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                                                                            Foreword 

 This doctoral dissertation was initially planned as an analysis of the 

different morpho-functional types of the connections established by parasitic 

plants and their hosts. However, during the four years that anticipate this work, 

several opportunities presented themselves for the sampling of species 

representing nearly all evolutionary lineages of parasitic plants. Taking 

advantage of these opportunities, the research focus and goals were shifted 

towards a broader evolutionary comparison. Thus, this work brings a 

contribution to the current understanding of parasitic plant biology by 

comparing the structure and morphogenesis of the organ known as haustorium 

among all parasitic plant lineages under a phylogenetic approach.  

 The general introduction displays the broad diversity of parasitic plants, 

providing basic information about each of its independent lineages and briefly 

discussing the possible role of the haustorium as an evolutionary key-

innovation. The introduction is then followed by the first chapter, which was 

conceived as section for a book on plant development and includes a longer and 

more detailed introduction. The addressed subject is developmental-

evolutionary processes of the haustorium among Santalales species. 

Phylogenetic analyses reported in this chapter were carried out during a three-

month internship at the Universidad Autónoma de Aguascalientes, in Mexico, 

under the supervision of Dr. Gilberto Ocampo. Financial resources for this 

internship were obtained via one of the grants offered by the European Society 

for Evolutionary Biology (ESEB). 

 In addition to these analyses, several field trips undertaken in different 

Mexican states allowed the sampling of unusual species, endemic to that 

country, such as Bdallophytum americanum (R. Br.) Eichler ex Solms 
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(Cytinaceae) and Mitrastemon matudae Yamam. (Mitrastemonaceae). Along 

with the peculiar Rafflasiaceae, the rarity of these species and the uniqueness 

of their parasite-host connections, inspired the second chapter, which is 

dedicated to the “hidden half” of parasitic plants, i.e., the endophytic tissue. This 

chapter involves a collaboration with Dr. Charles Davies, from the Harvard 

University Herbaria. 

 The third chapter was motivated by the realization of nomenclatural 

misuses and misunderstandings regarding terms related to several structures 

formed by parasitic plants. The long process of bibliographical research to better 

understanding these terms and their origin resulted in an illustrated glossary 

firstly published in Brazilian Portuguese (Teixeira-Costa & Ceccantini 2018). 

Starting from this publication, the text was translated to English and the number 

of entries was nearly doubled, as a reflection of further reading and especially, 

deeper research on the phylogenetic relations of parasitic plant species. 

 Finally, the forth chapter discusses evolutionary trends related to 

morphological and anatomical aspects of the haustorium by broadly comparing 

all parasitic plant lineages across the Angiosperm phylogeny.   
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                                                                              Abstract 

 The parasitic life style has repeatedly evolved in several occasions within 

nearly every life kingdom. Among Plants, parasitic clades are currently believed 

to have diverged 12 times independently, comprising over 1% of all extant 

diversity of flowering plants (Angiosperms). This great variety of species is 

translated into a wide array of plant habits, body sizes, modes of host 

infestation, photosynthetic capacity, life cycles, occupied environments, etc. 

Still, all of these ca. 4,600 plant species are united by the presence of a particular 

organ known as haustorium. Said to “morphologically define parasitism among 

plants”, this peculiar plant organ carries out the main parasitic functions, from 

initial attachment and invasion of host tissues, to the stablishmente of a 

morpho-functional bridge that allows parasite-host communication and 

substance exchange. Considering the importance of this organ for the parasitic 

plant lifeform, the wide diversity of these plants is analyzed here in terms of 

structural and evolutionary aspects of the haustorium development. Initially, 

detailed studies are presented for the species characterized by two infestation 

modes: mistletoes, i.e., parasites the attach to host stems and branches; and 

endophytic parasites, i.e., plants that colonize the interior of the host body and 

are only visible outsite the host during the reproductive phase. Regarding 

mistletoes, details obtained from broad studies on their haustorium 

morphogenesis were used for a phylogenetic analysis of ancestral character 

state reconstruction and divergence time estimations. Results suggest that the 

change from root to aerial parasitism could have been facilitated by a common 

background for haustorium development shared by root parasites and early 

diverging mistletoes. From these early ancestors, specialization of haustorium 

tissue located internally to the host stems/branches would have led to evolution 

of different morphologies of the host-parasite connection, including the rise of 

a few endophytic species within mistletoe clades. In the second chapter, 

endoparasitism is detailed and discussed, including endophytic mistletoes but 

mainly focusing on the four puzzling plant families exclusively composed of 

species showing this infestation mode. Despite their reduced body size and 

endophytic system initially composed of parenchyma cells only, endoparasitic 

species of these four families are shown here to differentiate conductive phloem 

and/or xylem cells. Different strategies for the establishment of host-parasite 
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connections are also reported and discussed as probably related to flower size. 

The hypothesis of parasitic plant control over host cambium differentiation is 

highlighted as a likely explanation for the alterations observed in host xylem and 

phloem anatomy. In the sequence, the third chapter is dedicated to a study of 

the terminology related to haustorium morphology and anatomy. A total of 48 

terms are presented and discussed in an illustrated and referenced glossary. As 

the main result, parasitic plant haustorium is understood as a complex organ, 

composed of different tissues and cell types. The frequent equalization of this 

complete organ with one of its parts is discussed as frequently leading 

misunderstandings of the very parasitic nature of some species and lineages of 

haustorium-forming plants. Finally, the fourth chapter provides a broad 

comparative study of this peculiar organ in all 12 independent lineages of 

parasites. Methods in plant morphology and anatomy were combined with the 

current phylogenetic paradigm of parasitism evolution among plants. A general 

developmental sequence is discussed to be common in all haustoria, despite 

their varied ontogenetic origin. In all analyzed parasitic clades, direct host-

parasite xylary connections were formed; on the other hand, phloem 

connections were detected in species of four clades only. A comparison between 

the huadotium and other plant organs discusses terminal haustoria to be a 

modified root, while lateral haustoria could be interpreted as either a modified 

stem, or as neoformation. Altogether, these results indicate the existence of 

very conservative mechanisms for haustorium formation throughout all of its 

diversity. 
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                                                                               Resumo 

O estilo de vida parasita tem evoluído repetidamente em várias ocasiões 

em quase todos os reinos da vida. Entre as plantas, acredita-se que os clados 

parasitas divergiram 12 vezes de forma independente, compreendendo mais de 

1% de toda a diversidade existente de plantas com flores (Angiospermas). Essa 

grande variedade de espécies é traduzida em uma ampla gama de hábitos, 

tamanhos corporais, modos de infestação da planta hospedeira, capacidade 

fotossintética, ciclos de vida, ambientes ocupados, etc. Ainda assim, todas esses 

ca. 4.600 espécies de plantas estão unidas pela presença de um órgão específico 

conhecido como haustório. Dito como a "definição morfológica do parasitismo 

entre as plantas", este peculiar órgão vegetal realiza as principais funções 

parasitárias, desde a fixação inicial e invasão dos tecidos hospedeiros, até o 

estabelecimento de uma ponte morfofuncional que permite a comunicação 

parasita-hospedeira e a troca de substâncias. Considerando a importância deste 

órgão para a forma de vida da planta parasita, a grande diversidade destas 

plantas é analisada aqui em termos de aspectos estruturais e evolutivos do 

desenvolvimento do haustório. Inicialmente, são apresentados estudos 

detalhados para as espécies caracterizadas por dois modos de infestação: ervas-

de-passarinho, ou seja, parasitas que se prendem a caules e ramos da 

hospedeira; e parasitas endofíticas, plantas que colonizam o interior do corpo 

hospedeiro e apenas são visíveis no exterior da hospedeira durante a fase 

reprodutiva. Quanto às ervas-de-passarinho, os detalhes obtidos a partir de 

estudos amplos sobre a morfogênese do haustório foram utilizados para uma 

análise filogenética de reconstrução do estado de caráter ancestral e estimativas 

do tempo de divergência. Os resultados sugerem que a mudança do parasitismo 

da raiz para o parasitismo aéreo poderia ter sido facilitada por um contexto 

comum para o desenvolvimento do haustório, compartilhado por parasitas de 

raízes e pelas primeiras ervas-de-passarinho a divergirem. A partir desses 

primeiros ancestrais, a especialização do tecido haustorial localizado 

internamente aos ramos da hospedeira levaria à evolução de diferentes 

morfologias da conexão parasita-hospedeira, incluindo o surgimento de 

algumas espécies endofíticas dentro dos clados de ervas-de-passarinho. No 

segundo capítulo, o endoparasitismo é detalhado e discutido, incluindo ervas-

de-passarinho endofíticas, mas principalmente com foco nas quatro famílias de 
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plantas intrigantes compostas exclusivamente por espécies que mostram esse 

modo de infestação. Apesar de seu tamanho corporal reduzido e do sistema 

endofítico inicialmente composto somente por células de parênquima, as 

espécies endoparasitas dessas quatro famílias são mostradas aqui como capazes 

de diferenciar células condutoras de floema e/ou xilema. Diferentes estratégias 

para o estabelecimento de conexões parasita-hospedeira também são relatadas 

e discutidas como provavelmente relacionadas ao tamanho das flores dessas 

plantas. A hipótese de controle de plantas parasitas sobre a diferenciação 

cambial da hospedeira é destacada como provável explicação para as alterações 

observadas na anatomia do xilema e floema hospedeiro. Na seqüência, o 

terceiro capítulo é dedicado a um estudo da terminologia relacionada à 

morfologia e anatomia do haustório. Um total de 48 termos são apresentados e 

discutidos em um glossário ilustrado e referenciado. Como principal resultado, 

o haustório das plantas parasitas é compreendido como um órgão complexo, 

composto por diferentes tecidos e tipos celulares. A frequente equalização 

deste órgão completo com uma de suas partes é discutida como 

freqüentemente levando a mal-entendidos sobre a natureza parasitária de 

algumas espécies e linhagens. Finalmente, o quarto capítulo fornece um amplo 

estudo comparativo desse órgão peculiar em todas as 12 linhagens 

independentes de parasitas. Métodos em morfologia e anatomia vegetal foram 

combinados com o atual paradigma filogenético de evolução do parasitismo 

entre plantas. Uma seqüência geral de desenvolvimento é discutida como sendo 

comum em todos os haustórios, apesar de sua origem ontogenética variada. Em 

todos os clados parasitas analisados, conexões xilemáticas diretas entre 

parasitas e hospedeiras foram obsrvadas; por outro lado, as conexões do floema 

foram detectadas em espécies de apenas quatro clados. Uma comparação entre 

o haustório e outros órgãos vegetais discute o haustório terminal como sendo 

uma raiz modificada, enquanto o haustório lateral pode ser interpretado como 

um caule modificado ou como uma neoformação. Em conjunto, estes resultados 

indicam a existência de mecanismos conservados para a formação de haustórios 

em toda a sua diversidade. 
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                                                     General introduction 

 Parasitic plant diversity has impressed naturalists since the first recorded 

observations of these plants attributed to the ancient Greeks, beginning with 

Aristotle and Theophrastus (Costea & Tardif 2004). The wide variety of these 

plants comprises ca. 1% of all extant Angiosperms (Westwood et al. 2010), and 

it still puzzles today’s Plant Scientists who dare traying to understand the 

convergence of this life form, currently thought to have appeared in 12 

independent lineages (Fig. 1) (Těšitel 2016).  

 Among these lineages, the Orobanchaceae (Lamiales) (Fig. 2A, B) is the 

most studied one, especially due to the agricultural impact it has on several crop 

cultures (Joel et al. 2013). It includes a wide range of trophic modes, the basal-

most genus, sister-clade to the rest of the family, is the from a non-parasitic 

Lindenbergia Lehm. (Fu et al. 2017). The rest of the family encompass both hemi- 

and holo- parasites, classified according to their photosynthetic capacity, as well 

as facultative parasites (Joel et al. 2013). Both the family basal-most genus 

Lindenbergia, as well as the family sister-group, the [Rehmannia + Triaenophora] 

clade (Schneeweiss 2013), show low diversity in terms of extant species when 

compared to the large parasitic crown-group within the family. Thus, the 

evolution of the parasitic life form can be interpreted as having promoted the 

diversification within this group. 

Based on the phylogenetic work of Su et al. (2015), the same can be 

inferred to occur with the Santalales (Fig. 2C, D, E), contrasting the parasitic 

crown-group with its basal-most non-parasitic sister-groups. This is the most 

species-rich parasitic lineage, including ca. 2260 species (Stevens 2001 

onwards). Its representatives range from hemi- or holo- parasites, which are 

capable of attaching to either the host root or shoot, and are mostly exophytic, 
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although some extremely reduced, endophytic species are also present (Těšitel 

2016).  

 Ranked as the third most diverse lineage of parasitic plants, the genus 

Cuscuta (Convolvulaceae; Solanales) comprises ca. 200 species (García et al. 

2014).  Despite its species-richness, members of this genus have a nearly 

uniform appearance as slender and yellowish stems (Fig. 2F). The characteristic 

color of these species reflects their reduced amount of chlorophyll, which may 

be totally absent in some species (García et al. 2014). This observation relates to 

the frequent reports of reduced and/or altered plastid genome of Cuscuta 

species, implicating on the current unclear position of the genera within the 

Convolvulaceae (Stefanović & Olmstead 2004; Stevens 2001 onwards). 

 Similar in both morphological appearance and phylogenetic positioning 

issues is the small genus Cassytha (Lauraceae; Laurales), whose convergent 

evolution with Cuscuta has been long recognized (see Heide-Jørgensen 2008 as 

a general reference). Differently from the latter however, the slender stems 

formed by Cassytha species show a greener color (Fig. 2G), reflecting their 

higher chlorophyll content and photosynthetic capacity when compared to 

Cuscuta spp. (Heide-Jørgensen 2008; McLuckie 1924; but see Wu et al. 2017 for 

a comparison with other Lauraceae). Phylogenetic positioning within the family 

has been controversial due to issues of long branch attraction, an usual 

phenomena related to the accelerated evolutionary rates common to parasitic 

plants (Wicke & Naumann 2017; Wu et al. 2017). 

 The last parasitic lineage including chlorophyll-producing species is the 

Krameriaceae (Zygophyllales), a monotypic family comprising 18 species 

distributed in dry areas of the Americas (Simpson et al. 2010). Despite its 

appearance as regular herbaceous plants (Fig. 2H), all species form parasitic 
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connections with the roots of a wide variety of hosts species (Simpson 2007). 

Together with the formerly discussed lineages, Krameriaceae is part of the five 

parasitic plant groups for which detailed information on germination and initial 

haustorium establishment is available (Kuijt 1969; Heide-Jørgensen 2008). For 

the seven remaining lineages, including three groups of root-holoparasites and 

four families of endophytic species, virtually no information is available on how 

the parasite first contacts the host.  

 Regarding these root holoparasites, the Hydnoroideae tribe 

(Aristolochiaceae; Piperales) is the most widespread group, occurring in arid 

regions of Africa and Saudi Arabia (Meijer 1993), as well as in both arid and 

humid regions of South America (Stevens 2001 onwards). Two species have 

been observed in Brazil, Prosopanche caatingicola R.F. Machado & L.P. Queiroz 

(Fig. 2I) and P. bonacinai Speg. (Queiroz & Water 2015). The odd morphology of 

its flowers has rendered the tribe the title of “the strangest plants in the world” 

(Musselman and Visser 1989; Nickrent 2002; Thorogood 2019). 

 Lennoaceae (Fig. 2J) (Boragilanes), often referred to as the Lennooideae 

tribe (Ericaceae; Boraginales), is a small group comprising four species (Stevens 

2001 onwards). It inhabits mainly dry and desert areas ranging from southern 

California to Guatemala, although a single occurrence in the coast of Colombia 

has been reported (Heide-Jørgensen 2008).  

Cynomoriaceae (Saxifragales), on the other hand, occurs throughout the 

Mediterranean coast, extending towards central Asia (Stevens 2001 onwards). 

It is probably the less studied parasitic lineage regarding haustorium structure, 

although several ethnobotanical studies have been carried out with the single 

species of this family, Cynomorium coccineum L. (Fig. 2K) (Heide-Jørgensen 

2008). 
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 Finally, the last four parasitic plant lineages are all rather small families 

composed of species that live their vegetative life within host tissues, being only 

visible during their reproductive phase, thus termed as endophytic parasites 

(Teixeira-Costa & Ceccantini 2018). These plants include the small-flowered 

Apodanthaceae (Fig. 2L), the bright-colored Cytinaceae (Fig. 2M), and the poorly 

known Mitrastemonaceae (Fig. 2N), as well as the largest flowers known to 

humankind, produced by Rafflesia arnoldii R. Br., an iconic species of the 

Rafflesiaceae (Fig. 2O). Due to their shared cryptic nature, all four families were 

until recently grouped as one, the Rafflesiaceae (Kuijt 1969), probably chosen as 

a representative of the family given the large appeal of its flowers. 

 All these 12 lineages will be discussed in some detail along the four 

chapters of these dissertation. 
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Figure 1: Independent lineages of parasitic plants (green branches) within the 
Angiosperms. a: Cassytha spp.; b: Hydnoroideae; c: Mitrastemonaceae;  
d: Cuscuta spp.; e: Lennoaceae; f: Orobanchaceae; g: Santalales; h: Cytinaceae;  
i: Krameriaceae; j: Apodanthaceae; k: Rafflesiaceae; l: Cinomoriaceae. Phylogenetic 
reconstruction based on data published by Barkman et al. (2007) and Naumann et al. 
(2013).  
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Figure 2: Parasitic plant diversity. A: Castilleja mexicana (Orobanchaceae); B: Conopholis 
americana (Orobanchaceae); C: Psittacanthus dichrous (Loranthaceae, Santalales);  
D: Scybalium fungiforme (Balanophoraceae, Santalales); E: Ximenia parviflora (Ximeniaceae, 
Santalales); F: Cuscuta campestris (Convolvulaceae); G: Cassytha filliformis (Lauraceae); H: 
Krameria bicolor (Krameriaceae); I: Prosopanche caatingicola (Hydnoroideae); J: Lennoa 
madreporoides (Lennoaceae); K: Cynomorium coccineum (Cynomoriaceae); L: Pilostyles 
blanchetii (Apodanthaceae); M: Bdallophytum americanum (Cytinaceae); N: Mitrastemon 
matudae (Mitrastemonaceae); O: Rafflesia cantleyi (Rafflesiaceae)  
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Abstract 

Mistletoes, shrubby to arboreal parasitic plants infesting the above-ground organs of 

their hosts, have evolved at least three times within the Santalales. Currently 

accounted to include 89 genera, representing nearly half of the diversity within the 

order, this parasitic life form has been successful in infesting a wide array of hosts and 

colonizing all forested continents. Such success can be partially attributed to the 

emergence and specialization and of different types of host-parasite connection via an 

organ known generically as haustorium. Details obtained from broad studies on the 

morphogenesis of mistletoe haustoria in different species were used for a 

phylogenetic analysis of ancestral character state reconstruction, which was coupled 

with divergence time estimations for all clades within Santalales. Our results suggest 

that the change from root to aerial parasitism could have been facilitated by a 

common background for haustorium development shared by root parasites and 

epicortical root-forming mistletoes. From an ancestor with either root or epicortical 

root haustoria, drier climates may have acted as a driver for the expansion and 

specialization of mistletoe’s endophytic tissues, leading to the emergence of a 

structure known as cortical strands, which help proliferating the parasite within the 

host bark. This crucial evolutionary step probably conferred great advantages to 

mistletoes, enabling groups such as Visceae to expand to a wider distribution, 

regardless of climatic conditions. The development of cortical strands would have also 

promoted host tissue proliferation, leading to the formation of convergent haustorium 

types known as woody galls and woodrose formations. 
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Introduction 

The parasitic life form has independently evolved 12 times among land plants, 

exclusively within the angiosperms, accounting for ca. 1% of the diversity of this group 

(APG IV 2016; Těšitel 2016). Despite their multiple evolutionary origins and huge 

diversity, all parasitic plants share the ability to form an organ called “haustorium”, 

which penetrates host tissues and establishes a vascular connection between parasite 

and host (Joel 2013). Composed of different tissues and cell types, the haustorium is a 

specialized that might be homologous to the roots or other subterranean plant 

structures, such as tuber, rhizomes, etc. (Teixeira-Costa & Ceccantini 2018). Its 

structure, morphology and anatomy, may vary greatly among species, even among 

closely related taxa, likely due to distinct evolutionary pressures.  

Parasitic plants obtain water through the haustorium, and sometimes even 

photoassimilate directly from the roots or stems/branches of their hosts. Most 

parasitic plant species attach to host roots, making this the most common form of 

plant parasitism (Heide-Jørgensen 2013). Indeed, seven plant lineages are exclusively 

composed of root parasites (Westwood et al. 2010, APG IV 2016). Other two lineages, 

Apodanthaceae and Rafflesiaceae, are referred to as exclusively endophytic parasites. 

This life form is characterized by having the vegetative bodies entirely within the host 

tissues; the parasite only becomes visible during its reproductive phase, when its 

flower buds protrude through the host bark before anthesis (Heide-Jørgensen 2008). 

In addition to the endophytic life form, it has been hypothesized and discussed that 

species of these two families could germinate on host roots and then spread to the 

stems where they normally flower (Heide-Jørgensen 2008, Ceccantini et al. in 

preparation).  

The three remaining lineages include species that attach to host 

stem/branches, which are termed aerial parasites. In two of these lineages, Cuscuta 

(Convolvulaceae) and Cassytha (Lauraceae), the plants germinate on the soil and later 

reach the stems of their hosts by twining around them with tendril-like projections ( 

Heide-Jørgensen 2008, Bowling & Vaughn, 2009). The root-like structure of both 

Cuscuta and Cassytha species is not capable of sustaining a long non-parasitic life for 

these parasites; it only provides temporary support until host aerial organs are 

reached and haustorial connections are formed. At this point, the ephemeral root-like 

structure dies out, leaving only their twinning stems attached to the host. The striking 

similarities between Cuscuta and Cassytha on their mode of germination, host 

attachment, growth, and morphology represent a well-known case of convergent 

evolution among parasitic plants (Heide-Jørgensen 2008). 
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The last lineage, Santalales, represents ca. 49% of all parasitic plant diversity, 

including 182 genera and ca. 2260 species with different parasitic life forms and plant 

habits (Stevens 2001 onwards). Aerial parasites within this order add up to 89 genera, 

all of them commonly known as mistletoes. Unlike other aerial parasites, mistletoes 

must germinate directly on host stems/branches to stablish a haustorial connection. 

Although mistletoes do not require germination stimulants from the host and are able 

to germinate on any type of surface, from dead wood to glass, they are not capable to 

actively find their hosts by means of tendrils or other structures. Therefore, mistletoes 

depend on dispersers to deposit their seeds in a suitable host (Calder 1983). For most 

mistletoe species, seed dispersal is carried out by birds, which stablish an important, 

often species-specific, mutualist relation with these parasitic plants (Aukema 2003). 

Less frequent agents of mistletoe seed dispersion include mammals (Amico e Aizen 

2000); some species count on abiotic dispersal mechanisms such as autochory (ballistic 

self-dispersion; Hawksworth 1959), or anemophily (Tercero-Bucardo & Rovere 2010). 

Upon germination, mistletoes survival relies on the rapid establishment of 

haustorial connections, as these plants depend on their hosts in a similar way 

autotrophic terrestrial plants depend on soils. In the formation of host-parasite 

vascular connections, different developmental courses may take place, resulting in 

different haustorium morphologies (Hamilton & Barlow 1963). Considering that host 

stems/branches vary widely in morphology and structure (as soils also do), a certain 

level of variation on haustorium structure of different mistletoes species would be 

expected; this is similar to what it is observed on adaptations of different root systems 

of autotrophic plants (Calvin & Wilson 1998). Using robust and recently published 

phylogenies, traditional morphological and anatomical analyses, along with micro-

tomography techniques and an extensive literature review, we sought to analyze 

haustorium evolutionary-developmental patterns and resulting final morphologies 

among mistletoes. Although similar studies have been carried out before, previous 

works were either based on specific geographical regions (Hamilton & Barlow 1963), 

or solely focused on the haustorial final morphology (Wilson & Calvin 2006), without 

considering developmental processes.  

Despite ongoing difficulties in precising evolutionary relationships within 

Santalales (Su et al. 2015, APG IV 2016), the mistletoe parasitic life form is thought to 

have evolved at least five times within the order, always from a root parasite ancestor 

(Nickrent 2002, Su et al. 2015). In Santalaceae s.l., mistletoe genera are unevenly 

grouped in the tribes Visceae, Amphorogyneae, and Santaleae (Stevens 2001 

onwards). Among these, Visceae is the only one exclusively composed of mistletoes, 

while the mistletoe clade within Amphorogyneae includes only four out of the nine 
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genera of the tribe (Vidal-Russell & Nickrent 2008). In Santaleae, the grouping of 

Antidaphne, Eubrachion and Lepidoceras, formely known as “Eremolepidaceae” (Kuijt 

1988) is currently uncertain. This could result in either one or two different mistletoe 

clades (Su et al. 2015). Within Loranthaceae and Misodendraceae, mistletoes have 

evolved only once. These two families, together with root parasite family 

Schoepfiaceae, form one of the few currently resolved clades within Santalales. 

Additionally, in Loranthaceae three root parasite species of monotypic genera are 

present as the earliest divergent groups (Liu et al. 2018). Figure 1 illustrates the origins 

of mistletoes within Santalales. The illustrated phylogenetic relations were 

reconstructed based on the dataset provided by Su et al. (2015), although the 

delimitations of families and tribes within the order follow Stevens (2001 onwards), as 

recommended by the APG IV (2016). 

 

Haustorium structure in mistletoe species 

 Mistletoe diversity has captured the attention of naturalists and 

philosophers since the time of ancient Greece (Schrenk 1894).  However, knowledge 

on the morphology and anatomy of these plants, especially their haustorium structure, 

have only started to be consolidated around the 19th century, when comparative 

studies emerged in the literature (Teixeira-Costa & Ceccantini 2018).  By the beginning 

of the 20th century, detailed and comparative accounts classifying the morphology of 

mistletoe haustoria were already available. Blakely (1922) seems to have been the first 

to propose a classification of mistletoes’ haustorium types by studying Australian 

species. Decades later, but still working with Australian and New Zealand species, 

Hamilton & Barlow (1963) and Weber (1981) expanded Blakely’s (1922) initial 

classification by analyzing anatomical characters in addition to morphological features. 

