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Abstract
Although photosynthesis is essential to sustain life on Earth, not all plants use sunlight to synthesize nutrients from carbon dioxide
and water. Holoparasitic plants, which are important in agricultural and natural ecosystems, are dependent on other plants for
nutrients. Phytohormones are crucial in holoparasitic plant–host interactions, from seed germination to senescence, not only be-
cause they act as growth and developmental regulators, but also because of their central role in the regulation of host photosynthesis
and source–sink relations between the host and the holoparasitic plant. Here, we compile and discuss current knowledge on the im-
pact and ecophysiology of holoparasitic plants (such as the broomrapes Orobanche sp. and Phelipanche sp.) that infest economically
important dicotyledonous crops in Mediterranean agroecosystems (legumes [Fabaceae], sunflowers [Helianthus sp.], or tomato
[Solanum lycopersicum] plants). We also highlight the role of holoparasitic plant–host interactions (such as those between Cytinus
hypocistis and various shrubs of the genus Cistus) in shaping natural Mediterranean ecosystems. The roles of phytohormones in con-
trolling plant–host interactions, abiotic factors in parasitism, and the biological significance of natural seed banks and how dormancy
and germination are regulated, will all be discussed. Holoparasitic plants are unique organisms; improving our understanding of their
interaction with hosts as study models will help us to better manage parasitic plants, both in agricultural and natural ecosystems.

Introduction

Mediterranean-type climate ecosystems, with generally
warm, dry summers, and wet, mild winters, are characterized
by a great diversity in vegetation and occupy large natural
vegetation areas in different regions of the world (from the
well-known chaparral and woodlands ecoregion of California
to the sclerophyll forests in south Australia, including the
Chilean matorral, the Western Cape of South Africa and the
Mediterranean basin). Indeed, a comparison of
Mediterranean-type climate ecosystems in different parts of
the world not only allows a test for ecological convergence,
but also helps in understanding key ecophysiological and
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• Mediterranean ecosystems represent unique
environments to study holoparasitic plant-host
interactions

• Holoparasitic plants cause severe reductions in
productivity, but can also exert positive effects
on diversity in natural ecosystems

• A bidirectional flux of phytohormones occurs
in holoparasitic plant-host interactions

• The establishment of seed banks is essential for
the success of both Orobanche and Cytinus
infection in Mediterranean ecosystems
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population processes (Kalin Arroyo et al., 1995; Rundel,
2019). Furthermore, the declining water balance due to
global change has been documented for several
Mediterranean natural and agricultural ecosystems in the
last decades, to the extreme that in certain North African
countries, where rainfed agriculture represents more than
90% of total agricultural land, climate change may result in
surface water reductions of more than 35% (Skuras and
Psaltopoulos, 2012). Both agricultural and natural
Mediterranean ecosystems are subject to similar abiotic fac-
tors that shape holoparasitic plant–host interactions in
these unique environments and improving our understand-
ing of these interactions can undoubtedly help us manage
parasitic plants better both in natural and agricultural
ecosystems.About 1% of angiosperms are parasitic plants
(Press et al., 1999; Twyford, 2018; Nickrent, 2020). Both agro-
ecosystems and natural ecosystems are shaped by biotic and
abiotic factors that modulate the growth and development
of organisms that form them. The interaction between holo-
parasitic plants (see definitions in Glossary Box) and their
hosts indirectly but strongly affects the interactions of the
host with other elements of these ecosystems. These include
other plant species which are important competitors with
parasitic plants, pollinators, herbivores, mycorrhizae,
nitrogen-fixing microorganisms, and other species that live
in contact with the host plant such as insects, as well as
other parasitic organisms (Bouwmeester et al., 2007; Bennett
and Bever, 2007; Cahill et al., 2008; Zhuang et al., 2018). The
study of holoparasites and the interactions with their hosts
is therefore essential not only to understand better the deli-
cate balance of Mediterranean ecosystems, a major source
of global biodiversity, but also in the search for alternatives
to improve crop management and reduce the yield losses
due to holoparasitic plants that currently occur in
Mediterranean agroecosystems (Runyon et al., 2009).

Parasitic plants have evolved independently at least 12
times in angiosperms (Twyford, 2018), and they can be
found in almost every ecosystem (Westwood et al., 2010).
Since they lack photosynthesis capability, holoparasitic
plants obtain all their water, carbon, and nutrients from
their hosts, through a basic connective structure: the haus-
torium. As parasitic plants evolved from autotrophic ances-
tors, they conserve most of the characteristic features of
those plants at the cellular level, such as cell walls and plas-
tids (Clarke et al., 2019); but, in contrast to hemiparasites,
holoparasites show extensive reductions in their plastid ge-
nome and have lost the capacity to perform photosynthesis
(Bungard, 2004; McNeal et al., 2007; Cusimano and Wicke,
2016; Roquet et al., 2016). It has been proposed that the
plastid genome in holoparasites could have come from their
host through kleptoplasty (Krause, 2015). Despite chloro-
plasts in holoparasitic plants have experienced genome
downsizing and gene loss/pseudogenization, these organisms
conserve several of the basic features of autotrophic plants
at the genetic, biochemical, and physiological levels, and re-
spond to chemical and tactile signals, volatile organic

compounds (VOCs), light, or hormone secretion from the
host (Clarke et al., 2019). So holoparasitic plants, which are
relatively easy to manipulate (at least compared to several
animal parasites), provide a very interesting model through
which to study interactions between organisms, which is es-
sential to understand some aspects of basic biology better,
as well as allowing us to understanding better their impact
on natural and agroecosystems.

