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ABSTRACT

Globally, production of black tea has been on an increasing trend. This has posed a
challenge on the market prices due to glut in the market. Thus need for diversification
of tea products. Flavonoids are good antioxidants hence health-promoting properties.
They are also relevant in determining the quality of food products. The quality of
beverage tea is determined by the accumulation of flavonoids which are profoundly
influenced by changes in environmental parameters and germplasm. The objective of
this study was to investigate the effect of seasonal variations on tea flavonoids. Five
cultivars comprising green-(TRFK 31/8, TRFK 6/8, and NRIT St. 536) and purple-
leafed (TRFK 306 and TRFK 91/1) grown at Tea Research Institute (TRI), Timbilil
center, Kericho county and Kangaita center, Kirinyaga county were evaluated for
flavonoid profiles over the hot-dry, cool-wet and warm-wet seasons in the year 2014.
Stomatal density (Sp) was determined to find the effect on the biosynthesis of
flavonoids. It involved scoring of leaf imprints of the 3™ tea leaf under the light
microscope (Mg x25). Results showed significant (P< 0.05) variation of stomatal
density among the cultivars and all the interactions. Higher stomatal density was
recorded in the cool-wet season in assam varieties; TRFK 31/8, 306 and 91/1. For
biochemical analysis, three leaves plus apical bud were analyzed for catechins using
HPLC (high performance liquid chromatography). There was significant (P<0.05)
variation in total catechins (TC) due to cultivars and seasons. The cultivar TRFK 6/8
showed signifigant high accumulation of total catechins during the warm-wet season.
EGCG (epigallocatechin gallate) which is the most abundant catechin in tea leaves
was significantly higher during the warm-wet season in Timbilil. Further, three leaves
plus apical bud of the purple-leafed cultivar TRFK 306 and TRFK 91/1 were sampled
for anthocyanins. Total monomeric anthocyanin was determined using pH differential
method of two buffers systems. Results revealed significant (P<0.05) variation among
the cultivars and all the interactions. Anthocyanins content was significantly
accumulated during the warm-wet season compared with other seasons. The hybrid
TRFK 306 showed significantly higher contents compared with the parent (wild tea)
TRFK 91/1. For gene expression studies, three leaves plus apical bud were analysed
for eight gene transcripts; CsPAL, CsCHS, CsCHI CF3H, CsF3’5’H, CsDFR, CsANR
and CsANS. The raw threshold cycle (C;) values were normalized against a
housekeeping gene encoding CsActin and the values used to calculate the differences
in expression using the Relative Expression Software Tool (REST). Results revealed
that there was differential expression of gene transcripts CsPAL, CsCHI, CF3H and
CsF3’5’H in purple-leafed and green-leafed cultivars. In all the seasons, purple leafed
cultivar TRFK 306 showed; up regulation of CsCHI and down regulation of CsCHS,
down regulation of CsPAL in cool-wet and warm-wet seasons, and down regulation of
CsF3°5H only in hot-dry season. Overall, the results of the study demonstrated that,
stomatal density was higher in cool-wet season in assam cultivars; TRFK 306
accumulated higher contents of total monomeric anthocyanis during the warm-wet
season. While TRFK 6/8 commercially grown for quality tea showed significantly
higher total catechins during the warm-wet season. For molecular analysis, results
showed differentially expression of flavonoids gene transcripts in the two selected
cultivars (TRFK 306 and 31/8). The observed season-specific differences in
flavonoids content in different tea cultivars are an indication of the potential for
product diversification.
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CHAPTER ONE
INTRODUCTION

1.1 Background information

Tea [Camellia sinensis (L.) O. Kuntze] is a widely consumed beverage which has
contributed significantly to the economy of many developing countries (Chen and
Zhou, 2005; Zhang et al., 2014). The plant is a woody evergreen perennial crop that
thrives well in moderate temperatures, acidic soils and highly humid environmental
conditions (Dufresne and Farnworth, 2001). There are three distinct varieties namely:
Chinery (China type), Assamica (Assam type) and Cambodia (Cambod type) (Wight,
1962; Barua, 1965). This grouping is based on the growth and morphological features
such as foliar, floral (Wachira et al.,2001) The Assamica variety is the most

commonly cultivated in Kenya.

Beverage tea is classified into four groups: green, oolong, and black and pu-erh tea.
Green, Oolong, Black and Pu-erh tea are unfermented, semi-fermented fermented and
post fermented (Zhao et al., 2006) respectively. Kenya is the third leading producer of
tea after China and India. It is the largest exporter of black Cut, Tear and Curl (CTC)
tea worldwide (ITC, 2016). As the leading foreign exchange earner for Kenya, the tea
subsector contributes 4% to the(GDP) gross domestic product (TBK, 2013) making it
a key pillar towards poverty reduction, employment creation and infrastructural
development (FAO, 2016). However, the global trends for black CTC tea markets
have been on the decline calling for value addition and product diversification,
important means towards sustainable tea production. There is need for appropriate
interventions that will contribute to expansion of market outlets. Such interventions

can be driven by product diversification and value addition (Nyirenda et al., 2006;
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Anon, 2016). This entails the production and branding of tea products and extracts.
Such an endeavour should be preceded by the extensive characterization of tea
cultivars to identify biochemical properties that can enhance their nutritional
potential. In this respect, the Tea Research Institute has embarked on breeding of new

varieties that are suitable for different types of tea products (Kamunya et al., 2009).

The potential health benefits associated with the beverage is attributed to secondary
metabolites/bioactive molecules such as polyphenols (catechins, anthocyanins,
theaflavins, thearubigins, and chlorogenic acid among others), alkaloids (caffeine,
theophylline and theobromine), amino acids (mainly theanine), vitamins and minerals
(Xie et al., 2010). Tea catechins (flavan-3-ols) are classiffied into two main categories
non-epicatechins namely (-) gallocatechin (GC), (-) gallocatechin gallate (GCG) and
epicatechins which includes (-) epicatechin (EC), (-) epigallocatechin (EGC), (-)
epigallocatechin gallate (EGCG), (-) epicatechin gallate (ECG) (Thielecke and
Boschmann, 2009). These biomolecules are synthesized through the phenylpropanoid
biosynthetic pathway, a process greatly influenced by the genotype and environmental
conditions (Cohen et al., 2012). Apart from the health aspects, tea flavonoids
especially catechins also determine the tea quality (Owuor and Obanda, 2006). Auto-
oxidation of leaf catechins results into complex compounds such as TRs
(thearubigins) and TFs (theaflavins) that gives black tea its quality. The geographical
location and the prevailing enviromental conditions where tea production occurs
affects the quantity of these biochemicals in the beverage (Kowalsick et al., 2014).
Apart from flavonoids, inorganic elements such as Aluminum, Potassium, Fluoride

and Manganese are also constituents of tea (Modders and Amarakoon, 2002).
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Studies on tea flavonoids are of great interest due to their potential to product
diversification that would promote the health aspects of tea. Several properties have
been reported on the pharmacological benefits of tea. It has potential to decrease lung
cancer risk (Wang et al., 2014) and reduce low density lipoprotein through oxidation
(Haak et al., 2009). Tea flavonoids reduces incidences of cold, flu and antimicrobial
effects on disease-causing pathogens (Paola et al., 2005; Bukowski and Percival,
2008; Arab et al., 2013). Growing evidence suggests that catechins improves blood
flow, eliminates alcohol and other toxins, improve resistance to diseases, relieve joint
pain, clear urine and improve its flow (Thielecke and Boschmann, 2009). Overally,
tea flavonoids act as good antioxidants that prevents degenerative diseases. These are
caused by reactive oxygen species (ROS) due to oxidative damage of cells resulting to
lipid peroxidation and oxidation of carbohydrates among others (Ciancolini et al.,

2013).

Stomata are valves that determine the key physiological processes of plants since they
control the balance of water loss and carbon intake (Luomala et al., 2005). The
number of sites available for gaseous exchange per unit area of the leaf, are modified
by the number of stomata (Franks and Farquhar, 2007). When open, they facilitate
transpiration, release of oxygen and allow carbon (IV) oxide that enters into the leaf
for photosynthesis (Hetherington and Woodward, 2003; Taylor et al., 2012). The
process of photosynthesis determines the biosynthesis of primary metabolites which
then influence accumulation of the secondary metabolites in plants (Cherotich et al.,
2103). The organic compounds malonyl- CoA and coumaroy —CoA which are the
final products of secondary metabolism, are precursors of flavonoids (Stafford, 1990).
Thus leaf morphology have an impact on products of flavonoids biosynthetic

pathway. The development of stomata on the leaves of a plant is determined by the
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interaction between different genes and environmental factors (Yoana, 2012).
Environmental factors such as temperature and light intensity not only affect plant
growth and development but also may have effects on stomatal density and
biosynthesis of both primary and secondary metabolites (Hemm et al. 2004; Verma,
N., and Shukla, S. 2015; Yan et al., 2017). Therefore, no studies had been conducted
involving the seasonal variations of stomatal density and it’s correlationship with

accumulation of tea flavonoids.

The phenylpropanoid and flavonoid pathways are important for biosynthesis of
flavonoids (flavan -3 ol) and it involves several enzymes (Ashihara et al., 2010). The
flavonoids biosynthetic pathway produces a wide range of compounds derived from
an amino acid phenylalanine. They include lignins, lignans, stilbenes, and flavonoids
such as anthocyanins, flavonols, proanthocyanidins (Winkel-Shirley, 2001, 2006).
These compounds have diverse functions in plants as structural components and in
adapting to the environmental stimuli. Biological processes are genetically controlled
by complex gene networks thus it’s important to identify relevant genes that are
involved (Vandesompele et al., 2002). Transcriptional control is a major mechanism
whereby cells or organisms regulate their gene expression. It uses sequence specific
DNA-binding transcription regulators and transcription factors (Martinez, 2002),
which play an essential role in modulating the rate of transcription of specific target
genes. In this way, they direct the temporal and spatial gene expressions necessary for
normal development and proper response to environmental or physiological stimuli.
Since flavonoids biosynthesis is a biological process which entails several gene
transcripts, there was no study that had been conducted to determine the effects of

seasonal weather varations on flavonoids pathway genes.
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Most cultivated teas in Kenya are green leafed rich in catechins suited for processing
the popular black, white or green beverages (Kerio et al., 2012). However, several
pigmented tea cultivars rich in anthocyanin have been identified and commercialized
in the world (Wei et al., 2016; Lai et al., 2016). The different colours on the
vegetative parts of the plant tissues is due to the presence of anthocyanins (Mori et al.,
2007; Lai et al., 2016). In Kenya, a purple tea cultivar ‘TRFK 306’ was developed
and released for processing of anthocyanin rich tea as well as extracts of the
molecules (Kerio et al., 2012). Most plants subjected to biotic and abiotic stress also
accumulates anthocyanins in their tissues (Chalker-Scott, 1999; Rani et al., 2012).
Naturally, there are various shades of purple pigmentation in tea which may generate
different amounts of anthocyanins. The leaves and stems of the tea plant accumulates
large amounts of anthocyanins, during dry and hot seasons, the accumulation is
inhibited affecting product quality (Kerio et al., 2013). This demonstrates that

seasonal variation has not been known to affect the quality of the tea products.

Tea quality and yield is influenced by various factors including developmental tissue,
seasonal variation and cultivar type (Kumar et al., 2016). Tea cultivation in Kenya has
spread to 18 counties in the eastern and western parts of the Great Rift Valley. The
regions differ in climate and edaphic factors although the annual weather patterns can
generally be grouped into three distinct seasons: the main dry season from mid-
December to end of March; cool wet season from April to August; and a warm wet or

warm dry season from September to mid-December (Ng’etich, 1995).