Providing a significant expansion of mistletoe studies, Calvin & Wilson (1998) analyzed 

the structure of African Loranthaceae and recognized four basic haustorium types. In 

subsequent studies, those authors employed the same classification system for other 

mistletoe species within Loranthaceae, also using a phylogenetic approach to the 

family (Calvin & Wilson 2006). Vidal-Russel & Nickrent (2008) proposed nine types of 

host-parasite connection based on the general Santalales phylogeny, including both 

mistletoes and root parasites. More recently, Těšitel (2016) proposed a general 

classification based on morphological, anatomical, ecological and physiological traits 

of parasitic plant, including all 12 independent evolutionary lineages of this life form. 

Combining aspects of all above-mentioned classifications under the perspective 

of detailed morphological and anatomical analysis, along with data on haustorium 
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development, we designate five types of mistletoe haustorium connections: 

epicortical roots, woody galls, endophytic parasites, woodrose formations, and 

clasping unions. The general structure of each type will be discussed in the following 

sections. In addition, considering the current paradigm of parasitic plant evolution, a 

root-parasitic haustorium type is also discussed. Results obtained from the analysis of 

haustorium evolutionary-developmental patterns among mistletoes will be shown and 

discussed in the final section of this chapter. 

  

Root-parasitic plants and their relation to mistletoes 

 As mentioned, all mistletoe groups are nested within clades in which the 

earliest divergent lineages are currently understood to be root-parasitic, pointing out 

to the establishment of root parasitism as the first step in mistletoe evolution 

(Nickrent 2002, Su et al. 2015). The phylogenetic relationship between mistletoes and 

root parasites has been recognized for so long, that even the first classification of 

Loranthaceae haustorial types (Blakely 1922) already included root parasitism among 

those categories. This category was also maintained in subsequent classifications 

(Hamilton & Barlow 1963, Vidal-Russel & Nickrent 2008). 

Among the Loranthaceae, the occurrence of the root-parasitic form restricted 

to Nuytsia floribunda, Atkinsonia ligustrina, and Gaiadendron punctatum led authors 

to use the term “mistletoe” to include these species, which would be considered as 

terrestrial mistletoes (Calder 1983). Although it may be contradictory, Watson (2011) 

explains that, under an evolutionary perspective, these root-parasitic species should 

indeed be considered as mistletoes. Such argument is probably based on phylogenetic 

analyses that group South American aerial parasites, such as Notanthera heterophylla 

(Wilson & Calvin 2006a, b) and Tristerix corymbosus (Grímsson et al. 2017) among the 

root parasites. However, these groupings have been recently shown to be low-

supported, indicating that Loranthaceae is currently understood to be composed of a 

mistletoe clade that rapidly diversified from three earlier diverging root-parasitic 

species (Liu et al. 2018). 

 Another debatable issue regarding haustorial attachment to host roots, and its 

relation to mistletoes, is the biology of the species classified as dendroparasites and 

mistletoes classified as amphiphagous. The former is a term proposed by Macklin & 

Parnell (2000) as an alternative reference to mistletoes, but later considered as 

synonym (Macklin & Parnell 2002). A few years later, Vidal-Russel & Nickrent (2008) 

employed the term as referring to stem-parasitic lianas, such as Dendromyza spp. 
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(Amphorogyneae, Santalaceae s.l.), arguing that true mistletoes are shrubby plants 

with no twining stems. Despite the lack of information on Dendromyza and its 

currently inadequate separation from Dendrotrophe (Kuijt & Kubitzki 2015), we have 

opted to interpret species of these genera as mistletoes, given the fact that they do 

germinate and stablish themselves upon host stems/branches (Kuijt 1990).  

Regarding the latter, amphiphagous habit, Vidal-Russel & Nickrent (2008) 

define it as the capacity of some mistletoes to simultaneously attach to both host 

stems and roots. This condition would be exemplified by a few species, such as 

Gaiadendron punctatum and Tripodanthus acutifolius, within the Loranthaceae; 

Dendrotrophe varians, Exocarpus cupressiformis and E. pullei, within the Santalaceae 

tribes Amphorogyneae and Santaleae, respectively (Kuijt 1969). Among these species, 

further information is available for Gaiadendron punctatum (Kuijt 1963), Exocarpus 

cupressiformis (Coleman 1934), and Tripodanthus acutifolius (previously known as 

Phrygillanthus eugenioides; Hoehne 1932, Forstreuter 1988). In the first two, haustoria 

formed on host stems appear to be similar to those regularly stablished underground 

(Coleman 1934, Kuijt 1963). On the other hand, unpublished data gathered during 

three years of field observations and laboratory experiments on T. acutifolius, showed 

that attachments to host roots are not actually formed. Thus, we do not recognize the 

amphiphagous status proposed by Vidal-Russel & Nickrent (2008) for this species and 

follow its classification as a regular mistletoe exclusively attached to host 

stems/branches. 

 Still, considering the well supported phylogenetic relationship between 

mistletoes and root parasites in all mistletoe clades, we felt the need to include 

information on haustorium morphology and development of a few root-parasitic 

species to improve our understanding of the evolution of some structural aspects of 

host-parasite connections in mistletoes. Although we could only obtain haustorium 

material from aerial parasitic Santalales, a deep literature review provided information 

on the haustorium structure of several root parasites, representing all families and 

Santalaceae (s.l.) tribes within the order (Table 1, Appendix A). It is important to 

highlight that, in addition to parasitic trees and shrubs, Santalales also include a family 

of ca. 40 species of root-holoparasitic plants known as Balanophoraceae (Stevens 2001 

onwards). Due to their possible polyphyletic status (Su et al. 2015) and doubtful 

placement within the order (APG IV 2016), these plants were not considered in this 

study. Therefore, future references to Santalalean root parasites along this chapter 

should be understood to exclude Balanophoraceae species. 
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 Our literature analysis showed that the reported haustorium structure is very 

similar among most of the species listed in Table 1. In all of them, multiple haustoria 

are formed and always arise from the lateral roots of the parasitic plant (Pitra 1861, 

Herbet 1925, Rao 1942, Menzies & McKee 1959, Werth et al. 1979, Fineran & Hocking 

1983, Pate et al. 1990, Calladine & Pate 2000). In addition to the laterally formed 

haustoria, Kusano (1902) mentions that in Buckleya lanceolata (Santalaceae s.l., 

Thesieae) haustoria are also developed at the apex of some lateral roots. However, 

these should not be considered as true terminal haustoria, since this term refers to 

the parasitic organ developed from the root apex of the parasitic plant embryo 

(Fineran 2001, Teixeira-Costa & Ceccantini 2018).  

From a morphological viewpoint, haustorium tissue external to parasitized root 

(i.e., exophyte) was reported to expand laterally soon after attaching to the host by 

means of projections that nearly encircles the host root, conforming the haustorium 

exophyte to a bell-shaped structure. These projections have been termed as mantle 

(Werth et al. 1979), cortical folds (Beyer et al. 1989), attaching folds (Kusano 1902), 

clasping folds (Fineran 1963), or haustorial collar (Calladine & Pate 2000). They are 

thought to provide mechanical anchorage during the process of parasitic plant 

penetration and the tissue formation within the host root (i.e., endophyte). The only 

exception seems to be the Australian tree Nuytsia floribunda (Loranthaceae), in which 

the haustorium exophyte grows to form a complete ring of parasitic tissue around the 

exterior of the host root (Fineran & Hocking 1983, Beyer et al. 1989, Calladine & Pate 

2000). Next, parasitic sinker penetrates host tissues by the formation of a 

sclerenchyma prong that severs the host root all the way through, connecting the 

sinker to the far side of the attaching folds (Fineran & Hocking 1983, Beyer et al. 1989, 

Calladine & Pate 2000).  

 Despite the remarkable singularity of the haustorium morphology in N. 

floribunda, the anatomy of the host-parasite interface is quite similar among all 

reviewed root-parasitic within Santalales (Fineran & Hocking 1983). Once the host root 

coating system is penetrated, parasitic endophyte proliferates around a limited region 

of the host root circumference, causing a local elimination of host cambium (Pate et 

al. 1990). At this region, vascular cores of the parasite’s parent root are reported to 

descend towards the sinker, which is the part of the endophytic tissue that will 

penetrate the host wood and ultimately will form direct luminal contact between 

parasitic and host tracheary elements (Pate et al. 1990). Parasitic phloem cells are not 

mentioned to occur at the interface with any host species (Kusano 1902, Moss 1926, 

Rao 1942). A peculiar cell type, known as graniferous tracheary elements (i.e., 

tracheary elements containing starch or protein granules), frequently detected in the 
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haustoria of root parasitic plants in general (Fineran 1985). Particularly for the 

Santalales, detailed accounts on the ultrastructure of this cell type have been provided 

for several species (Fineran 1974). The granules are hypothesized to help lowering the 

haustorium osmotic potential, thus preventing a reverse sap flux from the parasite to 

the host (Heide-Jørgensen 2008).  

The multiple haustoria formed by these plants are usually ephemerous (Fineran 

& Hocking 1983). Among root parasitic species, long-lived haustoria, which go through 

a secondary growth, are reported only for Thesium pretense, Santalum album, 

Buckleya lanceolata, and Exocarpos bidwillii (Pitra 1861, Kusano 1902, Barber 1907, 

Fineran 1963). Nevertheless, the haustorium of E. bidwillii seems to be unique in its 

anatomical features due to the formation of cortical strands (Fineran 1963). According 

to Calvin & Wilson (1998), cortical strands are extensions of the mistletoe endophytic 

tissue that spread within the host bark, enlarging the host-parasite interface. This 

feature is common among all Visceae and some Loranthanceae mistletoe species and 

shall be discussed in further detail. At this point, regarding root-parasitic Santalalean 

species, it is noteworthy that cortical strands have only been reported for Exocarpus. 

Although Fineran (1963) mentions that similar cortical strands would also be observed 

in Osyris alba (Santalaceae, Santaleae), the detailed anatomical works by Pizzoni 

(1906) and Ferrarini (1950) showed no sign of this structure as part of the haustorial 

system of O. alba. 

 

Epicortical roots and multiple haustorial connections in mistletoes 

Similar to the haustorial system of root-parasitic species, many mistletoes can 

also stablish multiple attachments to their hosts’ stems/branches. Among aerial 

Santalalean species, this is achieved by a haustorium type referred to as epicortical 

roots (Fig. 2A). This structure is formed by extensions of mistletoe exophyte that grow 

parallel to host stems/branches forming lateral haustoria (Teixeira-Costa & Ceccantini 

2018). As it occurs with root parasites, the multiple haustorial system of mistletoes 

also expands the total host-parasite interface, enabling an eventual attachment of the 

same individual parasite to different hosts at the same time (Kuijt 1969). However, 

these two haustorial systems differ in a very important evolutionary innovation: the 

formation of terminal haustoria in mistletoes (Fig. 2A). The modification of the embryo 

radicle into an apical haustoria was a revolutionary step in parasitic plant evolution, as 

it is a prerequisite for both mistletoe germination and establishment (Heide-Jørgensen 

2008). Other aerial parasitic lineages, Cuscuta spp. and Cassytha spp., attach to their 
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hosts via secondary haustoria only, even in rare cases when the plant germinates 

within the fruit capsule (Heide-Jørgensen 2008).   

After the establishment of an initial host-parasite connection, epicortical roots 

are initiated, always at the base of the plant near the exophytic portion of the terminal 

haustoria (Fig. 2A) (Kuijt 1982). In most New World species, in addition to basal 

epicortical roots, this structure can also emerge directly from the mistletoe’s shoots 

and stablish additional contact with the host (Fig. 2B) (Calvin & Wilson 2006, Kuijt 

1982, 2016,). Interestingly, the shoot-epicortical root relationship can also occur the 

other way around, as some mistletoe species produce epicortical root-borne shoots 

and even inflorescences (Fig. 2C). Finally, a third form of epicortical root formation has 

been observed in some species, such as Tripodanthus acutifolius and Muellerina 

celastroides, both in the Loranthaceae, in which the structure may develop in response 

to stem injury (Fig. 2D) and epiparasitism infestation, respectively (Calvin & Wilson 

2006). In all cases, the final morphological aspect of this structure is similar among all 

mistletoes. Main differences are related to quantitative aspects, such as length, 

diameter and lateral haustoria frequency (Calvin & Wilson 2006). 

A different aspect of epicortical root formation that is worth mentioning is 

duration of this structure during the mistletoe’s life. In some species, lateral haustoria 

formed by epicortical roots outlive the terminal haustorium, which dies out, leaving 

the impression of it being absent in certain species (Heide-Jørgensen 2008). On the 

other hand, in Antidaphne (Santalaceae s.s.), the only non-Loranthaceae genus known 

to bear epicortical roots, this structure and its lateral haustoria are short-lived and are 

usually absent during the mistletoe’s old age (Kuijt 1964, 1988). Facultative epicortical 

root-formation has also been reported in a few Dendrophthoe and Oryctanthus 

species, occasionally depending on the parasitized host species (Hamilton & Barlow 

1963, Kuijt 1989).  

From an anatomical view point, the host-parasite interface of epicortical root-

forming mistletoes may vary between two patterns. Many species form a simple host-

parasite connection (Fig. 2E), which resembles the haustorium anatomy of Santalalean 

root-parasitic species and follows a similar developmental sequence. In these plants, 

penetration of host wood is accomplished by the formation of a narrow to wedge-

shaped sinker that grows through host rays to establish vascular contact with the 

host’s tracheary elements (Fig. 2E) (Teixeira-Costa & Ceccantini 2018). Additional 

sinkers may also be formed, arising from lateral projections of the endophytic system 

that grow tangential to the host wood (Fig. 2F) (Heil 1926, Venturelli 1980). Authors 
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have termed these projections “flange haustoria” (Thoday 1961) or “lateral flanges” 

(Condon & Kuijt 1994). 

In mistletoes with the second anatomical pattern, only the so-called lateral 

flanges are developed. Anatomically, the structure has the same general composition, 

being formed by parenchymatic cells and tracheary elements, although phloem cells 

may also be present (Menzies 1954, Condon & Kuijt 1994). As this structure develops 

parallel to the host wood, locally differentiated tracheary cells stablish vascular 

connections with the host wood, as a sinker would do (Menzies 1954, Ozenda & 

Capdepdon 1976). Thus, the main difference between sinkers and lateral flanges is 

that, while the former penetrates host wood, quickly stablishing a vascular connection 

with it, the latter becomes embedded in in host secondary xylem, which could delay 

the formation of a host-parasite vascular connection. This time difference could 

explain faster growth rates reported for sinker-forming Struthanthus martianus 

(Loranthaceae) (Venturelli 1980) when compared to lateral flange-forming Ileostylus 

micranthus, both Loranthaceae species mostly endemic to warm-temperate humid 

areas (Menzies 1954, Kottek et al. 2006, Dettke & Caires 2015). After an initial 

developmental stage, small shafts can grow from lateral flanges through host rays and 

stablish additional host-parasite vascular contact (Thoday 1961).  

 

Woody galls and host-parasite tissue mix – “Chimeras” 

The appearance of a terminal haustorium among mistletoes is also correlated 

with the evolution of diversified haustorium types (Heide-Jørgensen 2008). While ca. 

48% of all mistletoe species form epicortical roots, the remaining 52% rely exclusively 

on one of the four types of terminal haustorium recognized here (Calvin & Wilson 

2006, Stevens 2001 onwards). From these four types of solitary unions, only one was 

recognized since Blakely’s classification system (1922); other two were added by 

Hamilton & Barlow (1963) and Calvin & Wilson (1998); while the forth one is seldomly 

recognized to occur among Santalales mistletoes (Vidal-Russel & Nickrent 2008, Těšitel 

2016). Among these four types, the one termed woody gall is the most 

phylogenetically widespread one, as it is formed by species in all mistletoe containing 

groups. Morphologically, woody galls are observed as a local, usually fusiform swelling 

of the host-parasite connection (Fig. 3A) (Teixeira-Costa & Ceccantini 2018).  

Mani (1964) seems to have been the first to use this term in a reference to the 

voluminous host-parasite connections formed by some mistletoes, stablishing a 

parallel between mistletoe and insect galls due to the striking hyperplasia and 



 
27 

hypertrophy of infested host tissues. Such processes of proliferation and cell size 

enlargement in host xylem has been confirmed to be associated with the infestation 

of different mistletoes species (Srivastava & Esau 1961, Teixeira-Costa & 2015). 

However, the local swelling of host stems/branches associated with woody gall 

formation is not entirely caused by host tissue abnormal growth. As observed and 

reviewed by many authors, the proliferation of parasitic endophytic tissue within the 

host wood and bark greatly contributes to the dilatation of the host-parasite interface 

in woody gall-forming mistletoes (Fig. 3B) (Srivastava & Esau 1961, Hamilton & Barlow 

1963, Calvin & Wilson 1998, Teixeira-Costa & 2015). This description fit within the 

historical and histological definition of a “chimera” (Frank & Chitwood 2016) 

Most detailed studies of woody gall anatomy have been carried out for the tribe 

Visceae, as most of its species form this haustorium type. In these parasitic plants, host 

penetration is rapidly followed by the expansion of the parasitic endophyte, which 

grows both longitudinally and tangentially within the host bark, often giving rise to 

additional sinkers (Fig. 3C) (Cohen 1963, Sallé 1978, Lichter & Berry 1991, Hunt & Smith 

1996). Differently from the sinker of epicortical root-forming mistletoes, the sinker of 

Visceae species does not actively penetrates host wood. Upon reaching the host 

cambium, a meristem is formed by the parasite, usually near radial initials; parasitic 

meristem enables a coordinated growth with the host xylem, resulting in a passive 

embedding of the sinker within the wood of the host (Fig. 3D) (Calvin 1967). Host 

cambium is usually kept intact, except for the areas where host and parasite 

meristems are adjacent. However, in some areas within the woody gall, especially at 

the extremities of its fusiform shape, exceedingly parasitic endophyte proliferation 

may lead to host cambium removal (Fig. 3E). 

Traditionally, parasitic endophyte expansions observed in Visceae species are 

termed cortical, or bark strands (Calvin 1967). The same termed is used to describe 

the anatomy of some woody gall-forming Loranthaceae species, such as Ligaria 

cuneifolia (Reiche 1907), Diplatia maidenii (Thoday 1963), and Tristerix spp. (Kuijt 

1982, Mauseth et al. 1984). In all these Loranthaceae species, plus all studied Visceae 

species, bark strands show a tiered cambial-like arrangement of cells, either when a 

true cambium is present, or absent (Fig. 3F) (Reiche 1907, Thoday 1963, Kuijt 1982, 

Mauseth et al. 1984, Calvin & Wilson 1996, Heide-Jørgensen 2008). In cases when 

cambium tissue is present, it is composed of fusiform initials only (Calvin & Wilson 

1996). Nevertheless, it promotes bark strands’ enlargement and secondary growth 

(Cannon 1901, Calvin & Wilson 1996). For some species, phloem cells have also been 

detected in bark strands (Calvin 1967, Sallé 1976, Teixeira-Costa & Ceccantini 2015).  
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Therefore, considering the developmental process, growth directions, 

produced tissue/structures, and general anatomical composition, we conclude that 

lateral flanges and bark strands represent variations of the same structure. The main 

difference between these structures would be that, while lateral flanges grow 

underneath the cambial zone and become embedded in host xylem, cortical strands 

grow exclusively within the host bark, only contacting host wood via sinker 

development. In addition, cortical strands are often reported to form endophytic-

borne stems (Hunt & Smith 1996, Heide-Jørgensen 2008). This feature could be 

associated to both the position of cortical strands within the host, which would 

facilitate stem emergence, and the tiered arrangement of cells. McLuckie (1923) and 

Hamilton & Barlow (1963) also mention the formation of endophytic-borne stems by 

the lateral flanges of Muellerina species (Loranthaceae). However, we believe this to 

be a rare phenomenon, rather than a common feature of lateral flanges. 

Finally, concerning seedling development, mistletoes that form cortical strands 

usually also take longer to grow (Lamont 1983, personal observations). In Brazilian 

savannas, cortical strand-forming mistletoes such as Phoradendron perrottetii, are 

often associated with host trees growing in waterlogged soils (Anselmo-Moreira et al. 

2018). Yan (1993) observed that flange-forming Lorantathceae species Lysiana 

exocarpi, which is endemic to Australian semi-arid woodlands (Watson 2011), do form 

sinkers later during the parasite’s development. This could indicate an additional need 

for quick water supply under drier climatic conditions.  

 

Endophytic Santalalean mistletoes 

 Among the Visceae, Arceuthobium has been generally agreed to be the most 

derivate genus (Fig. 4A, B) (Thoday & Johnson 1930). This status is usually associated 

with the presence of a well-developed system of cortical strands, which spread more 

thoroughly the host tissues and is often considered to have greater absorbing 

efficiency (Fig. 4C) (Calvin & Wilson 1996). Other species of the tribe, such as Viscum 

minimum, Phoradendron perredactum, and P. juniperinum have also been discussed 

to be equally derivate, possessing endophytic systems that spread up to the host’s 

shoot apex (Heide-Jørgensen 2008, Kuijt 2011). One species within the Loranthaceae, 

Tristerix aphyllus, a New World mistletoe endemic to Chile, is also frequently 

mentioned to have a similar system of widespread cortical strands, which have a 

classical tiered cell arrangement, but no secondary growth is present (Mauseth et al. 

1984, Mauseth 1990). At first sight, the haustorial system of these species could be 

classified as woody galls. However, no visible swelling of parasitized host 
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stems/branches is observed. Indeed, during most of these mistletoes’ life cycle, not 

even the parasite can be observed.  

In addition to the formation of wider endophytic systems, the appearance and 

maintenance of other specific traits seem to have been jointly selected, resulting in 

the evolution of a different haustorium type, that of endophytic mistletoes. Such traits 

include severe reduction of photosynthetic rates, transfer of the flower and fruit-

producing function to the endophyte, and most remarkable, the abortion of the 

embryo’s epicotylar pole (Kuijt 1969, Tӗṧitel 2016). Following germination, only the 

embryo’s radicule pole develops, giving rise to the endophytic system, while the 

epicotylar pole withers away soon after host tissue penetration (Kujit & Hansen 2015). 

With the possible exception of T. aphyllus (Loranthaceae), this haustorium type can be 

further characterized by having evolved a form of endophyte fragmentation and 

spread known as isophasic growth (Fig. 4B) (Kuijt 1960, 1969). Through the permanent 

colonization of host apical buds by mistletoe endophytic tissue, synchrony between 

parasite and host growth is achieved, resulting in the predictable appearance of 

mistletoe exophyte according to host branch morphology (Lye 2006).  

In practical terms, endophytic mistletoes behave similarly to Apodanthaceae 

and Rafflesiaceae species, their vegetative bodies living within host tissues, while only 

their flowers and fruits are visible outside the host body during the parasite’s 

reproductive phase (Fig. 4D, E) (Heide-Jørgensen 2008, Tӗṧitel 2016). Still, based on 

the most recent divergence time estimations, it’s noteworthy that Apodanthaceae and 

Rafflesiaceae lineages have diversified earlier than Visceae and Loranthaceae 

(Naumann et al. 2013, Grímsson et al. 2017, this work), which has probably given time 

for these parasites to refine the endophytic habit, reducing their vegetative body size, 

and completely giving up photosynthesis and fully depending on both host xylem and 

phloem sap. This holoparasitic trend would still be in process within Santalalean 

mistletoes (Heide-Jørgensen 2008, Nickrent & García 2009). It is noteworthy that, 

although isophasic growth represents a considerable evolution of the endophytic 

haustorium type, marked by an intimate host-parasite connection, it has been 

hypothesized (Kuijt 1969) but not actually been shown to occur in endophytic clades 

such Apodanthaceae and Rafflesiaceae.  

 

Woodrose formations and the altered host cambium activity 

Hypertrophy and hyperplasia processes observed in tissues at the host-parasite 

interface are not a singularity of woody gall formation. The formation of woodroses 
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(Fig. 5A), a reaction of the host plant to the penetration of certain mistletoes, also 

includes excessive proliferation of host cambium cells and some of its products 

(Teixeira-Costa & Ceccantini 2018). However, the most remarkable alteration caused 

to the host cambium during mistletoe woodrose formation is a change in the position 

of cambium initials and their immediate derivates, followed by localized stimuli of 

fusiform initials, thus resulting in the production of a cup-shaped structure (Fig. 5B) 

(Kuijt 1970, Kuijt & Lye 2005). Anatomically, the resulting structure is composed of a 

profusion of host xylem tissue, which will ultimately connect to the mistletoe’s 

tracheary elements (Kuijt & Lye 2005). It’s noteworthy that the term woodrose 

specifically designates the host tissue abnormal formation (Heide-Jørgensen 2008). 

While the parasite is alive, the host-parasite interface is observed as a “ball-like union” 

(Blakely 1922, Hamilton & Barlow 1963). Only when the parasite dies, and its usually 

lighter tissues deteriorate that the actual woodrose becomes visible (Fig. 5B) (Kuijt & 

Hensen 2015). For this reason, we classify the haustorium type that causes this 

abnormal morphology as woodrose formation.  

From the mistletoe side of woodrose formations, endophyte formation starts 

with the simultaneous formation of both lateral flanges and a sinker, which seems to 

not penetrate host wood, but to be embedded in it (Fig. 5C, D) (Kuijt 1970, Dzerefos & 

Witkowski 1997). As the woodrose development progresses, new layers of host xylem 

are added around the usual funnel-shaped parasitic sinker, while lateral flanges help 

expanding the parasitic endophyte within the growing woodrose (Kuijt 1970). In large, 

well-developed woodrose formations the characteristic funnel appearance of the 

host-parasite interface is lost, and a clear division between host and parasitic tissue is 

observed (Fig. 5E). Some woodrose-causing mistletoes, such as Loranthus europaeus 

(Loranthaceae), also form lateral flanges that become embedded within the host wood 

(Thoday 1961), similarly to what has been mentioned for other species with lateral 

flanges (Menzies 1954, Ozenda & Capdepdon 1976). Longitudinal flanges may also 

appear in conjunction with woodrose formations (Hamilton & Barlow 1963). One 

particular African Loranthaceae species, Moquiniella rubra, is capable of causing the 

formation of secondary woodroses as lateral flange-borne stems develop only a few 

centimeters away from the primary woodrose formation (Calvin & Wilson 1998). 

