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FLAVONOID PATHWAY GENE DISCOVERIES IN Boesenbergia rotunda
THROUGH RNA-SEQ TRANSCRIPTOME PROFILING OF CELL
SUSPENSION CULTURES IN RESPONSE TO PHENYLALANINE

ABSTRACT

Panduratin A extracted from Boesenbergia rotunda is a flavonoid reported to possess
a range of medicinal properties which include anti-dengue, anti-HIV, anti-cancer,
antioxidant and anti-inflammatory activities. B. rotunda is a plant from the Zingiberaceae
family commonly used as a food ingredient and traditional medicine in Southeast Asia
and China. Reports on the health benefits of secondary metabolites extracted from B.
rotunda over the last few years have increased demands for panduratin A. However, large
scale extraction has been hindered by low abundance of the compound in nature and
limited knowledge of its biosynthetic pathway. Experiments showed an increase in
panduratin A production after 14 days post treatment with exogenous phenylalanine, an
aromatic amino acid derived from the shikimic acid pathway. Transcriptome sequencing
and digital gene expression (DGE) analysis of untreated and phenylalanine treated B.
rotunda cell suspension cultures were carried out to elucidate the key genes differentially
expressed in the panduratin A biosynthetic pathway. Total RNA of untreated and 14 days
post-phenylalanine treated cell suspension cultures were extracted and sequenced using
next generation sequencing technology employing an Illumina-Solexa platform. The
transcriptome data generated 101,043 unigenes with 50,932 (50.41%) successfully
annotated in the public protein databases; including 49.93% (50,447) in the non-
redundant (NR) database, 34.63% (34,989) in Swiss-Prot, 24.07% (24,316) in Kyoto
Encyclopedia of Genes and Genomes (KEGG) and 16.26% (16,426) in Clusters of
Orthologous Groups (COG). Through DGE analysis, it was found that 14,644 unigenes
were up-regulated and 14,379 unigenes down-regulated in response to exogenous

phenylalanine treatment. In the flavonoid pathway leading to the proposed panduratin A
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production, 2 unigenes encoded for phenylalanine ammonia-lyase (PAL), 3 for 4-
coumaroyl:coenzyme A ligase (4CL) and 1 for chalcone synthase (CHS) were found up-
regulated. In this thesis, a flavonoid pathway leading to panduratin A biosynthesis was
proposed. In addition, two enzymes, namely flavonoid O-methyltransferase and
prenyltransferase, were suggested to be key enzymes for panduratin A biosynthesis. In
the transcriptome data, Unigene891 All, Unigene21507 All were predicted to encode
flavonoid O-methyltransferase whereas, Unigene31983 All was predicted to encode
prenyltransferase. At the gene regulatory level, transcripts for MYB transcription factors
in the transcriptome database were further analysed by transcriptome-wide R2R3 MYB
transcription factor analysis. As a result, transcripts for three MYB transcription factors
namely BrMYBI1, BrMYB2 and BrMYB3 were successfully sequenced and characterized.
To date, this is the first report of B. rotunda de novo transcriptome data that could serve
as a reference for gene or enzyme functional studies in the Zingiberaceae family.
Although enzymes that are directly involved in the panduratin A biosynthetic pathway
were not completely elucidated, the data provide an overall picture of gene regulation

patterns leading to panduratin A production.
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ABSTRAK

Panduratin A yang diekstrak daripada Boesenbergia rotunda adalah kompaun
flavonoid yang dilaporkan mempunyai pelbagai faedah dari segi perubatan termasuk
aktiviti anti-denggi, anti-HIV, anti-kanser, antioksida dan anti-radang. B. rotunda adalah
tumbuhan dari keluarga Zingiberacea yang biasa digunakan sebagai makanan dan ubat-
ubatan tradisional di Asia Tenggara dan China. Laporan mengenai manfaat kesihatan
metabolit sekunder yang diekstrak daripada B. rotunda sejak beberapa tahun yang lalu
telah menyebabkan permintaan yang semakin meningkat untuk panduratin A. Walau
bagaimanapun pengeluaran berskala besar tidak berjaya dihasilkan kerana banyak faktor
termasuk penghasilan panduratin A secara semulajadi yang sangat rendah dan
pengetahuan laluan biosintesis panduratin A yang terhad. Berdasarkan kajian terdahulu,
penghasilan panduratin A dapat ditingkatkan dengan penambahan fenilalanin di dalam
ampaian kultur selama 14 hari di mana fenilalanin adalah asid amino aromatik yang
diperoleh melalui laluan asid shikimik. Penjujukan seluruh transkrip dan analisis ekspresi
gen secara digital ( DGE ) daripada ampaian kultur B. rotunda yang dirangsang dan tanpa
rangsangan oleh fenilalanin telah dijalankan untuk mengenal pasti gen utama yang
terlibat dalam penghasilan panduratin A. Seluruh RNA daripada ampaian kultur yg tidak
dirangsang dan dirangsang oleh fenilalanin selama 14 hari telah diekstrak dan penjujukan
transkrip telah dilakukan melalui kaedah teknologi penjujukan generasi baru yang
menggunakan platform Illumina-Solexa. Keseluruhannya, data transkrip telah menjana
101,043 unigen dengan 50,932 (50.41 %) berjaya dipadankan dalam pangkalan data
protein awam; termasuk 49,93 % (50,447) dalam pangkalan data yang tidak bertindih
(NR), 34.63 % (34,989), di Swiss-Prot , 24.07 % (24 ,316), dalam Ensiklopedia Kyoto
daripada Gen dan Genom (KEGG) dan 16.26 % (16,426) dalam Kelompok Kumpulan
Orthologous (COG). Melalui analisis DGE, didapati bahawa ekspresi 14,644 unigenes

meningkat dan ekspresi 14,379 unigenes menurun disebabkan oleh rangsangan daripada



fenilalanin. Dalam laluan secara langsung flavonoid yang membawa kepada penghasilan
panduratin A, didapati bahawa ekspresi 2 unigen yang merekodkan fenilalanin ammonia-
lyase (PAL), 3 unigen untuk coumaroyl:koenzim A ligase (4CL) menigkat dan 1 unigen
untuk chalcone sintase (CHS) meningkat. Dalam tesis ini, laluan flavonoid dalam
penghasilan panduratin A telah dicadangkan. Selain itu, terdapat dua jenis enzim penting
iaitu flavonoid O-methyltransferase dan prenyltransferase yang turut dicadangkan terlibat
dalam penghasilan panduratin A. Daripada data transcriptom ini, Unigene891 All dan
Unigene21507_All telah diramalkan berfungsi sebagai flavonoid O-methyltransferase.
Manakala Unigene31983 All pula diramalkan merekodkan prenyltransferase. Di
peringkat pengawalaturan gen, analisis yang lebih mendalam terhadap transkrip untuk
MYB faktor transkripsi telah dilakukan melalui transkripsi mendalam (transcriptome-
wide) R2R3 MYB faktor transkripsi analisis. Selain daripada itu, penjujukan transkrip
untuk tiga MYB faktor transkripsi telah berjaya dilakukan, iaitu B#rMYBI, BrMYB2 and
BrMYB3. Ini merupakan laporan pertama data transkrip B. rotunda yang boleh dijadikan
sebagai rujukan untuk kajian masa depan yang berkenaan fungsi gen dan enzim dalam
keluarga Zingiberaceae secara amnya. Walaupun enzim yang terlibat secara langsung
dalam penghasilan panduratin A di laluan biosintesisnya tidak difahami sepenuhnya, data
ini memberikan gambaran keseluruhan corak transkripsi gen yang terlibat secara tidak

langsung ke arah penghasilan panduratin A.
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CHAPTER 1: INTRODUCTION
1.1 Background
Boesenbergia rotunda (Linnaeus) Mansfield, Kulturpflanze (Perry & Metzger, 1980)
is believed to have originated from the Indian, Southern China and Southeast Asia regions
(Burkill et al., 1966). It is a traditional medicinal plant known locally in Malaysia and
Indonesia as temu kunci, merkunci, dekunci or temu kecil (Burkill et al., 1966), in
Thailand as kra-chai (Burkill et al., 1966), in China as Chinese ginger or Chinese keys,

while its English name is finger root ginger.

B. rotunda is a perennial herb belonging to the Zingiberaceae family. It is a small
herbaceous plant with short, slender rhizomes (Ching et al., 2007). The rhizomes are
widely used in Southeast Asia as an edible spice or vegetable and in ethnomedicine as an
ingredient for the treatment of aphthous ulcers, dry mouth, stomach discomforts,
leucorrhoea, dysentery, inflammation, rtheumatism and muscular pains (Larsen, 1996;
Saralamp et al., 1996). Traditionally, their rhizomes are eaten raw to treat mouth ulcers
(Wijayakusuma, 2001) or prepared together with other medicinal plant rhizomes as a
tonic for postnatal treatment to restore blood circulation and to rejuvenate the body (Perry
& Metzger, 1980; Wijayakusuma, 2001). Crushed rhizomes are used externally to release
stomach gas, improve appetite, improve digestion and treat rheumatism (Perry &

Metzger, 1980; Wijayakusuma, 2001).

The major bioactive constituents in B. rotunda are flavonoids. To date, more than 20
flavonoids have been isolated from B. rotunda and are classified into two main groups,
flavanones and chalcones. Based on their flavonoid carbon skeleton structure, compounds
that can be classified as flavanones include pinocembrin, pinostrobin, alpinetin,
rotundaflavone I and rotundaflavone II, while cardamonin, 4-hydroxypanduratin A,

panduratin A, isopanduratin A, boesenbergin A, krachaizin A and krachaizin B are



classified as chalcones (Hwang et al., 1982; Mongkolsuk & Dean, 1964; Morikawa et al.,

2008; Trakoontivakorn et al., 2001; Tuntiwachwuttikul et al., 1984).

Among isolated secondary metabolites from B. rotunda, panduratin A has been shown
to possess various medicinal properties which include anti-dengue (Kiat et al., 2006),
anti-cancer (Cheah et al., 2011; Kirana et al., 2007; Win et al., 2007; Yun et al., 2006;
Yun et al., 2005), anti-inflammatory (Tewtrakul et al., 2009; Tuchinda et al., 2002; Yanti
et al., 2009a; Yanti et al., 2009b; Yun et al., 2003), anti-HIV-1 protease (Cheenpracha et
al., 20006), antibacterial (Rukayadi et al., 2009; Yanti et al., 2009c), anti-aging (Shim et
al., 2008a), antioxidant (Shim et al., 2008b; Shindo et al., 2006; Sohn et al., 2005) and

anti-obesity properties (Kim et al., 2012).

Despite the extensive reports on the potential use of panduratin A, only limited
amounts of panduratin A that can be extracted from their natural source. This has resulted
in unmet market demands when high quantities of panduratin A are required. Harvesting
of mature rhizomes require almost a one year planting cycle for B. rotunda. In addition,
extraction of panduratin A from 10 kilograms of dried B. rotunda rhizome using a solvent
extraction method only yielded approximately 715.2 mg of panduratin A (Tewtrakul et
al., 2009). Although chemically synthesized panduratin A has been reported, the
economics of the procedures continues to hinder large-scale production of panduratin A
(Chee et al., 2010). Alternatively the enhancement of panduratin A production through
genetic manipulation of its secondary metabolic pathways is a potential strategy for
panduratin A yield improvement and this would require knowledge of its biosynthetic

pathway which at present remains unclear.

Panduratin A production has been shown in a published report from this laboratory to
be enhanced by the addition of exogenous phenylalanine into B. rotunda cell suspension

cultures (Tan et al., 2012). Phenylalanine is an aromatic amino acid produced from the



shikimic acid pathway (Herrmann & Weaver, 1999). It provides the essential 6-carbon
ring and 3-carbon side chain that is central to all phenylpropanoids. Phenylalanine is also
the precursor for the production of cinnamic acid, the first phenylpropanoid in the
phenylpropanoid pathway, which is eventually channelled into the production of most

flavonoids in plants including panduratin A.

For elucidation of the genes that are involved in the panduratin A biosynthetic
pathway, transcriptome profiles that were derived from phenylalanine treated and
untreated (control) B. rotunda cell suspension cultures were sequenced, and compared.
De novo transcriptome of B. rotunda was done by combining both transcripts from control
and treated samples to generate longer sequences. Subsequently, gene regulation patterns
between the control and phenylalanine treated cell suspension cultures were analysed
using DGE analysis by mapping both transcriptome profiles to the de novo transcriptome
database. The focus of the research was to resolve the gene regulation patterns in the
phenylpropanoid pathway that leads to panduratin A biosynthesis in B. rotunda cell
suspension cultures in response to exogenous phenylalanine. Additionally the de novo
transcriptome data would also enrich the plant database and eventually serve as reference

sequences for other Zingiberaceae family plant species.



1.2 Objectives

The objectives of this study are:

1. To sequence the total RNA in Boesenbergia rotunda in response to
exogenous phenylalanine treatment through RNA-Seq technology

2. To compare the transcriptome data between the phenylalanine treated and
untreated B. rotunda cell cultures

3. To analyse regulation patterns of genes in the flavonoid pathway that leads to
panduratin A biosynthesis in B. rotunda cell suspension cultures in response
to exogenous phenylalanine

4. To identify and characterize the R2R3 MYB transcription factors in B.

rotunda.

1.3 Research Question
Can genes encoding for regulatory proteins and enzymes involved in flavonoid
biosynthetic pathway be elucidated by comparing the transcriptome profile of control and

phenylalanine-treated B. rotunda callus?

14 Hypothesis
Genes encoding for regulatory proteins and enzymes involved in flavonoid
biosynthetic pathway can be elucidated by comparing the transcriptome profile of control

and phenylalanine-treated B. rotunda callus.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction of Boesenbergia rotunda

Boesenbergia rotunda (Linnaeus) Mansfield, Kulturpflanze (Larsen, 1996) is
synonym to Gastrochilus panduratum Ridley (Burkill et al., 1966), Boesenbergia
pandurata (Roxb.), Kaempferia pandurata Roxb. and Gastrochilus panduratus (Roxb.)
Ridl. (Perry & Metzger, 1980). It is believed to have originated from India, Southern
China and Southeast Asia region (Perry & Metzger, 1980). It is a traditional medicinal
plant that belongs to Zingiberacea family. Locally, B. rotunda is known as temu kunci,
merkunci, dekunci, temu kecil in Malaysia and Indonesia (Burkill et al., 1966). In
Thailand, it is locally known as kra-chai (Saralamp et al., 1996). In China, B. rotunda is

known as Chinese ginger or Chinese keys or fingerroot ginger.

Tuchinda et al. (2002), reported that B. pandurata which is B. rotunda’s synonym has
four rhizome varieties including yellow, black, white and red rhizomes (Tuchinda et al.,
2002). In this thesis, B, rotunda from yellow rhizome variety was used. The height of the
plant is around 50 — 70 cm with underground rhizomes. The leaves are green, broad ovate-
oblong in shape that emerge on stems rising from the red base of the plant (Figure 2.1 a).
It has pink flowers and the underground part contains yellow rhizomes with flashy rootlets
hanging from it (Figure 2.1 b-d). The rootlets resemble a bunch of keys or finger-like
shape with strong aromatic smell (Figure 2.1 e). In plant tissue culture, B. rotunda callus
formation was initiated from shoot bud explants (Yusufetal., 2011a; Yusufetal., 2011b).
There are three types of calli formed i. e. friable, mixed and compact callus. In this study,
mixed callus was separated from explants and further propagated (Figure 2.1 f). Mixed

callus in the liquid media is refered to as cell suspension cultures (Figure 2.1 g).

Generally, both leaves and rhizomes of B. rotunda are widely used in Malaysia,

Indonesia and Thailand as both spices in food ingredient and traditional medicine. In



traditional medicine, rhizomes and roots are used in the treatment of dry mouths, ulcers
and coughs (Saralamp et al., 1996). The crushed rhizomes and roots are used externally
for the treatment of rheumatism, to dispel flatulence, improve the appetite, and treatments
for diarrhoea and dysentery (Burkill et al., 1966). Post-partum tonic mixture and paste are
prepared from B. rotunda roots for women after giving birth and applied externally to the

body to ease muscle pains (Burkill et al., 1966).

Figure 2.1: Boesenbergia rotunda plant.
a) B. rotunda planted on the ground; b) B. rotunda planted in the pot, showing the
flower protruding between the stems, c¢) Flower d) B. rotunda plant showing the
underground rhizomes; €) The shape of thizomes resemble a bunch of keys or finger-
like. Shoot bud is indicated by the red circle f) Yellow mixed callus initiated from
shoot bud (red circle) and g) Mixed callus propagated in liquid media was referred
as cell suspension cultures.



2.2 Primary and secondary metabolites in plants

Plants produce vast and diverse organic compounds that include primary and
secondary metabolites. The characteristics of plant primary metabolites are uniform,
universal and conservative, while secondary metabolites are unique, diverse and adaptive
(Hartmann, 1996). Primary metabolites are essential for plant growth, development and
reproduction while the absence of secondary metabolites may cause long-term
impairment of plant survivability (Iriti & Faoro, 2009). The common examples of primary
metabolites are amino acids, nucleotides, lipids and sugars, while secondary metabolites

are flower pigments and scents.

There are over 100, 000 different secondary metabolites discovered in plants which
can be classified under three main groups which include alkaloids, phenolics and
terpenoids (Iriti & Faoro, 2009). In general, the products of primary metabolism are the
precursors in the secondary metabolic pathways (Figure 2.2). For example, alkaloids are
nitrogen-containing secondary metabolites derived from aromatic amino acids as end
product of shikimate pathway (phenylalanine, tryptophan and tyrosine) and aliphatic
amino acids derived from citric acid cycle (lysine and ornithine) (De Luca & St Pierre,
2000). Phenolic compounds such as phenylpropanoids flavonoids and lignins are derived
from shikimate pathway and malonate pathway (Bowsher et al., 2008). Typically,
phenolic compounds can be recognized by at least one aromatic ring structure with one
or more hydroxyl groups. Terpenoids or isoprenoids such as monoterpenes, diterpenes,
triterpenes, sesquiterpenes and polyterpenes that contain one or more C5 units, are
derived from the cytosolic mevalonate pathway or the plastidial methylerythritol
phosphate pathway. The basic structure of terpenoids derived from five-carbon precursors
of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (Nagegowda,

2010).



Figure 2.2: Biosynthetic pathways of alkaloids, phenolics and terpenoids derived from primary
metabolism (GroBkinsky et al., 2012).

The functions of plant secondary metabolites are defined mainly by their interactions
with the environment which include protection against biotic and abiotic stresses such as
defense against herbivores and pathogens, and protection against extreme climate
changes and environmental stresses such as UV light, drought, flood and high saline salts
(Hartmann, 1996). Additionally, secondary metabolites are also attractants (colours and

scents) to flowers and fruits for pollination and seed dispersal (Iriti & Faoro, 2009).

Most of the alkaloids are poisonous and they serve major function in deterring
herbivores. For instance, Senecio jacobaea, yellow-flowered ragwort containing

pyrrolizidine alkaloids are toxic to cattle and horses (Cortinovis & Caloni, 2015).



Herbivores usually avoid the toxic plants high in alkaloids due to their bitter taste
(Bowsher et al., 2008). Anthocyanins are important flavonoids that are responsible for
the different colours of flowers and fruits in plants. For example, pelargonidin
anthocyanins provide orange, pink and red hues in Lupinus podophyllus, while cyanidin
anthocyanins provide the red colours in Papaver rhaeas, and delphinidin anthocyanins
give blue colors in Delphinium occidentale (Bowsher et al., 2008). Flavonols are another
important flavonoid that play a role as nectar guides which draw the pollinator towards
the pollen and nectar by absorbing the ultraviolet light (Thompson et al., 1972).
Additionally, flower scents also serve as tracking signals for insects. Depending on
species, some scents are attractant and some are repellant due to thier toxicity. For
instance, volatile monoterpene myrcene is an attractive scent to a number of species,

while B-pinene is generally a repellant (Bowsher et al., 2008).

Due to different environmental exposure and interactions with other living things,
plants produce mixtures of secondary metabolites that vary at different times, space and
developmental stages, which in turn lead to great structural diversity, restricted
occurrence and high intraspecific variability (Hartmann, 1996). Hence, secondary
metabolites are differentially distributed within the plant kingdom and the production is

species-specific (Hartmann, 1996).

The structurally diverse secondary metabolites were produced through basic
biosynthetic pathways leading to one or a few key metabolites that were later diversified
by highly specific enzymatic transformations such as specific hydroxylation, O-
methylation, dehydrogenation, esterification and glycosylation (Hartmann, 1996). One of
the largest groups of secondary metabolites are phenolic compounds. Figure 2.3 shows
the differences between primary and secondary metabolic pathways. Unlike primary

metabolites, secondary metabolites do not undergo rapid turnover and their formation is



characterized by low steady state dynamics and thus low specific enzyme activities

involved (Hartmann, 1996).
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Figure 2.3: The differences in dynamics between primary and secondary pathways.
A to C is the intermediates of basic pathways; P is the product/key-intermediate; P,
to Ps is the transformation products (Hartmann, 1996).

2.3 Plant phenolics

Plants can produce a very wide range of phenolic compounds with diverse structures
and properties. About 10,000 different plant phenolics have been identified, which share
a common component, an aromatic hydrocarbon ring either phenyl or benzyl that is
attached to at least one hydroxyl group (Bowsher et al., 2008). In plants, chorismic acid

in the shikimate pathway serves as the substrate for primary metabolites leading to
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biosynthesis of tryptophan, phenylalanine and tyrosine, which are eventually precursors
of secondary metabolites (Weaver & Herrmann, 1997). As shown in Figure 2.4, the
starting point of all plant phenolics is through the phenylalanine produced from the
shikimic acid pathway (Herrmann & Weaver, 1999). Phenylalanine is an aromatic amino
acid that provides the essential 6-carbon ring and 3-carbon side chain to all
phenylpropanoids (Bowsher et al., 2008). The most abundant plant phenolic groups can
be divided into four groups based on the carbon skeleton namely: simple phenolics, lignin,

flavonoids and proanthocyanidins.

Plant phenolics that are derived from phenylpropanoid pathway are also referred to as
phenylpropanoids. Simple phenolics consist of three main groups that include simple
phenylpropanoids, benzoic derivatives and coumarins. The basic skeleton of simple
phenylpropanoids consist of six-carbon phenyl ring attached to a three carbon side chain
(Cs-C3), while benzoic derivatives basic skeleton consist of a phenyl ring attached to one
carbon side chain (Ce-Ci). Coumarins also have the basic C¢-Cs like simple
phenylpropanoid skeleton, but instead of a linear side chain, coumarins side chain is

cyclized to form a ring.

Simple phenolics are volatile and serve as mobile signals for pollinators’ attractants or
herbivores’ deterrents (Boeckler et al., 2011; Heil, 2011; Tahvanainen et al., 1985).
Simple phenolics also serves as a phytoalexin and an allelopathics to protect plants from
pathogens and competition from other neighbouring plants (Lattanzio et al., 1996; Li et

al., 2010).

The general phenylpropanoid pathway branches into two major downstream pathways,
lignin and flavonoid pathways (Figure 2.4). Lignin is a very complex polymer that is
formed from monolignol (phenylpropanols) subunits oxidatively coupled through ether

and carbon-carbon linkages (Ferrer et al., 2008). Lignin polymers consist of
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polymerization of Ce¢-C3 basic skeleton. The complex structures of lignin is important for
plant structural support (Whetten & Sederoff, 1995). Different plants consist of different
lignin subunit compositions and hence, a variety of different structural properties can be
found in the plant kingdom (Whetten et al., 1998). In addition to structural support, lignin

plays an important role in water transport in plants (Whetten & Sederoff, 1995).

Flavonoids are one of the largest groups of phenolic compounds found in plants (Ferrer
et al., 2008). Flavonoids have additionally a six-carbon prenyl ring (Ce-C3-Cs) that is
derived from condensed three wunits of malonyl Co-A. Similar to lignin,
proanthocyanidins are also phenolic polymers. Proanthocyanidins or condensed tannins
are derived from flavonoids. Therefore, their basic structure consists of polymerization
of Cs-C3-Cs. In plants, condensed tannins serve as feeding deterrents and antifungal agents

(Bryant et al., 1991; Latté & Kolodziej, 2000).
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Figure 2.4: The relationship between shikimic acid pathway and biosynthesis of major plant
phenolic groups adapted from Bowsher et al. (2008).
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24 Plant flavonoids

Flavonoids are a very large and diverse group of phenolics. About 6000 flavonoids
have been isolated and identified from thousands of plant species (Bowsher et al., 2008;
Forkmann & Martens, 2001). Apart from medicinal plants, flavonoids also can be found
in dietary foods. For instance, catechin and epicatechin can be found in tea; genistien and
diadzin in soybean; kaempferol and quercetin in broccoli; naringenin and taxifolin in

citrus fruits; and luteolin in red pepper (Heim et al., 2002).

Flavonoids have a wide range of biological functions in plants such as flowers, fruits
and seed pigmentation; protection against UV light, defense against phytopathogens such
as pathogenic microorganisms, insects and animals, acting as regulators in plant-microbe
interactions, allelopathy in plant-plant interactions and nectar guide and pollinators’
attractant for plants’ reproduction (Gill & Tuteja, 2010; Heil, 2011; Mierziak et al., 2014).
The classic example of flavonoids are anthocyanins that give red, purple, or blue pigments
to flowers and fruits, depending on their pH and structures. Blueberries, cranberries,

strawberries and grapes are rich in anthocyanins.

In flavonoid biosynthesis, phenylalanine from the shikimate pathway was converted
into simple phenylpropanoids in phenylpropanoid pathways producing p-coumaroyl
CoA, which provides the ring B together with three-carbon bridge that later formed ring
C in flavonoid structure (Figure 2.5 a). Initially, cinnamic acid, the first phenylpropanoid
acid was produced through deamination of phenylalanine catalysed by phenylalanine
ammonia lyase (PAL). Then, cinnamic acid is hydroxylated to p-coumaric acid by
cinnamate-4-hydroxylase (C4H) and subsequently, converted to p-coumaroyl-CoA by 4-
coumaroyl:CoA ligase (4CL) through attachment of CoA to a phenolic compound (Figure
2.6). Subsequently, the pathway is divided into two major pathways; the flavonoid and

lignin biosynthetic pathway (Du et al., 2009).
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Figure 2.5: a) Basic flavonoid skeleton structure showing its origins in the shikimate pathway
and malonate pathways (Bowsher et al., 2008). b) The flavonoid numbering system
of the carbon atoms on the three rings A, B and C (Kumar & Pandey, 2013). c)
The chalcone numbering system of the carbon atoms on the ring A and C
(Buckingham & Munasinghe, 2015).

The first enzyme in the flavonoid pathway is chalcone synthase (CHS) which is
responsible for production of chalcone by condensation of three molecules of malonyl
CoA from malonate pathway with a molecule of p-coumaroyl CoA. As shown in the
simplified flavonoids biosynthetic pathway, chalcones serve as the precursors for all
flavonoids (Figure 2.6). All flavonoids share the same basic skeleton; consisting of two
six-carbon rings (ring A and ring B) linked by a three-carbon bridge that usually forms

the third ring, ring C (Figure 2.5 a).

Unlike chalcones, flavonoids are close-chain C¢-C3-Cs compounds. Therefore the
numbering system of flavonoid constituents differ from open-ring chalcones (Figure 2.5
b and c). For flavonoids, the carbon numbers in ring A and ring C are un-primed, while
for chalcones, the carbon numbers in ring C are un-primed. Besides, the location of ring

C for both groups also differs.
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As shown in Figure 2.6, flavonoids are classified into several groups based on
modifications on rings A, B or C which include chalcones, aurones, dihydrochalcones,
flavanones, flavanols, flavones, isoflavones, flavanonols, flavones, leucoanthocyanidins,
anthocyanins and proanthocyanidins. Chalcones and dihydrochalcones are distinguished
from other flavonoids due to their open-chain C¢-C3-Cs structures (Buckingham &
Munasinghe, 2015). In flavonoid pathway, chalcones are converted to flavanones by
isomerization catalysed by chalcone isomerase (CHI). Flavanones serve as important
intermediates to produce other major flavonoid groups such as flavanols, flavones,
isoflavones, dihydroxyflavonols, flavones, leucoanthocyanidins, anthocyanins and
proanthocyanidins. Reductases (DFR, LAR and ANR), hydroxylases (F3H) and
oxydoreductases (FS1, FS2, FLS, IFS and ANS) are enzymes that are responsible for the
flavonoid biosynthesis. Polymerization of flavan-3-ols produce proanthocyanidins or

condensed tannins, while polymerization of flavan-4-ols produce phlobaphenes.

In general, the flavonoid groups differ in the level of oxidation and ring C substitution
pattern, while individual compounds within a group differ in the substitution pattern on
ring A and B (Kumar & Pandey, 2013). Luteolin, apigenin and chrysin have hydroxyl
group at the same position on ring A, but differ in hydroxyl group position on ring B.
Luteolin has a hydroxyl group at C-3" and C-4’ on ring B, while apigenin only has the
hydroxyl group at C-4’ and none hydroxyl group on ring B of chrysin (Table 2.1). Hence,
further flavonoid modifications on the flavonoid backbone structures such as O-
methylation, hydroxylation, glycosylation, acylation and prenylation leading towards
further diverse complex flavonoid derivatives (Forkmann & Martens, 2001). Besides,
flavonoids biological activities are structure dependent and the modifications often alter

their solubility, reactivity and stability (Kumar & Pandey, 2013; Mierziak et al., 2014).
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Figure 2.6: Overview of simplified pathways leading to major flavonoids classification:

chalcones, aurones, flavanones, dihydrochalcones, dihydroxyflavonols,
isoflavones, flavones, flavonols, phlobaphenes leucoanthocyanidins, anthocyanins
and proanthocyanidins (Bowsher et al., 2008; Mierziak et al., 2014; Winkel-
Shirley, 2001).
Enzyme abbreviations: PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-
hydroxylase; 4CL, 4-coumaroyl:coenzyme A ligase; CHS, chalcone synthase;
CHI, chalcone isomerase; FS1/FS2, flavone synthase 1 and 2; IFS, isoflavone
synthase; DFR, dihydroflavonol 4-reductase; F3H, flavanone-3-hydroxylase; FLS,
flavonol synthase; ANS, anthocyanidin synthase; LAR, leucoanthocyanidin
reductase and ANR, anthocyanidin reductase.
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Table 2.1: Examples of flavonoids based on the structure backbone of the flavonoid groups, such
as flavones, flavonols, flavanones, flavanonols, isoflavones and flavan-3-ols (Kumar
& Pandey, 2013).

The biological activities of flavonoids benefit human as they act as natural antioxidants
and can be used to treat diseases and improve human health (Mierziak et al., 2014). The
antioxidant properties of flavonoids are dependent on the ability of flavonoids to scavenge
reactive oxygen species (ROS) and chelate metal catalyst (Gill & Tuteja, 2010).
Flavonoids also inhibit the lipid peroxidation that can cause membrane damage (Ratty &
Das, 1988). Flavonoids have also been recognized to exert anti-inflammatory, anti-

allergic, anti-diabetic, anti-carcinogenic, antibacterial and anti-viral activities (Babu et
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al., 2013; Garcia-Lafuente et al., 2009; Kawai et al., 2007; Liu et al., 2008; Middleton Jr
et al., 2000; Seelinger et al., 2008; Xu & Lee, 2001). Hence, flavonoids are considered as
the major plant bioactive secondary metabolite due to their wide range of medicinal

properties.

25 Secondary metabolite pathways in plants

Each plant species has its unique sets of secondary metabolites (Hartmann, 1996).
Hence, some secondary metabolite production can only be found exclusively within a
specific plant family, or plant genera or plant species. Secondary metabolites are
produced through basic biosynthetic pathways leading to one or few key metabolites that
are later diversified by highly specific enzymatic transformation, which eventually
activate the exclusive pathways in plants (Hartmann, 1996). Although many secondary
metabolites have been isolated and identified in plants, most of the specific biosynthetic

pathways remain unresolved.

For instance, even though ginger and turmeric are from the same Zingiberaceae family,
they have different attributes and secondary metabolite compositions. Ginger has a
yellowish interior rhizome, while turmeric has a bright orange interior rhizome. The main
compound of ginger (Zingiber officinale) is gingerols, while the main compound in
turmeric (Curcuma longa) is curcuminoids. Figure 2.7 shows the proposed pathway of
gingerols and curcumin in ginger and turmeric. The basic biosynthetic pathway was
indicated by solid arrows and the conversions have been demonstrated in other plant
species (Koo et al., 2013). The highly specific enzymes such as polyketide synthases
(PKSs), reductases, hydroxylases and O-methyltransferases were proposed to be directly
involved in gingerols and curcumin biosynthetic pathways. According to Koo et al.

(2013), diketide synthases and curcuminoid/gingerol synthases are two distinct classes of
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polyketide synthases that worked in tandem. The production of different compounds in

these plants is dependent on the different combinations of these two classes.

Figure 2.7: Proposed biosynthetic pathway of gingerol and curcumin that are exclusively present

in ginger and turmeric, denoted as dotted arrows (Koo et al., 2013).

Enzyme abbreviations: PAL: phenylalanine ammonia lyase; C4H: cinnamate 4-
hydroxylase; 4CL: 4-coumarate:CoA ligase; CST: p-coumaroyl shikimate
transferase; C3'H: p-coumaroyl 5-O-shikimate 3’-hydroxylase; OMT: O-
methyltransferase; CCOMT: caffeoyl-CoA O-methyltransferase; SAMS: S-
adenosylmethionine synthetase; SAHC: S-adenosylhomocysteine; DKS1; diketide
synthase 1 and CURS; turmeric curcumin synthase. The large red X and the solid
arrows associated with the DKS1 + CURS reactions indicate that formation of
curcumin has been demonstrated to proceed directly from feruloyl-CoA, and not
through the orthodiol intermediate B. Compounds A and B, therefore, are not likely
to be intermediates in the pathway to curcumin but instead are likely to be products
of a different pair of PKS enzymes.

In order to validate the proposed pathway, a series of the basic procedures have been

reported including isolating the cDNA of enzymes that are involved in the proposed
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pathway, followed by cloning into an expression vector and enzyme assay analysis.
Several secondary metabolite biosynthetic pathways were successfully elucidated
through these methods. For instance, 8-dimethylallylnaringenin from Sophora flavescens
was catalysed by prenyltransferase enzyme, SfN8DT-1 (Figure 2.8). 8-
dimethylallylnaringenin, an active estrogenic compound is not exclusively present in
Sophora flavescens but also can be found in Humulus lupus and other plant species

(Keiler et al., 2013).

Figure 2.8: Established biosynthetic pathway of 8-dimethylallylnaringenin from Sophora
flavescens (Sasaki et al., 2008; Yamamoto et al., 2000).

Biosynthetic pathways of a-bitter acid, B-bitter acid and xanthohumol in Humulus
lupus can be considered as more complicated pathways as more specific enzymes are
involved compared to the 8-dimethylallylnaringenin pathway (Figure 2.9). The
establishment of the pathways were almost completed with elucidation of 8 enzymes in
the pathways through enzymatic assay and molecular functional characterizations
approach. Chalcone synthase, HICHS and valetophenone synthase, HIVPS from Humulus
lupus were the first enzymes characterized in the pathway (Okada et al., 2004); followed
by carboxyl CoA ligases, HICCL1, HICCL2 and HICCL4 (Xu et al.,, 2013) and

prenyltransferases, HIPT1, HIPT1-L and HIPT2 (Li et al., 2015; Tsurumaru et al., 2012).
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However, in B. rotunda, although many bioactive compounds have been isolated and
identified, the specific enzymes involved in their biosynthetic pathways are still
unknown. Especially the compounds that are exclusively present in B. rotunda such as
panduratin A, isopanduratin A and 4-hydroxypanduratin A. Hence, it is crucial to
elucidate and functionally characterize the highly specific enzymes involved in the

pathway to establish this unique pathway in B. rotunda.

Figure 2.9: Biosynthetic pathways of a-bitter acid, B-bitter acid and xanthohumol in Humulus
lupus (Li et al., 2015).
The R group in acylphloroglucinols, DD-acylphloroglucinols and bitter acids are
isobutyryl, isopropyl and butan-2-yl groups.
Enzyme abbreviations: HICCL: Humulus lupus carboxyl CoA ligase; HICHS:
Humulus lupus chalcone synthase; HIVPS: Humulus [upus valetophenone synthase;
HIPT: Humulus lupus prenyltransferase and MT: methyltransferase.
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2.6 Secondary metabolites in B. rotunda

Flavonoids are major constituents in B. rotunda extracts as presented in Table 2.2,
which include flavanones and chalcones. The flavonoid pathway is a common secondary
metabolite pathway in plants. However, some of the flavonoids are present only in certain
plant families or plant species. For example, alpinetin, pinocembrin and pinostrobin are
found in more than one plant family, including Zingiberaceae as presented in Table 2.3.
Nevertheless, not all plant species in the Zingiberaceae family contain these compounds.
Unlike alpinetin, which can be found in Alpinia mutica, Alpiniea pinnanensis, Alpinia
spp. and B. rotunda, pinocembrin and pinostrobin are only present in B. rotunda. Besides,
chalcones such as boesenbergin A and boesenbergin B; and cyclohexanyl chalcones such
as panduratin A, isopanduratin A, 4-hydroxypanduratin A and 2-hydroxypanduratin A
are found exclusively in B. rotunda. This suggests that B. rotunda consists of specific
pathways that lead to the biosynthesis of these compounds that are not present in the other

plant species.

Table 2.2: Some secondary metabolites isolated from B. rotunda.

Secondary metabolite compounds Reference
Pinostrobin (Mongkolsuk & Dean, 1964)
Alpinetin (Mongkolsuk & Dean, 1964)
Boesenbergin A (Jaipetch et al., 1982)
Boesenbergin B (Mabhidol et al., 1984)
Panduratin A (Tuntiwachwuttikul et al., 1984)
Panduratin B (Pancharoen et al., 1987)
Panduratin C (Cheenpracha et al., 2006)
Panduratin D — 1 (Win et al., 2008)
Cardamonin (Jaipetch et al., 1982)
Pinocembrin (Jaipetch et al., 1982)
Pinocembrin chalcone (Trakoontivakorn et al., 2001)
Pinostrobin chalcone (Jaipetch et al., 1982)
Isopanduratin A (Hwang et al., 2004)
4-hydroxypanduratin A (Trakoontivakorn et al., 2001)
Rotundaflavone I (Morikawa et al., 2008)
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Table 2.2, continued

Rotundaflavone II

(Morikawa et al., 2008)

Krachaizin A

(Morikawa et al., 2008)

Krachaizin B

(Morikawa et al., 2008)

geranyl-2,4-dihydroxy-6-phenethylbenzoate

(Win et al., 2007)

3’-geranylcardamonin or 2" ,4’ -dihydroxy-3' -(1"

-geranyl)-6’ -methoxychalcone

(Win et al., 2007)

(1' R,2" S,6' R)-2-hydroxyisopanduratin A

(Win et al., 2007)

8-geranylpinostrobin

(Win et al., 2007)

Table 2.3: Summary of the presence of some metabolite compounds across the plant
families and plant species (KNapSAck Metabolite Information).

Secondary metabolite Family Species
Compounds
Alpinetin Asteraceae Helichrysum forskahlii, Helichrysum spp.,

Mikania micrantha

Betulaceae Alnus spp.

Combretaceae Combretum albopunstatum Suesseng

Fabaceae Dalbergia parviflora, Dalea scandens,

Labiatae Scutellaria amabilis HARA, Scullaria spp.

Myrtaceae Eucalyptus spp.

Piperaceae Piper spp.

Zingiberaceae Alpinia mutica, Alpiniea pinnanensis, Alpinia
spp., Boesenbergia rotunda

Pinocembrin Annonaceae Anomianthus dulcis, Uvaria chamae

Asteraceae Flourensia hirsuta, Florensia
ilicifolia, Fluorensia retinophylla,
Helichrysum forskahlii, Helichrysum spp.,
Phonus arborescens

Betulaceae Alnus spp.

Combretaceae Combretum albopunstatum Suesseng

Fabaceae Glycyrrhiza glabra

Labiatae Scullaria spp.

Myrtaceae Eucalyptus spp.

Pinaceae Pinus cembra, Pinus spp., Pseudotsuga
wilsoniana

Piperaceae Piper gaudichaudianum, Piper
hostmannianum

Rosaceae Citrus spp.

Salicaceae Populus spp.

Santalaceae Viscum coloratum

Zingiberaceae Boesenbergia rotunda
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Table 2.3, continued

Pinostrobin Annonaceae Uvaria chamae

Asteraceac Helichrysum spp.

Betulaceae Alnus sp.

Labiatae Scullaria spp.

Lauraceae Aniba sp.

