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All organisms engage in parasitic relations, as either parasites or hosts. Some species
may even play both roles simultaneously. Among flowering plants, the most widespread
form of parasitism is characterized by the development of an intrusive organ called the
haustorium, which absorbs water and nutrients from the host. Despite this functionally
unifying feature of parasitic plants, haustoria are not homologous structures; they have
evolved 12 times independently. These plants represent ca. 1% of all extant flowering
species and show a wide diversity of life histories. A great variety of plants may also serve
as hosts, including other parasitic plants. This phenomenon of parasitic exploitation of
another parasite, broadly known as hyper- or epiparasitism, is well described among
bacteria, fungi, and animals, but remains poorly understood among plants. Here, we
review empirical evidence of plant hyperparasitism, including variations of self-parasitism,
discuss the diversity and ecological importance of these interactions, and suggest possible
evolutionary mechanisms. Hyperparasitism may provide benefits in terms of improved
nutrition and enhanced host–parasite compatibility if partners are related. Different
forms of self-parasitism may facilitate nutrient sharing among and within parasitic plant
individuals, while also offering potential for the evolution of hyperparasitism. Cases of
hyperparasitic interactions between parasitic plants may affect the ecology of individual
species and modulate their ecosystem impacts. Parasitic plant phenology and disperser
feeding behavior are considered to play a major role in the occurrence of hyperparasitism,
especially among mistletoes. There is also potential for hyperparasites to act as biological
control agents of invasive primary parasitic host species.
KEY WORDS Cassytha; Cuscuta; double parasitism; haustorium; mistletoes;
Orobanchaceae; Santalales; self-parasitism.
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All living organisms engage in parasitic relations, as either parasites
or hosts, and these interactions play an essential role in biological
evolution and the functioning of the biosphere (Combes, 2001).
Even among photosynthetic organisms, parasitic interactions are
often established by both algae and land plants (Oborník, 2019). The
most widespread form of parasitism among plants is characterized
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by the ability to develop a specialized organ called the haustorium
(Kuijt, 1969). This organ differentiates the species commonly referred to as parasitic flowering plants from other non-autotrophic
plants that require fungal hosts or partners to fulfill their nutritional
needs (Feild and Brodribb, 2005; Merckx et al., 2009). Usually developed soon after germination, the haustorium enables attachment
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and penetration of a host plant, and it is also involved in the formation of a vascular bridge that connects the two plants (Joel, 2013;
Yoshida et al., 2016). Such a specialized organ is currently understood to have originated 12 times independently, leading to the
evolution of the parasitic lifestyle in multiple and distantly related
clades (Barkman et al., 2007; Naumann et al., 2013; Nickrent, 2020).
This phylogenetic diversity, which represents ca. 1% of all extant angiosperm species, is associated with a wide variety of plant habits,
ranging from annual herbs to trees, that parasitize either the aerial
(stems, branches and leaves) or underground organs of their host
plants (Westwood et al., 2010). The photosynthetic capacity of parasitic plants varies from fully photosynthetic species, generally called
hemiparasites, to nonphotosynthetic plants, referred to as holoparasites (Těšitel, 2016). Remarkable differences in host range can also
be observed among parasitic plants (Heide-Jørgensen, 2008). This
variation may occur even within a single genus, as is the case of
Viscum (Santalaceae), which encompasses highly host-specific species closely related to others that are capable of infecting hundreds
of species from over 40 families (Maul et al., 2018).
Another important aspect of parasitic plant host range is the use
of parasites themselves as hosts. Referred to by general ecologists
as hyperparasitism (Hanson, 1962; Allaby, 2010), the parasitic exploitation of another parasite has been well documented for many
groups of organisms, such as insect hyperparasitoids on parasitoid
hosts (Sullivan, 1987), mycoparasitic fungi (Viterbo and Horwitz,
2010) and viruses that infest disease-causing protozoans (Grybchuk
et al., 2018). Among plants, however, hyperparasitism is underestimated and has received less attention. Part of the problem may
be related to a lack of accurate observations of host plants when
collecting herbarium samples (Barlow, 1997). In the case of aerial
parasites, overlooking hyperparasitic relations could be due to difficulties in sampling and adequate observations in the field (Wilson
and Calvin, 2017). Between root parasites, the investigation of hyperparasitism might have been hampered by difficulties in precisely
identifying host species, as individual root parasitic plants may
form hundreds of haustorial connections with multiple hosts at the
same time (Heide-Jørgensen, 2013). In addition, such connections
are often very fragile and easily broken, further complicating host
identification (Simpson, 1989).
Moreover, terminology may be an additional issue constraining
the documentation and study of hyperparasitism among plants.
The term epiparasitism, for instance, has been used in influential
textbooks about parasitic plants as a synonym for hyperparasitism (Calder and Bernhardt, 1983; Press and Graves, 1995; HeideJørgensen, 2008; Joel et al., 2013). This synonymous use is likely
due to this phenomenon being first observed in mistletoes, aerial
parasites that germinate directly upon the stems and branches of
their hosts. In this case, the prefix epi- (Latin for upon or over) is
well suited to describe this situation, thus being etymologically

preferable (Wilson and Calvin, 2017). In other instances, the term
hyperparasitism has been applied to define facultative use of a parasite by another parasitic plant, while the term epiparasitism would
indicate cases of obligatory exploitation of one parasitic plant by
another (Mathiasen et al., 2008). As the latter represents a case of
host-specificity only known for mistletoes, this use would again be
deemed appropriate. By contrast, its use for root-parasitic associations would be misleading since root parasites, and therefore, root
hyperparasites, do not grow upon their hosts but, rather, attached
to them.
