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Abstract: Chickpea (Cicer arietinum L.) contributes 18% of the global production of grain legume
and serves as an important source of dietary protein. An important decrease in cropping area and
production has been recorded during the last two decades. Several biotic and abiotic constraints
underlie this decrease. Despite the efforts deployed in breeding and selection of several chickpea
varieties with high yield potential that are tolerant to diseases, the situation has remained the same
for the last decade. Fusarium wilt caused by Fusarium oxysporum {. sp. ciceris (Foc) is the major soil-
borne fungus affecting chickpeas globally. Fusarium wilt epidemics can devastate crops and cause
up to 100% loss in highly infested fields and under favorable conditions. To date, eight pathogenic
races of Foc (races 0, 1A, 1B/C, 2, 3, 4, 5 and 6) have been reported worldwide. The development of
resistant cultivars is the most effective method to manage this disease and to contribute to stabilizing
chickpea yields. Development of resistant varieties to fusarium wilt in different breeding programs
is mainly based on conventional selection. This method is time-consuming and depends on
inoculum load and specific environmental factors that influence disease development. The use of
molecular tools offers great potential for chickpea improvement, specifically by identifying
molecular markers closely linked to genes/QTLs controlling fusarium wilt.

Keywords: chickpea; fusarium wilt; molecular markers; genetic resistance; molecular assisting
selection

1. Chickpea

Chickpea, also called garbanzo bean or Bengal gram, is a self-pollinated, annual diploid (2n =2x
= 16) species [1] with a genome size of 738 Mb [2], While this size is slightly larger than that of the
model legume, Medicago truncacula Gaertn., (530 Mb), it is much smaller than other major legume
crops such as soybean, peanut, garden pea, alfalfa, and lentil [3]. The Cicer genus belongs to the family
Leguminoseae, sub-family Papilionaceae and tribe Cicereae. It is composed of 9 annual and about 34
perennial wild species. Among the 9 annual species, chickpea (C. arietinum L.) is the only cultivated
species [4]. Chickpea has the ability to increase the soil fertility, particularly in dry lands, by fixing
atmospheric nitrogen (N). It is mainly used for human consumption and is an essential constituent
of the Mediterranean diet and a basic food in Pakistan and India [5]. The chickpea grain international
market is very active due to the crop’s nutritional value. Chickpea is a good and cheap source of
protein for people in developing countries (especially in South Asia), who are largely vegetarian,
either by choice or because of economic reasons [6]. Chickpea is high in protein, low in fat and sodium,
cholesterol free and is an excellent source of both soluble and insoluble fiber, as well as complex
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carbohydrates, vitamins, folate, and minerals, especially calcium, phosphorous, iron, and magnesium
[7].

The immediate wild relatives (C. reticulatum and C. echinospermum) of chickpea are restricted to
south-eastern Turkey. Domestication is thought to have happened earlier, as much as 10.5 thousand
years ago, with the domestication of other crops such as wheat, barley, pea, and lentil.

There are two distinct types of cultivated chickpea: Desi and Kabuli. The Desi (microsperma)
types have pink flowers anthocyanin pigmentation on stems, and a colored and thick seed coat. The
Kabuli (macrosperma) types have white flowers, lack anthocyanin pigmentation on stems and have
white or beige-colored seeds with a ram’s head shape, a thin seed coat and a smooth seed surface [8].
The geographic distribution differs for these two types, Kabuli chickpea seeds are grown in temperate
regions, whereas the Desi type is grown in the semi-arid tropics [9]. Kabuli-type chickpea is
considered more economically important as it receives higher market price than Desi-type. However,
most of the genomic resources have been generated for Desi-type chickpea so far [10]. The two types
represent different genetic background, differing in important agronomic traits, such as disease
resistance, cold tolerance and growth habit [11,12].

Chickpea is cultivated mostly in the Mediterranean basin, the Near East, Central and South Asia,
East Africa, South America, North America and, more recently, in Australia. The main producers are
India, Australia and Pakistan, contributing 67.32%, 6.19% and 5.72%, respectively, to global
production. Countries such as Australia, Mexico and Russia are not chickpea consumers but major
world exporters [13]. The major importing countries are India and Pakistan followed by Bangladesh.
In 2013, chickpea was the third grain legume in Tunisia after dry bean and peas, i.e., 6660 ha and 7840
tons, respectively. Nevertheless, chickpea production in Tunisia is not sufficient to cover the national
demand, requiring 85% of the demand to be imported [13].

