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Abstract

With the estimated increase in global demand for food and over-reliance
on staple food crops, the exploitation of agricultural biodiversity is important to
address food security challenges. The aim of this study is to develop approaches
to transfer major informational and physical resources developed in model plant
and major crop species to resources poor crop species, using oil palm and
Bambara groundnut as two exemplar crops. XSpecies (cross-species) approach,
the core approach of the study, is described as the approach which uses
microarrays developed for a given species to analyse another related species.

The use of the XSpecies approach (here the cross-hybridisation of DNA
from oil palm onto heterologous Affymetrix microarrays for Arabidopsis and
rice), is the first experiment reported in oil palm and focused on a bulked
segregant analysis of different shell-thicknesses for oil palm fruit. Primers
design involved screening candidate probe-pairs filtered using PIGEONS software
against oil palm transcriptome sequences generated using 454 sequencing
technology. The results provided an insight into the effects of sequence
divergence between oil palm and the reference species (Arabidopsis and rice)
onto the power of detecting single feature polymorphism (SFPs) in oil palm,
implying the importance of close association between studied and model
plant/crop in XSpecies approach.

The XSpecies approach coupled with genetical genomics was also tested
within legumes, with Bambara groundnut as the query species compared to
soybean as the resource rich species (20 Mya). A mild drought experiment,
conducted in a controlled environment glasshouse, used an Fs segregating
population derived from a controlled cross between DipC and Tiga Nicuru in
Bambara groundnut. The cross-hybridisation of Bambara groundnut leaf RNA to
the soybean GeneChip individual oligonucleotide probes resulted in a total of
1,531 of good quality gene expression markers (GEMs) on the basis of the

differences in the hybridisation signal strength. The first ‘expression-based’



genetic map (GEM map) was constructed using 165 GEMs spanning 920.3 cM of
Bambara groundnut genome. The first high density DNA-marker genetic map of
1,341.3 cM combining dominant DArT and co-dominant SNPs, developed using
the DArT Seq approach, with additional pre-existing microarray-based DArT and
SSR markers, was also developed in the F; segregating population. Both maps
were combined to form the first integrated map of 1,250.7 cM with 212 markers.

Morphological differences and the rapid reduction in stomatal
conductance observed within the Fs segregating population in the drought
experiment provided trait data for a QTL analysis. The comprehensive QTL
analysis in Bambara groundnut detected significant QTLs for morphological traits
using GEM map, including internode length, peduncle length, pod number per
plant, pod weight per plant, seed number per plant, seed weight per plant, 100-
seed weight, shoot dry weight and harvest index across four linkage groups:
LG1, LG2B, LG8B and LG11A. The loci controlling internode length and peduncle
length were also consistently mapped to single marker on LG1 in DArTseq map
using Fs segregating population, suggesting that these two traits are probably
controlled by single gene or two closely linked genes. Despite significant
genotypes effects on stomatal conductance tested in ANOVA analysis, no major
QTLs were detected, suggesting the contributions of a number of small genetic
effects to stomatal conductance. A preliminary homology search using the LG1
linkage group markers and associated gene models showed the ability to develop
a framework for identification of candidate genes in Bambara groundnut relative
to soybean. The present study also developed the resources for an eQTL
analysis in a cross-species context.

Translation from major and model plant species to underutilised and
resource poor crops is critical to be able to develop many crop species with
potential for future agriculture. This study examines some of the approaches

which might be adopted and replicated in various underutilised crop species.
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Chapter 1: INTRODUCTION

The present study aims to use major resources and approaches
developed in model plant and major crop species for research and development
of less researched crop species. In this study, two crop species, oil palm and
Bambara groundnut, were used as exemplar crops. The nucleic acids from oil
palm and Bambara groundnut were cross-hybridised separately onto
heterologous Affymetrix microarrays (Arabidopsis and rice, and soybean). This
approach is used to attempt to develop potential molecular markers that are
linked to the gene(s) controlling shell thickness in oil palm, as an example. In
Bambara groundnut, a combination of XSpecies and genetical genomics were
employed to evaluate Bambara groundnut at both genetics and transcriptomics
levels. Chapter 1 introduces the two exemplar crop species and provides a
detailed review of XSpecies and advanced genetical genomics approaches and
their potential application in crop improvement programmes. This is followed by

a description of the project overview and objectives.

1.1 CROP SPECIES
1.1.1 Oil palm
1.1.1.1 Introduction

Oil palm (Elaeis guineensis Jacq.) is a tropical perennial crop belonging to
the family Arecaceae, or commonly referred to as the palm family, tribe
Cocoseae and subtribe Elaeidinae (Mayes et al., 2008). OQOil palm is a
monocotyledon and it is believed to have originated from Central and Western
Africa as supported by fossil, historical and pollen sedimentation evidence
(Corley and Tinker, 2003). Currently, oil palm is grown across the equatorial
tropic region of South-East Asia (SEA), Africa, southern and northern parts of
America. Malaysia and Indonesia are the two largest palm oil producing nations
followed by Thailand and Nigeria (Hazir et al, 2012). The total area of oil palm

cultivation in Malaysia alone comprises of about 35% of the global oil palm



cultivated area (Hazir et a/, 2012). Major plantation groups and the government
account for 60% of the oil palm plantation ownership while the rest belongs to
private smallholders (Hazir et a/, 2012).

Oil palm is naturally out-crossing and has 16 pairs of chromosomes (2n =
2x = 32) with an estimated haploid genome size of about 1.8 billion base pair
(Jouannic et al., 2005). The plant is monoecious which is characterised by the
successive production of male and female inflorescence in a single palm, allowing
out-crossing to occur (Mayes et al., 2008). The production of fresh fruit bunches
(FFB) in oil palm varies according to genotypes and the environment. The FFB
usually appears in an oval shape consisting around 1500 fruit/bunch (Mayes et
al., 2008). At the matured stage, the fruit is red-brown and consists of
mesocarp, shell and kernel. The mesocarp produces edible and orange-red oil
(palm oil) whereas kernel yields clear yellowish oil (kernel oil) with the former
being the major product (Mayes et al., 2008).

Oil palm seeds need around 100-120 days to germinate (after heat-
treatment), followed by 10-12 months in the nursery (Mayes et al., 2008).
When the young seedlings are ready for field planting, the seedlings are
transplanted to the field and fruiting will only commence from the third year
onwards. Oil palm reaches maturity after 10 years of planting but harvesting
can be done up to 20-30 years, depending on local planting conditions (Corley
and Tinker, 2003).

Oil palm planting materials are grouped into three different fruit types
based on the shell thickness trait, controlled by two alleles of the gene, Sh
(Corley and Tinker, 2003): the thick-shelled ‘dura’ fruit type (homozygous; D),
the ‘pisifera’ fruit type (homozygous; P) which has no shell and is often female
sterile, and the tenera hybrids (heterozygotes; T), with a thin shell and fibre ring
around the shell, derived from a cross between D x P (Corley and Tinker, 2003).
Shell thickness is the most important trait in oil palm breeding and research, as

the thickness of the fruit shell influences the thickness of the oil bearing



mesocarp. Compared to the tenera fruit, the thick shell observed in the dura
fruit typically generates a 30% lower oil extraction rate. As a result, most of the
oil palm plantations in Malaysia and Indonesia have adopted tenera as the major

planting material due to its fertility and high palm oil yield.

1.1.1.2 Importance of oil palm

Two SEA countries, Malaysia and Indonesia, contributed approximately
90% of the world palm oil export trade in 2010 (Rupani et al. 2010). In
Malaysia, the total export of palm oil products such as palm oil, palm kernel ail,
palm kernel cake, oleochemicals, biodiesel and other palm products amounted to
RM 71.4 billion and constituted close to 10% of the country total export in 2012
(MPOB, 2012). In the same year, 18.8 million tonnes of crude palm oil was
produced with 93.6% of the total production being exported to major countries
like China, India and the United States (MPOB, 2012).

Oil palm is an economically important crop due to its high oil-yielding
capacity, producing 9.8, 7.8 and 5.6 times more oil yield on average per hectare
than soybean (Glycine max), sunflower (Helianthus annuus) and rapeseed
(Brassica napus), respectively (Oil World, 2007). In recent years palm oil has
overtaken soybean oil to become the largest source of edible vegetable oil
constituting 33% of the global vegetable oil production (Saeed, et al, 2012).
Palm oil production cost is much lower compared to that of soybean and with the
higher oil extraction rate, the demand for palm oil will continue to increase.
Figure 1.1 shows the predicted global palm oil, soybean oil and rapeseed oil

production for the next 6 years (Iowa State University, 2011).
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Figure 1.1 The prediction of global production of palm oil, soybean and rapeseed (Iowa

State University, 2011).

Palm oil is a versatile commodity and has been used in various sectors
ranging from food, pharmaceutical, cosmetic, lubricants to many other
industries. Sambanthamurthi et al. (2000) stated that 90% of the world’s palm
oil is used for direct or indirect consumption. Although palm oil has saturated
and unsaturated fatty acids ratio of 1:1, research has shown that a diet with a
high proportion of palm oil did not promote atherosclerosis and/or arterial
thrombosis (Oguntibeju et al., 2009). Palm oil is preferred in producing
margarines due to its semi-solid feature at room temperature. Palm oil also
offers the advantage of being excluded from the catalyse-based hydrogenation
process seen in other temperate vegetable oil which promotes production of
trans-fatty acids, leading to cardiovascular diseases (Mayes et al., 2008). In
addition, low content of polyunsaturated linoleic acid and a higher level of
saturated fatty acids allow palm oil to be used for deep frying purposes
(Sambanthamurthi et al., 2000). From the analysis, palm oil has been found to
contain high concentration of antioxidants, for example, tocotrienols, beta-
carotene, tocopherols and vitamin E (Oguntibeju, et al., 2009). The authors also
revealed that the consumption of palm oil can inhibit endogenous cholesterol

biosynthesis, reduce blood pressure, reduce oxidative stress, facilitate the



harmoglobinisation of red blood cells and improve immune system (Oguntibeju,
et al., 2009).

