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Abstract

With the world population estimated to be nine billion by 2050, the need to exploit

plant genetic diversity in order to increase and diversify global food supply, and min-

imise the over-reliance for food on a few staple crops is of the utmost importance to

address food security challenges. Bambara groundnut (Vigna subterranea (L) Verdc.),

is an underutilised legume indigenous to Africa, rich in carbohydrates, with reasonable

amounts of protein. It is known to be drought tolerant, able to grow on marginal lands

where other major crops cannot with minimal rainfall (<700 mm) and no chemical

inputs. The present study aimed to investigate and evaluate transcriptomic changes

in two bambara groundnut genotypes; DipC and TN (Tiga Nicuru), derived from

landraces, in response to drought stress using microarray XSpecies and next genera-

tion RNA sequencing approaches by utilising data, resources and approaches derived

from major crops and model plants. Crop improvement for abiotic stress tolerance and

increasing/stabilising yield have been difficult to achieve due to the complex nature

of these stresses, and the genotype x environment interaction (GxE). Using bambara

groundnut as an exemplar species this study also highlights how a number of recent

technologies and approaches used for major crop research, can be translated for use

in the research of minor crops for a better understanding of the genetics governing

drought traits.

To investigate the drought tolerance of bambara groundnut, microarray XSpe-

cies and next generation RNA sequencing (RNA-seq) analysis was completed on leaf

tissue from DipC and TN under drought and control (irrigation) conditions at dif-

ferent developmental stages (vegetative, reproductive and pod development). This
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is the first drought experiment reported in bambara groundnut employing the RNA-

seq approach. Both investigation of mild (microarray XSpecies) and relatively severe

(RNA-seq) drought stress for the DipC and TN genotypes, adapted to similar en-

vironmental conditions, provided initial evidence that the two genotypes used differ-

ent sets of genes to achieve drought response traits (including; ABA synthesis, hor-

mone signaling, osmotic adjustment, accumulation of antioxidants, lignin synthesis,

down-regulation of photosynthesis related genes, carbohydrate metabolism, cell-wall

modification and transporters). Hence, both genotypes may have adapted in differ-

ent ways to enable them to grow in the semi-arid conditions, suggesting that there

may be more than a single way to achieve resilience in the face of drought stress.

The key enzymes involved in metabolic pathways, such as carbohydrate metabolism,

redox homeostasis, lipid metabolism, photosynthesis, generation of precursor meta-

bolites/energy, and cell wall component biogenesis were affected by drought stress in

both genotypes. XSpecies microarray experiment identified several differentially ex-

pressed genes (DEG) in each genotype and the four potential drought candidate genes

(PAL1, Beta-fructofuranosidase, COMT, UBC-2) identified were validated utilising

quantitative reverse transcriptase PCR (qRT-PCR).

In addition, both drought experiments (mild and severe) also showed that the

two genotypes expressed a number of genes of what are classically considered to be

‘drought-response’ genes even under the control condition. These results suggest that

high expression of drought-response genes even under control conditions in both gen-

otypes may lead to greater root growth and other avoidance traits which prime the

plant for future dry periods, hence preparing for drought conditions.

Morphological differences and the rapid reduction in photosynthesis, stomatal con-

ductance and transpiration observed in both genotypes under drought stress provides

a platform to link these physiological data with gene expression data. The observed
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physiological responses (i.e reduction in stomatal conductance and photosynthesis)

under drought stress were backed up by high expression of genes related to stomatal

closure via ABA signaling and down-regulation of photosynthesis-associated genes.

A selection of genes chosen from microarray XSpecies and RNA-seq experiments

were further used to identify their approximate chromosomal location in bambara

groundnut using a cross-species approach. A total of 4 genes (HOX, AUX_IAA, acid

phosphatase and dehydrin) were found to be near or within the confidence intervals

of the QTLs underlying two drought traits (stomatal density/leaf area and CID). The

initial results suggest that some of the locations of genes identified in XSpecies mi-

croarray and RNA-seq experiments could underlie QTL involved in controlling drought

traits in bambara groundnut.

These data provide the basis for drought trait improvement in bambara ground-

nut, which will facilitate functional genomics studies. Analysis of this dataset have

suggested that both genotypes are primed to respond to drought stress and have ad-

apted in different ways to achieve drought tolerance. This will help in understanding

the mechanisms underlying the ability of crops to produce viable yields under drought

conditions. Future work should verify whether the identified genes are associated with

the trait of interest.
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Chapter 1

Introduction

The present aim of the study is to evaluate the effect of drought and changes in

gene expression of the two genotypes of bambara groundnut (DipC and TN) sub-

jected to drought stress at different developmental stages of plant growth. In this

study, bambara groundnut (Vigna subterranea (L.) Verdc) was used as an exemplar

crop. In bambara groundnut, a combination of two transcriptomic approaches were

employed. Firstly, a Cross-Species (XSpecies) microarray approach was applied, where

the nucleic acid from bambara groundnut was cross-hybridised to the Soybean (Glycine

max) Affymetrix GeneChip array. This approach was used to identify transcriptomic

changes in two bambara groundnut genotypes DipC and TN (Tiga Nicuru), derived

from a Botswanan and a Malian landrace, respectively, in response to drought. The

aim of the study was to compare the transcriptome of the two genotypes of bambara

groundnut and begin to understand the drought mechanisms underlying the ability of

crops to produce viable yields under drought conditions. Secondly, Next Generation

Sequencing (NGS) using the RNA-seq technology was applied with an aim to identify

genes and expression patterns at different growth stages and time points in response to

drought stress using the same two genotypes (DipC and TN) of bambara groundnut.

Comparison of the two technologies were made as well (Microarray and RNA-seq). In

addition, co-expression network analysis was performed on the transcriptomic data in

order to identify potential gene regulators responsible for the expression of drought-
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response genes. Chapter 1 introduces the background on bambara groundnut and an

overview of the importance of bambara groundnut and potential contribution towards

attaining food and nutritional security are described in details in chapter 2 section

2.1.1. This is followed by the description of the genotypes of bambara groundnut

used for the study, the study of plant transcriptome and overview on co-expression

network analysis. Lastly, project overview, aims, objectives and thesis outlines are all

presented.

1.1 Bambara groundnut

1.1.1 Introduction

Bambara groundnut (Vigna subterranea (L.) Verdc) is an indigenous legume belonging

to the family Fabaceae, subfamily Papilionoideae, that is widely grown by subsistence

and small-scale farmers and cultivated mainly in sub-Saharan Africa [4]. In semi-

arid Africa, it is considered to be the third most important after groundnut (Arachis

hypogaea) and cowpea (Vigna unguiculata) [5]. It is a protein rich underutilised crop

known to survive in areas of minimal water and capable of growing in poor soils [6],

which makes bambara groundnut a potential crop for easing future global food and

nutritional security issues.

It has been suggested that the centre of origin of bambara groundnut is in the

regions between north eastern Nigeria and northern Cameroon, where its wild forms

are found [7]. Bambara groundnut has been widely cultivated in tropical regions since

the 17thcentury, which includes Nigeria, Ghana and Haute Volta, Eastern Africa and

Madagascar [8]. In addition, it is grown in some parts of South America, Oceania and

Asia such as Sri Lanka, India, Malaysia, Indonesia and Philippines [9].

It has been reported that bambara groundnut consist of two botanical forms: wild
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forms (var. spontanea) and domesticated forms (var. subterranea) [10]. Regions

covering Nigeria to Sudan and Cameroon are the centre of origins for wild forms of

bambara groundnut, whereas tropical areas, especially in sub-Saharan Africa are home

for domesticated forms [10]. High genetic resemblance between wild and domesticated

forms has been reported [11], which implies that the domesticated bambara groundnut

is derived directly from the wild forms [12].

Bambara groundnut is a predominantly self-pollinating crop (cleistogamous) and

has 11 pairs of chromosomes, 2n=2x=22 [13]. Bambara groundnut has a life cycle

of between 110 to 150 days and the plant seeds takes around 7-10 days to germinate

[14]. The flowering starts from 30-35 days after sowing and may continue till the end

of crop life cycle [12]. Under a 12 hour photoperiod, bambara groundnut plants take

30-40 days to form mature pods after fertilisation [15]. The temperature for optimal

growth of bambara groundnut is between 28 °C and 32 °C [16]. Bambara groundnut

has a well-developed tap root and lateral roots under the soil and it grows up to

a height of 30 cm-35 cm [6]. The roots form nodules in association with Rhizobia

for nitrogen fixation [6]. It has trifoliate leaves with erect petiole grown from short,

creeping, multi-branched lateral stems at ground level and lateral stem has numerous

nodes and the distance (or the length of branch) from the base of the plant to the

nearest node is always shorter than the more distant ones [6] (see figure 1.1). Due to

the length of internodes, bambara groundnut landraces differ from each other in terms

of growth habit, ranging through spreading, semi-bunched to bunch types [8].

The flowers of bambara groundnut are typically papilionaceous and are produced

on long and hairy peduncles which elongate from nodes on the lateral stem [12]. For

pod formation, peduncles elongate until their maximum length and bring the fertilised

ovary into the soil or just above ground level after pollination and fertilisation [6, 15].

The size of the pods ranges from 1.5 cm to 3.7 cm in diameter depending on the
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number of seeds inside the pod [6]. The pods are round, oval or spherical in shape

with some pods containing only one seed and some containing two or more [11]. In

terms of yield, it has been reported that when environmental factors such as the

seasonal distribution of rainfall, day length and range of temperatures during the

growing season are accounted for, the potential yields of bambara groundnut within

its current areas of cultivation can be significantly increased without high levels of

agronomic inputs. [5]

Figure 1.1: The morphology of bambara groundnut. [1]
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1.1.2 Importance of bambara groundnut for food and nutri-

tional security

It is predicted that the world population will increase to 9 billion by the year 2050

[17], hence the food supply must double in order to cope with the ever increasing

world population coupled with the likely yield reducing effects of climate change [18].

Currently only 20 plant species comprise 90% of the world’s calories [18]. The need for

crop diversification is important in order to increase food supply, improve nutrition and

avoid complete dependence on a limited number of plant which could be vulnerable

to pests, diseases and have largely been bred for high input agriculture. That implies

that the food basket should contain more underutilised crops, particularly those which

are known to have resilience traits, with the ability to withstand drought, flooding,

temperature extremes, and pests and diseases to a greater extent than current major

crops [19]

Bambara groundnut is considered as a drought tolerant crop with reasonable pro-

tein content (18 to 22%), high carbohydrate (65%) and low levels of fats (6.5%) [20].

Chapter 2 section 2.1.1 gives a detailed description of bambara groundnut profiles.

As an underutilised crop, there has been limited research done on bambara ground-

nut with only limited genomics resources currently in existence [12]. However, due to

bambara groundnut containing desirable traits such as tolerance to various biotic and

abiotic stresses and reasonable protein content it is a target crop for further research

and a potential alternative crop for food production [12].

1.1.3 Bambara groundnut genotypes used for the study

The Institute of Tropical Agriculture (IITA) in Nigeria and Southern Africa Devel-

opment Community (SADC) currently holds largest number of bambara groundnut
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accessions. Approximately 2000 from Nigeria and 972 accessions from SADC [21]. In

addition, genetic resources of bambara groundnut are widely conserved by indigenous

farmers across sub-Saharan Africa. However, the germplasm for bambara groundnut

has not been developed by conventional breeding yet and most of its germplasm exist

in the form of landraces (as discussed in 2.1.2). Landraces have high genetic varia-

tion for breeding traits, which provide breeders with an opportunity to study genetic

resources to improve yield, abiotic resistance and adaptability of crops to adverse

environments.

In this study, the two genotypes derived from the landraces of bambara groundnut;

DipC and Tiga Nicuru (TN) were used to study effect of drought stress in bambara

groundnut. DipC and TN belongs to Botswana and Mali respectively. Both Botswana

and Mali are known to be semi-arid, landlocked countries in the centre of Southern

and West Africa, respectively. The annual rainfall in Botswana ranges from to 250

mm in the extreme southwest to 650mm in the extreme northeast, with a mean annual

rainfall of 450 mm [22]. While for Mali, the annual rainfall varies across the country.

Mali can be divided into into three climatic zones. The highest mean rainfall of

between 700-1000 mm is observed in Sudanic in the South, 200-400 mm rainfall in the

Sahelian in the central and little or zero rainfall in the Saharan in the North, with

an average of annual rainfall of 440 mm across the country [23]. The temperature

in Botswana ranges from 30°C to 40°C by late afternoon in the dry season (April to

October) and 25°C to 30°C during the rainy season (November to March, [22]). While

for Mali, it ranges from 16°C to 39°C with 4-5 months of rainy season (from April to

October, [23]). As a result, both Botswana and Mali are effected by periods of drought,

desertification and in some regions receives very minimal to negligible rainfall. The

climatic conditions in their regions of origin (Botswana and Mali respectively), suggest

that they are likely to be adapted to be more tolerant to drought than many other
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landraces, while potentially having some variation, as they are morphologically and

phenotypically distinct [12].

The contrast between the two genotypes for a number of traits such as days-to-

maturity, stomatal conductance, 100-seed weight, leaf area, internode length, peduncle

length, pod number per plant, and leaf carbon (Delta C13) isotope analysis, suggest

that some of these mechanisms for adaption to drought could be non-identical in the

two genotypes. For example, Delta C13 was associated with higher yield as observed

in DipC, compared to TN [2, 12, 24]. DipC has a greater petiole length, leaf area

and plant height and shorter internode length and peduncle length compared to TN

[2]. DipC is classified as bunched type while Tiga Nicuru is categorised as a semi-

spreading (see figure 1.2). Genetic diversity UPGMA (Unweighted Pair Group Method

with Arithmetic Mean) analysis based on DArT (Diversity Arrays Technology) array

markers signifies genetic differences between the two genotypes by allocating them in

separate clusters (Figure 1.3) [25].

Figure 1.2: Plant architecture comparison between DipC (bunched type) and TN

(semi-spreading) [2].
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Figure 1.3: 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 PstI/AluI array[3].

Chai et al. [12, 24], reported that transgressive segregation was observed in the

segregating F5 population derived from the TN X DipC cross. The results showed that

there were lines in the segregating population that performed better in terms of the

ability to produce higher yields under drought conditions than the parental genotypes.

Hence, evaluating the transcriptome of the two parental lines under drought stress

could be a good indicator to investigate the molecular mechanism occurring in the

two genotypes and its relationship to phenology and phenotype.

1.2 The study of plant transcriptome

Transcriptomic methods are used to study the expression pattern of genes under cer-

tain conditions, at specific points in development and in particular tissues [26]. Tran-
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scriptomic technologies include Microarray chips (used in this thesis) and next gener-

ation sequencing (used in this thesis) [27, 28]. The transcriptome is the total set of

transcripts produced from a sample. A transcriptome is bound to change with altered

environmental conditions which reflects the expression of genes at certain time points

and conditions for a particular tissue [29].

1.2.1 XSpecies Microarray

Microarrays have been considered to be an useful tool for studying gene expression

under certain conditions which can aid understanding of biological systems and gene

regulation at the transcription level [30]. Microarray has widely used in different

transcriptomic studies because of the rapid production of data and the potentially

complete coverage of a entire transcriptome on a single array, which exists for many

species [29]. Microarrays consist of a defined array of millions of oligonucleotides that

hybridise with complementary cRNA sequences, although the specific format is depen-

dent on the system used (largely Affymetrix or Agilent) [29]. The oligonucleotides are

printed or in situ synthesized for features/probes and the levels of hybridisation are de-

tected and quantified using a fluorophore incorporated into copy RNA. There are two

types of microarray which has been established: (1) spotted arrays which are produced

by depositing and spotting the probes (cDNA, PCR products and oligonucleotides)

onto the array surface and (2) oligonucleotide in situ arrays which are generated by

direct synthesis of the probes onto the arrays, such as the Affymetrix GeneChip ar-

rays which consist of short oligonucleotide sequences (25-mer probes) combined into

probe-sets which are designed to interrogate gene models from the species they are

designed to [30].

To study the transcriptome of species whose microarray chip is not available, one

approach developed for the Affymetrix GeneChip platform is known as the XSpecies



1.2 The study of plant transcriptome 10

(cross-species) microarray (http://affy.arabidopsis.info/xspecies/) that has been widely

used for species without a microarray chip [31, 32]. In this approach pre-existing ho-

mologous sequences of the species of interest that are conserved within related phy-

logenetic groups are used to determine the putative sequences and identities of an

unknown species. This is achieved by comparison of hybridisation strength in a cross-

species hybridisation reaction, with at the genomic DNA level or the RNA level. This

approach has been proven to be successful for studies in target species without a mi-

croarray chip such as Woodchuck (Marmota monax) [33], Chinese hamster (Cricetulus

griseus) [34], Potato (Solanum tuberosum) [35], Banana (Musa spp.) [36] and Cowpea

[37].

GeneChip arrays consist of up to 16 probe-pairs per probe-set, which is in contrast

to other arrays which generally use single cDNA (many spotted arrays) or long oligonu-

cleotides to assay a gene (such as Agilent Chips), with each probe-set in the GeneChip

array being specific to a gene transcript. Each probe pair consists of a perfect match

(PM) and a mismatch (MM) probe. PM probe have 25 nucleotides complementary to

the design sequence while the MM probe is the same sequence as the PM probe except

for a mismatch at the 13th nucleotide in order to evaluate non-specific hybridisation

[38].

In XSpecies, nucleic acid (DNA or RNA) of target species is extracted, followed by

hybridisation of fluorescence-labeled or biotin-labeled nucleic acids onto microarrays

designed for the other species [31]. After hybridisation the probe-sets that show good

hybridisation are deemed to be complementary to the heterologous species genes and

computational analysis involving the creation of a software mask is used, followed by

the analysis of the pattern of hybridisation of samples to selected probes for gene

expression studies. Often, an initial genomic DNA hybridisation of the heterologous

species total genomic DNA is used to identify the probe-pairs which show good hy-
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bridisation signal and these are retained for future analysis after the creation of a

software mask for the GeneChip, leading to a custom Chip Description File (CDF)

file.

Xspecies approaches have a number of limitations, including inefficient hybridisa-

tion of certain transcripts to the probes on the array due to sequence polymorphisms

between two different species. This would be expected to lead to a decrease in the de-

tection of transcript abundance, particularly as the signal strength is averaged across

the individual oligonucleotides which compose the probe-set representing a specific

gene model from the heterologous species [31]. One way to overcome this problem

is the application of genomic DNA-based (gDNA-based) probe selection [31]. In this

approach, genomic DNA of the target species is hybridised to the Affymetrix Soybean

GeneChip array of another species and PM probes which show good hybridisation

signal with the heterologous gDNA above a user or algorithm defined threshold are

selected for subsequent transcriptome analysis, with the other probes masked out

[31]. This probe selection approach was chosen to be the preferred approach over

RNA based probe selection because RNA-based probe-selection uses probe masking

to exclude probes which have low hybridising intensity values. However, it is very

dependent on transcript abundance, so highly abundant transcripts can give high sig-

nal, even when they only hybridise very poorly to the target. The gDNA-based probe

selection technique avoids bias due to transcript abundance [31]. This approach has

been successful in studying Brassica oleracea to phosphorus (P) stress and showed

13-fold increase in the sensitivity of Arabidopsis ATH1 GeneChip when used to detect

gene expression in Brassica RNA samples [31].

After the hybridisation a programme called Microarray Analysis Suite is commonly

used to generate .CEL files through the scanning of the intensities for each probe. This

is followed by differential expression analysis using software such as GeneSpring [39]
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with Robust Multichip Average (RMA) normalisation algorithm [40]. Because of the

nature of fluorescence-based detection-systems, a normalisation step is necessary to re-

duce sources of errors such as dye bias, scanning conditions, heat and light sensitivity,

the efficiency of dye incorporation, differences in the cDNA hybridisation conditions

and unequal quantities of starting RNA [31]. Individual probe-set are also replicated

across the GeneChip, allowing the effects of differential hybridisation across the Chip

to be accounted for. For the creation of the software mask after genomic DNA hy-

bridisation, a parser script written in Perl was developed to generate probe-masking

files which are used in the selection of probe pairs with gDNA hybridisation intensity

greater than a defined threshold, leading to a custom CDF [31]. Once the CDF file is

created, it is imported into GeneSpring to interpret RNA CEL files that are generated

from the target species with defined threshold for differential expression analysis.

1.2.2 Next Generation Sequencing (NGS)

Recently a series of new technologies have emerged for gene expression profiling such

as next generation technologies which are high-throughput methods for sequencing

cDNA based upon a samples RNA content [41].

With the availability of Next Generation Sequencing (NGS) technologies, it is now

possible to study the transcriptome of a species whose genome has not been sequenced

yet [42]. Traditionally, model species are the main source of transcriptomic studies

mainly because of the extensive expression and often their available genome informa-

tion. However, in the current “-omics” era, a much greater variety of organisms can be

studied at the genomic and transcriptomic level which will greatly aid in elucidating

regulatory networks [43] and the understanding the genetic basis of complex traits [44]

in non-model species (such as bambara groundnut).

RNA-seq is one important NGS approach which aids in studying the transcriptome
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of a species of interest. A transcriptome consists of all expressed sequences, which is a

reduced representation of the entire coding capacity of the genome [42]. RNA-seq can

be used to study transcript structures (such as alternative splicing), allelic information

(e.g. SNPs) and expression with high resolution and a large dynamic range [45].

RNA-seq is a powerful tool which has been the widely used mainly because: (1) of

its ability to capture the expression of (ideally) all genes expressed under the specific

experimental conditions (2) it does not require any prior genetic information, so is well

suited for non-model organisms and (3) it has become cost-effective and affordable [42].

These advances greatly facilitate functional genomics research in non-model species,

which are of substantial ecological or evolutionary importance.

To successfully assemble a transcriptome without the aid of a reference genome

requires robust computational methods. This is achieved via de novo transcriptome

assembly [41], which is used to assemble short RNA-Seq reads without a reference

genome. It has been widely used for transcriptomic studies in organisms whose genome

information is not available [46]. However, the process of assembling a transcriptome

violates many of the assumptions of assemblers written for genomic DNA. For instance,

uniform coverage and the ‘one locus – one contig’ paradigm are not valid for RNA:

an accurate transcriptome assembler will produce one contig per distinct transcript

(isoform) rather than per locus, and different transcripts will have different coverage,

reflecting their different expression levels. Reconstruction of full-length transcripts

from short reads accounts for considerable sequencing errors which poses substantial

computational challenges [41]. For example, (1) some transcripts have low coverage,

whereas others are highly expressed; (2) due to sequencing biases, read coverage may

be uneven across the transcript’s length; (3) reads with sequencing errors derived from

a highly expressed transcript may be more abundant than correct reads from a lowly

expressed transcript; (4) overlapping between transcripts encoded by adjacent loci
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could lead to erroneous fusion to form a chimeric transcript; (5) due to alternative

splicing, data structures need to accommodate multiple transcripts per locus and (6)

the rise in ambiguity due to sequences that are repeated or are not unique between

different genes. A method used for de novo transcriptome assembly should address

each challenge in order to reconstruct robust full-length transcripts of variable sizes,

expression levels and protein-coding capacity. [46].

There are several advantages of RNA-seq over microarray technology : (1) Un-

like microarrays, RNA-seq doesn’t require prior knowledge of transcript structures or

genome sequences [47]; (2) it is far superior in detecting low abundance transcripts,

differentiating biologically critical isoforms, and allowing the identification of genetic

variants and (3) it allows broader dynamic range that leads to detection of more differ-

entially expressed genes with higher fold-change [48]. However, despite these several

advantages of RNA-seq, microarrays are still more common among researchers for

transcript profiling largely due to the currently cheaper cost of microarray compared

to RNA-seq and complexity of data storage and analysis [48].

1.2.3 Gene co-expression network analysis

The availability of large expression datasets has made it possible to study gene func-

tions on a global scale. Genes that belongs to the same pathway often exhibit similar

expression patterns under different conditions [49]. One approach applied in microar-

ray and NGS technologies is to cluster the genes according to their expression patterns

which can further be analysed in several ways, such as promoter analysis or gene on-

tology analysis [50]. However cluster analysis usually ignores the detailed relationships

among genes which makes it difficult to get biological insight from the analysis [49].

Alternatively, gene co-expression network analysis has become quite popular in study-

ing gene interactions and have become a rapidly developing area of study from which
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many interesting results have been obtained [51–53].

A gene co-expression network is an undirected graph, where graph nodes are the

genes, with edges connecting to each node representing a significant co-expression

relationship [49]. Gene co-expression network analysis works on a value based (rank-

based) network analysis that utilise the rank-transformed similarities [54]. Rank-

based approaches works on the principle that two genes are connected only if the

similarity between their expression profiles is above a certain threshold. Similarities

can be measured by Spearman’s correlation or other metrics [49]. Thresholding of

the correlation preserves the continuous nature of the gene co-expression information,

and leads to results that are highly robust [51]. This method works well for capturing

strongly co-expressed genes [49]. Value based (rank-based) approaches have been

applied to identify co-expression network in several studies [51, 53, 55, 56]. High

performance web server such as DeGNserver works on the principle of rank based co-

expression analysis to decipher genome-scale network [57]. The server makes use of

a computer cluster to run a number of network inference algorithms and return the

results to the user very quickly, thus facilitating genome-scale network reconstruction.

Several software tools have been designed for graph visualisation and labelling

of nodes and edges with attributes. These include open source programs such as

Cytoscape and Graphviz [58–60]. Cytoscape is generally considered to be better for

the analysis of transcriptomic data as it allows direct integration and it supports user-

created plugins [58]. In addition Cytoscape allows the user to analyse the network and

can be used to investigate graphical features (shortest path length between two nodes

and it also calculates vertex degrees that indicate the number of edges connected to a

node. A graph (in the biological context) can be referred to as a pathway or network

depending upon the number of nodes and their vertex degrees.



1.3 Project overview, aims and objectives 16

1.3 Project overview, aims and objectives

This project aims to study the transcriptome of two genotypes of bambara groundnut

(DipC and Tiga Nicuru) under drought stress. Firstly this study will give a detailed

description and hypothesis on how genomic and transcriptomic methodologies devel-

oped for major crops can be applied to bambara groundnut. Furthermore, in this

present study a combination of XSpecies and RNA-seq approaches were employed

to evaluate the bambara groundnut transcriptome under drought stress. Firstly, the

two genotypes of bambara groundnut were subjected to a mild drought conditions in

a controlled glasshouse. RNA from the two genotypes was cross hybridised with the

Soybean Affymetrix GeneChip array to study expression profiling under drought stress

at a later stage of plant development. Secondly, the two genotypes were subjected to

different regimes of drought stress in growth chambers, allowing a more severe drought

stress to be applied in a more controlled environment. From this study, RNA from

the two genotypes was sampled at the vegetative and reproductive stages of plant

development, allowing to study early gene expression responses under drought stress.

In addition, morpho-physiological effects of drought stress on the two genotypes were

studied and compared with peanut (Arachis hypogaea) in relation to drought toler-

ance. By keeping peanut as a comparator species, this study will help in developing

an understanding of the nature of the drought tolerance level of bambara groundnut

compared to a well-studied legume. Thirdly, an initial attempt is made to identify

the chromosomal location of drought-related genes (identified in both genotypes from

microarray and RNA-seq methodologies) by first finding the gene location in a species

belonging to the same legume family (common bean (Phaseolus vulgaris)) where a full

genome sequence exists and then overlaying the gene location onto bambara ground-

nut based on approximate positions identified in common bean and the map positions
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in the controlled cross between TN and DipC. This allowed the gene position detected

by mapping analysis to be compared with previously generated quantitative trait loci

(QTL) data (Chai et al, paper submitted) from the F5 segregating population derived

from the cross between DipC and Tiga Nicuru [24].

The objectives/aims of the study are:

- To provide a framework on how genomic and transcriptomic methodologies de-

veloped for major crops can be applied to bambara groundnut. This will help in

better understanding of the genetics governing important agronomic traits in bam-

bara groundnut.

- To evaluate the effect of drought and changes in gene expression of the two

genotypes of bambara groundnut (DipC and TN) subjected to drought stress at dif-

ferent developmental stages of plant growth. Identified genes and expression patterns

will assist in understanding the mechanisms underlying drought tolerance in bambara

groundnut which enables it to grow under semi-arid conditions.

- Comparing the transcriptome of the two genotypes (DipC and TN) of bambara

groundnut under drought stress to identify what is common and how they differ.

- Comparing morpho-physiological effects of drought stress between bambara ground-

nut and peanut. This will help develop an understanding of the nature of the drought

tolerance level of bambara groundnut compared to a well-studied legume.

- Localisation of drought-related genes (identified from microarray XSpecies and

RNA-seq approaches) underlying QTL involved in controlling drought traits in bam-

bara groundnut. Thus facilitating the marker-assisted selection process.

Thesis Outline

In the light of the project aims and objectives listed above, the work in this thesis is

divided into 8 chapters:
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Chapter 1: Introduction - Background of bambara groundnut and overview of

the transcriptomic study.

Chapter 2: Literature Review - Detailed description on how genomic and

transcriptomic methodologies developed for major crops can be applied to bambara

groundnut and an outline of the effects of drought stress on bambara groundnut and

other species.

Chapter 3: Materials, Methods and Data - Outlining the methods, materials,

data sources and software tools used throughout this study.

Chapter 4: Bambara groundnut microarray XSpecies analysis - Analysis

of the transcriptomic dataset to look for genes that are differentially expressed be-

tween irrigated (control) and drought stress conditions in two genotypes of bambara

groundnut (DipC and TN) using XSpecies microarray technology.

Chapter 5: Morpho-physiological effects of drought stress on bambara

groundnut at different developmental stages - Analysis of the effects of drought

stress at different developmental stages on the two genotypes of bambara groundnut

(DipC and TN) at morpho-physiological level and comparison of bambara groundnut

with peanut (Arachis hypogaea) in relation to drought tolerance.

Chapter 6: Effects of drought stress on the transcriptome of bambara

groundnut at different developmental stages - RNA-seq approach employed to

the study the effect of drought stress on the two genotypes of bambara groundnut

(DipC and TN) at different developmental stages

Chapter 7: Identification of cross species syntenic locations of drought-

related genes - An attempt was made to identify the approximate chromosomal

location of drought-related genes (identified in both genotypes (DipC and TN) from

microarray and RNA-seq methodologies) by first finding a gene location in species

belonging to the same legume family (common bean) and then overlay the gene loca-
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tion onto a bambara groundnut genetic map based on approximate positions identified

in common bean and lastly to identify whether there is any overlap with the QTLs

already known.

Chapter 8: Conclusions - An overview of the findings and suggested future

works.



Chapter 2

Literature Review

This chapter outlines how a number of recent technologies and approaches used

for major crop research, can be translated into use in research of minor crops, us-

ing bambara groundnut as an exemplar species. Using drought tolerance as a trait

of interest in this crop, this chapter will demonstrate how limitations can affect ge-

nomic approaches for understanding traits in bambara groundnut, and, how genomic

and transcriptomic methodologies developed for major crops can be applied to under-

utilised crops for better understanding of the genetics governing important agronomic

traits.
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2.1 Introduction

The dependence of global food security on major crops is a major concern in the

future for food supply and also for rural income, as yield gains from these major crops

may not be enough to sustain the estimated nine billion people on the planet by 2050

[17]. Also, the danger presented by climate change, leading to increased drought,

temperature, flooding, and salinisation, along with a predicted increase in pests and

diseases, could drastically effect major crops growth and development. There is need

to widen the exploitation of the available plant genetic diversity in order to increase

food supply and avoid dependence on a limited number of plant species for global food

and nutritional security. Underutilised crop could be a solution for more diversified

agricultural systems, a rich source to explore novel trait values and additional food

sources necessary to address food and nutritional security concerns [19, 61, 62].

With the availability of technologies, such as Next Generation Sequencing (NGS),

it is possible to develop molecular markers for marker assisted selection (MAS) in un-

derutilised crops [63]. This technology is able to generate significant sequence datasets,

and allows in-depth comparisons to be made between underutilised crops and their

major staple crop cousins [19]. For underutilised crops, their low and erratic yields

can be due to the lack of genetic improvement and formal breeding programmes which

may be hindering their wider cultivation and utilisation [64].

Several efforts have been made to conserve the germplasm of major crop species,

but a more limited amount of effort has gone into conservation of underutilised crops

such as bambara groundnut. The Consultative Group for International Agricultural

Research (CGIAR) and Global Diversity Crops Trust are organisations whose focus is

to develop a sustainability plan in order to ensure germplasm conservation and avail-

ability of underutilised crops, as a means to increase crop diversity [65]. Conserving the
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genetic resources of underutilised crops exemplified by bambara groundnut, is essential

as these crops are sources of livelihood in rural poor communities and its cultivation

has a positive impact on farmer welfare [66]. However, conservation is only one aspect

as without ‘conservation into use’, no impact is made on the lives of the farmers who

could benefit. Ex situ and in situ germplasm conservation, with farmer participatory

breeding and, identification of favourable traits, offer a productive solution to conserve

and utilise the genetic resources of underutilised species. This approach can then be

coupled with trait analysis to identify crops which can (i) survive in extreme condi-

tions (e.g., drought and cold), (ii) have superior nutritional content, (iii) and have

the potential to achieve high market value in order to increase their utilisation and

consumption, contributing to the global food basket (iv) are acceptable to farmers.

This is the first review on bambara groundnut with a specific focus on the ge-

nomic/transcriptomic approaches available to address drought through genetic im-

provement. This review also highlights how some recent technologies and approaches

used for major crop research, can be translated into use in research of minor crops,

such as bambara groundnut. Previous reviews on genetic improvement of bambara

groundnut using resources from major species has focused mainly on the overview

breeding objectives and aims [? ]. Other reviews published on bambara groundnut

focus mainly on (i) conservation and improvement [6]; (ii) production [67]; (iii) de-

veloping the potential of the crop [5]; (iv) aspects of the commodity marketing of

bambara groundnut [68]; (v) breeding approaches towards the genetic improvement of

bambara groundnut and (vi) genetic diversity analysis of bambara groundnut [69? ].

2.1.1 Bambara groundnut profiles

Bambara groundnut is probably one of the most drought-tolerant of the major grain

legumes and may be found surviving successfully where annual rainfall is below 500
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mm and has an optimum between 900–1000 mm per year [70], although it can grow

in wetter conditions as long as the roots are not water-logged. It is cultivated mainly

in sub-Saharan Africa, expanding to regions of West Africa, across Central Africa to

East Africa and Southern Africa [4].

It is cultivated principally by farmers as a food security culture crop, because of

its agronomic values and the ability to produce yield in soils considered insufficiently

fertile for cultivation of other more favoured species such as common bean (Phaseolus

vulgaris) and groundnut (Arachis hypogaea) [71], although there are markets and there

is some early evidence that it could improve household incomes [66].

Bambara groundnut has reasonable protein content (18 to 22%), high carbohydrate

(65%) and low levels of fats (6.5%), having a composition quite similar to chickpea

(Cicer arietinum) and makes it a ‘complete food’ [20] (Table 2.1). The seed com-

mands a relatively high market price in many African countries [72]. In countries

such as Malawi, demand for bambara groundnut often exceeds supply [67]. Bambara

groundnut is considered to be the third most valuable legume in Africa, after cow-

pea (Vigna unguiculata (L.) Walp.) and groundnut [73]. It is known to be deficient

in sulphur-containing amino acids [5], but rich in lysine, leucine and glutamic acid,

which makes a good complement to cereal-derived amino acids [20] (Table 2.2); hence

in many African countries, bambara groundnut seeds are often milled and added to

wheat flour and used to make a number of baked products [74]. Although, correlation

between genotypes, seed colour, growing conditions and nutritional analysis has never

been attempted. The seed is a useful ingredient in cooking as it can be eaten as a boiled

or fried snack, and milled into flour [75]. Despite its ’balanced’ macronutrient com-

position, bambara groundnut contains some anti-nutritional factors such as tannins

and trypsin inhibitors [76]. A study conducted by Ijarotimi et al. [77], showed that

fermentation has significant effects in decreasing the anti-nutritional factors; oxalate,



2.1 Introduction 24

Table 2.1: Macronutrient status of bambara groundnut in comparison with
some more popular legumes

Nutritional values Bambara Groundnut Soybean Phaseolus Bean Cowpea Faba Bean Chickpea

Calories 390 416 343 333 341 364

Protein (%) 21.8 36.5 23.8 23.6 26.1 19.3

Carbohydrate (%) 61.9 30.2 59.6 60 58.3 60.6

Fat (%) 6.6 19.9 2.1 0.8 5.7 6

Source: [68]

tannic acid, phytic and trypsin.

Table 2.2: Amino acid content (mg/100 gm) of raw bambara groundnut
Amino Acid Raw Bambara Groundnut (mg/100 gm)

Lysine 2.8

Histidine 2.4

Arginine 4.9

Aspartic Acid 5.6

Threonine 2.6

Glutamic Acid 17

Glycine 3.3

Alanine 3.9

Cystine 0.7

Methionine 2.7

Isoleucine 3.9

Leucine 6.9

Tyrosine 3.4

Phenylalanine 4.8

*Values are mean of duplicate samples. Source:[20]
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2.1.2 Challenges towards research and development in bam-

bara groundnut

Being classed as an underutilised crop, bambara groundnut faces several challenges

towards its research and development. Bambara groundnut is still an underutilised

crop mainly because (i) it currently has limited economic potential outside its areas

of cultivation [5]; (ii) lack of appropriate processing techniques to overcome hard-

to-cook effects [20]; (iii) absence of functioning value chains [68]; (iv) there is very

little information and knowledge base on neglected plant species in terms genome

information and germplasm collection [5]; (vi) biological issues such as photoperiod

sensitivity to reproductive development and pod-filling, which effects the geographical

range/time of planting and yield stability; and (vii) a lack of mechanisation for crop

mechanisation (e.g., seed sowing) as well as machinery for post-harvest (e.g., pod-

shelling). Furthermore, bambara groundnut is still grown as landraces and its yield can

be unstable and unpredictable at different geographical regions. While being adapted

to their current environment, landraces may not contain the optimal combination

of traits [21]. Development of improved varieties of bambara groundnut, through

controlled and coordinated multi-locational breeding programmes, is vital to harness

the potential of the crop [? ]. The International Institute for Tropical Agriculture

(IITA) currently holds the largest ex situ collection, with 2055 accessions (as of January

2016) of bambara groundnut. This crop could be a potential exemplar for other

underutilised crops.

2.1.3 Breeding/Molecular perspectives

Historically, genomic and molecular genetic analysis has been focused towards major

species, but now with the advancement in high-throughput sequencing technologies,
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such as NGS, and the reduction in their costs and also the availability of bioinfor-

matic tools (Table 2.3), it is becoming possible to transfer information to crops and

related-species. With the availability of genomic resources and the completion of ref-

erence genome sequences of legume crops, such as Medicago truncatula [78], common

bean [79], soybean (Glycine max) [80] and cowpea [81], it is now possible to dissect

information and transfer genomic and transcriptomic data to other legume crops such

as bambara groundnut. For example, the USEARCH sequence analysis tool can be

used for comparing sequences between closely related species [82], enabling advances

in genetic marker development, location of orthologues and decoding of the genetic

mechanism and pathways involved in drought tolerance in less studied crops, such as

bambara groundnut through genomic and transcriptomic comparative analysis.
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Table 2.3: Bioinformatic tools and databases available for ge-
nomic/transcriptomic research

Name Description URL/Source

Tools

Genome

Workbench

An integrated application for viewing and

analyzing sequence data.

ncbi.nlm.nih.gov/tools/gbench/

MISA Allows identification and localization of

perfect microsatellites

pgrc.ipk-gatersleben.de/misa/

Trinity Tool for RNA-seq de novo assembly github.com/trinityrnaseq/trinityrnaseq/wiki

ArrayExpressHTS R-based pipeline for RNA-seq data

analysis

bioconductor.org/packages/devel/bioc/html/ArrayExpressHTS

USEARCH Unique sequence analysis tool drive5.com/usearch/

Assembly to

Assembly

Comparison

(ATAC)

For comparative mapping between two

genome assemblies, or between two

different genomes

seqanswers.com/wiki/ATAC

Atlas-SNP2 SNP detection tool developed for

RNA-seq platforms

sourceforge.net/p/atlas2/wiki/Atlas-SNP/

BLAST Ring

Image Generator

(BRIG)

Used for comparative analysis between

large number of genomes

brig.sourceforge.net/

EdgeR R package for differential expression

analysis for RNA-seq data

bioconductor.org/packages/release/bioc/html/edgeR.html

solQTL Tool for analysis and visualization of

quantitative trait loci (QTL).

solgenomics.net/search/phenotypes/qtl

TriClust Tool for cross-species analysis of gene

regulation

baskent.edu.tr/~hogul/triclust/

Databases

ArrayStar Database that holds collection tools for

microarray analysis

arraystar.com/

Bedtools Database for comparing large set of

genomic features

bedtools.readthedocs.io/en/latest/

Bionumerics Integrated analysis of all major

applications in Bioinformatics: 1D

electrophoresis gels, all kinds of

chromatographic and spectrometric

profiles, phenotype characters,

microarrays, and sequences.

applied-maths.com/bionumerics

Phytozome Comparative platform for green plant

genomics

phytozome.jgi.doe.gov/pz/portal.html
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Ensembl

Genomes

Genome-scale data for plants,

bacteria, fungi, protists and

invertebrate metazoa.

ensemblgenomes.org/

Legume

Information

System (LIS)

Genomics database for the legume

family

legumeinfo.org/

Legume

Federation

A consortium of scientists working

to support robust agriculture

legumefederation.org/

LegumeIP Integrative platform to study gene

function and gene evolution in

legumes

plantgrn.noble.org/LegumeIP/

Gene Expression

Omnibus (GEO)

BLAST

Tool for aligning a query sequence

(nucleotide or protein) to

GeneBank sequences included on

microarray or serial analysis of

gene expression (SAGE) platforms

in the GEO database

ncbi.nlm.nih.gov/geo/

2.1.4 Drought stress in bambara groundnut

2.1.4.1 Drought stress tolerance mechanisms

Drought stress is one of the major abiotic stresses that inhibits proper plant growth

and crop productivity. Drought stress is defined as stress that is caused by inade-

quate soil moisture to meet the needs of a particular crop at a particular time [83].

Drought tolerant plants respond to drought stress via a series of different mechanisms.

They are divided into three groups namely (i) drought escape, (ii) drought avoid-

ance, and (iii) drought tolerance. Drought escape is described as the ability of plants

to complete their growth cycle and reach maturity before drought-stress develops to

damaging levels [84]. Drought avoidance is demonstrated by crop species, which are

able to maintain high water potential in the plant by minimising water loss and max-

imising water uptake under drought conditions, as seen in siratro (Macroptiliumatro

purpureum), a tropical legume [85] and chickpea [86]. Mechanisms of avoidance in-
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clude improved root traits, for greater extraction of soil moisture, decreased stomatal

conductance, decreased radiation absorption and decreased leaf area for minimal wa-

ter loss [87]. Drought tolerance allows plants to survive through water-use efficiency,

i.e., performing all biological, molecular and cellular functions with minimal water.

Such mechanisms are seen in a range of leguminous species, including mung bean

(Vigna radiata) [88] and pigeon pea (Cajanus cajan) [89]. Plants with drought toler-

ance mechanisms are able to maintain their cell turgor through osmotic adjustment,

which in turn will contribute to maintaining stomatal opening, leaf expansion and

photosynthesis throughout the drought period [90].

Reduced water availability causes the production of abscisic acid (ABA) , the

phyto-hormone which initiates stomatal closure and influences other aspects of plant

growth and physiology. It is responsible for regulating a broad range of genes during

drought. Sucrose Non-Fermenting1 (SNF1) protein kinase, Protein Phosphatase 2C

(PP2C) family, AREB (ABA-responsive element)/ABF transcription factor are the

key regulators of ABA signaling [91]. Other hormones, such as auxin and cytokinin are

also affected [92]. Improving drought tolerance has been also linked to a reduction in

shoot growth, while maintaining root growth, leading to altered partition between root

and shoot. This process is achieved by cell-wall synthesis and remodeling. Formation

of reactive oxygen species (ROS) and lignin peroxidases are key steps involved in

cell wall thickening. Stomatal closure limits CO2 uptake by leaves which leads to

a reduction in photosynthesis. Severe drought also limits photosynthesis by reducing

the activity of ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco), fructose-1,

6-bisphosphatase (FBPase), phosphoenolpyruvate carboxylase (PEPCase), pyruvate

orthophosphate dikinase (PPDK) and NADP-malic enzyme (NADP-ME) [93]. Plant

responses to drought affect vegetative growth by reducing leaf-area expansion and total

dry matter (TDM), which in turn decreases light interception [94]. Under drought,
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wheat (T. dicoccoides) has shown a reduction in the number of grains, grain yield,

shoot dry weight and harvest index [95]. In soybean, the loss of seed yield was reported

to be maximal when drought appeared during anthesis and the early reproductive

stages [96, 97].

Various drought-stress related genes have been identified in Arabidopsis thaliana,

rice (Oryza sativa) and other plants [98], which can be classified into two main groups:

(i) Effector proteins whose role is to alleviate the effect of the stress (such as water

channels proteins, detoxification enzymes, LEA proteins, chaperones and osmoprotec-

tants), (ii) Regulatory proteins which alter the expression or activity of effector genes

and modify plant growth, such as the transcriptions factors DREB2 and AREB, and

protein kinases and phosphatases [99]. Several studies have reported differential ex-

pression of genes under drought stress in major crops (Table 2.4). Even though a large

number of drought-related genes have been identified in plants, their stability of trait

expression under different stress conditions is a major concern.

2.1.4.2 Molecular and physiological effects of drought stress on plants

Drought stress can cause cellular, physiological and morphological changes in the plant,

for instance, a reduction in photosynthesis, leaf area and final yield in groundnut

[100], cowpea [101] and chickpea [102]. In pea (Pisum sativum), germination and

early seedling growth were reported to be influenced by drought [103]. Reduction in

the number of grains, grain yield, shoot dry weight and harvest index were observed

in wheat when it was subjected to drought stress [95]. Drought stress can affect crop

growth at any developmental stage including, the vegetative, reproductive and grain

filling stages at varying degrees depending on the species [104]. In soybean, the loss

of seed yield was reported to be maximal when drought appeared during anthesis and

the early reproductive stages [96, 97]. As water resources available for agriculture are
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expected to decrease and becoming unpredictable due to climate change, the need to

adopt and enhance drought-resistant in plants is essential to help to produce enough

food for the ever increasing world population, and maintain environmental resilience in

agriculture. For example, advanced lines BAT477 and SEA5 that are highly drought

tolerant have been identified in common bean [105, 106]. Furthermore, [107] reported

the introgression of wild emmer wheat, which is highly drought tolerant, into mod-

ern wheat cultivars in order to obtain drought related candidate genes for breeding

purpose.

2.1.4.3 Effect of drought stress on bambara groundnut

In recent years, plant breeders have turned to landraces (i.e. locally adapted vari-

ants) for trait improvement in various crops, including barley (Hordeum vulgare) [108],

sorghum (Sorghum bicolor) [109], sesame (Sesamum indicum) [110], and soybean [111].

An early attempt to investigate the use of landraces in drought tolerance has been car-

ried out in wheat [112], though this did not delve into the specific genetics conferring

the desirable traits. An alternative approach to identifying genes conferring drought

avoidance and tolerance is to study species that are already very resilient in arid

conditions. In this regard, bambara groundnut (Vigna subterranea (L) Verdc.) is a

potential candidate. For bambara groundnut, several studies have been carried out to

investigate the response to drought stress. Under drought stress, bambara groundnut

landrace AS-17 showed paraheliotropic properties, in which the stressed plants had

leaflet angles parallel to the incident radiation, leading to less transpiratory water loss

due to the lower leaf temperature that resulted from decreased light interception [3].

From the results of Mabhaudhi et al. [113], bambara groundnut was observed to have

drought escape mechanisms where, under drought stress, it had a shortened vegeta-

tive growth period, early flowering, reduced reproductive stage and early maturity in
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order to minimise the adverse effect of drought on plant development. Higher root

dry weight was reported when bambara groundnut landrace, Burkina (originally from

Burkina Faso), was subjected to drought [14]. Denser and deeper root growth will al-

low the plant to utilise more soil moisture under drought stress. Stomatal closure plays

an important role in regulating transpiration and improve plant water status over the

drought stress period. Stomatal closure has been recognised as a universal response to

drought stress in many species, such as rice [114], maize [115] and has been reported

for bambara groundnut [90, 116]. Accumulation of proline was observed in bambara

groundnut under drought stress which plays a vital role in osmotic adjustment [90].

Furthermore, Vurayai et al. [116] stated that reduced leaf area in drought-stressed

bambara groundnut plants due to turgor reduction within expanding cells is common

and is one of the earliest physiological responses to water stress. Bambara groundnut

is more vulnerable to drought during the pod filling stage, followed by the flowering

stage and then the vegetative stage, as plants stressed at the pod filling stage failed to

fully recover their relative water content and chlorophyll fluorescence after irrigation

was resumed [116].

Understanding and optimising the responses of bambara groundnut under drought

is of central importance in order to identify the key features of the crop which need

breeding attention. Drought experiments in bambara groundnut will help to iden-

tify novel drought-related genes which could be of great importance to understand

biochemical and physiological behaviour of this plant during drought stress.

In an effort to generate drought transcriptomic data for this crop at relatively low

cost, NGS technology can be used directly to develop molecular markers by generating

transcriptomes (Expression Sequence Tags) which will then be used to identify candi-

date genes responsible for the crop’s response to drought stress. Additional molecular

markers can be discovered from translational genomics-based approaches including in-
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vestigating known gene regulatory networks involved in drought stress response and

tolerance in other species. For example, with the help of genomics, transcriptional

regulatory networks of drought stress signals were identified in range of species [98],

which will help in genomic study of less studied crops, such as bambara groundnut.

Use of molecular markers for an agronomically important trait such as drought in

underutilised crops, in this example bambara groundnut, will assist the integration of

desirable alleles into specific genotypes that will contribute to improvement of breeding

lines and the development of drought tolerant cultivars.