Furthermore, the term epiparasitism has been used as a synonym
for mycoheterotrophic plants, which feed on mycorrhizal fungi associated with other plants (Cameron and Leake, 2007). Hence, the
application of the prefix epi- here refers to the indirect parasitism
of the mycoheterotrophic plant on the autotrophic one mediated
by the mycorrhizal fungus (Bidartondo et al., 2004; Leake, 2004).
This interaction has independently arisen in at least 17 plant families from autotrophic mycorrhizal mutualists via shifts in fungal
partners providing increasingly sustained carbon supply, making
photosynthesis superfluous (Merckx, 2013; Jacquemyn and Merckx,
2019). However, since the mycorrhizal fungi that mediate this interaction are not strict parasites but rather mutualists of photosynthetic plants, transferring nutrients within mycorrhizas and likely
gaining some minerals from leaf litter (Corrêa et al., 2012; Walder
and Van Der Heijden, 2015; Bunn et al., 2019), the use of the term in
this context has been decreasing in recent years.
Here, we use hyperparasitism (Fig. 1A, B) as the general term
defining a parasitic interaction between two parasitic plant individuals. That is, one plant, which infects a nonparasitic host, serves
as the host for another parasitic plant. The term epiparasitism will
be used specifically to designate cases in which an aerial parasite,
i.e., mistletoes (Fig. 1C), love vines (Cassytha, Lauraceae) (Fig. 1D),
and dodders (Cuscuta, Convolvulaceae) (Fig. 1E, F), infect another
parasitic plant. Hyperparasitic interactions may occur both between
and within species. In most cases, hyperparasites are generalists in
their use of host species, infecting other parasites opportunistically.
Rarely, host-specific parasites only use other parasites as their hosts.
These situations are respectively defined as facultative and obligate
hyper- /epiparasitism (Wilson and Calvin, 2017). A special case of
hyperparasitism, common to both root and aerial parasites, termed
autoparasitism (Fig. 1G, H), occurs when a plant parasitizes conspecific individuals (Fig. 1G) or itself (Fig. 1H) (Hawksworth and
Wiens, 1996; Kuijt, 2015; Wilson and Calvin, 2017).
Other terminological clarifications include terms such as double
and secondary parasitism. Aiken (1957) and Rao (1938) used the
term double parasitism when referring to parasitic plant species that
infest other parasites. However, in general ecology, this term is more
often interpreted as a case of multiple parasitism, or multiparasitism, i.e., when two or more parasites infect a single host individual

FIGURE 1. Visual definition of terms related to hyperparasitism among plants. (A, B) Cuscuta epithymum (Convolvulaceae) as a general example of
hyperparasite upon the root hemiparasitic plant Thesium linophyllon (Santalaceae), which in turn parasitizes Brachypodium pinnatum (Poaceae). (C)
Mistletoe Struthanthus flexicaulis (Loranthaceae) epiparasite upon another mistletoe, Psittacanthus robustus (Loranthaceae), which in turn parasitizes
Cecropia sp. (Urticaceae). (D) Cassytha filiformis (Lauraceae) epiparasite upon leaves and stems of the mistletoe Phoradendron perrottetii (Santalaceae);
notice haustoria connecting the two plants (white circle). (E, F) Cuscuta epithymum epiparasite upon Melampyrum arvense (Orobanchaceae), a root
hemiparasite. (G) Young individual of Viscum album (Santalaceae) attached to the branch of another individual of the same species; notice the
haustorium connecting the two plants (white circle). (H) Branches of the same individual of Cuscuta connected via self-parasitism; notice haustoria
(white circle). (I) Case of double parasitism, as Genista sp. (Fabaceae) is simultaneously infected by Cuscuta sp. and Phelipanche sp. (Orobanchaceae).
Abbreviations: hp, hyperparasite; p, parasite; ap, autoparasite; pb1 and pb2, parasitic branches of the same individual.
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(Tobias, 2007; Arruda et al., 2013; Vaumourin et al., 2015) (Fig. 1I).
It is important to highlight that cases of multiparasitism describe
the presence of different parasitic species coexisting on a singular host, as opposed to the case of multiple infections by the same
species or multiple points of connections established by the same
parasite. This distinction is important when considering parasitic
plants because several root and aerial species are capable of forming
numerous connections with their hosts via lateral haustoria (HeideJørgensen, 2008). The expression secondary parasitism has also
been seldomly used to describe hyperparasitic interactions among
plants (Harris, 1918; Liddy, 1983). However, we find this terminology to be misleading. Terms such as principal, secondary, occasional
and rare have been more often used to describe the host range of
parasitic plants, reflecting levels of host specificity (Hawksworth
and Wiens, 1996; Pelser et al., 2016). This distinction is also crucial
because host specificity (low vs. high selectivity) is the main criterion for the classification of hyperparasitic plants as either facultative or obligatory.
It is noteworthy that the presence of fully formed and functional
haustoria is a crucial step in determining the occurrence of hyperparasitic relations between plants. Haustorial functionality can be verified through anatomical analysis, by observing the development of a
xylem bridge between the hyperparasite and parasitic host (Cameron
and Seel, 2007; Rumer et al., 2007). This distinction is relevant given
that, for most parasitic species, haustorial initiation is independent of
specific, host-derived chemical signals. Indeed, the external part of
the haustorial system, comprising holdfasts or cortical folds, might
be formed upon contact with any type of surface (Fineran, 1965;
Musselman and Dickison, 1975; Weber, 1987; Tada et al., 1996; HeideJørgensen, 2008). Thus, we consider that the presence of fully formed
and functional haustoria is a prerequisite for all instances of hyperparasitism in flowering plants. The following sections summarize and
discuss in detail the empirical knowledge on hyperparasitic plant interactions, providing a compilation of known hyperparasitism cases
with our novel findings (see Supporting Information) following the
recent comprehensive reports on mistletoe epiparasitism by Wilson
and Calvin (2017) and Clark et al. (2020).
