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Summary. This study examined the capacity of Rhizobium sp. strain PchAZM to reduce parasitism of chickpea 
by Orobanche foetida under greenhouse conditions, and assessed the relative impact of rhizobia on the expres-
sion of chickpea defense response against broomrape. Growth chamber experiments using Petri dishes revealed 
that rhizobia infection on chickpea roots reduced broomrape seed germination, and restricted the broomrape at-
tachment to host roots while retarding tubercle formation and development by the parasite. In pot experiments, 
chickpea roots inoculated with rhizobia reduced the total number of broomrape by up to 90%. Broomrape necrosis 
was observed both before and after parasite attachment to inoculated chickpea roots in Petri dishes and pot experi-
ments. Reduction in infection was accompanied by enhanced levels of the defence-related enzymes phenylalanine 
ammonia lyase (PAL) and peroxidase (POX). Increased levels of phenolics were recorded in the roots of rhizobia-
inoculated plants grown in the presence of broomrape. The results suggest that rhizobia could be used for protec-
tion of chickpea against O. foetida.
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Introduction
Chickpea (Cicer arietinum L.) is one of the most 

utilized legumes in the world because it is considered 
to be an excellent source of dietary protein (Frias et 
al., 2000). However, chickpea production in Tunisia 
falls short of the demand due to biotic and abiotic 
constraints that reduce crop yields and grain qual-
ity. Orabanche foetida (broomfape) develops in Tuni-
sia on some cultivated species such as broad beans 
(Kharrat et al., 1992), and can also infect and develop 
on chickpea, lentil and vetch with variable levels of 
parasitism (Kharrat, 2002). Recently, attacks by this 
parasitic plant on Fenugreek (Trigonella foenum-grae-

cum) were reported by Amri et al. (2009). Faba bean 
yield losses may reach 50 to 80% at medium to high 
levels of soil infestation by broomrape (Kharrat and 
Halila, 1994). 

Strategies to control Orobanche parasitism are lim-
ited because of its extremely broad host range and 
the long lasting survival of broomrape seeds in fields 
under various environmental conditions (Rubiales et 
al., 2003). Orobanche spp. are not usually amenable to 
control by persistent selective herbicides, since her-
bicides cannot differentiate between crops and these 
parasitic plants (Rubiales and Fernandez, 2012). The 
main bio-control components for broomrape man-
agement are virulent insects and fungal pathogens, 
or fungal toxins (Andolfi et al., 2005; El-Kassas et al., 
2005; Fernández-Aparicio et al., 2010). For a more 
integrated Orobanche management approach, com-
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binations of agronomic practices, chemical and bio-
control approaches would be more suitable.

The ability of rhizobia to limit parasitism by 
broomrape was demonstrated for different legumes 
(Mabrouk et al., 2007; Hemissi et al., 2013; Mabrouk 
and Belhadj, 2014). In this study, experiments  were 
carried out to examine the antagonist effects of Rhizo-
bium sp. strain PchAZM to O. foetida, and to evaluate 
the relative impact of rhizobia on the expression of 
the plant’s defence response against the parasite.

Materials and methods
Bacterial strain and growth conditions

Rhizobium sp. strain PchAZM was isolated from 
nodules on the root systems of chickpea plants har-
vested from Orobanche-free fields. Bacterial cells 
were stored on yeast extract mannitol agar medium 
at 4°C (Mabrouk et al., 2007). The Rhizobium strain 
PchAZM used in this study was selected based on its 
effectiveness as a biocontrol agent against O. foetida 
from among 40 strains after they had been tested in 
a nodulation test.

Evaluation of Rhizobium as resistance inducer against 
Orobanche foetida

Co-culture using Petri dish experiments
Co-culturing was performed as described by La-

brousse et al. (2001). Chickpea (cv. Beja1) seeds were 
surface-sterilized with 10% calcium hypochlorite 
for 30 min and then rinsed three times with sterile 
water. Seeds were placed in Petri dishes on ster-
ile filter paper imbibed with sterile distilled water 
and allowed to germinate at 28°C in the dark for 7 
d. Chickpea seedlings were transferred to square 
Petri dishes (120 × 120 × 17 mm, Greiner) lined 
with fiber filter paper (MN 85⁄90, 12.5 cm diam., 
Macherey-Nagel). Roots were spread between the 
dish cover and filter paper. Two holes were made 
in the upper rim of each the Petri dish to allow the 
chickpea shoots to grow through, and two holes 
were drilled through the lower rim to allow plant 
roots to feed in culture medium (Figure 1F). A 1 cm 
thick rock-wool layer (Master from Grodan, Town) 
was placed under chickpea roots on the other side 
of the glass fibre filter paper. Petri dishes were 
closed, covered with aluminium foil and placed 
vertically in a sterile polypropylene tray contain-

