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Chickpeas provide high quality protein to large population sectors in South and West Asia, and the
Mediterranean Basin. This crop has a significant role in farming systems as a substitute for fallow in
cereal rotations. Fusarium wilt, caused by the soilborne fungus Fusarium oxysporum f. sp. ciceris, has
become a major factor limiting chickpea production worldwide. The pathogen long survival in soil and
high pathogenic variability, with eight races 0, 1A, 1B/C, 2, 3, 4, 5, and 6 having been identified so far, are
key elements in the development and management of the disease. Development and use of high-yielding
cultivars resistant to the prevalent pathogen race(s) in a given area is the most practical and cost-efficient
individual disease control measure for management of the disease. Use of seeds certified free from
F. oxysporum f. sp. ciceris, sanitation and cropping practices to reduce inoculum in soil, choice of sowing
site and time to reduce disease potential, and protection of healthy seeds with fungicides or biocontrol
agents, would be of help for the management of Fusarium wilt in chickpea in the absence of high-
yielding, well-adapted resistant chickpea cultivars. Molecular protocols are available for the character-
ization and monitoring of F. oxysporum f. sp. ciceris populations that would help in the implementation
efficiency of these disease control measures. Improvement of these disease control measures may be
further realized by combining slow-wilting cultivars within an integrated management strategy.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction: the host and the disease

Chickpea (Cicer arietinum L.) (diploid, 2n ¼ 16) is considered to
be one of the founder crops of modern agriculture (Zohary and
Hopf, 2000). This plant is a member of the Papilionoid subfamily
of legumes that originated from its wild C. reticulatus ancestor in a
relatively small area in Turkish Kurdistan of the Fertile Crescent
some 8000e9000 years ago (Ladizinsky and Adler, 1976; Lev-Yadun
et al., 2000). Chickpea seeds are a major source of human food and
animal feed because of their high content of lysine-rich protein
(Jukanti et al., 2012). In addition, chickpea cultivation plays a sig-
nificant role in farming systems as a substitute for fallow in cereal
rotations, where it contributes to the sustainability of production
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and reduces the need for N fertilization through fixing atmospheric
nitrogen. Those features make chickpea cultivation of particular
importance to food security in the developing world.

There are two main types of chickpea germplasm, namely desi
(small, angular, rugose and colored seeds) grown mainly in the
Indian subcontinent and kabuli (large to medium-size, rams-head-
shaped and beige to white seeds, smooth to scarcely rugose) grown
mainly in the Mediterranean Basin. Consumption of desi is
restricted primarily to the Middle East and Southeast Asia, whereas
kabuli is a popular and valuable global commodity (Singh, 1997).

Chickpea is the second world's most important food legume
crop after dry beans (Phaseolus vulgaris L.), grown throughout
tropical, subtropical and temperate regions in South and West
Asia, East and North Africa, southern Europe, North and South
America, and Australia (FAOSTAT, 2014). Approximately
13.5 � 106 ha of chickpea are cultivated in more than 50 coun-
tries worldwide that yield nearly 13.1 � 106 t (FAOSTAT, 2014). Of
that, 89.2% is grown in Asia and accounts for 84.5% of the world
ilt of chickpeas: Biology, ecology and management, Crop Protection
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Table 1
Disease reaction of differential chickpea lines to pathogenic races of Fusarium oxy-
sporum f. sp. cicerisa.

Differential chickpea line Pathogenic race

0 1A 1 B/C 2 3 4 5 6

12-071/10054 S M S R R R R M
JG-62 R S S S S S S S
C-104 M M R/M S S S S M
JG-74 R R R S R R M R
CPS-1 R R R S M M M R
BG-212 R R R S M M R R
WR-315 R R R R S R R R
ICCV-2 R R R S S S S M
ICCV-4 R R R S S S S M
P-2245 S S S S S S S S

a Disease evaluated on a 0e4 severity scale depending on the percentage of
affected foliar tissue (0 ¼ 0%, 1 ¼ 1e33%, 2 ¼ 24e66, 3 ¼ 67e100, 4 ¼ dead plant) at
40 days after sowing in infested soil. Average disease reactions of <1 and >3 were
considered resistant (R) and susceptible (S), respectively. Intermediate disease re-
actions were considered moderately susceptible (M) (Jim�enez-Díaz et al., 1989b,
1993a; Jim�enez-Gasco et al., 2004b).
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production. India is the leading chickpea-producing country with
73.3% of the world acreage and 67.4% of the production. Pakistan
ranks second with 7.3% of world acreage and 5.7% of production,
followed by Australia (4.2% acreage, 6.2% of production), Iran
(4.1% acreage, 2.3% of production) and Turkey (0.3% acreage,
0.37% of production) (FAOSTAT, 2014). In much of the world,
chickpea is cultivated in semi-arid environments and on soils of
poor agricultural quality, which combined with yield losses
caused by biotic and abiotic stresses, mainly drought, have given
rise to average yields of 0.9e1.8 t/ha across these areas of culti-
vation, which is considerably below the theoretical potential
(FAOSTAT, 2014).

Fusarium wilt is one of the most important diseases affecting
chickpea worldwide. This disease was first reported in India by
Butler in 1918 but its etiology was not correctly determined until
1940 by Padwick. Now, it is widespread in most chickpea growing
areas in Asia, Africa, southern Europe and the Americas, but it has
not yet been reported in Australia (Cunnington et al., 2007). Fusa-
rium wilt has become a major factor limiting chickpea production
in the Mediterranean Basin, the Indian subcontinent, and California
(Haware, 1990; Jalali and Chand, 1992; Nene and Reddy, 1987;
Trapero-Casas and Jim�enez-Díaz, 1985; Westerlund et al., 1974).

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 (Haware, 1990; Nene and Reddy, 1987;
Trapero-Casas and Jim�enez-Díaz, 1985). Highly susceptible culti-
vars can show symptoms within 25 days after sowing (designated
‘early wilt’), including flaccidity of individual leaves followed by a
dull-green discoloration, desiccation and collapse of the entire
plant. However, symptoms are usually more conspicuous at the
onset of flowering, 6e8 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. Initially, drooping is observed in the upper part of the
plant but within few days it occurs on the entire plant. Symptoms
may affect only a few branches of a plant resulting in partial wilt.
Roots of affected seedlings and plants show no external root
discoloration if they are uprooted before being severely affected or
dried. However, the roots and stem of a plant develop a dark-brown
discoloration of xylem tissues that can be seen when they are split
vertically or cross-sectioned. Histological distortions occur in the
vascular tissues of affected roots and stems as a result of cavity
formation between phloem and xylem, xylem and medulla, and
phloem and cortical parenchyma, as well as anomalous cellular
proliferation in the vascular cambium. This, together with forma-
tion of optically dense gels and occlusions in xylem vessel (but not
of tyloses), probably contributes to retarded vascular flow of water
and nutrients as well as development of morphological symptoms
(Jim�enez-Díaz et al., 1989a).

Fusariumwilt reduces chickpea production by decreasing both
seed yield and seed weight (Haware and Nene, 1980; Navas-Cort�es
et al., 2000b). Yearly yield losses from the disease were roughly
estimated at 10e15% in India and Spain (Singh and Dahiya, 1973;
Trapero-Casas and Jim�enez-Díaz, 1985) and 40% in Tunisia
(Bouslama, 1980), but 70% to total loss of the crop can occur in
years of severe outbreaks (Halila and Strange, 1996). Early wilting
is reported to cause more yield loss (77e94%) than late wilting
(24e65%), but seeds from late-wilted plants are lighter, rougher,
and duller than those from healthy plants (Haware and Nene,
1980).