Although some aspects of the impact of holoparasitic
plants on agriculture and natural ecosystems, including
insights into their evolution, have been reviewed earlier (
Bungard, 2004; de Vega et al., 2008, 2009, 2010; Runyon
et al., 2009; Roquet et al., 2016), there has been no compara-
tive analysis of parasitic plant–host interactions in
Mediterranean ecosystems to date. Here, we aim to go be-
yond a descriptive analysis of holoparasitic plant–host inter-
actions by discussing these plant–plant interactions at the
physiological level (including both ecological and molecular
aspects), as central shapers of productivity in both agricul-
tural and natural Mediterranean ecosystems. We will not
only discuss recent advances in our understanding of the
holoparasitic plant–host interactions, but we will also focus
on the role of phytohormones in controlling plant–host
interactions and the biological significance of natural seed
banks together with how dormancy and germination are
regulated in these ecosystems. This knowledge has impor-
tant applications, not only in agronomy and agri-food bio-
technology for improving yields and the quality of produce,
but also in environmental management.

Productivity loss in Mediterranean
ecosystems
The presence of parasitic plants reduces the aboveground
biomass of plant communities, changes the structure of the
associated microbial communities, and enhances soil nutri-
ent cycling (resulting, among other effects, in an increased
rate of nitrogen mineralization) in both agricultural and nat-
ural Mediterranean ecosystems (Quested, 2008; Li et al.,
2014). Indeed, the nitrogen content of the host strongly
affects the performance of holoparasites in both natural set-
tings and agroecosystems, so that nitrogen fertilization in
agroecosystems has generally been shown to reduce the se-
verity of parasitic infestation due to an improvement of
host vigor (Jeschke and Hilpert, 1997; Shen et al., 2013). Far
more nitrogen is usually available in Mediterranean agroeco-
systems than in natural ecosystems, due to the crop fertiliza-
tion treatments (Velthof et al., 2011), and this may have a
strong impact on holoparasitic infestations. This human ac-
tivity that makes more nitrogen available in natural ecosys-
tems can also affect the spread of holoparasites, thus
influencing the composition of plant communities within
the current framework of global change (Pennings and
Simpson, 2008).
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Impact of holoparasitic plants on Mediterranean
agroecosystems
Parasitic plants pose a serious problem for agronomy that
affects many parts of the world, due to the limited manage-
ment tools that are available to control them, and
Mediterranean-type ecosystems are not an exception. The
most important parasitic plants in agriculture all over the
globe are witchweed (Striga spp.), dodder (Cuscuta spp.),
and broomrapes (Orobanche spp. and Phelipanche spp.).
Striga spp. are root hemiparasites, which cause major prob-
lems for cereal production in resource-limited agriculture, as
occurs in several areas of Africa (Scholes and Press, 2008). In
contrast, Cuscuta spp. are holoparasites that attach them-
selves to the shoots of host plants, such as sugar beet (Beta
vulgaris), onion (Allium cepa), citrus (Rutaceae), or forage
legumes, among other crops, causing severe losses, mainly in
Asia (Albert et al., 2008; Runyon et al., 2009), although they
are widely distributed around the world (Dawson et al.,
1994; Holm et al., 1997, Martin�cová et al., 2019). Orobanche
spp. and Phelipanche spp. are holoparasites that infest the
roots of their host, including legumes, tomato, potato
(Solanum tuberosum), sunflowers, and other important
crops around the world (Parker and Riches, 1993; Parker,
2009), including several agroecosystems with a
Mediterranean climate (or Mediterranean-type ecosystems,
not only in the Mediterranean basin, but also in California,
Chile, and Australia; Figure 1).

Parasitic plants cause yield losses ranging from 7% to 90%
in Mediterranean agroecosystems (Sauerborn, 1991; Ennami
et al., 2017, 2020). In Mediterranean agriculture, it has been
estimated that some holoparasitic plants such as Orobanche
spp. infest 16 million hectares, with an impact on yields of

20%–100% (Parker, 2009). However, the current status of in-
festation is difficult to assess due to farmers deciding to
abandon traditional varieties of crops when they suffer infes-
tations (Westwood et al., 2010). Broomrapes are widely dis-
tributed across the Mediterranean region (Figure 1A) and
affect important crops in different ways. The most negative
influence of bean broomrape (O. crenata) is on faba bean
(Vicia faba) cultivars; but pea (Pisum spp.), lentil (Lens escu-
lenta), vetch (Vicia sativa), chickpea (Cicer arietinum), and
carrot (Daucus carota), among others, may also be severely
affected. It has been estimated that 4 million Ha of legumes
could be at risk in the Mediterranean region (reviewed by
Parker, 2009). Orobanche foetida also parasitizes faba beans,
as well as vetch and chickpea, but with less effect than O.
crenata; while O. cumana parasitizing sunflowers has been a
serious problem for centuries. O. cernua infests most
Solanaceae crops, including tomato, tobacco (Nicotiana
tabacum), pepper (Capsicum annuum), and eggplant
(Solanum melongena; Mohamed et al., 2006; Parker, 2009).
Tomato, potato, and tobacco plants are also affected by O.
ramosa (syn. Phelipanche ramosa), with reported losses to
tomato production of up to 80% (Dı́az et al., 2006).
Orobanche aegyptiaca (syn. P. aegyptiaca) shares most hosts
with O. ramosa (syn. P. ramosa) in addition of rapeseeds
(Brassica napus) and cucurbits (Cucurbitaceae). Finally, O.
minor is the Orobanche species that causes the least losses,
affecting clovers Trifolium spp.) and alfalfa (Medicago sativa;
Parker and Riches, 1993; Parker, 2009).

