SKE){B

SOCIETY FOR EXPERIMENTAL BIOLOGY

Journal of Experimental Botany, Vol. 74, No. 22 pp. 7034-7044, 2023
https://doi.org/10.1093/jxb/erad284 Advance Access Publication 24 July 2023

REVIEW PAPER

A roadmap of haustorium morphogenesis in parasitic plants

Gwendolyn K. Kirschner', Ting Ting Xiao', Muhammad Jamil*>{®, Salim Al-Babili*

Ikram Blilou™"

, Vinicius Lube®2 and

" BESE Division, Plant Cell and Developmental Biology, King Abdullah University of Science and Technology, Thuwal, Kingdom of Saudi

Arabia

2 BESE Division, The BioActives Lab, King Abdullah University of Science and Technology, Thuwal, Kingdom of Saudi Arabia

" Correspondence: ikram.blilou@kaust.edu.sa

Received 16 May 2023; Editorial decision 17 July 2023; Accepted 23 July 2023

Editor: Lucia Strader, Duke University, USA

Abstract

Parasitic plants invade their host through their invasive organ, the haustorium. This organ connects to the vasculature
of the host roots and hijacks water and nutrients. Although parasitism has evolved independently in plants, haustoria
formation follows a similar mechanism throughout different plant species, highlighting the developmental plasticity
of plant tissues. Here, we compare three types of haustoria formed by the root and shoot in the plant parasites Striga
and Cuscuta. We discuss mechanisms underlying the interactions with their hosts and how different approaches have
contributed to major understanding of haustoria formation and host invasion. We also illustrate the role of auxin and

cytokinin in controlling this process.
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Introduction

Unlike animals, where organogenesis takes place during em-
bryogenesis, plants form organs post-embryonically and con-
tinue generating new ones throughout their life cycle. This
developmental modularity allows plants to adapt to changes
in their environment. Parasitic plants invade their host and de-
prive it of water and nutrients, drastically reducing the host’s
fitness and performance, impacting the yield, and causing a se-
vere loss in agricultural fields (Berner ef al., 1995; Mishra and
Kogan, 2009; Rodenburg et al., 2016). One percent of flow-
ering plants are considered parasitic plants (Westwood et al.,
2010).They interact with the host plants by forming a hausto-
rium, a specialized organ used to penetrate the root or shoot
tissues of the host, which acts as an interface for the exchange
of water and nutrients between the host and parasite (Yoshida
et al.,2016).

Parasitic plants can be categorized into different types, in-
cluding holoparasites, which are unable to perform photosyn-
thesis and are fully dependent on the host to obtain water and
nutrients. On the other hand, hemiparasitic plants do not fully
depend on the host, because they are photosynthetically active
(Westwood et al., 2010).

The best-studied examples of root and shoot parasites are
those of the families Orobanchaceae and Convolvulaceae (Yoshida
et al., 2016). Parasites from the Orobanchaceae family, including
the genera Orobanche and Striga, invade the root system (Table
1). These plants produce small seeds (between 0.2 mm and
0.5 mm) that can remain in the soil for up to 10 years and ger-
minate when a host is nearby (Musselman, 1980).

Striga, also known as witchweed, is an obligate parasite that
grows predominantly in Africa, India, and Southeast Asia and
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Table 1. Summary of parasitic plant species mentioned in this review

Plant species Family Target, type of parasitism Host Haustorium type
Orobanche spp. (broomrape) Orobanchaceae Root, obligate holoparasite Tomato, tobacco, potato, hemp, Terminal haustoria, lateral haustoria
(Musselman, 1980) sunflower, peas, lentils (Musselman, 1980; Westwood et al., 2010)
(Musselman, 1980)
Striga spp. (witchweed) Orobanchaceae Root, obligate hemiparasite Maize, sorghum, sugarcane, rice, Terminal haustoria, lateral haustoria
(Musselman, 1980) millet (Musselman, 1980; Westwood et al., 2010)
(Musselman, 1980)
Phtheirospermum ssp. Orobanchaceae Root, facultative hemiparasite =~ Medicago, Arabidopsis Lateral haustoria
(Ishida et al., 2011) (Cui et al., 2016; Irving et al., 2019) (Cui et al., 2016)
Triphysaria versicolor Orobanchaceae Root, facultative hemiparasite ~ Medicago, Arabidopsis, tomato, Lateral haustoria
(Honaas et al., 2019) maize, rice (Matvienko et al., 2001)
(Honaas et al., 2019)
Cuscuta spp. (dodder) Convolvulaceae  Stem, obligate holoparasite Alfalfa, potato, sweet pepper, Haustoria derived from stem

