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1. Introduction

1.1 Bambara groundnut: general information

Bambara groundnut [Vigna subterranea (L.) Verdc., syn. Voandzeia subterranea (L.)
Thouars; Fig. 1], belongs to the Fabaceae (=Leguminosae) botanical family and, like nearly
all legumes of agronomic importance, to the subfamily Faboideae (=Papilionoideae). The
genus Vigna Savi, e.g. including cowpea [V. unguiculata (L.) Walp.] and mung bean [V.
radiata (L.) R. Wilczek], and other well-known beans such as Phaseolus L. spp., soybean
[Glycine max (L.) Merill] and pigeonpea [Cajanus cajan (L.) Millsp.], are grouped in the tribe

Phaseoleae.

Fig. 1. Bambara groundnut [Vigna subterranea (L.) Verdc.]. 1: habit of the flowering plant,
2: flower, 3: fruits, 4: seed. From van der Maesen & Somaatmadja (1989).
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The plant is an annual herb with a reproductive cycle of usually 90 to 150 days. It develops a
tap root with lateral roots in the lower part. Close to the soil surface, bambara groundnut
forms creeping, much-branched, indeterminate lateral stems with erect trifoliate leaves.
Depending on the petiole/internode ratio, Doku (1969) distinguished three habit groups
among cultivated material — bunch, semi-bunch and spreading. Around 40 days after sowing,
the first (pale) yellow flowers open. The species is autogamous; however, cross-pollination
has been observed and attributed to ants (Doku, 1968). Fruit set usually begins after a period
under short day conditions although qualitative and quantitative differences exist (Linnemann
et al., 1995). Pods develop on lengthening peduncles on or beneath the soil surface and
contain one or, less frequently, two seeds. A number of morphological differences led to the
classification of two botanical varieties. V.s. var. subterranea, the domesticated form, is
characterised by larger seeds and leaves, longer leaf petioles, shorter internodes, a thickened
pod shell wall, and a more rapid and uniform germination compared to the wild var.
spontanea (Harms) Hepper (Hepper, 1963; Pasquet et al., 1999). Both wild and cultivated
bambara groundnut have a chromosome number of 2n=2x=22 (Frahm-Leliveld, 1953; Smartt,
1990).

Bambara groundnut is an indigenous African crop and cultivated in wide parts south of the
Sahara at elevations up to 1600m. It is also found in parts of South and Central America,
South and South-East Asia and Northern Australia (Kadam et al., 1989; Linnemann & Azam-
Ali, 1993). According to the FAO production statistics, 76,300 tonnes of “bambara beans”
were produced worldwide in 2007 (FAO, 2009). However, these data are to be treated with
care. Only four countries are listed (Burkina Faso, Cameroon, Democratic Republic of Congo,
and Mali) and most figures are based on estimates. Significant statistics may indeed be hard to
obtain as bambara groundnut is almost exclusively grown by small-scale farmers for
subsistence. Only the surplus is sold on local markets. It is assumed that 100 million Africans
regularly consume this crop (National Research Council, 2006) and for 1982, global
production was estimated at 330,000 tonnes (Coudert, 1984) with Nigeria being the main
producing country (100,000 tonnes) and considerable yields in Burkina Faso, Niger,
Mozambique, and Ghana (Duke, 1981; Begemann, 1988; Linnemann & Azam-Ali, 1993). It
is considered the third most important legume in Africa after cowpea and peanut (4rachis
hypogaea L.) (Howell et al., 1994). In more arid parts of sub-Saharan Africa like Namibia, it
is second only to cowpea (Fleiner, 2006).

Bambara groundnut is primarily grown for its seeds which are a nutritious source of protein
for human consumption. Like in other beans, seeds can be processed into versatile foods such
as snacks, pastes, porridges, relishes, sauces, or vegetable milk, either solely or in
combination with cereals (Kadam et al., 1989; Obizoba & Egbuna, 1992; Brough et al., 1993;
Linnemann & Azam-Ali, 1993; Alobo, 1999; Amadi et al., 1999; National Research Council
2006). The occasional use of the haulm as fodder for pigs and poultry has also been reported
(Doku & Karikari, 1971).
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At present, no improved bambara groundnut cultivars exist. Growers save their own seed for
the next season or buy seed from the market, where usually seed mixtures are sold (Massawe
et al., 2005). The main criterion for distinguishing seed lots are testa colour and pattern. Plant
morphology, however, does not show much apparent variability (Smartt, 1990). As there is no
supra-regional market for bambara groundnut, it is unlikely that seeds from differing
environments or production systems are mixed. Consequently, this form of unintentional
selection leads to the evolution of populations containing a mixture of genotypes with a
common appearance and a continuous adaptation to a specific environment. This meets the
definition of an (autochthonous) landrace as proposed by Zeven (1998). In bambara ground-
nut, landraces are usually named after the site of cultivation or collection and seed colour.

Beside several national genebanks with local germplasm collections, the International
Institute of Tropical Agriculture (IITA) holds the largest collection with currently 2030

accessions from 26 countries (as at August 2009).

1.2 Water-deficit stress
1.2.1 Background

The availability of adequate amounts of freshwater is an essential requirement for all forms of
agriculture. Of all freshwater used by humans, 80-90% are allotted to this area, and crop
production accounts for most of that (Savenije, 2000; Hamdy et al., 2003). As such a large
withdrawal has already contributed to major ecological impacts in many parts of the world,
e.g. salinisation and desertification in Central and South Asia, Australia, parts of Central and
South America, Australia, and the Sahel and Southern Africa, it is obvious that the further
exploitation of freshwater resources is not feasible. Although, in the light of global climate
change, total precipitation on earth is even expected to increase, the area under drought has
been observed growing due to higher evaporative demands caused by rising temperatures.
Regional droughts are becoming more frequent, prolonged and more intense. The most
affected are regions where soil moisture is already limited, i.e. the tropics and subtropics
(Solomon et al., 2007). This dilemma is enforced by the fact that most developing countries
are located in these areas. While there have been dramatic famines in the recent past, the
situation will aggravate in the near future as these countries are characterised by a rapidly
growing population.

From the 1960’s on, the so-called green revolution boosted crop production by introducing
improved crop varieties and agricultural practices and thus alleviated hunger and poverty by
an estimated 6-8% in the Tricont (Asia, Africa, and Latin America) (Evenson & Gollin,
2003). However, it is widely acknowledged that conventional plant breeding in world crops
like maize, wheat and rice is meeting its limits and will not lead to any further significant

yield increases. The use of inorganic fertilisers and pesticides, too, is on the one hand more or
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less exploited in the biological sense; on the other hand it is restricted to bigger agro-
economic units and pushes the boundaries of small-scale farmers. Furthermore, these actions
added to the problem of water scarcity. Therefore, increasing crop production and hence food
security in a sustainable, water saving way will be one of the greatest challenges for mankind

in the 21* century.

1.2.2 The impact of water-deficit on plants

Abiotic stress factors are estimated to account for losses of 51-82% of the potential yield in
annual crops (Bray et al., 2000). The most detrimental one is certainly soil water-deficit,
particularly given that environmental stresses as high temperature, freezing and salinity are
usually accompanied with or result in water deficit.

There is hardly a physiological process in plants which is not affected when the amount of
water transpired exceeds the amount of water available (McKersie & Leshem, 1994).
Alterations in the water balance are primarily manifested as a disturbance of photosynthesis.
The first response to water-deficit is stomata closure to prevent further tissue dehydration
which results in a limited carbon dioxide uptake. Consequently, the declining photosynthetic
activity negatively affects further vegetative growth and the redirection of assimilates towards
storage or reproductive organs. In the worst case, flowers and fruits may be shed. Another
effect is that under more severe water-deficit, excess light energy cannot be sufficiently
dissipated by carbon fixation in the Calvin cycle as the main electron sink. Instead, electrons
are transferred to oxygen molecules which leads to the formation of reactive oxygen species
(ROS). The primary intermediate of oxygen reduction, superoxide (Oy"), is not highly reactive
itself. However, it is subsequently dismutated to hydrogen peroxide (H,O,) and can, together
with the latter and in the presence of metal ions (e.g. Fe*" and Fe'"), react to form hydroxyl
radicals (OH). In C; plants, H,O, is also produced at high rates in the photorespiratory
pathway when CO; is limited. Furthermore, electronic excitation of molecular oxygen may
involve the formation of singlet oxygen (102) (Bowler et al., 1992; Smirnoff, 1993; Asada,
1999, Noctor et al., 2002). These ROS are described to play a role in degrading proteins, e.g.
the D1 protein of photosystem II (Giardi ef al., 1996) and proteins involved in the Calvin
cycle (Maroco et al., 2002), damaging nucleic acids and, most frequently measured, lipid
peroxidation (Smirnoff, 1993). The breakdown of lipids leads to the impairment of cell
membranes and thus the collapse of cellular compartmentation or even cell leakage.

Aside from biochemical aspects, membrane disruption can also occur through mechanical
damage when, due to cellular water loss, the vacuole shrinks and the cytosol is subject to
internal tension changes (Wilson et al., 1987). In addition, water transport within the xylem
can be considerably inhibited through cavitations and embolism (Choat ef al., 2003).
Although floral initiation may be promoted, another important effect of water-deficit is

irreversibly reduced pollen viability (Turner, 1993) resulting in decreasing yields, especially
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in combination with low atmospheric relative humidity and high temperature (Schoper et al.,
1987).

Most of these factors mentioned bear on morphological consequences. Growth of both aerial
parts and roots may be suppressed. While the latter may restrict water uptake even more,
reduced photosynthetically active tissue negatively affects yield. In case water availability
falls below the permanent wilting point, the stomata of most mesophytes lose their ability to
close under stress. Complete desiccation of tissues and, accordingly, death of leaf tips, whole

leaves or the whole plant are the consequences (McKersie & Leshem, 1994).

1.2.3 Plant adaptation to water-deficit

As plants often face water-deficit during their life cycle, be it for a short time during the
midday hours or for longer periods in dry seasons, it is clear that they have evolved manifold
ways to cope with it. In general, it is possible to divide these strategies into three groups.
Plants may escape drought by completing their life cycle before water-deficit occurs. This
involves a high degree of developmental plasticity and is of particular significance in
environments with periodic rainfalls such as the semi-arid sub-tropics and savannahs. The
water stored in the soil is used most efficiently through high rates of growth and gas exchange
during the short period of available moisture. At the onset of drought, assimilates are shifted
towards developing fruits, leading to successful reproduction before severe stress precludes
further plant growth.

Another strategy is the avoidance of tissue dehydration. This is achieved by minimising water
loss and/or maximising its uptake. While due to limited carbon resources, enhanced root
growth is usually not possible, it has often been observed that the proportion of assimilates
invested in the roots decreases less than in leaves and stems, resulting in an increased
root/shoot dry matter weight ratio. Deep rooting capacity and fine root branches are a general
feature of many dryland crops. Reductions in specific leaf area are not the only way to reduce
transpiration. The above-named abortion of tissue may also be regarded as beneficial in this
context. Shedding of older leaves allows the reallocation of nutrients to younger ones, stems,
roots and fruits. Adaptation also becomes manifest in leaf morphology. A thick layer of
cuticular wax may reduce leaf dehydration through non-stomatal water-loss and also decrease
radiation load to leaf surfaces by enhanced light reflexion. Trichomes work in a similar way.
Leaf wilting, curling, rolling and steepening leaf angles diminish exposure to sunlight and
thus alleviate the precarious effects of excess radiation under water-deficit.

The third group is characterised by tolerance to low tissue water potential. Apart from
structural adjustment of cells through more rigid cell walls or smaller cells, osmotic
adjustment can play an important role here. The accumulation of ions (potassium, sodium and
calcium) and compatible solutes in the cells lowers the osmotic potential and help the plant in

maintaining water absorption and cell turgor under dehydration. Prominent osmotically active
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compounds include proteins and amino acids, methylated quarternary ammonium compounds,
hydrophilic proteins, carbohydrates and cyclitols. Furthermore, there is evidence showing
osmoregulators being capable of stabilising enzymes.

As another tolerance strategy, plants have evolved effective mechanisms to detoxify reactive
oxygen species. A number of antioxidant enzymes as well as non-enzymatic compounds are
available (Levitt, 1980; Blum, 1996; Bohnert & Sheveleva, 1998; Reynolds et al., 1999;
Chaves et al., 2003; Yokota et al., 2006).

An overview of gene and gene product groups with significant accumulation under water-

deficit conditions is presented in the following.

1.2.3.1 Late embryogenesis abundant proteins

The accumulation of non-storage proteins was first described in ripening cotton seeds (Dure et
al., 1981), with concentrations at up to 4% of cellular protein (Roberts et al., 1993).
Accordingly, these were termed late embryogenesis abundant (LEA) proteins. Their
occurrence and abundance in other dehydrated tissues has been shown in many plants (Ingram
& Bartels, 1996), but they have also been found in bacteria and lower animals (Stacy &
Aalen, 1998; Gal et al., 2004). Traditionally, based on their amino acid motifs, LEA proteins
are divided into three major and two or three minor groups (Dure ef al., 1989; Bray, 1993;
Ramanjulu & Bartels, 2002). However, both grouping and nomenclature are not consistent in
the literature (Tunnacliffe & Wise, 2007). Recently, Hundertmark & Hincha (2008) dissected
the 51 Arabidopsis LEA genes from the NCBI database into nine clusters.

LEA proteins have a biased amino acid composition conferring hydrophilicity and heat
stability in solution (Tunnacliffe & Wise, 2007). Furthermore, they usually lack the amino
acids cysteine and tryptophan (Bray, 1993). Despite their ubiquitous abundance in water-
deficit stressed tissues, little is know about their functions. Dure (1993) proposed LEAs being
capable of sequestering ions, possessing enhanced water binding capacity and functioning as
chaperones, i.e. molecules that assist other proteins in maintaining or regaining their
secondary structure. More recent data additionally suggest LEAs playing a role in the
formation of cytoskeletal filaments, interacting with nucleic acids, scavenging ROS, and
possibly regulating transcription or signalling (Wise & Tunnacliffe, 2004; Tunnacliffe &
Wise, 2007).

1.2.3.2 Osmolytes and soluble sugars

Osmotic adjustment refers to the accumulation of compatible solutes in order to lower the
cellular osmotic potential and thus maintain the driving gradient for water uptake under
limiting conditions. Three major groups are described to act as compatible solutes: amino

acids, quaternary amines and sugars or sugar alcohols.
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The amino acid proline is often found to accumulate in dehydrated tissues. Gene expression
studies revealed up-regulation of its two anabolic enzymes A'-pyrroline 5-carboxylate (P5C)
synthase and P5C reductase and simultaneous down-regulation of its catabolism through
proline dehydrogenase (Yoshiba et al., 1997). In addition to its role in osmoregulation, proline
functions as a major structural component of plant cell walls (Nanjo et al., 1999).

Glycine betaine is the most common example of a quaternary amine serving as a compatible
solute. Two (mutually exclusive) ways of stabilising molecule structures and activities were
proposed: either direct interaction with macromolecules or the formation of hydration shells
around target complexes. However, there are species-dependent differences. While barley and
spinach accumulate glycine betaine in high concentrations, Arabidopsis and tobacco do not
synthesise this compound (Sakamoto & Murata, 2002).

The most effective osmoprotectant sugar is trehalose. However, in plants, sucrose appears to
be the usual soluble sugar (Crowe ef al., 1992) although monosaccharides also are considered
an important factor. This has been concluded from the coordinated induction of hydrolytic
enzymes such as amylases and invertases under water-deficit (Keller & Ludlow, 1993;
Pinheiro et al., 2001). In the face of reduced carbon assimilation, concentrations of soluble
sugars seem to be relatively constant, whereas starch contents decline (Chaves, 1991). Koster
(1991) suggested glass formation being a possible way for sugars protecting cellular
structures. Liquids become supersaturated through the presence of sugars and enter the state
of plastic solids rather than solutes crystallising and disrupting membranes. Sugars have also
been shown to directly protect membranes and proteins in vitro, possibly by replacing water
molecules and altering physical properties through the formation of hydrogen bonds (Crowe
etal., 1992).

Although osmotic adjustment is considered one of the crucial processes in plant adaptation to
drought, the accumulation of compatible solutes often is not sufficient to significantly
decrease the osmotic potential (Ramanjulu & Bartels, 2002), at least until severe desiccation
occurs (Chaves et al., 2003). Therefore, osmolytes may also be involved in other protective

mechanisms like scavenging ROS (Zhu, 2001).

1.2.3.3 Antioxidants

As outlined above, the increased formation of ROS is one of the main deleterious
consequences of limited water supply. However, ROS are also an inevitable by-product of life
for any aerobic organism. Accordingly, mechanisms to detoxify ROS exist in all plants
(Bohnert & Sheveleva, 1998). While these usually suffice under normal conditions, the
capacity of the antioxidant system is a critical factor for plant performance under stress. As no
scavengers of hydroxyl radicals are known, the only strategy is to avoid its generation through
inhibiting precursor reactions involving O, and H,O, (Apel & Hirt, 2004). A number of

enzymatic and non-enzymatic pathways are available.
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Superoxide dismutase (SOD) enzymatically converts O, to H,O,. Three isoforms are known
and classified according to their metal cofactors. Copper/zinc-SOD is found in the cytosol and
plastids; manganese-SOD is present in mitochondria and iron-SOD in plastids (Bowler et al.,
1992; Bohnert & Sheveleva, 1998). H,O, can subsequently be detoxified by various
pathways. In the ascorbate-glutathione cycle, H,O, is reduced into H,O by oxidising
ascorbate which is catalysed by ascorbate peroxidase (APX). Ascorbate is regenerated either
directly via monodehydroascorbate reductase or via oxidation of glutathione, which is
regenerated using glutathione reductase. Both reactions require NAD(P)H as reduction
equivalent and thus consume energy. The glutathione peroxidase cycle works in a similar
way, but its catalysing enzyme glutathione peroxidase (GPX) uses glutathione directly as the
reducing equivalent (Apel & Hirt, 2004). Another H,O, scavenging enzyme is catalase
(2 H,0, > 0O, + 2 H,0), which is located in peroxysomes. It does not consume reducing
power and shows a high reaction rate, but has poor affinity for H,O, (Willekens et al., 1997).

In addition to the cellular redox buffers ascorbate and glutathione, which can also directly
scavenge ROS without APX and GPX (Noctor & Foyer, 1998), many non-enzymatic
antioxidants were described. These include isoprenoids, such as the carotenoids S-carotene
and zeaxanthin, tocopherols or carnosic acid (Havaux, 1998; Demmig-Adams & Adams,
2002; Munné-Bosch & Allegre, 2003) and phenylpropanoids, such as hydroxycinnamic acids,
flavonols and anthocyanins (Chalker-Scott, 1999; Close & McArthur, 2002; Tattini et al.,
2004), which, in contrast to the enzymatic detoxification systems, are also capable to quench

singlet oxygen (Smirnoff ef al., 1993).

1.2.4 Water deficit stress sensing and signalling

The first step in generating a biochemical response to water-deficit is the recognition of a
stimulus at the cellular level. It is still unclear what aspect of water loss is actually perceived.
The decrease or loss of turgor itself or its effects on cell wall-plasma membrane interactions
or the change in the osmotic potential across the plasma membrane may come into
consideration to be the trigger of the stress response (Bray, 1997; Shinozaki & Yamaguchi-
Shinozaki, 1997). The hybrid-type histidine kinase ATHKI1 from Arabidopsis thaliana, a
transmembrane protein with two hydrophobic regions, was described as being
transcriptionally upregulated in roots as a response of external osmotic changes and
displaying functional similarity to osmosensors in yeast (Urao ef al., 1999).

After stress sensing, the signal is mediated through a signal transduction cascade involving
several protein phosphorylation and dephosphorylation events. A number of Ca*" dependent
(CDPK) and mitogen activated (MAPK) protein kinases, and kinases that in turn
phoshphorylate MAPKs, have been reported relaying the dehydration signals from the plasma

membrane to the nucleus (Jonak et al., 1999; Sanders et al., 1999; Ramanjulu & Bartels,
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2002). An important role in signal transduction has been attributed to elevated levels of
cytosolic Ca** (Sanders ef al., 1999; Knight & Knight, 2001).

These early responses induce the biosynthesis of abscisic acid (ABA) (Bray, 2002), with the
key regulatory step being catalysed by 9-cis-epoxycarotenoid dioxygenase (Qin & Zeevaart,
1999). ABA is well-know to induce de novo expression of both structural and functional
genes under water-deficit stress. Shinozaki & Yamaguchi-Shinozaki (1997) proposed the
existence of two ABA-dependent pathways. One leads to the expression of genes that do not
require protein biosynthesis for their expression. These possess abscisic acid response
elements (ABREs), which have a core ACGT-containing G-box and are bound by bZIP
transcription factors (Chaves et al., 2003). The second ABA dependent pathway contains
genes that do depend on protein synthesis for their expression. MYB and MYC transcription
factors fall into this group, but there are also bZIP proteins. Due to the additional
transcriptional regulation, genes mediated by this pathway are assumed to react rather slowly
to water-deficit conditions. However, the existence of water-deficit-inducible genes that do
not require ABA has also been shown. Those genes carry a conserved dehydration responsive
element (DRE) in their promoter regions, which does not function as an ABRE, and are
inducible by exogenous ABA and cold. Moreover, a class of water-deficit-inducible genes do
not respond to ABA and cold treatment (Shinozaki & Yamaguchi-Shinozaki, 1997).

The signal in this transduction cascade is enhanced by several second messengers.
Phospholipase D, activated by Ca®", catalyses the synthesis of phosphatidic acid (PA) which
in turn activates phospholipase C. The latter hydrolyses phoshphatidylinositol 4,5-biphosphate
into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP; releases Ca®" from
intracellular stores in the cytoplasm. DAG is phosphorylated to PA by DAG kinase (Meijer &
Munnik, 2003). ROS can also act as second stress messengers, either through the induction of
MAPK cascades, by oxidising components of the signalling pathways or by directly
regulating the activity of transcription factors (Kovtun et al., 2000; Apel & Hirt, 2004). In
addition, sugars are attributed a role in plant stress signalling and coregulating ABA- and
stress-inducible genes (Rolland et al., 2002).

ABA is not the only plant hormone controlling dehydration stress-induced gene expression.
Senescence-related ethylene triggers another signalling pathway and affects growth by
interacting with ABA (Morgan & Drew, 1997; Sharp & LeNoble, 2002).

It is difficult to describe an integrated model of signal transduction and gene regulation
pathways under water-deficit. The complex network of stress responses not only regulates
itself through the multiple functions of its components (e.g. Ca>*, hormones, phospholipids,
ROS, sugars), but pathways also converge at certain junctions (Knight & Knight, 2001). A
prominent example is the A. thaliana rd29A4 gene which contains both a DRE and an ABRE
motif (Narusaka et al., 2003) and thus canalises branches. Furthermore, uncoupling water-
deficit stress from other stresses does not represent natural situations. Different types of stress

may lead to responses with overlapping pathways that interact with each other. The
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expressions of CBF (also known as DREBI) and DREB? transcription factors are induced by
cold and dehydration, respectively, but share a DRE binding site (Liu et al., 1998).

1.2.5 Breeding for water-deficit tolerance

The above sections show that water-deficit stress is a multidimensional stress. It is obvious
that resistance strategies are not mutually exclusive. Instead, evolution has directed plants to
find individual ways for making the most out of the dilemma of growth or protection.
However, in an agricultural context, mere plant survival, as it is typical for desert succulents
or resurrection plants, does not meet the demands of appropriate food production in drought-
prone environments. Therefore, water-deficit tolerance has to be defined in terms of yield in
relation to a limited water supply (Passioura, 1996).

Although the problem of more frequent droughts has been common for several decades,
traditional plant breeding for water-deficit tolerance has been rather ineffective. Reasons for
this are to be found in the complexity of the stress itself, its unpredictability and its interaction
with other abiotic and biotic stresses. Furthermore, breeding approaches have missed
focussing on target environments, leading to the release of cultivars which are superior under
favourable conditions but are not adopted by farmers in drought-prone areas, where
agriculture is characterised by low inputs in irrigation, fertilisation and crop management
(Ceccarelli & Grando, 1996). Hence, a gap between yield potential under optimal condition
and actual yields under stress arises and yield stability for differently challenging
environments often is not granted (Cattivelli ef al., 2008).

Nevertheless, most of the progress made in improving water-deficit tolerance is accredited to
conventional breeding. Accelerating the creation of tolerant cultivars through molecular
concepts inevitably involves quantitative trait loci (QTLs) due to the polygenic nature of the
trait (Reynolds & Tuberosa, 2008). However, the practical application of marker-assisted
selection (MAS) for QTLs conferring water-deficit tolerance also bears difficulties. The high
variability in stress types (timing, duration and intensity) together with other environmental
factors, and the plethora of genes interacting with each other lead to QTLs of low heritability,
which may not be valid when detached from the genomic background of the mapping
population (epistasis) (Francia et al., 2005). Association mapping may be helpful to overcome
this problem as it incorporates thousands of recombination and selection events (Syvénen,
2005) in contrast to segregation mapping. The risk of high genotype-by-environment
interaction implies that only major QTLs can be mapped with enough precision (Witcombe et
al., 2008). Furthermore, QTL confidence intervals can span several hundred genes, hampering
the linkage of molecular markers to functional genes.

Using structural genomics associated with trait-based approaches requires detailed knowledge
of the physiological and molecular basis of water-deficit tolerance in order to dissect

candidate traits. Functional genomics is therefore most suitable to complement forward
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genetics (trait to gene). Such a ‘bottom-up’ approach, i.e. from the gene to the phenotype,
allows the direct discovery of genes of significance minimising linkage drags between
markers and QTL component genes, can provide information about the traits underlying
tolerance and create the basis for choosing genes or gene combinations for genetic

engineering (Witcombe ef al., 2008).

1.3 The BAMLINK project

Out of around 7,000 cultivated edible plant species, only 30 are used to meet 95% of the
world’s food energy needs (FAO, 1997). Three cereals, wheat, rice and maize, alone account
for more than half of the global plant-derived energy intake. Thus, food security stands on
shaky grounds. None of the three crops have their centres of diversity in Africa, which means
that any breeding effort may be limited by the non-existence of material adapted to the
resource-poor and climatically vulnerable regions of sub-Saharan Africa. Against this
backdrop, BAMLINK, a European Union Framework 6 project was launched in 2006, which
aims to promote the use of indigenous, under-utilised crops for food security in semi-arid
environments. Hammer et al. (2001) distinguished between under-utilised crops, which were
formerly widely grown and consumed and have fallen or are falling into disuse and neglected
crops, which have been ignored by science and development but are still being used in areas
where they are well adapted and competitive. In parallel, the less well defined term ‘orphan
crops’ is often found in the literature. Bambara groundnut was chosen as a case study for this
project and meets the criteria of both under-utilised and neglected crops. Being displaced by
the South American peanut, which is similar in habit but different in terms of use and climatic
adaptation, no supra-regional markets exist, not to mention improved cultivars. At the
moment, there is no research mandate for a Consultative Group on International Agricultural
Research (CGIAR) centre. Further reasons limiting the use of bambara groundnut are low
and/or unpredictable yields, the long time needed for cooking and processing and
stigmatisation as a ‘poor people’s food’ or ‘women’s crop’ (Brough et al., 1993; Mayes et al.,
2009). Nevertheless, it bears key features that make it an appropriate crop for developing
countries. On the socio-economic side, bambara groundnut has the potential to command a
high market price (Coudert, 1984). Furthermore, the seeds have a well balanced nutrient
composition. The reported approximate chemical composition is ash 3-5%, fat 6-8%,
carbohydrates 53-65% and crude protein 17-21% (Enwere & Hung, 1996; Amarteifio &
Moholo, 1998; Onimawo et al., 1998). For six of eight essential amino acids, bambara
groundnut scored at or above the WHO reference protein (FAO/WHO, 1973) and was thus
among the three plants with highest protein quality in a survey of 24 indigenous plant species
of Burkina Faso (Glew et al., 1997). Other authors additionally reported high lysine contents
(Nwokolo, 1987; Brough & Azam-Ali, 1992), the most limiting essential amino acid in
cereals (Nelson, 1969). Hence, bambara groundnut may serve as an ideal supplement to a

cereal-based diet. Its agronomic key traits are symbiotic fixation of atmospheric nitrogen
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(Linnemann, 1991), as is common to most legumes, and the potential to produce significant
yields under conditions of soil moisture stress where other crops fail (Linnemann & Azam-
Ali, 1993; Collinson et al., 1996).

Underpinning a multi-disciplinary, international effort linking agronomic, nutritional and
socio-economic aspects is a genetic analysis of bambara groundnut. Within the BAMLINK
programme, the focus of the work presented was to exploit the availability of novel high-
throughput technologies in order to create molecular information in a rapid and cost-efficient

manner.

1.3.1 Genetic diversity

Diversity studies on bambara groundnut were previously carried out using morphological
(Schenkel et al., 2002; Ntundu et al., 2006) and biochemical markers (Odeigah &
Osanyinpeju, 1998; Pasquet et al., 1999). However, both approaches are capable of detecting
only a limited degree of variation (Orozco-Castillo et al., 1994; Johns et al., 1997) and thus
provide little insight into the true structure of populations. Furthermore, morphological traits
are often subject to environmental influences, which may result in low stability of markers
across environments (Alamerew et al., 2004).

These limitations can be overcome by the use of DNA-based molecular markers. However,
according to its status as an under-utilised crop, no ex ante sequence information exists for
bambara groundnut. This complicates the application of genetic marker techniques such as
simple sequence repeats (SSRs) or single nucleotide polymorphisms (SNPs), which require
laborious and costly preliminary work. Two sequence-independent genetic marker analysis
methods, random amplified polymorphic DNA (RAPD; Amadou et al., 2001; Massawe et al.,
2003) and amplified fragment length polymorphism (AFLP; Massawe ef al., 2002; Singriin &
Schenkel, 2003; Ntundu et al., 2004), were successfully implemented in bambara groundnut.
Yet these techniques suffer from various constraints, too. Relying on size-separation of DNA
fragments using gel electrophoresis, difficulties may arise in accurately determining
fragments lengths. Moreover, bands of identical sizes do not necessarily represent the same
allele at the same locus (Huttner et al., 2005). Thirdly, throughput is limited for gel-based
systems and usually several experiments are required to obtain a full dataset, which bears the
risk of scoring experimental variation, even more so, if analyses are conducted in different
laboratories.

To deal with these difficulties, Diversity Arrays Technology (DArT) was developed and first
published for rice by Jaccoud et al. in 2001. Since then, this method has been applied to more
than 50 organisms, including mostly major and minor crops, but also animals and microbes
(www.diversityarrays.com; as at July 2009). The principle of DArT is illustrated in Figure 2.
The first step in DArT involves assembling a group of DNA samples representative of the

germplasm to be analysed, further referred to as diversity panel. Pooled samples are then
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subjected to a complexity reduction method, i.e. a process which reproducibly selects a
defined fraction of genomic fragments (genomic representation). While a number of
complexity reduction methods are conceivable, the currently preferred system relies on
restriction enzyme digestion, adapter ligation and selective amplification of adapter-ligated
fragments. Usually, a combination of a frequently cutting restriction endonuclease (4bp
recognition site) and a rare cutter, in most cases Pstl (6bp recognition site), are chosen.
Thereafter, adapters are ligated to Ps¢I ends and fragments are PCR-amplified using primers
complementary to the adapters. Thus, only fragments carrying PstI overhangs are retained and
form a genomic representation. These fragments are used to construct an E. coli marker
discovery library. Individual clones are picked, inserts are amplified and spotted onto glass
slides as molecular probes (=discovery array).

Array development (probes) Genotyping assay (targets)
Rare cutter Frequent cutter
N R I B sample X —f———4—4—8—
o
o —i— i ——
S B B Sample Y —i——————
l Complexity reduction l + labelling
(selective amplification)
I | R
—_— E--4
Clone /
fragments Hybridise
00000000
> Q0000000
( ) . 00000000
Amplify and 00000000
array inserts 00000000
l Scanning
X [@0000000 00000000| >
2 10000 00000000 | &
: 99985582 |98299580 ¢
& 16)2)0000(6 ’8)3000068 &

g

Score present vs. absent clones and assess polymorphic markers

Fig. 2. Simplified scheme of DArT array development and genotyping (after Jaccoud et al.,
2001 and Kilian et al., 2005). Explanations are given in the text.
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In the same way, genomic representations are prepared from individual genotypes and
labelled using a fluorescent dye. These targets are then hybridised to the discovery array,
scanned and scored as present or absent using specifically designed software tools. By
comparing hybridisation profiles from different individual genomes, clones are identified as
polymorphic markers if hybridisation differences are found between genotypes. Thus, DArT
delivers biallelic markers behaving in a dominant (present vs. absent) way. The microarray
format allows for typing of thousands of loci in parallel, which, compared to other genetic
marker systems, significantly reduces the costs per data point once the platform is developed
(Wenzl et al., 2004; Huttner et al., 2005; Kilian et al., 2005).

1.3.2 Gene expression profiling

So far, no gene expression studies were conducted in bambara groundnut. Similarly to
diversity analysis, a technology platform is needed that allows for generation of information
specific for bambara groundnut. However, most tools for gene expression analysis rely on the
availability of molecular probes, such as Northern blot hybridisation (Alwine et al., 1977), in
situ hybridisation (Lawrence & Singer, 1985), real-time quantitative PCR (Heid et al., 1996)
and cDNA array technologies (Schena et al., 1995).

The methods mentioned above are based on quantitatively measuring the intensity of
fluorescently or radioactively labelled hybridised nucleic acids. The concept of gene
expression analysis by massively parallel signature sequencing (MPSS) was introduced
around the turn of the millenium (Brenner et al., 2000; Reinartz et al., 2002) and pursues a
different strategy. In brief, mRNA is converted to cDNA and individual strands are ligated to
microbeads. These are then arrayed in a plate format and sequenced in a parallelised assay.
Counting the number of transcripts finally provides a digital measure of gene expression. In
its principle, this approach resembles expressed sequence tags (EST) sequencing projects
(Adams et al., 1991). Due to the absence of cloning into bacterial vectors, physical separation
of clones and individual template processing, MPSS achieves a far greater throughput than
conventional Sanger sequencing with respect to sequence tag abundance. However, the initial
technology produced signatures of only 16 to 20 nucleotides per cDNA strand (Brenner ef al.,
2000) compared to typically 300 to 400 nucleotides for ESTs submitted to the National Center
for Biotechnology Information (NCBI) EST database (Boguski et al., 1993). The recent
launch of so-called ‘next-generation sequencing’ platforms has addressed to this limitation.
The first of these technologies to reach the market was the ‘454 Sequencer’ in 2005,
developed by 454 Life Sciences, Branford, and acquired by Roche, Basel, under the name of
Genome Sequencer™ 20 (Rothberg & Leamon, 2008). The introductory paper by Margulies
et al. (2005) described little more than 300,000 high-quality reads at 110 bases average length
obtained in a single four-hour run. Since then, a number of plant transcriptome studies have

been published, including the assembly of full-length cDNA in Medicago truncatula (Cheung
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et al., 20006), Arabidopsis thaliana (Weber et al., 2007), maize (Emrich et al., 2007) and pea
(Brautigam et al., 2008). In contrast to the traditional chain-termination method, the 454
technology utilises a sequencing-by-synthesis approach. In brief, nucleotide species are
individually flowed over plates containing clonally amplified cDNA strands. After adding the
substrates luciferin and adenosine 5’-phosphosulfate, pyrophosphate is released and a light
signal is generated each time a nucleotide is incorporated into the complementary strand
(pyrosequencing). This signal is then recorded by a highly sensitive camera and automatically
processed into coherent nucleotide sequences (Margulies et al., 2005). More details are given
in the materials and methods section.

In terms of read length, the 454 platform outperforms other ‘next-generation sequencing’
technologies such as Illumina and SOLiD, whereas the latter deliver more reads (Mardis,
2008). For counting-based applications, greater abundance of sequence tags allows for
increased depth of analysis. However, for the approach presented for bambara groundnut,
only the 454 technology provides sufficient read length. As described for maize by Eveland et
al. (2008), cDNA populations were digested using a 4bp restriction enzyme and the fragments
containing a polyA-tail were isolated for sequencing. Thus, the vast majority of sequence tags
originate from the 3’-untranslated regions (3’-UTR) of the transcripts. As this region is highly
specific for individual species and no bambara groundnut sequence is deposited in public
databases, homology search in related species may be challenging with shorter reads.
Secondly, it was intended to design 50-mer oligonucleotide probes from the MPSS-derived
sequence tags for validation of the MPSS data and analysis of a further experiment. Read
lengths between 30 and 40 bases, as achieved through the Illumina and SOLiD platforms
(Mardis, 2008), would be too short for such a purpose.

1.4 Objectives of the work
As part of the BAMLINK project, the objective of this work was to create fundamental

genetic information for bambara groundnut using a cost- and time-efficient methodology. In
detail, the goals were divided into two parts.

The first part dealt with genetic diversity in bambara groundnut. It was intended a) to develop
a DArT array containing at least 300 polymorphic markers for whole-genome profiling and
future mapping purposes, b) to genotype a significant proportion (around 20%), ideally
representative of geographic distribution and genetic and morphological diversity, of bambara
groundnut accessions held at the IITA and landrace individuals used by project partners, c) to
estimate genetic diversity within the cultivated subspecies and supply information about its
population genetic structure and d) to genotype individual genotypes of the six core landraces
to gain insight into intra-landrace variation. Due to limited technical equipment, laboratory
work on array development and genotyping was carried out as a sub-contract to Diversity

Arrays Technology Pty Ltd (Yarralumla, Australia).
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The second part focussed on the molecular genetic investigation of the water-deficit stress
response in bambara groundnut. The goals were e) to establish the MPSS technology coupled
with 454 pyrosequencing in an under-utilised crop, f) to generate ESTs for bambara
groundnut, g) to extract expression profiles for genes under water-deficit stress using
differently adapted genotypes in a fully controlled environment, h) to attempt to integrate
these profiles into the complex regulatory network, i) to validate MPSS-derived data by
means of a small custom-made oligonucleotide microarray, j) to investigate the behaviour of a
subset of genes in a time series experiment representing a more moderate degree of drought,
k) to identify candidate genes potentially explaining different degrees of drought tolerance in
a pair of contrasting landraces and 1) to support these molecular data by measurements at the

physiological level.
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2. Materials and methods
2.1 DArT

2.1.1 Plant materials

Thirty-eight bambara groundnut genotypes from 14 countries were chosen to form the genetic
base for the construction of a DArT marker discovery array. Selection of this diversity panel
was based on the dendrogram from Singriin & Schenkel (2003), who identified 17 clusters of
genetic similarity among 223 landraces and IITA accessions using ten AFLP primer
combinations for the enzyme system EcoRI/Msel and one SSR marker. Two preferably
distinct accessions from every cluster and four landraces were chosen in order to maximise
the coverage of genetic diversity. Single seeds were placed between two sheets of moistened
filter paper in a home-made germination device.

For array expansion and genotyping, 94 genotypes were utilised. Most of the accessions from
the initial diversity panel were included again. Furthermore, the panel was complemented
with landraces from the above-mentioned study, landraces obtained from national African
germplasm collections and additional IITA accessions from countries not included in the
primary set of genotypes. Seeds were sown in 2.51 pots and cultivated in a semi-controlled
greenhouse cabin at 28°C/23°C day/night temperature with natural daylength and
supplementary lighting until maturity. Accessions and landraces are listed in Table 15
(Appendix). For large-scale genotyping, 342 additional genotypes were raised under the same

conditions as for array expansion, with the exception of smaller pots (11cm diameter).

2.1.2 DNA isolation

Three young leaflets (ca. 0.7g) per genotype were harvested and stored at -20°C. Extraction of
total genomic DNA was carried out following the CTAB-based method after Saghai-Maroof
et al. (1984). In brief, plant material was finely ground under liquid nitrogen using mortar and
pestle and transferred to 50ml reaction tubes containing 10ml 1.5x CTAB solution (150mM
Tris-HCI1 pH 7.5, 1.05M NaCl, 15mM EDTA pH 8.0, 1.5% (w/v) CTAB, and 1.5% (v/v) j-
mercaptoethanol). Samples were briefly vortexed and incubated for at least one hour at 65°C
in a shaking water bath, followed by cooling on ice for five minutes. The suspension was
extracted twice by adding 15ml chloroform/isoamyl alcohol (24:1), overhead shaking for 20
minutes and centrifugation for 30 minutes at 2,100g and room temperature. The supernatant
(aqueous phase) was then carefully transferred to a fresh reaction tube and RNA digested
using 15ul RNase A (10mg*ml™'; Qiagen GmbH, Hilden, Germany) for around one hour at
room temperature. DNA was precipitated by adding 15ml isopropanol (-20°C), inverting and
centrifugation for 15 minutes at 2,100g and 4°C. The pellet was transferred to a 1.5ml
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reaction tube filled with 1ml 70% ethanol and washed overnight at 4°C. After brief centri-
fugation at maximum speed (13,000g), a second washing step was carried out for one hour.
Pellets were centrifuged again and the supernatant was decanted. The air-dried pellets were
finally resuspended in 50-300ul 1x TE buffer (10mM Tris-HCI ph 8.0, ImM EDTA pH 8.0),
depending on pellet size. Concentrations were estimated on ethidium bromide-stained 0.8%
agarose gels by visual comparison with bands of known concentration from Hindlll-digested
lambda DNA (Fermentas GmbH, St. Leon-Rot, Germany) and adjusted to 100ng*pl™.

2.1.3 Marker discovery and scoring

The procedure of generating DArT markers, screening for polymorphisms and genotyping
was conducted by Diversity Arrays Pty. Ltd., Yarralumla, Australia, essentially following the
methods described in Jaccoud ef al. (2001) and Yang ef al. (2006).

In order to find a suitable complexity reduction method, individual genomic DNA samples
were treated with a combination of two restriction endonucleases. Pstl was always used as the
rare cutter (restriction site 6bp), while eight enzymes (A/ul, Banll, BsoBI, BstNI, Msel, Rsal,
Tagql, and Tsp509I; all enzymes from New England Biolabs Ltd., Pickering, Canada) with a
4bp recognition site were tested as the frequent cutter. Digestion and Ps#I adapter (5’-CAC
GAT GGA TCC AGT GCA-3’, annealed with 5’-CTG GAT CCA TCG TGC A-3’) ligation
with T4 DNA ligase (New England Biolabs Ltd.) were carried out in one step. Fragments
carrying the Pstl adapter at both ends were PCR amplified using the primer 5’-GAT GGA
TCC AGT GCA G-3°, REDTaq® polymerase (Sigma-Aldrich Pty. Ltd., Sydney, Australia)
and the following PCR programme: 94°C denaturation for one minute, 30 amplification
cycles of 94°C for 20 seconds, 58°C for 40 seconds, 72°C for one minute, and a final
extension step at 72°C for seven minutes. Satisfactory results were obtained for the enzyme
combinations Pstl/Alul and Pstl/Banll, which was visualised on an agarose gel by intense and
homogeneous smears without the amplification of individual bands. The Ps#l/4/ul method
produced slightly shorter fragments and was therefore chosen for creating the initial library
for DArT marker discovery.

The PCR amplicons from the 38 samples in the diversity panel were pooled and ligated into
the pCR2.1-TOPO® vector using the TOPO cloning kit and transformed into electroporation
competent TOP10F’ (Invitrogen Pty. Ltd., Mount Waverly, Australia) E. coli cells according
to the manufacturer’s instructions. Blue/white screening for successful transformants was
done on medium containing ampicillin and X-gal. A total of 1,536 individual white colonies
were picked and inserts were amplified using M13 primers (forward: 5’-ACG ACG TTG
TAA AAC GAC GGC CAG-3’, reverse: 5’-TTC ACA CAG GAA ACA GCT ATG ACC-3’),
REDTaq polymerase and the following PCR programme: 95°C for five minutes and 35 cycles
of 94°C for 30 seconds, 52°C for 30 seconds, 72°C for one minute. The amplified inserts were

precipitated with one volume of isopropanol, washed with 70% ethanol and air-dried.
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The purified DNA fragments were resuspended in spotting buffer (1M sucrose, 50% DMSO)
and spotted in triplicates onto polylysine-coated slides using a 16-pin MicroGrid II automated
microarrayer (Genomic Solutions Inc., Ann Arbor, USA). DNA was immobilised to the slide
surface by baking at 80°C for two hours, followed by denaturation in 92°C hot deionised
water for two minutes and drying by centrifugation. These fragments served as molecular
probes for the subsequent hybridisation experiment.

In order to test the performance of this array and screen for polymorphisms, targets
complementary to the probes were produced for a subset of 32 DNA samples following the
same method as for probe preparation. Fragments were fluorescently labelled using Cy3-
labelled random decamers (Sigma-Aldrich Pty. Ltd., Sydney, Australia) and the exo-Klenow
fragment of E. coli DNA polymerase 1 (New England Biolabs Ltd.) following the
manufacturer’s instructions. Targets were mixed with ExpressHyb hybridisation buffer
(Clontech Laboratories Inc., Mountain View, USA) and FAM-labelled polylinker fragment of
the pCR2.1-TOPO vector as a reference and hybridised to the slides overnight in a humidified
hybridisation chamber at 65°C. Washing was done in three steps using SSC buffers at
different concentrations, followed by spin-drying.

Processed slides were scanned using a LS300™ microarray scanner (Tecan Group Ltd.,
Minnedorf, Switzerland) and target and reference images stored as TIFF files. These were
automatically analysed by means of the DArTsoft software, which localised spots, computed
and normalised hybridisation intensities [log(Cy3-target/FAM-reference)], calculated the
median value for replicate spots and identified polymorphic clones by using a combination of
ANOVA and fuzzy K-means clustering. Finally, a score of ‘1’ or ‘0’ (= present vs. absent)

was assigned to each marker for each genomic representation (sample).

For DArT array expansion and genotyping, 1,152 clones from the initial PstI/4Alul library
were utilised again. A new Pstl/Alul library was produced as described above using the panel
of 94 genotypes, with the exception of adding Bg/II as an additional restriction endonuclease
in the process of complexity reduction, and 4,992 colonies were picked to amplify fragments.
Moreover, a second complexity reduction method was applied replacing the frequently cutting
enzyme Alul by Taql. From this library, 1,536 Pstl/Taql clones were combined with the
clones from the two Pstl/Alul libraries and assembled into a full-size genotyping array
containing 7,680 clones. Target preparation for 94 DNA samples and hybridisation were
conducted as described above, using the Pstl/4/ul and Pstl/Taql enzyme combinations in two

separate experiments.
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2.1.4 Plasmid isolation and sequencing

Four 384-well plates with the Psfl/Alul clones in freezing medium from the initial discovery
array were received from Diversity Arrays Pty. Ltd.. Colonies were transferred into cell
culture tubes filled with 1ml LBAm, medium (10g*1" peptone, 5g*1" yeast extract, 0.6g*1"
NaCl, 100mg*1™ ampicillin, pH 7.0) and grown overnight at 37°C in an Unimax 2010 orbital
shaker (Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) at 240rpm. Plasmids
were isolated using the High Pure Plasmid Isolation Kit (Roche Diagnostics GmbH,
Mannheim, Germany) according to the manufacturer’s instructions. PCR amplification of
cloned inserts was conducted with the primer pair pBL2SK flanking the multiple cloning site
of the vector (forward: 5’-GAC TGG AAA GCG GGC AGT GAG-3’, reverse: 5°-TGC TGC
AAG GCG ATT AAG TTG-3’) and the following reaction assay: 1.5ul cell culture, 3.0ul 10x
PCR buffer (Qiagen), 0.5ul of each primer (10mM), 0.25ul ANTP mix (10mM), 0.05ul Taq
DNA polymerase (5U*ul™; Qiagen) and 24.2u] HyOpiges. Amplification was carried out in a
GeneAmp® PCR System 9600 thermocycler (Perkin Elmer, Waltham, USA) with the
programme 95°C for two minutes, 35 cycles of 95°C for 30 seconds, 55°C for 30 seconds,
72°C for two minutes, and 72°C for five minutes. PCR products were purified using
MultiScreen PCR Plates (Millipore GmbH, Schwalbach, Germany) following the
manufacturer’s instructions.

The ABI Prism BigDye® Terminator vl.1 Cycle Sequencing Kit (Applied Biosystems,
Darmstadt, Germany) was used together with the M13(-20) forward primer (5’-GTA AAA
CGA CGG CCA (CT-3’) for dideoxy chain termination sequencing. 1pl template DNA
(approx. 5ng), 2ul Reaction Mix (provided with the kit), 0.5ul primer (10mM) and 1.5ul
H;Opigest Were utilised per sequencing PCR, which was conducted in 30 cycles of 96°C for ten
seconds, 50°C for five seconds and 60°C for four minutes in the above-mentioned
thermocycler. PCR products were precipitated with one volume of isopropanol, resuspended
in 2ul FAD buffer (50mg blue dextran per ml formamide) and denatured at 95°C for two
minutes.