Figure 1. (A) typical germination, (B) seed germination 
with browning symptoms, (C) healthy tubercle fixed on 
chickpea roots, (D) tubercle with necrotic symptoms, (E) 
co-culture system using Petri dishes, and (F) plant grow-
ing in pots (1: chickpea plant infested with O. foetida and 
inoculated with Rhizobium strain PchAZM, 2: chickpea 
infested with Orobanche and 3: healthy chickpea plant).
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ing sterile solution of Coïc neutrophile nutrient 
(Coic and Lesaint, 1975), and were maintained at 
21°C under a 16 h photoperiod. After 15 d, 3 mL of 
rhizobial cell suspension were added to the roots. 
In addition, seeds of O. foetida were preconditioned 
in Petri dishes (35 mm diam.) on fibreglass filter 
papers moistened with 0.5 mL of distilled water 
for 7 d at 22°C. About 100 preconditioned O. foetida 
seeds were placed regularly at 1–2 mm from chick-
pea roots. Broomrape seed germination was evalu-
ated 15, 30 and 45 d after inoculation with rhizobia 
using a binocular microscope. Four areas per Petri 
dish were observed and the number of germinated 
broomrape seeds were counted and expressed as 
percentage of total seeds. Germination rates were 
expressed by taking into account the viability of the 
seed lot used for experiments (82%). By 30 and 45 d 
after inoculation (DAI), germinated necrotic seeds 
that did not succeed in attaching to host roots in 
the selected areas of Petri dishes were counted and 
expressed as the percentage of total germinated 
seeds, and numbers of necrotic tubercles per plant 
were recorded. Non-inoculated chickpea seedlings 
growing in contact with Orobanche served as exper-
imental controls.

Pot experiment
Rhizobium strain PchAZM was tested in a pot ex-

periment with five replicates per treatment. Chick-
pea seedlings were transferred to plastic pots (0.5 L 
capacity) containing a sterilised mixture of local field 
soil and sand (1:1, v/v) and then either left as such or 
inoculated with O. foetida seeds (5 mg per pot). Four 
sets of pot cultures were managed simultaneously; 
(i) chickpea grown in Orobanche-free soil, (ii) chick-
pea grown in infested soil, (iii) chickpea grown in 
Orobanche-free soil inoculated with Rhizobium strain 
PchAZM, and (iv) chickpea grown in infested soil in-
oculated with Rhizobium strain PchAZM. Each chick-
pea plant was treated with 3 ml of rhizobial cell sus-
pension. Plants were irrigated weekly with N-free 
nutrient solution. The impact of rhizobia on chick-
pea infection by O. foetida was estimated for 70-d-
old plants, at which time broomrape seeds started 
to emerge. Chickpea roots were gently harvested, 
washed with water, the total number of tubercles per 
plant, the necrotic tubercle as the percentage of total 
fixed tubercles, and the dry matter of Orobanche were 
recorded, and chickpea shoot lengths and shoot dry 
weights were measured.

Analysis of some biochemical parameters

Peroxidase (POX) and Phenylalanine ammonia lyase (PAL) 
assays

Procedures were carried out as described by An-
derson et al. (1995) and Lin and Kao (1999) for the per-
oxidase assay and by Westcott and Henshaw (1976) 
for the PAL assay. After grinding chickpea roots in 
liquid nitrogen, extraction buffer was added to the 
frozen powder in the ratio (1:3). The extraction buff-
er contained 100 mM KH2PO4/K2HPO4 (pH 7), 1% 
(V/V) Triton X-100 and 2% (wt/V) insoluble polyvi-
nylpyrrolidone. The mixture was homogenized and 
centrifuged for 20 min at 10,000 g (4°C). The super-
natant was used immediately for total protein quan-
tification (Bradford, 1976) and both enzyme assays.