FACULTATIVE HYPERPARASITES
Facultative hyperparasitism is tightly related to the generalist use of
a broad host range. The ability to form functional haustorial connections with a wide diversity of plant species is commonplace in
parasitic plants that tap only the host xylem (Těšitel, 2016). These
xylem-feeders, the majority of which are capable of regular photosynthetic activity, represent nearly 90% of all parasitic plant species
(Westwood et al., 2010). Most of this diversity is within Santalales,
an order that includes early-diverging autotrophic (nonparasitic)

species and both aerial and root parasites with varying degrees of
host dependence (Kuijt, 2015; Nickrent et al., 2019). Among root
parasites belonging to this order, facultative hyperparasitism has
been more frequently reported to occur among Cansjera rheedei
J.F.Gmel. (Opiliaceae) and Santalum album L. (Santalaceae) in a
reciprocate manner (Barber, 1907a, b, 1908). On the other hand,
the relationship between facultative hyperparasitic Olax phyllanthi
R.Br. (Olacaceae) and parasitic hosts Exocarpos odoratus A.DC., E.
sparteus R.Br., and Leptomeria squarrulosa R.Br. (Santalaceae) seem
to be unidirectional as the Santalaceae species have not been observed to act as hyperparasites on O. phyllanthi (Pate et al., 1990a,
b, 1994).
As for Orobanchaceae, hyperparasitism has been recorded
between a series of hemiparasitic species in Central Europe.
Observations of root systems in natural populations have revealed common haustorial connections between Rhinanthus,
Melampyrum, and Euphrasia species (Weber, 1976a, b). These
hyperparasitic relations were recently confirmed and further developed by a molecular study conducted at a site where natural
populations of three hemiparasitic species co-occur (Holá et al.,
2017). Both conspecific and interspecific haustorial connections
were demonstrated. Melampyrum nemorosum L. was frequently
parasitized by Rhinanthus major L. and R. minor L., although the
haustorial anatomy revealed a functional connection only with
R. minor. Interestingly, M. nemorosum was also the most frequent
host of R. minor, but no haustoria of M. nemorosum were observed
attached to either of the Rhinanthus species, suggesting unidirectional parasitic interactions between these species. A non-identified
rhinanthoid species has also been reported to form hyperparasitic
haustoria upon the roots of Thesium sp. (Santalaceae) (Benson,
1910; Piehl, 1963), thus highlighting the low host-specificity of most
root hemiparasitic plants. Furthermore, facultative hyperparasitism
can occur even among allopatric species, as seen in ex situ cultivation of Castilleja exserta (A.Heller) T.I.Chuang & Heckard and
Phtheirospermum japonicum (Thunb.) Kanitz (Fig. 2A).
Although these observations represent a small fraction of the
diversity in both Santalales and Orobanchaceae, hyperparasitic
relations could be a broader phenomenon within these groups.
Among the nearly 100 genera of terrestrial parasites in Santalales
(Kuijt, 2015) and 72 genera of hemiparasites in Orobanchaceae (Fu
et al., 2017), few species have had their underground systems excavated and analyzed in detail. The same is true for Krameriaceae,
a small monogeneric family of root hemiparasites. In this group,
the only available report of hyperparasitism seems to be the case
of Krameria lanceolata Torr. occasionally attaching to Agalinis
strictifolia (Benth.) Pennell (Orobanchaceae) (Simpson, 1989).
Nevertheless, little is known about the structure and physiology of
Krameriaceae species, as few representatives of the family have been
investigated (Brokamp et al., 2012).

FIGURE 2. Facultative hyperparasitism. (A) Root hemiparasitic Castilleja exserta (Orobanchaceae) hyperparasite upon Ptheirospermum japonicum
(Orobanchaceae); notice haustoria connecting the two plants (white circle). (B) Struthanthus uraguensis (Loranthaceae) epiparasite with epicortical
roots upon Phoradendron bathyoryctum (Santalaceae); notice seeds of the parasitic host attached to both mistletoes (dotted circle). (C) Herbarium
specimen showing Cassytha filiformis (Lauraceae) epiparasite upon Struthanthus cassythoides (Loranthaceae); notice haustoria connecting the two
plants (white circles). (D, E) Herbarium specimen showing Cuscuta sp. (Convolvulaceae) epiparasite upon Dendrotrophe varians (Loranthaceae). (F, G)
Cuscuta epithymum (Convolvulaceae) epiparasite upon Thesium linophyllon (Santalaceae); notice haustoria penetrating host tissues. (H) Cuscuta howelliana (Convolvulaceae) epiparasite upon Castilleja attenuata (Orobanchaceae). (I) Cuscuta pacifica (Convolvulaceae) epiparasite upon Cordylanthus
mollis (Orobanchaceae); note the parasite is also established upon nonparasitic hosts. (J, K) Intrusive cells of the haustorium of Cuscuta pacifica
(Convolvulaceae) die before forming vascular connections with the host (Cordylanthus mollis). Abbreviations: hp, hyperparasite; p, parasite.
