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CHAPTER 1

GENETIC STUDIES IN TEA (Camellia sinensis) AND

BREEDING STRATEGIES

“Tea is a miraculous medicine for the maintenance of health. Tea has an
extraordinary power to prolong life.”
Eisai (“Father of Tea” in Japan)

Maintaining Health by Drinking Tea 1211
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1.1. The Importance of Tea

Tea is made from the young tender shoots of Camellia sinensis. Billions of people
consume this non-alcoholic beverage on a daily basis. More than 3 billion cups of tea
are consumed every day. This adds up to more than 45.4 L (12 gallons) per person

annually (Wolf et al., 2007).

The growing interest in tea is mainly due to its medicinal properties. Tea has
anticarcinogenic, anti-aging, anti-inflammatory, antibacterial and anti-fungal
properties (Friedman, 2007; Yang et al., 2006). The antioxidants and alkaloids (e.g.
caffeine) in tea are the major contributors to these properties. Tea contains between
1 to 5% caffeine. The young tea leaves contain about 30% polyphenolic antioxidants
known as catechins (Perva-Uzunali¢ et al., 2006). The major catechins in green tea
are (-)-epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC), (-)-
epicatechin-3-gallate (ECG) and (-)-epicatechin (EC), Figure 1.1. The minor
catechins namely, catechin, gallocatechin, epigallocatechin digallate, epicatechin
digallate, 3-O-methyl EC and EGC, catechin gallate and gallocatechin gallate are
also found in green tea, but only contribute to a small portion of the total catechin
content. In black tea, most of the catechins are converted to theaflavins and
thearubigins in an enzymatic oxidation step formally called the fermentation step
during production, Figure 1.1 (Shaheen et al., 2006; Siddiqui et al., 2004; Wheeler &

Wheeler, 2004).

Tea is produced in 52 countries (Mondal et al., 2004). The top 10 tea producing
countries in 2005 were China, India, Sri Lanka, Kenya, Turkey, Indonesia, Vietnam,

Japan, Argentina and Bangladesh, Figure 1.2 (Chen et al., 2007a). Tea contributes
2
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to both the economy and cultural traditions of these and other countries. In addition
to its direct use, tea is also used in the pharmaceutical and cosmetic industries (Chen

& Zhou, 2005e).
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Figure 1.1: A) and B) The chemical structures of the major catechins in green, C) the
theaflavins in black tea and D) caffeine. E) The enzymatic conversion of catechin to
theaflavin during aerobic fermentation. Abbreviation: PPO: Polyphenol Oxidase (adapted
from Chen et al., 2007b and Friedman, 2007)
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World Tea Production in 2005

China
27.5%
7

Sri Lanka
9.01%

Figure 1.2: The world tea production in 2005 (Statistics from
http://faostat.fao.org/site/567/default.aspx#ancor)

The origin of tea

Camellia sinensis is an evergreen tree that is indigenous to China and the Assam
region in India. Tea is one of the oldest beverages in the world and was first
consumed as a medicine. The legend of tea’s origin dates back to 2700 B.C., when
drinking boiling water was a custom in China. According to the legend, a tea leaf
dropped into a pot of boiling water prepared for the Chinese emperor, Shen Nung.
The emperor was enchanted by the taste, which started the custom of tea drinking

(Wheeler & Wheeler, 2004; Wolf et al., 2007).

This however is not the only legend about tea’s origin. Bodhidharma was a Buddhist

monk, who struggled to stay awake during meditation. In order to prevent him from

4
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falling asleep he cut his eyelids off. This gained the favour of the gods and from his
eyelids the first tea plant was born. By chewing only the leaves of the plant,
Bodhidharma stayed awake for seven years. Today tea trees are still found around

old Buddhist monasteries (Dan, 2006).

Tea classification

Camellia sinensis belong to the family Theaceae in the section Thea (Prince & Parks,
2001). Camellia sinensis (L.) O. Kuntze is botanically subdivided into two main
subspecies. Camellia sinensis var. sinensis is a small leaved bush, indigenous to
China, Figure 1.3. This subspecies is tolerant to a cold climate. The second
subspecies is assamica, a large leaved, tall tree originally from the Assam region in
India, Figure 1.3 (Kaundun & Matsumoto, 2003a). Assamica prefers a semitropical
climate and on average has a higher caffeine and catechin content than sinensis.
Green tea is made mainly from sinensis and black tea from assamica (Astill et al.,
2001; Singh & Ahuja, 2006; Tanaka & Taniguchi., 2007). A third minor subspecies,
Camellia assamica subspecies lasiocalyx (Cambod or Indochina tea) is an
intermediate between assamica and sinensis. Since breeding programs have
constantly crossed the different subspecies, it is nearly impossible to classify all tea

cultivars into these three groups without doubt (Singh & Ahuja, 2006).

Tea cultivars each have a set of unique characteristics. The cultivar Benefuki, a
hybrid tea between sinensis and assamica subspecies, is high in methylated
epigallocatechin gallate (Kaundun & Matsumoto, 2003a). Luxi white tea, a Chinese
cultivar, has a high polyphenol content (53.7%), while Anji white tea has a high amino
acid content (6.5%). Guangdong tea is low in caffeine (0.14%) in contrast to wild tea

from Yunnan that is known for its high caffeine content (6.96%) (Mondal et al., 2004).

5
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Figure 1.3: Young shoots of the two subspecies, sinensis (left) and assamica (right) (Dan,
2006)

The tea industry

In the industry, tea is classified into three main groups: green tea, black tea and
oolong tea. The differences in these groups are in the processing methods. About
78% of the tea produced is black tea, 20% is green tea and 2% is oolong tea

(Rehman et al., 2007).

Black tea is fermented tea. Fermentation is an oxidative process that relies on the
presences of the enzymes, polyphenol oxidase (PPO; E.C. [Enzyme Commission]
1.14.18.1; monophenol mono-oxygenase (tyrosinase)) and peroxidase (PO; E.C.
1.10.3.2; o-diphenol: O, oxidoreductase), Figure 1.1 (Haslam, 2003; Chen et al.,
2007b). After plucking, leaves are first rolled which breaks the cellular components
and releases the enzymes. This promotes the oxidation processes (Bhattacharya et
al., 2007). The fermentation reactions are time, temperature, pH, relative humidity
and oxygen dependent (Muthumani & Kumar, 2007). In this process, catechins are
oxidized to theaflavins and thearubigins. Theaflavins and thearubigins are
responsible for the astringent taste of black tea and contributed to the quality of black

tea.
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Green tea is unfermented tea. The leaves are plucked and immediately steamed or
pan-fried to inactivate PPO. Since about 90-95% of the polyphenols in black tea
undergo enzymatic oxidation to theaflavins and thearubigins, green tea contains

significantly more catechins than black tea (Chen et al., 2005a; Astill et al., 2001).

Oolong tea is semi fermented and is mostly produce in China and Taiwan (Kaundun
& Matsumoto, 2003a). White tea is also made from Camellia sinensis. It is an
unfermented tea, but it is only made from the first leaf and the bud giving it a lighter
colour than green tea (Du et al., 2006). However, only a small amount of white tea is
produced. Commercially teas are traded under company names, but due to the
increasing demand for better quality teas some Japanese teas are sold under the
cultivar’'s name (Kaundun & Matsumoto, 2003a). Other teas that are not made from
Camellia sinensis include rooibos tea and honeybush tea (South African teas), as

well as fruit and herbal teas that are sold under the respective plant names.

The Tea Plant

Growing wild a tea plant can reach heights of 15 metres (50 feet), however under
cultivation shrubs are maintained at 60 to 100 cm for harvesting. Plantations start to
flower after three to eight years and can be harvested for more than a 100 years
(Fang et al., 2006; Kwong-Robbins, 2005, Chen et al., 2008). Tea is diploid with a
chromosomal number of 30 (2n = 30), though some ftriploid cultivars have been
reported (Devarumath et al., 2002). The genome size of tea is 4,000 million bases
(Tanaka & Taniguchi, 2007) and the karyotype ranges from 1.28 u to 3.44 p (Mondal

et al., 2004).
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Tea Research Foundation of Central Africa (TRFCA)

The Tea Research Foundation of Central Africa (TRFCA) started a breeding program
in 1956 with the aim of increasing the quality and quantity of tea produced in Africa
(Ellis & Nyirenda, 1995). This breeding program succeeded to steadily increase the

yield over the first 40 years. Recently however, this increase is stabilizing.

This breeding program started with a small group of selected parents and the
introduction of new genetic material to the program was limited to superior offspring.
It is therefore believed that expanding the gene pool by the introduction of new
genetic material may lead to a continuing in the increase in yield. The genetically

distant plants could be added to the gene pool which may prevent inbreeding.

Genetic diversity

Genetic relationship can be defined as the evolutionary history among the
cultivars/species/taxons (Huson & Bryant, 2006). This relationship relies on the
presence of a common ancestor. Numerous techniques have been applied to
investigate the genetic relationships in tea. These techniques include morphological,

biochemical, and molecular markers and will be discussed below.

1.2.Why Are Genetic Studies Important In Tea?
Conventional breeding relies on the natural diversity within a population for the
improvement of quality and quantity. A large and diverse gene pool is important since

it allows species to adapt to the changeable abiotic and biotic conditions.
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Tea is expected to have a high level of diversity (Thomas et al., 2006a; Chen et al.,
2005b) since:

1. Tea has an outbreeding nature, which favours continuous gene exchange with
neighbours and in some cases with wild relatives (Katoh et al., 2003).

2. Tea is cultivated in the latitudinal range from 45 °N to 34 °S, which include
about 52 countries and a range of different environmental conditions. In order
to survive these diverse environmental conditions a wide range of cultivars are
available (Mondal et al., 2004).

3. Different teas (green, black and oolong) are made from the same plant has led
breeders to focus on the different characteristics, preserving diversity (Astill et
al., 2001).

4. To a lesser extent the existence of chromosomal duplications (Devarumath et

al., 2002; Wachira & Ng’etich, 1999).

The world’s average yield of tea plantations increased from 783.6 kg/ha in 2000 to
987.4 kg/ha in 2006 (Yao et al., 2008). This is mainly due to the replacement of
seedling populations with clonal populations, which can lead to a decrease in
diversity. In Japan, more than 86% of the tea plantations are clonal Yabukita
plantations. About 60% of the cultivars released from Kenya are derived from the
cultivar ‘6/8’. Cultivars develop in Tocklai, India are selected mainly (75%) from
Betjani, Cinnamara and Cambod stock (Yao et al., 2008). The increase in clonal
plantations and continuous crossbreeding with small selection of superior trees can
lead to a reduction in the gene pool of tea. Furthermore, it is known that inbreeding
and the loss of diversity reduces the reproducibility and the survival of outbreeding
species in small laboratory populations. This leads to an increase in the risk of

extinction. Although not all species show a decrease in fithess of all the

9
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characteristics studied, reproduction is generally affected and can be seen as a
warning sign (Frankham, 2005). The knowledge of the genetic diversity in the tea
plant can assist tea breeders in selecting distant parental plants, preventing
inbreeding. This will prevent the shrinking of the gene pool and further loss of

desirable traits.

Genetic diversity in tea can be assigned using morphological markers (phenotype),
biochemical markers (metabolites), allozyme markers (proteins) and/or molecular
markers (genotype) (De Veinne, 2003). These markers and their application in

breeding will be the focus of this section.

1.3.Morphogenesis, Biochemical and Allozyme Studies

Morphological characteristics of plants were initially used as markers to assign
genetic diversity. The morphological characters of a plant (phenotype) are the

product of both the environment and its genotype.

The determination of the diversity among tea by means of morphological data is done
by evaluating different characteristics of the leaf, stem, flower, fruit and yields (Dan,

2006; Chen et al., 2005a; Thomas et al., 2006a), see Table 1.1.

The disadvantages of this method are:
1. Characteristics are influenced by environmental factors, such as, the
availability of water or the soil type, implying that plants from different areas
cannot be compared.

2. The development stage of the plant also influences the morphological traits.

10
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3. Morphological characteristics have a low heritability.

4. Some characteristics are expressed only late in the plant’s life, for example
tea plants only flower at three to eight years of age and some cultivars are
sterile (Chen et al., 2008).

5. This approach is time consuming (Dan, 2006).

In the biochemical analysis of plants, the concentrations of different metabolites are
determined and compared among the samples. In tea catechin, amino acid and
chlorophyll content are compared to analyse diversity among plants (Magoma et al.,

2000; Magoma et al., 2003; Saravanan et al., 2005; Thomas et al., 2006a).

In allozyme analysis, the total protein extract of the plants are separated by
electrophoresis. The different isoforms of the enzymes are then scored to assign
diversity. The following enzymes are reported to be used for allozyme analysis of tea:
E.C. 1.1.1.49), 6-phosphogluconate dehydrogenase (6PGDH, E.C. 1.1.1.44),
shikimate dehydrogenase (SKD, E.C. 1.1.1.25), malic enzyme (ME, E.C. aldolase
(ALD, E.C. 4.1.2.13), fumerase (FUM, E.C. 4.2.1.2), isocitrate dehydrogenase (IDH,
E.C. 1.1.1.42), glucose-6-phosphate dehydrogenase (G6PDH, 1.1.1.40),
glyceraldehydes-3-phosphate dehydrogenase (G3PDH, E.C. 1.2.1.12),
phosphoglucomutase (PGM, E.C. 5.4.2.2) and aspartate amino transferase (AAT,
E.C. 2.6.1.1) (Chen et al., 2005a). Allozymes reveal low levels of diversity in tea

(Chen et al., 2005a).

11
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Table 1.1: An illustration of some of the characteristics used to assign diversity based on the

morphology of tea plants (Dan, 2006; Chen et al., 2005a)
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Morphological, biochemical and allozyme methods were compared to each other in a
study by Chen et al., (2005a). All the dendrograms showed similar results and it was
concluded that the efficiency of these techniques to discriminate between cultivars
were similar. Morphological and biochemical analysis are indirectly dependent on the
level of gene expression and therefore will be directly influenced by the environment.
In allozyme analysis, presence or absence of a particular isoform is detected rather
than the level of a substance in the case of biochemical analysis (Chen et al.,

2005a).

1.4.Molecular Genetic Studies

Molecular genetic markers compensate for some of the disadvantages in using
morphological and biochemical markers. Molecular markers exploit variation on DNA
level and are therefore unaffected by environmental changes. This provides a more

direct and reliable measurement of diversity.

The ideal molecular marker should (De Vienne, 2003; Dan, 2006):
1. be highly polymorphic.
2. be co-dominant.
3. unambiguous.
4. occur frequently in the genome.
5. be evenly distributed throughout the genome.
6. be easily accessible and assays should be fast and easy.
7. be highly reproducible.
8. allow for easy exchange of data between laboratories.

9. be both low in cost and development.

13
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With these aims in mind, the ideal marker is yet to be discovered. However, the
current molecular markers combine some of these characteristics (Dan, 2006).
Molecular markers can be divided into two groups, markers based on hybridization to
DNA segments within the genome and markers based on the polymerase chain

reaction (PCR).

1.5. Hybridization Based Markers

Hybridization based techniques rely on the ability of a probe (short labelled
nucleotide sequence) to recognize a particular site on a DNA sequence. Only one
marker, Restriction Fragment Length Polymorphisms (RFLP), use hybridization as

sole detection technique (see Figure 1.4 and Table 1.2).

1.5.1. Restriction Fragment Length Polymorphism (RFLP)

RFLP was the first molecular technique developed for the assessment of genetic
diversity. In this technique, genomic DNA is first digested with one or more restriction
enzyme. Usually the recognition sites of these enzymes are four bases or more. The
fragments are then separated on size followed by the annealing of a labelled probe to
the digested DNA, Figure 1.5 (De Vienne, 2003). Figure 1.5 is a representation of
RFLP analysis of five hypothetical cultivars, the variation of cultivar 2 and 3 from 1
indicates point mutations in the restriction enzyme recognition sites, while cultivar 4
and 5 is a deletion and an insertion, respectively. RFLPs are co-dominant and

therefore it is possible to distinguish between a heterozygote and homozygote plant.

14
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gel electrophoresis. AFLP: DNA is digested with two restriction enzymes and adaptors are ligated to the fragments. PCR is performed with

ISSR and SSR: PCR is performed with specific primers and analysed using

specific primers and analysed using electrophoresis.

electrophoresis. The schematic presentation also shows a profile of capillary electrophoresis of two cultivars. CAPS: DNA is amplified with

specific primers. Fragments are digested with restriction enzymes and analysed with gel or capillary electrophoresis (Compile from Bussell et

al., 2005; Blears et al., 1998; Dan, 2006; De Vienne, 2003; McGregor et al., 2000; Singh & Ahuja, 2006)
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Figure 1.5: Schematic presentation of the RFLP analysis of five cultivars. A) The arrows
indicate the restriction recognition sites of the enzyme, while the blue block is the portion of
the sequence to which the probe will align. The variation of cultivars 2 and 3 from 1 is due to
point mutations that affected the recognition sites of the restriction enzyme, cultivar 2 loses a
site (purple arrow lost), while cultivar 3 gains a site (indicated with the red arrow). Variation in
cultivar 4 is because of a deletion, while cultivar 5 has an insertion mutation indicated by the
blue portion of the black line. B) The profile of these cultivars after electrophoresis
(constructed from De Vienne, 2003; Singh & Ahuja, 2006)

The phenylalanine ammonia-lyase (PAL) gene has been used as a probe in the
RFLP analysis of tea (Matsumoto et al., 2002; Matsumoto et al., 2004). PAL is part of
the phenylpropanoid pathway (catechin producing pathway). Another probe has also
been designed from the nuclear-encoded 5S ribosomal RNA genes (5S rDNA). In
higher plants, this gene is usually organized into clusters of tandem repeats of which
the size ranges between 200 and 900 bp (base pairs). These regions have a highly
conserved coding region of 120 bp. However, a higher level of diversity is observed
in the non-transcribed spacer. The spacers can differ not only in length, but also in
sequence and the copy number of the repeated units, creating ample opportunity for
variation. This probe has been used to discriminate the subspecies sinensis from

assamica and lasiocalyx (Singh & Ahuja, 2006).

A disadvantage of RFLP is that it requires a large amount of relatively pure DNA
limiting the amount of markers that can be analysed per plant. In addition, this
technique is time consuming and difficult to automate. This resulted in a tendency
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towards PCR based methods, since PCR techniques require low quantities of DNA

per analysis (De Vienne, 2003).

