cytotoxin against human
pancreatic PANC-1 cancer cells compared to other six novel compounds isolated from B.
rotunda (Win et al., 2008). Furthermore, Kirana et al. (2007) showed that panduratin A
at a concentration of 9 ug.mL!, completely inhibited growth of MCF-7 human breast
cancer cells and HT-29 human colon adenocarcinoma cells. Another compound,
boesenbergin A, was also found to exhibit anti-oxidative, cytotoxic and anti-
inflammatory effects against three types of human adenocarcinoma cells (Isa ez al., 2012).
In addition, pinostrobin extracted from rhizomes of B. rotunda exhibited anti-microbial
(Bhamarapravati et al., 2006), anti-ulcer (Abdelwahab ef al., 2011), anti-viral (Tewtrakul
et al., 2003) and anti-tumor (Morikawa et al., 2008) properties. In the study conducted

by Jing et al. (2010), extracts from rhizome of B. rotunda had the best cytotoxic activity



against the five cancer cell lines studied, compared to extracts from rhizome and leaves
in other Boesenbergia species. Table 2.1 summarizes the five major flavanones and

chalcones present in B. rotunda, and their reported biological activities.



Table 2.1: Biological activities reported for flavanones and chalcones from B. rotunda

Compound

Sources

Bioactivity

References

Panduratin A
(Chalcones)

Rhizomes

Positive heptatoprotective activity in WRL-68 liver cell line, specifically in
thioacetamide-induced cytotoxicty

(Salama et al., 2013)

Attenuated high fat diet-induced obesity in C57BL/6J mice by activating
AMP-activated protein kinase as potent antiobesity agent

(Kim et al., 2012)

Antiangiogenic potential evidenced in two in vivo models, zebrafish
(15uM) and murine Marine plug (5 uM) model induced with Panduratin A

(Lai et al., 2012)

Inhibited A549 human nonsmall cell lung cancer lines with ICso of 4.4
ug.mL!

(Cheah et al., 2011)

Consumption of 50 mg.kg!.day! stimulates AMP-activated protein kinase
(AMPK) signaling that prevents lipid synthesis by increasing fatty acid
oxidation activity

(Kim et al., 2011)

Patented the mouthwash formulation that is capable of reducing bad breath
by 70-90%

(Hwang et al., 2010)

Capable of inhibiting biofilm formation by Enterococci bacteria that caused
urinary and intestinal infection

(Rukayadi et al., 2009a)

Possess anti-microbial activities against clinical Staphylococcus strains

(Rukayadi et al., 2009b)

Inhibited nitric oxide (NO), prostaglandin E2 (PGE2) and tumor necrosis
factor alpha (TNF-a) that causes inflammatory in human

(Tewtrakul et al., 2009)

High inhibition of HIV-1 protease, a promising drug target to combat
HIV/AIDS compared to other bioactive compounds

(Cheenpracha et al., 2006)




Table 2.1, continued

Compound Sources Bioactivity References
Panduratin A | Rhizomes | 15 uM of panduratin A successfully inhibited lipid peroxidation in rat brain | (Shindo et al., 2006)
(Chalcones) homogenate
Treatment against prostate cancer cell lines in both parameters; time and (Yun et al., 2006)
dosage
Protective agent against tert-butylhydroperoxide (t-BHP) which is a (Sohn et al., 2005)
precursor for lipid peroxidation activity
Effective anticariogenic activity against oral bacteria (Streptococcus (Hwang et al., 2004)
mutans) that caused tooth decay
94% anti-inflammatory showed in 12-O-tetradecanoylphorbol-13-acetate (Tuchinda et al., 2002)
(TPA) ear oedema in rats
Roots and | Potent antimutagenic effect against Salmonella typhimurium bacteria (Trakoontivakorn et al., 2001)
rhizomes
Cardamonin | Rhizomes | Inhibited nitric oxide (NO), prostaglandin E2 (PGE2) and tumor necrosis (Tewtrakul et al., 2009)
(Chalcones) factor alpha (TNF-a) that causes inflammatory in human

Cytotoxic activity against HL-60 cancer cell lines (human promyelocytic
leukemia)

(Sukari et al., 2007)

High inhibition of HIV-1 protease, a promising drug target to combat
HIV/AIDS compared to other bioactive compounds

(Cheenpracha et al., 2006)

Potent antimutagenic effect against Salmonella typhimurium bacteria

(Trakoontivakorn et al., 2001)




Table 2.1, continued

Compound Sources Bioactivity References
Pinostrobin Rhizomes | Reduction of ulcer area and mucosal content in rats (Abdelwahab et al., 2011)
(Flavanones) No toxicity observed in mice after consumption whereby similar (Charoensin et al., 2010)
haematological and histopathological parameters noted
Inhibition of Ca* signaling in yeast model that play roles cell regulation (Wangkangwan ef al., 2009)
Cytotoxic activity against HL-60 cancer cell lines (human promyelocytic (Sukari et al., 2007)
leukemia)
ICso of 125 ug.mL! significantly reduced growth of Helicobacter pylori (Bhamarapravati et al., 2006)
bacteria that caused gastritis
94% anti-inflammatory showed in 12-O-tetradecanoylphorbol-13-acetate (Tuchinda et al., 2002)
(TPA) ear oedema in rats
Potent antimutagenic effect against Salmonella typhimurium bacteria (Trakoontivakorn et al., 2001)
Pinocembrin | Rhizomes | No toxicity observed in mice after consumption whereby similar (Charoensin ef al., 2010)
(Flavanones) haematological and histopathological parameters noted
Cytotoxic activity against HL-60 cancer cell lines (human promyelocytic (Sukari et al., 2007)
leukemia)
94% anti-inflammatory showed in 12-O-tetradecanoylphorbol-13-acetate (Tuchinda et al., 2002)
(TPA) ear oedema in rats
Potent antimutagenic effect against Salmonella typhimurium bacteria (Trakoontivakorn et al., 2001)
Alpinetin Rhizomes | Cytotoxic activity against HL-60 cancer cell lines (human promyelocytic (Sukari et al., 2007)
(Flavanones) leukemia)




2.3 Invitro culture of B. rotunda

Tissue culture is a technique applied in agricultural biotechnology that allows a
time-efficient means to mass-propagate desirable plant materials, as an alternative to
conventional breeding and propagation programmes. Thorpe (2007) reported the
application of tissue culture in five major areas: (1) the study of cell behavior (involved
in cytology, primary metabolism, secondary metabolism and morphogenesis), (2) plant
modification and improvement, (3) production of pathogen-free plants and for germplasm
storage, (4) clonal propagation and (5) for the production of specific compounds of
interest.

For B. rotunda, optimization of tissue culture conditions to promote callusing,
embryogenesis and plant regeneration were carried out previously. Initial studies on B.
rotunda tissue culture focused on increasing the biomass multiplication rate with use of
growth regulators such as auxin: 2,4-dichlorophenoxyacetic acid (2,4-D), indole-3-acetic
acid (IAA) and cytokinin: kinetin, benzylamino purine (BAP) supplemented together into
the Murashige and Skoog media. A study by Tan et al. (2005) revealed that the utilization
of a single medium, comprised of Murashige Skoog base media supplemented with 4.52
uM of 2,4-D, increased the embryogenic callus formation rate by 46% and this is essential
for future research work on cell suspension cultures. Another study showed an increment
of 50% in shoot regeneration with a Murashige Skoog media supplemented with 2.0
mg.L! of BAP (Yusuf et al., 2011). Yusuf et al. (2011) also reported that a mixture of
auxin and cytokinin with concentrations of 3.0 mg.L!' 2,4-D and 2.0 mg.L "' BAP in the
Murashige Skoog base media yielded the best embryogenic callus induction and plantlet
regeneration from the meristem of B. rotunda. A more recent study by Wong et al. (2013)
on B. rotunda cell suspension culture regeneration reported that the combination of 1.0
mg.L! 2,4-D and 0.5 mg.L"' BAP supplemented in the Murashige Skoog base media

yielded a 12-fold increase in cell volume during the culture period. Additionally in the



study, more than 50% of somatic embryos germinated successfully and were able to grow
into plantlets on media supplemented with 3.0 mg.L"! BAP and 1 mg.L"! naphthalene
acetic acid (NAA) (Wong et al., 2013).

The tissue culture process also enables manipulation of clonal materials through
various culture conditions or genetic engineering to produce desirable metabolites. For
example, the production of anthocyanin increased in Vitis vinifera (wine grape) cell
culture with the addition of jasmonic acid as an elicitor (Curtin et al., 2003). Furthermore,
the addition of precursor, phenylalanine in the cell culture system was shown to lead to
accumulation of rosmarinic acid in Coleus blumei (painted nettle) plant culture (Petersen,
1997). In B. rotunda, Tan et al. (2012a) reported more than 100% increase in flavonoid
yield upon addition of the precursor, phenylalanine and that the level of flavonoids

increased dose-dependently with increased phenylalanine concentrations.

24 Plant Metabolites

Plant metabolites are small organic compounds that are the product of plant cell
metabolism. There are two major classes of metabolites; primary and secondary. To date,
no metabolite study has been reported for B. rotunda except for proteome and
transcriptome studies which highlight the regulation of proteins and genes involved upon
phenylalanine treatment, respectively (Md-Mustafa et al., 2014; Tan et al., 2012a). At
present, only the bioactive compounds derived from secondary metabolites have been

widely reported for B. rotunda.

2.4.1 Primary metabolites
Primary metabolites essentially regulate, or are the building blocks of overall plant
growth and development while secondary metabolites have specific functions such as

signaling or defense mechanisms against predators (Smetanska, 2008). Irchhaiya et al.
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(2015) reported that the absence of primary metabolites can lead to death in plants but
that this was not the case for secondary metabolites.

Primary metabolites are the major organic compounds synthesized by cells and
are needed for physiological functions such as transpiration, photosynthesis and
respiration (Roessner & Pettolino, 2007). Common primary metabolites are sugars, amino
acids, organic acids, phosphorylated organic acids and lipids. Glucose is a source of
energy for cellular respiration while amino acids are essential components of the peptides
and proteins used in structural support, nutrient transport, enzymes and other cellular
activities. Lipids function in secondary energy storage and as structural components of
plants.

Primary metabolites are involved in important metabolic pathways that include
glycolysis metabolism, amino acid metabolism, fatty acid metabolism and tricarboxylic
acid (TCA) metabolism. In the TCA pathway, metabolites such as malic acid, succinic
acid and citric acid are responsible for oxidation of respiratory substrates to drive
adenosine triphosphate (ATP) synthesis (Sweetlove et al., 2010). Additionally, in purine
and pyrimidine metabolism, metabolites like adenine, guanine, uracil and thymine are
involved as major energy carriers and precursors of nucleotide cofactor synthesis (Moffatt
& Ashihara, 2002). Primary metabolites also function as precursors for secondary
metabolite biosynthesis. Specifically for B. rotunda, the primary metabolite study in this
thesis could enable the identification of essential metabolites needed for growth,

development and as precursors of secondary metabolites of interest.

2.4.2 Secondary metabolites
Plant extracts contain secondary metabolites or compounds with potential
biological activities. Secondary metabolites generally make up less than 1% of a plant’s

dry weight (Smetanska, 2008) and are not involved directly in plant growth and
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development. Secondary metabolites can be categorized into groups of terpenes,
alkaloids, phenolics, glycosides, polyketides and more. Alkaloids are well known for their
toxicity to pests, microorganisms, herbivores, animals and human (Matsuura & Fett-Neto,
2015), and are part of the defensive mechanisms of plants (Kabera ef al., 2014; Lu et al.,
2012) while terpenes were reported as insecticides and defense responses against plant
pathogens (Tholl, 2015). The plant based terpenoids have also been exploited by humans
in the food industry (Caputi & Aprea, 2011) as flavours while in the cosmetic and
perfumery industry as fragrances (Bauer et al., 2008; Kumari ef al., 2014). In contrast,
phenolic compounds have been reported to play central roles in plant defense against
insects and pathogens (Barakat et al., 2010; Daayf et al., 2012; Lattanzio et al., 2006;
Sharma et al., 2009). Phenolics cover a wide range of complex aromatic compounds of
various classes with the most basic structure of a 6-carbon skeleton known as
benzoquinones. Flavonoids are a group under the phenolic class with a basic 15-carbon
skeleton structure that consists of two phenyl rings linked via one heterocyclic pyrane
ring (Balasundram et al., 2006; Baxter et al., 1998; Harborne, 1989).

Flavonoids had been extensively studied since the early 20" century. Compounds
isolated from this group have roles as pigments for flowers colouration and petals to
attract pollinators. These compounds also function as a protective agent against UV
radiation, possesses antimicrobial and antiherbivory effects (Dixon & Pasinetti, 2010).
Flavonoids can be classified into various groups including anthocyanins, flavones,
flavonols, chalcones, aurones, flavanones, dihydroflavonols, isoflavones, and
biflavonoids (Iwashina, 2000) (Figure 2.2). Within each class, groups of flavonoids have
different side chain substitutions that include hydroxyl, methoxy and glycosyl groups

(Kumar & Pandey, 2013).
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Figure 2.2: Various classification of flavonoids (Iwashina, 2000)

Flavonoid biosynthesis begins in the phenylpropanoid pathway with the amino
acid phenylalanine as the precursor (Figure 2.3). Chalcone synthase (CHS) is the first
specific enzyme in the flavonoid pathway and produces chalcone scaffolds from which
all flavonoids are derived (Falcone Ferreyra et al., 2012). Subsequently, a group of
enzymes including isomerases, reductases and hydroxylases modify the basic flavonoid
structure to form other flavonoid derivatives (Martens et al., 2010). Finally, transferase
enzymes alter the flavonoid backbone with sugars, methyl or acyl groups (Bowles et al.,

2005; Ferrer et al., 2008).
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Figure 2.3: The pathway of flavonoid biosynthesis derived from phenylalanine as
precursor. PAL: phenyl ammonium lyase, C4H: cinnamate 4-hydroxylate, 4CL: 4-
coumaroyl-CoA ligase, CHS: chalcone synthase, STS: stilbene synthase, CHI: chalcone
isomerase, F3H: flavanone 3-hydroxylase, FLS: flavonol synthase DFR: dihydroflavonol
reductase, ANS: anthocyanidin synthase, F3GT: flavonoid 3-O-glucosyltransferase
(Falcone Ferreyra et al., 2012; Winkel-Shirley, 2001)
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2.4.3 Plant hormones

Plant hormone profiles have been reported for several crops, including oranges
(Almeida Trapp et al, 2014), rosemary leaves (Miller & Munné-Bosch, 2011),
Arabidopsis seeds (Kanno et al., 2010), rice (Kojima et al., 2009) and lettuce seeds
(Chiwocha et al., 2003) but not for B. rotunda to date. Plant hormones work together
mutually in influencing and regulating overall plant growth and development (Gaspar et
al., 1996; Wang & Irving, 2011). Plant hormones are small diffusible molecules that
easily penetrate cells (Wang & Irving, 2011) and are needed in small quantities. Plant
hormones also act in mediating defense responses against pests and pathogens (Studham
& Maclntosh, 2012). Typically plant hormones are classified into auxins, cytokinins,
gibberellins, ethylene, abscisic acid, salicylic acid and jasmonic acid.

At the cellular level, auxins promote cell division, elongation, differentiation as
well as the formation of organs from unorganized tissues. A recent study reported that
auxin can also be used as a balanced cocktail with other growth regulators like cytokinins
to enhance cell proliferation in in vitro propagation (Paque & Weijers, 2016). Naturally
occurring auxins like indole-3-acetic acid (IAA), 4-chloroindole acetic acid (4-CIl-IAA)
and phenylacetic acid (PAA) have been found in plants while the synthetic auxin like 2,4-
D and NAA have TAA-like activity and are widely used in agriculture research. IAA is
also reported to increase in Royal Gala apples throughout fruit development, with higher
auxin content in seeds than in fruit cortex (Devoghalaere et al., 2012). Additionally,
exogenous application of [AA was found to enhance the expression of chalcone synthase
(CHS) protein and increased total flavonoid content in grape berries (Luo et al., 2016).
IAA has also been reported to play a role in callus proliferation in white spruce (Kong et
al., 1997) and carrot calli (Michalczuk et al., 1992b). Liu et al. (1998) reported the
accumulation of endogenous [AA during adventitious root formation after exogenous

treatment with naphthalene acetic acid (NAA) and IAA in soybean hypocotyl.
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Furthermore, a four-fold increase in endogenous TAA content was observed in immature
zygotic sunflower embryos under embryogenic conditions (Charriére et al., 1999).
Further evidence from the immuno-cytochemical localized IAA of sunflower somatic
embryos at three phases of induction (before, during and after) supported that endogenous
auxins could be one of the initial signals leading to somatic embryogenesis (Thomas et
al., 2002).

Cytokinins are responsible for chloroplast maturation, protein synthesis, leaf
expansion (George et al., 2008), lateral bud growth and delayed senescence (Gaspar et
al., 1996). Usually, auxins and cytokinins jointly regulate cell division with each hormone
influencing different phases in the cell cycle (Gaspar et al., 1996; Su et al., 2011). A study
reported that auxin and cytokinin control events of cell specifications like establishment
of apical-basal axis in Arabidopsis (Moller & Weijers, 2009; Muller & Sheen, 2008).
Vesely et al. (1994) also reported that auxins affect DNA replication while cytokinins
control events leading to mitosis. A study on red globe grapes showed that endogenous
cytokinin levels were reduced in rigid abnormal fruits after treatment with gibberellic acid
(GA3) and benzylamino purine (BAP) (He ef al., 2009). In addition, cytokinins also
promoted cell division in the quiescent center of root apical meristem of Arabidopsis
(Zhang et al., 2013). Previous studies reported that cytokinins have an effect on callus
growth rates but not on embryogenesis (Ernst & Oesterhelt, 1985; Jiménez & Bangerth,
2001). Cytokinins were also reported to affect fruit development of grape berries (Davies
& Bottcher, 2009) and in oil palm mesocarp (Teh et al., 2014). In the oil palm fruit
development, high level of endogenous trans-zeatin was found at the early stage of fruit
development but decreased rapidly at the fruit maturation stage (Teh et al., 2014).

Other essential plant hormones are gibberellins, abscisic acid (ABA) and ethylene.
Gibberellins (GA) stimulate developmental responses such as seed germination, fruit

development, and sex determination, while ABA functions in the uptake of water and
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ions, stomatal regulation, and leaf abscission (Moshkov et al., 2008). In lettuce seeds, the
endogenous level of GA increased with the increased in duration of light exposure
(Toyomasu et al., 1993). Gao et al. (2010) found an antagonistic interaction between GA
and ABA in rapeseed. A similar interaction was observed in oil palm lipid biosynthesis
in which high endogenous ABA with low GA was reported at the early maturation stage
(Teh et al., 2014). In Arabidopsis, the high ABA/GA ratio resulted in seed maturation,
embryo growth and germination whereby high abundance of ABA was found when
embryo enters the maturation stage (del Carmen Rodriguez-Gacio et al., 2009;
Finkelstein et al., 2002). High endogenous levels of ABA were reported in embryogenic
callus of carrots (Nishiwaki et al., 2000) and white spruce (Kong et al., 1997) but the
opposite trend was shown in yellow alfafa (Ivanova et al., 1994).

The essential role of ethylene is for fruit ripening, but also many aspects of
complex plant growth development including seed germination, root development, shoot
and root growth, flowering and formation of adventitious roots (Abeles et al., 1992; Pech
etal.,2012). Usually, ethylene is biologically active at low concentrations from 0.01-1.00
ppm to trigger a response but the concentration varies in different plant species (Chang,
2016). For example, tomatoes and apples can generate tens of ppm ethylene (Chang,

2016).

2.4.4 Organic compounds from B. rotunda

Compounds reported to be present in B. rotunda are grouped into polyphenols,
flavonoids and volatile organic compounds such as essential oils. These compounds are
mainly extracted from the rhizomes of B. rotunda.

Baharudin et al. (2015) reported three major essential oils present in B. rotunda
that constituted 0.24% fresh weight from the total of 0.27% fresh weight extracted from

rhizome, and included nerol (0.11% fresh weight), L-camphor (0.10% fresh weight) and
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cineole (0.03% fresh weight). However, Sukari ef al. (2008) reported a higher percentage
of camphor (58% of dry weight) from the total oxygenated monoterpene derivatives
extracted in B. rotunda rhizome. Other essential oils that were successfully isolated from
rhizomes of B. rotunda are geraniol, ocimene and camphene (Jantan ef al., 2001). Figure

2.4A shows the structure of major volatile organic compounds extracted from B. rotunda.

Figure 2.4A: Structures of major volatile organic compounds present in B. rotunda
(Baharudin et al., 2015)

Besides volatile organic compounds, various polyphenols were also extracted
from B. rotunda. Jing et al. (2010) reported that hesperidin, naringin and kaempferol are
the abundant polyphenols present in B. rotunda. Common polyphenols present in B.

rotunda are as shown in Figure 2.4B.