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Considering mistletoes, the occurrence of facultative epiparasitism has been reported for a wide diversity of species belonging
to Santalaceae and Loranthaceae (Wilson and Calvin, 2017; Clark
et al., 2020). The latter represents the most speciose mistletoe
clade, encompassing about 950 species and four distinct haustorial morphotypes (Kuijt, 2015; Teixeira-Costa et al., 2020). A
peculiar type of mistletoe haustorium is characterized by a structure termed epicortical root, which grows parallel to host stems
fostering laterally developed haustoria (Calvin and Wilson, 2006).
Like the haustoria formed by root hemiparasites, epicortical roots
allow the formation of multiple haustorial connections (Fig.
2B). An extensive system of epicortical roots may even attach a
single parasite to multiple host plants at the same time (Kuijt,
1964; Mourão et al. 2017). Therefore, mistletoes with epicortical
roots could be expected to engage in epiparasitic relations more
often than species forming solitary haustorial morphotypes.
Nevertheless, based on the extensive lists of epiparasitic relations
among mistletoes generated by Wilson and Calvin (2017) and
Clark et al. (2020), species bearing epicortical roots do not appear
to be involved in epiparasitic relations more than species with
other haustorial types.
It has been suggested that instances of facultative epiparasitism
among mistletoes could be highly influenced by the foraging behavior of seed dispersers (Kuijt, 1964; Heide-Jørgensen, 2008). In
addition, mistletoe phenology could also play an important role.
The greater the synchrony in fruit availability, the greater the likelihood that seed from one species will be deposited upon another by
a shared disperser. As a result, epiparasitism is most likely to occur
between co-occurring parasitic plant species that share the same
fruiting seasons (Watson, 2019). Conversely, asynchrony among
co-occurring mistletoe species regarding their fruiting phenology
could, in addition to extending the offer of resources to dispersers
(Watson, 2001), minimize the establishment of epiparasitic relations. A reduced overlap in fruiting phenology has been observed
in some mistletoe populations (Davidar, 1983; Reid, 1986; TeixeiraCosta et al., 2017).
Parasitic vines, e.g., Cassytha (Lauraceae) and Cuscuta
(Convolvulaceae) species, may simultaneously attach to multiple
hosts within their growth range (meters or even tens of meters),
some of which may be parasitic, especially root hemiparasites
(Nickrent, 2002). Species of both genera have also been reported to
occasionally infect mistletoes (McLuckie, 1924; Kuijt, 1964), which
is documented in several herbarium specimens (Fig. 2C–E). In one
of the first comprehensive investigations of the genus Cassytha,
McLuckie (1924) discusses the ability of species in this genus to grow
as epiparasites, highlighting this ability as evidence of their remarkable adaptability. More recently, Cuscuta epithymum (L.) L. has been
observed growing upon hemiparasitic Orobanchaceae [Euphrasia
stricta Kunth, Melampyrum arvense L., Odontites luteus (L.) Clairv.,
O. vulgaris Moench, and Rhinanthus angustifolius C.C.Gmel.] and
Santalaceae (Thesium arvense Horv. and T. linophyllon L.), attaching to stems, leaves, inflorescences and even to fruits of these hosts
(Piwowarczyk et al., 2018) (Fig. 2F, G). Moreover, generalist dodders
can also host other dodder species. Such a dodder–dodder intrageneric facultative hyperparasitism was recently reported in two
co-existing populations of the European dodder (Cuscuta europaea
L.) and C. lupuliformis Krock. (Szczęśniak et al., 2019). However,
interactions between dodder and other parasitic plants seem to be
unprofitable for both species. In the above-described case, C. lupuliformis was more severely affected than autotrophic hosts, and its

stems dried out when parasitized by C. europaea. Hemiparasitic
Orobanchaceae and Santalaceae species parasitized by dodders
showed reduced growth and leaf chlorosis (Piwowarczyk et al.,
2018). These examples suggest a lack of cellular and behavioral defense mechanisms in parasites against dodder attacks (Szczęśniak
et al., 2019), similar to what is observed for the majority of nonparasitic species infected by Cuscuta.
There are examples, however, of Orobanchaceae parasites
showing some resistance to dodder infection. In vernal pools near
Sacramento (CA, USA), where Cuscuta howelliana P. Rubtzoff is
facultatively found upon hemiparasitic Castilleja attenuata (A.
Gray) T.I. Chuang & Heckard and Castilleja campestris (Benth.)
T.I. Chuang & Heckard (Orobanchaceae), dodder proliferation
seems to be greater upon autotrophic hosts rather than hemiparasitic species (Fig. 2H). This trend was also observed in salt marshes
near San Francisco (CA, USA), where Cuscuta pacifica Costea &
M.A.R.Wright is found on hemiparasitic Cordylanthus maritimus
Nutt. ex Benth. and Cordylanthus mollis A.Gray (Orobanchaceae)
(Fig. 2I). In all cases, dodder was only found on Cordylanthus after
establishing itself on an autotrophic host first and the dodder vines
attached to Cordylanthus were more often brown and shriveled.
When haustoria from this interaction were sectioned, C. pacifica
was observed to successfully penetrate Cordylanthus stems but the
intrusive cells seemed to die before making vascular connections
with the host (Fig. 2J, K), thus suggesting some level of post-invasion resistance to dodder by Orobanchaceae root hemiparasites.