In addition to edible oil, palm oil also serves as the raw material for biofuel
production. The use of biofuels is expected to increase as a consequence of a
high demand from developed nations like the US and European countries to fulfil
climate change targets and increased energy supply security (Boons and
Mendoza, 2010). In Malaysia, the launching of “Envo Diesel” (palm olein blend
with diesel) has offered a new opportunity to the local biofuels industry to
improve the country’s oil palm sector (Jusoff, 2009). In addition, the remaining
palm oil mill effluent (POME) is also suggested to be converted into nutraceutical
product by Malaysian Palm Oil Board (MPOB) as POME was shown to have
phenolics and flavonoids that possess antioxidant properties (Sundram et al.,
2003).

Palm kernel oil is widely used in the cosmetic industry to produce luxury
soaps or act as a substitute to coconut oil for the production of coffee whiteners,
ice cream and confectionary fats (Mayes et al., 2008). Soh et al. (2003) also
reported the use of palm kernel meal, a by-product of kernel oil extraction, for

livestock feed.

1.1.2 Bambara groundnut
1.1.2.1 Introduction

Bambara groundnut (Vigna subterranea (L.) Verdc) is an indigenous
legume that is widely grown by subsistence and small-scale farmers in sub-
Saharan Africa. This underutilised crop belongs to the family Fabaceae,
subfamily Papilionoideae, and it is the third most important legume after
groundnut (Arachis hypogaea) and cowpea (Vigna unguiculata) in semi-arid
Africa (Howell, 1994). It bears protein-rich and nutritious seeds, capable of

growing in poor soils and tolerant to drought stress (Heller et al., 1997), allowing



Bambara groundnut to become a potential crop in easing future global food
security issues.

The centre of origin of Bambara groundnut has been suggested to be the
region between north eastern Nigeria and northern Cameroon, where the wild
form of Bambara groundnut were found (Begemann, 1988). The domestication
is believed to have occurred within Jos plateau and Yola regions, towards Garoua
in Cameroon and probably even Central African Republic (Hepper, 1963;
Begemann, 1988). Bambara groundnut has been widely cultivated in tropical
regions since the 17" century. In addition to Nigeria, Ghana, Haute Volta as well
as Eastern Africa and Madagascar (Benedict, 2010), Bambara groundnut is also
grown in South America, Oceania and Asia such as Indonesia, Malaysia,
Philippines, India and Sri Lanka (Linnemann and Azam-Ali, 1993; Baudoin and
Mergeai, 2001).

There are no improved varieties of Bambara groundnut, all genotypes are
mainly landraces that have evolved directly from their wild forms. Doku and
Karikari (1971) reported that Bambara groundnut consists of two botanical
forms: wild forms (var. spontanea) and domesticated forms (var. subterranea).
Wild forms of Bambara groundnut can be found in the region of Nigeria to Sudan
and Cameroon, while domesticated forms are dominant in most of the tropical
areas, especially in sub-Saharan Africa (Doku and Karikari, 1971; Basu et al.,
2007a). Upon the discovery of high genetic resemblance between wild and
domesticated forms by Pasquet et al. (1999), the domesticated Bambara
groundnut is believed to be derived directly from the wild forms. In addition to
further confirming the origin of Bambara groundnut, the higher genetic diversity
in var. spontanea than var. subterranea also allows wild forms of Bambara
groundnut to serve as potential sources of advantageous genes for Bambara
groundnut breeding programme (Pasquet et al., 1999).

Like most of the underutilised crops, Bambara groundnut has been

deprived of extensive research and only limited genomics resources currently



exist. However, Bambara groundnut possesses highly desirable traits, such as
high protein content and tolerance to various biotic and abiotic stresses, enabling
this crop to be potentially explored as an alternative crop for food production.

Bambara groundnut is a predominantly self-pollinating crop
(cleistogamous) and has 11 pairs of chromosomes, 2n=2x=22 (Forni-Martins,
1986). Bambara groundnut plant has a life cycle of between 110 to 150 days,
although some landraces, for example Zebra coloured variety in Ghana takes
only 90 days to mature (Berchie et al., 2010). The germination of Bambara
groundnut seeds takes 7-15 days under optimal temperature of between 28.5°C
and 32.5 °C (Makanda et al., 2009). Flowering starts from 30 to 35 days after
sowing and may continue until the end of the crop life cycle. Bambara groundnut
requires 30 to 40 days to form pods after fertilisation and reaches maturity
under a photoperiod of 12 hours (Basu et al., 2007a).

Bambara groundnut is an annual, herbaceous, intermediate legume of up
to 30 cm-35 cm in height with well-developed tap root and lateral roots under
the soil (Heller et al., 1997). The roots form nodules in association with Rhizobia
for nitrogen fixation (Heller et al., 1997). General appearance of the crop, as
shown in Figure 1.2, is trifoliate leaves with erect petiole grown from short,
creeping, multi-branched lateral stems on the ground level (Heller et al., 1997).
Each lateral stem has numerous nodes and the distance (or the length of
branch) from the base of the plant to the nearest node is always shorter than
the more distant ones (Heller et al., 1997). Due to the length of internodes,
Bambara groundnut landraces differ from each other in terms of growth habit,
ranging from spreading, semi-bunched to bunch types (Benedict, 2010). The
petioles that are borne from the nodes are long, stiff and grooved, with a base of
a range of colour such as green, purple and brown (Swanevelder, 1998). In
contrast, wild forms of Bambara groundnut exhibit a slightly different

appearance in which they have a spreading growth habit, limited numbers of



elongated lateral stems and no distinct tap root with pentafoliate leaves

(Swanevelder, 1998; Basu et al., 2007a).

___Trifoliate leaves

Petiole

Flower

Lateral stem

Peduncle

Lateral root
Tap root

Figure 1.2 The morphology of Bambara groundnut (National Research Council, 2006).

The flowers of Bambara groundnut are typically papilionaceous and
produced on long and hairy peduncles which elongates from nodes on the lateral
stem (Swanevelder, 1998). The opening of the flowers on the same peduncle
does not exceed 24 hours (Benedict, 2010). In addition, the colour of the
flowers changes from yellow-whitish in the early morning to pale yellow or even
light brown in the evening (Heller et al., 1997). After pollination and fertilisation
the peduncles elongate until their maximum length and bring the fertilised ovary
into the soil or just above the ground level for pod formation (Heller et al., 1997;
Basu et al., 2007a).

The size of the pods ranges from 1.5 cm to 2.5 cm in diameter
(Swanevelder, 1998), although some reports show a pod size of 3.7 cm in
diameter, depending on the number of seeds inside the pod (Heller et al., 1997).

The pods are generally yellow-greenish colour when they are young but when



approaching maturity stage, they are cream yellow and green colour or change
to dark brown and red colour in some landraces (Massawe et al., 2003). The
pods are round, oval or spherical in shape and many of them contain only one
seed. However, Pasquet and Fotso (1997) reported that some landraces
produce pods with two or more seeds. The mature pods are indehiscent and
contain seeds of various colours, ranging from cream, yellow, brown, red and
black, to seeds with or without hilum colouration depending on landraces
(Swanevelder, 1998). In addition to growth habit, the pod size is another major
difference between wild and domesticated forms of Bambara groundnut. The
domesticated material is reported to have larger seeds (1.1-1.5 cm in diameter)
which do not wrinkle as compared to wild forms (0.9-1.1 cm in diameter; Basu

et al., 2007a).

1.1.2.2 Importance of Bambara groundnut

Bambara groundnut is mainly grown for human consumption as it
contains sufficient protein, carbohydrates and oil. On average, the seed contains
18%-26% protein with high concentration of essential amino acids such as lysine
(6.8%) and methionine (1.3%) (Brough and Azam-Ali, 1992; Borough et al.,
1993; Heller et al., 1997). Bambara groundnut therefore, provides an
alternative and a cheaper source of protein compared to protein derived from
other sources such as animals and fish. Furthermore, the seed contains 51-70%
carbohydrates, 3.0-5.0% ash, 5.0-12.0% fibre and 6-12% oil (Rowland, 1993).
The crop is not considered as an oil seed legume because the oil content is
relatively low compared to oil seed legume, such as groundnut which contains
45.3-47.7% oil (Brough and Azam-Ali, 1992).

Table 1.1 shows a complete composition of micronutrients in Bambara
groundnut seed (Amarteifio et al., 2006). Amarteifio et al. (2002) and Kemo
(2000) suggested that the nutrient content may vary depending on the

environment and the landrace. The micronutrients values in Bambara groundnut



are comparable or even higher than some other legumes such as soybean
(Glycine max), which contains 1,730 mg potassium, 250 mg magnesium and
15.7 mg iron per 100 g of soybean (Holland et al., 1995). Bambara groundnut
also has an advantage over the other common pulses such as cowpea (Vigna
unguiculata), pigeonpea (Cajanus cajan) and lentil (Lens culinaris) for the high

gross energy value in the seed (FAO, 1982).

Table 1.1 The composition of micronutrients in Bambara groundnut seed (mg 100 g’%;

Amarteifio et al., 2006).

Micronutrient Content (mg 100 g'!)
phosphorus 313 - 561

iron 23 -132

calcium 37 -128

potassium 1,545 - 2,200
magnesium 159 - 332

sodium 16 - 25

Bambara groundnut is largely consumed by the local community in several ways.
The fresh pods are boiled with salt and pepper and eaten as a snhack in many
West African countries (Heller et al., 1997). Linnemann (1990) proposed that
Bambara groundnut seed could be pounded into flour for baking purpose or
making into a stiff porridge. An experiment was conducted to compare the
flavour and composition of milk derived from Bambara groundnut, cowpea,
pigeonpea and soybean (Brough et al., 1993). The authors showed that milk
produced from Bambara groundnut tends to be more mildly flavoured than other
similar competitor such as soybean. Although anti-nutritional factors, tannins
and trypsin inhibitor, are reported in Bambara groundnut seed, removing seed
coat where tannins are located and pasteurising the milk to denature heat-labile
trypsin inhibitors would possibly minimise the issues of the presence of anti-
nutritional factors in the milk (Brough et al.,, 1993). Moreover, Bambara

groundnut seed and haulm are found to be a source of animal feed and the
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leaves are suitable for animal grazing as they contains high levels of nitrogen
and phosphorus (Heller et al., 1997).

