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RESUMO

Tévora, Fabiano Touzdjian P. K. Desenvolvimento de arroz resistente a brusone por meio
do sistema CRISPR/Cas9 para a edicao 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
populagcdo mundial. Entretanto, esta cultura tem sido severamente atingida pela brusone, uma
devastadora doenga de plantas causada pelo fungo Magnaporthe oryzae. Dessa forma, o
desenvolvimento de cultivares de arroz com maior resisténcia a brusone consiste em um dos
principais focos dos programas de melhoramento. No entanto, devido a complexa biologia do
patogeno, cultivares de arroz geneticamente resistentes ao fungo tornam-se suscetiveis em um
curto periodo de tempo. O nocaute (dele¢ao) de genes de suscetibilidade no genoma do arroz
representa uma notavel estratégia para a obtengao de uma resisténcia mais ampla e duradoura
contra o fungo M. oryzae. O presente estudo teve como objetivo utilizar a tecnologia de edigao
gendmica - sistema CRISPR/Cas9, para o nocaute de genes de arroz envolvidos na
susceptibilidade a infec¢do fingica. A partir de resultados anteriores de transcriptomica de duas
linhagens semi-isogénicas de arroz - NILs submetidas a infeccdo por M. oryzae, foram
selecionados potenciais genes de suscetibilidade. A prospecgao por candidatos a edigdo génica
foi complementada por uma analise protedmica shotgun comparativa do perfil de proteinas da
interacdo entre as NILs IRBLi-F5 (suscetivel) e IRBL5-M (resistente) em estagios iniciais da
infeccdo por M. oryzae, que revelou um conjunto especifico de proteinas potencialmente
associadas a suscetibilidade. Apos a caracterizacdo e validacdo da expressdo génica por R7-
qPCR dos candidatos mais proeminentes, os genes-alvos OsDjA2, OsERF 104 e OsPyl5, foram
selecionados e submetidos a validacao funcional via silenciamento génico in planta, utilizando
oligonucleotideos antissenso (4S50), onde se observou notavel reducao dos sintomas foliares da
doenga na interagdo compativel. 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 geracao T1 e homozigotas para mutagdo-nula (perda de funcao)
foram testadas quanto a resisténcia ao fungo M. oryzae. Conforme esperado, plantas editadas
mostraram consideravel reducao dos sintomas da doenca em relagdo as linhagens controle.
Espera-se que os resultados obtidos contribuam para a geracdo de cultivares de arroz resistentes

a brusone, além de lancar luz sobre novos potenciais genes de susceptibilidade a M. oryzae.

Palavras-chave: CRISPR; Gene de susceptibilidade,; Intera¢do planta-fungo, Proteémica
shotgun; Silenciamento génico



ABSTRACT

Tévora, 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 clite 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).
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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).
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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:/fiac.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
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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 um). 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].
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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
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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 (4vr) 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).
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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 (Lov/) 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 Tsnl, 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 PRS (TLPS5) protein. In a very recent study,
Lambertucci et al.[32] demonstrated that, against expectations, transient TLP5 gene silencing
suggested that TLPS5 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 Xal3/Os8N3/SWEETII and
OslIN3/SWEETI4. 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 (Xoo0), resulting in susceptibility to this phytopathogen and the disease known
as Leaf blight. In contrast, genome the naturally-arose xal3 resistance locus, composed of a
series of mutated alleles exists in rice. However, Xal3 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].

Cell nucleous

1 Transcription
Pre-mRNA Bl g oy b Uy

g ¢e
l Post transcriptional l l -lv
modifications
5 cap (4) (5) ()

MANA bbbl 0 5°cap  PremRNA Activation of
Cauda 3 polylA) formation splicing RnaseH
| inhibition inhibition
o TTTTTTTT
hybridization ASO
gl Aanas
<gibinbiinily 4, A0 A

Formation of ASO-mRNA complex

g bbb 0000
Pl s
=]

{1)Normal protein {2) activation of RNaseH

= (3} Ribosome stall
translation

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 Ding 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 4. 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 7LP5 (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 RNAIi 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 TO 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 TO 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:

II.

I1I.

IV.

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;

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;

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);

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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Abstract

The increase in human population causes an increasing demand for food. In the current non-
optimistic global scenario, where adverse climate changes come associated with substantial
population growth, the main challenge in agribusiness is food security. Recently, Clustered
Regularly Interspaced Short Palindromic Repeat (CRISPR)/Cas system has emerged as a friendly
gene editing biotechnological tool, enabling the manipulation of novel traits in several organisms.
This review addresses the role of CRISPR/Cas system as a paramount tool for the improvement of
agribusiness products. Here, we highlight recent findings and potential applications of
CRISPR/Cas genome editing technology in improving major traits in agricultural plants, farm
animals and fish of economic importance. Agriculture, livestock, and aquaculture commodities
represented mainly by plant crops, farm animals, and fish, respectively, are the natural resources
responsible for feeding the world. CRISPR/Cas studies from the bench to applied research in the
field, promotes trait improvements of agricultural, livestock and aquaculture products, including
animal productivity and welfare, plant crop yield and quality with substantial positive impacts in
human health and nature. CRISPR/Cas system has revolutionized bioscience and biotechnology,
and its concrete application in agribusiness goods is on the horizon.
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1. Introduction

In general, agribusiness represents a dynamic and strategic global economic sector,
responsible for the production, distribution, commercialization and use of food, feed, fiber, forest
products and fuels [1]. According to the FAO and USDA, the major agribusiness products (Table
1) are agricultural commodities, such as sugar cane, maize, rice, soybean and wheat, while the
main livestock commodities include dairy products, as meat (from pigs, chickens, and cattle), and
eggs [2-4]. Fishery products also figure in this list and include fish, crustaceans, mollusks and
others. In the current non-optimistic global scenario, where adverse climate changes come
associated with substantial population growth estimated to escalate to ten billion people by the
end of 2050, food security represents the major challenge to be faced worldwide [5]. Therefore,
broaden the application of innovative biotechnological outputs on the agribusiness field is vital to
respond the increase in food demand, ensuring a sustainable production.

Table 1. Worldwide production of main commodities in 2018.

Worldwide production (2018)

Commodities Production (tons)t
Milk 6,832,117,056
Sugar Cane 1,907,024,730
Maize 1,147,621,938
Rice 782,000,147
Wheat 734,045,174
Soybean 348,712,311
Fishing products/ Aquaculture production 148,474,349
Meat (pig) 120,313,264
Meat (chicken) 114,266,750
Eggs (chicken) 76,351,425
Meat (cattle) 67,353,900
T According FAO (2020).

In this context, Clustered Regularly Interspaced Short Palindromic Repeats/Cas
(CRISPR-associated), easily called CRISPR/Cas system, stands as a breakthrough genome editing
technology with countless potential applications to improve agribusiness performance
worldwide [5, 6] (Figure 1). The first experimental evidence of its biological role of CRISPR/Cas
system was determined only in 2007 [7]. The CRISPR/Cas system, basically composed by a CRISPR
locus and cas genes organized in operon, represents an adaptive immune system present in
bacteria and archaea domains that confers resistance against phages and most foreigner genetic
elements by chopping intruder’s nucleic acid genome [8]. CRISPR/Cas systems encompass 2
classes, 6 types and 33 subtypes (for a more detailed review of this topic, see [9, 10]. However, the
CRISPR-Cas system thoroughly described and widely employed in plant genome editing is an
adaptation of type Il CRISPR-Cas system (Figure 2) found in Streptococcus pyogenes [11, 12].
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CRISPR/Cas Technology
in Agribusiness 3

Fishery products

Farm animals . Improved body mass
. Increased body width

and height

n
. Improved crop yield . Improved meat yield performance

. Higher grain quality . Enhanced disease resistance

. Improved nutritional values . Animal welfare

. Enhanced disease resistance . Solutions to improve human health
. Solution for food security . Healthier animal-derived products

Figure 1. General applications of CRISPR/Cas genome editing technology.

This system is dependent on the guide RNA (gRNA) sequence specificity of at least 10 base
pairs (seed sequence) at the 3’-end of the gRNA. For an efficient on-target cleavage by Cas9
nuclease the existence of a protospacer adjacent motif (PAM), immediately downstream of target
DNA sequence is mandatory [12, 13]. These PAM sequences, preserved in foreign genomes, are
crucial for host recognition of self versus non-self genetic material [8, 14]. Cas9 endonuclease
from S. pyogenes specifically recognizes NGG nucleotide sequence as a PAM, and presents two
catalytic nuclease domains: RuvC and HNH (Figure 3), which cut the PAM- containing strand and
its complementary strand (target DNA sequence strand), respectively, thus generating a double-
strand break (DSB) that abrogates infection [15]. Furthermore, the formation of DSB at the
desired target sites with colossal precision are extremely desirable in functional genomics,
allowing gene disruption, creation of precise point mutations, and knock-in of DNA sequences
basically by two host cellular DNA repair routes: NHE] - non-homologous end joining and HDR -
homology-direct repair (HDR) [16] (Figure 3).
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Figure 2. Overview of type Il CRISPR-Cas bacterial adaptive immunity mode of action. Upon entry
of foreign genetic elements (in this case, a viral DNA) in the bacterial cell, a native Type I CRISPR-
Cas system is turned on. At the first meet (invader spacer acquisition), CRISPR-Cas associated
proteins (Cas1, Cas2, and Cas4) select and process a specific part of the invading DNA
(protospacer) and integrates it as a new spacer into a CRISPR locus. After that, the CRISPR array
including invader-derived spacers is transcribed as a pre-crRNA that bounds to tracrRNA
transcripts, and is processed into guide-RNAs (crRNA maturation). The guide-RNA forms a binary
complex with Cas9 enzyme that further scans invading DNA searching for a PAM sequence
adjacent to a 20-nt spacer complementary sequence to chop it (Target degradation), generating a
double-strand break (represented by scissors) that neutralizes the invader.

In this review, we focus on the up-to-date applications of CRISPR/Cas system in the
improvement of specific agribusiness commaodities, such as major agricultural crops, including
rice, maize, wheat and soybean, as well as livestock (milk and meat), and aquaculture (fishery
products). The limitations, future challenges, and ethical concerns of CRISPR-Cas technology
applied to agribusiness are also discussed.

2. CRISPR/CAS in major commodities
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In the past thirty years, genetic engineering has revolutionized agribusiness by enabling
genome improvement of commercially-interesting targets. Recently, CRISPR/Cas system has
been in evidence due to its robustness and versatility, allowing performing diverse gene editing
strategies [17]. This breakthrough technique is a helping hand for researchers in crop
domestication and development of ideal plants and animals with improved traits, i.e., high yield,
improved quality and abiotic/biotic stresses tolerance [17, 18].

Cas9

5 T DNA of interest

catalitic site

o RuvC
- 2% catalitic site
L Endogenous repair pathways \
G1 S G s
A NHEJ HDR B

TN 0 IITIITTIT I

Allele types of mutation DNA terfiplate
Dmmmﬂ]mm nucleotide insertion (s) ;
W nucleotide deletion (s) ;
Mm]]]]mmnucleotidesubstitution(s} ”” ””””” ”I””””

Gene disruption by frameshift mutations Gene targeting (addition/correction) by
homologous recombination

Figure 3. Outcomes of CRISPR-Cas9 system-mediated genome editing. User-tailored single guide
RNA (sgRNA) drives the Cas9 enzyme to a specific DNA target site and a double-strand break
(DSB) is generated disrupting both the PAM- containing strand and its complementary strand
(target sequence strand). Depending on the cell cycle phase, genomic lesions can be fixed basically
by two distinct DNA repairing routes. As a rule, the error-prone non-homologous end joining
(NHE]) repair pathway takes place and mono/bi-allelic insertions, deletions, and substitutions of
nucleotides are the common outcomes, resulting in a frame shift mutation, hence the loss of gene
function. Alternatively, error-free homology-directed repair (HDR) route can drive genome repair
and by homologous recombination insert a given donor template sequence, enabling to perform
knock-in and gene correction strategies.

3. CRISPR/Cas in rice: focusing on yield and quality boost

Rice (Oryza sativa L.) is one of the most important food sources in the world [19]. The
ongoing context of threatened food security makes rice a strategic crop and its yield and quality
traits main targets for improvement via CRISPR/Cas technology. Several morpho-physiological
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features of rice plants are known to have a direct or indirect impact on rice yields, including plant
height, grain weight, number of grains per panicle, number of panicles per plant, and tiller number
[20, 21]. So far, gene knock-out strategy is one of the most straightforward CRISPR/Cas
applications, and (Figure 3) has proven to be highly efficient for rice productivity improvement,
with interesting phenotypes associated with loss-of-function mutations unraveling potential
genes engaged with positive /negative regulation of yield-related traits (table 2).

Liuy, et al. [22] employed CRISPR/Cas9 to edit rice cv. kasalath (presenting an indica spp.
genetic background) and reported a substantial increase of grain width and weight by simply
knocking out the OsGW5 (grain weight 5) gene. Another relevant study conducted by Li, et al. [23]
successfully applied the CRISPR/Cas9 simplex system to knock out four rice genes, OsGnla,
OsDep1, OsGs3, and Oslpal, previously claimed to act as negative regulators of rice grain number,
panicle architecture, grain size, and plant architecture, respectively. They reported an
enhancement of panicles, grain number and size, positively impacting rice yield-related traits.

Another CRISPR/Cas9 simplex function analysis study [24] revealed a so far unclear
genetic network controlling grain size. [t was demonstrated that the locus GLWZ (grain length and
width 2), a dominant QTL, positively regulates rice grain weight throughout the expression of
OsGRF4 (growth-regulating factor 4) locus-encoded gene, which is negatively regulated as a rule
by the microRNA’s mechanism. The generated CRISPR/Cas9 mutations in the OsGRF4 target gene
were able to change the detection by miR396C, which resulted in an improvement in grain size
and production. Substantial improvements in rice grain yield were also achieved by Lu, et al. [25].
Notwithstanding the role of amino acid transporters to allocate nutrients throughout plant cells
during its life cycle, these authors demonstrated that CRISPR/Cas9 knock-out of OsAAP3 (amino
acid permease 3) gene in rice ssp. japonica enhanced rice grain yield.

The CRISPR/Cas system has also proved its potential and feasibility to improve rice yield
by targeting plant architecture-related traits. Using a similar strategy to target negative regulators
of important yield-related pathways, Butt, et al. [26] successfully disrupted the OsCDD7
(carotenoid cleavage dioxygenase 7) gene, which controls the biosynthesis of strigolactones, which
are plant hormones essential for plant architecture, such as the inhibition of branching [27].
Edited plants presented an increase in number of tillers that resulted in a substantial
improvement in rice yield. Notwithstanding the aforementioned pieces of evidence, plant
breeders argue that due to complexity of most yield-related traits, usually controlled by QTL and
influenced by external environmental determinants, simply knocking out individual factors may
not be sufficient to improve rice yield [21, 26, 28]. Xu, et al. [29] used a CRISPR/Cas multiplex
strategy to simultaneously edit three well-characterized rice QTLs related to grain weight
(0OsGW2, OsGW5, OsTGW6). They reported an additive effect in triple mutants displaying
substantial increase in seed weight, length, and width when compared with double mutant
phenotypes. Similar gene pyramiding additive effect results favoring rice productivity were also
obtained by J. Zhou et al. (2019). [28] These authors employed the CRISPR multiplex strategy to
generate several combinations of double and triple knockouts of genes related to yield, including
0sGS3, OsGnla, and OsGW2, well known to negatively regulate grain size, number, and weight,
respectively.

Crop growth and yield are also under strong regulation of plant hormone complex
interactions [30]. Abscisic acid (ABA) phytohormone, for example, plays key roles in plant growth
and stress responses. Miao, et al. [31] performed for the first time a CRISPR/Cas multiplex strategy
to target an entire rice family of abscisic acid (ABA) receptors, known as pyrabactin resistance 1
(PYR1)/PYR1-like (PYL). Several combinations of knocked-out mutants for OsPYL genes
successfully resulted in different degrees of rice growth and improved grain productivity.
Representing a major source of nutrients in the daily diet of billions of people around the world
[19], food security involves not only yield, but also grain quality. To date, the CRISPR/Cas system
has also been applied to exploring several quality-related traits, generating new rice varieties with
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improved quality-associated features, such as appearance, fragrance, cooking-eating, and
nutritional values,[32] the last having a special appeal in developing countries facing an overall

vitamin deficiency in their daily
N = B N B E g g g diet [33]. Having a singular positive
impact in public health, a fine-tune
- . - E M adjustment of rice grain nutritional
g HAG g :g :!g ?:f'f% :!g é;%g % & % Lﬁi properties could bring health benefits to
Fehs =4 BREE . B B B ; : : .
8 patients with diet-related chronic
™ " “EEQQEFE H B dis?ases [?4]. Aim.ing to develop a rice
2 gggg B g %Eg%@%%?%% % E %%%%“ Var}ety with an improved .CF)ntent of
= S I8 © resistant starch (RS), a specific type of
starch beneficial for human health, Sun,
g B o = _g g _g 2R £ 0 B E et al. [35] used the CRISPR/Cas9 system
| B - H B B E E B o to successfully generate high-amylose
g E é E ﬁ § ﬁ ;Ei E E i E § and improved RS rice by targeting OsSBEI
L | and OsSBEIIb (starch branching enzyme)
i 3 gﬂ:g: ] F E g’ Bl elEE E genes. OsSBEIIb knock-out mutants
i d 'ZE._EE ) gi g g E g‘ 3 g% gg showed up to a 9.8% substantial increase
Ty “SE g T B % ‘é : ‘é 8- of the desired resistant starch content.
E § ':gzi-g % %% § g : E é é é ég Interestingly, amylose is argued to be the
E | EE g E, H E. g B 5 s £ most important cooking-eating quality
' beacon [36].