Pinaceae Larix sp., Pinus sp., Pinus strobus

Polygonaceae Polygonum ferrugineum

Rosaceae Prunus sp.

Salicaceae Populus sp.

Zingiberaceae Boesenbergia rotunda
Cardamonin Asteraceac Helichrysum forskahlii, Helichrysum spp.

Lauraceae Lindera umbellata

Piperaceae Piper aduncum, Piper hispidium,

Pteridaceae Pityrograma chrysophylla, Pityrograma

tartarea

Salicaceae Populus spp.

Woodsiaceae/ Woodsia scopulina

Dryopteridaceae

Zingiberaceae Alpinia mutica, Boesenbergia rotunda
Pinostrobin chalcone Asteraceae Helichrysum spp.

Lauraceae Lindera umbellata

Piperaceae Piper aduncum, Piper hispidium,

Pteridaceae Onychium siliculosum, Pityrograma

chrysophylla, Pityrograma tartarea

Salicaceae Populus spp.

Zingiberaceae Boesenbergia rotunda
Panduratin A Zingiberaceae Boesenbergia rotunda
Isopanduratin A Zingiberaceae Boesenbergia rotunda
4-hydroxypanduratin A Zingiberaceae Boesenbergia rotunda
2-hydroxypanduratin A Zingiberaceae Boesenbergia rotunda
Boesenbergin A Zingiberaceae Boesenbergia rotunda
Boesenbergin B Zingiberaceae Boesenbergia rotunda

2.6.1 Bioactive compounds in B. rotunda

Secondary metabolites are beneficial to plants and human. Secondary metabolites that

possess medicinal properties are defined as bioactive compounds. Examples include

taxol, an antileukemic and antitumor agent from Taxus brevifolia (Wani et al., 1971) and

xanthohumol, anti-HIV-1 agent purified from Hops Humulus lupulus (Wang et al., 2004).
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In general, solvent extraction methods were used to screen bioactive compounds in
medicinal plants such as leaves, whole plants, fruit, roots or rhizomes. Secondary
metabolite compounds were extracted based on polarity and solubility characteristics.
Chloroform, methanol, ethyl acetate and hexane are the commonly used solvents. The
solvent extracts containing mixture of compounds were then tested for various medicinal
properties. In B. rotunda, there have been several bioactive compounds identified, which
include pinostrobin, pinocembrin; cardamonin, panduratin A, 4-hydroxypanduratin A and
isopanduratin A (Figure 2.10). The summary of medicinal properties of solvent extracted
and bioactive compounds in B. rotunda which include anti-cancer, anti-dengue, anti-
inflammatory, anti-HIV, anti-aging, antioxidant, antibacterial, anti-tumor and
antimutagenic are represented in Table 2.4. Among the bioactive compounds mentioned
above, panduratin A and 4-hydroxypanduratin A has been very often reported to posses

medicinal properties.

Figure 2.10: Bioactive compounds extracted from B. rotunda which include flavanones such as
pinostrobin and pinocembrin; and chalcones such as cardamonin, panduratin A, 4-
hydroxypanduratin A and isopanduratin A.
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Table 2.4: The summary of medicinal properties in B. rotunda which include anti-cancer, anti-dengue, anti-inflammatory, anti-HIV, anti-aging,
antioxidant, antibacterial, anti-tumor and antimutagenic.

Properties

Potential Use

Extract / Bioactive
compounds

Reference

Anti-cancer

Colon cancer treatment

Panduratin A

(Yun et al., 2005)

Anti-cancer

Prostate cancer treatment

Panduratin A

(Yun et al., 2006)

Anti-cancer

Breast cancer treatment

Panduratin A

(Kirana et al., 2007)

Anti-cancer

Colon cancer treatment

Panduratin A

(Kirana et al., 2007)

Anti-cancer

Lung cancer treatment

Panduratin A

(Cheah et al., 2011)

Anti-cancer

Lung cancer treatment

Panduratin A

(Cheah et al., 2013)

Anti-cancer

Skin cancer treatment

Panduratin A

(Lai et al., 2015)

Anti-cancer

Pancreatic cancer treatment

Panduratin A
Nicolaioidesin B

(Win et al., 2007)

Anti-cancer

Lung cancer treatment

Boesenbergin A

(Isa et al., 2012)

Anti-angiogenic

Cancer treatment

Panduratin A

(Lai et al., 2012)

Anti-dengue

Dengue treatment

Panduratin A
4-Hydroxypanduratin A

(Kiat et al., 2006)

Anti-HIV-1 protease HIV Chloroform and methanol | (Tewtrakul et al., 2003a)
extract

Anti-HIV-1 protease HIV Cardamonin (Tewtrakul et al., 2003b)

Anti-HIV-1 protease HIV 4-Hydroxypanduratin A (Cheenpracha et al., 2006)
Panduratin A

Anti-inflammatory Anti-inflammatory agent Panduratin A (Yun et al., 2003)

Anti-inflammatory Prevent periodontal inflammation Ethanolic extract (Yanti et al., 2009d)

Anti-inflammatory Prevent periodontal inflammation Panduratin A (Yanti et al., 2009b)

Anti-inflammatory Prevent periodontal inflammation Panduratin A (Yanti et al., 2009a)

Anti-inflammatory

Periodontal disease treatment

Ethanolic extract

(Yanti & Hwang, 2010)
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Table 2.4, continued

Anti-inflammatory

Anti-inflammatory agent

Panduratin A
4-Hydroxypanduratin A

(Tewtrakul et al., 2009)

Anti-inflammatory

Anti-inflammatory agent

Panduratin A
4-Hydroxypanduratin A

(Tuchinda et al., 2002)

Anti-inflammatory

Atopic dermatitis treatment

Ethanolic extract

(Kim et al., 2013)

Anti-inflammatory

Atopic dermatitis treatment

Panduratin A

(Kim et al., 2014)

Anti-inflammatory

Anti-inflammatory and hepatoprotective agent

Methanolic extract

(Morikawa et al., 2008)

Anti-aging Prevention and treatment of skin aging Panduratin A (Shim et al., 2008a)

Anti-aging Prevention and treatment of skin aging Panduratin A (Shim et al., 2008b)

Anti-aging Prevention and treatment of skin aging 4-Hydroxypanduratin A (Shim et al., 2009)

Anti-UV Protective against UVB induced DNA damage | Ethanolic extract (Listyawati et al., 2015)

Antioxidant Protect against oxidative damage caused by | Panduratin A (Sohn et al., 2005)
toxic chemicals

Antioxidant Treating hyperpigmentation as skin-whitening | Isopanduratin A (Yoon et al., 2007)
agents 4-Hydroxypanduratin A

Antioxidant Treating hyperpigmentation as skin-whitening | Panduratin A (Lee et al., 2010)
agents

Antioxidant Neuroprotection Panduratin A (Shindo et al., 2006)

4-Hydroxypanduratin A

Antioxidant Hepatoprotectant/ liver cirrhosis treatment Ethanolic extract (Salama et al., 2012)

Antioxidant Hepatoprotectant/ liver cirrhosis treatment Ethanolic extract (Salama et al., 2013a)

Antioxidant Hepatoprotectant/ liver cirrhosis treatment Panduratin A (Salama et al., 2013b)

Antibacterial Natural anticariogenic agent/ Prevent dental | Isopanduratin A (Hwang et al., 2004)
caries

Antibacterial Natural anti-biofilm agent against multi-species | Panduratin A (Yanti et al., 2009¢)

oral biofilms
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Table 2.4, continued

Antibacterial Gastric ulcer treatment Pinostrobin (Bhamarapravati et al., 2006)
Antibacterial Treatment disease caused by staphylococci | Panduratin A (Rukayadi et al., 2009)
(MRSA, MSSA, MRCNS and MSCNS)
Antibacterial Antibacterial against S aureus Chloroform extract (Voravuthikunchai et al., 2006)
Antibacterial Treatment disease caused by enterococci Panduratin A (Rukayadi et al., 2010)
Antibacterial Treatment of periodontitis and cariogenic | Panduratin A (Park et al., 2005)
causing bacterium
Antibacterial Treatment of acne and skin disease causing | Panduratin A (Song et al., 2008)
microorganisms Isopanduratin A
Antibacterial Diarhoea treatment Essential oil (Miksusanti et al., 2008)

Anti-tumour

Inhibit aminopeptidase activity

Methanolic extract

(Morikawa et al., 2008)

Anti-mutagenic

Strongly inhibit N-hydeoxylation of Trp-P-2

Pinocembrin chalcone
Cardamonin
Pinocembrin
Pinostrobin
4-hydroxypanduratin A
Panduratin A

(Trakoontivakorn et al., 2001)

Anti-obesity

Prevention and treatment of obesity and
associated fatty liver disease

Ethanolic extract

(Kim et al., 2012)

Anti-obesity

Treatment of metabolic disorder

Panduratin A

(Kim et al., 2011)

Anti-allergic

Agent against immediate-type hypersensitivity

Panduratin A

(Choi, Kim, & Hwang, 2012)

Anti-ulcerogenic

Gastric ulcer treatment

Methanolic extract and
Pinostrobin

(Abdelwahab et al., 2011)

Wound healing

Wound healing

Ethanolic extract

(Mahmood et al., 2010)




2.6.2 Panduratin A and 4-hydroxypanduratin A

Panduratin A and 4-hydroxypanduratin A were reported to have stronger biological
activities compared to other secondary metabolites in B.rotunda (Win et al., 2007). Both
compounds were uniquely present in B. rotunda. Panduratin A can be used as an
alternative medicine to replace chemotherapy to treat various types of cancer (Table 2.4).
According to Yun et al. (2006), panduratin A inhibited the growth of cancerous cells by
inducing apoptosis. Furthermore, panduratin A did not show toxic effects on normal
healthy human prostate epithelial cells PrEC, thus making panduratin A a potential chemo

preventing agent in cancer treatment (Yun et al., 2006).

Panduratin A also possess anti-viral activity which includes anti-dengue (Kiat et al.,
2006) and anti-HIV-1 activities (Cheenpracha et al., 2006). The mode of action involves
preventing virus replication by inhibiting the important enzymes that were essential for
dengue and HIV virus propagation. Panduratin A prevents dengue virus replication by
inhibiting DEN-2 virus NS3 protease (Kiat et al., 2006) and inhibits HIV virus activity
by inhibiting HIV-1 protease activity (Cheenpracha et al., 2006). Recent reports indicate
that the dengue outbreaks are increasing each year with 2.5 billion people at risk as
reported by the World Health Organization (2012). Thus, developments of new drugs that

possess anti-dengue properties are essential.

Panduratin A also has potential use in the dental care industry due to its anti-
inflammatory activity preventing periodontal inflammation (Yanti et al., 2009d; Yanti et
al., 2009b) and antibacterial activities thus preventing dental caries (Table 2.4) (Park et
al., 2005). Panduratin A can also be used as a natural anti-biofilm agent against
multispecies oral biofilm during early dental plaque formation (Yanti et al., 2009c). In
addition, panduratin A and 4-hydroxypanduratin A also have potential use in the

cosmeceutical industry. These compounds could inhibit melanin biosynthesis and can be
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used as skin whitening agent (Lee et al., 2010; Yoon et al., 2007). In addition, the property
of panduratin A as natural antibacterial agents could inhibit the growth of acnes and skin

diseases caused by bacteria (Song et al., 2008).

Due to the increasing number of reports on the potential use of panduratin A as a new
alternative medicine, dietary supplement and other health care products, demands on this
compound in drug development and the health care industries is increasing. However,
production of panduratin A in B. rotunda is limited and unable to cater the demands.
According to Tewtrakul et al. (2009), 10 kilogram of dried B. rotunda rhizome yields
only 715.2 mg of panduratin A. Additionally, it takes almost one year of planting, to
harvest their mature rhizomes. Although panduratin A can be chemically synthesized, the
production involves laborious processes and expensive starting materials (Chee et al.,
2010). Besides, the manipulation of their production through metabolic engineering is
hindered due to the lack of knowledge on the panduratin A biosynthetic pathway. Thus,
elucidating the intermediate enzymes involved in the biosynthetic pathway is crucial to
enable enhancement of panduratin A production. The intermediate enzymes include
enzymes in the flavonoid pathway such as phenylalanine ammoniolyase (PAL),
cinnamate-4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase

(CHS) and prenylransferase.

2.7 Prenyltransferase
2.7.1  Prenyltransferase classification

Prenyltransferase is a reaction process of transferring the prenyl moiety to a wide range
of prenyl acceptors such as other prenyl moiety, proteins, phenolic or aromatic
compounds (Brandt et al., 2009). Prenyltransferase that transfers the prenyl moiety on

aromatic compounds are termed as aromatic prenyltransferases, which play a major role
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in the diversification of most aromatic secondary metabolites (Yazaki et al., 2009). There
are two major pathways involved in the biosynthesis of prenylated aromatic compounds;
the shikimate pathway and isoprenoid pathway (Figure 2.11). The isoprenoid pathway
derived from either mevalonate or methyl erythritol phosphate (MEP) pathways provide
the prenyl chain moiety donor whereas, the shikimate or polyketide pathway provide an

aromatic compound acceptor (Yazaki et al., 2009).

Figure 2.11: Coupling reaction of the shikimate/polyketide and isoprenoid pathways.
The isoprenoid pathway consists of two pathways, the mevalonate (MV A) pathway
localized in the cytosol, and the methyl erythritol phosphate (MEP) pathway
localized in the plastid. Most plant prenyltransferases responsible for prenylated
aromatic compounds are membrane-bound proteins. IPP, isopentenyl diphosphate
(Yazaki et al., 2009).

Aromatic prenyltransferases can be divided into two types; soluble-type
prenyltransferase and membrane-bound prenyltransferase (Brandt et al., 2009).
Membrane-bound prenyltransferase contain an aspartate rich motif in their sequence that
conserved among the Mg-dependent prenyltransferase family (Brandt et al., 2009; Yazaki
et al,, 2009). Membrane-targeting signal can be detected at the N-terminus of the

sequence (Yazaki et al., 2009). Research has been carried out and the enzyme has been
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found in the mitochondria, endoplasmic reticulum and plastid. For instance,
prenyltransferase is located in the inner membrane of mitochondria in Oryza sativa and
Arabidopsis thaliana (Ohara et al., 2006; Okada et al., 2004), endoplasmic reticulum in
Lithosphermum erythrorhizon (Yazaki et al., 2002) and plastid in Glycine max and

Sophora flavescens (Akashi et al., 2008; Sasaki et al., 2008).

Plant membrane-bound prenyltransferases can be further classified into two groups
based on the aromatic compounds that they catalyze, namely; p-hydrozybenzoate (PHB)
prenyltransferases and homogentisate (HG) prenyltransferases. Prenyltransferase that
accept p-hydroxybenzoate as aromatic compound are involved in shikonin and
ubiquinone biosynthesis. For instance, LePGT-1 and LePGT-2 are involved in the
biosynthesis of shikonin using specific geranyl diphosphate as prenyl donor (Yazaki et
al., 2002) whereas OsPPT1 from rice and AtPPT1 from Arabidopsis are involved in
biosynthesis of ubiquinone by preference of longer prenyl moiety and solanesyl
diphosphate as prenyl donor respectively (Ohara et al., 2006; Okada et al., 2004). The
second prenyltransferase group; HG prenyltransferases are involved in biosynthesis of
vitamin E and plastoquinone biosynthesis. For instance, AtVTE2-1 and AtVTE2-2 from
Arabidopsis are involved in vitamin E, tocopherol biosynthesis plastoquinone

biosynthesis respectively (Venkatesh et al., 2006).

Prenyl and aromatic compound substrate is recognized by amino acid conserved
sequences in the membrane-bound prenyltransferase peptide sequence. Both PHB and
HG prenyltransferases consist of similar aspartate-rich motif for prenyl moiety
recognition; NDXXDXXXD and NQXXDXXXD respectively however did not show
similarity in the aromatic recognition sequence (Akashi et al., 2008; Ohara et al., 2006;
Okada et al., 2004; Sasaki et al., 2008; Yazaki et al., 2002). The prenyltransferase motif

sequence that is responsible for recognizing PHB is GX(K/Y)STAL, while homogentisate
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and flavonoids is KDXXDX(E/D)GD (Akashi et al., 2008; Ohara et al., 2006; Okada et

al., 2004; Sasaki et al., 2008; Yazaki et al., 2002).

2.7.2  Plant flavonoid prenyltransferases

According to Yazaki et al. (2009), flavonoid prenyltransferases derived from HG
prenyltransferases family as they share approximately 50% significant similarity and
accept flavonoids as aromatic substrate. Several plant flavonoid prenyltransferases have
been successfully isolated and characterized (Table 2.5). All of the identified flavonoid
prenyltransferases were isolated from Leguminosae family except for CtIDT and MaIDT
extracted from the Moraceae family. The first reported flavonoid-specific
prenyltransferase was naringenin-8-prenyltransferase (SfN8D-1) isolated from Sophora
flavescens (Sasaki et al., 2008). After that, SIN8§D-2 and SfN8D-3 were cloned and
molecularly characterized. Both SfN8D-2 and SfN8D-3 exhibited almost the same
enzymatic properties as SfN8D-1 and suggested to be SfN8D-1 clone functional
redundancy (Sasaki et al., 2008; Sasaki, Tsurumaru, Yamamoto, & Yazaki, 2011). In
2009, another flavonoid prenyltransferase was identified in soybean; pterocarpan 4-
dimethylallyltransferase (GmG4DT) which catalyzes the biosynthesis of glyceollin

(Akashi et al., 2009).

Besides, 1soflavonoid-specific prenyltransferases, chalcone-specific
prenyltransferases and flavone-specific prenyltransferase were also discovered. StG6DT
from Sophora flavescens and LaPT1 from Lupinus albus showed specific substrate
specificity towards isoflavonoids and were responsible for genistein prenylation (Table
2.6). However, SfG6DT prenylates genistein at C-6 position on ring A, producing
wighteone (Sasaki et al., 2011), while LaPT1 prenylates genistein at C-3’ position on ring

B, producing isowighteone (Shen et al., 2012). As for chalcone-specific
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prenyltransferase, SfILDT from Sophora flavescens, MalDT from Morus alba and CtIDT
from Cudrania tricuspidata strictly accepts isoliquiritigenin as the prenyl acceptor
producing dimethylallyl isoliquiritigenin (Table 2.6). GuA6DT from Glycyrrhiza
uralensis catalysed the prenylation of flavones such as apigenin at C-6 position (Li et al.,
2014). Lastly, SfFPT is the first flavonoid prenyltransferase that exhibit broad aromatic
substrate specificity (Chen et al., 2013). Figure 2.12 shows some prenylation reaction of

SINSDT-1, SfFPT, SfG6DT, SfiLDT, G4DT, and LaPT1.

Recently, other aromatic prenyltransferase such as coumarin prenyltransferase and
phloroglucinol prenyltransferase were also discovered and molecularly characterized.
PcPT from parsley and CIPT1 from Citrus limon were categorized as coumarin
prenyltransferase as both prenylate umbiliferone (Table 2.6). However, PcPT only
accepted DMAPP (Karamat et al., 2014), whereas CIPT1 only accepted GPP as prenyl
donor (Munakata et al., 2014). HIPT-1, HIPT-1L and HIPT2 from hop were categorized
as phloroglucinol prenyltransferase involved in B-bitter acid biosynthesis (Table 2.6).
Although HIPT-1 was categorized as phloroglucinol prenyltransferase, HIPT-1 also has

been found to accept naringenin chalcone as a substrate (Tsurumaru et al., 2012).

Aromatic prenyltransferase proteins are approximately 400 amino acids in length and
is localized in the plastid (Table 2.6). The substrate specificity analysis showed that most
of the flavonoid prenyltransferase isolated exhibited strict substrate specificity towards
dimethylallyl diphosphate (DMAPP) moiety except for StG6DT, SfFPT, GuA6DT and
CIPT1. SfG6DT also accepted geranyl diphosphate (GPP) and traces of farnesyl
diphosphate (FPP) as prenyl donor besides DMAPP (Sasaki et al., 2011). SfFPT and
GuA6DT could accept both DMAPP and GPP as prenyl donors (Chen et al., 2013; Li et
al., 2014). Among all, CIPT1 was the first aromatic prenyltransferase which specifically

recognized GPP as prenyl donor (Munakata et al., 2014).
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Table 2.5: Plant flavonoid prenyltransferases in NCBI database.

dimethylallyltransferase

No Plant Name Family Enzyme Plant flavonoid prenyltransferase Accession No. Reference
1 | Sophora flavescens Leguminosae SENSDT-1 Naringenin 8-dimethylallyltransferase BAGI12671.1 | (Sasaki et al., 2008)
2 | Sophora flavescens Leguminosae SENEDT-2 Naringenin 8-dimethylallyltransferase BAG12673.1 | (Sasaki et al., 2008)
3 | Sophora flavescens Leguminosae StNSDT-3 8-dimethylallyltransferase BAKS52289.1 | (Sasaki et al., 2011)
4 | Sophora flavescens Leguminosae SfG6DT Genistein 6-dimethylallyltransferase BAKS52291.1 | (Sasaki et al., 2011)
5 | Sophora flavescens Leguminosae SfiLDT Isoliquiritigenin dimethylallyltransferase BAKS52290.1 | (Sasaki et al., 2011)
6 | Sophora flavescens Leguminosae StFPT Flavonoid prenyltransferase AHA36633.1 | (Chen et al., 2013)
7 | Glycine max Leguminosae GmG4DT Pterocarpan 4-dimethylallyltransferase NP 00123599 | (Akashi et al., 2009)

0.1
8 | Lupinus albus Leguminosae LaPT1 Genistein 3'-dimethylallyltransferase AER35706.1 | (Shen et al., 2012)
9 | Glycyrrhiza uralensis | Leguminosae GuA6DT Flavone prenyltransferase AIT11912.1 | (Lietal., 2014)
10 | Cudrania Moraceae CtIDT Isoliquiritigenin 3'- AJD80983.1 | (Wangetal., 2014)
tricuspidata dimethylallyltransferase
11 | Morus alba Moraceae MalDT Isoliquiritigenin 3'- AJD80982.1 | (Wanget al., 2014)
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Table 2.6: Summary of molecular characterization of plant aromatic prenyltransferases.

Category Enzyme Species Family Peptide | Localization Prenyl chain Aromatic compound References
length specificity specificity
Flavonoid StNSDT-1 Sophora Leguminosae 410 Plastid DMAPP Flavonone: (Sasaki et al.,
prenyltransferase flavescens Naringenin, 2008)
Liquritigenin,
Hesperetin
Flavonoid SfG6DT Sophora Leguminosae 407 Plastid DMAPP, GPP, Isoflavonoid: (Sasaki et al.,
prenyltransferase flavescens FPP Genistein, 2011)
Biochanin A
Flavonoid SfiLDT Sophora Leguminosae 391 Plastid DMAPP Chalcone (Sasaki et al.,
prenyltransferase flavescens Isoliquiritigenin 2011)
Flavonoid S{FPT Sophora Leguminosae 407 Plastid DMAPP & GPP Flavonoids (Chen et al.,
prenyltransferase flavescens broad substrate 2013)
specificity
Flavonoid GmG4DT | Glycine max | Leguminosae 409 Plastid DMAPP Pterocarpan (Akashi et
prenyltransferase (-) - Glycinol al., 2009)
Flavonoid LaPT1 Lupinus Leguminosae 408 Plastid DMAPP Isoflavonoid (Shen et al.,
prenyltransferase albus Genistein, 2012)
2'-hydroxygenistein
Flavonoid GuA6DT Glycyrrhiza | Leguminosae 412 Plastid DMAPP & GPP Flavone (Lietal.,
prenyltransferase uralensis Apigenin 2014)
Flavonoid MalDT Morus alba Moraceae 402 Plastid DMAPP Chalcone (Wang et al.,
prenyltransferase Isoliquirigitenin 2014)
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Table 2.6, continued

Flavonoid CtIDT Cudrania Moraceae 398 Plastid DMAPP Chalcone (Wang et al.,
prenyltransferase tricuspidata Isoliquirigitenin 2014)
Phloroglucinol HIPT-1 Humulus Cannabaceae 411 Plastid DMAPP Phloroglucinol (Tsurumaru
prenyltransferase lupulus L. derivatives et al., 2010;
hop 'Kirin ITI' PIVP, PIBP, PMBP Tsurumaru et
al., 2012)
Chalcone
Naringenin chalcone
Phloroglucinol HIPT-1L Humulus Cannabaceae | 414 and Plastid DMAPP Phloroglucinol (Lietal,
prenyltransferase and HIPT2 lupulus L. 408 derivatives 2015)
hop cultivar PIVP, PIBP, PMBP
'Nugget'
Prenylated
acylphloroglucinols
Coumarin CIPT1 Citrus limon Rutaceae 407 Plastid GPP Coumarin (Munakata et
prenyltransferase Umbelliferone al., 2014)
Coumarin PcPT Petroselinum Apiaceae 400 Plastid DMAPP Coumarin (Karamat et
prenyltransferase crispum Umbelliferone al., 2014)
(Parsley)




Figure 2.12: The flavonoid prenyltransferases from the Leguminosae (Li et al., 2014).
a) SINSDT-1/SfFPT from S. flavescens catalyzes the 8-prenylation of naringenin,
SfG6DT catalyzes the 6-prenylation of genistein, and SfiLDT catalyzes the
prenylation of isoliquiritigenin. b) G4DT from soybean (G. max) catalyzes the 4-
prenylation of glycinol. ¢) LaPT1 from L. albus catalyzes the 3’-prenylation of
genistein.

From the phylogenetic tree analysis constructed by Wang et al. (2014), flavonoid
prenyltransferases evolved from HG prenyltransferases (Figure 2.13). Interestingly,

leguminous flavonoid prenyltransferases and moraceous flavonoid prenyltransferases
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branched into two different clusters. The leguminous flavonoid prenyltransferases
evolved from the HG prenyltransferases that synthesize vitamin E, whereas moraceous
flavonoid prenyltransferases evolved from the HG prenyltransferases that synthesize
plastoquinone. The results implies that flavonoid prenyltransferases evolved

independently in the two plant lineages (Wang et al., 2014).
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Figure 2.13: Phylogenetic tree relationship between plant aromatic prenyltransferases with
homogentisate prenyltransferases generated by Wang et al. (2014).

2.7.3  Prenylated flavonoids in plants

Prenylated flavonoids are derived from flavonoids which attached a flavonoid skeleton
with a lipophilic prenyl side chain. In plants, prenylated flavonoids are less abundant in
nature as compared to flavonoids (Yang et al., 2015). Prenylation has been detected in

different classes of flavonoids which include isoflavones, pterocarpans, flavanones,
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flavones and chalcones (Barron & Ibrahim, 1996). Unlike flavonoids which are present
in almost all plants, prenylated flavonoids are not widely distributed in plants. To date,
approximately 1000 prenylated flavonoids have been identified from 37 plant genera
(Yang et al., 2015). Most of prenylated flavonoids are found in plant families of
Cannabaceae, Guttiferae, Leguminosae, Moraceae, Rutacea and Umbelliferae (Barron &

Ibrahim, 1996; Yang et al., 2015).

Prenylated flavonoids have diverse structures depending on the flavonoid skeleton,
length of prenyl side-chain, prenylation position on the aromatic rings and further
modifications of the prenyl moiety (Yazaki et al., 2009). The length of prenyl side chain
was based on the size of the carbon; C5 (isopentenyl), C10 (geranyl), C15 (farnesyl) and
C20 (geranylgeranyl) (Figure 2.14). The modifications of prenyl side chain include
oxidation, reduction, dehydration and cyclization (Barron & Ibrahim, 1996). In general,
more C-prenylation on flavonoids occurs in plants compared to O-prenylation. C-
prenylation take place more frequently on ring A at C-6 or C-8 and ring B at C-3’ or C-
5’ (Barron & Ibrahim, 1996). Figure 2.15 shows the prenylation patterns on flavonoids
and 3,3-dimethylallyl group is the most common pattern identified (Barron & Ibrahim,

1996; Yang et al., 2015).

Figure 2.14: The prenyl side chain (Alhassan et al., 2014).
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Figure 2.15: Prenylation patterns encountered on flavonoids (Yang et al., 2015).

Many prenylated flavonoids have been identified as bioactive compounds in medicinal
plants as they possess medicinal properties such as anti-cancer, antioxidant, anti-allergic
and anti-inflammatory. In general, prenylation improve the flavonoids bioactivities by
increasing the lipophilicity of flavonoids, resulting a higher affinity to biological
membranes and better interaction with target proteins (Yang et al., 2015). For instance,
desmethylxanthothumol, a prenylated chalcone had shown high antioxidant activities as
compared to the non-prenylated parent compound, chalconaringenin (Miranda et al.,
2000). Moreover, prenylation at C-8 on flavonoids strongly enhanced the biological

activity. For instance, licoflavone C and isobavachin strongly enhances the toxicity of
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apigenin and liquiritigenin in rat H4IIE hepatoma and C6 glioma cells (Witjen et al.,
2007). Besides licoflavone C and 8-prenylnaringenin were also reported to be potent
phytoestrogen (Garritano et al., 2005; Milligan et al., 2000). Xanthohumol, a C-8
prenylated chalcone in hop had shown anti-proliferative activity on human prostate
cancer cell lines by inhibiting the growth of PC-3 and DU145 (Delmulle et al., 2006). It
also inhibits the growth of human colon cancer (HT-29), breast cancer (MCF-7), and

ovarian cancer (A2780) cell lines (Miranda et al., 1999).

2.7.4  Prenylated flavonoid in B. rotunda

There are more than 10 prenylated flavonoids including prenylated chalcones and
flavanones identified in B. rotunda (Morikawa et al., 2008; Win et al., 2007). Figure 2.16
shows the structures of the prenylated flavonoids found in B. rotunda. As reported by
Win et al. (2007), geranylated chalcone and geranylated flavanone showed higher
cytotoxicity towards human pancreatic PANC-1 cancer cells compared to their parent
compounds. For instance, chalcone, 3’-geranylcardamonin showed stronger cytotoxic
activity compared to cardamonin (Win et al., 2007). Similarly, flavanone, 8-
geranylpinostrobin and 6-geranylpinostrobin showed stronger cytotoxic activity
compared to pinostrobin (Win et al., 2007). However, prenylated chalcone exhibit

stronger cytotoxic activity compared to prenylated flavanone (Win et al., 2007).

In general, cyclohexenyl chalcone derivatives were more active than the other
compounds, especially panduratin A. Although panduratin A has similar basic
cyclohexenyl back bone with 4-hydroxypanduratin A and isopanduratin A2, the presence
of a methoxyl group at C-4 and hydroxyls at C-2 and C-6 in cyclohexenyl chalcones seem
to be important for activity (Win et al., 2007). Panduratin A was reported to exhibit more

medicinal properties as compared to other cyclohexanyl chalcone. For instance,

43



panduratin A exhibited stronger in vitro preferential cytotoxic (PCioo) activity against
human pancreatic cancer cells PANC-1 as compared to isopanduratin A2 and 4-
hydroxypanduratin A (Win et al., 2007). Other biological activities of panduratin A are

shown in Table 2.4.

Both panduratin A and 4-hydroxypanduratin A were also reported to exhibit stronger
anti-inflammatory by inhibiting the nitric oxide (NO),prostaglandin E> (PGE») and
tumour necrosis factor-alpha (TNF-a), as compared to panduratin C (Tewtrakul et al.,
2009; Yun et al., 2003). Although panduratin C shares the same carbon skeleton as
panduratin A, it has hydroxyl group at position C-4"’, which eventually reduces the
compound’s anti-inflammatory activity (Tewtrakul et al., 2009). Due to prenyl side chain
on panduratin A structure, it exhibits stronger antioxidant activities compared to its parent
compound, pinostrobin chalcone by inhibiting the L-glutamate toxicity in N18-RE-105
cells (Shindo et al., 2006). Beside panduratin A, 4-hydroxypanduratin A was also reported
to exert this neuroprotective effects (Shindo et al., 2006). These compounds also exhibit
anti-aging properties by inhibiting the UV-induced matrix metalloproteinase-1 (MMP1)

expression (Shim et al., 2009; Shim et al., 2008a).

Even though panduratin A exhibits numerous medicinal properties, this compound or
other prenylated cyclohexanyl chalcones are not easily isolated due to their low
abundance in nature and their biosynthetic pathway is also not yet understood. Thus,
establishing the biosynthetic pathway through elucidating the enzymatic genes involved
will open up the possibilities to increase the yield of panduratin A via approaches such as
metabolic engineering. Other than enzymes, regulating proteins are the key players in
regulating the pathway by controlling enzyme production. Among the most important

regulating proteins are the transcription factors.
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Figure 2.16: The structure of prenylated flavonoids found in B. rotunda (Morikawa et al., 2008;
Win et al., 2007).

2.8 Plant MYB transcription factors
2.8.1 MYB transcription factors classification in plants

Transcription factors (TFs) are regulatory proteins that control the complex network
of metabolic pathways. TFs are sequence specific DNA-binding proteins that recognize
specific cis-regulatory sequences in the promoter regions of target genes and modulate
their expression either through activation or repression depending on tissue types,

developmental stages and/or environmental cues (Du et al., 2009; Vom Endt, Kijne, &
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Memelink, 2002). However, some of the TFs do not directly bind to the DNA sequences,
but form complexes with other co-factors or proteins to regulate the expression of the

target genes (Yang et al., 2012).

Several families of TFs have been identified to participate in controlling the secondary
metabolitic pathways through regulating the expression of enzyme-coding genes in the
pathways (Yang et al., 2012). Transcription factors have been classified into different
families based on the conserved DNA-binding domains (Pabo & Sauer, 1992). Helix-
turn-helix, zinc finger, leucine zipper, scisssors and MADS cassette are some examples
of structural motifs that are capable of binding target DNA sequences (Du et al., 2009).
Several transcription factor families have been described to regulate the secondary
metabolism such as MYB, bHLH, AP2/ERF, WRKY, Zinc finger, DOF, SPL, NAC and
bZIP (Yang et al., 2012). Among all, MYB transcription factors comprise one of the

largest transcription factor families in plants.

The first MYB gene identified was the ‘oncogene’ v-Myb gene from avian
myeloblastosis virus (AMV) (Klempnauer et al., 1982). Based on sequence comparison
analysis, the gene appears to have originated from a vertebrate gene and has three
members, namely c-Myb, A-Myb and B-Myb (Weston, 1998). The first plant MYB gene
identified was C1 from Zea mays, which regulates anthocyanin synthesis (Paz-Ares et al.,
1987). The common feature of MY B transcription factor proteins is the presence of highly

conserved MYB DNA-binding domain (Ambawat et al., 2013).

The MYB DNA-binding domain generally consists of one to four imperfect repeats
(R1, R2 and R3); with 50 — 53 amino acids where each repeat forms three a-helices
(Figure 2.17). The second and third helices of each repeat form a helix-turn-helix (HTH)
structure. The third helix in the HTH structure is called the recognition helix, which is

essential to recognize and bind to specific DNA sequences by forming hydrogen bonds
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with bases located in the major groove of the DNA double helix. The second helix
stabilizes the overall configuration through hydrogen interactions with the recognition
helix (Becker et al., 2003; Ogata et al., 1992). Three regularly spaced tryptophan residues
typically located in the MYB repeats, which form a tryptophan cluster in three-
dimensional HTH structure (Ogata et al., 1992). In plants, the first tryptophan of R3 is

replaced by phenylalanine or isoleucine (Ambawat et al., 2013).

Figure 2.17: Schematic diagram of plant MY B transcription factor classes.
[ustration showing different plant MYB protein classes depending on the number
of adjacent MYB repeats (R). The primary and secondary structures of a typical
R2R3-MYB are indicated. H, helix; T. turn; W, tryptophan; X, any amino acid
(Dubos et al., 2010).

The plant MYB repeats - R1, R2 or R3 are named according to their similarity with
the three repeats (R1, R2 and R3) in protolytic c-Myb protein. The MYB transcription
factor family can be classified into four subfamilies based on the number of adjacent

repeats in the binding domains, namely 1R-, 2R-, 3R- and 4R-MYB subfamilies (Dubos
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etal., 2010). The first MYB subfamily, the heterogenous 1R-MYB subfamily, also called
MY B-related group comprises of an intact single or partial MYB repeat (R1/2, R3-MYB).
1R-MYB subfamily is widely distributed in plants and is the second largest group of the
MYB family. There are 68 members of IR-MYB in Arabidopsis, 47 members in
grapevine and 64 members in rice (Table 2.7). IR-MYB transcription factors are involved
in morphogenesis (Simon et al., 2007), secondary metabolism (Dubos et al., 2008; Matsui
et al., 2008), circadian clock control (Lu et al., 2009), response to phosphate starvation

(Bustos et al., 2010) and also flower and fruit development (Barg et al., 2005).

Next, the second MYB subfamily is 2R-MYB subfamily also known as R2ZR3-MYB
which is the largest group of plant MYB family consisting of R2 and R3 repeats. There
are 138 R2R3-MYB members in Arabidopsis, 126 in rice and 244 in soybean (Table 2.7).
R2R3-MYB transcription factors are further classified into 28 subgroups based on the
conserved motifs at the C-terminus (Dubos et al., 2010; Liu et al., 2015; Stracke et al.,
2001). Therefore, the regulatory activity of the proteins is dependent on the C-terminal
region. These R2R3-MYB transcription factors are involved in primary and secondary
metabolism, plant development, determination of cell fate and identity, hormone signal

transduction, and response to abiotic and biotic stresses (Ambawat et al., 2013).

Subsequently, the third MYB subfamily, the 3R-MYB contains R1, R2 and R3 repeats
(R1IR2R3-MYB), which have been identified in most eukaryotes. In contrast to their
predominant roles in cell cycle control, relatively few 3R-MYB proteins are found in
plants (Ito, 2005). For instance, there are five 3R-MYB proteins in Arabidopsis, grapevine
and rice (Table 2.7). Lastly, the smallest MYB subfamily is the 4R-MYB which contains
four R1/R2-like repeats. Only a single or two of 4R-MYB proteins have been found in
plant species (Table 2.7). Little is known about the functions of the 4R-MYB subfamily

in plants.
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Table 2.7: Distribution MYB transcription factor subfamilies within selected plant

species.
Plant species Number References
IR- 2R- 3R- 4R-
MYB | MYB | MYB | MYB
Arabidopsis 68 138 5 2 (Du et al., 2013; Katiyar et al., 2012)
thaliana
Grapevine (Vitis 47 118 5 1 (Du et al., 2013; Matus et al., 2008;
vinifera) Wilkins et al., 2009)
Orange (Citrus 90 87 1 1 (Hou et al., 2014)
Sinensis)
Rice (Oryza 64 126 5 1 (Chen et al., 2006)
sativa)
Soybean 127 244 6 2 (Du et al., 2013; Du et al., 2012)
(Glycine max)

2.8.2 MYB transcription factor functions in plants

In plants, the MYB transcription factor family plays a wide variety of important roles
in regulating the plant specific processes. The MYB proteins might act either as
transcription activator or transcription repressor or as both transcription activator and
repressor. The functions of MYB proteins have been identified through genetic and
molecular analysis in numerous plant species including Arabidopsis, rice, maize (Zea
mays), petunia (Petunia hybrida), soybean (Glycine max), snapdragon (Antirrhinum

majus), grapevine (Vitis vinifera) and apple (Malus domestica).

The MYB family has been found to be involved in controlling cell morphogenesis and
differentiation, response to environmental stresses, phytohormones and regulating
phenylpropanoid metabolism. Some of the MYB proteins are expressed in most tissues,
while the others are only expressed in specific tissues at certain developmental stages.
For instance, AtMYB21 is only expressed in flower buds (Shin et al., 2002), AtMYB26
in anthers (Steiner-Lange et al., 2003) and cotton GhMYB109 is specifically expressed
in cotton fiber initials and elongation (Suo et al., 2003). Accordingly, GhMYB7 and

GhMYB9 are developmentally regulated in cotton fibers (Hsu et al., 2005).
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Cell fate determination and morphogenesis in petal, root hair, trichome and seed coat
are critical steps in plant development. For instance, the size and shape of the flower
petals are important to attract the pollinators from a distance. Pollinators showed
preference for flowers with conical shaped epidermal cells. The shape increase the
proportion of incident light that enters the epidermal cells and enhancing light absorption
by the floral pigments resulting a brighter petal colour (Noda et al., 1994). MYB
transcription factor proteins such as PAIMYBI from Petunia hybrida, AmMMYBL2 from
snapdragon, Antirrhinum majus and AtMYB16 from Arabidopsis thaliana share the same
function involves in petal morphogenesis by controlling the shape of petal epidermal cells
(Baumann et al., 2007). In addition, besides controlling the conical cell development in
the petal hinge epidermis, AmMMYBJ1 is also reported to be involved in controlling
trichome and mesophyll cell morphogenesis in Antirrhinum majus (Perez-Rodriguez et

al., 2005).