Opposite to lateral flanges, that have been discussed to be formed in different 

haustorium types, an anatomical feature originally described by Barão (2015), called 

vascular bulbs, seem to be found exclusively in woodrose-causing mistletoes. 

Characterized as groupings of small and odd-shaped vessel elements arranged in the 

shape of an inverted bulb, they are frequent at the host-parasite interface between 

the mistletoe endophyte and the host woodrose, promoting a direct vascular 
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connection between the two (Barão 2015, Teixeira-Costa & Ceccantini 2018). Although 

our research group has only analyzed few species, we hypothesize this anatomical 

feature could be a constant among woodrose-causing mistletoes. As discussed by 

Barão (2015), vascular bulbs could be a key anatomical feature in preventing the 

formation and/or spreading of embolisms from the host to the parasite, thus causing 

failure of the mistletoe’s hydraulic system, especially in water-shortage situations. 

Another hypothesis that can be proposed is a special role of this structure in 

controlling excessive low pressure at the host-parasite interface, which could be 

caused by excessive mistletoe evapotranspiration. The type of tracheid elements 

observed in the vascular bulbs, i.e. thin, abundant and short vessel elements, are 

known for being especially capable of preventing cavitation and embolism spread, 

what could cause general xylem failure. Considering many mistletoes associated with 

woodrose formation inhabit dry to arid lands, such anatomical feature could be 

directly associated, from the parasitic side of the connection, with woodrose 

formations. 

 

Hypertrophy of parasitic tissue and the formation of clasping unions   

In their comprehensive work on African Loranthaceae species, Calvin and 

Wilson (1998) recognized a fourth type of haustorial system, called clasping union. 

According to the authors, this morphological type would portray an enlargement of 

the mistletoe exophyte that partially encircles the host branch. In some cases, which 

appear to depend on age, size and vigor of both parasite and host, mistletoe clasping 

unions can nearly encircle the host branch completely (Heide-Jørgensen 2008). The 

final morphology of the host-parasite interface would be similar to what is reported 

for root-parasitic Santalalean species (Pitra 1861, Herbet 1925, Rao 1942, Menzies & 

McKee 1959, Werth et al. 1979, Fineran & Hocking 1983, Pate et al. 1990, Calladine & 

Pate 2000), with the exception that, in mistletoes, clasping unions are a form of solitary 

connection. 

Despite the peculiar morphology displayed by clasping unions, a later 

publication by Wilson and Calvin (2006) comment on the similarity of this haustorium 

type and woodrose formations, also mentioning certain difficulty in distinguishing 

between the two types at the early stages of infestation. Based on samplings carried 

out in different locations across the American continent, we have observed that large 

woodrose formations often look like clasping unions, especially when formed by hosts 

with young/small branches (Fig. 6A, B, C, D). Nonetheless, all cases of clasping unions 

look-alikes were indeed woodrose formations, which could be determined by 
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analyzing a cross-section of the host-parasite interface, even in simple morphological 

view (Fig. 6E, F). Heide-Jørgensen (2008) shows a similar situation with a large 

specimen of Loranthus europaeus photographed in Austria.  

However, none of the actual genera and species classified by Calvin & Wilson 

(1998) as clasping union-forming mistletoes were analyzed in cross-sections; neither 

could we find additional information on those species elsewhere in the literature. For 

this reason, considering that all African species incorporated in the phylogenetic work 

of Liu et al. (2018) in which our ancestral state reconstruction is based (see below), we 

have chosen to consider clasping as a type of haustorial system. Still, we hypothesize 

that clasping unions and woodrose formations may actually represent variations of the 

same haustorial system type, the final morphology depending on both host and 

parasite morphological, anatomical, and physiological characteristics.  

 

Mixed-type haustorial systems 

During our extensive literature review and the analysis of several mistletoe 

species’ haustoria, some were observed to have a mixed-type haustorial system, 

composed of two different types of connection. The genus Scurrula, for instance, is 

usually associated with both woodrose formations and epicortical roots (Ozenda & 

Capdepdon 1976, Devotka & Glatzel 2006). Similarly, we have observed that one of 

the three Brazilian species of the genus Cladocolea (Dettke & Caires 2015) also has an 

initial woodrose from which a few epicortical roots develop, forming lateral haustoria 

that also induce the formation of woodroses. Interestingly, Cladocolea species that do 

not form epicortical roots are characterized as woody gall-forming mistletoes. Other 

genera, such as Oncocalyx and Spragueanella (Calvin & Wilson 1998) and Amyema 

(Hamilton & Barlow 1963) have also been mentioned to group species with distinct 

haustorium types. In addition, epicortical root-forming mistletoes with lateral flanges 

are also noted to form restricted woody galls, as the flanges’ development within the 

host wood provoke a local swelling of the host-parasite interface. The New Zealand 

native, Ileostylus micranthus, represents a good example of epicortical roots 

associated with local woody gall formation. 

 

General patters of haustorium development and evolution in mistletoes 

 The topics of parasitic plant haustorium development and evolution have been 

the center of several literature reviews published oved the last few decades (Kim et al. 
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1998, O’Malley & Lynn 2000, Westwood et al. 2010, Yoshida et al. 2016, Wakatake et 

al. 2018, Kokla & Melnyk 2018). However, Santalalean species, especially mistletoes, 

are often left out of such broad comparative work. Considering these parasites are 

often difficult to cultivate and maintain under laboratory conditions, as they do not 

generally use model species as their host plants, identification of molecular 

mechanisms behind haustorium formation hasn’t been largely explored for these 

parasites. Nevertheless, several mistletoes species have had their haustorium 

morphogenesis analyzed in some level of detail1. In the scope of this chapter we 

sought to compare the morpho-anatomical development of mistletoes’ haustorium 

and to discuss the observed patters under the current panorama of phylogenetic 

relationships among Santalalean species. 

 Haustorium establishment of most root-parasitic species was observed to 

follow a common developmental path. After penetration through the bark, once host 

cambium is reached, the tip of the parasitic sinker is reported to flatten out laterally, 

expanding the interface between parasitic endophyte and host wood (Simpson & 

Fineran 1970, Pate et al. 1990). Then, xylem strands, composed of tracheary elements, 

emerge from the parasitic mother root and grow throughout the endophyte until they 

reach some of the host’s recently formed vessel elements, with which direct host-

parasite vascular contact is formed (Kusano 1902, Barber 1907, Rao 1942, Simpson & 

Fineran 1970, Pate et al. 1990). In other root-parasitic species, such as the 

Orobanchaceae, despite a similar mature haustorium structure, haustorium 

development vary considerably between this group and root-parasitic Santalales. 

Main differences include presence of haustorial hairs in species of the first group, and 

the endophytic lateral expansion reported for the latter (Simpson & Fineran 1970, 

Musselman 1975, Pate et al. 1990, Riopel & Timko 1995, Yoshida et al. 2016, Kokla & 

Melnyk 2018). Although parasitizing different host organs, general haustorium 

development of Santalalean root parasites is actually more similar to what is observed 

for mistletoes species, which could be related to the existence of a shared molecular 

framework for haustorium formation among all species of the order.  

Within aerial Loranthaceae, the largest and most diverse group of all 

independent mistletoe evolutions, epicortical roots were reconstructed to be the 

ancestral haustorium type (Fig. 7). When compared to the haustorial system of early 

diverging root-parasitic species within the family, both epicortical root-forming 

mistletoes and root parasites show similar general organization with the formation 

network of multiple host-parasite connections. Another common feature, from an 

                                                           
1 Please refer to Table 1 for the complete list of references in haustorium anatomy and development used in the 

scope of this work. 



 
34 

ecological viewpoint, is a frequent wide range of host species parasitized, even 

simultaneously, by plant with these haustorial systems (Werth et al. 1979).  On the 

other hand, an important dissimilarity is the increased specialization observed in the 

endophyte of epicortical root-forming mistletoes, which is generally not seen for root-

parasitic plants. The spindle-like sinkers developed by aerial species such as 

Struthanthus spp. are considerably more complex than the regular sinkers of root 

parasite within the Santalales. While the latter stops its radial growth upon reaching 

the host cambium, the sinkers of some epicortical root-forming mistletoes actually 

penetrate the host secondary xylem, forcing their way-in through the wood rays (Heill 

1926, Venturelli 1980). Lateral flanges are also more specialized than the endophytic 

projections of root parasites, as in the former locally developed parasitic tracheary 

elements allow for the formation of more individual vascular connections with host 

vessel elements. Additionally, as lateral flanges become embedded within the host 

wood, newly formed, and therefore certainly functional host xylem, is constantly 

abutted by parasitic cells guaranteeing continuous sap flux towards the parasite 

(Menzies 1954).  

Likewise, considering the evolution of a single group of aerial parasites within 

Santaleae (Santalaceae) with Antidaphne being the earlier diverging genera (Vidal-

Russel & Nickrent 2008, Der & Nickrent 2008, Nickrent et al. 2010, Liu et al. 2018), 

epicortical roots were also reconstructed to be the ancestral haustorium type among 

aerial species of this clade (Fig. 7). Lateral flanges formed by Antidaphne spp. during 

their development (Kuijt 1965b) would also represent a specialization when compared 

to the endophytic projections of sister root-parasitic species. The other two genera, 

Eubrachion and Lepidoceras, lack epicortical roots, thus forming solitary host-parasite 

connections. Based on the illustrations of Engler (1889) and Kuijt (1968, 1969, 1988), 

species of Lepidoceras seem to induce woodrose formations in their hosts. It is worth 

emphasizing that epicortical roots developed by Antidaphne species are ephemerous, 

not usually persisting during the parasites’ mature phase Kuijt (1968, 1988). 

Extant species within the other three mistletoe groups – Misodendraceae, 

Visceae, and aerial Amphorogyneae – do not form epicortical roots, and it’s uncertain 

whether or not the ancestors of these groups had epicortical roots (Heide-Jørgensen 

2008). Lateral flanges haven’t been reported for species within these groups either. 

Nevertheless, bark strands, a well-developed and highly specialized form of 

endophytic extension, are present in all extant Visceae (Calvin 1967). Given the sinker 

structure of Misodendrum punctulatum (Tercero-Bucardo & Kitzberger 2004), 

probably at least part of the Misodendraceae species have bark strands as well. 

Regarding Amphorogyneae mistletoes, detailed information on the haustorium 
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anatomy is lacking. Still, Phacellaria species are known to have a fragmented and 

dispersed endophytic tissue (Kuijt 1969, Heide-Jørgensen 2008, Kuijt & Hansen 2015), 

which indicates the formation of cortical strands similar to those observed in 

Arceuthobium spp. Species of a few Loranthaceae genera also develop bark strands. 

These genera are Oncocalyx spp., native to southeast Africa extending to Arabia (Calvin 

& Wilson 1998, Kuijt & Hansen 2015); Helixanthera spp., native to central and 

southeast Africa and Asia (Calvin & Wilson 1998, Kuijt & Hansen 2015); Diplatia spp., 

native to Australia (Thoday 1963, Kuijt & Hansen 2015); Tristerix spp., native to the 

Andean region (Kuijt 1982, Mauseth et al. 1984, Kuijt & Hansen 2015); and Ligaria spp., 

native to south and north Brazil, and western South America (Reiche 1907, Kuijt & 

Hansen 2015).  

Analyzing important characteristics of bark strands, such as their tiered cell 

arrangement, eventual cambium formation, and specialized sinker anatomy, this 

structure could be considered as a more specialized type of endophytic expansion 

when compared to lateral flanges. According to our ancestral state reconstruction, in 

all Loranthaceae genera reported to develop bark strands this structure would have 

evolved from lateral flange-forming ancestors (Fig. 8A), contrarily to what has been 

reconstructed for Misodendraceae, Visceae, and aerial Amphorogyneae (Fig. 8B). 

Given that these groups’ extant sister clades are currently interpreted to be root 

parasites, one may consider that these mistletoes’ ancestors didn’t form neither 

epicortical roots, nor lateral flanges. In this case, bark strands could be interpreted to 

have evolved directly from the endophytic expansions of root parasites. The 

development of bark strands as part of the endophytic tissue of the root parasite 

Exocarpos bidwillii (Santaleae, Santalaceae) (Fineran 1963) corroborates this 

possibility. Finally, no indication on de the development of bark strands was found for 

Santaleae mistletoes. 

Following these observations, it is interesting to note that, according to Liu et 

al. (2018), all Loranthaceae species known to form tier-arranged bark strands have 

evolved in geological periods and epochs of marked dry climates. Within the American 

tribe Psittacantheae, species capable of forming this structure diverged around 39 – 

35 million years ago (Mya), followed by three different evolutions of the paraphyletic 

“Helixanthera” in Asia and Africa from 24 to 16 Mya. Around the same time, ca. 18 

Mya, paraphyletic “Oncocalyx” would have diverged twice among African Loranths. 

More recently, Diplatia would have diverged 11 Mya in Australia. According to Vidal-

Russel & Nickrent (2008), by these epochs, Misodendraceae (ca. 80 Mya) and Visceae 

(72 Mya) would have already diverged, while Santaleae (53 Mya) and Amphorogyneae 

(46 Mya) mistletoes would be contemporary to American Loranth mistletoes. Due to 
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the disagreement between the ages published by Vidal-Russel & Nickrent (2008) and 

those estimated by both Magallón et al. (2015) and Harris & Davies (2016), we carried 

out our own divergence time estimations using several calibration points (Arakaki et 

al. 2011, Sadowski et al. 2017, Sauquet et al. 2017, Liu et al. 2018, Salomo et al. 2018). 

Obtained results showed that Misodendraceae would indeed be the earliest cortical 

strand-forming lineage to arise (60 Mya), followed Visceae (39 Mya), and Santaleae 

mistletoes (32 Mya). Amphorogyneae aerial parasites would have diverged only 

around 12 Mya.  

Disregarding the estimates by Vidal-Russel & Nickrent (2008), most of which 

were updated in more recent publications (including Liu et al. 2018), we noticed that 

older cortical strand-forming species would have diverged during the Paleocene and 

Eocene, which are early and middle epochs of the Paleogene period, respectively. 

During this time, global climate became fluctuated between humid and especially drier 

(Kraus & Riggins 2007, Baczynski et al. 2017), which could have driven endophyte 

specialization, consequently allowing a reduction of lateral haustoria formation and 

the evolution of particular types of solitary unions within the Santalales. Conversely, 

the more recent diversions of bark strand-forming species would coincide with other 

episodes of dry climates. The diversion of mistletoe group within the Amphorogyneae 

would coincide with the Andes’ oriental ridge uplift, which led to an aridity expansion 

in South America during the mid-Miocene epoch (Fiaschi 2016). The diversification of 

African and Australian Loranths capable of forming epicortical roots would also match 

the beginning of arid land formations in these continents (Feakins & Demenocal 2010, 

Groeneveld et al. 2017) 

Previous hypotheses have been discussed for the evolution of solitary unions 

among Loranthaceae mistletoes. First, Hamilton & Barlow (1963) suggested that 

solitary unions would have evolved in relation to increasing aridity. Reid (1987) 

pointed to the potential of bark strands in mistletoe vegetative proliferation, which 

could then be related to the evolution of such structure. More recently, Wilson & 

Calvin (2006) argued for a possible role for host tissue proliferation in the evolution of 

bark strands. The authors considered that the presence of solitary union-forming 

species in humid forests, as well as the presence of epicortical root-forming species in 

dry forests, would indicate that environmental stress would not be the only driver of 

solitary union evolution.  

Our hypothesis reunites previously discussed ideas by proposing that drier 

climates could have acted as a driver for endophyte expansion and specialization, not 

only within the Loranthaceae, but among all mistletoe clades. Such specialization 
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would then have driven the evolution of woody galls, whose development is 

intrinsically related to local host wood proliferation. Once evolutionarily developed, 

bark strands conferred great advantages to mistletoes, enabling groups such as 

Visceae to expand to a wider distribution, regardless of current climatic conditions 

(Calvin, pers. com.). Posterior evolution of other types of solitary host-parasite 

connections, i.e. woodrose formations and clasping unions, could then be interpreted 

as a convergence to this type of union.  

Furthermore, we highlight that, despite previous suggestions (Teixeira-Costa & 

Ceccantini 2018), bark strands are not a common feature to all woody gall-forming 

species, as some species, Lysiana filifolia (Loranthaceae), for instance, can form woody 

galls in association with lateral flanges. The point is that cortical strands are a more 

specialized form of endophytic proliferation, when compared to lateral flanges and 

the endophyte expansions of root parasites. The independent evolution of cortical 

strands in several mistletoe lineages apparently straight from root-parasitic ancestors 

(Fig. 8A, B) suggests a rapid specialization of the endophytic system as a response to 

drier climates. On the other hand, the evolution bark strands from common ancestors 

capable of forming lateral flanges could be interpreted as a slower rout benefiting 

from a similar and preexisting structure to respond to the same environmental 

condition, i.e. drier climates. Additional studies comparing the hydraulic architecture 

and physiology of species with lateral flange and bark strands could provide a better 

understanding of the benefits of each of these structures may confer to the parasite. 

Elucidating molecular aspects related to the formation of the different haustorium 

types discussed here could corroborate our hypothesis on the evolutionary 

development of mistletoes’ haustoria.  
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Table 1: Santalalean root parasites analyzed via literature review. Species’ names in parenthesis refer to presently invalid names 

originally used in the reviewed publications. Among Santalalean families, Santalaceae can be separated in four tribes and 

three other alliances, all of which are indicated between parenthesis.  

Root-parasitic species Family Reference 

Ximenia Americana Ximeniaceae Barber 1907 

Olax phyllanthi Olacaceae Pate et al. 1990 

Olax scandens Olacaceae Barber 1907 

Atkinsonia ligustrina Loranthaceae Fineran & Hocking 1983, Menzies & McKee 1959 

Gaiadendron punctatum Loranthaceae Fineran & Hocking 1983, Kuijt 1965a 

Nuytsia floribunda Loranthaceae Fineran & Hocking 1983, Beyer et al. 1989, Calladine & Pate 2000 

Schoepfia schreberi Schoepfiaceae Werth et al. 1979 

Choretrum glomeratum Santalaceae (Amphorogyneae) Rao 1942 

Choretrum preissianum 
(Leptomeria preissina) 

Santalaceae (Amphorogyneae) Herbert 1925 

Choretrum spinosum 
(Leptomeria spinosa) 

Santalaceae (Amphorogyneae) Herbert 1925 

Exocarpos bidwillii Santalaceae (Santaleae) Fineran 1963 

Exocarpos spartea Santalaceae (Santaleae) Herbert 1925 

Santalum album Santalaceae (Santaleae) Barber 1907, Rao 1942 

Santalum lanceolatum Santalaceae (Santaleae) Rao 1942 

Santalum spicatum (Fusanus 
spicatus) 

Santalaceae (Santaleae) Herbert 1925 

Osyris alba Santalaceae (Santaleae) Pizzoni 1906, Ferrarini 1950 

Osyris lanceolada   (Osyris 
arborea) 

Santalaceae (Santaleae) Barber 1907, Rao 1942 

Mida salicifolia Santalaceae (Nanodea, etc.) Simpson & Fineran 1970 

Jodina rhombifolia Santalaceae (Cervantesia, etc.) Luna & Giudice 2005 

Scleropyrum wallichianum Santalaceae (Cervantesia, etc.) Rao 1942 

Buckleya lanceolata  

(Bucleya quadriala) 
Santalaceae (Thesiaceae) Kusano 1902 

Thesium pretense Santalaceae (Thesiaceae) Pitra 1861 

Thesium wightianum Santalaceae (Thesiaceae) Barber 1907, Rao 1942 

Comandra spp. Santalaceae (Comandra, etc.) Moss 1926 

Cansjera rheedii Opiliaceae Barber 1908 

Opilia amentacea Opiliaceae Barber 1907 
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Figure 1. Santalales phylogeny based on Su et al. (2015) showing five independent mistletoe origins 

within the order (dark-green circles). 
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Figure 2. Epicortical root morphology and anatomy. A. Terminal haustorium (Th) and secondary 

haustoria (+) emerging from basal epicortical roots (Er). B. Stem epicortical roots (triangles); note the 

occurrence of self-parasitism (arrow). C. New shoots of the parasite arising from epicortical roots (Er). 

D. Adventitious epicortical roots (a) formed as a wound response. E. General anatomy of the mature 

endophyte of an epicortical root-forming mistletoe. F. Haustorial flange (Hf) formation; note the 

cambium removal (black triangles) opposite the sinker formed by the terminal haustorium, and the 

cambium permanence with new wood formation embedding the flange (white triangles). P: parasite; 

H: host. (E, F – prepared by B.R. Ferreira, unpublished data). 
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Figure 3. Woody gall morphology and anatomy. A. General morphology of a woody gall (Wg) causing 

a localized fusiform swelling. B. Computed tomography of a woody gall showing the dispersion of 

parasitic tissue (white triangles) as part of the localized swelling. C. Parasitic bark strands (Bs) within 

the host bark (Hb) and the emergence of sinkers (s) that contact the host wood (Hw). D. Different 

sized bark strands forming sinkers (white triangle) that reaches the host cambium (asterisks). E. Cross-

section of a large woody gall forming sinkers (s) and partially removing the host cambium. F. Bark 

strand with secondary growth, forming xylem tissue inwards, and phloem tissue outwards; note the 

absence of parenchymatic rays. P: parasite; H: host. 
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Figure 4. Endophytic mistletoes. A. Male and female flowers of the parasite Arceuthobium 

cyanocarpum emerging from within the host branch; note the absence of leaves in the parasite, and 

the localized swelling caused to the host (brackets). B. Systemic (isophasic) infestation of the host 

branch caused by Arceuthobium pusillum; note only small parasitic flowers emerging from within the 

host branch (black triangles), and the characteristic absence of swellings in the host branch. C. General 

anatomy of the interface between the host and endophytic mistletoes; note several large bark strands 

(Bs) within the host bark (Hb). D – E. Computed tomography of infested host branches in which no 

external sign of the parasite is seen, although the endophytic system is already present and well-

developed (arrows). P: parasite; H: host. 
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Figure 5. Woodrose morphology. A. General morphology of a woodrose (Wr) formed on the host 

branch (Hb) due to the presence of the parasite (P); note the cup-shaped aspect of the woodrose 

(dashed line). B. Woodrose after the removal of parasitic tissue. C – D. Initial parasitic penetration into 

the host (H) and haustorial flange formation (white arrow) preceding the formation of the woodrose. 

E. Cross-section of a mature woodrose formation showing clear distinction between host (H) and 

parasitic (P) tissue; note the dissimilarity between the cross-section of this haustorium type, and that 

of the other types. 
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Figure 6. Morphology of two clasping unions-look alike.  A – B. Upper view of the haustorium showing 

proliferation of parasitic (P) exophyte to the side of the host branch (Hb). C – D. Bottom view of the 

haustorium showing proliferation of parasitic (P) exophyte to the side of the host branch (Hb). E – F. 

Cross-section of the haustorium showing a usual woodrose formation appearance, with clear 

separation between parasitic (P) and host (H) tissues; note abnormal host wood proliferation.   
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Abstract 

 Endophytic plant parasitism is characterized by the formation of parasitic 

tissues embedded within the host body during most of these plants’ life, which only 

become visible during their reproductive stages. Previously understood to represent a 

single evolutionary origin, this extreme growth form has evolved multiple times 

independently, during different geological periods in a variety of environments. In 

Santalales, a few species have been reported to develop their vegetative stages 

exclusively within host tissues. However, the term endophytic parasite is more often 

related to four specific families that are exclusively composed of endoparasitic species 

– Apodanthaceae, Cytinaceae, Mitrastemonaceae and Rafflesiaceae. Here we have 

analyzed and compared the development of these plants’ endophyte using traditional 

plant anatomy methods coupled with microtomography techniques. Our results show 

that, despite their reduced body size and endophytic system initially composed of 

parenchyma cells only, endoparasitic species are able to differentiate conductive 

phloem and/or xylem cells. For the first time, species of these exclusively endoparasitic 

families are shown to established direct connections with both vessels and tubes of 

the host xylem and phloem tissues, respectively. Different strategies for the 

establishment of host-parasite connections are also reported, which are probably 

related to flower size. The hypothesis of parasitic plant control over host cambium 

differentiation is highlighted as a likely explanation for the alterations observed in host 

xylem and phloem anatomy. 
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Introduction 

 In the study of parasitic plant biology, the term endophyte indicates the 

parasitic tissues embedded within the host body (Heide-Jørgensen 2008). It includes a 

set of specialized cell types and structures, often referred to as an endophytic system, 

which is mainly responsible for stablishing a vascular connection with host tissues 

(Teixeira-Costa & Ceccantini 2018). Considering this primary structural and 

physiological role, the endophytic tissue is formed at least during the initial 

establishment stage of any type of host-parasite connection (Kuijt 1969). However, a 

small fraction of the parasitic plant diversity (ca. 1.7%; Stevens 2001 onwards) shows 

an extreme reduction in body size, which is restricted to the endophytic system and 

only becomes externally visible during the reproductive phase. 

Once understood to represent a single evolutionary origin, this extreme growth 

form, known as endophytic parasitism, has evolved multiple times independently, 

during different geological periods in a variety of environments (Barkman et al. 2007; 

Naumann et al. 2013; Těšitel 2016). In Santalales, species such Arceuthobium pusilum 

(Santalaceae), Tristerix aphyllus (Loranthaceae), and Viscum minimum (Santalaceae) 

have been reported to develop their vegetative stages exclusively within host tissues 

(Hawksworth & Wiens 1970; Mauseth et al. 1984; Maul et al. 2018). Still, short-lived 

seedlings with inconspicuous photosynthetic activity are formed upon the germination 

of these endophytic mistletoes, partially aiding initial host penetration and endophyte 

formation (Kuijt 1986, 1988; Hawksworth & Wiens 1996; Mauseth 1990; Heide-

Jørgensen 2008). Therefore, the term is more often related to four specific families 

that are exclusively composed of endoparasitic species.  

