N

N
N

HAL

open science

Main drivers of broomrape regulation. A review

Dinia Cartry, Christian Steinberg, Stéphanie Gibot-Leclerc

» To cite this version:

Dinia Cartry, Christian Steinberg, Stéphanie Gibot-Leclerc. Main drivers of broomrape regulation. A
review. Agronomy for Sustainable Development, 2021, 41 (2), pp.17.

hal-03174277

HAL Id: hal-03174277
https://institut-agro-dijon.hal.science /hal-03174277
Submitted on 28 Feb 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1007/s13593-021-00669-0 .


https://institut-agro-dijon.hal.science/hal-03174277
https://hal.archives-ouvertes.fr

Agronomy for Sustainable Development (2021) 41: 17
https://doi.org/10.1007/513593-021-00669-0

REVIEW ARTICLE 1.)

Check for
updates

Main drivers of broomrape regulation. A review
Dinia Cartry ' @ - Christian Steinberg' @ - Stéphanie Gibot-Leclerc '

Accepted: 12 January 2021 / Published online: 24 February 2021
© INRAE and Springer-Verlag France SAS, part of Springer Nature 2021

Abstract

Orobanchaceae—broomrapes—are a family of parasitic plants that represent an ecological and agronomic challenge because
some of them cause significant damage to many monocots or dicots. Weedy broomrapes infest different crops in the
Mediterranean basin, leading to substantial yield losses. Besides, they quickly adapt to new host plants, so that new crops are
more and more under threat. Control methods are lacking because as plant parasites they cannot be considered as a common weed
in agriculture. It is therefore important to characterize the main drivers of their regulation to identify sustainable management
strategies.

We reviewed all the possible interactions of Orobanchaceae species with surrounding organisms in an agricultural landscape,
with a focus on the Orobanche and Phelipanche genera. Our main findings are that (1) broomrapes successfully co-evolve with
their host through tight interactions ranging from the molecular to the tissue level, resulting in a unique strategy in their
interactions with their host; (2) broomrapes have to face natural regulatory mechanisms such as host plant defenses, allelopathic
interferences, and pest attacks from both the rhizosphere and phyllosphere; (3) alternative methods combining these natural
mechanisms with existing conventional methods should be used to control broomrape. Conventional methods have shown
limited results with parasitic weeds. By considering their life cycle and biotic and abiotic environment, management methods
will target their weak point(s). Combining different control methods needs to be considered in an integrated weed management
system. Furthermore, future studies on biocontrol will bring out new products to be used in addition to cultural techniques.
Modeling approaches would help predict the evolution of broomrape-infested plots and the available potential management
strategies.

Keywords Orobanchaceae - Parasitic plant - Biotic interactions - Weed management - Regulation - Rhizosphere -
Microorganisms - Biocontrol
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1 Introduction

Agriculture is facing new challenges because of different
variables such as climate, pest management, health issues,
and societal and economic interests. Conventional prac-
tices are running out of stream. For example, the use of
pesticides for management purposes is more and more de-
bated. In Europe, more than 30 kg/ha/year of pesticides are
spread on croplands (Zhang et al. 2015). This poses diverse
ecological and human health issues (Lushchak et al. 2018).
The extensive use of pesticides has led to resistance of
targeted weeds over time (Baucom 2019). The negative
impacts and declining effectiveness of pesticides call for
new ecological practices to meet societal demands.
Agroecology emerged in the 1930s. It can be considered
as a new science, new practices, or a new movement
(Wezel et al. 2009; Gallardo-Lopez et al. 2018). It tries to
bring together high crop yields and the health and well-
being of people and ecosystems in the absence of chemical
inputs. In 2009, the European Commission established a
directive aimed at achieving “sustainable use” of pesticides
(Salliou and Barnaud 2017). More than 1300 articles with
“agroecology” in their title or keywords have been written
in the past 5 years, compared to 81 published in the 1990s
on the Web of Science Research. Besides, a positive cor-
relation between agroecology and ecosystem services is
now clearly established (Palomo-Campesino et al. 2018).
This encourages the development of new agricultural, ag-
roecological practices.

One of the main issues faced by modern agriculture is weed
management (Hatcher and Froud-Williams 2017). Weeds can
be any species whose growth is not expected in a field and that
multiply there momentarily. Potential losses caused by weeds
average 34% for six major crop plants: wheat, maize, rice,
potato, soybean, and cotton, i.e., as much as the cumulative
losses caused by pests, pathogens, and viruses in these same
crops (19%, 13.2%, and 2.9%, respectively) (Oerke 2006).
Weeds rapidly adapt in anthropized lands, where they are
more tolerant and resistant to biotic and abiotic factors
(Cirillo et al. 2018). They are extensively studied because of
their economic weight and distinctive biology (Neve et al.
2018). Many management techniques have been developed
to control weeds in an agroecology context (Cordeau et al.
2016; Jensen 2018), or even use them in a beneficial way
for crops (Blaix et al. 2018).

Some weedy species directly reduce crop biomass through
a parasitic strategy (Fig. 1). Parasitism is a very successful life
strategy: the parasite bypasses all of its host’s structural and
immune defenses and extracts all the resources it needs while
keeping its host alive to complete its cycle (Westwood et al.
2010; Poulin 2014). This close interaction between the para-
site (a parasitic weed in the present case), and its host (a cul-
tivated plant), makes pest control particularly complex.
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Fig.1 Example of a Phelipanche ramosa (branched broomrape) parasitic
plant in a winter rapeseed field in the Deux-Sévres “department” (France)

However, this same parasite is also subject to natural regula-
tory mechanisms whose intensity is modulated by environ-
mental abiotic factors.

The present review briefly examines the characteristics of
parasitic plants, and more particularly those of Orobanchaceae.
Then, the main drivers of broomrape regulation and their role in
broomrape development are addressed. Finally, the use of these
drivers as levers of sustainable management is reviewed.

2 Parasitic weeds in agriculture

Parasitic weeds are a subset of weeds whose functional and
phenotypic traits are very distinct from those of common non-
parasitic weeds. All parasitic plants but one are angiosperms.
These plants use a specific organ called a haustorium to bind
to their host plant, to create a morphological and physiological
connection with the host plant (Kuijt 1969; Heide-Jorgensen
2008). There are 4400 species of flowering parasitic plants
worldwide, distributed in 270 genera. Only 25 genera or so
have a negative impact on cultivated plants, and are consid-
ered to be noxious weeds. Parasitic plants remain a concern in
agriculture worldwide because they cause severe damage and
losses to crops (Parker 2009; Das et al. 2020).

However, “parasitic plants” as such have not been the sub-
ject of many scientific articles until late. According to the
WoS database (05/11/2020), only one or two studies were
published annually between the 1950s and 1990. In the
1990s, four to five articles were published each year, and it
was not until the 2000s that numbers soared, with more than
80 studies published in 2019. Part of these publications ad-
dressed Orobanchaceae. Since Linnaeus erected the genus
Orobanche in his Species Plantarum in 1753 (http://wssa.
net/wp-content/themes/WSSA/WorldOfWeeds/orobanche.
html), this family has consistently aroused interest from a few


http://wssa.net/wp-content/themes/WSSA/WorldOfWeeds/orobanche.html
http://wssa.net/wp-content/themes/WSSA/WorldOfWeeds/orobanche.html
http://wssa.net/wp-content/themes/WSSA/WorldOfWeeds/orobanche.html
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scientists. However, interest has really grown since the “Third
International Workshop on Orobanche and Related Striga
Research” that took place in Amsterdam in November 1993,
with nearly 80 papers published in 1994. Since then, the
number of scientific publications has grown considerably,
reaching more than 100 papers per year in the past 10 years.
Surprisingly, and although Orobanche are widespread
damaging parasitic plants, the name “parasitic plants™ is not
the most commonly used one in studies on Orobanchaceae:
only 380 references published between 1955 and 2020 were
retrieved from the WoS database using the combined
keywords orobanch* AND “parasitic plants,” whereas 2132
and 1073 references were retrieved for the same period using
the keywords orobanch* and “parasitic plants,” respectively.

