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RESUMO 

Távora, Fabiano Touzdjian P. K. Desenvolvimento de arroz resistente à brusone por meio 
do sistema CRISPR/Cas9 para a edição de genomas, 128 folhas. Tese de Doutorado em 

Genética e Biotecnologia – ICB/UFJF-MG, 2021. 

 

O arroz (Oryza sativa L.) consiste na principal cultura alimentar de mais da metade da 

população mundial. Entretanto, esta cultura tem sido severamente atingida pela brusone, uma 

devastadora doença de plantas causada pelo fungo Magnaporthe oryzae. Dessa forma, o 

desenvolvimento de cultivares de arroz com maior resistência à brusone consiste em um dos 

principais focos dos programas de melhoramento. No entanto, devido à complexa biologia do 

patógeno, cultivares de arroz geneticamente resistentes ao fungo tornam-se suscetíveis em um 

curto período de tempo. O nocaute (deleção) de genes de suscetibilidade no genoma do arroz 

representa uma notável estratégia para a obtenção de uma resistência mais ampla e duradoura 

contra o fungo M. oryzae. O presente estudo teve como objetivo utilizar a tecnologia de edição 

genômica - sistema CRISPR/Cas9, para o nocaute de genes de arroz envolvidos na 

susceptibilidade à infecção fúngica. A partir de resultados anteriores de transcriptômica de duas 

linhagens semi-isogênicas de arroz - NILs submetidas a infecção por M. oryzae, foram 

selecionados potenciais genes de suscetibilidade. A prospecção por candidatos à edição gênica 

foi complementada por uma análise proteômica shotgun comparativa do perfil de proteínas da 

interação entre as NILs IRBLi-F5 (suscetível) e IRBL5-M (resistente) em estágios iniciais da 

infecção por M. oryzae, que revelou um conjunto específico de proteínas potencialmente 

associadas à suscetibilidade. Após a caracterização e validação da expressão gênica por RT-

qPCR dos candidatos mais proeminentes, os genes-alvos OsDjA2, OsERF104 e OsPyl5, foram 

selecionados e submetidos a validação funcional via silenciamento gênico in planta, utilizando 

oligonucleotídeos antissenso (ASO), onde se observou notável redução dos sintomas foliares da 

doença na interação compatível. Em seguida, a variedade-modelo de arroz cv. Nipponbare foi 

transformada com os vetores CRISPR/Cas9 visando o nocaute, independente, de cada um dos 

genes-alvo. Plantas de arroz da geração T1 e homozigotas para mutação-nula (perda de função) 

foram testadas quanto a resistência ao fungo M. oryzae. Conforme esperado, plantas editadas 

mostraram considerável redução dos sintomas da doença em relação às linhagens controle. 

Espera-se que os resultados obtidos contribuam para a geração de cultivares de arroz resistentes 

à brusone, além de lançar luz sobre novos potenciais genes de susceptibilidade à M. oryzae. 

 

Palavras-chave: CRISPR; Gene de susceptibilidade; Interação planta-fungo; Proteômica 

shotgun; Silenciamento gênico 

 



ABSTRACT 

Távora, Fabiano Touzdjian P. K. Development of blast-resistant rice through CRISPR/Cas9 
genome editing technology. 128 pages. Thesis in Genetics and Biotechnology – ICB/UFJF-

MG, 2021. 

 

Rice (Oryza sativa L.) is the main food crop for more than half of the world population but 

unfortunately, it is severely affected by blast, one of the most widespread and devastating plant 

diseases, caused by the fungus Magnaporthe oryzae. Hence, the development of rice cultivars 

with greater resistance to blast is one of the main focuses of breeding programs. However, due 

to the complex biology of the pathogen, rice cultivars genetically resistant to the fungus become 

susceptible in a short period of time. In this context, the knockout of rice susceptibility genes 

represents a flourishing approach to obtain rice cultivars with a broader and longer-lasting 

resistance to M. oryzae. The present study aimed to use the genomic editing technology - 

CRISPR/Cas9 system, for knocking-out genes engaged with rice susceptibility to fungal 

infection. From previous transcriptomics results of two semi-isogenic rice lines - NILs infected 

by M. oryzae, potential rice-blast susceptibility genes were selected. The prospection of 

candidate genes for gene editing was complemented by a comparative shotgun proteomic 

analysis of the protein profile of the interaction between IRBLi-F5 (susceptible) and IRBL5-M 

(resistant) NILs in early stages of M. oryzae infection, that revealed a specific set of proteins 

potentially associated with susceptibility. After the characterization and validation of gene 

expression by RT-qPCR of the most prominent candidates, the target genes OsDjA2, OsERF104 

and OsPyl5 were selected and submitted to a functional validation via gene silencing in planta, 

using antisense oligonucleotides (ASO), in which a clear reduction of leaf symptoms was 

observed in the compatible identification. Subsequently, the model japonica rice variety 

Nipponbare was transformed with simplex CRISPR/Cas9 vectors aiming to the independent 

knockout of each target gene. The T1 progeny of rice-edited plants, homozygous for the null 

(loss of function)-mutation were tested for blast resistance. As expected, mutant plants showed 

a decrease of disease symptoms in comparison with control lines (transformant non-edited 

plants). The results obtained in this study can contribute for the development of rice cultivars 

resistant to blast disease, besides shedding light on new potential rice-blast susceptibility genes. 

 

Keywords: CRISPR; Gene silencing; Plant-fungus interaction; Proteomic shotgun; 

Susceptibility gene. 
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General Introduction 

 
 

Agribusiness and the relevance of Brazilian riziculture 

Brazilian agribusiness is undoubtedly one of the main sectors that moves our domestic 

economy, significantly contributing to the national Gross Domestic Product (GDP). In 2018, the 

GDP of agribusiness increased by 1.87%, representing 21% of Brazilian GDP, which shows great 

power over the positive balance in the Brazilian trade balance (Center for Advanced Studies in 

Applied Economics - CEPEA). However, according to a FAO report, in 2050 the world population 

will be approximately 10 billion people, 29% more than the current number (available at: 

http://www.fao.org/brasil/noticias/detail-events /en/c/ 901168). In this context, there is a clear need 

to increase the world´s food production to meet this population growth forecast.  

Rice represents the staple food of more than half of the world's population, contributing 

23% of the total calories consumed globally. In addition, more than 600 million tons of this 

cereal are produced annually from 150 million hectares of rice paddies worldwide [1]. Brazil is 

the largest producer of upland rice, with a cultivated area of 2.3 million hectares, corresponding 

to 41% of Brazilian rice production [2]. Currently, Brazil occupies the 9th position in the World 

ranking of rice producing countries, with 11.9 million tons, standing out as the largest producer 

outside Asian continent [3], [4]. However, rice demands continue to increase as a result of 

increasing population and improving living standards, particularly in Latin America and 

African countries. It is estimated that we will have to produce ~ 30% more rice by 2030 [5]. 

Therefore, the application of innovative biotechnological products in agribusiness field is vital 

to respond to such global food demand, ensuring future sustainable production. 

 

Food security in the current global scenario 

In the current (and not optimistic) global scenario, in which adverse climate changes are 

associated with substantial population growth estimated at ten billion people by the end of 2050, 

food security represents one of the greatest challenges to be faced worldwide. Rice is the most 

important crop related to food security. However, due to its inherent high susceptibility to blast 

disease caused by the fungus Magnaporthe oryzae, associated to the difficulties in the disease 

management, rice yield is severely impacted, which leads to an annual striking of up to 10-30% 

of global production [6].  

 

Scientific issues and working hypotheses 

 
The setback of building resistance via conventional plant breeding 
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Figure 1. Comparative illustration of the main traditional breeding methods employed in the genetic improvement 

of rice (Oryza sativa L.) crop, aiming to generate disease-resistant varieties (adaptation from Ahmad et al., 2020.) 

(A) conventional plant breeding method, where an elite cultivar (recipient) presenting a high yield, but susceptible 

to diseases, is crossed with a resistant variety (donor of R-genes), generating a disease resistant plant. However, 

even after successive backcrosses and rigorous selection cycles, unwanted donor genes will be also incorporated 

(via linkage drag phenomenon) along with the desired ones; (B) genetic improvement via mutagenesis uses 

physical and chemicals agents (e.g., gamma radiation and ethyl methane sulphonate - EMS, respectively) to 

generate mutations in the plant's genome. In this process mutants must undergo rigorous selection during the 

evaluation of desirable phenotypes and one of the main limitations and disadvantages of this technique is the 

randomness of mutations in the genome and its tricky detection; (C) In plant breeding via genetic engineering 

(transgenics), in general, a gene of interest is isolated from a donor variety, cloned into a delivery vector and 

inserted into the genome of an elite host plant. The regenerated mutant plants will be regulated as a genetically 

modified organism (GMO) due to the insertion of exogenous DNA. 
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The development of rice cultivars with improved blast-resistance is one of the main 

focuses of conventional breeding programs. The cultivation of resistant varieties, containing 

one or more resistance R-genes, is one of the most environmental-friendly approaches to deal 

with M. oryzae infection. However, although breeders have managed to isolate several sources 

of genetic resistance, the high complexity of the pathogen and its ability to evolve into new 

races leads to a break in resistance in a short period of time [7]. In addition, the traditional 

techniques employed to generate these new varieties, such as conventional breeding, 

transgenics, chemical / physical mutagenesis (Figure 1) are, as a rule, laborious and require 

years to introduce desirable alleles and increase variability by genetic recombination [8]. 

 

New breeding techniques (NBTs): new horizon of resistances 

Recent advances in the field of biotechnology have led to the emergence of the so-called 

'new breeding techniques' (NBTs), whose performance has revealed alternative sources of plant 

resistance to the breeding programs, making susceptibility genes (S-genes) new targets for 

building a more durable and broad-spectrum pathogen resistance [9]. Among the NBTs, 

CRISPR / Cas9 system emerges as one of the most powerful and promising tools for a faster, 

more effective and sustainable genetic improvement of important agribusiness crops, such as 

rice (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Illustration of rice breeding via the NBT, CRISPR / Cas9 system. In plant breeding via CRISPR/Cas 

system aiming, for example, to build pathogen-resistant varieties, a strategy that has been widely adopted is the 

deletion (knockout) of host susceptibility genes. Plant genetic improvement via genome editing is more accurate 

and efficient when compared to other traditional techniques. In addition, due to the absence of exogenous DNA 

(in the process and / or in the final product), the generated plant varieties tend, in several countries (according to 

the biosafety legislation), not to be considered as GMOs. 
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Literature overview 
 
  

1. Rice: model plant for monocot studies 

Rice (Oryza sativa L.) stands as the plant model system for monocotyledonous studies, 

mainly due to the publication of complete genome sequencing of spp. japonica cv. Nipponbare 

e spp. indica cv. 9311[10, 11], whose results placed rice into the spotlight of biological research 

(International Rice Genome Sequencing Project, 2005). After a quick search in GenBank 

(https://www.ncbi.nlm.nih.gov/nuccore/) using "Oryza sativa" as a species keyword, 2,390,616 

items were retrieved. Another search on PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) 

using "rice" and "gene" as keywords, resulted in 20,558 articles, with 3,749 articles published 

from 1990 to 2004 (18.23%) and 16,610 articles published after 2005 (80.79%) (NCBI, 

07/01/2019). Although inaccurate, the data reasonably reflects the rate at which rice researches 

were conducted after its whole genome sequencing. Currently, it is difficult to statistically 

determine the number of rice genes explored in basic research, however, predictions estimate 

around 1,000,  amount considerably lower than the up to date sum of 37,544 genes present in 

rice genome[12]. Otherwise, it is easy to precise that these studies involved rice agronomic 

characteristics such as growth and development, as well as several aspects of rice-environment 

interaction (biotic and abiotic factors), so that all results contribute to a clearer and broader rice 

understanding. If genome sequencing has enabled a step forward in the increase and quality of 

rice research, subsequent technologies should then promote new directions in the field of rice 

bioengineering. The use of CRISPR/Cas9 system for genome editing, for example, has already 

shown its great potential in basic and applied rice research, surely a milestone of new 

possibilities in the field of rice functional genomics. 

Among the benefits of using rice as a model plant, its genome size stands out with 

around 382 Mpb distributed in 12 chromosomes, the smallest among economically important 

cereals; the high density of genes (one gene every 8 Kb, approximately); the availability of 

high-density genetic maps, microarrays, and well-established genetic transformation methods, 

besides the vast germplasm of cultivated plants and wild species[12].  

From the botanical perspective, rice plant is a Liliopsida (Monocot) from the Poacea 

(Gramine) family, subfamily Pooideae, tribe Oryzae (Figure 3a). The genus Oryza comprises 

23 species, 21 of which are wild (tetraploid, 4n = 48) and only 2 cultivated (diploid, 2n = 24): 

O. sativa and O. glaberrima, native from Asia and West Africa, respectively. The species is 

subdivided into 2 subspecies: indica, cultivated in a submerged system - which can vary from 

5 to 20 cm of water lay (aquatic culture that comprises about 88% of the rice cultivated surface 

area in tropical zones); and japonica, used both in aquatic culture (in temperate zones) and in 
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upland culture (similarly to other cereals, such as wheat, rye, etc.) in the tropical zones (Figure 

3b). 

 

 

 

 

 

 

 

 

 

Figure 3. Morphological and cultivation characteristics of rice (Oryza sativa L.). (A) schematic representation of 

the main plant structures, zooming in the panicles (inflorescence or spikelet enclosing the seeds); (B) 

Representative image of upland (above) and aquatic (below) rice systems. (Diagrams and images available at 

http://iac.sp.gov.br, with adaptations). 