Key physiological traits of the parasite–host connection
make host damage inevitable. Once the haustoria (the vas-
cular system connecting the parasitic plant and the host) is
formed, parasitic plants start to receive nourishment from

Figure 1 Occurrence of holoparasites in Mediterranean ecosystems. A, Global distribution of Orobanche species and Cytinus hypocistis. B,
Graphical representation of the impact of holoparasitic plants on agricultural and natural Mediterranean ecosystems. C, Photographs showing
three examples of broomrapes, including O. crenata, O. ramosa and O. minor, which are typical from Mediterranean agroecosystems. D,
Photograph of Cytinus hypocistis, which occurs naturally in the Mediterranean basin.
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host-derived nutrients. The phloem connection with the
host allows broomrapes to take advantage of nutrients, water,
carbon and reduced nitrogen, as holoparasites act as a pow-
erful sink for the host (Joel et al., 2007; Pielach et al., 2014). In
addition, key biological traits contribute to the success of the
parasite. By producing a very large number of seeds, which
are small and light, the parasite can achieve great dispersion.
Furthermore, hard seeds with water-impermeable coatings
(Bouman and Meyer, 1994; Delavault, 2015) helps them retain
germination capability for several years, and the need for host
root exudates before germination assists the formation of a
reserve or “seed bank” in the soil. In addition, rapid fixation
to host roots, the synchronization of the parasite life cycle
with that of the host, and the notable independence from
environmental factors of this interaction at initial stages also
contribute to parasite success (Gibot-Leclerc et al., 2012).
Eventually, after successful establishment of parasitization, the
impact of holoparasitic plants on photosynthetic perfor-
mance together with the hormonal imbalance produced in
the host result in severe growth reductions in the crop
(Watling and Press, 2001; Zhuang et al., 2018; Figure 1B).
Despite not always being successful, several strategies have
been developed to reduce the impact of holoparasitic plants
on Mediterranean agroecosystems (Box 1).

Impact of holoparasitic plants on natural
Mediterranean ecosystems
Parasitic plants are present in most natural plant communi-
ties and play an important role in Mediterranean ecosys-
tems (Musselman and Press, 1995; Press and Phoenix, 2005;
Groom and Lamont, 2015). In the Mediterranean basin, the
root holoparasitic genus Cytinus, with a wide distribution in
the Mediterranean basin (Figure 1A), parasitizes endemic
Mediterranean shrubs belonging to the Cistaceae family,
such as several species of the genus Cistus, Halimium,
Helianthemum, and Fumana. In contrast to what occurs in
agroecosystems, in natural systems not only do they have
direct negative effects on productivity, reducing host growth,
and reproduction output in the short term, but their effects
on the ecosystem properties are also indirect and may be
positive in the long term (Seel and Press, 1996; Davies and
Graves, 2000; Neto et al., 2017). By taking water, carbon, and
nutrients from their host, holoparasitic plants can alter the
competitive balance between species, altering their composi-
tion and eventually increasing the diversity of the ecosys-
tems (Figure 1B). Indeed, holoparasites reduce the growth of
competitively dominant species thus allowing a wider pool
of species to grow. It has been proposed that the impact of
holoparasitic plants on ecosystems depends on the virulence
of the parasitic plant, which in turn is influenced by both
environmental conditions and the specificity of the holopar-
asitic plant–host interaction (Gibson and Watkinson, 1991,
1992; Pennings and Callaway 2002).

Holoparasitic plants have countless effects on
Mediterranean ecosystems aside from reducing host

productivity and reproductive output (de Vega et al., 2010).
In the Mediterranean region, Cytinus parasitizing endemic
Mediterranean shrubs belonging to the Cistaceae family are
abundant. The genetic differentiation of Cytinus has evolved
as a result of selective pressure imposed by their host and,
despite the classification of Cytinus species being quite con-
troversial due to their morphological similarity, five different
genetic groups have been described (de Vega et al., 2008).
Following the classification sensu de Vega et al. (2008),
Cytinus species with ivory-white and pink flowers parasitizing
white-leaved rockrose (Cistus albidus) would correspond to C.
hypocitis subsp. clusii or C. ruber, and C. hypocitis subsp.
hypocistis would correspond to yellow flowered Cytinus, one
group parasitizing gum rockrose (C. ladanifer), and the other
Montpellier cistus (C. monspeliensis), C. populifolius, and sage-
leaved rockrose (C. salvifolius). Yellow flowered Cytinus that
parasitizes Halimium sect. Chrysorhodion, would correspond
to C. hypocitis subsp. macaranthus, and those that parasitize
Halimium, Helianthemum and Fumana would correspond to
C. hypocitis subsp. lutescens. In general, holoparasitic plants
may cause reductions in plant community biomass in the
short term, but they can modulate diversity, heterogeneity,
and productivity in both directions in the long term: increas-
ing or reducing them, depending on whether the chosen
host is competitively dominant or subordinate. Cytinus hypo-
cistis modulates the ecophysiology of various shrubs of the
genus Cistus in natural Mediterranean ecosystems, and these
shrubs are competitively dominant and perform an essential
role in post-fire succession (Roy and Sonié, 1992; Montès
et al., 2004). Therefore, infestation by these holoparasitic
plants leads to a decrease in productivity in the short-term
during post-fire succession, but also to an increase in diversity
in the long term by altering water and nutrient resources in
the soil and making other plants more competitive with the
dominant Cistus sp. shrubs. Additionally, they can affect vege-
tation zonation by altering the competitiveness of species: an
aspect that has been studied in hemiparasitic plants from
the Mediterranean region (Bardgett et al., 2006; Mellado and
Zamora, 2017; Griebel et al., 2017), but not in Cytinus. By
interacting with other trophic levels, holoparasitic plants can
also have an impact on the biotic framework of the ecosys-
tem. For instance, the associations among Cytinus hypocitis,
their host plants (including Cistus albidus, C. ladanifer, C. sal-
vifolius, Halimimum halimifolium, and H. ocymoides) and my-
corrhizal fungi can be very important in terms of maintaining
biodiversity and ecosystem functioning (de Vega et al., 2010;
Correia and Ascensao, 2017). Moreover, their interaction with
pollinators such as ants, flies, or mammals (depending on
their distribution) can contribute to seed dispersal from the
host (seeds of Cistus shrubs are usually dispersed by mam-
mals) or other species inhabiting the same ecosystem. Finally,
the influence of holoparasitic plants on mycorrhiza can alter
the activity of soil microbes and consequently the balance of
fungi/bacteria via the input of their nutrient-rich litter to the
soil, thus contributing to nutrient cycling: an aspect that
deserves further study.
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Box 1. Strategies to reduce the impact of holoparasitic plants on Mediterranean agroecosystems

