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Abstract 

Broomrapes (Orobanche spp.) caused important agricultural problems reducing 

faba bean cultivated area and production in Tunisia. The effect of chemical tolerance 

inducers (Salicylic Acid SA and Benzothiadiazole BTH) and commercial biological tol-

erance inducers (Serenade, Trianum-P and Panoramix) on the induction of tolerance 

to O. foetida and O. crenata on faba bean was studied under field and controlled 

conditions experiments. These tolerance inducers were evaluated on the suscepti-

ble small seeded faba bean cv. Bachaar and applied as seeds’ pretreatment (seeds 

priming – coating). SA and BTH proved to be the best seed pretreatment inducers 

that reduced O. foetida infestation and increased plant growth and seed yield under 

field and controlled conditions. Induced tolerance was associated with reduced 

orobanche seed germination rate and tubercle number. Biological tolerance inducers 

reduced orobanche infestation under controlled conditions especially in quadratic 

plastic dishes but not under field conditions. In absence of complete resistance to 

broomrape, these results support the evidence of using tolerance inducers to control 

broomrapes and that could be considered as one additional component in an inte-

grated control strategy.

Introduction

Faba bean (Vicia faba L.) is among the most cultivated grain legumes in the Mediter-
ranean region and China. It plays important agronomic and socio-economic roles. In 
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Tunisia, faba bean represents the most important legume crop with 72% of total grain 
legume cultivated area and average areas of 53,820 ha from 2018–2022 [1]. How-
ever, production, yield and growing areas are variable from year to year, especially 
due to climatic variation, diseases and pests. Infestation by broomrapes is consid-
ered one of the most important factors reducing faba bean yields in Tunisia [2–5]. 
Broomrapes (Orobanche spp. and Phelipanche spp.) are obligate parasitic plants 
lacking chlorophyll and unable to synthesize their own assimilates. Broomrapes 
infestation is located mainly in the Mediterranean region and the Middle East, but 
can also be found in a similar climate in Australia and California [6]. They are entirely 
dependent on their hosts for their nutritional requirements. Broomrapes cause import-
ant damage in many crops worldwide. In Tunisia, two Orobanche species (O. foetida 
Poiret and O. crenata Forsk.) cause important yield losses that can reach more than 
90% in faba bean highly infested fields [7,8]. Several control strategies were tested 
[8–11], but none of them have resulted in a complete and successful control of the 
parasite.

Several studies showed that the use of tolerance inducers enhanced natural 
defenses of the plant to control pathogens, leading to a systemic acquired resistance 
(SAR) [12–15]. SAR has been identified as an effective tool for controlling fungi, 
viruses, bacteria, and parasitic plants [16,17]. It can be induced by the application of 
chemical tolerance inducers such as salicylic acid (SA) or benzo (1,2,5) thiadiazole 
– 7 – carbothioic acid S-methyl ester (BTH) [18,19] or by products of biological origin 
called biostimulants [20–23].

SA is considered as hormone-like substances involved in the regulation of several 
physiological processes and induce protection against abiotic and biotic stresses in 
plants [24–28]. It is considered as a signal molecule that plays an important role in 
the induction of SAR in plants through the activation of defense compounds including 
phenolic acids, pathogenesis related proteins and flavonoids [29,30]. Several studies 
on different plant species such as clover [31], faba bean [19,32,33], pea [18], lentil 
[34], tobacco, hemp [35], sunflower [36–38] and rapeseed [39] have indicated that 
BTH and SA applications have induced SAR against broomrapes. Biostimulants are 
reported to have a positive effect on crop yield by stimulating plant development and 
improving plant resistance to biotic and abiotic stress [20,22,40–42]. Previous studies 
have reported that the use of biostimulants can activate resistance to pathogens 
by regulating hormonal balance, improving photosynthetic capacity and nutritional 
absorption and efficiency [43–45]. The use of biostimulants in agriculture can help 
achieving sustainable crop production with minimal environmental negative impact. 
These biostimulants might include inorganic or organic materials, chemical elements 
and also beneficial microorganisms. Recently, some commercial biostimulant prod-
ucts include several beneficial microorganisms such as Bacillus spp., Trichoderma 
spp., and arbuscular mycorrhizal fungi [22]. Peng et al. [46] reported that Serenade 
(a fungicide that includes Bacillus spp.) reduced the damage caused by different 
fungal diseases in many crops. Similarly, other studies reported the positive effect of 
Trianum-P (a T. harzianum-T22-based biofungicide) promoted plant growth and plant 
diseases control [47,48]. It was also reported that Panoramix (a product that includes 
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Bacillus spp., Trichoderma spp., arbuscular mycorrhizal fungi and polysaccharides) had a significant effect on promoting 
plant growth [49].

Chemical and biological tolerance inducers are generally applied to the plant by seed pretreatment, seed coating, foliar 
spray or root drench and/or by direct application to the soil [22,26]. Among these methods, seed coating and priming are 
the most effective techniques because they allow the use of low quantities of microorganism solutions in a specific appli-
cation. There is little documented literature on the effects of exogenous biostimulants on O. foetida infestation in faba 
bean. The aim of this study was to test the effect of chemical and biological tolerance inducers (biostimulants) on the 
response of faba bean to broomrape infestation in the field and under controlled conditions.

Materials and methods

Plant material

The small seeded faba bean cv. Bachaar, used in this study, was selected and developed by INRAT – Tunisia for its high 
productivity in Orobanche-free fields and tolerance to local rust races (Uromyces viciae-fabae) and stem nematode (Dity-
lenchus dipsaci). This variety was reported to be susceptible to O. foetida and O. crenata [7,8]. Faba bean seeds were 
provided by Field Crops Laboratory – National Institute of Agricultural Research INRAT- Tunisia. O. foetida and O. cren-
ata seeds were collected during the cropping season 2019–2020 from mature orobanche shoots parasitizing faba bean 
plants, respectively, from Beja and Ariana (Tunisia).

Seed pretreatment and coating

After sterilization with 5% calcium hypochlorite and rinsing with sterile distilled water, faba bean seeds were (i) soaked in 
distilled water or (ii) pretreated with salicylic acid SA (0.1 or 1 mM) or Benzothiadiazole BTH (0.05 g/L) or (iii) coated with 
Serenade, Trianum-P or Panoramix (Koppert Biological Systems, Rotterdam, The Netherlands) (Table 1). The coating 
technique consisted of mixing the coating product with water. Then, the coating mixture was gradually applied to the faba 
bean seeds in continuous rotation, until complete adhesion, absorption and homogeneous distribution among the seeds.

