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Crenate broomrape, Orobanche crenata Forskal belongs to the family Orobanchaceae. It is a root holoparasitic weed devoid of chlorophyll and entirely dependent on host plants for its growth requirement. This parasite considerably infects plant species of the families Leguminosae, Apiaceae, and Asteraceae in highly infested drier and warmer areas of the world. It is well-known for its devastating effects on cool-season food legumes especially on faba bean (Vicia faba L.) and for threatening the livelihood of subsistence farmers. Yield losses of infected crops reach up to 100% depending on the level of infection by the parasitic weed. The long-term impact of the parasite is even more serious than its short-term effects as its numerous minute seeds are easily spread using different mechanisms and persist in the soil for up to 20 years. Besides, its management is difficult as no single method proved to be effective, economical, and complete in managing the weed. This review article gives an overview of information on the biological characteristics and harmful effects of crenate broomrape and summarizes scientifically proven management techniques for its effective management. Different approaches should be validated, demonstrated, and scaled for wider uses to manage crenate broomrape sustainably and boost the host crop productivity. Therefore, besides narrowing the knowledge gaps on the weed biology more strengthened efforts in searching for host plant resistance and/or tolerance based integrated management approaches by considering socio-economic and ecological conditions of faba bean growers are found paramount importance.
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INTRODUCTION

Parasitic weeds infect economically important crops and seriously threaten the livelihoods of small-holder farmers. Upon infection, they exploit other flowering plants for water, nutrients, metabolites, and hormones with the help of one or more haustoria (Restuccia et al., 2009). Parasitic plants from the families Convolvulaceae, Loranthaceae, Viscaceae, and Orobanchaceae grow on their host plants (Joel, 2009; Heide-Jorgensen, 2011). Orobanchaceae are by far the largest family of parasitic plants with a large number of species but only a few are considered as important in leading to economic losses (Lambrada, 2008; Joel, 2009; Parker, 2009; Heide-Jorgensen, 2011).

Crenate broomrape (Orobanche crenata Forskal) is a root holoparasite belonging to the family Orobanchaceae, which infects various dicot plants (Parker and Riches, 1993; Bennett and Mathews, 2006; Joel, 2009; Heide-Jorgensen, 2011). It causes the most widespread damage on cool-season food and forage legumes in northern Africa, southern Europe, and western Asia countries (Joel, 2009; Restuccia et al., 2009), and also occurs sporadically on vegetables like carrot, eggplant, and tomato (Linke et al., 1993; Dahan and El-Mourid, 2004; Matusova and Bouwmeester, 2005; Rubiales et al., 2006; Lambrada, 2008).

Cool-season legumes [faba bean (Vicia faba L.), field pea (Pisum sativum L.), lentil (Lens culinaris Medik), grass pea (Lathyrus sativus L.), and chickpea (Cicer arietinum L.)] are cultivated for food, income generation, animal feed, and also as break crops to improve soil fertility and reduce pest infestation. Crenate broomrape causes high levels of damage on cool-season legume crops, in terms of both yield and quality, mainly because of its close underground physiological connection with host plants. It is especially damaging faba bean, peas and lentils, and has seriously reduced areas planted to these crops mainly around the Mediterranean region and Middle East countries (Parker, 2002, 2009).

Cool-season legume crops are grain legumes widely cultivated in Ethiopian farming systems. Faba bean is one of the major legume crops with various benefits for the farming community when included in cropping systems. It occupies the largest share of area under pulses and the production volume of pulse crops. It had occupied about 0.45 million hectares (Mha) of land with an annual production of about 0.85 metric tons (MT) and a productivity of 1.9 tha−1 (CSA, 2016). FAO (2019) reported that Ethiopia is cultivating faba bean on 0.519 Mha of land, producing on average 0.92 MT annually, and having a 21.03% share of the global production. This makes the country the second largest faba bean growing country in the world after China; the country that recorded 0.933 mil ha land, 1.64 mil ton production and 37.26% share of the world production.

Since its introduction in the northern part of Ethiopia in the 1980s, crenate broomrape parasitism on legume crops, especially on faba bean, has become increasingly important (Besufekad et al., 1999; Abebe et al., 2013). Faba bean cultivation is strongly hampered by the occurrence of the parasite, which threatens the livelihoods of many farmers (Besufekad et al., 1999; Rezene and Kedir, 2006; Abebe et al., 2013). According to these authors, yield losses of faba bean due to the weed interference can reach up to 100%, depending on the levels of infection in the crop, which vary with infestation levels of the growing fields, host-parasite interaction, and environmental conditions.

Different cultural practices have been tried to manage crenate broomrape in faba bean fields (Abebe et al., 2013; Mekonnen, 2016). So far, no effective management practices have been developed and adopted. Unrestricted and continuous spread and dense presence of the weed force farmers to scarify the cultivation of faba bean, the most valuable host crop, resulting in substantial reductions in both cultivated areas and production (Abebe et al., 2013). These have also limited the traditional practice of crop rotation, hindering the nutritional, economic, and ecological benefits from the diversified cropping systems. Although the parasitic weed is spreading and affecting the livelihoods of food legume growers, little emphasis is placed on developing knowledge and management practices.

The development of effective containment or management strategies depends on a better knowledge of the biology and physiology of crenate broomrape. Identity, distribution, host ranges, detailed knowledge of the specific mechanisms of parasitism, damage caused, and possible management options need to be studied for this obscure parasitic weed. As there is no standard integrated management “package” developed for the parasite that can be implemented, a relevant integrated management strategy needs to be developed and adjusted to meet the individual cropping system, local needs, and farmer preferences. To reduce the elevated infestation and impacts of the parasite, there is a strong need for integrated management practices based on host plant resistance and tolerance, taking into account the host-parasite association and the prevailing socio-economic and ecological conditions. The parasitic weed has, in general, considerable negative implications in farm productivity and in the country's economic development at large. Therefore, the aim of this article is to give an overview of the biology, economic impact, and management practices of crenate broomrape that can benefit researchers, development agents, and farming communities, mainly in Ethiopia.