é. E é E -E E -g -g E 'E; E '_% ’é However, for some rice varieties,
| - B £ - B B OER mostly the indica type, the high amounts
E‘j E" E‘j ¥ 'E“ & E“ ¥ E" & ‘%“ ‘E‘J ’E" of amylose represent wide market
P : constraints [37]. Being a monogenic-
& o E‘a,‘ E - H OE controlled trait, CRISPR/Cas9 was
E 3 E E E EE g’é’ E 3 g E 3 successfully performed and loss-of-
_g g function mutants (waxy gene knockouts),
exhibited a significant reduction of
E E E E E E g E 3 I amylose content (85% lower in the
E 2 E d e E 3 e 8 E comparison with the WT), reaching
desirable and ideal levels for

5 3 il a1 E H commercialization [38].
: l ) N "M Likewise, aiming to improve
S. 8. 8- 8- 8- %- |- $-8-5-8-8- .| healthbenefitsandalsosuppresslifestyle
S‘E S'g S‘"‘g ST 8% Sy o%F 5?&5%‘5%‘&%5@ éj—'g diseases, Abe, et al. [39] employed
S8 4% EE £% 88 BE g8 SHOEERLREZN BRE|  CRISPR/Cassystem to improve rice grain

fatty acid composition and generate a

healthier oleic acid. One of the three functional fatty acid desaturase 2 genes (OsFADZ2-1) was
selected as target. The loss-of-function mutant rice plants showed higher levels of oleic acid, with
atleast a two-fold increase compared to WT non-transformed plants. Therefore, the CRISPR/Cas-
based genome editing tool already stands as a cost-effective strategy to target complexities of
most yield and quality-related traits toward the development of improved rice varieties
worldwide.

4. Precision breeding in maize
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Maize (Zea mays L.) is high important in human and animal diet, and perform an
important role in studies concerning gene function and inheritance in plant development, is an
important model organism for genetic research. It has become a staple food worldwide, with other
applications involving biofuel production, as well as production of animal feed and compounds
for the industry in general.

Liang, et al. [40] were the first researchers to applied CRISPR/Cas system for editing the
genome of maize based on the nuclease SpCas9. A PEG-mediated transformation protocol was
used for the transfection of protoplasts with plasmids harboring Cas9/gRNA genes in order to
evaluate knock-out effects for the ZmIPK gene, related to the biosynthesis of the antinutrient
phytic acid, by using two gRNA sequences to target different regions of ZmIPK. This was the first
report on the applicability not only for CRISPR/Cas in maize, but also for TALEN, in which they
showed similar results for both editing systems regarding targeting efficiency.

Hence, maize can be appointed as one of the first crop to be edited by using CRISPR
technology for precise genome mutagenesis. Later, Svitashev, et al. [41] used a different strategy
for the transfection of plasmids harboring Cas9/gRNA genes, based on the particle bombardment
(biolistic or gene gun) of immature embryos. This work aimed to demonstrate the suitability of
Cas9 for plant breeding by trying different approaches, including knock-out and knock-in. Hence,
the researchers selected as target both CDS (exons) and promoter (5’-UTR) sequences.

Thus, since 2016 many other researchers have performed gene editing in maize with
CRISPR/Cas systems by different strategies (table 3). However, regardless the CRISPR employed
mechanism, explants used for maize transformation are mostly immature embryos, since
protocols using embryo cells are very well established. To deliver CRISPR reagents into immature
embryos, Agrobacterium and biolistic-mediated transformation protocols are frequently
employed. Some authors have also performed gene editing using isolated protoplasts with PEG-
mediated transformation. No other transformation strategies have been reported for genome
editing in maize so far.

Most of published articles report the use of DNA plasmids to load Cas/gRNA-coding
genes. However, a less frequent but not less efficient strategy has also been reported, based on a
plasmid-free Cas/gRNA ribonucleoprotein (RNP) complex. In this strategy, microparticles are
adsorbed with pre-assembled RNP complexes (Cas purified protein and gRNA transcribed in vitro,
mixed in a specific molar ratio) and transfected through biolistics likewise used for gene
constructs, bypassing the drawback represented by transgene integration and further
requirement of Mendelian segregation phases to obtain transgene-free plants. Svitashev, et al.
[42] were the first to use RNPs and to demonstrate their feasibility in maize gene editing. Next,
Young, et al. [43] also used RNPs in parallel to plasmids to independently evaluate and validate
off-target activity by targeting lig1, Ms26 and Ms45 genes, located in different chromosomes.

Although the majority of CRISPR experiments have employed Cas9 nuclease, more
recently Lee, et al. [44] used both Cas9 and the Cas12a (Cpf1) to compare on-target activity in
maize. The authors aimed to knock-out the glossy2 (Zmgl2) gene, responsible for the epicuticular
wax formation in young leaves, and thus with easy phenotype characterization. Unfortunately,
Cas12a showed a remarkable low targeting efficiency (0 to 60%) compared to Cas9 (90 to 100%).
Several other authors reported the use of plasmid systems with distinct CRISPR approaches. Feng,
et al. [45] performed a knock-out of the Zmzb7 gene that encodes for IspH protein from the
methyl-D-erythritol-4-phosphate (MEP) pathway, to evaluate its potential as a marker targeting.
Feng, et al. [46] also performed the knock-out of the same gene along with Zmzyp1 and Zmsmc3
genes, reported to encode the main protein of the synaptonemal complex and a protein
hypothetically involved in chromosome structural maintenance, respectively. The authors
obtained edited plants for the three loci with a targeting efficiency of about 66% by successfully
using dmc1 and U3 promoters of maize for Cas9 and sgRNAs expression, respectively.
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Cas9 system was used by Shi, et al. [47] to promote the knock-in the
5-UTR of the ARGOS8 gene with efficiency of up to 98%. They obtained
ARGOS8 promoter variants, which resulted in improved grain yield under
drought stress. Aiming to study heritability of CRISPR mutagenesis, Zhu, et
al. [48] edited ZmPSY1 gene that encodes a phytoene synthase (PSY) enzyme.
They reported transgenerational gene editing mutations and no off-target
effects were detected.

In a different approach, Zong, et al. [49] applied CRISPR base editing
strategy in maize, wheat, and rice crops. This approach merges a specific Cas
endonuclease (nCas9 or dCas9), a codon-optimized rat cytidine deaminase
APOBEC1, and a uracil glycosylase inhibitor (UGI) (Figure 4). Researchers
edited the CDS of blue fluorescent protein (BFP) to produce the green
fluorescent protein (GFP) by shifting one amino acid (histidine to tyrosine)
through a C - T base substitution, proving to be a suitable strategy to
confirm the base editing due to ease of phenotype verification. Recently, Gao,
et al. [50] developed an interesting CRISPR approach based on a knock-in
strategy in maize for the generation of a complex trait locus (CTL), enabling
an easier trait/gene stacking. The authors conclude by arguing that CTL
technology may significantly help the development of maize hybrids with
multiple transgene-derived traits.

nCas

1
= DNA of interest

Deamination of a targeted Cytidine

DNA repair

JHAHH I

DNA replication

IllIIIIEIIIIIIIIIIIIIIIIIIIII

Base edited DNA

Fused cytidine
deaminase enzyme

Figure 4. Representation of CRISPR first-generation base editing system
mechanism. In this strategy, a catalytically nickase Cas9 endonuclease
(nCas9) merged to a catalytic cytidine deaminase enzyme domain is
directed by a sgRNA to a specific region in the target genome to create a
single-base substitution, converting C:G to T:A, with potential
applications in crop trait improvements and correction of single
nucleotide polymorphism diseases in farm animals.
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5. Genome editing in wheat

Common wheat (Triticum aestivum L.) species widely cultivated in the world,
representing approximately 20% of the calories in human diet [51]. Wheat is an allohexaploid
(AABBDD, 2n = 6x = 42) and due to such a complicated genome, CRISPR/Cas seems to be the most
ideal and competent system to improve wheat yield as well as other important agronomical traits,
such as resistance/tolerance against biotic and abiotic factors, respectively.

The first work employing CRISPR/Cas system in wheat was performed by Shan, et al.
[52] and promote the knock-out of TaMLO gene (Mildew Locus 0), which resulted in mutation
frequencies of 26.5% to 38%. This study also performed the first CRISPR gene editing in rice,
demonstrating the broad applicability of the technique in major crops. CRISPR/Cas system has
been applied in wheat using a diversity of approaches and mechanisms with a wide range of aims
(table 4). As arule, all three sets of homologous genes have been targeted at once within A, B, and
D respective genomes [53, 54].

Several wheat explants have been used for CRISPR experiments, although protoplasts
and immature embryos are predominant. Concerning the transfection method, biolistics, PEG- and
Agrobacterium-mediated protocols are always used, with only one exception [55]. Bhowmik, et
al. [55] performed the CRISPR/Cas9-mediated knock-out of exogenous (DsRed) and endogenous
(TaLox2 and TaUbiL1) genes from wheat based on the electroporation of microspores (immature
pollen) using plasmids containing Cas/gRNA genes, aiming to develop a haploid mutagenesis
system. Moreover, they developed WheatCRISPR, an online bioinformatics tool for designing
gRNAs for wheat as the host genome.

Gil-Humanes, et al. [56] used an engineered and deconstructed version of the wheat
dwarf virus (WDV) genome as a replicon-based system for delivery of CRISPR/Cas9 in immature
scutella. The replicon was in a AA form, in which both movement protein (MP) and coat protein
(CP) were deleted in order to allow the increase of heterologous genetic load. Target genes TaUbi,
MLO, and EpSps went through a GFP knock-in with a high frequency of precise gene targeting.

CRISPR base editing was another strategy applied to wheat. Li, et al. [57] used both PEG-
mediated transformation of protoplasts and particle bombardment of immature embryos for the
delivery of base editing fusion plasmids in order to obtain site-specific base changes (A 2 G) in
wheat and rice.

Concerning the delivery system, Liang, et al. [58] compared CRISPR DNA plasmids with
RNP complex and revealed similarities on target mutation efficiencies, whereas off-target activity
was at least five-fold lower for RNPs. In another study, Liang, et al. [59] compared RNPs and IVT
CRISPR reagents (made up of Cas9 mRNA and sgRNA transcripts) aiming at the optimization of
CRISPR plasmid-free delivery protocols, verifying effectiveness and suitability of both systems,
besides eliminating plasmid random integration into the host genome. Zhang, et al. [18] compared
IVTs and Transiently Expressing CRISPR/Cas9 DNA (TECCDNA) delivery forms. They reported
high efficiency of both methods in transiently express CRISPR reagents in bread wheat. Focused
on optimizing plasmid-based CRISPR/Cas9 transfection systems, Zhang, et al. [60] demonstrated
that Agrobacterium-mediated transfection yield a much higher targeting efficiency (54.17%) in
wheat immature embryos when compared to PEG-mediated transfection on protoplasts (up to
6.8%).

Strategies to achieve multiplex genome editing in wheat were also performed. Wang, et
al. [61] used an approach for multiplex genome engineering to target three genes (TaGW2, MLO
and Ta-Lpx1) responsible for different agronomical traits. In the case of TaGW2Z2, mutagenesis in
all three homeologous (A, B, D) resulted in a robust increase of grain productivity traits.
Addressing both grain quality and public health matters, Sanchez-Leon, et al. [62] developed a
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low-gluten transgene-free edited wheat variety by knocking out a-gliadin genes. The promising
results can positively impact human health since gluten proteins from cereals may trigger intense
immune responses in patients with celiac disease.

Most recently, Lin, et al. [63] successfully performed the
transition of innovative prime editing strategy, so far established only for

BB mammalian cells, to plant systems. Hence, the authors used wheat
N protoplasts and optimized plant prime editors (PPEs) based on three
5 different reverse transcriptases (engineered M-MLV, CaMV and retron-
E - ﬂ 8 .g derived E. coli BL21 RT). Prime editing six wheat genes (TaUbi10, TaGW2,
§ N R TaGASR7, DME1, TaLox2 and MLO), they reported events showing INDEL

(insertion and deletion) frequencies of 0.5% to 4.9%.

DsRed

Talox?

6. Challenges in soybean trait improvement

Soybean (Glycine max L.) is a key part of agribusiness, being one
of the most profitable agricultural products, and also the major source of
oil and protein used in human diet and livestock feed [64]. Native from
East Asia, soy has undergone, over the last decades, an expansion greater
than any other global crop and its fastest growth occurred in South
America [65]. Furthermore, according to FAO, 2017, a high increase in
soybean production is expected by 2050.
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Due to the great importance of soybean to agribusiness
worldwide, genome-engineering studies in this crop have provided
valuable insights for discovering new desirable traits [66]. However, the
complexity of the soybean genome represents a huge constraint for most
mutagenesis approaches. During its evolution lifespan, the genetic
material of soybean became a complex paleotetraploid genome after
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transformation efficiency, compared with other model plant species,

_ " : results in limited forward genetic studies and data availability.
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E" 3 E :5 = E by the application of CRISPR/Cas genome editing technology [68]. To

date, CRISPR/Cas genome editing of soybean has shown promising
results regarding improvements in agronomic traits that commercially
sought-after (table 5). Since much of global soy production is directed to
human consumption, the nutrient quality of soybean is an excellent
target trait. So far, the distasteful beany flavor of soy, a feature that
restricts human consumption, is known to be induced mainly by three
lipoxygenase (LOXs) genes -GmLOX1, GmLOX2, and GmLOX3 [69]. In
2019, aiming at the improvement of soy flavor, Wang, et al. [70] used the

Plasmid
Plasmid
Plasmid
Plasmd

Casd
Caszd
Cash
Cas
Cas

PEG: polyethylene glycol; MLO: Mildew Locus O.

éﬁ-.g jé.jg &y 5;} CRISPR/Cas9 multiplex system to generate lipoxygenase-free soybean.

& g = E = gg E § 5 They demonstrated by colorimetric assay that double and triple CRISPR

EE E ‘gg g E & g'g mutants lost the corresponding LOX activities, paving the way for tastier
e B =

soybean products.
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Table 5. Characterization of CRISPR/Cas strategies used for improvement of soybean (Glycine max L.).
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The generation of healthier soybean oil with high oleic acid content could positively
affect human health, minimizing lifestyle diseases [71]. In this context, al Amin, et al. [72] used the
CRISPR/Cas9 nuclease system to disrupt distinct sites of FAD2-2 loci (double identical copies of
the genes), responsible for fatty acid profile in soybean. These authors reported mutant seeds with
an increased profile of monounsaturated fatty acid, and results showed increased levels (up to
65%) of oleic acid. Aiming to increase soybean productivity by improving plant architecture, Bao

etal. [73] employed the CRISPR/Cas9 system to edit GmSPL9a-d genes,

g E E encoding squamosa promoter  binding protein-like  (SPL)
transcriptional factors, all of them usually regulated through miR156
with negative impacts on soybean plant architecture and yields. Edited

g 8 . plants displaying different loss-of-function mutations showed an

2 s = increased total node number per plant, reflected in substantial yield

i i improvement.

DLW oo CRISPR/Cas technology has showed its high potential as a
é%ﬂé Houh functional genomic strategy and a breeding tool for soybean trait
t-g g E c§ E E E improvement. Hence, to address major critical concerns such as the

environmental impact of huge deforestation areas needed for soy
cultivation, as well as global food security challenges, the improvement
of soybean yield is of imperative importance.

Foliar cotyledon GmF

Foliar cotyledon
Foliar cotyledon

7. Gene editing towards milk quality Improvement

ing

Milk has been a target product for genetic engineering since
the 70’s, and the efforts towards its improvement have focused on
producing milk free from allergens for human consumption,
humanization of animal milk and production of milk with high levels of
proteins to promote the welfare of neonates or supply a nutritional
demand [6]. In this way, CRISPR/Cas gene editing tool emerges as a
potential approach to improve animal milk (table 6).

to improve yield

Enpineer plant architecture
Improvement of eatin,
quality
Improvement of qua]ﬂj,r

Aiming to decrease the production of 3-lactoglobulin (BLG),
an allergenic compound present in milk, Zhou, et al. [17] generated
BLG knock-out goats delivering CRISPR reagents through the
cytoplasmic injection method. The molecular characterization of
edited animals during the lactation period presented a decreased
expression in targeted gene and absence of the B-lactoglobulin protein
in the milk. This study provided an important caprine model for S-
lactoglobulin-free milk, an important nutrient source for allergic
people, also paves the way for the improvement of cow’s milk.

Agrobacterium
Agrobacterium
Agroﬁact&rim

Multiplex
KEnock-out
Plasmid Kaock-out

Plazmid

Plasmid

In the same year, Ma, et al. [74] successfully generated a
sheep able to produce melatonin (N-acetyl-5-methoxytryptamine)-
enriched milk. A down regulation of this important hormonal regulator
and potent antioxidant is argued to be associated with metabolic
disturbances and neurodegenerative diseases [75].

Caz
Caz9
Cast

kRl
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Table 6. Characterization of CRISPR/Cas strategies used for improvement of milk.
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The authors combined the CRISPR/Cas9

E & system with constructed marker-free mammary gland-

specific expression vectors of AANAT (Arylalkylamine
= N-acetyltransferase) and ASMT (acetylserotonin
e = methyltransferase), crucial enzymes for melatonin
?ﬁiﬁ_ 3 synthesis, and f-casein promoter respectively. The
i cytoplasm of pronuclear embryos was co-injected with

Cas9 mRNA and sgRNA generated by in vitro

AP f

transcription (IVT) together with linearized expression
vectors. This approach enabled effective expression of
melatonin synthetic enzymes in mammary epithelial cell
culture and in edited animals.

TARS

The work presented high performance models for
melatonin source with several applications in nutrition
and medicine, such as the equilibration of melatonin
levels in humans and animals. Moreover, the results
reveled an efficient gene editing approach for farm
animals aiming to yield higher levels of natural
melatonin or other interesting molecules in milk.

BFF, SCNT
BFE, SCNT

Although promising, genome editing in animals
must face relevant concerns, such as on-target precision
of the adopted strategy, strictly related with off-targets
undesirable effects. In this context, Gao, et al. [76]
employed a catalytically inactive Cas endonuclease
(nCas9) to induce a precise gene targeting (knock-in) at
a specific locus in cattle’s genome. Using chromatin
immunoprecipitation sequencing (ChIP-seq) to identify
major binding sites for the Cas9 protein in bovine fetal
fibroblast cells (BFFs), the authors demonstrated that
nCas9-induced single-strand break (SSB) is able to not
only stimulate homology-directed repair (HDR),
promoting insertion of the target gene, but also diminish
off-target effects in vitro (on BFFs) and in vivo (on cattle).

