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Plant parasitism has evolved 12 times within flowering plants 
(Nickrent, 2020). This phylogenetic diversity is accompanied by a 
wide variety of habits, geographical distribution, host preferences, 
morphologies, and developmental patterns (Kuijt, 1969; Heide- 
Jørgensen, 2008). A broad spectrum of photosynthetic capabilities 
is also represented among these plants, ranging from species fully 
capable of photosynthesis, to those that are achlorophyllous during 
all or most of their life cycle, thus rendering them entirely reliant 
on host resources (Bromham et al., 2013). A subset of plants in the 
latter category exhibits a particularly extreme degree of reduction: 
their vegetative body is reduced to mycelium- like filaments of 

parenchyma cells embedded within their host tissues. In these cases, 
the parasite only becomes visible during reproduction when the 
flower/inflorescence temporarily emerges from its host (Mauseth, 
1990; Meijer and Veldkamp, 1993; Nikolov et al., 2014b). Due to 
this extremely reduced growth form, restricted to life inside its host, 
these plants are commonly referred to as endoparasites.

This highly modified and cryptic growth habit has been best de-
scribed in detail from a small number of mistletoe species (Těšitel, 
2016). Mistletoes are widely distributed parasitic plants known as 
keystone species in both natural and human- altered ecosystems 
(Watson, 2009; Kuijt, 2015; Griebel et al., 2017). They belong to three 
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PREMISE: A subset of parasitic plants bear extremely reduced features and grow nearly 
entirely within their hosts. Until recently, most of these endoparasites were thought 
to represent a single clade united by their reduced morphology. Current phylogenetic 
understanding contradicts this assumption and indicates these plants represent distantly 
related clades, thus offering an opportunity to examine convergence among plants with 
this life history.

METHODS: We sampled species from Apodanthaceae, Cytinaceae, Mitrastemonaceae, 
and Rafflesiaceae spanning a range of developmental stages. To provide a broader 
comparative framework, Santalaceae mistletoes with a similar lifestyle were also analyzed. 
Microtomography and microscopy were used to analyze growth patterns and the 
ontogeny of host– parasite vascular connections.

RESULTS: Apodanthaceae, Cytinaceae, Mitrastemonaceae, and Rafflesiaceae species 
demonstrated a common development characterized by late cell differentiation. These 
species were also observed to form direct connections to host vessels and to cause severe 
alterations of host xylem development. Apodanthaceae and Rafflesiaceae species were 
additionally observed to form sieve elements, which connect with the host phloem. 
Endophytic Santalaceae species demonstrated a dramatically different developmental 
pattern, featuring early cell differentiation and tissue organization, and little effect on host 
anatomy and cambial activity.

CONCLUSIONS: Our results illuminate two distinct developmental trajectories in 
endoparasites. One involves the retention of embryonic characteristics and late 
connection with host vessels, as demonstrated in species of Apodanthaceae, Cytinaceae, 
Mitrastemonaceae, and Rafflesiaceae. The second involves tissue specialization and early 
connection with host xylem, as exemplified by Santalaceae species. These differences are 
hypothesized to be related to the absence/presence of photosynthesis in these plants.
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families within the order Santalales and germinate directly upon 
the stems and branches of their hosts (Aukema, 2003; Vidal- Russell 
and Nickrent, 2008; APG, 2016). In species such as Arceuthobium 
pusillum (Santalaceae), Tristerix aphyllus (Loranthaceae), and 
Viscum minimum (Santalaceae), abortion of aerial organs is ob-
served soon after germination and further development is restricted 
to the embryo root pole, which matures into a profuse endophytic 
tissue system (Thoday and Johnson, 1930; Mauseth et al., 1985; 
Kuijt, 1986). Owing to their negative economic impact on timber 
production (in the case of Arceuthobium spp.; Hawksworth, 1983) 
and the relative ease in cultivating these species ex situ, the germi-
nation and ontogeny of these mistletoes have been the subject of 
numerous detailed analyses (Thoday and Johnson, 1930; Cohen, 
1954; Mauseth et al., 1985; Lye, 2006; Mauseth and Rezaei, 2013). 
Importantly, this literature has formed the primary basis of our un-
derstanding of the endophytic lifestyle in plants (Heide- Jørgensen, 
2008; Twyford, 2017). In contrast, the bulk of endoparasite diversity 
remains poorly investigated.