BIOLOGICAL CHARACTERISTICS OF CRENATE BROOMRAPE

The Orobanchaceae family has more than 150 species, but only a few are considered economically important on agricultural crops (Lambrada, 2008; Joel, 2009; Parker, 2009; Heide-Jorgensen, 2011). The most severe species are O. crenata Forskal, Orobanche cumana Wallr, Orobanche cernua Loefl, Orobanche foetida Poiret, Orobanche minor Sm., Phelipanche ramosa (L.) Pomel, and Phelipanche aegyptiaca (Pers.) Pomel. The two genera Orobanche and Phelipanche were commonly named broomrape indicating the damage and impact made by these parasites on their host crops.

Crenate broomrape (O. crenata) naturally has unique morphological characteristics such as unbranched stem and dense inflorescence, which is usually white with purple veins (Lambrada, 2008). The plant has no green parts, with only leafless flowering stem up to 100 cm high, bearing alternate scales <2 cm long visible above the ground. The spike is loosely flowered, interrupted below, and continuous above. The base of the stem, below the ground, is normally swollen and tuberous. It is a short-lived plant growing on the roots of broadleaf host plants to obtain its growth requirement. Mathieu et al. (2012) reported that crenate broomrape has diploid chromosome numbers (2n = 38). The plant is normally outcrossing but is facultatively autogamous. The occurrence of allogamous O. crenata as a native species is unknown, like the exclusive in crop fields' appearance of autogamous Striga aciatica but unlike the allogamous S. hermontica (Roman et al., 2002).

The main host crops of the parasite are restricted to the families Leguminosae, Apiaceae, and Asteraceae but sporadically occurred on crops under the families Cucurbitaceae, Solanaceae, Lamiaceae, and Ranunculaceae (Parker, 2013). It has been reported by various authors and reviewers; Rezene and Kedir (2006), Joel et al. (2007), Abbes et al. (2008), and Restuccia et al. (2009) that crenate broomrape is parasitic on a wide range of legumes such as faba bean (V. faba L.), field peas (P. sativum L., P. sativum var. abyssinicum), lentil (L. culinaris Medik), chickpea (C. arietinum L.), vetch (Vicia sativa L.), clovers (Trifolium spp.), grass pea (L. sativus L.), and groundnut (Arachis hypogaea L.). Also, it infects carrot (Daucus carota L.), safflower (Carthamus tinctorious L.), geraniums (Geranium spp.), lettuce (Lactuca sativa L.), parsley [Petroselinum crispum (Mill.) Nym], celery (Apium graveolens Dulce), cumin (Cuminum cyminum L.), eggplant (Solanum melongena L.), tomato (Lycopersicon esculentum Mill.), verbenas (Verbena spp.), and many other cultivated vegetable, oil, spice, and ornamental plant species.

Normal development of the parasite starts with seed germination that comes in response to the reception of a chemical stimulus from host roots following a period of conditioning that is required for dormancy-germination transition (Zhou et al., 2004). According to Uematsu et al. (2007), germination preceding seeds requires an after-ripening period and next specific preconditioning, which has been linked with water imbibition and production of gibberellins (GAs) that seem to be the prerequisites for germination. A moist environment is required for several days together with suitable temperatures before the mature seed is responsive to germination stimulants. This preparatory period is known as conditioning or preconditioning.

Optimum temperatures for the conditioning and germination of crenate broomrape are in the region of 15–20°C (Restuccia et al., 2009), but prolonged exposure to these temperatures in the absence of a stimulant leads to secondary dormancy, while much higher temperatures are inhibitory (Timko et al., 1989; Joel et al., 1995; Kebreab and Murdoch, 1999). It only germinates in response to specific chemicals released by the host plant, host-derived strigolactones at the time of host detection (Das et al., 2015). The conditioned seeds remain responsive to germination stimulants for several months (Bouwmeester et al., 2007). Their ability to respond to germination stimuli fades gradually when the seeds dry and then they remain dormant until reconditioned. Natural strigolactones that are isolated and identified to date are strigol, alectrol, and orobanchol (Matusova and Bouwmeester, 2005; Yoneyama et al., 2009).

Crenate broomrape spends most of its life cycle underground where it undergoes processes of conditioning, the reception of host-encoded stimulus molecules, germination, chemotrophic radicle growth toward host root, haustorium differentiation from the radicle, haustorial penetration of the host, the formation of vascular connection with the host, acquisition of host nutrients, and the initiation and development of tubercles before the emergence of shoots and the diagnosis of infection establishing the host-parasite relationship (Dorr and Kollmann, 1995; Joel et al., 2007; Fernandez-Aparicio and Rubiales, 2011; Westwood, 2013).

Seed conditioning of crenate broomrape induces a decrease in abscisic acid (ABA) levels and GAs synthesis. Interestingly, experimentation carried out on broomrapes specialized in summer crops revealed their lower requirement for conditioning when compared with species specialized in winter annual crops highlighting the ecological adaptation of these parasites to the cropping system in which they become specialized (Plakhine et al., 2009). Crenate broomrape seedling must have contact with a host root immediately after the germination from such a minute seed size to ensure its survival. It is a complete root parasite with devastating effects on many legume crops (Fernandez-Aparicio et al., 2012).

The life cycle of the parasite is strongly cued to that of its host (Figure 1). The life cycle of root parasitic angiosperms, i.e., orobanche, phelipanche, or striga is very similar to each other, comprising an independent and a proper parasitic phase (Joel, 2000). Upon host-induced germination, the seed embryo develops only a radicle independently with the functions of searching and contacting the host root. At the parasitic phase, the plant depends totally on its host for all nutrients and becomes an active sink comparable to an actively growing part of the host plant itself. Shortly after host penetration and connection, the parasite begins its heterotrophic growth at the expense of host resources. The haustorial structure allows intimate contact between the parasite and host, with consequent absorption of water and nutrients from the host plant (Hibberd et al., 1999), hormones (Suzuki et al., 1994), toxins (Rank et al., 2004), and almost everything able to travel through vascular connections, including genes (Mower et al., 2004).
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FIGURE 1. Life cycle of crenate broomrape: (A) seeds in water bubble, (B) underground tubercles, (C) emerging shoots, (D) flowering shoots, and (E) seeds shedding mature parasitic plant.