Quadratic plastic dish experiment

The quadratic plastic dishes (120 x 120 x 17 mm, Greiner) were filled with sterilized sand, moistened with water and then 
covered with a water-imbibed fiber glass filter paper. Three perforations were made in plastic dishes; one to allow the 
stem out of the dish and the two others for root feeding in culture medium. Sterilized Orobanche seeds (15 mg = approxi-
mately 7,500 orobanche seeds per dish) were spread on the filter paper. Plastic dishes were closed and vertically stored 
in a plastic basin and placed in darkness at 21°C for 10 days and watered as necessary. Pre-germinated sterilized faba 
bean seeds were placed on the fiber glass filter paper in contact with the preconditioned orobanche seeds in the dishes. 
Seven treatment groups were prepared including the control and the treatments using the different plant tolerance 

Table 1.  Different treatments and doses applied in field and controlled conditions.

Treatment Composition Dose

Control Water –

SA1 Salicylic acid 0.1 mM

SA2 Salicylic acid 1 mM

BTH (1,2,5) thiadiazole – 7 – carbothioic acid S-methyl ester 0.05 g/L

Trianum Trichoderma 0.5 g/L

Serenade Bacillus spp. 8 mL/Kg

Panoramix Bacillus, Trichoderma, Myccorhize, Polysaccharides 8 mL/Kg

https://doi.org/10.1371/journal.pone.0324976.t001

https://doi.org/10.1371/journal.pone.0324976.t001
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inducers (Table 1). Eight replicates for each treatment were done. Plastic dishes were kept in the glasshouse at 25 ± 3°C 
and 70% humidity. Thirty-five days after inoculation (DAI), Orobanche spp. seed germination percentage was evaluated 
by using a binocular microscope. Tubercle formation was also counted one month later.

Pot experiment

Faba bean plants were grown in 2 liters’ pots filled with sterilized soil. Orobanche pots inoculation consists in adding 
20 mg of O. foetida or O. crenata seeds per Kg of soil (approximately 12,500 orobanche seeds per pot). Non inoculated 
pots served as control. Pots were subdivided into seven groups (Table 1). All pots (one faba bean seedling per pot) were 
arranged in randomized complete block design with five replications and watered as needed. The plants were grown 
under glasshouse conditions at 20 ± 3 °C, 70% humidity and a 16 h photoperiod.

At pod setting stage (four months after sowing), faba bean roots were removed from the soil, gently washed, and the 
number and the dry weight (DW) of O. foetida and O. crenata infestation per plant and the host shoot dry weight per faba 
bean plan were determined.

Field evaluation trial

The trial was conducted under high O. foetida infested plot at Oued Beja research station – Tunisia (36°43’N, 9°12’E), 
during the two cropping seasons 2020–2021 and 2021–2022 and according to a randomized complete block design 
(RCBD) with three replications. Faba bean seeds were sown in four rows of 4 m length and 0.5 m inter-row spacing. Sow-
ing was done during the last week of November. The same faba bean seed treatments as field and pot experiments were 
applied (Table 1).

The trial was not subjected to fertilizers’ application, only hand weeding was done when required. At crop maturity, 
infestation and agronomic parameters such as O. foetida number, incidence, severity [7], seed yield per plant and 100 
seeds’ weight were recorded.

Statistical analysis

The statistical analyses were conducted using SPSS software (Version 23.0 for Windows). ANOVA was performed 
employing a general linear model, with treatments considered as fixed factors. All measurements were carried out at 
least in triplicate. Significance levels were set at P = 0.05 and Duncan’s multiple-range test was employed for pairwise 
comparisons.

Results

Quadratic plastic dish experiment

The used chemical and biological tolerance inducers significantly reduced the germination percentage of both O. foetida 
and O. crenata seeds (Fig 1). Decreases ranged from 25.84 to 45.72% for O. foetida and from 20.22 to 42.94% for O. cre-
nata. BTH treatment showed the highest decrease of Orobanche seed germination whereas the lowest decreases were 
recorded with Serenade and AS2 treatments (Fig 1). All used tolerance inducers reduced O. foetida tubercles number by 
41.62 to 68.75% and 32.76 to 56.90%, respectively for O. foetida and O. crenata. AS1 and BTH treatments manifested 
the highest decreases while AS2 and Serenade treatments showed the lowest decreases (Fig 1), respectively for O. foe-
tida and O. crenata. Attached parasites did not show necrosis, regardless of the treatment used.

Pot experiment

ANOVA showed significant differences between the seed coating treatments for Orobanche shoots number and faba 
bean shoot dry weights. No significant effect was observed for Orobanche dry weight (Fig 2). SA1, SA2 and BTH seed 



PLOS One | https://doi.org/10.1371/journal.pone.0324976  June 9, 2025 5 / 13

treatments resulted in significant decreases of O. foetida tubercles’ number with 35.61, 33.71 and 31.82%, respectively. 
However, decreases of 31.66, 30.84, 26.65 and 18.69% were recorded for O. crenata tubercles’ number in response to 
BTH, Serenade, SA1 and SA2 seeds treatments, respectively (Fig 2). Compared to the control treatment, SA and BTH 
treatments revealed the maximum decreases of the tubercle number for both orobanche species. No tubercle necrosis 
was observed for all the tested treatment.

Both Orobanche species showed significant decrease in shoot DW of untreated plants compared to control. After 
application of elicitor treatments, no significant differences were recorded for shoot dry weights except a slight increase in 
shoots compared to infested untreated plants (Fig 3). This increase ranged from 24.59 to 50.61% for O. foetida infested 
plants and from 6.45 to 47.95% for O. crenata infested plants.

Fig 1.  Effects of chemical and biological tolerance inducers on O. foetida and O. crenata seeds’ germination (a) and tubercles’ number (b) in 
faba bean assessed in Petri dish assay. Data are means ± Standard Error (SE). For each Orobanche specie, data with the same letter are not 
significantly different (Duncan, P = 0.05).

https://doi.org/10.1371/journal.pone.0324976.g001

Fig 2.  Effects of chemical and biological tolerance inducers on O. foetida and O. crenata tubercles’ number (a) and tubercles’ dry weight (b) 
in faba bean assessed in pot assay. Data are means ± Standard Error (SE). For each Orobanche species, data with the same letter are not 
significantly different (Duncan, P = 0.05).

https://doi.org/10.1371/journal.pone.0324976.g002

https://doi.org/10.1371/journal.pone.0324976.g001
https://doi.org/10.1371/journal.pone.0324976.g002
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Field experiment

The field trial experiment was conducted only under O. foetida infested conditions at Oued Beja. Low to medium O. foe-
tida infestation level occurred during the two cropping seasons 2020–2021 and 2021–2022, due to climatic conditions (Fig 
4). Thus, untreated plants showed low infestation level with averages 1.81 and 4.49 g of O. foetida emerged spikes and 
DW per plant, respectively.