Feepair [ARS mutation in
Japanese Black Cattle

Reduction in off target effects

Electroporation

Knock-in
Single baze
substitution

These studies open doors for advances in
genome editing in domestic animals, raise possibilities
for improvements in milk nutritional quality, and to
enhance the production of several molecules with
biomedical interest. Furthermore, although challenging,
these studies show the viability genome editing tools in
large and complex livestock species.

Plasmid
Plasmid

Cask

(Bas
Tourus)

ik Meat
Cattle
(Bas
Taurus)

IVT: in vitro transcript; SCNT: somatic cell nuclear transfer; BFF: Bovine fetal fibroblasts.
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Currently, domestic animals, such as pigs, chickens and cattle, represent the most

common meat sources in human diet [2, 3]. Myostatin (MSTN) gene, a member of the transforming
growth factor beta (TGF-B) superfamily, is the mostly common target for improvement of meat
yield in domestic animals, and is the most commonly target to CRISPR/Cas knock-out (table 7). It
has been reported that the inhibition of MSTN is related to increased muscle and body mass,
leading to an increased amount of meat in animals [77, 78].
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IVT: in vitro transcript; SCNT: somatic cell nuclear transfer; LPK: Liang Guang Small Spotted pig kidney cells; PGC: Primordial Germ Cells.

Zheng, et al. [79] proposed a
different target and CRISPR strategy to
improve meat production. These
authors performed the CRISPR knock-
in of UCP1 gene from mouse into a
pig’s genome. The target gene is
related with brown adipose tissue
formation, involved with
thermogenesis and  homeostasis
regulation. Researchers employed a
CRISPR/Cas9 knock in-HDR-
independent method, to obtain an
efficient  insertion of  mouse
adiponectin-UCP1 fragment (9 kb)
into the porcine endogenous UCP1
nonfunctional locus. Pig embryonic
fibroblast (PEF) cells were co-
transfected by nucleofection with

plasmids  containing  Cas9-gRNA,
followed by somatic cell nuclear
transfer (SCNT). Interestingly,
molecular characterization results

revealed mismatches at both 5’ and 3’
ends of insertion sites, indicating that
this strategy might not fit for precise
gene targeting. However, phenotype
analysis of animal events showed an
improved ability to regulate body
temperature reduced fat deposition,
and an enhancement of carcass weight,
relevant traits regarding meat
production.

In the following year, Li, et al.
[80] used CRISPR system to promote
the knock-in of fat-1 gene in pigs.
Coding for a fatty acid desaturase, fat-
1 gene acts on the conversion of n-6
polyunsaturated fatty acids (N-
6PUFAS) into n-3 polyunsaturated
fatty acids (N-3PUFAS), which play key
roles in regulating diverse biological
processes.
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Additionally, reduced ratios of n-6PUFAs/n-3PUFAs contribute to a healthier human diet [81]. A
non-functional enzyme capable of converting n-6PUFAs into n-3PUFAs leads to the production of
an animal meat considered unhealthy for human feeding. CRISPR/Cas system was used to insert
fat-1 gene into the porcine Rosa 26 locus of Porcine fetal fibroblasts (PFFs). sgRNA and fat-1-KI
plasmid were transfected into PFF cells by electroporation, and fat-1-KI-positive PFF cells were
used to perform SCNT. Several tissues of F1 generation animals expressing the knock-in gene were
detected by gene expression analysis. As transgenic pigs presented a significant decrease in the n-
6PUFAs/n-3PUFAs ratio, a meat with an improved nutritional property was successfully achieved.

Using a different approach, Xiang, et al. [82] employed CRISPR/Cas base editing strategy
in Bama pigs. The authors aimed to substitute a guanine to an adenine in a known conserved motif
(5'-GCTCGC-3") to prevent the ligation of ZBED6 (BED-type containing 6), a repressor of IGF2-
intron 3 (an important locus involved in the increase of lean meat production in pigs). To promote
site-specific base editing, they transfected pig embryos with a nickase nCas9 mRNA and a dual
sgRNAs targeting SNP sites in IGF2-intron 3. Results showed that the base editing of IGFZ-intron
3 improved meat production. Significant economic traits (i.e., body mass and carcass weight) were
increased without disturbing any other general trait present in Bama pigs. The authors indicated
the possibility of using the same approach in other Chinese pigs.

Zou, et al. [83] validated the regulatory function of the Fbxo40 gene as a potential target
to improve meat production in pigs. This gene is an important component of SCF-E3 ubiquitin
ligase complex and is responsible for the ubiquitination of IRS1 (insulin receptor substrate 1),
inactivating insulin-like growth factor-1 - IGF1/AKT pathway involved in muscle hypertrophy.
CRISPR/Cas was used for the generation of Fbxo40 knock-out animals. Expression vector of Cas9-
D10A nickase (Cas9n) and sgRNAs were inserted in PFFs by nucleofection, and positive single-cell
colonies were further used for SCNT. Knock-out animals showed desired muscle cells phenotype
with increased levels of IRS1, and IGF1/Akt pathway was also activated. Knock-out animals
showed no abnormalities and pathological effects were not detected. Moreover, the edited
animals produced 4% more muscle mass in comparison to wild type controls. In a recent study,
Li, et al. [84] proposed a mutation insertion in PVD20H and GP19del in the signal peptide (SP) of
MSTN gene of a Chinese pig breed (Liang Guang Small Spotted pig) using the CRISPR/Cas system
to knock-out a specific site in the SP. The mutation of PVD20H promoted an increase in muscle
mass and MSTN production was not affected. The mutation in the SP of MSTN resulted in the
activation of PI3K/Akt pathway and lead to an increase in muscle mass by hyperplasia. These
results suggested that signal peptide edition can improve muscle development without affecting
MSTN peptide production, thus benefiting edited animals.

Besides research with pig species, several studies have also focused on the improvement
of chicken meat production using the CRISPR/Cas system. Targeting the decrease of excessive fat
deposition in broiler chickens, Park, et al. [85] investigated the biological function of GOS2 gene in
chicken fat deposition and lipid metabolic pathways. CRISPR/Cas system was used to generate
GO0/G1 switch gene 2 (GOS2) knockouts in chicken. GOS2 gene is involved with negative regulation
of PNPLA2 (patatin-like phospholipase domain-containing protein 2), an enzyme involved in
adipose triglyceride (TG) hydrolysis. In this work, the primordial germ cell line (PGC) was
transfected with Cas9-green fluorescent protein co-expression plasmid and multi-guide RNAs
targeting the first exon of GOS2 gene. The dorsal aorta of recipient embryos was microinjected
with edited cells. Knocked-out animals were evaluated and results showed a relevant decrease in
abdominal fat deposition without disturbing any important trait. This study provided important
data to a better understanding of the GOS2 role in cell fat deposition, as well as for the generation
of genetically improved chickens employing the CRISPR/Cas technology.

Recently, aiming at the improvement of chicken meat production, Kim, et al. [86]
employed CRISPR/Cas system to promote knock-out of MSTN in chicken. A D10ACas9 nickase was
used in the study as a strategy to reduce potential off-targets. They delivered a D10ACas9-GFP co-
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expression plasmid and two gRNAs into a chicken’s primordial germ cells (PGC) by lipofection,
and positive PGCs were then transplanted into the dorsal aorta of recipient embryos. Researchers
successfully obtained chicken MSTN knockouts displaying a significant increase in breast and leg
muscle mass, besides an interestingly decreased abdominal fat deposition. The authors also called
attention to the fact that skeletal muscle hypertrophy and hyperplasia presented by MSTN knock-
out animals can be sex- and muscle type-specific.

Regarding CRISPR gene editing in cattle, there are important studies targeting disease
resistance. Gao, et al. [76] used a single nCas9 for gene insertion in a specific locus in the cattle
genome. Edited cattle showing enhanced resistance against tuberculosis was obtained with
reduced off-target events. Aiming to correct the IARS mutation, Ikeda, et al. [87] used CRISPR/Cas
system to repair the genome of Japanese Black cattle. The isoleucyl-tRNA synthetase (IARS)
syndrome is caused by IARS mutation, a recessive disease that can cause and problems in
intrauterine development and death in prenatal and neonates. Associating CRISPR/Cas with
SNTC, authors succeeded in restore normal condition in syndromic animals by substitution of a
mutated nucleotide in IARS gene. The generation of disease-resistant animals has an important
impact on animal welfare and, hence, indirectly represents a relevant improvement in meat
production.

These studies established important approaches in the improvement of cattle meat
production by using the CRISPR/Cas gene editing tool.

9. CRISPR fishery products

Aquaculture comprises an important activity for food production worldwide, and in
recent years it has become the major source of seafood destined for the human diet [3]. In this
context, CRISPR/Cas genome editing system is considered as an important tool to accelerate
genetic improvements in aquaculture breeding and production [88]. Several studies have been
performed in fishes using CRISPR/Cas system (table 8).

In this context, optimization of muscles without intramuscular bones is highly desirable
and presents a challenge in production of common carp, species with high economic importance.
Employing CRISPR/Cas and TALEN editing tools, Zhong, et al. [89] disrupted 4 genes (SP7, RUNX2,
SPP1, and MSTN) by TALEN and 2 genes (SP7A and SP7B) by CRISPR/Cas in the genome of
common carp (Cyprnus carpio). All transgenic carp presented improper formation of bones and
TALEN MSTN knock-out events showed increase in muscle mass.

Aiming to improve catfish (Ictalurus punctatus) production, Khalil, et al. [90] used
CRISPR/Cas system to disrupt MSTN gene. Cas9 enzyme and three gRNAs (targeting different
exons) were applied individually and mixed into catfish zygote embryos by microinjection.
Results demonstrated elevated mutation efficiency (88% - 100%) and enhanced survival of
embryo hatch (42%) and early fry stages (90%), with no anomalies detected in edited animals.
Regarding important traits, authors reported an increase in hyperplasia (33.7%) and hypertrophy
(2%) of muscle fibers, and also an increase of 29.7% in body weight, when compared to wild type
animals. This study was the first to use a purified Cas9 protein, hence, representing an interesting
strategy to increase editing efficiency on aquaculture species.

Kishimoto, et al. [91] developed a new breed of Pagrus major (red sea bream), an
important commercial species in aquaculture production, using CRISPR/Cas system to knock-out
MSTN gene. Delivering Cas9 mRNA and three sgRNAs by microinjection into the cytoplasm of
fertilized eggs, they reported high rate of INDEL mutations (80%-100%) on the first exon of MSTN
gene in GO individuals.
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After two years, a new breed (MSTN) was obtained and
edited fish presented an increase of 16% in skeletal
muscle with a moderate increase in body width and
height. Off-target mutations were not detected.

Therefore, all mentioned groundbreaking
CRISPR/Cas studies performed in major plant crops,
livestock, and fishery, supported by the recent advances
in CRISPR genome editing, including enhancements in
the efficiency of CRISPR knock-in/knock-out strategies,
delivering of CRISPR reagents, and DNA-free constructs,
have generated knowledge and evidence for
improvement of important productive/quality-related
traits in different organisms, playing a crucial role for the
development of a sustainable agribusiness worldwide.

10. Prospects on the horizon

Modern agribusiness represents a fruitful and
long-lasting union between scientific research and
technology that has been leading to unprecedented
improvements in various food products consumed by
humans. Agriculture, livestock, and aquaculture
commodities represented mainly by plant crops, farm
animals, and fish, respectively, are the natural resources
responsible for feeding the world. Even though
remarkable advancements have been achieved in plant
and animal conventional breeding in the last few
decades, the global rising call for food poses a huge
challenge for sustainability in agribusiness. CRISPR/Cas9
gene-editing technology has revolutionized bioscience
and biotechnology in the way of performing trait-
improvements in plant crops and animals due to its high
precision, versatility, and relative ease of use. In addition,
as the CRISPR toolbox widens at an unprecedented pace,
impressive researches have been carried out, and its
concrete application in agribusiness is already on the
horizon.

Potential innovation in agribusiness products through the use of CRISPR/Cas technology
has been hindered by inefficient and costly methods of transformation and regeneration of edited
cell targets. In plants a real bottleneck that should be addressed is the cycle of transformation that
is highly dependent on the delivery of CRISPR compounds mediated by Agrobacterium and also
on the time-consuming, and labor-intensive traditional tissue culture to regenerate viable edited
plants. Despite being the first-choice method for CRISPR plant transformation, it may cause
unintended changes in plant genome and epigenome. Additionally, many crops are recalcitrant to
regeneration, which limits the use of CRISPR technology [92].
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Therefore, novel and improved existing delivery systems are emerging as a key to
overcome barriers and to broaden CRISPR gene editing in plants. Recently, Maher, et al. [93]
reported an innovative method to generate CRISPR edited plants. In this study, developmental
regulators and CRISPR reagents were delivered to somatic cells of a whole plant and, through de
novo meristem induction, DNA modifications were passed to the next generations, bypassing the
need for tissue culture. Well established in animal models, DNA-free genome edited murines are
routinely produced by delivering IVT Cas9 mRNA and sgRNA into zygotes (one-celled embryos)
through direct injection [6]. Such strategy is highly desirable for application in crop plants because
it addresses relevant GMO legislative concerns.

The delivery of preassembled RNP complex to obtain DNA-free genome editing has been
performed in crop plants such as rice protoplasts derived from somatic foliar tissue or maize and
wheat embryo cells with transfection mediated by polyethylene glycol (PEG) and biolistic (gene
gun) particle bombardment, respectively [42, 59]. However, isolation, culture, differentiation, and
regeneration of protoplast-derived edited plants is labor-intensive, and still not feasible for most
plant crops. Besides, biolistics particle delivery causes major damage in the targeted tissue, and
the frequency of rescuing viable events is extremely low [94]. Recently, Toda, et al. [95] described
a new and highly efficient CRISPR DNA-free genome editing system in a rice model crop. For the
first time, RNP complex was delivered directly into rice zygotes produced by in vitro fertilization,
producing viable mature edited plants in the absence of selective agents and random integration
of transgenes. Besides encompassing major genome engineering concerns, the study also holds
great potential to be applied to other important crop species.

The major challenge in genome edition in animals has been the difficulty in applied the
technique, based major in HR associated with SCNT. In this way CRISPR/Cas system, has been
promoting a new perspective in livestock research, this technology allows direct targeted genome
modification in one step by microinjection in zygotes. However, additionally with technical
challenges off-target effects, ethics and generation of genetically modified organisms also are
current challenges in gene edition of farm animals.

A precise gene insertion or replacement in a genome holds a tremendous potential to
reshape agribusiness worldwide through the introduction of new trait-carrying crop varieties
ideally adapted to modern agricultural practices and aspirations or even correcting/replacing
undesirable traits in farm animals. However, mastering its use still needs some troubleshooting,
and CRISPR/Cas gene-editing technology seems to have the right toolbox to do it. In general,
CRISPR/Cas system consists of a two-stage process comprising (1) generation of single- or
double-stranded breaks (SSB/DSB) in a specific DNA target site, or nucleotide deamination (for
CRISPR base editing) and (2) induction of different host genome repair routes to fix the damaged
sites [96]. In most plant cells, DNA damage is repaired, basically, by two major pathways known
as non-homologous end joining (NHE]) and homology-directed repair (HDR), the latter being
imperative to the success of HDR-mediated CRISPR/Cas GT strategy as it relies on the
replacement/insertion of an exogenous donor template stretch of DNA [97]. However, somatic
cells of higher plants mostly employ NHE] to repair DNA damage (atleast two orders of magnitude
more frequently than HDR), which represented up to now one of the major obstacles for the
effective application of such a powerful technique [98]. Notwithstanding, Anzalone, et al. [99]
recently reported a novel CRISPR/Cas gene targeting approach called ‘prime editing’, which is
based on a nickase Cas9 (H840A) fused with a reverse transcriptase enzyme (RT), which does not
require DSBs or a donor template for the addition of DNA modifications to specific target sites.
The novel strategy represents a milestone in the CRISPR gene targeting approach and shows high
potential to revolutionize trait improvement in agribusiness bioproducts.

Modern plant cultivars and animal breeds evolved from artificial selection (domestication
through intensive inbreeding cycles), where introgressed characteristics favored production. On
the other hand, artificial selection resulted in narrow genetic diversity that has led to increased
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susceptibility to biotic and abiotic stresses, resulting in negative impacts on plant crop and animal
productivity. In this context, CRISPR/Cas technology stands as an efficient and precise tool with
great potential for improving plant and animal design and de novo domestication of elite cultivars
and breeds, aiming to expand genetic diversity and thus ensuring that agriculture, livestock, and
aquaculture remain sustainable worldwide.