A few days after the host vascular connection, the part of the crenate broomrape seedling that remains outside the host root develops into a storage organ called a tubercle. As the tubercle matures, a crown of adventitious roots will emerge from it carrying a capacity of developing lateral haustorial connections. Underground shoots also develop from the tubercle, which eventually emerges through the soil surface leading to the development of reproductive organs. The particular characteristics of the parasite like underground development and attachment to host roots hamper the development of effective management strategies (Joel et al., 2007).

Most damages from crenate broomrape occurred before it emerged from the ground, and only 10–30% of the attached parasites emerged above the ground (Sauerborn, 1991). In crop plant fields, the parasite has now been found to be well-nourished, allowing its plant population to develop extremely well and sets a lot of seeds contained in capsules. The plant set about half a million-minute seeds per season, ranging in size from 0.2 to 2 mm, which are easily disseminated over long distances by irrigation and/or flood water, wind, animals, and human beings, and persist in the soil viable up to 20 years (Joel et al., 2007; Gevezova et al., 2012; Habimana et al., 2014). Thus, a single plant of the parasite is capable of heavily increasing soil seed bank and/or rapidly infesting new fields.

The important spreading agent is the uncontrolled grazing of animals (Panetta and Lawes, 2005). The seeds remain viable after passing through the alimentary system of animals, as result manure can be contaminated with its viable seeds. The seeds can also easily adhere to the hairs and feet of animals, and transfer to new fields upon the animals' free transference from infested to weed-free fields. Farm products, like seeds or hay, and farm tools can carry the weed seeds if contaminated in the infested field(s).

Crenate broomrape is a thermophilic plant that frequently requires dry conditions and light soils to be invasive. Because low atmospheric humidity ensures a high rate of transpiration, which enhances the movement of water and the solute from the host plant, it is speculated that the parasite occurrence is favored by such a condition (Parker and Riches, 1993). According to Mohamed et al. (2006), scenario analyses of climatic changes taking the form of increased temperatures and drought in many areas of the world could pose greater threats to the host crop production due to Orobanche spp. infestation. In addition, Parker (2014) indicated that where there is moisture stress and poor soils, there can be greater damage to the point of total crop failure due to Orobanche spp. It is likely that a negative effect of some agricultural pests can increase with a rapid climate change that results in favorable growth conditions for the parasite and environmental stress on host crops reducing their resistance and/or tolerance, particularly in less intensively managed production systems.

According to Fernandez-Aparicio et al. (2016a), many of Orobanche spp. traits such as the lack of photosynthesis, underground parasitism with the late appearance of shoots, prolific seed production, complex mechanisms of seed dispersal and longevity, and a physical and metabolic overlap with host crops or the lack of functional roots reduced the efficiency of conventional management programs. These provide the parasite species with great genetic adaptability to environmental changes, including host resistance, agronomical practices, and herbicide treatments (Joel et al., 2007). Due to this, available management efforts against broomrapes have not proven as effective, economical, and applicable as predicted (Goldwasser et al., 2008; Perez-de-Luque et al., 2010).



IMPACTS OF CRENATE BROOMRAPE

The cultivation of cool-season food legumes is strongly hampered by the occurrence of crenate broomrape threatening the livelihoods of many farmers around the Mediterranean region. Upon infection, it causes severe and visible damage to host plants, including wilting, a reduction in stands, flower dropping, severe yield losses, and poor seed quality (Habimana et al., 2014; Fernandez-Aparicio et al., 2016a). Moreover, early and dense infection of the parasite can kill the host plant before physiological maturity. The earlier symptoms on the host plant can be observed even before the emergence of the weed shoots.

Crenate broomrape causes high levels of losses on host crop yield and seed quality. Yield losses reach up to 100% depending on the level of infection, which also depends on the extent of infestation of an area, host species resistance and/or tolerance, soil fertility, and weather conditions during crop growth (Lambrada, 2008; Habimana et al., 2014; Fernandez-Aparicio et al., 2016a). Heavy infestation of the parasite not only leads to a complete crop failure but also makes the field sick for many years. These situations pose a serious economic concern and necessitate effective management of the parasite. The species is aggressive in nature causing the most widespread damage to its host crops and tolerant to management measures (Dahan and El-Mourid, 2004). According to Fernandez-Aparicio et al. (2016a), the infection due to broomrape caused reductions in host biomass in both vegetative and reproductive organs, the latter being more affected. Infection at later stages affects host development, flowering, and fruiting by causing chlorosis or inhibiting growth. In many cases, due to parasitic infection, the number of host flowers was reduced, pollinated flowers shed, fruits drop before ripening, or fruits do not grow to their optimal size.

Crenate broomrape causes the most widespread damage, and it is considered a major constraint and also remained a constant threat to the cultivation of host crops in Ethiopia. It has increasingly become the actual threat in cultivating economically important cool-season legume crops in Amharara and the Tigray Regional States, as reported since the 1990s (Asefa and Endale, 1994; Adugna et al., 1998; Besufekad et al., 1999). Furthermore, Rezene and Kedir (2006) and Abebe et al. (2013) reported that it infects seriously the faba bean and also infects field peas, lentils, chickpea, and vetch. This parasite is found to be a serious problem in the country due to many major reasons. Initially, the host crop is widely grown, the local varieties are found to be susceptible to its infection in different locations, and both the parasite and its management methods are unknown by the growers of this area. Moreover, dry weather conditions, light soil, and poor soil fertility of the areas are found to be favorable for its invasion and also farmers of the areas are practicing less intensively managed production systems.

In the world, faba bean can be parasitized mainly by the three different species of broomrape, namely, O. crenata (crenate broomrape), O. foetida (foetida broomrape), and P. aegyptiaca formerly O. aegyptiaca (Egyptian broomrape) (Rubiales et al., 2006; Joel et al., 2007). The crenate broomrape that causes damage on faba bean is the commonest in countries adjacent to the Mediterranean. It extends sporadically eastwards as far as Pakistan and India, southwards into northern Africa, and northwards into southeastern Europe as indicated in Figure 2 (CABI, 2021).