In addition to high nutritional value, Bambara groundnut is adapted to
harsh and unfavourable environments and could play an important role in
increasing food production in Africa. Traits such as drought tolerance,
adaptation to poor soils, resistance to pests (Obagwu, 2003) and nitrogen-fixing
ability allow Bambara groundnut to contribute to sustainable cropping systems
and could potentially play a big role in reducing food insecurity and malnutrition

(Basu et al., 2007a).

1.2 FROM MODEL PLANTS TO CROP SPECIES

Genomics tools including sequencing, functional genomic analysis and
high throughput gene characterisation, are now been used to complement
conventional methods for genetic improvement of crop species (Salentijn et al.,
2007). The application of major resources developed in model plants to study
crop species is essential and has been reported in many species such as wheat
(Triticum aestivum; Peng et al., 1999), Brassica (Hammond et al., 2005),
cowpea (Das et al., 2008), and blueberry (Vaccinium corymbosum; Die and
Rowland, 2013). Most of the major traits in crop species for breeding purpose,
such as high-yielding characters, abiotic and biotic tolerance, involved complex
interactions between genetics and environment and polyploid nature in some
crop species like banana (Musa), wheat, cotton (Gossypium) and peanut (Arachis
hypogaea) makes breeding for these traits difficult and time consuming. The
reason behind transferring information from biological models to other crops is
that, the knowledge on gene function, structures and molecular pathways of
model species is widely studied. In addition, whole genome sequences of model
species are publicly available e.g. Arabidopsis (The Arabidopsis Genome
Initiative, 2000), rice (Oryza; Goff et al., 2002), and Nicotiana benthamiana

(Bombarely, et al., 2012).
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In order to translate the gene functions from a model plant species to a
crop species, the candidate genes in a model species is first identified, either
using functional genomics or genomic mapping approaches, followed by the
extraction of orthologs from the target crop species through comparative
genomics or genome-wide sequencing (Salentijn et al., 2007). For example, the
dwarfing gene ‘Rht’ of wheat during ‘Green Revolution’ is an orthologue of Dwarf
8 in maize and GAI in Arabidopsis (Peng et al., 1999). Finally, the candidate
genes are validated in the target crop using several methods, depending on the
complexity of the plants and traits of interest (Salentijn et al., 2007).

The candidate genes in model species are identified based on the
assumptions that genes with a proven or predicted function in the model species
or co-localized with a trait-locus could also control the similar function or traits in
the crop species (Salentijn et al., 2007), such as salt tolerance from Arabidopsis
(Quesada et al., 2002). Krutovsky et al. (2004) stated that different genomes
within plant families could have collinearity which allows the identification of
candidate genes to be conducted on the basis of genomic synteny and also
functional genomics. However genomic synteny does not always reflect
colinearity as rearrangements and duplications could occur during evolutionary
process. This is known to occur in the maize genome, and hence minimise the
accuracy and efficiency of using comparative mapping (Lai et al., 2006).

Candidate genes identified from model species could be validated in crop
species through alignment of nucleotide sequences or amino acid sequence of
genes using BLAST database (Salentijn et al., 2007). In blueberry, candidate
genes were extracted from Arabidopsis, based on transcriptome data that is
publicly available, for identification of genes that play important roles in fruit
ripening in blueberry (Die and Rowland, 2013). In addition, genetic linkage and
comparative maps also serve as genomic tools to validate the candidate genes in
crop species. For example, a gene which is homologous to APETALA1 (AP1) was

identified through the use of genetic and physical maps of diploid wheat,
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combined with comparative mapping of VRN1 and VRN2 regions in rice,
hexaploid wheat and Sorghum (Yan et al., 2004).

Recently, cross-hybridisation of heterologous nucleic acids from crop
species with microarrays that is derived from model species has been reported.
For instance, more than 1,000 single feature polymorphisms (SFPs) in cowpea
were detected and validated using a soybean genome array (Das et al., 2008).
Furthermore, banana leaf transcriptome subjected to drought stress has been
investigated through cross-hybridisation with the Rice GeneChip Genome Array
(Davey et al., 2009). The result indicated that approximately 33,700 genes are
homologous to rice genes and fifty two of the transcripts were identified to be
involved in drought and cold tolerance in rice (Davey et al., 2009). The use of
cross-species microarray has extended the application of genomic resources
from well-researched crop species to minor and less studied crop species. This
approach offers the potential for gene discovery as well as the understanding of
complex biological responses, such as regulatory networks in response to
phosphorus in Brassica oleracea (Hammond et al., 2005). Furthermore, relevant
genes of interest can also be identified and developed into markers for crop

improvement in the future.

1.3 MODERN TECHNIQUES FOR CROP IMPROVEMENT

Food security faces further challenges such as global climate change,
water availability, limitation of arable land and sustainable crop production. It is
important to exploit the potential of other crop plants and make improvement in
yield, increase abiotic and biotic stress tolerance and improve nutritional quality.
Several modern techniques, including linkage mapping, molecular markers,
genome sequencing, microarray transcriptome analysis and functional genomics

have been used to support crop improvement programmes.
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1.3.1 XSpecies microarray
1.3.1.1 Microarray platforms

Microarrays have become a powerful and popular tool to analyse gene
expression on a large scale and improve the understanding of biological systems
and gene regulation at the transcriptional level (Pariset et al., 2009). The
transcriptome is the total set of transcripts produced from an individual or
particular cell type. Unlike the genome, the transcriptome can differ with
external environmental conditions, reflecting the gene expression at any given
specific time and conditions for a particular tissue (Pevsner, 2009). Microarrays
are commonly used to determine the expression level of transcripts because of
their rapid production of data, complete coverage of entire transcriptome on a
single array for many species and their flexibility (Pevsner, 2009).

In terms of fabrication, several types of microarrays have been
established. For example, the spotted array, produced by depositing and
spotting the probes (cDNA, PCR products and oligonucleotides) onto the array
surface, and the oligonucleotide in situ array (in situ synthesised array) which is
generated by synthesising the probes onto the arrays directly instead of
depositing sequences, such as Affymetrix GeneChip array with short
oligonucleotide sequences (25-mer probes; Pariset et al., 2009). The Affymetrix
GeneChip array is generated through photolithography, using standard
oligonucleotide synthesis protocols associated with photolabile nucleotides that
allow specific oligonucleotides to be immobilised onto the chip in order to
synthesise those oligonucleotides in situ onto a silica substrate (Pevsner, 2009).
The Affymetrix GeneChip array is usually known as a single-channel array
because the array is capable of providing datasets generated from hybridisation
of only one labelled RNA/DNA sample onto the array (Pariset et al., 2009). This
is in contrast to two-channel array, for instance the Agilent Dual-Mode platform,

which allows cDNA from two samples labelled with two fluorescent dyes like Cy3
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and Cy5 that differ in their fluorescence emission wavelengths to hybridise
simultaneously onto the same microarray (Pevsner, 2009; Pariset et al., 2009).
Microarray technology has been used for massive gene expression
profiling in order to explore the transcriptional responses of plants when they are
exposed to different conditions, i.e. diseases, abnormal flowering, fruit
production and embryogenesis. Microarray can also be employed for
comparative genome studies, microbial detection, identification of SNPs, mutant
studies and miRNA detection (Pariset et al., 2009). Currently, there are sixteen
Affymetrix GeneChip microarrays available for plant species (Affymetrix, 2011).
They can provide reproducible and accurate data which can be stored and
compared across experiments. However, due to extensive sequence information
required in advance and high manufacturing costs for a microarray, this
technology is still limited to several species such as A. thaliana (L.) Heynh.,

barley (Hordeum vulgare), rice, and wheat (Affymetrix, 2011).

1.3.1.2 Principles of XSpecies microarray analysis

One approach recently developed for the Affymetrix GeneChip platform,
which is known as XSpecies (cross-species) microarray approach
(http://affy.arabidopsis.info/xspecies/), offers a new prospective to exploit the
crop species without a species specific microarray. The XSpecies microarray
approach is described as a useful approach to explore oligonucleotide targets of
a second species by hybridising nucleic acids onto the Affymetrix oligonucleotide-
based microarray of a reference species, also known as first species, such as
Affymetrix Arabidopsis ATH1-121501 (ATH1) GeneChip (Hammond et al., 2005;
2006). The underlying principle of XSpecies microarray is to take advantage of
pre-existing homologous sequences that are conserved within related
phylogenetic groups and use this information to determine the putative
sequences and identities of an unknown species by comparing overlapping

sequences derived from reference species.
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GeneChip arrays consist of probe sets with up to 16 probe pairs in each
probe set. This is in contrast to most other arrays that use single cDNA or long
oligonucleotides to assay a gene as each probe set in GeneChip array is specific
to a gene transcript. For example, Arabidopsis ATH1 GeneChip contains 11
probe pairs per probe set. Each probe pair consists of a perfect match (PM) and
a mismatch (MM) probe, with the PM probe having 25 nucleotides
complementary to the design sequence, while the MM probe is the same
sequence as the PM probe except for a mismatch at the 13" nucleotide in order
to evaluate non-specific hybridisation (Wu et al., 2005). The basic principle for
this approach is to extract nucleic acid from target species, followed by
hybridisation of fluorescence-labeled or biotin-labeled nucleic acids onto
microarrays designed for other species. Examples of proof-of-concept studies

reported on XSpecies microarray approaches are summarised in Table 1.2.

Table 1.2 Examples of XSpecies (cross-species) microarray approaches.

Affymetrix

Target species GeneChip Samp.le . Comments Reference
descriptions
array
Woodchuck Human (Homo Gene expression was Rinaudo
(Marmota sapiens) Woodchuck liver. characterl)'ised and Gerin
monax) p ) (2004)
Chinese hamster .