1.6. Polymerase Chain Reaction (PCR) Base Methods

PCR is the in vitro amplification of DNA using an enzyme (DNA polymerase), primers
(short nucleotide sequence) and free nucleotides. This reaction is divided into 3 basic
temperature control steps that are repeated to achieve amplification (Figure 1.6),
namely:

1. DNA template denaturation at 94 °C,

2. Primer annealing between 45 to 65 °C

3. Elongation of the new DNA strand (68 to 72 °C).

Firstly, the double stranded DNA is denatured at 94 °C to single strands. The second
step involves a temperature drop to allow the primer to bind to the single stranded
DNA template. The temperature of this step depends on the specific nucleotide
content (specifically the GC content) and the length of the primers. The last
elongation step is performed at 68 to 72 °C, depending on the optimum temperature
of the specific DNA polymerase used. The reaction is usually started at 94 °C for 2 to
5 minutes, to ensure that the DNA is denatured completely. The final step of PCR is
an extended elongation step (68 to 72 °C), to ensure that the amplification products

are completed.

In PCR based genetic markers, fragments of the genomic or organelle DNA is
amplified. The size of the fragments is then scored and analysed to assign genetic
diversity. Compared to RFLPs, PCR base methods are faster and less dependent on

the quality of the extracted DNA. In addition, PCR methods use less DNA making it
17
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be subdivided into arbitrary and specific markers. Arbitrary markers analyse the
genome based on uncharacterized DNA fragments, while specific markers amplify

known regions of the genome.
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Figure 1.6: Schematic presentation of the principles of PCR. The first step is a denaturing
step at 94 °C followed by 25-50 cycles of denature (94 °C), elongation at the temperature of
the particular primer set and extension at 68-72 °C. See text for detail (Adapted from
Semagn et al., 2006; Dan, 2006)
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1.6.1. Arbitrary Markers
Arbitrary markers open genetic analysis to many species, since their use does not
depend on the availability of sequence information (Bussell et al., 2005). Primers in
arbitrary markers amplify non-specific parts of the genome. Several types of markers
can be classified as arbitrary and these include Random Amplified Polymorphic DNA
(RAPD), Amplified Fragment Length Polymorphisms (AFLP) and Inter Simple

Sequence Repeats (ISSR) (see Figure 1.4 and Table 1.2).

1.6.1.1. Random Amplified Polymorphic DNA (RAPD)

Williams et al. developed the Random Amplified Polymorphic DNA method (RAPD)
in 1990. This technique employs primers of 8 to 12 bases that anneal at multiple sites
scattered randomly in the genomic DNA. The primer sequences must have a GC
content higher than 50% (Bussell et al., 2005). Fragments are analysed based on
size and scored based on absence or presence of a particular fragment, Figure 1.4.
The advantage of RAPDs is that it is fast, inexpensive, easy and does not require
sequence information for development. RAPD analysis requires a small amount of
DNA. However, the reliability and repeatability of this technique is problematic due to
the low annealing temperature of the short primer (Blears et al., 1998; Savelkoul et

al., 1999).

RAPDs have been successfully used to evaluate the genetic stability of
micropropagated tea plants (Devarumath et al., 2002), detect genetic diversity
between tea (Chen & Yamaguchi, 2005c; Gul et al., 2007; Wachira et al., 2001), for
parental analysis, to construct a genetic linkage map for tea (Hackett et al., 2000), to
identify possible QTL markers (Mishra & Sen-Mandi, 2004) and to investigate the

relationship between Camellia species (Chen & Yamaguchi, 2002).
19



B

UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA Chapter 1: Literature review

1.6.1.2. Amplified Fragment Length Polymorphism (AFLP)

Amplified Fragment Length Polymorphism (AFLP) combines the restriction site
recognition elements of RFLPs with the added advantages of being PCR based
markers. Genomic DNA is first digested with two restriction enzymes (recognition site
4 to 6 bp), Figure 1.7. The selection of these enzymes is crucial to the success of the
analysis. The first enzyme is selected to have a high cutting frequency, while the
second is a rare-cutting enzyme in the genome. Specific adaptors (one for each
restriction enzyme overhang) are ligated to the fragments. Enzyme digestion of the
genomic DNA and ligation of the adaptors to the fragments are carried out

simultaneously. This step (step 1, Figure 1.7) is followed by PCR with a primer pair.

. Restriction recognition site
Genamic DA, of enzyme X
. Restriction recognition site
of enzyme
Restriction enzyme digestion Loaptors to the respective

with Enzyme X and ¥ ENIYMES
Selection sequences of the
respective primers

_ e 1

Step 1
Ligation of adaptars l Bp
I [ R
PCR with a selective primer & otep 3
. —_

P 1 2 3 4 5

[ | _—
Step 2 e Gel

P — Electrophareses
(- |

Figure 1.7: Schematic presentation of AFLP. Step 1 includes restriction enzyme digestion
and ligation. Step 2 is the PCR reaction with a pair of selective primers. The red dot indicates
a fluorescent label and the respective colours is explained in the key (top right). Step 3 is the
gel electrophoresis of the respective fragments. 1 to 5 indicates hypothetical cultivars
(Adapted from Blears et al., 1998)
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Each primer consists of a specific and a random region. The first is specific to the
adaptor region and restriction enzyme recognition portion to which the adaptors were
initially ligated to (about 15 base). The random portion is 1 to 4 bp in length (step 2,
Figure 1.7). The specific portion of the primer stabilizes it, enhancing repeatability
and reliability, while the random portion selects for a certain subset of loci. For
example, if this random region consists of one bp, it will theoretically amplify 1 in
every 4 of the fragmented DNA for each primer. Therefore 1 in every 16 (4x4)
fragments will be amplified by the primer pair. If it consists of three bp, 1 in every
4096 (4°x4°) fragments will be amplified for the primer set. Furthermore, one of the
primers in the pair is usually fluorescent labelled. Fragments are analysed with gel
electrophoresis and bands are scored on the absence or presence of a particular
fragment size (Blears et al., 1998; Bussell et al., 2005; Techen et al., 2004). AFLP is
technically more demanding than RAPDs but its reproducibility and reliability is higher

(Bussell et al., 2005; Semagn et al., 2006).

AFLP is a fast technique that requires no sequence information for development and
has a high multiplex ratio where up to a 100 genetic loci may be analysed in one
experiment. A drawback however, is that it cannot distinguish between a
heterozygote and homozygote (dominant). Partially digested DNA can also cause

problems in AFLPs (Nybom, 2004).
AFLPs have been used with success to discriminate the subspecies of tea plants

(Paul et al, 1997) and evaluate the genetic diversity among tea cultivars

(Balasaravanan et al., 2003; Wachira et al., 2001).
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1.6.1.3. Inter Simple Sequence Repeats (ISSR)

Inter Simple Sequence Repeats (ISSR) were develop from SSR (Simple Sequence
Repeats, see Section 1.6.2.2) with the advantage that they need no sequence
information (McGregor et al., 2000). ISSR primers amplify parts of the genome
known as microsatellites. Microsatellites are tandem repeats of 1 to 6 nucleotides.
ISSR primers can be divided into two groups, unanchored and anchored primers

(Figure 1.8).

Unanchored ISSR primers use the sequence of the repetitive region itself (15 to 30
bp) and successful analysis has been frequently reported. Anchored ISSR primers
are usually 15 to 30 bp in length with an anchor region of 3 to 5 bases on the 3’ or 5’
end side. Anchoring prevents the primers of annealing throughout the simple
sequence repeat, since repeatable units are used for example (CA), (Bussell et al.,
2005).

Al Unanchared IS3R primer

Conserved region Microsatellite region Conserved region

B) Anchored ISSR primer

) 3ER primer pair

|
|

Figure 1.8: Primer design of ISSR and SSR primers. A) Unanchored ISSR primers are
designed to match the repetitive region. B) In anchored ISSR primers the 5’ end of the primer
matches a few bases of the non-repeated sequence flanking the microsatellite region. C)
SSR primers pair is designed specific to the conserved region of the adjacent microsatellite
region (Adapted from Dan, 2006)
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ISSR is dominant markers however, co-dominance can be achieved if the anchored
region of the primer is extended. ISSR uses longer primers than RAPDs, therefore
higher annealing temperatures are used, resulting in better reproducibility (Poulin et
al., 2005). It can be automated and is technically less demanding than AFLPs. These

advantages make ISSR the superior technique compared to AFLPs and RAPDs.

In tea, ISSR has been applied to determine the mating system parameters for tea. A
study confirmed that tea is an outbreeding species, based on the high multi-locus
estimation (t,) of 0.997+£0.094 (Muoki et al., 2007). ISSR has also been used to
assess the genetic fidelity among micropropagated tea plants (Devarumath et al.,
2002), assigning genetic diversity (Mondal, 2002; Yao et al., 2008) and to evaluate

somaclonal variants (Thomas et al., 2006b).

1.6.2. Sequence Specific Primers

Specific markers have an increased reproducibility and repeatability compared to
arbitrary markers. Sequence information is required in the design of these markers.
Specific markers included Cleaved Amplified Polymorphism Sequences (CAPS) and

Simple Sequence Repeats (SSR) (see Figure 1.4 and Table 1.2),

1.6.2.1. Cleaved Amplified Polymorphism Sequence (CAPS)

Cleaved Amplified Polymorphism Sequence (CAPS) or Sequence Tagged Site-
Restriction Fragment Length Polymorphism (STS-RFLP) or PCR-RFLP is a hybrid
between RFLP and PCR techniques. In CAPS analysis, genomic DNA is amplified
using specific primers where after the fragments are digested with restriction

enzymes, Figure 1.9.
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Figure 1.9: A schematic representation of CAPS analysis. First, a specific part of the DNA/
gene is amplified by PCR. The fragments are then digested by restriction enzymes. The
arrows indicated the digested sites. The restriction profile is shown on the gel electrophoresis

analysis, see text (constructed from Dan, 2006)

These restriction enzymes are known as secondary markers and reveal the
differences between the tested individuals. The restriction enzyme usually used in
this particular analysis has a 4 bp recognition site, since it is expected that there will
be one recognition site every 256 (4*) bases (Gostimsky et al., 2005). In Figure 1.9,
the differences between the cultivars are due to mutations that result in the loss
(cultivar 2 and 4) or gain (cultivar 3, red arrow) of restriction sites. Since CAPS relies
on the absence or presence of point mutations that adjust the restriction recognition
sites, CAPS can therefore be used to verify the presence of a point mutation
(Kaundun & Windass, 2006). CAPS is co-dominant and highly reliable and

repeatable (Gostimsky et al., 2005).

CAPS have been developed for tea based on the gene sequences of PAL, chalcone
synthase (CHS) and dihydroflavonol 4-reductase (DFR). These three genes are

involved in catechin and theaflavin synthesis and therefore, they contribute directly to
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the taste and quality of a tea cultivar (Kaundun & Matsumoto, 2003a; Kaundun &

Matsumoto, 2003b).

1.6.2.2. Simple Sequence Repeat (SSR)

Simple Sequence Repeats (SSRs), microsatellites or Sequence Tagged
Microsatellite Sites (STMS) were first discovered by Tautz (1989) in Drosophila.
Today SSRs are used for numerous genetic applications including genetic analysis
(Xu et al., 2004), gene mapping, qualitative trait analysis (Frewen et al., 2000;
Marques et al., 2002), cultivar identification (Winsch & Hormaza, 2002) and parental

analysis (Yazdani et al., 2003).

Microsatellites are regions of 1 to 6 bp tandem repeats. These repeats are spread
randomly throughout the genome of most, if not all, eukaryotes and prokaryotes (Xu
et al., 2004). SSRs are located in both the coding (exon) and non-coding (intron) part

of the genome.

Although microsatellite regions predominately occur in the non-coding regions of the
genome, 7 to 10% are found within the coding regions (Chistiakov et al., 2006). The
non-coding part of the genome is more prone to mutations due to the absence of
selection pressure. The overall content of SSRs in the genome is related to the
genome size (Li & Yin, 2007). These regions have on average a higher mutation rate,
ranging from 107 (1 in every 10,000,000 bp) to 10 mutations per locus per

generation in eukaryotes (Buschiazzo et al., 2006).
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Molecular marker
RFLP RAPD AFLP ISSR SSR CAPS
Restriction
Yes No Yes No No Yes
enzyme used
PCR used No Yes Yes Yes Yes Yes
High Medium | Constant
DNA quality molecular | molecular | quality in | Standard | Standard | Standard
weight weight samples
Primer
species- - No No No Yes Yes
specific
Co- Co- Co-
Inheritance Dominant | Dominant | Dominant
dominant dominant | dominant
Sequence
information for Yes No No No Yes Yes
Development
Developmental
High Very low Low Low High High
effort
Genotyping )
High Very low | Very low Low Low Low
effort
Reliability High Low High High High High
Accuracy Very high | Verylow | Medium High High High
Possibility of
No Yes Yes Yes Yes Yes
automation
Cost after ) ) )
High Low Medium Low Low Medium
development

Some SSR regions have distinct physiological functions. A telomere is a ‘specialized
SSR’ with a 4-10 bp repetitive motif (Téth et al., 2000). This motif is repeated several
hundreds or thousands of times ending in a 5 overhang at the end of the
chromosome. Telomeres protect the chromosome from degradation (Chistiakov et

al., 2006). SSRs are known to be involved in the recombination of genes. SSRs can
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also be involved in transcriptional activation when occurring in the promoter region of
a gene. These regions may encode for polyglutamine (CAG,) or polyproline (CCG;)
which may play a role in protein-protein interaction of transcription factors. It is
proposed that microsatellites are generated by DNA polymerase slippage or unequal

recombination (T6th et al., 2000; Bushiazzo et al., 2006).

In microsatellite analysis, primer sequences are designed based on the conserved
region flanking the tandem repeats, Figure 1.8. SSR are the most frequently used
markers because of their high reproducibility, multiallelic nature, co-dominant
inheritance, relative abundance and good genome coverage (Varshney et al., 2005).
This PCR technique uses low quantities of DNA, can be automated and is fast,
reliable and repeatable. One of the major disadvantages of microsatellites is that they
lack cross-species compatibility (Barbara et al., 2007). SSRs are the most used

molecular markers in current literature.

In the past development of SSR primers were expensive and time consuming. This
process involved the construction of a genomic DNA library, screening for SSR
clones and sequence analysis (Xu et al., 2004). Figure 1.10 shows the schematic
representation of the hybridization protocol. Genomic DNA is first digested into
fragments and then adaptors are ligated to the fragments. Fragments with
microsatellites are then selected using filter bound probes or biotinylated probes.
These fragments are amplified, cloned and sequenced. The primers can then be
design based on the conserved region that flanks the repeatable units (Zane et al.,

2002).
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Figure 1.10: The schematic representation of selective hybridization protocols (Zane et al.,
2002)
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However, Expressed Sequence Tag (EST) provided the necessary sequence
information for the development of SSR primers as a by-product of gene discovery
studies. In EST analysis, a cDNA library is first generated. The inserts is then
amplified with PCR and sequenced (Figure 1.11). With the increasing number of EST
projects for plants and the availability of the sequenced data online, the design of
SSR primers has become less expensive (Varshney et al., 2005). An additional
advantage of EST-SSR generated markers is that they show a higher degree of
cross-species compatibility and can be used directly in related species and even in

related genera (Jiang et al., 2006).

EST analysis of tea reported 1684 ESTs from a cDNA library of tender shoots (Chen
et al., 2005d) and 508 ESTs from a subtractive cDNA library (young shoots — mature
leaves) (Park et al., 2004). The genbank listed 2227 ESTs for C. sinensis in
November 2007 this number increased to 3404 in November 2008
(http://www.ncbi.nlm.nih.gov/dbEST/). Jin et al. (2006) reported the data mining
results from 1589 ESTs for EST-SSR (genic SSR primers) and identified 281 SSR
regions in the 246 ESTs sequences. Nineteen primer pairs were designed of which
three failed initial testing and only 10 showed polymorphisms (Jin et al., 2006). In a
more recent study, the same research group applied these 10 primers to 42 tea
cultivars to prove that tea EST-SSRs are effective for the evaluation of the tea
genome (Jin et al., 2007). Zhao et al. (2007) develop 24 primers from the same set of
EST sequences. These primers were tested in Camellia sinensis cultivars and for

cross-species compatibility (Zhoa et al., 2008).
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Figure 1.11: EST sequencing and data mining for SSR. mRNA (light blue line, polyA tail in
red and the modified 5 guanine nucleotide cap is indicated with a circle) is isolated from
tissue. A cDNA strand (green line) is synthesised using reverse transcriptase. Double
stranded cDNA is produced using DNA polymerase one and RNAse. The cDNA are inserted
into cloning vectors to produce a cDNA library. The inserts are sequenced from both ends
with universal primers. The unique sequences are deposited into an EST-database. Unique

SSR sequences are identified among the EST-sequences data and primers are designed for

the flanking regions (primers indicated with horizontal

polymorphism and applied in genotyping (Adapted from
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The development of several SSR primer pairs (excluding the EST-SSRs) for tea has
been reported (Kaundun and Matsumoto et al., 2004; Freeman et al., 2004; Hung et
al., 2008). In a study by Freeman et al. (2004), 15 SSR markers for tea were
identified using a dinucleotide enriched library. This enriched library was constructed
using a hybridization protocol similar to the one depicted in Figure 1.10. These
primers were developed to discriminate between cultivars from different origins. SSR
primers for PAL and DFR genes were designed based on the conserved flanking
regions of the exons (Kaundun and Matsumoto, 2004). In the same study, the
authors also tested SSR of genetically close species for cross-species compatibility.
SSRs from Camellia japonica was tested and all of the four tested SSRs primers
were compatible with C. sinensis (C. japonica is a flowering plant that belongs to the
same subgenus, Thea, as tea). Hung et al. (2008) report the development of 11 SSR
primer pairs for tea from Taiwan. Four of the SSR primers developed by Freeman et
a., (2004) and two from Kaundun and Matsumoto (2004) were applied to discriminate
between 69 tea plants from Vietnam (Dan, 2006). Ohsako et al. (2008) used six of
the primers from Freeman et al. (2004) to analyse the variability among Japanese

tea.