Among these families, Rafflesiaceae (Malpighiales) comprises species known 

for their reduced endophyte and large-sized flowers that bloom on woody vine hosts 

of the genus Tetrastigma (Vitaceae) (Nikolov et al. 2014). Antagonistically, the 

Apodanthaceae (Curcubitales) includes small-flowered species with an endophyte that 

colonize the stems of their Fabaceae and Salicaceae hosts (Bellot & Renner 2014). The 

Mitrastemonaceae (Ericales), formed by two species described nearly a hundred years 

after the observation of the first endoparasites (Makino 1909; Yamamoto 1936), 

parasitize the root system of their Fagaceae host trees. Likewise, species within the 

Cytinaceae (Malvales) grow within the roots of Cistaceae and Burseraceae, producing 

red- and yellow-colored inflorescences (García-Franco & Rico-Gray 1997; de Vega et 

al. 2009).   

The remarkable and cryptic characteristics of these endoparasites have drawn 

the attention of several researchers, especially since 1822 with the discovery of 
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Rafflesia arnoldii, which produces the largest known flowers (Kuijt 1969; Barkman et 

al. 2017). On the other hand, these intriguing and peculiar characteristics also hampers 

the understanding of many aspects related to the biology of these species (Stevens 

2001 onwards). This cryptic morphology highlights the broad diversity of parasitic 

plant biology, which often clouds the understanding of the very parasitic life form 

among plants. Based on Kuijt’s (1969) broad review of all parasitic lineages, the 

definition of this parasitism among plants was established as structurally-based, 

considering the presence of the haustorium, an organ capable of attaching, 

penetrating and stablishing vascular with the host (Joel 2013). 

Therefore, understanding basic structural features of the host-parasite 

connection and their development is crucial to the comprehension of the evolution 

and general biology of endoparasitic plants. Additionally, the current placement of 

endophytic parasites in multiple distinct lineages suggests that this lifeform has 

evolved convergently a number of times. In the light of this phylogenetic 

unrelatedness, more focused investigation into the individual clades are required in 

order to understand and compare commonalities and differences in the way in which 

aspects of their anatomy and physiology have evolved. 

 

Materials and Methods 

Plant material and sampling 

A total of six parasitic plant species representing the four main clades of 

endophytic parasites were analyzed. Table 1 compiles the list species, clades to which 

they belong, parasitized host organs, and sampling locations. In all cases, sampled 

material was selected to best represent the progression of developmental stages of 

each parasitic species. Thus, sampled material ranged from sections of host 

roots/stems bearing parasite flower buds of varying sizes, i.e., developmental stages, 

to sections in which only the senescent flower (or flower abscission scar) were present 

in the host parasitized organ (Fig. 1A – G). Due to the cryptic nature of these plants, 

sampled material also included sections of a parasitized host stem/root where no signs 

of the parasite were externally visible. Fresh field collected material was preserved in 

paraformaldehyde-glutaraldehyde (Karnovsky’s solution). Rafflesiaceae specimens 

were originally preserved in formalin-acetic acid (FAA), and later preserved in 70% 

ethanol as part of the Harvard University Herbaria spirit collection. Material for 

herbarium vouchers were also collected and deposited in different herbaria, as listed 

in Table 1. 
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Table 1: Sampled endoparasitic species, their respective hosts, sampling location and 
herbaria where voucher material has been deposited for each species. 

Parasitic plant 

lineage 

Parasitic 

Species 
Host species Herbaria 

Sampling 

location 

Rafflesiaceae 

(Malpighiales) 

Rafflesia 

cantleyi Solms 

Tetrastigma 

cf. rafflesiae 

Planch. 

Harvard 

University 

Herbaria (A) 

Preserved 

material 

stored as part 

of the Harvard 

University 

Herbaria (A) 

spirit 

collection 

Rhizanthes 

lowii (Becc.) 

Harms   

Tetrastigma 

cf. coriaceum 

(DC.) 

Gagnep.  

Sapria 

himalayana 

Griff. 

Tetrastigma 

cf. cruciatum 

W. G. Craib 

& Gagnep. 

Apodanthaceae 

(Curcubitales) 

Pilostyles 

blanchetii 

(Gardner) R. 

Br. 

Mimosa 

maguirei 

Barneby and 

M. foliolosa 

Benth. 

Herbarium of the 

University of Sao 

Paulo (SPF) 

Serra do Cipó, 

Minas Gerais, 

Brazil 

Cytinaceae 

(Malvales) 

Bdallophytum 

americanum 

(R.Br.) Eichler 

ex Solms 

Bursera 

linanoe (La 

Llave) Rzed., 

Calderón & 

Medina 

Herbario de la 

Universidad 

Autónoma de 

Aguascalientes 

(HUAA) 

Reserva de la 

Biósfera Sierra 

de Huautla, 

Morelos, 

Mexico 

Mitrastemonaceae 

(Ericales) 

Mitrastemon 

matudae 

Yamam. 

Quercus sp. 

Herbario de la 

Universidad 

Autónoma de 

Aguascalientes 

(HUAA) 

Reserva de la 

Biósfera la 

Sepultura, 

Chiapas, 

Mexico 

 

High Resolution X-ray Computed Tomography (HRXCT)  

 To provide a three-dimensional understanding of the parasite’s endophytic 

spread within the host body, micro-tomography x-ray analyses were carried out using 

an X-Tek HMXST225 imaging system (Center for Nanoscale Systems, Harvard 

University, U.S.A.) and a Bruker Skyscan1176 high performance in vivo scanner 
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(Microtomography Laboratory, Institute of Biosciences, University of Sao Paulo, 

Brazil). Based on previous histochemical analyses showing no starch is stored in the 

studied endoparasitic species (do Amaral 2007; Nikolov et al. 2014) and on the method 

of Teixeira-Costa & Ceccantini (2016), 0.1% Lugol’s and either 0.2% lead citrate 

(C6H8O7Pb) or 0.2% lead nitrate (PbNO3) solutions were used as a contrasting agents 

to improve the detection of the endophyte, as well as to observe host-parasite xylem 

connections. Three-dimensional reconstruction was conducted using the CT-Pro and 

the NRecon software. Analyses and acquisition of images and videos were performed 

with the VG Studio and the CT-Volume (CT-Vol) software.   

Histology 

 Segments of parasitized host organs of all studied host-parasite associations 

were embedded in paraffin for serial microtome sectioning. Specimens were 

dehydrated in both ethanol (10% to 70%) and butanol:ethanol solutions (50:50 to 

100:0), and infiltrated in paraffin using a vacuum incubator (Ruzin 1999). Serial 

sections were obtained using a Leica RM2145 rotatory microtome with a conventional 

C knife. Histological sections were double stained in safranin and Astra blue (Kraus & 

Arduin, 1997). Additional staining in aniline blue was used as an histochemical test to 

help detecting the presence of callose (Angyalossy et al. 2016).   

 

Results 

Early endophyte development and spread 

During the early stages of endophyte development two patterns were detected 

using micro-tomography analysis coupled with the injection of a contrasting solution. 

Following this technique, we observed the endophytic system of Rafflesia cantleyi, 

Rhizanthes lowii (Fig. 2A – B), Mitrastemon matudae (Fig. 2C – D), Bdallophytum 

americanum (Fig. 2E – F) to spread through a long and continuous area within the host 

bark. In the latter, a conspicuous endophytic connection between two contiguous 

flower buds was detected during exploratory analyses under an estero-microscope 

(Fig. 2E). Endophyte spread could not be analyzed for Sapria himalayana due to the 

reduced size of the available samples from parasitized host roots. 

On the other hand, Pilostyles blanchetii showed a much more fragmented 

pattern of endophyte expansion. Endophyte detected within the host bark when few 

signs of the parasite were externally visible show parasitic tissues masses to be 

isolated from each other (Fig. 2G – H). As the parasite’s development progressed, each 
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endophyte cluster produced a flower bud and a structure that penetrated the host 

wood, generally known in parasitic plant anatomy as a sinker (Teixeira-Costa & 

Ceccantini 2018). Although cluster expansion was observed, due to cell division and 

proliferation, each group of bud/flower, endophytic cluster and sinker remained 

isolated from each other (Fig. 2I – J). 

 

Xylem differentiation and connectivity 

Along the endophyte development of all analyzed species, contact to the host 

xylem was accomplished by the sinker, which always penetrated the xylem through 

the wood rays. In Rafflesia cantleyi, Rhizanthes lowii and Sapria himalayana this was 

achieved during the initial, crypt stage, i.e., when no sign of the parasite is visible from 

outside the host. As development progresses, the onset of flower bud formation 

seems to trigger vessel element differentiation near the base of the protocorm (Fig. 

3A – C). In both Pilostyles blanchetii and Mitrastemon matudae, endophyte was only 

observed to reach the host xylem once flower bud development began, followed by 

differentiation from early parenchyma cells into tracheary elements (Fig. 3D – F). In all 

species, direct host-parasite luminal connection was established during the early 

stages of flower bud formation, prior to the outbreak through the host bark and 

anthesis. 

In Bdallophytum americanum, a particular form of endophyte growth was 

observed. Once parasitic tissue penetrated via the host rays, masses of endophytic 

tissue formed within the host wood among vessels and fibers (Fig. 3G). As host 

cambium activity continued to produce new xylem cells, these endophytic masses 

seem to have become embedded within the host xylem, although still connected to 

the endophyte in the host bark (Fig. 3H). Tracheary differentiation followed the spread 

within the host xylem, and direct vascular connection was then established (Fig. 3H, 

box). 

 

Establishment of phloem connections 

Direct connections with host sieve tubes were observed to be stablished by 

phloem conductive cells of Pilostyles blanchetii and of all three Rafflesiaceae species. 

However, species in each of these two endoparasitic clades formed phloem 

connections at different developmental stages. Sieve element differentiation in 

Pilostyles blanchetii began during the cryptic stage (Fig. 4A). Phloic connections were 
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stablished during the pre-anthesis phase, once flower bud has already emerged from 

the host bark (Fig. 4B). In the Rafflesiaceae species, both sieve element differentiation 

and the establishment of direct phloic connections with the host occurred during 

intermediary stages of flower bud development (Fig. 4C – D). 

Phloem differentiation was not observed in Mitrastemon matudae and 

Bdallophytum americanum. Notwithstanding, endophytic cells of the latter species 

were observed abutting host sieve tubes during anthesis (Fig. 4E – F), which could 

indicate the formation of indirect host-parasite phloem connections. Proximity 

between endophytic cells of Mitrastemon matudae and hos phloem cells was not 

detected.  

 

Alterations to the host vascular system 

Parallel to the differentiation of parasitic conductive cells, host cambium 

activity also seemed to be enhanced in all respective host species. Considering the 

xylem tissue, host vessels were observed to differentiate towards the parasite in all 

occasions, either connecting to the tracheary elements of the sinker (Fig. 5A), or those 

at base of the flower buds (Fig. 5B). Allometric alterations were also noted, as 

narrower vessels were produced at a greater density by all analyzed host species (Fig. 

5C – D; see also do Amaral & Ceccantini 2011). Finally, intensive rootlet proliferation 

was observed in the root systems of Quercus sp. when parasitized by Mitrastemon 

matudae (Fig. 5E). 

In the case of Tetrastigma species, the woody vines that serve as hosts to all 

Rafflesiaceae species, conspicuous alterations to the host cambium activity were also 

observed regarding the phloem tissue. Parasitic flower buds grow completely 

encapsulated in host phloem (Fig. 5F), causing it to proliferate around it and form new 

sieve tubes that are also differentiated towards the parasitic tissue (Fig. 5G). Once the 

flower bud breaks through the host bark, phloem tissue formerly located around the 

bud apex is eliminated. Only the phloem at the basal region of the flower bud remains, 

constituting a form of cushion tissue upon which the parasitic flower rests (Fig. 5H).  

 Please refer to Supplementary material for micro-tomography videos of the 

flower bud formed by Rhizanthes lowii growing surrounded by the host phloem. 
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Discussion 

Endophyte continuity and the definition of an individual plant 

The endoparasitic lifeform often makes it difficult to discern whether several 

flowers/inflorescences represent an infestation caused by one, or multiple individual 

parasites (Bellot & Renner 2013). The use of microtomography analyses, coupled with 

contrasting solutions, can be useful in resolving this issue. Considering all analyzed 

plants, Pilostyles blanchetii seems to be the only species in which a flower and its 

associated endophytic system represent a single individual. Given that both pistilate 

and staminate flowers can be found at the same time on a single host (Brasil 2010), 

infestations by multiple individual parasites could occur on a given host, as reported 

for Rafflesiaceae species (Barkman et al. 2017). 

Antagonistically, a pattern of continuous endophytic spread within the host 

bark, connecting closely positioned flower buds, was observed for Mitrastemonaceae, 

Rafflesiaceae and Cytinaceae species. These observations corroborate the results 

reported by García-Franco et al. (1998) and Barkman et al. (2017), who have shown 

that an individual parasite may produce several flowers/inflorescences, and that 

multiple individuals can infest a single host. In Santalalean endoparasites, the same 

individual parasite also forms long endophytic strands that can give rise to several 

flowers/inflorescences (Mauseth et al. 1985; Lye 2006). Altogether, this indicates that 

a common strategy of endophyte spread within the host has evolved multiples times 

in distantly related groups. 

Pilostyles could then be the only genus to have evolved a different, more 

fragmented form of endophytic parasitism. In this system, multiple individuals would 

function as a colony (Kuijt 1969), progressively infesting the host stem acropetally 

towards the host apex (Heide-Jørgensen 2008). Although, information on anatomy of 

the endophyte formed by species in the sister-genus Apodanthes is scarce and lacking 

in detail. Likewise, studies using genetic markers, which could corroborate the findings 

reported here, haven’t been accomplished for Apodanthaceae species (Bellot & 

Renner 2013). 

  

Different strategies for connecting to host tissues 

 A common developmental sequence in the conductive tissue differentiation 

was observed in all of the analyzed species, despite the phylogenetic distance of the 

analyzed groups. Initially, once the endophyte forms a parenchymatic sinker, it 
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penetrates through the host wood via the ray system. Then, when the 

flower/inflorescence meristem develops, the auxin signal flows down from the flower 

bud to sinker, promoting a bottom-top tracheary and/or sieve cell differentiation, 

much like what is observed in the development of any type of apical meristem. 

Parasitic xylem and phloem conductive cells were observed to be much smaller and 

narrower, as well as clumped in appearance when compared to the host vascular cells. 

Such a peculiar anatomy has been reported for other the vascular cells of other 

parasitic species, allowing the precise definition of these cell types as belonging to the 

parasitic species. 

Another common feature was the establishment of direct xylem connections 

between all studied endoparasites and their hosts, i.e., tracheary elements of the 

endoparasite directly abutted vessel elements of their hosts (Hibberd & Jeschke 2001). 

This represents a specialization of the host-parasite xylem continuity when compared 

with Santalalean endoparasitic species, in which most of the xylary interface is 

composed of parasitic parenchyma cells (Mauseth et al. 1984; Calvin & Wilson 1996; 

Mauseth & Rezaei 2013). As the endoparasitic lifeform has evolved more recently 

within the Santalales (≤ 30 million years ago) (Nickrent et al. 2004; Liu et al. 2018; Maul 

et al. 2018) when compared to the families exclusively composed by endoparasites (≥ 

56 million years ago) (Naumann et al. 2013; Harris & Davies 2016), the establishment 

of a direct xylem bridge by the latter could exemplify a refinement of the host-parasite 

connection over evolutionary time. 

 Still, different developmental strategies appear among the exclusively 

endoparasitic families. On the one hand, Rafflesiaceae species differentiate tracheary 

elements and form xylem connections with their hosts before differentiating/forming 

sieve cells and phloem connections. Pilostyles blanchetii was observed to adopt an 

opposite strategy, in which phloem differentiation and connections start developing 

during the cryptic phase. This variation could be related to differential needs for water 

supply due to different flower-size proportions in species among these endoparasitic 

clades. Studies on the ultrastructure of the endophytic system formed by Mitrastemon 

matudae and Bdallophytum americanum would help discerning whether or not these 

species are capable of forming indirect phloem connections with their hosts. Should 

these connections be observed in the future, these species will most likely be classified 

as following the strategy as Pilostyles blanchetii, once vessel element formation is 

observed only at a pre-anthesis phase.  
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Host reactions to endoparasites 

 Alterations in the host xylogenesis appear to be a common feature of plant 

parasitism, having been reported in several host-parasite relationships (Graves 1995; 

García-Franco et al. 2007; Gonzalez & Mauseth 2010; do Amaral & Ceccantini 2011). A 

common feature among all of these studies is the differentiation of narrower vessels, 

produced in higher density, similar to what is reported for oak roots infested by 

Mitrastemon matudae is a frequently observed feature of parasitized stems/roots. 

These anatomical features are associated with wood resistance to cavitation, i.e., air 

seeding inside tracheary elements, which can be caused by the low water potentials 

of parasitic plants in their attempt to diverge sap from the host (Ackroyd & Graves 

1997; Lens et al. 2011). 

 Changes in host vessel orientation, with vessel elements being differentiated 

towards parasitic tissues, are shown here for species representing all endoparasitic 

clades. This form of alteration of the host cambium activity has also been also been 

discussed for several other host-parasite relations, especially those involving 

mistletoes (Teixeira-Costa & Ceccantini 2015). Indeed, these observations have led 

Aloni (2014) to propose a hypothesis of auxin as a transmission sink from the parasite 

to the host, thus inducing parenchyma cells to redifferentiate into altered vessel 

elements . Recent findings by Spallek et al. (2017) show cytokinin produced by the root 

parasite Phtheirospermum japonicum (Orobanchaceae) to also play a role in host 

xylem differentiation. Adding to this growing body of evidence, results discussed here 

regarding endoparasites indicate that this form of control over host xylogenesis could 

be a general feature of plant parasitism. 

 On the opposite direction of the cambium, however, alterations caused by 

parasitic plant infestation to the phloem tissue of their hosts are not often reported. 

Although host-parasite phloem connections were not observed, Cocoletzi et al. 2016 

reported bidirectional alterations in phloem allometry in a mistletoe-host system. 

Considering species capable of establishing either direct or indirect connections with 

the phloem of their host plants (Hibberd & Jeschke 2001), such as Orobanche hederae 

(Orobanchaceae) and Cuscuta pentagona (Convolvulaceae), it is usually the sieve cells 

of the parasite that converge towards the host (Tate 1925; Vaughn 2006). Our results 

appear to be the first indication that host sieve tubes can also be differentiated 

towards parasitic tissues, a case exclusively observed in associations between 

Tetrastigma and Rafflesiaceae species. 

These observations point to a possible, and maybe unique form of control 

exerted by Rafflesiaceae species on both of its hosts’ xylem and phloem genesis, which 
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shall be tested in the near future as investigations dealing with species of this family 

continue. As auxin is also produced in developing flowers and fruits (Aloni et al. 2006), 

these endophytic parasites could be transmitting this hormone to their host vines, 

which would then regulate the differentiation of both xylem and phloem elements 

(Sorce et al. 2013; Aloni 2014). Gibberellins, which also affect phloem differentiation 

(Samantarai & Nanda 1979; Sorce et al. 2013), have been shown to be produced in 

developing flowers as well (Hu et al. 2008). 

 

Conclusions 

 Despite their reduced body size and endophytic system initially composed of 

parenchyma cells only, endoparasitic species of the Apodanthaceae, Cytinaceae, 

Mitrastemonaceae and Rafflesiaceae were shown to differentiate conductive phloem 

and/or xylem cells. For the first time, species of these exclusively endoparasitic 

families were shown to established direct connections with both vessels and tubes of 

the host xylem and phloem tissues, respectively. Different strategies for the 

establishment of host-parasite connections are also reported, which are probably 

related to flower size. The hypothesis of parasitic plant control over host cambium 

differentiation is highlighted as a likely explanation for the alterations observed in host 

xylem and phloem anatomy. 
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Figure 2: Endophytic spread within the host body. A – B: Small flower bud of R. lowii forming 

a continuous and widespread endophytic system (asterisks) within the host root; C – D: 

Two flower buds of M. matudade interconnected by endophytic tissue (white arrow heads); 

E – F: Endophytic tissue of B. americanum (asterisks); G – J: Endophytic system of P. 

blanchetii in a determined region of the host branch (rectangle) showing the formation of 

flower buds in different stages (black arrow head: initial stage; white arrow heads: further 

stages in flower bud ontogeny) and a fragmented pattern within the host body (brackets). 



 
77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Ontogenesis of the parasitic xylem bridge. A – B: flower bud of S. himalayana, 

detailing the region in which vessel elements start being differentiated and connect with 

host vessels; C: short parasitic vessel elements of R. cantleyi connecting with the large host 

vessel; D – E: parasitic tracheary elements in the sinker connecting to the host vessel via 

xylem pits; F: parasitic vessel elements differentiated within the parasitic flower buds of M. 

matuade; G – H: unique pattern of endophytic spread of B. americanum within the host 

root, sinker penetration trough the xylem ray, and a detail of direct host-parasite xylem 

connection. 
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Figure 4: Host-parasite phloem interface. A – B: Development of sieve elements (thin 

arrows) by Pilostyles blanchetii together with parenchymatic cells of the endophyte 

(arrow head) within the host bark during different developmental stages, culminating in 

the direct connection to sieve elements of the host (thick arrow). C – D: parasite-host 

direct phloem connections between sieve elements of Rafflesia cantleyi (thin arrows) 

and those of Tetrastigma sp. (thick arrows). E – F: absence of parasitic sieve elements in 

Bdallophytum americanum and indication of possible indirect phloic connections 

between the parenchymatic endophytic cells (arrow heads) ot this endoparasite and the 

sieve elements of the host Bursera linanoe (thick arrows). 
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Figure 5: Effects of endoparasitic espécies on the phloem and xylem structure of their hosts. A: 

vessels of the host B. linanoe (thick black arrows) bending towards the parsites inflorescence; 

note reverse grain in the host wood (white thick arrow). B: host vessels of the host Tetrastigma 

sp. (arrow) beding towars the parasite flower. C – D: alterations in vessel diameter and 

frequency in parasitized host roots. E: broom formed by Mitrastemon matudae on the roots of 

Quercus sp. F – H: host phloem encapsulating the parasitic flower bud of Rafflesiaceae species 

and later forming the base of the parasites’ flower. 

  



 
80 

                                                                  Chapter III 

 

 

 

 

 

 

 

What's in a name? That which we call a 

haustorium by any other name would cause 

misunderstanding of parasitic plant biology 

 

 

 

 

 

 

 

 

 

 



 
81 

What's in a name? That which we call a haustorium by any other name would 
cause misunderstanding of parasitic plant biology2.  

L. Teixeira-Costa, G. Ceccantini 

 

Abstract 

The parasitic life form in plants is associated to the formation of an organ 
generically called haustorium, which is responsible for the connection between 
parasite and host. The great diversity of parasitic species - about 1% of living 
angiosperms, added to the diversity of potential hosts results in a multiplicity of 
structures, tissues and cell types peculiar to these interactions. However, it is 
often observed that all this morpho-anatomical variety is approached under the 
use of few common terms and even with synonyms, but also with ambiguous 
terminological use and dubious homology. The use of publications originally 
written in other languages than English (i.e., mainly Spanish, French, Italian, and 
German), often being literally translated, dealing with false cognates and other 
linguistics influences have also caused some confusion. In order to promote a 
clearer and more precise use of terminology, in addition to performing a historical 
retrieval of original meanings, a compilation of terms was carried out. The 
compilation process was initially based on a literature review containing a 
glossary, previously published in 1977, from which 33 terms and their respective 
synonyms were selected. To these, 15 other entries were added based on more 
recent publications. Once selected, each term was analyzed regarding its used 
and original conception in order to promote a better understanding of the 
nomenclature used. In addition, anatomical and ontogenetic studies have been 
carried out and compiled from the literature, then re-analyzed under a 
phylogenetic perspective. A total of 48 terms are presented and discussed in this 
illustrated and referenced glossary, with which we suggest a standardization and 
an update of more adequate terms for the description of the parasite-host 
interface established by species in all parasitic lineages. The haustorium of 
parasitic plants should be understood as a complete organ, such as a root or a 
stem, which is composed of different tissues and cell types. The frequent 
equalization of this complete organ with one of its parts could lead to 
misunderstandings of the very parasitic nature of some species and lineages of 
parasitic plants. In addition, we highlight the need for caution when comparing 
structures formed by severely modified and reduced plants with those of free-
living species. Further developmental studies analyzing these plants should 
broaden the current comprehension of their structure and evolution. 

                                                           
2 A reference to the famous play by William Shakespeare, Romeo and Juliet – act 2, scene 2: “What’s in a 
name? That which we call a rose by any other word would smell as sweet”. 
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Introduction 

Parasitic plants represent 1% of all extant Angiosperms (Westwood et al. 
2010). Unlike lianas, frequently considered as "structural parasites" (Ewers et al. 
2015), and myco-heterotrophic plants, that feed on dead organic matter 
(Hershey 1999), all parasitic plants are able to tap the xylem of other plants, thus 
obtaining their nutrition (Kuijt 1969). This is achieved via a characteristic organ 
known as haustorium, composed of different tissues and cell types, which have 
been thoroughly studied for many species in most parasitic plant groups (Heide-
Jørgensen 2013). However, as the parasitic habit has independently evolved 12 
times within the phylogeny of Angiosperms (Těšitel 2016), it gave rise to a wide 
variety of structures and infestation modes (Press & Phoenix 2005). In addition, 
the availability of a plethora of host species with their own diversity morphology, 
anatomy, and physiology, from ferns (Singh 1933) to all different species of 
eudicots (Heide-Jørgensen 2008), has potentially played a role on haustorium 
structural evolution. 