. Mouse (Mus Chinese hamster . . s Yee et al.
(C{‘ICG[’U/US musculus) ovary RNA. Transcriptomics profiling. (2008)
griseus)

Tomato (Solanum Gene expression changes  Moore et al.
lycopersicum) at different stages were (2005)
E lant Both i ¢ observed. Groups of EST
gg/p an Tomato Od |mtma L::re_t as well as genes involved
( o/anum ?n mature frul in fruit ripening and
melongena) issues. development in
Pepper Solanaceae were
(Capsicum spp.) identified.
Both control and Events in potato tubers Bagnaresi
tpl?;igs(fgfnum Tomato cold-incubated cold-induced sweetening et al.
tubers. were investigated. (2008)
Musa cultivar
'Cachaco’ pooled- Transcriptional responses
SBana)na (Musa Rice RNA from control  of Musa to drought stress (Dzaaloegy)et al.
PP- and drought were assessed.
stressed leaves.
. RNA derived from .
Sggvtfi?ZIQtValgfa Soybean inbred pure lines i:)r;glﬁofre;;;ﬁs were Das et al.
) CB46 and IT93K- (2008)

Walp)

503-1.

detected and validated.
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After hybridisation, the probe sets that are complementary to the
heterologous nucleic acids are chosen through computational analysis involving
the creation of a software mask, followed by the analysis of the pattern of
hybridisation of samples to selected probes for gene expression studies.
Imaging of the resultant signal intensities is carried out in order to examine the
transcript abundance when target samples bind to each probe set. Subsequently
based on the background-adjusted cell intensities, for example, hybridisation
differences between PM and MM probes across a probe set, the signal value is
calculated (Wu et al., 2005). When MM values are smaller than PM, the MM
signal can be used directly as a measurement of non-specific hybridisation and
also act as background signal (Affymetrix, 2002). However, Affymetrix (2002)
suggested that the MM signal presented on the array should be excluded if MM
values are larger than PM value. An ideal mismatch value is then calculated in
order to adjust PM intensity as well as establish log-transformation for robust
resulting values (Affymetrix, 2002).

However, due to sequence polymorphisms between two different species
when XSpecies microarray approach is applied, the potential issue of inefficient
hybridisation of certain transcripts to the probes on the array would probably
decrease the detection of transcript abundance (Hammond et al.,, 2005). In
order to minimise the problem of sequence divergence during XSpecies
hybridisation, the application of genomic DNA-based (gDNA-based) probe-
selection was suggested by Hammond et al. (2005). Labelled-genomic DNA
from the target species is hybridised onto the array and PM which show high
hybridisation values with the heterologous gDNA above a defined threshold
would be selected for subsequent transcriptome analysis of such species. For
example, gene expression profiles of sheep tissues were analysed with the aid of
gDNA-based probe selection after cross hybridisation onto Affymetrix Human
U133+2 GeneChip array (Graham et al., 2010). A threshold value is either

manually or computationally determined and all probe pairs giving a gDNA signal
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above this level are retained for the ‘virtual’ species chip. Hammond et al.
(2005) reported a 13-fold increase in the sensitivity of Arabidopsis ATH1
GeneChip when detecting the regulation of gene expression of Brassica oleracea
to phosphorus (P) stress following gDNA-based probe selection approach. For
example, 111 genes that significantly differentially regulated when exposed to P
stress were estimated at a gDNA hybridisation intensity threshold of 500,
compared to eight genes when using no probe-selection (Hammond et al.,
2005).

Optimal gDNA hybridisation intensity thresholds are different for every
single species used in the XSpecies microarray approach, hence re-optimisation
of threshold is important as their gDNA origin and quality will affect whole
hybridisation intensities across the probe sets. For instance, the gDNA
hybridisation threshold of 500 was applied for B. oleracea (Hammond et al.,
2005) but a cut off level of 550 was used by Davey et al. (2009) for Musa.
Thus, the genomic DNA-based probe selection approach can be used to select
appropriate probes and also enhance the sensitivity required for detecting
different transcripts expressed between two species. Similar principles could
also be applied when XSpecies microarray approach is conducted at DNA level
for comparative genome analysis as well as SNP marker development based on
the sequence differences identified between two samples (Das et al., 2008).

As compared to species specific arrays, the capability of the XSpecies
microarray approach to produce highly reliable data is also questioned (Bar-Or et
al., 2007). In this case, several studies have been conducted to compare the
sensitivity and efficiency between XSpecies microarray and species specific
array. For instance, potato RNA was hybridised to tomato and potato spotted
cDNA microarray, respectively, in order to examine the specificity of data
obtained from cross species hybridisation as compared to species specific
hybridisation (Bar-Or et al., 2006). The result showed the reduction of signal

expressed in tomato array in which only 80 and 52 differentially regulated genes
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at day 5 and 10 were expressed while potato array showed 591 and 790
differentially regulated genes from homologous potato RNA (Bar-Or et al., 2006).
In addition, custom-made Chinese hamster ovary (CHQO) Affymetrix array and
mouse array have been selected and compared for gene expression profiling in
CHO cells (Yee et al., 2008). The authors indicated that seven to eleven probe
pairs in most of the probe sets on CHO array passed the minimum criterion for
the specificity and sensitivity for XSpecies microarray approach (PM/MM
ratio>1.5 and PM-MM>50), but only five probe pairs achieved that criterion on
the mouse array.

Although XSpecies microarray approach shows less specificity in the
detection of heterologous transcripts, several studies have reported the
improvement of XSpecies microarray approach using different strategies such as
the type of microarray platforms, hybridisation conditions, experimental design
and data validation in addition to gDNA-based probe selection (Bar-Or et al.,
2006). For example, cDNA microarrays which have longer probe sequences
(over hundred nucleotides) are preferred for cross species hybridisation as the
probes are sufficiently large to minimise chances of sequence analysis getting
affected by the small interspecies differences in nucleotide sequences (Bar-Or et
al., 2006). However, the presence of chimeric clones and contamination in
cDNA-based probes due to differential quality of cDNA libraries construction has
to be taken into consideration (Bar-Or et al., 2007). A larger number of
biological replicates as well as suitable microarray platforms with minimal
sequence divergence were also suggested for a better performance during
XSpecies hybridisation (Bar-Or et al., 2007; Buckley 2007).

The XSpecies microarray approach might not produce data as specific as
those from species specific array due to the sequence polymorphism between
reference species and target species, however it is a powerful tool to analyse
nucleotide differences and gene expression of species with no species specific

microarray. By hybridising heterologous nucleic acids onto the microarray
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derived from a closely related species, coupled with appropriate probe selection

and data analysis, the XSpecies microarray approach can be improved.

1.3.1.3 Bioinformatics

The XSpecies microarray approach involves an appropriate analysis after
the hybridisation in order to generate valid results. A programme, Microarray
Analysis Suite (MAS, Affymetrix) is commonly used to generate .CEL files
through the scanning of the intensities for each probe, followed by data analysis
using software such as GeneSpring (Agilent Technologies, Palo Alto, CA, USA)
with Robust Multichip Average (RMA) normalisation algorithm (Graham et al.,
2010). As probe pairs within a probe set give various signal intensities due to
different physical binding properties of each probe pair to transcripts from target
species, it is more complicated to produce a single expression value for a gene
and often causes background noises (Graham et al., 2007). Thus, the
normalisation algorithm is important to amalgamate and generate a single signal
value for each probe set.

In addition, when a gDNA-based probe selection is utilised to increase the
sensitivity of XSpecies microarray approach, a parser script written in Perl is
developed to generate probe-masking files. The probe-masking files provide
masking effect which allows probe pairs with gDNA hybridisation intensity
greater than a defined threshold from the gDNA CEL files to be selected and
hence organised in a custom Chip Description File (CDF; Hammond et al., 2006).
The CDF files can then be used to interpret RNA CEL files that are generated
from the target species with defined threshold. For example, B. oleracea
transcriptomics analysis was established by comparing B. oleracea RNA CEL files
with both the A. thaliana CDF file and B. oleracea gDNA CDF file after a gDNA
hybridisation intensity threshold is defined (Hammond et al., 2005).

Following the normalisation, further examination of the data can also be

carried out using one-way ANOVA, Welch’s test and Benjamini-Hochberg False
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Discovery Rate (FDR) multiple testing correction (Hammond et al., 2005;
Graham et al., 2007). Recently, a program known as ‘Photographically
InteGrated En-suite for the OligoNucleotides Screen’ (PIGEONS), was developed
to investigate the individual oligonucleotides underlying genomic cross-species
studies (Lai, 2009). PIGEONS is used to analyse the CEL files obtained from the
XSpecies experiments in order to generate a candidate list for potential probe
sets that gave reasonable signal strength as well as showed differential signals
between two samples. PIGEONS contains three main sections: PIGEONS filter, a
cut-off analysis to remove poorly hybridised oligonucleotides, PIGEONS Mining &
Image that provides Fold Change Analysis and statistical analysis, and PIGEONS
Query which provides an interface for searching probe sets from the database
(Lai, 2009). The cut-off function in PIGEONS is similar to probe masking
function in gDNA-based probe selection approach as it gives threshold
boundaries in which potential probe sets and oligoprobes are selected, and thus
increase the specificity of cross-hybridisation. PIGEONS Mining & Image could
be used to search for differentially expressed transcripts with single variation on
the nucleotide (i.e. SNPs) from one probe set at the genomic level. Lai (2009)
reported the effectiveness of using PIGEONS for XSpecies analysis as compared
to those established in Hammond et al. (2005), Hammond et al. (2006) and
Broadley et al. (2008), and concluded that PIGEONS is able to produce reliable
and valid results.

Although several ways of data analysis for XSpecies microarray
approaches have been reported, modifications have to be made when new
species are used in order to generate accurate results with higher efficiency.
Following the data analysis, putative functions of target sequences can be
annotated after in silico alignment of PM probes derived from reference species
with target species gene sequences using BLAST algorithm against public

databases like GeneBank (Lu et al., 2009).
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1.3.2 Next generation sequencing (NGS) technologies

As sequence of DNA reveals heritable genetic information that forms the
basis for developmental processes of all living organisms, DNA sequencing is
now a necessity in modern molecular biology. Analysis and annotation of the
function of genes using bioinformatics tools is the next important step in order to
determine the genes that regulate phenotypes.