1.6.3. Scoring and Evaluation of Diversity

The determination of the genetic relationship and genetic interpretation relies on
characteristics that are scorable, variable, independent from each other, heritable
and homologous. A homologous characteristic is one that is shared by a group within
the population, this can be due to the sharing of an ancestor or/and a common trait.
The methods of analysis depend not only on the type of marker, but also on the end
results. Dominant and co-dominant markers are treated different, however when

these markers are compared the same analysis method is used.
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In order to quantify the variation between different samples, two approaches can be
followed. In the conventional band pattern approach, scoring is done based on either
the presence (1) or absence (0) of a particular size band. The genetic similarities can

be calculated with the following three formulas (Bonin et al., 2007):

e Jaccards coefficient J=a/ (atb+c)
¢ Dice coefficient D =2a/ (2a+b+c)
e The simple match coefficient S = (a+d) / (a+b+c+d)

Table 1.3: Scoring of bands in dominant markers

Cultivar A

Band present (1) | Band absent (0)

Band present (1) a(1,1) b (1,0)
Cultivar B

Band absent (0) c (0,1) d (0,0)

The key for the abbreviations in the formulas are indicated in Table 1.3. The Jaccards
(1908) method only takes in account the bands present in one or both of the
individuals. This method does not consider the absence of a band from both
individuals to be relevant, thus, the absence of the same band is due to different
mutations (Bonin et al., 2007). The dice coefficient (Nei's similarity coefficient), also
only consider bands present in at least one individual. However it gives more weight
to bands present in both cultivars (Nei & Li, 1979). Therefore, this method highlights
the similarities between the individuals rather than their differences. The simple
match coefficient considers the bands present and absent to have the same value in
the analysis therefore presuming that the same mutation has caused the bands to be

absent. J, D and S can be any value between 0 and 1. The zero denotes no
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similarities between the individuals, while 1 indicates that the individuals are identical
(Bussell et al., 2005; Bonin et al., 2007). The output of these equations is a similarity

or dissimilarity matrix that compares each sample to all the other samples.

The second approach is the allele frequency approach that can be done in a number
of ways. The square-root procedure uses the inbreeding coefficient together with the
frequency of null homozygotes of absent bands. However, this leads to a false
prediction if the null allele frequency is low. A second procedure is the Lynch and
Milligan procedure that is an improvement of the square-root procedure. This
procedure estimates the null allele frequencies more accurately, although it has a
restriction. The frequency of the absent band in this procedure must be higher than
3/N (N is the number of samples). The Bayesian procedure is an approach that is
routinely employed (Bonin et al., 2007). It uses posterior probabilities to estimate the
most likely genetic relationship between samples (Huelsenbeck et al., 2001). These
parameters are applied to calculate the relationship between cultivars and to illustrate

the genetic relationship in a tree (dendogram) form.

Genetic trees consist of leaves, branches and nodes that either can be rooted or
unrooted, Figure 1.12. The leaves represent the different cultivars/species, while the
length of the branches indicated the evolutionary distance between the data points

(Huson & Bryant, 2006). The nodes indicate the last common ancestor.
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Figure 1.12: Tree types. i) and ii) are the same rooted tree drawn in different styles. iii) is an
unrooted tree. A, B, C, D, E and F represent the leaves that are the samples analysed. G, H,
I, J and K are internodes with K being the root node. The branches between the internodes

and the leaves indicated evolutionary distance (Vandamme, 2003)

Trees are usually drawn using algorithmic methods such as Unweighted Pair-Group
Method with Arithmetic mean (UPGMA) or Neighbor Joining (NJ). UPGMA is a
clustering method. In this method, the two samples that have the closest distance
between them are linked. The branch between these two samples is defined as half
the distance between them. These two samples are now seen as a ‘cluster’, reducing
the number of samples in the distance matrix by one. The distance matrix is
recalculated and the closest related samples are again linked into a cluster. The
process continues to reduce the samples one by one until only one entry remains.
The tree is constructed from the root with the first nodes being the last two clusters.
UPGMA assumes that all samples are equal distances from the root (ultrametric) and
additive (meaning that the distance between any two nodes equals the sum of the
length of all the branches between them). These assumptions are not always true

(Hall, 2008).

NJ also reduces the number of entries with a stepwise approach although this
method does not use clusters. The distances of the internodes in NJ are directly

calculated. The original matrix is used to calculate the net diversity, which is the sum
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of all the distances. These values are then applied to calculate the corrected distance
matrix. The distance between the two samples with the closest corrected distances
are then calculated. These distances between these two samples are not necessarily
identical as with the UPGMA approach. The matrix is now recalculated and a new
node is substituted from the previously linked samples. NJ does not assume that the
samples are additive or that they are equal distances from the root (Hall, 2008;

Vandalle et al., 2003).

Diversity analysis of tea has previously be done using the UPGMA approach with the
Jaccards coefficient (Mishra & Sen-Mandi, 2004; Young-Goo et al., 2002; Chen et al.,
2005b) or with the Nei similarity coefficient (Chen & Yamaguchi, 2002; Thomas et al.,

2006b; Balasaravanan et al., 2003; Wachira et al., 2001).

1.7.Tea Breeding Strategy

Tea breeding like all tree breeding programs is a time consuming process. Breeding
is complicated with self-incompatible, high inbreeding depression and long life cycle
tea (Mondal, 2001). Tea plants only flower after three to eight years and are
outbreeding. Tea breeding strategies include conventional, Marker-assisted selection

and transgenic tea breeding.

1.71. Conventional Tea Breeding

In conventional breeding, it will take approximately 15 to 20 years to release new
cultivars (Figure 1.13A). The conventional breeding program of the TRFCA starts
with hand pollination of flowers (5,000 flowers) shown in Figure 1.13A. The seeds

from these hand-pollinated flowers are harvested (3,750 seed) and planted.
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Figure 1.13: The conventional breeding and selection program of the Tea Research Foundation of Central Africa (TRFCA) and the possible
breeding with MAS. A) The conventional breeding program of the TRFCA. B) Possible MAS assisted breeding program, in this program the field
time of trials are not reduce. C) Possible MAS assisted breeding with ideal markers (constructed from Francia et al., 2005; Pijut et al., 2007;

Wright, 2002)
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Seedlings (2,000) are selected on vigour and cuttings are taken. These bushes are
then selected on rooting ability (350). The best rooters (150) are planted into
observation plots of 16 bushes each for a field trial. Plants are next selected on field
performance and quality. The 20 selected clones are planted into 30 bush
observation plots. The best five clones are released to estates for field evaluation
under different environmental conditions. All the characteristics of these five clones
are evaluated over the next four to five years and two or three of them are released

as new improved cultivars (Figure 1.13A).

1.7.2. Marker-Assisted Selection (MAS) Breeding

Marker-assisted selection (MAS) is the selection of superior plants using DNA
markers. This approach relies on the concept that a particular allele of a gene is
linked to a certain phenotypical trait. Therefore, the phenotypic characteristic can be
predicted very early in the breeding program by the presences of the allele. An
additional advantage of MAS is that the evaluation of the phenotype is based on the
genotype that implies that it is independent of environmental conditions. The regions
on the genome where these alleles are located are referred to as quantitative trait
loci (QTLs). Agronomical important traits, for example yield and quality, can usually

be linked to more than one gene/ QTL.

QTL can be identified through genetic analysis. During genetic analysis, a particular
size band of a marker can sometimes be associated with morphological traits by
coincidence. In a RAPD study by Mishra and Sen-Mandi (2004), a band associated

to drought tolerance in tea was identified (at 1400 bp with OPAHO2 primer). The
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particular band was only found in cultivars that were identified as drought tolerant.
These cultivars were identified based on pot trials and the high activities of Cu-Zn
cytosolic superoxide dismutase (Cu-Zn SOD) and ascorbate peroxidase (APX II).
High activity of these enzymes is known to be associated with drought tolerance in
plants. Mishra and Sen-Mandi (2004) concluded that it could be used to screen for
drought tolerance in tea. RAPD markers that associate with morphological traits
could be developed into sequence characterized amplified region (SCAR) markers.
This involves the sequencing of the specific band followed by the design of a primer
set based on the sequence. The designed primer pair is then tested. After which
SCAR markers can be used to identify morphological traits. These markers have
higher reproducibility and repeatability than RAPD makers due to the longer primers

(Myburg et al., 1998).

RAPD markers related with theanine content, date of bud sprouting, resistance to
anthracnose and tolerance to cold were mapped on a linkage map (as referenced by
Chen et al., 2007a). QTLs have been identified for leaf angle, leaf colour and two
diseases: anthracnose (caused by Colletotrichum lindemuthianum) and mulberry
scale (caused by Pseudaulacaspis pentagona). However, only the QTL for mulberry
scale, MSR-1 (a single dominate gene) has been developed into a MAS marker (as
referenced by Tanaka & Taniguchi, 2007). Mulberry scale is a scale polyphagous
insect that causes major damage to tea trees in Japan. Infected plantations should
be treated with insecticide 2-5 days after the hatching peak. The larva develops a
wax layer that serves as protection in the later stages of the life cycle. In addition, the
insects live inside the crown of the tree giving it protection against insecticides. For

these reasons, insecticides are ineffective. The development of MAS markers to
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detect resistance against Mulberry scale insects can play a crucial role in tea

breeding (Kaneko et al., 2006; Takeda, 2004; Tanaka & Taniguchi, 2007).

If ideal MAS markers could be developed for tea, the development time to release
new improved cultivars may be reduced as shown in Figure 1.13C. Field trials in
conventional breeding take approximately 10 years in contrast to MAS breeding that
will only take approximately five years. MAS could reduce the number of cultivars that
should be subjected to field trials. Therefore the number of flowers pollinated and/or
seeds germinated can be increased; leading to an increase in breeding efficiency. A
disadvantage of MAS breeding is that marker development is time consuming and
difficult, since more than one gene can be responsible for a phenotype. If only a
small number of markers are available, the practical application of MAS will be

expensive.

A small number of markers or markers that are not 100% effective could used in an
intermediate between conventional breeding and ideal MAS breeding, Figure 1.13B.
In this approach, the time of the field trials will not be reduced. However, the input will
be increased and subsequently reduce with MAS markers before the field trials. This
will allow for adequate field trials and the increase in input will improve the likelihood
to find superior cultivars. Conventional breeding results in the release of the best two
cultivars out of 5,000 flowers. This intermediate MAS approach could potentially
release the best two cultivars out of 10,000 flowers, increasing the quality of released
cultivars rather than the quantity (since the quantity will require an increase in field

space).
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1.7.3. Genetic Engineering of Transgenic Tea Breeding

Genetic engineering is the manipulation of genes and/or the introduction of foreign
DNA into the genome. In transgenic plants foreign genes have been introduced into
their genome of the plants. Genes from other plant species with desired traits can be
introduced into the genome of the tea plant, thereby improving the performance of
the plant. Both MAS and conventional breeding rely on the selection of desired traits
from the existing gene pool, therefore limiting the possibilities. Transgenic breeding
however, can increase the possibility of success by selecting genes from other plant

species and thereby increasing the efficiency of the program.

Agrobacterium mediated gene transformation is the most widely used method for
gene transfection in plants. This method is inexpensive, simple, allows little
rearrangement of transgenes and is effective for transfection in plants (Sandal et al.,
2007). Agrobacterium tumefaciens belongs to the family Rhizobiaceae and is a soil-
born bacterial pathogen that infects wounds in dicot plants. This bacterium cause gall
crown disease. However, with careful engineering Agrobacterium can be used to

transfect cells with genes of interest (Kumar et al., 2004).

The leaves of tea plants are high in polyphenols. Polyphenols are antibacterial. This
implies that Agrobacterium-mediated transfection in tea leaves are problematic.
Mondal et al. (2001) reported the first generation of transgenic tea using
Agrobacterium transformation from the somatic embryos. This cannot be applied to
commercial cultivars, since somatic embryos are not available. Therefore, this cannot
be applied to further improve a high quality cultivar. To solve this problem, L-

glutamine was added to the leaf-culturing medium. L-glutamine allows for
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Agrobacterium-mediated transfection and additionally allows the cells to retain the

ability for shoot regeneration (Sandal et al., 2007).

The possible improvement of tea by genetic engineering can result in the
improvement of existing tea cultivars. An example of such an improvement of tea is
the decaffeination of tea as reviewed by Yadav and Ahuja (2007). They proposed
three possible solutions:

1. The overexpression of caffeine degrading enzymes. However the degradation
pathway of caffeine in tea is not fully elucidated as yet (Ashihara et al., 2008;
Yadav & Ahuja, 2007).

2. The use of antisense technology for degradation/ blockage of the genes in the
caffeine synthesis pathway. The antisense mRNA of the gene that needs to be
silence is inserted into the genome. Antisense mRNA will be produced and will
then anneal to the sense RNA. Double stranded RNA prevents transcription
and is degraded. However, this approach has not been report yet in tea.

3. RNA interference for degradation of genes in the caffeine synthesis pathway.
Using RNAI, Ogita et al. (2003) could reduce caffeine by up to 70% in coffee
(Coffea canephora). A similar approach can be followed in tea, though it

remains to be demonstrated.

Tea breeding can also benefit if resistance to biotic stress and tolerance to abiotic
stress can be increased. The introduction and silencing of genes in tea may result in
the development of ideal cultivars exhibiting all the desirable traits. With this
approach, genes with known functions from other species can be introduced into tea,
opening endless possibilities. To date, no genetically modified tea cultivar is available

and it remains an avenue to be explored for future development.
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1.8. Concluding Remarks

Different genetic markers may reveal different levels of genetic diversity due to the
diversity in marker characteristics. Since morphological characteristics are influenced
by the environment, studies show differences compared to DNA based markers. The
majority of the genome is non-coding DNA (only about 2% of the genome is
encoded). Therefore, the differences detected by DNA based methods will mostly be
in the non-coding part. Combining different sets of data should give more precise

results, since a more complete portion of the genome will be analysed.

It seems that inbreeding in tea is unlikely to happen due to the outbreeding nature of
tea, however “prevention is better than cure”. Breeding programs have to be
managed to prevent inbreeding, as the increase in clonal populations will have a

negative effect on the gene pool.

Biotechnology provides new alternatives to conventional plant breeding that can
assist in the improvement and the understanding of plant breeding. MAS and QTL
can improve the efficiency of tea breeding. Genetic engineering of tea can provide
the opportunity to improve tea with the gene knowledge of other plant species. This
may provide resistance to pests and pathogens and increase tolerance to abiotic
stress such as drought. It is important to consider all possible methods of breeding so

that this field may progress as fast as possible.

1.9. Future perspectives

Tea is a major commodity that contributes to the economy of third world countries.
Therefore, tea resources should be carefully managed. The breeding program of the

TRFCA is reaching a yield plateau. It is believed that this can be overcome by the
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introduction of new genetic material. The genetic relationship of the existing TRFCA
line (in the TRFCA breeding program) should be evaluated in relation to other
cultivars, in order to select genetically distant cultivars to include in the program. The
management of tea breeding program could play a cardinal role in the global
improvement of tea as a commercial crop plant and the competitiveness of the tea

industry in Southern Africa.

The exploration and implication of new technologic can contribute to the knolage of
tea. Research should focus on the development and/or the identification of QTL and
MAS markers to improve the efficiency of tea breeding. Genetic engineering also has
great potential for tea breeding and should be investigated for stragegical reasons

with due respect to consumer resistance.

The objectives of this study therefore are:
1. To investigate the morphological diversity in the tea cultivars from the
TRFCA breeding program and in seedling accessions in Malawi
2. To investigate the microsatellite diversity in the TRFCA cultivars, Malawian
seedling selections and cultivars from China

3. To identify possible trait associated RAPD primers
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CHAPTER 2

MORPHOLOGICAL DIVERSITY OF SELECTED CULTIVARS
AND SEEDLING TEA (Camellia sinensis) FROM THE TEA

RESEARCH FOUNDATION OF CENTRAL AFRICA
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2.1.Introduction

Tea is a major commodity in developing countries where more than 95% of the

world’s tea is produced (htip://faostat.fao.org/site/567/default.aspx#ancor). Tea

contributes to economic growth, social habits and in some cases even the religion of
countries (Chen et al., 2005b; Devarumath et al., 2002; Grigg, 2002). It is made from
the young shoots of Camellia sinensis. Camellia sinensis belongs to the family
Theaceace, genus Camellia. Tea is the most important cash crop in the genus
Camellia and can be divided into three subspecies: Camellia sinensis sinensis,
Camellia sinensis assamica and Camellia sinensis lasiocalyx (Singh & Ahuja, 2006),
Figure 2.1. The classification of the subspecies is based on leave size, tree

morphology, catechins and caffeine content, Table 2.1.

Botanical Classification of Tea

Kingdom: Plantae =3 _
Phylum: Anthophyta (Flowering m ’ m

plants/angiospemm) s
Class: Dicotyledones : ~
Family: Theaceace T
Section: Thea
Genus: Camellia
Species: Camellia sinensis

Subspecies: Camellia sinensis sinensis
Camellia sinensis assamica
Camellia sinensis lasiocalyx

Figure 2.1: The botanical classification of tea (compiled from Chen et al., 2005b; Singh &
Ahuja, 2006; Solomon et al., 2002)

Cultivated tea consists of all three subspecies that contribute to the diversity in this
outbreeding species (Mishra & Sen-Mandi, 2004). Tea is cultivated in 52 countries in
the world (Mondal et al., 2004). This acclimatization ability is due to a high level of

diversity in tea germplasm. Genetic diversity among individuals in a population is an
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important factor since it is known that inoreeding and the loss of genetic diversity can

lead to an increase in extinction and a decrease in fitness of small laboratory trails

(Frankham, 2005).

Table 2.1: A comparison between the subspecies of tea

. Camellia . , Camellia
Subspecies . . Camellia sinensis , ,
sinensis , sinensis
, lasiocalyx , .
assamica sinensis
Common name | Assam type Cambod/Southern type China type
Ct?u_ntry of Asg.am region, ? China
origin India
Large Intermediate Small
Leaf size ;; ﬁ
hd g |
Tree Tall tree ? Bush
morphology
Caffeine High ? Low
Catechins High ? Low
Pr_eferred Semi-tropical Intermediate Cold
climate
Commercial tea| Black tea Black & Green tea Green tea

Compiled from: Astill et al., 2001; Devarumath et al., 2002; Katoh et al., 2003;
Kaundun et al., 2000; Magoma et al., 2000; Singh & Ahuja, 2006.

Genetic diversity can be assessed on three levels: morphological, biochemical and
molecular levels. Morphological analysis focus on the phenotype of the plant to
assess diversity, while biochemical and molecular analysis analyse the metabolites
and DNA, respectively. Various authors (Chen et al., 2005a; Dan, 2006; Su et al.,
2007; Thomas et al., 2006a) have described the morphological parameters of tea,
Table 2.2. In tea the characteristics of the seeds, flowers, leaves and tree
morphologies can be analysed to calculate diversity among tea plants. However,

since seeds and flowers are expressed only after three to eight years and some tea
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plants are sterile the application of seeds and flowers in morphological analysis may

delay the analysis (Chen et al., 2008).

In tea, like all hardwood trees with a long reproductive cycle, breeding is a
challenging and time consuming process. It takes approximately 15 years to release
a tea cultivar. Tea breeding programs concentrate on the improvement of the quality,
yield, abiotic and biotic tolerance. Caffeine and catechins are important quality
markers in tea (Owuor et al., 2006; Saravanan et al., 2005), while leave parameters
and shoot density play an important role in the yield. Leave size influences not only
the yield but also plucking efficiency (where manual harvesting is used, the larger the
leaves the less shoots/kg tea therefore faster plucking/kg tea and a higher labour

efficiency).

