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ABSTRACT 

Broomrapes (Orobanche and Phelipanche spp.) rely on the presence of a host 
plant for nourishment. Based on the release of specific molecules by the crop plant, 
their seeds germinate and eventually establish a vascular connection with host roots 
through a haustorium. Therefore, they deprive their hosts of water and nutrients, 
posing a severe threat to vegetable and legume crops worldwide. Due to their growth 
behaviour, amount and longevity of seeds released, and, generally, a large variety of 
hosts, the control of parasitic plants is rather difficult. In this review, we give an 
update about agronomic and genetic approaches controlling host-parasite 
interactions. Management of broomrapes in vegetables and legumes relies on 
different approaches: trap and catch crops; suicidal germination by strigolactones 
(SLs), analogues and mimics; SL degradation; biological and chemical control; other 
control methods. Further, the production of resistant cultivars is highly desirable. 
Some natural sources of resistance have been identified in landraces and wild 
relatives of vegetable and legume crops. Additional variability has been discovered by 
artificial mutagenesis, but it has been poorly exploited for breeding commercial 
cultivars. Recent genomic knowledge in parasitic and host species opens new 
perspectives for the comprehension of molecular bases of interaction and applied 
breeding, using molecular assisted breeding and biotechnological approaches aimed 
to modify genes controlling the various stages of parasitization. Anyway, the 
combination of different genetic resistance mechanisms with agronomical 
management practices is mandatory to develop a durable containment strategy. 
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INTRODUCTION Hemi- and holoparasitic plants depend on a host plant for nourishment, using a haustorium that establishes a vascular connection between the two organisms. They lack a root apparatus and have lost, partially or completely, the ability to photosynthesize. Broomrapes (Orobanche and Phelipanche spp.) and witchweed (Striga spp.), members of Orobanchaceae, and dodders (Cuscuta spp.), belonging to Convolvulaceae, can determine significant yield losses (Fernández-Aparicio et al., 2016; Rubiales et al., 2018). 
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While Cuscuta spp. grow above-ground and attack the epigean organs of many crops, (Albert 
et al., 2008; Runyon et al., 2010; Kebede and Ayana, 2018), broomrapes and witchweed grow underground, after the perception of secondary metabolites released in the rhizosphere by host roots (Bouwmeester et al., 2021). Subsequently, tubercles develop on infected roots from which new shoots will grow (Figure 1). Striga affects mainly cereals (e.g., sorghum - Sorghum bicolor L.; rice - Oryza sativa L.; maize - Zea mais L.) and legumes (cowpea – Vigna unguiculata (L.) Walp.) in tropical and sub-tropical areas (Joel, 2000), whereas Orobanche spp. and Phelipanche spp. are preferentially present in agroecosystems with a Mediterranean climate (i.e., southern Europe, northern Africa, and Middle East, but also some areas of California, Chile, and Australia (Casadesús and Munné-Bosch, 2021). The infestation of Orobanche and Phelipanche spp. involved about 16 million hectares in 1991 worldwide (Parker, 2009). 

Figure 1. Infestations of Orobanche crenata (a,b) and Phelipanche ramosa (c) in broad bean and tomato fields, respectively. In (d) germinating seeds of P. ramosa. Bar in panel d is about 1 mm. Out of ten broomrape species relevant to agriculture, five (P. ramosa (L.) Pomel., P. 
aegyptiaca (Pers.) Pomel., O. crenata Forssk., O. foetida Poir. and O. cernua Loefl.) affect vegetables and legumes (Kebede and Ayana, 2018) (Figure 2). O. crenata, and to a lesser extent O. foetida, preferentially colonize carrot (Daucus carota L.) and legumes, especially faba bean (Vicia faba L.), chickpea, pea (Pisum spp.), lentil (Lens esculenta Moench.), with about 4 million Ha of legumes at risk in the Mediterranean region (Parker, 2009). O. cernua 
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constitutes a severe risk in Solanaceae crops, including tomato, pepper (Capsicum annuum L.) and eggplant (S. melongena L.). Tomato and potatoes can be parasitized also by P. ramosa (L.) Pomel., with up to 80% of losses in tomato production (Casadesús and Munné-Bosch, 2021). P. aegyptiaca affects the same hosts as P. ramosa plus cucurbits (Cucurbitaceae) and legumes (Parker, 2009; Fernández-Aparicio et al., 2012; Rubiales et al., 2016; Casadesús and Munné-Bosch, 2021). Agronomic and genetic approaches to combat Orobanche spp. and Phelipanche spp. attacking vegetable and legume crops are discussed in the present review.  

