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Abstract:

 Faba bean (Vicia faba L.) is a major food and feed legume because of the high nutritional value of its seeds. The main objectives of faba bean breeding are to improve yield, disease resistance, abiotic stress tolerance, seed quality and other agronomic traits. The partial cross-pollinated nature of faba bean introduces both challenges and opportunities for population development and breeding. Breeding methods that are applicable to self-pollinated crops or open-pollinated crops are not highly suitable for faba bean. However, traditional breeding methods such as recurrent mass selection have been established in faba bean and used successfully in breeding for resistance to diseases. Molecular breeding strategies that integrate the latest innovations in genetics and genomics with traditional breeding strategies have many potential applications for future faba bean cultivar development. Hence, considerable efforts have been undertaken in identifying molecular markers, enriching genetic and genomic resources using high-throughput sequencing technologies and improving genetic transformation techniques in faba bean. However, the impact of research on practical faba bean breeding and cultivar release to farmers has been limited due to disconnects between research and breeding objectives and the high costs of research and implementation. The situation with faba bean is similar to other small crops and highlights the need for coordinated, collaborative research programs that interact closely with commercially focused breeding programs to ensure that technologies are implemented effectively.




Keywords:


biotic stress; abiotic stress; traditional breeding; molecular markers; marker-assisted selection; molecular breeding; genomics








1. Introduction

Faba bean (Vicia faba L.), also referred to as the broad bean, fava bean, horse bean or field bean, is a major food and feed legume. It is a crucial source of protein in food, especially in Mediterranean countries and China and its seeds have high nutritional value [1]. The 2010 world production of faba beans was 4.3 Mt from 2.55 Mha, which is relatively small compared with soybean and pea world production (262 Mt and 10 Mt, respectively) [2].

The major objectives of faba bean breeding programs are similar to other crops and include yield, resistance/tolerance to biotic and abiotic stresses, adaptation to the target environment, appropriate phenology, plant growth habit, seed quality and traits to enhance crop management. The two major methods of faba bean breeding are population improvement with cycles of recurrent selection, and treating faba bean as a self-pollinated crop and accepting a degree of cross-pollination between breeding lines. Traditional faba bean breeding involves crossing elite parents, multi-stage testing of progeny, identify progeny that outperform the parents for specific traits and the release of superior varieties. Typically this process could take up to 10 years to release a commercial cultivar. Development and advancement of new plant molecular biology techniques and genomic tools could assist conventional breeding to accelerate the release of faba bean cultivars.

Due to the potential of using molecular tools for faba bean cultivar development, significant efforts have been made in the last two decades to understand the genetics and genomics of faba bean. Linkage maps of faba bean have been constructed based on RFLPs (Restriction Fragment Length Polymorphisms), RAPDs (Random Amplified Polymorphic DNA), ITAPs (Intron-Targeted Amplified Polymorphisms) and SSRs (Simple Sequence repeats) [3,4,5,6,7,8], and various QTLs (Quantitative Trait Loci) have been identified [9]. Recently, markers linked to growth habit and nutritional value of faba bean seeds have been identified [10,11,12,13,14]. Further efforts are being made to identify molecular markers linked to biotic and abiotic stress tolerances.

In this paper, we discuss the progress and prospects of traditional faba bean breeding including the challenges and opportunities and breeding for specific target traits. We then discuss the progress and prospects for molecular faba bean breeding including the marker-assisted selection and use of genomic technologies. We also discuss some potential impact of the molecular and genomic technologies on future faba bean crop improvement.



2. Origin and Germplasm Resources

Faba bean was one of the earliest crops to be domesticated. The origin of the crop is thought to be in the Near East, and remnant seed dating to the 10th Millennium before present (BP) has been identified in northern Syria [15]. It subsequently spread to Europe, North Africa and China and has been cultivated in each of these regions for millennia [16]. It was introduced to South America by the Spanish and was established as a crop in Australia in the 1980s [17]. The Australian faba bean breeding program started in the 1970s and for many years relied on introduced germplasm. Germplasm with best adaptation in southern Australia originated from the Mediterranean Basin and was the basis for the commercial varieties Fiord and Fiesta. In recent years, hybridisation among very diverse germplasm has been undertaken and elite breeding lines developed that include parents with very poor adaptation in Australia. This has demonstrated the benefit of including germplasm from different origins in the breeding program and might be an indicator of heterosis from inter-pool crossing.

Faba bean is now cultivated over a latitudinal range from the Equator to approximately 50 °N and 40 °S and altitude range from sea level to above 3000 m. The long period of cultivation across very diverse environments has resulted in differentiation of germplasm into distinct groups based on seed size (viz. subspecies paucijuga, minor, equina and major) and region of adaptation (e.g., Winter, Spring and Mediterranean types). While modern varieties dominate in Australia, Europe and Canada, traditional landraces are still widely grown in many countries and a mix of traditional and modern varieties are grown in other countries.



3. Traditional Breeding: Progress and Prospects


3.1. Challenges and Opportunities

Faba bean differs from other cool season pulse crops in two significant ways:

(i) V. faba is reproductively isolated from all other species and its progenitor species is not known. Hence, the genetic resources available for crop improvement are restricted to the cultivated species. Though there are a number of significant collections of faba bean germplasm (recently reviewed by [18]), further evaluation is required to identify the full extent of phenotypic variation within these collections. The most extensive characterisation of faba bean germplasm has been undertaken for disease resistance, while more restricted evaluation has been undertaken for several traits of local interest.

(ii) Faba bean is partially allogamous, or out-crossing, with the rate of out-crossing differing between environments and genotypes. As bee species are the major vectors for pollen transfer, the rate of cross-pollination varies across environments and with the population size of pollinators. Reported values for cross-pollination range from 10 to 70% [19]. The mixed mating system means that breeding methods that are applied to self-pollinated crops are not suitable, or require modification, to be used for faba beans, while the intermediate level of cross-pollination limits the applicability of breeding methods that are used for highly out-crossed crops such as maize [20].

The partial cross-pollinated nature of faba bean introduces both challenges and opportunities for population development and multiplication.

(i) The level of cross-pollination within faba bean means that it is well suited for the development of synthetic varieties where a degree of heterosis can be maintained, although at a lower level than for F1 hybrid varieties. Heterosis for yield has been demonstrated [21] and hybrid faba bean varieties have been proposed. However, despite cytoplasmic male sterility systems being identified in faba bean [22,23], hybrid varieties are not yet available commercially, and are unlikely, due to the high cost of producing and growing very large seeds.

(ii) A major consequence of faba bean being partially cross-pollinated is that populations are highly heterogeneous and plants are heterozygous. Hence, there is considerable potential to select within populations for specific traits, as demonstrated by the development of the BPL (bean pure line) collection at ICARDA (International Center for Agricultural Research in the Dry Areas). Disease resistance was identified in many BPLs [24] indicating the potential of recurrent mass selection for population improvement in faba bean.

(iii) Screen houses are routinely used in the early generations, e.g., F1, F2 and F3, of a breeding cycle to eliminate bees and thus prevent cross-pollination. During this phase, it is possible to undertake selection for traits with high heritability such as seed colour, plant habit, time of flowering and resistance to diseases such as ascochyta blight, rust and cercospora leaf spot. However, it is generally not logistically feasible to multiply subsequent generations in the absence of bees; hence, alternative methods are employed to minimise cross-pollination between breeding lines during the multiplication phase prior to yield evaluation. A barrier of an alternative crop that flowers at the same time as faba bean can be grown around the faba bean multiplication plots to attract bees and minimise cross pollination between the faba bean plots. Alternatively, if selection for major traits has been undertaken in the F2 and F3 generations, lines can be multiplied in blocks of similar types, or trait specific gene pools (e.g., all white flower plants, or all resistant to ascochyta blight), and any cross-pollination between lines will not compromise the major trait of the population. Elite individual lines selected through this process can either be developed as “pure line” commercial varieties or be combined with other elite lines as components of a synthetic cultivar.



