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by Holoparasitic Plants
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Abstract Parasitic and carnivorous plants that adopt a heterotrophic lifestyle
encounter novel environmental challenges that are shared with other heterotrophs,
such as the need to locate hosts or lure prey and the need to overcome the defenses
of their intended victims. These challenges are particularly acute for holoparasitic
plants that depend entirely on their hosts for nutrients and other resources. In response
to these challenges, holoparasitic plants employ a variety of strategies to locate and
identify appropriate hosts. Root parasites such as Striga and Orobanche produce
large numbers of tiny seeds that germinate only in response to host-derived chemical
cues localized to the immediate vicinity of host roots. Other parasites, such as
dodders (Cuscuta), produce relatively few large seeds that store sufficient resources
for the parasitic seedling to “forage” for nearby hosts. Here we describe recent
research on the mechanisms underlying these host-location strategies.

1 Introduction

1.1 Plant Behavior

If the concept of plant “behavior” is in some sense provocative, or even controversial,
it is likely because behavior can easily seem, on first reflection, to be exactly the quality
that animals possess and plants do not. A reasonable definition of the common-sense
notion of behavior might be, “things that organisms do.” And, to the casual observer,
plants often don’t seem to be doing much. Even Aristotle—who was manifestly not
a casual observer—attributed to plants only the qualities of growth, reproduction,
and decay, while reserving the powers of perception and locomotion for animals.
More recent observers, aided by the tools of modern science, have shown that
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plants are not nearly so passive as they appear at first glance. Plants perceive the
environments around them in myriad ways, as the examples described throughout
this volume amply document. Plants also locomote, though over distances and times-
cales that are not always readily apparent to human observers.

Whether these activities of plants—or some subset of them—should be called
behavior is a matter of intellectual perspective, the key question being whether such
usage tends to illuminate the real and important commonalities between plants and
animals or to obfuscate significant differences. The answer depends largely on which
aspects of the phenomena we wish to emphasize. A mechanistic definition of behavior,
drawing on work in animal systems, that makes explicit reference to muscles and nerves
will necessarily exclude the actions of plants no matter how rapid or complex they
might be. However, while such a definition might be criticized on grounds of utility or
historical precedence, it cannot be argued that such a restrictive definition is incoherent,
for there are obviously profound differences in the ways that plants and animals respond
to and interact with their environment, and these distinctions are worth noting.

However, we prefer to emphasize the evolutionary function of behavior as
an adaptive mechanism by which organisms achieve a better fit to dynamic and
unpredictable environments by acquiring and responding to external information in
ecological time. Thus, we are amenable to the recently proposed definition of plant
behaviors as morphological or physiological responses to events or environmental
changes that are rapid relative to the lifetime of an individual (Silvertown and
Gordon 1989; Silvertown 1998; Karban 2008). As Karban (2008) points out, this
definition is similar to commonly used descriptions of phenotypic plasticity in
plants (Bradshaw 1965)—behavior under this definition being a form of phenotypic
plasticity, occurring in response to a stimulus, that is relatively rapid and potentially
reversible (Silvertown and Gordon 1989). It is likely, in fact, that plant responses
occupy a continuum of rapidity and reversibility along which it may prove difficult
to draw clear-cut distinctions. At one end of this continuum, the active foraging of
the seedling of a parasitic dodder vine, for example, would likely satisfy even the
most common-sense notion of behavior—if Aristotle had seen a time lapse video
of a dodder seedling searching for a host he would likely have reconsidered the
classification cited above. In contrast, the dependence of seed germination in other
parasitic plants on exposure to chemical cues derived from the roots of host plants
fits somewhat less easily with either an intuitive notion of behavior or with the
technical definition described above. Nevertheless, it obviously makes sense to
address these plant strategies together since, as we will discuss below, they serve
fundamentally similar ecological functions as mechanisms of host location.

We should note, however, that such ambiguity is not unique to plant systems.
The quiescence that eggs of some aquatic invertebrates exhibit—which we will discuss
below as being analogous to the contingent germination strategies of plants—and
from which they emerge only in response to environmental cues signaling the presence
of favorable ecological conditions, also may not obviously fit with our commonsense
notion of behavior. However, it is certainly the sort of thing that behavioral ecologists
might study, which suggests another less technical but potentially useful definition
of plant behavior: plant behaviors are those things that plants do which people who
are interested in behavior might be keen to know about.
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1.2 The Behavior of Parasitic Plants

