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Abstract

As sessile organisms, plants evolve towards a developmental and physiological flexibility to generate
adaptation mechanisms against different abiotic and biotic stresses that often occur simultaneously.
Water stress impacts different aspects of plant physiology, and can decrease their growth and
productivity. Meloidogyne incognita is a root-knot nematode that infects and modifies the structure of
plant roots. In an agronomical aspect, both stress episodes represent an elevated economic cost.
Genetic manipulation of plant genomes can overcome some of these obstacles. We first implemented a
CRISPR/dCas9 strategy in Arabidopsis to improve drought stress tolerance. Then, we introduced a
cassette in cotton plants to induce drought stress tolerance and M. incognita resistance at the same
time. The type Il CRISPR/Cas system has been adapted in plants to control the genetic modification in
a more targeted and precise procedure. In the light of controlling drought stress tolerance, we used the
CRISPRI/CRISPRa mechanisms which make use of an engineered dead Cas9 fused to transcriptional
modulators to regulate transcription. We evaluated the use the dCas9 fused to the tripartite activator
VPR and two Arabidopsis epigenetic modification domains: The Acetyltransferase domain from AtHAC1
(HAT domain), and the methyltransferase domain from CURLY LEAF (CLF) gene (SET domain). During
a transient assay, our results showed that the dCas9 fused to VPR and HAT increased the activity of
promoters controlling a reporter gene, whereas the SET domain showed contrasted results. The
strategy was also tested to control the endogene promoter of the transcription factor AtAREB1, known
to control key genes in the response to drought stress. The AREBT expression was increased in plants
carrying the dCas9HAT fusions, plants that showed a better tolerance to drought stress. Our data
indicates that targeted epigenetic histone modifications can be used to modify promoter activity in
plants. Here, we improved plant’s response to drought stress, but the approach can be designed to
control any promoter and include responses to other stresses. In a more classical approach, we
engineered cotton genetically modified plants driving expression of AREB1AQT, a constitutive form of
AREB1 transcription factor. We expressed within the same construct an RNAI targeting an essential
gene in M. incognita that encodes for a splicing factor. We obtained three lines of GM cotton that had a
better response to water withdrawal and nematode infection in the T1 generation. At term, both
strategies represent new attractive opportunities in plant biotechnology.

Resumo

Como organismos sésseis, as plantas evoluem em diregdo a uma flexibilidade no desenvolvimento
fisiologico para se adaptarem a estresses bidticos e abidticos e que freqlentemente ocorrem
simultaneamente. O estresse hidrico afeta diferentes aspectos da fisiologia das plantas e pode diminuir
seu crescimento e produtividade. Meloidogyne incognita € um nematoide de galhas que infecta e modifica
a estrutura das raizes das plantas. Em um aspecto agrondmico, ambos estresses representam um custo
econOmico elevado. A manipulacdo genética de genomas de plantas pode superar alguns destes
obstaculos. Inicialmente, implementamos uma estratégia CRISPR / dCas9 em Arabidopsis para melhorar
a tolerancia a seca. Em seguida, introduzimos um cassete em plantas de algoddo para induzir a
tolerancia ao estresse hidrico e a resisténcia ao M. incognita ao mesmo tempo. O sistema CRISPR/Cas
tipo Il foi adaptado em plantas para controlar a modificagdo genética em um procedimento mais
direcionado e preciso. Com o intuito de controlar a tolerancia ao estresse hidrico, utilizamos os
mecanismos CRISPRI/CRISPRa, que empregam a «dead Cas9» fusionada a moduladores
transcricionais. Avaliou-se o uso da dCas9 fusionada com ativador VPR e com dois dominios de



modificagdo epigenética de Arabidopsis: O dominio Acetiltransferase de AtHAC1 (dominio HAT) e o
dominio metiltransferase do gene CURLY LEAF (CLF) (dominio SET). Nossos resultados mostraram que
as dCas9 fusionadas a VPR e HAT aumentaram a atividade de promotores controlando um gene reporter.
A estratégia também foi testada para controlar o promotor endégeno do fator de transcricgdo AtAREB1. A
expressdo de AREB1 foi aumentada em plantas portadoras das fusbes dCas9HAT, plantas que
apresentaram melhor tolerancia ao estresse hidrico. Os dados indicam que modificagcdes epigenéticas
especificas de histonas podem ser usadas para modificar a atividade do promotor em plantas. Neste
estudo melhoramos a resposta das plantas ao estresse hidrico, mas a abordagem pode ser projetada
para controlar qualquer promotor e incluir respostas a outros estresses. Em uma abordagem mais
classica, nés projetamos plantas geneticamente modificadas (GM) de algodao, impulsionando a
expressdo de AREB1AQT. Dentro da mesma construgdo foram desenhados a expressdo do gene
AREB1AQT e o dsRNA para um gene essencial em M. incognita, que codifica para um fator de splicing.
Foram obtidas linhagens de algoddo GM que demonstraram melhor resposta ao estresse hidrico e a
infeccdo por nematoides, na geragdo T1. A termo, ambas as estratégias representam novas
oportunidades atraentes na biotecnologia vegetal.
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Chapter | - Improving plant responses to drought stress and nematode
infection
1- General introduction

1.1 Climate change and drought stress response

Climate and natural variability at different spatial and temporal scales will result in important
challenges for planted crops in the near future. The increasing global temperature predicted at short-term
might also be associated with an intensification of drought (Lobell and Gourdji, 2012). In Europe, climate
change will affect the spatial and time distribution of water resources with possible decreases in
precipitations, particularly in the south and the center of the continent (Anderson et al., 2008). Brazil has
already warmed by about 0,7 °C in the last 50 years (Marengo et al., 2011), and has experienced extreme
droughts in 2005, 2010 and 2015. A water deficit prediction made of a forecast that might arise between
2077 and 2099, showed that in South America, Brazil could be one of the most impacted countries, with
regions facing important deficits (0 to >200 mm) (Figure 1).

Meteorological drought is a climate event characterized by abnormal low precipitations and often
accompanied by above normal temperatures, driving periods of dry soils and a decrease in the levels of
water storages (rivers, lakes, reservoirs). Water resources are sensitive to climate change but also closely

related to human water use behavior. The considerable growth in the population, industrial, agricultural
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Adapted from Zhang and Cai, 2013 and Monfreda et al., 2008
Figure 1- Water deficit prediction for the years 2070 to 2099 in mm/year (A) Worldwide and (B) overlaid

with the cotton planted regions in Brazil (green). The regions with the worst water deficit predictions
overlay with the cotton planted regions in Brazil.
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activities and living standards have intensified water demands, and future societies will face shortage on
water availability (Mehran et al., 2017). Severe drought affects millions of people by impacting water
resources, ecosystems and agriculture, as it alters different plant functions, principally disturbing plant growth
and production, which in turn reduces carbon fixation (Dai, 2011; Alizadeh et al., 2014). Many plant traits
have been reported to be affected by drought stress, such as plant height, stem dry weight, leaf weight, area
and node number, leading to an important decrease in yield (Loka, Oosterhuis and Ritchie, 2011; Farooq et

al., 2012; Sahito et al., 2015; Challinor et al., 2016; Fahad et el., 2017).

1.2 Plant strategies to face drought stress

Drought varies spatially, temporally, and in strength. Accordingly, plants have diversified their
response and have evolved different strategies to endure drought conditions at different morphological,
physiological, biochemical, and molecular layers. Drought resistance (DR) delineates the ability of certain
plants to grow satisfactorily when exposed to water deficit, and in crops, it prescribes the ability to maintain a
minimal yield loss in periods of water scarcity (Fang et al., 2014). DR in plants can be divided in drought

avoidance (DA), drought tolerance (DT), and drought escape (DE) (Osakabe et al., 2014; Basu et al., 2016).

Physiological responses Cellular responses

Osmotic and oxidative
stress signals

i v Reduced sink potential
,‘? g Ovule and grain abortion
[Pane. Pollen sterility

i

Phytohormones,
secondary messengers,
sensors

/( J .
A~ Inhibition of photosynthesis Reduction of
7z leaves and

Stomatal closure shoot growth
Inhibition of cellular division and 9

elongation

TRANSCRIPTION
FACTORS

Gene regulation for cellular
protection:
- Osmoprotection
- LEAs and heat shock proteins
- Water and ion transport
- ROS detoxification

Hydraulic signal Root growth
ABA synthesis and transport maintenance

Hydric deficit

Adapted from Barnabas et al., 2008 and Loka et al., 2012

Figure 2- Drought stress physiological responses triggered by cellular and molecular responses in
plants. Dry soils are sensed by roots that maintain their growth to retain water uptake. The physiological
responses in aerial parts result in reduction of leaves and shoot growth. An arrest in the development of
the reproductive system derives in yield reduction. The physiological responses are activated by a
series of cellular and molecular responses that activate different transcription factors that control the
expression of different protective and detoxifying proteins.
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DA strategy relies on the capacity to avoid adverse effects by maintaining normal physiological processes
through the adjustment of morphological structures and growth rates. DA plants maintain high water potential
by maintaining the growth of the roots, having smaller and thicker cuticle, thicker leaves that can change
their direction and have smaller stomata that close rapidly to prevent water loss. DA accomplishment also
changes the time of the transition to reproductive stages to avoid abortion of grains and pollen (Fang et al.,
2014).

DT strategies relate to the ability to maintain certain physiological states by regulating several response
genes and pathways. DT plants keep an adequate cell turgor with osmotic adjustment by accumulating
secondary metabolites and osmoprotectants to retain water and maintain membrane integrity while
preventing disruptions in cellular metabolism and changing cellular and tissue elasticity. DE refers to the
adjustment of plants of their growth period or life cycle to prevent encountering local or seasonal drought.
The drought stress response varies in plants and can involve the combination at different degrees of
drought escape, avoidance, and tolerance. The morphological and physiological changes, triggered by the
molecular pathways to respond to water scarcity are summarized in Figure 2 (Hare et al., 1998; Tezara et

al., 1999; Silvente et al., 2012; Osakabe et al., 2014; Fang et al., 2015).

1.3 The Acid abscisic pathway

At a cellular level, Abscisic acid (ABA)-independent and ABA-dependent regulatory systems have
been illustrated (Shinozaki and Shinozaki, 2006). Both pathways trigger different regulatory networks, by
activating different transcription factors. ABA is a phytohormone that accumulates during drought stress
conditions, triggering ROS-induced stomatal closure induced by ion-and water transport in guard cells to
control loss of water by evapotranspiration and maintain turgor pressure (Figure 3). Consequently, the CO2
absorption is reduced, impacting the electron transport in the thylakoids, and thus photosynthesis and plant
growth (Touchette et al., 2007; Maes et al., 2009; Leach et al., 2011). The group of Shinozaki and Shinozaki
at JIRCAS in Japan have been studying the different mechanisms, pointing how some key transcription
factors are at the basis of drought stress response in plants (Uno et al., 2000; Shinozaki et al., 2003;
Shinozaki and Shinozaki. 2006; Yoshida et al., 2010; Nakashima et al., 2014). In A. thaliana, there are 9
AREB TFs, and among them, AREB1/ABF2, AREB2/ ABF4, and ABF3 are highly induced by ABA and
osmotic treatments (Uno et al., 2000; Fujita et al., 2005; Yoshida et al., 2010). AtAREB1 is a bZIP
transcription factor (TF) and has shown good responses to drought stress when over-expressed in A.
thaliana, and therefore, appears to be one of the best candidates to use in transgenic crops. AtAREB1/ABF2
is localized in the nucleus and expressed in roots and leaves under stress conditions. AREB1 is functionally
regulated by phosphorylation in its four conserved regions (C1, C2, C3 in N-term and C4 in C-term).

