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ABSTRACT 

 

Marker-assisted selection has the potential to fundamentally change the way that 

conventional breeding is carried out, with increased precision in determining the 

location of trait loci in the genome and the ability to dissect complex traits through an 

understanding of their genetic control. In this paper we contrast the current state of 

marker-assisted selection in two very different crop species. 

 

Wheat is one of the three key crops, along with maize and rice, which account for 

nearly 60% of human calorie intake. As such it is a major crop which has had significant 

research investment by both Public and Private sectors, particularly in Europe and the 

USA. This has led to the development of important genetic tools, including cytogenetic 

stocks, molecular markers and even ‘Perfect Markers’ for a number of major traits, such 

as Photoperiod requirement. 

 

Bambara groundnut (Vigna subterranea [L.] Verdc) is an underutilised or 

‘orphan’ crop and occupies the same ecological position within crop agriculture as the 

more familiar peanut (groundnut; Arachis hypogaea L) which largely displaced bambara 

groundnut after it was introduced by colonial powers to Africa. It is still grown widely in 

sub-Saharan Africa and some cultivation also occurs within South East Asia, particularly 

in Indonesia. It is usually grown as a subsistence and small cash crop and is generally 

preferred to peanut, when available. However, it has numerous disadvantages compared 

to peanut, as it still exists largely as genetically heterogeneous landraces, it is energy 

intensive to cook and there are currently few value-added products.  It is, however, more 

drought tolerant than peanut and with current predictions for Climate Change has 

potential to become a more major crop and an important component of food security in 

many countries.  

 

In this talk we will present some of the results from our recent programmes at the 

University of Nottingham in wheat and bambara groundnut molecular genetics. These 

two species perhaps represent extremes in terms of what pre-existing resources have 

been developed for marker-assisted breeding work. However, both can usefully benefit 

from their application towards improved crop types.  
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INTRODUCTION 

 

Bread wheat has a large genome (2n = 6x = 42; 1.7 x 10
10 

bp) and allohexaploid status 

means that genetically it effectively has 21 chromosomes per haploid genome, although 

genetic inheritance is essentially diploid. As there are potentially six copies of each gene 

present in each cell, gene action often follows hexaploid genetics. Both genome size and 

polyploidy have hampered the development of molecular tools for bread wheat. In 

particular, the inability to unambiguously distinguish homoeologous (A or B or D 

genome) copies of a gene from alleles of the same homoeologue has made the 

development of Single Nucleotide Polymorphism (SNP) markers a slow and painful 

process. However, extensive cytogenetic stocks have been developed, large numbers of 

microsatellite markers are now available (Sommers et al., 2004) as is a high density 

Diversity Arrays Technology (DArT) array service in Australia (Akbari et al., 2006; 

www.diversityarrays.com/). The advent of Next Generation sequencing technologies 

(www.454.com; www.illumina.com; www.appliedbiosystems.com) holds significant 

promise to resolve the issue of SNP origin, paving the way for detailed development of 

homeologue-specific gene chips/array to upgrade the currently available Affymetrix 

Wheat Genome Chip (www.affymetrix.com), whose design does not distinguish variation 

between homoeologues from allelic variation. 

 

A BBSRC-funded collaboration, building on previous work by CIMMYT 

(Mexico), ADAS (UK) and the University of Nottingham (UK) and now including UK 

wheat breeders, KWS, is investigating whether it is possible to increase bread wheat 

yields in a UK environment by the introduction of a ‘large ear’ phenotype from a 

CIMMYT wheat into an elite UK bread wheat. A doubled haploid population was 

produced of Rialto x CIMMYT long ear phenotype parent 2 (LSP2; Gaju et al., 2009) 

and is currently being used for field evaluation of a number of ear-related traits, through a 

combination of detailed physiological evaluation and genetic mapping. As part of an 

integrated approach to germplasm improvement, the breeding partner is engaged in a 

backcrossing programme to produce potential breeding material for exploitation and Near 

Isogenic Lines (NILs) for genetic evaluation of some of the components of this novel 

material. 

 

Bambara groundnut is a legume species closely related to cowpea (V. unguiculata 

[L.] Walp.) but is very similar in morphology and habit to the better known peanut. It is 

indigenous to Africa, although it is also grown in Indonesia, Thailand and there is some 

cultivation in Malaysia. As part of the current EU FP6 INCO-DEV programme 

BAMLINK, it is also currently being evaluated for introduction as a new crop into India. 

The genome size is relatively small at 1C = 882 MB 

(http://data.kew.org/cvalues/introduction.html) and it is a strongly inbreeding, 

cleistogamous, diploid (2n = 2x = 22). The small genome size (roughly twice the size of 

the rice genome) and diploid genetics make bambara groundnut a good candidate for the 

development of molecular genetic tools. The major disadvantage is the narrow genetic 

base (common in many tropical legumes) and the fact that bambara groundnut currently 

exists as a series of landraces, rather than distinct and genetically uniform cultivars. The 

presence of genetic variation in landrace trials adds an additional level of complexity to 
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the dissection of phenological, morphological and yield related traits. Previous published 

work has used morphological and molecular (AFLP and Isozyme) analysis to evaluate 

genetic diversity within bambara groundnut and the BAMLINK programme carries this 

forward. 

