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Chapter 24
Genome Editing-Based Strategies Used 
to Enhance Crop Resistance to Parasitic 
Weeds

Kubilay Yıldırım, Musa Kavas, Melekşen Akın, and İlkay Sevgen Küçük

Abstract In contrast to most autotrophic plants, which produce carbohydrates 
from carbon dioxide using photosynthesis, parasitic weed plants rely on host plants 
to form vascular connections through which they withdraw the required nutritive 
resources and water. Many important crop plants are infested by these heterotrophic 
plants leading to tremendous yield losses and rendering agricultural lands unculti-
vable. The parasitic weeds are physically attached to the host plants and therefore 
their control is challenging due to the lack of selective methods for killing the weeds 
without damaging the host crop. Fortunately, many host plants have pre-haustorium 
resistance, host initiation responses and post-attachment tolerance to these parasitic 
weeds. However, parasitic weeds have high fecundity, dispersal efficiency, and per-
sistent seed storage in the soil all of which enable them to adapt to new hosts and 
break down the crop resistance. Recent discoveries in genome editing and gene 
silencing-based technologies open new opportunities to enhance crop resistance to 
parasitic weeds. Some genome editing-based studies targeting the seed germination 
of parasitic weeds created almost complete resistance in crop species. In this chap-
ter, we give an overview of the host-parasitic interaction and host defence responses 
that can be targeted by genome editing or gene silencing technologies.
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1  Introduction

Plants are autotrophic organisms using light as energy to convert inorganic carbon 
into carbohydrates by photosynthesis. However, some plants have evolved special-
ized organs (haustorium) to attach and form vascular connections with autotrophic 
plants to absorb their water and nutrients. This heterotrophic lifestyle is used by 
parasitic plants/weeds and has a profound negative impact on many agriculturally 
important crops, forests and whole dynamics of ecological systems [1]. Parasitic 
plants could be grouped as facultative or obligatory according to their dependency 
on the host. Facultative parasitic plants (hemiparasitic) have their own chlorophyll 
and can complete their life cycle independently of a host. However, if there is an 
available host plant to obtain nutrients and water with less investment in the assimi-
lation system, they become parasitic. Obligate parasitic plants (holoparasites) lack 
chlorophyll and they depend completely on their hosts for seed germination and 
survival. Parasitic plants can also be separated as root feeders or shoot feeders based 
on the invaded host tissue. Depending on their vascular connections with their host, 
they could be xylem feeders, phloem feeders, or both [2].

Parasitic plants in lower diversified agricultural systems can cause tremendous 
yield losses rendering agricultural lands uncultivable [3]. Traditional control meth-
ods such as hand weeding and herbicide treatment are too expensive and labour- 
intensive to regulate parasitic plant infestations in crops. These methods also are 
ineffective due to the tight physiological connection between the host and the para-
sitic weed and the re-emergence of parasitic plants after damaging of the host. 
Parasitic plants generally produce plentiful small seeds contaminating the soil or the 
crop seeds before parasitism is established. The seeds of parasitic plants remain 
viable in the dormant state for many years and germinate after receiving the host 
signals [4].

Reducing the impact and spread of parasitic weeds on crops and agricultural 
production requires an understanding of the molecular machinery behind the inter-
actions between the parasite and the host plants. Pre and post-attachment as well as 
haustorium initiation resistance mechanisms in specific cultivars, mutants, or spe-
cies have been identified and many host metabolites required for the germination of 
parasitic weed seeds have been identified. The availability of whole-genome 
sequences and transcriptomes of several parasitic plants facilitated the investigation 
of genes responsible for host–parasite interactions, and the identification of the 
genes involved in resistance or susceptibility responses of crops [5–7]. All this 
knowledge can be used to enhance resistance in crop species to these weeds by 
deploying molecular breeding and advanced genome editing strategies. In this chap-
ter, we provide a comprehensive overview of new genome editing or gene silencing- 
based approaches applied to crops to enhance parasitic weed resistance and their 
prospective applications on the molecular mechanisms involved in host-parasitic 
weed interaction.
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2  Genome Editing-Based Strategies Used to Enhance 
Parasitic Weeds Resistance in Crops

Many agriculturally important plants are attacked by specific parasitic plants, which 
induces a host defence response to inhibit the attachment of parasitic weeds or 
reduce the infestation. Based on whether the resistance mechanism functions before 
or after parasitic plants attach to their hosts, resistance responses can be classified 
as pre-haustorium resistance, haustorium initiation resistance or post-attachment 
resistance [8]. In addition to the classical transgenic approach, newly discovered 
biotechnological strategies (RNAi, VİGS and CRISPR) have been implemented to 
develop a high level of crop resistance to parasitic weeds in recent years [9–11]. In 
the review, we grouped these studies according to their target resistance mechanisms.