One of the greatest challenges to be faced with the application of CRISPR technology to
agribusiness is not technical, but political and social. However, the scientific community must
keep providing complete transparency throughout the publication of accurate results, and public
trust and agreement have a key role in the process, influencing regulatory policy approvals.
Ethical concerns are frequently associated with genetic engineering and biotechnology
approaches. Synthetic biology, considered the most recent strategy of molecular biology to
generate GMOs, has also faced the same problems involving society and the scientific community
in the last decade, especially when linked to biosafety worries. In this way, biosafety of
CRISPR/Cas products mainly regarding off-target mutations have been widely debated, and huge
efforts have been applied towards the improvement of software to predict off-targets and design
of highly specific guide-RNAs, as well as a novel repertoire of high-fidelity variants and
orthologous of Cas9 nuclease. In plants and animals, all those improvements and stringent
protocols enabled us to detect any off-target mutation and to remove it from the end product by
a breeding technique of hybridization, which leads to a final transgene-free edited bioproducts.
This alternative uses Mendelian gene segregation to eliminate the transgene (when using plasmid
DNA) while maintaining targeted mutagenesis previously achieved in the presence of expressing
Cas nuclease. Besides, transgene-free crops and animal breeds can also be generated by using
delivery systems other than plasmids, such as RNPs, IVTs, and viral replicons, which remain
epissomal in the cytoplasm or in the nucleus, without transgene integration into the target
genome. These strategies may be advantageous to bypass biosafety regulations, contributing to
the faster transition of basic studies from the bench to applied research in the field. Ultimately, it
is conceivable through all the above-mentioned recent advancements on CRISPR genome editing
in the agribusiness field that CRISPR bioproducts hold great potential to increase the productivity
of important commodities, solve critical agriculture issues worldwide, and improve human life
quality, ensuring sustainable global food supply.
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ARTICLEINFO ABSTRACT

Eeywords: A comparative proteomic analvez between two near-izogenic rice lines, displaying a resistant and susceptible
Proteomic analyzis phenotype upon infection with Magnaporthe orygae was performed. We identified and validated factors associ-
PTO-based TIGS

ated with rice disease susceptibility, representing a flouriching souree toward a more resolute rice-blast resis-
tance. Proteome profiles were remarkably different during early infection (12 h post-inoculation}, revealing
geveral proteins with increazed abundanes m the compatble imterachon. Potenbal players of nee cuscephbibty
were selected and gene expression was evaluated by RT-gPCR. Gene Ontology analysis disclosed susceptibility
gene-encoded proteine claimed to be mvolved in fungus sustenance and suppreszsion of plant immumty, such az
cucroze synthase 4-like, serpin-ZXA-like, nudix hydrolaze] 5, and DjAZ chaperone protein. Two other candidate
genes, picked from a previous transeniptome study, were added mto our downstream analyeis meluding pyr-
abactin resistant-like 5 (GsPYLT), and rice ethylene-responsive factor 104 (O:ERFI04). Further, we validated
their role in susceptibility by Transient-Induced Gene Silencing (TIGS) uwsing short antizense oligodeoxyr-
ibonueleotides that regulted in a remarkable reduction of foliar disease symptoms in the compatible interaction.
Therefore, we successhully emploved shotzun proteomics and anbisensc-based gene zilencing to prospect and
funetionally validate rice potential sueceptibility factors, which could be further explored to build rice-blast
resistance.

Significance: R gene-mediated disease resiztancs iz race-specific and often not durable m the feld. More recently,
advancements in new breeding techniques (NBTs) have made plant disease susceptibility genes (5-genes) a new
target to build a broad spectrum and more durable rezsictance, hence an alternative souree to R-genes in breeding
programes. We suceessfully coupled chotpum proteomies and gene silencing tools to procpect and validate new
rice-bast susceptibility genes that can be further exploited toward a more resolute blast discase resistance.

RTqPCR
Rice-Magnaporthe interaction
S-gene

1. Introduction rice blast, consists of a major constraine for rice production that leads to

a serious threat to food security worldwide. Moreover, according to

Rice (Oryza sativa L.) is among the most important food crops Priyanka Jain and colleagues [2], it is estimated that the annual global

worldwide and stands as a major source of calories for half world's losses caused by this disease would be enough to feed 60 million pecple.

population [1]. However, both biotic and abiotic stresses affect rice  Therefore, it is vital to develop effective means to control this disease to
growth. Among biotic stresses, infection by Pyricularia oryzae (tele- ensure global food security.

omorph Magnaperthe oryzae), a hemibiotrophic fungus responsible for To combat invasion by plant pathogens, plants have evolved an array
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of defense systems, from physical/chemical preformed defense barriers
to pathogen-molecular patterns/effector-triggered immunity, known as
PTI and ETIL, respectively [3]. Therefore, all stringent defense barriers
imposed by the host have forced the pathogen to coevolve, resultingina
high degree of host specialization that enabled the pathogen to
circumvent host pre-formed and pathogen-inducible defenses [4].
Adapted pathogens such as M. eryzae. have evolved effector proteins and
small molecules to suppress PTI and can thereby establish an Effector-
triggered suscepuibility (ETS) [5]. Besides, research on the mode of ae-
tion of those effectors has revealed its capacity of manipulatng host
target proteins, mostly aimed at disabling the plant immune system [5].
Even more intriguing, plant-derived factors can auto-trigger host sus-
ceptibility by serving as signal cues for pathogens artachment, germi-
nation, accommodation, and maintenance [7].

To date, the most important methods for blast control are fungicide
application, cultural practices, and cultivation of resistant varieties, the
last being the most used and environment-friendly approach which,
unfortunately, only partially controls blast disease [2]. However, plant
natural resistance is generally short-lived when conferred by a single
gene or a few major genes [9]. In the last decades, researchers have been
striving to breed for resistance against blast disease and rice cultivars
harboring several resistance genes were developed [10]. However,
along with being highly time-consuming and a labor-intensive tech-
nique, conventional breeding of B gene-mediated resistance also breaks
down within few years after their commercial use due, in part, to the
high degree of genetic variability of M. oryzac [11].

The well-established concept of the gene-for-gene relationship be-
tween host resistance (R) and pathogen avirulence (AVR)} genes [12],
drives the common-sense understanding of plant-pathogen incomparible
(resistant) or compatible (susceptible) interaction outcomes. Henee, for
the majority of plant diseases, the genetics of susceptbility is less
tangible. In fact. there is mounting evidence of plant disease suscepti-
bility to being more than a failure of host immunirty. Although the plant-
pathogen arms race has forced pathogens to continuously evolve new
strategies to evade or suppress plant immunity, most pathogens, espe-
cially hemibiotrophic fungus, require the cooperation of the host for the
establishment of a compatible interaction [4]. Thus, all plant genes that
somehow facilitate infection and/or support compadbility can be
considered as a susceptibility (—S) gene [7]. One of the best-known host
S-genes, Mlo (mildew resistance locus O) encodes 2 membrane-anchored
protein that acts by supporting the establishment of fungus haustoria
penerration structure facilitating the invasion of plant epidermal cells
[13]. Moreover, Mlo mutants represent the potental robusmess of S-
gene strategy, of which a recessive mutant 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
field. Several promizing studies already indicate thar the rational
manipulation of host susceptibility can contribute to the development of
effective disease management strategies, making it an interesting
alternative approach to R genes in breeding programs [14]. Nonetheless,
the identification of host genes responsible for triggering disease sus-
ceptibility as well as the melecular understanding of how susceptibilicy
operates still remarkably limired.

In this scenario, aiming to reveal and characterize proteins encoded
by potential rice 5-genes, we performed a shotgun proteomics analysis
on both susceptible and resistant near-isogenic rice lines (NILs)-
M. oryzac interactions ar the early stages of infection, 12 and 24 h post-
inoculation (hpi}. Our resules revealed potential 5-gene-encoded pro-
teins, differentially-abundant in the susceptible interaction 12 hpi, that
seem to be involved in fungus accommeodation, growth/sustenance, and
suppression of plant immunity, We further investigated gene function in
planta of potential candidates by performing TIGS aszay, exploiting the
delivery of short antisense phosphorothioate-modified oligo-de-
oxyribonuclectides (PTOs) [15]. Thiz alluring gene silencing approach
enabled us to validate a couple of our most prominent targets as fune-
tionally engaged with rice-blast susceptibility, revealing a naked eye
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clear-cut decrease of foliar disease symptoms in the rice-M. oryzae
compatible interaction, probably due to the negative medulation of
corresponding transeripts. This study provided a clearer molecular un-
derstanding of the acuities of rice-blast compartible interaction,
revealing factors with potential key roles in triggering a host-
susceptibility disease state. The development of alternative approaches
for genetic improvement of plant resistance helds the potential for
innovative breeding rechnologies, which could cireumvent limitations
of conventional strategies providing, ulrtimarely, greater blast resistance
durability in rice paddies.

2. Materials and methods
2.1. Planr materials, bioessay, and protein extraction

Seeds of rice NlLs resistant (IRBL5-M) and susceptible (IRBLi-F5) to
M. oryzae (isolate 9881) developed by IRRI-Japan Collaborative
Research Project were obtained from Embrapa Arroz e Feijao (courtesy
of Dr. Raquel Mello). All rice plants were grown in a greenhouse with a
temperature of 28 *C, relative humidity of 85%, and a photoperiod of 12
h. The fungus inoculum was prepared as described in Filippi MC &
Prabhu AS [16] and the concentration was adjusted at 3 = 10° conidia
per ml Rice NIL plants with three expanded leaves were inoculated with
spore suspension by atomized spraying, incubated in a humid chamber
for 24 h ar 20 °C, and subsequently maintained in the greenhouse at
temperatures ranging from 25 to 28 °C. For the analyzes, rice leaves
were harvested at 0 (uninfected control), 12, and 24 hpi. Three bio-
logical replicates were used in this study. Rice NILs IRBL5S-M and [RBLi-
F5 were maintained for 7 days for observation and quantification of
symptoms as described in Notteghem [17]. The total proteins were
extacted with phenol and precipitated with ammonium acetate in
methanol, according to Carmo et al. [12]. Protein quantification was
performed using Qubit™ Protein assay kit {Thermo Scientific®).

2.2, Protein digestion and sample desalting

Extracted proteins (approximately 10 pg) were solubilized in 60 pL of
50 mM ammeniuvm bicarbonate (pH 8.5). For protein trypsinization, the
following steps were performed as described by Murad and Rech [19],
with some modifications. Briefly, 25 pL of RapiGEST™ (Waters®, USA)
{0.2% v/v) was added to the solubilized proteins. Next, the samples were
vortexed and incubated in a dry bath at 80°C for 15 min. After that, 2.5
pL of DTT 100 mM was added and samples vorrexed gently, followed by
incubation at 60 °C for 30 min, Then, 2.5 pL 300 mM of iodoacetamide
solution was added, samples briefly vortexed, and incubated in the dark
at room temperature for 30 min. Subsequently, samples were digested
with 2 pg of orypsin (Sigma-Aldrich®) at 37 °C in a dry bath overnight.
After digestion, 10 pL of a TFA 5% solution was added, the mubes incu-
bated for 90 min at 37 °C in a dry bath, and centrifuged at 14000 xg at
6 °C for 30 min. The supernatant was transferred to a new tube and
vacuum dried. For protein quantification samples were solubilized in 50
pL of ultra-pure water. The samples were desalted according to Rap-
psilber et al. [20], with modifications. In brief, to set up the desalting
columns, solid-phase C18 discs (EMPORE™ - 3 M®) were used. Next,
prepared columns were washed with methanol and cenerifuged for 30 5.
Further, a 20 pm R2 Reversed-Phase Resin (POROS™ - Thermo Fisher
Scientific®) diluted in solvent B (0.1% formic acid /98% acetonitrile was
added and the columns cenwifuged for 30 5. After, a solvent A (0.1%
formic acid/ 2% acetonitrile} was used to wash owice each eolumn and
then centrifuged at the same rotation. Then, samples were solubilized in
solvent A, loaded in the settled column, and centrifuged for 2 min.
Finally, desalted samples were eluted with 20 pL of solvent B and vac-
uum dried. Prior injection into the mass spectrometer samples were
solubilized with 0.1% formic acid at a final peptide concentration of 0.5
pg-pl-1.
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2.3. LG-M5/MS pepiide analyses

After ryptic digestion and desalting, peptides were submitted to a
liquid chromatography low fHow separation (Dionex Ultimate 3000
RSLCnane UPLC, Thermo, USA). A total of 3 pg of peptides was loaded
into a wap column (3 cm = 100 pm), containing C18 particles 5 pm for
concentration, 120 A (ReprosilPur, Dr. Maich GmbH). Next, peptides
were eluted from the trap column to an analytical column (24 cm = 75
um). containing C18 particles 3 ym, 120 A (ReprosilPur, Dr. Maich
GmbH). Samples (1 pg of peptides) were applied to the rapping column
and then subjected ro linear gradient elution berween solvents A (formic
acid 0.1% in water) and B (formic acid 0.1% in acetonitrile) of 2% B at
35% B for 155 min under a flow rate of 230 nl./min. Then, fractions were
eluted directy into the ionizarion source of an Orbimap Elire™ mass
spectrometer (Thermo, USA) and analyzed in DDA mode (data-depen-
dent acquisition). M51 spectra were generated in the Orbitrap analyzer
(with a resolution of 120,000 FWHM at 400 m/z) between 300 and 1650
m/z. For each M51 spectrum, the 20 most intense ions above the 3000-
intensity limir were selected and directed to CID (disseciation induced
collision) fragmentaton with the automatic gain control (AGC) of 1 =
10° and maximum £l time {Tl maximum] of 100 ms. The reanalysis of
fragmented ions was inhibited by dypamic exclusion, favoring the
identification of less abundant peptides.

2.4, Proteomics data processing

The spectra obtained were aligned and the peptides quantified using
Progenesis® QI proteomics data analysis software (Nonlinear Dynamics™).
Protein identification was performed using Peaks® Srudio software
(Bioinformatics Solutions Inc.™), In brief, the sequences were inferred
from fragmentation data and searches performed on Rice Proteome
database - OryzaPG-DB (hop://oryzapg.iab.keio.ac.jp/). The search
parameters were mass tolerance of precursors of 10 ppm, MS/MS
tolerance of 0.5 Da, carbamidomethylation (CAM) as fixed modification,
methionine oxidation, and acetyladon (N-terminal protein) as variable
modifications. Up to two missed cleavages were tolerated by trypsin
digestion enzyme. Proteins groups/numbers were filtered under 1%
false discovery rate (FDR), corresponding to a -10logP value of 23.5 for
the whole protecme dataset. Quantitative analysis was performed by
chromatogram feature alignment of the extracted ion chromatograms,
followed by extracted peak area quantification and median normaliza-
tion. Identified proteins were submitted to ANOVA test and the signifi-
cance p-value threshold was set to 0.05. Only proteins containing at least
two identified peptides were considered for further discussions and ex-
periments, except for one (1) single peptide-based identified protein
(Supplementary Table 51 — spreadsheet 2, accession BSFCZS), Partial
Least Squares Discriminant Analysis (PLS-DA) multivariate statistical
analysis was performed using MetaboAnalyst software [21] for homeo-
geneity evaluation between conditions and replicates. Finally, protein
enrichment analysis (functional annotation) was done by Blast2GO®
software 5.1v. All generated data comprising chromatography, mass
spectrometry, protein guantification, and statistics, were deposited into
the internaricnal repository Center for Computational Mass Spectromerry
{University of California, San Diego) and into the ProtcomeXchange
consortium, under the [Ds MSVO00082657 and PXDO10542, respec-
tively. Upon completion of the proteomic analysiz, a specific set of ree
proteins potentially involved in M. oryzae susceptibility were selected to
further analyses of mRNA transcript expression levels by RT-gPCE.

2.5. RNA isolation and gRT-PCR analysis

Total RNA isolation was performed using TRl reagent (Sigma-
Aldrich®]). The isolated RNA was quantified by a Nanodrop™ spectro-
photometer (Invitrogen®) and used for reverse manseription reaction
performed with Next Generation III™ M-MLV enzyme kit (DNA Express
Biotechnology). Rice cDNA sequences were used for amplification of 5-
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candidate genes using specific primers designed using the software
Primer 3. gRT-PCR reactions were performed using SYBR™ Green ac-
cording to Applied Biosystems® detection system. The ¢DNAs amplifi-
cation were guantified by relative quantitative expression method.
Efficiencies were calculated by the equation: E = 10(— 1/slope] - 1. Cycle
thresholds (Cts) were automatically obtained by 7300™ Real-time PCR
machine {Applied Biosystem¥®) and relative expression estimated for
each gene according to (2-AACt) equation, where AACt = Crt Target — Ct
reference. S-candidates expression was normalized to OsGAPDH and
OsEF-glfa reference genes expression. All reactions were done in
triplicates.

2.6. Transient-induced gene silencing (TIGS) for functional validation

PTO-based TIGS methodology deseribed in Lambermueei eral, [15] was
followed with some modifications. The CDS sequences of our S-candidates
were retrieved from the Rice Genome Annotation Project website (herp:

/Jrice.plantbiology.msu.edu/index.chmml). The design of silencing anti-
sense phosphorothicare-medified olige-deoxyribonucleotides (PTOs) was
performed using the web-based software Sfold (available at hrrp://sfold.
wadsworth.org/cgi-bin/soligo.pl), with complementary analysis con-
cerning PTO efficiency parameters made on Oligowalk software (available
at hiep://mna.urme.rochester.edu/cgi-hin/server exe/oligowalk). 19-mer
short antisense oligos presenting the highest probability of causing
silencing of our targets were selected (FTO1 OsDjAZ: TTTCTAACACGAA-
CACGCC;PTOZ OsERF104:ACAATGTGTCGGACTTGGS; PTO3 OsPYLS:
AAGTGCTTGTACGCCTGOG). Nexr, specificity to the target ranscript was
analyzed through an alignment against rice genome and transcriptome
database (Oryza sativa L. spp. Japomnica), using the BLASTn tool (hops
://blascnebi.nlm.nih.gov/) and the exacr coordinates of PTO hybridiza-
tion in the targeted wanseript was also visualized on Gramene website
(hrtps://gramene.org). A random nonsense PTO (PTO4 Random:
CTTTTCCTATACGCGGCTT) having no complementarity with any wan-
script sequences in rice RefSeq RNA database, was designed and used as
the ‘no-target’ negative conirol, The delivery of PTOz into intact leaves of
susceptible rice NIL 3-leaf stage was performed via pressure infiloration, as
described in Sparkes et al. [22]. and Dalakouras et al. [23], with modifi-
cations. Briefly, PTOs were dissolved in sterile distilled water [10 pM] and
infiltrated into rice intact leaves (abaxial face) with a syringe without a
needle (0.5 ml). At 16 h post-PTO infilration, treated plants were inoc-
ulated with M. oryzae, and the severity of plant symptoms was evaluated 7
dpi using the software Quant®, according to Vale, F.X.R. et al. [24]. The
one-way ANOVA and the post hoc two-sample r-test was performed for
significance (p-value <0.05) of percentage of healthy foliar surface be-
tween treatments and conirols. Each treatment was performed on three
biological replicates with three independent technical replicates per plant
(N = 9 leaves).

