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The parasitic weed, Orobanche crenata, is one of the 
most devastating constraint for faba bean production 
in Mediterranean regions. Plant host defense induction 
was reported as one of the most appropriate control 
methods in many crops. The aim of this study was to 
elucidate the effect of salicylic acid (SA) and indole ace-
tic acid (IAA) on the induction of faba bean resistance 
to O. crenata under the field and controlled experi-
mental conditions. Both hormones were tested on two 
contrasting faba bean genotypes: Giza 843 (partially 
resistant to O. crenata) and Lobab (susceptible) at three 
different application methods (seed soaking, foliar 
spray, and the combination of both seed soaking and 
foliar spray). Soaking seeds in SA or IAA provided the 
highest protection levels reaching ~75% compared to 
the untreated control plants. Both elicitors limited the 
chlorophyll content decrease caused by O. crenata infes-
tation and increased phenolic compound production in 
host plants. Phenylalanine ammonia lyase, peroxidase, 
and polyphenol oxidase activities were stimulated in the 

host plant roots especially in the susceptible genotype 
Lobab. The magnitude of induction was more obvi-
ous in infested than in non-infested plants. Histological 
study revealed that both SA and IAA decreased the 
number of attached O. crenata spikes which could be 
related to specific defense responses in the host plant 
roots. 
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Broomrapes (Orobanche spp.) are obligate root holopara-
sitic plants devoid of chlorophyll and completely depend 
on the host plants for their supply of carbon, nitrogen and 
inorganic solutes (Fernández-Aparicio et al., 2016). Con-
sequently, they cause severe yield losses on infested crops 
(up to 100%) especially in the drier and warmer areas of 
Europe, Africa and Asia where it is reported to parasitize 
a wide range of economically important hosts including 
legumes, sunflower, tomato and tobacco (Habimana et al., 
2014). Among these parasitic plants, O. crenata is consid-
ered to be the most devastating specie affecting faba bean 
in Morocco. Abu-Irmaileh and Labrada (2014) reported 
that legume crop infestation by O. crenata in Morocco has 
increased from 12% in 1981 to 51% in 2003. 

Several strategies have been used to control Orobanche 
including cultural practices, chemical and biological meth-
ods (Habimana et al., 2014). However, due to the particular 
characteristics of this parasitic weed (underground devel-
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opment and attachment to the host roots), the available 
control strategies have not proven as economical, environ-
mental, and applicable as predicted (Pérez-de-Luque et al., 
2010). Therefore, alternative sustainable strategies for crop 
protection against pathogens were developed (Walters et 
al., 2013). These approaches involve the activation of the 
plants’ natural defense responses through the use of differ-
ent types of inducers, also called elicitors (Burdziej et al., 
2019; Raasch-Fernandes et al., 2019; Ramakrishna et al., 
2019; Walters et al., 2013). These inducers of resistance 
stimulate natural defense mechanisms of host plants, lead-
ing to a systemic acquired resistance (SAR) (Monci et al., 
2019; Thakur and Sohal, 2013). The SAR in plants is often 
associated with various cellular defense responses includ-
ing cell wall reinforcement, phenolic production such as 
phytoalexins and induction of some enzymes activities like 
pathogenesis-related proteins (PR) (Ryals et al., 1996). 

Durrant and Dong (2004) reported that SAR induction 
is controlled by an endogenous accumulation of salicylic 
acid that is synthesized locally and systemically leading to 
transcriptional activation of the PR genes. Moreover, an in-
crease in the concentration of phenolic compounds and the 
activity of phenol metabolizing enzymes such as peroxi-
dase (POX), polyphenol oxidase (PPO), and phenylalanine 
ammonia lyase (PAL) in response to salicylic acid (SA) 
activity were also reported (Clarke et al., 2000; Thakur and 
Sohal, 2013). Other studies showed that indole acetic acid 
(IAA), a phytohormone auxin, which has been known to be 
a regulator of plant growth and development ever since its 
discovery, also shows an important role in the defense pro-
cess against biotic stress (Al-Wakeel et al., 2013; Gravel et 
al., 2007; Ueno et al., 2011).

Over the last two decades, several studies have promoted 
the development of different synthetic elicitors, including 
SA and benzothiadiazole (BTH), and show how exogenous 
treatments of plants with these compounds can induce 
resistance, both locally and systemically, to subsequent 
pathogen attacks (Triki et al., 2018; Walters and Fountaine, 
2009). Induced systemic acquired resistance, by the ap-
plication of exogenous chemical agents, against different 
Orobanche species has been reported in a number of crops 
(Abbes et al., 2014; Gonsior et al., 2004; Kusumoto et al., 
2007; Pérez-de-Luque et al., 2004; Sauerborn et al., 2002; 
Triki et al., 2018). Pérez-de-Luque et al. (2004) reported 
the effectiveness of BTH (1,2,3-benzothiadiazole-7-carbo-
thioic acid S-methyl ester) foliar application in decreasing 
O. crenata infestation in pea under field conditions. O. mi-
nor control by SA and BTH root application has also been 
reported on red clover grown in plastic house by inhibition 
of O. minor radicles elongation and lignification of the host 

root endodermis (Kusumoto et al., 2007). The effective-
ness of SA and BTH treatments was also observed in faba 
bean infested by O. foetida (Abbes et al., 2014; Triki et al., 
2018). In sunflower, seed treatment by BTH increased the 
level of resistance against O. cumana which was mainly as-
sociated with an activation of phytoalexin, H2O2 and chitin-
ase protein production (Sauerborn et al., 2002). These stud-
ies demonstrate that application of defense elicitors could 
be a very promising and environmental friendly option to 
control broomrapes. However, the efficiency of the appli-
cation of theses elicitors and their use depend on a number 
of factors that need to be taken into consideration, such as 
the application method, dose and frequency of elicitor ap-
plication, host plant and the growth stage of both the host 
and the parasite (Walters et al., 2013).

This study aims to evaluate (1) the effect of two potential 
elicitors SA and IAA on O. crenata infestation level in 
faba bean under both field and controlled conditions and (2) 
the associated biochemical and histological changes in host 
plants.