This article is not intended to be a thorough review of the
literature on general aspects of Fusarium wilt of chickpea. Rather,
we discuss the current prospects for its management based on the
critical assessment of available knowledge on the disease etiology,
epidemiology, and control strategies and measures.
Please cite this article in press as: Jim�enez-Díaz, R.M., et al., Fusarium w
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2. Genetic and pathogenic diversity in the pathogen
populations

Fusarium wilt of chickpea is caused by Fusarium oxysporum
(Schlechtend.:Fr.) f. sp. ciceris (Padwick) Matuo & K. Sato. The
fungus was first named Fusarium orthoceras Appel & Wollenw. var.
ciceri by Padwick, and later Chattopadhyay and Sen Gupta renamed
the pathogen F. oxysporum Schl. f. sp. ciceri (Padwick) Snyder &
Hansen. This was accepted as the correct name of the pathogen
until revised by Holliday in 1980 (Jalali and Chand, 1992; Nene and
Reddy, 1987). F. oxysporum f. sp. ciceris is one of the few formae
speciales of monophyletic origin in the F. oxysporum complex of the
Gibberella clade, most of which are polyphyletic (Baayen et al.,
2000; Demers et al., 2014; Kistler, 2001; Jim�enez-Gasco et al.,
2002; O'Donnell et al., 1998). This fungus is pathogenic only on
Cicer spp. (Kaiser et al., 1994) of which chickpea is the only culti-
vated species. However, F. oxysporum f. sp. ciceris can also invade
root tissues of other grain legumes such as bean, faba bean (Vicia
faba), lentil (Lens culinaris), pea (Pisum sativum), and pigeonpea
(Cajanus cajans) without causing external symptoms, thus serving
as symptomless carriers of the pathogen. Other crops and dicoty-
ledonous weeds can also serve as symptomless carriers (Haware
and Nene, 1982a; Trapero-Casas and Jim�enez-Díaz, 1985).

F. oxysporum f. sp. ciceris exhibits extensive pathogenic vari-
ability despite being monophyletic. Two pathotypes have been
distinguished based on the distinct yellowing or wilting syndromes
with brown vascular discoloration that they induce in susceptible
chickpeas. The yellowing syndrome is characterized by a slow,
progressive foliar yellowing and late death of the plant, while the
wilting syndrome is characterized by a fast and severe chlorosis,
flaccidity and early plant death (Trapero-Casas and Jim�enez-Díaz,
1985). In addition to symptom types, the two pathotypes differ
genetically: they can be distinguished unambiguously by random
amplified polymorphic DNA (RAPD) markers (Kelly et al., 1994) as
well as by specific polymerase-chain-reaction (PCR) assays using
sequence characterized amplified region (SCAR) primers derived
from those RAPD markers (Kelly et al., 1998). Isolates of the two
pathotypes were placed in two significantly distinct groups based
on RAPD and DNA fingerprinting assays (Jim�enez-Gasco et al., 2001,
2004a; Kelly et al., 1994).

In addition to pathotypes, eight pathogenic races (namely races
0, 1A, 1B/C, 2, 3, 4, 5, and 6) can be identified in F. oxysporum f. sp.
ciceris by the severity of disease reactions on a set of 10 differential
chickpea cultivars (Table 1) (Haware and Nene, 1982b; Jim�enez-
ilt of chickpeas: Biology, ecology and management, Crop Protection
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Díaz et al., 1989b, 1993a). This set was extended from an original
one developed at the International Crop Research Institute for
Semi-Arid Tropics (ICRISAT) in India to study differential
isolate � cultivar interactions based on the incidence of plant
mortality (Haware and Nene, 1982b). More recently, Sharma et al.
(2005) developed a more concise set of eight chickpea lines
comprised of four genotypes and four F7 recombinant inbred lines
as differentials for F. oxysporum f. sp. ciceris race identification
(Table 2). Disease reaction of these latter differentials can differ-
entiate races 1A through race 5 only by early appearance of
symptoms and 100% wilt incidence. The two tables show conflict-
ing reactions of line WR-315 to race 3. This race can be clearly
identified by 100% wilt incidence on near-isogenic line (NIL) RIP8-
94-11, which showed a susceptible reaction to races 1A through 4
(Castro et al., 2010). Recently, race 3 of F. oxysporum f. sp. ciceriswas
claimed to be identical to Fusarium proliferatum (Gurjar et al., 2009)
despite that these two species are generally easy to distinguish
morphologically, based on the formation of microconidia in short
chains from polyphialidic conidiophores and the absence of chla-
mydospores in the latter species (Leslie and Summerell, 2006). This
reclassification of F. oxysporum f. sp. ciceris race 3 was established
on a phylogenetic analysis based on sequences of the translation
elongation factor 1-a (TEF) gene using the ‘race 3 standard’ avail-
able from ICRISAT (assigned NRRL number 32155 by Gurjar et al.,
2009), and isolate Fu-7 classified as ‘race 3-like’. This is in
disagreement with results of other studies using two different race
3 isolates, 8606 and 1992R3N, also from ICRISAT, which unequiv-
ocally identified them as F. oxysporum f. sp. ciceris. It was found that
these latter isolates do not produce microconidia in short chains
from polyphialidic conidiophores (a characteristic of
F. proliferatum), but are F. oxysporum based on restriction fragment
length polymorphism (RFLP) assays of the ribosomal intergenic
spacer region (IGS) (RFLP-IGS) and sequence analyses using TEF and
the internal transcribed spacer region of the ribosomal DNA (rDNA
ITS) (Demers et al., 2014; Jim�enez-Fern�andez et al., 2011b). In
addition, the two isolates amplified a F. oxysporum f. sp. ciceris-
specific PCR marker (Jim�enez-Fern�andez et al., 2011a; Jim�enez-
Gasco and Jim�enez-Díaz, 2003), have the same differential viru-
lence as originally reported (Haware and Nene, 1982b; Jim�enez-
Gasco et al., 2001; Kelly et al., 1994), and are closely related to the
other F. oxysporum f. sp. ciceris races, especially to races 2 and 4
from India (Jim�enez-Gasco et al., 2001, Jim�enez-Gasco et al., 2002,
2004a; Kelly et al., 1994).

Besides their identification based on biological pathotyping,
identification of F. oxysporum f. sp. ciceris races 0, 5, and 6 can be
made by means of a specific-PCR assay using DNA from fungal
mycelia and primers FocR0-M15f/FocR0-M15r, FocR5-L10f/FocR5-
L10r, or FocR6-O2f/FocR6-O2r, which selectively amplify a single
Table 2
Disease reaction of selected chickpea differentials to five races of Fusarium oxy-
sporum f. sp. ciceris (Sharma et al., 2005. Plant Dis. 89: 385e390).

Germplasm
accession

Differential line Pathogenic race

1Aa 2 3 4 5

W6-24867 JG-62b S (100) S (94.3) S (100) S (100) S (100)
W6-24868 P-2245b S (100) S (100) S (100) S (100) S (100)
W6-24869 Sanford R (0) S (100) S (100) S (100) S (95.0)
W6-24870 CRIL-1-53 S (100) R (0) R (0) R (0) R (0)
W6-24871 CRIL-1-94 R (0) S (100) R (0) I (36.4) I (30.0)
W6-24872 CRIL-1-17 R (0) R (0) R (0) S (100) R (0)
W6-24874 CRIL-1-36 I (33.3) S (100) S (100) S (100) R (0)
W6-24876 WR-315 R (0) R (0) R (0) R (0) R (0)

a S ¼ susceptible, R ¼ resistant, I ¼ intermediate, disease incidence (%) in
parentheses.

b JG-62 and P-2245 are resistant and susceptible, respectively, to race 0.

Please cite this article in press as: Jim�enez-Díaz, R.M., et al., Fusarium w
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900-, 938-, and 1000-bp race markers, respectively. Furthermore,
the use of primers FocR6-P18f and FocRo-M15r identifies race 1A
and race 6 isolates simultaneously (Jim�enez-Gasco and Jim�enez-
Díaz, 2003). Therefore, a positive result from this PCR assay
together with a negative result from PCR assay using the race 6-
specific primer pairs allow for the identification of race 1A iso-
lates (Jim�enez-Gasco and Jim�enez-Díaz, 2003).

The eight F. oxysporum f. sp. ciceris races also differ in their
pathotype and geographic distribution. Races 0 and 1B/C belong to
the yellowing pathotype whereas races 1A through 6 belong to the
wilting pathotype. Races 0, 1A, 1B/C, 5 and 6 have been reported in
the Mediterranean region and in California (Halila and Strange,
1996; Jim�enez-Díaz et al., 1993a; Jim�enez-Gasco and Jim�enez-
Díaz, 2003; Jim�enez-Gasco et al., 2001), while races 1A, 2, 3, and
4 have been reported in India (Haware and Nene, 1982b). Recently,
races 2 and 3 were reported in Turkey (Bayraktar and Dolar, 2012;
Dolar, 1997), races 2, 3, and 4 in Ethiopia (Shehabu et al., 2008),
races 0, 1B/C, 5 and 6 in northwestern Mexico (Arvayo-Ortiz et al.,
2011), and races 0, 1B/C, 4 and 5 in Iraq (Al-Taae et al., 2013).