Abiotic stress for example drought and temperature cause considerable damage to
agricultural production and limit the locations that are suitable for tea production. In
tea drought can reduce the yield significantly and lead to major economic losses
(Sharma & Kumar, 2005). Biotic stresses in tea include Heliopeltis, Phomopsis and
mulberry scale (Pseudaulacapis pentagona). In Malawi, the mosquito bug, Heliopeltis
schoutedeni causes damage to the tea plantations. This insect, both in the lymph and
adult stages, suck cell sap from the mature bud, young leaves and stem resulting in
necrotic lesions. Heliopeltis damage also affects other crops such as cocoa and

cashew nuts (Bhuyan & Bhattacharya, 2006, Ellis & Nyirenda, 1995).

47



B

UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA

Qe VYUNIBESITHI YA PRETORIA Chapter 2: Morphological analysis

Table 2.2: A summary of the morphological characteristics that could be analysed

Characteristic

Habitat

Stem

Life form
Tree shape

Single or multiple stem

Stem colour (3.5 cm above ground 3 year old plant exposed to full
sunlight)
Stem pigmentation

Branch angles

Leave and shoot

Flower

Plucking point density
Date of bud first flush

Bud colour

Bud hairiness

Length of plucking shoot (cm)
Weight of plucking shoot (g/100)
Leaf shape

Leaf colour

Leaf texture

Leaf margin serration

Leaf apex shape
Acutance of leaf margin
Petiole hairiness

Main vine hairiness
Vestiture on lower surface
Leaf length (L) (cm)

Leaf breath (B) (cm)

Leaf area (LxB) (cm?)
Leaf shape index (L/B)
Number of leaf vine
Pubescence of flush shoot
Pubescence on squama

Date of blooming

Flower bud size (diameter, mm)
Duration of blooming

Pedicel length (mm)
Pubescence on pedicel

Sepal colour
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Table 2.2 continues...
Characteristic
Flower

Pubescence on sepal

Sepal diameter (mm)

Flower diameter (mm)

Petal length (mm)

Petal colour

Petal texture

Pubescence on petal

Pubescence on ovary

Length of column (mm)

Styles number

Position of styles divided on column
Height of column compare to stamen
Stamen location style

Fruit and Seed

Fruit set

Fruit size in diameter (mm)
Locule per fruit

Fruit colour

Pericarp thickness (mm)
Fruit peduncle length (mm)
Fruit peduncle diameter (mm)
Seed ripe time

Seed shape

Seed size in diameter (mm)
Seed colour

Seed weight (g/1000)

Abiotic stress susceptibility

Characteristic

Low temperature

High temperature
Drought

Water salinity

Reaction to soil acidity
Reaction to soil salinity

Biotic stress susceptibility

Viruses

Mosaic virus
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Table 2.2 continues...

Diseases
Phomopsis theae (Collar and branch canker)
Cephaleuros parasiticus (Red rust)
Exobasidium vexans (Blister blight)

Pests
Helopeltis theivora (Tea mosquito bug)
Pseudaulacaspis pentagona (Mulberry scale)
Toxoptera aurantii (Thrips)

Compile from IPGRI, 1997; Chen et al., 2005a

The breeding program of Tea Research Foundation of Central Africa (TRFCA)
started in 1956 (Ellis & Nyirenda, 1995). In this program, the 16 parent plants were
selected from field accessions and their F1 superior offspring. Since 1956
considerable progress has been made in this program with regard to yield and
quality. More recently, this progress in the yield and quality of the new released
cultivars seems to have reached a plateau. It appears that the maximum potential in
the genetic pool of the original 16 parent plants has been reached. It is hypothesised
that this is due to a lack of diversity in the parental plants and offspring. Therefore,
the aim is to find new genetic material from field accessions in Malawian seedling
gardens that will be genetically distant from the existing lines. This study investigate
the morphological diversity of tea cultivars from the TRFCA program and field

accessions with superior qualities from different Malawian tea estates.

2.2.Hypothesis

Hypothesis: The genetic distance of the seedling accessions will be wider

than the genetic distance of the TRFCA cultivars.
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Null hypothesis: The genetic distance of the seedling accessions will not be wider

than the genetic distance of the TRFCA cultivars.

2.3. Materials and Methods

The 195 tea accessions that were examined in this study were cultivated at the
TRFCA. Data were collected during March 2008 (late summer). The total rain during
this month was 191.2 mm, which was received in five days. The minimum and
maximum temperature during March was 17.7 °C and 27.8 °C, respectively. TRFCA
is located 16° 05' south, 35° 37' east, 650 meters above sea level and has an
average annual rainfall of 1500 mm. March is part of the tea harvesting season in
Malawi and plants were actively growing. The accessions were from 189 field
accessions in seedling gardens from Malawian tea estates and six cultivars from the

TRFCA’s breeding program (PC1, PC80, PC153, PC168, PC268 and SFS150).

The following six morphological traits were examined: 1) leaf colour, 2) Heliopeltis
resistance, 3) shoot density, 4) leaf length, 5) leaf width and 6) internode length. The
leaf colour was assigned on the overall appearance of the growing shoots into four
colours groups: 1) dark green, 2) light green, 3) pale green and 4) tinged red. The
Heliopeltis resistance was assigned on the severity to which the cultivar plots were
affected. Healthy plots were assigned a 1, some leaf damage a 2 and stem die back
a 3. The shoot densities were measured by counting the number of shoots in a
square of 20X20 cm? in three tea bushes per accessions. The leaf length and width
measurements were of the third leaf on five shoots that were randomly selected. The
internode length was measured between the third and fourth leaf on five randomly

selected shoots at the two and a bud stage. Cultivars were also classified by visual

51



&
=

UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA

Qe VYUNIBESITHI YA PRETORIA Chapter 2: Morphological analysis

inspection by Dr. H Nyirenda, based on their appearance into the three subspecies:

1) China, 2) Assam and 3) Cambod type tea.

Two methods of scoring were used to divide the traits of the accessions into groups.
Each morphological trait was divided into five groups: 1) very low, 2) low, 3) medium,
4) high and 5) very high, except for colour and Heliopeltis that were divided into four
and three groups, respectively. The first method is based on the scoring of the
ranges of the traits. In the range scoring method data ranges of the traits were
assigned into the groups using binary code, 1 for presence and 0 for absence, see
Table 2.5 and Table 2.6. The ranges of specific traits were allowed to overlap into
more than one group. This brings into account the large variation in morphological
traits of the cultivars. The second scoring method was based on the means of the
traits. The means were scored based on the presence (1) or absence (0) of the mean
in the specific group, see Table 2.5 and Table 2.6. This method only allows one

positive (presence, 1) in all of the groups per trait.

Data analysis was done using the software, PowerMarker 3.25 (Liu & Muse, 2005),
Treeview (Page, 1996) and MEGA4 (Tamura et al., 2007). Genetic distances (Da)
between two cultivars were calculated by PowerMarker 3.25 using Nei dissimilarity
equation of 1983:

Dy=1==2,2 \Ps4y

m-o_ .
¢ =1 =1

Where pj and q; are the frequencies of i™ allele at the ™ locus in cultivar X and Y
respectively, while aj is the number of alleles at the jth locus, and m is the number of
loci examined (Liu & Muse, 2005). In the case of morphological data, the locus is the

trait and the allele is the characteristic groups.
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B

PowerMarker 3.25 using the following formula calculated expected heterozygosity
(He):
k

b=0-3pia-1

u=l n

This is the gene diversity at the I™ locus, k is the number of loci, Py, the frequency of |
at u and f is the inbreeding coefficient. The inbreeding coefficient was calculated as

in Weir and Hill (2002).

The polymorphic information content (PIC) reflects the number of alleles and their

distribution within a population. PIC is calculated using PowerMarker 3.25.

The genetic relationship between accessions was illustrated for each scoring method
based on the Nei dissimilarity distances of 1983 and Unweighted Pair Group Method

with Arithmetic Averages (UPGMA) as a clustering algorithm.

2.4.Results and Discussion

Morphological trait distribution and characteristics

Morphological traits (6) were used to assign the diversity among the accessions.
Each trait, except for colour and Heliopeltis resistance, was divided into five groups,
see Table 2.5, according to the two scoring methods. The distribution of the cultivars
into these groups is shown in Figure 2.2 and Figure 2.3. Since the grouping of
Heliopeltis resistance and colour were strict and the cultivars were only allowed to fall
into one of the groups, the distribution of these two traits for both the range and the
mean scoring methods are identical (a cultivar can only have one colour leaves or

can only be resistant, intermediate or susceptible to Heliopeltis), see Figure 2.3 and
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Table 2.6. Table 2.6 is an example of the scoring based on the range and mean

scoring methods for SFS150.
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Figure 2.2: The distribution of the morphological traits into the assigned groups, based on A)

the range scoring method and B) the means scoring method
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Colour Degree of resistance

Figure 2.3: The frequency distribution of A) colour and B) Heliopeltis into the respective
groups. Colour: P= Pale green, D= Dark green, L= Light green, and T= Tinged red.

Heliopeltis resistance: 1 = Healthy plot, 2 = Leaf damage and 3 = Stem die back

The minimum and maximum shoots per 20X20 cm? within the 195 analysed cultivars
are 3 and 32 shoots, respectively while the mean of the cultivars range from 4 to
27.7. The leaf length, leaf width and internode length ranges from 42 to 221 mm, 22

to 95 mm and 15 to 100 mm, respectively. The averages range from 59 to 126.8 for
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leaf length, 25.6 to 65.6 for leaf width and 18 to 71.6 for internode length. The binary
data of the trait analysis is listed in Electronic Appendix A for the range scoring

method and Electronic Appendix B for the mean scoring method.

Table 2.3: The characteristics of the morphological traits

Range Parameters Mean Parameters
Trait Major Allele Gene Major Allele Gene
(group) (trait) PIC (group) (trait) PIC
Frequency Diversity Frequency Diversity
Colour 0.3660 0.7040 0.6472 0.3660 0.7040 0.6472
Heliopeltis 0.5206 0.6192 0.5541 0.5206 0.6192 0.5541
Shoot
0.2526 0.8751 0.8643 0.5206 0.6590 0.6181
Density
Leaf Length 0.2165 0.8484 0.8312 0.3608 0.7354 0.6906
Leaf Width 0.2835 0.8500 0.8351 0.4072 0.7227 0.6792
Internode
0.1959 0.8711 0.8584 0.4072 0.6998 0.6487
Length
Mean 0.3058 0.7946 0.7650 0.4304 0.6900 0.6396

The characteristics of the morphological traits are listed in Table 2.3, Heliopeltis
resistance shows the lowest PIC value. Since in this trait an accession can only be
scored into one of the groups the value, 0.5541 is identical for both analysis
methods. Most of the cultivars (52.06%) are resistant to Heliopeltis. This may be an
effect of the selection by the breeding program. The highest PIC value (0.8643) was
reported for shoot density with the range scoring method. The PIC values were on

average higher for the range scoring method.

The Nei equation of 1983 (Nei & Chesser, 1983) was used to calculate the

dissimilarities between cultivars. (Electronic Appendix C for the range scoring method
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and Electronic Appendix D for the mean scoring method.) This data was used to
construct the UPGMA tree in Figure 2.4 for the range scoring method and Figure 2.5

for the mean scoring method.

Range scoring method

The UPGMA tree, Figure 2.4 revealed seven clusters based on the range scoring
method. The six TRFCA cultivars (Figure 2.4) seem to be scattered among the field
accessions from the tea estates. Although the six morphological traits could
discriminate between all the accessions, it was unable to discriminate between the
subpopulations: China, Cambod and Assam type, except for the Chinese tea
cultivars that cluster together in cluster E. The number of morphological traits may be
too small to discriminate between subspecies. Also contributing to this may be the
distribution of the cultivars in the study since 56.7% of the cultivars were classified as
Cambod or Cambod hybrid types (77 of 195 cultivars (39.7%) were Cambod, 20
were Cambod/China hybrids (10.3%) and 13 Cambod/Assam hybrids (6.7%)).
Cambod is generally seen as an intermediate between China and Assam type tea
since the largest part of the accessions is Cambod type and overlapping
morphological traits could complicate the analysis. The expected heterozygosity (He)
for all the accessions in the analysis for this scoring method is 0.7946. The H. for the
subpopulations ranges from 0.6481 for the TRFCA cultivars to 0.7909 for all the

seedling accessions, Table 2.4.

Mean scoring method
The UPGMA tree based on the mean scoring method, Figure 2.5 revealed seven
clusters. Most of the Chinese type tea cultivars cluster together in cluster G, while the

most Assam type cultivars are in cluster A-B. Cluster E and F contain a mix of
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Cambod and Chinese type cultivars. Even though this analysis could not clearly
distinguish between the different origins of cultivars it does indicate a trend. Since the
cultivars were assigned into the three subpopulations based on appearance and it is
known that the characteristics of the subpopulations overlap it can be expected that it
would be difficult to distinguish between subpopulations. These six morphological
traits could not discriminate between all the cultivars using the mean scoring method.
The number of traits examined should be increased to enable discrimination among
all cultivars. The He reported for mean scoring method in 0.6900. The H, for the
subpopulations ranges from 0.5185 for the TRFCA cultivars to 0.6839 for all the

seedling accessions, Table 2.4.

Table 2.4: The morphological diversity and PIC values of the accessions grouped according

to subpopulations

Mean Scoring Method | Range Scoring Method
Number of
Group ) Gene (trait) Gene (trait)
Accessions PIC PIC
Diversity Diversity
All Accessions 195 0.6900 0.6396 0.7946 0.7650
Seedling Cultivars 189 0.6839 0.63332 0.7909 0.7610
TRFCA Cultivars 6 0.5185 0.4372 0.6481 0.5756
Assam type 24 0.6389 0.5756 0.7332 0.6948
China type 55 0.6537 0.5946 0.7239 0.6905
Cambod type 77 0.6311 0.5745 0.7623 0.7274
China/Cambod
20 0.6067 0.5513 0.7767 0.7416
type
Cambod/Assam
¢ 13 0.6312 0.5654 0.7535 0.7152
ype
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Morphological

Range Scoring Method

Mean Scoring Method

Trait Characteristic Groups Characteristic Groups
Colour 1 2 3 4 1 2 3 4
Pale Green | Dark Green | Light Green | Tinged Red Pale Green Dark Green Light Green Tinged Red
1 2 3 1 2 3
Heliopeltis
Resistant Intermediate Susceptible Resistant Intermediate Susceptible
- Characteristic Groups Range of Characteristic Groups
ange
g 1 2 3 4 5 Means 1 2 3 4 5
Shoot Density
(shoots per | 3-32 0-7 8-10 11-15 | 16-20 | 20-= 4-27.7 0-7 7.01-10 10.01-15 | 15.01-20 20-01-e
20x20cm?)
Leaf Length
(mm) 42-221 | 0-70 71-83 | 84-96 |97-110 | 110-~ | 59-126.8 0-70 70.01-83 | 83.01-96 | 96.01-110 | 110.01-
mm
Leaf Width
(mm) 22-95 | 0-30 31-37 | 38-44 |45-50 | 51-« 25.6-65.6 | 0-29 29.02-34 | 34.01-41 41.01-50 50.01-«
mm
Internode
15-100 | 0-30 31-40 |41-50 |51-60 |61-« 18-71.6 0-30 30.01-40 | 40.01-50 | 50.01-60 60.01-
Length (mm)
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SFS150 Range Scoring Method Mean Scoring Method
Morphological Trait Characteristic Groups Total Characteristic Groups Total
Colour 1 2 3 4 1 2 3 4
Pale Dark Light Tinged Pale Dark Green | Light green | Tinged red
green Green green red green
Pale green 1 0 0 0 1000 1 0 0 0 1000
Heliopeltis 1 - 2 - 3 - 1 2 . 3 .
Resistant Intermediate Susceptible Resistant Intermediate Susceptible
Resistant 1 0 0 100 1 0 0 100
1 2 3 4 5 1 2 3 4 5
Shoot Density
(shoots per 20x20 | 0-7 8-10 11-15 | 16-20 20-« 0-7 | 7.01-10 | 10.01-15 | 15.01-20 | 20-01-
cm?)
Range: 16-21 0 0 0 1 1 00011
Mean: 18.3 0 0 0 1 0 00010
Leaf Length (mm) 0-70 71-83 84-96 | 97-110 | 110-= 0-70 | 70.01-83 | 83.01-96 | 96.01-110 | 110.01-«
Range: 42-100 1 1 1 1 0 11110
Mean: 81 0 1 0 0 0 01000
Leaf Width (mm) 0-30 31-37 38-44 | 45-50 51-c 0-29 | 29.02-34 | 34.01-41 | 41.01-50 | 50.01-«
Range: 37-41 0 1 1 0 0 01100
Mean: 38.8 0 0 1 0 0 00100
'(';:;r)mde Lendth | 030 | 3140 |41-50 | 5160 |61 0-30 | 30.01-40 | 40.01-50 | 50.01-60 | 60.01-=
Range: 35-70 0 1 1 1 1 01111
Mean: 58.4 0 0 0 1 0 00010
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Figure 2.4: The morphological relationship between the 189 seedling accessions and six
cultivars from the TRFCA, based on the range scoring method. The relationship is based on
Nei distances equation of 1983 and UPGMA clustering algorithm. Seven clusters can be

distinguished (in alternative colours and labelled cluster A to G)
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Figure 2.5: The morphological relationship between the 189 seedling accessions and six
cultivars from the TRFCA, based on the mean scoring method. The relationship is based on
Nei distances equation of 1983 and UPGMA clustering algorithm. Seven clusters can be

distinguished (in alternative colours and labelled cluster A to G)
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Comparison between the scoring methods

The range scoring method reported a higher He (0.7946) than the mean scoring
method (0.6900). This is expected since the range scoring method reveals more
diversity. Even though the mean scoring method could not discriminate between all
the accessions, the distribution is in better agreement with the subpopulation
classification. In addition, a low He is expected for morphological analysis and

therefore the mean scoring method’s results are more acceptable.

The genetic relationship between the populations shows simular profiles, Figure 2.6
and Figure 2.7 however, the distances differ between the mean and range scoring
methods. The range scoring method reveals larger distances between the
populations. The Nei dissimilarity between the populations ranges from 0.1105 to
0.4550 for the range scoring method, it only ranges between 0.0584 and 0.2419 for
the mean scoring method, Table 2.7. The TRFCA cultivars do not cluster with any of
the subpopulations of seedling accessions; however, the TRFCA cultivars only

consist of six cultivars.