 

2. The fungus Pyricularia oryzae and blast disease in rice  

Posing one of the most serious obstacles to the expansion of rice cultivated global 

paddies, the hemibiotrophic fungus Pyricularia oryzae is the causal agent of blast disease of 

rice crop, one of the most destructive and severe fungal diseases [13]. Presenting a worldwide 

distribution, the Magnaporthaceae family includes 13 genera and more than 100 phytopathogen 

species of Poaceae family [14]. The genus Pyricularia (Figure 4), alluding to the piriform 

shape of its conidia, comprises the fungus P. oryzae (teleomorph Magnaporthe oryzae) and 

includes species that are pathogenic to a wide range of monocots [15].  P. oryzae is considered 

a complex and highly variable species, composed by a large number of physiological races or 

pathotypes, grouped by mating types, having a peculiar phylogenetic characteristics, and host 

range [17]. In addition, to determine the race of a fungus isolate, the reaction (symptoms) 

pattern in a set of eight plant cultivars referred to as international differentiators is observed.

 Several studies have already pointed to the high genetic instability level of M. oryzae, 

whose genome evolves rapidly in nature. This feature enables the fungus to quickly adapt itself 

to new selection pressures on the field, often leading to a breaking down of newly launched 

commercial rice resistant cultivars [18]. This sort of adaptation generally involves genetic 

mutation and genetic recombination through sexual reproduction, which play important roles 

in  fungus enhancement of genetic diversity [19]. Furthermore, the fusion of mycelia between 

A              B 
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strains of opposite mating types leads to sexual spore (ascospores) production, which 

sometimes culminates in new forms of fungal virulence. 

 

 

 

 

 

 

 

 

 

Figure 4. Morphological characteristics of the fungus P. oryzae. (A) Image of a growing fungus M. oryzae in BDA 

culture medium showing its fruitification body with 20 days of growth; (B) Micrographs showing the mycelium 

cellular structure and the development of conidiophores and conidia (Scale bar, 20 µm). In greater magnification, 

a specimen of a conid, asexual and piriform structure of the fungus P. oryzae. 

 

Rice blast poses a major threat to food security worldwide. According to Sharma et 

al.[1], it is estimated that the annual global losses caused by blast would be enough to feed 60 

million people. In Brazil, blast occurs in all rice producing states, being notably more relevant 

in the Midwest and South regions, where losses up 100% in grain yield have been recorded 

during outbreak cases [20]. 

M. oryzae infection starts when the conidia (spores produced asexually) are deposited 

on young rice seedlings followed by germination and appressorium formation, structure 

responsible for disrupting leaf cuticle, culminating in the invasion of plant epidermal cells, as 

shown in Figure 5. The pathogen attacks the leaf and the panicle neck nodule. Infection at the 

base of panicle, known as neck blast or rotten neck blast, represents the most destructive 

symptoms in most environments where blast is a problem. [21]. In addition, widespread panicle 

infections are often lethal for rice yield. 

Currently, the most used methods for blast control are the cultivation of resistant 

varieties, application of fungicide and cultural practices [23]. The latter includes nitrogen 

fertilization, culture rotation and the use of good quality seeds. The use of resistant cultivars is 

the most environmental-friendly approach, although only partially controls the disease, 
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because, as a rule, the resistance conferred by R-genes is race-specific. In recent decades, have 

been sought to breeds that generates greater resistance against M. oryzae, leading to the 

development of rice cultivars that harbor several resistance genes in their genome. However, it 

seems to be a costly technique in terms of time, labor, and financing [24].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Symptoms of blast disease and the P. oryzae infection cycle. (A) Image showing the symptoms outcome 

of leaf blast; (B) Illustration of M. oryzae infection cycle in rice plant, showing the time of each stages of infection. 

(Image A, available at http//:knowledgebank.irri.org; Diagram B, adapted from Nadales et al.[22]). 

 

 

3. Molecular interaction mechanisms of rice-M. oryzae 

The rice-M oryzae interaction at the molecular level has been extensively studied, due 

in parts to the wide availability of annotated genomic sequences for both organisms (M. oryzae: 

Dean et al.,[16]; Oryza sativa: Ohyanagi et al.[25]). The coevolution between plants and 

pathogens resulted in a sophisticated plant immune system dedicated to preventing infection 

and, on the other hand, led to a high degree of adaptation and counter-attack/defense strategies 

by pathogens. Standing as the front line of plant defense, the detection of pathogen-associated 

molecular patterns (PAMPs) via recognition receptors located on the cell surface (PRRs), 

triggers a type of plant immune response called PTI (Pathogen-Triggered Immunity) [26]. As 

a result, the production of reactive oxygen species (ROS) and the secretion of 

peptides/antimicrobial compounds in the intercellular space (apoplast) of plant tissue are 

observed. To defend themselves, specialized pathogens employ virulence proteins (effectors) 

and other toxins to suppress host defense response [27]. To neutralize the activity of these 

effectors, plants rely on resistance R-genes ability to directly or indirectly recognize these 

A 
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effectors, and then activate another elaborate defense system, post-cell invasion, called effector-

triggered immunity (ETI). 

Therefore, we say that the rice-M. oryzae pathosystem is operated by the gene-for-gene 

hypothesis, originally described by H. Flor [28], in which avirulence (Avr) genes in the 

pathogen encode a class of effectors (proteins) or small molecules that alter host's structural 

functions during infection. When an effector is recognized by the host resistance R-gene 

product, a plant hypersensitivity (HR) response is triggered, preventing pathogen growth 

through a programmed cell death (PCD) or apoptosis mechanism at the site of infection, often 

resulting in an incompatible type of interaction (resistance to infection). On the other hand, in 

a compatible type, the R-gene product is not able to recognize the pathogenic Avr effector, 

resulting in the host's susceptibility to disease (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Molecular mechanisms of plant-pathogen interaction. Illustration summarizing the induction of host's 

main resistance mechanisms upon recognition of pathogen´s effector proteins; the classical types of plant-pathogen 

interaction (compatible vs. incompatible) and their general outcomes. PTI, pathogen-triggered immunity; ETI, 

effector-triggered immunity; AVR, avirulence genes; PRs, pathogenesis-related proteins; HSP, heat-shock 

proteins; ROS, reactive oxygen species.  
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4. S-genes: alternative source of resistance beyond plant R-genes 

In recent years, we have seen a boost in the understanding of how R-genes operate 

resistance in rice diseases. Currently, more than 100 blast resistance (R) genes (~ 50% in indica, 

45% in japonica and 5% in wild species) have been mapped, of which 25 have already been 

characterized and cloned [29]. However, as mentioned earlier, the plant resistance-building 

approach employed by conventional breeding programs is negatively influenced by pathogen 

genetic variability, often resulting in the breakdown of this type of acquired resistance. 

As a rule, disease resistance in plants is performed by R-genes showing nucleotide-

binding sites (NBS) and leucine-rich (LRR) or protein-serine/threonine kinase (S/TPK) repeat 

domains [30]. However, in an awkward way, R-genes with NBS-LRR domains act as targets 

of pathogen effectors, thus playing key roles in host susceptibility. A clear example of this 

atypical behavior was first reported by Sweat et al. [31]. Using Arabidopsis thaliana model 

plant, researchers demonstrated that plant sensitivity to the victorin toxin from Cochliobolus 

victoriae fungus and susceptibility to the disease are conferred by a gene (Lov1) that encodes a 

protein displaying CC-NB- LRR leucine-rich type-domains. In fact, it has been observed that 

in several other plant diseases caused by necrotrophic fungi, susceptibility is conditioned by a 

single dominant locus in the host and a cognate toxin derived from the pathogen. For example, 

the wheat R-gene Tsn1, encoding a protein having NBS-LRR domains, was reported to be 

implicated in a response called 'effector-triggered susceptibility' to necrotrophic pathogens [30]. 

When comparing proteomes of infected and non-infected plant leaves, several classical 

pathogenesis-related (PR) proteins show an increased abundance in infected foliar epidermis, 

including peroxidases, chitinases, thaumatin-like PR5 (TLP5) protein. In a very recent study, 

Lambertucci et al.[32] demonstrated that, against expectations, transient TLP5 gene silencing 

suggested that TLP5 does not contribute to resistance but rather modulates susceptibility 

towards Blumeria graminis, a fungus that causes powdery mildew on grasses, including cereal 

crops. These observations, ultimately, suggest that compatibility is not just a mere consequence 

of a failure in host's immune system, but rather that resistance and susceptibility are sides of 

the same coin, where the genes involved share the same identity and mechanisms of action. 

In this context, considering the limitations and/or efficiency of the usage of R-genes to 

combat blast disease, an alternative strategy that has been used to obtain resistant plants consists 

in the inactivation of susceptibility genes in the host. Once the disease arises from a compatible 

interaction, vanishing with a gene in the plant´s genome that plays a critical role in 

compatibility, can results in a broader and longer-lasting type of resistance. [33].  
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The term susceptibility gene (or S-gene) was first coined by Eckardt [34] to designate 

genes that confer plant susceptibility to diseases. Genetically, S-genes can be defined as being 

dominant genes, whose loss and/or alteration leads to a recessive resistance [23]. A clear 

example for this definition is the rice SWEET genes, such as Xa13/Os8N3/SWEET11 and 

Os11N3/SWEET14. Bing Yang et al. [35] and Cheng et al.,[36] demonstrated the fact that both 

genetically dominant genes are positively regulated by effector proteins from Xanthomonas 

oryzae pv. oryzae (Xoo), resulting in susceptibility to this phytopathogen and the disease known 

as Leaf blight. In contrast, genome the naturally-arose xa13 resistance locus, composed of a 

series of mutated alleles exists in rice. However, Xa13 resistance occurs only in recessive 

homozygous mutants and it is due to polymorphisms in the nucleotide sequence of both gene 

promoter alleles that impairs the induction of rice SWEET genes by the TAL (transcription 

activator-like effector)-type bacterial effector. Although effectors are widely recognized for 

their role in suppressing host resistance, in fact, several of them act by activating S-genes. Thus, 

rather than suppressing or evading plant immune system, most pathogens, especially 

hemibiotrophic ones (e.g., Magnaporthe oryzae fungus), require host cooperation to establish 

a compatible type of interaction. Hence, all plant genes that somehow facilitate infection can 

be considered an S-gene [37]. Based on these concepts and in the different phases of host-

pathogen interaction, three main molecular mechanisms by which S-genes would favor 

susceptibility were described, thus contributing to disease (I) basic compatibility, in which the 

expression of S-gene helps in recognition, adhesion, and/or pathogen penetration; (II) negative 

regulation of host immune system, and (III) sustained compatibility (post-invasion), which is 

necessary for pathogen proliferation, colonization and dispersion [38].  

Therefore, S-gene inactivation can impair pathogen's ability to cause disease, resulting 

in longer-lasting and broad-spectrum resistance due to the compromised pre-penetration 

requirements or insufficient support for specific post-penetration invasion requirements, such 

as inefficient supply of essential nutrients to the pathogen. One of the most well-known S-genes 

is Mlo (mildew resistance locus O), which encodes a membrane protein that acts to support the 

establishment of haustorium (fungal penetration structure), thus facilitating the invasion of 

plant epidermal cells [39]. In addition, mlo mutation represents the potential robustness of the 

strategy, since a recessive mutant in barley (Hordeum vulgare L.) that showed resistance to the 

Powdery Mildew (PM) fungus seven decades ago, continues to be employed and still provides 

durable resistance to all PM races in the field. 

Although the understanding of susceptibility´s modus operandi, in its molecular level, 

is still extremely limited, consecutive discoveries indicate that precise manipulation of host 
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susceptibility can lead to the development of more effective strategies to fight against diseases, 

representing an excellent alternative approach to the R-genes in breeding programs. 

 

5. Functional Genomics 

Functional genomics is a branch of molecular biology that aims basically to integrate 

knowledge about genome structure, biochemical interactions, molecular functions and gene 

expression regulation. Its main purposes are to infer about the cause-effect relationship between 

the observed phenotype and genotype in a given experimental condition[40], evoking biological 

dynamic aspects, such as regulation of gene expression, transcription, translation, and protein-

protein interactions. Usually, researchers employ powerful analytical/experimental tools like 

transcriptomics, proteomics, gene silencing or gene editing to analyze or explore the generated 

big data which has greatly contributed, for example, to the prospection of new molecular 

targets, functional validation and genome editing of candidate genes. 

 

5.1.Transcriptomics and proteomics: tools for the prospection of molecular targets 

Transcriptomics consists in comparing gene expression levels under different conditions 

and stresses [41]. Thus, contrasting genetic materials for a given trait may be analyzed to survey 

and isolate a specific set of genes responsible for the differential response. Currently, high-

performance sequencing platforms, with Next Generation Sequencing (NGS), linked with 

bioinformatics analysis tools, allow for massive scanning of the genome. For quantitative and 

qualitative gene expression studies, large-scale sequencing of cell transcriptome is performed 

from cDNA libraries via RNAseq [42]. In a recent study, Sharma et al. [7] successfully analyzed 

the transcriptomic profile of rice-M. oryzae interaction to capture the molecular basis of broad 

spectrum Pi9 blast-resistance rice gene. Using RNA-Seq technology, infected and non-infected 

resistant lines (with a susceptible genotype serving as a control) were used to survey plant 

candidate genes engaged with the early rice-blast responses. Authors revealed a sophisticated 

host cell transcriptional reprogramming during infection. In a recent study [43], transcriptomic 

sequences were generated from semi-isogenic lines of rice infected with M. oryzae. Unlike 

classic transcriptomics studies, in which a single genotype to compare responses between 

inoculated and non-inoculated samples are usually employed; or even two genotypes (resistant 

and susceptible) but presenting different genetic origins, the transcriptomic sequences used here 

were generated from NILs infected with M. oryzae. Developed by the International Rice 

Research Institute [44], IRBLi-F5 and IRBL5-M NILs, share the same genetic background of 

Lijiangxin-tuan-heigu (LTH, japonica spp.), a susceptible cultivar to M. oryzae, therefore, in 
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theory, they are identical except for the fact that IRBLi-F5 carries Pii and IRBL5-M the Pi5 

resistance gene. These NILs were characterized and displayed different resistance profiles. In 

the case of IRBLi-F5, the Pii gene product does not recognize the M. oryzae (isolated 9881 - 

EMBRAPA microbiological collection, BRM25017) effector protein, resulting in a compatible 

interaction, while the Pi5 gene product in IRBL5-M apparently recognizes the effector of the 

same fungus isolate, leading to a resistance phenotype.  