For size separation of the fragments generated in the sequencing PCR, samples were loaded
on a denaturing acylamide gel [6M urea, 1x TBE (89mM tris, 89mM boric acid, 2mM EDTA,
pH 83), 5% Long Ranger® Gel Solution (Lonza Rockland Inc., Rockland, USA);
polymerised using 175ul ammonium persulfate (10%) and 24.5ul tetramethylethylenediamine
per 25ml gel solution] and analysed on an ABI Prism® 377 DNA Sequencer (Applied
Biosystems, Foster City, USA). Base calling was done by means of the Sequencing Analysis
Software version 3.2 (Applied Biosystems). Sequence data were checked and, if necessary,
manually edited using the Chromas Lite software version 2.01 (Technelysium Pty. Ltd.,
Helensvale, Australia). Sequences were aligned against each other with the aid of ClustalW
software (http://www.ebi.ac.uk/Tools/clustalw/) and compared with published sequences
using the NCBI BLAST query form (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) with blastn
and tblastx algorithms (Altschul et al., 1997).
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2.1.5 Statistics and cluster analysis

Polymorphism information content (PIC), a measure of informativeness of a genetic marker,
was calculated for each marker using a simplified formula according to Anderson et al.
(1993):

PIC =1—ilp,-2

where p; is the frequency of allele i and # is the number of allelic states.
Nei’s measure of the average gene diversity within populations per locus Hs (Nei, 1973) was
estimated by the formula:

1 & 2
Hs :;;[l—qs ‘(1_qsﬂ
where £ is the total number of loci and g is the frequency of one of the two alleles at the sth
biallelic locus. Only polymorphic markers were regarded for this analysis.
Genetic similarities between samples and visualising dendrograms were computed by means
of the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc) version 2.20 (Rohlf,
2006) software package. A similarity matrix was calculated from the original binary data
matrix using the Jaccard coefficient (Jaccard, 1908). These data were hierarchically clustered
using the unweighted pair group method with arithmetic mean (UPGMA; Sokal & Michener,
1958) and a corresponding dendrogram was constructed.

The same procedure was applied in order to identify markers with common scoring patterns.

2.2 Gene expression under water-deficit stress

2.2.1 Water-deficit stress experiments

Two controlled environment (CE) water-deficit stress experiments were carried out. The first
one was conducted from October 2006 until March 2007 in order to obtain leaf material for
the construction of MPSS libraries containing differentially expressed genes. The second one,
carried out from May 2008 until October 2008, served to validate the MPSS data and display
the temporal expression kinetics of selected water-deficit stress-relevant genes using the

microarray technology.

2.2.1.1 Plant materials

As bambara groundnut only exists in the form of more or less heterogenic landraces, seeds
from the original seed lots were selected for the 2006 CE experiment in order to reduce the
risk of genotypic variation within landraces. Fifteen seeds of each landrace were chosen on

the basis of the most frequently occurring characteristics (size, shape and colour) within the
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population. Thus, by selecting for dominating genotypes, it is more likely to obtain robust
data representative of the entire landrace. Four landraces potentially differing in their
capability to tolerate water-deficit stress were chosen (Table 1) for the construction of MPSS
libraries. While landraces are generally regarded as being adapted to their areas of cultivation
and thus able to cope with the predominant stresses of the particular environment (Zeven,
1998), there is only little experimental evidence in the literature supporting this assumption
for bambara groundnut due to the lack of concerted research efforts so far. Reviewing several
glasshouse and field trials (Collinson et al., 1999; Berchie et al., 2002; Mwale et al., 2003;
FleiBner, 2006; Mwale et al., 2007) tended to rank the landraces in the following order in
terms of pod yield under water-deficit stress: DipC = AS-17 > Swazi Red > LunT. This
correlates with the annual rainfall in the respective sites of collection.

Several bambara groundnut landraces are known which achieve acceptable yields under
drought conditions by exhibiting escape mechanisms (see 1.2.3). However, as it is not clear to
what extent a shortened reproductive cycle contributes to water-deficit stress tolerance in
bambara groundnut, interpreting the results may become complicated. Thus, only landraces

with similar times to maturity (ca. 120 to 140 days after sowing) were chosen.

Table 1. List of bambara groundnut landraces and their characteristics used in the 2006 CE
experiment. N/A: not available.

Landrace Origin Annual Testa colour Growth
precipitation habit
AS-17 South Africa N/A cream with little ~ bunch

rhomboid spots
on both sides of

the hilum
DipC Diphiri, Botswana ~ 527mm cream bunch to
semi-bunch
LunT Lungi, Sierra Leone  3590mm cream to tan semi-bunch
Swazi Red  Manzini, Swaziland 1391mm dark red bunch

The 2008 CE experiment was conducted with each 18 plants of DipC and LunT. DipC seeds
were the progeny of the plant selected for the MPSS library and thus, due to the self-
pollinating nature of bambara groundnut, likely to be a pure line. This was not possible for
LunT, so that seeds from the original heterogeneous landrace were used. In order to prevent
phytosanitary problems influencing the water-deficit stress experiment, seeds were surface-
sterilised in 1% NaOCI solution for five minutes and subsequently rinsed with water for ten

minutes.
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2.2.1.2 Growing conditions

Both experiments were conducted in a growth room (VUZPHI, Heraeus-Vitsch GmbH,
Balingen, Germany) with artificial lighting. Cool white light (58W, Osram GmbH, Munich,
Germany) and GRO-LUX® (58W, Havells Sylvania GmbH, Erlangen, Germany) fluorescent
tubes at a ratio of 2:1 provided around 150pmol*m™*s™” photosynthetically active radiation.
Daylength was set to 16 hours during the vegetative phase (long-day) and twelve hours from
the onset of flowering (short-day). Temperature was set at 30°C (day) and 25°C (night) in the
first experiment, the second one was conducted under 28°C/23°C day/night temperatures due
to technical reasons. Relative humidity was 50% in both experiments.

The plants were grown in plastic pots of 19cm diameter. These were laid out with water-
permeable fleece in order to avoid loss of soil and restrict root growth but to prevent
waterlogging. Pots were filled with 3.50kg air-dried and steamed natural sandy soil (pH 4.6,
determined using the CaCl, method) collected from a sand pit near Amberg (Upper Palatinate,
Bavaria). The absence of nitrogen-fixing symbionts was compensated through using Flory® 3
(EUFLOR GmbH, Munich, Germany) compound fertiliser containing 15% N, 10% P, 15% K
and 2% micro-nutrients, which was applied three times in two-weekly intervals to reach a
total amount of 0.4g N per pot.

Before the water-deficit treatment, irrigation was carried out manually in the 2006
experiment. Each plant received 11 water per week, partitioned into three applications. In the
follow-up experiment, automatic flood irrigation was used with tensiometer settings at -90

hPa and a flooding time of five minutes.

2.2.1.3 Experimental set-up and sampling

Water-deficit treatments were initiated when all plants had begun flowering. In the first
experiment in 2006, this was the case at 52 days after sowing (DAS). As genetically identical
plant materials were not available and it was not intended to include landrace replications in
the MPSS libraries, sampling of the control variant was done before the treatment. The two
youngest fully developed leaves of each the three phenotypically most similar plants per
landrace were cut off at the petioles, immediately frozen in liquid nitrogen and stored at -80°C
until further use. Then, the weekly water dosage was reduced to 35% of non-limiting condi-
tions. After seven days of reduced irrigation (59 DAS), the same plants were sampled again.
Thereafter, irrigation was restored to non-limiting conditions in order to allow full plant
recovery and maximise seed harvest for the next experiment.

In 2008, the treatment was started at 61 DAS. Pots had been filled with excess water before
sowing and water-holding capacity was determined when no more water was dripping. The
amount of stored water in the pots was averaged and rounded to 750ml. During the stress
phase, pots were weighed daily. Watering took place in two-day intervals. Each one half of

the plants (nine plants per landrace; complete randomisation) was replenished to 100% pot
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water-holding capacity, neglecting plant weight, to serve as control plants. The treated variant
was watered to one third of the water-holding capacity (total pot weight 3.75kg,
corresponding to 250ml water; Fig. 3). The water-limited treatment was applied for nine days.
Calculated to the average water dosage per seven days, this resulted in 994 and 1020ml for
DipC and LunT reference plants, respectively, and in 358 and 370ml for stressed DipC and
LunT, respectively. Thus, values were comparable to the 2006 experiment (1000 vs. 350ml).
From 70 DAS on, all plants were subjected to the non-limiting watering regime. Samples of
both variants were collected at six dates, viz. after one, two, four and eight days of reduced
irrigation (1RI, 2RI, 4RI and 8RI), and after one and three days of restored full irrigation
(1IREC and 3REC) in order to investigate gene expression during the recovery from water-
deficit stress (Fig. 3). Four leaflets from the youngest fully developed leaves were harvested
from each three preselected plants per landrace (biological replications) at every sampling
date. Due to limitations in space and seeds, plants had to be sampled twice. Intervals between
samplings were maximised in order to keep potential sampling effects as low as possible.
Moreover, all samplings were carried out at the same time of day (9:00 a.m.) to avoid

unintended influences through the plants’ diurnal rhythm.
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Fig. 3. Water dosages in the 2008 time-course CE water-deficit stress experiment. Error bars
represent standard deviations from the mean of each nine individual waterings. Circles
indicate sampling dates. The dashed line marks the beginning of the recovery phase.

2.2.1.4 Physiological measurements

A number of physiological measurements were conducted accompanying the second CE
water-deficit experiment. At the end of the water-deficit stress phase, i.e. at 69 DAS and 70
DAS, respectively, single light-exposed leaves (two landraces, two treatments, triplicate
sampling) were cut (simulating another type of water-deficit stress) and used to measure
chlorophyll fluorescence and leaf temperature. One lateral leaflet was fixed in a MINI-PAM
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Photosynthesis Yield Analyzer (Heinz Walz GmbH, Etterich, Germany), pulsed measuring
light was applied and photosynthesis yield [Y=(Fn-Fo)/Fmm] was recorded, together with leaf
temperature, in one minute intervals under growth room conditions. Measurements were
stopped after one hour.

Each two leaflets of the same plants were used for determining osmotic adjustment. Cell sap
was pressed using plastic cylinders and 10ul were injected in a VAPRO® 5520 vapour pres-
sure osmometer (Kreienbaum Wissenschaftliche MeBsysteme e.K., Langenfeld, Germany).
After the last sampling for gene expression studies, plants were maintained under the
automatic flood irrigation regime as described above until maturity between five and six
months after sowing. Seeds from eight plants per landrace were harvested, dried at room
temperature for at least two weeks, counted, shelled and weighed to quantify yield. Statistical

analysis was carried out using Student’s t-test in Microsoft® Excel 2003.

2.2.2 RNA isolation

Total RNA from bambara groundnut leaves was isolated following a protocol after Chang et
al., 1993.

The frozen plant material was ground to a fine powder under liquid nitrogen using mortar and
pestle. 50ml reaction tubes were filled with 13ml extraction buffer [2% (w/v) CTAB, 2%
(w/v) polyvinylpyrrolidone, 100mM Tris-HCl pH 8.0, 25mM EDTA and 2M NaCl] and
260ul f-mercaptoethanol and 7.2ul spermidine and heated to 65°C in a shaking water bath.
Around 0.5g of the homogenised leaf material was added to the buffer and vortexed for one
minute. The suspension was purified from proteins and polysaccharides with 13ml
chloroform/isoamyl alcohol (24:1), followed by centrifugation at 12,000g for ten minutes at
room temperature. The supernatant was transferred into a fresh tube and the chloroform
purification step was repeated once. RNA was precipitated by adding one third volume 8M
LiCl overnight at 4°C. After centrifugation at 12,000g for 20 minutes at 4°C, a pellet formed
at the bottom of the tube. The supernatant was discarded and the pellet was dissolved in 500ul
SSTE buffer (1M NaCl, 0.5% (w/v) SDS, 10mM Tris-HCl pH 8.0 and ImM EDTA) and
transferred to a 2ml reaction tube. Again, the solution was purified with 500ul
chloroform/isoamyl alcohol. After brief centrifugation at 9,000g, the supernatant was
precipitated using 1ml ethanol (100%) for at least two hours at -20°C. Pelleted RNA was
obtained by centrifuging at 13,000g for 20 minutes at 4°C. After completely removing the
ethanol, total RNA was resuspended in an appropriate volume of DEPC-treated distilled and
deionised water (usually 20ul) and stored at -80°C.

All glassware, mortars, pestles and spatula were baked at 180°C for at least four hours in
order to inactivate ribonucleases degrading the samples. Plastic tubes and solutions were

autoclaved at 121°C if possible.
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RNA concentrations and purity were determined spectrometrically using a Genesys™ 10 Bio
spectral photometer (Thermo Electron Corporation, Madison, USA). Optical density (OD) of
a 1:100 solution was measured at 230nm, 260nm and 280nm. The OD,¢ value was multiplied
by four to obtain the concentration in pg* ul'l. An ODy4,/OD>gg ratio between 1.8 and 2.1 and
an ODy¢/ODy30 ratio above 2 indicated adequate purity for the subsequent reactions.
Furthermore, 1ul of the undiluted RNA sample was loaded on a 0.8% ethidium bromide-
stained agarose gel and run at 60V for ca. 20 minutes. The presence of two distinct and sharp
ribosomal bands with the 28S ribosomal subunit RNA fluorescing approximately twice as
strong as the 18S subunit showed the integrity of RNA strands. In addition, samples were

checked for the absence of high molecular weight nucleic acids (DNA).

2.2.3 ¢cDNA libraries and high-throughput pyrosequencing

cDNA libraries for high-throughput sequencing from eight total RNA populations (four
genotypes by two treatments) were prepared by vertis Biotechnologie AG, Freising, Germany.
The process is described in detail by Eveland et al. (2008).

Total RNA was transcribed to cDNA wusing a biotinylated T, primer fused to the 454
sequencing primer B. Purified cDNA was bound to streptavidin-coated beads and digested
with Nlalll to create four-base overhangs (CATG). Adapters containing the 454 sequencing
primer A, a three-base multiplex key and a four-base overhang complementary to the
restriction site were ligated to the restriction fragments. Unligated adapters and unbound
cDNA fragments were removed and the specific 3’-ends were eluted from the beads. After
concentration of the desired 5’-A-cDNA-B-3’ strands, these were pooled in equal parts for
high-throughput sequencing.

454 sequencing was conducted by Eurofins MWG Operon, Ebersberg, Germany using a 454
GS-20 instrument (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany),
following the methods in Margulies et al., 2005. Single-stranded template DNA fragments
were bound to 28um beads under dilution-based conditions that favoured binding one strand
per bead. The beads were then captured in droplets of an aqueous PCR reaction mixture
within an oil emulsion. Each droplet served as separate PCR microreactor. After PCR
amplification, beads carried millions of unique DNA template copies. Thereafter, the
emulsion was broken and DNA strands were denatured. The beads were then individually
deposited by centrifugation in 44um wells of a fibre-optic slide. Smaller beads carrying
immobilised ATP sulfurylase and luciferase required for the pyrosequencing reaction were
added to the wells. Nucleotides were then cyclically flowed over the microtiter plate. After
each nucleotide, wells were washed with a buffer containing apyrase. Nucleotide
incorporation into the complementary strand (sequencing-by-synthesis) resulted in the release

of inorganic pyrophosphate and the generation of photons. Light signals were recorded by
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means of a charged-coupled device camera. Raw signals were background-subtracted,

normalised and quality-filtered before base-calling was performed.

2.2.4 MPSS data analysis

The 454 sequencing-derived data in the FASTA format were processed using several text
editing commands of the Linux 2.6.18.8 operating system and the software package TGICL
(Pertea et al., 2003; downloaded in July 2007 from http://compbio.dfci.harvard.edu/tgi/
software).

The first step in data analysis comprised partitioning the full library into the eight sub-
libraries according to the three-base multiplex keys. Only sequences with the exact match of
the nucleotide sequences of the adapters and the Nlalll restriction site at the 5’-end were
retained; residual sequences were rejected. Next, adapters were removed as artificial
sequences would influence further clustering and annotation of the sequence tags. Instead, the
tags were text-flagged in the header line for later re-partitioning. The sub-libraries were then
concatemerised again and cleaned by truncation of polyA-tails and removal of low-quality
reads (tags with more than 3% undetermined bases) using the SeqClean script with default
settings provided with the TGICL package.

Clustering the cleaned full library into groups with stringent similarity was conducted with the
aid of the TGICL programme which uses a modified version of megablast (Zhang et al.,
2000) to perform pairwise sequence alignments. These are then filtered and used to build
subsets of sequences by a transitive closure approach. This was found to work best with
setting parameters to at least 40 overlapping bases with at least 95% identity of the over-
lapping region and at most one base overlap distance from the sequence end.

The number of transcript tags within every sub-library was then determined by counting the
genotype-and-treatment-specific text flags using the Linux ‘grep’ command. Data were
normalised by dividing the number of tags in a cluster by the number of total tags in the
respective sub-library. These values were expressed as transcripts per million (TPM) through
multiplication by 10°. Consensus sequences for each cluster were computed using the cap3
assembly programme (Huang & Madan, 1999) with stringency of the overlapping region set
to 97%. These contigs reduced the number of sequence tags per cluster to around 10%
representative sequences, which were then used to validate the purity and to annotate the
clusters by comparisons with sequences in the NCBI ‘nucleotide collection (nr/nt)’ and non-
human/non-mouse EST (est others)’ public databases. This was done by loading the
sequences into the BLAST client programme netblast-2.2.16-ia32 for Linux (downloaded in
August 2007 from ftp://ftp.ncbi.nih.gov/blast/executables/LATEST) and applying the blastn
algorithm with a threshold E-value of le™. In case BLAST searches resulted only in
unannotated ESTs, these were taken as queries and searched against the ‘nucleotide

collection’ database with a cut-off E-value of 1e™'°,
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Functional classification of the clusters was done manually according to the functional
catalogue of the Munich Information Center for Protein Sequences (Ruepp et al., 2004) by
means of bibliographic searches.

Expression factors were calculated by dividing the greater value by the lower value in each
case in order to achieve values symmetric about zero for both up- and downregulated genes.
For comparison with microarray data, normalised tag numbers were log, transformed and the

log, ratio of the stressed and non-stressed variants was calculated.

2.2.5 Selection of sequences for microarray analysis

Based on the data analysis of the MPSS libraries, a set of 132 tentative unigenes (clusters)
was chosen for validating and further investigating the water-deficit stress response in
bambara groundnut using the microarray technology. Selection criteria were a) a broad
coverage of functional categories, b) clear profiles of differential expression, ¢) qualitative or
quantitative differences between the two landraces used for the 2008 CE experiment, d)
significance for water-deficit stress tolerance according to the literature, e) potential novelty
(no BLAST homology) and f) adequate 454 read length for the design of 50-mer
oligonucleotides.

The abundance of individual sequences per cluster, potential sequencing errors and the
occurrence of sequence variation between the four genotypes made it necessary to further
purify the clusters to one correct read. Thus, all transcript tags within a cluster were loaded
into the nrcl (‘non-redundification clustering’) programme (included in the TGICL package)
which creates sub-clusters covered by representative ‘parent’ sequences. By setting stringency
to 100% and comparing the number and origin of contained reads, this utility revealed
incorrect bases as well as SNPs and InDels, which were located using ClustalW.
Consequently, where this was possible, only the conserved region was retained for the design

of oligonucleotides.

2.2.6 Oligonucleotide and microarray design

The design of 50-mer oligonucleotides was conducted by Ocimum Biosolutions Ltd.,
Hyderabad, India. Based on BLAST and Smith-Waterman-Analysis, the risk of unwanted
cross-hybridisation was minimised. Quality parameters like GC content, melting point and
self annealing score were calculated and optimised. A total of 132 oligonucleotides (see Table
16, Appendix) were then synthesised and printed in duplicates onto epoxy-coated glass slides.
Furthermore, three oligos complementary to the SpotReport® Alien® spike-in mRNAs 2, 7
and 8 (Stratagene, La Jolla, USA) were included as internal references for array
normalisation. The array was designed with four sub-arrays each consisting of an 8x9 grid

with a spot distance of 400pm.
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2.2.7 cDNA synthesis and hybridisation

cDNA synthesis was performed according to a direct labelling of single-stranded cDNA
protocol provided by the array manufacturer. Every sample was labelled with one fluorescent
dye only and hybridised to a single array. Dye-swap, i.e. multiplexing of two or more dyes as
often conducted in microarray experiments, was not carried out.
Prior to cDNA synthesis, a low-C dNTP mastermix was prepared consisting of each 5SmM
dATP, dGTP and dTTP and 2mM dCTP (Carl Roth GmbH & Co. KG, Karlsruhe, Germany).
Furthermore, defined amounts of reference mRNAs were included in the transcription assay.
Therefore, spike-in controls were diluted to 500pg*ul” (Alien 2), 50pg*ul™ (Alien 7) and
5pg*ul™ (Alien 8) and mixed in equal volumes.
For each reaction, 40ug total RNA was diluted in DEPC-treated water to a volume of 13.5pul.
3ul spike-in mix were added. Selective reverse transcription of polyA-mRNA was achieved
by utilising 1ug oligo(dT)2.1s primer (Invitrogen GmbH, Karlsruhe, Germany). The primer
was annealed in a heating block at 65°C for ten minutes, followed by ten minutes incubation
at room temperature and two minutes chilling on ice. Afterwards, 300U Superscript® II
Reverse Transcriptase (Invitrogen), 8ul 5x first-strand buffer, 4ul 100mM DTT (both
provided with the enzyme), 4ul ANTP mix and 4pul 1mM Cy3-dCTP (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) were added. First strand synthesis was conducted at 39°C for
two hours.
The reaction was terminated and template RNA was degraded by adding 10ul 1M NaOH with
ten minutes incubation at 65°C. The reactions were neutralised with 10ul 1M HCI and 200pl
1x TE buffer (pH 7.5). Primers, RNA fragments, unicorporated dNTPs and fluorescent dyes
were removed using QIAquick® PCR Purification Kits (Qiagen) following the
manufacturer’s instructions. cDNA was eluted two times with 40ul DEPC-treated water each.
cDNA concentration (1) and incorporation of the fluorescent dye (2) were determined using a
photo-meter and the following formulae:

(1) Beonalng*ul ' 1=0Dyeo*37ng*ul™; (2) ncys [pmol]=(0Dssp-ODgso)* V[ ul]*0.15™"
At least 400ng of each labelled cDNA were evaporated to a volume less than 5ul in a vacuum

centrifuge at 45°C. Care was taken not to completely dehydrate the cDNA samples.

Hybridisation frames (provided by the manufacturer) were stuck to microarray slides in a way
that the spotted area was surrounded. Concentrated cDNA samples were resuspended in 120ul
preheated (42°C) salt-based hybridisation buffer (provided by the manufacturer) and
denatured at 95°C for three minutes, followed by subsequent chilling on ice for two minutes.
The hybridisation solution was then pipetted onto the slides and covered with polyester cover
slips. Slides were placed in a IHC1 hybridisation chamber (Quantifoil Instruments GmbH,
Jena, Germany), which was humidified with 3ul DEPC-treated water, and incubated in a
gently shaking hybridisation oven at 42°C for 16-20 hours. Cover slips and hybridisation
frames were then removed and slides were washed in three steps with washing buffers of
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different stringencies [washing buffer 1: 2x SSC (0.3M NaCl, 30mM trisodium citrate de-
hydrate, pH 7) and 0.1% (w/v) SDS; washing buffer 2: 1x SSC; washing buffer 3: 0.5x SSC].
All washing steps were carried out in an orbital shaker for five minutes at 30°C and 200rpm.
Finally, washed slides were individually placed in 50ul tubes and dried by centrifugation at
500g for two minutes.

The fluorophore and labelled cDNA samples were protected from light at all times by using

opaque reaction tubes and wrapping equipment in aluminium foil to avoid photobleaching.

2.2.8 Microarray scanning and data analysis

Processed slides were scanned on a GenePix® 400A Microarray Scanner (Molecular Devices,
Sunnyvale, USA). Fluorescence of the Cy3 dye was excited by a green laser at a wavelength
of 532nm. The sensitivity of the photomultiplier tube was adjusted individually for each
experiment. Images were captured with the GenePix Pro 6.1 software saved as TIFF files.
Quantification of spot intensities was done using the ArrayVision™ software version 8.0
(Imaging Research Inc., St. Catharines, Canada). Stored images were converted into greyscale
using Adobe Photoshop® 8.0.1 (Adobe Systems Inc., San Jose, USA). A grid was defined
according to the microarray layout and spots were labelled by means of a corresponding
annotation file. Spots were aligned semi-automatically; local background was calculated from
the corners between individual spots. Results (background-corrected signal intensities) were
exported to Microsoft Excel tables.

Arithmetic means were calculated from duplicated spots on the microarray. These values were
divided by the signal intensities of Alien 2 mRNA in order to normalise slides. Expression
data were log, transformed and arithmetic means from each three replicated experiments were
calculated. Log, ratios [log(stressed/non-stressed) and log(DipC/LunT), respectively] were
calculated for corresponding data points. Hierarchical clustering of gene expression profiles
was carried out using the Cluster 2.1 programme (Eisen et al., 1998). Average linkage cluster-
ing was computed from uncentred correlation metrics. These data were visualised in the form
of dendrograms using TreeView 1.60.

k-Means clustering of gene expression profiles according to Soukas et al. (2000) was per-
formed in the TIGR MultiExperiment Viewer 4.3 software package (Saeed et al., 2003). The
number of clusters was determined by empirically testing various values. Euclidean Distance
was used to calculate the distance metrics and the iterations parameter was set at 50.

For the comparison of single gene expression data between treatments or landraces,
respectively, Student’s t-tests (Microsoft Excel 2003) were employed on logarithmised raw
data. For calculating expression factors, delogarithmised data were used and the greater value

was divided by the lower value in each case.
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3. Results

3.1 Genetic diversity

3.1.1 Initial discovery array

For the construction of an initial DArT marker discovery library, DNA samples from 38
diverse bambara groundnut genotypes were digested using the Pstl/Alul restriction enzyme
combination as complexity reduction method. Fragments carrying Psfl ends on both sides
were selectively amplified, pooled and cloned. Out of 1,536 colonies picked from this library,
an estimated 90% of the inserts were amplified successfully and spotted in a microarray
format to form the initial marker discovery array. In order to identify polymorphic clones,
targets complementary to the spotted probes were prepared from a subset of 32 DNA samples
and individually hybridised to the array. Scanned images were automatically converted to a
series of binary scores (present vs. absent), hereafter referred to as scoring profiles or
segregation signatures. Seventy-six fragments (5.5%) were assigned with at least one different
score within the population of 32 genotypes and were thus termed polymorphic. A UPGMA
dendrogram based on these markers showed the majority of genotypes clustering together
while three samples (TVsu927 from Zambia, 1691/2 from Namibia and DipC from Botswana)
were clearly separate from the rest (Fig. 4a).

A closer investigation of the 76 polymorphic marker segregation signatures using a UPGMA
tree from a transposed similarity matrix suggested that 13 clones exhibited unique scoring
profiles while six groups of clones emerged that consisted of identical patterns. One such
group was strikingly large and contained 51 clones, the others included two or three clones
with equal scores each. To gain more insight into this phenomenon, all polymorphic clones
were sequenced. Comparing the sequences by alignment among each other and to public
databases confirmed the uniqueness of the 13 clones. Three groups with each two identical
segregation signatures were each resolved to singular clones (Table 2). In contrast, two groups
of three clones each turned out to consist of each three identical or highly similar sequences.
Consequently, only one respective clone was retained for further analysis. The large group of
51 clones broke down into one cluster with 44 redundancies and one with three repeated
clones. Three clones without similarity to other fragments were identified. One clone failed in

sequence analysis.
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Table 2. Assumed and actual redundancy of DArT markers from the initial discovery array as
revealed by sequence analysis. *One clone failed in sequence analysis.

No. of . . . No. of
polymorphic No. of identical No. of unique clone-s use.d
clones sequences sequences for diversity
analysis
Clones leth unique 13 0 13 13
segregation signatures
51 44+3* 3 5
3 3 0 1
Clones with repeated 3 3 0 1
segregation signatures 2 0 2 2
2 0 2 2
2 0 2 2
Total 76 26

Finally, 50 DArT markers were excluded due to redundancy and 26 markers of unique
sequence information were retained. The discriminatory power of the DArT markers was
expressed as polymorphism information content (PIC). Values ranged from 0.12 to 0.50 with
an average of 0.32 (standard deviation, SD=0.14). The level of polymorphism in the initial
non-redundant Pstl/Alul library prepared from 38 diverse genotypes and screened with a
subset of 32 samples was thus estimated at 1.9%. The set of 26 markers allowed the

unambiguous discrimination of the germplasm used (Fig. 4b).

AHM753/NAM AHM753/NAM
SwaziRed/SWA SwaziRed/SWA
AS17ISAF NyakeniC1/SWA

a ) NyakeniC2/SWA b ) TVsug41/ZAM
Cibadak/DN N it
Ramayana/IDN NyakeniC2/SWA
TVsu1011/ZWE EE—— VY V<OV
TVsUB66/ZAM Cibadak/DN
TVSu747/ZAM GabC/BWA
GabC/BWA TVsu1033ZWE
TVsu1033ZWE S19-3/NAM
S19-3INAM Dodomacream/TZN
AHMIB8/NAM TVsu184/TZN
NyakeniC1/SWA 4'_—'_7':: Ramayana/IDN
TVsug41/ZAM TVsu1011/ZWE
Dodomacream/TZN TVsu866/ZAM

TVsu184/TZN L [ Tvwriazau
TVsu569/CMR TVsu747/ZAM
TVsu740/ZAM TVsu740/ZAM
TVsu999/ZWE TVsu999/ZWE
TVsu796/MDG TVsu796/MDG
TVsu719/ZAM TigaNicur/MAL
TigaNicuru/MAL TVsu207/BEN
TVsu207/BEN TVsu569/CMR
TVsu590/NGA TVsu590/NGA
TVsu144/GHA TVsu144/GHA
TVsuB10/NGA VSSP11/CMR
TVsuB41/NGA [ TVsu610/NGA
VSSP11/CMR L Twsus4t/NGA
DipC/BWA DipC/BWA
NAM1691/2/NAM T NAM1691/2/NAM

————r e TVeuoz7zam 1 ‘ ————Twsuezrizan

T ——— ——— — T T
0.18 039 059 0.80 100 o.lm o.lss u.‘w 0. ‘85 1.00
Jaccard coefficient Jaccard coefficient

Fig. 4. UPGMA dendrograms representing 32 bambara groundnut genotypes based on the
similarity matrix of a) 76 polymorphic DArT markers (with redundancy) and b) 26 unique
DArT markers from the initial Pstl/Alul array.
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3.1.2 Development of full-size array

The low number of unique polymorphic DArT markers obtained from the initial discovery
array necessitated further development in order to construct a viable genotyping array. Several
actions were taken to increase the yield of polymorphic clones.

a) It was attempted to widen the genetic base of the discovery panel. Therefore, the number of
genotypes was increased to 94. Accessions from eight countries not represented in the initial
discovery array were included.

b) From these genotypes, another discovery library was produced according to the initial one,
with an additional restriction digest using Bg/II to circumvent repeated enrichment of highly
redundant clones. Thirteen plates (4,992 clones) were included in the full-size array.

c¢) Three plates (1,152 clones) of probes from the initial discovery library were also included
to expand the Pstl/Alul(Bgl/lIl) array to the fourfold of the initial array (6,144 clones).

d) A second complexity reduction method replacing the frequently cutting restriction
endonuclease Alul by Taql was tested. Four plates (1,536 clones) from this genomic
representation were assembled with the Pstl/Alul(Bg/Il) clones to a full-size DArT array of
7,680 clones.

Hybridising Pstl/Alul-digested genomic representations from the 94 genotypes to the full-size
array resulted in 337 polymorphic fragments. The numbers of probes per enzyme combination
contributing to total polymorphism are given in Table 3. The highest level of polymorphic
clones (8.7%) was observed in the clones from the initial Ps¢I/Alul library, which was derived
from 38 genotypes. The triple digested library, containing clones from the extended set of
genotypes, showed a polymorphism rate of 4.1%. Additionally, probes prepared using Tagl as
an alternative frequent cutter accounted for 34 polymorphic clones. Of the 337 polymorphic
clones, 180 showed redundant segregation signatures within the set of markers discovered
with targets prepared from Ps¢l/Alul. Seventy-five of these displayed identical scoring profiles
which were highly similar to those of the highly abundant clone in the initial dataset.
Comparison of 28 accessions used in both experiments yielded 26 identical scores and two
differences for landraces, where it is possible that different genotypes were used. Seventy-
three of these clones could be attributed to the initial PstI/4lul library, whereas only two were
found within the sub-array containing fragments additionally digested with Bg/Il. Thus, the
latter complexity reduction method turned out to be superior to the original one.

The second complexity reduction method with targets prepared using the Pstl/Taql enzyme
combination yielded 321 polymorphisms. Again, the highest frequency of polymorphic clones
was achieved in clones prepared from the same enzyme combination (6.1%). The
polymorphism content of triple digested clones was almost as high as with Pstl/A/ul targets
and the initial discovery library contributed another 25 polymorphic clones. After redundancy

cleaning, 168 unique markers remained. The share of repeated scoring profiles with using
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Taql as the codigesting enzyme for preparing both probes and targets was 32% and thus the
smallest of all combinations investigated.

Both datasets were merged and checked for equal scoring profiles again. Forty-three clones
displayed the same results in both target libraries. On the other hand, 35 clones were
polymorphic using both genomic representations but yielded independent scores. The
conservative approach of removing all repeated discrimination patterns has led to a final
dataset of 296 singleton polymorphic DArT markers for bambara groundnut. The non-
redundant polymorphism rate for targets prepared using Pstl/Alul and Pstl/Taql was 2.0% and
2.2%, respectively. Both complexity reductions combined yielded 3.9% polymorphic
markers. PIC values ranged between 0.04 and 0.50 with a mean of 0.35 (SD=0.14).
Classification according to PIC values showed that almost half of the markers (47.3%) were
present in the highest class with PIC between 0.4 and 0.5. Frequency steadily declined with
decreasing PIC, so that 5.7% of the DArT markers grouped in the class with lowest
discriminatory power (PIC between 0 and 0.1).

Table 3. Fractions of polymorphic clones (total and after removing repetitive discrimination
patterns) in the full-size DArT array depending on enzyme combinations used for producing
clones (probes) and marker scoring (targets).

Enzyme combination Total polymorphic clones Unique scoring profiles
Targets Probes No. of Frequency of No. of Frequency of
(from no. of polymorphic polymorphic polymorphic polymorphic
genotypes) clones clones clones clones
Pstl/Alul Pstl/Alul (38) 100 8.7% 16 1.4%
Pstl/Alul/Bglll (94) 203 4.1% 128 2.6%
Pstl/Taql (94) 34 2.2% 13 0.8%
Total 337 4.4% 157 2.0%
Pstl/Tagql Pstl/Alul (38) 25 2.2% 13 1.1%
Pstl/Alul/Bglll (94) 202 4.0% 91 1.8%
Pstl/Tagl (94) 94 6.1% 64 4.2%
Total 321 4.2% 168 2.2%
Merged Pstl/Alul (38) 125 10.9% 29 2.5%
datasets Pstl/Alul/Bglll (94) 405 8.1% 194 3.9%
Pstl/Tagql (94) 128 8.3% 73 4.8%
Total 658 8.6% 296 3.9%

3.1.3 Genotyping and cluster analysis

As both hybridisation experiments were not free from technical failure in a few genotypes,
only 87 (out of 94) accessions could be used for constructing an UPGMA dendrogram.
Setting the genetic similarity threshold at a Jaccard coefficient of 0.51 led to the emergence of
four clusters (Fig. 6). The majority of genotypes contained in cluster I (47) originated from a

south-eastern African stretch between Kenya and the Republic of South Africa. Two samples
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from West Africa (TVsu841/Nigeria and TVsul55/Ghana) were also included. Furthermore,
the three landraces from Indonesia formed their own sub-cluster (i) embedded in a group of
East African accessions (Tanzania, Zambia, Zimbabwe and Malawi). Cluster II consists of
eight samples from the inner parts of northern sub-Saharan Africa (Sudan, Central African
Republic, Cameroon, Mali, Burkina Faso), while cluster III with 25 entries tended to reflect
coastal proveniences (Ghana, Nigeria, amongst others) of West Africa. However, there are
several overlaps between these two clusters. LunT from Sierra Leone formed a separate
cluster (IV) together with an accession from Gambia (TVsu246). Both countries are located in
the outmost west of Africa. Figure 5 shows the geographic location of clustered African
samples.

Within the African bambara groundnut materials, no clear division based on the country of
origin was obvious. The spontaneous form VSSP6 (V.s. var. spontanea) was not outgrouped
from cultivated landraces. Regarding the dendrogram on the whole (Fig. 6), the separation of
cluster I from the rest of accessions is apparent. Genetic similarity indices are generally higher
than within and between clusters II, III and IV. The average allele diversity Hs within cluster |
is 0.21 with 55 of the 296 loci investigated being monomorphic, whereas the combined

clusters II to IV had an Hs of 0.33 and eleven monomorphic signatures.

@ Cluster |
© Cluster I
© Cluster Il
@ Cluster IV

Fig. 5. Geographic distribution of 84 African bambara groundnut genotypes according to
UPGMA clustering based on 296 DArT markers. In the case of missing geographic
coordinates, accessions were placed in the centre of the respective country.
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Fig. 6. UPGMA dendrogram representing genetic similarity of 87 bambara groundnut
genotypes based on the similarity matrix of 296 unique polymorphic DArT markers from the
full-size Pstl/Alul(Bgl/ll) and Pstl/Taql array using targets prepared with both complexity
reduction methods. Cluster designations are explained in the text. Abbreviations for countries
of collection are explained in Table 4.
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3.1.4 Large-scale genotyping

After the proof of concept and the discovery of 296 singleton polymorphic markers, the DArT
marker system was used to fingerprint another 342 bambara groundnut genotypes. This time,
635 polymorphic clones were discovered, of which 460 were identical to clones in the above-
named analysis. Rejecting repeated discrimination patterns yielded 201 markers that allowed
co-analysis of both experiments. Most of the genotypes were individuals of accessions held at
the IITA and landraces from project partners. UPGMA clustering of newly genotyped
accessions alone as well as of the fused dataset (not shown for lack of space) confirmed the
level of genetic diversity and phylogenetic relationships of bambara groundnut germplasm
illustrated above with three reasonably diverse and one genetically narrow cluster. Analogous
to Figure 5, accessions were found to cluster according to their place of collection (Table 4).
In particular, cluster IV, including only two members in the previous experiment, proved
stable and was extended by three more genotypes. Figure 7 shows a PCoA plot produced from
the same similarity matrix with genotypes colour-coded according to their geographic origin
north or south of the equator. Again, two reasonably unstructured pools of germplasm
differing in their genetic diversity became apparent. However, five and six genotypes,
respectively, did not fit into the model of strict geographic separation of bambara groundnut

germplasm.
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Fig. 7. Fused principal coordinate analysis of 429 bambara groundnut genotypes based on 201
DArT markers. The first two principal coordinates, accounting for 22% and 4% of total
genetic variation, respectively, were plotted. Orange and blue colours indicate origins from
north and south (including Indonesian germplasm) of the equator, respectively.
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Table 4. Geographic distribution of 347 African bambara groundnut genotypes according to
UPGMA clustering based on 201 DArT markers commonly identified in two separate
analyses. Landraces represented by more than one genotype were only counted once.

Number of accessions

Country Cluster I Cluster I1 Cluster III  Cluster IV
Countries north of the equator (from west to east)

Senegal (SEN) - - 1 1
Gambia (GMB) - - 1 1
Sierra Leone (SLE) - - - 2
Mali - 1 3 -
Cote d’Ivoire (CIV) - - 1 -
Burkina Faso (BFA) - 1 11 -
Ghana (GHA) 3 - 30 -
Togo (TGO) - - 13 -
Benin (BEN) - - 5 -
Nigeria (NGA) 1 1 45 1
Cameroon (CMR) 2 16 8 -
Central African Republic (CAF) - 9 - -
Sudan (SDN) - 2 - -
Countries south of the equator (from north to south)

Kenya (KEN) 1 - - -
Tanzania (TZA) 25 - 3 -
Zambia (ZAM) 56 - - -
Malawi (MWI) 2 - 2 -
Zimbabwe (ZWE) 38 - - -
Botswana (BWA) 10 - - -
Namibia (NAM) 42 - - -
Swaziland (SWZ) 8 - - -
Republic of South Africa (SAF) 1 - - -

3.1.5 Intra-landrace diversity and ‘exotic’ germplasm

Additionally, individual genotypes of the six BAMLINK core landraces DipC (originating
from Botswana; 19 genotypes), Swazi Red/Uniswa Red (Swaziland; 12), S19-3 (Namibia;
13), Ramayana (Indonesia; 10), Dodoma Red (Tanzania; 10) and Tiga Nicuru (Mali; 10) were
investigated in terms of genetic diversity. The resulting dendrogram (Fig. 8) revealed
considerable structural differences between landrace populations. The genetically narrowest
landrace is S19-3. A total of 53 polymorphic loci was discovered which corresponds to 26%
of all common singleton markers polymorphic within 429 genotypes or 0.7% of all clones
screened. Average allele diversity Hs (referring to 201 markers) is 0.04. However, among the
13 independent samples of S19-3, only one duplicate was observed. Ten individual plants
from the landrace Ramayana were co-analysed with single genotypes from three other
Indonesian landraces — Cibadak, Parung and Gresik. UPGMA clustering displayed the latter

completely merging into Ramayana instead of genetic separation of Indonesian materials.
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Diversity of the Indonesian landraces was similar to S19-3 with 55 polymorphic loci and an
Hj of 0.04. Dodoma Red also formed a confined cluster. Polymorphisms were detected at 90
loci. Separation of dendrogram clades occurred at a similarity coefficient of 0.77 and average
allele diversity was 0.12. Tiga Nicuru presented a similar picture with 78 polymorphic
markers and Hg of 0.11. The clear separation from the other landraces fits with the
observation of geographic segregation in bambara groundnut germplasm (see 3.1.3). Swazi
Red and Uniswa Red are regarded as synonyms for the same landrace. This assumption was
confirmed through cluster analysis. Seventy-one polymorphic loci and Hs of 0.09 implied
medium genetic intra-landrace diversity. However, the existence of two discrete
subpopulations breaking up at a similarity coefficient of 0.81 was obvious. As genetic
diversity is generally low in accessions from the region south of the equator, the example of
Swazi Red partly exceeds differences between landraces. This situation was even more
extreme in the case of DipC. A total of 113 polymorphisms and average allele diversity of
0.14 led to DipC individuals or sub-clusters spanning almost the entire sub-equatorial cluster.

In addition to Indonesian materials, five IITA accessions from Madagascar were analysed as a
second example of bambara groundnut in a geographically isolated place. Four accessions
clustered together, but segregated at a similarity coefficient of 0.84. One accession (TVsu810)
was clearly outgrouped from the other Madagascan materials. All accessions were found in

the sub-equatorial cluster.
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Fig. 8. UPGMA dendrogram representing genetic similarity of individual genotypes from six
bambara groundnut landraces and five Madagascan accessions based on the similarity matrix
of 201 unique polymorphic DArT markers from the full-size Pstl/Alul(Bg/ll) and Pstl/Taql
array. Genotypes belonging to the same landrace are highlighted in the same colour.
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3.2 Gene expression under water-deficit stress

3.2.1 MPSS expression profiling

3.2.1.1 Data assembly and analysis

The 454 sequencing run resulted in a total of 216,022 sequence tags. The average read length
was 108 nucleotides. After the raw data were cleaned by truncation of polyA-tails and 454
adapters and removal of reads that did not perfectly match the envisaged 5’-end sequence
(multiplex identifier plus Nlalll restriction site) and those with a number of unidentified bases
exceeding 3% and, 197,400 partial transcripts with an average read length of 84 nucleotides
remained. Partitioning the full dataset into the eight genotype and treatment-specific sub-
libraries yielded an average of 24,675 (SD=2,640) sequences.

Clustering resulted in 10,583 homogenous groups ranging from two to 3,026 transcripts.
Clusters were numbered consecutively by their size, starting with cluster 1 including the most
abundant sequence tags relating to the full dataset. A total of 34,427 singleton sequences were
not assigned to one of the clusters.

In a few cases, transcripts were not present in one of the four genotypes while there was
significant expression in the others. At the same time, clusters with mRNAs in only one
genotype were detected. When BLAST searches identified two clusters being derived from
the same transcript by displaying identical matches to published sequences, clusters were
merged and treated as one. However, this was only possible if significant homologies to
mRNAs or cDNAs in the NCBI databases were obtained. An example of such a situation is
depicted in Figure 9. Thus it appears that this kind of cluster split must have occurred due to
sequence variation in the restriction site. Furthermore, duplication of several clusters which
included transcripts from all genotypes was observed, suggesting that the restriction digest
was not complete during the preparation of samples for 454 sequencing. Here, too,
corresponding clusters were analysed as one. By these actions, it was made sure to the
maximum possible extent that one cluster represented only transcripts derived from individual
genes homologous between the four genotypes used for MPSS expression profiling.

It often appeared that direct search for homologies to annotated transcripts in the ‘non-
redundant’ NCBI databases did not yield a significant match but search in the ‘est others’
databases was successful. In such cases, sequence homologies of ESTs were used for

functional classification of the respective clusters (Fig. 10).

Setting the threshold at ten transcripts per cluster, 2,425 clusters remained. Averaging the
expression changes of all four genotypes yielded at least twofold upregulation for 656 clusters
(27.1%) and at least twofold downregulation of 661 clusters (27.3%). That means that more
than half of the genes (54.3%) were differentially expressed upon the water-deficit stress

treatment.
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For a more detailed analysis, only clusters containing a minimum of 40 sequence tags were
considered as expression profiles became less clear when transcript abundance became low
for less strongly expressed genes. Furthermore, the probability of obtaining biological
information through finding homologies to annotated genes dropped in genes with lower
expression levels. While there were 70 significant matches in the 100 largest clusters, clusters
501 to 600 contained only 29 annotated genes. Out of the 570 clusters with at least 40
transcripts, nine were merged due to redundancy. Among the 561 unique clusters, 270
(48.1%) could be assigned to the non-redundant BLAST database and classified in a
functional category. For 138 clusters (24.6%), classification was either unclear or only ESTs
without significant homologies to annotated genes were obtained. 153 clusters (27.3%) did
not match any published sequence at a significance level (E-value) less or equal to e™.

Annotations and expression changes of the 561 largest clusters are summarised in Table 17

(Appendix).
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Fig. 9. Clustal W alignment of MPSS cluster 32 (with tags from DipC, AS-17 and Swazi Red)
and cluster 176 (tags from LunT only) with the 3’-end of the mRNA coding for Vigna radiata
LHCII type II chlorophyll a/b-binding protein (vrCipLhcb2). In position 861 of the V.r.
transcript, a SNP appears between both bambara groundnut clusters, leading to a Nlalll
restriction site in LunT (highlighted in grey). Note: Although both MPSS tags overlap by
23bp, they were not assembled due to matters of stringency.



3. Results 43

In total, 173 (30.8%) of the medium and highly expressed genes were upregulated at least
twofold after seven days of reduced irrigation, while 203 (36.2%) genes were downregulated.
Thus, more than two thirds of the 561 most strongly expressed genes showed altered

expression after the water-deficit treatment.
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Fig. 10. ClustalW alignment of MPSS cluster 1 with the 3’-ends of an expressed sequence tag
from Phaseolus vulgaris (pvEST) and the mRNA coding for Phaseolus vulgaris proline-rich
protein precursor (pvPRP). While there is 100% homology between the EST and the
annotated transcript, the region overlapping between the MPSS tag and the annotated
transcript is too short to obtain a significant BLAST match.

3.2.1.2 Global water-deficit response

The initial intention of MPSS expression profiling was to gain a general overview of genes
with altered expression in bambara groundnut upon the water-deficit treatment and to
structure these due to their extensive abundance. Therefore, arithmetic means were calculated
from the expression factors of all four genotypes used. Genes were termed generally up- or
downregulated when average expression exceeded the factor two.