Figure 2.4B: Structures of major polyphenols present in B. rotunda (Jing et al., 2010)
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A wide range of flavonoids have been identified in B. rotunda, however only five
flavonoid-related compounds (three flavanones and two chalcones) (Figure 2.4C) were
selected as a focus in this study due to their previous reported biological activities (Tan
et al., 2012b). Panduratin and cardmonin are derivatives of chalcone, while pinostrobin,
pinocembrin and alpinetin are derivatives of flavanones. Several researchers had
successfully isolated pinostrobin and pinocembrin (Ching et al., 2007; Sukari et al., 2007,
Tewtrakul et al., 2003), as well as panduratin A (Cheenpracha et al., 2006; Mahidol et
al., 1984; Shindo et al., 2006; Trakoontivakorn et al., 2001) from B. rotunda. Of the five
compounds, only the biosynthesis pathway for pinostrobin and pinocembrin are known

(Hwang et al., 2003; Jiang et al., 2005; Tan et al., 2015).

Figure 2.4C: Structures of flavanone (top) and chalcones (bottom) present in B. rotunda
(Kiat et al., 2006; Morikawa et al., 2008)
2.5 Metabolite profiling

Metabolite profiling can now be performed with the increased sensitivity and
selectivity of chromatographic methods and detectors available. Metabolite profiling can
be classified into targeted and non-targeted approaches (Fiehn, 2006). In the targeted
approach, specific metabolites are identified and quantified based on available standards,

while in the non-targeted approach, all detectable metabolites are quantified relatively
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using high resolution mass spectrometry. Further analysis to identify compounds of
interest is then required, which may lead to the discovery of novel compounds.

Previous studies have reported the use of metabolomics platforms to investigate
the biochemical changes in crops like sugarcane (Mahmud et al., 2014), soybean (Aliferis
et al., 2014), tomato (Roessner-Tunali et al., 2003), Arabidopsis (Fiehn, 2002) and oil
palm (Neoh et al., 2013; Teh et al., 2013). Besides that, metabolomics platforms can be
used to identify key biomarkers of embryogenesis from somatic embryos (Businge et al.,
2012; Dowlatabadi ef al., 2009), as well as to find metabolites associated with salt stress
responses (Zhao et al., 2014) and drought tolerance (Juhasz et al., 2014). Prior to this
study, no findings were reported on the metabolite profile of various B. rotunda samples
and the association with embryogenesis and plant regeneration.

Metabolite profiling can be performed using the following three steps; sample
extraction, sample analysis (separation and detection) and data analysis. The two common
analytical protocols for metabolite profiling are solid phase extraction and liquid-liquid
extraction. Solid phase extraction utilizes a suitable adsorbent material such as cross
linked-copolymers, graphitized carbons and specific n-alkylsilicas (Andrade-Eiroa ef al.,
2016; Hennion, 1999) to separate the analyte into various fractions which helps to reduce
the complexity of the sample matrix and increases the sensitivity of the analyte. A recent
study showed that the usage of C18 adsorbent for solid phase extraction methods resulted
in the best fractionation of polar and non-polar phases in urine samples compared to C8
adsorbent (Michopoulos et al., 2015). In another study, the solid phase extraction method
was coupled with a high resolution time-of-flight mass spectrometry (TOF-MS) to obtain
greater insights of phenolic compounds that are present in black, green and white tea
extracts (van der Hooft et al., 2012). Theodoridis et al. (2011) also used a solid phase
extraction method to facilitate separation of primary metabolites which had higher

abundance compared to secondary metabolites present in grape extracts. For the liquid-
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liquid extraction techniques, metabolites are extracted using various types of solvents.
Common extraction solvents used are methanol and hexane for polar and non-polar
metabolites, respectively (Hosp et al., 2007; Kupchan et al., 1973; Palama et al., 2010;
Strehmel et al., 2014) or in mixtures with chloroform (Kim ez al., 2010; Teh et al., 2013).
Furthermore, an addition of butylated hydroxyl toluene (BHT) is also common during the
extraction process to prevent oxidation of metabolites (Barnes et al., 2016; Fan, 2012).
Following from the extraction process, the dry extracts are then subjected for separation
of individual components on the basis of affinity of analyte in the stationary and mobile
phase. The stationary phase is either in solid or liquid form while the mobile phase is
either in liquid or gas form. Common chromatographic instruments used for separation
are gas chromatography (GC) and liquid chromatography (LC). The GC and LC utilize
gases and liquids respectively, as mobile phase while both use columns as the stationary
phase for compound separation. Several studies report separation strategies for polar and
non-polar metabolites in plants and bacteria (Fiehn, 2006; Patti, 2011; Yanes et al., 2011).
Additionally, capillary electrophoresis (CE) is also used for chromatographic separation,
based on electrophoretic mobility (charge of the molecule, viscosity and electron radius)
and application of voltage. Subsequent to the instrumental analysis, the separated
compounds are detected using various detectors available such as the mass spectrometry
(MS), time of flight (TOF) and triple quadrupole (QQQ). Each of these detectors has
unique features and functions that distinguish their application. Nowadays, the
combination of various chromatographic instruments and detectors provide capabilities
for separation and identification of complex sample matrices (Barding et al., 2013; Kopka
et al., 2004; Metz et al., 2007; Shulaev, 2006). Hence, careful consideration of these
instruments prior to utilization is necessary to meet experimental objectives as each has
its own advantages and disadvantages. Sample analyses can be carried out in quantitative

or qualitative mode (Fiehn ef al., 2000; Sumner et al., 2003; Verpoorte et al., 2007). Full
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quantification of samples can be performed with a set of prepared standards at various
concentrations. Then, the samples are quantified using calibration curves developed from
prepared standards. In contrast, the qualitative analyses utilize an internal standard to
normalize errors that persist during extraction and instrumental analyses. Subsequent to
the sample analyses, normalized data are reported in relative abundance. Tugizimana et
al. (2013) reported that measurement of both qualitative and quantitative data in
metabolomics study reflects the cellular state under defined conditions and provide
understanding into cellular processes that control the biochemical phenotypes of the cells,
tissues or whole organisms. Further, Dias ef al. (2015) and Wiggins et al. (2016) both
reported quantitative measurements in their study of chick pea and a small tropical shrub,
respectively using metabolomics approach. Finally, the data obtained are interpreted and
visualized using various statistical tools. One report reviewed several analytical methods
in metabolomics approach from spectral processing to data analysis including univariate
and multivariate analysis and finally biomarker discovery through performance
assessment and model validation (Alonso ef al., 2015). Most instruments usually include
data processing and alignment software to handle large mass spectrometry data such as
Enhanced Chemstation Data Analysis software for Agilent (California, United States)
GC-MS and Target Lynx software for Waters (Massachusetts, United States) UPLC-MS.
The data interpretation can be performed using multivariate analysis like Umetrics
SIMCA (Malmo, Sweden), ANOVA by IBM SPSS (New York, United States), R,
MiniTab and others. These tools are useful and readily available. A recent study reported
a developed R-Tool for metabolomics study to analyzed data from initial pre-processing

to downstream association analysis (Liang et al., 2016).
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2.6  Histology of B. rotunda

Histology is an important study to discover, classify and describe morphological
changes in the plant body and overall plant organization (Yeung, 1999). Histology is also
a very useful tool for the study of plant morphogenesis (Wetmore & Wardlaw, 1951) in
understanding the plant growth and differentiation mediated by cell division that resulted
from a complex spatial and temporal hormonal control, which occurs through expression
of multiple gene systems (de Almeida et al., 2015). However in plant tissue culture, the
plant morphogenesis link is disrupted (de Almeida et al., 2015) where tissues are exposed
to various culture conditions and this is so for B. rotunda. Therefore in this study, the
metabolite data was complemented with histological study to provide a baseline
knowledge towards understanding conditions and activities of cultured cells.

Histological studies provide microscopic details of cells while morphological
studies determine gross structures, forms and features of multicellular organisms,
including plants. Common microscopic instruments used in plant histology are light and
fluorescent microscopy. Both types of study are performed through examination of cells
under a microscope with the utilization of different stains to enhance features of cells,
tissues and structures. The use of specific staining techniques can also highlight metabolic
processes, localize compounds within cells and tissues as well as differentiate between
living and dead cells (Table 2.2). A recent publication assessed past stains available and
how staining techniques have been improved now (Alturkistani et al., 2015). A recent
study in sections of the hypocotyl of matured zygotic embryos of Fucalyptus globulus
have revealed shoot formation via organogenesis instead of embryogenic with use of
Periodic Acid-Schiff (PAS), toluidine blue and Sudan IV stain (Dobrowolska et al.,
2016). Further, Senthil Kumar and Nandi (2015) confirmed the formation of apical
meristem and leaf primodium from the organogenic callus of Asteracantha longifolia

Nees, a medicinal herb using crystal violet stain examined under a light microscope.
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Hutzler et al. (1998) reported localization of phenolic compounds in cell walls, vacuoles
and cell nuclei in Norway spruce trees using a confocal laser scanning microscope.
Additionally, a histochemcial study in Ocimum basilicum (sweet basil) leaves reported
presence of lipids which are concentrated in the glandular trichomes using Sudan IV stain

(Amaral-Baroli et al., 2016).

Table 2.2: Common stains and corresponding staining features and colour

Stain Features Colour References
Stain red blood
Eosin cells, extracellular (Bancroft JD 2013;
structures Pink or red Fischer et al.,
Haematoxylin Stain nuclei Blue 2008)
PAS (Periodic Stain starch (Bancroft JD 2013;
Acid-Schiff) reserves Redish purple Baum, 2008)
(Brundrett et al.,
Sudan red Stain lipids Redish orange 1991)
Toluidine blue Stain
polysaccharides Pinkish purple
Stain nuleic acid Purplish (Retamales &
Stain phenolics Scharaschkin,
(tannins, lignin) Greenish blue 2014)
Acetocarmine and
Evan's Blue Stain embryogenic (Gupta &
(double stain) massses Blue Holmstrom, 2005)

In B. rotunda, three histological studies were previously reported using double
stained red acetocarmine and Evan’s blue (Gupta & Holmstrom, 2005). The embryogenic
callus had absorbed the intense red of acetocarmine while the spongy callus were stained
blue (Tan et al., 2005). Yusuf et al. (2011) reported similar observations of embryogenic
callus culture derived from shoot base tissue. In contrast, Wong et al. (2013) used the
Periodic Acid-Schiff (PAS) reagent to view different stages of somatic embryo
development from suspension culture of B. rotunda. Ultimately, the reported histological
studies for B. rotunda provided a confirmation of the embryogenic competency in its

callus culture.
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Periodic Acid-Schiff reagent is used to view starch reserves. The starch in cells
stains purplish pink while the nuclei stain blue. Usually, active and proliferative cells as
found in embryogenic cells will contain rich starch granules. The embryogenic callus of
coffee (Ribas et al., 2011), olives (Mazri et al., 2011), banana (Xu et al., 2011) and date
palm (SanE et al., 2006; Zouine et al., 2005) are examples of other crops studied with
PAS staining. In an oil palm study with PAS stain, the shoot apical meristem of oil palm
stained deep pink in the cell walls indicating that these cells are enriched with
polysaccharides (Jouannic ef al., 2011).

Flavonoids (colour pigments) can also be stained using specific dyes to identify
the location of these compounds in tissues. Buer et al. (2007) reported the use of
diphenylboric acid 2-amino ethyl ester (DPBA) to stain mainly flavonols and flavonoids
derivatives such as quercetin, kaempferol, naringenin and dihydroxy kaempferol, which
can be differentiated by colour under fluorescent microscopy. Furthermore, the DPBA
conjugates also fluoresce at various intensities; it was reported that quercetin-DPBA
complex fluoresces eight times brighter than kaempferol-DPBA complexes (Peer et al.,
2001).

Plant histology studies can also be conducted using a scanning electron
microscope (SEM). SEM provides information of cell surfaces to enable the
determination of cell shapes, sizes and structures as an indicator of potential regeneration
in tissue culture (Narciso & Hattori, 2010). SEM has also been used for plant pathology
such as to characterize disease of the black resting sclerotia from the Trichoderma
asperellum, fungus strain T34, a plant pathogen that infects lettuce (Cortadellas et al.,
2013). Roy et al. (1996) showed that a naturally occurring bacteria infecting spinach
leaves is easily visible with SEM due to the absence of extracellular polysaccharides.
Previous SEM studies of cell surface features which were documented with an association

with embryogenesis, include extracellular matrix surface network and fibrils in rice
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(Bevitori et al., 2014), membranous, fibrillar structure and granules of mucilage-like
material in oil palm (Palanyandy et al., 2013) and regions covered with extracellular

matrix which appeared as a thin membranous layer in kiwifruit (Popielarska et al., 2006)
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CHAPTER 3
METHODOLOGY

3.1 Plant source and plant materials

Boesenbergia rotunda (B. rotunda) samples were provided by other team
members of the Centre for Research in Biotechnology for Agriculture (CEBAR) research
group. Examples of the samples are shown in Figure 3.1. The tissue culture materials (i.e.
SB, EC, DC and WC), the conventionally propagated leaf and the in vitro regenerated
leaves were prepared as described in previous publications (Tan et al., 2015; Yusufet al.,
2011). The suspension cell samples were derived from embryogenic callus which fail to

regenerate into somatic embryos after 12 months in culture (Wong et al., 2013).

Figure 3.1: Samples collected for B. rotunda metabolite profiling analysis representing
main development stages from source (leaf and shoot base), callus types and plant
regeneration (author and Rezaul K. captured images).

The shoots of B. rotunda were allowed to grow in the dark to a specific length

(Figure 3.2) for secondary metabolite analysis. The shoots were measured at three day

intervals and harvested according to length category. Shoots were thoroughly washed and
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cut into 5 cm lengths using a penknife, represented by T1, T2, T3, T4 and TS5 as in Figure
3.2. The shoot sections were further sliced thinly and placed into tubes for further sample

preparation.

Figure 3.2: The five different shoot ages of B. rotunda based on length and divided into
sections; T1-TS5 (author and Y.S Tan own image).
3.2 Chemicals and Reagents

Primary and secondary metabolite standards were purchased from Sigma-Aldrich
(Missouri, United States) and ALB Technology Limited (Kowloon, Hong Kong) except
for panduratin. The panduratin standard was obtained from Prof Rais Mustafa, Faculty of
Medicine and Dr. Lee Y.K, Faculty of Science, University of Malaya. The hormone
standards were purchased from OIChemIm Ltd (Olomouc, Czech Republic). The

standards were dissolved to known concentrations prior to analysis and used as is.
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3.3  Metabolite extraction protocols
3.3.1 Primary and Secondary Metabolites

A single extraction protocol was used to extract both primary and secondary
metabolites. Rhizome, shoot base, shoot section (T1 to T5), conventionally propagated
leaf, regenerated in vitro leaves, callus and suspension cell samples each had three
biological replicates. The samples were ground to a fine powder under a stream of liquid
nitrogen. Finely powdered samples weighing 200 mg each were used for the extraction
process. Samples were extracted using 2 mL of 80% (v/v) methanol (MeOH) with 0.1%
(w/v) butylated hydroxy toluene (BHT). Ribitol (200 ppm) was added to the solvent
mixture as an internal standard. Next, the mixture was placed in a vortex (Biosan V-32
model, Riga, Latvia) for 30 s followed by an incubator shaker (MaxQ 4000 SHKE4000-
8CE model, Massachusetts, United States) for 5 min at 500 rpm. Soon after, the mixture
was sonicated (Elmasonic S120H model, Singen, Germany) at 37 kHz for 5 min at 10°C.
Subsequently, the mixture was placed into a centrifuge Eppendorf 5810R model
(Hamburg, Germany) for 10 min at 4°C, 3100 x g. The supernatant was pipetted into a
new clean tube. The process of extraction was repeated twice, each with fresh 80% (v/v)
MeOH only (Neoh et al., 2013). All the dry extracts were combined and dried using an

evaporator Genevac EZ-2 model (Ipswich, United Kingdom).

3.3.2 Hormones

Hormone classes analyzed included cytokinins, gibberellins, auxins, salicylates,
jasmonates and abscisic acid (ABA). Shoot base, leaves, callus and suspension cell
samples each had three biological replicates. Fine powdered samples weighing 100 mg
were extracted using 1 mL of MeOH:isopropanol (20:80, v/v) mixture with 1% (v/v)
glacial acetic acid. Next, the mixture was sonicated (Elmasonic S120H model, Singen,

Germany) at 37 kHz for 20 min at 4°C to 7°C. Then, the mixture was placed into a
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centrifuge Eppendorf 5810R model (Hamburg, Germany) for 5 min at 4°C, 3100 g. The
supernatant was transferred into a new clean tube. The process of extraction was repeated
twice, each with fresh solvent mixture added (Muller & Munne-Bosch, 2011). All the dry
extracts were combined and dried using an evaporator Genevac EZ-2 model (Ipswich,

Germany).

3.4  Analysis wusing Ultra Performance Liquid Chromatography-Mass
Spectrometry (UPLC-MS)
3.4.1 Primary Metabolites

Dry extracts were first dissolved in 100 pL 50% acetonitrile (ACN). Dry extracts
were analyzed in triplicate for each biological replicate using a Waters Acquity
(Massachusetts, United States) UPLC system coupled with a Xevo Triple Quadrupole
Mass Spectra (Massachusetts, United States) detector. The separation was performed
using an Acquity UPLC® HSS T3 column (1.8 um, 2.1 mm x 100 mm) with solvent A
[0.1% formic acid (FA) in water (H20)] and solvent B (0.1% FA in ACN), according to
the protocol. The elution gradient was as follows: initial at 95% solvent A; 0-3 min linear
gradient to 60% solvent A; 3-5 min linear gradient to 5% solvent A; 5.0-5.1 min linear
gradient to 95% solvent A and hold to 7 min. The flow rate was set to 0.3 mL.min"! with
an injection volume of 3 puL. Both positive and negative electron spray ionization (ESI)
mode were used in the mass detector with desolvation temperature of 350°C while the
capillary voltage was set to 2.9 kV. The total acquisition time was 15 min. The mass
spectrometry parameters were optimized for detection of each metabolite using multiple
reaction monitoring (MRM) (Appendix A). Data were normalized using an internal

standard and dry extract weight. The data are reported in relative abundance.
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3.4.2 Secondary Metabolites

Five secondary metabolites of interest, namely panduratin, pinocembrin,
pinostrobin, alpinetin, and cardamonin were selected based on reported biological
activities as well as readily available standards. Dry extracts were first dissolved in 100
uL 50% ACN. Dry extracts were analyzed in triplicate using a Waters Acquity
(Massachusetts, United States) UPLC system coupled with a Xevo Triple Quadrupole
Mass Spectra (Massachusetts, United States) detector. The separation was performed
using an Acquity UPLC® BEH C18 column (1.7 um, 2.1 mm x 100 mm) with solvent A
(0.1% FA in H>O) and solvent B (0.1% FA in ACN). The elution gradient was as follows:
initial at 60% solvent A; at 0-10 min linear gradient to 10% solvent A and hold to 2 min;
12.0-12.5 min linear gradient to 60% solvent A and hold to 2.5 min. The flow rate was
set to 0.3 mL.min"! with an injection volume of 3 pL. Positive ESI mode was used in the
mass detector with a desolvation temperature of 350°C while the capillary voltage was
set to 3.5 kV. The total acquisition time was 15 min. The mass spectrometry parameters
were optimized for detection of each metabolite using MRM (Appendix B). Calibration
curves for each standard were prepared and data were quantified in percent dry extracts

and percent wet weight.

3.4.3 Hormones

Dry extracts were first dissolved in 100 pL of 50% MeOH. Dry extracts were
analyzed in triplicate using a Waters Acquity (Massachusetts, United States) UPLC
system coupled with a Xevo Triple Quadrupole Mass Spectra (Massachusetts, United
States) detector. The separation was done using a UPLC® HSS T3 column (1.8pum, 2.1
mm x 100 mm) with solvent A (0.1% FA in H>O) and solvent B (0.1% FA in MeOH).
The elution gradient was as follows: initial at 99.9% solvent A; at 0-3 min linear gradient

to 70% solvent A; 3-8 min linear gradient to 100% solvent B and hold to 2 min; 10-13
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linear gradient to 70% solvent A; 13-14 min linear gradient to 99.9% solvent A and hold
to 1 min. The flow rate was set to 0.25 mL.min™! with an injection volume of 3 uL. Both
positive and negative ESI mode were used in the mass detector with desolvation
temperature of 330°C while the capillary voltage was set to 4.5 kV. The total acquisition
time was 10 min. The mass spectrometry parameters were optimized for detection of each
metabolite using MRM (Appendix C). Calibration curve for each standard was prepared,

and data were quantified in parts per billion (ppb).

3.5  Statistical Analysis

Data from UPLC-MS were processed using Target Lynx™ software (Waters,
Massachusetts, United States). Also, clustering analysis was performed using Principal
Component Analysis (PCA) and Orthogonal Partial Least Square Analysis (OLPS-DA)
by Umetrics (Malmo, Sweden). ANOVA by IBM SPSS Statistics (Version 20) and t-test
algorithm of Excel 2000 by Microsoft analysis were carried out to identify significant

differences with a 95% confidence level.