3.2. Breeding for Yield and Plant Morphological Traits

Yield of faba bean is considered to be unreliable, often due to a major stress at a critical phase in crop development. Reliability of yield is addressed through appropriate phenology and improving resistance or tolerance to the dominant stresses in the target region. Faba bean varieties and breeding lines express a significant level of genotype × environment interaction for yield. This has been observed on a mega-scale, for example in Europe, where winter, spring and Mediterranean faba beans show very specific adaptation to particular regions [25,26]. In China, spring sown varieties from the northern provinces are very poorly adapted to the sub-tropical southern provinces [27] and in Australia, southern and northern varieties differ in the time to maturity and disease resistance. Interactions for yield are also regularly observed at a more local scale and across years. In the Australian faba bean breeding program, the evaluation sites are located within the major production areas and lines are selected for adaptation to the specific areas.

A number of traits associated with plant morphology are important target traits in the breeding programs. Stem strength, or standing ability, is important to facilitate harvesting and also reduce the risk of disease that is associated with a lodged crop. The stiff-straw trait is controlled by a single recessive gene [28] and is widely used in faba bean breeding programs in Europe. The height of the lowest pod is important for crops that are mechanically harvested. Pod height is determined by time to flowering, angle of lateral branches and length of internodes. There is significant variation in degree of pod dehiscence, and indehiscent pods are required for mechanical harvesting. Flattened constricted pods reduce the potential for weather damage to seeds prior to harvest.

Conventionally the crop has an indeterminate growth, but for fresh market production determinate growth habit is sought to assure a uniform crop. Determinate faba bean plants are characterized by a terminal inflorescence after four to five flowering nodes, which results in a considerable reduction of plant height and lodging. The terminal inflorescence trait, conditioned by the recessive ti gene, has been incorporated into a number of varieties and while these have low biomass production and lower yield potential than conventional varieties the synchronous pod development facilitates mechanical harvesting of vegetable broad beans such as cv. Retaca [29].

Faba bean is highly responsive to management practices such as time of sowing and sowing rate. These factors can affect plant yield, yield components [30,31] and disease development. Thus, an additional level of breeding objectives includes those targeted for specific crop management practices. For example, the evolution of direct drilling technology has enabled earlier sowing in some countries such as Australia. In Australia, there is a dichotomy between maximising yield potential through early sowing and the greater risk and severity of foliar fungal diseases for early sown crops. Similarly, in Europe, winter sown faba beans have higher yield potential than spring sown crops but are at greater risk of disease development. Disease resistant varieties, therefore, have the dual advantage of reducing disease per se, and enabling early sowing to maximise yield potential.



3.3. Breeding for Resistance to Biotic Stresses

Faba bean is affected by a range of biotic stresses, including foliar fungal diseases, soil borne pathogens, viruses, parasitic weeds, nematodes and bruchids. However, many are of minor or local importance and are not major objectives in breeding programs. Germplasm collections have been screened for resistance to a range of diseases and pests and the status of sources of resistance was recently summarised by [32].

Breeding is generally considered the most effective means of disease control. However, for a genetic approach to disease control to be effective, (i) a good understanding of the host × pathogen interaction is needed; (ii) a degree of resistance to the pathogen must be identified; and (iii) efficient and effective screening systems should be available that can process large populations. The decision of whether to adopt selection for resistance to a particular disease within a breeding program will depend on the impact of the disease, likelihood of success, cost and availability of alternative methods of control and the overall priority of resistance to the particular disease compared to all other breeding aims.

The three fungal diseases, chocolate spot (Botrytis fabae), ascochyta blight (Ascochyta fabae) and rust (Uromyces viciae-fabae) can lead to very significant loss in yield and seed quality if susceptible varieties are cultivated and disease is not managed effectively with regular application of fungicides. Resistance to one or more of these diseases is a high priority in most faba bean breeding programs globally. A good level of resistance, although not immunity, is available to ascochyta blight and rust. For ascochyta blight, both single major gene and polygenic modes of inheritance have been reported and disease scoring is complicated by environmental conditions and the occurrence of physiological specialization between pathogen isolates and host genotypes [24,33]. For rust, hypersensitive resistance has been described as an incomplete resistance associated with late-acting necrosis of the host tissue, resulting in a reduction of the infection type [34].

Faba bean populations may be heterogeneous in reaction to ascochyta blight or rust and it is possible to develop resistant lines through several cycles of single plant selection, with self-pollination. This method was used at ICARDA to develop ascochyta blight BPLs [35] and has also been used extensively in the Australian faba bean breeding program to identify new sources of resistance [36]. For example, the selection of plants resistant to ascochyta blight within the heterogeneous cv. Fiesta resulted in the release of the resistant cv. Farah from the Australian faba bean breeding program. A population of Fiesta was screened for resistance to ascochyta blight and resistant plants were retained and grown in a bee-proof screen house to ensure self pollination. These plants were progeny tested and resistant plants retained. Seeds of individual plants were assessed for size and colour and the predominant seed type was bulked and multiplied to produce Farah which is now a well established cultivar in Australia. Critical steps in this breeding process were the identification of variation in the original population, self-pollination of selected plants, and retaining sufficient plants to ensure the background traits of Fiesta were maintained. This breeding method is suitable for overcoming a single deficiency in a cultivar, but is conservative with respect to increasing yield potential or improving other traits.

Resistance to chocolate spot is quantitative, and at best is partial in nature. Germplasm resistant to chocolate spot are mostly from the Andean region of Ecuador and Colombia [37,38] with relatively few other accessions with a good level of resistance, for example from the Maghreb [39]. The most chocolate spot resistant lines from the Andean region are characteristically very late flowering and maturing when sown in autumn in a Mediterranean-type environment, such as in southern Australia. While there does not appear to be any genetic or physiological linkage between resistance to chocolate spot and time of flowering, the nature of the genetic control for the two traits results in a very low proportion of a segregating population that is early flowering and resistant to chocolate spot [40].

A range of methods is used in screening faba beans for disease and pest resistance, including controlled environments, inoculated field nurseries, detached leaf methods and opportunistic observations of yield trials that are subjected to naturally occurring epidemics. For all methods, it is important to use appropriate isolates of the inoculum and to include control or reference varieties. Races of the major diseases have been described, with genotype × isolate interactions reported for ascochyta blight [35,41,42], chocolate spot [43] and rust [44]. In some of these studies the observations could also be explained by variation in aggressiveness in the isolates combined with heterogeneity in the faba bean genotypes. Nevertheless, the possibility of races, and in particular for ascochyta blight and rust, requires that a diverse set of isolates be used as inoculum in screening for resistance in a breeding program. In addition, a range of sources of disease resistance should be used when available. Multi-environment evaluation of resistant selections should be undertaken to establish whether the resistance is stable across environments. The Australian faba bean breeding program has collaborated with ICARDA with reciprocal exchange of material and results are generally in agreement between the two locations, particularly for ascochyta blight.