Forty-two clusters were assigned to the ‘metabolism’ functional category (Table 5). Sixteen of
these genes were repressed after one week under water-limiting conditions. Seven genes play
a role in CO, fixation using the Calvin cycle. Other genes are involved in phosphate, amino
acid and fatty acid metabolism and the biosynthesis of chlorophyll, polyols, ethylene,
vitamins and lignin. Thirteen metabolism genes were upregulated. These comprise mainly

genes of the carbohydrate metabolism (6) and secondary metabolism (3).
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Table 5. Clusters with differential expression upon water-deficit treatment grouped under the

‘metabolism’ functional category and their putative functions.

lc\;{ll:tsesr 0. Homology Function

Upregulated

34 Endo-1,4-f-mannanase Carbohydrate metabolism

78 Phosphatase Phosphate metabolism

102 CPRD14/cinnamoy! alcohol dehydrogenase Secgndgu’y metabphsm/
lignin biosynthesis

106 Asparagine synthetase Amino acid metabolism

112 Low temperature and salt responsive protein/o- Secondary metabolism

methyltransferase

114 Chloroplast-targeted f-amylase Carbohydrate metabolism

152 myo-Inositol oxygenase Carbohydrate metabolism

166 Invertase inhibitor Carbohydrate metabolism

182 Cytidine or deoxycytidylate deaminase Nucleoside metabolism

224 [-Amylase 1 Carbohydrate metabolism

252 Glutaredoxin Secondary metabolism

432 ATP sulfurylase Sulfur metabolism

563 Glucosyltransferase Carbohydrate metabolism

Downregulated

9 RuBisCO small subunit Calvin cycle

16 RuBisCO activase Calvin cycle

27 Thioredoxin F Calvin cycle

54 Carbonic anhydrase Calvin cycle

99 Caffeic acid methyltransferase Secgndqry metabphsm/
lignin biosynthesis

105 Phosphoribulokinase Calvin cycle

125 Acid phosphatase Phosphate metabolism

142 Thioredoxin H Calvin cycle

149 Alanine aminotransferase 2 Amino acid metabolism

185 1-Aminocyclopropane 1-carboxylic acid oxidase Ethylene biosynthesis

188 Glutamine synthetase Amino acid metabolism

359 Acetyl-CoA carboxylase Fatty acid metabolism

380 Pyridoxine biosynthetic enzyme Vitamin b6 biosynthesis

400 Geranyl geranyl hydrogenase Chlorophyll biosynthesis

453 Inorganic pyrophosphatase Phosphate metabolism

457 myo-Inositol 1-phosphate synthase Carbohydrate metabolism

502 Sedoheptulose 1,7-bisphosphatase Calvin cycle

526 Ribulose 5-phosphate 3-epimerase Ascorbate metabolism

Fifty-six clusters belonging to the ‘energy’ functional category were identified. Among these,

54 were downregulated and mostly represent proteins of photosystems I and II, but also play a

role in respiratory processes such as glycolysis (MPSS clusters 162 — phosphoglycerate
kinase, 19/309/329 — fructose 1,6-bisphosphate aldolases and 49/398/411 — glyceraldehyde 3-
phosphate dehydrogenase subunits), the Krebs cycle (clusters 320 — nucleoside diphosphate
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kinase and 349 — malate dehydrogenase) and photorespiration (clusters 144 — serine
hydroxymethyltransferase, 187 — H-protein of glycine decarboxylase and 242 — glycine
cleavage complex P protein). Only two energy-related genes with differing expression
profiles were found. Cluster 268, coding for a 14kDa protein of the ubiquinol-cytochrome ¢
reductase complex, was downregulated 2.3-fold in DipC and non-significantly altered in AS-
17, whereas its expression was induced in Swazi Red and LunT by the factors 2.0 and 2.2,
respectively. Cluster 426, a putative subunit of a mitochondrial F1-ATPase, was significantly
downregulated in Swazi Red and remained relatively constant in the other genotypes.
Although nine of 15 clusters involved in ‘transcription’ were termed as generally up- or
downregulated, few clear expression patterns common to all four genotypes were observed.

With respect to ‘protein synthesis’, 13 clusters coding for ribosomal proteins were repressed

in their expression under water-deficit. Furthermore, one transcript cluster corresponding to a
translation initiation factor (cluster 339) showed downregulation. However, cluster 92,
another putative translation initiation factor, was induced upon water-deficit as well as one
transcript for a ribosomal protein (cluster 433).

Among the 22 genes functioning in the modification or degradation of proteins (‘protein
fate’), eight were identified as differentially expressed upon the water-deficit treatment. Seven
(clusters 131 — cysteine protease, 238 — vacuolar processing enzyme, 300 — polyubiquitin, 413
— protease inhibitor, 472 — protease precursor, 493 — zinc-dependent protease and 570 —
ubiquitin carrier) were upregulated. One ubiquitin-like protein mRNA (cluster 550) was
strongly repressed in DipC, constant in LunT and slightly induced in AS-17 and Swazi Red.
The proportion of differentially expressed proteins with ‘binding function’ (eight out of 19)

also was by far lower than the two thirds of affected medium and highly expressed genes.
Downregulated were: Clusters 117 — RNA-binding protein, 301 — chloroplast RNA-binding
protein, 325 — lectin, 476 — heat shock factor-binding protein and 486 — 14-3-3 related protein,
while mRNAs for an ISCA-like protein (cluster 306), for another RNA-binding protein
(cluster 377) and for a selenium-binding protein (cluster 551) were more strongly expressed in
the challenged variant.

Eleven clusters were presumed to play a role in ‘cellular communication/signal transduction’.

Upregulated were a nodule-enhanced protein phosphatase (cluster 269) and a serine/threonine
kinase (cluster 471), and clusters 143, 167 and 233, coding for a CDPK-related protein kinase,
a UDP-glucuronosyltransferase and a CBS domain containing protein, respectively, were
downregulated.

Thirty-five clusters were ascribed to the functional category ‘cell rescue, defence and

virulence’ (Table 6). Among the 20 induced clusters, five different transcripts coding for LEA
proteins were detected. Furthermore, four heat shock proteins and three lipid transfer proteins

were identified. Six clusters were repressed after the water-deficit treatment.
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Table 6. Clusters with differential expression upon water-deficit treatment grouped under the
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‘cell rescue, defence and virulence’ functional category and their putative functions.

MPSS

cluster no. Homology Function

Upregulated

2 CPRD22/dehydrin 1 LEA protein

4 CPRD86/KS-type dehydrin LEA protein

5 Lipid transfer protein I Cuticle development

12 Type 2 metallothionein Metal detoxification

24 Lipid transfer protein I1 Cuticle development

36 LEA 5 protein LEA protein

52 18kDa LEA protein (putative) LEA protein

71 Dehydrin LEA protein

158 Heat shock protein 22 Chaperone

209 Heat shock protein associated protein-like Chaperone

228 Glutathione S-transferase ROS detoxification
Alcohol/aldehyde

239 Alcohol dehydrogenase 1 detoxification

243 Snakin-like cysteine rich protein Pathogen defence

250 Lipid transfer protein (putative) Cuticle development

254 Aldo/keto reductase Aldehyde detoxification

261 Ferritin Metal detoxification

283 Cytosolic ascorbate peroxidase 2 ROS detoxification

322 Fibre protein/universal stress protein Unknown

404 Heat shock protein 70 Chaperone

451 Heat shock protein (Hevea brasiliensis) Chaperone

Downregulated

13 Type 1 metallothionein Metal detoxification

20 Stored cotyledon mRNA/defensin Pathogen defence

93 Pathogenesis-related protein 4.2 Pathogen defence

312 Small heat shock protein Chaperon

356 Dnal heat shock protein Chaperon

454 Cu/Zn-superoxide dismutase ROS detoxification

Four clusters were presumed to function in the ‘biogenesis of cellular components’. While

cluster 534 was particularly upregulated in LunT, clusters 1 and 172, coding for cell wall
proteins, were slightly and highly downregulated, respectively.

The analysis of MPSS-based transcription profiling yielded a high proportion of transcripts
without available biological information. The number of up- and downregulated clusters with
homologies to proteins of unknown or unclear function or unannotated ESTs was nearly
equal. However, induced clusters without any significant BLAST match were 1.7-times more
abundant than repressed ones, although in total, more downregulated genes were found
among the 561 largest clusters.

Overall gene expression changes within the functional categories identified are summarised in

Figure 11.
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Fig. 11. Number of transcript clusters with at least twofold up- or downregulation after seven
days of irrigation reduced to one third of non-limiting conditions broken down into functional
categories. Numbers are based on the averaged induction/repression factors of four bambara
groundnut genotypes and the 561 largest clusters.

3.2.1.3 Genotypic differences

Concerning the four genotypes taken individually, 188 clusters with a different expression
profile in at least one genotype were identified at the 561-cluster level (Fig. 12a). The
majority of classified genes (28) function in protein synthesis, which corresponds to 58% of
the total number of genes in this category. High proportions of genotype-specific differences
were also observed in the categories ‘cell cycle and DNA processing’ (66.7%), ‘transcription’
(58.8%) and ‘cellular transport’ (57.1%). The ‘energy’ and ‘cell rescue, defence and
virulence’ classes were clearly underrepresented with 12.7% and 17.6%, respectively.

When comparing the two genotypes used for the follow-up experiment, DipC and LunT, the
number of genes with differing expression profiles was reduced to 48 (Fig. 12b). Protein
synthesis-related clusters still account for most of the classified genes. However, no more cell
‘cycle genes’ were present and only two clusters functioning in transcription remained.
Whereas the percentages of all other groups strongly declined, the number of stress- and
defence-related genes remained relatively constant with only one genotypic difference
breaking away when the differences between DipC and LunT were related to all clusters with

diverse expression profiles.
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H Metabolism O Cellular communication/
signal transduction

Bl Energy
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and virulence
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@ Protein synthesis components
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Fig. 12. Functional classification of bambara groundnut genes with a) differential expression
profiles in at least one of the four genotypes; b) differential expression profiles between DipC
and LunT; and c) quantitative expression differences in repressed genes between putatively
drought tolerant and sensitive genotypes after water-deficit treatment.

In order to further narrow down the number of genes relevant for drought tolerance, the
averaged induction/repression factors of the putatively tolerant landraces DipC and AS-17
were compared with those of the landraces adapted to humid environments (Swazi Red and
LunT). Nine clusters displayed differential expression profiles between the two genotype
classes and are shown in Figure 13. The expression of six of these genes is repressed or
constant in the genotypes from drought-prone areas and induced in Swazi Red and LunT.
With respect to the significance of genes in actively counteracting the effects of water-deficit,
three clusters with (slight) upregulation in drought-adapted genotypes and strong
downregulation in non-adapted genotypes were found. These show significant homologies to
a valine transfer-RNA gene from Cyanea pilosa, a photosystem II core complex protein psbY

from maize and the MYB transcription factor 123 from soybean.
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Fig. 13. Bambara groundnut genes with differential expression profiles between drought-
adapted (DipC, AS-17) and non-adapted (Swazi Red, LunT) genotypes after water-deficit
treatment. Values on the y-axis indicate the number of transcripts expressed as TPM. Cluster
20: stored cotyledon mRNA/defensin; cluster 189: tRNA-Val gene; cluster 230: PSII protein
psbY; cluster 268: protein of ubiquinol-cytochrome c reductase complex; cluster 374:
ribosomal protein S17; cluster 410: heat shock protein 23.9; cluster 505: unknown function;
cluster 510: unknown function; cluster 555: transcription factor MYBI123. IR: gene
expression under non-limiting irrigation, DR: gene expression after one week of water-deficit.

In addition to qualitative differences in gene expression, i.e. induction versus repression,
MPSS data were also analysed for quantitative differences. Searching for genes generally
being induced upon water-deficit stress and showing at least twice the expression in DipC and
AS-17 compared to the non-adapted pair resulted in two clusters. Cluster 433, showing
homology to a ribosomal protein from Arabidopsis, was expressed 2.3 and 1.7-times more in
the challenged DipC and AS-17 variants, respectively, compared to Swazi Red and LunT
while induction factors were comparable. The other transcript tag was similar to an EST from
soybean without annotation and its expression in stressed DipC and AS-17 was 2.3 and 5.8-

times higher than in LunT. More quantitative differences were obvious in repressed clusters.
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Out of 85 genes with at least double expression in the drought-adapted genotypes, 15 are
metabolism-related (usually connected with CO, fixation) and 28 fall into the ‘energy’
category (Fig. 12c). The averaged repression factors for all repressed energy-related genes
reveal clear differences. In AS-17, these genes were downregulated 5.3-fold, followed by
DipC (7.1-fold) and Swazi Red (13.4-fold). Repression in LunT was most pronounced with
22.4-fold. A similar result was observed in the upregulated defence-related clusters. While the
average induction in DipC and AS-17 was relatively moderate (12.9% and 16.0%,
respectively), factors increased to 62.2% for Swazi Red and climaxed in LunT with 92.4%.
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3.2.2 Microarrays

3.2.2.1 Signal linearity

Defined quantities (5, 50 and 500pg) of three different mRNA spike-in controls were added to
each total RNA population prior to the cDNA transcription and labelling reactions. Arithmetic
means of 60 hybridisation experiments showed a regression line with an R” value of 1 and
moderate standard deviations (coefficients of variance less than 50%; Fig. 14). Due to the
linear correlation between transcript quantity and hybridisation signals, values of Alien spike-

in mRNA 2 were used to normalise data of all genes.
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Fig. 14. Regression of three spike-in control mRNA quantities against hybridisation signals.
Vertical bars represent standard deviations from 60 hybridisation experiments.

3.2.2.2 Validation of MPSS

Validation of a subset of genes identified through MPSS was carried out by means of a small
custom-made microarray. In contrast to MPSS expression profiling, which provides digital
representations of transcript abundance, microarrays rely on differences in hybridisation
intensity between a pair of samples, in this case bambara groundnut leaves grown under non-
limiting irrigation against water-deficit stress. Oligonucleotide probes were synthesised for
132 genes based on consensus sequences of the respective MPSS clusters. Beside technical
feasibility, i.e. adequate read length, selection criteria included a broad coverage of the
functional categories identified, interesting expression profiles and ideally landrace-specific
differences, and evidence of stress relation in the literature as well as potentially novel genes

without annotation.



52 3. Results

As the original mRNA populations, from which the MPSS cDNA libraries had been prepared,
were not available in quantities sufficient for microarray analysis, leaves from different but
phenotypically highly similar plants from the same CE experiment were utilised. Replication
of hybridisation experiments was not carried out for the same reasons.

In general, comparison of log; ratios for both technologies (Table 18, Appendix) showed good
correlation between MPSS and microarray data for highly to medium expressed genes. When
data points are classified into three groups — upregulated at a log2 ratio > 2, downregulated at
a ratio < 2 and insignificantly altered in between - the 89 most highly expressed genes on the
array, i.e. up to MPSS cluster number 195, showed agreement for 304 out of 354 data points
(85.9%) between the two technologies. Fifty of these genes produced matches for all four
genotypes investigated. Discrepancies were mainly of quantitative nature. For example,
according to MPSS, three out of four genotypes displayed significant induction of cluster 4.
Using microarrays, values were shifted downwards so that only LunT remained with
significant upregulation. Similar parallel changes, upwards or downwards, occurred in
clusters 12, 63, 133 or 168. However, there also were between-genotype differences. While
according to MPSS results, cluster 33 was strongly downregulated in DipC only, no signi-
ficant landrace disparity was evident in the hybridisation-based approach. Clusters 111 and
177 exhibited MPSS log, ratios in a similar range for all genotypes whereas microarrays
suggested a far greater induction in the genotypes not adapted to drought. A clear discrepancy
of technologies was only observed with cluster 110. Expression profiles were inconsistent for
the four genotypes using MPSS, but microarrays showed significant downregulation through-
out the panel.

Data agreement drastically decreased in clusters with weaker expression. Cluster 209 is
composed of 111 transcript tags within the total cleaned MPSS library. This corresponds to
562 transcripts per million. From this point on, technical accordance was only given for
62.5% of the data points investigated. While the set of genes chosen from the MPSS analysis
was enriched for putative genotypic differences, these often disappeared using microarrays.
For example, MPSS revealed slight induction in cluster 230 for DipC and AS-17 and
repression in Swazi Red and LunT (Fig. 13). Microarrays, however, did not detect any
differences beyond the significance threshold. Cluster 323 was presumed to be upregulated in
DipC and slightly repressed in the other genotypes. The microarray approach indicated
downregulation in DipC (just under the significance threshold) and strong repression in AS-
17, Swazi Red and LunT. In general, regarding genes of weaker expression, microarrays
tended to show higher consistency between genotypes or their presumed water-deficit
tolerance level (DipC/AS-17 vs. Swazi Red/LunT) than the 454 sequencing-based technology.
Six oligonucleotide probes were designed for clusters where no expression was detected in
LunT. For five of these, microarray analysis revealed clear hybridisation signals (Fig. 15).
This indicates that detection through MPSS was inhibited by sequence variation in the Nlalll
restriction site. However, the absence of cluster 124, for which no significant homology was

found, was confirmed through missing hybridisation (Fig. 15).
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Fig. 15. Microarray hybridisations for LunT under non-water limiting conditions (a) and after
seven days of water-deficit treatment (b). Genes not detected through MPSS are marked by
circles. Clusters 195, 418, 442, 454 and 458 show a hybridisation signal in at least one
variant, whereas cluster 124 does not.

3.2.3 Time course experiment

3.2.3.1 Physiological studies

In order to assess the significance of the second CE experiment, which was conducted at a
temperature lower by 2°C than for the MPSS gene expression profiling experiment, and also
to support the gene expression data obtained from it, various physiological data were
collected.

Differences between both treatments and landraces already began to show on a visual level.
After two days under reduced irrigation, DipC leaves tended to change their orientation
towards the light source. Leaf angles slightly steepened possibly resulting in decreased light
interception, a phenomenon described as paraheliotropism. Previous observation in the first

CE experiment had shown that AS-17, for example, exhibits this phenomenon to a much
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greater extent. LunT did not display any signs of paraheliotropism (Fig. 16). Instead, LunT
leaves decreased in turgescence, which was not apparent in DipC.

One day later, after three days under limiting conditions, older LunT leaves showed first signs
of necrotic lesions in the leaf edges (Fig. 17). Young leaves were not affected. DipC plants
were not damaged at all. This effect continued until the end of the stress phase with the three

or four oldest leaves dying off in LunT, whereas DipC leaves remained free from damage.

Fig. 16. Slight evidence of para- Fig. 17. Wilted old leaves in LunT after
heliotropism in DipC after reducing reducing irrigation for eight days.
irrigation for two days (left).

At the end of the water-deficit treatment, i.e. after eight and nine days under water-limiting
conditions, single light-exposed leaflets were detached and allowed to dry under the same
experimental conditions. Developing photosynthesis yields and leaf temperatures were
recorded simultaneously for one hour. Regarding photosynthesis yield (Fig. 18), both
landraces and treatments displayed similar curves. Freshly cut leaflets had Y values close to
0.8. LunT leaves in the drought-adapted state were characterised by an increase in chlorophyll
fluorescence for the first five minutes until values of the other variants were reached.
Thereafter, all curves showed a constant decrease until measurements were terminated. After
around 18 minutes, treatments diverged with the untreated variants losing in Y more rapidly
than plants which had been subjected to water-deficit before. While there was no landrace-
specific difference between stressed leaves, unstressed DipC tended to maintain a slightly
higher chlorophyll fluorescence level than LunT towards the end of the experiment.

Differences between the landraces were also reflected in leaf temperatures (Fig. 18). In the
fully irrigated controls of both landraces, leaf temperatures decreased immediately upon
cutting. After around five minutes, this effect inverted with drastically increasing
temperatures until around 20 minutes after cutting and low slopes thereafter. In contrast,
drought-challenged LunT leaves did not show such a curve. Temperatures constantly rose
throughout the study. Values for stressed DipC developed between these two types. The effect
of declining temperature early upon cutting was clearly visible, however to a lower extent as

in unstressed reference leaves.
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Fig. 18. Photosynthesis yields (solid lines) and leaf temperatures (dashed lines) in drying
bambara groundnut leaflets from plants grown for eight or nine days under water-limiting and
non-limiting conditions. Lines represent the means of three replicate measurements each.

Nine days after initiating the water-deficit treatment, leaves were also analysed for osmotic
adjustment. The data (expressed as osmolality; Table 7) suggest a slight but insignificant
increase in the concentration of osmotically active solutes in both landraces under water-
limiting conditions and comparable levels between them. Assuming lower relative water
content in stressed leaves, which was not determined, it seems obvious that osmotic adjust-
ment has not occurred under the above-mentioned conditions.

Regarding the number of mature seeds harvested (Table 7), a wide difference in yield
potentials between the landraces is striking. Under full irrigation, DipC produced 2.6-times
the seeds of LunT (p=0.00002). Upon water-deficit treatment, the average seed number was
reduced by 40% in LunT. However, these changes did not stand the statistical test. Two plants
produced ten and twelve seeds, respectively, while the other plants yielded between one and
six seeds. Without these outliers, the yield reduction is statistically significant (p=0.0036).
While in DipC, seed number tended to slightly increase upon water-deficit treatment, a

significant reduction in seed weight by 9% was recorded. No change was observed for LunT.
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Table 7. Osmolality (mean of three replications + standard deviations; determined after nine
days of reduced irrigation), seed number and seed weight (mean of eight replications +
standard deviations; determined at maturity) of the two bambara groundnut landraces in the
second CE water-deficit experiment). ns: not significant, *: p< 0.05 (significant)

Landrace Treatment Osmolality [mmol*kg’l] Seeds per plant Seed weight [g]

. Control 427+16 23.6+4.95 0.46+0.048
DipC ns ns *
Stress 487+67 27.1+4.51 0.42+0.019
Control 422480 9.1+£3.24 0.31+0.040
LunT ns ns ns
Stress 500+£59 5.5+3.74 0.324+0.044

3.2.3.2 Expression kinetics of selected genes

From the second CE water-deficit stress experiment, samples at four time points during the
treatment, namely one day, two days, four days and eight days after initiating the reduced
irrigation regime (1RI, 2RI, 4RI and 8RI), and two time points marking stress recovery, i.e.
one day and three days after re-watering to non-limiting conditions (1REC and 3REC), were
collected and subjected to gene expression analysis by means of the microarray presented
above (3.2.2.1 and 3.2.2.2). For the treated variant, all samples (three replications) were
analysed using independent microarray hybridisations. The same was done for the untreated
variant at stages 1RI, 4RI and 1REC. For time points 2RI, 8RI and 3REC, only one sample
was tested each. As no major differences to surrounding time points were obvious, data from
nearest time points with three biological replications analysed, i.e. 1RI for 2RI (one day
difference) and 1REC for 8RI and 3REC (two days difference each), were used as references
for reason of statistical evaluation. In the following two chapters, expression patterns of 132
genes and the two bambara groundnut landraces DipC and LunT are presented as log, ratios

of the challenged variants against their respective controls.

3.2.3.2.1 Hierarchical cluster analysis

Figure 19 shows the results of gene expression analysis obtained from the 2008 CE water-
deficit experiment in the form of a hierarchically clustered heatmap. Here, data from both
landraces were concatenated to produce gene expression curves including different genotypes
and thus investigate patterns of gene expression with a focus on functional grouping. The
intensities of green and red colours symbolise the degrees of down- or upregulation,

respectively.
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Cluster A is characterised by relatively strong repression starting two days after beginning the
stress treatment. In DipC, this effect climaxed at 4RI, declined thereafter and disappeared in
the recovery stages. Only ferritin was still repressed in 1REC. Expression profiles in LunT
were less clear. Maximum downregulation of genes varied between 2RI and 8RI. However,
the data point towards continuation of differential gene expression in the first recovery stage
investigated. Beside two genes with unknown function, member of this cluster play a role in
defence (Cu/Zn-superoxide dismutase and ferritin), ethylene biosynthesis (1-aminocyclo-
propane 1-carboxylic acid oxidase), lignin biosynthesis (caffeic acid methyltransferase),
signalling (UDP-glucuronosyltransferase) and RNA-binding.

A second downregulated group (cluster B) was identified with genes being less repressed than
those in cluster A. DipC tended to show an earlier response to water-deficit than LunT. For a
sub-group comprising nine genes, expression levels returned to the values of unstressed
control plants after the second stress stage while LunT displayed prolonged downregulation
until 4RI. Most of the genes in cluster B (12 of 17) are related to the processes of
photosynthesis and carbon fixation. Other genes with similar expression kinetics encode for a
cinnamyl alcohol dehydrogenase-like protein, which is involved in lignin biosynthesis, the
CPRDS86 protein with significant homology to a soybean KS-type dehydrin (¢**), a glutamine
synthetase, a CDPK-related protein kinase and an EST from Phaseolus vulgaris homologous
to a suppressor of CONSTANS mRNA (4e™*h).

Genes in cluster C showed early, short-term induction upon reduced irrigation in both
landraces. After 2RI however, expression levels fell below those of plants grown under non-
limiting conditions, which was still visible in the recovery stages. While this occurred rapidly
in DipC with maximum repression at stage 3RI, LunT reacted more slowly and had least
expression values one day after full rewatering. Many genes in this cluster are involved in the
synthesis, modification or degradation of proteins (translation initiation factor, protein
phosphatase, serine hydroxymethyltransferase, ubiquitin-like protein, cysteine proteinase and
peptidase). Another group of genes is related to defending mechanisms, such as pathogenesis-
related protein 4.2, type 1 metallothionein, heat shock protein-associated protein, glutathione
peroxidase and catalase.

Cluster D comprises genes which were strongly upregulated in response to water-deficit.
While in LunT, these genes were induced throughout the stress phase followed by rapid
adjustment to values of the unstressed variant during recovery, DipC tended to show
maximum upregulation not before two days after initiating the treatment and dropped in
overexpression in the course of stress acclimatisation, i.e. at stage 8RI. Among functionally
classified transcripts, those belonging to the “cell rescue, defence and virulence” group are
dominating. One cluster showed significant sequence homology to alcohol dehydrogenase 1,
one lipid transfer protein mRNA was identified, and two clusters are highly similar to cowpea
LEA proteins (LEAS and CPRD22, which represents a dehydrin). Two heat shock protein
mRNAs are outgrouped due to a lower degree of upregulation, but expression patterns

basically follow those of cluster D.
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Another cluster with induced gene expression emerged (cluster E). In contrast to cluster D,
induction factors decreased after two days under water-deficit conditions. Again, the reaction
is more pronounced in the putatively drought-sensitive landrace which also displayed clear
downregulation in a sub-group of genes after restoring full irrigation. Classified genes can be
divided into three functional classes: Four transcript clusters are assumed to have direct
dehydration-protective function (Snakin-like cysteine-rich protein, LEA4 protein, Phaseolus
vulgaris dehydrin and Dnal-like protein) and four genes are assigned to protein synthesis,
modification or degradation (ribosomal protein S27, polyubiquitin 2, cysteine proteinase and
cyclophilin 1). Five genes are metabolism-related, with three genes being involved in sugar
metabolism (invertase inhibitor, f-amylase and endo-1,4-f-mannanase) and two genes
possibly functioning in secondary metabolism (o-methyltransferase and CPRD14, which is
homologous to a cinnamyl alcohol dehydrogenase mRNA from Malus x domestica at an E-

-1
value of ¢'").

3.2.3.2.2 k-Means cluster analysis

While hierarchical cluster analysis was conducted with a merged dataset in order to give a
general overview of time-dependent gene expression in the 2008 CE experiment and identify
common groups of differentially expressed genes, the k-means algorithm was individually
applied to the two landraces. Thus, it was intended to more precisely contrast expression
profiles of DipC and LunT particularly in terms of the degree of up- and downregulation and
also to gain insight into regulatory genes potentially underlying structural gene action through
investigation of co-expression. Furthermore, the genes affiliated to corresponding clusters
were compared in order to work out possible systematic differences in the response to water-
deficit and re-irrigation, i.e. the influence of different regulatory factors.

As explained in chapter 3.2.2.2, MPSS cluster 124 was shown not to be expressed in the LunT
plant used in the first CE experiment. However, possibly due to the heterogeneity of the
germplasm used, one plant in the 2008 experiment displayed a hybridisation signal distinctly
above the baseline signal of around 8,000 sVol. Consequently, the data for cluster 124 in
LunT were omitted in k-means clustering in order not to influence results by an inconsistent

expression pattern.
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Fig. 19. Hierarchical clustering of 132 differential gene expression patterns in the second CE
water-deficit stress experiment. Columns represent sampling dates in the following order
(from left to right): 1RI, 2RI, 4RI, 8RI, IREC and 3REC. The six columns on the left and
right hand side reflect the landraces DipC (adapted to drought-prone areas) and LunT
(adapted to a humid environment), respectively. The colour intensity of each individual data
spot indicates the magnitude of the log, ratio with red colour signifying higher and green
colour lower transcript levels in the stressed variant in relation to the corresponding reference.
Cluster designations (A-E) are explained in the text.
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Log; ratios of all six sampling dates investigated were grouped into seven clusters (Fig. 20).
According to the number of genes overlapping between the landraces DipC and LunT,
clusters were compared with each other and combined, if necessary. Clusters I showed the
highest congruency between the landraces with only one gene (MPSS cluster 195) being
additionally included in LunT. Entries were basically the same as in the hierarchical cluster D.
In DipC, these genes displayed steadily increasing expression until four days after imposing
water-deficit conditions, reduced upregulation at stage 8RI and approximation to the level of
reference plants one day after resuming non-limiting irrigation. Genes seem to differ in their
degree of upregulation at stage 1RI. At least two genes, encoding for a putative cytidine or
deoxycytidylate deaminase and a LEAS protein, were found to be delayed in their response to
dehydration. In contrast, all genes of cluster I were significantly induced (log, ratio greater
than 2) after one day under water-deficit in LunT. Maximum upregulation was observed one
day later. At stage 4RI, however, a slump was registered and a second phase of transcript
accumulation occurred after eight days under stress.

Clusters II also showed good consistency between both landraces. Eleven common genes
were identified out of 15 genes in DipC and 17 in LunT and mainly comprise those of
hierarchical cluster E. Genotypic differences in expression trends are not as obvious as in
clusters I. The primary discrepancy is quantitative in nature. While the average log, ratio is
around 2 (corresponding to an induction factor of 4) in DipC during the first two stress stages,
LunT featured values of around 3 or eightfold induction, respectively. Out of the four genes
only present in DipC cluster II, two genes follow the expression pattern of LunT k-means
cluster IIIb, and MPSS cluster 195 (without significant homology) is grouped under LunT
cluster 1. As there is a fine line between the three mentioned k-means clusters, only one gene
(cluster 110) with an expression profile distinct between the two landraces remains. One gene
with putative regulatory activity due to its homology (E-value 3¢™*, 97% sequence identity
over 91 nucleotides) to the bZIP transcription factor 6 mRNA from Phaseolus vulgaris was
found to be co-expressed with genes of clusters II.

Twenty-three genes were grouped in DipC k-means cluster III. Twenty of these were found in
two clusters in LunT, either cluster IIla or IIIb. While the average expression profile in DipC
was characterised by only slight, if at all, upregulation during the first three stress stages,
these genes split into one group showing a similar marginal stress response (IIla) and another
cluster with expression patterns like those of LunT cluster I but at a lower level (I1Ib). The
three outliers were again assigned to clusters of similar trends. Figure 21 summarises eight
genes common between DipC k-means cluster III and LunT cluster IIIb, i.e. with differential
expression upon water-deficit being marginal in DipC but considerable induction in LunT.
Both transcription factors in DipC cluster III, MYB139 and a transcript homologous to the
soybean HDZip I protein mRNA (E-value 8¢, 76% sequence identity over 355 nucleotides
of a corresponding Phaseolus vulgaris EST) were co-expressed with the genes of LunT
cluster IIIb.
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Fig. 20. k-Means clustering of 132 (DipC) and 131 (LunT) genes according to their
expression kinetics over six sampling dates during the second CE water-deficit stress
experiment. Arrows mark corresponding clusters. Units on the y-axis reflect log, ratios of
gene expression, ranging from 5 to -5 in DipC and 6 to -6 in LunT, respectively, against
corresponding reference plants (horizontal line). The pink line represents the mean expression
pattern of each cluster.



62 3. Results

Genes that were more or less distinctly downregulated throughout the stress phase are
grouped in clusters [V. Again, expression profiles split between the landraces. Eighteen out of
27 genes in DipC cluster IVa, which is indicated by marginal repression, and all nine genes of
IVb, with downregulation being particularly pronounced at stage 4RI, are reflected in a single
k-means cluster in LunT. As already observed in the hierarchical cluster analysis (Fig. 19), at
least two independent regulatory systems seem to exist for the downregulation of genes in
bambara groundnut. One predominantly comprehends genes of energy-related processes and
showed similar expression kinetics in both landraces. Cluster IVb involves genes of different
biological functions (see 3.2.3.2.1). In LunT, their response upon reduced irrigation was not
distinctive enough to form an own cluster like in DipC. The suppressor of CONSTANS
transcript was co-expressed with the marginally downregulated genes. Two other genes
potentially acting as transcription factors were detected in DipC cluster IVa. However, the
mRNA coding for transcription factor bZIP33 was grouped under cluster IIla in LunT, and the
soybean salt-tolerance protein mRNA, which is homologous to a zinc finger B-box protein
mRNA from Solanum sogarandinum (E-value e®, 72% sequence identity over 565
nucleotides) was found in LunT cluster Va, thus indicating slight upregulation for both genes.
Instead of transcription factors, cluster IVb contains genes that may function in signal
transduction networks, such as UDP-glucuronosyltransferase or ethylene-mediated signalling,

or posttranscriptional regulation (RNA-binding protein).
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Cl239: alcohol dehydrogenase 1
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Fig. 21. Heatmap of eight genes with induction being marginal in DipC and pronounced in
LunT upon reduced irrigation as revealed by k-means cluster analysis.

Clusters Va and Vb overlap with each other and do not exhibit major differences within and
between the landraces. Expression profiles are characterised by moderate upregulation in the
early stress stages (1RI and 2RI). Thereafter, transcript abundances in the stressed variants
drop to the values of control plants or slightly fall behind. The high numbers of genes
following these curves (48 in DipC and 38 in LunT) as well as their manifold functions
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complicate the definition of these clusters. Two transcription factors (CONSTANS-like 2b
and MYBI123 are present in cluster Va both in DipC and LunT. A third one, homologous to
soybean MYBO93 (E-value 4e-10, 91% sequence identity over 61 nucleotides) was clustered
under DipC Va and LunT Illa.

3.2.3.3 Within-time point analysis

3.2.3.3.1 Differential gene expression between treatments

For each time point and gene printed on the microarrays, mean expression differences of log,
transformed raw data were compared using Student’s t-tests. Data obtained from all three
replications of the water-deficit treated variants and corresponding reference plants entered
the analysis. Differences were regarded significant if p-values were <0.05 (significant) or
<0.01 (highly significant). The following tables list genes that featured at least one significant
delogarithmised induction or repression factor for either landrace above 2 or below -2,
respectively, in the course of the second CE water-deficit stress experiment.

Twelve differentially expressed genes are metabolism-related (Table 8). All three genes
assigned to sugar metabolism were upregulated following reduced irrigation which is
congruent with the results obtained through MPSS expression profiling after one week of
more severe dehydration stress. The highest induction factors were observed for the endo-1,4-
f-mannanase gene at two days after initiating the treatment in both landraces. Strong
transcript accumulation was also present at stages 1RI and 4RI, however not significant in
LunT. The mRNA coding for a f-amylase was significantly upregulated in both landraces at
the first two stress stages investigated while the induction of invertase inhibitor mRNA was
only significant in LunT at stage 2RI.

Two genes playing a role in the lignin biosynthetic pathway responded differently to the
treatment. Caffeic acid methyltransferase was significantly downregulated in DipC at stage
4RI, while the expression of CPRD14 (cinnamyl alcohol dehydrogenase) was slightly induced
in DipC at the first stress stage and slightly repressed after eight days under water-deficit.
LunT showed stronger upregulation, however only significant at stage 2RI.

One gene was differentially expressed after the full irrigation regime had been resumed.
Ribulose 5-phosphate 3-epimerase was significantly downregulated in LunT at 1REC, while

its expression tended to be induced early in the experiment.
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Table 8. Metabolism-related genes with statistically significant differential expression and
minimum twofold change (delogarithmised induction or repression factors > 2 or < -2,

respectively) at at least one sampling date in the 2008 CE water-deficit stress experiment.
*: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)
cluster) race 1RI 2RI 4RI 8RI 1REC 3REC
Endo-1,4-f-mannanase DipC 8.3* 33.4%* 17.1* -1.4 -24 -1.9
(34) LunT 7.3 46.7%* 9.7 2.5 -1.4 -1.2
Glyceraldehyde 3-phos- DipC -1.5 -2.1% -1.3 -1.4 -1.2 1.1
phate dehydrogenase (49) LunT -1.3 -1.7 -1.9 -1.1 -1.0 -1.0
Caffeic acid methyl- DipC -1.3 -2.9 -5.9%* -1.6 -1.1 1.3
transferase (99) LunT -1.0 -1.5 -1.6 -1.0 -1.6 1.0
CPRD14 (cinnamyl alcohol DipC 2.9% 2.9 -1.2 -2.2% 2.2 -1.2
dehydrogenase) (102) LunT 11.8 20.9** 14 1.5 -1.5 -1.3
DipC 2.1 1.7 -1.1 -2.4 2.2 1.2
o-Methyltransferase (112) —p 6.9 9.0%* 11 11 1.9 1.7
DipC 6.8% 4.1* 1.5 -1.2 -1.8 -1.1
f-Amylase (114) LunT 6.3%%  7s%x 2] 12 32 1.7
o DipC 23 3.5 1.9 14 -1.4 -1.3
Invertase inhibitor (166) 1\ 4.9 g4% 14 L6 -13 11
Cytidine or deoxy- DipC 1.5 7.5% 16.4%* 2.3 -1.3 1.2
cytidylate deaminase (182)  LunT 8.5 21.5%* 5.1%* 10.8** 1.4%* 1.2
1-Aminocyclopropane 1- DipC -1.0 2.3 -12.7%* -5.4% -1.2 1.1
carboxylic acid oxidase (185) LunT 1.5 -1.7 -2.1 -4.3* -1.9 -1.3
. DipC -1.2 -1.8 -2.3%* -1.4% -1.0 1.2
Glutamine synthetase (I88) ' 7 1.1 -1.8 1.8 -1.2% 1.1 -1.0
Ribulose 5-phosphate 3- DipC 2.8 1.2 -3.1%* -2.5 -1.6 -1.3
epimerase (323) LunT 2.2 1.2 -1.4 -2.4 -3.3*% -1.4
S-adenosylmethionine DipC 1.2 1.1 -1.4 -2.5% -1.5 -1.0
decarboxylase (496) LunT 2.1 1.9 -1.6 -1.1 -1.3 -1.3

A high proportion (seven out of twelve genes analysed) of differentially expressed genes was
also detected among the ‘transcription’ functional category (Table 9). Most transcription
factors (MYB139, CONSTANS-like 2b, HDZip I, MYB93, bZIP6) displayed similar
expression characteristics. Significant upregulation was only observed in LunT one and/or
two days after reducing the water dose. bZIP6 was the most strongly induced gene with a
14.1-fold change at stage 2RI in LunT, whereas in DipC, upregulation was not significant.
The suppressor of CONSTANS 1 gene was the only transcript downregulated during the
stress phase. Although to a low degree, repression was significant at later stages of the stress
experiment (4RI and 8RI in DipC, 4RI in LunT).
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Table 9. Transcription-related genes with statistically significant differential expression and
minimum twofold change (delogarithmised induction or repression factors > 2 or < -2,

respectively) at at least one sampling date in the 2008 CE water-deficit stress experiment.
*: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)

cluster) race 1RI 2RI 4RI 8RI 1REC 3REC
DNA-directed RNA DipC 1.1 1.7 2.1% -1.7 -1.5 -1.0

polymerases subunit (212)  LunT 1.7* 2.5%* 1.2 1.3 -1.9*% -1.6*
Transcription factor DipC 1.1 1.2 1.5 -1.3 1.0 1.4
MYB139 (227) LunT 3.0%* 5.6%* -1.2 1.3 -1.5 -1.3
. DipC 2.7 1.3 -1.8 -1.6 -1.6 -1.4
CONSTANS-like 20 (479) oy 2.7% 1.0 1.5 1.6 23 1.5
. . DipC 1.7 1.3 1.0 -1.4 -1.4 2.0
HDZip I protein (766) LunT 4.0 32¢ 2.6 1.7 1.1 11
Transcription factor DipC 1.7 1.3 -1.1 -1.7 -1.3 1.6
MYB93 (811) LunT 2.7 2.6* -2.0 1.2 1.3 -1.2
bZIP transcription factor 6  DipC 3.6 4.0 2.5 -1.2 -1.7 1.1
(823) LunT 7.0%* 14.1%* 2.0 2.3 -1.2 -1.3
Suppressor of CONSTANS  DipC -1.6 -2.5 -1.5%* -2.2% -1.3 -1.4
1 (1236) LunT 1.4 -1.6 -2.3% -1.5 -1.6 -1.3

Among 18 differentially expressed genes functioning in ‘cell rescue, defence and virulence’
(Table 10), one transcript, lipid transfer protein I, was identified which was significantly
upregulated at all data points during the stress phase. The same applies for CPRD22 with one
exception at stage 4RI in LunT. In general, most significances were observed after two days
under water-limiting conditions with 19 of 36 data points displaying a p-value below 0.05.
Thirteen genes were significantly differentially expressed in LunT at this stage, and induction
or repression factors were generally higher than in DipC. Four genes were significantly
repressed in LunT during the recovery phase, either at 1IREC only (pathogenesis-related
protein 4.2 and ferritin) or both at IREC and 3REC (type 1 metallothionein and catalase)
while no significant differences between treatments were evident in DipC. Qualitative
changes in gene expression (induction or repression) were widely consistent with the MPSS-
derived data in the first CE water-deficit stress experiment. However, two differences
between the experiments were apparent. In the 2006 experiment, MPSS cluster 20 (stored
cotyledon mRNA/defensin) was dowregulated 5.5-fold in DipC and upregulated 1.5-fold in
LunT after one week of water-deficit stress, while the second CE experiment resulted in
significant induction in DipC at the first two stress stages and no significant differences
afterwards and strong induction in LunT at stage 2RI. Discrepancy was even more prominent
with MPSS cluster 261 (ferritin) where more severe stress led to transcript accumulation by
factors of 5.2 and 29.9 for DipC and LunT, respectively. The 2008 experiment, however,
yielded significantly repressed expression of this gene in the later stress stages in both

landraces.
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Table 10. Defence-related genes with statistically significant differential expression and
minimum twofold change (delogarithmised induction or repression factors > 2 or < -2,
respectively) at at least one sampling date in the 2008 CE water-deficit stress experiment.
*: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)

cluster) race 1RI 2RI 4RI 8RI 1REC 3REC
CPRD22 protein DipC 9.7* 14.3* 19.3* 3.7%* -1.1 1.4
(dehydrin) (2) LunT 19.4* 45.7*%* 9.5 19.8** 1.4 1.3
. . DipC 19.6%* 22.1%%  24.0%* 12.2%* 2.2 1.7
Lipidmansferprotein 1)y p poger 3370 35.0e 27 Lig 1.3
Stored cotyledon mRNA DipC 5.8% 5.2% -1.9 -1.9 -2.1 -1.5
(defensin) (20) LunT 2.7 28.0* 10.3 1.3 -3.2 -2.6
Type 1 metallothionein DipC 2.2 1.7 -1.7 -2.3 -2.0 -1.5

21 LunT 3.1 3.9 1.1 -2.3 -4.2%* -2.8*
. DipC 2.5 16.8 44 2%* 9.1%* 3.1 1.4
LEAS protein (36) LunT 6.5 302%*% 6.0 9.6* 1.0 1.0
. DipC 2.7 33 2.4 -1.4 -1.6 1.1
LEA4 protein (32) LunT 128 204%% 14 2.8 -1.0 1.2
DipC 1.7 1.6 -1.0 -1.3 -1.5 -1.3

Catalase (66) LunT 2.0 L9 -10 12 22 15
. DipC 3.0 3.5% 1.6 -1.5 -1.7 1.0
Dehydrin (71) LunT 4.5%% 5.7%% 1.6 12 2.7 1.7
. . DipC 2.4%* 2.1* 1.1 1.1 -1.1 -1.1
Dnal-like protein (89) LunT 2.0 2.0 1.1 1.7 1.2 1.2
Pathogenesis-related DipC 2.2 1.9 -2.9 2.1 2.2 -1.3
protein 4.2 (93) LunT 1.9 1.1 1.2 1.0 -2.9%* -1.6
Glutathione peroxidase DipC 3.7* 2.2% -1.2 -1.4 -1.3 -1.2
(130) LunT 4.2% 3.4%* 14 -1.5 -3.7 -2.0
Heat shock protein 22 DipC 1.1 1.9 2.6%* -1.3 1.1 1.3
(158) LunT 2.5 6.2%* 1.3 2.3 14 1.1
HSP associated protein DipC 2.4 2.0 -1.2 -1.9 -1.4 -1.3
(209) LunT 2.6 4.5% 1.3 -1.6 -2.0 -1.9
Alcohol dehydrogenase DipC 1.9 2.7 2.7 1.2 1.1 1.2
(239) LunT 3.1*% 3.6* 1.0 4.3% 1.5 1.8
Snakin-like cysteine rich DipC 1.8 1.8 1.4 -1.6 -1.3 -1.7
protein (243) LunT 3.9% 5.0% 1.5 1.1 -1.8 -1.8
o DipC 3.0 -1.6 -7.5% -6.9% -5.0 -1.4
Ferritin (261) LunT 1.1 32 70 3.2¢ 3.6 1.4
Heat shock protein 81-1 DipC 1.2 2.1 2.6* -1.5 -1.4 1.6
(451) LunT 3.1* 3.9%* 1.2 1.7 -1.1 1.1
Cu/Zn-superoxide DipC 1.3 -2.8 -10.9%** -4.3 -1.8 -1.0
dismutase (454) LunT -1.1 -5.1* -3.8 -3.9 -2.3 -1.5

In terms of significant expression differences, functional categories other than metabolism,
transcription and cell rescue, defence and virulence were clearly underrepresented (Table 11).
Only two energy-related genes were found to be differentially expressed. The early light-
induced protein gene was downregulated at stages 2RI and 4RI in DipC and at stage 8RI in
LunT. The glyoxysomal malate dehydrogenase gene was slightly induced at the earliest stress
stage investigated in LunT and showed significant downregulation after rehydration. No

significant change was observed for DipC in both experiments. The other nine genes of the
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‘energy’ functional category chosen for microarray analysis were not differentially expressed
beyond the significance level at any sampling date.

Four genes showed significant but slight upregulation in the early stress stages in LunT only.
These encoded for histone H1C, cyclin-dependent kinases regulatory subunit, both grouped
under ‘cell cycle and DNA processing’, polyubiquitin 2 (protein fate) and ras-related GTP-
binding protein (transport). Major changes were observed for the cysteine proteinase gene
with significant water-deficit-induced expression in both landraces (stages 1RI and 2RI in
DipC and 1RI until 4RI in LunT) and repression in the first recovery stage in LunT. The
ADP-ribosylation factor gene, classified as signalling-related, was upregulated in DipC but
not in LunT, thus tending to confirm the data from the first water-deficit experiment.
Downregulation of genes not functioning in photosynthesis and carbon fixation was more
pronounced in the drought-adapted landrace DipC. This became apparent with the RNA-
binding protein and lectin genes, both exhibiting binding function, and the UDP-
glucuronosyl-transferase gene with putative signalling function. Four days after imposing
water-limiting conditions, repression of these genes was only significant in DipC.

Similarly to the data mentioned above, most significant changes upon water-deficit stress
were found in the two early stages of the experiment in the set of unclassified genes (Table
12). While both landraces showed comparable numbers of differentially expressed genes at
these time points (16 vs. 13 and 17 vs. 22 at stages 1RI and 2RI in DipC and LunT,
respectively), the intensities of upregulation were generally higher in the non-adapted
landrace. Divergence in the number of significances was, however, observed from stage 4RI
until IREC. At four days under water-limiting conditions, 17 genes were found to be induced
in DipC whereas this was the case for only three LunT genes. This situation is also reflected
in LunT k-means clusters I and IIIb (see 3.2.3.2.2) where a downward bend is visible at this
stage. The last stress stage investigated showed an opposite reaction. Only one gene was
upregulated in DipC and seven in LunT. At the first rehydration stage, no significant
difference to the control treatment was found in DipC in contrast to ten genes in LunT. One
gene (MPSS cluster 3) was induced while no change was detected during the stress phase. On
the other hand, eight genes were significantly downregulated while these were upregulated at
least under water-deficit stress, usually during stages 1RI and 2RI.

In most cases, the microarray data of the second CE water-deficit experiment confirmed the
results obtained from the initial one. MPSS cluster 25 is an exception. Strong induction was
detected for both landraces in the first experiment, whereas the succeeding study led to
upregulation in LunT only. Cluster 63 showed downregulation in DipC and upregulation in
LunT in the 2006 experiment but no landrace-specific differences in 2008. Cluster 336 was
also suspected to be expressed differentially between landraces according to MPSS. However,

neither microarray analysis of both experiments supported this assumption.
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Table 11. Genes of underrepresented functional categories with statistically significant
differential expression and minimum twofold change (delogarithmised induction or repression
factors > 2 or < -2, respectively) at at least one sampling date in the 2008 CE water-deficit

stress experiment. *: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)
cluster) race 1RI 2RI 4RI 8RI 1REC 3REC
Energy
Early light-induced protein ~ DipC -1.7 -4.3%* -3.1* -3.6 -1.2 1.3
(226) LunT -1.2 -1.6 -1.5 -2.0* -1.3 -1.3
Glyoxysomal malate DipC 2.5 1.2 -2.6 -1.8 -1.2 -1.4
dehydrogenase (349) LunT 2.3*% 1.0 -1.5 -1.5 -2.3% -1.4
Cell cycle and DNA processing
. DipC 1.9 1.4 1.2 -1.4 -1.9 -1.2
Histone HIC (194) LunT 3.0¢ 13 -l 1.2 25 15
Cyclin-dependent kinases DipC 1.1 -1.3 -1.2 -1.6 -1.1 1.2
regulatory subunit (217) LunT 2.2% 1.5 -1.3 -1.3 -1.6 -1.8
Protein fate
Ubiquitin-conjugation DipC 2.7* 2.5% 1.6 1.0 -1.3 -1.4
enzyme (77) LunT 2.9% 2.7 1.4 1.5 -1.4 1.0
. . DipC 6.0%* 5.2%%* 2.2 -1.3 -1.1 -2.6
Cysteine proteinase (86) 1 p 4.4* 1425 3.8% 1.1 37% 19
DL DipC 2.1 1.7 1.0 -1.4 -1.4 1.1
Polyubiquitin 2 (300) LunT 3.8 33% 1.0 1.4 1.6 1.4
Protein with binding function
L . DipC 1.4 -1.4 -3.0%* -2.0 -1.2 1.1
RNA-binding protein (117) 1\ 1.4 18 -5 2.0 7% L
. DipC 3.8 1.2 -3.8* -3.6 -2.0 -1.7
Lectin (325) LunT 2.0 12 17 43 50 26
Selenium binding protein DipC 3.4% 2.1 -1.6 -1.3 -1.0 -1.2
(551) LunT 3.4%* 2.3% -1.4 -1.2 -1.8 -1.2
Transport
Ras-related GTP-binding DipC 1.7 1.5 1.1 -1.9 -1.5 1.0
protein (275) LunT 3.0%* 3.0%* -1.0 -1.5 -1.8 -1.3
Cellular communication and signal transduction mechanism
ADP-ribosylation factor DipC 3.2% 2.9% 1.0 1.2 -1.0 1.0
(29) LunT 1.5 1.6 1.3 1.2 1.0 1.2
UDP-glucuronosyl- DipC -1.3 -2.6 -5.2%* -3.4% -1.2 1.1
transferase (167) LunT -1.4 -2.3 -1.9 -2.9% -1.1 -1.3

Table 12. Unclassified genes with statistically significant differential expression and
minimum twofold change (delogarithmised induction or repression factors > 2 or < -2,
respectively) at at least one sampling date in the 2008 CE water-deficit stress experiment.