[image: Figure 2]
FIGURE 2. A map showing the crenate broomrape distribution represented by a red color in the world after CABI (2021).


It is speculated that crenate broomrape was introduced to the northern part of Ethiopia from abroad unknowingly with grains meant for food aid in the 1980s (Besufekad et al., 1999). Initially, it was a low-lying warm area problem but later on it has become a problem in high altitudes too (Abebe et al., 2013; Mekonnen, 2016). The spread of the parasite in Amhara and Tigray Regional States within a few years of its introduction demonstrates the limited efforts done in managing its spread and impacts. For instance, the community failed to implement the suggested joint program by agricultural researchers to eradicate, contain, or manage the species on the specific site where it is found essential (Rezene, 1998; Rezene and Kedir, 2006).

Crenate broomrape has already spread in South Tigray, South Gondar, and the South and North Wollo Zones (Belay, 2015; Mekonnen, 2016; Brhane, 2017). It has been a cause of great concern among farmers who grow legumes extensively. As a result, many farmers have been forced to abandon the growth of cool-season legume crops, like faba bean, and weed-free neighboring areas are also potentially under the abovementioned threat. Abundance and invasiveness of the parasite are more serious in the eastern Amhara and southeastern Tigray National Regional States than in other areas (Figure 3). The infested districts in the two regions include Kutaber, Dessie-Zuria, Tenta, Mekidela, Meket, Wadla, Tach-Gaint, Farta, Fogera, Ofla, Enda-Mehoni, Raya-Alamata, Emba-Alage, and Raya-Azebo (Abebe et al., 2013; Mekonnen, 2016; Brhane, 2017).
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FIGURE 3. Crenate broomrape distribution in the Amhara and Tigray regions, northern Ethiopia after Belay (2015).


Frequent cultivation of host crops, moisture deficit, poor soil fertility, and the lack of awareness of the biological nature of crenate broomrape seem to be the main constraints aggravating the impacts of the parasite in Ethiopia. These limitations, coupled with ever increasing population pressure fastening ecological degradation and climate change, are exacerbating parasite infestation and impacts year after year. Animal grazing on infested fields has widely spread the parasite and enriched the soil seed bank. In the highly infested areas, as a result of the complete devastation caused by crenate broomrape, growers at large avoided growing host crops, resulting in substantial reductions in both cultivated areas and crop production. Besides causing yield loss and reduction in the cultivated area of host crops, the parasite also reduces the crop quality (Lal et al., 2017). These situations can considerably affect the genetic resources of food legumes in the country too. Moreover, the unrestricted continuous spread and dense occurrence of the parasite have also limited traditional crop rotation practices, hindering the economic, nutritional, and ecological benefits of diversified cropping systems.

Abebe et al. (2013) stated that crenate broomrape is putting all food legumes at jeopardy and indirectly productivity of cereals regular diminution due to limitation on rotational crops that resulted cereal based mono-cropping system. Thus, the authors suggested the development of a future strategy for checking the dispersal of the weed by the creation of necessary attitudinal changes and legislative measures to tackle the problem. Currently, large areas of northern Ethiopia are endangered, which causes huge amounts of yield losses from infected legume crops and also the remaining parts are at risk of a new infestation. According to Belay (2015), more than 0.05 Mha of faba bean production area in the country is at risk of collapse due to the rapid expansion of parasite infestation since its introduction.

It can be realized that although the problem of devastating weed infestation is widely increasing in the area, research and management efforts made in the country are too small. Animals' free grazing in infested fields and the movement of contaminated farm products, such as seeds and straw, and farm tools are the commonest agents that assist the dispersal of parasite seeds among neighboring areas. In addition, one should learn from others' experience that a serious infection by crenate broomrape in specific host crops today might extend to other related crops in the future unless possible efforts are undertaken in restricting the infestation. In general, the harmful effects of the parasite have considerable negative implications on farm productivity and the country's economic development at large.



MANAGEMENT OF CRENATE BROOMRAPE

In Ethiopia, farmers are not even aware of the biological nature of crenate broomrape and use their own usual management options while managing the weed (Asefa, 2008). As a result, they end up with ineffective parasite management. Farmers in different localities gave the parasite different names such as Akenchira, Daymerch, Kitign, Gelmit, Metselema, and Yejibras indicating the harmfulness and difficulty in managing the nature of the parasitic plant. Several weed management options against the weed have been reported in different parts of the world. The available management options are reviewed below so that they can be used in consideration of farming conditions to minimize their dispersal and impacts.


Preventive Measures

If implemented consistently in an organized manner, preventive measures are valuable techniques to avoid the entry, dispersal, and dense occurrence of crenate broomrape. It needs to have a preventive program targeting the difficulty of managing the parasitic weed at the national level. Besides strict preventive measures, the creation of adequate know-how among farming communities helps to avoid the introduction and dispersal in parasite-free areas. To prevent further expansion to the central and southern parts of the country, restricting the local movement of infested farm inputs and creating knowhow about the potential impacts of the weed at the farmer level are crucial.

Species of Orobanche are listed as a prohibited pest in virtually all countries with developed plant quarantine systems. Due to increased global travel and trades, the number of entering or emerging serious weeds and their impacts may increase unless quarantine actions at ports and containment in already infested areas are strengthened and implemented. Preventive measures are unknown and are not adopted by most farmers, which contributes to further dissemination of the parasite. Very large weed-free areas are at risk of invasion if care is not taken to limit the spread of already introduced species and prevent the introduction of new species by raising awareness among agricultural experts and farmers.


Quarantine Measures

Appropriate quarantine measures are useful in preventing the spread of weed seeds in farming systems. Strict local quarantine measures at various levels—regional, zonal, district, or community jurisdiction help in preventing the introduction of crenate broomrape into parasite-free areas. Prevention of seed distribution and containment of infested areas are practices that are considered necessary in weed management strategies. The important task for winning against such a parasite is to avoid fighting it (Habimana et al., 2014); therefore, local quarantine is an essential element in the prevention program for weed-free faba bean growing areas.