2.1 Introduction 34

Table 2.4: Stress-responsive genes contributing to drought tolerance in

plants

Functional

Category

Gene Species Parameters

Evaluated

Mechanisms Pathways References

AP2/ERF

Transcription

Factor

DREB1A

(CBF)

A. thaliana Activated expression

of genes involved in

stress tolerance

(rd29A)

Signaling cascade and

transcriptional

regulation

ABA

independent

[117, 118]

AP2/ERF

Transcription

Factor

OsDREB1A O.sativa Survivability Signaling cascade and

transcriptional

regulation

ABA

independent

[119]

AP2/ERF

Transcription

Factor

CBF1

(DREB 1B)

Solanum

lycopersicum

Activated expression

of genes, catalase 1

coupled with

decreased

accumulation of

H2O2

Signaling cascade and

transcriptional

regulation

ABA

independent

[120]

AP2/ERF

Transcription

Factor

HvCBF4 H. vulgare Survivability Signaling cascade and

transcriptional

regulation

ABA responsive [121]

AP2/ERF

Transcription

Factor

OsDREB1F O. sativa Survivability Signaling cascade and

transcriptional

regulation

ABA

independent

[122]

AP2/ERF

Transcription

Factor

OsDREB1G,

-2B

O. sativa Survivability Signaling cascade and

transcriptional

regulation

ABA

independent

[123]

AP2/ERF

Transcription

Factor

OSDREB2A O. sativa Survivability Signaling cascade and

transcriptional

regulation

ABA

independent

[124]

AP2/ERF

Transcription

Factor

HARDY A. thaliana Survivability, WUE,

photosynthesis

Signaling cascade and

transcriptional

regulation

ABA

independent

[125]

AP2/ERF

Transcription

Factor

TaDREB2,

-3

T. aestivum Multiple Signaling cascade and

transcriptional

regulation

ABA

independent

[126]

AP2/ERF

Transcription

Factor

CBF4 A. thaliana Activated expression

of genes involved in

stress tolerance

Drought avoidance ABA responsive [127]
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bZIP

Transcription

Factor

OsbZIP23 O. sativa Relative yield Signaling cascade and

transcriptional

regulation

ABA responsive [128]

bZIP

Transcription

Factor

OsbZIP46 O. sativa Survivability, relative

yield

Signaling cascade and

transcriptional

regulation

ABA responsive [129]

bZIP

Transcription

Factor

OsbZIP72 O. sativa Survivability Signaling cascade and

transcriptional

regulation

ABA responsive [130]

bZIP

Transcription

Factor

SlAREB1 S.

lycopersicum

Multiple Signaling cascade and

transcriptional

regulation

ABA responsive [131]

bZIP

Transcription

Factor

ABF3/ABF4 A. thaliana Reduced

transpiration and

better survival under

drought stress.

Growth arrest

Signaling cascade and

transcriptional

regulation

ABA responsive [132]

NAC SNAC1 O. sativa Survivability, seed

setting rate

Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [133]

NAC OsNAC9 O. sativa Multiple Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [134]

NAC OsNAC10 O. sativa Multiple Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [135]

NAC OsNAC5 O. sativa Multiple Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [136]

NAC OsNAC6 O. sativa Survivability Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [137]

NAC SNAC1 O. sativa RWC, chlorophyll

content

Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [138]
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NAC TaNAC69 T. aestivum Multiple Drought avoidance,

signaling cascade and

transcriptional

regulation

ABA responsive [139]

Zinc Finger DST Survivability Drought tolerance,

signaling cascade and

transcriptional

regulation

[114]

Zinc Finger ZFP252 O. sativa Survivability Drought tolerance,

signaling cascade and

transcriptional

regulation

[140]

Zinc Finger Zat10 A. thaliana Yield, seed setting

rate

Drought tolerance,

signaling cascade and

transcriptional

regulation

[141]

Zinc Finger OsMYB2 O. sativa Survivability Drought tolerance,

signaling cascade and

transcriptional

regulation

[142]

Zinc Finger TaPIMP1 T. aestivum Water loss, proline

content

Drought tolerance,

signaling cascade and

transcriptional

regulation

[143]

Zinc Finger StMYB1R-1 S. tuberosum Multiple Drought tolerance,

signaling cascade and

transcriptional

regulation

[144]

Zinc Finger OsWRKY11 O. sativa Survivability Drought tolerance,

signaling cascade and

transcriptional

regulation

[145]

Zinc Finger OsWRKY30 O. sativa Survivability Drought tolerance,

signaling cascade and

transcriptional

regulation

[146]

Zinc Finger ZPT2 - 3,

CpMYB10

Petunia Better survival rate

during drought stress

Drought tolerance,

signaling cascade and

transcriptional

regulation

[147]
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Osmotic

Adjustment

P5CS

(Pyrroline-5-

carboxylate

synthase)

O. sativa Increase in biomass

accumulation

Drought tolerance [148]

Osmotic

Adjustment

SacB Beta vulgaris Better dry weight

accumulation

Drought tolerance [149]

Osmotic

Adjustment

TPS

(Trehalose-6-

phophate

synthetase)

N. tabacum Delay in withering or

enhanced moisture

retention capacity

Drought tolerance [150]

Osmotic

Adjustment

IMT1 (myo-

Inositol-O-

methyltransferase)

Tobacco Less inhibition in

photosynthetic rate;

better recovery from

stress

Drought tolerance [151]

Osmotic

Adjustment

Trehalose-6-

phophate

synthetase

Tobacco Increased leaf area,

better photosynthetic

activity and better

RWC

Drought tolerance [149]

Osmotic

Adjustment

Trehalose-6-

phophate

synthetase

O. sativa Better plant growth

and less

photooxidative

damage

Drought tolerance [152]

Osmotic

Adjustment

TPS and

TPP

O. sativa Better growth

performance and

photosynthetic

capacity

Drought tolerance [153]

Osmotic

Adjustment

AtPLC1 A. thaliana Drought tolerance [154]

Osmotic

Adjustment

OsTPS1 O. sativa Survivability Drought tolerance [155]

Osmotic

Adjustment

mtlD E. coli Multiple Drought tolerance [156]

ROS

Scavenging

OsSRO1c O. sativa Mutiple Drought tolerance ABA responsive [157]

ROS

Scavenging

MnSOD

(superoxide

dismutase)

Alfalfa Better photosynthetic

efficiency, yield and

survival rate

Drought tolerance ABA responsive [158]
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ROS

Scavenging

MsALR (Al-

dose/aldehyde

reductase)

Alfalfa Decreased lipid

peroxidation and

better photosynthetic

activity

Drought tolerance ABA responsive [159]

ROS

Scavenging

AtALDH3

(Aldehyde

dehydroge-

nase)

A. thaliana decreased lipid

peroxidation

Drought tolerance ABA responsive [160]

ROS

Scavenging

Ascorbate

peroxidase

N. tabacum Better photosynthetic

capacity under water

stress

Drought tolerance ABA responsive [161]

Protein Kinase OsCDPK O. sativa Enhanced levels of

stress-responsive

genes, rab16A, SalT,

and wsi18. Stomatal

movement.

Signaling cascade and

transcriptional

regulation

ABA responsive [162]

Protein Kinase DSM1 O. sativa Plant growth. Signaling cascade and

transcriptional

regulation

ABA responsive [163]

Protein Kinase OsSIK1 O. sativa Survivability. Signaling cascade and

transcriptional

regulation

ABA responsive [164]

Protein

Degradation

OsDIS1 O. sativa Survivability [165]

Protein

Degradation

OsDSG1 O. sativa Fresh weight [166]

Protein

Degradation

OsSDIR1 O. sativa Survivability [167]

Protein

Degradation

OsRDCP1 O. sativa Survivability [168]

Protein

Modification

SQS1 O. sativa Survivability, relative

yield

[169]

Nuclear

Proteins

OsSKIPa O. sativa Survivability, yield Drought tolerance.

Transcriptional

co-regulator

[170]

Nuclear

Proteins

OsRIP18 O. sativa Survivability Drought tolerance.

Transcriptional

co-regulator

[171]
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Metabolism Of

Aba

DSM2 O. sativa Survivability, seed

setting rate

[172]

Metabolism Of

Other

Hormones

IPT A.

tumefaciens

Yield, biomass [173]

Dehydrin/LEA OsLEA3-1 O. sativa Yield, seed setting

rate

Drought tolerance ABA responsive [174]

Dehydrin/LEA OsLEA3-2 O. sativa Survivability, grains

per spike

Drought tolerance ABA responsive [175]

Dehydrin/LEA HVA1 H. vulgare Plant growth,

survivability, RWC

Drought tolerance ABA responsive [176]

Transporter AtNHX1 A. thaliana seed setting rate Drought tolerance [141]

Transporter betA, TsVP E. coli Mutiple Drought tolerance [177]

Amino Acid

Metabolism

OsOAT O. sativa Survivability, relative

seed setting rate

[157]

2.2 Use of advanced genomics and transcriptomics

for research and development in bambara

groundnut

2.2.1 Advancement in crop genome sequencing and analysis

Significant progress in sequencing technologies have speeded up the time and lowered

the cost per base pair, allowing a step change in access to crop genomes compared to

the previous era of Sanger-based sequencing. Before the invention of next generation

sequencing technologies, Sanger sequencing of bacterial artificial chromosome (BAC)-

based physical maps was the main approach for genome sequencing of species, such

as rice, maize and poplar (Populus tremula) [178]. Though physical maps of BACs

provided a good template for completing gaps and correcting sequencing errors, the
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genome coverage of physical maps was non-representative due to cloning bias and was

relatively labour intensive. With the availability and advancement of next generation

sequencing, it is possible to sequence large volumes of DNA faster, and with better

genome coverage [179]. In 2010, the African Orphan Crop Consortium (AOCC) was

launched with the aim to sequence 101 indigenous African crops. Bambara groundnut

is one of the target species for sequencing, with the genome sequence generated from a

variety from Zimbabwe (Mana), and re-sequencing will be performed on 100 genotypes

developed over the years by multiple research organisations. The draft genome of

bambara groundnut is expected to be published in the third quarter of 2016.

2.2.2 Molecular marker systems and breeding for drought re-

sistance using omic technologies

2.2.2.1 Marker-assisted selection from major species to bambara ground-

nut

With the help of advanced genomic and transcriptomic data, breeders can have ac-

cess to putative gene function, gene content, copy number variation between varieties,

precise genomic positions and identification of both natural and induced variation

in germplasm collections. In addition, promoter sequences allows epigenetic analy-

sis and expression levels to be monitored in different tissues or environments and in

specific genetic backgrounds using NGS and microarray technologies [180]. The signif-

icant reduction in cost and increased accessibility of omic technologies [181] has made

genome-wide analysis of less studied crops possible. The availability of molecular

markers and genetic linkage maps in many plant species, such as Medicago truncatula

[182], common bean [183], soybean [184] and cowpea [185] have made it possible to dis-

sect complex traits into individual quantitative trait loci (QTL), with sequencing and

annotation of large genomics DNA fragments. Marker-assisted breeding approaches
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will help in identifying important agronomic traits corresponding to various biotic and

abiotic stresses [186]. Sequence data derived from Medicago truncatula, soybean, cow-

pea and common bean can be used to develop cross-species simple sequence repeat

(SSR) markers. For example, Medicago truncatula based SSRs provided genetic mark-

ers for linkage mapping in alfalfa (Medicago sativa) [187] and more distantly related

crop legumes [188, 189]. This approach can be applied in bambara groundnut, where

a closely related legume crop sequence data, such as common bean, mung bean or soy-

bean can help in identifying molecular markers for the traits of interest. Furthermore,

with the help of genome sequencing of major legume crops targeting genes for the

specific traits of interest in crop relatives, such as drought resistance, is possible. In

this approach, phenotypes of interest in crop relatives are mapped and characterised

against major crops using the available genomic resources (Fig.2.1) [78]. This strategy

should be applicable to most closely related legume crops and can be applied in bam-

bara groundnut. It was successful in Medicago truncatula, where phenotypic mapping

was performed in Medicago truncatula ranging from disease resistance genes to QTL

for morphology. Resistance against Colletotrichum trifolii (anthracnose) [190, 191],

Phoma medicagnis (black steam and leaf spot) [192], and Erysiphe pisi (powdery

mildew) [190] have all been mapped in Medicago truncatula. The cloned RCT1 gene

found in Medicago trunculata for resistance to anthracnose has been shown to function

in alfalfa [191].

With the help of genomic and transcriptomic analysis, sequence data derived from

major species will help in the development of new molecular markers for drought resis-

tance and gene discovery in underutilised crops, leading to crop improvement. Though

MAS has been implemented in many crop breeding programmes, it still at a primitive

stage for many minor and underutilised crops. Perhaps one of the biggest challenges

many underutilised crops face is the absence of structured genetic resources that allow
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a powerful dissection of the genetic control of complex traits. Many traits are governed

by multiple genes and it is more difficult to understand the underlying genetic control

of these quantitative traits, without structured (and preferably immortal) populations

and genetic stocks. Additionally, imprecise localisation of the QTLs and instability of

QTL between experiments and environments adds to the complexity of this approach

for underutilised species [193].

Figure 2.1: Gene discovery in underutlised species from model species. Key
steps listed, where a model species was used to find gene of interest based on genome
location. [78]
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2.2.2.2 Genomic-assisted breeding for drought resistance

The availability of advanced expression analysis techniques such as NGS, microarrays,

real-time PCR, transcriptomics, proteomics and metabolomics platforms have made

it possible to carry out extensive gene expression analysis to identify and characterise

candidate genes for drought tolerance [194] (Table 2.4). Breeding for drought resis-

tance is challenging as it is a complex trait controlled by many genes, there is limited

knowledge of the inheritance mechanisms and the effect of drought is different for ev-

ery genotype [195]. Knowledge of the relative values of the alternative alleles at all loci

segregating in a population could allow breeders to design a genotype in silico [196].

Marker-assisted backcrossing approaches and marker-assisted recurrent selection have

been implemented in legume crops such as chickpea to improve the crop’s drought re-

sistance [197]. Breeding approaches, such as marker-assisted backcrossing approaches

and marker-assisted recurrent selection have recently been complemented by a new ap-

proach called genomic selection (GS), which predicts the breeding values (i.e genomics

assisted breeding values; GEBVs) of lines in the next generation based on historical

genotyping and phenotyping data [198, 199]. GS has begun to be incorporated into

breeding programs for crops, although many questions remain in terms of which crops

are most suited and what some of the key parameters for successful deployment are

[200]. With genome coverage provided by GS, NGS will help in providing estimates

of gene expression levels and determination of epigenetic states of genes [180].

To date, there has been no broad screening of the bambara groundnut germplasm

under drought stress. Though the crop is known to be drought-tolerant from the

physiology point of view, drought tolerance should be linked to comparatively higher

growth rates and productivity under water stress conditions. In bambara groundnut,

populations were analysed for specific genetic traits of interest which includes genetic

mapping of photoperiod response in bi-parental populations after development of sin-
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gle genotype parental lines [201] and mapping of phenotypic traits associated with

domestication syndrome in bambara groundnut and plant morphology [15, 202, 203].

The genotypes obtained from crosses in bambara groundnut are important resources

to study and optimise for specific traits through breeding programmes [? ]. Ge-

nomic resources including SSR markers in bambara groundnut were developed and

will be employed in identification of QTLs for specific physiological traits relevant for

drought tolerance [204]. Results from Beena et al. [204], showed that there was a

significant reduction in the physiological (transpiration, photosynthesis and chloro-

phyll content) and morphological (leaf area, total biomass) traits under water limiting

conditions. The availability of SSR [204, 205] and DArT [206] markers of bambara

groundnut have made it possible to carry out diversity analysis, mapping of QTLs

for various agronomics traits under drought and their use in marker-assisted breed-

ing. Random amplified polymorphic DNA (RAPD) and fluorescence based amplified

fragment length polymorphism (AFLP) have been developed for several landraces

of bambara groundnut and the study revealed high levels of polymorphism among

landraces [207]. Genetic linkage maps of bambara groundnut were constructed by

combining microsatellite and DArT markers from a ‘narrow’ and ‘wide’ cross between

bambara groundnut landraces Tiga Nicuru x DipC and DipC x VSSP11 to identify

marker-trait linkages and to develop the crop through marker-assisted selection by

selecting marker allele that is linked to a trait of interest [208, 209]. The genetic map

created from the Tiga Necaru x DipC cross was based on an intra-sub-specific cross

exploits variation within the domesticated landraces gene pool, using an F3 popula-

tion of the cross between DipC and Tiga Necaru [12, 24, 202, 209]. This cross showed

variation for agronomic traits of breeding interest. This map will be useful for compar-

ative genomic analysis between the mapping populations in this crop and also between

bambara groundnut and other related legume crops [202]. Based on the results from
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the ‘narrow’ genetic cross (F3 generation) and ‘wide’ genetic cross (F2 generation) for

Tiga Necaru x DipC and DipC x VSSP11, respectively, a candidate marker bgPabg-

596774 was identified for the following traits; pod number, node number, pod weight,

seed number, seed weight and biomass dry weight which could be used for MAS [202].

Development of the population (Tiga Necaru x DipC and DipC x VSSP11) into full

Recombinant Inbred Lines (RILs) (at F6 generation currently) or the development

of Near Isogenic Lines (NILs) could allow the evaluation of the effects of these QTL

alone and also the development of heterozygous plants for the QTL region, allowing

large-scale fine mapping programme [202].

Due to the limited understanding of the drought response mechanisms that are

active in different germplasm within bambara groundnut, implementing molecular

breeding for drought resistance or selection of candidate genes for gene editing is

challenging. Furthermore, high temperature is usually co-incidental with drought

stress. Therefore, a single gene effect to increase drought resistance is possible, but

the combined stress may require a multi-gene transformation strategy that combines

several major functional or regulatory genes or a series of genes in a signalling cascade

contributing to drought resistance seems promising for improving long term drought

resistance in plants [210]. In addition, combining traditional breeding (such as cross

and/or recurrent backcrossing of wild relatives and elite cultivars) will help in building

the desired traits for abiotic resistance [210] in bambara groundnut.

2.2.3 Comparative genomics and transcriptomics from major

species to bambara groundnut

Advances in crop genomics, transcriptomics, molecular and bioinformatic tools have

given us an opportunity to understand plant biology in a more unified way and also

help transfer information from a major species to minor species [211]. Strong conven-
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tional breeding practice is required for successful genomic investment on underutilised

crops [193]. Exploiting biotechnological tools and translation research from major

species to underutilised crops will lead to better results in breeding processes using

two main methods (1) translation of technologies, such as marker system approaches

based on next generation sequencing (2) translation of actual genetic-trait information

from related species based on locational or network analysis [? ].

2.2.3.1 Comparative genomics

Comparative genomics has been widely used in modern day research as it can provide

important information about species whose genomes have not been sequenced by com-

paring with a known species [212]. Rapid advancement in crop genomics has provided

a chance to conduct detailed functional and structural comparisons of genes involved

in various biological processes among major crops and other plant species. There-

fore, comparative genomics using bioinformatic tools can provide an opportunity for

transferring important information from major species to bambara groundnut. Some

examples that illustrate comparative genomics in legumes are; (1) Use of barrel medic

to map-based clone the RCT gene that confers resistance to multiple races of anthrac-

nose (Colletotrichum trifolii) in alfalfa [191], (2) Floral regulatory genes identified in

Arabidopsis thaliana were used to find genes in common bean effecting determinacy

[213] and (3) Identification of the gene underlying Mendel’s I locus, responsible for

the trait corresponding to yellow or green colour of seed in grass meadow fescue [214].

A candidate gene that plays a critical role in cholorophyll catabolism during plant

senescence was found in rice and later its orthologous gene was fine mapped in pea

(Pisum sativum). Thus traits, genes, tools and species were combined to link this trait

and the underlying gene in several models and crops [214]. In addition, minor crops

can provide good models for a trait and trait analysis absent in major crops [193].
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For example, if alleles contributing to drought tolerance can be found in bambara

groundnut, the underlying physiological mechanism and the genes responsible could

be useful and can be utilised by MAS to search for alleles within the species of interest

or the trait might be transferred through direct gene transfer into major crops.

2.2.3.2 Comparative transcriptomics

Comparative transcriptomics has been tested in bambara groundnut. Comparisons

between the bambara groundnut leaf transcriptome and other species has been car-

ried out to identify appropriate cross-species orthologues and gene models for the crop

[215]. The results showed that soybean had the highest transcript sequence similar-

ity to bambara groundnut than any other species used in the analysis (other species

were Medicago truncatula, Vitis vinifera, Populas trichocarpa, Ricinis communis, Ara-

bidopsis lyrata, Vigna radiata) and could potentially be used as a gene model for gene

expression profiling in bambara groundnut [215], although the tetraploid nature of

soybean adds complications.

Bambara groundnut DNA was hybridised to Arabidopsis ATH1 and Medicago trun-

catula Affymetrix GeneChips for high and low stem number respectively as there is

no Affymetrix GeneChip available for bambara groundnut [24, 203]. The cross species

microarray approach coupled with genetical genomics has been applied on bambara

groundnut using the soybean Gene Chip array. The drought experiment conducted

by [12] used leaf RNA from an F5 segregating population derived from a controlled

cross of between DipC and Tiga Nicuru cross-hybridised to the soybean GeneChip

from Affymetrix. The results identified 1531 good quality gene expression markers

(GEMs) on the basis of differences in the hybridisation signal strength. An expression

based genetic map was constructed using 165 GEMs. Significant QTLs were detected

using the GEM map for various morphological traits (including internode length, pe-
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duncle length, pod number per plant, pod weight per plant, seed number per plant,

seed weight per plant, 100-seed weight, shoot dry weight). An XSpecies microarray

experiment was conducted in order to identify and detect genes and gene modules

associated with low temperature stress responses in bambara groundnut. This found

375 and 659 differentially expressed genes (p<0.01) under the sub-optimal (23°C) and

very sub-optimal (18°C) temperatures, respectively. Further, 52 out of top 100 dif-

ferentially expressed genes were validated using NGS technology generated from the

same samples used to generate cross-species microarray data. The results showed 50%

similarity between the XSpecies Microarray approach and NGS technology. The iden-

tified gene modules could be useful in breeding for low-temperature stress tolerant

bambara groundnut varieties [216]. These approaches have the potential to identify

polymorphisms between individuals for gene expression analysis and mutation discov-

ery [217], which will accelerate the generation of markers for specific traits in minor

crop species [203].

2.3 Concluding remarks

Recent developments in genomics and transcriptomics have opened up opportunities to

develop data sets for several underutilised species which could facilitate crop improve-

ment. Genomics has led us to gather a wealth of information from the identification

of genetic variation, epigenetic states of genes and the potential to measure gene ex-

pression with high precision and accuracy. This will not only benefit breeding but also

facilitates systematic comparison of gene functions across sequenced genomes which

will directly benefit crop improvement. Projects, such as Encyclopedia of DNA ele-

ments (ENCODE) (although yet to be implemented in plants) will build a foundation

for extracting knowledge of gene function and variation, thus generating new data for

the prediction of phenotype from genotype [180]. Knowledge gained from integration
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of gene function into networks, such as controlling flowering time in response to day

length and over-wintering will pave the way for crop improvement. These networks

have been identified in Arabidopsis thaliana and rice, with allelic variation strongly

influencing networks outputs. Processes, such as gene duplication and footprints of

domestication can be mapped to networks such as flowering time [218, 219]. Improved

precision of predicting the phenotype from genotype is possible with the use of ‘systems

breeding’ approaches which use diverse genomic information leading to food security

and crop improvement [180].

The improvement in genomics and transcriptomics will help in identifying target

genes that underlie key agronomic traits related to drought. Molecular markers will be

developed using the information gained from the trait of interest which will be later

on used for breeding applications. Finding gene targets that are related to various

biotic and abiotic stresses will be productive towards the aim of crop improvement,

as plant growth is severely effected by stresses, such as drought, cold and salt espe-

cially in marginal physical and economic environments. Molecular analysis of bambara

groundnut germplasm using advanced genomic tools will help in the discovery of genes

for key agronomic traits. Functional genomic tools, physical maps and the availability

of high-throughput and cost-effective genotyping platforms will all contribute towards

crop improvement. There are various challenges that have to be looked upon before

applying genomics to underutilised crops. Most of the underutilised crops lack large-

scale collections of germplasm, although local communities and small-scale farmers

do have extensive knowledge that help in the search for genes that are vital for crop

improvement. Restriction on flow of germplasm due to intellectual property rights is

also one of the major challenges [220].

The potential value of underutilised crops (and bambara groundnut) is the part

they can play in minimising Africa’s challenges of rural development, hunger, malnu-



2.3 Concluding remarks 50

trition and gender inequality. Bambara groundnut is resilient and reliable crop that

thrives in unsuitable areas which could potentially be unsuitable for peanut, maize,

or even sorghum [73]. It is mainly reported to be grown by women, therefore, offers

a reliable way of empowering women financially, hence improving the lives of their

families [1]. As a legume, it has the ability to fix atmospheric nitrogen either as an

intercrop or rotational crop, thus minimising the use of chemical fertilisers. Being a

cheap source of soil nitrogen, it can help resource-poor farmers to achieve some added

nitrogen for the growth of the main crop.

The Green Revolution that partially succeeded in Africa, but has led to a focus

on major crops which, in some cases, are been grown in the wrong places and under

the wrong agricultural systems for them to ever be truly productive. Investigating

the many underutilised crops which exist as a component of climate resilient, low

input, agriculture is one way to mitigate the risk of total crop failure. The advent

of next generation sequencing has opened up the possibilities for minor crops, allow-

ing both within species analysis and comparative analysis to related species. Access

to germplasm is still a significant issue, but the tools to begin a more context and

nutritionally focused agricultural revolution are coming into place.



Chapter 3

Materials, Methods and Data

This chapter outlines the materials, methods, software tools and datasets used in

this project.
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3.1 Bambara groundnut microarray XSpecies anal-

ysis

3.1.1 Plant materials

The F5 segregating population derived from the cross between two genotypes of bam-

bara groundnut; Tiga Nicuru (maternal) and DipC (paternal) lines and their two

parental lines were evaluated in this drought experiment to determine the segregation

patterns and traits inheritance related to drought in the two parents of the cross. 65

F5 individual lines and also the parental lines of the genotypes DipC and Tiga Nicuru

were planted in both drought and irrigated control plots. Drought responsive gene ex-

pression profiling and gene co-expression network analysis was performed on the two

parental lines. [24] studied the effect of drought stress on the morpho-physiological

characteristics for the parental lines and the F5 segregating population derived from

TN x DipC cross. This study deals with the transcriptomic analysis of the two parental

lines.

3.1.2 Site description, experimental design and crop manage-

ment

This glasshouse experiment was conducted by Hui Hui Chai [24] and the author per-

formed the XSpecies microarray data analysis, co-expression network analysis, primer

designing and qRT-PCR validation of the selected genes.

The experiment was conducted between late June 2012 and late November 2012.

A 12-hour photoperiod was created using an automated blackout system (Cambridge

Glasshouses, Newport, UK) with day and night temperatures set at 28°C and 23°C

respectively. Trickle tape irrigation with PVC micro-porous tubing was placed beside
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each plant row. The DipC and TN plants were irrigated at 0600 hours and 1800 hours

for 20 minutes with a measured flow rate of 1L/hour per tube, with each tube 5m in

length. Two independent soil pits (5 m x 5 m x 1 m) containing sandy loam soil were

used in the glasshouses, with each pit isolated by a Butyl liner and concrete pit struc-

ture for drought and irrigated plots separately. The PR2 water profile probe (Delta-T

devices, UK) was used to measure the soil moisture content. A randomised block

design (RBD) with three blocks for each soil pit was implemented for this experiment.

Three replicate plants for the control (continuously irrigated) and four replicates for

drought treatment plot were used. Three seeds were sown per replicate at a depth of

3-4 cm with a spacing of 25cm x 25cm between each plant position and later thinned

to one plant per replicate at 20 days after sowing (DAS). Figure 3.1 shows the treat-

ment regime. The irrigation system for the drought treatment plot was turned off at

50 DAS and resumed at 92 DAS for the drought treatment plot (in total a six weeks

treatment after 100% flowering). Normal irrigation continued for the irrigated plot

throughout. During drought, an average 50% reduction in stomatal conductance was

observed. Leaves from irrigated and drought-treated plants were collected at 92 DAS,

while those from recovered plants were also collected at 107 DAS. Labelled aluminum

foil was used to wrap the harvested leaf, which was then transferred into liquid ni-

trogen to flash freeze the samples. All samples were stored in a -80°C freezer before

RNA extraction. DNA extraction from the two parental genotypes was done using

the DNA extraction Qiagen kit.

Throughout the growing season, Phytoseilus persimilis, a biological control agent,

was used against red spider mite (Tetranychus urticae) and applied every two weeks.

In addition, chemicals such as Savona (soap) against Aphids and Thiovit (sulphur)

against mildew or fungal infections were applied as needed.
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Figure 3.1: Treatment Regimes. Horizontal bars represent the timelines for the
three treatments. The green and red regions correspond respectively to periods of
irrigation and drought, with the numbers in the arrows referring to the start/end of
the different periods to the days on which leaves were collected for transcriptomics.
DAS = Days After Sowing. Leaves from irrigated and drought-treated plants were
collected at 92 DAS, and leaves from the recovered plants at 107 DAS.

3.1.3 Environmental factor measurements

Environmental factor measurements were taken by Hui Hui Chai, University of Not-

tingham. Environmental factors within the glasshouse were controlled and monitored

using an automated record system (Cambridge Glasshouses, Newport, UK) placed

in the glasshouse to maintain a consistent environment for the growing of bambara

groundnut in the glasshouse. The conditions, such as photosynthetically active radia-

tion (PAR), humidity and temperature were recorded every eight minutes throughout

the experiment. For soil moisture measurements, three PR2 profile tubes (Delta-T

devices, UK) were inserted into each soil pit across the diagonal from the irrigation

source towards the end of the trickle tape, at least 1m apart from each other. Three

PR2 readings, which are displayed in the unit of %Vol (volumetric water content as a

percentage), were taken twice a week at 1000 am starting from 16 DAS until 133 DAS

at soil depths of 300mm, 400mm, 600mm and 1000mm.
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3.1.4 RNA and DNA extraction

RNA and DNA extraction was performed by Hui Hui Chai, University of Nottingham.

Leaves from irrigated and drought-treated plants were collected at 92 DAS. Also, three

replicates of the two genotypes from the drought treatment plot that were subjected

to a 2-week water recovery were harvested 107 DAS, with the aim to compare plant

expression during drought stress and after recovery. Labelled aluminum foil was used

to wrap the harvested leaf, which was then transferred into liquid nitrogen. All samples

were stored in a -80°C before RNA extraction. In addition to RNA samples, DNA

was extracted from two genotypes as well. Extraction of genomic DNA (gDNA) from

the two genotypes was performed based on DNA extraction Qiagen kit. RNA was

extracted using the RNeasy Qiagen kit (Qiagen, UK) according to the manufacturer’s

instruction. DNA was eliminated using DNase. 80µl of DNase I incubation mix,

containing 10µl DNase I stock solution and 70µl buffer RDD, was added and incubated

at room temperature for 15 min. Nanodrop and gel electrophoresis were performed to

check the quality and quantity of RNA as RNA samples requires 100ng/µl and 10µl

for microarray analysis. For samples with high concentration (>400ng/µl), a 2-fold

dilution was done. To make sure the samples were free from active RNAse, 0.63µl of

40 U/µl RNasin (Promega, UK) was added for every 25µl of RNA sample.

3.1.5 Quantification of nucleic acid

Quantification of nucleic acid was performed by Hui Hui Chai, University of Not-

tingham. The concentration and quality of nucleic acid was examined using spectral

absorbance ratios and electrophoretically on an agarose gel. Spectral absorbance ratios

(A260/280) of DNA and RNA (ng µl-1) were determined using the Nanodrop ND1000

spectrophotometer (Thermo Scientific, USA) using the ND-1000 V 3.7.0 software. The
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pedestal of Nanodrop was first cleaned with 2 µl sterile water, followed by loading 2 µl

samples onto the pedestal for measurement. A ratio of ~1.8 was generally accepted for

DNA as being of good quality whereas a ratio of ~2.0 was required for RNA. Further-

more, samples were tested on a Agilent bioanalyser for integrity before preparation

for the microarray by the Nottingham Arabidopsis Stock Centre (NASC). RNA sam-

ples with 2 µl each were loaded into the PCR tubes and sent to Plant Sciences, The

University of Nottingham, Sutton Bonington Campus, UK for Agilent analysis.. The

size of the 18S peak and 28S peaks were then calculated, a ratio of 2 is ideal as the

28S/18S ratio is one of the key indicators of RNA quality (Table 3.2)

Figure 3.2: Agilent analysis of high quality RNA using Qiagen commercial
kit was presented. X-axis: Runtime (s); Y-axis: Fluorescence units

3.1.6 Primer Design for qPCR validation

PCR forward and reverse primers were designed using Primer-BLAST [221] for the

selected drought induced genes from this study. The primers were designed in three

steps. Firstly, the target gene sequence for which the primers needed to be designed

was downloaded from the soybean (Glycine max) database (http://soykb.org/). Sec-

ondly, soybean specific target gene sequence was blasted against the bambara ground-

nut transcriptome generated from RNA-seq data for a low-temperature stress experi-
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ment [216], by creating a BLAST database. Thirdly, the target gene sequence obtained

from bambara groundnut BLAST database was entered and searched through BLAST

database on NCBI website (http://www.ncbi.nlm.nih.gov/) to confirm the target gene.

Once the gene sequence was generated from BLAST database, it was utilised to pro-

duce primers with appropriate primer size, GC content, melting temperature (Tm)

using Primer-BLAST.

3.1.7 Polymerase chain reaction (PCR)

PCR was performed to check the quality of all the primers designed from the XSpecies

microarray study. PCR analysis was performed using the 7000 Sequence Detection

System (Applied Biosystems). Cycling parameters were set as: 95ºC for 10 min, 40

cycles of denaturing at 95ºC for 30 s, annealing at 60ºC/58ºC for 30s, and extension

at 72°C for 30 seconds. 20 µl PCR master mixes was set up as below:

Table 3.1: PCR mix for 20 µl reactions for each pairs of primers

Master mix recipe for PCR
PCR components Volume (µl)
25 mM MgCl2 1 μl
10mM dNTPs 0.4 μl
Taq Polymerase (Invitrogen) 0.4 μl
cDNA template 2 μl
10x MasterMix 2 μl
Forward primer 0.4 μl
Reverse primer 0.4 μl
Nuclease free water 13.4 μl
Total 20µl
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3.1.8 Gel electrophoresis

To make a gel, agarose (Bioline, UK) was dissolved in 0.5X TBE buffer and heated in

microwave with occasional swirling until a clear solution was observed. After cooling,

either SYBR® Safe or Ethidium bromide (0.5 µl; 10 mg ml-1 stock; per 50 ml gel) was

added and the gel was poured into an appropriate 54 gel cast tray. DNA, RNA and

PCR products were quantitated and/or checked by running them respectively on a 1%

(w/v), 1.5% (w/v) and 2% (w/v) stained agarose gel at 80 V for 60 min. When PCR

products were subjected for analysis, 2-log ladder was also loaded alongside with the

samples in order to identify the band size. The gel was then visualised under UV light

using the Gel Doc 2000 Gel Documentation System and associated Quantify One 1-D

Analysis Software (Biorad, California, US).

3.1.9 cRNA and genomic DNA Affymetrix labelling and
XSpecies hybridisation

The cross-species (Xspecies) approach involved cross-hybridisation of nucleic acids of

target species onto the microarray derived from closely related species. In this ap-

proach, cRNAs from a species of interest are taken and hybridised to a closely related

species commercial microarray chip. In this case, the Glycine max GeneChip was used

as it belongs to the same legume Family as bambara groundnut [222]. A volume of

10 µl of 50 ng µl-1 and 100 ng µl-1 was prepared for DNA and RNA samples respec-

tively to cross-hybridise onto a microarray. Prior to XSpecies analysis, a preliminary

quality check was carried out for the samples using Agilent 2100 Bioanalyzer. RNA

extracted from bambara groundnut under irrigated, drought and water recovery con-

ditions were reverse transcribed to synthesize double stranded cDNA. After the purifi-

cation of double-stranded cDNA products, they were transcribed in vitro to generate
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Biotinylated complementary RNAs (cRNAs) followed by purification and fragmenta-

tion. The purified and fragmented cRNAs were then hybridised to Affymetrix Soybean

GeneChip array. The scanned arrays produces .CEL raw data files which were loaded

onto Genespring GX version 13.1 to do further analysis. Extracted DNA was labelled

and hybridised to the Affymetrix Soybean TEST3 array which resulted in generation

of gDNA cell-intensity files (.CEL files) after scanning. To identify probe pairs that

hybridise efficiently to the gDNA, a series of user defined threshold values were used

to analyse the effect on exclusion of probe-sets as the threshold is increased. The

perfect match (PM ) probes which hybridises efficiently to gDNA were selected for

interpreting GeneChip arrays challenged with RNA from the species of interest [31].

All DipC and TN samples under drought, irrigation and after water recovery were sent

for microarray analysis and were cross-hybridised onto the Soybean GeneChip array.

XSpecies hybridisation was conducted in The Nottingham Arabidopsis Stock Cen-

tre (NASC) International Affymetrix service, The University of Nottingham, Sutton

Bonington Campus, UK.

3.1.10 Probe Selection

The soybean array contains >37,500 probe sets each containing 11 probe pairs per

probe set. In addition, the soybean array also contains transcripts to study nema-

tode and fungal transcripts containing 15,800 Phytophthora sojae and 7,500 Het-

erodera glycines transcripts. The oligo probes are synthesised in situ and are com-

plementary to each corresponding sequence. 11 pairs of oligo probes were used to

measure the level of transcription of each sequence represented. Probe pairs from

the gDNA hybridisation files (CEL) were selected using a .CEL file parser script

(http://affymetrix.arabidopsis.info/xspecies/), which generates a probe mask, a cell

description file (CDF), which was imported into Genespring GX version 13.1 (Agilent
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Genomics) for further analysis. gDNA intensity thresholds of 0 to 1000 were used to

generate a custom CDF file that will be used to analyse RNA samples [40]. After

hybridisation, a probe pair was retained if the perfect match hybridisation value ex-

ceeded a series of user-defined threshold (0 to 1000) using a CEL file parser [31], which

also generated a CDF file for each threshold value.

Customised CDF files generated from the hybridisation were used to filter out

raw expression intensity values (RNA.CEL files) for low- or non-specific hybridisation

and then normalised using the RMA (Robust Multichip Average) algorithm avail-

able in Genespring. Differentially expressed genes (DEGs) were calculated for each

threshold value using a T-test (corrected by Benjamin Hochberg FDR multiple test-

ing). Probe-sets of corrected p-value <=0.05 and fold change of > 2 was considered

to be differentially expressed (either up or down regulated). Probe-pair retention

was evaluated at a series of thresholds (0 to 1000). Principal Component Analy-

sis (PCA) was also carried out in GeneSpring and Bioconductor package “prcomp”

(https://stat.ethz.ch/R-manual/R-devel/library/stats/html/prcomp.html).

3.1.11 Differentially expressed genes identification (DEGs)

and Normalisation

Before the differential expression analysis, assessment of correlation between the sam-

ples under different treatments (drought, irrigation, recovery) was done for both geno-

types using principal component analysis (PCA). In a microarray experiment, it is

not possible to make a visual inspection of the relationship between genes as the

expression of thousands of genes is measured across different conditions such as treat-

ments and time points. Principal component analysis reduces the dimensionality of

the experiment which makes it easier to identify the relationship between samples.

Initially to identify differential gene expression, RNA.CEL files were loaded into
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Genespring. RMA normalisation was performed on the RNA samples to reduce any

chance of gDNA being hybridised to Mismatch (MM) probes. Greater sensitivity

and specificity of RMA makes it an ideal method for detecting differential expression

levels and fit to models [223]. The RNA hybridisation files (CEL) were loaded in

Genespring applying the customised CDF generated from the gDNA hybridisation.

Genes that had a FDR corrected p-value <=0.05 and a fold change of > 2 from a

t-test (corrected by Benjamin Hochberg FDR multiple testing) were selected as DEGs

between treatments (e.g. Drought, Irrigation and Recovery).

3.1.12 Identification of over-represented Gene Ontology terms

Prior to the co-expression network analysis, GO-term overrepresentation of the gene-

sets obtained from the hybridisation of Soybean Affymetrix GeneChip array with DipC

and TN was performed to investigate whether gene-sets associated with particular bi-

ological functions as represented by Gene Ontology (GO) annotations, are statistically

overrepresented in the identified gene groups using the Benjamini & Hochberg FDR

corrected hypergeometric test. Go-term overrepresentation of all the gene-sets in Soy-

bean GeneChip array was also performed to compare between DipC, TN and Soybean

datasets. The gene ontology tool, BINGO, was used for GO-term over-representation

[224]. BINGO maps the predominant functional themes of the tested gene set on the

GO hierarchy, and with the help of cytoscape’s version 3.4.0 visualization environment

to produce an intuitive and customizable visual representation of the results.

3.1.13 Construction of the co-expression network

Co-expression network analysis was carried out using DeGNserver [57] and cytoscape

3.4 [58]. Separate networks were generated for each genotype. The input probe-

sets were restricted to those that were differentially expressed between every pair of
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treatments (Drought, Irrigation and Recovery) and RMA-normalised values were used

across all samples. Links were assigned between pairs of nodes (i.e. probe-sets) when

their Spearman’s Rank correlation was 0.9. This threshold value was used because

high number of genes were predicted at threshold 0.9 without any loss of information.

Once the co-expression network was created, all the up and down regulated genes under

drought stress for both DipC and TN were chosen to visualise and identify relevant co-

expression network. The co-expression network was imported into cytoscape for visual

representation and network analysis. For each landrace, another input file was made

which, for each probe-set, defined the parent (DipC or TN), the direction of differential

expression caused by drought (up or down), and role in relation to drought tolerance.

This aided interpretation of the combined network derived from both landraces

3.1.14 Expression validation of differentially expressed genes

using real-time qPCR

Four genes which are potential candidate drought associated genes with an expression

level of > 2-fold change and FDR corrected p-value <=0.05 from the differential

expression analysis were chosen for qPCR validation. The actin-11 from the bambara

groundnut transcriptome sequence was used as a control gene. Actin-11 is known to

be one of the most stable reference genes for gene expression normalisation in soybean

and rice [225, 226]. PCR forward and reverse primers were designed using Primer-

BLAST [221] for the chosen differentially expressed genes (Details on how the primers

were designed are discussed in 3.1.6). PCR was performed to check the quality of all

the primers designed for the four drought-related genes (see 3.1.7 for details).

First Strand cDNA Synthesis Kit, quantitative RT-PCR kits (Invitrogen) and the

RNA samples used for microarray profiling were used for qRT-PCR analysis. First

strand cDNA synthesis for all the RNA samples was prepared using SuperScript III
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First-Strand Synthesis kit. The first-strand cDNA was prepared for analysis by qPCR

using PerfeCta SYBR Green SuperMix on a LightCycler 480 Real-Time PCR system

(Roche), containing 2X reaction buffer (with optimized concentrations of MgCl2),

dNTPs (dATP, dCTP, dGTP, dTTP), AccuStart Tag DNA Polymerase, SYBR Green

1 dye and stabilizers. The synthesized cDNA is cleaned from remaining RNA using

the enzyme mix included in the kit (E.coli RNase H). qPCR components was prepared

for 10 µl reaction (Table 3.2). Melting curve analysis was performed. Sample cycle

threshold (Ct) were standardized for each template based on the actin-11 gene control

primer behaviour. The 2(-Delta Delta C(T)) method was used to analyze the relative

changes in gene expression from qRT-PCR experiment. To validate if the right PCR

product was generated in the expression studies, the desired fragment of intact cDNA

for all genes was sent for sequencing after the gel extraction using QIAquick Gel

Extraction Kit.

Table 3.2: qPCR components for 10 µl reactions

qPCR components Volume

(µl)

Concentration

PerfeCta SBYR Green 5µl 1X

Forward Primer 0.25µl 250nm

Reverse Primer 0.25µl 250nm

Rnase free water 2µl

cDNA 2.5µl

Total 10µl
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3.2 Morpho-physiological effects of drought stress

on bambara Groundnut at different develop-

mental stages

3.2.1 Experimental site and plant materials

The drought stress experiment was conducted in a growth room at Sutton Bonington

Campus, the University of Nottingham, UK (Fig. 3.3). The growth room will be

set to a 12 hour day length (12 hours light, 12 hours dark cycle within each 24 hour

period) with a constant temperature of 23°C (night) - 28°C (day) for the duration of

the experiment. Temperature and humidity were also be constantly monitored. Two

genotypes derived from the landraces of bambara groundnut; DipC and Tiga Nicuru

were used in this study. Peanut (Arachis hypogaea) was used for the comparative

study with bambara groundnut in relation to drought tolerance. Peanut accessions

were provided by USDA (http://www.usda.gov/wps/portal/usda/usdahome). Peanut

accession GRIF 302 from India was used for this study.
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Figure 3.3: Growth room at the Sutton Bonington campus, University of Nottingham,
UK.

3.2.2 Experimental design and crop management

Experiments were set up using a Complete Randomised Block Design (CRBD), the

first experiment will keep normal (control) irrigation (75% field capacity) conditions,

and second imposed drought conditions at 50% - 25% field capacity. The experiment

was divided into three developmental stages - vegetative, reproductive and pod devel-

opment. The drought was imposed at 19, 33 and 61 DAS for vegetative, reproductive

and pod development stage, respectively. Each developmental stage was established

as a separate experiment. Three biological replicates per treatment (i.e. drought and

irrigated) for DipC, TN and Peanut were used at each stage for this study. Pots with

the volume of 10 litre were filled with soil (50/50 JI3 + sand mix), watered to 75%

field capacity and seeds subsequently planted at 1 cm depth. Two plants per pot were

grown, one each for non-destructive and destructive analysis. Plants were weighed
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every day and watered accordingly to maintain required field capacity. For vegetative

and reproductive stages, the morpho-physiological measurements were taken from 19

DAS till 33 DAS and from 33 DAS till 47 DAS at an interval of 7 days over a period of

two weeks, respectively. For the pod development stage, similar measurements were

taken from 61 DAS until 103 DAS at a 14 days intervals over a span of six weeks

(see Table 3.3). Yield measurements were taken at the time of harvest. To ensure

that there is no systematic bias for the measurements, all plants were at the same

developmental stage and had the same field capacity at the time of measurements.

Leaf sampling was done at the start and end period of the drought treatment at each

stage (drought and control plants) for DipC and TN, for the extraction of RNA. Leaf

samples from vegetative and reproductive stages were send for RNA-seq analysis.

Throughout the growing season, plants were carefully monitored in order to protect

plants against thrips attack and other pests and diseases.

Table 3.3: Morpho-physiological treatment regimes

Developmental stages Measurements
at DAS*

Drought
weeks

Field Capacity
(%)

Vegetative stage (7-33 Days) 19 DAS* Week 0 75%

26 DAS* Week 1 50%

33 DAS* Week 2 25%

Reproductive stage (33-61 Days) 33 DAS* Week 0 75%

40 DAS* Week 1 50%

47 DAS* Week 2 25%

Pod development stage (61-150
Days)

61 DAS* Week 0 75%

75 DAS* Week 2 50%

89 DAS* Week 4 50%

103 DAS* Week 6 25%

*DAS = Days after sowing
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3.2.3 Field Capacity

Field capacity of the soil was determined following the gravimetric field capacity test

using the method of Mabhaudhi et al. [113]. Three small drained pots (representing

three reps) were used. Each pot was filled with soil. Thereafter, water was added to

the pots until saturation was achieved. Pots were then left to drain for 12 hours and

thereafter mass of soil was measured hourly until a constant mass was reached. At

this point it was assumed that the soil was now at field capacity. Following this, the

soil was taken out, put it in labelled brown paper bags and the wet mass of the soil

determined. Thereafter, brown bags with soil in them were put to dry in an oven set

at 80°C for 72 hours after which dry mass of the soil was measured. Gravimetric field

capacity (GFC) was then calculated as follows:

θm = ((θw − θd) /θd) × 100%

where: θm = gravimetric field water capacity,

θw = wet mass of soil, and

θd = dry mass of soil.

3.2.4 Morphological measurements

A range of morphological measurements were recorded for both irrigated (control)

and drought pots during this study. The measurements were taken at all three stages;

vegetative, reproductive and pod development. For the vegetative stage, the first

measurements started at 19 DAS until 33 DAS (two weeks), for stage 2 it was started

from 33 DAS until 47 DAS (two weeks). For pod development stage measurements

started from 61 DAS until 103 DAS over a span of six weeks. A list of the measurements

taken are listed in Table 3.4.
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Table 3.4: List of morphological measurements examined and their brief

description

Morphological

measurements

Method

Leaf number/plant (LN) Recorded every week from the start of the drought

Leaf area/plant (cm2)

(LA)

Destructive leaf area measurements using leaf area meter LI-3000C

Plant height/plant (cm)

(PH)

Recorded every week from the start of the drought. Measured from

the base of the plant at ground level to the highest point of the

terminal leaflet

Flower number/plant

(FN)

Counted each day from the first day of flowering for the duration of

the study.

3.2.5 Physiological measurements

A range of physiological measurements were taken for both irrigated and drought pots

during this study. The measurements were done at all three stages; vegetative, repro-

ductive and pod development. For the vegetative stage, the first measurements started

at 19 DAS until 33 DAS for two weeks, for reproductive stage two weeks measurements

started from 33 DAS until 47 DAS. For pod development stage measurements started

from 61 DAS until 103 DAS over a span of six weeks.

3.2.5.1 Gas Exchange

Gas exchange measurements were done using the LI-6400XT photosynthesis system

(Li-Cor Biosciences, Nebraska, USA). The system measures the differences of CO2

and H2O in the air stream flowing through the leaf cuvette to assess the rate of pho-

tosynthetic carbon assimilation and transpiration, respectively [227]. Light, CO2 con-

centration, temperature and humidity are controlled manually or automatically. Gas
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exchange measurements are used to estimate various parameters of photosynthesis.