Upstream to AREB1, the Receptor like kinases have been identified in A. thaliana as sensors of the
16



AREBH1

e

Cytoplasm

Figure 3- ABA pathway in normal and drought stress conditions. After sensing a water deficit, ABA is
synthesized and interacts with its receptor PYR/PYL/RCAR. In the cytoplasm, the ABA receptor
inactivates a PP2C phosphatase, leading to an autophosphorylation of an SnRK2 kinase. The SnRK2 is
directed into the nucleus, where it phosphorylates the TF AREB1 to activate it. The activated AREB1
binds to ABRE sequences of target genes, that increase their expression and respond to drought stress.
ABA is also able to increase AREB1 expression.

environment (Tardieu, 1996; Zhao et al., 2013; Osakabe et al., 2013). After sensing the water stress in the
soil, ABA rapidly accumulates and targets the receptors PYR/PYL/RCAR (Figure 3). This generates within
the protein a change of conformation permitting to suppress the PP2C phosphatases activity by direct
interaction. PP2Cs inactivation is associated with the SnRK2 family protein kinases activation, capable to
autophosphorylate and activate downstream effectors including AREB1 (Guzman et al., 2012; Finkelstein,
2013; Zhao et al., 2013). By the mean of its bzip DNA-binding domain, AREB1 will target multiple stress-
responsive downstream genes such as LEA class genes, ABA-regulated genes and PP2Cs, osmotic stress
protection genes, antioxidant signaling, and chromatin remodeling (Figure 3) (Fujita et al., 2005; Furihata et
al., 2006; Yoshida et al., 2010; Li et al., 2013; Yoshida et al., 2015). AREB1 over-expression showed
enhanced drought stress tolerance in A. thaliana, rice, and soybean (Oh et al., 2005; Fujita et al., 2005,
2013; Barbosa et al.,, 2013; Todaka et al., 2015). Therefore, AfAREB1 results as an attractive target to

improve plant drought stress tolerance.
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2. M. incognita infection

It is also relevant to consider plants in the field being interconnected with different factors in their
environment. Thus, understanding the interactions of multiple parameters of that environment with a plant
might contribute both to have a complete view of the plant’s biological system and to design an adapted
biotechnological approach. For instance, if drought stress is considered as a serious problem at short term,
plant crops are also exposed simultaneously to other stresses as pathogen attacks. Among plant pathogens,
plant parasitic nematodes are responsible for crop production losses estimated from 8% to 14% depending
on the season and country (Nicol et al., 2011). Thus, the loss of yield in crops attributed to plant-parasitic
nematodes has been estimated in ~125 billion US dollars each year (in U.S.A) (Koenning et al, 1999;
Chitwood et al, 2002). The most damaging nematodes are the cyst nematodes (SCN - Heterodera spp. and
Globodera spp) and the root-knot nematodes (RKN - Meloidogyne spp.), both having a sedentary
endoparasitic life style. The two laboratories where | worked focus on M. incognita species. This RKN is a
microscopic plant obligatory parasite with a wide geographic distribution over the world (Souza Jr et al.,
2013). After entering the root as a juvenile (J2), M. incognita migrates inter-cellularly until it reaches the
elongation zone, and then goes up through the vascular system until the differentiation zone (Figure 4 A)
(Goverse and Smant, 2014). It modulates host cells to form multinucleated giant cells to serve as feeding
sites, by inducing karyokinesis without cell division. This results in the formation of galls that destroy the
structure of the root (Bird et al., 2008). Its parasitism destabilizes the root system organization (Figure 4 B).
As a result, the parasite reduces vegetative and reproductive growth, chlorophyll content, leaf expansion,
plant weight, and photosynthetic rate in cotton plants, leading to a critical loss of yield (Lu, 2008). Managing
nematodes associated pests require special attention. Currently, measures available to control nematodes
are inefficient and/or harmful to the environment. Nematicides have toxic effect on health and environment
and nematodes can be found deep enough in the soil to escape the action of pesticides. Controlling
nematode populations by growing resistant cultivars can be transiently successful, but it has been observed
that this strategy led to the replacement of one nematode species to another and must be complemented
with crop rotation (Bird and Kaloshian, 2003). Biological control using nematodes parasites or predators lack
of consistent results when considered in large-scale and at long term (Bird and Kaloshian, 2003). An
economic and sustainable alternative strategy is to generate genetically modified plants bringing new
resistance genes against nematodes. To date, transgenic plants expressing proteinase inhibitors, Cry toxins,
peptide repellents, and silencing via RNAi have been engineered to control against nematodes in plants as
banana, rice, and potato, but no strategy has been developed in cotton (Lilley et al., 2011; Ali et al., 2017;

Dutta et al., 2018).

18



J4 (female)

J4 (Male) ‘/ .

le ‘/

Figure 4. (A) M. Incognita life cycle. Infective second- stage juveniles (J2) penetrate the root
and migrate between cells to reach the plant vascular cylinder. Each J2 induces the
dedifferentiation of five to seven root cells into Giant cells (). The nematode (N) becomes
sedentary and goes through three molts (J3, J4, adult). Sporadically, males develop and migrate
out of the roots. The pear-shaped female produces eggs that are released on the root surface.
Embryogenesis within the egg is followed by the first molt, generating second-stage juveniles
(J2). Scale bars, 50 mm. (B) Image of M. Incognita (J2) entering tomato roots (black and white)
and root galls in celery resulting from the giant cells in the feeding site of the nematode. Photo
by William Wergin & Richard Sayre.
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The management of climate risks and pathogen attacks will need pertinent planning at different
levels on how our society will adapt in the future. While different reconfigurations of distribution of the
livelihoods, diets, or geography of farming will be essential, biotechnological scientists aim to bring parallel
solutions to the problems related above. Some of these solutions rest on the tools that will be explained in

the ongoing paragraphs.

2. Classical genetic engineering

2.1 Selective breeding

Before science even knew about DNA, humans were already artificially modifying genomes without
understanding how. Selective breeding has existed since the birth of agriculture, and all crops, pets, or
livestock have been breeding assets. In the Origin of Species, Charles Darwin states a first general
conclusion that « species had not been independently created, but had descended, like varieties, from other
species », which still seems to be a refuted assertion for some people in present days; and then opens with
a first chapter entitled Variation under domestication. In this text, Darwin reviews that domesticated species
undergo adaptations that do not correspond to their own good, but for man’s use or fancy, arguing that the
breeds have not been produced suddenly as useful as they are, but that the key is the power man applies to
accumulate profitable selection. After WWII, Norman Borlaug, the first Nobel prize for a work related to
plants, did an enormous work by selecting high vyielding, disease resistant and stress tolerant wheat
varieties. In modern breeding, traits that define a certain phenotype of a certain species are attributed to
quantitative trait locus (QTL), regions in the genome that contain one or more genes responsible for that
phenotype. QTL mapping studies aim to statistically link phenotypic data to genetic data with the aid of
molecular markers (Miles and Wayne, 2008). Within crop plants as maize, studies have established that 2 to
4% of the genes are evidence of human selection and that there is an established number of loci associated
directly to human preferences (Purugganan and Fuller, 2009; Hake and Ibarra, 2015). Several QTLs for
drought stress resistance have been identified and some crops have been developed that retain a certain
good vyield at the same time with a better tolerance to drought (Witcombe et al., 2008., Fita et al., 2015;
Mwadzingeni et al., 2016). However, while selective breeding is a powerful tool, it indirectly modifies entire

genomes, is labor-intensive and time consuming.

2.2 Mutagenesis
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Once scientists knew how DNA structure existed in nature, its mechanisms of modification, its
processes to change, adapt and evolve, and the machinery controlling these systems, the next step was to
artificially control them. In the laboratory, one of the main intentions of modifying DNA is to change the
sequences that code for proteins to study their role when they are mutated. Introducing mutations permits
the creation non-functional proteins or new versions of proteins with new properties. One of the first
procedures to create these mutated proteins was called mutagenesis and relied on the possible errors that

can be introduced in a sequence while enzymes repair or synthesize it. First, classical mutagenesis based

on the potentiality of physical or chemical agents to produce random mutations. Physical mutagens include y

rays, x rays, UV light or particle radiation (8 and a particles) and induce large deletions or gross lesions. The
list of chemical mutagens is extensive, but Ethyl methanesulfonate (EMS) is the most popular in plant
mutagenesis. Briefly, the mutagen applied induces DNA breakage and removal of alkylated guanines, which
will leave the DNA molecule depurinated and with a gap, causing deletions or insertions. Also, alkylated
guanine can pair with thiamine, leading to base pair errors (Kodym and Afza, 2003). Biological
consequences will depend on different factors such as target loci, size of the mutation, timing during the cell
cycle and can have from no effect at all to profoundly modify gene expression, phenotype or even drive cell
death (Schrader, 2003). Despite that random mutagenesis has been a method highly used in plants science,

generating around 3000 crop cultivars with useful traits (Sikora et al., 2011; Oladosu et al., 2015).

2.3 Gene transfer

Even if selecting, breeding or mutating living beings for the improvement of their characteristics has
been a powerful tool, the introduction of genes into organisms opened a combination of new possibilities. As
stated in the Cartagena protocol of biosafety, Living modified Organisms or Genetically modified organisms
(LMOs/GMOs) are generated through a process whereby exogenous DNA is transfected directly into cells
through the use of biotechnological tools (Secretariat of the Convention on Biological Diversity, 2000; Husby,
2007). In the lab, recombinant unicellular microorganisms, have become an excellent model for studying all
cellular processes, but are also largely used different types of industries such as human health and
agriculture. (Sherratt, 2001; American society for microbiology, 2007). Among GMOs, Genetically Modified
(GM) plants and crops have attracted a large amount of attention both in the scientific community as for the

general public.