Field validation of disease resistant selections identified in controlled environments should be undertaken, and multi-environment testing will demonstrate whether the resistance is broad based or specific [35,45]. Highly heritable disease resistance, such as ascochyta blight, rust and cercospora leaf spot, can be selected on single plants and screening for these diseases can be undertaken in the F2 or F3 generations. Resistance that is partial, or of low to moderate heritability, for example, chocolate spot, bean leaf roll virus, bean yellow mosaic virus and broomrape cannot be selected effectively on single plants and replicated plots are required to identify highly resistant lines. Surplus seed of each line can be retained at seeding and used for subsequent development of resistant lines, thus avoiding the negative impact of cross-pollination between resistant and susceptible lines.

The parasitic weed crenate broomrape (Orobanche crenata Forsk.) is a root parasite with devastating effects on many crop legumes [46]. It is a significant constraint to production of faba bean throughout the Mediterranean Basin, and the spread of broomrape has resulted in a reduction in the area of faba bean and other pulse crops. The parasite obtains nutrients and water through haustoria connected with the host vascular system, leading to up to 80% of yield losses in faba bean fields with high levels of infestation through the Mediterranean basin, North Africa and the Middle East [46,47,48]. However, crenate broomrape does not occur in Australia. Although different control methods have been proposed [49,50,51], management of Orobanche remains a challenge since none of the measures have shown fully satisfactory and economically feasible results [48,52]. Resistance or tolerance to broomrape is a major objective of breeding programs in these regions. Though breeding for broomrape resistance remains the most promising strategy, traditional plant breeding has failed to produce stable resistance across time, location or parasite population [53].

Sources of resistance to broomrape are scarce and of complex nature. However, several resistant cultivars were released to farmers in Egypt under the commercial names ‘Giza’. An acceptable level of resistance was found in Vf1071, an inbred line selected from cv. Giza 402 in Southern Spain [53,54]. This line has been used in breeding programs to develop the well-adapted, high yielding cv. Baraca [55].



3.4. Breeding for Tolerance to Abiotic Stresses


3.4.1. Drought Tolerance

Faba bean is grown mostly in cool season climates but also in sub-tropical regions over winter or spring [56]. It usually produces relatively high biomass as compared to other pulses and is typically more prone to moisture stress, particularly from the onset of flowering in shorter growing seasons [57]. Dryland production of faba bean is thus less reliable in climates that experience significant transient moisture stress or drought during vegetative growth. Under these conditions, the crop is short and produces only a few reproductive nodes [58].

Faba bean is highly responsive to irrigation [59] and relatively tolerant to water logging [60] compared to other pulse species. In Australia, this allows faba bean to be sown earlier in higher rainfall temperate climates to extend the length of the growing season and in wetter areas with duplex soils that are prone to water logging.

In Mediterranean and sub-tropical climates which have a short growing season, early sowing is essential to minimise yield losses from moisture- and high temperature-stress [61] during reproductive development. Early maturing cultivars are now available that can better avoid such stresses. In Mediterranean and temperate climates the crop is highly reliant on the in-season rainfall, whereas in sub-tropical farming systems sub-soil moisture can often supply sufficient water until at least the onset of flowering stage and early podding [62].

Genetic improvement has focused on directly screening for yield responsiveness and yield potential in water limiting environments. Physiological traits such as earliness to flower, higher harvest index and better disease resistance can improve tolerance to moisture stress during the reproductive period [63]. As the crop is very leafy, variation for better leaf turgor [64] may contribute to higher drought tolerance per se but needs to be better understood. There also may be potential to produce growth types that are more determinate in flowering (i.e., ti types) to reduce competition between reproductive tissue and the growing vegetative apex for assimilates [65].



3.4.2. Soil Limiting Factors

In many dryland cropping regions, the utilisation of sub-soil water for plant growth and grain yield is compromised by increasing sodicity and soil salinity. Useful variation for tolerance to salinity appears to be present in faba bean [66,67] that could improve water use efficiency in the soil compared to other pulses. Faba bean does not appear to be as sensitive to high soil boron (commonly found in alkaline sub-soils) in terms of plant injury or biomass reduction [68] and hence, improved tolerance is not an objective of breeding programs.

Faba bean is grown widely across both low and high pH soil types and associated micro-nutrient deficiencies (e.g., Zn, Fe, Mo, Mg) can sometimes occur. Although genetic variation may exist for tolerance to such deficiencies, breeding is limited to evaluation in target environments as sufficient micro-nutrients are typically applied in fertiliser at sowing or later with foliar applications if symptoms appear.



3.4.3. High Temperature and Cold Injury

As a cool season legume, high temperatures at flowering are likely to reduce pollen viability in faba bean, and interact with moisture stress to cause flower, ovule and pod abortion [69]. Potentially useful variation may be present at different reproductive growth stages following exposure to high temperature [70].

Faba bean pod walls are thick enough to protect developing ovules from cold injury which has allowed breeders to breed for earliness for autumn sown varieties. Vegetatively the crop can suffer physical cold injury and this is considered to be one of the main abiotic constraints for growing autumn-sown faba beans in cool temperate climates [71]. Screening in the field is difficult, but achievable with a reliable cold environment [72]. However, controlled environment screening may also be useful [71].




3.5. Breeding for Quality Traits


3.5.1. Human Consumption

Faba bean is widely grown for both human consumption and stock feed. Export of dry grain is dominated by Australia, France and the UK. The import market of dry grain for human consumption is relatively small (the sum of world imports is less than 300,000 tonnes/year) compared to other pulses such as chickpea, lentil and field pea.

Dry faba bean grain is used for human consumption in diverse cuisines either as a whole or processed product such as medamis (stewed beans), falafel (deep fried bean/vegetable mix), bussara (bean paste) and nabet soup (boiled germinated grain). By far the main importer of dry grain for human consumption is the Middle East-Mediterranean region, particularly Egypt. However, faba bean is an important food in China, which is the largest consumer of the crop but mostly as a vegetable (i.e., green seed and pods), and across the Latin based cultures of the south Americas.

Grain is processed to produce canned, crushed, dehulled, split or flour products all of which have different grain quality requirements and end-uses. Flour can be used as a source of vegetable protein in meat extenders and starch is extracted to make vermicelli, noodles, dumplings and steamed bread in Asia. Whole dry grain is also sprouted in some Asian countries for consumption as a vegetable or used as whole grain in cooking.

For canning uniform grain size and high hydration capacity are needed to produce a high quality product. The preferred grain size is driven by regional preference. For example, the Egyptian market prefers the larger size of Australian product compared to that from the UK or France. However, Saudi Arabia prefers small sized grain. Though broad bean is a large sized dry grain imported by Mediterranean countries (e.g., Italy, Spain) at a premium price, the market size is relatively very small.

Seed coat colour can be important as grain is traded initially on visual appearance, even though it is of little significance for end use quality per se. A lighter colour (i.e., light buff) is generally preferred and discoloration caused by age of the grain (i.e., darkening) or weather or disease damage is poorly perceived and can lead to discounted prices or market rejection. Low light and temperature storage conditions for dry grain can delay the darkening discoloration [73]. However, useful genetic variation has also been identified in breeding. Variation for the unique bean flavour and interaction with growing environment is sometimes referred to by trade for regional markets. However, the merit of targeting this in breeding is questionable. Tannin free types are accepted for dry grain human consumption markets but are likely to taste (e.g., less astringent) and cook differently (i.e., hydrate quicker) to traditional types consumed and imported historically.