Orobanchaceae are mainly studied as plants with their own
characteristics (Table 1). They are also studied for their dam-
aging impact in agriculture and their evolutionary traits or the
co-evolutionary traits shared with their host plants.
Surprisingly, Orobanchaceae attract many scientists, espe-
cially chemists and biochemists, for the pharmaceutical and
allelopathic interest of molecules they synthesize (almost 30%
of the publications fall into these categories), and for the phy-
tohormones they perceive as stimulants necessary for their
development (Table 1). Among these, a family of mole-
cules—strigolactones, see below—have been under special
and growing focus, especially since the end of the 2000s
(around 15 articles have been published annually on

broomrape strigolactones since 2010). Conversely, studies
on the biocontrol of Orobanchaceae remain very limited, with
an average 3.2 papers / year (WoS, 06 November 2020).

Orobanchaceae are the largest family of parasitic plants
(Table 2, Joel 2013). It includes 12 major weeds that belong
to the Alectra, Orobanche, Phelipanche, and Striga genera
and devastate millions of hectares of major crops worldwide
(Asteraceae, Fabaceae, Poaceae, Solanaceae) (Parker 2013).
In an infested plot, 5 to 100% of the yield can be lost because
of Orobanche spp. (Parker 2009). In Africa, rice crops suffer
from widespread parasitic weeds, and more specifically from
Striga spp. and Rhamphicarpa fistulosa (Rodenburg et al.
2016). Their damage to crops has been estimated to be 1
billion US dollars per annum (Spallek et al. 2013). Many
European countries, including France, Italy, Spain, and
Turkey, are facing significant yield and economic losses esti-
mated to be between 50 and 200 million euros, depending on
the crop (Parker 2009; Twyford 2018). For example, Turkey’s
lentil fields are heavily infested by different species
(O. crenata, P. aegyptiaca, and P. ramosa), and this leads to
60 million euros of annual economic loss (Aksoy et al. 2016).
No effective curative method can currently knock out the par-
asite without affecting the host plant. Crops have been aban-
doned and put in quarantine or replaced to avoid infestation by
the parasite (Parker 2009). However, infestation remains pos-
sible because of the established soil seed bank (Haring and
Flessner 2018).

Table 1 WosS categories in which

the various publications relating WoS categories orobanch* parasitic plants orobanch* AND “parasitic plants”
to orobanch*, “parasitic plants,”
and the “orobanch*” AND Plant sciences 1311 601 245
“parasitic plants” combination are Agronomy 567 93 55
izl'gizeg)ed (WoS, 06 November Biochemistry molecular biology 160 117 48
Evolutionary biology 112 73 13
Entomology 109 37 23
Ecology 94 153 22
Biotechnology applied microbiology 91 29 15
Agriculture multidisciplinary 90 25 20
Genetics heredity 79 66 14
Chemistry medicinal 69 16
Horticulture 66 19
Chemistry applied 58 13 10
Multidisciplinary sciences 55 65 14
Pharmacology pharmacy 55 9 2
Chemistry organic 52 11
Food science technology 51 13 12
Environmental sciences 40 16 6
Chemistry multidisciplinary 38 18
Biology 34 29
Cell biology 30 35 10
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Orobanchaceae include 2000 species of root-specific
(epirhizal) parasites, but no stem (epiphyte) parasite
(Sanchez Pedraja et al. 2005). Those root-parasitic plants
can also be distinguished according to their trophic possibili-
ties. Holoparasites lack chlorophyll and exclusively depend
on their host for nutrition; they are called obligate parasites
and represent less than 20% of Orobanchaceae (McNeal et al.
2013). Most Orobanchaceae are hemiparasites, i.e., they con-
tain chlorophyll and can photosynthesize (Heide-Jorgensen
2008; Joel 2013). Some hemiparasites like R. fistulosa can
complete their life cycle in the absence of a host plant, even
if they grow and reproduce better when fixed on a host. Their
parasitic trait is facultative because they can photosynthesize
and subsist alone (Rodenburg et al. 2015; Houngbédji et al.
2016, 2020). Other hemiparasites like Striga spp. (also called
witchweeds) are obligate root hemiparasites, and their photo-
synthetic capacity is reduced compared to other green plants
(Heide-Jargensen 2008). They need a host plant to germinate
and grow in the soil; they photosynthesize once they emerge
from the soil, but are still dependent on their host for the rest of
their life cycle (Spallek et al. 2013). However, the facultative/
obligate hemiparasitism paradigm is currently being called
into question: a continuum between these so-called facultative
and obligate parasites seems to exist. Therefore, these catego-
ries should soon be dropped (T¢sitel 2016).

Parasitic plants are common worldwide, and have been
described by botanists. Owing to their problematic nature,
scientists study them closely from different angles. They still
remain challenging because they infest and adapt to new ter-
restrial ecosystems in modern agriculture, and management
levers are lacking. A holistic view of parasitic plants in a
cultivated plot is presented in Fig. 2. The present review is
mainly focused on Orobanche and Phelipanche root
holoparasitic species commonly called broomrapes (Heide-
Joargensen 2008; Joel 2009). Broomrapes infest host plants
with variable morphological, physiological, and life history
traits (Table 2). Host plant—parasitic plant interactions notably
involve chemical signals determining host specificity and in
turn host range (Gilbert et al. 2012; Yoshida and Shirasu
2012), with specific traits of parasitic plants involved in their
compatibility with the host plant.

3 Broomrape-host plant interactions
3.1 Broomrape diversity

Orobanche and Phelipanche are the largest genera among
Orobanchaceae. They include approximately 200 broomrape
species (Parker 2009). They infest a wide range of plants in the
Mediterranean basin, including some of the most important
crop plants such as oilseed rape, sunflower, tobacco, tomato,
and weeds too (Gibot-Leclerc et al. 2003; Parker 2009).

Host plant

INeighboring
plant

Strigolactones,
glucosinolates, ...

Rhizosphere‘
microbiome

Fig. 2 Biological regulation of broomrapes. Positive regulation: (1)
production by each flower scape of hundreds of thousands of seeds able
to survive in the soil for more than 10 years; (2) production by the host
plant of strigolactones or glucosinolates that stimulate seed germination
(blue arrows). Negative regulation in the rhizosphere (a, b, c¢) and
aboveground (d) (bidirectional red arrow): (a) production of allelopathic
molecules released by neighboring plants, including VOCs and
misleading strigolactones (green arrow); (b) infection by pathogens; (c)
host plant defense reactions; (d) pest attacks

However, each broomrape species has its specific host range
(Table 2). For example, P. aegyptiaca and P. ramosa have
broad host ranges within different Brassicaceae,
Cannabaceae, Cucurbitaceae, Fabaceae, and Solanaceae
(Brault et al. 2007; Parker 2009; Gibot-Leclerc et al. 2015).
Conversely, O. cumana is an obligate parasite of the one sun-
flower species (Rubiales 2018). Diversity among broomrape
populations is closely studied in many countries such as
Tunisia, Spain, Turkey for O. cumana (Malek et al. 2017;
Jebri et al. 2018), and in France for P. ramosa (Le Corre
et al. 2014; Stojanova et al. 2019). Broomrape species are
genetically diverse owing to their mating systems and migra-
tion strategy favored by the use of contaminated machinery or
seedlings (Satovic et al. 2009).