That includes CO2 assimilation, stomatal conductance and transpiration as assessed

by leaf gas exchanges. The middle leaflet of three fully expanded leaves, per plant, per

replicate, were measured between 9.00 am to 12.00 pm. Measurements were done at

set values of CO2 concentration, leaf temperature, humidity and Photosynthetic active

radiation (PAR). Reference CO2 concentration was set to 400 µmol CO2 m-2 s-1 while

sample humidity was maintained between 45 and 55 percent by controlling either the

sample or reference water mole fraction and/or flow of air into the leaf chamber. Leaf

temperature was set at 28°C. The value of PAR for measuring gas exchange was set

at 1000 (µmol quanta per m2 leaf per s).

3.2.5.2 Relative water content (%) (RWC)

Relative water content was calculated by the method of Clausen et al. [228]. One

middle leaflet of three fully expanded leaves was chosen randomly and harvested from

each plant per replicate. Three leaf discs (13 mm diameter) were punched from the

leaflet and then placed on a pre-weighed weighing boat to obtain the fresh weight

(FW). The leaf discs were placed in petri dish containing distilled water and left

overnight under a light source to allow discs to fully hydrate to their turgid weight

(TW). Next morning the leaf discs were dried with tissue paper and TW was obtained.

The leaf discs were placed in an oven at 80°C for 48 hours to allow dry weight (DW)

to be measured. Their RWC was calculated as:

RWC (%) = (FW − DW ) / (TW − DW ) × 100

Where: FW = fresh weight of leaves; TW = turgid weight of leaves; DW = dry

weight of leaves.

In several species, however, changes in dry mass are minimal even after an imbi-
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bition period of 24 hours [229]. In order to minimise the imbibition time, leaf disks,

instead of whole leaves, have been used, in order to increase the surface area for water

intake[228].

3.2.5.3 Leaf Chlorophyll

Leaf Chlorophyll SPAD-2 plus chlorophyll meter was used to measure the chlorophyll

content of the leaves. Measurements were taken on three youngest fully expanded

leaves on each pot and then averaged to represent the chlorophyll reading. SPAD

measurements were done in the morning from 9 am.

3.2.6 Harvest data

A range of harvest data were taken for both irrigated and drought pots at 150 DAS,

at the time of harvesting from plants of all 3 developmental stages. List of all the data

taken are listed in Table 3.5.

Table 3.5: List of harvest data taken and their brief description

Yield measurements Method

Pod. No/plant (PN) Counted at harvest. Number of pods with more than one seed was

also determined

Pod weight/plant (gm)

(PW)

Weight of dried pods was recorded after maintaining the harvest

pods for three weeks at 37°C

Shoot dry weight/plant

(gm) (SDW)

Weight of above ground material after drying for 48 hours at 80°C.

Seed Number/plant (SN) Counted after removing the shells of all the pods

Seed Weight/plant (gm)

(SW)

Weight of seeds was recorded after maintaining the seeds for three

weeks at 37°C

Harvest Index (HI) Seed weight (gm)/Total above ground biomass yield
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3.2.7 Statistical analysis of physiology, morphology and har-

vest data

Analysis of variance (ANOVA) was performed on all the physiology, morphology and

harvest data using GenStat 18thedition (VSN International, 2016) to determine the

statistical significance between drought and control conditions at different time points

and developmental stages for different traits. T-test were also performed to determine

statistical significance for pairwise comparison between treatments at each time point

and developmental stage. Differences were considered statistically significant when

p-value < 0.05.

3.3 Effect of drought stress on the transcriptome of

bambara groundnut at different developmental

stages

3.3.1 RNA extraction

Total RNA was isolated from leaf tissues sampled at different time points at vege-

tative and reproductive growth stages mentioned in 3.2.2 using TRIzol reagent (Life

Technologies). DNA contamination was treated by DNase I (Qiagen) and column

clean-up using the RNeasy minikit (QIAGEN). RNA was extracted at 2 time-points

for vegetative and reproductive stage respectively. The timing of RNA extractions at

both stages are listed in Table 3.6. For the vegetative stage, 3 leaves from each of 3 bi-

ological replicates for controls from DipC and TN were harvested at 19 DAS, followed

by 3 leaves each for 3 control and drought replicates at 33 DAS. For the reproductive

stage, 3 leaves from each of 3 control replicates were harvested at 33 DAS, followed
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by 3 leaves each for the 3 control and drought replicates at 47 DAS. All samples were

stored in a -80°C freezer before RNA extraction. Nanodrop and gel electrophoresis

were performed to check the quality and quantity of RNA. 1µg of total RNA was sent

for RNA-seq from each sample, except DipC Drought 3 - 47 DAS where only 742ng

were available.

Table 3.6: RNA sampling regime

Stage Field capactity (%) DipC TN

Control Drought Control Drought

Vegetative stage

19 DAS* 75% 3L/Rep* 3L/Rep*

33 DAS* 25% 3L/Rep* 3L/Rep* 3L/Rep* 3L/Rep*

Reproductive stage

33 DAS* 75% 3L/Rep* 3L/Rep*

47 DAS* 25% 3L/Rep* 3L/Rep* 3L/Rep* 3L/Rep*

*3L/Rep = 3 leaves/Replicate, *DAS = Days after sowing

3.3.2 Quantification of nucleic acid

The concentration and quality of nucleic acid was examined using spectral absorbance

ratios and electrophoretically on an agarose gel. Spectral absorbance ratios (A260/280)

of DNA and RNA (ng µl-1) were determined using the Nanodrop ND1000 spectropho-

tometer (Thermo Scientific, USA) using the ND-1000 V 3.7.0 software. The pedestal

of Nanodrop was first cleaned with 2 µl sterile water, followed by loading 2 µl samples

onto the pedestal for measurement. A ratio of ~1.8 was generally accepted for DNA

of good quality whereas ratio of ~2.0 was required for RNA. Furthermore, samples

were tested on a Agilent bioanalyser for integrity before preparation for the RNA-seq

analysis. RNA samples with 2 µl each were loaded into the PCR tubes and sent to

Plant Sciences, The University of Nottingham, Sutton Bonington Campus, UK for

Agilent analysis. The size of the 18S peak and 28S peaks were then calculated, a ratio
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of 2 is ideal as 28S/18S ratio is one of the key indicators of RNA quality.

3.3.3 RNA-seq library preparation and transcriptome sequenc-

ing

The extracted RNA samples were sent to High Throughput Genomics, Oxford Ge-

nomics Centre, Oxford, UK for the the library preparation. Library preparation was

done in the following step: (i) Preparation of rRNA-depleted or poly(A)-enriched RNA

(ii) Fragmentation of RNA, (iii) cDNA synthesis, (iv) Adaptor ligation and (v) Clean

up.

Firstly, total RNA quantity and integrity were assessed, using Quant-IT RiboGreen

RNA Assay Kit (Invitrogen, Carlsbad, CA, USA) and Agilent Tapestation 2200 R6K.

All samples were normalised to 1µg total RNA, except DipC Drought 3 - 47 DAS

where only 742ng were available, and used to prepare libraries using Illumina TruSeq

Stranded mRNA Library Prep Kit (cat # RS-122-2101) with minor modifications. The

polyA containing mRNA molecules were isolated using poly-T oligo attached magnetic

beads during the RNA purification step (following the kit’s instructions). The follow-

ing custom primers (25 µM each) were used for the PCR enrichment step: (i) Multiplex

PCR primer 1.0 (5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC

ACGACGCTCTTCCGATCT-3’), (ii) Index Primer (5’-CAAGCAGAAGACGGCATA

CGAGAT[INDEX]CAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3’).

Indices were eight base tags internally [230]. Amplified libraries were analysed for size

distribution using the Agilent Tapestation 2200 D1000. Libraries were quantified using

Picogreen and relative volumes were pooled accordingly. Sequencing was performed

as 75bp paired end reads on a HiSeq4000 according to Illumina specifications.
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Figure 3.4: Flow diagram of RNA sequencing analysis. RNA was extracted
from leaf tissue samples of bambara groundnut using TRIzol reagent, and its quality
was assessed with NanoDrop and Agilent Bioanalyser. cDNA library preparation and
paired-end transcriptome sequencing was performed on the Illumina Hi-Seq Platform,
producing paired 75bp reads. Adapters were removed from the raw reads using Cu-
tadapt, followed by QC with FastQC and Transrate. Trinity was used to do the tran-
scriptome assembly. Tool “dammit” was used to annotate the assembled sequences.
Trimmed sequences/reads were mapped back to the assembled transcriptome using
HISAT2 for expression estimation followed by StringTie to assemble the read align-
ments into potential transcripts/contigs for each sample which are consistent across
the multiple RNA-seq samples. Read counts were generated for these sequences using
htseq-count and the output was used for differential expression analysis with edgeR.
A heat map was generated using heatmap.2 to obtain a global view of gene expression
across samples. To identify GO term for bambara groundnut genes firstly a reciprocal
blast search was used to identify putative bambara groundnut orthologs of Arabidopsis
thaliana and Glycine max genes, followed by gene ontology analysis using GOstats.
DeGNserver was used for co-expression network analysis followed by network visuali-
sation using cytoscape.
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3.3.4 De novo transcriptome assembly, quality checking and

annotation

De novo transcriptome assembly and annotation was done by Jo Moreton, ADAC, Uni-

versity of Nottingham, UK. Before transcriptome assembly, all the data files (FASTQ)

were quality checked using FASTQC (version 0.11.5) (bioinformatics.babraham.ac.uk).

Adaptor trimming was done using cutadapt (version 1.8.3) [231] and PRINSEQ (Stan-

dalone lite version) was used to investigate the degree of sequence duplication in

a dataset [232]. De novo transcriptome assembly was done using Trinity (version

2.2.0) [46] poor quality transcripts were removed by Transrate (version 1.0.2) (bin-

tray.com/blahah/generic). Additionally, transcripts with Transcripts per million (TPM)

< 0.5 were removed. TPM values, are normalised for both gene length and sequenc-

ing depth so that the sum of all TPM’s in each sample are the same allowing more

direct comparisons. For transcriptome assembly all the reads were combined into a

single input in order to obtain a consolidated set of contigs (transcripts) which will

aid in comparing transcriptome across all samples. The FASTA files were combined

to create four groups: (i) Control Vegetative (CV, 12 elements), (ii) Control Repro-

ductive (CR, 12 elements), (iii) Drought Vegetative (DV, 6 elements), (iv) Drought

Reproductive (DR, 6 elements). To determine a consensus transcriptome from multi-

ple samples, cd-hit-est (CD-HIT version 4.6) (http://weizhongli-lab.org/cd-hit/) was

used to combine the four fasta files. A Perl script was used to filter for transcripts

present in a minimum of 2/3 in each cluster: (i) At least four sequences in a cluster

were required for Drought Reproductive (DR) and Drought Vegetative (DV). (ii) At

least eight sequences in a cluster were required for Control Reproductive (CR) and

Control Vegetative (CV). These four filtered files were concatenated and then cd-hit-

est to generate a non-redundant consensus gene set. The tool “dammit” (version 0.2.2)
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(https://pypi.python.org/pypi/dammit/0.3) was used to annotate the assembled se-

quences.

3.3.5 Read alignment and assembly

Trimmed sequences/reads were mapped back to the assembled transcriptome us-

ing HISAT2 (version 2.0.4) (ccb.jhu.edu) for expression estimation. StringTie (ver-

sion 1.2.3) [233] was then used to assemble the read alignments into potential tran-

scripts/contigs for each sample. This was followed by the StringTie “merge” step

to assemble the sequences into non-redundant transcripts which are consistent across

the multiple RNA-seq samples. The StringTie merge step produces an annotation

(GTF) file which identified 54,225 potential “gene” sequences in total across all sam-

ples. Read counts were generated for these 54,225 sequences using htseq-count (version

0.6.1) [234]. Only the primary alignments were used for the read counts. A combined

count table for all samples was generated. Absent genes (no read counts in all samples)

were removed because this reduces the number of tests for differential expression and

therefore the false discovery rate detection.

3.3.6 Normalisation, differential expression analysis

The Bioconductor package “edgeR” was used to find differentially expressed (DE)

genes for a number of comparisons [235]. The code to find DE genes was generated by

Jo Moreton, ADAC, University of Nottingham, UK which was edited (according to

objective) and run by the author. Raw count data was imported into edgeR. A two-step

normalisation method was applied on the count data; (i) First, to remove genes with

low counts, genes must have at least one count per million (CPM ) across all samples

(ii) Secondly, trimmed mean of M values (TMM) normalisation was done to re-compute

the library sizes for estimating relative RNA levels. The two steps refer to different



3.3 Effect of drought stress on the transcriptome of bambara groundnut at different
developmental stages 77

aspects of normalisation. CPM normalisation accounts for library size differences

between samples, and produces normalised values that can be compared on an absolute

scale (e.g., for filtering). TMM method scales reads by the weighted log-fold-change

values of a reference sample with genes that have extreme log-fold-changes (M values)

and extreme absolute expression levels (A values) removed from the data. TMM

normalisation accounts for composition bias, and computes normalisation factors for

comparing between libraries on a relative scale. Both steps (CPM and TMM) are

needed in the analysis pipeline as CPM normalisation doesn’t account for composition

bias, and TMM normalisation doesn’t produce normalised values [235, 236].

The total number of Differentially expressed (DE) genes at 5% false discovery rate

(FDR < 0.05) and log fold change (logFC) ≥ 1 were found. The script used for Dif-

ferential expression (DE ) can be found in Appendix 1. EdgeR uses empirical Bayes

estimation and exact test based on the negative binomial distribution with model-

based scale normalisation of sequence data, to identify statistically robust DEG, and

this is reliable even for data of small sample sizes [235]. Quantile-adjusted conditional

maximum likelihood (qCML) method was used to estimate common and tagwise dis-

persions. Once negative binomial models were fitted, gene-lists were normalised and

dispersion estimates were obtained, exact-test based on negative binomial distribution

was performed to identify differential expression analysis between groups.

To determine the relative similarities or differences between the samples, two plots

were generated, multidimensional scaling (MDS) and MA plot. An MDS plot measures

the similarity of the samples and present this analysis in 2-dimensions. Whereas, MA

plot shows the relationship between concentration and fold-change across the genes.

The differentially expressed genes are colored red and the non-differentially expressed

are colored black. Final images were exported as a PNG and PDF file.
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3.3.7 Cluster analysis

Hierarchical cluster analysis was performed on normalised CPM values using Biocon-

ductor package heatmap.2 (https://stat.ethz.ch/R-manual/R-devel/library/stats/html/

heatmap.html) on differentially expressed genes. Criteria were set to remove all gene

expression values below log fold change of < 1. Gene expression values were log

transformed and in order to remove statistical noise, these were filtered to remove

genes with insufficient read depth or intensity. Heat maps and dendograms were also

generated using heatmap.2. Pixel settings were changed to maximise the x- and y-axis,

and the final image was exported as a PNG and PDF file. Command line for cluster

analysis can found in Appendix 2.

3.3.8 Gene Ontology (GO) Analysis

Gene ontology analysis was done Jo Moreton, ADAC, University of Nottingham, UK.

The Bioconductor package “GOstats” (Bioconductor version 3.3) was used to test

for over-representation of GO terms using a hypergeometric test (hyperGTest) [237].

First a reciprocal blast search (against Glycine max and Arabidopsis thaliana) was

run to get the information required for GOstats. Secondly, EnsemblPlants BioMart

(http://plants.ensembl.org/biomart) was used to get the GO to gene mappings (i)

Arabidopsis thaliana genes (TAIR10 (2010-09-TAIR10)), (ii) Glycine max genes (V1.0

(JGI-Glyma-1.1)). Test for over-representation of GO terms was done on the differ-

entially expressed genes at various conditions. GOstats was run separately for the

Arabidopsis thaliana and Glycine Max GO. Differentially expressed gene list reports

of GO term enrichments were generated in the categories biological processes (BP),

molecular function (MF), and cellular component (CC).
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3.3.9 Reciprocal BLAST

Reciprocal blast was used to identify putative bambara groundnut orthologs of Ara-

bidopsis thaliana and soybean genes. For the Arabidopsis thaliana and soybean com-

plete set proteins were blasted against the transcripts (nucleotide) of bambara ground-

nut. To compare the Arabidopsis thaliana and soybean query protein sequences against

the bambara groundnut nucleotide sequence, tblastn was performed. For comparison

of reciprocal nucleotide to protein sequence blastx was performed. In each case the

best hit was checked to identify reciprocal best hits (not E value threshold was used)

as the evidence of a reciprocal best hit is better evidence than an arbitrary cutoff.

Reciprocal blast against soybean resulted in identification of 15056 bambara ground-

nut orthologs, while 10370 orthologs were identified for bambara groundnut when

blasted against Arabidopsis thaliana.

3.3.10 Construction of the co-expression network

Co-expression network analysis was carried out using DeGNserver [57] and cytoscape

3.4 [58]. Separate networks were generated for vegetative and reproductive growth

stages in both DipC and TN. The input gene-sets were restricted to those that were

differentially expressed between every pair of treatments at each time points. TMM-

normalised values were used for all samples. Links were assigned between pairs of nodes

(i.e. gene-sets) when their Spearman’s Rank correlation was 0.95. This threshold value

was used because high number of genes were predicted at threshold 0.95 without any

loss of information. Once the co-expression network was created, all the up and down

regulated genes under drought stress at different time points and growth stages for both

DipC and TN were chosen to visualise and identify relevant the co-expression network.

The co-expression network was imported into cytoscape for visual representation and
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network analysis. Furthermore, the separate networks created for each genotype were

merged in each growth stage (vegetative and reproductive) to identify cases where

co-expression between pairs of nodes is detected in both genotypes. In addition, a

separate merged network was created to identify cases where co-expression between

pairs of nodes is detected in both growth stages.

3.4 Identification of cross species syntenic locations

of drought-related genes

The putative syntenic blocks of Gene Expression Marker (GEM) linkage markers were

identified by mapping the sequence tag associated with the DArT Seq markers used

to construct the genetic maps in bambara groundnut (generally 64 nucleotides) to the

common bean genome using CLC Genomic Workbench v7.5 (Qiagen) default settings

except with ‘ignore’ for ‘non-specific match. The mapping results were inspected man-

ually to ensure good corresponding locations with the neighboring markers. Similar

approaches were applied to the genes of interest selected from the microarray and

RNA-seq results, discussed in Chapter 4 and 6, except the ‘length fraction’ was set to

0.3 with manual checking to ensure good alignment at the exons regions.

3.5 Software tools and databases

Several software/tools and databases were used throughout the study. Description on

the application of each tools and databases in the study are presented in Table 3.7

and 3.8.
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Table 3.7: List of all the tools used during the study
Name Application in thesis Source

GeneSpring Transcriptome analysis and

visualisation of cross species

microarray data of bambara

groundnut

www.genomics.agilent.com

Cytoscape Visualizing of co-expression

networks

http://www.cytoscape.org/

PlantPan For detecting transcription factor

binding sites

http://plantpan2.itps.ncku.edu.tw/

Multialin Multiple sequence alignment multalin.toulouse.inra.fr/multalin/

EdgeR For differential expression analysis

for RNA-seq data

https://bioconductor.org/packages/edgeR

DeGNserver Co-expression network analysis of

cross-species microarray data of

bambara groundnut

http://plantgrn.noble.org/DeGNServer/

Primer-BLAST To find primers for genes of

interest from cross-species

microarray work

https://www.ncbi.nlm.nih.gov/tools/primer-blast/

BINGO To calculate overrepresented GO

terms in cross-species micrarray

work

http://apps.cytoscape.org/apps/bingo

HISAT2 Read alignment of RNA-seq data https://ccb.jhu.edu/software/hisat2/index.shtml

PRINSEQ Quality control and RNA-seq data

preprocessing

http://prinseq.sourceforge.net/

Transrate For de-novo transcriptome

assembly quality analysis

http://hibberdlab.com/transrate/

StringTie Assembly of RNA-Seq alignments

into potential transcripts

https://ccb.jhu.edu/software/stringtie/

Trinity De-novo assembly/alignment of

RNA-seq data

https://trinityrnaseq.github.io/

GOstats Testing on GO terms in bambara

groundnut RNA-seq data using

resources from arabidopsis and

soybean.

https://bioconductor.org/packages/release/bioc/html/GOstats.html

HTseq-count Transcript counting of RNA-seq

data

www-huber.embl.de/HTSeq/

Cutadpat Trim adapters from

high-throughput sequencing reads

of RNA-seq data

https://pypi.python.org/pypi/cutadapt

CLC Identifying physical location of

each drought-related gene in

common bean and mapping to the

GEM linkage map

http://www.clcbio.com/
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Table 3.8: List of all the databases used during the study

Databases Application in thesis Source

BioGrid (build 3.4.140 216) To create putative bambara groundnut

network

thebiogrid.org/

BioMart Used to get the gene ontology to gene

mappings in bambara groundnut from

arabidopsis and soybean.

www.biomart.org/

SoyKB To find gene sequence and upstream regions

of gene of interest.

soykb.org/

EnsemblPlants To look for homologues for genes of interest

and identify gene location

plants.ensembl.org/

LegumeIP To study gene function plantgrn.noble.org/LegumeIP/

NCBI BLAST was performed to find regions of

similarity between biological sequences

www.ncbi.nlm.nih.gov/



Chapter 4

Bambara groundnut microarray

XSpecies analysis

4.1 Introduction

The ability to grow crops under water limited conditions is a significant factor in rela-

tion to global food security. Drought is one of the major abiotic stresses that inhibits

plant growth and can reduce crop productivity. Hence, drought tolerance is a key

target in ensuring global food supply. Details on different drought mechanisms and

how drought effect bambara groundnut and other crops in relation to physiology, mor-

phology and transcriptional response has been discussed in 2.1.4. Bambara groundnut

is an underutilised crop grown by subsistence farmers in Africa as it is known to grow

well in regions of water deficit (see 2.1.1 for details).

This study focuses on the analysis of the transcriptomic changes in two bambara

groundnut genotypes; DipC and TN (Tiga Nicuru), derived from different landraces

in response to drought. The contrast between the two parental lines for a number

of traits such as days-to-maturity, stomatal conductance, 100-seed weight, leaf area,

internode length, peduncle length, pod number per plant, and leaf carbon (Delta C13)

isotope analysis, suggest that some of these mechanisms for adaption to drought could

be non-identical in the two genotypes. Chai et al. [12, 24], reported that transgressive
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segregation was observed in the segregating F5 population derived from the TN X

DipC cross. The results showed that there were lines in the segregating population

that performed better in terms of the ability to produce higher yields under drought

conditions than the parental genotypes. In addition, significant quantitative trait loci

(QTL) were mapped for stomatal conductance and leaf carbon (Delta C13) isotope

analysis (CID) in the drought treatment F5 population, but not in the irrigated pop-

ulation, suggesting the drought response between the two parental genotypes differs

for these traits which are segregating in the F5 population [238]. Hence, evaluating

the transcriptome of the two parental lines under drought stress could be a good indi-

cator to investigate the molecular mechanism occurring in the two genotypes and its

relationship to phenology and phenotype.

A cross-species hybridisation approach based on the Soybean Affymetrix GeneChip

array has been employed. The study aims to identify genes and expression patterns

which enable bambara groundnut to grow under semi-arid conditions, compare the

transcriptome of the genotypes of bambara groundnut to identify what is common and

how they differ, investigate if the cross-species hybridisation of bambara groundnut

with the Affymetrix Glycine-max GeneChip will work and understanding the drought

mechanisms underlying the ability of crops to produce viable yields under drought

conditions.
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4.2 Results

4.2.1 Probe selection based on gDNA

Genomic DNA (gDNA) of both genotypes was hybridised to the Affymetrix Soy-

bean GeneChip array to study global genome hybridisation for probe selection (see

3.1.10). The numbers of retained probe-pairs and probe-sets is shown in Table 4.1.

With the increase in threshold values, the number of probe pair retained in the probe

mask file started decreasing rapidly (Fig. 4.1), while the number of probe-sets (genes)

decreases at a slower rate. This suggests that even at higher gDNA hybridisation

thresholds, at least some of the gene-designed oligonucleotides are cross-hybridising

for many of the probe-sets and that the cross-species array approach is a reasonable

approach for bambara groundnut transcriptomics.
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Figure 4.1: Effect of intensity thresholds. Number of probe pairs (blue line)
and probe sets (magenta line) retained for DipC (top) and Tiga Nicuru (bottom)
respectively at different gDNA intensity thresholds.

The number of retained probe-sets and probe-pairs on Soybean chip for both the

DipC and TN gDNA hybridisation were determined corresponding to each threshold

value (Table 4.1). A custom CDF file of threshold 100 was chosen for differential

expression analysis in both genotypes for further analysis as it allowed good sensi-
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tivity to detect maximum number of differentially-expressed transcripts (Table 4.1).

Furthermore, both genotypes were found to be highly similar in terms of probe-sets

detected at this threshold. A total of 59,533 probe-sets were common to both geno-

types at threshold of 100, while 249 and 302 probe-sets were specific to DipC and

TN respectively. Thus, suggesting high sequence similarity (>99%) at this level of

sequence resolution.

Table 4.1: Retained probe-sets and probe-pairs at different threshold value.

Threshold

value

Number of

probe sets

(Soybean chip

hyb. to DipC

gDNA)

Number of probe

sets (Soybean chip

hyb. to TN gDNA)

Number of probe

pairs (Soybean

chip hyb. To DipC

gDNA)

Number of probe

pairs (Soybean

chip hyb. To TN

gDNA)

Number

of DEGs

in DipC

Number

of DEGs

in DipC

20 61072 61072 670388 670388 6165 6165

60 60877 60895 479538 482352 6927 6814

100 59782 59835 302834 304708 7183 7159

150 56266 56511 190570 193522 7036 7159

200 51071 51319 129806 132521 6638 6731

300 37813 38000 66907 68106 5275 5345

500 17469 18176 23464 24693 2784 2911

600 12258 12930 15701 16650 2089 2170

700 8896 9566 11193 12061 1574 1673

800 6687 7208 8415 9070 1195 1291

900 5140 5657 6559 7140 958 1057

1000 4085 4482 5304 5733 802 877

4.3 Principal Component Analysis

The PCA plot (Fig. 4.2) shows that, under irrigation, the two genotypes appear to

have similar transcriptomes. The first two Principal Components account for 25.45%

and 17.11% of the variance respectively, suggesting that it is due to a range of hy-

bridisation/expression differences between the chips. Recovery after drought, however,

caused the most variation and suggests that the recovery transcriptome does not return
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to the irrigated state (control). The DipC drought treatment sample ‘D.DipC.Rep2’

could be a potential outlier and this needs to be borne in mind in further analysis.

The 3D PCA plots of genotype-specific data showed good separation of the three

treatments (conditions) and better PCA scores (see Appendix 3).
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Figure 4.2: PCA plot of the expression data from the microarrays. The
PC1 and PC2 values for each chip has been placed on a scatter plot. Each chip
result is defined by a three-part character string consisting of the treatment, landrace
and replicate number. IR, D and REC refer to irrigation, drought and recovery; the
landraces are DipC and TN; and Rep1-4 refers to the specific biological replicate. Note,
Irrigation and Recovery treatments have only 3 replicates while drought treatment has
4.
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4.4 Gene expression under irrigated conditions

It is pertinent to consider the state of the genotype transcriptomes before any drought

treatment has taken place. However, owing to the high background noise in microarray

studies, it is unclear what intensity level defines a gene as being transcribed. Figure

4.3 shows that the ranked intensity values follow a roughly sigmoidal curve. The point

of inflection (at which the declining gradient is at its shallowest) covers the top two-

thirds of probe sets, and corresponds to an RMA (Robust Multi-array Average) value

of 0.97. This may be a stringent cut-off, given that an RMA value of 1 corresponds

to the average across all probe sets on the array, but it ensures that there were few,

if any, false positives. This left 39855 probe sets for DipC and 39890 for TN. There

are 26496 probe sets in common between the two genotypes, suggesting differences in

general transcriptional behavior between the two genotypes.

Each genotype had a little over 90 probe sets with functional annotations related to

ABA signaling and drought responses (see Appendix 4 and 5) of which 60 were common

to both (Appendix 6). These include homologues of much of the ABA synthesis and

response network, the DREB1 transcription factor, Early-Response to Dehydration

proteins 3, 4, 8, 14-16 and 18, four osmoprotectant genes, two drought-response genes

influencing photosynthesis, and 21 other probe sets corresponding to drought-related

proteins of unknown function. Appendix 7 lists the genes differentially expressed be-

tween the two irrigated genotypes, but at this stage nothing stands out as remarkable.
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Figure 4.3: Ranked mean intensities of irrigated genotype samples. The mean
RMA values for the irrigated probe-sets have been ranked highest to lowest and then
(with the exception of 102 probe sets with values >2) plotted as shown. The arrows
mark the position of the top 66% of probe-sets, and correspond to RMA values of
0.97. For DipC, 59782 probe sets are reduced to 39855. For TN, 59835 probe sets are
reduced to 39890.

4.5 Identification of differentially expressed genes

For DipC and TN, the numbers of genes differentially expressed (DE) as a result of

drought and recovery treatments as detected by the cross-species microarray approach
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are shown in Table 4.2, with the full lists of probe sets and functional annotations

on Appendix 8-11. The method used to identify DE genes are described in 3.1.11

The top up and down regulated genes in DipC and TN are shown in Table 4.4 and

4.5 respectively. The numbers for DipC were consistently higher than for TN, and

drought caused more down- than up-regulation while recovery had the reverse effect.

Recovery led to many more differentially expressed genes (486 and 391) than

drought (189 and 81). There were six possible system effects that can be gleaned

from these data (see Fig.4.4). The upregulated genes under drought that return to

normal on recovery and down regulated genes returned to normal expression at recov-

ery are the strictly drought-responsive genes (~75% in both genotypes), while those

that significantly changed and did not return to pretreatment levels (~25%) correspond

to a drought-induced state change. The latter may be due to epigenetic effects, such

as a change in the methylation state of gene-regulatory regions. The larger numbers

of differentially expressed genes from drought to recovery may be accounted for by

aging and other highly variable factors (see Fig.4.2), such as soil conditions in each

pit.
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Table 4.2: Differentially-expressed gene numbers

Drought versus Irrigation Drought versus Recovery

UP-regulated

under drought

Down-

regulated

under recovery

Down-

regulated

under drought

UP-regulated

under recovery

UP-

regulated

Down-

regulated

DipC 80 68 109 94 340 146

Tiga

Nicuru

28 22 53 42 294 97

The fold changes of the up-regulated genes under drought stress in both genotypes

are relatively small (mostly < 4-fold), suggesting this drought treatment was not

perceived as severe. Furthermore, there were only nine differentially expressed genes

in common to both genotypes (see Table 4.3). The only common up-regulated gene

was Beta-fructofuranosidase, which hydrolyses sucrose to provide more glucose, hence

playing a potential role in osmoprotection. In contrast, half of the common down-

regulated genes were related to transcription and also play roles in stomatal regulation.

Excluding the potential outlier ‘D.DipC.Rep2’ had little effect upon the common gene

analysis (see Appendix 12), so it has been included in subsequent analyses.

Mostly, the up-regulated gene under drought stress in DipC relate to secondary

metabolism of cell-wall components, while the TN genes include transcription-related

factors, most notably a CONSTANS-like gene. Furthermore, GO term over-representa-

tion analysis for both DipC and TN showed an emphasis on various metabolic pro-

cesses, related to cellular amino acids and their derivatives, secondary metabolites and

carbohydrates (Table 4.6). Hence, despite having highly similar probe-sets, there is a

very different transcriptional response to drought stress by each genotype. Microarray

data has a limited dynamic range, even when within species, so it is important to

validate a small set of microarray observations. Hence, validation through qRT-PCR

was performed.
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Table 4.3: Overlapping up and down regulated genes

Gene Name P-

value

Fold

change

Gene Description References

UP-regulated gene

Beta-

fructofuranosidase

8.90E-

04

3.1939 Catalyzes the hydrolysis of sucrose. A rise in

monosaccharide content caused by the

Beta-fructofuranosidase can compensate for the

decline in photosynthetic carbon assimilation

indicated by the decrease in net photosynthesis

[239,

240]

Down-regulated genes

MEE59 (maternal

effect embryo arrest

59)

8.94E-

04

8.5802 Embryo development ending in seed dormancy

Calcineurin-like

phosphoesterase

family protein

(CPPED1)

6.72E-

04

5.8575 Plays inhibitory role in glucose uptake.

Down-regulation of CPPED1 improves glucose

metabolism.

[241]

Putative lysine-specific

demethylase JMJD5

Jumonji/Zinc-finger-

class domain

containing protein

0.0031 4.9714 Plays role in a histone demethylation mechanism that

is conserved from yeast to human. Down-regulation

may lead to an increase in methylated histones and

hence general down-regulation of transcription

[242]

MYB-like

transcription factor

0.0244 4.1039 Arabidopsis homolog is known to regulate stomatal

opening, flower development, and plays role in

circadian rhythm

[243]

F-box family protein

(FBL14)

0.0016 3.7447 Functions in signal transduction and regulation of

cell cycle

BRH1

(BRASSINOSTEROID-

RESPONSIVE

RING-H2)

0.0077 2.8992 BRH1 is known to influence stomatal density [244]

Bundle-sheath

defective protein 2

family/bsd2 family

0.0031 2.4419 Protein required for post-translational regulation of

Rubisco large subunit (rbcL). This may be one

mechanism by which photosynthesis is slowed down.

[245]

Mitochondrial

substrate carrier

family protein

0.03 2.4353 Involved in energy transfer
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Table 4.4: Top up-regulated genes under drought in DipC and TN

Gene Name P-value Fold

change

Gene Description References

UP-regulated genes in

DipC

PAL1 (Phenylalanine

ammonia-lyase 1 )

0.018 3.9018 Key enzyme involved in the biosynthesis of isoprenoid

antioxidative and polyphenol compounds such as lignin and is

involved in defense mechanism.

[246]

ATEP3/AtchitIV 0.0013 3.8454 Encodes an EP3 chitinase that is stimulated under abiotic

stress.

[247]

TXR1(Thaxtomin A

resistant 1)/ATPAM16

6.87E-05 3.7188 TXR1 is a component of a dispensable transport mechanism.

Involved in negative regulation of defense responses by

reducing reactive oxygen species (ROS).

[248]

Acetyl-CoA

C-acyltransferase,

putative / 3-ketoacyl-CoA

thiolase

0.0018 3.5548 Functions in Jasmonic acid synthesis which plays a role in

plant response to mechanical and abiotic stress.

[249]

UBC-2

(ubiquitin-conjugating

enzyme 2)

0.0044 3.407 Ubiquitination plays a part in increasing rate of the protein

breakdown. Arabidopsis plants overexpressing UBC-2 were

more tolerant to drought stress compared to the control

plants

[250]

Rho GDP dissociation

inhibitor 2

0.0013 3.348 Involves in the regulation of Rho protein and small GTPase

mediated signal transduction.

[251]

Histidine amino acid

transporter (LHT1)

0.0013 3.2566 Amino acid transmembrane transporter involved in

apoplastic transport of amino acids in leaves.

[252]

COMT (3-Caffeic acid o

methyltransferase)

0.0063 3.2347 Involved in lignin biosynthesis. High activation of lignifying

enzymes was found in drought-stressed white clover

(Trifolium repens L.), which lead to reduced forage growth.

[253]

Glycine decarboxylase

complex H

0.0057 3.1136 Functions in photo respiratory carbon recovery. Carbon

dioxide is found to be low in plants subjected drought stress

due to the closing of stomata in order to prevent water loss.

[254]

Up-regulated genes in

TN

Clp amino terminal

domain-containing

protein, putative

0.0353 3.7787 Protein and ATP binding.

CONSTANS-LIKE 1 0.0259 3.2941 Transcription factor regulating flower development and

response to light stimulus.

[255]

DRB3 (DSRNA-BINDING

PROTEIN 3)

0.0209 2.9844 Assists in miRNA-targeted RNA degradation. [256]

SIGE (SIGMA FACTOR

E)

0.0322 2.8084 Responds to affects of abiotic stresses. Phosphorylation of

major sigma factor SIG1 in Arabidopsis thaliana inhibits the

transcription of the psaA gene, which encodes photosystem-I

(PS-I). This disturbs photosynthetic activity

[257, 258]
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Reticulon family protein 0.0298 2.7725 Playing role in promoting membrane curvature

Cytochrome c oxidase

family protein

0.0259 2.7279 Essential for the assembly of functional cytochrome oxidase

protein.

DNA-binding S1FA family

protein

0.0491 2.7174 Binds to the negative promoter element S1F

DNA photolyase 0.0321 2.667 DNA repair enzyme

Zinc knuckle

(CCHC-type) family

protein

0.0405 2.5674 Zinc ion binding

Monosaccaride

transporter

0.0259 2.5474 Plays a role in long-distance sugar partitioning or

sub-cellular sugar distribution

Nodulin MtN3 family

protein

0.0259 2.3766 Key role in the establishment of symbiosis

Serine acetyltransferase,

N-terminal

0.04 2.302 Catalyzes the formation of a cysteine precursor
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Table 4.5: Top down-regulated genes under drought in DipC and TN

Gene name P-value Fold

Change

Gene description References

Down-regulated genes

in DipC

Dihydroxyacetone kinase 0.0031 6.4898 Glycerone kinase activity

Phosphoglucomutase,

putative / glucose

phosphomutase, putative

0.0077 6.4718 Involved in controlling photosynthetic carbon flow and plays

essential role starch synthesis. Down regulation of

photosynthesis-related gene will lead to significant reduction

in plant growth.

[259]

Auxin-induced protein

22D AUXX-IAA

0.0036 4.6273 Involved in stress defense response. Many AUXX-IAA genes

were found to be down-regulated in Sorghum bicolor under

drought conditions.

[260]

CP12-1, putative 0.0146 4.3904 Involved in calvin cycle, therefore linked to photosynthesis.

Most drastic down-regulated genes which were

photosynthesis-related was observed in barley (Hordeum

vulgare L.)

[261]

PHS2 (ALPHA-GLUCAN

PHOSPHORYLASE 2).

0.0146 4.3757 Encodes a cytosolic alpha-glucan phosphorylase.

APRR5

(PSEUDO-RESPONSE

REGULATOR 5), Pseudo

ARR-B family

0.001 4.1458 Linked to cytokinin-mediated regulation

Thiamine biosynthesis

family protein

0.0025 4.1323 Catalyzes the activation of small proteins, such as ubiquitin

or ubiquitin-like proteins.

Zinc finger (C3HC4-type

RING finger)

0.0071 3.6115 Mediate ubiquitin-conjugating enzyme (UBC-2) dependent

ubiquitation.

[262]

WRKY40 0.0331 3.1049 Regulator of ABA signaling. It inhibits the expression of

ABA-responsive genes ABF4, AB14, AB15, DREB1A, MYB2

and RAB18.

[263]

Down-regulated genes

in TN

AGL83

(AGAMOUS-LIKE 83)

0.02599 4.3746 DNA-binding transcription factor

CRR23 (chlororespiratory

reduction 23)

0.0259 3.6257 A subunit of the chloroplast NAD(P)H dehydrogenase

complex, involved in PS-I cyclic electron transport. Located

on the thylakoid membrane. Mutant has impaired NAD(P)H

dehydrogenase activity. Part of drought repressing

photosynthesis.

[264]

MYB30 (MYB DOMAIN

PROTEIN 30)

0.0321 3.2508 Acts as a positive regulator of hypersensitive cell death and

salicylic acid synthesis. Involved in the regulation of abscisic

acid (ABA) signaling.

[265]
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Photosystem II family

protein, putative

0.0292 3.1588 Linked to photosynthesis. Down-regulation of

photosynthesis-related genes during drought stress was

observed in maize (Zea mays), which in turn leads to

significant reduction in plant growth.

[266]

Phosphoesterase 0.0472 3.1362 Hydrolase activity, acting on ester bonds

Zing-finger (C3HC4-type) 0.045 2.9477 Mediate ubiquitin-conjugating enzyme (UBC-2) dependent

ubiquitation.

[262]

NHX2 (Sodium proton

exchanger 2)

0.04 2.7422 Involved in antiporter activity. Also involved in potassium

ion homoeostasis and regulation of stomatal closure. Involved

in the accumulation of K+ that drives the rapid stomatal

opening. Down-regulation of genes related to stomatal

regulation has been observed in soybean, which appears to be

a part of drought response, leading to a reduction in the

amount of stomata in leaves.

[267, 268]

Inositol

1,3,4-trisphosphate

5/6-kinase

0.0351 2.0903 Part of IP3 signal transduction pathway [269]
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Table 4.6: GO-term overrepresentation of all the gene-sets in Soybean GeneChip

array to compare DipC, TN and Soybean datasets

GO-ID Description FDR corrected
p-value

Soybean
6519 cellular amino acid and derivative metabolic

process
6.68E-09

44281 small molecule metabolic process 6.68E-09
5975 carbohydrate metabolic process 1.13E-03
6091 generation of precursor metabolites and

energy
2.97E-03

44237 cellular metabolic process 2.19E-02
9058 biosynthetic process 4.83E-02
DipC
6091 generation of precursor metabolites and

energy
1.04E-03

6519 cellular amino acid and derivative metabolic
process

1.04E-03

44281 small molecule metabolic process 1.04E-03
19748 secondary metabolic process 1.98E-02
TN
5975 carbohydrate metabolic process 1.78E-03
6519 cellular amino acid and derivative metabolic

process
1.78E-03

44281 small molecule metabolic process 1.78E-03
6091 generation of precursor metabolites and

energy
1.23E-02

19748 secondary metabolic process 4.98E-02

4.6 Confirmation of candidate drought-related genes

by real-time qRT-PCR

qRT-PCR analysis was performed using the methods described in 3.1.14. Four dif-

ferentially expressed genes (PAL1, Beta-fructofuranosidase, COMT and UBC-2) were

chosen for further analysis as they showed high levels of expression under drought
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([239, 246, 250, 253]) (Table 4.3 and 4.4). Figure 4.5 shows the results of q-PCR anal-

ysis. The transcript levels of Beta-fructofuranosidase, COMT and UBC-2 confirmed

the expression trends seen in the microarray data. PAL1 showed the expected increase

in DipC, but also an increased in TN was observed, which was not observed in the

microarray results. The reason for this is unclear.
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4.7 Transcription factors associated with drought

stress

The DE genes from both genotypes identified various transcription(-related) factors

(TFs) from co-expression network analysis mentioned in 3.1.13. Common to both

genotypes are the downregulation of BRH1, a MYB, MEE59 and JMJD5. The latter is

a histone demethylase and, hence, plays role at the epigenetic level. Its downregulation

could result in indirect repression of multiple genes. On top of the common genes, DipC

shows upregulation of 2 TFs (WRKY51 and a bHLH TF) and downregulation of 4

others (ATAUX2-11, WRKY40, a C2H2 Zn-finger and 3 probe-sets for GIGANTEA).

TN, on the other hand, shows upregulation of genes for CONSTANS-like 1, S1FA

DNA-binding, and a double-strand RNA-binding protein (which can aid microRNA-

mediated RNA degradation). The downregulated TFs in TN are MYB60 and a second

MEE59.

Co-expression networks were built for DipC and TN separately (see Appendix 13

and 14), and the drought-specific network of each were merged. This resulted in

more TFs being included, which are features of recovery treatment. By looking at

the number of links that each node has in the genotype-specific and merged networks,

it is possible to rank the potential importance of the different TFs (see Table 4.7).

The DipC TFs had higher numbers of links than TN, reflecting the higher number

of differentially-expressed genes. In the case of DipC, WRKY40 stands out as being

the TF with the most co-expressed genes, with ATAUX2-11, PRR7 and a Zinc-finger

protein (GmaAffx.33796.3.S1_at) also looking relevant. For TN, however, the TFs

are not linked so highly, with CONSTANS-like 1 and MYB60 showing the greatest

involvement. For this genotype the differentially-expressed TFs in common with DipC
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seem almost as important.

Table 4.7: Vertex degrees of differentially expressed Transcription factors

DipC TN

Probe-set Name V°*

(whole)

V°

*(drought)

Probe-set Name V°

*(whole)

V°

*(drought)

Gma.16733.1.S1_at WRKY40 68 17 GmaAffx.45249.1.S1_at CONSTANS-

like

1

16 3

Gma.6670.1.S1_at PRR7 49 7 GmaAffx.84566.2.S1_at MYB60 8 3

GmaAffx.33796.3.S1_at Zinc-

finger like

C2H2

45 7 GmaAffx.86517.1.S1_at AGL83 6 1

GmaAffx.92679.1.S1_s_at ATAUX2-

11

41 9 Gma.1576.1.S1_at Zinc-

finger

C3HC4

5 1

GmaAffx.35309.1.S1_s_at GRF2 35 6

GmaAffx.65059.1.S1_at bHLH 32 7

GmaAffx.90399.1.S1_at C3HC4

Zinc-

finger

31 9

Gma.15774.1.S1_at Zinc-

finger

C3HC4

26 3

GmaAffx.53180.1.S1_at PRR7 25 9

GmaAffx.80492.1.S1_at PRR5 9 2

GmaAffx.73009.2.S1_at WRKY51 7 5

Common TFs

GmaAffx.60283.1.S1_at BRH1 42 6

GmaAffx.9286.1.S1_s_at MYB 27 4

Gma.17248.1.A1_at JMJD5 26 3

GmaAffx.10162.1.S1_at MEE59 13 3

*(V° refers to the number of links of each TF node, in either the whole landrace-specific network, or merged drought-specific network)

4.8 Discussion

Landraces are a potentially valuable resource for finding genes conferring useful traits.

Bambara groundnut is an underutilised African legume whose landraces are adapted
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to semi-arid conditions. We have developed single genotypes developed from landraces

for analysis. There have been several drought studies carried out on bambara ground-

nut, but the molecular mechanisms of how it responds and adapts to drought is still

under investigation. This study has carried out transcriptomic comparison in two

genotypes of bambara groundnut; DipC and TN, in an attempt to identify potential

genes conferring advantageous traits.

Cross-species hybridisation to the soybean microarray has been shown to be infor-

mative for investigating the bambara groundnut transcriptome as good gene (probe-

set) retention was observed at high gDNA hybridisation thresholds. In support of the

results, Bonthala et al. [216], reported high correlation between cross-species microar-

ray data and RNA-sequencing approaches for detecting differentially expressed genes

under a cold temperature stress experiment in bambara groundnut.

Probe-sets retained by the mask after genomic hybridisation are almost identi-

cal (>99%), suggesting that, at this level of resolution, the two genotypes are highly

similar at the sequence level. Four known drought-associated genes, seen to be differ-

entially expressed in these data, were subjected to qPCR, and supported the notion

that the observed trends in the microarray data are valid.

The 26,496 probe sets common between the two genotypes, under irrigated con-

ditions, (with a RMA cut-off of 0.97), include some sixty drought- and ABA-related

genes. The latter include genes for producing osmoprotectants. They might provide

two components of the drought avoidance capability of these genotypes, by retaining

normal cell functioning when water access becomes limiting. Clearly, if the plant has

already activated part of the drought response, it could have multiple effects. The

presence of osmoprotectants might draw in even more water than otherwise might be

the case, and there will be a greater proportion of biomass devoted to root growth,

resulting in even deeper roots that are better able to survive drought later on. Bam-
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bara groundnut is known to allocate a greater fraction of its dry weight to roots than

shoots irrespective of soil moisture status [270]. This strategy may have clear ad-

vantages when water subsequently becomes limiting, suggesting adaptation to harsh

environments and a decision to prioritise survival. In addition, as bambara groundnut

is grown in harsh environments and has not undergone intensive breeding for yield

and above ground biomass, this suggests it still allocates more effort to develop root

architecture to handle drought when it happens. Moreover, Nayamudeza [270], also

stated that the fraction of total dry weight allocated to roots in bambara groundnut

is greater than groundnut. In addition, relatively higher expression of drought-related

genes in both genotypes under irrigated conditions (including ABI1 (ABA Insensitive

1), ABF1 (ABRE binding factor 1), ERD4 (Early responsive to dehydration 4), RD19

(Response to dehydration 19), compared to other species such as Soybean [271], sug-

gest that bambara groundnut could at least be partially in a ready state for drought,

even in the absence of the drought stress. However, further research is needed to

validate the hypothesis.

Given that 59782 and 59835 probe-sets were used to evaluate the transcriptome

changes after probe-masking in DipC and TN, respectively, there were only very small

numbers of genes significantly differentially expressed (189 in DipC and 81 in TN)

under drought treatment. It could be speculated that the slow and progressive drought

treatment might not cause significant shock to the plants.

The up-regulated genes in both genotypes were subdivided into ~75% drought re-

sponsive (with expression levels returning to normal after recovery) and ~25% drought

perturbed (where the expression levels remained altered). In the case of down-regulated

genes, 80-85% of expression levels returned to normal. The drought-perturbed expres-

sion levels might be caused by changes at the chromatin level, through DNA methyla-

tion or histone modification, and it is therefore interesting to note that a protein-lysine
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demethylase is repressed by drought.