2.3.1 Transgenic plants

The first assays to transfer genes into plant cells began in the late 1970’s with the discovery of

Agrobacterium tumefaciens and A. rhizogenes tumor inducing (Ti) and root inducing (Ri) plasmids,
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Figure 5- Agrobacterium Tumefasciens mechanism of infection (A) Schematic representation of Ti plasmid
and (B) schematic representation of T-DNA transfer from bacteria to the host nucleus. The sequences
outside the T-DNA are conformed by a region of virulence (vir) genes, the origin of replication (ori), and an
opine catabolism region. The opines are amino-acid like compounds that help into the induction of the
tumors (crown galls). The products of the vir region and the T-DNA genes, induced by compounds present
in exudate of wounded plants, generate the transfer of the region inside the border sequences into the
host nucleus, where the T-strand will be integrated into a plant chromosome

respectively (Figure 5 A) (Kerr et al., 1976, Drummond and Chilton, 1978, Chilton et al., 1982). Though,
the first stable transfer of an antibiotic bacterial resistance gene was made into protoplast petunia plant
cells, and tobacco plants (Fraley et al., 1983, Bevan et al., 1983; Herrera-Estrella et al., 1983). These
studies were followed rapidly by studies about transformation vectors, DNA delivery systems, and how to
re-generate whole transgenic plants. For the next 30 years, the technologies to develop transgenic plants
evolved depending on the interests that each geographical region had for research or agribusiness,
expanding to other plant species and more methods of transformation (Vain, 2007). The principal
responsible for the success in gene transfer into plants is the capacity of Agrobacterium, a soil bacteria
with the ability to infect plant cells and induce different types of diseases by delivering DNA into plant cells.
For instance, A. tumefaciens causes crown galls, A. rhizogenes causes hairy root disease, A. vitas causes
galls on grape plants and A. radiobacter is avirulent. The Agrobacterium strains carry a Ti or rhizogenic
(Ri) plasmid (200 to 800 kbp) with a transferable region (T-DNA) with border sequences flanking the T-
region. The sequences outside the T-DNA are conformed by a region of virulence (vir) genes, the origin of
replication (ori), and an opine catabolism region. The opines are amino-acid like compounds that help into

the induction of the tumors (crown galls) (Figure 5 A). The products of the vir region and the T-DNA
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genes, induced by compounds present in exudate of wounded plants, generate the transfer of the region
inside the border sequences into the host nucleus, where the T-strand will be integrated into a plant
chromosome (Figure 5 B). The biological processes of T-DNA insertion have been reviewed in several
articles (Veluthambi et al., 1988; Zupan et al., 2000; Krishnamohan et al., 2001; Gelvin, 2003, 2012,
2017). By placing a gene of interest in the T-DNA and adapting the plasmids and the protocols to expand
the host range of infection of the Agrobacteria, scientists have been able to transfer the genes to several
different model plants, cereal, legumes, and industrial crops (Ziemienowicz, 2013; Christie and Gordon,
2014; Agrobacterium protocol Vol. 1 and 2). Likewise, other methods to transfer gene into plant genomes
have been developed. A chemical procedure using PEG mediated transformation was established to
transform protoplasts, which can be cultured in specific in-vitro media to develop cell walls and then
regenerate whole plants through calli culture (Mathur and Koncz, 1997; Liu and Vidali, 2011). A series of
physical methods to deliver directly a portion of DNA into the cell have also been conceived. Micro particle
bombardment (biolistics) is now a commonly used method that delivers DNA-coated metal particles into
the cells directly with a gene gun. Once inside the cell, the DNA detaches from the particle and can be
integrated into the host’'s genome (Taylor and Fauquet, 2002). Other methods like electroporation, vacuum
infiltration, micro and macro-injection, shock wave and ultrasound-mediated transformations have also
been used to transfer DNA into plant cells (Rivera et al., 2012; Narusaka et al., 2012; Rashid and Lateef,
2016).

Transgenic plants can be divided into model plants for functional studies and crop plants for
biofuels and human and animal consumption . In model plants the possibilities are infinite, as research
questions concern all the fields of plants biology. Researchers have the possibility to choose among
different model plant species, tissues, techniques of transformation and between a stable or a transient
expression. The strategy will depend on the question and the time. For example, if working with A.
thaliana, vast T-DNA insertion collections for most of the plant genes are available (Malley et al., 2015).
Likewise, transient expression by agroinfiltration or biolistics, principally in N. benthamiana, remain one of
the techniques more widely used in laboratories, because of its simplicity and effectiveness (Leckie et al.,

2011; Leuzinger et al., 2013; Ueki et al., 2013).

2.3.2 GM crops

GM technology has also been used to produce o variety of crop plants, although few traits
have been commercialized and adopted by agricultural markets. The first commercialized crop was the
FlavrSavr™ tomato in 1994, that was engineered to delay rotting by inserting an anti-sense sequence of a

polygalacturonase enzyme involved in the degradation of the cell wall. Since, two main GM crop types
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engineered by immense companies have dominated GM agriculture: (1) Herbicide-tolerant (HT), GM

crops that resist to a systemic herbicide (glyphosate) and (2) pest-resistance (Bt), GM crops with

insertions of Cry toxins derived from Bacillus thuringiensis bacteria aiming the resistance to insect pests.

The HT and Bt plants of GM soybean, cotton, maize, and canola represented in 2011 more than 16,7

million farmers around the world planting 160 million hectares in 29 countries. Figure 6 shows the

situation of GMOs around the world in 2016, according to an educational GMO internet site (Chassy,

2007; Lemaux, 2008; Kale and Ali, 2013; GMO answers, 2016). Despite the dominance of Bt and HT

crops, scientists have tried to diversify GM crop research, giving rise to several different types of
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Figure 6- Status of GM crops around the world in 2016, according to GM answers, an internet site aiming

to answer non-scientific public’s questions. (https://gmoanswers.com/, 2016)

engineered crops with other interesting characteristics including pathogen resistance, abiotic stress

resistance or nutrition improvement. Numerous plant resistance genes (R genes) and corresponding

avirulence genes (avr genes) from plant invaders, which make part of the evolutionary and fascinating

equipment race between plant immunity and pathogen infection success have been the focus of research
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at different labs around the world (Anderson et al., 2010; Dodds and Rathjen, 2010; Kushalappa et al.,
2016; Eckardt, 2017). The study of these mechanisms has given the opportunity to develop different
strategies of gain- and loss-of-function approaches in GM crops: (1) R-genes against one pathogen,
pyramiding multiple R-genes for different pathogens or activating plant's immunity by over-expressing avr
genes in the plants; (2) Over-expression of molecules that detoxify the effect of pathogen toxins such as
protein toxin inhibitors, repressors; (3) antimicrobial proteins and metabolites (4) transcription factors that
control entire defense pathways such as the salicylic acid (SA) or jasmonate acid (JA) pathways (Wally
and Punja., 2010).

Besides pathogen attacks, crop plants must face a series of abiotic stresses that affect
productivity. Therefore, several groups have focused their studies on abiotic tolerance mechanisms and
their possible application for producing GM crops. One of the challenges is to improve DR in enhanced
biotechnological plants while maintaining high yield. Drought resistant crops need to combine a better root
system, stomatal regulation, water use efficiency whilst maintaining productive yield. The major emphasis
has been to introduce genes encoding osmoprotectants, detoxifying genes, heat shock proteins, plant
growth regulators, late embryogenesis abundant (LEA) proteins and transcription factors (Mathur et al.,
2008; Lawlor, 2012; Liang et al., 2014; Bakhsh and Hussain, 2015). Hence, some candidate transgenes
have been introduced in crops to enhance drought stress including tomato, rice, maize, soybean, wheat,

and others (Wani et al., 2017).

2.3.3 RNA.i strategy

The RNA interference (RNAI) gene silencing for targeting crop pests is widely investigated in our
laboratory because of its effectiveness (Younis et al., 2014). To date, an important number of crops have
been genetically modified with RNAI to improve resistance against hosts, tolerance against stresses, and
yield traits (Kamthan et al., 2015). Since it was discovered in Petunias and decrypted in C. elegans
(Napoli et al., 1990; Guo and Kemphues., 1995), the mechanism of silencing via RNAi has overcome with
an entire field of study involving a new set of small none coding RNA’s implicated in the mechanism of
gene silencing and an aggregate of other type of cellular mechanisms (Sen and Blau, 2006; Wilson et al.,
2013). Additionally, it has become an important tool for identifying gene functions, new cellular pathways
and an important strategy for the new generation of biotechnological crops. Briefly, a sequence expressing
a dsRNA is introduced in the plant genome, to be produced and delivered to the parasite either directly or
via feeding of the cells. The dsRNA is then processed either by the plant’'s or the invader’s RNAI
machinery. The resulting siRNA silences critical genes and stops the infection by killing the host or
restraining it to a given developmental step, as illustrated in the Figure 7 (Lilley et al., 2011; Dutta et al.,

2015; Tian et al., 2015).
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PDK intron SFA

Figure 7. RNAi mechanism used in transgenic cotton lines expressing the RNAI targeting a splicing
factor of M.incognita. The construct containing sense and anti-sense sequences expresses a
dsRNA that is processed either in the plant cell or the host cell. The resulting siRNAs are addressed
to the RISC complex to degrade the targeted mRNA, resulting in gene silencing.

Finally, micronutrient and macronutrient traits have also been enhanced in crop biotechnology,
either by the increase or decrease of certain traits such as protein quality and levels, oils and fatty acids,
carbohydrates, functional and secondary metabolites (McGloughlin, 2008). However, all these strategies
in GM crops rely on the integration or one or very few traits. Governing entire metabolic pathways has
become a new challenge and could be performed by targeting different genes at the same time. The new
editing technologies have been for some time opening the door to multiple edition of genes in different

organisms (Lopez-Obando et al., 2016; Liu et al., 2017; Yang et al., 2017).

3. Targeted genome editing era

The emerging methods of whole-genome sequencing and large-genome annotation resulted in a
vast income of data about new coding and non-coding sequences. To determine how genotypes
influenced phenotypes, there was a need for more directed and rapid methods to mutate genes to study
their functions. The development of the new targeted gene inactivation approaches gave scientists
powerful insights on how to evaluate gene function. This section introduces in a chronological manner how
these technologies were implemented and introduced the technique that was most adopted: the CRISPR/

Cas9 mechanism.
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3.1 Repairing the DNA after double strand breaks

Genome editing relies on the mechanisms of DNA repair. DNA can be injured by a series of
endogenous agents, some of them spontaneous as depurinations or induced by reactive oxygen species
(ROS). Others are exogenous and induced by chemicals or radiations. The most damaging lesion is a
double strand break (DSB), which must be repaired rapidly before DNA replication. The systems that
repair lesions in the cells can be error-free, but some produce a series of repairs that prompt changes in
the DNA sequence (Pagés and Fuchs, 2002). To repair a DSB, cells employ two pathways: non-
homologous end joining (NHEJ) and homology-directed repair (HDR) (Figure 8 A). Classical NHEJ is
mediated by recruiting a complex of proteins that contain a DNA ligase (LiglV) to rejoin the DNA ends,
processes that may lead to deletions or insertions (indels) of aleatory sequences. These mutations can
result in premature stop codons and are therefore helpful to create the lack of a functional protein. HDR
uses a template to restore some lost information in the sequence. After a DSB, 3’ overhangs are extended
from the break site and a 5’ end occupies the homologous strand forming a D-loop. Then, the gaps are
filled by DNA synthesis with the aid of the DNA donor template, and the process finishes with the re-
ligation of the 3’ ends. Naturally, the DNA donor template is a homologous chromosome, but synthetic
DNA can be introduced artificially that will be acquired in the site of the DSB, giving to opportunity to insert
entire genes exactly in the site that the scientist intended (Kakarougkas and Jeggo, 2013; Malzahn et al.,
2017). All the systems that will be explained below rely on this repair mechanisms to precisely edit the

genome.