2.1  Genome Editing for Pre-HAUSTORIUM Resistance 
in Crops

The discovery of some terpenoid lactones in crops such as strigolactones (SLs) and 
sesquiterpene lactones (STLs), [11, 12] is a milestone in understanding the interac-
tion between parasitic weeds and their hosts. Secondary metabolites synthesized by 
host roots in trace amounts have several important physiological processes in host 
plants from shoot branching to arbuscular mycorrhizal symbiosis. Terpenoid lac-
tones were then realized to be also the germination stimulants for several obligate 
root parasitic plants [13, 14]. The seeds of these parasitic plants do not germinate 
unless they receive terpenoid lactones as a chemical signal from their host roots. 
Therefore, the parasite-host interaction has evolved in a sophisticated way to detect 
the presence of STLs or SLs by parasitic weeds and coordinate their germination 
and development with the host’s lifecycle [15, 16]. Receiving the signal molecule 
from the host for seed germination and growth towards the host organs are critical 
steps in the parasitic plant life cycle. Resistant host plants take a preventive pre- 
attachment strategy by making themselves invisible to parasitic plants by decreas-
ing or completely stopping the production of germination stimulant molecules [17]. 
Therefore, reducing the number of stimulants exuded by host plants is considered to 
be a key factor for the host resistance achieved by inhibition of parasitic weed seed 
germination. Clustered regularly interspaced short palindromic repeats/CRISPR 
associated protein 9 (CRISPR/Cas9)-mediated mutagenesis, virus-induced gene 
silencing (VIGS) and RNA interference (RNAi) mediated gene silencing strategies 
have been used to disrupt strigolactones (SLs) biosynthesis in host plants [18–23]. 
In this way, the germination of seeds of parasitic plants was suppressed and almost 
complete resistance to parasitic weeds was achieved in genome-edited host plants 
(Table 24.1).
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Table 24.1 Crops and parasitic plants modified by genome editing mediated strategies to enhance 
host resistance to parasitic weeds

Parasite Mode of resistance
Plant 
species Reference

P. aegyptiaca RNAi-mediated silencing of the parasite gene M6PR2 Tomato [28]
P. ramosa RNAi-mediated silencing of host gene CCD7 Tomato [18]
P. ramosa RNAi-mediated silencing of host gene CCD8 Tomato [19]
P. aegyptiaca VIGS-mediated knockdown of the CCD7 and CCD8 

genes of parasitic weed
Tobacco [20]

S. hermonthica VIGS-mediated silencing of ACS, M6PR, and Prx1 
genes of the parasitic weed

Tomato [29]

P. ramosa RNAi-mediated silencing of the host gene CCD8 Tomato [13]
S. hermonthica CRISPR/Cas9-mediated knockout of host CCD7 Rice [21]
P. aegyptiaca CRISPR/Cas9-mediated knockout of host CCD8 Tomato [22]
S. hermonthica CRISPR/Cas9-mediated knockout of host MAX1 Tomato [23]
O. crenata

P. aegyptiaca

SLs were first isolated in cotton root exudates as a germination stimulant of 
Striga lutea [24]. Subsequent research revealed that these compounds also function 
as endogenous hormones to inhibit shoot branching or tillering. SL biosynthesis 
begins with the convertion of all-trans-β-carotene to 9-cis-β-carotene with an 
enzyme called β-carotene isomerase (DWARF27 or D27). Then, carotenoid cleav-
age dioxygenase 7 (CCD7) cleaves 9-cis-β-carotene into the volatile β-ionone and 
9-cis-β-apo-10′-carotenal. This former intermediate is catalyzed by CCD8 to yield 
carlactone which is the precursor for all SLs (Fig. 24.1). In Arabidopsis thaliana, 
carlactone is converted into carlactonoic acid by the cytochrome P450 monooxy-
genase (MORE AXILLARY GROWTH 1-MAX1) (Fig.  24.1a). In rice, MAX1 
homologs convert carlactone into 4-deoxyorobanchol and orobanchol [25].