Similarly, proteomics consists of a robust and widespread technique used to analyze cell 

protein abundance under different biological conditions  [45]. The advancement of ionization 

techniques such as electrospray ionization (ESI), advances in mass spectrometers, and the 

development of bioinformatics tools have made proteomics a fertile and worldwide spreading 

field [46]. Proteomics plays a continuum between genome information and the proteome profile 

in a specific tissue or cell, under different conditions or stresses. Another relevant aspect to bear 

in mind is the fact that a direct correspondence between transcript levels and the abundance of 

its corresponding protein does not necessarily occurs, due to several modifying/regulation 

mechanisms of cell´s machinery. 

There are currently very few proteomic studies involving rice-M. oryzae interaction, 

which further reinforces the need of using this technique. Xue et al. [47] employed proteomics 

to analyze differentially-expressed proteins in rice infected with M. oryzae, revealing key 

enzymes involved in plant innate defense mechanisms. In a more recent proteomic study, Tian 

et al. [48] analyzed differentially-abundant proteins from interactions between transgenic rice 

(carrying the Piz-t resistance gene) and virulent and avirulent M. oryzae isolates, disclosing 

complexes protein-protein interactions, tightly involved in rice resistance response. Ultimately, 

proteomic analysis represents a great source to complement transcriptomics data, leading to a 

broader picture of biological processes involved in plant-pathogen interaction. 

 

5.2.Antisense technology: gene silencing and in-planta functional validation of target 

genes 

Antisense oligonucleotides are widely used for transient knock-down modulation (post-

transcriptional regulation) of gene expression, standing as a crucial tool in functional evaluation 

of agronomic valuable trait-related genes [49]. The antisense oligonucleotides (ASO) are 

single-stranded DNA / RNA molecules, synthesized in vitro, 13-25 nucleotides long, which 

may harbor some chemical-modified tags [50]. Represented in Figure 7, the concept underlying 

antisense technology is relatively simple: a short sequence (i.e., oligonucleotide) that 

hybridizes, according to the Watson-Crick base complementarity concept, to a specific target 
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mRNA (formation of duplexes), which may act inhibiting its expression and thus blocking the 

transfer of genetic information from DNA to protein. Regarding the mode of action, two classes 

of antisense oligonucleotides can be distinguished: (a) oligonucleotides RNase H enzyme-

dependent, requiring the activation of this omnipresent enzyme in living beings, which then 

catalyzes the cleavage (by hydrolysis) of the ASO:target mRNA complex; and (b) steric 

blocking oligonucleotides, which physically impairs the progression of splicing or translation 

machinery [51].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Mode of action of antisense oligonucleotides (ASO). (1) in the absence of ASO, gene transcription and 

protein translation are maintained. ASO can enter cells by endocytosis and hybridize with target mRNA in the 

cytoplasm, forming the heteroduplex complex ASO:mRNA which in turn can (2) activate RNase H enzyme, 

leading to degradation of the target mRNA or (3) interfere with ribosomal assembly by steric blocking. Both (2) 

and (3) actions may result in the knock-down (decrease) of targeted protein. The binding of ASO to the pre-mRNA 

(still in the cell nucleus) can negatively act in the regulation of target mRNA maturation through (4) inhibition of 

5´cap formation, (5) modulation of RNA splicing, and (6) activation RNaseH (Adapted from Liao W et. al.[52]). 

 

Although antisense technology is widely applied in gene function analyses, experiments 

on plants are scarce. One of the major obstacles to the successful use of this tool in plants, 

precisely concerns its structure stability in intracellular environment, as they tend to be rapidly 

degraded by intracellular endonuclease enzymes (e.g., phosphatases), usually via its 3´to 5´ 
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nucleasic activity. Notwithstanding, in an interesting experiment carried out by Dinç E. et al. 

[53], in which antisense phosphorothioate (PS)-oligodeoxynucleotides (PS-ASO, alternatively 

called as PTO, phosphorothioate oligos) were applied to three different model plants (Nicotiana 

benthamiana, Arabidopsis thaliana, and Triticum aestivum), authors have addressed relevant 

concerns about the optimization of delivery, stability and efficiency of oligos in transiently 

inhibiting the expression of certain genes. Confirming the fact that phosphorothioate (PS) 

chemical-type of modification considerably increases the intracellular stability of the oligo, the 

study showed that mRNA and protein levels in the leaves of A. thaliana were significantly 

reduced by up to 85% and 72%, respectively. Furthermore, a recent publication supervised by 

Bindschedler L. [53], validated the use of PS-modified DNA oligos in silencing S-genes. 

Briefly, they showed thorough PTO-based TIGS (transient-inducible gene silencing) in planta 

assay the precision of antisense oligos not only in modulating TLP5 (a thaumatin-like protein) 

transcript levels in the monocot barley (Hordeum vulgare) leaves, but also in triggering an 

increased ROS burst in silenced infected plants, that contributed to disease resistance. 

Therefore, the usage and new developments of such chemical modifications that improves 

oligo´s stability and efficacy are of great significance and very welcome in plant biotechnology 

field. 

 

5.3.CRISPR/Cas9 system for genome editing 

The genomic editing technology called Clustered regularly interspaced short 

palindromic repeats (CRISPR) / Crispr-associated protein (Cas), or simply CRISPR/Cas, is an 

outstanding approach to the development of plants with enhanced desirable-related agronomic 

traits. It allows, among several other possibilities, the deletion (knock-out) of genes of interest. 

CRISPR/Cas is an adaptive immune system present in prokaryotes and initially discovered in 

bacteria and Archaea [54] and later transformed into a biotechnological tool for gene editing 

[55].  

Unlike previous artificially-engineered enzymes used to manipulate genomes (zinc-

finger nucleases and transcription-activator-like effector nucleases), CRISPR/Cas system 

(outlined in Figure 8) is an RNA-programmable gene editing tool, which uses an endonuclease 

(e.g., Cas9) coupled to a single transcript (guide RNA) to precisely cut any double stranded 

DNA sequence of interest [55].  
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Figure 8. General outline of the three stages of CRISPR/Cas system-mediated immunity. Briefly, during the 

adaptation phase, a complex of Cas enzymes selects a specific part of the exogenous DNA and integrates it into 

the CRISPR locus in host genome. In the next stage (expression), the CRISPR array is transcribed in pre-gRNA 

which is further processed by other Cas proteins. In the last phase (interference), mature gRNAs now coupled 

with endogenous nucleases (e.g., Cas9) interrogates all foreign DNA, searching for a DNA stretch that matches 

(by sequence homology) with the guide-sequence, and also a PAM (protospacer adjacent motif) sequence. Once 

found, the intruder DNA is immediately cleaved (Adapted from Charpentier et al.. [56]). 

 

Generally, CRISPR/Cas system generates a break in the double strand of targeted DNA, 

known as a “double-strand break” (DSB), triggering the endogenous cell repair machinery, that 

encloses the two most known types of damage repair systems: Non-Homologous End-Joining 

(NHEJ) and Homology-Directed Repair (HDR). The NHEJ type repair, prevalent in the plant 

kingdom, is highly error prone and often introduces small deletions and/or insertions (Indels) 

at the junction of the newly repaired double strand of DNA. If such Indels interfere with the 

codon reading frame (for example, causing a frameshift mutation) or generates a stop-codon in 

the targeted gene product, a knockout (loss-of-function mutation) is created (Figure 9). 

Such discovery immediately paved the way for new opportunities in science, including 

the possibility of understanding very quickly several plant biological systems. Based on a recent 

bibliographic search on the PubMed - NCBI platform (http://ncbi.nlm.nih.gov), the main uses 

of CRISPR system in agriculture have been focused on the improvement of yield performance, 

biofortification, tolerance to biotic and abiotic stress, with rice (Oryza sativa L.) being the most 
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studied crop. Although, most research articles involving CRISPR/Cas system application in 

agribusiness commodities have been made just as proof-of-concept studies [58].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. General scheme of the DNA repair process in a plant cell. Right after specific breaks in the double-

stranded DNA induced by RNA-guided nucleasic enzymes (e.g., Cas9), basically two types of repair pathways are 

stimulated: NHEJ- non-homologous end-joining and HDR- homology directed repair. Dashed red frame highlights 

two possible outcomes of NHEJ repair pathway, in which insertion (yellow) or deletion (orange) type of mutations 

may lead to the gene silencing (Adapted from Subburaj et al ..[57]). 

 

Although some potential blast susceptibility genes have already been revealed and 

validated through RNAi silencing or overexpression studies [59], [60], researches using 

CRISPR/Cas system to increase rice-blast resistance are still very scarce. In a pioneering study, 

conducted by F. Wang et al. [61], CRISPR/Cas9 system was used to delete the OsERF922 gene 

in rice spp. japonica. According to literature, plant factors responsive to ethylene (ERF), 

members of the APETELA2/ERF subfamily and of the transcription factor (TF) superfamily in 

plants, these genes are involved in the modulation of multiple abiotic and biotic stresses 

tolerance [62]. These authors revealed a considerable decrease in the number and length of blast 

lesions in all mutant lines infected with M. oryzae, compared to the uninfected control. 

Moreover, they did not detect any significant pleiotropic effects in agronomic-related traits, 

such as plant height and grain weight, between T2 mutant lines and wild type plants. These 

findings remarkably contribute to the ever-expanding repertoire of rice S-genes, bringing 

relevant implications for engineering resistance in plants, enabling the launch of new 

commercial elite cultivars. 
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5.3.1 Social-economics and regulatory perspectives 

Considering the technical and political issues and public acceptance of CRISPR/Cas 

usage in agriculture, we have the heritability of induced-mutation and the generation of 

transgene-free plants representing the two major concerns. Fortunately, some studies have 

reported the induction and stable inheritance of single [63] and multiple [64], [65] mutations, 

when evaluating T0 plants and up to T3 progenies. In general, the mutants of interest are 

selected by the mechanism of genetic segregation via Selfing or backcross breeding techniques 

[66]. To address the heritability concern, Gao et al. [67] used an interesting visual tool to 

demonstrate the inheritance of mutations induced in the pds gene of O. sativa. The OsPDS gene 

encodes the phytoene desaturase enzyme, which plays a key role in carotenoid biosynthesis. 

Silencing this gene causes photodegradation or albino phenotypes. Thus, the authors were able 

to monitor patterns of mutation and inheritance with a visual indicator, associated with 

genotyping and sequencing. These authors demonstrated that the CRISPR/Cas system can 

induce hereditary mutations in rice plants from T0 to T2 generations and that homozygous and 

bi-allelic mutants were generated still in the first generation. By the way, we will revisit this 

subject in more details soon at the first chapter of the present thesis, more precisely at the topic 

‘perspectives on the horizon’ on the published review. 

In Brazil, according to the Normative Resolution No. 16 of the National Technical 

Commission on Biosafety – CTNBio [68], plants generated by CRISPR genome editing 

technology tend to be treated as non-GMO. However, in order to generate transgenic-free 

plants, it is necessary to obtain stable CRISPR/Cas induced-mutated plants, without the 

presence of any DNA expression cassette inserted in the host genome.  

Most studies using Agrobacterium-mediated transformation aim to generate mutant 

plants without the transfer DNA cassette (T-DNA) through the genetic segregation of the 

transgene. At the end of the transformation process (e.g., plant regeneration step) researchers 

often screen mutants for the presence of transgenes using specific primer pairs to amplify 

vector-containing genes encoding (e.g., Cas nuclease), or any selective marker gene (e.g., 

hygromycin). Other studies, using a more sophisticated CRISPR strategy have demonstrated 

the viability in generating transgenic-free plants using alternative methods to deliver CRISPR 

DNA-free components, thus avoiding the presence of any exogenous DNA in the whole 

process[69][70][71]. This can be achieved by different approaches, such as transfecting 

protoplasts with a ribonucleoprotein complex, as already demonstrated in different cultures, 

including rice[72], [73] (here, the regeneration of entire plant from protoplast cells is still a 

huge bottom neck for most of crops), or using particle bombardment method to deliver 

CRISPR-IVT(-in vitro transcribed) reagent directly to somatic-embryogenic calli tissues of 
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plants [74]. As evidenced above, several studies have demonstrated the heritability and 

transgene-free characteristic of crop plants generated by CRISPR gene editing, records that 

uphold the safety of CRISPR technology usage and its potential applications in agribusiness. 

 

Aims of the thesis 

 

The main objective of this work was to develop rice plants resistant to the fungus 

Magnaporthe oryzae by the knockout of plant susceptibility genes through the application of 

CRISPR/Cas9 system. To achieve this challenge, four specific goals were proposed: 

 

I. Initially, a review in CRISPR/Cas genome editing technology was proposed in order to 

gather general information about the tool, enclosing the up to date discoveries and their 

applications in agribusiness, stressing its role in the improvement of major agricultural 

crops, including rice; 

 

II. Facing the scarce number of susceptibility genes described in the literature and 

experimentally validated in rice-M. oryzae pathosystem, the second objective was to 

perform a shotgun proteomics analysis for the identification of specific proteins 

potentially associated with host's susceptibility, upon the interaction of rice near-

isogenic lines (NILs) with the fungus M. oryzae. A better understanding of expression 

profiles of differentially-abundant proteins between compatible (susceptibility) and 

incompatible (resistance) interactions was, ultimately, essential to reveal potential 

targets and also their roles in host susceptibility; 

 

III. The third goal was to carry out a functional validation in planta of the identified 

potential S-genes via Transient-Inducible Gene Silencing (TIGS) approach, using 

antisense oligonucleotides (ASO); 

 

IV. The fourth and most challenging objective was the rice genome editing using 

CRISPR/Cas9 system to knockout potential susceptibility genes aiming at the 

development of blast resistant rice lines. 
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5. Genome editing in wheat 

Triticum aestivum 

Agrobacterium

DsRed

TaLox2 TaUbiL1

TaUbi, 

MLO,  EpSps

Agrobacterium

TaGW2, MLO 

 Ta-Lpx1 TaGW2



50 

 

T
a

b
le

 4
. 