These frequently overlooked endoparasite species represent 
four plant families: Apodanthaceae, Cytinaceae, Mitrastemonaceae, 
and Rafflesiaceae. Together, these clades include 50 species, all of 
which are endoparasites (Nickrent, 2020). Among these families, 
Apodanthaceae includes two genera, Apodanthes and Pilostyles 
(10 species), which colonize the stems of Fabaceae and Salicaceae 
(Bellot and Renner, 2014). Cytinaceae also includes two gen-
era, Bdallophytum and Cytinus (12 species), which parasit-
ize mostly Burseraceae and Cistaceae, respectively (Visser, 1981; 
Burgoyne, 2006; Alvarado- Cárdenas, 2009; de Vega et al., 2009). 
Mitrastemonaceae includes only the genus Mitrastemon (2 spe-
cies), which is parasitic in the roots of Fagaceae trees (Makino, 
1909; Yamamoto, 1936). Finally, Rafflesiaceae includes three genera, 
Rafflesia, Rhizanthes, and Sapria (36 species), which are well known 
for their massive flowers that bloom on Tetrastigma host vines 
(Vitaceae) (Nikolov et al., 2014b). In addition to the cryptic nature 
of these species, they often occur in fragmented populations with a 
disjunct geographical distribution, which adds to the difficulties in 
sampling these endoparasites across comprehensive developmental 
stages. In fact, these features, together with aspects of floral mor-
phology and ovule and seed structure have previously been used 
to circumscribe these species into a single family, Rafflesiaceae 
(Bouman and Meijer, 1994; Takhtajan, 1997). This grouping was 
later segregated into four families, which were until relatively re-
cently maintained in a single order, Rafflesiales (Nickrent, 2002).

Our traditional understanding of the phylogenetic affinities and 
circumscription of Rafflesiaceae/Rafflesiales has changed dramat-
ically in the past decade. With the advent of large- scale molecular 
sequencing, it has been revealed that Rafflesiales as traditionally 
circumscribed are polyphyletic, with its former members dispersed 
broadly across numerous flowering plant orders (Nickrent et al., 
2004; Filipowicz and Renner, 2010). Large- flowered Rafflesiaceae 
have been shown to group with Euphorbiaceae, within Malpighiales 
(Davis et al., 2007). Cytinaceae have been placed within Malvales, as 
sister to Muntingiaceae (Nickrent, 2007). Mitrastemonaceae, once 
confidently placed within Ericales (Barkman et al., 2004, 2007), has 
been tentatively placed as sister to Lecythidaceae (Rose et al., 2018). 
And Apodanthaceae are placed within Curcubitales (Filipowicz 
and Renner, 2010). This greatly revised phylogenetic understand-
ing of these four main subclades of endoparasites clarifies that this 
lifestyle has evolved multiple times and suggests that features of 
this life mode arose convergently rather than by common ancestry 

as previously hypothesized (Barkman et al., 2004; Nickrent et al., 
2004).

In light of this new phylogenetic understanding, a revised assess-
ment of endoparasitism in angiosperms is warranted and is the goal 
of our study. Here, we focus our attention on a detailed compara-
tive analysis of development in each of the four families previously 
grouped as Rafflesiales. Our analysis will help illuminate the cryptic 
nature of how parasitic plants interact with their hosts. Moreover, 
we compare the development of species in these four understud-
ied families to well- known endophytic mistletoes species belonging 
to Santalales: Arceuthobium douglasii and Viscum minimum. This 
comparative context will enable important advancements in our 
understanding of the parasitic life form among plants.

MATERIALS AND METHODS

Plant material and sampling

We analyzed six species representing the four clades that are ex-
clusively composed of endoparasites: Apodanthaceae, Cytinaceae, 
Mitrastemonaceae, and Rafflesiaceae. During the sampling, 
plant material was selected to represent the developmental progres-
sion of each species. Because germination and initial host penetra-
tion are largely unknown for these plants, our investigation began 
by sampling sections of infested host organs where no signs of the 
parasite were externally visible. Based on previous reports estimat-
ing the extension of the parasitic tissue in each species, host tis-
sue sampled a few centimeters away from the external signs of the 
parasite was a landmark to identify the earliest possible stages of 
endophyte development (Jochems, 1928; Watanabe, 1936; García- 
Franco and Rico- Gray, 1996; García- Franco et al., 1998; Barkman 
et al., 2017).