The recent introduction of high-throughput instruments capable of
processing millions of sequence reads in a single run has revolutionised
sequencing technologies. The technology is known as Next Generation
Sequencing (NGS). Unlike Sanger sequencing which requires insertion of
fragmented DNA into vectors followed by amplification prior to sequencing, NGS
technology with an in vitro construction of sequencing libraries bypass complex
vector-based cloning. NGS generates shorter sequence reads as compared to
Sanger sequencing and this influences the assembly process after sequencing,
causing difficulties in identifying overlapping regions and alignment of sequence
reads from some DNA fragments, particularly in repetitive genomes (Kantardjieff
et al., 2009; Horner et al., 2009). In combination with the advancing
development of bioinformatics tools, NGS will be continuously improved in order
to increase the sequence lengths, numbers and therefore reduce the overall
experimental cost.

In terms of the features and performance of platforms, there are three
commercially available next-generation DNA sequencers: the Roche (454) GS
FLX sequencer, the Illumina genome analyzer and the Applied Biosystems SOLiD
sequencer. Due to the longer sequence read lengths that can be obtained from
454 Life Sciences pyrosequencing method for subsequent sequence assembly
purpose, it is mostly preferred and has been widely used in several studies such
as transcriptome analysis in Arabidopsis (Weber et al., 2007), HIV clinical isolate
sequencing (Mardis, 2008) and detection of SNPs in the highly polyploid plant,

sugarcane (Saccharum; Bundock et al., 2009). The concept of “polymerase-

22



based sequencing-by-synthesis” that has similar starting workflow to 454
pyrosequencing is applied in Illumina. Although Illumina has shorter sequence
reads compared to 454 pyrosequencing, greater than ten times more reads can
be obtained per run (Horner et al., 2009). For SOLIiD sequencing, ligase is
involved in catalysis of the sequencing process after emPCR amplification
(Mardis, 2008). Horner et al. (2009) reviewed the similarity between Illumina
and SOLID for production of sequence reads and showed that the unique “2-base
encoding”, a kind of quality check on sequence reads, enables SOLiID to offer
more advantages than the other sequencers. Furthermore, ligase based
reactions are also highly specific, compared to some polymerase reactions.

Each sequencing platform is unique for different applications, including
mutation detection, re-sequencing, identification of genetic variation (i.e. SNPs)
and gene expression studies. 454 pyrosequencing produces longer sequence
reads which give fewer difficulties in assembly. Illumina and SOLID give larger
coverage, through greater sequence generation. A combination of NGS
technologies with different platforms would improve the production of sequence
reads. For example, a draft genome sequences (32.5 Mb) that integrates
sequence information from Illumina, 454 and Sanger sequence data for the
forest pathogen Grosmannia clavigera, an ascomycete fungus, was assembled
and reported to have higher data quality (DiGuistini et al., 2009). In addition,
the draft assembly of the wild strawberry genome, Fragaria vesca, was
established using a combination of 454, SOLID and Illumina sequence data
(Michael et al., 2010). The authors reported that the wild strawberry assembly
was first created by assembling 454 data, followed by SOLiID pairs to grow
scaffolds and finally the gaps were filled by mapping Illumina contigs to the
454/SOLiD assembly for higher accuracy.

Recently, third generation deep sequencing approaches such as Ion
Torrent and Pacific Biosystems which offer shorter run times and lower costs

(Table 1.3) have accelerated the development of NGS tools (Genome Web,
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2010; Arthur, 2010), but they are currently not widely available. Comparisons
of the performance and features of different types of deep sequencing tools are

shown in Table 1.3.

Table 1.3 Comparisons of the performance and features of different platforms in NGS
tools (Mardis, 2008; Horner et al., 2009; Genome Web, 2010; Arthur, 2010; Clenn,

2011).

Platform
. . Pacific
Roche (454) Illumina SOLiD Biosystems Ion Torrent
} Single
. Polymerase Ligation- molecule Semi-
Sequencing . based -
S Pyrosequencing - based real time conductor
principle sequencing- ! . .
by-synthesis sequencing | sequencing sequencing
(SMRT)
Average ) )
read length 400 bp 50 - 100 bp 35 bp 1,000 bp 100 - 200 bp
Number of
reads per 1 Million 100 =200 | 564 Mmillion | 0.01 Million 1 Million
Million
full run
Run time 7-10h 3 - 5 days 8 days 0.5-2h 2h
Cost per $ 8,000 - $ 6,000- _
run $ 6,000 $10,000 | $ 10,000 | $100-900 $750

After sequencing, massive amount of sequence data generated from the
same DNA fragments are assembled into contigs or singletons. Several short
sequence assemblers are recommended, such as CAP3 (Huang and Madan,
1999), Newbler assembler (454 Life Sciences, Roche Diagnostics, Switzerland)
and stackPACK (Electric Genetics, US) for EST clustering (Weber et al., 2007).
For example, CAP3 has been used to assemble pyrosequenced ESTs in A.
thaliana as it offers advantages over the other analysis tools, for example, the
capability of putting more ESTs into contigs and generate longer contigs than
stackPACK. However, due to small overlapping regions of adjacent ESTs, it is
still difficult to create full length contigs using CAP3 (Weber et al., 2007).

The next steps following the assembly involve comparing sequence reads
to reference databases for functional annotation. In this case, several

programmes have been developed to evaluate the degree of similarity of those

sequences with closely related species, for instance BLAST, ELAND (developed
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together with Solexa Illumina), Short Oligonucleotide Alignment Program (SOAP;
Li et al., 2008), Mapping and Assembly with Quality (MAQ) and RMAP (Horner et
al., 2009). A recent report by Brautigam et al. (2011) recommended the use of
commercial CLC bio genomics workbench (CLC bio, US) for NGS downstream
analysis in terms of the hybrid assemblies, contigs length, error tolerance and
redundancy reduction after comparing with other assembly programs, including
SOAP, CAP3, Velvet, MIRA and TGICL.

For NGS technologies, different bioinformatics tools are used for different
purposes such as assembly, mapping, functions annotation and SNP discovery.
Appropriate tools will maximise the use of the data and hence increase the

accuracy of the analysis.

1.3.3 Genetic markers
1.3.3.1 Types of markers

The phenotypes of the crop species are influenced by the interactions
between genetics and the environment. Due to insufficient knowledge about the
number of genetic factors and their importance in determining the phenotypes,
breeders face difficulties in predicting and maintaining the performance of the
crop species. Genetic markers offer the advantages of increased efficient
selection of individuals prior to breeding, identification of genetic diversity of
genotypes, routine quality controls and rapid improvement of varieties for
important traits through marker-assisted selection (MAS). There are several
types of genetic markers, including protein-based markers such as isozymes or
DNA-based markers such as restriction fragment length polymorphisms (RFLP),
randomly amplified polymorphic DNA (RAPD), amplified fragments length
polymorphisms (AFLP), microsatellite or simple sequence repeat (SSR) and
single nucleotide polymorphisms (SNP).

Sax (1923) demonstrated the use of morphological markers to detect the

differences in seed size, seed coat and pigmentation patterns in common bean
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(Phaseolus vulgaris). However, the use of morphological markers is restricted
due to the pleiotropic effect observed in the morphological traits as well as
limited number of markers in most of the populations (Park et al., 2009). In
addition to morphological markers, isozymes and other proteins have been used
as marker systems. However, isozymes have disadvantages in terms of limited
numbers of detectable isozymes and proteins being tissue and development
stage specific.

The development of DNA-based markers has greatly improved the
understanding of the genetic of crop plants. DNA markers are DNA sequences
located at specific site of the genome and segregate from one generation to the
next based on Mendel’s Law’s of Inheritance (Semagn et al., 2006). DNA
markers offer advantages over the other marker systems: firstly, the number of
DNA markers found in the populations is effectively unlimited. Secondly, DNA
markers are not restricted to specific tissues or development stages like
isozymes and thirdly, DNA markers directly reflect the genotypes without being
influenced by the environment.

Some examples of DNA markers and their features are compared in Table
1.4. RFLP markers are generated when genomic DNA is fragmented using
restriction enzymes and result in fragments whose number and size is different
among the individuals, populations and species (Semagn et al., 2006). The
differences between two individuals of the same species could be obtained as a
consequence of point mutation, insertions, deletions, inversions and
translocations, thus result in different length of fragments when DNA is cut at
the restriction enzyme recognition sites. For example, a cross between an aphid
resistant cultivated cowpea and sensitive wild cowpea was screened using RFLP
markers for linkage mapping, marker segregation pattern and also investigation
of aphid resistant phenotype (Myers et al., 1996). The result showed that aphid
resistance gene is closely linked with one RFLP marker, bg4D9b, giving rise to a

potential for map-based cloning.
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Table 1.4 Comparison of widely used isozymes and DNA markers in plants (Park et al.,

2009).