(Kaiser et al., 2015)

tomato
(Kaiser et al., 2015)

(Vaughn, 2002)

infests crop plants such as maize, sorghum, rice, and millet, caus-
ing enormous yield losses (Musselman, 1980). Striga seeds ger-
minate only in close proximity to the host roots, as they can
sense compounds released from host roots, such as strigolactone.
The root of the Striga seedling then grows towards the host
roots and invades its tissues (Fig. 1A—C) (Musselman, 1980).
The stem parasite Cuscuta spp. (Cuscuta) from the
Convolvulaceae family, also called dodder, is an obligate stem
holoparasite that originates from North America and has
spread all over the world (Table 1). Cuscuta causes enormous
economic loss due to its wide host range, which includes many
important crops, such as alfalfa, potato, sweet pepper, and to-
mato. Most plants of the genus Cuscuta do not have chlo-
rophyll, and therefore completely depend on the host plants
(Kaiser et al.,2015). After seed germination, the parasite devel-
ops a stem that grows and extends shootward. To maximize
the chance of host detection, attachment, and invasion, the
Cuscuta stem performs circular movements and, once a host is
found, the parasite winds around its stem and forms the haus-
toria at the attachment sites (Fig.1A, B) (Runyon et al., 2000).
For both parasites, attaching to a host must occur within
the first days after germination to ensure their survival, and
haustorium formation is vital for a successtul invasion. In this
review, we aim to highlight developmental programs in both
root and shoot parasitic plants, focusing on Striga and Cuscuta
as model systems for parasitic plants species. We will discuss
their commonalities and differences and how the interplay
between the two hormones auxin and cytokinin modulates
host invasion, haustorium formation, and establishment in the
host plants. We will also compare their developmental pro-
grams with those of lateral root initiation and emergence.

The haustorium as an invasive organ

The haustorium is the organ with which parasitic plants invade
their hosts. Two types of haustoria can be recognized based on

their origins: the terminal haustorium, which results from the
differentiation of the root apical meristem of the parasitic plant
and is only found in some obligate parasites, predominantly in the
Orobanchaceae family; and the lateral haustorium, which can be
found in all facultative and some obligate parasites and originates
from differentiated tissues of the parasite root or stem (Yoshida
et al.,2016). Evolutionarily, lateral haustoria originated first in the
transition from non-parasitic to parasitic plants, and only later did
the terminal haustoria evolve (Westwood et al., 2010).