Due to the cryptic nature of these plants, parasitic flower bud 
size was used as a proxy for the progression of subsequent devel-
opmental stages. Thus, in addition to host stems/roots with no ex-
ternal signs of the parasite, sampled material ranged from sections 
of host roots/stems bearing parasite flower buds of varying sizes, 
to sections in which only the senescent flower (or flower abscis-
sion scar) were present in the host parasitized organ. In all cases, 
fresh field- collected material was preserved in paraformaldehyde- 
glutaraldehyde (Karnovsky’s solution). Rafflesiaceae specimens 
were originally preserved in formalin– acetic acid (FAA).

To provide a broader comparison, two Santalaceae species were 
added to our analyses, representing two of the three genera that 
include endophytic mistletoes. In both analyzed mistletoe species, 
the germinated seed remains visible upon the host branch for ca. 
2 years (Hawksworth and Wiens, 1996), allowing us to easily trace 
the initial stages of developmental in these endophytic mistletoes. 
Inflorescence size and maturation were used as proxies for the de-
velopmental progression of the vegetative body. Figure 1 illustrates 
the morphology and phylogenetic relationships among all analyzed 
species. Table 1 provides a complete list of the analyzed species, 
their respective hosts and infested host organs, as well as sampling 
locations.

Microtomography

To provide an understanding of the parasite’s endophytic extension 
within the host body, we analyzed samples using microtomography at 
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the Center for Nanoscale Systems (Harvard University, Cambridge, 
MA, USA) and at the Microtomography Laboratory (University 
of São Paulo, São Paulo, Brazil) using a Nikon X- Tek HMXST225 
imaging system (Manassas, VA, USA) and a Bruker Skyscan1176 
high performance in vivo scanner (Kontich, Belgium), respectively. 
Following the method proposed by Teixeira- Costa and Ceccantini 
(2016), plant samples were either injected or, in the case of potted 
plants, watered with contrasting solutions to enhance the observa-
tion of parasitic tissues within the host.

For all analyzed species, 0.1% w/v Lugol’s solution was used 
to increase the contrast between host and parasite parenchyma 
and improve endophyte detection in all species. This solution was 

chosen based on reports of histochemical analyses demonstrating 
differences between parasite and host tissues in terms of starch 
storage (Engler and Krause, 1908; do Amaral, 2007; Mauseth and 
Rezaei, 2013; Nikolov et al., 2014b). Additionally, fixed samples 
were also injected with aqueous solutions of heavy metal salts, 
such as 0.2% w/v lead citrate (C6H8O7Pb) and 0.2% w/v lead nitrate 
(PbNO3), to improve the detection of host– parasite xylem connec-
tions. Three- dimensional reconstruction was conducted using CT- 
Pro 3D (version XT 3.1.11, Nikon) and NRecon software (version 
1.0.0, Bruker microCT). Analyses and acquisition of images and 
videos were performed with VG Studio Max (version 3.0, Volume 
Graphics) and CT- Vox software (version 3.3.1, Bruker microCT).

FIGURE 1. Phylogenetic position and general morphology of analyzed species. (A) Pilostyles blanchetii (Apodanthaceae). (B) Rafflesia cantleyi 
(Rafflesiaceae). (C) Rhizanthes lowii (Rafflesiaceae). (D) Sapria himalayana (Rafflesiaceae). (E) Bdallophytum americanum (Cytinaceae). (F) Arceuthobium 
douglasii (Santalaceae). (G) Viscum minimum (Santalaceae). (H) Mitrastemon matudae (Mitrastemonaceae). Tree topology modified from APG IV (APG, 
2016). Names in red indicate orders that include parasitic plants. Names highlighted in purple and green indicate clades that include endoparasites 
and endophytic mistletoes, respectively.
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Histology

Due to the nondestructive nature of tomography scanning, we were 
able to use the same samples for both microtomography and histo-
logical preparations. Segments of parasitized host organs of all 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 
with paraffin using a vacuum incubator (Ruzin, 1999). Serial sections 
were obtained using a Leica RM2145 rotary microtome (Nussloch, 
Germany) with a conventional C knife. Histological sections were 
stained in either toluidine blue or in safranin and astra blue (Kraus 
and Arduin, 1997). Aniline blue was also applied to detect the pres-
ence of callose in phloem sieve cells (Angyalossy et al., 2016).