Isozyme RFLP RAPD AFLP SSR SNP
Abundance Low Medium Veryhigh  Veryhigh  High Very high
Types of Aminoacid  Single base  Single base  Single base Repeat length Single base
polymorphism  change in change, change, change, variation change

polypeptide  insertion, msertion, mnsertion,

deletion, deletion, deletion,
inversion mversion mversion

DNA quality - High Medium High Medium Medium
DNA sequence - Not required  Not Not Required Required
information required required
Level of Low Medium High High High High
polymorphism
Inheritance Co- Co- Dominance Dominance Co- Co-

dominance dominance dominance dominance
Reproducibility Medium High Low Medium High High
Technical Medium High Low Medium Low Medium
complexity
Developmental Medium High Low Low Highinstart  High
cost
Species High Medium High High Medium Low
Transferribility
Automation Low Low Medium Medium High High

Instead of using restriction enzymes, the second generation of DNA
markers employs PCR (polymerase chain reaction) technique for genetic analysis
such as RAPD, AFLP and SSR. PCR-based markers have several advantages over
morphological and protein-based markers in terms of low cost, small amount of
DNA needed for the analysis as well as rapid speed making it possible to conduct
large scale experiments (Park et al., 2009). RAPD markers are developed using
a single arbitrary primer of 10-12 nucleotides in the PCR reaction and amplify
the target sequences after binding the complementary sequences derived from
genomic DNA. RAPD markers have been reported for their application to study
genetic diversity in Bambara groundnut using 25 African accessions (Amadou et
al., 2001). The authors discovered two main groups of accessions that are
divided on the basis of their geographic origin: cluster that contained both
Nigerian and Cameroon accessions and another cluster that consisted of
Zambian accessions and those originating in Zimbabwe. In addition, AFLP

markers have also been used for genetic diversity study in Bambara groundnut.
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Eleven AFLP primer combinations were reported to generate 49 scorable
polymorphic products across 100 accessions collected from Tanzania and
resulted in two main groups: Southern agro-ecological zone and mixed
accessions from Central, Lake Victoria and Western agro-ecological zones
(Ntundu et al., 2003). AFLP technique involves the amplification of adaptor-
ligated restriction fragments with adaptor complementary primers that consist of
selective nucleotides at their 3’-ends (Park et al., 2009). Reproducibility of AFLP
is high compared to RAPD but both AFLP and RAPD are dominant markers which
possibly limits their application to analyse the heterozygous populations such as
F, population (Park et al., 2009). SSR, which is also known as microsatellites
markers, have repeat motifs as short as 1-6 bases long and are codominant
markers with high reproducibility (Park et al., 2009). SSR markers are widely
used in many studies, for example, genome analysis and DNA fingerprinting of
oil palm tissue culture clones (Singh et al., 2007), diversity study in rice
(Chakravarthi and Naravaneni, 2006), maize (Enoki et al., 2002), soybean
(Tantasawat et al., 2011) and Bambara groundnut (Molosiwa, 2012) as well as
genetic mapping in Sorghum (Wu and Huang, 2007) and rice (Lang and Buu,
2008).

Furthermore, SNPs (single nucleotide polymorphisms) is the third
generation of molecular markers where the polymorphisms of a single base
difference can be examined by non-gel based assays, such as invasive cleavage,
oligonucleotide ligation assay and primer extension (Park et al., 2009).
Numerous SNPs exist in plant genome and their frequency can vary with species,
ranging from one per 30 bp to one per 500 bp (Park et al., 2009). For example,
one SNP in every 170 bp was found in rice (Yu et al.,, 2002), but one
polymorphism in every 200 bp in barley (Rostoks et al., 2005) as well as every
31 bp in non-coding regions and every 124 bp in coding regions in maize (Ching
et al., 2002). SNP markers are widely used in gene or QTL discovery and the

genetic maps generated using SNP markers are shown to have higher resolution
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compared to RFLP or SSR markers (Yu et al., 2011). Yu et al. (2011) reported
that the grain width-related QTL in rice, GW5/qSW5, were accurately mapped at
123 kb when SNP map was utilised as compared to 12.4 Mb region based on
RFLP or SSR map. However, to design SNP markers prior sequence information
is required, limiting the application of SNP to major species with extensive
nucleotide sequence information (Park et al., 2009).

Each marker system has advantages and disadvantages, thus careful
consideration is required in choosing one or more marker systems for respective

applications.

1.3.3.2 Diversity Array Technology (DArT)

Diversity Array Technology (DArT), which is a relatively new molecular
marker technique has been used in several species including rice (Jaccoud et al.,
2001), Arabidopsis (Wittenberg et al., 2005), Eucalyptus (Petroli et al., 2012),
oilseed crop Lesquerella (Cruz et al., 2013) and perennial ryegrass (King et al.,
2013). DArT, a microarray hybridisation-based technique, offers numerous
advantages over the other marker systems. DArT technique is reported to be
cost effective, capable of detecting single base changes, and it is also a high
throughput technique which allows germplasm to be characterised rapidly in a
single experiment (Cruz et al., 2013). In addition, DArT technique is well suited
for research in minor species or underutilised species for the exploitation of
genetic diversity in populations, gene discovery for molecular breeding and
construction of genetic linkage maps as no prior sequence information is needed
(Petroli et al., 2012; Cruz et al., 2013).

DArT technique involves the isolation and fragmentation of genomic DNA
using restriction enzyme such as Pstl/Taql (Semagn et al., 2006) or Pstl/BstNI
(Cruz et al., 2013), followed by the ligation of restricted fragments with
adaptors. In order to reduce the genome complexity, primers complementary to

the adapters of the fragments are used in a PCR reaction. After cloning and
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amplifying the resulting fragments, the fragments are purified and spotted onto
a microarray in order to generate a ‘Diversity Panel’ (Jaccoud et al., 2001). In
addition, the PCR amplified products are also labelled with fluorescent dye, Cy3
or Cy5, and hybridised to DArT Diversity Panel for genotyping. Based on the
hybridisation signal intensities, the DArT markers which show polymorphisms are
selected and assembled in a ‘genotyping array’ for routine genotyping whenever
the assay of any new specimen is required (Jaccoud et al., 2001; Semagn et al.,
2006). For example, 7,680 clones derived from a wide representation of 64
Eucalyptus species were selected to generate a high density DArT genotyping
array for the construction of high density linkage map (Petroli et al., 2012).
Furthermore, DArTseq technique, a new DArT platform which utilised NGS
technique, was developed recently. DArTseq technique allows a plate of DNA
samples to run within a single lane on the next generation sequencer such as
Illumina Genome Analyzer IIx by tagging Pstl/RE site specific adapters of the
fragments with 96 different barcodes (Cruz et al., 2013). Both microarray-based
DArT and DArTseq markers are used for phylogenetic or genetic diversity
analyses as well as the construction of genetic maps. For example, a linkage
map of Eucalyptus was constructed with 564 DArT markers integrated with 1,930
DArTseq markers and 29 SSR markers (Sansaloni et al.,, 2011). Compared to
the microarray-based DArT, DArTseq technique is reported to produce more
polymorphic markers (dominant DArT and SNPs markers) (Sansaloni et al.,
2011). In Eucalyptus, the DArTseq genotyping was reported to generate 2,835
polymorphic markers whereas microarray-based DArT only produced 1,088 high
quality markers (Sansaloni et al., 2011). In Lesquerella, Cruz et al. (2013) also
reported high number of markers, 27,748 polymorphic markers, using DArTseq
as compared to 2,833 polymorphic markers when microarray-based DArT was
used. In addition, DArTseq technique is more cost-effective when compared to
microarry based-DArT due to its capability of producing larger quantity of

polymorphic markers at similar cost. Therefore, DArTseq technique is an
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essential tool and provides a potential for molecular breeding, germplasm

analyses and MAS.

1.3.4 Genetic linkage map and quantitative trait loci (QTL) analysis

One of the major applications of molecular markers is the construction of
genetic linkage maps for a wide range of species such as cowpea (Gowda et al.,
2002), Sorghum (Wu and Huang, 2007) and rice (Lang and Buu, 2008). Genetic
linkage map can be constructed through determining the position of genes or
molecular markers on the chromosomes and the relative genetic distances
between them, followed by the allocation of the molecular markers into their
linkage group on the basis of the recombination frequency (Jones et al., 1997).
Construction of genetic linkage map is essential for QTL analysis, map-based
cloning, marker-assisted selection and comparative mapping. Using genetic
linkage map, putative genes controlling traits of interest, either qualitative or

quantitative traits, can be identified and selected for breeding purpose.

1.3.4.1 Mapping population and polymorphisms detection

The parental lines selected for crossing will differ for one or more traits of
interest in order to generate a segregating population for genetic linkage
analysis. By calculating the recombination values between the markers in the
segregating population, the genetic map can be constructed. In addition,
population size ranging from 50 to 250 individuals was suggested for genetic
mapping, although a larger number of individuals up to 1000 individuals would
be preferred for a higher density genetic map (Mohan et al., 1997; Schneider,
2005). Thus, the selection of an appropriate mapping population which reveals
allelic differences for one or more traits of interest is essential.

Based on the reproductive mode, crop species are generally categorised
into cross-pollinating and self-pollinating species. Pollination in cross-pollinating

species, also known as outcrossing species, involves the delivery of pollen grains
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from the anther of a flower to the stigma of a different flower from a different
plant (same species). Examples of outcrossing species include oil palm, maize
and potato. Due to high genetic heterozygosity, the nature of polyploidy in
plants and inbreeding depression, the generation of pure lines from cross-
pollinating species for linkage study is difficult (Collard et al., 2005). Semagn et
al. (2006) stated the use of two-way pseudo-testcross, half sib and full sib
families derived from controlled crosses to generate mapping population for
cross-pollinating species. For example, in cross-pollinating species white clover
(Trifolium repens), a double-pseudo testcross population of 92 F; progenies was
generated by pair crossing two phenotypically divergent, heterozygous parental
plants (Barrett et al., 2004). Using a heterozygous parent and a haploid or
homozygous plant, mapping population for white clover was established.

For self-pollinating species, several different types of mapping
populations can be generated such as F, and backcross populations, recombinant
inbred lines (RIL) and doubled haploid populations (Figure 1.3; Collard et al.,
2005; Semagn et al., 2006). The simplest form of mapping populations is F,
populations, created from selfing of F; hybrids generated by crossing two
homozygous parental lines, or backcross populations, which are derived by
crossing the F; hybrids with one of the parental line (Schneider, 2005). These
two mapping populations offer the advantages of easy construction and short
generation period. For instance, a F, population, consisting of 186 plants,
derived from a single cross between japonica variety Nipponbare and indica
variety Kasalath in rice was produced and used to construct a high density

genetic map with 2,275 markers (Harushima et al., 1998).
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Figure 1.3 The main types of mapping populations for self-pollinating species (Collard et

al., 2005).