Understanding the impact of season and cultivar on crop quality would benefit both
farmers and consumers by promoting the production of high-quality products. For the

continued growth of the industry, the high quality reputation associated with Kenyan
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tea needs to be maintained. However, formation on the mechanism of regulation of
the quality parameters in response to seasons of harvest is unexplored. Further, a
purple tea variety (cultivar TRFK 306) was recently developed for commercial
utilization to target unique tea products rich in anthocyanin that would fetch premium
prices for enhanced farmer livelihoods and improve consumer health (Kerio et al.,
2012). Despite initial trails demonstrating wide adaptability of the cultivar in most tea
growing regions, experiences show that the harvestable leaves of the plant loss
anthocyanin pigmentation during the hot-dry season. This warrants research into the

effect of environmental changes on anthocyanin loss in tea.

1.2 Statement of the problem

Tea production in Kenya is becoming unsustainable. This is due to overlying on only
black tea production. Although numerous studies have reported the influence of
weather variables on tea quality (Kumar et al., 2016), cultivar and environment
interactions studies focusing on stability of quality parameters are scarce.
Determining the effects of sesonal weather changes on the production of major
flavonoids in tea will guide the selection of stable high quality cultivars that meet
market demands. In return, consumer preference for such high-quality tea products
would attract higher prices that can improve farmer’s income. Further several studies
have reported the molecular mechanisms underlying anthocyanin accumulation in
some purple tea germplasm (Lin-Wang et al., 2011). However, studies on the effects
in seasonal weather changes in the biosynthesis and stability of the flavonoid have not
been done. During the hot-dry season, the young leaves of purple tea germplasm lose
their purple pigmentation with a likely consequence of influencing the quality of the

processed purple tea and bioavailability of anthocyanins.

1.3 Justification of the study
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Global tea production in 2015 exceeded 5 million tonnes representing 2.1 % increase
compared to 2014 with black teas representing over 65% as compared to green tea.
Projections into the medium term suggest that supply and demand of black tea in the
world market will be in equilibrium in 2020 at a constant price of USD 2.81 per
kilogram or even lower (Kaison, 2015). This would actually be a decline as the export
unit price for Kenyan tea per kilogram averaged USD 3.09 per Kilogram, in 2015
(ITC, 2016). Tea cultivation is the largest agribusiness in Kenya contributing over
26% of total foreign exchange earnings and over 4% of Gross Domestic Product
(GDP). The country is the third largest producer of the commodity, supplying 22% of
the world’s black tea. The industry thus contributes significantly to improved rural
incomes and household food security in Kenya. However, the tea is sold as a bulk raw
product with little or no product diversification causing a decrease or stagnation of
market prices. Japan for instance, enjoys the highest premium for their green tea
exports at USD 20.89 per kg (kilogram). Domestic green tea price in China averaged
USD 4.80 per kg. Interventions to expand the Kenyan tea market outlets can be driven
by product diversification and differentiation. Such endeavours should be preceded by
the extensive characterization of tea cultivars to identify biochemical properties that

can putatively enhance their nutritional potential

1.4 Objectives

1.4.1 General Objective

To determine the effect of seasonal variations on flavonoids biosynthetic pathway

processes in selected Kenyan tea cultivars.

1.4.2 Specific objectives
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1. To determine the effect of seasonal variations of stomatal density on flavonoids
biosynthesis in tea plant.

2. To determine the environmental stimuli that causes the accumulation of
anthocyanins and catechins in tea plant.

3. To determine the candidate genes for molecular expression of the flavonoid

biosynthetic pathway.

1.5 Null hypothesis

(i) Stomata density is not influenced by seasonal changes in tea plant.

(it) The accumulation of catechins and anthocyanins in tea is not influenced by
variation of environmental conditions.

(i) Flavanoid biosynthetic genes are not differentially expressed over the different

Seasons.



CHAPTER TWO

LITERATURE REVIEW

2.1 Botany of the tea plant

Tea plant the most important crop belongs to the genus Camellia, of the family
Theaceae and section Thea, has over 200 species (Chang and Bartholomew, 1984).
Processed leaves of the plant are used to prepare the most popular non-alcoholic and
low-cost beverage worldwide known as ‘tea’. Growing wild, the tea bush is a
perennial, cross-pollinated plant that can reach heights of 15 m, however under
cultivation; the bushes are maintained at 60 — 100 cm for ease of harvesting (Mondal,
2004). The morphological features, biochemical and molecular properties are used to
classify tea into the following varieties; Assam, China and Cambod (Wachira et al.,
1995). The assam variety is a tall and quick growing tree, the china variety is a dwarf
and slow growing shrub, while the cambod variety is an intermediate between the two

varieties (Wachira et al., 2001).

2.2 Tea products
There are several types of specialty tea products that include White Tea, Green Tea,

Purple Tea, Yellow Tea, Black Tea, Dark Tea, Tea Extracts, Tea Oil, Organic Teas
and Flavoured Teas. Processing of black tea involves oxidation of polyphenols by two
endogenous enzymes polyphenol oxidases and peroxidases. This is termed as
fermentation process. During this process the catechins (flavan-3ols) are partially
converted into theaflavins (TFs) and thearubigins (TRs). The colour of black and
Oolong teas is normally determined by these compounds (Obanda et al., 2004).
Rupturing of the withered tea leaves using the Orthodox rollers or CTC (cut-tear-curl)
machines, increases the surface area for enzymatic reaction. Thus accelerating

oxidation process. For unfermented teas (green and white tea), fermentation is
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prevented by inactivating the endogenous enzymes by either steaming or heating
methods (Balentine,1997). The higher polyphenol contents in the assam variety has
made it the most commonly cultivated tea in Kenya. These polyphenols give it the
more astringency property hence suitable for black tea processing (Wachira et al.,
2001). The low polyphenol contents make the chinary teas popular commercial
cultivar for green tea processing. Purple tea is produced from purple tea leafed
cultivars rich in the highly medicinal pigment ‘anthocyanin’ (Lai, 2016; Wei et al.
2016; Zhou et al. 2016). Current research focuses on the development of technologies

towards diversification of tea products that will lead to improved profitability.

2.3 Ecological requirements for tea plant

The quality of tea could further be influenced by variations in environmental
conditions. Tea plants thrives well in a wide range of ecosystems from sea level up to
2700 m above sea level and 49°N, 30°S (Owuor et al., 2010). The conventional tea
plant is evergreen perennial grown in regions with moderate temperatures, acidic soils
and highly humid environmental conditions (Dufresne and Farnworth, 2001). The
crop requires well distributed annual rainfall above 1200 mm, temperature range of
18-30°C and well drained soils (Cheserek et al., 2015). The Kenyan tea growing areas
are mostly situated in the western and eastern sites of the Great Rift Valley. The
different geographical locations where tea plants are grown have varied seasonal
environmental conditions. These has contributed to the variations in the levels and

composition of phenolic compounds (Jayasekera et al., 2014).

2.4 The effect of seasons and elevation on the tea quality

Adaptation of plants to various geographical areas with variations in climate and
physical features affects their rate of growth, yields and quality. Recent studies have

demonstrated the major effect of environmental factors on flavonoid biosynthesis in
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plant species (Carbone et al., 2009; Lin-Wang et al., 2011; Cohen et al., 2012).
Seasonal weather variation is recognized as the main source of variation in tea quality
properties and thus variation in product quality. The varied geographical areas with
distinct environmental conditions where the tea plant is grown has made the plant to
develop various adaptation mechanisms of which has affected its quality and yields

(Ahmed et al., 2014; Liu et al., 2015; Kumar et al., 2016).

Early prediction of tea quality parameters is prerequisite in shortening the crop
improvement programme (Owuor and Obanda, 2007). The phytonutrients or bioactive
components derived from secondary metabolites determines the functional quality of
tea hence consumer preference (Ahmed et al., 2014). Flavan-3-ols (catechins) are
important in determning tea quality as the amount present in the leaf gives an
indication of the potential of a cultivar to produce good quality tea (Kumar et al.,
2016). Indeed, significant correlationship of the concentration of individual flavonols
in leaves, tasters’ sensory preferences and price evaluations of black teas has been
observed (Obanda et al., 1997). Among the catechins, 3'4'5'-trihydroxylated catechins
(GC, EGC, and EGCG) are most abundant flavonoids than 3'4'-dihydroxylated

catechins (C, EC and ECG) in young leaves and stems (Wang et al., 2014)

Geographical area of tea production influences theaflavins and thearubigins which are
the quality parameters of black tea (Jayasekera et al., 2011). These compounds are
formed from oxidized catechins (Lovedeep et al., 2014). TFs (theaflavins) and TRs
(thearubigins) have been reported to vary with the season and elevation (Wang et al.,
2006; Chen et al., 2010; Lovedeep et al., 2014). An increase in altitude/elevation
leads to increased tea quality (Owuor et al., 2010). This is attributed mainly to slow

growth rate of the shoots.
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2.5 Effects of seasonal weather changes on stomatal density (SD)
Stomata are small pores, typically on the abaxial of the leaf epidermis, which are
opened or closed under the control of the guard cells. These are the pivotal gates
controlling the exchange of gases and water vapour in vascular plants. When open,
they allow carbon IV oxide (CO,) to enter the leaf for photosynthesis while allowing
for water and free oxygen emission (Hetherington and Woodward, 2003; Taylor et al.,
2012). The process of photosynthesis results to formation of primary metabolites
which impacts directly on biosynthesis of secondary metabolites in plants (Cherotich
et al., 2103). The compounds malonyl- CoA and coumaroy- CoA which are the final
products of secondary metabolism are precursors of the flavonoids biosynthetic
pathway (Stafford, 1990). Leaf stomata per unit area is reffered to as stomatal density
denoted as (Sp). It’s unique to a specific plant and even among individual plants of
the same species, there exists variations of stomatal density in their leaves (Al Afas et
al., 2006). The development of stomata on the leaves of a plant is determined by the
interaction between different genes and environmental factors (Yoana, 2012).
Stomatal densities are controlled by environmental conditions during leaf
development (Schluter et al., 2003). The density of stomata progressively increases
(Kofidis et al., 2003). Various hypotheses have explained the relationships between
stomatal characteristics and elevation. Altitude affects the process of photosynthesis
such that at high elevations there is reduced concentration of Carbon (IV) oxide due to
decline in it’s partial pressure. Therefore, plants will adjust to such climatic conditions
by increasing their stomatal density in order to enhance photosynthetic capacity
(Kouwenberg et al., 2007). Stomatal density also varies due to environmental factors
such as light, air humidity, water availability and atmospheric CO, concentration
(Woodward and Kelly 1995). An important environmental condition affecting plants

is light (Pengelly et al., 2010). Light affects growth and development of plants by
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influencing the physical appearance of a leaf as well the whole plant. Due to the fact
that adaptation leads to their survival, plants can adapt to varying light intensities
depending on the availability within the environment. This adaptation would be
possible if the plant changes the distribution of its biomass and its morphology, for a
better approach to surviving (Xue et al.,2011). Leaves developed under low light
intensity have higher stomatal densities (Givnish 1988). The increase in stomata with
increase in elevation could be associated with CO, assimilation and may also be as a
response to low temperature stress at high altitude (Bosabalidis and Kofidis, 2002). At
increased elevation, plants are exposed to lower mean temperatures and higher light
intensities. Light intensity is known to affect not only plant growth and development
but also the biosynthesis of both primary and secondary metabolites (Hemm et al.
2004; Verma and Shukla, 2015). Understanding the variation in stomatal
characteristics in plants in relation to weather changes can reveal the adaptation

strategies, and help predict response to future climate changes (Wang et al., 2014).