Phytosanitary measures to preventing a lasting seed bank are necessary to deal with broomrapes. Suicidal ger-
mination (A) caused by adding synthetic strigolactones (SLs) is a potential control mechanism (Habimana et al.,
2014; Zwanenburg et al., 2016).Adding SL deactivators (B) is also a means to deal with broomrapes at later
stages. The effectiveness of these treatments is limited by the continuous germination of parasites throughout
the season, and their direct host connection; but in some cases, they have been developed and applied with the
desired selectivity and efficacy (Zwanenburg et al., 2016).
Rotation with nonhost crops is commonly advised, but not always possible. As an alternative, intercropping
(C) with oat has been shown to reduce legume infestation by O. crenata; significant control is achieved in faba
bean, pea, lentil, and chickling pea when intercropped with fenugreek; and faba bean and pea benefit from inter-
cropping with berseem clover. Inhibition of host seed germination by allelochemicals released by roots of the sec-
ond crop may be the mechanism for infection reduction (Fernández-Aparicio et al., 2016).
Soil solarization has shown usefulness in controlling seed banks, since broomrape seeds die at around 48–57�C
when imbibed (Mauromicale et al., 2005). This technique is improved when combined with biocontrol strate-
gies (D).

The fly Phytomyza orobanchia is reportedly host-specific for Orobanche spp., thus it helps to reduce reproductive
output and seed dispersal (Abu-Shall and Ragheb, 2014; Bayram and Çikman, 2016).

Alternatively, fungi can be bioherbicides: one Fusarium species used alone or in combination with others can attack the
parasite in any season and reduce their seed bank and physiological performance (Shabana et al., 2003; Aybeke, 2017).

Inoculation with compatible Rhizobium can reduce host exudates, preventing parasite attachment and growth in
pea (Mabrouk et al., 2006).

Genomic strategies are arousing interest as tools for more sustainable agriculture. While genes resistant against
specific varieties of O. cumana have been used in breeding programs (Molinero-Ruiz et al., 2009), the constant
evolution of these holoparasitic plants highlights the need for more sustainable resistance (E). Conservation of
crop wild relatives offering sources of resistance to support breeding programs will help to achieve this goal
(Seiler, 2019).
Mathematical modeling of both seed bank dynamics and competition between parasites and hosts, including in-
teraction studies between variables such as genotype, environment, and management (F), may be effective in de-
veloping strategies to control broomrape and assess consequences (Grenz et al., 2005, 2006).
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Although the holoparasites Orobanche spp. are well
known in agroecosystems, they also inhabit natural
Mediterranean ecosystems (Schneeweiss, 2007). While O. cer-
nua L. is most frequently observed parasitizing species of the
genus Artemisia in natural ecosystems on the Iberian
Peninsula, it has also been found infesting Launaea lanifera
in ecological niches that are quite arid and degraded at alti-
tudes between 0 and 1,500 m a.s.l. In contrast, O. cumana,
which spread widely across the Iberian Peninsula with the
introduction of sunflower cultivars, has not been observed
in a natural context; thus, this species only seems to be
adapted to cultivated land niches (Pujadas-Salvà and
Velasco, 2000). Meanwhile, O. lutea has been reported to be
able to grow in polluted soils and even reduces the content
of toxic metals in the host, so that the latter increases its
photosynthetic rate relative to noninfested plants. This sug-
gests an attenuation role of the parasitic plant when the
host is faced with soil metal toxicity (Turnau et al., 2018).