Terminal haustoria: differentiate and invade

Terminal haustoria develop from the differentiation of the root
apical meristem a few days after germination. After emerg-
ing from the seed coat, the Striga root meristem has a similar
structure to that of the model plant Arabidopsis. The meristem
contains a quiescent center marked by a low cell division rate;
the vasculature cells lay in the center, surrounded by tissue files
consisting of one endodermal layer, one to two cortical layers,
and one epidermal layer (Fig. 1E) (Xiao et al., 2022). Within
24-48 h after emerging from the seed coat, the roots elon-
gate and, upon sensing the haustorium-inducing factors (HIFs)
produced by the host, the Striga root meristem differentiates
and forms the terminal haustorium (Hood et al., 1998). During
the formation of the terminal haustorium, the cell division rate
in the meristem decreases, the meristematic cells differentiate,
and root hairs, also termed haustorial hairs, emerge from the
epidermis (Fig. TH) (Xiao et al., 2022). These cells elongate
in proximity to the host root and penetrate the host root tis-
sues (Hood et al., 1998). Once they reach the host endodermis,
the outermost cells elongate, undergo anticlinal division, and
form a palisade arrangement. Then the vascular elements in
the haustorium differentiate into xylem elements and establish
the vascular connection to the host. After the establishment
of the xylem—xylem connection, the cotyledons of the parasite
grow out of the seed coat (Hood et al., 1998).
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Fig. 1. Terminal and lateral haustorium development in Striga hermonthica. (A) Micro-CT 3D reconstruction and post-processed image segmentation
depicting the association of Striga seedlings (orange, yellow, and purple) attached to the rice roots (blue). (B) Macrophotograph showing Striga plants
grown on rice as a host plant on top of nylon mesh. (C) Macrophotograph showing the Striga plant isolated from the host plants. Note the emerging
adventitious roots (arrowhead). (D) Attachment of Striga adventitious roots to the host roots by lateral haustoria. (E and F) Confocal image showing the
root meristem of Striga seedlings directly after germination (E) and before attachment to the host root (F). Roots were stained with modified pseudo-Schiff
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propidium iodide (mPS-PI) (red) (Truernit et al., 2008), dividing cells were visualized by 5-ethynyl-2’-deoxyuridine (EdU) staining (green), and nuclei were
stained with Hoechst (blue); the arrowhead points to haustorial hairs. (G) Lateral root primordium of Striga roots stained with Lugol, cleared with chloral
hydrate, and visualized with Nomarski microscopy. (H) Confocal image of a Striga lateral root tip; cell walls stained with mPS-P!I. (Il and J) Confocal
images of longitudinal vibratome sections of a Striga root developing a lateral haustorium; cell walls and starch granules were stained with mPS-Pl; the
arrowhead points to periclinal cell divisions in the inner cortex upon haustorium initiation. (K and L) Confocal longitudinal sections showing cell divisions in
developing Striga lateral haustoria. EdU-stained nuclei are green and cell walls stained with SCRI Renaissance are in magenta. (M) Longitudinal section
of a Striga lateral haustorium during attachment to the host plant; (N) magnification of the area marked in (M). (O) Cross-sections of a Striga lateral
haustorium attached to a host root; cell walls stained with mPS-PI. (P) Starch granules accumulation in the Striga lateral haustorium, visualized by Lugol’s
staining. cor, cortex; end, endodermis; epi, epidermis; H, host; HB, hyaline body; per, pericycle; Sh, Striga hermonthica; vas, vasculature; XB, xylem

bridge. Scale bars 20 um (A, B), 50 um (E, F, G, H, I, J, K, L, M, N, O, P).

Lateral haustoria: maximizing invasion

After initial formation of the terminal haustorium as an attach-
ment point to the host plant, the obligate parasites grow out
shoots underground, and secondary adventitious roots emerge,
from which lateral haustoria can form to enhance the nu-
trient uptake from the host (Fig. 1B, D, G, H) (Cai et al., 1993).
Facultative parasites of the Orobanchaceae and the Scrophulariaceae
families form lateral haustoria that emerge at the root elonga-
tion zone, permitting continuous root growth and the forma-
tion of multiple haustoria (Matvienko et al., 2001; Ishida et al.,
2011; Wakatake et al., 2018).

Lateral haustoria formation involves activation of cell divi-
sion in multiple root tissue layers,including the pericycle, endo-
dermis, cortex, and epidermis (Figs 11-L, 3A—C). At the initial
stage, anticlinal cell divisions are induced in the epidermis and
outer cortex, while periclinal cell divisions are induced in the
pericycle, endodermis, and inner cortex (Fig. 11, K). After the
initial anticlinal cell divisions of the epidermis, cells become
densely protoplasmic and contain enlarged nuclei, followed by
elongation of the cells and emergence of root hairs (Fig. 1], M,
N) (Musselman and Dickison, 1975). Upon attachment to the
host, cells continue to divide within the center of the hausto-
rium primordia to form the future vasculature and the hyaline
body (Fig. 1L, M, O, P). The hyaline body is the center of
the lateral haustorium, consisting of parenchymatic cells with
high cytoplasm density and large nuclei, and is proposed to
have high metabolic activity and to act as a sink for the host
metabolites (Visser et al., 1984;Yoshida et al., 2019).

During terminal and lateral haustoria initiation, starch gran-
ules accumulate in the cortical cells of the root (Fig. 1P) (Joel
and Losner-Goshen, 1994). Interestingly, no starch granules
form during the lateral root formation of the parasitic plant
(Fig. 1G). Accumulation of starch granules in the hyaline body
supports the idea that the hyaline body in haustoria serves as a
host sink tissue (Visser ef al., 1984).