Field evaluation results showed significant differences between the different tested treatments. Seed coating have 
boosted the faba bean resistance to O. foetida resulting in reduced parasite infestation and improved seed yield (Tables 2 
and 3). During the cropping season 2020–2021, BTH, SA1 and SA2 treatments significantly reduced orobanche incidence 
and enhanced grain yield per plant (162.86, 77.14 and 60.00%, respectively). Severity was significantly reduced after 
BTH and Trianum treatments. However, no significant effect on orobanche number and 100 seed weight was observed 

Fig 3.  Effects of chemical and biological tolerance inducers on faba bean shoot dry weight in faba bean assessed in pot assay. Data are 
means ± Standard Error (SE). Data with the same letter are not significantly different (Duncan, P = 0.05).

https://doi.org/10.1371/journal.pone.0324976.g003

Fig 4.  Monthly average temperature (°C) and precipitation (mm) during the two cropping seasons of 2020-2021 and 2021-2022 in Oued Beja 
Research Station (Oued Beja, Tunisia).

https://doi.org/10.1371/journal.pone.0324976.g004

https://doi.org/10.1371/journal.pone.0324976.g003
https://doi.org/10.1371/journal.pone.0324976.g004
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in response to different seed coating treatments. During the cropping season 2021–2022, Panoramix, SA2 and BTH 
significantly decreased the number of O. foetida shoots per plant with 34.06, 32.97 and 26.37%, respectively. Both SA2, 
Trianum and BTH treatments significantly enhanced seed yield per plant (388.46, 138.46 and 92.31%, respectively). 
Over the two cropping seasons, SA1 and SA2 treatments have significantly decreased the orobanche number per plant. 
Results showed also significant increases of 196.77% and 129.03% in grain yield per plant in response to SA2 and BTH 
treatments, respectively. No significant differences in Incidence and Severity were observed between the different seed 
priming/coating and control treatments.

As mentioned in pot trial, SA and BTH treatments showed the highest reduction in Orobanche infestation compared 
to untreated plants resulting in a high significant increase in grain yield. However, Panoramix, Trianum-P and Serenade 
showed a poorer performance for the grain yield and infestation parameters. The superiority of SA and BTH was clearly 
visible within the different treatments.

Discussion

This study describes the effect of chemical and biological tolerance inducers on improving faba bean tolerance to Oro-
banche spp. under field and controlled conditions. The choice of product concentrations was based on the literature and 
their effectiveness in inducing plant resistance to various pathogens [19,33,34,50–52]. The use of different growing con-
ditions in the field, in pots and in square plastic boxes made it possible to obtain additional information in order to better 
understand the parasitic process and the effects of the different treatments.

Table 2.  Effects of chemical and biological tolerance inducers on O. foetida infestation levels in faba bean assessed in high O. foetida 
infested field.

Incidence (%) Severity Orobanche number/ plant

20–21 21–22 Mean 20–21 21–22 Mean 20–21 21–22 Mean

Control 96.67 b 95.00 a 95.83 ab 8.00 b 7.75 ab 7.88 ab 2.36 a 1.82 b 2.09 b

SA1 80.00 a 96.67 a 88.33 ab 7.67 ab 8.25 ab 7.96 ab 1.68 a 1.45 ab 1.56 a

SA2 80.00 a 93.33 a 86.67 a 7.33 ab 6.50 a 6.92 a 1.96 a 1.22 a 1.59 a

BTH 83.33 a 100.00 a 91.67 ab 6.67 a 8.33 ab 7.50 ab 2.13 a 1.34 a 1.73 b

Trianum 90.00 ab 93.33 a 91.67 ab 6.67 a 8.33 ab 7.50 ab 1.86 a 1.44 ab 1.65 b

Serenade 96.67 b 100.00 a 98.33 b 7.67 ab 8.67 b 8.17 b 2.53 a 1.42 ab 1.98 b

Panoramix 96.67 b 91.67 a 94.17 ab 7.67 ab 8.33 ab 8.00 ab 2.42 a 1.20 a 1.81 b

Data with the same letter in the column are not significantly different (Duncan, P = 0.05).

https://doi.org/10.1371/journal.pone.0324976.t002

Table 3.  Effects of chemical and biological tolerance inducers on seed yield and 100 seed weight O. foetida infestation in faba bean assessed 
in high infested O. foetida field.

Seed yield (g/plant) 100 seed weight (g)

20–21 21–22 Mean 20–21 21–22 Mean

Control 0.35 a 0.26 ab 0.31 ab 38.53 a 48.00 a 43.27 a

SA1 0.62 b 0.32 ac 0.47 bc 34.20 a 31.31 a 32.75 a

SA2 0.56 b 1.27 d 0.92 d 34.72 a 45.13 a 39.93 a

BTH 0.92 c 0.50 c 0.71 cd 40.91 a 32.14 a 36.53 a

Trianum 0.44 ab 0.62 c 0.53 bc 33.21 a 37.45 a 35.33 a

Serenade 0.24 a 0.34 ac 0.29 ab 36.80 a 32.90 a 34.85 a

Panoramix 0.22 a 0.04 a 0.13 a 42.68 a 33.08 a 32.88 a

Data with the same letter in the column are not significantly different (Duncan, P = 0.05).

https://doi.org/10.1371/journal.pone.0324976.t003

https://doi.org/10.1371/journal.pone.0324976.t002
https://doi.org/10.1371/journal.pone.0324976.t003
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Results of the plastic dish experiment showed that, compared to control, all tested treatments have resulted in signifi-
cant decreases of broomrape seeds germination. BTH treatment showed the highest decreases in Orobanche germina-
tion (Fig 1). The number of broomrape attachments was significantly reduced with all treatments. No tubercle necrosis 
was observed after seed treatments.

In pot experiment, a significant reduction in O. crenata number was only observed after SA, BTH and Serenade treat-
ments. However, with O. foetida, only SA and BTH seed priming induced reduction in broomrape tubercle number. Similar 
results were reported in previous studies conducted with Orobanche spp. and Phelipanche spp. [18,19,33,34,39,53–55]. 
This decrease in established tubercles could be associated with a significant decrease of orobanche seed germination 
which might be also related to reduced germination stimulants (strigolactones) production or increased germination inhib-
itors in host plant root exudates. Other resistance mechanisms acting during orobanche formation might be also involved. 
In sunflowers, SA seed priming increased the expression levels of pathogenesis-related proteins encoding for chitinase 
and defensin and the hypersensitive responsive (HR) gene, accompanied by an accumulation of hydrogen peroxide 
[56]. Several previous studies have reported that chemical tolerance inducers do not have a direct effect on Orobanche 
seed germination but rather reduce Orobanche attachment to the host root [18,31,36,37,39]. Abbes et al. [19] suggested 
that the inductive effect of BTH and SA is not associated with herbicidal activity (or toxic effects) but rather with the SAR 
pathway, which was demonstrated through the foliar applications that provided evidence of the systemic action of induced 
resistance to broomrape.