 Figure 2. Distribution of Orobanche crenata, O. cernua, Phelipanche aegyptiaca and P. ramosa in Europe and the Mediterranean Basin. Extracted from The Euro+Med PlantBase (https://europlusmed.org/).  
 



66 

LIFE CYCLE Seeds of Orobanche spp. and Phelipanche spp. can persist in the soil for many years. They germinate only in appropriate moist and temperature conditions, and in the presence of the proper stimulus (Bouwmeester et al., 2021).  The latter is exuded in the rhizosphere by host roots (Waters et al., 2017) and is represented mainly by strigolactones (SLs), phytohormones involved also in the inhibition of secondary shoot branching, thus in plant architecture, and interactions with arbuscular mycorrhizal fungi (AMF) (López-Ráez et al., 2008a; Casadesús and Munné-Bosch, 2021). Parasites can discriminate against hosts based on the identity of exudated SLs (Clarke et al., 2019). Indeed, plant species/ecotypes produce more than 25 SL types and combinations (Brun et 
al., 2021). They derive from carotenoids and several key genes of their biosynthetic pathway have been characterized in past years (Seto et al., 2014; Jia et al., 2018). Other molecules (e.g., sesquiterpene lactones, polyphenols, and isothiocyanates) can be also involved in the germination of some parasitic species, such as O. cumana (Raupp and Spring, 2013), O. 
foetida (Evidente et al., 2010), and P. 66ramose (Auger et al., 2012). Upon germination, pseudo-roots of the parasitic plant move towards host roots sensing an SL gradient. Thereafter, a haustorium is differentiated thanks to specific haustorium-inducing factors (HIF) (i.e., flavonoids, phenolic acids, quinones, cyclohexene oxides, and cytokinins). The parasite’s endogenous levels of auxins and cytokinins allow for the correct growth and development of haustorium, until it reaches and invades the host root (Goyet et 
al., 2017, 2019; Clarke et al., 2019; Casadesús and Munné-Bosch, 2021).  Auxins and cytokinins are fundamental, respectively, also for the correct formation of the vascular continuum between the two organisms (Aloni, 2015), and for the maintenance of the source-sink connection (Roitsch and Ehneß, 2000). Jasmonic acid, salicylic acid and abscisic acid (ABA) are also involved in the initial stages of holoparasitic plant–host communication (Gutjahr and Paszkowski, 2009; Torres-Vera et al., 2016). After the attachment to the host root vasculature, tubercles develop on the root surface. These structures contain a reserve of hexoses, amino acids, and starch necessary to support the emergence of above-ground shoots carrying flowers and seeds (Draie et al., 2011; Abbes 
et al., 2009). Seeds, very small and numerous, facilitate the dispersion and formation of a persistent seed bank in the soil (Delavault, 2015).  Parasite plants withdraw water, nitrogen, and carbohydrates from the host (Péron et al., 2017), exchanging, at the same time, micro-RNAs that interfere with host mRNAs connected to several functions (auxin receptors, development regulators, pathogen defense, and phloem function) that increase the parasite fitness (Clarke et al., 2019). The management of Orobanche spp. and Phelipanche spp. is not an easy task, due to interactions with multiple hosts, the underground mechanism of parasitism, the ability to synchronize the life cycle with that of the host, and the high reproductive potential (Fernández-Aparicio et al., 2016). 
MANAGEMENT The main difficulties in controlling parasitic Orobanchaceae weeds are due to the characteristics of the parasitism and the properties of their seeds. The physical and physiological connection between host and parasite hamper most of the direct control methods (e.g., mechanical, physical, and chemical) attempting to control the weed without damaging the host.  The enormous seed production by each plant, the minute size of the seeds, their longevity, and easy dispersal cause a rapid increase in the soil seed bank, even when the original infested area is minimal, or when only a few plants are left after effective management 



 

67 
 

practices, making of an infested field, a field permanently infested. Thus, the ‘indirect’ control, i.e., the containment of infested areas and prevention of seed dispersal should be a major objective of parasitic weed management strategies, besides direct control interventions against the parasites.  Table 1. Examples of control strategies for the management of Orobanche and Phelipanche spp. in vegetables and legumesa. 

a For a more comprehensive list of control strategies, see Fernández-Aparicio et al. (2016) 
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Considering the importance of SLs in the life cycle of these parasites, some management strategies act at this level, e.g., trying to prevent the stimulation of seed germination, or conversely to favor it, in the absence of a host (Table 1). 