3. Results and discussion

3.1. When proteome of rice - M. oryzae interaction reveals beyond R
gene-mediated resistance

To pertray the foundation of rice blast susceptibility responses, we
have conducted a comparative proteomic study on compatible and
incompatible rice-M. oryzae interactions at 12 and 24 hpi. Rice NIL
IRBL5-M and IRBLi-F5 (developed and better described in Kobayashi
et al, [25]) earrying Pi5 and Pif blast-resistance genes, respectively, were
used in the study, In cur analysis, IRBLi-F5 and IRBL5-M displayed a
susceptible and resistant phenotype, respectively, upon infection with
M. oryzac isolate 9881, as expected (Fig. 1), To understand the differ-
ences in protein abundance among both lines in response to M. oryzae,
we performed a proteomic analysis. Plants with three expanded leaves
were sprayed with fungal spore suspension and leaves were harvested at
0 {mock-inoculated with spore-free water), 12, and 24 hpi. LC-MS/MS
comparative shotgun proteomics revealed a quite similar total
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protecme profile berween rice compatible and incompatible interactions
with M. oryzae (Supplementary Table 51 — spreadsheer 1), reflecting its
common genetic background from Lijiangxintanheigu (LHT), a suscep-
tible Japonica-type rice variety used as recurrent parent in the genera-
tion process of rice NiLs, Notwithstanding, the identification of an
extensive number of differentially-abundant proteins (DAPs) (Supple-
mentary Table 51 — spreadsheet 2), whereby major flucruations were
noted at the most critical early stage of infection (12 hpi), with
differentially-increased proteins overcounting the decreased ones
(Fig. 2}, suggests considerable singularities in proteome regulation be-
tween susceptible and resistant rice lines. DAPs were selected for further
discussion and analysis based on the fold change =2 and statistical
significance of the difference among conditions (ANOVA p-value
<0.05). The quality of such differences was evidenced by the smaller %
CV intra-conditions (among replicates) than the %CV inter-conditions
(Supplementary Table 51 — spreadsheet 2}, as well as by the multivar-
iate PLS-DA analysis showing closer replicare groups than condition
groups (Supplementary Fig. 51 A-B).

After protein identification and quantification analysis, identified
regulated proteins were clustered according to their relative abundance
profiles (Supplementary Fig. 52 A-B). This representation divides the
total set of DAP proteins (n = 830) in groups (clusters #1 o #7) ac-
cording to their relatve abundance profile similarity among the six
experimental conditions (i.e., susceptible interaction - 50, 512, 524 hpi;
resistant interaction - RO, R12, and R24 hpi, respectively represented by
the six columns in Fig. $2 -B). Clusters #4 to #7 seemed to concentrate
the most prominent differentially regulated proteins berween compat-
ible/incompatible interactions at 12 hpi {up-regulated in 512 and down-
regulated in R12), the early stage of infection, suggesting the existence
of a specific set of increased proteins potentially linked with host sus-
ceptibility upon M. oryzae infection. To better depict this putative set of
candidate proteins, we generated correlation heammaps (data available
upon request) between normalized patterns of protein abundance and
clustering conditions ar 12 hpi. In Fig. 3, we highlight the proteins
showing the highest contrast in abundance between IRBLI-F5 and
IRBLS-M and the lowest p-values among the 160 DAPs identified at this
early stage of infection. This cut-off parameter revealed a group of 25

IRBLI-F5 IRBL5-M

i
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differential proteins, inereased in IRBLI-F5, which may have an impor-
tant role in suscepribility, some of which will be discussed below.

3.2, Gene ontology annotation discloses molecular responses underlying
rice-blast susceptibility

DAPs identified at the early stage of infection in the comparisons
512 hpi/S_mock-inoculated; B_12 hpi/R_mock-inoculated; and 5 12
hpi/R_12 hpi, were functionally analyzed according to their Gene
Ontology (GO) annotations (Supplementary Fig. 53 A-B). The GO anal-
wsis results showed that the major functional category predicted in the
comparison between compatible and incomparible interactions ar 12 hpi
(5_12 hpi/R_12 hpi) was related to metabolic processes (209 - organic
metabolism; 18% - primary metabolizsm; 17% - cellular metabolizm).
Out of the 211 DAPs identified in this comparison, 149 were associated
with this GO term, ultimately indicating that M. oryzae infection of rice
susceptible NIL IRBLI-F5 elicits a highly positive and early regulation of
host metabolic genes. Next, to highlight over-represented functional
categories, an enrichment analysis of GO terms based on a specifie
reference dataser for Oryza sativa was performed using PHANTER clas-
sification system (available at hup: //pantherdb.org). These results also
revealed that ‘Cellular metabolic process’ was the biclogical process
most over-represented in the comparison 5_12 hpi/R 12 hpi (p-value =
2.98~%) (Table 1).

3.3. A SWEET welcome to guests

Although the intricate mechanisms by which M. oryzae reprogram
host metabolism during planr infection are poorly understood, 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 nu-
trients) requirement for proliferation and spread. M. oryzae seems to co-
opt host metabolism to obtain nutritonal advantages [26], highly
demanded by its intense host intracellular multiplication, crucial for
suppression of defense responses and disease establishment. The most
known archetype of plant S-gene regarding host primary metabolism

5% OF FOLIAR LESIONED AREA o)

b =

IRELI-F5 IRBLS-M

Fig. 1. Phenotype of rice NlLs inoculated with M. oryeae icclate 9881 (A) Leaf lesions on succeptible (IRBLI-FS) and resistant {IRBL5-M) NiLs oboerved at 7 daye
post-fungus inocalation (dpi). Scale bar = 1.0 cmo (B) Percentage of the injured leaf area measured at 7 dpi. Asterick between the means denotes a ctatistieally
sigmificant difference (ANOVA, p-value <0.05). Error bars represent the standard deviation of the mean considenng 10 biological replicates in cach condition.
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Fig. 2. Venn diagram of differentially-abundant proteins (DAPs) identified
from comparative chotgun proteomic analysic in the comparison between
IRBLi-F5 and IRBL5-M NIlz under the 3 condifions (12, 24 hpi, amd mock-
inoculated). Increased and decreased proteine are represented by the green
and red arrows, respectively. IRBLI-FS and IRBLS-M (rice NiLs susceptible and
resistant to M. eryzae icolate 9881, respectively). (For mterpretation of the
references to colour in this fizure legend, the reader iz referred to the web
verzsion of thiz artiele }

consists of the SWEET (Sugars Will Eventually be Exported Transporters)
gene family. Even though sucrose, the final product of photosynthesis, is
the primary sugar transported in the phloem of most plants, pathogens
prefer reduced forms of carbohydrates, such as hexose monomers, Le.:
glucose and fructose. Thus, to have access to their favorite and specific
menu, pathogens count on plant sucrose synthase (SuSy), a glycosyl-
transferase enzyme (displaying invertase activity) that plays a key role
in sugar metabolism pathways, catalyzing the reversible cleavage of
sucrose into fructose and glucose, hence making it available in different
host cellular comparments, including the intercellular apoplast space
[27]. Therefore, representing a potential rice-blast susceptibilicy target,
our shotgun proteomic analysis revealed 0sSUS4 (Q10LP3 - UniProt
code), a sucrose synthase-like enzyme, 3.75 (logg)-fold increased in the
susceptible interaetion ar 12 hpi (comparison 5 12 hpi/R 12 hpi).
Aligned with our results, a notable enhaneced expression and activity of
plant invertase enzymes associated with fungus compatible interaction
has been reported by several previous studies [25,29].

3.4. Keep calm, don't ROS-stress”

Plants have evolved intricate regulatory systems to control immune
responses. Because activation of stress-induced response will likely
cause deleterious effects on normal cell functioning, both positive and
negative signaling pathways interplay to orchestrate and manage
appropriate amplinide and duration of defenze response [30]. A well-
known characteristic observed in plant-pathogen resistant interaction
outcome iz the timely recognition of invading pathogen linked with a
rapid mounting and effective activation of host defense mechanisms,
such as the oxidative burst of reactive oxygen species - ROS [31]. In our
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study, the ‘oxidoreductase activity’ GO category showed to be a highly
represented (21%) molecular function of the resistant interaction at the
early stage of infection (12 hpi) compared to its mock-inoculated
treatment (Supplementary Fig. 53 -B). Consistent with plenty of previ-
ous reports suggesting the key roles of peroxidase ROS-related proteins
in rice early defense responses against M. eryzae, our study revealed that
from all 20 differentially increased proteins identified in the comparison
R 12 hpi/B mock-inoculated, 7 were related to this protein family.

The enrichment analysis (Table 1) also supported ocur fndings
showing that “cellular response to oxidative stress” was the most
significantly enriched GO term overrepresented among DAPs in the R 12
hpi/R mock-inoculated comparison (p-value = 7.6277). Curiously we
could not identify any DAP related to ‘oxidoreductase activity” in the
compatible interaction when compared to its mock-inoculated treat-
ment (Supplementary Fig. $3-B). These facts led us to hypothesize about
negative regulation of PTI/ETI host defense-related pathway upon
M. oryzae infection by the modulation of a diverse protein set composed
by four (4} promising susceptible proteins (DAPs identified in 5_12 hpi/
R _12 hpi comparison), showing a remarkable increase in the early stage
of infeetion, and to be unveiled hereafrer.

Despite representing the sole protein thar was selected based on a
single-peptide identification, OsPIN] (BOFCZS — UniProt code) had the
fourth highest fold change increase (7.02 [log;]-FC) on the proteome
profiling analysis of susceptible/resistant comparison at 12 hpi. More-
over, a correlation between the protein and transcript levels was
observed, both being upregulated (Fig. 4), which supports the reliable
identification of this protein. It constitutes a peptidyl-prolyl cis-trans
isomerase NIMA-interacting-1 protein, containing 235 amino acids with
a molecular mass of 25 kDa. Peptidyl-prolyl cis-trans isomerases
(PPlases - EC 5.2.1.8), also known as cyclophilins are enzymes that
accelerate protein folding by catalyzing the eis-trans isomerization of
proline amidic peptide bonds in oligopeptides. Despite its central roles
in diverse biological processes, growing evidence has suggested PPlase
activity to play, among others, two key roles in plant-pathogen suscep-
tibility, either as an antioxidant. removing sources of ROS production in
plant cells, or as a “molecular switch”, activating effector proteins
secreted by viruses, bacterial, and fungal phytopathogens during infec-
tion [32,33].

Ancther putative S-proteins identified was OsSRP-ZXA protein
{075H81 — UniProt code), 4.07 (logs)-FC increased in 5_12 hpi/R_12 hpi
comparison. Serine protease inhibitor (serpin) is a broadly distribured
superfamily of protease inhibitors that are present across the kingdoms
Eukarya, Bacteria, Archaea, and some viruses [34]. Serpins and their
cognate proteases are responsible for the control of crucial physioclogical
processes in all higher eukaryotes, including growth, development, and
programmed cell death, the last, being imperative for survival during (a)
biotic stress management [35]. In cereal crops, despite itz well-
established function in grain quality and disease resistance, serpin
proteins seem to play also a relevant, yet under-investigated, role in host
susceptibility upon attack by phytopathogens.

A well-known feature of disease resistance is the hypersensitive
response (HR), a localized programmed cell death (PCD) phenomenon,
prompted by the effector-triggered plant immune response (ETI) upon
pathogen recognition, which detains the intruder at the invasion spot
[36]. It is well described that not only HR/PCD mechanism is positively
regulated by plant metacaspase proteins, but alse that the last iz spe-
cifically inhibited by serpin proteins, such as AtSerpin! [37]. Hence,
these observaticns suggest a conserved function of serpins on HR/PCD
regulation, ultimately protecting plant cells from excessive cell death
induced by certain pathogens. An interesting study performed by
Bhattacharjee and co-workers [38] demonstrated that rice serpin pro-
tein OsSRP-LRS (sharing the same UniPret code with our OsSRP-ZXA), is
indueed by inoculation of necrotrophic fungal pathogen Rhizoctonia
solani and plays a crucial role in the negative regulation of rice plant cell
death. It was also shown that Arabidopsis thaliona serpin protein AtSRI'4
(048706 UniProt code - sharing a notable similarity with our serpin
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Fig. 3. Heatmap of 25 DAP: presenting the highest abundance contrast and lowest p-values ameong the 160 DAPs identified in the 512/R12 condition and grouped
majorly in elusters # 4 and # 7. 5121 and R12_] represent biologieal replicates of each treatment; en the right, the ID of regulated proteins aceording to the UniProt

database; clags ] and 2 represent the compatible and incompatible interactions, respectively. The analvsiz was performed using MetaboAnalist software.

Table 1

Summary of the GO enrichment analysis.
Funcional categaories Reference (0. sarive L) 35 12/5 mock R 12/R maock 5 12/R 12

-3 pvalue = L 2 p-¥alue # p-Valua —i-

Total 43.569 I outof 7 9 out of 20 42 ourt of 160
Signal transduction 385 I QUOSE-O3 - o 1.00E-00 4] 1.:0E-00 +
Callular recponze to oxdative stress 36 o 1.D0DE-00 - 1 762E-03 1 3.50E-02 -
Celiular metabolic process 1.702 0 1.OCE-00 - 1 3.01E01 9 2 9BE05 -
Stimuli cellular responze 675 I 1.56E-02 + o 1.00E-00 4] 1.G0E-00 +
Callular homeostasiz 33 ] 1.00E-00 - 1 7.O0E-03 2 5.28E-04 -
ROE metabolizm 32 0 1.OCE-D0 - 1 6.80E-03 2 4.98E-04 -
Photozymithesis 40 0 1.00E-00 + ] 1.00E-00 2 7.61E-04 +
Sulphur-compound transport 9 d 1.00E-00 - ] 1.00E-00 1 9.50E-03 +
Hexose metabolism 56 0 1.O0E-00 + o 1.00E-00 2 1.45E03 +
Gene expression 1.419 0 1.00E-00 + 1 2.53E01 [+] 2131E03 +

* (+) over-represented and (—) under-represented GO terms.
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Fig. 4. Protcomics and RT-gPCR analysiz of ec Nlls — M. orysae interactions. Y-axis represents the logs-fold change of both differentially-inereased candidate
proteins identified by comparative shotgun proteomuice between rice NlLs IRBLi-F5 and IRBL5-M (susceptible and resistant to M. or¥eaoe 9881 isolake, recpectively)
12 hpi, and relative mRNA expression of cognate protein-eneoded genes, determined by ET-gPCR in the same above-mentoned experimental conditions. The green
bars represent both increased levels (up-regulated) of candidate proteins and relafive mRNA expression. The gray bar represents the level of relative mRNA
expression that did not chow a statistically-significant regulation. The blue rectangle chows the greatest correlation between mRNA expression and protein inereased
lewels. For qPCR experiments, the error bar represents the mean 4+ SE of three biological samples. (For mmterpretation of the references to colour in this fzure legend,

the reader iz referred to the web version of this article.)

Qs5RP-ZXA protein) was induced by Pseudomonas syringae pv. tomato
DC3000, reaching its highest peak of expression at 12 hpi [39]. More-
over, AtSRP'4 and AtSRPS (another serpin protein) knockout mutants
exaggerated whereas overexpressing lines reduced plant HR-induced
cell death. They also demonstrated that mutants of AtSRP4 and
AISRPS5 suppressed the growth of bacterial pathogen Pseudomonas
syringae pv. tomate DC3000 carrying the AwRpt2 effector. In this
context, our hypothesis that rice plant (HR)-induced cell death responses
are somehow manipulated in favor of M. oryzae installation/prolifera-
tion in its biowophic phase, seems to be aligned with an increasing body
of evidence that indicates the role of protease inhibitors as susceptibility
factors in erop plant-pathegen interactions. However, the precise role of
QsSERPIN-ZXA in rice-blast susceptibility remains to be characterized.
Another important revealed candidate to be addressed is OsNUDX
hydrolaze domain-containing protein (BGBAZ64 — UniProt code). Showing
the fourth-highest fold change among the DAPs identified in the com-
parison 5_12 hpi/R_12 hpi, OsNUDX seems to be also strongly associated
with rice-blast susceptibility. Nudix (nucleoside diphosphates linked to
some moiety X) is a diverse superfamily of proteins, which are defined
by the conserved Nudix metif amino acid sequence GXs-EXr-
REVXEEXGU, widely dismibuted among all classes of organism ranging
from viruses to humans [40]. Our search on RiceNetDE database (hit
pi//bis.zju.edu.cn/ricenetdb/) remumed 29 genes encoding OsNUDX
proteins in Oryza sativa. Despite a few studies addressing the effects of
NUDX proteins in rice physiology, there are several relevant studies on
Arabidopsis thaliana that suggests their role in suzceptibility through the
regulation of biotic stress plant responses. For example, not only the
expression of atNUDX7 protein in A. thaliona was shown to be induced
upon attack of diverse phytopathegens, but also mutane plants (KO-
nudx7} exhibited enhanced resistance to (a)virulent pathogenic strains
[41.42]. Iv is well established thar plant cells are equipped with a system
of antioxidant enzymes involved in scavenging artacking radicals as well
as in regenerating oxidized biomelecules, responsible for the sanitiza-
tion of the cell plant environment. In this way, molecular and enzymatic
studies have unambiguously reported that AtNUDX7 protein plays a

physiclogical role in maintaining cellular redox homeeostasis during
stress, by hydrolyzing excess NADH substrate (a potential source of su-
peroxide) and preventing excessive stimulation of defense responses.
AINUDT? loss-of-function mutant plants displayed enhanced resistance
to pathogens as well as increased levels of reactive oxygen species (ROS)
and NAD(MH on infected leaves [43,44]. Interestingly, some phyto-
pathogens, such as the oomycete Phytophthora sojae, have developed a
strategy to modulate plant defense response by secreting an effector that
is in fact a NUDX enzyme [45]. Besides, this pathogen NUDX recruits a
eyclophilin enzyme from its host plant ro be activated and block plant
ROS burst defense response.

To geta deeper insight into cellular redox states of infected rice NlLs,
we went through the proteomic profile comparizon between compat-
ible/incompatible interactions 12 hpi to check-out for DAPs ordinarily
involved with cellular detoxification, such as peroxidase enzymes
showing glutaredoxin/thioredoxin activities. As we expected, our re-
sults revealed a remarked differental increase of these antoxidant
related proteins, which ultimately abrogates a robust stimulatien of
host stress responses upon M. oryzae infection, reflecting the greater
negative regulation of defense responses in the compatible interaetion.
In Table 2, we report a set composed of eighteen cell-protective ant-
oxidant ROS-seavenger enzymes, identified at the early stage of infee-
tion, suggested here to be modulated by the fungus to ‘keep a calm
environment® for successful colonization.