This genetic diversity often implies distinguishing groups
with specific traits, e.g., virulence. Different populations of a
given species may have host preferences (Benharrat et al.
2005; Brault et al. 2007; Le Corre et al. 2014). These popula-
tions have been referred to as races or pathovars, and they
result from broomrape adaptation to their hosts. For instance,
branched broomrape (P. ramosa) has a broad host range, but
host preferences have been highlighted by sampling and
genotyping P. ramosa populations in European countries.
Genetic analysis of P. ramosa populations has confirmed the
existence of different pathovars (Benharrat et al. 2005; Brault

INRAD 4 springe



17 Page 8of 22

Agron. Sustain. Dev. (2021) 41: 17

et al. 2007; Le Corre et al. 2014; Schneider et al. 2016;
Stojanova et al. 2019). Cross infestation assays have showed
great specificity of the broomrape cycle for its host’s cycle
(Gibot-Leclerc et al. 2013; Stojanova et al. 2019). Thus, gen-
eralist pathovars that specialize for particular hosts to improve
their infestation and reproduction success are often evidenced
(Gibot-Leclerc et al. 2012; Malek et al. 2017). It is commonly
assumed that branched broomrape was first a generalist para-
site that specialized for surrounding crops, based on the syn-
chronization of its cycle with its host cycle. This suggests an
evolutionary process (Westwood et al. 2010; Schneider et al.
2016). However, a specialist parasite can also expand its host
range following host-induced selection (Satovic et al. 2009): a
new race of O. cumana recently identified in Israel infests not
only sunflower but also tomato crops (Dor et al. 2020). These
adaptations seem to occur rapidly when broomrapes settle in
croplands, and are a serious agricultural issue. As the parasite
and host plant life cycles overlap, two main underground and
aerial phases have been described in the parasite cycle (Gibot-
Leclerc et al. 2012; Delavault 2015). Broomrape specializa-
tion probably occurs at the first stage of the cycle, i.e., the
underground contact between broomrape seeds and host plant
root exudates (Fernandez-Aparicio et al. 2011; Gibot-Leclerc
et al. 2016; Perronne et al. 2017).

The emergence of new broomrape races raises the question
of broomrape evolution. Broomrapes seem to quickly and
easily adapt to their environment. Therefore, their populations
should be carefully monitored and their expansion checked to
avoid new infestations in new croplands. Herbicides are con-
sidered with caution because broomrapes may develop resis-
tance genes. Moreover, the interaction between broomrapes
and their different host plant species can lead to more or less
specialization and to the emergence of races/pathovars of even
local populations on which the effectiveness of general or
specific control methods is unknown. Studies on the specific
traits of broomrape races are still missing and are needed to
control them.

3.2 Strigolactones: the first contact

The broomrape cycle starts with specific interactions. Seeds
need an external signal from the host to germinate (Fig. 2).
The most studied molecules involved in parasitic seed germi-
nation are strigolactones, discovered in cotton extract in 1966
(Cook etal. 1966). Since their discovery, these hormones have
been studied through different approaches: chemistry, molec-
ular biology, metabolomics, and ecology (Zwanenburg and
Pospisil 2013; Brun et al. 2018; Tsuchiya 2018; Yao et al.
2018). More than ten molecules have been isolated from nat-
ural plant exudates, and today synthetic strigolactones are
produced daily for research purposes. These strigolactone an-
alogs are called GR compounds (GRS, GR24 or GR27)
(Mangnus et al. 1992; Vurro et al. 2016).
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Scientists first focused on the effects of strigolactones on
parasitic seeds, but these hormones also have a direct effect on
the plant itself. Strigolactone production plays a role in overall
plant development and in functions like growth. They inhibit
axillary bud growth by acting locally in the concerned organ
and/or by modulating auxin transport (Gomez-Roldan et al.
2008; Crawford et al. 2010). When strigolactones are released
in the rhizosphere, they act as a signal for symbionts like
fungi. Therefore, strigolactones also enhance symbiosis with
root arbuscular mycorrhizal (AM) fungi (Akiyama et al.
2005). Furthermore, endogenous strigolactones positively in-
duce the Rhizobium-legume symbiosis (Soto et al. 2010). In
that case, they do not act as signal molecules but rather influ-
ence the plant itself to improve symbiosis (Foo and Davies
2011). Other studies also support the idea that root nodulation
is positively regulated by strigolactones (Foo and Davies
2011; McAdam et al. 2017).

Strigolactones are hormones perceived as germination sig-
nals by broomrape seeds (Flematti et al. 2016). Receptors
have been identified in obligate parasites such as Striga sp.
and Orobanche sp. (Conn et al. 2015; Khosla and Nelson
2016). Protein D14 and its homolog KAI2 from
Orobanchaceae parasites bind to and hydrolyze strigolactones
(Biirger and Chory 2020). This reaction leads to the germina-
tion of parasitic seeds towards their host through still un-
known processes (Brun et al. 2018). Like a few other parasitic
plant families, Orobanchaceae need signaling cues from po-
tential host roots to germinate (Stewart and Press 1990).
Because strigolactone biosynthesis is important, its chemical
structure, composition, production, and specificity to parasitic
seeds have been deciphered (Brun et al. 2018; Wang and
Bouwmeester 2018). The main structure of strigolactones in-
cludes four rings (A, B, C, and D) and an enol ether double
bond between rings C and D. Parasitic seeds and AM fungi
harbor receptors for these molecules. Modifications of the ring
structure decrease both seed germination and AM branching,
while structural changes in the double bond influence seed
germination but not AM branching (Akiyama et al. 2010).
Furthermore, their recognition can be very specific. Striga
gesnerioides and some Orobanche and Phelipanche species
only germinate in the presence of their host-specific
strigolactones; in these cases, synthetic GR24 is not an effec-
tive germination stimulant (Fernandez-Aparicio et al. 2011;
Zwanenburg et al. 2013). This intriguing ability to capture a
host-specific signal molecule is a strong evolutionary trait
showing the dependency of parasitic plants on their host
(Wang and Bouwmeester 2018). Evolution has probably
played a role in parasitic seed susceptibility towards these
molecules. As parasitic plants are angiosperms, they probably
also once had to produce strigolactones that are important
phytohormones for the reasons cited above (abiotic stress re-
sponse, symbiosis, growth...). Consequently, they certainly
have these molecules “in memory,” but probably stopped
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producing them during the co-evolutionary process to use the
phytohormones abundantly produced by neighboring plants.
This could explain why they parasitize the plants that produce
the same strigolactones as they once did, because they are
those that best meet their needs. They are now using these
strigolactones against their host (Westwood et al. 2010). In
addition, they can recognize their host plant even if the mol-
ecule is present under different chemical configurations
(Wang and Bouwmeester 2018). The diversity of these mole-
cules suggests an evolutionary adaptation of the parasitic plant
to detect nearby roots (Brun et al. 2018). It makes the crosstalk
between broomrape seeds and germination stimulants partic-
ularly complex, including the transport of germination stimu-
lants into broomrape seeds. It provides different alternatives to
seeds for germinating, but also makes this process difficult for
farmers to control. Strigolactone exudation might be adjusted
by a given host cultivar and regulate broomrape development
(Yoneyama et al. 2015). This may seem difficult because
strigolactones are phytohormones essential for the plant me-
tabolism, but also signal molecules involved in the crosstalk
between plants and microorganisms, including mycorrhizae.
In another hypothesis, strigolactone signaling pathways and
receptors regulate the broomrape seed clock (Aliche et al.
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2020; Biirger and Chory 2020). It would be of interest to
compare the different receptor structures and specificities of
symbiotic fungi and parasitic plants to better outline the im-
pact of strigolactones. However, molecular signaling does not
stop here; the transport of germination stimulants into broom-
rape seeds also plays a key role.