The above observations show that the two genotypes appear to be very similar in

terms of genotype (validating the comparability of the transcriptome data compared

using the microarray) while having differences in general transcriptional behaviour in

irrigated conditions and in response to drought stress. However, when the sets of dif-

ferentially expressed genes are compared, there is almost no overlap. Out of 189 and

91 genes differentially expressed in DipC and TN, respectively, only 9 were common

between the two genotypes, suggesting that some of the mechanisms for adaption to

drought is substantially in the two genotypes. Of these, Beta-fructofuranosidase con-

tributes to osmoprotection, a MYB gene is associated with stomatal opening, BRH1

affects stomatal density, and bsd2 affects photosynthesis, while JMJD5 plays an epige-

netic role as mentioned above. Figure 4.6 illustrates how two genotypes have adapted

to achieve the drought response traits (transcriptional and hormone signaling to affect

cell-wall modification, lignin synthesis, photosynthesis, transporters, osmoprotection,

oxidative stress) through largely different sets of effector genes.
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Figure 4.6: Comparison of genotype co-expression networks. Cytoscape has
been used to layout the merged drought-responsive network of co-expressed probe
sets. Node shapes are triangles, diamonds circles and circles respectively for differen-
tial expression of probe sets of TN, DipC, both (i.e. common) and both but affecting
stomata. They have been coloured according to their activity in relation to drought
response: red (transcription), orange (cell wall), yellow (lignin synthesis), green (pho-
tosynthesis), blue (transporters), indigo (hormone signaling), pink (osmoprotection),
black (oxidative stress) and grey (others). Node borders have been coloured red and
blue to denote up- and down- regulation under stress. Nodes have been arranged
in 7 horizontal bands with probe sets in common in the middle flanked by TFs and
hormone-signalling genes, other genes that play various roles response to drought, and
others. Nodes have been linked by the criteria of the co-expression analysis. The
figure was created by Charlie Hodgman, University of Nottingham, UK.
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Several transcription factors that seem likely to play a role in the bambara ground-

nut drought response. Common to both genotypes are BRH1 and a MYB which are

known to affect stomata, and JMJD5. DipC shows a bigger response, with changes to

WRKY40 being of particular interest. It is a well-known member of plant drought-

response networks [272] and is the most highly linked TF node in the coexpression

networks. For DipC, the network also reveals the importance of PRR7, a core circadian

clock component known to play a complex role in abiotic stresses [273]. ATAUX2-11

and a C2H2 Zinc-finger protein. It is somewhat surprising that TN does not show

a >2-fold change in the expression of WRKY40, but it does appear to have roles for

CONSTANS-like 1 (another clock-related gene associated with flowering that may be

associated with abiotic stress [274], MYB60 which affects stomatal closure [275], and

AGL-83, a MADS-Box protein of uncertain role.

4.9 Conclusion

Understanding the mechanisms underlying the ability of crops to produce viable yields

under drought conditions is a priority for global food security. This study has exam-

ined the transcriptomic response to drought and recovery in two genotypes derived

from landraces of bambara groundnut, in an attempt to investigate the molecular

mechanisms occurring in the two landraces. In addition, this study also tested if

the cross-species hybridisation to the soybean microarray is suitable for investigating

the bambara groundnut transcriptome. It was shown that many potential drought-

responsive genes are expressed even under irrigated conditions in both landraces, sug-

gesting that bambara groundnut could at least be partially in a ready state for drought,

even in the absence of the drought stress. In terms of differential expression, there were

only a very small number of genes differentially expressed under drought treatment in

both landraces, suggesting that the slow and progressive drought treatment might not
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cause significant shock to the plants. Although the transcription factors and drought-

response genes were largely different between the two landraces, they may achieve the

same effect in terms of survival under drought conditions. The DipC genotype showed

differential expression of some well known drought-related transcriptions factors (es-

pecially WRKY40 ), while TN showed differential expression of CONSTANS-LIKE

1 and MYB60 instead. Cross-species hybridisation to the soybean microarray has

been shown to be informative for investigating the bambara groundnut transcriptome

as good gene retention was observed at high gDNA hybridisation thresholds.



Chapter 5

Morpho-physiological effects of

drought stress on bambara ground-

nut at different developmental stages

5.1 Introduction

Drought stress in one of the major environmental constraint to plant productivity. To

cope with drought stress, plants respond to drought stress via three different mecha-

nisms. These include (i) drought escape, (ii) drought avoidance, and (iii) drought

tolerance. Drought escape is described as the ability of plants to complete their

growth cycle and reach maturity before drought-stress develops to damaging levels

[84]. Drought avoidance is demonstrated by crop species, which are able to maintain

high water potential in the plant by minimising water loss and maximising water up-

take under drought conditions. Mechanisms of avoidance include improved root traits,

for greater extraction of soil moisture, decreased stomatal conductance, decreased

radiation absorption and decreased leaf area for minimal water loss [87]. Drought

tolerance allows plants to survive through water-use efficiency, i.e., performing all bi-
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ological, molecular and cellular functions with minimal water. Plants with drought

tolerance mechanisms are able to maintain their cell turgor through osmotic adjust-

ment, which in turn will contribute to maintaining stomatal opening, leaf expansion

and photosynthesis throughout the drought period [90].

The measurements widely used to investigate the effects of drought stress on plants

include stomatal conductance, photosynthesis, transpiration, leaf area, relative water

content (RWC) and chlorophyll content [116]. A reduction in stomatal conductance

due to stomatal closure (via ABA signaling) was observed after the drought stress was

imposed, which decreases the CO2 influx, thus leading to a reduction in photosynthesis

[276]. Subramaniam et al. [277], reported that photosynthesis and transpiration

rate decreased progressively with increasing duration of duration of drought stress,

indicating that plants under mild stress were postponing tissue dehydration. The

effects of long duration of soil water deficit on canopy assimilation is the reduction in

leaf area. Drought stress reduces leaf area by slowing leaf expansion and reducing in

the supply of carbohydrates [276]. Additionally, drought stress can lead to a reduction

in morphological traits such as plant height and leaf number, thus reducing water loss

which could assist the plant to avoid drought.

Bambara groundnut as discussed in 2.1.1 is reputed to be a drought tolerant crop

able to survive in regions of minimal water. Collinson et al. [90], stated that bam-

bara groundnut achieves its drought tolerance through physiological responses such

as osmotic adjustment and stomatal closure. Stomatal closure limits CO2 uptake by

leaves which leads to a reduction in photosynthesis. Physiological and morphological

response of bambara groundnut under drought stress has been studied a number of

times. Some bambara groundnut landraces show paraheliotropic properties, leading

to less transpiratory water loss due to the lower leaf temperature that results from

decreased light interception [3]. From the results of Mabhaudhi et al. [113], bambara
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groundnut was observed to have drought escape mechanisms where, under drought

stress, it had a shortened vegetative growth period, earlier flowering, reduced repro-

ductive stage length and early maturity in order to minimise the adverse effect of

drought on plant development. Higher root dry weight was reported when the bam-

bara groundnut landrace, Burkina (originally from dry regions of Burkina Faso), was

subjected to drought [14]. Denser and deeper root growth may allow the plant to

utilise more soil moisture under drought stress. Vurayai et al. [116], reported reduced

leaf area in drought-stressed bambara groundnut plants due to turgor reduction, which

is one of the earliest physiological responses to water stress.

Studying morpho-physiological characteristics of a plant can indicate whether it

might have the ability to withstand drought stress conditions. There is very limited

literature available on how bambara groundnut responds to short periods of drought

stress imposed at different development stages [116]. This study aims to identify

the morpho-physiological effects of drought stress on bambara groundnut at different

developmental stages. This study will aid in identifying crucial drought related traits

in bambara groundnut which will provide a basis for breeding. Additionally, this

study will provide a platform for identifying genes related to the triat of interest

through expression quantitative trait loci (eQTL) analysis. Two genotypes of bambara

groundnut (DipC and Tiga Nicuru (TN)) derived from landraces were used for the

study. These landraces as discussed in 1.1.3 are more tolerant to drought than many

other landraces, while potentially having some variation, as they are morphologically

and phenotypically distinct. Peanut (Arachis hypogaea) (accession GRIF 302) has

been used for comparative analysis with bambara groundnut in relation to drought

tolerance. Several conventional and molecular breeding techniques have been adopted

to improve drought tolerance in peanut [278, 279]. The effects of drought stress on

peanut has also been studied at the molecular and cellular level which resulted in
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a substantial amount of genomic and proteomic data investigating the mechanism

by which peanut respond to drought stress [279]. By keeping peanut as a comparator

species, this study will help in developing and understanding the nature of the drought

tolerance level of bambara groundnut compared to other well-studied legume.
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5.2 Results

5.2.1 Morpho-physiological response of bambara groundnut

genotypes (DipC and TN) and Peanut under drought

stress

Several morpho-physiological measurements were taken for DipC, TN and peanut in

both irrigated (75% field capacity) and drought treatment plot (50-25% field capacity)

based on the bambara groundnut descriptor list (IPGRI, IITA, BAMNET, 2000).

The measurements were taken during vegetative, reproductive, pod development and

after harvesting. Section 3.2 list all the measurements taken throughout the study.

Soil moisture for controls (normal irrigation) were kept at 75% field capacity (FC)

throughout the study, while for treatment plot at vegetative and reproductive stages

soil water was kept at 50% field capacity for week 1 of drought stress and lowered to

25% FC from the beginning of week 2. Whereas, in treatment plot for pod development

stage soil water was kept at 50% FC for four weeks and lowered to 25% from fifth week

onwards.

5.2.1.1 Relative water content (RWC)

As shown in Figure 5.1, TN showed significantly lower (p<0.05) RWC in drought treat-

ment plot compared to control (irrigated) plot at the vegetative and pod development

stage, where week 4 (89 DAS) of drought stress at the pod development stage experi-

enced the highest percentage reduction (8.8%) in treatment compared to control plots.

However, no significant difference was observed at the reproductive stage. For DipC,

significant difference between control and treatment plots was observed at the vegeta-

tive, reproductive and pod development stage. Although, no significant difference was
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observed in DipC at week 2 of the vegetative stage. On the other hand, peanut did not

show any significant difference between control and treatment plot at all three devel-

opmental stages (vegetative, reproductive and pod development). From the ANOVA

analysis, significant differences (p<0.05) between the two genotypes (DipC and TN)

for treatments, as well as between the treatments (drought vs control) (p<0.01) were

observed at pod development stage. However, no significant difference between the

genotypes for treatments was observed at the vegetative and reproductive stage (Table

5.4).
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Figure 5.1: Effect of drought stress on relative water content (%) in TN,
DipC and peanut under drought stress. Column [A], [B] and [C] refers to vege-
tative, reproductive and pod development (podding) stage respectively. First, second
and third row refers to RWC data from TN, DipC and peanut respectively. Values
are shown as fold change with respect to week 0 (before drought stress) at each de-
velopmental stage when all the plants were at irrigated (control) conditions. Absolute
values for week 0 can found on Appendix 15. The measurements over time are non-
linear. The blue line indicates the RWC values from control conditions and red line
indicates the values from drought conditions. Values shown are the average of three
biological replicates. Error bars denote the standard error of the average of three bi-
ological replicates. Single and double asterisks indicate that p-value is less than 0.05
and 0.01 respectively, which was assessed by the paired t-test between groups.

5.2.1.2 Photosynthesis

Throughout the drought stress period, the fold change values for photosynthesis in

treatment plot were significantly lower (p<0.05) compared to control plot in TN,
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DipC and peanut at all three developmental stages (Figure 5.2). However, a greater

reduction in photosynthesis was observed in treatment plot in peanut at the repro-

ductive stage compared to DipC and TN. On the other hand, there was no significant

difference observed between control and treatment plot at the 6th week (103 DAS) of

drought stress at the pod development stage in peanut. The highest percentage reduc-

tions in treatment plot compared to control plot were observed at the pod development

stage in DipC, TN and peanut. Analysis of data using ANOVA, showed a significant

difference (p<0.05) between the genotypes for treatments at the reproductive stage.

Whereas, no significant difference was observed between the genotypes for treatments

at the vegetative and pod development stage. In addition, significant difference was

observed between the treatments at all three developmental stages (Table 5.4 ).
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Figure 5.2: Effect of drought stress on photosynthesis in TN, DipC and
peanut under drought stress. Column [A], [B] and [C] refers to vegetative, repro-
ductive and pod development (podding) stage respectively. First, second and third
row refers to photosynthesis data from TN, DipC and Peanut respectively. Values are
shown as fold change with respect to week 0 (before drought stress) at each devel-
opmental stage when all the plants were at irrigated (control) conditions. Absolute
values for week 0 can be found on Appendix 15. The measurements over time are
non-linear. The blue line indicates the photosynthesis values from control (irrigated)
conditions and red line indicates the values from drought conditions. Values shown
are the average of three biological replicates. Error bars denote the standard error
of the average of three biological replicates. Single and double asterisks indicate that
p-value is less than 0.05 and 0.01 respectively, which was assessed by the paired t-test
between groups.

5.2.1.3 Stomatal Conductance (gs)

Significant reductions (p<0.05) in stomatal conductance was observed between treat-

ment and control plots in TN at pod development stage. Whereas, no significant
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reduction was seen at the vegetative and reproductive stage (Figure 5.3). On the

other hand, DipC showed a significant reduction at the reproductive stage (p<0.05)

but not in vegetative stage. In the case of the pod development stage, both DipC

and TN treatment plot had significantly lower fold change values (p<0.05) compared

to control plots till week 4 (89 DAS) of drought stress. However, at week 6 (103

DAS), no significant difference was observed between treatment and control plots in

both genotypes. In case of peanut significant difference was observed between control

and treatment plot at all three stages. Same as DipC and TN, peanut showed no

significant difference between control and treatment plot at week 6 (103 DAS). The

highest percentage reduction in stomatal conductance in treatment plot compared to

control plot was observed in peanut at all three developmental stages. ANOVA anal-

ysis showed, significant difference (p<0.05) between the genotypes for treatment at

the reproductive and pod development stage as well as between the treatments (Table

5.4).
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Figure 5.3: Effect of drought stress on stomatal conductance in TN, DipC
and peanut under drought stress. Column [A], [B] and [C] refers to vegetative,
reproductive and pod development (podding) stage respectively. First, second and
third row refers to stomatal conductance data from TN, DipC and Peanut respectively.
Values are shown as fold change with respect to week 0 (before drought stress) at
each developmental stage when all the plants were at irrigated (control) conditions.
Absolute values for week 0 can be found on Appendix 15. The measurements over
time are non-linear. The blue line indicates the stomatal conductance values from
control conditions and red line indicates the values from drought conditions. Values
shown are the average of three biological replicates. Error bars denote the standard
error of the average of three biological replicates. Single and double asterisks indicate
that p-value is less than 0.05 and 0.01 respectively, which was assessed by the paired
t-test between groups.
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5.2.1.4 Transpiration

Transpiration was significantly reduced (p<0.05) in treatment plot compared to con-

trol plot at pod development stage in DipC, TN and peanut. Significant reduction was

observed in DipC and peanut even at the vegetative and reproductive stage (Figure

5.4). Highest percentage reduction in treatment plot compared to irrigated plants was

observed in peanut compared to DipC and TN at all three stages. As seen with the

measurement of photosynthesis in peanut, no significant difference were observed be-

tween control and treatment plot at the 6th week (103 DAS) of drought stress at the

pod development stage. Analysis of data using ANOVA, showed significant difference

(p<0.05) between the genotypes for treatment at the reproductive and pod develop-

ment stage, as well as between the treatments. On the other hand, at the vegetative

stage, significant difference between the treatments was observed but not between the

genotypes for treatments (Table 5.4 ).
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Figure 5.4: Effect of drought stress on transpiration in TN, DipC and peanut
under drought stress. Column [A], [B] and [C] refers to vegetative, reproductive
and pod development (podding) stage respectively. First, second and third row refers
to transpiration data from TN, DipC and Peanut respectively. Values are shown as
fold change with respect to week 0 (before drought stress) at each developmental stage
when all the plants were at irrigated (control) conditions. Absolute values for week 0
can be found on Appendix 15. The measurements over time are non-linear. The blue
line indicates the transpiration values from control conditions and red line indicates
the values from drought conditions. Values shown are the average of three biological
replicates. Error bars denote the standard error of the average of three biological
replicates. Single and double asterisks indicate that p-value is less than 0.05 and 0.01
respectively, which was assessed by the paired t-test between groups.

5.2.1.5 SPAD Chlorophyll meter reading (SCMR)

No significant reductions were observed between control and treatment plot at vege-

tative and reproductive stages in DipC, TN and peanut (Figure 5.5). However, rapid
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reduction was seen at the pod development stage in all three (DipC, TN and peanut).

Highest percentage reduction in treatment plot compared to control plot was ob-

served at week 6 (103 DAS) of drought stress in TN (77.36%). Significant differences

(p<0.01) between the genotypes for treatment were observed at the pod development

stage from the ANOVA analysis. Significant reduction between treatments (p<0.05)

was observed at all three developmental stages. Whereas, no significant difference

was observed between the genotypes for treatment at the vegetative and reproductive

stage (Table 5.4).
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Figure 5.5: Effect of drought stress on SCMR readings in TN, DipC and
peanut under drought stress. Column [A], [B] and [C] refers to vegetative, repro-
ductive and pod development (podding) stage respectively. First, second and third
row refers to SCMR readings from TN, DipC and Peanut respectively. Values are
shown as fold change with respect to week 0 (before drought stress) at each devel-
opmental stage when all the plants were at irrigated (control) conditions. Absolute
values for week 0 can be found on Appendix 15. The measurements over time are
non-linear. The blue line indicates the SCMR readings from control conditions and
red line indicates the values from drought conditions. Values shown are the average of
three biological replicates. Error bars denote the standard error of the average of three
biological replicates. Single and double asterisks indicate that p-value is less than 0.05
and 0.01 respectively, which was assessed by the paired t-test between groups.

5.2.1.6 Plant Height

For TN, significant reduction (p<0.05) in fold change values for plant height in treat-

ment plot compared to control plot was observed at the vegetative stage (Figure 5.6).
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However no significant difference in DipC and peanut was observed at the vegetative

stage. At the reproductive and pod development stage, no significant difference was

observed in DipC and TN. This is not surprising, as plants at these growth stages

(reproductive and pod development) are utilising its energy in producing flowers and

pods respectively. Hence, the growth of plant height slows down even in irrigated

plants. Analysis of variance showed significant differences (p<0.05) between the geno-

types for treatments at the vegetative and reproductive stages. Whereas, significant

difference (p<0.05) between the treatments was only observed at the vegetative and

reproductive stage (Table 5.5).
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Figure 5.6: Effect of drought stress on plant height growth in TN, DipC
and Peanut. Column [A], [B] and [C] refers to vegetative, reproductive and pod
development (podding) stage respectively. First, second and third row refers to plant
height growth from TN, DipC and Peanut respectively. Values are shown as fold
change with respect to week 0 (before drought stress) at each developmental stage
when all the plants were at irrigated (control) conditions. Absolute values for week 0
can be found in on Appendix 15. The measurements over time are non-linear. The blue
line indicates the plant height growth from control conditions and red line indicates
the values from drought conditions. Values shown are the average of three biological
replicates. Error bars denote the standard error of the average of three biological
replicates. Single and double asterisks indicate that p-value is less than 0.05 and 0.01
respectively, which was assessed by the paired t-test between groups.

5.2.1.7 Leaf number

Significant reductions (p<0.05) in leaf number for treatment plot compared to control

plot was observed in TN, DipC and peanut at the pod development stage (Figure

5.7). Although, a reduced trend in leaf number was seen in treatment plot, from week
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2 (75 DAS) onwards no increase in leaf number was seen even in control plot. This

is not surprising, as by pod development stage, plants have already completed it’s

growth in producing leaf and is now utilising its energy in pods formation. For TN, in

addition, significant reduction (p<0.01) was seen at the vegetative stage but not for

DipC and TN. On the other hand, no significant reduction was observed in TN, DipC

and peanut at reproductive stage. ANOVA analysis showed significant differences

(p<0.05) between the genotypes for treatment at the pod development stage but not

at vegetative and reproductive stage. On the other hand, significant difference between

the treatments was observed at the vegetative and reproductive stage (Table 5.5).
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Figure 5.7: Effect of drought stress on leaf number in TN, DipC and peanut
under drought stress. Column [A], [B] and [C] refers to vegetative, reproductive
and pod development (podding) stage respectively. First, second and third row refers
to leaf number data from TN, DipC and Peanut respectively. Values are shown as fold
change with respect to week 0 (before drought stress) at each developmental stage
when all the plants were at irrigated (control) conditions. Absolute values for week 0
can be found on Appendix 15. The measurements over time are non-linear. The blue
line indicates the leaf number from control conditions and red line indicates the values
from drought conditions. Values shown are the average of three biological replicates.
Error bars denote the standard error of the average of three biological replicates. Single
and double asterisks indicate that p-value is less than 0.05 and 0.01 respectively, which
was assessed by the paired t-test between groups.

5.2.1.8 Leaf Area

In DipC and TN, for vegetative stage, a significant reduction at week 1 (26 DAS) of

drought stress was observed in treatment plot compared to control plot (Figure 5.8).
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Whereas, no significant reduction in DipC and TN was observed at the reproductive

stage. Significant reduction (p<0.05) in TN at week 4 (89 DAS) of pod development

stage was seen as well. Analysis of data using ANOVA, showed significant differences

(p<0.05) between the genotypes for treatment at the pod development stage. Signifi-

cant difference (p<0.05) between treatments was observed at the vegetative and pod

development stage (Table 5.5).
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Figure 5.8: Effect of drought stress on leaf area in TN, DipC and peanut
under drought stress. Column [A], [B] and [C] refers to vegetative, reproductive
and pod development (podding) stage respectively. First, second and third row refers
to leaf area data from TN, DipC and Peanut respectively. Values are shown as fold
change with respect to week 0 (before drought stress) at each developmental stage
when all the plants were at irrigated (control) conditions. Absolute values for week 0
can be found on Appendix 15. The measurements over time are non-linear. The blue
line indicates the leaf area from control conditions and red line indicates the values
from drought conditions. Values shown are the average of three biological replicates.
Error bars denote the standard error of the average of three biological replicates. Single
and double asterisks indicate that p-value is less than 0.05 and 0.01 respectively, which
was assessed by the paired t-test between groups.

5.2.1.9 Flower number

Drought treatment from just after the onset of flowering to seed maturation caused

significant reductions in flower number in treatment plot compared to control plot
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in both DipC (p<0.01) and TN (p<0.05). Greater reductions were observed in TN

(39%) compared to DipC (29%).
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5.2.1.10 Seed and pod number

Plants under drought stress imposed at the vegetative and reproductive showed signif-

icant reductions (p<0.01) in pod and seed number in DipC, TN and peanut compared

to control plants. Whereas, the pod development stage showed significant reduction

(p<0.01) for pod and seed number in DipC but not in TN and peanut (Table 5.6).

Highest reductions in seed number in treatment plot compared to control plot at the

vegetative stage were observed in DipC (68.36%), followed by TN (61.42%) and peanut

(60.01%). At the reproductive stage, highest reduction was seen in DipC (97%), fol-

lowed by peanut (74.62%) and TN (56.25%). Pod development stage showed the max-

imum reduction of 34.48% in DipC. No significant reduction was observed in TN and

peanut at the pod development stage. Drought stress commenced at the vegetative

and reproductive stage lead to greater reduction in seed and pod number compared

to pod development stage. This is not surprising as the duration of drought period at

the vegetative and reproductive was longer compared to pod development stage. The

number of seeds per plant destined for final harvest to a large extent determined the

differences in yielding levels of the studied crops under drought conditions.
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Table 5.6: Effect of drought stress on seed and pod number. Data are the

means ±S.E. of three replicates.

Plants No. Seeds (plant -1)
Reduction (%)

No. Pods (plant -1)
Reduction (%)

Irrigated Drought Irrigated Drought

Drought Initiated at

vegetative stage

DipC 26.33±0.33 8.33±1.20** 68.36 38.33±0.33 14.66±0.88** 61.75

TN 23.33±0.33 9±0** 61.42 23..33±0.33 10±0.57** 57.13

Peanut 21.66±2.18 8.66±0.8** 60.01 15±1.15 5.33±0.66** 64.47

Drought initiated at

reproductive stage

DipC 27.66±1.85 0.66±0.33** 97.59 34±0 10.33±0.33** 69.62

TN 21.33±0.33 9.33±0.33** 56.25 22±1.15 10.33±0.88** 53.05

Peanut 22.33±1.20 5.66±0.66** 74.62 16±0.57 4.66±0.66** 70.88

Drought initiated at

pod development stage

DipC 29±1.15 19±0.57** 34.48 53.33±2.02 24±2.30** 55.00

TN 22±2.08 21.33±0.66 3.03 23±1.73 22.33±1.20 2.91

Peanut 19.33±2.33 16.33±2.33 15.52 14.66±0.66 11.33±1.66 22.71

Means with single and double astericks indicate significane level of *p<0.05 and **p<0.01, respectively between groups

5.2.1.11 Seed yield, biomass and harvest index

The drought stress caused significant reduction (p<0.01) in seed yield at all three

developmental stages for three studied crops (DipC, TN and peanut) (Table 5.7).

Drought stress at the vegetative, reproductive and pod development stage resulted

in 72.13%, 98.60%, 30.61% reductions in seed yield for DipC, respectively. Whereas,

78.07%, 77.13%, 49.66% reductions were seen in TN, respectively. On the other hand,

peanut showed 71.30%, 78.38%, 29.49% reductions in seed yield, respectively. The

effect of drought on seed yield is primarily due to significant reductions in seeds per

plant (Table 5.6). From the results, DipC had slightly less reduction in yield compared

to TN under drought stress at the vegetative and pod development stage. Whereas,

DipC had more reduction in yield compared to TN under drought stress at the repro-
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ductive stage. In comparison with peanut, both DipC and TN had greater reduction

in seed yield under drought stress at the vegetative and pod development stage. How-

ever, at the reproductive stage, peanut had more reduction in seed yield compared to

TN but less in comparison to DipC.

A significant reduction (p<0.05) in shoot biomass was observed in DipC, TN and

peanut for drought stress imposed at the vegetative and reproductive stage (Table

5.7). Shoot dry weight at pod development stage for treatment plot plants showed

significant difference (p<0.05) for TN and peanut but not for DipC. Whereas, signifi-

cant reduction for harvest index (p<0.05) was seen in DipC at all three developmental

stages but not in TN and peanut.
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5.3 Discussion

5.3.1 Experimental set-up and moisture distribution

A pot experiment was set up in growth chambers using three moisture regimes (75%

field capacity (FC) as control and 50% and 25% field capacity as drought treat-

ment plots). Screening under natural drought condition in the target environment

is complex because of irregular and erratic weather conditions and drought response

but screening under controlled stress environments such as growth rooms is more

feasible and manageable. Selection response in the target population of environ-

ments under natural stress can be considered a correlated response to selection in

the managed stress environment [280]. However, for pot experiments it is worth-

while noting that small variations in growing conditions will amplify differences in

plant growth when these conditions are below the optimum. Hence, pot experi-

ments under stress conditions are grounds for amplified error variance and artifacts

(http://www.plantstress.com/methods/PotExp.htm).

In order to keep the growing conditions consistent, soil induced drought stress

was imposed in three different ways: (1) normal irrigation (control) (75% FC); (2)

watering at 50% FC and (3) watering at 25% FC. Soil moisture for controls were

kept at 75% FC throughout the study, while for treatment plot at the vegetative and

reproductive stages soil water was kept at 50% field capacity for week 1 of drought

stress and lowered to 25% FC from the beginning of week 2. Whereas in treatment

plot for the pod development stage soil water was kept at 50% FC for four weeks and

lowered to 25% from fifth week onwards. This is to ensure plants survive the drought

stress period for longer time at pod development stage as this stage is longer than

the vegetative and reproductive stages. The pots were weighed everyday to maintain

FC. Moisture lost through evapo-transpiration was restored by re-watering to keep
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constant FC for control (75%) and treatment plots (50-25%).

5.3.2 Effect of drought stress in two bambara groundnut geno-

types and peanut at different developmental stages

Drought stress lead to the reduction in relative water content at all three stages (veg-

etative, reproductive and pod development) in both bambara groundnut genotypes

(DipC and TN). Although both genotypes of bambara groundnut had greater reduc-

tion in RWC (3-9%) compared to peanut (1-2%), they still managed to maintain

relatively high RWC despite the development of drought stress. Similar observation

has observed in other studies on bambara groundnut, where under drought bambara

groundnut maintained high RWC [90, 116]. Similar results have also been reported in

rice (Oryza sativa) [281], peanut (Arachis hypogea) [282] and maize (Zea mays) [283].

This is a crucial trait as it indicates the drought tolerance of bambara groundnut.

Species which exhibit restricted changes in RWC per unit reduction of water poten-

tial are often considered to be relatively drought resistant [116]. From this study,

it is clear that both peanut and bambara groundnut can maintian high RWC under

drought, which indicates their tolerance to drought stress. Flexas et al. [284] and

Chaves et al. [285], reported relative water content in the leaves, stomatal conduc-

tance and transpiration under drought stress are highly correlated.

It has been reported in other studies that drought stress leads to reduction in

stomatal conductance, photosynthesis and transpiration [101, 227, 286–288]. A signif-

icant reduction in stomatal conductance in bambara groundnut under drought stress

in both genotypes observed in this study is in accord with the observations reported

by [90, 116]. It is thought that bambara groundnut maintains its turgor through a

combination of osmotic adjustment and effective stomatal regulation of water loss [90].

Stomata are known to respond to chemical signals such as ABA produced by dehy-
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drating roots and stomatal regulation is closely linked to soil moisture content [289].

It is known from the previous studies that stomatal conductance is more sensitive

to drought stress in comparison to RWC [276]. In this study, stomatal conductance

for the treatment plot remains constantly low in comparison with irrigated (control)

plants. These observations imply that the regulation of stomatal closure is one of phys-

iological response to drought stress in bambara groundnut [24]. Reduction in stomatal

conductance followed a constant decreasing trend in drought stressed plants at all three

developmental stages (vegetative reproductive and pod development) (see tables 5.1

5.2 and 5.3). The results are consistent with the observations reported by Vurayai

et al. [116]. However, at week 6 (103 DAS) of pod development stage, no significant

difference was observed between treatment and control plots in both DipC and TN.

Chai et al. [12], reported similar observation where bambara groundnut at 65 DAS to

72 DAS of drought stress showed rapid decline in stomatal conductance, followed by a

relatively slow and steady decline between 72 DAS and 84 DAS. Collinson et al. [90],

stated that stress-induced stomata closure is believed to be accompanied by osmotic

adjustment. Stomatal conductance show little or no change once the decline of stom-

atal conductance reaches a threshold value due to drought stress, as its speculated that

plants are keeping their stomata open for carbon uptake while maintaining their plant

water status by osmotic adjustment [90]. From the results, it indicates that both DipC

and TN have shown drought avoidance properties where under drought stress, there

was significant reduction in stomatal conductance. Similar results has been observed

in maize (Zea mays) [115], sugarcane (Saccharum spp.) [290], and chickpea (Cicer

arietinum) [291]. It is worthwhile noting that given the low of number data points in

each stage might limit the potential of observing trends that might be of relevance.

On the other hand, drought stressed plants in peanut have shown greater reductions

in stomatal conductance at vegetative (70.58%) and reproductive (94.24%) stages in
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comparison to TN (17.75% and 54.55%, respectively). However TN showed greater

reduction at pod development stage (91%) than peanut (90%) (Figure 5.3). On the

other hand, peanut had greater reductions in stomatal conductance compared to DipC

(40.46%, 77.32% and 40.68%, respectively) at all three stages. It worthwhile noting

that peanut control plants after week 4 (89 DAS) at pod development stage showed a

rapid decline in all gas exchange measurements (stomatal conductance, photosynthesis

and transpiration). This could be the effect of the growing conditions and the interac-

tion of pot size with plant size (http://www.plantstress.com/methods/PotExp.htm).

Larger plants use more water than smaller plants. It could be possible that pot size (10

litres) and the amount of water given to peanut control plants was not sufficient after

a certain increase in growth (http://www.plantstress.com/methods/PotExp.htm). In

this study, this hypothesis was supported by peanut control plants which also showed

symptoms of wilting and lack of nutrients. However, both genotypes and peanut have

shown similar declining trends, where under drought stress significant reductions in

stomatal conductance were observed, which indicates their ability to response to water

limiting conditions through very similar drought mechanisms. Similar observations has

been reported for drought study in peanut, where reduction in stomatal conductance

has been observed [292].

Decreased stomatal conductance is known to lower net carbon dioxide assimilation

rate, intercellular carbon dioxide and chloroplastic carbon dioxide tension. This car-

bon dioxide insufficiency will lead to reduction in photosynthetic efficiency and dry

matter production that may have negative impact on plant growth and yield [116].

In this study, with stomatal conductance a constant reduction in photosynthesis and

transpiration was observed in both genotypes as well as in peanut. This reduction in

photosynthesis may be due to reduced substrate availability for plants to photosyn-

thesise caused by stomatal closure [113]. A decrease in the conductance of mesophyll
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cells due to drought stress leads to low conductance carbon dioxide and reduction in

photosynthesis [276]. Rapid reductions in photosynthesis and stomatal conductance

in peanut is consistent with the observations reported by Bhagsari et al. [293], im-

plying regulation of stomata closure for water loss is one of the mechanism employed

by plants to regulate water loss. It is clear that drought stress leads to stomatal clo-

sure, followed by parallel decrease in photosynthesis. However, stomatal conductance

is not just controlled by soil water availability but there are other complex interac-

tions of intrinsic and external factors involved [93]. Thus the need for further research

is imperative to fully understand the mechanism involved in stomatal regulation un-

der drought stress in plants. Throughout the drought study, a significant reduction

(p<0.05) in transpiration in the treatment plot was observed at vegetative, reproduc-

tive and pod development stage for DipC and peanut, whereas for TN, reduction was

only seen at pod development stage. Drought avoidance is the mechanism achieved

by plants through reducing water loss from transpiring leaves [276]. Reduction in

transpiration rate has been reported with the increase in duration of drought stress

indicating that the plants under moisture stress are postponing tissue dehydration

[276, 277]. From the results, it suggest that DipC and peanut has shown properties

of postponing tissue dehydration by showing significant reduction in transpiration at

all three developmental stages. Whereas TN, only showed properties of postponing

tissue dehydration at the pod development stage. Significant reduction (p<0.05) in

chlorophyll content from SCMR readings in DipC and TN at the pod development

stage are in agreements with other studies where water stress lead to reduction in

chlorophyll content of rosemary leaves [294].

Results of yield showed that despite bambara groundnut is known to be drought

tolerant, water stress still able to effect yield in both DipC and TN. Similar results has

been reported in literature for bambara groundnut [14, 113], which all reported reduced
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seed yield in bambara groundnut landraces in response to limited water availability.

However, what has been found remarkable is the ability of bambara groundnut to

still produce yield in an very limiting water conditions (50-25% field capacity) (Table

5.7). An representation of the indicative growth of DipC, TN and peanut at different

developmental stages under drought stress and irrigated conditions is shown in Figure

5.9. According to Berchie et al. [14], this indicates the ability of bambara groundnut

to be drought tolerant and further justifies the need for more research on the crop.

Results of yield from this study, for both DipC and TN, showed that despite DipC

having more reductions in seed and pod number compared to TN (Table 5.6), it

had less reduction in seed yield for drought stress imposed at vegetative and pod

development stage (Table 5.7). This implies that although fertility of DipC reduced

more than TN, the pod filling efficiency of DipC in the vegetative and pod development

state is less affected by drought stress in comparison to TN. Peanut, on the other hand,

showed the maximum relative reduction in biomass production under drought stress

at all three developmental stages in comparison to DipC and TN, which indicates

its inefficiency to produce biomass under drought stress. Similar observations for

peanut under drought stress has been reported [282]. Despite peanut having greater

reductions in biomass compared to DipC and TN under drought stress, it has been

able to experience less reductions in seed yield in comparison to DipC and TN at

the vegetative and pod development stage. However, TN had lesser reduction in seed

yield at the reproductive stage compared to peanut. Peanut produced more yield

under drought stress at all three stages: vegetative (2.13 g plant-1); reproductive (1.86

g plant-1) and pod development (5.01 g plant-1) compared to TN (1.66 g plant-1, 1.7

g plant-1 and 4.9 g plant-1, respectively). On the other hand, peanut produced more

yield at vegetative (2.13 g plant-1) and reproductive stage (1.86 g plant-1) than DipC

(1.7 g plant-1 and 0.13 g plant-1, respectively) but lesser at the pod development stage
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(5.01 g plant-1) compared to DipC (5.66 g plant-1).

5.4 Conclusion and potential traits for future pro-

grammes

This study showed that despite water limiting conditions, bambara groundnut geno-

types can still produce yield. Drought stress lead to reductions in growth indices of

plant height, leaf number and leaf area, thus minimising water losses. In addition,

bambara groundnut genotypes show classic drought avoidance mechanisms through

stomatal closure, thus reducing transpirational losses. Drought stress was shown to

reduce seed yield through reduction in seed and pod number. Although both DipC and

TN were shown to be productive under drought stress at the vegetative and pod de-

velopment stage, DipC was highly sensitive to drought stress at the reproductive stage

with a 98% overall reduction in seed yield. Furthermore, both bambara groundnut

and peanut have shown similar declining trends, where under drought stress significant

reductions in stomatal conductance, photosynthesis and transpiration were observed,

which indicates their ability to response to water limiting conditions through very

similar drought mechanisms. In addition, reductions in seed yield was observed in

both genotypes as well as peanut.

As the need to identify traits for genetic improvement for drought tolerance in

bambara groundnut increases, this physiological study will assist in dissecting the

complexity of the responses of this plant to drought stress. In addition with physiol-

ogy data, the transcriptomic data has also been generated for this drought study (refer

to chapter 6). Identification of differentially expressed genes between the conditions

will help to reveal potential components in stress response. The observed reduction

in stomatal conductance under drought stress in both genotypes at all three devel-
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opmental stages from this study will help in identifying genes related to the trait

using transcriptomic approaches to study gene expression. From the physiological

point of view, there was significant reduction in photosynthesis under drought stress

in both genotypes at all three developmental stages. However, the plants still man-

aged to photosynthesise even with minimal water supply (25% FC). The identification

of genes related to photosynthesis trait from the transcriptomic study will explain

the observed phenomenon and will assist in understanding the molecular mechanism

governing drought response in bambara groundnut.



Chapter 6

Effects of drought stress on the tran-

scriptome of bambara groundnut at

different developmental stages

6.1 Introduction

Drought stress as discussed in chapter 2 is a major abiotic stress that inhibits proper

plant growth and crop productivity. Several transcriptomic studies have been done

on plant species with the aim to understand the molecular mechanisms underlying

the ability of crops to produce viable yields under drought conditions [93, 176, 295–

299]. To mitigate drought stress plants have developed various strategies, such as

generation of larger and deeper root systems [289], regulation of stomatal closure to

reduce water loss [285], accumulation of compatible solutes and protective proteins

and increased expression levels of various osmoprotectants and antioxidants[93]. The

products of the drought-inducible genes can be classified into two groups: (1) the

genes that produce products (either directly or indirectly) with functions in drought

tolerance. These include molecules such as late embryogenesis abundant (LEA) pro-

teins, osmoprotectants, antioxidants, chaperones, antifreeze proteins, mRNA-binding

proteins, key enzymes for osmolyte biosynthesis, water channel proteins, sugar and
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proline transporters, detoxification enzymes, and several proteases; and (2) the gene

regulatory proteins, which functions in regulating the signal transduction and gene

expression of entire responses to drought. These include, various transcription factors

(such as MYB, WRKY, bZIP, Zinc-fingers, NAC, AREB, DREB2, HOX) , protein ki-

nases, protein phosphatases, enzymes involved in phospholipid metabolism and other

signaling molecules such as calmodulin-binding protein. The transcription factors can

govern expression of a certain drought inducible gene either cooperatively or indepen-

dently [98, 99, 300–302].

With the availability of NGS technologies, it is now possible to study the transcrip-

tome of a species whose genome has not been sequenced yet [42] which will greatly

aid in elucidating regulatory networks [43] and understanding the genetic basis of

complex traits [44] in non-model species (such as bambara groundnut). To success-

fully assemble a transcriptome without the aid of reference genome requires robust

computational method and substantial sequence data. This is achieved via de novo

transcriptome assembly [41], which is used to assemble short RNA-Seq reads without

a reference genome. It has been widely used for transcriptomic studies in organisms

whose genome information is not available [46].

An approach to identifying genes conferring drought avoidance and tolerance is to

study species that are already very tolerant to semi-arid conditions. In this regard,

bambara groundnut is a potential candidate (refer to 2.1.1 for details). Two bambara

groundnut genotypes; DipC and TN, derived from different landraces were used for

this experiment. This study aims to: (1) identify genes and expression patterns at

different developmental/growth stages and time points in response to drought stress

which enable bambara groundnut to grow under semi-arid conditions; (2) to compare

the transcriptome of the two genotypes of bambara groundnut to identify what is

common and how they differ in their response to drought stress; (3) understanding
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the drought mechanisms underlying the ability of crops to produce viable yields under

drought conditions and (4) identifying the genes for the trait of interest in relation

to drought stress obtained from physiology data. No study has been done on the

transcriptome profiling of bambara groundnut under drought stress yet. This study

will build upon the data already obtained from the physiology work for this experiment

(refer to chapter 5).
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6.2 Results

The experiment was divided into three developmental stages - vegetative, reproductive

and pod development. The drought was imposed at 19, 33 and 61 DAS for vegetative,

reproductive and pod developmental stages, respectively. Each stage is a separate

experiment (see 3.2.2 for details on experimental design) . Leaf sampling was done at

the start and end period of the drought treatment (drought and control plants) for

DipC and TN, for the extraction of RNA. For the gene expression study, leaf samples

from vegetative and reproductive stage were send for RNA-sequencing (RNA-seq).

This chapter studies the gene expression profiling of the two genotypes under drought

stress at the vegetative and reproductive stages. Table 6.1 list the days at which leaf

sampling was done for the gene expression study.

Table 6.1: RNA sampling for gene expression study.

Developmental stages Measurements
at DAS*

Drought
weeks

Field Capacity
(%)

Vegetative stage (7-33 Days) 19 DAS* Week 0 75%
26 DAS* Week 1 50%
33 DAS* Week 2 25%

Reproductive stage (33-61 Days) 33 DAS* Week 0 75%
40 DAS* Week 1 50%
47 DAS* Week 2 25%

*DAS = Days after sowing. The days at which RNA sampling was done are highlighted in red.

6.2.1 Read quality checking, statistics and annotation

Illumina HiSeq4000 platform was used to generate 75bp paired-end sequence reads

for RNA-seq analysis. Table 6.2 shows the number of reads for each samples before

and after quality trimming. The trimmed reads were further used to assemble the

transcriptome. For transcriptome assembly all reads were combined into a single
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input in order to obtain a consolidated set of contigs (transcripts) which will aid in

comparing the transcriptomes across all samples. Transcriptome assembly resulted in

56,772 non-redundant potential gene sequences. The tool “dammit” (version 0.2.2) was

used to annotate the assembled sequences, resulting in 43,467 annotated transcripts.

Trimmed sequences/reads were mapped back to the assembled transcriptome using

HISAT2 for expression estimation. StringTie was then used to assemble the read

alignments into potential transcripts/contigs for each sample. This was followed by

the StringTie “merge” step to assemble the sequences into non-redundant transcripts

which are consistent across the multiple RNA-seq samples. The StringTie merge step

produced an annotation (GTF) file which identified 54,225 potential “gene” sequences

in total across all samples. Read counts were generated for these 54,225 sequences

using htseq-count. A workflow of the RNA-seq analysis for this study can be found in

chapter 3 figure 3.4.
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Table 6.2: Breakdown of RNA-seq reads for leaf samples of DipC and TN
under control (irrigated) and drought conditions at different time points
and developmental stages. The number of raw reads generated from RNA-seq is
shown as raw reads. Trimmed reads are reads that were kept after quality checking
and the ones that did not pass the quality checking processes are the discarded reads.

Samples Raw Reads Trimmed reads Trimmed reads(%) Discarded

Reads

Discarded

reads (%)

Vegetative stage

DipCcontrol1-19 31652142 31650447 99.995 1695 0.005

DipCcontrol2-19 36004105 36001845 99.994 2260 0.006

DipCcontrol3-19 30401159 30399651 99.995 1508 0.005

DipCcontrol1-33 32720112 32718449 99.995 1663 0.005

DipCcontrol2-33 33406349 33404285 99.994 2064 0.006

DipCcontrol3-33 27427307 27425929 99.995 1378 0.005

DipCDrought1-33 29563236 29561964 99.996 1272 0.004

DipCDrought2-33 30177880 30176336 99.995 1544 0.005

DipCDrought3-33 28895797 28894390 99.995 1407 0.005

TNcontrol1-19 29372457 29371479 99.997 978 0.003

TNcontrol2-19 32038373 32037440 99.997 933 0.003

TNcontrol3-19 30896649 30895068 99.995 1581 0.005

TNcontrol1-33 28586049 28584751 99.995 1298 0.005

TNcontrol2-33 32446405 32444773 99.995 1632 0.005

TNcontrol3-33 28887835 28886401 99.995 1434 0.005

TNDrought1-33 32136028 32133951 99.994 2077 0.006

TNDrought2-33 26742166 26740893 99.995 1273 0.005

TNDrought3-33 31415186 31413648 99.995 1538 0.005

Reproductive stage

DipCcontrol1-33 32256354 32254821 99.995 1533 0.005

DipCcontrol2-33 31976704 31975292 99.996 1412 0.004

DipCcontrol3-33 30602089 30600768 99.996 1321 0.004

DipCcontrol1-47 31374748 31372927 99.994 1821 0.006

DipCcontrol2-47 25586518 25585260 99.995 1258 0.005

DipCcontrol3-47 29816306 29814992 99.996 1314 0.004

DipCDrought1-47 27162028 27160654 99.995 1374 0.005

DipCDrought2-47 28763000 28761075 99.993 1925 0.007

DipCDrought3-47 31940347 31938626 99.995 1721 0.005

TNcontrol1-33 32859355 32857952 99.996 1403 0.004

TNcontrol2-33 36287704 36286071 99.995 1633 0.005

TNcontrol3-33 38239405 38237525 99.995 1880 0.005

TNcontrol1-47 25857225 25855972 99.995 1253 0.005

TNcontrol2-47 28732455 28730845 99.994 1610 0.006

TNcontrol3-47 30781092 30779350 99.994 1742 0.006

TNDrought1-47 30338549 30337174 99.995 1375 0.005

TNDrought2-47 32700209 32698617 99.995 1592 0.005

TNDrought3-47 29668885 29666570 99.992 2315 0.008
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6.2.2 Gene expression under control (irrigated) conditions

It is relevant to consider the state of the genotypic transcriptomes at different time

points and developmental stages before any drought treatment has taken place. The

genes with TMM (Trimmed mean of M-values) normalised average counts per million

(CPM) > 50 across all biological replicates were chosen as highly expressed under ir-

rigated conditions at different time points and growth stages. CPM is the descriptive

measures for the expression level of a gene under a certain condition. At this thresh-

old, ~1000 genes were left out of 54,225 genes across all samples. At this cut-off each

genotype (DipC and TN) had a little over 45 genes models with annotations related

to abscisic acid (ABA) signaling and drought responses in all four control conditions

(i.e. control conditions at 19 and 33 DAS at vegetative stage and control conditions

at 33 and 47 DAS at reproductive stage) (Appendix 16-23). These include homo-

logues of many of the genes involved in the ABA signaling pathway (such as protein

PP2C family, bZIP, MYB transcription factors), osmoprotectants (such as aspartate

proteases and beta-fructofuranosidase (glycoside-hydrolase family)), several antiox-

idants (belonging to peroxidase, glutaredoxin, thioredoxin, ferritin and glutathione

S-transferases (GST) gene family) and various drought induced genes such as late

embryogenesis abundant (LEA), heat shock proteins (HSP), myo-inositol-1-phosphate

synthase (MIPS) and dehydrins gene family.

6.2.3 Differentially expressed genes at vegetative stage

At vegetative stage, for both DipC and TN, RNA-seq was done at time points 19

and 33 DAS (refer to 3.6 for RNA sampling details). A total of 1882 and 550 genes

were found to be significantly differentially expressed (DE) (FDR < 0.05, log fold

change (log FC) ≥ 1) in control (irrigated) condition at 33 DAS compared to control
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(irrigated) condition at 19 DAS in DipC and TN, respectively, through differential ex-

pression analysis using edgeR (Appendix 24 and 25). Among these genes, expression

of 1299 and 274 genes were down-regulated and 583 and 276 genes were up-regulated,

respectively. Of these differentially expressed genes (DEG), 70 genes were found to be

overlapping between DipC and TN (figure 6.4 and Appendix 26). On the other hand,

significantly DEG in drought compared to control condition at 33 DAS for DipC and

TN accounts for 586 and 1899 genes, respectively (Appendix 27 and 28). Among these

genes, 196 and 1012 were down-regulated and 390 and 887 were up-regulated under

drought stress, respectively. Of these genes, only 139 genes were found to be overlap-

ping between DipC and TN (Table 6.3 and figure 6.4). TN showed higher numbers

of DEG in drought vs control condition at 33 DAS in comparison to DipC. Whereas

DipC, showed higher number of DEG at control-33 DAS vs control-19 DAS condition

compared to TN (Figure 6.4). This indicates that TN has activated more genes when

subjected to drought stress in comparison to DipC, whereas DipC has activated more

genes when comparison between two control conditions were made at different time

points. FDR is the expected proportion of erroneous rejections among all rejections

[303], thus using lower FDR thresholds reduces the chance of significant values being

false positives. Genes were selected for subsequent analysis by satisfying a log FC

≥ 1 and FDR < 0.05. A multidimensional scaling (MDS) plot was used to identify

the similarity or dissimilarity between samples. The sample is represented as a point

on the plot, and the distance between points corresponds to the similarities between

them. This method calculates distances between samples based on log2 fold changes

between every pair. Thus, samples of the same experimental condition are closer to

one another, while dissimilar samples are further apart [304]. Figures 6.1 and 6.2 show

that each biological replicate set are clustered in their respective experimental condi-

tion and time-point in DipC and TN, respectively. The MA plot shows the log-fold



6.2 Results 159

change (i.e., the log ratio of normalized expression levels between two experimental

conditions (i.e. developmental stage: control-33 DAS vs control-19 DAS) and (Treat-

ment: drought-33 DAS vs control-33 DAS)) and against the log CPM in both DipC

and TN (Figure 6.3).