3.2 Homing endonucleases

In the 1970’s, the first observation of a mechanism labeled as Homing was described for a
genetic marker termed « omega », that was inherited from yeast strains (w+) to strains lacking the marker
(w-) when crossed. This genetic marker was a group | intron, that was introduced into the w- genome with
the aid of a site-specific endonuclease that is encoded by the same intron and that generates a double-
strand break in the target DNA, within an intron insertion site. The repair of the DNA lesion led to an
integration of the sequence of the intron contained in the w+ strains. The discovery of homing
endonucleases drove the attention to the transfer, duplication and transmission of this Homing
endonuclease genes (HEGs) and inteins (protein mobile segments) in bacteria, archaea, and eucaryotes,
showing how this recycling of sequence segments can generate new functional proteins and drive
important evolution processes (Chevalier and Stoddard, 2001). The particularity of homing endonucleases
compared to class |l restriction enzymes is that their cleavage site is larger (15-40bp), denoting an

improvement in the specificity of the site reconnaissance. The idea of using them as a biotechnology tool
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came rapidly as engineered enzymes to make malleable combinations of DNA-nuclease binding proteins.
Hence, members of the LAGLIDADG homing endonuclease members were modified to create chimeric
proteins as E-Drel, with altered residues in the protein-DNA interface to modify their specificity (Chevalier
et al., 2002). Rapidly, other groups redesigned novel endonucleases derived from LAGLIDADG family with
other site specificities (Silva and Belforth, 2004; Smith et al., 2006). Next, these enzymes were used for
targeted genetic modifications by stimulating HR, still with very reduced efficiency (Stoddard, 2010). In
plants, first assays were done to perform targeted mutations in the liguleless1 locus in maize using I-Crel
homing endonuclease, with an efficiency of 3% (Gao et al., 2010). At the same time, other new synthetic
strategies were being implemented to target specific sites, which made homing endonucleases to be put

on the side.

3.3 Zinc finger nucleases

The findings in the 1990’s of Fokl, a new nuclease that possessed a physically separated binding
domain from a non-specific cleaving domain, permitted scientists to imagine that they would be able to
fuse that cleaving C-terminal domain to another N-term binding domain that they could architecture. By
chance, other studies had already described a DNA binding Cys2His2 zinc finger (ZFs) protein that
contained tandem repetitions of (Tyr, Phe)-Xaa-Cys-Xaaz.4-Cys-Xaas-Phe-Xaas-Leu- Xaax-His-Xaas-s-His
sequences, forming a finger that binds to a zinc (Il) ion and that interacts with a specific triplet of
nucleotides in the DNA. The triplet sequence depended on the variation of each finger in amino acids
(AA), giving rise to distinct possibilities of interactions with the triplets (Kim et al., 1996). Thus, by building
different assemblies of three to five ZFs would permit to target DNA sequences from 9 to 15 bp, and by
fusing this assembly to a nuclease, scientists were able to induce DSBs with these newly engineered ZF
nucleases (ZFNs) (Figure 8 B) Yet, to cut DNA, ZFNs must form dimers, making that the best
conformation to reach cleavage was to design two sets of inverted ZFN directed to neighboring
sequences, with a spacer of 5 or 6bp between the inverted binding domains (Figure 8 B) (Handel et al.,
2009; Shimizu et al., 2009). To virtually design the DNA binding domains before its delivery into the cells,
different platforms were created with pre-selected ZFNs available to match the 64 possible nucleotide
triplets and others (Maeder et al., 2008; Jabalameli et al., 2015). After a first success of targeted
mutagenesis and gene replacement in Drosophila (Bibikova et al., 2002, 2003), ZFNs were used in
organisms like nematodes, mice, frogs, tobacco, Maize, Zebrafish, A. thaliana, and human cells (Urnov et
al., 2010; Carroll, 2011). Depending on the targeted host, scientists used DNA transfection, mMRNA embryo
injection, and all the plant transformation systems to deliver the ZFNs into the cells (Carroll, 2011).
However, despite its promising capacity, ZFNs were proven to the source for several off targets, promoting

aleatory chromosomal rearrangements that often led to cell death. The necessity to design complex
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combinations of zinc fingers and the requirement for dimerization to cut the DNA rendered the
experimental design difficult to carry out and unexpected results. Still, ZFNs was the first successful step

in the editing genome era and gave important observations for the other technologies that came afterward.

3.4 Transcription activator-like effectors

First described as an avirulence gene (avrBs3) from Xanthomonas pathovars that induced
hypersensitive response to pepper cultivars (Bonas et al., 1989), these effectors were characterized as
type lll transcription factors that entered plant’s nucleus to induce developmental reprogramming of host
cells (Rémer et al., 2007; Kay et al., 2007). Therefore, they were labeled as transcription activation-like
effectors (TALEs) that contributed to bacterial colonization, symptom development or pathogen
dissemination (Bogdanov et al., 2010; Boch and Bonas; 2010). TALEs are composed by a central protein
domain of 17,5 repeats of 34 amino acids, in which the residues 12 and 13 are hypervariable. Because of
this variable residue (RVD), each TALE repeat recognizes a single specific base pair in a DNA sequence
(Figure 8 C). The repeat domain being modular, rearranging the repeats would permit to generate specific
binding domains for a given DNA sequence (Moscou and Bgodanov, 2009; Boch., 2011; Rusk, 2011).
Similarly, as ZFNs, by fusing a TALEs to a nuclease like Fokl (TALEN) and after their dimerization, TALEN
would operate as specific nucleases to create site-specific DSBs, and consequently site-directed DNA
editing after NHEJ or HR. NHEJ mutagenesis efficiency with TALENs attained up to 27%, similar as
ZFN’s highest efficiency (Cermak et al., 2011; Bogdanov and Voytas, 2011). Design of TALENs with
custom repeat arrays can be achieved by different techniques, but Zhang et al. (2011) showed how
Golden Gate cloning allowed to join multiple DNA fragments with unique 4-bp sticky-ends in a few PCR
digestion steps. Several groups have then used TALENs to modify genomes in yeast, Drosophila,
zebrafish, frog, rat, mice, human’s cells, arabidopsis, maize, tomato, rice, wheat, tomato, among other
organisms (Joung and Sander, 2013; Malzahn et al., 2017). Compared to ZFNs, TALEN has a greater
specificity and less off-targets because of its ~30 pb requirement, but remains with the same efficiency
rates and the protein must be engineered as well. Even so, TALENs have been widely used until today to
modify different genomes, and has proved a powerful tool. TALENs real headache would be the
forthcoming avenue of CRISPR/Cas9 that would bring important advantages over ZFNs and TALENs

techniques.

3.5 CRISPR/Cas9 revolution

The political statesman Vladimir Lenin once said that “You cannot make a revolution in white gloves.”

At that time, he meant no revolution could be done without nonviolent political action. Paradoxically, he would
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never have thought that years later, a group of people would make a revolution only armed with some

micropipets and various pairs of latex/nitrile and must probably white gloves.

3.5.1 CRISPR/Cas9: Beginnings, general mechanism and evolution

In 2012, the first reports of a new technique that would attain the same objectives as ZFNs and
TALENS, editing DNA in precisely targeted sequences, came to light after a few years passed to decipher the
bacterial mechanisms it comes from.

The story begins with a Spanish researcher who ought to answer why some different species of bacteria
accumulated multiple copies of a repeated sequence he first called short regularly spaced resets (SRSRs)
(Ishino et al., 1987; Mojica et al., 1993, 1995, 2000). In the same loci, that he would agree later with
another research group to name as clustered regularly interspaced short palindromic repeats (CRISPR),
were found to co-localize other crispr associated genes (cas) (Jansen et al., 2002). A few years later, a
series of studies agreed that the CRISPR locus served as a defense mechanism, encoding information for
a bacterial immune system against viruses’ infection, and that probably some of the cas genes were
nucleases that were involved in the resistance by cutting the viruse’s DNA (Mojica et al., 2005; Pourcel et
al., 2005; Bolotin et al., 2005; Barrangou et al., 2007). The next step went by different studies in which
researchers found that the repeated sequences adjacent in the CRISPR locus corresponded to novel
small RNA, called CRISPR-RNAs (crRNAs) that formed structures with another RNA encoded in the
CRISPR locus: the frans-activating crRNA (tracrRNA). The complex crRNA-tracrRNA interacted with the
Cas9 nuclease to cleave the viruse’s DNA (Deveau et al., 2008; Horvath et al., 2008; Deltcheva et al.,
2011; Jinek et al., 2012). The equation of the mechanism was practically resolved: following exposure to
bacteriophage or an invading plasmid, bacteria can acquire and incorporate fragments of the alien DNA
(protospacers) into a CRISPR locus array (spacers) that also contains a series of cas proteins, arranging
a record of prior infections. After transcription of the repeated sequences into a pre-crRNA and the
processing into mature crRNA with the help of an RNaselll, the association of these crRNAs with a
tracrRNA and a with a Cas nuclease or o complex of Cas proteins enables the recognition an invader DNA
sequence, triggering its cleavage and destruction to stop the infection (Figure 9 A). The only condition is
that the complex needs to identify a short-conserved sequence (2 to 5 nucleotides), named protospaced
adjacent motif (PAM), in the targeted sequence of the invading DNA. Since its discovery, different phage
resistance CRISPR-Cas systems have been found in different bacteria, arranged in two classes, five types
and 16 subtypes according to the architecture of the CRISPR loci and the cas genes that the locus
carries. The types | and Ill systems utilize a multi-Cas protein complex, whereas the type Il CRISPR

systems operates with a single endonuclease. The first described and more used is the Cas9 that
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Figure 9- CRISPR-Cas systems come from adaptive immune system in prokaryotes. Protospacer
sequences from phages are incorporated in a CRISPR array locus to form spacers, containing also genes
encoding for Cas proteins to form spacers. Spacers are able to be transcribed into pre-crRNA and then
crRNA. The complex crBNA-tracrBRNA directs RNA guided targeting of new viral elements, and Cas
nucleases degrade the targeted DNA to stop the infection. (B) Publication rate of CRISPR between 2012

and 2015 show the exponential grow of studies related to it.

possesses two nuclease domains (HNH or RuvC) that cleave DNA in a strand each (Makarova et al.,
2015; Jiang and Doudna, 2017). Subsequently, the idea to use the mechanism to target other DNA
sequences was already in different group’s projects, but Emmanuelle Charpentier and Jennifer Doudna’s
publication appeared first in June 2012 (Jinek et al., 2012). They used a recombinant S. pyogenes Cas9
nuclease and a dual tracrRNA:crRNA artificially composed into a single guide RNA (sgRNA) to induce a

targeted DSB in vitro, proposing an alternative to ZFNs and TALENs. However, at the same time, another
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group that was already working to manipulate genes in mammals with TALEs, submitted a paper that
appeared in January 2013, announcing in vivo mammalian genome editing with type Il CRISPR/Cas9
(Cong et al.,, 2013; Hsu et al.,, 2013). After that, all was set for the birth of what is called today a
revolutionary era in science, witnessed through the exponential way laboratories around the world began
to publish after 2013, as shown in Figure 9 B. A worth reading review wrote by Lander (2016) narrates the
story of this new technology from the point of view of the pioneers, which he entitles « The Heroes of
CRISPR » showing at what point their discoveries are treated as revolutionary and somehow epical.