Holoparasitic plant–host interactions
Interactions between holoparasitic plants and their hosts in
Mediterranean ecosystems (either natural or agroecosystems)
in which the parasites benefit while the hosts are harmed oc-
cur at every stage of the relationship. The first interplay
occurs in identification of the host, which in most cases leads
to parasite germination. It has been demonstrated that holo-
parasitic plants respond to light and chemical signals when
locating their host, and germinate in response to strigolac-
tones (Runyon et al., 2006; Furuhasi et al., 2011).
Communication continues through haustorium development,
when hautorium-inducing factors (flavonoids, phenolic acids,
quinones, cytokinins, and cyclohexene oxides) play a major
role in haustorium initiation; while auxin production and cy-
tokinin translocation allow for its correct growth and devel-
opment (Ishida et al., 2016; Goyet et al., 2017; Clarke et al.,
2019). The exchange of microRNAs between holoparasitic
plants and their hosts appears to function as interference sig-
nals directed at mRNA, such as mRNA related with auxin
receptors, development regulators, pathogen defense, and
phloem function in the host, as a way to increase parasite fit-
ness. This aspect has been shown to occur in broomrapes
(Clarke et al., 2019) but still requires examination in Cytinus.
Given that phytohormones regulate several processes in plant
development and defense, in-depth understanding of their
implication in holoparasitic plant–host interactions in both
agricultural and natural Mediterranean ecosystems will help
us manage holoparasitic plants better.

Impact of phytohormones on parasitic plant–host
interactions
Strigolactones are the best-known phytohormones involved
in holoparasitic plant–host interactions in Mediterranean
ecosystems. Strigolactones are tricyclic lactones connected
with a butyrolactone group by an enol ether bridge, in
which their biological activity resides (Zwanenburg et al.,
2016). In general, their physiological and ecological relevance

stems from their function as promoters of growth and hy-
phal branching in arbuscular mycorrhizal fungi, as inhibitors
of shoot branching, and as stimulators of parasitic plant ger-
mination (López-Ráez et al., 2008). Released from the host
root into the soil at a very low concentration, strigolactones
are thought to form a covalent bond with their receptors,
which induces parasitic plant germination (Zwanenburg
et al., 2008; Ruyter-Spira et al., 2013). Indeed, a unique com-
bination of strigolactones has been shown to contribute to
the host specificity of broomrape germination (Fernández-
Aparicio et al., 2011).

Auxin and cytokinins play several roles in holoparasitic
plant–host interactions. Not only do auxin and cytokinins
play a major role in root architecture, cell division, differenti-
ation, and elongation, as well as in the leaf, flower, vascular,
and fruit development of the host (Ljung, 2013), but auxin
has also been shown to be involved in broomrapes germina-
tion (Slavov et al., 2004). The flow of auxin from the para-
sitic plant to the host is involved in the formation of a
continuous vessel connecting them (Aloni, 2015). Indeed,
changes in auxin transport or disturbance of the auxin re-
sponse has been shown to prevent infection by broomrapes,
highlighting the fact that auxin plays a major role in parasite
performance (Bar-Nun et al., 2008). Cytokinins not only reg-
ulate cell proliferation and differentiation in apical meris-
tems, thereby promoting shoot growth and inhibiting root
growth in the host (Werner et al., 2001; Schaller et al., 2015),
but they also play a major role in source–sink relationships
(Roitsch and Ehneß, 2000), which are essential in holopara-
sitic plant–host interactions. Cytokinins have been shown to
be involved in haustorium induction in holoparasites, in
some cases as a result of a signaling pathway initiated by
the perception of light and contact signals received during
recognition of the host, such as a low red:far red ratio, or
mechanical stimulation (Furuhasi et al., 2011). For O. ramosa
(syn. P. ramosa), it has been shown that cytokinins present
in the common rape host root exudates induce the expres-
sion of cytokinin-responsive genes (RESPONSE REGULATOR
5 [PrRR5], CYTOKININ OXIDASE 2 [PrCKX2], CYTOKININ
OXIDASE 4 [PrCKX4], and ZINC FINGER PROTEIN 6 [PrZFP6])
in the parasite and play a major role in both induction of
haustorium formation and an increase of parasite aggressive-
ness (Goyet et al., 2017).

Other phytohormones involved in holoparasitic plant–
host interactions are the typical stress-related hormones jas-
monic acid, salicylic acid, and abscisic acid (ABA). The in-
volvement of jasmonic acid and salicylic acid in host defense
response against broomrapes at initial stages of the holopar-
asitic plant–host interaction has been reported in several
studies (reviewed by Gutjahr and Paszkowski, 2009; see also
Torres-Vera et al., 2016). In addition, given the observed en-
hanced expression of ABA biosynthetic (LeNCED1) and re-
sponsive genes (Le4) in the tomato host roots, it has been
proposed that this phytohormone is involved in host de-
fense response at early stages of the infection between O.
ramosa and tomato plants (Torres-Vera et al., 2016).
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Since complex crosstalk occurs between phytohormones,
and each phytohormone can mediate different responses
depending on the plant species and the prevailing environ-
mental conditions, it is necessary to study hormonal
responses in the holoparasitic plant–host system through in-
tegrating what occurs in the whole ecosystem to understand
better the role of phytohormones in both agricultural and
natural Mediterranean ecosystems (Figure 2). This is not
only important to understand better how these interactions
occur at the physiological level in natural ecosystems, but
also to arrive at better management of holoparasitic plants
in Mediterranean agroecosystems. Specifically, important
points of control in Mediterranean agroecosystems include
strigolactones, to produce suicidal germination and thereby
control seed banks (Habimana et al., 2014; Zwanenburg
et al., 2016, see also Box 1). Other hormonal approaches
with potential application also cover ABA and auxins, for
preventing germination (Slavov et al., 2004); cytokinins,
which prevent parasite and host connection once the para-
sitic plant has germinated (Furuhasi et al., 2014; Goyet et al.,

2017); and salicylic acid, and to a lesser extent jasmonic
acid, involved in resistance against parasites (Buschmann
et al., 2005; Yoder and Scholes, 2010).