3.6 Scanning electron microscopy

Samples were fixed using 4% glutaraldehyde for 2 days at 4°C followed by
washing with 0.1 M sodium cacodylate buffer at intervals of 30 min (repeated thrice).
Next, the samples were post-fixated with 1% osmium tetroxide for 2 h at 4°C.
Subsequently, samples were washed thrice again with 0.1 M sodium cacodylate buffer
for 30 min each before the dehydration process using a series of acetone water mixtures
(35% acetone, 50%, 75% and 95% acetone) for 45 min each. After that, the samples were
incubated in 100% water for 1 h (repeated thrice). Samples were then dried in a Bal-Tec
CPD 030 (Schalksmuhle, Germany) critical point dryer at 40°C for 90 min, mounted on
stubs and gold coated before viewing. Finally, samples were examined under a Jeol JSM-

6400 (Tokyo, Japan) scanning electron microscope, with X-ray analyzer.
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3.7  Light microscopy

Semi-thin sections were prepared by a service provided at the Advanced
Biotechnology and Breeding Centre (ABBC), Malaysian Palm Oil Board (MPOB) as
described in recent publication (Wong et al., 2013). Sections were stained with Periodic
Acid-Schiff (PAS) reagent before examination under light microscopy using an Olympus
BX51 model (Tokyo, Japan). Estimation of the number cells per unit area in each sample
was performed using the analySIS FIVE LS Research (Version 5) by Olympus Soft

Imaging Solutions (Munster, Germany).

3.8 Fluorescence microscopy

Semi-thin sections (prepared as in 3.7) were stained with a mixture of 0.25% (w/v)
diphenylboric acid 2-aminoethylester (DPBA) and 0.1% (w/v) Triton X-100 for 15 min
before viewing under an Olympus BX51 model (Tokyo, Japan) fluorescent microscope
(Sheahan & Rechnitz, 1992). The excitation and emission wavelengths are 400-410 nm

and 455 nm, respectively (U-MNV2 mirror unit).
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CHAPTER 4

RESULTS

4.1 Primary metabolite profiles of Boesenbergia rotunda (B. rotunda) samples

A total of 51 targeted primary metabolites were analyzed in seven samples;
conventionally propagated leaf (L), shoot base (SB), embryogenic callus (EC), dry callus
(DC), watery callus (WC), suspension cells (SC) and regenerated in vitro leaves (R) of B.
rotunda (Figure 4.1).

The primary metabolite analysis was performed using Ultra Performance Liquid
Chromatography-Mass Spectrometry (UPLC-MS) and the data were normalized based
on dry extract weight (Table 4.1), and reported as relative abundance. Each of the primary
metabolites were grouped into respective metabolic pathways including amino acids,
glycolysis, pentose phosphate, polyamines, purine and pyrimidine, tricarboxylic acid
cycle (TCA), purine and pyrimidine and shikimate. Generally, the relative abundance of
the primary metabolites varied significantly between the different B. rotunda samples.
The dry and watery callus had relatively the lowest abundance of primary metabolites
profiled compared to the other samples (Table 4.1). Embryogenic callus had the highest
abundance of most primary metabolites, followed by shoot base. In particular, EC was
observed to have comparatively higher levels of amino acids than shoot base with
abundance ratio of 0.1 — 61 times. Phenylalanine and tryptophan are precursors for
secondary metabolite and hormone metabolism, and were observed to be at higher levels
in embryogenic callus than in shoot base, with abundance ratio of 13:1 and 16:1

respectively (Table 4.1).
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Ultra-Performance Liquid
Chromatography Mass
Spectrometry (UPLC-MS)
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Figure 4.1: Workflow of various B. rotunda samples (author and Rezaul K. own images).



Table 4.1: Relative abundance of primary metabolites and their associated pathways in seven samples types of B. rotunda (n=3 biological replicates);
L: conventionally propagated leaf; EC: embryogenic callus; DC: dry callus; WC: watery callus; SC: suspension cells, R: regenerated in vitro leaves;
ND: not detected; + indicates the standard deviation.

Embryogenic Suspension cells
Metabolites Pathways Leaf (L) Shoot base (SB) callus (EC) Dry callus (DC) Watery callus (WC) (SC) Regenerant (R)
Glycine (Gly) Amino acid ND ND 0.0037 £0.0017 ND 0.00073 + 0.00018 0.0100 £ 0.0027 ND
Homoserine Amino acid 1.06 +0.14 0.80+0.27 1.62+0.29 0.00274 + 0.00079 0.026 +0.020 1.255+0.073 4.11+0.21
Glutamine (Gln) Amino acid 312+£32 27.7+£39 130+ 26 0.0551 +0.0036 0.161 £ 0.065 193+1.4 360 +22
Histidine (His) Amino acid 4.07+0.87 52«15 94+19 0.0238 +0.0094 0.139 £ 0.065 302+2.1 257+1.2
S-adenosyl methionine Amino acid 0.91+0.32 0.29+0.13 2.84£0.37 ND ND 0.298 £ 0.034 0.87+0.12
Spermine Amino acid ND ND 0.42 £0.20 0.0070 + 0.0018 0.0138 +0.0024 0.067 +0.019 0.439 +£0.087
Arginine (Arg) Amino acid 14.6£3.6 10.0+£3.3 370 + 69 0.070 +0.017 0.55+0.31 85.0+5.8 113.0+£6.6
Alanine (Ala) Amino acid ND ND 0.467 +0.088 ND 0.0020 £ 0.0003 0.12+0.01 ND
Asparagine (Asn) Amino acid 1.15+0.17 0.81+0.38 0.43+0.15 ND 0.0184 +£0.0016 0.231£0.019 1.99+0.15
Aspartic acid (Asp) Amino acid 8.12+0.57 59+27 3.75+0.93 0.00513 £ 0.00087 0.065 £ 0.047 2.18+0.11 29.1+1.5
Glutamic acid (Glu) Amino acid 383+55 234+6.7 2.44+0.27 0.028 £0.077 025+0.14 1.43 +£0.15 32.6+4.8
Serine Amino acid ND ND 0.0169 + 0.0051 ND ND 0.0087 +0.0017 ND
Proline (Pro) Amino acid 0.82+£0.21 0.28 £0.14 3.06 = 0.66 0.0013 + 0.0002 0.015+0.012 0.644 £0.071 1.61+0.16
Phenylalanine (Phe) Amino acid 0.138 £ 0.085 0.116 +0.055 1.48 +£0.35 ND 0.01544 + 0.00065 2.48 +£0.31 0.355+0.063
Valine (Val) Amino acid 1.39+0.26 0.96 +£0.21 7.6+1.6 0.0187 +0.0029 0.049 £ 0.045 7.67 +0.66 6.86 £ 0.64
Tyrosine (Tyr) Amino acid 2.15+£0.46 0.7+0.29 4.22+0.82 0.0091 + 0.0024 0.0075 +0.0010 2.01+£0.21 2.32+0.35
Trptophan (Trp) Amino acid 47+14 1.7£0.4 26.7+7.0 ND ND 21.1+£27 5.90+0.84
Hydroxyproline Amino acid ND ND 0.170 +0.036 ND 0.002601 + 0.000083 0.23+£0.03 0.074+£0.016
Lysine (Lys) Amino acid 533+£5.0 475+7.1 190 +33 0.0676 + 0.0068 0.24+0.12 30.1+1.7 590 £ 29
Methionine (Met) Amino acid ND ND 0.036+£0.013 ND ND 0.0150 + 0.0027 ND
Antranilate Amino acid 27.1+4.6 0.083 +0.026 5.08 £0.83 ND 0.0116 = 0.0023 1.500 £ 0.084 16.0£ 1.0
Adenine Amino acid 0.61+0.17 0.24+0.13 2.06 +0.47 0.00461 + 0.00081 0.0066 + 0.0027 0.90+0.10 0.673 £0.070
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Table 4.1, continued

Embryogenic Suspension cells
Metabolites Pathways Leaf (L) Shoot base (SB) callus (EC) Dry callus (DC) Watery callus (WC) (SC) Regenerant (R)
Creatine Amino acid ND ND 0.0086 + 0.0028 ND 0.0050 + 0.0027 0.0051 £0.0015 ND
Glycerol-3-phosphate Glycolysis 2.1+1.2 1.5+1.4 32+1.1 0.048 +0.035 0.118 +0.045 1.06 + 0.39 0.59+0.25
Fructose-6-phosphate Glycolysis 49 £ 25 12.1+43 22+ 14 0.40+0.19 0.70 £ 0.34 0.18+0.11 48+ 15
Fructose-1,6-phosphate Glycolysis 22+14 0.180 +0.037 0.46 £0.15 0.073 £ 0.071 0.059 + 0.037 0.151 £ 0.061 35+1.6
Gluconic acid Pentose Phosphate 1.58+0.74 0.53+0.32 0.79+£0.36 0.19+0.11 0.27+0.17 0.59+0.25 0.73+£0.35
Erythrose-4-phosphate Pentose Phosphate 0.97 +£0.47 0.21+0.09 0.38£0.25 0.0196 + 0.0054 0.0383 +0.020 0.046 +0.024 0.95+0.33
Xylulose-5-phosphate Pentose Phosphate 0.37+0.21 0.205 +0.089 0.32+0.17 ND 0.0096 = 0.0074 0.136 +0.037 0.37+0.16
Ribulose-5-phosphate Pentose Phosphate 1.04 £ 0.64 0.73+0.41 1.20 £ 0.46 ND 0.0208 £ 0.0095 0.84+£0.26 1.64 +£0.56
6-phosphogluconic acid Pentose Phosphate 4.6+2.8 0.500 + 0.068 ND 0.46+0.31 0.97+0.70 ND 2.33+0.98
Putrescine Polyamines ND ND 0.043 £0.011 ND ND ND 0.179 £ 0.026
GABA Polyamines 0.452 +£0.072 0.46 = 0.30 75+25 0.00191 + 0.00061 0.01321 + 0.00086 6.16 +0.44 0.590 + 0.053
Citrulline Polyamines 1.50 +£0.32 0.88 £0.30 43.0+7.7 0.0083 +0.0013 0.076 £ 0.052 6.91 £ 0.66 9.62 +0.83
Ornithine (Orn) Polyamines ND ND 0.66 £0.10 ND 0.0256 + 0.0024 0.330 £ 0.022 11.85+£0.73
Purine and
Guanine pyrimidine 250 +50 52+20 7.04 £ 0.64 0.158 £ 0.044 0.197 £ 0.098 8.17+0.95 16.1£1.5
Purine and
Uracil pyrimidine 0.16 £0.05 0.121 £0.028 0.089 +0.057 ND 0.00313 + 0.00059 0.094+0.017 ND
Purine and
Thymine pyrimidine 13.6 £3.7 2.44£0.93 0.38 +£0.06 0.0062 +0.0021 0.0077 + 0.0046 0.477 £0.068 0.79+0.11
Purine and
Hypoxanthine pyrimidine 0.178 £ 0.055 0.152 +0.069 0.121 £0.025 ND ND 0.034 £ 0.006 0.094 +£0.011
Purine and
Ribose-5-phosphate Pyrimidine 0.80 +0.39 0.73+0.33 1.1+£0.4 ND 0.028 £0.016 0.79+0.23 148 +0.51
Shikimic acid Shikimate 0.011 +0.005 0.0071 £ 0.0034 ND ND ND ND ND
Shikimate-3-phosphate Shikimate 0.22 +0.09 1.24+0.77 0.18+0.12 ND ND 0.52+0.23 045+0.18
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Table 4.1, continued

Embryogenic Suspension cells
Metabolites Pathways Leaf (L) Shoot base (SB) callus (EC) Dry callus (DC) Watery callus (WC) (SC) Regenerant (R)
Malic acid TCA cycle 240 + 86 140 + 45 130+ 61 0.133+£0.078 0.56+0.21 160 + 60 190 + 60
2-Oxoisovaleric acid TCA cycle 26+ 16 143+79 16 +12 ND 0.11+0.06 18+11 20+ 10
cis-Aconitic acid TCA cycle 33£1.5 26+1.3 0.99 £ 0.64 ND ND 57+£25 0.78 £0.32
Citric acid TCA cycle 19.7+£9.2 16.6 £8.5 11.0£6.5 ND ND 24+ 10 53+27
Oxaloacetic acid TCA cycle 0.46 +0.34 0.035+£0.028 ND ND ND ND 0.12+0.10
a-ketoglutaric acid TCA cycle 1.9+1.1 0.37+0.27 0.066 + 0.052 ND 0.0136 + 0.0086 0.62 +0.52 0.55+0.34
Isocitric acid TCA cycle 10.6 £ 6.3 7.6+4.2 47+32 ND ND 152+95 28+1.5
3-Phosphoglyceric acid TCA cycle 33+£18 104 +3.6 2.26£0.78 4.6+25 6.5+3.4 36+1.2 18.5+£5.3
Lactic acid Others 0.33+£0.18 0.22+0.11 0.21+0.11 0.206 £ 0.081 0.18+0.10 0.22+£0.10 0.29 £0.17
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The Partial Least Square Discriminant Analysis (PLS-DA) score plot (Figure 4.2)
showed three clusters with shoot base and regenerated in vitro leaves grouped
individually, while the other five samples appeared clustered together (Figure 4.2).
Subsequent sections of this chapter describe the results of the specific comparative study

among the B. rotunda samples based on primary metabolites profiled.

Figure 4.2: Three clusters observed from Partial Least Square Discriminant Analysis
(PLS-DA) in seven different samples of B. rotunda (n=3 biological replicates); Red
ellipse: shoot base (SB), grey ellipse: regenerated in vitro leaves (R), yellow ellipse with
green: dry callus (DC), purple: watery callus (WC), blue: embryogenic callus (EC), light
green: conventionally propagated leaf (L) and light blue: suspension cells (SC).
4.1.1 Comparison of primary metabolite profiles in conventionally propagated leaf
and regenerated in vitro leaves of B. rotunda
Conventionally propagated leaf samples (L) were compared with regenerated in
vitro leaves (R) based on primary metabolites profiled. Orthogonal Partial Least Square
Discriminant Analysis (OPLS-DA) was carried out to enable clustering analysis between
both L and R samples. The conventionally propagated leaf and regenerated in vitro leaf

samples had different metabolite profiles, as expected since despite being similar leaf

tissues, they were grown under different environmental conditions. This is evident from
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the separated cluster observed in Figure 4.3A. Concentrations of glutamine and lysine
were 10 times more abundant in R sample than in L as shown in the S-plot in Figure 4.3B.
Additionally, L and R samples exhibited significantly different (p-value<0.05)
concentrations of metabolites such as cis-aconitic acid, citric acid and oxaloacetic acid

that involved in tricarboxylic acid (TCA) cycle (Table 4.1).

Figure 4.3: Primary metabolite variables associated to two different leaves samples of 5.
rotunda (n=3 biological replicates). A: Orthogonal Partial Least Square Discriminant
Analysis (OPLS-DA) in two different samples of B. rotunda. B: Grey ellipse in the S plot
highlights metabolites associated with in vitro regenerated leaves (R) versus
conventionally propagated leaf (L) with p-value<0.05. L: light green, R: grey
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4.1.2 Comparison of primary metabolite profiles in the shoot base and the three

calli types of B. rotunda

The three calli types; EC, DC and WC were formed from the shoot base (SB) of
B. rotunda using different concentrations of 2,4-D as reported (Tan et al., 2005; Yusuf et
al.,2011). The primary metabolite profile of embryogenic callus was compared with two
other non-embryogenic calli, dry and watery callus as a reported study showed the
competence of EC to proliferate and grow (Tan et al., 2005). Data were normalized based
on dry extract weight (Table 4.1), although a similar trend could be observed when
normalized with the estimated cell density (cells.mm™) for each sample (SB, EC, DC and
WC) (Table 4.2). Among the three calli types, WC had the lowest estimated cell density
than in EC and DC. Unsupervised principal component analysis (PCA) revealed three
major clusters (Figure 4.4). DC and WC were grouped together, while SB and EC were
clustered individually.
Table 4.2: Estimation of cell density (cell.mm™) in shoot base, embryogenic and non-
embryogenic calli in B. rotunda (n=3 biological replicates). SB: shoot base; EC:

embryogenic callus; DC: dry callus; WC: watery callus; + indicates the standard
deviation.

Estimate Width of Length of
cell  observation observation Cell density
Tissues number (um) (um) Area (mm?) (cell/mm?)
Shoot base (SB) 87+7 104.8 +3.8 86+3 0.00905 + 0.00063 9680 + 1454
Embryogenic callus (EC) 152.7+9.5 107.4+1.9 83.0+1.5 0.00891 £ 0.00012 17126 =909
Dry callus (DC) 170 +7 107.4+£22 85.8+39 0.00921 £ 0.00027 18312 + 695
Watery callus (WC)  44.7+4.9 106.5+2.9 8591+0.86 0.00915 +0.00032 4896 + 696
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Figure 4.4: Principal Component Analysis (PCA) plot showing three clusters in callus
and shoot base samples from B. rotunda (n=3 biological replicates). Blue ellipse:
embryogenic callus (EC); yellow ellipse with green; dry callus (DC) and with purple:
watery callus (WC); and red ellipse: shoot base (SB).

From the PCA plot, an OPLS-DA score plot was performed to study the
correlation between the three different callus types (EC, DC and WC) based on primary
metabolite profiled as shown in Figure 4.5. Evidently, Figure 4.5A and B both show a
clear distinction between EC and the two non-embryogenic calli, DC and WC. Amino
acids arginine, glutamine and lysine were significantly higher in EC (Figure 4.5C and D)
than in the non-embryogenic calli. Specifically comparing DC and WC (Figure 4.5E and

F), revealed two separated clusters with arginine to be an outlier in the S plot associated

with WC.
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Figure 4.5: Primary metabolite variables associated with different callus types from B. rotunda (n=3 biological replicates). A: Orthogonal Partial Least
Square Discriminant Analysis (OPLS-DA) plot for embryogenic callus (EC) and dry callus (DC); B: OPLS-DA plot for EC and watery callus (WC); C:
Blue ellipse in the S plot highlights metabolites associated with EC versus DC with p-value<0.05, D: Blue ellipse in the S plot highlights metabolites
associated with EC versus WC with p-value<0.05, E: OPLS-DA plot for DC and WC; F: S plot showing metabolite comparison between DC and WC.
DC: green, WC: purple, EC: blue
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Figure 4.5, continued
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Figure 4.5, continued
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4.1.3 Validation of primary metabolite markers in association with embryogenesis

of B. rotunda

The primary metabolite markers, especially amino acids glutamine, arginine and
lysine that were found to correlate well with embryogenesis in B. rotunda from the earlier
OLPS-DA plots (Figure 4.5) were validated in sieved embryogenic cells. As embryogenic
callus comprised a mixture of a high proportion of embryogenic cells and some non-
embryogenic cells, embryogenic callus was sieved using a 425 pum stainless steel sieve to
enrich embryogenic cells farther and to confirm the primary metabolite concentration
observed in callus tissue based on morphology. The sieved embryogenic cells (EC_S) had
more than 2 times the concentration of metabolite markers, glutamine and lysine
compared to the embryogenic callus, with the exception of arginine (Figure 4.6) while

the dry and watery calli had the lowest abundance of the primary metabolite markers.
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Figure 4.6: Relative abundance of metabolite markers in B. rotunda samples (n=3
biological replicates); Green: dry callus (DC); purple: watery callus (WC); blue:
embryogenic callus (EC); orange: sieved embryogenic cells (EC_S); light blue:
suspension cells (SC). Error bars indicate standard deviation, asterisks represent p-
value<0.05 by student T-test between EC and EC_S, pluses represent p-value<0.05 by
student T-test between EC and SC
4.1.4 Comparison of primary metabolite profiles in the embryogenic callus and

suspension cells of B. rotunda

Subsequent to the above comparative study, another OPLS-DA scores plot was
performed to enable classification of regenerative sample (ie. embryogenic callus) versus
the non-regenerative sample (ie. suspension cells) from the primary metabolites profiled
as a previous study reported that suspension cells of B. rofunda failed to regenerate into
new plants after prolonged culture conditions (Wong et al., 2013). Results showed that
SC clustered away from EC, which is regenerative and capable of embryogenesis (Figure
4.7A). The amino acids glutamine, arginine and lysine were observed to be higher in EC
while no primary metabolite markers were found to be associated with SC (Figure 4.7B).