The alarming cross-border and local spread of Orobanche is largely due to the effective way in which the parasite spreads to a large extent through human-mediated dispersal (Goldwasser and Rodenburg, 2013). Strong local quarantine legislation and community awareness or ownership of the problem are crucial to successfully avoid or curb the spread of the parasite in high-risk areas. Eradication programs can be considered in the early stages of weed emergence in new areas, and containment is essential to prevent the spread of the infestation (Habimana et al., 2014).



Phytosanitary Measures

The strength of the parasitic weed lies in its ability to form a seed bank in the soil. Phytosanitary measures aim to reduce this seed bank while minimizing the production of new seeds and their dispersal to new sites (Panetta and Lawes, 2005). Phytosanitary measures could be effective and one of the most economical methods to reduce parasite infestation in agricultural fields.

It is crucial to prevent the movement of parasite seeds from infested to non-infested agricultural fields by contaminated seed lots, straw, farm tools, or machinery is crucial (Panetta and Lawes, 2005). Weeding before seed setting, stubble burning, and the use of uncontaminated seeds ensure clean fields during the season if the soil was not previously infested. It is also important to know that agricultural products of various crops can carry the parasite seed if harvested from an infested field, so it is necessary to avoid the use of such seeds and hay from infected plants and infested fields. Farm tools need to be always cleaned after being used in an infested field to avoid the transfer of the weed seeds to non-infested fields. The use of fermented or thoroughly composted manure is essential, as the fermentation process kills parasite seeds. In addition, free grazing of animals in weed-infested areas should be avoided as their hairs and legs can carry and transfer seeds. It also needs to divert wind and water of erosion or irrigation water moving from field to field carrying the parasite seed.

Thus, phytosanitary measures could be effective and one of the most economical methods to reduce crenate broomrape infestation in agricultural fields. It is believed that the weed seeds were introduced into northern Ethiopia with grains meant for food aid in the 1980s (Besufekad et al., 1999). It then spread from the place of introduction to the other areas, mainly through seed exchange among farmers and also due to the fact that agricultural development agents and non-governmental organizations moved farm inputs throughout the country without any restrictions. Therefore, proper phytosanitary measures are necessary both to reduce the weed seed inoculums at the site of infestation and to prevent their spread into new areas.




Cultural Practices

Several cultural practices have been described for the management of parasitic weeds in food legumes. In faba bean fields, cultural practices against crenate broomrape include crop rotation, adjustment of sowing dates, intercropping, fertilizer application, and hand weeding.


Crop Rotation

Crop rotation is an integral part of the crop production system. A well-planned cropping sequence can considerably reduce pests, improve organic matter levels and soil structure, and consequently increase farm productivity. To combat crenate broomrape infection in the host crop, Mekonnen (2016) indicated that farmers should be advised to practice crop rotation over long periods. Crop rotation involving non-host crops and fallows is a key option in reducing the impacts of the weed. Crops such as alfalfa (Medicago sativa), wheat (Triticum spp.), and cultivated oat (Avena sativa) used in crop rotation to reduce soil seed bank of the weed (Abbes et al., 2008; Perez-de-Luque et al., 2010). However, crop rotation is not very effective as it takes several years to reduce the parasite's seed bank. Proper management can be achieved after a nine-course rotation to prevent the seed bank from increasing (Grenz et al., 2005). In Ethiopia, in areas heavily infested by crenate broomrape, farmers cannot grow cool-season food legumes and instead they grow common beans (Phaseolus vulgaris L.) and fenugreek (Trigonella foenum-graecum L.) crops.

The efficacy of crop rotation for crenate broomrape management can be increased if trap and/or catch crops are included in the rotation (Habimana et al., 2014). Particularly, commercially valuable trap crops promote parasite seed germination but do not support parasitism. Flax (Linum usitatissimum L.), coriander (Coriandrum sativum L.), basil (Ocymum basilicum L.), fenugreek (T. foenum-graecum L.), and Egyptian clover (Trifolium alexandrinum L.) were recommended as successful trap crops on the parasite (Restuccia et al., 2009; Rubiales and Fernandez-Aparicio, 2012; Habimana et al., 2014). While catch crops promote seed germination and support parasitism, they are destroyed prior to parasitic flowering to reduce the crenate broomrape seed bank in the soil. Catch crops like the susceptible faba bean variety are usually used for the green pod, forage, or green manure before the emergence or flowering of the parasite to reduce the seed stock by more than 30% in a season (Nadal et al., 2005).



Adjustment of Sowing Dates

Planting dates could be manipulated to minimize crenate broomrape infection, as environmental factors affect the germination and development of the parasite (Manschadi et al., 2001). It is reported that shifting faba bean sowing from October to November and from December to January reduced the numbers and dry weight of attached and emerged broomrapes, both O. crenata and O. foetida (Grenz et al., 2005). In late-sown crops, two factors are known to reduce parasite damage: decreasing seed germination due to suboptimal soil temperatures and obstructing seedling development during underground stages (Habimana et al., 2014).

Early planted faba bean was severely infected by crenate broomrape than the delayed sowing one in the Tach-Gaint district of the South Gondar zone (Kemal and Olivera, 2016). The authors indicated that delayed sowing resulted in a reduction in seed size and yield compared to early planting. Indeed, faba bean has a long growth period and requires early sowing while delaying the sowing date implies shortening the grain filling, which is detrimental to yield if extending for more than 2 weeks from the optimum period (Grenz et al., 2005). According to Manschadi et al. (2001), only in moderately infested plots, shifting of the planting time of faba bean result in a significant decrease in parasite dry weight and an increase in crop seed yield.



Intercropping

Intercropping is a method that facilitates simultaneous crop production and ecological conservation. Tomato intercropping with maize and snap bean has been used in the regions of Africa as a low-cost technology for broomrape management (Oswald et al., 2002). Maize and snap bean as trap crops showed better performance in stimulating germination of the Orobanche soil seed bank that is raised by more than 70%. These two crops also complemented each other in intercropping, and the soil seed bank of O. ramosa and O. cernua was depleted by 72.5% per season. Also, the yield of tomato increased significantly due to the reduction of Orobanche soil seed bank in the 3rd season due to the trap crop, maize (Abebe et al., 2005).