*: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)
cluster) race 1RI 2RI 4RI SRI 1REC 3REC
1 * kek - -
Uknown 3 R W N v I Y S v R Y
e O S S R A
; * * -
Sdabumin(1) i s sige 5o osee  ige o
Nobomolowy () U gse  gne 05 ua Ss
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Table 12 (continued)

Gene annotation (MPSS Land- Differential expression (induction/repression factors)
cluster) race 1RI 2RI 4RI 8SRI 1REC 3REC
Auxin-repressed protein DipC 13.4* 18.6* 15.9%* 33 -1.3 -1.1
(39) LunT 13.4%* 22.0%* 8.8%* 20.9%* 1.4 2.6
No homology (43) S A R O
No homology (63) 5111]?1?[ iz** 28:* ?g i? :ig* :i?
No homology (68) E:Efr _é(l) 1?&?** ;;* 31,2** :ig _i;
- . ; 3 3%k i -
Ukaonn 76 R A T
NohomologsG0) PR 1 SR 30 e e s
Nohomologvs2 PR3 AL 0 0T
No homology (97) E;I;fr gg* ;g:* 1;2** 1?421 }; }?
Aluminium-induced DipC 2.6 3.0 1.1 1.5 -2.0 -1.3
protein (98) LunT 2.9 3.7* 1.2 -1.1 -3.1%* -1.3
No homology (101) E;E”CF lgi* 333: i;** -ii :ig _i}
: * * - -
Unknown (107) BIJII){CF gz* 1(6)2** 43;3* ;i -;;* —ig
No homology (110) Blll:l,cr gg* -All?)* j;* ;g :ig ;;
e L T P O e s Ve v S
: * * * _ - -
Unknown (115) Blll:l,cr gi* 2;* ?3 é; _3% 1(7)
No homology (116) E:El?r ;3* i; jg :;g :;g 3;
No homology (124) e A L0 50
- * * * -
Unkaown (126 S
Hypothetical protein (133) ELIEE gg* éi* %(9) -i ? :i% :i;
No homology (154) E;‘I’E ;i ii;** ?2** 41;:(9)* i:j i:i
No homology (169) r e e s de
Nohomolowy (19 DN 43 e 53 ame 0 1
Unknown (262) Egﬁ ;2* i:g i :? :} :j :;é** :i}l;
Unknown (336) I R R A
No homology (418) E;I;l,cr ;2* ;;* jé* -1; :i; _1431
- ¥ -
Unknown (442) DI o U L s 1
No homology (458) Blll:l,cr ;2* i; j; ji :;i _ig
No homology (494) DipC 26 23 B, "2 - o

LunT 3.5% 2.3 1.0 1.2 -1.6 -1.2
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3.2.3.3.2 Landrace-specific differences

Statistical analysis of differential gene expression levels between landraces was carried out
analogously to between-treatments analysis (see 3.2.3.3.1). In total, 20 of the 132 genes used
for microarray analysis displayed at least twofold stronger expression and a p-value <0.05 in
either landrace at at least one of the six time points investigated.

Nine genes turned out to be more strongly expressed in the landrace adapted to humid
conditions, LunT. All of these differences became visible in the stressed state while reference
plants grown under non-limiting conditions displayed no disparity to DipC. With the
exception of the f-amylase gene, which also showed 2.3-fold higher, but not statistically
significant, transcript abundance than DipC, all genes differed at the latest stress stage after
eight days under water-deficit conditions. Additionally, three genes were also more strongly
expressed at stage 2RI. Two genes (CPRD22/dehydrin and LEA4 protein) function as LEA
proteins and were both induced by reduced irrigation. The genes encoding for caffeic acid
methyltransferase, cinnamyl alcohol dehydrogenase and o-methyltransferase also displayed
higher expression in LunT. The first two, possibly all three genes are involved in lignin
biosynthesis. Cinnamyl alcohol dehydrogenase and o-methyltransferase were similar in their
expression profiles (Table 13) with upregulation early upon water-deficit and a decrease at
later stages. Caffeic acid methyltransferase however tended to be repressed.

Regarding genes with higher expression in DipC, differences were also observed in the
unstressed variant. Seven genes constitutively accumulated more transcripts than in LunT.
However, this phenomenon only occurred at single stages and did not continue all over the
experiment. Of the five genes significantly exceeding LunT in their expression levels in the
challenged variant, three were only different at single stages. MPSS cluster 20, encoding for a
defensin, was 6.8-fold more expressed in DipC 24 hours after initiating the stress treatment.
Thereafter, differences were not significant but expression tended to be higher in LunT. A
LEAS protein was found to be significantly overexpressed in the first recovery stage and also
tended to be six times as abundant as in LunT after four days under water-deficit conditions.
At the same time, the myo-inositol oxygenase 5 transcript accumulated slightly stronger.
While the former two genes were generally upregulated upon water-deficit stress, the latter
did not exhibit treatment-specific differences in the second CE experiment. Two genes, both
without significant homologies to published sequences, were by far more strongly expressed
in DipC than in LunT. Cluster 110 was significantly upregulated in DipC at the first three
stress stages, while no significant difference was observed in LunT. This also became
apparent in the between-landrace analysis. As also explained above, cluster 124 was not
detected to be expressed in LunT. Thus, all DipC data points (except for 3REC) are highly

significant over LunT.
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Table 13. Genes with statistically significant differential expression between landraces
(delogarithmised expression factors > 2 or < -2, where positive and negative values stand for
higher expression in DipC and LunT, respectively) at at least one sampling date in the 2008
CE water-deficit stress experiment. *: p< 0.05 (significant); **: p< 0.01 (highly significant)

Gene annotation (MPSS Treat- Expression factors
cluster) ment 1RI 2RI 4RI SRI 1REC 3REC
Higher expression in DipC
Proline-rich protein Control 2.6* - -1.0 - 1.2 -
precursor (1) Stress 1.3 1.0 1.2 -1.1 1.4 1.3
. Control 5.8 - 1.2 - 3.3% -
Seed albumin (18) Stress 13 15 1.7 3.7 1.1 1.9
Stored cotyledon mRNA Control 3.1 - 2.5 - -1.1 -
(defensin) (20) Stress 6.8* -1.7 -7.6 -2.6 1.4 1.6*
Endo-1,4-f-mannanase Control -1.2 - -2.1 - 2.9% -
(34) Stress -1.0 -1.6 -1.2 -1.2 1.7 1.8
. Control 2.1 - -1.2 - 1.5 -
LEAS protein (36) Stress  -13 12 6.0 1.4 4.5% 2.1
Auxin-repressed protein Control 1.0 - 1.1 - 4.8* -
(39) Stress -1.0 -1.2 2.1 -1.3 2.7 1.8
Control 2.4 - 1.1 - 2.1 -
No homology (110) Stress 3.9% 9.7% 6.9%* 22 2.1 1.2
Control 2.5% - 1.4 - 1.5* -
No homology (111) Stress  -1.5 15 1.6 438 15 1.8
Control 19.9%* - 20.4%%* - 32.3%* -
h 1 124
No homology (124) Stress  30.4%%  413%% 295k |7.6%% D) 5w 22
. . Control 2.2% - 1.2 - 1.6 -
Hypothetical protein (133) ¢, oo 1.7 16 1.3 11 2.1 1.6
myo-Inositol oxygenase 5 Control 1.7 - -1.2 - 1.6* -
(152) Stress -1.2 1.8 2.1% -1.3 1.2 1.8
Higher expression in LunT
CPRD22 protein Control 2.0 - -1.2 - 1.7* -
(dehydrin) (2) Stress -1.0 -1.6 1.6 -3.2% 1.1 1.9
. Control 1.6 - -1.1 - 1.4 -
LEA4 protein (52) Stress  -3.0 3.9% 1.5 2.9% 12 1.8
Control 2.6 - -1.5 - -1.0 -
No homology (68) Stress 2.5 1.9 1.2 2.6 12 13
Caffeic acid methyl- Control 1.4 - 1.1 - -1.4 -
transferase (99) Stress 1.1 -1.3 -3.5 -2.20% 1.1 -1.1
CPRD14 (cinnamyl alcohol  Control 1.8 - 1.0 - 1.1 -
dehydrogenase) (102) Stress 2.3 -4.2 -1.6 -3.0% -1.3 1.2
Control 1.4 - -1.2 - -1.2 -
o-Methyltransferase (112) g o6 24 3.9 1.2 27% 14 1.6
Control -1.4 - 1.0 - -1.6 -
f-Amylase (114) Stress  -1.3 2.6 13 2.3 1.1 1.0
Early light-induced protein ~ Control 1.2 - -1.0 - -1.9 -
(226) Stress -1.3 -2.3 -2.1 -3.4* -1.7 -1.2
S Control 1.2 - -1.0 - 1.2 -
Polyubiquitin 2 (300
olyubiquitin 2 (300) Stress  -1.6 1.6 1.0 2.4 -1 12
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4. Discussion

4.1 Genetic diversity

4.1.1 Experimental approach

The initial DArT marker discovery array was constructed from 38 landrace individuals using
the restriction endonucleases combination Pstl/4/ul. Seventy-six clones proved to be
polymorphic within 32 geographically distinct genotypes which corresponds to a proportion
of 5.5% of approximately 1,380 successfully amplified clones. This is similar to the findings
of Yang et al. (2006) who discovered maximum 5.9% - depending on the method of
complexity reduction - polymorphic clones in a set of 48 cultivated pigeonpea accessions,
another “orphan” legume with similar genome structure and breeding system. Other crops, to
which DArT had been applied in a comparable way, featured higher frequencies of
polymorphic clones. Polymorphism levels of 2.9 to 10.4% were found in barley discovery
arrays which were prepared from only two cultivars (Wenzl et al., 2004). Wittenberg et al.
(2005) reported 7.3% by building the marker library from only one Arabidopsis ecotype and
using a mapping population to score polymorphisms. Values of 4.2 to 9.4%, derived from 13
cultivars, were obtained in wheat (Akbari ef al., 2006). In cassava, polymorphism frequencies
reached between 9.0 and 17.2% (Xia et al., 2005). However, related species were also
included in the latter study.

Closer investigation of the 76 bambara groundnut DArT markers obtained in the initial
screening experiment revealed a high proportion of clones with identical segregation
signatures. Through sequence analysis, six markers with a repeated scoring profile were
shown to be unique. This suggests these markers represent separate loci that are closely linked
in the bambara groundnut genome. Integrating these markers into a genetic linkage map,
which is being done by the University of Nottingham (Mayes et al., 2009), will further
address to this question. The vast majority of clones, however, proved to be redundant as
sequences were identical or highly similar. One group of truly repetitive clones consisted of
44 members, thus accounting for 58% of all informative markers discovered. Such an
enrichment of clones is usually associated with the occurrence of a prominent individual band
when investigating the PCR amplified genomic representation on an agarose gel. It remains
unclear why this was not observed during the optimisation of the complexity reduction
method, where homogenous smears indicated even amplification of fragments. A similar case
of overrepresented clones was reported in oat by Tinker et al. (2009), who identified a set of
around 100 redundant clones among 6,144 clones arrayed which were characterised by
varying numbers of tandemly-repeated 171bp elements sharing similarity with telomere-
associated sequences. In contrast to the latter study, the highly redundant bambara groundnut

clones were present at far higher frequencies and their consensus sequence shows clear
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homology to an expressed sequence from cowpea (GenBank accession number FG879525.1,

E-value 2¢'%

, hucleotide identity 244/258). It is not surprising that these clones do not seem
to originate from predominantly repetitive genomic regions which are highly methylated
(Rabinowicz et al., 1999). Genomic representations were generated by selective amplification
of overhangs of Pstl, which is sensitive to most methylation events tested so far (Roberts et
al., 2003). However, the special case observed in bambara groundnut deserves further
attention.

Taking redundancy into account, the level of polymorphic clones was reduced to 1.9% in the

initial Pstl/Alul library.

Based on these findings, an expanded array from three different complexity reduction
methods was constructed. The inclusion of 1,152 clones from the initial Pstl/Alul library
allowed for direct comparison of both screening panels. In the first experiment, 32 genotypes
were used to discover polymorphism. Among 5.5% polymorphic clones, 19 showed unique
segregation signatures (disregarding clones with unique sequences but redundant scoring
profiles), which corresponds to 1.4% of the successfully amplified clones. When these clones
were screened with a panel of 94 Pstl/Alul-digested accessions, total polymorphism rate rose
to 8.6%. This suggests that the higher number of target libraries added to a certain degree of
polymorphism. However, this increase was only based on the augmented occurrence of the
highly redundant clones. Sorting redundancy out from the data again resulted in 1.4% unique
scoring profiles. As the initial probe library had been prepared from a smaller set of
germplasm, it did not contain alleles specific for additional genotypes. Nevertheless, it would
have been expected to find additional clones scoring ‘0’ while being attributed a ‘1’ in all
previously analysed genotypes, which was not the case. Consequently, the initial library
prepared from 38 diverse genotypes according to Singriin & Schenkel’s (2003) AFLP study
seemed to sufficiently cover the greatest portion of genetic diversity within (for the most part)
cultivated bambara groundnut.

Beside the generally low genetic diversity detected through the Pstl/4/ul method, the second
factor limiting the performance of this approach was the overrepresentation of identical or
highly similar clones. The consensus sequence (Fig. 22) contains a Bg/Il recognition site.
Thus, this restriction endonuclease was used to prevent further PCR amplification of such
fragments in preparing another Pstl/Alul library from the 94-genotype discovery panel.
Hybridising Psf1/Alul targets to this sub-array resulted in a drastic decrease to only two clones
with the respective segregation signature out of 4,992 clones investigated compared to 3.7%

and 6.3% in probes prepared without the additional digest.
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AT AT AT E A S A5 A CAGTEASAT ST PTATTT AL SCCASSTTAC CETALATGAC
AACGAGTAGATETCTALAAGTGCCOCATTEAT TOAATAALTAAACALACTACCATTTTATGGC
TTTGAAATAAMATCCAAGAASTTTGTTETCAGAAARCAACAACATTCAGTACAAGTATSGCT
ACGEEETCATTEATTAGTAAGATTGETTATGEETTTGETAGATTGAGETALATAATCAMLLTA
AATGGECTTTECATAT: BERNER. T T 24 ACGAGCCT TGEAGGAACAAACT GUAAGCAATAL
TACCATAALAATTTTECTAACTC CATCTTTEASANATAGTTALASTCOTETTCATACTGOALD
TOTACTEAAATCGOCACTAALAT GEACEOTAGT T TECACTALGATAAGATTATTTAATATC
ATAGATACACATGCCATTCTOTTOCALGT GO TATGC TTTOT GO CGETACTGTCACCAATTGA
AGT GACIC TAACTATATATTCTTETCALTTTTGECEEC BIE A TSE AP ATE

Figure 22. Consensus sequence of the highly abundant DArT clones in the initial PsfI/Alul
library. Pstl adapters, the Bg/II recognition site and the Tagl recognition site are highlighted
in grey, blue and red, respectively.

The frequency of total polymorphic clones was reduced to 4.1% in this combination of targets
and probes, which confirmed the low level of diversity in cultivated bambara groundnut as
concluded from the initial results. The fraction of clones with unique scoring profiles was
however increased to 2.6% after eliminating highly repetitive markers without the occurrence
of prominent clusters. Marker redundancy of 1.59-fold is in good agreement with results
published for Arabidopsis (Wittenberg et al., 2005; 1.78-fold) and oat (Tinker et al., 2009;
1.51-fold) and lower than in barley (Wenzl ef al., 2004; approximately 2.5-fold). While in the
former two studies redundancy was revealed through sequence analysis of clones, mere
investigation of scoring profiles in the bambara groundnut full-size array excluded markers at
closely linked loci. Thus, the actual number of unique markers is likely to be a little higher.
Nevertheless, including clustered markers in a diversity study would not add new information
but lead to biases of particular genetic regions. Technical problems of the Pstl/Alul
complexity reduction method were hence overcome by implementing an additional digest
with Bg/lII in the restriction-ligation reaction.

In order to evaluate the above-mentioned results, another complexity reduction method
replacing the frequently cutting enzyme A/ul by Taql was tested. Regarding the fraction of
markers obtained with both targets and probes prepared using the Psfl/Tagl combination,
polymorphism levels were 6.1% and 4.2% for total and uniquely scoring polymorphic clones,
respectively. Segregation signatures of the well-known highly abundant clones were not
observed for any of these markers. This is explained by looking at the sequence (Fig. 22)
which contains a restriction site for 7agl. Accordingly, such fragments were not amplified in
the PCR reaction. In terms of both the frequency of polymorphic markers and redundancy
(1.47-fold), the Pstl/Taql sub-array outperformed the A/ul-based methods. Differences among
restriction endonucleases in their ability to detect DNA polymorphisms were observed in
several studies on DArT. The use of Tagl as codigesting enzyme in combination with Pstl
resulted in the highest levels of polymorphism in wheat (Akbari ef al., 2006) and in barley,
where Tagql yielded 10.4% polymorphic clones compared to 7.0% for Alul (Wenzl et al.,
2004). In cassava, Tagql performed second to Bs#/NI, but significantly better than Apol (Xia et



76 4. Discussion

al., 2005). Kilian et al. (2005) hypothesised that this phenomenon may be attributed to
different methylation sensitivities. While Tagl is able to cleave methylated CpG, one of the
predominant sites of methylation in higher plants (Gruenbaum et al., 1981), Alul is sensitive
to most methylation events (Roberts et al., 2003). However, as the methylation-insensitive
enzyme detects more polymorphisms, the capture of additional methylation polymorphisms
cannot be considered as an explanation.

In practise, targets were prepared using both the Psfl/Alul and the Pstl/Taql complexity
reduction methods and individually hybridised to the full-size DArT array containing clones
from three different libraries. Hybridisation and the discovery of polymorphic clones did not
only occur between probes and targets prepared from the same enzyme combinations but also
between the respective others. This compatibility appears logical as both methods rely on the
selective amplification of restriction fragments with Pstl overhangs on both sides. Thus,
cloned fragments are potentially of the same origin. Likewise, the molecular basis of
polymorphisms detected through DArT is similar. SNPs, InDels and/or methylation
polymorphism within the Ps¢I recognition sites or InDels within the amplified fragments are
potential features of variation common to both enzyme treatments. Evidence is given by the
fact that, when the two datasets were merged, 43 clones produced identical scores for
differently prepared targets. The presence or absence of recognition sites for the codigesting
endonucleases thus remains the only difference. Levels of polymorphism were always higher
when both probes and targets were prepared using the same enzyme combination (Table 3).
This may be due to the generally lower number of fragments complementary between probes
and targets as a part of potentially hybridising probes is filtered by digestion with the other
frequent cutter. However, regarding Pstl/Alul probes, the level of polymorphism revealed by
screening with Pstl/Taql targets was comparable to the fraction obtained with congeneric
targets, basically only differing with respect to the highly repetitive clones. This again points
out the particular usefulness of 7agl as codigesting enzyme in this approach. With respect to
methylation, the sensitivity of 4/ul may have resulted in the PCR amplification of a greater
share of PstI-Pstl fragments and thus only marginally decreased the number of clones
complementary to Pstl/Taql targets. Sequencing the polymorphic clones from the initial
library indeed revealed the presence of A/ul recognition sites in several clones, which partly
supports this hypothesis. In addition, 35 clones were found to hybridise with targets prepared
from both enzyme combinations, but gave independent scores. Accordingly, such clones must
contain neither (accessible) A/ul nor Taql recognition sites whereas targets are polymorphic in
terms of cleavage through codigesting endonucleases.

In summary, the degree of genetic diversity in cultivated bambara groundnut revealed through
DATrT was lower than in most other species investigated so far. However, results were similar
to those for cultivated pigeonpea (Yang et al., 2006), the closest relative in terms of biology
and “breeding” history with DArT data available. Isozyme analysis also indicated low
diversity within domesticated bambara groundnut, although the technique was capable of

detecting higher diversity for wild populations (Pasquet et al., 1999). A reason for this is the
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self-pollinating nature of bambara groundnut as indicated by very low levels of
heterozygosity (Basu et al., 2007b). Inbreeding is expected to decrease diversity, which has
been shown for many organisms (Charlesworth, 2003). On the other hand, AFLP and RAPD
markers suggest far higher levels of genetic polymorphism (Amadou et al., 2001; Massawe et
al., 2002; Massawe et al., 2003; Singriin & Schenkel, 2003; Ntundu et al., 2004). However,
dendrograms from these analyses displayed Jaccard similarity coefficients of a similar range,

which may be attributed to a higher discriminatory power (PIC values) of DArT markers.

4.1.2 Cluster analysis

Despite the low number of unique DArT markers discovered in the initial experiment, high
average PIC values of 0.32 (the maximum for a biallelic marker system is 0.5) allowed
unambiguous discrimination of 32 distinct genotypes. UPGMA clusters tended to form two
groups of accessions at a similarity coefficient of 0.55 (Fig. 4b). One cluster exclusively
contained germplasm originating from Southern Africa (plus two landrace individuals from
Indonesia); the other one consisted of materials from Western Africa. Three outliers were
found, but these arose due to the inclusion of redundant scoring profiles in spite of unique
sequence data.

The UPGMA dendrogram obtained from 296 DArT markers with unique segregation
signatures and 87 genotypes confirmed the preliminary results of separation of Southern
African genotypes and further dissected bambara groundnut germplasm collected north of the
equator into three groups (Fig. 6). Apart from the higher number of markers, a reason for this
is certainly the fingerprinting of a larger set of genotypes. While the preliminary dendrogram
included only eight samples from the northern hemisphere, 37 were utilised in the full-size
experiment. Plotting bambara groundnut accessions and landraces against their proveniences
(Fig. 5) showed good correlation between genetic relationship and geographic origin. Similar
findings were reported by Amadou et al. (2001). Cluster IV consisted of only two genotypes
in the dendrogram presented, but was confirmed in the subsequent large-scale genotyping,
which added three more genotypes (Table 4). With the exception of one Nigerian accession,
these genotypes originated from countries in the outmost west of Africa (Sierra Leone,
Gambia and Senegal). Cluster III mainly included accessions from countries along the
southern coast of West Africa, i.e. from a stretch between Cote d’Ivoire and Nigeria, and
countries north of it (Mali and Burkina Faso). The origins from accessions in cluster II tended
to be shifted further towards the east of the North African savannah belt with most accessions
hailing from Cameroon and the Central African Republic. This region fits reasonably well
with the area in which wild bambara groundnut was collected (Hepper, 1963). One
spontaneous form (VSSP6) clustered with these accessions. Thus, it seems possible that
cluster II reflects genotypes that did not completely undergo the process of domestication.

However, regarding the coefficients of similarity, there was no clear separation between
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clusters II to IV and drawing the discrimination line at 0.51 seems to be a little arbitrary. This
was also apparent in the PCoA plot from 429 genotypes (Fig. 7), where northern accessions
formed a rather unstructured cloud. Consequently, there were several overlaps between
clusters in terms of countries included. For example, 16 accessions from Cameroon were
represented in cluster I while 8 were grouped under cluster III. It is not surprising that no
pure country-specific clusters were observed. The spread of bambara groundnut out of its
natural habitat is expected to have occurred long before political borders were drawn in the
course of colonisation in the middle of the 19" century. Instead, clusters seem to be linked to
ethnolinguistic groups (Murdock, 1959). Western Bantoid languages prevail in the area of
cluster IV, cluster III matches well with Central and Eastern Bantoid and Guinean languages
and Central and Eastern Sudanese languages are spoken in the places of accessions in cluster
I1.

A clear distinction between the above-named germplasm and cluster I was obvious.
Geographic assignment showed this separation, with few exceptions, being in accordance
with the equator as the line of discrimination. Comparing Hs values indicated a significant
loss of genetic diversity in cluster I in the range of one third. Such genetic bottlenecks are
usually the result of human selection in the processes of domestication and introduction to
foreign places as shown for many crops like cowpea (Parella & Gepts, 1992), cotton (Igbal et
al., 2001) and soybean (Hyten et al., 2006). Direct evidence for a domestication bottleneck
between wild and cultivated material was not obvious in the data presented. Two wild
relatives were included in the final large-scale DArT analysis. These were not found to be
outgrouped from IITA accessions or landraces. A reason for this may be that the genotyping
array was mainly developed using DNA from domesticated germplasm and alleles specific for
spontaneous forms were highly “diluted” by common alleles (Mace et al., 2008). However,
the work of Pasquet ef al. (1999) has shown genetic erosion during the domestication of
bambara groundnut. Consequently, a second bottleneck must have occurred when germplasm
was moved from the centre of domestication towards Southern Africa. As cluster I was more
closely linked to cluster II than to the others, it is possible that these materials directly evolved
from the proposed “wildish” cluster. Tanzania would then function as a geographical bridge
pier. The average allele diversity of 0.19 within Tanzania accessions was close to the total
diversity of cluster I (0.21). This narrowing genetic base may lead to the hypothesis of
bambara groundnut moving from Eastern Africa towards the south. Including accessions from
Gabon, Congo and Angola will provide further insight to this question.

It is generally difficult to interpret clusters in a context other than the geographical or
ethnological one. A number of morphological and agricultural descriptors are available for
bambara groundnut (IPGRI, IITA, BAMNET; 2000). However, the evaluation of accessions
is time consuming and expensive, which is a particular constraint in “orphan” crops. Thus, the
data available are far from being complete. Furthermore, it has not been achieved to group
domesticated bambara groundnut by means of morphological characteristics except for

internode length, a trait which is likely to be under monogenic control (Basu et al., 2007a) and
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can vary even within landraces. Moreover, this and other phenological traits are strongly
influenced by environmental conditions, especially in the light of different degrees of
photoperiod response (Linnemann, 1991; Harris & Azam-Ali, 1993; Brink, 1999).
Consequently, weak correlation between molecular and phenotypic data has been reported
(Ntundu et al., 2004).

4.1.3 Intra-landrace diversity and “exotic” germplasm

In addition to the analysis of single individuals from germplasm collections, each ten or more
individual plants from the six BAMLINK core landraces were investigated with respect to
genetic diversity. No landrace was found to consist of a single genotype which confirmed the
assumption that bambara groundnut landraces are true landraces and not pure lines (Zeven,
1998). Nevertheless, very few duplicates were detected. This and the conservative marker
quality parameters applied point out that the DArT technique did not overestimate intra-
landrace variation. AFLP and RAPD marker studies (Massawe et al., 2003; Singriin &
Schenkel, 2003) as well revealed diversity among landraces. However, while these authors
concluded that intra-landrace diversity is generally lower than between landraces, DArT data
suggested considerable differences among landraces. Two landraces, S19-3 and Ramayana,
indeed formed narrow sub-clusters. In contrast, the landraces Swazi Red and DipC displayed
such a high genetic dissimilarity so that landrace individuals occasionally showed more
similarity to other genotypes than to other landrace members when they were co-analysed (not
shown). DipC even exhibited average allele diversity which was two thirds of the entire
cluster I covering half of the African continent. Due to the fact that Dodoma Red was
somewhat isolated within cluster I and Tiga Nicuru belonged to cluster I1I, where diversity is
generally higher, clusters did not break apart for these landraces when co-analysed with the
full set of genotypes although their allelic diversity was greater than the one of Swazi Red
(0.11 and 0.12 for Dodoma Red and Tiga Nicuru, respectively, vs. 0.09 for Swazi Red). Initial
data using microsatellite markers revealed similar difference among landraces (Mayes et al.,
2009). While three of 14 SSRs produced ten alleles in Uniswa Red (=Swazi Red), no
polymorphism was found in S19-3. Pasquet et al. (1999) also observed high genetic diversity
within domesticated populations in relation to the generally low diversity of cultivated
bambara groundnut.

Furthermore, accessions and landraces from Indonesia and Madagascar were used to study the
genetic diversity of bambara groundnut in places isolated from its origin. Madagascan
accessions showed a fairly high degree of diversity (Hs=0.12). All genotypes clustered with
sub-equatorial germplasm, and five accessions clustered together. Their closest relatives were
two landrace individuals from Namibia and Botswana. Another accession was placed in a
separate clade in the dendrogram and was highly similar to a Zimbabwean accession. Thus,

UPGMA clustering suggested that bambara groundnut was introduced to Madagascar from
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South-Eastern Africa, which is plausible due to the small geographic distance, either as a
diverse mixture of seeds or more likely, in the course of several independent incursions.
Results were clearer with Indonesian materials. In addition to the limited genetic base of
landrace Ramayana, individuals from three other Indonesian landraces were found within this
sub-cluster. Two accessions from Tanzania displayed high genetic similarity according to the
UPGMA dendrogram of 429 genotypes (not shown). Thus it appears that all landraces from
Indonesia can be traced back to sparsely diverse germplasm from Tanzania, provided the
materials investigated are representative of all Indonesian bambara groundnut landraces. The
narrow genetic base of bambara groundnut then is the result of at least three genetic
bottlenecks. The first one occurred during the domestication of bambara groundnut, the
second one is associated with the crop moving out of its centre of domestication, and the third
one happened when it was introduced to Indonesia, possibly via other South and Southeast

Asian countries.
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4.2 Gene expression under water-deficit-stress
4.2.1 MPSS expression profiling

Massively parallel signature sequencing (MPSS) was carried out using the 454 pyro-
sequencing technology. One run created a total of 23 million bases and, after trimming tags by
removal of adapters and polyA-tails, 17 million bases of informative, high-quality de novo
sequence for bambara groundnut. Clustering 197,400 sequence tags yielded 10,583 groups of
homologous sequences and 34,427 singleton transcript tags. Random checks were performed
to assure the accuracy of clustering by BLASTing consensus sequences which were
“assembled” using stringent parameters. Tags did not assemble into longer contigs as the 3’
proximate N/alll restriction sites fixed the position of 5’-ends and the 454 protocol limited the
length of 3’-ends of the sequences. This resulted in a cleaned average read length of 87
nucleotides. Sequence alignments using the blastn algorithm yielded 408 (72.7%) matches to
published mRNA sequences among the 561 largest transcript clusters at a significance
threshold (E-value) of le-4. As the frequency of discovering annotated genes strongly
declined with increasing depth of analysis, i.e. investigation of clusters containing a
diminishing tag quantity, comparative statistics are only presented up to a cluster size of at
least 40 transcripts. It is unlikely that the decreasing homologies to annotated genes or ESTs
are due to the short tag lengths. A more likely reason is the position of sequence tags in the
3’-UTR of mRNAs. In comparison with coding regions, the 3’-UTR is known to be richer in
SNPs and particularly InDels (Ching ef al., 2002; Zhu et al., 2003). Thus, this region is highly
specific for individual genomes and less conserved between different species. While this
feature greatly facilitates the discrimination of closely related genes (Eveland ef al., 2008),
cross-species alignment may become difficult with increasing evolutionary distance. As for
bambara groundnut, there are no cDNA sequences available in public databases, highest
sequence homologies were obtained with ESTs or annotated genes from nearest relatives. Out
of the 561 largest transcript clusters, 191 produced best matches to sequences from Phaseolus
species (Ph. vulgaris, Ph. coccineus and Ph. acutifolius) and 100 to sequences from Glycine
species (G. max and G. soja). Both genera are grouped together with Vigna in the Phaseolae
tribe. Taxonomic delimitation between Vigna and Phaseolus has been an issue among
botanists for a long time (Maréchal, 1982), and the genera are estimated to have separated
only about eight million years ago (Lavin ef al., 2005). Search in Vigna species itself was less
effective (each 16 hits with V. unguiculata and V. radiata) due to limiting published
resources. A significant number of cowpea ESTs was recently submitted to the NCBI
database (Varshney et al., 2009), and re-BLASTing would probably have shifted the statistics
towards cowpea. However, all unmatched sequences were aligned again in March 2009, and
hardly any new hits were obtained. Other species subject to extensive EST projects such as

maize, Arabidopsis, rice or even the legume Medicago truncatula, which shows common
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ancestry with bambara groundnut very early in the course of legume diversification (around
54 million years ago; Lavin et al., 2005), did not much contribute to annotating additional
genes.

The proportion of transcript tags without sequence homology was 27.3% in highly expressed
genes, but exceeded 70% with increasing depth of analysis. While 454-based transcriptome
sequencing is able to discover a lot of novel transcripts even in the model species Arabidopsis
(3.5%; Weber et al., 2007), maize (22 and 30%; Emrich et al., 2007; Eveland et al., 2008) and
Medicago (29%; Cheung et al., 2006), this high fraction in bambara groundnut is noticeable
as soybean proved to be suited for BLAST search and the number of available ESTs is only
little lower than in Arabidopsis. The short average read length of public soybean ESTs (474
nucleotides as of December 2003; Mooney & Thelen, 2004) may provide an explanation why
sequence alignment of 3’-anchored transcript tags was constrained. A similar problem became
apparent when transcripts were functionally annotated. Of 561 MPSS clusters, 125 could be
directly assigned to a gene in the ‘non-redundant’” NCBI database. The remainder was first
aligned to the ‘est others’ database, and if significant homologies to ESTs were obtained,
these were used to query the ‘non-redundant’ database. In 184 cases, significant hits were
produced. As exemplified in Figure 10, this was usually due to the shortness or absence of the
3’-UTR in annotated genes. Eighty-seven ESTs homologous to highly expressed bambara
groundnut genes did not match a ‘non-redundant’ gene which indicates that, independent from
possible technical limitations, a comprehensive image of transcriptomes in legume crops is
still not achieved.

A general technical constraint of the approach presented is the requirement of an Nlalll
recognition site. Torres et al. (2008) estimated that 4% of the Drosophila melanogaster
transcripts lack such a 4bp site. Secondly, these restriction sites may be too far away from the
polyA-tail in some transcripts (estimated at 6% by the same authors) so that these would also
be lost if cDNA transcription primed with oligo(dT) is incomplete. Thus, it is possible that
around 10% of the bambara groundnut transcriptome are missing in the MPSS libraries.
Generating additional libraries using a different 4bp restriction endonuclease would likely
increase transcriptome coverage. Furthermore, when libraries are prepared from different
genotypes, it is possible that sequence polymorphism is present in restriction sites which
results in a gene breaking up into different clusters due the varying position of the sequenced
tag. This was demonstrated in two cases by means of alignment to a common homologous
sequence (Fig. 9). Within the set of 561 MPSS clusters, the situation of transcript tags missing
in one genotype occurred another eleven times, but the reason could not be resolved due to
lacking BLAST homologies. In all cases, transcript tags were absent in LunT, which is
consistent with the DArT diversity analyses, where DipC, AS-17 and Swazi Red showed high
similarity among each other and maximum diversity to LunT (Fig. 5).

Although the analysis of MPSS data was constrained by limiting functional annotation,
further investigation of anonymous cDNAs was carried out up to a depth of 10 transcripts per

cluster. As the cleaned dataset of nearly 200,000 454 sequencing reads evenly dispersed into
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eight sub-libraries, it became increasingly difficult to obtain significant expression profiles for
weakly expressed genes. Therefore, the fraction of genes differentially expressed decreased
from two thirds to little more than 50% comparing the 561 and 2,425 largest clusters. As
inherent to non-normalised cDNA libraries (Soares et al., 1994), results were strongly biased
towards highly expressed genes. The eleven largest clusters alone contained 10% of all
transcript tags, and one fourth of sequence information was allocated to only 65 genes.
Nevertheless, it was still possible to detect clear expression profiles and, in case of successful
functional annotation, some of the less abundant cDNAs were selected for the validation
experiment. Continuous improvement of the 454 technology or different high-throughput
sequencing platforms will allow an increased depth of analysis due to higher numbers of
transcript tags and sequence alignments may also benefit from read extension. The latest
advancement in 454 sequencing has led to the generation of more than one million reads per

run with an average length of 400 nucleotides (Rothberg & Leamon, 2008).

4.2.2 Validation of MPSS through microarrays

From a subset of 132 consensus sequence tags, 50-mer oligonucleotide probes were designed
and printed on microarray slides. Plant material from the 2006 water-deficit stress experiment
was used to validate the gene expression data obtained through the tag-based method against
the hybridisation-based microarray technology. However, direct comparison proved difficult
as the original RNA preparations could not be used. Instead, leaves originated from different
landrace individuals which had been selected for uniformity on the basis of morphological
criteria. Yet in the light of high genetic intra-landrace diversity, this may be a serious issue.
Secondly, only one sample per landrace was analysed. Lee et al. (2000) stressed the need of
both biological and technical replication due to the considerable variability of any microarray
gene expression experiment and suggested the use of at least three replications. Nevertheless,
contrasting the log, ratios obtained through MPSS with those from microarrays indicated
good consistency between both platforms for highly to medium expressed genes. Log, ratios
were usually in a similar range, with only sporadic discrepancies. Due to measuring absolute
transcript abundances, MPSS is considered to provide a greater dynamic range of gene
expression than microarrays, in which, dependent on the sensitivity of scanning parameters,
hybridisation signals are expected to level off at certain thresholds (Jongeneel et al., 2005;
Chen et al., 2007). On the one hand, highly expressed genes may either result in saturation of
the fluorescent signal, or, on the other hand, genes with low abundance may fall beyond the
detection level. Therefore, absolute transcript abundances are weakly correlated between
technologies, but logarithmised expression ratios allow a better comparison (Chen et al.,
2007; Liu et al., 2007). However, one substantial difference was observed for MPSS cluster
110. MPSS indicated the presence of landrace-specific variation, whereas microarrays

suggested consistent downregulation in all landraces. The latter may be regarded as a sign that
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microarrays came closer to the biological truth in this case and 454 sequencing or subsequent
clustering may have produced an artefact. In turn, this issue seemed less clear in the
subsequent water-deficit stress experiment (discussed later).

With increasing depth of analysis, logarithmised gene expression ratios showed greater
disagreement between both technologies, which has also been observed in other comparative
studies (Liu et al., 2007; Nygaard et al., 2008). Again, microarrays tended to display higher
consistency between samples than MPSS. Liu et al. (2007) stated that neither technology is
able to reliably detect transcripts expressed at very low frequencies. However, commercially
fabricated microarrays available for major crops or model species contain more than 10,000
genes and are used as standard for genome-wide gene expression profiling (Close et al., 2004;
Swanson-Wagner et al., 2006; Gallardo et al., 2007; Miiller et al., 2007), which underpins
their significance in profound gene expression experiments. The dubiety of MPSS expression
profiling started around cluster 200, i.e. the gene with the 200™ most abundant copies in the
full multiplexed cDNA library which corresponded to around 550 TPM. The least expressed
gene chosen for microarray validation, cluster 1236, was counted 19-times (96 TPM) in the
MPSS library and possessed good processability in the microarray analysis. In relation to the
45,010 tentative unique sequence tags discovered through MPSS, this gene still displayed
reasonably high expression. Therefore, it would stand to reason that microarrays provide a
more suitable tool to investigate differential gene expression below a certain abundance
threshold due to the aforementioned technical limitations of the MPSS approach, namely a
strong bias towards the most abundant transcripts and, in this particular case, the partitioning
of one 454 sequencing run into eight sub-libraries.

Another concern that has often been raised is the higher frequency of sequencing errors in the
454 technology compared to traditional Sanger sequencing (Wicker et al., 2006; Brautigam et
al., 2008). The ‘non-redundant clustering’ procedure to figure out the sequences for
oligonucleotide design indeed revealed occasional nucleotide inconsistencies among sequence
tags from individual genotypes especially towards the end of the reads and in stretches of low
complexity, e.g. homopolymers like polyA. However, as transcript counting involves a high
degree of oversampling, it was not problematic to identify the correct consensus sequence.
Consequently, all 132 oligonucleotides designed from the 454 data resulted in clear
hybridisation signals in at least one treatment variant (stressed vs. non-stressed). Furthermore,
microarray analysis confirmed that the lack of homologous transcript tags in one genotype
(LunT) was attributed to sequencing a different position of the cDNA in 12 of 13 cases (Fig.

15). However, one such difference (MPSS cluster 124) remained to be true.
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4.2.3 Water-deficit stress reaction in bambara groundnut

4.2.3.1 Physiological changes

While the work presented focussed on gene expression, several approaches were undertaken
to link these data to physiological processes in bambara groundnut in response to water-deficit
stress. The first visible sign of altered physiology was a change in leaf orientation, which
started two days after initiating the water-deficit treatment in the second CE experiment.
While untreated plants generally oriented their leaves in a horizontal position, drying soil
partly led to leaflet angles steepening towards the light source. Such paraheliotropic
movements may decrease light interception and thus lower leaf temperatures, which entails
less transpiratory water loss and a reduced risk of damage through photoinhibition (Ludlow &
Bjorkman, 1984; Yu & Berg, 1994; Pastenes et al., 2004). The first CE experiment had shown
that this trait is particularly pronounced in landrace AS-17. Simultaneously, the plant used for
MPSS expression profiling constantly maintained comparably high expression levels of
energy- or metabolism-related genes that were strongly repressed upon the stress treatment,
e.g. MPSS clusters 8, 9, 11, 16, 19 and 26, which is reflected by the lowest repression factors
of the four genotypes observed (Table 17). Hence, these findings suggest that
paraheliotropism may play a pivotal role in dehydration avoidance. However, in order to
minimise the influence of differing degrees of plant intrinsic stress, two landraces were
chosen for the subsequent water-deficit stress experiment that do not (LunT) or only slightly
(DipC) change their leaf orientation in response to water-deficit (Fig. 16), as previously
observed by Collinson ef al. (1999).

LunT exhibited another strategy to minimise water loss. Three days after initiating the stress
treatment in the second CE experiment, the oldest leaves began to show necrotic lesions
which continued until complete dieback while shoot tips continued growth (Fig. 17). In
cowpea, this trait was described as one common mechanism of drought tolerance (Mai-
Kodomi et al., 1999). DipC leaves did not display any signs of damage. Other physiological
mechanisms of drought accommodation in bambara groundnut may include decreased leaf
initiation and expansion, which reduce the photosynthetic area and thus shorten water use
(Collinson et al., 1997; Collinson et al., 1999). However, both treatments in the CE
experiments were not carried out for a time sufficient to observe the latter phenomena. The
same authors measured steadily decreasing osmotic potentials until close to the end of the life
cycle (around 100 DAS) regardless of the watering regime. Leaf osmolality (inversely
correlated to osmotic potential) was determined at the end of the stress treatment in the second
CE experiment (69 DAS, nine days of treatment). Both treatments resulted in slight,
statistically not significant increase in the concentration of osmotically active solutes for both
landraces (Table 7). It was not possible to unequivocally ascertain the actual extent of osmotic
adjustment as osmolality was not measured in fully hydrated tissues. It is expected that leaf

relative water content decreases in response to limiting soil moisture, although in bambara
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groundnut, relatively high levels are maintained (Collinson et al., 1997). Thus, it seems likely
that the little changes were caused by concentration rather than active accumulation of
osmolytes. The role of osmoprotection in terms of yield stability is not fully understood due to
the high number of factors influencing yield and the dynamic nature of osmotic adjustment
(Blum, 1996; Serraj & Sinclair, 2002). Most evidence on the benefit of osmotic adjustment
was shown in roots, where enhanced levels of osmolytes brought about greater soil moisture
extraction (Morgan & Condon, 1986; Ludlow et al., 1990). Furthermore, osmoprotective
mechanisms seem to be mainly effective when severe dehydration occurs, where mere plant
survival is of more importance than sustained growth and yield production (Chaves et al.,
2003).

Subsequent to the stress phase in the second CE experiment, leaves were detached and
subjected to dehydration for one hour. This was done in order to investigate the effects of the
water-deficit treatment on photosynthetic parameters. Chlorophyll fluorescence measurement
was carried out to determine photosynthesis yield (Y) in light-adapted leaves, i.e. the ratio
between variable fluorescence (F’y), which is the difference between maximal fluorescence
(F’m) induced by a saturating light flash and the ground state (F’y), and maximal fluorescence.
This value provides an estimate of the maximum efficiency of photosystem II reaction centres
regardless of the actual photosynthetic activity influenced by CO, availability through
stomatal movements (Baker & Rosenqvist, 2004). All leaflets, irrespective of the landrace and
the watering regime, showed initial Y values close to 0.8 (Fig. 18). This indicated the
presence of healthy leaves (Oquist ef al., 1992) and demonstrated that the 2008 experimental
conditions did not result in too severe stress that could damage the photosynthetic apparatus.
With progressing dehydration, chlorophyll fluorescence steadily diminished, thus being a sign
of increasing photoinhibition. After around 18 minutes, an effect of the pre-treatment became
apparent. When plants had been grown under water-limiting conditions for eight or nine days,
respectively, photoinhibition occurred less strongly than in untreated reference plants. Hence,
mechanisms must have been activated in both landraces that allowed enhanced protection of
reaction centres. A landrace-specific difference was only obvious in non-challenged leaves,
where curves separated after about 40 minutes. DipC, originating from a drought-prone area,
was less sensitive to damage than its counterpart LunT. As photoinhibition is thought to be
caused by ROS produced in the absence of available water (Giardi et al., 1996), two not
mutually exclusive explanations come into account. The drought-adapted landrace may
possess a more powerful constitutive antioxidant system, and leaf water may be available for
a longer time so that ROS formation is delayed. Stomatal movements were reflected by
simultaneously recording leaf temperatures (Fig. 18). Decreasing temperatures in both
unstressed controls are to be interpreted as transpirational cooling due to open stomata and
were visible for around five minutes. In the following approximately ten minutes,
temperatures strongly increased which indicated stomata closure. Stressed DipC leaflets
showed this effect in a milder form, which means that this landrace maintained a certain

degree of gas exchange even under water-limiting conditions. Thus, carbon fixation and leaf
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cooling may continue possibly at the expense of water loss. However, bambara groundnut has
the potential to keep up high turgor pressure despite declining water availability (Collinson et
al., 1997). These authors used a landrace from Zimbabwe, which is probably comparable to
DipC as climatic conditions are similar to Botswana and genetic diversity is generally low in
Southern Africa (see above). In contrast, leaf temperatures in LunT indicated that the landrace
adapted to a humid environment (high rainfall and coastal fog) responded to drought by
complete stomata closure. Furthermore, sloppy leaves pointed towards declining turgor
pressure.

Considered independently, it is difficult to estimate the benefits of these physiological traits
with respect to water-deficit stress tolerance as plants under stress are always faced with the
dilemma of production or protection. Therefore, yield serves as the most useful parameter to
define tolerance (Passioura, 1996). Even though the CE experiments were not specifically
designed to determine yield, the stress treatment for nine days during the stage of pod filling
tended to have impacted yield parameters in the 2008 experiment (Table 7). At final harvest
around three months after the stress treatment, DipC seeds were 9% lighter than those from
corresponding reference plants. Seed number, however, was slightly higher (not significant),
which resulted in unchanged total yield. In LunT, seed weight was not altered, but the number
of seeds per plant was reduced by 40% from an already low base level. This difference was
not statistically firm, most likely due to a considerable level of intra-landrace diversity.
Disregarding two outliers with relatively high yield would offer statistical proof of substantial
yield reduction in LunT upon a short phase of water-deficit. Thus, it can be concluded that, as
initially hypothesised, the degree of drought tolerance in bambara groundnut landraces is
reflected by adaptation to their areas of cultivation. Taking these findings into account, the
maintenance of photosynthetically active leaf area due to effective stomatal regulation and
turgor retention under water-limiting conditions may be regarded as key features of drought-
tolerant bambara groundnut landraces. Root characteristics such as increased length, density
and dry matter allocation, certainly equally important parameters (Begemann, 1988; Collinson
et al., 1996), were not part of this study, but were unlikely to have influenced results as

rooting space was restricted in the presented pot experiments.

4.2.3.2 Differential gene expression under water-deficit stress

Depending on the depth of analysis, MPSS expression profiling revealed that more than half
(based on the 2,425 strongest expressed genes) to two thirds (based on the 561 strongest
expressed genes) of the genes were termed differentially expressed across four bambara
groundnut genotypes in response to reducing the water dosage by 65% for eight days in the
first CE experiment. The 561 largest transcript clusters were assigned to eleven functional

categories (Fig. 11), spanning virtually the whole spectrum of protein functions.
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Photosynthesis and respiration

The ‘energy’ functional category was the class with the greatest share of differentially
expressed genes (96%). With the exception of two genes encoding for a protein of the
ubiquinol-cytochrome ¢ reductase complex, which is involved in the mitochondrial
respiratory chain (Braun & Schmitz, 1995), and a mitochondrial F1-ATPase subunit, all genes
were strongly downregulated in response to water-deficit stress. The vast majority encode for
proteins of both photosystem I and II, which are post-translationally assembled by the
chloroplast and inserted in thylakoid membranes (Jansson, 1994). Nine transcript clusters
(MPSS clusters 8, 26, 32, 53, 55, 61, 75, 85 and 150; Table 17) showed homology to light-
harvesting chlorophyll a/b-binding polypeptides which function as coordinators of antenna
pigments that absorb light and transfer energy to the photosystem reaction centres (Pullerits &
Sundstrom, 1996). Further genes were assigned to photosystem reaction centres, where charge
separation of water takes place, or were less exactly characterised (e.g. MPSS clusters 11, 23,
35,37, 38, 40 and 45).