Despite their extensive pathogenic variability and geographic
distribution, the eight identified races of F. oxysporum f. sp. ciceris
display little genetic diversity. Firstly, all isolates of F. oxysporum f.
sp. ciceris studied share the same RFLP pattern for mitochondrial
DNA and IGS region (Jim�enez-Fern�andez et al., 2011b; P�erez-Art�es
et al., 1995), belong to the same vegetative compatibility group
(Nogales-Moncada et al., 2009) and were found to have identical
sequences for genes encoding TEF, b-tubulin, histone 3, actin,
and calmodulin (Jim�enez-Gasco et al., 2002), regardless of race,
pathotype, or geographic origin. In a latter study using a larger
sample of F. oxysporum f. sp. ciceris isolates, Demers et al. (2014)
further confirmed such little genetic diversity; they found that all
isolates of the pathogen tested share identical rDNA ITS, five
mitochondrial regions previously found to be polymorphic among
F. oxysporum populations (Cunnington, 2006), a xylanase gene
(xyl4) and its transcriptional activator (xlnR), SCAR-PCR markers
previously developed for identification of F. oxysporum f. sp. ciceris
and of race 5 (Jim�enez-Gasco and Jim�enez-Díaz, 2003) and 11
microsatellites. Moreover, only a few polymorphisms were
observed between and sometimes within races for the b-tubulin
gene, IGS region of the rDNA, endopolygalacturonase pg1 and
exopolygalacturonase pgx4 genes, and six microsatellite regions
(Demers et al., 2014). Such a high degree of genetic similarity
among races supports the monophyletic origin of this forma spe-
cialis previously reported (Jim�enez-Gasco et al., 2002), as well as
the stepwise pattern of evolution of the races that was first hy-
pothesized and demonstrated by Jim�enez-Gasco et al. (2004a;
2004b). In that work, the authors inferred an intraspecific phy-
logeny of races fromDNA fingerprints generated by hybridization of
restricted genomic DNA with several transposable elements,
whereby each of the eight races forms a monophyletic lineage.
Mapping the specific pathogenicity of races to chickpea differential
cultivars onto the inferred phylogeny indicated that races appear to
have evolved in a stepwise fashion, with each race evolving from
another and gaining the ability to cause disease on a previously
resistant chickpea cultivar according to two simplest scenarios of
few parallel gains or losses of virulence. The scenario based on the
gains, but not loss of virulence, is consistent with the yellowing race
0 being ancestral to wilting races and race 1B/C being its closest
race in evolutionary terms. This inferred scenario would be
consistent with race 0: (i) pathogenic on the fewest race-
differentials of all races; (ii) being the most widespread race in
the Mediterranean region, although it has not been reported from
the Indian subcontinent, and (iii) showing the highest molecular
diversity of all races. A second scenario of race evolution proposed
that race 1A is the common ancestor of all races, which would be
ilt of chickpeas: Biology, ecology and management, Crop Protection
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consistent with this race being themost widespread geographically
and a subsequent development of pathogenic races within the
lineage (Jim�enez-Gasco et al., 2004a, 2004b). Subsequently, Demers
et al. (2014) found that wilting races 1A, 5 and 6 had very little
intra-race diversity for two specific microsatellite markers
compared with the high allele diversity shown by yellowing-
inducing races 0 and 1B/C, which is consistent with the hypothe-
sis that these races are ancestral to wilting races. It seems unlikely
that the stepwise evolution of races in F. oxysporum f. sp. cicerismay
have resulted from selection by specific resistance in chickpea
populations based on the wide geographic distribution of races
even where resistant cultivars have not been deployed. For
example, a high diversity of races occurs in the Mediterranean re-
gion despite resistant cultivars generally not being used in this
region (Halila and Strange, 1996; Jim�enez-Díaz et al., 1993a;
Jim�enez-Gasco and Jim�enez-Díaz, 2003; Jim�enez-Gasco et al.,
2001). Conversely, widespread use of race 1A-resistant cvs. ICCV-
2 and ICCV-4 in India has not yet led to reports on development
of race 6, which specifically overcomes that resistance and derives
from race 1A. However, races 2, 3, and 4 are pathogenic to those
cultivars and were reported in India before these cultivars had been
released (Haware and Nene, 1982b; Kumar et al., 1985). Thus, there
may have been little or no selection for resistance-breaking races of
F. oxysporum f. sp. ciceris, which possibly minimizes the probabili-
ties of resistance deployment being accompanied by development
of parallel changes in virulence overcoming it.

Although the previously referenced research on genetic di-
versity in F. oxysporum f. sp. ciceris included few isolates from races
found in India, a significant amount of research has analyzed
variability in populations from India using a variety of molecular
tools (Dubey and Singh, 2008; Dubey et al., 2012, 2014; Durai et al.,
2012; Honnareddy and Dubey, 2006; Sharma et al., 2009, 2014).
These studies show very high genetic diversity in F. oxysporum
sampled from chickpea in India. However, some doubts exist
whether the isolates studied were truly pathogenic on chickpea
since the methodology used for pathogenicity tests differs signifi-
cantly from the one originally described by Haware and Nene
(1982b) using infested soil and controlled environmental condi-
tions. Inoculation methods that rely solely on root-dipping in
conidial suspension and incubation of the plants in greenhouse or
field conditions may be inconsistent and non-reproducible
(Jim�enez-Díaz, unpublished). Furthermore, pathogenicity tests
rarely included appropriate positive controls of known pathogenic
races; consequently, more research is needed to make definitive
conclusions about diversity of F. oxysporum f. sp. ciceris in India.

3. Pathogen biology and ecology

F. oxysporum f. sp. ciceris is an asexually-reproducing root-
inhabiting (soil invader) fungus sensu Garret (1956), which survive
inactive in soil by means of chlamydospores free or embedded in
plant tissues. Temperature and pH ranges for in vitro mycelial
growth of the fungus are 7.5 to 35 �C and 4 to 9.4, respectively; the
optimal conditions being 25 to 27.5 �C and 5.1 to 5.9, depending
upon the strain. Optimum pH for sporulation is 7.1e7.9. For a given
temperature, isolates of the yellowing pathotype grow at a higher
rate compared with that of wilting isolates (Duro Almaz�an, 2000).
Chlamydospores are formed in old mycelia and infected chickpea
tissues; they are smooth or rough walled, terminal or intercalary in
hyphae, and may be formed single, in pairs, or in short chains.

The fungus can survive in soil and chickpea debris by means of
chlamydospores for at least 6 years (Haware et al., 1996) but
infection of symptomless dicotyledonous weeds can enhance sur-
vival of the pathogen in fallow soils. Thus, infested soil is a main
source of primary inoculum for the development of Fusarium wilt
Please cite this article in press as: Jim�enez-Díaz, R.M., et al., Fusarium w
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epidemics in chickpea. Infected seeds are also a source of primary
inoculum of the disease. F. oxysporum f. sp. ciceris is internally
seedborne and chlamydospore-like structures have been observed
in the hilum region of the seed. Plants grown from infected seeds
wilt faster than infected plants that originated from healthy seeds
sown in infested soil (Haware et al., 1978). Infected seeds play an
important role in the long-distance dispersal of the pathogen and
in its introduction into F. oxysporum f. sp. ciceris-free soils and
geographic areas (Pande et al., 2007). Short-distance spread of the
pathogen can also occur by dispersal of infested soil or chickpea
debris through human activity, machinery, water, or wind.