Invading stems: Cuscuta haustoria

After germination, the Cuscuta shoot grows and comes into
contact with the host. The Cuscuta shoots twine around the

host plant stems and initiate haustorium formation (Fig. 2A, B).
The process begins with a swelling of stem areas in close prox-
imity to the host tissue (Fig. 2B) (Vaughn, 2002). Anatomically,
Cuscuta stems consist of one layer of epidermis and 67 layers
of cortex cells surrounding the vasculature in the center (Fig.
2C) (Lee, 2007). At the haustorium initiation, the stems form
a plate-like organ, termed the ‘holdfast’, which is formed by
anticlinal divisions and elongation of epidermal cells (Fig. 2D,
E).The epidermal cells form finger-like structures and develop
into unicellular secretory-type trichomes that secrete adhesive
compounds (Fig. 2E) (Vaughn, 2002). At the same time, cortex
cells divide to create multiple cell layers and contribute to the
swelling of the stem (Fig. 2E, G). Then they start to elongate
towards the host contact side (Fig. 2F) (Lee, 2007). In the sub-
sequent intrusive phase, the primordium, made up of divided
cortex cells, breaks through the outer cortex cells files and the
epidermal layer of the parasite, and then through the epidermis
of the host and the host cortex (Lee, 2007). The cells at the
apex of the haustorium, the so-called ‘searching hyphae’, elon-
gate and search for the vascular tissue of the host plant (Vaughn,
2002). Subsequently, the haustorium develops into conductive
vascular cells and the xylic hyphae differentiate into xylem,
establishing the haustorial bridge, while the phloic hyphae de-
velop into phloem (Fig. 2G, H) (Vaughn, 2006).

Similarities and differences between Striga
and Cuscuta haustoria formation

Although parasitism within the Orobanchaceae and in the
Cuscuta genus has evolved independently of each other
(Westwood et al., 2010), both families deploy a similar mode of
host colonization. In both Striga and Cuscuta, haustoria derive
from differentiated tissue, either from the root in the case of
Striga or from the stem in the case of Cuscuta. The initiation
of lateral haustoria in Striga involves cell division within mul-
tiple tissues, including the epidermis, cortex, endodermis, and
pericycle (Fig. 3A—C). In contrast, in Cuscuta, lateral haustoria
formation involves divisions mainly from the cortex (Fig. 3D,
E) (Lee, 2007).

Another common feature between root and stem hausto-
rium formation is the remodeling of cell walls by the emerging
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Fig. 2. Cuscuta haustorium development. (A and B) Cuscuta plants grown around Sphagneticola trilobata as host plants. (C) Confocal image of a
vibratome cross-section of a Cuscuta stem; cell walls are stained with SCRI Renaissance. (D-F) Longitudinal vibratome sections of a Cuscuta stem
developing a haustorium; cell walls stained are with SCRI Renaissance. (G) Accumulation of starch granules during haustorium formation, visualized by
Lugol’s staining. (H and I) Vibratome cross-sections of the host stem with Cuscuta attached to it with haustoria; cell walls stained with mPS-PI (Truernit et
al., 2008); (I) magnification of the area marked in (H). Cc, Cuscuta campestris; H, host; cor, cortex, epi, epidermis, vas, vasculature; scale bars 50 um.

haustorium. In Cuscuta, genes encoding cell wall-modifying the haustoria, the finger-like epidermal cells secrete cell wall-
enzymes such as pectin lyases, cellulases, and expansins are up- loosening complexes from Golgi-derived vesicles, which are
regulated during the infective stages (Ranjan ef al., 2014). In  deposited into the cell wall. The tips of the finger-like cells
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Fig. 3. Organogenesis of lateral haustoria and lateral roots. (A-C) Striga lateral haustorium development. (D—F) Cuscuta lateral haustorium development.
(G) Lateral root initiation in Arabidopsis; tissues are color-coded according to the key.