Impact of phytohormones on photosynthesis in the
host
Holoparasites represent an extra sink for photosynthates in
the host. Although in most cases the holoparasites enhance
the host photosynthesis rate, this compensation effect is
limited and a constraint on the number and size of parasites
infecting a host can emerge. Furthermore, in most cases,
this source–sink relationship benefits the parasite rather
than the host (Watling and Press, 2001). It has been
reported that infection by O. ramosa causes upregulation of
ABA biosynthesis and signaling in tomato roots (Torres-Vera
et al., 2016). ABA is known to regulate guard cells, promot-
ing stomatal closure (Acharya and Assmann, 2009), so we
might expect that photosynthesis could be reduced as a
stress response to the holoparasite, as it has been recently
shown in red clover–O. minor host–parasite interaction

Figure 2 Schematic representation of holoparasitic plant–host interactions, placing special interest on phytohormone flux and its implications.
Solid yellow arrows represent demonstrated fluxes of hormones, while translucent yellow arrows represent possible fluxes. Small arrows inside
circles represent reported hormone increases/decreases. ABA: abscisic acid, AUX: auxin, CKs: cytokinins, JA: jasmonic acid, SA: salicylic acid, SLs:
strigolactones
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(Jokinen and Irving, 2019). However, it has been reported
that holoparasitic plant–host systems can partly compensate
for this, or even maintain productivity, by greater leaf area
and by delaying leaf senescence in response to the extra de-
mand for carbon by the holoparasite (Hibberd et al., 1998).
So ABA increases in the host root in response to the O.
ramosa do not entail negative effects of the parasite, but
positive effects, most likely related to an improved root:
shoot ratio in the host, which may improve vegetative
growth and delay senescence in the long term.

It has been shown that auxin flows from parasitic plants
to their hosts (Aloni, 2015). The link between auxins and
photosynthesis has been reported to involve leaf venation,
since altered auxin homeostasis affects leaf hydraulic con-
ductance and leaf gas exchange (McAdam et al., 2017).
Furthermore, it has also been shown that an auxin-
responsive factor in tomato (AUXIN RESPONSE FACTOR 6A
[SlARF6A]) regulates chlorophyll content and chloroplast
development, which result in improved photosynthesis
(Yuan et al., 2019). The significance of the auxin flow to the
host has also been related to haustorial development and
the formation of continuous vessels connecting parasite and
host (Bar-Nun et al., 2008; Aloni, 2015; Ishida et al., 2016). It
may also play a role in the improvement of host photosyn-
thesis, given the benefit that this represents for the holopar-
asite. In addition, increased cytokinin contents have been
reported in both holoparasitic plant and host during infec-
tion (Furuhasi et al., 2014); and translocation of cytokinins
from the parasite to the host has been shown to cause
changes in host architecture (Watling and Press, 2001).
Moreover, cytokinins are involved in source–sink relation-
ships, and so alterations in host cytokinin levels may have
an impact on photosynthesis at the whole-plant level
(Acharya and Assmann, 2009).

Altered salicylic acid and jasmonic acid contents have
been reported in tomato during the initial stages of O.
ramosa infection (Torres-Vera et al., 2016). Also, changes in
superoxide dismutase activity have been reported in the
host during enhanced reactive oxygen species (ROS) produc-
tion due to broomrapes infection. ROS detoxification
seemed to be related to host resistance to holoparasites
(Demirbaş and Acar, 2008). Since both salicylic acid and jas-
monic acid have been reported to improve antioxidant
mechanisms under various plant stress conditions (Sirhindi
et al., 2015; Bali et al., 2018), both phytohormones could
also be involved, together with ABA, in alleviation of photo-
inhibition and improvement of photosynthesis in the holo-
parasite–host system. This aspect requires further study in
Mediterranean ecosystems, particularly in the Cytinus-Cistus
system, which is still poorly understood in this respect.
Another aspect that requires more research is the critical
lack of information on the selection pressures that may be
acting on the holoparasite. For example, is the use of each
hormone (such as salicylic acid) selected for in the parasite,
or are these passively being used? Further investigations are
needed to shed light on this question, and more specifically

to identify putative genes that might be under selection
pressure.

Natural seed banks: dormancy versus
germination
The establishment of persistent seed banks and an efficient
control of seed dormancy and germination are essential for
the success of holoparasitic plants in Mediterranean natural
and agroecosystems. Indeed, understanding the dynamics of
the seed bank has been shown to be crucial to solving the
problem of broomrapes infestations in these agroecosystems.
Most Orobanche seeds present physiological dormancy
(Fernández-Aparicio et al., 2016); studies of O. ramosa seeds
have revealed seasonal physiological dormancy. While the
short-term seed mortality was about 4%–7% per year, seed
dormancy was observed to be synchronized with the host
cycle, since low seed dormancy was recorded in the period
when their host seeds were set in the ground, but high dor-
mancy in the period between the appearance of host seeds
in the soil. This means that O. ramosa is able to infect its
host early in its development (Pointurier et al., 2019;
Figure 3A). However, intraspecific variability has been dem-
onstrated. In another population of O. ramosa, opportunistic
behavior has been suggested. The population showed a
shorter dormancy cycle, with quicker and massive spontane-
ous germination, probably making them able to parasitize
both winter and summer crops (Pointurier et al., 2019).