Materials and Methods

Plant material. Two faba bean genotypes were used in this 
study; Giza 843 genotype which is partially resistant to O. 
crenata selected in Egypt (Abd El-Aty et al., 2016) and the 
susceptible genotype Lobab (selected in Morocco). The O. 
crenata seeds used in the controlled condition experiments 
were collected from some Orobanche spikes parasite on 
faba bean plants grown at INRA Marchouch experimental 
station in Morocco.

Field evaluation trial. The trial was conducted during 
the cropping season 2016/17 in a sick plot highly infested 
by O. crenata at Marchouch research station - Morocco. 
This field plot was mainly cultivated with faba bean and 
had a history of naturally, heavy and uniform infestation 
level with O. crenata. Both faba bean genotypes with dif-
ferent treatments were planted at the end of November 
according to randomized complete block design with five 
replications. Each genotype was planted in eight rows of 2 
m length and 0.5 m inter-row spacing. Eight different treat-
ment groups were categorized including infested control 
check, non-infested control (treated with glyphosate) and 
6 treatments using different plant defense inducers and ap-
plication methods. Those treatments are described in the 
Table 1.

Hand hoeing was done when required and no fertilizers 
were applied. At crop maturity (end of May), several pa-
rameters referring to Orobanche infestation level and host 
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development were determined. Thus, O. crenata infesta-
tion was estimated by counting the number of emerged 
spikes per host plant then measuring their dry weight. Also, 
the incidence (percentage of host plants showing emerged 
spikes), the percentage of O. crenata infestation reduction 
(calculated using the formula: O. crenata spikes number 
in infested control − O. crenata spikes number in treated 
plant/O. crenata spikes number in infested control 100), 
and the severity (provides information on the impact of the 
parasite on host vigor using 1-9 scale (Abbes et al., 2007) 
were determined. Agronomic traits including seed yield 
per plant, shoot dry weight of the host plant, and 100 seeds 
weight were also recorded.

Pot experiment. An experiment was conducted under 
controlled conditions at 25 ± 2°C, 16:8 day/night photo-
period, and 60-70% relative humidity. The two faba bean 
genotypes were grown in 6 l pots filled with sterilized soil, 
either inoculated or not with 20 mg of O. crenata seeds per 
kilogram of soil. Thus, two different sets of pots, infested 
and non-infested, were prepared. Each set was subdivided 
into seven groups, one untreated group served as control 
and the other six groups were subjected to different treat-
ments using plant defense inducers as described in Table 1. 
In this experiment, glyphosate treatment was not used. All 
pots were arranged in randomized complete block design 
with five replications. Four months after sowing, faba bean 
plants were removed from the pots. Roots were gently 
washed under running tap water and several parameters 
referring to infestation level and host plant development 
were assessed. Thus, the number of O. crenata infestation 
events per plant was determined by counting the following 
developmental stages: S3, tubercles > 2 mm without root 
formation; S4, tubercles with crown-root; S5, stage spider; 
S6, sprout already visible remaining underground; S7, start 
development of spike; S8, flowering and setting of seeds 
(Briache et al., 2019). Also, the total O.crenata dry weight, 

the dry weight of host shoot and roots per faba bean plant 
were measured. Fresh leaves and root samples were stored 
at –70°C for biochemical assays. 

Extraction and quantification of chlorophyll pigments. 
Extraction of chlorophyll a and b from fully expanded fresh 
leaves was carried out according to Fadeel (1962) with 
slight modifications. For the different treatments, leaves 
were taken randomly from the third node of the main shoot 
for all the plants. Two hundred milligrams of fresh leaves 
was homogenized with mortar and pestle in 2.5 ml of 100% 
acetone. The homogenate was centrifuged at 12,000 ×g for 
10 min at 4°C and the supernatant was used to measure the 
absorbance at 645 nm and 664 nm. Total chlorophyll con-
tents (a + b) were calculated using the equation represented 
by Sesták (1971). 

Extraction and quantification of phenolic compounds. 
Extraction of phenolic compounds from dried roots of 
healthy and infested treated plants was carried out as de-
scribed by Xu and Chang (2007) and their content was 
determined by a Folin-Ciocalteu assay (Singleton et al., 
1999) using gallic acid as standard. The absorbance was 
measured at 750 nm and total phenolic content was calcu-
lated from gallic acid standard curve then expressed as mg/
g root dry weight.

Extraction and determination of phenylalanine ammo-
nia-lyase PAL activity. Extraction and assay of PAL were 
carried out according to Solecka and Kacperska (2003) 
using fresh root tissues from healthy and infested treated 
plants. PAL activity was determined by measuring the 
absorbance at 290 nm and expressed as EU/mg root fresh 
weight/h (one unit of enzyme activity equals the amount of 
PAL that produced 1 μM of trans-cinnamic acid in 1 h). 

Extraction and determination of POX activity. This test 

Table 1. Different treatments applied in field

Treatment Protocol
T1 Seeds soaked during 6 h in 1 mM SA
T2 Seeds soaked during 6 h in 0.09 mM IAA
T3 Spraying plant with 1 mM SA in end of January (before flowering stage)
T4 Spraying plant with 0.09 mM IAA in end of January (before flowering stage)
T5 Seeds soaked during 6 h in 1 mM SA + spraying plant with 1 mM SA 
T6 Seeds soaked during 6 h in 0.09 mM IAA + spraying plant with 0.09 mM IAA 
T7 Spraying plant with glyphosate at dose 80 g/ha
C Non treated (infested control)

SA, salicylic acid; IAA, indole acetic acid.
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was carried out, using fresh root tissues from healthy and 
infested treated plants, according to the method outlined by 
Polle et al. (1994). POX activity was determined by mea-
suring the absorbance at 470 nm, and expressed as EU/mg 
root fresh weight/min (U: μM tetragaiacol produced per 
minute). 

Extraction and determination of PPO activity. Extrac-
tion and assay of PPO were carried out, using fresh root tis-
sues from healthy and infested treated plants, as described 
by Al-Wakeel et al. (2013). PPO activity was determined 
by measuring the absorbance at 410 nm and expressed as 
EU/mg root fresh weight/min.