Whatever definition we employ, we are likely to find that the behavior and ecology
of plants most closely approaches those of animals in plant groups that adopt a
parasitic or carnivorous habit. In their migration up the food chain, these plants
encounter novel environmental challenges that are shared with other heterotrophs,
such as the need to identify and locate organisms on which to feed and the need to
overcome the defenses of their hosts or prey. This is especially the case for
holoparasitic plants, which have forsaken the autotrophic habit entirely and derive
their sustenance exclusively from their hosts. This similarity in the lifestyles of
heterotrophic plants and animals was noted as early as the tenth century by an
Arabian scholar, who described the actions of a parasitic plant, most likely a mem-
ber of the genus Cuscuta, as corresponding “to those of the animal soul while its
body remains that of a plant ... for it attaches itself to trees, seeds, and thorns, and
feeds itself as the worm from the juices of its host plant, thus with its soul carrying
out the actions of animals” (Dieterici 1861 in Kuijt 1969).

In this chapter we will focus on the most distinctive “behavioral” characteristics
of parasitic plants: their responses to environmental cues associated with the
location and exploitation of host plants. Parasitic plants perceive and respond to
cues from their host at many stages of development. In some cases, cues indicating
the proximity of the host are required for the germination of seeds (Boumeester et al.
2003). Following germination, the radical of the parasitic seedling must grow toward
and contact the body of the host plant, and this process also may be guided by the
reception of chemical or other cues from the host (e.g., Runyon et al. 2006). Upon
contacting the surface of the host, the attachment of the parasite and the penetration
of host tissues (haustorium formation) are initiated and guided by the perception of
host secondary metabolites (Yoder 2001; this volume). This chapter will focus
primarily on the means by which parasites are able to find their hosts, as efficient
host location is a particularly pressing problem for holoparasitic species, which
depend entirely on the host for resources and thus must rapidly attach to a host following
seed germination or else perish when the stored nutrients from the endosperm are
exhausted (Butler 1995). The mechanisms underlying haustoria formation and the
creation of a connection to the xylem of the host plant are addressed in more detail
in the chapter on hemiparasitic plants.

2 The Lifestyle of Parasitic Plants

Approximately 4,500 flowering plant species, representing more than 1% of all
angiosperms, have evolved the ability to parasitize other plants (Nickrent 2007;
Parker and Riches 1993). Parasitism appears to have evolved independently as
many as 11 times in angiosperms, and parasitic forms occur in diverse plant groups in
approximately 270 genera across 22 families. The common feature that all parasitic
plants share is their ability to acquire some or all of their nutrients and other resources
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from other plants through the production of a haustorium, a structure that is able to
invade host plant tissues and act as the physiological bridge through which host
resources are translocated to the parasite (Kuijt 1969; Press and Graves 1995).

A distinction can be drawn between holoparasitic plants, which lack chlorophyll
and obtain all of their energy, water, and nutrients from the host, and hemiparasitic
plants, which obtain some of their resources from the host but also carry out
photosynthesis. However, this distinction is not always clear-cut (Musselman
and Press 1995). Less than 10% of all parasitic species are strict holoparasites
(Heide-Jgrgensen 2008), but some other parasitic groups conduct only very limited
photosynthesis. The genus Cuscuta, for example, contains some species that
contain very small amounts of chlorophyll along with others that contain none at all.
In still other groups, individuals may possess chlorophyll only at certain stages of
their life cycle. For example, the root-parasitic species in the genus Striga are
achlorophyllous when below ground and only become green and photosynthetic
after their emergence above the soil surface (Musselman and Press 1995).

The ecology of holoparasitic or nearly holoparasitic species can be quite distinct
from that of other plants (Heide-Jgrgensen 2008), including more actively photo-
synthetic hemiparasites. Because the absence of chlorophyll frees holoparasitic species
from a dependence on light, they can inhabit low-light environments and are able
to evolve life histories in which most or all of the parasite’s vegetative tissue
remains underground or within the host plant. The vegetative bodies of parasites in
the genus Rafflesia, for example, grow entirely within the tissues of the host, with
only the flowers appearing externally. Holoparasitism also renders the absorptive
root system superfluous, and it is absent in most strict holoparasites and greatly
reduced in the Orobanchae. A further distinction is sometimes drawn between
facultative and obligate parasites, but the biological relevance of this distinction is
disputable, as it is not clear that any parasitic species routinely complete develop-
ment without a host under natural conditions (Heide-Jgrgensen 2008). A more
meaningful distinction can be drawn between stem parasites, which attach to
aboveground portions of their host plants, and root parasites, which make their
attachments below ground. The latter account for approximately 60% of parasitic
species.