then bend backward into the cytoplasm, and the cell wall-loos-
ening complexes are prominent in the areas of the cell walls
in contact with the host and the areas of infoldings, probably
to make the Cuscuta trichomes malleable to form a tight host
connection (Vaughn, 2002). Additionally, the secretion of cell
wall-loosening enzymes leads to changes in the host cell walls
in close proximity to the parasitic haustorium (Johnsen et al.,
2015). In Striga, the intrusive cells of the lateral haustoria force
their way towards the host vasculature during haustorium in-
vasion of the host tissue. In this process, secretion of substances
from the haustorial papillae might play a role in forming an
adhesive surface (Neumann et al., 1999). It has been speculated
early on that the parasites use enzymatic activity to penetrate
between host cortical cells (Musselman and Dickison, 1975).
This idea is supported by the up-regulation of catalytic activ-
ity-related gene expression in the terminal haustoria during
host penetration, with a high proportion of genes categorized
as carbohydrate active enzymes (CAZymes) being differen-
tially expressed during the invasion stages of the parasite. These
include pectin-degrading enzymes that target primary cell wall
components, and proteases (Yoshida ef al., 2019). A similar up-
regulation of cell wall-related genes was observed in late stages
of lateral haustorium development in the facultative parasitic
plant Phtheirospermum japonicum (Kokla ef al., 2022).

Thus, both for stem haustoria and for root-derived hausto-
ria, the remodeling of cell walls by enzymatic activity might
have an effect on the parasite cell wall to form an adhesive
interaction with the host, as well as on the host cell wall, to
facilitate penetration of the haustorium.

Reprogramming involves recruitment of
lateral root developmental modules

Lateral haustoria formation in Striga is initiated by HIFs de-
rived from the host roots. These include 2,6-dimethoxy-
p-benzoquinone (DMBQ) and its structural analogs (Yoshida
et al.,2016). Cuscuta haustoria are induced by the tactile stim-
ulus (i.e. coiling around the host stem) and supplementation
with a far-red light stimulus (Bernal-Galeano et al., 2022).
HIFs induce a dedifferentiation of root or stem tissue in the
parasitic plants, resembling the lateral roots, which originate
from the dedifferentiation of the pericycle (Fig. 3G) (Malamy
and Benfey, 1997). Indeed, it was found that terminal hausto-
rium development in Striga recruits genes involved in lateral
root development (Yoshida et al., 2019). It is plausible that lat-
eral haustorium development uses the same genetic program,
given that both terminal and lateral haustoria derive from mul-
tiple differentiated cell layers. Similarly, in Cuscuta, haustorium
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formation recruits genes that are involved in root development
in closely related plant species (Sun et al.,2018).The transcrip-
tome during haustorium development in Striga was compared
with the genetic program governing lateral root development
in Arabidopsis (Yoshida et al., 2019). However, the Arabidopsis
lateral root development, originating from the pericycle exclu-
sively, presents an exception rather than the norm, and lateral
root formation in other plant species involves more cell files
(Xiao et al., 2019). Additionally, lateral root development in
Arabidopsis is initiated with anticlinal cell divisions of the per-
icycle (Malamy and Benfey, 1997), whereas Striga lateral haus-
toria formation is initiated with periclinal cell divisions in the
pericycle, endodermis, and inner cortex (Fig. 1I) (Musselman
and Dickison, 1975). Similarly, lateral haustorium development
in P japonicum starts with periclinal cell division in the peri-
cycle (Wakatake ef al., 2018). In Cuscuta, the cortical cells di-
vide both periclinally and anticlinally for haustorium initiation
(Fig. 2D) (Lee, 2007). Striga itself is able to form adventitious
roots from the shoot, and higher order lateral roots from them
(Fig. 1B, D) (Wolf and Timko, 1991; Cai et al., 1993). Therefore,
rather than comparing haustoria with Arabidopsis lateral root
formation, it would be more informative to compare the
transcriptomal changes during lateral root development and
haustorium development in Striga itself to understand the
developmental changes. Another module for comparison is
the nitrogen-fixing root nodule, which is a lateral root organ
formed through the dedifferentiation of pericycle and cortex
cells (Xiao et al, 2014).