Fluctuations in the acreage of cultivated area of chickpea and annual production were observed
this last decade (Figure 1). Average global chickpea yield improved during the past decades,
increasing from 683 kg/ha in 1990 to 966 kg/ha in 2014 [13], but it is still considered below the yield
potential of the crop. This increase is attributed to the development of new resistant varieties to biotic
and abiotic stresses.
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Figure 1. Cultivated area (ha) and production (tons) of chickpea in the world over the last decade.

Breeding efforts have contributed substantially to improve chickpea yield, but the lack of stable
production still continues to be a major concern for the adoption of this crop by farmers [14]. One
major limiting factor is susceptibility of cultivars to several biotic and abiotic stresses that adversely
affect yield, particularly fungal diseases (Ascochyta blight and Fusarium wilt), pests (pod borer) and
drought or cold stress. Parasitic plants could also be a serious problem in particular environments
such as under Mediterranean conditions [6,14,15].
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The development of cultivars resistant to major diseases is one of the most important objectives
of chickpea breeding programs. In recent years, cultivars resistant to Ascochyta blight, Fusarium wilt
and cold have been bred and released in many countries [11]. In this review, we will focus on
Fusarium wilt.

2. Fusarium Wilt

Chickpea wilt occurs in 32 countries across 6 continents [15]. This disease was first reported in
India by Butler in 1918, but its etiology was not correctly determined until 1940 by Padwick [16].
According to Haware and Nene, [17] and Halila and Strange, [18] Fusarium wilt epidemics can be
devastating to individual crops and cause up to 100% loss under favorable conditions.

3. Causal Organism

Fusarium wilt of chickpea is caused by Fusarium oxysporum f. sp. Ciceris Schlechtend: Fr. f Sp.
ciceris (Padwick) T. Matuo & K. Satd [19-21]. On potato sucrose agar and potato dextrose agar and
under near-UV light, the aerial mycelium is at first white and cottony, but later it may become cream
or salmon in color or remain white [22]. Fusarium wilt of chickpea produces microconidias,
macroconidias and chlamydospores. The microconidias (2.5-4.5 um x 5-11 um) are oval or cylindrical,
straight or curved. Macroconidias (3.5-4.5 pm x 25-65 um) are produced more sparsely than
microconidias and usually they are three to five septate or fusoid. Chlamydospores are formed in 15-
day-old cultures and infected chickpea tissues, formed singly, in pairs or in chains, and are smooth
or rough-walled [12,22]. Hyphae are septate and profusely branched. The fungus can grow at
temperatures of 7-35 °C and pH 4-9.4. Optimal conditions for mycelial growth are 25-27 °C and pH
5.1-5.9, depending upon strains. Optimal pH for sporulation is 7.1-7.9 [22].

4. Symptoms

Symptoms of the disease can develop at any stage of plant growth, and affected plants may be
grouped in patches or appear spread across a field [23] (Figure 2).

The wilt can be observed in susceptible genotypes within 25 days after sowing in the field
(designated “early wilt”) [23,24]. However, symptoms are usually more visible in the early stages of
flowering, 6 to 8 weeks after sowing and can also appear up to podding stage (“late wilt”). Late wilted
plants exhibit drooping of the petioles, rachis and leaflets, followed by yellowing and necrosis of
foliage [23]. Early wilting causes more loss than late wilting. Nevertheless, seeds from late-wilted
plants are lighter, rougher and duller than those from healthy plants [25,26].

T

Figure 2. Chickpeas affected by Fusarium wilt in Beja-Tunisia.

5. Disease Cycle and Epidemiology

The fungus can be transmitted by seed and may survive in plant debris in soil. It was
demonstrated that the fungus chlamydospore was found free in soil [27], in the hilum of the seed [28],
in cotyledons and axis [29]. The primary infection is through chlamydospores or mycelia. The conidia
of the fungus are short lived; however, the chlamydospores can remain viable up to the next crop
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season [30]. Chlamydospore formation depends on the nutrient status of the inoculum. Under field
conditions, fungal inoculum may be subjected to much lower nutrient levels compared to the “well-
fed” macroconidia produced on rich agar media [31]. The pathogen survives well in roots and stems,
even in apparently healthy looking plants growing among diseased ones harboring sufficient fungus
[17,32].