In trichome and root hair development, the MY B proteins form complexes with other
transcription factors such as bHLH and WD40-repeat (WDR) proteins for transcriptional
regulation. This type of regulation also termed as combinatorial control. In trichome
development, activator complex consist of an R2R3 MYB-type protein, GLABRAI
(GLT) (Oppenheimer et al., 1991), a WD40-repreat protein, TRANSPARENT TESTA
GLABRAI1 (TTGI1) (Galway et al., 1994) and bHLH transcription factor, GLABRA
(GL3) or ENHANCER OF GLABRA3 (EGL3) (Payne et al., 2000; Zhang et al., 2003).
The TTG1-GL3/EGL3-GL1 activator complex induces the expression of GLABRA2
(GL2), a homeodomain protein (Rerie et al., 1994) which is required for trichome

initiation.

In root hair development, GL1 is replaced by another R2R3 MYB-type protein,

WAREWOLF (WER) in the activator complex (Lee & Schiefelbein, 1999). The TTG1-
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GL3/EGL3-WER activator complex also induces the expression of a homeodomain
protein, GL2 and R3-MYB protein. In contrast to trichome initiation system, the R3 MYB
functions as positive regulator in root hair development by suppressing the GL2
expression, resulting in root hair cell differentiation (Tominaga-Wada & Wada, 2014).
GL1 and WER are categorized under subgroup 15 of R2R3 MYB proteins. Similar to R3
MYB, these proteins also contain the bHLH interaction conserved motif

[D/E]Lx2[R/K]x3Lx6Lx3R in their R3 repeats (Zimmermann et al., 2004).

Plant development, growth and productivity are often affected by various
environmental stresses. Regulation of MYB family has been shown to be one of essential
strategies for plant to tolerate the stresses. Several MYB proteins have been found
regulated in plants in response to drought such as AtMYB96, AtMYB15 and AtMYB2 in
Arabidopsis (Ding et al., 2009; Seo et al., 2009; Urao et al., 1996), MdoMYB121 in apple
(Cao et al.,, 2013), VVWMYBO60 in grapevine (Galbiati et al., 2011) and StMYBI1R-1 in

potato (Shin et al., 2011).

High salinity is also another major abiotic stress which has caused ion imbalance and
water deficiency in plants. Several MYB proteins are regulated in plants to tolerate salt
stress. For instance, AtMYB20 enhances salt resistance by repression of abscisic acid
(ABA) signalling negative regulators, the type 2C serine/threonine protein phosphatases
(PP2Cs) expression (Cui et al., 2013). AtMYB73 acts as a negative regulator of salt
responses by suppression of SOSI and SOS3 genes, the salt overly sensitive (SOS)

transcripts (Kim et al., 2013).

In addition to abiotic stress, plants also regulate MY B proteins to confer biotic stresses
for plant survival. In Arabidopsis, AtIMYB102 plays a role in defense against the insect
herbivores Pieris rapae (De Vos et al., 2006); whereas AtMYB44 increased resistance

towards the bacterial pathogen Pseudomonas syringae by enhancing the expression of
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pathogenesis-related ( PR ) genes through the salicylic acid signalling pathway (Zou et
al., 2013). In wheat, TaPIMP1 increased resistance against Bipolaris sorokiniana by
regulating the defense-related genes expression (Zhang et al., 2012). Besides plant
development and environmental stress, MYB transcription factors are also involved in

controlling the secondary metabolite production in plants.

2.8.3 MYB transcription factors in secondary metabolic pathway in plant

Several MYB transcription factors are involved in regulation of flavonoid biosynthetic
pathway such as proanthocyanidins, anthocyanins flavonols, and isoflavonoids. Genes
encoding enzymes that regulate the flavonoid biosynthetic pathway are divided into two
groups; namely early biosynthetic genes (EBGs) which include CHS, CHI, F3H, F3’'H
and FLS1) catalysing the flavonol biosynthesis, whereas late biosynthetic genes (LBGs)
consist of DFR, LDOX and ANR) regulating proanthcyanidin and anthocyanin

biosynthesis (Figure 2.18).

In plants, R2ZR3 MYB transcription factors in subgroups 4, 5, 6, 7 and 27 are found to
be the major subgroup in controlling flavonoid biosynthetic pathway. Subsequently,
single repeat R3 MYB protiens are also involved in the flavonoid pathway regulation.
However, some of the MYB regulators do not fit this classification perfectly. Table 2.8
shows the MYB transcription factors that regulate phenylpropanoid pathway in plants.
Depending on species, the transcription regulation might involve the MYB transcription
factor alone or formation of MYB transcription factor with other transcription factors

such as a MYB-bHLH-WD40 complex or a MYB-bHLH dimer (Hichri et al., 2011).

As mentioned previously, both structural and regulating genes are important in

regulating the biosynthesis of bioactive compounds. Hence, elucidating structural and
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regulating genes that are directly or indirectly involved in the flavonoid biosynthetic
pathway are important initial steps for designing strategies to increase panduratin A
production in B. rotunda. The identification can be done through sequencing of the total

RNA transcript using cutting edge next generation sequencing technology.

Figure 2.18: Regulation of flavonoid biosynthetic pathway by R2R3 MYB transcription factors
subgroup 4, 6 and 7 in Arabidopsis (Dubos et al., 2010).
Early biosynthetic genes (EBGs); CHS, CHI, F3H, F3’H and FLSI indicated by
purple font, whereas late biosynthetic genes (LBGs); DFR, LDOX and ANR indicated
by red and maroon font. Abbreviations: PAL, phenylalanine ammonia lyase; C4H,
cinnamate-4-hydroxylase; 4CL, 4-coumaroyl-CoA synthase; CHI, chalcone
isomerase; F3H, flavonol 3-hydroxylase; F3’H, flavonol 3’-hydroxylase; FLS,
flavonol synthase; DFR, dihydroflavonol-4-reductase; LDOX, leucoanthocyanidin
dioxygenase; ANR, anthocyanin reductase. Enzymes are indicated in upper care
letters and genetic loci in lower case italics. Dotted lines represent putative
regulations.
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Table 2.8: MYB transcription factors that are involved in the regulation of the phenylpropanoid pathway. This table was modified from Liu et al., 2015.

Plant species Gene Type Subgroup Compound Function Reference
Arabidopsis thaliana AtMYB60 R2R3 1 Anthocyanin Repressor (Park et al., 2008)
Arabidopsis thaliana AtMYB14 R2R3 2 Stilbene Activator (Holl et al., 2013)
Arabidopsis thaliana AtMYB15 R2R3 2 Stilbene Activator (Holl et al., 2013)

Lotus (Lotus japonicus) LjMYB14 R2R3 2 Isoflavonoid Activator (Shelton et al., 2012)

Arabidopsis thaliana AtMYBS58 R2R3 3 Monolignol Activator (Zhou et al., 2009)

Arabidopsis thaliana AtMYB63 R2R3 3 Monolignol Activator (Zhou et al., 2009)

Apple (Malus domestica) MdMYB3 R2R3 4 Anthocyanin/ Activator (Vimolmangkang et al., 2013)

flavonol

Arabidopsis thaliana AtMYB4 R2R3 4 Sinapate ester Repressor (Jin et al., 2000)

Arabidopsis thaliana AtMYB32 R2R3 4 Monolignol Repressor (Preston et al., 2004)

Cider gum (Eucalypus EgMYBI1 R2R3 4 Monolignol Repressor (Legay et al., 2007; Legay et al., 2010)
unnii

gDanshfen (Salvia SmMYB39 R2R3 4 Phenolic acid Repressor (Zhang et al., 2013)

miltiorrhiza)

Garden chrysanthemum CmMYBI R2R3 4 Monolignol Repressor (Zhu et al., 2013)

(Chrysanthemum

morifolium)

Grapevine (Vitis spp.) VVMYBC2-L1 R2R3 4 Proanthocyanidin Repressor (Huang et al., 2014)

Leucaena (Leucaena LIMYBI R2R3 4 Monolignol Repressor (Omer et al., 2013)

leucocephala)

Maize (Zea Mays) ZmMYB31 R2R3 4 Monolignol Repressor (Fornalé et al., 2010)

Maize (Zea Mays) ZmMYB42 R2R3 4 Monolignol Repressor (Sonbol et al., 2009)

Petunia (Petunia hybrida) PhMYB27 R2R3 4 Anthocyanin Repressor (Albert et al., 2014)

Rabbit-foot clover TaMYB14 R2R3 4 Proanthocyanidin Activator (Hancock et al., 2012)

(Trifolium arvense)

Snapdragon (Antirrhinum AmMYB308 R2R3 4 Monolignol Repressor (Tamagnone et al., 1998)

majus)
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Table 2.8, continued

Snapdragon (Antirrhinum AmMYB330 R2R3 4 Monolignol Repressor (Tamagnone et al., 1998)

majus)

Switchgrass (Panicum PvMYB4a R2R3 4 Monolignol Repressor (Shen et al., 2012)

virgatum,)

Arabidopsis thaliana AtMYBI123/TT2 R2R3 5 Proanthocyanidin Activator (Nesi et al., 2001)

Barley (Hordeum vulgare) HvMYBI10 R2R3 5 Proanthocyanidin Activator (Himi et al., 2012)

Grapevine (Vitis spp.) VVMYBPALI R2R3 5 Proanthocyanidin Activator (Bogs et al., 2007)

Grapevine (Vitis spp.) VVMYBPA2 R2R3 5 Proanthocyanidin Activator (Terrier et al., 2009)

Kiwifruit (Actinidia spp.) DKkMYB2 R2R3 5 Proanthocyanidin Activator (Akagi et al., 2010)

Kiwifruit (Actinidia spp.) DkMYB4 R2R3 5 Proanthocyanidin Activator (Akagi et al., 2009)

Lotus (Lotus japonicus) LjTT2a R2R3 5 Proanthocyanidin Activator (Yoshida et al., 2008)

Lotus (Lotus japonicus) LjTT2b R2R3 5 Proanthocyanidin Activator (Yoshida et al., 2008)

Lotus (Lotus japonicus) LjTT2c R2R3 5 Proanthocyanidin Activator (Yoshida et al., 2008)

Maize (Zea Mays) Cl R2R3 5 Anthocyanin Activator (Cone et al., 1994; Paz-Ares et al.,

1987

Maize (Zea Mays) PL R2R3 5 Anthocyanin Activator (Con)e et al., 1993)

Maize (Zea Mays) PL-BLOTCHEDI1 R2R3 5 Anthocyanin Activator (Cocciolone & Cone, 1993)
(PL-BH)

Nectarine (Prunus PpMYBPAI R2R3 5 Proanthocyanidin Activator (Ravaglia et al., 2013)

persica)

Orchid (Oncidium spp.) OgMYBI1 R2R3 5 Anthocyanin Activator (Chiou & Yeh, 2008)

Poplar (Populus spp.) PtMYB134 R2R3 5 Proanthocyanidin Activator (Mellway et al., 2009)

Strawbery (Fragaria FaMYB9 R2R3 5 Proanthocyanidin Activator (Schaart et al., 2013)

ananassa)

Strawbery (Fragaria FaMYBI11 R2R3 5 Proanthocyanidin Activator (Schaart et al., 2013)

ananassa)

Apple (Malus domestica) MdMYBI1 R2R3 6 Anthocyanin Activator (Takos et al., 2006)

Apple (Malus domestica) MdMYBI10 R2R3 6 Anthocyanin Activator (Espley et al., 2007)
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Table 2.8, continued

Apple (Malus domestica) MdMYB110a R2R3 6 Anthocyanin Activator (Chagné et al., 2013)

Apple (Malus domestica) MdMYBA R2R3 6 Anthocyanin Activator (Ban et al., 2007)

Arabidopsis thaliana AtMYB75/PAP1 R2R3 6 Phenylpropanoid- Activator (Zuluaga et al., 2008; Zvi et al., 2012)
derived compound

Arabidopsis thaliana AtMYB90/PAP2 R2R3 6 Anthocyanin Activator (Gonzalez et al., 2008)

Arabidopsis thaliana AtMYBI113 R2R3 6 Anthocyanin Activator (Gonzalez et al., 2008)

Arabidopsis thaliana AtMYBI114 R2R3 6 Anthocyanin Activator (Gonzalez et al., 2008)

Cabbage (Brassica BoMYB2 R2R3 6 Anthocyanin Activator (Yuan et al., 2009)

oleracea var. capitata)

Cabbage (Brassica PURPLE (PR) R2R3 6 Anthocyanin Activator (Chiu et al., 2010)

oleracea var. botrytis)

Chinese bayberry (Myrica MrMYBI R2R3 6 Anthocyanin Activator (Huang et al., 2013; Niu et al., 2010)

rubra)

Gerbera (Gerbera GMYBI10 R2R3 6 Anthocyanin Activator (Elomaa et al., 2003)

hybrida)

Grapevine (Vitis VIMYBAI-1 R2R3 6 Anthocyanin Activator (Kobayashi et al., 2002)

labruscana.)

Grapevine (Vitis VIMYBA1-2 R2R3 6 Anthocyanin Activator (Kobayashi et al., 2002)

labruscana)

Grapevine (Vitis VIMYBAI1-3 R2R3 6 Anthocyanin Activator (Azuma et al., 2008)

labruscana)

Grapevine (Vitis VIMYB2 R2R3 6 Anthocyanin Activator (Geekiyanage et al., 2002)

labruscana)

Grapevine (Vitis vinifera) VVMYBAI R2R3 6 Anthocyanin Activator (Kobayashi et al., 2005)

Herba epimedii EsMYBAI R2R3 6 Anthocyanin Activator (Huang et al., 2013)

(Epimedium sagittatum)

Mangoesteen (Garcinia GmMYBI10 R2R3 6 Anthocyanin Activator (Palapol et al., 2009)

mangostana)

Nectarine (Prunus PpMYBI10 R2R3 6 Anthocyanin Activator (Ravaglia et al., 2013)

persica)
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Table 2.8, continued

Petunia (Petunia hybrida) AN2 R2R3 6 Anthocyanin Activator (Quattrocchio et al., 1999; Quattrocchi,
et al., 1998)

Petunia (Petunia hybrida) DPL R2R3 6 Anthocyanin Activator (Albert et al., 2011)

Petunia (Petunia hybrida) PHZ R2R3 6 Anthocyanin Activator (Albert et al., 2011)

Snapdragon (Antirrhinum ROSEAI R2R3 6 Anthocyanin/phenolic Activator (Schwinn et al., 2006)

majus) acid

Snapdragon (Antirrhinum ROSEA2 R2R3 6 Anthocyanin Activator (Schwinn et al., 2006)

majus)

Snapdragon (Antirrhinum VENOSA R2R3 6 Anthocyanin Activator (Schwinn et al., 2006)

majus)

Strawbery (Fragaria FaMYBI10 R2R3 6 Anthocyanin Activator (Laitinen et al., 2008)

ananassa)

Sweet pepper (Capsicum CaA R2R3 6 Anthocyanin Activator (Borovsky et al., 2004)

annuum,)

Tobacco (Nicotiana NtAN2 R2R3 6 Anthocyanin Activator (Pattanaik et al., 2010)

tabacum)

Tomato (Lycopersicum LeANT1 R2R3 6 Anthocyanin Activator (Mathews et al., 2003)

esculentum)

Arabidopsis thaliana AtMYBI1 R2R3 7 Flavonol Activator (Stracke et al., 2007)

Arabidopsis thaliana AtMYB12 R2R3 7 Flavonol/chlorogenic Activator (Mehrtens et al., 2005; Stracke et al.,
acid 2007)

Arabidopsis thaliana AtMYBI11 R2R3 7 Flavonol Activator (Stracke et al., 2007)

Grapevine (Vitis spp.) VvVMYBF1 R2R3 7 Flavonol Activator (Czemmel et al., 2009)

Japanese gentian GtMYBP3 R2R3 7 Flavonol Activator (Nakatsuka et al., 2012)

(Gentiana triflora)

Japanese gentian GtMYBP4 R2R3 7 Flavonol Activator (Nakatsuka et al., 2012)

(Gentiana triflora)

Maize (Zea Mays) P1 R2R3 7 Phobaphene/Flavonol Activator (Grotewold et al., 1994)

Arabidopsis thaliana AtMYB46 R2R3 13 Monolignol Activator (McCarthy et al., 2009)

Arabidopsis thaliana AtMYB61 R2R3 13 Monolignol Activator (Newman et al., 2004)
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Table 2.8, continued

Arabidopsis thaliana AtMYBS83 R2R3 13 Monolignol Activator (McCarthy et al., 2009)
Poplar (Populus spp.) PtoMYB216 R2R3 13 Monolignol Activator (Tian et al., 2013)
Soybean (Glycine max) GmMYBI12B2 R2R3 20 Isoflavonoid Activator (Lietal., 2013)
Apple (Malus domestica) MdMYB6 R2R3 22 Anthocyanin Repressor (Gao et al., 2011)
Grapevine (Vitis spp.) VvMYB5a R2R3 27 Flavonoid Activator (Deluc et al., 2006)
Grapevine (Vitis spp.) VvMYB5b R2R3 27 Proanthocyanidin Activator (Deluc et al., 2008)
and anthocyanin
Epimedium sagittatum EsMYB9 R2R3 27 Anthocyanin Activator (Huang et al., 2013)
Arabidopsis thaliana AtCPC R3 Anthocyanin Repressor (Zhu et al., 2009)
Arabidopsis thaliana AtMYBL2 R3 Flavonoid Repressor (Dubos et al., 2008; Matsui et al., 2008)
Petunia (Petunia hybrida) PhMYB27 R2R3 Anthocyanin Repressor (Albert et al., 2014; Albert et al., 2011)
Petunia (Petunia hybrida) PhMYBx R3 Anthocyanin Repressor (Albert et al., 2014; Albert et al., 2011)




2.9 Transcriptome and RNA-Seq

Transcriptome is defined as the complete set of transcripts in a cell, and their
quantity, for a specific developmental stage or physiological condition (Wang et al.,
2009). Whole transcripts are divided to two groups; coding and non-coding ribonucleic
acid (RNA). Coding RNA consists of messenger RNA (mRNA) which carries genetic
information that directs the synthesis of proteins; while non-coding RNA consists of
transfer RNA (tRNA) and ribosomal RNA (rRNA) both of which are involved in protein
synthesis. Therefore, RNA acts as a bridge connecting genotype and phenotype.
According to Wang et al. (2009), understanding transcriptome is essential for interpreting
the functional elements of the genome; revealing the molecular constituents of cells and

tissue, and also understanding plant developmental and phatogenesis (Wang et al., 2009).

There are various technologies developed to deduce and quantify the transcriptome
including microarray, serial analysis of gene expression (SAGE) and massively parallel
signature sequencing (MPSS). Microarray is based on hybridization approach in which
cDNA is hybridized to an array of complementary oligonucleotide probes corresponding
to gene of interest and the abundance of a particular mRNA species is estimated from its
hybridization intensity to the relevant probe. Whereas, both SAGE and MPSS are based
on a sequencing approach that involves sequencing of short cDNA fragments followed

by counting the number of times a particular fragment has been observed.

Recently, RNA-Seq has been developed as a new approach that offers several
advantages over existing technologies. It provides high single-base resolution for
annotation and quantitative digital gene expression levels at much lower cost compared
to large scale Sanger sequencing. Additionally, as no prior knowledge of gene sequence
required; this method is attractive to non-model organisms that do not have the genomic

sequences yet. Consequently, RNA-Seq can detect and accurately quantitate a wide range
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of expressed genes either at low or very high levels. Furthermore, RNA-Seq requires less

RNA sample because no laborious cloning steps are needed.

RNA-Seq uses next-generation sequencing (NGS) technologies for sequencing the
whole transcriptome. In general, total mRNA or fragmented mRNA is converted to cDNA
followed by a fragmentation step to generate a library of cDNA fragments. Next, adaptors
are ligated at both ends of fragmented cDNAs. Subsequently, each molecule is sequenced
using next-generation sequencer technology to obtain short sequences from one end
(single-end sequencing) or both ends (paired-end sequencing). Paired-end sequencing
yields much more information than single-end sequencing. The resulting sequencing
reads are either mapped to reference genome or assembled de novo to produce a genome
scale transcription map that consists of both the transcriptional structure and/or

expression level for each gene (Wang et al., 2009).

2.10  Public protein databases

Annotation of the assembled de novo transcripts generated from RNA-Seq is the first
important step for further understanding the experimental subjects. There are several
public protein databases that are normally used for transcript annotation such as the
National Center for Biotechnology Information (NCBI) reference sequence database,
Swiss-Prot database, Clusters of Orthologous Groups (COGs) database, Gene Ontology
(GO) database and Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

Different database has different style of protein annotation and classification.

RefSeq or NCBI'’s reference sequence database is a curated non-redundant collection
of sequences (http://www.ncbi.nlm.nih.gov/RefSeq/) that comparised of complete or

incomplete genomes, transcripts and proteins that are represented in living organisms
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including prokaryotes, eukaryotes and viruses (Pruitt et al., 2006). RefSeq database allows
the user to retrieve the background information of recorded nucleotide and protein
sequences such as annotation, names, origin, coding regions and conserved domains

(Pruitt et al., 2006).

Swiss-Prot database is a protein sequence and knowledge database
(http://www.expasy.org/sprot/ and http://www.ebi.ac.uk/swissprot/) that provide a high
level of annotation, minimal level of redundancy and high integration with other
databases (Bairoch & Apweiler, 2000). Compared to NCBI’s RefSeq, the protein
annotation in Swiss-Prot database is more detailed. Swiss-Prot consists of two main
components of data: the core data and the annotation. The core data consists of the amino
acid sequence, the protein name, taxonomic data and citation information. Some of the
entries have further information on specific protein. Swiss-Prot display detailed
annotation such as protein function, enzyme-specific information, biologically relevant
domains and sites, post-translational modification, molecular weight, subcellular

localization, splice isoform and polymorphism (Boeckmann et al., 2003).

COGs protein database is designed to classify proteins from completely sequenced
genomes based on orthology concept (Tatusov et al., 2000). As orthologous proteins have
the same domain architecture and the same function, the function of unknown proteins
can be predicted based on the the relationship between other orthologous proteins that has
been experimentally characterized using COGNITOR program (Tatusov et al., 2000).
Subsequently, the COGs classify proteins by functional categories such as translation,

replication, transcription and signal transduction.

GO database provide onthologies, a set of controlled, structured vocabularies to
describe attributes of gene products in three non-overlapping domains of molecular

biology which include Molecular Function (MF), Biological Process (BP) and Cellular
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Component (CC). Based on Gene Ontology Consortium (2004), Molecular Function
describes activities, while Biological Process describes biological goals accomplished by
one or more ordered assemblies of molecular functions. Cellular Component describes
locations, at the molecular levels of subcellular structures and macromolecular

complexes.

KEGG database provide understanding of biological functions from a genomic
perspective by linking genomic information with the network of interacting molecules
(Kanehisa & Goto, 2000). KEGG database consist of three databases: GENES, LIGAND
and PATHWAY which represent genomic, chemical and pathway network information,

respectively (Kanehisa & Goto, 2000).

2.11  Applications of transcriptome profiling

Recently, the RNA-Seq technology has become the main approach for high-
throughput gene discovery and gene expression analysis in model and non-model
organisms. The technologies give advantages to plant genomics in sequencing difficult
plant species especially the non-model plant that mostly contain large and complex
genome, high levels of ploidy and large proportions of repeats. RNA-Seq provides a better
alternative for rapid and efficient access to genetic information compared to whole
genome sequencing. Consequently, the plant genomic data has grown rapidly over the
past few years. Among NGS technologies, the [llumina/Solexa platform has been widely
used as it offers fast, inexpensive, accurate, efficient and reliable tool for transcriptome
characterization and gene discovery in many plants. Knowledge on, gene regulation and
complex metabolic networks in plants have also also improved through RNA-Seq

analysis.
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RNA-Seq has been used to discover the important genes for economic traits
improvement and nutrient accumulation. For instance, fruit color which is mainly
attributed to anthocyanin, is one of the most important economic trait. Therefore, in order
to understand the molecular mechanism of anthocyanin biosynthesis and its regulation,
the anthocyanin pathway in Korean black raspberry (Rubus coreanus Miquel) and also
red and yellow sweet cherry (Prunus avium L.) fruits were elucidated through
transcriptome analysis (Hyun et al., 2014; Wei et al., 2015). Through transcriptome
profiling of tomato (Solanum lycopersicum) fruit development, and transcription factors
associated with ascorbic acid, carotenoid and flavonoid biosynthesis that determine

nutrient levels in tomato were elucidated (Ye et al., 2015).

RNA-Seq has also been applied for plant species that are difficult to grow in vitro. It
was reported that trancriptome profiling at different plant embryo developmental stages
such as embryogenic callus, yellow embryogenic callus and global embryo was done in
order to understand the molecular mechanisms regulating early somatic embryognesis in
endangered medicinal Eleutherococcus senticosus Maxim (Tao et al., 2016). Moreover,
besides providing molecular basis on fiber and secondary metabolite biosynthesis in
Sodom apple (Calotropis gigantea), it was also reported that molecular markers to
facilitate breeding and genetic improvement of varieties can also be developed using

RNA-Seq approach (Muriira et al., 2015).

Furthermore, RNA-Seq helps to provide information to improve plant tolerance
towards diseases or harsh environment by allowing discovery of genes that are involved
in biotic and abiotic stress. For instance, the identification of important defense-related
genes was achieved by de novo characterization of the banana root transcriptome and
gene expression analysis under Fusarium oxysporum f. sp. Cubense tropical race 4

infection (Wang et al., 2012). Genes involved in systemic symptom development caused
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by Cucumber mosaic virus in infected Nicotiana tabacum were also determined (Lu et
al., 2012). In addition to biotic stresses, RNA-Seq combined with digital gene expression
(DGE) analysis allows plant scientists to identify genes that are involved in abiotic
stresses in plants such as drought, cold and high salinity. For instance, RNA-Seq aids in
identification of dehydration-related genes in eucalyptus, chrysanthemum and cotton

(Bowman et al., 2013; Villar et al., 2011; Xu et al., 2013).

Among transcriptome profile applications, identifying the genes related to secondary
metabolite biosynthetic pathways especially in medicinal plants have been among the
most popular objectives. Most biosynthetic pathways directing secondary metabolites
production still remains unclear due to limited knowledge in the plant database. Besides,
some bioactive compounds are uniquely present in specific medicinal plants and are
derived from unestablished biosynthetic pathways. Therefore RNA-Seq has been applied
in understanding plant biosynthetic pathways at the genomic level. This approach is
essential in order to elucidate genes that are involved directly or indirectly in secondary
metabolite pathways in medicinal plants by analyzing gene regulations of transcriptome

profiles.

Due to the lack of information in the plant genome database, de novo transcriptome
sequencing of medicinal plants can be considered as an alternative for plant database
enrichment. Recently, there has been dramatic growth on transcriptome profiling studies
of medicinal plants to elucidate secondary metabolite biosynthetic pathway using RNA-
Seq approach which include reports for Gingko biloba L., Gentiana macrophylla,
Nervilia fordii, Chlorophytum borivilianum, Polygonum minus, Hypericum perforatum,
Lophophora williamsii, safflower, Polygala tenuifolia, Uncaria rhynchophylla, Sophora
flavescens, Rhodiola algida and Gentiana straminea (Guo et al., 2014; Han et al., 2015;

Han et al., 2015; He et al., 2012; Hua et al., 2014; Huang et al., 2015; Ibarra-Laclette et
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al., 2015; Kumar et al., 2016; Li et al., 2012; Loke et al., 2016; Tian et al., 2015; Zhang

et al., 2014; Zhou et al., 2016).

Elucidation of genes involved in the downstream terpenoid biosynthetic pathway are
commonly studied. Although the main terpenoid biosynthetic pathway is established,
further downstream of the biosynthetic pathway of complex terpenoid derivatives remains
unclear. Medicinal bioactive compounds that are classified under terpenoids are mostly
complex terpenoids and some are species-specific compounds. For instance, de novo
transcriptome sequencing was performed to resolve triterpenoid biosynthetic pathway
such as mogrosides biosynthesis in Siraitia grosvenorii (Tang et al., 2011), ginsenosides
biosynthesis in Panax ginseng, Panax quiquefolius and Panax notoginseng (Cao et al.,
2015; Luo et al., 2011; Sun et al., 2010) and gypenosides biosynthesis in Gynostemma
pentophyllum (Subramaniyam et al., 2011). In addition, tanshinone derived from
diterpene together with rosminic acid biosynthetic pathway were also enriched in Salvia
miltiorrhiza through de novo transcriptome approach (Wenping et al., 2011). It was
reported that RNA-Seq of Curcuma longa L. thizome revealed novel transcripts related
to anticancer and antimalarial terpenoids (Annadurai et al., 2013). RNA-Seq also has been
applied to enrich flavonoid biosynthetic pathway. For instance, in Pueraria lobata

putative genes involved in isoflavones biosynthesis was identified (Wang et al., 2015).

Digital gene expression (DGE) analysis for elucidating differentially expressed genes
(DEGs) is an approach that can be used to further understand the nature of a plant’s
response towards various stimuli or stresses (Molina et al., 2011). RNA-Seq and DEGs
analysis has been used to identify genes that are directly or indirectly involved in the
biosynthetic pathways of target bioactive compounds. For instance, seven cytochrome
P450 (CYP450) and five UDP-glucosyltransferase (UDPG) were identified as candidate

genes that direct mogrosides, one of complex terpenoid derivative biosynthesis in Siraitia
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grosvenorii. This was carried out by comparing its transcriptome profile in different

fruiting stages (Tang et al., 2011).

Another approach, through the combination of RNA-Seq and methyl jasmonate
induction experiments, genes encoding one CYP450 and four UDP-glycosyltransferases
were proposed to be key enzymes in the ginsenoside biosynthesis in Panax quinquefolius
(Sun et al., 2010). In addition, by combining RNA-Seq and phylogenetic tree analysis
based on the previously identified CYP450 and UDP-glycosyltransferase in Panax
quinquefolius, two CYP450 and one UDP-glycosyltransferase were also elucidated as
candidates for ginsenoside biosynthesis in Panax notoginseng (Luo et al., 2011; Sun et

al., 2010).
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CHAPTER 3: METHODOLOGY
3.1 Plant materials
3.1.1  B.rotunda plant
The yellow rhizome variety of B. rotunda was purchased from KIZA herb field, Kuala
Krau, Pahang. Some of the rhizomes were planted and grown under natural field
conditions and maintained under the Plant Biotechnology Research Laboratory,

University of Malaya.

3.1.2  Establishment of B. rotunda cell suspension cultures

Callus induction was initiated with surface sterilization of shoot buds of B. rotunda (4
- 5 cm). The shoot buds were rinsed thoroughly under running tap water. Then, eight
shoot buds per treatment were soaked in 20 % (v/v) commercial bleach, chlorox
(containing 5 — 10 % (v/v) of sodium hypocloride) and a few drops of Tween 20 for 10
to 15 minutes. The container containing shoot buds were shaken occasionally and the
shoot buds were then rinsed in sterile distilled water 3 times. Subsequently, shoot buds
were rinsed in 70 % (v/v) ethanol for few seconds and finally with sterile distilled water.
The shoot buds were blotted dry and cut horizontally into discs of 1 mm thick. The disks
were then transferred into callus induction medium (CIM), which contained Murashige
and Skoog (MS) basal salt (Murashige & Skoog, 1962) supplemented with 1 mg/ml
indole-3-acetic acid (IAA), 1 mg/ml napthtalene acetic acid (NAA) and 2 mg/ml 2,4-
dichlorophenoxyacetic acid (2,4-D). The explants were placed in the dark under controled

temperature (25°C).

Callus initiated from CIM was identified and transferred into propagation media
containing MS media supplemented with 3 mg/ml 2,4-D. Mixed callus was used to

establish cell suspension cultures propagated in MS liquid media (LM) (Murashige &
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Skoog, 1962), supplemented with 1 mg/l benzylaminopurine (BAP), 1 mg/l NAA, 1 mg/l
biotin, 2 mg/l 2,4-D and 99.42 mg/l L-glutamine. The pH medium was adjusted to pH
5.7. The cell suspension cultures were placed on orbital shaker (70 - 80 rotations per
minute, rpm) under a 16 h photoperiod with a light intensity of 31.4 umol/m/s provided
by cool fluorescent lamp in the growth room. The cell suspension culture was subcultured
every 10— 12 days by decanting off 40 ml of old medium and replaced with fresh medium

in 250 ml conical flask.

3.1.3 Phenylalanine treatment

Equal amounts of the cell suspension (5 ml of settled cell volume) were used in all
experiments. Settled cell volume is defined as sedimentation of cell suspensions in
graduated tubes (50 ml falcon conical centrifuge tubes). For the control, no phenylalanine
was used, while for phenylalanine-treated samples, 40 mg/l of phenylalanine was added

into LM immediately after subculture.

3.2 General molecular technique
3.2.1 DNA extraction using CTAB method

Genomic DNA from B. rotunda was isolated using modified cetylmethylammonium
bromide (CTAB) method (Doyle, 1991). Initially, 2 gram of B. rotunda leaf was ground
to powder in liquid nitrogen. Subsequently the ground sample was added into 15 ml falcon
tube containing 10 ml of pre-heated CTAB extraction buffer with 60 pl B-
mercaptoethanol. CTAB extraction buffer consist of 2 % (w/v) CTAB, 2 % (w/v) of
polyvinylpyrrolidone (PVP), 1.4 M of sodium chloride (NaCl), 0.5 M of

ehylenediaminetetraacetic acid (EDTA) at pH 8.0 and 1 M of Tris-HCL at pH 8.0. Then,

68



the tube was heated at 65°C for 10 minutes. Next, an equal volume of chloroform:isoamyl
alcohol (24:1; v/v) was added to the mixture and the mixture was mixed for a few seconds.
The sample was centrifuged in an Eppendorf 5417R centrifuge (Eppendorf, Hamburg,
Germany) at 10,621 X g (10,000 rpm) for 15 minutes to remove protein impurities. The
supernatant was recovered and transferred into a new tube and the steps repeated once.
The repeated steps involved the addition of equal volume of chloroform:isoamyl alcohol
(24:1; v/v), followed by centrifugation and supernatant recovery. Next, 2/3 volumes of
isopropanol was added to the supernatant. The mixture was kept at -80°C for overnight
to precipitate nucleic acid and then centrifuged at 10,621 X g (10,000 rpm) for 15 minutes.
The supernatant was discarded and the remaining pellet was washed with 1 ml of cold
70% (v/v) ethanol and the mixture was transferred into a new microcentrifuge tube. The
sample was again centrifuged at 10,621 X g (10,000 rpm) for 10 minutes. The pellet was
air-dried and dissolved in 500 pl TE buffer and 2 pl of 20 mg/ml RNase A. The mixture
was incubated for 30 minutes at 37°C to remove the RNA. Finally, the extracted DNA

was stored at -20°C freezer.

The concentration and purity of total DNA samples were determined using an
Eppendorf Biophotometer. In general, the acceptable 260/280 ratio of pure DNA is
between the range of 1.8 —2.0. In addition, the acceptable range of 260/230 ratio is 2.0 —
2.2. For measuring the DNA concentration, 2 pul of samples were mixed with 498 pl sterile
distilled water. The diluted samples were measured at wavelength of 260 nm and 280 nm.

The readings were taken against a blank of 500 pl sterile distilled water.

Agarose gel electrophoresis was carried out to verify the success of DNA extraction
using CTAB method. About 2 ul (1 pg) of Perfect 1 kb DNA ladder (EURx, Poland) and
2 ul (~ 1.4 pg ) of DNA were loaded into 1% (w/v) agarose gel containing ethidium

bromide (see Appendix A.11 for agarose gel preparation). Prior to loading the sample

69



into the agarose gel, the DNA sample was pre-mixed with 10 pl of 6X DNA loading dye
(Fermentas, USA). The 1% (w/v) agarose gel was electrophoresed at 120 volts for 25
min. The migrated bands were visualized under UV light using Alphalmager™ 2200

(Alpha Innotech, USA).

3.2.2 RNA extraction from cell suspension cultures using CTAB method

A modified CTAB method was employed to extract total RNA from both control and
phenylalanine-treated cell suspension cultures (Al-Obaidi et al., 2010). Initially, 300 to
500 milligram of cell suspension culture was ground in liquid nitrogen. Subsequently the
ground sample was added into a 2 ml microcentrifuge tube containing 1 ml of pre-heated
CTAB extraction buffer with 20 pl B-mercaptoethanol. Then, the tube was heated at 65°C
for 10 minutes. The mixture was mixed for few seconds. An equal volume of
chloroform:isoamyl alcohol (24:1; v/v) was then added to the mixture and the mixture

mixed for few seconds.

The sample was centrifuged in an Eppendorf 5417R centrifuge (Eppendorf, Hamburg,
Germany) at 10,621 X g (10,000 rpm) for 15 minutes to remove protein impurities. The
supernatant was recovered and transferred into a new microcentrifuge tube and the steps
repeated 2-3 times. The repeated steps involved the addition of equal volume of
chloroform:isoamyl alcohol (24:1; v/v), followed by centrifugation and supernatant
recovery. Next, 0.1 volume of 3 M sodium acetate together with 3 volumes of pre-cooled
absolute ethanol were added to the supernatant. The mixture was kept at -80°C for 2-3
days to precipitate RNA and then centrifuged at 10,621 X g (10,000 rpm) for 30 minutes
at 4°C. The supernatant was discarded and the remaining pellet was washed with 1 ml of

cold 70% (v/v) ethanol. The sample was again centrifuged at 10,621 X g (10,000 rpm)

70



for 5 minutes at 4°C, removed and pellet was air-dried and dissolved in 20 pl diethyl

pyrocarbonate (DEPC)-treated water.

The concentration and purity of total RNA samples were determined using an
Eppendorf Biophotometer. The reading at 260 nm indicates the concentration of nucleic
acid; while reading at 280 nm indicates the amount of protein in the sample. The reading
at 230 nm indicates the presence of organic compounds in the sample. The ratio of
absorbance at 260 nm and 280 nm was used to assess the purity of DNA and RNA. In
general, the acceptable 260/280 ratio of pure RNA is between the range of 1.8 — 2.0.
Whereas, the acceptable range of 260/230 ratio is 2.0 — 2.2. For measuring the RNA
concentration, 2 pl of samples were mixed with 498 ul sterile distilled water. The diluted
samples were measured at wavelengths of 260 nm and 280 nm. The readings were taken

against a blank of 500 pl sterile distilled water.

3.2.3 RNA extraction from cell suspension cultures using Easy Spin RNA
extraction kit method

RNA was extracted using Easy Spin RNA extraction kit (iNtRON Biotechnology,
Kyungki-Do, Korea) according to the manufacturer’s instructions. About 100 mg of cell
suspension culture was ground in liquid nitrogen and transferred into 1.5 ml
microcentrifuge tube. About 1 ml of Lysis buffer was added into the tube and the mixture
was homogenized by vortex at room temperature for 10 seconds. Then, 200 ul of
chloroform was added and the mixture was mixed. After that, the mixture was centrifuged
at 17,949.49 X g (13,000 rpm) using Eppendorf 5417R centrifuge (Eppendorf, Hamburg,
Germany) at 4°C for 10 minutes. Then 400 pl of the upper layer was transferred to a new
microcentrifuge tube. About 400 pul of Binding buffer was added and mixed by pipetting

or gently inverted for 2 -3 times. The mixture was incubated at room temperature for 1
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minute. The upper layer containing the Binding buffer was then was loaded to the column
and centrifuged at 17,949.49 X g (13,000 rpm) for 30 seconds. Then, 700 ul of Washing
buffer A was added to the column and centrifuged at 17,949.49 X g (13,000 rpm) for 30
seconds. Next, 700 ul of Washing buffer B was added to the column and centrifuged at
17,949.49 X g (13,000 rpm) for 30 seconds. The tube was centrifuged for another 1 — 2
minutes to dry the column membrane. In order to elute the RNA from the column
membrane, the column was placed in a clean 1.5 ml tube and 50 pl of Elution buffer was
added directly on the membrane. The column was incubated at room temperature for 1

minute and centrifuged at 17,949.49 X g (13,000 rpm) for 1 minute.

The concentration and purity of the extracted RNA was determined using NanoDrop®
2000 UV-Vis Spectrophotometer (Thermo Scientific, USA) and agarose gel
electrophoresis. The ratio of absorbance at 260 nm and 280 nm was used to assess the
purity of RNA. In general, the acceptable 260/280 ratio of pure RNA is between the range

of 1.8 — 2.0 (Sambrook et al., 1989).