During hot dry season, leaf stomata are very sensitivity to leaf water potential. Plants
adjust their stomatal opening by reducing the opening in order to minimize water loss.
Thus leaf water status makes plants to effectively regulate their stomata aperture and
hence the stomatal density. Plants can fully open stomata and closes them when water
status is unfavorable. This is an important adaptation strategy to survive during
droughout (McDowell et al., 2008). Therefore; elevated temperatures may have
effects on both stomatal size and density (Yan et al., 2017). However, some previous

studies have shown increased Sp during the dry season (Martinez et al., 2007).
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2.6 Bioactive compounds of tea
Both quality and health benefits of tea are derived from the chemical constituents of
the plant. Over four thousand bioactive molecules which include catechins, caffeine,
gallic acid, theanine, anthocyanins, tannins, xanthines, vitamins; C, E, K, alkaloids
among many others are shown in Table (i) (Xie et al., 2010). The quality parameters
of both green and black tea is determined by the flavonoids (polyphenols) that form a
third of the total components of tea (Owuor and Obanda, 2006). The catechins
(flavan-3-ol) are monomers categorised into two major groups non- gallated namely
gallocatechin (GC), epigallocatechin (EGC), epicatechin (EC), catechin (C) and
gallated which includes epicatechin gallate (ECG), epigallocatechin gallate (EGCG)
(Kerio et al., 2012; Lovedeep et al., 2014; Wu et al., 2014). Amino acids are also
found in tea especially theanine which is biosynthesized from glutamic acid and
ethylamine has been found to be very useful in contributing to the typical taste of
green tea (Balentine et al., 1998). Further, tea also accumulates inorganic elements
that include Aluminum, Potassium, Fluoride and Manganese (Modder and

Amarakoon, 2002.



Table (i): Tea shoot components
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Component Dry weight (g/100g)
Flavanols

(-) - Epigallocatechin 3- gallate (EGCG ) 9-13
(-) - Epigallocatechin ( EGC) 3-6
(-) - Epicatechin 3- gallate (ECG) 3-6
(-) - Epicatechin (EC) 1-3
Gallocatechin ( GC) 1-2
(+) - Catechin (C) 1-2
Flavonoid and their glycosides 3-4
Leucoanthocyanins 2-3
Phenolic acid : Theogallin and others 4
Total polyphenol 27 - 40
Caffeine 3-4
Amino acid

Theanine 2
Others

Carbohydrates 4
Organic acids 0.5
Volatile compounds 0.01
Polysaccharides 4
Starch 2-5
Other 12
Proteins 15
Ash 5
Cellulose 7
Lignins 6
Lipids 3

Source: Modder and Amarakoon (2002)

2.7 Tea flavonoids

Flavonoids are natural products with a C6-C3-C6 carbon framework also known as

phenylbenzopyran. The structure is basically a ring comprising of 15 carbons bonded

to several hydroxyl groups (Figure i). Based on the position of the linkage of the
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aromatic ring to the benzopyrano (chromano) moiety, this group of natural products
may be divided into three classes: 2-phenylbenzopyrans, isoflavonoids 3-benzopyrans
and the neoflavonoids 4-benzopyrans (Grotewold, 2006). The quality of beverage tea
is determined by the abundance accumulation of flavan-3-ols (catechins), comprising
70 - 80% of the young tea leaf polyphenols which contribute to the sensory attributes
of the beverage (Owuor and Obanda, 2007; Liu et al., 2015). These are grouped based
on the number of (OH) groups on B ring, stereochemistry of carbon-3 and the
attachment of galloyl at the carbon three (OH) (Schijlen, 2004). Further catechins can
classified into two major groups namely; dihydroxylated (ECG, EC and C) and
trihydroxylated catechins (EGCG, EGC and GC) (Liu et al., 2012; Wang et al., 2014;

Wei et al., 2015). This is on the basis of the number of hydroxylation at the 4',3" or 5’

positions in the B ring (Figure i)

Figure (i): Flavonoids basic structure (Source: Grotewold, 2006).

2.8 Variation of catechins accumulation in plants
During the growth period of the plant, different biotic and abiotic factors affect the

content of its phytochemicals (Bjorkman et al. 2011; Cui et al. 2013; Liu et al. 2015).
Environmental factors such as UV irradiation, light intensity and soil moisture
((Zheng et al., 2008; Cheruiyot et al., 2008; Hong et al., 2014), influences the content
of various plant phytochemicals including polyphenols. During drought stress,

catechin concentrations increase (Ojeda et al. 2002; Cheruiyot et al., 2008; Langat et
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al., 2015). Green tea grown in an area with high temperatures, long sun exposure time
and high rainfall have higher levels of theanine, lower levels of catechins and caffeine
than those grown in areas experiencing relatively low temperatures, short sun
exposure and high precipitation (Jang-Eun et al., 2010). The biosynthesis of the
catechins in tea leaves is dependent on an amino acid called theanine (Kito et al.,
1968). The conversion is light dependent with low light intensity translating to high
accumulation of theanine and in turn lower catechins levels (Kito et al., 1968). For
this reason, black tea produced during the rainy season (low light intensity) have
lower levels of theaflavins and thearubigins (Sud and Baru ,2000). This then implies
that during the rainy season, the synthesis of major bio-constituents in the tea leaf is
much affected since the plants are exposed to cloudy and rainy days (Zagoskina et al.,
1990). Catechins accumulation is futher affected by UV-B irradiation with short term
irradiation stimulating the accumulation of major tea catechins hence increased levels

of total catechins (Zheng et al., 2008).

2.9 Variation of anthocyanins accumulation in plants
Many studies have reported seasonal changes of environmental factors to have

influence on the accumulation of anthocyanins in plant tissues (Hoch et al., 2001;
Steyn et al., 2002). A correlationship between genetic and environmental factors
shows that environmental stimuli influence the expression of both structural and
regulatory genes, in turn affecting the variation in anthocyanin content. This is
attributed to the fact that abiotic conditions for every season are varied (Tounekti et
al.,2013; Martinez-Luscheet al.,2014; Zhang et al., 2014). Anthocyanins are said to
be light attenuators induced in high-light conditions (Hughes et al., 2005; Cheynier et
al., 2013). Light has been reported to impact on transcription factors which activate or
repress the expression of structural genes that are involved in biosynthesis and

accumulation of anthocyanins (Cheynier et al., 2013; Azuma et al., 2012; Jaakola,
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2013). Elsewhwere, anthocyanins were accumulated under cold temperatures and
repressed by higher temperatures via myb transcription factors (Lin-Wang et al.,
2011). Moderate temperatures, sunlight exposure including visible and UV encourage
anthocyanins accumulation (Downey et al., 2004; Cortell et al., 2007; Tarara et al.,
2008). However, anthocyanins content may decrease under higher temperatures (Dela
et al., 2003; Mori et al., 2005, 2007; Yamane et al., 2006). For instance, at low
temperatures (18-12°C) flavonols in tomato were highly accumulated. However,
lower levels of anthocyanins were observed in grapes grown under high temperatures
(30-35°C) though flavonols accumulation was not affected (Mori et al., 2005; Lovdal
et al., 2010). High temperatures alters transcript levels of activating complex hence
resulting to a decrease in anthocyanin content (Lin-Wang et al., 2011). Noteworthy,
different sub-groups of flavonoids are differently affected by temperature depending
on the plant species (Zhang et al., 2014). In presence of other phenolic compounds
such as catechins, the enzyme polyphenol oxidase (PPO) is activated which causes

rapid degradation of anthocyanins (Liu, et al, 2007).

Drought stress also affects the accumulation of anthocyanins. The concentration of
anthocyanins and other phenolic compounds consistently increases in response to
water deficits which is attributed to increased solute concentrations (Roby et al.,
2004). During water stress, plants accumulate solutes as an adaptation mechanism.
Previous studies have shown that sugars are known to induce anthocyanins (Solfanelli
et al., 2006). This could be the reason for the enhanced anthocyanins content in
grapevine (Vitis vinifera L.), which was attributed to the stimulation effect of light on
gene transcript flavonoid 3-O-glucosyltransferase (UFGT) that is very sensitive to
light. This enzyme is responsible for the production of endogenous sugars UDP-

glucose that induces the biosynthesis of anthocyanins ((Solfanelli et al., 2006).
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Studies on the effects of carbon or sugars on the accumulation of phenolic compounds
have been done (Koricheva et al., 1998). These are products of photosynthesis which

form secondary metabolites in plants (Verma and Shukla, 2015).

The presence of anthocyanins in plant tissues such as flowers, fruits, leaves, and
stems is developmentally controlled and affected by both biotic and abiotic factors
such as nutrients (nitrogen and phosphate), sucrose, wounding, pathogen infection,
methyl jasmonate, water stress, and UV, visible and far-red light (Albert et al., 2009;
Kerio et al., 2012). Seasonal loss of anthocyanin in young leaves of the purple tea
affected by environmental condition is of both economic and medicinal importance.
Further, plants grown at a constant temperature of 30°C accumulate less anthocyanin
than those grown at 30°C/15°C (day/night) (Mori et al., 2005). Plants growing at cold
climates (lower temperatures), the concentration of carbon (IV)oxide is low. Thus
adapt to such conditions by increasing the amount of fixed carbon and hence
maintaining higher photosynthetic rates than plants growing in warmer areas.
Furthermore, (Jaakola and Hohtola, 2010) reported that a combination of low
temperature and light treatment induces anthocyanin biosynthesis in Arabidopsis.
Similarly, anthocyanins derived from both cyanidin and delphinidin branches of the
anthocyanin biosynthetic pathway in Plantago lanceolata were significantly increased
when grown under cool-temperature conditions (15 °C 16 h day/10 °C 8 h night)
compared with high-temperature (27 °C 16 h day/22 °C 8 h night). Accumulation of
anthocyanins in the young tea leaves serve as a way to acclimate to low temperatures
thus filtering light or a strategy to combat herbivory (Zhou et al., 2016). Analysis of
purple tea products identified five anthocyanin derivatives namely cyanidin, peonidin,

delphinidin, petunidin, and malvidin, the latter contributing most to the final product
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color (Kerio et al., 2012). The propositions of the individual derivatives are known to

be affected by seasonal changes (Borochov-Neori et al., 2011).

Apart from environmental conditions, the variation of anthocyanins content could also
be attributed to the various methods of storage such as refrigeration and freezing.
Anthocyanins content for instance in blueberries fruits (Vaccinium corymbosum)
differ with different storage conditions and cultivars (Connor et al., 2002). This is
attributed to PPO (polyphenol oxidase) enzymes and compositional factor such as
chlorogenic acid (Skrede et al., 2000) that cause degredation. The presence of other
substrates in the plant tissues can also reduce the contents of anthocyanins. For
instance, phenolic compounds especially the catechins normally undergo auto-
oxidation to formo-quinones which triggers the enzyme polyphenol oxidase(PPO)that

degrades anthocyanins (Kader et al., 1998).

2.9.1 Flavonoids biosynthetic pathway

Metabolic pathways are among the various biological processes that have been
studied well using the biosynthetic pathway of phenolic compounds which has
become an efficient model (Winkel-Shirley 2001; Thompson et al., 2010). At
molecular level, the biosynthesis of flavonoids is regulated via coordinated control of
the structural genes; phenylalanine-ammonia-lyase (CsPAL), chalcone synthase
(CsCHS), chalcone isomerase (CsCHI), dihydroflavanol 4-reductase (CsDFR),
anthocyanidins synthase (CsANS), anthocyanidin reductase (CSANR) (Wu et al.,
2014) and DNA (deoxyribonucleic acid) binding R2R3 transcription factors (Jaakola,
2013). Flavonoids biosynthesis is a process connected to many other biological
pathways/cycles, such as the pentose phosphate pathway, the Calvin cycle and the

Krebs cycle. Pyruvate cycle is involved in the formation of acetyl CoA which is the
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key raw material for flavonoids biosynthesis. Shikimate, phenylpropanoid and
flavonoid pathways are three important biosynthetic pathways that are involved in the
biosynthesis of flavonoids (Tounekti et al., 2013; Verma and Shukla, 2015). The
shikimate pathway produces chorismate, a common precursor for the tryptophan (Trp)
pathway, the phenylalanine/tyrosine (Phe/Tyr) pathways, and the pathways leading to

folate, phylloguinone, and salicylate (Stafford, 1990).