This large diversity poses a challenge for those who attempt to draw broad 
comparisons among the different clades of parasitic plants. For instance, despite 
being advertised as reviews on the ontogeny parasitic plant haustoria, recently 
published papers, such as those by Yoshida et al. (2016) and Kokla & Melnyk 
(2018) actually address only the two parasitic clades that have been more deeply 
studied, especially regarding their molecular pathways. Books devoted to 
parasitic plant, such as those published by Kuijt (1969), Press & Graves (1995), 
and Heide-Jørgensen (2008), although not dedicated to a comparative approach, 
do provide an overview of the general biology of all parasitic plant groups. 
Focused on characterizing and comparing the haustorium structure among 
different groups, an exception is the review work of Kuijt (1977), which included 
a “Glossary of Terms related to Angiosperm Haustoria”. 

Inspired by this fundamental review on haustorium morphology and 
anatomy, we have attempted to further the terminological survey carried out by 
Kuijt (1977). The present work not only adds new terms and updated references 
to the theme, but also provides a discussion based on the current phylogenetic 
perspective of plant evolution. The growing knowledge on haustorium anatomy 
and development, especially regarding cryptic species restricted to a group of 
cells within the host body, such as those grouped in the Apodanthaceae and 
Rafflesiaceae, have been used to advance the discussions on the definition and 
operational mode of the haustorium.  

Beyond the issue of parasitic plant morphology and anatomy, a review of 
the terminology associated to these plants is relevant for most of studied 
dedicated to these plants, as it fosters a more stable and less ambiguous 
nomenclature. This work also serves as a starting point for researchers of 
different areas, such as Ecology, Forestry, and Agriculture, to better understand 
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these plants capable of stablishing symbiosis with several other elements of the 
flora and fauna, in both natural and anthropic environments.  

 

Methodology 

The listing of terms which is here compiled and discussed was based on 
the glossary proposal presented at the end of a comprehensive work by Job Kuijt, 
entitled "Haustoria of Phanerogamic Parasites" (1977). The publication lists a 
total of 144 entries, which can be divided in 81 synonyms, some of them in 
German and French, and 63 terms that are presently discussed. From these, 33 
terms plus their respective synonyms, were selected to be approached in the 
present work. The selection aimed at removing entries not strictly related to the 
structure – morphology and anatomy – of the host-parasite interface, thereby 
not including ecology-related expressions, such as “autoparasitic haustorium” 
and “isophasic broom”.  

In addition, the selection carefully avoided both terms that, in general 
Plant Science, are either too broad, such as “hypocotyl” and “cortex”, or too 
narrow, such as “floral cushion”. The proposal is precisely to discuss terms of 
wider use, clarifying their application to a greater number of species and groups 
of parasitic plants. Finally, in order to update the extensive work of Kuijt (1977), 
a few additional terms were also included in the selection, based on more recent 
publications, some of them produced by our research group. A total of 48 terms 
comprises this glossary. Once selected, each term was analyzed regarding its 
initial use and original meaning. Morpho-anatomical and ontogenetic studies 
have been carried out and also compiled from the literature, then re-analyzed 
under the current phylogenetic perspective. In order to facilitate the definition of 
each entry, as well as the reading and the consultation of this work, the selected 
terms are presented and discussed in alphabetical order. 

 

Results and Discussion 

Glossary of terms related to the connection formed between parasitic 
plants and their respective hosts. 

 
Adhesive disk (Fig. 1A): flattening of the embryo root apex of aerial parasites, 

possessing an epidermis commonly containing secretory cells that release 

adhesive substances that facilitate the establishment of mechanical 

contact between parasite and host. 



 
84 

 The adhesive disk represents the apex of the region that will form the 

holdfast, assisting in the mechanical fixation of the parasite during its 

penetration into the host tissues. According to Heide-Jørgensen (2008), 

the secreted substances vary between polysaccharides rich pectines 

(Cuscuta and Cassytha) and lipids (Viscum). Likewise, the cytology of the 

secretory epithelium may also vary among species, the most elaborate 

being present in Passovia pyrifolia (Kunth) Tiegh. (Loranthaceae) (Dobbin 

& Kuijt 1974). 

 Although root parasitic plants can form holdfasts, it is not common to use 

the term adhesive disk for these plants, and it is possible that this 

specialized epidermis may not be formed. Nevertheless, there may be 

secretion of adhesive substances (i.e. viscins) through another specialized 

structure known as haustorial hairs (Pérez-de-Luque 2013).  

Apressorium: see Holdfast 

Apressorial cells (Fig. 1A): adhesive epithelium (epidermal cells) that secrete 

adhesive substances which aid in attaching the parasite during its initial 

penetration into the host tissues; it is usually formed by columnar cells 

(palisade-like), which in some species have been shown to differentiate 

into digitate cells that can mechanically penetrate softer tissue, while also 

acting as a secretory epidermis. 

 Apressorial cells usually compose the epithelium of the adhesive disk in 

the holdfast that directly connects to the host surface. When dried, the 

secreted substances, shown to be of lipidic or polysaccharidic nature (in 

Viscum, and in Cuscuta and Cassyta, respectively – Heide-Jørgensen 2008), 

form a sort of glue that helps attaching the parasite onto the host. 

 As well as the holdfast and its adhesive disk, apressorial cells are more 

often observed in aerial parasites, as soil particles provide mechanical 

counteraction during host penetration (Heide-Jørgensen 2008). However, 

species such as Orobanche cumana Wallr. and O. aegyptiaca Pers. 

(Orobanchaceae) have been reported to form a secretory surface on the 

expanded tip of their primary root, which stablishes initial contact with the 

host (Joel & Losner-Goshen 1994).  

Attaching folds: lateral projections originated at the margin of the exophyte that 

expand against the host surface; usually formed by root parasitic species, 
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it helps providing mechanical anchorage during penetration of host 

tissues. 

 Present in all root-parasitic Santalalean species (Teixeira-Costa et al., 

submitted – Chapter I), attaching folds have also been shown for some 

Orobanchaceae species such as Pedicularis canadensis L. (Piehl 1963). In 

some cases, attaching folds have been reported to be formed by the 

fusion of several haustorial hairs (H. C. Weber 1976). Information about 

the presence or absence of such structure in other root-parasitic lineages 

is absent. 

 The term attaching folds was originally proposed by Kusano (1902), who 

seems to have been the first to make reference to this structure. A few 

years later, Barber (1906) used the term clasping folds. Fineran (1963) 

called the same structure as cortical folds. However, the most used term 

is probably mantle, which was originally proposed by Werth et al. (1979) 

and adopted by Kuijt (1977), who due to its many publications and great 

influence on the studies of parasitic plant biology probably help 

popularizing the term. From a morphological and anatomical point of view, 

all terms appear as correct and could be used as synonymous.  

Bark strand: see Cortical strand. 

Clasping fold: see Attaching fold. 

Clasping union (Fig. 1B): type of connection characterized by a concrescence of 

external tissues of the parasite over the parasitized organ of the host, 

either root or stem, surrounding it almost entirely; this morphology does 

not represent a change in the host's tissues, but rather a specialization of 

part of the connection formed by the parasite. 

 In root parasites this type of host-parasite attachment results from a 

profuse growth of the attaching fold, which nearly, or even completely 

encircle the parasitized host root (Heide-Jørgensen 2008). Clear examples 

of clasping unions include some root-parasitic Santalalean species, the 

most dramatic examples being the three basal-most genera of 

Loranthaceae (Liu et al. 2018) – Nuytsia floribunda R. Br. (Calladine & Pate 

2000), Atkinsonia ligustrina F. Muell. (Menzies and McKee 1959), and 

Gaiadendron punctatum (Ruiz & Pav.) G. Don (Kuijt 1965). 
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 As for aerial parasites, clasping union formation has been originally 

described by Calvin & Wilson (1998) for some African Loranthaceae 

species. Years later, the authors applied the same classification for a few 

Australian and South American species (Wilson & Calvin 2006). However, 

no anatomical accounts are provided for this structure. Indeed, when 

analyzing what morphologically appeared to be a clasping union, Teixeira-

Costa et al. (submitted – Chapter I) observed a similar anatomy to that of 

woodroses. Such observation led us to hypothesize that, regarding 

mistletoes, clasping unions and woodroses could be two extremes of the 

same morphological type of host-parasite connection.  

Cortical fold: see Attaching fold. 

Cortical strand (Fig. 1C – D, 3C): part of the parasitic tissue that is located inside 

the body of the host, more specifically in the region of the host bark, 

forming vascular cylinders composed of xylem tissue, and in some cases, 

phloem cells as well; it may develop a vascular cambium and, 

consequently, secondary growth; from this structure new connections to 

the host xylem are formed. 

 In aerial parasites, this structure has evolved at multiples times within the 

Santalales, once in the tribe Visceae (Santalaceae) and several times within 

the Loranthaceae (Teixeira-Costa et al., submitted – Chapter I). In the first 

clade, which has a global distribution (Stevens 2001), cortical strand 

formation is widely distributed in the group (Heide-Jørgensen 2008). 

According to Dr. Clyde Calvin (pers. comm.) this would be one of the 

characteristics responsible for the great evolutionary success of the genera 

groups in the Visceae tribe in terms of great diversification of species and 

wide geographic distribution. In addition to forming sinkers, which 

establish new connections with the host xylem, thus enlarging the 

interface between these plants, the cortical strands of Visceae can also 

originate new aerial branches (Thoday 1956). For this reason, Teixeira-

Costa (2015) mentions the similarity in the organization and formation of 

tissues between cortical strands and rhizomes (Bell 2008). 

 In Loranthaceae, on the other hand, few species have evolved this 

character, which has been argued to be formed in relation to host tissue 

proliferation (Wilson & Calvin 2006). Hamilton and Barlow (1963) relate 

the formation of cortical strands with the colonization of arid climate 

environments, while Reid (1987) points out a possible role of this structure 
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related to vegetative proliferation. In a deeper analysis based on the 

modern phylogenetic work of Liu et al. (2018), Teixeira-Costa et al. 

(submitted – Chapter I) hypothesize that drier climates could have driven 

the expansion and specialization of parasitic endophyte as a whole, 

including cortical strand development, among all mistletoe clades. 

Cortical haustorium: often referred to as another synonym to the term cortical 

strands (Calvin & Wilson 1996), it represents an erroneous use of the word 

“haustorium” that should be abandoned, given that the word refers to the 

entire organ, which is not equal nor restricted to its endophytic part. See 

haustorium for further discussion and cortical strands for the appropriate 

use of this term. 

Endophyte (Fig. 1C – D, 2B, 2D, 3B – D): set of tissues of the parasite that are part 

of its connection with the host, located internally to the body of the host. 

 The term endophyte can be used as a general reference to all of the 

structures and tissues formed by the parasite within the host body, such 

as the sinker, cortical strands, the hypha, lateral flanges, etc. 

Based on the presence/absence of both structural and functional aspects 

of plant parasitism, among which the existence of the parasite as restricted 

to its endophyte (or endophytic tissue) during all of the plants’ vegetative 

phase, Těšitel (2016) classified the wide diversity of parasitic plants using 

a statistical approach (Principal Components Analysis). The obtained 

results highlight the peculiarity of the species with this type of extreme 

reduction of the vegetative body. 

 On the other hand, depending on the ontogenetic stage and general 

morphology of the connection established between parasite and host, the 

delimitation of the endophyte may not be possible. In woodrose forming 

species, for instance, it’s not possible to refer to an endophytic tissue when 

the host-parasite interface reaches it mature developmental stage (Kuijt 

& Hansen 2015). 

Endophytic system (Fig. 1C – D, 2B, 2D, 3B – D): set of all parasitic structures 

formed within the host body, i.e., all of the endophyte formed by a 

particular parasite. 

 Species such as those of the tribe Visceae (Santalaceae) are known to form 

extensive cortical strands, which give rise to sinkers that penetrate the 
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host wood (Kuijt 1969). In addition, Srivastava & Esau (1961) report that 

some Arceuthobium species are able to infect the rays of its hosts, which 

often leads to the isolation of parasitic cells within the host body. The 

whole set of this different parasitic tissues, from the cortical strands to the 

isolated cells, is referred to as the endophytic system of that parasite. 

Epicortical roots (Fig. 1E – F, 2B): elongation of the aerial system of some 

mistletoe species that promotes the formation of multiple host-parasite 

connections; it may eventually lead to the vegetative reproduction of the 

parasite via the disruption of this structure. 

 Epicortical roots grow parallel to the parasitized stem forming lateral 

haustoria along their growth (Kuijt 1969), thus expanding the parasite-

host interface. According to Kuijt (1964; 1981), these structures may 

emerge from the base of the plant or from its stems, by either internal 

stimulus or in response to an injury. Its presence is observed in some 

genera of Santalaceae and Loranthaceae, having evolved independently in 

each family (Kuijt & Hansen 2015; Teixeira-Costa et al., submitted – 

Chapter I). In Loranthaceae, its presence is considered a basal character 

among the members of the family, being present in 56% of the genera and 

having evolved multiple times within the family (Wilson & Calvin 2006; 

Teixeira-Costa et al. , submitted – Chapter I). Their presence in the family 

is so widespread that genera such as Psittacanthus, notorious for the 

formation of large woodroses, were illustrated by the early naturalists who 

studied it as having epicortical roots as well (Kuijt 1981). 

Although the term epicortical root implies an association with the root 
system, indicating a modified form of root, doubts as to the anatomical 
nature of this structure has been discussed in the literature since the works 
of (Thoday 1961). Although Kuijt himself strongly advocated the idea of 
homology between epicortical roots and roots (Kuijt 1969), one of his most 
recent works questions this notion once again (Kuijt & Hansen 2015). Here 
we present evidence that epicortical roots are, indeed, modified roots. It 
shows a typical adventitious root structure, with the presence of a 
parenchymatic pith associated with exarch primary xylem, i.e., protoxylem 
poles in centrifugal position (towards the exterior) and metaxylem 
elements in centripetal position (towards the interior) (Fig. 1F).These 
findings are in agreement with a brief commentary made by Calvin & 
Wilson (2006). 
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Exophyte (Fig. 1B, 1E, 2A – C, 2F, 3E – F, 4C, 4F): group of parasitic tissues that 

compose this plant’s connection to its host and are localized outside body 

of the host; opposite to endophyte. 

According to Heide-Jørgensen (2013), considering the phylogeny of 
families such as Loranthaceae and Santalaceae s.l., the loss of 
photosynthetic ability in some species or genera seems to be accompanied 
by the progressive reduction of the exophyte of these taxa. However, it is 
important to emphasize that this relationship is not observed in all 
Santalales families, given the complete absence of photosynthetic ability 
in Balanophoraceae species, simultaneously occurring with the frequent 
formation of a voluminous, although underground, exophyte. 

In the case of parasites considered as endophytic, because they live most 
of their lives in the form of tissues localized inside the body of their hosts, 
the exophyte is observed only during the reproductive phase. The tiny 
flowers of Apodanthes Poit and Pilostyles Guill. (Brasil 2010), as well as the 
giant flowers of Rafflesia R. Br. Ex Gray. (Nikolov et al. 2014) fit this 
situation. 

Flange haustoria: initially proposed by Thoday (1961), the term represents 

another erroneous use of the word “haustorium” that should be 

abandoned, given that the word refers to the entire organ, which is not 

equal nor restricted to its endophytic part. See haustorium and for further 

discussion and lateral flanges for the appropriate use of this term. 

Graniferous tracheary elements: xylem conducting elements (vessel elements 

and/or tracheids) partially filled by amiliferous or protein granules 

produced by the endoplasmic reticulum, and thus formed before the 

process of apoptosis. 

 Graniferous tracheary elements were formerly known as 

phloeotracheids, in reference to their supposed double role as combining 

the functions of phloem and tracheid elements (Kuijt 1969). Currently, the 

ontogeny of these cells havs been clearly described, and it is possible to 

observe the retention of granules inside the xylem conductive element 

after the programmed cell death process. 

The first description of this cell type was probably the one provided by 

Benson (1910) in her work on Exocarpus Pers. Decades later, this curious 

cell type was further studied especially by Fineran (1974, 1985) who 

explored a great diversity of species using the electron microscope. 
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The presence of graniferous tracheary elements is hypothesized to be 

linked to reinforcing the osmotic gradient towards the parasite, i.e., 

lowering the water potential inside the parasite vessel, avoiding a possible 

reverse flow towards the host (Heide-Jørgensen 2008). 

Haustorial: adjective form pertaining to the noun haustorium, which can be used 

as a quality that alludes to parasitism among plants, thus implying 

nutritional dependence and resource uptake; for instance: the haustorial 

pollen tube of Ginkophyta species, and the haustorial form and function 

of the cotyledons in monocotyledon species with great quantities of 

endosperm, such as palm trees and grasses.  

Haustorial hairs: modified root hairs that aids in parasitic attachment to and early 

penetration of the host roots; the structure is formed from the epidermis 

at the tip of the parasitic root structure that will later form the haustoria. 

 The development and elongation of haustorial hairs is one of the first 

stages of haustorium development in some Orobanchaceae species, being 

initiated soon after germination of the parasitic seed is triggered by the 

presence of host substances (Joel et al. 2013). Once in contact with the 

host root, haustorial hairs produce adhesive substances that help 

anchoring the parasite to the host (Heide-Jørgensen & Kuijt 1995). Despite 

of this structure’s crucial role in haustorium formation, recent studies by 

Cui et al. (2016) with Phtheirospermum japonicum (Thunb.) Kanitz have 

shown that mutant plants that do not develop haustorial hairs are still 

capable of connecting to the host roots via haustoria upon chemical 

stimulation. The observation that molecular routes initiating haustorial 

hairs and haustorium development are separated from each other seems 

to find support in the current phylogenetic reconstruction of 

Orobanchaceae proposed by Fu et al. (2017), in which genera with no 

haustorial hair formation, such as Orobanche and Conopholis, appear at 

the base of the tree. 

The use of the term haustorial hairs dates back to the works of Koch (1891 

apud Baird & Riopel 1985). Following authors, including Piehl (1963), 

Govier et al. (1968), and Chuang & Heckard (1971), also reported the 

presence of such structures in several Orobanchaceae species, 

hypothesizing on its role in host root attachment. Baird & Riopel (1983, 

1984, 1985) were probably among the first to confirm this hypothesis, 

highlighting structural differences between haustorial hairs and common 



 
91 

root hairs of Orobanchaceae species. Although widely studied in species 

of this family, haustorial hair formation has also been reported for 

Dactylanthus taylorii Hook. f. (Balanophoraceae, Holzapfel 2001). Apart 

from this report, most of the other lineages of root parasites have been 

shown not to form this structure (Krameriaceae, Musselman 1977; 

Lennoaceae, Kuijt 1966; Santalaes, Kuijt & Hansen 2015). 

Haustorial root (Fig. 2A): a root, either terminal, lateral or adventitious, that gives 

rise to one or more haustoria, thus stablishing a parasitic connection with 

a host plant. 

 The term is currently used specifically for Lennoaceae and Hydnoroideae 

species, in which the root system is discussed to show a division of labor, 

with pilot roots as searching structures from which haustorial roots 

emerge to stablish a connection to the host roots (Heide-Jørgensen 2008). 

Although subterranean structures of species in the Lennoaceae and the 

Hydnoroideae show usual root and adventitious root anatomies, 

respectively, no endodermis or pericycle were detected (Kuijt 1967; 

Tennakoon et al. 2007). Thus, the haustorium of these plants emerges 

from the haustorial root cortex. 

Among the Orobanchaceae, the developmental origin of lateral haustoria 

is attributed to the pericycle in some species, while in others the organ is 

shown to originate from the cortex region of the mother-root (Joel et al. 

2013). Although  the term haustorial root is not used for Santalalean root-

parasitic species, the haustoria of these plants also emerge from the 

cortical region of a lateral root, as shown for several species (Pitra 1861; 

Kusano 1902; Herbert 1915; Rao 1942; Menzies & McKee 1959; Werth et 

al. 1979; Pate et al. 1990; Calladine & Pate 2000). 

 The expression haustorial root is probably one of the most controversial 

terms related to parasitic plant biology, especially considering 

misunderstandings originated from inaccurate translations to other 

languages. Despite Kuijt’s (1969; 1977) interpretation of the haustorium 

as a modified root, the term haustorial root is not necessarily a reference 

to the evolutionary-developmental origin of this organ in all parasitic 

plants. It simply differentiates the haustoria bearing roots in a parasitic 

plant, from other roots that comprise the subterranean system of these 

plants. The homology of haustoria to other plant organs is still 

controversial (Joel 2013). 
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Haustorial system (Fig. 1E, 2A – B): set of all parasitic structures that compose 

the organ known as a haustorium, including all lateral and terminal 

haustoria formed by a particular parasite.  

Haustorium (plural form of Haustoria) (Fig. 1A – E, 2A – F, 3B – F, 3A – C, 3F): 

specialized organ, exclusively seen in parasitic plants, which allows the 

establishment of connections with another plant (host), from which partial 

or total nutrition is obtained; it shows a variety of morphologies and 

anatomical structures according to different species and lineages, being 

composed of different tissues and diverse cell types. 

 This Latin term (haurire = to drink) comes from the combination of a prefix 

"haustor", i.e. to drink, and the suffix "orium", i.e. mechanism used for 

(Heide-Jørgensen 2008). The etymology of the word refers to the form of 

nutrition carried out by parasitic plants, which "drink", or withdraw part or 

all of their resources from a host plant. The term was first used by 

DeCandolle (1813) to refer to a sucking organ, which he defined as a "tuber 

organized to attach to another (plant) and to pump nutrients from it". In 

his extensive work of 1969, Job Kuijt refers to the haustorium as the 

"materialization of the very idea of plant parasitism". 

Melnyk & Meyerowitz (2015) point out that the supposed absence of 

direct host-parasite phloem connection is one of the main differences 

between parasitic plants and grafts. However, it is the presence of the 

haustorium, a specialized organ, such as a stem or a root, with varied 

morphology and anatomy, composed of several tissues and cell types, that 

actually differs parasitic plants from grafts. 

Primary haustorium: see Terminal haustorium 

Secondary haustorium: see Lateral haustorium 

Terminal haustorium (Fig. 1B, 2D, 3E – F, 4C, 4F): plant parasitic organ 

(haustorium) developed from the embryo root pole of some parasitic 

plant species. 

Lateral haustorium (Fig. 1E, 2A – B, 2F): plant parasitic organ (haustorium) 

developed from other organs of the plant, usually from stems or roots of 

some parasitic plant species. 

The traditionally used terminology when referring to the origin of the 

haustorium – i.e., primary and secondary – has firstly been introduced by 
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Kuijt (1964). Similar to the designation applied to other organs and 

structures of the plant body, such as roots, the terms primary and 

secondary designate the moment when the referred structure appears 

during plant development. Therefore, a primary haustorium, as well as a 

primary root, are developed from the embryo radicular pole. On the other 

hand, a secondary haustorium, or root, are formed from a previously 

established organ, either roots, stems and/or leaves. 

Given that Kuijt (1964) considers the haustorium as a modified root, even 

in more recent publications (Kuijt & Hansen 2015), it would be correct to 

use the terms primary and secondary within this context. However, 

(Fineran 2001) raises the issue that, from a phylogenetic point of view, the 

so-called primary haustorium would have appeared later during parasitic 

plant evolution. Koch (1887 apud Joel 2013) poses a similar critique, 

especially focusing on the Orobanchaceae, arguing that the terms primary 

and secondary, when referring to the origin of the haustorium can lead to 

misunderstandings. Based on the current understanding of parasitic plant 

evolution and diversification in time, the above-discussed phylogenetic 

paradigm is maintained, indicating that lateral haustoria have not only 

evolved first among the most diversified groups, Orobanchaceae (Mcneal 

et al. 2013; Fu et al. 2017) and Santalales (Heide-Jørgensen 2008; Su et al. 

2015), but it is also the haustorium type formed by the oldest parasitic 

plant lineage, Hydnoroideae (Aristolochiaceae, 91 million years ago) 

(Stevens 2001 onwards; Tennakoon et al. 2007; Naumann et al. 2013). 

Meta-haustorium: a haustorium in which endophytic tissues are not 

formed, thus being composed only by the holdfast and other exophytic 

structures. 

 Originally proposed by Weber (1976), the term designates  a structure that 

is rather common among parasitic species that form multiple haustorial 

connections. It is especially observed in aerial parasites such as 

Struthanthus flexicaulis (Mart. ex Schult. f.) Mart. (Loranthaceae), 

Cassytha filiformis L. (Lauraceae), and Cuscuta americana L., which show 

no host specificity and may form meta-haustoria simply to support the 

movement of the same individual parasite from one suitable host to 

another.  
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 Alternatively, the term could be interpreted as referring to an incomplete 

haustorium which has not yet reached its structural maturity, having not 

initiated the phase of host tissue penetration.  

Holdfast (Fig. 2C): a structure formed during the initial stages of parasitism; it is 

associated with the function of attaching the parasite to host, especially 

during the penetration of the haustorium, thus avoiding that either 

internal mechanical forces, resulting from the penetration of the vascular 

system of the host, or external forces (i.e. wind, rain, etc.) would 

eventually push the two plants away. 

 Despite being usually formed at the early establishment stages the of a 

parasitic plant on its host, the holdfast is notedly absent in parasites that 

attach to roots of the host (Heide-Jørgensen 2008). This absence is 

probably related to the mechanical support and confinement provided by 

the soil particles (Heide-Jørgensen 2013). In other cases, there is certain 

difficulty in morphologically distinguishing the holdfast of some species 

when haustorial formation is complete, especially when other accessory 

structures such, as tubers and clasping unions are present (Heide-

Jørgensen 2008). 

 Based on what is known about the germination of stem parasites, Sallé 

(1983) mentions that stimuli for holdfast formation are not known. In fact, 

Heide-Jørgensen (2008) and Mourão (2011) point out that, for species 

such as Cuscuta reflexa Roxb. (Convolvulaceae) and Struthanthus 

flexicaulis (Mart. Ex Schult f.) Mart. (Loranthaceae), the simple contact 

with a supporting structure can be interpreted by the parasite as sufficient 

stimulus for holdfast formation. This behavior resembles what is observed 

in situations of thigmotropism3 (Haidar et al. 1997). However, it is worth 

mentioning that, although holdfast formation represents one of the first 

steps in the establishment of plant parasitism, the presence of this 

structure does not imply effective establishment of host-parasite vascular 

connection, i.e., xylem bridge and, eventually, phloem connection. 