The system is very simple. The Cas9 endonuclease is guided by an engineered sgRNA that has
two characteristics: a sequence at 3’ that binds to the Cas9, and a sequence in 5’ that interacts with DNA
following the Watson-crick laws and determines the target sequence for the Cas9 to create a DSB. As
shown in Figure 10 A, the DSB will be repaired by NHEJ or by HDR, allowing scientists to induce indels 3
pb from the PAM site, or resulting in precise genome insertions by using a homologous repair template.
Thus, the system can be programmed to target new sites by changing the 5 sequence of the sgRNA
(Figure 10 A). The most used Cas (Cas9) enzyme has been the one from type II-A CRISPR from
Streptococcus pyogenes that uses an NGG PAM site, where N is any nucleotide (Doudna and
Charpentier, 2014). Biochemical and structural studies have been made to reveal the working model for
RNA binding and target cleavage: Cas9 has a bilobed architecture composed of a nuclease lobe (contains
the nuclease domains and a PAM-interacting (Pl) domain) and an a-helical recognition lobe (contains
regions that contribute to recognition of the guide RNA); Activation of Cas9 nuclease requires a
conformational change in the HNH domain that depends on proper base pairing between sgRNA and
DNA; The sgRNA-DNA heteroduplex is located in a region between the two lobes of the Cas9. Briefly, the
model proposed states that binding of sgRNA to the Cas9 induces the conformational change of Cas9,
that was in a autoinhibiteed conformation and now is in a recognition competent state. Then, Cas9-sgRNA
surveys for PAMs, binds through the PI domain, induces strand separation for sgRNA-DNA interaction,
forms an R loop that activates both nuclease domains and induces cleavage (Figure 10 A) (Wang et al.,
2016).

To design a strategy, the first step is to choose a 20-nucleotide target region adjacent to the PAM
site in a target sequence. Several computational platforms have been designed to select and scan the
specificity of a certain sgRNA, being that effectivity of sgRNAs are one of the active research areas in
CRISPR biology (Brazelton et al., 2015; Doench et al., 2016). Then, the system must be delivered into the
cells as DNA, RNA or protein/sgRNA complex, with a template donor if the objective is to generate a
sequence insertion (Glass et al.,, 2017). Once the delivery and the possible modification has been
executed, scientists must identify the success of the editing. If the modification was intended to alter a

phenotype or to insert a selection or reporter gene, the screening is more direct. If the intention was to
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Figure 10- CRISPR-Cas9 mechanism of RNA directed DNA editing. (A) Cas9 system, repair
mechanisms and applications. (B) Possible applications in different fields of the CRISPR/Cas9 systems.
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provoke an indel, the resulting mutation has different possible outcomes, depending on the ploidy of the
targeted cell: In diploid species, the possibilities are no mutation, a heterozygous mutation (one allele),
biallelic mutation (different mutation in the two alleles) or homozygous mutation (same mutation in both
alleles); In polyploid species, more possibilities can be generated. The methods of detection of on-targets
are based either on mismatch based assays that consist summarily in amplifying the targeted region by
PCR, denaturing the DNA to allow heteroduplex reannealing and detection of the heteroduplex. The
detection of the heteroduplex can be made by restriction enzyme cleavage (T7 endonuclease 1, for
example), High resolution melting analysis (based on qPCR technique) or Heteroduplex mobility assay by
polyacrilamide gel electrophoresis (PAGE, will detect migration shifts). Alternatively, on-targets and off-
targets can also be detected by sequencing the targeted amplicon or even sequencing entire regions
(exome or whole genome). These and other techniques have been explained by different protocols and
reviews (Clonetech tech note, 2015; Kim et al., 2017; Turtle-Schmidt et al., 2017; Zischewski et al., 2017).
Although it is difficult to find a percentage of efficiency, likely because it depends on different factors such
as sgRNA design, type of host, method of delivery, type of modification (NHEJ or HDR), CRISPR strategy
has been recognized to be more efficient than ZFNs and TALENSs, and with less off-target effects (Chira et
al., 2017). When comparing with ZFNs and TALENs, CRISPR wins the debate because of the ensuing
arguments: it does not have to be engineered and synthesized, it does not need to dimerize, its interaction
relies on base RNA-DNA pairing instead of protein DNA pairing, targeting is only programmed by simply
changing the sgRNA and CRISPR is more cost-effective (Boettcher and McManaus, 2015). However,
some limitations have been described to the CRISPR/Cas9 technology, principally a certain appearance of
off-targets, the large size of the Cas9 enzyme and the necessity to target a sequence before the PAM
sequence (Crauciuc et al., 2017). These limitations would be one of the arguments to find new alternatives
to spCas9.

In addition to the aspiration to overcome the few limitations of spCas9, the hype of CRISPR made
possible to think about aiming at different targets at the same time and in the same cell, which was difficult
with the only spCas9 being occupied with different sgRNAs. Hence, researchers from different labs
became focused on finding new Cas9 alternatives and orthologs (Table 1). The first alternative came by
mutating one or two of the nuclease domains of the Cas9. Mutating one of them created a nickase Cas9
(nCas9), that cleaves only one strand of the DNA at a time. A pair of nCas9 with the appropriate offset of
sgRNAs was used to create DSBs, increasing the specificity (Ran et al., 2013). Mutating both nuclease
domains generated a deadCas9 (dCas9), a matter that will be discussed later in the manuscript. In
addition to Cas9 mutations, a collection of Cas9 orthologs is today available to use such as Neisseria
meningitides Cas9 (NmCas9), Staphylococcus aureus Cas9 (SaCas9), Campylobacter jejuni (CjCas9)

and others, as reviewed by different authors (Wang et al., 2016; Mitsunobu et a., 2017; Jiang and Doudna,
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TABLE 1. Characterized PAMs for Cas9 orthologs

Cas9 system PAM References Other notes

Streptococcus thermophilus CRISPR1 NNAGAAW Horvath et al. 2008; Esvelt et al. 2013 NNAAAAW cleaved more efficiently
(Fonfara et al. 2013)

Streptococcus thermophilus CRISPR3 NGGNG Horvath et al. 2008

Streptococcus pyogenes NGG Mojica et al. 2009

Streptococcus agalactiae NGG Mojica et al. 2009

Listeria monocytogenes NGG Mojica et al. 2009

Streptococcus mutans NGG Van der Ploeg 2009

Neisseria meningitidis NNNNCATT Zhang et al. 2013; Esvelt et al. 2013

Campylobacter jejuni NNNNACA Fonfara et al. 2013

Fonfara et al. 2013
Chenetal. 2014
Esvelt et al. 2013

Francisella novicida NG
Streptococcus thermophilus LMG18311 NNGYAAA
Treponema denticola NAAAAN

NNNGYAAA seems to also work

Braff et al, 2018

2017; Braff et al., 2018). The orthologs of Cas9 differ in size and require different PAM reconnaissance
sequence, increasing the possibilities when choosing a target sequence, and permitting to use different
Cas9 at the same time in the same cell (Murovec et al., 2017; Najm et al., 2017).

Along with Cas9 orthologs, other proteins have been found in different CRISPR classes. In the
same as Cas9 CRISPR class 2, Zetsche et al. (2015, 2017) characterized the Cpf1 family. Cpf1
possesses an RuvC-like endonuclease domain distant from the one in Cas9, that cleaves both DNA
strands but in a staggered way with an overhang in 5, and has no HNH domain. The PAM sequence in
Cpf1 is not only different in the nucleotide motif, but is recognized in 5’ of the protospacer, whereas Cas9
employs PAM sequences located on 3’ of the protospacer. Additionally, Cpf1 mediates DNA interference
with only crRNA and no need of tracrRNA, making the sgRNA for Cpf1 simpler than for the Cas9. In the
same publication, the authors used Cpf1 to edit genes in human cells and found indels with comparable
levels that with the Cas9. Along with Cpf1, other class 2 three distinct effectors were described: C2c1,
C2c3 that contain RuvC-like endonuclease domains and C2c2 with two R(N)xxxH nucleotide binding
(HEPN) RNase domains, endonuclease that also have new characterized PAMs (Shmakov et al., 2015;
Abudayeh et al., 2016). Without no doubt, these characterized proteins and others that will assuredly
come and the toolbox and the amount and quality of the publications will continue growing. The end is not
near.

The possible applications of genome engineering with CRISPR/Cas9 are enormous. From basic
biology to biotechnology and medicine, the Figure 10 B shows how all fields of science can benefit from
such a tool (Hsu et al., 2014). In plants, the system has now today been extensively used. For instance,
targeted inheritable mutations to knockout or edit genes have been generated in model plants Arabidopsis
Thaliana, N. benthamiana, N. Tabacum, Medicago trancatula and in crops such as rice, tomato, maize,

Sorghum, Soybean, poplar and wheat. Homologous recombination has also been achieved in Arabidopsis
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th., N. benthamiana, soybean, maize and rice (Ding et al., 2016; Khatodia et al., 2016; Li et al., 2015;
Schiml and Puchta, 2016; Song et al., 2016; Liu et al., 2017). An interesting and actual debate is whether
CRISPR crops should be treated as classic GMOs and regulations for CRISPR-based foods are being
relaxed in the U.S.A and Europe (https://www.nature.com/articles/d41586-018-01013-5; Waltz, 2016).

3.5.2 CRISPR/dCas9 or CRISPRi/CRISPRa

Synthetic biology can be defined as the « engineering, design or simulation of biology by the
synthesis of complex, biologically based or inspired systems, which display functions that do not exist in
nature » (Serrano, 2007). Thus, after the finding of the proteins that could interact with specific sequences
of DNA, the idea of finding new properties and functions to these proteins by re-designing, modifying, or
fusing to other factors came rapidly. In 1998, Sadowski et al. constructed a synthetic transcription factor
consisting of GAL4 DNA binding domain from yeast and VP16, a portion of a herpex simplex virus protein
described the same year (Triezenberg e al, 1988), to successfully activate transcription in mammalian
cells. Ten years later, the fusion of ZFNs to the same VP16 and three repressor domains, the Krippel
associated box (KRAB), the ETS2 repressor factor (ERD) and mSIN3 interaction domain SID resulted in
the ablation or activation of luciferase reporter gene in human epithelial cells (Ayer et al., 1992; Margolin
et al.,, 1994; N. Sgouras et al, 1995; Beerli et al., 1998). Subsequently, TALEs, which were TFs already,
were designed to address promoters from tomato or A. thaliana, resulting in the increase of the activity of
these promoters with TALEN’s own activation domain (Morbitzer et al., 2010), or fused to VP16 and
VP16’s tetramer VP64 in human cells (Geipler et al., 2011; Miller et al., 2011; Zhan et al., 2011).