Auxin and cytokinin balance during
haustorium initiation

The balance between phytohormones is important for plant
growth, organogenesis, callus induction, and regeneration
(i.e. for genetic reprogramming) (Skoog and Miller, 1957;
Christianson and Warnick, 1985). Local accumulation of auxin
is generally considered as prerequisite for early plant organo-
genesis (Benkova et al., 2003).

Transcriptomic studies in P japonicum showed that haus-
toria induction by HIFs correlates with the activation of the
auxin biosynthesis gene YUCCA3 in the root epidermis.
Furthermore, the reduction of YUCCA3 activity by gene
silencing results in a reduction of haustorium formation (Ishida
et al.,2016). In the facultative parasite Triphysaria versicolor, ex-
posure to HIFs also leads to auxin accumulation in the root
tip, while exogenous application of auxin in addition to HIFs
increases the frequency of haustorium formation (Tomilov
et al.,2005). In Cuscuta, genes related to polar auxin transport
were found to be up-regulated in haustoria (Ranjan et al.,
2014). This indicates a functional role for local auxin biosyn-
thesis in lateral haustorium formation. In terminal haustoria
of Striga, SOLITARY ROOT (SLR) (INDOLE-3-ACETIC
ACID INDUCIBLE 14/1AA14) and AUXIN RESPONSE
FACTOR 19 (ARF19) orthologs are specifically expressed

in the early stage of haustorium development (Yoshida et al.,
2019). In Arabidopsis, these genes work in concert to regu-
late the expression of an auxin influx carrier that facilitates
auxin accumulation during lateral root development (Swarup
et al., 2008). Application of auxin to Striga radicles leads to
prolonged meristem maintenance with active cell division. In
contrast, applying an auxin biosynthesis inhibitor increases the
rate of haustoria formation and a cessation of cell division
(Xiao et al., 2022). Assuming that terminal and lateral haus-
torium formation follow a similar mechanism, the increase in
auxin concentration at haustorium initiation sites could lead
to a reactivation of cell division in the differentiated tissue,
which leads to lateral haustorium initiation. However, there
is evidence that initiation of haustorium formation between
terminal and lateral haustoria actually follows a different pat-
tern: cytokinins trigger the induction of a pre-haustorium in
Striga but not in P japonicum, indicating that the processes are
influenced by different phytohormone concentrations (Aoki
et al., 2022). In T versicolor, the application of cytokinin leads
to localized swelling and epidermal hair proliferation near the
root tips, resembling the formation of Striga terminal hausto-
ria (Wrobel and Yoder, 2001). Importantly, cytokinin can act
as a HIF hence the application of cytokinin to the parasitic
plants would mimic the secretion of HIFs by the host plant
(Aoki et al., 2022). Cytokinin, in its role as a HIE most prob-
ably acts through cytokinin receptors in the parasite and par-
tially activates the same transcriptional pathways downstream
of the HIF DMBQ (Aoki et al.,2022). A combination of HIFs
including cytokinins in host root exudates promotes the ex-
pression of cytokinin biosynthesis and signaling genes, leading
to an elevated cytokinin concentration in the pre-haustorium,
which could further promote haustorium formation (Aoki
et al.,2022; Xiao et al.,2022). Cytokinin promotes the forma-
tion of the terminal pre-haustorium in Striga and T versicolor,
but is not able to induce a lateral haustorium in P, japonicum,
suggesting that it only acts as a HIF for terminal haustoria.
For obligate parasitic plants that form terminal haustoria as
the first tool to attach to the host plant, the formation of
this organ is crucial for survival. Therefore, it is possible that
obligate parasitic plants are sensitive to a broader spectrum
of substances that serve as HIFs. Cytokinin signaling reporter
lines or knockout mutants of cytokinin pathway components
would shed light on how an internal balance of the phyto-
hormones regulates haustorium formation. In summary, the
correct concentration of auxin in conjunction with cytokinin
and/or other phytohormones is necessary to initiate cell divi-
sion and de-differentiation of cells involved in the formation
of lateral haustoria. Like haustoria, cytokinin and auxin play
crucial roles in nodulation. In certain legume species, cyto-
kinin can function as a nodulation factor, inducing nodule
formation even in the absence of Rhizobia (Gamas et al.,
2017). This shared regulation between parasitic haustoria and
nitrogen-fixing root nodules represents yet another common
characteristic.