Trap and Catch Crops Trap crops are non (false)-host crops, the roots of which release strigolactones, thus stimulating parasitic plant seed germination. Since they are not a host, the viable connection of the haustorium to the host root is prevented, and thus any further development of the parasite (Parker and Riches, 1993). Catch crops are host plants that also produce strigolactones but do allow attachment by the parasite. In this case, the crop is simply removed from the field after the parasite seeds have germinated (and possibly attached), but before flowering and seed dispersal of the parasite are initiated. Thus, any susceptible crop can be a potential catch crop. What makes a species more suitable as a catch crop is thus the structure of the root system and the capability to release SLs. The aim of using trap and catch crops is not to directly control the parasitic weeds, but rather to reduce the infestation over time, by reducing the seed bank in the soil. This effect is also defined as “suicidal” germination. Trap crops can be used both for intercropping, i.e., by growing it in between the main crop, and as the main crop on itself.  Besides its main effect, the induction of seed germination, a non-host crop can potentially also contribute to parasitic weed control by providing shade and reducing soil temperature (as a cover crop). Several trap crops have been reported to reduce broomrape seed banks (even if some of them were effective only under controlled conditions), such as sorghum (S. bicolor), flax (Linum usitatissimum L.) and soybean (Glycine max L.) (Al-Menoufi, 1989; Kleifeld et al., 1994; Saxena et al., 1994). Other examples of effective broomrape trap crops include different wheat cultivars against O. minor, radish, linseed, fennel, and cumin against P. 
aegyptiaca; and hybrid maize against O. cumana (Acharya, 2014; Aksoy et al., 2016).  Important crops reported as potential catch crops for broomrape control are faba bean, field mustard (Brassica campestris L.), white mustard (Sinapis alba L), lentil (Lens culinaris Medik.), berseem clover (Trifolium alexandrinum L.) and fenugreek (Trigonella foenum-
graecum L.) (Sauerborn and Saxena, 1986; Parker and Riches, 1993; Kleifeld et al., 1994; Dhanapal et al., 1996; Acharya et al., 2002; Fernández-Aparicio et al., 2008). 
Suicidal Germination by SLs, Analogues and Mimics As an alternative to trap and catch crops, which require that they are grown for a certain period on the contaminated field, suicidal germination can potentially also be provoked by applying compounds with stimulatory activity directly to the field. Also, in this case, the parasitic seeds would germinate in the absence of a host and then would not survive. Generally, the most active molecules inducing seed germination are the naturally occurring SLs. Unfortunately, the structures of natural SLs are very complex, and thus their synthesis for effective field applications is not feasible. Therefore, alternative approaches to producing germination stimulants have been explored, such as the synthesis of simpler and cheaper SL analogs, the use of natural compounds from other sources, and the use of other compounds from whatever origin with stimulatory activity. Natural products that have similar activity as SLs have been isolated from a cultivar of sources. For example, dehydrocostus lactone was identified in the root exudates of sunflower as the natural germination stimulant for O. cumana, a root parasite specific of 
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sunflower (Joel et al., 2011); dihydrosorgoleone was identified in the root exudate of sorghum and proved to stimulate the germination of S. asiatica seeds (Chang et al., 1986); peagol and peagoldione were isolated from pea (Pisum sativum) root exudates and exhibited germination stimulatory activity in particular on P. aegyptiaca (Evidente et al., 2009), whereas soyasapogenol B and trans-22-dehydrocampesterol were isolated from common vetch (V. sativa) exudates and stimulated germination of different broomrape species (Evidente et al., 2011). However, most of these compounds proved to have only a modest stimulatory activity only under lab conditions. Thus, their use for controlling parasitic weeds is very far from being put into practice. 
 
SL Degradation 
 A different approach proposed for controlling root parasitic weeds is the degradation of the SLs soon after they are released into the soil by the host roots, and before the stimulatory signal reaches the seeds of the parasite. In this case, the aim of this approach would not be a reduction of the seed bank over time, but rather to enable the growth of susceptible crops on infested fields. To achieve this, both chemical and biological approaches were explored.  For the chemical approach, borax, an inexpensive and eco-friendly salt, was successfully tested under laboratory conditions (Kannan and Zwanenburg, 2014).  For practical field applications, formulation of borax would be necessary, and the method should be optimized to avoid too high a concentration of boron in the long run due to its continuous use. For the biological approach, microbes able to degrade SLs were tested in lab conditions (Boari et al., 2016). However, both strategies are still very far from practical field application. 