Confocal microscopy

Thicker histological sections (~50– 100 µm) were cut with a Leica 
SM 2000R sliding microtome (Nussloch, Germany) coupled with 
a Thermo Fisher R404a cooling system (Asheville, NC, USA). 
Sections were then stained with aqueous solutions of either 0.1% 
w/v safranin or 0.01% w/v acridine orange to enhance the observa-
tion of tracheary elements (Ruzin, 1999). Analysis and image acqui-
sition were carried out at the Center for Acquisition of Images and 
Microscopy of the Institute of Biosciences, University of São Paulo 
using a Zeiss LSM 880 microscope (Jena, Germany). Zeiss Zen Blue 
software (version 3.2.0) was used for image analysis.

RESULTS

Early endophyte development

The earliest developmental stage analyzed in Apodanthaceae, 
Cytinaceae, Mitrastemonaceae and Rafflesiaceae species was sam-
pled from areas of the parasitized host organ where no sign of the 
parasite was visible externally (Fig. 2A). Parasitic endophyte tissue 
at this stage is composed of extremely reduced parenchyma cells, 
which are grouped as small masses or thin filaments (Fig. 2B, C). 
Due to the reduced size of these cell clusters, detection of parasitic 
tissue within the host using microtomography scanning was not 
possible at this stage. Conversely, early development of the endopar-
asitic mistletoes within the host body was readily detected via mi-
crotomography scanning just 3 months after seed germination, as 
shown for Viscum minimum (Santalaceae, Fig. 2D).

At a later developmental stage, the tissue of endophytic mistle-
toes grows to occupy larger extensions of the host bark (Fig. 2E), 
forming an intricate mesh of parasitic and host tissues (Fig. 2F). 
In both mistletoe species, initial cell differentiation and organiza-
tion was already observed at this stage (Fig. 2F). The tissue of en-
doparasites also grows to colonize larger areas of the host bark. In 
the endophytic parasites, earliest possible detection of endophyte 
proliferation via microtomography occurred during this phase, 
as observed in Bdallophytum americanum (Cytinaceae, Fig. 2G). 
However, these extensive tissues still remained undifferentiated un-
til the onset of flower bud development (Fig. 2E).

Xylem differentiation and host connection

Differentiated vessel elements were observed in all analyzed spe-
cies. Likewise, direct parasite– host vascular connections were TA
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detected in most cases, with the exception of Viscum minimum 
(Santalaceae). Vessel– vessel connections were formed via growth 
of parasitic tissue among host ray cells, producing the structure 
known as the sinker, through which xylary connection with the host 
is achieved (Fig. 3A- C). It is noteworthy that, in the endophytic mis-
tletoe A. douglasii, sinker development and host wood penetration 
occurred when the parasitic system of cortical strands was already 
established within the host bark (Fig. 3B). Cortical strands showed 

a tiered, root- like cell organization, with a central area occupied by 
vessel elements and a peripheral area occupied either by sieve tubes 
or by parenchyma cells often containing phenolic compounds (Fig. 
3B).

On the other hand, vessel element differentiation in 
Apodanthaceae, Cytinaceae, Mitrastemonaceae, and Rafflesiaceae 
species was observed to be related with flower bud onset (Fig. 
3C, D). Sinker proliferation was followed by differentiation of 

FIGURE 2. Early developmental stages of endoparasites within the host body. (A) Host branch infested by Pilostyles blanchetii. (B, C) Cross sections of 
host phloem stained in toluidine blue showing clusters of parenchyma cells formed by Pilostyles blanchetii and filament of parenchyma cells formed 
by Rafflesia cantleyi, respectively. (D) Microtomography scan showing initial penetration of host tissues by Viscum minimum. (E, F) Microtomography 
scan and longitudinal section stained in safranin and astra blue of Arceuthobium douglasii occupying the host bark; in (F), note the presence of dif-
ferentiated parasitic vessel elements. (G, H) Microtomography scan and longitudinal section stained in safranin and astra blue of host root infested 
by Bdallophytum americanum atearly stage of flower bud formation within the host phloem. Hp: host phloem, Hx: host xylem; pve: parasite vessel 
element.
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FIGURE 3. Differentiation of parasitic vascular tissue and connection to the host xylem. (A– D) Cross section stained in safranin and astra blue. (A) 
Parasitic sinkers of Mitrastemon matudae extending from the host phloem into the host xylem by growing among ray cells. (B) Parasitic sinkers of 
Arceuthobium douglasii extending from the host phloem into the host xylem by growing among ray cells; note the presence of differentiated parasitic 
vessel elements. (C) Initial parasite flower bud formation by Sapria himalayana. (D) Early differentiation of parasite vessel elements associated with 
the development of the flower bud in S. himalayana. (E) Confocal micrograph stained in acridine orange showing direct connection between parasite 
vessel elements of Rafflesia cantleyi and host vessel elements. Hp: host phloem, hve: host vessel element, Hx: host xylem, Pfb: parasite flower bud, Ps: 
parasite sinker, pve: parasite vessel element, asterisks: host ray cells.
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parenchyma cells into tracheary elements, as found in Sapria hima-
layana (Rafflesiaceae) (Fig. 3D). In all of these species, direct host– 
parasite luminal connection was established during the early stages 
of flower bud formation, prior to the rupture through the host bark 
and anthesis. Frequently, a single host vessel, composed of large ves-
sel elements of the host vine Tetrastigma sp. (Vitaceae), was abutted 
by multiple vessel elements of the parasite, observed to be short and 
narrow, as in Rafflesia cantleyi (Rafflesiaceae; Fig. 3C).