The pot experiment results showed that the used chemical and biological tolerance inducers increased shoot 
dry weight but without significant differences compared to untreated plants. These results are in line with what was 
reported in previous studies [19,57–59] where the authors mentioned that SA and BTH treatments induced observable 
growth reduction in host plant species. Heil et al. [60] explained the reduction in biomass as a result of a metabolic 
competition between biomass production and defense which uses enormous amounts of energy and assimilates. 
Other studies have reported also that plant seeds’ treatment with elicitors (SA and IAA) resulted in a decrease of 
Orobanche infestation accompanied by an increase in host biomass production [33,61,62]. In order to increase the 
effectiveness of broomrape control and improve plant biomass, the treatment dose should be studied and adjusted as 
suggested by Buschmann et al. [37].

Pot and plastic dishes experiments’ results were confirmed under field conditions. The results from field trials 
showed that SA and BTH are the most effective in reducing orobanche infestation and in increasing faba bean seed 
yield. This agrees with studies conducted on faba bean [33] and lentil [34]. Compared to untreated plants, non-
significant differences were observed with the other biological tolerance inducers products (Panoramix, Trianum-P 
and Serenade) under field conditions. Similarly, Peng et al. [46] observed that the biofungicide Serenade (Bacillus 
subtilis QST713) controlled canola clubroot only under controlled conditions, however in open fields this fungicide 
was not effective.

These three commercial products were tested with several species and pathosystems [46,51,52,63,64]. However, it 
seems that this is the first time to be used and tested for potential use in broomrape infestation. These products are com-
posed by Bacillus spp. (Serenade), Trichoderma spp. (Trianum-P), or Bacillus spp., Trichoderma spp., arbuscular mycor-
rhizal fungi and polysaccharides (Panoramix). These microorganisms are used independently or in combination with other 
microorganisms to improve plant development and control abiotic and biotic stress. Thus, Bacillus spp. are PGPR widely 
used as biofertilizers [65] and thus indirectly increase plant growth and yield via the induction of systemic resistance [20]. 
Trichoderma spp. are known for their potential role in improving growth, productivity as well as resistance to many biotic 
and abiotic stresses [44,66–69]. Trichoderma spp. are present in several biopesticides, biofertilizers, etc. [43,44]. For 
AM, several AM fungal species, e.g., Glomus spp. and Rhizophagus spp. have been used to increase plant performance 
[22,70,71]. Bacillus spp., Trichoderma spp. and AM species have been reported by several authors as biological control 
agents of orobanche spp. [55,72–75].
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The defense responses related to these chemical and biological tolerance inducers are often characterized by 
induction of certain key enzymes of the secondary metabolism such as peroxidase, polyphenol oxidase, phenylalanine 
ammonialyase and superoxide dismutase leading to increased phenolic compounds production which can play sev-
eral roles in plant defense against pathogens, via the formation of structural barriers and activation of plant defense 
genes, affecting the vascular connection, making it difficult for the broomrape to attach to the roots of the host plant 
[29,33,76].

The non-significant effect of the used biological tolerance inducers, especially in field conditions can be explained by a 
number of factors that need to be taken into consideration, such as the host plant, the parasitic plant and the application 
method and dose of elicitor [12]. However, the efficiency of the application of these elicitors should be tested again in the 
future with taking into consideration these factors. In this context, Ayed et al. [64] mentioned the beneficial effect of Pan-
oramix in improving germination, physiological parameters, growth and yield production of durum wheat. These authors 
indicated that combining seed coating and foliar spray was found more effective than the individual applications, and 
these results are in concordance with those of Norrie and Keathley [77], Gajc-Wolskaet al. [78] and Sharma et al. [79], 
who depicted that seed priming accompanied to spray application boost growth and yield in different species. According 
to Briache et al. [33,34], SA or IAA seed pretreatment combined with foliar application were more efficient in controlling O. 
crenata infestation than only foliar spray.

Finally, our results reveals that faba bean seeds priming with SA and BTH tolerance inducers are able to induce 
systemic resistance in faba bean against O. foetida, contributing thus to improving faba bean yield in O. foetida infested 
areas and providing an additional advantage to genetic resistance against Orobanche. Combining this strategy with tol-
erant varieties will provide more tools for Orobanche management in faba beans, thereby avoiding environmental impact 
and phytotoxicity problems caused by the use of chemical treatments. The biological products used in this study do not 
induce significant tolerance against O. foetida infestation, especially in field conditions. In this respect, treatment methods 
and doses would be adjusted to obtain potential beneficial effects.

Acknowledgments

The authors wish to thank the Ministry of Higher Education and Scientific Research and the Ministry of Agriculture, 
Hydraulic Resources and Maritime Fisheries, the technical staff especially Hadhami Abidli, Sabrine Ben Mustapha and 
Fadhel Sellami, and the project ZeroParasitic PRIMA Section 2 for their support to this study.

Author contributions

Conceptualization: Moez Amri, Mohamed Kharrat, Zouhaier Abbes.

Data curation: Zouhaier Abbes.

Formal analysis: Amal Bouallegue, Faouzi Horchani, Siwar Thebti, Moez Amri, Mohamed Kharrat, Zouhaier Abbes.

Methodology: Amal Bouallegue, Moez Amri, Mohamed Kharrat, Zouhaier Abbes.

Resources: Moez Amri, Mohamed Kharrat, Zouhaier Abbes.

Supervision: Mohamed Kharrat, Zouhaier Abbes.

Validation: Amal Bouallegue, Faouzi Horchani, Moez Amri, Mohamed Kharrat, Zouhaier Abbes.

Visualization: Zouhaier Abbes.

Writing – original draft: Amal Bouallegue, Faouzi Horchani, Siwar Thebti, Imen Trabelsi, Zayneb Kthiri, Moez Amri, 
Mohamed Kharrat, Zouhaier Abbes.

Writing – review & editing: Amal Bouallegue, Faouzi Horchani, Moez Amri, Mohamed Kharrat, Zouhaier Abbes.



PLOS One | https://doi.org/10.1371/journal.pone.0324976  June 9, 2025 10 / 13

References
	 1.	 Kharrat M, Ben SH, Maatougui MH. Étude sur la filière des légumineuses alimentaires et fourragères en Afrique du Nord. 2023; Tunis. https://doi.

org/10.4060/cc0460fr

	 2.	 Abbes Z, Trabelsi I, Kharrat M, Amri M. Intercropping with fenugreek (Trigonella foenum-graecum) enhanced seed yield and reduced Orobanche 
foetida infestation in faba bean (Vicia faba). Biol Agric Horticul. 2019;35(4):238–47. https://doi.org/10.1080/01448765.2019.1616614

	 3.	 Amri M, Abbes Z, Trabelsi I, Ghanem ME, Mentag R, Kharrat M. Chlorophyll content and fluorescence as physiological parameters for monitoring 
Orobanche foetida Poir. infection in faba bean. PLoS One. 2021;16(5):e0241527. https://doi.org/10.1371/journal.pone.0241527 PMID: 34032807