 
Biological control 
 This approach is based on the use of living organisms (e.g., insects, pathogenic fungi, and bacteria) to suppress or reduce parasitic weed growth and diffusion. This control method was and still is considered very promising because the long underground growth stages of the parasitic plants are ideal targets for the biological control agents. However, although considerable attention and efforts have been given to this approach, until now no biological control agents have reached the field application. Many insects have been collected on Orobanche, but most were not specific to parasitic plant species (Klein and Kroschel, 2002).  The fly Phytomyza orobanchia Kalt was reported to be host specific on Orobanche, but its effectiveness and the distribution of its population are limited because of the presence of antagonists and some cultural practices. Moreover, since only the insect’s immature stages are seed-feeders, the impact is limited to the reduction of the seed bank into the soil over time. The results indicated that the biocontrol agents in most cases do not provide the level of control desired by farmers. Soil microorganisms interfering with parasite life cycle are also very attractive. Numerous fungi and bacteria can infect parasitic weeds (Barghouthi and Salman, 2010), while other microbes may improve crop growth and deter parasitic attacks. Soils that naturally suppress populations of parasitic weeds occur (Zermane et al., 2007). Vital and intensive interactions occur amongst the host plant, soil, and microorganisms in the rhizosphere of parasitic plants. Important biochemical interactions and exchanges of signal molecules occur between parasitic plants and soil microorganisms (Bouwmeester et al., 2007). Like other plants, also broomrapes can be attached by plant pathogenic fungi. There were early attempts in the former Soviet Union, Hungary, China, and Iran to exploit pathogens 
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including Fusarium lateritium Nees: Fries, F. solani (Martius) Saccardo, F. oxysporum, and 
Rhizoctonia solani J.G. Kuhn for broomrape biocontrol, including the formulation and distribution of a quite mysterious ‘Product F’ in Russia (Parker and Riches, 1993). Later, many other fungal isolates were reported to be promising biocontrol agents for the control of Orobanche. Approximately 30 fungal genera are reported to occur on Orobanche spp., being Fusarium sp. the most frequently associated with diseased Orobanche (Watson, 2013). The Fusarium (FOO) isolate exclusively attacks O. cumana and susceptible biotypes of O. aegyptiaca (Thomas, 1998). Other Fusarium isolates [F. oxysporum (FOXY) and F. 
arthrosporiodies (FARTH)] attack O. aegyptiaca, O. cernua, and O. ramosa (Amsellem et al., 2001). Strains of F. oxysporum and F. solani were isolated in southern Italy (Boari and Vurro, 2004). 
Chemical control Chemical control has been extensively explored since the ‘70s, and three main approaches have been taken into consideration, i.e., (a) soil fumigation (Foy et al., 1989); (b) application of the herbicide through the soil (Hershenhorn et al., 1998a ; Goldwasser et al., 2001); (c) leaf application with translocation of the herbicide through the host plant foliage into the root-attached parasite (Goldwasser et al., 2001 Eizenberg et al., 2004).  Methyl bromide was a highly effective fumigant for controlling broomrape seeds in the soil, but it has been banned since many years due to its very negative impact on the environment; other registered fumigants (e.g., dazomet, metham sodium, 1,3-dichloropropene, methyl iodide, ethylene dibromide) have proved to be less effective in broomrape seed control. Obviously, this approach aims at eliminating all the seeds of the parasitic plant species. It is effective also against other organisms (even beneficial) living in the soil and can be applied only in absence of the crop.  A more ‘natural’ approach is the use of crops able to release allelopathic compounds acting as natural fumigants and able to inhibit seed germination (see above). Broomrapes are more sensitive to herbicides in the underground stages of their lifecycle than in the above-ground developmental stages (Eizenberg et al., 2004, 2018). Therefore, understanding the dynamics of parasitism is necessary to effectively control the parasite using herbicides. In non-parasitic weeds, the herbicide rate can be specifically adjusted according to the phenological stage when weeds are observable. However, the target stage for broomrape control using herbicides occurs when the broomrapes are in their subsurface stages, for example at the stage of seedlings or small attachments.  Another issue that is critical for the success of chemical control is delivering the herbicide to the broomrape throughout the growing season, considering that the seeds of the parasites continuously germinate and infect new roots. A limited number of herbicide modes of action are appropriate for broomrape control.  As broomrapes completely lack chlorophyll, herbicides that inhibit the photosynthetic system cannot be considered. Moreover, the parasite tissues are directly connected with host root tissues, allowing systemic herbicides to move from host to parasite. Thus, chemical control is complicated because: (i) chemical control can only be used as a prophylactic treatment, because in most cases the level of infestation is unknown, (ii) the parasite is directly connected to the host and, therefore, only highly selective herbicides can be used, (iii) if the herbicide reaches the parasite through the conductive tissues of its host, the host must be tolerant to the herbicide by mechanisms which are not based on its metabolic degradation or inactivation, (iv) the parasite germinates continuously throughout the season and throughout the entire cultivated soil-depth profile. 
