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Abstract

The chickpea (Cicer arietinum) is one of the leguminous species most appreciated by consumers in the
Mediterranean basin, while being an important source of protein. Nevertheless, its crop yields are greatly
limited by several biotic and abiotic stresses, the main one being Ascochyta rabiei, the causal agent of
anthracnose. As traditional breeding methods have proved to be ineffective in controlling this pathogen,
resorting to biotechnological methods is necessary. Therefore, in this study, the callogenic capacity of stem and
leaflet explants from three genotypes of chickpea, namely ‘FLIP 84-92 C’, ILC 32-97’, and ‘ILC 263’ cultured
on Murashige and Skoog (MS) medium with different hormonal balances of auxins (indole-3-acetic acid [TAA]
and 2,4-dichlorophenoxyacetic acid [2,4-D]) and cytokinin (kinetin), was determined. For all the genotypes,
high percentages of callogenesis were recorded in the different explants grown on an MS medium with 2 mg of
both IAA and kinetin. Then, a patho-system of Cicer arietinum calluses with Ascochyta rabieiwas investigated,
followed by a histological assessment of this interaction. The presence of the fruiting bodies of the pathogen
was revealed in the calluses of the ILC 32-97” and ‘TILC 263’ genotypes. Notably, the latter showed a high
sensitivity to the pathogen, as indicated by an abundance of pycnidia in its tissues. As for the ‘FLIP 84-92 C’
genotype, the histological sections showed a total absence of inter- and intracellular fruiting bodies of the
pathogen in the callus tissues. Therefore, this genotype was considered as resistant to Ascochyra rabiei.
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Introduction

The chickpea, Cicer arietinum, in addition to its great economic and ecological interest, is one of the
legumes most appreciated by consumers in the Mediterranean basin. Moreover, it is a very important source of
proteins, vitamins, minerals, and fibers, especially within the poorest social groups. It is also an interesting crop
in alternative agriculture because of its capacity to fix nearly 70% of atmospheric nitrogen, thanks to a symbiotic
relationship established with RhAizobium ciceri(Zaman et al, 2010).
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Anthracnose is considered one of the most devastating diseases affecting chickpea. Its causative agent
Ascochyta rabiei (Teleomorph Didymella rabiei) is a pleomorphic imperfect fungus, which has two stages of
reproduction in its life cycle (Lepoivre, 2003). The existence of these two forms favors the continual appearance
of new pathotypes, making the selection of stable genotypes resistant to anthracnose almost impossible when
using conventional methods.

In order to control anthracnose until its eradication, it is imperative to understand the defense
mechanisms deployed by the host cells. This is where green biotechnology comes in, offering opportunities and
advantages through in vitrotissue culture techniques and opening up new perspectives in plant pathology. The
major advantage of these techniques is the use of organs, tissues, or cells as hosts (Jang and Tainter, 1990; Daayf
et al, 2003), which provides a relatively simple and easy-to-use system to study the interaction between a
pathogen and its host, such as Ascochyta rabieiand Cicer arietinum, respectively.

In in vitro tissue culture, especially callogenesis, the phenomenon of somaclonal variation is quite
common. This genetic variability is a source of interesting traits for plant breeding (Shahab-ud-din era/,2011).
However, this promising pathway requires the development of a standardized and reliable protocol. In legumes
such as Cicer arietinum, this remains difficult given their recalcitrant nature (Naz er al, 2008; Ochatt et al,
2010). For instance, hormonal induction of callogenesis in this species has long faced the obstacle of callus
recalcitrance, as reported in several studies (Anwarer al, 2010; Zaman et al, 2010; Zare Mirakabad eral, 2011).

The initiation of callogenesis depends on several factors, including the nature and concentration of
growth hormones added to the culture medium, the genotype that is studied, and the organs used to collect the
cultured explants (Savita er a/, 2010). With the aim to select clones resistant to anthracnose, we first studied
the effect of different factors on the induction of callus formation to determine the conditions that are
favorable to callogenesis in Cicer arietinum. Then, we compared the calluses obtained after inoculation with a
strain of Ascochyta rabieiin order to highlight, with a histological approach, the mechanisms induced in the
different genotypes following callus-pathogen interaction.