Chlamydospores in soil are the primary inoculum for Fusarium
wilt in chickpea, their germination being stimulated by seed and
root exudates of hosts and non-hosts. F. oxysporum f. sp. ciceris
gains ingress in germinating seeds and growing seedlings directly
without need of wounds soon after sowing in infested soil. Invasion
takes placemainly through the cotyledons and zones of the epicotyl
and hypocotyl at the junction of or close to cotyledons, and to a
lesser extent in the zone of root elongation and maturation
(Jim�enez-Díaz et al., 1989a; Stevenson et al., 1997). Later studies in
infested hydroponic cultures showed that races 0 and 5 of the
pathogen colonize the surface of the tap and lateral roots in both
susceptible and resistant cultivars, and preferentially penetrate the
meristematic cells of the root apex (Jim�enez-Díaz et al., 1989a;
Jim�enez-Fern�andez et al., 2013). Then, the fungus grows in the
intercellular spaces of the root cortex to reach the central root
cylinder and enter into the xylem vessels. Further colonization by
the pathogen takes place by means of hyphal growth and micro-
conidia carried in the vessels by transpiration stream, as well as by
lateral mycelia spread to adjacent vessels from infected ones. The
systemic colonization along the plant axis (i.e., the determinative
phase of pathogenesis) is then followed by development of symp-
toms (i.e., the expressive phase) once intense colonization of xylem
vessels in root and lower stem has occurred by 10e20 days after
inoculation (Jim�enez-Díaz et al., 1989a; Jim�enez-Fern�andez et al.,
2013).

The rate and intensity at which the pathogen colonizes the
epicotyl and stem xylem is directly related to the degree of
compatibility of the F. oxysporum f. sp. ciceris race/chickpea geno-
type combination, being highest in the most susceptible line
infected with the most virulent race (i.e., line P-2245/race 5), fol-
lowed by those in line JG-62 infected by race 5, and ‘P-2245’
infected by the less virulent race 0 (Jim�enez-Fern�andez et al., 2013).
Abundant chlamydospores form in infected tissues as severe
symptoms develop and the plant senesces. Eventually, these chla-
mydospores are released into the soil as infested debris de-
composes. Chlamydospores may undergo cycles of renewal by
limited saprophytic growth of the fungus supported by organic
debris and root exudates, as well as by transient infections of hosts
and non-hosts.

Compared with those compatible interactions, incompatible
interactions involving same races but different chickpea lines were
asymptomatic (Jim�enez-Fern�andez et al., 2013). In these in-
teractions, the pathogen remained either in the intercellular spaces
of the root cortex failing to reach the xylem (‘WR-315’/race 0),
invaded the root and hypocotyl xylem vessels to a limited extent
(‘WR-315’/race 5) or colonized extensively the root and stem xylem
vessels (‘JG-62’/race 0). These reactions suggest that multiple de-
fense mechanisms may be operating in the resistant plants
(Jim�enez-Fern�andez et al., 2013).

4. Epidemiology

Development of Fusarium wilt of chickpea can be influenced by
the aggressiveness (defined as the amount of disease caused by a
ilt of chickpeas: Biology, ecology and management, Crop Protection
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pathogen genotype on a given host genotype) of pathogenic races,
inoculum density of the pathogen in soil, environmental conditions
(e. g. air and soil temperature, soil moisture, soil pH, etc.) and
cultivar susceptibility.

Fusarium wilt caused by an unidentified race of F. oxysporum f.
sp. ciceris was reported to increase with decreasing soil matrix
potential and to develop severely at 25 and 30 �C, but not at 15 and
20 �C, with an inoculum density of 500 and 1000 propagules g�1

soil. No disease developed at 10 �C even with an inoculum density
of 5000 propagules g�1 soil (Bhatti and Kraft, 1992). Similarly, a
threshold of 483 propagules of race 1A g�1 soil was reported for
100% disease incidence in ‘JG-62’, a highly susceptible, early wilting
cultivar. This inoculum density caused no disease in late wilting cv.
K-850, but 3283 propagules of race 1A g�1 soil were needed to
cause significant disease incidence (ICRISAT, 1989).

The relationship between soil temperature and inoculum den-
sity of F. oxysporum f. sp. ciceris races 0 and 5 on disease develop-
ment in chickpea cultivars differing in susceptibility was
determined using quantitative nonlinear models. The models
indicated a temperature x race aggressiveness (or cultivar suscep-
tibility) interaction in Fusarium wilt. Moreover, the models esti-
mated 22 to 26 �C as the most favorable soil temperature for
infection of line P-2245 (most susceptible) and cv. PV-61 (less
susceptible) by race 5, and 24 to 28 �C for infection of ‘P-2245’ by
race 0. At 10 �C, no disease developed except in the most compat-
ible interaction ‘P-2245’/race 5. At an optimum soil temperature,
maximum disease in ‘P-2245’ developed with 6 and 50 chla-
mydospores g�1 soil of races 5 (at 22 to 26 �C) and 0 (at 24 to 28 �C),
respectively; and in ‘PV-61’ with 1000 chlamydospores g�1 soil of
race 5 (at 22 to 26 �C) (Navas Cort�es et al., 2007). Furthermore, at
extreme temperatures, plants were either asymptomatic or devel-
oped moderate disease evenwhen inoculum density was optimum
for disease development. Similarly, at low inoculum density, no or
little disease developed even at soil temperatures optimal for
F. oxysporum f. sp. ciceris infection (Navas Cort�es et al., 2007). Risk
threshold charts indicated that limitation in disease by a deficient
factor is compensated by another factor. These charts can be
applied to predict the potential threat of Fusarium wilt in a
geographic area based on soil temperature, the race and inoculum
density in soil, and susceptibility of cultivars. The efficient appli-
cation of the risk models will require the identification of the races
of F. oxysporum f. sp. ciceris that prevail in a geographical area as
well as the level of resistance of local or commercial cultivars to be
used (Navas Cort�es et al., 2007).

Also, when aggressiveness of race 1B/C (yellowing pathotype)
was compared with that of races 1A and 5 (wilting pathotype) on
cv. PV-61, 5000 chlamydospores g�1 soil of race 1B/C were needed
to cause the same amount of disease that 1000 chlamydospores g�1

soil of race 1A. The amount of disease that developed with 5000
chlamydospores g�1 soil of race 1A was equal to that developed
with 1000 chlamydospores g�1 soil of race 5 (Jim�enez-Gasco et al.,
2004b). Thus, the yellowing F. oxysporum f. sp. ciceris pathotype
appears to be less aggressive than thewilting one, but differences in
aggressiveness to a chickpea cultivar may also occur between races
within a F. oxysporum f. sp. ciceris pathotype (Jim�enez-Gasco et al.,
2004b; Navas-Cort�es et al., 2000a).

5. Management

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. Disease control measures for such
aim should include: (i) use of pathogen-free seeds; (ii) site selection
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to avoid sowing into high risk soils; (iii) reduction or elimination of
inoculum in soil; (iv) use of resistant cultivars; (v) protection of
healthy seeds from resident inoculum by means of seed treatment
with fungicides or biocontrol agents; and (vi) choice of cropping
practices to avoid conditions favoring infection of the plant by the
pathogen. Management of Fusariumwilt in chickpea would be best
achieved if those disease control measures are used within an in-
tegrated management strategy whereby their use is combined
either simultaneously or in a sequence (Haware et al., 1990;
Jim�enez-Díaz and Jim�enez-Gasco, 2011).

5.1. Disease diagnosis

Early and exact diagnosis is a first step to ensure efficient
management of Fusariumwilt in chickpeas. Careful examination of
uprooted, affected plants for the absence of external root symptoms
and presence of dark-brown discoloration in xylem tissues of roots
and stem can help in the diagnosis of the disease. However, care
should be taken to not confuse Fusarium wilt symptoms with leaf
yellowing, wilting, and phloem discoloration that are exhibited by
chickpea infected by some plant viruses (e.g., Pea streak carlavirus)
(Kaiser and Danesh, 1971; Kaiser et al., 1993; Nene et al., 1978).
Similarly, leaf yellowing and necrosis are frequently displayed by
plants infected by other root fungi (e.g., Fusarium solani f. sp. pisi,
F. solani f. sp. eumartii,Macrophomina phaseolina) (Nene et al., 1978;
Trapero-Casas and Jim�enez-Díaz, 1985; Westerlund et al., 1974).
Moreover, care must be taken when confirming initial diagnosis by
isolation in pure culture because endophytic, non-pathogenic
strains of F. oxysporum are frequently isolated even from upper
stem tissues of symptomatic chickpeas (Jim�enez-Fern�andez et al.,
2011b; Kaiser et al., 1993; Malcolm et al., 2013; Trapero-Casas and
Jim�enez-Díaz, 1985). In addition, morphology-based diagnosis of
Fusarium colonies isolated from yellowing chickpeas does not
easily allow differentiating F. oxysporum f. sp. ciceris from Fusarium
redolens, which was recently demonstrated to cause symptoms on
chickpea similar to those induced by the yellowing pathotype
of F. oxysporum f. sp. ciceris except for the absence of vascular
discoloration (Jim�enez-Fern�andez et al., 2011b). F. redolens,
F. oxysporum and F. oxysporum f. sp. ciceris can be adequately
differentiated by use of molecular protocols (Bogale et al., 2007;
Jim�enez-Fern�andez et al., 2010, 2011b; Jim�enez-Gasco and
Jim�enez-Díaz, 2003).