The amino acid concentrations in EC were more than 5-fold higher in glutamine and

lysine, while 3-fold higher in arginine than in SC (Figure 4.6).
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Figure 4.7: Primary metabolite variables associated with plant regeneration in EC and
SC of B. rotunda (n=3 biological replicates). A: OPLS-DA plot for embryogenic callus
(EC) and SC; B: Blue ellipse in the S plot highlights metabolites associated with EC
versus SC with p-value<0.05. SC: light blue, EC: blue.
4.2. Secondary metabolite analysis in B. rotunda samples

The secondary metabolite analysis in seven sample types of B. rotunda were
focused on flavonoid-related compounds (three flavanones and two chalcones) using
UPLC-MS (Table 4.3). The secondary metabolite concentrations were normalized based

on percent dry extract and percent wet weight. Generally, shoot base (SB) and regenerated
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in vitro leaves (R) samples had the highest concentration of secondary metabolites as
reported among the seven samples (Table 4.3). Shoot base sample had the highest
panduratin concentration while the regenerated in vitro leaves sample had the highest
cardamonin concentration regardless in percent dry extract or in wet weight (Table 4.3).
The percent dry extract concentration in both L and R samples were not statistically
different for four metabolites; panduratin, pinocembrin, alpinetin and cardamonin except
pinostrobin. Among the three callus types (EC, DC and WC), EC had significantly the
lowest abundance of panduratin in percent dry extract than in both DC and WC. In
contrast, insignificant dry extract concentration of secondary metabolites were reported
in suspension cells and the two non-embryogenic callus (dry and watery callus) (Table
4.3). The concentration of five secondary metabolites were not significantly different
between the four sample types; EC, DC, WC and SC in percent wet weight (Table 4.3

and Figure 4.8B).
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Table 4.3: The distribution of the five secondary metabolites in various samples in B. rotunda (n=3 biological replicates); + indicates the standard
deviation and different letters represent significant differences for each metabolite at 95% confidence level by Tukey’s test.

Normalization

Tissue types

Panduratin

Pinocembrin

Alpinetin

Pinostrobin

Cardamonin

% Dry extract

Leaves (L)

Shoot base (SB)
Embryogenic callus (EC)
Dry callus (DC)

Watery callus (WC)
Suspension culture (SC)

Regenerant (R)

9.46E-04 + 2.96E-05*
2.71E-03 + 4.20E-05°
6.69E-05 + 1.32E-05¢
1.49E-04 + 6.89E-054
1.77E-04 + 5.52E-05¢
1.51E-04 + 3.75E-054
9.76E-04 + 9.77E-05*

8.51E-04 + 1.51E-04*
6.80E-04 + 3.38E-04%
3.40E-05 + 6.39E-06°
7.48E-05 + 3.37E-05°
9.24E-05 + 2.87E-05°
7.73E-05 + 1.76E-05°
8.25E-04 + 2.29E-04*

8.85E-04 + 4.97E-05*
8.30E-04 + 4.12E-042
5.22E-05 & 1.07E-05°
1.17E-04 £ 5.27E-05°
1.47E-04 + 4.53E-05°
1.17E-04 £ 2.98E-05°
1.02E-03 + 1.95E-04*

8.12E-04 + 1.29E-05*
1.51E-03 + 5.95E-04°
6.01E-05 + 1.10E-05¢
1.35E-04 + 6.37E-05°
2.09E-04 £ 9.19E-05°¢
1.48E-04 +2.51E-05°
1.67E-03 + 5.04E-04°

2.88E-03 + 1.02E-03*
1.45E-03 + 3.76E-04°
1.99E-05 + 3.60E-06°
4.38E-05 + 2.09E-05°¢
6.25E-05 + 2.30E-05°¢
4.88E-05 + 8.46E-06°
4.01E-03 + 2.12E-03*

% Wet weight
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Leaves (L)

Shoot base (L)
Embryogenic callus (EC)
Dry callus (DC)

Watery callus (WC)
Suspension culture (SC)

Regenerant (R)

4.37E-06 + 1.98E-07°
3.56E-05 + 3.04E-05Y
3.33E-07 + 4.54E-09*
3.33E-07 + 5.77E-092
3.51E-07 + 2.58E-08*
3.58E-07 + 1.74E-08?
4.50E-06 + 3.91E-06*

3.94E-06 + 7.59E-07%
5.75E-06 + 3.16E-06*
1.70E-07 + 6.38E-09°
1.67E-07 + 1.14E-09°
1.83E-07 + 1.82E-08®
1.85E-07 + 1.35E-08°
3.98E-06 + 3.66E-06*

4.09E-06 + 3.04E-07°
7.03E-06 + 3.85E-06°
2.60E-07 £ 1.55E-09¢
2.61E-07 £ 1.75E-09¢
2.92E-07 £ 4.29E-08°¢
2.78E-07 + 1.13E-08°¢
4.80E-06 + 4.27E-06%

3.75E-06 + 9.72E-082
1.42E-05 + 9.08E-06°
3.00E-07 + 1.30E-08*
3.00E-07 + 7.71E-092
4.23E-07 £ 1.90E-07*
3.61E-07 + 5.19E-08?
8.04E-06 + 7.44E-06"

1.34E-05 + 4.94E-06*
1.55E-05 + 1.13E-05%
9.96E-08 + 6.97E-09°
9.70E-08 + 3.20E-09®
1.26E-07 + 4.31E-08"
1.18E-07 + 1.69E-08°
2.01E-05 + 2.05E-05*



All the secondary metabolites tested were present at a significant level (p-value
<0.05) with more than 10 times greater abundance in shoot base (SB) than in the three
callus type; EC, DC and WC (Figure 4.8A). Watery callus (WC) had the highest total
secondary metabolite concentration of 0.00069% dry extract while embryogenic callus
(EC) had the lowest, 0.00023% dry extract (Figure 4.8A). Dry callus (DC) had an
intermediate level at 0.00052% of the total dry extract. Comparatively, SB still had the
highest concentration of secondary metabolites while the three callus types had relatively

similar abundances of all five secondary metabolites studied.
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Figure 4.8: Quantitative analysis of the five secondary metabolites in B. rotunda callus
and shoot base tissues (n=3 biological replicates); A: values expressed in percent dry
weight. B: values expressed in percent wet weight. Red: shoot base (SB); blue:
embryogenic callus (EC); green: dry callus (DC); purple: watery callus (WC). Error bars
indicate standard deviation and different letters represent significant differences for each
metabolite at 95% confidence level by Tukey’s test.
4.2.1 Distribution of five flavonoids in various sections and ages of B. rotunda

The experiment was designed to investigate the relative concentrations of five
secondary metabolites (panduratin, pinostrobin, pinocembrin, cardamonin, and alpinetin)

at different ages and sections of shoots; rhizome (Rh), SB and shoot sections (T1 to T5)

(Figure 3.2). Results showed a steady increase in growth of the shoot sections of B.
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rotunda (Figure 4.9) as the shoots mature. The young shoots of B. rotunda developed an
average shoot growth of 0.2 cm per day and increased to 0.3 cm and finally to 0.5 cm

daily at matured stage.
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Figure 4.9: Five separate growth curve of shoots in B. rotunda (n=5 biological
replicates); Blue: T1, red: T2, green: T3, purple: T4, light blue: T5. Error bars indicate
standard deviation.

A heatmap was generated to view the trend of secondary metabolite
concentrations in the different shoot sections (vertical; Rh to T5) and the different ages
of tissues (horizontal; 1-5 cm to 21-25 cm). For the different shoot sections of B. rotunda,
a general trend of decreasing secondary metabolite concentrations were observed with
rhizome (Rh) having the highest concentration followed by shoot base (SB) and finally
T1 to TS (Figure 4.10). The further away the shoot section from Rh, the lower the
concentration of secondary metabolites, except for alpinetin concentration which had
higher concentration in T2 (0.58% dry extract) than in T1 (0.37% dry extract) at shoot
length; 6-10 cm (Figure 4.10). Another exception was observed at shoot length; 21-25 cm
whereby the abundances of panduratin and alpinetin in shoot base (SB) were more than
one fold higher than in rhizome (Rh).

The concentration of secondary metabolites varies with age of B. rotunda shoots.
The secondary metabolites in young shoot base (SB) showed insignificant concentration
but increased significantly except cardamonin as the shoot base matured with at least 10
times higher concentration from 0.09% dry extract (at 1-5 cm shoot length) to 1.01% dry

extract (at 21-25cm shoot length) (Figure 4.10). On the other hand, the relatively young

54



rhizome (Rh) (shoot length <10 cm) had significant panduratin concentration but the
levels became insignificant as rhizome tissue matured (shoot length >16¢m). Specifically
for pinocembrin and cardamonin metabolites, the concentration trend decreased from
young to mature T3 tissues with significant abundance observed at matured T3 tissue
(shoot length >16cm). Additionally, the matured T4 tissue had insignificant

concentrations for all five secondary metabolites.

Panduratin Pinocembrin Alpinetin
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Figure 4.10: Heatmap of the five flavonoids concentration (% dry extract) in various
shoot sections and ages of B. rotunda (n=3 biological replicates); Red: highest
concentration, green: lowest concentration. Scale bar numbers denotes concentrations (%
dry extract) for each metabolites.

The trend of five secondary metabolite concentrations was visualized using a line
graph of a young shoot length; 6-10 cm shown in Figure 4.11. Significantly, higher
concentrations of all five secondary metabolites was observed in the rhizome (Rh) tissue,

with the concentrations for each metabolite decreasing from the shoot base and along the

more distal root samples. Rhizome was observed to have 60 times more alpinetin than in
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shoot base. Other metabolites such panduratin, pinostrobin and pinocembrin had at least

one fold higher values in rhizome than in shoot base.

Figure 4.11: Concentration (% dry extract) of secondary metabolites at 6-10 cm shoot
section of B. rotunda (n=3 biological replicates); Rh: rhizome, SB: shoot base, T1: region
of shoot 1-5 cm distal from the shoot base, T2: region of shoot 6-10 cm distal from the
shoot base. Error bars indicate standard deviation.
4.3  Hormone analysis in B. rotunda samples

Plant hormone analysis was performed for all seven samples of B. rotunda. As
most of the classes of hormones (e.g. gibberellins, ABA, cytokinins) were not detected,
only auxins, jasmonates and salicylates data are shown. 2,4-dichlorophenoxyacetic acid
(2,4-D), an auxin was applied exogenously to the media to form different calli types (Tan
et al., 2005; Yusuf ef al., 2011) using the following concentrations; dry callus (DC) (4
mg.L "), embryogenic callus (EC) (3 mg.L!) and watery callus (WC) (1 mg.L™"). Results
showed that the intracellular concentration of 2,4-D was statistically similar in DC (1444
ppb £ 495.3) and WC (1126 ppb £+ 136.8) (Figure 4.12). In contrast, 2,4-D was not
detected in EC and SC (detection limit of 1 ppb), despite there being an intermediate
concentration of 2,4-D in the EC and SC medium. Another common type of auxin used

as plant growth regulator is indole-3-acetic acid (IAA). A range of IAA concentrations

from 20-240 ppb was shown in the six samples, except for the conventionally propagated
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leaf (L). The endogenous hormone indole-3-acetic acid (IAA) had a decreasing
concentration trend in B. rotunda as follows: DC (565 =261 ppb) > WC (420 + 232 ppb)
> SB (379 + 148 ppb) > SC (372 + 185 ppb) > EC (160 £ 20 ppb) > R (157 + 29 ppb)
(Figure 4.12). Concentration of IAA was three times more in DC than in EC.
Endogenous jasmonic acid and methyl jasmonate showed similar trends in which
they were only detected in conventionally propagated leaf (L) and in regenerated in vitro
leaf (R) samples. The concentration in R samples was significantly higher (p-value <
0.05) than in L for jasmonic acid and methyl jasmonate. For jasmonic acid, L and R
samples had concentrations of 234 + 33 ppb and 389 + 55 ppb, respectively (Figure 4.12).
On the other hand, R sample had more than 2-fold higher methyl jasmonate than in L
sample. As for the salicylate (benzoic acid) concentration, the six samples types were
statistically similar except for SB. SB had the highest benzoic acid concentration of 2547

+ 476 ppb while WC had the lowest concentration of 712 £ 284 ppb.

Figure 4.12: Intracellular hormones concentrations (parts per billion) in dry extracts of
B. rotunda (n=3 biological replicates); Light green: conventionally propagated leaf (L),
red: shoot base (SB), blue: embryogenic callus (EC), green: dry callus (DC), purple:
watery callus (WC), light blue: suspension cells, grey: regenerant (R). Error bars indicate
standard deviation and different letters represent significant differences at 95%
confidence level by Tukey’s test
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4.4 Histo-morphological analysis of shoot base and three callus types of B.
rotunda

The histo-morphological study was carried out for shoot base (SB) and the three
callus types. Morphologically, EC were pale-yellowish, globular and friable callus while
DC were yellowish, friable, nodular and dry (Figure 4.13B and C). Although WC had a
yellowish colour similar to that of EC and DC, its morphology was very different from
the other callus types. WC were spongier than either DC or WC and wet in appearance
(Figure 4.13D).

In addition to being able to differentiate the physical morphologies of each callus
type through naked eye, utilization of scanning electron microscope (SEM) provided
more detailed information about the cell surface. Both EC and DC had more regular
shapes and sizes than did WC, which had irregular shapes and sizes (Figure 4.13F to H).
Moreover, EC had more fibrils on cell surface than did DC cells, which were more
rounded and compact. Figure 4.15E showed that the cells of the SB were organized and,
regularly-shaped and -sized and that some cells were starting to accumulate starch
granules.

The fluorescence study was conducted using diphenylboric acid 2-
aminoethylester (DPBA) stain to visibly locate flavonol abundance, especially quercetin,
kaempferol and related flavonoid derivatives. Results showed the presence of thin
yellowish-green lining of cell membranes across all four sample types (Figure 4.131 to
L). However, only EC and DC showed the presence of fluorescent greenish-blue spots
(Figure 4.13J and K) indicating the presence of localized flavonoids while no
fluorescence was observed in WC (Figure 4.13L), which had higher flavonoid
concentrations (Figure 4.131 and L) than EC and DC samples.

Apart from the fluorescence study, histological examination using light

microscopy was also performed on the shoot base (explant) and the three types of callus
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of B. rotunda stained with the Periodic Acid-Schiff (PAS) reagent to view starch reserves.
EC and DC had dense cells with prominent dark blue clusters (Figure 4.13N and O) while
WC had cells with irregular shapes and sizes and lacked blue clusters. Moreover, the
presence of purplish-red spots in SB, EC, and DC (Figure 4.13M to O) indicated the
presence of starch grains. The SB sample of B. rotunda also showed the presence of

vascular bundles surrounded by parenchyma cells (Figure 4.13M).
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Figure 4.13: Morphology and histology of B. rotunda shoot base and callus. A-D:
morphology of samples; A: cross section of 1 cm x 1 cm shoot base tissue; B: friable pale
yellowish callus; C: compact, dense and dry callus, D: spongy and wet callus; E-H: SEM
images (100x magnification); E: regular-shaped and -sized cells with arrows showing the
presence of starch; F: regular-shaped cells with fibrils; G: rounded, compact cells; H:
elongated and irregular-shaped cells; I-L: morphology of each sample viewed under
fluorescent microscopy with diphenylboric acid 2-aminoethylester (DPBA) stain (100x
magnification); I: fluorescent yellowish-green lining of cell membrane, J: fluorescent
greenish blue spots observed with yellow lining of cell membrane; K: fluorescent
greenish-blue spots observed with yellow lining of cell membrane; L: yellowish lining of
cell membrane; M-P: morphology of each sample viewed under light microscopy with
Periodic Acid-Schiff (PAS) stain (100x magnification); E: organized and compact cells
with presence of vascular bundles (VB) and purplish-red starch granules; F: presence of
dark blue clusters indicates active cell division and red-purplish starch granules; G:
presence of dark blue clusters indicates active cell division and purplish-red starch
granules; H: irregular-shaped and -sized cells without starch granules. SB: shoot base;
EC: embryogenic callus; DC: dry callus; WC: watery callus
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CHAPTER 5

DISCUSSION

Plant tissue culture is mainly utilized in agriculture biotechnology to increase
yield, to improve quality of plants, to produce uniform planting materials and important
bioactive secondary compounds. However, application of plant tissue culture can pose
several issues including abnormalities and somaclonal variation which may affect plant
yield, embryogenesis and regeneration.

In Boesenbergia rotunda (B. rotunda), plant tissue culture study was performed
primarily due to the increased demand for plant material as a result of positive medicinal
properties reported from the derived secondary metabolite extracts. However, a recent
study by Wong ef al. (2013) reported that homogenous suspension cultures of B. rotunda
maintained for periods of several months fail to regenerate into somatic embryos and
hence new plants. The failure of suspension culture to regenerate into plantlets through
somatic embryos is possibly due to underlying molecular changes in the cells. It could be
hypothesized that these molecular changes would be reflected by cellular metabolite
levels during tissue culture, which may relate to embryogenesis. To test the hypothesis, a
metabolmics approach was undertaken. Accordingly, this thesis specifically investigated
the biochemical profiles of various B. rotunda samples representing different stages of
culture, embryogenesis and regeneration (Figure 4.1). Additionally, manipulation of plant
cell culture conditions in B. rotunda can be expected to affect cell metabolism and thus
might have an impact on the production of specific secondary metabolites of interest.

In the present study, the metabolite profile of suspension cells under prolonged
culture conditions (more than 12 months) was compared with that of embryogenic callus
to understand recalcitrance in plant regeneration since the suspension cells were initiated

from embryogenic callus. Additionally, the metabolite profiles of three callus types
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(embryogenic callus which is the embryogenic type, dry callus and watery callus which
are non-embryogenic types) that were derived from the shoot base of B. rotunda were
compared to identify metabolite markers associated with embryogenesis. Furthermore,
the histo-morphological study supported the characterization of different B. rotunda

samples using microscopy techniques.

5.1 Distinct metabolite profiles were observed for B. rotunda samples

The abundance of most of the primary metabolites in various B. rotunda samples
studied were very different from one another (Table 4.1 and Figure 4.2), with
embryogenic callus having the most abundant primary metabolites. Watery callus of B.
rotunda did not exhibit embryogenic competency, as no calli developed into embryos, as
reported by Tan et al. (2015). The primary metabolite profile for suspension cells showed
a cluster that was separated from that for embryogenic callus of B. rotunda (Figure 4.6).
Failure in regeneration of B. rotunda suspension cells is likely to be because the cells are
stressed under prolonged culture conditions. As a result of stress more secondary
metabolites were produced in suspension cells, resulting in higher concentrations of more
than 2-fold of these compounds than in embryogenic callus (Table 4.3). Previous studies
reported that the presence of stresses including temperature, humidity, light intensity,
water supply and plant growth regulators can impact qualitative and quantitative
production of secondary metabolites (Akula & Ravishankar, 2011; Gaspar et al., 2002).
A study in two wheat leaves cultivars, Aikang 58 (AK) and Chinese Spring (CS) reported
an increase in total flavonoids content in CS cultivar and higher expression level of genes
involved in flavonoids biosynthesis under water deficiency stress (Ma et al., 2014). An
increased in flavonoid accumulation was also reported in Hydrocotyle bonariensis
(pennywort) leaves under exposure of auxin and cytokinin conditions (Masoumian et al.,

2011). A genetic study is currently underway to determine changes in gene expression
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that can complement the metabolomics data towards understanding the roles of various
metabolic activities in recalcitrance to regeneration of B. rotunda suspension cells. A
previous study in Arabidopsis reported that suspension cells were mixoploid and the
amount of DNA in cells varied under prolonged culture conditions (Sedov ef al., 2014).
The conventionally propagated leaf (L) samples were grown in an open condition
with direct exposure to the environment (12 h daylight with a temperature range of 25-
30°C) while the regenerated in vitro leaf samples (R) were propagated in a closed,
controlled environment (16 h day/ 8h dark with temperature at 25°C). Therefore it is likely
that the different environmental conditions experienced by these samples may result in
the segregated clusters and different metabolic profiles (Figure 4.3) although both were
derived from the same physiological structure (i.e. leaves) of B. rotunda. Additionally,
the conventionally propagated leaf samples were harvested at a matured age as compared
to the young regenerated in vitro leaves and this may further add to the different metabolic
profiles observed. Robinson et al. (2007) reported that environment effects on
metabolome were greater than genetic variation effects in Douglas fir trees. Similarly,
studies on the two important crops, maize (Frank et al., 2012) and rice (Matsuda et al.,
2012) indicated that metabolite variations were greater between samples grown under
different environmental conditions, such as location and seasons, compared to differences
between samples with genetic variations between strains and between wild type and

genetically modified varieties.