The top 100 up and down regulated genes according to log FC in drought compared

to control (irrigated) conditions at time point 33 DAS in DipC and TN are listed in

Tables 6.4 and 6.5. Based on the DEG analysis in drought versus control condition at

time point 33 DAS, drought-related genes could be divided into following categories:

1. ABA signal transduction associated gene expression

Reduced water availability causes the production of ABA, the phyto-hormone

which initiates stomatal closure and influences other aspects of plant growth and

physiology. It is responsible for regulating a broad range of genes during drought

[305]. In this study, changes in gene expression of genes that are involved in triggering

ABA signaling were observed in DipC and TN plants under drought stress. In DipC,

two homologues of protein phosphatase 2C (PP2C) gene family were up-regulated

and three were down-regulated under drought stress compared to control at 33 DAS

(Appendix 27). In addition one gene in the ABA_WDS family and a homologue of

a known sub-type of cytochrome p450 family involved in ABA catabolism [306, 307]

were also induced under drought in DipC. In addition, family of transcription factors

(TFs) related to ABA dependent pathways were differentially expressed (either up

or down) under drought stress including six MYB genes, three NAC genes and one

WRKY gene [99]. On the other hand, for TN, three homologues of PP2C gene family,

one ABA_WDS gene and twelve homologues of cytochrome p450 gene family were

up-regulated under drought stress (Appendix 28). In addition, family of transcription

factors including 22 MYB genes, three bZIP genes, four NAC genes and four WRKY

genes were differentially expressed (either up or down) in TN under drought stress at
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33 DAS.

2. Gene expression of osmoprotectants

Role of osmoprotectants under drought stress has been widely studied in plants

[93, 99, 156, 285, 308–311]. It plays a vital role in plant defense against drought stress

by contributing towards continued water uptake and maintenance and membrane pro-

tection [306]. In this study, one trehalose phosphatase gene, two aspartate proteases

genes, one raffinose synthase gene and five beta-fructofuranosidase (glycoside hydrolase

family) genes were up-regulated under drought stress compared to control at 33 DAS

in DipC (Appendix 27). In addition, three beta-fructofuranosidase genes were down-

regulated. On the other hand, for TN, one aspartate proteases gene, two raffinose

synthase genes and five beta-fructofuranosidase genes were up-regulated in response

to drought stress at 33 DAS (Appendix 28). In addition, six aspartate proteases and

24 beta-fructofuranosidase genes were down-regulated.

3. Expression of genes involved in antioxidant production

Drought stress causes the production of reactive oxygen species (ROS), which

leads to cell damage and oxidative stress. Upon a reduction in the amount of available

water, plants close their stomata (plausibly via ABA signaling), which decreases the

CO2 influx, leading to formation of ROS [93]. Accumulation of antioxidants is a

drought/damage tolerance strategy against ROS generated by plants [93, 246, 296, 312,

313]. In this study, antioxidants belonging to gene family of peroxidase, glutathione S-

transferases (GST), glutaredoxin, thioredoxin and ferritin were induced under drought

stress compared to control condition at 33 DAS. Up-regulation of genes encoding three

homologues of peroxidase genes, one GST gene, two glutaredoxin genes and one ferritin

gene were found in drought stressed plants at 33 DAS in DipC (Appendix 27). In

addition, an homologue of GST and thioredoxin gene was down-regulated. In TN,

homologues of four peroxidase genes, eight GST genes, two glutaredoxin genes, one
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ferritin gene and two thioredoxin genes were up-regulated in response to drought stress

at 33 DAS (Appendix 28). In addition, homologues of eight peroxidase genes and two

GST genes were down-regulated.

4. Expression of genes related to photosynthesis and glycolysis

Photosynthesis and glycolysis are the basic physiological processes that provide

ATP and intermediates for plant metabolism [306]. In this study, the expression level

of a gene homologue encoding photosystem II - PsbP (photosystem II subunit P-

1) family of proteins and another homologue related to photosynthesis belonging to

phosphoribulokinase (PRK) family, which is a calvin cycle component, were highly

repressed under drought stress compared to the control at 33 DAS in DipC (Ap-

pendix 27). Whereas the other gene related to photosynthesis such as light-harvesting

complexes (LHC) was up-regulated. In case of TN, three light-harvesting complexes

genes were highly down-regulated and one tri-carboxylic acid (TCA) cycle compo-

nent namely phosphoenolpyruvate carboxylase (PEPcase) gene was up-regulated un-

der drought stress at 33 DAS (Appendix 28).

With respect to glycolysis, several genes were up-regulated in DipC under drought

stress compared to control at 33 DAS including, one pyruvate kinase (PK), two

gene homologues of GDP-fucose-o-fucosyltransferase (O-fuct) family, one glucose-6-

phosphate dehydrogenase (G6PD) gene and one glyceraldehyde 3-phosphate dehy-

drogenase (Gp_dh) gene (Appendix 27). Whereas one homologue of O-fuct gene

family was down-regulated. On the other hand, one homologue of O-fuct gene family,

two fructose-bisphosphate aldolase (glycolytic) genes and one Gp_dh gene were up-

regulated under drought stress in TN (Appendix 28). In addition, one homologue of

O-fuct gene family was down-regulated.

5. Cell wall associated responses

In this study, expression levels of number of cell wall associated genes were either
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induced or repressed under drought stress compared to control at 33 DAS. An homo-

logue of UDP-glucosyl transferase (UDPGT) gene family, two cellulose synthase genes

and two fasciclin genes were found to be highly expressed under drought stress at 33

DAS in DipC (Appendix 27). Whereas one cell wall related gene xyloglucan endo-

transglycosylase (XET) was down-regulated. On the other hand, seven homologues of

UDP-glucosyl transferase gene family were up-regulated under drought stress in TN.

In addition, thirteen fasciclin genes, seven cellulose synthase gene and five XET genes

were down-regulated (Appendix 28).

6. Other genes induced by drought stress

Other genes related to drought such as late embryogenesis abundant (LEA), heat-

shock proteins (HSP), Lipoxygenase and Myo-inositol-1-phosphate synthase (MIPS)

were up-regulated under drought stress compared to the control at 33 DAS in both

DipC and TN (Appendix 27 and 28). In addition, several transporters (such as ABC,

MFS1, MFS2, sodium ion, iron, sulfate and sugar transporters) were induced under

drought stress. MFS are multidrug transporters that regulates stomatal movements

and polar auxin transport by modulating potassium and proton fluxes in plant [314].

Numerous protein kinases (such as serine/threonine) and calmodulin related genes,

were up-regulated under drought in both DipC and TN, which perform diverse and

important functions in plant signal transduction (such as stomatal opening/closing,

ABA response, pH regulation, nitrogen storage, plant development and defense) [93,

249, 315]. Furthermore, apart from ABA, other hormones such as cytokinin binding

and auxin were induced under drought stress in both genotypes.

Out of the 139 genes that were found to be common between DipC and TN in

response to drought at 33 DAS, a number of drought-related genes such as family of

genes associated with oxidative stress (glutaredoxin, GST, ferritin and peroxidase),

four osmotic adjustment related genes (raffinose synthase, aspartate proteases and
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beta-fructofuranosidase), one photosynthesis related genes (LHC) and other drought-

related genes such as LEA, lipoxygenase, MIPS and HSP were differentially expressed

in both DipC and TN (Table 6.3)

Furthermore, the enriched GO-terms were assigned to three principal categories:

molecular function (6 GO terms), biological process (37 GO-terms) and cellular com-

ponent (5 GO-terms) in DipC under drought stress at 33 DAS (Appendix 29). The top

significant GO-terms assigned (having at least 3 read counts) for biological process in

DipC were related to: plant-type cell wall organization or biogenesis (GO:0071554), re-

sponse to oxidative stress (GO:0006979), response to hydrogen peroxide (GO:0042542),

response to light intensity (GO:0009642), response to reactive oxygen species (GO:000-

0302), cellular carbohydrate catabolic process (GO:0044275), cell wall organisation-

(GO:0071555) and response to heat (GO:0009408) (see fig. 6.5 for top GO-terms as-

signed) (refer to Appendix 29 for the whole list of GO-terms assigned). Enriched

GO-terms assigned for TN plants under drought stress at 33 DAS to three principal

categories were: molecular function (39 GO terms), biological process (76 GO-terms)

and cellular component (11 GO-terms) (Appendix 30). The top GO-terms assigned

for biological process in TN were related to xylan biosynthetic process (GO:0045492),

hemicellulose metabolic process (GO:0010410), cell wall organization or biogenesis

(GO:0071554), cell wall polysaccharide metabolic process (GO:0010383), response to

water deprivation (GO:0009414), response to oxidative stress (GO:0006979), secondary

metabolic process (GO:0019748), response to abiotic stimulus (GO:0009628), response

to oxidation-reduction process (GO:0055114) and external encapsulating structure or-

ganisation (GO:0045229) (see fig. 6.5 for top GO-terms assigned) (refer to Appendix

30 for the whole list of GO-terms assigned).

In addition, the enriched GO-terms assigned under biological process category

when comparisons between control conditions (Control-33 DAS vs Control-19 DAS)
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were made at different time points in DipC were mainly related to polysaccharide

metabolic process (GO:0005976), hydrogen peroxide catabolic process (GO:0042744),

response to external stimulus (GO:0009605), cell wall organisation (GO:0071555), sec-

ondary metabolic process (GO:0019748) and carbohydrate metabolic process (GO:000-

5975) (Appendix 31). Whereas, for TN, the GO-terms assigned were mainly related to:

response to cytokinin (GO:0009735), chloroplast organisation (GO:0009658), cytokinin

activated signaling pathway (GO:0009736) and plastid localisation (GO:0051644) (Ap-

pendix 32).
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Figure 6.1: Multidimensional scaling plot on differential gene expression of
DipC samples at different conditions and time points at vegetative stage.
Replicates for control (irrigated) conditions at time points 19 and 33 DAS and drought
conditions at time point 33 DAS are clustered in their respective experimental condi-
tion and time-point. This shows that samples between experimental conditions and
time points were distinctively different.
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Figure 6.2: Multidimensional scaling plot on differential gene expression
of TN samples at different experimental conditions and time points at
vegetative stage. Replicates for control (irrigated) conditions at time point 19 and
33 DAS and drought conditions at time point 33 DAS are clustered in their respective
experimental condition and time-point. This shows that samples between experimental
conditions and time points were distinctively different.
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Figure 6.3: MA plot comparing log FC and average log CPM on differential
gene expression of Control-33 DAS vs Control-19 DAS and Drought-33
DAS vs Control-33 DAS at vegetative stage. MA plot shows the log-fold change
(i.e., the log ratio of normalized expression levels between two experimental conditions
and against the log counts per million (CPM). [A] and [B] refers to plot from DipC
and TN respectively. Experimental conditions of differential expression are listed on
top of the figure. Those genes selected as differentially expressed (with FDR < 0.05,
log fold change (logFC) ≥ 1) are highlighted as red dots.



6.2 Results 168

Figure 6.4: Comparison of number of differentially expressed genes between
DipC and TN at different experimental conditions. A Venn diagram showing
the number of differentially expressed genes in DipC (DipC-C33 vs C19 and DipC-
D33 vs C33) and TN (TN-C33 vs C19 and TN-D33 vs C33) at different experimental
conditions. C and D refer to control and drought respectively. 33 and 19 are the days
after sowing at which the sampling was done. TN showed higher number of DE genes
between TN-D33 vs C33 condition in comparison to DipC. Whereas DipC showed
higher number of DE genes at DipC-C33 vs C19 condition.
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Table 6.3: Overlapping genes between DipC and TN in drought versus con-
trol (irrigated) condition at time point 33 DAS

Gene-ID Annotation Regulation

under

drought in

DipC

Regulation

under

drought in

TN

Gene description in relation to

drought stress

UoN.bamGnut.52130 HSP20 UP UP Induced by drought stress

UoN.bamGnut.45701 Unknown UP UP

UoN.bamGnut.6545 Kunitz_legume UP UP

UoN.bamGnut.52601 Peptidase_C1 UP UP

UoN.bamGnut.51451 Extensin_2 UP UP

UoN.bamGnut.2022 COX2_TM UP UP

UoN.bamGnut.40032 PdomMRNAr1.1-08458.1 UP UP

UoN.bamGnut.38756 NA UP UP

UoN.bamGnut.51739 BAG domain UP UP Modulators of chaperone activity

UoN.bamGnut.43944 Raffinose_synthase UP UP Osmoprotectant

UoN.bamGnut.48316 PQ-loop UP UP

UoN.bamGnut.39903 Tryp_alpha_amyl UP UP

UoN.bamGnut.43172 Lipoxygenase UP UP Induced by drought stress

UoN.bamGnut.44527 Glyco_transf_5 UP UP

UoN.bamGnut.38939 Rhodanese UP UP

UoN.bamGnut.47465 Betafructofuranosidase_14

(glycoside hydrolase_14)

UP UP Hydrolysis of sucrose- osmoprotectant

UoN.bamGnut.26149 Kunitz_legume UP UP

UoN.bamGnut.45698 Acid Phosphatase B UP UP Known to act under stress by

maintaining a certain level of inorganic

phosphate in plant cells

UoN.bamGnut.49985 Myo-inositol-1-phosphate

synthase (MIPS)

UP UP Induced by ABA, drought

UoN.bamGnut.22131 Kunitz_legume UP UP

UoN.bamGnut.18596 DOCK-C2 Down UP

UoN.bamGnut.46716 Kunitz_legume UP UP

UoN.bamGnut.35993 RRM_7 Down UP

UoN.bamGnut.44278 DUF789 UP UP

UoN.bamGnut.46640 Glutaredoxin UP UP Antioxidant/ROS scavenging

UoN.bamGnut.1420 ANTH Down UP

UoN.bamGnut.8317 SAC3_GANP UP UP

UoN.bamGnut.52158 GLE1 Down UP

UoN.bamGnut.27002 Carbonic anhydrase

(Pro_CA)

UP UP Related to photosynthesis and plays

role in ROS scavenging

UoN.bamGnut.39387 PLAT UP UP

UoN.bamGnut.31006 Serine

hydroxymethyltransferase

(SHMT)

UP UP Related to oxidative stress. Functions

in photorespiratory pathway and

controlling the cell damage
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UoN.bamGnut.8156 Lectin_legB UP UP

UoN.bamGnut.51670 MreB_Mbl UP UP

UoN.bamGnut.31696 HSP20 UP UP Induced by drought stress

UoN.bamGnut.41189 Kunitz_legume UP UP

UoN.bamGnut.52453 Glutaredoxin UP UP Antioxidant/ROS scavenging

UoN.bamGnut.40510 LEA_3 UP UP Induced by drought stress

UoN.bamGnut.54120 Glutathione

S-transferase-2,

N-terminal domain (GST)

Down UP Antioxidant/ ROS scavenging

UoN.bamGnut.4720 Lipoxygenase UP UP Induced by drought stress

UoN.bamGnut.40504 WRI1(AP2-ERF) UP UP Transcription

UoN.bamGnut.36919 Ferritin UP UP Antioxidant/ ROS scavenging

UoN.bamGnut.32627 OPT UP UP

UoN.bamGnut.42104 Unknown Down UP

UoN.bamGnut.31521 Peptidase_C26 UP UP

UoN.bamGnut.2471 NA UP UP

UoN.bamGnut.7659 Protein kinase UP UP Signal transduction

UoN.bamGnut.23049 MIF4G Down UP

UoN.bamGnut.27016 HSP20 UP UP Induced by drought stress

UoN.bamGnut.30393 ABC1 Down UP Cellular transporter

UoN.bamGnut.3344 p450 UP UP

UoN.bamGnut.39648 Extensin_1 UP UP

UoN.bamGnut.11038 mRNA_cap_C UP UP

UoN.bamGnut.50762 PDDEXK_6 UP UP

UoN.bamGnut.27625 DnaJ UP UP

UoN.bamGnut.54018 Aminotran_4 UP UP

UoN.bamGnut.20849 NA UP UP

UoN.bamGnut.26151 S1-P1_nuclease UP UP

UoN.bamGnut.41454 Hydrolase UP UP

UoN.bamGnut.52505 PAR1 UP UP

UoN.bamGnut.47082 ECH_1 UP UP

UoN.bamGnut.40612 Lipase_3 UP UP

UoN.bamGnut.47740 Abhydrolase_1 UP UP

UoN.bamGnut.11968 Acid_phosphat_B UP UP Known to act under stress by

maintaining a certain level of inorganic

phosphate in plant cells

UoN.bamGnut.47186 Unknown UP UP

UoN.bamGnut.53110 Pollen_allerg_1 UP UP

UoN.bamGnut.23408 NUDIX UP UP

UoN.bamGnut.43256 A6R773_AJECN UP UP
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UoN.bamGnut.47051 Acyltransferase UP UP

UoN.bamGnut.35343 LRR_4 UP UP

UoN.bamGnut.40082 FAD_binding_3 UP UP

UoN.bamGnut.38941 NA Down UP

UoN.bamGnut.20107 Pollen_allerg_1 UP UP

UoN.bamGnut.31054 EamA UP UP

UoN.bamGnut.53840 ADH_zinc_N UP UP

UoN.bamGnut.20540 Hydrolase_4 UP UP

UoN.bamGnut.20857 Pirin UP UP

UoN.bamGnut.23286 Sulfate_transp Down Down

UoN.bamGnut.17222 Light-harvesting

complexes of green plants

(Chloroa_b-bind)

UP Down Related to photosynthesis and plays a

positive rolein guard cell signaling in

response to ABA

UoN.bamGnut.998 Cupin_1 UP Down

UoN.bamGnut.21107 Aspartate protease (Asp) UP Down Osmoprotectant

UoN.bamGnut.5351 Glyco_transf_8 UP Down

UoN.bamGnut.17370 ENSDNOP00000023418 UP Down

UoN.bamGnut.48758 Extensin_2 UP Down

UoN.bamGnut.31977 PC-Esterase UP Down

UoN.bamGnut.33958 UBN2_3 UP Down

UoN.bamGnut.21376 Polyketide_cyc2 Down Down

UoN.bamGnut.21759 Cellulose_synthase UP Down cell wall metabolism

UoN.bamGnut.25602 Tubulin UP Down

UoN.bamGnut.3941 Lebercilin UP Down

UoN.bamGnut.20825 GASA UP Down

UoN.bamGnut.50179 ACYPI009798-PA Down Down

UoN.bamGnut.23626 TPT UP Down Repeats families in plants allow them

to rapidly acclimatize to adverse

conditions

UoN.bamGnut.11622 HSP20 Down Down Induced by drought stress

UoN.bamGnut.26992 Drought induced 19

protein (Di19),

zinc-binding

Down Down Transcription

UoN.bamGnut.15071 Polyketide_cyc2 Down Down

UoN.bamGnut.10340 DUF642 UP Down

UoN.bamGnut.21577 Cu-oxidase_2 UP Down copper ion binding. Redox related

enzyme

UoN.bamGnut.5639 Peroxidase UP Down Antioxidant/ ROS scavenging

UoN.bamGnut.3198 betafructofuranosidase_19

(glycoside hydrolase_19)

UP Down hydrolysis of sucrose- osmoprotectant

UoN.bamGnut.33001 Peptidase_C13 Down Down

UoN.bamGnut.10038 MYB_86 UP Down Transcription
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UoN.bamGnut.22383 DPBB_1 UP Down

UoN.bamGnut.5245 DUF547 UP Down

UoN.bamGnut.42548 DEAD UP Down

UoN.bamGnut.26120 EKC30732 UP Down

UoN.bamGnut.8560 NA Down Down

UoN.bamGnut.17657 Methyltransf_3 UP Down

UoN.bamGnut.16499 Adenine_glyco UP Down

UoN.bamGnut.16317 Aminotran_3 UP Down

UoN.bamGnut.45815 DOMON UP Down

UoN.bamGnut.4986 Fasciclin UP Down Related to cell wall

UoN.bamGnut.35132 Methyltransferase_11 UP Down

UoN.bamGnut.34370 PPR_3 Down Down Repeats families in plants allow them

to rapidly acclimatize to adverse

conditions

UoN.bamGnut.26937 Weak chloroplast

movement under blue

light (WEMBL)

Down Down Photosynthesis related gene

UoN.bamGnut.21800 LRR_4 UP Down

UoN.bamGnut.11322 NA UP Down

UoN.bamGnut.31476 SEO_N UP Down

UoN.bamGnut.49481 WD40 UP Down

UoN.bamGnut.9228 zf-RING_2 UP Down Transcription

UoN.bamGnut.5468 Fasciclin UP Down Related to cell wall

UoN.bamGnut.11930 Peptidase_M10 UP Down

UoN.bamGnut.44510 WD40 UP Down Repeats families in plants allow them

to rapidly acclimatize to adverse

conditions

UoN.bamGnut.8660 Ap2-ERF domain Down Down Transcription

UoN.bamGnut.11591 FAD_binding_4 Down Down

UoN.bamGnut.12631 MORN Down Down

UoN.bamGnut.22613 B3 Down Down

UoN.bamGnut.47303 LEA_2 Down Down Induced by drought stress

UoN.bamGnut.1776 AAA_29 UP Down

UoN.bamGnut.33047 ABC_transport Down Down Cellular transporter

UoN.bamGnut.41899 Proton_antipo_M Down Down

UoN.bamGnut.9081 GMC_oxred_C UP Down

UoN.bamGnut.1472 Amidase Down Down

UoN.bamGnut.6748 Ferric_reduct Down Down

UoN.bamGnut.48904 Glycos_transf_1 UP Down

UoN.bamGnut.17348 RAD-like 6 (MYB TF) Down Down Transcription

UoN.bamGnut.13977 AGLA009383-RA UP Down

UoN.bamGnut.18415 TPR_12 UP Down Repeats families in plants allow them

to rapidly acclimatize to adverse

conditions

UoN.bamGnut.17350 Unknown Down Down

UoN.bamGnut.21321 ParA UP Down



6.2 Results 173

Table 6.4: Top UP-regulated genes in drought compared to control condition
at time point 33 DAS in DipC and TN.

Gene_ID logFC FDR Annotation Gene description in relation to drought stress

UP-regulated in DipC

UoN.bamGnut.44662 9.89 0.00000 DEAD BOX Helicase_C RNA metabolism, response to ABA, drought, signal

transduction

UoN.bamGnut.52258 9.55 0.00000 HEAT_2 (ARM-repeat) Protein sorting via ubiquitination

UoN.bamGnut.34377 8.48 0.00000 DUF21

UoN.bamGnut.44278 8.00 0.00000 DUF789

UoN.bamGnut.21369 7.09 0.00001 Kunitz_legume

UoN.bamGnut.15773 6.84 0.00000 Alternative oxidase

(AOX)

Maintains photosynthesis during drought by

promoting energy balance in the chloroplast.

UoN.bamGnut.9081 6.83 0.00000 Glucose-methanol-choline

oxidoreductase, C

Glycolysis/carbohydrate metabolism

UoN.bamGnut.52291 6.47 0.00000 Hemopexin

UoN.bamGnut.15899 6.26 0.00000 B3

UoN.bamGnut.26149 6.09 0.00000 Kunitz_legume

UoN.bamGnut.49985 6.00 0.00000 Myo-inositol-1-phosphate

synthase (MIPS)

Induced by ABA, drought

UoN.bamGnut.19390 5.90 0.00001 Iron transport

multicopper oxidase fio1

Iron transport

UoN.bamGnut.44892 5.88 0.00057 Translationally controlled

tumor protein (TCTP)

Stomatal closure via ABA signaling

UoN.bamGnut.892 5.86 0.00000 Calcium-dependent

protein kinase (CDPK)

family protein

Signal transduction. Plant drought stress signaling

UoN.bamGnut.38284 5.86 0.00000 Na+/H+ exchangers

(NHX)

Sodium ion transport and potassium ion homeostasis

UoN.bamGnut.24223 5.82 0.00015 Adenine Phosphoribosyl-

Transferase

(APT1)

UoN.bamGnut.2022 5.77 0.00086 COX2_TM

UoN.bamGnut.12534 5.72 0.00000 Fibronectin type III

UoN.bamGnut.16854 5.61 0.00000 Protein kinase Signal transduction

UoN.bamGnut.21321 5.60 0.00606 ParA (ATPase)

UoN.bamGnut.22864 5.27 0.00000 Amidase

UoN.bamGnut.44527 5.27 0.00189 Glyco_transf_5 Maintaining cell homeostasis and regulating plant

growth and development. Regulation of lignin

content.

UoN.bamGnut.25928 5.07 0.00000 Prenyltransferase

UoN.bamGnut.43162 5.02 0.00000 EMB1444 (bHLH) Transcription

UoN.bamGnut.35343 4.99 0.00000 LRR4 Protein phosphorylation, regulates drought stress by

activating the expression of ABA
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UoN.bamGnut.48636 4.99 0.00000 PTS_2-RNA

UoN.bamGnut.29765 4.97 0.00358 PP2C Accelerates growth of inflorescence stems through

the activation of cell proliferation and expansion.

UoN.bamGnut.23436 4.92 0.00001 Putative dentin

sialophosphoprotein-

related

UoN.bamGnut.19461 4.88 0.00003 SacI homology domain Cell wall maintanence

UoN.bamGnut.12158 4.87 0.00000 Brr2p DEAD/DExH box

ATP-dependent RNA

helicase

UoN.bamGnut.27002 4.86 0.00591 Carbonic anhydrase

(Pro_CA)

Related to photosynthesis and plays role in ROS

scavenging

UoN.bamGnut.36776 4.78 0.00000 Arp2/3 complex,

UoN.bamGnut.18415 4.69 0.00211 TPR_12 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.18429 4.66 0.00911 HEAT_2 (ARM-repeat) Protein sorting via ubiquitination

UoN.bamGnut.17222 4.65 0.00249 Light-harvesting

complexes of green plants

(Chloroa_b-bind)

Related to photosynthesis and plays a positive rolein

guard cell signaling in response to ABA

UoN.bamGnut.9444 4.65 0.00238 Unknown

UoN.bamGnut.41454 4.64 0.00009 Hydrolase

UoN.bamGnut.47930 4.62 0.00001 Nasvi2EG004087t1

UoN.bamGnut.549 4.60 0.00037 LRR_4 Protein phosphorylation, regulates drought stress by

activating the expression of ABA

UoN.bamGnut.54073 4.55 0.00018 Nodulin-like

UoN.bamGnut.16251 4.54 0.00209 Sister chromatid cohesion

C-terminus

UoN.bamGnut.19086 4.53 0.00000 K_transport Osmotically regulates water movement in and

outside of cells . It plays a major role in guard cell

regulation under drought stress

UoN.bamGnut.5098 4.49 0.00014 Pyruvate kinase_C,

alpha/beta domain

Enzyme involved in glycolysis.

UoN.bamGnut.24293 4.39 0.00002 Lecithin retinol

acyltransferase

UoN.bamGnut.3802 4.39 0.00004 Triose-phosphate Transport activity

UoN.bamGnut.15855 4.33 0.00001 Hydrolase_4

UoN.bamGnut.25086 4.32 0.00003 MarR

UoN.bamGnut.18603 4.29 0.00947 Ribosomal_L32p

UoN.bamGnut.52070 4.27 0.00000 Root phototropism

protein 3 (NPH3)

Response to light stimulus, gravitropism

UoN.bamGnut.19291 4.26 0.00004 Multipcopper oxidase Copper ion binding. Redox related enzyme

UoN.bamGnut.49481 4.23 0.00649 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions
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UoN.bamGnut.54221 4.21 0.00201 B3

UoN.bamGnut.4725 4.19 0.01223 LRR_4

UoN.bamGnut.11370 4.18 0.00606 HAD

UoN.bamGnut.51451 4.15 0.00154 Extensin_2

UoN.bamGnut.31006 4.13 0.02744 Serine

hydroxymethyltransferase

Related to oxidative stress. Functions in

photorespiratory pathway and controlling the cell

damage

UoN.bamGnut.49011 4.09 0.00300 Queuine

tRNA-ribosyltransferase

UoN.bamGnut.45698 4.09 0.00000 Acid Phosphatase B Acid phosphatase is known to act under stress by

maintaining a certain level of inorganic phosphate in

plant cells

UoN.bamGnut.6545 4.08 0.00012 Kunitz_legume

UoN.bamGnut.15578 4.08 0.00013 DUF247

UoN.bamGnut.21108 4.07 0.00015 Zinc-binding

dehydrogenase

UoN.bamGnut.7185 4.07 0.02506 Trehalose-phosphatase Osmoprotectant. Starch and sucrose metabolism.

UoN.bamGnut.36312 4.06 0.00367 Replication factor RFC1

C terminal domain

UoN.bamGnut.46713 4.04 0.00006 GDP-fucose protein

O-fucosyltransferase

(O-Fuct)

Glycolysis/carbohydrate metabolism

UoN.bamGnut.3717 4.02 0.00026 Probable lipid transfer 2

UoN.bamGnut.44600 3.99 0.00000 NB-ARC

UoN.bamGnut.48066 3.98 0.00015 BRCT

UoN.bamGnut.23408 3.96 0.00606 NUDIX

UoN.bamGnut.26564 3.96 0.00201 Glucose-6-phosphate

dehydrogenase (G6PD_C)

Plays role in glycolysis to produce energy in the

form of ATP and NADH

UoN.bamGnut.45701 3.95 0.00003 NA

UoN.bamGnut.25328 3.94 0.00140 NAC Transcription

UoN.bamGnut.23078 3.91 0.00002 Histidine phosphatase 1

UoN.bamGnut.43172 3.89 0.00020 Lipoxygenase 1 Induced by drought stress

UoN.bamGnut.53922 3.87 0.00104 DnaJ

UoN.bamGnut.25503 3.86 0.00004 EDAN000067-RA

UoN.bamGnut.49066 3.84 0.00018 Protein kinase Signal transduction

UoN.bamGnut.23090 3.84 0.03035 Amino_oxidase

UoN.bamGnut.20798 3.84 0.02517 Peroxidase Antioxidant/ROS scavenging. Conservation and

protection of cellular constituents

UoN.bamGnut.35465 3.83 0.00014 LTP_2

UoN.bamGnut.48316 3.81 0.00128 PQ-loop

UoN.bamGnut.19428 3.77 0.00098 RIC1
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UoN.bamGnut.23583 3.76 0.04093 NA

UoN.bamGnut.27164 3.76 0.00284 Plant_trans Cellular transporter

UoN.bamGnut.47895 3.75 0.00030 NA

UoN.bamGnut.4614 3.74 0.00057 GDP-fucose protein

O-fucosyltransferase

(O-Fuct)

Glycolysis/carbohydrate metabolism

UoN.bamGnut.23947 3.73 0.00038 MYB_6 Transcription

UoN.bamGnut.3344 3.72 0.00026 p450

UoN.bamGnut.47465 3.71 0.00047 Beta-fructofuranosidase

14 (glycoside hydrolase

14)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.8981 3.70 0.00144 DnaJ

UoN.bamGnut.44510 3.70 0.01943 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.46772 3.70 0.00079 Peroxidase

UoN.bamGnut.37637 3.70 0.02757 Na+/H+ exchangers

(NHX)

Sodium ion transport and potassium ion homeostasis

UoN.bamGnut.22131 3.69 0.00013 Kunitz_legume

UoN.bamGnut.14864 3.69 0.02910 Tetraspannin

UoN.bamGnut.24283 3.69 0.00000 basic helix-loop-helix

(bHLH)

Transcription

UoN.bamGnut.37408 3.69 0.00014 DUF179

UoN.bamGnut.22716 3.69 0.04368 Agenet

UoN.bamGnut.4649 3.67 0.00719 NAC Transcription

UoN.bamGnut.24715 3.66 0.00494 Unknown

UP-regulated in TN

UoN.bamGnut.682 12.44 0.00000 Glutathione S-transferase,

C-terminal domain (GST)

Antioxidant/ ROS scavenging

UoN.bamGnut.39360 12.28 0.00000 Unknown

UoN.bamGnut.53377 9.69 0.00000 zf-C3HC4_3 Transcription

UoN.bamGnut.52163 9.60 0.00000 Thaumatin

UoN.bamGnut.52130 9.20 0.00000 HSP20 Induced by drought stress

UoN.bamGnut.38233 9.15 0.00000 Unknown

UoN.bamGnut.15605 9.13 0.00000 Protein kinase domian Signal transduction

UoN.bamGnut.45701 8.76 0.00000 Unknown

UoN.bamGnut.53091 8.53 0.00000 ABC_transport Cellular transporter

UoN.bamGnut.51344 8.32 0.00000 HelroP129652

UoN.bamGnut.28590 8.30 0.00000 Extensin_2

UoN.bamGnut.11823 8.18 0.00000 UBA

UoN.bamGnut.48031 8.11 0.00000 Dehydrin/LEA Induced by drought stress

UoN.bamGnut.46852 8.09 0.00000 Bet_v_1
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UoN.bamGnut.52834 8.04 0.00000 MYB_6 Transcription

UoN.bamGnut.50795 7.96 0.00000 D-mannose binding lectin Immune system

UoN.bamGnut.6648 7.86 0.00000 Unknown

UoN.bamGnut.29480 7.81 0.00000 Succinyl-CoA ligase like

flavodoxin domain

UoN.bamGnut.6545 7.71 0.00000 Kunitz_legume

UoN.bamGnut.20230 7.67 0.00000 Protein kinase domian Signal transduction

UoN.bamGnut.42913 7.61 0.00000 Protein kinase domian Signal transduction

UoN.bamGnut.52601 7.57 0.00000 Peptidase_C1

UoN.bamGnut.49070 7.55 0.00000 ENSPVAP00000008033

UoN.bamGnut.44087 7.49 0.00000 The pentatricopeptide

repeat_1 (PPR)

Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.41260 7.49 0.00000 Transferase

UoN.bamGnut.37116 7.33 0.00000 Zinc finger AN1 Transcription

UoN.bamGnut.40803 7.28 0.00000 GED

UoN.bamGnut.42037 7.27 0.00000 LEA_1 Induced by drought stress

UoN.bamGnut.7677 7.18 0.00000 ENSMODP00000036472

UoN.bamGnut.50258 7.06 0.00000 mir-399

UoN.bamGnut.51719 7.05 0.00000 Probable lipid transfer 2

UoN.bamGnut.7343 7.02 0.00000 Acid phosphatase B Acid phosphatase is known to act under stress by

maintaining a certain level of inorganic phosphate in

plant cells

UoN.bamGnut.51497 6.89 0.00000 Unknown

UoN.bamGnut.51856 6.81 0.00000 mir-399

UoN.bamGnut.51461 6.78 0.00000 UBN2_2

UoN.bamGnut.43813 6.74 0.00000 HSP20 Induced by drought stress

UoN.bamGnut.52142 6.71 0.00000 Unknown

UoN.bamGnut.49776 6.68 0.00000 Calcium-dependent

protein kinase (CDPK)

family protein

Signal transduction. Plant drought stress signaling

UoN.bamGnut.39866 6.67 0.00000 Unknown

UoN.bamGnut.51451 6.64 0.00000 Extensin_2

UoN.bamGnut.35142 6.62 0.00000 Nup188

UoN.bamGnut.15016 6.45 0.00000 Tubulin-tyrosine ligase

family

UoN.bamGnut.45667 6.43 0.00000 ABC2_membrane Cellular transporter

UoN.bamGnut.16477 6.42 0.00000 MIF4G

UoN.bamGnut.51111 6.40 0.00000 Dirigent

UoN.bamGnut.54261 6.30 0.00000 Unknown

UoN.bamGnut.42294 6.29 0.00000 Unknown

UoN.bamGnut.54259 6.28 0.00000 Beta-fructofuranosidase

31 (glycoside hydrolase

31)

Hydrolysis of sucrose - Osmoprotectant
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UoN.bamGnut.51926 6.28 0.00000 DUF3774

UoN.bamGnut.53190 6.27 0.00000 TCOGS2:TC014111-PA

UoN.bamGnut.41882 6.25 0.00000 RING-H2 zinc finger

domain

UoN.bamGnut.53678 6.24 0.00000 RVT_2

UoN.bamGnut.50295 6.20 0.00000 SPX

UoN.bamGnut.40500 6.20 0.00000 AAA_16

UoN.bamGnut.2022 6.19 0.00010 Cytochrome c oxidase

subunit 2

Role in cell apoptosis

UoN.bamGnut.38337 6.17 0.00000 LEA_4 Induced by drought stress

UoN.bamGnut.20704 6.09 0.00000 PCI

UoN.bamGnut.38394 6.07 0.00000 Sulfate_transport Cellular transporter

UoN.bamGnut.53482 6.06 0.00000 G3ATJ1_SPAPN

UoN.bamGnut.2423 6.02 0.00000 Nucleoporin

autopeptidase_2

UoN.bamGnut.42356 6.01 0.00000 LRR_4

UoN.bamGnut.40032 5.98 0.00000 PdomMRNAr1.1-08458.1

UoN.bamGnut.53106 5.98 0.00000 Acyl-CoA

dehydrogenase_1,

C-terminal domain

UoN.bamGnut.51210 5.92 0.00000 Beta-fructofuranosidase

18 (glycoside hydrolase

18)

Hydrolysis of sucrose - Osmoprotectant

UoN.bamGnut.38756 5.91 0.00000 Unknown

UoN.bamGnut.52823 5.87 0.00000 CBG23024

UoN.bamGnut.8123 5.85 0.00000 S2J9K3_MUCC1

UoN.bamGnut.13863 5.82 0.00000 PI3_PI4_kinase Signal transduction

UoN.bamGnut.16103 5.80 0.00016 GBA2_N

UoN.bamGnut.46488 5.80 0.00006 NADH dehydrogenase

(ubiquinone)

Establishment of the electrochemical potential used

to produce ATP transporters for sodium and pH

homeostasis.

UoN.bamGnut.52162 5.77 0.00000 S1-P1_nuclease

UoN.bamGnut.46252 5.74 0.00000 HSP20 Induced by drought stress

UoN.bamGnut.39120 5.72 0.00000 EST1_DNA_bind

UoN.bamGnut.51739 5.66 0.00000 BAG domain Modulators of Chaperone activity

UoN.bamGnut.11638 5.66 0.00000 Hydrolase_4

UoN.bamGnut.52447 5.60 0.00000 Unknown

UoN.bamGnut.52859 5.60 0.00001 HAD

UoN.bamGnut.46816 5.56 0.00000 LRR_8

UoN.bamGnut.41199 5.54 0.00000 Cytochrome P450 Role in phytohormone biosynthesis and catabolism,

and secondary metabolism

UoN.bamGnut.1452 5.52 0.00000 Terpene synthase C

terminal domain

Its role is to synthesize terpenes

UoN.bamGnut.27805 5.50 0.00001 GYF

UoN.bamGnut.43944 5.49 0.00000 Raffinose_synthase Osmoprotectant
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UoN.bamGnut.39428 5.48 0.00000 Calmodulin_binding Signal transduction

UoN.bamGnut.21817 5.48 0.00000 Ceramidase

UoN.bamGnut.45742 5.47 0.00000 Sec3_C

UoN.bamGnut.13020 5.45 0.00034 AAA_29

UoN.bamGnut.48316 5.43 0.00000 PQ-loop

UoN.bamGnut.23323 5.43 0.00000 Cpn60_TCP1

UoN.bamGnut.43836 5.38 0.00000 FBpp0160707

UoN.bamGnut.46119 5.36 0.00000 J9VLD2_CRYNH

UoN.bamGnut.38252 5.31 0.00000 Methyltransf_16

UoN.bamGnut.42115 5.28 0.00000 Multi_copper_oxidase_3 copper ion binding. Redox related enzyme

UoN.bamGnut.52261 5.26 0.00000 Unknown

UoN.bamGnut.51074 5.24 0.00000 LEA_3 Induced by drought stress

UoN.bamGnut.39903 5.24 0.00000 Plant lipid transfer

protein, (LTP family)

Responsible for the shuttling of phospholipids and

other fatty acid groups between cell membranes

UoN.bamGnut.43172 5.23 0.00000 Lipoxygenase Induced by drought stress

UoN.bamGnut.45350 5.23 0.00011 Lyase_1

UoN.bamGnut.38683 5.23 0.00000 Methyltransf_2
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Table 6.5: Top down-regulated genes in drought compared to control condi-
tion at time point 33 DAS in DipC and TN

Gene_ID logFC FDR Annotation Gene description in relation to drought

stress

Down-regulated in DipC

UoN.bamGnut.50173 -8.32 0.00000 Unknown

UoN.bamGnut.8282 -8.10 0.00000 EamA Transporter

UoN.bamGnut.17677 -6.84 0.00000 M3BXM6_SPHMS

UoN.bamGnut.33450 -6.80 0.00000 Protein kinase_Tyrosine Signal transduction. Related to cell division

UoN.bamGnut.6437 -6.53 0.00000 PsbP Photosynthesis related gene

UoN.bamGnut.19320 -6.35 0.00000 REF

UoN.bamGnut.32908 -5.57 0.00000 Na+/H+ exchangers

(NHX)

Sodium ion transport and potassium ion

homeostasis

UoN.bamGnut.44453 -5.52 0.00000 bHLH-MYC_N Transcription

UoN.bamGnut.28497 -5.47 0.00000 Unknown

UoN.bamGnut.18186 -5.21 0.00000 tRNA_lig_CPD

UoN.bamGnut.42028 -5.04 0.00011 Unknown

UoN.bamGnut.53530 -5.00 0.00014 Phosphoenolpyruvate

carboxykinase

Photosynthesis related gene

UoN.bamGnut.26937 -5.00 0.00048 Weak chloroplast

movement under blue

light (WEMBL)

Photosynthesis related gene

UoN.bamGnut.40700 -4.92 0.00926 Ank_2 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.14721 -4.90 0.01414 Protein kinase_Tyrosine Signal transduction. Related to cell division

UoN.bamGnut.5763 -4.88 0.00000 Ion_transport Cellular transporter

UoN.bamGnut.50179 -4.82 0.00008 ACYPI009798-PA

UoN.bamGnut.54120 -4.64 0.00026 Glutathione S-transferase,

N-terminal domain (GST)

Antioxidant/ ROS scavenging

UoN.bamGnut.17348 -4.59 0.00000 RAD-like 6 (MYB TF) Transcription

UoN.bamGnut.47383 -4.58 0.00154 DUF760

UoN.bamGnut.46909 -4.56 0.00358 Suf

UoN.bamGnut.29455 -4.45 0.00027 G9NYD7_HYPAI

UoN.bamGnut.47712 -4.42 0.00649 DUF3591

UoN.bamGnut.6805 -4.42 0.00003 Sin3a_C

UoN.bamGnut.2247 -4.36 0.00028 Protein kinase Signal transduction

UoN.bamGnut.12996 -4.34 0.00000 Cytokin-binding Cell division, hormone signaling

UoN.bamGnut.4723 -4.30 0.00008 Tau95

UoN.bamGnut.23848 -4.25 0.00492 Aspartate/ornithine

carbamoyltransferase

UoN.bamGnut.27114 -4.22 0.00010 Methyltransf_11

UoN.bamGnut.1472 -4.21 0.00170 Amidase



6.2 Results 181

UoN.bamGnut.51799 -4.12 0.00280 Proton_antipo_M

UoN.bamGnut.42342 -4.12 0.00274 DUF1666

UoN.bamGnut.38518 -4.10 0.00412 RNA_pol_L_2

UoN.bamGnut.33334 -4.10 0.01790 Unknown

UoN.bamGnut.36694 -4.06 0.00003 SPU_008979-tr

UoN.bamGnut.23049 -4.05 0.00186 MIF4G

UoN.bamGnut.27231 -4.05 0.00036 Unknown

UoN.bamGnut.18596 -4.03 0.01769 DOCK-C2

UoN.bamGnut.48225 -4.01 0.00000 Hydrolase_3

UoN.bamGnut.49353 -3.98 0.02381 Peptidase_S9_N

UoN.bamGnut.38457 -3.95 0.00616 LRR_8

UoN.bamGnut.16381 -3.94 0.00149 TPR_11 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.51068 -3.91 0.01176 EFX63927

UoN.bamGnut.14565 -3.91 0.00015 RVT_1

UoN.bamGnut.36349 -3.91 0.00050 Methyltransferase_29

UoN.bamGnut.18181 -3.90 0.00014 DUF936

UoN.bamGnut.42104 -3.88 0.01189 Unknown

UoN.bamGnut.32557 -3.85 0.00829 SAP

UoN.bamGnut.51042 -3.80 0.03490 p450

UoN.bamGnut.1716 -3.80 0.00040 PP2C Negative regulator of ABA signaling

UoN.bamGnut.18659 -3.78 0.00154 Hydrolase

UoN.bamGnut.2113 -3.76 0.00463 Sin3a_C

UoN.bamGnut.12631 -3.74 0.01462 MORN

UoN.bamGnut.33014 -3.74 0.02181 LBP_BPI_CETP

UoN.bamGnut.23721 -3.73 0.01972 DUF3506

UoN.bamGnut.52560 -3.72 0.00227 Voltage_CLC

UoN.bamGnut.33047 -3.70 0.00907 ABC_transport Cellular transporter

UoN.bamGnut.48794 -3.70 0.00042 Xyloglucan

endo-transglycosylase_C

(XET)

With cellulose, it forms a network that strengthens

the cell wall.

UoN.bamGnut.42484 -3.69 0.00130 XPG_N

UoN.bamGnut.30940 -3.69 0.00975 ENSRNOP00000040000

UoN.bamGnut.3638 -3.60 0.00001 Methyltransferase_11

UoN.bamGnut.7974 -3.57 0.00092 Unknown

UoN.bamGnut.17350 -3.56 0.00001 Unknown

UoN.bamGnut.10898 -3.56 0.00001 Tubulin

UoN.bamGnut.20899 -3.55 0.00534 DnaJ

UoN.bamGnut.10535 -3.52 0.00465 Retroviral aspartyl

protease_2 (RVP_2)
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UoN.bamGnut.28528 -3.49 0.04192 EamA Transporter

UoN.bamGnut.32211 -3.46 0.04794 RRM_1

UoN.bamGnut.41899 -3.46 0.02991 Proton_antipo_M

UoN.bamGnut.11591 -3.44 0.02363 FAD_binding_4

UoN.bamGnut.10673 -3.43 0.02427 Thioredoxin_6 Antioxidant/ ROS scavenging

UoN.bamGnut.31586 -3.42 0.00593 EF-hand_5

UoN.bamGnut.17876 -3.42 0.00513 Oxidored_FMN

UoN.bamGnut.35205 -3.42 0.00753 Unknown

UoN.bamGnut.25716 -3.40 0.00641 DUF547

UoN.bamGnut.38410 -3.40 0.03021 Calmodulin_binding Signal transduction

UoN.bamGnut.37267 -3.40 0.03664 Protein kinase_Tyrosine Signal transduction. Related to cell division.

UoN.bamGnut.46804 -3.37 0.02440 zf-CCCH Transcription

UoN.bamGnut.4995 -3.36 0.00097 PPR_2

UoN.bamGnut.33972 -3.34 0.00886 ENSONIP00000017366

UoN.bamGnut.50657 -3.34 0.02744 Beta-fructofuranosidase

100 (glycoside hydrolase

100)

UoN.bamGnut.8660 -3.33 0.00077 AP2-ERF domain Transcription

UoN.bamGnut.34370 -3.31 0.00959 PPR_3 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.14537 -3.30 0.04153 Unknown

UoN.bamGnut.17182 -3.30 0.02317 F-box-like

UoN.bamGnut.52158 -3.29 0.01774 GLE1

UoN.bamGnut.46666 -3.29 0.02849 HEAT_2 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.21841 -3.28 0.01086 RVT_1

UoN.bamGnut.27710 -3.28 0.01701 Voltage_CLC

UoN.bamGnut.15589 -3.28 0.03396 Beta-fructofuranosidase

17 (glycoside hydrolase

17)

Hydrolysis of sucrose- osmoprotectant

UoN.bamGnut.53896 -3.26 0.01545 Peptidase_M28

UoN.bamGnut.49601 -3.25 0.03785 Abhydrolase_2

UoN.bamGnut.26712 -3.24 0.03709 RBM39linker

UoN.bamGnut.32688 -3.23 0.04707 Glyco_transf_8

UoN.bamGnut.28815 -3.21 0.00662 Phosphoribulokinase

(PRK)

Enzyme involved in calvin cycle- related to

photosynthesis

UoN.bamGnut.31253 -3.21 0.02865 Tryp_alpha_amyl

UoN.bamGnut.26992 -3.20 0.00794 Drought induced 19

protein (Di19),

zinc-binding

Transcription

UoN.bamGnut.35210 -3.20 0.00236 Lipase_3

UoN.bamGnut.46473 -3.20 0.01523 PDT

UoN.bamGnut.17086 -3.19 0.04836 Cation_ATPase_N Cellular transporter

UoN.bamGnut.39874 -3.18 0.03865 Nexin_C
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Down-regulated in TN

UoN.bamGnut.21994 -10.60 0.00000 NT-C2

UoN.bamGnut.8669 -10.00 0.00000 PMR5N

UoN.bamGnut.28701 -8.76 0.00000 5_nucleotidide

UoN.bamGnut.25669 -8.11 0.00000 Aldose_epim

UoN.bamGnut.21321 -8.05 0.00000 ParA

UoN.bamGnut.35437 -7.36 0.00000 DLH

UoN.bamGnut.22562 -7.32 0.00000 Phosphoenolpyruvate

carboxyki-

nase_PEPCK_ATP

Photosynthesis related gene

UoN.bamGnut.23494 -6.89 0.00000 Fasciclin Related to cell wall

UoN.bamGnut.34339 -6.75 0.00000 Med23

UoN.bamGnut.21901 -6.72 0.00000 NPH3_ nonphototropic

hypocotyl 1

Signal transduction. Related to phototropism - a

light-activated serine-threonine protein kinase.