The fungus remains dormant as chlamydospores in plant debris until stimulated to germinate,
once carbohydrates are released from decaying plant tissue or from roots [31]. The stimulus for
germination may be host or nonhost plant roots, or contact with pieces of fresh (not colonized) plant
debris [33]. After the chlamydospores germinate, conidia and new chlamydospores may be formed
as well as hyphae. Following germination, a thallus is produced from which conidia form in 6-8 h,
and chlamydospores in 2-3 days if conditions are favorable. Invasion of the roots is followed by the
penetration of the epidermal cells of the host or the non-host [34] and the development of a systemic
vascular disease in host plants [35]. Penetration occurs either through wounds or directly [33]. The
most common sites of direct penetration are located at or near the root tip of both taproots and lateral
roots [36]. Penetration is controlled by a combination of different factors that include fungal
compounds, plant surface structures, activators or inhibitors of fungal spore germination, and germ
tube formation [37]. During colonization, the mycelium advances intracellularly through the root
cortex until it reaches the xylem vessels and enters them through the pits. The fungus then remains
exclusively within the xylem vessels (Figure 3), using them to colonize the host [38].

Figure 3. Stem discoloration of a chickpea plant artificially infected by Foc. Healthy plant on the left.

Wilting is most likely caused by a combination of pathogen activities. These include
accumulation of fungal mycelium in the xylem and/or toxin production, host defence responses,
including production of gels, gums and tyloses and vessel crushing by proliferation of adjacent
parenchyma cells [39].

The pathogen can survive as mycelium and chlamydospores in seed and soil and also on infected
crop residues, roots and stem tissue buried in the soil for more than 6 years, even in the absence of
the host [4,12,40—42]. Infection of symptomless dicotyledonous weeds can enhance survival of the
pathogen in fallow soils. Thus, infested soil is a main source of primary inoculum for the
development of Fusarium wilt [24].

6. Pathogenic and Genetic Variability in Fusarium oxysporum f. sp. ciceris

The fungus Fusarium oxysporum f. sp. ciceris (Foc) is characterized as having pathogenic
variability, i.e., consists of different pathogenic races and pathotypes.

According to the disease symptoms induced in pathogenicity test, two pathotypes have been
distinguished based on the distinct yellowing or wilting syndromes [23,32,43]. The yellowing
pathotype induces progressive foliar yellowing with vascular discoloration and late plant death,
while the wilting pathotype causes fast and severe chlorosis, flaccidity, vascular discoloration and
early plant death [44].
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Variation in the virulence among isolates of Foc has led to the designation of pathogenic races.
Eight distinct physiological races have been classified for Foc, namely races 0, 1A, 1B/C, 2, 3, 4, 5 and
6 [43,45]. The different races of Foc can be identified by their severity on different set of differential
chickpea cultivars.

Pathogenic races of Foc differ in geographic distribution. Races 0, 1B/C, 5, and 6 are found mainly
in the Mediterranean Basin and California (USA) [23,40,44,46,47]. Race 1A has been reported in India,
United States and the Mediterranean regions [20], whereas races 2 and 3 have been reported in
Ethiopia, India, and Turkey [44,48,49] and race 4 has been reported in Ethiopia, India and Iraq
[24,44,49].

Races 0 and 1B/C are of the yellowing pathotypes, while races 1A and 2 through 6 belong to the
wilting pathotypes and are economically the most damaging races [20,23]. Plants infected with races
causing wilting syndrome within three to four weeks of inoculation with no visible yellowing of
leaves. On the other hand, infection with races 0 and 1B/C leads to progressive foliar yellowing of
plant leaves coupled with vascular discoloration [43,44]. In addition, some susceptible chickpea lines
exhibit a phenomenon known as a late wilting, which is characterized by a prolonged latent period
that eventually leads to 100% wilt [12,23,45,50]. Sharma et al. [51] reported another phenomenon
called slow wilting which is characterized by a latent period, and slow disease incidence increases
over time.

The identification of races of the pathogen in a given area of chickpea production is important
for the breeding program as well as for the efficient use of available sources of resistance.
Determination of races of this pathogen is simple but costly in time, facilities, and resources.
Therefore, new methods for the rapid, efficient, reliable, and reproducible identification of the
pathogen and its pathogenic races are needed. Specific primers and polymerase chain reaction (PCR)
assays that identify Fusarium oxysporum f. sp. ciceris and each of the F. oxysporum f. sp. ciceris
pathogenic races 0, 14, 5, and 6 were developed by Jimenez-Gasco et al. [47].