3.5.2. Animal Nutrition

The animal feed markets use faba bean as a source of protein and energy [74]. Feeding studies show that faba bean is a good poultry feed with addition of supplemental methionine. The grain is also regularly used in feeding rations for pigs, dairy, beef cattle and sheep. Commercial faba bean grain has a protein content of around 24 to 30%, and there is scope for genetic improvement [75]. Variation for sulphur content of methionine and cysteine is low and there is a negative genetic correlation with seed protein content [76] limiting the effectiveness of classical breeding.

In Europe, the absence of polyphenolic substances (commonly known as tannins), as well as vicine and convicine, are breeding priorities because they decrease digestibility and biological value of the protein in animal feeding [77,78]. Dehulling is used to eliminate tannin mostly present in the seed coat and is of less importance than vicine and convicine which are thermostable and difficult to breakdown in processing. These glucosides can also trigger haemolytic anaemia or favism in humans that inherit Glucose-6-phosphate dehydrogenase (G6PD) deficiency. However, G6PD deficiency helps to protect against malaria [79].

Screening for zero-tannin genotypes is relatively easy as the absence of tannin in the seed coat is coded by two recessive genes, which act to block the synthesis of anthocyanin or anthocyanin’s precursors, and plants that are homozygous recessive at either locus, produce white-flowers and zero-tannin seed. Zero-tannin cultivars are now available in Europe (e.g., ‘Gloria’). However, the lack of plant anthocyanin may increase disease sensitivity of the crop at establishment and fungicidal seed dressing is needed [19].

Low vicine cultivars have been developed (e.g., ‘Mélodie’). The trait is monogenetic recessive and a morphological marker (white hilum) is known.

Breeding for animal nutrition is focused in Europe where subsidies aim to increase faba bean production and decrease imports of vegetable protein, particularly soybean, whereas higher value human consumption markets and reliable production are a greater priority in Australia.





4. Molecular Breeding: Progress and Prospects

Molecular breeding strategies that integrate the latest innovations in genetics and genomics with traditional breeding strategies have many potential applications for future faba bean cultivar development [80], including:


	(i) Improving the efficiency of selection: DNA-based markers and other genomic tools can be used to select for genes of importance more effectively and assess the existing genetic variation within the species to assist selecting parents for hybridization [81];


	(ii) Enhancing favourable gene action: Molecular tools can be used to understand the gene action and breeding value at various loci distributed across the genomes. Molecular cloning of QTLs can provide novel insights about the biology and nature of quantitative traits, and


	(iii) Expansion of useful genetic diversity for crop improvement: Molecular and recombinant DNA technology approaches can be used to identify and incorporate genes that are not otherwise accessible or available through crossing [82].





4.1. Marker Assisted Selection

Marker assisted selection (MAS) in breeding allows for a specific trait to be selected without the need of expressing and evaluating the associated phenotype. MAS is particularly valuable for traits requiring expensive, time-consuming or often unreliable screening methods (e.g., the selection of genes in complex host-pathogen interactions) and selection can be made in the absence of the disease or stress and in early stages of plant development.

Early genetic studies used morphological and isozyme variation, but the availability of DNA based markers has facilitated the construction of linkage maps of faba bean. Linkage maps are useful for identifying chromosomal regions that contain genes controlling simple inherited traits and quantitative traits using QTL analysis [83]. They can then be used to reveal relationships or linkages between genes that may be relevant to breeders.

Isozymes, RAPDs and RFLPs were used to develop the first meaningful genetic linkage maps for faba bean in F2 populations [84]. Later, SSRs specific for chromosome I were obtained and used for mapping purposes [85]. More recently, intron-targeted amplified polymorphic (ITAP) markers mapped in Medicago truncatula, soybean and lupin were used to develop the first gene-based genetic map of faba bean [5], which constitutes a reference for the future use of genomic and genetic information in faba bean genetic analysis and breeding. Several specific reviews with respect to genetic mapping, QTL analysis, genomics and molecular breeding are available [4,9,86].

In faba bean, molecular markers have been sought both for simple and complex traits. In the case of major gene traits of interest, phenotyping methods have been developed that are relatively simple, allowing the accurate mapping of the gene. Traits such as rust resistance or seed quality parameters (absence of tannins or low content in vicine-convicine), are controlled by single genes and simple bulked segregant analysis has been used for the identification of markers that are tightly linked to the responsible genes [12,13,14,87].

For more complex traits, rapid and reliable screening methods, together with the saturation of the genomic regions associated with target regions and QTL validation in multiple environments and genetic backgrounds, are prerequisites to uncover reliable marker-trait associations. Mapping complex traits in faba bean, such as resistance to parasitic plants or pathogenic fungi has been attempted, opening new perspectives for successful MAS schemes in this crop. Results achieved so far for biotic and abiotic stresses, the principal antinutritional characters and morphological traits are summarized in Table 1. More important traits for breeding are described in detail.

Table 1. Update of the molecular markers associated to gene(s)/QTLs of agronomic interest reported so far in faba bean (Main source: [9]). 










	Trait
	Loci/QTL
	Chromosome
	Mapping populations
	Linked markers
	References





	Rust resistance
	Uvf1
	unknown
	2N52 × Vf176 (F2)
	OPI20900/OPL181032
	[87]



	Broomrape resistance
	Oc1
	I
	Vf6 × Vf136 (F2)
	OPJ13686/OPAC02730
	[3]



	
	Oc2
	VI
	
	OPAC06342/OPN07849
	



	
	Oc3
	II
	
	OPW15533/OPAA07807
	



	
	Oc2
	VI.B
	Vf6 × Vf136 (RILs)
	OPAI131018/OPAC06396
	[91]



	
	Oc3
	II.A
	
	OPM15794/PisGEN 4_3_1
	



	
	Oc4
	I.A
	
	OPAB01438/OPM181192
	



	
	Oc5
	I.A
	
	OPM18620/OPA17524
	



	
	Oc2_C3 a
	VI.B
	Vf6 × Vf136 (RILs)
	OPAG11/OPI5
	[92]



	
	Oc2_C4
	VI.B
	
	OPAG11/OPI5
	



	
	Oc2_M4
	VI.B
	
	OPAI131018/OPAC06396
	



	
	Oc3_C3
	II.A
	
	OPM15794/Pis_GEN_4_3_1
	



	
	Oc3_C4
	II.A
	
	OPM15794/Pis_GEN_4_3_1
	



	
	Oc4_C4
	I.A
	
	OPB03289
	



	
	Oc5_M4
	I.A
	
	OPM181620/OPA17524
	



	
	Oc6_C3
	I.A
	
	OPG071714/OPH01900
	



	
	Oc7_C3
	II.A
	
	OPP10
	



	
	Oc8_M4
	II.A
	
	Pis_GEN_58_3_4_1/OPAF20776
	



	
	Oc9_C4
	V
	
	OPAD021282/OPK181049
	



	Ascochyta blight resistance
	Af1
	III
	Vf6 × Vf136 (F2)
	OPA111045/OPAB071026
	[90]



	
	Af2
	II
	
	OPE171272/OPJ18626
	



	
	Af3
	III
	29H × Vf136 (F2)
	OPD161732/OPG041131
	[89]



	
	Af4
	unknown
	
	OPJ18655/OPG111118
	



	
	Af1 (DSL) b
	III.A
	Vf6 × Vf136 (RILs)
	OPAC061023
	[93]