Materials and Methods

Plant material

Seeds of three genotypes of Cicer arietinum, namely ‘FLIP 84-92 C’, TILC 32-97’, and ‘ILC 263’, were
used as the plant material. They were grown in 12 x 12 ¢m pots, containing a mixture of soil and potting soil
(3:1, v/v), previously autoclaved. Each pot contained 3 seeds. Cultivation was carried out in a greenhouse,
where the plants were watered daily.

Growing media
Basic Murashige and Skoog (1962; MS) media were used, with two different combinations and three
different concentrations of hormones (Table 1). The different media contained 30 g L of sucrose and were

solidified with 10 g L of agar-agar. The pH was adjusted to 5.8 before autoclaving,

Induction of callogenesis

Callogenesis was initiated in leaf and stem explants of about 8x5 mm and 5 mm in length, respectively,
taken from plants aged 3 weeks. The explants were disinfected by immersion in 70° ethanol for 30 seconds and
then in an 8% calcium hypochlorite solution for 1 minute, which was followed by three rinses with sterile
distilled water.

The two types of explant combined with the three genotypes were distributed in a device, with ten
explants per hormonal combination and five independent replicates, that is, 50 observations for each treatment.
Incubation was carried out at 25 °C + 2 °C under a 16 h photoperiod. The response of the explants was
monitored regularly and the effect of the different hormone combinations was evaluated after 4 weeks. The
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percentage was calculated on the basis of the number of calluses obtained in relation to the total number of
explants.

Table 1. Hormonal combinations added to Murashige and Skoog (MS) media for the initiation of
callogenesis in Cicer arietinum

Hormone
Culture media Indole-3-acetic acid L 2,4-dichlorophenoxyacetic
(IAA) Kinetin acid (2,4-D)
MS1 0.1 0.1 B
MS2 1 1 -
MS3 2 2 B
MS4 - 0.1 0,1
MSs _ 1 1
MSé6 _ 2 2

Fungal material and inoculum preparation

The Ascochyta rabiei inoculum came from a monosporic culture obtained from plants of Cicer
arietinum affected by anthracnose and collected in the region of Sidi Bel Abess in Western Algeria. The fungus
was grown on a chickpea-based medium (i.e., 50 g of chickpea, 20 g of glucose, and 12 g of agar-agar per liter of
distilled water). The pH of the medium was adjusted to 5.8 and the incubation was carried out at an ambient
temperature of 23 °C + 2 °C and a photoperiod of 12 hours. A fragment of a young culture of the pathogen
was taken from a tube containing 10 mL of sterile distilled water and the spores were released by vortex
agitation. Dilutions were made from the first prepared suspension, after counting the rests of Malassez cells, to
obtain a final suspension of 106 spores mL" (Figure 1).

i S 2 . A
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Figure 1. Microsco (A) mature pycnidia with cirrus release; (B) single and

bicellular pycnidiospores of Ascochyra rabiei
Pyc: pycnidia; My: mycelium; Sp: spores

Callus inoculation and histological assessment of host-pathogen interaction

Calluses from the different genotypes and explants were inoculated by spreading the suspension of
Ascochyta rabiei spores (10° spores mL™"). The pathosystems thus prepared were cultured after transplantation
on MS media free of hormones, and under the same incubation conditions as those of the pathogen.
Uninoculated calluses of the two types of explants, for each of the three genotypes that were studied, were used
as controls. The host-pathogen interaction was assessed with a histological study to evaluate the degree of

microbial proliferation and its effect on callus cells.
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Calluses were fixed in a mixture of glacial acetic acid ethanol (3:1v/v) for 24 hours. The samples were
then dehydrated and embedded in paraffin. Serial sections of 7-10 pm were made with a Spencer 820
microtome (Bethlehem, Pennsylvania). Finally, the dew axing, rehydration, and mordanting steps were
performed to stain the tissues with Regaud's hematoxylin.

Results

Effects of hormone combination and genotype on the callogenic potential of Cicer arietinum

After one week of cultivating the explants, they began to show changes in size, while acquiring new
structure. These modifications were mainly due to the action of the growth substances used. After 20 days, the
explants had produced calluses, cellular clusters with strong mitotic activity.