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Herbicide application through the soil is intended to control germinating broomrape seeds or young attachments on host roots.  The effectiveness of this mode of application depends mainly on the phytotoxicity of the herbicide to the parasite and its selectivity to the host crop (Hershenhorn et al., 1998b; Goldwasser et al., 2001). Approaches for the selective control of broomrape using systemic herbicides are based on the aromatic amino acid synthesis inhibitor glyphosate, or the branched-chain amino acid synthesis, acetolactate synthase (ALS) inhibitors, imidazolinones and sulfonylureas (El-Rokiek et al., 215). Sulfonylurea herbicides are applied to the host plant and are rapidly translocated to the roots and the parasite (when attached) via acropetal and basipetal translocation.  Imidazolinone herbicides are absorbed and translocated through the host to the meristematic tissues where the ALS enzyme is highly active. Herbicide effectiveness and timing of application vary depending on the crop species (host) and herbicide. To achieve successful control, the developmental stage of the parasite should be known.  In the past, as it was unpredictable, an empirical approach to broomrape control was used. The time for herbicide application was estimated according to the calendar and did not consider thermal or physiological time. Protocols were based on the application of herbicides belonging to the sulfonylurea or imidazolinone families, or glyphosate, applied at low rates two to four times to crop leaves or to soil, starting 3 weeks after planting. However, the success of these control methods was limited or at least variable. 
Developing Models for Optimising Chemical Control of Root Parasitic Weeds.  The recent advent of new technologies allows the monitoring of parasite development under the soil surface, facilitating the development of modelling approaches for precise parasite control at its desired subsurface developmental stage. Therefore, new protocols based on predictions of the exact developmental stage of the parasite have been introduced.  The modelling approach describes and facilitates the prediction of host–parasitic weed interactions and population dynamics, by dealing with the order of specific phenological events such as seed germination, attachment to the host, tubercle development or parasitic weed emergence. The rate of germination of parasite seeds is estimated in terms of a particular number of germinating seeds in the host rhizosphere.  Thermal time-based models (cumulative growing degree days) to predict the dynamics of broomrape parasitism have been developed for O. cumana in sunflower, P. aegyptiaca in tomato and O. minor in red clover (Ephrath and Eizenberg, 2010; Vurro et al., 2017). The objective of these models is to predict the timing of specific developmental stages of the parasite which are sensitive to the herbicide, in order to facilitate optimal chemical control. For example, the integration of soil-applied herbicides together with post-emergence applied herbicides for P. aegyptiaca control in processing tomato proved to be particularly effective when following the application of a combination of one to three sulfosulfuron applications between 200 and 600 growing degree days (GDD) and one or two imazapic applications at a later growth stage. Overhead irrigation using either moving pivot or sprinkler irrigation for delivering sulfosulfuron into the soil was essential for successful applications.  
Herbicide-Resistant Crops for Broomrape Control. Herbicides used for broomrape management are not adequately selective to the crops. Long-term control could be attained if the crops do not metabolise the herbicide, that is, have target-site resistance.  When the host is target-site resistant to herbicides, systemic herbicide rates could be optimised for parasitic weed control.  Target-site resistances have allowed foliar applications of herbicides inhibiting enolpyruvylshikimate phosphate synthase (EPSPS) (glyphosate), acetolactate synthase (ALS) (e.g., chlorsulfuron, imazapyr) and dihydropteroate synthase (asulam) for Orobanche 
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control in experimental conditions with various crops (Gressel, 2009, and references therein). Large-scale use of imazapyr as a seed dressing of imidazolinone-resistant maize has been commercialised for Striga control (Gressel, 2009).  Herbicide-resistant hosts could be obtained by classical breeding (Clearfield cultivars), genetic engineering and mutagenesis. So far, it seems that only classical breeding and genetic engineering have the potential for commercialisation. Further research should be invested in breeding crops resistant to herbicides, either genetically modified or by mutagenesis or Clearfield selected. Even though the introduction of genetically modified crops is currently limited, herbicide companies are highly motivated to release Clearfield cultivars. Crop resistance to herbicides could represent a useful instrument for controlling parasitic weeds. However, the use of herbicide-resistant crops should be carefully managed to reduce the risk of developing herbicide resistances in the parasites.  In addition, research into the mechanism of herbicide action in host–parasite systems may open the way to using new herbicide families for the chemical control of parasitic weeds.  