Histological study. Faba bean root segments with attached 
Orobanche tubercles were taken from treated and untreated 
plants and placed for 48 h in formaldehyde–acetic acid fix-
ative solution (ethanol 50% + formaldehyde 5% + glacial 
acetic acid 10%, in water). The fixed segments were de-
hydrated in ethanol series (50%, 80%, 95%, 100%, 100%: 

12 h for each) then transferred to an embedding solvent via 
xylene-ethanol series (30%, 50%, 80%, 100%, 100% 12 h 
each) and finally saturated with paraffin. Sections of 5 μm 
thickness were cut with a rotary microtome Leica (Nuss-

Fig. 1. Average air temperature (°C) and rainfall (mm) during the 
cropping season 2016/2017 at Marchouch experimental station of 
INRA-Morocco.

Table 2. Infestation parameters recorded for the two studied genotypes under different treatments in a high Orobanche crenata infested 
field 

Genotype Host plant  
treatment

Incidencea  
(%)

O. crenata  
infestation  

reduction (%)
Severityb

No. of emerged  
O. crenata spikes  

per host plant

O. crenata spikes  
dry weight per host 

plant (g)
Lobab C 90.47 ± 6.4 a      0 ± 0 e    7 ± 0.1 a 4.22 ± 0.6 a 5.68 ± 0.3 a

T7        0 ± 0 e  100 ± 0 a    1 ± 0 d      0 ± 0 e      0 ± 0 d
T1 44.76 ± 7.1 cd 76.3 ± 8.1 b 1.8 ± 0.3 cd      1 ± 0.1 de 2.08 ± 0.4 c
T2 53.42 ± 6.4 bcd 63.2 ± 7.7 bc 3.4 ± 0.8 bc 1.55 ± 0.3 cde   2.4 ± 1 c
T3 83.21 ± 8.5 a    27 ± 2 cde 5.4 ± 0.4 ab 3.08 ± 0.5 ab 3.58 ± 0.6 abc
T4 84.12 ± 10.9 a    13 ± 1.4 cde 6.4 ± 0.6 a 3.67 ± 0.3 ab 4.64 ± 0.8 ab
T5 57.38 ± 5.5 bcd 63.9 ± 9.8 bc 2.6 ± 0.5 bcd 1.52 ± 0.2 cde 3.10 ± 0.7 bc
T6 60.71 ± 6.5 bc 49.5 ± 4.4 c 3.8 ± 1 bc 2.13 ± 0.3 bc 3.11 ± 0.5 bc

Giza 843 C 45.35 ± 8.7 c      0 ± 0 e 3.66 ± 1 b 1.46 ± 0.3 c 2.29 ± 0.8 c
T7        0 ± 0 e  100 ± 0 a    1 ± 0 d      0 ± 0 e      0 ± 0 d
T1 22.38 ± 5.1 d 69.1 ± 9.4 b 1.4 ± 1 cd 0.45 ± 0.05 e 0.78 ± 0.2 cd
T2 21.83 ± 6.2 d    74 ± 6.7 b    1 ± 0 cd 0.38 ± 0.1 e 0.74 ± 0.3 cd
T3 49.83 ± 3.2 bcd 19.1 ± 3.1 cde 2.2 ± 0.3 bcd 1.18 ± 0.2 cde 1.63 ± 0.4 cd
T4 33.21 ± 5.1 cde 23.9 ± 5 cde 1.8 ± 0.1 bcd 1.11 ± 0.1 cde 2.69 ± 1.2 c
T5 21.44 ± 4.3 d 50.6 ± 7.5 c 1.4 ± 0.2 cd 0.72 ± 0.3 de 1.39 ± 0.6 cd
T6 27.16 ± 7.5 de 73.2 ± 9.4 b    1 ± 0 cd 0.39 ± 0.05 e 0.51 ± 0.1 d

Values are presented as mean ± SE of five replications. Data in a column followed by different letters are significantly different at the 0.05 levels 
by Duncan’s test.
aIncidence: percentage (%) of faba bean plants presenting emerged O. crenata spikes per row.
bSeverity scale (1, absence or few emerged spikes without any Orobanche seed production; 3, sporadic emerged spikes [no more than two per 
plant] but with few Orobanche seed production; 5, more than two emerged spikes per host plant with average Orobanche seed production and 
an almost normal plant growth; 7, many emerged spikes (three to five) per plant, with normal Orobanche growth and seed production and sig-
nificant growth and grain yield reduction of the host; 9, very important number of emerged spikes per plant, abundant Orobanche seed produc-
tion and serious reduction of host grain yield or complete destruction of the host). 
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loch, Germany) and attached to adhesive-treated micro-
scope slides. After removal of the paraffin, the staining of 
sections was carried out with 1% toluidine blue according 
to the method outlined by Goldwasser et al. (2000). The 
slides were dried and mounted with DePeX (BDH) and the 
sections were observed under a Euromex ZE-1657 stereo-
microscope (Arnhem, Netherlands).

Statistical analysis. Statistical analysis of studied param-
eters was cried out using SPSS software version 21 (IBM 
Corp., Armonk, NY, USA). All data were subjected to 
variance analysis of (ANOVA). Treatment means were 
compared by Duncan’s test at P = 0.05. 

