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Abstract

:

Pea (Pisum sativum L.) was the original model organism used in Mendel’s discovery (1866) of the laws of inheritance, making it the foundation of modern plant genetics. However, subsequent progress in pea genomics has lagged behind many other plant species. Although the size and repetitive nature of the pea genome has so far restricted its sequencing, comprehensive genomic and post genomic resources already exist. These include BAC libraries, several types of molecular marker sets, both transcriptome and proteome datasets and mutant populations for reverse genetics. The availability of the full genome sequences of three legume species has offered significant opportunities for genome wide comparison revealing synteny and co-linearity to pea. A combination of a candidate gene and colinearity approach has successfully led to the identification of genes underlying agronomically important traits including virus resistances and plant architecture. Some of this knowledge has already been applied to marker assisted selection (MAS) programs, increasing precision and shortening the breeding cycle. Yet, complete translation of marker discovery to pea breeding is still to be achieved. Molecular analysis of pea collections has shown that although substantial variation is present within the cultivated genepool, wild material offers the possibility to incorporate novel traits that may have been inadvertently eliminated. Association mapping analysis of diverse pea germplasm promises to identify genetic variation related to desirable agronomic traits, which are historically difficult to breed for in a traditional manner. The availability of high throughput ‘omics’ methodologies offers great promise for the development of novel, highly accurate selective breeding tools for improved pea genotypes that are sustainable under current and future climates and farming systems.
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1. Introduction


Pea belongs to the Leguminosae family (Genus: Pisum, subfamily: Faboideae tribe: Fabeae), which has an important ecological advantage because it contributes to the development of low-input farming systems by fixing atmospheric nitrogen and it serves as a break crop which further minimizes the need for external inputs. Legumes constitute the third largest family of flowering plants, comprising more than 650 genera and 18,000 species [1]. Economically, legumes represent the second most important family of crop plants after Poaceae (grass family), accounting for approximately 27% of the world's crop production [2]. Dry pea currently ranks second only to common bean as the most widely grown grain legume in the world with primary production in temperate regions and global production of 10.4 M tonnes in 2009 [3]. Pea seeds are rich in protein (23–25%), slowly digestible starch (50%), soluble sugars (5%), fiber, minerals and vitamins [4]. On a worldwide basis, legumes contribute about one-third of humankind's direct protein intake, while also serving as an important source of fodder and forage for animals and of edible and industrial oils. One of the most important attributes of legumes is their capacity for symbiotic nitrogen fixation, underscoring their importance as a source of nitrogen in both natural and agricultural ecosystems [5]. Legumes also accumulate natural products (secondary metabolites) such as isoflavonoids that are considered beneficial to human health through anticancer and other health-promoting activities [6]. Pea has also been a model system in plant biology since the work of Gregor Mendel [7,8].



The fundamental discoveries of Mendel and Darwin established the scientific basis of modern plant breeding in the beginning of the 20th century. Similarly, current progress in molecular biology, genetic and biotechnology has revolutionized plant breeding, allowing a shift toward molecular plant breeding and adding to its interdisciplinary nature [9]. However, although the methods have been available for over a decade, there is still a large gap between plant biologists engaged in basic research and plant breeders. In this review we summarize the current status of pea genetics, genomics and molecular biology in a format relevant for application to pea breeding.




2. Origin of Pea


Pea (Pisum sativum L.) is one of the world’s oldest domesticated crops [10,11]. Its area of origin and initial domestication lies in the Mediterranean, primarily in the Middle East. Prior to cultivation, pea together with vetches, vetchlings and chickpeas was part of the everyday diet of hunter-gatherers at the end of the last Ice Age in the Middle East and Europe. Remains of these legumes occur at high frequencies in sites dating from the 10th and 9th millennia BC suggesting that domestication of grain legumes could even predate that of cereals [11]. Thus, grain legumes were fundamental crops at the start of the ‘agricultural revolution’ which facilitated the establishment of permanent settlements. Subsequently, during centuries of selection and breeding thousands of pea varieties were developed and these are maintained in numerous germplasm collections worldwide [12]. The range of wild representatives of P. sativum extends from Iran and Turkmenistan through Anterior Asia, northern Africa and southern Europe [13,14,15]. However, due to the early cultivation of pea it is difficult to identify the precise location of the center of its diversity, especially considering that large parts of the Mediterranean region and Middle East have been substantially modified by human activities and changing climatic conditions. Moreover, reliable and thorough passport data are often missing or incomplete for the early accessions that were collected. The genus Pisum contains the wild species P. fulvum found in Jordan, Syria, Lebanon and Israel; the cultivated species P. abyssinicum from Yemen and Ethiopia, which was likely domesticated independently of P. sativum; and a large and loose aggregate of both wild (P. sativum subsp. elatius) and cultivated forms that comprise the species P. sativum in a broad sense [7,12,16,17,18].




3. Global Pea Cultivation


Dry pea is grown in temperate zones and FAOSTAT [3] registered 94 countries growing pea during the period from 2000–2010 (Figure 1 and Supplementary S1) and cultivated area of dry pea ranged from 6 to 6.5 million hectares. Dry pea production in Europe declined while production increased in Canada, USA and the Russian Federation (Figure 1). The reasons for these changes include economic, biological, physical, sociological and technical factors. Canada has remained the leading pea producing country in the world over the last decade. Countries with production area greater than 100,000 hectares and yield less than 1000 kilograms ha-1 included Pakistan and Ethiopia. The highest yields of 4000–5000 kilograms ha-1 were traditionally achieved in Europe (Netherlands, France and Belgium). The worldwide average yield was about 1700 kilograms ha-1 and yields less than 500 kilograms ha-1 were recorded in parts of Africa (Supplementary S1). The ten countries with the greatest dry pea production are shown in Figure 1. European countries showed a gradual decrease in production from 2004 to 2009, while the opposite trend was recorded for the Russian Federation, India and USA where production showed a slow increase.
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Figure 1. Production of dry peain 10 the most productive countries [3]. 
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4. Assessment and Conservation of Pea Diversity


Currently, no international center conducts pea breeding and genetic conservation [18] and no single collection predominates in size and diversity (Table 1). Important genetic diversity collections of Pisum with over 2000 accessions are found in national genebanks in at least 15 countries (Table 1), with many other smaller collections worldwide [12,19]. A high level of duplication exists between the collections, giving a misleading impression of the true level of diversity [12,15,19]. However, the numbers of original pea landraces mainly from Europe, Asia, the Middle East and North Africa/Ethiopia have not been documented. The much smaller collections of wild relatives of pea are less widely distributed and there is more clarity when tracing these accessions to their origin. There are still important gaps in the collections, particularly of wild and locally adapted materials, that need to be addressed before these genetic resources are lost forever [15]. With the anticipated climate change-associated increase in the frequency of weather extremes affecting agricultural production, collecting adapted germplasm as well as pest and disease resistance genotypes is a priority [18].



Many studies have been conducted on Pisum germplasm collections to investigate genetic and trait diversity. Several major world pea germplasm collections have been analyzed by molecular methods and core collections were formed (Table 1). For example, genetic diversity has been assessed in over 2000 accessions from the Chinese collection using 21 SSR loci, 310 USDA pea accessions have been assessed using 37 RAPD and 15 SSR markers, and INRA France used an extensive set of 121 isozyme, RAPD, EST and SSR markers to genotype 148 accessions [20,21,22]. Additional examples include, analysis of 60 pea cultivars grown in Canada with RAPD, ISSR and SSR markers [23]; analysis of the entire JIC pea germplasm collection (3029 accessions) consisting of a broad balance of cultivars (33%), landraces (19%) wild accessions (13%) and genetic stocks (26%), using 45 retrotransposon-based insertion polymorphism (RBIP) markers; and genotyping 1283 pea accessions representing much of the cultivated pea diversity held at the Czech National Pea Germplasm collection (CzNPC) using a combination of 25 RBIPs and 10 SSRs [17,20,21,22,23,24,25].



Retrotransposon insertions showed good agreement with gene sequence and sequence specific amplified polymorphism (SSAP) studies [26,27]. It was shown that both SSRs and RBIPs have similarly high polymorphism information content and offer comparable diversity measurements in diversity surveys at the species level [28]. SSRs have also been popular for assessing Pisum diversity because of their high polymorphism information content, co-dominance and reproducibility [24]. Microsatellites have much higher mutation rates (estimated at 10−4·site−1·year−1) than the nucleotide substitution rate and, therefore, suffer from homoplasy (the state when identical alleles have arisen by two or more different pathways of descent) in widely diverse material [12,16].