5.1.1 Amino acid requirement in plant regeneration and embryogenesis of B.
rotunda
Amino acids are essential components for plant growth and development. For B.

rotunda, high abundance of certain amino acids possibly encouraged cell differentiation
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and division leading to embryogenesis and plant regeneration. Specifically, the
abundance of glutamine and lysine was more than five-fold higher in embryogenic callus
than in suspension cells (which were non-regenerative following prolonged culture) while
arginine was more than 600-fold higher in the embryogenic callus than in the dry and
watery calli (the non-embryogenic) samples (Table 4.1 and Figure 4.5). The very low
abundance of arginine and glutamine in the non-embryogenic samples of B. rotunda could
be a result of cells not metabolizing well, thus showing low overall callus growth. This
finding is complemented together with cell features observed from the histo-
morphological study (Figure 4.13) which will be discussed later in section 5.4.
Interestingly, the highly significant level of glutamine and lysine (Figure 4.7) in the
sample of sieved embryogenic cells of B. rotunda, which had a higher proportion of
embryogenic cells than embryogenic callus samples further confirmed the importance of
these amino acids for callus growth and proliferation. Additionally, the low
concentrations of the amino acid markers especially glutamine, arginine and lysine found
in suspension cells (Figure 4.7) could be indicative of failure in plant regeneration. The
amino acid, lysine has been reported to promote rice plantlet regeneration through
exogenous application (Pongtongkam et al., 2004) while glutamine, together with
arginine, has been reported to play major roles in tissue culture proliferation and growth:
A study on white pines (Pinus strobes) revealed that endogenous levels of glutamine and
arginine were associated with early development of zygotic embryos (Feirer, 1995).
Another study in Japanese conifer (Cryptomeria Japonica) reported high accumulation
of glutamine in embryogenic callus (Ogita et al., 2001). Khan et al. (2014) have reported
a 3-fold increase of endogenous glutamine in somatic embryos of milk thistle. Glutamine
was reported to be a nitrogen source in calli of carrots (Kamada & Harada, 1984) and

heart vine (Jeyaseelan & Rao, 2005) as well as a precursor of other amino acids
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(Newsholme et al., 2003). In addition, a higher glutamine content was reported in callus
than in regenerated shoots of bamboo (Ogita, 2005).

Similar to the results for B. rotunda (Table 4.1 and Figure 4.5), higher levels of
arginine were reported in somatic embryos than in non-embryogenic callus of milk thistle
(Khan et al., 2014). Arginine is an important precursor for polyamine biosynthesis, via
the arginine decarboxylase pathway (Minocha et al., 2004). The association of polyamine
with embryogenesis were reported in Norway spruce (Mala et al., 2009; Minocha et al.,
1993) and eggplant (Singh Y. & Manchikatla, 1998). The major products of polyamine
biosynthesis are putrescine, spermidine and spermine. In B. rotunda, putrescine was
found only in embryogenic callus which are embryogenic competent but was absent in
the other non-embryogenic samples (Table 4.1). Previous studies have reported
putrescine in promoting plant regeneration through somatic embryogenesis in cotton
(Sakhanokho et al., 2005) and sugarcane (Reis ef al., 2016). Additionally, up-regulation
of two arabinogalactan proteins (AGPs) due to putresine treatment was reported as a
possible action related to somatic embryogenesis in sugarcane (Reis ef al., 2016). Further
studies in cotton (Poon et al., 2012) and white oak (Mallén ef al., 2013) have confirmed
that exogenous addition of AGPs in tissue culture medium of embryogenic callus
stimulates somatic embryogenesis.

The three important metabolite markers found (glutamine, arginine and lysine)
were validated (Figure 4.7) and well correlated with embryogenic competency in B.
rotunda samples. Therefore, it is possible that these compounds could be exogenously
applied in culture media to observe if this results in an increase of embryogenesis rate
compared to the existing media formulation for B. rotunda since no studies were reported
previously. Nonetheless, careful optimization in the cultured media is necessary to ensure
high success rate. At the least, these amino acids could be used as good indicators for cell

embryogenic competency.
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5.2 Are secondary metabolites produced in cultured callus cells of B. rotunda?

The secondary metabolites, specifically flavonoids were most concentrated in the
shoot base and rhizome of B. rotunda (Table 4.3, Figure 4.8 and 4.10), in agreement with
a previous comparative study by Tan et al. (2015) and Yusuf et al. (2013). The trend of
decreasing secondary metabolite concentrations in rhizome to shoot base and finally to
T5 (Figure 4.10 and 4.11) of B. rotunda suggests that flavonoids had diffused away from
the rhizomes, along the shoots towards the developing tips. Harborne (2013) reported that
most flavonoid investigations were concentrated in rhizome because this organ had most
flavonoids identified. Therefore, rhizome is likely to be the major source of secondary
metabolite production as this organ has differentiated tissue, than in undifferentiated
tissue such as calli (embryogenic and non-embryogenic) and suspension cells of B.
rotunda. Previous reports reviewed that high levels of secondary metabolites were
produced in organs of differentiated tissue especially in shoot and root culture (Jedinak
et al., 2004; Rao & Ravishankar, 2002).

The very low abundance of flavonoids quantified in cultured callus cells
regardless of dry and wet weight (Figure 4.8) raises the question of whether the flavonoids
were biosynthesized at relatively low levels in calli cells or if the flavonoids were residual
from the shoot base explant. It is important to note that if flavonoid biosynthesis is not
active in the cultured callus cells, multiplying the cells may not produce the secondary
metabolites as desired even through the use of the fastest growing callus type, which was
embryogenic callus in this case. Additionally, if the metabolites are residual from the
original explant, the more cycles of cell division (longer time in propagation), the lower
the secondary metabolite concentration in the callus cells. Therefore, future experiments
to demonstrate if the flavonoid biosynthesis occurs in the cultured callus cells or explant,

as this knowledge could benefit the large scale production of secondary metabolites of
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interest. The ongoing transcriptome study of B. rotunda may provide data on the
expression of genes in the related metabolic pathways to support the above hypothesis.
Thus far from the secondary metabolite data for B. rotunda, it is reported that low level
of flavonoid content was associated with healthy, active and proliferative cells like the
embryogenic callus in contrast to the recalcitrant cells which had higher flavonoids
content in the non-embryogenic calli (the dry and watery calli) (Figure 4.8). Additionally,
the level of secondary metabolites in suspension cells resembled the levels observed in

the non-embryogenic callus in B. rotunda (Table 4.3).

5.2.1 Biosynthesis of secondary metabolites in B. rotunda samples

Secondary metabolites are produced as part of a plant’s defense mechanism
(Kabera et al., 2014). The biosynthesis of flavonoids occurs via the phenylpropanoid
pathway with phenylalanine as the precursor. Previous studies in B. rotunda reported on
activation of certain genes and proteins involved in the biosynthesis of phenylpropanoid
pathway upon utilization of phenylalanine as precursor through transcriptome (Md-
Mustafa et al., 2014) and proteome (Tan et al., 2012a) analysis. From the metabolite
profiling data, along with low secondary metabolite levels, the level of phenylalanine in
embryogenic callus was 95 times higher than in the non-embryogenic calli (the dry and
watery calli) (Table 4.1), possibly indicating lower conversion of phenylalanine to
flavonoids in embryogenic calli despite activated primary metabolism noted earlier.
Similarly in the non-embryogenic calli of B. rotunda, low phenylalanine concentration
was noted with highest flavonoid content. The highest accumulation of flavonoids was
observed in the watery callus (Table 4.3) compared to the other two callus samples;
embroyogenic and dry calli. However, future investigation is warranted to understand the
underlying metabolism of phenylalanine in the phenylproanoid pathway in B. rotunda

cultured samples. Previous studies in conifers (Dubravina et al., 2005) and red spiderling
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herb (Chaudhary & Dantu, 2015) reported the effects of browning and subsequently poor
growth in calli due to high phenolic content. Similar results of higher phenolic content
were observed in non-embryogenic callus of chick pea (Cicer arietinum) (Naz et al.,
2008), walnut (Juglans regia) (Rodriguez, 1982) and alfalfa (Medicago sativa)
(Dubravina et al., 2005) compared to levels in embryogenic calli, in agreement with the

data for B. rotunda in this study.

5.3 The importance of auxin in somatic embryogenesis of B. rotunda

The synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) is widely used as a
plant growth regulator in plant tissue culture. Like other auxins, 2,4-D initiates growth of
calli by promoting cell differentiation to form overall calli morphologies. When induced
with 2,4-D, calli of B. rotunda showed totipotency (Tan et al., 2005; Wong et al., 2013;
Yusufetal.,2011), as reported for Arabidopsis (Raghavan, 2004) and carrots (Komamine
et al., 1992). The low concentration of 2,4-D (detection limit of 1 ppb) observed in
embryogenic callus of B. rotunda, was possibly due to the active metabolism and
utilization of this plant growth regulator to promote the formation of embryos (Figure
4.14). Intracellular auxin was not detected in conventionally propagated leaf (L) and
regenerated in vitro leaves (R), since 2,4-D is not a naturally occurring auxin and was not
exogenously applied to the culture media. The regenerated in vitro leaves were grown
under growth regulator-free media as reported by Wong et al. (2013). Commonly, the
concentration of 2,4-D in plant culture media is optimized for different plant species and
explants on callus formation A study in carrots by Zimmerman (1993) showed inhibited
growth of calli after the globular stage of callusing in the presence of 2,4-D in some carrot
cell lines. For B. rotunda, the concentration of 2,4-D had been optimized to induce
selected callus types mainly to increase the abundance of selected bioactive secondary

metabolites (Tan et al., 2005; Yusuf et al., 2011).
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The naturally occurring auxin, indole-3-acetic acid (IAA), may encourage
embryogenesis in B. rotunda samples. The low level of intracellular IAA observed in
embryogenic callus suggests that IAA may be actively metabolized to stimulate
embryogenesis. Several studies found contradictory data on levels of IAA needed to
encourage somatic embryogenesis; high levels of ITAA were needed to encourage somatic
embryogenesis in sugarcane (Guiderdoni et al., 1995), wheat (Jiménez & Bangerth,
2001), and maize (Jiménez & Bangerth, 2001), while insignificant difference in IAA
levels in the embryogenic and non-embryogenic callus were reported in carrot
(Michalczuk et al., 1992a) and oil palm (Besse ef al., 1992), which suggest that the
intracellular IAA level may not be the only factor for embryogenic events. It was reported
that the presence of exogenous 2,4-D may influence IAA metabolism in carrot cell lines
(Michalczuk et al., 1992a; Michalczuk et al., 1992b). In the case of B. rotunda, a
moderate level of exogenous 2,4-D leads to a formation of embryogenic callus with low
intracellular IAA levels (Figure 4.12). Additionally, the low endogenous level of IAA in
regenerated in vitro leaves (R) of B. rotunda could be due to the active involvement in
vegetative growth (Figure 4.14). Previous studies in orchid cultivars reported that action
of IAA alone or in conjunction with other phytohormones in the culture media promotes
callusing, shooting and rooting, while inhibiting germination and flowering (Faria et al.,

2013; Hossain & Dey, 2013; Novak ef al., 2014).

5.3.1 IAA concentrations vary for different B. rotunda samples

The study of IAA concentration in B. rotunda samples is essential to provide
baseline knowledge on the embryogenic competency from the endogenous concentration
of IAA. The naturally occurring auxin, IAA is derived from the precursor tryptophan in
the tryptophan-dependent IAA biosynthesis pathway (Ljung, 2013). Several tryptophan

dependent pathways are postulated including the indole-3-acetamine (IAM) pathway, the
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indole-3-pyruvic acid (IPA) pathway, the tryptamine (TA) pathway and the indole-3-
acetyldoxime (IAOX) pathway (Ljung, 2013; Mano & Nemoto, 2012; Pollmann et al.,
2006; Woodward & Bartel, 2005). In B. rotunda, the embryogenic callus and suspension
cells samples had concurrent results in which a high concentration of the precursor
tryptophan were noted, with low concentration of the product, IAA (Table 4.1 and Figure
4.12). Despite this, the embryogenic callus and suspension cells had different sample
characteristics; embryogenic callus had the potential to undergo embryogenesis and later
plantlet regeneration unlike the suspension cells that had no competency to regenerate
into new plant under prolonged culture condition. In contrast, the non-embryogenic calli
(dry and watery callus) had relatively low concentration of tryptophan with high level of
IAA. This is in good agreement with the report on the tissue culture of milk thistle
explants, which had a higher level of tryptophan in somatic embryos, possibly due to
establishment of an auxin gradient required for embryo differentiation (Khan ez al., 2014).
In rice (Oryza sativa) culture, large quantities of embryogenic calli were obtained in
culture media containing tryptophan (Chowdhry et al., 1993). Similar studies with various
rice cultivars reported that the presence of tryptophan stimulated plant regeneration
(Shahsavari, 2011; Wijesekera et al., 2007). Additionally, a report on the culture of wild
cherry by Sung (1979) indicated that high abundance of tryptophan decreases the
endogenous level of IAA in the presence of 2,4-D due to auxin self-regulation or
interference of IAA synthesis with 2,4-D, which could corroborate the results obtained in

embryogenic callus of B. rotunda.

5.3.2 Presence of other hormones in B. rotunda samples
Wounding that occurred during B. rotunda leaf sampling may be the cause of
accumulation of jasmonic acid (JA) and methyl jasmonate (MeJA) in conventionally

propagated leaf and regenerated in vitro leaves samples (Figure 4.12). Ryan (2000)
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reported the increase of jasmonates due to wounding of tomato leaves from the linolenic
acid biosynthesis pathway via the action of systemin signaling. In plant tissue culture of
potatoes and tomatoes, the presence of JA retarded callus formation (Ravnikar & Gogala,
1990), and promoted dormancy and senescence (Tung et al., 1996), respectively. The
concentration differences of benzoic acid was insignificant across all four in vitro cultured
samples of B. rotunda with embryogenic callus having the lowest concentration of 575 +
501 ppb. Eventually, the study of benzoic acid pathways could potentially shed light to
the role played in B. rotunda cell culture from the high concentration reported in shoot

base sample.

5.4  Presence of fibrils and starch reserves indicated embryogenic competency in

B. rotunda cell culture

Microscopy was carried out to characterize the detailed morphology of cells in the
shoot base and the three callus types of B. rotunda sampled in this study. At an early stage
of callusing, cells from embryogenic and dry calli were hard to distinguish. Prominent
differences were only observed at a later stage of callusing, at about the 3™ -4™ week of
culture when dry callus became hard callus clumps that resisted growth upon sub-culture,
while structures in embryogenic callus were observed as globular, translucent spheres
which differentiated and developed into somatic embryos. Similar morphologies of B.
rotunda embryogenic callus had been reported elsewhere (Tan et al., 2005; Yusuf et al.,
2011; Yusufet al., 2013). Moreover, embryogenic cell cultures from other plants such as
banana (Jalil ef al., 2008), coffee (Quiroz-Figueroa et al., 2002) and potatoes (Sharma &
Millam, 2004) also exhibited similar morphology as B. rotunda embryogenic callus. In
contrast, the unique morphology of watery callus was easily identified at the early stage

of callus initiation (Figure 4.13D).
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A scanning electron microscope (SEM) can be used as tool to validate the
characteristics of callus types, a complementary study to the light microscopy technique.
Through SEM analysis, the observed presence of a membranous layer and fibrils on the
cell surface of embryogenic callus suggests that the B. rotunda’s embryogenic callus had
potential morphogenic capacity besides the validated amino acid metabolite markers;
glutamine, arginine and lysine as reported. Similar morphology had been reported in
embryogenic callus of kiwifruit (Popielarska et al., 2006). The absence of fibrils is
indicative of non-embryogenic calli, as reported in studies of sugarcane (Rodriguez et al.,
1996) and Citrus hybrid callus (Chapman et al., 2000), concurring with the observation
for watery callus sample of B. rotunda (Figure 4.13H). Popielarska et al. (2006) reported
that presence of fibrils possibly derived from pectins, had been reported to play a role in
cell-to-cell adhesion and the control of cell wall ionic status and porosity. Baluska et al.
(2003) further reports that pectin oligosaccharide fragments released from cell walls
function as signaling molecules in the regulation of overall developmental processes. The
presence of starch granules was observed only in shoot base sample which derived from
rhizome of B. rotunda under examination of scanning electron microscopy. Similar
findings of starch granules were reported in the rhizomes of mango ginger (Policegoudra

& Aradhya, 2008) and the rhizomes of switchgrass (Sarath et al., 2014).

5.4.1 Fluorescence study in the three callus types of B. rotunda

To date, there are no reports on the usage of diphenylboric acid-2-aminoethyl ester
(DPBA) stain to study the correlation of fluorescence intensity observed through DPBA
staining with flavonols and flavonoids derivatives in cells of B. rotunda but previous
studies have been reported in the model plant Arabidopsis (Buer et al., 2007, Peer et al.,
2001; Saslowsky et al., 2005). Observation under fluorescent microscopy in the three calli

types (embryogenic, dry and watery calli) suggests that the DPBA dye could have
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different specificity for particular flavonoids in B. rotunda (Figure 4.13] to L). The five
secondary metabolites studied were not categorized under flavonols but classified into
groups of chalcones (panduratin and cardamonin) and flavonones (pinostrobin,
pinocembrin and alpinetin). A previous study reported that DPBA stained accumulated
flavonols in the endosperm of Arabidopsis seeds (Endo et al., 2012). Another study also
reported that DPBA emission intensity is greater for flavonols, dihydroflavonols and the
non-glycosylated flavonoids than for glycosylated flavonoids (Murphy et al., 2000; Ogo
et al., 2016; Sheahan & Rechnitz, 1992). In Arabidopsis, Peer et al. (2001) reported that
DPBA-stained flavonoid complexes had unique fluorescing intensities using fluorescein
isothiocyanate (FTIC) filters measured at different wavelengths. Peer et al. (2001) also
found that kaempferol, quercetin and naringenin chalcone were stained in yellow-green
(520 nm), gold (543 nm), and yellow (527 nm), respectively. B. rotunda watery callus on
the other hand had no detectable fluorescence (Figure 4.13L) but had the highest total 5
secondary metabolite concentrations as measured by Ultra Performance Liquid
Chromatography Mass Spectrometry (UPLC-MS); the metabolites studied are the
flavonoid-related compounds with concentration of 6.9 x 10 % dry extract for watery
callus (Table 4.3), a contradictory result to that for embryogenic callus of 2.3 x 10* %
dry extract and 5.2 x 10" % dry extract in dry callus. This could be due to different affinity
of various flavonoids for the DPBA stain. For B. rotunda, part of the flavonoid
biosynthesis pathway in the embryogenic callus could still be active from the observed
fluorescence of stained sample despite the low concentration of the five secondary
metabolites studied (Table 4.3). Poustka et al. (2007) reported that DPBA does not
fluoresce with anthocyanin, a glycosylated flavonoid derivative. Further detailed
investigation would require the use of flavonoid-specific stains or laser induced ionization

mass spectrometry techniques.
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5.4.2 Presence of starch in shoot base, embryogenic and dry callus of B. rotunda
from Periodic Acid-Schiff (PAS) reagent

For examination under Periodic Acid-Schiff reagent (PAS), presence of dark blue
clusters were observed in both embryogenic and dry calli (Figure 4.13N and O) despite
the fact that only embryogenic callus leads to further plant development. This finding is
similar to that reported for embryogenic callus of oil palm (Sarpan et al., 2011) and date
palm (Zouine et al., 2005), where dark blue stains were observed at meristematic regions.
B. rotunda watery callus on the other hand, did not have dark blue stains, which indicated
that watery callus cells were not actively dividing and absent of primary metabolite
indicators; amino acids glutamine, arginine and lysine.

The presence of purplish-red spots in shoot base, embryogenic and dry callus
(Figure 4.13M to O) indicated the presence of starch grains which conserve energy for
overall culture growth and development. Previous studies on somatic embryos of date
palm (Zouine et al., 2005) and embryogenic callus of banana (Xu et al., 2011) also
reported similar coloured structures of starch reserves using PAS. Nonetheless, utilization
of PAS stain is useful as a complementary study in determination of embryogenic
competency in B. rotunda if used together with primary metabolite markers (i.e.

glutamine, arginine and lysine).
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS

Primary metabolites, secondary metabolites, and hormones were profiled using an
UPLC-MS for seven B. rotunda samples; namely conventionally propagated leaf (L),
shoot base (SB), embryogenic callus (EC), dry callus (DC), watery callus (WC),
suspension cells (SC) and regenerated in vitro leaves (R). Each sample was found to have
a distinct primary metabolite profile but watery and dry calli had lowest abundance among
all the samples studied.

The embryogenic and non-embryogenic callus of B. rotunda were distinguished
using 51 targeted primary metabolites. Embryogenic callus in B. rotunda had higher
levels of primary metabolites in general, especially the amino acids glutamine, arginine,
and lysine, compared to suspension cells, dry callus and watery callus. The elevated level
of metabolite markers for embryogenesis such as glutamine and lysine in B. rotunda
culture was confirmed in sieved (enriched) embryogenic cells samples. The concentration
of specifically the amino acids marker provides a very clear prediction of embryogenic
competency of cells and will be a useful tool in future studies to accurately categorize cell
types. Future practical assays to identify specific metabolite markers can be performed
using high throughput liquid chromatography mass spectrometry and optical

spectroscopy using Raman.

Embryogenic callus, dry callus, watery callus and suspension cells had
significantly lower concentrations of secondary metabolites, specifically flavonoids,
compared to shoot base samples. The highest abundance of flavonoids was observed in
the rhizome sample of B. rotunda suggesting that the rhizome could be the main
production site for flavonoid compounds. An ongoing transcriptome study of equivalent

samples could help to explore this further. If flavonoid biosynthesis is activated in
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cultured cells, then mass propagation of cultured cells especially the fastest growing
embryogenic callus would be useful in increasing the production of desirable secondary
metabolites. Additionally, the active and proliferative cells like the embryogenic callus
had low concentration of the five secondary metabolites studied (flavonoid related
compounds) as opposed to the high abundance of flavonoid related compounds found in
watery callus but having unhealthy and dead cells in B. rotunda.