In the phenylpropanoid pathway, the enzyme phenylalanine ammonia-lyase (PAL)
catalyzes deamination of the amino acid phenylalanine and converts it to coumaryl
CoA an activated form of cinnamic acid (Stafford, 1990). The acetyl- CoA that
originates from other biological cycles such as Krebs cycle is converted to malonyl-
CoA by the enzyme acetyl -CoA carboxylase. Therefore, flavonoids are derived from
condensation and decarboxylation of phenylpropanoid derivatives and malonyl-CoA
units. The flavonoids pathway starts with a combination of three molecules of
malonyl CoA with one molecule of coumaryl CoA in the presence of chalcone
synthase (CHS) to form naringenin chalcone. As most plants do not accumulate
chalcones, naringenin chalcone is rapidly isomerized to flavanone naringenin by the
enzymeCHI (Lillo et al., 2010). The 2S-flavanone (flavanone naringenin) is a critical
intermediate for the formation of several flavonoid classes whose biosynthesis
branches at this point (Ferreira et al., 2005). Dihydroflavonols (dihydroquercetin,
dihydromyricetin) which are the precursors of anthocyanins and catechins are

derivatives of flavanones.

There are two major categories of catechins namely; non-esterified catechins (C, EC,
GC, EGC) and esterified catechins (ECG and EGCG). This classification is based on

the presence of extra galloyl group (Graham, 1992) on carbon-3 of C - ring (Figure ).
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The formation of non-esterified as well as epimerization of catechins involves
reactions catalyzed by three important gene transcripts; leucoanthocyanidin 4-
reductase LAR, anthocyanidin synthase (ANS) and anthocyanidin reductase (ANR)
(Panget al., 2013; Wu et al.,2014; Chenet al., 2017). Flavan-3-olgallate synthase
(FGS) catalyzes reactions that results to formation of esterified catechins (EGCG and
ECG) from respective non- esterified catechins (EGC and EC) (Ashihara et al., 2010).
Flavanone-3-hydroxylase (F3H) is an essential gene in the flavonoid biosynthetic
pathway it catalyzes reactions involving hydroxylation of (2S)-naringenin and (2S)-
eriodictyol to form (2R, 3R)-dihydrokaempferol and (2R, 3R)-dihydroquercetin
respectively. Dihydroquercetin and dihydrokaempferol are then hydroxylated at the 3’
position or at both the 3’ and 5’ positions in the B ring (Toda et al.,2002).
Hydroxylation is catalyzed by the enzymes flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3',5'-hydroxylase (F3’5'H) leading to the formation of dihydroxylated
catechins(cyanidin) and (delphinidin) trihydroxylated catechins (Wei et al., 2015).
Thus the accumulation of dihydroxylated and trihydroxylated have some
correlationship with the expression of F3'H and F3'5'H (Castellarin et al.2006).
Dihydroflavonol 4-reductase (DFR) is another important gene in the flavonoids
biosynthetic pathway. It reduces dihydroflavonols resulting to the formation of
leucoanthocyanidins that give rise to various types of anthocyanins and catechins (Xie
et al.,, 2004). The schematic flow diagram of flavonoids biosynthetic pathway

processes is shown below (Figure ii).
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Figure(ii): Biosynthesis of flavonoids in the tea leaf

(Source: Punyasiri et al. 2004).

2.9.2 Influence of environmental cues on Flavonoid biosynthetic pathway genes
Flavonoids in higher plants have evolved to a diverse array according to wide variety
of physiological and ecological functions which are required to adapt to various

growing conditions. Flavonoids play important roles in protecting plants from UV

radiation, insects and pathogen attack by acting as insecticides/phytoalexins (Dixon
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and Steele, 1999; Zoratti et al., 2014; Margaria et al., 2014) and providing pigments
to attract animal pollinators via pigmentation of floral organs (Shang et al., 2011). In
essence, flavonoids are vital compounds that are produced during abiotic and biotic
stress which range from high-light/UV stress, cold stress, nutritional defense and
pathogen attack (Winkel-Shirley et al., 2001; Taylor and Grotewold, 2005), low
temperature and drought (Lovdal et al., 2010; Martinez-Luscher et al., 2014). Several
studies have shown that biosynthesis of flavonoids are genetically and
environmentally controlled (Cheynier et al., 2013). The influence of environmental
cues on the key genes of flavonoids biosynthetic pathway have been documented

(Rani et al., 2012).
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Plant materials and experimental sites

Five mature tea cultivars of over twenty years growing at Tea Research Institute
(TRI), Timbilil Center (altitude 2180 m asl; 0°22°S 35°21°E), Kericho County in the
west of the great Rift Valley, and Kangaita Center (altitude 2100 m asl; 0°30°S
37°16°S), Kirinyaga County in the east of the great Rift Valley, Kenya were chosen
for the study in 2014. The selected cultivars comprised: (Tea Research Foundation of
Kenya) TRFK 31/8, a high yielding tea cultivar with green leaves commonly used for
black tea processing; TRFK 6/8, a green leafed cultivar used to process high quality
black tea; TRFK 306, a purple leafed cultivar used to process anthocyanin rich purple
tea; TRFK 91/1 a “wild” tea (Camellia irrawadiensis) with brick red pigmented

leaves; and NRIT St. 536 (cultivar. Yabukita) the most popular green tea cultivar in

Japan.

\)

Plate () Photographs of he green and purple tea cultivars (Source: Author, 2014)
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3.2 Experimental design

The trial plots were established in 1998 and 1999 at Timbilil and Kangaita TRI
Centers, respectively for research purposes. They were laid at a spacing of 1.22m x
0.61m, with three replicates in a randomized complete block design (RCBD) and have
since been maintained as per recommended agronomic practices (Anon. 2002). The
following environmental data; precipitation (mm) and relative humidity (%),
maximum and minimum temperatures (°c) were collected daily throughout the study

in weather stations situated within the two trial plots (Appendix xvii & xviii).

3.3 Stomatal density (SD)

The number of stomata per unit leaf area (stomatal density) was determined using the
leaf imprints method (Radoglou and Jarvis, 1990; Coupe, 2006). Fully expanded
leaves (3" position leaf from the apical bud) were selected from the five cultivars
during three different seasons (March, July, November representing the dry-hot, wet-
cold, and wet-warm seasons, respectively). A thin layer of clear nail polish was
applied onto the abaxial/lower epidermal surface of the middle section of the leaf,
allowed to dry for 10 minutes, then a clear cellophane tape spread over the polish
patch. The tape was gently pulled off thereby peeling the nail polish patch having the
leaf imprints. This was then mounted on a clean microscope slide and examined under
a Light Ortholux Microscope (Leitz Wetzlar, Germany) (Phaco 2, Mg x25). Stomatal
counts were taken from areas of three leaves from three separate plants of each
genotype and measurements converted using conversion area factor of 0.114 mm?. It

was calculated from a calibrated graticule in the eye piece (Ng’etich and Wachira,

2003).
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3.4 Biochemical analysis

3.4.1 Sample collection

Three leaves plus apical bud were harvested for three seasons of the year 2014. They
were immediately frozen in liquid nitrogen and transported to the laboratory for
storage at -80°C (U440 premium, Ultra-low freezer, New Brunswick Scientific, USA)

until use.

3.4.2 Catechins analysis

3.4.2.1 Sample extraction

Leaf sample (0.2g) was crushed to fine powder in liquid nitrogen using a mortar and
pestle. The powder was placed into 15 ml extraction tube and 5 ml preheated 70%
methanol added. The tube was briefly vortexed using a vortex mixer (VM-1000,
Taiwan) and heated at 70°c for 10 min with occasional shaking. The sample was left
to cool to room temperature for 5 min then centrifuged (Eppendorf centrifuge, 5430R)
at 3500 rotations per minute for 10 min. Supernatant was decanted into a clean
extraction tube and the process repeated of adding preheated methanol until 10 ml of

the combined extract was obtained.

3.4.2.2 Determination of catechins content

Analysis of catechins by HPLC (High Performance Liquid Chromatography) was
done according to the ISO 14502-2-2005E procedure. Sample extract (1ml) was
pipetted into separate tubes and diluted with 4 ml stabilizing solution (10%
acetonitrile with 500ul/ml of EDTA and 500ul/ml ascorbic acid), the filterate was

pipetted into 2ml vials and analysis was done using reverse phase HPLC. The HPLC
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machine of the model (A Shimadzu L 20 AT HPLC) consisted of autosampler (SIL
20A) and a visible detector (SPD-20 UV) with a class LC10 chromatography
workstation. Detection was done with UV at 278 nm using two types of columns at
temperature (35°c) namely; a Gemini C18 ODS (4.0mm x 4.6 mm i.d.) column
(Phenomenex Inc. Torrance CA, USA) and (4.0 mm x 3.0 mm i.d.) GeminiC6 ODS
guard column (Phenomenex Inc. Torrance CA, USA). The injection volume of the
mobile phase was 20pl flowing at a rate of 1ml per min. Elution involved binary
gradient conditions of two mobile phases. Mobile phase A (100%) was run for 10 min
then 68% for 15 min and then mobile phase B (32%) was run forl0 min. Before the

next injection, the column was reset to 100% with mobile phase A.

Catechins fracions were identified by comparing the retention time from sample
chromatograms and absorbance of unknown peaks with those identified from peaks
obtained from the mixed catechins standards under similar conditions. The reference
standards (Gallic acid (GA), epigallocatechin (EGC), (+) catechin, epicatechin (EC),
epigallocatechin gallate (EGCG), caffeine and epicatechingallate (ECG)) were
purchased from Sigma—Aldrich (St Louis, MI, USA). Quantification of catechins was
performed at 278 nm (UV- 1800, Shimadzu spectrophotometer) using caffeine
external standard with a calibration curve of R? = 0.9984 together with the consensus
individual catechin Relative Response Factors (RRFs) measured with respect to
caffeine, calculated on dry matter basis. The total catechins content was expressed as
a percentage by mass on a sample dry matter basis and given as a summation of
individual catechins as:

% Total catechins = (%EGC) + (% +C) + (%EC) + (WEGCG) + (%ECG)
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3.4.3 Anthocyanin analysis

3.4.3.1 Sample extraction and purification

Total monomeric anthocyanin was extracted and purified as described by Kerio et al.
(2012). Two cultivars namely TRFK 306/3 and TRFK 91/1 were used for the
analysis.

Leaf sample of (5g) was crushed to fine powder in liquid nitrogen using a mortar and
pestle. The sample was placed into a 250 ml conical flask, mixed with 50 ml MeOH/
HCI (99:1 v/v) and covered with aluminum foil. Stir the mixture magnetically at 900
rpm for 4 hrs at room temperature. The resultant solution was filtered using a piece of
cotton wool. The filtrate was evaporated to dryness using a Rotavapour (Buchi
Rotavapour R- 300, Switzerland) at temperature 35°c under reduced pressure. The
extract was then reconstituted by dissolving into 10 ml of distilled water. The
resultant solution was filtered using (0.45 puM) membrane filter in a Buchner funnel
and then placed on ice. Purification of the extract was done by passing it through
reverse phase (RP) C18 Solid Phase Extraction cartridges (SPE, SUPELCO, Sigma-
Aldrich, USA) previously activated with 10% MeOH/HCI. Acidified water with
(0.01%) HCI was used to remove other phenolic and water-soluble compounds.
Acidified methanol (10% formic acid/MeOH v/v) was used to recover anthocyanins
that was adsorbed into the column. The cartridges were then activated by washing
with ethyl acetate (Fischer Scientific, UK) to remove any other impurities adsorbed
into the column other than anthocyanins. Store the purified extracts at - 10 °C till

further analysis.
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3.4.3.2 Determination of total monomeric anthocyanin content

Total monomeric anthocyanin content was determined in triplicate using pH
differential method (Giusti and Wrolstad, 2001) using two buffer system; 0.025M
potassium chloride (KCI) buffer at pH1.0 and 0.4M sodium acetate (NaC,Hs0,)
buffer at pH 4.5. Anthocyanin sample (200ul) was mixed with 1.8 ml potassium
chloride buffer while another similar sample was mixed with sodium acetate buffer.
Absorbance for both mixtures was determined at 520nm and 700nm. The analysis was
replicated three times and pigment concentration calculated using the formula:

a=(a520nm - a 700nm) at pH 1.0 - (a 520 nm - a 700nm) at pH 4.5

This gave the difference in absorbance of the sample in the two pH ranges.
Monomeric anthocyanin pigment concentration in the original sample was derived
using the formula

Monomeric anthocyanin pigment concentration (mg/l) = a x mw x df x 1000/ (ex1)

Where a - absorbance (absorbance difference in two pH ranges); mw - molecular
weight of cyanidin (449.2); df - dilution factor; - cyanidin - 3 - glucoside molar

absorbance (26,900).