3.3 Specificity of the interactions with the host plant

The biological cycle of epirhizal parasites is usually composed
of two distinct phases, i.e., an underground phase and an
aboveground/aerial phase (Gibot-Leclerc et al. 2012;
Delavault 2015).

The first, underground phase is initiated by seed germina-
tion and goes on with fixation on host roots and penetration
into host tissues. An absorption system called a haustorium
develops concomitantly (Kuijt 1969). The seeds persist in the
soil for 12 to 20 years (Fig. 3). Because of their very small size
(200400 pm), they are easily dispersed by wind, water, or
animals. There is no report of important granivory of broom-
rape seeds (Heide-Jorgensen 2008; Joel 2013). However, de-
spite the lack of articles on the subject, it is difficult to rule out
interactions between soil microfauna and broomrape seeds as
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Fig. 3 Balance of broomrape soil seed bank inputs and outputs affecting
the broomrape population dynamics in a plot. The broomrape seed bank
consists of biologically active seeds and biologically inactive seeds (or
dormant seeds). The former are viable seeds that germinate under
favorable environmental conditions while dormant seeds have a slowed
metabolism and can persist in the soil for more than a decade. Seeds can
change from dormant to non-dormant status and vice versa several times

during their persistence in the soil. This seed bank is characterized by
inputs mainly linked to broomrape fructification and outputs mainly
linked to the germination of seeds and their natural mortality due to
aging as well as the action of predators and other decomposing
microorganisms. Other drivers such as agricultural practices, human
and animal movements, and meteorological factors participate in the
dispersal of seeds and contribute to the dynamics of the seed bank
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for most weed seeds (Frei et al. 2019). Seed shape, size, and
testa micromorphology are potential traits that can be used to
discriminate different species, countries, or populations.
However, geographic origin and race have no significant ef-
fect on seed phenotypic traits (Krupp et al. 2015). After a
conditioning period, seeds nearby roots are ready to germinate
in response to specific signal molecules released by the host
plant in its rhizosphere (Stewart and Press 1990; Penuelas and
Llusia 2004). These molecules are plant hormones or second-
ary metabolites needed for the development and protection of
the plant (Liu and Brettell 2019). Haustorium development is
critical for successful infestation by the parasitic plant. Its
formation includes initiation, penetration, and vascularization.
It is induced by the effect of host plant allelochemicals on
germinating seeds, which increases parasite aggressiveness
(Goyet et al. 2017; Kokla and Melnyk 2018). Thus, both host
and parasite developmental processes are key for haustorium
formation (Yoshida et al. 2016; Kokla and Melnyk 2018). The
haustorium develops from changes in the growth and devel-
opment of specific cells of the radicle. This allows for (1)
complete attachment of the parasitic weed to the host plant,
and (2) water and nutrient transfer from the host to the parasite
(Yoshida et al. 2016; Kokla and Melnyk 2018). Connection to
vascular tissues allows the parasite to extract nutrients and
water from its host. However, trades of diverse hormones,
RNAs, and viruses have been observed between the host
and the parasite. Exchanges are bidirectional, assuming that
the parasitic plant and the host are constantly communicating
as long as they are connected through the haustorium. High
rates of exchanged RNAs reveal an important interaction be-
tween the host and the parasite at this stage. Diverse molecules
are conveyed through the haustorium. mRNA exchanges sug-
gest that the host plant tries to regulate the parasitic plant using
mRNAs (Leblanc et al. 2012; Shahid et al. 2018). Parasite
growth continues with the formation of adventitious roots
around host roots. Broomrape roots can develop secondary
haustoria that will provide stable anchoring for future
achlorophyllous stems (Joel 2009).

The aerial phase of the broomrape cycle starts with stem
emergence out of the soil. Branched floral scapes develop
blue/violet flowers; one floral scape can produce 250,000
seeds that exponentially increase the seed bank in already
infested soil (Fig. 3) (Gibot-Leclerc et al. 2012). The phenol-
ogy of each parasite is successfully adapted to that of its host
to maximize competition for resource allocation against the
host reproductive sinks. Besides, once broomrape has
emerged out of the soil, it is already settled on its host, hence
great difficulty in stopping infestation. Very little information
is available on the aerial phase of broomrape because success-
ful infestation relies on haustorium formation which is the
beginning of the parasitic stage. This step is actually triggered
by a cytokinin signal in the rhizosphere (Goyet et al. 2017;
Billard et al. 2020). For example, P. ramosa has specific
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receptors to rapeseed cytokinins to induce haustorium forma-
tion. This implies another molecular crosstalk between host
roots and germinated parasitic seeds. However, we still do not
know how specific the crosstalk between broomrape receptors
and rapeseed exudates is. Studies should now focus on the
broomrape response to germination stimulants and cytokinins
from the host plant. The importance of these two signals must
be measured to adapt the control strategy against broomrape.
Stimulation of germination may be more crucial for the para-
sitic attack. Or the combination of germination stimulants and
cytokinin exudation may lead to successful parasite establish-
ment. The next point is the host plant’s reaction to the parasite:
the host plant sends signals that are caught by the wrong
recipient, but it may defend itself.

3.4 Plant defense reactions

Host plants respond to infestation with different resistance
mechanisms. Depending on the time needed for the response,
the host plant can stop the parasitic plant at different stages of
the infestation process: before germination of nearby seeds, or
before haustorium formation, or during parasite growth
(Yoshida and Shirasu 2009; Yoder and Scholes 2010). Host
plants have defensive mechanisms (mechanical barriers), and
also offensive mechanisms (metabolite production) to protect
themselves from nearby parasitic plants.

As means of defense, some host plants reduce their root
exudate production or produce inhibitors. By decreasing
strigolactone production, they stimulate germination of nearby
seeds less and can inhibit haustorium initiation (Echevarria-
Zomeno et al. 2006; Gobena et al. 2017). If seeds germinate
and reach a root, host plants can modify the cell walls of their
roots to block haustorium penetration (Yoshida and Shirasu
2009; Lewis et al. 2010). For example, the hypersensitive
response in tomato prevents infestation by Cuscuta reflexa,
an epiphytic Convolvulaceae, by restructuring the tomato cell
wall (Lee and Jernstedt 2013). The haustorium cannot pene-
trate the tomato cortex because adjacent tissues are necrotized
and the hypodermis is reinforced by phenylpropanoids (Albert
et al. 2004; Kaiser et al. 2015). The mechanisms underlying
this physical barrier are still poorly known, but this hypersen-
sitive response is species-specific and is easily overcome by
other Cuscuta species. Host plants that activate a necrotizing
process suffer from this cost but avoid any attachment and
development risk when infestation is detected (Li and Timko
2009). In addition, alteration of the cell wall integrity sensed
by the host plant is a signal for activating other innate defense
responses (see below).