3.24  Gel electrophoresis

In order to determine the RNA integrity, the extracted RNA was electrophoresed on
1% (w/v) agarose gel containing ethidium bromide at 120 volts for 25 minutes. 1 X Tris-
Borate-EDTA (TBE) buffer was used as running buffer as well as gel preparation buffer.
About 2 pul (~ 1 - 8 pg) of extracted total RNA samples were mixed with 2 ul 2 X RNA
loading dye and loaded into 1% (w/v) agarose gel. About 2 ul of RiboRuler High Range
RNA ladder (Thermo Scientific, USA) was used as the molecular weight marker. The
migrated bands were visualized and photographed under UV light using Alphalmager
2200 (Alpha Innotech, Miami, USA). The presence of two ribosomal RNA bands (28S

and 18S) indicates a sample with good RNA integrity.
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3.2.5 Preparation of cDNA

Reverse transcription reactions were performed using TransScript®Il Reverse
Transcriptase (TransgenBiotech, Beijing, China) with approximately 2 pg total RNA
(unless stated) following the manufacturer’s instructions. RNA template for cDNA
synthesis was RNA samples from control and phenylalanine treated cell suspension
culture. Initially, DNase treated RNA together with 1 pl random primer was incubated at
65°C for 5 minutes to remove any RNA secondary structure. Then, the mixture was
chilled on ice for 2 minutes. Next, reverse transcription mixture was added into RNA
template and primer. A total of 20 ul reverse transcription reaction mixture consist of 10
ul of TS reaction mixture, 1 pl of transcript RT enzyme and 1 ul of gDNA remover. For
reverse transcription, the reaction mixture was incubated at 25°C for 10 minutes followed
by 42°C for 30 minutes. The mixture was heated at 85°C for 5 minutes to inactivate the
reverse transcription reaction. Finally, the cDNA template can be used immediately for

amplification or stored at -20°C.

3.2.6 Polymerase chain reaction (PCR)
3.2.6.1 PCR reaction mixture

PCR amplifications were performed using HotStarTag DNA polymerase (Qiagen). A
total PCR reaction mixture of 20 pl consist of 1 X CoralLoad PCR buffer, 0.2 mM dNTP
mixture, 0.5 uM forward primer, 0.5 uM reverse primer, 0.025 U/ ul HotStart Taq DNA
polymerase and sample. For positive control, DNA or RNA was used as template while

for negative control, sterile distilled water was used.
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3.2.6.2 PCR parameters

The amplification was performed on T100 Thermal Cycler (Bio-Rad, California,
USA). PCR was conducted to ensure the cDNA prepared was free from genomic DNA
contaminations. The PCR cycling conditions consisted of initial denaturation at 95°C for
5 minutes, denaturation at 95°C for 1 minute, annealing at 56°C for 1 minute, extension
at 72°C for 1 minute and final extension at 72°C for 10 minutes. The denaturation,

annealing and extension step was repeated for 35 times.

However, for amplification of target genes (putative BrMYBI, BrMYB2 and
BrMYB3), the PCR cycling conditions consisted of an initial denaturation at 95°C for 5
minutes, denaturation at 95°C for 10 seconds, annealing for 10 seconds, extension at 72°C
for 45 seconds and final extension at 72°C for 10 minutes. The denaturation, annealing
and extension steps were repeated for 35 times. The annealing temperature between 45 —
55°C was tested. The optimal annealing temperature for putative BrMYBI, BrMYB2 and

BrMYB3 genes were 52.9°C, 51.2°C and 52.9°C, respectively.

3.2.6.3 Gel electrophoresis

About 2 pl of 1 kb Plus DNA ladder (Thermoscientific, USA) and 10 pl of PCR
product were loaded into 1% (w/v) agarose gel. The agarose gel was electrophoresed at
120 volts for 25 min. The migrated bands were visualized using ChemiDoc MP System

(Bio-Rad, California, USA).

3.2.7 Real-time or quantitative polymerase chain reaction (QPCR)
qPCR was performed on QuantStudio 12 K Flex realtime PCR platform (Applied

Biosystem, Carlsbad, CA, USA) using Power SYBR® Green Master Mix (Applied
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Biosystem, Carlsbad, CA, USA) to detect transcript abundance. The 20 pl of SYBR
Green reaction consisted of 1 X SYBR Green master mix, 0.5 uM forward primer, 0.5
UM reverse primer, 40 ng cDNA template and sterile distilled water. The amplification
was achieved by the following PCR protocol: first denaturation at 95°C for 10 minutes,
then 40 cycles of denaturation at 95°C for 15 s, annealing and extension at 60°C for 1
minute. The dissociation curve was established at the end of PCR cycle at 95°C for 15 s,

60°C for 1 minute followed by 95°C for 15 s.

33 Transcriptome profiling sequencing
3.3.1 Library preparation and sequencing

Control and phenylalanine-treated cell cultures were harvested after 14 days of
propagation. The RNA extraction and gel electrophoresis was done as described in
subsections 3.2.2 and 3.2 .4, respectively. The quality and quantity of RNA samples were
analysed using an Agilent 2100 Bioanalyzer (Agilent, Waldbronn, Germany) to ensure
RNA concentrations of more than 400 ng/ul and to obtain RNA quality with an OD 260/
280 of between 1.8 — 2.2, 28S/18S > 1.8 and an RNA integrity number (RIN) = 8. Whole
transcriptome sequencing was performed by Beijing Genome Institute (BGI), Shenzhen,

China using HiSeq 2000 Sequencing System (Illumina, Inc., USA).

3.3.2  Transcript assembly and annotation

Paired-end reads sequence data with a length of 75 bp that generated from the HiSeq
2000 Sequencing System (Illumina, Inc., USA) was transformed by base calling into
sequence data, called raw data or raw reads. The raw reads that only have adaptor

fragments were filtered out by the Illumina pipeline, leaving the remaining reads which
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later denoted as clean reads or clean data. The RNA-seq data were deposited at the NCBI
under BioProject with accession number PRINA256116 with SRA Study accession
number SRR1524841 for control (untreated) and SRR1524842 for phenylalanine treated
samples.To ensure that clean reads of RNA-Seq data are of high quality and suitable for
subsequent analyses, the quality control of RNA-Seq clean data were determined by using

FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Next, the clean data were assembled into transcript contigs by short reads
assembling program SOAPdenovo (Short Oligonucleotide Analysis Package) software
(Li et al., 2010). This software adopts the de Bruijn graph data sequence data structure to
construct contigs. The reads were mapped to the contigs using the paired-end relationship
between reads, contigs from the same transcript can be detected. Next, scaffolds were
made by connecting the contigs using SOAPdenovo software, in which N represents the
unknown sequence between each two contigs. Paired-end reads were used again to fill
the intra-scaffold gaps to form unigenes. As two samples, which were treated and control
from the sample species were sequenced, unigenes from each assembly was further
assembled to acquire longer non-redundant unigenes using TGI clustering tools (Pertea

et al., 2003).

Longer unigenes that were generated by combining both transcripts from control and
treated samples were annotated against protein databases such as NR, Swiss-Prot, KEGG
and COG by Blastx (e-value cutoff of <0.00001) alignment. The best aligned results were
used to determine the sequence direction of the unigenes. Next, for other unaligned
unigenes, sequence orientation as well as its coding regions was predicted by using

ESTscan software (Iseli et al., 1999).
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3.4 Transcriptome profiling analysis
34.1 Functional annotation

Functional annotation was done to reveal the protein functional information of
unigenes, which include protein orthologous groups and pathway annotation. All
unigenes with sequence orientation were subjected to functional annotation. Homology
search was done by Blastx alignment of unigenes against public protein databases such
as non-redundant (NR), Swiss-Prot, KEGG and COG with evalue < 0.00001. Next, in
order to classify unigenes in GO functional annotation, unigenes with nr annotation
information was mapped to their respective ontologies using Blast2GO program (Conesa
et al., 2005) and further gene classification was done using WEGO software (Ye et al.,
2006). Unigenes were classified under three GO-terms namely molecular function,

cellular component and biological process.

34.2 CDS prediction

For codon sequence (CDS) prediction, all unigenes were firstly aligned by Blastx (e-
value cut off of < 0.0001) to protein databases in the priority order of nr, Swiss-Prof,
KEGG and COG. Codon region sequences of unigenes with the highest Blastx ranks was
selected and translated into amino acid sequences using standard codon table. Unaligned
unigenes were scanned using ESTscan (Iseli et al., 1999) for codon sequence and amino

acid sequence of the coding region.
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3.4.3 Digital Gene Expression analysis for elucidating differentially expressed
genes (DEGs)

DEGs analysis was carried out based on BGI’s analysis pipeline. A rigorous
algorithom that developed based on method described by Audic & Claveris (1997) was
employed to identify DEGs from two samples of RNA-Seq data. Because the expression
of each gene occupies only a small part of the library, the number of unambiguous clean
tag from gene A was denoted as x and the p(x) is in the Poisson distribution (Figure 3.1).
The total clean tag number of sample 1 is N, and the total clean tag number of sample 2
is No; gene A holds x tags in sample 1 and y tags in sample 2. Hence, the probability of
gene A expressed equally between control and phenylalanine treated samples can be
calculated as depicted in the formula in Figure 3.2. P value corresponds to differential

gene expression test.

e~ )X

p(x) = -

Figure 3.1: Poisson distribution calculation to identify differentially expressed genes between
control and phenylalanine treated samples.
/A is the real transcripts of the gene;
x is tags from gene A in sample 1
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Figure 3.2: The probability formula to calculate the expressed gene equally between two samples.
x is tags from gene A in sample 1; y is tags from gene A in sample 2;
N, is total clean tag number of sample 1; N is total clean tag number of sample 2.

False Discovery Rate (FDR) is a method to determine the threshold of P value in
multiple test and analysis through manipulating the FDR value. In this study, the level of
transcripts or unigenes was determined using Reads per kb per Million reads (RPKM)
method (Mortazavi et al., 2008). Figure 3.3 show the RPKM equation to quantify the
transcripts level.

106C

RPKM = ————
NL/103

Figure 3.3: Reads per kb per Million reads (RPKM) equation to calculate the transcripts level.
C is the number of reads that uniquely mapped to unigene A;
N is the number of reads that uniquely mapped to all unigenes in the sample
experiment;
L is the length of unigene A in basepair.

Subsequently, FDR < 0.001 and the absolute value of logoRatio > 1 as the thresholds
were used to judge the significance of gene expression difference. Ratio was defined as
the ratio of RPKM of phenylalanine treated over RPKM of control. The up- and down-

regulation of transcripts were indicated by the positive and negative value of log>Ratio,
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respectively. Besides, the unigene expression level fold changes in phenylalanine treated

sample compared to control sample was determined by the calculation of logzRatio.

344 KEGG pathway enrichment analysis

Pathway-based analysis helps to further understand biological functions. KEGG is the
major public pathway-related database. Some unigenes were annotated in more than one
pathways and similarly, one enzyme in a specific pathway was annotated by multiple
unigenes. For pathway enrichment analysis, hypergeometric test was used to identify
significantly enriched metabolic pathways or signal transduction pathways in DEGs
comparing to the genome background. Figure 3.4 shows the calculation formula, where
N is the number of genes with KEGG annotation, n is the number of DEGs in N; M is the
number of genes related to specific pathways and m is the number of DEGs in M.
Pathways with Q value < 0.05 were considered significantly enriched in DEGs. The Q
value was used to determine the P value threshold. Q values are the name given to the
adjusted P values found using an optimized FDR approach. The FDR approach is
optimized by using characteristics of the P value distribution to produce a list of Q value.
Q value (FDR adjusted P value) of 0.05 implies that 5% of significant tests will result in
false positive.

(D00

m
P=1- ) ~t-n-L-

AN

Figure 3.4: The probability formula to identify significantly enriched metabolic pathways
or signal transduction pathways in DEGs comparing to the genome
background.

N is the number of genes with KEGG annotation;

M is the number of genes related to specific pathways;
n is the number of DEGs in N;

m is the number of DEGs in M.
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3.4.5 Identification of genes in phenylpropanoid and flavonoid pathway
The genes that mapped to phenylpropanoid and flavonoid pathways in KEGG pathway
were identified. Additionally, the expression fold changes either up-regulated or down-

regulated were also determined.

3.4.6  Analysis on genes involved in panduratin A proposed pathway
3.4.6.1 Gene identification and analysis

Flavonoid O-methyltransferase and prenyltransferase were two enzymes that were
proposed to be directly involved in panduratin A production. Initially, to elucidate
flavonoid O-methyltransferase and prenyltransferase from B. rotunda transcriptome data,
the unigene sequences that were annotated as flavonoid O-methyltransferase and
flavonoid prenyltransferase were extracted from the data. Every unigene was checked
manually for the nucleotide sequences, domain region, open reading frame (ORF) and
gene fold changes. First, the nucleotide sequences that contain gaps were eliminated.
Next, a protein translates software - ExPasy (http://web.expasy.org/translate/) was
employed to predict the ORF of the unigene sequences. Complete ORF consists of both
start and stop codons. Then, using the predicted ORF sequence, protein similarity search
against the GenBank database was performed using Protein blast to check the conserved

domain region and protein annotation.

3.4.6.2 Multiple sequence alignments
The multiple sequence alignment of flavonoid O-methyltransferase and
prenyltransferase proteins were done using Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/) by employing default parameters. Flavonoid
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O-methyltransferase and prenyltransferase protein sequences from other plants used in

the multiple sequence alignment were downloaded from GenBank (Appendix J).

3.4.6.3 Phylogenetic tree analysis

A phylogenetic tree of flavonoid O-methyltransferase and prenyltransferase from B.
rotunda were constructed using neighbour-joining method (MEGA 5.10 software). The
phylogenetic tree was constructed using the following parameters: Poisson correction,
pairwise deletion and bootstrap analysis with 1000 replicates. The flavonoid O-
methyltransferase and prenyltransferase sequences were used for phylogenetic tree
constructions were downloaded from GenBank (Appendix J). The selection of the
flavonoid O-methyltransferase and prenyltransferase protein sequences from other plants
for phylogenetic tree analysis were based on the protein similarity to the corresponding
unigenes annotated as flavonoid O-methyltransferase and prenyltransferase from blastx
results, respectively. Besides, well characterized flavonoid O-methyltransferase and

prenyltransferase proteins from other plants were selected.

3.4.7 Identification and classification of transcription factors and transcription
regulators
Transcription factors (TFs) and transcription regulators (TRs) in B. rotunda were
identified and classified using iTAK software (http://bioinfo.bti.cornell.edu/cgi-
bin/itak/index.cgi). iTAK is a program to identify and classify plant transcription factors
(TFs) and transcription regulators (TRs) from protein or nucleotide sequences based on
the rules (required and forbidden protein domains of each gene family) described in

(Perez-Rodriguez et al., 2009). Protein sequences that were translated from nucleotide
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sequences generated from Illumina sequencer were used to find both transcription factors
and transcription regulators. iTAK searches both TFs and TRs based on homology search
using TFs and TRs from rice database. Subsequently, the differentially regulated TFs and

TRs in response to phenylalanine were also identified.

3.4.8 Analysis on R2ZR3 MYB transcription factors
3.4.8.1 Identification and analysis of R2ZR3 MYB transcription factors

All unigenes that were annotated as R2ZR3 MYB transcription factors were identified
from B. rotunda transcriptome data for further analysis. Each unigene was checked
manually for the nucleotide sequences, domain region, ORF and gene regulation. First,
the nucleotide sequences that contain gaps were eliminated. Then, using the remaining
unigene sequences, protein similarity search against the GenBank database was
performed using Blastx to check the availability of the domain region. Next, a protein
translates software; ExPasy (http://web.expasy.org/translate/) was employed to predict
the ORF of the unigene sequences. Complete ORF consists of both start and stop codons.
Lastly, the unigene regulation profile was determined by comparing the fold changes of

R2R3 MYB transcription factors in control and phenylalanine treated samples.

3.4.8.2 Multiple sequence alignments

The sequences of predicted open reading frame of R2R3 MYB transcription factors in
B. rotunda were manually aligned with other plants R2ZR3 MYB proteins using MEGA
5.2 software based on the location of the corresponding amino acids in the R2 and R3
repeat domains. Multiple sequence alignment was done using Clustal Omega using

default parameters (http://www.ebi.ac.uk/Tools/msa/clustalo/).
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3.4.8.3 Protein motif identification
Protein motif identification was done using the MEME version 4.10.1 tool
(http://meme-suite.org/tools/meme) to identify the conserved motif shared among B.

rotunda R2R3 MYB proteins.

3.4.8.4 Phylogenetic tree analysis

A phylogenetic tree of R2R3 MYB transcription factors from B. rotunda were
constructed using neighbour-joining method (MEGA 5.10 software). The phylogenetic
tree was constructed using the following parameters: Poisson correction, pairwise
deletion and bootstrap analysis with 1000 replicates. The plant R2R3 MYB proteins used
for phylogenetic tree constructions were downloaded from the GenBank (Appendix J). In
this study, phylogenetic tree analysis was done to predict the function of R2R3 MYB

transcription factors in B. rotunda.

3.5 Validation and expression pattern analysis

Unigene expression data in B. rotunda transcriptome was validated by quantitative
real-time PCR (qRT-PCR) analysis. The RNA from control and 14 days post-
phenylalanine treated cell suspension cultures sample was used for the validation. The
RNA extraction was as described in 3.2.2. Subsequently, the cDNA was prepared as

mentioned in 3.2.4.
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3.51  Primer design

A total of 9 unigenes were selected for qPCR analysis to experimentally validate the
transcriptional abundance results from the sequencing and computational analysis. The
unigenes include 4 random up-regulated unigenes (Unigene58054 All,
Unigene57613_ All, Unigene555838 All and Unigene54651 All) and 5 unigenes that are
annotated in the flavonoid pathway (Unigenel10327 All; PAL, Unigene 67845 All; C4H,
Unigene41852 All; 4CL, Unigenel735 All; CHS and Unigene49558 All; F3H).
Elongation factor 1 alpha (Ef1a) was used as the reference gene. Primers that were used
for the experimental validation are shown in Table 3.1. Primers for gPCR were designed
using Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/) using the following
parameters: primer length of 20 — 23 bp, product size of 120 — 150 bp, 45 — 60% of GC
content and default primer annealing temperatures. The example of primer 3 output was
presented in Appendix A.10. Next, the primer properties and PCR suitability test of the
selected primers were analysed using Sequence Manipulation Suite: PCR Primer Stats
software (http://www.bioinformatics.org/sms2/pcr primer_stats.html). Appendix A.11
shows the example of PCR primer stats results. Primers that pass the PCR suitability tests
with no GC clamp, no self-annealing and no hairpin formation were selected. All primers

were synthesized by AlTbiotech Pte Ltd, Singapore.
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Table 3.1: Forward and reverse primer sequences used to validate transcriptome data
which consist of 4 random up-regulated unigenes, 5 flavonoid unigenes and
one reference unigene (EF/a).

Gene Primers Nucleotide sequence
Random Unigene58054 All Forward | 5'-ACAACGCCTTCAACAACCTC-3'
up- Unigene58054  All Reverse | 5'-CTGGTGGTCTGGAATGTGGT-3'
fﬁ‘;ﬁf Unigene57613_ All Forward | 5-CGAGCTGTATGGGGAAGAAG-3'
Unigene57613 _ All Reverse | 5'-GCCGCGTAGGAGATGAAGTA-3'
Unigene55838  All Forward | 5-GGTGGTGTACCAGGTTCAGG-3'
Unigene55838  All Reverse | 5'-GACGCCAGAGATCGTGACAG-3'
Unigene54651  All Forward | 5-ATAAACAGCCAGGGCAACAG-3'
Unigene54651  All Reverse | 5'-TTCAGCATCAGATCCCCTTC-3'
PAL Unigene10327_ All Forward | 5'-GCTCTGCAAAATGGACCTCA-3'
Unigene10327 All Reverse | 5-ATCGAGCAGTTGGTGTCCTC-3'
C4H Unigene67845  All Forward | 5-ATTCCTGTTTTGGGGCTTTC-3'
Unigene67845  All Reverse | 5'-GGCATTTGTAGCGTTGCTTT-3'
4CL Unigene41852  All Forward | 5'-CCTAAATCTGCCTCAGGAAA-3'
Unigene41852  All Reverse | 5'-GAGTTTACACTGAAGGCTTTTGC-3'
CHS Unigenel735 All Forward | 5-GCTACAAGGCCAAGAAGACG-3'
Unigenel735_ All Reverse 5-CTCAGGGAGGTACGTGTCGT-3'
F3H Unigene49558  All Forward | 5'-ATAAGACGCTCTCCCGTTGT-3'
Unigene49558  All Reverse | 5-ATGGGTTCAGGCTTGACTCG-3'
Efla Efla rt F1 5'-GAGGCTGGTATCTCAAAGG -3'
Efla rt R1 5'-GTGCCTTTGAGTACTTTGG -3'
352 ¢PCR analysis

qPCR analysis was carried out to verify the transcriptome data. The method used for
qPCR was described in 3.2.6. Primers used for target genes were shown in Table 3.1.
Elongation factor 1-alpha was used as the reference genes. For non-template control,
sterile distilled water was used as template. The relative expression levels of the selected
unigenes normalized to elongation factor was calculated using 222* method. All
reactions were performed with four experimental replicates and data were analyzed using
QuantStudio 12 K Flex software. For transcriptome data validation, the fold changes
between control and post phenylalanine treatment from sequencing was compared to the

fold changes generated from the qPCR analysis.
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3.6 Sequencing of MYB transcription factor in B. rotunda

For sequencing the MY B transcription factor from B. rotunda cell suspension cultures,
DNA and RNA from 14 days post-phenylalanine treated cell suspension cultures was
extracted using methods as described in subsections 3.2.1 and 3.2.3, respectively. Then,
using DNA-free RNA, the cDNA was prepared using methods as described in subsection

3.2.4. The total RNA used to prepare the cDNA was 1.5 pg.

Subsequently, PCR verification by amplifying MYB1 Partial gene was done to ensure
no traces of DNA presence in the cDNA sample. Therefore, DNase-treated RNA sample
was used as the PCR template. The PCR reaction mixture and parameters was done as
described in 3.2.5. The sequence of forward MYBI1 Partial primer is 5°-
TTCCCTCCCTGGTCGTACTGA-3’, while reverse MYBI Partial primer is 5’-
CGGATATGGACAAGGCAAAA-3’. Forward and reverse primers were designed based
on unigene14544 All sequence. For positive control, genomic DNA was used as template
while for negative control; sterile distilled water was used as the template. Non reverse

transcriptase cDNA also used as a negative control template.

3.6.1 Primer design

Forward and reverse primers to amplify the putative BrMYBI, BrMYB2 and BrMYB3
ORF were designed manually using MEGA 5.10 software based on Unigenel4544 All,
Unigene51701 All and Unigenel9149 All sequences; respectively. Primers were
designed with the following criteria: primer length of 20 bp, 40 — 60% of GC content and
default primer annealing temperatures. Then, the primer location within the sequences,
primer properties and PCR suitability test of the selected primers were analysed using
Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and Sequence Manipulation Suite:

PCR Primer Stats software (http://www.bioinformatics.org/sms2/pcr_primer_stats.html).
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Primers that pass the PCR suitability tests with no GC clamp, no self-annealing and no
hairpin formation were selected. All primers were synthesized by AlTbiotech Pte Ltd,
Singapore. Figure 3.5 show the illustration of forward and reverse primer position of
putative BrMYBI, BrMYB2 and BrMYB3. The forward primers were located at the
upstream of start codon and the reverse primers were located at downstream of stop
codon. Table 3.2 shows all of the forward and primer sequences to amplify the target

MYB genes.

Figure 3.5: The position of a) putative BrMYBI, b) putative BrMYB2 and c) putative BrMYB3
primers relative to the Unigenel4544 All, Unigene51701 All and
Unigenel9149 All, respectively.

The bold red arrows represent the primers. The orange arrow represents the ORF
region. The red open and close brackets indicate start and stop codon; respectively.
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Table 3.2: Forward and reverse primer sequences to amplify the putative BrMYBI,

BrMYB2 and BrMYB3.
Gene Primers Nucleotide sequence

BrMYBI MYBI Forward 5'-GACTTGGGGATGTTGAGGTG-3'
MYBI Reverse 5'-ACAGAGGCAATCAGCTGAGC-3'

BrMYB2 MYB?2 Forward 5-TAGAGAGATTGTGTATGCAC-3'
MYB2 Reverse 5'-GAGCAGAACAGTACAGGAAG-3'

BrMYB3 MYB3 Forward 5'-ATGCACACCTAGCTATCCTC-3'
MYB3 Reverse 5'-CAGCATCTTGTTCAGATGGC-3'

3.6.2 Putative BrMYB1, BrMYB2 and BrMYB3 genes amplifications

Putative BrMYB1, BrMYB2 and BrMYB3 gene amplifications from both DNA and
cDNA was done using the PCR reaction mixture and parameters as described in
subsection 3.2.5. The cDNA template used was free from genomic DNA contaminations
as verified previously in section 3.6. For negative control; sterile distilled water was used
as the replacement. In order to select the best annealing temperature to amplify putative
BrMYBI, BrMYB2 and BrMYB3 genes, gradient PCR was carried out. Finally, to
sequence the genes, PCR was done using the selected annealing temperature using

HotStartTaq DNA polymerase.

3.6.3  Gene cloning
3.6.3.1 Purification of PCR fragments

Gel purification of target gene fragments were performed according to the
manufacturer’s instructions (Qiagen). A total of 100 pl of PCR products was
electrophoresed on 1% (w/v) agarose gel electrophoresis. The specific bands
corresponding to the amplicon size was excised using a clean, sharp blade. The gel was
transferred into a colorless tube. Then, the weight of the gel was measured. After that, 3

volume of Buffer QC was added into the tube. To dissolve the gel, the tube was incubated
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at 50°C for 10 minutes and mixed 2 -3 times. Then, 1 volume of isopropanol was added
to the sample and the mixture was mixed well. QIAquick spin column was placed in a
provided 2 ml collection tube. Next, the column was centrifuged at 16,532.425 X g
(13,000 rpm) for 1 minute (K2015R centrifuge, Centurion Scientific, Laguna Niguel,
USA). The flow-through was discarded. Then, 500 ul of Buffer QC was added followed
by centrifugation at 16 532,425 X g (13,000 rpm) for 1 minute. About 750 pl of PE was
added to wash the column. Next, the column was centrifuged at 16,532.425 X g (13,000
rpm) for 1 minute and the flow through was discarded. The centrifugation step was
repeated to completely remove the residual washing buffer. Finally, for elution of purified
product, QIAquick column was placed in a 1.5 ml microcentrifuge tube and 30 pl of
sterile distilled water was added to the center of the QIAquick membrane. After 1 minute
the column stand at room temperature, the column was centrifuged at 16,532.425 X g

(13,000 rpm) for 1 minute.

Agarose gel electrophoresis was carried out to confirm the size of gel purified PCR
product. About 2 pl (1 pg) of 1kb Plus DNA ladder (Thermoscientific, USA) and 5 pul of
gel purified PCR product were loaded into 1 % (w/v) agarose gel. Prior to loading the
sample, the gel purified PCR product was mixed with 1 pl of 6 X loading dye (Fermentas,
USA). The agarose gel was electrophoresed at 120 volts for 25 min. The migrated bands

were visualized using ChemiDoc MP System (Biorad, California, USA).

3.6.3.2 Ligation into pCR4-TOPO vector

The purified PCR products were ligated and cloned into pCR4-TOPO vector (TOPO
TA Cloning Kit, Invitrogen, Carlsbad, USA) by following the manufacturer’s
instructions. Ligation reactions were carried out in mixture of 4 ul of purified PCR

product, 1 pul of salt solution (1.2 M NaCl and 0.06 M MgCl) and 1 pul (10 ng) of TOPO
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vector. The reaction mixture was mixed gently and incubated at room temperature for 5

minutes. Then, the mixture was placed on ice and ready for transformation.

3.6.3.3 Transformation One Shot TOP10 competent cells

TOPO TA vector harbouring the PCR product was introduced into TOP10 competent
cells according to the manual’s instruction (TOPO TA Cloning Kit, Invitrogen, Carlsbad,
USA). First, competent cells were thawed on ice. Next, 2 ul of ligation mixture was added
into the competent cells and mixed gently. Then, the mixture was incubated on ice for 20
minutes. The cells were heat-shocked for 30 seconds at 42°C followed by immediate
transfer on ice. Next, 250 pl of SOC medium (2% Tryptone, 0.5% Yeast Extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl, 10 mM MgSO4 and 20 mM glucose) at room
temperature was added to the tube. The culture was propagated at 37°C at 220 rpm for 1
hour. After that, 50 pl of transformed culture with addition of 20 pl of SOC media was
spread on LB agar plate containing 50 pg/ml kanamycin and incubated overnight (16
hours) at 37°C. After incubation, only positive recombinants were obtained on the

selective plate.

3.6.3.4 Bacteria colony screening

To analyze the positive clones, PCR library colony screening was carried out. Single
colony was transferred to a labeled grid selection media (LB agar containing 50 pg/ml of
kanamycin) using sterile tooth pick. The plates were incubated for 8 hours at 37°C. To
prepare the template for PCR, the same tooth pick was immersed into 30 pl of sterile
distilled water and boiled at 98°C for 10 minutes. The PCR reaction mixture and

parameters are as described in 3.2.5.
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3.6.3.5 Propagating the positive transformants
The positive transformants from labeled grid media were transferred and cultured on
10 ml of LB broth (containing 50 pg/ml of kanamycin). The broth was propagated

overnight at 37°C at 220 rpm (LM-575 D incubator shaker, YIHDER, Beijing, China).

3.6.3.6 Plasmid Purification

Plasmids containing the target sequences were extracted using Wizard Plus SV
Minipreps DNA Purification System (Promega, Madison, USA) according to the
manufacturer’s instructions. First, overnight culture was centrifuged at 4,829.76 X g
(6,000 rpm) for 15 minutes (K2015 centrifuge, Centurion Scientific, Laguna Niguel,
USA). Then, the entire medium was decanted. About 250 pl of Cell Resuspension
Solution was added to resuspend the cell pellet. The resuspended cells were transferred
into a new 1.5 ml microcentrifuge tube. To lyse the cells, 250 pl of Cell Lysis Solution
was added to the sample. The mixture was inverted few times to mix. Then, 10 ul of
Alkaline Protease Solution was added to the sample. The mixture was inverted few times
and incubated at room temperature for 5 minutes. Next, 350 ul of Neutralization Solution
was added to the sample and inverted few times to mix. The sample was centrifuged at
16,532.425 X g (13,000 rpm) for 10 minutes at room temperature (K2015R centrifuge,

Centurion Scientific, Laguna Niguel, USA).

The cleared lysate was transferred into the spin column and centrifuged at 16,532.425
X g (13,000 rpm) for 1 minute at room temperature to bind the plasmid DNA. The flow
through was discarded. About 750 ul of Wash Solution was added into the spin column
and the spin column was centrifuged at 16,532.425 X g (13,000 rpm) for 1 minute to wash
the plasmid. The washing step was repeated with 250 ul of Wash Solution. In order to

completely remove the Wash Solution in the spin column, additional centrifugation at
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16,532.425 X g (13,000 rpm) for 2 minutes was done. The Spin Column was transferred
into 1.5 ml microcentrifuge tube. About 30 pl of Nuclease-Free water was added into the
spin column followed by centrifugation at 16,532.425 X g (13,000 rpm) for 1 minute at

room temperature to elute the plasmid DNA. The plasmid was stored at -20°C.

3.6.3.7 Preparation of plasmid DNA for sequencing

For sequencing, 15 pl of prepared plasmids harbouring putative BrMYB1, BrMYB2
and BrMYB3 fragment sequences were transferred into 1.5 ml microcentrifuge tubes.
Representative clones were sent to AlTbiotech Pte Ltd, Singapore and sequenced using
automated DNA sequencer. M13 forward and M13 reverse primers were employed to
sequence the target fragments. Both M 13 forward and reverse sequences were located in

the pCR4-TOPO vector.

3.6.4 Sequence analysis

The putative sequence of BrMYBI, BrMYB2 and BrMYB3 were checked manually by
looking at the chromatogram peaks. A good sequencing results were indicated by a good
chromatogram peaks. Then, the vector sequences were removed from the sequence by
using MEGA 5.10 software. In order to check the reliability of the reference
transcriptomic data sequence, multiple sequence alignment of nucleotide sequences of
transcriptomic unigenes (Unigenel14544 All, Unigene51701 All or Unigenel19149 All),
MYB from DNA and cDNA template (putative BrMYBI, BrMYB2 or BrMYB3) was
conducted using Clustal Omega. In order to confirm the annotation of Unigene14544 All,
Unigene51701_All, or Unigene19149 All encoded as MYB protein, Blastx homology

search using putative B¥rMYBI, BrMYB2 and BrMYB3 generated from cDNA template
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and Blastp using predicted putative BrMYB1, BrMYB2 and BrMYB3 ORF were

performed.

Subsequently, a phylogenetic tree was constructed using neighbour-joining method
(MEGA 5.10 software). The phylogenetic tree was constructed using the following
parameters: Poisson correction, pairwise deletion and bootstrap analysis with 1000
replicates. In this study, phylogenetic tree analysis was done to further classify putative
BrMYBI1, BrMYB2 and BrMYB3; and predict their functions through motif homologies.
The selection of the MYB protein sequences from other plants for phylogenetic tree
analysis were based on the protein similarity to the corresponding putative BrMYB
encoded as MYB proteins from blastx results, respectively. Besides, well characterized
MYB proteins from other plants were also selected based on the MYB repeat domain and
R2R2 MYB subgroups. For putative BrMYBI1, R3-type MYB proteins involved in
flavonoid pathway were chosen. In addition, for putative BrMYB2, subgroup 4 R2R3-
type MYB protein with the repressor motifs and putative BrMYB3, R2R3-MYB proteins

from subgroup 4, 5, 6, 15 and 27 that contain bHLH interaction motif were chosen.

For molecular characterization of putative BrMYB1, BrMYB2 and BrMYB3, multiple
sequence alignment with selected MYB proteins from other plants was conducted using
Clustal Omega software http://www.ebi.ac.uk/Tools/msa/clustalo/. The other plant MYB
proteins used for phylogenetic tree and multiple sequence alignment analysis were

downloaded from the GenBank (Appendix J).
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3.7 Putative BrMYB2 transcription factor in response to phenylalanine
treatment

In order to study putative BrMYB2 gene regulation pattern in response to phenylalanine

treatment, the cell suspension cultures of control and phenylalanine treated were

harvested after 1 day, 7 days and 14 days, respectively. Total RNA extraction followed

by cDNA preparation was done as described in 3.2.3 and 3.2.4, respectively.

3.71 Primer design of reference genes for qPCR analysis

Elongation factor 1-alpha and B-tubulin were two reference genes that were chosen
from B. rotunda transcriptome data. Forward and reverse primers to amplify the
elongation factor l-alpha and [-tubulin were designed using Primer3 software
(http://bioinfo.ut.ee/primer3-0.4.0/) based on Unigenel2153 All and Unigene35585 All
sequences. Primers were designed using the following parameters: primer length of 20
bp, product size of 120 — 150 bp, 45 — 60% of GC content and default primer annealing
temperatures. Next, the primer properties and PCR suitability test of the selected primers
were analysed using Sequence Manipulation Suite: PCR Primer Stats software
(http://www.bioinformatics.org/sms2/pcr_primer_stats.html). Primers that pass the PCR
suitability tests, no self-annealing and no hairpin formation were selected. All primers
were synthesized by AlTbiotech Pte Ltd, Singapore. Table 3.3 shows all of the forward

and primer sequences to amplify the reference genes in qPCR analysis.
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Table 3.3: Forward and reverse primer sequences for reference genes in qPCR analysis

Gene Primers Nucleotide sequence
Elongation factor EFla Forward 5'-GAGTTGAGACGGGTGTCCTC-3'
I-alpha EFlo Reverse 5-TTCCTGGAGAGCTTCATGGT-3'
B-tubulin B-tub Forward 5'-GCGGAGAAGATGAGGGAGAT-3'
B-tub Reverse 5'-GGCGTATTTTCCTGTGCTGT-3'

3.7.2  Primer design of putative BrMYB2 gene primer design for PCR analysis
Forward and reverse primers to amplify the putative BrMYB2 gene was designed
manually using MEGA 5.10 software based on the BrMYB2 sequencing results. Primers
were designed with the following criteria: primer length of 20 bp, 40 — 60% of GC content
and default primer annealing temperatures. Then, the primer location within the
sequences, primer properties and PCR suitability test of the selected primers were
analysed using Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) and Sequence
Manipulation Suite: PCR Primer Stats software
(http://www .bioinformatics.org/sms2/pcr_primer_stats.html). Primers that pass the PCR
suitability tests with no GC clamp, no self-annealing and no hairpin formation were
selected. All primers were synthesized by AlTbiotech Pte Ltd, Singapore. Figure 3.6
shows the illustration of the forward and reverse primer positions of BrMYB2 gene. The
forward primer is located at the R2 domain region while the reverse primer is located at
the R3 domain region; between two exon-exon junctions. Table 3.4 shows all of the

forward and primer sequences to amplify the putative B¥MYB2 gene in qPCR analysis.
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Figure 3.6: The position putative BrMYB2 primers for gPCR analysis.
There were two exons indicated by the block and red stripped box indicate the
domain regions. The bold brown arrows represent the forward (F) and reverse (R)
primers.

Table 3.4: Forward and reverse primer sequences for BrMYB2 gene in qPCR analysis

Gene Primers Nucleotide sequence
BrMYB2 MYB2 Forward 5'-TTCTCCGATGCGGCAAGAGC-3'
MYB?2 Reverse 5'-ATAAGAGACCATTTGTTGCC-3'

3.7.3 ¢PCR analysis

qPCR analysis was carried out to study the putative BrMYB2 gene regulation patterns
in response to phenylalanine treatment during 1, 7 and 14 days post-treatment. The qPCR
was done as described in subsection 3.2.6. Forward and reverse putative BrMYB2 primers
used in qPCR analysis as showed in Table 3.4. Elongation factor 1-alpha and B-tubulin
genes were used as the reference genes. For non-template control, sterile distilled water
was used as template whereas for non-reverse transcriptase control, the cDNA was
prepared without the reserve transcriptase to verify that the cDNA used for the qPCR
analysis were free from any DNA contaminations. The relative expression levels of the
putative BrMYB2 gene was normalized to that of the elongation factor 1-alpha and B-

tubulin; and calculated using 222

method. All reactions were performed with four
experimental replicates and the data generated were analyzed using QuantStudio 12 K

Flex software.
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CHAPTER 4: RESULTS

4.1 Establishment of B. rotunda cell suspension cultures

Callus is a mass of undifferentiated cells that derived from plant tissue or explants. In
this study, callus was induced from meristemic cells of B. rotunda shoot bud (Figure 4.1
a). There were three types of callus induced from meristemic cells of B. rotunda that
include friable embryogenic callus, compact callus and mixed callus. Mixed calli
consisted of both friable and compact callus. According to Tan (2005), panduratin A
production was increased in the phenylalanine-treated cell suspension cultures that
derived from mixed calli. As shown in Figure 4.1 b, mixed callus was chosen for the
entire experiment in this thesis and was propagated in liquid media which was later

referred to as cell suspension cultures (Figure 4.1 ¢ and d).

Figure 4.1: Establishment of B. rotunda cell suspension cultures.
a) B. rotunda rhizome with shoot bud indicated by red circle b) Propagation of mixed
callus initiated from shoot bud ¢) Cell suspension cultures established from mixed
callus and d) Mass propagation of cell suspension cultures in liquid media.
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4.2 Total RNA assessment

Total RNA samples were extracted from control and phenylalanine treated B. rotunda
callus using a modified CTAB method (Figure 4.2). Table 4.1 shows the concentration
and purity assessment results for both RNA samples. The RNA integrity was assessed
using an Agilent 2100 Bioanalyzer (Agilent, Waldbronn, Germany) (Figure A.2 in
Appendix C) prior sending the samples for sequencing. The RNA samples were
reassessed at the BGI, Shenzhen, China to ensure no degradation of the RNA during
shipment (Figure A.3 and Table A.12 in Appendix C). From the results obtained, both
RNA samples were of suitable quality for the transcriptome sequencing using Next-
generation Illumina-Solexa platform, HiSeq 2000 Sequencing System (Illumina, Inc.,

USA). DNase treatment was carried out by the BGI upon receiving the RNA samples.

Figure 4.2: Total RNA extraction of B. rotunda callus using modified CTAB method.
Lane 1: RiboRuler High Range RNA ladder (Thermo Scientific, USA); lane 2: total
RNA extracted from control callus and lane 3: total RNA extracted from
phenylalanine treated callus.