3.5 Molecular analysis
The transcript levels of anthocyanin biosynthetic genes in a pigmented tea cultivar
TRFK 306 and a green tea cultivar TRFK 31/8 over the three seasons were

determined as described by Muoki et al. (2012).



31

3.5.1 Isolation of total RNA

Total RNA was extracted from the frozen leaves as described below:

Using a mortar and pestle,100 mg of the leaf tissue was homogenized to fine powder
in liquid nitrogen. Measure 1ml of the pre-heated (65°C) extraction buffer |
(Appendix xiii) into 2 ml microfuge tubes, then powdered sample was added into it.
The sample was vortexed for 1 min and then incubated for 15 min at 65°C, mixed by
occasional shaking. Then 1 ml of CIA (chloro isoamyl alcohol) was added to each
tube and vortexed for 5 secs. The mixture was centrifuged at 13,000 rotations per
minute for 10 minutes at room temperature. Thereafter supernatant was transfered into
a clean 2ml microfuge tube and then addition of CIA was repeated. To the aqueous
phase obtained in a clean microfuge tube, 1ml extraction buffer 1l (Appendix xiv) was
added. The mixture was vortexed for 1 min. Then 200ul chloroform was added and
vortexed for 5 secs and left for 10 minutes at room temperature. The tube was
centrifuged at 13,000 rotations per minute for 10 min at 4°c. Upper aqueous phase
was transferred into fresh tube (contamination with interphase was avoided).
Isopropanol 0.6 volumes was added and the tube vortexed for 10 secs. The mixture
was allowed to cool at room temperature for 10 min, after which it was centrifuged at
13,000 rotations per minute at temperature (4°c) for 10 min the supernatant decanted.
Ethanol (70%) was used to washed RNA pellet that was formed and then air dried.
Appropriate volume of diethylpyrocarbonate (DEPC)-treated autoclaved water was
used to dissolve the pellet. The aqueous solution was then stored at -80°C awaiting

further analysis.
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3.5.2 RNA quantification
RNA was adequately diluted with DEPC-treated autoclaved water. NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies Inc, USA) was used to determine
the purity and concentration of the isolated RNA. This involved determining the
absorbance ratios at Agsonso and Agsonso. Concentration, yield and purity were
calculated using the following formulae:

The absorbance at 260 nm corresponds to 40 pg/ml of RNA.

Concentration of RNA (pg/ml) = Azeo X 40 x dilution factor

Total yield (ug) = concentration x volume of stock RNA sample (ml)

RNA purity: Azso/Azgo ratio
Ratio of 1.8 to 2.0 indicated pure RNA. Higher ratio represented contamination by

phenol, whereas lower ratio showed polysaccharide contamination.

3.5.3 Concentrating RNA

RNA was precipitated by the addition of 4.0 volume chilled ethanol in the presence of
0.1 volume 3 M sodium acetate (pH 4.8; Appendix 15) followed by incubation at -
70°C for 3 hr. RNA was pelleted by centrifugation at 12,000 rpm for 10 min at 4°C,
rinsed with 70% chilled ethanol and finally dissolved in DEPC-treated autoclaved

water. Quantification of RNA was as described in section (3.5.2).

3.5.4 Evaluation of RNA integrity

To check the integrity of RNA, approximately 2 ng of RNA was diluted with 6X
RNA loading dye and incubated for 15 min at 65°C. RNA was loaded onto 1%
formaldehyde agarose-gel (preparation of 6X RNA loading dye and formaldehyde
agarose-gel (Appendix xii) and electrophoresed at 70V in 1X MOPS buffer. The gel

was viewed under UV transilluminator (Benchtop Variable Transilluminator,
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Cambridge, UK) and captured on a gel documentation system (UVP PhotoDoc-It™

Imaging Systems, Upland CA, USA).

3.5.5 First-strand cDNA synthesis

Complementary DNA (cDNA) was synthesized using total RNA (2 pg) from various
treatments (section 3.5.2),1 pg of(dT) deoxynucleoside thymine (Invitrogen, USA)
and 400 U of RT (Superscript IlI; Invitrogen, USA) after digesting with DNase |
(amplification grade, Invitrogen, USA) as per manufacturer’s instructions. The

procedure followed is described below:

3.5.5.1 Removal of genomic DNA

The following components were added to RNase-free 0.2 ml PCR tube on ice:

Component Volume per reaction
RNA sample (1 pg) X

10 X DNase I reaction buffer* 1.0

DNase | (Amplification grade, Invitrogen; 1 1.0

DEPC treated autoclaved water Y

Total 10.0

* Supplied by the manufacturer
The reaction mixture was incubated at 37°C for 30 min in a thermal cycler.

The reaction was stopped by the addition of 1 pl of 25 mM EDTA solution

and the reaction was incubated at 65°C for 10 min in a thermal cycler.

3.5.5.2 First-strand cDNA synthesis using Superscript 111 (Invitrogen, USA)

The following components were added to RNase-free 0.2 ml PCR tube:

Component Volume per reaction
Oligo (dT) 1218 (500 pg/ ml; 1
dNTP mix (10 mM)* 1

DNA-free RNAfrom section 3.7.1.1 11
" Supplied by the manufacturer
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The reaction was incubated at 65°C for 5 min and placed on ice for 2 min

which served to remove RNA secondary structure. To the tube the following

were added:
Component Volume per reaction
5X First strand buffer* 4
100 MM DTT* 2

Superscript 111 (200 U)* 1

* Supplied by the manufacturer
The content was mixed, centrifuged for 10 secs, incubated at 42°C for 60 min

and the reaction terminated by heating the samples at 70°C for 15 min. The

reaction was stored at -80°C until further use.

3.5.6 Quantitative RT-PCR analyses

Expression analysis for selected genes was conducted to quantify the transcript levels
of 8 Camellia sinensis representative genes involved in flavonoid biosynthesis. The
genes were retrieved from NCBI database and comprised of eight genes (Table ii).
Forward and reverse primers were designed using Primer 3 software (Rozen and
Skaletsky, 2000). Quantitative RT-PCR was performed on a 7500 Real Time PCR
System (Applied Biosystems, USA) using SYBR Green PCR Master mix (Applied
Biosystems, UK). All gPCRs were run in triplicates with a no-template control to

check for contamination.

Component Volume per reaction
Sterile water 15
2x Brilliant 11l SYBR* 5.0

Forward primer (10 0.5
[TLY
Reverse primer (10 0.5

cDNA (10X dilution) 2.5
Total 10.0
* Supplied by the manufacturer
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Table (ii): Primer sequences of flavonoid pathway genes

SIN  Gene Acc. No. Reference Primer Sequence

1 CsPAL BAA05643  Lepelley et al, 2012 Forward  5-ATGAATAAAGGGACAGATAGTTATG-3
Reverse  5-ATGTAAGATAGGGGGACTAGGT-3'

2 CsCHI DQ904329  Laietal, 2016 Forward  5-CTTTCCGATTAAGTTGGATGAT-3'
Reverse  5-GTTGGAAAACACCATTACCAAT-3'

3 CsF3H AAT68774  Pang et al. 2013 Forward  5-GAAATAGTGACCTACTTCTCATACC-3'
Reverse  5-GTAGAAATTTATAACCACCTTCTGG-3'

4 CsF3'5'H  AAY23287  Weietal. 2015 Forward  5-TAAAATATACGGACCCATAGTCTAC-3'
Reverse  5-TTACTTAGTTTCCTCAGTAACTTCC-3'

5 CsDFR AAT66505  Pang et al. 2013 Forward  5-ACACCTATGGATTTTGAGTCTAAG-3'
Reverse  5-AGTCATCTTCTTCTTATTGATGAAA-3'

6 CsANS AY830416  Laietal., 2016 Forward  5-AATTTGAATGGGAAGACTATTTT-3'
Reverse ~ 5-CAACTTCTTTCTCTAGTTTGTTTTC-3'

7 CsANR GU992402  Pangetal., 2013 Forward  5-TAATAAGAAAAACATCTCTCACCTC-3'
Reverse  5-ATCAAGCTGATTAATCGTTACAG-3'

8 CsCHS AAT75302  Wang et al., 2009 Forward  5-GATTACTAATAGCGAGCATAAGGT-3'
Reverse  5-CCATTCTTTATTGCCTTAGTTG-3'

9 CsActin - Muoki et al, 2012 Forward  5-GCCATATTTGATTGGAATGG-3'
Reverse 5'-GGTGCCACAACGTTGATGTT-3'

CsPAL (phenylalanine ammonia lyase), CSCHS (chalcone synthase, CsCHI (chalcone isomerase),
CsF3H (flavanone 3-hydroxylase), Cs F3'5'H (flavonoid 3',5'-hydroxylase), CsDFR (dihydroflavonol
4-reductase), CSANS (anthocyanidin synthase), CSANR (anthocyanidin reductase).

3.6 Data analysis

Replicated means obtained for stomatal density, catechins, and anthocyanin contents

were statistically analyzed using general statistics (GENSTAT) software. Analysis of

variance (ANOVA) was performed in two factor completely randomized block design

and Duncan multiple range test at (p<0.05) was used to separate the means. For gene

expression studies, the raw threshold cycle (C;) values were normalized against a

housekeeping gene encoding CsActin (Muoki et al., 2012) and the values used to

calculate the differences in expression using the Relative Expression Software Tool

(REST; Pfaffl et al., 2002).
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CHAPTER FOUR

RESULTS

4.1 Seasonal variation in stomatal density (mm?)

There was significant difference (P<0.05) in stomatal density (Sp) among the studied
cultivars and all the interactions (Appendix i). Generally, the purple leafed cultivars
had higher stomatal density (Spy when compared to green tea cultivars (Table iii).
Further, assam varieties comprising purple-leafed cultivars TRFK 91/1and TRFK 306
and green-leafed TRFK 31/8 had higher Sp as compared with the china/assam hybrid
TRFK 6/8 and the chinary NRIT St.536 (Table iii). Cultivar TRFK 91/1 had the
highest Sp of 254 mm?, while TRFK 6/8 had the lowest Sp of 231mm? (Table iii).
Stomatal density was decreased from the cool-wet season (251 mm?), warm-wet (248

mm?) to (235 mm?) in the hot-dry season.