RILs are developed from inbreeding of individual F, plants and also known
as single-seed descent lines as one seed of each line in the selfing process is
used for next generation (Schneider, 2005). RILs consist of a series of
homozygous lines, each containing a different combination of chromosomal
segments derived from parental lines. As recombination event can no longer
occur in RIL due to complete homozygosity, RIL offers advantages for
multiplication and cultivation of plant species without genetic change across
different locations and time (Collard et al., 2005). In addition, frequent
recombination event that occurred in RIL before reaching homozygosity can
result in a higher degree of recombination. As localisation of markers and QTL
are highly dependent upon the number of recombination that occurs between
genes, RILs are able to produce higher resolution map compared to F,
populations (Vinod, 2009). The development and use of RILs in several species
such as Arabidopsis thaliana, rice and oat has been reported. For instance,
Meissner et al. (2013) reported the use of 250 RILs in A. thaliana to construct a
linkage map with 391.9 cM as well as to identify QTL for freezing tolerance. The

main disadvantage of RILs is the time it takes to generate individual lines. The
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generation of RILs requires at least six to eight generations, which is relatively
long, in order to obtain nearly 100% of homozygosity in the progenies.

Doubled haploid (DH) plants contain two identical sets of chromosomes in
every single cell, resulting from either spontaneous duplication of chromosome
number in haploid plants or by the colchicine treatment of haploids (Schneider,
2005). Similar to RIL, DH populations can be considered as permanent
resources as they also consists of homozygous plants that can be multiplied and
repeatedly planted across different locations and laboratories for further genetic
linkage analysis. However, one of the disadvantages is that DH populations are
limited to crop species that can be regenerated using tissue culture technique,
such as DH wheat lines, which were generated using anther culture technique
(Hennawy et al., 2011).

Each population type has its advantages and disadvantages. However,
Vinod (2009) proposed that F, or RILs are more suitable for use in genetic
linkage mapping, followed by QTL analysis as other population types such as
backcross population has relatively lower power to detect QTL. Moreover, in
order to perform QTL mapping after the construction of genetic linkage map, the
same mapping populations have to be phenotypically evaluated and examined
(Collard et al., 2005).

Following the selection of mapping population, the next step for
constructing the genetic map is to identify the polymorphic markers (Collard et
al., 2005). The polymorphic markers employed to screen the whole population,
including the parental lines and F; hybrids. Polymorphic markers allow an
individual to be identified if the individual has inherited phenotypes or traits from
maternal or paternal parents. The expected segregation ratios are found to be
different according to the types of mapping populations (Table 1.5; Collard et al.,
2005). As a result, chi-square analysis is performed for each segregating
marker to examine the deviation of the observed segregating patterns from the

expected segregation ratios for the mapping population.
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Table 1.5 Expected segregation ratios in different types of mapping population (Collard et

al., 2005).
Population type Codominant markers Dominant markers
F> 1: 2:1 (AA:Aa:aa) 3:1 (B_:bb)
Backcross 1:1 (Cc:ce) 1:1 (Dd:dd)
Recombinant inbred or 1:1 (EE: ee) 1:1 (FF:AT)
doubled haploid

1.3.4.2 Genetic linkage map

The fundamental principle underlying linkage map construction is the
segregation of genes and markers through chromosome recombination during
meiosis into the gametes (Semagn et al., 2006). Based on Mendel’s second law,
which is also known as the law of independent assortment, random assortment
of chromosome into gametes during meiosis will result in the alleles of one gene
(Aa) to segregate independently with alleles of another gene (Bb), if two genes
are unlinked or on different chromosomes (Jones et al., 1997; Semagn et al.,
2006). However, genes or markers that are closely linked will segregate
together from the parent to the progeny.

The frequency of recombinant genotypes in the segregating population
can be used to calculate recombinant value and thus estimate the order and
genetic distance between two genes (Collard et al., 2005). The same principle is
applied to analyse the segregation of markers for genetic map construction: the
lower the frequency of recombination between two markers, the shorter is the
genetic distance between two markers on the same chromosome. In contrast,
the higher the frequency of recombination between two markers, the further
apart two markers located on the same chromosome. As recombination event
involves two of the four chromatids at the four-strand stage of meiosis, a
recombination frequency of 50% is set as a threshold to determine the linkage of

two markers (Jones et al., 1997). Markers with recombinant frequency more
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than 50% are considered as unlinked and are assumed to be located on different
chromosomes or opposite ends of the same chromosomes where at least one
recombination event could occur (Jones et al., 1997; Collard et al., 2005).
Conversely, markers that are closely linked will have recombinant frequency of
less than 50%.

As a linkage analysis involves large number of markers, it is more feasible
to use computer softwares, such as Mapmaker/EXP (Lander et al., 1987),
MapManager QTX (Manly et al., 2001) and JoinMap (Van Ooijen, 2006), to
calculate the linkages between markers. Among the computer softwares,
JoinMap is the most commonly used program to construct the genetic map, for
example in rice (Koyama et al., 2001), cotton (Ulloa et al., 2002) and grape
(Vitis; Wang et al., 2012). Linkages between large numbers of markers are
calculated using odds ratios to construct the maps. Odds ratio refers to the ratio
of the probability that two markers are linked over the probability that two
markers are not linked and it is also often expressed as the logarithm of the
ratio, LOD (logarithm of odds) value or LOD score (Risch, 1992). Collard et al.
(2005) stated that LOD score of 3 and above is always adopted to conduct
linkage analysis as a LOD score of 3 indicates that the two markers is 10> (1000)
times more likely to be linked than unlinked. For example, a RFLP linkage map
in rice reported by Xiao et al. (1995) showed that RFLP markers were allocated
to their respective linkage groups through pairwise analysis with a LOD score of
4.0. Semagn et al. (2006) also stated that not all the markers generated for a
segregating population were allocated to their respective linkage group. For
instance, Petroli et al. (2012) reported that the use of 3,198 markers (2,976
DArT and 222 SSR markers) for a F; population developed from an inter-specific
cross between Eucalyptus grandis (clone G38) and E. urophylla (clone U15) but
only a total of 2,484 markers (2,274 DArT and 210 SSR markers) were mapped.

After assigning markers into respective linkage groups, the genetic

distance between markers is calculated prior to map construction.

36



Recombination frequency is not directly related to the frequency of crossing-over
due to the potential of having double or multiple crossovers in the chromosome
(Jones et al., 1997, Hart and Jones, 2001). This relationship is likely to happen
when the genetic distances between two markers is larger than 10 cM, thus two
common mapping functions: Kosambi and Haldane are used to convert
recombination fractions into centiMorgans (cM). Kosambi mapping function
(Kosambi, 1944) assumes that recombination events can interfere with the
adjacent recombination events to a certain extent whereas Haldane mapping
function (Haldane, 1931) assumes that there is no interference between
crossover in meiosis. Each of the mapping functions has advantages and
disadvantages which allow them to be adopted for linkage analysis of different
species (Liu et al., 1997).

In addition, it is worth to bear in mind that genetic map is different from
a physical map as the genetic distances derived from genetic maps do not
directly reflect the physical distances of loci in the chromosomes. Jones et al.
(1997) reported markers closely linked with genes in a genetic map (1 cM) but
the actual distance of the genes in a physical map could be 1 megabase. An
example was given by Schmidt et al. (1995) who discovered the kilobase pair on
the actual chromosome varied from 30 to 550 kb for 1 cM in chromosome 4 of
Arabidopsis. The relationship between genetic distance and physical distance
was suggested to be dependent on the genome size of the plant species
(Paterson, 1996) in which the larger the genome size, the larger is the kilobase
pair to cM ratio. For example, 120-1,000 kb per cM was found in rice (Kurata et
al., 1994) and 118-22,000 kb per cM in wheat (Gill et al., 1996). Thus, a high
density genetic map consisting of many markers is required for map-based

cloning purpose and also for the integration of genetic and physical maps.
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1.3.4.3 QTL mapping

Quantitative trait loci (QTL) refer to loci controlling quantitative traits that
have measurable phenotypic variation due to several polymorphic genes or
environmental factors (Abiola et al., 2003). Most of the quantitative traits are
of agronomic importance, such as vyield, disease resistance and drought
resistance, and can be influenced by one or many QTLs. Compared to
qualitative traits, quantitative traits show a normal distribution in the population
with phenotypic characteristics that vary in degree among the individuals. The
genomic regions controlling quantitative traits can be identified through QTL
mapping which involves the process of constructing linkage maps and conducting
QTL analysis.

The principle of QTL analysis is to detect the association between
phenotypic characteristics and genotype of the markers (Collard et al., 2005).
QTL analysis allows the number of genes and their interaction to control the
expression of quantitative genes to be identified, and hence provide the tools for
crop improvement programs. For example, QTLs that control aluminium
tolerance have been analysed using RILs derived from Landsberg erecta and
Columbia in Arabidopsis (Kobayashi and Koyama, 2002). In order to conduct a
QTL analysis, linkage map with sufficient polymorphic markers as well as
phenotypic data of the same segregating population used for constructing
linkage map are essential.

There are at least three widely used methods to detect QTLs: single-
marker analysis, simple interval mapping and composite interval mapping.
Single-marker analysis employs the use of analysis of variance (ANOVA) and
linear regression to detect the association between the QTLs and single markers
(Liu, 1998). According to the coefficient of determination (R?) expressed from
markers, the phenotypic variation observed in crop species can be identified if
they are regulated by the QTL linked to that marker. For instance, single-marker

analysis using simple linear regression was applied in sunflower (Helianthus
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annuus) to assess the association of markers with nine yield component traits
(Anandhan et al., 2010). The authors reported that ORS811 was associated with
six traits such as days to 50% flowering (R*=0.33), days to maturity (R*=0.34),
plant height (R*=0.46), volume weight per 100ml/ (R®=0.25), oil content
(R*=0.49) and seed yield (R®=0.28). Single-marker system can be easily
conducted using statistical software and no complete linkage map is required
(Collard et al., 2005). However, single-marker analysis is only applicable when
the markers are tightly linked with QTLs. The recombination may occur if the
markers are located far from the QTLs and thus minimise the sensitivity and
accuracy of detecting QTLs (Tanksley, 1993).