Results

Effects of elicitor treatments on O. crenata infesta-
tion and host development in the field. High O. crenata 
infestation level occurred during the cropping season 
2016/2017. This cropping season was characterized by 
mild temperature (10-12°C average air temperature) and 
sufficient water supply during winter (150 mm) (Fig. 1). 
These favorable climatic conditions induced and improved 
O. crenata attachment and growth on the host plant roots. 
Thus, untreated plants of susceptible genotype (Lobab) 
showed high infestation level with 90.47% as incidence, 7 
as severity, 4.22 emerged O. crenata spikes per plant and 

5.68 g of O. crenata spikes dry weight per host plant. Com-
pared to this susceptible genotype, untreated resistant geno-
type (Giza 843) showed low O. crenata infestation level 
presented by 45.35% as incidence, 3.66 as severity, 1.46 
emerged O. crenata spikes per plant and 2.29 g of O. cre-
nata spikes dry weight per host plant (Table 2). Application 
of glyphosate allowed a complete control of this infestation 
in both genotypes. Furthermore, different application meth-
ods of SA (1 mM) or IAA (0.09 mM) generated variable 
effects on O. crenata infestation (Table 2). Thus, soaking 
seeds in SA or IAA solutions before sowing (T1 and T2 
treatments) as well as application of a double treatment 
(T5 and T6 treatments) significantly reduced (P < 0.05) O. 
crenata infestation in both studied genotypes. Compared 
to untreated plants, reduction of O. crenata emergence on 
both Lobab and Giza 843 treated plants ranged from 63% 
to 76.3% when T1 or T2 was applied, and from 49.5% to 
73.2% when T5 or T6 was applied. However, no signifi-
cant effect on infestation level was observed when T3 and 
T4 were applied.

Results also showed that for both studied genotypes, no 
significant effect of SA or IAA treatments was recorded on 
shoot dry matter production (Table 3). For plants subjected 
to T6 treatment, leaf yellowing and necrosis were observed. 
Seed pre-treatment with resistance inducers SA or IAA 
resulted in a seed yield increase for both studied genotypes. 
Compared to untreated plant, respective yield increases of 

Table 3. Shoot dry matter production, seed yield and 100 seed weight recorded for the two studied genotypes under different treatments 
in a high Orobanche crenata infested field

Genotype Host plant treatment Shoot dry weight/plant (g) Seed yield/plant (g) 100 Seeds weight (g)
Lobab C 12.14 ± 2.2 a   4.18 ± 1.6 c 84.77 ± 8.2 a

T7 10.70 ± 1.2 ab   7.30 ± 1.1 b 81.50 ± 0.7 a
T1   9.71 ± 1.1 ab   8.75 ± 2.7 b 86.63 ± 4.3 a
T2 11.08 ± 2.1 a   6.41 ± 1.2 b 67.28 ± 11.2 ab
T3   7.86 ± 0.4 ab   5.07 ± 2.2 c 86.65 ± 4.1 a
T4   8.96 ± 0.6 ab   7.85 ± 2.8 b 85.88 ± 3.9 a
T5   9.68 ± 1.4 ab   5.09 ± 1.8 c 76.3   ± 5.5 a 
T6   4.52 ± 1.1 b   3.75 ± 1.7 c 47.59 ± 10.8 b

Giza 843 C   9.36 ± 0.8 ab 11.82 ± 1.9 b 86.68 ± 3.6 a
T7 10.70 ± 0.4 ab 12.73 ± 0.3 a 61.27 ± 1.1 ab
T1   9.36 ± 0.6 ab 12.62 ± 2.5 a 81.20 ± 3.1 a
T2   8.07 ± 0.4 ab 13.40 ± 1.8 a 75.28 ± 3 ab
T3   9.94 ± 2 ab 11.73 ± 2.6 b 74.86 ± 2.7 ab
T4 11.22 ± 0.6 a 15.10 ± 2.4 a 74.43 ± 1.8 ab
T5 11.31 ± 1.8 a 13.90 ± 2.5 a 71.77 ± 4.3 ab
T6   8.82 ± 0.7 ab 11.48 ± 2.1 b 71.12 ± 6.2 ab

Values are presented as mean ± SE of five replications. Data in a column followed by different letters are significantly different at the 0.05 levels 
by Duncan’s test.
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109.3% and 53% were recorded for the susceptible geno-
type Lobab. The treatment T4 resulted also in 87.7% of 
seed yield increase compared to the control treatment. For 
resistant genotype Giza 843, respective increases of 27.7%, 
17.5%, 13.3%, and 6.76% were recorded for plants sub-
jected to T4, T5, T2, and T1 treatments.

Effects of elicitor treatments on O. crenata infestation 
and host development in the pot. The field evaluation 
was confirmed under controlled conditions by pot assays. 
During this experiment, the different treatments using both 
elicitors resulted in a significant variation of O. crenata 
infestation level in both faba bean genotypes (Table 4). 
Pre-treatment of Lobab seeds with SA (T1) as well as ap-
plication of a double treatment (T5) resulted in a 100% 
control of parasite infestation. Also, both IAA treatments 
T2 and T6 significantly reduced O. crenata infestation 
with respective decreases of 67% and 59.2% for the under-
ground Orobanche tubercles and 85% and 100% for the 
emerged Orobanche shoots. For the same treatments, O. 
crenata tubercles dry weight was decreased by 90.5% and 
96.7% respectively. For the resistant genotype Giza 843, 
only the treatments T5 and T6 resulted in a 100% decrease 
of emerged Orobanche shoots with significant decreases 
of the underground tubercles by 91% and 61% and Oro-
banche dry weight by 94.7% and 76.3% respectively. 

For both tested genotypes, O. crenata infestation sig-
nificantly reduced shoot and roots dry weight of untreated 

Table 4. Infestation parameters recorded for the two studied genotypes under different treatments in pot assay

Genotype Host plant  
treatment

No. of Orobanche crenata infestation events/developmental stage Total no. of  
O. crenata  

infestation event

Total O. crenata 
dry weight (g)S3 S4 S5 S6 S7

Lobab C 0.0 ± 0 b 3.3 ± 0.7 a 3.3 ± 0.8 b 10.0 ± 2.2 a 6.6 ± 1.1 a 23.3 ± 2.1 a 4.8 ± 1.3 a
T1 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   0.0 ± 0 c 0.0 ± 0 b
T2 0.0 ± 0 b 0.0 ± 0 b 4.5 ± 0.2 b 1.0 ± 0.2 b 1.0 ± 0.09 b   6.5 ± 0.8 b 0.4 ± 0.07 b
T3 0.0 ± 0 b 3.3 ± 0.09 a 10.0 ± 4.3 a 3.6 ± 0.5 b 0.3 ± 0.07 b 17.3 ± 1.3 a 1.6 ± 0.8 ab
T4 0.0 ± 0 b 5.5 ± 0.8 a 4.0 ± 0.6 b 1.0 ± 0.3 b 0.0 ± 0 b 10.5 ± 1.5 ab 0.8 ± 0.3 b
T5 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   0.0 ± 0 c 0.0 ± 0 b
T6 0.5 ± 0.07 b 3.3 ± 0.1 a 0.3 ± 0.1 b 2.6 ± 1 b 0.0 ± 0 b   6.8 ± 0.5 b 0.2 ± 0.02 b