	 4.	 Bouallegue A, Thebti S, Horchani F, Hosni T, Nouairi I, Mhadhbi H, et al. Unveiling Fatty Acid Profiles of the Parasitic Plants Orobanche foetida 
Poiret. and Orobanche crenata Forsk. and Modulation of Faba Bean (Vicia faba L.) Fatty Acid Composition in Response to Orobanche Infestation. 
Plants (Basel). 2023;12(20):3578. https://doi.org/10.3390/plants12203578 PMID: 37896041

	 5.	 Thebti S, Bouallegue A, Rzigui T, En-Nahli Y, Horchani F, Hosni T, et al. Potential physiological tolerance mechanisms in faba bean to Orobanche 
spp. parasitism. Front Plant Sci. 2024;15:1497303. https://doi.org/10.3389/fpls.2024.1497303 PMID: 39711585

	 6.	 Osipitan OA, Hanson BD, Goldwasser Y, Fatino M, Mesgaran MB. The potential threat of branched broomrape for California processing tomato: A 
review. Calif Agr. 2021;75(2):64–73. https://doi.org/10.3733/ca.2021a0012

	 7.	 Abbes Z, Kharrat M, Delavault P, Simier P, Chaïbi W. Field evaluation of the resistance of some faba bean (Vicia faba L.) genotypes to the parasitic 
weed Orobanche foetida Poiret. Crop Prot. 2007;26(12):1777–84.

	 8.	 Amri M, Abbes Z, Trabelsi I, Kharrat M. Release of a new faba bean variety “Chourouk” resistant to the parasitic plants Orobanche foetida and O. 
crenata in Tunisia. Int J Agric Biol. 2019;26(12):499–505.

	 9.	 Bouraoui M, Abbes Z, Rouissi M, Abdi N, Hemissi I, Kouki S, et al. Effect of rhizobia inoculation, N and P supply on Orobanche foetida parasitizing 
faba bean (Vicia faba minor) under field conditions. Biocontrol Sci Techn. 2016;26:776–91.

	10.	 Abbes Z, Sellami F, Amri M, Kharrat M. Effect of sowing date on Orobanche foetida infection and seed yield of resistant and susceptible faba bean 
cultivars. Acta Phytopathol Entomol Hung. 2010;45:267–75.

	11.	 Bouraoui M, Abbes Z, L’taief B, Alshaharni MO, Abdi N, Hachana A, et al. Exploring the biochemical dynamics in faba bean (Vicia faba L. minor) 
in response to Orobanche foetida Poir. parasitism under inoculation with different rhizobia strains. PLoS One. 2024;19(5):e0304673. https://doi.
org/10.1371/journal.pone.0304673 PMID: 38820398

	12.	 Walters DR, Ratsep J, Havis ND. Controlling crop diseases using induced resistance: challenges for the future. J Exp Bot. 2013;64(5):1263–80. 
https://doi.org/10.1093/jxb/ert026 PMID: 23386685

	13.	 Burdziej A, Da Costa G, Gougeon L, Le Mao I, Bellée A, Corio-Costet M-F, et al. Impact of different elicitors on grapevine leaf metabolism moni-
tored by 1H NMR spectroscopy. Metabolomics. 2019;15(5):67. https://doi.org/10.1007/s11306-019-1530-5 PMID: 31030265

	14.	 Deice Raasch-Fernandes L, Bonaldo SM, de Jesus Rodrigues D, Magela Vieira-Junior G, Regina Freitas Schwan-Estrada K, Rocco da Silva C, 
et al. Induction of phytoalexins and proteins related to pathogenesis in plants treated with extracts of cutaneous secretions of southern Amazonian 
Bufonidae amphibians. PLoS One. 2019;14(1):e0211020. https://doi.org/10.1371/journal.pone.0211020 PMID: 30653617

	15.	 Ramakrishna R, Sarkar D, Shetty K. Metabolic stimulation of phenolic biosynthesis and antioxidant enzyme response in dark germinated barley 
(Hordeum vulgare L.) sprouts using bioprocessed elicitors. Food Sci Biotechnol. 2018;28(4):1093–106. https://doi.org/10.1007/s10068-018-0535-6 
PMID: 31275709

	16.	 Thakur M, Sohal BS. Role of Elicitors in Inducing Resistance in Plants against Pathogen Infection: A Review. ISRN Biochem. 2013;2013:762412. 
https://doi.org/10.1155/2013/762412 PMID: 25969762

	17.	 Monci F, García-Andrés S, Sánchez-Campos S, Fernández-Muñoz R, Díaz-Pendón JA, Moriones E. Use of Systemic Acquired Resistance and 
Whitefly Optical Barriers to Reduce Tomato Yellow Leaf Curl Disease Damage to Tomato Crops. Plant Dis. 2019;103(6):1181–8. https://doi.
org/10.1094/PDIS-06-18-1069-RE PMID: 30908127

	18.	 Pérez-de-Luque A, Jorrín JV, Rubiales D. Crenate broomrape control in pea by foliar application of benzothiadiazole (BTH). Phytoparasitica. 
2004;32:21–9.

	19.	 Abbes Z, Mkadmi M, Trabelsi I, Amri M, Kharrat M. Orobanche foetida control in faba bean by foliar application of Benzothiadiazole (BTH) and 
salicylic acid. Bulg J Agricul Sci. 2014;20(6):1439–43.

	20.	 Beauregard PB, Chai Y, Vlamakis H, Losick R, Kolter R. Bacillus subtilis biofilm induction by plant polysaccharides. Proc Natl Acad Sci U S A. 
2013;110(17):E1621-30. https://doi.org/10.1073/pnas.1218984110 PMID: 23569226

	21.	 Disciglio G, Gatta G, Lops F, Libutti A, Tarantino A, Tarantino E. Effect of biostimulants to control the Phelipanche ramosa L. Pomel in processing 
tomato crop. Int J Agr Biosyst Eng. 2016;10(4):227–30.

	22.	 Rocha I, Ma Y, Souza-Alonso P, Vosátka M, Freitas H, Oliveira RS. Seed Coating: A Tool for Delivering Beneficial Microbes to Agricultural Crops. 
Front Plant Sci. 2019;10:1357. https://doi.org/10.3389/fpls.2019.01357 PMID: 31781135

	23.	 Rouphael Y, Colla G. Editorial: Biostimulants in Agriculture. Front Plant Sci. 2020;11:40. https://doi.org/10.3389/fpls.2020.00040 PMID: 32117379