Parallel to the differentiation of parasitic conductive cells in 
Apodanthaceae, Cytinaceae, Mitrastemonaceae, and Rafflesiaceae 
species, host cambial activity also seemed to be enhanced in all re-
spective host species. In certain areas of the host cambium, as new 
vessels were produced, differentiation occurred toward parasitic 
tissue, instead of following the axial direction of the wood. Once 
again, this alteration was prominently detected in Rafflesiaceae 
species due to the large vessels formed by the host vine (Fig. 4A). 
Changes in host cambial activity were also observed as an in-
crease in vessel density accompanied by a reduction in vessel lu-
men size. These alterations were conspicuously noted in the host of 
Mitrastemon matudae (Mitrastemonaceae), Quercus sp. (Fagaceae), 
due its ring- porous wood characterized by the formation of large 
vessels near the end of each growth ring (Fig. 4B). Changes in host 
cambial activity regarding xylem production were not observed in 
the hosts of the analyzed endophytic mistletoes.

A particular form of growth was observed in Bdallophytum 
americanum (Cytinaceae). In this species, endophytic tissue prolif-
erated tangentially underneath the host cambial zone, nearly encir-
cling the host wood (Fig. 3C). Cambial activity was not interrupted 
by the parasitic growth, as new xylem cells were continuously pro-
duced by the host, leading to the formation of a concentric orga-
nization of endophytic tissue alternating with layers of host xylem 
(Fig. 3C). Narrow vessels were observed in the host wood associated 
with the concentric rings of parasitic tissue (Fig. 3C).

Phloem differentiation and host connection

Direct contact between parasite and host phloem was observed for 
species representing only two of the analyzed clades. In Rafflesiaceae 
species (Rafflesia cantleyi, Rhizanthes lowii, and Sapria himalayana), 
phloem differentiation was restricted to the base of each flower bud 
(Fig. 4D). Host phloem was observed to form part of the tissue at 
the base of the parasitic flower bud (Fig. 4D, box). Alterations in the 
host sieve tube differentiation were also noted, with new sieve ele-
ments differentiated toward the parasitic tissue (Fig. 4E). Following 
flower anthesis and consequent protrusion through the host bark, 
a collar- like structure containing host phloem tissue was formed 
around the base of the parasitic flower (Fig. 4E, box). In Pilostyles 
blanchetii (Apodanthaceae), on the other hand, sieve tubes ap-
peared scattered across the host phloem. Parasitic phloem cells also 
abutted host sieve tubes, indicating the establishment of direct con-
nections (Fig. 4F).

No direct phloem connection was observed between the other 
four species analyzed, i.e., A. douglasii (Santalaceae), B. americanum 
(Cytinaceae), M. matudae (Mitrastemonaceae), and V. minimum 
(Santalaceae), and their respective hosts. Nevertheless, parenchyma 
cells in the parasite were observed close to host sieve tubes, espe-
cially in M. matudae and B. americanum (Fig. 4G). Such proximity 
could indicate the formation of indirect host– parasite phloem con-
nections mediated by parasitic parenchyma cells.