Table 4.1: Concentration and purity of total RNA from control and phenylalanine treated

samples.
Samples Concentration of RNA Ratio value of absorbance
(ng/ul) A260/A280 A260/A230
Control 3.106 1.87 1.92
Treated 4.432 1.89 1.72

99



4.3 Transcriptome profile analysis
43.1 RNA-Seq quality control

Quality control is a crucial step to ensure that clean reads of RNA-Seq data are of high
quality and suitable for subsequent analyses. Figure 4.3 showed an overview of the range
of quality values across all bases at each position in the clean paired-end reads FastQ file
of control and phenylalanine treated samples, while Figure 4.4 showed the quality score
distribution over all sequences. From the FastQC reports, the quality scores of all paired-
end clean reads from control and phenylalanine-treated samples were more than 30, which

indicate a very good quality reads (Figure 4.3 and Figure 4.4).

Next, Figure 4.5 showed that paired-end clean reads from control and phenylalanine-
treated samples produce biased sequence content at the start of the reads. However, this
technical bias does not affect the downstream analysis. There were no base N content
(Figure 4.6) and adaptor contaminations (Figure 4.7) in control and phenylalanine treated
RNA-Seq data. Other FastQC reports such as GC distribution over all sequences (Figure
A.4), distribution of sequence length over all sequences (Figure A.5), percent of sequeces
remaining (Figure A.6), Kmer content (Figure A.7), Kmer sequences (Table A.13) and

overpresented sequences (Table A.14) were presented in Appendix D.1.
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Figure 4.3: Quality scores across all bases of RNA-Seq data from paired-end reads of control (a and b) and phenylalanine-treated (c and d) samples..



é Figure 4.4: Quality scores distribution over all sequences of RNA-Seq data from paired-end reads of control (a and b) and phenylalanine-treated (¢ and d) samples.
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Figure 4.5: Sequence content of all bases in RNA-Seq data from paired-end reads of control (a and b) and phenylalanine-treated (c and d) samples.
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Figure 4.6: N content across all bases in RNA-Seq data from paired-end reads of control (a and b) and phenylalanine-treated (¢ and d) samples.
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Figure 4.7: Adaptor content in RNA-Seq data from paired-end reads of control (a and b) and phenylalanine-treated (c and d) samples.



4.3.2

Short-read de novo sequencing and assembly

[Mlumina-Solexa RNA sequencing technology was used to sequence the whole

transcriptome of B. rotunda. After stringent data filtering and quality checks,

approximately 50 million high-quality clean reads were obtained from both samples with

95.13% and 96.06% Q20 bases (the number of bases with scores of greater than or equal

to 20) for control and treated sample, respectively. In total, there were 24,473,594 and

23,470,648 clean paired-end reads generated with a total of 3,671,039,100 and

3,520,597,200 nucleotides from control B. rotunda callus and phenylalanine treated callus

respectively (Table 4.2).

Table 4.2: Summary of reads assembly generated by SOAPdenovo from control and

phenylalanine treated B. rotunda callus.

N50 size of contigs, scaffolds or unigene were calculated by ordering all
sequences then adding the lengths from longest to shortest until the summed
length exceeded 50% of the total length of all sequences.

Control Phenylalanine
treated

Total number of reads 24,473,594 23,470,648
Total nucleotides (nt) 3,671,039,100 3,520,597,200
GC% 49.31% 47.89%
Q20% 95.13% 96.06%
Step-wise assembly

Total number of contig 287,451 273,979

Average sequence size of contigs 199 191

N50 length of contig 236 221

Total number of scaffolds 149,648 147,381

Average sequence size of scaffolds 359 330

N50 length of scaffold 535 465

Total number of unigenes 78,998 77,541

Total nucleotides (nt) in unigenes 44,279,890 39,284,596

Average sequence size of unigenes 561 507

N50 length of unigene 703 610
Combined control and phenylalanine treated unigenes

Total number of all unigenes 101,043

Average sequence size of all unigenes 599

N50 length of all unigene 804

Unigenes with orientation 54,284

Unigenes without orientation 46,759
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Clean reads that were generated from the Illumina Genome analyzer were assembled
into contigs, scaffolds and unigenes using open source SOAPdenovo assembler program
(Li et al., 2009). A total of 287,451 and 273,979 contigs with lengths ranging between 75
to 5,680 bp and 75 to 3,739 bp with N50 lengths of 236 and 221, were generated for
control and phenylalanine treated samples, respectively. Contigs were then overlapped
using paired-end read information to assemble into scaffolds. There were 149,648 and
147,381 scaffolds assembled from the control and treated samples with average scaffold
sizes of 359 (control) and 330 (treated sample). Scaffolds from both samples ranged from

100 to 12,211 bp for the control and from 100 to 5,943 bp for the treated sample.

Subsequently, scaffolds were overlapped and paired-end reads were used to fill the
scaffold gaps to obtain unigenes. For the control sample, there were 78,998 unigenes
assembled with lengths ranging from 200 to 12,209 bp and a N50 length of 703 bp; while
for the treated sample, there were 77,541 unigenes assembled with lengths ranging from
200 to 5,944 bp with a N50 length of 610 bp. Finally, longer sequences denoted as All
Unigenes, were assembled by overlapping both unigenes of the control and phenylalanine
treated samples followed by removing redundant sequences using TGICL software. There
were in total approximately 101,043 All Unigenes assembled with lengths ranging from
200 to 12,209 bp. The N50 lengths of All unigenes were 804 bp. Appendix D.1 shows the
length distribution. Appendix D.2 shows gap distribution of unigene of the control and

phenylalanine treated samples and All Unigenes.

In order to determine the unigenes’ sequence orientation, all unigenes were aligned
using BlastX alignment (e-value < 1.00E -05) against four protein databases with the
priority order of GenBank NR, Swiss-Prot, KEGG and COG. Remaining unaligned

unigenes were analyzed using ESTscan software (Iseli et al., 1999) to predict the coding
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regions and to decide on sequence direction. The best-aligned results showed that 54,284

unigenes are oriented while 46,759 are non-oriented unigenes (Table 4.2).

4.3.3  Functional annotation and gene ontology classification

Functional annotation gave information on protein function annotation, pathway
annotation, COG annotation and GO annotation. Unigenes with sequence orientation
were aligned against public protein databases such as NR, Swiss-Prot, KEGG and COG
using BlastX homology search (e-value < 1.00E -05), which is based on sequence
similarities to the published protein databases. In total, 50,932 (50.41%) unigenes were
successfully annotated (Table 4.3). Most of the unigenes were annotated using the NR
database (49.93%) followed by Swiss-Prot (34.63%), KEGG (24.07%) and COG

(16.26%). The remainder had no matches.

Table 4.3: Function annotation of B. rotunda transcriptome data in four public protein
databases.
The databases include NR, Swiss-Prot, KEGG and COG.

Public protein database No. of unigene hits Percentage
NR 50,447 49.93
Swiss-Prot 34,989 34.63
KEGG 24,316 24.07
COG 16,426 16.26

Total 50,932 50.41

Clusters Orthologous Groups of proteins (COG) database contain orthologous proteins
that were classified under several categories. Unigenes were aligned to COG database to
predict and classify their possible function. Figure 4.8 shows the distributions of 16,526
unigenes assigned into 25 orthologous clusters in COG. Some unigenes may be assigned

into several clusters in COG categories; while some unigenes were assigned to the same
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cluster but with different protein orthologous similarity. In total, there were 34,434
unigenes that were assigned to COG database (Appendix D.3). The majority of the
unigenes were distributed in general function prediction (4,851) followed by transcription
(3,691); and replication, recombination and repair (3,053). A total of 1,863 functionally
unknown unigenes were identified. Whereas, 753 unigenes were assigned to secondary
metabolites biosynthesis, transport and catabolism and 395 as defense mechanism

unigenes.

Figure 4.8: COG functional annotation of B. rotunda transcripts.
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Unigene with NR annotation was further annotated and classified under GO. GO is an
international standardized gene functional classification system. It has three ontologies
which include molecular function, cellular component and biological properties. The
basic unit of GO is GO-term and every GO-term belongs to a type of ontology. Figure
4.9 shows the distribution of unigenes assigned in GO. In total, 33,984 unigenes were
mapped to GO with 7,451 unigenes assigned to molecular function, 16,493 unigenes
assigned to cellular components and 10,040 unigenes assigned to biological process

(Appendix D.4). One unigene may be assigned into several different GO-terms.

Comparison of GO classification
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Figure 4.9: Histogram presentation of unigene distributions in GO functional classification.
Unigenes were further classified into sub-groups in biological process, cellular
component and molecular function.
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4.3.4 Differentially expressed unigenes analysis

Unigene expression was calculated using reads per kb per million reads (RPKM)
method. However, in order to distinguish between significant and non-significant DEGs,
additional equations were employed. DEGs were determined using Poisson distribution
equation, with the set threshold of False Discovery Rate (FDR) lower or equal to 0.001
and the absolute value of log> (Ratio of RPKM of phenylalanine treated over RPKM of
control) more or equal to 1. Through the calculation of log>Ratio, up- and down-regulated
transcripts were determined by comparing the fold changes of phenylalanine treated

unigenes to their respective control unigenes.

The example of RPKM calculation was shown in Figure 4.10 to calculate the
expression transcript of Unigene51701 All in control and phenylalanie treated samples.
From RNA-Seq data, the unique mapped reads of control and phenylalanine treated
samples were 53 and 203, respectively. The total number of reads for control and
phenylalanine treated samples were 22,904,031 and 21,262,938, respectively. The length of
Unigene51701 All was 984 bp. Figure 4.11 shows the fold changes of Unigene51701 All in

phenylalanine treated sample compared to control which calculated using logoRatio equation.
Since the absolute value of logoRatio calculation was more than one, Unigene51701_All

was signicantly up-regulated which shown 2.0447 higher fold changes in phenylalanine treated
sample compared to the control. Besides, p value and FDR for Unigene51701 All were 6.20E-14

and 7.56E-15, respectively.
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RPKM = NL/10%
RPKM — 10°(53)
2) "~ 1(22,904,031)(984)]/103
RPKM = 10°(53)
"~ (2.25376 x 1019) /103
= 2.3516
b) RPKM = 10°(203)
) "~ 1(21,262,938)(984)] /103
106(53
RPKM = (53)

(2.09227 x 1010) /103
= 9.7024

Figure 4.10: RPKM calculations for Unigene51701 All from control (a) and phenylalanine
treated (b) samples.

C is the number of reads that uniquely mapped to unigene A;

N is the number of reads that uniquely mapped to all unigenes in the sample
experiment;

L is the length of unigene A in basepair.

Fold change = log,(RPKM phenylalanine treated /RPKM control)
= 10g,(9.7024/2.3516)
= log,(4.12587)
= 2.0447

Figure 4.11: Fold changes calculation of Unigene51701 All in phenylalanine treated sample
compared to control.

Figure 4.12 show the expression level of control and phenylalanine treated unigenes.

In total, there were 14,644 up-regulated and 14,379 down-regulated unigenes showing

significant differential expression (Table 4.4).
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Figure 4.12: Expression level of unigenes that show significant differentially expressed in control
(TC) and phenylalanine treated (TT) samples.
Up-regulated and down-regulated genes were denoted by red and green spots
respectively, while not differentially expressed genes were denoted as blue spots.

Table 4.4: Summary of DEGs expression levels in B. rotunda transcriptome data.

Total Up-regulated | Down-regulated
Total DEGs 100,869 47,451 53,418
Significant DEGs 29,023 14,644 14,379
-with annotation 16,018 6,104 9,914
-without annotation 13,005 8,540 4,465

4.4 Pathway analysis

Pathway-based analysis provides information and further understanding on how B.
rotunda regulates biological functions and synthesizes secondary metabolites in response
to phenylalanine at the molecular level. In total, there were 24,316 unigenes that mapped
to the KEGG plant database using BlastX homology search. These unigenes were
classified under 166 KEGG pathways in five main categories in KEGG which included
Metabolism, Genetic Information Processing, Environmental Information Processing,
Cellular Processes and Organismal Systems (Table 4.5). A single EC number may contain
one or multiple unigenes. However, only 7,931 unigenes that were DEGs, significantly
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up- or down-regulated, were mapped in the KEGG pathways. The total distribution of
DEGs is represented in Table 4.5. Out of the 116 pathways, 16 pathways were
significantly enriched with DEGs (Q value < 0.05) (Table 4.6). The comparison between
all unigenes and DEGs that mapped in DEG significantly enriched pathways also shown

in Table 4.6.

Table 4.5: Distributions of all unigenes and DEGs in KEGG database classification.
There were five major categories which include Metabolism, Genetic
Information Processing, Environmental Information Processing, Cellular
Processes and Organismal Systems.

Category Sub-Category All genes with | DEGs genes
pathway with
annotation pathway
annotation
Metabolism Carbohydrate Metabolism 3,353 1,297
Energy Metabolism 937 352
Lipid Metabolism 1,445 514
Nucleotide Metabolism 2,290 721
Amino acid Metabolism 2,139 736
Metabolism of Other Amino Acids 581 213
Glycan Biosynthesis and Metabolism 278 86
Metabolism of Cofactors and Vitamins 503 143
Metabolism of Terpenoids and 622 235
Polyketides
Biosynthesis of Other Secondary 1,092 385
Metabolites
Total 13,240 4,682
Genetic Transcription 2,833 953
Inforrnat.ion Translation 755 184
Processing Folding, Sorting and Degradation 2,062 729
Replication and Repair 923 275
Total 6,573 2,141
Environmental | Membrane Transport 224 116
Information | Sjgnal Transduction 288 94
Processing 177, q1 512 210
Cellular Tansport and Catabolism 1,251 452
Processes Total 1,251 452
Organismal Immune System 140 36
Systems Environmental Adaptation 2,122 675
Total 2,262 711
TOTAL UNIGENES 24,316 7,931
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Table 4.6: Summary of unigene distributions in KEGG pathways that has significant differential expression of genes.

Pathways in KEGG that has significant DEGs was determined by Q value < 0.05.

DEGs with Up- Down-
Category Sub-Category Pathway pathway regulated regulated P-value Q-value
annotation unigenes unigenes
Metabolism Carbohydrate Citrate cycle (TCA 102 14 38 4 07E-06 9.60E-05
Metabolism cycle)
Galactose metabolism 73 18 55 1.41E-03 1.43E-02
Glycolysis/ - 155 33 122 242E-03 | 2.20E-02
Gluconeogenesis
Amino sugar and
nucleotide sugar 151 56 95 4.39E-03 3.04E-02
metabolism
Pyruvate metabolism 134 18 116 3.67E-03 3.04E-02
Glyoxylate and
dicarboxylate 43 7 36 4.20E-03 3.04E-02
metabolism
Energy Nitrogen metabolism 75 25 50 241E-04 | 3.56E-03
Metabolism
Amino Acid Metabolism Phenyla?amne 9 5] 41 1 30E-03 1 43E-02
metabolism
Alanine, aspartate and 30 20 60 438E-03 | 3.04E-02
glutamate metabolism
Valine, leucine and 45 7 38 6.42E-03 | 4.21E-02
isoleucine biosynthesis
Metabolism of Terpenoid backbone
Terpenoid and Polyketides biosynthesis s 4 7 4.82E-08 | 1.90E-06
Biosynthesis of Other Phenylpropanoid
Secondary Metabolites biosynthesis 163 63 5 1.46E-03 | 1.43E-02
Genetic Information Processing Translation Aminoacyl-tRNA 96 10 86 1.45E-04 2.44E-03

biosynthesis
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Table 4.6, continued

Folding, Sorting and

Protein processing in

Degradation endoplasmic reticulum 241 53 188 1.30E-03 | 1.43E-02
Env1r0nmental Information Membrane Transport ABC transporters 6 n % 2 0E00 o
Processing
Cellular Processes Transport and Catabolism Endocytosis 208 44 164 4.85E-05 9.54E-04




4.4.1 Representation of genes regulation in phenylpropanoid pathway and
flavonoid pathway.

In the transcriptome data, there were 411 unique unigenes were mapped to the
phenylpropanoid pathway while 211 unigenes were mapped to the flavonoid pathway. In
the phenylpropanoid pathway, 68 unigenes were up-regulated while 95 unigenes were
down-regulated. Whereas in the flavonoid pathway, 11 unigenes were up-regulated and
42 unigenes were down-regulated. One unigene may map to more than one enzyme in the
pathway (Table 4.7 and Table 4.8). Table 4.7 and Table 4.8 show the unigenes that might
be involved in panduratin A biosynthesis and the number of up- and down-regulated
unigenes with their respective gene regulation patterns (Figure 4.13). The gene regulation
patterns in phenylpropanoid and flavonoid pathway, respectively were shown in
Appendix D.6 & Appendix D.7. The most abundant unigenes that were mapped to the
phenylpropanoid pathway was peroxidases (EC: 1.11.1.7) with a total of 90 unigenes.
There were 40 unigenes that showed up-regulation while only 8 unigenes were down-

regulated (Table 4.7).
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Table 4.7: Unigenes potentially related to panduratin A biosynthesis in phenylpropanoid pathway.

One unigene may map to more than one enzyme in the pathway. The table show the total unigene that mapped to specific enzyme and gene
regulation patterns either up-, down-regulated or both.

Abbreviations
in flavonoid Total Up- Down-
Enzyme Name athwa EC Number Enzyme Class unicene regulated regulated
(Fipgure 4}{3) & unigene unigene
Phenylpropanoid pathway
cinnamyl-alcohol dehydrogenase - 1.1.1.195 Oxidoreductase 10 0 6
peroxidase - 1.11.1.7 Oxidoreductase 90 40 8
ferulate-5-hydroxylase - 1.14.-.- Oxidoreductase 4 0 0
p-coumarate 3-hydroxylase - 1.14.13.- Oxidoreductase 5 0 2
trans-cinnamate 4-monooxygenase C4H 1.14.13.11 Oxidoreductase 14 1 3
cinnamoyl-CoA reductase - 1.2.1.44 Oxidoreductase 18 0 6
coniferyl-aldehyde dehydrogenase - 1.2.1.68 Oxidoreductase 6 0 3
putative caffeoyl-CoA 3-O- - 2.1.1.- Transferase 2 0 0
methyltransferase
caffeoyl-CoA O-methyltransferase - 2.1.1.104 Transferase 2 1 0
caffeic acid 3-O-methyltransferase - 2.1.1.68 Transferase 14 0 6
shlklmate. O- - 2.3.1.133 Transferase 43 4 12
hydroxycinnamoyltransferase
sinapoylglucose-choline O- - 2.3.1.91 Transferase 13 0 0
sinapoyltransferase
sinapoylglucose-malate O- - 2.3.1.92 Transferase 7 0 0
sinapoyltransferase
coniferyl-alcohol glucosyltransferase - 2.4.1.111 Transferase 24 0 0
sinapate 1-glucosyltransferase - 2.4.1.120 Transferase 29 1 5
beta-glucosidase - 3.2.1.21 Hydrolase 76 9 17
phenylalanine ammonia-lyase PAL 4.3.1.24 Lyase 14 2 5
phenylalanine/tyrosine ammonia-lyase - 4.3.1.25 Lyase 1 0 0
4-coumarate--CoA ligase 4CL 6.2.1.12 Ligase 44 3 15
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Table 4.8: Unigenes potentially related to panduratin A biosynthesis in flavonoid pathway.

One unigene may map to more than one enzyme in the pathway. The table show the total unigene that mapped to specific enzyme and gene

regulation patterns either up-, down-regulated or both.

Abbreviations Up- Down-
Enzyme Name in flavonoid EC Number Enzyme Class T'otal regulated regulated
pathway unigene
(Figure 4.13) Unigene unigene
Flavonoid pathway
bifunctional dihydroflavonol 4-reductase/ 1.1.1.219/ ;
flavanone 4-reductase DFR 1.1.1.234 (poreductase 15 0 4
leucoanthqcyamdm dioxygenase/ ANS 1.14.11.19 Oxidoreductase 16 3 4
anthocyanin synthase
flavone synthase FS1/FS2 1.14.11.22 Oxidoreductase 0 0 0
flavonol synthase FLS 1.14.11.23 Oxidoreductase 29 5 6
naringenin 3-dioxygenase/ F3H 1.14.11.9 Oxidoreductase 20 2 5
flavanone-3-hydroxylase
p-coumarate 3-hydroxylase - 1.14.13.- Oxidoreductase 5 0 2
trans-cinnamate 4-monooxygenase C4H 1.14.13.11 Oxidoreductase 14 1 3
flavonoid 3'-monooxygenase - 1.14.13.21 Oxidoreductase 15 0 5
cytochrome P450, family 75, subfamily A ; 1.14.13.88 | Oxidoreductase 6 0 2
(flavonoid 3',5'-hydroxylase)
leucoanthocyanidin reductase LAR 1.17.1.3 Oxidoreductase 4 0 1
anthocyanin reductase ANR 1.3.1.77 Oxidoreductase 0 0 0
caffeoyl-CoA O-methyltransferase - 2.1.1.104 Transferase 2 1 0
shikimate O-hydroxycinnamoyltransferase - 2.3.1.133 Transferase 43 4 12
6'-deoxychalcone synthase - 2.3.1.170 Transferase 15 0 0
chalcone synthase CHS 2.3.1.74 Transferase 25 1 7
chalcone isomerase CHI 5.5.1.6 Isomerase 2 0 0
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Figure 4.13: General flavonoid biosynthetic pathway (adapted from Bowsher et al.,
2008).
The pathway showing synthesis of major flavonoid groups which include
chalcones, flavanones, flavones, flavan-4-ols, flavan-3-ols, flavanols, isoflavones
and anthocyanins. Panduratin A, a chalcone-derived compound was proposed to
be derived from pinocembrin chalcone with dotted arrows. Abbreviations: PAL,
phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-
coumaroyl:coenzyme A ligase; CHS, chalcone synthase; CHI, chalcone
isomerase; FS1/FS2, flavone synthase 1 and 2; IFS, isoflavone synthase; DFR,
dihydroflavonol 4-reductase; F3H, flavanone-3-hydroxylase; FLS, flavonol
synthase; ANS, anthocyanidin synthase; LAR, leucoanthocyanidin reductase and
ANR, anthocyanidin reductase. Yellow box indicate that the unigenes mapped to
the corresponding enzymes. The yellow boxes with green border consist of both
up- and down-regulated unigene while yellow boxes with red border indicate
down-regulated unigene. Boxes with blue border indicate that there were no
unigene mapped to the corresponding enzymes, whereas box with dotted blue
border indicate that the enzyme or the entire isoflavonoid pathway does not exist
in B. rotunda.
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An overview of the flavonoid biosynthetic pathway leading to the synthesis of major
flavonoid groups and the proposed panduratin A biosynthesis is shown in Figure 4.13.
Figure 4.13 shows the regulation patterns of unigenes that were mapped to the main
enzymes in the flavonoid pathway. Only PAL, C4H, 4CL, CHS, CHI, F3H, FLS, DFR,
ANS and LAR were mapped to the B. rotunda transcriptome unigenes. However, no gene
regulation was detected for CHI (Table 4.8). In contrast, no unigene matched for FS1/FS2
and ANR (Table 4.8). Additionally, the isoflavone biosynthetic pathway map was not
present in the B. rotunda system. In total, there were 14 unigenes mapped to PAL but
only 2 of them showed up-regulation while 5 were down-regulated (Table 4.7). Out of 14
unigenes assigned as C4H, only 1 unigene was up-regulated and the other 3 unigenes
were down-regulated. The most abundant unigene was assigned as 4CL with 44 unigenes.
However, only 3 were up-regulated, while 15 others were down-regulated. A further 25
unigenes were assigned as CHS but only one unigene was up-regulated while 7 were
down-regulated during production of chalcones in the flavonoid pathway. There was no
gene regulation pattern observed during flavanone production from chalcones by CHI. A
non-enzymatic reaction is suggested to be involved in this step. Subsequently, only two
F3H and five FLS unigenes were up-regulated to form flavonols from flavanones. In
contrast, there were four down-regulated DFR, three up-regulated ANS and one down-

regulated LAR unigenes involved in anthocyanin and proanthocyanidin production.

Based on the gene regulation patterns in the flavonoid biosynthetic pathway, the
highest up-regulated expression level was Unigene49558 All with 3.8 fold higher
compared to control (Table 4.9). This unigene was mapped to F3H, FLS and ANS in
flavonoid pathway. The second highest up-regulated gene was Unigene41852 All, which
annotated as 4CL which showed a 2.2 fold change. The rest of the unigenes in the
flavonoid pathway were 1 to 1.8 fold up-regulated. The most down-regulated unigenes in

the flavonoid pathway was 4CL with seven out of fifteen unigenes showing expression
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levels between 2 to 3.3 fold lower than the control (Table 4.9). The unigenes included
Unigene88072_ All, Unigene37844 All, Unigene68813 All, Unigene44539 All,
Unigene51006_All, Unigene32973 All and Unigene85725 All. Three other unigenes
that showed more than 2 fold down-regulation was C4H (Unigenel7324 All) with 2.5
fold, CHS (Unigene35484 All) with 2.2 fold and DFR (Unigene100192 All) with 2.8

fold.
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Table 4.9: Gene regulation patterns in flavonoid pathway.

The genes include phenylalanine ammonia lyase (PAL), cinnamate-4-
hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase

(CHS),

favanone-3-hydroxylase

(F3H),

flavonol

synthase

(FLS),

dihydroflavonol-4-reductase (DFR), anthocyanin synthase (ANS) and

leucoanthocyanidin reductase (LAR).

Enzyme EC Number Up-regulated Down-regulated
. Fold . Expression
Unigene ID Change Unigene ID Lesel Fold
Unigenel10327 11 Unigene83336 1.9
All ' All '
Unigene89418 1 Unigene56631 1.9
All All '
PAL 43.1.24 Unigene64872
-1.6
All
Unigene619 All -1.3
Unigene9322 A
1 !
Unigene67845 14 Unigenel17324 a5
All ' All '
C4H 1.14.13.11 Unigenel1543_ 1.7
All
Unigene93243 11
All '
Unigene41852 Unigene88072
Al 22 All -33
Unigene36813 12 Unigene37844 3
All ' All
Unigene3277_A 1.1 Unigene68813 53
11 ' All )
Unigene44539
All 2.3
Unigene51006
All 2.2
Unigene32973 a1
All '
Unigene85725 B
All
4CL 6.2.1.12 Unigene28297
-1.9
All
Unigene57823 18
All )
Unigene520 All -1.7
Unigene19555 17
All )
Unigene20812 15
All )
Unigenel0021 _ 14
All )
Unigene6803 A
1 -1.4
Unigene20574 14
All '
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Table 4.9, continued

Unigenel735 A 15 Unigene35484 99
11 ' All '
Unigene31906 1.8
All '
Unigene37184 14
All '
CHS 23.1.74 Unigene33635_ | ) 5
All
Unigene63145 13
All '
Unigene55042 11
All '
Unigene29406 11
All )
Unigene49558 38 Unigene100816 16
All ' _All '
Unigene5973 A Unigene4657 A
1 1.4 1 -1.6
Unigene22973
F3H 1.14.11.9 All -1.4
Unigene4884 A
1 -1.3
Unigene23932 11
All '
Unigene49558 33 Unigene100816 16
All ' _All )
Unigene89505 Unigene4657 A
FLS 1.14.11.23 all 1 I o
T Unigene56837 18 Unigene22973 14
All ) All )
Unigene26406 1.6 Unigene4884 A 13
All ' 11 '
Unigene5973 A 14 Unigene23932 11
11 ) All )
Unigene33774 1
All
Unigene100192
Al -2.8
Unigene40110
DFR 1.1.1.219 All 7
T Unigene84008 17
All )
Unigene49734 13
All '
Unigene49558 38 nigene100816 16
All ' All )
Unigene89505 Unigene4657 A
ANS 1.14.11.19 All 1 I e
T Unigene56837 Unigene4884 A
1.8 -1.3
All 11
Unigene30270 11
All '
LAR 1.17.1.3 Umgerﬁ”gz— -1
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4.4.2 Representation of genes regulation in proposed pathway.

In this thesis, as presented in Figure 4.14, it is proposed that flavonoid O-
methyltransferase (ChOMT1, ChOMT2, 5-OMT and 7-OMT) and prenyltransferase (PT1
and PT2) are two important enzymes for producing the bioactive compounds in B.

rotunda.

Figure 4.14: Proposed pathway leading to cardamonin, alpinetin, pinocembrin, pinostrobin, 4-

hydroxypanduratin A and panduratin A production (adapted from Bowsher et al.,
2008).
Flavonoid O-methyltransferase was highlighted with pink box whereas
prenyltransferase was highlighted with green box. Abbreviations: PAL,
phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-
coumaroyl:coenzyme A ligase; CHS, chalcone synthase; CHI, chalcone isomerase;
PT1, prenyltransferasel; PT2, prenyltransferase2 5-OMT, pinocembrin 5-O-
methyltransferase, 7-OMT, pinocembrin 7-O-methyltransferase, ChOMTI,
pinocembrin chalcone 4’-O-methyltransferase and ChOMT2, pinocembrin
chalcone 2’-O-methyltransferase. Double arrows indicate reversible reactions.
Dotted arrows indicate the proposed pathway.
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4.4.2.1 Flavonoid O-methyltransferase analysis

From the B. rotunda transcriptome data, there were 12 unigenes annotated by NR
database as flavonoid O-methyltransferase. After eliminating 4 unigenes that have gaps
in the nucleotide sequence, 8 unigenes were further analyzed for the domain region. There
were 2 unigenes that contain both O-methyltransferase and dimerization domains,
Unigene891 All and Unigene25107 All (Appendix 1.2). However, only Unigene891 All
has complete ORF with 362 amino acid in length (Appendix H.2). The expression fold of
Unigene891 All in the phenylalanine treated sample was slightly up-regulated by 0.1 fold
higher as compared to the control sample, whereas Unigene25107 All was slightly down-
regulated by 0.9 fold lower than control sample. However, the fold changes for both

unigenes were not significant.

Subsequently, the protein Blast results showed that Unigene891 All has the highest
score to tricetin 3',4',5'-O-trimethyltransferase-like protein from Musa acuminata subsp.
malaccensis with 81% and 99% coverage. In contrast, Unigene25107_All showed only
29 — 43% identity to other plant flavonoid O-methyltransferases (Table 4.10). It has the
highest score to trans-resveratrol di-O-methyltransferase- like from Prunus mume with

46% identity and 96% coverage.

Multiple sequence alignment of Unigene891 All and Unigene 21507 All with other
flavonoid prenyltransferase proteins was done using Clustal Omega (Figure 4.15). From
the alignment, it showed that the dimerization domain was located at the N-terminal
region, wheres longer O-methytransferase domain located at C-terminal region. Histidine
residue was shown to be conserved across the plant flavonoid O-methyltransferase
proteins. Histidine residue was located at position 268 amino acid within the O-
methyltransferase domain region. It serves as a base for the O-methylation reaction.

Subsequently, a phylogenetic tree was constructed to predict Unigene891 All functions
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(Figure 4.16). From the results, the Unigene891 All were clustered under the same clades
with flavone O-methyltransferase-like and tricetin 3',4',5'-O-trimethyltransferase-like
proteins from Musa acuminata subsp. malaccensis. Whereas, Unigene25107 All shared
the same clade with flavone 7-O-methyltransferase from Hordeum vulgare subsp.

vulgare.
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Table 4.10: Summary of homology search using Protein blast of two unigenes annotated as flavonoid O-methyltransferase.

Unigene ID Nucleotide Amino Expression Description Max Total | Query E Identity | Accession
length (bp) acid Level Fold score | score | cover | value
length
Unigene891_All 1320 362 Non- PREDICTED: tricetin 424 424 99% | 6.00E- 81% XP_0094186
significantly | 3'4',5'-O- 144 16.1
regulated trimethyltransferase-like
[Musa acuminata subsp.
malaccensis|
PREDICTED: flavone O- 420 420 99% | 3.00E- 83% | XP_0093927
methyltransferase 1-like 142 97.1
[Musa acuminata subsp.
malaccensis]|
PREDICTED: flavone O- 409 409 99% | 5.00E- 76% | XP_0093950
methyltransferase 1-like 137 03.1
[Musa acuminata subsp.
malaccensis|
PREDICTED: tricetin 404 404 95% | 1.00E- 78% | XP_0087887
3'.4'.5"-O- 135 29.1
trimethyltransferase [ Phoenix
dactylifera]
PREDICTED: caffeic acid 3- | 401 401 95% | 9.00E- 78% | XP_0109349
O-methyltransferase-like 135 14.1
[Elaeis guineensis]
PREDICTED: tricetin 396 396 95% | 8.00E- 76% | XP_0109349
3'.4'.5"-O- 133 13.1
trimethyltransferase-like
[Elaeis guineensis|]
PREDICTED: tricetin 395 395 95% | 2.00E- 74% | XP_0087758
3',4',5'-0O- 132 42.1
trimethyltransferase-like
[Phoenix dactylifera]
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Table 4.10, continued

Unigene25107_All

817

265

Non-
significantly
regulated

PREDICTED: trans- 284 284 96% | 1.00E- 46% | XP_0082291
resveratrol di-O- 90 08.1
methyltransferase- like

[Prunus mume)]

o-methyltransferase, putative 283 283 86% | 6.00E- 29% XP_0025258
[Ricinus communis] 90 18.1
PREDICTED: caffeic acid 3- 283 283 86% | 6.00E- 31% | XP_0102410
O-methyltransferase 1 90 50.1
[Nelumbo nucifera

caffeic acid/5-hydroxyferulic 282 282 86% | 8.00E- 31% NP_200227.
acid O-methyltransferase 90 1
[Arabidopsis thaliana]

O-methyltransferase 1 282 282 86% | 1.00E- 31% XP_0028643
[Arabidopsis lyrata subsp. 89 09.1
lyrata)

PREDICTED: caffeic acid 3- 282 282 86% | 1.00E- 30% | XP_0082346
O-methyltransferase [ Prunus 89 34.1
mume]

O-methyltransferase 281 281 97% | 1.00E- 29% AAF60951.1
[Populus trichocarpa x 89

Populus deltoides]

RecName: Full=Quercetin 3- 280 280 86% | 2.00E- 29% Q42653.1
O-methyltransferase 2; 89

AltName: Full=Flavonol 3-
O-methyltransferase 2
[Chrysosplenium
americanum]
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Table 4.10, continued

RecName: Full=Quercetin 3- 280 280 86% | 3.00E- 29% P59049.1
O-methyltransferase 1; 89

AltName: Full=Flavonol 3-

O-methyltransferase 1

[Chrysosplenium

americanum]

Flavonoid o- 268 268 96% | 3.00E- 43% | XP_0070437
methyltransferase related 84 18.1
[Theobroma cacao]

PREDICTED: flavone 3'-O- 260 260 86% | 3.00E- 29% | XP_0104333
methyltransferase 1-like 81 07.1

[Camelina satival




Figure 4.15: Comparison of the deduced amino acid sequence of Unigene891 All and

Unigene25107_All with other flavonoid O-methyltransferases from other plants
such as Oryza sativa (OsNOMT), Medicago sativa (ChOMT), Hordeum vulgare
subsp. vulgare (FI-OMT) and Musa acuminata subsp. malaccensis (MaF1-OMT1-
like 1, MaFI-OMT1-like 2 and MaFIl-OMT1-like 3).
Dimerization and O-methyltransferase domain regions were denotes by green and
orange arrows, respectively. Blue triangle indicates Histidine residue. The
accession numbers of the flavonoid O-methyltransferases from other plants to
contruct the multiple sequence alignment are shown in the Appendix J.
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Figure 4.16: Phylogenetic relationship of Unigene891 All and Unigene25107 All from B.

rotunda with flavonoid O-methyltransferase (FOMT) proteins from other plants.
Topology tree was performed using the neighbour-joining method by the MEGA
5.10 version. The numbers next to the nodes are bootstrap values from 1000
replicates. Flavonoid O-methyltransferase protein from B. rotunda,
Unigene891 All were indicated as black circle. Plant FOMT classification was
indicated by red circle, green trangle, blue rectangle and yellow diamond. The
accession numbers of the flavonoid O-methyltransferase from other plants to
contruct the phylogenetic tree are shown in the Appendix J.
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4.4.2.2 Prenyltransferase analysis

From the B. rotunda transcriptome data, there were only Unigene31983 All annotated
by the NR database as flavonoid prenyltransferase. The expression fold of
Unigene31983 All in the phenylalanine treated sample was slightly up-regulated by 0.6
folds higher as compared to the control sample. However, the fold changes were not
significantly regulated. The predicted ORF length of Unigene31983 All was 391 amino
acids. Open reading frame prediction for Unigene31983 All is shown in Appendix H.3.
The unigene contained the PT-UbiA superfamily conserved domain region (Appendix
1.3). Subsequently, the protein Blast result showed that Unigene31983 All has the highest
score to homogentisate phytyltransferase 1 protein from Musa acuminata subsp.
malaccensis with 75% and 100% coverage (Table 4.11). The Unigene31983 All ORF

also showed 45-66% identity to other flavonoid prenyltransferase proteins (Table 4.11).

Multiple sequence alignment of Unigene31983 All (391 amino acid length) with other
flavonoid prenyltransferase proteins was done using Clustal Omega (Figure 4.17). From
the alignment, it showed that NQxxDxxxD and KDxxDx[E/D]GD motifs were conserved
across flavonoid prenyltransferase proteins. However, the Unigene31983 All do not have
the full ORF, lacking a few amino acids at the 3 terminal region. A phylogenetic tree
was constructed using partial Unigene31983 All ORF sequence with other plant aromatic
and homogentisate prenyltransferases (Figure 4.18). Aromatic prenytransferases include
flavonoid, coumarin and phloroglucinol  prenyltransferases.  Surprisingly,
Unigene31983_All was not clustered under flavonoid prenyltransferases but appeared in

the same clade with tocopherol producing homogentisate phytyltransferases.
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Table 4.11: Summary of homology search using Protein blast of Unigene31983 All annotated as prenyltransferase.

chloroplastic isoform X2 [Elaeis
guineensis|

Nucleotide | Amino Expression Description Max Total Query E Identity Accession
length (bp) acid Level Fold score score cover | value
length
1281 391 Non- PREDICTED: probable 318 318 100% | 2.00E 75% XP_009396234.1
significantly | homogentisate phytyltransferase 1, -101
regulated chloroplastic [Musa acuminata
subsp. malaccensis|
Chlorophyll synthase [Musa 308 308 100% | 2.00E 75% CBW30171.1
balbisiana] -97
Chlorophyll synthase [Musa 306 306 100% | 1.00E 75% CBW30209.1
balbisiana] -96
PREDICTED: probable 300 300 100% | 3.00E 74% XP_009394579.1
homogentisate phytyltransferase 1, -94
chloroplastic isoform X1 [Musa
acuminata subsp. malaccensis]
homogentisate phytyltransferase 288 288 100% | 7.00E 71% AHL26475.1
[Elaeis oleifera] -90
probable homogentisate 288 288 100% | 8.00E 71% NP_001291355.1
phytyltransferase 1, chloroplastic -90
[Elaeis guineensis]
PREDICTED: probable 284 284 93% 2.00E 75% XP_009394580.1
homogentisate phytyltransferase 1, -88
chloroplastic isoform X2 [Musa
acuminata subsp. malaccensis]
PREDICTED: probable 284 284 99% 2.00E 70% XP_010928674.1
homogentisate phytyltransferase 1, -88
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Table 4.11, continued

Nucleotide | Amino Expression Description Max Total Query E Identity Accession
length (bp) acid Level Fold score score cover value
length

aromatic prenyltransferase 246 246 100% | 1.00E 66% AEZ53107.1
[Epimedium acuminatum] -73
isoliquiritigenin 229 229 81% 6.00E 56% BAKS52290.1
dimethylallyltransferase [Sophora -67
flavescens]
flavonoid prenyltransferase 222 222 79% 4.00E 54% BAG12674.1
[Sophora flavescens] -64
flavone prenyltransferase 220 220 80% 2.00E 56% AIT11912.1
[Glycyrrhiza uralensis) -63
genistein 6-dimethylallyltransferase 217 217 80% 2.00E 53% BAKS52291.1
[Sophora flavescens] -62
RecName: Full=Naringenin 8- 217 217 85% 4.00E 51% B1B3P3.1
dimethylallyltransferase 1, -62

chloroplastic; Short=SfN8DT-1;
Flags: Precursor [Sophora

flavescens]

flavonoid prenyltransferase 215 215 80% 2.00E 52% AHA36633.1
[Sophora flavescens] -61

8-dimethylallyltransferase [Sophora 215 215 81% 2.00E 53% BAKS52289.1
Sflavescens] -61

glycinol 4-dimethylallyltransferase 208 208 80% 5.00E 50% NP 001235990.1
[Glycine max] -59

genistein 3'- [ Lupinus albus] 202 202 87% 1.00E 45% AER35706.1

-56




Figure 4.17: Multiple sequence alignment of Unigene31983 All with other flavonoid
prenyltransferases from other plants such as Sophora flavescens (SfiLDT,
SfN8DT1, SIN8DT2, SIN8DT3, SfFPT and SfG6DT), Glycine max (GmG4DT),
Lupinus albus (LaPT1) and Glycyrrhiza uralensis (GuA6DT).
Blue box indicate NQxxDxxxD conserved region for prenyl moiety binding, while
pink box indicate KDxxDx[E/D]JGD conserved region for flavonoid or
homogentisate binding. The accession numbers of the flavonoid prenyltransferases
from other plants to contruct the multiple sequence alignment are shown in the
Appendix J.
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Figure 4.17, continued
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Figure 4.18: Phylogenetic tree relationship between Unigene31983 All with plant aromatic and
homogentisate prenyltransferases.
Topology tree was performed using the neighbour-joining method by the MEGA
5.20 version. The numbers next to the nodes are bootstrap values from 1000
replicates. Flavonoid prenyltransferase protein from B. rotunda, Unigene31983 All
were indicated as diamond. The accession numbers of the aromatic and
homogentisate prenyltransferases from other plants to contruct the phylogenetic tree
are shown in the Appendix J.