Zemrag and Bajja (2001) indicated that fenugreek and coriander intercropping with faba bean increased the crop yield by 18 and 15%, respectively. These trap crops decreased the number of attached parasites per host plant and disturbed their development. It is reported that intercropping cereals, fenugreek, or berseem clover with faba bean or field pea reduced crenate broomrape infection due to allelopathic interactions (Fernandez-Aparicio et al., 2010). Fenugreek root exudates produce trigoxazonane, which is believed to inhibit parasite seed germination (Evidente et al., 2007). Field experiments showed that intercropping faba bean or pea with oat reduced parasite infection due to the release of allelochemicals by the oat roots (Fernandez-Aparicio et al., 2013).



Fertilizer Application

Dense infection of crenate broomrape on faba bean tends to be associated with less fertile soils (Trabelsi et al., 2017). In contrast, a high level of composted manure or nitrogen (N) fertilizer showed a suppressive effect on the parasite (FAO, 2008). Nutrient management can promote both resistance and tolerance to broomrape parasitism in crops at pre-attachment and also after establishment stages (Parker, 2009). Moreover, in addition to the toxic effects on seeds and seedlings of the parasite, fertilization can protect crops from parasitism by means of downregulating crop synthesis and exudation of strigolactones, the most potent germination-inducing factors for root parasites (Fernandez-Aparicio et al., 2016b). Soil fertility management can be categorized into two groups, considering its reducing effect on the parasite; management using organic and inorganic fertilizers.


Organic Fertilizer

Manure application can aid a sustainable farming strategy by improving soil fertility and reducing parasite infection of host crops (FAO, 2008). In addition, manure fertilization augments the killing effect of solarization on crenate broomrape seeds (Haidar and Sidahmed, 2000). An increase in soil organic matter encourages the development of soil microflora and fauna that accelerates decomposition and facilitates predation of target weed seed (Ayongwa et al., 2011). Moreover, in soils with adequate organic matter content, many legumes, including faba bean, can have an adequate symbiotic relationship with beneficial microbes. There are conflicting ideas among farmers concerning the impact of soil fertility improvement using manure on crenate broomrape infested fields (SARC, 2015). In some cases, a good increase in crop yield was recorded, but in others, the crop was damaged after manure application. Nevertheless, manure application seems to be a useful asset if implemented after composting and proper rate adjustment.



Inorganic Fertilizer

Phosphorus (P) and N are described in downregulating strigolactones exudation in some crop species (Yoneyama et al., 2012). In the Tach-Gaint district of the South Gondar zone, ammonium N fertilization at 75 kg N ha−1 reduced crenate broomrape infection on faba bean with a substantial increase in the grain yield of the crop (Kemal and Olivera, 2016). Trabelsi et al. (2017) found that both N and P deficiencies enhanced the exudation of strigolactones on faba bean genotypes. With an increase in the application of nitrogen fertilizers, the extent of parasite infection in host crops decreases (Fernandez-Aparicio et al., 2016b). The authors pointed out that in some cases, a good increase in crop yield was recorded but in others, the crop was damaged and that implies the need to maintain a correct balance between N and P fertilizers.




Hand Weeding

Manual weeding is useful to avoid the spread of seeds and further accumulation of the soil seed bank at the commencement of crenate broomrape infestation in the field. Hand pulling of flowering shoots is an effective management method if labor is available and the weed population is found sparsely (Etagegnehu, 2005; Asefa, 2008). In addition, combined with other methods, it can serve for efficient removal of the weed even in heavily infested areas (FAO, 2008).

Some disadvantages of hand weeding include: (1) damage from the parasite normally occurs prior to its appearance, (2) while handing removal at early vegetative growth stage, uprooting of crop plants together with the parasite take place and new flashes occur within a few days following the parasite shoot uprooting, and (3) it becomes unpractical with the escalation of the dense weed infestation. The pulled-out shoots also need to be immediately collected, pilled, and burned. Hand pulling as a management practice does not show any yield increase in the current crop but plays an important role in reducing the parasitic soil seed bank in the long run (FAO, 2008).




Mechanical Control

The host location is a critical part of the life cycle of most damaging obligate parasitic weeds that depend on the limited reserves available in their seeds to quickly locate suitable hosts. Host location disruption in respect to the parasite thus seems a promising practice for its management strategies. Deep plowing to 50–60 cm is suggested to bring the seeds of broomrapes to a depth with less oxygen availability and therefore a reduction in their germination capacity (Van Delft et al., 2000). On the other hand, Lopez-Bellido et al. (2009) indicated that minimum tillage reduced the number of viable seeds incorporated into the soil and then their capacity to reach the crop root. The same authors also reported that zero tillage can considerably reduce O. crenata infection in faba bean.



Physical Control

Physical control methods are very useful in managing broomrapes but are tedious, time-consuming, and costly. Physical control methods that can be used for crenate broomrape management include flooding, soil solarization, microwave or electromagnetic radiation, and others.


Flooding

Flooding for a period of at least 6 weeks caused the decay of crenate broomrape seeds in the soil (Linke, 1999). This practice proved to be useful in irrigated areas or if food legumes are planted after waterlogged soils have dried. Another exemplary finding for good suppression of O. cernua was achieved by maintaining continuous flooding for about 2 months prior to tomato draining and planting at Upper Awash Agro-Industry (Ahmed and Mohammed, 1992).



Soil Solarization

Solarization, warm mulching, or solar pasteurization of moist soil, usually for periods lasting 45–60 days during the warmest season, have proven to be the most effective in reducing crenate broomrape in open crop fields (Haidar and Sidahmed, 2000; Mauromicale et al., 2001). Ashrafi et al. (2009) observed that effective solarization was accomplished by the application of clear polythene sheets on moist soil for 63 days in the hot season. This treatment killed about 95% of the buried viable seeds and induced secondary dormancy in the remaining percentage. Similarly, Habimana et al. (2014) indicated that temperatures of 48–57°C killed broomrape seeds that were in the imbibition state; hence, the soil must be wet at the time of treatment. It is not applicable in rain-fed systems for economic reasons, but under irrigation systems, soil solarization with polythene sheets could be a much more interesting measure to reduce weed infestation (Restuccia et al., 2009). Relatively, the high cost of this method can be partly compensated by managing difficult-to-control (obnoxious) pests, including other problematic weed seeds, nematodes, and fungal and bacterial pathogens besides an improvement in the nutrient status of soil and also its eco-compatibility. This approach has attracted the interest of many warm-climate countries because of its effectiveness, simplicity, and safety for humans, plants, and the environment.