	24.	 Bouallègue A, Souissi F, Nouairi I, Souibgui M, Abbes Z, Mhadhbi H. Salicylic acid and hydrogen peroxide pretreatments alleviate salt stress in 
faba bean (Vicia faba) seeds during germination. Seed Sci Technol. 2017. https://doi.org/10.15258/sst.2017.45.3.07

https://doi.org/10.4060/cc0460fr
https://doi.org/10.4060/cc0460fr
https://doi.org/10.1080/01448765.2019.1616614
https://doi.org/10.1371/journal.pone.0241527
http://www.ncbi.nlm.nih.gov/pubmed/34032807
https://doi.org/10.3390/plants12203578
http://www.ncbi.nlm.nih.gov/pubmed/37896041
https://doi.org/10.3389/fpls.2024.1497303
http://www.ncbi.nlm.nih.gov/pubmed/39711585
https://doi.org/10.3733/ca.2021a0012
https://doi.org/10.1371/journal.pone.0304673
https://doi.org/10.1371/journal.pone.0304673
http://www.ncbi.nlm.nih.gov/pubmed/38820398
https://doi.org/10.1093/jxb/ert026
http://www.ncbi.nlm.nih.gov/pubmed/23386685
https://doi.org/10.1007/s11306-019-1530-5
http://www.ncbi.nlm.nih.gov/pubmed/31030265
https://doi.org/10.1371/journal.pone.0211020
http://www.ncbi.nlm.nih.gov/pubmed/30653617
https://doi.org/10.1007/s10068-018-0535-6
http://www.ncbi.nlm.nih.gov/pubmed/31275709
https://doi.org/10.1155/2013/762412
http://www.ncbi.nlm.nih.gov/pubmed/25969762
https://doi.org/10.1094/PDIS-06-18-1069-RE
https://doi.org/10.1094/PDIS-06-18-1069-RE
http://www.ncbi.nlm.nih.gov/pubmed/30908127
https://doi.org/10.1073/pnas.1218984110
http://www.ncbi.nlm.nih.gov/pubmed/23569226
https://doi.org/10.3389/fpls.2019.01357
http://www.ncbi.nlm.nih.gov/pubmed/31781135
https://doi.org/10.3389/fpls.2020.00040
http://www.ncbi.nlm.nih.gov/pubmed/32117379
https://doi.org/10.15258/sst.2017.45.3.07


PLOS One | https://doi.org/10.1371/journal.pone.0324976  June 9, 2025 11 / 13

	25.	 Bouallègue A, Souissi F, Nouairi I, Souibgui M, Abbes Z, Mhadhbi H. Physiological and biochemicals changes modulated by seeds’ priming of lentil 
(lens culinaris l.) under salt stress at germInation stage. Acta Sci Polon Hort Cult. 2019;18(5):27–38. https://doi.org/10.24326/asphc.2019.5.3

	26.	 Horchani F, Mabrouk L, Borgi MA, Abbes Z. Foliar spray or root application: which method of salicylic acid treatment is more efficient in alleviating 
the adverse effects of salt stress on the growth of alfalfa plants, Medicago sativa L? Gesunde Pflanz. 2023; 75: 2697–712. https://doi.org/10.1007/
s10343-023-00867-8

	27.	 Apon TA, Ahmed SF, Bony ZF, Chowdhury MR, Asha JF, Biswas A. Sett priming with salicylic acid improves salinity tolerance of sugarcane (Sac-
charum officinarum L.) during early stages of crop development. Heliyon. 2023;9(5):e16030. https://doi.org/10.1016/j.heliyon.2023.e16030 PMID: 
37215815

	28.	 Gour T, Sharma A, Lal R, Heikrujam M, Gupta A, Agarwal LK, et al. Amelioration of the physio-biochemical responses to salinity stress and com-
puting the primary germination index components in cauliflower on seed priming. Heliyon. 2023;9(3):e14403. https://doi.org/10.1016/j.heliyon.2023.
e14403 PMID: 36950655

	29.	 Katoch R, Mann APS, Sohal BS. Enhanced enzyme activities and induction of acquired resistance in pea with elicitors. J Veget Sci. 
2005;11(1):67–83.

	30.	 Jatana BS, Grover S, Ram H, Baath GS. Seed Priming: Molecular and Physiological Mechanisms Underlying Biotic and Abiotic Stress Tolerance. 
Agronomy. 2024;14(12):2901. https://doi.org/10.3390/agronomy14122901

	31.	 Kusumoto D, Goldwasser Y, Xie X, Yoneyama K, Takeuchi Y, Yoneyama K. Resistance of red clover (Trifolium pratense) to the root parasitic 
plant Orobanche minor is activated by salicylate but not by jasmonate. Ann Bot. 2007;100(3):537–44. https://doi.org/10.1093/aob/mcm148 PMID: 
17660517

	32.	 Triki E, Trabelsi I, Amri M, Nefzi F, Kharrat M, Abbes Z. Effect of benzothiadiazole and salicylic acid resistance inducers on Orobanche foetida 
infestation in Vicia faba. Tun J Plant Protect. 2018;13(1):113–25.

	33.	 Briache FZ, Ennami M, Mbasani-Mansi J, Lozzi A, Abousalim A, Rodeny WE, et al. Effects of Salicylic Acid and Indole Acetic Acid Exogenous 
Applications on Induction of Faba Bean Resistance against Orobanche crenata. Plant Pathol J. 2020;36(5):476–90. https://doi.org/10.5423/PPJ.
OA.03.2020.0056 PMID: 33082732

	34.	 Briache FZ, El Amri M, Ennami M, Amri M, Triqui ZEA, Mentag R. Induction of systemic resistance to Orobanche crenata in lentil by exogenous 
application of salicylic acid and indole acetic acid. J Plant Protect Res. 2023;63(1):83–96.

	35.	 Gonsior G, Buschmann H, Szinicz G, Spring O, Sauerborn J. Induced resistance: an innovative approach to manage branched broomrape (Oro-
banche ramosa) in hemp and tobacco. Weed Sci. 2004;52:1050–3.

	36.	 Sauerborn J, Buschmann H, Ghiasi KG, Kogel K-H. Benzothiadiazole Activates Resistance in Sunflower (Helianthus annuus) to the Root-Parasitic 
Weed Orobanche cuman. Phytopathology. 2002;92(1):59–64. https://doi.org/10.1094/PHYTO.2002.92.1.59 PMID: 18944140

	37.	 Buschmann H, Fan ZW, Sauerborn J. Effect of resistance-inducing agents on sunflower (Helianthus annuus L.) and its infestation with the parasitic 
weed Orobanche cumana Wallr. J Plant Dis Protect. 2005;112(4):386–97.

	38.	 Müller-Stӧver D, Buschmann H, Sauerborn J. Increasing control reliability of Orobanche cumana through integration of a biocontrol agent with a 
resistance-inducing chemical. Eur J Plant Pathol. 2005;111(3):193–202. https://doi.org/10.1007/s10658-004-2814-8

	39.	 Véronési C, Delavault P, Simier P. Acibenzolar-S-methyl induces resistance in oilseed rape (Brassica napus L.) against branched broomrape (Oro-
banche ramosa L.). Crop Prot. 2009;28(1):104–8.