4.5 Experimental validation

A single, tight peak on a dissociation curve on the qPCR indicated a very specific
amplication for all 9 randomly selected unigenes (Figure A.14 in Appendix M.2). The
generated data from the relative quantification was analysed with Quant Studio software
(Table A.30 and Table A.31 in Appendix M.1). The qPCR results of 9 randomly selected
unigenes showed general agreement with their transcript abundance changes as
determined by RNA-Seq, suggesting the reliability of the transcriptome profiling data

(Figure 4.19). For the unigenes tested only two showed some discrepancies although both
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were similarly up-regulated i.e Unigene58054 All showed higher expression level (about
83.361 fold changes) while Unigenel735 All had moderate expression level (4.776 fold

changes) in qPCR as compared to the RNA-Seq results, respectively.

Figure 4.19: Expression pattern validation of selected unigenes by qPCR.
Changes in transcript levels of 9 selected unigenes. Y-axis shows —fold changes in
transcript abundance of unigenes compared to their respective control. Blue bar
indicates transcript abundance changes calculated by the RPKM method. Red bar
with associated standard error bar represents relative expression level determined by
gPCR using 24T method. Results represent mean standard deviations (+ SD) of
four experimental replicates.

4.6 Analysis of transcription factors and transcription regulators

Transcription factors (TFs) and transcription regulators (TRs) play essential roles in
regulating differentially expressed genes in both a spatial and temporal manner. In total,
139 transcription factors that were found in B. rotunda can be further classified under 35
transcription factor families (Table 4.12). Based on the iTAK rice transcription factor
database, 21 rice TFs were not found in B. rotunda. The most abundant TFs found in B.

rotunda was C3H (17), followed by MYB (16), NAC (13), WRKY (9), bZIP (8) and AP2-
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EREBP (7). In response to phenylalanine treatment, eight TFs were up-regulated while

twenty six TFs were down-regulated. Up-regulated TFs included MYB, NAC, WRKY,

bZIP, AP2-EREBP, G2-like, GRAS and C2C2-CO-like transcription factors.

Subsequently, 46 transcription regulators are classified under 15 families found in B.

rotunda (Table 4.13). The most abundant TRs found in B. rotunda was orphan (9),

followed by AUX/TAA (8) and SET (5). In total, 4 TRs were up-regulated and 9 were

down-regulated in response to phenylalanine.

Table 4.12: Transcription factors (TFs) identified in B. rotunda by mapping to
transcription factors in rice database using iTAK software.

Transcription Up- Down- Compa.r at‘i Ve
£ Number transcription Number
actors regulated regulated
(B. rotunda) of genes TFs TFs factors. of genes
(Oryza sativa)
1 C3H 17 0 6 C3H 70
2 MYB 16 1 4 MYB 184
3 NAC 13 1 5 NAC 143
4 WRKY 9 1 2 WRKY 98
5 bZIP 8 1 1 bZIP 91
6 AP2-EREBP 7 1 2 AP2-EREBP 164
7 C2H2 5 0 0 C2H2 123
8 G2-like 5 1 1 G2-like 45
9 HB 5 0 1 HB 94
10 | TUB 5 0 0 TUB 15
11 | bHLH 4 0 0 bHLH 135
12 | GRAS 4 1 0 GRAS 60
13 | Tify 4 0 1 Tify 17
14 | FARI 3 0 0 FARI1 8
15 |LOB 3 0 0 LOB 36
16 | MADS 3 0 0 MADS 69
17 | PBF-2-like 3 0 0 PBF-2-like 2
18 | ABI3VPI 2 0 0 ABI3VPI 55
19 | Alfin-like 2 0 0 Alfin-like 9
20 | BBR/BPC 2 0 0 BBR/BPC 4
21 | BSD 2 0 0 BSD 10
22 | C2C2-GATA 2 0 0 C2C2-GATA 25
23 | SRS 2 0 0 SRS 5
24 | Trihelix 2 0 0 Trihelix 26
25 | ARF 1 0 1 ARF 27
26 | BESI1 1 0 0 BES1 6
27 | C2C2-CO-like 1 1 0 C2C2-CO-like 8
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Table 4.12, continued

C2C2-
28 | C2C2-YABBY 1 0 1 YABBY 8
29 | CCAAT 1 0 0 CCAAT 51
30 | EIL 1 0 0 EIL 9
31 | GeBP 1 0 0 GeBP 13
32 | GRF 1 0 0 GRF 12
33 | mTERF 1 0 1 mTERF 34
34 | OFP 1 0 0 OFP 31
35 | zf-HD 1 0 0 zf-HD 14
36 | ARR-B 0 0 0 ARR-B 9
37 | C2C2-Dof 0 0 0 C2C2-Dof 30
38 | CAMTA 0 0 0 CAMTA 6
39 | CPP 0 0 0 CPP 11
40 | CSD 0 0 0 CSD 2
41 | DBP 0 0 0 DBP 3
42 | E2F-DP 0 0 0 E2F-DP 8
43 | FHA 0 0 0 FHA 18
44 | HRT 0 0 0 HRT 1
45 | HSF 0 0 0 HSF 25
46 | LFY 0 0 0 LFY 2
47 | LIM 0 0 0 LIM 6
48 PLATZ 0 0 0 PLATZ 15
49 | RWP-RK 0 0 0 RWP-RK 13
50 | S1Fa-like 0 0 0 S1Fa-like 2
51 | SBP 0 0 0 SBP 19
52 | Sigma70-like 0 0 0 Sigma70-like 6
53 | TAZ 0 0 0 TAZ 6
54 | TCP 0 0 0 TCP 21
55 | ULT 0 0 0 ULT 2
56 | VOZ 0 0 0 vOZ 2
Total 139 8 26 Total 1908

Table 4.13: Transcription regulators identified in B. rotunda using transcription
regulators in rice database using iTAK software.

Transcriptional Number Up- Down- Transcription Number
regulator f gene regulated regulated regulatqr of gene
(B. rotunda) ot e g g (Oryza sativa) &
1 Orphans 9 2 3 Orphans 79
2 AUX/TAA 8 1 1 AUX/IAA 32
3 SET 5 1 0 SET 41
4 SNF2 4 0 2 SNF2 39
5 TRAF 4 0 1 TRAF 59
6 RB 3 0 0 RB 2
SWI/SNF- SWI/SNF-
7 | BAF60b 3 0 0 BAF60b 1
8 MEDG6 2 0 0 MEDG6 1
9 PHD 2 0 1 PHD 39
10 | GNAT 1 0 0 GNAT 35
11 | HMG 1 0 0 HMG 9
12 | Jumonji 1 0 0 Jumonyji 14
13 | Redl-like 1 0 0 Rcdl1-like 5
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Table 4.13, continued

14 SOH1 1 0 0 SOH1 2
SWI/SNF- SWI/SNF-
15 SWI3 I 0 I SWI3 4
16 ARID 0 0 0 ARID 6
17 Coactivator 0 0 0 Coactivator 3
pl5 pl5
18 DDT 0 0 0 DDT 7
19 IWS1 0 0 0 IWS1 17
20 LUG 0 0 0 LUG 6
21 MBF1 0 0 0 MBF1 2
22 MED7 0 0 0 MED7 1
23 | Pseudo ARR-B| 0 0 0 gse“do ARR- 5
Total 46 4 9 Total 419

4.7 R2R3 MYB transcription factor analysis

From B. rotunda transcriptome data, there were 145 unigenes annotated by NR
database as R2R3 MYB transcription factor. As summarized in Table 4.14, only 21
unigenes consist of R2 and R3 repeat MYB domain. However, through multiple sequence
alignment analysis, only 13 unigenes have the complete ORF (Figure 4.20). From the
alignment, conserved R2 and R3 repeat MYB domains were determined. Further protein
motif identification were done using MEME tool as presented in Figure 4.21. It can be
concluded that R2 and R3 repeats were highly conserved in B. rotunda R2R3 MYB
transcription factors. Phylogenetic tree was constructed to predict the MYB functions
using 13 complete ORF MYB unigene sequences (Figure 4.22). From the results, the
unigenes were classified into 7 clades which include abiotic/biotic stress, transcriptional
repressor, anthocyanin biosynthesis, lignin biosynthesis, plant development and cell wall

thickening clade (Table 4.15).

However, not all unigenes exhibit the subgroup-specific motifs. Six out of thirteen
unigenes such as  Unigene4579 All; Unigene51701 All, Unigene4347 All,
Unigene70854 All, Unigene39151 All and Unigene4817 All possess the subgroup-

specific motifs (Table 4.15). Unigene4579 All was classified under subgroup 1 which
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are responsible for abiotic or biotic stress in the plant by harbouring one of two subgroup-
specific motifs, YASSxxNI. Subsequently, four unigenes (Unigene51701 All,
Unigene4347 All, Unigene20944 All, Unigene70854 All and Ungene83922 All) were
categorized under subgroup 4 transcriptional repressor R2ZR3 MYBs. While subgroup 21
R2R3 MYBs consist of Unigene39151 All, Unigene29311 All and Unigene4817 All.
Although none subgroup-specific motifs were detected on C-terminal region of
Unigenel19149 All, Unigene85656 All, Unigene69184 All, through phylogenetic tree
analysis, the unigenes were clustered into anthocyanin regulating subgroup 6, lignin
regulating subgroup 13 and plant developmental regulating subgroup 14 R2R3 MYBs,

respectively.

Table 4.14: Summary of manually analysed R2R3 MYB transcription factor in B.
rotunda transcriptome data, which included the total number of R2ZR3 MYB
transcription factor annotation, unigene that had complete nucleotide
sequence without gaps and the unigene that contained the domain region.

No. of
Unigenes

Total Unigenes 145
Unigene that have complete nucleotide sequence without gaps 95
Unigene that contain MYB domain

- 1 partial domain 8

- 1 domain 23

- 1 domain and 1 partial domain 2

- 2 domains 21
Complete ORF 13
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Figure 4.20: Multiple sequence alignment of 13 R2R3 MYB transcription factors ORF.
MYB DNA binding domain regions were indicated by green arrows; R2R3
repeat domains.
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Figure 4.20, continued

Figure 4.21: R2 and R3 MYB repeats were highly conserved in selected 11 R2R3 MYB proteins
in B. rotunda.
These included Unigene4347 All, Unigene51701 All, Unigene20944 All,
Unigene70854 All, Unigenel00745_All, Unigene839222 All, Unigene85656 All,
Unigenel9149 All, Unigenel15802_ All and Unigene4579 All, Unigene91138 All.
The sequence logo of a) R2 and b) R3 MYB repeats were based on domain region
of'selected 11 R2R3 MYB proteins in B. rotunda. Conserved tryptophan amino acids
in the MYB domain were labelled with asterisks, blue triangle shows changed
residue in the conserved R2R3 MYB domain.
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Figure 4.22: Phylogenetic relationship of 13 R2R3 MYB transcription factor proteins from B.
rotunda with other characterized plant R2R3 MYB proteins.
Topology tree was performed using the neighbour-joining method by the MEGA
5.10 version. The numbers next to the nodes are bootstrap values from 1000
replicates. Thirteen R2R3 MYB transcription factor proteins were indicated as
diamonds.
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Table 4.15: Summary of phylogenetic tree analysis of 13 B.

predicted functions.

rotunda R2R3 MYB proteins, which classify the R2R3 proteins into 7 subgroups with the

Functions R2R3- Unigene ID No. of fold in expression Length of Presence Motif on C-terminus
MYB level amino acid | of motif
Subgroup (bp)
Abiotic/biotic stress 1 Unigene4579_All Up-regulated: 1.8 282 Yes YASSxxNI,
SL[F/T]JEKWLF[D/E]
Transcriptional 4 Unigene51701_All Up-regulated: 2 218 Yes LNL[E/D]L
repressor Unigene4347 All Non-significantly regulated 226 Yes LNL[E/D]L
Unigene20944 All | Non-significantly regulated 229 No LNL[E/D]L
Unigene70854 All | Non-significantly regulated 190 Yes LNL[E/D]L
Unigene83922 All | Non-significantly regulated 223 No LNL[E/D]L
Anthocyanin 6 Unigenel9149 All | Non-significantly regulated 229 No KPRPR[S/T]F
biosynthesis
Lignin biosynthesis 13 Unigene85656_All | Non-significantly regulated 162 No DVFxKDLQRMA
Plant development 14 Unigene69184 All Down-regulated: -1.4 219 No SFSQLLLDPN,
TSTSADQSTISWEDI
Cell wall thickening 21 Unigene39151 _All | Non-significantly regulated 239 Yes FxDFL
Unigene29311 _All | Non-significantly regulated 173 No FxDFL
Unigene4817 All Up-regulated: 1 288 Yes FxDFL
Unknown 28 Unigene29913_All | Non-significantly regulated 198 No unknown




4.8 Molecular cloning and characterization of putative BrMYB1, BrMYB2 and
BrMYB3 genes in B. rotunda
4.8.1 Genomic DNA extraction and total RNA extraction
B. rotunda genomic DNA and total RNA were successfully extracted (Figure 4.23).
The intact 26S and 18S rRNA bands indicated that RNA was extracted. The concentration

and purity of the DNA and RNA extracted are shown in Table 4.16.

Figure 4.23: DNA and RNA extraction of B. rotunda callus.
a) Genomic DNA of B. rotunda. Lane L: Perfect 1kb DNA ladder (EURx, Poland);
Lane 1: B. rotunda genomic DNA. b) Total RNA extraction of B. rotunda 14 days
after phenylalanine treated callus. Lane L: RiboRuler High Range RNA ladder
(Thermo Scientific, USA); Lane 1: total RNA extracted from phenylalanine treated
callus.

Table 4.16: Concentration and purity of DNA and total RNA of B. rotunda

Sample Concentration A260/A280
ng/ul
DNA 724 1.94
RNA 554.9 2.02
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4.8.2 PCR verification

PCR verification was done prior to BrMYBI, BrMYB2 and BrMYB3 putative genes
amplification to ensure total genomic DNA elimination in the prepared cDNA template.
For verification, the cDNA template was prepared with and without the reverse
transcriptase from the same RNA source. The PCR was done by employing the B¥rMYB1
partial gene primers. The expected size for the putative BrMYBI partial gene was 416 bp.
The cDNA template prepared to amplify the putative BrMYB1, BrMYB2 and BrMYB3
genes were free from genomic DNA traces as shown in Figure 4.24. There was no putative
BrMYBI partial gene amplified product from the cDNA template that was prepared

without the reverse transcriptase.

Figure 4.24: PCR verification of total RNA extracted using putative BrMYBI partial gene
primers.
Lane L: 1kb Plus DNA ladder (Thermo Scientific, USA); Lane 1: PCR fragment
using cDNA template; Lane 2: non-reverse transcriptase control; Lane 3: positive
control using B. rotunda DNA template and Lane 4: negative control using distilled
water to replace cDNA.

4.8.3 Putative BrMYB1, BrMYB2 and BrMYB3 genes amplification
Based on mapping the B. rotunda transcriptome data to rice transcription factor
database revealed that only one MYB transcription factor was up-regulated upon

phenylalanine treatment (Table 4.12). The unigene annotated as the up-regulated MYB
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was identified as Unigenel4544 All. Therefore, Unigene14544 All was selected for
further cloning and molecular characterization in this study. The putative gene amplified
based on transcriptomic Unigenel4544 All reference sequence was later denoted as
BrMYBI. Subsequently, based on phylogenetic tree analysis, Unigene51701 All and
Unigenel9149 All were classified as subgroup 4 and subgroup 6 R2R3 MYB,
respectively (Figure 4.22). From this findings, both Unigene51701 All and
Unigenel9149 All were selected for further cloning and molecular characterization

denoted as BrMYB2 and BrMYB3, respectively.

Putative BrMYB1, BrMYB2 and BrMYB3 genes were amplified from both genomic
DNA and cDNA template. The PCR was performed using the optimized annealing
temperature that was selected through gradient PCR as shown in the Appendix E. The
annealing temperatures for B#MYB1, BrMYB2 and BrMYB3 were 52.9°C, 51.2°C and
52.9°C; respectively. Figure 4.25 shows the MYB amplifications. The expected size for
BrMYBI1, BrMYB2 and BrMYB3 were 530 bp, 740 bp and 807 bp; respectively. However,
BrMYB2 and BrMYB3 that were amplified from genomic DNA showed larger fragments
as compared to the putative genes that were amplified from the cDNA template.
Subsequently, a clean and pure target putative gene fragment was cloned into TOPO TA
vector and introduced into Top10 competent cells. Then, the positive clones harbouring
the target putative genes from both DNA and cDNA were cultured overnight.
Subsequently, the plasmids harbouring target genes were isolated and sent for

sequencing.
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Figure 4.25: MYB open reading frame gene amplification of a) BrMYBI, b) BrMYB2 and c)
BrMYB3.

Lane L: 1kb Plus DNA Iladder (Thermo Scientific, USA); Lane 1: gene
amplification from DNA template; Lane 2: gene amplification from cDNA
template and —ve: negative control using distilled water to replace DNA or cDNA.

4.8.4  Gel purification and plasmid prep

Prior to gel electrophoresis, gel purification was done to ensure that only one band
fragment consisting of the target putative gene was excised and purified. Figure 4.26 show
an intact band fragment after gel purification. The PCR library colony screening was
shown in Figure A.12, Appendix F. The plasmid harbouring putative B¥MYB1, BrMYB2

and BrMYB3 genes were successfully extracted (Figure 4.27).
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Figure 4.26: Gel purification of BrMYB1, BrMYB2 and BrMYB3 fragments.
a) BrMYB]1 fragment. Lane L: 1kb Plus DNA ladder (Thermo Scientific, USA); Lane
1: BrMYBI gene fragment from DNA template and Lane 2: BrMYB1gene fragment
from cDNA template. b) DNA fragment of BrMYB2 and BrMYB3. Lane L: 1kb Plus
DNA ladder (Thermo Scientific, USA); Lane 1: BrMYB2 and Lane 2: BrMYB3. ¢)
cDNA fragment of BrMYB2 and BrMYB3. Lane L: 1kb Plus DNA ladder (Thermo
Scientific, USA); Lane 1: BrMYB2 and Lane 2: BrMYB3.

Figure 4.27: Plasmid isolation for a) BrMYBI, b) BrMYB2 and ¢) BrMYB3 sequencing.
Lane L: 1kb Plus DNA ladder (Thermo Scientific, USA); Lane 1: plasmid
harbouring putative gene fragment from DNA template and Lane 2: plasmid
harbouring gene fragment from cDNA template.

152



4.8.5 Sequence analysis of BrMYB1, BrMYB2 and BrMYB3 genes
4.8.5.1 Putative BrMYB1 sequence features

The complete putative BrMYBI sequence from DNA and cDNA sequences of the
respective clones were obtained. Putative BrMYBI1 that was amplified from DNA and
cDNA template had shown clear chromatogram peaks indicating good sequencing results
(Appendix K.1). The length of putative B¥rMYBI generated from DNA and cDNA were
526 and 530 bp, respectively. Putative BrMYB1 contains an ORF of 420 bp which encodes
139 amino acids. The multiple sequence alignment between transcriptomic sequence of
Unigenel14544 All, putative BrMYBI from DNA template and putative BrMYBI from
cDNA template were carried out using Clustal Omega. (Figure 4.28). From the results
obtained, there were 4 nucleotide deletions observed in the DNA sequence. Additionally
by comparing the DNA and ¢cDNA sequence of putative BrMYBI with the reference
transcriptomic Unigenel4544 All, there were 3 nucleotide subtitutions in the DNA

sequence and 2 nucleotide substitutions in cDNA sequence.

The Blastx homology alignment search result shows that putative BrMYBI from
cDNA template has one domain region (Appendix L.1). It has the highest score to
MYB59-like isoform X2 from Musa acuminata subsp. malaccensis with 53% identity
and 59% coverage (Table 4.17). Besides, putative BrMYB1 also showed high score with
other MYB from Musa acuminata subsp. malaccensis such as MYBAS1, MYBASI-like
1soform X3, MYBASI-like isoform X1 and MYBASI1-like isoform X2. In addition,
Blastp homology search of putative BrMYBI1 using only the ORF region showed the
highest score to MYBAS?2 isoform X2 from Elaeis guineensis with 47% identity and 79%
coverage (Table 4.18). Overall, Blastx and Blastp homology search of sequenced putative

BrMYBI annotated the Unigenel4544 All as MYB-related transcription factor.
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In order to classify the putative BrMYBI1, phylogenetic tree using the MYB-related
proteins and R3-MYB proteins from other plants were constructed. The selection of MYB
proteins from other plants for phylogenetic tree construction were based on the
preliminary characterization of putative BrMYBI1 using blastx and blastp homology
search, which showed that the putative BrMYBI consist only one MYB domain. From
the phylogenetic tree constructed, putative BrMYBI1 was clustered together with MYB-
related proteins and falls under the same clade with MaMYBS59-like isoform X2 and
MaMYBASI-like isoform X3 proteins from Musa acuminata subsp. malaccensis; and
EgMYBAS?2 isoform X2 from Elaeis guineensis (Figure 4.29). Other R3-MYB proteins
from Arabidopsis such as AtCPC, AtTRY, AtTCL1, AtETC1, AtETC2, AtETC3 and

AtTCL2/CPL4 were branched into different cluster.

To further characterize the putative BrMYB1, multiple sequence alignment were
conducted using putative BrMYB1 ORF region (140 amino acid length) with other MYB-
related proteins from other plants such as MtMYB, ZmMYB isoform X2, OsMYBASI -
I, LuMYBI-1, LuMYBI1-2, MaMYBAS1, MaMYBASI-like isoform X2, MaMYBASI1-
like isoform X3, EgMYBAS?2 isoform X1 and EgMYBAS2 isoform X2 (Figure 4.30). In
agreeement with blastx and blastp homology search results, the protein sequence
alignment verified that putative BrMYBI1 exhbited only one MYB domain, the R3 repeat
domain and thus classified the BrMYBI1 as a R3-type MYB transcription factor (Figure
4.30). Although the putative BrMYBI1 sequence alignment has shown highly conserved
R3 domain at N-terminal region, putative BrMYBI1 exhibited different first alpha-helix
compared to other MYBAS proteins (Figure 4.30). In addition to R3 repeat domain
region, putative BrMYBI1 exhibited additional Motifl and Motif2 which was located at
the C-terminal region and were also found to be conserved across all MYBSA proteins.

Additionally, the location of two nuclear localization signals; NLS1 and NLS2 were also

154



identified in the protein alignment. However, putative BrMYBI1 only exhibited the NLS1

motif.

Figure 4.28:

Nucleotide sequencing alignment results of tanscriptomic generated
Unigene14544 All sequence, putative BrMYB1 sequence from DNA template
and putative BrMYBI sequence from cDNA template.

Forward and reverse primers are indicated by the blue arrows. For nucleotide
sequence, the start and stop codons are indicated by a red arrow; with ATG as
start codon and TAA as stop codon, while in the protein sequence, the start and
stop codons are indicated by a red arrow (“M” as start codon and “X” as stop
codon). Nucleotide deletions in the DNA sequence are indicated by a brown
box. For nucleotide sequence alignment, nucleotide substitutions in DNA and
cDNA sequences are denoted by brown and yellow triangle, respectively. While
for protein sequence alignmnent, amino acid substitution are denoted by a colon

).
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Table 4.17: The percentage identity of putative BrMYB1 cDNA with other plant MYB transcription factor at the nucleotide level over the entire sequence

using NCBI blastx.
Species Description Max Total Query E value | Identity Accession
score score cover
Musa acuminata subsp. PREDICTED: transcription factor MYB59-like 89.7 89.7 59% 1.00E- 53% XP_009404618.
malaccensis isoform X2 18 1
Musa acuminata subsp. PREDICTED: myb-related protein MYBASI1 89.4 89.4 62% 3.00E- 53% XP_009421350.
malaccensis 18 1
Musa acuminata subsp. PREDICTED: myb-related protein MYBAS1-like 88.6 88.6 65% 3.00E- 46% XP_009402365.
malaccensis isoform X3 18 1
Musa acuminata subsp. PREDICTED: myb-related protein MYBASI1 -like 89 89 65% 5.00E- 46% XP_009402363.
malaccensis isoform X1 18 1
Musa acuminata subsp. PREDICTED: myb-related protein MYBAS1-like 88.6 88.6 65% 6.00E- 46% XP_009402364.
malaccensis isoform X2 18 1
Elaeis guineensis PREDICTED: myb-related protein MYBAS2 87 87 60% 1.00E- 51% XP_010922397.
isoform X2 17 1
Elaeis guineensis PREDICTED: myb-related protein MYBAS2 87.8 87.8 60% 1.00E- 51% XP 010922396.
isoform X1 17 1




LS1

Table 4.18: The percentage identity of putative BrMYBI1 protein sequence (ORF sequence) with other plant MYB transcription factor at the protein
level over the entire sequence using NCBI blastp.

Species Description Max Total Query | Evalue | Identity Accession
score score cover
Elaeis guineensis PREDICTED: myb-related protein MYBAS2 95.9 95.9 79% 2.00E- 47% XP 010922397.1
isoform X2 21
Elaeis guineensis PREDICTED: myb-related protein MYBAS2 96.3 96.3 79% 4.00E- 47% | XP_010922396.1
isoform X1 21
Musa acuminata subsp. PREDICTED: myb-related protein MYBAS1-like 92 92 83% 6.00E- 45% XP_009402365.1
malaccensis isoform X3 20
Musa acuminata subsp. PREDICTED: myb-related protein MYBASI1 92.4 92.4 83% 6.00E- 49% | XP_009421350.1
malaccensis 20
Musa acuminata subsp. PREDICTED: transcription factor MYB59-like 92 92 75% 8.00E- 57% XP_009404618.1
malaccensis isoform X2 20
Zea mays PREDICTED: MYB transcription factor isoform 77.4 77.4 74% 1.00E- 48% XP_008672361.1
X2 14
Oryza sativa MYB transcription factor MYBAS1-1 75.5 75.5 79% 4.00E- 46% AAY97899.1
14
Medicago truncatula myb transcription factor 75.9 75.9 74% 5.00E- 44% XP_003606617.1
14
Medicago truncatula myb transcription factor 73.9 73.9 66% 2.00E- 47% XP_003606616.1
13
Linum usitatissimum MYBI-1 73.9 73.9 69% 2.00E- 43% ACUS86961.1
13
Linum usitatissimum MYBI-2 73.9 73.9 69% 2.00E- 48% ACU86962.1
13




Figure 4.29: Phylogenetic tree analysis of putative BrMYB/1 protein with other R3-type MYB in
plants.
The tree was performed using the neighbour-joining method by the MEGA 5.10
version. The numbers next to the nodes are bootstrap values from 1000 replicates.
The accession numbers of the R3 MYB proteins from other plants used to construct
the phylogenetic tree are shown in the Appendix J.
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Figure 4.30: Putative BrMYB1 protein multiple sequence alignment with other MYB-related
proteins from other plant species.
The R3 repeat MYB DNA binding region is indicated by green arrow, while
additional Motif 1 and 2 are indicated by the red boxes. The blue boxes indicate
the nuclear localization signals (NLS1 and NLS2). The helices (H) are indicated
with brown boxes. Conserved tryptophan amino acids in the MYB domain are
labelled with red triangle, while yellow triangle indicates the tryptophan residue
that was replaced by the start codon, methionine. The accession numbers of the
MYB proteins from oher plants to construct the multiple sequence alignment are
shown in the Appendix J.
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4.8.5.2 Putative BrMYB2 sequence features

The complete putative BrMYB2 sequence from DNA and cDNA sequences of the
respective clones were obtained. Putative BrMYB2 that was amplified from DNA and
cDNA template had shown clear chromatogram peaks indicating good sequencing results
(Appendix K.2). The length of putative B¥rMYB2 generated from DNA and cDNA were
825 and 740 bp, respectively. Putative BrMYB2 contains an ORF of 657 bp which encodes
218 amino acids. The multiple sequence alignment between transcriptomic sequence of
Unigene51701 All, putative BrMYB2 from DNA template and putative BrMYB2 from
cDNA template was carried out using Clustal Omega. (Figure 4.31). From the results
obtained, there was an intron sequence present in the putative BrMYB2 amplified from
DNA, which indicated that putative BrMYB2 consisted of 2 exons and one intron (Figure
4.31). There were two nucleotide substitutions in the putative BrMYB2 generated from
the cDNA template as compared to the reference Unigene51701 All sequence. In
contrast, aside from the intron region, the nucleotide sequence of putative BrMYB2 that
was generated from DNA template showed 100 % nucleotide identity to the

Unigene51701_AlL

The Blastx homology alignment search result showed that putative B#MYB2 from the
cDNA template has two domain regions (Appendix L.2). It has the highest score to the
MYB transcription factor from Morus alba var. multicaulis with 90% identity and 52%
coverage (Table 4.19). Putative BrMYB2 also showed high score with MYB from other
plant species such as Populus tomentosa, Chrysanthemum x morifolium, Populus
trichocarpa, Gossypium arboreum and Leucaena leucocephala. In addition, Blastp
homology search of putative BrMYB2 using the ORF region showed 65 — 67% identity
to MYB transcriptional repressor from Vitis vinifera, Brassica oleracea var. oleracea,
Brassica rapa, Camelina sativa, Brassica napus, and Arabidopsis thaliana; and 62 — 67

% identity to R2R3 MYB proteins from Salvia miltiorrhiza, Triticum aestivum and
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Panicum virgatum (Table 4.20). Overall, Blastx and Blastp homology search of
sequenced putative BrMYB2 annotated the Unigene51701 All as a R2R3 MYB

transcriptional repressor protein.

A phylogenetic tree was constructed using other C2 transcriptional repressor R2R3
MYB proteins from other plant species. From the phylogenetic tree constructed, BrMYB2
was clustered together with subgroup 4 R2R3 MYB proteins such as TIMYB6 from
Tradescantia fluminensis, AmMMYB330 from Antirrhinum majus, AtMYB3, AtMYB6
and AtMYBS from Arabidopsis thaliana (Figure 4.32). In addition, putative BrMYB2

shared the same clade with AmMYB330.

Protein multiple sequence alignments were done using the putative BrMYB2 ORF
region with other selected C2 transcriptional repressor R2ZR3 MYB proteins from other
plant species such as FAMYB1, AtMYB4, AtMYB7, AtMYB6, AtMYBS8, AtMYB32,
PgMYBS5, AmMMYB330, ZmMYB31, ZmMYB42, TaMYB4, PhMYB4, VvMYB4a,
VvMYB4b and SmMYB39 (Figure 4.33). Based on the sequence alignments, the N-
terminal region of repressor proteins were highly conserved as compared to the more
divergant C-terminal region. The intron region of putative BrMYB2 was identified within

the R3 repeat, located in between the first and second alpha-helixes.

From the protein alignment, typical signature motifs for transcriptional repressors such
as C1 (LIsrGIDPx[T/SJHRx[I/L]), C2 (pdLNL[D/E]Lxi[G/S]), Zinc finger or Zf (CXi-
2CX7.2CX2C) and C4 (FLGLX47[V/LILID/G][F/Y][R/S]XiLEMK) motifs were
identified at the C-terminal region. Nevertheless, only two motifs were found in the
BrMYB2 protein which included C1 and C2 whereas putative BrMYB2 lacked the Zf and
C4 motifs. In addition to signature motifs, bHLH interaction motif
(ID/EJLX[R/K]X3LX6LX3R) which is located within the R3 repeat domain region was

also found in most of the C2 repressors. The first four conserved residues were positioned
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within the first o-helix, while the second last residues were located at the second a-helix
of R3 domain. In BrMYB2 protein sequence, the last residue of bHLH interaction motif,
arginine was replaced by lysine (Figure 4.33). Subsequently, element 3 motif (DNEI) also
found within the R3 domain that was located at the a-helix 3. Similar to other C2

repressors, BrMYB2 also consisted of DNEI-type element 3 motif (Figure 4.33).
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Figure 4.31:

Nucleotide sequencing alignment results of tanscriptomic generated
Unigene51701_All sequence, putative BrMYB2 sequence from DNA template
and putative BrMYB2 sequence from cDNA template.

Forward and reverse primers are indicated by blue arrows. For nucleotide
sequence, the start and stop codons are indicated by a red arrow; with ATG as
start codon and TAG as stop codon, while in the protein sequence, the start and
stop codons are indicated by a red arrow (“M” as start codon and “X” as stop
codon). In the nucleotide sequence, the intron is indicated by brown arrow. For
nucleotide and protein sequence alignment, nucleotide and amino acid
substitutions in cDNA sequences are denoted by a yellow triangle. In protein
sequence alignment, the intron location is marked by a bold triangle.
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Figure 4.31, continued
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Table 4.19: The percentage identity of putative BrMYB2 cDNA with other plant MYB transcription factor at the nucleotide level over the entire sequence

using NCBI blastx.
Species Description Max Total Query | E value | Identity Accession
score score cover
Morus alba var. multicaulis MYB transcription factor 256 256 52% 6.00E- 90% AEES81751.1
Populus tomentosa MYB domain transcription factor 255 255 52% l.géE— 90% AKE&1094.1
Chrysanthemum x morifolium MYBI1 256 256 53% 9.§8E- 89% AEO027497.1
Populus trichocarpa myb family transcription factor family protein 254 254 52% 2.§5E— 89% XP_002306180.
Gossypium arboreum Myb-related protein 254 254 53% 2.§8E- 88% KHF919993.1
Gossypium arboreum Myb-related protein 251 251 53% 2.(§éE— 87% KHG10399.1
Leucaena leucocephala MYBI1 253 253 53% 2.§8E- 87% ADY38393.2
80
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Table 4.20: The percentage identity of putative BrMYB2 protein sequence (ORF sequence) with other plant MYB transcription factor at the protein
level over the entire sequence using NCBI blastp.

Species Description Max Total Query | E value | Identity Accession
score score cover
Vitis vinifera flavonoid-related R2R3 MYB4a repressor 273 273 86% 2.00E- 69% NP _001268129.1
transcription factor 88
Brassica oleracea var. PREDICTED: transcription repressor MY B4 270 270 83% 2.00E- 67% XP_013629672.1
oleracea 86
Brassica rapa PREDICTED: transcription repressor MY B4 271 271 83% 5.00E- 65% XP 009109540.1
87
Camelina sativa PREDICTED: transcription repressor MY B4 271 271 83% 3.00E- 66% XP_010436959.1
isoform X1 87
Brassica napus PREDICTED: transcription repressor MY B4-like 270 270 83% 2.00E- 67% XP 013652821.1
86
Camelina sativa PREDICTED: transcription repressor MY B4-like 271 271 83% 5.00E- 65% XP_010446371.1
87
Salvia miltiorrhiza R2R3 MYB transcription factor 39 268 268 85% 1.00E- 71% AGS48990.1
86
Triticum aestivum R2R3 MYB transcriptional factor 267 267 87% 2.00E- 69% AEG64799.1
86
Panicum virgatum R2R3-MYB transcriptional factor PvMYB4a 267 267 94% 6.00E- 62% AEM17348.1
86
Panicum virgatum R2R3-MYB transcriptional factor PvMYB4d 266 266 94% 2.00E- 62% AEM17351.1
85
Arabidopsis thaliana transcription repressor MY B4 266 266 83% 2.00E- 66% NP 195574.1
85




Figure 4.32: Phylogenetic tree analysis of putative BrMYB2 protein with other C2 repressor
R2R3 MYB proteins in plants.
The tree was performed using the neighbour-joining method by the MEGA 5.10
version. The numbers next to the nodes are bootstrap values from 1000 replicates.
The accession numbers of the R2R3 MYB proteins from other plants to construct
the phylogenetic tree are shown in the Appendix J.
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Figure 4.33: Putative BrMYB2 protein multiple sequence alignment with other C2 repressor
R2R3 proteins from other plant species.
The black triangle denotes the intron location in the BrMYB2 protein sequence.
The R2 and R3 repeat MYB DNA binding region are indicated by a green arrow,
while C1, C2 and C4 motif are indicated by the red boxes. Zf motif is indicated by
an orange box with the cysteine residue (C) denoted by an orange triangle. The
bHLH interaction motif is shown by the blue triangle while the complete
interaction signature was underlined. The element 3 is highlighted with a green
triangle. The helices (H) are indicated with brown boxes. Conserved tryptophan
amino acids in the MYB domain are labeled with a red triangle, while a yellow
triangle indicates the tryptophan residue that has been replaced by phenylalanine
residue in R3 repeat. The accession numbers of the R2ZR3 MYB proteins from other
plants to construct the multiple sequence alignment are shown in the Appendix J.
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Figure 4.33, continued
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4.8.5.3 Putative BrMYB3 sequence features

The complete putative BrMYB3 sequence from DNA and cDNA sequences of the
respective clones were obtained. Putative BrMYB3 that was amplified from DNA and
cDNA template had shown clear chromatogram peaks indicating good sequencing results
(Appendix K.3). The length of putative B¥rMYB3 generated from DNA and cDNA were
887 and 807 bp, respectively. Putative BrMYB3 contains an ORF of 690 bp which encodes
229 amino acids. The multiple sequence alignment between transcriptomic sequence of
Unigenel19149 All, putative BrMYB3 from DNA template and putative BrMYB3 from
cDNA template was carried out using Clustal Omega. (Figure 4.34). From the results
obtained, there was an intron sequence present in the putative B#MYB3 amplified from
DNA, which indicated that putative BrMYB3 consist of 2 exons and one intron (Figure
4.34). The nucleotide sequences from both DNA and ¢cDNA putative BrMYB3 showed

100% nucleotide identity to the reference transcriptomic Unigene19149 All sequence.

The Blastx homology alignment search results showed that putative BrMYB3 cDNA
has two domain regions (Appendix L.3). It has the highest score to MYB3-like from Musa
acuminata subsp. malaccensis with 55% identity and 73% coverage (Table 4.21). Using
Blastp homology search, putative BrMYB3 was annotated as MYB3-like from Musa
acuminata subsp. malaccensis with 55 % identity and 86 % coverage (Table 4.22).
Putative BrMYB3 also showed homology to WER-like transcription factor from Elaeis
guineensis, Phoenix dactylifera and Musa acuminata subsp. malaccensis; R2R3 MYB
transcription factor from Prunus avium and Musa AB Group; anthocyanin regulatory C1
protein from Elaeis guineensis, Morus notabilis and Eucalyptus grandis; tannin-related
transcription factor from Medicago truncatula; and transcription repressor from
Gossypium raimondii, Prunus mume and Eucalyptus grandis. Through analysis using
Blastx and Blastp homology search, it can be concluded that putative BrMYB3 can be

classified under R2R3 MYB transcription factor.
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Based on previous phylogenetic tree analysis (Figure 4.22), Unigene19149 All was
clustered under subgroup 6 R2R3 MYB transcription factor. However, through the Blastx
and Blastp homology search, N-terminal of putative BrMYB3 showed high percentage
identity to R2R3 MY B proteins that harboured the bHLH interaction motif such as WER-
like, Cl-like, tannin-related transcription factors and transcription repressor proteins.
Hence, a phylogenetic tree was contructed using bHLH containing subgroup 4, 5, 6, 15
and 27 of R2R3 MYB proteins from other plant species to further classify the putative
BrMYB3 protein (Figure 4.35). Based on the phylogenetic tree analysis, putative
BrMYB3 was clustered with EgWER-like, PAWER-like, MaWER-like, PAMYB23-like,

EgMYB308-like, MaMYB3-like and EgrC1-like proteins.