The explants of stems and leaflets from the three genotypes of Cicer arietinum, namely ‘FLIP 84-92 C’,
‘ILC 32-97’,and ‘ILC 263’, showed reactivity to culture media. Stem explants swelled as a result of internal cell
division, whereas this formation occurred over the entire surface of the leaf blade, along the main vein or in the
excision areas, in leaflets. After four weeks, the calluses that had formed showed variable characteristics, with
different colors and textures depending on the hormonal combination added to the medium. Regardless of
genotype, organ, and hormone concentration, the calluses evolving on the media MS1, MS2, and MS3 were
green in color and compact in texture. As for the calluses formed on the media MS4, MS5, and MS6, they were
friable and yellow to green in color.

The recorded rates of callogenesis in the different explants, namely the stems and leaflets of the three
genotypes that were tested, varied according to the concentration, the hormonal combination, and the nature
of the explant, and were expressed as the percentage of formed callus (Figure 2).
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Figure 2. Effect of hormone balance, genotype, and explant type on the callogenesis of Cicer arierinum
G1: FLIP 84-92C, G2: ILC 32-97, G3: ILC 263

Ex 1: leaflet explants, Ex 2: stem explants

Notably, the induction of callogenesis in Cicer arietinumwas not influenced by the genotype. Moreover,
we recorded very similar percentages of callogenesis, namely between 30% and 40%, for the leaflet explants in
low hormone concentration media (i.c., MSI and MS2), whereas the expression of callogenic potential was
higher in stem explants, with percentages between 35% and 40% (Figure 2).

In contrast to the genotype and explant type, the initiation of callogenesis in Cicer arietinum was
strongly influenced by the hormonal combination and the concentration of hormones in the culture medium.
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All the hormonal combinations, with their different hormone concentrations, induced callogenesis. However,
the media (i.e., MS3 and MS6) containing high concentrations of auxin and cytokinin, namely 2 mg of both
the auxin and the cytokinin, generated elevated levels of callogenesis. The overall callogenic potential recorded
in the MS3 medium varied between 75% and 85%, while it was of the order of 55% to 70% in the MS6 medium.

Therefore, among the different hormonal combinations that were tested, the MS3 medium contained
the growth regulator combination that was the most adapted to Cicer arietinum, namely 2 mg of both IAA
and kinetin. In these medium, high rates of callogenesis were recorded regardless of the genotype and the nature

of the explant (Figure 2).

Histology of control calluses

The histological study of the control calluses showed that they had the usual constitution of neoformed
tissues, that is, masses of parenchymal cells of different sizes, and consisted in compact, meatus-free parenchyma
composed of polygonal cells (Figure 3). Some calluses also had xylem elements, notably tracheids, which were
interspersed with large polygonal cells.

Furthermore, a few clusters of cells with a more or less rounded shape were observed. These cells, with a
high nucleoplasmic ratio, were generally isodiametric with the presence of a granular nucleus, large and
hyperchromatized (Figure 3A). This structure is reminiscent of that of embryonic cells and its shape is that of
a primordium (Figure 3).

The persistence of pre-existing tissues, namely the leaf epidermis (i.c., stomata and hairs) and the leaf
conducting tissue, was also observed in leaf callus (Figure 3B).

Figure 3. Microscopic observations of control callus tissues from different genotypes, obtained after 4
weeks of culture on an MS medium

(A) Isodiametric cells with granular and enlarged central nuclei (i.c., dedifferentiated embryonic cells). (B) Persistence
of leaf tissue with the presence of stomata in the epidermal tissue. (C) Callus formed by dedifferentiated cells; absence
of cell content

N: nucleus; St: stomata
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Histology of calluses inoculated with the pathogen

The interaction between the callus of Cicer arietinum and the strain of Ascochyta rabiei resulted in a
mycelial proliferation, observed 48 hours after inoculation, in the different genotypes tested.