A study conducted by Jimenez-Fernandez et al. [19] revealed that infection of chickpea by F.
redolens induces a disease syndrome similar to that caused by the yellowing pathotype of F. oxysporum
fsp. Ciceris (Foc). Fusarium redolens is not easily differentiated from Foc using morphology-based
diagnosis, and the two species cause similar symptoms on chickpea; therefore, the use of molecular
protocols should help to avoid misdiagnoses of Fusarium yellows in chickpea. F. redolens was found
associated with foot-rot symptoms on pea and bean [52], root rot on soybean [53], and vascular wilt
on lentil [54], root rot, crown rot and spear rot in asparagus [55] and wilting in chickpea [19]. Recently
F. redolens was also reported in Tunisian fields for the first time causing yellowing symptom in
chickpea [56].

7. Management

Management of Fusarium wilt of chickpea is difficult to achieve and no single control measure
is fully effective [41]. Fusarium wilt of chickpea is a monocyclic disease in which development is
driven by the pathogen’s primary inoculum. Therefore, management of the disease should be
targeted to exclusion of the pathogen as well as by reducing the amount and/or efficiency of the initial
inoculum [23]. For such a goal, measure of control should include:

7.1. Use of Pathogen-Free Planting Material and Avoid Sowing into High Risk Soils

Fusarium can be transmitted by infected seeds and plant debris [57,58]. Use of infected
propagating material can lead to introducing the pathogen into pathogen-free soils or production
areas. Therefore, the importance of checking the health of that material through certification
programs, phytosanitary inspection and quarantine legislation should be considered. Proper
selection of the planting site optimizes the use of F. oxysporum spp.-free planting material in non-
infested soils [57]. Disease risk assessment based on inoculum density and disease incidence
relationships would be useful. Indeed, the inoculum density in soil at planting sites could be
estimated to avoid those with high risk for severe disease [57]. Recently, Jiménez-Fernandez et al. [59]
developed a real-time quantitative polymerase chain reaction (q-PCR) protocol that allows
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quantifying Foc DNA down to 1 pg in soil as well as in root and stems of infected asymptomatic
chickpea plants that may be of use for the detection and identification of the pathogen in certification
programs, phytosanitary inspections and quarantine legislation. Seed-borne inoculum can be
eradicated by seed dressing with Benlate [28].

7.2. Reduction or Elimination of the Inoculum in Soil

Soils infested with pathogenic formae of F. oxysporum can be recovered for agricultural
production by reducing the amount of initial inoculum and/or its potential for disease to levels below
the threshold for severe disease [57]. This aim can be achieved by means of chemical, physical or
biological disease control methods.

Fusarium wilt diseases of several crops have been successfully controlled by soil solarization
[60]. The heat generated by solarization may not kill a pathogen outright, but the organism may be
weakened, resulting in a reduction of its aggressiveness for its host and greater susceptibility to attack
by other components of the soil microflora [61]. In addition, soil-borne plant pathogen control could
be realized by flooding that destroys many soil-borne pathogens [57,61]. Removal of debris from
Fusarium-wilt affected chickpea crops and burning or flaming them to achieve thermal killing of Foc
chlamydospores would reduce disease risk in the subsequent crop. Burning affected crop residues
has been shown to greatly reduce the amount of soil-borne inoculum of several plant pathogenic
fungi [23].

The use of bio-agents for control exhibit great potential. Indeed, a biological control agent
colonizes the rhizosphere and leaves no toxic residues as opposed to chemicals [62]. The species of
Trichoderma have been evaluated against the wilt pathogen and offer great promise in managing
chickpea wilt under glasshouse and field conditions [63]. Furthermore, the use of Pseudomonas
fluorescens inhibits the growth of F oxysporum f. sp. ciceris in vitro and permits significant growth
increases in shoot length, dry weight, and grain yield [64]. Treatment with Pseudomonas fluorrescens
formulation increased chickpea yield in field and can be effectively used as seed treatments to control
chickpea wilt [65]. In addition, Fravel et al. [66] attributed disease reduction to increased plant
defense reactions in response to root colonization by the nonpathogenic strain of Fusarium spp. A
study conducted with different isolates of Bacillus spp. and Pseudomonas chlororaphis showed a strong
antagonism against three races of F. oxysporum f£. sp. ciceris [67].