Table (iii): Seasonal variation in stomatal density (mm?) among tea cultivars

Cultivar Season Stte Season
Kangaita Timbilil means
TRFK 306 H-D 240 226 233
C-w 265 215 240
W-W 281 283 282
TRFK 91/1 H-D 239 294 267
Cc-w 265 211 238
W-W 289 224 256
TRFK 31/8 H-D 232 231 231
Cc-w 284 351 318
W-W 224 198 211
Cultivar means 246 260 253
TRFK 6/8 H-D 189 211 200
C-w 216 290 253
W-W 243 239 241
Cultivar means 216 247 231
NRIT St. 536 H-D 194 294 244
Cc-w 206 208 207
W-W 290 205 247
Cultivar means 230 235 233
Site/season means 244 245
H-D 235
Cc-w 251
W-W 248
LSD (P <0.05) Cultivar (C) 0.035
Season (Ss) 0.087
Site (St) 0.794
Interactions (CSs) 0.001
Interactions (CSt) 0.039
Interactions (SsSt) 0.001
Interactions (CSsSt) 0.001

NB: H-D, hot-dry season; C-W, cold-wet season; W-W, warm-wet season
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4.3 Seasonal variations in catechins accumulation

Leaf accumulation of flavonoids were lowered in the main dry season from January to
March when high temperatures variations, low relative humidity and precipitation
were experienced, but increased remarkedly as differences in temperature variations
decreased while precipitation and relative humidity increased over the cool-wet
season from April to August and warm-wet season from September to December.
Total catechins (TC) were higher in green-leafed cultivars compared to colored/purple
leafed teas. Cultivar TRFK 6/8, a standard quality cultivar in breeding at the institute
(TRI), recorded the highest amount of total catechins at 18.0% in the warm-wet
season at Timbilil (Table iv). Results showed that EGCG (epigallocatechin gallate)
was the most predominant catechin component, while GA (gallic acid) was the least
(Table iv). During the warm-wet season, higher levels of esterified catechins (ECG
and EGCG) were recorded as compared with the other two seasons of the year. The
catechins formed a major component accounting for over 70% of total catechins in all
the tea cultivars. EGCG content was significantly higher during the warm-wet season
in Timbilil, while in Kangaita, the cool-wet season showed slightly higher EGCG
content (Table iv). Overally, cultivar TRFK 31/8 recorded the highest of EGCG while
TRFK 306 recorded the lowest amount with Timbilil site exhibiting significantly
higher content compared to Kangaita (Appendix iii). Simple/non-esterified catechin
(+C, GC, EGC and EC) varied significantly across seasons exhibiting significant
interaction between seasons and cultivars (Appendix vii). Higher accumulation was
observed in the warm-wet season when pigmented teas (TRFK 306 and TRFK 91/1)
had the higher content compared to the green-leafed cultivars (TRFK 31/8, NRIT St.
536 and TRFK 6/8) (Table iv). Both cultivars TRFK 306 and TRFK 6/8 had

significantly higher levels of EC accumulated mostly during
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warm-wet and cool-wet season (Table iv) and (Appendix vi). All green-leafed
cultivars had significantly higher EGC content during the warm-wet season (Table iv)
and (Appendix iv). Pigmented cultivar TRFK 91/1 on the other hand recorded the
lowest EGC content across sites. No significant differences were identified among
cultivars, seasons and sites for ECG catechin (Appendix v). For gallic acid (GA),
there was significant (P<0.05) variation ((Appendix viii) among the cultivars, season,
sites, interactions (cultivar and season, cultivar and site). Among the cultivars, GA
was significantly higher in the purple-leafed cultivars (TRFK 91/1 and TRFK 306)
and lowest in the green-leafed teas (Table iv). The warm-wet season showed higher

accumulation of gallic acid.

4.4 Seasonal variations in caffeine accumulation

Caffeine, a primary secondary metabolite responsible for the stimulating effect and
bitter taste properties of tea, showed significant (P<0.05) variation across cultivars,
seasons, sites and interaction between cultivar and site (Appendix ix). Based on the
overall cultivars means, green tea cultivars (31/8 and 6/8) had the highest caffeine
content in Timbilil and Kangaita respectively. While the cultivar TRFK 91/1 showed
lowest caffeine content across the two sites. Overall, the cultivar TRFK 31/8 recorded
maximum content with Timbilil recording highest caffeine accumulation. Unlike

catechins, caffeine content was significant high during the hot-dry season (Table iv).



Table (iv): % of different quality components of purple and green tea

TC EGCG EGC ECG EC C GA CAFF
Cultivar Season Timb Kang Timb Kang Timb Kang Timb Kang Timb Kang Timb Kang Timb Kang Timb Kang
Purple tea
TRFK 306 H-D 8.0 8.9 2.6 2.1 1.7 2.0 2.4 2.4 1.1 2.2 0.1 0.2 0.5 0.3 2.3 1.9
C-W 9.1 9.3 3.7 2.2 15 2.5 15 1.6 2.0 2.6 0.4 0.3 0.3 0.4 1.9 1.3
W-W 123 133 38 3.6 1.9 3.0 4.4 2.1 1.2 2.4 1.0 2.1 0.6 0.5 1.6 2.0
TRFK 91/1 H-D 7.8 4.9 3.7 1.4 1.8 1.4 1.6 1.2 0.4 0.6 0.4 0.3 0.8 0.5 0.1 1.1
Cc-w 115 74 6.0 2.8 1.6 1.7 2.0 11 1.7 1.2 0.2 0.6 0.5 0.2 1.8 1.0
W-W 122 97 59 1.9 15 2.3 2.8 2.5 1.0 1.9 0.9 1.1 1.1 0.6 0.2 0.2
Green tea
TRFK 31/8 H-D 118 100 58 4.6 34 2.5 1.6 1.6 0.8 1.2 0.2 0.2 0.4 0.2 35 1.8
C-wW 143 9.6 5.6 3.4 3.8 2.8 3.0 1.8 1.1 1.2 0.8 0.5 0.3 0.2 2.3 1.6
W-W 147 126 58 53 6.0 4.9 1.6 1.0 1.0 0.8 0.2 0.5 0.2 0.4 2.5 2.0
TRFK 6/8 H-D 86 120 31 3.1 3.0 55 1.1 15 1.0 1.3 0.4 0.7 0.2 0.2 1.8 2.6
C-wW 94 147 26 3.9 2.5 6.5 1.6 1.3 2.3 2.6 0.4 0.4 0.1 0.2 1.2 15
W-W 180 129 55 3.3 8.0 55 1.7 1.4 2.2 2.1 0.6 0.6 0.3 0.4 2.1 1.4
NRIT St. 536 H-D 84 107 21 5.2 3.0 2.6 2.3 1.8 0.7 0.9 0.3 0.2 0.2 0.3 2.6 2.0
Cc-w 146 9.0 5.8 3.2 3.8 29 2.2 1.6 2.3 0.9 0.5 0.4 0.3 0.5 2.3 1.3
W-W 164 130 6.7 53 6.3 4.0 1.6 1.7 1.6 1.6 0.3 0.4 0.2 0.2 2.1 1.5
LSD (P<0.05) Cultivar(C) 0.007 0.038 0.001 0.122 0.001 0.240 0.001 0.001
Season (Ss) 0.001 0.064 0.001 0.356 0.001 0.002 0.011 0.032
Site (St) 0.069 0.016 0.969 0.053 0.188 0.288 0.207 0.012
Interaction (CSs) 0.963 0.895 0.412 0.109 0.410 0.014 0.015 0.058
Interaction (CSt) 0.144 0.237 0.054 0.899 0.066 0.692 0.015 0.035
Interaction (SsSt) 0.219 0.318 0.156 0.519 0.178 0.363 0.604 0.471
Interaction (CSsSt)  0.217 0.560 0.100 0.688 0.660 0.726 0.838 0.093

40

TC, Total catechins; EGCG, (-) epigallocatechin gallate; ECG, (-) epicatechin gallate; EGC, (-) epigallocatechin; EC, (-) epicatechin; (+) catechin; GA, gallic acid; CAFF,

caffeine; Timb, Timbilil; Kang, Kangaita; H-D, hot-dry season; C-W, cold-wet season; W-W, warm-wet season
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4.6 Seasonal changes in anthocyanin concentration

In the hot-dry season, commercial cultivar TRFK 306 accumulated anthocyanin at
120.9 mg/l in Timbilil, while in the warm-wet season it showed a threefold higher
accumulation to reach over 384 mg/l (Figure iii). The low rate of anthocyanin
accumulation resulted in most leaves of the purple plant appearing green, while some

showed low pigmentation.
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Figure (iii): Seasonal variation of total monomeric anthocyanins. H-D, hot-dry
season; C-W, cool-wet season; W-W, warm-wet season.

4.7 Gene expression patterns

The variations in expression patterns of selected flavonoid pathway gene transcripts
CsPAL, CsCHS, CsCHI, CsF3H, CsF3’5’H, CsDFR, CsANS and CsANR were
examined in leaves of green (TRFK 31/8) and purple (TRFK 306) tea cultivars over
the three annual seasons (Figure iv). Except for CsCHI which was down-regulated,
many of the flavonoid biosynthetic pathway genes from the green-leafed cultivar were

slightly upregulated during the cold-wet season (Figure iv). In the same green tea
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cultivar during the warm-wet season, CsF3H was (> 2 fold) down-regulated.
Comparatively, the purple-leafed cultivar presented up-regulation of CsCHI and down
regulation of CsCHS in all the three seasons, down-regulation of CsPAL in two
seasons the (cold-wet and warm-wet) and down-regulation of F3’5’H in only hot-dry
season when compared to the green-leafed cultivar (Appendix xi). However, genes
that were not affected by the seasonal weather variation did not show expressions

hence are not represented by the graphs.
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B a TRFK 31:8 H-D ® TRFK 31:8 C-W # TRFK 318 W-W
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Figure (iv): Relative expression profiles of the flavonoid biosynthetic genes from
purple- (TRFK 306) and green- (TRFK 31/8) leafed tea cultivars over different
seasons of the year 2014. H-D, hot-dry season; C-W, cold-wet season; W-W, warm-
wet season; CsPAL( phenylalanine-ammonia-lyase), CsCHS( chalcone synthase),
CsCHI(chalcone isomerase), CsF3H( flavanone 3-hydroxylase), Cs F3'5'H( flavonoid
3',5'-hydroxylase), CsDF( dihydroflavanol 4-reductase), CSANS( anthocyanidins

synthase), CSANR( anthocyanidin reductase).

® TRFK 306 H-D ® TRFK 306 C-W ® TRFK 306 W-W

CsANR
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CHAPTER FIVE

DISCUSSION

5.1 Seasonal variation of leaf stomatal density

From the current study, considerable genotypic differences were found in stomatal
density of the five tea cultivars. Assamica varieties with broad leaves had higher
stomatal density than the narrow leafed Chinary varieties. This suggested that the
variations depend on plant species/varieties. This had earlier been reported by (Al
Afas et al., 2006) stomatal density is unique to a specific plant and even among
individual plants of the same species. Thus the difference in stomatal density among
the studied tea cultivars could be attributed to the difference in morphological; foliar,

floral and growth features (Wachira et al., 1995).

The results from the study indicated higher stomatal density during the cool-wet
season compared with the warm-wet and hot-dry seasons respectively. It could be due
to the varied environmental conditions. Normally every season has its distinct day
length, rainfall, sunlight and temperature (Tounekti et al., 2013). Generally, the cool-
wet season is a rainy season the tea plants were exposed to cloudy and rainy days
(Zagoskina et al., 1990). They were subjected to low CO, concentration, high
humidity and low light intensity (Givnish 1988). The combination of all these factors
exerts pressure on plants, which becomes expressed as changes in their leaf
morphology (Koffidis, el al., 2003). Therefore, the tea cultivars increased their leaf
stomatal density so as to adapt to these enviromental conditions which are associated
with the cold-wet and warm-wet seasons. Thus such changes that occurs in the leaf

morphology enhances photosynthetic capacity of the plant by improving CO, and
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light absorption (Delagrange et al., 2006; Peri et al., 2007; Valladares and Niinemets,
2008).