Subsequent to the light reaction, this energy is used to fix atmospheric CO; through the
Calvin cycle. Although functionally and in Cs plants like bambara groundnut also spatially
connected, carbon assimilation is assigned to the ‘metabolism’ functional category in the
scheme used. Table 5 lists seven genes involved in the Calvin cycle as downregulated.
Hierarchical clustering of developing gene expression from the second CE experiment
displayed highly similar patterns suggesting coordinated expression of the photosynthesis
genes investigated (Fig. 19, cluster B). Several studies implicated parallelised regulation of
nuclear coded chlorophyll a/b-binding proteins and RuBisCO small subunit (MPSS cluster 9),
the best-characterised Calvin cycle enzyme, with the involvement of plastid factors (Taylor,
1989; Rapp & Mullet, 1991). Even though most research has focussed on stress-inducible
genes so far, it is recognised that photosynthesis-related genes are downregulated in response
to limiting water supply, thereby possibly reducing photooxidative stress (Ingram & Bartels,
1996; Seki et al., 2002; Kavar et al., 2008; Degenkolbe ef al., 2009).

A wide quantitative difference was obvious between the two CE experiments. While the 2006
conditions often resulted in delogarithmised repression factors in the double-digit range
(Table 17), none of the photosynthesis genes used in the microarray analysis of the 2008
experiment was downregulated below the significance threshold. In conclusion, the
temperature difference by 2°C (30°C in 2006 vs. 28°C in 2008) produced milder stress in the
second experiment. Furthermore, these repression factors seem to be in relationship with the
annual precipitation in the respective areas of landrace origins. South Africa and Botswana
are similarly drought-prone regions, and landraces showed the smallest average repression
factors for energy-related genes (5.3 and 7.1 for AS-17 and DipC, respectively). Swazi Red is
grown in place with more than twice the annual rainfall of Botswana and was characterised by
higher repression factors (13.4). Strongest repression was observed in LunT (22.4), which is

cultivated in a region with more than 3.000mm of annual precipitation. Therefore, the degree
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of downregulating photosynthesis-related genes may not only serve as an indicator of the
severity of water-deficit stress, but could also be used a selection criterion in terms of
drought-tolerance, particularly in view of the importance of maintained photosynthesis under
water-limiting conditions as mentioned above.

After photosynthetic carbon fixation, glucose can be subjected to glycolysis, an anaerobic
process that generates energy in the form of ATP (Plaxton, 1996). Seven genes involved in
this pathway were found to be transcriptionally downregulated as was the case for
photosynthesis genes in the 2006 experiment. The four genes chosen for microarray analysis
(MPSS clusters 19 — fructose bisphosphate aldolase, 49 and 398 — glyceraldehyde 3-
phosphate dehydrogenase subunits and 162 — phosphoglycerate kinase) also showed
expression profiles similar to those of photosynthesis genes under milder stress conditions
(Fig. 19, cluster B). In contrast, the literature mainly reports induction of glycolytic enzymes
under drought (Espartero et al., 1995; Rizhsky et al., 2002; Chaves et al., 2003). However,
downregulation has also been described in potato under slowly progressing water-deficit
(Schafleitner et al., 2007). Pyruvate generated through glycolysis is further respired in the
Krebs cycle, again producing energy and proving carbon skeletons for the biosynthesis of
amino acids and several metabolites (Fernie ef al., 2004). The two genes discovered by MPSS
expression profiling, clusters 320 — nucleoside diphosphate kinase and 349 — glyoxysomal
malate dehydrogenase, were repressed after one week of severe water-deficit stress. However,
regarding the time course of expression in 2008, the latter gene showed slight upregulation
after one day and downregulation with proceeding stress. This suggests that the Krebs cycle is
controlled by mechanisms different from those of photosynthesis and glycolysis. In summary,
respiratory energy generation is reduced in bambara groundnut under water-limiting
conditions at least in the medium term. This is further confirmed by the downregulation of
two ATP synthase genes (clusters 229 and 373), two ferrodoxins (44 and 223) and a Rieske
iron-sulfur protein precursor (cluster 88), which play a role in the mitochondrial respiratory
chain (Castresana & Saraste, 1995).

When the availability of CO, becomes limited due to closed stomata, RuBisCO may shift its
properties towards an oxygenase and activate the photorespiratory pathway, leading to a net
loss of carbon and ATP. An intermediate of this pathway is glycolate, which converted to
glyoxylate by glycolate oxidase, releasing H,O, (Asada & Takahashi, 1987). The gene
encoding for this enzyme (MPSS cluster 69) was downregulated in the 2006 experiment,
which possibly reduced the levels of toxic H,O,. A similar observation was made in drought-
stressed pea leaves (Moran ef al., 1994). After conversion of glyoxylate to glycine, serine is
produced through the glycine cleavage complex, represented by two genes in the MPSS
dataset (clusters 187 and 242), and serine hydroxymethyltransferase (cluster 144) (Oliver,
1994). These genes were again substantially downregulated in 2006, while the latter showed
no response to water-deficit in 2008. Thus, while photorespiration can also exhibit a stress-
protective function through the dissipation of excess energy, which may lower the danger of

photoinhibition (Wingler et al., 2000), its components are transcriptionally repressed under
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severe water-deficit stress in bambara groundnut, suggesting the avoidance of its negative
effects as ROS production and energy depletion.

Carbohydrate metabolism

Seven differentially expressed genes involved in carbohydrate metabolism were identified, of
which six were upregulated after seven days of relatively severe water-deficit stress (Table 5).
Two p-amylase genes, encoding for chloroplast-targeted (MPSS cluster 114) and f-amylase 1
(cluster 224) degrade starch into maltose and have been described to be activated under
drought in many plant species (Yang et al., 2001; Seki et al., 2002; Boominathan et al., 2004).
Maltose may function as a compatible solute to protect stromal proteins and the functionality
of the thylakoid membrane for the photosynthetic electron transport chain (Kaplan & Guy,
2004). Maltose can then be further metabolised to glucose units and/or sucrose via cytosolic
glucosyltransferases (Chia et al., 2004; Kaplan et al., 2006). MPSS cluster 563 may function
in this way and was termed generally upregulated regarding the average expression changes in
four bambara groundnut landraces. Both sucrose and monosaccharides may function as
osmoprotectants (Keller & Ludlow, 1993; Pinheiro ef al., 2001). Sucrose is phloem-
transported sugar in most higher plants, whereas it cannot be used for metabolic processes
unless it is cleaved to hexoses by invertases (Kim et al., 2000). The expression of a putative
invertase inhibitor gene (cluster 166) was found to be induced upon water-deficit treatment.
Thus, this enzyme may be involved in carbon mobilisation from source/storage tissues to sink
organs like shoot tips and developing pods. Such imbalances on the whole-plant level may in
turn affect the regulation of photosynthesis (Paul & Foyer, 2001). Another catabolic enzyme
may be encoded by MPSS cluster 34. However, its annotation as an endo-1,4-f-mannanase is
dubious as it has mainly been described to play a role in galactomannan mobilisation from
germinating seeds (Spyropoulos & Reid, 1988) and, though well-studied in many leguminous
species, only one BLAST hit was obtained.

myo-Inositol is synthesised from glucose 6-phosphate through myo-inositol 1-phosphate
synthase (cluster 457) and is the precursor of pinitol (Streeter et al., 2001; Gomes et al.,
2005), which is the one of the main solute accumulating in drought-stressed pigeonpea leaves
(Kellwe & Ludlow, 1993). While upregulated in chickpea under water-deficit conditions
(Boominathan et al., 2004), the myo-inositol 1-phosphate synthase gene was downregulated at
least in non-drought-adapted bambara groundnut. Clearly upregulated in all genotypes was
the expression of the myo-inositol oxygenase 5 gene (cluster 152). This enzyme catalyses the
oxidation of mpyo-inositol to glucuronate, which forms part of plant pectins and hemi-
celluloses (Loewus & Murthy, 2000) and may thus contribute to increased cell wall stability.
However, Lorence et al. (2004) suggested myo-inositol oxygenase to play a role in the

biosynthesis of ascorbate, the major antioxidant in plant cells.
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Lignin metabolism

Three differentially expressed genes are presumed to function in the biosynthesis of lignin.
Being another major component of plant cell walls, it may confer mechanical strength to
conducting vessels to withstand the negative pressure generated by transpiration (Vincent et
al., 2005). Lignin is derived from polymerisation of three different monolignol units, and the
last step in their formation is catalysed by cinnamyl alcohol dehydrogenase (CAD). MPSS
cluster 102 showed high homology to the CPRD14 gene from cowpea, which is strongly
induced by dehydration and high-salinity stress, but not by cold, heat or exogenous ABA
(Tuchi et al., 1996) and in turn is highly homologous to CAD genes from various species. Due
to its specific role in the monolignol biosynthetic pathway, CAD has been considered to be an
indicator of lignin biosynthesis (Walter et al., 1988; Sibout et al., 2005). MacKay et al. (1997)
showed that a CAD-deficient maize mutant has decreased lignin content. Its strong transcript
accumulation in the 2006 CE experiment, which represented severe water-deficit stress, and
induction in the early stages of the milder stress experiment therefore point towards increased
lignin biosynthesis in bambara groundnut.

MPSS cluster 112 followed the same expression patterns as CAD, as indicated by induction
factors (Table 8) and hierarchical clustering (Fig. 19, cluster E). Annotated as a low
temperature and salt responsive protein from potato, it also shows homology to a strawberry
o-methyltransferase mRNA. While o-methyltransferases are involved in numerous bio-
chemical pathways, this one may methylate caffeate or 5-hydroxyferulate to produce ferulate
or sinapate, respectively (Whetten & Sederoff, 1995) and thus lead to the synthesis of
coniferyl alcohol and/or sinapyl alcohol monolignol units instead of p-coumaryl alcohol,
which is the preferred pathway in angiosperms (Boerjan et al., 2003). However, the above-
named enzyme properties are usually attributed more specifically to caffeic acid methyl-
transferase (COMT; Whetten & Sederoft, 1995). The corresponding gene (cluster 99) was
strongly downregulated in bambara groundnut under water-deficit stress according to MPSS
profiling and tended to follow a pattern of downregulation different from the one of
photosynthesis genes (Fig. 19, cluster A). COMT has been associated to the brown midrib3
mutation in maize (Vignols ef al., 1995) and its antisense suppression resulted in decreased
lignin content and altered lignin composition (Piquemal et al., 2002). In summary, lignin
biosynthesis seems to change in bambara groundnut upon reduced irrigation, possibly

resulting in de novo synthesis of an altered form of stress lignin.

Protein synthesis and modification

Compared to other functional categories, genes grouped under ‘protein synthesis’ were less
affected by the water-deficit treatments. Only one third (16/48) of the genes were termed
generally differentially expressed over four bambara groundnut genotypes in the first CE
experiment. mRNAs similar to a SUII translation initiation factor (MPSS cluster 92) and a

ribosomal protein (cluster 433) slightly accumulated in response to severe water-deficit.
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Thirteen of 14 downregulated genes encode for ribosomal proteins. However, repression
factors were usually below the range of photosynthesis genes, e.g. in clusters 33, 237, 304 and
348. None of the genes chosen for microarray analysis proved to show significantly altered
expression in the 2008 CE experiment. Consequently, with the exception of ribosomal protein
S27, which tended to cluster with early induced genes (Fig. 19, cluster E), ribosomal protein
genes did not fall into specific expression groups. The literature is ambiguous: Several studies
reported upregulation of ribosomal proteins under water-deficit or osmotic stress; down-
regulated genes were, however, not regarded (Boominathan et al., 2004; Wang et al., 2007,
Reddy et al., 2008). The same seems to apply for elongation factors and translation initiation
factors. Therefore, protein synthesis-related genes may be relatively stably expressed as
housekeeping genes and are little influenced by at least mild water-deficit stress.

The proportion of differentially expressed genes involved in the ‘protein fate’ functional
category, i.e. the modification or degradation of proteins, was also comparatively low at 32%.
However, regarding the averaged expression profiles from four genotypes (Fig. 11), most of
the differentially expressed transcripts exhibited enhanced accumulation after one week under
water-limiting conditions in the 2006 experiment. Five of these genes (among the 561 largest
transcript clusters) were attributed to proteolysis. This process involves the removal of
abnormal or misfolded proteins und recycling the resulting amino acids to the plant nitrogen
cycle, which is essential for plant adaptation to environmental conditions (Vierstra, 1996).
Increased activity and expression of proteolytic enzymes has been observed in various
legumes under drought stress (Cruz de Carvalho et al., 2001; Hieng et al., 2004; Reddy et al.,
2008). Ubiquitination assumes a central position in the proteolytic pathway (Vierstra, 1996).
MPSS clusters 300 and 570 fulfil this task and were upregulated in the 2006 experiment, and
another gene (ubiquitin-conjugation enzyme, cluster 77) was significantly induced in the 2008
experiment. Proteins destined for breakdown are selectively tagged by ubiquitin and can then
be degraded by proteases. Genes encoding for a cysteine protease (cluster 131), a protease
precursor (cluster 472), a zinc-dependent protease (cluster 493; all in the 2006 experiment)
and another cysteine protease (cluster 86; 2008 experiment) were found upregulated upon
water-deficit in bambara groundnut. Expression kinetics was similar for all genes spotted on
the microarray. Early induction was followed by approaching or even falling below the levels
of unstressed plants with progressing adaptation to water-limiting conditions. This indicated
the importance of diversified proteolytic regulation depending on different stages of water-
deficit stress. Furthermore, one ubiquitin-like protein mRNA (cluster 550) tended to be
repressed by severe stress and upregulation was also observed for a protease inhibitor gene
(cluster 413) counteracting protein degradation. Considering the fact that protein modification
may also affect transcription factors and cell receptors, it is obvious that it is part of a highly
complex cascade of regulatory events controlling a plethora of metabolic processes (Vierstra,
1996).
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Cell protection

Enhanced accumulation of five different LEA transcripts was revealed through MPSS
expression profiling (Table 6). All genes were expressed at high levels after applying reduced
irrigation for one week, which is indicated by low cluster numbers (2, 4, 36, 52 and 71).
MPSS cluster 2 is highly similar to a drought-inducible gene from cowpea that also responds
to salt stress and exogenous ABA, but not to cold and heat stress (Iuchi et al., 1996). Further
sequence alignment identified this gene encoding for a dehydrin, also known as group 2 LEA
proteins (93% nucleotide identity). While expressed around the detection limit under well-
watered conditions, transcript concentrations rose to between 16,833 TPM in AS-17 and
48,950 TPM in LunT. This clearly makes these mRNAs the most abundant in the stress
dataset and supports the assumption that LEA proteins comprise the vast majority of stress-
responsive proteins (Bartels & Sunkar, 2005). In contrast to the consistent expression profiles
under severe water-deficit, the second CE experiment demonstrated different patterns of
expression under milder conditions. MPSS clusters 52 and 71 accumulated mainly during the
first two days after imposing reduced irrigation (Fig. 19, cluster E), whereas clusters 2 and 36
were upregulated throughout the eight-day stress period (Fig. 19, cluster D). Surprisingly,
cluster 4 did not emerge to be induced at all but clustered together with photosynthesis genes
(Fig. 19, cluster B). Detailed biochemical interpretation is difficult due to limited knowledge
about the function of LEA proteins (Wise & Tunnacliffe, 2004). Dehydrins (MPSS clusters 2,
4 and 71) may be capable of inhibiting the coagulation of protein and membrane structures,
thereby preserving structural integrity under water-limiting conditions (Close, 1997). Many
studies reported a positive correlation between enhanced expression of LEA
proteins/dehydrins and drought-tolerance, e.g. in sunflower (Cellier et al., 1998), in winter
wheat, where dehydrin accumulation is related to the maintenance of greater shoot dry matter
production (Lopez ef al., 2003) or in barley, where QTLs for drought-tolerance are associated
with dehydrin genes (Forster et al., 2004). Furthermore, experiments using transgenic plants
corroborate the beneficial role of LEA proteins in terms of performance under water-deficit
stress conditions (Cheng et al., 2002; Bahieldin et al., 2005; Park et al., 2005).

Similarly to LEA proteins, heat shock proteins (HSPs) have also been shown to accumulate in
response to dehydration stress (Almoguera et al., 1993; Seki et al., 2002; Senthil-Kumar et
al., 2007) and to act as molecular chaperones ensuring correct folding and assembly of
proteins (Wang et al., 2004). Four genes with homology to HSP sequences, MPSS clusters
158, 209, 404 and 451, were found upregulated in the 2006 CE experiment (Table 6). For the
three genes used for microarray analysis, enhanced expression at at least one time point was
confirmed in the 2008 experiment (Table 10). However, MPSS expression profiling also
identified two HSPs downregulated upon severe water-deficit stress (clusters 312 and 356).
This may be attributed to the involvement of HSPs in a magnitude of plant developmental

processes that are not necessarily related to drought (Vierling, 1991).
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Three different drought stress-induced transcripts were identified as lipid transfer proteins
(LTPs; Table 6). One of them, MPSS cluster 5, was characterised by 37-fold change as
averaged over four genotypes, while two (clusters 24 and 250) accumulated less dramatically
(Table 17). The former, LTPI, exhibited equally strong induction throughout the entire stress
period in the moderate water-deficit experiment (Table 10). In contrast, the expression of
LTPII was not significantly altered. Yet again, this suggests differential regulatory control of
genes with putatively similar functions and also implies varied significance for the water-
deficit reaction in bambara groundnut. In general, LTPs were proposed to be capable of
transporting cutin monomers to sites of cutin synthesis in or on the outside of the cell wall
(Sterk et al., 1991). Thus, LTPs may be involved in the formation of epicuticular wax (Kader,
1997), which may lead to increasing cuticle thickness and has been described as one
mechanism to protect plants from water loss under water-limiting conditions (Ramanjulu &
Bartels, 2002). Romo et al. (2001) have shown that LTPs preferentially accumulate in young
tissues and during early developmental stages in osmotically stressed chickpea, but that they
are insensitive to ABA treatment.

Detoxification

Another three highly expressed genes, MPSS clusters 12, 13 and 21, encode for
metallothioneins. These heavy metal-binding proteins are ubiquitous in both eukaryotes and
prokaryotes (Palmiter, 1998) and have been shown to respond to a broad range of
environmental stresses in plants (Hsieh et al., 1995), including water-deficit (Seki et al., 2002;
Ozturk et al., 2002; Boominatan et al., 2004). Due to their metal-binding properties, it has
been suggested that metallothioneins participate in maintaining the homeostasis of
physiological metals like copper and zinc, but also in the detoxification of toxic metals such
as cadmium and arsenic (Roosens et al., 2004; Zimeri et al., 2005). Consequently, this
involvement in the micronutrient balance may have an impact on cofactor-requiring proteins.
Recently, Yang et al. (2009) have demonstrated enhanced accumulation of several zinc finger
transcription factors in transgenic rice overexpressing a metallothionein gene. Furthermore,
metallothioneins are capable of scavenging ROS in drought-stressed plants (Akashi et al.,
2004; Xue et al., 2009). It is yet unclear whether this antioxidant function directly relies on
metallothioneins or on the activation of further antioxidant enzymes (Yang et al., 2009).
Nevertheless, there is growing evidence that metallothioneins confer increased tolerance
under water-limiting conditions as reported in transgenic studies (Xue et al., 2009; Yang et
al., 2009). The three metallothioneins in bambara groundnut behaved distinctly in response to
severe water-deficit stress. A type 2 metallothionein (MPSS cluster 12) displayed a mean
twofold induction, while type 1 metallothioneins (clusters 13 and 21) were repressed after one
week. When applying milder stress in 2008, the former was not responsive, and MPSS cluster
21 tended to accumulate early upon treatment and to be repressed in later stages including

rehydration (Table 10). Such diverging expression profiles were also observed in challenged



4. Discussion 95

barley (Ozturk et al., 2002) and may be an indicator for different physiological functions of
various metallothionein types, which is supported by different organ-specificities (Zhou &
Goldsbrough, 1994).

Ferritin (cluster 261) is another metal-chelating protein that may be involved in the defence
reaction by sequestering iron ions which are required for the generation of hydroxyl radicals
through the Fenton reaction (Dedk ef al., 1999). The corresponding transcripts accumulated in
bambara groundnut after severe water-deficit, whereas on the other hand, milder stress led to
significant decreases in the late stress and recovery stages (Table 10). This may, beside their
detoxifying properties, underpin the importance of metal-binding proteins in regulating
cellular cofactor concentrations.

The expression of the “classical” detoxifying enzymes catalase (cluster 66), glutathione
peroxidase (GPX, cluster 130), glutathione S-transferase (cluster 228) and ascorbate
peroxidase (APX, cluster 283) did not substantially change in the 2006 CE experiment.
Average upregulation of APX and glutathione S-transferase was mainly caused by single
genotypes. The time course of catalase and GPX gene expression were monitored in the 2008
experiment. GPX exhibited clear induction up to two days after imposing reduced irrigation.
Thereafter, no significant difference to the unstressed reference was observed, but a tendency
towards downregulation after rehydration. Catalase showed a similar profile, however
statistically insignificant during the stress period (Fig. 19, cluster C). Thus, the antioxidant
enzymes mentioned above may be involved in the immediate response to limited water
supply, but are likely to play a minor role in the medium to long term drought adaptation in
bambara groundnut.

The case was different for the copper/zinc-superoxide dismutase gene (SOD; cluster 454). A
number of studies reported the activation of SODs under water-deficit stress (Ingram &
Bartels, 1996; Acar et al., 2001; Borsani ef al., 2001). On the contrary, all bambara groundnut
genotypes investigated displayed considerably reduced expression after one week of severe
water-deficit, as revealed through MPSS and microarray analysis (Table 18). Likewise, the
second CE experiment brought about significant gene repression (Table 10). Literature search
did not yield information about the downregulation of SODs under drought, but global gene
expression projects also do not report SOD induction (Seki et al., 2002; Ozturk et al., 2002;
Boominathan et al., 2004; Senthil-Kumar et al., 2007; Reddy et al., 2008). In the light of
metal cofactor regulation and possibly reduced ROS pressure through downregulated
photorespiration as described above, the repression of the Cu/Zn-SOD in bambara groundnut
appears more plausible.

ROS also mediate lipid peroxidation in biological systems, which leads to the formation of
toxic aldehydes (Bartels & Sunkar, 2005). Transcripts encoding for an aldo/keto reductase
(cluster 254) accumulated after one week of severe water-deficit stress. This enzyme may
reduce aldehydes to alcohols, as supported by transgenic plants (Oberschall et al., 2000). The
resulting alcohols may then be detoxified by alcohol dehydrogenase (cluster 239). Both CE

experiments showed induced expression in response to water-deficit. The same is reported in
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numerous publications (De Bruxelles, 1996; Seki et al., 2002; Boominathan et al., 2004;
Senthil-Kumar et al., 2007; Yue et al., 2008).

Signalling and transcriptional control

While there exist ABA-independent pathways of gene regulation, ABA-mediated signalling
plays a crucial role in many aspects of plant water-deficit responses (Shinozaki &
Yamaguchi-Shinozaki, 1997; Bray, 2002). The best-characterised gene in ABA biosynthesis
encodes for the key regulator 9-cis-epoxycarotenoid dioxygenase (NCED; Qin & Zeevaart,
1999; luchi et al., 2000). However, neither this nor any other gene involved in ABA
biosynthesis was identified in bambara groundnut. While the general assumption is that ABA
is primarily synthesised in roots as the primary sensors of drought and then transported to the
shoot (Christmann et al., 2005), enhanced expression of NCED has been reported in leaves of
several species (Qin & Zeevaart, 1999; luchi et al., 2000; Thompson et al., 2000). It is
possible that the absence of NCED is due to the technical limitations of the MPSS approach
(see 4.2.1). However, as NCED is expressed very early after dehydration (Tuchi et al., 2000),
sampling after one week of stress may have been too late and the differential gene expression
profiles obtained may be the result of increased mRNA stability or ABA-independent gene
regulation. Furthermore, it is conceivable that ABA inhibits its own biosynthesis in a
feedback mechanism (Bartels & Sunkar, 2005).

Another signalling pathway is triggered by ethylene. It has been shown that ethylene interacts
with ABA (Morgan & Drew, 1997; Sharp & LeNoble, 2002). This implicates its involvement
in the water-deficit stress response in plants. 1-Aminocyclopropane-1-carboxylic acid oxidase
(MPSS cluster 185) catalyses the final step in ethylene biosynthesis (John, 1997). Both CE
experiments resulted in significant decrease of this enzyme (Table 8, Table 17). The literature
is ambiguous about the regulation of ethylene biosynthesis under water-limiting conditions
(Morgan & Drew, 1997). As 1-aminocyclopropane 1-carboxylic acid oxidase requires iron
ions as cofactors (John, 1997), its activity may be influenced by ferritin, which may also
explain coexpression of these genes (Fig. 19, cluster A).

Five out of eleven genes assigned to the °‘cellular communication/signal transduction
mechanism’ category were termed generally differentially expressed in the 2006 experiment.
Strong accumulation was observed for a nodule-enhanced protein phosphatase type 2C
mRNA (cluster 269). Reversible phosphorylation of proteins is a common way of rapid post-
transcriptional regulation of transcription factor activities in response to extracellular stimuli
(Karin & Hunter, 1995). This specific gene has been suggested to be involved in initiating
nitrogen fixation through plant-microbe interaction in Lotus japonicus roots (Kapranov et al.,
1999). As it is not known whether this influence is positive or negative, and gene expression
was only investigated in dehydrating leaves, the impact of water-deficit on nodule formation
remains speculative. A related gene found to be induced after severe water-deficit treatment

encodes for a serine/threonine protein kinase (cluster 471). Studies on an ABA-insensitive
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Arabidopsis mutant identified a missense mutation in this gene (Meyer ef al., 1994), and the
resulting disrupted regulation of guard cell ion channels negatively affects stomata closure
(Armstrong et al., 1995). By contrast, a CDPK-related protein kinase gene (cluster 143)
exhibited strong downregulation in 2006 (Table 17) and slight (insignificant) downregulation
upon milder water-deficit. The involvement of CDPKs in Ca*"-mediated signalling in osmotic
stress is well-documented (Shinozaki & Yamaguchi-Shinozaki, 1997; Sanders et al., 1999;
Ramanjulu & Bartels, 2002). Water-deficit stress experiments usually report increasing
expressions (Seki et al., 2002; Ozturk et al., 2002). The different results in bambara
groundnut suggest a much more complex network of signal transduction involving further
protein kinases not discovered through MPSS gene expression profiling.

In addition, 14-3-3 proteins can interfere with signalling pathways by binding to CDPKs and
MAPKSs (Fanger et al., 1998; Camoni et al., 1998). One such gene (cluster 486) was repressed
upon severe water-deficit stress (Table 17), while another gene (cluster 412) did not respond
significantly to both treatments. Post-transcriptional control of gene expression may be
modulated by RNA-binding proteins. The levels of two RNA-binding protein mRNAs
(clusters 117 and 301) were decreased in the 2006 experiment. The former gene was chosen
for microarray analysis and downregulation was confirmed in the second CE water-deficit
experiment (Table 11). Another RNA-binding protein gene (cluster 377) was induced in 2006,
but did not show significant expression difference upon milder stress. Lectin mRNA (cluster
325) accumulated in both experiments. Due to its carbohydrate-binding properties, it may be
involved in sugar-mediated signalling (Sharon & Lis, 1989; Rolland et al., 2002).

Among the 561 largest transcript clusters, six were homologous to transcription factors. On an
average over the four genotypes, three were termed upregulated and two downregulated after
one week of severe water-deficit. However, with the exception of an ethylene-responsive
protein mRNA (cluster 313), which was not differentially expressed, all transcription factors
identified through 454 sequencing and BLAST search, i.e. also those with transcript
abundance lower than 40 tags in the dataset, were included in microarray analysis. Three
transcription factors share homology with MYB transcription factors. MYB proteins are
involved in an ABA-dependent pathway of gene expression under water-deficit stress
(Shinozaki & Yamaguchi-Shinozaki, 1997), as evidenced by dehydration experiments (Urao
et al., 1993; Abe et al., 1997). Stomatal opening in Arabidopsis has recently been described to
be influenced by MYB transcription factors (Cominelli et al., 2005; Liang et al., 2005). In
bambara groundnut, the MYB139 gene (cluster 227) was strongly induced in the 2006
experiment. Analysis of expression dynamic in the second CE experiment suggested
MYBI139 being co-expressed with three uncharacterised genes (MPSS clusters 82, 154 and
418) and several genes assigned to the ‘cell rescue, defence and virulence’ functional
category, i.e. two HSPs, alcohol dehydrogenase and a Snakin-like cysteine-rich protein (Fig.
20, DipC cluster III and LunT cluster IIIb). Further genes, mainly involved in protein
synthesis, also appeared to be co-expressed with MYB in DipC, but were grouped in a
different cluster (Illa) for LunT. MYBI23 (cluster 555) displayed no clear common
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expression signature in the MPSS approach, possibly due to the generally low expression
level, but microarray validation of the 2006 experiment suggested downregulation for all
genotypes (Table 18). k-Means clustering assigned its expression pattern to cluster Va for
both landraces used in the 2008 experiment. Including clusters Vb, which are only marginally
different from Va, it appears that many genes co-expressed with MYB123 may function in
cellular communication processes such as binding to proteins or other factors (MPSS clusters
139 - acireductone dioxygenase/metal ion-binding protein, 325 - lectin, 412 - 14-3-3 protein
and 551 - selenium-binding protein), involvement in transport routes (275 - ras-related GTP-
binding protein, 307 - cytochrome-c oxidase and 357 - small GTP-binding protein),
modification of proteins (70 - ubiquitin-like protein, 157 — isoprenylated protein and 617 -
cysteine proteinase precursor) or ethylene signalling (496 - S-adenosylmethionine decarboxyl-
ase). In both landraces, these genes quickly responded to reduced irrigation by slight
upregulation for the first two days and had unaltered or slightly decreased levels afterwards.
Expression changes were usually below the statistical significance thresholds. Early induction
may also explain why most of these genes were not found to be differentially expressed in the
2006 experiment, where sampling was carried out seven days after initiating the water-deficit
treatment. In the literature, the MYB123 transcription factor has been described as a regulator
of proanthocyanidin biosynthesis induced by various biotic and abiotic stresses in poplar
(Mellway et al., 2009). Another MYB transcription factor, MYB93 (MPSS cluster 811), was
4.4-fold upregulated on average over the four genotypes used in the 2006 experiment. In
2008, no significant expression difference to the unstressed reference was obvious at any time
point. While the literature reports the expression of MYB93 being linked to cold and heavy
metal stress (Ogundiwin et al., 2008; Liu et al., 2009), its relevance in water-deficit stress
appears to depend on the degree of dehydration.

Homeodomain-leucine zipper (HD-ZIP) proteins represent another class of transcription
factors responsive to dehydration (S6derman et al., 1999; Dezar et al., 2005). MPSS cluster
766 is highly homologous to a HD-ZIP transcription factor activated in virus-inoculated
soybean leaves (Wang et al., 2005). Its dynamic expression followed the pattern of MYB139.
Thus, it would stand to reason that both transcription factors are regulated by a common
signal.

Two genes encode for basic region leucine zipper (bZIP) transcription factors. Similarly to
MYB transcription factors, these were also shown to function in the regulation of ABA-
inducible genes (Shinozaki & Yamaguchi-Shinozaki, 1997). Cis-acting factors involved in the
transcriptional regulation by ABA (ABREs) are bound by bZIP transcription factors (Bray,
2002). In bambara groundnut, bZIP33 (MPSS cluster 393) was found to be upregulated after
one week of severe water-deficit. Yet no significant change was recorded when milder water-
deficit stress was applied. Thus, the course of gene expression does not allow clear
assignment to other genes. The bZIP6 gene (cluster 823) was induced upon water-deficit in

both experiments (Table 9, Table 18). Beside five uncharacterised genes, two LEA protein
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genes (clusters 52 and 71) and two genes of the carbohydrate metabolism (clusters 114 — f-
amylase and 166 — invertase inhibitor) were coexpressed with the bZIP6 transcription factor.
The expression of one member of a fourth class of transcription factors, a zinc-finger B-box
protein mRNA (cluster 438), was also induced upon severe water-deficit. Similarly to
MYB93 and bZIP33, the treatment in 2008 did not result in a stress intense enough to see
significant differential expression. Nevertheless, a number of studies have pointed out the
involvement of zinc-finger proteins in coordinating the complex molecular response to water-
deficit (Sugano et al., 2003; Mukhopadhyay et al., 2004; Sakamoto et al., 2004).

4.2.3.3 Differential gene expression between landraces

Single genes

As described above, the response mechanisms to limiting irrigation are highly similar in
contrasting bambara groundnut landraces and, except from few aspects, have been described
in numerous water-deficit challenged plant species. Nevertheless, physiological observations
exemplified by comparing a landrace adapted to a drought-prone region, DipC, and one from
an environment characterised by high moisture levels, LunT, suggested differences in terms
of stomatal movements and yield formation (see 4.2.3.1). In order to identify disparities at the
transcriptional level, induction or repression factors, respectively, obtained through MPSS
gene expression profiling were compared. With respect to differences among the four
genotypes used, a gene was termed differentially expressed when at least one landrace
individual displayed a more than twofold change and at least another one had an inverse
expression factor at the same time. This resulted in one third of the 561 largest transcript
clusters carrying a potential landrace-specific difference. As shown in Fig. 12a, the number of
genes assigned to protein synthesis was disproportionately high. Regarding only differences
between the landraces used for the second CE experiment, the percentage was reduced to 8.6.
Out of these 48 genes, 18 were chosen for microarray analysis. When contrasting log,
transformed expression ratios obtained through MPSS and microarray analyses (Table 18), a
landrace difference between DipC and LunT was only confirmed for one gene (MPSS cluster
189). As mentioned above, direct comparison of both methods is difficult due to missing
replication and non-uniform genotypes. Furthermore, the frequency of expression differences
detected through MPSS increased with diminishing numbers of tags per cluster, when
reliability of MPSS expression profiling became questionable. Thirdly, the greatest fraction of
annotated genes was assigned to protein synthesis regarding differential expression profiles
within all four genotypes as well as between DipC and LunT (Fig. 12a, b). These genes were
found to show a relatively weak response to water-deficit stress. Therefore, it is more likely
that variation around the induction/repression threshold occured. Consequently, genes with a
strongly developed reaction to severe water-deficit stress, i.e. photosynthesis and stress- and

defence-related genes, were clearly underrepresented. By combining each two genotypes from
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dry (DipC and AS-17) and from humid areas (LunT and Swazi Red), it was attempted to
substantiate the MPSS expression profiles with respect to climatic adaptation. Four genes out
of the nine clusters presented in Fig. 13 were printed on the microarray. Again, only MPSS
cluster 189 encoding for a valine transfer-RNA proved to be differentially expressed between
genotype groups after microarray validation of the 2006 experiment. However, biological
relevance in the stress-adaptation of plants remains obscure. When milder water-deficit was
applied in 2008, statistically significant differences were detected neither between treatments
nor between genotypes.

Due to the problems associated with MPSS expression profiling for transcripts of lower
abundance and relatively late sampling in 2006, the 2008 experiment may have yielded more
meaningful results. Nine genes were significantly higher expressed in stressed LunT (Table
13) at at least one sampling date. It is conspicuous that all differences but one with
insignificant higher expression occurred in the latest stress stage investigated eight days after
reducing irrigation. Two of these genes encode for LEA proteins (MPSS clusters 2 and 52)
and three are presumably involved in lignin metabolism (clusters 99, 102 and 112). As
expression was higher in the putatively drought-sensitive landrace, is appears that these genes
reflect plant-intrinsic stress rather than that they explain the better drought-tolerance of DipC.
Instead, DipC is likely to feature some drought avoidance mechanism which, after an initial
adaptive response, makes the prolonged expression of lignin and some LEA genes
unnecessary. The same pattern was observed for an early light-induced protein, which is
thought to function in the assembly of the photosynthetic apparatus (Adamska & Kloppstech,
1991) and a polyubiquitin 2 gene, which may be involved in the removal of damaged proteins
or protein-mediated signalling.

Therefore, structural genes with higher expression in the tolerant landrace are of more value
in terms of protection against adverse conditions. Three genes met this criterion at single time
points in the treated variant (Table 13). MPSS cluster 20 is similar to a soybean stored
cotyledon mRNA, which shares high homology with a defensin gene from Tephrosia villosa
(4e”"!, 86% nucleotide identity). Defensins are antimicrobial proteins usually involved in the
defence reaction against pathogens (Hanks et al., 2005). However, their induction pathways
may share some elements of the water-deficit response, e.g. ethylene signalling (Penninckx et
al., 1998). Being repressed at least in the drought-adapted genotypes after one week of severe
water-deficit, the 2008 CE experiment showed induction of the defensin gene in the first two
days after reducing irrigation (Table 10). One LEA protein gene (cluster 36) surprisingly was
expressed 4.5-fold more in DipC than in LunT at the first stress recovery stage. During the
stress period, no statistically significant difference was observed, although at stage 4RI,
expression was 6-fold higher. At the same stage, the myo-inositol oxygenase 5 gene (cluster
152) was expressed twice as strong as in LunT.

MPSS cluster 124, or at least the region sequenced, does not share homology with a published
sequence. It was not detected in LunT, neither through MPSS nor microarray technology. As

this gene was upregulated after one week of severe water-deficit stress as well as in the first
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two days after applying milder stress in DipC (Table 12), it may serve as a useful, potentially
novel candidate gene for drought tolerance in bambara groundnut. Cluster 110, another
uncharacterised gene, was also induced upon the 2008 treatment in DipC, whereas it was
more or less stably expressed in LunT (Table 12). Hence, significant landrace differences
were recorded until the fourth day after initiating the stress treatment in 2008 (Table 13).
However, microarray analysis of the 2006 experiment suggested strong downregulation of
this gene in all four genotypes, which is in contrast to MPSS results. This special case
deserves further attention, but does not render this gene less interesting.

Apart from landrace-specific differences under stress, seven genes were found to be
constitutively (i.e. in control plants) higher expressed in DipC (Table 13). While for six of
these, no clear biological function could be determined, cluster 1, the most abundant mRNA
in the full MPSS dataset, encoding for a proline-rich protein precursor, was 2.6-fold higher
expressed than in LunT at one time point. A threefold difference between unstressed DipC
and LunT plants was also observed in the MPSS profiling experiment. Proline-rich proteins
are structural cell wall proteins conferring mechanical strength (Keller, 1993). Therefore, the
drought-tolerant bambara groundnut genotype may be able to form more rigid cell walls in the
absence of water-deficit, which protect cells from turgor loss when water becomes scarce.
However, all seven genes had a statistically significant higher constitutive expression at only

one time point in DipC, which means that general evidence is not given.

Expression kinetics

In addition to the analysis of single time points, gene expression curves over four time points
of limiting irrigation and two time points after re-applying full irrigation were compared
between differently drought-adapted DipC and LunT using k-means clustering (Fig. 20).
Genes of clusters I, including two LEA genes, two genes functioning in carbohydrate
metabolism and one LTP gene, were found upregulated already one day after initiation of the
water-deficit treatment in both landraces. However, the stress reaction was more pronounced
in the drought-sensitive landrace, where the average log2 ratio was 4 while in DipC, this value
was 3. Thus it appears that these genes do not actively prevent bambara groundnut from
dehydration, but that they are expressed as a response of water-deficit stress, which is
perceived more strongly by LunT. In DipC, gene expression steadily increased until four days
after reducing irrigation. In contrast, LunT showed maximum expression at stage 2RI,
followed by a slump at stage 4RI and a second phase of transcript accumulation eight days
after imposing stress. This may imply that the drought-tolerant genotype undergoes a
prolonged adaptive phase, possibly involving enrichment of LEA proteins and intensified
cuticle development at the expense of stored carbohydrates, after which metabolism is again
directed towards regular growth. LunT did show such a fading upregulation at the end of the
stress period for the genes of clusters I. Extrapolating this phenomenon, the drought-sensitive

landrace was characterised by a higher investment in certain defence-related metabolic
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pathways with increasing duration of water-deficit conditions. Though not resolved through
k-means clustering, the stress response of three genes (MPSS clusters 36 — LEAS protein, 182
— cytidine or deoxycytidylate deaminase and 195 — no homology) may have been delayed in
DipC, but statistical analysis did not support this assumption.

Similarly, the genes in clusters II were expressed in a different order of magnitude between
DipC and LunT during the first two stress stages and tended to show prolonged upregulation
in DipC at stage 4RI. However, in contrast to the genes of cluster I, a second phase of
upregulation was not observed in LunT. In terms of membership, only MPSS cluster 110 is a
considerable outlier as already mentioned above.

The genes grouped under DipC k-means cluster III tended to respond to water-deficit more
slowly. Statistically significant differences to the corresponding unstressed reference were
usually detected at four days after imposing stress (MPSS clusters 158 and 451 encoding for
HSPs and 154 and 418 without homology to a published gene). In LunT, these genes split into
two clusters. One (Illa) was barely responsive to water-deficit, while the other one (IIIb)
displayed expression kinetics different from DipC. The first two stress stages were
characterised by distinctive induction, whereas at stage 4RI, no difference to the control was
obvious. This and corresponding induction factors obtained from the 2006 experiment (Table
14) suggest that these genes may be of particular importance under jeopardising stress, which
was probably circumvented by DipC when milder water-deficit was applied in 2008.

Another difference between landraces was obvious when expression curves of downregulated,
non-photosynthesis genes, i.e. those of hierarchical cluster A (Fig. 19), were compared. In
DipC, these formed a separate k-means cluster [Vb, with the strongest water-deficit response
again becoming visible at stage 4RI. On the other hand, these genes were grouped together
with photosynthesis genes for LunT, which were barely affected by the 2008 conditions.
Thus, not only the induction, but also downregulation of genes may be an important factor in
distinguishing bambara groundnut landraces with different degrees of water-deficit tolerance.
Three of these genes may be involved in signalling pathways (MPSS clusters 117 — RNA-
binding protein, 167 — UDP-glucuronosyltransferase and 185 - 1-aminocyclopropane 1-
carboxylic acid oxidase), and another two genes possibly exhibit similar function through
regulating the levels of ROS (clusters 261 — ferritin and 454 — Cu/Zn-SOD). With respect to
photosynthesis genes, no difference between landraces was noticed under mild stress.
However, sustained expression appears to be of importance under severe water-deficit which

was shown by comparing expression levels after the 2006 treatment (Fig. 12c¢).
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Table 14. Induction/repression factors for six genes and four genotypes obtained through
MPSS expression profiling in 2006 for which upregulation was marginal for DipC, but
considerable for LunT in the 2008 experiment. Under severe water-deficit stress, induction
was more pronounced in genotypes adapted to humid environments.

Arid environment Humid environment
Gene homology DipC AS-17 Swazi Red LunT
82: No homology 30.9 14.0 66.2 83.8
158: Heat shock protein 22 1.1 34 15.3 14.4
227: MYB139 15.2 4.2 13.8 34.3
239: Alcohol dehydrogenase 1 1.4 1.6 4.4 1.8
12;;:6 iSnnakln—hke cysteine rich 23 79 43 16.6
451: Heat shock protein 81-1 -1.3 0.0 -1.3 7.2

k-Means clusters V did not reveal differences between landraces during the stress period.
However, genes differed in their expression when full irrigation was resumed. At stage 1REC,
downregulation was significant for eight genes of diverse functions (MPSS clusters 21, 66,
93, 212, 262, 323 and 349) in LunT, while DipC did not display significant differences.
Upregulation during the first two stress stages implies a role in the adaptive reaction. Hence, a
certain degree of constitutive gene expression appears necessary, and LunT seems to neglect
this when shifting from stress metabolism back to regular growth under non-limiting water
supply. Many genes of clusters V may be involved in signalling processes and are likely to be
transcriptionally controlled by MYB123 (see 4.2.3.3, signalling and transcriptional control).
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4.3 Conclusion and outlook
4.3.1 DArT markers and genetic diversity

The first part of this study reports the discovery of solid-state, hybridisation-based genetic
markers in a microarray format (DArT) specific for bambara groundnut. After resolving a
problem so far unobserved with this technology, a full-size genotyping array comprising
7,680 clones was assembled from three different fragment libraries. Hybridisation with targets
prepared using two individual enzyme combinations resulted in a total of 658 clones
polymorphic between 87 genotypes, of which 296 showed unique segregation signatures.
These values were essentially confirmed in a further experiment using an extended screening
population. Due to the high locus specificity of DArT markers, these can be easily arranged
into genetic linkage maps (Akbari ef al., 2006; Wenzl et al., 2006) and will complement the
existing initial map based on a subintraspecific cross (wild x cultivated subspecies) and
currently containing 81 AFLP and two SSR markers (Basu et al., 2007c; Mayes et al., 2009).
Such a medium-density genetic map would then provide the framework for identifying QTLs
dissecting quantitative traits, like stable yield under limited water supply, into their single
genetic components (Tuberosa & Salvi, 2006). Given that close linkage between markers and
QTLs is established, which is relatively plausible as DArT markers preferentially map to
gene-rich telomeric regions (Akbari et al., 2006), these diagnostic markers can be utilised for
marker-assisted selection (MAS) in breeding programmes. Although in practice, the general
impact of MAS in improving drought tolerance has been low so far (Reynolds & Tuberosa,
2008), promising approaches were reported for rice (Steele et al., 2006), maize (Ribaut &
Ragot, 2007) and pearl millet (Serraj et al., 2005). MAS can further be used to combine
favourable alleles with other, usually more simply inherited traits influencing agronomic
performance or end-user acceptance, such as internode length, days to emergence and seed
coat colour in bambara groundnut (Basu et al., 2007a). DArT allows for investigation of
thousands of loci in parallel and is therefore particularly suited for gene/QTL pyramiding.

Another issue of marker-based whole-genome profiling is the creation of population genetic
data. Through fingerprinting of accessions in a germplasm collection, it is possible to reveal
genetic relationships among materials and to identify duplications. In order to save resources,
a core collection with a reduced number of samples but essentially conserved genetic diversity
can be extracted from such a dataset and form the basis of a breeding programme. Schenkel et
al. (2002) had applied the concept of a “hierarchical nested core collection™, containing
between eight and 102 accessions at five cluster levels, to half of the IITA bambara groundnut
germplasm collection. However, its implementation was restricted by the exclusive use of
morphological descriptors, which are influenced by environmental factors. This problem can

be circumvented by drawing the core collection upon molecular marker data. Eventually, by
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having a reliable estimate of the genetic diversity within a species, the number of test crosses
in a breeding programme can be reduced through efficient selection of suitable parental lines.
However, compared with other crops to which DArT has been applied, genetic diversity in
cultivated bambara groundnut appears to be generally low and especially in Southern Africa,
where landraces are adapted to low water availability. This may pose a serious constraint to
any genetic improvement programme. Thus, it seems evident to increasingly make use of
germplasm from the centre of origin and/or wild relatives. Such a strategy has been
successfully applied to species like wheat (Huang et al., 2003), barley (Von Korff et al.,
2006), tomato (Gur & Zamir, 2004) and common bean (Blair et al., 2006) by means of
advanced backcross QTL analysis.

DATrT analysis furthermore revealed comparatively high genetic variation within landraces.
From an academic point of view, it is clear that advanced ‘omics’ technologies do not make
much sense without genetically defined material being available. For an inbreeding species
like bambara groundnut, it should be relatively easy to develop pure lines from landraces,
which are believed to consist of a series of inbred lines as confirmed using codominant
molecular markers (Basu et al., 2007b; Mayes et al., 2009). Seeds from individual plants used
for DArT marker discovery were harvested and may form the basis for future investigation.
Nevertheless, it has been proposed that intra-landrace variability is one factor for adaptiveness
of a population to a broad range of diverse environmental stresses (Zeven, 1998). Therefore,
instead of homogeneous cultivars, bambara groundnut may be developed as a mixture of
improved genotypes to meet the demands of low-input farming systems (Massawe et al.,
2005).

4.3.2 Gene expression profiling

High-throughput sequencing of pooled cDNA populations and subsequent counting of
transcript tags created expression profiles for thousands of genes under reduced irrigation.
Functional annotation of genes showed that virtually every metabolic aspect is affected by
water-deficit stress and that there are manifold interactions between them. Hence, it is not
surprising that a simple answer to a trait as complex as drought tolerance cannot be given.
Both investigation of severe stress for four bambara groundnut genotypes adapted to
environments differing in moisture availability as well as a time course experiment
representing milder soil dehydration indicated a highly similar response between drought-
tolerant and sensitive materials. Most differences were observed on a quantitative level, with
sensitive genotypes/landraces usually exhibiting a more pronounced stress reaction, i.e.
stronger induction of stress- and defence-related genes and stronger repression of
photosynthesis-related genes. Furthermore, the adaptive phase appeared to be temporally
confined for the more drought-tolerant DipC line, whereas the sensitive landrace LunT

constantly invested resources into protective mechanisms, at least throughout the period
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investigated. This suggests that control mechanisms underlying these responses are to be
searched upstream of the genes presented in this work. With respect to transcription factors,
only a small fraction was captured considering that in Arabidopsis, 190 members of the MYB
family (Riechmann et al., 2000) and 75 bZIP proteins (Jakoby et al., 2002) have been
described. Other transcription factors playing a role in plant water-deficit response like MYC,
DREB and WRKY proteins (Chen et al., 2002; Bartels & Sunkar, 2005) could not be
identified in the bambara groundnut dataset. Likewise, the genes of the signal transduction
cascade leading to the activation of transcription involving abscisic acid and MAPKs were
probably expressed at levels beyond the MPSS detection limit.