There is great disparity in the extent to which the biology and ecology of parasitic
plant species have been investigated, with a large majority of the research having
been done on species that pose significant problems for agriculture. These include the
witchweeds (Striga spp.) and broomrapes (Orabanche spp.), which parasitize host
roots, and dodders (Cuscuta spp.), which make their aboveground attachments to
plant shoots. We will focus our discussion primarily on these three taxa. The Orabanche
are true holoparasites, while Cuscuta, as noted above, contains both strictly
holoparasitic species and species with very limited photosynthetic ability. Striga
are technically hemiparasitic, as they are chlorophyllic following emergence from
the soil—though the photosynthetic capacity of isolated Striga chloroplasts is quite
low, indicating strong dependence on the host (Tuquet et al. 1990). However, their
subterranean seedlings, which must locate hosts and initiate parasitism, lack
chlorophyll and are thus functionally holoparasitic (Parker and Riches 1993)—as
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we will discuss below, Striga, are also dependent on host-derived cues for germination
and thus cannot mature under natural conditions in the absence of the host. Moreover,
the germination and host location ecologies of Striga and Orabanche are quite
similar, making it convenient to discuss these taxa together.

Despite accounting for a relatively small proportion of parasitic species, holoparasitic
plants—or those that are functionally holoparasitic at the stage when parasitism is
initiated—have a disproportionate impact on human agriculture. The root parasites
Striga, Orabanche, and Alectra can be particularly pernicious pests, as they often inflict
serious damage on host plants before the latter emerge from the soil, complicating
control efforts (Runyon et al. 2008). Striga spp., for example, infest an estimated
two-thirds of the cereals and legumes in sub-Saharan Africa, causing annual crop losses
estimated at seven billion dollars and negatively impacting the lives of more than 300
million people (Berner et al. 1995; Musselman et al. 2001; Gressel et al. 2004; Press
etal. 2001). The greatest economic costs are inflicted by S. hermonthica and S. asiatica,
which between them cause major damage to many of the most important cereal crops,
including maize, sorghum, millet, rice and sugar cane (Parker and Riches 1993).

3 Strategies for Seed Dispersal and Host Location

3.1 Seed Dispersal Strategies

Given the sedentary lifestyle of plants, angiosperm dispersal is accomplished primarily
by the movement of seeds (although vegetative dispersal through growth or through
the movement of vegetative tissue by wind or water is frequent in some species), and
plants have evolved a wide array of strategies and mechanisms for effective seed
dispersal (Butler 1995). For parasitic plants, a primary objective of seed dispersal
strategies is to bring the seeds into the proximity of a host. For the reasons noted above,
this is an especially pressing objective for holoparasites. Heide-Jgrgensen (2008)
described four primary seed dispersal strategies that are employed by parasitic plants:

(1) Some species produce large seeds with relatively high levels of stored resources
(starch, fat, and protein) that will sustain the seedling for a limited period of time
during which it will “forage” for a host. This is the strategy employed by Cuscuta
spp., all the root-parasitic members of the Santalales, and several hemiparasitic
Orobanchaceae (Kuijt 1969; Heide-Jgrgensen 2008). This strategy entails the
production of relatively large seeds, as the extent of seedling growth that can
be supported by endospermic reserves present in the seed defines a critical distance
beyond which a seedling has no possibility of reaching a host. For some species
this distance can be quite large: seedlings of the shoot-parasitic dodder C. gronovii
can search for hosts over distances of up to 35 cm (Costea and Tardif 2006).
In contrast, C. pentagona seedlings rarely grow more than 10 cm before wilting
(Runyon et al. 2006). For most root-parasitic holoparasites, the critical distance
is probably on the order of millimeters (Salle et al.1998).
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(2) A second strategy entails the production of sticky seeds that are dispersed by
animals, primarily birds, and often deposited directly onto a branch of the host
plant. As with the first strategy, this method of seed dispersal entails the production
of relatively large seeds. This strategy is employed by the stem-parasitic loranths
and mistletoes and is common among the Santales. The majority of the species
that employ this strategy are hemiparasitic, and in some cases the endospermic
tissues are capable of active photosynthesis, which is initiated immediately fol-
lowing germination. However, this strategy is also employed by the holoparasite
Tristerix aphyllus, a member of the family Loranthaceae, which has a rather
remarkable lifestyle (Heide-Jgrgensen 2008): T. aphyllus exclusively parasitizes
two columnar cacti from the southern Andes, Echinopsis chilensis and Eulychnia
acida, and its seeds are dispersed by the Chilean mockingbird, Mimus thenca
(Norton and Carpenter 1998; Gonzales et al. 2007). The seeds are typically
deposited by the birds onto the spines of the cactus, where they adhere and then
the newly germinated seedling grows up to 10 cm to bring the tip of the radicle
into contact with the body wall of the cactus. After establishing itself on the host,
T. aphyllus is entirely endophytic, with only its bright red inflorescences appear-
ing on the exterior of the host, where they are pollinated by hummingbirds.