Other control methods Cultural, mechanical, and physical practices have been attempted for parasitic weed control, including crop rotation, fallowing, transplanting, hand-pulling, nitrogen fertilization, time and method of planting, intercropping, and solarization (Parker and Riches, 1993).  The impact of these methods is quite modest, or evident only in the long run. Moreover, in general, only a few can be considered control methods (i.e., hand-pulling and solarization) whereas all the others tend to give some advantages to the crop with respect to the parasite (e.g., escape the germination, grow faster, or produce more biomass to better tolerate the attack of the parasite). These methods could contribute preventing the distribution of parasite seeds from infested to uninfected areas. 
Hand-pulling. This method could be effective for some crops, especially in fields with a relatively low infestation or where the land cover by crops is low, but it is very expensive and time-consuming. However, parasitic plants can be removed only after their emergence, when most of the damage has been accomplished.  Thus, removing mature plants from an infested field before seed dispersal will reduce only the number of seeds, not increase the host yield in the short term (Verkleij and Kuiper, 2000). 
Solarization. The exploitation of summer sunlight to reach high temperatures (55 °C) under clear polyethylene mulch covering the soil for several weeks is another approach to achieve the destruction of the parasitic weed soil seedbank.  Soil solarization was successfully applied in some European Countries and the Middle East for crops of tomato, eggplant, faba beans, lentil, and carrot, where the environmental conditions are favourable to the use of this method (Sauerborn et al. 1989; Mauromicale et 
al., 2005). 
Genetic Strategies Due to their growth behaviour, amount, and longevity of seeds released, and, generally, a large cultivar of hosts, the control of parasitic plants can be difficult.  The production of resistant crop cultivars, achieved by a number of different means, can represent a durable and reliable alternative to reduce their impact on cultivations (Table 2). 
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Table 2. Examples of various genetic approaches pursued to obtain resistant genotypes to Orobanche and Phelipanche spp. in vegetables and legumes 
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Conventional breeding Diverse genetic sources of resistance to Orobanche spp. and Phelipanche spp. have been identified in cultivated vegetable and legume cultivars  as well as corresponding wild relatives. The release of germination stimulants or haustorium-inducing factors in low amounts or in a different and/or less-inducing composition is responsible for pre-attachment resistance mechanisms, leading to the escape of parasitic-seed germination or haustorium-initiation. On the other hand, a resistance reaction directed to the establishment of the parasite depends on the accumulation of phenolic compounds (callose or suberin) in the cortex of a non-susceptible host plant, while a post-establishment resistance, gradually reducing parasite viability, is based on the accumulation into host vascular cells of mucilage-like substances that block nutrient translocation (Yoder and Scholes, 2010). Only moderate levels of resistance against P. aegyptiaca, P. ramosa and O. cernua were detected in tomato cultivars (Dalela and Mathur, 1971; Qasem and Kasrawi, 1995; Avdeyev 
et al., 2003; El-Halmouch et al., 2006; Hershenhorn et al., 2009; Draie, 2017). In some cases, an effect of host plant age on the response to P. aegyptiaca, likely depending on the varying composition of root exudates, was found (El-Halmouch et al., 2006; Hershenhorn et al., 2009). The tomato line PZU11 was reported to be completely resistant to P. ramosa and P. 
aegyptiaca only in field tests carried out in Russia, where is still used in breeding programmes (Avdeyev and Scherbinin, 1977; Foy et al., 1987; Avdeyev et al., 2003; Hershenhorn et al., 2009). Partial resistance against Orobanche and Phelipanche spp. was also shown by the tomato mutant line high pigment 2dg (hp-2dg) derived by the Manapal cultivar (Konsler, 1973), correlated to a low SL presence in root exudates (López-Ráez et al., 2008b). Some wild tomato relatives (Solanum pennellii, S. hirsutum, S. pimpinellifolium and S. 
chilense) showed absent or reduced amounts of emerged P. aegyptiaca shoots. Besides having the lowest capacity in inducing P. aegyptiaca seed germination, root exudates of S. 