RNA interference (RNAi) uses an antisense siRNA strand to associate with the 
RNA-induced silencing complex (RISC) to target homologous RNA molecules for 
degradation and gene silencing in plants [26]. RNAi was previously used to silence 
several key genes encoding critical enzymes functional in SL biosynthesis. Gene 
silencing of CCD7 and CCD8 transcripts in tomatoes using antisense siRNA 
resulted in decreased levels of SL in the host, leading to reduced germination of the 
root parasitic weed [18, 19, 27].

Kohlen et al. (2012) showed that silencing of the host CCD8 gene in tomato lines 
by hpRNA technique reduces infestation of P. ramosa by 90% in the transgenic 
plants [19]. In another study, Aly et al. (2014) used a tobacco rattle virus–VIGS 
system for the transient knockdown of CCD7 or CCD8 in P. aegyptiaca. The result 
of the study demonstrated significant inhibition of parasite-tubercle development 
and the infestation of Nicotiana benthamiana plants [20]. A similar approach was 
used for the control of root parasitic weeds based on the simultaneous trans-specific 
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Fig. 24.1 Strigolactones (SLs) released from the host roots are the main stimulants for seed ger-
mination of parasitic weeds. Therefore the genes encoding the enzymes functional in SL biosyn-
thesis (a) were the targets for CRISPR-mediated gene knockout studies. CRISPR-mediated 
disruption of the CC7, CCD8 and MAX1 genes in rice (b) and tomato (c, d) to reduce SL content 
in the root exudates. All the SL-deficient mutant plants exhibited reduced or poor germination in 
the seeds of parasitic plants such as S. hermonthica, O. crenata and P. aegyptiaca

gene silencing of parasite genes [29]. In this study, multiple DNA fragments (ACS, 
M6PR, and Prx1) of P. aegyptiaca genes were targeted by RNAi. The results of the 
experiment showed the movement of mobile exogenous siRNA from the host to the 
parasite, which lead to the decreased expression of parasitic genes essential for the 
parasite tubercles growing on the host plants.
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CRISPR/Cas9 is the newest genome editing approach used to silence or modify 
the genes of plant species to enhance resistance to parasitic plants. This efficient and 
simple genome editing tool requires a small-guided RNA (sgRNA) complementary 
to a target gene sequence and Cas9 enzyme that recognize sgRNA for precise cut-
ting of DNA and leading to dsDNA breaks [30]. During DNA repair by non- 
homologous end joining, insertion or deletion may occur at the break sites, silencing 
the protein’s function [31]. CRISPR/Cas9 has been recently applied to knock out 
the CCD7 gene in rice (Oryza sativa) to reduce SL content in the roots [21]. CCD7 
mutants exhibited increased tillering, combined with reduced height and extremely 
poor levels of SL production compared to the wild-type control. Striga seed germi-
nation was almost completely inhibited by the root exudates of some CCD7 mutants 
compared to that of control and the standard SL analogue GR24 (Fig. 24.1b). In 
another study, CRISPR/Cas9-mediated mutagenesis of the CCD8 gene was used to 
enhance host resistance to the parasitic weed P. aegyptiaca [22]. In this study, Cas9/
single guide RNA constructs were targeted to the second exon of CCD8 in tomato 
plants. Several mutant tomato lines with heritable insertions or deletions in CCD8 
gene were recorded to be SL-deficient. Compared to control tomato plants, the 
CCD8 mutant lines had morphological changes such as dwarfing, excessive shoot 
branching and adventitious root formation. In addition, some SL-deficient CCD8 
mutants exhibited an almost complete reduction in seed germination of P. aegypti-
aca and its infestation compared to non-mutated tomato plants (Fig. 24.1c) [22]. 
Wakabayashi et  al. (2019) knocked out the cytochrome P450 (MAX1) gene, 
SlCYP722C, coding for an orobanchol synthase enzyme in tomato, by using a 
CRISPR system (Fig. 24.1d) [23]. Indels in the gene that resulted in biallelic frame-
shift mutations were identified in the T1 transgenic plants and T2 progeny lines. 
Orobanchol production was completely inhibited in the root exudates of MAX1 
mutant tomato plants. Unlike the CCD8 mutant tomato lines created by Bari et al. 
[22], MAX1 mutants did not show prominent phenotypes such as increased shoot 
branching and reduced stem length. Production of the fruits and seeds was normal 
in the T1 MAX1 mutant tomato lines normally, and no serious yield loss occurred 
in mutant T2 progeny. Most importantly, root exudates of MAX1 mutant tomato 
plants reduced the induction of germination of seeds of root parasitic weeds, Striga 
hermonthica, Orobanche crenata, and Phelipanche aegyptiaca, compared to WT 
without changing the plant architecture.