A manual examination of differentially-increased proteins identified
in the 512 hpi/R_12 hpi comparison revealed an additional potential
target protein involved in rice susceptibility to M. oryzae, Closing the
specific set of highlighted susceptibility-related proteins revealed by our
proteomics analysis is 0sDJA2 (Q6ES50 - UniProt code), a molecular
chapercne Hsp40/Dnal family protein, which was 3.58 (log.)-fold
change increased in the susceptible interaction at 12 hpi. According to
Sarkar and colleapues [46], the rice genome includes 104 DnaJ genes,
categorized into four types based on the presence of specific conserved
domains. Although only a few of these genes have been fimctionally
characterized, the homologous protein-encoded gene OsDjAS was
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Table 2
Cellular homeostasiz (ROS)-related DAPs.
Accession ¢ Protein deseription {log,)_Fold
change
5. 12hpi/R 12
hpi
ADAONTRJHS  Probable phosphalipid hydroperoxide 6333
glutathione peroxidaze [Oryza sathva Japonica
Group]
(GES23 Probable lactoyiglutathione lyase [Oryse sativa 5.136
Japonica Group]
B7F6T2 Lartoylglutathione lyase-like [Crysa sativa 4574
Japonica Group]
BOEVFD Peroxidase 2 - O:PRYT12 [Oryzo sative Japonica  3.597
(Group]
DE9TY4 Peroxiredonin-2E-1 - OePRXTle-I [Oryza sotha 35629
Japonica Group]
023877 Femedoxin-NADP reductase, chloroplastic-like 3.239
[Oryza sativa Japonica Group]
Q10GW1 TAS protein [Oryza zotive Japonica Group] 2916
AZ7alA Probable glutathione S-transferaze - OsG5Twd 1829
[Oryza sativa Japoniea Group]
AZZIED Maonaothicl glutaredoxin-512 - OsGRASIZ [Oryza 23456
sative Japonica Group]
AZYLE3 Thioredoxinlike protein - 0:COSE32 [Orysa 2340
sativa Japonica Group]
AZXV46 2-alkenal reductaze (NADP{+)-dependent) 1397
[Oryza sativa Japonica Group]
BOAJSE Probable nuelearedoxin 1-2 - OsNRX1-2 [Oryza  1.980
sativa Japonica Group]
(QGERGS 2 Cyz peroxiredoxin BAS] - 0:BAS] [Orysa 1.809
sative Japanica Group]
D10AHD Ankyrin repeat domain-containing protein 24 -  2.004
OzAKR 2 [Orysa safva Japaonica Group]
Q108MT Peroxizomal membrane protein 11-1-like - 1.690
OsPEX 11-1 [Orysa sativa Japonica Group]
AZXUS3 Glyceraldehyde-3-phosphate dehydrogenaze 4 - 2583
OsGPDH-A [Orysa sotiva Japonica Group]
Q20D Thiceulfate/ 3-mereaptopyruvate 2543
sulfurtransferase I - Qx5TRT [Oryea sobv
Japonica Group]
BOFFPO Onygen-evolving enhancer protein 2 - Os0EE, 1.900

chloroplaztic [Oryza setiva Japanica Group]

" UniProt accession code {available at uniprot org/proteames/).

recently proposed to act as a negative regulator in the rice PTI response
through the inhibition not only of ROS accumulation, but also of the
expression of defense-related genes in the SA-mediated pathway [47].
Interestingly, OsDjAS (Q0JBES - UniProt code) and OsDjA2 share a great
similarity in terms of amine acid alignment and Hsp40 chaperone
domain structures.

Altogether, our above-mentioned results reinforeed the idea that
both NILs underwent a substantial and distinet reprogramming of gene
expression, clearly reflected in the resulting phenotypes of compatible/
incompatible interaction (Fig. 1), notably during their initial responses
to M. oryzae infection, a time point when the largest number of differ-
entially increased proteins was identified. We also reasoned thatrice NIL
IRBLi-F5:988] M. oryzac compatibility might be primarily prompted by
the expression of those revealed rice putative susceptibility related
proteins (S-proteing), strongly suggested to be modulated by the fungus
to serve either as a nutrient source or as negative regulators of host PTI/
ETI immune responses.

We also analyzed the expression levels of the five most promising 5-
candidates at 12 hpi in the compatible interaction and displayed the
data together with their respective proteomics profile results (Fig. 4).
The transeript levels of four S-candidate genes, namely OsSUS4, OsPIN],
OsSRP-ZXA, and OsDjAZ were remarkably induced (upregulated) at this
early beginning course of infection. Notably, OsIjA2 showed the highest
levels of either mBNA expression (2.55 logsFC) and protein differential
increase (3.58 logoFC), thus representing the best target to our fune-
tional genomies assay. We further propose a model for the regulation of
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these candidate susceptibility proteins upon M. eryzace infection (Fig. 5).
3.5. Antisense technology for S-target validation

Transient-Induced Gene Silencing (TIGS) based on antisense oligo-
nueleotide (ASQ) consists of a robust and high-throughput system
applied for gene function analyses [40]. Firstly demonstrated by
Zamecnik & Stephenson [49], the concept of gene silencing by ASO is
relatively straightforward: a user-tailored single-stranded synthetic DNA
meolecule (16-25 nuclectide long) designed to hybridize by virtue of
Watson-Crick base-pairing with a complementary stretch of a target
mBNA (sense strand) forming a heteroduplex that induces degradation
of the transeript [50], wsually by endonuclease RNase H-dependent
cleavage mechanism, resulting in an effective gene silencing (knock-
down). In the present study, we employed a phosphorothicate-modified
oligo-deoxyribonucleotide (PTO)-based TIGS method (described in
Lamberrucei et al, [15], with modifications) for funcrional validation, in
planta, of the engagement of our revealed targets in triggering rice-blast
suzceptibility. We selected 0sDjAZ as our most promising candidate for
the control of blast disease by gene silencing.

To breaden our horizon of S-target prospection, we went through the
results of the transcriptomic profiling of the same rice NlLs-M. oryzae
interactions [51]. Analyzing the differentially expressed genes (DEGs),
we identified and selected two promising DEGs showing a remarkable
increase in the compatible interacton. The Hfrst, OsERFI04
(LOC 0s08g36920), represents a member of the APETALAZ/Ethylene
Response Factor superfamily (AP2/ERF) well-known to regulate the
expression of several rice genes related to stress response pathways [52].
AP2/ERF transcription facters have become the subject of intensive
research actvity in crops due to their involvement in a variety of bio-
logical processes and responsiveness to a wide (a)biotic stresses. For
example, silencing of OsERF922 rice gene by RNA interference (RNAL
technology) enhanced rice resistance to M. oryzae [53]. Similarly, Wang
et al. [54] reported a great enhancement of rice resistance to M. oryzae
through CRISPR knock-out of the same O3;ERF922 gene, asserting the
role of this AP2/ERF domain-containing gene in rice-blast susceptibility.

The second transcriptome-prospected candidate, OQsPYLS
(LOC_0s05g395580), iz a Pyrabactin Resistant/Pyrabactin Rezistant-like
(PYR/PYL}) receptor or Regulatory Component of Abscisic acid (ABA)
Receptor (RCAR), The binding of ABA phytohormone to PYL receptors
triggers a phosphorylation cascade that activates downstream tran-
seription factors promoting the expression of ABA-regulated genes and
resulting in the acquisition of abiotic and biotic stress resistance in
plants [55]. Aside from its well-documented roles in conwolling plant
physiological aspects and a wide variety of plant abiotic stresses, such as
drought and salinity, ABA has also been implicated in modulating
{positively or negatvely) plant immune responses upon pathogen
infection [56]. Purthermore, growing evidence is pointing toward ABA
playing a pivotal role as a susceptibility factor not cnly in rice-Magna-
porthe pathosystem but alse in most plant-fungal interactions. Lastly,
supporting the role of ABA-binding PYL receptors in crop plant-fungal
susceptibility, Gordon et al. [57] showed that knockdown of wheat
PYL4 receptor enhanced early resistance to Fusarium graminearum head
blight (FHB) dizease. Therefore, based on our Omics results, as wellasin
consonance with relevant literanure findings we selected our three most
prominent S-candidates: OsDjA2, OsERFI04 and OsFYLS to further
validate their role in rice-blast susceptibility.

In the TIGS assay, at 16 h post-PTO infilration, treated leaves of rice
susceptible NIL IRBLI-F5 were atomized with M. oryzae spore suspension
and foliar symptoms were visually examined and quantitatively assessed
for healthy/lesioned ratio of foliar surface, 7 days post fungal inocula-
tion (Fig. 61 - II}. Despite all ireated plants showing typical lesion shapes
of blast disease, rice leaves treated with PTO targeting S-candidates
(Fig. 6 1 A—C) clearly displayed slight lesions compared with contel
groups (Fig. 6 | D-E), which were entirely affected, presentng greater
severity of blast disease, The quantification of symptoms (mean + SE of
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N = 9} in terms of the percentage of healthy foliar surface area, showed a
notable increase of the healthy foliar tssue (up to 40%) on rice leaves
treated with PTO targeting S-candidates in comparizen with testimony
group (reated only with M. oryzae fungus 9881 isolate) (Fig. &6 II). In
addition, as expected, rice leaves treated with no-target negative conrol
PTO (olige designed to have no complementary sequence in rice tran-
seriptome database), exhibited as much injury as the tesfimony group,
assuring the reliabilicy of the observed PTO-mediated phenotypes (Fig. 6
1 A—C]. Further analysis for significance of healthy foliar surface be-
tween PTO weatments and the testimony group {Fig. & II), pointed to
statistical differences (post-hoe t-test; p-value <0.05) for all three
PTO_0sDjAZ, PTO_O:ERFI04, and PTO_OsPYL5 weatments, ultimately
suggesting an acquired resistance (pardally, at least) to infection prob-
ably due to the knock-down of the corresponding rice susceptibilicy
targer transcripts. As we expected, the ANOVA between the no-target
negative control PTO treatment and the testimony (only fungus 9681)
showed a non-significant statistical difference. Although the reasons
why plants have conserved and alse promote the expression of such S-
genes upon infection that would make them susceptible to pathogens
remains a conundrum, it seems clear that moedulation of cognate tran-
seript levels is an important turning point for wiggering rice-M. oryzae
compatible state.

4. Conclusions

Taken together, our findings provided important molecular insights
on rice-M. oryzae pathosystem art early stages of infection, disclosing
potental rice susceptibility players with pivotal and specific roles in
triggering a pathogen compatible state. Further, we propose different

scenarios whereby the hemibiotrophic fungus M. oryzae, might succeed
in causing disease by modulating host conserved S-targets involved, for
example, with cell homeostasis (e.g.: antioxidant machinery), leading to
a negative regulation of plant defense responses either by neutralizing
ROS sources or hampering programmed-cell death miggering pathways.
The pathogen can even hijack host S-targets responsible for making
available favored fungus meals (fructose and glucose) in different host
cellular compartments, hence, enhaneing fungus survival, proliferadon,
and pathogenesis. Overall, we provide novel and alternative targets for
innovative breeding strategies (e.g.: deletion of S-targets by CRISPR
genome editing) toward the development of genetically improved crops
with broader pathogen resistance.

Supplementary data to this article can be found enline at hrrpe://dol.
org/10.10] 6/j.jprot.202]1.104223,
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Supplementary figures

Figure S1 | Partial Least Squares Discriminant Analysis (PLS-DA) multivariate statistical analysis of the DAPs showing
a clear grouping of replicates for each condition in a three-dimensional chart representing the three best discriminating

components. Notice the dots representing S_12 hpi (green) and R_12 hpi (purple) among the most differentiated

conditions.
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Figure S2 A-B | Clustering of total DAPs (n = 830) according to their relative abundance profiles between experimental
conditions. (A) Dendrogram showing the grouping of regulated proteins according to their abundance profiles. (B) Total
DAPs clustered from #1 to #7, according to the abundance profile of each protein regulated under conditions SO
(susceptible NIL mock-inoculated), S12 and S24 (compatible interaction 12, 24 hpi, respectively), RO (mock-inoculated
resistant sample), R12, and R24 (incompatible interaction 12, 24 hpi, respectively), represented by the 6 columns of the
figure. The y-axis was transformed to show standard deviations (SD) from the mean. In other words, it shows how far
the normalized abundance of a specific regulated protein is above or below the mean, after being divided by the SD of
those data. Hence, a value of 0 would indicate that the run has exactly the mean value for that protein, and a value of +1
on the axis would represent a data point with a normalized abundance that is exactly one standard deviation above the

mean of all runs for that protein. Analysis performed using Progenesis Qi software (.TIFF).
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Figure S3 A-B| Functional categorization according to Gene Ontology (GO) of DAPs identified in compatible and
incompatible interactions (comparisons S_12 hpi / S_mock-inoculated; R_12 hpi / R_mock-inoculated; and S_12 hpi /
R_12 hpi). GO terms are (A) biological process and (B) molecular function. Identified DAPs are represented here in

percentage. The analysis was performed using Blast2GO software. (.TIFF).

A
GO term — Biological process $12/S_mock R 12/R mock $12/R12
W organic substance metabolic process 33% 14% 20%
primary metabolic process 33% 14% 18%
cellular metabolic process 0% 12% 17%
nitrogen compound metabolic process 33% 1% 15%
B biosynthetic process 0% 1% 12%
small molecule metabolic process 0% 4% 5%
oxidation-reduction process 0% 1% 4%
B regulation of cellular process 0% 4% 4%
M establishment of localization 0% 5% 3%
macromolecule localization 0% 2% 2%
regulation of metabolic process 0% 2% 2%
catabolic process 0% 2% 2%
1 cellular homeostasis 0% 2% 2%
cellular component organization 0% 2% 2%
1 regulation of biclogical quality 0% 2% 2%
B cellular component biogenesis 0% 2% 2%
1 cellular localization 0% 2% 2%
I response to stress 0% 2% 2%

B
GO term — Molecular function $ 12/ S_mock R 12/R_mock S$12/R12
1 organic cyclic compound binding 12% 12% 17%
heterocyclic compound binding 0% 12% 17%
ion binding 12% 9% 14%
I small molecule binding 12% 9% 10%
hydrolase activity 18% 3% 9%
carbohydrate derivative binding 12% 3% 8%
I protein binding 6% 6% 8%
I drug binding 6% 3% 7%
0 transferase activity 0% 3% 6%
B oxidoreductase activity 0% 21% 5%
W peroxidase activity 0% 3% 0%
I catalytic activity, acting on a protein 12% 3% 0%
structural constituent of ribosome 0% 6% 0%
B cofactor binding 0% 9% 0%
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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 OsDj42 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 OsDjA42 and OsERF 104 rice genes resulting in considerable improvement of blast
resistance. Fifteen OsDj42 (62.5%) and seventeen OsERF104 (70.83%) TO 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 crop'. 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 globally®. 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
infection®. 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 use”.

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
resistance’. 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 proliferation®. Hence, all plant
genes that somehow facilitate infection and/or support compatibility can be considered as a S-
gene’. 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 cells®. Mo 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 field’. 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 technology'’, 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
worldwide'!.

In a previous shotgun proteomics study'”, we identified OsDj42 (LOC_0s02g56040)
with a remarkably increased expression (3.58 [logz]-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 group'®. OsERF104 (LOC_0s08g36920), was the most notable Differentially-Expressed
Gene (DEG) (4.22 [log:]-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 OsDj42 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
umol/m?/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 x 30 x 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 website', available at http://crispor.tefor.net/. We then

inserted the sgRNAs into an entry vector derived from Miao et al.'”. Briefly, single-stranded
gRNAs (20nt oligos) were synthesized as spacer-containing primers (Supplementary table S1),
combined by annealing, and cloned into Bsal-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.'> 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 (nCR_OsDjA2 and pCR_OsERF'104)
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 al'®, 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 0.5x 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.!’, 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 (TO) was extracted by MATAB (Mixed Alkyl Trimethyl Ammonium Bromide)
method'® 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 / uL.. 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 pL of gDNA was added to 0.3 uL
of Forward primers (10 uM), 0.3 uL of Reverse primers (10 uM), 0.4 uL of H>O, and 3 pL of
SYBRgreen, g.s.p. 6 uL. 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, 15s 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 TO 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 TO 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 tool'? (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 tool” (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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PROVEAN?! (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.”?

. Briefly, M. oryzae isolate
GYO0011, 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 10* conidia.ml'. Rice seeds of one control
line and three independent homozygous T1 mutant lines of each targeted-gene were sown in
trays of 20x12x5 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, 67 days post-inoculation (dpi), using the
software QUANT®, according to Vale et al.”’. 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. 1¢), hence, supporting their use

for creating rice mutant plants.