	
	Af1 (DSS) c
	III.A
	
	OPF08710
	



	
	Af2 (DSL)
	II.A
	
	OPAG05737/Mer04790
	



	
	Af2 (DSS)
	II.A
	
	OPD12425/OPE171326
	



	
	Af1 (DSL)
	III.A
	Vf6 × Vf136 (RILs)
	OPZ82
	[92]



	
	Af1 (DSS)
	III.A
	
	OPZ82
	



	
	Af2 (DSL)
	II.A
	
	OPAG05737/Mer04790
	



	
	Af2 (DSS)
	II.A
	
	OPD12425/OPE171326
	



	Frost tolerance
	U_AUSPC-1
	unknown
	Côte d’Or 1 × BPL 4628 (RILs)
	U091499/B20803
	[71]



	
	U_AUSPC-2
	unknown
	
	F15476/I10661
	



	
	U_AUSPC-3
	unknown
	
	O18715/O18737
	



	
	H_AUSPC-1
	unknown
	
	B13560
	



	
	H_AUSPC-2
	unknown
	
	I10661/I06425
	



	Determinate growth habit
	Vf_TFL1
	V
	
	CAPS-TFL1 (Hin1II) *
	[10]



	
	
	
	
	Ti-dCAPS *
	[11]



	Zero tannins
	zt-1
	unknown
	Vf6 × zt-1 (F2)
	SCC5551/SCG111171
	[13]



	
	zt-2
	unknown
	Vf6 × zt-2 (F2)
	SCAD16-B565/SCAD16-H385
	[14]



	Low vicine-convicine
	vc-
	unknown
	Vf6 × vc- (F2)
	SCH01620/SCAB12850
	[12]





* Diagnostic markers designed on the gene controlling the trait; a C3, C4 and M4 stand for Córdoba 2003, Córdoba 2004 and Megibar 2004, respectively; b DSL: disease severity in leaves; c DSS: disease severity in stems.





4.1.1. Markers for Ascochyta Resistance

Progenies from two faba bean crosses (Vf6 × Vf136 and 29H × Vf136) have been used to identify QTLs affecting ascochyta blight resistance. Vf136 is susceptible, Vf6 partially resistant and 29H resistant to ascochyta blight. Analysis of cross Vf6 × Vf136 against one isolate of A. fabae indicated a polygenic control determined by at least two QTLs (Af1 and Af2), assigned to chromosomes III and II that explained 21 and 25% of the variability, respectively [88]. In a parallel study, in cross 29H × Vf136, 6 QTLs named Af3 to Af8 were detected for resistance against two different isolates of A. fabae in stems and leaves. However, only Af3 and Af4 were effective against both isolates on both stems and leaves [89]. Interestingly, Af1 [90] and Af3 [89] were both assigned to chromosome III and might correspond to the same genomic regions.



QTL mapping studies should be independently confirmed in different genetic backgrounds and environments to demonstrate that DNA markers identified in one population are useful in different pedigrees [83]. To date, only a small fraction of the QTLs identified for important plant traits have been independently tested for confirmation. The validation may involve replication studies in independent populations (in particular, recombinant inbred lines, RILs), constructed from the same parental genotypes or with closely related genotypes used in the primary QTL mapping study [94]. In faba bean, this approach was recently carried out by studying 165 RILs developed by single-seed descent from the cross Vf6 × Vf136 [91]. The new molecular map allowed detecting Af1 and Af2 on the same chromosomes, explaining a similar percentage of the phenotypic variation. Fifteen common markers facilitated the comparison of homologous regions between maps and confirmed the occurrence of QTLs for ascochyta blight resistance in independent populations (F2 and F6) for the first time.

The prospects of MAS for ascochyta resistance in faba bean breeding programs will depend on the extent to which QTL results can be extrapolated from one population to another. This fact is being pursued by developing a new map in the RIL population from the cross 29H × Vf136. A number of common standard markers (SSRs and gene based markers) are being genotyped, in order to confirm the QTLs across generations (F2 and RIL) and further to validate additional QTLs across different genetic backgrounds. Moreover, regions bearing stable QTLs are being saturated in both maps as a first step towards the development of reliable molecular markers useful for disease resistance selection.



4.1.2. Markers for Rust Resistance

Rust resistance is race-specific and monogenic, implying that the use of single resistance genes in cultivars would likely result in non-durable resistance [32,95]. Gene pyramiding of different sources into a single cultivar is known to increase the durability of this type of resistance [96]. MAS of markers tightly linked to different resistant genes would greatly facilitate this process. Bulked segregant analysis has been used to detect RAPD markers tightly linked to the gene causing hypersensitive resistance to rust (race 1) in the inbred line 2N52 [87]. Three RAPD markers (OPD13736, OPL181032 and OPI20900) in coupling phase with the gene (Uvf-1) were mapped in 55 F2 plants. No recombinants between OPI20900 and Uvf-1 were detected. Two additional markers (OPP021172 and OPR07930) were linked to the gene in repulsion phase at a distance of 9.9 and 11.5 cm, respectively [87]. However, these markers have not been adopted in any breeding programs.



4.1.3. Markers for Broomrape Resistance

The first study to identify QTLs controlling broomrape resistance in faba bean was conducted using an F2-derived population of a cross between the resistant line Vf136 and the susceptible line Vf6 [97]. Vf136 derives from a cross between the Spanish cultivar “Alameda” and Vf1071, a resistant line selected from Giza 402 and one of the main sources of broomrape resistance [98,99]. Three QTLs (named Oc) were identified, suggesting that broomrape resistance in faba bean is a polygenic trait with major effects from a few single genes. Oc1, Oc2 and Oc3 were assigned to chromosome I, chromosome VI and linkage group 11, respectively, and collectively explain 74% of the total phenotypic variance (37.3%, 11.3% and 25.5%, respectively). All the resistance-enhancing alleles originated from the resistant parent Vf136. Oc1 and Oc3 had considerable dominant effects, whereas Oc2 displayed purely additive gene action [3].

In order to validate the QTLs identified in the F2 population, 165 RILs (F6 generation) from the cross Vf6 × Vf136 were used to construct a new linkage map with a wide genome coverage [91]. To confirm the position and effects of the three QTLs identified in F2, validation experiments were carried out using the F6 progeny in three environments. Oc1, the major QTL identified in F2 and explaining the highest percentage of the phenotypic variance, was not further detected in the RILs in any of the environments [91]. This is probably due to overdominance displayed by the QTL in the F2. Dominance ebly due to overdominance displayed by the QTs generation but are absent in RILs. Moreover, some QTLs detected in early generations of maximum linkage disequilibrium are indeed due to multiple linked genes that may be separated via recombination [100], which could also explain this outcome. Indeed, two additional QTLs (Oc4 and Oc5) with small effects (17% and 9%) were detected in the same linkage group as Oc1, which is ascribed to chromosome I. Both QTLs were only expressed in one of the environments. Variations in the level of infestation and/or weather conditions could have contributed to differences in gene expression between environments.

In contrast to Oc1, both Oc2 and Oc3 showed consistency between F2 and F6 generations [3] since they were detected in at least two of the three environments confirming their environmental stability and pointing to their suitability as future targets for MAS [91].

The information available so far, especially that for resistance to Ascochyta and crenate broomrape, reveals the potential use of molecular markers for indirect selection for resistance in faba bean. Depending on their relative effects and position, some of the QTLs could be used in MAS approaches, after saturation of target regions to refine QTL position and identify the marker most closely linked to the resistance genes. Recent unpublished advances are integrated in Table 1.