5.2. Exclusion and eradication of the pathogen

Effective quarantine and use of certified pathogen-free seed are
essential for the management of Fusariumwilt of chickpea in areas
free from F. oxysporum f. sp. ciceris (Pande et al., 2007). Healthy seed
should be produced in pathogen-free areas to avoid seedborne
dissemination of the pathogen. Recently, Jim�enez-Fern�andez et al.
(2011a) developed a real-time quantitative polymerase chain re-
action (q-PCR) protocol that allows quantifying F. oxysporum f. sp.
ciceris 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 pro-
grams, phytosanitary inspections, and quarantine legislation.
Seedborne inoculum can be eradicated by seed dressing with
Benlate® T (30% benomylþ 30% thiram) at 1.5 g kg�1 (Haware et al.,
1978). Use of certified or fungicide-treated seed should be used in
combination with choice of low disease risk soil and seed treat-
ments with biocontrol agents (see 5.4. Combined use of choice of
sowing date and treatment with biocontrol agents).

Inoculum of F. oxysporum f. sp. ciceris in soil can be reduced by
sanitation, soil solarization and organic amendments. Applying
these disease control measures can be costly and must therefore be
ilt of chickpeas: Biology, ecology and management, Crop Protection
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considered according with disease prediction and economy of the
crop harvest (see 5.4. Combined use of choice of sowing date and
treatment with biocontrol agents). Nevertheless, soil solarization
and organic amendments may have a non-specific effect on inoc-
ulum of soilborne fungal pathogens and plant-parasitic nematodes
and thus benefit crops in rotations with chickpeas, among which
the treatment costs must be distributed to be affordable. Reduction
in the amount of soilborne inoculum by crop rotation is of lesser
efficacy because of the capability of the pathogen to survive in soil
for long periods as well as of establishing symptomless infections in
asymptomatic crop and weed hosts. However, use of crop rotations
in the integrated management of Fusarium wilt of chickpea should
not be disregarded since this approach will help to reduce soil
inoculum.

Sanitation by removal of debris from Fusarium-wilt affected
chickpea crops, and burning or flaming them to achieve thermal-
killing of F. oxysporum f. sp. ciceris chlamydospores, would reduce
disease risk in the subsequent crop. Burning affected-crop residues
has been shown to greatly reduce the amount of soil-borne inoc-
ulum of several plant pathogenic fungi (Bockus et al., 1983).
Burning is contrary to longstanding conservation policy and
considered a destructive practice, but similar thermo-sanitation
with lesser environmental impact can be achieved by flaming the
crop debris with propane or oil-fueled flamers that allow more
controlled heating (Powelson and Rowe, 2008).

Soil solarization for 6e8 weeks during April to May successfully
controlled Fusarium wilt and increased chickpea plant growth and
yield in India (Chauhan et al., 1988). Soil solarization reduces the
pathogen inoculum in soil mainly as a result of the increase of
temperature in moist environment produced by covering a thor-
ough tilled, moist soil with thin (25e50 mm), transparent poly-
ethylene or polyvinyl plastic sheets tightly anchored to soil during a
period of high temperature and intense solar radiation (Katan,
1981). Thus, soil solarization in areas with Mediterranean type of
climate should be practiced during July and August. Solarizing the
soil at sublethal temperatures results in C exudation from
F. oxysporum f. sp. ciceris chlamydospores and reduction of their
inoculum potential on chickpeas compared with that of unheated
chlamydospores (Arora et al., 1996). These effects correspond to the
‘weakening’ action of sublethal heating on surviving chlamydo-
spores of other F. oxysporum ff. spp. reported by Freeman and Katan
(1988). Amending the soil with plant material, such as fresh broc-
coli or grass, before polyethylene mulching can also suppress soil-
borne fungal inoculum under conditions of sublethal heating of
soil. This heating releases biocidal products after microbial degra-
dation of the plant material incorporated into soil, which together
with the anaerobic and strongly reducing soil conditions that
develop are effective against fungal propagules (Blok et al., 2000;
Kirkegaard, 2009).

Disinfestation of F. oxysporum f. sp. ciceris-infested soil can also
be achieved by soil amendments with high N-containing products
(e.g., animal manures, blood, bone and meat meal, fish meal, soy
meal, etc.). Research by Lazarovits and co-workers (e.g., Bailey and
Lazarovits, 2003; Lazarovits, 2004) has convincingly shown that
activity of organic materials in the management of soilborne plant
pathogens is associated with production of ammonia (NH3) and
nitrous acid (NO2H) upon microbial degradation of N-containing
products at different soil pH. NO2H is preferentially formed in acidic
soils and is more toxic than NH3 that forms mainly in basic soils
(Conn et al., 2005).

5.3. Use of resistant cultivars

Resistance to the pathogen is the most practical and cost-
efficient individual disease control measure for management of
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Fusarium wilt of chickpea. Moreover, use of resistant cultivars
would enhance the efficacy of other disease control measures in an
integrated management strategy. Resistance to F. oxysporum f. sp.
ciceris races has been identified mainly in desi germplasm and to a
lesser extent in kabuli chickpeas, as well as in wild Cicer spp.
Combined resistance against races 0 and 5 was identified in ac-
cessions of C. bijugum, C. cuneatum, C. judaicum, whereas accessions
of C. canariense and C. chorassanicum were resistant to race 0 but
susceptible to race 5. All accessions of C. pinnatifidum tested were
susceptible to race 5 but somewere resistant to race 0 (Kaiser et al.,
1994). Resistance screening of over 13,500 desi germplasm acces-
sions in a wilt-sick plot at ICRISAT identified 165 sources of resis-
tance (Haware et al., 1992), some of which (ICC-2862, -9023, -9032,
-10803, -11550, and -11551) proved to carry broad-base resistance
in multi-location testing (Haware et al., 1990; van Rhenen et al.,
1992). Likewise, 110 resistant lines were identified among 5174
kabuli germplasm accessions screened for Fusariumwilt resistance
at ICARDA (International Center for Agricultural Research in the Dry
Areas) (Singh, 1997). A few kabuli lines carry resistance against one
or several F. oxysporum f. sp. ciceris races: 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) (Jim�enez-Díaz et al., 1991; Singh and
Jim�enez-Díaz, 1996); lines CA-334.20.4, CA-336.14.3.0, and ICC-
14216K (race 5) (Castillo et al., 2003; Navas-Cort�es et al., 1998b),
and line CA-2954 (races 0 and 5) (Rubio et al., 2004). Also, a few
kabuli cultivars have been developed with resistance against spe-
cific races at California, India, Israel, M�exico and Tunisia, including
cvs. ICCV-2 through ICCV-6 (race 1A) (Kumar et al., 1985), Andoum
1 and Ayala (race 0) (Halila and Harrabi, 1990; Landa et al., 2006),
and Gavilan, Surutato-77, Sonora-80, Tubutama, UC-15 and UC-27
(Buddenhagen et al., 1988; Helms et al., 1992; Morales, 1986).
Resistance in these six later cultivars introgressed from desi line L-
1186 is effective against races 0, 1A, 1B/C, 5, and 6 and it has been
operative in California, M�exico, and Spain (Jim�enez-Díaz et al.,
1992; 1993b; and unpublished). In spite of the race-specific nature
of complete resistance to F. oxysporum f. sp. ciceris in chickpea,
there is no evidence to date of resistance breakdown suggesting
that there may be little or no selection for resistance-breaking races
in this pathosystem (see 2. Genetic and pathogenic diversity in the
pathogen populations).