Giza 843 C 0.0 ± 0 b 0.0 ± 0 b 8.0 ± 1 a 1.0 ± 0.08 b 0.0 ± 0 b   9.0 ± 0.9 ab 0.4 ± 0.05 b
T1 0.0 ± 0 b 1.5 ± 0.1 b 0.0 ± 0 b 0.5 ± 0.1 b 0.0 ± 0 b   2.0 ± 0.04 c 0.2 ± 0.03 b
T2 1.0 ± 0.02 a 3.0 ± 0.4 a 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   4.0 ± 0.1 c 0.1 ± 0.02 b
T3 1.3 ± 0.3 a 5.0 ± 0.8 a 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   6.3 ± 0.1 b 0.5 ± 0.04 b
T4 0.0 ± 0 b 2.0 ± 0.4 b 1.0 ± 0.4 b 2.0 ± 0.8 b 0.5 ± 0.07 b   5.5 ± 0.5 b 0.4 ± 0.1 b
T5 0.0 ± 0 b 0.25 ± 0.05 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   0.8 ± 0.06 c 0.02 ± 0.01 c
T6 1.5 ± 0.07 a 2.0 ± 0.8 b 0.0 ± 0 b 0.0 ± 0 b 0.0 ± 0 b   3.5 ± 0.2 c 0.09 ± 0.02 c

Values are presented as mean ± SE of five replications. Data in a column followed by different letters are significantly different at the 0.05 levels 
by Duncan’s test.

Fig. 2. Shoot (A) and root (B) dry weight (g) of Lobab genotype 
treated by salicylic acid (SA; 1 mM) or indole acetic acid (IAA; 
0.09 mM) elicitors assessed in pot assay. Data are means of five 
replicates for each treatment with SE indicated by vertical lines. 
Different letters above the bars indicate significantly different 
means between treatments at the 0.05 levels by Duncan’s test.
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plants compared to non-infested ones. After application of 
elicitor treatments, a significant variation of host plant’s 
shoots and roots development was observed (Figs. 2 and 
3). For Lobab plants, all applied treatments, except T3 
treatment, significantly decreased shoot dry weight of non-
infested plants, while, only T2 and T6 treatments resulted 
in a significant decrease of shoot biomass in infested 
plants (Fig. 2A). Concerning root dry weight, T1, T4, and 
T3 treatments resulted in a significant increase for both 
infested and non-infested plants (Fig. 2B). The respective 
increase in infested plants was 2.5, 2, and 1.5 times higher 
than infested control. For Giza 843 plants, T3 and T4 treat-
ments significantly increased shoot dry weight under non-
infested conditions. T3 and T4 in addition to T5 treatment 
also increased the shoot dry weight of infested plants. The 
respective increase was 4.6, 3, and 4.7 times higher than 
infested control (Fig. 3A). These three treatments increased 
also root biomass in infested plants (Fig. 3B).

Total chlorophyll content in response to elicitor treat-
ments. Total chlorophyll content in faba bean leaves of 

the two tested genotypes Lobab and Giza 843 showed a 
significant variation between different treatments (Fig. 4). 
For susceptible genotype, O. crenata parasitism decreased 
the chlorophyll content by 73.2% compared to the non-
infested control plants. Among elicitor treatments applied, 
only seed pre-treatments using SA or IAA elicitors (T1 and 
T2 treatments) resulted in a significant increase of chloro-
phyll content in both infested and healthy plants compared 
to their respective controls (Fig. 4A). Concerning resistant 
genotype Giza 843, O. crenata infestation didn’t affect 
chlorophyll content of untreated plants compared to the 
non-infested ones. For this genotype, application of T1, T2, 
and T5 treatments significantly increased chlorophyll level 
in both infested and non-infested treated plants, relative to 
their respective control plants (Fig. 4B).

Phenolic compounds accumulation in response to elici-
tors treatment. Analysis of root phenolic contents in con-
trol plants of both tested genotypes showed a significant 
increase of these compounds’ concentration in response to 

Fig. 3. Shoot (A) and root (B) dry weight (g) of Giza 843 geno-
type treated by salicylic acid (SA; 1 mM) or indole acetic acid 
(IAA; 0.09 mM) elicitors assessed in pot assay. Data are means 
of five replicates for each treatment with SE indicated by vertical 
lines. Different letters above the bars indicate significantly differ-
ent means between treatments at the 0.05 levels by Duncan’s test.

Fig. 4. Leaves chlorophyll contents (mg/g fresh weight [FW]) of 
Lobab (A) and Giza 843 (B) treated plants by salicylic acid (SA; 
1 mM) or indole acetic acid (IAA; 0.09 mM) elicitors. Data are 
means of three replicates for each treatment with SE indicated 
by vertical lines. Different letters above the bars indicate signifi-
cantly different means between treatments at the 0.05 levels by 
Duncan’s test.
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O. crenata infestation compared to non-infested plants. The 
magnitude of this increase was more obvious in Giza 843 
infested plants than Lobab ones (Fig. 5). Application of dif-
ferent elicitor treatments on both genotypes significantly (P 
< 0.05) increased the phenolic compounds’ production and 
accumulation in non-infested and infested plants as com-
pared to their respective controls (Fig. 5). The increase was 
higher in resistant genotype Giza 843 than susceptible one 
(Lobab). Moreover, the phenolic concentration increase in 
both genotypes was more pronounced in the infested than 
in the non-infested plants. Among applied treatments, T5 
treatment generated the maximum phenolic concentration 
in both genotypes (Fig. 5A and B). 