7.3. Choice of Cropping Practices

Environmental factors such as temperature, nutrients and soil pH can significantly influence the
development of Fusarium wilt diseases, and proper choice of cultural practices that take advantage
of such an influence can contribute to good management of Fusarium. A study conducted by Haware
et al. [27] indicate that Fusarium chickpea wilt has the ability to survive in the soil for more than 6
years, and 3 years of crop rotation is not effective in reducing wilt incidence. According to a study
conducted in southern Spain by Navas-Cortes [68], it was demonstrated that epidemic development
was related mainly to sowing date. Thus, advancing the sowing date of chickpea crops from early
spring to early winter can decelerate the development of Fusarium wilt epidemics and increase
chickpea seed yield [41]. In view of these findings, host resistance seems to be the most efficient
control method for chickpea wilt.

7.4. Use of Resistant Cultivars

Currently, the use of resistant cultivars appears to be the most practical and economically
efficient control measure for management of chickpea Fusarium wilt. Resistant chickpea cultivars
represent a key component in integrated disease management (IDM) programs that involve the use
of additive or synergistic combinations of biotic, cultural, and chemical control measures [23,41,57,69].
Resistance to Foc races had been identified mainly in Desi germplasm and to a lesser extent in Kabuli
chickpeas, as well as in wild Cicer spp. [23]. The deployment of resistant cultivars has not been
extensive because of undesirable agronomic characteristics in some developed materials.
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Furthermore, the high pathogenic variability in Foc populations may limit the effectiveness and
extensive use of available resistance [48].

8. Resistance to Fusarium Wilt

Chickpea resistance to Fusarium wilt has been reported to be monogenic or oligogenic
depending upon the race or resistance source [45,50,51]. Early studies on genetic resistance to Foc
revealed that resistance to race 1A is governed by at least three independent genes namely hl, h2,
and H3 [15,50]. Late wilting resistance is conferred by any one of these three genes, but a combination
of any two of the late wilting genes confers complete resistance (h1h2 or h1H3 or h2H3) [12,23]. A
similar genetic system based on two [70] or three [71] independent genes was found to confer
resistance to race 2 [70,71]. Sharma et al. [51] demonstrate that resistance to race 2 is governed by a
single recessive gene, whereas resistance to race 3 has been found to be monogenic [51,72]. Others
studies showed that resistance to race 4 is recessive and digenic [73], while race 5 resistance is
controlled by a single gene [74]. For Foc, race 0 resistance is controlled by two genes which segregate
independently: focO: present in accession JG-62, and foc0: present in lines CA-1938, CA-2139 and WR-
315 [75-77]. Nevertheless, the genetic basis of resistance to races 1B/C and 6 is still unknown. Genetic
resistance to Foc races was reviewed by Sharma and Muehlbauer [45], and some genes resistant to
races 0, 1, 2, 3, 4 and 5 (focOz, foc-1, foc-2, foc-3, foc-4 and foc-5) are located on LG2 of the chickpea map
[45,72,75,76,78,79]. However, one of the two resistance genes for race 0 (focO:) was found in LG5 [80]
(Table 1).

Table 1. Associated markers for genes resistant to various Foc races in different linkage groups of the
chickpea genetic map.

LG Genes Associated Markers References
LG2 Foc0:/foc02 TAB9, TS47 [75]
foc-1 CS27 [79]
H3A12, TA110 [72]
foc-2 TA96, H3A12 [72]
foc-3 TA96, TA27, CS27A [81]
H1B06y, TA194 [72]
foc-4 TA96, CS27 [82]
R-2609-1 [83]
foc-5 TA59, TA96 [78]
TA27 [82]
LG5 Foc01/foc01 OPJ20600, TR59 [80]

9. Breeding Method for Fusarium Wilt Resistance

Breeding efforts have contributed to significantly reduce the fusarium wilt effect on the chickpea
crop.

Three main steps or components are generally involved in any chickpea breeding program: 1/
genetic variation, which is the base of the breeding program, 2/ selection within that variation for
desirable plant types and disease resistance and 3/ evaluation of the selected lines for commercial
production [84,85]. Since chickpea is self-pollinated, the development of pure-line cultivars requires
fixing genes in breeding lines. Mass or pure-line selection from landraces was the simplest method
initially employed. Later, crossing programs and various modifications of pedigree and bulk
methods were used in handling segregating generations [6,14].