Once infestation has started, the host produces stress me-
tabolites such as abscisic acid (ABA), jasmonic acid (JA), or
salicylic acid (SA) to fight infestation or kill the parasite. If
infestation is completed, parasitic plants act as a stress factor
for the host. For instance, nutrient and water uptake by the
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parasite leads to a drought stress for the host plant (Hegenauer
et al. 2017). Production of auxin and other enzymes partici-
pates in this plant—plant interaction (Albert et al. 2004). Then,
the host plant may respond with other specific molecules
targeted against the parasite. Sunflower expresses a defense
gene—HaDefl—that encodes a potential lethal molecule for
Orobanche radicles. The mode of action of this molecule and
its biosynthesis are poorly understood since it is usually active
against fungal pathogens (de Zélicourt et al. 2007). Resistant
rice cultivars seem to have more pathogenesis-related proteins
than susceptible ones. Functional genes are downregulated in
susceptible cultivars (Swarbrick et al. 2008; Yoder and
Scholes 2010). Therefore, gene expression could be a relevant
parameter in the selection of resistant host cultivars (Gurney
et al. 2006; Jamil et al. 2011).

The lack of effective resistance mechanisms may be ex-
plained by the dual nature of broomrapes, which are parasites
and plants. Their infestation has been compared to successful
grafting (Westwood 2013; Krupp et al. 2019). Plant grafting
requires cellular and vascular connections too. However,
grafting can only occur between two related species, while
parasitic plants can graft themselves onto phylogenetically
distant species (Melnyk and Meyerowitz 2015). Comparing
the attachment of parasitic plants to successful grafting could
explain how the parasite overcomes the host’s recognition
barriers (Leblanc et al. 2012). The next step would be to find
effective resistance among cultivars. Overall, host responses
are not specific to parasitic plants and not fully effective. They
resemble reactions against pathogens and pests (Westwood
et al. 2010; Hegenauer et al. 2017). That is why combining
resistance mechanisms may be more appropriate to regulate
broomrape. For instance, Louarn et al. (2016) successfully
used a QTL mapping approach to identify sunflower resis-
tance to broomrape at different stages (early attachment,
young tubercle, shoot emergence).

Knowing the specificity of the parasitic plant, host plant
interaction is required but not sufficient to set up broomrape
control methods in croplands. In fact, parasitic plants and
more particularly Orobanche and their hosts are subject to
environmental factors or regulatory mechanisms that can di-
rectly or indirectly affect their development or even their sur-
vival. The intensity of biotic regulatory mechanisms is gener-
ally modulated by the intensity of abiotic regulatory mecha-
nisms. This is true for all organisms, including broomrapes.

4 Broomrape regulation mechanisms

4.1 Background

Given their life cycle, broomrapes seem to have adopted a
colonization strategy to ensure their propagation and survival

(Fig. 3; Gaba et al. 2017). They indeed produce millions of
tiny seeds released at a variable distance from the mother

floral scape. The chances of survival of these seeds are prob-
ably not the same for all because of various biotic and abiotic
regulation factors (Fig. 2). A small proportion will remain in
the rhizosphere of the future host plant where they will ger-
minate, stimulated by the root exudates of the host plant.
Some of them will settle and infest the host plant; the others
will be killed by plant-derived allelochemicals (Cimmino et al.
2018; Qasem and Issa 2018). Seeds outside the rhizosphere
are dormant, and most of them will survive for several years in
the soil and contribute to what is called the weed seed bank
(Haring and Flessner 2018; Pointurier et al. 2019). In parallel,
a host of small animals and diversified microorganisms also
lives in the soil. They interact with one another and form
complex interaction networks. For instance, earthworms or
carabids consume weed seeds, including seeds of parasitic
plants, and thus participate in the regulation of their popula-
tions (Frei et al. 2019). In parallel, microbial relationships
range from intraspecific to interspecific interactions, and from
simple short-term interactions to intricate long-term ones
(Moénne-Loccoz et al. 2015). For example, the decomposition
of plant residues by microorganisms leads to the production of
lethal metabolites for weed seeds including broomrape seeds
(Li et al. 2019; Xiao et al. 2020). Microbial activities also
involve direct interactions with seeds that can constitute niches
for some microorganisms or provide trophic resources for
others, resulting in a pathogenic interaction. However, speci-
ficity has not yet been shown (Pollard 2018; Rodriguez et al.
2018). Most of soil-borne pathogens are adapted to grow and
survive in the bulk soil, but the place where the pathogen
establishes a parasitic relationship with the plant is the rhizo-
sphere. Finally, parasitic plants pose enough problems in ag-
riculture for humans to try to regulate or even control their
expansion by stimulating biotic factors associated with agri-
cultural practices. In an agroecological context, it is important
to (1) identify the different drivers of broomrape regulation,
and (2) know their role and their relative importance, so as to
exacerbate these interactions (alone or combined), relatively to
other components of the agroecosystem and the environment.

4.2 Regulation of broomrape by allelopathy

Allelopathy is a form of amensalism in which some organisms
are inhibited or destroyed and the others are unaffected by
the release of metabolites called allelochemicals into the en-
vironment (Trezzi et al. 2016; Scavo et al. 2018). Many
allelochemicals present in the soil are produced by plants
and microorganisms or result from the decomposition of plant
residues by microorganisms (Xiao et al. 2020). The impact of
allelochemicals depends on many factors: soil factors, but also
meteorological and plant factors. All these parameters
can disrupt the allelochemical balance in the soil solution
(Scavo et al. 2019). In broomrape studies, rhizosphere
allelochemicals have been studied mostly for their direct effect
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on broomrape seeds (Cimmino et al. 2018). These molecules
(e.g., strigolactones produced by putative host plants) have a
stimulating effect on broomrape germination; in this case, alle-
lopathy has a negative boomerang effect on the producing plant
(Flematti et al. 2016). Interestingly, the molecules that stimulate
parasitic plant germination can be the same as those that inhibit
other weeds (Rial et al. 2020). Once again, this difference high-
lights the special case of parasitic plants among weeds.

When it comes to metabolites produced by non-host plants,
this stimulation of germination results in broomrape suicidal
germination (Dong et al. 2012; Chai et al. 2015; Ye et al.
2016). However, many allelochemicals negatively affect the
germination and growth of susceptible seeds and plants in-
cluding broomrapes (Evidente et al. 2007; Cimmino et al.
2014). For example, allelochemicals produced by soil micro-
organisms, e.g., cytochalasins and sphaeropsidin A, inhibit
broomrape germination and radicle development (Cimmino
et al. 2018). Many other molecules such as proteins, peptides,
or nucleic acids are secreted by soil microorganisms and po-
tentially affect broomrapes. These complex extracellular se-
cretions have attracted scientific interest in a new field called
plant—fungal secretomics (Vincent et al. 2020). The study of
plant—fungal interactions obviously takes into account this
communication mechanism via molecules secreted in the ex-
tracellular space. However, little is known today about the
broomrape secretome and its beneficial or pathogenic interac-
tions with soil microorganisms.

Therefore, allelopathy clearly appears to be one of the nat-
ural factors regulating broomrape in an integrated pest man-
agement system. The complexity of the direct or indirect im-
pacts of allelochemicals on parasitic plants makes their use
very tedious in a control strategy. Further studies are still need-
ed to master the allelochemicals of a natural interacting net-
work, i.e., the rhizosphere. However, practical applications for
sustainable weed management are already available in low-
input or no-input agricultural systems (Scavo and
Mauromicale 2020). These techniques may be used for para-
sitic weeds while taking their specific traits into account.
Besides, aerial allelochemicals of broomrape have hardly been
studied, even if they produce a unique blend of volatile organic
compounds (VOCs) in their floral scapes, like all other plants.
These blends are species-characteristic, and their phylogenetic
patterns revealed broomrape’s life history (To6th et al. 2016).
Further studies of broomrape aerial allelochemicals would im-
prove our knowledge of its evolution and maybe answer other
questions on its ecology: flowers and stems emit VOCs that act
as signals for other organisms (plants, insects...) and are pro-
duced by a functional microbiota.