PAL, POX, and PPO activities in response to elicitors 
treatment. For both faba bean genotypes, results showed 
significant variations (P ≤ 0.05) of PAL, POX, and PPO 
activities depending of experimental conditions (non-
infested/infested) and the applied treatments (Figs. 6 and 7). 
Under infested conditions, PAL, POX, and PPO enzyme 
activities in untreated plants of both genotypes significantly 

increased compared to non-infested plants. The magnitude 
of this increase in O. crenata–infested plants was more 
obvious in the Giza 843 genotype than theLobabgenotype. 
PAL and PPO activities were almost 2 times higher in in-
fested Giza 843 control plants than in Lobab plants. Elicitor 
treatments applied on both faba bean genotypes resulted in 
significant increase of PAL and PPO activities in infested 
and non-infested plants compared to their respective con-
trols. The magnitude of this increase was higher in infested 
than non-infested plants. Moreover, the effect of treatments 
on these two enzymes activities was more pronounced in 
plants of the resistant genotype (Figs. 6 and 7). 

Concerning POX enzyme in Lobab roots, its activity sig-
nificantly increased under both infested and non-infested 

Fig. 5. Root phenolic contents (mg/g root dry weight [DW]) of 
Lobab (A) and Giza 843 (B) treated plants by salicylic acid (SA; 
1 mM) or indole acetic acid (IAA; 0.09 mM) elicitors. Data are 
means of three replicates for each treatment with SE indicated 
by vertical lines. Different letters above the bars indicate signifi-
cantly different means between treatments at the 0.05 levels by 
Duncan’s test. Fig. 6. Phenylalanine ammonia lyase (PAL) (A), peroxidase 

(POX) (B), and polyphenol oxidase (PPO) (C) activities in roots 
of Lobab plants treated by salicylic acid (SA; 1 mM) or indole 
acetic acid (IAA; 0.09 mM) elicitors. FW, fresh weight. Data are 
means of three replicates for each treatment with SE indicated 
by vertical lines. Different letters above the bars indicate signifi-
cantly different means between treatments at the 0.05 levels by 
Duncan’s test.
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conditions in response to T1, T2, T5, and T6 treatments. 
However, no significant effects were recorded on POX 
activity, in plants subjected to T3 and T4 treatments (Fig. 
6B). For resistant genotype Giza 843, POX activity was in-
creased in response to all applied treatments under infested 
conditions and in response to only T1, T2, T5, and T6 
treatments under non-infested conditions (Fig. 7B).

Histological study. Examination of faba bean root/O. 
crenata tubercle junctions in both tested genotypes re-
vealed several structural differences between treated and 
untreated genotypes (Fig. 8). In untreated susceptible geno-
type (Lobab), parasite cambial cells surrounded host root. 

Furthermore, the parasite intrusive cells were able to enter 
the root epidermis and grow perpendicularly through the 
cortex and endodermis then directly into the host central 
cylinder, suggesting the presence of vascular conduits. (Fig. 
8A and B). However, in untreated resistant genotype Giza 
843, O. crenata haustorium penetrated the root epidermis 
and cortex but is halted at the endodermis layer. The intru-
sive cells crushed the root endodermis layer but failed to 
penetrate it. At this point, the boundary walls between the 
haustorium and the host cortex were dark colored (Fig. 8C). 
After application of SA or IAA on Lobab and Giza 843 by 
seed pre-treatment, an accumulation of dark material inside 
Lobab root cortex and apoplast was observed (Fig. 8D). 
The Dark secretions were also observed in Giza 843 root 
cortex and vascular cylinder (Fig. 8E). Fig. 8E shows also 
that the parasite cells were scarcely able to pierce the epi-
dermis layer of IAA pre-treated Giza 843 root concomitant 
with a dark secretion at the apoplast interface close to para-
site attachment site. 

Discussion

Parasitic plant O. crenata is considered among the most 
devastating constraint for faba bean production in many 
countries in the Mediterranean regions (Amri et al., 2019; 
Briache et al., 2019; Ennami et al., 2017; Rubiales, 2018). 
During the last decades, research activities on Orobanche 
control were intensified with focus on the physical and 
biochemical host-parasite interface including the parasite 
seed germination stimulant and inhibitors, host plant roots 
physical barrier and root architecture (Abbes et al., 2009; 
Fernández-Aparicio et al., 2014; Pérez-de-Luque et al., 
2010; Trabelsi et al., 2017). Among all the tested control 
methods, only genetic resistance and chemical control re-
sulted in a successful control of the parasite with a signifi-
cant decrease of Orobanche infestation level (Rubiales and 
Fernández-Aparicio, 2012). The genetic resistance seems 
to be the most promising control strategy in respect to the 
environment, which is not the case for chemical method 
using especially glyphosate. The use of eco-friendly 
chemicals such as elicitors and resistance inducers for 
strengthening plant health and plant defense mechanisms 
are being sought. Many reviews reported elicitors induced 
resistance as a suitable strategy enhancing natural plant 
defense against pathogens including fungi, bacteria, viruses 
and parasitic weed (Abbes et al., 2014; Achuo et al., 2004; 
Sillero et al., 2012; Šindelářová et al., 2002; Triki et al., 
2018). 

Under field conditions, seed pre-treatment using both 
elicitors SA or IAA resulted in a significant reduction of O. 

Fig. 7. Phenylalanine ammonia lyase (PAL) (A), peroxidase 
(POX) (B), and polyphenol oxidase (PPO) (C) activities in roots 
of Giza 843 plants treated by salicylic acid (SA; 1 mM) or indole 
acetic acid (IAA; 0.09 mM) elicitors. FW, fresh weight. Data are 
means of three replicates for each treatment with SE indicated 
by vertical lines. Different letters above the bars indicate signifi-
cantly different means between treatments at the 0.05 levels by 
Duncan’s test.
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crenata infestation for both tested genotypes. Such reduc-
tions, compared to the control treatments, were concomi-
tant with the seed yield increases. These results illustrate 
the beneficial effect of the two used elicitors on activating 
and enhancing natural host plant resistance against the 
parasite. Al-Wakeel et al. (2012) reported a significant 
positive effect of 1 mM of SA or 0.09 mM of IAA seed 
pre-treatment on tomato O. ramosa infestation. Other stud-
ies reported that 1 mM of SA seed pre-treatment was more 
effective in controlling O. foetida infestation in faba bean 
compared to foliar spraying (Triki et al., 2018). Our results 
didn’t show a significant reduction of O. crenata infesta-
tion in response to foliar treatments. These results are 
different from those reported by Abbes et al. (2014), who 
described a significant reduction of O. foetida infestation 
on faba bean plants treated with 1mM SA which could be 
explained by the activation of different resistance mecha-