Single crosses have been adopted in most chickpea breeding programs, especially in intraspecific
hybridization between Desi and Kabuli-types having different genetic backgrounds [86]. Desi parents
have been used to transfer important genes to Fusarium wilt resistance into Kabuli-type breeding
programs, conversely, Kabuli parents have been used as a source to improve large seed size and seed
quality in Desi breeding programs [87]. Efforts have been made to use interspecific crosses for
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enhancing genetic variability and introgressing useful genes from wild cicer spp. into the cultivated
species. Resistance to Foc races has been identified mainly in Desi germplasm as well as in wild cicer
spp. Indeed, combined resistance against race 0 and 5 was identified in accessions of c. bijigum, c.
cuneatum, c. judaicum, whereas accessions of c. canariense and c. chorassanicum were resistant to race 0
but susceptible to 5. Moreover, accessions tested of c. pinnatifidum were susceptible to race 5, but some
were resistant to race 0 [88].

There is a need to enhance precision and efficiency of selections in the segregating generations
for higher and rapid genetic gains [6]. Effective wilt sick-plot for the field and hot spot location
screening, greenhouse and laboratory procedures for resistance screening have been developed for
successful breeding programs [87]. Nene et al. [89] developed the field technique of screening for a
“wilt-sick plot”. The technique is outlined as follows: (i) Select a plot of adequate size cropped in the
previous year with chickpea and isolated from other chickpea fields to avoid spread of the fungus
inoculum from this plot to others; (ii) Collect wilted plants from other fields, chop into small pieces,
and incorporate uniformly in the surface soil of the plot; (iii) Plant a highly susceptible cultivar in this
plot. This will help increase the level of the inoculum to make the soil “sick”. Such plots are available
at many research stations around the world and are widely used for screening for fusarium wilt
resistance. The methodology consists of planting a highly susceptible check every two test entries
with two replications. The percentage of wilt incidence of each entry is calculated, and the level of
resistance and susceptibility of each test entry is determined by using the appropriate rating scale
[90]. Screening of over 13,500 Desi germplasm accessions for resistance to fusarium wilt using wilt-
sick plots at ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) allowed the
identification of 165 sources of resistance [42]. Moreover, among 5174 Kabuli germplasm accessions
screened for Fusarium wilt resistance at ICARDA (International Center for Agricultural Research in
the Dry Areas), 110 lines were identified as resistant [91]. Some Kabuli accessions with high resistance
to fusarium wilt have been identified: line ILC 9784 (races 0, 1A, and 5); lines ILC 9785, ILC 9786,
FLIP 86-93C, FLIP 87-33C and FLIP 87-38C (races 0 and 1A) [92,93], and line CA-2954 (races 0 and 5)
[94]. Moreover, several cultivars with stable resistance to fusarium wilt have been identified in many
countries as USA, India, Israel, Mexico and Tunisia, including cvs. ICCV-2 through ICCV-6 (race 1A)
[95] Amdoum 1, Béjal, Nour (race 0) [96,97], and Gavilan, Surutato-77, Sonora-80, Tubutama, UC-15
and UC-27 [98-100]. For these six later cultivars, resistance introgressed from Desi line L- 1186 is
effective against races 0, 1A, 1B/C, 5, and 6 and it has been operative in California, Mexico, and Spain
[101,102].

10. Integration of Genomic Technologies in Chickpea Breeding Program

10.1. Genetic Maps

Acceleration and facilitation of the selection of segregating plant material constitutes the main
objective of breeders. In chickpea, efforts have been underway to develop saturated genetic maps for
tagging traits with molecular markers, thus enabling their use in Marker Assisted Selection (MAS)
and positional cloning of genes of interest [5,14].

The first genetic maps developed in chickpea were obtained by analyzing isozymes in F:
populations from interspecific crosses [103]. Since then, many maps have been developed by different
research groups. Genes that control different characters such as flower color, double pod, growth
habit and Fusarium wilt resistance [45,80,104-107] as well as QTLs (Quantitative Traits Loci)
associated with flowering time, agronomics traits and ascochyta blight resistance were located on
these maps [1,78,108].

The greatest number of maps including a large number of markers were achieved using
populations derived from crosses with C. reticulatum [78,82,109-112]. Nevertheless, mapping
populations derived from intraspecific crosses were obtained due to the development of
microsatellite markers that detect a greater number of polymorphisms [1,80,108,113,114]. Millan et al.
[5] stated that the use of Sequence Tagged Microsatellite Site (STMS) markers in different mapping
populations offers the possibility of building a consensus chickpea map using information from
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different maps and following a reference map previously proposed by Winter et al. [82]. Recently,
thanks to the development of next-generation sequencing technologies, the first chickpea
transcriptome was obtained [115]. Comprehensive genetic maps with large-scale molecular markers
were obtained using the transcriptome information [116-118].