4.3 Regulation of broomrape by pests

Interactions between animals and parasitic plants are very di-
verse and complex. Broomrapes can be attacked by pests such
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as Phytomyza orobanchia, and by more or less specific patho-
gens (Klein and Kroschel 2002; Fernandez-Aparicio et al.
2016). These interactions can be direct or indirect, positive or
negative for one or the other or both, they can affect the para-
sitized host plant or not, which in turn can disrupt parasitic
plant—animal interactions. The host plant—parasitic plant inter-
action inversely determines pest growth and development. Yet,
even if the chemical composition of the parasitic plant is not
determined by that of the host plant, its palatability for pests
can be influenced (Schédler et al. 2005). Many species of her-
bivores, like ants, caterpillars, mammals, and butterflies, may
interact with parasitic plants, especially in natural communities
(Press and Phoenix 2005; Heide-Jorgensen 2008). Parasitic
plant herbivores have been observed in natural communities.
As broomrape studies are mainly focused on infested agricul-
tural plots where insect communities are generally less diverse
than in natural ecosystems (Thiele 1977), this can explain this
information gap. Furthermore, broomrapes may be less attrac-
tive to herbivores and granivores because they lack leaves and
green organs, which can be visual signals for herbivores seek-
ing food or shelter. Broomrape seeds are probably too small to
be predated by mammals or insects. This apparent lack of
interaction may hide a repellent effect of broomrape towards
animals. For instance, the parasitic Convolvulaceae C. reflexa
produces VOC:s to deter insects (Srivastava and Jaiswal 1990).
Conversely, attracting disseminators improves parasitic plant
fitness by spreading their seeds and increasing their reproduc-
tion rate. Parasitic plants use the same strategies as other an-
giosperms to attract their pollinators and disseminators (colors,
odors, texture, nectar...). For example, the holoparasite
Rafflesia sp. (Rafflesiaceae) produces very large and fragrant
flowers to attract blow flies (Heide-Jorgensen 2008).

Parasitic plants are also a specialized habitat for insects to
live or reproduce in. For instance, the holoparasite Thonningia
sanguinea (Balanophoraceae) is a favorable brood-site for a
blood-feeding fly in Africa (Goto et al. 2012). No such inter-
action has been described so far with broomrape VOCs, al-
though Orobanchaceae produce many VOCs (Toth et al.
2016). However, it is difficult to imagine that broomrapes
do not interact with any insect, bird, or other herbivorous
organism. Studies on hemiparasites show that some (e.g.,
Cassytha filiformis (Lauraceae)) negatively impact gall-
forming insects co-occurring on a shared primary host plant
(Egan et al. 2018), or others (e.g., mistletoe) cleverly use in-
sects, birds, or small mammals to disseminate their seeds
(Mellado and Zamora 2016; Van Halder et al. 2019). Others
again mimic their host plant to escape possible predators
(Heide-Jargensen 2008). Thus, special attention should be
focused on broomrapes to decipher their interactions with
the fauna. The way pests regulate broomrape populations is
poorly documented, but parasitic plants have obviously
adapted to benefit from the services of animals and ensure
the dissemination of their seeds.
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4.4 Regulation of broomrape by soil-borne
microorganisms

The colonization strategy developed by broomrape pays off:
apart from the seeds that germinate in the host plant (or some-
times non-host plant) rhizosphere and fail to infect the plant,
the thousands of seeds produced by a single floral scape can
either give birth to new plants (and a new supply of seeds) or
survive in bulk soil, awaiting the next infection. However,
whether in the rhizosphere or bulk soil, broomrape seeds have
to face the soil biota. The rhizosphere is indeed the infection
court for parasitic plants. It is also a hotspot of microbial
interactions: exudates released by plant roots are a main food
source for microorganisms and a driver of their population
density and activity (Raaijmakers et al. 2009). The rhizo-
sphere hosts organisms that have neutral/beneficial effects
on plants, but also deleterious effects. These are pathogenic
fungi, oomycetes, bacteria, and nematodes. Observations
about cultivated plants are valid for weeds, including parasitic
plants. These play a particular role since they parasitize the
plants thanks to which their seeds can germinate and achieve
infestation, while facing beneficial and pathogenic microor-
ganisms (Sauerborn et al. 2007; Runyon et al. 2009; Chen
et al. 2016). Fungi belonging the genus Fusarium and the
species F. oxysporum, F. solani, F. camptoceras,
F. chlamydosporum, F. lateritium, F. arthrosporioides, and
F. verticillioides, but also Aspergillus alliaceaus and
Talaromyces trachyspermus have been isolated from broom-
rape, and their pathogenicity has been characterized
(Amsellem et al. 2001b; Boari and Vurro 2004; Dor and
Hershenhorn 2009; Aybeke et al. 2015; Hemmati and
Gholizadeh 2019). Unfortunately, the pathogenic activity of
these many isolates has never been quantified in situ, and
regulation of broomrapes by pathogenic fungi is difficult to
highlight. Conversely, maize infestations by the witchweed
Striga hermonthica in Kenya significantly decreased follow-
ing purposeful inoculation of the host plant rhizosphere with a
F. oxysporum strain. Therefore, pathogenic fungi in sufficient
density can actively participate in the regulation of parasitic
plants (Nzioki et al. 2016). However, given the huge number
of seeds likely to parasitize the roots of host plants, some kind
of regulation undoubtedly curbs infestation, which should be
much higher than observed. This interaction can also be seen
as a self-regulating mechanism implemented by broomrapes.
A parasite has indeed no interest in killing its host to complete
its cycle. Thus, the pathogenic activity of fungi on broomrapes
allows host plants to survive till broomrape flowering and
seed release by regulating broomrape infestation. Fungal at-
tacks can occur at several infestation stages. First, the fungus
can inhibit seed germination or destroy the radicle. Second,
the fungus can necrotize the broomrape tubercle after attach-
ment to the host roots. These two phases are the most effective

ones. Third, the fungus can also infest and damage the under-
ground stem and the flower stem, but this process is slower.

The proportion of seeds from a same flower stalk that will
ultimately complete the broomrape cycle is still unknown.
Despite a very slow metabolism, many seeds will probably
die from exhaustion after a few decades in bulk soil (Fig. 3).
They can also constitute food resources for saprophytic mi-
croorganisms regardless of any specific pathogenicity rela-
tionship. Soil fungi contribute to some of the losses in the
weed seed bank thanks to their enzymatic arsenal
(Mitschunas et al. 2009; Ullrich et al. 2011; Fuerst et al.
2014). Moreover, fungal or bacterial phytotoxins have been
detected in the spermosphere of cultivated seeds (Schiltz et al.
2015); although no information is available on their impact on
broomrape seeds, some of these metabolites may also alter
broomrape seed survival. Therefore, although demonstrations
are still needed, soil-borne fungi most probably regulate part
of'the broomrape seed bank in bulk soil and in rhizosphere soil
(Fig. 3). This regulation could be positive for broomrape,
since a core microbiota was identified in broomrape seeds
from a same host plant (Huet et al. 2020). This core microbiota
might be involved in broomrape specialization for its host.
This implies that microorganisms associated to broomrape
seeds would enhance host plant infestation. Host plant rhizo-
sphere pathogens might also stimulate the production of
germination-inducing molecules (strigolactones, glucosino-
lates, etc.) and thus promote infestation by broomrapes.
However, the outcome is uncertain because pathogens and
parasitic plants compete for the same host plant, which may
not allow broomrape to complete its cycle because of concom-
itant fungal disease. Microorganisms are potential intermedi-
ate messengers in the host plant—parasitic plant interactions.
Various secretions ranging from complex polymers (proteins)
to small compounds (phytohormones) mediate plant—fungal
interactions in the soil. Therefore, the many different com-
pounds found in the rhizosphere constitute plant or fungal
secretomes (Vincent et al. 2020). To optimize broomrape reg-
ulation by these natural interactions, further research is needed
on microorganism communities in the broomrape rhizosphere
and on the broomrape secretome.