Growing Resistant and/or Tolerant Varieties

Plant species that are not parasitized by a parasitic plant under natural conditions are considered non-hosts, resulting in the avoidance of parasitism, whereas plants capable of supporting parasite growth to physiological maturity are considered host plants, and within host species level of resistance and tolerance to parasitism may vary (Westwood et al., 2010). So far, it is well-agreed among breeders that no complete resistance has been found in legume crops against crenate broomrape. Most of the breeding for crenate broomrape resistance is mainly focused on faba bean (Roman et al., 2002; Maalouf et al., 2011).

The most widely used selection index to select partially resistant cultivars is the total number of emerged shoots per host plant. Food legume resistance to broomrapes is a multifaceted response, and several defense mechanisms have been detected, but the main mechanisms are cell wall reinforcement (Perez-de-Luque et al., 2005, 2006a, 2007), the production of toxic compounds (Lozano et al., 2007), and sealing of vascular tissues (Perez-de-Luque et al., 2006b). Resistance mechanisms identified in faba bean against the weed were due to a low induction of seed germination, and the inhibition of haustorium penetration and tubercle development (Perez-de-Luque et al., 2005; Abbes et al., 2010; Fernandez-Aparicio et al., 2012). Low production of strigolactones was reported as a good trait in faba bean and field pea breeding programs (Pavan et al., 2016). Breeding for crenate broomrape resistance is in its infancy and only one partially resistant faba bean cultivar called Hashenge (ILB 4358) was released and used by some farmers in northern parts of the country (Abebe et al., 2015).

Genetic diversity of O. crenata is reported in some countries. Using the results of 11 SSRs, 2 populations of O. crenata were identified irrespective of their geographic collections (Belay et al., 2020). Similar diversity was reported from Spain, Israel, and Morocco (Roman et al., 2002; Ennami et al., 2017). The existence of genetic diversity may favor the increase of the aggressive population that can attack partially resistant food legume cultivars.



Biological Control

A biological control refers to the use of natural antagonist(s) to exert pressure on the host population to reduce it to levels below the economic threshold. Unlike herbicides, bioagents have the advantage of being specific to the weed type and do not, directly and indirectly, contribute to environmental pollution (Sauerborn et al., 2007). Living organisms found to be effective in affecting parasitic weeds are insects, fungi, and bacteria (Amsellem et al., 2001; Boari and Vurro, 2004).

The fly Phytomyza orobanchia (Diptera: Agromyzidae) is reported to attack Orobanche species. This insect prevents seed production through the development of larvae inside the seed capsules of its target hosts and, thus, contributes to reducing its reproductive capacity and spread (Klein and Kroschel, 2002). Biological control on Orobanche spp. was tried in Ethiopia a long year back by Abuelgasim (1996) but since then no progressive work has been done. Because of their short lifetime aerially and enormous seed production, and vast damage on the host by unemerged plants, Orobanche cannot be regarded as ideal organisms for biological control by insects.

Moreover, numerous microorganisms potentially useful for the biocontrol of Orobanche spp. have been isolated and reported, but none of them have been subjected to continuous widespread use (Boari and Vurro, 2004). Preliminary results demonstrated a reduction in the infection of crenate broomrape by the application of Myrothecium verrucaria to the soil of faba bean field (El-Kassas et al., 2005). Bacterial and fungal species like Pseudomonas aeruginosa, Pseudomonas fluorescens, Bacillus atrophaeus, Bacillus subtilis, arbuscular mycorrhizal fungi (AMF), and Fusarium spp. are reported as biological control agents affecting the growth of broomrape radicles (Shabana et al., 2003; Hershenhorn et al., 2006; Fernandez-Aparicio et al., 2016b; Brhane, 2017). It has been suggested that soil-dwelling organisms can provide effective control by attacking seeds and early stages of the developing parasite; they are less sensitive to environmental conditions and expected to survive in soil by producing resting structures at population levels sufficient to provide residual control of the parasite seeds compared with aerial bioagents (Sauerborn et al., 2007). In peas, inoculation with Rhizobium leguminosarum decreased crenate broomrape seed germination by inducing systemic resistance (Mabrouk et al., 2007; Fernandez-Aparicio et al., 2009).

Thus, future investigation toward the selection of bioagents against crenate broomrape shall focus on soil-dwelling microorganisms that might confer both mechanical and chemical barriers confronting the invading parasite. Biochemicals like strigolactone can be used to stimulate the parasite seed germination in the absence of host plants and play roles in reducing the soil seed bank. Moreover, research has shown other functions of strigolactone in the rhizosphere promoting hyphal branching in AMF and rhizobial nodulation in legume crops (Soto et al., 2010) that indirectly contribute to reducing the parasite infection on host crops. Interesting molecules that hamper ability of broomrapes radicle to reach host have been discovered from different microbial and plant origins too (Cimmino et al., 2014; Fernandez-Aparicio et al., 2014).



Chemical Control

The chemical control method to manage parasitic weeds includes soil fumigation, crop seed dressing with selective herbicides, and preplanting, preemergence, or postemergence application of systemic herbicides like imidazolinones, glyphosate, and sulphonel urea chlorsulfuron (Eizenberg et al., 2004, 2006; Restuccia et al., 2009). Soil fumigation with methyl bromide was effective, especially in light soils for suicidal germination of parasitic weeds (Ahmed et al., 1990; Beyenesh and Etagegnehu, 1992), but its use has now been banned due to its residual effect on the environment. Systemic herbicides used for broomrape management include glyphosate [Isopropyl amine salt of N-(phosphonomethyl)glycin] and herbicides belonging to imidazolinones or sulfonylureas (Colquhoun et al., 2006; Eizenberg et al., 2006).