T
ri

ti
cu

m
 a

es
ti

vu
m

M
il

d
ew

 L
o

cu
s 

O

E. coli TaUbi10, TaGW2, 

TaGASR7, DME1, TaLox2 and MLO

 

6. Challenges in soybean trait improvement 

Glycine max

LOXs GmLOX1 GmLOX2 GmLOX3 



51 

 

FAD2-2 loci

T
a

b
le

 5
. 

G
ly

ci
n

e 
m

a
x 

GmSPL9a-d

squamosa promoter binding protein-like

miR156

 
 

7. Gene editing towards milk quality Improvement 
 

BLG

BLG

β-

lactoglobulin

 



52 

 

 

T
a

b
le

 6
. 

C
h

a
ra

ct
e

ri
za

ti
o

n
 o

f 
C

R
IS

P
R

/C
a

s 
st

ra
te

g
ie

s 
u

se
d

 f
o

r 
im

p
ro

ve
m

e
n

t 
o

f 
m

ilk
. 

IV
T

: 
in

 v
it

r
o

 t
ra

n
sc

ri
p

t;
 S

C
N

T
: 

so
m

a
ti

c 
ce

ll
 n

u
cl

e
a

r 
tr

a
n

sf
e

r;
 B

F
F

: 
B

o
v

in
e

 f
e

ta
l 
fi

b
ro

b
la

st
s.

 

in vitro

in vitro in vivo  



53 

 
T

a
b

le
 7

. 
C

h
a

ra
ct

e
ri

za
ti

o
n

 o
f 

C
R

IS
P

R
/C

a
s 

st
ra

te
g

ie
s 

u
se

d
 f

o
r 

im
p

ro
ve

m
e

n
t 

o
f 

m
e

a
t.

 

IV
T

: 
in

 v
it

r
o

 t
ra

n
sc

ri
p

t;
 S

C
N

T
: 

so
m

a
ti

c 
ce

ll 
n

u
cl

e
a

r 
tr

a
n

sf
e

r;
 L

P
K

: 
Li

a
n

g
 G

u
a

n
g

 S
m

a
ll 

S
p

o
tt

e
d

 p
ig

 k
id

n
e

y
 c

e
lls

; 
P

G
C

: 
P

ri
m

o
rd

ia
l G

e
rm

 C
e

lls
. 

8. CRISPR status in livestock meat 

MSTN

 

 

UCP1

fat-1 

 

 



54 

 

fat-1

fat-1

 

IGF2 IGF2

 

Fbxo40 

SCF-E3

Fbxo40 . 

 

MSTN

 MSTN

 

MSTN



55 

 

MSTN

MSTN

IARS

9.      CRISPR fishery products  

SP7  RUNX2, 

SPP1 MSTN SP7A SP7B

Cyprnus carpio

MSTN  

Ictalurus punctatus

Pagrus major

MSTN .  

MSTN



56 

 

 

Agrobacterium

T
a

b
le

 8
. 

C
h

a
ra

ct
e

ri
za

ti
o

n
 o

f 
C

R
IS

P
R

/C
a

s 
st

ra
te

g
ie

s 
u

se
d

 f
o

r 
im

p
ro

ve
m

e
n

t 
o

f 
a

q
u

ic
u

lt
u

re
 

p
ro

d
u

ct
s.

 

IV
T

: 
in

 v
it

r
o

 t
ra

n
sc

ri
p

t.
 

MSTN

 

10. Prospects on the horizon  

  



57 

 

de 

novo 

IVT

in vitro



58 

 

de novo

 

Author Contributions 

Mariana Rocha Maximiano*

Fabiano T. P. Távora*

Guilherme Souza Prado 

Simoni 

Campos Dias Angela Mehta . 

Octávio Luiz Franco All authors

*

 

 



59 

 

Acknowledgments

Funding sources 

Conflict of interest 

References 

IOP Conf Ser Earth Environ Sci

United States Department of 

Agriculture. World Agricultural Supply and 

Demand Estimates

Trends and Challenges Rome

Ann Rev  Plant Biol. 70

Theriogenology. 150

Science. 315

Science. 337

Nat Rev 

Microbiol

Science. 353

Streptococcus pyogenes

Streptococcus pyogenes: 



60 

 

Basic Biology to Clinical Manifestations 

[Internet]

Annu Rev 

Biophys. 46

Cell. 157

Nature. 463

J 

Bacteriol. 200

Adv Sci

PLoS One. 12

Nature 

communications. 7

Front 

Plant Sci. 9

Front Plant Sci. 10

Journal of integrative plant biology. 60

GW5 

Nature plants. 3

Gn1a  DEP1 GS3 IPA1

Front Plant Sci. 7

 

OsmiR396c-OsGRF4-OsGIF1

Plant Biotechnol J. 14

OsAAP

Plant 

Biotechnol J. 16



61 

 

BMC 

Plant Biol 18

J Exp Bot. 

69

Plant Cell Rep. 38

J Gen Genom. 43

J 

Exp Bot. 63

Proc Natl Acad Sc. 

115

Int J Mol Sci. 20

Crit Rev Biotechnol. 36

Adv Nutr. 4

Front Plant Sci. 8

PloS One. 11

Rice. 7

Waxy Journal of 

integrative plant biology. 60

Plant Physiol 

Biochem. 131

Zea mays



62 

 

J 

Gen Genom. 41

Plant Physiol. 169

Nature 

communications. 7

Sci Rep. 9

Plant Biotechnol J. 17

J Gen Genom. 43

Plant 

Biotechnol J. 16

Plant Biotechnol J. 15

J Gen Genom. 43

Nat 

Biotechnol. 35

Front Plant Sci. 11

Oxford Res Ency Env Sc

Nat 

Biotechnol. 31



63 

 

Plant Biotechnol J. 

17

Plant Biotechnol J. 17

Sci Rep. 8

Plant 

J. 89

Genome Biol. 

19

Nature 

communications. 8

in vitro

Nat Protoc. 13

Agrobacterium tumefaciens

BMC 

Plant Biol 18

CRISPR J. 1

Plant 

Biotechnol J. 16

Nat Biotechnol

Plant Biotechnol J. 18

Remote Sens. 12

Glycine max

Curr Protoc Plant Biol. 1



64 

 

Nature. 463

Plant Physiol. 169

Theor Appl Genet. 

120

Crop J

Mini-Rev Med Chem. 13

FAD2–2 

Glycine max BMC Biotechnol. 

19

GmSPL9

BMC Plant Biol

 19

Journal of 

pineal research. 63

Expert 

Rev Endocrinol Metab. 14

NRAMP1 

Genome Biol. 18

Nature genetics. 17

The 

journals of gerontology Series A, Biological 

sciences and medical sciences. 64

UCP1



65 

 

Proc Natl Acad Sc. 114

G3- Genes Genom Genet. 8

Anim Sci J. 87

 IGF2

Cell Mol Life Sci. 75

FBXO40

Biochem 

Biophys Res Commun. 498

Transgenic Res

G0S2

FASEB J. 33

FASEB J. 34

Sci Rep. 7

Trends Genet

sp7 myostatin 

Sci Rep. 6

Ictalurus punctatus

Sci Rep. 7

Pagrus majo

Aquac. 495



66 

 

Ann Plant Rev 

Nat Biotechnol. 38

Sci China Life Sci. 

60

Nature plants. 5

Annual review 

of plant biology. 70

Rice. 12

Plant Methods. 9

Nature. 576

OsNramp5

Sci Rep. 7

Badh2

Chin J Rice Sci. 31

J Gen Genom. 44

BMC biotechnol. 16

Genome Biol. 18

Plant Biotechnol J. 15

Front Plant Sci. 9



67 

 

BMC Biol. 17

Plant Physiol. 181

Sci Rep. 8

BMC Plant Biol. 18

Funct 

Integr Genomic. 18

Nat Biotechnol. 32

PLoS One. 9

Sci Rep. 6

I397V

GDF9 Reprod Fertil 

Dev. 30

 fat-1 MSTN 

The FEBS journal. 285

Biosci Rep. 38

PloS One. 10

Sci Rep. 6

Myostatin 

 Asian-Australas J Anim Sci. 

30

Oryzias latipes Sci Rep. 

7



 

 
 
 
 
 
 
 
 
 

 
Chapter II: 

 
Shotgun proteomics coupled to transient-inducible gene silencing reveal 
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ABSTRACT 

Rice blast, caused by Magnaporthe oryzae, is one of the most destructive diseases in agriculture 

leading to severe impacts on rice (Oryza sativa L.) harvests worldwide. CRISPR/Ca9 system 

has proven to be an effective tool for functional genomics revealing several host plant 

susceptibility genes as an attractive source for building plant resistance, thus contributing to 

rice improvement. In a previous study, we showed that rice genes OsDjA2 and OsERF104, 

encoding a chaperone protein and an APETELA2/ethylene-responsive factor, respectively, 

were strongly induced in a compatible interaction with blast fungus, and had also their function 

in plant susceptibility validated through gene silencing. Here, we report the CRISPR/Cas9 

knockout of OsDjA2 and OsERF104 rice genes resulting in considerable improvement of blast 

resistance. Fifteen OsDjA2 (62.5%) and seventeen OsERF104 (70.83%) T0 transformed lines 

were identified from twenty-four regenerated plants for each target and were used in 

downstream experiments. Sanger sequencing revealed a reasonable percentage of homozygous 

mutation among OsDjA2 (35%) and OsERF104 (50%) CRISPR-edited lines. Phenotyping of 

homozygous T1 mutant lines revealed not only a significant decrease in the number of blast 

lesions, but also a reduction in the percentage of lesioned leaf area when compared with non-

edited transformed control lines. Our results support CRISPR/Cas9-mediated target mutation 

in rice susceptibility genes as an effective and alternative breeding strategy for building 

resistance to blast disease. 

Keywords: Gene editing, Plant-pathogen interaction, Rice-blast resistance, S-genes. 
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INTRODUCTION 

Rice (Oryza sativa L.), the staple food for more than half of humankind, is a crucial crop 

for food security, feeding more people than any other cereal crop1. Unfortunately, rice plant has 

to deal with Pyricularia oryzae (teleomorph Magnaporthe oryzae), an hemibiotrophic fungus 

responsible for rice blast, one of the most ubiquitous and destructive diseases affecting rice 

production globally2. The cultivation of rice resistant varieties, harboring single or a couple of 

major R genes is the most used and environment-friendly approach to cope with M. oryzae 

infection3. Unfortunately, along with being a labor-intensive technique, conventional breeding 

aiming at R gene-mediated resistance is race specific and partially efficient. Moreover, 

resistance is broken down within few years after its commercial use4.            

However, alternatively to the resistance governed by R genes, the genetic manipulation 

of host susceptibility (-S) genes represents a powerful source towards a more resolute rice-blast 

resistance5. Although plant-pathogen arms race has forced pathogen to continuously evolve 

new strategies to evade or suppress plant immunity, most pathogens, especially hemibiotrophic 

fungus, such as M. oryzae, require host cooperation for the establishment of a compatible 

interaction, and typically exploit hosts’ S genes to facilitate their proliferation6. Hence, all plant 

genes that somehow facilitate infection and/or support compatibility can be considered as a S-

gene7. In the past, several case studies have already demonstrated the achievement of a more 

durable and broad-spectrum crop disease resistance by mutagenesis of S-genes. One of the best-

known host S-genes, Mlo (mildew resistance locus O) encodes a membrane-anchored protein 

that acts by supporting the establishment of fungus haustoria penetration structure facilitating 

the invasion of plant epidermal cells8. Mlo mutants represent the potential robustness of S-gene 

strategy, of which a recessive mutation was shown to confer powdery mildew (PM) resistance 

in barley seven decades ago and it continues to be employed and still confers durable resistance 

to all PM races in the field9. Further investigations of different pathosystems assisted by omics 

(e.g., proteomics and transcriptomics) together with gene silencing technologies (e.g., ASO, 
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HIGS, and RNAi) have expanded our understanding of the molecular basis of pathogenicity, 

revealing crucial players (potential candidate S-genes) engaged with the infection process, and 

notably contributed to the ever-expanding host S-gene repertoire. More recently, CRISPR/Cas 

genome editing technology10, has offered new frontiers to overcome plant-pathogen 

compatibility by targeting S-genes in a very precise manner, enabling the development of 

transgene-free disease-resistant varieties, with several such cultivars already commercialized 

worldwide11. 

In a previous shotgun proteomics study12, we identified OsDjA2 (LOC_Os02g56040) 

with a remarkably increased expression (3.58 [log2]-fold change) in a susceptible interaction at 

12 h post infection with M. oryzae, and it had also its gene expression validated by qRT-PCR. 

Aiming to reinforce our set of candidate target-genes, as well as to broaden our frame of 

prospection, a second potential candidate was picked from a transcriptomics study performed 

by our group13. OsERF104 (LOC_Os08g36920), was the most notable Differentially-Expressed 

Gene (DEG) (4.22 [log2]-fold change) identified 24 h post infection with M. oryzae in the same 

susceptible interaction. Further, we successfully characterized their function in rice 

susceptibility through an antisense gene silencing assay, where treated plants showed notable 

decrease in foliar blast disease symptoms compared with control plants. Therefore, although 

the molecular mechanism of rice susceptibility to M. oryzae is far from being fully captured, 

the precise and rational manipulation of host susceptibility genes can contribute to the 

development of effective disease management strategies, making it an interesting alternative 

and/or complementary approach to R genes in breeding programs.  