The importance of the hormone, auxin, in embryogenesis was affirmed from the
apparent lack of 2,4-dichlorophenoxy acetic acid and indole-3-acetic acid levels in
embryogenic callus which suggests an active metabolism to promote cell division and
elongation. In contrast, the non-embryogenic competent tissues such as dry callus, watery
callus and suspension cells were likely less efficient in auxin metabolism. For B. rotunda,
it was observed from the embryogenic callus sample that an intermediate level of 2,4-D
(3 mg.L") with low IAA level (160 + 20 ppb) encouraged embryogenesis. The
accumulation of jasmonates and methyl jasmonates in conventionally propagated leaf and
regenerated in vitro leaves samples were possibly due to wounding that occurred during
sampling. Future work on the biosynthesis of salicylates; specifically benzoic acid in B.
rotunda culture is necessary to determine possible mechanisms for the relatively high
concentration reported in shoot base compared to the other samples.

Histo-morphological characterization differentiated the shoot base and three
callus samples, embryogenic, dry and watery calli of B. rotunda: scanning electron
microscopy showed that embryogenic callus had more fibrils on the cell surface, while
bright fluorescent spots were observed after diphenylboric acid 2-aminoethylester
staining compared to watery callus. Using the Periodic-acid Schiff stain, shoot base,
embryogenic and dry calli were observed to have starch reserves stained in purplish red
spots, in contrast to a lack of starch in watery callus. Although watery callus had the

highest concentration of secondary metabolites among the in vitro cultured callus
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quantified by UPLC-MS, histological profiling indicated that these cells were non-
proliferative, lacking in nuclei and localized starch.

The data from this study will be integrated together with gene expression and
methylome profiles by other researchers in the group, to enable the identification of
genetic mechanisms that affect recalcitrance and regeneration of suspension cells in B.
rotunda. Future work should investigate the exogenous application of the embryogenic
metabolite markers into culture media to increase embryogenesis rate. These markers can
also be used as an indicator of embryogenic competency in tissues. Transcriptome studies
of the flavonoid biosynthetic pathway may provide insight into the relatively low levels
of secondary metabolites observed in calli, and its implications for possible culture

production of selected flavonoid compounds.

77



REFERENCES

Abdelwahab, S. I., Mohan, S., Abdulla, M. A., Sukari, M. A., Abdul, A. B., Taha, ... Lee,
K. H. (2011). The methanolic extract of Boesenbergia rotunda (L.) Mansf. and its
major compound pinostrobin induces anti-ulcerogenic property in vivo: Possible

involvement of indirect antioxidant action. Journal of Ethnopharmacology,
137(2), 963-970.

Abeles, F., Morgan, P. W., & Saltveit, M. E. (1992). Ethylene in plant biology. San Diego:
Academic Press.

Akula, R., & Ravishankar, G. A. (2011). Influence of abiotic stress signals on secondary
metabolites in plants. Plant Signaling & Behavior, 6(11), 1720-1731.

Aliferis, K. A., Faubert, D., & Jabaji, S. (2014). A metabolic profiling strategy for the
dissection of plant defense against fungal pathogens. PLOS ONE, 9(11), e111930.

Almeida Trapp, M., De Souza, G. D., Rodrigues-Filho, E., Boland, W., & Mithofer, A.
(2014). Validated method for phytohormone quantification in plants. Frontiers in
Plant Science, 5(417).

Alonso, A., Marsal, S., & Julia, A. (2015). Analytical methods in untargeted
metabolomics: State of the Art in 2015. Frontiers in Bioengineering and
Biotechnology, 3, 23.

Alturkistani, H. A., Tashkandi, F. M., & Mohammedsaleh, Z. M. (2015). Histological
stains: A literature review and case study. Global Journal Health Science, 8(3),
72-79.

Amaral-Baroli, A., Lago, J. H. G., de Almeida, C. V., de Almeida, M., Scotti, M. T.,
Leone, G. F., ... Sartorelli, P. (2016). Variability in essential oil composition
produced by micropropagated (in vitro), acclimated (ex vitro) and in-field plants
of Ocimum basilicum (Lamiaceae). Industrial Crops and Products, 86, 180-185.

Andrade-Eiroa, A., Canle, M., Leroy-Cancellieri, V., & Cerda, V. (2016). Solid-phase
extraction of organic compounds: A critical review (Part 1). 7rAC Trends in
Analytical Chemistry, 80, 641-654.

Baharudin, M. K. A., Hamid, S. A., & Susanti, D. (2015). Chemical composition and
antibacterial activity of essential oils from three aromatic plants of the
Zingiberaceae family in Malaysia. Journal of Physical Science, 26(1), 71-81.

78



Balasundram, N., Sundram, K., & Samman, S. (2006). Phenolic compounds in plants and
agri-industrial by-products: Antioxidant activity, occurrence, and potential uses.
Food Chemistry, 99(1), 191-203.

Baluska, F., gamaj, J., Wojtaszek, P., Volkmann, D., & Menzel, D. (2003). Cytoskeleton-
plasma membrane-cell wall continuum in plants. Emerging links revisited. Plant
Physiology, 133(2), 482-491.

Bancroft J. D., Layton. C. (2013). The hematoxylins and eosin in Bancroft’s theory and
practice of histological techniques. (Vol. 7, pp. 174 — 178). Churchill Living
Stone, UK: Elsevier

Barakat, A., Bagniewska-Zadworna, A., Frost, C. J., & Carlson, J. E. (2010). Phylogeny
and expression profiling of CAD and CAD-like genes in hybrid Populus (P.
deltoides x P. nigra): Evidence from herbivore damage for subfunctionalization
and functional divergence. BMC Plant Biology, 10(1), 1-11.

Barding, G. A., Jr., Beni, S., Fukao, T., Bailey-Serres, J., & Larive, C. K. (2013).
Comparison of GC-MS and NMR for metabolite profiling of rice subjected to
submergence stress. Journal Proteome Research, 12(2), 898-909.

Barnes, S., Benton, H. P., Casazza, K., Cooper, S. J., Cui, X., Du, X., ... Tiwari, H. K.
(2016). Training in metabolomics research. I. Designing the experiment,
collecting and extracting samples and generating metabolomics data. Journal of
Mass Spectrometry, 51(7), 461-475.

Bauer, K., Garbe, D., & Surburg, H. (2008). Common fragrance and flavor materials:
Preparation, properties and uses. John Wiley & Sons.

Baum, S. (2008). The PAS reaction for staining cell walls. Cold Spring Harbor Protocols,
1 (8), 4956.

Baxter, H., Harborne, J. B., & Moss, G. P. (1998). Phytochemical dictionary: A handbook
of bioactive compounds from plants. Florida, USA: CRC Press.

Besse, 1., Verdeil, J. L., Duval, Y., Sotta, B., Maldiney, R., & Miginiac, E. (1992). Oil
palm (Elaeis-guineensis Jacq.) clonal fidelity - Endogenous cytokinins and
indoleacetic acid in embryogenic callus cultures. Journal of Experimental Botany,
43(252), 983-989.

Bevitori, R., Popielarska-Konieczna, M., Dos Santos, E., Grossi-de-Sa, M., & Petrofeza,
S. (2014). Morpho-anatomical characterization of mature embryo-derived callus
of rice (Oryza sativa L.) suitable for transformation. Protoplasma, 251(3), 545-
554.

79



Bhamarapravati, S., Juthapruth, S., Mahachai, W., & Mahady, G. (2006). Antibacterial
activity of Boesenbergia rotunda (L.) Mansf. and Myristica fragrans Houtt.

against Helicobacter pylori. Songklanakarin Journal of Science and Technology,
28(1), 157-163.

Bowles, D., Isayenkova, J., Lim, E.-K., & Poppenberger, B. (2005). Glycosyltransferases:
Managers of small molecules. Current Opinion in Plant Biology, 8(3), 254-263.

Brundrett, M. C., Kendrick, B., & Peterson, C. A. (1991). Efficient lipid staining in plant
material with sudan red 7B or fluorol [correction of fluoral] yellow 088 in
polyethylene glycol-glycerol. Biotechnic & Histochemistry, 66(3), 111-116.

Buer, C. S., Muday, G. K., & Djordjevic, M. A. (2007). Flavonoids are differentially
taken up and transported long distances in Arabidopsis. Plant Physiology, 145(2),
478-490.

Businge, E., Brackmann, K., Moritz, T., & Egertsdotter, U. (2012). Metabolite profiling
reveals clear metabolic changes during somatic embryo development of Norway
spruce (Picea abies). Tree Physiology, 32(2), 232-244.

Caputi, L., & Aprea, E. (2011). Use of terpenoids as natural flavouring compounds in
food industry. Recent Patents on Food, Nutrition & Agriculture, 3(1), 9-16.

Chang, C. (2016). Q&A: How do plants respond to ethylene and what is its importance?
BMC Biology, 14(1), 7.

Chapman, A., Blervacq, A.-S., Tissier, J.-P., Delbreil, B., Vasseur, J., & Hilbert, J.-L.
(2000). Cell wall differentiation during early somatic embryogenesis in plants. 1.
Scanning and transmission electron microscopy study on embryos originating

from direct, indirect, and adventitious pathways. Canadian Journal of Botany,
78(6), 816-823.

Charoensin, S., Punvittayagul, C., Pompimon, W., Mevatee, U., & Wongpoomchai, R.
(2010). Toxicological and clastogenic evaluation of pinocembrin and pinostrobin
isolated from Boesenbergia pandurata in Wistar rats. Thai Journal of Toxicology,
25(1), 29-40.

Charriére, F., Sotta, B., Miginiac, E., & Hahne, G. (1999). Induction of adventitious
shoots or somatic embryos on in vitro cultured zygotic embryos of Helianthus

annuus: variation of endogenous hormone levels. Plant Physiology and
Biochemistry, 37(10), 751-757.

Chaudhary, G., & Dantu, P. K. (2015). Evaluation of callus browning and develop a
strategically callus culturing of Boerhaavia diffusa L. Journal of Plant
Development, 22.

80



Cheah, S.-C., Appleton, D. R., Lee, S.-T., Lam, M.-L., Hadi, A. H. A., & Mustafa, M. R.
(2011). Panduratin A inhibits the growth of A549 cells through induction of
apoptosis and inhibition of NF-KappaB translocation. Molecules, 16(3), 2583-
2598.

Cheenpracha, S., Karalai, C., Ponglimanont, C., Subhadhirasakul, S., & Tewtrakul, S.
(2006). Anti-HIV-1 protease activity of compounds from Boesenbergia
pandurata. Bioorganic & Medicinal Chemistry, 14(6), 1710-1714.

Ching, A. Y. L., Tang, S. W., Sukari, M. A., Lian, G. E. C., Rahmani, M., & Khalid, K.
(2007). Characterization of flavonoid derivatives from Boesenbergia rotunda
(L.). The Malaysian Journal of Analytical Sciences, 11(1), 154-159.

Chiwocha, S. D. S., Abrams, S. R., Ambrose, S. J., Cutler, A. J., Loewen, M., Ross, A.
R.S., & Kermode, A. R. (2003). A method for profiling classes of plant hormones
and their metabolites using liquid chromatography-electrospray ionization tandem

mass spectrometry: An analysis of hormone regulation of thermodormancy of
lettuce (Lactuca sativa L.) seeds. The Plant Journal, 35(3), 405-417.

Chowdhry, C. N., Tyagi, A., Maheshwari, N., & Maheshwari, S. (1993). Effect of L-
proline and L-tryptophan on somatic embryogenesis and plantlet regeneration of
rice (Oryza sativa L. cv. Pusa 169). Plant Cell, Tissue and Organ Culture, 32(3),
357-361.

Cortadellas, N., Ferndndez, E., & Garcia, A. (2013). Biomedical and biological
applications of scanning electron microscopy. Barcelona: CCiTUB Publisher

Curtin, C., Zhang, W., & Franco, C. (2003). Manipulating anthocyanin composition in
Vitis vinifera suspension cultures by elicitation with jasmonic acid and light
irradiation. Biotechnology Letters, 25(14), 1131-1135.

Daayf, F., El Hadrami, A., El-Bebany, A. F., Henriquez, M. A., Yao, Z., Derksen, H., ...
Adam, L. R. (2012). Phenolic compounds in plant defense and pathogen counter-
defense mechanisms. Recent Advances in Polyphenol Research, 3(8), 191-208.

Davies, C., & Bottcher, C. (2009). Hormonal control of grape berry ripening. in K. A.
Roubelakis-Angelakis (Ed.), Grapevine molecular physiology & biotechnology
(pp- 229-261). Dordrecht: Springer Netherlands.

de Almeida, M., Graner, E. M., Brondani, G. E., de Oliveira, L. S., Artioli, F. A., de
Almeida, ... Cordeiro, G. M. (2015). Plant morphogenesis: Theorical bases.
Advances in Forestry Science, 2(1), 13-22.

81



del Carmen Rodriguez-Gacio, M., Matilla-Vazquez, M. A., & Matilla, A. J. (2009). Seed
dormancy and ABA signaling: The breakthrough goes on. Plant Signaling &
Behavior, 4(11), 1035-1048.

Devoghalaere, F., Doucen, T., Guitton, B., Keeling, J., Payne, W., Ling, T. J., ... David,
K. M. (2012). A genomics approach to understanding the role of auxin in apple
(Malus x domestica) fruit size control. BMC Plant Biology, 12(1), 7.

Dias, D. A., Hill, C. B., Jayasinghe, N. S., Atieno, J., Sutton, T., & Roessner, U. (2015).
Quantitative profiling of polar primary metabolites of two chickpea cultivars with
contrasting responses to salinity. Journal of Chromatography B, 1000, 1-13.

Dixon, R. A., & Pasinetti, G. M. (2010). Flavonoids and isoflavonoids: From plant
biology to agriculture and neuroscience. Plant Physiology, 154(2), 453-457.

Dobrowolska, I., Andrade, G. M., Clapham, D., & Egertsdotter, U. (2016). Histological
analysis reveals the formation of shoots rather than embryos in regenerating
cultures of Eucalyptus globulus. Plant Cell, Tissue and Organ Culture (PCTOC),
1-8.

Dowlatabadi, R., Weljie, A. M., Thorpe, T. A., Yeung, E. C., & Vogel, H. J. (2009).
Metabolic footprinting study of white spruce somatic embryogenesis using NMR
spectroscopy. Plant Physiology and Biochemistry, 47(5), 343-350.

Dubravina, G., Zaytseva, S. M., & Zagoskina, N. V. (2005). Changes in formation and
localization of phenolic compounds in the tissues of European and Canadian Yew
during dedifferentiation in vitro. Russian Journal of Plant Physiology, 52(5), 672-
678.

Endo, A., Tatematsu, K., Hanada, K., Duermeyer, L., Okamoto, M., Yonekura-
Sakakibara, ... Nambara, E. (2012). Tissue-specific transcriptome analysis
reveals cell wall metabolism, flavonol biosynthesis and defense responses are
activated in the endosperm of germinating Arabidopsis thaliana seeds. Plant Cell
Physiology, 53(1), 16-27.

Ernst, D., & Oesterhelt, D. (1985). Changes of cytokinin nucleotides in an anise cell
culture (Pimpinella anisum L.) during growth and embryogenesis. Plant Cell
Reports, 4(3), 140-143.

Facciola, S. (1990). Cornucopia. A source book of edible plants. Paperback: Vista,
California.

Falcone Ferreyra, M. L., Rius, S. P., & Casati, P. (2012). Flavonoids: Biosynthesis,
biological functions, and biotechnological applications. Frontiers in Plant
Science, 3, 222.

82



Fan, T. W.-M. (2012). Considerations of sample preparation for metabolomics
investigation. in T. W.-M. Fan, A. N. Lane, & R. M. Higashi (Eds.), The
Handbook of metabolomics (pp. 7-27). Totowa, NJ: Humana Press.

Faria, D. C., Dias, A. C. F., Melo, I. S., & de Carvalho Costa, F. E. (2013). Endophytic
bacteria isolated from orchid and their potential to promote plant growth. World
Journal of Microbiology and Biotechnology, 29(2), 217-221.

Feirer, R. P. (1995). Biochemistry of conifer embryo development: Amino acids,
polyamines and storage proteins. Somatic embryogenesis in woody plants.

Ferrer, J.-L., Austin, M., Stewart, C., & Noel, J. (2008). Structure and function of
enzymes involved in the biosynthesis of phenylpropanoids. Plant Physiology and
Biochemistry, 46(3), 356-370.

Fiehn, O. (2002). Metabolomics--the link between genotypes and phenotypes. Plant
Molecular Biology, 48(1-2), 155-171.

Fiehn, O. (2006). Metabolite profiling in Arabidopsis. Arabidopsis Protocols, 439-447.

Fiehn, O., Kopka, J., Dormann, P., Altmann, T., Trethewey, R. N., & Willmitzer, L.
(2000). Metabolite profiling for plant functional genomics. Nature Biotechnology,
18(11), 1157-1161.

Finkelstein, R. R., Gampala, S. S., & Rock, C. D. (2002). Abscisic acid signaling in seeds
and seedlings. The Plant Cell, 14(suppl 1), S15-S45.

Fischer, A. H., Jacobson, K. A., Rose, J., & Zeller, R. (2008). Hematoxylin and eosin
staining of tissue and cell sections. Cold Spring Harbor Protocols, 2008(5), pdb.
prot4986.

Frank, T., Rohlig, R. M., Davies, H. V., Barros, E., & Engel, K.-H. (2012). Metabolite
profiling of maize kernels: Genetic modification versus environmental influence.
Journal of Agricultural and Food Chemistry, 60(12), 3005-3012.

Gao, Y., Zhao, Y., Li, T., Liu, Y., Ren, C., & Wang, M. (2010). Molecular cloning and
expression analysis of an F-box protein gene responsive to plant hormones in
Brassica napus. Molecular Biology Reports, 37(2), 1037-1044.

Gaspar, T., Franck, T., Bisbis, B., Kevers, C., Jouve, L., Hausman, J.-F., & Dommes, J.
(2002). Concepts in plant stress physiology: Application to plant tissue cultures.
Plant Growth Regulation, 37(3), 263-285.

83



Gaspar, T., Kevers, C., Penel, C., Greppin, H., Reid, D. M., & Thorpe, T. A. (1996). Plant
hormones and plant growth regulators in plant tissue culture. /n vitro Cellular &
Developmental Biology-Plant, 32(4), 272-289.

George, E. F., Hall, M. A., & De Klerk, G.-J. (2008). Plant growth regulators II:
cytokinins, their analogues and antagonists. Plant propagation by tissue culture
(pp. 205-226). Merriot Somerset, UK: Springer Netherlands.

Guiderdoni, E., Merot, B., Eksomtramage, T., Paulet, F., Feldmann, P., & Glaszmann, J.
(1995). Somatic embryogenesis in sugarcane (Saccharum species) Somatic
Embryogenesis and Synthetic Seed II (pp. 92-113). Berlin Heidelberg: Springer.

Gupta, P. K., & Holmstrom, D. (2005). Double staining technology for distinguishing
embryogenic cultures. in S. M. Jain & P. K. Gupta (Eds.), Protocol for somatic
embryogenesis in woody plants (pp. 573-575). Dordrecht: Springer Netherlands.

Harborne, J. (1989). General procedures and measurement of total phenolics. Methods in
Plant Biochemistry, 1, 1-28.

Harborne, J. B. (2013). The flavonoids: Advances in research since 1980. Reading, UK:
Springer.

He,J., Yu, S., & Ma, C. (2009). Effects of plant growth regulator on endogenous hormone
levels during the period of the red globe growth. Journal of Agricultural Science,

1(1).

Hennion, M. C. (1999). Solid-phase extraction: Method development, sorbents, and
coupling with liquid chromatography. Journal Chromatography A, 856(1-2), 3-
54.

Hosp, J., Tashpulatov, A., Roessner, U., Barsova, E., Katholnigg, H., Steinborn, R., ...
Touraev, A. (2007). Transcriptional and metabolic profiles of stress-induced,
embryogenic tobacco microspores. Plant Molecular Biology, 63(1), 137-149.

Hossain, M. M., & Dey, R. (2013). Multiple regeneration pathways in Spathoglottis
plicata Blume—A study in vitro. South African Journal of Botany, 85, 56-62.

Hutzler, P., Fischbach, R., Heller, W., Jungblut, T. P., Reuber, S., Schmitz, R., ...
Schnitzler, J.-P. (1998). Tissue localization of phenolic compounds in plants by
confocal laser scanning microscopy. Journal of Experimental Botany, 49(323),
953-965.

84



Hwang, E. 1., Kaneko, M., Ohnishi, Y., & Horinouchi, S. (2003). Production of plant-
specific flavanones by Escherichia coli containing an artificial gene cluster.
Applied and Environmental Microbiology, 69(5), 2699-2706.

Hwang, J., Cho, S., & Cho, S. (2010). WIPO Patent Application WO/2010/041777.
Geneva, Switzerland: World International Property Organization

Hwang, J. K., Shim, J. S., & Chung, J. Y. (2004). Anticariogenic activity of some tropical
medicinal plants against Streptococcus mutans. Fifoterapia, 75(6), 596-598.