The CRISPR system has also been repurposed to accomplish what is labelled today as CRISPR
activation (CRISPRa) and CRISPR interference (CRISPRI) (Figure 11). In 2013, Qi et al. used a
catalytically inactive mutated (in both RuvC and HNH-domains) dead Cas9 (dCas9) to target promoter
sequences controlling a red fluorescent protein (RFP) in E. coli, resulting in a repression of the
transcription of RFP. Indeed, the dCas9 interferes with the association of RNAP and other TFs to the DNA
in the promoter and achieved almost 99% of repression in prokaryote cells (Qi et al., 2013; Larson et al.,
2013; Zuberi et al., 2017). Ergo, to improve CRISPRI, the dCas9 was fused to repressor domains as
KRAB, chromoshadow domain (CS), Mxi1, WRPW or four repeats of mSin3 (SID4x) (Bikard et al., 2013;
Konermann et al., 2013; Farzadfard et al., 2013; Gilbert et al., 2013, 2014), or even for more complex
regulatory devices and circuits with on/off systems (Nielsen and Vought, 2014; Kiani et al., 2014). As an
activator, the dCas9 has been used in different organisms by fusing it to simple activator domains such as
the omega subunit of RNA polymerase, VP48, VP64, and VP160 (10 copies) and the NF-kB p65 subunit
(p65AD) (Bikard et al., 2013; Maeder et al., 2013; Cheng et al., 2013; Mali et al., 2013; Gilbert et al.,
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Figure 11- dCas9 mediated transcription modulation. (A) CRISPRI achieves repression with dCas9
alone by blocking other TFs or fused to inhibitor domains like KRAB. (B) dCas9 can be fused to
transcriptional activators to accomplish CRISPRa, like VP64, SunTag array or RNA loops (CRISPR
2.0) to recruit activation domains. (C) Activation and repression can be obtained by using CRISPR
2.0 RNA loops recruiting activators and inhibitors in a same cell.

2014). The efficiency of CRISPRa was then improved by amplifying the signal of the activator. Chavez et
al. (2015) fused the dCas9 to a tripartite activator VPR (VP64+p65AD+Rta), a system that proved to be
more efficient than the VP64 alone, and that was used as an activator in animal cells. In another study, the
SunTag peptide containing an array of epitope repeats that recruited several copies of VP64 was used to
activate with a 50-fold transcription increase in K562 cells (Figure 11 B) (Tanenbaum et al., 2014).
Besides engineering the Cas9, other groups used a synergestic activation mediator (SAM), a modification
of the sgRNA to form a scaffold RNA (scRNA) containing an MS2, PP7, com or PUF binding site RNA
hairpins, that each recruit other activator or repressor proteins. These mechanisms have been labelled as
CRISPR2.0 and allow to target and tune up/down different promoters at the same in the same cell (Figure
11 B, C) (Konermann et al., 2013; Zalatan et al., 2015).

We know today that chromatin structure is affected by different histone post-translational
modifications, and that these modifications apart from modeling chromatin states also influence
transcription, DNA repair, replication, and modification. Histone modifications comprehend methylation,
acetylation, phosphorylation, deamination, B-N-acetylglucosamine addition, Ubiquitylation and
sumoylation among others. It has been shown that promoters with different acetylation or methylation
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marks differ in their activity. For instance, silenced promoters are generally associated to histone H3 lysine
9 methylation (H3K9me), H3K27me or DNAme, and active promoters are related to histone acetylation or
H3K4 methylations (Bannister and Kouzarides, 2011; ENCODE project consortium, 2012). Either way, the
idea to fuse dCas9 to epigenetic factors to modify the epigenetic state in a targeted locus was rapidly
applied. On the CRISPRa side, the dCas9 was fused to p300-core, a catalytic histone acetyltransferase
(HAT) that augmented expression of the targeted genes while it was related to H3k27 acetylations (Hilton
et al.,, 2015). In a system labelled as Casilio (CRISPR-Cas9-Pumilio), which consists in a scRNA
containing multiple PUF binding sites (PBS) that recruit PUF proteins fused to other proteins, the fusions
of PUF and a histone acetyltransferase CREB-binding protein increased expression, principally when
labelled proximal to the transcription start site (TSS) (Cheng et al., 2016). The dCas9 was also fused to
TET1 demethylase inducing targeted demethylation and driving transcriptional activation in different types
of cells (Liu et al., 2016; Xu et al., 2016). On the CRISPRI edge, some examples have been used; for
example, the fusion of dCas9 to LSD1 (Lys-specific histone demethylase 1) or KRAB were used to
repress genes by removing dimethylations in H3K4 or inducing trimethylations in H3K9 respectively
(Kearns et al., 2015). Methylation induced by a dCas9 engineered with a DNA methyltransferase 3A
(DNMT3A) was used to reduce mRNA levels of different targeted genes in human and mice cells (Vojta et
al., 2016; McDonald et al., 2016). The system of CRISPRi and CRISPRa has been proved very powerful,
as shown by the constant evolution and different strategies adopted with the dCas9: use of mutated
orthologs of the spCas9; conception DNase-dead Cpf1 mutant (ddCpf1); use of splitted or inactive dCas9
that assemblies after induction with chemicals, light, sgRNA presence or UV light exposure (Dominguez et
al., 2016; Dydovik et al., 2016; Brocken et al., 2017; Lo and Qi, 2017; Baeumler et al., 2017; Zhang et al.,
2017).

In plants, a few studies have successfully used dCas9-based transcription factors. In 2015, Piatek
et al. fused the dCas9 with EDLL and TAD activation domains and SRDX repressor domain. To prove their
system, they used the the GUS (uidA) reporter gene in a transient assay system in N. benthamiana
leaves, showing that the fusions could induce or repress promoter activity depending on the sgRNA
(Piatek et al., 2015). In the same year, a fusion of pco-dCas9 to VP64 and a combination of three sgRNAs
could transiently activate a minimal synthetic promoter controlling the GUS gene. The researchers also
stably transformed A. thaliana with the dCas9-VP64 and dCas9-SRDX and sets of three sgRNAs targeting
AtPAP1 and miR319 showing successful activation of both genes although without the observed
phenotypes of the classical over-expression of both genes. Additionally, they achieved repression of
AtCSTF64, miR159A and miR159B by transforming A. thaliana with pco-dCas9-3X (SRDX) and the
sgRNAs (Lowder et al., 2015). The same group used AsCpf1 and LbCpf1 to generate mutations but also

repurposed the dAsCpf1 (D908A) and dLbCpf1 (D832A) fused to SRDX to repress miR159B in A. thaliana
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(Lowder et al., 20171). In a third publication of the same lab, Lowder et al. (2017) used the CRISPR 2.0
system by using a scRNA recruiting MS2-VP64 and MS2-EDLL to target genes in A. thaliana and rice with
successful activation for scRNA-MS2-VP64 but not for scRNA-MS2-EDLL (Lowder et al., 2017). In an
interesting approach, Dreissig et al (2017) used the dCas9 fused to eGFP/mRuby2 to visualize the
dynamics of telomeres in leaf cells of Nicotiana Benthamiana. When we were preparing our study, another
publication used dCas9 fused to VP64 and at the same time a scRNA to recruit MS2-p65-HSF activation
domains to increase AtPAP1 and AtAVP1 genes. Their work resulted in an increase of the expression of
both genes and they could mimic the phenotypes of a classical overexpression of both genes, hence leaf
purple colors for AtPAP1 and more and larger leaves for AtAVP1 (Park et al., 2017). However, no studies

have been achieved with dCas9 and epigenetic domain fusions in plants.

During my thesis work, | proposed two strategies to engineer plants to elevate drought stress
tolerance. In the second and main chapter of this manuscript, | describe a strategy based in the new
technology CRISPR/Cas9 to modify AREB1 expression by controlling its promoter activity in A. thaliana.
Then, in the third chapter, | describe a more classical strategy in which AtAREB1 constitutive form
(AREB1AQT) was over-expressed in cotton plants, accompanied in the same cassette by an RNAI

targeting a splicing factor (SF) of the phytoparasite M. Incognita.

Chapter lI- CRISPR/dCas9 strategy

1. Introduction

This study aims the induction of drought stress tolerance by targeting the promoter of AtAREB1.
As stated in the first chapter, AREB1 is a key transcription factor in the ABA-mediated response to drought
stress in plants. Some evidences also point that AREB1 gene expression would be targeted by epigenetic
mechanisms. The use of an inhibitor of histone deacetylation in peanut led to an increase in the
expression of transcription factor of the ABA signaling, including AhAREB1 (Su et al., 2015). Moreover,
several genes including genes from the ABA pathway are modulated by the mean of DNA methylation
and/or histone modification during drought or osmotic stress, sometimes in a heritable way (Ding et al.,
2011; Pandey et al., 2015; Kim et al., 201; Banerjee et al., 2017). Hence, a strategy would be to focus on
the epigenetic mechanisms that modulate the ABA signaling pathway. More precisely, focusing on AREB1

expression remains an open question that could be addressed by using current tools in genome editing.
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Hence, the possible regulation of ABA signaling by epigenetic modifications, focusing on AREB1
expression, remains an interesting and non-addressed approach in plants.

With the development of the targeted plant genome editing using nucleases, the possibilities to
create new varieties to overcome the different challenges and demands have notably augmented (Kumar
and Jain, 2014; Abdallah et al., 2016; Malzahn et al., 2017). More particularly, the CRISPR system has
been repurposed to accomplish CRISPR activation (CRISPRa) and CRISPR interference (CRISPRI). The
dCas9 can be engineered in fusion with some activators/repressors domains to form an artificial
transcriptional regulator (Dominguez et al., 2016; Didovyk et al., 2016; Brocken et al., 2017; Lo and Qi,
2017; Baeumler et al., 2017; Zhang et al., 2017). In plants, the dCas9 has been fused with the EDLL, TAD
or VP64 activation domains in N. benthamiana (Piatek et al., 2015) and in A. thaliana (Lowder et al., 2015;
Tang et al., 2017; Park et al., 2017). These fusion domains recruit the mediator complex for transcription
initiation to activate gene expression (Poss et al., 2013). In animal cells, the dCas9 was fused with a
tripartite transcriptional activator VP64-p65-Rta (VPR), increasing the efficiency over dCas9-VP64
(Chavez et al., 2015), but this activator has never been used in plants. The dCas9 can be also engineered
in fusion with epigenetic domains allowing histone remodeling. The Histone acetyltransferase (HAT)
catalyzes the acetylation of core histones through the addition of an acetyl group to the lysine residue on
the g-amino group on the terminal tail of histones (Schneider et al., 2013). Histone acetylation triggers
DNA relaxation that is correlated with enhanced DNA-protein interactions, and thus with gene activation
(Eberharter and Decker, 2002). In such a way, the activation of dCas9HAT, combined with the directed
targeting of sgRNAs appears promising for positively regulating gene expression (Bordoli et al., 2001;
Deng et al., 2007). In the Polycomb-group (PcG) gene family, the conserved SET domain catalyzes
methylation of lysine residues on the histone tail, which also leads to regulation of the chromatin structure
(Thorstensen et al., 2011). Such post-translational modification induces chromatin compaction and gene
expression repression (Shubert et al., 2006; Saleh et al., 2007). Exploring the possibility of CRISPR/
dCas9 epigenome editing represent a significant advance and open the door for more flexible approaches

to tuning gene expression by directly targeting specific promoters of desired genes of interest.

2. Hypothesis and objectives

We focused on an engineered dCas9 allowing gene expression regulation either by
transactivation or chromatin remodeling. We used the dCas9VPR previously published to enhance gene
transcription, and focused on two epigenetic mediators (Figure 12). The dCas9HAT results from the fusion
of an A. thaliana histone acetyltransferase (HAT) domain from AtHAC1. On the other hand, dCas9SsET

carries a methyltransferase domain (SET) from the A. thaliana CURLY LEAF gene (AtCLF) (CURLY
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Cytoplasm

Figure 12. Schematic representation of our hypothesis. The VPR and acetyltransferase domains were
fusioned to the dCas9 to achieve transcriptional activation. Acetylation of core histones
decondensates chromatine and facilitates interactions with other TFs. The methyltransferase domain
was fused to the dCas9 to intend transcriptional repression through methylation of histones and
condensation of chromatine.