Here, the CRISPR/Cas9-target KO of OsDjA2 and OsERF104 genes in the model 

japonica rice variety Nipponbare is reported. Homozygous mutant lines of T1 progeny carrying 

edited forms of each targeted gene displayed an enhanced resistance to blast disease. 
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MATERIAL AND METHODS 

Plant materials and growth conditions 

Rice cultivar Nipponbare (Oryza sativa L. spp. japonica) plants were grown in a containment 

greenhouse facility at Cirad, France, under the following conditions: temperature, 28°C day and 

24°C night; 60% humidity. The natural light was complemented by artificial sodium light (700 

μmol/m²/s). For blast inoculation, T1 progeny rice seeds from non‐edited transformed plants 

recovered from the transformation experiment (hereafter named ‘control lines’) and 

homozygous mutant lines were sown in rows (20 seed per row) in 60 × 30 × 5 cm plastic 

seedling-nursing trays and maintained in a greenhouse optimal conditions at BGPI, France.  

 

Design of CRISPR/Cas9 sgRNAs and construction of T-DNA vectors 

Gene-specific spacers (20nt long sgRNA templates) for each target OsDjA2 and OsERF104 

were designed using CRISPOR-assisted website14, available at http://crispor.tefor.net/. We then 

inserted the sgRNAs into an entry vector derived from Miao et al.15. Briefly, single-stranded 

gRNAs (20nt oligos) were synthesized as spacer-containing primers (Supplementary table S1), 

combined by annealing, and cloned into BsaI-digested pENTRY vectors for expression of each 

guide RNA. Subsequently, the resulting sgRNAs placed under the control of the Pol III U3 

promoter, were cloned through LR reaction into the T-DNA region of a destination binary 

vector originally described by Miao et al.15 and modified through replacement of the hpt gene 

by a castor bean catalase intron-containing version of the hpt gene. The T-DNA also carries a 

rice optimized Cas9 coding sequence controlled by the regulatory region of the maize ubiquitin 

1 gene. The final CRISPR constructs for each target gene (pCR_OsDjA2 and pCR_OsERF104) 

were confirmed by Sanger sequencing using specific primers (Supplementary Table S1). 

Potential off-target mutations caused by our designed gRNAs in CRISPR/Cas9-induced mutant 

plants were predicted by CRISPOR tool. For each of our target-genes, we designed specific 

primers (Supplementary Table S1) to amplify a genomic region (about 600 bp) flanking one 
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top-ranking off-target site showing higher likelihood to cause unintended mutations, and the 

resulting PCR products were analyzed by sequencing. 

 

Rice protoplast for ex-vivo editing assay 

Rice protoplast isolation and transformation were performed as previously described by Zhang 

et al16, with adaptations. Briefly, rice cv. Nipponbare seeds were sterilized in a 70% ethanol, 

2.5% hypochlorite solution for 15 min under agitation, then washed five times in distilled water, 

and sown on 0.5× Murashige and Skoog (MS) solid medium (4.5g/L phytagel) in rectangular 

(40cm x 30cm) Petri dishes. The seedlings were grown in the dark for 7 to 11 days at 26 °C in 

a growth chamber. Further protoplast isolation, purification, and transformation steps are 

detailed on the Supplementary Material. 

 

Rice stable transformation 

Rice transformations were carried out as previously described by Hiei et al.17, with 

modifications. Briefly, Agrobacterium tumefaciens strain EHA105 were transformed, 

independently, with one of our previously described binary vectors (pCR_OsDjA2 and 

pCR_OsERF104) by electroporation and then used for coculture with embryo-derived 

secondary calli tissue induced from mature seeds of WT Nipponbare. We transformed a total 

of 30 calli per construction. Hygromycin-containing medium was used to select hygromycin-

resistant calli that were then transferred onto regeneration medium for the regeneration of 

potentially transformed (edited) plants. After rooting and acclimatation periods (approx. 3 

months) into glass tubes, rice seedlings were transferred to soil in greenhouse optimal 

conditions.  

 

Molecular characterization of CRISPR mutant events 

We generated 24 hygromycin-resistant calli-derived regenerated plants for each CRISPR 

construction (pCR_OsDjA2 and pCR_OsERF104). Firstly, the genomic DNA of all primary 
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transformants (T0) was extracted by MATAB (Mixed Alkyl Trimethyl Ammonium Bromide) 

method18 and the presence of Cas9 in primary transformants and its segregation to the progeny 

was ascertained using the primers listed in Supplementary Table S1.  

Transfer DNA (T-DNA) copy number was estimated by a DNA-based quantitative PCR 

(qPCR) optimized method using hpt-specific primers. Briefly, the isolated genomic DNAs were 

diluted to 0.5 and 5 ng / µL. A quadruplicate (4 reactions for 1 sample) qPCR was performed 

per CRISPR transformant line for the presence of hygromycin resistance gene and the reference 

gene (qPCR33, Actin-1, putative, expressed). A volume of 1 µL of gDNA was added to 0.3 µL 

of Forward primers (10 µM), 0.3 µL of Reverse primers (10 µM), 0.4 µL of H2O, and 3 µL of 

SYBRgreen, q.s.p. 6 µL. The reaction and real-time fluorescence readings were carried out 

using a Light Cycler 480™ (Roche®) with the following PCR conditions: 5 min at 95 ° C; 45 

cycles with (20 s 95 ° C, 15 s 60 ° C, 20 s 72 ° C); then 5 s at 95 ° C. A melting curve was 

performed with 1 min at 65 ° C and a continuous increase of 0.11 ° C / s up to 95 ° C to ensure 

the amplification of a single DNA. The copy number of transgene was estimated after 

normalizing the amount of DNA using the reference gene and the DNA from a T0 plant 

containing only one copy (verified by Southern blot) of the hygromycin gene as a comparison. 

The single copy T-DNA sample served as a reference (for which it was assigned the value 1) 

and the transgene number of copies was estimated in relation to this reference value. 

The genetic material of T0 plants harboring only one T-DNA copy were subjected to PCR using 

on-target specific primer pairs (Supplementary Table S1) to amplify DNA fragments across 

both gene-target sites and amplicons subjected directly to Sanger sequencing. The generated 

chromatograms were explored and deconvoluted using CRISP-ID web-based tool19 (available 

at http://crispid.gbiomed.kuleuven.be/) and CRISPR-mediated InDels on alleles of each mutant 

event were decoded. Lastly, we employed the ExPasy Translate tool20 (available at 

https://web.expasy.org/translate/) to provide a computational prediction of the impacts of 

CRISPR/Cas9-induced InDels on both the open reading frames (ORFs) of targeted-genes, and 
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PROVEAN21 (Protein Variation Effect Analyzer) algorithm, developed by Institute Craig 

Venter (available online at http://provean.jcvi.org/index.php), to assess the variation effects 

caused by altered amino acid composition/chain structure on the biological function of its 

cognate-expressed proteins.  

 

Pathogenicity assay 

To evaluate the CRISPR-target KO mediated resistance to M. oryzae, the inoculation of rice 

blast fungus M. oryzae was performed as described by Xu et al.22. Briefly, M. oryzae isolate 

GY0011, virulent (compatible) to rice cv. Nipponbare, was cultured on oatmeal medium (20 g 

of oatmeal, 15 g of agar, 10 g of sucrose and 1 L of distilled water) for 7 days in dark incubator 

at 25˚C, and then aerial mycelia were washed off by gentle rubbing with distilled water and 

paintbrush. The colonies were then successively exposed to fluorescent light for 3 days to 

induce sporulation at 25˚C. Conidia were harvested by softly scraping and flooding the medium 

surface with distilled water containing 0.01% Tween 20 detergent and the concentration of 

conidial suspension inoculum was adjusted to 5x 104 conidia.ml-1. Rice seeds of one control 

line and three independent homozygous T1 mutant lines of each targeted-gene were sown in 

trays of 20×12×5 cm filled with compost. Except for one independent homozygous mutant line 

(from the OsDjA2 targeted gene) that did not germinate, all plants at the fourth-leaf stage were 

inoculated with M. oryzae by spraying with 20 ml conidial suspension per tray. The inoculated 

rice plants were stored for one night in a controlled dark chamber at 25˚C with 95% relative 

humidity, and then transferred back to the greenhouse. Disease severity was evaluated 

considering both blast lesion number per leaf and the percentage of lesioned leaf area, observed 

on the fourth leaves of 6 plants of each mutant line, 6–7 days post-inoculation (dpi), using the 

software QUANT®, according to Vale et al.23. Statistical analysis was performed using one-

way ANOVA (p-value <0.05) followed by post hoc two sample T-test (p-values <0.05, <0.01) 

for average comparison between mutants and control lines. 
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RESULTS  

CRISPR/Cas9 design and ex-vivo assessment of sgRNAs gene-editing activity 

For the generation of double-stranded breaks (DSB) at the target sites, one sgRNA targeting the 

first exon of each rice-blast susceptibility gene were designed (Fig. 1a). The sgRNAs were 

independently placed under the control of the rice Pol III U3 promoter in T-DNA vectors also 

containing a rice-optimized Cas9 sequence driven by the maize Ubiquitin 1 promoter (Fig. 1b). 

To evaluate the efficacy of our CRISPR vectors in generating DSB at target sites, rice 

protoplasts were independently transformed with both constructs (pCR_OsDjA2 and 

pCR_OsERF104) and genomic DNA was extracted, purified and subjected to the T7EI 

enzymatic cleavage assay. The results showed that our expressing vectors exhibit suited gene-

editing activity on the target sites of rice protoplasts DNA (Fig. 1c), hence, supporting their use 

for creating rice mutant plants. 

 

 

 

 

 

 

 

 

 

 
 
 

Fig.1 a-c: CRISPR/Cas9 design and T7EI assay for sgRNAs gene-editing activity. (A) A schematic map 

of gRNA target sites on genomic regions of OsDjA2 and OsERF104 loci. Exons are indicated as blue 

boxes, interspaced by introns shown as lines; PAM motif are underlined and represented as white boxes; 

ATG and TGA represents start and stop codons, respectively. (B) A simplified schematic representation 

of CRISPR/Cas9 T-DNA structure. (C) Assessment of gRNAs cleavage activity of rice protoplast 
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genomic DNA via T7EI assay. I – II represents the PCR products of OsDja2 and OsERF104 target-sites, 

respectively. ‘-’ means non-cleaved PCR product derived from ‘wild-type’ protoplast transformed with 

a control plasmid; ‘+’ means cleaved PCR product derived from protoplasts transformed with 

CRISPR/Cas9 final vector. 

 

Generation of OsDjA2 and OsERF104 rice mutant plants by CRISPR/Cas9 

mutagenesis 

 Aiming to improve rice plant resistance to blast disease through CRISPR-KO of rice 

susceptibility genes, T-DNA binary constructs (pCR_OsDjA2 and pCR_OsERF104) were used 

to transform mature seed embryo-derived calli of rice cv. Nipponbare by Agrobacterium-

mediated genetic transformation. We obtained 24 primary transformant (T0) plants for each 

targeted-gene. A total of 23 (95.83%) T0 recovered plants of both OsDjA2 and OsERF104 were 

T-DNA PCR positive. The screening for T-DNA copy number integrated into their genomes 

by qPCR revealed fifteen (62.5%) OsDjA2 and seventeen (70.83%) OsERF104 primary 

transformant plants containing only 1-2 transgene copies, which were selected for further 

analysis. In those plants, CRISPR/Cas9-target mutagenesis was remarkably efficient: 93.33% 

and 70.59% of OsDjA2 and OsERF104 primary transformants, respectively, exhibited InDel 

mutations in the sgRNA target regions upon Sanger sequencing (Fig. 2a). Regarding the nature 

of CRISPR/Cas9-induced mutations, further examination of sequence chromatograms revealed 

that among OsDjA2 targeted alleles, there were 8 (57%) harboring bi-allelic mutations, 5 (36%) 

homozygous, and 1 (7%) heterozygous. Likewise, among OsERF104 mutant lines there were 

5 (41%) harboring bi-allelic mutations, 6 (50%) homozygous, and 1 (8%) heterozygous (Fig. 

2b). Aligned with literature reports on CRISPR/Cas9-mediated KO in rice24,25, our results 

showed that the majority (62.5%, 20/32) of CRISPR/Cas9-induced InDels at both sgRNA 

cleavage sites were deletions of diverse lengths (-1 to -54), mostly observed in the bi-allelic 

mutant lines. As for the insertion mutations, single-nucleotide insertion (+ A), placed exactly 

three nucleotides upstream the PAM (i.e.: protospacer adjacent motif) sequence, prevailed 

(78.6%) on both OsDjA2 and OsERF104 homozygous mutant lines (Table 1). 
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Fig.2 a-b: The efficiency of CRISPR/Cas9-mediated genome editing of the target sites OsDjA2 and 

OsERF104, and the ratios of mutant genotypes in T0 mutant plants. Here, the overall mutation efficiency 

was calculated computing only the OsDjA2 and OsERF104 primary transformant plants containing only 

1 (máx.2) transgene copies.  

 

Assessment of InDel impacts on both ORFs and targeted-gene products 

Functional validation of gene KOs was addressed by computational prediction of the induced-

mutation impacts at the molecular level. in-silico outcomes of ExPasy Translate tool revealed 

that all OsDjA2 and OsERF104 homozygous T0 mutant lines exhibited a premature stop-codon 

very early on their ORFs (Supplementary Fig. S1), with primary impacts on the regular length 

of targeted gene-cognate expressed proteins, presumably caused by the frameshift mutations 

observed on both alleles in the sgRNA-target sites. The frameshift mutations observed on 

OsERF104 T0 homozygous mutant lines (i.e.: +1[A]bp and +1[T]bp) resulted in an extensive 
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deletion of 185 amino acid (84% of the total protein content), vanishing with the whole 

transcriptional factor AP2/ERF domain, laying from 75 to 132 amino acid (Supplementary Fig. 