Secretion of toxic compounds inhibiting the seed germination of parasitic weeds 
is another strategy for host resistance against parasitic weeds. Many phytotoxins or 
natural amino acids were found to interfere with the early growth stages of the para-
sitic weeds. These metabolites have negative effects on seed germination or germ 
tube elongation [32]. Serghini et al. (2001) found that the resistant sunflower geno-
types release defensive secondary metabolites called 7-hydroxylated coumarins 
from their root to create a toxic environment for O. cernua [33]. In another study, 
transgenic tobacco overexpressing an antibacterial peptide sarcotoxin IA enhanced 
resistance to Phelipanche spp. by its toxic effects on this parasitic weed [34].
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2.1.1  Genome Editing for HAUSTORIUM Initiation Resistance in Crops

Once a germination signal is released from the host and detected by the parasitic 
plants, a haustorium contact is established between the host and the parasite. 
Therefore, instead of reducing the germination of parasitic seeds, inhibition of haus-
torium formation via several Haustorium Induction Factors (HIFs) could be also 
another strategy for crop resistance. HIFs are released from the parasitic plants to 
enable haustoria penetration into host organs following haustorium attachment [35]. 
A quinone molecule, 2,6-dimethoxy-1,4-benzoquinone (DMBQ), released from 
sorghum root extract was the first defined HIF molecule in the parasitic plants. 
DMBQ was recorded to induce both obligate and facultative parasitic haustoria 
development within hours [36]. Interestingly, two genes (TvQR1 and TvQR2) 
encoding a type of quinone oxidoreductases in Triphysaria versicolor (facultative 
parasitic plants) were identified to be responsible for the induction of DMBQ. TvQR1 
was estimated to generate the first step in the signal-transduction pathway for haus-
torium development while TvQR2 was thought to be responsible for the removal of 
the signal with a detoxification system [37]. RNA interference (RNAi) technology 
was used to silence TvQR1and TvQR2 transcripts in Triphysaria roots for the eval-
uation of their functional role in haustoria formation. In the study, RNAi vectors 
designed to target TvQR1 and TvQR2 were transformed into Triphysaria roots via 
Agrobacterium rhizogenes. The competence of transgenic Triphysaria roots was 
accomplished by Arabidopsis root contact test. The results of haustoria formation in 
response to host contact indicated a significant decrease in haustorium development 
in roots silenced for QR1 but not in roots silenced for QR2. This experiment impli-
cates QR1 as the first identified gene necessary for the redox bioactivation of 
haustorial- inducing factors [38].

2.1.2  Genome Editing to Enhance Post-attachment Resistance in Crops

Even after the seeds of parasitic weeds germinate and attach to the host roots, 
hormone- mediated defence response in host plants can be triggered to cope with 
this parasite attack. Defence-related plant hormones, especially jasmonic acid (JA) 
and salicylic acid (SA), are known to contribute to crop resistance to parasitic weeds 
by direct inhibition of their contact with the host or enhancing the host plant vascu-
lar body. For instance, treatment of SA on red clover roots reduced the houstaria 
formation of O. minor by lignification in the host endodermis cell layers [39]. 
Induction of SA and pathogenesis-related gene transcripts were also reported to 
enhance the resistance response of sunflowers to O. cumana [40]. JA is known to be 
involved in cell wall damage–induced lignin biosynthesis and, therefore, it directly 
contributed to the host resistance by a hypersensitive-like response in plants [35]. 
Several studies have concentrated on the loss of function analysis of these hormones 
in crop species. For instance, Brading et  al. (2000) created a transgenic tomato 
expressing salicylate hydroxylase. This enzyme converted SA immediately to 
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inactive catechol and created SA-deficient tomato [41]. In another study, the radia-
tion-based mutation was created on the tomato CORONATINE-INSENSITIVE1 
gene which reduced the expression of JA-responsive genes [42]. Runyon et  al. 
(2010) used both mutant tomato genotypes to test their resistance to parasitic weeds. 
The results indicated that parasitic plants grown on the SA and JA mutant tomatoes 
were more aggressive and had more biomass than those grown on their wild-type 
counterparts [43].