 

BAMLINK is the latest in a series of funded programmes coordinated by the 

University of Nottingham on bambara groundnut. The current programme is an integrated 

assessment of the suitability of this species for semi-arid Africa and India and includes a 

total of 10 partners and 5 sub-contractors. Four Partners are African and three regions of 

India are involved. The programme has four Activity Types (ATs) that span from 

molecular analysis through to end-user feedback and the development of novel products. 

This paper will focus on some initial applications of molecular genetics in this species, 

focusing on DArT markers, although also briefly mentioning initial work into Massively 

Parallel Signature Sequencing (MPSS; Brenner et al., 2000) and the potential use of non-

homologous Affymetrix Genome Chips at both the genomic and transcription level 

(XSpecies; Hammond et al., 2005; http://affymetrix.arabidopsis.info/xspecies/). 

 

METHODS AND RESULTS 

 

1. The BBSRC ‘Raising Yields’ programme  

 

In the UK environment, wheat yields are largely ‘sink’ limited, although the balance 

between source and sink is relatively close. One way to potentially increase the 

carbohydrate storage capacity in wheat is to increase the number of grain positions in the 

wheat ear. Figure 1 presents the ideotypes which were behind the original crossing and 

population development programme, with an increase in potential grain number coming 

from the CIMMYT parent and better resource capture characteristics coming from the 

UK parent. 

 

The genetic map currently consists of 411 DArT markers, 82 chromosome-arm 

anchored microsatellites, 6 adaptive markers for photoperiod requirement (Ppd1), 

vernalization requirement (Vrn1A, Vrn1B and Vrn1D), height (Rht1, Rht2) and three 

habit/morphological markers; Hairy Glumes, Tiller Inhibition and presence of Awns. 

This is in a double haploid population of 138 lines. 

 

The microsatellite markers have been used to align the linkage groups identified 

to the Sommers et al. (2004) consensus map, with the bulk of the genetic map consisting 

of DArT markers. In addition to the development of the genetic map, detailed 

phenological and physiological measurements have been recorded over three years, in 

two locations in the UK, at two planting densities and there also exists data from two 

field cycles of the spring plant types in a Mexican environment. Thirty-five DH lines 

have been selected on the basis of phenotype and genotype to develop further 

backcrosses into elite KWS UK spring (cv. Ashby) and winter (cv. Humber) wheats. 

After a single backcross and subsequent planting of the self-pollinated lines, segregation 

for a range of the components of ear morphology (e.g. spikelets per ear, florets per 

spikelet) were seen and a subsequent round of selection and backcrossing was performed. 
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The intention is to develop early stage NILs for these characters by the end of the 

programme which can be used for further analysis. 

 

Figure 2 gives an example of a QTL analysis based on data from the 2006-2007 

field cycle at the University of Nottingham’s farm at Sutton Bonington, UK. A number of 

the QTL identified correspond to segregation for major morphological and adaptive 

genes within the population (particularly photoperiod requirement and tiller inhibition). 

However, novel QTL have been identified associated with the desired ear traits and we 

are currently developing strategies to allow these to be used in marker-assisted selection 

in the KWS breeding programme. 

 

 2. The EU FP6 INCO-DEV ‘BAMLINK’ project 
 

Underutilised crops face real challenges in expanding to higher levels of use. Often they 

exist as landraces (mixtures of genotypes which may have been selected through repeated 

growth in the same environment to be matched for adaptive genes, but little else) and 

often very little breeding improvement has been achieved. Considering that the yields of 

both oil palm and wheat have quadrupled over the last 80 years, underutilised crops are 

likely to have significant breeding potential, but limited actual yields at the moment. If 

this is coupled with poorly understood agronomy, physiology and biotic stresses, yields 

may be consistently low or even not consistent at all. For subsistence farming, consistent 

but low yields are often better than infrequent high yields, but with the risk of complete 

crop failure in bad years. 

 

Two major approaches to developing markers for bambara groundnut were 

envisaged with BAMLINK; the development of 200 microsatellites and the development 

of the DArT technique (Jaccoud et al., 2001). Microsatellites would provide the 

consistent and reliable markers which could be used to build compatible datasets in labs 

world-wide, for quality control in breeding programmes and for a framework for 

population analysis. This is underway, but the levels of polymorphism observed are lower 

than for many species. The second approach was the development of a DArT discovery 

array by Diversity Arrays Technology Pty Ltd through a sub-contract from our Technical 

University of Munich (Germany) Partner. The initial Discovery array was not particularly 

promising, with only 76 polymorphic markers identified from the first screen. Moreover, 

around 2/3 of these markers partitioned genotypes into the same two groups. Sequence 

analysis revealed that 52 of these markers were closely related or identical. This would 

argue for a common repeat sequence clustered at a single locus or perhaps even a 

dispersed sequence that is only present in certain genotypes. Results from DArT 

development in pigeonpea and chickpea became available at this time and these also 

revealed low levels of DArT polymorphism, as seen in bambara groundnut. However, the 