4.1.4. Markers for Anti-Nutritional Characters

Vicine-convicine content may decrease up to 20 times due to the presence of the vc-allele that is linked to colourless hilum in the seeds [101]. RAPD markers linked to the recessive allele (vc-) were identified by analysing an F2 population derived from a cross between Vf6 and the vc-genotype [102]. Two RAPDs linked in coupling and repulsion phase to the vc-allele were identified and converted into SCARs (Sequence Characterized Amplified Regions). The loss of the initial polymorphism between pools was resolved by restriction analysis with HhaI for SCAR SCH01620 and RsaI for SCAR SCAB12850, polymorphic between the parental lines. The simultaneous use of these CAPS (Cleavage Amplification Polymorphic sequences) allowed the accurate fingerprinting of the vc-allele in faba bean lines and could facilitate the development of cultivars with low vicine-convicine content and improved nutritional value although the simple visual assessment of hilum colour would remain as most cost effective (Table 1).

Tannin: Two recessive genes, zt-1 and zt-2, control the absence of tannins in faba bean seeds, generating white flower plants [103,104]. Four RAPD loci (OPC5551, OPG15600, OPG111171 and OPAF20776) were identified that are tightly linked to zt-1 [13]. Two SCARs were developed, SCC5551 associated to white flowers and zero tannin content and SCG111171 linked to coloured flowers and high tannin content. The genotyping of both markers in 37 faba bean lines differing in flower colour and tannin content resulted in a 95% selection efficiency of the zt-1 genotypes [13]. The same strategy was used to identify a cost-effective marker linked to zt-2 [14]. Five RAPD markers linked in coupling and repulsion phase to the gene were identified and further converted into SCARs, although the initial polymorphism was lost. Restriction of the SCAR SCAD16589 with AluI (SCAD16-A), Bsp120 (SCAD16-B) and HinfI (SCAD16-H) revealed differences due to the amplification of different loci. The consensus sequence of these CAP (Cleavage Amplification Polymorphism) revealed three bands, from which two new forward SCAR primers were developed based on the specific sequences from zero tannin and high tannin genotypes. A multiplex PCR was further developed to improve the efficiency of the marker screening with the same advantages as a co-dominant marker.

The SCAR markers linked to zt-1, zt-2 and vc- will facilitate gene pyramiding in the production of faba bean cultivars with improved nutritional value for human and animal consumption. However, simple phenotypic measure of hilum and seed coat colour, possibly used with mass selection using electronic colour sorters would be a far more rapid, cheaper and easier way to select for recombinants that contain all genes of interest.



4.1.5. Markers for Determinate Growth Habit

Compared with the bulked segregant analysis, the use of a candidate gene approach potentially allows the development of diagnostic or perfect markers that are completely linked to the selected trait. This approach is only possible when the target gene is well characterized in the species or in related species carrying orthologous genes. Commonly, the co-dominant nature of these markers facilitates the identification of both homozygous and heterozygous individuals. This strategy has been used to develop molecular markers linked to growth habit in faba bean.

A gene determining growth habit (CEN) was first cloned in Antirrhinum, and later several orthologous CEN/TFL1-like genes were identified in Arabidopsis, tomato, tobacco, pea, citrus, apple and other fruit species. Based on this information, an orthologue of CEN/TFL1 responsible of the growth habit in faba bean was identified and a CAPS marker based on a SNP (single nucleotide polymorphism) was developed at position 469 of the intron 2–3 [10]. This marker failed to detect some determinate genotypes since the SNP was a silent mutation. Further investigation allowed the development of a dCAPS marker based on a SNP associated with an amino acid change (Leu-9 to Arg) in the determinate growth habit genotypes. This new diagnostic marker was able to discriminate the gene of interest in a broad range of cultivars historically grown in Europe [11]. Although interesting research, these findings are unlikely to substitute for visual assessment of growth habits in early generation breeding where many other genes and combinations of gene are appraised and selected.

So far, marker research has been towards academic research rather than application and has not delivered benefits to breeding either in efficiency or effectiveness of selection. Unless research is closely linked to breeding and target traits are those where markers offer a significant advantage over existing phenotyping methods, the markers will not be implemented in commercially focused faba bean breeding programs.




4.2. Use of Genomic Technologies

Among the cool season food legumes, faba bean genome is the largest (13 Gbp; Table 2). The large genome size of faba bean complicates the development of saturated genetic linkage maps, identification or location of important genes as well as functional genomic studies. However, combining functional, comparative and structural genomics can uncover increasing numbers of candidate genes. These genes represent excellent targets for QTL studies and may allow the identification of markers closely linked to genes of interest.

Table 2. Summary of genome sizes and ploidy level of cool season food legumes.


	Species
	Genome Size
	Ploidy Level





	Cicer arietinum (chickpea)
	740 Mbp
	2n = 16



	Lens culinaris (lentil)
	4 Gbp
	2n = 14



	Pisum sativum (field pea)
	5 Gbp
	2n = 14



	Vicia faba (faba bean)
	13 Gbp
	2n = 12











4.2.1. Comparative Genomics

Until recently, most legume crops were categorized as ‘genomic orphans’ due to the lack of enriched genetic and genomic resources [105]. Therefore, most of the genetic and genomic studies within legumes have been based on comparative genomics with Medicago truncatula. Nevertheless, significant efforts have been made recently to enrich genetic and genomic resources for lentil [106], field pea and faba bean [107]. A large number of DNA based markers have now been developed, which can be used to understand the genetics of faba bean as well as for comparative genomic studies.

Within Fabaceae family, M. truncatula and Lotus japonicus have been extensively studied at genetic and genomics level as: (i) they have small genome sizes (500 Mbp and 470 Mbp, respectively) and relatively short life cycles [108]; (ii) a large number of germplasm collections are available for them that might be useful to look for genetic polymorphisms and to study various important traits. As a result, (i) several genetic linkage maps are available for both species [109,110,111]; (ii) whole genome sequencing projects have been undertaken for these species, providing the opportunity to identify putative orthologous gene sequence resources in other crop legume species, especially those located within the Galegoid clade (Figure 1) of the Fabaceae sub-family Papilionoideae [104]; (iii) several transcriptomic and proteomic tools have been developed in both model legumes [112,113,114]. All of the genomic and genetic resources developed in these model legume species can be used across other legume species such as faba bean, lentil, field pea and chickpea for comparative analysis (Figure 1).

Figure 1. Taxonomic relationship between model and cool season food legumes (Arrows indicate the possibility of adaptation of information derived from model species (Mt, Lj) across cool season food legumes- translational genomics); Figure adopted from [110].
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Comparative mapping and genome analysis can help to understand conservation and differences in gene content and order among different taxa. The development of the Legume Information System (LIS; [115]) integrates genetic and physical map data and enables macrosynteny analyses to be carried out between legume species. The initial evidence of existence of macrosynteny between legume species was provided by comparison of genetic linkage maps of lentil and chickpea to field pea that indicated the presence of eight and five large syntenic blocks, respectively [116]. Comparisons between pea and M. sativa also revealed a significant conservation of the gene order in these two species [117]. Comparisons between M. truncatula and L. japonicus indicated that both genomes share at least 10 syntenic blocks among themselves [118].