LEAF). In short, we hypotehzised that dCas9VPR could positively regulate transciprtion in plants as it had
worked for animal cells. Secondly, we thought that dCas9HAT could enhance or activate transcription by
acetylating and thus decondensing DNA to allow TF to interact with the sequence. Finally, dCas9SET would
act negatively on the expression of a target locus in the plant genome by methylating and condensing the
DNA molecule (Figure 12). We first confronted our constructs with a reporter system of two soybean
promoters (GmUceS) controlling the GUS gene. We then selected AREB1 to challenge the tuning of

drought stress tolerance in Arabidopsis toward the expression of our different dCas9 constructs.

3. Results

3.1 Design of the dCas9 constructs
We first designed three dCas9 constructs to assay transcriptional regulation of the gene of
interest. The gene encoding for dCas9VPR was obtained from the Church’s laboratory group (Addgene

plasmid #63798, Chavez et al., 2015) and cloned in a modified version of the plant binary vector pGreenll
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Figure 13. Characterization of dCas9 fusions and stable transformation in A. Thaliana plants. (A)
Schematic representation of the three dCas9 fusions used in this study. VPR is a tripartite activator,
HAT is an acetyltransferase domain and SET is a methyltrasnferae domain. (B) the dCas9 constructs
were cloned in a pG plasmid containing two selection genes, Kank and mOrange fluorescent protein
(mOFP). Images of leaves, Leaf primordia (LP) and roots show the mOFP of transformed lines
assessed with the confocal microscope. (C) RT-qPCR was performed in Col0 and three lines of
dCas9HAT transformed plants. For RT-gPCR, the gene expression levels were obtained by
normalizing to the transcript levels of GAPH and Actine. Mean and sd were obtained from three
biological replicates. The values were plotted relative to the lowest expression value (excluding the
wild-type plants). Asterisks indicate significant differences between Col0 and the different lines
(Student’s T test P values, **P < 0.01).
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(Figure 13 A, Figure S1 A). The sequence encoding for VPR was replaced by the catalytic core from the
Arabidopsis Histone Acetyl Transferase 1 gene (AtHAC1, AT1G79000) or the histone methyltransferase
Curly Leaf gene (AtCLF, AT2G23380) to generate respectively dCas9HAT and dCas9SET (Figure 13 A,
Figure S1 A). The T-DNA was designed to perform two rounds of transgenic plant selection based on
antibiotic resistance (i.e kanamycine) and the level of a fluorescence reporter gene (i.e a nuclear mOrange
fluorescent protein, mOFP) After positive transformants were selected upon kanamycine, fluorescence
intensity was assessed by confocal microscopy (Figure 13 B). A considerable variation in transgene
expression is often observed between different lines and even in different populations of the same line
(Butaye et al., 2005). The fluorescence corresponding to mOFP could be seen all over the roots and
leaves, at a higher intensity in the nucleus. Some lines presented stronger fluorescence, suggesting that
the cassette was inserted in a region of the genome where gene expression is higher. Among these lines,
the occurrence of the dCas9 constructs was checked by PCR (Figure S1 B). The three transgenic lines

dCas9VPR1, dCas9AT2 and dCAS9SET1 were retained in this study.

3.2 Testing the dCas9 constructs in a GUS reporter system

The study of promoter activity is performed in most cases with the use of an easily detectable
reporter gene. The uidA/GUS gene that encodes for the enzyme B-glucuronidase has been widely used in
functional studies in plants because it is easy to perform, sensitive, relatively inexpensive, highly reliable,
safe, requires no specialized equipment, and is highly visual (Karcher, 2002; Basu et al., 2004; Wang et al.,
2005). Hence, we used this system to evaluate the dCas9 constructs. We focused on two versions of a
promoter available at the laboratory that is the glycine max ubiquitin promoter (GmUces, 1133 bp length) and
its truncated version GmUcesMin (GmUcesMin, 170 bp length) — (Figure 14 A). Previous studies suggested
that distance of the specific sgRNA to transcription start site (TSS) might influence the transcription
regulation of the gene of interest. Whilst some studies have reported that a specific sgRNA binding distance
from TSS corroborates with higher target gene expression (Gilbert et al., 2014; Radzisheuskaya et al., 2016),
others have pointed that dCas9 might generate steric hindrance, and thus interfere the transcriptional
machinery activities (Larson et al., 2013; Hilton et al, 2015). We integrated these parameters for the selection
of three sgRNAs. We also wished to assess the impact of the regulatory elements in a promoter on the
efficiency of the CRISPR-based strategy. Hence, in silico analysis conferred the transcription regulatory
sequences along both GmUces promoters. Based on the in silico analysis, we mapped the whole sgRNAs
candidates in the GmUces and GmUcesMin and selected three sgRNAs. The sgRNA1 targets the region at
-56 bp from TSS and located both GmUces and GmUcesMin. The sgRNAZ2 targets a region close to the TSS
(+18 bp) in GmUcesMin. The sgRNAS targets a region in the 5’UTR at +273 bp from the TSS (Figure 14 A,

Table S1).
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Figure 14. Testing das9 constructs in a GUS reporter system. (A) Schematic representation of
GmUcesMin and GmUces promoters with regulatory boxes (colors) and sgRNA positions (black-
white squares). Mock represents seedlings transiently expressing GmUces construction and GV3101
with an empty vector. (B-E) Seedlings from stably transformed dCas9 fusions were transiently
transformed with GmUceSmin and GmUceS and combinations of sgRNAs. (B, C) GUS activity was
assayed for GmUcesmin (B) and GmUces (C) Results represent means of 6 independent experiments
in which were pooled n=20 seedlings for each. Statistical analysis were performed using Student’s t-
test to confirm significance of GUS activity for each dCas9 fusion guided by one sgRNA or a
combination of two sgRNAs compared to Mock controls. Asterisks* represent values of p<0,05. Bars
indicate standard error.

To test the functionality of the transcriptional regulators directed by the selected sgRNAs, we
evaluated the efficiency of the dCas9 constructs in activating/inhibiting the uidA reporter system by
quantifying GUS enzymatic activity in a B-glucuronidase assay (Figure 14 B, C). We used agrobacterium
mediated transient expression in Arabidopsis as a simple and rapid assay (Li et al., 2010; Wu et al., 2014). ).
Arabidopsis seedlings (n=20) from lines dCas9VPR, dCas9HAT and dCas9SET were incubated with
agrobacterium carrying Ti plasmids to perform ectopic expression of GmUces-GUS or GmUcesMin-GUS in
combination with the expression of a single or two sgRNAs. All test conditions were compared to the control

(Mock) that corresponds to A. thaliana seedlings expressing transiently GUS under GmUcesmin (Figure 14
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A) or GmUces (Figure 14 B) promoters. With GmUcesMin-GUS in the dCas9VPR genetic background, GUS
activity was ~2 fold higher using sgRNAs 1 or 2, and significantly higher (~4 fold) when using the two
sgRNAs in combination. For the dCas9HAT genetic background, the higher enzymatic activity was observed
significantly for the sgRNA1 with a ~2,6-fold increase while it was ~1,9 fold for the sgRNA2. No difference
was observed in dCas9SET plants with sgRNAs 1 or 2. Nevertheless a surprising significant activation
occurred with their combination. The maximum value measured corresponded to dCas9VFR plants in
association with the two sgRNAs (Figure 14 B). We next reproduced the experiment using GmUces-GUS to
evaluate the impact of the full-length GmUces promoter on GUS expression (Figure 14 C). In this
experiment, the sgRNA1 and sgRNA3 were tested. When we performed the same assay with the GmUces,
we observed a similar activation of ~2 fold with the dCas9VPR associated with sgRNAs 1 or 3 and their
combination. With the dCas9HAT plants, the results showed a significant activation with sgRNA 1 alone. In the
dCas9SET plants, we observed a significant inhibition (2,4-fold) with the combination of sgRNAs 1 and 3,
which is the inverse from what we had observed with GmUceSmin. These results show that the sgRNAs,
their combination and their association with the dCas9 fused to the regulatory domains led to highly variable
GUS expression profiles. Under certain configurations, dCas9vPR and dCas9HAT can activate GUS
expression significantly while dCas9SET can be either an enhancer or an inhibitor.

We next were intrigued to investigate through a GUS staining assay whether the GUS expression
profile was modified in the different dCas9 genetic backgrounds (Figure 15). As previously shown, we
confirmed a variable intensity of GUS staining for all conditions compared with the control. GUS activity was
broadly higher in the roots than in the leaves of all Arabidopsis seedlings and for all conditions. The roots
had a more intense staining for dCas9VPR and dCas9HAT with almost all combinations of sgRNAs. More in
depth, we also observed the GUS activity in the hypocotyl and cotyledons in some conditions. This tendency
was particularly pronounced in the dCas9-VPR and dCas9AT plants with the combination of two sgRNAs.
Concerning dCas9HAT, the phenotype was clearer using GmUces rather than GmUcesMin. This result
suggests that dCas9VPR and dCas9HAT can modify the expression profile of a target gene in plant tissues. We
also discerned a slight decrease in the staining of the cotyledons when assessing the dCas9-SET
background with different combinations of sgRNAs

We also transiently expressed the sgRNAs and dCas9 fusions in plants stably transformed with the
promoters GmUcesMin and GmUces (Figure 15 C, D). In comparison with Figure 15 (A, B) results, the
staining showed a staining essentially only in the cotyledons, suggesting that when the promoters are
integrated in the plant’s genome, they are less or not expressed in the roots. We observed an increase in the
staining for dCas9VPR and dCas9HAT for all combinations, but once more, principally with the combination of
two sgRNAs (Figure 15 C, D). Interestingly, with the dCas9SET, we perceived that in the GmUcesMin plants,

the GUS was present in the central nerve, but it was diminished on the other regions of the leave, suggesting
46



the methyltransferase domain could be inhibiting the promoter in certain tissues (Figure 15 C, D).
These results indicate that dCas9VPR and dCas9HAT could be efficient to enhance a target gene

expression under certain conditions. The efficiency of the system depends on the association of the sgRNA
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Figure 15. GUS staining was assayed for (A, B) dCas9 fusions genetic background with transient
expression of sRNAs and GmUcesmin/GmUces::GUS constructs or (C, D) GmUcesmin/GmUces::GUS
genetic background with transient expression of sgRNAs and das9 fusion constructs. Mock represents
seedlings transiently expressing GmUces or dCas9 constructions and GV3101 with an empty vector.

and the genetic background (e.g. GmUces versus GmUcesMin). In a general manner, the use of the
promoter GmUcesMin resulted in better transcriptional regulation to enhance GUS expression. Altogether

these results encouraged us to use a similar approach for the regulation of one of the central gene

implicated in drought stress response.
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3.3 Challenging dCas9 constructs to regulate AREB1 promoter in stable Arabidopsis lines
As previously described with the design of sgRNA targeting GmUces, we also considered the
position of the TSS and the occurrence of different regulatory elements in the AREB1 promoter (PAREB1).