The herbicide Imazethapyr is applied as a seed dressing and spray and showed better parasitic weed management in faba bean (Bayaa et al., 2000). Incorporation of sulfosulfuron and rimsulfuron directly into the soil provides successful suppression of preattached stages of broomrape (Eizenberg et al., 2012). It was also reported that excellent management of crenate broomrape was achieved in the faba bean field with a single glyphosate application at 60 g ha−1 at the growth stage of the weed when the shoot bud is already visible or shoot and vestigial roots are well-developed (Restuccia et al., 2009). On the other hand, glyphosate can be used on few crops like faba bean without a visible negative effect on crop plants if applied at low dosages, but the necessary number of applications for effective management depends on environmental conditions (Mekonnen, 2016). Conversely, its selectivity to the host crop is marginal, it can subdue the weed only for a short duration after application, necessitating repeated applications with all environmental and economic consequences, resistance can evolve rapidly because of prolific seed production of the parasite (Slavov et al., 2005), and thus, its use is not widely adopted by farmers.

Chemical control of broomrape has been extensively explored since the 1970s. On the other hand, this form of management is complicated by several factors: (i) it is only effective as a prophylactic treatment, as in most cases its infestation level is not well-known; (ii) the parasite is directly connected to the host; (iii) if the herbicide is to be applied to the parasite through the conductive tissues of its host, the host must be selective to the herbicide without reducing its phytotoxicity on to the parasite; and (iv) the parasite can often continuously germinate throughout the season, developing new infections (Perez-de-Luque et al., 2010). Nonetheless, the value of herbicide-resistant crop varieties has already been demonstrated and near-perfect selectivity is achieved with different herbicides in correspondingly modified commercial crops. With target-site resistance, herbicides can be translocated unmetabolized to the underground parasite part via haustorium inflicting its suppressive action on the parasite (Gressel, 2009). This approach can become an important weapon in managing crenate broomrape.



Integrated Management of Crenate Broomrape

Integrated management of crenate broomrape means combining different preventive and curative measures into a given farming system to manage the infestation and to overcome impacts of the parasite satisfactorily. Many reviews are published on the integrated management of parasitic weeds in food legumes (Abang Mathew et al., 2007; Habimana et al., 2014; El-Rokiek et al., 2015; Fernandez-Aparicio et al., 2016b; Mekonnen, 2016).

Khalil et al. (2004), Babalola et al. (2007), and Stoddard et al. (2010) suggested that a combination of genetic resistance, hygiene, or inoculating legume crops with beneficial microbes with monitoring of crops for threshold levels of infestation allow the most economic and effective management of Orobanche, and then maximize economic yields. Intercropping with fenugreek or fertilizing with NH4NO3 along with two times application of imazapic herbicide (2-[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1Himidazol-2-yl]-5-methyl-3-pyridinecarboxylic acid) was effective in managing crenate broomrape in faba bean (Ghalwash et al., 2012).

Mohammed et al. (2012) reported that faba bean inoculated with Rhizobium strain TAL 1399 alone or in combination with Bacillus megatherium var phosphaticum (BMP) or Azospirillum brasiliense (Ab) plus chicken manure at 35 g pot−1 displayed no emergence of orobanche above the ground. Furthermore, the TAL 1399 plus chicken manure at 35 g pot−1 treated crop was significantly higher in the root, shoot, and total dry weight than the control and other treatments. Abu-Shall and Ragheb (2014) reported that intercropping trap crops like radish (Raphanus sativus), Egyptian clover, celery, and fenugreek with faba bean plants in integration with the early release of Phytomyza orobancia achieved successful suppression of crenate broomrape. Habimana et al. (2014) concluded that successful weed management in faba bean can only be achieved by the integration of a range of options. Fernandez-Aparicio et al. (2016b) also have suggested that successful root parasite suppression should target its underground earlier life stages, prior to attachment or as soon as attached to the host, because of its highest vulnerability at those stages and the avoidance of yield loss in the current crop. Combinations of T. harzanium, BMP, Rhizobium isolate TAL 1399, and 95.2 kg ha−1 rate NP fertilizers significantly (p ≤ 0.05) increased the number of pods per plant, seeds per pod, 100 seed weight, and crop yield (kg ha−1), as compared to the check (Yahia et al., 2019).

A partially resistant faba bean variety Hashenge planted with a bio-inoculant (R. leguminosarum and/or Trichoderma harzianum), two times of glyphosate application (0.3 L ha−1) and one hand weeding at the flowering stage of faba bean increases the productivity of the crop (SARC, 2015; Mekonnen, 2016; Brhane, 2017). Alongside an adequate knowledge of crenate broomrape biology, an integrated and sustainable management strategy composed of several possible measures acting at early life stages of the parasite is found to be crucial in successfully keeping away or minimizing its problem in particular agroecology.




CONCLUSION

The scopes of inflicting damages to faba bean due to crenate broomrape are many and diverse, but the degree of attention and work done to solve the problems caused by the parasite is still very low. The biological nature of the parasite is the main problematic attribute limiting the development of successful management measures that can be accepted and used by subsistence farmers. The most severe effect of the parasite is the elimination of important host crops from cultivation in suitable cropping areas. The high potential of faba bean cultivation demands urgent and apt protection measures to solve the imminent problem due to this emerging issue. There is a dire need for strong attention to work on the parasite management research and technology transfer having professionals for technological innovation and active extension staff to transfer available management technology. Strict in-country preventive regulations should be implanted to delay further spread to other food legume growing areas. Crops like common bean and fenugreek should be widely included in the cropping system to reduce the soil seed bank of the parasite in crop fields. In conclusion, no single technique provides complete suppression of crenate broomrape parasitism; thus, an integrated approach to combine several available preventive and curative techniques might be more effective. Then, major efforts need to be directed to genetic improvement of host crops and management measures targeting the earlier life stages of the parasite, which seem to be the most appropriate and sustainable practices for subsistence farmers. Therefore, the legislative policies of the government bodies and the commitment of the community at all levels are very important to make the history of the current serious problem of the parasite.
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