	40.	 Rouphael Y, Cardarelli M, Bonini P, Colla G. Synergistic Action of a Microbial-based Biostimulant and a Plant Derived-Protein Hydrolysate 
Enhances Lettuce Tolerance to Alkalinity and Salinity. Front Plant Sci. 2017;8:131. https://doi.org/10.3389/fpls.2017.00131 PMID: 28223995

	41.	 Kumar A, Singh VK, Tripathi V, Singh PP, Singh AK. Plant growth-promoting rhizobacteria (PGPR): Perspective in agriculture under biotic and 
abiotic stress. In: Prasad R, Gill SS, Tuteja N, editors. New and future developments in microbial biotechnology and bioengineering: Crop improve-
ment through microbial biotechnology. Hoboken, NJ, USA: Elsevier. 2018. p. 333–42.

	42.	 Ganugi P, Masoni A, Pietramellara G, Benedettelli SA. Review of studies from the last twenty years on plant—arbuscular mycorrhizal fungi associa-
tions and their uses for wheat crops. Agronomy. 2019;9:840.

	43.	 Woo SL, Ruocco M, Vinale F, Nigro M, Marra R, Lombardi N, et al. Trichoderma-based products and their widespread use in agriculture. Open 
Mycol J. 2014;8:71–126.

	44.	 Fiorentino N, Ventorino V, Woo SL, Pepe O, De Rosa A, Gioia L, et al. Trichoderma-Based Biostimulants Modulate Rhizosphere Microbial Popu-
lations and Improve N Uptake Efficiency, Yield, and Nutritional Quality of Leafy Vegetables. Front Plant Sci. 2018;9:743. https://doi.org/10.3389/
fpls.2018.00743 PMID: 29922317

	45.	 Zin NA, Badaluddin NA. Biological functions of Trichoderma spp. for agriculture applications. Ann Agric Sci. 2020;65:168–78.

	46.	 Peng G, McGregor L, Lahlali R, Gossen BD, Hwang SF, Adhikari KK, et al. Potential biological control of clubroot on canola and crucifer vegetable 
crops. Plant Pathol. 2011;60:566–74.

	47.	 Lascaux E, Piron M. Trianum, first stimulator of plant growth approved in France. PHM Revue Horticole. 2009;518:40–4.

	48.	 Gveroska B. Fungicidal and stimulating effect of biopreparation Trianum-P on tobacco seedlings. Tutun. 2017;67.

	49.	 Bicakci T, Aksu E, Arslan M. Effect of seed coating on germination, emergence and early seedling growth in alfalfa (Medicago sativa L.) under 
salinity conditions. Fresenius Environ Bull. 2018;27:6978.

https://doi.org/10.24326/asphc.2019.5.3
https://doi.org/10.1007/s10343-023-00867-8
https://doi.org/10.1007/s10343-023-00867-8
https://doi.org/10.1016/j.heliyon.2023.e16030
http://www.ncbi.nlm.nih.gov/pubmed/37215815
https://doi.org/10.1016/j.heliyon.2023.e14403
https://doi.org/10.1016/j.heliyon.2023.e14403
http://www.ncbi.nlm.nih.gov/pubmed/36950655
https://doi.org/10.3390/agronomy14122901
https://doi.org/10.1093/aob/mcm148
http://www.ncbi.nlm.nih.gov/pubmed/17660517
https://doi.org/10.5423/PPJ.OA.03.2020.0056
https://doi.org/10.5423/PPJ.OA.03.2020.0056
http://www.ncbi.nlm.nih.gov/pubmed/33082732
https://doi.org/10.1094/PHYTO.2002.92.1.59
http://www.ncbi.nlm.nih.gov/pubmed/18944140
https://doi.org/10.1007/s10658-004-2814-8
https://doi.org/10.3389/fpls.2017.00131
http://www.ncbi.nlm.nih.gov/pubmed/28223995
https://doi.org/10.3389/fpls.2018.00743
https://doi.org/10.3389/fpls.2018.00743
http://www.ncbi.nlm.nih.gov/pubmed/29922317


PLOS One | https://doi.org/10.1371/journal.pone.0324976  June 9, 2025 12 / 13

	50.	 Sillero JC, Rojas-Molina MM, Ávila CM, Rubiales D. Induction of systemic acquired resistance against rust, ascochyta blight and broomrape in faba 
bean by exogenous application of salicylic acid and benzothiadiazole. Crop Prot. 2012;34:65–9.

	51.	 Kthiri Z, Ben Jabeur M, Machraoui M, Gargouri S, Hiba H, Hamada W. Coating seeds with Trichoderma strains promotes plant growth and 
enhance the systemic resistance against Fusarium crown rot in durum wheat. Egypt J Biol Pest Control. 2020;30:139.

	52.	 Kthiri Z, Jabeur MB, Harbaoui K, Karmous C, Chamekh Z, Chairi F, et al. Comparative Performances of Beneficial Microorganisms on the Induction 
of Durum Wheat Tolerance to Fusarium Head Blight. Microorganisms. 2021;9(12):2410. https://doi.org/10.3390/microorganisms9122410 PMID: 
34946012

	53.	 Fan ZW, Buschmann H, Muller-Stover D, Sauerborn J. Main effect and interactions among acibenzolar-S-methyl, a biocontrol fungus and sun-
flower cultivar on control of Orobanche cumana Wallr. J Plant Dis Protect. 2007;114:76–81.

	54.	 Bar-Nun N, Sachs T, Mayer AM. A role for IAA in the infection of Arabidopsis thaliana by Orobanche aegyptiaca. Ann Bot. 2008;101(2):261–5. 
https://doi.org/10.1093/aob/mcm032 PMID: 17884805

	55.	 Fernández-Aparicio M, Reboud X, Gibot-Leclerc S. Broomrape Weeds. Underground Mechanisms of Parasitism and Associated Strategies for their 
Control: A Review. Front Plant Sci. 2016;7:135. https://doi.org/10.3389/fpls.2016.00135 PMID: 26925071

	56.	 Yang C, Hu LY, Ali B, Islam F, Bai Q, Yun XP, et al. Seed treatment with salicylic acid invokes defence mechanism of Helianthus annuus against 
Orobanche cumana. Ann Appl Biol. 2016;169:408–22.

	57.	 Bigirimana J, Höfte M. Induction of systemic resistance to Colletotrichum lindemuthianum in bean by a benzothiadiazole derivative and rhizobacte-
ria. Phytoparasitica. 2002;30:159–68.

	58.	 Lopez AMQ, Lucas JA. Effects of plant defence activators on anthracnose disease of cashew. Eur J Plant Pathol. 2002;108:409–20.

	59.	 Perez L, Rodriguez ME, Rodriguez F, Roson C. Efficacy of acibenzolar-S-methyl, an inducer of systemic acquired resistance against tobacco blue 
mould caused by Peronospora hyoscyami f. sp. tabacina. Crop Prot. 2003;22(2):405–13.

	60.	 Heil M, Hilpert A, Kaiser W, Linsenmair KE. Reduced growth and seed set following chemical induction of pathogen defence: does systemic 
acquired resistance (SAR) incur allocation costs?. J Ecol. 2000;88(4):645–54. https://doi.org/10.1046/j.1365-2745.2000.00479.x

	61.	 Al-Wakeel SAM, Moubasher H, Gabr MMA, Madany MMY. Induction of systemic resistance in tomato plants against Orobanche ramosa L. using 
hormonal inducers. Egypt J Bot. 2012;52(2):403–16.