Soluble peroxidase activity was read in a spectro-
photometer using gaiacol as substrate and hydrogen 
peroxide to initiate the reaction. Peroxidase activity 
was measured at 470 nm at 25°C in a reaction me-
dium containing 9 mM gaiacol, 1 mM hydrogen per-
oxide and crude enzyme extract and expressed as 
U mg-1 protein (U: μmole tetragaïacol produced per 
min).

Phenylalanine ammonia lyase activity was deter-
mined spectrophotometrically at 290 nm by measur-
ing the amount of cinnamic acid formed after incu-
bation of the crude enzyme with L-phenylalanine for 
2 h. The reaction mixture contained 1.4 mL of borate 
buffer (100 mM, pH 8.8), 0.6 mL of L-phenylalanine 
(100 mM) and 0.3 mL of the crude enzyme. Following 
2 h of incubation at 40°C, the reaction was stopped 
by the addition of 0.05 mL of 5 M HCl. Activity was 
expressed as amount of cinnamic acid produced (μg 
h-1 mg-1 protein).

Estimation of total soluble phenolics in chickpea roots
Frozen chickpea roots from different treatments 

were extracted three times in 80% aq. MeOH at 4°C 
under continuous stirring. Total soluble phenolic 
content was measured spectrophotometrically at 760 
nm, using the Folin–Ciocalteu reagent method (Wa-
terman and Mole, 1994). The reaction mixture con-
tained 790 μL of distilled water, 10 μL of sample and 
50 μL of Folin–Ciocalteu reagent. After 1 min, 150 
μL of aqueous sodium carbonate (20%) was added 
and the mixture was vortexed and allowed to stand 
at room temperature in the absence of light for 30 
min. The total phenol concentration (expressed as μg 
catechin g-1 root fresh weight) was calculated from a  
calibration curve, using catechin as standard.
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Statistical analyses

In all the experiments, ten plants were grown per 
treatment. Consequently, the data are means ± con-
fidence limits (n =10, α = 0.05 Student’s t-test). Data 
were analyzed by multifactorial analysis of variance 
(ANOVA, SPSS 13.0 for Windows) and significant 
differences among treatments were considered at the 
P < 0.05 level.

Results 
Effects of Rhizobium inoculation on broomrape 
parasitism in chickpea

Effects of treatment on yield parameters
Infection of chickpea plants with broomrape led 

to a significant reduction in plant growth as shown 
in the measured shoot lengths and shoot dry weights 
(Table 1). In contrast, Rhizobium sp. strain PchAZM 
established an effective symbiotic association with 
chickpea, as demonstrated by the large numbers of 
root nodules and significant increases in chickpea 
shoot lengths and shoot dry weights in comparison 
with infected plants. We observed that plants not in-
oculated with rhizobia showed no nodulation (Table 
1). Chickpea roots inoculated with Rhizobium strain 
PchAZM had decreased numbers of O. foetida tuber-
cles (Table 1). Total Orobanche dry matter per plant 
was reduced by 95% in chickpea roots inoculated 
with rhizobia. When plants grew in Orobanche-infest-
ed soil in pot experiments, chickpea roots inoculated 
with the Rhizobia carried few broomrape tubercles by 
70 d after seeding in comparison with non-inoculat-
ed chickpeas (Table 1, Figure 1F). 

Effects of rhizobia on underground stages of Orabanche 
foetida

Inoculation with the Rhizobium strain PchAZM, 
resulted in a significant decrease in germination of 
O. foetida seeds (up to 50%) and in tubercles formed 
on chickpea roots 45 DAI (Table 1). Changes in O. 
foetida seed germination started to be visible at 25 
DAI. The chickpea radicles turned from colourless 
and translucid to brownish, seedling elongation 
ceased, and Orobanche development stopped (Fig-
ure 1 A and B). These results confirm those obtained 
previously in the case of pea inoculated with some 
Rhizobium leguminosarum strains (Mabrouk et al., 
2007). Some disease symptoms during early devel-
opmental stages of broomrape were observed in the 
case of inoculated chickpea with rhizobia, and the 
proportion of necrotic tubercles increased with time. 
Forty-five d after transplanting, the greatest percent-
age of necrotic tubercles was observed on chickpea 
inoculated with rhizobia. Healthy tubercles devel-
oped on the host roots within 18 d after attachment 
(Figure 1C). In contrast, when O. foetida attacked the 
chickpea roots inoculated with Rhizobium it died at 
an early stage of tubercle development (Figure 1D).  

Effects of inoculation on defense enzyme activities 
and accumulation of phenolic compounds in 
chickpea roots.