OBLIGATE EPIPARASITES
In contrast to facultative hyperparasitic interactions described in
the previous section, a particular phenomenon is the evolutionary specialization displayed by parasitic plants that require other
parasites as hosts (Kuijt, 2015). This obligate form of epiparasitism is exclusively seen in about 27 mistletoes species grouped in
Amphorogynaceae, Loranthaceae, and Santalaceae (Wilson and
Calvin, 2017). Phacellaria (Amphorogynaceae) is the only genus
exclusively composed of obligate epiparasites. It includes eight species distributed in tropical and subtropical Southeast Asia (Danser,
1939; Li and Ding, 2005; Kuijt, 2015). In the Loranthaceae, only
Agelanthus dichrous (Engl.) Polhill & Wiens and Loranthus kaoi
(J.M.Chao) H.S.Kiu have been reported as potentially obligate epiparasites (Wilson and Calvin, 2017). On the other hand, Santalaceae
encompasses the largest number of obligate epiparasites, including
Dendrophthora epiviscum (Griseb.) Eichler, approximately 10 species of Phoradendron (Wiens, 2002; Kuijt, 2003), and at least 10
other species of Viscum from Australia, Asia, and Africa (Pundir,
1981; Glatzel and Balasubramaniam, 1987; Downey, 1998; Polhill
and Wiens, 1998; Sardesai et al., 2019; Clark et al., 2020).
It is noteworthy that obligate epiparasites inhabit different biogeographical regions (Kuijt, 2003; Wilson and Calvin, 2017; Maul
et al., 2018). Furthermore, recently published phylogenies show that
these species are only distantly related to one another at both the
family and genus levels (Liu et al., 2018; Maul et al., 2018; Nickrent
et al., 2019). However, these species share important similarities
regarding their haustorial structure, which could provide a better
understanding of how this peculiar host-specificity has evolved. All
obligate epiparasites are attached to their hosts via a solitary connection, i.e., these species develop only a terminal haustorium, with
no epicortical roots providing supplementary connection points
January 2021, Volume 108 •
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(Wilson and Calvin, 2006, 2017). With the possible exception of L.
kaoi (Chao, 1973), the haustorium of obligate epiparasites is characterized by the development of cortical strands, a specialized tissue that promotes the expansion of the parasite within the body
of the host (Wilson and Calvin, 2006; Calvin and Wilson, 2009).
Although cortical strands often cause abnormal proliferation of
host tissues at the site of haustorial connection (Teixeira-Costa
et al., 2020), obligate epiparasites form a harmonious attachment
to their parasitic hosts, with little evidence of hypertrophy (Wilson
and Calvin, 2017). Indeed, such a smooth epiparasite–parasitic host
connection, markedly different from the tissue swelling caused by
solitary haustorial connections of both parasitic and facultative epiparasitic mistletoes, could explain the paucity of reported obligate
epiparasites (Tennakoon et al., 2014).
AUTOPARASITISM
The term autoparasitism is used to describe two different phenomena. First, there is the case when both the hyperparasite and the parasitic host are members of the same species (Hawksworth and Wiens,
1996), implying a “botanical version of cannibalism” (Watson, 2019,
p. 128). This form of autoparasitism, also known as intraspecific
autoparasitism (Musselman and Dickison, 1975) or mutual parasitism (Furuhashi et al., 1995), has been reported for multiple root
hemiparasites, such as Orobanchaceae and Santalales members.
Autoparasitic haustoria form when a seedling establishes in the vicinity of or directly upon closely related individuals, such as parent or sibling plants, which can thus “nurse” the seedling by means
of a hyperparasitic relation (Fineran, 1963, 1965; Musselman and
Dickison, 1975; Heide-Jørgensen, 2008). Considering the absence
of host specificity usually reported for these parasites (Rao, 1942;
Fineran, 1991), it is not surprising that they are able to infect other
individuals of the same species. Still, this form of autoparasitic interaction is generally difficult to detect, let alone study. Especially
for root hemiparasites, reconstruction of haustorial attachment
is hampered by the myriad of roots and underground structures
that may grow in close proximity, thus effectively reducing the
amount of empirical evidence on autoparasitism. Still, autoparasitism was observed in both experimental (Prati et al., 1997) and field
studies (Holá et al., 2017) with root-hemiparasitic Orobanchaceae.
The experimental studies have demonstrated autoparasitic resource
translocation, which affected performance of seedlings grown
without host (Prati et al, 1997). Resource translocation may result
in facilitative interactions among seedlings of the hemiparasites,
survival of which was observed to be largely density-independent
(Matthies, 2003). Positive interaction between individuals of a root
hemiparasite in the absence of a host was also observed for Nuytsia
floribunda (Labill.) R.Br. in cultivation (Loranthaceae; Calladine
et al., 2000). Autoparasitism may thus affect the population structure of the hemiparasites, in particular allowing them to reach high
population densities under suboptimal conditions such as those
caused by scarcity of host resources.
Mistletoe species that are capable of infecting a wide range of
host species can also engage in this type of “cannibalistic” relation (Fig. 3A). In a peculiar case, as many as five generations of
Helixanthera ligustrina (Wall.) Danser (Loranthaceae) were reported growing upon a conspecific parent plant (Pundir, 1979). In
other cases, mistletoe seeds had germinated on leaves of the parent
plant (Fig. 3A, detail), which is often followed by haustorial initiation
14
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and host tissue invasion, despite the temporary nature of these leaves
(Zaborski, 1929; Pundir, 1979). The ability of some mistletoe seeds
to germinate within intact fruits, as observed in Viscum album (Fig.