Germination of broomrapes is a two-step process involv-
ing a conditioning period that allows a proper response to
germination stimulants, followed by biochemical stimulation
of germination (Lechat et al., 2015; Figure 3B). The wake
from seed dormancy in O. ramosa requires a minimum of 4
d conditioning at 21�C for water to enter and imbibition to
occur (Mauromicale et al., 2005; Lechat et al., 2012). On the
first day, ABA seed content decreases sharply (Lechat et al.,
2015), protein synthesis occurs, and alternative oxidase activ-
ity increases as does respiration (Bar-Nun et al., 2003). The
ABA decrease has been shown to be mediated by the activa-
tion of CYP707A1 (an ABA catabolic gene) by a strigolac-
tone analog (GR 24), but it can only occur after the
conditioning period, with a few exceptions (Plakhine et al.,
2009; Lechat et al., 2012). However, the acquisition of strigo-
lactone sensitivity during the conditioning period is not only
mediated by the ABA content, but also by the DNA methyl-
ation status (Lechat et al., 2015; Figure 3B). Under typical
Mediterranean conditions, such as a temperature of 20�C,
responsiveness to strigolactones increases with the duration
of the conditioning period, becoming optimal after 2–3
weeks. However, when conditioned at sub-optimal tempera-
tures, a secondary dormancy may occur. Similar require-
ments for the conditioning period and for entrance to
secondary dormancy have been shown for several species of
the genus, including O. crenata, O. cumana, O. aegyptiaca,
and O. minor; and it has been shown that the gibberellin ef-
fect of promoting seed germination is species specific
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(Kebreab and Murdoch 1999; Matusova et al., 2004; Moral
et al., 2015; Ye et al., 2017; Figure 3B). Oxygen tension and
water potential also influence the seed germination of
broomrapes, so their distribution across the globe is limited
by factors governing soil conditions. These requirements
make germination of this species possible in all
Mediterranean climate areas (Gibot-Leclerc et al., 2004;
Grenz et al., 2006). Taken together, the physiological mecha-
nisms involved in the control of seed dormancy and germi-
nation in broomrapes have important agronomic
implications in Mediterranean agroecosystems (Grenz et al.,
2005, 2006). Good examples include the use of catch crops,
species grown between the cultivation of main crops when
seed dormancy of broomrapes is low (Pointurier et al.,
2019); trap crops, which induce holoparasite germination
without being parasitized (Rubiales et al., 2009); or gibberel-
lins, which help retain high sensitivity in seeds for efficient
suicidal germination strategies (Ye et al., 2017). Soil solariza-
tion (Mauromicale et al., 2005), biocontrol strategies
(Mabrouk et al., 2006; Abu-Shall and Ragheb, 2014; Bayram
and Çikman, 2016), and bioherbicides (Shabana et al., 2003;
Aybeke, 2017) have also shown usefulness in controlling hol-
oparasite seed banks. Finally, genomic strategies (Molinero-
Ruiz et al., 2009; Seiler 2019) and mathematical modeling
(Grenz et al., 2005, 2006) may also be very useful tools to
achieve a more sustainable agriculture in seed bank manage-
ment (Box 1).

Knowledge of the mechanisms of seed dispersal and ger-
mination adopted by species occurring in natural

Mediterranean ecosystems, such as Cytinus, is also useful
for better management of holoparasitic plants in both agri-
cultural and natural ecosystems. Cytinus produce fruit that
give rise to a large amount of dust-like seeds with a rigid
thick coat. These are consumed by beetle species, as well
as rodents, ants and lagomorphs that defecate intact and
viable seeds far away from the parent plant, although seed
dispersal by Cytinus hypocistis in Mediterranean ecosystems
has mainly been associated with endozoochory by beetles
(de Vega et al., 2011). Beetles can be considered an efficient
seed dispersal agent given that, contrary to other fruit-
consuming species, they are likely to leave the seeds, once
eaten, near to host roots, underground (Figure 3C). This
mutualistic relationship between the holoparasitic plant
and the beetle has been shown to be limited by the distri-
bution and population size of beetles, which in turn is
influenced by environmental and ecological factors such as
soil type, or by the presence of other consumers of Cytinus
fruits such as wood mice (de Vega et al., 2011). However,
the seed dispersal area seems to be fairly small due to the
reduced mobility of this insect, which on the one hand
may be contributing to the small size populations of C.
hypocistis, but on the other hand may ensure the place-
ment of the seeds in areas where their host is present (de
Vega et al., 2008, 2011; Figure 3C). Although the germina-
tion requirements of C. hypocistis seeds remain unknown,
the knowledge acquired to date of the germination of
other holoparasitic species may lead to the discovery of
similar physiological mechanisms that allow the control

Figure 3 Seed dormancy and germination in holoparasitic plants. Schematic representation of (A) seasonal physiological seed dormancy:
Orobanche germination during the season when host seeds were in the ground, B, process of breaking seed dormancy and germination demon-
strated in Orobanche, C, seed dispersion in Cytinus by beetles. ABA: abscisic acid, AOX: alternative oxidase, GAs: gibberellins, SLs: strigolactones.
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of Cytinus seed banks. Taken together with the information
available on seed dispersal, this could allow us to better
understand the physiological and ecological mechanisms
underlying the spread of Cytinus in Mediterranean
ecosystems.

Conclusions and future prospects
Major advances have taken place in our understanding of
holoparasitic plant–host interactions, the role of phytohor-
mones in these interactions, and how these influence host
photosynthesis and control source–sink relations.