A high-throughput genotyping technology based on insertion and deletion of retrotransposons was developed from the Ty1-copia retrotransposableelement sequences which have been used to study molecular variation among pea core collections [12,16,17,25,26,27,28,29]. It was demonstrated that Ty1-copia retrotransposableelement sequences provide greater power for phylogeny and genetic relationship studies compared to other marker types and are, therefore, well suited to in-depth phylogeny and germplasm diversity studies [12,17,29]. Another class of highly abundant retrotransposons in pea, the Angela-family, was identified and used for fingerprinting [30]. Improvements in marker methods have been accompanied by refinements in computational methods to convert original data into useful representation of diversity and genetic structure. Initially distance-based methods have been challenged by model-based Bayesian approaches [31,32,33]. Incorporation of probability, measures of support, accommodation of complex models, and various data types make them more attractive and powerful.





[image: Table] 





Table 1. List of sixteen major world pea germplasm collections with over 1000 accessions. Collections that have been genotyped, phenotyped or have core collections are indicated.
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Code

	
Country

	
Institute

	
Number of Accessions

	
Web site

	
Genotyped

	
Phenotyped

	
Core






	
VIR

	
Russia

	
N.I. Vavilov Research Institute of Plant Industry, St. Petersburg

	
6,790

	
http://www.vir.nw.ru/data

	
not

	
not

	




	
USDA

	
USA

	
Plant Germplasm Introduction and Testing Research Station, Pullman

	
5,400

	
http://www.ars-grin.gov

	
yes

	
yes

	
formed




	
BAR

	
Italy

	
Istituto del Germoplasma, Bari

	
4,297

	
http://www.ba.cnr.it/areagg34/germoplasma

	
not

	
not

	




	
SAD

	
Bulgaria

	
Institute of Plant Introduction and Genetic Resources, Sadovo

	
2,787

	
http://www.genebank.hit.bg

	
not

	
not

	




	
NGB

	
Sweden

	
NordGen, Nordic Genetic Resource Centre, Alnarp

	
2,724

	
http://www.ngb.se/sesto

	
not

	
not

	




	
CGN

	
The Netherlands

	
Centre for Genetic Resources, Wageningen

	
1,008

	
http://www.cgn.wur.nl/pgr/

	
not

	
not

	




	
ATFC

	
Australia

	
Australian Temperate Field Crop Collection, Horsham

	
6,567

	
http://www2.dpi.qld.gov.au/extra/asp/AusPGRIS

	
yes

	
yes

	
formed




	
ICARDA

	
Syria

	
International Center for Agricultural Research in the Dry Areas, Aleppo

	
6,105

	
http://www.icarda.cgiar.org

	
not

	
not

	




	
GAT

	
Germany

	
Leibniz Institute of Plant Genetics and Crop Plant Research, Gaterleben

	
5,336

	
http://fox-serv.ipk-gatersleben.de/

	
not

	
not

	




	
ICAR

	
China

	
Institute of Crop Sciences, CAAS China

	
3,837

	
http://icgr.caas.net.cn/cgris

	
partly

	
not

	




	
JIC

	
UK

	
John Innes Centre, Norwich

	
3,557

	
http://www.jic.ac.uk/GERMPLAS/pisum

	
yes

	
yes

	
formed




	
WTD

	
Polland

	
Plant Breeding and Acclimatization Institute Blonie, Radzikow

	
2,899

	
http://www.ihar.edu.pl/gene_bank/

	
not

	
not

	




	
INRA

	
France

	
INRA CRG Légumineuse à grosses graines, Dijon

	
1,891

	
http://195.220.91.17/legumbase/

	
partly

	
yes

	
formed




	
UKR

	
Ukraine

	
Yurjev Institute of Plant Breeding, Kharkov

	
1,671

	
http://www.bionet.nsc.ru

	
not

	
not

	




	
CZE

	
Czech Republic

	
AGRITEC, Research, Breeding and Services Ltd., Sumperk

	
1,284

	
http://genbank.vurv.cz/genetic/resources

	
yes

	
yes

	
formed




	
HUN

	
Hungary

	
Institute for Agrobotany, Tapioszele

	
1,188

	
http://www.rcat.hu

	
not

	
not

	









RBIP markers were chosen because of their scoring simplicity and the entire JIC dataset, the Czech National Pea Collection (CzNPC), and a selected core set of 117 accessions of Chinese origin from the ATFC collection were analyzed using a common set of 17 RBIP loci [12,17,25]. This combined set of 4429 accessions provided a total of 75,293 data points. Bayesian (BAPS) analysis provided posterior assignments for K = 2 to 14 with optimal partitioning into 11 clusters (K = 11). Notably, all wild peas (P. fulvum, P. sativum subsp. elatius, and P. abyssinicum) separated in one cluster together with the accessions of Afghan origin. Another cluster contained a large proportion of P. sativum subsp. sativum accessions of Ethiopian origin. One hundred forty accessions of Chinese origin from the ATFC and the JIC core collection were distributed into four clusters. The remaining clusters contained all cultivated material plus a set of mutant lines. It was proposed that the distinct differentiation of the Chinese P. sativum genotypes may in part reflect historic isolation of agriculture in eastern Asia from that in southern Asia, Europe and northern Africa. These results showed that wide diversity is captured among cultivated material; however, it is possible to broaden diversity using wild genotypes, which are often a source for various resistances and exotic traits [12]. Multivariate analysis revealed close genetic relationships within cultivated material, especially modern varieties and breeding lines, while wild material provides much of the Pisum genus diversity [12]. Heterogeneity is often found within landrace germplasm which is vulnerable to genetic erosion due to small population size within each accession and genetic drift during regeneration [34].



Climate change can be expected to exacerbate climate unpredictability and to result in unprecedented levels of heat and drought stress during the reproductive phase in agricultural areas of the temperate, sub-tropical zones worldwide, especially in the sub-Sahara and northcentral India [35,36,37,38]. Targeted utilization of selected landraces and wild relatives for adaptation to climate change will almost certainly be an urgent priority during this century. Pea as a major food legume has the capacity for enhanced nitrogen fixation and CO2 capture, which may partially offset growth reduction associated with higher temperature, shorter growing season, and periods of drought [19,38].



Conservation of pea germplasm should be scientifically based and internationally coordinated. The key priority is the collection and conservation of the historic land races and varieties of each country in ex situ gene banks. The overall goal is to ensure maintenance of variation for adaptation to the full range of agro-ecological environments, end uses (leaves, immature seed and pods, and dry seed), and production systems [39,40]. Wild peas have less than 3% representation in various national collections despite their wide genetic diversity. There is an urgent need to fully sample this variation since natural habitats are being lost due to increased human population, increased grazing pressure, conversion of marginal areas to agriculture, and ecological threats due to future climate change [41]. It is urgent to implement a comprehensive collection of wild relatives of peas representing the habitat range from the Mediterranean through the Middle East and central Asia while these resources are still available since these are likely to contain genetic diversity for abiotic stress tolerance [19]. Genetic diversity available in wild Pisum species has been poorly exploited [12,16,17]. The most attention has been given to P. fulvum, as a donor of bruchid resistance and source of novel powdery mildew resistance (Er3) [42,43]. Relatively few genotypes with high degree of relatedness have been used as parents in modern breeding programs, leading to narrower genetic base of cultivated germplasm [12,16,17]. There are several current efforts to make either genome-wide introgression lines or at least simple crosses with the intent of broadening the genetic base (Smýkal unpublished). Further investigations, particularly in the wild Pisum sativum subs. elatius genepool, are of great practical interest. Molecular methods, will allow breeders to avoid the linkage drag from wild relatives and make wide crosses more practical.




5. Pea Mutant Collections


The development of reference collections of genetic stocks for single or limited combinations of characters is a relatively recent activity dating back to the late 1800s. The earliest collection lists 21 pairs of cultivated pea lines for contrasting characters including plant form, foliage, flowers, pods and seeds that were the subject of genetic investigation held within a larger collection of 550 cultivars [44]. The adoption of induced mutagenesis became widespread as a way of accelerating mutation rates to create novel genetic variation for selection and the importance of the use of induced mutants in legume improvement programs is still recognized [45,46,47,48,49]. The major pea mutant collections include: John Innes Collection, Norwich, UK (575 accessions); IPGR collection, Plovdiv, Bulgaria (122 accessions); a targeted-induced local lesions in genomes (TILLING) population of 4817 lines (1840 described by phenotype), and 93 symbiotic mutants for 26 genes involved in nitrogen fixation [49,50,51,52]. In addition, fast neutron generated deletion mutant resources (around 3000 lines) are available for pea which have been useful in identifying several developmental genes [51,52,53].