DISCUSSION

All species analyzed here share a set of similarities often associated 
with their endoparasitic lifestyle. First, all of these plants exhibit 
high host- specificity and infest a small subset of species in the areas 
in which they occur (Meijer and Veldkamp, 1993; Heide- Jørgensen, 
2008; Alvarado- Cárdenas, 2009; Bendiksby et al., 2010; Bellot and 
Renner, 2014). The geographic distribution of most endoparasitic 
species is also restricted and often disjunct (Meijer and Veldkamp, 
1993; Nickrent, 2007; Bendiksby et al., 2010; Bellot and Renner, 
2014; Maul et al., 2018), except for Arceuthobium species, which 
are widespread across the northern hemisphere (Hawksworth and 
Wiens, 1996). Second, most of these plants exhibit a common on-
togenetic origin of their flowering shoots. Among these species, 
flower/inflorescence development is considered to be not only 
endogenous because parasitic tissues are deeply embedded within 
their hosts, but in many cases their floral organs also originate from 
a secondary (endogenous) morphological surface (Kuijt, 1969). 
This has been described in species of Apodanthaceae, Cytinaceae, 
Mitrastemonaceae, and Rafflesiaceae (Solms- Laubach, 1867, 1874; 
Watanabe, 1936b; Nikolov et al., 2013, 2014a). Inflorescences of an-
other endophytic mistletoe, Tristerix aphyllus (Loranthaceae), have 
also been reported to develop in a similar manner (Mauseth et al., 
1984).

Despite these commonalities, the endoparasites investigated here 
were observed to follow two distinct developmental trajectories. 
Apodanthaceae, Cytinaceae, Mitrastemonaceae, and Rafflesiaceae 
species showed vegetative development characterized by late cell 
differentiation (Fig. 5A– D). In contrast, the development of the en-
dophytic mistletoes Arceuthobium douglasii and Viscum minimum 
is characterized by early cell differentiation and tissue organization 
(Fig. 5E– H). Differences between these two developmental trajecto-
ries are discussed in the following sections in terms of their growth 
stages before and after the establishment of parasite– host vascular 
connections.

Early development of endoparasitic plants

Two different patterns of development were detected: Rafflesia- 
type, observed for Apodanthaceae, Cytinaceae, Mitrastemonaceae, 
and Rafflesiaceae species; and Arceuthobium- type, observed for A. 
douglasii and Viscum minimum. Differences among the two pat-
terns were clear early in the life cycle of the analyzed plants. Among 
species following the Rafflesia- type pattern, seed germination and 
initial host penetration remain largely unknown (Těšitel, 2016). 
Anecdotal reports indicate that the parasite’s seed germinates close 
to the host root (Heinricher, 1917) (Fig. 5A). Nevertheless, ger-
mination assays conducted for Apodanthaceae and Rafflesiaceae 
species in which parasite seeds have been placed in close contact 
or even within host tissues have been unsuccessful (Brasil, 2010; 
Molina et al., 2017). These negative results suggest that these en-
doparasites might depend on specific host- derived signals for ger-
mination, as reported for several other parasitic plants, especially 
those that lack photosynthetic activity (Baskin and Baskin, 2014). In 
contrast, mistletoe seed germination is generally host- independent 
and triggered solely by abiotic factors (Lamont, 1983; Baskin and 
Baskin, 2014). Autonomous germination has also been reported for 
the endophytic species following the Arceuthobium- type pattern 
(Kuijt, 1986, 2015; Hawksworth and Wiens, 1996) (Fig. 5E).
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Regardless of how host germination and initial host penetration 
occur in species exhibiting the Rafflesia- type pattern, early stages 
of development consist of reduced parenchymatic filaments or 
cell masses irregularly dispersed within the host bark (Fig. 5B). The 
appearance of these filaments or masses has been compared to the 
proembryonic development stage of other angiosperms, suggesting 
an instance of pedomorphosis, i.e., protracted juvenilism (Nikolov 
et al., 2014b). Indeed, ultrastructural analyses suggest endophytic 
cells to be characteristically undifferentiated (Dell et al., 1982; Kuijt 
et al., 1985). At the stage of earliest possible detection, we observed 
that these cell clusters are part of a continuous endophytic body 
that extends within the host bark. These results corroborate analyses 
of population genetics reported for adjoined and adjacent inflores-
cences of Bdallophytum americanum (García- Franco et al., 1998) 
and for Rafflesiaceae individuals spreading over 10 m within the 
host body (Barkman et al., 2017).