The genome of M. truncatula has been used as a reference for comparative mapping and to develop intron targeted gene based anchor markers for legume species [119]. These markers were used to study macrosyntenic relationships between lentil, chickpea, field pea, faba bean, lupins and common bean. Other comparative genomic studies also revealed that co-linearity exits between legume species to different extents depending on their phylogenetic distances. Though the genome size of faba bean is about 25-fold larger than the genome of M. truncatula, large-scale genome conservation is expected as both M. truncatula and V. faba belong to same clade. Hence, a comparative genetics approach between these two species would be useful. A composite genetic map of faba bean has been constructed [120] and intron-targeted gene-based markers have been developed and tested for faba bean. A total of 796 intron targeted amplified polymorphic markers were used to construct a comparative genetic map of faba bean and a simple and direct macrosyntenic relationship between faba bean and M. truncatula was observed [5]. This study also provided evidence for no polyploidisation, segmental duplication, or significant rearrangements in faba bean genome even though the genome size is massively large [5].

The high level of synteny that exists between most legume genomes should allow an efficient transfer of acquired knowledge in these model legumes to improve other poorly studied legume species such as faba bean. Recently, the whole genome of soybean (Glycine max) has been sequenced, which is proving to be very useful to provide further insights into legume genetics and biology [121]. Also, candidate genes identified by transcriptomic, proteomic or map-based cloning can be transferred to elite cultivars of faba bean after validation of its function through genetic transformation. Thus, comparative genomics has assisted in understanding the faba bean genome but has not delivered candidate genes from which novel genotypes or molecular markers can be developed and incorporated into breeding.



4.2.2. Functional Genomics

Functional genomics studies in faba bean are scarce, mostly academic and not directly related to crop improvement. Faba bean was used as a model plant to study stomatal movement [122,123,124,125]. An ABA-activated and Ca2+-independent protein kinase (AAPK) was identified involving in ABA action in guard cells [126]. A fia (faba bean impaired in ABA-induced stomatal closure) mutant in which the stomatal movement was disturbed was also identified in faba bean [127].

Full length cDNAs encoding three amino acid permeases were isolated from seed-specific libraries of faba bean [128]. The predicted proteins VfAAP1, VfAAP3 and VfAAP4 share up to 66% identity among themselves. Functional characterization of VfAAP1 and VfAAP3 showed that these permeases transport a broad range of amino acids [128]. However, VfAAP1 had a preference for cysteine and VfAAP3 for lysine and arginine. Cysteine repressed the expression of the GUS reporter gene under control of the VfAAP1 promoter, indicating that this transporter is modulated at the transcriptional level [128].

Legumin amounts to approximately 55% of the seed protein in faba bean and it is a representative of the 12S storage globulin family. The 12S storage globulins are hexameric holoprotein molecules composed of different types of polymorphic subunits encoded by a multigene family [129]. In faba bean, isolation of at least a vicilin gene [130] and of four legumin genes have been reported [131]. The subunits of both legumin and vicilin were found to have a wide range of heterogeneity [131]. For example, legumin was found to be composed of 29 disulphide-linked subunit pairs with different molecular weight and/or isoelectric point, while vicilin composed of as many as 59 subunits with different isoelectric points [131].

Faba bean is an excellent candidate crop to study the genetic basis for nitrogen input into temperate agricultural systems [116,132]. A cDNA library derived from root nodules was used to investigate nodule-specific clones in faba bean [133,134]. VfSUCS was found to encode a sequenced sucrose synthase and served as a source of energy in symbiotic nitrogen fixation [135]. VfNOD32 encodes a nodulin with sequence similarities to chitinases [124]. Some faba bean nodulin genes encoded glycine-rich proteins [136]. The faba bean leghemoglobin gene VfLb29 was specifically active in the infected root nodules and in arbuscule-containing cells of mycorrhizal roots. Its promoter was used to test the infected activity in root nodule cells and in the arbuscule-containing cells of mycorrhizal roots from different legume and nonlegume plants [137,138,139]. The information outlined shows that functional genomics has as yet had no impact on faba bean breeding internationally.




4.3. Genetic Transformation

The development of genetic transformation techniques and transgenic faba bean are of commercial interest as they might facilitate the production of cultivars with improved characteristics, when useful resistance or tolerance genes to biotic and abiotic constraints may not be available in the primary gene pool of faba bean, and it would be difficult to transfer these genes through interspecific crossing [140,141,142]. Development of transgenic faba bean requires efficient and reproducible protocols for both regeneration and genetic transformation and suitable resistance or tolerance genes from other species.


4.3.1. In vitro Regeneration

The investigation of in vitro regeneration of faba bean has been extensive since 1960s. The first attempts to cultivate faba bean in vitro focused on the optimal growth of callus tissue or suspension cultures rather than the induction of shoot morphogenesis and plant regeneration [143,144,145]. The influence of media composition and explant source on the initiation and maintenance of cultures were tested and the conditions optimized for maximum increase in callus fresh weight. The morphogenic potential of faba bean cells cultured in vitro was low [146]. To develop a system for plant regeneration from single cells, callus and cell suspension cultures were established over a long period of time, but all attempts to initiate shoot regeneration remained unsuccessful. A serious constraint in faba bean tissue culture is the deterioration of explant material and cultivated tissue as a result of the action of phenolic compounds. The effect of various chemical and physical parameters in axillary shoot cultures was examined and low temperatures were found to limit the formation of phenolics [147,148]. Plantlet regeneration from explants lacking pre-existing shoot meristems was first claimed by [149].

After the protoplasts were isolated from leaves and shoots [150,151] and suspension cells [152], the regeneration of faba bean plant from protoplasts was reported [153]. Somatic embryogenesis in callus and suspension cultures derived from immature cotyledons of faba bean [154], a protocol in which plantlets derived from somatic embryos could be grown to maturity [155] and an improved protocol combined with the Agrobacterium tumefaciens-mediated gene transfer [156] were subsequently been achieved.



4.3.2. Genetic Transformation

Several investigators worked extensively on faba bean transformation and regeneration of transgenic plants [157,158,159,160,161]. The first attempts to transfer foreign genes into faba bean were attempted using Agrobacterium rhizogenes containing the binary vector pGSGluc1 carrying nptII and uidA genes under the control of the bidirectional TR1/2 promoter [160]. Beta-glucuronidase (GUS)-positive roots and subsequently transgenic calli lines were obtained. A similar study using an A. rhizogenes strain containing pBin19 for inoculation of faba bean cotyledons and stem tissue led to successful transfer of the nptII marker gene [161]. However, no transgenic faba bean plants were regenerated in any of these studies. The lack of an efficient protocol for the regeneration of transgenic plants was the main obstacle to faba bean transformation. Bacteria carrying shooty types Ti-plasmids, pGV2215 and pGV2235, were tried but neither of the two mutants appeared to improve regeneration [157]. Finally, the first transgenic faba bean plants were recovered from transformed tissues through de novo regeneration using thidiazuron (TDZ) [162]. The second successful protocol was based on direct shoot organogenesis from meristematic cells of mature or immature embryo axes [163].

The two successful studies demonstrated that transgenic approach could be used to improve protein quality in faba bean, and the bar gene (PPT acetyltransferase) could be effectively used as a selective agent of transgenic individuals, instead of the unpopular antibiotic resistance. Though the major hindrances in generating transgenic faba bean plants have been overcome, the number of transgenes that have been introduced into the faba bean genome is still limited. There are numerous traits that would be suitable for improving faba bean yield and nutritional quality. However, to complete the whole procedure of generating a commercial faba bean line, starting with the newly developed transgenic plant, then outcrossing the new trait into economically valuable genotypes, and eventually getting the approval for registration of the transgenic line, could take many years to achieve [164]. Furthermore, the acceptance of transgenic faba beans in the international marketplace, particularly Egypt, is unclear and therefore risky to pursue for large exporters such as Australia or the European Union.