6. Use of Pea Genetic Diversity in Trait Identification


The value of a gene bank depends on the representation of diversity in the species, its characterization for agricultural phenotypes and on identification of interesting genes and alleles [18]. Initially only core collections are expected to be fully characterized phenotypically and genetically, but a long term goal will be the full characterization of germplasm diversity. Inadvertent duplication of effort can be avoided with full documentation of synonymous accessions and establishment of pathways to share germplasm among gene banks. Sharing characterization data worldwide maximizes accession utility and distributes the cost provided there is agreement on the technology for genotypic characterization and on comparable protocols for phenotyping.



A coordinated effort to characterize germplasm collections could be achieved through an international consortium for pea genetic resources. The consortium would employ advanced analytical methods allowing three-way testing of diversity in genotypes, locations and quantitative traits to provide dynamic characterization of genotypic and phenotypic diversity in a pea core collection showing broad molecular and eco-geographic diversity [18,54]. Broad testing of the core set for adaptation across a range of different ecological locations could include developing countries from the Middle East across Central Asia where pea is a significant crop. Such a core set would also provide a useful and powerful resource for next generation markers such as SNPs or whole genome sequencing (WGS) and, more importantly, for phenotypic analysis of agronomic traits.



Selected subsets of major world pea collections were molecularly analyzed and core collections have been established (Table 1). These collections act as toolkits for association mapping, a strategy to gain insight into genes and genomic regions underlying desired traits [55]. Recent advances in genomic technology, the impetus to exploit natural diversity and development of robust statistical analysis methods make association mapping affordable to pea research programs. Compared to conventional linkage mapping based on time consuming biparental mapping population development, linkage disequilibrium (LD) mapping using the nonrandom associations of loci in haplotypes is a powerful high resolution tool for complex quantitative traits [55]. The ability to map QTLs in collections of breeding lines, landraces or samples from natural populations has potential for future trait improvement and germplasm security. The choice of germplasm, extent of genome-wide LD and relatedness within the population determine the mapping resolution, which together with marker density and statistical methods are critical to the success of association analysis. If LD decays within a short distance, mapping resolution is expected to be high, but a large number of markers are required [55]. Estimates of the rate of LD decay in pea within progressively more distantly related accessions tentatively suggest high LD among cultivars although few sequences and cultivars have been studied [26]. The decline in correlation values (r2) to very low values at 1kb, within pea wild accessions, landraces and cultivars, is comparable to rice and maize [56,57]. This estimate should be considered preliminary, but would imply that a greater number of SNPs (one hundred thousand or even millions as for maize) might be required for effective genome-wide association mapping and marker-assisted breeding.



With a wide range of approaches now available for genotyping and declining cost for whole genome sequencing, the greatest limitation for gene banks is phenotyping, not only for descriptive traits but agriculturally relevant quantitative traits related to expression of yield, crop growth and disease resistance. To increase precision, a single seed should be used for self-pollination to provide genetically uniform progeny for genotypic and phenotypic analysis. The genetic diversity within landrace accessions is purposely neglected, but hopefully compensated for by a wide survey across germplasm diversity. This level of precision is desirable if the key alleles of genes for important agronomic traits are to be identified, but broad characterization of diversity in pea germplasm can be based on a pooled DNA sample and phenotyping done on the bulked landrace mixture [20,25,56].



Quantitative trait and disease resistance characterization has generally been done in field nurseries and for only one year. Multi-environment analysis of quantitative variation involving multi-trait evaluation is far more informative than a single environment trial and potentially provides some prediction for performance in other environments [58]. The challenge for gene bank curators is to strategically sample collections and maximize information from costly evaluation trials. One approach is to use core collections that have been developed based on geography or using molecular marker diversity or developed based on priority traits [58]. This has led to using climatic site descriptors for characterization of natural selection and hence abiotic stress response and to provide lists of prospective germplasm with potential tolerances to heat, frost and drought [58]. Differential sets of germplasm with specific responses to races of a pathogen also can be tested with germplasm collections either in controlled inoculations or in different field locations to evaluate genetic diversity for disease resistance.



Searchable databases are indispensible tools for the principal clients of gene banks, such as plant breeders and germplasm enhancement scientists, to search for accessions that meet multi-trait criteria such as disease resistance, seed weight and grain yield, or even accessions originating from various environments. Pea is largely handicapped by not being a CGIAR mandate crop and consequently with no coordinated international funding support. One very important issue is the availability of molecular, agronomic and morphological trait data from different researchers for collation in a meta-database. Combining passport, morphological and genotypic data of many genebanks will both improve germplasm management and enable search/query data exploration for germplasm with multiple traits from a virtual world pea collection on-line [59]. Various software programs have been developed with this capability such as the International Crop Information System (ICIS) and the related International Wheat Information System (IWIS), Germplasm Resource Information Network (GRIN)-Global [60] by the USDA, and GENESYS with CGIAR in Rome, Italy.




7. Pea Genome, Karyotype and Genetic Maps


Despite their close phylogenetic relationships, crop legumes differ greatly in their genome size, base chromosome number, ploidy level, and reproductive biology. Nevertheless, early studies indicated that members of the Papilionoideae subfamily exhibit extensive genome conservation based on comparative genetic mapping. To establish a unified genetic system for legumes, two legume species in the Galegoid clade, Medicago truncatula and Lotus japonicus,which belong to the tribes Trifolieae and Loteae, respectively, were selected as model systems for studying legume genomics and biology [61]. Unlike many of the major crop legumes, M. truncatula and L. japonicus have small genome size, are amenable to forward and reverse genetic analyses, and are, therefore, well suited to biological inquiries important to crop legume species.



Nuclear genome size estimates for pea have been produced for several accessions using different methods and 9.09 pg DNA/2C is the most reliable value, which corresponds to the haploid genome size (1C) of 4.45 Gbp [62]. The GC content of pea is 37.7%, but in common with many eukaryotes, this GC content varies and appears to be distributed in relatively long regions of similar base composition [63]. Approximately 30% of C residues are 5methyl-cytosine and approximately 50% of 5meC are in the sequence C(A/T)G [64]. Early studies of sequence composition of the pea genome employing DNA reassociation kinetics and melting behavior measurements indicated that 75–97% of the genome is made up of heterogeneous populations of repetitive sequences [65,66]. Recent investigations using next generation sequencing (NGS) data confirmed the occurrence of highly diverse families of repeats and revealed that about 50–60% of pea nuclear DNA is made up of highly- to moderately repeated sequences [67,68]. In these studies, similarity-based clustering of sequence reads obtained from low-pass whole genome sequencing provided a global overview about repeat composition, identifying Ty3/gypsy LTR-retrotransposons as the main component of the pea repeats. Ogre elements alone were estimated to represent 20–33% of the pea genome. Other lineages of Ty3/gypsy and Ty1/copia elements as well as other types of repeats were found, at low frequency in the genome [68]. Ogre retrotransposons represent a phylogenetically distinct clade of the Tat lineage of Ty3/gypsy elements and were first identified in pea [69,70,71]. Due to their size and amplification to high copy numbers, Ogre elements are important genome constituents in other legume species [72,73]. Pea repeats have been the subject of a number of studies focusing on individual elements, including LTR-retrotransposons Cyclops, PDR, PIGY, Angela, MITE elements Zaba, Stowaway, and a group of centromeric retrotransposons [74,75,76,77,78,79,80,81]. Pea has a high number of diverse satellite repeats, some of the satellites provide useful cytogenetic markers allowing discrimination of individual chromosomes within the karyotype [82,83,84] (Figure 2).
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Figure 2. The pea karyotype. Arabic and Roman numerals refer to chromosome type and linkage group, respectively, as assigned by Neumann et al. 2002 [84] and Fuchs et al. 1998 [90]. The upper panel shows a scheme of the pea karyotype with the loci for PisTR-B (red), 5S rDNA (green), and 45S rDNA (yellow). The bottom panel shows the same loci detected by FISH on isolated metaphase chromosomes. Bar = 5 µm. 
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The standard pea karyotype comprises seven chromosomes: five acrocentric chromosomes and two (4 and 7) with a secondary constriction corresponding to the 45S rRNA gene cluster (Figure 2). The numbering of pea chromosomes is unconventional in that the largest chromosome, traditionally named Chromosome 1, is actually Chromosome 5 in pea and aligns with linkage group (LG) III. The current chromosome naming scheme arises from an early attempt to coordinate the names of linkage groups and chromosomes. There is no simple solution to this inconsistency in pea, because the two small, submetacentric chromosomes (1 and 2) are statistically impossible to distinguish in terms of relative size and arm length ratios [85]. A set of translocation stocks was generated but there was considerable disagreement about which linkage groups and chromosomes were involved [86,87]. Assignment of the translocation points of the lines L108 (=JI48), L111 and L112 include linkage groups IV, VI and VII [88]. The translocations in lines L114 and L180 remain obscure [87].