Irchhaiya, R., Kumar, A., Yadav, A., Gupta, N., Kumar, S., Gupta, N., ... Gurjar, H.
(2015). Metabolites in plants and its classification. World Journal of Pharmacy
and Pharmaceutical Sciences, 4(1), 287-305.

Isa, N. M., Abdelwahab, S. 1., Mohan, S., Abdul, A. B., Sukari, M. A., Taha, M. M., ...
Mustafa, M. R. (2012). In vitro anti-inflammatory, cytotoxic and antioxidant
activities of boesenbergin A, a chalcone isolated from Boesenbergia rotunda (L.)
(fingerroot). Brazilian Journal of Medicinal and Biological Research, 45(6), 524-
530.

Ivanova, A., Velcheva, M., Denchev, P., Atanassov, A., & Onckelen, H. A. (1994).
Endogenous hormone levels during direct somatic embryogenesis in Medicago
falcata. Physiologia Plantarum, 92(1), 85-89.

Iwashina, T. (2000). The structure and distribution of the flavonoids in plants. Journal of
Plant Research, 113(3), 287-299.

Jalil, M., Chee, W. W., Othman, R. Y., & Khalid, N. (2008). Morphohistological
examination on somatic embryogenesis of Musa acuminata cv. Mas (AA).
Scientia Horticulturae, 117(4), 335-340.

Jantan, 1. b., Basni, 1., Ahmad, A. S., Mohd Ali, N. A., Ahmad, A. R., & Ibrahim, H.
(2001). Constituents of the rhizome oils of Boesenbergia pandurata (Roxb.)

Schlecht from Malaysia, Indonesia and Thailand. Flavour and Fragrance
Journal, 16(2), 110-112.

Jedindk, A., Farago, J., PSendkova, 1., & Maliar, T. (2004). Approaches to flavonoid
production in plant tissue cultures. Biologia Bratislava, 59(6), 697-710.

Jeyaseelan, M., & Rao, M. (2005). Biochemical studies of embryogenic and non-
embryogenic callus of Cardiospermum halicacabum L. Indian Journal of
Experimental Biology, 43(6), 555.

85



Jiang, H., Wood, K. V., & Morgan, J. A. (2005). Metabolic engineering of the
phenylpropanoid pathway in Saccharomyces cerevisiae. Applied and
Environmental Microbiology, 71(6), 2962-2969.

Jiménez, V. M., & Bangerth, F. (2001). Endogenous hormone concentrations and

embryogenic callus development in wheat. Plant Cell, Tissue and Organ Culture,
67(1), 37-46.

Jing, L. J., Mohamed, M., Rahmat, A., & Bakar, M. F. A. (2010). Phytochemicals,
antioxidant properties and anticancer investigations of the different parts of
several gingers species (Boesenbergia rotunda, Boesenbergia pulchella var

attenuata and Boesenbergia armeniaca). Journal of Medicinal Plant Research,
4(1),27-32.

Jouannic, S., Lartaud, M., Hervé, J., Collin, M., Orieux, Y., Verdeil, J.-L., & Tregear, J.
W. (2011). The shoot apical meristem of oil palm (Elaeis guineensis; Arecaceac):
developmental progression and dynamics. Annals of Botany, 108(8), 1477-1487.

Juhasz, Z., Balmer, D., S6s-Hegedus, A., Vallat, A., Mauch-Mani, B., & Banfalvi, Z.
(2014). Effects of drought stress and storage on the metabolite and hormone
contents of potato tubers expressing the yeast trehalose-6-phosphate synthase 1
gene. Journal of Agricultural Science, 6(5), p142.

Kabera, J. N., Semana, E., Mussa, A. R., & He, X. (2014). Plant secondary metabolites:
biosynthesis, classification, function and pharmacological properties. Journal of
Pharmacy and Pharmacology, 2, 377-392.

Kamada, H., & Harada, H. (1984). Changes in endogenous amino acid compositions
during somatic embryogenesis in Daucus carota L. Plant and Cell Physiology,
25(1), 27-38.

Kanno, Y., Jikumaru, Y., Hanada, A., Nambara, E., Abrams, S. R., Kamiya, Y., & Seo,
M. (2010). Comprehensive hormone profiling in developing Arabidopsis seeds:
Examination of the site of ABA biosynthesis, ABA transport and hormone
interactions. Plant and Cell Physiology, 51(12), 1988-2001.

Khan, M., Abbasi, B., Ali, H., Ali, M., Adil, M., & Hussain, 1. (2014). Temporal
variations in metabolite profiles at different growth phases during somatic

embryogenesis of Silybum marianum L. Plant Cell, Tissue and Organ Culture
(PCTOC), 1-13.

Kiat, T. S., Pippen, R., Yusof, R., Ibrahim, H., Khalid, N., & Rahman, N. A. (2006).
Inhibitory activity of cyclohexenyl chalcone derivatives and flavonoids of
fingerroot, Boesenbergia rotunda (L.), towards dengue-2 virus NS3 protease.
Bioorganic & Medicinal Chemistry Letters, 16(12), 3337-3340.

86



Kim, D.-Y., Kim, M.-S., Sa, B.-K., Kim, M.-B., & Hwang, J.-K. (2012). Boesenbergia
pandurata attenuates diet-induced obesity by activating AMP-activated protein

kinase and regulating lipid metabolism. International Journal of Molecular
Sciences, 13(1), 994-1005.

Kim, D., Lee, M. S., Jo, K., Lee, K. E., & Hwang, J. K. (2011). Therapeutic potential of
panduratin A, LKBI1-dependent AMP-activated protein kinase stimulator, with
activation of PPARa/d for the treatment of obesity. Diabetes, Obesity and
Metabolism, 13(7), 584-593.

Kim, H. K., Choi, Y. H., & Verpoorte, R. (2010). NMR-based metabolomic analysis of
plants. Nature Protocols, 5(3), 536-549.

Kirana, C., Jones, G. P., Record, I. R., & McIntosh, G. H. (2007). Anticancer properties
of panduratin A isolated from Boesenbergia pandurata (Zingiberaceae). Journal
of Natural Medicines, 61(2), 131-137.

Kojima, M., Kamada-Nobusada, T., Komatsu, H., Takei, K., Kuroha, T., Mizutani, M.,
... Sakakibara, H. (2009). Highly sensitive and high-throughput analysis of plant
hormones using MS-probe modification and liquid chromatography—tandem mass

spectrometry: An application for hormone profiling in Oryza sativa. Plant and
Cell Physiology, 50(7), 1201-1214.

Kong, L., Attree, S. M., & Fowke, L. C. (1997). Changes of endogenous hormone levels
in developing seeds, zygotic embryos and megagametophytes in Picea glauca.
Physiologia Plantarum, 101(1), 23-30.

Kopka, J., Fernie, A., Weckwerth, W., Gibon, Y., & Stitt, M. (2004). Metabolite profiling
in plant biology: Platforms and destinations. Genome Biology, 5(6), 109-109.

Kumar, S., & Pandey, A. K. (2013). Chemistry and biological activities of flavonoids: An
overview. The Scientific World Journal, 2013, 16.

Kumari, S., Pundhir, S., Priya, P., Jeena, G., Punetha, A., Chawla, K., ... Yadav, G.
(2014). EssOi1lDB: A database of essential oils reflecting terpene composition and
variability in the plant kingdom. Database, 2014, baul20.

Kupchan, S. M., Britton, R. W., Ziegler, M. F., & Sigel, C. W. (1973). Bruceantin, a new
potent antileukemic simaroubolide from Brucea antidysenterica. The Journal of
Organic Chemistry, 38(1), 178-179.

Lai, S.-L., Cheah, S.-C., Wong, P.-F., Noor, S. M., & Mustafa, M. R. (2012). In vitro and
in vivo anti-angiogenic activities of panduratin A. PLOS ONE, 7(5), e38103.

87



Lattanzio, V., Lattanzio, V. M., & Cardinali, A. (2006). Role of phenolics in the resistance
mechanisms of plants against fungal pathogens and insects. Phytochemistry:
Advances in Research, 661, 23-67.

Liang, Y. J., Lin, Y. T., Chen, C. W., Lin, C. W., Chao, K. M., Pan, W. H., & Yang, H.
C. (2016). SMART: Statistical Metabolomics Analysis-An R Tool. Analytical
Chemistry, 88(12), 6334-6341.

Liu, Z.-H., Wang, W.-C., & Yen, Y.-S. (1998). Effect of hormone treatment on root
formation and endogenous indole-3-acetic acid and polyamine levels of glycine
max cultivated in vitro. Botanical Bulletin of Academia Sinica, 39.

Ljung, K. (2013). Auxin metabolism and homeostasis during plant development.
Development, 140(5), 943-950.

Lu, J.-J., Bao, J.-L., Chen, X.-P., Huang, M., & Wang, Y.-T. (2012). Alkaloids isolated
from natural herbs as the anticancer agents. Evidence-Based Complementary and
Alternative Medicine, 2012, 12.

Luo, M., Wan, S., Sun, X., Ma, T., Huang, W., & Zhan, J. (2016). Interactions between
auxin and quercetin during grape berry development. Scientia Horticulturae, 205,
45-51.

Ma, D., Sun, D., Wang, C., Li, Y., & Guo, T. (2014). Expression of flavonoid biosynthesis
genes and accumulation of flavonoid in wheat leaves in response to drought stress.
Plant Physiology and Biochemistry, 80, 60-66.

Mahidol, C., Tuntiwachwuttikul, P., Reutrakul, V., & Taylor, W. (1984). Constituents of
Boesenbergia pandurata (syn. Kaempferia pandurata). 1lI. Isolation and
synthesis of (£)-boesenbergin B. Australian Journal of Chemistry, 37(8), 1739-
1745.

Mahmud, 1., Thapaliya, M., Boroujerdi, A., & Chowdhury, K. (2014). NMR-based
metabolomics study of the biochemical relationship between sugarcane callus

tissues and their respective nutrient culture media. Analytical and Bioanalytical
Chemistry, 406(24), 5997-6005.

Mala, J., Cvikrova, M., Machova, P., & Martincova, O. (2009). Polyamines during
somatic embryo development in Norway spruce (Picea abies [L.]). Journal Forest
Science, 55, 75-80.

Mallon, R., Martinez, T., Corredoira, E., & Vieitez, A. M. (2013). The positive effect of
arabinogalactan on induction of somatic embryogenesis in Quercus bicolor
followed by embryo maturation and plant regeneration. Trees, 27(5), 1285-1296.

88



Mano, Y., & Nemoto, K. (2012). The pathway of auxin biosynthesis in plants. Journal of
Experimental Botany, ers091.

Martens, S., PreuB3, A., & Matern, U. (2010). Multifunctional flavonoid dioxygenases:
Flavonol and anthocyanin biosynthesis in Arabidopsis thaliana L.
Phytochemistry, 71(10), 1040-1049.

Masoumian, M., Arbakariya, A., Syahida, A., & Maziah, M. (2011). Flavonoids
production in Hydrocotyle bonariensis callus tissues. Journal of Medicinal Plants
Research, 5(9), 1564-1574.

Matsuda, F., Okazaki, Y., Oikawa, A., Kusano, M., Nakabayashi, R., Kikuchi, J., ...
Saito, K. (2012). Dissection of genotype—phenotype associations in rice grains
using metabolome quantitative trait loci analysis. The Plant Journal, 70(4), 624-
636.

Matsuura, H. N., & Fett-Neto, A. G. (2015). Plant alkaloids: Main features, toxicity, and
mechanisms of action. in P. Gopalakrishnakone, C. R. Carlini, & R. Ligabue-
Braun (Eds.), Plant toxins (pp. 1-15). Dordrecht: Springer Netherlands.

Mazri, M. A., Elbakkali, A., Belkoura, M., & Belkoura, 1. (2011). Embryogenic
competence of calli and embryos regeneration from various explants of Dahbia

cv, a Moroccan olive tree (Olea europaea L.). African Journal of Biotechnology,
10(82), 19089.

Md-Mustafa, N. D., Khalid, N., Gao, H., Peng, Z., Alimin, M. F., Bujang, N., ... Othman,
R. Y. (2014). Transcriptome profiling shows gene regulation patterns in a
flavonoid pathway in response to exogenous phenylalanine in Boesenbergia
rotunda cell culture. BMC Genomics, 15(1), 984.

Metz, T. O., Zhang, Q., Page, J. S., Shen, Y., Callister, S. J., Jacobs, J. M., & Smith, R.
D. (2007). The future of liquid chromatography-mass spectrometry (LC-MS) in
metabolic profiling and metabolomic studies for biomarker discovery.
Biomarkers in Medicine, 1(1), 159-185.

Michalczuk, L., Cooke, T. J., & Cohen, J. D. (1992a). Auxin levels at different stages of
carrot somatic embryogenesis. Phytochemistry, 31(4), 1097-1103.

Michalczuk, L., Ribnicky, D. M., Cooke, T. J., & Cohen, J. D. (1992b). Regulation of
indole-3-acetic acid biosynthetic pathways in carrot cell cultures. Plant
Physiology, 100(3), 1346-1353.

Michopoulos, F., Gika, H., Palachanis, D., Theodoridis, G., & Wilson, I. D. (2015). Solid
phase extraction methodology for UPLC-MS based metabolic profiling of urine
samples. Electrophoresis, 36(18), 2170-2178.

89



Minocha, R., Kvaalen, H., Minocha, S. C., & Long, S. (1993). Polyamines in
embryogenic cultures of Norway spruce (Picea abies) and red spruce (Picea
rubens). Tree Physiology, 13(4), 365-377.

Minocha, R., Minocha, S. C., & Long, S. (2004). Polyamines and their biosynthetic
enzymes during somatic embryo development in red spruce (Picea rubens Sarg.).
Invitro Cellular & Developmental Biology-Plant, 40(6), 572-580.

Moffatt, B. A., & Ashihara, H. (2002). Purine and Pyrimidine Nucleotide Synthesis and
Metabolism, The Arabidopsis Book (Vol 1). Canada: American Society of Plant
Biologists

Moller, B., & Weijers, D. (2009). Auxin Control of Embryo Patterning. Cold Spring
Harbor Perspectives in Biology, 1(5), a001545.

Morikawa, T., Funakoshi, K., Ninomiya, K., Yasuda, D., Miyagawa, K., Matsuda, H., &
Yoshikawa, M. (2008). Medicinal foodstuffs. XXXIV. Structures of new
prenylchalcones and prenylflavanones with TNF-alpha and aminopeptidase N

inhibitory activities from Boesenbergia rotunda. Chemical and Pharmaceutical
Bulletin (Tokyo), 56(7), 956-962.

Moshkov, 1., Novikova, G., Hall, M., George, E., & de Klerk, G. (2008). Plant growth
regulators III: Gibberellins, ethylene, abscisic acid, their analogues and inhibitors;
miscellaneous compounds In Plant propagation by tissue culture. (Vol. 1, pp.
227-281) Merriot Somerset, UK: Springer Netherlands

Muller, B., & Sheen, J. (2008). Cytokinin and auxin interaction in root stem-cell
specification during early embryogenesis. Nature, 453(7198), 1094-1097.

Muller, M., & Munne-Bosch, S. (2011). Rapid and sensitive hormonal profiling of
complex plant samples by liquid chromatography coupled to electrospray
1onization tandem mass spectrometry. Plant Methods, 7, 37.

Miiller, M., & Munné-Bosch, S. (2011). Rapid and sensitive hormonal profiling of
complex plant samples by liquid chromatography coupled to electrospray
ionization tandem mass spectrometry. Plant Methods, 7(1), 1.

Murphy, A., Peer, W. A., & Taiz, L. (2000). Regulation of auxin transport by
aminopeptidases and endogenous flavonoids. Planta, 211(3), 315-324.

Narciso, J. O., & Hattori, K. (2010). Genotypic differences in morphology and
ultrastructures of callus derived from selected rice varieties. Phillipine Science
Letters, 3(1), 59-65.

90



Naz, S., Ali, A., & Igbal, J. (2008). Phenolic content in vitro cultures of chick pea (Cicer
Arietinum L.) during callogenesis and organogenesis Pakistan Journal of Botany,
40(6), 2525-2539.

Neoh, B. K., Teh, H. F., Ng, T. L. M., Tiong, S. H., Thang, Y. M., Ersad, M. A., ...
Appleton, D. R. (2013). Profiling of metabolites in oil palm mesocarp at different
stages of oil biosynthesis. Journal of Agricultural and Food Chemistry, 61(8),
1920-1927.

Newsholme, P., Lima, M. M. R., Procopio, J., Pithon-Curi, T. C., Doi, S. Q., Bazotte, R.
B., & Curi, R. (2003). Glutamine and glutamate as vital metabolites. Brazilian
Journal of Medical and Biological Research, 36, 153-163.

Nishiwaki, M., Fujino, K., Koda, Y., Masuda, K., & Kikuta, Y. (2000). Somatic
embryogenesis induced by the simple application of abscisic acid to carrot
(Daucus carota L.) seedlings in culture. Planta, 211(5), 756-759.

Novak, S. D., Luna, L. J., & Gamage, R. N. (2014). Role of auxin in orchid development.
Plant Signaling & Behavior, 9(10), €972277.

Ogita, S. (2005). Callus and cell suspension culture of bamboo plant, Phyllostachys nigra.
Plant Biotechnology, 22(2), 119-125.

Ogita, S., Sasamoto, H., Yeung, E., & Thorpe, T. (2001). The effects of glutamine of the
maintenance of embryogenic cultures of Cryptomeria japonica. In vitro Cellular
& Developmental Biology - Plant, 37(2), 268-273.

Ogo, Y., Mori, T., Nakabayashi, R., Saito, K., & Takaiwa, F. (2016). Transgenic rice seed
expressing flavonoid biosynthetic genes accumulate glycosylated and/or acylated
flavonoids in protein bodies. Journal of Experimental Botany, 67(1), 95-106.

Palama, T. L., Menard, P., Fock, 1., Choi, Y. H., Bourdon, E., Govinden-Soulange, J., ...
Kodja, H. (2010). Shoot differentiation from protocorm callus cultures of Vanilla
planifolia (Orchidaceae): Proteomic and metabolic responses at early stage. BMC
Plant Biology, 10(1), 82.

Palanyandy, S. R., Suranthran, P., Gantait, S., Sinniah, U. R., Subramaniam, S., Aziz, M.
A., ... Roowi, S. H. (2013). In vitro developmental study of oil palm (Elaeis
guineensis Jacq.) polyembryoids from cell suspension using scanning electron
microscopy. Acta Physiologiae Plantarum, 35(5), 1727-1733.

Paque, S., & Weijers, D. (2016). Q&A: Auxin: the plant molecule that influences almost
anything. BMC Biology, 14(1), 67.

91



Patti, G. J. (2011). Separation strategies for untargeted metabolomics. Journal of
Separation Science, 34(24), 3460-3469.

Pech, J.-C., Purgatto, E., Bouzayen, M., & Latché, A. (2012). Ethylene and Fruit Ripening
Annual Plant Reviews (Vol 44, pp. 275-304). Wiley-Blackwell.

Peer, W. A., Brown, D. E., Tague, B. W., Muday, G. K., Taiz, L., & Murphy, A. S. (2001).

Flavonoid accumulation patterns of transparent testa mutants of Arabidopsis.
Plant Physiology, 126(2), 536-548.

Petersen, M. (1997). Cytochrome P450-dependent hydroxylation in the biosynthesis of
rosmarinic acid in Coleus. Phytochemistry, 45(6), 1165-1172.

Phukerd, U., & Soonwera, M. (2013). Insecticidal effect of essential oils from
Boesenbergia rotunda (L.) Mansf. and Curcuma zedoaria rosc against dengue

vector mosquito, Aedes aegypti L. Journal of Agricultural Technology, 9(6),
1573-1583.

Policegoudra, R., & Aradhya, S. (2008). Structure and biochemical properties of starch

from an unconventional source—Mango ginger (Curcuma amada roxb.) rhizome.
Food Hydrocolloids, 22(4), 513-519.

Pollmann, S., Miiller, A., & Weiler, E. (2006). Many roads lead to auxin of nitrilases,
synthases, and amidases. Plant Biology, 8(03), 326-333.

Pongtongkam, P., Peyachoknagul, S., Sripichit, P., Thongpan, A., Klakkhaeng, K.,
Ketsagul, S., & Lertsirirungson, K. (2004). Effects of L-lysine on callus

formation, plant regeneration and flowering of Thai rice cv KDML105. Kasetsart
Journal of Nature and Science, 38, 190-195.

Poon, S., Heath, R. L., & Clarke, A. E. (2012). A chimeric arabinogalactan protein
promotes somatic embryogenesis in cotton cell culture. Plant Physiology, 160(2),
684-695.

Popielarska, M., Slesak, H., & Goralski, G. (2006). Histological and SEM studies on
organogenesis in endosperm-derived callus of kiwifruit (Actinidia deliciosa cv.
Hayward). Acta Biologica Cracoviensia Series Botanica, 48(2), 97-104.