Holdfasts can be originated from both terminal or lateral positions, being 

respectively derived from the embryo root apex, or from epicortical roots 

of some Loranthaceae species and stems of Cuscuta spp. (Convolvulaceae) 

and Cassytha spp. (Lauraceae). It should also be noted that this term, as 

                                                           
3 Growing stimulated by contact with a surface; usually found in tendrils and twining stems. 
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well as the definition associated with it, is widely used to refer to fixation 

structures formed by macroalgae and some fungi (Mauseth 2013, Evert 

and Eichhorn 2014). 

Hypha (plural form of Hyphae): in the context of parasitic plant biology, the term 

refers to the endophyte uniquely developed by species of the genus 

Cuscuta; this structure is initially formed by a tip-growing endophytic cells 

that extend themselves in between host cells, later differentiating into 

different cell types that will connect to both the host phloem and xylem. 

 The hyphae initially formed by Cuscuta spp. is known as searching hyphae, 

which are non-specialized, i.e. parenchymatic, endophytic cells that 

intrude in between host cells as if “searching” for phloem and xylem 

conduits of the host (Vaughn 2003). When contact is stablished with either 

a phloem or xylem conduit of the host plant, the searching hyphae 

differentiates into phloic hyphae and xylic hyphae, respectively, which are 

collectively known as contact hyphae (Kuijt 1977; Vaughn 2006). Such 

differentiation starts with the tip of the hypha that is abutting the host cell 

and then proceeds basipetally, in the case of xylic hyphae, or acropetally, 

in case of phloic hyphae (Kuijt 1969). Regarding the first, differentiation of 

the hypha into tracheary elements forming the host-parasite xylem bridge 

is clear. On the other hand, the phloic hypha differentiates as if mimicking 

the host sieve cell, forming a very specialized phloem-like cell type that is 

able to encircle the host sieve element by growing in-between it and its 

surrounding cells (Dorr 1968; Kuijt 1969; Dörr 1972; Kuijt & Toth 1976; 

Vaughn 2006). 

The term hypha, when referring to Cuscuta spp., is derived from a 

comparison with fungal hyphae, due to their similar tip-growth elongation 

mode, which also resembles how pollen tubes grow (Vaughn 2003). 

Interface (Fig. 1C – E, 2A – B, 2D – E, 3B – F, 4A): all contact surface between the 

parasite and its host. 

The term interface refers to the entire volume of surfaces in which the 

tissues of the parasite and its host come into contact. Thus, species that 

have multiple connections, formed, for instance, by epicortical roots 

possess a total interface consisting of all connections established by both 

the terminal haustorium, plus all the lateral haustoria. Similarly, the 
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larger the structure formed by the parasite (e.g., tuber), or by the host 

(e.g., woodrose), the greater the resulting interface. 

Intrusive organ: see Sinker. 

Lateral flanges (Fig. 2D): lateral projections of the endophytic system that grow 

tangential to the host wood, not actually penetrating it, but becoming 

internalized into the host wood by the continued action of the host 

vascular cambium that forms additional layers of secondary xylem 

centrifugally to the lateral flange. 

 Lateral flanges are composed of parenchymatic cells and tracheary 

elements (Menzies 1954), which form the xylem bridge with the host 

wood (Ozenda & Capdepon 1976). Phloem cells may also be present 

(Condon & Kuijt 1994). Anatomically, lateral flanges hold great similarity 

with sinkers, the main difference being that, while the latter actually 

penetrates host wood, the first becomes “buried” in in host secondary 

xylem by the action of the vascular cambium. 

 The structure seems to be formed exclusively by Santalalean species, 

especially mistletoes such as Loranthus europaeus Jacq. and Ileostylus 

micranthus Tiegh.  

Lower haustorium: see Endophyte. 

Mantle: see Attaching fold. 

Phloem connection (Fig. 2E): consists of the simplastic connection between host 

and parasite phloem cells, either directly or indirectly; i) direct connections 

involve cases where sieve elements of the parasite connect to sieve 

elements/cells of the host; ii) indirect connections involve the mediation 

of the contact to the host phloem conductive cells through parenchyma 

cells of the parasite. 

 For some time, the very presence of phloem tissue at the host-parasite 

interface was questioned for many species (Calvin 1967, Kuijt & Dobbin 

1971). As argued by Esau (1969) these doubts were probably related to the 

fact that many of the early studies on the topic employed inadequate 

techniques for the detection of phloem cells. An important exception is 

the pioneering work by Tate (1925), who used specific stains to detect 

callose, allowing the observation of a direct phloem connection between 

the parasite Orobanche hederae Duby (Orobanchaceae) and its host. 
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Decades later, through refined electron microscopy analysis, Dörr & 

Kollmann (1995) were able to observe sieve elements of another parasite 

species of the same genus, O. crenata Forssk. (Orobanchaceae), 

connecting to the sieve elements of its host. 

 Refined anatomical studies highlight the fact that proximity between the 

parasitic and host phloem tissues observed by light microscopy does not 

provide enough evidence of the cell types involved in the connection 

(Hibberd & Jeschke 2001). Indirect phloem connections, usually mediated 

by simple parenchyma or transfer cells of the parasite, also involve 

simplastic transport through secondary plasmodesmata (Hibberd & 

Jeschke 2001, Ekawa & Aoki 2017). Moreover, the finding that the phloem 

that is eventually present in the haustorium has an unusual form of 

differentiation (Dörr 1990) reinforces the need for more detailed studies. 

 Finally, it is important to emphasize that the transport of photoassimilates 

from the host to the parasite does not depend on phloem connections. 

The occurrence of apoplastic transport of these substances before the 

establishment of contact between the vascular systems of both plants has 

been shown to be possible (Aber et al. 1983). The transport of sugars 

through the xylem bridge has also been observed in several mistletoe 

species (Schulze et al. 1984; Marshall & Ehleringer 1990, Pate et al. 1991, 

Richter & Popp 1992, Marshall et al. 1994, Richter et al. 1995). 

Phloeotracheid: see Graniferous tracheary elements. 

Pilot root: structure of root-parasitic species that extends the subterranean body 

of the parasite by growing trough the soil in search for a new host root. 

 In his account of the biology of Pholisma arenarium Nutt. Ex Hook. 

(Lennoaceae), Kuijt (1966) uses the term pilot root as synonymous with 

haustorial roots, as the latter would basically constitute a ramification of 

the first, apparently with no anatomical specialization apart from 

haustorial development. However, Heide-Jørgensen (2008) applies the 

terms as referring to separate structures that would indicate division of 

labor in the subterranean system of Lennoaceae and Hydnoroideae. See 

the entry haustorial root for a more detailed discussion on the matter. 

Placenta: in the context of parasitic plant studies, see Woodrose. Considering the 

broad use of this term regarding the placenta of the ovaries and fruits, it 
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should be avoided when describing host-parasite connections in order to 

reduce ambiguities. 

Rhizome (Fig. 2F): underground structure with a usual horizontal, i.e., 

plagiotropic, growth, being frequently thickened, often related to the 

storage of various substances; it is also capable of forming adventitious 

roots, and aerial branches with either negative or neutral geotropic 

growth, which aid in vegetative growth. 

Rhizomes have a stem origin, more specifically at the plumule; in most 

angiosperm clades, it has a sympodial growth and exerts a function of 

storage, besides vegetative propagation (Appezzato-da-Glória 2015). In 

the study of parasitic plants, the term is used to describe the morphology 

of subterranean structures of species such as Pholisma arenarium Nutt. Ex 

Hook. (Boraginaceae, Kuijt 1966) and Hydnora triceps Drege & E. Mey. 

(Aristolochiaceae, Tennakoon et al. 2007). Hooker (1856) seems to have 

been the first author employ the term rhizome when describing the main 

axis of Balanophoraceae species. More than a century later, Hansen (1980) 

preferred the term rhizome-like, which should be preferable when the 

developmental origin of the structure is unknown. 

Runner (Fig. 3A): a stem that grows parallel to the substrate forming long 
internodes; in the case of parasite plants, a structure usually related to 
species of the Balanophoraceae, that promotes additional connections 
between the parasite and the host. 

 In general Botany, the term runner seems to have been applied as 
popular synonymous with stolon, indicating a stem that grows along the 
substrate, sometimes partially buried, as if it were running through the 
soil, forming new aerial and underground structures. Bell (2008) seems 
to be among the few authors who propose a an actual, although loose, 
distinction between the two terms. According to him, while a stolon 
usually gives rise to adventitious roots at the nodes, a runner would only 
seldomly do so (Bell 2008). Still, it’s noteworthy that morphological 
differences among some subterranean structures, such as runners, 
stolons, rhizomes and tubers, are not always clear (Bell 2008; Appezzato-
da-Glória 2015). 

In the context of parasitic plant biology, the word runner has also been 
the subject of a controversies and missuses. Blakely (1922) used it for 
describing the cortical strands of Viscum album L. and other species of 
the group, while Hamilton & Barlow (1963) used it to describe the 
epicortical roots of some Australian mistletoes. Considering that the 
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word runner (or stolon) refers to a type of stem structure (Bell 2008), it 
would not be the most appropriated term to use when referring neither 
to cortical strands, nor to epicortical roots (see each entry for a 
discussion on their developmental origins). In addition, widest use of the 
term has been in reference to the “stolon-like” projections that emerge 
from the tubers or rhizomes of Balanophoraceae species (Kuijt & Hansen 
2015). Thus, the most appropriate option would be to restrain the use of 
the word runner to the seemingly unparalleled structure formed by 
plants of this family. 

Two basic types of runners appear to be formed by Balanophoraceae 

species, both acting to stablish new connections between the parasite 

and other host roots. This can either lead to the expansion of the 

interface formed between the two plants, or to the promotion vegetative 

reproduction in case of rupture of runner (Holzapfel 2001). The first type 

of runner is notable in Helosis Rich. species, in which inflorescence 

formation occurs directly from it (Hsiao et al. 1993; Kuijt & Hansen 2015). 

In Ombrophytum subterraneum (Aspl.) B. Hansen, runners appear to be 

the most anatomically specialized portion of the vegetative body of the 

plant, including a meristematic apex, true epidermis, cortex and eustele, 

almost all of these anatomical characteristics absent in the tuber that 

originates the runner (Mauseth et al. 2012). 

On the other hand, in the case of Scybalium, Corynaea and Dactylanthus 

species runners are usually reported as fragile and short projections 

(Kuijt & Bruns 1987; Hsiao et al. 1993). Among these genera, runner 

functionality in stablishing new host-parasite connections has been 

described only for latter (Holzapfel 2001). It is important to highlight that, 

although Kuijt & Bruns (1987) refer to structure formed by Corynaea 

crassa Hook. f. as a root, the structure does not show the traditional 

xylem organization of roots, its anatomy being actually similar the 

runners of Scybalium fungiforme Schott & Endl. 

Sinker (Fig. 1B, 2C, 3B – C): prolongation of the endophyte that effectively 

penetrates the xylem of the host plant, thus establishing a vascular 

connection between this plant and the parasite; anatomically, it has a 

predominance of parenchyma cells and xylem conductive cells. 

Often synonymized with the very term haustorium, the sinker represents, 
in fact, one of the tissues that compose the organ known as haustorium. 
This erroneous synonymy can be attributed to two factors. First, it is usual 
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for a plant, in this case the host, to have a xylem production that can 
exceed phloem production by up to 10 times (Fromm 2013). This 
disproportionate differentiation of vascular cambium cell makes the xylem 
tissue larger, thus more visually appealing in a cross section of a parasitic 
organ, so that the connection established by the parasite with the xylem 
of its host usually becomes the first focus of analysis. 

The second factor relates to a simplification of the haustorium functions, 
observed in the most traditional and widespread definitions of the term. 
The definitions of DeCandolle (1813), Kuijt (1969) and Fahn (1982), for 
instance, only focus on nutrient uptake by the parasite, an aspect related 
mainly to the sinker. Joel (2013) points out that an updated definition of 
the term should also address its important intrusive role, played by other 
parts of the haustorium organ other than the sinker. 

The origin of the term dates back to the work of Unger (1840). However, 
the author used the term initially as a verb and an adjective, mentioning 
that some species of parasites, such as members of the genera Rafflesia 
and Pilostyles, are "buried" in the host's tissues. Years later, Solms-
Laubach (1867), based on the work of Unger (1840) uses the term "senker" 
as a noun referring to the structure responsible for "burying" the vascular 
system of the parasite in the tissues of the host. According to Srivastava & 
Esau (1961), it is from the German term "senker" that the English 
counterpart sinker has originated, the meaning of which is also tied to 
something capable of sinking or burying. 

Stolon: see Runner. 

Sucker: term use as a reference to the function of the sinker in “sucking”, i.e. 

uptaking, nutrients from the host; see Sinker. 

Sucker cells (Fig. 3D): terminology that should be used only when describing 

individual cells, such as those that actually make vascular connection with 

host cells conducting cells forming a xylem bridge. The grouping of these 

cells is part of the sinker. 

Tuber (Fig. 3E – F): dilated underground stem structure, usually related to the 

storage of diverse substances - often starch and lipids; it possesses 

dormant buds from which vegetative and/or floral axes originate; it can 

also originate adventitious roots. 

Tubers are usually originated from the dilation of apical portions of thin 

rhizomes, similar to what occurs with potato plants (Bresinsky et al., 2012, 
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Bell 2008). According to DeCandolle (1813), the structure can be either 

terminal or lateral in position.  

Despite often lacking confirmation by ontogenetic studies regarding a 

stem origin, both tuber and rhizome formation are frequently reported for 

species within the Balanophoraceae (Richard 1822; Hansen 1980b) and 

the Orobanchaceae (Joel et al. 2013). Among the latter, probably due to 

the profusion of studies addressing its species, the term seems to be used 

less controversially. On the other hand, regarding the Balanophoraceae, 

the morphology of the subterranean structure of the parasite seems to 

have been the subject of controversies, as it also occurs in relation to the 

very phylogenetic positioning and monophyly of this family (Su et al. 

2015). 

Current understanding about the germination and ontogenesis of the 

haustorial connection formed by Balanophoraceae species is limited to 

the works of Shivamurthy and collaborators on Balanophora abbreviata 

Blume (Arekal & Shivamurthy 1976; Shivamurthy et al. 1981). Based on 

these publications, it is possible to affirm that the subterranean structure 

is originated from the stem, thus being classified as a tuber in the case of 

this particular species. Although Mangenot (1947) uses the term gall to 

refer to subterranean structures in species of Balanophoraceae, a 

terminology that was later reinforced by Mani (1964), the term would not 

be the most appropriate, since the structure seems to involve only tissues 

of the parasite, without the occurrence of hyperplasia. 

In order to avoid erroneous uses, we recommend using the adjective 

tuberous (or rhizome-like; see rhizome) as the most appropriate way of 

referring to the morphology of the haustorium formed by species for 

which germination and ontogenesis processes are unknown. This 

recommendation follows the work of Appezzato-da-Glória (2015) on 

subterranean plant structures. 

Upper haustorium: see Holdfast. 

Vascular bulbs (Fig. 4A – B): grouping of vascular elements of the parasite 

arranged in the form of dilated bulbs, composed by hundreds of extremely 

small vessel elements that promote the direct vascular contact with the 

vascular elements of the host. 
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 This anatomical peculiarity was first described by Barão (2015) and Barão 

& Ceccantini (in prep.), in clear advance to the studies made by Kuijt & Lye 

(2005). According to the first author, who studied the relationship 

between the parasite of Psittacanthus robustus (Mart.) Mart. 

(Loranthaceae) and the host Vochysia thyrsoidea Pohl (Vochysiaceae), the 

vascular bulbs are frequent in the region of interface between the parasite 

and its host, forming the xylem bridge between these species. 

In addition to study by Barão (2015), we also report the presence of 

vascular bulbs in two other species: Cladocolea alternifolia (Eichler) Kuijt, 

native to the Southeastern region of Brazil; and the widely known 

Loranthus europaeus Jacq., native to Europe (Kuijt & Hansen 2015). In 

addition to being grouped in the same family, the Loranthaceae, the three 

mentioned species are capable of inducing the same reaction to their 

hosts, originating an haustorium type known as woodrose formation. 

However, not all woodrose formations seem to include the development 

of vascular bulbs by the parasite. 

 The term was originally proposed as “ampolas vasculares” in Brazilian 

Portuguese. 

Woodrose (Fig. 4C – D): reaction of the host species to the penetration of its 

tissues by some parasitic plant species; it is manifested in the form of 

severe alteration of the host's cambial activity in the region opposite to 

the parasite penetration, including excessive multiplication of cambium 

cells, change in the position of cambial initials and their derivatives, as well 

as localized stimulus of groups of fusiform initials. 

 Usually having a slightly conical shape, the woodrose acts as a nutritive 

tissue for the parasite, being often referred to as form of placenta (Kuijt & 

Lye 2005). After the death and deterioration of the parasite, due to the 

lower density of this plant’s tissue when compared with that of the host, 

the curious aspect of the woodrose becomes exposed (Kuijt & Hansen 

2015). For this reason, several populations from places such as South 

Africa, New Zealand and Mexico, use woodroses for the production of 

handicrafts marketed at local fairs (Dzerefos 1995). 

 Despite the vast knowledge on the morphology of stem woodroses, the 

earliest known illustration being that of Engler (1889), aspects of its 

anatomy are generally poorly explored. Based on ontogenetic studies, the 
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formation of a sinker is noted during the early stages of parasite 

development, which is subsequently replaced by the formation of a more 

extensive interface (Kuijt 1970; Teixeira-Costa et al., submitted – Chapter 

I). When analyzing mature structures, Dzerefos & Witkowski (1997) 

mention the formation of "finger-shaped projections" that start from the 

parasite towards the host rose. In detailed anatomical analysis, such 

structure has been described and denominated by Barão (2015) as 

vascular ampoules, responsible for establishing the xylem bridge between 

parasite and host.  

 In addition to stem woodroses formed by several species of Loranthaceae, 

this structure is also formed in host roots parasitized by Dactylanthus 

taylorii Hook. f. (Balanophoraceae). In both cases, the structure formed by 

the host has the same characteristic morphological aspect. In addition, the 

detailed studies conducted by Moore (1940; apud Holzapfel 2001) and 

Holzapfel (2001) on the structure and development of D. taylorii confirm 

the formation of woodroses by this plant. Several other observations of 

woodrose-like structures are found in the literature. Analyzing a tuber-

forming Orobanchaceae species, Conopholis americana (L.) Wallr., Baird & 

Riopel (1986) discuss the similitude between the observed structure and 

that of mistletoes. Among the Balanophoraceae, Lophophytum leandrii 

Eichler (Balanophoraceae), is described by Gonzalez & Mauseth (2010) as 

also inducing the formation of woodroses in roots of their hosts. Finally, 

we have observed the same pattern in host roots parasitized by Scybalium 

glaziovii Eichler (Fig. 4E). 

Although, detailed studies of the host's cambial region focusing on the 

developmental processes of this structure are still necessary. Still, it’s 

possible to hypothesize a connection between the presence of woodrose-

like structures in parasitized roots and the formation of tubers by the 

respective parasites. Indeed, as woodroses constitute a morphological 

and anatomical alteration of the host, so that it is possible to observe it in 

conjunction with other structures formed by the parasite, such as 

epicortical roots (Devkota & Glatzel 2007) and tubers (Moore 1940, 

Holzapfel 2001; Gonzalez & Mauseth 2010). 

Woody-gall (Fig. 4F): morphological alteration caused by the parasitism of some 

mistletoes capable of provoking both the hyperplasia of several cell types, 

and the hypertrophy of xylem rays in the host's wood; morphologically, it 
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can be observed as a characteristic "swelling" in the region of host-parasite 

connection. 

 In aerial parasitic plants, this morphological type of solitary connection is 

associated with the formation of cortical strands and lateral flanges that, 

upon penetrating the host's xylem, can cause anatomical changes such as 

ray dilatation and increased vessel density (Srivastava & Esau 1961; 

Teixeira-Costa & Ceccantini 2015). Besides hyperplasia and hypertrophy 

caused to the host, the swelling of the region is also due to the voluminous 

proliferation of the parasite endophytic tissue. In this way, woody-galls 

vary from other morphological types of solitary connections, since local 

dilatation is due to the contribution of both plants involved in the relation. 

In the case of terrestrial parasites, Musselman & Mann (1978) refer to the 

structure formed in the roots of oak species (Quercus spp.) due to the 

parasitism of Conopholis americana (L.) Wallr. (Orobanchaceae) as a gall-

like structure. However, Baird & Riopel (1986) mention the same structure 

formed by the parasite as a tuber, referring to the change caused in the 

host's root as a woodrose or coralloid structure. However, in this case, 

none of the terms seem to be the most appropriate to refer to this 

particular parasite’s exophyte. Based on the ontogenetic study by Baird & 

Riopel (1986), the term tuberous root would be the most appropriate 

term. 

Mani (1964), who studied plant galls, seems to have been the first to use 

the term woody-gall to refer to the voluminous connection formed by 

some parasitic plants upon their hosts. Calvin & Wilson (1998), as well as 

other authors thereafter, refer to this type of solitary connection only by 

their anatomy, using the term cortical strands to classify this type of 

connection. However, this morphology (woody-gall) is not exclusively 

formed by this particular tissue (cortical strands). Thus, we suggest the use 

of each of these terms separately and not as synonymous with each other, 

designating the morphology of the structure and a tissue frequently 

observed in its anatomy, respectively. 

Xylem bridge (Fig. 3D): direct or indirect, symplastic or apoplastic connection 

between conducting elements of the host xylem (tracheids and/or vessel 

elements) and xylem cells of the parasite (conducting elements and/or 

parenchyma cells); direct connections involve cases in which parasitic 

conducting elements abut conducting elements of the host; indirect 
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connections involve the mediation of the contact to the conducting 

elements of the host via parenchyma cells of the parasite. 

 The formation of a xylem bridge connecting the xylem of the parasite to 

that of the host represents the most basic characteristic of the 

haustorium, being present in all plants currently identified as parasites 

(Kuijt 1969, Heide-Jørgensen 2008). However, precise quantification of the 

xylem continuity between the plants involved in parasitic relations is 

difficult to calculate (Kuijt & Hansen 2015) and has been obtained so far 

only for few species, such as Olax spp. (Pate et al. 1990a; 1990b). In 

addition to the limited knowledge about quantification, few species have 

actually been investigated for re-differentiation of parasite parenchyma 

cells into conductive elements during the establishment of contact with 

host conducting elements (Heide-Jørgensen 2008). 

 In spite of the aspects on which current knowledge is scarce, observations 

of xylem bridge, especially of the direct form, have been carried out for 

several species for a long time, as reported by Kuijt (1969). The indirect 

form, mediated by specialized parenchyma cells (Hibberd & Jeschke 2001), 

has historically received more attention in members of the Visceae tribe, 

for which the parasite-host interface is predominantly composed of 

parenchyma cells (Calvin & Wilson 1995). Fineran (1996) and Fineran & 

Calvin (2000), also working with Visceae species described, as part of the 

indirect xylem bridge, the presence of parasite parenchyma cells with 

parietal specializations additional to those observed in transfer cells. 

Another cell type commonly observed as part of the direct xylem bridge 

established between root parasites and their host are the so-called 

graniferous tracheary elements. 

 

Conclusions 

As the parasitic habit evolved multiple times independently, so did the 

haustorium, having appeared 12 times within the Angiosperms (Těšitel 2016). 

Considered as a homoplastic character, there would be no a priori reason to 

imagine all haustoria to be similar in their developmental origin or structural 

organization (Kuijt 1969). Indeed, the structure of the haustorium, i.e. its 

morphology and anatomy, varies greatly when comparing different lineages. 

Among the Loranthaceae, for instance, species of the genus Psittacanthus are 
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known to induce the formation of woodroses (Kuijt 2009), while Struthanthus 

species form epicortical roots (Calvin & Wilson 2006). Within the same genus, 

Tristerix (Loranthaceae), only one species out of a total of 12, is an endoparasite, 

thus restricted to its endophytic system during the vegetative phase (Mauseth et 

al. 1984; Kuijt & Hansen 2015). 

On the other hand, lateral haustoria have a similar developmental origin, 

the cortical region of haustorial roots, in at least 5 parasitic lineages – Cassytha 

(Heide-Jørgensen 1991), Hydnoroideae (Tennakoon et al. 2007), Krameriaceae 

(MacDougal & Cannon 1910), Cuscuta (Lee & Lee 1989), and Lennoaceae (Kuijt 

1966; 1967). Among the Orobanchaceae and the Santalales, the same general 

exogenous origin has been observed (Pitra 1861; Kusano 1902; Herbert 1915; Rao 

1942; Menzies & McKee 1959; Musselman 1975; Werth et al. 1979; Pate et al. 

1990; Calladine & Pate 2000; Joel et al. 2013), although reports on a few species 

are controversial (Granel 1887; Weber 1976; Musselman 1975; Alexander & 

Weber 1985; Suetsugu et al. 2012). Regarding the terminal haustorial of 

mistletoes and some Orobanchaceae species, their common developmental 

origin is the embryo root apex (Heide-Jørgensen 2008; Joel 2013). Based on the 

scanty information on “Balanophoraceae”  (sensu Su et al. 2015), the origin is 

apparently the same (Arekal & Shivamurthy 1976; Shivamurthy et al. 1981). 

Based on these observations, the haustorium related terminology can be 

compared to those of stomata within the Embryopsida. Despite displaying the 

same function (i.e., gas exchange), stomata have evolved independently three 

times, showing different developmental origins (Simpson 2010; Merced & 

Renzaglia 2017; Renzaglia et al. 2017). Considering that a homogeneous 

nomenclature is used for all different stomata, the same reasoning should be 

applied to the analogous haustoria of different parasitic lineages, regardless of 

structural and developmental aspects.  

Thus, following the levels of biological organization (Solomon et al. 2008), 

when we understand the haustorium as an organ we must consider it as 

composed of different tissues and cell types. In this way, the frequent 

indiscriminate use of the term haustorium as a synonym of sinker represents a 

mistaken simplification of the understanding of the structure and function of 

both the referred organ and tissue. In order to avoid ambiguities and to stress the 

more correct use of the term, we suggest the expression haustorial system to 

designate the organ (haustorium) and all the set of structures that form part of 

it. 
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Still, while this recommendation may be simple to follow when dealing 

with most of the parasitic plant lineages, the advanced degree of structural and 

functional reduction observed in endophytic species hinders the use of a precise 

terminology. Another layer of difficulty is added by the fact that seed germination 

has not been observed for any of the endoparasitic species (de Vega et al. 2007). 