Subsequently, to analyse the conserved motifs present in BrMYB3, protein sequence
alignment was done using bHLH containing R2ZR3 MYB proteins from subgroup 4, 5, 6,
15 and 27 from other plant species (Figure 4.36). Similar to blastx and blastp results, the
N-terminal region of putative BrMYB3 protein sequence showed highly conserved
sequence with other bHLH containing R2R3 MYB proteins. Accordingly, the bHLH
interaction motif was located at the first and second o-helix of R3 domain. Putative
BrMYB3 has a perfect match with the bHLH interaction signature residues (Figure 4.36).
Subsequently, the element 3 motif was found in the a-helix 3 of R3 domain. Similar to
putative BrMYB?2, putative BrMYB3 also exhibited DNEI conserved element 3 motif

(Figure 4.36).

From the protein sequence alignment, there were 8 conserved motifs that define
subgroup 4, 5, 6, 15 and 27 that were identified at the C-terminal region. The motifs
included C1  (LIsrGIDPx[T/SJHRx[I/L]), C2  (pdLNL[D/E]Lxi[G/S]), C3
(DDxF[S/P]SFLIN/D]SLIN[E/D]), C4 (FLGLX47[V/LIL[D/G][F/Y][R/S]X1LEMK), Zf

(CX12CX7.2CXoC), subgroup S-specific (DExWLRxxT), subgroup 6-specific
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(KPRPR[S/T]F) and subgroup 15-specific (WVxxDxFELSxL) motifs. Based on protein
sequences, putative BrMYB3 does not exhibit any of the motifs that defined subgroup 4,
5, 6, 15 and 27 (Figure 4.36). This result was in accordance with the phylogenetic tree
analysis as putative BrMYB3 does not fall into the same clade with subgroup 4, 5, 6, 15

and 27 (Figure 4.36).
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Figure 4.34:

Nucleotide sequencing alignment results of tanscriptomic generated
Unigene19149 All sequence, putative BrMYB3 sequence from DNA template
and putative BrMYB3 sequence from cDNA template.

Forward and reverse primers are indicated by blue arrows. For nucleotide
sequence, the start and stop codons are indicated by a red arrow; with ATG as
start codon and TAG as stop codon, while in the protein sequence, the start and
stop codons are indicated by a red arrow (“M” as start codon and “X” as stop
codon). In the nucleotide sequence, the intron is indicated by a brown arrow. In
protein sequence alignment, the intron location is marked by a bold triangle.
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Figure 4.34, continued
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Table 4.21: The percentage identity of putative BrMYB3 cDNA with other plant MYB transcription factor at the nucleotide level over the entire sequence

using NCBI blastx.
Species Description Max score | Total Query E value | Identity Accession
score cover

Musa acuminata subsp. PREDICTED: transcription factor MYB3-like 188 188 73% 7.00E-55 55% XP_009410062.1

malaccensis

Musa acuminata subsp. PREDICTED: transcription factor WER-like 187 187 37% 1.00E-53 83% XP 009403151.1

malaccensis

Elaeis guineensis PREDICTED: myb-related protein 308-like 183 183 75% 2.00E-52 48% XP 010917231.1

Phoenix dactylifera PREDICTED: transcription factor MYB23-like 183 183 38% 4.00E-52 80% XP 008784295.1

Elaeis guineensis PREDICTED: myb-related protein Myb4-like 182 182 38% 6.00E-52 81% XP 010936941.1

Elaeis guineensis PREDICTED: transcription factor WER-like 182 182 38% 7.00E-52 80% XP_010932429.1
PREDICTED: transcription factor MYB82-like 181 181 40% 1.00E-51 77% XP_012076322.1

Jatropha curcas




9L1

Table 4.22: The percentage identity of putative BrMYB3 protein sequence (ORF sequence) with other plant MYB transcription factor at the protein
level over the entire sequence using NCBI blastp.

Species Description Max Total | Query | E value Identity Accession
score score cover

Musa acuminata subsp. PREDICTED: transcription factor MYB3-like 213 213 86% | 4.00E-65 55% XP 009410062.1
malaccensis

Elaeis guineensis PREDICTED: transcription factor WER-like 202 202 86% | 4.00E-60 53% XP 010932429.1
Elaeis guineensis PREDICTED: myb-related protein 308-like 201 201 86% | 9.00E-60 53% XP _010917231.1
Phoenix dactylifera PREDICTED: transcription factor MYB23-like 200 200 86% | 3.00E-59 51% XP 008784295.1
Phoenix dactylifera PREDICTED: transcription factor WER-like 199 199 86% | 8.00E-59 52% XP_008786612.1
Musa acuminata subsp. PREDICTED: transcription factor WER-like 197 197 90% | 5.00E-58 48% XP_009403151.1
malaccensis

Prunus avium R2R3 MYB transcription factor 182 182 83% 3.00E-52 49% ALH21142.1
Musa AB Group R2R3 MYB transcription factor TT2-1 181 181 59% 5.00E-52 57% AKB92818.1
Elaeis guineensis PREDICTED: anthocyanin regulatory C1 protein-like 184 184 56% | 7.00E-53 67% XP_010936942.1
Morus notabilis Anthocyanin regulatory C1 protein 184 184 60% | 2.00E-52 62% XP 010090128.1
Eucalyptus grandis PREDICTED: anthocyanin regulatory C1 protein-like 181 181 54% | 8.00E-52 66% XP_010047390.1
Medicago truncatula tannin-related R2R3 MYB transcription factor 185 185 52% | 2.00E-53 74% AFJ53058.1
Gossypium raimondii PREDICTED: transcription repressor MY B6-like 183 183 49% | 5.00E-53 74% XP_012488054.1
Prunus mume PREDICTED: transcription repressor MY B6-like 183 183 53% | 8.00E-53 67% XP_008220564.1
Eucalyptus grandis PREDICTED: transcription repressor MYBS5-like 181 181 52% 5.00E-52 69% XP _010047391.1




Figure 4.35: Phylogenetic tree analysis of putative BrMYB3 protein with other R2R3 MYB
proteins in plants that harbouring bHLH interaction motif which include proteins
from subgroup 4, 5, 6 15 and 27.
The tree was performed using the neighbour-joining method by the MEGA 5.10
version. The numbers next to the nodes are bootstrap values from 1000 replicates.
The accession numbers of the R2R3 MY B proteins from other plants to construct
the phylogenetic tree are shown in the Appendix J.
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Figure 4.36: Putative BrMYB3 protein multiple sequence alignment with other R2R3 proteins

from other plant species that harbouring bHLH interaction motif which include
proteins from subgroup 4, 5, 6 15 and 27.
The black triangle denotes the intron location in the BrMYB3 protein sequence.
The R2 and R3 repeat MYB DNA binding region is indicated by a green arrow,
while C1, C2, C3 and C4 motif are indicated by the red boxes. Zf motif was
indicated by orange box with cysteine residue (C) is denoted by orange triangle.
Subgroup 5, 6 and 15 specific motifs were indicated by light blue box, green box
and dark blue box respectively. The bHLH interaction motif was shown by a blue
triangle while the complete interaction signature was underlined. The element 3
was highlighted with green triangle. The helices (H) are indicated with brown
boxes. Conserved tryptophan amino acids in the MYB domain were labeled with
red triangle, while yellow triangle indicates the tryptophan residue that replaced by
phenylalanine, leucine and isoleucine residue in R3 repeat.The accession numbers
of the R2R3 MYB proteins from other plants to construct the multiple sequence
alignment are shown in the Appendix J.
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Figure 4.36, continued
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Figure 4.36, continued
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Characterization of putative B¥rMYB2 and BrMYB3 is summarized in Figure 4.37. The
splicing site of the intron is located within the R3 domain region for BrMYB2. In contrast,

the splicing site of the intron for B¥MYB3 is located within the R2 domain region.

Figure 4.37: Schematic diagram of putative B¥MYB2 and BrMYB3 genes in B. rotunda.
a) BrMYB2 with an intact two R2R3 repeat domains. b) BrMYB2 with an intron that
is located within R3 domain. a) BrMYB3 with an intact two R2R3 repeat domains.
b) BrMYB3 with an intron that is located within R2 domain. Exon region is indicated
by solid box, while introns are indicated by line. The R2 and R3 repeats are indicated
by red diagonal boxes.

4.9 Gene expression study of BrMYB2
Among the putative BrMYB1, BrMYB2 and BrMYB3, BrMYB2 were choosen to further

analyse their expression in response to phenylalanine treatment in B. rotunda callus.
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49.1 Total RNA extraction

Total RNA from cell suspension culture after 1, 7 14 days phenylalanine treatment
were successfully extracted. Figure 4.38 shows the intact 26S and 18S rRNA bands,
indicating good quality RNA extraction. The concentration and purity of the RNA are

shown in Table 4.23.

Figure 4.38: Total RNA extraction of control and phenylalanine treated B. rotunda callus after
a) 1 day; b) 7 days and c¢) 14 days treatment.
Lane L: RiboRuler High Range RNA ladder (Thermo Scientific, USA); lane 1: total
RNA extracted from control callus and lane 2: total RNA extracted from
phenylalanine treated callus.

Table 4.23: Concentration and purity of total RNA from control and pheylalanine treated
samples after 1, 7 and 14 days post-phenylalanine treatment.
Abbreviations: CTR; control and TR; phenylalanine treated sample.

Sample Concnegn/t;iltlon, Az60/A280
1 CTR 330.4 2.00

1 TR 528.1 2.01
7 CTR 279.6 1.97

7 TR 646.2 2.06
14 CTR 3493 2.03
14 TR 511.3 2.05
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49.2 qPCR analysis

Gene regulation of putative BrMYB2 in response to phenylalanine treatment was
further analysed using qPCR. Three pairs of primers (elongation factor 1-alpha, B-tubulin
and BrMYB2) that designed for the relative quantification were examined with
dissociation program for their specificity. The results are shown in Figure A.15, Appendix
M.2. From the dissociation curves, these three pair of primers showed only one single
peak, which indicated that a very specific amplication of elongation factor 1-alpha, -
tubulin and BrMYB2 for qPCR analysis. Endogenous control profile of elongation factor
1-alpha and B-tubulin in control and phenylalanine treated samples after 1, 7 and 14 days
were shown in Figure A.16 in Appendix M.3. Both of the reference genes show a similar

expression profile.

The generated data from the relative quantification was analysed with Quant Studio
software. The results were summarized in Table A.32 in Appendix M.1. The expression
patterns of putative BrMYB2 transcription factor in cell suspension culture was monitored
after 1, 7 and 14 days phenylalanine treatment. Based on bar chart in Figure 4.39, the
mRNA level expression fold change of BrMYB2 in 1, 7 and 14 days post phenylalanine
treated samples were 1.478, 2.298 and 2.599, respectively. Whereas, the mRNA level
expression fold change of BrMYB2 in 1, 7 and 14 days control samples were 1, 1.858 and
2.013 respectively.These results correlates with the transcriptome data. Putative BrMYB2
expression level in B. rotunda callus was increased in response to phenylalanine treatment

as compared to the control sample.
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Figure 4.39: Expression pattern of putative BrMYB2 in B. rotunda cell suspension culture after
1, 7 and 14 days post treated with phenylalanine.
The fold changes were determined by qPCR using 22T method. Results represent
mean standard deviations (+ SD) of four experimental replicates.
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CHAPTER 5: DISCUSSION

5.1 General transcriptome analysis

In general, flavonoid, terpenoid and alkaloid pathways are the main pathways
producing secondary metabolites in plants. RNA-Seq together with DEGs data has been
used to identify genes that are directly or indirectly involved in the secondary metabolite
biosynthetic pathways of target bioactive compounds especially in medicinal plants. For
instance, cytochrome P450 (CYP450) had been identified in most reported analysis of
late terpenoid pathways. The combination of RNA-Seq technology and methyl jasmonate
induction experiments successfully identified one CYP450 and four glycosyltransferases
as key enzymes in the ginsenoside biosynthesis in Panax quinquefolius (Sun et al., 2010).
Subsequently, by combining RNA-Seq technology and phylogenetic tree analysis based
on the previously identified CYP450 and glycosyltransferase in Panax quinquefolius, two
CYP450 and one UDP glycosyltransferase were also elucidated as candidates for
ginsenoside biosynthesis in Panax notoginseng (Luo et al., 2011; Sun et al., 2010).
Additionally, seven CYP450 and five glucosyltransferases were identified in mogrosides
biosynthesis in Siraitia grosvenorri; and six CYP450 and one glucosidase identified in
camptothecin biosynthesis in Camtotheca acuminate (Sun et al., 2011; Tang et al., 2011).
RNA-Seq analysis from different rhizomes of cultivated Curcuma longa cultivars in India
also described transcripts potentially related to anticancer and antimalarial terpenoids

(Annadurai et al., 2013).

The same approach has been adapted in this study aiming to decipher phenylpropanoid
and flavonoid pathways that are involved in panduratin A biosynthesis. Prior to RNA-
Seq, the cell suspension cultures of B. rotunda were treated with phenylalanine based on
a previous report by Tan et al. (2012) where they found that the production of panduratin
A increased after the cell suspension was treated with phenylalanine. Phenylalanine is a

key substrate in the phenylpropanoid pathway. The aromatic amino acid that is produced
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from the shikimate pathway provides the essential 6-carbon ring and 3-carbon side chain
to all phenylpropanoid and flavonoids in plants (Herrmann & Weaver, 1999). Other than
enhancing the production of panduratin A, phenylalanine has also been reported to
stimulate taxol production in Taxus cupidata cell suspension culture (Fett-Neto et al.,

1993; Fett-Neto et al., 1994).

To ensure the reliability of the transcriptome data the RNA-Seq result i.e the
transciptome data was validated through qPCR analysis. Validation was done using a
random selection of unigenes and included some of the unigenes that were annotated from
the flavonoid pathway. This included PAL; Unigen10327 All, C4H; Unigene67845 All,
4CL; Unigene41852 All, CHS; Unigenel 735 All and F3H; Unigene49558 All (Figure

4.19). As expected the qPCR results correlated with the transcriptome data.

Out of 101,043 assembled unigenes, only 50.41% of the unigenes were successfully
annotated in public protein database (Table 4.3). The limited numbers of identified plant
genes that were deposited in the database may be the reason for the unannotated 49.59%
of the transcriptome unigenes. These unannotated unigenes should be further identified

to enrich public plant databases.

Subsequently, differential expression patterns of the transcriptome profiles between
control and phenylalanine treated B. rofunda cell suspension culture showed 14,644
significantly up-regulated and 14,379 significantly down-regulated unigenes (Table 4.4).
The key factor of differential gene expression in B. rotunda cell suspension culture
between control and phenylalanine treated is proposed to be related to the differential
expression of transcription factors and transcription regulators. Transcription factors are
regulatory proteins that control the expression of specific groups of genes through
sequence-specific DNA binding and protein-protein interactions. They act either as

activators or repressors of gene expression, mediating either an increase or decrease in
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the accumulation of mRNA depending on tissue type or in response to internal or external

signals (Broun, 2004; Vom Endt et al., 2002).

A total of 139 unigenes from B. rotunda transcriptome data were mapped to rice
transcription factor database with 8 unigenes showed up-regulation and 26 showed down-
regulation (Table 4.12). Whereas 46 unigenes mapped to the rice transcription regulator
database with 4 and 9 unigenes showing up- and down-regulation, respectively (Table

4.13). Further discussion on transcription factors can be found in section 5.2.

The most abundant up-regulated unigenes in the phenylpropanoid pathway were
peroxidases, comprising 40 out of 90 unigenes (Table 4.7). Class III plant peroxidases
catalyze plant-specific oxidoreduction between hydrogen peroxide (H20) and various
reductants (Hiraga et al., 2001). Differential expression profile of the peroxidase as
isoenzymes in B. rotunda suggests that they might be involved in catalyzing different
substrate and may be involved in different physiological processes. Peroxidase class III
is involved in lignification in higher plants by radical coupling of monolignols (Marjamaa
etal.,2009). This oxidoreduction reaction utilizes hydrogen peroxide (H>0.) for oxidative
power to produce monolignol radicals for lignin polymerization (Marjamaa et al., 2009).
Different monolignols in this reaction produce different types of lignin and thus provide
different resistance barriers for plants. Lignin provides mechanical strength and resistance
against pathogens in plants. Lignification is a normal process for plant growth and
development and also occurs in response to environmental stresses (Kim et al., 2008).
Additionally, some peroxidase isoenzymes are regulated upon environmental stimuli or
prior attack by pathogens, which renders the plant with a self-defense mechanism against

physical, chemical and biological stresses (Hiraga et al., 2000).

As for the primary metabolic processes such as carbohydrate metabolism, energy

metabolism and amino acid metabolism, most have more down-regulated unigenes
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compared to up-regulated unigenes in the same pathway (Table 4.6). Primary metabolism
is essential for plant growth, plant development and plant reproduction. In cell suspension
cultures, primary metabolism is essential for plant cells to propagate in liquid media.
Down-regulation of unigenes in the primary metabolic pathways after 14 days of
propagation might be due to depleted nutrients in the liquid media. It can be suggested
that by depleting plant nutrients, cell suspension cultures are stressed and eventually
induce secondary metabolites. Similar observations have been reported by Lattanzio et
al. (2009) who showed that under limited nutrient conditions, increased phenolic

compounds were observed with a decrease in biomass production.

There are several hypotheses that relate the carbon limiting step in primary metabolism
to secondary metabolite production in plants as a trade-off between growth and the
production of carbon-based secondary metabolites such as phenolic compounds (Herms
& Mattson, 1992; Lerdau & Coley, 2002). One of the hypotheses is the carbon nutrient
hypothesis which suggests that plants modify the allocation of carbon skeletons between
primary and secondary metabolism, where in a nutrient depletion situation, the plant
restricts growth and the carbon skeleton is allocated to produce phenolic secondary
metabolite compounds (Lerdau & Coley, 2002). In addition, the protein competition
model of phenolic allocation by Jones and Hartley (1999) suggested that protein and
phenolic synthesis were competing for the use of phenylalanine as a precursor (Jones &
Hartley, 1999). The theories correlates with the previous findings. Panduratin A
production was increased after 14 days of treatment with phenylalanine in B. rotunda cell
suspension cultures (Tan, 2005). It can be suggested that during nutrient depletion, the
exogenous phenylalanine supplied were metabolized and synthesized bioactive

compounds in plants.
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5.2 Transcription factors

Genes encoding regulatory proteins are important in controlling the yield of the
bioactive compounds in B. rotunda. Through homology search of TRs and TFs using rice
database, transcription regulators and transcription factors present in B. rotunda were
successfully identified. As mentioned earlier, there were in total 139 transcription factors
and 46 transcription regulators found in B. rotunda in this study. The most abundant
transcription factor found was classified under the C3H family. The second most
abundant transcription factor found was MYB followed by NAC, WRKY, bZIP and AP2-
EREBP family (Table 4.12). All of these transcription factor families except for C3H
showed significant differential expression of their members in the treated sample,
suggesting that they played an important role in the induction or repression of the

panduratin A biosynthesis pathway.

Other up-regulated transcription factors such as AP2-EREBP, WRKY, bZIP, GRAS
and NAC have been reported to modulate the genes for plant growth and plant response
to biotic or abiotic stresses (Hirsch & Oldroyd, 2009; Jakoby et al., 2002; Mizoi et al.,
2012; Olsen et al., 2005; Ulker & Somssich, 2004). This information would be useful for
future analysis on genes that are regulated by these transcription factors especially in
relation to phenylpropanoid and flavonoid pathways. The genes encoding transcription
factors such as MYB, bHLH and WDR were reported to play important roles in regulating

the complex flavonoid pathway in plants (Yang et al., 2012).

In the B. rotunda transcriptome data, there were 16 unigenes that were mapped to
MYB transcription facor in the rice TFs database (Table 4.12). From the results, one
unigene was up-regulation, while four unigenes were down-regulation in response to
phenylalanine treatment (Table 4.12). The up-regulated unigene was identified as

Unigenel4544 All. These results only show the unigenes that mapped to the rice TFs
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database. Therefore, a new approach was performed in order to recover more MYB

transcription factos in B. rotunda RNA-Seq data.

It was reported that plant MY B transcription factor family has four subfamilies (Dubos
et al., 2010). One of them is R2ZR3 MYB transcription factor. R2ZR3 MYB transcription
factor is the largest MYB family in plants that are involved in secondary metabolic
pathways. The R2R3 MYB family plays a major role in regulating sets of genes that are
responsible for secondary metabolite biosynthetic pathways in plants especially for
synthesizing flavonoids in the phenylpropanoid pathway (Vom Endt et al., 2002). Due to

these reasons, R2R3 MYB transcriptome-wide analysis in B. rotunda was performed.

The structure of R2R3-MYB transcription factors consists of two parts: a highly
conserved MYB domain at the N terminus and a conserved amino acid sequence motif-
containing domain at the C-terminus (Li et al., 2015). In contrast to these conserved
regions, the other regions of R2ZR3-MY Bs are highly variable. The MYB domain, R2 and
R3 repeats play key roles in DNA binding and mediating response specificity. It was
reported that R2 and R3 repeats contain two helix-turn-helix motifs responsible for

binding to target genes (Du et al., 2009).

In R2R3 MYB activators, the specificity to mediate either anthocyanin or non-
anthocyanin pathway are determined by a conserved region named element 3 that is
located within the third a-helix in the R3 repeat binding domain (Heppel et al., 2013).
There were two signature patterns of element 3 that determine the specificity of regulation
either in the anthocyanin or proanthocyanidin pathway. R2ZR3 MYB activator proteins
that possess the signature of ANDV or SNDV pattern mediate the anthocyanin pathway,
while the proanthocyanidin pathway is mediated by activators harbouring the DNEI motif

(Heppel et al., 2013).
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In plants, R2R3 MYB transcription factors of subgroups 4, 5, 6, 7 and 27 are found to
be the major subgroups in controlling phenylpropanoid metabolism which are involved
in phenolic acid, lignin, flavonol, proanthocyanidin (tannins), anthocyanin and flavonoid
biosynthesis. Interestingly, with the exception of flavonol regulating subgroup 7 R2R3
MYB family, the other R2R3 MYB subgroups regulating the phenylpropanoid
metabolism exhibit a bHLH interaction motif [D/E]Lx2[R/K]x3Lx6Lx3R in their R3
repeat region (Grotewold et al., 1994; Zimmermann et al., 2004). Additionally, subgroup
15 R2R3 MYB family that regulates trichome and root hair development also harbours
the same signature motif. The presence of the [D/E]Lx2[R/K]x3Lx6Lx3R motif indicates
the involvement of a bHLH transcription factor in the MYB transcriptional regulation
either through a MYB-bHLH dimer or a MYB-bHLH-WD40 (MBW) ternary complex
formation (Hichri et al., 2011). In addition to the bHLH interaction motif, these R2R3
MYB subgroup families were classified based on the additional subgroup-specific motifs

that are located at the C-terminal region (Kranz et al., 1998; Stracke et al., 2001).

Based on R2R3 transcriptome-wide anaysis, there were 145 unigenes annotated as
R2R3 MYB transcription factors in the B. rotunda transcriptome data (Table 4.14).
However, there were only 13 unigenes that exhibited both R2 and R3 repeat domains with
a complete ORF (Table 4.14). The phylogenetic tree analysis of these 13 R2R3 MYBs
using ORF reads resulted in the classification of the MYBs into seven R2R3 MYB
subgroups which include abiotic/biotic stress, transcriptional repressor, anthocyanin
biosynthesis, lignin biosynthesis, plant development, cell wall thickening and an
unknown clade (Figure 4.22). Among these, R2ZR3 MYB proteins from subgroups 4 and
6 were reported to be involved in regulating the phenylpropanoid metabolism that leads

to lignin, anthocyanin, proanthocyanidin, flavonol and flavonoid biosynthesis.
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Out of the five unigenes classified in subgroup 4 R2R3 MYB, only the expression of
Unigene51701 All was found to be up-regulated upon phenylalanine treatment. Since the
unigene might be involved in flavonoid biosynthesis in B. rotunda, further molecular
cloning and characterization was carried out. The same analysis was also conducted for
Unigenel14544 All. As mentioned earlier, Unigenel4544 All was the only up-regulated
unigene that mapped to MYB in rice TFs database. It was the reason of including the

Unigenel4544 All for further analysis.

Since there is no genome sequence data for B. rotunda available, the cloning were
done using both DNA and cDNA templates in order to study the location of intron and
exon. The cDNA transcripts from Unigenel4544 All and Unigene51701 All were
named as BrMYB1 and BrMYB2, respectively. Unlike BrMYB2, BrMYBI1 was classified
in 1R-MYB subfamily. Instead of having two MYB repeat domains, BrMYB1 only

consisted of one MYB domain (Figure 4.30).

There were five major subgroups in the IR-MYB subfamily including CCA1-like/R-
R, CPC-like, TRF-like, TBP-like and I-box-like (Du et al., 2013). The MYB domains of
angiosperm CPC-like proteins are also known as R3-type MYB proteins because it
contained similar single R3 repeats of 2R-MYB proteins (Du et al., 2013). Based on the
protein sequence, BrMYBI1 can be further classified as an R3-type MYB protein. In
general, R3-MYBs can be recognized by their short sequence (<120 amino acids length)
and the bHLH interaction conserved motif [D/E]JLx2[R/K]x3Lx6Lx3R in R3 repeats
(Wang & Chen, 2014; Zimmermann et al., 2004). R3 MYBs also contains a sequence

motif WxM that is important for its cell-to-cell movement (Kurata et al., 2005).

In Arabidopsis and tomato, R3 MYB proteins are involved in the trichome and root
hair development (Schellmann et al., 2007; Schellmann et al., 2002; Tominaga-Wada et

al.,, 2013a; Wang & Chen, 2014; Wang et al., 2008). R3 MYB are also reported to be
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involved in the regulation of flower development and stomatal formation (Serna, 2008;
Tominaga-Wada et al., 2013b; Tominaga et al., 2008). In addition, R3-type MYB proteins
are involved in anthocyanin accumulation. For instance, CPC and SITRY were reported
to regulate the anthocyanin pathway in Arabidopsis and tomato, respectively (Tominaga-
Wada et al., 2013c; Zhu et al., 2009); while MYBL2 was found to regulate the flavonoid

biosynthetic pathway in Arabidopsis (Dubos et al., 2008).

As BrMYBI is classified as a R3-type MY B protein, further characterization was done
using phylogenetic tree using known single repeat R3 MYB proteins and other MYB-
related proteins such as AtCPC, AtMYBL2, AtTRY, OsMYBASI1-1 and MaMYBASI1
(Figure 4.29). BrMYBI1 was clustered together with MYBAS proteins from other plant
species such as Elaeis guineensis, Musa acuminata subsp. malaccensis, Zea mays, Oryza
sativa and Medicago truncatula. MYBAS is an alternatively spliced MYB transcription
factor. Unlike other well characterized R3 MYB proteins such as AtCPC, AtMYBL2 and
AtTRY, there was limited knowledge on the function of MYBAS proteins in plants. In
addition, only a few MYBSA genes were reported and molecularly characterized. The
MYBAS protein may be present as a R2ZR3 MYB protein, consisting of intact R2 and R3
MYB domain or single repeat R3 MYB protein, resulting from different alternative
splicing events in plants. For instance, SOMYBASI1 variant 3, a stress related MYB
transcription factor from sugarcane (Saccharum offinarum) was demonstrated to be
regulated in response to water deficit and salt stress (Geethalakshmi et al., 2015; Prabu et
al., 2011). SoMYBASI variant 1 (Gen Bank: HM136780) and 3 (Gen Bank: HM136782)
are present as R2R3 MYB proteins, while SoMYBAS! variant 2 (Gen Bank: HM136781)
is present as a single repeat R3 MYB protein. At the moment, only SOMYBASI1 from
variant 3 has been functionally characterized, but not so for the alternatively spliced

variant 2 SOMYBASI.
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Similarly, two homologous genes in rice, OsMYBASI (Gen Bank: AK111626) and
OsMYBAS?2 (Gen Bank: AK107214) were found to have three distinctively spliced
transcripts (type 1, 2 and 3 transcripts), resulting from three alternative splicing events
(Li et al., 2006). Through alternative splicing, OsMYBASI and OsMYBAS2 were able to
encode MYB proteins with one or two MYB repeats. The type 3 transcripts produce R2R3
MYB proteins (OsMYBAS1-3 and OsMYBAS2-3), while type 1 and type 2 transcripts
produce R3 MYB proteins (OsMYBASI1-1, OsMYBASI-2, OsMYBAS2-1 and
OsMYBAS2-2). However, no functional studies have been carried out for all of these
proteins. Interestingly, unlike SOMYBASI, OsMYBASI and OsMYBAS2, BrMYB1
was not produced from alternative splicing event. Based on the BrMYBI gene that was
sequenced from the DNA template which was then compared to the BrMYBI from the

cDNA template, no intron was detected (Figure 4.28).

Protein multiple sequence alignment of BrMYB1 (Figure 4.30) showed conserved R3
repeats across the MYBAS proteins, except for the first alpha-helix in BrMYBI.
Compared to the first alpha-helix, the second and third helices in MYB domain appear to
be crucial to form helix-turn-helix structure (HTH) for target gene reorganization and
binding. The second helix or recognition helix in HTH structure is essential to recognize
and bind to specific DNA sequences by forming hydrogen bonds with bases located in
the major groove of the DNA double helix, while the first helix stabilizes the overall
configuration through hydrogen interactions with the recognition helix (Becker et al.,
2003; Ogata et al., 1992). Three regularly spaced tryptophan residues located in the MYB
repeats, forming a tryptophan cluster in three-dimensional HTH structure (Ogata et al.,
1992). In plants, the first tryptophan of R3 is replaced by phenylalanine or isoleucine
(Ambawat et al., 2013). However, in MYBAS proteins, the first tryptophan residue is

replaced by methionine (Figure 4.30), which also happens to be the start codon, while in
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BrMYBI tryptophan was replaced by aspartate with a start codon towards the end

upstream (4 amino acids away from other plants MYBAS proteins).

In MYB proteins, nuclear localization signals (NLSs) in the R3 repeat was essential
for nuclear localization. There were two basic amino acid regions of NLSs in the R3
repeat MYBs; KRGK and RKKAQEKKR (Li et al., 2006). In Arabidopsis, AtMYB59
transcript produces four types of proteins through alternative splicing event (AtMYBS59-
1, AtMYB59-2, AtMYB59-3 and AtMYB59-4). AtMYB59-2 (R3 MYB) and AtMYB59-
3 (R2R3 MYB) proteins harbouring both NLS1 and NLS2 regions showing a clear
localization in the nucleus. In contrast, partial nucleus localization was demonstrated in
AtMYB59-1 (R3 MYB) and AtMYB59-4 (R2 MYB) which harbour only NLS2 or NLS1,
respectively. Based on the protein multiple sequence alignment, BrMYB1 consists of
only NLS2 and lack of NLS1. Therefore it can be speculated that BrMYBI1 protein would
be at least partially localized in the nucleus. However, further experiments will need to
be conducted for confirmation. Additionally there are two motif regions; Motif 1 and
Motif 2 detected in the BrtMYB1, which are also present in other plant MYBAS proteins
(Figure 4.30). However, the functions of these motifs in plants are still unknown. In the

near future functional studies of BrMYBI1 in B. rotunda will be carried out.

Unlike BrMYBI1, BrMYB2 was classified in 2R-MYB subfamily. Through blastx
homology search, the conserved domain of BrMYB2 shows two MYB domains
(Appendix L.2). Hence, further characterization was done by constructing a phylogenetic
tree and protein multiple sequence alignment using C2 transcriptional repressors R2R3
MYB from other plant species. Phylogenetic tree analysis was performed to identify the
most closely related C2 repressor proteins within the subgroup 4 R2R3 MYB family
(Figure 4.32), while protein sequence alignment was done to analyse the presence of

repressor motifs in BrMYB?2 (Figure 4.33).
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R2R3 MYB subgroup 4 transcription factors act as transcriptional repressor in the
monolignol or lignin biosynthetic pathway. These proteins exhibit a transcriptional
repressor motif; pdLNL[D/E]Lxi[G/S] at their C-terminal region. EgMYBI1 from
eucalyptus represses the lignin biosynthetic pathway (Legay et al., 2007). Furthermore,
the ectopic expression of EgMYBI in Arabidopsis and poplar negatively regulates
secondary cell wall formation (Legay et al., 2010). Subgroup 4 R2R3 MYB repressors
have also been demonstrated to repress the phenylpropanoid biosynthetic pathway. For
instance, AtMYB4 represses sinapate ester biosynthesis in a UV-dependent manner (Jin
et al., 2000). In Salvia miltiorrhiza, SmMYB39 represses rosmarinic acid biosynthetic
pathway by down-regulating the expression of C4H and TAT (tyrosine aminotransferase)
genes (Zhang et al., 2013). Additionally, ectopic expression of snapdragon AmMMYB308
and AmMYB330 in tobacco inhibits hydroxycinnamic acid and monolignol accumulation

(Tamagnone et al., 1998).

In addition to lignin and phenylpropanoid pathway, subgroup 4 MYB repressors were
also reported to regulate the anthocyanin and proanthocyanidin biosynthetic pathway. For
instance, TaMYB14 from Trifolium arvense activates proanthocyanidin biosynthesis in
the legumes Trifolium repens and Medicago sativa (Hancock et al., 2012). On the other
hand, strawberry FaMYBI suppresses anthocyanin and quercetin accumulation in
tobacco (Aharoni et al., 2001). Since the lignin and flavonoid pathways generally use the
same common precursors especially 4-coumaroyl CoA, the repression of monolignol
pathway can affect the flavonoid content in plants. For example, overexpression of wheat
TaMYB4 in tobacco caused changes in metabolic flux from the lignin pathway to the
flavonoid pathway in the (Ma et al.,2011). Similarly, overexpression of maize ZmMYB31
in Arabidopsis redirects the phenylpropanoid metabolic flux towards anthocyanin
biosynthesis (Fornalé et al., 2010). Reduction of lignin biosynthesis is likely to provide

more substrates to produce flavonoids. In contrast, heterologous expression of
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chrysanthemum CmMYBI1 in Arabidopsis alters lignin composition and represses

flavonoid synthesis (Zhu et al., 2013).

The protein sequence alignment of BrMY B2 with other transcriptional repressor R2R3
MYB proteins revealed that BrMYB2 has a highly conserved R2 and R3 domain at the
N-terminal region, while more divergent in sequence and length at the C-terminal region
(Figure 4.33). In addition, the sequence alignment also revealed the presence of four
protein motifs at the C-terminal region of the R2ZR3 MYB subgroup 4 such as Cl
(LIsrGIDPx[T/SJHRx[I/L]) (Kranz et al., 1998), C2 (pdLNL[D/E]Lxi[G/S]) (Kranz et al.,
1998), Zinc finger or Zf (CX12CX7.2CX2C) and C4  (FLGLX4.
7[V/LIL[D/G][F/Y][R/S]XiLEMK) (Shen et al., 2012) (Figure 4.33). These motifs were
unique to subgroup 4 R2R3 MYB transcription factors. Additionally, the bHLH
interaction motif, [D/E]LX>[R/K]X3LXsLX3R located within the R3 repeat was also

identified.

Originally, subgroup 4 of the R2R3 MYB subfamily was defined by the presence of
C1, C2 and Zf motifs (Stracke et al., 2001). Later, the C4 repressor motif identified by
Shen et al. (2012) was included as a new motif to define subgroup 4 R2R3 MYB
subfamily. However, according to Cavallini et al. (2015), some of the R2ZR3 MYB C2
repressors lacked either the Zf or the C4 motifs. Therefore, a more accurate MYB C2
repressor classification was established by including all MYB proteins that harbour a C2
repressor motif (Cavallini et al., 2015). The C2 repressor R2R3 MYB proteins can be
divided into four groups (A, B, C and D groups) based on the presence of C1, C2, Zf and
C4 motifs. In addition, group D can be further divided based on the presence of the C5
(TLLLFR) motif. Group A consists of C1, C2, Zf and C4 motifs; while group B lacks the

C4 motif. Subsequently, group C consists of only C1 and C2 motifs. Group D was further
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divided into three subgroups, in which D1 consists only C2 motif, D2 consists of C1, C2

and C5 motifs; and D3 consists of C1 and C2 motifs.

As demonstrated by Shen et al. (2012), the C1 motif which is also known as GIDP
motif, functions as an activation domain whereas, C2 and C4 motifs function as repression
domains. In contrast, the function of the Zf motif in the RZR3 MYB subgroup 4 proteins
remains unknown. Based on protein sequence alignment of BrMYB2 with other R2R3
MYB repressor proteins, BrMYB2 consists of only C1 and C2 motifs; and lacked the Zf
and C4 motifs (Figure 4.33). Therefore, BrMYB2 can be classified under group C of the
C2 repressor proteins. However, BrMYB2 was not clustered together with group C
repressor motifs such as AtMYB6 and AtMYBS in the phylogenetic tree, but clustered
with AmMYB330 from Antirrhinum majus by sharing the same clade (Figure 4.32).
Unlike AtMYB6 and AtMYBS, AmMYB330 was classified under group B, which
consists of C1, C2 and Zf motifs. Similarly, although AmMYB308 lacks the C4 motif,
the protein was closely related to group A members and clustered into group A in the
phylogenetic tree analysis (Figure 4.32). Both AmMMYB308 and AmMYB330 act as
transcriptional repressor of monolignol biosynthetic genes by repressing the general
phenylpropanoid metabolism (4CL and C4H) and lignin branch (cinnamyl alcohol

dehydrogenase, CAD) genes (Tamagnone et al., 1998).

The C2 motif (pdLNL[D/E]Lxi[G/S]) is also known as an ethylene response factor-
associated amphiphilic repression (EAR) motif and is involved in the repression of
transcription (Jin et al., 2000). There were two types of EAR domain motifs that are
present within the core site of the C2 motif region, which have either the DLNxxP or
LxLxL patterns (Kagale, Links, & Rozwadowski, 2010). From the protein sequence

alignment, BrMYB2 has the exact LxLxL pattern, similar to AtMYB4, AtMYB7 and
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AtMYB32 from Arabidopsis (Figure 4.33). In contrast, AmMMYB330 replaced the first

leucine residue of LxLxL pattern with valine.

From the protein alignment, BrMYB2 exhibits the DNEI sequence motif, similar to
other reported C2 repressors from groups A, B and C (Figure 4.33) (Cavallini et al., 2015).
Although the functions of element 3 have been elucidated for MYB activators, the

presence of element 3 has not been functionally characterized in C2 repressors.

Subsequently, a conserved amino acid signature of the bHLH interaction motif
([D/E]ILX5[R/K]X3LX6LX3R) that is located between the a-helix 1 and a-helix 2 of R3
domain region has been shown to be functionally important for the interaction between
MYB and bHLH proteins (Zimmermann et al., 2004). Active and passive C2 repressor
MYB proteins that exhibit bHLH conserved interaction motif have the ability to inactivate
the MYB-bHLH-WDR (MBW) activation complex (Albert et al., 2014). For instance,
petunia PhAMYBX, a single repeat R3 MY B protein asserts passive repression mechanism.
It contains the signature bHLH interaction motif but lacks the active repressor domains
and does not bind DNA directly. PhMYBXx asserts the repressive function by competing
with the R2ZR3 MYB for the bHLH binding site and results in the inhibition of the MBW
complex formation that is required for the anthocyanin biosynthetic pathway regulation

(Albert et al., 2014).

In contrast, PhAMYB27 a subgroup 4 R2R3 MY B protein from petunia harbouring both
EAR and bHLH interaction motifs exhibit active repression mechanism by directly
repressing the structural late anthocyanin biosynthetic genes (F3H, F3’5’H, DFR, ANS,
3RT, 5GT and GST) and regulatory AN gene, encoding the key bHLH factor of the MBW
activation complex (Albert et al., 2014). PhMYB27 can also act as a co-repressor that
binds to the MBW activation complex, eventually converting it into a repressive complex

and represses the same target genes as those targeted by the anthocyanin MBW activation
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complex (Albert et al., 2014). The bHLH interaction motif was determined in the protein
sequence alignment of BrMYB2 (Figure 4.33). BrMYB2 has a perfect match with the
signature in the first a-helix, but substituted the arginine residue with lysine in the second
a-helix. However, both residues are positively charged amino acid. Maize ZmMYB31
repressor also shows amino acid substitution in the bHLH interaction motif by replacing
the second leucine residue with valine at the first a-helix of R3 domain (Figure 4.33). It
was demonstrated that ZmMYB31 represses maize lignin biosynthetic gene expression

by directly binding to ZmCOMT and ZmF5H gene promoters (Fornalé et al., 2010).