When gene expression profiles were compared between MPSS and microarrays, it was also
noticed that the tag counting-based approach delivered results with high resolution for
strongly expressed genes, but quickly lost in power the fewer tags were present per cluster.
On the contrary, microarrays still provided robust results for less strongly expressed genes.
Thus, even with the ongoing further development of high-throughput sequencing
technologies, it is unlikely that MPSS will catch up with microarrays in terms of transcription
profiling in the near future. However, as shown in this work, MPSS coupled with 454
sequencing provides an invaluable tool for creating oligonucleotide microarrays. Setting aside
(reliable) expression profiling but focussing on mere transcript discovery, possibly by means
of normalised ¢cDNA populations, fast development of a (nearly) whole-transcriptomic
microarray through the information gained in one single sequencing run is not unrealistic.
Despite these technical limitations, at least two promising candidate genes for drought
tolerance in bambara groundnut were identified. Further validation in various genomic
backgrounds as well as multi-locational field testing are necessary to confirm their
contribution to this complex trait. In parallel, as both transcript tags did not show homology to
published sequences, it should be attempted to obtain full-length cDNAs by means of RACE
(rapid amplification of cDNA ends)-PCR-based approaches (Frohman et al., 1988). In case
the transcripts prove to be novel, a number of in silico approaches are available to predict
protein function (Engelhardt et al., 2005; Friedberg, 2006). In addition, genes should also be
investigated in vivo. This can be either through transformation into model plants like
Arabidopsis or tobacco or gene silencing by means of RNA interference (Small, 2007) or
virus-induced gene silencing (Holzberg et al., 2002).

The complexity of drought tolerance, however, requires a more holistic view of biological
processes. Firstly, while leaves are directly affected by water-deficit through their
photosynthetic action, roots as the primary sensors and transmitters of water scarcity may not
be disregarded. Secondly, gene expression allows for inference, but does not necessarily
reflect the actual metabolism as, for example, post-transcriptional modification or substrate
availability/affinity may influence the impact of expressed genes or translated proteins,
respectively. Therefore, transcriptomics should be complemented by further disciplines that

focus on investigation of the proteome and metabolome in order to integrate transcriptomic
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data into more consistent picture of the physiology of bambara groundnut under drought

conditions.

4.3.3 Subsumption of the work and future direction

In summary, two recently developed high-throughput technologies, MPSS coupled with 454
sequencing and DATT, plus a small oligonucleotide microarray, were successfully applied to
bambara groundnut. Compared to decades of research and the enormous financial
contribution dedicated to major crops, the presented approaches proved to be most cost- and
time-efficient and may be regarded as a useful example for other under-utilised crops.
Especially regarding MPSS, further applications are conceivable. Within a dataset as obtained
in this study, it is possible to mine for expressed microsatellite (EST-SSR) motifs (Cheung et
al., 2006). In our case, read lengths were too short to capture flanking regions suitable for
primer design. Secondly, genic SNP markers can be derived from the transcript tags. Due to
the higher polymorphism rate, sequences from the 3’-UTR, as presented here, are particularly
suitable.

One elegant way combining genetic markers and gene expression profiling is expression QTL
(eQTL) analysis (Jansen & Nap, 2001). Considering expression levels as quantitative traits,
they can be mapped in a segregating population. As a result, it will be indicated what portion
of the variation in gene expression is attributed to the gene itself (cis-acting factors) and to
what extent other genomic locations (frans-acting factors) influence gene expression. Thus, it
is possible to detect regulatory candidate genes which may have been missed by expression
profiling because of low expression levels or influential expression before sampling. This will
provide additional insight into the regulatory network of complex traits such as drought
tolerance as has been reported for rice (Hazen et al., 2005) and poplar (Street et al., 2006).
While the work presented focussed on the de novo generation of information specific for
bambara groundnut, it is also possible to borrow resources developed for other species, e.g.
major crops or model species such as Arabidopsis thaliana or, probably more suitable for
bambara groundnut, Medicago truncatula. For example, Das et al. (2008) reported the
successful application of single feature polymorphisms (SFPs), i.e. microarray markers based
on expressed sequences, to cowpea using a readily available soybean microarray. Likewise,
microarray gene expression studies can be conducted across species (Hammond et al., 2006),
or markers can be developed based on conserved gene synteny between plant genomes
(Fulton et al., 2002; Choi et al., 2004). The latter two approaches are currently under
investigation in bambara groundnut and may soon complement the data presented in this
thesis (Mayes et al., 2009).

Consistent improvement, accompanied by significant cost reduction, of biomolecular
technologies allows for a deeper understanding of plant stress resistance mechanisms and,

moreover, makes these accessible to a broader research community. However, practical
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application requires a more holistic approach integrating ‘omics’ datasets derived from the
cellular or organ level into experimental results on the whole-plant and canopy level
(Wollenweber et al., 2005; Witcombe et al., 2008). Extensive and robust phenotyping is the
key condition for such a ‘systems biology’ approach, but, due to high cost and labour-
intensity, probably the most limiting factor for the progress of genomic studies on drought
tolerance (Cattivelli et al., 2008). The BAMLINK programme was designed to cover a broad
range of agronomic aspects of bambara groundnut including field evaluation, assessment of
genotype-by-environment interaction of key traits for yield stability under limiting water
supply, development of cross-links to other abiotic stresses and functional/nutritional
evaluation. In close cooperation with potential end-users, the near future will tell about the
impact of such a concerted, integrative methodology on the contribution of an under-utilised

crop to food security in semi-arid regions of the world.
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5. Summary

Bambara groundnut [Vigna subterranea (L.) Verdc.] is an indigenous African legume which
bears the potential to produce protein-rich seeds for human consumption even in resource-
poor, drought-prone environments. However, it has fallen into disuse for a number of cultural
and economic reasons and been replaced by major crops like maize or peanut. Consequently,
no supra-regional markets exist at present and modern breeding research has ignored bambara
groundnut during the last decades. In this context, the EU-funded BAMLINK project was
launched in 2006 in order to promote the use of bambara groundnut for food security in
(semi-)arid regions of the world. The work presented in this thesis was conducted with the
overall aim to create a molecular genetic basis specific for bambara groundnut using state-of-
the-art high-throughput technologies. In particular, technical objectives included a) the
development of a Diversity Arrays Technology (DArT) molecular marker array for whole-
genome profiling and b) its implementation for genotyping a representative fraction of germ-
plasm held at genebanks and landrace material used by project partners. Secondly, it was
intended to analyse gene expression patterns in leaves under water-deficit stress by c)
expression profiling using the massively parallel signature sequencing (MPSS) approach
coupled with a ‘next-generation sequencing’ technology (454 pyrosequencing), d) validation
of these data using a custom-made cDNA microarray developed from a subset of the
sequences generated through MPSS and e) investigating the time-dependent behaviour of
these genes in a second water-deficit experiment. Thereby, it was aimed to integrate the data
into a regulatory network and to identify candidate genes potentially explaining different
degrees of drought tolerance in contrasting bambara groundnut landraces.

For genetic diversity studies, an initial DArT marker discovery array was developed from 38
diverse bambara groundnut DNA samples using the restriction enzyme combination Ps¢l/Alul
and analysed with 32 of these genotypes. Results indicated 5.5% polymorphic markers with a
high proportion of redundancy. By increasing the genetic basis to 94 samples, adding an
additional restriction digest to eliminate redundant markers and including fragments prepared
from a second enzyme combination (Pstl/Taql), a full-size DArT array containing 7,680
clones was created. Of these, 658 (8.6%) were polymorphic in total and 296 (3.9%) showed
unique segregation signatures. Compared to other crops, this indicates a low level of overall
genetic diversity in bambara groundnut, which, however, is in the range of other legumes with
a similar breeding system. These findings were confirmed by fingerprinting another 342
genotypes.

Using non-redundant markers to cluster accessions revealed a clear structure in bambara
groundnut germplasm correlating well with the geographic origins of materials. Three
relatively diverse clusters emerged from Western and Central African genotypes, including a
cluster with probably not fully domesticated materials. In contrast, genotypes from Eastern

and Southern Africa formed a single cluster which is characterised by a fairly narrow genetic
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basis. Thus, it was concluded that a genetic bottleneck has occurred in the process of moving
bambara groundnut out of its area of domestication. This became even more evident by
investigating materials from Indonesia, where genetic diversity is almost absent. In addition,
six landraces were analysed for intra-landrace diversity. Results indicated a broad margin
from nearly pure lines to highly heterogeneous mixtures of genotypes.

To study the effects of water-deficit on gene expression, a controlled-environment experiment
was conducted using four differently drought-adapted bambara groundnut landrace indivi-
duals. After the onset of flowering, reference leaf samples were harvested. Afterwards,
relatively severe stress was applied by reducing irrigation to one third of control conditions
for one week and the same plants were sampled again. 3’-untranslated regions from eight
cDNA populations were sequenced in parallel using the 454 sequencing technology. After
sequence cleaning, this produced a total of 197,400 sequence tags with an average read length
of 87 nucleotides. Clustering these yielded 10,583 transcript groups represented by two to
3,026 sequence tags, and 34,427 singletons. Clusters were broken down into genotype and
treatment-specific libraries and the number of tags was counted as a measure of gene
expression. Results showed that two thirds of the most highly expressed genes were affected
by water-deficit, with few genotypic differences. Downregulation was mainly observed for
genes functioning in energy generating processes and protein synthesis, while stress and
defence-related genes and genes for the modification and degradation of proteins usually
exhibited induced expression. These results were validated by means of an oligonucleotide
microarray designed from a subset of 132 MPSS-derived sequences. Comparison of both
technologies indicated good correlation for highly expressed genes, but also decreasing
accuracy of MPSS when transcript abundance became low. Microarrays were also employed
to analyse a second water-deficit experiment, representing milder stress and using the two
most contrasting landraces and six sampling dates. Most gene expression changes were
observed in the first two days after initiating the treatment. Expression patterns were clustered
and partitioned well into groups of similar biological functions, suggesting the presence of
common regulatory mechanisms. Landrace-specific differences were usually of quantitative
nature with a generally stronger response in the non-drought-adapted landrace, while the
drought-tolerant landrace tended to react in a more concerted, temporary way. Nevertheless,
when the data from both experiments were combined, two promising, potentially novel
candidate genes, being induced upon water-deficit stress and displaying higher expression in
the drought-adapted landrace, were identified.

In conclusion, two novel high-throughput technologies, DArT and MPSS, were successfully
applied to bambara groundnut for the first time. Compared to the investment in major crops,
significant data justifying further fundamental research on drought-tolerance, but also for
direct breeding applications were created in a short time and a cost-efficient way. Thus, the
approaches presented could serve as an example for molecular genetic research in other

underutilised crops in order to increase food security in underprivileged regions of the world.
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6. Zusammenfassung

Die Bambara-Erdnuss [Vigna subterranea (L.) Verdc.] ist eine in Afrika heimische Hiilsen-
frucht, die das Potential trdgt, auch in ressourcenarmen, trockengefahrdeten Gebieten protein-
reiche Samen fiir die menschliche Erndhrung hervorzubringen. Allerdings verlor sie aus
einigen kulturellen wie wirtschaftlichen Griinden an Bedeutung und wurde durch Haupt-
kulturarten wie Mais oder die siidamerikanische Erdnuss ersetzt. Folglich existieren derzeit
keine {iiberregionalen Mirkte, und die moderne Ziichtungsforschung lieB die Bambara-
Erdnuss lange Zeit auBBer Acht. Vor diesem Hintergrund wurde 2006 das von der EU gefor-
derte Projekt BAMLINK ins Leben gerufen, um die Bambara-Erdnuss als Beitrag zur Ernéh-
rungssicherheit in (semi-)ariden Regionen der Erde voranzutreiben. Grundlegendes Ziel der
vorgestellten Arbeit war es, unter Einsatz aktueller Hochdurchsatz-Techniken eine fiir die
Bambara-Erdnuss spezifische molekulargenetische Grundlage zu schaffen. Insbesondere
umfasste die Studie a) die Entwicklung eines ,Diversity Arrays Technology’ (DArT) moleku-
laren Markerarrays zur Genom-Profilierung und b) dessen Anwendung zur Genotypisierung
eines reprasentativen Anteils von Genbank-Akzessionen und von Projektpartnern verwendeter
Landsorten. Zweitens wurde angestrebt, Genexpressionsmuster in Blittern unter Wasser-
mangel-Stress zu analysieren. Dies geschah durch c¢) Expressionsprofilierung mittels
,massively parallel signature sequencing’ (MPSS), gekoppelt mit einer ,next-generation’
Sequenziertechnologie (454-Pyrosequenzierung), d) Validierung dieser Daten anhand eines
individuell angefertigten cDNA-Mikroarrays und e) Untersuchung des zeitabhingigen
Verhaltens dieser Gene in einem weiteren Wassermangel-Experiment. Es wurde beabsichtigt,
die Daten in ein regulatorisches Netzwerk zu integrieren und Kandidatengene zu identifi-
zieren, die moglicherweise verschiedene Grade an Trockenheitstoleranz in kontrastierenden
Bambara-Erdnuss-Landsorten erkléren.

Zur Erarbeitung von DArT-Markern fiir genetische Diversititsstudien wurde zuerst ein Test-
Array aus 38 unterschiedlichen DNA-Proben mit der Restriktionsenzymkombination
Pstl/Alul erstellt, der mit 32 dieser Genotypen analysiert wurde. Daraus ergaben sich 5,5 %
polymorphe Marker, die jedoch einen hohen Anteil an Redundanz aufwiesen. Durch Auswei-
tung der genetischen Basis auf 94 Genotypen, Anwendung eines zusétzlichen Restriktions-
verdaus zur Entfernung redundanter Marker und Hinzunahme mit einer zweiten Enzym-
kombination (Pstl/Taql) generierter Fragmente wurde ein Genotypisierungsarray mit 7 680
Klonen zusammengestellt. Davon erwiesen sich insgesamt 658 (8,6 %) als polymorph, und
296 (3,9 %) zeigten unikale Spaltungsmuster. Im Vergleich zu anderen Kulturarten bedeutet
dies einen geringen Grad an genetischer Diversitit in der Bambara-Erdnuss, der sich jedoch
im Bereich anderer Hiilsenfriichte mit dhnlicher Befruchtungsbiologie und Ziichtungs-
geschichte befindet. Diese Erkenntnisse wurden durch die Genotypisierung weiterer 342
Individuen bestitigt.

Die Verwendung nicht-redundanter Marker zur Clusteranalyse lie8 eine klare Struktur im
Bambara-Erdnuss-Genpool erkennen, die stark mit der Herkunft der Akzessionen korrelierte.
Aus west- und zentralafrikanischen Genotypen bildeten sich drei vergleichsweise diverse
Cluster heraus, wovon eines vermutlich nicht vollstindig domestiziertes Material beinhaltet.
Im Gegensatz dazu ergaben Genotypen aus Ost- und Siidafrika ein einziges Cluster, das durch
eine schmale genetische Basis gekennzeichnet ist. Daraus wurde gefolgert, dass die Verbrei-
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tung der Bambara-Erdnuss auBlerhalb ihres Domestikationsgebietes zu einem genetischen
Engpass fiihrte. Dies wurde noch deutlicher durch die Analyse indonesischen Materials, das
kaum mehr genetische Diversitdt in sich trigt. Zusétzlich wurden sechs Landsorten auf
inhdrente Diversitdt hin untersucht. Es zeigte sich eine weite Spanne von nahezu reinen
Linien bis hin zu hochgradig heterogenen Saatgut-Mischungen.

Zur Erforschung der Auswirkungen von Wassermangel auf die Genexpression wurde ein
Experiment unter kontrollierten Bedingungen mit vier unterschiedlich an Trockenheit ange-
passten Landsorten-Individuen durchgefiihrt. Nach Beginn der Bliite erfolgte die Entnahme
von Referenz-Blattproben. Daran schloss sich eine einwdchige Phase relativ starken Stresses
durch Reduktion der Bewisserung auf ein Drittel der Kontrollbedingungen und die aber-
malige Beprobung derselben Pflanzen. Mit der 454-Sequenziertechnologie wurden 3’-
untranslatierte Bereiche aus acht cDNA-Populationen parallel ansequenziert. Dies ergab nach
Bereinigung der Sequenzen 197 400 Tags mit einer durchschnittlichen Lange von 87 Nukleo-
tiden. Diese clusterten in 10 583 Transkriptgruppen aus zwei bis 3 026 Tags und 34 427
Einzelsequenzen. Die Cluster wurden nach Genotyp und Behandlung unterteilt und die
Anzahl der Sequenzen als Mall der Genexpression verwendet. Die Ergebnisse zeigten, dass
zwel Drittel der am starksten exprimierten Gene durch Wassermangel beeinflusst waren und
wenige genotypische Unterschiede bestanden. Herunterregulierung war hauptsdchlich bei
Genen fiir energiegewinnende Prozesse und Proteinsynthese zu beobachten, wihrend Gene
der Stressabwehr und fiir den Um- oder Abbau von Proteinen in der Regel durch erhdhte
Expression gekennzeichnet waren. Die Validierung dieser Ergebnisse erfolgte anhand eines
Oligonukleotid-Mikroarrays, der aus 132 MPSS-Sequenzen erstellt wurde. Ein Vergleich der
beiden Techniken ergab eine gute Korrelation fiir stark exprimierte Gene, MPSS zeigte jedoch
nachlassende Prdzision bei geringerer Transkriptmenge. Die Mikroarrays dienten auch zur
Analyse eines weiteren Wassermangel-Experiments, welches milderen Stress darstellte und
die beiden unterschiedlichsten Landsorten und sechs Beprobungszeitpunkte umfasste. Die
meisten Genexpressionsdnderungen waren in den ersten beiden Tagen nach Behandlungs-
beginn zu beobachten. Clusteranalysen der Expressionsmuster erbrachten Gruppen mit
dhnlicher biologischer Funktion, was auf das Vorhandensein gemeinsamer regulatorischer
Mechanismen hindeutete. Landsorten-spezifische Unterschiede waren meist quantitativer
Natur, wobei die nicht an Trockenheit adaptierte Landsorte fiir gewohnlich eine stirkere
Reaktion zeigte, wihrend die trockenheitstolerante Landsorte zu einer konzertierteren, zeitlich
begrenzten Stressantwort neigte. Dennoch wurden, wie die Kombination der Daten beider
Experimente zeigte, zwei aussichtsreiche, moglicherweise noch nicht charakterisierte
Kandidatengene identifiziert, die unter Wassermangel-Stress induziert und in der trocken-
adaptierten Landsorte stirker exprimiert waren.

Schlussfolgernd ldsst sich der Einsatz zweier neuartiger Hochdurchsatz-Techniken, DArT und
MPSS, bei der Bambara-Erdnuss als erfolgreich betrachten. Aussagekréftige Daten, die
weiterfiihrende Grundlagenforschung zur Trockenheitstoleranz rechtfertigen, aber auch fiir
die direkte ziichterische Anwendung, wurden, verglichen mit den Investitionen in
Hauptkulturarten, auf zeit- und kostensparende Weise erzeugt. Somit konnen die vorgestellten
Ansitze als Beispiel flir molekulargenetische Forschung an anderen wenig genutzten Kulturen
dienen, um die Erndhrungssicherheit in den unterprivilegierten Regionen der Welt zu erhéhen.
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Table 15. Bambara groundnut accessions and landraces selected for a) the DArT diversity
panel and b) DArT array expansion and genotyping.

a) DArT diversity panel

Accession/landrace Country of origin Seed Source Cluster no. according
to Singriin &
Schenkel (2003)
1691/2 Namibia own stocks 9
1761/3 Namibia own stocks 8
426/3 Namibia own stocks 9
AHM753 Namibia own stocks 11
AHMO968 Namibia own stocks 11
AS-17 South Africa own stocks 11
Cibadak Indonesia own stocks 14
DipC Botswana own stocks 12
Dodoma Cream Tanzania own stocks 2
Dodoma Red Tanzania own stocks 1
GabC Botswana own stocks 12
Nyakeni C1 Swaziland own stocks 13
Nyakeni C2 Swaziland own stocks 13
Ramayana Indonesia own stocks 1
S19-3 Namibia own stocks 8
Swazi Red Swaziland own stocks 14
Tiga Nicuru Mali Univ. Nottingham -
TVsul44 Ghana IITA 15
TVsul84 Tanzania IITA 16
TVsu207 Benin IITA 4
TVsu551 Cameroon IITA 3
TVsu569 Cameroon IITA 4
TVsu590 Nigeria IITA 7
TVsu599 Nigeria IITA 2
TVsu610 Nigeria IITA 6
TVsu620 Nigeria IITA 1
TVsu719 Zambia IITA 16
TVsu740 Zambia IITA 6
TVsu747 Zambia IITA 7
TVsu796? Madagascar IITA 16
TVsu841 Nigeria IITA 3
TVsu866 Zambia IITA 10
TVsu927 Zambia IITA 10
TVsu941 Zambia IITA 17
TVsu999 Zimbabwe IITA 17
TVsulOl1 Zimbabwe IITA 5
TVsul033 Zimbabwe IITA 5
VSSP11 (V.s. var. Cameroon Univ. Nottingham -

spontanea)
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Table 15 (continued).

b) DArT array expansion and genotyping

Accession/landrace Country of origin Seed Source

426/3 Namibia own stocks

1761/3 Namibia own stocks

1691/2 Namibia own stocks

AHM753 Namibia own stocks

AHMO968 Namibia own stocks

Ankpa 4 Nigeria University of Nottingham
AS-17 South Africa own stocks

Botswana 1 Botswana University of Nottingham
Botswana 2 Botswana University of Nottingham
Botswana 3 Botswana University of Nottingham
Botswana 4 Botswana University of Nottingham
Botswana 5 Botswana University of Nottingham
Cibadak Indonesia own stocks

DipC Botswana own stocks

Dodoma Cream Tanzania own stocks

Dodoma Red Tanzania own stocks

GabC Botswana own stocks

GH CRI-3 Ghana CRI Kumasi

GH CRI-6 Ghana CRI Kumasi

GH CRI-8 Ghana CRI Kumasi

KFBN9501 Namibia own stocks

LunT Sierra Leone own stocks

Mahenene black Namibia University of Namibia
Malawi2 Malawi own stocks

Malawi3 Malawi own stocks

Manzini star Swaziland own stocks

NAV-4 Ghana CRI Kumasi

NAV-red Ghana CRI Kumasi

Nyakeni C1 Swaziland own stocks

Nyakeni C2 Swaziland own stocks

OM1 Botswana own stocks

Parung Indonesia own stocks

Ram R93 Botswana own stocks

Ramayana Indonesia own stocks

S19-3 Namibia own stocks

SB16-5A Namibia own stocks

SB2-1 Namibia own stocks

SB4-2 Namibia own stocks

Swazi black Swaziland own stocks

Swazi butterfly Swaziland own stocks

Swazi Red Swaziland own stocks

Swazi shade star Swaziland own stocks

Tiga Nicuru Mali University of Nottingham
TVsul Nigeria IITA

TVsu6 Nigeria IITA

TVsu9 Nigeria IITA

TVsul0 Nigeria IITA

TVsu23 Nigeria IITA
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Table 15 (continued).

137

Accession/landrace Country of origin Seed Source
TVsu85 Burkina Faso IITA
TVsu88 Mali IITA
TVsu89 Mali IITA
TVsull8 Cote d’Ivoire IITA
TVsul34 Ghana IITA
TVsul38 Ghana IITA
TVsuld4 Ghana IITA
TVsul55 Ghana IITA
TVsulg&4 Tanzania IITA
TVsul86 Benin IITA
TVsu207 Benin IITA
TVsu243 Gambia IITA
TVsu246 Gambia IITA
TVsu292 Burkina Faso IITA
TVsu369 Tanzania IITA
TVsu371 Tanzania IITA
TVsu390 Sudan IITA
TVsu391 Sudan IITA
TVsu395 Cameroon IITA
TVsud00 Cameroon IITA
TVsu551 Cameroon IITA
TVsu569 Cameroon IITA
TVsu590 Nigeria IITA
TVsu599 Nigeria IITA
TVsu610 Nigeria IITA
TVsu620 Nigeria IITA
TVsu682 Zambia IITA
TVsu719 Zambia IITA
TVsu740 Zambia IITA
TVsu747 Zambia IITA
TVsu793 Kenya IITA
TVsu796? Madagascar IITA
TVsu841 Nigeria IITA
TVsu866 Zambia IITA
TVsu927 Zambia IITA
TVsu941 Zambia IITA
TVsu999 Zimbabwe IITA
TVsulOl1 Zimbabwe IITA
TVsul033 Zimbabwe IITA
TVsull6l Burkina Faso IITA
TVsull64 Burkina Faso IITA
TVsull9l Burkina Faso IITA
TVsul205 Burkina Faso IITA
TVsul276 Central African Republic IITA
TVsul284 Central African Republic IITA

VSSP6 (V.s. var.
spontanea)

Cameroon

University of Nottingham




Table 16. Oligonucleotide sequences for microarray analysis.

MPSS Annotation Sequence (5°-3°)

cluster no.

| Proline-rich protein precursor CAT GCT TGT ACC CTG AAT TCA TAA ATA AAA AGT CTT TTA TGG TTT CAA AA
2 CPRD?22 protein CAT GGA TAT CTA AAA CCT ACC CTG TTG TAG AGC AGG GTG CTT CAG TTIG TG
3 Unknown TAT ATC TTC CAC TTT ATT TTG GGA GTG AAT GCT TTG TGT GGA CAA TAT TT
4 CPRDS6 protein GTG AGA GAA AAT GGT GGT GIG GTT GGT GAT GGA AGT GCT ATG AAT CTG TG
5 Lipid transfer protein I GAG TTA ATG TTG TAA TGT TAT TTC CCC ATA TAT CCA CTT TAA ATT ATG TT
8 Type I chlorophyll a/b binding protein CAT GTT CTC TGT GTT CGG GTT CTT CGT CCA GGC CAT TGT CAC CGG AAA GG
9 iﬁg&:ﬁfe'l’s'bmph“phate carboxylase small ATG TAT GGG TGC ACT GAT TCT TCT CAG GTG TTG AAG GAA CIT CAA GAG GC
10 RD22-like protein ACT ATG TAG TTC TCT TCG TAT GCA TAA TAT TTT CTC TTG TTT GTT TAG AT
11 Photosystem II 10 kDa protein TCA ACT ACT TTG TGG ATA TGT AAT GTT CCT TCC TTC TAT AAA TGC CTG GA
12 Type 2 metallothionein TCT GTG TAA AGT TGG CTA ATC AGA ATT ATC AGT CTC TGC TTA TAA TAT TA
14 Translationally controlled tumor-like protein TGA TGA TGG TTG CTT GGT CTT AGC CTA CTA CAA GGA CGG TGC CAC TGA TC
15 Unknown GGT ACA AGG CTT GGT CTG TAG AAA CTA ATG GTA ATA AAT TTG TGC AGT GT
18 Seed albumin CTT AAT AAT AAA TAA AAG TGG GTG GTT TAG TTT AAT ACA ATG ATA TTG TT
19 Fructose-bisphosphate aldolase AAC CTT TTG CTA TGA CGA GTT GTG TAC TTT AAT ATG TCC CCA TAT ATA AC
20 Stored cotyledon mRNA ATA CAA TAA GCC TTC TAC TGC ATC TAT ATA TGT ACC ATA CIG TTA CTT TC
21 Type 1 metallothionein GTT CAA AAG TTT TAG AAT TTG TTG TTG GIG TTT TAA GCT ATG GTT ACT TT
24 Lipid transfer protein II TGT AAT AAT GAT ATA TAA TAG TAT TGG AAT TCC TTC CTA CTT TTT CCG TT
25 No homology TGG TGT ATG TAA CAA GGA TGT AAT ATG AAT ATA ATT GAC TAT TAC TTG AC
28 Oxygen-evolving enhancer protein 3 precursor ~ TTC TCA GAC ACT TTG TTG ACT GTT ATT TCA AGA AAA TCA AAT GAT GAG GG
29 ADP-ribosylation factor CAA GTC TGG CGG TTC TTG GAG AAA GAT GCT TAT GTT TTA TAT AGT TAA GG
33 Ribosomal protein L41 GAG GAA GCG CCG AAA GAT GAG ACA GAG ATC CAA GTA GIG CGT TAA TCC TIT
34 Endo-1,4-beta-mannanase TAT ATA TAT GGG TCC AGT GAT ATA TCA GGG ACA GTT TGT AAG CAT ATA TT
36 LEAS protein AAC TAC TTT TAA GTT AAA CAA TGA AGA CTA GGA TAT GGT TCT TAT GAT GT
39 Auxin-repressed protein GCC TTG AAC TTG GCA TCT GGT TAA TCT TTT TAC CTC TTC TGT TAA GTA TT
41 SUI1 homolog GAT TAG AGT CTC AAA TAT CCA GAC TTA CCT GCC AAA CTA TAT GCT GGG CA
43 No homology CAC TTG TAA TAT AAA TTT TCA TCA AAT GAC CCA AAA ATA AAA ACA AAA GA
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Table 16 (continued).

MPSS Annotation Sequence (5°-3°)

cluster no.

44 Ferredoxin I GTT GTG TCT GGT CAA GTC GAC CAA TCA GAC GGT AGC TTC CTT GAT GAC GA
46 No homology TTG AGC GGT TGA AAT CGT GGA ATG ATG GAG TGG TAG CTT TGG GTG GTT TA
49 ggigfldehyde&'phOSphate dehydrogenase A ;o0 ac7 acc AcA CTT GTT GCT TCA TTC CTT CTA AAC ACC TAC TGA GAA AC
50 Aquaporin-1 GTG TGA TGT ACG GCT GTG ATT GTG TAT GAT TAT GCA AAA TCA AAA ATA AC
52 LEA4 protein TTT ACT GGT TGC TGT AAA AGT GTT TTC ACT GTA GTG TAT CGT TCC GTT GC
61 Type II chlorophyll a/b binding protein TAA TAT GGC AAC TTC TGC ATA TAT GCA CAG AAT GAT AAT CCA ACT TGC CG
63 No homology ATT GGA GCT CTT ACT TAA ATA CAT TCA AGC CTT GTG AAT AAC TCC ATC CA
64 Cinnamy] alcohol dehydrogenase-like protein CAT GTG GGT GTT GTT GGT CTT GGT GGC CTT GGT CAT ATG GCT GTT AAG TT
65 Initiation factor SA(2) ATG GTG GAA AGC TGA AGT TGT AAC TGA GAT GAT ATA GTA TTT ATT TCT CT
66 Catalase GTT TCC CTG CTA TTG TTG TGG ACT ATG TGT TCC TCG TTA TTC TAT TAA GA
68 No homology GTT AAG TCC TTC CGA TCA TTG TAA GTA AAA TAA TTA CGA GGT ATT AAG AG
70 Ubiquitin-like protein TCG AAC TCT ACT ACA ATT AAA CGT GCG TTT TAT ACA CAG TAT ATT ATG TG
71 Dehydrin GTT TGA AGT GTA ATG AAA AGA AAA TGT ATT GAA ACA AAT TTA GTT AAA TA
74 No homology GTT TGA TGT GGA TGT TAT GTT ACA TAA GGT GTG AAG TTT GGT GTG TGA AG
76 Unknown TCA CTT GTA TAT CTA TTT CTG AAC TTT CAT CGT TTT CCT CTT TCC TTC GT
77 Ubiquitin-conjugation enzyme TGT AAC TTT CTC TAT CGA GTA ATG TAG AAA TAG TGA TAT GTC GCA CAA GT
80 No homology AAC TAT ATA TAA GAA ATA TGT ATT AAA GAA GAG TAT GGT TTT GTA CGT TT
82 No homology TTA CGT AGC AGA GTT AGT TCT TGC TCT TGT AAC CTT TTA CCT GTT ACG TG
84 Cyclophilinl TGG TCA TAG AGT GAT TGG AGT GTG TTA TGA GAA ACA TAA AAA TGA TGA GC
86 Cysteine proteinase TAG AGC ATC TGA TGC CTG TAT TAA TGA GTA AAG ATA CGT GCA TTG TAT AA
89 Dnal-like protein ATG ATG ATG ATA CTT TTG ATG TTC CGT AAC TGT AGC GTG GAC TAT GGA CT
93 Pathogenesis-related protein 4.2 TGA TCC AAC CCA GTT ATC AAT ATC AGT GAT CAG TAA CAA GCT TTA TGT GA
97 No homology ATG AGG AGT ACT CTC TCA CTG TTA TAT TAT AAT AAT AAG TTT ATT ATA TT
98 Aluminium-induced protein GGT CTG GTA GCA GTA GTT TGT TCA TTG GAT AGG ATT TAC TAT GTT TCT CG
99 Caffeic acid methyltransferase CTT CTG GCT CAC AAC GCT GGT GGG AAA GAG AGG ACC GAA GAG AAT TGG AA
101 No homology TGC CCT GGT ATC GTT TGC ATT AGA GAT TGT ATA CTC GTT ATA TTA TTA AA
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Table 16 (continued).

MPSS Annotation Sequence (5°-3°)

cluster no.

102 CPRD14 protein TGT CTG TTT AAT GCA TTA TAT TTG TAT CAT TTG TAG CTT TAA TGG AAA AT
107 Unknown ACT TCT TGG AAA ATA GGT GGT ATG TCT AAA TTA TAT GAG AAT AGC ACA AT
110 No homology CAT GAA AAC TCG TGC TTG ATG CCT CTA CCA TAT GCT TTG GAT GTA ATA AA
111 No homology AGG TTC ACA TCT GTT TGA AAT ACC TAT AAT GAA TCT TTC GAT ACA GAA CA
112 o-Methyltransferase TGG GCG TTT CTG TCA TTC AAC TCA GAT ATT AGT GIT TCT TTA CTG TAT CA
114 p-Amylase TTC TTG GAA CAT CCT TCT TCT GTT GTT TAT GAT AGG GAT TAG GAA ACT GT
115 Unknown AAA AGG GTC ATT ATT TAA GCT TTA AAT AAA TAC AAA TGT ATT ATT GCA TA
116 No homology TCA GAT GAT GGA ATC CTT GTA AAG CAC GGA TGT GIG TTT GCT TGT TCT AT
117 RNA-binding protein TGT ATA TTT AGA AAA TCT GTT CGG ATT TGC TAC AAT ATG AAG TTIG TGA AA
124 No homology TCT GTG TTA TCA ACT TCA TTT AAA TAC ACA TCT TCG TCA TAC ATA CCT GC
126 Unknown TAC TTC ATC AGA GGA AAT CAC TTC CTT ACA GCT ACA CAA CAA TGG CTA TA
129 Ribosomal protein S28 GTG AGA GAA GGA GAC ATT CTC ACC CTA CTC GAA TCT GAG AGG GAA GCA AG
130 Glutathione peroxidase ATG TAC TGA AAC AGT TGC TCT TGT ACC TGA TAT TAT TAT GTT CAT AAC TA
133 Hypothetical protein AAG CAG GTT CTG TAA AGA TAA ACA ATG GTG AAA CTC TGA CTT TAG AGT CT
139 Acireductone dioxygenase CAT GCT GTT AAT GCT GCT GCG TAA AGA TCT GGT CTG CTT GAT CTA TGC AA
143 CDPK-related protein kinase GCA TCT CAA CCT TTT CGC ATC TTT TCT TTT CTC ACT CTC TTC CAT TAT AT
144 Serine hydroxymethyltransferase AAA GCC TTT GTA TGT ATG AAT CTA GAA AAT CTT GCT CAT TAT CTT CTT GA
152 myo-inositol oxygenase 5 TTT ATG ATG ATA GCC AAA CAG TTT CTT ATG TAG TTG AGG AAA TAA TAA GC
154 No homology GGT TGA TGT AAT GGT TAT TCA GTA CTT GTG TGT AAA TAA GTG TTG TTT TC
155 Photosystem I psaH protein GTT CAA CCA GCT GCC ATC AAT GGC CTT GCC GGA AGC TCC CTC ACC GGA AC
157 Isoprenylated protein CTT CAA GGA GGA GAT GAA ACG AAA GCA TCA ACA CCA TTA CCG CGA GGC AT
158 Heat shock protein 22 GGA GGA CGA TGT GCT TGT CAT AAA TGG TGA TCA CAA GAG TGA ACA AGA AC
159 Catalytic subunit of protein phosphatase 1 CTA TTG GTT GCA AGG GAA AGT CAA GTT CCT TTC GTC TAT AAT ATT TTG GA
161 Ribosomal protein S27 GGA TGT TAA GTG TCA GGG TTG CTT TAA CAT AAC GAC TGT GTT TAG CCA CT
162 Phosphoglycerate kinase ATT GAC TTC ACT CAT AAA TTG CGT GTA ACT GTA AAC ACT GGC TGA GAG CC
166 Invertase inhibitor TAC CTG TTA TGT ATA AAT GCT GGT ATC TAT TTT AAA GCT CTT ATC ATA AG
167 UDP-glucuronosyltransferase GIG CTT TCT CAT CCA TCT GTT GGT GTT TTC TAA CCC ATT GTG GTT GGA AC

4!

xipuaddy g



Table 16 (continued).

MPSS Annotation Sequence (5°-3°)

cluster no.

168 Unknown TGG AGC CAT AGT TGC TTG GCT AGT TTG CTT TGA GCT GTT GTA GAG TAA TT
169 No homology AAA ATA ATT GAA GTT TCT GTC TTC CGC GCA GAT TAC TGC ATT TAT CAC GC
174 Unknown AAT AAC GTC CTT GTT TTC TGT TCA ATT TGT ATA TTG TGT TCT GTC TTG TT
179 Elongation factor EF-1a TCA AGA ACG TTG AGA AGA AGG ATC CCA CTG GAG CCA AGG TCA CCA AGG CT
182 Cytidine or deoxycytidylate deaminase TGA ACC TTG CCC AAT GTIG CTT CGG AGC AAT TCA CCT TTC ACG AGT TAA GA
185 (I)Zitir:;relocydor’mpane'l'carboxyhc acid TAC TAA TGT AAT ACA GTG TTC CTT TAT TAT TGT GTA TTG TAA TTC GTA CT
188 Glutamine synthetase ATA TGA AAA TGC ACA TCA AGT TTC GTT GGT ACT ATT TGC TTC AGG ACA AA
189 Val-tRNA TGT TGG GIT TTG AAA ACA AAT TAA ATC ATT TAG ATA ATA ATT AGT TTIG AT
194 Histone HID GCG AAT TTC AAG AAG ATT CTA GGT CTG CAA TTG AAG AAT CAA GCA GCG AG
195 No homology TTT TCT GGG AGA AAT TGT TCG AAA GAA TCA TCA CTG GTT TTC TTA AGA GA
209 Heat shock protein associated protein CAA TGT AAT ATT TAT TTT CCT GAG TGA ATT TAA TTG TTC AAA GTT GAT AT
212 DNA-directed RNA polymerases I I, and IIl - o0 5 cga G76 cGG TTA CCG TAT CCT TTA CAA GAA GCG CAC TCG TCG AA

7kDa subunit

217 Cyclin-dependent kinases regulatory subunit AAC ACT TCC TTT GCG AAT CAG AAA GTG GGA ATA CAA TGT TGT TAT GTA GG
226 Early light-induced protein GAA TTC CTG CTA TGT ACT TGA GAA GGA ATG TTA GCC TGA GAG TTA GGT CC
227 Transcription factor MYB139 CAT AAC AGT ATC TTT GAG CTT TCG GCA CGG TCC TCT GTA GTG TGA CAC AG
230 Photosystem II core complex protein psbY AGC CGC TGC TGA AGT CGC GGC GAT CGC CGA AGC CGC GAG CGA CAA CAG GG
239 Alcohol dehydrogenase 1 TGG AAG AGT GAA TGA GTT ATG TTC TCT GGT GTG AGA ACA GTG TTT GTC TG
243 Snakin-like cysteine rich protein GTC CTC GTC TCT GCC AAA GAG CTT GTG GAA CTT GTT GCA GAC GCT GCA AC
261 Ferritin CAG TCT CTG TTT ACA TTC GCT CTT CCA TTA CAT TCT GGG CTG TTT TCA AA
262 Unknown CAC TAT CAC GCA CAA GTG GTG TCA TCT TAA TTG TAT GTG CCA CCA TCG TA
270 Elongation factor EF-2 CAT GCA GCC AGC GAT TGC AGA CTT TGT TAT TAT AAT GGT TTG ATT TTG GA
275 Ras-related GTP-binding protein TAT CCT ATT CCG ATA CTG TGA AAG AAA ACT GCG TAA GAT CTT TTT GAA GT
300 Polyubiquitin 2 TCT TAT GTC TAA TGT CAA TTG AAA TCG TGT GIT ACA GCT CTT GGT TGT GT
307 Cytochrome c oxidase subunit GCT ACC TTG AAA GGT CCA AGT GTG GTA AAG GAG ATA TTA ATT GGA ATA AC
323 Ribulose-5-phosphate-3-epimerase CTG GCT TGC TGT CAC CAC TGC CAA TTG CTT TTC TCT GGA ATT AAC TAT AA
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Table 16 (continued).

MPSS Annotation Sequence (5°-3°)

cluster no.

325 Lectin AGC GAA GAA ATA TTC GGT TTC ATT TGT GGT CAA CGT TAA AGA AAA CGG TT
336 Unknown TTT GGC AGT GTT GGT GAT AAT GGT GAT AGT GAC AAA GAG AGT TTA GTC TC
349 Glyoxysomal malate dehydrogenase TTT TGT TGA TTC TCA GGT TAC GGA ACT TCC CTT CTT TGC AAC CAA GGT AC
355 snRNP-related protein CCA GTT TAT GAA TTT AGT TGT TGA CAA CAC CGT GGA AGT TAA TGG CAA TG
357 Small GTP-binding protein CTA GTC AGC CCC TTC CAG ACG ACG ACG ATG ATG CAT TTG AGT AGG AAT TG
374 Ribosomal protein S17 GTT CCC GTA CAG GCA CCG CTA GCC TTC GGT CGC GGC GCC GCC GGA AGG AG
377 RNA binding protein 47 AAT TCA AGG GGC TTC CTG ACG GGG TTA GCT GAA TIG TGT GCT GAA GTA GG
393 Transcription factor bZIP33 AGT CTT ATG TGA TGT GIT ATG TGT TGT TTT GCA TCA AAA TCG TGT GGT CC
398 Glyceraldehyde-3-dehydrogenase GAG TAG TCT GAA TAA ATC GGT TTC CGG AAC CAT TGT TGT TAC CCT GCT AG
412 14-3-3 protein CTT CTC CGT GAC AAT CTG ACT TTG TGG ACA TCG GAC ATC ACG GAC GAT GG
418 No homology TAT GAT ACG TAT TTA GGT TAA AAA TGG TAT GTG TGT ATG TAT ATA TGT AT
438 Salt-tolerance protein TAT CTG TGT AGA TTG ATT ACT TCT CCT AGG ACA GTG AGT AAT GAA GTA TG
442 Unknown CCA ACC CAA AAT TGG ATT TTG TTC ATT GTA TTT TAT AAA TGG TGT GAT AA
451 Heat-shock protein 81-1 AGG AGA GCA AGA TGG AAG AAG TAG ACT AAA TGC CAA CGA TCG TTT GTT TT
452 Progesterone 5-beta-reductase gene CAT AAG TTG GAT AGA TAA GAG TAA GGG TTA TAA GAT TGT GCC TTG AAT AA
454 Copper/zinc-superoxide dismutase TGT CCA TCT AAA GAC AAG TGC GCA AAT GAA TCC TGA AAA CAT ATC AGT CC
458 No homology TCC GTT TTC CTT ATT GGA AGG ATA AAT CAG TAT CAC TTT TGA TTA GAA CT
472 Protease precursor GGA GTC TAA GGG AAC TGC TTC TTG AAC AAC TGC ATT TTC TTT ATA TCA CA
479 CONSTANS-like 2 protein TCG CAG TTG CAC TAA TCG GAT GCT TTT ATT ATT TTG TTT ACT GTA TTT TG
494 No homology TGC TAA TAA AAT CTG AAT GTG AAT ACA AAT TAC TTT ACT GTA AAA TTA TT
496 S-adenosylmethionine decarboxylase TTT TGT GGA TGT GAA AGG ATA CTA TCG TGA GGA GTG GAG CCA CGA AGG GC
551 Selenium binding protein GGT GAC TGT ACT TCA GAT ATA TGG GTT TAA CCA CAC ATC TCA TTA TTT TC
555 Transcription factor MYB123 CCC CTC AAC GGT GTA CCT ATA TTG TTT ATT TCT AAT TCT GCA GCT CAC GA
617 Cysteine proteinase precursor ACA GTC GAA CAT TGG CTG TGT ACA TAG GGC CAT ATT ATT TAT GCT CTT GT
766 HDZip I protein TTT TAT CCT ATG TTT GTIT TGT GIG TAG TGT TGT TTA TCT AGT ATT TGC AC
811 Transcription factor MYB93 TAA GGG TGT TCC TTG CCC GGC TCA TCA ATG TGG TCT TGT GTT GTT CAT CA
823 Transcription factor bZIP 6 TGT CAC CAT TGG TTA GAC AAT CTT GTG AAG TAG CAC TTT TCC TGG ATT TG
1236 Suppressor of CONSTANSI1 ATA ATT TAA TGA TTA GGG TTT AGT TAA CCC CTG TCT TCC TCA TTT CTG AC
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Table 17. Induction (positive) or repression (negative) factors for four bambara groundnut genotypes and BLAST sequence homologies for the 561
largest clusters (transcript abundance > 40) in the 2006 MPSS expression profiling experiment. 0 indicates no change after the water-deficit stress
treatment, while +1 stands for induction/repression by the factor 2 (n.d. = not detected). 454 sequencing-derived transcript tags were first searched
for homologies to annotated mRNAs/genes in the ‘non redundant’” BLAST nucleotide databases. When no significant matches were obtained, the
search was extended to unannotated non-human and non mouse EST (‘est_others’) databases and hits were used as queries in the ‘non-redundant’

databases again.