(3) A third strategy is similar to the second, but involves seeds that are brought into
direct contact with the host by agents other than animals, including wind and
water as well as self-dispersal. Seeds of Arceuthobium, for example, are covered with
sticky viscin like those of other mistletoes, but rather than being carried by
birds, their dispersal is achieved by the explosiveness of the fruits (Hinds and
Hawksworth 1965; Garrison et al. 2000).

(4) The fourth strategy entails the production of seeds that are passively dispersed
but that require exposure to stimulatory compounds from the host in order to
initiate germination. This is the strategy employed by most of the holoparasitic
root parasites, including Orabanche—in which the requirement for germination
stimulants from the host was first observed in 1823 (Vaucher 1823)—as well as by
Striga, on which a great deal of research has addressed the mechanisms under-
lying the stimulation of germination, as discussed in the next section. As a general
rule, the host-derived exudates exploited for host recognition are active only
within a few millimeters of the host roots. Consequently, this strategy entails the
production of large numbers of small, long-lived seeds to enhance the probability
that some seeds will come to rest in the immediate vicinity of a host.

4 Seed Germination

4.1 Seed Dormancy and Germination Requirements

Despite the dynamism outlined in this volume, plants cannot readily move large
distances to find resources or escape harsh conditions and so must pursue other, more
patient, strategies for coping with heterogeneous environments. Seed dormancy is
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an adaptative strategy, widely distributed among higher plants (Finch-Savage and
Leubner-Metzger 2006), in which seeds enter a state of developmental quiescence,
allowing time for the seeds to disperse and suspending growth until the seeds
encounter a specific set of environmental conditions favorable to their development.
Seed dormancy is a form of embryonic diapause, which exhibits widespread occur-
rence in both plants and animals. In many mammals, for example, fertilized eggs may
enter a state of quiescence to await the presence of favorable conditions for devel-
opment. This may occur as a matter of course, as in roe deer, where mating occurs
in the fall but the development of fertilized eggs is delayed until the following spring
(Sandell 1990). Or it may be contingent on specific ecological or social conditions.
For example, in some mammals that produce multiple litters per year, the further
development of fertilized eggs is suspended in response to the presence of physio-
logical cues associated with lactation, indicating the presence of other dependent
offspring (Lopes et al. 2004).

Diapause, embryonic or otherwise, is a common strategy employed by animals
that inhabit highly variable or intermittently harsh environments. The planktonic
crustacean Daphnia produces “resting” eggs that remain dormant to escape dry periods
in temporary ponds or periods of intense predation in permanent ponds. The resumption
of development is contingent upon exposure to environmental cues (e.g., photoperiod
and temperature) associated with favorable ecological conditions (Hairston et al.
1995), and may possibly be inhibited by chemical cues indicating the presence of
predatory fish (Lass et al. 2005), as has been reported for the reactivation of resting
stages in dinoflagellates (Rengefors et al. 1998). Quiescent eggs of planktonic
organisms may remain viable for many years, resulting in the accumulation in aquatic
sediments of an “egg bank” analogous to the seed bank present in terrestrial soils
(Hairston et al. 1995).

Among flowering plants, seed dormancy is the rule, and most seeds germinate
only following exposure to one or more external stimuli signaling the presence of
favorable growth conditions. For example, germination may depend on the presence
of specific conditions relating to light, temperature, water, oxygen, and nutrients
(Finch-Savage and Leubner-Metzger 2006). Parasitic plants also require permissive
conditions with respect to these variables (Worsham 1987), but they face the additional
challenge of needing to find a suitable host plant to parasitize—a particularly pressing
issue for holoparasites and other obligately parasitic forms that must rapidly locate
and attach to a host or perish. As a result, some parasitic forms are dependent on
germination stimulants from the host. Even following germination, parasitic plants
have been found to arrest development at a number of developmental stages, requiring
signals from the host plant to continue growth. The stages at which development
can be arrested include germination, haustorial initiation, host tissue penetration,
physiological compatibility with the host, and apical meristem development
(Nickrent et al. 1979; Boone et al. 1995). However, because seed germination is the
critical first committed step in the developmental process, it can be the most dis-
criminating in terms of host selection (Boone et al. 1995).