4.5 Regulation, unless it be control attempts, of
broomrape by human activities

Current control methods of Orobanchaceae are not 100%
efficient. Despite numerous efforts, crop genetic selection
does not provide resistant cultivars in infested areas (Pérez-
de-Luque et al. 2009). Herbicides have showed their limita-
tions: reduced effectiveness, emergence of resistant individ-
uals, and a negative connotation as to their impact on the
environment and human health (van Bruggen et al. 2018;
Vila-Aiub 2019). The agroecological transition requires a real
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decrease if not a total ban of chemicals to promote the imple-
mentation of alternative control methods of parasitic weeds.
Unfortunately, many of them have not proved, or not yet fully
proved, successful. For instance, mechanical weeding is not
possible because most of the damage to the host plant is al-
ready effective when broomrape emerges, and it is difficult to
get in the fields at that stage of crop development (Fernandez-
Aparicio et al. 2016). However, in non-intensive systems like
the coastal savanna zone of Ghana, farmers tried to control
Striga on sorghum, millet, maize, rice, and cowpea by hand
weeding. This practice is tedious, and requires one to three
passages in the plots to contain the parasitic populations
(Aflakpui et al. 2008).

One possible solution to reduce the tremendous seed bank
is the use of catch crop species, which are host plants very
susceptible to parasitic plants (Fernandez-Aparicio et al. 2011;
Aksoy et al. 2016; Aly and Dubey 2014). They are planted to
reduce the seed bank by inducing parasitic seed germination
and attachment, and then they are destroyed mechanically
before broomrape reaches the seeding stage. In this scenario,
the seeds will die because they cannot get the resources re-
quired for them to develop. Soybean or cowpea is a good trap
crop in maize crops. They can increase the maize yield in 1
year, with hardly any detectable Striga hermonthica in the
field (Gbéhounou and Adango 2003). In the same line, the
seed bank of O. aegyptiaca can be reduced by up to 20%
thanks to a catch crop (Acharya et al. 2002).

Cultivation of non-host plants producing phytohormones
(including strigolactones) leads to suicidal germination of
broomrape seeds (Qasem 2019). Analogs of strigolactones
have been tested in laboratory for their ability to induce seed
germination, and some have been proposed to control
P. ramosa (Takahashi and Asami 2018; Zwanenburg and
Blanco-Ania 2018). Suicidal germination of broomrape seeds
was induced by sprinkling a solution of formulated
strigolactones in the field at least 15 days before planting
tobacco; the number of infested host plants was significantly
reduced (Zwanenburg et al. 2016). However, no follow-up
was given to this trial, probably because natural strigolactones
are not stable molecules in natural conditions and are difficult
to mass produce (Zwanenburg and Pospisil 2013).

A certain number of agricultural practices participate in the
reduction of the soil weed seed bank (Scavo and Mauromicale
2020). For example, diversifying rotations avoids the chronic
emergence and invasive multiplication of the same invasive
species. Plowing buries seeds and prevents them from germi-
nating in competition with the crops of interest. These two
approaches are often combined (Haring and Flessner 2018).
However, their effectiveness is all the greater as seed longev-
ity is low and seeds are localized at shallow depth.
Unfortunately, broomrape seeds have a lifespan of more than
10 years, and plowing in fine facilitates and homogenizes their
distribution across the different soil strata (Scherner et al.
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2016). Plowing is therefore only a short-term solution.
Nevertheless, more diverse rotations avoid increasing the
broomrape seed bank, and it is wise to combine them with
the incorporation of catch crops in the rotation system.
Finally, solarization has been successfully used to reduce the
orobanche seed bank in tomato crops (Mauromicale et al.
2005; Mauro et al. 2015). As broomrapes, and more particu-
larly P. ramosa can also parasitize weeds likely to maintain
the seed bank (Gibot-Leclerc et al. 2003), the efficiency of
these different agricultural practices results from their combi-
nation within an integrated weed management strategy.

Attachment of broomrape seeds to host plant roots is very
susceptible to the presence of amino acids. Asparagine favors
P. aegyptiaca attachment to Arabidopsis thaliana, whereas
methionine and to a lesser extent tryptophan and lysine inhibit
O. minor attachment to red clover (Vurro et al. 2006;
Fernandez-Aparicio et al. 2017; Clermont et al. 2019).
However, amending cultivated fields with amino acid solu-
tions to control O. minor is not realistic: besides their cost,
amino acids can leach towards aquifers and pollute them.
Conversely, the contribution of microorganisms or the stimu-
lation of indigenous microorganisms producing methionine,
tryptophan, and lysine in the host plant rhizosphere would be
an interesting means of limiting broomrape infestation.

These few examples show that it should be possible to
intervene on one of the stages of the broomrape development
cycle through various agricultural practices. However, these
practices are not all applicable in the field, either for economic
and environmental reasons or for reasons of compatibility
with the cropping system. Furthermore, these empirical—yet
commendable—approaches only partly reduce the infectious
potential of broomrapes in a plot. This is why we should
consider a coordinated combination of all these approaches
within an agroecological framework to reach a more convinc-
ing result.

4.6 Biocontrol? Yes, but in what way?

Biocontrol often appears as the alternative method when all
the other methods have failed. There clearly exists a potential
to be explored and implemented, but it should be designed as a
complementary method to all the methods mentioned above.
Microorganisms capable of infesting parasitic plants have
been isolated and characterized for their pathogenicity to-
wards broomrape or witchweed. For instance, Streptomyces
bacterial strains reduced the number of O. cumana tubercles
by almost 50% (Chen et al. 2016). In the same line,
Azospirillum strains and Bacillus/Pseudomonas strains
inhibited radicle elongation of germinating seeds of
S. hermonthica and O. aegyptiaca/O. cernua, respectively
(Miché et al. 2000; Barghouthi and Salman 2010; Kruh
et al. 2017). Furthermore, soil-borne fungi including many
Fusarium species have also been isolated and tested for their
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potential mycoherbicide activity towards parasitic plants. The
modes of action revealed by in vitro tests concern most
broomrape developmental stages: seed germination inhibition
notably via the production of metabolites such as fusaric acid
or trichothecenes, necrosis and rot of tubercles, or reduced
shoot growth (Boari and Vurro 2004; Dor et al. 2007). In
pot tests, the number of tubercles formed and the number
and dry mass of emerging shoots were reduced, while the
dry mass of the host plant increased almost up to that of the
control (Thomas et al. 1999; Boari and Vurro 2004; Miiller-
Stover et al. 2008). In general, each strain was rather effective
on one broomrape species or group of species, and to a lesser
extent on the others; however, it is difficult to talk about spec-
ificity of the interaction. Nevertheless, a F. oxysporum strain
was described as P. ramosa—specific (Miiller-Stover et al.
2008). Two other Fusarium strains were pathogenic to
O. aegyptiaca, O. cernua, and P. ramosa, but not to
O. cumana (Amsellem et al. 2001b). Another F. oxysporum
strain isolated from symptomatic broomrape and described as
a forma specialis called f. sp. orthoceras was pathogenic to
O. cumana and O. cernua but not to O. aegyptiaca (Thomas
et al. 1999). Yet, strains of F. oxysporum f. sp. strigae have
been characterized for their host specificity against Striga spe-
cies, and one of them is now successfully implemented for
biocontrol of maize in the field (Elzein et al. 2008; Nzioki
et al. 2016). Surprisingly, the strain is supplied to farmers
who multiply the inoculum in rice cooked a few days before
sowing. For sowing, farmers put a handful of F. oxysporum—
colonized rice at the bottom of the hole, then place the maize
seed on top ofit, and fill the hole with a handful of soil (Nzioki
et al. 2016). Paradoxically, despite the high number of prom-
ising strains for broomrape biocontrol, none of them is cur-
rently marketed (Hershenhorn et al. 2009). Regulations may
be a hindrance: besides being effective in a reproducible man-
ner in the environment where it will be introduced, the candi-
date must meet numerous ecological, ecotoxicological, and
health requirements as regards humans and animals
(Alabouvette et al. 2006). Meeting these requirements requires
costly studies that the market may not cover, especially if it is
marginal.