5.3.1. Genetics and physiology of resistance
Resistance against specific races of F. oxysporum f. sp. ciceris is

described as monogenic or oligogenic depending upon the race or
resistance source (Sharma et al. (2005; Sharma and Muehlbauer,
2007; Singh et al., 1987a, 1987b; Upadhyaya et al., 1983a, 1983b).
In early studies at ICRISAT on resistance to race 1A, differentiation
among segregating chickpea genotypes according to the incubation
period (IP, i.e., number of days to appearance of first disease
symptoms) after artificial inoculation (early wilting, IP <20 days;
late wilting >20 days) lead to hypothesize that the late wilting
phenotype was controlled by three independent genes, namely h1,
h2, H3. Under this hypothesis, either of the genes in homozygous
recessive form and the dominant allele in the third locus, inde-
pendently confers late wilting resistance, but combination of any
two of the late wilting genes confer complete resistance (Singh
et al., 1987a, 1987b; Upadhyaya et al., 1983a, 1983b). A similar ge-
netic system based on two (Gumber et al., 1995) or three (Kumar,
1998) independent genes was found to confer resistance to race 2
in wilt sick plot screening, which also involved late wilting or
complete resistance and homozygous recessive condition. Later,
Sharma et al. (2005) demonstrated that resistance to race 2 in
artificial inoculation was governed by a single recessive gene. The
genetic of resistance to races of F. oxysporum f. sp. ciceris was
reviewed by Sharma and Muehlbauer (2007). Six single, recessive
ilt of chickpeas: Biology, ecology and management, Crop Protection
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resistance genes have been identified (namely foc-01, -02, -2, -3, -4,
and -5) that are located in two clusters on linkage group 2 of the
chickpea genetic map, a region considered to be a hotspot for
F. oxysporum f. sp. ciceris resistance genes. Genes foc-01, -02, -2, -3,
-4, and -5 confer complete resistance to races 0, 2, 3, 4, and 5,
respectively. Resistance to race 0 is controlled by two genes which
segregate independently: foc-01 present in accession JG-62, and foc-
02 present in lines CA-1938, CA-2139 and WR-315 (Halila et al.,
2009, 2010). Both genes separately confer complete resistance to
race 0 of the pathogen. Resistance to race 4 was monogenic
recessive in some lines (Sharma et al., 2005) whereas it was digenic
recessive in ‘Surutato-77’ (Tullu et al., 1999). Similar to races 1 and
2, the late wilting resistant phenotype was also detected for race 4.
More recently, Castro et al. (2010) suggested that complete resis-
tance to race 5 in lines ICCL-81001 and WR-315 is controlled by
more than one gene, so that a combination of the gene foc-5 and
other gene/s could be required for complete resistance while the
absence of these unknown genes would lead to slow wilting re-
actions. A race-specific slow wilting reaction in Fusarium wilt of
chickpea was first observed by Sharma et al. (2005) in some
chickpea lines inoculated with races 2 and 3, and later reported
against race 0 in a wilt sick plot (Halila et al., 2010). In addition to
race-specificity, slow wilting is characterized by a latent period,
disease progress rate, and final disease severity. Compared to slow
wilting, late wilting refers to susceptible lines showing a prolonged
latent period that eventually show 100% wilt (Sharma and
Muehlbauer, 2007). The genetics of the slow wilting reaction
have not been studied yet but it has been suggested that it is
controlled by minor genes. Similarly, the genetics of resistance to
races 1B/C and 6 remains to be determined (Sharma and
Muehlbauer, 2007).

As indicated above (see Section 3 Pathogen biology and ecology)
the complete-resistant phenotype may vary in histological
expression without development of localized cell death. Thus, the
reaction of line WR-315 to races 0, 1A and 2, and of line CPS 1 to
races 1A and 2, characterized by inability of the pathogen to reach
the xylem (Jim�enez-Fern�andez et al., 2013; Stevenson et al., 1997),
whereas race 5 invades the root and hypocotyl xylem of ‘WR-315’,
and race 0 colonized extensively the root and stem xylemvessels of
‘JG-62’ (Jim�enez-Fern�andez et al., 2013). Independent studies sug-
gest that increased concentrations of pterocarpans phytoanticipins
maackiain and medicarpin in root tissues and root exudates ac-
count at least partially for the resistance of lines CPS-1 andWR-315
to races 1, and 2, and that of cv. ICCV-2 to race 5 (Cachinero et al.,
2002; Stevenson et al., 1995, 1997). In addition, some active oxy-
gen species seem to play a role in the resistance of ‘WR-315’ to race
5. García-Limones et al. (2002), using whole plant extracts, re-
ported that infection by race 5 determined an earlier increase of
lipid peroxidation (malondialdehyde formation) as well as of
catalase (CAT) and superoxide dismutase (SOD) activities in roots of
‘WR-315’ compared with that in the susceptible ‘JG-62’. Conversely,
activities of antioxidant enzymes ascorbate peroxidase (APX),
guaiacol-dependent peroxidase (GPX), and glutathione reductase
(GR) increased in roots of susceptible ‘JG-62’ only. Further analyses
of stem extracts led the authors to conclude that the enhanced
diamine oxidase (DAO) activity in stems, and earlier increases of
lipid peroxidation and CAT and SOD activities in roots, can be
associated with resistance to race 5 in ‘WR-315’ (García-Limones
et al., 2002). In a follow up study using root apoplastic fluids,
García-Limones et al. (2009) did not detect any CAT activity but
found that GR and SOD occurred earlier, and DAO occurred in
higher quantities in resistant ‘WR-315’ than in susceptible ‘JG-62’,
and there was a decrease of apoplastic APX activity in this line
compared with an increase in ‘WR315’. This indicated that oxida-
tive stress-related enzymes in the apoplast of infected roots have a
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role in Fusarium wilt pathogenesis in chickpeas, as it had been
shown before to occur in pathogenesis originated by foliar patho-
gens (García-Limones et al., 2002, 2009). Cho and Muehlbauer
(2004) used a molecular approach to unravel defence mecha-
nisms differentially expressed in resistant ‘WR-315’ and susceptible
‘JG-62’ against infection by race 1. These authors found that phe-
nylanine amonium lyase in isoflavonoid biosynthesis as well as APX
and GR activities for detoxification of oxidative stresses were up-
regulated in both ‘JG-62’ and ‘WR-315’. However, there was no
significant differential expression of defense-related genes corre-
lating with resistance in ‘WR-315’. Based on that, Cho and
Muehlbauer (2004) concluded that resistance to the pathogen
may not require salicylic- and methyl jasmonate-mediated regu-
lation of defense-related genes, and proposed that induction of
these genes after infection by F. oxysporum f. sp. ciceris is merely an
immediate response to the pathogen.

5.3.2. Abiotic and biotic factors influencing resistance to Fusarium
wilt

The race-specific resistant response of chickpea cultivars to
infection by F. oxysporum f. sp. ciceris races can be significantly
influenced by both temperature and co-infection with plant-
parasitic nematodes (Landa et al., 2006; Castillo et al., 2003). Arti-
ficial inoculation experiments showed that a 3 �C increase, from 24
to 27 �C, in the incubation temperature was sufficient for the re-
action of kabuli cv. Ayala and accession PV-1 to race 1A to shift from
moderately or highly resistant at constant 24 �C to highly suscep-
tible at 27 �C. A similar but less pronounced effect was found for
‘Ayala’ infected with race 6 (Landa et al., 2006). However, the sus-
ceptible reaction of accession JG-62 to races 1A and 6 was not
influenced by that temperature increase. This temperature effect
has an impact on the use of cultural practices for management of
Fusarium wilt of chickpea (see 5.3. Combined use of choice of
sowing date and treatment with biocontrol agents) as shown by
field experiments in Israel, whereby the high level of resistance of
‘Ayala’ to Fusarium wilt when sown in mid-to late January differed
from a moderately susceptible reaction under warmer tempera-
tures when sowing was delayed to late February or early March
(Landa et al., 2006).