The pea chromosomes are distinguishable on the basis of morphology and in situ hybridization and these identified chromosomes can be related to linkage groups [89]. There is clearly scope for redefinition of chromosome names in pea, but no systematic renaming has been agreed upon. For this reason the chromosome numbers and linkage group numbers are referred to using Arabic and Roman numerals, respectively (1 = VI, 2 = I,3 = V, 4 = IV, 5 = III, 6 = II and 7 = VII) [89,90]. The JI145, JI146 and JI148 lines with reconstructed karyotypes were used for flow sorting of individual pea chromosomes with over 95% purity suitable for PCR-based physical mapping in pea [84]. Therefore, the only means to distinguish between all chromosome types reliably is to label the chromosomes with markers showing chromosome-specific fluorescence in situ hybridization (FISH) pattern. The satellite repeat PisTR-B was found to be the most convenient cytogenetic marker because its labeling pattern in combination with chromosome morphology allowed discrimination of all pea chromosomes [83,84] (Figure 2).



There is a long history of genetic mapping studies in pea [85,89,91,92,93,94,95,96,97,98,99,100,101,102,103,104]. Different types of polymorphisms were successively used: morphological markers, isozymes, RFLP, RAPD, SSR, EST-based, PCR-based techniques and, more recently, high-throughput parallel genotyping. A genetic map was built from a population of 51 recombinant inbred lines (RILs) derived from the cross, JI1794/Slow, placing classical mutants, isozymes, RFLP and EST markers on the Pisum genetic map [98]. Later, pea consensus linkage maps were obtained using different segregating populations. The total length of the integrated map built from the JI15/JI1194, JI15/JI399 and JI281/JI399 progenies (937 cM) was close to the expectation based on chiasma distribution [102]. Three different crosses (Terese/K586, Champagne/Terese, Shawnee/Bohatyr) were used to build a composite genetic map of 1430 cM (Haldane) comprising 239 microsatellite markers [91]. The microsatellite markers included 216 anonymous SSRs plus 13 SSRs located in genes. These markers are evenly distributed throughout the seven linkage groups of the map with 85% of intervals between the adjacent SSR markers being smaller than 10 cM. This map was used to localize numerous QTLs for disease resistance as well as quality and morphology traits. More recently, functional maps composed of genes of known function were developed [94,103,104,105]. The latest consensus map published in pea provides a comprehensive view built from data obtained for 1022 RILs belonging to six RIL populations: Terese/K586, Champagne/Terese, VavD265/Cameor, Ballet/Cameor, VavD265/Ballet, China/Cameor [104]. The map includes 214 functional markers, representing genes from diverse functional classes such as development, carbohydrate metabolism, amino acid metabolism, transport and transcriptional regulation. It also includes 180 SSR, 133 RAPD and three morphological markers and is intrinsically related to previous maps [91,94,97,98,102]. Many of these maps were constructed using common RIL mapping populations and common markers. Based on markers shared with previously published maps, 48 known mutations and 15 protein or gene markers could be placed onto this consensus map [104]. This map provides a framework for translational genomic approaches among legumes (see section 12). Comparing different maps, length variations or gene order discrepancies among populations were observed. One contribution to excess map length could be incorrect scoring (e.g., due to DNA methylation), or deficiency of heterozygotes [106,107]. Different recombination rates could also occur with longer maps for crosses among close ecotypes and shorter maps for wider crosses. Gene order discrepancies could be generated by translocation events in the different RIL populations or by missing data for markers genotyped in one population and not another [104].




8. Translational Genomics—From Model Legumes to Pea


Study of complex biological processes in plants has been facilitated by several model plants, such as Arabidopsis thaliana, rice, poplar and specifically for legumes, Medicago truncatula and Lotus japonicus. Both M. truncatula and L. japonicus are diploid legume species with eight and six chromosomes, respectively, and relatively small genome size around 500 Mb [108,109,110,111]. These models allow progress in our understanding of development, responses to biotic and abiotic stresses as well as an evolutionary perspective. A goal of legume genomics is to transfer knowledge between model and crop legumes [111]. Accordingly, an in-depth understanding of conservation of genome structure among legume species is a prerequisite. Phylogenetically closely related species usually display a high degree of conservation based on proximity (i.e., synteny) and linear order (colinearity) of genes. Comparative genetic analysis among legumes was first presented by Vavilov’s studies on homologous series of similar heritable variation in related Papilionoid species [112]. The first molecular evidence of macrosynteny between legumes was given by the comparison of genetic maps of economically important legumes. Translational genomics makes the assumption that gene positions in a crop species can be inferred from gene positions of ortholog sequences in genomes of model species for which a genome sequence is available. Synteny among legume genomes, and specifically among pea and other legume species, has been investigated for the last 20 years. Comparative mapping among pea, lentil, chickpea and Medicago, as well as among several legume species has been reported [94,113,114,115,116].



All studies to date suggest a high degree synteny among legume crop species. Recently, new opportunities are available due to availability of genomic sequence for the model legumes M. truncatula and L. japonicus, as well as Glycine max.M. truncatula is taxonomically the closest model species to pea, while the model legume species L. japonicus belongs to the closely related robinioid clade and soybean to the more distant milletioid clade [115,116,117]. Cross species gene-based markers were used to identify homologous genome segments among eight legume species (M. truncatula, alfalfa, L. japonicus, chickpea, soybean, mungbean, common bean and pea) with M. truncatula used as a reference genome for the consensus map [115]. Identification of homologous gene sequences for genesmapped on the pea consensus map in sequence databases for other legumes allowed comparative gene order in pea, M. truncatula, L. japonicus and soybean to be identified and specified the syntenic relationship among these legumes [104]. There is overall conservation of gene order and correspondence among pea linkage groups with M. truncatula and L. japonicus pseudochromosomes is given in Table 2 and Figure 3. Some local discrepancies and/or inversions were also identified. More data will help refine this picture of synteny. Comparative mapping also allows investigation of the paleo-history of the pea genome. A scenario of evolution of the seven pea chromosomes from the paleo-hexaploid ancestor of Eudicot was proposed [104]. This approach gives insights into potential paralogous regions of the genome that were derived from the same paleo-chromosomes.
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Figure 3. Comparative maps of P. sativum and M. truncatula, L. japonicus, soybean for LGI, as an example of synteny conservation among legume species. 
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Translational genomics is also beginning to assist identification of candidate genes or saturating markers in a zone of interest of pea. For example, candidate genes responsible for two floral zygomorphy mutant loci in pea, Keeled Wings (K) and Lobed Standard 1 (LST1), were identified using genomic information from L. japonicus [51]. More recently, the flowering locus GIGAS was identified using a candidate gene approach in comparison with M. truncatula [118]. Colinearity of the genome sequences among legumes allowed identification and isolation of genes involved in symbiosis with rhizobia and arbuscular mycorrhiza [119,120,121]. In order to support comparative legume biology, several databases were developed, integrating genetic and physical map data and enabling in silico analysis (Table 3).
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Table 2. Correspondence among pea linkage groups and M. truncatula and L. japonicus pseudochromosomes.
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P. sativum

	
M. truncatula

	
L. japonicus






	
I

	
5

	
2




	
II

	
1

	
5




	
III

	
2, 3

	
1, 3




	
IV

	
8

	
4




	
V

	
7

	
1




	
VI

	
2, 6

	
6




	
VII

	
4

	
3, 4
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Table 3. Table 3. List of web databases providing links to pea related information.







Table 3. Table 3. List of web databases providing links to pea related information.