S2-A), and argued to be vital for protein function in (a)biotic stress regulatory networks26. 

Otherwise, the InDel mutation on OsDjA2 T0 homozygous mutant lines (i.e.: -1[G]bp), despite 

generating great predicted deletion of amino acid content (77%), has conserved 90 amino acid 

of the native protein, comprising a great portion of the N-terminal conserved domain (known 

as 'J' domain), and the nascent part of the glycine-rich region ('G' domain') (Supplementary Fig. 

S2-B), both argued to be essential for dnaJ type protein function in the plant cell during stress 

conditions28. For this reason, we performed a complementary analysis to check the InDel 

impacts (at the biological activity level) on the targeted-gene cognate residual OsDjA2 protein. 

According to PROVEAN (Protein Variation Effect Analyzer) scores, generated based on query 

sequences of the two OsDjA2 homozygous T0 mutant lines, the large majority of observed 

amino acid deletions/substitutions were predicted as being deleterious (Supplementary Fig. S3), 

which means that despite OsDjA2 remaining a truncated-protein, CRISPR/Cas9 mutagenesis 

probably led to the full knockout of the targeted-genes through loss-of-function (null) 

mutations. 

 

Recovery of T1 progeny homozygous mutant lines 

T0 mutant lines (OsDjA2_20.1 and _24.1; OsERF104_1.1, _5.1, and _6.1) harboring 

homozygous and predicted loss-of-function (null) mutations were selected, self-pollinated, and 

their progenies analyzed. We also generated T1 plants derived from T0 control lines 

(OsDjA2_27.1; OsERF104_14.1), obtained from the transformation process but with no 

mutations in the OsDja2 and OsERF104 genes. A total of 42 T1 plants (n=6 of each line) were 

firstly screened for the presence of T-DNA (Fig. 3). For all mutant lines, we observed that the 

identification and proportion (by around 1/3) of Cas9-free plants at T1 generation were in 

agreement with Mendelian segregation rate, since we have selected mutant parent lines 

harboring only one T-DNA insertion in the genome, previously estimated by qPCR.  
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Table 1: CRISPR/Cas9-induced InDel mutations at both OsDjA2 and OsERF104 sgRNA 

cleavage sites on primary T0 transformants.  
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Fig.3 a-b:  PCR-based screening for the presence of T-DNA in rice mutant plants. PCR products 

amplified from genomic DNA of (A) 7 independently T0 homozygous primary transformants 

OsDjA2_20.1, _24.1, _27.1, and OsERF104_1.1, _5.1, _6.1, _14.1 (A-C and D-G, respectively); (B) 42 

T1 progeny plants (n=6 of each line), using specific Cas9 primer pair (see supplementary material). The 

letters (A-G) above the gel image refer to individual offspring (#1 to #6) of OsDjA2 and OsERF104 T1 

lines. M: DNA molecular ladder; C+: CRISPR plasmid; C-: genomic DNA of WT rice cv. nipponbare; 

‘×’ indicates PCR negative for T-DNA.  
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In the case of the non-edited transformant control line OsDjA2_27.1, estimated to have two T-

DNA insertion in the genome (see Table 1), all of its offspring (Fig. 3B: C1-C6) were PCR 

positive for T-DNA, without a clear segregation rate probably due to either multiple insertions 

or the small number of progeny screened. Cas9-positive and transgene-free T1 mutants were 

further genotyped by PCR and the on-target sites directly sequenced. As expected, all T1 mutant 

events were homozygous for the same mutations observed in both OsDjA2 and OsERF104 T0 

parent lines (Table 2). Likewise, the non-edited transformed plants (control lines) are still ‘wild-

type’, i.e.: without mutations in the sgRNA-target sites. It is worth noting that no unintended 

mutation was identified in the potential off-target loci of our homozygous T1 mutant lines 

(Supplementary Table S2). Therefore, we were able to recover a sufficient number of suitable 

control lines and homozygous mutant rice plants to subject to the blast resistance assay.  

 

Table 2: Segregation of CRISPR/Cas9-induced InDel mutations in the sgRNA target regions of OsDjA2 

and OsERF104 T1 progeny that were submitted to the phenotyping.  
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Improved resistance to blast disease in CRISPR/Cas9-edited rice mutants 

A total of 42 T1 control and homozygous mutant plants of each targeted-gene (i.e., n=6 per 

line: OsDjA2_27.1, _20.1, and _24.1; OsERF104_14.1, _1.1, _5.1, and _6.1), with no detectable 

vegetative development defects under normal growth condition, were tested for blast disease 

resistance. All plants at the fourth-leaf stage were inoculated with the fungal pathogen M. 

oryzae compatible isolate GY0011. At the 6–7 dpi, the number of blast lesions and the 

percentage of lesioned area on the fourth leaves of 6 plants of each mutant line were notably 

decreased in comparison with the control plants (Fig. 4 a-c). The quantification of both disease 

severity parameters was further evaluated using post-hoc Student’s t-test which pointed to a 

statistical significance (p <0.05*, <0.01**) for the number of blast lesions on the leaves of 

OsDjA2_24.1, OsERF104_5.1 and _6.1 mutant lines (Fig. 4 d-e), and likewise for the 

percentage of foliar lesioned area on OsDjA2_20.1, OsERF104_1.1, _5.1, and _6.1 mutant lines 

(Fig. 4 f-g), in comparison with their respective control lines (OsDjA2_27.1, OsERF104_14.1). 

Although some events from the same mutant line (OsDjA2_20.1 and _24.1; OsERF104_1.1 

and _5.1), harboring the same type of frameshift InDel mutations (-1[G]bp and +1[A]bp, 

respectively), showed a subtle deviation in disease severity phenotypes, such differences were 

not statistically significant (p <0.05) when submitted to ANOVA test. 

 

DISCUSSION 

Plant pathogen M. oryzae poses a major threat to rice productivity worldwide. The 

fitness of susceptible rice cultivars is seriously impaired under disease pressure, leading to yield 

reduction or complete crop losses29. To mitigate these negative impacts in agriculture, the usage 

of R-gene-containing cultivars have been for long time the most effective measure for rice crop 

protection against blast disease30. Nevertheless, dominant resistance governed by single R genes 

entangle several limitations31. In this way, targeting host S-gene alleles re-flourished along with 

the recent advancements in new breeding techniques (NBTs), as an effective strategy to build 

a more durable and broad-spectrum disease resistance. 
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Fig.4 a-d: Identification of blast resistance in CRISPR/Cas9-edited rice mutant plants. (A) Blast 

resistant phenotypes of 42 T1 non-edited transformants (control lines) and homozygous mutant plants 

(i.e.: n=6 per line) of each targeted-gene (OsDjA2_27.1, _20.1, and _24.1; OsERF104_14.1, _1.1, _5.1, 

and _6.1). The whole fourth leaves of 6 plants (independently biological replicates) of each mutant line 

were detached from the inoculated plants at 6 – 7 dpi, scanned, and analyzed for the number of blast 

lesions (A-I) and the percentage of lesioned foliar area (A-II), using the software Quant®. The panels 

highlighted the blast symptoms at the central area of six independently rice leaves of each line. (B I-II) 

Swarmplot representation for the number of blast lesions and the percentage of lesioned foliar area, 

respectively, observed on each of the 6 leaves of all lines. (C I-II) Histograms showing the average of 

number lesions observed on the fourth leaves of 6 plants for each line of both OsDjA2 and OsERF104 

targeted-gene. (D I-II) Histograms showing the average of percentage lesioned foliar area observed on 

the fourth leaves of 6 plants for each line of both OsDjA2 and OsERF104 targeted-gene.  ‘*’ indicates 

statistical significance (* p< 0.05; ** p<0.01, Two-sample T-test). 

 

In the present study, we generated independent knockout mutant rice plants for OsDjA2 

and OsERF104 putative rice-blast susceptibility genes by targeting its coding region using 

103 



102 

 

CRISPR/Cas9 technology. From a total of 24 primary transformant recovered plants for each 

targeted-gene, we achieved 15 and 17 single copy T-DNA OsDjA2 and OsERF104 events, 

respectively, of which 14/15 and 12/17 exhibited InDel mutations at their respective sgRNA 

target-sites, implying a prominent efficiency of CRISPR/Cas9-target mutagenesis. We obtained 

5 OsDjA2 and 6 OsERF104 homozygous T0 mutant lines, harboring desirable frameshift Indel 

mutations (e.g., -1[G]bp, +1[A]bp and +1[T]bp), which were self-pollinated and generated 

Cas9-positive and transgene-free T1 progeny. The presence of the same InDel mutations at the 

targeted-sites of T0-derived plants and also the expected Mendelian segregation ratios of 

transgene in the single copy mutant lines, ultimately suggested stability of the inherited zygosity 

on the following generation. Therefore, we were able to recover a sufficient number of OsDja2 

and OsERF104 homozygous T1 mutant lines showing on-target frameshift mutations on both 

alleles, the most suitable mutant rice plants for the phenotyping. The inoculation with M. oryzae 

revealed an overall blast resistance for all tested mutant rice plants of both targeted-genes in 

comparison with the respective non-edited transformed control lines. In addition, the reduction 

of disease symptoms, especially in terms of the percentage of lesioned area, was significantly 

more pronounced (up to a half decrease) on the OsERF104 gene KO plants, probably reflecting 

the ubiquity of AP2/ERF transcription factor in plant stress responses and its broader 

engagement with rice-triggered susceptibility. These results indicate that both OsDjA2 and 

ERF104 rice genes negatively regulates rice resistance to M. oryzae. 

The present targeted genes OsDjA2 and OsERF104 were considered as a potential host 

S-genes in our previous comparative proteomics investigation of rice-M. oryzae interaction 

coupled to a transient-inducible gene silencing assay12. Their differential abundance 

(outstanding up to 4x [log]-fold change increase) at the early stages of infection in the 

compatible interaction as well as the antisense oligo (ASO)-based gene silencing results, 

suggested to us their tight association with blast disease susceptibility. Accordingly, these 

observations find plenty support in literature.  
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Exposed to an ever-changing environment, deluged by biotic and abiotic stressors, 

plants must be able in maintaining cellular proteostasis for its proper growth, development, and 

survival32. This requires a fine-tune orchestration of a squad of molecular chaperones. 

Originally referred to as “Heat Shock Proteins” (Hsps)33, these Hsps are indeed implicated in a 

myriad of functions in diverse plant species, playing also an essential and regulatory role in 

plant innate immune response. Hsp70s and their obligate co-chaperones known as J-domain 

proteins (JDPs), are arguably the most ubiquitous components of the cellular chaperone 

network34. In addition, JDP (alternative names are currently used in the literature, such as DnaJ 

proteins, Hsp40 proteins, and J-proteins) represents the largest family of Hsp70 co-chaperones 

and are decisive for functionally specifying and directing Hsp70 functions. Rice genome counts 

for 115 J-protein family genes, randomly distributed on all twelve chromosomes, and classified 

into three classes (corresponding to types A–C) according to both domain organization and 

conserved signature sequences35. Type A J-proteins, such as our S-gene target OsDjA2, are 

characterized by a 70 amino acid long J-domain which is mostly present near the N-terminus, 

followed by a stretch of glycine/phenylalanine (G/F)-rich region, four repeats of a cysteine rich 

CxxCxGxG-type zinc-finger motif, and a C-terminal domain involved in dimerization and 

substrate binding. In addition, the presence of a tripeptide motif His-Pro-Asp (HPD) is a highly 

conserved feature of J-domain, argued to be essential for the stimulation of the ATPase activity 

of Hsp70s36. Interestingly, our results of the in-silico prediction of InDel-induced frameshift 

mutations impacts on protein domains of OsDjA2 T0 homozygous mutant lines showed that the 

protein residues lost its conserved HPD motif, as well as great portion of the J-domain (showed 

in Fig. S2-C). The roles of HSP40/DnaJ proteins have been well studied in plant growth, 

development, and abiotic stress tolerance in plants. Regarding its function during biotic stress 

factors, we have pieces of evidences that in viral pathogenesis, for example, the silencing of 

diverse J-domain-containing protein can lead to resistance or susceptible outcomes37,38. 

However, there are still large gaps on the understanding of how these DnaJ proteins negatively 
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modulate plant immune response mechanisms during pathogen infection, in terms of PAMP 

sensing, signal transduction, and transcriptional activation/repression of stress-related genes, to 

trigger disease susceptibility, especially in crop plants. Nonetheless, in the rice-M. oryzae 

pathosystem, consecutive studies have succeeded to functionally characterize the role of DnaJ 

homologues rice genes in blast susceptibility. The first study to link the expression of rice DnaJ 

gene in response to a fungal pathogen was made by Zhong and colleagues39, where they 

reported the role of a chaperone DnaJ protein, OsDjA6, in the negative modulation of rice basal 

resistance upon M. oryzae infection. Researchers observed that the expression of OsDjA6 was 

strongly induced early in a compatible interaction, and OsDjA6 RNA interference (RNAi) 

mutated plants exhibited increased levels of reactive oxygen species (ROS) burst accumulation 

as well as up-regulation of defense-related genes, hence, enhanced resistance to M. oryzae in 

comparison with wild-type plants. More recently, Guojuan Xu et al.40 reported a previously 

unidentified M. oryzae-infection tactics to trigger rice susceptibility. They found that 

MoCDIP4, an effector of M. oryzae, targets OsDjA9 protein to interfere with mitochondria-

associated dynamin-related OsDRP1E protein complex, thereby inhibiting mitochondria-

mediated plant immunity. Therefore, due to the great plasticity of DnaJ co-chaperone proteins, 

it seems that its novel role in rice susceptibility during M. oryzae infection starts to gather 

attention. 