nisms against both Orobanche species. Combined seed 
pre-treatment with foliar application resulted in a signifi-
cant decrease of O. crenata infestation for both genotypes. 
Foliar necrosis indicating phytotoxicity was observed for 
IAA double treated plants under field and pot experiment 
conditions, which could be explained by a negative addi-
tive effect of the IAA treatments on seeds and leaves. Seed 
pre-treatment with SA or IAA combined or not with foliar 
application decreased the number of both underground and 
emerged O. crenata tubercles. Several studies reported 
similar results with IAA, SA and derivatives such us BTH 
and acibenzolar-S-methyl on O. foetida infesting faba 
bean plants (Abbes et al., 2014), O. crenata on pea (Pérez-
de-Luque et al., 2004), P. ramosa on tobacco, rapeseed, 
and hemp (Gonsior et al., 2004; Véronési et al., 2009), O. 
cumana on sunflower (Buschmann et al., 2005), and P. 
aegyptiaca on Arabidopsis thaliana (Bar-Nun et al., 2007). 

Fig. 8. Microscopic observations of transversal sections of faba bean roots infested by Orobanche crenata stained with % toluidine blue. 
(A) Cross section of untreated susceptible genotype (Lobab) showing a successful attachment and penetration of O. crenata. (B) Detail 
of A showing O. crenata cells has reached the host xylem vessels. (C) Cross section of an unsuccessful parasite penetration on untreated 
resistant genotype (Giza 843) showing denied entrance of O. crenata haustorium through the root endodermis. (D) Cross section of SA 
pre-treated root of susceptible genotype (Lobab). Arrows indicate the dark secretions observed in the root cortex and apoplast. (E) Cross 
section of an unsuccessful parasite penetration on indole acetic acid pre-treated root of resistant genotype (Giza 843). The host cortex has 
been crushed but the endodermis remains intact, thus rejecting the intruding parasite cells. Arrows indicate the dark secretions observed 
in the root cortex and inside vascular cylinder. hc, host cortex; hcc, host central cylinder; p, parasite; pic, parasite intrusive cells; px, para-
site xylem.
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In faba beans, such treatments reduced Orobanche infes-
tation by delaying tubercle formation and development. 
Abbes et al. (2014) indicated that reduction of established 
O. foetida in faba bean caused by SA or BTH treatments 
could be related to reduction of O. foetida seed germination 
by reducing the production of germination stimulants or 
increasing inhibitors release by the host plant roots. Other 
studies reported that chemical resistance inducers did not 
interfere with Orobanche seed germination but restricted 
Orobanche attachment on the host root (Kusumoto et al., 
2007; Pérez-de-Luque et al., 2004; Sauerborn et al., 2002; 
Véronési et al., 2009).

O. crenata seems to act as a competing sink for assimi-
late with the host plants by compromising the efficiency 
of carbon assimilation via a reduction of leaf chlorophyll 
content. This finding was also reported by Ennami et al. 
(2020) where O. crenata parasitism had a significant effect 
on photosynthetic rates of faba bean especially during late 
stages of O. crenata infestation. In our study, faba bean 
seed pre-treatment with either SA or IAA improved agro-
physiological behavior of the susceptible genotype Lobab 
under O. crenata infested conditions with a significant in-
crease of root growth, seed yield and leaf chlorophyll con-
tent. Similar results were reported in tomato infested with P. 
ramosa where SA or IAA seed pre-treatment significantly 
reduced infestation level and improved tomato root growth 
and leaf chlorophyll content (Al-Wakeel et al., 2012). 
Other studies reported also, that treatment of seed host 
plants with elicitors resulted in a decrease of Orobanche 
infestation accompanied by a reduction of the host’s shoot 
growth and biomass production (Abbes et al., 2014; Big-
irimana and Höfte, 2002; Lopez and Lucas, 2002; Perez et 
al., 2003; Triki et al., 2018). As reported by Ennami et al. 
(2020), this could be a result of plant growth-defense trad-
eoff where part of plant resources, originally allocated to 
growth, was used for defense purposes. 

Phenolic compounds are metabolic products that are fre-
quently synthetized by plants during development and in 
response to a variety of biotic and abiotic stresses (Stalikas, 
2007). Conformingly, our results showed, that resistant 
faba bean genotype Giza 843 exhibited higher accumula-
tion of phenolic compounds under O. crenata infestation, 
in compared to the susceptible genotype Lobab. Pérez-de-
Luque et al. (2004) reported similar results with resistant 
pea genotypes in response to O. crenata infestation. In 
fact, Pradeep and Jambhale (2012) suggested that phenolic 
compounds and related oxidative enzymes are the most 
important biochemical actors during disease resistance 
process. Under non-infested and infested conditions, SA or 
IAA treatment of both resistant and susceptible genotypes 

increased the level of phenolic compounds in roots. This 
result indicates that the host resistance against O. crenata 
could be a result of involvement of phenolic compounds 
after elicitation by SA or IAA treatments. Similarly, effects 
of exogenous elicitors application on phenolics accumula-
tion under P. ramosa and Fusarium oxysporum infested 
conditions have been reported on tomato plants (Ojha 
and Chatterjee, 2012). It has been reported that phenolic 
compounds may impede parasite infestation by increasing 
the mechanical strength of the host cell wall. Also, some 
phenolic compounds are suggested to be toxic to pathogens 
and their accumulation at the infestation site has been cor-
related with the restriction of pathogen development (Ben-
hamou et al., 2000; Rispail et al., 2007).