	

	






	
International Legume Database & Information Service (ILDIS)

	
http://www.ildis.org/




	
Legume Information System (LIS)

	
http://www.comparative-legumes.org/




	
Phytozome -Soybean Gbrowser

	
http://www.phytozome.net/cgi-bin/gbrowse/soybean/




	
Medicago truncatula HapMap Project

	
http://www.medicagohapmap.org/cgi-bin/gbrowse/mthapmap/




	
Legume phylo-informatics database

	
http://www.public.asu.edu/~mfwojci/legumephylo_dBase.html




	
Cool Season Food Legume Genome Database

	
http://www.gabcsfl.org/




	
INRA Dijon Legume genetic and genomic resources

	
http://www.thelegumeportal.net




	
A bioinformatics gateway towards integrative legume biology

	
http://www.legoo.org/




	
UTILLdb : URGV TILLING pea database

	
http://urgv.evry.inra.fr/UTILLdb




	
INRA LegumeBase

	
http://195.220.91.17/legumbase/index.php?mode=0&id=




	
Legume proteomes

	
http://iant.toulouse.inra.fr/plants/legumes/cgi/legumes.cgi




	
KnowPulse

	
http://knowpulse2.usask.ca




	
LegumeIP

	
http://plantgrn.noble.org/LegumeIP










9. Transcriptome and Proteome Analysis


Several transcriptome analyses have been performed using a pea 6k oligo-array (Ps6kOLI1) developed from diverse sources of genomic sequence, especially seed EST libraries. Notably, the effect of mutations in genes involved in primary metabolism or hormone deficiency on the seed transcriptome has been assessed [122,123,124,125]. Transcriptome variation for reaction to biotic stress was also analyzed using this microarray [126]. More recently, next generation sequencing (NGS) technology has provided the opportunity to generate transcriptome repertoires for non-model species, such as pea, without a sequenced genome [127]. Such a transcriptome resource will facilitate molecular and ‘omics’ approaches for pea. Libraries comprising a total of 450 megabases from flowers, leaves, cotyledons, epicotyl and hypocotyl, and light treated etiolated seedlings, were assembled into 324,428 unigenes and annotated with A. thaliana, M. truncatula, G. max and other databases [127].



Proteomics is widely used in plant studies to understand various physiological and biological mechanisms. The proteome of mitochondria (ca. 60 spots identified) and the peribacteroid space and membrane from symbiosomes (ca. 20 pea spots) of mature leaves and stems (190 spots identified) and mature seeds (156 spots identified) of pea were analyzed [128,129,130]. The kinetics studies of proteomes of mature leaves and stems revealed proteome variations associated with the remobilization and/or senescence processes [130]. The pea mature seed proteome revealed a large diversity of storage proteins and the plasticity of the seed proteome in varying environmental conditions [131]. Several proteins involved in biotic and abiotic stress responses were also identified, including lipoxygenases, dehydrins, beta 1,3 glucanase, heat shock and LEA proteins. Leaf proteome differential response to powdery mildew infection (108 spots) identified in the resistant cultivar constitutive stress and defense proteins which were more abundant than in the susceptible cultivar [132]. Similarly, proteome variation associated with cold acclimation identified several proteins which could protect Champagne, a resistant genotype, against photoinhibition, chilling and oxidative damage [133]. Proteomic analysis was also used to analyze the response to broomrape (Orobanche crenata) a parasitic plant devastating grain legumes in the Mediterranean region and Africa, leading to identification of stress related and proteins active in carbohydrate metabolism, nitrogen metabolism and the mitochondrial electron transport [134]. Similar results were found in a proteomic study on pea leaves challenged with Mycosphaerella pinodes [135]. Pea seed protein composition was deciphered through a PQL approach [136]. These authors mapped the loci controlling the quantity of 525 seed proteins revealed by 2D-PAGE and found that the accumulation of the major storage protein families was under the control of a limited number of loci. Storage protein accumulation was under the control of both cis- and trans-regulatory regions. A locus on LGII appeared a major regulator of protein composition and of protein in vitro digestibility [136]. Until now, few metabolomics studies have been undertaken in pea [137,138].




10. Molecular Markers


10.1. Molecular Marker Development and Application


Breeding aims to improve agronomically important traits by combining characters present in different parental lines. In conventional pea breeding programs, various crossing strategies are employed to incorporate desirable traits from an accession into more adapted genotypes using backcrossing, single seed descent and recurrent selection. While effective, this is a time-consuming process and may be sped up through the application of molecular markers used to determine the number, position and individual effects of loci associated with the trait of interest [139,140]. Markers also offer potential to advance pea breeding through accurate identity, pedigree purity, hybrid determination, and analysis of genetic variation [141]. Development of new genomic technologies has increased during the last decade providing previously unforeseen strategies for crop breeding.



Myriad DNA polymorphism is present among a set of varied genotypes which can then be customized into user-friendly molecular markers. Different techniques exploit nucleotide polymorphisms that arise from different classes of mutation such as substitution (point mutations), rearrangement (insertions or deletions) or error in replications of tandem-repeat DNA. Adaptation to breeder-friendly markers has relied on polymerase chain reaction (PCR)-based microsatellites or SNP markers because they can be easily employed in cost-effective genotyping of large segregating populations. The largest database of pea-specific SSR markers was developed by Agrogene, France and these have subsequently been used in several studies and are now broadly used for mapping [91]. More recently, EST-derived simple sequence repeat (eSSR) markers have become an important resource for gene discovery and comparative mapping studies. eSSR markers for pea have been developed from EST sequences within the NCBI database [105,141]. Over the last years, functionally-associated markers (i.e. cDNA/EST) have been developed to uncover and tag candidate genes and gene pathways underpinning desirable traits. This has most recently been expanded to include whole genome transcriptome analysis and with the advent of next generation sequencing technologies it will be possible to transfer this technology to species with relatively large genomes such as pea. Further application of this technology through directed sequencing will allow allele differences among genotypes for trait-associated genes to be characterized, resulting in functionally characterized markers that are in perfect association with the QTL or gene.




10.2. Transition to Gene-based Markers EST-SSRs and SNPs


The EST approach identifies candidate genes through production and interrogation of cDNAs (copies of mRNA) transcribed in response to a particular stimuli/trait of interest. Single-pass sequences are determined from one or both ends of anonymous or randomly chosen cDNA clones chosen from cDNA libraries. The availability of rapidly growing sequence databases allows detection of regions showing sequence similarities in functionally related gene products from distantly related organisms. Thus it is increasingly possible to assign putative functions for a large proportion of anonymous cDNA clones/ESTs. EST analysis is a rapid and efficient way to provide preliminary information on expression profiles for abundant gene transcripts in any particular tissue in different physiological conditions and then identify regulatory genes. EST analysis has been used to identify genes associated with a variety of traits in pea. The initial set of pea ESTs was developed by Gilpin [98]. An online database ‘CROP-EST’ (http://pgrc.ipk-gatersleben.de/cr-est/) was developed for crop EST projects, which currently includes two cDNA libraries for pea with a total of 9377 ESTs [142]. Recently, a large database comprising 7610 unique genes from shoot apical meristem cDNA libraries was generated [143] and a comprehensive transcriptome of pea using NGS was published [127]. Several high-throughput pea transcriptome sequencing projects are underway and should provide a complete set of pea genes (Table 2).



Single nucleotide polymorphism (SNP) markers are currently used to assess genetic diversity, for genetic mapping and tagging alleles of functional interest. Gene-specific studies have identified SNP markers useful for characterizing diversity and relationships among pea genotypes [26]. However, when SNP markers are incorporated into arrays, the assessment of thousands of gene-related SNP in a single reaction is possible. A custom 384-SNP array was developed, and used in pea genotypic diversity surveys and mapping [103]. Compared to retrotransposon and microsatellite markers, the rate of SNP marker discovery is almost unlimited. Sequence data from 80 gene amplicons totalling about 63.2 kb of sequence in five pea genotypes identified a total of 669 SNP and 84 indels [94,103]. On average, one SNP per 94 bp was detected (i.e., one in 165 bp in coding regions and one in 60 bp in non-coding regions). Advances in model legume sequencing and genomic knowledge have resulted in a switch to gene-based markers in pea [26]. Strategies combining NGS and Gene Capture arrays should provide thousands of gene-anchored SNP markers. The set of SNP markers using Illumina Veracode genotyping technology was used to construct a consensus map which includes 244 SNP markers and placed 5460 pea unigenes on the consensus map [104].