The details of the conditions required for germination appear to be highly variable
across parasitic species, with most work having been done on the economically
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important species of Stiga and Orabanche, and especially on the important agricultural
pests S. asiatica and S. hermonthica, which attack gramineous crops, and S. gesneriodes,
which parasitizes legumes (Musselman 1980; Parker 1991). The seeds of Striga are
very small, measuring around 0.15 x 0.3 mm, and therefore lack the reserves for
sustained growth before host attachment—it is estimated that for successful host
attachment germination must take place within 3—4 mm of the host root (Ramaiah
et al. 1991). To compensate for these biological restrictions, Striga spp. may pro-
duce up to 450,000 seeds per plant, with a persistence in the soil of up to ten years
(Eplee 1992). Prior to germination, Striga seedlings must undergo an after-ripening
period during which seeds require a certain temperature and moisture regime for a
period of about two weeks before they will respond to germination stimulants. This
period may involve the breakdown of phenolic compounds that act as germination
inhibitors (Musselman 1980). Following the after-ripening period, the seeds require
a further conditioning period during which they are exposed to adequate levels of
water and oxygen in the absence of light before exposure to germination stimulants
can initiate germination. White light inhibits the germination of S. asiatica both
before and immediately after exposure to germination stimulants (Egley 1972).
However, beyond three hours after exposure to the maize germination stimulants,
the developmental process is unresponsive to light. In the absence of host-derived
stimulants, the seeds maintain dormancy and can remain viable through multiple
preconditioning seasons. In Orabanche, seeds may remain viable for as long as 60
years (Heide-Jgrgensen 2008). As discussed below, several classes of plant-derived
compounds have been suggested to have germination-stimulating activity.

4.2 Germination Stimulants

4.2.1 Strigolactones

Strigol, the first germination-stimulating compound to be positively identified
(Cook et al. 1966, 1972), was initially purified from hydroponically grown roots of
cotton plants—a false host of Striga that stimulates seed germination but does not
support development of the parasite—and was found to stimulate seed of S. lutea,
eliciting 50% germination at concentrations as low as 10~ ppm in water. Subsequently,
a structural analog of strigol, sorgolactone, was isolated from sorghum, a true host
of Striga (Hauck et al. 1992), while strigol itself was found to be present in the true
hosts maize and millet (Siame et al. 1993). A chemically similar compound, alectrol,
was identified from cowpea (Miiller et al. 1992). Later, alectrol and another
naturally occurring strigolactone, orabanchol, were found to serve as stimulants for
Orabanche seed germination in response to root exudates of red clover.

Butler (1995) proposed the name “strigolactones” for this class of compounds.
To date, nine naturally occurring strigolactones have been identified in plant root
exudates (Akiyama and Hayashi 2008; Bouwmeester et al. 2007; Xie et al. 2007,
2008a, b; Matsuura et al. 2008). Strigol-like compounds have also been found in a



Host Location and Selection by Holoparasitic Plants 109

number of medicinal plant species that are not known to be hosts or false hosts for
parasitic weeds (Yasuda et al. 2003), suggesting that production of strigolactones
may be widespread among plants. Strigolactones are typically present in root
exudates in low quantities (cotton seedlings reportedly secreted ~15 pg of strigol
per day; Sato et al. 2005), and several different strigalactones are present in most
plants, with the ratios of compounds present varying from one species to another
and even among varieties of individual species (Awad et al. 2006).

Structurally, a strigolactone comprises a tricyclic lactone that is connected, via an
enol ether bond, to a methylbutenolide ring, and they were long regarded as sesquit-
erpenoids. However, Matusova et al. (2005) recently demonstrated the involvement
of the carotenoid pathway in strigolactone biosynthesis, through a series of experiments
employing carotenoid mutants of maize, and inhibitors of isoprenoid pathways on
maize, sorghum and cowpea. Specifically, the tricyclic lactone was shown to be
derived from the C40 carotenoids that originate from the plastidic, nonmevalonate
methylerythritol phosphate (MEP) pathway.

Following the discovery of the role of strigol in stimulating the germination of
parasitic plant seeds, a number of structural bioactivity studies aimed at elucidating
the mode of action of strigolactones and developing synthetic analogs that might be
used to induce “‘suicidal germination” of parasitic plant seeds in agricultural systems
(e.g., Johnson et al 1981; Mangnus and Zwanenburg 1992; Mangus et al. 1992a, b;
Bergmann et al. 1993; Kranz et al. 1996) led to the synthesis of a variety of synthetic
strigolactone analogs, some of which stimulate germination in both Striga and
Orabanche (Worsham 1987; Stewart and Press 1990, Bergmann et al. 1993).
Among these were the so-called GR (“germination releaser””) compounds that were
first described by Johnson et al. (1976, 1981; see also Humphrey et al. 2006).