Inoculum of F. oxysporum f. sp. ciceris in soil is coincidental with
that of plant-parasitic nematodes, and infection of the plant by the
two pathogens may risk valuable resistance to the fungus and in-
crease disease severity in susceptible cultivars (Castillo et al., 1998,
2003; Krishna Rao and Krishnappa, 1996; Mani and Sethi, 1987;
Navas Cort�es et al., 2008). The root-knot (Meloidogyne spp.) and
root-lesion (Pratylenchus spp.) nematodes are among the most
important nematodes damaging chickpea (Castillo et al., 2008), and
several studies have addressed the influence of joint infections with
F. oxysporum f. sp. ciceris on the reaction of the plant to the fungus.
Studies in India showed that co-infections of wilt-resistant
chickpea with Meloidogyne incognita or Meloidogyne javanica can
lead to breakdown of resistance to an unidentified race of
F. oxysporum f. sp. ciceris (Krishna Rao and Krishnappa, 1996; Mani
and Sethi, 1987; UmaMaheswari et al., 1995,1997). In Spain, studies
focused on interactions with the cereal and legume root-knot
nematode, Meloidogyne artiellia, which is the only one reportedly
attacking chickpeas in the Mediterranean Basin (Castillo et al.,
2008; Di Vito and Greco, 1988). Artificial inoculations with race 5
and two M. artiellia populations from Italy and Syria showed that
infection by the nematode significantly increases the severity of
Fusarium wilt in several chickpea lines and cultivars with late-
wilting resistance to the disease, regardless of inoculum densities
of race 5 (3000 or 30,000 chlamydospores g soil�1), except in line
CPS-1 at the lower inoculum density (Castillo et al., 2003). Also, and
more importantly, infection of chickpea by M. artiellia can
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breakdown complete resistance to race 5 but this effect is influ-
enced by the nature of the chickpea genotype, as well as by inoc-
ulum density of the pathogen. Thus, infection by M. artiellia
overcame complete resistance to race 5 in lines CA-334.20.4 and
CA-336.14.3.0, but not in line ICC-14216K at any inoculum density
of the fungus. Conversely, complete resistance of cv. UC-27 was
overcome by M. artiellia only at 30,000 chlamydospores g soil�1

(Castillo et al., 2003). The observed variation in the M. artiellia-
induced breakdown of resistance to F. oxysporum f. sp. ciceris race 5
depending upon chickpea cultivars may be traced back to the na-
ture of resistance sources. While resistance in ‘UC-27’ derives from
resistant line L-1186 (Buddenhagen et al., 1988; Singh, 1987),
resistance in lines CA-334.20.4 and CA-336.14.3.0 traces back to line
ICCL-81001 (Navas-Cort�es et al., 1998b). Line ICC-14216 K appears
to be of Mexican origin (Pundir et al., 1988) and was obtained from
ICRISAT's Genetic Resources Unit for multilocation Fusarium wilt-
resistance testing in Spain. Lines ICC-14216 K, CA-334.20.4, and
CA-336.14.3.0 have shown complete and consistent resistance to
race 5 in repeated resistance screening under both artificial and
field conditions (Navas-Cort�es et al., 1998b; R.M. Jim�enez-Díaz
unpublished data). In addition to factors described above, the
M. artiellia-induced breakdown of resistance to F. oxysporum f. sp.
ciceris is also influenced by the nature of the pathogenic race. Thus,
infection byM. artiellia had no effect on the reaction of resistant ‘UC
27’ and ‘ICC-14216 K’ to race 0, and of ‘ICC-14216 K’ to races 1A and
2, at inoculum densities of 20000, 3000, and 3000 chlamydospores
g soil�1, respectively (Navas-Cortes et al., 2008).

The mechanisms underlying theM. artiellia-induced breakdown
of resistance to F. oxysporum f. sp. ciceris race 5 was further inves-
tigated in a proteomic approach in lines CA-336.14.3.0 and ICC-
14216 that showed a differential response after co-infection with
the two pathogens (Castillo et al., 2003; Palomares-Rius et al.,
2011). Comparisons of the root proteomes suggested that the dif-
ferential responses to race 5 following co-infection by M. artiellia
does not appear to involve differences in constitutive protein levels
in infected plants. On the contrary, the root proteomes of the two
chickpea lines displayed clear differences after infection by the two
pathogens. ‘CA-336.14.3.0’ chickpeas, whose resistance to race 5 is
overcome by co-infection with M. artiellia, displayed a higher
number of responsive proteins following infections by the patho-
gens compared with that of ‘ICC-14216 K’ in which resistance is not
influenced by M. artiellia. That difference was due to a higher
number of responsive proteins to infection by M. artiellia, either
alone or jointly with infection by race 5. The number of proteins
responsive to infection by race 5 alone was similar in the two
chickpea genotypes. The higher responsiveness of ‘CA-336.14.3.0’
chickpeas compared with ‘ICC-14216 K’ may relate to a stronger
metabolic re-programming in the former line during infection by
the nematode, which would govern the differential responses of
both genotypes to co-infection by the two pathogens without
affecting their similar susceptible response toM. artiellia. The small
number of proteins affected was common to both chickpea geno-
types, but the different levels of protein in each probably plays
important roles in the differential response displayed by ‘CA-
336.14.3.0’ and ‘ICC-14216 K’ chickpeas following co-infections by
the two pathogens. This is the case of a class I chitinase in the
differential response of the two genotypes to race 5 in plants co-
infected with both pathogens (Palomares-Rius et al., 2011).

5.4. Combined use of choice of sowing date and treatment with
biocontrol agents

Date of sowing is a key factor in determining yield of chickpea
crops (Landa et al., 2004b; Navas-Cort�es et al., 1998a, 2000b; Singh
and Saxena, 1993). In the Mediterranean region, chickpea is
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traditionally sown in the spring, and the crop develops on the re-
sidual moisture in soil from winter rains. As the season proceeds,
the crop experiences rising temperatures and increasing soil
moisture stress that shorten the vegetative and reproductive pe-
riods and decrease yields (Singh and Saxena, 1993). Fusarium wilt
incidence and severity are enhanced bywarm, dry soils occurring in
spring-sown crops (Gupta et al., 1987; Trapero-Casas and Jim�enez-
Díaz, 1985; Westerlund et al., 1974). Conversely, winter sowing
enables matching of crop growth stages with optimum environ-
mental conditions and increases yield through better use of avail-
able water in soil (Singh and Saxena, 1996). Choice of sowing time
has been recommended for management of Fusarium wilt of
chickpea. Experiments conducted in India showed that Fusarium
wilt intensity decreased and chickpea seed yield increased in
plantings advanced to mid-October (Jalali and Chand, 1992; Saraf,
1974). The effects of sowing date in the management of Fusarium
wilt of chickpea under Mediterranean conditions was addressed by
Navas-Cort�es et al. (1998a, 2000b) in a 3-year study in southern
Spain, which also determined the influence of virulence of the
pathogen race and cultivar susceptibility. In this study, advancing
the sowing date from early spring to early winter significantly
delayed epidemic onset, slowed down epidemic development, and
reduced the final disease incidence and severity, and yield loss.
However, the net effects of advancing chickpea sowing on control of
Fusarium wilt varied with the susceptibility of the cultivar and
virulence of the F. oxysporum f. sp. ciceris race; i.e., the overall
benefit for disease management that results from early sowing
diminishes if a highly susceptible cultivar is used, a highly virulent
race prevails in soil, or both (Navas-Cort�es et al., 1998a, 2000b).
Indeed, for each sowing date, seed yield loss was determined pri-
marily by virulence of the F. oxysporum f. sp. ciceris race, and to a
lesser extent by susceptibility of the chickpea cultivar. Seed yield
loss was higher with the highly virulent race 5 than with the less
virulent race 0. This loss in seed yield was greater in line P-2245
(highly susceptible to both races) than in cvs. PV-60 and PV-61
(both susceptible to race 5 and moderately resistant to race 0).
Seed yield loss caused by race 5 averaged over sowing dates in the 3
years of study was highest (99.7%) in the most susceptible ‘P-2245’
and lowest (81.9%) in the least susceptible ‘PV-61’. Similarly, seed
yield loss caused by race 0 ranged from 65.6 to 30.6% for ‘P-2245’
and ‘PV-61’, respectively. Moreover, yield reduction by Fusarium
wilt was also associated with poor seed size and quality (Navas-
Cort�es et al., 2000b).