	62.	 Al-Wakeel SA, Moubasher H, Madan MM. Induced systemic resistance: an innovative control method to manage branched broomrape (Orobanche 
ramosa L.) in tomato. Eur J Biol. 2013;72(1):9–21.

	63.	 Ben-Jabeur M, Kthiri Z, Essid MF, Moussa C, Hamada W. The Potential of Coating Half-cut Tubers with Natural Biostimulants in Improving Yield 
Components and Inducing Resistance Against Grey Mold and Black Scurf in Potato. Potato Res. 2022;66(4):1185–201. https://doi.org/10.1007/
s11540-022-09608-2

	64.	 Ayed S, Bouhaouel I, Jebari H, Hamada W. Use of Biostimulants: Towards Sustainable Approach to Enhance Durum Wheat Performances. Plants 
(Basel). 2022;11(1):133. https://doi.org/10.3390/plants11010133 PMID: 35009136

	65.	 Kang SM, Radhakrishnan R, Lee KE, You YH, Ko JH, Kim JH, et al. Mechanism of plant growth promotion elicited by Bacillus sp. LKE15 in oriental 
melon. Acta Agric Scand Sect B Soil Plant Sci. 2015;65:637–47.

	66.	 Mohiddin FA, Khan MR, Khan SM. Why trichoderma is considered super hero (super fungus) against the evil parasites?. Plant Pathol J. 
2010;9:92–102.

	67.	 Poveda J, Abril-Urias P, Escobar C. Biological Control of Plant-Parasitic Nematodes by Filamentous Fungi Inducers of Resistance: Trichoderma, 
Mycorrhizal and Endophytic Fungi. Front Microbiol. 2020;11:992. https://doi.org/10.3389/fmicb.2020.00992 PMID: 32523567

	68.	 Hermosa R, Viterbo A, Chet I, Monte E. Plant-beneficial effects of Trichoderma and of its genes. Microbiology (Reading). 2012;158(Pt 1):17–25. 
https://doi.org/10.1099/mic.0.052274-0 PMID: 21998166

	69.	 López-Bucio J, Pelagio-Flores R, Herrera-Estrella A. Trichoderma as biostimulant: exploiting the multi-level properties of a plant beneficial fungus. 
Sci Hortic. 2015;196:109–23.

	70.	 Lutz S, Bodenhausen N, Hess J, Valzano-Held A, Waelchli J, Deslandes-Hérold G, et al. Soil microbiome indicators can predict crop growth 
response to large-scale inoculation with arbuscular mycorrhizal fungi. Nat Microbiol. 2023;8(12):2277–89. https://doi.org/10.1038/s41564-023-
01520-w PMID: 38030903

	71.	 Mekkaoui F, Ait-El-Mokhtar M, Zaari Jabri N, Amghar I, Essadssi S, Hmyene A. The Use of Compost and Arbuscular Mycorrhizal Fungi and 
Their Combination to Improve Tomato Tolerance to Salt Stress. Plants (Basel). 2024;13(16):2225. https://doi.org/10.3390/plants13162225 PMID: 
39204661

	72.	 Barghouthi S, Salman M. Bacterial inhibition ofOrobanche aegyptiacaandOrobanche cernuaradical elongation. Biocontrol Sci Technol. 
2010;20(4):423–35. https://doi.org/10.1080/09583150903340544

	73.	 Habimana SA, Nduwumuremyi JD, Chinama R. Management of Orobanche in field crops - A review. J Soil Sci Plant Nutr. 2014;14:43–62. https://
doi.org/10.4067/S071895162014005000004

	74.	 Negewo T, Ahmed S, Tessema T, Tana T. Biological Characteristics, Impacts, and Management of Crenate Broomrape (Orobanche crenata) in 
Faba Bean (Vicia faba): A Review. Front Agron. 2022;4. https://doi.org/10.3389/fagro.2022.708187

https://doi.org/10.3390/microorganisms9122410
http://www.ncbi.nlm.nih.gov/pubmed/34946012
https://doi.org/10.1093/aob/mcm032
http://www.ncbi.nlm.nih.gov/pubmed/17884805
https://doi.org/10.3389/fpls.2016.00135
http://www.ncbi.nlm.nih.gov/pubmed/26925071
https://doi.org/10.1046/j.1365-2745.2000.00479.x
https://doi.org/10.1007/s11540-022-09608-2
https://doi.org/10.1007/s11540-022-09608-2
https://doi.org/10.3390/plants11010133
http://www.ncbi.nlm.nih.gov/pubmed/35009136
https://doi.org/10.3389/fmicb.2020.00992
http://www.ncbi.nlm.nih.gov/pubmed/32523567
https://doi.org/10.1099/mic.0.052274-0
http://www.ncbi.nlm.nih.gov/pubmed/21998166
https://doi.org/10.1038/s41564-023-01520-w
https://doi.org/10.1038/s41564-023-01520-w
http://www.ncbi.nlm.nih.gov/pubmed/38030903
https://doi.org/10.3390/plants13162225
http://www.ncbi.nlm.nih.gov/pubmed/39204661
https://doi.org/10.1080/09583150903340544
https://doi.org/10.4067/S071895162014005000004
https://doi.org/10.4067/S071895162014005000004
https://doi.org/10.3389/fagro.2022.708187


PLOS One | https://doi.org/10.1371/journal.pone.0324976  June 9, 2025 13 / 13

	75.	 El–Bially ME, El–Metwally IM, Saudy HS, Aisa KH, Abd El–Samad GA. Mycorrhiza-inoculated biochar as an eco-friendly tool improves the broom-
rape control efficacy in two faba bean cultivars. Rhizosphere. 2023;26:100706.

	76.	 Abbes Z, Bouallegue A, Trabelsi I, Trabelsi N, Taamalli A, Amri M, et al. Investigation of some biochemical mechanisms involved in the resistance 
of faba bean (Vicia faba L.) varieties to Orobanche spp. Plant Protect Sci. 2020;56:317–28.

	77.	 Norrie J, Keathley JP. Benefits of Ascophyllum nodosum marine plant extract applications to ‘Thompson seedless’ grape production. Acta Hortic. 
2006;71:22–8.

	78.	 Gajc-Wolska J, Spizewski T, Grabowska A. The effect of seaweed extracts on the yield and quality parameters of broccoli (Brassica oleracea var. 
cymosa L.) in open field production. Acta Hortic. 2013;1009:83–9.

	79.	 Sharma HSS, Fleming C, Selby C, Rao JR, Martin T. Plant biostimulants: A review on the processing of macroalgae and use of extracts for crop 
management to reduce abiotic and biotic stresses. J Appl Phycol. 2014;26:465–90.