5. The Impact of Molecular Technologies on Faba Bean Breeding

The impact of molecular technologies in the faba bean breeding program has been minimal and unlikely to be realized for many years as research is still in the ‘technology innovation phase’ and still evolving. However, these evolving molecular technologies offer opportunities to improve our genetic understanding of faba bean at the gene and genomic levels and offer the potential for the use of molecular tools in breeding as technologies improve and become cheaper to implement in research and breeding.


5.1. New Approaches for More Efficient Targeted Marker Development

Though faba bean maps are being continuously enriched by new SSRs, RGAs (resistance gene analogues) [165,166] and PCR gene-derived markers, new approaches are needed for efficient mapping of its large genome. The availability of genome sequences of model species, as well as the sequence information from expressed sequence tags (ESTs) has led to the development of a new generation of gene-targeted or functional markers. Within the comparative mapping program of the European GLIP project [167] a number of intron-targeted gene-based anchor markers were developed, using M. truncatula and pea as reference genomes.

Moreover, a number of ITAPs (intron-targeted amplified polymorphic markers) have been developed after alignment of M. truncatula, G. max and Lupinus spp. database EST sequences [5]. More than 150 orthologous codominant cross-species markers were deployed to produce the first exclusively gene-based genetic linkage map in this species, using an F6 population developed from Vf6 × Vf27 [5]. This map is being used at present to identify genes and QTLs related to yield and other agronomic related components. Moreover, genotyping of some of these ESTs in former faba bean maps mentioned in this review (Vf6 × Vf136 and Vf29H × Vf136) is being carried out with the aim of developing a composite genetic map in the near future.

Recent advances in next generation sequencing technologies enable the generation of large volumes of sequence efficiently and cost-effectively [168,169]. This has led to a revolution in biological and agricultural applications including identification of genes correlated with key breeding traits through high-density SNP marker and genome-wide association analysis studies (GWAS) [170,171]. Another outcome is the ability to accurately identify sequences flanking short sequence repeat (SSR) regions of faba been for use as locus-specific markers for downstream genotyping, which was done in ICS of CAAS and DNA sequences data of around 280,000 putative SSR loci were obtained. Using next generation sequencing for molecular marker development and construction of a saturated linkage map will be a major milestone for faba bean research.



5.2. New Perspectives for Effective MAS

Limited literature exists in legumes on gene transfer or gene pyramiding using MAS, and the few reports are mostly focussed on soybean, common bean and pea [172]. Recent work on tagging QTLs for important faba bean disease resistance traits, reveal new perspectives for effective MAS schemes in this species [3,89,90,91]. However, saturation of target regions associated with QTLs and validation in multiple environments and genetic backgrounds are necessary steps in the detection of reliable marker-trait associations.

If marker technologies can further reduce the cost of MAS considerably, the impact of MAS on faba bean breeding may be significantly enhanced and adopted in areas such as use of (i) marker for the selection of parents in breeding programmes; (ii) MAS for high-priority traits that are difficult, time consuming or expensive to measure; (iii) markers to minimize linkage drag via recombinant selection; (iv) screening for multiple traits at a single plant for gene pyramiding; (v) MAS to rapidly eliminate unsuitable lines after early generation selection, thus allowing breeders to concentrate on the most promising materials in breeding programmes [81], and thereby accelerating faba bean cultivar release.



5.3. Identification and Characterisation of Candidate Genes

The identification of candidate genes and the elucidation of their role are facilitated by combining QTL analysis with different sources of information and technological platforms. The progress of technologies involving high throughput profiling of the transcriptome, proteome and metabolome offers the possibility of investigating the concerted response of thousands of genes to key biotic and abiotic stresses. Some of these genomic tools have been used in faba bean crop improvement within the framework of the ERA-PG project LEGRESIST [173]. Super SAGE technology was employed to obtain the stress transcriptomes of different legume plants (faba bean, chickpea, pea, lentil and grass pea (Lathyrus sativus L.) infected by their corresponding Ascochyta pathogens [174]. Moreover, a faba bean cDNA library is available with transcriptomic data of faba bean interaction with this pathogen.




6. Future Perspectives

As the wild ancestor of faba bean has not been discovered or has become extinct, ex situ collections are crucial for the present and future breeding activities of this crop [18]. Also, due to the technical difficulties of achieving interspecific crosses or of producing transgenic lines with V. faba, breeders are currently confined to natural variability within the species or to mutagenesis, which is still underexploited in faba bean [18]. One potential area for mutation research that could be adopted quickly as a breeding objective is the identification of faba bean genotypes with tolerance to herbicides for in-crop control of broad leaf weeds. There are very few options for in-crop control of broad leaf weeds and the risk of severe weed infestation and build-up of the weed seed bank is a disincentive to adoption of faba bean in some regions of Australia. Tolerance to specific herbicides, for instance Glyphosate, would also assist in management of broomrape. Naturally occurring and induced variation in tolerance to herbicides has been identified for other grain legume crops such as lentil and similar variation could be exploited in faba bean.

A significant genomic resource was recently generated by sequencing of the faba bean transcriptome [107]. A total of 304,680 reads were generated from a range of sampled tissues from 2 faba bean genotypes (Icarus, Ascot) using the GS FLX Titanium chemistry, and a large number of SSRs and SNPs have been identified [107]. These markers may become very useful for understanding genetic diversity, cultivar identification, linkage mapping and QTL studies to understand traits of interest in faba bean. Once the QTLs have been identified, fine mapping approaches can be used to identify diagnostic markers. With the advancement in sequencing technology and the sequencing costs coming down, it will also be feasible to sequence the whole genome of faba bean. This will provide further insights into understanding the genes of interest, their functions and finally integrating this knowledge to improve breeding strategies.

Though there are many prospects for integrating molecular biology with traditional breeding, there are a few potential problems that need to be addressed. Once enabling technologies in biotechnology and genomics become available, economic factors often determine the degree to which these innovations are integrated into existing breeding programs. Although genetic studies have identified chromosomal regions and linked markers, traditional breeding programs continue to use phenotypic selection methods to identify genotypes that are resistant to current isolates of pathogen. The adoption of markers in routine screening for complex diseases in small crops will continue to be limited due to (i) the need for resistant varieties in the field, but a lack of understanding between molecular studies and “real world” needs and (ii) additional expenses, complexity and expertise needed for identifying, developing and implementing reliable molecular markers. The need to overcome these limitations is further demonstrated by marker research for broomrape resistance whereby molecular breeding programs have no consistent markers available even after 10 years of research. A major problem with markers for complex diseases is that they can only be applied to known genes and neglect the genes used in breeding programs that have not been characterised or the combination of genes that may provide resistance to complex pathogen populations in the field.

Therefore, the broad applicability of molecular tools in conventional faba bean breeding will remain a topic of debate [175]. The other potential factors that limit the application of molecular approaches into faba bean breeding include: (i) requirement of training and expertise in both molecular biology and faba bean breeding; (ii) the need for bigger investments for infrastructure for molecular genetics and genomics of faba bean. These problems can be easily overcome by national and international collaborations. Major efforts are needed to be made to implement education programs that can promote training in molecular faba bean breeding. Most importantly, research and breeding programs must be closely linked to ensure that the research is targeting and delivering the traits where molecular markers can be applied effectively in breeding.
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