The simple interval mapping (SIM) approach analyses the association of
phenotypic variation with the intervals between two adjacent pairs of linked
markers along the chromosomes in order to detect the presence of QTL in
between two markers (Lander and Botstein, 1989). SIM approach has always
been compared with composite interval mapping (CIM) which includes linear
regression that examine the association of phenotypic variation with markers in
other regions of the genome in addition to an adjacent pair of markers (Jansen,
1993; Basten et al., 2000). For instance, Nagabhushana et al. (2006) compared
SIM and CIM models to detect QTLs related to growth and yield traits in rice.
The result showed that SIM was able to detect five significant QTLs whereas CIM
obtained nine significant QTLs that were associated with flowering and maturity.
QTLs with higher LOD scores were observed in CIM than in SIM, suggesting that
CIM is more accurate and precise in detecting QTLs (Nagabhushana et al.,
2006). LOD score is used to identify the position of QTLs located in linkage map
(Collard et al., 2005). QTLs with higher LOD score are considered as genuine
after comparing LOD score with significant thresholds performed using
permutation tests (Churchill and Doerge, 1994).

QTL mapping has been applied in many species in order to identify QTLs

controlling agronomic traits that can be employed in crop breeding programme
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such as selection and breeding for pest and disease resistance, high-yielding
character as well as drought tolerance. For example, the detection of QTLs for
flowering and maturity on linkage groups b05 and b06 in common bean under
drought stress condition implied the potential of selecting and breeding the

genotypes which mature earlier to escape drought (Blair et al., 2012).

1.3.5 Genetical genomics approach

Genetics and gene expression have been studied separately all this while,
and these studies have used different technologies, tools and biological
materials. In a segregating population, the natural variations observed in the
individuals allow the identification of the genomic regions, which are also known
as QTL, controlling the phenotypic traits. However, the identification of causal
genes within the genomic regions that control phenotypic variation is always a
challenge, involving fine mapping or cloning of QTL, which are time consuming
and laborious (Joosen et al., 2009).

In addition, gene expression has been largely studied with the increasing
availability of genomic sequences and high throughput microarray technology. A
typical microarray analysis allows the up- or down- regulation of genes and
pathways associated with any specific conditions and developmental stages of a
single genotype to be revealed and compared with others. Although transcript
abundance and their function can be obtained from gene expression profiling,
there is always lack of information regarding the genetic regulation of
transcription (Joosen et al., 2009).

Genetical genomics approach, combines gene mapping (genetics) with
gene expression analysis to identify loci controlling gene expression and examine
the hypothetic regulatory networks (Figure 1.4). Variation in gene expression
has been proved to be heritable and shows a quantitative distribution in many
studies (Li and Burmeister, 2005). Therefore, linkage map and QTL analyses can

be employed for gene expression studies in order to identify the genetic
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regulatory loci, or also called expression quantitative trait loci (eQTL), that
explain the variation observed in gene expression (Kliebenstein, 2009). The
approach was first outlined by Jansen and Nap (2001) and the first proof-of-
principle of genetical genomics was performed in Saccharomyces cerevisiae
(Brem et al., 2002). Following the first report on genetical genomics, the
approach has also been applied in crop species such as Arabidopsis (Decook et
al., 2006; Keurentjes et al., 2007), barley (Potokina et al., 2008) and Brassica

rapa (Hammond et al., 2011).
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Figure 1.4 Genetical genomics approach combines both genetic studies and gene

expression (Li and Burmeister, 2005).

The variation in gene expression generally could be due to many factors,
including sequence polymorphisms in target genes, variation in cis-regulatory
regions in promoter regions or trans-regulatory regions, copy number of
variation, insertions, deletions and translocation (Joosen et al., 2009). The
eQTLs are classified into three types based on the position of variations in DNA
structure (Figure 1.5). Local cis-eQTLs, as a result of cis-regulatory variation in
the target gene, can affect the transcription process, transcript stability and also
expression of downstream target gene in trans. Local trans-eQTLs has causal
polymorphism near to target gene, within the eQTL confidence interval, but not

exactly in the target gene while distant trans-eQTLs are located far from target
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gene, such as transcription factors. In addition, trans-eQTLs are shown to be
colocated with variation in the expression level of many genes, ranging from
hundreds to thousands of genes (Kliebenstein, 2009). Although the most
significant eQTLs are always referred to cis-eQTL, identification of hotspots in
plants, which are genomic regions with high density of trans-eQTL, are thought
to represent the major regulatory loci that control the expression of many

downstream genes (Kliebenstein, 2009; Joosen et al., 2009).
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Figure 1.5 Different types of eQTLs (solid line) based on the position of causal
polymorphisms (black bar) and the expression of the target gene (light grey box; Joosen

et al., 2009).

The use of genetical genomics approach was demonstrated, for example
in Brassica rapa to examine the regulatory hotspots for phosphorus use
efficiency in plants (Hammond et al., 2011). The study reported that using
genome sequences that were available, 18,876 eQTL were identified and trans-
eQTL hotspots occurring on chromosome A06 within B. rapa were enriched with
phosphorus metabolism-, chloroplast- and photosynthesis-related genes. In
addition, Decook et al. (2006) also reported the discovery of two eQTL hotspots
that were related to shoot generation in Arabidopsis. The result showed that
most significant eQTLs within the hotspot regions were linked with their

corresponding genes but majority were located far apart, suggesting that
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heritable cis-eQTLs was the causal for the difference in shoot regeneration
efficiency whereas trans-eQTLs might be involved in downstream effects for the
phenotypic traits. Following the identification of eQTLs, the prior information of
the selected genes obtained from the gene ontology and biological interactions
data can be used to filter the number of potential genes collocated with the
phenotypic traits and hence result in the strongest candidate gene for the
observed phenotypic variation (Joosen et al., 2009).

An annotated and assembled genome is important to compare the
position of genes and the respective eQTLs, but for most of the crop species this
is not available. However, several studies in crop species showed that the
comprehensive genetical genomics approach can be conducted using genetic
maps without the need for annotated genome sequences (Joosen et al., 2009).
For instance, Kirst et al. (2004) used genetic linkage map to conduct genetical
genomic analysis in Eucalyptus and discovered that gene expressions of lignin-
related genes were regulated by two genetic loci, which were collocated with
QTLs associated with stem diameter. Genetic mapping also showed that most of
the lignin genes were controlled by trans-eQTL hotspots in addition to significant
cis-eQTL linked to S-adenosylmethionine synthase (Kirst et al., 2004).

Furthermore, the genomic sequence of crop species could also be
identified through comparative genomics study with other closely related species.
Genes in VRNZ2 gene region in wheat was found to have the same order and
orientation in rice and barley, implying that three crop species could potentially
use the same genes to control the biological pathway for vernalisation (Yan et al.,
2004). Through the use of resources developed from well-established species on
the basis of genomic synteny, eQTLs associated with traits of interest could also
be identified in crop species that have limited annotated genome sequences. For
example, genetical genomics approach was conducted in wheat using a DH
population to study eQTLs controlling seed development through synteny

analysis (Jordan et al., 2007). Moreover, expressed sequence tag (EST) libraries
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(Shi et al., 2007) as well as cDNA-AFLP approach (Vuylsteke et al., 2006) could
also be used to generate gene expression profiling when microarray is not
available, followed by genetical genomics analysis.

Therefore, by combining gene expression variation to linkage analysis,
genetical genomics approach allows the co-localisation of eQTLs, trait QTLs and
the actual position of the gene on genetic maps and thus identifies genetic

regulatory loci.

1.4 IMPACT OF NEW TECHNOLOGIES IN GENERAL

Due to the potential impact of the global climate change, increasing
demand for crop production and limitation of arable land, the development of
new technologies to support crop improvement programmes is crucial. In the
past, new technologies have been used to understand plant genome
organisation, identify regulatory networks in response to abiotic and biotic stress
and to establish molecular breeding for the development of new varieties. With
the increased knowledge and availability of more powerful technologies,
sufficient food supply and poverty alleviation could be achieved in the future.

One of the major applications of the technologies is the exploitation of
genetic diversity in crop species using molecular markers. The collection of
germplasm resources from different regions is crucial for variety development
and improvement of yields. The exploitation of relationships between
germplasm allows the understanding of the crop species origin, plant
architecture and responses to various abiotic and biotic stresses. With the
knowledge, crop improvement could be conducted through continuously breeding
with wild strains, domesticated varieties or genetic resources with traits of
interest. For example, genetic diversity studies in Bambara groundnut (Amadou
et al., 2001; Massawe et al., 2002; Ntundu et al., 2004;) were conducted using
molecular markers prior to the selection of parents for mapping studies, leading

to effective breeding programme. In addition, the evaluation of genetic diversity
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and classification of germplams is essential for the preservation of endangered
species and also elimination of the redundant genotypes in gene banks. Park et
al. (2009) stated that thousands of new accessions are introduced every year as
a result of breeding programmes, but due to the limited space and other
resources, the redundancy screening using molecular markers is necessary.

As molecular markers can be tightly linked to the genes controlling traits
of interest, the use of molecular markers is extended to the generation of high
density genetic map in order to locate the QTLs and then predicts the responses
and functions of agronomically important genes. For instance, SSR markers
have been used to map drought recovery score genes in rice at the position of
0.4 cM from RM201 on chromosome 9, which is related to the length of root and
drought tolerance (Lang and Buu, 2008). As a result, the molecular markers
allow the breeders to introduce only genes of interest from a related species to
cultivated plants, leading to marker-assisted selection (MAS) breeding.

MAS breeding involves screening the population for the absence and
presence of the desired traits based on the sequences or band patterns derived
from molecular markers associated with genes controlling phenotypic traits
(Vinod, 2009). The advantages of MAS breeding include time saving as several
characters can be screened simultaneously, selection of desired genotypes at the
juvenile stage and the ability to screen the complicated traits such as salt
tolerance without phenotypic scoring (Vinod, 2009). Through MAS breeding,
new varieties that are environm