0.11150

0.02300 @ TRFCA
0.02420 <> Cambod/China type
0.03480 4()0}7200@ l Cambod type
0.02940 - 505920 @ China type
0.05280 I - V Assam type

{ 0.02920

[0 Cambod/Assam type

—
0.02

Figure 2.6: The morphological relationship of the subpopulations in the mean scoring
method based on Nei dissimilarity of 1983 and UPGMA
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Comparison with literature

It is difficult to compare the reported results to other studies since only a small
number of morphological characteristics were scored in this study, other studies used
a large number of characteristics. A study by Chen et al. (2005a) that used
allozymes, biochemical and morphological traits as markers reported He between
0.114 and 0.218 among tea subpopulations (55 morphological traits, four biochemical
parameters, 10 allozymes, 87 accessions). The H. reported in the current study was
higher (0.7946 for the range scoring method and 0.6900 for the mean scoring
method). This may be due to the combination of the different markers in the study by

Chen et al. (2005a), since allozymes reveal very low levels of diversity. Also, the

number of traits scored will influence the He to a certain extent.

RAPD and AFLP analysis by Wachira et al. (2001) showed a He of 0.311 and 0.361,
respectively (37 RAPD primers, 6 AFLP primers, 44 accessions). SSR studies on tea
reported He of 0.596 (4 SSR primers, 24 accessions (Kaundun & Matsumoto, 2002))
and 0.865 (6 SSR primers, 96 accessions (Dan, 2006)). This is within the range

reported here.

0.2194 — ® TRFCA
| 0.0554 i < Cambod/China type
Um‘. 50552 M Cambod type
0.0986 @ China type
0.0377 8:3221 WV Assam type
l [0 Cambod/Assam type
0.05

Figure 2.7: The morphological relationship of the subpopulations in the range scoring
method based on Nei dissimilarity of 1983 and UPGMA
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Table 2.7: The Nei dissimilarity matrix of 1983 for the range scoring method (top half) and
the mean scoring method (bottom half)

Cambod/
Assam | Cambod Assam Cambod/ China

type type type China type type | TRFCA
Assam type 0.0000 0.1466 0.1662 0.2372 | 0.2875| 0.3834
Cambod type 0.1026 0.0000 0.2037 0.1166 | 0.1105| 0.4118
Cambod/Assam
type 0.0584 0.1037 0.0000 0.2413 | 0.3331 | 0.4100
Cambod/China type | 0.1485 0.0461 0.1408 0.0000 | 0.1450 | 0.4550
China type 0.2397 0.0859 0.2491 0.1029 | 0.0000 | 0.5335
TRFCA 0.1963 0.1759 0.2434 0.2346 | 0.2646 | 0.0000

The TRFCA cultivars

The TRFCA cultivars and parental plants were all in clusters C to E with the mean
scoring method (Figure 2.5). However, this is not the case with the range scoring
method were these six cultivars are more scattered. Since the number of TRFCA
cultivars in this study is small, it is difficult to draw conclusion from the available

information.

In general, the TRFCA cultivars seem to be scattered among the cultivars from the
tea estates. The TRFCA cultivars do not cluster together as was expected; this may
be evidence for a high level of diversity and thereby supporting the null hypothesis.
However, the relationship between the TRFCA cultivars and the subpopulations of
the seedling accessions show that the TRFCA cultivars are distant from the seedling
accessions. This contradiction may be due to the small sample size of the TRFCA

and it is therefore not possible to draw conclusions from the results.
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The genetic diversity for tea in Malawi may be narrow and the TRFCA cultivars well
distributed within Malawian tea accessions. Therefore, cultivars from other countries
should be included in future studies. Countries like China and India would be
preferable since it is known that tea is indigenous to these two countries and
organisms have a higher level of diversity at their centre of origin (Magoma et al.,

2003; Wachira & Ng'etich, 1999).

Morphological traits

Morphological trait analysis is a time consuming and labour intensive process
although it requires no expensive equipment. It is known to be influenced by
environmental conditions and the developmental stage of the plants (Blears et al.,
1998; Gunasekare, 2007; Singh & Ahuja, 2006). In this study, all cultivars were
cultivated on the experimental farm of the TRFCA in Malawi therefore limiting
variation due to different environmental conditions. However, some of the cultivars
were still juvenile trees that could have an effect on the results. External factors can
influence the outcome of morphological studies therefore morphological results are
debatable. A good suggestion is to support morphological data with molecular data

that are not influenced by the above mentioned factors.

2.5.Conclusion

The morphological data scored based on the ranges were able to discriminate
between all the tea accessions and the Hs was 0.7946. The mean scoring method
was unable to discriminate between all the accessions and the H, was 0.6900. Of the
two scoring methods, the mean scoring method is in better agreement with the plant
breeder (Dr. H. Nyirenda) classification based on visual inspection because it shows

a better clustering with regard to the subpopulations. The TRFCA cultivars are
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scattered among the clusters. The results neither support nor reject the hypothesis
since TRFCA cultivars are well distributed among the accessions from Malawi but the
number of TRFCA cultivars in the study were too small. Therefore, tea plants from
other countries (China and India) should be included in further studies. The small
number of TRFCA cultivars is very unfortunate and decrease the credibility of the
conclusions. It should be repeated with a more representative group of the 35
released TRFCA cultivars (all released TRFCA cultivars should preferably be

included).
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CHAPTER 3

INVESTIGATION OF THE GENETIC DIVERSITY
AMONG TEA (Camellia sinensis) CULTIVARS USING

MICROSATELLITE MARKERS
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3.1.Introduction

Camellia sinensis is a hardwood tree indigenous to China and India (Paul et al.,
1997). This tree’s leaves are the commercial source of tea, the most widely

consumed beverage in the world, second only to water.

Tea is cultivated in 52 countries (Mondal et al., 2004) and plays an important role in
the economies of these countries. To improve the yield and quality of tea, seedling
plantations are being replaced with clonal plantations, for example about 86% of the
tea in Japan is Yabukita clonal tea plantations (Kaundun et al., 2000). This results in
a decrease of the genetic diversity among tea trees. Also contributing to the
decrease in genetic diversity is tea breeding programs that usually use a small
number of superior parental plants. In India, over 75% of the cultivars released by the
Tocklai Experimental Station of the Tea Research Association are derived from
Betja, Cinnamara or Cambod stocks, while 60% of the cultivars released by the Tea
Research Foundation in Kericho, Kenya, are derived from the “6/8” cultivar (Yao et

al., 2008).

o

(=]

(=]
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release per parent
— N W g wn AN

Percentage cultivars
(e}

=

PC1 SFS204 SFS150 CL12 M9 SL9 MT12

Parents

Figure 3.1: The parental statistics of the 39 released cultivars by the TRFCA from

1956 to 2007.63.8
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The breeding program of the TRFCA is no exception to this, it consists of 16 parental
plants and 39 released cultivars. The parental distribution is indicated in Figure 3.1
and Table 3.1. As seen in Figure 3.1, PC1 and SFS204 are the parents of 63.8% and

43.5%, respectively of the released TRFCA cultivars. It is important for breeding
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programs to consider the genetic diversity when selecting parental plants.

Table 3.1: Summary of the 39 TRFCA released cultivars from 1956 to 2007 and their

parents
Cultivar Parents Cultivar Parents
PC1 Unknown PC168 PC1 x TRI6/8
PC79 S13 x SFS204 | PC169 M9 x SL73
PC80 C5xCL12 PC175 PC1 x Unknown
PC81 011 x CL2 PC184 PC1 x MT12
PC105 SFS204 x PC1 | PC185 PC1 x MT12
PC108 SFS204 x PC1 | PC190 SFS150 x SFS204
PC110 SFS204 x PC1 | PC198 SFS150 x MT12
PC113 SFS204 x PC1 | PC213 SFS150 x PC1
PC114 SFS204 x PC1 | PC268 SFS150 x PC1
PC115 SFS204 x PC1 | RC1(MFS87) | Cambod
PC117 SFS204 x PC1 | RC2(PC187) Cambod
PC118 SFS204 x PC1 | RC3(7-7) Unknown
PC119 SFS204 x PC1 | RC4(PC164) PC1 x SL9
PC122 SFS204 x PC1 | RC5(PC138) PC1x CL12
PC123 SFS204 x PC1 RC6(PC141) PC1x CL12
PC127 SFS204 x PC 1 | RC7(PC153) SL5 x SFS150
PC131 M9 x SFS204 RC13(RS233) | Cambod
PC150 M9 x SL1 RC15(PC152) | M9 x PC81
PC153 SL5 x SFS150 | RC16(PC219) | 15x CL12
PC165 PC1 x Unknown
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Genetic diversity can be analysed using molecular markers. These techniques
include, RAPD, AFLP, ISSR, CAPS and microsatellites (SSR). Each of these
techniques has advantages and disadvantages. The reproducibility of RAPD is
problematic, while AFLP is technically demanding. An added disadvantage of RAPD,
AFLP and ISSR are that these markers are dominant. CAPS and microsatellites are
co-dominated with high reproducibility. Microsatellites are the method of choice
(Blears et al., 1998; Bussell et al., 2005; Gostimsky et al., 2005; Varshney et al.,

2007).

Microsatellites are regions of 1 to 6 bp repeats that are found in most if not all
eukaryotes. These regions are spread throughout the genome of organisms in both
the functional and non-functional parts of the genome (Téth et al., 2000).
Microsatellite primers are designed based on the flanking regions. Therefore, the
design requires sequence information (Selko & Toonen, 2006). The development of
microsatellites used to have the disadvantage of being costly, however with the
increase in the availability of open access EST sequences, the development cost has
decreased (Bouck & Vision, 2007; Jiang et al., 2006). Since ESTs are part of the
functional DNA that is in general more conserved throughout the genus, EST
microsatellite primers have the added advantage of been cross species compatible

(Bouck & Vision, 2007).

Microsatellite primers were developed for Camellia sinensis (4 primers by Kaundun &
Matsumoto, 2004; 15 primers by Freeman et al., 2004; 11 primers by Hung et al.,
2008; 10 EST primers by Jin et al., 2006; 24 EST primers by Zhao et al., 2008).
Some of these primers have been applied to assess genetic diversity of tea cultivars

from Vietnam (Dan, 2006) and Japan (Ohsako et al., 2008).
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Although no mention of microsatellite error rate has been made in previous tea
studies (to the authors knowledge), it is an important factor to consider. The error
rate is an indication of the reliability of the data. Errors in microsatellite analysis may
be due to numerous causes, includes sampling, contamination, scoring and data
analysis. Scoring and data analysis are complicated by null alleles, allelic dropout,
misscoring and false alleles. Mutations in the complimentary sequence of one of the
primers can lead to the occurrences of null alleles (where no alleles are amplified).
Allelic dropout is the amplification of only one allele in a heterozygous locus. Stutter
bands (artefacts that are a result of PCR amplification) complicate scoring of alleles,
which may lead to misscoring of some alleles. False alleles occur during PCR
amplification and are allele like artefacts. Allelic dropout, misscoring and false alleles
especially can cause problems with a low quality and quantity DNA (Bonin et al.,
2004; Pompanon et al., 2005). It is therefore important to calculate the error rate of

the results.

In this study, the genetic diversity in the tea cultivars from the TRFCA (Malawi),
selected seedlings from Malawian tea estates and cultivars from China will be

determined.

3.2. Hypothesis

Hypothesis 1: The genetic diversity of the TRFCA cultivars will be narrow
compared to the diversity in the seedling accessions.

Hypothesis 2: The China origin cultivars will cluster together.

Null hypothesis 1: The genetic diversity of the TRFCA cultivars will not be narrow
compared to the seedling diversity.

Null hypothesis 2: The China origin cultivars will not cluster together.
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3.3. Materials and Methods

Plant selection

TRFCA cultivars (41) were bred and selected at the TRFCA in Malawi from 1956 to
2007. The seedling accessions (233) were selected from tea estates in Malawi.
These seedlings were selected from seedling fields based on special qualities such
as vigour, drought tolerance and early spring budding. All TRFCA cultivars and
seedling accessions were cultivated at the TRFCA (latitude 16° 05' south, longitude
35° 37" east and altitude 650 meters above sea level). Replicate genotypes of 15
samples were included in the assessments to calculate the error rate. These
replicated genotypes were taken from the same clone located in two different fields.
Professor Liang Chen (Tea Research Institute, Chinese Academy of Agricultural

Sciences) kindly donated DNA samples from 22 Chinese cultivars.

Plant DNA extraction

DNA was extracted from fresh leaves using the Qiagen DNeasy Plant Mini Kit
(QIAGEN, Valencia, CA, USA). Plant tissue samples were homogenized for 20 sec at
4.0 m/s in a FastPrep FP120 instrument (QBiogene, Carlsbad, CA, USA). All steps
were performed as described in the DNeasy Plant Mini Kit manual. Agarose gel
electrophoresis and the GeneQuant Pro UV/Vis Spectrophotometer (Amersham

Biosciences, Uppsala, Sweden) were used to determined DNA quality and quantity.

PCR and Genescan conditions

The microsatellite primers (8) were selected from the study by Freeman et al., 2004,
Table 3.2. Polymerase chain reactions (PCRs) were performed in a total volume of
13 ul with the following components: 15 +5 ng of genomic DNA, 0.2 yM of each

primer (Applied Biosystems, Foster City, USA), 0.2 mM of each dNTP (Fermentas,
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Burlington, Canada), 1% DMSO (Sigma-Aldrich, St. Louis, USA), 0.15 U of Exsel
High Fidelity DNA Polymerase (JMR Holdings, London, UK) and 1X PCR Exsel
buffer. The forward primer in each of the primer set was labelled with a
phosphoramidite fluorescent label (FAM, HEX, TET or VIC). DMSO was included in

the reaction to improve the yield and specificity of the PCR reaction (Chakrabarti &
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Schutt, 2001; Kang et al., 2005).

PCR amplifications were performed in the Gene-AMP PCR System 9700 (Perkin
Elmer, Coneticut, USA). The cycling conditions were as indicated in Table 3.3. The
step-down amplification step was included to increase specificity. The additional

elongation steps ensure the complete non-template addition of adenine (Magnuson

et al., 1996).

Table 3.2: The primer information (Freeman et al., 2004)

Chapter 3: Microsatellite analysis

Primer Sequence Ta | Label | Dilution®
Gomsinwz | £, SCTCTSSTOTOCTIORCST 60 | oam | 110
Gomsinwa | £ ACATICHCOANTCCACATATCTCAN (0 | pET | 110
Gonsinis | £ AMISTIOMOMCOASTTOTESTA 64 | neD | 1110
Gomsinws | TSTTTICTIACOSTIOONMASE (55 [vic | 1110
Gomsinws | £/ COATOATICSCATIACTC o |58 |VIC | 150
Gamsimto | £ TACATCIOTITIOCNS0TOTC00 |64 | s.au| 15
Gomsinw13 | SASKTICTOCCOTSTINTIATTT e |per | 1010

Ta= Annealing temperature
' Dilution of the genescan reactions
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PCR products were diluted 6:1 with loading dye (0.025% (w/v) bromophenol blue,
30% (v/v) glycerol) and separated on 2% (w/v) agarose (Whitehead scientific, Cape
town, RSA) gel containing 0.5 ng/ml ethidium bromide (EtBr), in 1 X TAE buffer (0.04
M Tris-acetate, 1 mM EDTA, pH 8). The Generuler'™ DNA ladder, Low Range
(Fermentas, Burlington, Canada) was used to determine the size of fragments.
Samples were electrophoresed at 100 V in a Maxicell® EC360M Electrophoretic gel
System (E-C Apparatus Corporation, St. Petersburg, Florida, USA). Bands were
visualised at 312 nm on a Spectroline TC-312A UV transilluminator (Spectronics
Corporation, USA), as the interchelated EtBr emits fluorescence at a wavelength of

300 nm (Walker, 2000).

Table 3.3: The PCR conditions for the SSR primers analysis

Cycle conditions Temperature Time
Step 1 . ,
Denaturation 94 °C 5 min
Denaturation 94 °C 30 sec
:gp fiown 4 °C higer than the annealing
P e Annealing (Table 3.2) with a decrease of 0.4 °C 30 sec
Amplification .
with each cycle
10 cycles
Elongation 68 °C 20 sec
Step 3 Denaturation 94 °C 30 sec
Amplification | Annealing Annealing temperature (Table 3.2) 20 sec
25 cycles Elongation 68 °C 30 sec
68 °C 10 min
Step 4 60 °C 30 min
Final Elongation 20 °C 30 min
4°C Infinity
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PCR products were combined and diluted with dddH20O into two sets, CamsinM2, 8,
12 and 13 together and CamsinM4, 5, 6, together. The dilution factor of each primer
product is listed, in Table 3.2. The two sample mixtures were further diluted 1:11 with
a formamide solution containing Genescan™ -500 LIZ™: Hi-DiTM formamide,
14:1,000 (Applied Biosystems, Foster City, USA). Samples were denatured and
analyzed on an ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems, Foster
City, USA) using Genescan™-500 LIZ™ as an internal standard. Electropherograms
were analyzed with the ABI PRISM® Genemapper® 3.0 software (Applied

Biosystems, Foster City, USA).

Data analysis
The mean error rate per allele was calculated using the following formula:

e =m/nt
Where ¢ is the mean error rate per allele, m;is the number of single locus genotypes
including at least one mismatch and the number of replicated single locus genotypes
is nt, where n is the number of samples and t is the number of repeats (Pompanon et

al., 2005).

The error rate per reaction (e;) was calculated using the following formula:
e=m/r
Where m; is the number of single locus genotypes including at least one mismatch

and r the number of reactions (Pompanon et al., 2005).

The polymorphic information content (PIC) reflects the number of alleles and their
distribution within a population. PIC was calculated using PowerMarker 3.25 (Liu &

Muse, 2005).
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The Excel Microsatellite Toolkit (Park, 2001) was used to convert the microsatellite
data to FSTAT format where after FSTAT version 2.9.3 (Goude, 2001) was used to
calculate the Nei F-statistics for the populations. The following parameters were
calculated with FSTAT version 2.9.3: the observed heterozygosity (Ho), the expected
Heterozygosity (Hs), the overall gene diversity (Hy), allelic richness, Inbreeding
coefficient of the individuals in a subpopulation (Fs) and variation among subgroups

in relation to the total population (FsrT).

Genetic distances (Da) between two cultivars were calculated using PowerMarker

3.25 (Liu & Muse, 2005), using the Nei dissimilarity equation of 1983:

1 & 4q;
DA ZI_EZIZIVPUCIU
J=l i=

Where p; and q; are the frequencies of i™ allele at the jth locus in cultivar X and Y
respectively, while aj is the number of alleles at the jth locus, and m is the number of

loci examined (Liu & Muse, 2005).