Pathogen inoculation for broomrape control may not be the
most appropriate strategy because it is based on the mode(s) of
action of a strain/group of strains introduced into an environ-
ment contaminated by broomrape seeds for decades. The law
of numbers implies that an infested soil is infested for a very
long time (ad vitam efernam?) despite the natural regulatory
mechanisms mentioned above, whether they concern seeds or
plants. However, certain fields seem less affected than others
within a same infested area, and broomrape eruptions occur in
clusters in infested fields. The seed bank cannot be definitive-
ly located because animals, wind, water, and tillage favor seed
distribution across the whole plot and among plots in addition
to their invasive propensity (Fig. 3). Moreover, so-far

unidentified abiotic or more likely biotic factors inhibit germi-
nation, attachment, or/and growth of young belowground
shoots. In other words, the activity of functional and taxonom-
ic components of the microbiota could regulate broomrape
seed germination locally or at the plot scale. A similar phe-
nomenon called soil suppressiveness to plant disease can oc-
cur in the case of plant diseases caused by plant—pathogenic
fungi or nematodes (Westphal and Becker 2001; Mazzola
2002; Mendes et al. 2011; Steinberg et al. 2019). In the present
case, it would rather be called soil suppressiveness to plant
parasitism. Unfortunately, too few studies on the mechanisms
of soil suppressiveness to plant parasitism have been conduct-
ed to date. Nevertheless, the term “suppressive” has been used
for fields where broomrape density is low compared to sur-
rounding fields. Microbiological isolations carried out in these
soils have provided candidates for biocontrol, among which
one Pseudomonas fluorescens strain (Zermane et al. 2007). “-
omics” molecular tools and CAZymes (Carbohydrate-Active
enZimes database) analyses would allow for a comparative
analysis of the microbiomes of suppressive and conducive
soils and highlight the regulatory mechanisms of parasitic
plant populations in soils (Mendes et al. 2011; Barbi et al.
2014; Lombard et al. 2014; Siegel-Hertz et al. 2018). Given
the ecology of broomrapes (a major underground phase) and
the large number of seeds (colonization strategy), their bio-
control by one or more strains seems difficult, even if many
laboratory results are promising. Biocontrol is encouraged by
agricultural policies, with research efforts for successful can-
didates, and technical institutes and experimental stations car-
ry out tests close to production conditions. Nevertheless, bio-
control still fails to meet the expectations of producers, partic-
ularly in the fight against soil-borne pathogens and weeds,
including parasitic plants. One of the reasons for this relative
failure undoubtedly comes from the fact that we expect strains
able to inhibit broomrape seed germination or damage the
tissues of the targeted parasitic plant under laboratory condi-
tions to have the same efficiency in environmental conditions.
However, environmental conditions are complex, and
governed by numerous biotic and abiotic interactions. The
introduced strain may not be able to adapt to them, whereas
the targeted parasitic plant is adapted. The same applies to the
biocontrol of soil-borne plant pathogenic fungi. Therefore,
without excluding this approach, biocontrol by conservation,
i.e., by stimulating natural regulatory mechanisms, must also
be implemented.

Modeling approaches have proved useful for risk assess-
ment of weed population dynamics and cropping system pre-
diction (Holst et al. 2007; Pardo et al. 2010). The dynamic of
Egyptian broomrape has been modeled in tomato, carrot, and
sunflower crops to optimize herbicide control of the parasitic
plant with a decision support system (DSS) (Eizenberg et al.
2012; Cochavi et al. 2016). Other models like PheraSys have
been generated for P. ramosa, using biological traits such as
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seed bank and seed production, germination, mortality, and
phenology, but also traits of other weeds and crops in a mul-
tispecies stand (Colbach et al. 2011; pers. com.). Interactions
between broomrape and other weeds are possible in plots, and
they must be integrated in future management strategies.
Depending on broomrape species, crop plants, and existing
weeds, models can predict plot scale broomrape dynamics.
Then, a combination of cropping techniques is simulated to
limit broomrape infestation. One can also use current interna-
tional recognized models such as the Agricultural Production
Systems sIMulator (APSIM), and add parasitic plants to pre-
dict their dynamic (Manschadi et al. 2003). Knowledge on the
specific traits of parasitic plants is still scarce. Upcoming
models will test different management strategies to design
long-term biological control of broomrape using integrated
weed management strategies. Field validations will also be
important to reach robust predictions. This knowledge will
lead to the proposal of agricultural methods favoring regula-
tory mechanisms within the framework of environmentally
friendly and suitable strategies of conservation and sustainable
agriculture (Raaijmakers and Mazzola 2016; Steinberg et al.
2019).

5 Conclusion

Broomrapes are parasitic weeds with a life cycle closely
bound to their host’s, and with a major underground stage.
Their development mainly depends on interactions with their
host but also on their environment. They grow in the rhizo-
sphere where microorganisms, insects, and other plants’ roots
communicate in a positive, negative, or neutral way.
Therefore, broomrapes partake in various biotic and abiotic
interactions that can affect their life cycle. Finding a suitable
management strategy for each species and crop still remains a
challenge. Besides, new methods are currently emerging to
achieve current agroecology goals, namely sustainable
cropping systems without non-natural inputs. Because of their
strategy, broomrapes are durably invasive, and despite the
great scientific interest they arouse, limiting the damage they
cause to many crops worldwide remains a complex task.
Fungal strains have been isolated and characterized for their
pathogenicity under laboratory conditions. They are presented
as promising candidates for biocontrol, but their field use ob-
viously seems unrealistic in conventional agriculture because
broomrapes are bound to be far more abundant than intro-
duced fungal populations. Therefore, biological control of
broomrape requires working on an integrated weed manage-
ment strategy that will combine (1) the various already known
regulation mechanisms, (2) those to be known very soon
thanks to studies on the functional diversity of soil suppres-
siveness to parasitic plants, and (3) the use of models
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exploiting field data as a decision support tool to determine
the right cropping system.

We have the main ingredients required for regulating—not
eradicating—broomrape populations below a tolerance
threshold compatible with the agroecological production of
foodstuffs and the survival of broomrapes that, like it or not,
are fascinating plants.
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