Moreover, the availability of the draft genome in Desi and Kabuli chickpea has opened the
possibility of anchoring genetic maps and positioning QTL on the physical one [2,119-121].
Nowadays, genomic information will certainly boost the development of markers with complete
association with QTLs [122].

Development of diagnostic molecular markers from coding sequences with a knowledge
function could be used in the screening of germplasm collections or breeding materials, improving
the efficiency and effectiveness of conventional breeding methods [123]. For example, a plant specific
transcription factor Ein3 coding for an ethylene insensitive 3-like protein has been transformed into
a molecular marker. This marker explained 44% of the total phenotypic variation for resistance to
blight in chickpea [123], which could be useful for MAS approaches [124].

10.2. Marker-Assisted Selection (MAS)

Integration of genomics tools in chickpea breeding programs such as marker-assisted selection
(MAS) is very promising for crop improvement [6]. The effectiveness of MAS depends on the strength
of the linkage between the marker and the gene locus controlling the trait of interest, the localization
in a saturated genomic area, the high level of polymorphism, and ease of interpretation [4,14]. For
instance, the fundamental advantages of MAS over conventional selection are the possibility of
selection for traits that are difficult or inconvenient to score directly, avoiding complex and time
consuming evaluations, mainly in the case of breeding for disease resistance. MAS also facilitates the
pyramiding of different resistance genes in the same genotype, resulting in faster line development
and variety release [14,125].

MAS has not been widely adopted in chickpea breeding programs for resistance despite the
availability of a saturated genetic map and markers tightly linked to a gene or QTLs. Recently,
marker-assisted backcrossing was successfully employed to introgress Ascochyta blight resistance
with double-podding traits in chickpea cultivars. Microsatellite markers were also employed in each
backcross generation to assist selection for resistance to Fusarium wilt race 1 and blight [126,127].

Sequence characterized amplified regions (SCARs) SCY17s0 and SCAE19ss6 tightly linked to
QTLarz for Ascochyta blight resistance, previously developed by [128], and used to tag resistance
lines in a collection of chickpea germplasm [129]. Using the SCAR marker SCY175% in combination
with a co-dominant marker (CaETR) linked to QTLaxr: for resistance to Aschochyta in chickpea, it was
possible to detect resistance alleles in 90% of resistant accessions in a collection of landraces [130].
Recently, efficient contribution of both markers in MAS of blight-resistant genotypes in different
breeding programs in Tunisia and Spain have been reported [131,132].

STMS markers tightly linked to foc5 (TA59) and to foc0O: (TR59, TS35) in LG2 and LG5 were used
to assist selection of resistant and susceptible genotypes and to develop near isogenic lines (NILs)
[133,134]. Indeed, NILs represent a valuable tool for fine mapping, refining the target region and
selecting candidate genes for resistance to Foc0. Recently, three recombinant inbred populations were
used to validate and saturate the target area involved in the resistance to FocO in chickpeas by
Jendoubi et al. [134]. Results obtained by Jendoubi et al. [134] were useful to refine the position of the
target area involved in resistance mechanisms. Previous studies conducted by Ali et al. [119,121]
pointed out the identification of target regions controlling growth habit and double podding in
chickpea based on the physical position of the marker.

11. Conclusions

Several pathogenic fusarium spp. such as F. redolens [19] may cause similar symptoms in
chickpea as Foc. These features emphasize the importance of assuring accurate identification and
discrimination between pathogenic Fusarium spp. that show similar symptoms in a determined
geographical area for which suitable molecular protocols are available. This approach would
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facilitate a better understanding of the etiology and epidemiology of the disease caused by the
different Fusarium spp. and accelerate the development of new resistant chickpea cultivars. The
development of efficient molecular markers in plant breeding will continue to be a very dynamic
process in the coming years. Indeed, identifying molecular markers closely linked to a gene/QTL
controlling a trait is a prerequisite for applying marker-assisted selection (MAS) in a conventional
breeding program. Therefore, incorporating MAS for wilt resistance into breeding programs is a
valuable tool that would greatly improve the efficiency of selection.
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