UoN.bamGnut.50515 -6.56 0.00000 Unknown

UoN.bamGnut.15431 -6.43 0.00000 Aluminium activated

malate transporter

(ALMT)

Cellular transporter

UoN.bamGnut.30413 -6.38 0.00098 CRAL_TRIO

UoN.bamGnut.44444 -6.35 0.00015 DnaJ_C

UoN.bamGnut.16147 -6.33 0.00000 Hpt

UoN.bamGnut.30416 -6.28 0.00000 Chorismate_binding

UoN.bamGnut.4610 -6.25 0.00001 Haloacid

dehalogenase-like

hydrolase_2

Osmoprotectant

UoN.bamGnut.41632 -6.02 0.00000 Peroxidase ROS scavenging/antioxidant

UoN.bamGnut.34826 -5.97 0.00015 Mito_carrier

UoN.bamGnut.8986 -5.91 0.00000 PB10360-PA

UoN.bamGnut.15067 -5.87 0.00000 Unknown

UoN.bamGnut.52668 -5.86 0.00002 ATP-synt_ab_N Energy metabolism

UoN.bamGnut.17351 -5.86 0.00000 Unknown

UoN.bamGnut.9935 -5.67 0.00046 D8QDI4_SCHCM

UoN.bamGnut.26296 -5.67 0.00015 Haloacid dehalogenase, N

terminal

UoN.bamGnut.29983 -5.67 0.00004 Sulfate_transport Cellular transporter

UoN.bamGnut.17350 -5.64 0.00000 Unknown

UoN.bamGnut.31174 -5.57 0.00000 VARLMGL

UoN.bamGnut.32104 -5.57 0.00000 NA

UoN.bamGnut.18415 -5.54 0.00001 Tetratricopeptide

repeat_12 (TPR)

Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.16443 -5.52 0.00000 Fasciclin Related to cell wall

UoN.bamGnut.9082 -5.51 0.00000 Glucose-methanol-choline

oxidoreductase family

UoN.bamGnut.25416 -5.47 0.00000 SHN3 (AP2-ERF domain) Transcription
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UoN.bamGnut.1002 -5.45 0.00000 POX

UoN.bamGnut.13977 -5.38 0.00000 AGLA009383-RA

UoN.bamGnut.22485 -5.31 0.00001 Glucuronosyltransferase

(UDPGT)

Involved in the formation of β- glucans which is

involved in formation of cell wall

UoN.bamGnut.13966 -5.30 0.00000 MIP (aquaporin) Water transport

UoN.bamGnut.9295 -5.26 0.00000 Calcium-dependent

protein kinase (CDPK)

family protein

Signal transduction. Plant drought stress signaling

UoN.bamGnut.31955 -5.25 0.00000 ABC_transport Cellular transporter

UoN.bamGnut.24640 -5.24 0.00000 Tryp_alpha_amyl

UoN.bamGnut.17348 -5.23 0.00000 RAD-like 6 (MYB TF) Transcription

UoN.bamGnut.2072 -5.21 0.00000 Unknown

UoN.bamGnut.8752 -5.20 0.00000 Myb_DNA-binding Transcription

UoN.bamGnut.50781 -5.20 0.00000 PAM2

UoN.bamGnut.33191 -5.16 0.00000 AECH14963-PA

UoN.bamGnut.19806 -5.12 0.00001 Unknown

UoN.bamGnut.2075 -5.12 0.00000 Unknown

UoN.bamGnut.48904 -5.11 0.00010 Glycos_transf_1

UoN.bamGnut.25812 -5.07 0.00001 Zip

UoN.bamGnut.44681 -5.04 0.00029 COX2_TM

UoN.bamGnut.22141 -5.02 0.00000 S3BYK0_OPHP1

UoN.bamGnut.24800 -4.98 0.00000 bHLH-MYC_N Transcription

UoN.bamGnut.6748 -4.89 0.00000 Ferric_reductase

UoN.bamGnut.47216 -4.88 0.00004 Methyltransferase_3

UoN.bamGnut.32962 -4.88 0.00120 EDAN002454-RA

UoN.bamGnut.25161 -4.88 0.00000 Bm8519b

UoN.bamGnut.3509 -4.88 0.00002 Multipcopper oxidase copper ion binding. Redox related enzyme

UoN.bamGnut.25093 -4.86 0.00024 Adenine_glyco

UoN.bamGnut.25315 -4.86 0.00000 LFUL016095-RA

UoN.bamGnut.31347 -4.84 0.00000 FAD_binding_7

UoN.bamGnut.29652 -4.83 0.00011 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.1472 -4.82 0.00222 Amidase

UoN.bamGnut.26827 -4.80 0.00000 Pkinase_Tyrosine Signal transduction. Related to cell division

UoN.bamGnut.10193 -4.80 0.00004 TPX2

UoN.bamGnut.13811 -4.79 0.00001 Betafructofuranosidase_18

(glycoside hydrolase_18)

hydrolysis of sucrose- osmoprotectant

UoN.bamGnut.8813 -4.76 0.00001 DUF239

UoN.bamGnut.12329 -4.74 0.00214 RSN1_7TM

UoN.bamGnut.9452 -4.71 0.00001 NA

UoN.bamGnut.8862 -4.69 0.00001 TB2_DP1_HVA22

UoN.bamGnut.25659 -4.68 0.00002 Cytochrom_B561

UoN.bamGnut.20995 -4.66 0.00000 RAD-like 6 (MYB TF) Transcription
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UoN.bamGnut.30181 -4.64 0.00002 The pentatricopeptide

repeat_1 (PPR)

Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.47941 -4.63 0.00003 Unknown

UoN.bamGnut.47220 -4.63 0.00000 Methyltransferase_16

UoN.bamGnut.40519 -4.60 0.00001 Unknown

UoN.bamGnut.6118 -4.59 0.00870 Rad60-SLD

UoN.bamGnut.20831 -4.57 0.00003 Unknown

UoN.bamGnut.11895 -4.56 0.00000 HAD

UoN.bamGnut.13256 -4.56 0.00041 Glyco_transf_8

UoN.bamGnut.7971 -4.55 0.00001 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.9165 -4.52 0.00076 Exostosin

UoN.bamGnut.9081 -4.51 0.00094 GMC_oxred_C

UoN.bamGnut.14582 -4.51 0.00005 Unknown

UoN.bamGnut.49007 -4.51 0.00011 P34-Arc

UoN.bamGnut.20142 -4.50 0.00001 Unknown

UoN.bamGnut.20761 -4.49 0.00001 Peroxidase Antioxidant/ ROS scavenging

UoN.bamGnut.25573 -4.48 0.00358 Unknown

UoN.bamGnut.27822 -4.42 0.00002 MR5N

UoN.bamGnut.10148 -4.40 0.00859 DEAD BOX

UoN.bamGnut.44411 -4.39 0.00009 NA

UoN.bamGnut.41899 -4.39 0.00018 Proton_antipo_M

UoN.bamGnut.34250 -4.38 0.00006 Ribophorin_II

UoN.bamGnut.31338 -4.38 0.00000 Lipase_GDSL

UoN.bamGnut.19526 -4.37 0.00000 Acyl-thio_N

UoN.bamGnut.33047 -4.36 0.00132 ABC_transport Cellular transporter

UoN.bamGnut.18512 -4.36 0.00000 NA

UoN.bamGnut.18561 -4.35 0.00002 PC-Esterase

UoN.bamGnut.18520 -4.35 0.00007 SEO_N

UoN.bamGnut.13405 -4.33 0.00173 RRM_5

UoN.bamGnut.5967 -4.31 0.00000 YABBY

UoN.bamGnut.40265 -4.26 0.00046 ENSMLUP00000000489
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Figure 6.5: Gene ontology classification of differentially expressed genes in
drought stress under the ‘biological process’ category. The top significant GO
terms (having atleast 3 read counts) associated with differentially expressed transcripts
in drought stress samples at 33 DAS. [A] and [B] refer to GO-terms assigned for DipC
and TN, respectively. The p-value cutoff was set at 0.01. The GO-terms assigned
are from Arabidopsis gene ontology reciprocal blast hits. GOI = Number of genes of
interest with the respective gene ontology (GO) term.

6.2.3.1 Hierarchical cluster analysis

To visualise global gene expression across all the samples, a heat map was generated

using heatmap.2. Genes with FDR < 0.05 and a log FC ≥ 1 were used for clustering

analysis. In DipC, control samples at 33 DAS were more clustered together with

drought samples at 33 DAS in comparison to control samples at 19 DAS, as shown

by dendograms (fig. 6.6). This shows that the differences in the DipC sample gene

expression between different time points is greater than the treatment (Drought vs

Control) within the same time point. On the other hand for TN, control samples

at different time-points (19 and 33 DAS) were clustered together in comparison to

drought samples at 33 DAS, which indicates that the differences in gene expression
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among treatments is greater than different time points (fig. 6.6). The heat map shows

genes differentially expressed between different experimental conditions (Control-33

vs Control-19 and Drought-33 vs Control-33), where blue represents genes with higher

gene expression, and red represents the ones with lower expression.

Figure 6.6: Hierarchical clustering of global gene expression between differ-
ent experimental conditions. Heat map shows genes differentially expressed be-
tween control conditions at 19 and 33 DAS and drought condition at 33 DAS, where
blue represents genes with higher gene expression and red represents the ones with
lower expression. Genes were filtered with FDR < 0.05 and a log FC ≥ 1, where all
samples had read count > 1 in all biological replicates. Clustering of samples within
each experimental condition denoted by the dendrogram.
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6.2.4 Differentially expressed genes at reproductive stage

At reproductive stage, for both DipC and TN, RNA-seq was done at time points 33

and 47 DAS (refer to 3.6 for RNA sampling details). A total of 1266 and 893 genes

were found to be significantly differentially expressed in control (irrigated) condition

at 47 DAS compared to control (irrigated) condition at 33 DAS in DipC and TN,

respectively, through differential expression analysis using edgeR (Appendix 33 and

34). Among these genes, expression of 652 and 532 genes were down-regulated and

614 and 361 were up-regulated, respectively. Of these differentially expressed genes

(DEG), 245 genes were found to be overlapping between DipC and TN (fig. 6.10 and

Appendix 35). On the other hand, significantly DEG in drought compared to control

condition at 47 DAS for DipC and TN accounts for 378 and 654 genes, respectively

(Appendix 36 and 37). Among these genes, 193 and 252 were down-regulated and 185

and 402 were up-regulated under drought stress, respectively. Of these genes, only 65

genes were found to be overlapping between DipC and TN (Table 6.6 and fig. 6.10).

MDS figure shows that replicates are clustered in their respective experimental

condition and time-point in DipC and TN, respectively (fig. 6.7 and 6.8). MA plot

shows the log-fold change (i.e., the log ratio of normalized expression levels between

two experimental conditions (i.e. control-47 DAS vs control-33 DAS) and (drought-47

DAS vs control-47 DAS)) and against the log CPM in both DipC and TN (fig. 6.9).

Top 100 up and down regulated genes according to log FC in drought compared

to control (irrigated) condition at time point 47 DAS in DipC and TN are listed in

tables 6.7 and 6.8. Based on the DEG analysis in drought versus control condition at

time point 47 DAS, drought-related genes are divided into following categories:

1. ABA signal transduction associated gene expression

At reproductive stage in DipC, two gene homologues of protein phosphatase 2C

(PP2C) gene family were differentially expressed in response to drought at 47 DAS.
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Among the two DEG, one gene was up-regulated and other gene was down-regulated.

In addition, family of transcription factors associated with ABA dependent pathway

such as MYB and NAC genes were differentially expressed (either up or down) under

drought stress (Appendix 36). On the other hand, three homologues of PP2C gene

family were differentially expressed in TN in response to drought stress, of which two

were up-regulated and one was down-regulated. In addition, six gene homologues of a

known sub-type of cytochrome p450 family involved in ABA catabolism, transcription

factors including seven MYB genes, five NAC genes, one bZIP gene and two WRKY

genes were differentially expressed (either up or down) in TN (Appendix 37).

2. Gene expression of osmoprotectants

The genes related to osmotic adjustment that were up-regulated under drought

stress compared to control at 47 DAS in both DipC and TN were mainly related

to raffinose synthase and beta-fructofuranosidase (Appendix 36 and 37). However,

unlike drought stress at the vegetative stage, other osmoprotectants such as trehalose

phosphatase and aspartate proteases genes were not differentially expressed (either up

or down) at the reproductive stage in both DipC and TN.

3. Expression of genes involved in antioxidant production

Gene homologues in the GST and glutaredoxin family were highly repressed under

drought stress compared to control at 47 DAS in DipC (Appendix 36). On the other

hand, TN showed high expression of antioxidants associated with genes in the GST,

peroxidase, superoxide dismutase (Sod_Fe) and ferritin families in response to drought

at 47 DAS (Appendix 37).

4. Expression of genes related to photosynthesis and glycolysis

Down-regulation of genes related to photosynthesis (genes in the PsbP and PRK

family) were found in DipC in response to drought stress compared to control at 47

DAS (Appendix 36). On the other hand, TN showed up-regulation of an homologue
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of PsbP gene family under drought stress. However, the LHC gene belonging to the

light reaction pathway was down-regulated in TN in response to drought (Appendix

37).

With respect to glycolysis, only two homologues of O-fuct gene family were dif-

ferentially expressed in DipC in response to drought at 47 DAS (Appendix 36). The

expression level of the two homologues of O-fuct gene family were down-regulated un-

der drought in DipC. On the other hand, the only homologue of O-fuct gene family

found to be differentially expressed in response to drought in TN was up-regulated

(Appendix 37).

5. Cell wall associated responses

With five gene homologues (related to cell wall) differentially expressed in DipC

in response to drought at 47 DAS: three belonging to cellulose synthase and two to

UDPGT gene family. Among the three DEG associated with cellulose synthase, two

were up-regulated and one was down-regulated. Whereas of the two homologues of

UDPGT gene family differentially expressed, one was up-regulated (Appendix 36). On

the other hand, two cellulose synthase and two homologues of UDPGT gene family

were up-regulated in TN in response to drought. In addition, one cellulose synthase

and three homologues UDPGT gene family were down-regulated (Appendix 37).

6. Other genes induced by drought stress

Other genes related to drought such as LEA and HSP were up-regulated under

drought stress compared to control at 47 DAS in DipC (Appendix 36). Several trans-

porters (ABC, iron, and sugar transporters) were induced under drought stress. A

gene (jas) related to jasmonate signaling pathway, involved in plant disease and de-

fense was also induced under drought stress. Protein tyrosine phosphatase; an enzyme

known to play an important role in stomatal closure through ABA signaling [316]

was highly induced under drought stress in DipC. In addition, numerous protein ki-
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nases (serine/threonine) were up-regulated under drought which perform diverse and

important functions in plant signal transduction. On the other hand, several LEA,

dehydrins, HSP, transporters (ABC, sulfate and sugar transporters), protein kinases

and calmodulin related genes were up-regulated in response to drought in TN (Ap-

pendix 37). Furthermore, apart from ABA, other hormone such as auxin was induced

under drought stress in both genotypes.

Out of the 65 genes that were found to be common between DipC and TN in

response to drought at 47 DAS, some drought-related genes such as glutaredoxin

associated with oxidative stress, raffinose synthase related to osmotic adjustment

(UoN.bamGnut.43944), one photosynthesis related genes (PsbP), allene oxide cyclase

(UoN.bamGnut.1864) associated with jasmonate biosynthesis, two cell wall related

genes (UDPGT and cellulose synthase), two transcription factors (AUX-IAA and

HOX) and other drought and ABA induced genes such as calmodulin(UoN.bamGnut-

.39868), protein tyrosine phosphatase (UoN.bamGnut.27176), LEA3 (UoN.bamGnut-

.51074), HSP20 (UoN.bamGnut.51074), PIP5K (UoN.bamGnut.24742) and MIPS were

differentially expressed in both genotypes (see Table 6.6).

Furthermore, the enriched GO-terms were assigned to three principal categories:

molecular function (12 GO terms), biological process (39 GO-terms) and cellular com-

ponent (5 GO-terms) in DipC under drought stress at 47 DAS (Appendix 38). The

top significant GO-terms assigned (having at least 3 read counts) for biological pro-

cess in DipC were related to: response to water deprivation (GO:0009414), response

to abiotic stimulus (GO:0009628), response to chemical (GO:0042221) and response

to inorganic substance (GO:0010035) (see fig. 6.11 for top GO-terms assigned) (refer

to Appendix 38 for the whole list of GO-terms assigned). On other hand, enriched

GO-terms assigned for TN plants under drought stress at 47 DAS to three principal

categories were: molecular function (6 GO terms), biological process (31 GO-terms)
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and cellular component (5 GO-terms) (Appendix 39). The top GO-terms assigned

for biological process in TN were related to: response to wounding (GO:0009611),

response to water deprivation (GO:0009414), response to oxygen containing com-

pound (GO:1901700), response to jasmonic acid (GO:0009753), response to inorganic

substance (GO:0010035), response to chemical (GO:0042221), jasmonic acid signal-

ing mediated pathway (GO:0009867) and cellular response to jasmonic acid stimulus

(GO:0071395) (see Fig. 6.11 for top GO-terms assigned) (refer to Appendix 39 for the

whole list of GO-terms assigned).

In addition, the enriched GO-terms assigned under the biological process category

when compared between control conditions (Control-47 DAS vs Control-33 DAS) were

made at different time points in DipC were mainly related to polysaccharide metabolic

process (GO:0005976), polysaccharide catabolic process (GO:0000272), carbohydrate

metabolic process (GO:0005975), regulation of reactive oxygen species metabolic pro-

cess (GO:2000377) and response to external stimulus (GO:0009605) (refer to Appendix

40 for the whole list of GO-terms assigned). Whereas, for TN, the GO-terms assigned

were mainly related to: response to ethylene (GO:0009723), response to abiotic stim-

ulus (GO:0009628), oxidation-reduction (GO:0055114), ethylene-activated signaling

pathway (GO:0009873) and anion transport (GO:0006820) (refer to Appendix 41 for

the whole list of GO-terms assigned).
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Figure 6.7: Multidimensional scaling plot on differential gene expression
of DipC samples at different conditions and time points at reproductive
stage. Replicates for control (irrigated) conditions at time points 33 and 47 DAS
and drought conditions at time point 47 DAS are clustered at parallel level in their
respective experimental condition and time-point. This shows that samples between
experimental conditions and time points were distinctively different.
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Figure 6.8: Multidimensional scaling plot on differential gene expression of
TN samples at different conditions and time points at reproductive stage.
Replicates for control (irrigated) conditions at time points 33 and 47 DAS and drought
conditions at time point 47 DAS are clustered at parallel level in their respective
experimental condition and time-point. This shows that samples between experimental
conditions and time points were distinctively different.
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Figure 6.9: MA plot comparing log FC and average log CPM on differential
gene expression of Control-47 DAS vs Control-33 DAS and Drought-47
DAS vs Control-33 DAS at reproductive stage. MA plot shows the log-fold
change (i.e., the log ratio of normalized expression levels between two experimental
conditions and against the log counts per million (CPM). [A] and [B] refers to plot
from DipC and TN respectively. Experimental conditions of differential expression are
listed on top of the figure. Those genes selected as differentially expressed (with FDR
< 0.05, log fold change (logFC) ≥ 1) are highlighted as red dots.
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Figure 6.10: Comparison of number of differentially expressed genes between
DipC and TN at different experimental conditions. A Venn diagram showing
the number of differentially expressed genes in DipC (DipC-C47 vs C33 and DipC-
D47 vs C47) and TN (TN-C47 vs C33 and TN-D47 vs C47) at different experimental
conditions. C and D refer to control and drought respectively. 33 and 47 are the days
after sowing at which the sampling was done. TN showed higher number of DE genes
between TN-D47 vs C47 condition in comparison to DipC. Whereas DipC showed
higher number of DE genes at DipC-C47 vs C33 condition.
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Table 6.6: Overlapping genes between DipC and TN in drought versus con-
trol (irrigated) condition at time point 47 DAS

Gene-ID Annotation Regulation

under

drought in

DipC

Regulation

under

drought in

TN

Gene description in relation to

drought stress

UoN.bamGnut.1864 Allene oxide cyclase UP UP Catalysed step in jasmonate (JA)

biosynthesis is important in the wound

response

UoN.bamGnut.9499 PITH Down UP

UoN.bamGnut.52874 NA UP UP

UoN.bamGnut.51112 Unknown UP UP

UoN.bamGnut.40032 PdomMRNAr1.1-08458.1 UP UP

UoN.bamGnut.43944 Raffinose_synthase UP UP Osmoprotectant

UoN.bamGnut.52142 Unknown UP UP

UoN.bamGnut.42037 LEA_1 UP UP Induced by drought stress

UoN.bamGnut.43646 Tryptophan-rich sensory

protein (TspO)

UP UP TSPO was found to attenuate plant

cell porphyria by delta-aminolevulinic

acid levels and the accumulation of

tetrapyrroles

UoN.bamGnut.39868 Calmodulin_binding Down UP Signal transduction

UoN.bamGnut.39903 Tryp_alpha_amyl UP UP

UoN.bamGnut.18596 DOCK-C2 Down UP

UoN.bamGnut.27176 Protein tyrosine

phosphatase

UP UP ABA signaling. Plays role in stomatal

closure.

UoN.bamGnut.14984 BURP Down UP

UoN.bamGnut.46119 J9VLD2_CRYNH UP UP

UoN.bamGnut.13682 PsbP (photosystem II

subunit P-1)

Down UP Photosynthesis related genes

UoN.bamGnut.51074 LEA_3 UP UP Induced by drought stress

UoN.bamGnut.43793 Aldo_ket_red UP UP

UoN.bamGnut.36333 Cellulose_synthase UP UP Cell wall maintenance

UoN.bamGnut.43478 NAC 3 UP UP Transcription

UoN.bamGnut.26740 Trm112p UP UP

UoN.bamGnut.35651 Protein kinase tyrosine UP UP Signal transduction

UoN.bamGnut.42115 Cu-oxidase_3 UP UP

UoN.bamGnut.43139 Aminotran_3 UP UP

UoN.bamGnut.26068 PK-G12rRNA UP UP

UoN.bamGnut.36887 Protein kinase tyrosine UP UP

UoN.bamGnut.41053 DUF668 UP UP

UoN.bamGnut.4456 TPR_12 Down UP Repeats families in plants allow them

to rapidly acclimatize to adverse

conditions
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UoN.bamGnut.42093 Lipase_3 UP UP

UoN.bamGnut.44857 Cellulose_synthase UP UP Cell wall maintenance

UoN.bamGnut.19838 FAD_binding_7 UP UP

UoN.bamGnut.51739 BAG domain UP UP Modulators of Chaperone activity

UoN.bamGnut.43813 HSP20 UP UP Induced by drought stress

UoN.bamGnut.40358 RPE65 UP UP

UoN.bamGnut.39167 AUX_IAA UP UP Transcription

UoN.bamGnut.40849 Homeobox (HOX) UP UP Transcription

UoN.bamGnut.26944 Cu_bind_like Down Down

UoN.bamGnut.50834 HAND Down Down

UoN.bamGnut.4147 DUF3474 Down Down

UoN.bamGnut.2307 Hydrolase_3 UP Down

UoN.bamGnut.42936 AAA Down Down

UoN.bamGnut.24640 Tryp_alpha_amyl Down Down

UoN.bamGnut.44145 His_Phos_2 Down Down

UoN.bamGnut.24742 Phosphatidylinositol-4-

phosphate 5-Kinase

(PIP5K)

Down Down Induced by drought stress and ABA

UoN.bamGnut.25563 Glyco_transf_21 Down Down

UoN.bamGnut.33191 AECH14963-PA Down Down

UoN.bamGnut.53892 Cellulose_synthase Down Down Cell wall maintenance

UoN.bamGnut.18405 Protein kinase UP Down signal transduction

UoN.bamGnut.49138 Meth_synthase_2 Down Down

UoN.bamGnut.30410 CRAL_TRIO Down Down

UoN.bamGnut.38564 Calreticulin UP Down

UoN.bamGnut.45133 Peptidase_C2 UP Down

UoN.bamGnut.2247 Protein kinase Down Down Signal transduction

UoN.bamGnut.26444 Glutaredoxin Down Down antioxidant

UoN.bamGnut.25758 DUF4005 UP Down

UoN.bamGnut.17350 Unknown Down Down

UoN.bamGnut.49985 Myo-inositol-1-phosphate

synthase (MIPS)

Down Down Induced by drought stress and ABA

UoN.bamGnut.12765 ATP-synthase_ab Down Down Energy metabolism

UoN.bamGnut.48171 Fe-S_biosynthesis Down Down

UoN.bamGnut.10508 Protein kinase tyrosine UP Down

UoN.bamGnut.21162 SMC_N Down Down

UoN.bamGnut.11591 FAD_binding_4 Down Down

UoN.bamGnut.13344 Glucuronosyltransferase

(UDPGT)

Down Down Involved in the formation of β- glucans

which is involved in formation of cell

wall

UoN.bamGnut.51799 Proton_antipo_M UP Down

UoN.bamGnut.47308 NA Down Down
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Table 6.7: Top UP-regulated genes in drought compared to control condition
at time point 47 DAS in DipC and TN

Gene_ID logFC FDR Gene name Gene description in relation to drought stress

UP-regulated in DipC

UoN.bamGnut.53657 8.53 0.00000 ABC_membrane Transporters

UoN.bamGnut.1651 7.67 0.00000 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.50740 7.61 0.00000 NUMOD3

UoN.bamGnut.14707 7.59 0.00000 Q2HAQ6_CHAGB

UoN.bamGnut.30028 7.09 0.00000 DUF3657

UoN.bamGnut.49956 7.00 0.00000 Pkinase_Tyrosine Related to cell division

UoN.bamGnut.18755 6.98 0.00000 Multi antimicrobial

extrusion protein

UoN.bamGnut.17272 6.96 0.00000 Auxin response

transcription factor

(ARF)

Organogenesis and embroyogenesis. mediated by

recruitment of AUX-IAA

UoN.bamGnut.46682 6.82 0.00000 N2,N2-dimethylguanosine

tRNA methyltransferase

UoN.bamGnut.42727 6.69 0.00003 Photolyase, FAD binding

7

Photoreactivation enzyme for DNA repair

UoN.bamGnut.8705 6.52 0.00000 zf-C2H2_jaz Transcription

UoN.bamGnut.11588 6.38 0.00007 NA

UoN.bamGnut.26767 6.25 0.00035 NADH dehydroge-

nase(ubiquinone) (Proton

antiporter_C,)

UoN.bamGnut.18091 5.95 0.00000 R4XEE5_TAPDE

UoN.bamGnut.52681 5.82 0.00000 Multi antimicrobial

extrusion protein (MatE)

UoN.bamGnut.52874 5.61 0.00010 NA

UoN.bamGnut.46976 5.56 0.00001 Ethylene-responsive

binding factor-associated

repression (EAR)

Negatively regulating genes involved in

developmental, hormonal, and stress signaling

pathways

UoN.bamGnut.11823 5.48 0.00000 UBA Cell growth

UoN.bamGnut.33477 5.43 0.00082 Kinesin

UoN.bamGnut.41280 5.37 0.00205 LRR_4

UoN.bamGnut.49671 5.31 0.00034 Protein kinase_Tyrosine Related to cell division

UoN.bamGnut.25064 5.20 0.00000 DnaJ

UoN.bamGnut.36887 5.18 0.00034 Protein kinase_Tyrosine

UoN.bamGnut.429 5.18 0.00076 AAA_18 Related to cell division
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UoN.bamGnut.45068 5.18 0.00005 Q5KDC9_CRYNJ

UoN.bamGnut.52142 5.18 0.00034 Unknown

UoN.bamGnut.47254 5.17 0.00000 Glyco_transf_8

UoN.bamGnut.40179 5.15 0.00002 Unknown

UoN.bamGnut.47477 5.13 0.00076 Protein kinase_Tyrosine Related to cell division

UoN.bamGnut.8599 5.11 0.00199 CemA

UoN.bamGnut.42115 5.10 0.00013 Multi_copper_oxidase_3 Copper ion binding. Redox related enzyme

UoN.bamGnut.34881 5.04 0.00589 ATP-synt_DE_N Energy metabolism

UoN.bamGnut.9551 5.00 0.00078 CTD_bind

UoN.bamGnut.32188 4.96 0.00050 BTB

UoN.bamGnut.31854 4.94 0.00237 CpeT

UoN.bamGnut.1864 4.93 0.02576 Allene oxide cyclase Catalysed step in jasmonate (JA) biosynthesis is

important in the wound response

UoN.bamGnut.6458 4.86 0.01673 LRR_4

UoN.bamGnut.38564 4.79 0.00158 Calreticulin

UoN.bamGnut.18417 4.77 0.00007 BAH

UoN.bamGnut.21413 4.77 0.00047 Response_reg

UoN.bamGnut.43646 4.73 0.00168 Tryptophan-rich sensory

protein_MBR (TspO)

TSPO was found to attenuate plant cell porphyria

by delta-aminolevulinic acid levels and the

accumulation of tetrapyrroles

UoN.bamGnut.99 4.73 0.00010 SSU_rRNA_eukarya

UoN.bamGnut.28996 4.72 0.00043 Cation_ATPase_N Energy metabolism

UoN.bamGnut.49414 4.71 0.00011 EF-hand_4

UoN.bamGnut.16103 4.70 0.01675 GBA2_N

UoN.bamGnut.100 4.66 0.00392 SSU_rRNA_eukarya

UoN.bamGnut.52880 4.63 0.00630 Unknown

UoN.bamGnut.40032 4.62 0.00092 PdomMRNAr1.1-08458.1

UoN.bamGnut.51074 4.60 0.00205 LEA_3 Induced by drought stress

UoN.bamGnut.52304 4.59 0.00018 DUF212

UoN.bamGnut.37687 4.53 0.00006 PP2C Accelerates growth of inflorescence stems through

the activation of cell proliferation and expansion.

UoN.bamGnut.50152 4.52 0.01292 ThiF

UoN.bamGnut.40438 4.44 0.00017 EDR1

UoN.bamGnut.26740 4.42 0.01403 Trm112p

UoN.bamGnut.53922 4.40 0.00013 DnaJ

UoN.bamGnut.15840 4.39 0.00163 SMN

UoN.bamGnut.42373 4.37 0.00255 2OG-FeII_Oxy

UoN.bamGnut.19838 4.36 0.00126 FAD_binding_7

UoN.bamGnut.44857 4.31 0.00010 Cellulose_syntase Cell wall maintenance

UoN.bamGnut.47834 4.29 0.00042 TIR

UoN.bamGnut.40849 4.28 0.00098 Homeobox (HOX) Transcription

UoN.bamGnut.6977 4.28 0.02286 Str_synth
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UoN.bamGnut.43813 4.27 0.00070 HSP20 Induced by drought stress

UoN.bamGnut.36333 4.26 0.01649 Cellulose_synt Cell wall maintenance

UoN.bamGnut.5941 4.24 0.02844 Protein kinase Signal transduction

UoN.bamGnut.14950 4.20 0.00834 Ion_trans_2 Transporters

UoN.bamGnut.35400 4.19 0.00707 NA

UoN.bamGnut.51585 4.19 0.00057 mir-399

UoN.bamGnut.16961 4.18 0.00262 DUF4283

UoN.bamGnut.44721 4.18 0.00040 ENSEEUP00000011770

UoN.bamGnut.42788 4.17 0.00010 CCT

UoN.bamGnut.25573 4.15 0.02134 Unknown

UoN.bamGnut.230 4.15 0.00567 Transposase_24

UoN.bamGnut.6571 4.13 0.03869 Triose-phosphate

Transporter famil

UoN.bamGnut.46540 4.12 0.00055 ENSP00000310861

UoN.bamGnut.1966 4.10 0.00597 Beta-fructofuranoisdae

10 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.27176 4.09 0.02269 Protein tyrosine

phosphatase

ABA signaling. Plays role in stomatal closure.

UoN.bamGnut.24082 4.08 0.00026 Unknown

UoN.bamGnut.10508 4.07 0.00004 Protein kinase_Tyrosine Related to cell division

UoN.bamGnut.28084 4.05 0.00170 PB1

UoN.bamGnut.11038 4.05 0.03959 mRNA_cap_C

UoN.bamGnut.54121 4.03 0.03590 POTRA

UoN.bamGnut.20710 3.99 0.00119 NB-ARC

UoN.bamGnut.52806 3.99 0.00327 DNA_ligase_A_M

UoN.bamGnut.29245 3.98 0.04313 TIR_2

UoN.bamGnut.24403 3.92 0.00018 PDDEXK_6

UoN.bamGnut.42645 3.92 0.02538 BES1_N regulate brassinosteroid-induced genes. Modulate

major components of anti oxidative system

UoN.bamGnut.2307 3.90 0.04679 Hydrolase_3

UoN.bamGnut.39903 3.90 0.00153 Tryp_alpha_amyl

UoN.bamGnut.34272 3.90 0.04386 Unknown

UoN.bamGnut.45094 3.86 0.03449 Protein kinase_Tyrosine Related to cell division

UoN.bamGnut.18584 3.84 0.02128 zf-RING_11 Transcription

UoN.bamGnut.21379 3.83 0.00001 Unknown

UoN.bamGnut.13764 3.81 0.04561 TPL-binding domain in

jasmonate signaling (jas)

TPL proteins function as negative regulators of

jasmonate responses.

UoN.bamGnut.54188 3.80 0.02778 FBpp0173880

UoN.bamGnut.17859 3.79 0.00069 ABC1 Transporters



6.2 Results 202

UoN.bamGnut.7407 3.79 0.03358 zf-RING_2 Transcription

UoN.bamGnut.33047 3.77 0.02781 ABC_transport Transporters

UP-regulated in TN

UoN.bamGnut.38403 9.64 0.00000 Peptidase_S10

UoN.bamGnut.51033 7.78 0.00000 Protein kinase Signal transduction

UoN.bamGnut.36833 7.33 0.00000 Ion_trans_2 Transporters

UoN.bamGnut.13538 7.27 0.00000 B2WMX7_PYRTR

UoN.bamGnut.4277 7.03 0.00000 LRR_4

UoN.bamGnut.39437 6.96 0.00000 bHLH Transcription

UoN.bamGnut.1864 6.77 0.00070 Allene_oxide_cyclase Catalysed step in jasmonate (JA) biosynthesis is

important in the wound response

UoN.bamGnut.39648 6.75 0.00000 Extensin_1

UoN.bamGnut.22901 6.73 0.00000 DUF829

UoN.bamGnut.48316 6.67 0.00000 PQ-loop

UoN.bamGnut.26296 6.59 0.00032 Haloacid dehalogenase, N

terminal

UoN.bamGnut.9499 6.46 0.00034 PITH

UoN.bamGnut.52874 6.44 0.00000 NA

UoN.bamGnut.45678 6.42 0.00083 Ribosomal_S7e

UoN.bamGnut.39775 6.12 0.00012 Trp_Tyr_perm

UoN.bamGnut.27002 6.08 0.00158 Carbonic anhydrase

(Pro_CA)

Related to photosynthesis and plays role in ROS

scavenging

UoN.bamGnut.53588 6.05 0.00001 PHD Transcription

UoN.bamGnut.53003 5.96 0.00584 C4Y7D3_CLAL4

UoN.bamGnut.38616 5.96 0.00108 AhpC-TSA

UoN.bamGnut.44232 5.96 0.00000 Glyco_transf_5

UoN.bamGnut.37110 5.92 0.00007 LRR_8

UoN.bamGnut.43638 5.92 0.00000 Glutathione

S-transferase_3,

C-terminal domain

Antioxidant

UoN.bamGnut.41438 5.81 0.00002 Bet_v_1

UoN.bamGnut.9667 5.71 0.00079 RNB

UoN.bamGnut.51524 5.65 0.00005 GDSL-like

Lipase/Acylhydrolase

UoN.bamGnut.51112 5.64 0.00000 Unknown

UoN.bamGnut.41797 5.63 0.00000 Fatty acid hydroxylase

superfamily

UoN.bamGnut.4534 5.61 0.00079 AP2 Transcription

UoN.bamGnut.8170 5.59 0.00034 DUF668

UoN.bamGnut.40032 5.52 0.00000 PdomMRNAr1.1-08458.1
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UoN.bamGnut.14511 5.52 0.00015 Thiamin

pyrophosphokinase,

catalytic domain

UoN.bamGnut.39360 5.45 0.00000 NA

UoN.bamGnut.33147 5.43 0.00264 TCP

UoN.bamGnut.32863 5.42 0.00001 Abhydrolase_1

UoN.bamGnut.14952 5.42 0.00367 DUF761

UoN.bamGnut.2022 5.37 0.00188 COX2_TM

UoN.bamGnut.35649 5.36 0.00140 DDE_Tnp_4

UoN.bamGnut.52668 5.35 0.00064 ATP-synt_ab_N Energy metabolism

UoN.bamGnut.43193 5.33 0.00009 Terpene_synth_C

UoN.bamGnut.53624 5.31 0.00026 BTB

UoN.bamGnut.38380 5.26 0.00087 Unknown

UoN.bamGnut.48031 5.23 0.00002 Dehydrin Induced by drought stress

UoN.bamGnut.42506 5.21 0.00196 DUF4228

UoN.bamGnut.19390 5.19 0.00002 FIO1_SCHPO

UoN.bamGnut.53740 5.16 0.00002 Sakowv30017535m

UoN.bamGnut.38337 5.14 0.00000 LEA_4 Induced by drought stress

UoN.bamGnut.41260 5.02 0.00018 Transferase

UoN.bamGnut.2112 5.01 0.00113 Sin3a_C

UoN.bamGnut.40156 4.99 0.00153 PC-Esterase

UoN.bamGnut.42294 4.97 0.00008 NA

UoN.bamGnut.35988 4.96 0.01028 Lipoxygenase Induced by drought stress

UoN.bamGnut.43944 4.94 0.00001 Raffinose_synthase Osmoprotectant

UoN.bamGnut.38408 4.94 0.01434 GDP-fucose protein

O-fucosyltransferase

(O-fuct)

Glycolysis/carbohydrate metabolism

UoN.bamGnut.40340 4.92 0.00004 bHLH Transcription

UoN.bamGnut.40385 4.91 0.00249 Aa_transport Transporters

UoN.bamGnut.52142 4.91 0.00002 Unknown

UoN.bamGnut.40054 4.89 0.00079 bHLH Transcription

UoN.bamGnut.42584 4.89 0.00003 NA

UoN.bamGnut.42037 4.88 0.00012 LEA_1 Induced by drought stress

UoN.bamGnut.40279 4.87 0.00373 Stress-antifung

UoN.bamGnut.39428 4.87 0.00070 Calmodulin_binding Signal transduction

UoN.bamGnut.13427 4.87 0.00018 Peptidase_C2

UoN.bamGnut.43646 4.80 0.00001 Tryptophan-rich sensory

protein (TspO)

TSPO was found to attenuate plant cell porphyria

by delta-aminolevulinic acid levels and the

accumulation of tetrapyrroles

UoN.bamGnut.16534 4.78 0.00010 IQ

UoN.bamGnut.39247 4.77 0.00088 3-beta hydroxysteroid

dehydrogenase/isomerase

family
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UoN.bamGnut.38433 4.76 0.00229 tify

UoN.bamGnut.38839 4.76 0.00233 Unknown

UoN.bamGnut.52130 4.75 0.00079 HSP20 Induced by drought stress

UoN.bamGnut.39758 4.70 0.00442 DIOX_N

UoN.bamGnut.41199 4.69 0.00021 cytochrom p450

UoN.bamGnut.38584 4.68 0.00022 ABC_transport Transporters

UoN.bamGnut.42640 4.68 0.00009 p450

UoN.bamGnut.47045 4.67 0.02719 zf-rbx1 Transcription

UoN.bamGnut.39868 4.67 0.00454 Calmodulin_binding Signal transduction

UoN.bamGnut.40510 4.67 0.00070 LEA_3 Induced by drought stress

UoN.bamGnut.52859 4.66 0.00351 HAD

UoN.bamGnut.38424 4.65 0.00424 C1H9N8_PARBA

UoN.bamGnut.22033 4.64 0.03582 Phi_1

UoN.bamGnut.8687 4.64 0.02653 STT3

UoN.bamGnut.10538 4.64 0.00449 DUF3411

UoN.bamGnut.28465 4.61 0.00003 Xan_ur_permease

UoN.bamGnut.49070 4.60 0.00088 ENSPVAP00000008033

UoN.bamGnut.51577 4.60 0.00292 Protein kinase Signal transduction

UoN.bamGnut.39903 4.59 0.00000 Tryp_alpha_amyl

UoN.bamGnut.40573 4.59 0.01011 Unknown

UoN.bamGnut.41730 4.57 0.00322 Abhydrolase_5

UoN.bamGnut.41515 4.55 0.00672 Mito_carrier

UoN.bamGnut.38885 4.53 0.00393 NA

UoN.bamGnut.38677 4.52 0.00088 Lipase_GDSL

UoN.bamGnut.5012 4.51 0.00249 DUF946

UoN.bamGnut.36306 4.47 0.00038 Smp_047650.1:pep

UoN.bamGnut.45667 4.45 0.00228 ABC2_membrane Transporters

UoN.bamGnut.47897 4.44 0.00804 RVT_2

UoN.bamGnut.45337 4.44 0.00000 Ferritin Antioxidant

UoN.bamGnut.39037 4.44 0.01046 NA

UoN.bamGnut.24302 4.43 0.03591 Rer1

UoN.bamGnut.22875 4.43 0.00009 Terpene_synth

UoN.bamGnut.38976 4.41 0.00207 DUF4228

UoN.bamGnut.17803 4.40 0.00140 Rxt3
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Table 6.8: Top down-regulated genes in drought compared to control condi-
tion at time point 47 DAS in DipC and TN

Gene_ID logFC FDR Annotation Gene description in relation to drought

stress

Down-regulated in DipC

UoN.bamGnut.3920 -2.02 0.04602 TauE

UoN.bamGnut.2481 -2.21 0.04294 Carbonic anhydrase

(Pro_CA)

Related to photosynthesis and plays role in ROS

scavenging

UoN.bamGnut.19494 -2.35 0.01881 Phosphotransferase

enzyme family

The PTS transports sugars/carbohydrate (such

as glucose, mannose, and mannitol) into the cell

UoN.bamGnut.53972 -2.36 0.03399 Pro_isomerase

UoN.bamGnut.3921 -2.37 0.04779 TauE

UoN.bamGnut.49691 -2.38 0.04756 DUF5082

UoN.bamGnut.31458 -2.48 0.02763 Hydrolase

UoN.bamGnut.21615 -2.49 0.03779 NA

UoN.bamGnut.8852 -2.53 0.03663 Q5AP56_CANAL

UoN.bamGnut.23039 -2.53 0.04864 Glutathione

S-transferase-2,

N-terminal domain (GST)

Antioxidant/ ROS scavenging

UoN.bamGnut.3879 -2.55 0.04876 Unknown

UoN.bamGnut.4351 -2.56 0.02872 NA

UoN.bamGnut.21721 -2.58 0.01649 Unknown

UoN.bamGnut.8071 -2.60 0.04238 Tetratricopeptide

repeat_14 (TPR)

Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.21052 -2.62 0.03512 NA

UoN.bamGnut.26944 -2.62 0.04150 Cu_binding_like

UoN.bamGnut.20079 -2.65 0.02872 NA

UoN.bamGnut.21755 -2.65 0.02317 SapB_2

UoN.bamGnut.52522 -2.65 0.02778 Unknown

UoN.bamGnut.22575 -2.66 0.03358 Unknown

UoN.bamGnut.48454 -2.70 0.02778 PC-Esterase

UoN.bamGnut.10189 -2.72 0.01487 ubiquitin

UoN.bamGnut.3826 -2.75 0.03371 NA

UoN.bamGnut.45338 -2.79 0.03240 Phosphatidylethanolamine-

binding

protein

UoN.bamGnut.30410 -2.79 0.03171 CRAL_TRIO

UoN.bamGnut.36701 -2.80 0.03719 tRNA-synt_1

UoN.bamGnut.24732 -2.83 0.03358 NmrA

UoN.bamGnut.26992 -2.83 0.02120 Drought induced 19

protein (Di19),

zinc-binding

Transcription

UoN.bamGnut.26591 -2.84 0.01120 NA
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UoN.bamGnut.5476 -2.84 0.02649 MYB_46 Transcription

UoN.bamGnut.21236 -2.85 0.04015 LRR_8

UoN.bamGnut.10023 -2.85 0.01438 NA

UoN.bamGnut.15007 -2.86 0.03358 ANAPC4_WD40

UoN.bamGnut.35577 -2.87 0.04008 DUF3474

UoN.bamGnut.8005 -2.88 0.04136 Pkinase_Tyrosine Related to cell division

UoN.bamGnut.4318 -2.89 0.04294 Methyltransferase_3

UoN.bamGnut.23132 -2.91 0.03171 YABBY

UoN.bamGnut.32014 -2.93 0.00594 Unknown

UoN.bamGnut.24627 -2.93 0.01621 NA

UoN.bamGnut.9776 -2.94 0.03904 EFX90075

UoN.bamGnut.44917 -2.95 0.04445 Adaptin_N

UoN.bamGnut.33620 -2.96 0.00353 F8P6Y8_SERL9

UoN.bamGnut.22352 -2.97 0.02140 Pectinesterase

UoN.bamGnut.25416 -2.98 0.01881 SHN3 (AP2-EREBP) Transcription

UoN.bamGnut.27169 -3.04 0.02510 E1-E2_ATPase

UoN.bamGnut.17350 -3.05 0.00112 Unknown

UoN.bamGnut.24402 -3.07 0.01140 Pollen_Ole_e_I

UoN.bamGnut.4147 -3.10 0.00205 DUF3474

UoN.bamGnut.6146 -3.13 0.00442 zf-C2H2_jaz Transcription

UoN.bamGnut.41377 -3.13 0.04328 Abhydrolase_5

UoN.bamGnut.18591 -3.13 0.02100 BAH

UoN.bamGnut.44251 -3.14 0.00716 zf-LSD1 Transcription

UoN.bamGnut.5343 -3.14 0.00732 Beta-fructofuranoisdae

38 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.21138 -3.15 0.04691 Unknown

UoN.bamGnut.24742 -3.15 0.02756 Phosphatidylinositol-4-

phosphate 5-Kinase

(PIP5K)

Induced by water stress and ABA

UoN.bamGnut.5347 -3.17 0.00716 Myb_DNA-binding Transcription

UoN.bamGnut.2095 -3.21 0.01496 NA

UoN.bamGnut.47473 -3.21 0.00580 Myb_DNA-binding Transcription

UoN.bamGnut.9165 -3.21 0.03953 Exostosin

UoN.bamGnut.4834 -3.22 0.00206 NA

UoN.bamGnut.28815 -3.23 0.02576 PRK

(phosphoribulokinase)

Related to calvin cycle/photosynthesis

UoN.bamGnut.52140 -3.26 0.00205 Unknown
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UoN.bamGnut.9895 -3.30 0.04150 DUF3411

UoN.bamGnut.30540 -3.31 0.03959 Response_regulator

UoN.bamGnut.46804 -3.37 0.04980 zf-CCCH Transcription

UoN.bamGnut.22459 -3.38 0.00254 MTHFR

UoN.bamGnut.24565 -3.38 0.00644 Cu_bind_like

UoN.bamGnut.30565 -3.40 0.02140 Prefoldin

UoN.bamGnut.53716 -3.41 0.03818 Leo1

UoN.bamGnut.15245 -3.43 0.00589 PLAC8

UoN.bamGnut.10260 -3.44 0.00400 Peptidase_S8

UoN.bamGnut.26564 -3.44 0.00644 Glucose-6-phosphate

dehydrogenase (G6PD_C)

Glycolysis/carbohydrate metabolism

UoN.bamGnut.26098 -3.44 0.00557 MIR164

UoN.bamGnut.223 -3.44 0.03430 Roc

UoN.bamGnut.16241 -3.46 0.00161 Beta-fructofuranoisdae

79 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.53032 -3.46 0.01205 DUF1762

UoN.bamGnut.25563 -3.46 0.00327 Glyco_transf_21

UoN.bamGnut.9549 -3.47 0.02778 Phosducin

UoN.bamGnut.24640 -3.49 0.00003 Tryp_alpha_amyl

UoN.bamGnut.3717 -3.49 0.00937 LTP_2

UoN.bamGnut.24073 -3.51 0.01423 PPR_1

UoN.bamGnut.47452 -3.51 0.00394 Beta-fructofuranoisdae

79 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.38186 -3.54 0.00368 B3

UoN.bamGnut.25387 -3.57 0.00557 Emex10998

UoN.bamGnut.36770 -3.57 0.02844 UCH

UoN.bamGnut.22948 -3.58 0.00716 LRR_4

UoN.bamGnut.26421 -3.60 0.01240 Calreticulin

UoN.bamGnut.16353 -3.61 0.00313 Protein kinase Signal transduction

UoN.bamGnut.23948 -3.64 0.01264 Myb_DNA-bind_6 Transcription

UoN.bamGnut.9452 -3.67 0.00072 NA

UoN.bamGnut.16644 -3.68 0.04015 The pentatricopeptide

repeat_2 (PPR)

Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.31368 -3.68 0.03904 Protein kinase Signal transduction

UoN.bamGnut.45237 -3.70 0.00166 Ribosomal_L27

UoN.bamGnut.21051 -3.70 0.00105 NA

UoN.bamGnut.31993 -3.71 0.00229 SEO_N
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UoN.bamGnut.3584 -3.71 0.01843 Unknown

UoN.bamGnut.27311 -3.72 0.04429 WD40 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.49138 -3.72 0.00805 Cobalamin-independent

synthase_2

Methionine synthesis

UoN.bamGnut.31471 -3.73 0.00047 Lipase_GDSL

UoN.bamGnut.50834 -3.73 0.00112 HAND

Down-regulated in TN

UoN.bamGnut.43811 -2.11 0.04378 Myb_DNA-binding Transcription

UoN.bamGnut.12920 -2.17 0.01867 CobN-Mg_chel

UoN.bamGnut.21604 -2.20 0.04362 Unknown

UoN.bamGnut.9473 -2.29 0.04209 Auxin_inducible Hormone signaling

UoN.bamGnut.4042 -2.30 0.04787 HIT

UoN.bamGnut.32275 -2.31 0.03077 TAXi_C

UoN.bamGnut.4426 -2.33 0.04343 NA

UoN.bamGnut.8763 -2.39 0.02863 NA

UoN.bamGnut.19980 -2.40 0.04143 RdRP

UoN.bamGnut.39330 -2.41 0.04378 HAD_2

UoN.bamGnut.4644 -2.44 0.04479 Beta-fructofuranoisdae

16 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.5246 -2.45 0.04467 HPP

UoN.bamGnut.12921 -2.51 0.02737 CobN-Mg_chel

UoN.bamGnut.24701 -2.52 0.03453 Unknown

UoN.bamGnut.48474 -2.53 0.02954 Ribonuc_L-PSP

UoN.bamGnut.13673 -2.55 0.02719 Unknown

UoN.bamGnut.21326 -2.55 0.04285 HD-ZIP_N

UoN.bamGnut.2019 -2.55 0.02695 p450

UoN.bamGnut.48959 -2.56 0.04730 Response_regulator

UoN.bamGnut.27675 -2.58 0.00316 p450

UoN.bamGnut.50758 -2.58 0.04843 Rhodanese_C

UoN.bamGnut.7143 -2.60 0.02350 Gal_Lectin

UoN.bamGnut.16934 -2.60 0.02880 ENSPTRP00000042564

UoN.bamGnut.32583 -2.61 0.03427 GYF

UoN.bamGnut.31339 -2.62 0.00839 Lectin_legB

UoN.bamGnut.18161 -2.63 0.04606 HEAT

UoN.bamGnut.29834 -2.64 0.03183 NA
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UoN.bamGnut.8335 -2.66 0.01934 Epimerase

UoN.bamGnut.47587 -2.67 0.01090 Unknown

UoN.bamGnut.29592 -2.68 0.03941 Terpene_synth_C

UoN.bamGnut.16423 -2.68 0.00966 F-box

UoN.bamGnut.11846 -2.70 0.04857 adh_short

UoN.bamGnut.43022 -2.72 0.02351 Thioredoxin_6 Antioxidant/ ROS scavenging

UoN.bamGnut.14769 -2.72 0.01655 Lalb_13759

UoN.bamGnut.22911 -2.72 0.00877 Cupin_1

UoN.bamGnut.21762 -2.73 0.04200 TauE

UoN.bamGnut.19613 -2.73 0.02737 Pectinacetylesterase

(PAE)

UoN.bamGnut.20731 -2.73 0.02800 TRM

UoN.bamGnut.26944 -2.74 0.00884 Cu_bind_like

UoN.bamGnut.50834 -2.77 0.02102 HAND

UoN.bamGnut.35096 -2.78 0.04183 Glyco_transf_28

UoN.bamGnut.4147 -2.79 0.02657 DUF3474

UoN.bamGnut.12186 -2.81 0.02573 Roc

UoN.bamGnut.28995 -2.82 0.00393 Glycosyl_transferase_1

UoN.bamGnut.7580 -2.83 0.02650 Unknown

UoN.bamGnut.26409 -2.86 0.02531 zf-C3HC4_2 Transcription

UoN.bamGnut.8789 -2.89 0.00384 NA

UoN.bamGnut.32696 -2.90 0.01934 NA

UoN.bamGnut.13327 -2.90 0.03639 GASA

UoN.bamGnut.19770 -2.90 0.04209 zf-rbx1 Transcription

UoN.bamGnut.1261 -2.91 0.02020 Cytokin-binding Hormone signaling

UoN.bamGnut.16452 -2.91 0.01972 p450

UoN.bamGnut.47558 -2.92 0.01409 Kinase-like

UoN.bamGnut.12095 -2.93 0.00991 PPR_3 Repeats families in plants allow them to rapidly

acclimatize to adverse conditions

UoN.bamGnut.15536 -2.93 0.00680 LBP_BPI_CETP_C

UoN.bamGnut.17222 -2.94 0.02163 Light-harvesting

complexes of green plants

(Chloroa_b-bind)

Related to photosynthesis and plays a positive rolein

guard cell signaling in response to ABA

UoN.bamGnut.26845 -2.94 0.00543 Unknown

UoN.bamGnut.33703 -2.95 0.00348 Unknown

UoN.bamGnut.11492 -2.96 0.00273 UCH_1

UoN.bamGnut.28267 -2.96 0.02737 F-box

UoN.bamGnut.28 -2.99 0.01070 Rhomboid

UoN.bamGnut.17723 -2.99 0.00135 Unknown



6.2 Results 210

UoN.bamGnut.26823 -3.00 0.04857 Beta-fructofuranoisdae

1 (glycoside hydrolase

family)

Hydrolysis of sucrose- Osmoprotectant

UoN.bamGnut.2493 -3.00 0.01474 HMA

UoN.bamGnut.44427 -3.01 0.03717 G-patch_2

UoN.bamGnut.29513 -3.01 0.02839 NA

UoN.bamGnut.42548 -3.02 0.04857 DEAD

UoN.bamGnut.2307 -3.03 0.02882 Hydrolase_3

UoN.bamGnut.34580 -3.03 0.01457 PMR5N

UoN.bamGnut.31273 -3.03 0.02695 Sakowv30030116m

UoN.bamGnut.35761 -3.03 0.01545 DUF1731

UoN.bamGnut.26420 -3.05 0.00840 Unknown

UoN.bamGnut.42936 -3.05 0.01691 AAA

UoN.bamGnut.6209 -3.05 0.01490 B2WMX7_PYRTR

UoN.bamGnut.7343 -3.06 0.00079 Acid_phosphatase_B Acid phosphatase is known to act under stress by

maintaining a certain level of inorganic phosphate in

plant cells

UoN.bamGnut.51729 -3.06 0.04677 GTP-bdg_N

UoN.bamGnut.24640 -3.07 0.00288 Tryp_alpha_amyl

UoN.bamGnut.4084 -3.07 0.01721 bHLH Transcription

UoN.bamGnut.27744 -3.08 0.00195 Kelch_6

UoN.bamGnut.30416 -3.08 0.01246 Chorismate_binding

UoN.bamGnut.17800 -3.09 0.04380 Unknown

UoN.bamGnut.16211 -3.09 0.02857 SQHop_cyclase_N

UoN.bamGnut.9335 -3.10 0.00990 PP2C Negative regulator of ABA signaling

UoN.bamGnut.44145 -3.10 0.04810 His_Phos_2

UoN.bamGnut.7020 -3.11 0.04730 DUF1313

UoN.bamGnut.5064 -3.13 0.01928 M7U9J7_BOTF1

UoN.bamGnut.25268 -3.14 0.00079 LTP_2

UoN.bamGnut.38031 -3.15 0.00910 RRM_5

UoN.bamGnut.24742 -3.16 0.03591 Phosphatidylinositol-4-

phosphate 5-Kinase

(PIP5K)

Induced by water stress and ABA

UoN.bamGnut.8752 -3.17 0.00353 Myb_DNA-binding Transcription

UoN.bamGnut.23664 -3.17 0.00509 PHUM466290-PA

UoN.bamGnut.38252 -3.18 0.04183 Methyltransf_16

UoN.bamGnut.52779 -3.18 0.03359 G2WHX8_YEASK

UoN.bamGnut.11565 -3.19 0.01105 zf-FLZ Transcription

UoN.bamGnut.44808 -3.19 0.00122 Unknown
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UoN.bamGnut.9070 -3.20 0.04976 NA

UoN.bamGnut.39551 -3.20 0.02366 DEAD

UoN.bamGnut.14953 -3.21 0.00119 Globin

UoN.bamGnut.9630 -3.23 0.03322 ResIII

UoN.bamGnut.30655 -3.24 0.00611 Peptidase_M16

Figure 6.11: Gene ontology classification of differentially expressed genes in
drought stress under the ‘biological process’ category. The top significant GO
terms (having atleast 3 read counts) associated with differentially expressed transcripts
in drought stress samples at 47 DAS. [A] and [B] refers to GO-terms assigned for DipC
and TN, respectively. The pvalue cutoff was set at 0.01. The GO-terms assigned is
from Arabidopsis gene ontology reciprocal blast hits. GOI = Number of genes of
interest with the respective gene ontology (GO) term.