When using the choice of sowing date as a disease control
strategy for management of Fusariumwilt of chickpeas care should
be taken to avoid a negative influence on the effects of biological
control practices derived from temperatures prevailing in the
chosen sowing dates (Landa et al., 2004b) (see below).

Fusarium wilt of chickpea can be controlled by the treatment
with different bacterial or fungal biocontrol agents (e.g., Bacillus
spp., nonpathogenic F. oxysporum, Pseudomonas spp., and Tricho-
derma harzianum). However, disease suppression by these micro-
bial agents have been shown to be influenced by: i) the inoculum
density of the pathogen, ii) the race, strain or isolate of the path-
ogen, and iii) the environmental conditions prevailing when
biocontrol activity should operate (e.g., Herv�as et al., 1997, 1998;
Landa et al., 1997, 2001).

Chickpea genotype has been shown to play a significant role in
supporting populations of biocontrol agents in the plant rhizo-
sphere as well as their activity against F. oxysporum f. sp. ciceris. For
instance, Herv�as et al. (1997, 1998) found that two chickpea culti-
vars (‘PV-61’, ‘ICCV-4’) with different genetic background but sus-
ceptible to highly virulent F. oxysporum f. sp. ciceris race 5 varied in
the level of wilt suppression achieved on them when their roots
were colonized by different biocontrol agents, including a
ilt of chickpeas: Biology, ecology and management, Crop Protection
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nonpathogenic F. oxysporum isolate, T. harzianum and Bacillus spp..
Thus, the extent of protection from Fusarium wilt was always
higher and more consistent in cv. PV-61 than in cv. ICCV-4 even
though the root system of both cultivars was colonized by the
biocontrol agents to the same extent.

The antagonistic potential of four biocontrol agents (Pseudo-
monas chlororaphis 30-84, Bacillus circulans RGAF6a, and Bacillus
megaterium RGAF12 and RGAF51) was shown to vary with the race
and geographical origin of F. oxysporum f. sp. ciceris isolates. Inter-
estingly, Bacillus isolates obtained from the chickpea rhizosphere
differed in their antagonistic activity and inhibited mycelial growth
of F. oxysporum f. sp. ciceris to a lower extent compared with that of
F. oxysporum isolates originating from plants other than chickpeas
(Landa et al., 1997).

The amount of Fusariumwilt suppression in chickpeas achieved
by introduced biocontrol agents has been shown to be influenced
also by the inoculum density of the pathogen. Under optimal
environmental conditions for disease and in the absence of
biocontrol agents, Fusarium wilt development in chickpea was
greater at 250 to 1000 chlamydospores g soil�1 compared to that
reached at 25 to 100 chlamydospores g�1 soil. However, seed and
soil treatments with P. fluorescens RG26 and RGAF19 as biocontrol
agents only suppressed Fusariumwilt development at an inoculum
density of the pathogen below 250 chlamydospores g�1 soil. This
suggests that pathogen inoculum potential at high inoculum den-
sity is just too high to be counteracted by the biocontrol agents
(Landa et al., 2001).

Activity of biocontrol agents in the suppression of Fusariumwilt
of chickpea may also be greatly influenced by temperature. Landa
et al. (2004a) demonstrated that treatment of soil or chickpea
seeds with four biocontrol bacteria (P. fluorescens RGAF19 and
RG26, B. megaterium RGAF51, and Paenibacillus macerans RGAF101)
delayed chickpea seedling emergence but increased chickpea
growth. However, the extent of plant growth promotion decreased
and emergence increased as incubation temperature was raised
from 20 to 30 �C. Furthermore, these four biocontrol agents colo-
nized the chickpea rhizosphere and grew as endophytes within
chickpea stem tissues at 20, 25 and 30 �C. However, while the
rhizospheric bacteria population increased with a significant linear
trend as temperature increased from 20 to 30 �C, endophytic stem
colonization by bacteria was highest at 25 �C. Moreover, incubation
conditions strongly interacted in modulating the extent of Fusa-
rium wilt suppression in chickpea by the four biocontrol bacteria
referred above (Landa et al., 2001). Interestingly, the disease was
suppressed by these bacteria only at 20 or 30 �C, but not at 25 �C,
the temperature at which disease developed more severely (Landa
et al., 2001). Thus, disease suppression by the bacteria decreased as
conditions became more favorable for disease development, to the
extent that at 25 �C the disease potential was too high to be
counteracted by the biocontrol agents (Landa et al., 2001).

The efficacy of biocontrol agents in the management of Fusa-
riumwilt can be enhanced if combined with choice of sowing date.
Landa et al. (2004b) carried out a 3-year study under field condi-
tions in soils infested with F. oxysporum f. sp. ciceris race 5 in
southern Spain, which was aimed to assess the efficacy of
combining the use of partially-resistant chickpea genotypes, choice
of sowing date and treatments with biological control agents
(P. fluorescens RG 26, B. megaterium RGAF51, Bacillus subtilis GB03,
and F. oxysporum Fo 90105, nonpathogenic to chickpea), in the
management of Fusarium wilt. Although Fusarium wilt epidemics
developed earlier and faster as mean temperature increased (i.e.,
delayed sowing date) regardless of biological treatments, the in-
crease in chickpea seed yield was the most consistent effect of the
biocontrol agents. However, that effect was primarily influenced by
sowing date (i.e., temperature regimes), which also determined
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disease development. Nevertheless, the biocontrol agents delayed
the onset of disease as well as increased seedling emergence.
Although treatments with the biocontrol agents provided a mod-
erate level of Fusarium wilt suppression, a significant increase in
chickpea seed yield was obtained only with sowing dates that
promoted environmental conditions moderately conducive for
disease development, indicating a potential benefit from those
bacterial strains if combinedwith other disease control measures in
an integrated management strategy.

5.5. Conclusions and future prospects

Fusarium wilt is a major constrain to chickpea production in
most areas of cultivation worldwide except Australia, where the
pathogen has not been reported to date. Development of the dis-
ease is favored by the long survival of the pathogen in soil and the
occurrence of at least eight pathogenic races in its populations.
These races differ in virulence on chickpea genotypes as well as in
aggressiveness on susceptible cultivars, the latter being correlated
with the amount of inoculum and environmental conditions
required for severe disease. Disease incidence and severity are
driven by pathogen inoculum density and warm temperature in
soil, and chickpea cultivar susceptibility.

Effective management of Fusarium wilt in chickpea is best
achieved by means of integrated disease management strategies, a
prerequisite of which is the accurate and quick diagnosis of the
pathogen and its pathogenic races. Molecular protocols have been
developed that would be of much help for that purpose. Use of
high-yielding, well-adapted chickpea cultivars resistant to the
prevalent pathogen race(s) is the most practical and cost-efficient
individual disease control measure for the management of Fusa-
rium wilt. Significant progress has been made in the identification
of ‘desi’ and ‘kabuli’ chickpea germplasm lines, as well as in the
development high-yielding ‘kabuli’ cultivars carrying complete
resistance to one or more races of the pathogen. Also, significant
progress has been made in the unraveling of genetics of race-
specific resistance. This will allow further progress in pyramiding
multiple race-specific resistance in chickpea cultivars that would
enhance multilocation stability, and potentially to combine that
with resistance to other important diseases (e.g., Ascochyta blight,
root knot and cyst nematodes) and tolerance to environmental
stresses (e.g., drought). However, since use of race-specific resistant
cultivars has not given rise to resistance breakdown to date, pre-
planting diagnosis of the existing F. oxysporum f. sp. ciceris race(s)
by means of molecular protocols would be of help in avoiding risky
soils. Slow wilting resistance has also been identified in chickpea
germplasm. Combining the use of this resistance with other pre-
panting disease control measures (including pathogen-free seed,
sanitation to reduce inoculum in soil, choice of sowing site and time
to reduce disease potential, and protection of healthy seeds with
fungicides or biocontrol agents) would enhance efficiency in the
integrated management of Fusarium wilt in chickpeas. The pre-
planting decision-taking process for efficient integrated disease
management requires skillful assistance to famers and involvement
of well-trained professional plant pathologists. Declining or even
despairing University education in Plant Pathology and the loss of
extension-related activities in commercial agriculture are placing a
threat of erosion at the top of the trickle-down structure respon-
sible for knowledge transfer to the field required for the practice of
efficient integrated disease management.
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