These structural analogs have variable rates of activity, with GR-7 and GR-24
having the strongest stimulatory effect on germination (Bergmann et al. 1993), and
GR-24 came to be used as a standard positive control for studies of germination
activity (Humphrey et al. 2006). Based on the results of numerous structure—activity
studies, including those cited above, Mangnus and Zwanenburg (1992) proposed a
tentative model for the molecular mechanism underlying the germination-stimulating
activity of strigolactones. The model hypothesized a receptor-mediated process in
which a nucleophilic group present at the receptor site attacks the enol bridge of the
strigolactone molecule, with elimination of the D-ring serving as the mechanism
for biological activation. This model is consistent with observed variation in the
germination-stimulating activities of synthetic strigolactone analogs, but has not
been confirmed by direct evidence as yet (Humphrey et al. 2006).

4.2.2 Strigolactones as Host-Location Cues for AM Fungi

An interesting question regarding host-derived germination stimulants is why plants
produce them. These compounds presumably must have other functions that outweigh
the cost to host plants of providing cues to their parasites. Recently, a number of studies
have described a role for strigolactones as signals facilitating the colonization of plant
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roots by symbiotic abuscular arbuscular mycorrhizal (AM) fungi of the phylum
Glomeromycota (Akiyama et al. 2005; Besserer et al. 2006). The symbiosis between
AM fungi and plants evolved at least 460 million years ago, and more than 80% of land
plants form symbioses with AM fungi (Akiyama and Hyashi 2008). Plants obtain water
and mineral nutrients from their fungal partners, which are obligate symbionts depend-
ent on carbon provided by the host plant to complete their life cycle.

Initiation of the symbiosis relies on the establishment of a network of connec-
tions between the roots of the host plant and the fungal hyphae, and entails exten-
sive hyphal branching, presumably in response to chemical cues released by the
host roots. Akiyama et al. (2005) demonstrated that the chemical factor responsible
for inducing this branching is the strigolactone 5-deoxystrigol. Moreover, several
other naturally occurring strigolactones, as well as GR24, were found to induce
hyphal branching at similar concentrations.

It has been proposed that the emergence of strigolactone production during the
evolution of strigolactone production as a host-location signal allowing AM fungi to
find host roots may have provided an opportunity for later evolving parasitic weeds
to co-opt it for their own ends (Bouwmeester et al. 2007, Akiyama and Hayashi 2008).
This notion is supported by the observation that plant families where germination
stimulant activity is relatively unreported tend to include plants which do not
associate with AM fungi (Humphrey et al. 2006). The discovery of orobanchol in
the root exudates of Arabidopsis thaliana, a nonhost of AM fungi but a host of
O. aegyptiaca (Goldwasser et al. 2008), suggests, however, that strigolactones may
be distributed beyond the host range of AM fungi.

4.2.3 Sesquiterpene Lactones

These compounds, which share some structural similarities with strigolactones, are
widely distributed in plants and have been shown to have a variety of biological
activities, including potential allelopathy (Macias et al. 2006). Several naturally
occurring sesquiterpenes were shown to stimulate germination of Striga seeds
(Fischer et al 1989). More recently, Macias and colleagues (2006) found that several
sesquiterpene lactones induced germination of the seeds of O. cumana but not those
of O. crenata or O. ramosa (de Luque et al. 2000; Galindo et al. 2002). O. cumana
is a specialist parasite of sunflowers, which are known to contain large amounts of
sesquiterpene lactones (Bouwmeester et al. 2003), and the response of O. cumana to
these compounds (parthenolides) may represent a specific evolutionary response by
this specialist parasite in addition to any naturally occurring recognition of strigolac-
tones (Humphrey et al. 2006).

4.2.4 SXSg and the Debate Over Germination Stimulation by Sorghum

Following the discovery of strigol in cotton, but prior to the isolation of strigolactones
from true hosts of Striga and Orobanche, a chemically different compound, the
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hydroquinine derivative dihydrosorgoleone, was isolated from sorghum root exudates
and reported to have germination-stimulating activity (Chang et al. 1986). This
compound is also commonly referred to as SXSg (Sorghum xenognosin of Striga
germination). Lynn et al. (1981) introduced the term “xenognosis” to refer to the
process of host recognition though the perception of host-derived chemical signals
and “xenognosin” to refer to the signals by which recognition is achieved; however,
the potential of this terminology for general utility appears to have been somewhat
compromised by its subsequent close association with dihydrosorgoleone and with
the position that this compound, to the specific exclusion of strigolactones, is “the”
sorghum xenognosin (e.g., Boone et al. 1995; Palmer et al. 2004).