A TeA ATG ATG TGA
; Locus Locus
- 0OsDjA2 OsERF104 —

i e i
Target site GGCCATCCGCCGGAACTACAGGA Target site

AACCGGATCTCCGCCATGGGAGG
B LB RB
I] ( HPT XCaMVSSS | Zmpubi X SpCas9 )—I osu3 sgRNA scaffold ‘I]
OsDjA2 or OSERF104 spacer
c

576bp | ﬂ'
. - 4 318by
P
e h - 4 2580p

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. [ — 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 (nCR_OsDjA2 and pCR_OsERF'104) 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%) TO 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 OsDjA?2 targeted alleles, there were 8 (57%) harboring bi-allelic mutations, 5 (36%)
homozygous, and 1 (7%) heterozygous. Likewise, among OsERF'104 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 rice****, 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 OsERF 104 homozygous mutant lines (Table 1).
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A
. # of total TO transgenic plants = # of total TO transgenic 1 1
# of total TO transgenic A ! i Overall mutation efficiency
Targeted-gene harboring single (max. two) plants harboring i
plants copgles of T-DNA site-mutations (n percentage)
OsDjA2 24 15 1 93.33%
(LOC_0s02g56040)
OsERF104
(LOC_0s08g36920) 2 17 12 70.59%
B
Mutant # of mutated TO plants Mutant # of mutated TO plants
genotype (OsDjA2) genotype (OsERF104§)
Homozygous 5 Homozygous 6
Biallelic 8 Biallelic 5
Heterozygous 1 Heterozygous 1
Chimeric 0 Chimeric 0
Total 14 Total 12

® Homozygous
m Biallelic
m Heterozygous

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 TO mutant plants. Here, the overall mutation efficiency
was calculated computing only the OsDjA2 and OsERF'104 primary transformant plants containing only

1 (méx.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 OsERF'104 homozygous T0O mutant lines exhibited a premature stop-codon
very early on their ORFs (Supplementary Fig. ST), 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

OsERF'104 TO 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 networks”’.
Otherwise, the InDel mutation on OsDjA42 T0O 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 dnalJ type protein function in the plant cell during stress
conditions?®. 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 TO 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 Tl progeny homozygous mutant lines

TO mutant lines (OsDjA2 20.1 and 24.1; OsERFI104 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 TO control lines
(OsDjA2 27.1; OsERFI104 14.1), obtained from the transformation process but with no
mutations in the OsDja2 and OsERF 104 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 TO transformants.

Target gene: OsDjAZ

CCGGTAGGCGGCCTTGATGTCCT (WT seguence)

. Estimated .
Parent line Mutation 4
(TO events) transgene description Characterization of Indels on both alleles
Copy number

Heterozygous | Alll: cacctggcgc————-- GCCTTGATGTCCTtgttgctcgonn

1.1 2 -19nt,"WT A2 poegcaagcttCOGGTAGGCGGCCTTGATGTCCTrgttectcgcnnn
Biallelic AllL: poecaagcttCOGGTAGG—-GCCTTGATGTCCTtgttgctcgonnnnn

91 2 -2nt/-1nt A2 poegcaagcttCOGGTAG-CGECCTTGATGTCCTigttectogennnn
Biallelic Alll: acctggcgrg-———————- GCCTTGATGTCCTigttgctcgonnnnn

12.1 1 -17/-1nt AllZ: precaagcttCCEETAG-CEGECCTTGATETCCTigttgctogcnnnn
Biallelic Alll: pogcaagcttCOGGTAG-CEECCTTGATGTCCTigectogcnnnn
131 2 -1nt/-4nt AllZ: grgcaapctCOGETAG-—— CCTTGATETCC THgtigctogonnnm
Biallelic Alll: pogcaagcttCOGGTATGECGECCTTGATGTCCTigttectcgcnnn

14.1 2 +1nt/-1nt AllZ: prgcaaecttCOGETAG-CEGCCTTGATETCCTigtgctogcnnnn
Biallelic Alll: poegcaagcttCOGGTAAGGCGGCCTTGATGTCC Tigttgctcecnnn

151 2 +1nt/-4nt AlZ: grgcaapct oG G T—GGCCTTEATE TCCTgtgctoecnnnnnn
Biallelic Alll: popcaagcttC———— GGCCTTGATGTCCTigttgctcecnnnnnm

171 2 -Bnt/-dnt AllZ: precaagctt COGGTAG-—CCTTGATGTCCTTgttgctcgcnnnnnn
Biallelic Alll: poecaagcttCOGGTA-GOGGCCTTGATGTCCTiggctogcnnnnm
16.1 1 -1nt/=1nt AllZ: precaagcttCOGGTAGGGCGGCCTTGATGTCC Tt ECtcgCnng
Homozygous | Alll: poecaagcttCOGGTAG-CGGCCTTGATGTCCTigtgctogcnnnnm
201 1 -Int AllZ: precaaecttCOa G TAG-CEGCCTTGATGTCCTtEtECtoECcnnnnn
Homozygous | Alll: precaapcttCCGGTAGG—-GCCTTGATGTCCTIgtigctcgcnnnnmn
211 2 -ZInt AliZ: precaagcttCOGGTAGG-GCCTTGATGTCCTgtgctcgonnnnn
Biallelic Alll: precaagctt COG G T et GATGTCCTtgttgctogonnnn
221 1 -10nt/-1nt | AllZ: gegcaagottCCOGGTAG-CGGCCTTGATGTCCTrgtgctcgonnnnn
Homozygous | Alll: grecaagcttCCGGTAG-CGGCCTTGATGTCCTiggctcgcnnnnmn
241 1 -Int AllZ: precaagcttCCEETAG-CEGECCTTGATETCC Tigttgctogonnnnn
Homozygote | Alll: cctgecgcge—————-- GGCCTTGATGTCCTigtigctogcnnnnm

261 1 -15nt AllZ: cctppepcpc———— GECCTTSATGTCCTigtgctogcnnnnm
non- edited Alll: poecaagcttCCGGTAGGCGGCCTTGATGTCCTigttectcgcnnnn

" . C COGEC r

271 2 transformant AllZ: grgcaagcttCCGGTAGGCGECCTTGATGTCCTIgtEctogcnnnn

Homozygous | Alll: gogcaagcitCCGGTAGGC-—CTTGATGTCCTigtgctcgcnnnnmn

27.2 1 -3nt AllZ: precaaecttCCGGTAGGC-—CTTEATETCCTtettgctcgcnnnnn
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Target gene: OsERF104

CCTCCCATGGCGGAGATCOGGTT (WT sequence)

. Estimated g
Paremt line Mutation P
(TO events) transgene description Characterization of Indels on both alleles
copy number
Homozygous AL cectpettg CCTCOCAATGGOEGAGATCCGGT Teggtcatgtzannn
1.1 1 +1nt AlZ: ctoctgettg COTCCCAATGGUEEAGATCCGGT Tggtcatgtgzannn
non- edited AllL: cxcctgettg CCTCOCATGGCGGAGATCCGGTTEgtcatgtgannnm
2.1 1 transformant A2 ctectgettg CCTCCCATEGCEEAGATCCGETTggtcatgtgannnnn
Homozygous AllL: ceectpette CCTCOCAATGEOGGAGATCCGET Tegtcatgtgannn
| 1 +1nt AllZ: croctgettg COTCOCAATGGOGGAGATCCOGT Tegtcatetgannn
Homozygous AllL: crcctgettg CCTCOCATTGGCGGAGATCCGGTTEgtcatgtgannn
6.1 1 +1nt A2 croctgettg CCTCCCATTEGCGGAGATCCGGETTggtcatgigannn
Biallelic AllL: ceectpette CCTCOCAATGEOGGAGATCCGET Tegtcatgtgannn
8.1 2 +1nt/-7nt ANIZ: croctggttg COTCOCA———mmmmmm —GATCCGGETTggtcatgtgannn
Homozygous AL cectpettg CCTCOCAATGGOEGAGATCCGGT Teggtcatgtzannn
91 1 +1nt A2 ctoctpettg COTCOCAATGGOEGAGATCCGGT Teggtcatgtzannn
Homozygous AllL: ceectpette CCTCOCAATGEOGGAGATCCGET Tegtcatgtgannn
12.1 1 +1nt AlI2: ctectggttg CCTCCCAATGGOGGAGATCCGGTTggtcatgtgannn
non- edited AL crectgettg CCTCCCATGECGEAGATCCGGTTggicatgtgannnn
141 1 transformant | A12: ctecteette CCTCCCATGGCEEAGATCCEETTEgtcatgtgannnn
non- edited AllL: cxcctgettg CCTCOCATGLCGGAGATCCGGTTggtcatgtgannnnn
201 2 transformant | All2: ctectgettg CCTCOCATGECEEAGATCCGETTggtcatgtgannnnn
Heterozygous AL crectpettg CCTCOCATEGCEGAGATCCGET Tggtcatgigannnnn
221 1 -10% ntWT All2- crttctictt tCgtcatcatnnn
non- edited AllL: cioctgetteCCTCCCATGGCGEAGATCCGET Tggtcatgtgannnn
251 1 transformant | AllZ: ctcctggttgCCTCOCATGGCGGAGATCCGETTggtcatgtgannnn
Homozygous AL crectgettg CCTCOCAAT G GOGEAGATOCGETTgecatgtgannn
281 1 +1nt All2: cicctgettgCCTCCCAATEGCGGAGATCOCGGTTEgcatgtgannn
Biallelic AL crectpettg CCTCOCAATGGOGEAGATOCGETTgetcatgtgannn
301 1 +1nt/-20nt A2 tactcctest CCGGTTggtcatgtgan
non- edited AllL: croctgette CCTCCCATGGCEGAGATCCGGT Tggtcatgtgannnnn
3 1 transformant | All2: ctcctgettg CCTCCCATGGCGGAGATCCGGTTEgtcatgtgannnnn
Biallelic AL crectpettg CCTCOCAATGGOGEAGATOCGETTgetcatgtgannn
321 1 +1nt/-1nt A2 crectpetteCCTCCC-TEGEOREAGATCOGETTegtcatgtgannnnn
Biallelic AL ctoctpettg CCTCOCAATGGOGEAGATCCGETTggtcatgtgannnn
EY 1 +1nt/-23nt All2: atgtactoct TTegtcatgtgan
Biallelic AllL: crcctgettg CCTCCCAATGGLGEAGATCCGETTggtcatetgannnmn
38.1 1 +1nt /-S4nt AllZ: TTgetcatgtgan
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A Regenerated primary 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 TO 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;

‘x” indicates PCR negative for T-DNA.



101

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 OsDj42 and OsERF 104 TO
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.

Target gene: OsDjA2 CCGGTAGGCGGECCTTGATGTCCT (WT sequence)
TR . - 0 _.c
rngerﬁr Mutation description Characterization of Indels on both alleles
(6 plantsfline)
. Alll: pegcaagcttCOGGTAGGOGECCTTGATETCCTIgtgctogcnnnnnnnnnnn
271 A1 nen- dited All2: precaagcttCCGETAGEOGGCCTTGATETCC Tigttectcacnnnnnnnnnnn
= transformant ) —
Homozygous Alll: precaagcttCCGGTAG-CGECCTTGATGTCCTigttgctcgcnnnnnnnnnnnn
20.1_B1 -1nt All2: prgcaagcttCCGGETAG-CGECCTTEATETCC THgttgctcgcnn RN ARRNNNN
Homozygous Alll: gogcaagat COGGTAG-CGECCTTGATEGTCCTigttgctcgcnnnnnnnnnnnn
241 _C1 -1nt AllZ: precaagcttCCGETAG-CGGCCTTGATETCCTIEgCtCEcNNNNNNNNANNN
Target gene: OsERF104 CCTCCCATGGCGGAGATCCGGTT (WT sequence)
T1R . - 0_c
rngerw Mutation description Characterization of Indels on both alleles
(& plants/line)
non- edited AllL: ctoctgettg CCTCCCATEGCEGAGATCCGET Tggtcatgigannnnnnnnnnn
141 D1 transformant ANZ: ctoctgettgCCTCCCATGGCGGAGATCCGGTTggtcatgtgannnnnnnnnnn
Homozygous AllL: ctectgettgCCTCOCAATGGOGEAGATCCGETTgstcatgtgannnnnnnnnr
11_E1 +1nt All2: ctectgetteCCTCCCAATGGCGEAGATCCEETTEstcatgtgannnnnnnnnr
Homozygous AllL: ctecteettgCCTCCCAATGGOGGAGATCCGETTegetcatgtgannnnnnnnnr
51 H +1nt All2: ctectgettg CCTCCCAATGGOGGAGATCCGGTTggtcatgtgannnnnnnnnr
Homozygous AllL: ctectgettgCOTCOCATTGGOGGAGATCCGETTggtcatgtgannnnnnnnnn
6.1_G1 +1nt AllZ: crectgettg CCTCOCATTGGCGEAGATCCGETTggtcatgtgannnnnnnnnn
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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 67 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 losses*’. 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 disease’’. Nevertheless, dominant resistance governed by single R genes
entangle several limitations®'. 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 (OsDj42 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-1I)
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-1I) 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-1I) 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
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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 TO-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 OsERF'104 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 OsDj42 and
ERF 104 rice genes negatively regulates rice resistance to M. oryzae.

The present targeted genes OsDjA2 and OsERF'104 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 assay'’. 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

survival®?

. This requires a fine-tune orchestration of a squad of molecular chaperones.
Originally referred to as “Heat Shock Proteins” (Hsps)**, 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
network>*. In addition, JDP (alternative names are currently used in the literature, such as Dnal
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 sequences’”. Type A J-proteins, such as our S-gene target OsDjA42, 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 Hsp70s’. Interestingly, our results of the in-silico prediction of InDel-induced frameshift
mutations impacts on protein domains of OsDjA2 T0O 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/Dnal 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
37,38

diverse J-domain-containing protein can lead to resistance or susceptible outcomes

However, there are still large gaps on the understanding of how these Dnal 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 colleagues®, where they
reported the role of a chaperone Dnal protein, OsDjA6, in the negative modulation of rice basal
resistance upon M. oryzae infection. Researchers observed that the expression of OsDjA46 was
strongly induced early in a compatible interaction, and OsDj46 RNA interference (RNA1)
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.*’ 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 OsDRPIE protein complex, thereby inhibiting mitochondria-
mediated plant immunity. Therefore, due to the great plasticity of DnalJ 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 infection*!. 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 kingdom*’. According
with Muhammad Rashid et al.** 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 stress**. Our CRISPR-edited rice gene OsERF 104 (generic name AP2/EREBP#152)

is classified into the phylogenetic group Illc of the rice ERF family**’

, 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 0Os08g36920), 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.'* — 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 ef al.'> — 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 pathogen®. 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 genes'’. 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. Wengin Lu et al.*® revealed the importance of
AtERFO019 gene (subgroup Ilc) 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 atERF (19 increases plant susceptibility to Botrytis cinerea and
Pseudomonas syringae, and represses microbe-associated molecular patterns (MAMP)-induced
PTI outputs®. Regarding rice-M. oryzae pathosystem, Dongfeng and co-workers™ 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.”' 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
OsERF 104 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.



109

Declaration of competing interest

The authors declare that the research was conducted in the absence of any commercial or

financial competing interest.

Author contributions

FTPKT performed the majority of experiments and wrote the manuscript; AV and MP
collaborated in the rice stable transformation; LH collaborated in the protoplast assay; DT
performed the phenotyping assay; ACM, and CP collaborated with their rice genome editing
expertise, kindly provided the CRISPR vectors, and conducted the experiments at the CIRAD

facilities; OLF and AM designed and supervised the experiments.

Funding Sources

This study was financed by Embrapa Genetics Resources and Biotechnology, Coordenagao de

Aperfeicoamento de Pessoal de Nivel Superior (CAPES); Conselho Nacional de Desenvolvimento

Cientifico e Tecnologico (CNPq); FAPDF, and FUNDECT.

Appendix A. Supplementary data

The Supplementary data to this article can be found online at:

References

1. Chen S, Yang L, Tian D, et al. Proteomic analysis of the defense response to
Magnaporthe oryzae in rice harboring the blast resistance gene Piz-t. Rice. 2018;11(1).
doi:10.1186/s12284-018-0240-3

2. Jain P, Krishnan SG, Singh PK, et al. Understanding Host-Pathogen Interactions with
Expression Profiling of NILs Carrying Rice-Blast Resistance P19 Gene. Front Plant Sci.
2017;8(February):1-20. doi:10.3389/fpls.2017.00093

3. Ahn, S. W. & Seshu D V. Blast reaction of durably resistance rice cultivar in
multiplication trials. Phytopathology. 1991;81(10):1150.

4, Bonman JM, Khush GS, Nelson RJ, Notice P. Breeding Rice for Resistance to Pests.



10.

1.

12.

13.

14.

15.

16.

17.

110

Annu Rev Phytopathol. 1992;30:507-528.

Zaidi SS e. A, Mukhtar MS, Mansoor S. Genome Editing: Targeting Susceptibility
Genes for Plant Disease Resistance. Trends Biotechnol. 2018;36(9):898-906.
doi:10.1016/j.tibtech.2018.04.005

Win J, Chaparro-Garcia A, Belhaj K, et al. Effector biology of plant-associated
organisms: Concepts and perspectives. Cold Spring Harb Symp Quant Biol.
2012;77:235-247. doi:10.1101/5qb.2012.77.015933

van Schie CCN, Takken FLW. Susceptibility Genes 101: How to Be a Good Host. Annu
Rev Phytopathol. 2014;52(1):551-581. doi:10.1146/annurev-phyto-102313-045854
Biischges R, Hollricher K, Panstruga R, et al. The barley Mlo gene: A novel control
element of plant pathogen resistance. Cell. 1997;88(5):695-705. doi:10.1016/S0092-
8674(00)81912-1

Kusch S, Panstruga R. Mlo-based resistance: An apparently universal “weapon” to defeat
powdery mildew disease. Mol Plant-Microbe Interact. 2017;30(3):179-189.
doi:10.1094/MPMI-12-16-0255-CR

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science (80- ).
2012;337(6096):816-821. doi:10.1126/science.1225829

Parisi C, Tillie P, Rodriguez-Cerezo E. The global pipeline of GM crops out to 2020.
Nat Biotechnol. 2016;34(1):31-36. doi:10.1038/nbt.3449

Fabiano TPKT, Bevitori R, Mello RN, et al. Shotgun proteomics coupled to transient-
inducible gene silencing reveal rice susceptibility genes as new sources for blast disease
resistance. 2021;241(January). doi:10.1016/j.jprot.2021.104223

Bevitori R, Sircar S, de Mello RN, et al. Identification of co-expression gene networks
controlling rice blast disease during an incompatible reaction. Genet Mol Res.
2020;19(3):1-22. doi:10.4238/gmr18579

Concordet JP, Haeussler M. CRISPOR: Intuitive guide selection for CRISPR/Cas9
genome editing experiments and screens. Nucleic Acids Res. 2018;46(W1):W242-W245.
doi:10.1093/nar/gky354

Miao J, Guo D, Zhang J, et al. Targeted mutagenesis in rice using CRISPR-Cas system.
Cell Res. 2013;23(10):1233-1236. doi:10.1038/cr.2013.123

Liu B, L1 Y, Wang J, et al. A highly efficient rice green tissue protoplast system for
transient gene expression and studying light/chloroplast-related processes. Plant
Methods. 2011;7(1):30. doi:10.1186/1746-4811-7-30

Hiei Y, Ohta S, Komari T. Efficient transformation of rice ( Oryza sativa L .) mediated



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

111

by Agrobacterium and sequence analysis of the boundaries of the T-DNA. 1994;6:271-
282.