In the Arceuthobium- type pattern, initial development is marked 
by early cell differentiation and tissue organization forming cortical 
strands (Fig. 5F). Once established, these cortical strands can spread 
several centimeters within the host body, giving rise to numerous inflo-
rescences (Mauseth et al., 1985; Lye, 2006; Mauseth and Rezaei, 2013). 
A similar pattern involving the formation of cortical strands soon af-
ter initial seed germination is also observed for closely related, non- 
endophytic mistletoe species (Calvin and Wilson, 1996; Wilson and 
Calvin, 2006; Mauseth and Rezaei, 2013; Kuijt, 2015). Indeed, analysis 
of haustorial development and evolution suggests that the endopara-
sitic lifestyle among mistletoes may have evolved in a similar way on 
three different occasions, always from ancestral species with a highly 
specialized system of cortical strands (Teixeira- Costa et al., 2020).

Considering that Apodanthaceae, Cytinaceae, Mitrastemonaceae, 
and Rafflesiaceae are exclusively composed of endoparasitic species 
and that their sister clades are nonparasitic lineages, hypotheses of 
how this extremely modified lifestyle evolved remains limited. Still, 
it is noteworthy that the developmental pattern described here for 
Bdallophytum americanum closely corresponds to what has been 
described for its sister genus, Cytinus (De Vega et al., 2007). The 
same can be said about Mitrastemon matudae and its sister spe-
cies, M. yamamotoi (Jochems, 1928; Watanabe, 1933, 1934). Studies 
addressing the development of Apodanthes caseariae appear to be 
lacking in the literature. Finally, a common developmental pat-
tern was also observed for all analyzed members of Rafflesiaceae, 
including Sapria himalayana and its sister genera Rhizanthes and 
Rafflesia. Thus, we hypothesize that while endoparasitism would 
have evolved among mistletoes via the expansion and specialization 
of endophytic tissue, this lifestyle would likely have evolved among 
Apodanthaceae, Cytinaceae, Mitrastemonaceae, and Rafflesiaceae 
species via reduction of the endophyte and retention of embry-
onic cell characteristics (pedomorphosis) until late in these plants’ 
development.

Xylem differentiation and formation of parasite– host 
connections

The establishment of a vascular connection between parasite and 
host through the differentiation of a xylem bridge is a crucial stage 
in the development of all parasitic plants (Heide- Jørgensen, 2008). 
Nevertheless, direct contact between the tracheary elements of host 
plants and endoparasites with the Rafflesia- type pattern is only es-
tablished when these plants enter the reproductive stage. Following 
a yet unknown stimulus, flower bud development initiates with 
localized cell proliferation and the formation of a secondary mor-
phological surface (Fig. 5C), as described by Nikolov et al. (2014a). 
Simultaneously, endophytic tissue also reaches the host xylem via 
wood rays, as observed by previous authors (Brown, 1912; Watanabe, 
1934; Dell et al., 1982; Forstmeier et al., 1983). Once in contact with 
host vessels, endoparasitic parenchyma cells then differentiate into 
tracheary elements, forming a direct xylem bridge between parasite 
and host (Fig. 5C, D).

Each developing flower/inflorescence was observed to be in-
dividually connected to the host xylem (Fig. 5D). Likewise, host 
xylem penetration was not detected in portions of the endophyte 
not directly associated with bud formation. The development of 
endoparasitic tissue has often been described to disrupt the host 
bark and the organization of the host secondary phloem and xy-
lem (Unger, 1840; Brown, 1912; Watanabe, 1934; Dell et al., 1982; 
Forstmeier et al., 1983). We also observed conspicuous host vessel 
re- orientation, i.e., newly formed host vessel elements being differ-
entiated toward parasitic tissues, as would be observed in branching 
stems/roots. This form of alteration of the host cambial activity has 
been discussed for other host– parasite interactions as an indication 
of parasitic plant manipulation of host tissue differentiation (Aloni, 
2015; Spallek et al., 2017).