In contrast to BrMYB2, BrMYB3 exhibits a perfect amino acid signature of the bHLH
interaction motif. However, it does not contain any of the motifs that define subgroups 4,
5, 6, 15 or 27 (Figure 4.36). The members of subgroup 5 R2R3 MYB proteins can be
identified based on the presence of DExXWRLxxT motif (Stracke et al., 2001). However,
some of the subgroup 5 members do not fit this classification perfectly. Manual inspection
on AtTT2 and ZmCl1 revealed that the protein sequences possess DEXWLRxxT motif
instead of the DExWRLxxT motif (Figure 4.36). Subsequently, anthocyanin regulating
subgroup 6 R2R3 MYB family can be identified by the presence of KPRPR[S/T]F motif
at their C-terminal region (Stracke et al., 2001). Subgroup 27 of R2R3 MYB family was
determined by the presence of Cl1 (LIstGIDPx[T/SJHRx[I/L]) and C3
(DDxF[S/P]SFL[N/D]SLIN[E/D]) motifs at their C-terminal region. Members of
subgroup 27 involved in broader functions in plant. Subgroup 15 R2R3 MYB family,

which can be identified by the presence of WVxxDxXxFELSxL motif at C-terminal region.

This result was in accordance with the phylogenetic tree analysis as BrMYB3 formed
a small clade with EgWER-like, PdWER-like, MaWER-like, PdMYB23-like,
EgMYB308-like, MaMYB3-like and EgrC1-like proteins (Figure 4.35). Based on blastp

homology search, these proteins were annotated as predicted proteins and named based
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on the similarity with other bHLH dependent R2R3 MYB subgroups (Table 4.22). For
instance, EgWER-like, PAWER-like, MaWER-like and PdAMYB23-like protein are
probably named after WER and MYB23 proteins from subgroup 15. Similarly EgC1-like
and EgMYB308-like proteins were probably named after ZmC1 protein from subgroup 5
and AmMYB308 from subgroup 4, respectively. However, none of these predicted
proteins have the additional subgroup-specific motifs (Figure 4.36). The only similarity
found was the bHLH interaction motif at N-terminal region. Furthermore, the entire
predicted proteins do not clustered into their predicted subgroup in the phylogenetic tree

analysis but formed a new cluster, which include BrMYB3 protein (Figure 4.35).

Accordingly, subgroup 6 R2ZR3 MYB that regulate anthocyanin pathway possess the
signature pattern of ANDV, while element 3 motif for subgroup 15 R2R3 MYB that
regulate trichome and hair root development was DNQV (Figure 4.36). In contrast,
BrMYB3 exhibits element 3 motif with the signature pattern of DNEI, and which is
similar to other non-anthocyanin regulated MYBs from subgroups 4, 5 and 27 (Figure
4.36). Therefore, it can be suggested that BrMYB3 might be involved in a non-
anthocyanin biosynthetic pathway in the phenylpropanoid metabolism, and can be

classified as a new R2R3 MYB subgroup.

Functional studies of BrMYB1, BrMYB2 and BrMYB3 will be done in the near future
to further understand their roles in plants. The studies will include; identification of target
genes in vitro through identification of any consensus DNA-binding site at the target
genes promoter region; yeast two- and three- hybrid assays to study the interaction of
MYB proteins with other transcription factors such as bHLH and WDR protein; and
overexpression of BrMYBI, BrMYB2 and BrMYB3 genes to study the transcriptional

regulation in vivo and their relationship with flavonoid synthesis, especially panduratin

201



A. Additionaly, a complete genome-wide MYB transcription factor analysis can be

accomplished once the B. rotunda genome database is available.

In this study, the presence of the introns, if any, in B#PMYBI, BrMYB2 and BrMYB3
genes were identified through a conventional sequencing approach and not through
mapping of the target sequences to B. rotunda genome database. The sequencing results
for BrMYB1, BrMYB2 and BrMYB3 genes were presented in Figure 4.28, Figure 4.31 and
Figure 4.34, respectively. From the sequencing results, no intron was found in BrMYBI,
while one intron was found in both B#MYB2 and BrMYB3 DNA sequences. The location
of the introns in BrMYB2 and BrMYB3 are represented in Figure 4.37. The BrMYB2 gene
had an 85 nucleotide long intron located within the R3 domain, whereas the BrMYB3 gene
had an 80 nucleotide long intron located within the R2 domain (Figure 4.37).
Interestingly, both introns were classified as canonical intron splicing sites by starting
with the dinucleotide GT, at the 5° end, donor site and ended with AG at the 3’ end,
acceptor site (Figure 4.31 and Figure 4.34). In plant system, canonical introns are

removed by U2-type spliceosome (Dubrovina et al., 2012).

Subsequently, the expression of BrMYB2 in response to phenylalanine in cell
suspension culture was analyzed using qPCR (Figure 4.39). The results revealed that
BrMYB?2 gene expression was up-regulated after 1, 7 and 14 days upon phenylalanine
treatment. As expected the up-regulation fold changes was higher than the control
samples. This is as previously reported by Tan et al. (2012). Hence, it can be suggested

that regulation of BrMYB2 might repress the lignin pathway.
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5.3 Enzymes that are involved in the panduratin A pathway

In addition to genes encoding regulatory proteins, genes which encode enzymes are
also important in controlling the yield of the bioactive compounds in B. rotunda. Figure
4.13 shows the proposed panduratin A biosynthetic pathway, which is derived from
chalcones in the flavonoid pathway. Through RNA-Seq and differentially expressed
genes analysis, genes that are potentially involved in panduratin A synthesis were
identified (Table 4.7 and Table 4.8). From the results, it can be inferred that the
isoflavanoids biosynthetic pathway may not be present in B. rotunda as unigene mapped
to isoflavonoid pathway in KEGG. Additionally, there was no unigene mapped to flavone
synthase (FS), suggesting that flavones might not be present in the B. rotunda cell
suspension culture. However, in contrast, flavones were successfully isolated and
identified in black rhizome of Boesenbergia pandurata (Herunsalee et al., 1987; Jaipetch
et al., 1983). From the transcriptome data, it could be suggested that different rhizome
varieties may have different flavonoid biosynthesis pathways as the source of cell
suspension culture in this study originated from yellow rhizomes and this would merit
further investigation. The other enzyme that had no unigene mapped to it was anthocyanin
reductase (ANR), which converts anthocyanidins to flavan-3-ols, which eventually

polymerizes to form proanthocyanidins.

The other enzymes in the flavonoid pathway consist of both up- and down-regulated
unigenes except for chalcone isomerase (CHI), dihydroflavonol-4-reductase (DFR) and
leucoanthocyanidin reductase (LAR) (Figure 4.13). There were no significant gene
regulation patterns in CHI, whereas down-regulated unigenes were identified for both
DFR and LAR (Table 4.8). Most of the unigenes that were mapped to the remaining
flavonoid enzymes such as phenylalanine ammonia-lyase (PAL), cinnamate-4-
hydroxylase (C4H), 4-coumaroyl:coenzyme A ligase (4CL), chalcone synthase (CHS),

flavanone-3-hydroxylase (F3H), flavonol synthase (FLS) and anthocyanin synthase
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(ANS) were down-regulated. It is suggested that down-regulation of enzyme isomers in
the flavonoid pathway causes switch-off of competitive pathways and eventually

divertion of the metabolic flux to the production of the desired secondary metabolites.

There were three enzymes known to be directly involved in panduratin A production,
PAL, 4CL and CHS (Figure 4.13) (Bowsher et al., 2008). These enzymes are known to
be encoded by a multi-gene family. Phenylalanine ammonialyase (PAL) catalyzes the
first step in phenylpropanoid biosynthetic pathway. In many plant species, several copies
of'the PAL gene have been found and characterized. Between 2 to 4 PAL genes have been
identified in Arabidopsis, tobacco, bean and parsley (Cramer et al., 1989; Fukasawa-
Akada et al., 1996; Lois et al., 1989; Wanner et al., 1995). More than 40 PAL genes were
identified in potato (Joos & Hahlbrock, 2005). Although more than one PAL gene is
present in each plant species, the regulation of each PAL gene depends on different
response of stimuli (Lois et al., 1989). In this study, there were 14 unigenes that were
mapped as PAL. However, only 2 unigenes were up-regulated in response to the addition

of phenylalanine (Table 4.7).

The second enzyme 4CL, which is one of the main enzyme involved in the pathway
showed a gene regulation pattern directly involved in the panduratin A production. There
were in total 44 unigenes mapped to 4CL in B. rotunda. However, only 3 unigenes were
up-regulated and 15 unigenes were down-regulated after 14 days post treatment with
phenylalanine (Table 4.7). 4CLs can be divided into two types in Arabidopsis thaliana;
type I is responsible for lignin formation and type II leads to branching of the flavonoid
pathways to produce flower pigments and defence mechanisms (Ehlting et al., 2002).
However, in rice, other than type [ 4CLs cluster, none were clustered in type II, but instead
clustered separately in type III (Gui et al., 2011). Although type I 4CLs in dicots and type

IIT 4CLs in monocots are suggested to lead to lignin formation, they differ in sequences
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and substrate preference (Gui et al., 2011). Similarly for type II 4CLs, which also have
differences in substrate preference and eventually cause branching in flavonoid
biosynthetic pathway (Ehlting et al., 2002). Hence it could be suggested that the
remaining non-regulated 4CLs in B. rotunda might also be involved in lignin formation

or possess different substrate preference.

As for chalcone synthase (CHS), it is categorized under the type III polyketide
synthase superfamily (Austin & Noel, 2003). It catalyzes the formation of chalcones by
condensing one p-coumaroylCoA and three units of malonyl-CoA (Ferrer et al., 1999).
Different combination of thioesters and three units of malonyl-CoA were catalysed by
CHS and eventually produce different chalcones for instance, a condensation reaction of
p-coumaroyl-CoA gave rise to naringenin chalcone while condensation of cinnamoyl-
CoA gave rise to pinocembrin chalcone (Austin & Noel, 2003). It was reported that each
CHS has a different substrate preference by in vitro determining CHS relative activity
percentage (Yamazaki et al., 2001). Although more than one CHS gene was isolated from
one species, some CHS isoenzymes were constitutively expressed throughout the plant
development with varying expression levels but some were expressed upon induction by
environmental stresses including wounding, UV light and pathogen infections
(Wingender et al., 1989). In the transcriptome data, 25 CHSs were mapped in the KEGG
database, with only Unigenel1735 All shown up-regulation while other seven unigenes

shown down-regulation (Table 4.8 and Table 4.9).

As presented in Figure 4.13, panduratin A was proposed to be derived from chalcone.
Other than panduratin A, bioactive compounds such as cardamonin, alpinetin,
pinocembrin, pinostrobin and 4-hydroxypanduratin A were also proposed to be derived
from chalcone (Figure 4.14). These compounds were successfully extracted from B.

rotunda rhizome (Kiat et al., 2006). However, the biosynthetic pathway in B. rotunda has
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not been established in the plant KEGG pathway. Hence, the proposed enzymes of the
biosynthetic pathway was solely based on the compound structures. In this thesis, other
than enzymes mentioned earlier, there were two more important enzymes that were
proposed to be involved in the bioactive compounds production in B. rotunda. As
presented in Figure 4.14, the enzymes are prenyltransferase (PT) and flavonoid O-

methyltransferase (ChOMT1, ChOMT2, 5-OMT and 7-OMT).

A diverse complex of flavonoid derivatives can be produced through flavonoid
modification such as prenylation and O-methylation. In this thesis, it was proposed that
prenyltransferase and flavonoid O-methyltransferase are the key enzymes in synthesizing
important bioactive compounds in B. rotunda such as cardamonin, alpinetin,
pinocembrin, pinostrobin, 4-hydroxypanduratin A and panduratin A (Figure 4.14). Based
on the compound structures and the reported compounds that were extracted in B.
rotunda, it could be suggested that alpinetin, pinostrobin, 4-hydroxypanduratin A and

panduratin A are the end products of the pathway (Tan, 2005).

54 Prenyltransferase

In this thesis, flavonoid pathway leading towards cardamonin, alpinetin, pinocembrin,
pinostrobin, 4-hydroxypanduratin A and panduratin A production was proposed (Figure
4.14). The first key enzyme in the proposed pathway is flavonoid prenyltransferase, which
is involved in the synthesis of important prenylated flavonoid in B. rotunda (Figure 4.14).
Flavonoid prenyltransferase catalyzes the process of transferring the prenyl moiety to
flavonoid compound (Brandt et al., 2009). It is proposed that PT2 transfers the prenyl
moiety to pinocembrin chalcone to produce 4-hydroxypanduratin A whereas, prenylation

on pinostrobin chalcone by PT1 produces panduratin A (Figure 4.14).
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In the B. rotunda transcriptome database, there was only one unigene
(Unigene31983 All) annotated as flavonoid prenyltransferase. There were two conserved
motifs found in the predicted Unigene31983 All ORF which included the prenyl moiety
binding motif (NQxxDxxxD) and flavonoid or homogentisate binding motif
(KDxxDx[E/D]GD). These motifs were highly conserved across plant flavonoid
prenyltransferase proteins (Figure 4.17). In order to predict the function of
Unigene31983 All, a phylogenetic tree was constructed using other plant aromatic and
homogentisate prenyltransferases (Figure 4.18). According to the phylogenetic tree
analysis by Wang et al. (2014), flavonoid prenyltransferases evolved from HG

prenyltransferases (Figure 4.18).

Interestingly, leguminous flavonoid prenyltransferases and moraceous flavonoid
prenyltransferases were branched into two different clusters. The leguminous flavonoid
prenyltransferases were evolved from the HG prenyltransferases that synthesizes vitamin
E, whereas moraceous flavonoid prenyltransferases were evolved from the HG
prenyltransferases that synthesizes plastoquinone. The results implies that flavonoid
prenyltransferases evolved independently in the two plant lineages (Wang et al., 2014).
Although the candidate flavonoid prenyltransferase was clustered under homogentisate
prenyltransferase and not the flavonoid prenyltransferase, further functional
characterization of the Unigene31983 All such as substrate-specific study should be
done. This is because Unigene31983 All has the possibility to function as flavonoid
prenyltransferase as demonstrated by leguminous flavonoid prenyltransferases, which
evolved from HG prenyltransferase. Moreover, no flavonoid prenyltransferase has been

characterized from the Zingiberaceae family.
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5.5 Flavonoid O-methyltransferase

In plants, flavonoid O-methylation was catalyzed by flavonoid O-methyltransferase
(OMT), which uses S-adenosylmethionine (SAM) as a methyl group donor and flavonoid
as methyl group acceptor (Kim et al., 2010). Flavonoid O-methyltransferase can be
classified into two groups depending on the substrates used; either flavonoids (Group I)

or isoflavonoids (Group II) (Kim et al., 2010).

In this thesis, there are four flavonoid O-methyltransferases proposed to be involved
in the panduratin A biosynthetic pathway in B. rotunda which includes two chalcone O-
methyltransferases and two flavanone O-methyltransferases (Figure 4.14). Based on the
chemical structures, it is suggested that chalcone O-methyltransferases: pinocembrin
chalcone 4’-O-methyltransferase (ChOMT1) and pinocembrin chalcone 2’-O-
methyltransferase (ChOMT2) transfer a methyl group to catalyze O-methylation on
pinocembrin chalcone. Both ChOMT1 and ChOMT2 compete for the same substrate, but
different products are produced due to O-methylation on different hydroxyl group
locations. It is proposed that ChOMT]1 transfers the methyl group to 4’-hydroxyl group
producing pinostrobin chalcone, while ChOMT?2 transfers the methyl group to 2’-

hydroxyl group producing cardamonin (Figure 4.14).

Subsequently, pinocembrin 5-O-methyltranferase (5-OMT) and pinocembrin 7-O-
methyltranferase (7-OMT) are flavanone O-methyltransferases that are proposed to
catalyze O-methylation on 5- and 7-hydroxyl group of pinocembrin, producing alpinetin
and pinostrobin, respectively (Figure 4.14). However, it was reported that methylation on
5’-hydroxyl group was hindered due to the tendency of 5’-hydroxyl group to form
hydrogen bond with carbonyl group located at C4 (Kim et al., 2010). Therefore, it can be

suggested that alpinetin in B. rotunda might be produced through isomerization of
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cardamonin, not by O-methylation of pinocembrin. Hence, 5-OMT might not be present

in B. rotunda.

In the B. rotunda transcriptome database, there was only one unigene
(Unigene891 All) annotated as flavonoid O-methyltransferase that has a complete ORF
(Appendix 1.2). While another unigene, (Unigene25107 All) that was also annotated as

flavonoid O-methyltransferase, had an incomplete ORF (Appendix 1.2).

Multiple sequence alignment of Unigene891 All with other plant flavonoid O-
methyltransferases revealed that Unigene 891 All consists of a conserved Histidine
residue at amino acid 268 which serves as a base for the O-methylation reaction in
FOMTs (Figure 4.15). From the alignment, it showed that the ORF of Unigene21507 All
was incomplete towards the end of C-terminus. A dimerization domain, involved in the
formation of dimer interface with the substrate binding site was located at the N-terminus,
whereas the catalytic O-methyltransferase domain was located at the C-terminus (Zubieta

etal.,2001).

Subsequently, the phylogenetic tree analysis showed that Unigene891 All does not
cluster into chalcone O-methyltransferase (MsCHMT) or flavanone 7-O-
methyltransferase (OsNMT). Instead, Unigene891 All formed a small clade with flavone
O-methyltransferasel-like (MaFI-OMTI1-like 1 and MaFI-OMT1-like 3) and tricetin
3'.4',5'-O-trimethyltransferase-like proteins (MaFI-OMT1-like 2) from Musa acuminata
subsp. malaccensis (Figure 4.16). These proteins were annotated as predicted proteins
and named based on similarity with flavone O-methyltransferase. It was reported that
flavone 7-O-methyltransferase, FI-OMT from barley (Hordeum vulgare subsp. vulgare)
functions as a flavone 7-O-methyltransferase (Christensen et al., 1998). Although MaFl-
OMTI-like 1, MaFI-OMT1-like 2 and MaFI-OMTI1-like 3 might be named based on

similarity with FI-OMT, they were not clustered together in the phylogenetic tree.
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Interestingly, Unigene891 All together with MaFI-OMT1-like 1, MaFI-OMT1-
like 2 and MaFl-OMTI-like 3 are also not clustered into other flavone O-
methyltransferase that use flavone such as HvOMT, TaOMT2, ZmOMT1 and OsOMT1
(Figure 4.16). From the results, it can be speculated that Unigene891 All might not
catalyse O-methylation on flavone substrate. These results correlate with previous
analysis that suggests that no flavones are produced in B. rotunda as no unigene mapped
to flavone synthase (Figure 4.13). Therefore, it can be predicted that Unigene891 All is
a gene encoding O-methyltransferase enzyme. Further functional studies should be

carried out in order to determine the substrate specificity and catalytic mechanism.

On the other hand, Unigene25107 All shares the same clade with FI-OMT. Therefore,
it can be suggested that Unigene25107 All might also catalyze 7-O-methyltransferase
activity. Further functional characterization studies can be suggested in order to determine
Unigene 25107_All substrate specificity. Other than FI-OMT, it was reported that O-
methyltransferase from Oryza sativa, OsNOMT also catalyzes 7-methyltransferase
activity. However, unlike FI-OMT that transfers a methyl group to flavone, OSNMT
transfers a methyl group to naringenin, a flavanone compound. Although both FI-OMT
and OsNOMT catalyzes the same activity, they were not clustered together. According to
Kim et al. (2010), 7-OMTs were substrate exclusive and flavonoid 7-OMTs do not show
high sequence similarity to one another, which explains the different clusters for FI-OMT

and OsNOMT in this phylogenetic tree (Figure 4.16).

From the phylogenetic analysis, none of the candidate unigenes clustered with
chalcone O-methyltransferase, MsCHMT. It was reported that MsCHMT, a chalcone O-
methyltransferase from Medicago sativa catalyzes O-methylation on the 2’-
hydroxygroup of a chalcone, isoliquiritigenin producing 4,4’-dihydroxy-2’-methoxy

chalcone. According to Zubieta et al. (2001), the substrate binding site of MsCHMT
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appeared to be pre-arranged upon SAM binding. Accordingly, this methylation reaction
prevents cyclization of isoliquiritigenin to flavanone liquiritigenin (7,4’-
dihydroxyflavanone) by CHI (Zubieta et al., 2001). Hence, producing less flavanone

liquiritigenin.

5.6 Bioactive compounds proposed pathway

Panduratin A is a unique bioactive compound that is exclusively synthesized in B.
rotunda. As mentioned previously, panduratin A exhibits a number of medicinal
properties (Table 2.4), resulting in increasing demands of the compound in medicinal and
health care sectors. However, the production of panduratin A in nature was limited
(Tewtrakul et al., 2009). One way to increase the production yield of panduratin A is
through metabolic engineer its biosynthetic pathway. Nevertheless, panduratin A

biosynthetic pathway has not been established.

Panduratin A shares a similar carbon structure with other bioactive compounds
extracted in B. rotunda such as pinostrobin, pinocembrin, alpinetin, cardamonin 4-
hydroxypanduratin A (Figure 2.10). Hence, in order to see the biosynthetic pathway
relationship between these compounds, a new flavonoid pathway leading towards
naringenin, pinostrobin, pinocembrin, alpinetin, cardamonin, panduratin A and 4-

hydroxypanduratin A is proposed in this thesis (Figure 4.14)

As shown in Figure 4.14, through cinnamic acid, the pathway is diverged into two
main pathways. The first pathway is the pathway leading towards the production of
pinostrobin, pinocembrin, alpinetin, cardamonin, panduratin A and 4-hydroxypanduratin
A through pinocembrin chalcone and pinostrobin chalcone. The second pathway is the

pathway leading towards the production of naringenin through naringenin chalcone.
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The extraction of bioactive compounds from B. rotunda rhizome yielded 1,1366.3
ng/g of pinostrobin followed by 4,918.2 ng/g of pinocembrin, 3,738.0 pg/g of alpinetin,
791.4 pg/g of 4-hydroxypanduratin A, 428.6 png/g of of panduratin A, 146.2 pg/g of
cardamonin and 95.9 pg/g of pinostrobin chalcone (Tan, 2005). According to Tan (2005),
there was no naringenin produced in the B. rotunda rhizome. However, naringenin was
successfully extracted from other plants such as soybean (Porter et al., 1986) and Mimosa
hostilis (Ohsaki et al., 2006). Therefore, it can be speculated that naringenin biosynthetic

pathway might not be present in B. rotunda.

Based on the amount of compounds produced in B. rotunda rhizome reported by Tan
(2005), hypothesis on metabolic flux in the proposed flavonoid pathway leading towards
pinostrobin, pinocembrin, alpinetin, cardamonin, panduratin A and 4-hydroxypanduratin
A production is suggested in this thesis (Figure 5.1). It can be speculated that there are
four pathways leading to the production of bioactive compounds. As illustrated in Figure
5.1, the first pathway is pinostrobin and pinocembrin production pathway, followed by
alpinetin and cardamonin production pathway, 4-hydroxypanduratin A production

pathway and lastly panduratin A production pathway.

Subsequently, as shown in Figure 5.1, pinocembrin chalcone is the central substrate
producing all of the bioactive compounds in this proposed pathway. It was reported that
the highest amount of bioactive compounds extracted from B. rotunda rhizome was
pinostrobin (Tan, 2005). Therefore it can be speculated that most of the pinocembrin
chalcone is converted to pinostrobin and pinocembrin. This convertion might occur
through spontaneous non-enzymatic isomerization rather than enzymatic CHI reaction.
Spontaneous isomerization of pinocembrin chalcone to pinocembrin might occur without
any involvement of CHI due to relatively unstable chalcone compounds in nature

(Bowsher et al., 2008). Supporting the hypothesis, unigenes annotated as CHI in B.
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rotunda transcriptome data also shown non-significantly regulated in response to
phenylalaine treatment (Table 4.8). Therefore it can be speculated that the biggest
metabolic flux flow in the proposed flavonoid pathway is leading towards pinostrobin
production. Pinostrobin is the end product of this pathway. Hence the yield was higher

compared to pinocembrin.

In addition, pinocembrin chalcone also serves as primary substrate to produce
cardamonin, 4-hydroxypanduratin A and pinostrobin chalcone (Figure 5.1). It is
suggested that enzyme competition occur between ChOMT2, ChOMTI1 and PT2 to
catalyse pinocembrin chalcone in the flavonoid proposed pathway (Figure 5.1).
Unfortunately, flavonoid O-methyltransferase and prenyltransferase found in B. rotunda
transcriptome data does not show correlations with results reported by Tan (2005). The
unigenes analysed were non-significantly regulated. Further analysis have to be carried
out to elucidate the genes encoding both flavonoid O-methyltransferase and
prenyltransferase that involved in this pathway. Based on the report of bioactive
compounds extracted from B. rotunda rhizome, alpinetin production was higher
compared to 4-hydroxypanduratin A and panduratin A (Tan, 2005). Thus, it can be
speculated that the second high metabolic flux in the proposed flavonoid pathway is

towards alpinetin production followed by 4-hydroxypanduratin A production.

Hence, panduratin A biosynthetic pathway has the least metabolic flux in the proposed
flavonoid pathway (Figure 5.1). From the flavonoid proposed pathway, it can be
suggested that most of the pinostrobin chalcone, the substrate for panduratin A
biosynthesis might be isomerized spontaneously to form pinostrobin. The metabolic flux
of this isomerization is greater compared to prenylation of pinostrobin chalcone, which
explain the low abundance of panduratin A in B. rotunda rhizome as reported by Tan

(2005). To validate and establish this proposed pathway, molecular characterization and

213



functional study through enzyme assay analysis of the cDNA encoding enzymes that are

involved in the proposed pathway will be conducted in the future.

Figure 5.1: Hypothesis on metabolic flux in the proposed flavonoid pathway leading to

cardamonin, alpinetin, pinocembrin, pinostrobin, 4-hydroxypanduratin A and
panduratin A production. Established flavonoid pathway was adapted from Bowsher
et al., 2008.
Abbreviations: PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase;
4CL, 4-coumaroyl:coenzyme A ligase; CHS, chalcone synthase; CHI, chalcone
isomerase; PT1, prenyltransferasel; PT2, prenyltransferase2; 7-OMT, pinocembrin
7-O-methyltransferase; ChOMT1, pinocembrin chalcone 4’-O-methyltransferase
and ChOMT?2, pinocembrin chalcone 2’-O-methyltransferase. Blue arrows indicate
the metabolic flux towards production of pinocembrin and pinostrobin. Dark green
arrows indicate the metabolic flux towards production of cardamonin and alpinetin.
Red arrow indicates the metabolic flux towards production of 4-hydroxypanduratin
A. Light green arrows indicate the metabolic flux towards production of panduratin
A. The thickness of the arrows indicate the metabolic flux flow tendency. The
relative amount of bioactive compound yield in B. rotunda rhizome as reported by
Tan (2005) was denoted by number 1 — 7, with number 1 indicates the highest, while
number 7 indicates the lowest.
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5.7 Proposed prenylation mechanism

As mentioned previously, proposed panduratin A biosynthetic pathway in B. rotunda
has been suggested in Figure 5.1. As a cyclohexenyl chalcone compound, cyclization
after prenylation of panduratin A is a crucial step. Thus, in this thesis, the prenylation
mechanism steps are proposed based on the chemical structure backbones of panduratin
A and other prenylated flavonoids that found in B. rotunda (Table 5.1 and Figure 5.2). In
nature, there have been reports of more than 10 prenylated flavonoids that has been
extracted from B. rotunda (Morikawa et al., 2008; Win et al., 2007) (Figure 2.16). Table
5.1 shows the proposed aromatic compound, type of prenyl moiety and C-prenylation

location that involved in the biosynthesis of prenylated flavonoids in B. rotunda.

Based on the structure backbone, all of the prenylated flavonoids are proposed to have
geranyl side chain prenylated on either flavanone or chalcone compounds (Figure 2.16
and Table 5.1). Thus, it can be suggested that prenyltransferase involved in prenylated
flavonoids biosynthesis in B. rotunda are specific to geranyl diphosphate, transferring
geranyl side chain to flavanone and chalcone. Next, some C-prenylation are suggested to
take place on ring A at C-6 or C-8 of flavanone and C-3’ of chalcone producing prenylated
flavanone and prenylated chalcone, respectively (Figure 2.16 and Table 5.1). Prenylated
flavonoids such as 6-geranylpinostrobin and 6-geranylpinocembrin do not undergo

further modification after prenylation.

However, some of the prenylated flavonoids such as panduratin A and 4-
hydroxypanduratin A are proposed to undergo further cyclization step after prenylation
(Table 5.1). In this thesis, the proposed prenylation mechanism of chalcones to produce
prenylated chalcones or cyclohexenyl chalcones is illustrated in Figure 5.2. The proposed
prenylation mechanism involves C-prenylation of of chalcones at C-a or C-f3, followed

by isomerization by cis-trans isomerase, dehydrogenation by dehydrogenase (NAD") and
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cyclization by nucleophile attacks to the carbocation intermediate producing
cyclohexenyl chalcones (Figure 5.2). It is suggested that isomerization by cis-trans
isomerase will results in changing the arrangement of the geranyl moiety structure that
located at either C-a or C-f of the chalcones. Thus the prenylated chalcones have the
same molecular formula but a different physical structure (Figure 5.2). Next,
dehydrogenation by dehydrogenase (NAD") will results in carbocation intermediate
formation. This carbocation intermediate will cause nucleophile attacks located either at
C-a or C-B (prenylation at C-p or C-a, respectively) and eventually resulting in hexene

ring formation (Figure 5.2).

Different C-prenylation location on the same chalcone producing different
cyclohexenyl chalcones. Prenylation on pinocembrin chalcone, cardamonin and
pinostrobin chalcone at C-o result in biosynthesis of 2-hydroxypanduratin A,
isopanduratin A1 and nicolaidesin B, respectively. On the other hand, prenylation of the
same chalcone compounds at C-f3 produce 4-hydroxypanduratin A, isopanduratin A2 and

panduratin A, respectively.

It 1s proposed that at least another two enzymes involve in the cyclization after
prenylation of the pinostrobin chalcone in panduratin A biosynthesis. However, in this
study, the unigenes that annotated as cis-trans isomerase and dehydrogenase (NAD") in
B. rotunda transcriptome data were not analysed. Further identification and
characterization of these unigenes will be done in the future to understand more about

panduratin A biosynthesis.
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Table 5.1: Proposed prenylation of prenylated flavonoids found in B. rotunda, which
include the type of prenyl moiety, type of aromatic compound, C-prenylation
location and involvement of further modification after prenylation.

Bioactive compounds Prenyl Aromatic C-prenylation Further
moiety compound location modification
(Cyclization)
3’-geranylcardamonin Geranyl chalcone ring A, C-3' No
Rotundaflavone I Geranyl flavanone ring A, C-8 No
Rotundaflavone II Geranyl flavanone ring A, C-8 No
6-geranylpinostrobin Geranyl flavanone ring A; C-6 No
6-geranylpinocembrin Geranyl flavanone ring A; C-6 No
8-geranylpinostrobin Geranyl flavanone ring A; C-8 No
8-geranylpinocembrin Geranyl flavanone ring A; C-8 No
7,8-dihydro-5-hydroxy-2- Geranyl flavanone ring A; C-6 Yes
methyl-2-(4'-methyl-3'-
pentenyl)-8-phenyl-2H,6H-
benzo[2,1-b:5,4-b'|dipyran-
6-one
Panduratin A Geranyl chalcone C-p Yes
Panduratin C Geranyl chalcone C-p Yes
4-hydroxypanduratin A Geranyl chalcone C-p Yes
Krachaizin A Geranyl chalcone C-B Yes
Krachaizin B Geranyl chalcone C-p Yes
2-hydroxyisopanduratin A Geranyl chalcone C-a Yes
Isopanduratin A1l Geranyl chalcone C-a Yes
Isopanduratin A2 Geranyl chalcone C-p Yes
6-methoxypanduratin A Geranyl chalcone C-p Yes
Nicolaioidesin B Geranyl chalcone C-a Yes

217



Figure 5.2: Proposed mechanism of prenylated chalcone by prenyltransferase through C-a (a)
and C-B (b) prenylation.

Isomerization, dehydrogenation and cyclization reactions were adapted from Bailey
& Bailey (2000).
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5.8 Approaches to increase panduratin A production in the future

Flavonoid pathways in B. rotunda can potentially be manipulated through metabolic
engineering using the information generated in this study. The metabolic engineering
approach can be achived through overexpression and/or silencing of the genes encoding
enzymes in the proposed panduratin A biosynthetic pathway (Figure 5.1). Prior to
metabolically engineering the panduratin A production pathway in B. rotunda plant, it is
crucial to establish the proposed pathway first. Although the genes that might encoded as
the enzymes in the proposed pathway can be elucidated through B. rotunda transcriptome
data, the first step to establish the pathway is to perform the functional characterization
of the genes. This approach also important in order to select the best genes encoding the

relevant enzymes.

Functional characterization can be achieved through mutant yeast complementation
experiments. This complementary experimental approach is based on employing the
specific mutant yeast that cannot grow on certain media composition. However, mutant
yeast harbouring the gene of interest could grow on the selectable media due to their
ability to restore the physical deficiency of the mutated yeast (Avelange-Macherel &
Joyard, 1998; Bolognese & McGraw, 2000; Campbell et al., 1998; Frémont et al., 2013),
which consequently indirectly verifies their gene function. The functional complementary
approach using mutant yeast has successfully elucidated genes in Arabidopsis thaliana
such as for isopenthyl diphosphate isomerase encoded by the /PP gene, methyltransferase
encoded by the COQ3 gene, phosphor-ethanilamine N-methyltransferase and
acetylornithine aminotransferase encoded by the TUPS5 gene (Avelange-Macherel &
Joyard, 1998; Bolognese & McGraw, 2000; Campbell et al., 1998; Frémont et al., 2013).
The same approach has also elucidated for the iron transporter gene function (MxI/RT1)

in Malus xiaojinesis (Zhang et al., 2013).
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Besides, another approach to determine the function of the putative genes is through
substrate-specificity study and enzyme assay. It has been reported that through these
approaches, functional characterization of prenyltransferases from Lithium erythrorizon
(LePGT-1) and Sophora flavescens (SIN8DT-1, SEG6DT and SfiLDT) were elucidated
(Yazaki et al., 2002; Sasaki et al., 2008; Sasaki et al., 2011). The genes were transformed
into yeast w303-1A-Acoq?2 strain which had distrupted COQ2 gene. The gene encodes
for 4-hydroxybenzoate prenyltransferase that utilized prenyl diphosphate for ubiquinone
synthesis in yeast. According to Sasaki et al. (2009), the disruption of COQ2 gene was
important to provide a prenyl donor efficiently for prenylation. Eventually, substrate-
specificity study and enzyme assay were performed using miscrosomal fraction of the

transformed yeast.

Since panduratin A biosynthetic pathway is the least favourable pathway in this
proposed flavonoid pathway, it is a challenging task to increase panduratin A production
in B. rotunda (Figure 5.1). First, at the regulatory gene level, it can be suggested that the
lignin pathway can be repressed through overexpression of the subgroup 4 R2R3 MYB
transcription factor repressor. Hence, the metabolic flux will be diverted to the flavonoid
pathway, providing more pinocebrin chalcone substrate in the proposed flavonoid
pathway (Figure 5.1). From B. rotunda transcriptome data, BrMYB2 was annotated as
subgroup 4 R2R3 MYB transcription factor. Up-regulation of BrMYB2 upon
phenylalanine treatment in B. rotunda cell suspension culture makes it as a good
candidate for overexpression study in B. rotunda. However, prior to overexpression of
BrMYB2 in B. rotunda, functional study of BrMYB2 should be performed first to ensure

it plays roles as lignin pathway repressor.
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Figure 5.3: Suggestions on changing the metabolic flux in the proposed flavonoid pathway

leading to increase panduratin A production. Established flavonoid pathway was
adapted from Bowsher et al., 2008.
Abbreviations: PAL, phenylalanine ammonia lyase; C4H, cinnamate-4-hydroxylase;
4CL, 4-coumaroyl:coenzyme A ligase; CHS, chalcone synthase; CHI, chalcone
isomerase; PT1, prenyltransferasel; PT2, prenyltransferase2; 5-OMT, pinocembrin
5-O-methyltransferase, 7-OMT, pinocembrin 7-O-methyltransferase, ChOMT]1,
pinocembrin chalcone 4’-O-methyltransferase and ChOMT2, pinocembrin chalcone
2’-O-methyltransferase. Blue arrows indicate the metabolic flux towards production
of pinocembrin and pinostrobin. Dark green arrows indicate the metabolic flux
towards production of cardamonin and alpinetin. Red arrow indicates the metabolic
flux towards production of 4-hydroxypanduratin A. Light green arrows indicate the
metabolic flux towards production of and panduratin A. The thickness of the arrows
indicate the metabolic flux flow tendency. For metabolic engineer the pathway, black
X indicate silencing genes strategy, while tripple black arrows indicate
overexpression genes strategy.
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Additionally, based on the proposed flavonoid pathway, there are a few suggesstions
to increase panduratin A production. In this thesis, it is suggested that in order to divert
the metabolic flux towards panduratin A production, pinocembrin chalcone must serves
as the only substrate to produce pinostrobin chalcone by silencing ChOMT2, PT2 and
CHI (Figure 5.3). As mentioned previously, since isomerization of pinocembrin chalcone
can occur spontenously without the involvement of CHI, it can be suggested to silence 7-
OMT as well in order to prevent the depletion of pincocembrin chalcone as the substrate

in panduratin A biosynthetic pathway.

Although silencing of CHI and 7-OMT might increase the accumulation of
pinocembrin chalcone, the spontaneous isomerization of pinocembrin chalcone to
pinocembrin might hinder the effort to increase the panduratin A production by the
accumulation of pinocembrin rather than panduratin A. Therefore, it is suggested to
overexpress ChOMTI and PT1 together with the silencing approaches in order to make
the metabolic flux towards panduratin A production greater than metabolix flux towards

pinocembrin and pinostrobin production, respectively (Figure 5.3).

In addition with the pathway information available, the production of panduratin A
can also be achieved through biotransformation of microorganisms by transferring the
genes encoding the related enzymes into the system. As mentioned by Kim et al. (2010),
the rate of success of engineering of plant pathways in microorganisms is critically
dependent on the selection and copy number of expressed genes, substrate supply and
optimal fermentation conditions. Since panduratin A is not produced in yeast system in

nature, it can be a good alternative host system to produce panduratin A.

It has been reported that the entire B-bitter acid pathway was successfully reconstructed
in a yeast system (Li et al., 2015). There were five enzymes co-expressed in mutant

DD104 yeast strain which include HICCL2, HICCL4, HIVPS, HIPT1-L and HIPT2. The
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mutant DD104 yeast strain was originally designed for monoterpene production by down-
regulating the endogenous farnesyl diphosphate which provides large pool of
dimethylallyltransferase (DMAPP) for prenylations in -bitter acid biosynthetic pathway
(Fischer et al., 2011). It was reported that up to 2.18 pmol L of total B-bitter acids were
produced in this engineered yeast system (Li et al., 2015). It is certainly hoped that the
production of panduratin A can also be successfully increased in the future by employing

the information and strategies discussed above.
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CHAPTER 6: CONCLUSION

In conclusion, all objectives have been achieved. Total RNA in B. rotunda in response
to exogenous phenylalanine treatment was successfully sequenced through RNA-Seq
technology. This is the first report of B. rotunda transcriptome data to elucidate gene
regulation pathways in response to exogenous phenylalanine treatment. The
transcriptome data will also enrich the plant database as a reference for other
Zingiberaceae family members. Subsequently, transcriptome data between the
phenylalanine treated and untreated B. rotunda cell suspension cultures also achieved in
this study. Through RNA-Seq and DEGs analysis, genes encoding flavonoid enzymes
and transcription factors that leads to panduratin A biosynthesis in B. rotunda were

successfully elucidated.

In addition, the first transcriptome-wide R2R3 MYB transcription factor analysis in B.
rotunda has been successfully identified and characterized. Based on results obtained,
BrMYBI1, BrMYB2 and BrMYB3 were successfully cloned and molecularly characterized.
BrMYB2 and BrMYB3 encode the repressor RZR3 MYB subgroup 4 protein and bHLH-
dependent R2R3 MYB protein, respectively while BrMYB1 encodes for a R3-MYB

related protein.

In this thesis, pathways leading to bioactive compounds including panduratin A in B.
rotunda are proposed. The hypothesis on the metabolic flux in the proposed pathways is
also suggested in the thesis. Through the metabolic flux hypothesis, approaches to
increase panduratin A yield were deduced. The approaches includes to overexpress and/or
silence the genes encoding related enzymes in the proposed pathway in B. rotunda.
Alternatively, the production of panduratin A can be achieved trough biotransformation
of microorganisms by transferring the genes encoding related enzymes to microorganism

host such as yeast.
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However, in order to achive that, the proposed biosynthetic pathway must be
established first. The establishment of the pathway can be done through functional
characterization of the candidate genes that were identified from B. rotunda transcriptome
data. Substrate-specificity study and enzyme assay are important to verify the functions
of the enzymes. Thus, the best genes can be chosen for gene overexpression and/or

silencing study.
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