Another great player in the tangled modulation of plant immunity are plant hormones. 

Upon pathogen attack, ethylene (ET) phytohormone production typically raises and its complex 

signaling network can contribute positively or negatively to resistance depending on enemy’s 

lifestyle and tactics of infection41. Phytohormone responses often are regulated by a large 

number of transcription factors (TF), with APETALA2/Ethylene Responsive Factor 

(AP2/ERF) family being the most conservatively widespread in the plant kingdom42. According 

with Muhammad Rashid et al.43 exists 170 AP2/ERF plant-specific TF family genes in the rice 

(Oryza sativa L. spp japonica) genome and they are divided into a total of 11 groups, including 
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the three most studied groups AP2, ERF, and DREB. The members of AP2/ERF gene family 

participate in different pathways in response to hormones and biotic/abiotic stresses, such a 

salicylic/jasmonate acid (SA/JA), abscisic acid (ABA), drought, salinity, cold, disease, and 

flooding stress44. Our CRISPR-edited rice gene OsERF104 (generic name AP2/EREBP#152) 

is classified into the phylogenetic group IIIc of the rice ERF family43,45, which is composed by 

16 genes. The majority of its members has been found to integrate metabolic, hormonal and 

environmental signals in the biotic stress responses. OsERF104 encodes a plant specific TF, 

containing only one APETALA2 (AP2) domain (of about 60 amino acids long) that plays 

decisive regulatory functions in controlling the transcription of downstream target genes by 

directly binding with cis-acting regulatory elements (called a GCC-box containing the core 5´-

GCCGCC-3´ sequence) in their promoters. It is noteworthy to emphasize that the present 

targeted gene OsERF104 (LOC_Os08g36920), was selected as a potential S-gene candidate 

from a previous transcriptomics results, where it showed to be the most differentially-expressed 

gene (8.99 [log]-fold change; padj < 0.05) at 4 h post-infection (hpi) in the susceptible 

interaction (Bevitori et al.13 – raw data). In addition, it exhibited a notable differential increase 

at 12 hpi, and scored the highest fold-change 24 hpi in the susceptible interaction, compared 

with control plants (Bevitori et al.13 – Table S3). Despite the fact that OsERF104 also showed 

a differential increase in the resistant interaction, it is well known that pathogen-responsive 

genes are commonly expressed in compatible and incompatible interactions and are related to 

common defense pathways triggered by the pathogen46. The ERF genes are ubiquitous 

transcriptional factors, well-known for their plasticity and association with complex signaling 

networks, and roughly classified as activators or as repressors depending on whether they 

activate or suppress transcription of specific target genes47. Further, increasing evidence 

indicating that AP2/ERF TF may act as molecular switches to regulate clusters of stimuli 

responsive genes, playing key roles in both negative regulation of ET biosynthesis and rice 

susceptibility during distinctive plant-fungal interactions. For example, recent investigations 
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have demonstrated different plant-specific ERF genes acting by suppressing PAMP-triggered 

immunity (PTI) upon pathogen infection. Wenqin Lu et al.48 revealed the importance of 

AtERF019 gene (subgroup IIc) in mediating plant susceptibility to Phytophthora parasitica 

through the suppression of PTI and SA/JA defense responses. Likewise, it has also been 

reported that overexpression of atERF019 increases plant susceptibility to Botrytis cinerea and 

Pseudomonas syringae, and represses microbe-associated molecular patterns (MAMP)-induced 

PTI outputs49. Regarding rice-M. oryzae pathosystem, Dongfeng and co-workers50 observed a 

rapid and strong increase of ERF transcription factor OsERF922 gene expression upon blast 

infection, and by means of RNAi gene silencing demonstrated that rice plant resistance 

phenotype was associated with a promptly increase in the expression of pathogenesis-related 

(PR) gene products. Later, Wang F. et al.51 reported a great enhancement of rice resistance to 

M. oryzae through CRISPR knockout of the same OsERF922 gene, asserting the role of this 

AP2/ERF domain-containing gene in rice-blast susceptibility. Altogether, the appropriate 

manipulation of AP2/ERF TFs associated with negative regulation of plant immune responses 

has the potential to improve broad-spectrum disease resistance, thus representing high-value 

targets for genetic engineering and breeding of novel elite crops. 

Our results revealed that CRISPR/Cas9-targeted KO of rice genes OsDjA2 and 

OsERF104 significantly enhanced resistance to M. oryzae, and also corroborates the findings 

of our previous work that suggested the ability of blast fungus to modulate (early in the 

compatible interaction) the expression of a subset of rice S-genes, key players in the negative 

regulation of basal and innate plant-immune responses, favoring infection and host 

colonization. Lastly, the present study not only provides alternative targets for fighting rice-

blast disease, but also strengthens CRISPR/Cas9-mediated knockout of rice susceptibility genes 

as a useful strategy for improving blast resistance. 
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Supplementary material 

 

Fig. S1: in-silico outcomes of ExPasy Translate tool. The results indicate a premature stop-

codon on the ORFs of homozygous T0 mutant lines a) OsDjA2 (_20.1, _24.1); b) OsERF104 

(_1.1; _5.1), and c) OsERF104 (_6.1), harboring the mutations -1[G]bp, +1[A], and +1[T], 

respectively. OsDjA2 protospacer (gRNA + PAM) is highlighted in orange; OsDjA2 protein J-

domain and OsERF104 AP2/ERF protein domain are underlined in yellow; amino acid changes 

induced by frameshift mutations are indicated by gray boxes; stop-codons are indicated by red 

circles. 
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Fig. S2: InDel-induced frameshift mutations on the protein domains of OsDjA2 and OsERF104 

T0 homozygous mutant lines. (A-B) UniProt access of OsDjA2 and OsERF104 wild-type (WT) 

protein sequences. (C-D) protein residues of homozygous mutant lines OsDjA2_20.1, _24.1, 

and OsERF104_1.1, _5.1, _6.1, derived from frameshift mutations caused by the InDels -

1[G]bp, +1[A], and +1[T], respectively. DnaJ N-terminal conserved domain (called 'J' domain) 

of about 70 amino acids (70-146 aa), and AP2/ERF protein domain consisting in 60 amino acids 

(75-132 aa) are highlighted in red on both WT and remained protein sequences. 
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Fig. S3: PROVEAN (Protein Variation Effect Analyzer) scores for the query sequences of 

OsDjA2_20.1 and _24.1 homozygous T0 mutant lines, generated based on CRISPR-mediated 

InDel mutations. Variant means amino acid substitutions on the target protein sequence; 

Prediction means the impacts of InDel mutation (at the biological activity level) on the targeted-

gene product.  
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Table S1: Primers used in this study 

 

* Spacer-containing primers with overhangs (highlighted in bold - ggca/aaac) compatible with 

the pENTRY vector used in the study. 

 

 

 

 

 

 

 

 

 

 

 

    Primers          Primer sequence (5´  3´) * Experiment 

Dj_gRNA_F 

Dj_gRNA_R 

ggcaAGGACATCAAGGCCGCCTAC Single-stranded oligos for OsDjA2 

gRNA assembling and vector 

construction aaacGTAGGCGGCCTTGATGTCCT 

ERF_gRNA_F 

ERF_gRNA_R 

ggcaAACCGGATCTCCGCCATGGG  Single-stranded oligos for OsERF104 

gRNA assembling and vector 

construction aaacCCCATGGCGGAGATCCGGTT 

M13_R CAGGAAACAGCTATGAC pENTRY vector sequencing 

pDE-verif-LR-F TGCAATGCTCATTATCTCTAGAG pDESTINATION vector sequencing 

on_Dj_F 

on_Dj_R 

AGGCCTTCTCAGATGTGCAC Amplification of fragment across 

OsDjA2 on-target site AGAAGCTTCTAGAAGGCGCA 

on_ERF_F 

on_ERF_R 

AATCCCATTATTCCGCCGCT Amplification of fragment across 

OsERF104 on-target site TCCTGTAGCCGGAGATGACA 

off_Dj_F 

off_Dj_R 

AGCATTTGCAGGCAAGTTGT Amplification of fragment across 

OsDjA2 off-target site 
TTAGCACCCTGTCGAACAACC 

off_ERF_F 

off_ERF_R 

GTACCCAACCTGCCACTCTC Amplification of fragment across 

OsERF104 off-target site TGAGGCGGTGACAACAACAAC 

Cas9_F 

Cas9_R 

GAAGTACTCCATCGGCCTCG 
Cas9 (T-DNA) detection 

CGAGGAGATTGTCGAGGTCG 
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Table S2. Analysis of unintended-induced mutations on putative off-target sites of homozygous 

T1 mutant lines OsDjA2_20.1, 24.1; OsERF104_1.1, 5.1, and 6.1. For each of our targeted-

genes one top-ranking off-target site predicted by CRISPOR tool was PCR amplified and 

analyzed by sequencing. PAM sequence is indicated in bold. Base mismatches in relation to the 

wild-type target sequences are marked in lower case. Chromatograms revealed no mutations in 

the off-target sites. 

*without taking into account those located in the first position of the PAM sequence (NGG motif) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target gene 
Putative off-target site No. of 

mismatches* 
State 

Locus Sequence 

OsDjA2 
(LOC_Os02g56040) 

LOC_Os02g54000 AGGtCtTCAAGGCtGCaTAC aGG 4 
Non-

mutated 

OsERF104 
(LOC_Os08g36920) 

LOC_Os08g36470 AACaGGATCTCCGCCATGta AGG 3 
Non-

mutated 
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Supplemental Material and Methods 

 

Rice protoplast for ex-vivo editing assay 

For protoplast isolation, healthy 9 days rice seedlings were used. A bundle of 100 etiolated 

stems were softly chopped into fine strips approximately 1.0-2.0 mm in length using sharp 

razors. The strips were immediately placed in 20ml of 600mM mannitol solution for 10min in 

the dark and then transferred into an enzyme solution (1.5% Cellulase RS, 0.75% Macerozyme 

R-10, 0.6 M mannitol, 10 mM MES buffer [pH 5.7], 7.5 mM CaCl2, and 0.1% BSA). After 4 h 

digestion with gentle shaking (40 rpm) in the dark, an equal volume of W5 solution (154 mM 

NaCl, 125 mM CaCl2, 5 mM KCl and 2mM MES buffer) was added, followed by shaking for 

20 sec. The protoplasts were released by filtering through 30 μm nylon meshes into round 

bottom tubes and were washed twice using 15ml of W5 solution. The pellets were collected by 

centrifugation in swinging buckets at 250 g for 10 min (acceleration and deceleration = 2), re-

suspended in 2ml of W5 solution, and followed a purification step. 

Isolated protoplasts were purified passing the suspension through an increasing gradient of 

Percoll solutions (Percoll + W5 solution in four different concentrations: 10%, 20%, 40%, 

60%). After centrifugation at 250 g for 10 min, the waste deposition phase (between Percoll 

gradient layers 2 and 3) was eliminated by pipetting and the tube softly inverted to mix the 

sample. The purified protoplasts were washed with W5 solution and pelleted by centrifugation. 

Finally, protoplasts were re-suspended in 4 ml of MMg solution (0.4 M mannitol, 15 mM 

MgCl2, 5 mM CaCl2, and 4 mM MES buffer) and counted under the microscope using a 

hemocytometer. After, protoplasts were diluted to a density of 2 × 105 protoplasts/ml and 

stabilized at least for 1 h on ice and in the dark before PEG-mediated transfection.  

Protoplast transformation was carried out in a poly-ethylene glycol (PEG) solution [40% (W/V) 

PEG 4000, 0.2M mannitol, and 0.1M CaCl2]. CRISPR expression vector (10 μg) was mixed 

with 200 μl protoplasts and 200 μl freshly prepared PEG solution, and the mixture was 

incubated at room temperature for 15 min in the dark. In parallel, we transformed protoplast 
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cells with a plasmid DNA fused to GFP that served to address the transformation efficiency and 

also as a ‘wild-type’ control in further T7EI enzymatic target cleavage assay. After incubation, 

950 μL of W5 solution was added slowly, and the protoplast cells were harvested by 

centrifugation at 250 g for 10 min. The protoplast cells were resuspended gently in 1 mL WI 

solution (0.5 M mannitol, 20 mM KCl, and 4 mM MES at pH 5.7) and cultured in darkness at 

27°C for 24 h.  

The genomic DNA of transformed protoplast cells was extracted by MATAB (Mixed Alkyl 

Trimethyl Ammonium Bromide) method17 and followed a purification step using QIAGEN™ 

QIAamp DNA Micro® Kit. The genomic DNA from protoplasts transformed with CRISPR 

vectors (and also with the ‘control’ GFP-plasmid) were subjected to the T7EI enzymatic assay, 

using NEB™ EnGen Mutation Detection® Kit, to access the ability of CRISPR constructs (Cas9-

sgRNA ribonucleoprotein complex) in cleaving the target-genes OsDjA2 and OsERF104. 

 

Supplemental References 

 

17.  Peterson T (ed. . Plant Transposable Elements. 1057th ed. (Peterson T (ed.). Springer 

New York Heidelberg Dordrecht London; 2013. doi:10.1007/978-1-62703-568-2 
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General discussion 

 

One of first intentions of the thesis was to gather elemental and up-to-date information 

about this breakthrough genome editing technology, CRISPR/Cas system. In the presented 

review manuscript, we focused among others, in recent findings and potential applications of 

CRISPR/Cas in improving major traits in agricultural plants, addressing both basic and applied 

researches. We found that for our target crop plant, although we do have several valuable 

studies focusing mostly on rice yield [Chapter I, pages 4-5], we are still lacking studies aiming 

to build a more resolute rice resistance against phytopathogens such as M. oryzae fungus, one 

of the main biotic constraints for rice paddy expansion worldwide, jeopardizing global food 

security. Nevertheless, CRISPR/cas toolbox seems to holds a precise tool to handle such serious 

problem, by the usage of Cas9-type enzyme (one of the most ordinary and spread CRISPR 

strategy) to knockout target-genes. Moreover, through this simple approach it is possible to "fill 

two needs with one deed", which means that we may both overcome blast disease menace to 

rice yield, and also generates a final bioproduct (commercial resistant cultivar) that tends to 

bypass GMO tangled regulation. 