Available genetic markers in pea have been applied in gene mapping or QTL studies, marker assisted selection (MAS), genetic diversity surveys and association studies. Although SSR and RBIP marker types are still widespread, they will probably be replaced by the growing number of SNP assays and genotyping by sequencing (GBS) [144]. The GBS study in barley developed and mapped 25,000 sequence tags which have a genome size and structure similar to pea. This set should facilitate the investigation of whole genome sequence polymorphisms in pea and pave the way to genome wide association studies (GWAS) [145,146] as well as genomic selection [147].




10.3. Markers for Disease and Pest Resistance


Many diseases and pests affect pea [148]. Fungal and viral pathogens cause the most severe damage. Fusarium species cause root rot (F. solani f.sp. pisi and F. avenaceum ) or wilt (F. oxysporum f.sp. pisi). Available resistance to Fusarium root rot caused by F. solani f.sp. pisi is quantitatively inherited and putative QTL identified [149,150]. SSR markers flanking resistance loci useful for marker assisted selection (MAS), including one QTL on LG VII and three QTL on LG II, III and VI have recently been reported [151, Coyne unpublished]. The genetics of resistance to F. avenaceum is under investigation (Porter unpublished). Single genes are available for Fusarium wilt resistance, such as Fw for resistance to race 1 and Fwf for resistance to race 5 [91,152,153,154,155]. Three QTLs with flanking SSR markers were identified, including the hypothesized single gene Fnw, controlling resistance to Fusarium wilt race 2 [156]. Ascochyta blight of pea is caused by a complex of three fungal pathogens: Mycosphaerella pinodes, Phoma medicaginis var. pinodella and Ascochytapisi [148]. Both single genes (Rap2)and QTLs have been reported conferring resistance to Ascochyta blight [157,158,159,160,161,162,163]. An early study with very few markers per linkage group identified single genes (Rmp1 , Rmp2, Rmp3  and Rmp4) for M. pinodes resistance [158]. A series of QTL studies have deepened our understanding of the quantitative inheritance of resistance to M. pinodes in pea [159,160,161,162,163]. Using a linkage map based on RAPD, SSR and STS marker polymorphism, ten and six QTLs associated with Ascochyta blight resistance at the seedling and adult plant stages, respectively, and four QTL independent of developmental stage were identified [160,162]. Three of these QTL were confirmed in a second RIL population [163].



Three genes (er1, er2 and Er3) have been described conferring resistance to powdery mildew (Erysiphe pisi) [43,164,165,166]. The gene er1 is widely used in pea breeding programs [164]. Resistance conferred by this gene has proven to be stable and results in a barrier to pathogen penetration [167]. RFLP, RAPD/SCAR and SSR markers have been linked to er1 on linkage group VI [168,169,170,171,172,173]. Recently, through the study of a novel chemically induced er1 allele, co-segregation with PsMLO1 (Mildew Resistance Locus O) loss-of-function was reported [174,175]. Analysis of the gene from several known powdery mildew resistant cultivars has further supported that indeed PsMLO1 loss-of-function is responsible for the trait and indicated the same molecular basis is shared among well studied barley mlo,tomato ol-2 and pea er1 immunities [174,175]. The recessive allele er2 confers a high level of resistance in some locations but is ineffective in others [173,176]. Expression of er2 is strongly influenced by temperature and leaf age. The basis of er2-governed resistance is based mainly on post-penetration cell death complemented by a reduction of percentage penetration success in mature leaves [167,165]. AFLP and RAPD-SCAR markers have been linked to er2 [171,174]. A dominant resistance gene Er3 wasidentified in P. fulvum and has been introduced successfully into adapted P. sativum material through sexual crossing [43]. Resistance conferred by Er3 is due to a high frequency of cell death that occurs both as a rapid response to attempted infection and a delayed response that follows colony establishment [43,177]. RAPD-SCAR markers have been linked to Er3 [177].



Pea rust is caused by Uromyces viciae-fabae in tropical and subtropical regions and by U. pisi in temperate regions [178,179,180]. A major gene (Ruf) and QTLs have been reported conferring resistance to U. viciae-fabae in pea [181,182]. Two QTL on LG VII, flanked by SSRs for MAS, explain up to 58% and 12% of the phenotypic variation for resistance to U. viciae-fabae [182]. One QTL on LG III was identified which explained 63% of the phenotypic variation in a P. fulvum cross for resistance to U. pisi [179].



Genetic resistance to Aphanomyces root rot (Aphanomyces euteiches) in pea is quantitative with moderate heritability [183,184,185,186]. Five consistent QTLs with codominant SSRs for MAS were identified over multiple environments in France and the USA and confer high levels of partial resistance [186]. Resistance to pea bacterial blight (Pseudomonas syringae pv. pisi) is controlled by single dominant genes Ppi1 (for race R2), Ppi3 (for race R3) and Ppi4 (for race R4) [187]. P. abyssinicum accessions(sixteen originated from Ethiopia and one from Yemen) are resistant or partially resistant to all racesincluding race 6, for which there are no known resistant cultivars [188]. This resistance is controlled by a major recessive gene together with a number of modifiers [189]. Conversely, quantitative resistance to bacterial blight caused by Pseudomonas syringae pv. syringae has been reported to be associated two QTLs explaining 22.2 and 8.6% of the phenotypic variation [189]. Incomplete levels of resistance to crenate broomrape (Orobanche crenata) are available in accessions of P. sativum ssp.sativum,ssp.abyssinicum, ssp.arvense and ssp.elatius and P. fulvum. These accessions have been successfully crossed with commercial pea varieties and a breeding program for broomrape resistance is underway [190,191,192,193]. Four QTLs for O. crenata resistance have been reported to explain from 8 to 37% of the phenotypic variation [193]. Resistance to pea bruchid(Bruchus pisorum) has been described in P. fulvum and isconferred by three genes and a number of polymorphic AFLP bands for resistance have been identified [42,194].



Viruses are among the most widespread and destructive pathogens of crop plants causing serious economic losses by yield and quality reduction [3]. Although viral diseases can be controlled through elimination of virus sources, control of vectors and proper cultivation practices, genetic resistance is the most effective and reliable form of control. Pea seed-borne mosaic virus (PSbMV), a member of the genus Potyvirus, family Potyviridae, is a serious pathogen resulting in yield losses from 10 to 80%. Genetic studies have shown that pea contains two clusters of recessive resistance genes to various potyviruses [195]. The cluster on linkage group II includes bcm, cyv-1, mo, pmv and sbm-2 and confers resistance to Bean common mosaic virus (BCMV) Clover yellow vein virus (CYVV), Pea mosaic virus (PMV) and the L1 (P2) pathotype of Pea seed-borne mosaic virus (PSbMV). The second cluster on linkage group VI includes cyv-2, wlv and sbm-1, conferring resistance to Clover yellow vein virus (ClYVV), white lupin strain of Bean yellow mosaic virus (BYMV-W) and the P1 pathotype of PSbMV [195]. Recently, two homologous eIF4E and eIF(iso)4E genes were identified by a candidate gene approach based on Medicago truncatula genome to be responsible for PSbMV and BYMV-W resistance at the sbm-1 and sbm-2 loci [196,197,198]. Moreover, it was shown that eIF4E in peaalso controls resistance to ClYVV at the cyv-2 locus and to BYMV-W virus at the wlv locus [199]. Based on these studies, reliable and allele specific testing of single nucleotide polymorphism (SNP) and co-dominant amplicon length polymorphism were developed which proved to be 100% reliable, faster and cost efficient compared to classical virological testing [200] (Figure 4). Naturally occurring diversity can be extended by mutagenesis and refined using a TILLING approach, from which mutations were identified in pea eIF4E gene [47]. Markers closely linked to the En gene for resistance to Pea enation mosaic virus were reported [201,202,203].
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Figure 4. Examples of agronomic practices, germplasm conservation, quality attributes and disease resistance traits in pea. (A) Intercropping pea with cereals for nitrogen fixation and phosphorus availability. (B) Pea germplasm increase and maintenance at Agritec, CZ. (C) Display of pea seed shape and color variation. (D) Cartoon representing a perfect marker for PSbMV virus resistance (Smýkal et al. 2010). (E) PSbMV infected seed and PEMV infected pea plants. 
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10.4. Markers for Flowering Time


A candidate gene approach based on comparative genome analysis is being used to study genes controlling flowering time in pea. Wild P. sativum ssp. elatius, a subset of pea landraces and winter cultivars do not flower at all under short photoperiods, but this long-day requirement has been genetically relaxed in a majority of cultivars. Up to six loci contribute to ‘natural’ variation related to flowering in pea, with derived or cultivated alleles generally conferring earlier flowering and a reduction in photoperiod response. Numerous other loci have been identified through mutation studies [204]. Although the lack of common markers has made it difficult, consensus among QTL studies are consistent with early Mendelian analyses and show that QTL on LGII and LGIII correspond to known positions of the Lf and Hr loci [204,205,206]. Lf was the first locus controlling flowering in pea to be cloned and was identified through a candidate gene approach as a homolog of the Arabidopsis inflorescence identity gene TFL1 [207]. While analysis of induced null mutants of Lf establishes its identity beyond doubt, identification of functional changes in naturally-occurring variants at Lf has not been possible in all cases, and the extent to which molecular variation at Lf contributes to flowering time across global Pisum germplasm has not been documented [207]. Lf orthologs have yet to be identified in any other legume system, but another TFL1 homolog, Det, controls determinacy of the primary inflorescence in several legumes including pea, soybean and bean [206,207].