The results of this study also demonstrated that the tea cultivars had low stomatal
density during the hot-dry season. The high temperatures cause water stress in plants
by increasing soil evaporation which leads to high leaf transpiration. In such case
plants adjust their number of stomata (stomatal density) in order to minimize
excessive water loss (Hepworth et al., 2015). Thus both stomatal size and density may
be affected by variation of temperature (Yan et al., 2017). Plants can effectively
regulate their stomata aperture according to leaf water status. They open stomata
when water status is well and close them when water status is unfavorable such a
strategy is useful as an adaptation to drought (McDowell et al., 2008). Therefore, tea
cultivars employed this mechanism of reducing stomatal density in order to survive
during water deficit. However, some studies have shown negative correlation (Yang
and Wang, 2001; Martinez et al., 2007). From the current study there was no
significant variation of stomata density between the two study sites. Despite the fact
that they were at different geographical locations, Timbilil Center (altitude 2180 m
above sea level; 0°22°S 35°21°E) and Kangaita Center (altitude 2100 m above sea
level; 0°30°S 37°16°S). This indicates that the environmental conditions between the
two sites were moreless the same. In overall the results of the present study showed
that although the development of the leaf stomata is essentially controlled by different
genes, the environmental conditions in which the plant is grown will have some

impact (Casson and Gray, 2008).

5.2 Seasonal variation of catechins
The study showed season-specific differences in flavonoids accumulation in different

tea cultivars. Variation in catechins content between cultivars, seasons and sites
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indicated that the test cultivars responded differently under varying climatic
conditions (Appendix ii). Leaf chemical analysis revealed significant changes in all
tea quality components due to cultivar (TC, EGCG, EGC, EC and GA), seasons (TC,
EGC, EC, C and GA) and sites (EGCG), cultivar and season (C and GA) and cultivar
and site (GA) interactions. Green tea cultivars showed high levels of TC content
compared to colored/purple teas. No significant differences were realized in ECG
content in all variables. The highest TC content was exhibited by the standard quality
cultivar TRFK 6/8 that is proven suitable for processing of black, green and white teas
and cultivated prominently in the east of Great Rift Valley, a region reputed for high
quality tea products. Catechins contribute significantly to the organoleptic characters
such as color, flavor, texture and astringency of the tea products (Owuor et al., 2010).
The results indicated that the warm-wet season (Table iv) was the most active period

for the accumulation of TC in tea.

The levels of individual catechins present in the green-leaf varied significantly among
cultivars, demonstrating that catechin composition was cultivar dependent.
Epigallocatechin-3-gallate (EGCG), the ester of EGC and GA, is the most abundant
catechin in green tea, a potent antioxidant that may have therapeutic applications in
the treatment of many disorders (Lin et al., 2017). The content of EGCG in green tea
cultivars was significantly reduced during the hot dry- compared to the other two
seasons of the year. Similar studies have reported significant increase in EGCG
during the warm- wet season which was attributed to stronger sun light and increased
sunshine hours during the warmer months (Jaakola and Hohtola, 2010). Such plants
maintain higher photosynthetic rates at lower temperatures than plants growing in hot-
day seasons/areas, thus increasing the amount of fixed carbon available for secondary

metabolites. Moisture deficiency associated with elevated temperatures further



48

reduces the synthesis of EGCG ultimately influencing the quality of made tea
(Mukhopadhyay and Mondal, 2014). Epicatechin gallate (ECG) and EC are both
dihydroxylated on the B-ring and compete for oxidation by polyphenol oxidase(s) to
form different products but unlike ECG, EC is not esterified with the trihydroxylated
moiety of gallic acid (Obanda et al., 1997). Due to this difference in chemical
structure, products arising from EC would be less astringent than those from ECG,
translating into differences in organoleptic responses. Epicatechin (EC) content has
been reported to be more abundant in wild tea trees (Li et al., 2010). No significant
differences were realized in ECG content in all variables showing the changes were
not systematic and cannot be used to predict quality, whereas significant variation in
EC indicates potential in both cultivars and seasons for less astringent specialty tea
products. Results from the study revealed that the highest caffeine content was
recorded in the hot-dry period as compared to the cold-wet/warm-wet seasons among
all the cultivars with an exception of TRFK 91/1. This implied that some degree of
stress stimulates production of this alkaloid which agreed with (Cherotich et al., 2013)
that maximum caffeine accumulates under water stress in teas. It’s attributed to the
accumulation of solutes by plants during water stress. Which stimulates the enzyme
polyphenol oxidase in the phenyl-propanoid pathway. This enzyme causes
hydroxylation of p-ce toumaric acid to caffeic acid. Further, caffeine in young leaves,
fruits, and flower buds provide protection since plants are exposed to plethora of
biotic stresses during the hot-dry season (Mohanpuria et al., 2010). As different tea
cultivars and seasons showed varying levels of caffeine in this study, there exist

potential to develop special tea products targeting different consumer needs.
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5.3 Seasonal variation in anthocyanin accumulation

The current study demonstrated that anthocyanins content was significantly varied
amongst the cultivars. This indicated that variation of anthocynins is genotype
dependent. The warm -wet season accumulated high contents of anthocyanins than the
cool-wet and hot-dry seasons respectively. It agreed with (Steyn et al., 2002) that
accumulation of anthocyanin varies with seasons. The moderate precipitation, low
temperature, and average humidity (Appendix xvii & xviii) during the warm-wet
season favoured biosynthesis of flavonoids in the tea plant (Cortell et al., 2007,
Tarara et al.,, 2008). The biosynthesis of anthocyanins is genetically controlled.
Therefore, such moderate environmental conditions stimulated transcription factors
which caused activation or repression of structural genes that are involved in
anthocyanin biosynthesis (Azuma et al., 2012; Cheynier et al., 2013; Jaakola, 2013).
Enhanced anthocyanins content in the purple leafed tea cultivars during the warm-wet
season, could have been attributed to moderate light that caused stimulation of gene
transcript for flavonoid 3-O-glucosyltransferase (UFGT) enzyme. This enzyme is
responsible for the production of endogenous sugars UDP-glucose that induces the
biosynthesis of anthocyanins (Solfanelli et al., 2006). However, the low contents of
anthocyanins in the cultivar TRFK 306 during the hot-dry season could be due to the
effects of high temperatures. Anthocyanins are sensitive to high temperatures and are

easily degraded (Mori et al., 2005, 2007; Yamane et al., 2006).
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5.4 Gene expression patterns
Gene transcripts underlying the biosynthesis of flavonoids in tea have been done
comprehensively (Lai et al., 2016; Zhou et al., 2016; Lin et al., 2017). Lower
accumulation of flavan-3-ols and anthocyanin could be caused by one or a
combination of factors that include reduced synthesis, increased degradation or
increased photo-oxidation of the phenylpropanoid intermediates (Lin-Wang et al.,
2011). In all the seasons, purple leafed cultivar TRFK 306 showed up regulation of
CsCHI. lIts is an upstream gene that plays a key role in specifically generating (2S)-
flavanones from chalcones which is a critical intermediate for formation of several
flavonoid classes whose biosynthesis branches at this point (Ferreira et al., 2005).
From the current study, it implies there was variation in flavanones in the three
seasons. Anthocyanidins (cyanidin and delphinidin) and catechins are derived from
dihydroflavonols (dihydroquercetin, dihydromyricetin) whose precursors are the

flavanones.

Comparative analysis showed the expression of transcripts CsPAL, CsCHI, CsF3H
and CsF3'5'H were differentially expressed (> 2.0 folds) in purple- and green-leafed
cultivars supporting seasonal changes in flavonoid contents. Phenylalanine ammonia-
lyase (PAL) catalyzes the deamination of phenylalanine (Phe) to give cinnamic acid,
which is the first step in the phenylpropanoid pathway and an important regulation
point between primary and secondary metabolism. Similar expression levels of PAL
genes during the hot-dry season in both purple- and green-leafed cultivars imply
responsiveness to hot-dry stress conditions (Huang et al., 2010). As most plants do
not accumulate chalcones, naringenin chalcone is rapidly isomerized to flavanone
naringenin by CHI (Lillo et al., 2010). Regulation of CHI was cultivar dependent with

purple-leafed tea clearly demonstrating that it has evolved a special type of regulation
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that enables the accumulation of flavanones. These flavanones are then converted to
dihydroflavonols by a hydroxylation in position 3 catalyzed by flavanone 3-
hydroxylase (F3H). In purple-leafed tea, the gene showed an expression pattern
similar to that of CHS. Flavonoid 3’5’-hydroxylases (F3°5°Hs) competitively controls
the synthesis of delphinidin and cyanidin, the precursors of blue and red anthocyanins
(Falginella et al., 2010), thus its down regulation during the hot-dry season in the
purple-leafed cultivar is consistent with low anthocyanin accumulation. Notably,
anthocyanin concentration was considerably affected by seasonal changes, with

maximum concentration accumulated in the warm-wet season.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
From the study, stomatal density was found to be significantly higher during the cool
wet season among the assam tea cultivars. However, there was no correlationship

between the accumulations of tea flavonoids with stomatal density of the tea plant.

Biochemical analysis revealed that total catechins (TC) were significantly higher
during the warm-wet season. Green tea cultivars showed higher levels when
compared with purple leafed tea cultivars. The highest TC content was exhibited by
the cultivar TRFK 6/8 that is proven suitable for processing of black, green and white
teas. The varying levels of caffeine with cultivar and season will be an advantage to
pharmaceutical industry to venture into formulation of drugs or food additives with
predetermined levels of caffeine which will be of great beneficial to consumers. The
present study showed the cultivar TRFK 306 accumulated the highest levels of

anthocyanins during the warm-wet season.

Results from the study demonstrated that the four gene transcipts; CsPAL, CsCHI,
CsF3H and CsF3'5'H were differentially expressed in purple and green leafed
cultivars supporting seasonal changes in flavonoid contents. In all the seasons, purple
leafed cultivar TRFK 306 showed; up regulation of CsCHI and down regulation of
CsCHS, down regulation of CsPAL in only two seasons (cool-wet and warm-wet) and

CsF3’5H in only hot-dry season.

In overall, the observed season-specific differences in flavonoid content in different

tea cultivars is an indication of the potential for product diversification.
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6.2 Recommendations

The following recommendations were derived from this study:

1. There is no correlationship between stomatal density and the accumulation

of tea catechins and anthocyanins.

2. Tea leaves harvested during the warm-wet season are suitable for the
processing of flavonoid-rich tea products. As breeding for increased
flavonoid content in tea is difficult, processors should take advantage of

their differential accumulation with seasons and cultivars.

3. This study recommends that in the purple leafed cultivar TRFK 306,
regulation of the gene transcript CsCHI should be utilized as a biomarker

in breeding for anthocyanin rich-tea.

6.3 Suggestion for further research

The current study only investigated on the differential expression of eight gene
trancripts in the three seasons. However, there’s need to research on the
correlationship between differential expression of genes and accumulation of tea
flavonoids. This will be usefully to develope biomarkers for production of tea rich in

flavonoid content.
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APPENDICES
Summary tables for analysis of variance (ANOVA) results of means for the stomatal
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density, biochemical and molecular parameters of tea plant (Camellia sinensisL.) O.

Kuntze.