6.2.4.1 Hierarchical cluster analysis

To visualise global gene expression across all the samples, a heat map was generated

using heatmap.2. Genes with FDR < 0.05 and a log FC ≥ 1 were used for clustering

analysis. In both DipC and TN, control samples at 47 DAS were more clustered

together with drought samples at 47 DAS in comparison to control samples at 33
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DAS, as shown by dendograms (fig. 6.12). This shows that the differences in DipC

and TN samples gene expression among different time points are greater than the

treatment (Drought vs Control) within the same time point. The heat map shows

genes differentially expressed between different experimental conditions (Control-47

vs Control-33 and Drought-47 vs Control-47), where blue represents genes with higher

gene expression, and red represents the ones with lower expression.
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Figure 6.12: Hierarchical clustering of global gene expression between dif-

ferent experimental conditions. Heat map shows genes differentially expressed

between control conditions at 33 and 47 DAS and drought condition at 47 DAS, where

blue represents genes with higher gene expression, and red represents the ones with

lower expression. Genes were filtered with FDR < 0.05 and a log FC ≥ 1, where all

samples had read count > 1 in all biological replicates. Clustering of samples within

each experimental condition denoted by the dendrogram.
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6.2.5 Transcription factors associated with drought stress

The DE genes from both genotypes (DipC and TN) identified various Transcription(-

related) Factors (TFs) at both vegetative and reproductive stages. Common TFs to

both genotypes at vegetative stage are the down-regulation of AP2/ERF, Drought in-

duced19 (Di19), zinc-binding and RAD-like 6 (SANT/MYB TF) and up-regulation of

WRI1 (AP2-EREBP). WRI1 TF is known to be involved in glycolysis metabolism

[317]. In addition, other common TFs such as zf-RING 2 and MYB86 were up-

regulated in DipC but down-regulated in TN (Table 6.3). Common TFs to both

genotypes at reproductive stage are the up-regulation of AUX_IAA, Homeodomian

(HOX) and NAC3. HOX and NAC family protein TFs are known to function in a wide

variety of developmental processes and abiotic stress responses in plants [99]. On top of

the common genes at vegetative stage, DipC shows up-regulation of 16 TFs (some are

NAC1, zf-CCHC, MYB46, zf-UDP, zf-B-box, zf-Dof, WRKY, zf-C2H2_jaz, MYB15,

MYB6, zf-AN1, GRAS, zf-CCCH, zf-C3HC4_2, MYB and EMB1444 (bHLH-MYC)

and down-regulation 6 others (GRAS, EMB1444 (bHLH-MYC), zf-AN1, GRAS, zf-

CCCH and MYB). TN, on the other hand, shows up-regulation of 37 TFs (some are zf-

RanBP, AUX_IAA, WRKY, HOX, zf-C2H2_jaz, zf-Nse, MYB36, WRKY33, NAC3,

zf-C3HC4_3, MYB6, SRF-TF (AGAMOUS-LIKE 12), WRKY50 and NAC100) and

down regulation of 41 others (some are zf-C2H2_jaz, EMB1444, zf-RING_2, TINY2

(AP2-EREBP), MYB6, zf-FLZ, zf-CCCH, NAC73, SHN3 (AP2-ERF), bHLH, bZIP2

and ERF1(AP2)). At reproductive stage, DipC shows up-regulation of 6 TFs (NAC,

zf-RING_11, zf-RING_2, zf-C2H2_jaz and NAC) and down-regulation of 11 others

(SHN3 (AP2-EREBP), zf-C2H2_jaz, MYB46, BRX, zf-LSD1, bHLH, MYB, zf-Di19,

MYB, MYB6 and zf-CCCH). While, TN at the reproductive stage shows up-regulation

of 19 TFs (some are NAC25, MYB2, zf-C2H2_6, WRKY28, bHLH, WRKY40, MYB78,

zf-C2H2_6, PHD, MYB15 and bZIP2).
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WRKY40 is known to be induced by ABA under drought stress [272]. Furthermore,

common TFs to both developmental stages (vegetative and reproductive) in DipC

are the down-regulation of zf-Di19, zf-CCCH and MYB. In addition, other common

TFs in DipC such as MYB46 and zf-C2H2_jaz were up-regulated at vegetative stage

but down-regulated at reproductive stage. On the other hand, common TFs to both

developmental stages in TN shows up-regulation of AUX_IAA, NAC3 and bHLH and

down-regulation of MYB and zf-FLZ. In addition, TF zf-rbx1 was up-regulated at

vegetative stage but down-regulated at reproductive stage in TN.

Separate co-expression networks were built for vegetative and reproductive stages

in both DipC and TN (see Appendix 42 and 43 for DipC and Appendix 44 and 45

for TN ), and the separate networks created for each genotype were merged in each

stage to identify cases where co-expression between pairs of nodes is detected in both

genotypes. In addition, a separate merged network was created to identify cases where

co-expression between pairs of nodes is detected in both stages. The merged networks

will give an idea of the direction of TFs linking to other genes. By looking at the num-

ber of links that each node has in the genotype-specific networks, it is possible to rank

the potential importance of the different TFs (see Table 6.9 and 6.10). In the case of

DipC at vegetative stage, NAC1 stands out as being the TF with the most co-expressed

genes with zf-CCHC, MYB86, MYB46, zf-RING_2 and zf-B_box also looking relevant.

For TN at vegetative stage, zf-RanBP, zf-C2H2_jaz, AUX_IAA, WRKY, HOX, zf-

C2H2_jaz, EMB1444, zf-Nse and MYB (UoN.bamGnut.25299) seems important. On

the other hand, important TFs in DipC at reproductive stage mostly consist of SHN3

(AP2-EREBP), zf-C2H2_jaz, MYB46, BRX and AUX_IAA. Whereas for TN, MYB

(UoN.bamGnut.8752), NAC25, MYB2, zf-C2H2_6 and WRKY28 stands out as rel-

evant at reproductive stage. The TF AUX_IAA (UoN.bamGnut.39167) which was

common to both genotype at reproductive stage also seems important which showed
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the highest number of co-expression links connecting to other genes in the merged

network (see Table 6.10). On the other hand, the merged network created in DipC

between stages indicated importance of MYB46 (UoN.bamGnut.5476) which showed

the highest number of co-expression links connecting to other genes (Table 6.11). For

the merged network created for TN between stages showed importance of AUX_IAA

(UoN.bamGnut.39167) as this TF had the highest number of co-expression links con-

necting to other genes (Table 6.12). By looking at the results of the merged networks

(between genotypes and also between stages), there is very little in common in terms

of co-expression between pairs of nodes between genotypes as well as between stages.

These observations are in accord with the results obtained from differential expression

analysis from RNA-seq and cross species microarray (see chapter 4), where there was

very little overlap observed between DipC and TN in terms of drought-responding

genes. Hence the intersection is likely to be small as well. On the other hand, the

small intersection seen between stages in both genotypes could be due to the fact that

plants have gone past its vegetative stage into its floral stage.
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Table 6.9: Vertex degrees of differentially expressed Transcription factors in
TN and DipC at vegetative stage

TN DipC

Gene_ID Annotation V°* whole V°* for

merged

network

Gene_ID Annotation V°* whole V°* for

merged

network

UoN.bamGnut.53196 zf-RanBP 246 NA UoN.bamGnut.51896 NAC1 238 NA

UoN.bamGnut.11042 zf-C2H2_jaz 186 NA UoN.bamGnut.19689 zf-CCHC 201 NA

UoN.bamGnut.39167 AUX_IAA 160 NA UoN.bamGnut.10038 MYB86 169 4

UoN.bamGnut.42217 WRKY 155 NA UoN.bamGnut.5476 MYB46 199 NA

UoN.bamGnut.40849 HOX 138 2 UoN.bamGnut.25328 NAC 87 NA

UoN.bamGnut.51559 zf-C2H2_jaz 137 NA UoN.bamGnut.9228 zf-

RING_2

66 9

UoN.bamGnut.24800 bHLH-

MYC_N

(EMB1444)

126 NA UoN.bamGnut.48677 zf-UDP 50 0

UoN.bamGnut.2786 zf-Nse 114 3 UoN.bamGnut.41951 zf-B_box 45 5

UoN.bamGnut.39367 MYB36 113 NA UoN.bamGnut.4649 NAC 36 NA

UoN.bamGnut.7626 WRKY33 112 NA UoN.bamGnut.39962 zf-Dof 36 0

UoN.bamGnut.43478 NAC3 109 NA UoN.bamGnut.52340 zf-UDP 34 NA

UoN.bamGnut.38586 zf-C3HC4_3 100 NA UoN.bamGnut.33128 zf-Dof 28 NA

UoN.bamGnut.25299 MYB 97 6 UoN.bamGnut.40504 WRI1

(AP2-

EREBP)

26 0

UoN.bamGnut.52834 MYB6 93 NA UoN.bamGnut.35944 WRKY 21 NA

UoN.bamGnut.8752 MYB 93 NA UoN.bamGnut.14592 GRAS 16 NA

UoN.bamGnut.30177 SANT/MYB

domain

89 NA UoN.bamGnut.8660 AP2-ERF

domain

14 2

UoN.bamGnut.12291 MYB 84 NA UoN.bamGnut.6146 zf-

C2H2_jaz

10 0

UoN.bamGnut.31501 zf-RING_2 82 NA UoN.bamGnut.38935 MYB15 9 NA

UoN.bamGnut.45251 SRF-TF

(AGAMOUS-

LIKE

12)

79 NA UoN.bamGnut.17348 RAD-like

6 (MYB

TF)

9 0

UoN.bamGnut.5656 TINY2

(AP2-

EREBP)

79 NA UoN.bamGnut.44453 EMB1444 9 NA

UoN.bamGnut.17686 MYB6 77 2 UoN.bamGnut.26992 zf-Di19 8 0

UoN.bamGnut.17041 MYB61 76 NA UoN.bamGnut.23947 MYB6 6 NA

UoN.bamGnut.25471 MYB 76 6 UoN.bamGnut.9193 zf-AN1 6 0

UoN.bamGnut.27580 MYB 74 NA UoN.bamGnut.18435 GRAS 5 NA

UoN.bamGnut.27994 MYB 69 0 UoN.bamGnut.46804 zf-CCCH 5 NA

UoN.bamGnut.20995 RAD-like 6

(MYB TF)

63 0 UoN.bamGnut.26409 zf-

C3HC4_2

4 NA
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UoN.bamGnut.11565 zf-FLZ 60 0 UoN.bamGnut.47473 MYB 2 NA

UoN.bamGnut.41173 MYB 58 NA UoN.bamGnut.43162 EMB1444 1 NA

UoN.bamGnut.2199 zf-CCCH 58 0

UoN.bamGnut.24922 zf-UDP 57 NA

UoN.bamGnut.21536 NAC73 57 4

UoN.bamGnut.38558 NAC 54 NA

UoN.bamGnut.50334 MYB 53 NA

UoN.bamGnut.52114 zf-rbx1 53 NA

UoN.bamGnut.19909 zf-UDP 49 NA

UoN.bamGnut.25416 SHN3

(AP2-ERF

domain)

49 NA

UoN.bamGnut.37116 zf-AN1 45 NA

UoN.bamGnut.14790 bHLH 43 0

UoN.bamGnut.21448 zf-C3HC4_2 43 NA

UoN.bamGnut.23387 bHLH 39 NA

UoN.bamGnut.13321 HOX 39 NA

UoN.bamGnut.39914 zf-rbx1 36 NA

UoN.bamGnut.43965 SRF-TF

(AGAMOUS-

like

8)

34 NA

UoN.bamGnut.44458 RAD-like 1

(SANT/MYB)

32 NA

UoN.bamGnut.20007 AP2-ERF

domain

31 NA

UoN.bamGnut.27993 MYB 30 0

UoN.bamGnut.40054 bHLH 30 NA

UoN.bamGnut.24919 zf-DHHC 30 NA

UoN.bamGnut.8661 bHLH 26 NA

UoN.bamGnut.12335 zf-RING_2 26 NA

UoN.bamGnut.36216 zf-UBR 25 NA

UoN.bamGnut.3333 zf-rbx1 25 4

UoN.bamGnut.17587 zf-HC5HC2H 25 0

UoN.bamGnut.52036 MYB 24 NA

UoN.bamGnut.8414 WRKY50 18 NA

UoN.bamGnut.4430 AP2-EREBP 18 NA

UoN.bamGnut.37586 NAC100 16 NA

UoN.bamGnut.42550 bZIP2 15 NA

UoN.bamGnut.9878 zf-C3HC4_2 15 NA

UoN.bamGnut.13940 zf-C3HC4_4 14 0

UoN.bamGnut.14726 bZIP1 14 NA

UoN.bamGnut.6193 MEE3 (MYB

TF)

13 0

UoN.bamGnut.53377 zf-C3HC4_3 12 NA

UoN.bamGnut.10856 zf-C3HC4_3 10 NA

UoN.bamGnut.48161 zf-C3HC4_2 9 NA
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UoN.bamGnut.43998 zf-DHHC 9 NA

UoN.bamGnut.13514 zf-RING_2 8 NA

UoN.bamGnut.1277 ERF1(AP2) 8 NA

UoN.bamGnut.11113 zf-RING_11 8 NA

UoN.bamGnut.33083 AUX_IAA 7 NA

UoN.bamGnut.28138 MYB 7 NA

UoN.bamGnut.41882 zf-rbx1 5 NA

UoN.bamGnut.24108 zf-A20 5 NA

UoN.bamGnut.51302 AUX-IAA 14 4 NA

UoN.bamGnut.21978 ZF-

HD_dimer

4 NA

UoN.bamGnut.12292 MYB 4 NA

UoN.bamGnut.42189 bZIP2 3 NA

UoN.bamGnut.23966 zf-Di19 2 NA

Common TFs

UoN.bamGnut.9228 zf-RING_2 86 9

UoN.bamGnut.10038 MYB86 42 4

UoN.bamGnut.8660 AP2-ERF

domain

31 2

UoN.bamGnut.40504 WRI1 (AP2-

EREBP)

21 0

UoN.bamGnut.26992 zf-Di19 7 0

UoN.bamGnut.17348 RAD-like 6

(SANT/MYB

TF)

7 0

*(V° refers to the number of links of each TF node, in either the whole genotype-specific network, or merged network)

NA = Genes not found when networks were merged
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Table 6.10: Vertex degrees of differentially expressed Transcription factors
in TN and DipC at reproductive stage

TN DipC

Gene_ID Annotation V°* whole V°* for

merged

network

Gene_ID Annotation V°* whole V°* for

merged

network

UoN.bamGnut.8752 MYB 199 16 UoN.bamGnut.25416 SHN3

(AP2-

EREBP)

624 2

UoN.bamGnut.39304 NAC25 99 NA UoN.bamGnut.6146 zf-

C2H2_jaz

537 NA

UoN.bamGnut.51895 MYB 2 67 NA UoN.bamGnut.5476 MYB46 348 NA

UoN.bamGnut.38339 zf-C2H26 54 3 UoN.bamGnut.10310 BRX 333 NA

UoN.bamGnut.42702 WRKY28 48 2 UoN.bamGnut.39167 AUX_IAA 244 11

UoN.bamGnut.40247 NAC 35 NA UoN.bamGnut.44251 zf-LSD1 89 NA

UoN.bamGnut.40340 bHLH 34 NA UoN.bamGnut.37585 NAC 45 NA

UoN.bamGnut.52114 zf-rbx1 34 NA UoN.bamGnut.9505 bHLH 39 NA

UoN.bamGnut.39437 bHLH 25 NA UoN.bamGnut.43478 NAC 3 32 0

UoN.bamGnut.39011 MYB-like

102

23 0 UoN.bamGnut.47473 MYB 20 NA

UoN.bamGnut.31 NAC 22 NA UoN.bamGnut.23622 NAC 16 NA

UoN.bamGnut.27611 zf-CCHC 20 NA UoN.bamGnut.26992 zf-Di19 16 0

UoN.bamGnut.40054 bHLH 20 NA UoN.bamGnut.18584 zf-

RING11

11 0

UoN.bamGnut.20135 WRKY40 14 NA UoN.bamGnut.7407 zf-

RING_2

11 NA

UoN.bamGnut.43738 MYB78 14 16 UoN.bamGnut.5347 MYB 11 NA

UoN.bamGnut.40775 MYB 13 NA UoN.bamGnut.40849 HOX 10 0

UoN.bamGnut.38850 zf-C2H26 12 0 UoN.bamGnut.28728 MYB 6 10 NA

UoN.bamGnut.53588 PHD 7 NA UoN.bamGnut.8705 zf-

C2H2_jaz

8 NA

UoN.bamGnut.26409 zf-

C3HC42

7 NA UoN.bamGnut.46804 zf-CCCH 4 NA

UoN.bamGnut.19770 zf-rbx1 7 NA UoN.bamGnut.37586 NAC 3 0

UoN.bamGnut.14697 PHD 6 0

UoN.bamGnut.38935 MYB15 5 NA

UoN.bamGnut.47045 zf-rbx1 4 NA

UoN.bamGnut.38859 NAC90 3 NA

UoN.bamGnut.43811 MYB 2 NA

UoN.bamGnut.11565 zf-FLZ 2 NA
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UoN.bamGnut.12377 bZIP2 2 NA

Common TFs

UoN.bamGnut.39167 AUX_IAA 207 11

UoN.bamGnut.40849 HOX 179 0

UoN.bamGnut.43478 NAC3 5 0

*(V° refers to the number of links of each TF node, in either the whole genotype-specific network, or merged network)

NA = Genes not found when networks were merged
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Table 6.11: Vertex degrees of differentially expressed Transcription factors
in DipC when networks were merged between stages

Vegetative stage Reproductive stage

Gene_ID Annotation V°* for merged

network

Gene_ID Annotation V°* for merged

network

UoN.bamGnut.51896 NAC1 NA UoN.bamGnut.25416 SHN3 (AP2-

EREBP)

NA

UoN.bamGnut.19689 zf-CCHC NA UoN.bamGnut.6146 zf-C2H2_jaz 0

UoN.bamGnut.10038 MYB86 NA UoN.bamGnut.5476 MYB46 18

UoN.bamGnut.25328 NAC 1 UoN.bamGnut.10310 BRX NA

UoN.bamGnut.9228 zf-RING_2 1 UoN.bamGnut.39167 AUX_IAA NA

UoN.bamGnut.48677 zf-UDP 0 UoN.bamGnut.44251 zf-LSD1 NA

UoN.bamGnut.41951 zf-B_box NA UoN.bamGnut.37585 NAC NA

UoN.bamGnut.4649 NAC NA UoN.bamGnut.9505 bHLH NA

UoN.bamGnut.39962 zf-Dof NA UoN.bamGnut.43478 NAC NA

UoN.bamGnut.52340 zf-UDP NA UoN.bamGnut.47473 MYB 0

UoN.bamGnut.33128 zf-Dof NA UoN.bamGnut.23622 NAC NA

UoN.bamGnut.40504 WRI1 (AP2-

EREBP)

NA UoN.bamGnut.26992 zf-Di19 0

UoN.bamGnut.35944 WRKY NA UoN.bamGnut.18584 zf-RING_11 0

UoN.bamGnut.14592 GRAS NA UoN.bamGnut.7407 zf-RING_2 NA

UoN.bamGnut.8660 AP2-ERF

domain

0 UoN.bamGnut.5347 MYB NA

UoN.bamGnut.38935 MYB15 NA UoN.bamGnut.40849 HOX 0

UoN.bamGnut.17348 RAD-like 6

(MYB TF)

NA UoN.bamGnut.28728 MYB6 NA

UoN.bamGnut.44453 bHLH-

MYC_N

NA UoN.bamGnut.8705 zf-C2H2_jaz NA

UoN.bamGnut.23947 MYB6 NA UoN.bamGnut.46804 zf-CCCH 0

UoN.bamGnut.9193 zf-AN1 NA UoN.bamGnut.37586 NAC NA

UoN.bamGnut.18435 GRAS NA

UoN.bamGnut.26409 zf-C3HC4_2 NA

UoN.bamGnut.43162 EMB1444 NA

Common TFs

UoN.bamGnut.5476 MYB 46 18

UoN.bamGnut.6146 zf-C2H2_jaz 0

UoN.bamGnut.26992 zf-Di19 0

UoN.bamGnut.46804 zf-CCCH 0

UoN.bamGnut.47473 MYB 0

*(V° refers to the number of links of each TF node, in the merged network)

NA = Genes not found when networks were merged
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Table 6.12: Vertex degrees of differentially expressed Transcription factors
in TN when networks were merged between stages

Vegetative stage Reproductive stage

Gene_ID Annotation V°* for merged

network

Gene_ID Annotation V°* for merged

network

UoN.bamGnut.53196 zf-RanBP NA UoN.bamGnut.39167 AUX_IAA 6

UoN.bamGnut.11042 zf-C2H2_jaz NA UoN.bamGnut.8752 MYB 0

UoN.bamGnut.42217 WRKY NA UoN.bamGnut.40849 HOX NA

UoN.bamGnut.40849 HOX 4 UoN.bamGnut.39304 NAC25 NA

UoN.bamGnut.51559 zf-C2H2_jaz NA UoN.bamGnut.51895 MYB2 NA

UoN.bamGnut.24800 bHLH-

MYC_N

NA UoN.bamGnut.38339 zf-C2H2_6 NA

UoN.bamGnut.2786 zf-Nse NA UoN.bamGnut.42702 WRKY28 NA

UoN.bamGnut.39367 MYB36 NA UoN.bamGnut.40247 NAC NA

UoN.bamGnut.7626 WRKY33 NA UoN.bamGnut.40340 bHLH NA

UoN.bamGnut.38586 zf-C3HC43 NA UoN.bamGnut.52114 zf-rbx1 1

UoN.bamGnut.25299 MYB 0 UoN.bamGnut.39437 bHLH NA

UoN.bamGnut.52834 MYB6 NA UoN.bamGnut.39011 MYB-like102 0

UoN.bamGnut.30177 SANT/MYB

domain

NA UoN.bamGnut.31 NAC 0

UoN.bamGnut.9228 zf-RING2 0 UoN.bamGnut.27611 zf-CCHC 0

UoN.bamGnut.12291 MYB NA UoN.bamGnut.40054 bHLH 0

UoN.bamGnut.31501 zf-RING2 3 UoN.bamGnut.20135 WRKY40 NA

UoN.bamGnut.45251 SRF-TF

(AGAMOUS-

LIKE

12)

0 UoN.bamGnut.43738 MYB78 NA

UoN.bamGnut.5656 TINY2

(AP2-

EREBP)

NA UoN.bamGnut.40775 Myb_CC

_LHEQLE

NA

UoN.bamGnut.17686 MYB6 NA UoN.bamGnut.38850 zf-C2H2_6 NA

UoN.bamGnut.17041 MYB61 NA UoN.bamGnut.53588 PHD NA

UoN.bamGnut.25471 MYB 0 UoN.bamGnut.26409 zf-C3HC4_2 NA

UoN.bamGnut.27580 MYB NA UoN.bamGnut.19770 zf-rbx1 NA

UoN.bamGnut.27994 MYB 0 UoN.bamGnut.14697 PHD NA

UoN.bamGnut.20995 RAD-like 6

(MYB TF)

NA UoN.bamGnut.38935 MYB15 NA

UoN.bamGnut.41173 MYB NA UoN.bamGnut.43478 NAC3 0

UoN.bamGnut.2199 zf-CCCH NA UoN.bamGnut.47045 zf-rbx1 NA

UoN.bamGnut.24922 zf-UDP NA UoN.bamGnut.38859 NAC90 NA

UoN.bamGnut.21536 NAC73 NA UoN.bamGnut.43811 MYB NA
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UoN.bamGnut.38558 NAC NA UoN.bamGnut.11565 zf-FLZ 0

UoN.bamGnut.50334 MYB NA UoN.bamGnut.12377 bZIP2 NA

UoN.bamGnut.19909 zf-UDP NA

UoN.bamGnut.25416 SHN3

(AP2-ERF

domain)

0

UoN.bamGnut.37116 zf-AN1 NA

UoN.bamGnut.14790 bHLH NA

UoN.bamGnut.21448 zf-C3HC4_2 NA

UoN.bamGnut.10038 MYB 86 NA

UoN.bamGnut.23387 bHLH NA

UoN.bamGnut.13321 HOX NA

UoN.bamGnut.39914 zf-rbx1 NA

UoN.bamGnut.43965 SRF-TF

(AGAMOUS-

like

8)

NA

UoN.bamGnut.44458 RAD-like 1

(SANT/MYB)

NA

UoN.bamGnut.8660 AP2-ERF

domain

NA

UoN.bamGnut.20007 AP2-ERF

domain

NA

UoN.bamGnut.27993 MYB NA

UoN.bamGnut.24919 zf-DHHC NA

UoN.bamGnut.8661 bHLH NA

UoN.bamGnut.12335 zf-RING_2 NA

UoN.bamGnut.36216 zf-UBR NA

UoN.bamGnut.3333 zf-rbx1 NA

UoN.bamGnut.17587 zf-HC5HC2H NA

UoN.bamGnut.52036 MYB 1

UoN.bamGnut.40504 WRI1 (AP2-

EREBP)

NA

UoN.bamGnut.8414 WRKY50 NA

UoN.bamGnut.4430 AP2-EREBP NA

UoN.bamGnut.37586 NAC100 NA

UoN.bamGnut.42550 bZIP 2 NA

UoN.bamGnut.9878 zf-C3HC4_2 NA

UoN.bamGnut.13940 zf-C3HC4_4 NA

UoN.bamGnut.14726 bZIP1 0

UoN.bamGnut.6193 MEE3 (MYB

TF)

NA

UoN.bamGnut.53377 zf-C3HC4_3 NA
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UoN.bamGnut.10856 zf-C3HC4_3 NA

UoN.bamGnut.48161 zf-C3HC4_2 NA

UoN.bamGnut.43998 zf-DHHC NA

UoN.bamGnut.13514 zf-RING_2 NA

UoN.bamGnut.1277 ERF1(AP2) NA

UoN.bamGnut.11113 zf-RING_11 NA

UoN.bamGnut.33083 AUX_IAA 0

UoN.bamGnut.26992 zf-Di19 NA

UoN.bamGnut.17348 RAD-like 6

(MYB TF)

NA

UoN.bamGnut.28138 MYB NA

UoN.bamGnut.41882 zf-rbx1 NA

UoN.bamGnut.24108 zf-A20 NA

UoN.bamGnut.51302 AUX-IAA 14 NA

UoN.bamGnut.21978 ZF-

HD_dimer

NA

UoN.bamGnut.12292 MYB NA

UoN.bamGnut.42189 bZIP2 NA

UoN.bamGnut.23966 zf-Di19 NA

Common TFs

UoN.bamGnut.39167 AUX_IAA 6

UoN.bamGnut.43478 NAC3 0

UoN.bamGnut.8752 MYB NA

UoN.bamGnut.11565 zf-FLZ 0

UoN.bamGnut.52114 zf-rbx1 1

UoN.bamGnut.40054 bHLH 0

*(V° refers to the number of links of each TF node, in the merged network)

NA = Genes not found when networks were merged

6.2.6 Comparison between DipC and TN for transcript abun-

dance

A selection of the genes that were significantly different between DipC and TN in

terms of their differential expression under drought stress were chosen to investigate

further the potential cause for the observed differences and whether they are due

to the genomic differences between the genotypes or due to the FDR cut-off set to

identify gene expression between control and drought conditions, despite that patterns
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of expression being similar. The genes were chosen from each genotype based on their

fold-change significance and their potential association with drought response (based

on gene ontology). The TMM normalised CPM values were used to identify the

transcript abundance for each gene under each treatment condition. This analysis will

aid in an initial understanding of any genomic or expression difference between the

two genotypes.

In many cases, the CPM values showed significance differences in transcript abun-

dance between DipC and TN under drought stress for genes; GST (UoN.bamGnut.682

and UoN.bamGnut.3282), ABA_WDS (UoN.bamGnut.42895 (GO:0006950), Alterna-

tive oxidase (UoN.bamGnut.43131 (GO:0009916) and UoN.bamGnut.15773) and As-

partate proteases (UoN.bamGnut.22301 and UoN.bamGnut.5777) (see figure 6.13and

table 6.13 for CPM values in each genotype). Whereas, genes such as XET (UoN.bam-

Gnut.48794 (GO:0004553) and UoN.bamGnut.19756 (GO:0004553)), Aspartate pro-

teases (UoN.bamGnut.22301) and Peroxidase (UoN.bamGnut.20798 and UoN.bamGn-

ut.52570 (GO:0004601)) showed significance difference in transcript abundance be-

tween DipC and TN under control conditions (Figure 6.13and table 6.13)
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Table 6.13: Counts per million (CPM) values for the drought-associated
genes and transcription factors

Gene_ID Gene name CPM values (Drought condition) CPM values (Control condition)

DipC TN DipC TN

UoN.bamGnut.15773 Alternative oxidase 5.35 0.11 0.04 0.04

UoN.bamGnut.43131 Alternative oxidase 7.12 36.90 7.36 0.71

UoN.bamGnut.29765 PP2C 1.02 0.00 0.80 0.00

UoN.bamGnut.37689 PP2C 0.00 5.59 0.00 0.40

UoN.bamGnut.20798 Peroxidase 12.25 10.66 0.00 36.13

UoN.bamGnut.52570 Peroxidase 4.63 2.39 2.86 0.20

UoN.bamGnut.43844 UDPGT 4.83 2.94 2.37 0.44

UoN.bamGnut.48794 XET 1.48 0.41 19.38 1.20

UoN.bamGnut.19756 XET 0.54 0.43 0.24 56.84

UoN.bamGnut.22301 Aspartate protease 6.54 5.15 0.72 7.78

UoN.bamGnut.5777 Aspartate protease 2.46 23.22 3.82 2.77

UoN.bamGnut.42895 ABA_WDS 26.14 56.40 12.53 13.18

UoN.bamGnut.3282 GST 20.78 119.93 11.70 69.85

UoN.bamGnut.682 GST 0.00 41.36 0.00 0.00

UoN.bamGnut.51896 NAC1 3.16 3.88 0.51 3.73

UoN.bamGnut.5476 MYB46 2.34 1.54 0.55 4.54

UoN.bamGnut.25328 NAC 26.16 25.94 1.70 27.28

UoN.bamGnut.39367 MYB36 0.96 2.04 1.83 0.23

UoN.bamGnut.7626 WRKY33 10.47 8.78 14.37 0.28

UoN.bamGnut.43478 NAC3 12.78 27.37 8.10 3.55

UoN.bamGnut.52834 MYB6 1.05 1.94 1.34 0.00

UoN.bamGnut.45251 SRF-TF 6.07 6.17 4.79 0.68

UoN.bamGnut.5656 TINY2 (AP2-EREBP) 2.11 0.94 1.25 4.15

Furthermore, some of the transcription factors (such as NAC1 (UoN.bamGnut

.51896), MYB46 (UoN.bamGnut.5476), NAC (UoN.bamGnut.25328), MYB36 (UoN-

.ba-mGnut.39367), WRKY33 (UoN.bamGnut.7626), NAC3 (UoN.bamGnut.43478),

MYB6 (UoN.bamGnut.52834), SRF-TF (UoN.bamGnut.45251) and TINY2 (AP2-

EREBP) (UoN.bamGnut.5656) that figured prominently in network analysis (based

on vertex degree) in each genotype and were differentially expressed under drought

stress were also chosen to investigate their transcript abundance under specific treat-

ment conditions. The results showed that under drought conditions no significant
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difference in transcript abundance for selected transcription factors were observed be-

tween the two genotypes (see figure 6.13 and table 6.13). Although, differences in

gene expression under drought stress were observed between the two genotypes when

differential expression analysis were performed using an FDR cut-off of < 0.05 and log

FC ≥ 1. This indicates that these genes might be expressed in both genotypes under

drought stress but owing to the cut-off set to identify differentially expressed genes, it

was unable to be detected from gene expression analysis.

However, the differences observed in transcript abundance in the two genotypes

under drought stress for the response genes indicates that the mechanism by which the

two genotypes responding to drought might be different. However, validation through

qRT-PCR is needed to further prove this hypothesis.

6.3 Discussion

6.3.1 Differential gene expression analysis

RNA-seq was used in this transcriptomic study of two genotypes of bambara groundnut

(DipC and TN) under drought stress. RNA-seq was preferred over microarray in this

study as it provides an unbiased assessment of all transcripts with a greater dynamic

range, where quantification of expression levels would not be limited to a range of

signal intensities as in microarray, even if there were a specific microarray available

for bambara groundnut [318]. Furthermore, this study will also provide a platform to

compare between RNA-seq and cross species microarray work done 4. Even though

the experimental designs to study drought stress in bambara groundnut were different

in both studies, the basic mechanisms on how bambara groundnut responds to drought

would be expected to be relatively similar.

Sequencing was performed as 75bp paired end reads on a HiSeq4000 according to



6.3 Discussion 230

Illumina specifications. The number of raw reads for all DipC (drought and control)

and TN (drought and control) samples were ~ 25 million (Table 6.2). For comparing

transcriptome across samples, all reads were combined into a single input in order

to obtain a consolidated set of contigs (transcripts), followed by mapping back of the

short reads for expression estimation. Once the reads are aligned back to the assembled

transcriptome, statistical tests are applied to compare the counts of reads observed

for each transcript across the different samples, and those transcripts observed to

have significantly different representation by reads across samples are reported. Fur-

ther analysis of the differentially expressed transcripts can reveal patterns of gene

expression and yield insights into relationships among the investigated samples. This

approach has been widely used for de novo transcriptomic studies [45].

To identify differentially expressed genes between treatments (control vs drought)

and time points, the edgeR software was used. EdgeR is a robustly designed and well-

documented software which accounts for biological variability of studies with only

one or two replicate samples [235]. De novo transcriptome assembly was created us-

ing Trinity (version 2.2.0). Once the assembly was created, reads were mapped back

to the assembled transcriptome using HISAT2 for expression estimation. StringTie

was used to assemble read alignments into potential transcripts/contigs followed by

merging/assembling these transcripts into a non-redundant set of transcripts and their

associated gene-IDs across multiple RNA-Seq samples. Read counts were generated

for genes using htseq-count to identify significantly differentially expressed genes using

edgeR. EdgeR uses empirical Bayes estimation and exact test based on the negative

binomial distribution with model-based scale normalization of sequence data, to iden-

tify statistically robust differentially expressed genes (DEGs), and this is reliable even

for data of small sample sizes [235]. A two-step normalization method was applied to

the count data; (i) First, to remove genes with low counts, genes must have at least
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one count per million across all samples (ii) Secondly, TMM normalization was done to

re-compute the library sizes for estimating relative RNA levels. TMM normalization

is a preferred approach over RPKM, as TMM can account for a large dynamic range

in RNA-seq data read count data and are able to control the false-positive rate while

also maintaining the power to detect differentially expressed genes [319]. Filtering

on RPKMs accounts for gene length and is found to be not effective at aligning the

read count distributions across samples because attempting to correct for differences in

gene length in a differential analysis has the effect of introducing a bias in the per-gene

variances, in particular for lowly expressed genes [320]. FDR was set as a criterion

for identifying significant differentially expressed genes over p-value as FDR calculates

the percentage of false positives within significant results that was generated using

p-values in multiple comparisons such as in RNA-seq. Therefore, this will reduce the

incidence of rejecting a false hypothesis [321].

6.3.2 Gene ontology term enrichment annotation

Gene Ontology (GO) term enrichment annotation was used to get general insights

into the biological processes, cellular components and molecular functions that were

over-represented in DEGs. In particular between drought and control as well as be-

tween controls at different time points. To identify GO terms for bambara groundnut

genes firstly, a reciprocal blast search was used to identify putative bambara ground-

nut orthologs of Arabidopsis thaliana and Glycine max genes. Once these putative

orthologs were found, EnsemblPlants BioMart (http://plants.ensembl.org/biomart)

was used to get the GO terms for the Arabidopsis thaliana and Glycine max genes.

The hypergeometric test for over-representation of GO terms, was run on the differ-

entially expressed genes at various conditions using GOstats for Arabidopsis thaliana

and Glycine max separately. However it should be noted that as there were only 10283
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and 11609 GO terms assigned out of 56,772 assembled bambara groundnut sequences

when blasted against Arabidopsis thaliana and Glycine max respectively, exclusion of

some DE genes may lead to under-representation or even total omission of biologi-

cal processes and functions that could be of significance, in addition to the relative

scarcity of information on bambara groundnut. It is possible that variations may arise

between orthologous genes after the point at which the species diverged. Though it

is most likely that orthologous genes maintained transcriptional responses associated

with biological processes that are evolutionarily conserved between species [322]. GO

terms identified in both genotypes were associated with Arabidopsis thaliana genes

as it provided greater number of hits compared to Glycine max. This could mainly

be because Glycine max is not being as comprehensive or extensively annotated as

Arabidopsis thaliana. However the phylogenetic distance between Glycine max and

bambara groundnut is smaller compared to Arabidopsis thaliana (20 MYA; [213]).

Significantly higher number of DEG observed under drought stress in TN compared

to DipC at vegetative stage, which resulted in a greater enrichment of GO terms related

to drought stress response in TN than in DipC. However, the drought stress imposed

at reproductive stage showed DipC having higher number of GO terms associated

with drought response than TN, even though the number of DEG were greater in TN

compared to DipC. Interestingly, some GO terms enriched in DipC under control (irri-

gated) conditions at vegetative and reproductive are related to “secondary metabolic

process” (GO:0019748), “hydrogen peroxide catabolic process” (GO:0042744), “re-

sponse to external stimulus” (GO:0009605), “regulation of reactive oxygen species

metabolic process” (GO:2000377), indicating its intrinsic tolerance to drought. These

observations are in accord with the results obtained when high expression level of

genes related drought stress were observed in control samples according to CPM val-

ues (Appendix 16-23). It has been observed in the drought study of sorghum (Sorghum
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bicolor) where intrinsic drought tolerance of species was determined through enrich-

ment of GO terms related to drought response in control conditions [297]. On the

other hand, TN showed enrichment of some GO terms related drought response un-

der control conditions at reproductive stage such as “response to abiotic stimulus”

(GO:0009628) and “oxidation-reduction” (GO:0055114), indicating its intrinsic toler-

ance to drought. However it’s surprising to see no GO terms were enriched for TN

in control conditions related to drought at the vegetative stage, but again this could

well be due to fact that some DEG did not have a GO term assigned to them when

blasted against Arabidopsis thaliana genes as discussed previously.

Drought stress results in production of several reactive oxygen species (ROS) that

causes oxidative stress [93, 312, 323]. Accumulation of antioxidants is a drought toler-

ant strategy against ROS employed by plants [93, 246, 296, 312, 313]. The antioxidant

enzymes constitute the “first line of defense” against ROS and oxidative stress gener-

ated by different abiotic and biotic injuries in plants [323, 324]. In both genotypes,

constitutive up-regulation of genes at vegetative stage associated with the enriched

GO term “response to oxidative stress” (GO:0006979) “response to water deprivation”

(GO:0009414), “response to hydrogen peroxide” (GO:0042542), response to oxidation-

reduction process (GO:0055114) and “response to abiotic stimulus” (GO:0009628) led

to increase drought tolerance trait in both genotypes, enabling speculation that the

both genotypes had a constitutively higher basal expression of antioxidant genes at

the vegetative stage. However, at the reproductive stage the genes associated with ox-

idative stress were down-regulated in DipC while TN showed continuous up-regulation

of the genes related to oxidative stress (Appendix 36 and 37).
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6.3.3 Function of genes differentially expressed under drought

stress in relation to drought tolerance

Both genotypes were subjected to the same environmental conditions and to the same

extent of drought stress by maintaining the field capacity (50-25%) for drought stressed

plants and 75% field capacity for the control plants (see section 3.2.2). Although the

intensity of drought stress applied was similar, the two genotypes responded differently;

in TN a significantly higher number of DEGs was observed under drought stress than

in DipC at both vegetative and reproductive stage.

Gene expression profiling provides a vast amount of transcriptional information

that may help to understand molecular mechanism on how plants respond to drought

stress [311, 325, 326]. There have been few drought studies carried out on bambara

groundnut, but the molecular mechanisms of how it responds and adapts to drought is

still under investigation. This study has carried out transcriptomic comparison in two

genotypes of bambara groundnut; DipC and TN, in an attempt to identify potential

genes conferring or associated with advantageous traits. Gene expression profiling of

36 samples (3 biological replicate per condition) was conducted. After analyzing the

DEGs generated from edgeR, it was inferred that ABA synthesis, signal transduction,

raffinose synthesis, accumulation of antioxidants, down-regulation of photosynthesis

related genes, carbohydrate metabolism, cell-wall modification and transporters play

important roles in bambara groundnut under drought stress.

Classically, there are three main responses to drought exhibited by plants, escape,

avoidance and tolerance (and, in practice, often a combination of all three). Drought

escape is described as the ability of plants to complete their growth cycle and reach

maturity before drought-stress develops to damaging levels [84]. Drought avoidance

is demonstrated by crop species, which are able to maintain high water potential in
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the plant by minimising water loss and maximising water uptake under drought con-

ditions. Mechanisms of avoidance include improved root traits, for greater extraction

of soil moisture, decreased stomatal conductance, decreased radiation absorption and

decreased leaf area for minimal water loss [87]. Drought tolerance allows plants to sur-

vive through water-use efficiency, i.e., performing all biological, molecular and cellular

functions with minimal water. Plants with drought tolerance mechanisms are able to

maintain their cell turgor through osmotic adjustment, which in turn will contribute

to maintaining stomatal opening, leaf expansion and photosynthesis throughout the

drought period [90].

It is known from other studies that plant hormones and other signal molecules are

important in the drought response in plants [91, 311]. The most important hormone

involved in drought response is ABA [91, 311]. ABA is a major molecule facilitat-

ing signal transduction during drought stress response. Synthesized or transported

ABA is perceived by a receptor complex, which consists of PYR (PYRABACTIN RE-

SISTANCE)/ PYL (PYR1-LIKE)/RCAR (REGULATORY COMPONENT OF ABA

RESPONSE), PP2C (protein phosphatase 2C), and SnRK2 (sucrose non-fermenting

1-related protein kinase 2) [99]. In this study, some genes involved in ABA signal trans-

duction such as genes in the PP2C and ABA_WDS family and some ABA induced

family of transcription factors; MYB, WRKY, bZIP and NAC were up-regulated un-

der drought stress. ABA_WDS is a family of plant proteins induced by water deficit

stress (WDS) [327] or ABA stress and ripening [328]. ABA_WDS was induced in both

DipC and TN under drought at the vegetative stage. In the absence of ABA, PP2Cs

repress the ABA signaling pathway by dephosphorylation-triggered inactivation of

SnRK2s. In the presence of ABA, ABA-bound PYL/PYR/RCARs recognize and bind

to PP2Cs, thereby releasing SnRK2s from PP2C-dependent negative regulation. The

activated SnRKs phosphorylate downstream proteins including AREB/ABF (ABA-
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responsive cis-element binding protein/ABA-responsive cis-element binding factor)

transcription factors [99]. The AREB/ABF transcription factors have a bZIP domain

and four conserved domains containing SnRK2 phosphorylation sites. AREB/ABFs

function as master transcriptional activators regulating ABRE-dependent gene ex-

pression in ABA signaling under drought stress conditions [99]. These results indicate

ABA signaling is likely to play an important role in both genotypes in response to

drought stress. In addition, there are some ABA-independent drought response path-

ways which includes genes in the HD-ZIP family, DREB2 and some NAC TF family

genes [99]. DREB2 proteins are the members of AP2/ERF family of TFs [99]. In

this study, several transcription factors belonging to AP2/ERF and NAC family were

induced under drought stress in both DipC and TN at the vegetative stage indicating

the components of ABA-independent pathways participating in the early growth stage

process of drought adaptation in both genotypes.