The genetic relationships between the accessions were illustrated based on the Nei
dissimilarity distances of 1983 and Unweighted Pair Group Method with Arithmetic
Averages (UPGMA) as the clustering algorithm using PowerMarker 3.25. MEGA4
(Tamura et al., 2007) and Treeview (Page, 1996) were used to indicate the clusters

and individuals in the subpopulations.

3.4.Results and Discussion

Tea accessions
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A total number of 296 accessions were included in this study. These accessions
include 22 Chinese cultivars, 41 TRFCA cultivars (labelled PC, SFS or RC) and 233
seedling accessions from Malawian tea estates. The seedling accessions were
classified by the tea expert, Dr. H.E. Nyirenda into groups according to their
appearances by visual inspection. These groups include Cambod type (92), Assam
type (29), China type (82) and the hybrids Cambod/China (16) and Cambod/Assam

(14). All the accessions and the classifications are listed in Electronic Appendix E.

Primer selection

The cultivars from the TRFCA, seedling accessions as well as cultivars from China
were subjected to microsatellite analysis. The primers were selected from the article
by Freeman et al. (2004). Of the eight primers tested, listed in Table 3.2, CamsinM12
failed to produce acceptable genescan profiles due to large amounts of scatter

bands.

Error rate

DNA from 15 replicated genotypes was extracted to calculate the error rate. These
replicates were sampled from two different plants of the same clones growing in
different fields. This is 4.7% of the accessions; it is recommended that 5 to 10% of
the accessions should be repeated blindly (Pompanon et al., 2005). These repeats
allow for the assessment of all errors in microsatellite analysis. Technical repeats
were also done for four cultivars to assess the error rate of the PCR reactions,
genescan and data analysis. In the technical repeats, the PCR reactions were
repeated four times from the same DNA sample of each of the four cultivars, after

which the data were used to calculate the error rate, Table 3.4.
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The Error Rate of the Technical repeats The Overall Error Rate

Locus nxt | Error per allele % € Error per locus % e, nxt | Error per allele % € Error per locus % e,
CamsinM2 15 2 6.67 1 6.67 30 7 11.67 4 13.33
CamsinM4 14 13 46.43 7 50.00 30 13 21.67 8 26.67
CamsinM5 14 2 7.14 1 714 30 4 6.67 2 6.67
CamsinM6 14 7 25.00 7 50.00 30 24 40.00 14 46.67
CamsinM8 16 <1 <1 <1 <6.25 30 4 6.67 2 6.67
CamsinM10 14 1 3.57 1 7.14 30 4 6.67 4 13.33
CamsinM13 8 1 6.25 1 12.50 30 6 10.00 4 13.33
Mean of all loci 13.58 19.07 14.76 18.10
(excluding g:iliz:\naalllalzzICamsinMG) 4.73 6.69 8.33 10.67

Difference between technical and overall error rates e =3.60 e, =3.98

n  the number of samples

t the number of repeats

e, the mean error rate per allele
e, the error rate per reaction
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The mean overall error rate per locus (&) is 18.10% and error rate per allele (€)) is
14.76%, while the technical &is 19.07% and the technical & is 13.58%, Table 3.4. All
these values are high. The high error rates of CamsinM4 (e, = 21.67% and e, =
26.67%) and CamsinM6 (e} =40.00% and e, = 46.67%) is leading to the high mean
error rates. By excluding these two primers from the mean calculation, the overall &,
decrease to 10.67% and the overall & decrease to 8.33%, while the technical &,
decrease to 6.69% and the technical & is decreased to 4.73%. Therefore, CamsinM4
and CamsinM6 were excluded from all further calculations and analysis. The high
technical error rates in these two primers were mainly due to false alleles. The
exclusion of the two primers (CamsinM4 and 6) did not have a huge influence on the

clustering however it did influence the relationship of the cultivars within the clusters.

Not one of the loci in the genotype replica of seedling accession of BB35 or that of
TRFCA cultivar PC108 is identical. This may be due to sampling error, planting errors
(leaf samples were collected from the same clone planted different fields), labelling
errors and/or contamination. The total sampling, labelling and/or contamination errors
are the difference between the overall and the technical error rate. Theoretically,
these two values should be identical since sampling, labelling and contamination
errors will affect both alleles of the locus. This difference is 3.60% for e, and 3.98%

for e; and is therefore accpectable.

Microsatellite results

All microsatellite results are listed in Electronic Appendix E. Missing data are
indicated with a “?”. Some problems were encountered with the China origin cultivars
due to quantity of DNA. Of the 22 cultivars, only 11 amplified in all the loci. For the

population statistics performed with FSTAT, the accessions with missing data were

83



B
&
g‘ UNIVERSITEIT VAN PRETORIA . . .
@), UNIVERSITY OF PRETORIA Chapter 3: Microsatellite analysis
Qe YUNIBESITHI YA PRETORIA

excluded. Accessions with missing data were, however included in PowerMarker

analysis to illustrate the genetic relationship.

The number of alleles per locus ranges from 17 (CamsinM5) to 28 (CamsinM13) in
the 292 accessions, Table 3.5. The mean number of alleles is 21.8 with a total
number of 109 alleles in the five loci, Table 3.5. These values are higher than those
reported in literature by Ohsako et al. (2008) and Freeman et al. (2004) however,

these values are similar to that reported by Dan (2006).

Table 3.5: The characteristics of the primers

Allele

Locus No' Range | PIC' Ho 2 Hs? Hy2
CamsinM2 | 25 159-266 | 0.9072 | 0.617 | 0.893 | 0.920
CamsinM5 | 17 171-201 | 0.8286 | 0.754 | 0.772 | 0.840
CamsinM8 | 19 110-171 | 0.8556 | 0.629 | 0.802 | 0.867
CamsinM10 | 20 157-213 | 0.6735 | 0.643 | 0.647 | 0.676
CamsinM13 | 28 110-234 | 0.8707 | 0.518 | 0.861 0.890
Overall 21.8 0.8271 0.632 | 0.795 | 0.839

' Calculated with PowerMarker 3.25
2 Calculated with FSTAT

PIC for the loci range from 0.9072 (CamsinM2) to 0.6735 (CamsinM10) and the
mean PIC is 0.8271, Table 3.5. The PIC values correspond to that of Freeman et al.
(2004) and indicate that the loci have a high level of polymorphism. The allelic
richness indicates the level of heterozygosity within the populations. The mean allelic
richness per subpopulations ranges from 6.6756 to 9.6026, Table 3.6. Overall, the

allelic richness per population is low for the TRFCA cultivars.

The observed heterozygosity (Hp) within all the cultivars, ranges from 0.526

(CamsinM13) to 0.741 (CamsinM5) for the loci, Table 3.5. The level of expected
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heterozygosity (Hs) within all the cultivars ranges from 0.673 (CamsinM10) to 0.904
(CamsinM2) with a mean of 0.809. In the microsatellite study by Ohsako et al. (2008),
the reported Hs values ranging from 0.460 to 0.799, which are lower than the current

study’s values.

Table 3.6: Allelic Richness per population locus based on minimum sample size of 11 diploid

individuals
Cambod/ | Cambod/
Assam | Cambod | Assam China China | China | Seedling | TRFCA

Locus type type type type type origin | Selections | cultivars
CamsinM2 | 10.126 6.195 10.387 9.981 | 12.206 | 14.000 11.633 7.081
CamsinM5 5.303 5.561 6.790 8.119 | 8.728 | 10.000 8.211 6.754
CamsinM8 4.914 7.125 8.596 9.898 | 9.933 5.000 9.888 7.972
CamsinM10 | 4.381 5.127 6.257 6.638 | 8.387 | 11.000 7.317 5.109
CamsinM13 | 8.654 9.887 9.695 9.254 | 8.759 8.000 10.005 7.437

Mean 6.676 6.779 8.345 8.778 | 9.603 9.600 9.411 6.871

The total heterozygosity (Hr) for the loci, range from 0.701 (CamsinM10) to 0.925
(CamsinM2), is slightly higher than the Hs values. The mean Hr is 0.846, Table 3.5.
Ohsako et al. reported Ht values ranging from 0.486 to 0.827, higher values were
obtained in the current study. This indicated higher levels of heterozygosity in the

current study in comparison to the study by Ohsako et al. (2008).

Fis is the inbreeding coefficient of the individuals in the subpopulation. This value
describes the variation within the individuals within the subpopulation. The Fis value
can range between -1 and 1, with 1 implying total inbreeding and -1 being
outbreeding. The Fis reported here range from 0.081 (China origin) to 0.317 (Assam
type), Table 3.7. These values imply that there are moderate levels of inbreeding
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within the subpopulations. It is expected that the level of inbreeding in the China
origin accessions would be less than that in the seedlings and TRFCA cultivars.
Since it is known that organisms are more diverse at its origin and tea is indigenous
to China and India. Interestingly, the TRFCA subpopulation shows a Fs value of
0.183 (Table 3.7), which is within the range and not higher than the seedling

accessions (Fis = 0.239).

The Fst is the variation among subgroups relative to the variation within the total
population, it is also referred to as the pairwise population differences. The Fgsr
values range from -0.0049 to 0.1373, (Table 3.8). The values were calculated not
assuming Hardy-Weinberg equilibrium. Hardy-Weinberg equilibrium assumes that all
individuals within the population mate at random with respect to genotype and that
there is neither selection nor migration (Fairbanks & Andersen, 1999). Therefore, the
population in the current study does not meet the requirement to assume Hardy-

Weinberg equilibrium.

The significance of the Fst values between the subpopulations (P < 0.05) is indicated
in (Table 3.8). This table indicates that all the subpopulations differ significantly from
both the TRFCA and China cultivars, Table 3.8. Significant differences were also
found between Assam type and all other groups except for Cambod type. Although
Assam type and Cambod/Assam type differ significantly, Cambod/Assam type does
not differ significantly from Cambod type. Cambod/China type does not show any

significant difference to that of China type or Cambod type.
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Table 3.7: Inbreeding coefficient per population (F;s) with +1 being total inbreeding and -1 total outbreeding

Assam | Cambod Cambod/ Cambod/ China China Seedling TRFCA All
type type Assam type | China type type origin Selections cultivars cultivars
CamsinM2 | 0.298 0.272 0.186 0.641 0.360 0.139 0.333 0.193 0.321
CamsinM5 | 0.353 0.050 -0.164 -0.011 0.115 0.095 0.111 -0.106 0.103
CamsinM8 | 0.250 0.132 0.327 0.283 0.321 -0.067 0.239 0.394 0.264
CamsinM10 | 0.031 -0.03 0.065 -0.036 0.126 0.053 0.071 -0.056 0.061
CamsinM13 | 0.529 0.369 0.498 0.517 0.332 0.149 0.387 0.408 0.397
Mean 0.317 0.176 0.209 0.296 0.252 0.081 0.238 0.183 0.239
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Table 3.8: The pairwise Fsr values (not assuming Hardy-Weinberg equilibrium within subgroups) between the subgroups (top half) with the

pairwise significant (P < 0.05) after standard Bonferroni corrections

Assam Cambod Cambod/Assam Cambod/China ] China TRFCA
China type _ .
type type type type origin cultivars
Number of 29 92 14 16 82 11 41
individuals
Assam type 0 0.0002"° 0.0254* 0.0347* 0.0694* 0.1373* 0.0586*
Cambod type 0 0.0172N° 0.0393N° 0.0737* 0.1349* 0.0747*
Cambod/Assam 0 0.0060NS 0.0444* 0.1045* 0.0550*
type
Cambod/China 0 0.0097" 0.0682* 0.0457*
type
China type 0 0.0596* 0.0580*
China origin 0 0.1135*
TRFCA cultivars 0

* Significance at the 5% nominal level

NS Non-significant
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Figure 3.2: The genetic relationship among 41 TRFCA cultivars, 233 seedling accessions

and 18 China origin cultivars using the UPGMA method based on the Nei dissimilarity
equation of 1983
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The genetic relationship among the cultivars is illustrated in Figure 3.2. Most of the
TRFCA cultivars group together in cluster A. PC1 and most of its offspring cluster
together within cluster A, which also includes SFS204 and its offspring. Most of the
China origin cultivars can be found in cluster E. Cluster B consist mainly of Cambod
type seedling accessions. The China type seedling accessions are in cluster D, F and
G, however cluster G only consist of three cultivars. The Assam type seedling
accessions are mostly distributed among the TRFCA cultivars. An example of
genetically distant cultivars from PC1 or SFS204 (cluster A) will be the cultivars
ELD14 and ROU1 (cluster F). The Nei dissimilarities matrix of 1983 for the

accessions can be seen in Electronic Appendix F.

The genetic relationship among the populations is illustrated in Figure 3.3. The China
origin cultivars are separated from both the seedling accessions (Assam, Cambod,
China type) and the TRFCA cultivars. The TRFCA cultivars group together with the
Assam and Cambod/Assam type. The Nei dissimilarity of 1983 ranges from 0.0983

for Cambod and Cambod/China type to 0.5467 for China origin and Assam type.

0.2296
5770 A China origin
. @ China type
‘ 0.0321 0.0491
0.0235 50107 B Cambod type
0.1248 o 0:949 ' < Cambod/China type
: @ TRFCA cultivars
= 0.0354 0.0895 WV Assam type
- 0.0595

[0 Cambod/Assam type

0.05
Figure 3.3: The genetic relationship among the populations based on UPGMA method with

Nei dissimilarity equations of 1983.
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Table 3.9: The Nei dissimilarity matrix of 1983 of the populations

Cambod Cambod/ Cambod/ | China | China | TRFCA
Populations type Assam type | Chinatype | origin | type | cultivar
Assam type 0.1441 0.1190 0.1955 0.5467 | 0.2816 | 0.2113
Cambod type 0.1342 0.0983 0.4401 | 0.1542 | 0.1992
Cambod/
Assam type 0.2121 0.5374 | 0.3065 | 0.1684
Cambod/ China
type 0.3920 | 0.1364 | 0.1583
China origin 0.3509 | 0.4880
China type 0.2540

3.5.Conclusion

Although not many studies consider the effect of error rate on the results, it is
important to know the reliability of the results and conclusions. In this study, the error
rate was calculated and the high error rate loci (CamsinM4 and CamsinM6) were

excluded from the study to increase the reliability of the results.

The results support both hypothesis 1 and 2, since the TRFCA and China origin
cultivars cluster together and the Fst values indicated significant differences between
the TRFCA and China origin cultivars with all other groups. The China origin cultivars
have the lowest level of inbreeding, which is expected since organisms are more
diverse at their origin. The level of inbreeding of the TRFCA cultivars is within the

range of the seedling accessions.

The TRFCA cultivars cluster together in cluster A, Figure 3.2. The Fs value for the
TRFCA cultivars indicated moderate levels of inbreeding. While the Fsr values differ

significantly for the TRFCA cultivars from all other subpopulations. The allelic
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richness of the TRFCA cultivars is on the low end of the range of the allelic richness

reported here.

Although the level of inbreeding in the TRFCA is moderate, the allelic richness and
heterozygosity (Ho, Hs and Hr) of the TRFCA cultivars is in the low end of the ranges
observed. Indicating that the TRFCA breeding program may benefit from the
introduction of genetically distant tea plants, to expand the gene pool and increase

the level of heterozygosity.

The tea breeding community aspire to control and improve tea as a commodity.
Therefore, studies like this contribute to the knowledge of the genetic diversity among
tea. Accessions from other countries could be included to assess the tea on a global
scale. Preferably, the number of loci accessed should be increased for a more
accurate quantification of the diversity among the accessions. Knowledge of the
diversity among the accessions allows for better management of the diversity within

tea as a commodity.
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CHAPTER 4

THE IDENTIFICATION OF A POSSIBLE TRAIT-
ASSOCIATED RANDOM AMPLIFIED POLYMORPHIC
DNA MARKER FOR DROUGHT TOLERANCE IN TEA

(Camellia sinensis)
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4 1.Introduction

Camellia sinensis is an evergreen tree that is widely known because tea is made
from its leaves. The impact of tea on the health of people is long known. In 1211,
Eisai (“Father of Tea” in Japan) said in the book, Maintaining Health by Drinking Tea,
“Tea is a miraculous medicine for the maintenance of health. Tea has an
extraordinary power to prolong life” (Wheeler & Wheeler, 2004). Today tea is the
second most widely consumed beverage in the world, second only to water (Ferruzzi

& Green, 2006).

Tea breeding that focuses on the improvement of the plant’s quality and yield is a
worldwide initiative. In China, the world’s largest tea producing country, tea trees are
preserved in the China National Germplasm Tea Repositories (Chen & Yamaguchi,
2002; Chen & Yamaguchi, 2005c). This is to safeguard the genetic diversity among
tea since the diversity could be decreasing because of the replacement of seedling
plantations with clonal plantations. Southern Africa’s own tea breeding program is
situated in Malawi. The Tea Research Foundation of Central Africa is exploiting all
possibilities to improve tea cultivars for the African climate and markets. Tea
breeding is a long term project like all trees, mainly due to long field trial periods. The

release of a new tea cultivar takes approximately 15 to 20 years.

Tea breeding and selection depends on the interplay of factors such as resistance to
biotic stress, tolerance to abiotic stress, quality and yield of the processed tea leaves
(Mondal, 2002). This interplay is illustrated in Figure 4.1, the improvement of a
specific trait will influence the yield and/or quality of the tea produced. This will lead

to an increased profit, if the other quality or quantity parameters do not decrease.
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Figure 4.1: The factors influencing tea breeding

Biotic stress is pests (insects) and pathogens (bacteria and fungi). The International
Plant Genetic Resources Institute (IPGRI) listed 40 insects and 28 diseases that
affect C. sinensis (IPGRI, 1997). Among these are Phomopsis (Phomopsis theae), a
fungal infection that cause collar and branch canker (IPGRI, 1997; Ponmurugan et
al., 2007) and Helopeltis schoutedeni or mosquito bug, an insect that cause damage

to the tea in Malawi (Ellis & Nyirenda, 1995).

Abiotic stress includes temperature and drought. These parameters have a huge
influence on the adaptability to climates and the survival of a tree. Interestingly,
subspecies can be distinguished based on cold resistance or susceptibility (Singh &
Ahuja, 2006). Tea tolerating cold will also have more off-season growth than
susceptible plants. From the perspective of a tea breeder, off-season growth implies
a longer growth season, which increases the total yield for the year. The selection for
drought resistance is one of the most important factors in plant breeding. Drought
has an extensive impact on all cultivated plants (Babu et al., 2003; Bruce et al., 2002;
Maqgbool et al., 2008). Therefore, drought is considered in most, if not all, plant

breeding programs around the world.
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Tea quality markers include catechins, theanine and caffeine. The concentration of
these compounds influences both the taste and the health properties of tea. Caffeine
is responsible for the bitterness and briskness of tea (Paul, 2008), while the taste of
theanine is described as umami, meaty or brothy (Deng et al., 2008). Catechins are
antioxidants, caffeine increase alertness and anxiety while theanine reduce blood
pressure and cause relaxation (Ferruzzi & Green, 2006; Rogers et al., 2008). The
concentration of these metabolites influences the price of tea (Paul, 2008), Figure

4.1.

