2009). The wilt causing pathogen
can survive in the soil in the absence of host for up to 6 years
making it more strenuous to manage (Haware et al. 1996).
Loss of resistance in successive generations and rapid patho-
genic variations are also the key negative factors (Jim@nez-
Gasco et al. 2004). Introduction of resistant genes by bio-
technological approaches and classical breeding approaches
are very common practices in the development of resistant
varieties. Expression instability is quite a common event in
any transgene expressing plant. In 50% of Nicotiana plum-
baginifolia cases, the transgene is inserted into two or more
loci (Cherdshewasart et al. 1993). The resistant loci either
incorporated through biotechnological approach or breeding
may be diluted after successive generations by the natural
process of reproduction. This dilution may include physical
loss of resistance loci, alterations in the loci due to meiotic
segregation and genomic disorders, or incompatibility dur-
ing crossing/sel ng (Cherdshewasart et al. 1993; Stuthman
et al. 2007). The loss of expression of resistance genes is
sometimes also associated with epigenetic modulation and
methylation-dependent silencing of target genes (Metz et al.
1997; Boyko and Kovalchuk 2011).

Pathogens particularly bacterial and some lower fungal
pathogens are comparatively simpler organisms than that
of higher plants. Hence, these pathogens have less genetic
complexity and higher spontaneous mutation rates. The
mutability in pathogens largely depends on environmental
factors also. Many mutations are lethal and are in uenced by
certain environmental changes. Many cells possess defects
in methyl-directed mismatch repair (MMR), which exhibit
a high rate of successive mutations, called hypermutators
(Sundin and Weigand 2007). High mutation rates had been
observed in Fusarium sp. speci ¢ to wheat and barley seed-
lings upon fungicide treatment (Hudec 2006). The preva-
lent occurrence of Fusarial wilt in Pea (Pisum sativum) was
observed due to high mutability in Fusarium sp. pathogen
(Sharma 2011). The sudden occurrence of Fusarial wilt in
the agricultural elds was classically summarized and evi-
denced due to high mutation variability by Buxton (1958).

Given this, the present review article focuses on detailed
dissection of the mechanism of pathogen entry, symptom
development and genetic basis of resistance phenomenon.
On the other hand, it also demonstrates the di erent clas-
sical and modern modes of control strategies employed
against this pathogen. Finally, the emergence and relevance
of transcriptomic techniques in studying this plant-pathogen
interaction dynamic have also been discussed. This review
is intended to provide a detailed but comprehensive idea of
the classical and contemporary scenarios of Fusarium wilt
disease in chickpea with their possible management strat-
egy. This will de nitely help the readers to develop intri-
cate knowledge in this host pathogen interaction and future
research to develop sustainable resistance.

Fusarium oxysporum pathogenic variability
and genetics of resistance

Fusarium wilt of chickpea is one of the ordeal events in
Indian agriculture as it accounts for signi cant economic
losses across the country. The disease was rst reported
by Butler (1918) from the Indian subcontinent. Padwick
(1940) identi ed the pathogen as Fusarium orthoceras
Appel & Wollenw var. ciceri. Later the name was modi-

ed by Snyder and Hansen and nally renamed by Chat-
topadhyay and Sen Gupta as Fusarium oxysporum Schl. f.
sp. ciceri (Padwick) Snyder & Hansen (Jalali and Chand
1992; Nene and Reddy 1987). This name is now widely
accepted with certain modi cations (Jim@nez-D az et al.
2015). Although, it is reported that the pathogen infects
only the cultivars of chickpeas but it can also invade other
grain legumes (beans, lentils, peas, pigeonpeas, etc.). It
can infect some dicotyledonous weeds to reproduce, mak-
ing them asymptomatic carriers of the disease (Haware
and Nene 1982). Fusarium oxysporum f. sp. ciceris Race
1 (Focl) is the most destructive causal agent of wilt in the
Indian scenario. Although Foc is monophyletic in origin
among FOSC of Gibberella clade, they exhibit a signi -
cant pathogenic variability (Baayen et al. 2000; Demers
et al. 2015). Pathogenic variability was identi ed not only
by symptoms developed but also by molecular characteri-
zation using DNA ngerprinting, random ampli ed poly-
morphic DNA (RAPD), sequence characterized ampli ed
regions (SCAR) marker analyses, further strengthening the
idea to characterise the pathogen (Kelly et al. 1994, 1998).
Chickpea plants possess variable genetic backgrounds
responding di erentially against the eight reported patho-
genic races of Foc (0, 1A, 1B, 2, 3, 4, 5, 6). Chickpea
resistance to races of Foc is inherited as major genes and
is either monogenic or oligogenic depending upon the race
(Sharma et al. 2005). Natural resistance was observed in
many wild chickpea lines against Foc, but susceptibility
and resistance reaction are not uniformly applicable to all
pathogenic types of Foc. Chickpea variety, P-2245 shows
uniform susceptibility towards all eight pathotypes of Foc.
JG62 is mostly susceptible to all pathotypes except race 0,
against which it shows resistance. JG74 is mostly resist-
ant but susceptible to race 2 and moderately resistant to
race 5. WR315 exhibits nearly uniform resistance reaction
against all the races except race 3 (Haware and Nene 1982;
Jimenez-Diaz et al. 1989; Jim@nez-D az et al. 1993; Jimg-
nez-Gasco et al. 2004). Wilt resistance to Focl is the most
extensively studied and is inherited by a recessive gene
(Ayyar and lyer 1936; Kumar and Haware 1982; Sindhu
et al. 1983). Focl induced wilt occurs as a late wilting
phenomenon and is controlled by three independent genes
in the population (h,, h,, and Hs). Each of the three genes