Apart from ABA, among other plant hormones such as auxin and cytokinin bind-

ing proteins were differentially expressed under drought stress at vegetative stage in

both genotypes. It is known that hormones do not act in isolation but are interre-

lated by synergistic or antagonistic cross-talk which enables them to modulate each

other’s biosynthesis or responses [329]. In this study, cytokinin binding protein was

repressed under drought stress at the vegetative stage in DipC but up-regulated in

TN. Cytokinin is an antagonist to ABA whose expression level decreases with the

plants exposure to drought stress [329]. One role of auxin is to enhance the expression

of LEA (late embryogenesis abundant) genes, which are correlated with the increased

drought tolerance in plants [329]. In this study, the expression of auxin related genes

were induced in both genotypes at vegetative and reproductive stage indicating their

role in drought response.

Among the processes taking place downstream of this transcriptional regulatory
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network, osmoprotectants were induced under drought stress in both genotypes at the

vegetative stage including raffinose synthase, beta-fructofuranosidase, trehalose phos-

phatase and aspartate proteases. Aspartate proteases is known to regulate stomatal

closure through ABA signaling in guard cells [330], hence leading to decreased water

loss. However, at the reproductive stage fewer osmoprotectants were induced in re-

sponse to drought stress in both genotypes suggesting a strong reaction to drought

stress in the early stage of development. The role of osmoprotectants in the plant de-

fense against drought stress is by contributing towards water uptake and maintenance

and membrane protection [306]. Previous studies have reported high expression lev-

els of raffinose synthase, trehalose phosphatase, beta-fructofuranosidase and aspartate

proteases in response to drought stress [93, 99, 152, 155, 306, 308, 309]. From previous

studies on bambara groundnut under drought stress, high expression level of proline

content has been observed [90]. In this study, genes involved in proline synthesis were

not significantly up-regulated under drought in both genotypes. Results from [90] im-

ply that proline may play little part in osmotic adjustment in bambara groundnut but

due to the different level of drought stress applied in this study it has not been found

to be induced. Raffinose synthase was highly expressed under drought stress in DipC

and TN at both developmental stages indicating it may have major impacts on osmotic

adjustment in bambara groundnut under drought stress. Furthermore, drought stress

causes the production of reactive oxygen species (ROS), which leads to cell damage and

oxidative stress. Antioxidants enzymes are a major components that plays a vital role

in removing ROS [93]. Oxidative damage in the plant tissue is alleviated by action of

enzymes such as superoxide dismutase, peroxidase, ascorbate peroxidase, catalase and

glutathione S-transferases [93]. In this study, several antioxidants including genes in

the peroxidase, glutaredoxin, GST, glutathione S-transferases and ferritin family were

highly induced under drought stress in both genotypes at vegetative stage indicating
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their role in ROS scavenging at early stage of development in bambara groundnut.

However, the antioxidants differentially expressed in DipC at the reproductive stage

were highly repressed indicating the sensitivity of DipC in response to drought stress

at flowering stage, previously only characterised by physiological data (see chapter

3.2) TN, on the other hand was not affected by drought stress and continues to pro-

duce antioxidants as high expression of genes related to oxidative stress was observed

even at reproductive stage indicating its tolerance to drought stress (Appendix 37 and

Table 6.7).

Furthermore, most of the genes related to photosynthesis and Calvin cycle were

significantly down-regulated, whereas genes related to glycolysis were up-regulated in

both genotypes at vegetative stage (Appendix 27-28 and Table 6.4 and 6.5). This re-

sults could explain the observations obtained from the physiology data where drought

plants in both genotypes had reduced photosynthesis compared to control plants (see

figure 5.2 in chapter 3.2). Similar results have been observed in physic nut (Jat-

ropha curcas L.) when subjected to early drought stress [306] and other previous stud-

ies [93, 288]. Drought causes changes in photosynthetic pigments and components,

damaged photosynthetic apparatus and reduced activities of Calvin cycle enzymes

[93, 285, 331, 332], which are important causes of reduced crop yield. However in this

study, up-regulation of carbonic anhydrase (Pro_CA) in both genotypes at vegetative

stage was observed which catalyses reversible hydration of CO2 and helps the plants

to compensate for the lack of water and CO2 in under stress conditions [287]. In a

study conducted by [287] who showed that higher activity of carbonic anhydrase in

tomato (Solanum lycopersicum) helped the plant to retain higher photosynthetic ca-

pacity, higher water use efficiency (WUE), and higher water potential without cellular

damage. In this study, even though there was a reduction in photosynthesis from the

physiological point of view, plants still managed to photosynthesise (see fig. 5.2 in
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chapter 5). This may be due to the fact of high expression level of carbonic anhydrase

observed in both genotypes under drought stress at vegetative stage, indicating the

plant drought tolerance at early stage of plant development. However, reduced ex-

pression of carbonic anhydrase was observed in both genotypes at reproductive stage

which indicates the sensitivity of both genotypes to photosynthesise under drought

stress at reproductive stage.

Furthermore, genes associated with cell wall maintenance and synthesis including

genes in the UDP- Glucosyl Transferase enzyme (UDPGT) family, cellulose synthase

and fascilin were strongly up-regulated in both genotypes at vegetative and reproduc-

tive stage. The UDPGT coding gene was found to be highly induced under drought

stress in both genotypes. This enzyme is known to be involved in the formation of

β-glucans, which are thought to be involved in cell wall formation [326]. In addition,

other genes such as LEA were highly induced under drought stress in both genotypes

at the vegetative and reproductive stage. LEA genes plays role in cellular protec-

tion against drought stress in plants [99]. Overexpressing of LEA proteins leads to

enhanced drought tolerance in rice [333].

The results indicate that drought treatment affected more TN genes than DipC

at both developmental stages. However, the above observations show that the two

genotypes appear to be very similar in terms of genotype and general transcriptional

behavior. This might be expected as DipC and TN are highly likely to be adapted to

the similar drought conditions of their countries of origin, Botswana and Mali respec-

tively. However, when the sets of differentially expressed genes are compared at both

developmental stages, there is very little overlap between the two genotypes (see table

6.3 and 6.6). These results are in accord with the microarray cross species study done

on the genotypes under drought stress (see chapter 4). The two genotypes with very

similar genomes have adapted to achieve the same drought response traits (transcrip-
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tional, cell-wall modification, photosynthesis, transporters, hormone signaling, signal

transduction, osmoprotection, oxidative stress) through largely different sets of effec-

tor genes. Furthermore, both genotypes have shown greater number of genes related

to drought response traits at vegetative stage compared to reproductive stage. This

study also showed that many potential drought-responsive genes are expressed even

under irrigated conditions in both genotypes, perhaps priming the plants for drier

times ahead, previously observed in the other study (see chapter 4).

Several transcription factors that seem likely to play a role in the bambara ground-

nut drought response. Common to both genotypes at vegetative stage are zf-RING_2,

MYB86, AP2-ERF domain, WRI1 (AP2-EREBP), RAD-like 6 (SANT/MYB TF)

and zf-Di19. WRI1 TF is known to be involved in glycolysis metabolism [317] and

MYB86 is involved in negative regulation of transcription [334]. On the other hand,

common TF to both genotypes at reproductive stage are AUX_IAA, HOX and NAC3.

Overexpressing the NAC3 gene in Arabadopsis thaliana revealed that several stress in-

ducible genes were up-regulated in transgenic plants, hence the plants showed signifi-

cantly greater drought tolerance in physiological terms [335]. On top of the common

TFs at vegetative stage, DipC showed bigger response with changes to NAC1. It

plays a role in regulating protein phosphatase18 gene which modulates drought and

oxidative stress tolerance through abscisic acid-independent reactive oxygen species

scavenging in rice (oryza sativa) [336] and is the most highly linked TF node in the

coexpression networks. For DipC, the network also reveals the importance of zf-CCHC

and MYB46. TF MYB46 is a key player in the transcriptional network involved in

the secondary wall biosynthesis in Arabadopsis thaliana [337]. TN, on the other hand,

revealed a strong role of EMB1444, AUX_IAA, WRKY, HOX, zf-RanBP, WRKY33,

MYB36, zf-C2H2_jaz, zf-C2H2_jaz and zf-Nse at the vegetative stage. MYB36 plays

an important role in casparian strip formation which is vital in regulating water and
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nutrient use efficiencies and enhanced resistance to abiotic stresses [338]. WRKY33 is

induced in response to salicylic acid or paraquat herbicide which generates activated

oxygen species in exposed cells and it is known to activate several stress-related down-

stream genes, increase germination rates, and promoted root growth in Arabidopsis

thaliana under drought stress [339]. On the other hand, at the reproductive stage,

DipC showed the importance of SHN3 (AP2-EREBP), zf-C2H2_jaz, MYB46, BRX

and AUX_IAA. SHN3 are key activator for cuticular wax biosynthesis [340] and BRX

TF is known to regulate the extent of cell proliferation and elongation in the growth

zone of the root in plants [341, 342]. TN, on the other hand, showed importance to

MYB, NAC25, MYB2 at reproductive stage. NAC25 was induced in the shoots of

Arabidopsis thaliana in response to drought stress [298] and MYB2 functions as tran-

scriptional activators in ABA inducible gene expression under drought stress in plants

[343]. Furthermore, MYB46 showed importance in DipC at both developmental stages

as it was one of highly linked TF node in the co-expression network, whereas for TN,

AUX_IAA (UoN.bamGnut.39167) showed importance at both stages.

6.4 Conclusion and future perspectives

RNA-seq has been proven to be a robust method for transcriptomic study in investi-

gating complex traits in two genotypes of bambara groundnut. This transcriptomic

study has revealed genes of drought tolerance in both genotypes. The first indica-

tion of drought response in the DipC genotype was shown by high expression level

of “secondary metabolic process” (GO:0019748), “hydrogen peroxide catabolic pro-

cess” (GO:0042744), “response to external stimulus” (GO:0009605) and “regulation

of reactive oxygen species metabolic process” (GO:2000377) activities under irrigated

(control) conditions. Whereas for TN, high expression level of “oxidation-reduction”

(GO:0055114) and “response to abiotic stimulus” (GO:0009628) activity under irri-
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gated conditions was observed. Clearly, if the plant has already activated part of the

drought response under control conditions, it could have multiple effects which may

lead them to greater root growth and other avoidance traits for later dry periods,

hence escaping the worst drought conditions. In addition, differential expression of

several genes associated with drought response traits under drought conditions in both

genotypes was observed as well. However, in terms of differential expression, although

the transcription factors and drought-response genes in both genotypes were largely

different, they may achieve the same effect in terms of survival under drought condi-

tions as genes differentially expressed in both genotypes were largely coding for similar

drought response traits. Differential expression of genes related to photosynthesis and

stomatal closure in both genotypes could explain observed reduction in photosynthesis

and stomatal conductance from the physiology results (see fig. 5.2 and 5.3in chapter

3.2). Differential expression of some well known drought-related transcriptions factors

in DipC (especially NAC1 and MYB46 ) and TN (especially MYB36, MYB2, NAC25

and AUX_IAA) was also observed under drought stress.

To ensure survival under minimal water supply, managing the effects of drought

stress through the cultivation of the most appropriate genotypes together with ad-

justment of agronomic practices (sowing time, plant density and soil management) is

necessary. This is to ensure that the sensitive growth stages in plants do not occur

at the time when the likelihood of drought stress is most severe. In this study, the

gene expression data has provided clues about gene function, but it does not reveal

what exactly these genes are doing inside a cell. Genetics could provide a solution

to this problem because mutants that lack a particular gene may quickly reveal the

function of the protein that it encodes. To facilitate such studies of gene function,

the coding sequence of a gene and its regulatory regions can be engineered (either

by overexpressing or gene knockout of the gene of interest) to change the functional
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properties of the protein product [344]. This will also prove if the identified gene is

associated with the trait of interest.



Chapter 7

Identification of cross species

syntenic locations of drought-related

genes

Chapter 4 and 6 identified several candidate drought-related genes from Xspecies

microarray and RNA-sequencing (RNA-seq) approaches. This chapter aims to identify

the syntenic locations of these genes from a cross-species approach due to the lack of a

bambara groundnut genome sequence. So far, the well annotated common bean phys-

ical genome (Phaseolus vulgaris) has been shown to have good conserved marker order

(genetic versus physical location) based on marker order alignment using two bambara

groundnut genetic maps derived from two different crosses [345]. A total of 15 and 77

genes were chosen from XSpecies microarray and RNA-seq experiments, respectively

based on the fold change significance, network analysis (based on vertex degree) and

their potential association with drought response (based on gene ontology)).

Chai et al. [24], studied the effect of drought stress on the morpho-physiological

characteristics for the F5 segregating population derived from TN x DipC cross. This

study was followed by identifying quantitative trait loci (QTL) for drought-related

traits (including stomatal density, leaf carbon (Delta C13) isotope analysis (CID),

stomatal conductance, relative water content, and leaf (Delta N15) isotope analysis



7.1 Results and Discussions 245

(d15N)) on an Gene Expression Marker-based (GEM) genetic map based on a Xspecies

microarray approach [238]

Segregating markers were developed from the F5 segregating population using gene

expression levels in leaf tissue from individual lines of the cross after a six weeks mild

drought treatment. An initial linkage analysis at logarithm of the odds (LOD) score >

3 for grouping generated 13 linkage groups (LG) with 218 GEMs, spanning 982.7 cM of

the bambara groundnut genome. A total of six QTLs (five significant and one putative)

were mapped on LG1, LG2, LG4 and LG5 in the drought treatment population for

drought-related traits (stomatal conductance, stomatal density and CID). With the

lack of whole genome sequence for bambara groundnut, common bean, belonging to

the same legume family of Fabaceae as bambara groundnut was used to identify the

syntenic locations of these drought treatment genes. Common bean genome was chosen

as it is well annotated and having a close evolutionary relationship among these two

legumes which the divergence time between Phaseolus and Vigna has been estimated to

be 5.5 million years ago (MYA) [213]. The putative conserved synteny blocks identified

across legume genomes will potentially help in the identification of the location of genes

underlying QTL involved in controlling drought traits in bambara groundnut, hence

could build a reasonable platform for marker assisted selection (MAS).

7.1 Results and Discussions

7.1.1 Syntenic locations of bambara groundnut genes of in-

terest in common bean genome

A total of 15 genes detected using the XSpecies microarray used in Experiment 1 and

77 from RNA-seq from Experiment 2 were mapped to the common bean genome. The

selected genes were chosen because of their potential association with drought response
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and significance in fold-change and network analysis (based on vertex degrees). The

syntenic locations of these genes in the common bean genome are listed in Table 7.1.



7.1 Results and Discussions 247

Table 7.1: Drought-related gene locations in common bean
Chromosome

number

RNA-seq/Microarray

probe ID

Location (Mbp) Common bean

gene ID

Annotation

Chromosome 1

UoN.bamGnut.17348 1,192,760 Phvul.001G014300 RAD-like 6 (MYB TF)

Gma.16733.1.S1_at 4,312,300 Phvul.001G042100 WRKY40

UoN.bamGnut.37689 10,508,320 Phvul.001G075400 PP2C

UoN.bamGnut.54259 34,549,000 Phvul.001G123000 Beta-fructofuranosidase 31

GmaAffx.93094.1.S1_s_at 44,153,800 Phvul.001G177800 PAL 1

UoN.bamGnut.46640 46,879,760 Phvul.001G203500 Glutaredoxin

UoN.bamGnut.43646 47,035,660 Phvul.001G205900 Tryptophan-rich sensory protein (TspO)

UoN.bamGnut.51895 47,851,080 Phvul.001G215200 MYB 2

UoN.bamGnut.25299 48,165,000 Phvul.001G219000 MYB

Chromosome 2

UoN.bamGnut.11042 6,166,040 Phvul.002G058900 zf-C2H2_jaz

UoN.bamGnut.9228 21,315,150 Phvul.002G105800 zf-RING_2

UoN.bamGnut.43131 25,631,780 Phvul.002G127100 Alternative oxidase

UoN.bamGnut.15773 25,631,780 Phvul.002G127100 Alternative oxidase

GmaAffx.60283.1.S1_at 30,055,100 Phvul.002G158800 brassinosteroid-responsive RING-H2

UoN.bamGnut.42702 34,413,860 Phvul.002G196800 WRKY 28

Chromosome 3

UoN.bamGnut.6146 791,560 Phvul.003G008100 zf-C2H2_jaz

UoN.bamGnut.53196 1,762,800 Phvul.003G019900 zf-RanBP

UoN.bamGnut.31501 32,327,820 Phvul.003G132600 zf-RING_2

UoN.bamGnut.52570 33,941,380 Phvul.003G143400 Peroxidase

UoN.bamGnut.10038 41,844,080 Phvul.003G203900 MYB 86

Gma.1546.1.S1_a_at 43,439,240 Phvul.003G217900 Beta-fructofuranosidase

UoN.bamGnut.31777 44,799,400 Phvul.003G227800 Ras of Complex, (DAPkinase domain)

Chromosome 4

UoN.bamGnut.19756 8,350,860 Phvul.004G062400 Xyloglucan endo-transglycosylase

UoN.bamGnut.3314 25,700,400 Phvul.004G094600 ABA_WDS

UoN.bamGnut.48031 44,048,400 Phvul.004G158800 Dehydrin
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Chromosome 5

UoN.bamGnut.8752 1,605,220 Phvul.005G018500 MYB

UoN.bamGnut.52834 23,464,740 Phvul.005G087400 MYB DNA_binding_6

UoN.bamGnut.5476 37,515,100 Phvul.005G147500 MYB 46

UoN.bamGnut.38337 39,834,920 Phvul.005G174800 LEA-4

Chromosome 6

GmaAffx.67871.1.S1_at 22,612,200 Phvul.006G110100 UBC-2

UoN.bamGnut.38586 28,885,500 Phvul.006G178800 zf-C3HC4_3

UoN.bamGnut.39304 29,706,960 Phvul.006G188900 NAC 25 (NAM)

UoN.bamGnut.27002 30,674,140 Phvul.006G202600 Carbonic anhydrase (Pro_CA)

Chromosome 7

UoN.bamGnut.42895 7,717,240 Phvul.007G080400 ABA_WDS

UoN.bamGnut.20798 8,159,240 Phvul.007G082700 Peroxidase

UoN.bamGnut.30177 11,669,700 Phvul.007G102900 SANT/MYB domain

GmaAffx.92679.1.S1_s_at 41,297,500 Phvul.007G176700 ATAUX2-11

UoN.bamGnut.29777 48,049,920 Phvul.007G240600 Superoxide dismutase (Sod_Fe_C)

UoN.bamGnut.8660 48,154,280 Phvul.007G241800 AP2-ERF domain

UoN.bamGnut.2786 50,605,580 Phvul.007G267800 zf-Nse

Chromosome 8

UoN.bamGnut.38339 1,271,580 Phvul.008G014600 zf-C2H2_6

GmaAffx.45249.1.S1_at 1,956,300 Phvul.008G022800 CONSTANS-like 1

GmaAffx.84566.2.S1_at 3,542,560 Phvul.008G041500 MYB60

GmaAffx.86517.1.S1_at 9,172,900 Phvul.008G090000 AGL83

UoN.bamGnut.36919 9,621,500 Phvul.008G093700 Ferritin

GmaAffx.33796.3.S1_at 58,041,460 Phvul.008G270400 Zinc-finger like C2H2 (IIIA)

Chromosome 9

UoN.bamGnut.41951 2,247,080 Phvul.009G014100 zf-B_box

UoN.bamGnut.25416 14,412,400 Phvul.009G093600 SHN3 (AP2-EREBP)

UoN.bamGnut.5656 16,431,700 Phvul.009G109600 TINY2 (AP2-EREBP)

UoN.bamGnut.12291 17,795,300 Phvul.009G119900 MYB

UoN.bamGnut.51896 22,688,560 Phvul.009G156300 NAC domain 1 (NAM)

UoN.bamGnut.48677 30,314,820 Phvul.009G205100 zf-UDP

UoN.bamGnut.44892 36,176,680 Phvul.009G248700 translationally controlled tumor protein
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Chromosome

10

UoN.bamGnut.40849 38,454,640 Phvul.010G117200 HOX

UoN.bamGnut.45698 41,578,810 Phvul.010G144300 Acid phosphatase

UoN.bamGnut.39167 41,833,100 Phvul.010G147200 AUX_IAA

Chromosome

11

UoN.bamGnut.45251 436,560 Phvul.011G005800 SRF-TF (AGAMOUS-LIKE 12)

UoN.bamGnut.19689 2,264,360 Phvul.011G028100 zf-CCHC

Gma.17248.1.A1_at 4,882,660 Phvul.011G056900 JMJD5

GmaAffx.9286.1.S1_s_at 5,372,820 Phvul.011G062100 MYB

Gma.6670.1.S1_at 6,195,260 Phvul.011G070600 PRR-7

UoN.bamGnut.39367 8,103,220 Phvul.011G084500 MYB 36

UoN.bamGnut.47465 12,854,200 Phvul.011G107700 Beta-fructofuranosidase 14

7.1.2 Comparing the locations of QTL for CID and stomatal

density/leaf area with physical positions in the common

bean genome and bambara groundnut gene conserved

synteny positions

A total of six QTLs (five significant and one putative for stomatal conductance, CID

and stomatal density drought traits) were identified in drought treatment population

of F5 segregating population derived from TN x DipC cross for drought-related traits

using GEM map [238]. Among these, significant QTL for stomatal density/leaf area

and leaf carbon 13 isotope analysis (CID) were selected and their identified syntenic

blocks to common bean (Pv) chromosomes are shown in Figure 7.1.
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Figure 7.1: Identified syntenic blocks to common bean chromosomes of stom-

atal density/leaf area and CID QTLs. Significant stomatal density and CID QTL

on LG2 and LG4 of GEM map. The syntenic blocks of common bean chromosomal

locations are given in Mbp.

Both CID and stomatal density QTL in response to drought had syntenic blocks

with Pv04 and Pv10 chromosomes. Comparing with the syntenic location of genes

of interest in Table 1, it can be observed that all three genes identified from RNA-

seq; HOX (UoN.bamGnut.40849; Homeobox family transcription factor); AUX_IAA

(AUX_IAA family transcription factor; UoN.bamGnut.39167) and acid phosphatase

(HAD super- family) (UoN.bamGnut.45698) are located at the neighboring regions
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of the CID and stomatal density drought QTL of Tiga Nicuru x DipC F5 popula-

tion. In addition a gene identified in the transcriptomic analysis that was found

near to the flanking markers of the QTLs associated with stomatal density/leaf area

(87.9 cM) trait at Linkage Group 4 was a an homologue of dehydrin gene family

(UoN.bamGnut.48031), although likely to be outside of the immediate confidence in-

terval for the QTL.

The HOX and AUX_IAA transcription factors were induced under drought stress

in both genotypes (DipC and TN). In TN, AUX_IAA was induced when drought stress

was imposed at the vegetative stage (log fold change of 2.90) and the reproductive

stage (log fold change of 2.38). Whereas, for DipC, it was up-regulated only at the

reproductive stage (log fold change of 2.32). On the other hand, HOX was up-regulated

under drought stress in TN at the vegetative stage (log fold change if 4.62) and the

reproductive stage (log fold change of 2.32). DipC, on the other hand, showed high

expression of HOX at the reproductive stage (log fold change of 4.62).

HOX and AUX_IAA family of protein transcription factors are known to function

in a wide variety of developmental processes and abiotic stress responses in plants

[99]. In addition, acid phosphatase was also highly expressed in both genotypes at

the vegetative stage (log fold change of 4.08 and 4.89 for DipC and TN, respectively).

[346] reported high induction of acid phosphatase in pigweed leaves under drought

stress which enabled the plant to resist drought stress by enhancing the activity of

protective enzymes such as superoxide dismutase (SOD), peroxide dismutase (POD)

and hydrogen peroxidase (CAT). On the other hand, the homologue of dehydrin gene

family was highly expressed under drought stress in TN at the vegetative stage (log

fold change of 8.11) and the reproductive stage (log fold change of 5.22). However,

it was not found to be differentially expressed in DipC. Dehydrin is a multi-family of

proteins present in plants that is produced in response to drought stress [93]. Dehydrin
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are identified as the genetic basis of drought tolerance in plants which includes cellular

protection during osmotic stress and response to ABA [93, 347].
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7.2 Conclusion

The preliminary results overlaying the location of QTLs related to drought traits

(stomatal density/leaf area and CID) onto a sequenced genome of common bean as-

sisted in identifying whether any of the candidate drought-related genes identified in

Chapter 4 and 6 might lie within the confidence intervals of the QTL and could repre-

sent candidate genes for further investigation. However, only 4 genes could be found

near to the QTLs underlying the drought traits. The reason for this could be because

of the limited significant QTLs generated from GEM map for drought-related traits.

Nevertheless, the initial results suggesting that some of the locations of genes iden-

tified in XSpecies microarray and RNA-seq experiments could underly QTL involved

in controlling drought traits in bambara groundnut has produced a route to explore

further.



Chapter 8

General Conclusion

8.1 Challenges and potential approach for food se-

curity

Currently only 20 plant species comprise 90% of the world’s food calories [18]. These

include rice, maize and wheat [348, 349]. Climate change, along with a predicted

increase in pests and diseases present a potential threat that could drastically effect all

crop’s growth and development. Hence the need for crop diversification is important in

order to maintain and, ideally, increase the food supply, while improving the nutritional

content of food available to the world population as well as to avoid dependence on

a limited number of plant species for global food and nutritional security. Along

with climate change, the loss of crop diversity is also related to the intensification of

agriculture and the growing of cash (commodity) crops [350]. It has been estimated

that about 75% of the original varieties of crop species have been lost since 1900 [351].

Since the launch of the Green Revolution in the 1960s, cultivation of single, high-

yielding varieties have been preferred over traditional landraces and an unintended

consequence of this agricultural practice has been the narrowing of the genetic, both

within species and in terms of numbers of cultivated species, raising the chance of

more major loss events from pests and diseases in the future [12].
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The heavy dependence of global food security on major crops is a concern for the

future for food supply, as yield gains from these major crops may not be enough to

sustain the estimated nine billion people on the planet by 2050 [17]. It is predicted

that crop yields must increase by around 70% to feed the estimated 9 billion people

[352], although reducing food waste at all stages of the supply chain is clearly one area

where much can be achieved. Currently there are around 868 million people suffering

from hunger and malnutrition which includes, 35% malnourished children and over 2

billion people with micronutrient deficiencies [353–355].

Regarding these issues, underutilised crops could be part of a solution for a more

resilient and diversified agricultural system [19, 61, 62]. However, there are many

obstacles that inhibit comprehensive research and development in underutilised crops.

These include; lack of large-scale characterized collections of germplasm and problems

with access [220], competition with commodity crops, lack of financial support from

national governments and international breeding companies and insufficient market

demand for unknown crops.

The application of conventional and molecular breeding using biotechnology is an

option for crop improvement to select plants containing advantageous traits such as

drought tolerance, resistance to pests, diseases, water-logging and eroded soils. With

the availability of advanced expression analysis techniques such as next generation

sequencing (NGS) and microarrays, it has become possible to carry out extensive gene

expression analysis to provide a foundation to understand gene expression, biological

responses and tolerance traits [194]. In addition, with the help of genomic and tran-

scriptomic approaches, sequence data and trait knowledge derived from major and

model plant species will help in the development of new molecular markers for advan-

tages traits and gene discovery in underutilised crops, leading to crop improvement.

With the availability of genomic resources and the completion of reference genome se-
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quences of legume crops, such as Medicago truncatula [78], common bean [79], soybean

[80] and cowpea [81], it is now possible to dissect information and transfer genomic and

transcriptomic data to other underutilised legume crops such as bambara groundnut.

The present study aimed to investigate and evaluate the transcriptome of bam-

bara groundnut under drought stress using microarray XSpecies and RNA-sequencing

(RNA-seq) approaches by utilising data, resources and approaches derived from ma-

jor crops and model plants. Identified genes and expression patterns from this study

will assist in understanding mechanisms underlying the drought tolerance in bambara

groundnut which enables it to grow under semi-arid conditions. Furthermore, local-

isation of drought-related genes (identified from microarray XSpecies and RNA-seq

approaches) underlying quantitative trait loci (QTL) involved in controlling drought

traits could build a foundation for marker-assisted selection (MAS) for breeding pur-

poses.

8.2 Effect of drought stress in bambara groundnut

To perform the XSpecies approach, a close association between studied crop species

and model/major plant species is critical. Sequence divergence between species will

result in inefficient hybridisation of certain transcripts to the probes that would lead

to the production of background noise which could be an obstacle in data analysis

or even lead to the complete loss of signal. The XSpecies microarray approach was

applied in bambara groundnut using the soybean affymetrix chip. Despite the se-

quences available for soybean not being as comprehensive or as extensive annotated

as Arabidopsis thaliana and rice, the phylogenetic distance between the soybean and

bambara groundnut is smaller (20 MYA [213, 222]. In addition, soybean belongs to the

same legume family “Fabaceae” as bambara groundnut and the phylogenetic distance

between bambara groundnut and soybean is the smallest among the legume species
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whose microarray affymetrix chip was available at the time the experimental data was

generated, such as Medicago truncatula and Lotus [213]. However, the duplication of

the soybean genome since evolutionary divergence of the two species (2n = 2x = 22 for

bambara groundnut compared with 2n = 2x = 40 for soybean) creates complications.

In addition to the analysis of plant at a single development stage (pod develop-

ment) using the XSpecies approach, gene expression was extended to cover two other

development stages (vegetative and reproductive) with a more severe drought stress

imposed in Experiment 2 using an RNA-seq approach to compare between parental

genotypes DipC and TN, which are both expected to show some adaption to drought,

based on their origins. High-throughput sequencing of pooled cDNA populations cre-

ated expression profiles for thousands of genes under water deficit conditions for com-

parison within controls. This is first study reporting the transcriptomic changes in

bambara groundnut under drought stress using RNA-sequencing (RNA-seq) approach,

in an attempt to identify potential genes conferring or associated with advantageous

traits. Gene expression profiling of 36 samples (3 biological replicate per condition)

was conducted. Sequencing was performed as 75bp paired end reads on a HiSeq4000

according to Illumina specifications. The number of raw reads for all DipC (drought

and control) and TN (drought and control) samples were over 25 million.

Gene expression analysis from both approaches showed that various aspects of

metabolism are affected by drought stress. Hence, there is no single response to a

trait as complex as drought tolerance. Both investigation of mild and a relatively se-

vere drought stress for the same two bambara groundnut genotypes adapted to similar

environmental conditions provided evidence that the two genotypes used different sets

of genes to achieve the same drought response traits (including, ABA synthesis, hor-

mone signaling, osmotic adjustment, accumulation of antioxidants, lignin synthesis,

down-regulation of photosynthesis related genes, carbohydrate metabolism, cell-wall
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modification and transporters). Hence, both genotypes may have adapted in different

ways to enable them to grow in the semi-arid conditions, suggesting that there may be

more than a single way to achieve resilience in the face of drought stress. This hypoth-

esis was supported by the differences observed in transcript abundance between the

two genotypes under drought stress in a selection of genes associated with drought

response such as GST (UoN.bamGnut.682 and UoN.bamGnut.3282), ABA_WDS

(UoN.bamGnut.42895 (GO:0006950), Alternative oxidase (UoN.bamGnut.43131 (GO-

:0009916) and UoN.bamGnut.15773) and Aspartate proteases (UoN.bamGnut.22301

and UoN.bamGnut.5777), indicating the mechanism by which the two genotypes re-

sponding to drought stress might be different. However, validation through qRT-PCR

is needed to further validate this hypothesis.

Classically, there are three main responses to drought exhibited by plants, escape,

avoidance and tolerance (and, in practice, often a combination of all three)[93, 286,

356]. When gene expression profiles were compared between vegetative and reproduc-

tive stage for drought experiment 2 (RNA-seq), greater number of genes associated

with drought-response were expressed at the vegetative stage than at the reproduc-

tive stage, indicating stronger drought response at the early stage of development

in both genotypes, at least in terms of expression of known gene sets. These in-

clude plant growth hormones (cytokinin, auxin and ABA) that plays roles in mod-

ulating the plant responses towards drought [91, 99, 285, 357], high expression of

genes associated with antioxidant defense system (including gene family of peroxi-

dase, GST, ferritin, thioredoxin and glutaredoxin), which plays a vital role in ROS

scavenging under drought stress [93, 296, 312]. In addition transcripts encoding some

enzymes related to glycolysis were highly induced under drought stress in DipC (GDP-

fucose-o-fucosyltransferase (UoN.bamGnut.46713), glyceraldehyde 3-phosphate dehy-

drogenase (UoN.bamGnut.21011), pyruvate kinase (UoN.bamGnut.5098), glucose-6-
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phosphate dehydrogenase (UoN.bamGnut.26564)) and TN (fructose-bisphosphate al-

dolase (UoN.bamGnut.28748), glyceraldehyde 3-phosphate dehydrogenase (UoN.bam-

Gnut.39128), GDP-fucose-o-fucosyltransferase ((UoN.bamGnut.25866)) at the vege-

tative stage, suggesting that during drought stress at the vegetative stage, the flow

of sugars through the glycolysis pathway is enhanced, possibly for the production of

reducing energy, such as NAD(P) H, in the absence of photosynthesis [306, 358, 359].

As would perhaps be expected, down-regulation of genes associated with photosyn-

thesis were observed at both developmental stages including high expression of some

other drought induced genes such as LEA, heat shock protein, transporters (ABC and

sugar transporters), protein kinases (serine/threonine) and calmodulin-related genes

[93, 99, 249, 311, 315]. However, genes playing roles in plant water-deficit response

such as Responsive to Dehydration (RD) and Early Responsive to Dehydration (ERD)

[99, 143, 360] could not be identified in the bambara groundnut transcriptome using

RNA-seq approach. Likewise, the genes of the signal transduction cascade leading to

the activation of transcription involving Mitogen-activated protein kinase (MAPKs)

were not detected under drought stress in both XSpecies microarray and RNA-seq

approaches.

In addition, both drought experiments (mild and severe) also showed that the two

genotypes expressed what are classically considered to be ‘drought-response’ genes

even under the control (irrigation) condition. High expression of a gene under con-

trol condition using XSpecies microarray analysis was identified through the highly

ranked intensity values. While TMM normalised average counts per million (CPM)

> 50 across all biological replicates were used to define relatively high expression

of a gene within each experimental condition in the RNA-seq experiment. Genes

highly expressed under control condition from the XSpecies microarray experiments

mostly include homologues of much of the ABA synthesis and response network, the
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DREB1 transcription factor, Early-Response to Dehydration proteins, four osmopro-

tectant genes, two drought-response genes influencing photosynthesis, and 21 other

probe sets corresponding to drought-related proteins of unknown function (Appendix

4-6) [93, 99, 285, 288, 308, 361]. Whereas, the RNA-seq experiment showed high ex-

pression of little over 45 genes models with annotations related to ABA signaling, and

drought responses in all four control conditions (i.e. control conditions at 19 and 33

DAS at vegetative stage and control conditions at 33 and 47 DAS at reproductive

stage) (Appendix 16-23). These include homologues of many of the genes involved

in the ABA signaling pathway (such as the PP2C gene and family of transcription

factors including bZIP, and MYB) [99, 295, 362], osmoprotectants (such as aspartate

proteases and beta-fructofuranosidase) [93, 99, 308], several antioxidants (belonging

to peroxidase, glutaredoxin, thioredoxin, ferritin and glutathione S-transferases (GST)

gene families) [93, 285, 312, 323] and various drought induced genes such as late em-

bryogenesis abundant (LEA), heat shock proteins (HSP), myo-inositol-1-phosphate

synthase (MIPS) and dehydrins gene family [93, 174, 175, 271, 347, 358, 363, 364].

To further support these results, some of the highly enriched GO-terms associated

with drought response were observed when comparing between control conditions (e.g.

Control-33 DAS versus Control-19 DAS and Control-47 DAS versus Control-33 DAS

) for differential expression in DipC and TN. For DipC, enriched GO-terms assigned

under the biological process category includes ’hydrogen peroxide catabolic process’

(GO:0042744) and ’response to external stimulus’ (GO:0009605) at the vegetative

stage and ’regulation of reactive oxygen species metabolic process’ (GO:2000377) at

the reproductive stage. Enriched GO-terms assigned under the biological process

category for TN includes ’response to abiotic stimulus’ (GO:0009628) and ’oxidation-

reduction’ (GO:0055114) at the reproductive stage. While no GO-terms associated

with drought response were observed for TN at the vegetative stage. It could be
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speculated that high expression of drought-response genes even under control condi-

tions in both genotypes may lead to greater root growth and other avoidance traits

which prime the plant for future dry periods, hence preparing for drought conditions.

This hypothesis was supported from the results obtained when both genotypes were

subjected to mild drought stress in experiment 1 (XSpecies microarray). The rea-

son for this could well be that the plant is permanently in a drought ’ready’ state

and this could lead to greater root growth and other avoidance traits, which are per-

manently induced, leading to an physical and biochemical architecture better able

to handle drought when it happens. However, relatively profound effects of drought

stress were observed when both genotypes were subjected to more severe drought stress

and analysed using the RNA-seq approach. Several family of transcription factors re-

ported to play a role in plant water-deficit response such as members of the MYB

[365], NAC [366], Homeodomain (HOX) [93, 367], AP2-ERF [99, 368] and zinc fingers

[93, 99, 140, 147, 369] were differentially expressed in both genotypes under drought

stress. On top of the common transcription factors found in both genotypes from

drought experiment 1 (XSpecies microarray), DipC showed the importance (based on

the vertex degrees from network analysis) of WRKY40 (Gma.16733.1.S1_at) [272],

while TN showed the importance of CONSTANS-LIKE 1 (GmaAffx.45249.1.S1_at)

[255] and MYB60 (GmaAffx.84566.2.S1_at) [275, 370]. On the other hand, drought

experiment 2 (RNA-seq) showed the importance of NAC1 (UoN.bamGnut.51896) [336]

and MYB46 (UoN.bamGnut.5476) [337] in DipC, while TN showed the importance to

MYB36 (UoN.bamGnut.39367) [338], MYB2 (UoN.bamGnut.51895) [142, 343], AUX-

IAA (UoN.bamGnut.39167) [93, 371, 372] and NAC25 (UoN.bamGnut.39304) [298].

When gene expression profiles were compared between XSpecies microarray and

RNA-seq approaches, it was observed that the latter identified a greater number of

differentially expressed genes. However, the XSpecies hybridisation to the soybean
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microarray has been shown to be effective in detecting differentially expressed genes.

Despite the low number of differentially expressed genes detected from the XSpecies

microarray approach here, at least four (PAL1 (GmaAffx.93094.1.S1_s_at), Beta-

fructofuranosidase (Gma.1546.1.S1_a_at), COMT (Gma.6501.1.A1_at) and UBC-2

(GmaAffx.67871.1.S1_at)) promising candidate genes for drought tolerance in bam-

bara groundnut were identified and validated using qRT-PCR (Khan et al., paper

submitted).

A total of 15 and 77 genes were chosen from XSpecies microarray and RNA-seq

experiments, respectively, (based on the fold-change significance, network analysis

(based on vertex degree) and their potential association with a reported drought re-

sponse (based on gene ontology)) to identify their approximate chromosomal location

in bambara groundnut using a cross-species approach. With the lack of whole genome

sequence for bambara groundnut, common bean (Phaseolus vulgaris), belonging to

the same legume family of Fabaceae as bambara groundnut was used to identify the

approximate syntenic locations of the selected potential candidate genes for drought

tolerance. The putative conserved synteny blocks identified across the legume genomes

will potentially help in the identification of the genes within the confidence intervals

underlying QTL involved in controlling drought traits in bambara groundnut. A to-

tal of 4 genes (HOX (UoN.bamGnut.40849; Homeobox family transcription factor);

AUX_IAA (AUX_IAA family transcription factor; UoN.bamGnut.39167), acid phos-

phatase (HAD super-family) (UoN.bamGnut.45698) and dehydrin (UoN.bamGnut.48-

031) were found to be near or within the confidence intervals of the QTLs underlying

the drought traits (stomatal density/leaf area and CID). Further validation in vari-

ous genomic backgrounds as well as multi-locational field trails of the derived crosses

between the parental lines are necessary to confirm their contribution to the drought

traits. Focusing on generating high density and integrated genetic linkage maps, us-
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ing dominant DArT, SNPs and GEMs with linkages between orthologous genes in the

bambara groundnut genetic and common bean physical genome sequence would im-

prove these initial results as one piece of information for the identification of candidate

gene locations in bambara groundnut.

The gene expression data has provided clues about gene function, but it does

not reveal what exactly these genes are doing inside a cell. Genetics could provide

a solution to this problem because mutants that lack a particular gene may quickly

reveal the function of the protein that it encodes. To facilitate such studies of gene

function, the effects of the coding sequence of a gene and its regulatory regions can be

engineered (either by overexpressing or gene knockout of the gene of interest) to change

the functional properties, timing and level of expression of the protein product [344].

This will also provide evidence whether the identified genes are associated with the

trait of interest, although always bearing in mind that drought resilience is a complex

trait.

While the work presented focussed on gene expression, approaches were under-

taken to try to link these data to physiological processes in bambara groundnut in

response to drought stress. The first visible sign of altered physiology in both geno-

types was through the reduction of stomatal conductance, thus exhibiting strategies

to minimise water loss through stomatal closure. With decreased stomatal conduc-

tance, reduction in photosynthesis and transpiration were observed as well. These

observed physiological responses under drought stress in both genotypes were backed

up by high expression of genes related to stomatal closure via ABA signaling. These

include Translationally controlled tumor protein [373] (UoN.bamGnut.44892), Pro-

tein tyrosine phosphatase [316] (UoN.bamGnut.27176) and Aspartate proteases [330]

(UoN.bamGnut.22301), which were up-regulated in DipC. TN, on the other hand,

showed up-regulation of Protein tyrosine phosphatase [316] (UoN.bamGnut.27176) and
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Aspartate proteases [330] (UoN.bamGnut.5777). Photosynthesis related genes encod-

ing the different protein subunits of the photosystem II reaction center pigment protein

complexes (PS II-RC), which is the core of photosystem II and functions as the light

reaction center [374], showed decreased expression under drought stress in both geno-

types. These include Light harvesting complex (LHC) [297] (UoN.bamGnut.2813),

which was down-regulated in TN. Whereas, DipC showed down-regulation of homo-

logues belonging to the PRK [3, 261, 375] (UoN.bamGnut.28815) and PsbP [374, 376]

(UoN.bamGnut.6437) family. However, further validation is required to prove if the

identified genes are associated with these traits. Furthermore, in terms of physio-

logical comparison of two bambara groundnut genotypes and peanut in relation to

drought response, both plant species have showed similar declining trends, with sig-

nificant reductions in stomatal conductance, photosynthesis and transpiration were

observed, which indicates their ability to respond to water limiting conditions through

very similar drought mechanisms.

The complexity of drought tolerance, however, requires a more holistic view of

biological processes. As this study only deals with the leaf tissues, roots as the primary

sensors and transmitters of water scarcity should be considered to understand the

whole mechanism governing drought response in bambara groundnut. Secondly, gene

expression allows for inference, but does not necessarily reflect the actual metabolism

such as post-transcriptional modification or substrate availability/affinity that may

influence the impact of expressed genes or translated proteins, respectively. Therefore,

transcriptomics should be complemented with other disciplines such as proteomics and

metabolomics in order to integrate transcriptomic data into more consistent picture

of the physiology of bambara groundnut under drought conditions.
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8.3 Implications of the study and future research

opportunities

In this study, bambara groundnut was used as an exemplar crop species, to provide

a framework on how genomic and transcriptomic methodologies developed for major

crops can be applied to bambara groundnut. This will help in better understanding

the genetics governing important agronomic traits in bambara groundnut. Further-

more, this study evaluated the effect of drought on changes in gene expression in

two genotypes of bambara groundnut (DipC and TN) subjected to drought stress at

different developmental stages of plant growth. The results obtained in the present

study will help to provide a platform for genetic improvement in bambara groundnut

through breeding for varieties with desired traits and will assist in understanding the

mechanisms underlying the drought tolerance in bambara groundnut which enables it

to grow under semi-arid conditions.

Several strategies has been implemented to produce drought-tolerant varieties in

many species using the knowledge of the responses of plants to drought stress and

the mechanisms involved [93, 194, 196, 197, 268, 377]. The same strategies can be

applied in bambara groundnut to produce enhanced drought tolerant genotypes. The

candidate genes associated with drought tolerance can be used as genic molecular

markers (GMMs) and integrated into genetic/QTL maps [378]. In cases where the

candidate genes identified may be associated with QTLs for drought tolerance traits,

genetical genomics approaches can be applied which involves quantitative analysis of

transcript profiling of the candidate genes providing the expression QTLs (eQTLs) for

drought tolerance-related traits [196]. Expression QTL is an elegant way of combining

genetic markers and gene expression profiling [379]. Considering expression levels as

quantitative traits, they can be mapped in a segregating population. This will give
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an indication of what portion of the variation in gene expression is attributed to the

gene itself (cis-acting factors) and to what extent other genomic locations (trans-acting

factors) influence gene expression [25]. With this approach, it is possible to detect can-

didate regulatory genes (influencing expression of other genes) which may have been

missed by gene expression profiling due to their low expression levels. Hence, this will

help provide additional insight into the regulatory network governing drought trait as

has been reported in poplar [380]and rice [363]. Identification of QTL associated with

drought tolerance in both genotypes will serve a platform for marker assisted selection

of desirable ideotypes. The analysis of gene expression from this study has provided a

rich source of biological information, which allows breeders to understand the molec-

ular basis drought response in bambara groundnut, leading to the identification of

new targets for manipulating drought response [381]. In addition, transcriptome re-

sequencing is a way of genome complexity reduction for discovering SNPs in specific

genes of interest. Identification of SNPs in the candidate genes involved in drought

response identified from this study will be of particular interest for breeders. The

identification SNPs can be used for map construction, map saturation, genome-wide

diversity studies and association mapping. This and other technical revolutions (such

as genomic selection and marker-assisted selection) will provide genome-wide molec-

ular tools for breeders (large collections of markers, high density genetic markers and

new experimental populations) that can be incorporated into existing breeding meth-

ods [381].

Another strategy would be to clone the drought responsive genes and responsive

elements associated with drought-tolerant QTL which could suggest that these genes

may represent the molecular basis of the identified components of drought tolerance

through Association Genetic and other positional cloning approaches [93]. However,

the enhanced expression of drought related genes in some species is frequently associ-
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ated with retarded growth and thus may limit its practical applications. To be able to

prove that the transgenic plant is more tolerant to drought stress than wild-type, one

would require a rigorous evaluation of the physiological performance as well as water

status of transformed plants [361]. Nevertheless, it’s clear that the combination of

marker assisted selection and transgenics may allow a rapid way of further improving

drought tolerance in bambara groundnut. Figure 8.1 illustrate some of the possible

ways in which this study could helpful in further research for drought tolerance in

bambara groundnut.

Genome-wide association studies (GWAS) is another approach to study causal

relationship between genetic polymorphism within a species and the phenotypic dif-

ferences observed [382]. However due to the insufficient population size, this was not

performed in this study. While this thesis presents the opportunity of mapping the

candidate drought-associated genes underlying QTL controlling drought traits in bi-

parental cross, it is restricted in allelic diversity and have limited genomic resolution.

Using GWAS will overcome several limitations of traditional gene mapping by pro-

viding higher resolution (often to the gene level) and using samples from previously

well-studied populations in which commonly occurring genetic variations can be asso-

ciated with phenotypic variation [382]. However, GWAS has limitations, mainly due

to their assumption that common genetic variation plays a large role in explaining the

heritable variation of common trait. Alternative strategies suggested involve geno-

typing array-based GWA studies [382, 383]. At this point in time, a GWAS panel of

350 lines is being co-developed with the International Institute of Tropical Agriculture

(Ibadan, Nigeria), but is not yet complete.

Underutilised crops such as bambara groundnut having the ability to produce more

consistent yield under water-limiting conditions, on poor agricultural land or with low

inputs for subsistence farmers compared to other more favoured species, could be a
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potential source to increase the food supply as well as to avoid dependence on a limited

number of plant species for global food and nutritional security. The importance of

drought tolerance for minor crops may relate more to low input, rain-fed, agriculture.

Although both XSpecies microarray and RNA-seq approaches possesses advantages

and disadvantages, this present study showed that the combined approach is a sensible

strategy that could allow molecular mechanisms underlying traits of interest to be

studied at the RNA level. If extensive transcriptomic studies and breeding for a crop

species with advantageous traits such as drought resilience can be developed, some of

the current issues could be resolved, such as over-reliance on staple food crops and

development of species with resilience and exceptional traits.



8.3 Implications of the study and future research opportunities 270

Figure 8.1: Future opportunities for drought tolerance improvement in bam-
bara groundnut. The genotypes which are known to survive in areas of water-deficit
conditions are selected. To analyse the genes governing drought response in the se-
lected genotypes, gene expression study is performed. Using this information QTL
analysis and gene mapping are conducted. For gene cloning, identified genes or major
QTL are analysed in detail using a large size population. A cloned gene is transferred
into widely adapted varieties. Molecular markers which are linked to the gene or QTL
are used for marker-assisted selection. Likewise, marker-assisted selection is used for
developing the materials of gene pyramiding.
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