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides| DipC AS-17 Red LunT | Mean identity
1 49 91 0.7 16 0.1 11 EST: PV_GEa0012C_G10.bl, Phaseolus vulgaris CV530090.1  9e-6 40/44
) ) ) ) " | NR: proline-rich protein precursor mRNA, Phaseolus vulgaris U38229.1 0 467/467
2 98 | 113.8 131.2 807.9 1008.1 | 515.2 | NR: CPRD22 protein mRNA, Vigna unguiculata D83972.1 8e-18 71/77
107 54 3.7 17.1 12.4 9.7 EST: CG18, Phaseolus vulgaris EC997018.1  2e-12 70/80
NR: no homology - - -
EST: BE-1533, Phaseolus vulgaris EX304281.1 e-13 60/65
4 99 105 23 115 1420 96 [ . CpPRDB6 protein mRNA, Vigna unguiculata AB030294.1 3e-163  455/546
85 5.1 23 45.8 90.7 36.0 | NR: lipid transfer protein I mRNA, Vigna radiata AY300806.1 e-9 44/47
81| 143 208 -595 348 | 304 EST: RF#1-T3_B10 078, Vigna unguiculata ES884117.1 e-6 42/46
NR: no homology - - -
EST: 6-55, Vigna unguiculata CB968062.1  5e-5 48/53
7] %/ 0503 03 051 00 R pim3 mRNA, Pisum sativam AF515795.1  Se-84 300379
109 -7.0 -5.0  -32.8  -63.5| -27.1 | NR: LHCII type I chlorophyll a/b binding protein mRNA, Vigna radiata  AF139467.2  e-41 95/97
92 | -15.0 97 308 -4061 | -1154 NR: pbulose 1,5-bisphosphate carboxylase small subunit mRNA, AF303941.1 7e-24 80/87
Glycine max
EST: NJ0553, Phaseolus vulgaris ECO11284.1 e-16 65/70
10 101 26 13 03 47 4.3 NR: RD22-like protein mRNA, Vitis vinifera AY634282.1 8e-128  495/652
11 127 32 238 36 55 38 EST: BE-2176, Phaseolus vulgaris EX304046.1 3e-33 106/115
) ) ) ) "~ | NR: chloroplast photosystem II 10 kDa protein mRNA, Arachis hypogaea ~ DQ296038.1 2e-132 337/384
12 85 0.4 0.9 1.5 1.8 1.1 | NR: type 2 metallothionein mRNA, Lablab purpureus AB176567.1 2e-27 71/73
13 %6 4.0 25 3.9 14 29 EST: PVEPSE3015H07, Phaseolus vulgaris CV541493.1 7e-18 74/82
' ' ' ' " | NR: type 1 metallothionein mRNA, Vigna angularis AB176560.1 5e-73 315/416
14 98 0.3 0.8 0.2 1.0 0.6 | NR: translationally controlled tumor-like protein mRNA, Glycine max AF421558.1  5e-25 79/85
15 104 0.3 -0.2 1.2 0.7 0.5 | No homology - - -
16 87 -8.2 -58 -43.0 -77.4 | -33.6 | NR: rubisco activase, Vigna radiata AF126870.2 8e-8 59/68
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: Gm-c1073-4967, Glycine max BQ628869.1 2e-11 71/82
17 84 07 06 09 081 0.7 \p. " vnown mRNA. Populus trichocarpa EF147789.1 4e-40  217/293
EST: TC-T7-ST3_E06 020, Vigna unguiculata CK151447.1 8e-5 33/35
18 7912369 166.1  193.6 44.9 | 1604 | 5o od albumin mRNA. Vigna radiata X70671.1 o163 493/614
EST: Gm-c1018-1459, Glycine max BI941659.1  e-10 66/75
190 15| 66 31 202 1855 | -538 | \p. T iative fructose-bisphosphate aldolase mRNA, Trifolium pratense  AB236776.1 378 282/353
20 90 45 211 2.3 0.5 -5.7 | NR: stored cotyledon mRNA, Glycine max X16877.1 2e-8 33/33
21 116 -2.3 -1.5 -0.3 0.1 -1.0 | NR: type | metallothionein mRNA, Lablab purpureus AB176566.1 3e-20 77/85
29 106 0.0 19 03 01 02 EST: Gm-c1050-3151, Glycine max BI470292.1  e-13 80/92
NR: no homology
23 106 -2.7 -1.4 -3.6 -7.9 -3.9 | NR: photosystem II reaction center mRNA, Retama raetam AF439283.1 2e-37 100/106
EST: PV_GEa0015B_E07.bl, Phaseolus vulgaris CV530922.1  7e-8 56/64
24 4l 14 04 78 491 36|\ Yinid iransfer protein Il mRNA, Vigna radiata AY300807.1 e-162  524/649
25 70 18.2 43.3 95.3 34.9 47.9 | No homology - - -
26 118 | -61.9 -13.8 -39.7 -173.4 | -72.2 | NR: LHCII type III chlorophyll a/b binding protein mRNA, Vigna radiata  AF139465.2  5e-41 107/112
EST: Gm-c1057-4632, Glycine max BM524221.1  8e-27 76/80
27 9% A4l 71 161 1131 96 | \R: thioredoxin F isoform mRNA, Pisum sativum X63537.1 5120 355/423
EST: Gm-c1054-5624, Glycine max BQ295912.1 e-26 70/72
28 107 -6.5 -128 220 -37.9 | -19.8 | NR: oxygen-evolving enhancer protein 3 precursor mRNA, Pisum AY292531.1 3e-130  375/450
sativum
29 105 1.4 0.4 1.3 0.9 1.0 | NR: ADP-ribosylation factor mRNA, Vigna unguiculata AF022389.1 2e-40 96/99
EST: Gm_ck24678, Glycine max CD402153.1 e-13 55/58
30 117 0.9 0.2 0.5 0.3 0.5 | NR: armadillo/beta-catenin repeat family protein mRNA, Arabidopsis NM 1301353  3e-37 324/474
thaliana
EST: PV_GEa0014A H10.bl, Phaseolus vulgaris CV530559.1 e-22 69/72
31 95| -33.6 -8.6 -648 -47.3 | -38.6 | NR: light-harvesting complex II protein Lhch5 mRNA, Populus XM 002329 8°139 430/529
trichocarpa 156
32 90 | -13.5 -3.8  -20.5 -140.9 | -44.7 | NR: LHCII type II chlorophyll a/b binding protein mRNA, Vigna radiata AF279248.1  5e-31 80/83
33 94 -3.4 -0.3 -0.5 -0.2 -1.1 | NR: ribosomal protein L41 mRNA, Pisum sativum L47967.1 Se-34 79/80
EST: PCSC10644, Phaseolus coccineus CA913729.1 e-13 71/78
34 93| 217.1 163 698 130.5 | 1084 | \1p. ' 40 1 4-beta-mannanase mRNA, Glycine max DQ8I2I01.1 3e-19  59/60

124!

xipuaddy g



Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
35 58 16 12 39 6.5 31 EST: PvESTO0398, Phaseolus vulgaris EG588007.1  3e-9 40/42
) ) ) ) "~ | NR: photosystem I subunit PsaD mRNA, Glycine max EF628505.1 0 554/639
EST: LR0968, Phaseolus acutifolius EC911772.1  7e-11 40/41
36 701 375 1036 6L1 160.6 | 907 | 1o jegiccation protective protein LEAS mRNA, Glycine max U66316.1 o84  319/414
EST: LVS 037 BI10, Phaseolus vulgaris CV533255.1  9e-11 50/53
37 85 32 3.0 223 287 -143 NR: photosystem I subunit X precursor mRNA, Retama raetam AF439284.1 -85 219/245
EST: PCS03519F, Phaseolus coccineus CA901755.1 e-19 52/52
38 86 2.1 29 4.2 43 -34 NR: PSI reaction center subunit III, Citrus sinensis AB002095.1 2e-19 241/302
EST: RTS 112 B12, Phaseolus vulgaris EH791060.1 7e-6 45/49
39 108 4.9 34 16.9 12.0 03 NR: auxin-repressed protein mRNA, Sesbania drummondii EF564346.1  6e-112  443/578
EST: LVS 043 D02, Phaseolus vulgaris CV533777.1 8e-24 65/67
40 9| 24 35 67 1020 ST . photosystem I reaction center subunit XI mRNA, Zea mays EU956354.1 5e-51 202/259
EST: TC-T7-CC1_AO01_008, Vigna unguiculata CK151408.1 8e-24 80/87
41 92 04 0.6 04 0.3 04 NR: SUI1 homolog mRNA, Salix bakko ABO003378.1  2e-95 290/350
42 77| 480 433 49 2990 | -988 EST: NOD_235 F06, Phaseolus vulgaris CV536924.1 -9 41/43
NR: no homology - - -
43 72 8.7 7.9 10.3 7.4 8.6 | No homology - - -
44 84 -5.2 -1.4 -6.1  -14.5 -6.8 | NR: ferredoxin I mRNA, Trifolium pratense AY340639.1 e-9 41/43
EST: PCS03310, Phaseolus coccineus CA911942.1 9e-15 92/109
45 151 31 220 L0 2T 22 g, psaA-psbB fragment, Jasminum subhumile DQ673259.1 2e-45 128/143
46 90 2.1 2.6 9.1 52 4.7 | No homology - - -
EST: RTS 140 BO02, Phaseolus vulgaris CV543835.1 6e-22 71/76
47 104 0.2 0.3 0.4 0.9 0.1 NR: hypothetical protein mRNA, Cicer arietinum AJ012688.1  4e-65 237/297
EST: Gm-c1069-7273, Glycine max CA953443.1 2e-15 61/65
48 117 -1.8 -1.9 -8.1 -6.6 -4.6 | NR: precursor for 23-kDa protein of photosystem II mRNA, Pisum D13296.1 e-64 215/246
sativum
EST: PVEPSE2030E04.g, Phaseolus vulgaris CB544161.1 8e-24 68/71
49 96 -5.3 -2.9 7.6 -135 -7.3 | NR: glyceraldehyde-3-phosphate dehydrogenase A subunit mRNA, DQ224370.1 3e-78 194/211
Glycine max
50 72 0.3 0.0 0.0 0.3 0.1 | NR: putative aquaporin-1 mRNA, Phaseolus vulgaris U97023.1 Se-21 66/70
51 102 2.8 3.1 113.1 58.1 44.3 | No homology - - -
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Table 17 (continued).
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: UCRVUO1 J3 T7, Vigna unguiculata CK151425.1  2e-9 50/55
52 110 273 13.8 1156 2192 94.0 NR: seed maturation protein LEA 4 mRNA, Glycine canescens AY044271.1 5e-65 193/227
EST: 25CA145, Phaseolus vulgaris EC997017.1  3e-20 83/93
53 101 -3.9 -27  -153  -30.4 | -13.1 | NR: photosystem I light-harvesting chlorophyll a/b-binding protein, X64198.1 e-10 64/79
Nicotiana tabacum
54 90 | -13.8 -3.7 -1359 -55.8 | -52.3 | NR: carbonic anhydrase mRNA, Vigna radiata AF139464.2 2e-21 55/55
55 98 -4.8 26 -124  -133 -8.3 | NR: chlorophyll a/b binding protein CP29 mRNA, Vigna radiata AF139466.2 2e-42 96/98
56 62 -2.8 -3.8  -240 -41.5| -18.0 | No homology - - -
57 113 -7.0 -4.6  -347 -85.6 | -33.0 | NR: 23S ribosomal RNA Vigna radiata AF322910.1 e-28 73/75
58 99 o4 0.4 51 3.0 53 EST: Gm-c1049-9338, Glycing max BUO083437.1 2e-6 33/34
NR: precursor for 33-kDa protein of photosystem Il mRNA, Pisum sativum D13297.1 e-90 248/287
59 99 -0.8 -2.5 -1.2 -0.2 -1.2 | No homology - - -
60 65 -0.6 -0.5 -0.5 -0.3 -0.5 | NR: histone H3 (H3) mRNA, Robinia pseudoacacia DQ917751.1 e-5 37/40
61 90 a1 15 68 -111 54 EST: Gm-c1049-7126, Glycii?e max . BU084452.1 2e-8 71/82
NR: type II chlorophyll a/b binding protein mRNA, Pisum sativum X81962.1 e-117 336/398
62 60 0.3 -1.4 -0.9 -0.2 -0.5 | No homology - - -
63 92 -0.8 0.1 0.7 4.5 1.1 | No homology - - -
64 101 -0.6 0.9 14 -0.4 0.3 | NR: cinnamyl alcohol dehydrogenase-like protein gene, Lotus corniculatus ~ AY028929.1 7e-15 71/80
EST: PCS05506 3', Phaseolus coccineus CA905615.1 4e-32 91/97
65 97 0.8 -1 0.7 0.0 0.3 NR: initiation factor SA(2) mRNA, Nicotiana plumbaginifolia X63542.1 e-18 71/81
66 95 0.5 0.0 -0.4 -0.6 -0.1 | NR: catalase mRNA, Vigna radiata D13557.1 7e-18 87/98
67 %6 15 16 93  -12.9 63 EST: PVEPSE3028A16.g, Phaseolus vulgaris CB556075.1  3e-20 74/81
NR: No homology - - -
68 81 94.4 15.8 110.1 64.8 71.3 | No homology - - -
EST: Gm-c1048-5950, Glycine max CA937570.1 5e-7 31/31
69 108 2.2 - -103 .4 43 NR: peroxisomal glycolate oxidase AB333790.1 e-108 222/222
EST: UWAI11, Lupinus angustifolius DT454412.1 3e-5 28/28
70 104 23 0.3 0.1 0.4 0.6 NR: ubiquitin-like protein mRNA, Arabidopsis thaliana AK220599.1 6e-57 187/227
EST: LVS 041 _A04, Phaseolus vulgaris CV533584.1  8e-5 45/51
4 83 28 19 36 541 341 \R Gehydrin mRNA, Phaseolus vilgaris U54703.1 9128 276/286

xipuaddy g



Table 17 (continued).
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: HDI J 11.esd, Macrotyloma uniflorum DR989417.1 6e-6 39/41
72 91 20 0.9 15 56 95 NR: putative Cys2-His2 zinc finger transcription factor mRNA, Juglans regia  AJ937310.1  e-25 75/78
' ' ' ' "~ | NR: 4-coumaryl-CoA ligase mRNA, Plantago major AM159093.1 e-25 77/81
NR: phosphoenolpyruvate carboxykinase, Penaeus vannamei AJ250829.1  4e-25 74/77
73 108 -0.5 -2.0 -0.9 0.2 -0.8 | No homology - - -
74 128 0.9 0.4 0.5 -0.6 0.3 | No homology - - -
75 89 -1.3 -2.1 -8.0 -16.9 -7.1 | NR: chlorophyll a/b-binding protein CP24 precursor mRNA, Vigna radiata ~ AF139470.2  e-37 82/82
76 102 96 6.1 91 -130 77 EST: PCS04409, Phaseolus coccineus CA901345.1 e-16 80/90
NR: no homology - - -
77 98 0.6 1.1 0.0 0.0 0.4 | NR: ubiquitin-conjugation enzyme gene, Glycine max AF532622.1 2e-18 68/74
78 135 7.0 21.0 84.6 11.8 31.1 | NR: putative phosphatase mRNA, Phaseolus vulgaris AJ518838.1  6e-7 63/72
EST: RTS 144 EO1, Phaseolus vulgaris CV544139.1 3e-24 92/100
9 M9 04 03 1S 051 04T R ohetical protein mRNA, Zea mays EU952715.1 2e-32  152/198
80 114 1.1 1.8 8.2 9.5 5.1 | No homology - - -
81 49 21.0 60.4 96.7 103.1 70.3 | No homology - - -
82 101 29.9 13.0 65.2 82.8 47.7 | No homology - - -
83 95 91 02 0.7 79 97 EST: POD_014 EO08, Phaseolus vulgaris CV539111.1  9e-36 91/95
NR: no homology - - -
84 99 -1.5 0.1 0.1 1.0 -0.1 | NR: CYP1 mRNA, Vigna radiata AB020612.1 e-31 84/88
85 88 12 02 438 45 97 EST: Gm-c1026-2027, Glycine max AW396080.1 7e-24 69/71
) ) ) ) " | NR: type II chlorophyll a/b binding protein mRNA, Pisum sativum X81962.1 Se-62 224/277
EST: BE-2994, Phaseolus vulgaris EX305098.1 2e-9 79/91
86 91 0.2 0.6 0.2 3.0 0.9 NR: cysteine proteinase mRNA, Glycine max AY383240.1 8e-138  404/480
EST: POD_012_GO03, Phaseolus vulgaris CV538963.1 8e-43 106/111
87 112 14 04 0.0 0.1 04 NR: hypothetical protein mRNA, Fragaria X ananassa AY695666.1 e-26 89/101
88 99 15 53 33 55 39 EST: HDI_H _93.esd Macrotyloma uniflorum DR989271.1 3e-17 76/84
) ) ) ) " | NR: Rieske iron-sulphur protein precursor mRNA, Glycine max AMA498291.1  4e-147  340/370
EST: BE-3285, Phaseolus vulgaris EX305351.1 8e-21 69/74
89 94 0.1 0.6 0.6 17 0.8 NR: Dnal-like protein mRNA, Lycopersicon esculentum AF124139.1  6e-30 131/166
EST: PCS03549F, Phaseolus coccineus CA900070.1 e-13 81/93
91 96 0.3 0.6 0.2 0.9 0.2 NR: acyl-CoA-binding protein mRNA, Jatropha curcas DQ452088.1 4e-66 213/259
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: PCSC12178, Phaseolus coccineus CA905622.1 4e-13 65/73
92 96 0.1 1.9 0.7 1.7 1.1 | NR: putative eukaryotic translation initiation factor SUI1 mRNA, NM 1808612 2e-74 246/304
Arabidopsis thaliana
93 87 -9.8 -4.4 -2.3  -24.8 | -10.3 | NR: pathogenesis-related protein PR4.2 mRNA, Vigna unguiculata X98608.1 3e-7 68/77
EST: GLMAKA40TF, Glycine max EV269531.1 -9 56/63
94 7 0.2 0.7 0.3 0.8 0.3 NR: unknown protein, Arabidopsis thaliana AY142583.1 3e-18 134/183
95 83 -7.6 -4.0 -209 -65.1 | -24.4 | NR: ultraviolet-B-repressible protein mRNA, Trifolium pratense AY340642.1 e-9 59/67
97 94 1.0 2.0 2.2 15.6 5.2 | No homology - - -
98 109 2.1 1.8 2.5 2.1 2.1 | NR: ARG10 mRNA, Vigna radiata AB012110.1 5e-16 85/98
EST: Gm-c1050-4247, Glycine max BI468602.1  8e-24 88/94
99 9| -190 -l 730 835 302 g, putative caffeic acid methyl transferase mRNA, Arachis hypogaea ~ AF479308.1  5e-50 190/240
EST: Gm-c1062-7028, Glycine max CA801196.1  3e-20 62/65
100 1 32 LT 67 -390 69 [\ brecursor for 33-kDa protein of photosystem Il mRNA, Pisum sativum  DI13297.1  3-150  437/529
101 100 9.1 6.1 100.9 28.9 36.3 | No homology - - -
EST: RTS_114 F06, Phaseolus vulgaris CV542032.1 4e-13 71/81
102 911 472 126 857 8281 ST.1[\p. CPRDI4 protein mRNA, Vigna unguiculata D83971.1  3e-144  388/452
103 95 0.1 -0.2 0.3 0.1 0.1 | No homology - - -
104 112 -1.7 -2.6 -4.9 -6.4 -3.9 | No homology - - -
EST: PV_GEa0012B_D06.b1, Phaseolus vulgaris CV529964.1 2e-8 62/69
105 75| -138 68 648 5421 349 |\ Lhosphoribulokinase mRNA, Pisum sativum Y11248.1  2e-178  477/559
106 92 39.9 3.7 43.8 145.0 58.1 | NR: asparagine synthetase type-I mRNA, Phaseolus vulgaris AJ133522.1  5e-6 57/65
107 79 18 27 29 49 29 EST: Gm-c1051-5342, Glycine max BG652352.1  e-15 57/61
NR: no homology - - -
108 111 29.4 52.4 10.0 97.2 47.2 | No homology - - -
EST: POD_013_BO05, Phaseolus vulgaris CV538991.1  3e-29 88/94
109 95 3-8 3.9 -163 289 132 NR: putative desaturase-like protein mRNA, Trifolium repens AM282585.1 0 557/658
110 104 1.0 -2.2 -0.7 -0.1 -0.5 | No homology - - -
111 48 26.8 10.1 54.0 56.5 36.8 | No homology - - -
EST: Ge01 02e03, Glycine clandestina BG838378.1  Se-16 58/62
112 103 33.6 217 251 49.3 324 NR: low temperature and salt responsive protein, Solanum tuberosum AB061265.1 e-27 142/187
EST: PvL175 Phaseolus vulgaris EE253621.1 3e-11 53/58
M3 1041 510 37 16 L4 29 1 e nknown mRNA, Medicago truncatula BT051404.1 3e-16  113/151
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST : Gm-¢c1066-2825, Glycine max BM094466.1 2e-16 63/67
114 136 4.6 10.7 520 18.9 215 NR: putative chloroplast-targeted beta-amylase mRNA, Brassica napus ~ AF319168.1  3e-74 314/415
115 107 20 44 o 23 29 EST : PCSC21603, Phaseolus coccineus CA905718.1 5°-10 45/48
NR: no homology - - -
116 82 0.0 -0.8 -0.9 -2.6 -1.1 | No homology - - -
117 77 31 12 33 207 71 EST : PV_Gea0012D H10.bl, Phaseolus vulgaris CV530181.1 e-18 59/62
) ) ) ) " | NR : putative RNA-binding protein mRNA, Arabidopsis thaliana AY070022.1 e-111 390/498
118 112 69.3 36.5 21.9 38.8 41.6 | No homology - - -
119 115 -0.3 -0.1 0.5 -0.5 -0.1 | NR: tRNA-Cys (trnC) gene, Panax assamicus AY275917.1  2e-28 82/87
EST : GLMCS521TF, Glycine max EV274318.1 3e-17 64/69
120 921 03 04 03 011 01T \p nknown mRNA, Bassia scoparia AY617078.1 3e-55  201/252
121 101 2.2 4.8 9.2 18.3 8.6 | No homology - - -
122 105 0.1 0.4 6.4 10.3 4.3 | No homology - - -
123 103 13.9 23.4 10.9 14.5 15.7 | No homology - - -
124 100 0.7 1.3 1.9 nd. 1.0 | No homology - - -
125 96 | -14.7 -2.8 -8.3  -32.5 | -14.6 | NR: acid phosphatase gene, Phaseolus vulgaris AB116720.1 6e-6 68/81
126 88| 273 547 498 493 453 EST : Gm-¢1071-4330, Glycine max CA935204.1 2°-18 68/74
NR: no homology - - -
127 97 -4.7 -2.0 -5.9 -6.7 -4.8 | No homology
EST : Gm-¢c1068-6210, Glycine max BM886786.1  2e-6 42/46
128 110 0.0 05 -1.0 0.7 0.6 NR: putative plastid-lipid associated protein mRNA, Arabidopsis thaliana ~ NM 1183502  2e-26 153/205
129 96 -1.9 0.5 0.2 0.6 -0.1 | NR: ribosomal protein S28 mRNA, Prunus persica AJ012653.1  2e-8 69/81
EST: SSH-37, Phaseolus vulgaris EG594330.1 e-7 50/56
130 93 0.3 0.1 0.1 21 0.7 NR: glutathione peroxidase mRNA, Phaseolus vulgaris DQ455600.1  5e-76 177/187
131 89 0.2 0.8 2.8 2.5 1.6 | NR: cysteine protease mRNA, Vigna mungo AB038598.1 5°-37 87/89
132 107 05 0.2 0.1 03 03 EST : PCSC21328, Phaseolus coccineus CA905919.1 8e-15 84/94
) ) ) ) "~ | NR: CHAPERONIN 20; calmodulin binding mRNA, Arabidopsis thaliana NM 1807142 e-51 240/320
133 98 2.5 9.2 39.8 28.9 20.1 | NR: hypothetical protein mRNA, Trifolium pratense AB236782.1 2¢-8 57/65
EST: BE-3380, Phaseolus vulgaris EX305429.1 2e-24 87/96
134 9| 45 21 18 L4124 1 \p e protein I-related mRNA, Arabidopsis thaliana NM 1125983 e-51 2377317
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: gmrtDrNSO01 26-C M13R D12 090.s4, Glycine max CX707633.1 4e-9 37/38
135 60 -0.5 1.3 -2.6 -0.3 -0.5 | NR: putative chloroplast 4-hydroxy-3-methylbut-2-en-1-yl EU693025.1 0 627/767
diphosphate reductase mRNA, Populus trichocarpa
EST: PCS04220, Phaseolus coccineus CA903667.1 e-23 65/67
136 120 -1.9 0.2 -1 0.5 0.8 NR: ribosomal protein 16 gene, Phaseolus vulgaris AY077897.1 e-158 321/324
137 69 2.8 6.5 34.9 4.3 12.1 | No homology - - -
EST: PCSC16633, Phaseolus coccineus CA901756.1 2e-27 80/85
138 102 -1.0 49 294 -8 | -103 NR: PSI reaction center subunit IIl mRNA, Citrus sinensis AB002095.1 e-78 266/331
EST: PCSC12265, Phaseolus coccineus CA910184.1 3e-23 79/86
139 98 -1.0 -0.1 0.6 0.4 0.0 | NR: acireductone dioxygenase [iron(II)-requiring]/metal ion binding NM 1175543 2e-63 212/258
mRNA, Arabidopsis thaliana
EST: Gm-c1071-4520, Glycine max CA935234.1 e-22 76/81
140 107 0.0 -39 402 1201 -14.5 | g photosystem I reaction center V mRNA, Camellia sinensis AY724779.1 5e-70 243/304
141 93| -31.0 -3.5  -264 -445| -26.3 | No homology - - -
EST: PCS05630, Phaseolus coccineus CA901892.1 3e-18 62/66
142 84| -S54 32 -5 L1153 1 \p dhioredoxin h2 mRNA, Medicago truncatula DQI21443.1 9e-87 260312
143 95 -4.5 -1.8  -10.2  -23.9 | -10.1 | NR: CDPK-related protein kinase mRNA, Vigna radiata AY551333.1  7e-27 79/84
EST: LVS 008 _EO04, Phaseolus vulgaris CV531857.1  7e-28 104/119
144 19 -89 15 6.6 441 53| \R. serine hydroxymethyltransferase mRNA, Pisum sativum M87649.1 3e-60 299/398
145 116 -2.5 -0.1 -3.9 -2.1 -2.2 | No homology - - -
146 126 09 01 01 01 02 EST: PV_GEa0013B_FO01.bl, Phaseolus vulgaris CV530315.1  4e-17 75/84
NR: no homology - - -
147 106 -6.9 -3.1  -34.2 -4.4 | -12.2 | No homology - - -
148 55 | -14.0 39 293 596 | 267 NR: P42-1 pufatwe NADH-dependent hydroxypyruvate reductase AF503360.1 3e-6 48/53
mRNA, Glycine max
EST: Gm-c1080-5853, Glycine max BU763092.1 e-4 39/42
149 58 -6.9 0.0 -3 -1.6 “24 | NIR: alanine aminotransferase 2 mRNA, Glycine max EU165372.1 0 453/473
150 40 -6.2 =57  -123  -10.2 -8.6 | NR: photosystem I chlorophyll a/b binding protein mRNA, Pisum sativum  EF208907.1  4e-7 33/34
151 117 07 12 01 19 1.0 EST: MPMGp1174B0763Q, Paracentrotus lividus AMS597042.1  Se-7 31/31
) ) ) ) "~ | NR: orthodenticle-related protein mRNA, Paracentrotus lividus NM 2145883 e-124 428/544
EST: gmrtDrNSO1 11-B. M13R_GO05 035.s4, Glycine max CX702986.1 3e-5 52/60
152 100 33.6 13.2 877 6.7 353 NR: myo-inositol oxygenase S mRNA, Arabidopsis thaliana NM 1250472 5e-92 401/536
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Table 17 (continued).
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- ) Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
153 100 7.4 19.5 80.5 20.5 32.0 | No homology - - -
154 60 0.3 0.4 0.6 27.7 7.3 | No homology - - -
155 88 -2.6 -0.7 -2.1 -4.4 -2.4 | NR: photosystem I psaH protein mRNA, Arachis hypogaea DQ887080.1 e-9 75/88
156 72 02 32 00 11 11 EST: LVS 040 AO02, Phaseolus vulgaris CV533499.1  7e-11 58/65
NR: no homology - - -
157 90 0.0 0.9 2.3 0.6 0.9 | NR: isoprenylated protein mRNA, Glycine max U13179.1 2e-17 72/80
158 99 0.1 2.4 14.3 13.4 7.5 | NR: heat shock protein 22 mRNA, Glycine max X07188.1 4e-13 84/97
EST: Gm-c1013-2397, Glycine max AW132339.1 e-4 61/72
159 114 0.3 0.9 0.4 1.0 0.6 NR: catalytic subunit of protein phosphatise 1 mRNA, Vicia faba AB254851.1 0 545/623
160 109 1.1 2.2 3.4 9.5 4.0 | No homology - - -
161 95 0.2 1.3 0.0 0.2 0.4 | NR: ribosomal protein S27 mRNA, Arabidopsis thaliana NM 1241673 4e-19 78/87
EST: Gm-c1069-7733, Glycine max CB063640.1 2e-24 75/80
162 94| 30 07 201 3581 -149 | . chloroplast phosphoglycerate kinase mRNA, Populus nigra ABO018412.1 2e-74 225/269
163 101 11.6 20.6 10.7 344 19.3 | No homology - - -
164 96 05 51 06 10 18 EST: PV_GEa0014B_B03.bl, Phaseolus vulgaris CV530563.1 2e-24 82/88
NR: no homology - - -
EST: RTS 146 H10, Phaseolus vulgaris CV544302.1 2e-39 91/93
165 9| 16 06 05 051 06 .\ inown mRNA, Medicago truncatula BT051437.1 7e-87  341/440
EST: PCSC20002, Phaseolus coccineus CA900450.1 2e-12 66/74
166 98] 100 78 105 421 176 |\ iative invertase inhibitor mRNA, Cicer arietinum AJ487472.1 3°50  178/220
EST: Gm-c1057-4385, Glycine soja BM523855.1  3e-17 66/72
167 88 2.8 7 6.6 6.8 -8 NR: UDP-glucose glucosyltransferase mRNA, Catharanthus roseus AB159213.1  4e-15 80/100
168 84 26 17 55 05 23 EST: GLL061_B06_023, Cyamopsis tetragonoloba EG979126.1 5e-6 32/33
NR: no homology - - -
169 111 3.7 0.3 -0.8 0.1 0.8 | No homology - - -
171 78 -4.5 -5.5 -343 -18.5| -15.7 | No homology - - -
172 62 -4.0 -157 -704  -33.7 | -30.9 | NR: extensin gene, Glycine max U44838.1 3e-6 32/33
173 97| 221 75 179 421 24 EST: Gm-c1068-2697, Glycine max BI893889.1  2e-9 74/87
NR: no homology - - -
174 102 0.9 03 91 -139 6.1 EST: PCEP03699, Phaseolus coccineus CA899410.1 4e-29 92/100

NR: no homology
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Table 17 (continued).
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: HDI H 55.esd, Macrotyloma uniflorum DR989250.1 7e-18 58/61
175 o1 99 02 06 06 10 NR: 4-coumaryl-CoA ligase mRNA, Plantago major AM159093.1 2e-24 76/79
' ' ' ' " | NR: serine/threonine protein kinase mRNA, Fagus sylvatica AJ606472.1  Te-24 83/92
NR: monodehydroascorbate reductase mRNA, Plantago major AMI158910.1 2e-23 74/77
177 108 13 03 00 11 05 EST: AB020045, Phaseolus vulgaris AB020045.1 4e-20 65/69
NR: no homology - - -
178 104 4.4 1.4 22.4 14.5 10.7 | No homology - - -
179 94 -1.6 0.0 -0.7 0.1 -0.5 | NR: elongation factor EF-1a gene, Glycine max X56856.1 S5e-40 92/94
180 92 1.9 14 14 35 50 EST: PCSC08999, Phaseolus coccineus CA915098.1 2e-9 59/66
NR: no homology - - -
181 92 -0.4 0.0 0.7 -0.4 0.0 | NR: cysteine proteinase inhibitor mRNA, Vigna unguiculata 721954.1 2e-27 88/95
182 92 36.8 17.9 42.8 25.3 30.7 | NR: putative cytidine or deoxycytidylate deaminase mRNA, Cicer arietinum ~ AJ006764.1  e-22 81/89
184 101 74 0.6 0.7 99 1.0 EST: POD_029 GO03, Phaseolus vulgaris CV540299.1 7e-6 29/29
NR: no homology - - -
185 106 | 209 231 371  -315| -282 NR: l-amlnocyclgpropane— 1-carboxylic acid oxidase mRNA, AF053354.1 e-13 59/64
Phaseolus vulgaris
EST: POD_029 F04, Phaseolus vulgaris CV540289.1 3e-29 87/92
186 92 -1.9 0.8 -1 3.3 -1.8 NR: unknown mRNA, Populus trichocarpa EF146791.1 4e-46 201/262
EST: LVS 047 F11, Phaseolus vulgaris CV534122.1  2e-17 60/64
187 73] -160 -157 283 5861 297 | . H-protein of glycine decarboxylase mRNA, Pisum sativum J05164.1 e3-144  417/503
188 96 -4.7 -1.2 274  -31.5 | -16.2 | NR: plastid-located glutamine synthetase gene, Phaseolus vulgaris X61292.1 3e-14 84/98
EST: gmrhRww24-04-SP6_E10 1 072, Glycine max CF923150.1  8e-27 82/88
189 96 13 0.1 4.2 41 17 NR: tRNA-Val gene, Cyanea pilosa DQ285213.1 2e-30 93/103
190 94 13 93 02 03 0.4 EST: GLLBISOTF, Glycine max EV267407.1 2e-5 37/40
NR: no homology - - -
191 94 14 01 0.7 3.4 15 EST: Gm-c1056-5710, Glycine soja CA783981.1 e-16 77/87
NR: no homology - - -
192 107 -1.6 -0.1 -1.8 -0.4 -1.0 | NR: ribosomal protein L2ImRNA, Arabidopsis thaliana NM 1008313 3e-5 37/40
193 90 9.0 2.3 6.3 1.8 4.8 | No homology - - - o0
194 88 12 00 11 15 0.9 EST: Gm-c1069-7293, Glycine max CA953449.1  7e-27 79/84 o>
' ’ ' ) " | NR: histone H1-like protein mRNA, Camellia sinensis EU716314.1 3e-60 354/499 3
195 114 | 451 23.6 469 nd. | 28.9 | No homology - - - g
o
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
196 85 07 13 07 1.4 1.0 EST: PCSC09493, Phaseolus coccineus CA912998.1 4e-19 66/71
NR: no homology - - -
197 114 -0.5 0.3 -0.1 -0.2 -0.1 | NR: arg2 mRNA, Vigna radiata D14411.1 4e-23 86/94
198 95 -0.2 -0.1 1.3 -0.1 0.2 | NR: ubiquitin-conjugating enzyme 2 mRNA, Arachis hypogaea DQ097727.1 4e-10 73/86
199 114 7.7 13.8 35.7 43.3 25.1 | No homology - - -
200 101 -0.4 0.4 0.9 -0.3 0.1 | NR: ubiquitin extension protein mRNA, Gossypium hirsutum DQ116441.1 2e-9 62/71
201 93 0.0 -0.5 0.0 0.2 -0.1 | NR ubiquitin-like protein SMT3 mRNA, Phaseolus vulgaris AF451278.1  6e-9 34/34
202 87 -0.5 -0.2 -0.1 0.4 -0.1 | NR: ribosomal protein L30 mRNA, Zea mays AF034949.1 5e-12 45/47
EST: GLNAY94TF, Glycine max EV280924.1 2e-11 50/54
203 /8 -1.0 0.0 0.0 0.7 0.1 NR: heat- and acid-stable phosphoprotein mRNA, Zea mays EU962946.1 7e-90 374/493
204 91 48.3 1.0 45.9 2.9 24.5 | No homology - - -
205 105 31 131 -132 3261 -155 EST: LVS 023 BI10, Phaseolus vulgaris CV532295.1  2e-6 78/94
NR: no homology - - -
206 93 -1.0 -0.4 0.2 -0.2 -0.3 | NR: ribosomal protein L33 mRNA, Castanea sativa AF334840.1 e-4 71/86
EST: POD_024 HO09, Phaseolus vulgaris CV539907.1 e-4 29/30
207 52 0.3 -4 03 061 051 \p. Mg chelatase subunit mRNA, Glycine max D45857.1 2e-56 295/398
208 111 45.1 4.0 13.8 8.6 17.9 | No homology - - -
209 115 12 05 10 23 13 EST: PCSCO91§6, Phaseqlus. coccineus . . . CA906266.1 1e-32 99/106
NR: HSP associated protein like mRNA, Arabidopsis thaliana AY059803.1 5Se-45 182/231
210 111 2.4 0.3 -0.7 -0.4 -0.8 | NR: HMG-1 like protein mRNA, Glycine max X58245.1 9e-24 95/106
EST: LVS 045 _A06, Phaseolus vulgaris CV533912.1  e-35 88/91
211 105 27 02 6.5 2.0 46 | \R: unknown mRNA, Populus trichocarpa EF144236.1 5e-18 85/105
EST: Gm-c1071-3566, Glycine max CAB02795.1 e-41 95/97
212 98 04 -0.5 0.5 -1.6 -0.3 | NR: DNA-directed RNA polymerases I, II, and III 7.3 kDa polypeptide =~ EU970473.1 5e-32 130/162
mRNA, Zea mays
213 87 -0.8 -0.5 1.0 0.4 0.0 | NR: putative eukaryotic translation initiation factor 5a-2 mRNA, Oryza sativa EF576010.1  3e-23 79/86
EST: UCRVUO02_DO05 T3, Vigna unguiculata DR068352.1 -9 65/75
214 02 16 A6 LT A4 R tionic peroxidase 2 mRNA, Glycine max AF039027.1 0 602/760
216 74 9.0 15 216 nd. 20 EST: PEGQOZ—C-IQ9480-SQI, Apl)./sia californica EB226998.1  5e-6 29/29
NR: aspartic acid-rich protein aspolin2 mRNA, Theragra chalcogramma  AB117518.1 e-41 158/197
217 100 -0.3 0.0 -0.1 -2.8 -0.8 | NR: cyclin-dependent kinases regulatory subunit mRNA, Glycine max ~ AY439094.1 4e-7 49/55
218 101 2.6 2.1 6.1 3.4 3.6 | No homology - - -
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
219 95 -3.1 0.2 -4.1 -1.4 -2.1 | No homology - - -
EST: PV_GEa0011D_A09.bl, Phaseolus vulgaris CV529784.1 e-5 50/57
220 133] 20 30 -147 5961 -198 | (R unknown mRNA AF098661.1  7e31  122/148
EST: BE-1361, Phaseolus vulgaris EX303743.1 2e-15 60/65
221 1041 38 41 93 -1081 70| \p. 54 like protein mRNA, Cicer arietinum EF375953.1 7e-75  318/421
222 103 3.0 13.2 20.4 13.4 12.5 | No homology - - -
EST: PCSC20280, Phaseolus coccineus CA901455.1 4e-10 52/58
223 90| -124 315 166 -36.9 1 -244 | \p ‘prredoxin I gene, Pisum sativim M31713.1 45  168/209
224 99| 263 217 359 21.7] 264 | NR: beta-amylase | mRNA, Glycine max AJ871580.1 e-7 67/76
225 106 0.0 0.0 -1.2 -0.1 -0.3 | NR: S-adenosylmethionine synthetase mRNA, Phaseolus lunatus AB062358.1 6e-34 97/104
226 131 -0.6 0.2 -0.8 -3.2 -1.1 | NR: early light-induced protein mRNA, Glycine max U82810.1 2e-22 105/121
EST: ABWZ1092, Glycine max EH220099.1 3e-14 71/79
227 9| 142 32 128 3331 158 [\ franseription factor MYBI39, Glycine max DQ822919.1 5e-13  262/400
228 101 14 24 1.2 38.5 10.9 | NR: glutathione S-transferase GST 10 mRNA, Glycine max AF243365.1 2e-5 43/48
229 90 -5.0 -0.8 -3.7  -239 -8.3 | NR: H+-transporting ATP synthase mRNA, Hyacinthus orientalis AY389668.1 e-6 47/50
EST: BE-1775, Phaseolus vulgaris EX304470.1 2e-20 74/81
230 81 0.4 0-5 -1.6 4.4 1.3 NR: photosystem II core complex protein psbY mRNA, Zea mays EU955191.1  7e-25 235/345
EST: PCSC19514, Phaseolus coccineus CB280531.1 4e-38 102/107
231 107 0.3 0.8 0.9 0.9 0.3 NR: vacuolar membrane ATPase subunit G mRNA, Citrus limon AF184068.1 2e-69 261/335
232 86 -9.0 -4.9  -37.1 -7.4 | -14.6 | No homology - - -
EST: BE-3464, Phaseolus vulgaris EX305501.1 7e-13 46/48
233 ST 05 0l 21 351 15[ g "CBS1 mRNA, Hyacinthus orientalis AY389652.1 8e23  111/142
EST: Gm-c1068-1529, Glycine max BF424584.1  2e-36 86/88
234 88 242 12.6 42.9 200 249 NR: TSJT1-like protein mRNA, Solanum tuberosum DQ191656.1 5e-38 217/300
235 113 -7.6 -2.9 -6.2  -11.7 -7.1 | No homology - - -
236 11 01 10 0.9 12 03 EST: UCRVUO02 GO5 T7, Vigna unguiculata DR068416.1  6e-28 99/110
NR: no homology - - -
EST: PCS02877, Phaseolus coccineus CA903663.1 8e-12 42/43
237 1021 -09 03 08 441 16 | R Hbosomal protein SocL12, Spinacia oleracea X13153.1 2e-75 305/401
EST: GmUV-B_220, Glycine max EV555079.1 e-5 40/44
238 54 38.8 240 4.1 8.9 19.0 NR: vacuolar processing enzyme 2 mRNA, Glycine max AY062213.1 3e-35 109/120

123!

xipuaddy g



Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: UCRVUO02 MA 02 T3, Vigna unguiculata EG594280.1 8e-33 86/90
239 90 0.4 0.6 34 0.8 1.3 NR: alcohol dehydrogenase | mRNA, Glycine max AF532629.1 0 731/838
240 86 -4.9 -1.9 -2.9 -29.8 -9.9 | No homology - - -
241 102 -0.4 -0.2 1.7 0.6 0.4 | No homology - - -
EST: GmUV-B_118, Glycine max EV554998.1 4e-22 62/64
242 87 -1.9 2.0 o5 174 77 NR: glycine cleavage complex P protein, Pisum sativum X59773.1 0 678/784
243 83 1.3 1.2 33 15.6 5.4 | NR: Snakin-like cysteine rich protein mRNA, Phaseolus vulgaris AMI158277.1 5Se-15 59/64
244 91 0.5 1.8 0.5 6.4 2.3 | No homology - - -
245 82 -1.1 -14 -3.6 n.d. -1.5 | No homology - - -
246 103 0.2 0.1 06 05 0.1 EST.: RTS 126 _EO08, Phaseolus vulgaris CV542845.1 2e-6 39/42
NR: no homology - - -
EST: NOD 233 BO07, Phaseolus vulgaris CV536723.1  2e-5 34/36
247 92 03 03 09 071 041 \Gp.inown mRNA. Populus trichocarpa EF147532.1  5¢-35  206/285
248 90 0.4 1.0 0.4 0.4 0.5 | NR: glycine-rich RNA-binding protein RGP-1¢ mRNA, Nicotiana sylvestris ~ AY485991.1  6e-12 54/59
249 99| 21.0 8.1 24.5 32.5 21.5 | No homology - - -
EST: PVEPSE2025H12, Phaseolus vulgaris CB540903.1 6e-6 57/65
250 92 >3 0.4 >8 12.8 6.1 NR: putative lipid transfer protein mRNA, Cicer arietinum AJ630658.1  6e-38 145/180
251 109 11 29 00 05 1.0 EST: PCS05756, Phaseolus coccineus CA916079.1 2e-28 95/104
NR: no homology - - -
252 08 20 07 36 15 20 EST: WS02042_B19, Populus trichocarpa x Populus nigra DT524263.1  4e-7 40/43
' ' ' ' " | NR: glutaredoxin family protein mRNA, Arabidopsis thaliana NM 1286062 e-42 206/276
EST: POD 011 EO06, Phaseolus vulgaris CV538873.1  7e-28 103/113
253 114 0.7 0.4 -1 7 23 NR: ultraviolet-B-repressible protein mRNA, Gossypium hirsutum AY551823.1 e-20 147/204
254 91 11 17 56 6.2 37 EST: RTS 123 AO0S5, Phaseolus vulgaris CV542630.1 8e-33 86/90
’ ’ ’ ’ " | NR: 19-3 aldo/keto reductase mRNA, Malus x domestica AY347812.1 6e-39 221/304
255 69 -3.1 -2.5 -5.9 -28.2 -9.9 | No homology - - -
256 101 0.6 -0.2 0.4 0.0 0.2 | NR: heme oxygenase 1 mRNA, Glycine max AF320024.1 8e-24 89/98
EST: PCSC17187, Phaseolus coccineus CA902863.1 9e-8 44/48
257 85| 04 03 LT 347 041 \p ibosomal protein S14 mRNA, Lupinus luteus AF026079.1 9c-86  242/281
258 54 -2.1 -0.8 -1.0 -0.1 -1.0 | No homology - - -
259 89 20.0 25.5 16.3 26.5 22.1 | No homology - - -
260 94 -2.6 -2.3 -9.8  -10.8 -6.4 | No homology - - -
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Table 17 (continued).
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
261 98 4.2 3.7 5.8 28.9 10.7 | NR: ferritin mRNA, Phaseolus vulgaris X58274.1 3e-20 86/97
262 88 03 07 12 -126 33 EST: PVEPSE3011D12, Phaseolus vulgaris CB555983.1  3e-20 71/77
NR: no homology - - -
263 109 1.1 2.1 n.d. 18.9 5.5 | No homology - - -
264 97 -8.5 -0.8 -5.2 -4.4 -4.8 | NR: precursor of photosysten II 22 kDa protein mRNA, Nicotiana tabacum  X84225.1 4e-10 78/92
265 102 15 53 259 23 8.9 EST: RTS 113 _EO02, Phaseolus vulgaris CV541965.1  e-7 38/40
NR: no homology - - -
266 90 03 15 0.8 01 0.7 EST: PCEP00562, Phaseolus coccineus CA899331.1 2e-30 85/90
NR: no homology - - -
267 97 03 1.7 15 49 1.8 EST: RTS_102_E12, Ph.aseolus. vulgaris ‘ ' ' CV541250.1 8e-18 64/69
NR: putative hydrophobic protein mRNA, Arabidopsis thaliana NM 1192124  e-14 136/194
EST: PCSC20738, Phaseolus coccineus CA901941.1 9e-24 74/79
268 105 -1.3 -0.4 1.0 1.2 0.2 | NR: ubiquinol-cytochrome c reductase complex 14 kDa protein mRNA, EU973896.1 9e-28 117/146
Zea mays
EST: BE-2204, Phaseolus vulgaris EX304066.1 4e-13 66/71
269 94 8.8 18.8 10.2 253 158 NR: nodule-enhanced protein phosphatase type 2C mRNA, Lotus japonicus  AF092431.1 0 505/600
EST: GLMB442TF, Glycine max EV271196.1 4e-7 34/35
270 %) -0 06 24 L9105 1 \p. elongation factor EF-2, Pisum sativum AB082376.1 5e-64 187/218
271 101 03 1.0 34 20 17 EST: PVEPSE2003HO07, Phaseolus vulgaris CB539331.1 4e-29 92/100
NR: no homology - - -
EST: NOD_ 238 FO05, Phaseolus vulgaris CV537162.1  e-28 79/83
272 94 03 04 04 0.5 0.2 NR: lipoic acid synthase-like protein mRNA, Brassica rapa EU186340.1 2e-21 143/195
273 81 12.6 15.1 23.5 33.7 21.2 | No homology - - -
274 85 -1.7 -2.1 -2.3 -0.5 -1.7 | No homology - - -
EST: POD _011_CO1, Phaseolus vulgaris CV538848.1 3e-14 71/79
275 93 34 0.1 0.7 0.8 12 NR: ras-related GTP-binding protein mRNA, Pisum sativum X65650.1 e-23 170/233
276 103 11.6 53 279 409 215 EST: RTS 125 BO03, Phaseolus vulgaris CV542772.1  5e-22 80/88
NR: no homology - - -
277 102 -0.3 0.3 -1.4 -1.0 -0.6 | No homology - - - o0
278 78 12 95 65 -135 5.9 EST: Gm_ck37440, Glycine max CD409952.1  2e-5 52/60 %>
NR: no homology - - - S
279 88 0.1 0.3 0.7 0.7 0.5 | NR: profilin mRNA, Phaseolus vulgaris X81982.1 2e-24 66/68 g
o
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
280 102 6.9 20.6 7.7 31.3 16.6 | No homology - - -
EST: BE-252, Phaseolus vulgaris EG563016.1  7e-46 99/100
281 1021 06 -08 33 011 08 \p Skpiiike protein | mRNA, Malus x domestica EU586193.1 2¢-88  253/298
282 95 -2.5 -0.6 -2.9 -3.8 -2.5 | NR: enzymatic resistance protein mRNA, Glycine max DQ167250.1 6e-43 94/95
283 107 -1.1 0.1 6.6 0.5 1.5 | NR: cytosolic ascorbate peroxidase 2 mRNA, Glycine max AB082932.1 e-22 95/105
EST: BE-1039, Phaseolus vulgaris EG588019.1  2e-37 100/106
284 106 -7 0.4 0.8 0-5 0.6 NR: ribosomal protein L34 mRNA, Nicotiana tabacum L27107.1 e-98 305/372
EST: PCEP00684, Phaseolus coccineus CA896844.1 5e-7 52/59
285 106 | -17.0 78 -176 2281 -163 NR: hypothetical protein, Gossypium hirsutum X54092.1 e-34 238/333
286 110 -0.1 1.7 2.9 6.2 2.7 | No homology - - -
287 92 0.2 -1.0 -0.4 -0.8 -0.5 | NR: cytochrome b5 isoform mRNA, Vernicia fordii AY578728.1 e-16 65/71
EST: HDI J 73.esd, Macrotyloma uniflorum DR989445.1  5e-10 57/64
NR: rthabdomeric opsin mRNA, Platynereis dumerilii AJ316544.1  2e-22 69/72
288 109 210 10.3 279 18.9 19:5 NR: insulin-like growth factor binding protein, Oncorhynchus mykiss DQ146965.2 2e-22 73/77
NR: 4-coumaryl-CoA ligase mRNA, Plantago major AM159093.1 2e-22 72/75
289 66 18 31 1.9 27 24 EST: Gm-c1055-2925, Glycine max BG650004.1  6e-5 54/63
NR: no homology - - -
290 98 -0.9 -0.8 -0.6 3.1 0.2 | NR: ribosomal protein L36a/L44 mRNA, Arabidopsis thaliana NM 117509.2 e-19 64/68
291 86 0.3 -1.5 -0.5 0.4 -0.3 | No homology - - -
EST: BE-206,1 Phaseolus vulgaris EX303949.1 3e-14 78/87
292 98| 04 10 02 011 03] p. picuitin conjugating enzyme 2 mRNA, Malus x domestica EU586200.1 6c-141  383/450
294 87 | -14.3 23 -10.8 -12.0 -9.8 | NR: photosystem I-N subunit mRNA, Phaseolus vulgaris AF492824.1 e-12 55/60
EST: BE-2929, Phaseolus vulgaris EX305036.1 4e-16 58/62
295 84 0.4 0.0 0.6 1.0 0.5 NR: unknown mRNA, Populus trichocarpa EF145271.1 5e-84 342/451
296 96 0.8 263 4.6 18.2 12.5 | No homology - - -
297 107 | -13.6 -5.2 -0.3 -5.5 -6.1 | No homology - - -
298 90 -1.9 0.0 0.1 0.7 -0.3 | NR: ribosomal protein S20 mRNA, Arabidopsis thaliana NM 1143724 2e-8 63/73
299 106 03 0.9 03 0.1 01 EST: ACBU6518, Glycine max EH262715.1 e-22 95/104
NR: no homology
EST: PVEPSE3005B06, Phaseolus vulgaris CB541873.1  2e-27 86/93
300 94 37 18 36 181 271 \p. Tolyubiquitin 2 mRNA, Phaseolus vulgaris AF527442.1 370 169/181
301 90 -0.6 -0.3 -1.0 -3.1 -1.2 | NR: RNP1 chloroplast RNA binding protein, Phaseolus vulgaris X82030.1 6e-18 82/91
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
302 116 -0.4 -1.2 -0.1 -0.1 -0.4 | No homology - - -
EST: POD_004 E06, Phaseolus vulgaris CV538352.1 6e-6 41/45
303 9% 15 10 09 041 0.2\ inmunophilin mRNA, Vicia faba U96925.1  e-111  314/370
304 88 -2.8 -0.9 -2.3 -0.7 -1.7 | NR: ribosomal protein S21, Zea mays X98656.1 e-4 26/26
305 43 -1.5 -0.9 0.3 -0.5 -0.6 | No homology - - -
306 90 4.5 -0.5 1.0 6.2 2.8 | NR: chloroplast-localized ISCA-like protein mRNA, Arabidopsis thaliana ~ NM 1009243 9e-14 66/74
EST: Gm-c1036-12572, Glycine max BU964870.1 e-31 87/92
307 93| -14 08 16 081 03 \p. cytochrome-c oxidase mRNA, Brassica rapa EF110926.1 e-34 143/181
308 96 7.9 4.4 7.2 12.3 7.9 | No homology - - -
EST:Gm-¢c1049-344, Glycine max BE611237.1  7e-6 72/85
3091 105 1.0 35 -17.6 250 | -12.5 | \p. "y ctose-bisphosphate aldolase mRNA, Glycine max AY492006.1 6e-55  123/123
310 59 -3.3 -1.5  -14.7 -1.1 -5.2 | No homology - - -
EST: BE-2353, Phaseolus vulgaris EX304193.1 8e-37 112/122
31| M8} 66 -166 -186 207 -156 | \p. ) ative PSII-P protein mRNA, Trifolium pratense AB236819.1 7e-60  174/199
EST: LVS 035 _CO02, Phaseolus vulgaris CV533104.1 6e-6 38/41
312 87 6.6 02 L1126 -1 NR: chloroplast small heat shock protein gene, Epilobium amurense EF467641.1 e-41 288/410
313 91 01 13 93 01 10 EST: Gm-c1036-2780, Glycine max BMO086625.1  6e-12 60/67
) ) ) ) "~ | NR: ethylene responsive protein (EREB) mRNA, Glycine max AF537220.1 0 470/487
314 103 17.9 20.7 19.9 13.4 18.0 | No homology - - -
315 102 31 99 12 04 17 EST: PCSC19358, Phaseolus coccineus CA916614.1 4e-7 63/71
NR: no homology - - -
316 95 -0.9 0.5 -0.2 2.7 0.5 | NR: QM-like protein mRNA, Camellia sinensis AY641733.2  9e-5 33/35
317 100 -0.3 0.2 0.0 -0.1 0.0 | NR: putative histone H3 mRNA, Arabidopsis thaliana NM 1012072 7e-15 77/88
318 102 1.9 01 04 04 04 EST: PVEPLE1001B11, Phaseolus vulgaris CB539105.1 e-28 88/95
NR: no homology - - -
EST: PCSC20674, Phaseolus coccineus CA913383.1 9e-7 42/46
319 591 -6 L1 0.1 0.0 07| R\ known mRNA, Populus trichocarpa EF147758.1 6e-17  100/131
EST: Gm-c1080-2816, Glycine max BU764764.1 6e-8 48/52
320 61 54 -10 03 011 -L7 1 Gp. i cleoside diphosphate kinase mRNA, Glycine max AY157740.1 0 413/416
321 95 -0.4 0.4 0.5 0.9 0.4 | NR: 70 kDa heat shock cognate protein 1 mRNA, Vigna radiata AY485986.1 6e-40 92/94
322 83 0.6 0.3 1.0 2.9 1.2 | NR: fiber protein Fb19 mRNA, Gossypium barbadense AY429440.1 e-4 47/54
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity

EST: Gm-¢1073-3127, Glycine max BQ298142.1  7e-18 74/81
323 92 L4 -0 19 -13 071 NR: ribulose-5-phosphate-3-epimerase mRNA, Pisum sativum AF369887.1 4e-40 119/134
324 99 0.9 02 03 02 03 EST: PCS03780, Phaseolus coccineus CA904765.1 8e-24 77/83

NR: no homology - - -

EST: LR0938, Phaseolus acutifolius CX129865.1 2e-9 56/63
82| 122] 02 01 06 491 -1.2 | \R:lectin mRNA, Glycine max AJO10265.1  e-67  268/342
326 91 -0.1 0.1 2.3 4.5 1.7 | No homology - - -

327 103 -0.1 -0.8 -0.1 0.1 -0.2 | No homology - - -

EST: PCEP00684, Phaseolus coccineus CA896844.1 e-16 59/63
328 115 85 -122 205 228 -160 NR: hypothetical protein, Gossypium hirsutum X54092.1 e-34 238/333
329 162 -2.8 -43  -147 -19.6 | -10.3 | NR: aldolase gene, Pisum sativum M97476.1 3e-15 69/77
330 99 10 01 03 0.7 06 EST: PVEPSE3030L18, Phaseolus vulgaris CB543656.1  2e-30 82/85

NR: no homology - - -
331 107 9.5 19.5 7.7 3.4 10.0 | No homology - - -
332 95 0.9 12 0.8 02 03 EST: Gm-r1089-476, Glycine max C0985565.1  3e-17 75/84

NR: no homology - - -
333 98 -1.9 0.5 0.1 0.8 -0.1 | No homology - - -

EST: PCSC18417, Phaseolus coccineus CA914183.1 6e-25 79/85
334 113 0.3 0.3 12 0.3 0.3 NR: snRNP core Sm protein Sm-X5-like protein mRNA, Zea mays EU975726.1 e-46 210/278
335 119 7.9 14.9 12.0 8.6 10.8 | No homology - - -

336 92 1.0 01 04 4.9 1.0 EST: PV_GEa0015B_D12.bl, Phaseolus vulgaris CV530916.1  2e-27 71/73

NR: ho homology - - -

EST: T7_A05 047, Vigna unguiculata DR068287.1  3e-11 84/99
337 97| -2 -122 275 991 127 \R. putative tonoplast intrinsic protein mRNA, Pisum sativum AJ243309.1  e-98 368/469
338 74 21.0 3.2 9.2 6.0 9.8 | No homology - - -

EST: PCS03731, Phaseolus coccineus CA905597.1 7e-10 35/35
339 49 -2.8 -1.6 -3.9 -3.3 -2.9 | NR: eukaryotic translation initiation factor SA isoform III mRNA, AF516352.1  8e-80 231/271

Hevea brasiliensis
340 79 0.2 0.0 0.2 0.7 0.3 | No homology - - -

341 89| -41.0 n.d. 6.0 -0.8 -9.0 | No homology - - -
342 53 -1.4 -0.3 0.0 -0.5 -0.5 | No homology - - -
343 121 -0.9 0.4 1.8 1.0 0.6 | NR: ribosomal protein SISA D mRNA, Arabidopsis thaliana NM 1144735 3e-8 48/53
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
344 88 1.1 0.2 3.6 0.6 1.4 | No homology - - -
EST: HDI K 35.esd, Macrotyloma uniflorum DR989514.1 e-31 84/88
NR: rthabdomeric opsin mRNA, Platynereis dumerilii AJ316544.1  6e-17 67/73
345 93| -18.1 4.9 78 -108 ) -104 NR: putative tetrahydrofolate synthase mRNA, Trifolium pratense AB236821.1 7e-16 68/76
NR: sinapyl alcohol dehydrogenase mRNA, Plantago major AM159094.1 7Te-16 68/74
EST: PCSC18771, Phaseolus coccineus CA904065.1 e-25 80/86
346 97| 09 06 0.6 0.9 0.0 | \R: hydroxyproline rich glycoprotein mRNA, Pisum sativum U78952.1 2e-76 244/296
347 83 -2.1 0.2 0.0 -0.8 -0.7 | NR: ribosomal protein S29 mRNA, Oryza sativa EF576076.1  6e-24 77/83
348 86 -8.1 -0.1 -0.3 -1.1 -2.4 | NR: putative ribosomal protein S27 mRNA, Hordeum vulgare AJ314595.1  3e-13 62/69
349 108 -0.2  -16.5 2.6 -12.6 -8.0 | NR: glyoxysomal malate dehydrogenase mRNA, Medicago sativa AF527542.1  6e-34 100/108
EST: PV_GEa0012C E11.bl, Phaseolus vulgaris CV530067.1 7e-18 80/90
350 94| 28 04 12 151 LS| \p - inknown protein mRNA. Cicer arietinum EF375947.1 3c-44  264/375
351 76 -0.1 1.3 -1.2 0.0 0.0 | NR: putative 23S rRNA pseudouridine synthase mRNA, Vigna unguiculata AM748496.1  4e-9 47/50
352 52 0.6 3.0 0.6 2.6 1.7 | No homology - - -
EST: PCSC21589, Phaseolus coccineus CA904760.1 4e-10 60/68
353 9| A7 06 03 031 06 \r: tibosomal protein L35 mRNA, Euphorbia esula AF227980.1  2e96  299/365
EST: PCSC21049, Phaseolus coccineus CA911778.1 e-14 65/72
341 129 L1 05 26 121 08| \p G anioinase mRNA, Robinia pseudoacacia AY466437.1 3e-124  426/535
355 101 -6.6 0.3 1.2 0.1 -1.3 | NR: snRNP-related protein mRNA, Medicago sativa X63376.1 8e-27 91/100
EST: ABWZ1314, Glycine max EH220440.1 7e-28 102/114
36| 118 -19 13 54 Al 32| 3 DNAT heat shock protein, Arabidopsis thaliana NM 1170032 2¢-84  337/443
357 76 -3.5 0.7 0.3 0.7 -0.5 | NR: small GTP-binding protein mRNA, Lotus japonicus 773960.1 Se-18 61/65
358 60 -0.1 -1.4 -2.3 -0.6 -1.1 | No homology - - -
359 101 -2.5 0.9 -0.7 -18.9 -5.3 | NR: accd gene, Nicotiana sylvestris AM286777.1 e-34 92/97
360 62 15 0.9 93 6 18 EST: Gm-c1049-6380 Glycine max BU081263.1 3e-10 49/52
NR: no homology - - -
361 104 -0.7 0.8 0.0 -2.6 -0.6 | NR: 26S ribosomal RNA, Glycyrrhiza uralensis EF571299.1  6e-43 101/103
EST: GmO3 198, Glycine max EG702111.1 7e-6 39/41

362 100 -0.9 0.6 4.8 7.4 3.0

NR: no homology

363 86 3.7 14.9 3.1 23.3 11.3 | No homology - - -
364 73 | -20.0 2.8  -127 -12.0 | -11.9 | No homology - - -
365 58 -2.5 0.6 -1.5 1.9 -0.3 | No homology - - -
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: POD_019 F11, Phaseolus vulgaris CV539499.1  8e-7 45/50
366 561 10 15 215 3901 153 [ \p roline-rich protein mRNA, Glycine max AF248055.1 3e-177  514/613
EST: HDI B _27.esd, Macrotyloma uniflorum DR988689.1 8e-24 85/93
367 9| 47 05 07 351 241\ nknown mRNA, Populus trichocarpa EF145605.1 3¢-54  172/205
368 107 -1.9 -1.8  -10.8 -26.1 | -10.1 | No homology - - -
EST: PCSC19657, Phaseolus coccineus CA902226.1 3e-17 78/88
369 104 0.7 0.4 0.0 -0.6 0.1 | NR: DNA-directed RNA polymerase II 8.2 kDa polypeptide mRNA, EU958689.1 3e-47 175/219
Zea mays
370 89 14 1.8 0.4 2.0 1.4 | No homology - - -
371 95 4.8 17.9 20.4 8.6 12.9 | No homology - - -
372 102 7.4 15.1 16.9 20.5 15.0 | No homology - - -
EST: Gm-c1056-2496, Glycine soja CA785102.1 6e-24 68/71
373 80 33 32 59 2071 82| \R.ATP synthase delta subunit mRNA, Pisum sativum MO4558.1  3e-68  348/480
EST: LR0981, Phaseolus acutifolius CX129904.1 4e-26 87/95
dral 110 22 23 L0 071 071 \gp Sibosomal protein S17 mRNA, Arabidopsis thaliana NM 1804342 6¢-78  279/354
375 58 7.4 43.4 4.1 n.d. 13.7 | No homology - - -
376 102 | -124 -6.9 -2.9 -8.0 -7.6 | No homology - - -
377 84 13 29 0.2 0.9 12 EST: POD_016 _GO07, Phaseolus vulgaris CV539282.1 3e-29 80/84
' ' ' ' | NR: RNA Binding Protein 47 mRNA, Nicotiana plumbaginifolia AJ292768.1  2e-65 295/395
378 71 1.7 4.7 0.4 -2.0 1.2 | No homology - - -
379 119 | -15.0 -8.2  -12.7 -6.6 | -10.6 | No homology - - -
380 91 -1.5 -1.9 -3.9 -1.3 -2.1 | NR: putative pyridoxine biosynthetic enzyme mRNA, Phaseolus vulgaris  AY007525.1 e-19 61/64
381 60 10.5 5.5 10.0 8.9 8.7 | No homology - - -
EST: PCSC15061, Phaseolus coccineus CA909578.1  6e-41 119/127
382 130 0.3 0.0 1.4 0.7 0.6 NR: drought-responsive family protein mRNA, Arabidopsis thaliana NM 1225812 2e-38 188/251
EST: BE-1337 Phaseolus vulgaris EX303723.1 4e-13 48/49
383 93| -133 05 1.2 081 -390 \p . ibosomal protein L30 mRNA, Lupinus luteus AJ223316.1 66120 305/346
384 107 -0.5 -0.8 -0.4 3.1 0.3 | NR: ribosomal protein L.39 mRNA, Triticum aestivum AY846827.1 2e-20 65/69
385 80 06 10 1.0 05 02 EST: RTS 129 D10, Phaseolus vulgaris CV543031.1  4e-19 57/59
NR: no homology - - -
386 93 14 -0.3 0.0 1.2 0.6 | NR: hypothetical protein mRNA, Cicer arietinum AJ012688.1  e-13 54/58
387 105 -0.9 -0.2 0.5 -2.4 -0.7 | No homology - - -
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: Gm-r1089-6430, Glycine max C0983124.1  5e-10 89/106
388 106 0.9 0.4 0.1 -12.0 32 NR: unknown mRNA, Populus trichocarpa X Populus deltoides EF148649.1 2e-114  332/398
389 125 -0.9 -1.4 0.4 0.1 -0.5 | NR: copper chaperone mRNA, Arabidopsis thaliana NM 1154823 e-13 63/70
390 97 5.3 7.0 1.8 9.5 5.9 | No homology - - -
391 100 11.6 183 13.0 17.0 15.0 EST.: GLLAKSSTF, Glycine max EV264613.1 e-25 89/98
NR: no homology - - -
392 95 15.8 113 133 15.8 14.0 EST: gmrtDrNSO1_37-D M13R _EO07 055.s4 , Glycine max CX711734.1 3e-26 87/95
NR: no homology - - -
EST: RTS 106 Gl1, Phaseolus vulgaris CV541547.1  Se-6 35/37
393 8 21 51 21 1561 621 \p.anceription factor bZIP33 mRNA, Glycine max DQ787063.1 180  551/678
394 94 -0.9 -0.4 -2.9 -0.6 -1.2 | No homology - - -
395 103 93 46 12 26 97 EST: PVEPSE2028C07, Phaseolus vulgaris CB541056.1 e-28 94/103
NR: no homology - - -
EST: PCSC09373, Phaseolus coccineus CA903972.1 4e-13 56/61
396 85 -1.6 0.2 02 4.4 -5 NR: ribosomal protein L12 mRNA, Prunus armeniaca U93168.1 7e-69 244/307
397 133 0.0 6.1 1.5 2.9 2.6 | No homology - - -
EST: BE-18, Phaseolus vulgaris EE743279.1 2e-24 74/78
398 107 -0.9 -0.3 -6.4  -14.2 -5.4 | NR: glyceraldehyde 3-phosphate dehydrogenase C subunit mRNA, DQ192668.1 4e-129  437/547
Glycine max
399 51 -9.0 -5.6  -13.7 -2.9 -7.8 | No homology - - -
EST: PCSC18500, Phaseolus coccineus CA914429.1 e-4 59/70
400 741 09 08 49 981 Al G geranylgeranyl hydrogenase mRNA, Glycine max AF068686.3 e-173 452/517
EST: NOD 246 _GO1, Phaseolus vulgaris CV537808.1 2e-6 63/73
401 122 -0.3 -0.1 0.2 -1.1 -0.3 | NR: ATP-dependent Clp protease adaptor protein containing protein EU958506.1 7e-39 245/346
mRNA, Zea mays
403 83 0.7 1.0 16 31 16 EST: PVEPSE3016E08, Phaseolus vulgaris CB541610.1  2e-17 54/56
NR: no homology - - -
EST: LRO851, Phaseolus acutifolius CX129789.1 7e-9 58/65
404 101 21 2.2 6.0 217 8.0 NR: heat shock protein 70 gene, Glycine max X62799.1 Se-67 213/263
EST: PCSC14767, Phaseolus coccineus CA903592.1 e-10 40/41
405 18| 38 07 03 041 LT \R. ribosomal protein S8 mRNA, Arabidopsis thaliana NM 1220364 6e-15 57/62
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
406 99 1.4 05 0.1 15.8 41 EST: PCSC14456, Phaseolus coccineus CA908721.1 3e-14 86/99
NR: no homology - - -
407 93 -5.0 0.6 1.2 -0.4 -0.9 | NR: putative ribosomal protein S9 mRNA, Artemisia annua EF549580.1 3e-17 81/92
408 102 02 06 1.0 16 08 EST: PVEPSE3028M17, Phaseolus vulgaris CB543245.1  4e-26 76/79
NR: no homology - - -
EST: PV_GEa0015A_C11.bl, Phaseolus vulgaris CV530842.1 e-10 52/57
409 1061 01 05 00 301 091 R gungin tight chain mRNA, Vicia faba AB215106.1 6e-14  82/101
410 97 -1.6 -0.9 1.0 4.0 0.6 | NR: low molecular weight heat shock protein 23.9 mRNA, Glycine max U21722.1 2e-27 89/97
411 106 14 59 88 58 53 NR: glyceraldehyde—3-phosphate dehydrogenase B subunit mRNA, DQ224371.1 5e-13 62/69
Glycine max
412 87 0.7 0.3 -0.7 -1.4 -0.3 | NR: 14-.3.3 protein mRNA, Glycine max AF532628.1  2e-24 73/76
413 94 0.3 1.4 3.6 1.2 1.6 | NR: protease inhibitor mRNA, Glycine max U12150.1 e-22 84/93
EST: PCSC19237, Phaseolus coccineus CA904425.1 2e-18 74/82
414 112 1.3 0.9 13 n.d. 0.2 NR: putative L24 ribosomal protein mRNA, Arachis hypogaea DQ889568.1 Se-128  406/505
EST: VVL133C09, Vitis vinifera DT037915.1 e-20 94/106
415 134 47 0.9 -7 6.2 29 NR: photosystem II CP47 chlorophyll apoprotein mRNA, Leea quineensis ~ EU002427.1 0 591/623
416 97 -1.7 -0.5 -2.9 -0.5 -1.4 | No homology - - -
417 100 | -11.0 11 99 96 44 EST: RTS 129 BI11, Phaseolus vulgaris CV543011.1  3e-20 84/93
NR: no homology - - -
418 88 2.6 1.1 1.2 n.d. 1.2 | No homology - - -
419 96 0.3 -0.8 -0.5 -0.4 -0.3 | NR: ribosomal protein S19 mRNA, Cicer arietinum AJ012684.1  2e-9 80/95
420 109 4.2 1.3 2.6 1.4 2.4 | No homology - - -
421 94 -1.9 -0.1 0.3 -0.8 -0.6 | NR: putative ribosomal protein s12 mRNA, Fragaria X ananassa U19940.1 2e-24 84/92
422 109 15.8 7.5 5.0 27.7 14.0 | No homology - - -
423 103 0.2 3.9 -1.9 0.3 0.6 | No homology - - -
424 86 05 01 51 13.4 48 EST: WHAGAO031 _FO07, Aphis gossypii DR391648.1  9e-5 30/31
NR: no homology - - -
425 101 5.3 6.6 19.9 21.7 13.4 | No homology - - -
EST: PCSC13066, Phaseolus coccineus CA901296.1 2e-12 89/101
426|101 09 03 19 011 06| \p. 1 ative epsilon subunit of mitochondrial F1-ATPase, Cicer arietinum  AJ487471.1  3¢-85  343/442
427 44 -8.5 -2.1 -1.3 -4.4 -4.1 | No homology - - -
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
EST: ALV _012A FO07, Phaseolus vulgaris CV529905.1 4e-10 39/40
428 921 01 L6 -7 49 46 g, photosystem II reaction center, Retama raetam AF439283.1  3e-93 252/290
EST: PCSC17141, Phaseolus coccineus CA904332.1 4e-32 96/103
429 103 L1 34 05 081 14| R ik ocomal protein 122-2 mRNA, Oryza sativa EF576241.1 78 2575316
430 89 -3.3 -1.5 -0.4 -1.3 -1.6 | NR: ribosomal protein small subunit 28 mRNA, Helianthus annuus AF522185.1  9e-11 70/81
431 118 0.9 03 03 05 01 EST: PCSC18992, Phaseolus coccineus CA906839.1 2e-15 45/45
NR: no homology - - -
EST: PCEP05722, Phaseolus coccineus CAB896660.1 3-13 51/54
432 9% 39 35 07 311 241 \R ATp sulfurylase mRNA, Glycine max AF4524542  e-133  334/372
433 48 13 1.1 1.0 1.8 13 EST: Gm-c1087-5370, Glycine max BQ611699.1 2e-6 29/29
' ' ' ' "~ | NR: ribosomal protein L1I0A mRNA, Arabidopsis thaliana NM 1007094 e-31 133/168
EST: RTS 121 _AO07, Phaseolus vulgaris CV542488.1  Te-7 38/39
434 1441 -09 0.1 0.6 38 0.9 | NR: putative DIM-like protein mRNA, Glycine max AY323127.1 e-147 356/397
435 95 -0.6 -0.9 0.0 -1.3 -0.7 | NR: RING-box protein mRNA, Arachis hypogaea DQ294622.1 3e-26 87/95
436 87 -2.1 -1.6 -0.4 34 -0.2 | NR: calmodulin mRNA, Glycine max L01430.1 8e-8 44/47
437 88 -1.1 0.1 0.0 -3.5 -1.1 | No homology - - -
438 67 0.8 2.1 -0.3 4.0 1.6 | NR: salt-tolerance protein mRNA, Glycine max DQ234265.1  6¢e-8 38/40
439 92 04 -14.8 -0.1 -1.7 -4.1 | NR: histone H3 mRNA, Robinia pseudoacacia DQ917751.1 4e-10 60/68
440 72 -1.1 -4.3 0.5 -0.8 -1.4 | No homology - - -
EST: PCSC18275, Phaseolus coccineus CA903786.1 e-28 88/95
441 %8| 47 00 16 221 21 \R: acidic ribosomal protein Pla-like mRNA, Solanum tuberosum DQ235177.1 33 216/300
442 104 09 13 24 nd. 12 EST: RTS 108 FO03, Phaseolus vulgaris CV541668.1 2e-28 83/87
NR: no homology - - -
443 102 -0.4 0.6 0.2 0.4 0.2 | NR: ribosomal protein L17 mRNA, Castanea sativa AF334838.1 e-22 81/89
EST: GLMAI194TF, Glycine max EV268043.1 3e-5 50/56
444 101 LD 10003 061 08| 5 Yo sinetical protein mRNA, drabidopsis thaliana AK226354.1 2¢25  141/188
445 96 -0.6 -0.1 -1.3 -0.5 -0.6 | No homology - - -
EST: PCSC18504, Phaseolus coccineus CA907968.1 4e-32 97/105
446 | 1051 02 14 05 01 0.5 | \p. ctin 2-like mRNA, Phaseolus vulgaris EU369189.1 5¢-78  189/204
447 103 32 13 17.9 13.4 2.9 EST: Gm_ck44037, Glycine max CD412848.1 2e-6 39/42

NR: no homology
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
448 106 18 27 10 16 18 EST: POD_015_A09, Phaseolus vulgaris CV539154.1  3e-20 72/77
NR: no homology - - -
449 97 2.8 0.5 13.0 1.2 4.4 | No homology - - -
EST: LVS 023 Cl1, Phaseolus vulgaris CV532305.1  e-50 110/112
450 M2 06 -16 107 261 39| \p. i illin sene, Pisum fivum EU270992.1 2¢-25  90/104
451 98 -0.3 0.0 -0.3 6.2 1.4 | NR: heat shock protein mRNA, Hevea brasiliensis AF521007.1  6e-6 35/37
452 111 2.1 0.1 -0.2 -0.2 0.5 | NR: progesterone 5-beta-reductase gene, Digitalis cariensis DQ213016.1 7e-6 38/41
EST: PCSC16115, Phaseolus coccineus CA900434.1 5e-19 84/94
453 99 -8.0 0.8 78 -8.0 6.2 NR: inorganic pyrophosphatase mRNA, Zea mays EU955065.1 e-45 162/199
EST: RTS 128 D03, Phaseolus vulgaris CV542947.1 2e-24 79/84
454 94 -21 46 34 n.d. 25 | NR: copper/zinc-superoxide dismutase mRNA, Pisum sativum J04087.1 3e-98 272/317
455 50 3.2 7.0 13.0 14.6 9.4 | No homology - - -
EST: PCSC12203, Phaseolus coccineus CA902615.1 e-17 51/52
456 53 0.1 0.8 -1.0 6.7 12 NR: endothelial differentiation-related factor | mRNA, Zea mays EU961228.1 2e-36 121/142
EST: PCS05094, Phaseolus coccineus CA900507.1 e-4 37/39
457 133 0.1 1.3 2.4 4.4 21 NR: myo-inositol 1-phosphate synthase mRNA, Phaseolus vulgaris AJB53494.2  2e-65 145/147
458 72 0.2 0.3 -1.7 n.d. -0.3 | No homology - - -
EST: ABWZ4766, Glycine max EH224100.1 7e-15 50/52
459 9| -9 02 1.2 120 05 [ \p. i GTP-binding protein, Lotus japonicus 7739381 0 503/564
460 96 0.6 3.1 0.7 -0.5 1.0 | No homology - - -
461 105 | -104 -0.5 9.8 -174 -9.5 | No homology - - -
EST: Gm-c1074-7486, Glycine max BU577355.1  3e-5 46/52
462 97| 25 0.1 26 -13 041 \R: cysteine synthase mRNA, Glycine max EF433420.1 8e-116  285/314
463 94 0.5 0.3 -2.9 6.2 1.0 | NR: 268 ribosomal RNA, Glycyrrhiza uralensis EF571299.1  9e-45 94/94
464 45 -5.7 -0.2  -11.8 -4.9 -5.6 | No homology - - -
465 94 1.1 2.8 -0.5 4.5 2.0 | No homology - - -
466 92 3.4 30 31 17.0 79 EST: Gm-c1073-2431, Glycine max BQ298693.1 3e-8 81/93
NR: no homology - - -
467 101 11 34 03 03 03 EST: PCSC21498, Phaseolus coccineus CA911022.1 5e-13 68/77
NR: no homology - - -
468 46 -1.2 -0.4 -0.2 0.5 -0.3 | No homology - - -
469 91 1.7 0.8 2.1 -1.1 0.9 | No homology - - -
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Table 17 (continued).

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- ) Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity

EST: ALV 013D D10, Phaseolus vulgaris CV530468.1 9e-27 88/95
470 97 -4.2 -3.4 -5.4 -8.7 -5.4 | NR: thylakoid membranephosphoprotein of 14 kDa mRNA, NM 1302484  3e-50 219/288

Arabodopsis thaliana

EST: Gm-c1073-5579, Glycine max BQ628013.1 -7 53/60
4 9 18 07 0.7 1011 30 .o Thr protein kinase mRNA, Medicago truncatula DQ984942.1 5e-25  102/123

EST: Gm-c1052-2421, Glycine max BQ094115.1  8e-18 83/92
ar2 101 0.5 >8 1.5 22 1.4 NR: carboxyl-terminal-processing protease precursor mRNA, Zea mays  EU960627.1  9e-23 118/154
473 107 2.9 24 5.0 10.1 5.1 | No homology - - -

474 86 4.8 7.5 7.7 7.4 6.8 | NR: unknown gene, Davidia involucrata AF448811.1  2e-8 57/68
475 87 -0.9 0.0 -1.0 1.2 -0.2 | NR: ribosomal protein PETRP-like mRNA, Solanum tuberosum DQ207869.1 9e-17 65/71

EST: GLMAYO90TF, Glycine max EV270725.1 e-13 57/62
4r6 | 1041 70 0.6 -1LT 981 T3 | \p.peat shock factor-binding protein 1 mRNA, Zea mays EU965664.1 5¢-26  114/143
477 44 0.9 1.0 99 0.6 13 EST: PCSC20808, Phaseolus coccineus CA908885.1 e-7 37/39

NR: no homology - - -

478 76 -7.6 -5.2 -1.0 0.1 -3.4 | No homology - - -

EST: PV_GEa0122p23f, Phaseolus vulgaris BQ481806.1 e-10 47/49
ar9 | 101 28 04 L0 40T I8 TR CONSTANS-like 2b mRNA, Glycine max DQ371244.1 4de-157  513/637
480 134 -4.0 -6.0 -9.8  -22.8 | -10.7 | No homology - - -

481 71 -0.5 3.5 0.0 5.6 2.2 | No homology - - -
482 100 -0.9 -3.8 -1.9 -2.6 -2.3 | NR: ribosomal protein L.37a mRNA, Gossypium hirsutum AF127042.1 2e-24 90/100

EST: PCSC17987, Phaseolus coccineus CA901238.1 9e-15 79/93
483 | M0} 03 03 15 231 0.1 \pknown mRNA, Populus trichocarpa EF147836.1 3e-21  106/136
484 106 11.6 13.2 13.0 6.2 11.0 | No homology - - -

485 94 74 240 32 0.7 101 EST: slvlc.pk001.h3, Glycine max EE400004.1  2e-6 51/58

NR: no homology - - -

486 130 -0.7 -3.1 -1.6 -4.4 -2.5 | NR: 14-3-3 related protein mRNA, Glycine max U70536.1 3e-30 109/118
487 115 -1.9 0.6 -0.6 1.2 -0.2 | NR: endopeptidase gene, Phaseolus vulgaris X63102.1 2e-23 76/82
488 95 03 08 10 05 02 EST: 51-PTE-4192, Glycine soja DT083632.1 4e-10 42/44

NR: no homology - - -

489 08 0.9 13 96 1.0 03 EST: PCSC15494, Phaseolus coccineus CA916471.1 e-10 68/77

NR: no homology - - -

490 105 -3.8 -1.1 -9.8  -15.3 -7.5 | No homology - - -

991
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
491 88 | -10.0 0.9 0.6 -3.5 -3.0 | No homology - - -
492 78 03 56 13 12 21 EST: PVEPSE3030L15, Phaseolus vulgaris CB543655.1 3e-13 50/53
NR: no homology - - -
EST: Gm-c1068-3960 Glycine max BI974577.1  e-10 75/78
493 100 1.5 >3 1.4 6.2 36 NR: putative zinc dependent protease mRNA, Trifolium pratense AB236774.1 9e-67 258/337
494 46 14 0.1 0.5 -1.3 0.2 | No homology - - -
495 110 0.5 0.7 0.4 1.2 0.7 | No homology - - -
496 95 -1.5 2.4 1.0 -3.3 -0.3 | NR: S-adenosylmethionine decarboxylase gene, Phaseolus vulgaris AY327898.1 e-16 71/79
EST: PCS05419, Phaseolus coccineus CA910584.1 e-4 32/34
497 | 1041 53 18 03 1821 64| \p . raspanin 8 mRNA, Arabidopsis thaliana NM 1797144 28  216/310
498 96 0.3 4.7 7.0 15.8 6.9 | No homology - - -
499 112 53 24 27 29 33 EST: RTS 123 AO09, Phaseolus vulgaris CV542633.1 2e-6 72/85
NR: no homology - - -
500 91 4.2 10.4 10.0 12.2 9.2 | No homology - - -
501 108 | -12.0 -11.5 -6.9 -1.7 -8.0 | No homology - - -
502 95 -5.7 -8.7 1.5 -3.1 -4.0 | NR: sedoheptulose-1,7-bisphosphatase mRNA, Fragaria X ananassa AY679611.1 4e-7 58/67
503 88 1.9 1.9 12 33 21 EST: PVEPSE2004D06, Phaseolus vulgaris CB539368.1  9e-5 30/31
NR: no homology - - -
504 93 00 13 06 33 03 EST: PVEPSE3014D09, Phaseolus vulgaris CB555991.1  5e-19 60/63
NR: no homology - - -
505 96 01 0.0 1.0 29 09 EST: POD_039 F08, Phaseolus vulgaris CV541011.1  4e-38 92/95
NR: no homology - - -
EST: TC-T7-ST3_E06 020, Vigna unguiculata CK151447.1  3e-17 57/60
506 102 105 66 159 86 1041 .o albumin mRNA, Vigna radiata X70671.1 o163 493/614
507 105 1.9 02 12 0.4 0.9 EST: Gm_ck35973, Glycine max CD409129.1  3e-5 30/31
NR: no homology - - -
508 81 07 0.8 153 3.6 59 EST: NOD 210 _Gl1, Phaseolus vulgaris CV534958.1  3e-7 34/35
NR: no homology - - -
509 92 6.0 0.8 3.9 8.0 47 EST: Gm-c1076-3391, Glycine max BQ740755.1 3e-14 67/75
NR: no homology - - -
510 91 1.9 16 01 05 0.7 EST: 89-PTE-5161, Glycine soja DTO084311.1 4e-16 70/78

NR: no homology
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Table 17 (continued).

891

MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
511 100 09 09 41 16 1.9 EST: CB555936.1, Phaseolus vulgaris CB555936.1  2e-21 87/97
NR: no homology - - -
512 95 0.9 1.9 19  -142 47 EST: PV_GEa0017A_E10.bl, Phaseolus vulgaris CV531415.1 e-34 86/89
NR: no homology - - -
513 55 -1.4 -1.1 0.4 -0.4 -0.6 | NR: U6 small nuclear RNA gene, Lycopersicon esculentum X51447.1 3e-19 54/55
514 55 -0.7 -7.8 0.0 0.1 -2.1 | No homology - - -
515 04 11 0.7 1.9 27 16 EST: Gm-c1073-5081, Glycine max BQ454183.1 e-25 86/94
NR: no homology - - -
516 109 -1.5 0.3 1.7 -0.8 -0.1 | NR: ribosomal protein S23 mRNA, Hyacinthus orientalis AY389732.1 4e-32 97/105
517 111 | -11.0 05 03 01 95 EST: PVEPSE3028P10, Phaseolus vulgaris CB543275.1  e-16 88/100
NR: no homology - - -
518 92 49 13 14.9 56 6.7 EST: BE-3484, Phaseolus vulgaris EX305519.1 3e-26 78/83
NR: no homology - - -
519 71 0.0 0.7 2.4 0.7 1.0 | No homology - - -
520 108 0.3 1.1 -0.6 0.4 0.3 | No homology - - -
521 115 4.8 1.7 -0.2 1.2 1.9 | No homology - - -
522 04 40 -104  -166 35 26 EST: GLMAWISTF, Glycine max EV270495.1 5e-16 58/62
NR: no homology - - -
523 56 0.0 -8.7 9.8  -19.6 -9.5 | No homology - - -
524 50 1.4 12.6 7.2 10.1 7.8 | No homology - - -
525 118 -0.1 -0.8 14 0.4 0.2 | NR: 14-3-3 protein mRNA, Vigna angularis AB042299.1 8e-52 115/118
526 81 15 14 00 14 11 EST: PVEPSEZOO7DOZ, Phaseglus vulgai."is CB539575.1  4e-22 71/75
' NR: ribulose-5-phosphate-3-epimerase, Pisum sativum AF369887.1 8e-94 372/484
527 107 7.4 5.8 15.9 8.9 9.5 | No homology - - -
528 97 -2.2 -0.9 -4.9 -0.5 -2.1 | NR: 20 kDa protein of CP24 mRNA, Spinacea oleracea 725886.1 2e-12 67/76
529 129 -1.9 -0.1 4.0 -0.5 0.4 | NR: SKP1-like b mRNA, Medicago truncatula DQ641946.1  6e-50 121/127
530 92 -0.2 -2.8 0.8 5.6 0.9 | No homology - - -
531 58 0.6 1.8 0.4 0.4 0.8 | No homology - - -
532 97 0.5 01 -03 4.5 1.2 | No homology - - - *
533 99 3.2 41 139 6.2 6.9 | No homology - - - e
EST: LR-0238, Phaseolus acutifolius DV643070.1 2e-24 93/104 =
534 106 0.0 0.1 0.2 6.7 17 NR: putative synaptobrevin protein mRNA, Arabidopsis thaliana AKI118318.1 7e-45 227/307 %_
>
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
535 48 9.5 1.3 5.6 2.3 4.7 | No homology - - -
536 94 -1.9 -0.2 -0.2 -1.3 -0.9 | NR: putative cloroplast thioredoxin m2 mRNA, Pisum sativum AJ316577.1  2e-18 83/94
537 44 12.6 5.6 13.0 8.6 9.9 | No homology - - -
EST: PVEPSE3003H12, Phaseolus vulgaris CB541816.1  2e-6 45/50
538 87 -7 0.8 4.9 6.2 .4 NR: Medicago truncatula rps16-1 mRNA for 30S ribosomal protein S16
539 107 03 0.9 00 00 03 EST: PVEPSE3027E06, Phaseolus vulgaris CB542967.1  9e-18 91/100
NR: no homology - - -
540 104 21 01 27 nd. 13 EST: SSH-70, Phaseolus vulgaris EG594364.1 -4 86/105
NR: no homology - - -
541 113 47 o 4.9 0.8 1.9 EST: PCSC18407, Phaseolus coccineus CA904438.1 3e-30 94/102
NR: no homology - - -
5492 94 | -11.0 nd nd 53 a1 EST: GLNA382TF, Glycine max EV278183.1 e-7 47/51
NR: no homology - - -
544 85 -4.7 -1.6 -5.4 -5.3 -4.3 | No homology - - -
545 91 -2.8 -0.4 -0.5 -1.3 -1.2 | No homology - - -
546 123 -0.6 -1.6 0.0 2.3 0.0 | No homology - - -
547 80 02 05 00 05 03 EST: PCSC11446, Phaseolus coccineus CA909546.1 e-12 49/52
NR: no homology - - -
548 81 -8.5 0.0 0.7 7.4 -0.1 | No homology - - -
EST: PVEPSE3010B04, Phaseolus vulgaris CB555970.1  2e-34 92/97
549 101 27 0.1 23 0.3 0.0 NR: putative nitrilase-associated protein mRNA, Arachis hypogaea DQ889507.1 6e-25 84/95
EST: PCSC12287, Phaseolus coccineus CA906871.1 9e-9 86/102
50| 122 85 20 21 020 L2} . bicuitin-like protein 5 mRNA, Hordeum vulgare EF143980.1 2e-75  203/231
551 91 1.4 1.3 3.1 0.2 1.5 | NR: selenium binding protein mRNA, Lotus japonicus AJ401227.1  2e-14 49/51
552 97 16 95 3.9 33 93 EST: BE-1556, Phaseolus vulgaris EX304299.1 e-22 84/92
NR: no homology - - -
553 96 -0.6 -2.5 -1.9 -9.0 -3.5 | No homology - - -
554 96 0.0 9.2 9.2 18.2 9.2 | No homology - - -
555 111 0.3 0.1 -1.9 -9.8 -2.8 | NR: transcription factor MYB123 mRNA, Glycine max DQ822934.1  6e-31 96/103
556 82 07 03 17 74 24 EST: ABWZ3760, Glycine max EH223134.1 e-6 48/53

NR: no homology
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MPSS | Length | Change after water-deficit treatment | Homology to sequences in ‘non-redundant’ (NR) and ‘est_others’ Homology E-value Nucleo-
cluster | [nucleo- . Swazi (EST) BLAST nucleotide databases to Acc. no. tide
no. tides] DipC AS-17 Red LunT | Mean identity
557 104 25 37 12.0 11.0 73 EST: Gm-c1068-3576, Glycine max BI893450.1  7e-6 41/45
NR: no homology - - -
558 108 0.9 1.9 4.9 04 18 EST: PvESTO0509, Phaseolus vulgaris EH040310.1 9e-18 70/77
NR: no homology - - -
559 61 -0.7 1.0 -1.9 0.1 -0.4 | No homology - - -
560 62 -4.2 1.8 -1.2 -5.3 -2.2 | No homology - - -
561 98 -0.1 -0.1 0.0 0.4 0.1 | NR: calmodulin mRNA, Vigna radiata L20691.1 e-34 93/97
EST: PVEPSE2015F01, Phaseolus vulgaris CB540154.1 e-20 68/73
562 124 -19 10 -13 551 24 [ \p . halate dehydrogenase mRNA, Vitis vinifera 1348361  6e-35  140/176
563 104 -2.2 4.1 2.6 2.3 1.7 | NR: glucosyltransferase-3 mRNA, Vigna angularis AB070746.1 4e-41 100/104
564 89 1.4 12.6 51 11.0 75 EST: LR0964, Phaseolus acutifolius CX129889.1  6e-12 45/47
NR: no homology - - -
565 04 20 43 78 -152 28 EST: GLMBK34TF, Glycine max EV272471.1 e-31 87/92
NR: no homology - - -
EST: POD_007_BO1, Phaseolus vulgaris CV538547.1  3e-5 67/76
56| 1061 -09 09 07 121 03} \p. iposomal protein S14 mRNA, Lupinus luteus AF026079.1 437 134/161
567 104 00 16 98 87 50 EST: SP6_A04 032, Vigna unguiculata DR068284.1 4e-29 80/84
NR: no homology - - -
568 95 47 55 46 96 13 EST: PCEP04620, Phaseolus coccineus CA896889.1 2e-21 67/71
NR: no homology - - -
569 97 8.4 7.5 9.0 134 9.6 | No homology - - -
570 92 1.1 0.7 2.4 0.9 1.3 | NR: ubiquitin carrier protein mRNA, Medicago sativa L06967.1 3e-7 67/79
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Table 18. Comparison of log, ratios obtained through MPSS and microarray analyses for 132
genes in the 2006 CE water-deficit experiment. Log, ratios > 2 and < 2 are highlighted in red
and green, respectively (n.d. = not detected). Genes marked by an asterisk showed a potential
qualitative difference between DipC and LunT according to MPSS.

MPSS MPSS . Microarrays .
cluster no. Swazi Swazi
DipC AS-17 Red LunT DipC AS-17 Red LunT
1 -1.6 -0.7 -1.4 -0.2 -0.9 -1.4 -0.4 0.0
2
3
4
5
8
9

10
11
12

0.9 0.4
-0.2 -0.2

04/ 00/ 00 04/ 03 06/ .01 05
|

-1.6 -1.3

-0.9 0.2 . . .
64 -0.7 0.9 1.2 -0.5 0.4 0.2 04 1.5
65 -0.8 -1.41 0.8 0.0 0.0 0.1 0.4 0.2

66 0.6 0.0 -0.5 -0.7 -0.3 -0.9 -0.7 -1.1
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Table 18 (continued).

MPSS MPSS - Microarrays .
cluster no. _ Swazi . Swazi
DipC AS-17 Red LunT DipC AS-17 Red LunT
86 -0.2 0.6 0.2 2.0 0.9 -0.4 -0.9 0.4
89 0.2 0.7 0.7 1.4 0.7 0.3 0.0 0.5

1.5
0.4 . .

1.8 \
-1.0
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Table 18 (continued).

MPSS MPSS Microarrays

cluster no.




174 8. Appendix




Danksagung 175

Danksagung

Mein herzlicher Dank gilt allen, die zur Entstehung dieser Arbeit beigetragen haben.

Vielen Dank an meinen Doktorvater Herrn Prof. Dr. Gerhard Wenzel fiir die freundliche
Aufnahme am Lehrstuhl fiir Pflanzenziichtung und die Uberlassung dieses spannenden
Themas.

Ebenso gilt mein Dank Frau Prof. Dr. Chris-Carolin Schon fiir die Moglichkeit, diese Arbeit
ordentlich beenden zu kdnnen.

Ganz besonders mochte ich mich bei Herrn Dr. Volker Mohler fiir seine stindige Diskus-
sionsbereitschaft, die vielen konstruktiven Vorschldge, die griindliche Durchsicht meiner
Arbeit und ganz allgemein fiir seine unverkrampfte, aufmunternde Sicht der Dinge bedanken.
Fiir die Hilfe in Labor und Gewéchshaus, sei es praktischer Art bei der DNA-Extraktion und
Probenahme oder durch Weitergabe ihres Erfahrungsschatzes, sei Frau Christina Hartmann,
Herrn Stefan Schwertfirm, Frau Amalie Fiedler, Frau Anna Maria Schwaiger, Frau Xia Dong
und Frau Dr. Anna Uzarowska vielmals gedankt. Aulerdem durfte ich von der langjdhrigen
Bambara-Praxis von Herrn Dr. Klaus Fleiiner und der Hilfe von Herrn Dr. Peter Westermeier
bei zahlreichen technischen und EDV-Angelegenheiten profitieren — vielen Dank dafiir.

Den Lehrstuhlsekretiarinnen Frau Vera Bork, Frau Petra Rometsch und Frau Waltraud
Deragisch bin ich fiir ihre Unterstiitzung bei vielen administrativen Aufgaben dankbar.

Besten Dank an alle Diirnaster — insbesondere Herrn Dr. Bernhard Hauser, Herrn Richard
Dinkel, Herrn Florian Steinbacher und Frau Sabine Parsy — die mir bei der Kultur und
physiologischen Betrachtung der oftmals widerspenstigen Erdnuss mit Rat und Tat zur Seite
standen.

Ein Dankeschon geht auch an Frau Dr. Sabine von Tucher (Pflanzenernédhrung) und Frau Dr.
Maren Olbrich (Helmholtz Zentrum), die mich Analysen auler Haus durchfiihren lieen.
Ganz malgeblich am Gelingen dieser Arbeit waren zwei Unterauftragnehmer beteiligt. Herr
Dr. Fritz Thiimmler (vertis Biotechnologie AG) gab den Ansto3 zur 454-Sequenzierung, auf
der vieles aufbaute, erstellte die dazu notwendigen cDNAs und gab mir wertvolle Tipps.
Dafiir mochte ich mich herzlich bedanken.

Likewise, very special thanks go to Dr. Andrzej Kilian and his team at Diversity Arrays
Technology Pty Ltd for their affable cooperation and the great efforts and passion put into the
development of the DArT chips.

I would also like to acknowledge my project partners. At Nottingham, Prof. Sayed Azam-Ali
and Dr. Rakhi Basu provided a lot of support concerning various aspects of the BAMLINK
project. Dr. Sean Mayes became like a supervisor to me and willingly answered my numerous
questions at any time. I think we were able to solve many problems together, which I
wouldn’t have managed alone. Thank you very much indeed. Many thanks, too, to Mr. Seren
Thorndal Jergensen (Copenhagen), Mr. Ozie Molosiwa (Nottingham), Dr. Martha Kandawa-
Schulz (Namibia) and Dr. Dominique Dumet (IITA) and for the provision of seeds or DNA
samples and helpful discussions.

Last but not least mdchte ich mich bei meiner Familie und meinen Freunden bedanken, die
Verstindnis fiir meine Hochs und Tiefs wihrend der letzten drei Jahre hatten und mich
aufgebaut und an mich geglaubt haben.



176




Lebenslauf

Lebenslauf

Personliche Daten

177

Name: Florian Stadler

Geburtsdatum: 7. August 1979

Geburtsort: Ebersberg

Familienstand: ledig

Schulbildung

1986-1990 Grundschule Anzing

1990-1999 Franz-Marc-Gymnasium Markt Schwaben

Studium

2000-2001 Studium der Landschaftsokologie an der Westfilischen Wilhelms-
Universitdt Miinster

2001-2006 Studium der Gartenbauwissenschaften an der Technischen Universitit
Miinchen, Wissenschaftszentrum Weihenstephan
Diplomarbeit am Fachgebiet Obstbau
Abschluss als Dipl.-Ing. agr.

Zivildienst

1999-2000 GSF — Forschungszentrum fiir Umwelt und Gesundheit, Neuherberg,
Institut fiir Okologische Chemie

Berufliche Titigkeit

2006-2009 Wissenschaftlicher Mitarbeiter an der Technischen Universitiat Miinchen,

Lehrstuhl fiir Pflanzenziichtung




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