Poustka, F., Irani, N. G., Feller, A., Lu, Y., Pourcel, L., Frame, K., & Grotewold, E.
(2007). A trafficking pathway for anthocyanins overlaps with the endoplasmic

reticulum-to-vacuole protein-sorting route in Arabidopsis and contributes to the
formation of vacuolar inclusions. Plant Physiology, 145(4), 1323-1335.

92



Quiroz-Figueroa, F., Fuentes-Cerda, C., Rojas-Herrera, R., & Loyola-Vargas, V. (2002).
Histological studies on the developmental stages and differentiation of two

different somatic embryogenesis systems of Coffea arabica. Plant Cell Reports,
20(12), 1141-1149.

Rao, S. R., & Ravishankar, G. (2002). Plant cell cultures: Chemical factories of secondary
metabolites. Biotechnology Advances, 20(2), 101-153.

Ravnikar, M., & Gogala, N. (1990). Regulation of potato meristem development by
jasmonic acid in vitro. Journal of Plant Growth Regulation, 9(1-4), 233-236.

Reis, R. S., Vale Ede, M., Heringer, A. S., Santa-Catarina, C., & Silveira, V. (2016).
Putrescine induces somatic embryo development and proteomic changes in
embryogenic callus of sugarcane. Journal Proteomics, 130, 170-179.

Retamales, H. A., & Scharaschkin, T. (2014). A staining protocol for identifying
secondary compounds in Myrtaceae. Applications in Plant Sciences, 2(10).

Ribas, A. F., Dechamp, E., Champion, A., Bertrand, B., Combes, M.-C., Verdeil, J.-L.,
... Etienne, H. (2011). Agrobacterium-mediated genetic transformation of Coffea

arabica (L.) is greatly enhanced by using established embryogenic callus cultures.
BMC Plant Biology, 11(1), 1-15.

Robinson, A. R., Ukrainetz, N. K., Kang, K. Y., & Mansfield, S. D. (2007). Metabolite
profiling of Douglas-fir (Pseudotsuga menziesii) field trials reveals strong
environmental and weak genetic variation. New Phytologist, 174(4), 762-773.

Rodriguez, R. (1982). Callus initiation and root-formation from in vitro culture of walnut
cotyledons. Horticultural Science, 17(2), 195-196.

Rodriguez, S., Mond¢jar, C., Ramos, M., Diaz, E., Maribona, R., & Ancheta, O. (1996).
Sugarcane somatic embryogenesis: A scanning electron microscopy study. Tissue
and Cell, 28(2), 149-154.

Roessner-Tunali, U., Hegemann, B., Lytovchenko, A., Carrari, F., Bruedigam, C.,
Granot, D., & Fernie, A. R. (2003). Metabolic profiling of transgenic tomato
plants overexpressing hexokinase reveals that the influence of hexose
phosphorylation diminishes during fruit development. Plant Physiology, 133(1),
84-99.

Roessner, U., & Pettolino, F. (2007). The importance of anatomy and physiology in plant
metabolomics. Metabolomics (pp. 253-278) Berlin Heidelberg: Springer.

93



Roy, S., Babic, 1., Watada, A. E., & Wergin, W. P. (1996). Unique advantages of using
low temperature scanning electron microscopy to observe bacteria. Protoplasma,
195(1-4), 133-143.

Rukayadi, Y., Lee, K.-H., & Hwang, J.-K. (2009a). Activity of panduratin A isolated
from Kaempferia pandurata Roxb. against multi-species oral biofilms in vitro.
Journal of Oral Science, 51(1), 87-95.

Rukayadi, Y., Lee, K., Han, S., Yong, D., & Hwang, J.-K. (2009b). In vitro activities of
panduratin A against clinical Staphylococcus strains. Antimicrobial Agents and
Chemotherapy, 53(10), 4529-4532.

Ryan, C. A. (2000). The systemin signaling pathway: differential activation of plant
defensive genes. Biochimica et Biophysica Acta (BBA) - Protein Structure and
Molecular Enzymology, 1477(1-2), 112-121.

Sakhanokho, H. F., Ozias-Akins, P., May, O. L., & Chee, P. W. (2005). Putrescine
enhances somatic embryogenesis and plant regeneration in upland cotton. Plant
Cell, Tissue and Organ Culture, 81(1), 91-95.

Salama, S. M., AlRashdi, A. S., Abdulla, M. A., Hassandarvish, P., & Bilgen, M. (2013).
Protective activity of Panduratin A against Thioacetamide-induced oxidative
damage: demonstration with in vitro experiments using WRL-68 liver cell line.
BMC Complementary and Alternative Medicine, 13(1), 279.

SanE, D., Aberlenc-Bertossi, F., Gassama-Dia, Y. K., Sagna, M., Trouslot, M. F., Duval,
Y., & Borgel, A. (2006). Histocytological analysis of callogenesis and somatic

embryogenesis from cell suspensions of date palm (Phoenix dactylifera). Annals
of Botany, 98(2), 301-308.

Sarath, G., Baird, L. M., & Mitchell, R. B. (2014). Senescence, dormancy and tillering in
perennial C4 grasses. Plant Science, 217-218(0), 140-151.

Sarpan, N., Ky, H., Ooi, S.-E., Napis, S., Ho, C.-L., Ong-Abdullah, M., Chin, C.-F., &
Namasivayam, P. (2011). A novel transcript of oil palm (Elaeis guineensis Jacq.),
Eg707, is specifically upregulated in tissues related to totipotency. Molecular
Biotechnology, 48(2), 156-164.

Saslowsky, D. E., Warek, U., & Winkel, B. S. (2005). Nuclear localization of flavonoid
enzymes in Arabidopsis. Journal of Biological Chemistry, 280(25), 23735-23740.

Sedov, K., Fomenkov, A., Solov’yova, A., Nosov, A., & Dolgikh, Y. I. (2014). The level
of genetic variability of cells in prolonged suspension culture of Arabidopsis
thaliana. Biology Bulletin, 41(6), 493-499.

94



Senthil Kumar, M., & Nandi, S. C. (2015). High frequency plant regeneration with
histological analysis of organogenic callus from internode explants of

Asteracantha longifolia Nees. Journal of Genetic Engineering and
Biotechnology, 13(1), 31-37.

Shahsavari, E. (2011). Impact of tryptophan and glutamine on the tissue culture of upland
rice. Plant Soil Environment, 57(1), 7-10.

Sharma, H. C., Sujana, G., & Manohar Rao, D. (2009). Morphological and chemical
components of resistance to pod borer, Helicoverpa armigera in wild relatives of
pigeonpea. Arthropod-Plant Interactions, 3(3), 151-161.

Sharma, S. K., & Millam, S. (2004). Somatic embryogenesis in Solanum tuberosum L.:
A histological examination of key developmental stages. Plant Cell Reports,
23(3), 115-119.

Sheahan & Rechnitz. (1992). Flavonoid-specific staining of Arabidopsis thaliana.
Biotechniques, 13(6), 880.

Shindo, K., Kato, M., Kinoshita, A., Kobayashi, A., & Koike, Y. (2006). Analysis of
antioxidant activities contained in the Boesenbergia pandurata Schult. rhizome.
Bioscience Biotechnology and Biochemistry, 70(9), 2281-2284.

Shulaev, V. (2006). Metabolomics technology and bioinformatics. Briefings in
Bioinformatics, 7(2), 128-139.

Singh Y., & Manchikatla, V. R. (1998). Temporal regulation of somatic embryogenesis
by adjusting cellular polyamine content in eggplant. Plant Physiology, 116(2),
617-625.

Sirirugsa, P. (1999). Thai Zingiberaceae: Species diversity and their uses. World (total),
52, 1,500.

Smetanska, I. (2008). Production of secondary metabolites using plant cell cultures. In U.
Stahl, U. B. Donalies, & E. Nevoigt (Eds.), Food Biotechnology (Vol. 111, pp.
187-228). Berlin Heidelberg: Springer

Sohn, J. H., Han, K. L., Lee, S. H., & Hwang, J. K. (2005). Protective effects of panduratin
A against oxidative damage of tert-butylhydroperoxide in human HepG2 cells.
Biological Pharmaceutical Bulletin, 28(6), 1083-1086.

Strehmel, N., Bottcher, C., Schmidt, S., & Scheel, D. (2014). Profiling of secondary
metabolites in root exudates of Arabidopsis thaliana. Phytochemistry, 108, 35-46.

95



Studham, M. E., & Maclntosh, G. C. (2012). Phytohormone signaling pathway analysis
method for comparing hormone responses in plant-pest interactions. BMC
Research Notes, 5(1), 392.

Su, Y.-H., Liu, Y.-B., & Zhang, X.-S. (2011). Auxin—cytokinin interaction regulates
meristem development. Molecular Plant, 4(4), 616-625.

Sukari, M., Mohd Sharif, N., Yap, A., Tang, S., Neoh, B., Rahmani, M., ... Yusof, U.
(2008). Chemical constituents variations of essential oils from rhizomes of four
Zingiberaceae species. Malaysian Journal of Analytical Sciences, 12(3), 638-644.

Sukari, M. A., Lian, G. E. C., & Khalid, K. (2007). Cytotoxic constituents from
Boesenbergia pandurata (roxb.) schltr. Natural Product Sciences, 13(2), 110-113.

Sumner, L. W., Mendes, P., & Dixon, R. A. (2003). Plant metabolomics: Large-scale
phytochemistry in the functional genomics era. Phytochemistry, 62(6), 817-836.

Sung, Z. R. (1979). Relationship of indole-3-acetic acid and tryptophan concentrations in
normal and 5-methyltryptophan-resistant cell lines of wild carrots. Planta, 145(4),
339-345.

Sweetlove, L. J., Beard, K. F., Nunes-Nesi, A., Fernie, A. R., & Ratcliffe, R. G. (2010).
Not just a circle: Flux modes in the plant TCA cycle. Trends Plant Science, 15(8),
462-470.

Tan, B. C., Tan, S. K., Wong, S. M., Ata, N., Rahman, N. A., & Khalid, N. (2015).
Distribution of flavonoids and cyclohexenyl chalcone derivatives inconventional
propagated and in vitro-derived field-grown Boesenbergia rotunda (L.) Mansf.
Evidence-Based Complementary and Alternative Medicine, 2015: 1-7.

Tan, E. C., Karsani, S. A., Foo, G. T., Wong, S. M., Rahman, N. A., Khalid, N., ... Yusof,
R. (2012a). Proteomic analysis of cell suspension cultures of Boesenbergia
rotunda induced by phenylalanine: Identification of proteins involved in
flavonoid and phenylpropanoid biosynthesis pathways. Plant Cell Tissue and
Organ Culture, 111(2), 219-229.

Tan, E. C., Lee, Y., Chee, C., Heh, C., Wong, S., Christina, T., ... Saiful, A. (2012b).
Boesenbergia rotunda: From ethnomedicine to drug discovery. Evidence-Based
Complementary and Alternative Medicine, 2012: 1-25

Tan, S. K., Pippen, R., Yusof, R., Ibrahim, H., Rahman, N., & Khalid, N. (2005). Simple
one-medium formulation regeneration of fingerroot [ Boesenbergia rotunda (L.)
mansf. Kulturpfl.] via somatic embryogenesis. In vitro Cellular & Developmental
Biology - Plant, 41(6), 757-761.

96



Teh, H. F., Neoh, B. K., Hong, M. P. L., Low, J. Y. S., Ng, T. L. M., Ithnin, N, ...
Appleton, D. R. (2013). Differential Metabolite Profiles during Fruit
Development in High-Yielding Oil Palm Mesocarp. PLOS ONE, 8(4).

Teh, H. F., Neoh, B. K., Wong, Y. C., Kwong, Q. B., Ooi, T. E. K., Ng, T. L. M., ...
Ersad, M. A. (2014). Hormones, polyamines, and cell wall metabolism during oil
palm fruit mesocarp development and ripening. Journal of Agricultural and Food
Chemistry, 62(32), 8143-8152.

Teron, R., & Borthakur, S. (2013). Folklore claims of some medicinal plants as antidote
against poisons among the Karbis of Assam, India. Pleione, 7(2), 346-356.

Tewtrakul, S., Subhadhirasakul, S., Karalai, C., Ponglimanont, C., & Cheenpracha, S.
(2009). Anti-inflammatory effects of compounds from Kaempferia parviflora and
Boesenbergia pandurata. Food Chemistry, 115(2), 534-538.

Tewtrakul, S., Subhadhirasakul, S., & Kummee, S. (2003). HIV-1 protease inhibitory
effects of medicinal plants used as self medication by AIDS patients.
Songklanakarin Journal of Science and Technology, 25(2), 239-243.

Theodoridis, G., Gika, H., Franceschi, P., Caputi, L., Arapitsas, P., Scholz, M., Masuero,
D., Wehrens, R., Vrhovsek, U., & Mattivi, F. (2011). LC-MS based global
metabolite profiling of grapes: Solvent extraction protocol optimisation.
Metabolomics, 8(2), 175-185.

Tholl, D. (2015). Biosynthesis and biological functions of terpenoids in plants
Biotechnology of Isoprenoids (pp. 63-106). Springer.

Thomas, C., Bronner, R., Molinier, J., Prinsen, E., van Onckelen, H., & Hahne, G. (2002).
Immuno-cytochemical localization of indole-3-acetic acid during induction of
somatic embryogenesis in cultured sunflower embryos. Planta, 215(4), 577-583.

Thorpe, T. A. (2007). History of plant tissue culture. Molecular Biotechnology, 37(2),
169-180.

Toyomasu, T., Tsuji, H., Yamane, H., Nakayama, M., Yamaguchi, I., Murofushi, N., ...
Inoue, Y. (1993). Light effects on endogenous levels of gibberellins in
photoblastic lettuce seeds. Journal of Plant Growth Regulation, 12(2), 85-90.

Trakoontivakorn, G., Nakahara, K., Shinmoto, H., Takenaka, M., Onishi-Kameyama, M.,
Ono, H., ... Tsushida, T. (2001). Structural analysis of a novel antimutagenic
compound, 4-hydroxypanduratin A, and the antimutagenic activity of flavonoids
in a Thai spice, fingerroot (Boesenbergia pandurata Schult.) against mutagenic
heterocyclic amines. Journal of Agricultural and Food Chemistry, 49(6), 3046-
3050.

97



Tuchinda, P., Reutrakul, V., Claeson, P., Pongprayoon, U., Sematong, T., Santisuk, T., &
Taylor, W. C. (2002). Anti-inflammatory cyclohexenyl chalcone derivatives in
Boesenbergia pandurata. Phytochemistry, 59(2), 169-173.

Tugizimana, F., Piater, L., & Dubery, 1. (2013). Plant metabolomics: A new frontier in
phytochemical analysis. South African Journal of Science, 109(5-6), 01-11.

Tung, P., Hooker, T. S., Tampe, P. A., Reid, D. M., & Thorpe, T. A. (1996). Jasmonic
acid: Effects on growth and development of isolated tomato roots cultured in vitro.
International Journal of Plant Sciences, 713-721.

Van der Hooft, J. J. J., Akermi, M., Unli, F. Y., Mihaleva, V., Roldan, V. G., Bino, R. J.,
de Vos, R. C. H., & Vervoort, J. (2012). Structural annotation and elucidation of

conjugated phenolic compounds in black, green, and white tea extracts. Journal
of Agricultural and Food Chemistry, 60(36), 8841-8850.

Verpoorte, R., Choi, Y. H., & Kim, H. K. (2007). NMR-based metabolomics at work in
phytochemistry. Phytochemistry Reviews, 6(1), 3-14.

Vesely, J., Havlicek, L., Strnad, M., Blow, J. J., Donella-Deana, A., Pinna, L., ... Leclerc,
S. (1994). Inhibition of cyclin-dependent kinases by purine analogues. European
Journal of Biochemistry, 224(2), 771-786.

Wang, Y. H., & Irving, H. R. (2011). Developing a model of plant hormone interactions.
Plant Signaling & Behavior, 6(4), 494-500.

Wangkangwan, W., Boonkerd, S., Chavasiri, W., Sukapirom, K., Pattanapanyasat, K.,
Kongkathip, ... Yompakdee, C. (2009). Pinostrobin from Boesenbergia
pandurata is an inhibitor of Ca2+-signal-mediated cell-cycle regulation in the
yeast Saccharomyces cerevisiae. Bioscience, Biotechnology, and Biochemistry,

73(7), 1679-1682.

Wetmore, R. H., & Wardlaw, C. W. (1951). Experimental morphogenesis in vascular
plants. Annual Review of Plant Physiology, 2(1), 269-292.

Wiggins, N. L., Forrister, D. L., Endara, M. J., Coley, P. D., & Kursar, T. A. (2016).
Quantitative and qualitative shifts in defensive metabolites define chemical

defense investment during leaf development in Inga, a genus of tropical trees.
Ecology and Evolution, 6(2), 478-492.

Wijesekera, T., Igbal, M., & Bandara, D. (2007). Plant regeneration in vitro by
organogenesis on callus induced from mature embryos of three rice varieties
(Oryza sativa L. spp. indica). Tropical Agriculture Research, 19, 25-35.

98



Win, N. N., Awale, S., Esumi, H., Tezuka, Y., & Kadota, S. (2008). Panduratins D-I,
novel secondary metabolites from rhizomes of Boesenbergia pandurata.
Chemical Pharmaceutical Bulletin (Tokyo), 56(4), 491-496.

Winkel-Shirley, B. (2001). Flavonoid biosynthesis. A colorful model for genetics,
biochemistry, cell biology, and biotechnology. Plant Physiology, 126(2), 485-
493.

Wong, S. M., Salim, N., Harikrishna, J. A., & Khalid, N. (2013). Highly efficient plant
regeneration via somatic embryogenesis from cell suspension cultures of

Boesenbergia rotunda. In vitro Cellular & Developmental Biology-Plant, 49(6),
665-673.

Woodward, A. W., & Bartel, B. (2005). Auxin: Regulation, action, and interaction.
Annals of Botany, 95(5), 707-735.

Xu, C., Zhao, L., Pan, X., & gamaj, J. (2011). Developmental localization and
methylesterification of pectin epitopes during somatic embryogenesis of banana
(Musa spp. AAA). PLOS ONE, 6(8), €22992.

Yanes, O., Tautenhahn, R., Patti, G. J., & Siuzdak, G. (2011). Expanding coverage of the
metabolome for global metabolite profiling. Analytical Chemistry, 83(6), 2152-
2161.

Yeung, E. C. (1999). The Use of Histology in the Study of Plant Tissue Culture Systems:
Some Practical Comments. /n vitro Cellular & Developmental Biology. Plant,
35(2), 137-143.

Yun, J.-M., Kweon, M.-H., Kwon, H., Hwang, J.-K., & Mukhtar, H. (2006). Induction of
apoptosis and cell cycle arrest by a chalcone panduratin A isolated from

Kaempferia pandurata in androgen-independent human prostate cancer cells PC3
and DU145. Carcinogenesis, 27(7), 1454-1464.

Yusuf, N. A., Annuar, M. S. M., & Khalid, N. (2011). Efficient propagation of an
important medicinal plant Boesenbergia rotunda by shoot derived callus. Journal
of Medicinal Plants Research, 5(13), 2629-2636.

Yusuf, N. A., M Annuar, M. S., & Khalid, N. (2013). Existence of bioactive flavonoids
in rhizomes and plant cell cultures of Boesenbergia rotunda (L.) Mansf. Kulturpfl.
Australian Journal of Crop Science, 7(6), 730.

Zhang, W., Swarup, R., Bennett, M., Schaller, G. E., & Kieber, Joseph J. (2013).
Cytokinin induces cell division in the quiescent center of the Arabidopsis root
apical meristem. Current Biology, 23(20), 1979-1989.

99



Zhao, X., Wang, W., Zhang, F., Deng, J., Li, Z., & Fu, B. (2014). Comparative metabolite
profiling of two rice genotypes with contrasting salt stress tolerance at the seedling
stage. PLOS ONE, 9(9), e108020.

Zimmerman, J. L. (1993). Somatic embryogenesis: A model for early development in
higher plants. The Plant Cell, 5(10), 1411.

Zouine, J., El Bellaj, M., Meddich, A., Verdeil, J.-L., & El Hadrami, 1. (2005).
Proliferation and germination of somatic embryos from embryogenic suspension
cultures in Phoenix dactylifera. Plant Cell, Tissue and Organ Culture, §2(1), 83-
92.

100



LIST OF PUBLICATION AND PAPER PRESENTED

Publication

1.

Ng, T. L. M., Karim, R., Tan, Y. S., Teh, H. F., Danial, A. D., Ho, L. S, ...
Harikrishna, J. A. (2016). Amino acid and secondary metabolite production in
embryogenic and non-embryogenic callus of fingerroot ginger (Boesenbergia

rotunda). PLOS ONE, 11(6).

Oral presentation

1.

2" International Conference on Life Science and Sustainability (2016), Penang
Malaysia
Title: Biochemical characterization of embryogenic and non-embryogenic calli in

Boesenbergia rotunda

101