Enzyme activities were investigated at 35 DAI 
in both infected and inoculated chickpeas (Figures 
2 and 3), and compared with activity levels of the 
control plants including healthy and infected non-
inoculated chickpeas. In chickpea plants inoculated 

Table 1. Impact of root inoculation by rhizobia on Orobanche tubercle formation and dry matter in pot experiments

Treatment

O. foetida 
tubercle 
number /

plant

O. foetida 
necrotic 

tubercles
 (% of total 
tubercles)

O. foetida 
DW (g)

Chickpea 
Shoot dry 
weight (g)

Chickpea 
shoot 
length 

(cm)

Nodule 
number/

plant

Chickpea 0a 0a 0a 0.9±0.1a 41±1.2a 0a

O. foetida infected chickpea 15.23±3.25c 0a 2.5±0.21b 0.4±0.1b 22.1±1.7b 0a

PchAZM inoculated chickpea 0a 0a 0a 2.02±0.1c 58.4±2.3c 64.1±2.8b

O. foetida infected chickpea and inoculated 
by PchAZM

1.3± 0.3b 50.4±2.3b 0.1±0.05a 1.8±0.1c 55.4±3.2c 63.2±3.2b
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with rhizobia, the expression of induced resistance 
was associated with enhanced enzyme activities.

Peroxidase activity increased gradually from 7 to 
35 DAI when chickpeas were inoculated singly by 
rhizobia (Figure 2). A similar pattern was observed 
in roots inoculated with rhizobia and concomitantly 
infected by the parasitic plants. On the other hand, 
low and relatively constant activity occurred in 
healthy and O. foetida-infected chickpeas when not 
inoculated by Rhizobium.

Phenylalanine ammonia lyase activity remained 
unchanged by 35 DAI at a low value in healthy 
chickpea roots (Figure 3). Furthermore, infection by 
O. foetida did not significantly affect PAL activity in 
roots. In contrast, chickpea inoculation with rhizobia 
induced a threefold increase in PAL activity with a 
maximum at 21 DAI coinciding with no parasite at-
tachment to chickpea roots.

Total soluble phenolic compounds accumulated 
later, from 28 to 35 DAI in chickpea inoculated by 
rhizobia (Figure 4). A similar pattern was observed 
when chickpea was inoculated with Rhizobium and 
then infected by O. foetida. On the other hand, healthy 
chickpea and plants only infected by O. foetida exhib-
ited low relative amounts of total soluble phenolics.

Figure 3. Levels of phenylalanine ammonia-lyase (PAL) in 
chickpea roots inoculated with Rhizobium strain PchAZM 
and infested by Orabanche foetida. Activities were meas-
ured at 7, 14, 21, 28 and 35 d after inoculation with rhizo-
bia and infection with O. foetida (light grey). Experimental 
controls were performed with healthy chickpeas ( ) singly 
inoculated (dark gray) or singly infected with O. foetida ( ).

Figure 2. Peroxidase activities in chickpea roots inoculated 
with Rhizobium strain Pch AZM and infested by Orabanche 
foetida. Activities were measured at 7, 14, 21, 28 and 35 d af-
ter inoculation with rhizobia and infection with Orobanche  
(light grey). Experimental controls were with healthy 
chickpeas ( ) singly inoculated (dark gray) or singly in-
fected with O. foetida ( )

Figure 4. Phenolic content in chickpea root inoculated with 
Rhizobium strain PchAZM and infested by O. foetida. Con-
tents were measured on 7, 14, 21, 28 and 35 days after in-
oculation with rhizobia and infection with Orobanche (●). 
Control was performed with healthy chickpeas (□) singly 
inoculated (○) or singly infected with O. foetida (▲).
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Discussion
Our results show that inoculation with rhizobia 