Histological sections clearly showed that the host callus tissues had been invaded by pathogen structures,
namely pycnidia and pycnidiospores. Fungal proliferation was limited to one or two pycnidia for the TLC32-
97’ genotype (Figure 4B), whereas it was greater in explants of the TLC263’ genotype, as illustrated by a higher
number of pycnidia and intercellular invasion of pycnidiospores (Figure 4 C). This indicated that the TLC 32-
97 genotype is partially resistant to Ascochyra rabiei, while the TLC 263’ genotype is highly sensitive to this
pathogen. Moreover, this sensitivity was marked by a significant lysis of the cells surrounding the structures of
the pathogen, namely pycnidia and mycelia (Figure 4C2). In contrast, tissue formation in the ‘FLIP 84 -92 C’
genotype explants did not reveal any inter- or intracellular presence of the pathogen (i.c., absence of pycnidia
and pycnidiospores). Notably, this lack of fungal proliferation implies that this genotype is resistant to the
pathogen.

Figure 4. Microscopic observations of callus tissues from different genotypes inoculated with Ascochyra

rabici

The tissues were obtained after 4 weeks of culture on MS media and 14 days after inoculation with the pathogen, which
had been grown on a chickpea medium. (A) Histological section in a callus of the FLIP84-92 C genotype. Parenchymal
cells with small nuclei; persistence of xylem conducting vessels. Absence of pathogen fruiting bodies in tissues. (B)
Histological section in a callus induced from leaflets of the ILC 32-97 genotype. Presence of pycnidia in neoformed
tissues. (C) Histological section in a callus of the ILC 263 genotype, characterized by the abundance of fruiting bodies
of Ascochyta rabici: 1) Detail of a pycnidia showing the large number of pycnidiospores in the tissues; 2) High number
of spores of Ascochyta rabici, which caused cell lysis

Xy: xylem; Pyc: pycnidia; Sp: spores

Discussion

In order to optimize callogenesis in Cicer arietinum and to circumvent the recalcitrant response of the
species to in vitro culture, a study of the effect of a few factors governing callogenesis was undertaken. The
differences in the callogenesis rate were mainly due to the hormonal balance, as well as to the concentration of
each growth regulator. These two factors have a direct influence on the callogenesis rate and are decisive for the
optimization of the callogenic potential of Cicer arietinum (Shahab-ud-din er al, 2011). Notably, the
combination of 2 mg of IAA with 2 mg of kinetin induced a rather interesting callogenesis rate, of about 80%,
considering the recalcitrant nature of the tissues of Cicer arietinum (Sani and Mustapha, 2010).This rate was
recorded in all the genotypes, as well as with the different explants that were tested, which contradicts the
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results of Khan er a/ (2011), who reported that the response of two native chickpea genotypes, namely ‘KK1’
and ‘Hassan-2 K, subjected to in vitro culture conditions identical to those of the present study, expressed
different callogenic abilities.

Although the in vitro reactivity of chickpea explants is strongly related to the growth regulators used
and their concentration in the medium, the type of hormones used for the targeted morphogenetic orientations
differs from one tissue to another according to the metabolic status of each hormone (Altaf er al, 1999).
According to Bharathi and Elavarasi (2012), the choice of hormones is more decisive for the induction of
callogenesis than their concentration. The two hormone types used in the present study (i.c., auxins and
cytokinins) are well-known for their effect on the induction of cell proliferation and the orientation of the
morphogenic program towards a specific organization (Gautheret, 1959; Bouabdallah, 1986; Zryd, 1988).
Furthermore, they can act in synergy or antagonism (Jones and Ljiung, 2011). Auxins induce cell
dedifferentiation (Boxus, 1995), are essential for the various signals leading to DNA synthesis, and, thus, ensure
the strong mitotic activity of neoformed tissues (Gautheret, 1959; Neumann er a/, 2009). As for cytokinins,
they enable cell division and play a decisive role to stimulate the totipotency of auxins (Gautheret, 1959; Sané
eral,2012).

As mentioned previously, the hormonal combination of 2 mg of IAA with 2 mg of kinetin generated
high rates of callogenesis, regardless of the genotype or the explant type, resulted in green, compact calluses with
satisfactory growth. Likewise, Neelman er a/ (1986) used the same hormones (i.e., IAA and kinetin), although
with other concentrations and combined with another auxin (Naphthalene acetic acid), and obtained callus
from Cicer arietinum explants of cotyledons, hypocotyls, and roots. According to Alankut Uncuoglu er a/
(1997), the same hormones (IAA and kinetin) used at concentrations of 0.2 mgL" and 0.5 mg L" and with the
addition of another cytokinin (benzyl adenine) resulted in a rate of callogenesis of 85%. Furthermore, similar
results have been reported by Sagare er al (1993), Huda et al (2003), Zare Mirakabad er a/ (2011), Aasim ez
al (2011), and Sani and Mustapha (2010), which indicates that the combination of these two hormones is
favorable to induce dedifferentiation and cell proliferation in Cicer arietinum.