Appendix (i): Anova for stomatal density in (mm?) for five cultivars

variation d.f. m.s. v.I. F pr.

cultivar 9440.8 2360.2 2.76 0.035
season 4348.5 2174.3 2.55 0.087
site 58.8 58.8 0.07 0.794
cultivar. season 60605.5 7575 8.87 <.001
cultivar. site 9212.3 2303.1 2.70 0.039
Season.site 17607.6 8803.8 10.31 <.001
cultivar. season. site 35282.0 4410.3 517 <.001
Residual 51229.3 853.8

Total 187784.9

Appendix (ii): Anova for total catechin

variation d.f. S.S. m.s. V.1, F pr.
Rep stratum 1 5.204 5.204 0.75

cultivar 4 118.592 29.648 4.30 0.007
season 2 194.971 97.485 1413 <001
site 1 24.538 24.538 356  0.069
cultivar.season 8 16.154 2.019 0.29 0.963
cultivar.site 4 51.335 12.834 1.86 0.144
season.site 2 22.065 11.032 1.60 0.219
cultivar.season.site 8 80.294 10.037 146  0.217
Residual 29 200.010 6.897

Total 59 713.161




Appendix (iii): Anova for EGCG
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variation d.f. S.S. m.s v.r. F pr.
cultivar 4 35.144 8.786 292  0.038
season 2 18.244 9.122 3.03 0.064
site 1 19.757 19.757 6.56 0.016
cultivar.season 8 10.272 1.284 0.43  0.895
cultivar.site 4 17.690 4.422 1.47 0.237
season.site 2 7.176 3.588 119  0.318
cultivar.season.site 8 20.711 2.589 0.86  0.560
Residual 29 87.290 3.010

Total 59 216.296

Appendix (iv): Anova for EGC

variation d.f. S.S. m.s A F pr.
cultivar 4 96.087 24.022 17.69  <.001
season 2 30.776 15.388 11.33 <.001
site 1 0.002 0.002 0.00 0.969
cultivar.season 8 11.592 1.449 1.07 0.412
cultivar.site 4 14.353 3.588 264  0.054
season.site 2 5.383 2.692 198  0.156
cultivar.season.site 8 20.560 2.570 1.89  0.100
Residual 29 39.375 1.358

Total 59 222.232




Appendix (v): Anova for ECG

variation d.f. S.S. m.s v.I. F pr.
cultivar 4 5.9476 1.4869 1.99 0.122
season 2 1.5968 0.7984 1.07  0.356
site 1 3.0240 3.0240 405  0.053
cultivar.season 8 10.9908 1.3738 1.84  0.109
cultivar.site 4 0.7859 0.1965 0.26 0.899
season.site 2 1.0016 0.5008 0.67 0.519
cultivar.season.site 8 4.1826 0.5228 0.70  0.688
Residual 29 21.6328 0.7460

Total 59 50.2422

Appendix (vi): Anova for EC

variation d.f. S.S. m.s v.I. F pr.
cultivar 4 9.0896 2.2724 7.58 <.001
season 2 6.1756 3.0878 10.31 <.001
site 1 0.5453 0.5453 1.82 0.188
cultivar.season 8 2.5657 0.3207 1.07 0.410
cultivar.site 4 2.9760 0.7440 2.48 0.066
season.site 2 1.0985 0.5493 1.83  0.178
cultivar.season.site 8 1.7625 0.2203 0.74  0.660
Residual 29 8.6895 0.2996

Total 59 33.4595




Appendix (vii): Anova for C
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variation d.f. S.S. m.s v.I. F pr.
cultivar 4 0.9326 0.2332 1.46 0.240
season 2 2.4542 1.2271 7.69 0.002
site 1 0.1870 0.1870 1.17 0.288
cultivar.season 8 3.8418 0.4802 3.01 0.014
cultivar.site 4 0.3588 0.0897 0.56 0.692
season.site 2 0.3354 0.1677 1.05 0.363
cultivar.season.site 8 0.8351 0.1044 0.65 0.726
Residual 29 4.6281 0.1596

Total 59 13.5959

Appendix (viii): Anova for GA

variation d.f. S.S. m.s. V.1, F pr.
cultivar 4 1.09248 0.27312 10.94 <.001
season 2 0.26222 0.13111 5.25 0.011
site 1 0.04161 0.04161 1.67 0.207
cultivar.season 8 0.59449 0.07431 2.98 0.015
cultivar.site 4 0.36664 0.09166 3.67 0.015
season.site 2 0.02560 0.01280 0.51 0.604
cultivar.season.site 8 0.10195 0.01274 051 0.838
Residual 29 0.72374 0.02496

Total 59 3.28649




Appendix (ix): Anova for CAFF

variation d.f. S.S. m.s. v.I. F pr.
cultivar 4 16.7154 4.1789 17.18 <.001
season 2 1.8892 0.9446 3.88 0.032
site 1 1.7272 1.7272 7.10 0.012
cultivar.season 8 4.2665 0.5333 2.19 0.058
cultivar.site 4 2.9168 0.7292 3.00 0.035
season.site 2 0.3760 0.1880 0.77 0471
cultivar.season.site 8 3.7620 0.4702 193 0.093
Residual 29 7.0547 0.2433

Total 59 39.1585

Appendix (x): Anova for anthocyanins

variation d.f. s.S. m.s. V.I. F pr

cultivar 3 601386.3 200462.1 526.04 <.001
season 2 74524.3 37262.2 97.78 <.001
site 1 11 11 0.00 0.957
cultivar. season 6 30901.5 5150.2 1351 <.001
cultivar. site 3 49167.5 16389.2 43.01 <.001
season. site 2 8746.6 4373.3 1148  <.001
cultivar. season. site 6 33387.9 5564.7 1460  <.001
Residual 24 9145.9 381.1

Total 47 807261.2




Appendix (xi): Raw CT values for g°PCR

Relative expression software tool (rest) analysis (Log 2 transformed)

20 v 20 20v1 20v2 20V 3 20v 4 20v5 20V 6 20 v7 20v8 20v9 | 20v10 20v 11
Myb 0 1.06 1.34 1.89 0.36 -1.74 -1.10 1.20 0.24 0.22 -0.81
ANR 2 0 113 1.13 1.36 0.88 1.02 1.91 -0.69 0.23 111 1.09
ANR 1 0 -1.33 -0.33 1.02 0.62 1.06 -0.11 -1.25 -0.36 1.09 1.98
ANS 0 -1.19 -1.83 -1.38 -5.27 1.16 -1.62 -1.56 -0.51 -1.87 -3.84
C4H 0 1.39 2.15 1.49 3.24 154 151 0.22 2.80 151 3.04
CHI 0 1.68 0.58 0.31 0.07 1.72 1.40 0.54 0.89 -2.57 0.73
CHS 0 137 0.96 1.18 071 1.40 1.03 0.39 1.48 1.47 1.16
DFR 0 0.55 0.30 0.78 0.31 1.35 0.96 -0.08 0.35 1.08 0.32
F3H 0 1.03 -0.73 0.56 0.56 1.35 0.72 -0.61 0.51 1.54 0.69
F2’5s’H 0 1.02 1.49 2.50 2.49 1.22 0.98 -0.14 1.38 1.05 2.20
PAL 0 0.37 -0.66 0.21 0.55 1.06 0.79 117 1.08 1.38 1.06
20v 13 20 v14 20v15| 20v16 20v 17 20v 18 20v19 | 20v20| 20v2l| 20v22] 20v23 20 v 24
-1.07 -1.15 -1.08 -0.19 1.25 -0.46 0.26 1.65 0.36 0.36 -0.11 1.12
1.34 1.86 1.24 137 1.22 1.43 0.06 1.18 157 157 0.01 1.81
1.48 1.44 111 152 1.04 1.50 057 1.84 1.84 1.22 0.80 1.49
2.04 -3.04 113 -3.84 137 -457 -1.90 472 -4.72 -1.90 -0.10 121
178 1.60 1.34 -0.24 1.96 1.00 0.81 3.34 3.34 1.70 1.30 -2.29
1.69 -0.15 157 1.65 1.04 1.69 1.30 1.09 1.09 133 1.26 1.25
1.60 1.30 0.87 150 1.94 2.17 1.00 1.98 1.98 173 172 2.00
1.30 1.41 0.99 0.54 0.46 1.01 0.98 1.24 1.24 0.98 1.47 1.19
117 1.10 1.01 1.37 0.95 2.37 1.94 0.96 0.96 1.39 1.33 1.79
2.19 1.74 2.47 2.43 1.14 1.02 1.40 2.39 1.39 157 1.23 0.94
-0.02 0.41 0.09 -0.40 161 173 1.89 136 1.36 1.68 0.45 0.78

N/B: Cultivar 20 was the reference cultivar (TRFK 6/8); TRFK 306/3was represented by numbers 1&10(hot-dry), 22& 15(cold-
wet), 7&19(warm-wet) while TRFK 31/8; 2 &11(hot-dry), 5&16(cold-wet), 21&18(warm-wet) seasons inTimbilil and Kangaita sites

83



84

Appendix (xii): Preparations of 6XxRNA loading dye and formaldehyde agrose-
gel

e 8 ul saturated aqueous Orange G solution

e 40l 0.5MEDTA, pH 8.0

o 360 ul 37% formaldehyde

e 1 ml100% glycerol

e 1542 pl formamide

e 2ml 10 x FA Gel Buffer

e RNase-free water to 5 ml

Appendix (xiii): Extraction buffer 1(EB1)
It consisted of 2% (w/v) cetyltrimethylammonium bromide (CTAB), 2% (w/v)

polyvinylpolypyrrolidone (PVPP), 100mM (hydroxymethyl)aminomethane [Tris-HCI
(pH8.0) (used from a stock of1M Tris-HCI prepared in DEPC (diethylpyrocarbonate
dissolved into autoclaved water solution adjusted to pH 8.0)], 25mM
ethylenediaminetetra acetic acid (EDTA) (used from a stock of 0.5M; pH 8.0)], and
2M sodium chloride [ NaCl (used from a stock of 5M)], Spermidine 0.05g in 100 mls.
The mixture was autoclaved. Before using was added Beta - mercaptoethanol (BME)

(2%, concentration)
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Appendix (xiv): Extraction buffer 11: (EB11) SSTE (Suspension Sodium Tris
EDTA)

It consisted of autoclaved 1 M NaCl (1ul/200 pl of 5 M stock in 788ul DEPC);
Autoclaved 10 mM Tris, (10 pl of 1 M Tris stock); Autoclaved EDTA 1mM, (2ul of
0.5 M EDTA stock). Other reagents and solutions included; chloroform: isoamyl
alcohol (C.1.A) [24: 1 (vIV)]; 70% ethanol; 10MLICI (lithium chloride); DEPC treated
autoclaved water
Appendix (xv): preparation of 3.0 m sodium acetate, PH 4.8
To make one liter: 408.1 g NaAce (trihydrate; gets cold in soln) about 700 mL H20
adjust pH with glacial acetic acid (takes a lot); Measure tru pH by dilution with water;

range will be between 4.8 and 5.5.
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Appendix (xvi): Means seasonal weather and tea auction prices during the year

2014

Precipitation Temp Max Temp Min Relative Humidity

(mm) °C) °C) (%)

Season Timbilil Kangaita Timbilil Kangaita Timbilil Kangaita Timbilil Kangaita

H-D 221 150 25.8 22.6 9.0 10.0 50.7 70.7
C-w 1218 1130 23.3 19.0 9.2 115 70.7 81.9
W-W 793 721 23.5 20.6 9.3 10.8 68.9 76.5

Temp Max, maximum temperature; Temp Min, minimum temperature; H-D, hot-dry;

C-W, cold-wet; W-W, warm-wet

Appendix (xvii): Weekly environmental variation of precipitation andrelative

humidity

mRF Timb mRF Kang ~RH Timb - RH Kang

Precipitation(mm)
o s = = é =)
= =] =] =3 =]

(=]

Week of the Year

HD C-W W-W

NB: Precipitation and relative humidity, RF, rainfall/precipitation; RH, relative
humidity; Timb, Timbilil; Kang, Kangaita; H-D, hot-dry season; C-W, cold-wet

season; W-W, warm-wet season.
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Appendix (xviii): Weekly environmental variation of temperatures in 2014.

30
~Max Timb -Max Kang -Min Timb - Min Kang
24" :

Temperature {(“C)
-

10
5 o
0‘00 T T T T T T L T T T T T T T T T T T T T T T T T T T L T T T T T T T T T T L T T L T T T T T T T T T 1
[ 234567 89100112131I516171819202122232425262728293031 323334353637 383040414243 4445464748493051 52
Weak of the Year
HD cW W-W

NB: H-D (hot-dry), C-W(cool-wet), W-W(warm-wet)