In endophytic mistletoes, direct xylem connections were rarely 
detected between endophytic mistletoes and their hosts; instead, 
abundant specialized parenchyma cells were observed at the host– 
parasite interface. These parenchyma cells have been reported 
to mediate most of the vascular connection between the two 
plants and allow resource uptake from its host (Calvin and Wilson, 
1996; Mauseth and Rezaei, 2013). These specialized cells reach the 
host xylem early in the development of endophytic mistletoes, 
providing access to host xylem sap, while the green hypocotyl axis 
of the parasite seedling remains attached to the host stem (Fig. 
5E– G). This perennial structure, as well as the adventitious shoots 
that may emerge from the endophytic tissue subsequently, show 
some degree of photosynthetic activity (Heide- Jørgensen, 2008). 
This autotrophic carbon production, albeit limited, plays an im-
portant role in providing resources for initial host penetration and 
sexual reproduction (Kuijt, 1986; Těšitel, 2016). Thus, we hypoth-
esize that the developmental pattern of early cell differentiation 
and tissue organization in the Arceuthobium- type pattern could 

FIGURE 4. Alterations to the host vascular system. (A) Microtomography scan showing vessels (pink) of the host differentiated toward the parasite 
flower bud formed by Rafflesia cantleyi. (B, C) Cross section stained in safranin and astra blue. (B) Host xylem in a root infested by Mitrastemon matudae; 
note narrow host vessels on the outer- most growth ring (delimited by dashed lines). (C) Colonization of host xylem by Bdallophytum americanum at 
later developmental stages. (D– G) Confocal micrographs stained in aniline blue showing longitudinal sections of host phloem. (D) Area of the host 
bark in contact with the parasite flower bud formed by Rhizanthes lowii; note contact between host and parasite sieve elements. (E) Area of the host 
bark forming a collar- like structure around the parasite flower formed by Rhizanthes lowii; note contact between host sieve elements and parasite 
sieve elements. (F) Sieve elements and clusters of parasitic cells containing parasite sieve elements formed by Pilostyles blanchetii. (G) Sieve elements 
and clusters of parasitic cells formed by Bdallophytum americanum; note large nuclei of parasitic cells (arrows). H: host, Hb: host bark, Hp: host phloem, 
hse: host sieve element, hver: host vessel element, Hx: host xylem, Pf: parasite flower, Pfb: parasite flower bud, pse: parasite sieve element.
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be related to acquiring water for photosyn-
thetic activity. In contrast, endoparasitic 
species with the Rafflesia- type pattern, 
which are completely devoid of chloro-
plasts, would require a greater volume of 
water only during flower bud development 
and anthesis.

Phloem differentiation and formation of 
host– parasite connections

Despite following a common developmen-
tal trajectory, endoparasitic species of the 
Rafflesia- type differed in terms of phloem 
cell differentiation. The presence of callose, 
a carbohydrate typically detected in sieve 
tubes was only detected in Apodanthaceae 
and Rafflesiaceae species, corroborating 
earlier findings by Peirce (1893), Brown 
(1912), and Kuijt et al. (1985). In these 
plants, direct contact between parasite and 
host sieve tubes was also detected. In addi-
tion, in Rafflesiaceae species, we show that 
a chimeric tissue, composed of both para-
site and host phloem cells, was formed at 
the base of flower buds and open flowers 
of the parasite. In this basal region, often 
termed cupule (Kuijt, 1969; Nikolov et al., 
2014b), host sieve tubes were noticed to 
differentiate toward the parasitic cells (Fig. 
5H), which could provide increased access 
to the host phloem sap. Such improved ac-
cess could be of great importance in gen-
erating energy for the endothermic flowers 
of Rafflesiaceae species (Patiño et al., 2000, 
2002).

Sieve tubes were also detected in both 
endophytic mistletoes (Fig. 5H), although 
no direct parasite– host phloem connections 
were observed. These results agree with 
observations reported for other endopara-
sitic mistletoes (Thoday and Johnson, 1930; 
Mauseth et al., 1985; Lye, 2006; Mauseth 
and Rezaei, 2013). On the other hand, the 
fact that sieve tubes were not detected in 
Cytinaceae and Mitrastemonaceae species 
should be interpreted with caution because 
it does not necessarily indicate an absence 
of parasite– host phloem connections. 
Unlike the case of endophytic mistletoes, 
for which extensive ultrastructural studies 
have been conducted (Tainter, 1971; Alosi 
and Calvin, 1985; Sadik et al., 1986; Lye, 
2006), detailed analyses of the endophyte 
of Cytinaceae and Mitrastemonaceae are 
lacking. These analyses should be priori-
tized and could help elucidate whether par-
asitic parenchyma cells observed in close 
proximity to host sieve tubes are capable of 
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forming indirect phloem connections between parasite and host via 
plasmodesmatal connections.
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