Early debate about the significance of dihydrosorgoleone relative to sorgolactone
in sorghum and more generally about the nature of germination stimulants in natural
soil systems (e.g., Boone et al. 1995; Wigchert and Zwanenburg 1999) focused on
a number of issues, including the stability and diffusability of each compound and
their distributions across host lines and species. Chang and Lynn (1986) followed
by Lynne and colleagues (Boone et al. 1995) initially argued that the observed high
activity of strigol and its relative stability were incompatible with its presumed
function in limiting germination to the immediate vicinity of the host roots, in
contrast to the electron-rich hydroquinone SXSg, which is readily autoxidized in soil
and rapidly degrades. However, it was later reported that strigol and its analogs are
much less stable in the soil, presumably because of hydrolytic degradation (Babiker
etal. 1987, 1988). Moreover, Butler (1995) proposed a limited role for SXGs precisely
because of its limited water solubility and rapid oxidation. Further arguments raised
against the significance of SXSg (reviewed by Wigchert and Zwanenburg 1999)
included the observation that variation in SXSg production among sorghum cultivars
showed little correlation with the resistance or susceptibility of those cultivars to
attack by Striga (Hess et al. 1992; Olivier and Leroux 1992), whereas the pattern of
resistance is better correlated with strigolactone production (Wigchert and Zwanenburg
1999). Additionally, SXSg does not appear to be present in the root exudates of
maize, which is highly susceptible to Striga (Housley et al. 1987).

Countervailing these arguments is the discovery of the compound resorcinol, a
methylated analog of SXSg that reportedly acts as an autoxidation stabilizer (Fate
and Lynn 1996), decreasing the effective concentrations of root exudates required
for germination. Lynn and colleagues (e.g., Fate and Lynn 1996; Palmer et al. 2004)
argued that the relative amounts of SXSg and resorcinol, taken together, accurately
predict the germination zone of S. asiatica in several sorghum varieties. Germination
in maize they attributed to the activity of a labile but as yet unidentified stimulant.
A secondary debate centered on the viability of a model that attempts to explain the
germination-stimulating activity of strigol based on the structural similarity of its
D-ring to SXSg (e.g., Lynn and Boone 1993; Boone et al. 1995; Wigchert and
Zwanenburg 1999; Palmer et al. 2004).

More recently, Matusova et al. (2005)—in the same study that demonstrated a
carotenoid origin for strigolactones—reported that treating plants with the carotenoid
biosynthesis inhibitor fluridone resulted in the complete inhibition of Striga germi-
nation in several plants including sorghum, suggesting that SXSg and other sorgoleone
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quinones are not directly involved in stimulating germination. It is unclear whether or
how this result can be reconciled with previous reports that claim to demonstrate
germination in response to SXSg (e.g., Chang et al. 1986; Fate and Lynn 1996).

Lynn and colleagues previously questioned whether strigolactones were plant-
derived compounds at all, suggesting that they might rather be products of bacteria
inhabiting the roots of plants grown hydroponically (Boone et al. 1995), but the
subsequent identification of naturally occurring strigolactones from diverse plants
(described above), and particularly the demonstration of their role in the colonization
of plant roots by AM fungi, would seem to rule this out. Meanwhile, no corresponding
body of evidence has emerged to support a similarly widespread role for sorgoleone
quinines. Thus, more recent assertions that SXSg is “necessary and sufficient to induce
seed germination in Striga” (Palmer et al. 2004) do not seem tenable, particularly
in light of the recent findings regarding the effects of carotenoid inhibition on seed
germination described above. Thus, the current weight of evidence seems to point
toward strigolactones as the primary compounds stimulating the germination of
parasitic weeds, while the significance of SXSg and related compounds is uncertain
(Humphrey et al. 2006).

Nevertheless, the current literature on the relative significance of SXSg and
strigolactones is somewhat muddled. For example, a recent text on the biology of
parasitic plants devotes significant attention to the role of SXSg as a germination
stimulant (Heide-Jgrgensen 2008), and a recent review addressing the role of plant
root exudates in interspecific interactions refers to SXSg as “the only plant-produced
Striga germination inducer that has been identified and characterized” (Bais et al.
2006). It is likely that the apparent confusion on this point derives from an unfortunate
tendency in some of the recent literature to describe either SXSg or strigolactones as
“the” germination stimulants for parasitic plants, while providing little context regarding
the controversy and conflicting data relating to the roles of the two compounds
(e.g., Keyes et al. 2001; Palmer et al. 2004; Matusova and Bouwmeester 2006).