3B, C), may also promote this kind of autoparasitism. These autoparasitic occurrences may also be difficult to identify among mistletoes, given that the hyperparasite may blend into the stem of the
host individual seemingly integrating into a single plant. An interesting option to study the phenomenon is offered by dioecious mistletoes, such as Viscum fischeri and V. album (Santalaceae), native
to Africa and Europe, respectively. A male branch on an otherwise
female plant (or vice versa) would, therefore, represent a clearly distinguishable case of autoparasitism. Indeed, one of the first observations of such a phenomenon involved a pistillate Phoradendron
leucarpum (Raf.) Reveal & M.C.Johnst. (syn. P. flavescens) growing
upon a staminate individual of the same species (Curtiss, 1878). The
series of papers by Blakely (1922a–c, 1923, 1924, 1925, 1928) on
several aspects of Australian mistletoes also highlights intraspecific
autoparasitism, being one of the earliest references for the phenomenon in Loranthaceae. Despite these observations, this type of autoparasitism seems to rarely develop into a mature mistletoe, even
though seeds of a fruiting mistletoe are often deposited on their
own branches (Watson, 2019). This rarity suggests that strong cell
self/nonself recognition systems and incompatibility mechanisms
are operative.
In addition to this phenomenon, cases in which the haustorium
connects different parts of the same individual (Yoder, 1997), thus
forming self-parasitic haustoria (Kuijt, 1977; Furuhashi et al., 1995),
are occasionally also referred to as autoparasitism. Although no
true hyperparasitic interaction can be seen in such cases, the ability to form self-parasitic haustoria may be an anatomical precursor
to hyperparasitism. This phenomenon is abundantly observed in
the stems of Cassytha and Cuscuta species, as well as in the roots
of Santalales, Krameriaceae, and hemiparasitic Orobanchaceae
(Fig. 3D), all of which may form a large number of lateral haustoria (Weber, 1976b; Heide-Jørgensen, 2008; Brokamp et al., 2012).
Among mistletoes, this form of autoparasitism is easily observed
in species that form epicortical roots (Calvin and Wilson, 2006;
Wilson and Calvin, 2017). In most cases where self-parasitic haustoria are common, haustorial initiation seems to be independent
of host-derived chemical cues (Lamont, 1983a; Heide-Jørgensen,
2008). In Cuscuta species, early haustorial development has been
shown to be stimulated by mechanical attachment and light quality (Furuhashi et al., 1995; Haidar et al., 1997; Clarke et al., 2019).
In some cases of root parasites, self-parasitic haustoria will develop even in the absence of a host (DeFilipps, 1969; Furuhashi
et al., 1995). Spontaneous in vitro haustorial formation without
haustorium-inducing factors is known among some hemiparasitic
Orobanchaceae, such as Pedicularis kansuensis Maxim. (Xiang et al.,
2018). Most Orobanchaceae species, however, are strongly dependent on a range of substances known as haustorium-inducing factors, which are produced and released by the host (Bandaranayake
and Yoder, 2013; Clarke et al., 2019). Indeed, among members of this
family, especially holoparasitic species, self-parasitic haustoria are
reported to be formed only in the presence of a nonparasitic host
(Joel, 2013). Similarly, in the root holoparasite Dactylanthus taylorii
Hook. f. (Balanophoraceae), which is capable of producing self-parasitic haustoria in the absence of a host, these connections do not
develop into fully functional structures (Holzapfel, 2001).
The broad occurrence of cases in which stems/roots of a single individual connect via self-parasitic haustoria may seem rather
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FIGURE 3. Autoparasitism. (A) Seedlings of Psittacanthus robustus growing upon the mother plant (in circles); detail of a seedling developing upon a
leaf of the mother plant. (B, C) Viscum album bearing fruits with seeds germinating inside it. (D) Roots of the same Castilleja mexicana individual connected via self-parasitism; notice haustoria (in circles). (E) Branches of the same Struthanthus flexicaulis individual connected via self-parasitism; notice
haustoria (in circles). (F) Epicortical roots (in circles) connecting two branches of the same S. flexicaulis. (G) Microtomography image of a self-parasitic
connection in S. flexicaulis; notice solute flux between the two branches (white arrow). (H) Cross section of the self-parasitic connection in S. flexicaulis;
notice the vessel elements that bridge the two branches (white arrows). Abbreviations: p, parasite; ap, autoparasitism; fr, fruit; s, seed; se, seedling; pb1
and pb2, parasitic branches of the same individual.

surprising, considering that little benefit could be derived from
this type of attachment (Benson, 1910; Herbert, 1925; Yoder, 1997;
Telepova-Texier et al., 1998; Bandaranayake and Yoder, 2013).
However, experiments with Cassytha and Cuscuta species suggest
that self-parasitic haustoria are not random occurrences (McLuckie,
1924; Furuhashi et al., 1995). Indeed, McLuckie (1924) proposed
that in parasitic vines with a long and slender body, self-parasitic
haustoria could obviate, to a certain extent, the need for water conduction through long distances. A similar explanation could be provided for the abundant occurrence of autoparasitm in the mistletoe
Struthanthus flexicaulis (Mart. ex Schult. f.) Mart. (Loranthaceae)
(Fig. 3E). Following a pattern common to many Loranthaceae species (Kuijt, 1982; Calvin and Wilson, 2006), epicortical roots emerge
from the long and slender branches of S. flexicaulis. When two
branches of the parasite grow in proximity, epicortical roots will
often connect these branches via self-parasitic haustoria (Fig. 3F).
Furthermore, these self-parasitic haustoria have been confirmed to
be both anatomically and physiologically functional (Fig. 3G, H),
establishing a type of “shortcut” for sap flow between two branches
of the same individual. When analyzing root hemiparasites, other
authors have observed self-parasitic haustoria to be larger and more
durable than regular haustoria (Kuijt, 1963, 1965; Fineran, 1965),
which highlights the possible functional role these structures play
in sap flow and nutrient redistribution within an individual parasite.