In another study, RNAi was used to knock down (kd) the expression JA-inducible 
WRKY transcription factor in rice [44]. Remarkably, WRKY45-kd rice genotypes 
exhibited severe susceptibility to S. hermonthica. The size and number of the S. her-
monthica seedlings that attached and developed in mutant rice genotypes were 
almost threefold higher compared with wild-type rice. Therefore, a reduction in 
endogenous JA levels resulted in enhanced susceptibility to S. hermonthica. External 
application of JA was found to completely recover the resistance ability of mutant 
rice to this parasitic plant [5, 45, 46].

Hypersensitive response (HR) is a common mechanism which leads to localized 
cell death and necrosis at the infectious site to defend against pathogens and prevent 
the spread of infection in the plant body [47]. Some studies indicated that hosts have 
evolved the ability to detect parasitic plant–specific signals to initiate signal trans-
duction cascades that lead to an HR and prevent the haustorium penetration process 
of parasitic plants [48]. For instance, a cowpea cultivar resistant to S. gesnerioides 
was found to trigger a downstream signalling cascade to activate the avirulence 
(Avr) proteins, which is a positive regulator of the HR [49]. A similar case was also 
reported for the interaction between sunflowers and O. cumana. Sunflower recog-
nizes an avirulence protein (AVROR7) from O. cumana via the kinase domain  
of the HAOR7 protein, which then activates signalling cascades for the induction  
of HR [50].

3  Prospective Applications of Genome Editing-Based 
Systems for the Control of Parasitic Plants in Crops

Genome editing-based strategies used to silence host or parasite genes may serve  
as an important strategy to obtain more effective and durable crop resistance to 
parasitic weeds. Unlike other types of natural resistance, genome editing-based 
strategies could be easily applied to susceptible crop cultivars. Moreover, parasite 
species share homology in the target gene sequence and, therefore, an established 
strategy could be effective against other parasitic weed species. For instance, Aly 
et  al. (2009) revealed that M6PR gene has high sequence similarity between 
P. aegyptiaca, P. ramosa and O. crenata species, suggesting that a single RNAi or 
CRISPR- based protocol can be used to manipulate sensitivity to several species  
at the same time. In addition, multiple candidate parasitic genes can be cloned  
in the same construct and pyramided in susceptible hosts for gene editing, thus 

K. Yıldırım et al.



419

significantly reducing the risk of the development of new virulent parasitic weeds 
[28]. A limited number of studies described in-vitro transformation and regenera-
tion systems for P. aegyptiaca [51]. and P. ramosa [52]. However, the establishment 
of genome editing- based protocols needs more effort to acquire high-quality 
genomic data, reverse-genetics information and reliable parasite transformation 
systems to target key processes in the host–parasite interaction. Nevertheless, cur-
rent molecular knowledge could still be a target for CRISPR-based genome editing 
studies. For instance, RNAi or CRISPR-based silencing of parasite genes functional 
in host cell- wall degradation and penetration (pectin methylesterase, polygalacturo-
nase, rhamnogalacturonase or peroxidases) may reduce host penetrability during 
haustorium formation and initial parasitic stages. Another promising strategy could 
be the reduction of the parasite’s seed productivity by silencing the genes involved 
in flower and seed formation pathways. A general conclusion emerging from 
research in the last 20 years is that the intimate physical and physiological connec-
tion of parasites with their hosts can be used as a key target point, where its greatest 
potential lies in developing parasite resistance utilizing molecule or macromolecule 
exchange. Since host-released stimulants such as hormones, seconder metabolites 
and signals are the most critical key factor in germination and infestation of para-
sitic weeds, genes involved in these stimulant biosynthesis communications, signal-
ling, and perception should be further studied and identified for the best targets for 
genome editing. A more thorough understanding of molecular interaction between 
host and parasite will enable manipulation of their in-vivo interactions and activity 
to control root parasitic weed germination without damaging the crop plant.
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