However, recent observations (Teixeira-Costa et al., in prep.) point to a higher 

level of specialization of the endophytic tissue before the establishment of the 

parasites’ flower, concomitant with the very initial steps of flower bud formation. 

Such observations lead us to re-interpret the discussion posed by Kuijt (1969) and 

Heide-Jørgensen (2008) that the primary haustorium does not persist in 

endophytic species. We believe that such a statement could misinterpret the very 

parasitic nature of these species, as its definition is based on the presence of a 

haustorium. In this sense, we interpret the vegetative body of endophytic 

parasites as the most reduced form a haustorium can assume, which would be a 

direct consequence of the extreme reduction shown by these plants. 

Finally, we highlight the need for caution when comparing structures 

formed by severely modified parasitic plants with those of free-living species, 

which the most problematic case would be the understanding of 

Balanophoraceae species’ body structures. Further developmental and 

germination studies analyzing these plants should broaden the current 

comprehension of their structure and evolution. 

 

References 

Aber, M., A. Fer, and G. Sallé. 1983. “Etude Du Transfert des Substances 

Organiques de l’hôte (Vicia faba) Vers Le Parasite (Orobanche crenata 

Forsk.).” Zeitschrift Für Pflanzenphysiologie 112 (4): 297–308. 

https://doi.org/10.1016/S0044-328X(83)80047-6. 

Alexander, T., and H.C. Weber. 1985. “Zur Parasitischen Lebensweise von 

Parentucellia Latifolia (L.) Caruel (Scrophulariaceae).” Beiträge Zur Biologie 
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Figure 1. A: Adhesive disk (Ad) of Cuscuta sp. formed upon a host stem (Hs); note the 

palisade-like adhesive cells (white brackt); B: apparent clasping union (black bracket), 

form which a parasitic branch (Pb) emerges, formed on a host stem (Hs); C – D: parasitic 

cortical strands (arrows) formed within the host bark; note the sinkers (black brace) 

penetrating the host xylem (Hx); E: epicortical roots (Er) forming multiple haustorium 

connections (arrows) in the host stem (Hs); F: typical epicortical root anatomy similar to 

a adventitious root, showing a parenchymatic pith (hashtage), centripetal metaxylem 

elements (Mx) and centrifugal protoxylem (arrows). 
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Figure 2. A: haustorial root (asterisks) forming multiple haustoria (white brackets) on a 

host root (Hr); B: a complete haustorium composed of exophyte (black brace) 

exemplified by epicortical roots (Er), and endophyte (white brace), composed of general 

enedophyti tissue (arrows) and a sinker (arrow head); C: holdfast (Hs) of a mistletoe 

formed upon germination on a host stem (Hs); D: parasitic endophyte (Pe) formed by 

lateral flanges (thick arrow) embedded within the host xylem (Hx); E: direct connection 

between host phloem (Hp) and parasitic phloem (Pp). F: rhizome (Rz) of a root parasite 

attached to a host root (Hr); note meristematic region (thin arrow) and flower bud (thick 

arrow). 



 
122 

 

 

Figure 3. A: parasite runner (asterisks) from which a parasitic flower bud (Pfb) and a 

parasitic flower (Pfl) emerge; B: parasitic sinker (dashed elipses) penetrating the host 

xylem through the rays. C: large parasitic sinker (Ps) emergin from cortical strands (Cs) 

in the host bark (Hb) to penetrate the host xylem (Hx); D: sucker cells (dashed elipses) 

of the parasitic sinker (Ps) directly connecting to the host xylem (Hx) tracheary elements; 

E – F: parasitic tubercle (Ptub) attaching to a host root (Hr); note host xylem bending 

towards the parasitic tubercle (arrow). 
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Figure 4. A – B: vascular bulbs (within the dashed rectangle and in detail in B) as part of 

the parasitic endophyte (Pe); note vessels (arrows) of the host xylem (Hx) bending 

towards the vascular bulbs, and the diminute size of the tracheary elements tha 

compose the bulbs (|―|); C – D: woodrose formed by the host stem (Hs) due to the 

infestation of certain parasites (P); E: woodrose (arrow) formed by a tubercle-forming 

root parasite in the parasitized host root (Hr); F: woody gall (dashed ellipsis) formed by 

the parasite (P) on a host stem (Hs).  

  



 
124 

                                                                   Chapter IV 

 

 

 

 

 

“Parasitism in plants cannot be understood until the 

architecture and mode of operation of the  

haustorium are known” 

 

 

Dr. Job Kuijt 

(1930 –) 

Botanist  

Parasitic plant taxonomy 

 

 

 

 

 

 

 



 
125 

 

Structure and evolutionary trends of the haustorial system 

across parasitic plant evolution 

Luiza Teixeira-Costa¹, Gilberto Ocampo², Gregório Ceccantini¹ 

¹ Department of Botany, Institute of Biosciences, University of São Paulo, Brazil 

² Herbarium of the Universidad Autónoma de Aguascalientes, Mexico 

 

Abstract 

 Parasitic plants have evolved multiple times within the Angiosperms, in 12 

different lineages, producing a great variety of habits, infestation modes, host 

range, etc. This broad variety, comprising ca. 1% of extant Angiosperm species, is 

brought together by the presence of a complex organ known as haustorium. This 

organ carries out the basic functions related to plant parasitism, from initial 

attachment and invasion of host tissues, to the formation of a morpho-functional 

bridge that connects the parasite to the host, enabling their further 

communication and substance exchange. The great variety of parasitic plants has 

been studied in various aspects of their biology, but a broad comparative study 

of the haustorium in all 12 independent lineages of parasites is still missing. Here 

we have addressed this issue by combining methods in plant morphology and 

anatomy with the current phylogenetic paradigm of parasitism evolution among 

plants. Our results indicate a general developmental sequence to be common in 

all haustoria, despite their varied ontogenetic origin – lateral vs. terminal 

haustoria. In all analyzed parasitic clades, direct host-parasite xylary connections 

were formed; on the other hand, phloem connections were detected in species 

of four clades only. Compared with other plant organs, terminal haustoria indeed 

seems to be a modified root, while lateral haustoria could be interpreted as either 

a modified stem, or as a unique organ, a neoformation. Altogether, our results 

indicate the existence of very conservative mechanisms for haustorium formation 

throughout all of its diversity. 

 

Introduction 

The ability of a plant to develop an organ that penetrates another plant’s 

roots or shoot to withdraw water and/or photoassimilates from it defines the 
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parasitic lifeform among the Viridiplantae. Such an organ, known as haustorium 

(Candolle 1830; Kuijt 1969; Joel 2013), and therefore the parasitic lifeform itself, 

have evolved multiple times, being currently present in ca. 1% of extant 

Angiosperms (Westwood et al. 2010). This large number of species is 

accompanied by ample variation in many aspects of these plants’ biology. As a 

whole, parasitic plants have colonized the most different environments, infesting 

a wide range of hosts, from ferns to cacti, from trees to crops, and from shrubs 

to lianas (Heide-Jørgensen 2008). Four basic morpho-functional types of host-

parasite have been recognized, based on photosynthetic capacity, parasitized 

host organ, and the presence of cryptic behavior during vegetative stages (Těšitel 

2016). Particular species can also be classified according to their degree of host 

dependence, from obligatory to facultative parasites (Joel et al. 2013), and host 

preference, from generalist to specialist species (Okubamichael et al. 2016). 

In this scenario, the haustorium has been termed the “most plastic of 

organs”, not always sharing the same origin and structural organization (Kuijt 

1969). Considering the first aspect, haustoria can originate either exogenously, or 

endogenously (Joel et al. 2013). Still, a similar origin does not guarantee similar 

haustorium morphology and anatomy, as shown by a series of studies carried out 

by Thoday (1956, 1957, 1958, 1960, 1961, 1963) concerning mistletoes - 

Loranthaceae and Visceae (Santalaceae). However, based on the extant members 

of parasitic lineages, this considerable variety is not evenly distributed. On the 

one hand, Santalales and Orobanchaceae include an extensive list of species, 

which display nearly all types of variation related to parasitic plant biology (Heide-

Jørgensen 2008; Joel et al. 2013; Teixeira-Costa et al. in prep. – Chapter II). On the 

other hand, clades such as the Rafflesiaceae comprise three genera (ca. 26 

species; Stevens 2001 onwards) with a fairly similar host-parasite interface 

(Nikolov et al. 2014).  

In this framework of multiple independent evolutions related with 

haustorium structural and developmental diversity, a large-scale comparison 

among different parasitic plant lineages is pressing. Additionally, vastly 

confronting the haustorium with other plant organs regarding their 

differentiation and constitution can provide new insights on the evolution of this 

particular structure. Therefore, our main goal was to compare the general 

haustorium structure of all parasitic plant clades within the most up-to-date 

phylogenetic framework, promoting an analysis of structural evolutionary trends 

of this emblematic structure of parasitic plants. Additionally, the two most 
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diverse lineages of parasites – Santalales and Orobanchaceae – were also 

analyzed in greater detail.  

 

Material and Methods 

Plant material 

 Sampling efforts carried out over the course of six years amounted to a 

total of 30 species collected in various locations (Table 1). In addition, one species 

of the Hydnoroideae (Aristolochiaceae) was obtained from the herbarium of the 

Federal University of Feira de Santana (Bahia state, Brazil). One Orobanchaceae 

species (Agalinis sp.) was provided by Dr. Beatriz Appezzato-da-Glória from the 

University of Sao Paulo - Escola Superior de Agricultura “Luiz de Queiroz” (ESALQ). 

Three species, one of each genus grouped within the Rafflesiaceae were analyzed 

at and provided by the Harvard University Herbaria (Cambridge, U.S.A.). 

Altogether, 35 species were analyzed using morphological and anatomical 

techniques, representing 10 out of the 12 independent lineages of parasitic plants 

(Table 1, Fig. 1). Only species of the Cynomoriaceae and Krameriaceae were not 

analyzed due to sampling difficulties. 

 During fieldwork, samples were immediately fixated after being removed. 

Larger samples, destinated to morphological and microtomography analyses (see 

below), were preserved in formalin-acetic acid (FAA 70%). Smaller samples, on 

the other hand, destined to detailed anatomical studies, were preserved in 

paraformaldehyde-glutaraldehyde (Karnovsky’s solution). Voucher material of 

each sampled species was deposited in different herbaria, depending on the 

sampling locality.  

 

 

High Resolution X-Ray Computed Tomography (HRXCT) 

To understand the host-parasite connections in three-dimensions, as well 

as the spread of parasitic tissues within the host body, high resolution x-ray 

computed tomography (a.k.a. microtomography) analyzes were carried out using 

a Bruker Skyscan1176 high performance in vivo scanner (Microtomography 

Laboratory, Institute of Biosciences – University of Sao Paulo) and an X-Tek 

HMXST225 imaging system (Center for Nanoscale Systems, Harvard University). 
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Contrasting solutions were used to improve the contrast between host and 

parasite tissues, following the method proposed by Teixeira-Costa & Ceccantini 

(2016). Three-dimensional reconstruction was carried out using the CT-Pro and 

the NRecon software. Analyses and acquisition of images and videos were 

performed with the VG Studio and the CT-Volume (CT-Vol) software.  

Light microscopy 

After fixation during fieldwork, segments of parasitized host organs of all 

studied host-parasite associations were prepared for anatomical analyses. Larger 

materials were hydrated and washed in distilled water, then infiltrated and 

embedded in polyethylene glycol for sectioning in a sliding microtome (Kraus & 

Arduin 1997; Ruzin 1999). Sections were obtained with a Leica SM 2000R sliding 

microtome with a conventional C knife. Smaller segments were dehydrated in 

both ethanol (10% to 70%) and butanol:ethanol solutions (50:50 to 100:0), then 

infiltrated and embedded in paraffin (Kraus & Arduin 1997; Ruzin 1999). Serial 

sections were obtained using a Leica RM2145 rotatory microtome with a 

conventional C knife. All histological sections were double stained in safranin and 

Astra blue (Kraus & Arduin 1997). Additional staining in aniline blue was used as 

a histochemical test to help detecting the presence of callose (Angyalossy et al. 

2016). Image acquisition was carried out using a Leica DML with a DFC 310FX 

camera at the Plant Anatomy Laboratory of Institute of Biosciences – University 

of Sao Paulo, and a Zeiss Axiophot with an AxioCam 512 camera at the Weld Hill 

Microscopy Laboratory of the Arnold Arboretum of Harvard University. 

Confocal microscopy 

 Histological sections varying from 50µm to 100µm thick were obtained 

with a Leica SM 2000R sliding microtome coupled with a Thermo Fisher R404a 

cooling system. For confocal microscopy preparation, sections were stained in a 

variety of fluorescent dyes, such as 0.1% safranin, 0.1% aniline blue, and 0.01% 

acridine orange. Analysis and image acquisition were carried out at the Image 

Acquisition and Microscopy Center (CAIMi) of the Institute of Biosciences – 

University of Sao Paulo, using a Zeiss LSM 880 microscope. Zeiss Black and Blue 

software was used for analyzing the obtained images. 

Transmission electron microscopy 

 Segments of the host-parasite interface previously fixated in Karnovsky’s 

solution were initially reduced to include only the desired region of the interface. 

Subsequentially, materials were washed in phosphate buffer and post-fixated in 
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1% osmium tetroxide, followed by dehydration in acetone solutions (50% to 

100%), and finally infiltrated and embedded in Spurr resin. Semi-thin sections 

were obtained using a Leica RM2145 rotatory microtome with a disposable glass 

knife and stained in 1% toluidine-blue for preliminary analysis. Due to the usually 

thick cell walls of tracheary elements and fibers present in host parasitized 

organs, modifications were applied to the usual TEM preparation protocol (Ruzin 

1999). Such modifications included the use of a low-vacuum chamber (under 10 

psi of negative pressure) to better infiltrated the acetone and resin solutions 

through the material. Increased infiltration times were also tested and applied.  

Once the host-parasite communication cells were located, the embedded 

material was further trimmed for the obtainment of ultra-thin sections using a 

Leica Ultracut UCT ultramicrotome. Finally, sections were doubled stained using 

uranyl acetate and lead citrate contrasting solutions. TEM analyses and image 

acquisition were carried out using a Zeiss EM900 transmission electron 

microscope at the Image Acquisition and Microscopy Center (CAIMi) of Institute 

of Biosciences – University of Sao Paulo, and a JEOL JEM1011 transmission 

electron microscope at the Multiuser Equipment Platform of the Biology Institute 

– Fluminense Federal University. 

Phylogenetic analyses 

Reconstruction of phylogenetic relations within the Santalales and the 

Orobanchaceae was based on datasets of aligned DNA sequences available at the 

TreeBase website (http://treebase.org), generated by Su et al. (2015) and Fu et 

al. (2017), respectively. Maximum likelihood analyses were carried out using 

RAxML v8.2.X. For Santalales, a general time reversible model with proportion of 

invariable sites and gamma distribution was selected (Su et al. 2015). For 

Orobanhaceae, a general time reversible model and gamma distribution was used 

(Mcneal et al. 2013; Fu et al. 2017). Support values were accessed in both cases 

based on 1,000 bootstrap replicates. Ancestral states of characters related to 

haustorial structure, nutritional habits, and parasitic plant life cycles were 

reconstructed via likelihood analysis using Mesquite v3.6. Analyzed characters 

and the coding of their states are listed in Table 2. 

Table 2: Characters and their states analyzed for Orobanchaceae and Santalales 

via ancestral state reconstruction.  

Characters 
Character states 

0 1 

Parasitism Absent Present 
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Haustorium developmental 
origin 

Terminal Lateral 

Host dependence 
(Orobanchaceae) 

Facultative parasites Obligatory parasites 

Parasitized host organ 
(Santalales) 

Roots Stems 

 Considering facultative parasitism has only been reported among 

Orobanchaceae, this character was analyzed exclusively among species of this 

family. Likewise, ancestral state reconstruction of the parasitized host organ was 

only analyzed for the Santalales, given that all Orobanchaceae are root parasites.  

  

Results and Discussion 

 The haustorium is understood here as a complex organ, composed of 

different tissues and cell types (Teixeira-Costa & Ceccantini 2018). Considering 

that some parasitic plant species from various lineages are able to form multiple 

and interconnected haustoria that attach to the host stem/root, the ensemble of 

these structures is referred to as the haustorial system. It is noteworthy that, 

similar to other plant organs, the absence of a tissue or a cell type does not 

equate with the absence of the whole organ; it rather exemplifies the structural 

diversity of that organ (Solomon et al. 2008). Thus, in the case of extreme body-

size reduction, as seen in endophytic parasites, the sporophyte is restricted to the 

endophyte, which is a part of the haustorium system (Teixeira-Costa & Ceccantini 

in prep. – Chapter II). The comparative structure and evolution of endoparasites 

is discussed in more detail further along in the following sections. Firstly, general 

aspects and trends in haustorium development shall be discussed.  

  

Multiple evolutions of lateral and terminal haustoria  

 Parasitic plants are currently understood to have diverged within 12 

different Angiosperm orders, originating 12 independent parasitic plant lineages 

(Fig. 1) (Barkman et al. 2007; Naumann et al. 2013). Among these, most recently 

published studies dealing with general divergence time estimations agree that 

Santalales has been the first have diverged, ca. 126.9 – 109.79 million years ago4 

during the early Cretaceous (Naumann et al. 2013; Magallón et al. 2015; Harris & 

                                                           
4 Thereafter, shortened as “m.y.a.” 
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Davies 2016; Zeng et al. 2017). However, the earlier cladogenesis events within 

the order are generally reconstructed as having given rise to Strombosiaceae and 

Erythropalaceae (Nickrent et al. 2010; Su et al. 2015; Chen et al. 2016), which are 

exclusively composed of autotrophic species. Based on the divergence times 

estimated by Magallón et al. (2015), the first parasitic group within the order 

would have arisen by the beginning of the late Cretaceous, ca. 103.6 m.y.a. Still, 

a reduced sampling of Santalalean clades was used in recent studies (Naumann 

et al. 2013; Magallón et al. 2015; Harris & Davies 2016; Zeng et al. 2017). 

Our attempts to reconstruct the phylogenetic relations among Santalales 

clades, although having obtained the same two usual families as the basal-most 

ones, yielded a different topology when compared to the phylogenetic 

hypothesis published by Su et al. (2015). While the position of [(Loranthaceae + 

(Misodendraceae + Schoepfiaceae)) + (Santalales + Opiliaceae)] seems to be 

constant in several studies, including ours, families in which the presence of 

functional haustoria is doubtful, e.g. Aptandraceae and Octoknemaceae, have 

been recovered in different positions (Su et al. 2015; Magallón et al. 2015; Harris 

& Davies 2016; Chen et al. 2016). Other families are suggested to be paraphyletic, 

e.g. Balanophoraceae (Su et al. 2015) and Olacaceae (Harris & Davies 2016). 

Finally, Ximeniaceae seems to include both autotrophic and parasitic species 

(DeFilipps 1969; Malécot et al. 2004; Su et al. 2015). Considering these issues, 

according to the topology obtained during this study, the parasitic lifeform would 

have evolved at least three times within the order (Fig. 2), whereas Su et al. (2015) 

argue it would have emerged only twice, a second time due to the current 

composition of the Ximeniaceae. Further analyses on the biology of species 

included in conflicting Santalalean families, especially Aptandraceae and 

Octoknemaceae, are needed, as well as improvements on gene sequences of 

some species (Nickrent 2019, pers. com.).  

 Disregarding time estimations provided by Magallón et al. (2015) for the 

Santalales, due to the above-discussed restricted clade-sampling, the tribe 

Hydnoroideae (Aristolochiaceae) would have been the lineage in which the 

haustorium is most likely to have evolved first, around 101.4 m.y.a. (Naumann et 

al. 2013). On the other hand, Harris & Davies (2016) suggest Krameriaceae would 

have diverged even before, still during the early Cretaceous (ca. 113.4 m.y.a.), an 

estimate in severe disagreement with other reports (Renner & Schaefer 2010; 

Naumann et al. 2013; Magallón et al. 2015). Either way, lateral haustoria present 

in these parasites, often and confusingly known as “secondary haustoria” 

(Fineran 2001; Teixeira-Costa & Ceccantini 2018), would have been the first type 
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of host-parasite connection to have arisen (MacDougal & Cannon 1910; 

Tennakoon et al. 2007). This haustorial type is present in the vast majority of 

parasitic plants, developing from cortical cells of mother-roots (Calladine & Pate 

2000; Herbert 1915; Kuijt 1966, 1967; Kusano 1902; Menzies & McKee 1959; 

Musselman 1975; Pate et al. 1990; Pitra 1861; Rao 1942; Tennakoon et al. 2007; 

Werth et al. 1979), or stems as it is the case of species in the converging genera 

Cuscuta and Cassytha (Lee & Lee 1989; Heide-Jørgensen 1991). 

 Terminal haustorium, formerly known as primary haustorium (Fineran 

2001; Teixeira-Costa & Ceccantini 2018), develops from the embryo root apex 

soon after germination (Kuijt 1969). This haustorium type has evolved during 

multiple and recent events, which have occurred from the Eocene to the Miocene 

(Fu et al. 2017; Liu et al. 2018), but solely among the Santalales (Fig. 3) (Teixeira-

Costa et al., submitted – Chapter I) and the Orobanchaceae (Fig. 4) (Mcneal et al. 

2013; Joel et al. 2013; Fu et al. 2017). Being more diverse than the latter, the first 

is the only clade to include stem parasites with this haustorium type5 (Nauman et 

al. 2013; Těšitel 2016). In addition, at least two Balanophoraceae (Santalales) 

species (Balanophora abbreviata and Dactylanthus taylorii) do form terminal 

haustoria (Arekal & Shivamurthy 1976; Shivamurthy et al. 1981; Holzapfel 2001), 

but their relation to the other Santalalean clades, as well as within the family 

remain somewhat doubtful (Su et al. 2015). The sole divergence time estimation 

to have been provided for the family situates their origin around 72 m.y.a., what 

would be prior to the emergence of any mistletoe clade (Harris & Davies 2016). 

Still, at all times, parasites with terminal haustoria would have evolved from 

ancestors with terminal haustoria. 

Considering the developmental origin of each haustoria, the rise of the 

terminal type indicates a severe alteration on the parasitic modus operandi, from 

seeking and connecting to a host after a period of initial growth, to requiring the 

presence of a suitable host for successful establishment. This alteration would be 

expected to be correlated with a reduction in seed size and nutrient storage, 

which is indeed observed when comparing holo- and hemi- parasitic 

Orobanchaceae, the former developing a terminal haustorium, and the latter, the 

lateral type (Joel et al. 2013). The evolution of a terminal haustorium would then 

imply a "deeper commitment" to the parasitic life form, as the embryo root apex 

would lose its elongation and differentiation ability once the terminal haustorium 

becomes completely formed. No reversion from terminal to lateral haustoria is 

                                                           
5 Please refer to the Chapter I in the present thesis for a detailed analysis of mistletoes’ evolution and their 

varied haustorium morphogenesis. 
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observed, neither among the Santalales (Fig. 3), nor among the Orobanchaceae 

(Fig.4). Based on these observations, we believe Cynomorium coccineum 

(Cynomoriaceae) does not bear a terminal haustorium, as hypothesized by Heide-

Jørgensen (2008), but rather lateral haustoria. Information on this species 

germination and connection to the host seem to not be available in the literature 

(Heide-Jørgensen 2008). 

It is important to highlight that four parasitic plant lineages were not 

included in the above-discussion on lateral and terminal haustoria: Rafflesiaceae 

(Malpighiales), Apodanthaceae (Curcubitales), Cytinaceae (Malvales), and 

Mitrastemonaceae (Ericales) – all endophytic parasites. Species in these parasitic 

families are known to colonize the host, spreading within its stems and/or roots, 

only appearing outside during their reproductive phase, when flower buds break 

through the host bark (Kuijt 1969). All species displaying this lifeform have a 

reduced host range, being mostly parasitic on a single specific genus (De Vega et 

al. 2007; Pelser et al. 2016). Their cryptic lifeform, although intriguing, often 

hampers the understanding of these plants’ natural history. Indeed, germination 

and initial establishment of parasite-host contact have not been disclosed in 

detail for any of these plants (Heide-Jørgensen 2008). Therefore, it is currently 

unknown whether this endoparasites firstly contact their hosts by means of a 

lateral, or terminal haustoria. 

In addition, with the exception of Rafflesiaceae, endophytic parasite 

families are still unplaced within the phylogeny of the orders in which there are 

placed (Stevens 2001 onwards). Nevertheless, broad divergence time studies 

have provided estimations for all four clades, which are remarkably close in time 

when compared to the age estimates reported for their respective hosts clades 

(Table 3). This unprecedented compilation of data allows the proposition of three 

interesting hypothesis: a) in the past, these lineages could have included 

autotrophic species, currently extinct, but from which today’s endoparasites 

could have slowly diverged; b) endophytic parasites could have quickly evolved 

from their autotrophic sister-clades, considering increased rates of molecular 

evolution across all genomes are a general feature of parasitic plants (Bromham 

et al. 2013); c) endoparasitic species could have arisen before their current host 

species, initially infesting other plants, later shifting to today’s preferred hosts, 

similar to what has been documented for some Orobanchaceae species (Bruce & 

Gressel 2013). Further studies on parasitic plant host-specificity and life cycle will 

be carried out in the near future to help elucidate among these proposed 

hypotheses.  
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Comparing the establishment of host-parasite connections among all parasitic 

plant clades 

 Regardless of the developed haustorium type, either lateral or terminal, 

this organ was observed to carry out the same functions in all parasitic plants. 