PHYSIOLOGICAL, ECOLOGICAL, AND EVOLUTIONARY
CONSEQUENCES OF HYPERPARASITISM AMONG PLANTS
Hyperparasitic relations appear to be more common and diverse
than previously reported, both in terms of the number of species
involved and its phylogenetic prevalence. It is observed in several
root hemiparasites (Krameriaceae, Santalales, and Orobanchaceae
species) and in many aerial parasites (Cassytha, Cuscuta, mistletoes). However, some groups of parasitic plants seem to completely
avoid this type of relationship. Of the four functional types of parasitic plants recognized by Těšitel (2016), endoparasites and root holoparasites have not been reported to participate in hyperparasitic
relations. The first type includes all members of Apodanthaceae,
Cytinaceae, Mitrastemonaceae, Rafflesiaceae, and a few Santalales
species (Těšitel, 2016). These plants carry out most of their life cycles embedded within host tissues, only becoming visible during
their reproductive phase (Kuijt, 1969). Due to this cryptic habit
and high host-specificity (Heide-Jørgensen, 2008), endoparasitic
species are indeed not expected to engage in hyperparasitic relations. Root holoparasites represent an analogous situation in terms
of escaping the attack of other parasites because they grow mostly
underground, protruding only their reproductive structures to
the surface (Kuijt, 1969; Joel et al., 2013). Furthermore, holoparasitic species in Orobanchaceae tend to have a narrow host range,
while also requiring host-derived signals for their germination
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(Yoneyama et al., 2013). A similar form of germination is observed
in members of Hydnoroideae (Aristolochiaceae) (Musselman and
Visser, 1989; Bolin et al., 2009). These characteristics drastically
reduce the possibility of these plants growing as hyperparasites.
Indeed, no such occurrence has been reported for either of these
two groups. On the other hand, other root holoparasites with broad
host ranges and host-independent germination, such as members of
Balanophoraceae, Lennoaceae, and Cynomoriaceae (Hansen, 1980;
Holzapfel, 2001; Cusimano and Renner, 2019) could theoretically
use other parasites as hosts. However, no occurrence of hyperparasitism seems to have been reported for species in these families.
Two other noteworthy exceptions seem to be Arceuthobium
(Santalaceae) and Misodendrum (Misodendraceae), which act neither as epiparasites, nor as parasitic hosts (Wilson and Calvin, 2017).
Species in both genera are highly host-specific, infecting only conifers and southern beeches (Nothofagus), respectively (Hawksworth
and Wiens, 1996; Vidal-Russell and Nickrent, 2007). In addition,
while most mistletoes are dispersed by vertebrates (Restrepo et al.,
2002; Watson, 2020), Arceuthobium and Misodendrum species are
ballistic and wind-dispersed, respectively (Hawksworth and Wiens,
1996; Tercero-Bucardo and Kitzberger, 2004). With little or no interaction with vertebrate dispersers, seeds of other mistletoes are
unlikely to be deposited upon Arceuthobium and Misodendrum
plants. The absence of these interactions highlights the importance
of mistletoe phenology and dietary breadth of seed dispersers
for explaining the occurrence of facultative epiparasitic relations
among mistletoes. Considering that none of these plants relying on vertebrate dispersers have specialist species that transport
their seeds exclusively, seed dispersers necessarily feed on a variety
of mistletoe species. The same appears to be true for obligate epiparasitic mistletoes, although knowledge about the ecology of obligate
epiparasites is limited to a couple of observations (Restrepo et al.,
2002; Li and Ding, 2005). The apparent use of diverse seed dispersers could then indicate that the host-specificity observed in obligate
epiparasites is associated with other factors such as morphological
and physiological host compatibility.
Despite the frequency of epiparasitism within Australian representatives of the Santalales, two noteworthy exceptions are the
root-parasitic members of the Loranthaceae, Atkinsonia ligustrina
F.Muell. and Nuytsia floribunda R.Br. Neither have been observed
as hosts for any other parasitic species (Watson, 2019). This is especially remarkable for Nuytsia, a large tree (up to 15 m tall) with
a dense canopy bearing abundant flowers visited by a variety of
pollinators, including birds which also disperse the seeds of fleshyfruited mistletoes growing on Acacia, Casuarina, and Eucalyptus
species that dominate the canopies of healthy shrublands where
Nuytsia occurs. This pattern also holds for the only other root-parasitic member of the Loranthaceae, Gaiadendron punctatum
(Ruiz & Pav.) G.Don, although one report of it serving as host to a
Santalaceae mistletoe has been located (Kuijt, 2003). Nevertheless,
rather than disperser behavior, the general lack of records suggests a
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physiological or anatomical incompatibility in these taxa that could
readily be tested with inoculation trials. The same could be said for
the cases of nonreciprocal hyperparasitism. Among mistletoes, for
instance, when comparing Loranthaceae and Santalaceae species,
the latter are more often recorded to be epiparasites, instead of serving as hosts for other mistletoes (Wilson and Calvin, 2017).
Physiological incompatibility could also play a role in restricting how many levels of hyperparasitism may occur. The movement
of xylem sap through the plant body and from host to parasitic tissues depends on a difference in water potential. Mistletoes and root
hemiparasites are widely known to sustain much lower water potentials compared to their nonparasitic hosts (Press et al., 1990; Press
and Graves, 1995; Ackroyd and Graves, 1997). Pairwise comparisons
indicate a difference of 1–3 MPa between hemiparasite and host leaf
water potentials (Glatzel, 1983; Ehleringer and Marshall, 1995). At the
same time, if a parasitic host has very low water potentials, the potential
needed to make sap flow from the parasite to a hyperparasite growing upon it could be close to the critical values associated with conductivity failure due to embolism formation (Tyree and Ewers, 1991).