5 Host Location and Selection by Foraging Seedlings

In contrast to the fairly extensive work on the chemicals cues responsible for the
germination of parasitic plant seeds described above, relatively little research has
examined the cues responsible for guiding the growth of the seedling toward its host
following germination. Though host location in the root parasites Striga and Orabanche
is largely accomplished by restricting germination to the immediate vicinity of plant
roots, Dube and Olivier (2001) postulated that the concentration gradients of
germination stimulants may also guide radical growth toward the host’s roots. However,
this possibility has not yet been confirmed (Matusova et al. 2005).

Foraging and host selection by parasitic plants seedlings has been best studied
in the cosmopolitan genus Cuscuta (dodders), which, like Striga and Orabanche,
includes a number of important agricultural pests. The dodders are among the best
known of the parasitic plants because their parasitism of host stems is readily
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observed and because of their “extraordinary appearance and behavior” (Kuijt 1969).
Mature dodder vines, which contain little or no chlorophyll, are typically yellow or
bright orange and can form an extensive interlaced mass of leafless stems; the total
length of the reticulated branches of a single dodder plant may approach half a mile
(Dean 1942). Unlike the seeds of Striga and Orabanche, those of Cuscuta have no
specialized germination requirement and rather depend on foraging by the seedling
to find a host (Parker and Riches 1993). The seeds do, however, possess a thick,
impervious seed coat that must be eroded by mechanical abrasion in the soil prior
to germination (Lyshede 1992) and may serve to distribute the germination of seeds
over time. Cuscuta seeds can remain viable for up to 50 years under ideal condi-
tions and for at least ten years in the soil (Menke 1954). Once the seedling has
emerged, foraging occurs by circumnutation, a rotational movement pattern in
which the growing seedling makes a counterclockwise rotation around its axis of
growth on the order of once an hour. Upon contact with the stem of a potential host
plant, the Cuscuta vine winds round tightly, making up to three complete coils prior
to the initiation of haustoria formation (Parker and Riches 1993). While the swollen
basal part of the seedling functions like a root in absorbing water and anchoring the
plant, true roots are never produced (Kuijt 1969).

Evidence suggests that dodder vines are able to “‘choose” among potential hosts
and are more likely to accept hosts of high nutritional quality (Kelly 1990, 1992;
Kelly and Horning 1999; Koch et al. 2004). For example, Kelly (1992) found that
individual stems of C. europaea transplanted onto various host plants were more
likely to “accept” hosts of host of high nutritional status and to “reject” (grow away
from) lower-quality hosts, although the cues that guide these preferences have not
been established. The host preferences of Cuscuta spp. can induce changes in plant
community structure and diversity where they become established (e.g., Pennings
and Callaway 1996, 2002).

Runyon et al. (2006) recently demonstrated that foraging seedlings of C. pentagona
use host plant-derived chemicals to locate their hosts. Chemotropism had previously
been suggested to play a role in host location by Cuscuta (Biinning and Kaut 1956)
but had never been firmly established. In the more recent study, seedlings were
shown to exhibit directed growth toward blends of volatile chemicals emitted by the
host plants tomato and impatiens as well as the nonhost wheat (Cuscuta spp. cannot
successfully parasitize grasses). However, seedlings exhibited a preference for volatiles
from tomato over those from wheat, suggesting a role for chemical cues in host
discrimination. Seedlings were also found to exhibit a directed growth response to
a number of individual compounds present in the tomato blend, including a-pinene,
B-phellandrene, and B-myrcene (which was also present in the wheat blend). One
compound from the wheat blend, (Z)-3-hexenyl acetate, was found to be repellent,
inducing an aversive growth response.

Light cues have also been implicated in Cuscuta foraging. Because chlorophyll
primarily absorbs red light, but reflects and transmits far-red light, foraging Cuscuta
seedlings may perceive chlorophyllous neighbors as far-red objects or as regions with
a high ratio of far-red to red light (Smith 1994). Orr et al. (1996) reported phototropism
toward far-red light in (C. planiflora) seedlings. Benvenuti et al. (2004) documented
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a phototropic response of C. pentagona seedlings to light transmitted by leaves of
sugar beet, and reported a stronger response to leaves with higher chlorophyll contents.
Light cues have also been shown to influence the coiling of the dodder vine around
the host and prehaustoria formation (e.g., Haidar et al. 1997).
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