Once initiated and initially developed in the parasite mother root or stem, the 

haustorium enters the adhesive phase, during which the parasite first forms a 

structure that helps adhering to the host surface (Heide-Jørgensen 2008). After 

this superficial contact is established, the intrusive phase begins during which the 

young haustorium invades host tissues, later progressing to the conductive 

phase, when the mature organ serves as a two-way structural and physiological 

bridge that allows exchange of a variety of substances between the two partners 

(Ihl et al. 1984; Marcone et al. 1998; Tomilov et al. 2008; Mutuku et al. 2015; 

Davis et al. 2015; Heide-Jorgensen 2008; Joel 2013). In this section we compare 

and discuss haustorium-genesis among all parasitic plant clades from the 

adhesive to the conductive phases. Early development and initiation of this organ 

has not been approached due to lack of information regarding several lineages 

(Heide-Jorgensen 2008). 

Penetration of host surface was similar in all of the analyzed clades, with 

variations mostly related to the parasitized organ and/or species. Most root 

parasites developed attaching folds, which aided in the mechanical penetration 

of the host root by partially, or completely encircling it (Pitra 1861; Kusano 1902; 

MacDougal & Cannon 1910; Herbert 1915; Rao 1942; Piehl 1963; Kuijt 1965, 

1966; Menzies & McKee 1959; Werth et al. 1979; Baird & Riopel 1985b; Pate et 

al. 1990; Calladine & Pate 2000; Tennakoon et al. 2007). Another type of tissue 

projection observed to carry out the same function occurs in both 

Orobanchaceae and Balanophoraceae. Regarding the latter, Balanophora 

abbreviata was observed to form hair-like tubules projected from the seed 

endosperm (Arekal & Shivamurthy 1976; Shivamurthy et al. 1981). On the other 

hand, hair-like projections of Dactylanthus taylorii were reported to emerge 

directly from the radicle of the germinated seed (Holzapfel 2001). Considering 

recent phylogenetic analyses that have reconstructed this family as a polyphyletic 

grouping (Fig. 2) (Su et al. 2015), variations in the developmental origin of the 

hair-like attaching-aid structures in the abovementioned species could be due to 

differences in the evolutionary history of each “Balanophoraceae” clade. 
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Among the Orobanchaceae, several species are known to form haustorial 

hairs, a structure that performs the same function (Musselman 1975; Baird & 

Riopel 1983, 1984, 1985a), , similar to what has been shown for Dactylanthus 

taylorri (Holzapfel 2001). This structure is considered to have evolved from root 

hairs used for uptake of water from the soil, which are indeed present in a few 

Orobanchaceae species, allowing for facultative host dependence (Joel et al. 

2013). Although not observed in natural environments, this character state was 

detected to be phylogenetically wide spread in the family, present in at least a 

few species of each clades, except for Orobancheae (Fig. 5). The prevalence of 

this facultative behavior could be related to the recent diversification of the 

Orobanchaceae crown-group from its non-parasitic ancestor (Fig. 5), ca. 32.5 

million years ago (Fu et al. 2017). Specialized absorptive cell types were also 

reported to be present during the early primary growth of a few other root 

parasites, such as Exocarpus bidwillii (Santalaceae) (Fineran 1963). However, it is 

currently unknown whether these parasites’ roots are capable of regular 

functioning to obtain water from the soil (Kuijt & Hansen 2015).  

In aerial parasites, including mistletoes (Santalales), Cuscuta spp. 

(Convolvulaceae) and Cassytha spp. (Lauraceae), gripping to the host organ is 

provided by the adhesive disk, a flattened apical area of the initiating haustorium 

which secretes adhesive substances and promotes attachment to the host stem 

(Cartellieri 1928; Heide-Jørgensen 1991, 2008) . In addition to the adhesive disk, 

mistletoes also form a holdfast, a larger type of tissue projections that aid in 

mechanical penetration of the parasite trough the host cells of the often thick 

and more resistant parasitized branches (Dobbins & Kuijt 1974). Therefore, the 

developing haustorium of species in all analyzed parasitic clades initially responds 

to the detection of a possible host stem/root by enlarging the contact surface 

with it, forming either attaching folds, multiple hair-like structures, or a flattened 

disk. Seed germination and early haustorium development has not been detailed 

for Cynomoriaceae, Mitrastamonaceae, Rafflesiacae, Apodanthaceae and 

Cytinaceae species (Kuijt 1969; Heide-Jørgensen 2008). 

Once dermal tissue system of the host is breached, penetration amongst 

host cells continues until vascular system is reached. For species in the majority 

of parasitic plant lineages, contact with host xylem is readily achieved (Fig. 6A – 

C), providing nutrient exchange between host and parasite even before the 

complete differentiation of tracheary elements by the latter (Heide-Jørgensen 

2008). The exception to the quick establishment of the host-parasite xylem bridge 

makes the case of endoparasites, i.e., those within Rafflesiaceae, Cytinaceae, 
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Apodanthaceae and Mitrastemonaceae. Species of these families are initially 

distributed mostly amongst host phloem cells (Fig. 6D – F) (Teixeira-Costa et al. 

in prep.; Chapter II) and are hypothesized to remain incubated for several years 

before forming flower buds and connecting to the host xylem (Heinricher 1917; 

Watanabe 1933, 1934). Such an extreme lifeform, in which the vegetative body 

of the parasite is reduced to its endophytic tissue during most of its life cycle, has 

evolved several times within the Angiosperms (Barkman et al. 2007; Naumann et 

al. 2013), appearing not only in the four families abovementioned, but also in 

multiple recent divergences (< 40 million years) within the Santalalean mistletoes 

(Těšitel 2016; Liu et al. 2018; Maul et al. 2018).  

Endoparasitic mistletoes in the Visceae tribe (Santalaceae) include a few 

Arceuthobium species (Hawksworth & Wiens 1996) and Viscum minimum (Kuijt 

1986; Mauseth & Rezaei 2013), while among the Loranthaceae this classification 

is currently applied for Tristerix aphyllus alone (Kuijt 1988). By analyzing the 

evolutionary development of the endophytic tissues of these particular species 

and their sister taxa, Teixeira-Costa et al. (submitted) have noticed that evolution 

of endoparasitism among the Santalales is closely related with two processes of 

specialization in different scales. At the ecological level, these species have a 

narrow host range when compared to their sister taxa, only parasitizing a 

restricted group of host plants. At the structural level, specialization of the 

endophytic tissue system to eventually regain meristematic potential to 

differentiate new shot apexes. Similar to the other endoparasites, these 

mistletoes show the same pattern of delayed formation of xylem connections 

with their hosts (Mauseth et al. 1984; Kuijt 1986; Mauseth 1990; Lye 2006; 

Mauseth & Rezaei 2013). It is also noteworthy that, although other Visceae 

mistletoes can stay dormant within the host tissues during initial unfavorable 

humidity conditions (Hawksworth and Wiens 1996), early contact with the host 

xylem still takes place (Lichter & Berry 1991; Dawson et al. 1990). 

A final remark on the evolution of endoparasitism is that, despite the 

general morpho-functional similarities discussed in the last paragraph, critical 

differences regarding early stages of these plants’ life history may represent a 

separation of endophytic parasites in two groups. Based on anecdotal indications 

by Heinricher (1917), Cytinus hypocistis (Cytinaceae) would penetrate host roots 

without forming a seedling. On the other hand, all endophytic mistletoes form 

short-lived seedlings, which are capable of an inconspicuous production of 

photoassimilates (Heide-Jørgensen 2008). Therefore, whether photosynthetic 

activity and brief exophytic vegetative body represent a consequence of recent 
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phylogenetic diversion, or actually a different evolutionary history of the 

endophytic lifeform remains to be tested. 

Progressing with the comparative developmental analysis of host-parasite 

connections, when host xylem is reached, either sooner or later, approaching of 

host vessels/tracheids is generally agreed to occur by intrusive growth of the 

endophyte through the host cells (Heide-Jørgensen 2008). In addition, invasions 

of host vessels can be observed in a variety of species, including mistletoes (Fig. 

7A), endoparasites (Fig. 7B), and root parasites (Dorr 1997). Despite the 

predominance of parenchyma cells at the host-parasite interface reported for 

many species (Fig. 7C) (Cameron & Seel 2007), the xylem bridge formed by all 

analyzed species was observed to include direct connections between tracheary 

elements of the host and those of the parasite (Fig. 7D – F). Cases in which host 

vessels/tracheids were abutted only by parasitic parenchyma cells that did not 

differentiate into tracheary elements during further ontogenetic stages, i.e., 

exclusively indirect xylem connections, were solely detected for the mistletoe 

Struthanthus flexicaulis (Lorathaceae) infesting either Podocarpus lambertii 

(Podocarpaceae) (Fig. 7G), or Drimys winterii (Winteraceae) (Fig. 7H). 

Arceuthobium species, which connect to their conifer hosts by means of tracheary 

pits (Fig. 7I) are estimated to have diverged ca. 108 – 81 million years ago 

(Magallón et al. 2015; Maul et al. 2018). On the other hand, Struthanthus species, 

which have diverged ca. 18 – 4 million years ago (Liu et al. 2018), could still be 

adapting to the infestation of conifers. µ 

 In addition to xylem bridge formation, a restricted number of parasites 

were also detected to form direct phloem connections with their hosts. Grafting 

of the host phloem tissue would be expected in species classified as holoparasitic, 

that is, parasites that have lost all, or most of their photosynthetic activity 

(Yoshida et al. 2016; Kokla & Melnyk 2018). This functional loss regarding carbon 

production capacity, and the consequent complete dependence on host 

photoassimilates, is present in nearly all parasitic plant lineages (Westwood et al. 

2010). Krameriaceae and Cassytha are the only two groups exclusively composed 

of photosynthetically capable species (Těšitel 2016). However, direct phloem 

connections, i.e., when parasitic sieve cell straightly abutted the sieve cells of the 

host (Teixeira-Costa & Ceccantini 2018), were only detected in Rafflesiaceae, 

Apodanthaceae, Cuscuta, and in a few Orobanchaceae species. Within the latter, 

holoparasitism has appeared three times, having diverged twice during the 

Miocene and once during the Pliocene (Fu et al. 2017). Among these three 

groups, the presence of direct host-parasite phloem connections was restricted 
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to the earliest diverging one, Orobancheae, in which it was reconstructed to be 

the plesiomorphic state. This clade includes some of the most severe parasitic 

weeds, commonly known as broomrapes, which attack a wide range of crop 

species of economic interest (Joel et al. 2013). Considering crop species 

domestication has been initiated only recently, ca. 5 to 10 thousand years ago 

(Munkacsi et al. 2007), these species became later adapted to infest this type of 

hosts. Probably, after crop domestication, broomrapes and witchweeds 

accelerated their evolution rate due to the huge diversity of available hosts. 

 

Is it a root? It is a stem? It’s the haustorium!6 But it may depend on which one – 

hypotheses on the evolutionary origin of the haustorium 

The section on the evolution of terminal and lateral haustoria discussed 

the developmental origins of each type of host-parasite connection organ, 

highlighting the former as originating from modified embryo root apex (Kuijt 

1969; Heide-Jørgensen 2008). The latter is reported to have an exogenous origin, 

being generated from cortical cells of either the mother- root or shoot (Pitra 

1861; Kusano 1902; Herbert 1915; Rao 1942; Menzies & McKee 1959; Kuijt 1966, 

1967; Musselman 1975; Werth et al. 1979; Lee & Lee 1989; Pate et al. 1990; 

Heide-Jørgensen 1991; Calladine & Pate 2000; Tennakoon et al. 2007). Compared 

to other plant organs, such an exogenous origin is common for bud formation, 

developing either from pre-existing shoots or roots (Esau 1965). This 

developmental argument, in conjunction with the peculiar anatomy of the 

haustorium, have been used to interpret this organ as sui generis, a hypothesis 

strongly denied by Kuijt (1969), who claims the haustorium to “represent a root 

in function and evolutionary origin”. Although, in seldom cases, adventitious 

roots may also form exogenously (Haissig 1974), which could support the 

modified root hypothesis in Cuscuta and Cassytha spp., lateral root formation, i.e. 

root branching, has only been showed to form endogenously among 

Angiosperms. Taking into account the evolutionary origins of the terminal 

haustorium, in addition to its ontogenesis, we hypothesize lateral and terminal 

haustoria to be two convergent, but different organs, similar to the multiple types 

of tendrils, which are ontogenetically distinct, but functionally similar (Sousa-

Baena et al. 2018). 

                                                           
6 A reference to the opening lines of the popular TV series called The Adventures of Superman, originally 

aired in the 1950s. 
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Conclusions 

 The haustorial system is a complex organ exclusively formed by parasitic 

plants, which have evolved 12 times independently within different Angiosperm 

clades (Barkman et al. 2007; Naumann et al. 2013). An array of convergent 

functions is carried out by this structure in all parasite species, including host 

tissue penetration, establishment of host-parasite communication, and exchange 

of substances between the two plants (Heide-Jørgensen 2008; Joel et al. 2013). 

We have observed a general developmental sequence to also be common in all 

haustoria. In all analyzed parasitic clades, direct host-parasite xylary connections 

were formed; on the other hand, phloem connections were detected in species 

of four clades only. The formation of particular structures and cell types seem to 

be a function of which host organ is infested, and desertion of regular 

photosynthetic activity. Compared with other plant organs, terminal haustoria 

indeed seems to be a modified root, while lateral haustoria could be interpreted 

as either a modified stem, or as a unique, sui generis organ – a neoformation. 

Despite this variation in evolutionary-ontogenetic origin, general morphogenesis, 

anatomy and function remain quite similar in these two haustorium types (i.e., 

lateral and terminal). Altogether, our results indicate the existence of very 

conservative mechanisms for haustorium formation throughout all of its 

diversity.  
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Table 1: Sampling efforts and donated parasitic species. 

 

 

 

 

Parasitic plant linage Species 
Voucher 
numbers 

Sampling location 

Apodanthaceae 
Pilostyles blanchetii 

(Gardner) R. Br. 
GC3457 

Serra do Cipó, Minas Gerais 
state, Brazil 

Cassytha (Lauraceae) Cassytha filiformis L. GC3516 
Serra do Cipó, Minas Gerais 

state, Brazil 

Cuscuta 
(Convolvulaceae) 

Cuscuta sp. GC3514 
Serra do Cipó, Minas Gerais 

state, Brazil 

Cytinaceae 
Bdallophytum americanum 

(R. Br.) Eichler ex Solms 
LTC318 

Sierra de Huautla, Morelos 
state, Mexico 

Hydnoroideae 
(Aristolochiaceae) 

Prosopanche caatingicola 
Machado & L.P. Queiroz 

- São Gabriel, Bahia state, Brazil 

Lenoaceae 
Lennoa madreporoides 

 Lex. 
LTC316 

Cuernavaca, Morelos state, 
Mexico 

Mitrastemonaceae 
Mitrastemon matudae 

Yamam. 
LTC324 

Cerro de Tres Picos, Chiapas 
state, Mexico 

Orobanchaceae 

Agalinis sp. - 
University of São Paulo, Escola 
Superior de Agricultura “Luiz 

de Queiroz” 

Castilleja mexicana 
(Hemsl.) A. Gray 

LTC309 
Sierra Fría, Aguascalientes 

state, Mexico 

Conopholis americana 
(L.) Wallr. 

LTC311 
Sierra Fría, Aguascalientes 

state, Mexico 

Buchnera sp. LTC313 
Laguna Seca, Aguascalientes 

state, Mexico 

Lamourouxia rhinanthifolia 
Kunth 

LTC306 
Sierra Fría, Aguascalientes 

state, Mexico 

Rafflesiaceae 

Rafflesia cantleyi 
Solms 

- 
Harvard University Herbaria, 

spirit collection 

Rhizanthes lowii 
(Becc.) Harms   

- 
Harvard University Herbaria, 

spirit collection 

Sapria himalayana 
Griff. 

- 
Harvard University Herbaria, 

spirit collection 

Santalales 
(“Balanophoraceae”) 

Helosis cayanensis 
(Sw.) Spreng. 

LTC237 
São Francisco Xavier, São Paulo 

state, Brazil 

Langsdorffia hypogaea 
Mart. 

LTC234 
Itatiaia National Park, Rio de 

Janeiro state, Brasil 

Scybalium fungiforme 
Schott & Endl. 

GC3550 
Sítio Sete Quedas, São Paulo 

state, Brazil 
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Table 1 (cont.): Sampling efforts and donated parasitic species. 

Santalales 
(Loranthaceae) 

Cladocolea alternifolia 
(Eichler) Kuijt 

LTC233 
Itatiaia National Park, Rio de 

Janeiro state, Brasil 

Cladocolea coyucae  
Kuijt 

LTC323 
Sierra de Huautla, Morelos 

state, Mexico 

Loranthus europaeus  
Jacq. 

 Austria 

Psittacanthus robustus 
(Mart.) Mart 

GC3519 
Serra do Cipó, Minas Gerais 

state, Brazil 

Struthanthus flexicaulis 
(Mart. ex Schult. f.) Mart. 

GC3509 
University of São Paulo, São 

Paulo state, Brazil 

Struthanthus martianus 
Dettke & Waechter 

LTC138 
University of São Paulo, São 

Paulo state, Brazil 

Tripodanthus acutifolius 
(Ruiz & Pav.) Tiegh. 

GC3836 
Serra da Bocaina, Rio de 

Janeiro state, Brazil 

Santalales  
(Santalaceae; Santaleae) 

Eubrachion ambiguum 
(Hook. & Arn.) Engl. 

 
Serra da Mantiqueira, Rio de 

Janeiro state, Brazil 

Santalales  
(Santalaceae; Visceae) 

Arceuthobium americanum 
Nutt. ex Engelm. 

GC4277 
Crater Lake, Oregon state, 
United States of America 

Arceuthobium pusillum  
Peck 

GC4278b 
Crater Lake, Oregon state, 
United States of America 

Arceuthobium tsugense 
(Rosend.) G.N. Jones 

GC4274a 
Crater Lake, Oregon state, 
United States of America 

Phoradendron affine 
(Pohl ex DC.) Engl. & K. 

Krause 
LTC121 

University of São Paulo, São 
Paulo state, Brazil 

Phoradendron 
bathyoryctum Eichler 

LTC120 
University of São Paulo, São 

Paulo state, Brazil 

Phoradendron juniperinum 
Engelm. ex A. Gray 

LTC312 
Laguna Seca, Aguascalientes 

state, Mexico 

Phoradendron perrottetii 
(DC.) Eichler 

GC4208 
Serra do Cipó, Minas Gerais 

state, Brazil 

Phoradendron villosum 
(Nutt.) Nutt. ex Engelm. 

LTC310 
Sierra Fría, Aguascalientes 

state, Mexico 

Viscum album L. LTC225 Bois de Vincenne, Paris, France 

 

 

 

 

 

 

 

 



 
153 

Table 3: Diversification times of the four parasitic plant families exclusively composed of 

endophytic species, and their respective host lineages. Ages in bold indicate hypothesis in 

which host lineages would have diverged before of the respective parasitic plants. 

Diversification times of endophytic 
parasites 

Diversification times of exclusive host 
lineages 

Mitrastemonaceae Fagaceae (several genera) 

78.36 m.y.a. (Naumann et al. 2013) 
37 – 34 m.y.a. (Wikstrom et al. 2001) 

77 – 67 m.y.a. (Cook & Crisp 2005) 

101.48 m.y.a. (Harris & Davies 2016) 

45 – 31 m.y.a. (Bell et al. 2010) 

103.6 – 84.7 m.y.a. (Sauquet et al. 2012) 

97.9 m.y.a. (Magallón et al. 2015) 
 80.68 m.y.a. (Harris & Davies 2016) 

Cytinaceae Bursera spp. (Burseraceae) 

72.11 m.y.a. (Naumann et al. 2013) 

60 m.y.a. (Weeks et al. 2005) 
64.9 m.y.a. (De-nova et al. 2012) 

91 m.y.a. (Weeks et al. 2014) 
51.6 m.y.a. (Magallón et al. 2015) 
58.8 m.y.a. (Harris & Davies 2016) 

56.6 m.y.a. (Harris & Davies 2016) 

Cistus spp. (Cistaceae) 

14.2 m.y.a. (Guzmán & Vargas 2009) 

35.6 m.y.a. (Magallón et al. 2015) 

55.24 m.y.a. (Harris & Davies 2016) 

22.6 m.y.a. (Aparicio et al. 2017) 

Rafflesiaceae Tetrastigma spp. (Vitaceae) 
95.9 – 69.5 m.y.a. (Bendiksby et al. 2010) 91 m.y.a. (Wen et al. 2013) 

65.29 m.y.a. (Naumann et al. 2013) 122.4 m.y.a. (Magallón et al. 2015) 
84.33 m.y.a. (Harris & Davies 2016) 123.6 m.y.a. (Harris & Davies 2016) 

85 m.y.a. (Zeng et al. 2017) 66 m.y.a. (Zeng et al. 2017) 
 79 m.y.a. (Hearn et al. 2018) 

Apodanthaceae Casearia and Xylosma spp. (Salicaceae) 

75.13 m.y.a. (Naumann et al. 2013) 

47 – 40 m.y.a. (Wikstrom et al. 2001) 
63 – 61 m.y.a. (Bell et al. 2010) 

79.2 m.y.a. (Xi et al. 2012) 
74.1 m.y.a. (Magallón et al. 2015) 

77 – 25 m.y.a. (Bellot & Renner 2014) 

55.6 m.y.a. (Harris & Davies 2016) 

Fabaceae (several genera) 
68 m.y.a. (Wikstrom et al. 2001) 

59 m.y.a. (Lavin et al. 2005) 
80.6 – 56.8 m.y.a. (Pfeil & Crisp 2008) 

60.26 m.y.a. (Harris & Davies 2016) 

63 – 61 m.y.a. (Bell et al. 2010) 
92.1 m.y.a. (Magallón et al. 2015) 
92.9 m.y.a. (Hohmann et al. 2015) 
64.6 m.y.a. (Harris & Davies 2016) 

60 m.y.a. (Zeng et al. 2017) 
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Figure 2: Santalales phylogeny indicating multiple evolutions of the parasitic life form 

within the order. Topology recovered from data published by Su et al. (2015). 
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Figure 3: Santalales phylogeny showing multiple evolutions of terminal haustorium 

within the order. Topology recovered from data published by Su et al. (2015). 
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Figure 4: Orobanchaceae phylogeny (based on Fu et al. 2017 and McNeal et al. 2013) 

showing multiple evolutions of terminal haustorium. 
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Figure 5: Orobanchaceae phylogeny (based on Fu et al. 2017 and McNeal et al. 2013) 

showing multiple evolutions of facultative parasitic behaviour. 
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Figure 7: Different forms of host-parasite xylem connection. A – B: sinker (black brace and black 

arrow) of the parasitic endophyte (Pe) penetrating through the host ray and invading vessel 

elements (detail and white arrows) in the host wood (Hw); C: parasitic endophyte (Pe) with 

parenchyma cells and few direct xylary connections (dashed rectangle); D – F: direct host-

parasite xylary connections (dashed rectangles) connecting the parasite (P; parasitic sinker [Ps]) 

to the host wood (Hw); G – H: parasitic sinker (Ps) composed of parenchyma cells only, part of 

the parasitic endophyte (Pe) of S. flexicaulis when infesting conifer host wood (Hw) forming 

secondary plasmodesma with host tracheids (Ht); I: pit connections between Arceuthobium 

sp.vessel elements (dashed rectangle) in the parasitic sinker (Ps) connecting to the host wood 

(Hw).  
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                                                     General Conclusions 

 

Chapter 1 

❖  Change from root to aerial parasitism in the Santalales could have 

been facilitated by a common background for haustorium 

development shared by root parasites and epicortical root-forming 

mistletoes; 

❖  Drier climates may have acted as a driver for the expansion and 

specialization of mistletoe’s endophytic tissues; 

❖  The development of cortical strands would have also promoted host 

tissue proliferation, leading to the formation of convergent 

haustorium types known as woody galls and woodrose formations. 

 

Chapter 2 

❖  Despite their reduced body size and endophytic system initially 

composed of parenchyma cells only, endoparasitic species of the 

Apodanthaceae, Cytinaceae, Mitrastemonaceae and Rafflesiaceae 

differentiate conductive phloem and/or xylem cells; 

❖  Different strategies for the establishment of host-parasite 

connections are probably related to flower size; 

❖  The hypothesis of parasitic plant control over host cambium 

differentiation is a likely explanation for the alterations observed in 

host xylem and phloem anatomy. 

 

Chapter 3 

❖  The haustorium of parasitic plants should be understood as a 

complete organ, such as a root or a stem, which is composed of 

different tissues and cell types; 

❖ The equalization of the haustorium with one of its parts could lead to 

misunderstandings of the very parasitic nature of some species and 

lineages of parasitic plants. 
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Chapter 4 

❖  General developmental sequence is common in all haustoria, despite 

their varied ontogenetic origin – lateral vs. terminal haustoria; 

❖  Direct host-parasite xylary connections are formed by species in all 

parasitic clades; while phloem connections are detected only in four 

clades; 

❖ Compared with other plant organs, terminal haustoria indeed seems 

to be a modified root, while lateral haustoria could be interpreted as 

either a modified stem, or as a unique organ, a neoformation.  
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                                                                      Afterword 

 

 The study of parasitic plant diversity may seem a modest curiosity 

within the wide spectrum of Plant Biology. Correlated sciences, such as 

Agronomy and Forestry, have dedicated several pieces to the analysis of a 

fraction of this dazzling diversity, often concentrating on species that cause 

any form of negative economic impacts. Ethnobotanical studies have 

analyzed a larger variety of parasites, frequently used ad traditional 

medicine for several peoples. Plant morphologists and anatomist have 

analyzed an even wider array of parasitic plants, especially focusing on the 

haustorium structure and development. 

In this context, continued morpho-anatomical studies of these plants, 

even as updates using modern approaches and techniques, may go 

unnoticed by specialists in other areas of general Botany. However, due to 

the peculiarity and never-tiring adaptations of plant species to the parasitic 

life form, the study of haustorium structure, development, function and 

evolution heavely draw on the growth body of knowledge concerning other 

plant groups. Therefore, to study the biology of parasitic plants is to 

constantly engage in the greater goal of understanding the evolution and 

everyday aclimatations of plants. 

In order to do so, we must “stand in the shoulders of the giants” who 

have been contributing for so long to the comprehension of the puzzling 

structure of these plants. Careful and updated analyses of parasitic plant 

morpho-anatomy can still unrevail misteries about the evolution of these 

plants. 

 

 

 

 

 