Box 2. Schematic representation of holoparasitic plant–pollinators interaction through the release of VOCs in
Mediterranean ecosystems. VOCs play a key role both in insect pollination of Orobanche (A) and mammal- and

ant-pollination of Cytinus (B)

Glossary Box
Haustorium: a slender projection from the root of a parasitic plant enabling the parasite to penetrate the tissues
of its host and absorb nutrients from it.
Hemiparasitic plants: plants that possess chlorophylls and are capable of photosynthesis but that obtain part of
nutrients and water from a host plant.
Holoparasitic plants: plants that are not capable of photosynthesis and obtain all nutrients and water from a
host plant.
Hormonal crosstalk: interaction between phytohormones in the regulation of a physiological process.
Host range: collection of hosts that a parasite can use.
Phytohormone: signal organic molecules produced at very low amounts by plants that regulate a physiological
process.
Seed bank: seeds stored either naturally in the soil (natural seed bank) or by human action (artificial seed bank)
that allow population renewal for any given species.
Seed dormancy: the state in which a seed is alive but not actively growing (germination is arrested).
Source–sink relations: relationship between source organs (with export photoassimilates) and sink organs
(which receive these assimilates either for growth or storage).
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Furthermore, the physiological mechanisms involved in seed
dormancy and germination of holoparasitic seed banks have
been reported in detail at the physiological and molecular
levels. There are still, however, many gaps in our knowledge
of the physiological processes and mechanisms underlying
holoparasitic plant–host interactions in Mediterranean eco-
systems, most particularly in Cytinus and to a lesser extent
in broomrapes. These include aspects related to hormonal
crosstalk in holoparasitic plant–host interactions, to what
extent diversity increases in natural ecosystems due to holo-
parasitic plants both in the short and long term, and the
role of VOCs in holoparasitic plant–pollinator interactions.
Although several advances have recently been made in the
latter question (see Box 2), some questions remain unsolved,
including how the host influence VOCs release by holopara-
sites in plant–pollinator interactions in Mediterranean eco-
systems. Furthermore, it will also be challenging to
investigate in the near future how the mode and tempo of
evolution of holoparasitic plant–host interactions differ in
agricultural systems relative to natural environments; and fi-
nally, in order to gain a holistic understanding of ecosystem
processes, how ecophysiology is linked to its underpinning
genetic basis in holoparastic plant–host interactions (see
Outstanding questions). Better understanding of how the
whole holoparasitic plant–host system is regulated, including
as well its relation to the environment, pollinators, and mi-
crobial communities in a holistic view, is not only essential
to expand our knowledge of basic biology, but it will also
have important economic implications in the agricultural,
horticultural and agri-food biotechnology sectors, as well as
in environmental management.
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Bayram Y, Çikman E (2016) Efficiency of Phytomyza orobanchia
Kaltenbach (Diptera: Agromyzidae) on Orobanche crenata Forsk.
(Orobanchaceae) in lentil fields at Diyarbakır and Mardin
Provinces, Turkey. Egypt J Biol Pest Control 26: 365–371

Bennett AE, Bever JD (2007) Mycorrhizal species differentially alter
plant growth and response to herbivory. Ecology 88: 210–218

Bouman F, Meyer W (1994) Comparative structure of ovules and
seeds in Rafflesiaceae. Plant Syst Evol 193: 187–212

Bouwmeester HJ, Roux C, López-Ráez JA, Bécard G (2007)
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Characterization of the holoparasitism of Orobanche ramosa on
tomatoes under field conditions. Agric Tec 66: 223–234

Ennami M, Briache FZ, Gaboun F, Abdelwahd R, Ghaouti L,
Belqadi L, Westwood J, Mentag R (2017) Host differentiation and
variability of Orobanche crenata populations from legume species
in Morocco as revealed by cross-infestation and molecular analysis.
Pest Manag Sci 73: 1753–1763

Ennami M, Mbasani-mansi J, Briache FZ, Oussible N, Gaboun F,
Ghaouti L, Belqadi L, Ghanem ME, Aberkani K, Westwood J, et
al. (2020) Growth-defense tradeoffs and source-sink relationship
during both faba bean and lentil interactions with Orobanche cren-
ata Forsk. Crop Prot 127: 104924

Fernández-Aparicio M, Yoneyama K, Rubiales D (2011) The role of
strigolactones in host specificity of Orobanche and Phelipanche
seed germination. Seed Sci Res 21: 55–61

Fernández-Aparicio M, Flores F, Rubiales D (2016) The effect of
Orobanche crenata infection severity in faba bean, field pea, and
grass pea productivity. Front Plant Sci 7: 1409

Furuhasi T, Kojima M, Sakakibara H, Fukushima A, Hirai MY,
Furuhashi K (2014) Morphological and plant hormonal changes
during parasitization by Cuscuta japonica on Momordica charantia.
J Plant Inter 9: 220–232

Gibot-Leclerc S, Corbineau F, Sallé G, Côme D (2004)
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Véronési C, Todoroki Y, Le Bizec B, Monteau F, Macherel F, et
al. (2012) PrCYP707A1, and ABA catabolic gene, is a key compo-
nent of Phelipanche ramosa seed germination in response to the
strigolactone analogue GR24. J Exp Bot 63: 5311–5322

Li J-M, Jin Z-X, Hagedorn F, Li M-H (2014) Short-term
parasite-infection alters already the biomass, activity and func-
tional diversity of soil microbial communities. Sci Rep 4: 6895
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et al. (2017) Linking auxin with photosynthetic rate via leaf vena-
tion. Plant Physiol 175: 351–360

McNeal JR, Kuehl JV, Boore JL, de Pamphilis CW (2007) Complete
plastid genome sequences suggest strong selection for retention of

1336 | PLANT PHYSIOLOGY 2021: 185; 1325–1338 Casadesús and Munné-Bosch
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