significantly reduced parasitism of chickpea plants 
by O. foetida. These findings are in agreement with 
those of Bouraoui et al. (2012) who found that pre-
inoculation with Rhizobium led to a significant reduc-
tion in disease severity caused by O. foetida in faba 
bean. These rhizobia also increased nitrogen content 
and dry weight of nodules, roots and shoots. Several 
other workers have noticed the beneficial effects of 
rhizobia on plant growth and reduction in parasite 
germination and tubercle formation (Hemissi et al., 
2013; Mabrouk and Blhadj, 2014). Indeed, the mecha-
nism of action includes reducing parasite seed ger-
mination and radical growth, blocking host tissue 
penetration and connection to the vascular system. 
Our results show that inoculation with Rhizobium 
strain PchAZM significantly reduced the percentage 
of broomrape seed germination and tubercle forma-
tion on chickpea roots. In vitro co-culturing provided 
evidence that a much greater proportion of the suc-
cessfully germinated Orobanche seedlings close to 
Rhizobium-inoculated roots turned brown before or 
during root penetration and finally failed to attach to 
host roots (Figures 1B and D; Table 2). This explains 
the significant reduction of tubercle formation on 
inoculated chickpea roots (Tables 1 and 2), and con-
firms potential mechanisms previously discussed by 
several authors. Among these are the typical plant 
mechanisms of defense against pathogenic microor-
ganisms, such as the induction of pathogenesis-relat-
ed (PR) proteins, peroxidases and phytoalexin bio-
synthesis enzymes (Joel and Portnoy, 1998; Castillejo 
et al., 2004; Pérez de Luque et al., 2006).

Biochemical and histological studies in several 
plant-parasite interactions revealed that production 

and secretion of these toxic compounds are responsi-
ble for arresting parasite development (Serghini et al., 
2001; Echevarría-Zomeño et al., 2006; Pérez-de-Luque 
et al., 2009). Several gene expression studies have re-
vealed the induction of genes encoding enzymes in-
volved in the phenylpropanoid pathway in response 
to Orobanche infection (Griffitts et al., 2004; Dita et 
al., 2009). In order to obtain a more comprehensive 
analysis of biochemical mechanisms of induced re-
sistance in chickpea against O. foetida by inoculation 
with rhizobia, we analyzed the defense-related en-
zymes and changes in toxic compounds in roots.

The obvious increase in the total phenolics levels 
in the broomrape infected chickpea roots compared 
to healthy roots of plants previously inoculated with 
rhizobia, indicated the effectiveness of the rhizobia 
for inducing host resistance. In this regards, soluble 
phenolics have been shown to accumulate in plant 
roots, playing important roles in the parasitic infec-
tion processes and host resistance (Mabrouk et al., 
2007). 

The activities of two defense enzymes in chickpea 
roots were significantly affected by inoculation with 
Rhizobium strain PchAZM. Phenylalanine ammonia-
lyase (PAL) is the first enzyme of the phenylpropa-
noid pathway, whose induction and accumulation is 
a typical defense response associated with resistance 
in several plant systems and against diverse patho-
genic organisms, especially broomrape (Daayf et al., 
1997; Mabrouk et al., 2010). Peroxidases can poly-
merise polysaccharides and polyphenols to produce 
stable vascular occluding gels (Crews et al., 2003). 

In this study, rhizobia inoculated chickpeas dis-
played enhanced peroxidase activity, in addition 
to constantly high PAL activity in comparison with 
non-inoculated chickpeas. This was observed from 
14 DAI when broomrape attachment had not yet oc-

Table 2. Orobanche foetida germination and tubercle formation in co-culture experiments on chickpea roots in relation to 
rhizobia inoculation.

Treatment

O. foetida 
seed 

germination 
(%)

Necrotic 
germinated 

seeds (%)

Number of 
tubercles/

plant

Necrotic 
tubercles 

(% of total 
tubercle 
number)

O. foetida infected chickpea 59.6±6.6a 2.9 ±0.4a 48.15± 4.9a 0a

O. foetida infected chickpea and inoculated by PchAZM 28.3±4.6b 52.9±4.7b 0.98±0.1b 50b
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curred. Consequently, we hypothesize that these en-
zymes could be involved in chickpea resistance to O. 
foetida induced by Rhizobium inoculation during ear-
ly and later stages of infection. These two enzymes 
could be implicated in broomrape avoidance of in-
oculated chickpea by preventing parasite penetra-
tion of the host roots, or by lowering nutrient fluxes 
towards the parasite when connection succeeds.

High levels of the defense enzymes POX and PAL 
in response to Rhizobium inoculation were correlated 
with reduced broomrape seed germination, and by 
prevention of parasite attachment and growth of in-
stalled tubercles. We conclude that the plants were 
primed for defense. Nevertheless, further studies are 
needed to characterize the mechanisms involved in 
Rhizobium-induced chickpea resistance to O. foetida, 
to improve Rhizobium strains used as bio-fertilizers 
and biocontrol agents in chickpea fields.
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