The improvement of plant selection based on DNA markers can decrease the
selection time in plant species (Peleman & Van der Voort, 2003). Quality Trait Loci
(QTLs) are regions on the chromosome that are linked to a specific molecular trait.
These regions are either close or within the gene that governs the trait. QTLs can be
exploited in plant breeding by developing them into Marker Assisted Selection (MAS)
markers. MAS markers are used in breeding to select for traits since DNA markers
are not influenced by the environment or developmental stage of the plant. Plants
can be tested for these qualities at an early stage that can lead to an improved
efficiency in the breeding program. However, in tea only one MAS marker has been
developed. This marker developed by Tanaka and Taniguchi in 2003 (as reference
by Tanaka & Taniguchi, 2007) for the identification of Mulberry Scale resistance in

tea.

The first step in the development of MAS markers is the identification of a QTL. QTL
can be identified using different approaches. One such an approach is Random
Amplified Polymorphic DNA (RAPD). RAPD primers use 8 to 12 base primers to

amplify non-specific random parts of the genome. RAPDs are usually applied to
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assess genetic diversity within plants or animals. In tea RAPDs have been used to
evaluated the genetic diversity among cultivars (Kaundun et al., 2000; Wachira et al.,
2001), to evaluate the genetic relationship between cultivated tea and wild tea (Lai et
al., 2001; Singh et al., 2004), to evaluate the genetic integrity of micropropagated tea
plants (Devarumath et al., 2002) and to identify a possible drought tolerant marker
(Mishra & Sen-Mandi, 2004). However, due to the random nature of this approach
the possibility exists that a fragment in the analysis may associate with specific traits.
These fragments will be either close to or within the gene of interest. RAPD is an
inexpensive approach for the identification of trait associated markers. However, it
relies on the assumption that if enough markers are tested a trait associated
fragment will be identified. In this study, RAPD markers were tested to identify

association with traits.

4.2.Hypothesis

Hypothesis 1: The RAPD7400 will associate with all of the drought tolerant
cultivars as in the study by Mishra & Sen-Mandi (2004).

Hypothesis 2: Using RAPD markers from other plants species will increase the

probability of finding useful RAPD markers in tea.

Null hypothesis 1: The RAPD71400 Will not associate with all of the drought tolerant
cultivars as in the study by Mishra & Sen-Mandi (2004).
Null hypothesis 2: Using RAPD markers from other plants species will not increase

the probability of finding useful RAPD markers in tea.
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4.3.Materials and Methods

Plant material and DNA extraction

Tea plants were selected based on field performance data collected over many years
by an expert tea breeder, Dr. H.E. Nyirenda, Table 4.1. Three traits were evaluated:
Heliopeltis resistance, drought tolerance and cold tolerance. The plants were all
cultivated at the TRFCA, Malawi (latitude 16° 05' south, longitude 35° 37' east and
altitude 650 meters above sea level). DNA was extracted from fresh leaves using the
Qiagen kit for plant DNA extraction, DNeasy mini kit (QIAGEN, Valencia, CA, USA).
Plant tissue samples were homogenized for 20 sec at 4.0 m/s in a FastPrep FP120
instrument (QBiogene, Carlsbad, CA, USA). All steps were performed as described in
the DNeasy Plant Mini Kit manual. DNA quality and quantity were determined by
agarose gel electrophoresis and the GeneQuant Pro UV/Vis Spectrophotometer

(Amersham Biosciences, Uppsala, Sweden).

RAPD primers and PCR conditions

RAPD primers were selected from previous studies, Table 4.2 and preference was
given to perennial over annual plants where possible. Polymerase chain reactions
(PCRs) were performed in a total volume of 13 ul with the following components: 15
1+ 5 ng of genomic DNA, 0.4 uM of primer (Whitehead scientific, Cape town, RSA),
0.2 mM of each dNTP (Fermentas, Burlington, Canada), 1% DMSO (Sigma-Aldrich,
St. Louis, USA), 0.15 U of Exsel High Fidelity DNA Polymerase (JMR Holdings,
London, UK) and 1X PCR Exsel buffer. DMSO improves the yield and specificity of

the PCR reaction (Chakrabarti & Schutt, 2001; Kang et al., 2005).

PCR amplifications were performed in the Gene-AMP PCR System 9700 (Perkin
Elmer, Coneticut, USA) with the following cycling conditions: an initial denaturation
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step of 94 °C for 5 min, followed by 45 cycles denature (94 °C) for 1 min, annealing
at 36 °C for 1 min and extension at 68 °C for 2 min, ending in a final elongation step
for 10 min at 68 °C (Chen & Yamaguchi, 2002). PCR products were diluted 1:6 with
loading dye (0.025% (w/v) bromophenol blue, 30% (v/v) glycerol) separated on
1.25% (w/v) agarose (Whitehead scientific, Cape town, RSA) gel containing 0.5
ng/ml ethidium bromide (EtBr), in 1X TAE buffer (0.04 M Tris-acetate, 1 mM EDTA,
pH 8). A 1 kbp DNA ladder (Fermentas, Burlington, Canada) was used to determine
the size of fragments. Samples were electrophoresed at 100 V in a Maxicell®
EC360M Electrophoretic gel system (E-C Apparatus Corporation, St. Petersburg,
Florida). Bands were visualised at 312 nm on a Spectroline TC-312A UV
transilluminator (Spectronics Corporation, USA), as the interchelated EtBr emits

fluorescence at a wavelength of 300 nm (Walker, 2000). Reactions were repeated 2

to 3 times to ensure that the fragments were consistent and reproducible.

Table 4.1: Cultivars selected based on field performance over several years

Traits
Heliopeltis Cold Drought
Susceptible | Resistant | Susceptible | Tolerant | Susceptible | Tolerant

B22 B2 PC105 LMB 7 PC105 PC165
B23 B4 PC108 PC123 PC108 PC168
CHAW4 B6 PC114 PC153 PC110 PC175
ELD3 B8 PC117 PC198 PC113 PC185
ELD11 B12 PC118 PC213 PC114 PC198
PC1 B14 PC119 SFS 150 PC117 PC213

PC80 B15 PC131 SFS204 PC118 RC 4

PC108 PC153 86/17-2 88/6-7 PC119 RC 6
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Table 4.2: A summary of the selected RAPD primers and the associated traits

Chapter 4: RAPD Trait Identification

RAPD Primer Sequence Plant Common Annual_/ Linked to trait Reference
name perennial

RAPD1 | UBC162 | AAC TTACCG C | CoMus Red osier| o onnial | COW temperature | o icen et al, 2007

sericea dogwood induce dormancy
RAPD2 | 474 AGG CGG GAA C ,
RAPD3 | 528 GGA TCTATG C 5;7;8;05 Seedrape | Annual Winter survival Asghari et al,, 2008
RAPD4 | 430 ATG CGG CAC C '
RAPD5 |UBC218 | CTC AGC CCAG

Eucalyptus Eucalyptus | Perennial Freezing resistance | Fernandez et al., 2006
RAPD6 | UBC237 | CGA CCA GAGC | globulus
RAPD7 | OPAH02 | GAG ACC AGAC | C@melia | 1oy Perennial | Drought tolerance | Mishra & Sen-Mandi

Sinensis 2004
RAPD8 | Ope06 CCA CGG GAA C | Lens culinaris Lenti A | Anthracnose Tullu et al., 2003

. entl nnua .
RAPD9 | UBC704 | GGA AGG AGG G | Medikus resistant Taran et al., 2003
RAPD10 | P6-920 TCECGCEETT C Tr/tlc'um Wheat Annual Drought Pakniyat & Tavakol, 2007
RAPD11 | P7 CTG CATCGT G | aestivum L.
RAPD12 | OPAB19 | ACA CCGATG G | Glycine max | Soybean | Annual Z Z(.)g;:;els Carvalho et al., 2002
RAPD13 | OPA10 | GTGATC CCAG .
RAPD14 | OPCO8 | TGG ACC GGT G | Malus spp. | Apple Perennial | DYSaphis devecta o ot al, 1997
resistance (insect)

RAPD15 | OPT09 | CAC CCCTGAG
RAPD16 | 3-1 TTC ATACGC G - Mayetiola destructor
RAPD17 | 5-1 CGCATTTGCA aestivum L Wheat Annual resistance (Hessian | Dweikat et al., 1997
RAPD18 | 6-1 GTT TCG CTC C fly)
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4.4.Results and Discussion

Cultivars were selected based on field performance, listed in Table 4.1. RAPD
primers were selected that were associated with specific traits in previous studies in
literature, Table 4.2. It is expected that similar genes are responsible for the
regulation and control of the same process in different plant species. Since QTLs are
located on or near the gene that regulate the trait, markers were selected from

studies that previously linked them to traits in other plant species.

Only one primer that was used in this study was previously identified to associate
with a trait (drought) in Camellia sinensis (Mishra & Sen-Mandi, 2004). The other

primers (17) were identified in other plant species, Table 4.2.

These 17 primers include six primers associated with cold tolerance of which one is
linked to low temperature induced dormancy in red osier dogwood (Svendsen et al.,
2007), three to winter survival of seedrapes (Asghari et al., 2006) and two to freezing
resistance in eucalyptus (Fernandez et al., 2006). Two primers were previously linked
to drought tolerance in wheat (Paknivat & Tavakol, 2007). Six primers were linked to
insect resistance, three in apples to the insect Dysaphis devecta (Roche et al., 1997)
and three in wheat to the Hessian fly (Dweikat et al., 1997). The remaining three
primers were linked to fungal resistance, one in soybean to Phomopsis (Carvalho et
al., 2002) and the other two to anthracnose in lentil (Tullu et al., 2003; Taran et al.,

2003).

Of these 17 primers, six are from perennial plants and 11 from annual plants. The

screening of the three traits with 17 primers (excluding RAPD7 because it was
104



&

UNIVERSIT
UNIVERSI

s
Qe YUNIBESI

= am

Chapter 4: RAPD Trait Identification

previously identified in tea) resulted in the identification of one primer (RAPD8) that
associate with drought resistance, present in the drought tolerant and absent in the
drought susceptible cultivars, Table 4.2. Six of the 8 (75%) drought tolerant cultivars
(PC175, PC185, PC198, PC213, RC4 and RC6) show a band at about 3,000 bp that

was absent (0%) in the drought susceptible cultivars with RAPDS.

Drought Susceptible Drought tolerant

L0
o
—
Q
o

PC108
PC113
PC114
PC117
PC118
PC119
PC110
MM

PC165
PC168
PC175
PC185
PC198
PC213

Figure 4.2: The agarose gel of RAPDS8, showing the drought associated band at about
3,000 bp (MM = 1kb molecular marker, Fermentas)

The drought tolerant primer RAPD7, identified in tea by Mishra & Sen-Mandi (2004)
shows a band at 1400 bp for 4 of the 8 (50%) drought tolerant cultivars (PC165,
PC168, RC4 and RC6) and no band at 1400 bp was observed for the eight drought

susceptible cultivars (0%), Figure 4.3.
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In the study by Mishra & Sen-Mandi (2004) drought tolerant cultivars were first
selected based on pot experiments and then on enzyme activity of cell protective
enzymes. The enzymes, Cu-Zn cytosolic superoxide dismutase (Cu-Zn SOD) and
ascorbate peroxidase (APX Il) were extracted from water stressed leaves after which
the activities were assayed. Cultivars that showed high levels of the enzymes and
tolerance in the pot experiments were considered drought tolerant (4 cultivars out of
the tested 10 cultivars). These four cultivars also showed a band at about 1400 bp
with primer OPAH02, 100% (RAPD 7 in the current study). In the current study,
cultivars were selected only on field performance and only 50% of the drought
tolerant cultivars have a band at 1400 bp. The differences between the studies can
be explained based on the selection procedure or the larger sample size of the

current study (8 drought tolerant cultivars versus 4).

Using both of the fragments associated with drought (RAPD71400 and RAPD83¢q0) it
was possible to discriminate all the drought tolerant cultivars (100%) from the drought
susceptible cultivars in this small sample set (16 cultivars, eight tolerant and eight

susceptible to drought).

The absence of false positives (RAPD7 and RAPDS8) in the drought susceptible
cultivars with this small sample may be a fortunate coincidence. A larger sample size
may result in a more accurate prediction of both the false positives and the false
negatives. The majority of seedlings tested at the TRFCA are however classified as
drought susceptible, while only a small number are drought tolerant. This implies that

increasing the sample size for the drought tolerant plants may be difficult.
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In this study, 17 primers (excluding primer RAPD7 because it was identified in tea
previously) were tested for association with three traits. Only one association was
found for drought tolerance (1/17, 5.9%), no association was found for Heliopeltis
resistance and cold tolerance. Interestingly, not one of the primers associates with
the same ftrait in tea than previously reported to associate with other plants. In
literature, (Table 4.3) the primer association rate (A %) range from 0.16 to 10.0%.
Therefore, the selection of primers that were previously identified for associations did

not increase the A%.

Drought Susceptible Drought tolerant

s8ezyr-22e 8323880
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Figure 4.3: The agarose gel of RAPD7, showing the drought associated band at about 1400

bp (MM = 1kb molecular marker, Fermentas)

In addition, when comparing trait specific results with other studies, (Table 4.3) it is
interesting to note that the A% of the trait drought (6.67 to 9.09% and 5.9% in the

current study) is high compared to the other traits 0.16 to 1.13%, with the exception
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of freeze resistance. It is expected that drought and cold tolerance are regulated by

more than one gene (Parry et al., 2005). Since trait association with RAPD markers

are based on coincidence, the probability of finding a trait associated marker should

be higher in multi gene regulated traits than in single gene regulated traits. This may

explain why only one trait-associated marker was identified. In order to identify

markers for all traits more primers should be tested (at least 600 primers per trait).

Table 4.3: Summary of RAPD trait associated studies

Study Plant (Trait) Trait Nr' | NOA? | A%
Mishra & Sen-
Camellia sinensis Drought 11 1 9.09
Mandi, 2004
Pakniyat & Tavakol,
Triticum aestivum L. | Drought 30 2 6.67
2007
Fernandez et al., Freezing
Eucalyptus globules _ 20 2 10.0
2006 resistance
Svendsen et al., Low temperature
Cornus sericea 515 1 0.19
2007 induce dormancy
Asghari et al., 2007 | Brassica napus Winter survival 250 1 0.40
Lens culinaris
Tullu et al., 2003 ] Anthracnose 700 6 0.86
medikus
Carvalho et al., 2000 | Glycine max Phomopsis 600 1 0.16
Dweikat et al., 1997 | Triticum aestivum L. | Hessian fly 1600 18 1.13

" Nr: Number of primers

2 NOA: Number of primers associated with trait

3 A% Primers associated rate

RAPDs are a simple, inexpensive approach for the identification of trait-associated

markers. However, due to the short primers used in this technique the repeatability

and reproducibility is low. In addition, RAPDs are a dominant technique. The major
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advantage of this technique is that it requires no prior information or expensive
development. RAPD have been used in several food crops to identify traits (review by
Salem et al, 2007) and provide a fast, cost effective way to identify molecular

markers.

4.5.Conclusion and Future Perspectives

In this study, 17 primers (previously identified in other crops) were tested for
association with drought tolerance, Heliopeltis resistance and cold tolerance in tea.
RAPDS8 was identified as a possible drought resistance marker. This primer shows a
fragment at 3,000 bp in 6 of 8 drought tolerant cultivars and no false positives (no
fragment at 3,000 bp in the drought susceptible cultivars). No markers were identified

for Heliopeltis resistance or cold tolerance.

The possible drought marker identified by Mishra & Sen-Mandi (2004) was
confirmed, the band at 1400 bp was present in 4 out of 8 (560%) drought tolerant
cultivars. This rejects hypothesis 1 (supporting null hypothesis 1) that the fragment
will be present in all drought tolerant cultivars as in the experiment by Mishra & Sen-
Mandi (2004). Interestingly, no primer was linked to the same trait that it was
associated with in other plants and the selection did not improve the efficiency. This
rejects hypothesis 2 that the selection of trait-associated primers will improve the

frequency of association (supporting null hypothesis 2).

For future work the trait-associated fragments should be isolated from the agarose
gel and cloned into a cloning vector, from which it can be sequenced or the fragment

can be sequenced directly (Hernandez et al., 1999). The sequence can be subjected
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to a BLASTn search against the GenBank to find the possible gene involved in
drought tolerance. Drought tolerance is a complicated trait that is governed by more
than one mechanism. The possible involvement of these fragments in tolerance to
drought should be investigated for a better understanding of the association of the

fragment to drought tolerance.

From the sequence data, SCAR primers can be designed to detect drought
resistance in tea cultivars. Since numerous genes are involved in drought tolerance,
the application of only one SCAR marker alone would be limited. Research should
focus on the development of more markers for drought tolerance so that they can be

applied to tea breeding with success.

In conclusion, droughts result in considerable losses for the agricultural community.
The predicted global climate changes will lead to an annual temperature rise that
may lead to unpredictable weather conditions (Svendsen et al., 2007). In this light,
the identification of drought tolerance in plants becomes increasingly important. This
emphasizes the importance of the development of genetic markers for drought

tolerance in tea to help the plant breeding program of the TRFCA.
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CONCLUDING DISCUSSION: TEA BREEDING

AND GENETIC STUDIES

“It is not the strongest of the species that survive,
nor the most intelligent,
but the one most responsive to change.”

- Charles Darwin
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Camellia sinensis is a hardwood tree indigenous to China and India (Paul et al.,
1997). This tree’s leaves are the commercial source of tea, the most consumed
caffeine beverage in the world. More than 3 billion cups of tea are consumed every
day, adding up to more than 45.4 L (12 gallons) per person annually (Wolf et al.,

2007).

Tea breeding programs

Tea is an outbreeding tree species, with a long reproductive cycle (three to eight
years). Therefore, tea breeding is a time consuming process, it takes approximately
15 to 20 years for the release of a cultivar. Breeding programs generally focus on the
improvement of quality, yield and biotic and abiotic stress tolerance. Quality
parameters include theanine, catechins and caffeine that contribute to the taste of
tea. Characteristics such as shoot density, leaf size and leaf angle influence the yield.
Both yield and quality have a direct effect on the income of a tea estate. Abiotic
stress drought and temperature has an immense effect on plant production every
year. Therefore breeding programs aim at increasing drought and temperature
tolerance. Resistance to biotic stress, pests and pathogens, also play a critical role in

breeding.