Parasitic plants manipulate their host by
modulating auxin and cytokinin levels

During Striga terminal haustorium development, auxin con-
centration decreases while cytokinin concentration increases.
The reduction of auxin concentration correlates with basal lo-
calization of the auxin eflux carriers PIN1 and PIN2 at the
epidermis, which suggests that auxin is secreted from the tip
of the haustorium to the environment, leading to an increase
in auxin response in the host plants (Xiao ef al., 2022). Similar
processes have been observed for the haustorium development
in Cuscuta: during attachment to the host, the content of free
IAA in the contact zone increases in both the host and the
parasitic tissue (LofHer ef al., 1999). This is correlated with an
elongation of the haustorial epidermis cells and enlargement
of the host cortical cells. It is hypothesized that the auxin is
excreted from the haustorium to the host (LofHer et al., 1999).
However, it is yet to be determined how the auxin that is
produced by the parasite is perceived by the host. The host
response will most probably be through the canonical auxin
signaling pathway involving the auxin receptors TIR1 and
AFB proteins. Recently, it has been shown that nuclear TIR 1
mediates slow responses to auxin while AFB1 was found to be
important for its rapid response (Chen et al., 2023). With TIR 1
and AFB1 having a distinct function in Arabidopsis, it remains
to be determined how the parasite modulates the host auxin
response, transport, and signaling. The molecular tools that are
continuously generated in crops [e.g. reporter lines and clus-
tered regularly interspaced palindromic repeats (CRISPR)/
CRISPR-associated protein (Cas) mutants| combined with
the advances in imaging technologies, allowing long-term im-
aging of dynamic interactions (von Wangenheim et al., 2017),
will provide a mechanistic understanding on how the parasite
impinges on the host roots to secure a successful invasion.

The increase in auxin concentration could lead to cell wall
modification in both the haustorium and the host, to form
an adhesive surface or facilitate penetration of the host tissue.
Auxin is known to regulate the expression of genes encoding
cell wall modification enzymes directly (Swarup et al., 2008),
and could thereby indirectly influence the cell wall compo-
sition, or modify the cell wall directly by acidification of the
apoplast, as described by the Acid Growth Theory (Rayle and
Cleland, 1992). Evidence for the influence of auxin on changes
in cell wall structure was shown recently in lupin, where auxin
triggers homogalacturonan demethylesterification in cluster
roots and induces the expression of a polygalacturonase in the
tissue outside of the outgrowing root primordia, to facilitate
outgrowth without damage in the overlying cortex and epi-
dermis cells (Jobert et al., 2022).

Similar to auxin, it was also shown that haustoria are able
to manipulate the host phytohormone balance by cytokinin
secretion. In P japonicum, genes associated with cytokinin
metabolism are up-regulated in the haustorium upon infec-
tion, cytokinin levels increase, and cytokinins are transported
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to host plants via the haustorium (Spallek et al., 2017,
Kokla et al., 2022). Cytokinin biosynthesis is likely to take
place in the intrusive cells of the P japonicum haustorium, as
shown by the expression of the cytokinin biosynthesis gene
P/IISOPENTENYLTRANSFERASEa, and mutation of this
gene leads to a loss of cytokinin response in the host roots
(Greifenhagen et al., 2021). Cytokinins produced in Cuscuta
can also be transferred to host plants and trigger a cytokinin re-
sponse there (Furuhashi ef al., 2014). The cytokinins as mobile
signals might induce morphological changes in host roots, such
as hypertrophy (i.e. plant tissue overgrowth and an increase in
the number of vascular bundles), facilitating tissue penetration
of the parasitic plant and formation of a haustorial bridge be-
tween parasite and host.