Remarkable tripartite epiparasitic associations have been observed,
such as the case of Scurrula ferruginea (Jack) Danser (Loranthaceae)
on Viscum articulatum Burm. f. (Santalaceae) on Macrosolen cochinchinensis (Lour.) Tiegh. (Loranthaceae), which was itself parasitic
on Durio sp. (Malvaceae) (Sands, 1924; Nickrent, 2002). Similarly, in
South Africa, the following association has been reported: Viscum
verrucosum Harv. (Santalaceae) on Tapinanthus quequensis (Weim.)
Polhill & Wiens (Loranthaceae) on Agelanthus natalitius (Meisn.)
Polhill & Wiens (Loranthaceae) upon Combretum apiculatum Sond.
(Combretaceae) (Nickrent, 2002). Water potentials have not been measured for the component species involved in a three-way hyperparasitic association, but the question can be asked, “How great can water
potential differences become?” (Nickrent, 2002).
Many mistletoes and root hemiparasites are also reported to bear
stomata on both sides of the leaves and to keep their stomata open
throughout the day, attaining high transpiration rates even during
warmer and drier periods (Glatzel, 1983; Press et al., 1990; Ehleringer
and Marshall, 1995). Consistently, mistletoes and root hemiparasites
have an exceptional capacity to withdraw mineral nutrients from
their hosts, frequently leading to high concentrations of nitrogen,
phosphorus, potassium, calcium, and sodium in leaves and stems
of hemiparasitic species (Lamont, 1983b; Pate, 1995). The complexity of water and mineral relations in hyperparasitic associations has
drawn the attention of authors for many years (Brown, 1918; Rao,
1938). However, very few hyperparasitic relations have been analyzed. Studies on epiparasitic mistletoes similarly seem to show that
the concentration of minerals tend to increase progressively from the
nonparasitic host to the epiparasite, eventually depriving the primary
parasite of a few elements (Lamont, 1983b; Ehleringer and Schulze,
1985; Glatzel and Balasubramaniam, 1987; Tennakoon et al., 2014).
On the other hand, marked differences have been reported for transpiration rates and water potentials of facultative and obligate epiparasites. Species in the first group showed typical higher transpiration
rates and lower water potentials when compared to their parasitic
hosts (Schulze and Ehleringer, 1984; Glatzel and Balasubramaniam,
1987). Obligate epiparasites, however, transpired less and had water
potentials only marginally lower than those of their parasitic hosts
(Glatzel and Balasubramaniam, 1987). These observations suggest
that obligate epiparasites may use a different ecophysiological strategy for solute and water uptake (Tennakoon et al., 2014; Wilson and
Calvin, 2017).

Plant hyperparasitism may also influence population ecology
of parasitic plants and notably their effects on communities and
ecosystems (e.g., Press and Phoenix, 2005; Quested, 2008; Hartley
et al., 2015; Watson, 2016). As with leguminous hosts, parasitic
plants are characterized by higher availability of limiting nutrients,
representing high-quality hosts that are more likely to support parasites to maturity (Watson, 2009). Autoparasitism may allow root
hemiparasites to achieve higher population densities due to facilitative effects among seedlings and thus exert stronger suppressive
effects on their hosts. Conversely, hyperparasites have a potential
for biological control of their harmful parasitic hosts (Calvin and
Wilson, 2009) because a hyperparasite may harm its parasitic host
relatively more than the same parasite would harm a nonparasitic host (Heide-Jørgensen, 2008). Indeed, the obligate epiparasite
Viscum loranthi Elmer was suggested to be used as an efficient
and targeted biocontrol agent of Scurrula cordifolia G.Don in the
Sivalik Hills, India (Pundir, 1981). In addition to the structural constraints, anatomical incompatibilities and light limitations, the relative rarity of hyperparasitism (in terms of the number of obligate
hyperparasitic species and number of hyperparasitic individuals
at the population level) might reflect preferential consumption by
herbivores. Numerous studies involving insects and mammals have
noted the link between high cation concentrations and herbivore
dietary preferences (reviewed by Watson, 2001, 2016). Given the
even higher concentrations of nutrients in hyperparasitic plants,
selective consumption by natural enemies may represent an additional constraint on hyperparasitism, reducing the incidence within
populations and, over time, selecting against the evolution of obligate hyperparasitism as a growth habit.
Finally, hyperparasitic relations also offer an interesting model for
the study of molecular mechanisms of host detection. The host-generalist, root hemiparasite Triphysaria versicolor (Orobanchaceae)
has been reported to show different patterns of gene expression
at the haustorial interface depending on the host species (Honaas
et al. 2013). Triphysaria species are also known to have some level
of self-recognition because autoparasitic haustoria are less frequent
and often not functional, i.e., lacking vessel elements (Yoder, 1997;
Westwood et al., 2010). The potential effect of hyperparasitism in
relation to the exchange of signaling and information molecules,
such as hormones and genes, should also be addressed in the future. The molecular mechanisms associated with hyperparasitic
relations might be similar to those being activated during the interaction of parasitic plants with their nonparasitic hosts (Clarke
et al., 2019). However, the innate immunity of parasitic hosts might
differ, e.g., thickness of physical barriers such as lignin and callose,
chemical composition and concentration of defensive metabolites,
and the intensity of hypersensitive response as compared to nonparasitic hosts. Horizontal gene transfer, i.e., the exchange of genetic material between distantly related, nonmating species, has a
high prevalence among parasitic plants (Bock, 2009; Davis and Xi,
2015), and has been suggested to also occur in hyperparasitic relations (Park et al., 2007; Skippington et al., 2017), representing a key
priority for future research.
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