Based on the callus-pathogen interaction, we found that the effect of Ascochyra rabiei on callus is
variable and relative to the resistance or sensitivity of the genotype. Singh and Singh (1990) reported that the
growth of Neovossia indicaon the surface of the callus of wheat embryos began within 2 days after inoculation.
However, this time lag may be very short, of only a few hours, as in the case of Phyrophthora cambivora, for
which spore germination begins 3 hours after inoculation in the callus of a susceptible genotype of Castanea
sativa (Casares et al, 1994).

The pathogen developed differently in contact with the tissues of the different genotypes.). As for the
calluses from the ILC 32-97’ genotype, the fruiting bodies (pycnidia and pycnidiospores) were present in the
periphery of the tissues in reduced numbers, hence this genotype was considered tolerant to the pathogen.
Finally, fruiting bodies were predominant in the histological sections of the calluses from the ILC 263
genotype and were present in the periphery of the tissues as well as in the intercellular space, leading to cell lyses
in some cases, which confirmed the high sensitivity of this genotype.

Numerous studies on host-pathogen interaction have shown that resistance and susceptibility genes are
expressed both in the whole plant and in a reduced pathosystem of a tissue or cell culture (Ingram, 1967; Gallao
et al,, 2007).

Heiler er al (1995) reported that resistance does not alter spore germination stages, based on the
presence of hyphae growth, regardless of the genotype that is tested (i.c., resistant, tolerant, or susceptible to
the pathogen). This is consistent with the results obtained from the invasion of the external surfaces of the
callus by hyphae of Ascochytarabiei in the present study. Indeed, Kavousi ez a (2009) have reported that the
expressionin Cicer arietinum of resistance genes to Ascochyta rabiei occurs after 48 h of infection. This is the
time required to trigger numerous reactions in response to the parasite, after which the calluses of the ‘FLIP
84-92 C’ genotype develop a defense reaction characterized by a limited growth of hyphae compared to other
genotypes. This resistance response is also observed in several host-parasite pairs, such as Bera vulgaris and
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Peronospora farinosa f. sp. betac (Ingram and Joachim, 1971), Fusarium oxysporum f. sp. ciceri infecting
different organs of Cicer arietinum (Kunwar et al, 1989), and Nicotiana tabacumand Phytophthora parasitica
var. nicotianae (DeZoeten et al, 1982). Moreover, a similar reaction has been observed in several resistant
woody plants grown in vitroand inoculated with parasites (McComb et a, 1987; Jang and Trainter, 1990; Dai
et al, 1995; Krause et al, 1996). According to Ameziane El Hassani (1981), during a resistance reaction
between Cicer arietinum and Ascochyta rabiei, mycelial proliferation through the host cells is stopped by the
formation of a band called the "boundary zone", where cells accumulate phenolic compounds to defend
themselves. These compounds play an important role in plant resistance to biotic stress. Notably, Kessmann
and Barz (1987) and Weidmann er a/ (1991) have described the same behavior in cell cultures of Cicer
arietinum inoculated with Ascochyta rabiei.

Conclusions

The hormonal combination of 2 mg of IAA with 2 mg of kinetin optimized callogenesis, regardless of
the different explants (stems and leaflets) or the different genotypes of Cicer arietinum. Therefore, we can
conclude that callogenesis in the explants from the three genotypes that were studied depends on the
composition of the culture medium, in terms of growth regulators and their concentration. With the aim of
selecting chickpea genotypes resistant to anthracnose, the use of a callus-pathogen pathosystem has made it
possible to elucidate some parameters governing this interaction. Specifically, this green biotechnology tool
that is zn vitro tissue culture has allowed us to determine a Cicer arietinum genotype resistant to Ascochyta

rabiei, namely the ‘FLIP 84-92 C’ genotype.
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