1980). Though pathogen infestation in infected seeds
can be observed directly by looking at them, some harvested
seeds from wilted plants may look visually normal and still
be carrying the pathogen. The fungal chlamydospores can
be residing in the hilum of the seed (Haware et al. 1978).
Seeds from infected plants when comes in contact with the
healthy seeds may increase the risk of establishing wilt at
di erent places within three seasons (Pande et al. 2007).
Along with the morphological modi cations, Foc brutally
affects the anatomy of the chickpea plant. Microscopic
observations con rm pathogenic existence within vascu-
lar bundles even after 4 days post-inoculation time point
in case of the susceptible plant during induced infection.
The disease gradually progresses during 8 to 15 days post-
inoculation and pathogen (Foc) intensi es its rami cation
within the host (Fig. 3). During further intensi cation, the
pathogen completely disorganizes the internal anatomy of
the susceptible plants (Gupta et al. 2009). The histological
alteration also includes cavity formation and anomalous cel-
lular proliferation within the root tissues of wilt susceptible
chickpea plants. Occlusions of optically dense gel-like mate-
rial were also noticed within xylem vessels which a ict the
plant s water and solute transport mechanism (Jimenez Diaz
et al. 1989).

Cyclic events of Chickpea-Foc1l interaction:
the disease cycle

Disease cycle refers to the sequence of events that takes
place between the time of infection and the nal expres-
sion of disease in the course of completion of the patho-
genic life cycle. It also deals with the spreading of dis-
eases through primary and secondary propagules. Focl is

the most widely distributed race of the Fusarium species
which has cosmopolitan distribution throughout the world.
Fusarium principally is a saprophytic soil-borne pathogen
but sometimes it can stay within seeds also. Foc is devoid
of any sexual stages, but asexually produces three types
of spores i.e. microconidia, macroconidia, and chlamydo-
spores. The primary infection takes place through myce-
lia or chlamydospores. After successful establishment,
the pathogen starts reproduction by the formation of con-
idiospores (micro and macro) and chlamydospores. The
spores spread upwards through the vessel and the pathogen
completely jeopardizes the plant s metabolism within a
short period of time. Interaction between Foc and resist-
ant chickpea cultivar resulted in signi cant up-regulation
of ribosomal proteins, ubiquitin-conjugating enzyme E2,
and protein Kinases indicating the role of protein synthesis
in disease protection (Pollier et al. 2013; Upasani et al.
2017). Signalling proteins viz., G-proteins Receptor like
Kinases (RLKSs), and Mitogen-Activated Protein (MAP)
kinases were also induced during chickpea-Foc interac-
tion (Upasani et al. 2017). Sucrose synthase, -amylase,
serine-threonine kinase (CDKB1.1), and vacuolar ATPase
(TUF) function in inducing sugar metabolism upon Focl
invasion and interact with fungal induced redox regula-
tors (Gupta et al. 2009, 2010). Ultimately, the cycle ends
with the death of the plant body and pathogen emancipated
in the soil and/or debris in the form of spores or mycelia.
Spreading of the pathogen is also an integral part of the
pathogenic life cycle. Short-distance spreading is primar-
ily taking place by physical contact or water splashes dur-
ing rain whereas, long-distance spreading occurs through
transportation of infected seeds and other plant parts

(Fig. 4).
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