Peterson T (ed. . Plant Transposable Elements. 1057th ed. (Peterson T (ed. ., ed.).
Springer New York Heidelberg Dordrecht London; 2013. doi:10.1007/978-1-62703-
568-2

Dehairs J, Talebi A, Cherifi Y, Swinnen J V. CRISP-ID: Decoding CRISPR mediated
indels by Sanger sequencing. Sci Rep. 2016;6(August 2015):1-5. doi:10.1038/srep28973
Elisabeth Gasteiger, Alexandre Gattiker, Christine Hooland, Ivan Ivanyi, Ron D. Appel
and AB. ExPASy: the proteomics server for in-death protein knowledge and analysis.
Nucleic Acid Res. 2003;31(13):3784-3788.

Choi Y, Sims GE, Murphy S, Miller JR, Chan AP. Predicting the Functional Effect of
Amino  Acid Substitutions and  Indels. PLoS  One. 2012;7(10).
doi:10.1371/journal.pone.0046688

Xu P, Dong L, Zhou J, et al. Identification and mapping of a novel blast resistance gene
Pi57(t) in Oryza longistaminata. Euphytica. 2015;205(1):95-102. doi:10.1007/s10681-
015-1402-7

Vale, F. X. R., Fernandes Filho, E. I .F LJR. A software for plant disease severity
assessment. In: International Congress of Plant Pathology. ; 2003:p.105 (Abstract 8.18).
Wang F, Wang C, Liu P, et al. Enhanced Rice Blast Resistance by CRISPR/ Cas9-
Targeted Mutagenesis of the ERF Transcription Factor Gene OsERF922. Published
online 2016. doi:10.1371/journal.pone.0154027

Fayos I, Meunier AC, Vernet A, et al. Assessment of the roles of SPO11-2 and SPO11-
4 in meiosis in rice using CRISPR/Cas9 mutagenesis. J Exp Bot. 2020;71(22):7046-
7058. doi:10.1093/jxb/eraa391

Abiri R, Shaharuddin NA, Maziah M, et al. Role of ethylene and the APETALA
2/ethylene response factor superfamily in rice under various abiotic and biotic stress
conditions. Environ Exp Bot. 2017;134:33-44. doi:10.1016/j.envexpbot.2016.10.015
Xie Z, Nolan TM, Jiang H, Yin Y. AP2/ERF transcription factor regulatory networks in
hormone and abiotic stress responses in Arabidopsis. Front Plant Sci.
2019;10(February):1-17. doi:10.3389/fpls.2019.00228

Du Y, Zhao J, Chen T, et al. Type I J-Domain NbMIP1 Proteins Are Required for Both
Tobacco Mosaic Virus Infection and Plant Innate Immunity. PLoS Pathog. 2013;9(10).
doi:10.1371/journal.ppat.1003659

Gene RP, Jain P, Singh PK, Kapoor R, Khanna A. Understanding Host-Pathogen
Interactions with Expression Profiling of NILs Carrying Rice-Blast. 2017;8(February):1-



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

112

20. doi:10.3389/fpls.2017.00093

Li W, Chern M, Yin J, Wang J, Chen X. Recent advances in broad-spectrum resistance
to the rice Dblast disease. Curr Opin Plant Biol. 2019;50:114-120.
doi:10.1016/j.pbi.2019.03.015

Stam R, McDonald BA. When resistance gene pyramids are not durable—the role of
pathogen diversity. Mol Plant Pathol. 2018;19(3):521-524. doi:10.1111/mpp.12636
Park CJ, Seo YS. Heat shock proteins: A review of the molecular chaperones for plant
immunity. Plant Pathol J. 2015;31(4):323-333. doi:10.5423/PPJ.RW.08.2015.0150
Boston RS, Viitanen P V., Vierling E. Molecular chaperones and protein folding in
plants. Plant Mol Biol. 1996;32(1-2):191-222. doi:10.1007/BF00039383

Verma AK, Tamadaddi C, Tak Y, et al. The expanding world of plant J-domain proteins.
CRC Crit Rev Plant Sci. 2019;38(5-6):382-400. doi:10.1080/07352689.2019.1693716
Sarkar NK, Thapar U, Kundnani P, Panwar P, Grover A. Functional relevance of J-
protein family of rice (Oryza sativa). Cell Stress Chaperones. 2013;18(3):321-331.
doi:10.1007/s12192-012-0384-9

Kampinga HH, Andreasson C, Barducci A, Cheetham ME, Cyr D. Function, evolution,
and structure of J-domain proteins. Cell Stress Chaperones. 2019;24:7-15.
doi:https://doi.org/10.1007/s12192-018-0948-4

Luo Y, Fang B, Wang W, Yang Y, Rao L, Zhang C. Genome-wide analysis of the rice
J-protein family: identification, genomic organization, and expression profiles under
multiple stresses. 3 Biotech. 2019;9(10):1-16. doi:10.1007/s13205-019-1880-8

Ko SH, Huang LM, Tarn WY. The Host Heat Shock Protein MRJ/DNAJB6 Modulates
Virus Infection. Front Microbiol. 2019;10(December):1-9.
doi:10.3389/fmicb.2019.02885

Zhong X, Yang J, Shi Y, Wang X, Wang GL. The Dnal protein OsDjA6 negatively
regulates rice innate immunity to the blast fungus Magnaporthe oryzae. Mol Plant
Pathol. 2018;19(3):607-614. doi:10.1111/mpp.12546

Xu G, Zhong X, Shi Y, et al. A fungal effector targets a heat shock-dynamin protein
complex to modulate mitochondrial dynamics and reduce plant immunity. Sci Adv.
2020;6(48):1-10. doi:10.1126/sciadv.abb7719

Anver S, Tsuda K. Ethylene in Plants. Ethyl Plants. Published online 2015:205-221.
doi:10.1007/978-94-017-9484-8

Feng K, Hou XL, Xing GM, et al. Advances in AP2/ERF super-family transcription
factors in plant. Crit Rev Biotechnol. 2020;40(6):750-776.
doi:10.1080/07388551.2020.1768509



43.

44,

45.

46.

47.

48.

49.

50.

51.

113

Rashid M, Guangyuan H, Guangxiao Y, Hussain J, Xu Y. AP2/ERF transcription factor
in rice: Genome-wide anvas and yntenic relationships between monocots and udicots.
Evol Bioinforma. 2012;2012(8):321-355. doi:10.4137/EBO.S9369

Phukan UJ, Jeena GS, Tripathi V, Shukla RK. Regulation of Apetala2/Ethylene response
factors in plants. Front Plant Sci. 2017;8(February):1-18. doi:10.3389/fpls.2017.00150
Nakano T, Suzuki K, Fujimura T, Shinshi H. Genome-wide analysis of the ERF gene
family in arabidopsis and rice. Plant Physiol. 2006;140(2):411-432.
doi:10.1104/pp.105.073783

Ribot C, Hirsch J, Balzergue S, et al. Susceptibility of rice to the blast fungus,
Magnaporthe grisea. J Plant Physiol. 2008;165(1):114-124.
doi:10.1016/].jplph.2007.06.013

Srivastava R, Kumar R. The expanding roles of APETALA2/Ethylene Responsive
Factors and their potential applications in crop improvement. Brief Funct Genomics.
2019;18(4):240-254. doi:10.1093/bfgp/elz001

Lu W, DengF, Jia J, et al. The Arabidopsis thaliana gene AtERF019 negatively regulates
plant resistance to Phytophthora parasitica by suppressing PAMP-triggered immunity.
Mol Plant Pathol. 2020;21(9):1179-1193. doi:10.1111/mpp.12971

Huang PY, Zhang J, Jiang B, et al. NINJA-associated ERF19 negatively regulates
Arabidopsis  pattern-triggered immunity. J Exp Bot. 2019;70(3):739-745.
doi:10.1093/jxb/ery414

Dongfeng Liu, Xujun Chen, Jiqin Liu, Jianchun Ye and ZG. The rice ERF transcription
factor OsERF922 negatively regulates resistance to Magnaporthe oryzae and salt
tolerance. J Exp Bot. 2012;63(10):3899-3912. doi:10.1093/jxb/ers079

Wang F, Wang C, Liu P, et al. Enhanced Rice Blast Resistance by CRISPR/Cas9-
Targeted Mutagenesis of the ERF Transcription Factor Gene OsERF922. PLoS One.
2016;11(4):e0154027. do1:10.1371/journal.pone.0154027



114

Supplementary material

Fig. S1: in-silico outcomes of ExPasy Translate tool. The results indicate a premature stop-
codon on the ORFs of homozygous TO mutant lines a) OsDjA2 (_20.1, 24.1); b) OsERF104
(_1.1; 5.1), and ¢) 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.

A Frame 1: 5-> 3" (0sDjA2) Frame 1: 5-> 3 (0sDjA2_20.1, _24.1)
aneI -116lbp

Frame 1; 5°-> 3 (OSERF104) Frame 1: 5-= 3 (OsERF104_1.1; 5.1)

WT lnDeI +1[A]bp
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Fig. S2: InDel-induced frameshift mutations on the protein domains of OsDjA2 and OsERF'104
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.

A
. UNIPROT: >tr|Q6K850|Q6K850_ORYSJ 0s02g0804500 protein 0S=0ryza sativa subsp. japonica 0X=39947 GN=0s02g0804500 PE=3 SV=1
. OsDjA2 protein : 487 amino acid
MAFATSTLPFAPSNPSPSSRSAAAAFSPRGGVHFAAARSGLPLACAAPRHRGRPPPRRRRGGCLYVWASADYYATLGVPRSASNKDIKAAYRKLARQY
HPDVNKEPGATDKFKEISAAYEVLSDEKKRALYDQYGEAGVRSAVGGSAGAYTSNPFDLFETFFGASMGGFSGMDQGTFRTRRRSTAVQGEDIRYDVNL
GFSEAIFGTEKDIILSHLETCDACAGSGSKIGSKMRICSTCGGRGQVMRTEQTPFGLFSQVSICPTCAGEGEVISEYCKKCAGEGRVRVRKEIKVKIPPGVS

KGSTLRVRGEGDAGPKGGPPGDLFVCLDIEEPADIKRDGINLYSTVSVSYIEAILGTVKKVRTVDGNSELRIPPGTQPGDVVVLAKQGVPSLNKPSVRGDH
LFTIKVTIPKRISGREKELLEELASLSNGGFAGAPVKPKSIRQENETTVAQENSDQPDEGEGDWLKKLQDFAGSIANGAAKWLKDNL

. UNIPROT : >tr|Q0J525|Q0J525_0ORYSJ 0s08g0474000 protein (Fragment) 0S=0ryza sativa subsp. japonica 0X=39947 GN=0s08g0474000 PE=4 SV=1
. OsERF104 protein: 219 amino acid

FKLTPRRELSSQQRENTNSHDQPDLRHGRQPGVHDPIRRPHRRCLAELRHCRATAAAAAAGAAAGQRRRRKKKNKYRGVRQRPWGKWAAEIRDPRRAVRKWLGTF
DTAEEAARAYDRAAVEFRGPRAKLNFPFPEQLSAHDDSNGDASAAAKSDTLSPSPRSADADEQVEHTRWPQGGGGGGGGGGGETGDQLWEGLQDLMQLDEGGLS
WFPQSSDSWN

C  protein residue of 0sDjA2_20.1 and _24.1 lines: 114 aa

MAFATSTLPFAPSNPSPSSRSAAAAFSPRGGVHFAAARSGLPLACAAPRHRGRPPP
RRRRGGCLVVWASADYYATLGVPRSASNKDIKAATGSLRASTILMSIRNLEQPISSKR

D . Protein residue of OSERF104_1.1 and _5.1 lines: 34 aa
FKLTPRRELSSQQRENTNSHDQPDLRHWEATRST
. Protein residue of OSERF104_6.1 line: 34 aa

FKLTPRRELSSQQRENTNSHDQPDLRQWEATRST
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Fig. S3: PROVEAN (Protein Variation Effect Analyzer) scores for the query sequences of
OsDjA2 20.1 and 24.1 homozygous TO 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.

PROVEAN Result (Download)

DOOWEA
PROVEA

N Prediction - Job ID: 185515474238779

« Query sequence (fasta)
* Supporting sequence set used for prediction
Number of sequences: 116 (fasta, E-values)
Number of clusters: 30
+ Score thresholds for prediction
(1) Default threshold is -2.5, that is:
-Variants with a score equal to or below -2.5 are considered "deleterious,”
-Variants with a score above -2.5 are considered "neutral.”
(2) How to use a more stringent threshold.

Vanant PROVEAN score Prediction (cutoff= -

Y91T -8.254 Deleterious
R92G -6.393 Deleterious
K93S -3.728 Deleterious
ASSR -4.594 Deleterious
R96A -5.496 Deleterious
Qa7s -1.797 Neutral

Y98T -7.907 Deleterious
H991 -10.344 Deleterious
P10O0OL -9.430 Deleterious
D101M -8.475 Deleterious
V102S -5.162 Deleterious
N103I -8.470 Deleterious
K104R -2.817 Deleterious
E105N -3.113 Deleterious
P106L -7.985 Deleterious
G107E -6.214 Deleterious
A108Q -4.686 Deleterious
T109P -1.467 Neutral

D110I -5.594 Deleterious
K1i11S -4.22 Deleterious
F112S -7.552 Deleterious
E114R -4.248 Deleterious

« Submitted at 9:34:41 EST, Wednesday, Jan 27, 2021
« Started at 9:34:42 EST, Wednesday, Jan 27, 2021
» Finished at 9:34:44 EST, Wednesday, Jan 27, 2021

JCVI icusyevee proveAN

provean.jcvi.org/provean_seq_report. php?jobid=185515474238779




Table S1: Primers used in this study

Primers Primer sequence (5'> 3°) * Experiment
Dj gRNA F ggcaAGGACATCAAGGCCGCCTAC Single-stranded oligos for OsDjA2

. gRNA assembling and vector
Dj_gRNA_R 222cGTAGGCGGCCTTGATGTCCT construction
ERF_gRNA_F ggcaAACCGGATCTCCGCCATGGG Single-stranded OligOS for OSERF104

gRNA assembling and vector

ERF_gRNA R 4 12eCCCATGGCGGAGATCCGGTT construction
MI13 R CAGGAAACAGCTATGAC pENTRY vector sequencing

pDE-verif-LR-F

TGCAATGCTCATTATCTCTAGAG

pDESTINATION vector sequencing

on_Dj_F AGGCCTTCTCAGATGTGCAC Amplification of fragment across
on_Dj R AGAAGCTTCTAGAAGGCGCA OsDjA2 on-target site
on ERF F AATCCCATTATTCCGCCGCT Amplification of fragment across
on_ERF R TCCTGTAGCCGGAGATGACA OsERF104 on-target site
off Dj_F AGCATTTGCAGGCAAGTTGT Amplification of fragment across
off Dj R TTAGCACCCTGTCGAACAACC OsDjA2 off-target site
off ERF F GTACCCAACCTGCCACTCTC Amplification of fragment across
off ERF R TGAGGCGGTGACAACAACAAC OsERF104 off-target site
Cas9_F GAAGTACTCCATCGGCCTCG

Cas9 (T-DNA) detection
Cas9_R CGAGGAGATTGTCGAGGTCG

* Spacer-containing primers with overhangs (highlighted in bold - ggca/aaac) compatible with

the pPENTRY vector used in the study.
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Table S2. Analysis of unintended-induced mutations on putative off-target sites of homozygous

T1 mutant lines OsDj42 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.

Putative off-target site No. of
Target gene . " State
Locus Sequence mismatches
OsDjA2 Non-
(LOC_0s0256040) LOC 0s02g54000 | AGGtCtTCAAGGCtGCaTAC aGG 4 mutated
OsERF104 Non-
(LOC_0s08236920) LOC 0s08g36470 | AACaGGATCTCCGCCATGta AGG 3 mutated
*without taking into account those located in the first position of the PAM sequence (NGG motif)
B‘:g a7 Off-target sequence PAM f)\:;;erl()A Off-target sequence PAM
AGGTCTTCAAGGCETGCAT C G G CAGO6ATCTCCGCCATG TAAG G
> fine >Line
OsDje2_20.1 OsERFIO4 11 (ARG N s R e AR T
ABGGTE TTCAAGGCTBCATACAG S
3
\ !
A Line
ORELNESL AACAGGBATETECOGECATGTAAL G
line
0sDjA2_ 241
AGGTETTCAA BGEC TFGEATALAGGE
>Line
OsERF104 6.1 AACAGGEATETCCEGCEATE TAA GG
N \
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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 CaCl,, and 0.1% BSA). After 4 h
digestion with gentle shaking (40 rpm) in the dark, an equal volume of W5 solution (154 mM
NacCl, 125 mM CaCl,, 5 mM KCI and 2mM MES buffer) was added, followed by shaking for
20 sec. The protoplasts were released by filtering through 30 um 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
MgCl,, 5 mM CaCl,, and 4 mM MES buffer) and counted under the microscope using a
hemocytometer. After, protoplasts were diluted to a density of 2 x 10° 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 CaCly]. CRISPR expression vector (10 pug) was mixed
with 200 pl protoplasts and 200 pl 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 uL 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 KCI, 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) method'’ and followed a purification step using QTAGEN™
QOlAamp 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-fo-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 "fil/
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 Il, 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 _0s02g56040) 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); OsERFI104
(LOC 0s08g36920) and OsPYL5 (LOC 0Os05g39580), 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, Ding E. et al. [14] showed that
mRNA and protein levels in infiltrated leaves of 4. 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 TLPS5 (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
TLPS5 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 Dnal, 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
DnalJ gene during a compatible interaction with the fungus M. oryzae. Using RNA interference
(RNAI1) technology, authors reported the role of chaperone Dnal 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 AtZERF(019 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 AtERF(019
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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