As with all biotic and abiotic stresses, parasitic weeds 
infestation induces oxidative stress. To endure oxidative 
damage under unfavorable conditions, plants possess both 
non-enzymatic and enzymatic antioxidants such as PAL, 
POX, and PPO (Smirnoff, 1993). PAL is a key enzyme of 
the phenylpropanoid pathway that plays a significant role 
in the phenolic biosynthesis regulation in stressed plant via 
Shikimate pathway. Induction of PAL is correlated with 
increased resistance to pathogenic infestation (Wang and 
Zhang, 2010; Yamunarani et al., 2004). POX are present in 
all plants species and have many diverse functions, includ-
ing H2O2 detoxification and formation of reactive oxygen 
species. These toxic intermediates cause an oxidative burst 
in response to pathogens leading to lignin biosynthesis that 
forms the structural barrier against invading pathogens 
(Kösesakal and Ünal, 2009; Passardi et al., 2004; Polle et 
al., 1994). PPO enhances the oxidation of phenolic acids 
into O-quinons which are more toxic (Chrzanowski et al., 
2003). In the present work, results showed that resistant 
genotype Giza 843, in contrast with susceptible genotype 
Lobab, was characterized by a high PAL, POX, and PPO 
activities in normal conditions. For this genotype, O. cre-
nata infestation further increased the activity of theses 
enzymes. Under various stresses, the high activity of an-
tioxidant enzymes has been reported in several tolerant/
resistant cultivars indicating the important role of these 
enzymes in imparting tolerance against biotic and abiotic 
stresses (Pérez-de-Luque et al., 2006; Reddy et al., 2004). 
In our study, plant treatment with SA and IAA stimulated 
PAL and PPO activities in both studied genotypes under 
non-infested and O. crenata infested conditions. However, 
POX activity increased only in response to SA or IAA seed 
pre-treatment or foliar treatment combined with seed pre-
treatment. These stimulatory effects confirm the effective-
ness of SA and IAA treatments in improving the resistance 
of faba bean plants against O. crenata. For the specific pa-
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thotype host plant Orobanche interaction, only few studies 
reported antioxidant enzymes’ status of plants in response 
to chemical elicitor treatment. An increase of PAL, POX, 
and PPO activities was recorded as a response to SA or 
IAA treatments in P. ramosa infested tomato plants (Al-
Wakeel et al., 2013). Other studies reported a significant 
effect of chemical elicitors on increasing antioxidant 
enzymes activities leading to improved plant resistance 
against pathotypes with different host plant-pathogen in-
teractions (Banerjee et al., 2016; Nascimento et al., 2014; 
Ojha and Chatterjee, 2012; Ragab et al., 2009). 

It is well documented that the ability of Orobanche haus-
torium to penetrate the host endodermis roots through vas-
cular system presents the most important mechanism for 
functional parasitism by this parasite (Fernández-Aparicio 
et al., 2008; Pérez-de-Luque et al., 2005). In some resistant 
plants, once Orobanche attached, the host can detect the 
presence of this foreign organism and react accordingly. 
This reaction occurs during the early stages of the penetra-
tion and it could manifest through three forms (Katoch et 
al., 2005). The cortical resistance is the first resistance pre-
venting haustorium penetration into the host roots. It has 
often been presented as an apoplastic secretion of brown 
substances suggesting lignification (Pérez-de-Luque et al., 
2005), suberisation (Echevarría-Zomeño et al., 2006), and 
protein cross-linking (Echevarría-Zomeño et al., 2006; 
Pérez-de-Luque et al., 2006) of host cortex and xylem cells 
preventing attachment of the parasite. If the haustorium 
passing through the cortex, endodermal resistance can be 
established by the host in order to prevent penetration of 
Orobanche haustorium to the vascular cylinder. It has been 
represented as lignification of host pericycle and endoder-
mis layers (Goldwasser et al., 2000; Pérez-de-Luque et al., 
2005). The same authors, showed that once the parasite 
overcomes endodermic barrier, vessel occlusion by secre-
tion of substances containing carbohydrates and polyphe-
nols occurs to reduce water and nutrient leakages to the 
parasite and lead to tubercle necrosis (Pérez-de-Luque et 
al., 2005, 2006). Our histological observations showed that 
in the untreated susceptible genotype Lobab, the parasite 
haustorium penetrated through the endodermis into the host 
vascular cylinder. While in SA and IAA seed pre-treated 
plants, the haustorium was blocked at the root endodermis 
suggesting that these chemical elicitors enhanced endoder-
mal resistance, presumably through the secretion of specif-
ic substances. This resistance reaction form has been also 
observed in untreated resistant genotype Giza 843. The SA 
seed pre-treatment of this latter genotype improved its re-
sistance by reinforcement of host cortex preventing and/or 
limiting the attachment of the parasite. Blocking O. crenata 

haustorium at the epidermis layer could be related to the 
secretion and accumulation of chemical material that pre-
vents the parasite from establishing and leading to degen-
eration or death of the parasite as described by Labrousse 
et al. (2004) and Pérez-de-Luque et al. (2006).

Anatomical investigations carried out by Pérez-de-Luque 
et al. (2005) ascribed that, in O. crenata resistant vetch, the 
apoplast and xylem host vessels were filled by a mucilage 
mainly composed by carbohydrates (non-esterified pec-
tins), blocking the parasite supply channels and leading to 
the death of the established parasite tubercles. Other studies 
conducted on tomato reported that biological and chemical 
elicitors increased the resistance to broomrape through the 
reinforcement of cell wall and the induction of phenolic 
compounds and lignin production (Kusumoto et al., 2007; 
Mandal and Mitra, 2007). 

In conclusion, the present study reveals that pre-soaking 
faba bean seeds in both hormonal inducers SA and IAA 
have the potential to induce systemic resistance in faba 
bean against O. crenata. This response could contribute 
to the improvement of faba bean yield within O. crenata 
infested areas. In this respect, it would be necessary to 
adjust doses and treatment method. Induction of SAR will 
provide an additional asset to the genetic resistance against 
Orobanche. Combining these two control strategies will 
provide more tools for Orobanche management in faba 
bean, there by avoiding environmental impact of chemical 
treatments. 
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