pennellii displayed an inhibiting effect on developing tubercles, with an incompatible interaction following the haustorium penetration (El-Halmouch et al., 2006). Possible loci and genes involved in the resistance of the wild species to P. aegyptiaca were identified in two introgression lines (ILs) of S. pennellii LA716 in the genetic background of the tomato M82 (Bai et al., 2020). Pavan et al. (2016) selected a pea landrace highly resistant to O. crenata, with good yields in strongly infested soils. Compared to control, its root exudates showed a reduced concentration of SLs and stimulation of O. crenata seed germination. Advanced pea breeding lines resistant to O. crenata were obtained from a wide cross-programme between P. fulvum, 
P. sativum ssp. elatius, P. sativum ssp. syriacum and pea landraces. Such resistance occurred at the level of either reduced tubercle formation or further development. Remarkably, in broomrape-infested fields these lines gave higher yields than the parental pea cultivar Messire (Rubiales et al., 2020). In faba bean, several cultivars, derived mostly from the Egyptian donor line Giza402, showed variable degrees of resistance against O. crenata, based on a reduced penetration of the latter through the host vasculature (Nassib et al., 1982; Maalouf et al., 2011; Fernández-Aparicio et al., 2012). On the other hand, two breeding lines, Quijote and Navio, showed a lower induction of O. crenata, O. foetida and P. aegyptiaca seed germination, due to reduced release of germination stimulants in the root exudate (Fernández-Aparicio et al., 2012). In further experiments, the cultivar Baraca showed a broad-spectrum resistance and resulted to be the most resistant against all three species mentioned above (Rubiales et al., 2016). Chickpea accessions, resistant to O. crenata due to the reduced parasite seed germination, were also identified (Rubiales et al., 2003). Moreover, three chickpea genotypes partially 
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resistant to O. foetida showed a lower number of both attached and developed tubercles per host plant (Nefzi et al., 2016).  
Mutation breeding 
 Conventional mutagenesis was also applied to induce resistance to parasitic weeds in tomato and chickpea. Compared to the parental line M82, the tomato line Sl-ORT1 (S. 
lycopersicum Orobanche Resistant Trait 1), obtained by fast-neutron treatments, showed to be resistant against diverse Orobanche and Phelipanche species. In the mutant line, SL deficiency, together with reduced transcription of the gene SlCCD7 involved in SL biosynthesis, were found to be associated to the resistant phenotype. The latter was characterized also by increased branching, due to the lack of growth suppression of axillary buds related to SLs deficiency, and reduced AMF colonization (Dor et al., 2010, 2011; Koltai 
et al., 2010). Kostov et al. produced a large EMS-mutagenized tomato population, and six M2 plants were more resistant to P. ramosa infestation (Kostov et al., 2007). More tomato genotypes resistant to P. ramosa, P. aegyptiaca and O. minor were identified in TILLING (Targeting Induced Local Lesions IN Genomes) collections produced in Red Setter and Micro-Tom backgrounds. In the former case, the resistant genotype displayed an altered SL synthesis (Minoia et al., 2010; Disciglio et al., 2016;), while the Micro-Tom mutants were characterized by a point mutation in the CCD8 gene and by a branched phenotype. On the other hand, compared to the wild type, flower and fruit traits showed no significant differences (Hasegawa et al., 2018). Resistance against O. foetida was attained in five radiation-induced chickpea mutants, where the occurrence of either the alteration of SL exudation or the release of germination inhibitors was hypothesized (Brahmi et al., 2016), and in two faba bean mutants, which showed lower induction of seed germination and enhancement of some enzyme activities (Mejri et al., 2018).  
QTL mapping and molecular marker-assisted breeding 
 In some cases, genomic regions associated with resistance to broomrape were identified by employing molecular markers, genetic maps, and Quantitative Trait Loci (QTL) analysis (Fondevilla et al., 2010). In faba bean, three QTLs for broomrape resistance against O. 
crenata, scored as the number of emerged broomrapes, were found in a F2 population screened with isozymes, RAPD, seed protein genes and microsatellites. They explained 74% of the observed phenotypic variation (Román et al., 2002). In an F2 population of pea plants, two QTLs for O. crenata resistance were detected, but they explained only a moderate portion of the observed variation (Valderrama et al., 2004). In a subsequent work, four QTLs associated with field resistance, explaining a maximum of 33% of phenotypic variation, were identified in a RIL (Recombinant Inbred Lines) population derived from a cross between the wild Pisum sativum ssp. Syriacum, resistant to O. crenata, and a susceptible pea cultivar. Afterward, QTLs governing specific mechanisms of resistance, such as lower induction of O. crenata seed germination, lower number of established tubercles per host root length unit, and slower development of tubercles were highlighted (Fondevilla et al., 2010).  