In this context, we have chosen to combine the agriculture needs of more basic studies 

in the rice-M. oryzae interaction, that ultimately holds the potential to contribute with 

discoveries on desirable new sources of rice resistance, with a CRISPR/Cas fitting strategy to 

the knockout of rice genes associated with blast susceptibility.  

 To do so, we first aimed to portray the foundation of rice susceptibility responses to 

blast disease, using a shotgun proteomics approach to question the proteome profiles between 

two near-isogenic lines, displaying contrasting phenotypes upon fungus infection. Bearing in 

mind the S-gene concept [1] and thus its potential application to build rice resistance, we 

focused our efforts on the identified proteins that showed a notable contrast in abundance 

between the proposed interactions, particularly those up-regulated at early time point (12 hpi) 

of infection in the susceptible condition, highlighted in the chapter II (figures 2 and 3 - pages 5 

and 6; figure S2-B – page 13). According to the biological functions assigned to a specific set 

of differentially-abundant proteins (DAPs) revealed in the study, considering also their records 

from literature, we hypothesized about the fungus ability in hamper rice resistance by 

modulating specific host targets engaged (direct or indirect) with disease susceptibility.  

For example, the identification of a sucrose synthase-like enzyme, 3.75 (log2)-fold 

increased in the susceptible interaction at 12 hpi, suggested to us that M. oryzae somehow co-

opt host metabolism to obtain nutritional advantages, ultimately, highly demanded by its intense 
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intracellular multiplication [2]. Moreover, there is mounting evidence showing that most host-

adapted pathogens rely on the activation and/or upregulation of certain plant genes (known as 

susceptibility S-genes) to meet their metabolic (carbon and other nutrients) requirement for 

proliferation and spread. In addition, aligned with our results, a notable enhanced expression 

and activity of plant invertase enzymes associated with fungus compatible interaction has been 

reported by several previous studies [3, 4].  

A well-known characteristic observed in plant-pathogen incompatible interaction is the 

rapid mounting activation of host defense mechanisms, in which the oxidative burst of reactive 

oxygen species (ROS) plays key roles in resistance outcome, activating plant immune responses 

[5]. Hence, a set of differentially-abundant proteins composed by OsPIN1 (7.02 [log2]-FC), 

OsSRP-ZXA (4.07 [log2]-FC), OsNDX15 (4.02 [log2]-FC), and OsDjA2 (3.58 [log2]-FC, 

identified in the susceptible/resistant comparison at 12 hpi, deserved our attention as it enclosed 

proteins showing antioxidant activities, responsible for the maintenance of cellular redox 

homeostasis during stress. According to literature, diverse antioxidant-related proteins have 

been argued to abrogates a robust stimulation of host stress responses upon M. oryzae infection, 

leading to disease [6-11]. Moreover, a deeper analysis of our data revealed a set composed by 

eighteen cell-protective antioxidant ROS-scavenger enzymes, including peroxidase showing 

glutaredoxin/thioredoxin activities, was identified at the early stage of infection, suggesting 

here to be modulated by the fungus to ‘keep a calm environment’ for successful colonization. 

We proposed also a model for the regulation of rice susceptibility by M. oryzae, that captures 

the most relevant DAPs and their suggested roles upon infection (chapter II, figure 5 – page 9).  

Taken together, our findings suggested a cause-effect relationship between the negative 

regulation of PTI/ETI defense-related pathways, triggered mostly by fungus modulation of the 

host cell antioxidant machinery, and the plant susceptibility outcome. 

To test the hypothesis about the hijack of rice plant responses by the fungus M. oryzae, 

we considered to functionally validate our targets using antisense technology. The objective 

here was to query a functional relationship between the positive regulation of potential rice S-

gene candidates and blast susceptibility outcome. Firstly, we carried out a gene expression 

analysis via qRT-PCR (chapter II, figure 4 – page 7) that showed an overall positive correlation 

at transcript level for most of tested candidates, which in some degree strengthened our 

selection criteria to pick the better targets for gene silencing. To reinforce our set of S-gene 

candidates, as well as to broaden the frame of prospection, we went through transcriptomics 

results generated in a previous study [12]. We ended up with three targets to the functional 

assay, OsDjA2 (LOC_Os02g56040) from proteomics, which showed a remarkably increased 

abundance (3.58 [log2]-fold change) in the susceptible interaction at 12 h post infection with 
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M. oryzae (Chapter II, Table S1_spreadsheet 2 – data under request); OsERF104 

(LOC_Os08g36920) and OsPYL5 (LOC_Os05g39580), the most notable differentially-

expressed genes (DEG) (4.22 and 4.97 [log2]-fold change, respectively) identified in 

transcriptomics analysis 24 h post infection with M. oryzae in the same susceptible interaction. 

Finally, we employed a transient-inducible gene silencing (TIGS) in planta assay to 

characterized their function in rice susceptibility. TIGS consists of a high-throughput system 

applied for transient knock-down (post-transcriptional regulation) of plant gene expression 

[13], that uses antisense DNA oligonucleotides to modulate targeted transcripts. Our results 

showed that rice plants pre-treated with phosphorothioate (PS)-modified DNA antisense oligos 

(PTO) targeting transcripts of our candidate S-genes displayed significant decrease in foliar 

blast disease symptoms upon infection, when compared with both the no-target control PTO 

and non-infected control plants (Chapter II, figure 6 – page 10). Our findings are widely 

supported by similar relevant results in literature. For example, in a proof-of-concept study 

using antisense phosphorothioate (PS)-oligodeoxynucleotides, Dinç E. et al. [14] showed that 

mRNA and protein levels in infiltrated leaves of A. thaliana were significantly reduced by up 

to 85% and 72%, respectively, in comparison with non-treated leaves. In a very recent study, 

Lambertucci et al., 2019 [15] used PTO-based TIGS in planta assay to modulate the transcript 

levels of the gene TLP5 (thaumatin-like protein), highly induced in barley (Hordeum vulgare) 

leaves upon fungus infection. Authors demonstrated not only the efficacy of PTOs in modulate 

the targeted transcripts, confirmed via qRT-PCR analysis, but also revealed the engagement of 

TLP5 with plant susceptibility as silenced infected plants showed an increased ROS burst that 

contributed to disease resistance. In addition, their strategy of placing the phosphorothioate 

(PS)-chemical tags in the oligo, which directly impacts on oligo intracellular stability, were 

exactly the same that we used to design our oligos. 

 In view of our results, we successfully employed shotgun proteomics and antisense-

based gene silencing to prospect and functionally validate rice potential susceptibility factors. 

Hence, although the molecular mechanism of rice susceptibility to M. oryzae is far from being 

fully captured [16], we suggested that a rational manipulation of host susceptibility genes 

represents an effective strategy to manage blast disease, serving as an alternative strategy to R 

genes in breeding programs, and a flourishing approach to build rice resistance via new 

breeding techniques. 

Since physiological expression of S-genes may impact plant resistance during infection 

[17], it represents a very suited target to CRISPR/Cas9 knockout strategy. Nevertheless, 

although several recent studies using RNAi gene silencing technology and/or overexpression 

have revealed a series of S-genes in different pathosystems, including rice-M. oryzae, up to our 
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knowledge there are very few studies that used the present S-gene knockout strategy via 

CRISPR/Cas9 to enhance rice resistance to blast disease.  

Here, we aimed to knockout by CRISPR/Cas9 system the two rice genes OsDjA2 and 

OsERF104, encoding a chaperone protein and an APETELA2/ethylene responsive factor, 

respectively, which showed the best results in our previous functional validation assay, and 

were suggested as a potential rice S-genes. Our choice of candidate targets for genome editing 

was also supported by literature findings. OsDjA2, also known as DnaJ, Hsp40, and J-proteins, 

consists in a “Heat Shock Protein” (Hsp), implicated in a myriad of functions in diverse plant 

species, with essential and regulatory role in plant innate immune response [18]. Regarding its 

function during rice-M. oryzae pathosystem, consecutive studies have succeeded to functionally 

characterize the role of DnaJ homologues rice genes in blast susceptibility. A seminal study was 

carried out by Zhong and colleagues [19] in which was observed the increased expression of rice 

DnaJ gene during a compatible interaction with the fungus M. oryzae. Using RNA interference 

(RNAi) technology, authors reported the role of chaperone DnaJ protein, OsDjA6, in the negative 

modulation of rice basal resistance upon M. oryzae infection. They observed that RNAi OsDjA6 

mutant plants exhibited increased levels of reactive oxygen species (ROS) burst accumulation as 

well as up-regulation of defense-related genes, hence, enhanced resistance to M. oryzae in 

comparison with wild-type plants. Moreover, we have also few pieces of evidences that in viral 

pathogenesis, for example, the silencing of diverse J-domain-containing protein can lead to 

resistance or susceptible outcomes [20]. Our second candidate target, OsERF104, member of 

APETALA2/Ethylene Responsive Factor (AP2/ERF) gene family, argued to be involved in the 

tangled modulation of plant immunity. In response to phytohormones and biotic/abiotic stresses, 

members of AP2/ERF gene family can positively or negatively regulate plant resistance [21]. 

Further, increasing evidence indicates that AP2/ERF TF may act as molecular switches to regulate 

clusters of stimuli responsive genes, playing key roles in negative regulation of ET biosynthesis and 

rice susceptibility during distinctive plant-fungal interactions. For example, recent investigations 

have reported different plant-specific ERF genes acting by suppressing PAMP-triggered immunity 

(PTI) upon pathogen infection. Wenqin Lu et al. [22] revealed the importance of AtERF019 gene 

in mediating plant susceptibility to Phytophthora parasitica through the suppression of PTI and 

SA/JA defense responses. Likewise, it has also been reported that overexpression of AtERF019 

increases plant susceptibility to Botrytis cinerea and Pseudomonas syringae, and represses microbe-

associated molecular patterns (MAMP)- induced PTI outputs [23]. Regarding rice-M. oryzae 

pathosystem, Dongfeng and co-workers [24] observed a rapid and strong increase of ERF 

transcription factor OsERF922 gene expression upon blast infection, and by means of RNAi gene 

silencing demonstrated that rice plant resistance phenotype was associated with a promptly increase 

in the expression of pathogenesis-related (PR) gene products. Later, a pioneer study was 
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performed by Wang and coworkers [25] where they achieved to enhance rice blast resistance 

by CRISPR/Cas9 knockout of the same ERF transcription factor gene OsERF922, asserting the 

role of this AP2/ERF domain-containing gene in rice-blast susceptibility. 

To knockout our target-genes, we firstly designed each sgRNAs and cloned into a 

simplex CRISPR vectors, kindly provided by C. Périn, from CIRAD, UMR AGAP, France 

(Chapter III, figure 1 – page 94). Next, rice plants (cv. Nipponbare) were transformed via 

coculture with A. tumefaciens containing the T-DNA vectors harboring only one sgRNA, at a 

time. Hygromycin-containing medium was used to select all resistant rice calli that were 

subsequently regenerated as potentially transformed (edited) plants. The molecular characterization 

analysis of InDel-induced mutation impacts at the gene and protein levels for both targeted-gene 

revealed different nucleotide editing forms, mostly of them inducing loss-of-function mutation 

types (Chapter III, figure 1 – page 96; table 1 – pages 98 and 99; figure S1-S3 – pages 114 to 116). 

Finally, knockout mutant lines for each targeted gene were tested for disease resistance. The 

phenotyping analysis revealed not only a significant decrease in the number of blast lesions, but 

also a reduction in the percentage of lesioned leaf area when compared with non-edited control lines 

(Chapter III, figure 4 – page 103).  

Therefore, our results not only corroborate our previous findings that suggested the ability 

of blast fungus to modulate (early in the compatible interaction) the expression of a subset of rice 

S-genes, key players in the negative regulation of basal and innate plant-immune responses, but also 

plead CRISPR/Cas9 knockout of rice susceptibility genes as an effective and alternative strategy 

that should be better exploited towards a more resolute resistance to blast disease. 

 

Conclusions and perspectives 

 
The central goal of the thesis was to depict the basis of rice-blast susceptibility, focusing 

on the quota of S-gene contribution in it. In the part related to the prospection of those players, 

our approach using shotgun comparative proteomics enabled us to provided important 

molecular insights on rice-M. oryzae pathosystem at early stages of infection, disclosing 

potential rice susceptibility factors with pivotal and specific roles in triggering a pathogen 

compatible state. Precisely in the functional validation part, our choice to use a relative new 

strategy, at least in plants, to gene silencing of our most prominent targets, not only guided us 

to select the most suited genes to the downstream analysis, but also shed light on such 

innovative approach to transiently modulate plant transcripts of interesting. Unlike RNAi 

technology, PTO-based TIGS does not requires the time-consuming steps of vector assembling, 

genome integration and expression to operate the target knockdown. In our last move, the 
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application of CRISPR/Cas9 system to delete a couple of rice S-genes demonstrated the 

suitability of the alternative strategy toward the development of genetically improved rice crops 

against the hemibiotrophic fungus M. oryzae. Furthermore, we have already designed new 

CRISPR vectors, simplex and multiplex (combining more than one sgRNA), to transform elite 

rice varieties aiming to generate new commercial breeding products. 

Taken together, due to the contribution of all functional genomic approaches, our 

findings provide novel tools to deal with M. oryzae, the major threat for rice paddies, and may 

be also exploited in different pathosystems, leading to relevant contributions in the fight for 

global food security.  
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