Partners and Diversity Arrays Technology Pty Ltd felt that there was enough promise to 

co-fund a second round of development and after this a total of 296 unique markers had 

been identified. Figure 4 summarises the polymorphism obtained from DArT 

development in bambara groundnut. These were used to generate genetic passport data 

for 557 bambara groundnut accessions and landrace samples, which will be incorporated 

into the International Institute of Tropical Agriculture (IITA) germplasm collection 



 6 

(approx ¼ of all accessions). Figure 4 illustrates the strong geographical dependence on 

genetic diversity which coincides with the division. In particular, this confirms a North-

South split identified in earlier studies using RAPD and AFLP markers, for the majority 

of accessions. A definite advantage of DArT is that the only real constraint on generating 

large-scale datasets is cost. It would cost approximately £40,000 (200,000 MYR) to 

complete data generation on one sample from each of the landraces held by IITA. This 

would be an excellent basis for breeding work. Combining already existing collection, 

morphological and agronomic data from the collection of landraces could allow a ‘core’ 

breeding collection to be identified at a fraction of this cost. DArT has also been used to 

evaluate multiple individuals from the same landrace i.e. intra-land race variation and 

also to generate 150 markers for genetic mapping in a wide V. subterranea x V. 

spontenea cross. Initial investigations into MPSS were also carried out within BAMLINK 

in relation to induction of bambara groundnut gene expression by drought and a genomic 

and transcriptomic evaluation of the XSpecies approach for microarray analysis. These 

will be briefly discussed within the talk. 

 

CONCLUSIONS 

 

The ability to dissect traits genetically is dependent upon detailed and focused 

physiological trait analysis/recording and upon the availability of genetic markers. In 

wheat, the development of these resources and approaches is at an advanced state and it is 

now possible to proposed detailed hypotheses and then to create appropriate crosses and 

evaluate those hypotheses. This is particularly helped by the existence of extensive 

genetic and genomic resources for bread wheat, especially ‘Perfect Markers’ for a 

number of the adaptive and morphological traits which strongly influence and interact 

with other components of interest in a breeding cross. In bambara groundnut the 

physiological thinking is not less advanced than for wheat (although the number of 

available data sets is far more limited) but it is largely at the genetic level that the 

complications occur. The initial complication of having landraces consisting of mixed 

genotypes, rather than a single genotype can be overcome with the development of 

controlled crossing, which has recently permitted the creation of initial segregating 

populations and presages the development of a pedigree-based breeding approach. This 

will more clearly elucidate the genetics underlying some of the key traits in bambara 

groundnut; a task that is even more urgent in underutilised crops for which research 

resources and available time are limited. In addition, the development of technique such 

as DArT for bambara groundnut allows a consistent and highly reproducible survey of 

potential breeding germplasm with minimal effort, as well as generating additional 

markers for genetic mapping. Next Generation sequencing also potentially allows even 

underutilised crops such as bambara groundnut to be characterised at both the genomic 

and transcriptomic levels at a depth inconceivable a few years ago. This can lead on 

rapidly to the development of SNP chips and the identification of ‘Perfect Markers’ for 

direct application in breeding programmes. The only constraint for bambara groundnut is 

the resources available to develop it into a more utilised crop. It is crucial that for 

bambara groundnut, and many other underutilised species, any resources are directed to 

research that links conventional disciplines e.g. molecular genetics and ecophysiology so 

that desirable attributes can be identified and tested in realistic environments. It is 
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unlikely that the constraints preventing the development of any single underutilised 

species are simple. An integrated approach is more likely to identify where scarce 

resources should and should not be directed for future improvement programmes.   
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Figure 1. The conceptual cross behind the development of the doubled haploid population. 

High efficiency ‘source’ characteristics from the UK parent are crossed with a large 

‘sink’ capacity from the Mexican parent.  
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Figure 2. On the left is the Sommers et al. (2004) consensus map for wheat. One the right 

are the initial linkage groups identified in this study. Double-lines indicate linkage to the 

consensus through co-mapping of microsatellites. All other markers are DArT markers as 

analysed by Diversity Arrays Technology Pty ltd. Parentheses cluster together QTL loci 

identified in the same regions of 2D. These boxes give; trait, LOD score and %variation 

explained in the. The arrows indicate whether the allele coming from the Mexican parent 

is increasing the trait or decreasing it. The major effects on the top of this chromosome 

are due to segregation within the population of photoperiod sensitive and photoperiod 

insensitive plant types. 
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Figure 3. Interaction between the four different Activity Types which make up 

BAMLINK. 
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Figure 4. Development of DArT for bambara groundnut involved two rounds of clone 

discovery, with two different enzyme combinations (PstI/AluI and PstI/TaqI). BglII was 

used to remove the repetitive fragment obtained in the first round of DArT discovery 

from the analysis.
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Figure 5 shows a fused Principle Component Analysis based on a total of 201 DArT 

markers scored against 429 genotypes. Blue dots are accessions from North of the 

Equator and orange dots are accessions from South of the Equator (and include 

Indonesian accessions). Principle Component 1 explains 22% of the molecular variation 

and Principle Component 2 explains 4% of the molecular variation. 

 