Biotechnological approaches 
 Classical transgenic strategies have been employed to generate herbicide-resistant genotypes, which were insensitive to the herbicidal treatment, the active principle reaching and damaging the attached parasite, while moving through the root apparatus. In 
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acetolactate-synthase (ALS) transgenic carrots resistant to imazapyr (Aviv et al., 2002) and in transgenic asulam-resistant potatoes (Surov et al., 1998), effective control of P. aegyptiaca was achieved. In another strategy, the insect-derived sarcotoxin IA gene was expressed under a root-specific promoter in tomato. Pathogenicity assays with P. aegyptiaca-inoculated seeds showed the necrosis and abnormal growth of tubercles due to sarcotoxin effect, while tomato plants were not affected by the transgene (Radi et al., 2006). A key Orobanche gene (Mannose 6-phosphate reductase), involved in mannitol biosynthesis, was silenced in P. aegyptiaca after translocation of a M6PR-siRNA from engineered tomato plants. Because of the suppression of M6PR-mRNA, more necrotic tubercles and fewer underground shoots were observed (Aly et al., 2009). Similarly, tomato transgenic genotypes expressing a multiple-sequence RNAi construct targeting three P. aegyptiaca key genes – PaACS (1-amino- cyclopropane-1-carboxylate synthase), PaM6PR and PaPrx1 (peroxidase) showed the reduction of the number of tubercles (Dubey et al., 2017). When the RNAi approach was addressed to the tomato host genome, silencing two key genes involved in SL biosynthesis, CCD7 and CCD8, the level of SLs in both mutants decreased as well as P. 76amose root colonization, but plant morphology was severely affected by the SL deficiency, inducing dwarfing and increased branching in RNAi plants (Vogel et al., 2010; Kohlen et al., 2012). More recently, various genes involved in SL biosynthesis or transport have been edited in tomato through CRISPR/Cas9 technology, which allows to obtain precise mutations in the site of interest (Wakabayashi et al., 2019; Bari et al., 2019; Bari et al., 2021a; Bari et al., 2021b; Nicolia et al., 2021a). No or very low levels of SLs were detected in the root exudates of all mutants, which furthermore showed resistance to P. aegyptiaca infestation and, in one case, also to O. crenata and S. hermonthica. Except in one case (Wakabayashi et al., 2019), mutants showed the expected branched phenotype. Mutants in SlCCD8 and SlCCD7 genes were also obtained from protoplasts of tomato transfected with ribonucleoprotein complex (RNP) constituted by purified Cas9 and specific single guide RNAs (Nicolia et al., 2021b).  This procedure could allow the rapid generation of DNA-free tomato mutants carrying novel alleles conferring resistance against Phelipanche spp. and Orobanche spp. 
CONCLUSIONS AND PERSPECTIVES 

Orobanche and Phelipanche spp. represent an insidious threat to vegetable and legume crops, with increasing damage due to climate changes. The lore about the complex interaction between those parasitic species and their hosts has been improved only recently, with potential positive impacts on the development of innovative agronomic and genetic strategies. Several approaches for the management of these pests in the field have been developed and tested in the past few years. They include methods aiming to reduce the parasite seed banks in the soil, enable the growth of susceptible crops on infested fields, and suppress or reduce the growth and diffusion of parasitic weeds.  These objectives can be achieved by different agronomic, biological, or chemical methods, with different impacts on the environment and varying effectiveness in open field cultivations.  The latter two aspects must be wisely considered before adopting one or another approach, and a combined integrated management strategy is likely necessary for most situations. The development of novel digital and modelling approaches to monitor the parasite development under the soil surface will facilitate the implementation of more effective and 
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environmentally sound control methods (Eizenberg et al., 2012; Cochavi et al., 2017; Lati et 
al., 2019). The cultivation of crop cultivars resistant to parasitic weeds is also a powerful approach for broomrape management (Hershenhorn et al., 2009; Rubiales, 2003).  Nevertheless, it is fundamental to get more insights into the mechanisms by which the resistance occurs, with the aim to widen the genetic basis of resistance and limit the occurrence of new broomrape sub-species and ecotypes. Several broomrape-resistant genotypes were identified in germplasm collections and used in conventional breeding approaches. Such approaches, however, are complex and long, and frequently led to incomplete resistance.  Molecular-assisted breeding and biotechnological approaches are faster, and some interesting results have been already obtained. Genome sequences and functional information derived by -omics studies, now available not only for host species but also for diverse parasitic species, as for instance P. ramosa, P. aegyptiaca, S. asiatica and C. australis (Yao et al., 2016; Yoshida et al., 2019; Yoshida and Kee, 2021), can help develop novel breeding approaches. Access to information about genome structure and function as well as to efficient transformation/regeneration procedures is necessary to implement such new biotechnological approaches in a wide range of vegetable and legume crops (Cardi et al., 2017). The integration of agronomical management practices with different genetic resistance mechanisms is, however, mandatory to build a more effective and durable strategy to manage parasitic plant infestations in vegetables and legumes (Fernández-Aparicio et al., 2016, 2020; Jamil et al., 2021; Zarban et al., 2021).  
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