A “functional candidate” approach has also been used to clone the photoperiod response locus Hr. Hr was originally defined as a major locus controlling flowering time. Hr shows Mendelian inheritance under controlled short photoperiod conditions with the hr allele causing reduction but not complete loss of the response to photoperiod [204,205]. More recently, comparison of Hr and hr genotypes revealed defects in circadian rhythms, and comparative mapping of circadian clock genes has identified Hr as the pea ortholog of ArabidopsisELF3 (Weller et al. submitted). A single functional variant is widespread in pea germplasm and likely to underlie many of the flowering time QTL identified in this region of LGIII. Hr is segregating in several mapping populations including JI281 (Hr) × JI399 (hr) and Champagne (Hr) × Terese (hr) where dominant Hr alleles are associated with increased resistance to winter frost damage [208].



Naturally-occurring recessive alleles at the Sn locus confer early flowering and completely eliminate the photoperiod response, but have a restricted distribution within cultivated pea germplasm and may have arisen within a spring (hr) background. Like Hr, Sn also appears to control circadian rhythms and has recently been identified as the pea ortholog of an Arabidopsis circadian clock gene [209,210]. Sn is also segregating in the JI281 (Sn) × JI399 (sn) population. Early studies identified a fourth locus, E, mapping close to Wlo and Na on LG VI [209,210]. Several subsequent studies have found evidence for a flowering time QTL on LG VI, but the relationship among these loci is not clear. A major-effect QTL on LGVI (QTL6) in a cross between cv. Torsdag and JI1794 has recently been narrowed to the interval between Er1 and Gty, suggesting it may be distinct from E (Weller et al. submitted). In this cross, QTL6 acts together with Hr to control nearly 90% of the variation in short-day flowering, with the presence of “wild” alleles at both loci conferring the obligate LD requirement of the JI1794 parent. QTL6 is also segregating in winter × spring crosses within cultivated P. sativum and coincides with QTL for branching, stem elongation and winter frost tolerance [207,209].



The ﬂowering locus Hr was implicated to inﬂuence winter frost tolerance by delaying ﬂoral initiation until after the main winter freezing periods have passed [208]. The dominant Hr allele was found in a set of forage cultivars which remain vegetative until a threshold day length of 13h30min is reached. Although the gene is not yet cloned, three consistent QTLs were identified: WFD 3.1/Hr, WFD 5.1 and WFD 6.1 which makes these loci interesting targets for marker assisted selection [208]. Moreover, the ﬂowering allele Hr enhances the capacity of pea photoperiodic lines to produce basal laterals which is often found in primitive accessions of Pisum sativum ssp. humile, P. sativum ssp. elatius and P. fulvum. Proximity of these QTL to agronomically important traits including vine length which is important for lodging resistance and anti-nutritional factors such as trypsin inhibitors have the potential to complicate selection. A set of PCR primers suitable for breeding for low trypsin inhibitor activity was developed and may alleviate challenges in breeding [211,212].




10.5. Markers for Agronomic Traits (QTLs and Major Genes)


Compared to other economically important food crops, fewer QTL mapping studies for agronomic traits have been reported in pea (Supplementary Table S2) [213]. The first QTL analysis in pea used a genetic linkage map of two populations segregating for seed weight (F2 progenies and single seed descent recombinant inbred lines (RILs) [214]. Despite the identification of several QTLs associated with seed weight from the two populations, only one QTL located on linkage group III was identified in both populations. One of the major QTLs identified on LG III was mapped to orthologous regions responsible for control of seed weight in Vigna spp. and soybean [215,216]. Other reported QTLs were associated with lodging resistance (QTLs on LG III and VI), plant height (QTLs on LG III and two on unassigned LGs C and D), grain yield (QTLs on LG II, VI and VII), seed protein concentration (QTLs on LG III, VI and unassigned LG A), and maturity (QTLs on LG II, III and VI) [217,218]. The utility of two markers for lodging resistance was verified in an applied plant breeding program [219].



Seed protein concentration QTLs have been studied in other RIL populations [220,221,222,223]. In the population Térèse/K586, QTL for seed yield and seed yield components were analyzed across five different environments: 261 QTL were detected across the five environments for all traits measured [221]. Most QTL for seed traits mapped in clusters with plant traits, suggesting the significant role of source-sink interactions in the control of seed traits [222]. Developmental genes Le and Af, which control internode length and tendril leaf morphology, respectively, were mapped in the vicinity of seed protein content and/or yield QTL depending on the environment [131,222]. Other QTL were associated with total seed nitrogen and protein content in different populations and locations [220,221,222,223] suggesting QTL by population by environment interactions. Through the use of a common population, QTL associated with root architecture, nodules growth and plant nitrogen nutrition were identified and related to QTL of seed protein content and quality, pointing out the link between plant nutrition and seed filling [222].



The QTLs associated with visual quality of field pea including seed coat color, seed shape and seed dimpling have been identified [224,225,226]. Quantitative inheritance was observed with polygenic control and transgressive segregation for all visual quality traits studied. Genetic control of green cotyledon color in field pea and associated QTLs were studied using F2 individuals and F2 derived F3 family populations. QTLs associated with cotyledon color on LG III, IV, V and VII, were also associated with QTLs for node number (3 QTL), earliness (2 QTL) and plant height (1 QTL) [225,226]. Heritability estimates for whole seed and cotyledon greenness were moderate (0.72 and 0.69, respectively) and heritability increased when assessed after exposing whole seeds to accelerated bleaching conditions [225]. Multiple QTL mapping detected major QTLs on LGIV and LGV, as well as location- and year-specific QTLs on LGII and LGIII associated with green cotyledon bleaching resistance [225,226]. In two RIL populations, nine QTLs controlling yellow seed lightness, three QTL for yellow seed greenness, 15 QTL for seed shape and nine QTL for seed dimpling were detected. Among them, five QTLs located on LG II, LG IV and LG VII were consistent in two environments [225,226]. The QTLs and their associated markers may be useful tools to assist pea breeding programs attempting to pyramid positive alleles for these traits, unfortunately most of the markers are dominant AFLP markers which are difficult to use in other crosses.



To increase yield in pea and avoid drought stress, autumn sowing would be preferable in some production regions. Therefore, frost tolerance is a major trait of interest.QTL analysis of an RIL population derived from the cross of Champagne, a frost tolerant line, and Terese, a frost sensitive line, identified chromosomal regions linked to frost tolerance. QTL flanked by SSR and genic markers explained from 6.5 to 46.5% of the phenotypic variance [208,227] and were shown to be associated with physiological QTL [227].



Several major genes underlying important phenotypic traits in pea have been cloned, most notable are genes involved in domestication. One of the characters used by Mendel was wrinkled seeds (R/r), wherestarch metabolism in the seed is altered. Plants and the immature seeds appear normal, but by maturity there are many differences in the seed including an altered ratio of the two major types of storage protein, the shape of starch granules, the amylose to amylopectin ratio of the starch polymers and sugar content [228]. The rugosus allele (r), disrupted by transposon insertion, was the first gene to be cloned and was shown to encode the starch branching enzyme [228]. This trait has importance not only for garden pea breeding, but also for industrial applications (biopolymers) and can now be efficiently traced by molecular methods. Another Mendelian character which has also practical implications is cotyledon color (i) at seed maturity. The corresponding gene, determining whether cotyledons will stay green or turn yellow, was identified as Stay-Green (SGR) and is known to regulate the chlorophyll degradation pathway in several species [7]. In pea seeds the Def (Development funiculus) locus defines an abscission layer between the funiculus and the hilum at maturity. A spontaneous mutation at this locus results in the seed failing to abscise from the funicle which is common in wild types [229]. Although the abscission of pea seeds from the funicle helps ensure effective dispersal of seeds, significant loss of seeds can occur if late rains followed by high temperatures and dry winds cause the pods to split open. The locus has been mapped but the actual gene remains unidentified [230].