The replacement of seedling plantations with clonal plantations has lead to an
increase of the yield and quality of the tea produced. However, it may also lead to a
decrease in genetic diversity. It is estimated that 85% of the 90% of the clonal tea
plantations in Japan are based on a single clone, namely Yabukita (Kaundun et al.,
2000). The clonal plantations have increased to about 50% in India, 33% (2006) in

China, about 57% in Sri Lanka and about 59% in Kenya (Ni et al., 2008). The small
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number of parental plants in most breeding programs may also contribute to a
decrease in diversity. In India, over 75% of the cultivars released in Tocklai are
derived from Betja, Cinnamara or Cambod stocks while 60% of the cultivars released
in Kenya are derived from “6/8” cultivar (Yao et al., 2008). The breeding program of
the TRFCA is no exception to this, about 63.8% of the cultivars release from the
TRFCA is derived from PC1. Therefore, breeding programs should consider the

possible decrease in genetic diversity in the management of the programs.

The TRFCA started a tea breeding program in 1956, aiming at increasing the yield
and quantity of tea production in Africa (Ellis & Nyirenda, 1995). The breeding
program succeeded in steadily increasing the yield and quality of the released
cultivars over the first 40 years. Recently however, the progress seems to plateau off.
This may indicate that, the full potential of the parental plants has been reached. This
program started with a small group of selected parents and the introduction of new
genetic material to the program was limited to superior offspring. It is therefore,
believed that expanding the gene pool by the introduction of new genetic material

may solve this problem.

In the molecular age the world is in currently, it has become increasingly important for
breeding programs to consider new approaches. Possibilities provided by
biotechnology and breeding opportunities like MAS should therefore be exploited.
The tea research in this regard is limited and the identification of QTLs and MAS

markers that may contribute to the breeding of tea.
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This study aimed at the evaluation of the genetic diversity among the seedling
accessions and TRFCA cultivars. Cultivars with China origin were also included to
analyse the diversity on a more comprehensive scale. The diversity was analysed
using both morphological and molecular techniques. The association of RAPD
markers with traits of interests was also investigated. Finally, it is believed that the
knowledge gained by the study may assist in the improvement of the TRFCA’s

breeding program.

Morphological analysis

The morphological data of six traits were collected from 186 seedling accessions and
six TRFCA cultivars. The data was analysed using two scoring methods, range and
mean based. The range scoring method could discriminate between all the
accessions in the analysis. The He for the range scoring method was 0.7946. The
mean scoring method on the other hand was unable to discriminate between all the

accessions and had a He value of 0.6900.

Of the two scoring methods, the mean scoring method was in better agreement to the
visual classification of the expert tea breeder, Dr. H.E. Nyirenda. This suggests that
the mean scoring method is superior to the range scoring method (Chapter 2, Figure
2.4 and Figure 2.5). The TRFCA cultivars seem to be scattered among the seedling
accessions. Therefore, the TRFCA cultivars may be well distributed among the
accessions from Malawi. It was unfortunate that only six TRFCA cultivars were
included in the morphological data set. Due to the small number of TRFCA cultivars,

the morphological data analysis was inconclusive.
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Chen et al. (2005b) used allozymes, biochemical and morphological traits as markers
to analysis the diversity among tea subspecies and reported He values that range
from 0.114 to 0.218 (55 morphological traits, four biochemical parameters, 10
allozymes, 87 accessions). This is lower than the He values in the current study,
which may be a result of the combination of the different markers used in the study
by Chen et al. (2005b) since allozymes reveal very low levels of diversity. However,
the larger effect can be contributed to the small number of traits evaluated in the
current study. Also, the traits investigated all revealed high levels of diversity, which

is not an accurate reflection of most morphological traits.

Future work should focus on the analysis of more morphological traits (Table 2.2,
Chapter 2) to increase the effectiveness of the study. Also, a more representative
sample set of the TRFCA cultivars should be included. This should preferably include

all of the 41 released cultivars from the TRFCA.

Microsatellite analysis

The genetic diversity of 41 TRFCA cultivars, 233 seedling accessions (Cambod type
(92), Assam type (29), China type (82) and the hybrids Cambod/China (16) and
Cambod/Assam (14)) and 22 China origin cultivars were analysed using seven
microsatellite primers results. Two of the seven results SSR primers were rejected
due to their high error rate. The results from the remaining five SSR primers were
used for population analysis. Not many studies consider the effect of error rate on the
results, it is however important to know the reliability of the results and conclusions.
In this study, the error rate was calculated and the high error rate loci were excluded

from the study to increase the reliability of the study.
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The H, for this study ranges from 0.526 to 0.741. In the microsatellite study by
Kaundun and Matsumoto (2002), the H, ranges from 0.278 to 0.698, this is lower
than the values from the current study. However, Kaundun and Matsumoto only
analysed 24 cultivars and the number of alleles per locus range from 2 to 5, whereas
the number of alleles per locus in this study ranged from 17 to 28 possibly explaining

the differences.

The level of Hg in this study ranges from 0.673 to 0.904, this is higher than the range
of 0.460 to 0.799 reported by Ohsako et al. (2008). Ohsako et al. assed the diversity
in tea from Japan with microsatellites markers. Other studies also found lower levels
of diversity within Japan and it is hypothesised that this may be due to long intensive
selection programs in this country (Kaundun & Park, 2002; Matsumoto et al., 2002;

Matsumoto et al., 2004; Ni et al., 2008).

The genetic relationship illustrated in Chapter 3, Figure 3.2 showed a close cluster of
China origin cultivars. The TRFCA cultivars were also clustered together. The Fsr
values indicate significant differences between the TRFCA cultivars and all the
subpopulations. The F|s value of 0.183 is evidence of a moderate inbreeding level
within the TRFCA cultivars. However, the level of inbreeding within the TRFCA
cultivars was not higher than that of either the seedling accessions or the
subpopulations. Considering the level of inbreeding and the significant differences
between the subpopulations and the TRFCA cultivars, the breeding program may

benefit from the introduction of new genetic material.
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The Fst values of the China origin cultivars show significant differences with all other
subpopulations. The inbreeding within the China origin cultivars is lower than that of
the other subpopulation. This is expected since organisms are more divers at their

centre of origin (Kaundun & Matsumoto, 2003a; Ni et al., 2008).

The genetic relationships between the populations indicate TRFCA cultivars are
closest to Cambod/Assam and Assam type and furthest apart from the China origin
cultivars. Considering the lower level of inbreeding of the China origin cultivars, along
with the higher level in the TRFCA cultivars and the fact that the level of inbreeding
within the TRFCA is within the range of the seedling accessions, the inbreeding

within tea from Malawi is higher than within tea from China cultivars.

Comparison between the morphological and microsatellite analysis

When comparing the morphological data with the microsatellite data (Electronic
Appendix G shows the relationship among the same accessions as evaluated in
Chapter 2 with the microsatellite data), the discrimination power of the five
microsatellite loci is superior compared to the six morphological traits. The
microsatellite analysis is in better agreement with the subpopulations classified by tea
expert Dr. H.E. Nyirenda. However, the six TRFCA cultivars do not cluster together

with either the morphological or the microsatellite analysis.

Future work should include analysis of the TRFCA -cultivars on a more

comprehensive scale. This would entail the inclusion of more morphological traits as

well as all released TRFCA cultivars.

117



-
&
UNIVERSITEIT VAN PRETORIA

E.I UNIVERSITY OF PRETORIA
Qe VYUNIBESITHI YA PRETORIA Chapter 5: Concluding Discussion

Possible trait associated marker

A total of 17 RAPD primers that were previously identified to associate with traits of
interests in other crops were tested for association with drought tolerance, Heliopeltis
resistance and cold tolerance in tea. RAPD8 was identified as a possible drought
tolerance marker. This primer shows a fragment at about 3,000 bp in 6 of 8 drought
tolerant cultivars (75%). Also, no false positives were observed (no fragment at 3,000
bp in the drought susceptible cultivars). No markers were identified for Heliopeltis

resistance or cold tolerance.

The RAPD primer identified by Mishra and Sen-Mandi (2004) for its association with
drought in tea was also tested (1400 bp band present in drought tolerant cultivars).
The association was found in 4 out of 8 (50%) drought tolerant cultivars it was
however found in all the drought tolerant cultivars by Mishra and Sen-Mandi (4 out of
4 drought tolerant cultivars). The difference may be due to the method of selection of

drought tolerant cultivars by Mishra and Sen-Mandi (2004).

Using both the primers (RAPD8 and the primer identified by Mishra and Sen-Mandi,
2004) all the drought tolerant cultivars could be distinguished from the susceptible

cultivars and no false positives were detected.
Interestingly, none of the primers were linked to the same trait that the primer was

associated with in other plants. The selection of primers from previous studies did

therefore not improve the frequency of association.
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Markers as the one identified by this study should be further developed in order to
exploit the full potential of the discovery. The gene implicated in the trait should be
identified. RAPD markers have low annealing temperatures and are therefore likely to
have low repeatability and reproducibility. Therefore, by sequencing the associated
fragment the primer length can be increased. This marker is now called a SCAR
marker and will have a higher annealing temperature and consequently a higher
selectivity, reproducibility and repeatability. It can be developed into a QTL by
mapping the primer’s chromosomal position. Alternatively, it can be developed into a

MAS marker and assist in future tea breeding.

Future work could also include the testing of more RAPD primers to identify trait-
associated markers for economically important traits. Other studies suggested that up
to 600 primers should to be tested (see Chapter 4, Table 4.3) to identify a marker for

each trait. Also more than one marker per trait will improve the selection efficiency.

The implication on breeding
Tea is a major commodity for developing countries where 95% of the world’s tea is

produced (http:/faostat.faoc.org/site/567/default.aspx#ancor). The tea breeding

community aspire to control and improve tea. Therefore, studies like this one that
contribute to the knowledge of the genetic diversity can assist tea breeders.
Accessions from other countries could be included to assess tea on a global scale.
Preferably, the number of loci accessed should also be increased for a more
accurate quantification of the diversity among the accessions. This will allow better

management of the diversity within tea as a commodity.
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The current study assessed the genetic diversity within the cultivars from the TRFCA
in comparison to Malawian seedling accessions and China origin cultivars. The
plateau that has been reached with regard to the progress in yield and quality could
not completely be explained by inbreeding. Since only moderate levels of inbreeding
were observed within the TRFCA cultivars. However, it remains important to preserve
the genetic diversity within a population. Therefore the introduction of new parents
into the program may have a positive effect. Charles Darwin said, “It is not the
strongest of the species that survive, nor the most intelligent, but the one most
responsive to change.” The higher the level of diversity within a population the better
the probability to survive/adapt to changes. In order to increase the genetic diversity,

the introduction of new plants into the program is required.

This study may aid in the selection of new genetically distant parental plants for
inclusion into the breeding program. This introduction of these plants may help with
the progress of the program. However, it does not guarantee a solution to the
problem with regards to an increase in yield. It could lead to increase in the
heterozygosity within the TRFCA cultivars, which could lower the risk of extinction

due to catastrophes such as environmental changes and diseases.

The development of markers to detect traits of interests early on in the breeding
program could increase the efficiency of the breeding programs (see Chapter 1,
Figure 1.13). Therefore, research focusing on this may have great benefit for the tea

breeding community.

120



UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA

Qe VYUNIBESITHI YA PRETORIA Chapter 5: Concluding Discussion

B

A desirable trait that should be investigated is drought tolerance since, droughts
result in considerable losses for the agricultural community. The predicted global
climate changes will lead to annual temperature rise that may lead to unpredictable
weather conditions (Svendsen et al., 2007). In this light, the identification of drought
tolerance in plants becomes increasingly important. This emphasizes the importance
of the development of genetic markers for drought tolerance in tea to help the plant

breeding program of the TRFCA.

In conclusion, this research is the first attempt to characterize the genetic diversity
found within tea from Malawi. Tea breeders in Malawi will benefit from the knowledge
of the genetic relationship among the tea cultivars. This research attempts to add to
the body of knowledge on the genetic diversity in tea and the identification of traits of

interest.
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Summary
Tea is made from the young leaves of Camellia sinensis, an evergreen, outbreeding
tree species. The replacing of seedling with clonal plantations and the use of small
numbers of parental plants in breeding programs could cause a decrease in the
genetic diversity. The Tea Research Foundation of Central Africa (TRFCA), in
Malawi, started tea breeding in 1956. This program has provided new cultivars with
increased quality and yield over the first 40 years. However, recently the progress
seems to have reached a plateau, suggesting that the maximum potential of the

original genetic base has been reached.

This study aimed at the evaluation of the genetic diversity within TRFCA cultivars,
Malawian seedling accessions and cultivars currently used in China using

morphological and microsatellite markers.

In the morphological trait analysis, 186 seedling accessions and six TRFCA cultivars
were accessed using six morphological traits. The morphological data were scored
using two scoring methods, the range scoring method and the mean scoring method.
Although the mean scoring method could not discriminate between all the
accessions, it is in better agreement with the classification of an expert tea breeder.
The six TRFCA cultivars were well distributed among the seedling accessions from
Malawi. However, the results of the morphological study were not conclusive since

the sample size of the TRFCA cultivars was too small.

Microsatellite analysis of 41 TRFCA cultivars, 233 seedling accessions and 22 China

origin cultivars revealed only moderate levels of inbreeding. The genetic relationship
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Summary
shows the TRFCA cultivars and the China origin cultivars in their own clusters. The
Fst values indicated significant differences between the TRFCA and China origin

cultivars with all other groups. The allelic richness and the heterozygosity of the

TRFCA cultivars are on the low end of the ranges of the groups studied.

The TRFCA cultivars may benefit from the introduction of genetically distant tea
plants into the breeding program since the level of heterozygosity within this group is

relatively low.

A second aim of this study is the identification of Random Amplified Polymorphic
DNA (RAPD) markers that associate with traits of interest. Primers (17) were
selected from previously trait associate plant studies. This selection did not increase
the association rate of the primers. The traits that were investigated include
Heliopeltis resistance, drought and cold tolerance. One of the tested primers RAPDS,
associates with 6 of 8 drought tolerant cultivars. Another RAPD primer previously
identified by Mishra and Sen-Mandi (2004) associated with only 4 of 8 drought
tolerant cultivars in this study. Neither of the two primers associated with the 8
drought susceptible cultivars. Together these two primers could discriminate all 8
drought tolerant cultivars from the 8 susceptible cultivars and could possibly be used

to identify drought tolerant plants.

This study contributes to the knowledge of the genetic diversity of tea which may
contribute to the management of genetic diversity within tea. In addition a possible
trait associated RAPD marker for drought was identified that could be used in the

selection for drought tolerant cultivars.
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Samevatting
Tee word van die jong blare van die Camellia sinensis plant gemaak. Camellia
sinensis is ‘n immergroen boom spesie. Tans word die meeste van die saailing
plantasies met klone plantasies vervang wat ‘n negatiewe uitwerking op die
genetiese diversiteit van tee het. Tee ontwikkelingsprogramme beinvioed ook die
diversiteit negatief omdat ‘n klein hoeveelheid ouer plante gebruik word. Die Tee
Navorsings van Sentrale Afrika (TRFCA) is in Malawi geleé en spesialiseer vanaf
1956 in tee kultivar ontwikkeling. Die kwaliteit en die opbrengs van die vrygestelde
kultivars het oor die eerste 40 jaar van die program verbeter. Die vordering in hierdie
program is besig om ‘n plato te bereik. ‘n Moontlike verduideliking hiervoor kan wees

dat die maksimum kapasitieit van die bestaande genetiese basis bereik is.

Die eerste doelwit van hierdie studie is om die genetiese diversitiet van die TRFCA
kultivars, geselekteerde saailinge van Malawi en kulticars wat tans in China gekweek

word te evalueer deur morfologiese en mikrosateliet merkers te gebruik.

In die morfologiese evaluasie is 186 geselekteerde saailinge en ses TRFCA kultivars
met behulp van ses morfologiese karaktereineskappe geévalueer. Die data is
geévalueer deur die gebruik van twee puntestelsels, 'n reeks puntestelsels en ‘n
gemiddelde puntestelsel. Alhoewel die gemiddelde puntestelsel nie tussen al die
plante kon onderskei nie, het dit ‘n beter groepering ten opsigte van sub-spesies (He
was 0.6900) gegee. Die ses TRFCA kultivars is tussen die saailinge van Malawi
versprei. Weens die klein hoeveelheid TRFCA kultivars is die gevolgtrekings van die

morphologiese evaluasie nie betekenisvol nie.
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Mikrosateliet evaluasie is gedoen met 41 TRFCA Kkultivars, 233 geselekteerde
saailinge en 22 Chinese kultivars. Gemiddelde vlakke van inteling is opgemerk. In die
illustrasie van die genetiese verhouding tussen die plante is die TRFCA kultivars
gegroepeer, so ook die Chinese kultivars. Die Fst waardes toon betekenisvolle
statisitiese verskille tussen TRFCA en die Chinese oorsprong kultivars en al die

ander groepe. Die alleliese rykheid van die TRFCA kultivars was aan die onderpunt

van die reeks.

Hierdie resultate dui daarop dat die TRFCA ontwikkellingsprogram moontlik voordeel
kan trek uit die byvoeging van ouer pante wat geneties divers is in die program. Dit
mag ‘n positiewe uitwerking hé as gevolg van die ondergemiddelde vlak van die

“heterozygosity” in die TRFCA kultivars.

‘n Tweede doelwit van die studie was die identifisering van moontlike “Random
Amplified Polymorphic DNA” (RAPD) merkers wat met belangrike kenmerke
geassosieer kan word. RAPD merkers (17) wat geidentifiseer is in vorige kenmerk-
assosiasiestudies in ander gewassse is geselekteer. Die seleksie van hierdie
merkers het nie die assosiasie persentasie verhoog nie. Die kenmerkke wat
ondersoek is, was Heliopeltis weerstand, droogte toleransie en koue toleransie. Een
van die merkers, RAPDS8 assosieer met 6 van die 8 droogte toleransie kultivars. Die
RAPD merker wat deur Mishra and Sen-Mandi (2004) geidentifiseer is, assosieer
met 4 van die 8 droogte toleransie kultivars. Beide die merkers assosieer met geen
van die droogte sensitiewe kultivars nie. Gesamentlik kon die twee RAPD merkers al

8 van die droogte toleransie kultivars van die sensitiewe kultivars onderskei.
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Hierdie studie dra by tot die kennis van die genetiese diversitiet van tee wat kan lei to
die beter bestuur wan die tee ontwikkelingsprogram. Veder is ‘n moontlike merker vir
droogte toleransie geidentifiseer wat gebruik kan word in die seleksie van moontlike

droogte bestande kultivars.
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