Controlling phytohormones levels as a
strategy against parasitic plant infestation

Strategies to control parasitic plant infestation nowadays com-
prise the creation of parasite-resistant crop plants (Kaiser et al.,
2015; Mutuku et al., 2019), suicidal germination (Kountche
et al., 2019), or application of myco-herbicides that target the
parasite, but not the host (Rebeka et al., 2013). With the im-
portance of hormone interplay in parasite—host interactions,
and with the currently available genomic resources in parasitic
plants (Table 2;Yoshida and Kee, 2021), it is important to de-
velop molecular and genetic tools to understand their specific
role in this process, to be able to manipulate the interaction
to fight parasitic plant infestation. These tools can target both
the parasite to make it less infective and the host by increasing
its resistance. Application of specific phytohormone signaling
inhibitors could prevent haustorium formation and thereby
attachment to host plants. Here, a detailed knowledge of the

Table 2. Recent advances in genomes and transcriptomes of the
species mentioned in this review

Plant Genome Transcriptome

Striga asiatica Yoshida et al. Yoshida et al. (2019)
(2019)

Striga hermontica Qiu et al. (2022) Yang et al. (2015); Wicket

et al. (2011); Yoshida et

al. (2019)

Ogawa et al. (2021); Cui et
al. (2020); Kurotani et al.
(2020); Ishida et al. (2016)
Wicket et al., 2011; Yang
etal., 2015

Hettenhausen et al. (2017)
Zhang et al. (2021); Kim
et al. (2014); Shahid et al.
(2018); Kaga et al. (2020)

Kado and Innan
(2018); Yoshida
and Kee (2021)
Not available

Phtheirospermum
Jjaponicum

Triphysaria versicolor

Cuscuta australis
Cuscuta campestris

Sunetal., 2018
Vogel et al.
(2018)

Genomes and transcriptomes of parasitic plants not mentioned in this
study are described in Yoshida and Kee (2021).
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nature of the phytohormone signaling in the parasite is needed
to ensure that inhibitors only target processes in the parasite
wihout interference with host phytohormones. Conversely,
phytohormone signaling components of the host are a poten-
tial target, in order to interrupt the tissue adaptations in favor
of the parasite. For example, mutants in cytokinin signaling
genes in Arabidopsis are resistant to the hypertrophy induced
by P japonicum (Spallek et al., 2017). Another possible target is
manipulating the cell wall composition of the host to make it
inaccessible for cell wall modifications caused by the auxin re-
lease of the parasite, and thereby prevent attachment and pene-
tration of the parasite. It has been suggested that the resistance
against parasites in host plants is triggered by modifications in
the cell wall structure at the infection sites: in Cuscuta-resistant
tomato, plant cells walls undergo secondary modifications
involving phenylpropanoids and long-chain components that
can become cross-linked within the cell wall to prevent infec-
tion with the parasite (Kaiser et al., 2015). In Striga-resistant
rice cultivars, the resistance is associated with an increase in
lignin, and lignin- and glucan-derived compound deposition
at the infection site (Mutuku ef al., 2019). Interfering with
auxin transport, response, and signaling of the parasite, on the
other hand, could prevent the auxin-mediated cell wall modi-
fications necessary for the penetration of the haustorium.

The analysis of phytohormonal responses in parasitic plants
at the cellular level is still hampered by the lack of suitable mo-
lecular biological tools. To analyze phytohormone content in
a spatial manner, antibodies against auxin and cytokinin can
be used (Xiao et al., 2022); however, they do not allow for
monitoring the temporal dynamic of haustoria development
in vivo. Hairy root transformation in P japonicum represents an
important breakthrough to express reporter constructs tran-
siently and create gene knockouts by CRISPR /Cas9; however,
no stably transformed reporter lines have been reported to date
(Spallek et al., 2017; Greifenhagen et al., 2021).

Although Cuscuta does not develop roots, a protocol for
hairy root transformation was recently used to transform the
adhesive disk cells of the haustorium. Unfortunately, the trans-
formation events are so far restricted to the adhesive disk, so
that analysis of early haustorium formation events by reporter
gene expression remains impossible (Lachner et al., 2020).

In conclusion, understanding cellular and molecular mecha-
nisms controlling haustorium formation will remain a chal-
lenging task. The availability of genome and transcriptome
resources (Table 2;Yoshida and Kee, 2021) and the use of sin-
gle-cell omics might be promising to deceipher the molecular
interplay of de novo organogenesis from differentiated tissues.
However, it will not be possible, without the development of
basic tools for functional biology studies such as a stable trans-
formation protocol, to validate the candidate genes involved
in the interaction and communication between the host and
the parasite. These tools will also be useful to develop bio-
technological approaches that will help in combating parasitic
infestations.
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