Dehiscent pods are useful in wild pea as a seed dispersal mechanism. However, such a trait complicates commercial harvesting of the seeds and selection for indehiscent pods was probably one of the first modifications made during crop domestication. The inheritance of the dehiscent pod character led to identification of three genomic regions. The region on LG III corresponded to the expected position of Dpo, a gene known to influence pod dehiscence. A locus on LG V appeared to have a slightly smaller effect on expression of the phenotype. The third region was observed only in one cross, had a greater effect than Dpo, and was postulated to be yellow pod allele at the Gp locus [231].



Lateral branching was likely suppressed during pea domestication, leading to the absence of branching in currently grown varieties. On the other hand, most wild Pisum accessions display proliferation of lateral meristems. Several genes regulating this process were isolated, leading to the identification of a novel carotenoid-derived phytohormone, strigolactone [232]. Wild pea genotypes and early varieties had tall climbing vines and, similar to other crops, selection of shorter stature plant types was used to minimize lodging. The shorter vines and reduced internode length is the result of a mutation in the Le gene (GA3-oxidase) controlling giberellin biosynthesis. It is hypothesized that there was a single introduction of the le allele into varieties and subsequently used in breeding [233].





11. Genomic Analysis of Pea


Although pea is amenable to genetic transformation, this remains a challenge and precludes systematic characterization of gene function [234,235]. However, virus-induced gene silencing (VIGS) has become an important reverse genetics tool for functional genomics and VIGS vectors based on Pea early browning virus (PEBV, genus Tobravirus) are available for legume species and were successfully used to silence pea genes involved in symbiosis with nitrogen-fixing Rhizobium as well as development [236,237]. The genomics tools such as fast neutron and TILLING mutant populations were developed for reverse genetics approaches [47,51,52]. The TILLING method combines the induction of a high number of random point mutations with mutagens like ethyl methanesulfonate (EMS) and mutational screening systems to discover induced mutations in sequence DNA targets. This reverse genetic strategy encompasses all types of organisms, such as plants, animals and bacteria, without being subjected to the restrictions of genome size. A sufficiently large TILLING population is available for pea and characterization data have been deposited in an on-line database, UTILLdb, that contains phenotypic as well as sequence information on mutant genes [47]. The population currently has 4817 lines and 1840 of them have been characterized for phenotype and 464 mutations have been identified. Once the pea genome sequence data is available, mutant identification can be substantially extended to any genomic region as shown recently in rice [238].



The commercial pea variety ‘Cameor’, used to develop the TILLING population, was used also to develop a BAC library, an essential tool for positional cloning and also for pea genome sequencing. A second BAC library was developed from PI 269818 and could be used to introgress genetic diversity into the cultivated germplasm pool, which could be useful for the isolation of genes underlying disease resistance (such as Fw, for Fusarium wilt resistance) and other economically important traits [239]. Application of current genomic tools in pea to clone genes was demonstrated for the flower color gene A [53] and tendril formation gene, Tl [52]. The complete pea chloroplast genome sequence is available and may be useful for evolutionary as well as transgenic applications [240]. Moreover, complete genomes of several pea pests and pathogens are available such as a pea aphid Acyrthosiphon pisum [241]. Since aphids cause serious crop damage and transmit viral diseases, this knowledge has potential for evolutionary studies and practical applications.




12. Application of Genomics and Phenomics in Pea Breeding: Status and Outlook


Translation of marker discovery to breeding is still in its infancy and, despite the effort and progress developing molecular resources, their use in pea breeding has been limited. Several factors limit the direct application of QTLs and their associated markers including: (1) high genotype × environment interactions affecting expression, (2) the necessity to test marker polymorphism in different genetic backgrounds, (3) large (5–10 cM on average) genetic distances between markers and the QTLs, (4) imprecise phenotypic description has resulted in inaccurate marker-trait associations, (5) use of small mapping populations (50–200 individuals) has resulted in limited genetic resolution, (6) lack of anchor markers across QTL studies, (7) limited range of variation in the cultivated gene pool, (8) lack of trait and marker validation in different genetic backgrounds, and (9) limited financial investment in this crop and thus lag in molecular tool development for breeding.



Marker-trait associations are based on marker genotype and phenotypic evaluations. Marker genotype can be quite robust provided adequate polymorphism exists in the cross being evaluated and populations are sufficiently large. Precision of the phenotypic evaluations is critical to accurate identification of associated markers and presence of QTL. Extreme care must be taken to ensure phenotypic data is collected accurately and that methods can be repeated if necessary. Phenotyping is time and resource intensive and, unfortunately, is often given less attention than necessary, including conducting studies over few environments and with a limited number of genotypes.



Mapping based on linkage disequilibrium (LD) between markers and target traits has not been applied in pea due to insufficient marker density within the genome. Knowledge of the genetic structure of pea germplasm together with the availability of phenotypic data would provide an opportunity to take advantage of hundreds or even thousands of years of recombination resulting in much higher mapping precision [55]. However, until recently, the lack of genomic resources and a common reference set of genotypes in pulse crops including pea has prevented the application of association mapping and restricted it to basic diversity population structure studies.



The key breeding objectives involve increasing yield potential by improving biotic and abiotic stress resistances and enhancing quality for diverse end-use markets. Quality attributes include improved appearance of the seeds as well as improved nutritional value, cooking quality and flavor. As shown above the extension of model legumes for comparative functional genomics, together with ‘omics’ technnologies, is starting to provide candidate genes for stress and quality traits. As genes are identified in model legumes followed by comparison and transfer of candidate gene information from the model to the crop species favorable alleles for breeding and selection will be identified and improved varieties will be developed by marker assisted selection (MAS) or genetic transformation.



Future prospects for field pea production globally depend on several factors including; the ability of breeders to produce high yielding cultivars which are competitive in crop rotations with the dominant cereal and oilseed alternatives, the ability of agronomists to develop effective and sustainable crop production strategies, and the ability of the global pulse industry to market pea as a highly nutritious affordable food with diverse applications. Pea production will be challenged by climate change this century. This can be expected to exacerbate climate unpredictability and to result in unprecedented levels of heat and drought stress during the reproductive phase in agricultural areas of the temperate—sub-tropical zones worldwide, especially in the sub-Sahara and north central India [35,36,37,38].



In North America the key field pea breeding activities are conducted at four public institutions, i.e., University of Saskatchewan; Agriculture and Agri-Food Canada, Lacombe; USDA-Agricultural Research Service, Pullman, WA; and North Dakota State University, Fargo, ND. While in Europe, field pea breeding is primarily conducted by ten private companies with public institutions conducting supportive basic and applied research. In Australia, the national field pea breeding program is located at Horsham, Victoria with extensive evaluation conducted by collaborators in each state. Vegetable pea breeding is conducted by a few private companies primarily based in the US Pacific Northwest, Europe, China and India.




13. Conclusions


Similar to the delay in broad acceptance of Mendel’s and Darwin’s discoveries or the application of plant tissue culture for biotechnological gains, molecular breeding facilitated by genomic knowledge of not only model but also crop species is gradually finding its way into modern pea breeding programs. There is great potential for discovery and use of existing genetic variation preserved in germplasm, which can be efficiently identified and introduced into current pea cultivars. The integration of molecular techniques and applied plant breeding toward the common goal of improved yield and production of high quality pea seed for multiple end-uses is fast approaching; however, a number of gaps still remain, some of which have been listed in this review. The advent of modern genotyping technologies promises to narrow the gap; however, the lack of a reference pea genome sequence and the limited number of DNA markers hinder efficient application of MAS. Availability of improved molecular tools and adoption of standard phenotypic evaluation methods will allow significant and rapid implementation of genomics-based in pea breeding. This may now be possible with the advent of large scale automatic and digitalized formats making it possible to link phenotype with genotype on a whole genome basis, a process initiated by Mendel about 150 years ago.
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