Our in-silico analysis revealed several regulatory elements in pAREB1 (Figure 16 A). Among the 105

existing PAM sites in pAREB1, we retained two sgRNAs: sgRNA AREB1_A is at -479 bp and the sgRNA

Kb15 14 13 12 11 1 09 08 07 06 05 04 03 02 01 0
: A | R | H H | ! i H H i A | i
(A) = Fe * wmad = ) - m e hae o
\_ sgRNA AREB1 A sgRNA AREB1 B Y
B nac CCAAT-Box ABRE [ HSE o sgRNA TSS

@ ores [ wmyc2 @ wrcy @ ce1

(B) (9]

2,4 7,0

**
**
c
O 8 i .E’ >0
[7] ’ (7]
(7] (7]
: ‘
X X 4,2
g (] *k
2 12 2
E E * %
g 0 28
= <
0
W 8
< € 14
_ O S BN RS o N RN R R

0 Col0 dCas9HAT-sgA1 dCas9HAT-sgA2 dCas9HAT-sgA3

Col0 dCas9HAT-sgA1 dCas9HAT-sgA2 dCas9HAT-sgA3

Figure 16. Challenging dCa9 constructs to regulation transcription of AREB1 by targeting pAREB1. (A)
Schematic representation of pAREB1 with drought stress regulatory elements and position of the two
sgRNAs designed. (B, C) Transcript levels of (B) AREB1 and (C) RD29A. RT-qPCR was performed in
dCas9HAT control and three lines of dCas9HAT-sgA transformed plants in normal conditions (no drought
stress). For RT-gPCR, the gene expression levels were obtained by normalizing to the transcript levels of
GAPDH and Actine. Mean and sd were obtained from three pooled biological replicates. For each gene,
the expression level in the control plants under non-stressed conditions was defined as 1.0.

AREB1 B is at +356 bp from the TSS ; sgRNA AREB1 B) (Figure 16 A; Figure S2). The two sgRNAs
were cloned in tandem in a single T-DNA and transformed in the Arabidopsis transgenic lines dCas9VFR.
dCas9HAT and dCas9SET to generate the dCas9VPR-sgA dCas9HAT-sgA and dCas9SET-sgA lines
respectively. However, gene expression results were only conclusive for dCas9HAT-sgA lines and therefore

they are the only ones shown. We verified whether the dCas9HAT-sgA could activate or inhibit the AREB1
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promoter (PAREB1) by real time gPCR in normal conditions (Figure 16 B). In each experiment, the control
is referred to the parental line dCas9HAT. We observed an increase in AREB1 expression of 1.7-fold for
dCas9HAT-sgA1 line and a significant increase 2-fold for dCas9HAT-sgA2 line, suggesting that dCas9HAT
could induce pAREB1 activity when directed by sgRNAs A and B. The gene Rd29A is very sensitive to
various abiotic stresses and is a direct target of AREB1 TF (Fujita et al., 2005; Msanne et al., 2011). We
assessed Rd29 expression in dCas9HAT-sgA and found that the three independent lines had significant
higher relative expression. However, dCas9HAT-sgA2 line had the highest expression with a 6-fold
increase. Therefore, we chose dCas9HAT-sgA2 for the rest of the study. Even if we did not obtain gene

expression results for dCas9SET-sgA lines, we also chose dCas9SET-sgA3 line for the next experiments.

3.4 dCas9HAT-sgA plants have a dwarf phenotype

During the screening of the transgenic A.thaliana lines, we noticed that all dCas9HAT-sgA lines
grew slower than the parental dCas9HAT control plants. We determined morphological measurements on
the rosette and leaves in the dCas9HAT-sgA2 and dCas9SET-sgA3 plants. As previously described, the
control is referred to the parental lines dCas9HAT or dCas9SET without the expression of the sgRNAs. Three
weeks after germination, the rosette diameters in dCas9HAT-sgA2 plants was ~3 fold significantly smaller
than the controls (Figure 17 A). No differences were found between the different dCas9SET-sgA3 plants
and the control. The leaves length, width and area in dCas9HAT-sgA 2 were respectively ~1.5, 1.3, and 1.9-
fold shorter than the control (Figure 17 B). Once more, dCas9SET-sgA leaves had comparable proportions
as the dCas9SET control. This data indicates that the biomass production is reduced in the dCas9HAT plants
expressing a sgRNA targeting the AREB1 gene. However, as we would expect, an opposite phenotype

(increased biomass) was not observed in dCas9SET-sgA3.
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Figure 17. Phenotype dCas9HAT-sgA2 and dCas9SET-sgAS lines. (A) Rosette diameter in three week-old
plants. Results represent the mean of n=13 Statistical analysis were performed using Student’s t-test to
confirm significance of dCas9-sgA2 lines compared to dCas9HAT control lines Asterisk represent values
of p<0,05. (B, C) Morphological measurements made with LeafJ plugin for IMaged in of the scanned
leaves (right) of dCas9HATsgA2 (B) and dCas9SETsgAS lines (C). Results represent data of leaf#7 of n=2
plants. Bars indicate standard error.
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3.5 dCas9HAT-sgA2 plants have enhanced drought stress tolerance

To investigate the effect of dCas9HAT-sgA2 and dCas9SET-sgA3 expression on the drought stress
response, we performed two sorts of drought stress. Severe drought stress consisted in removing plants
from soil and kept on plates at 20% humidity on the bench (Figure S3 A). In another experiment, a mild-
severe stress consisted of a water withdrawal for up to 20 days on the soil.

Inactivation of the photosystem Il followed by a loss of the chlorophyll fluorescence are
physiological indicators of drought stress. Thus, the measurement of the chlorophyll fluorescence is used
as an indicator of the plant drought stress response (Chen et al., 2016). When plants are normally
irrigated, the amounts of chlorophyll were comparable between the different dCas9 plants expressing or
not the sgRNAs (Figure 18 A, B). In contrast, 4h after severe drought stress, the amount of total
chlorophyll was 1.7-fold and 1.5-fold higher in dCas9HAT-sgA2 and dCas9SET-sgA3 respectively, compared
to the control (Figure 18 A, B). Twenty days after water withdrawal, dCas9HAT-sgA2 plants had a
significantly higher content of chlorophyll (1.3 fold) than the control, inversely from dCas9SET-sgA3 (Figure
18 A, B). Our data likely indicates that the activity of the photosystem is higher under drought stress in
dCas9HAT-sgA2. The observation of higher chlorophyll content in dCas9SET-sgA3 also suggests that this
construct maintains higher photosystem activity during drought stress, but was only observable during a
4h drought stress.

Another characteristic of the drought stress response is a decrease in the stomatal aperture to
limit water loss (Daszkowska-Golec and Szarejko, 2013). We measured stomatal width and length of
confocal images and calculated stomatal aperture (width/length) in non-stressed versus stressed plants
after 1h, 2h and 20 days. We did not notice any difference between dCas9HAT-sgA2 and the control
without drought stress, and at any time with dCas9SET-sgA3 plants (Figure 18 C, D, E). One hour after
drought stress, the stomatal aperture was 1.6-fold lower in dCas9HAT-sgA2 plants than the control (Figure
18 C). After 2h, the stomatal aperture of the control decreased almost to that of dCas9HAT-sgA2, showing
that stomatal closure is triggered more rapidly in dCas9HAT-sgA2 plants. After 20 days of stress, the
stomatal aperture was comparable with the control indicating that dCas9HAT-sgA3 do not regulate
differently the stomatal aperture during long-term drought stress. No differences were seen for stomatal
aperture Cas9SET-sgA3 plants (Figure 18 D).

To observe the phenotype during drought stress, we measured water loss rates (Figure S4 A, B).
We did not observe differences between transformed plants (dCas9HAT-sgA2 or dCas9SET-sgA3) and their
controls. However, the same experiment was performed in AREB1 over-expressing plants and areb1

mutant plants, and the same results were found between transformed and WT plants (Figure S4 C, D)
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Figure 18. Physiological analysis of drought stress response of dCas9HATsgA2 and dCas9SETsgA3 plants. (A,
B) Total Chlorophyll contents in non stressed plants, 4 hours after severe drought stress and after 20 days in
soil water stress. Results represent mean of n=6. (C, D) Stomatal aperture measurements after 2, 4 hour
severe stress and 20 days of drought stress. Results represent means of n=30. Statistical analysis was
performed using Student’s t-test co-transfromed plants to control lines. Asterisks* represent values of p<0,05.
Bars represent standard error. (E) Confocal images of stomates in dCas9HATsgA2 lines. (F) dCas9HATsgA2
pictures during stress and after rehydration
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(Fujita et al., 2005; Yoshida et al., 2010).

Finally, we performed rehydration of the plants that had undergone either a severe 6h stress
(Figure S3 B) or a mild stress on soil (Figure 18 E). We observed that after a severe stress, 85% of
dCas9HAT-sgA2 had survived compared to 50% for dCas9HAT control plants (Figure S3 B). When we
rehydrated dCas9HAT-sgA2 plants that had suffered a mild drought stress on soil, all the transformed
plants survived whereas all control plants died (Figure 18 E).

Altogether, these outcomes indicate that the dCas9HAT-sgA2 plants trigger a faster stomatal
closure in response to drought stress, conjugated with higher chlorophyll content suggesting that plants
face lower physiological stress. These physiological responses could be part of the enhanced drought
stress response shown in the recovery of dCas9HAT-sgA2 after rehydration. On the other hand, dCas9SET-
sgA3 do not show any susceptibility to drought stress suggesting that the RNP dCas9SET-sgA3 do not
impact negatively on the drought stress response. However, the observation of altered chlorophyll content

in these plants suggests the occurrence of a “side effect” of the construct on the plant physiology.

3.6 dCas9HAT-sgA2 phenotype is linked to targeted transcriptional regulation of pAREB1
To correlate the enhanced drought stress response in dCas9HAT-sgA2 plants, we evaluated

AREB1 and Rd29A expression during drought stress. We observed that AREB1 expression was increased
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Figure 19. Transcript levels of (A) AREB1 and (B) Rd29A in dCas9HAT and dCas9HAT-sgA2 plants
during drought stress. For RT-gPCR, the gene expression levels were obtained by normalizing to the
transcript levels of GAPDH and Actine. Means and SD were obtained from three biological replicates.
Asterisks indicate significant differences between the control and transformed plants (Student’s t-test
**P<0,01). For each gene, the expression level in the dCas9HAT control was defined as calibrator (1.0).
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by 2-fold and Rd29 expression was increased by 2,6-fold (Figure 19 A, B). These results suggest that
during drought stress, dCas9HAT could enhance AREB1 expression and Rd29 expression and advance

that the drought response of dCas9HAT-sgA2 plants could be linked to the increase in AREB1 expression.

4. Discussion

Our present study expands the use of dCas9 as a transcriptional regulator of targeted promoters
in plants (Piatek et al., 2015; Lowder et al., 2015, 2017; Park et al., 2017). Rather than using modulators
of the transcription to aid pol Il recruitement, we found that the use of domains that modify the epigenetic
state also modify transcription when guided by sgRNAs to promoters in plants, and were capable of
increasing drought stress response in planta. We observed that the cassette containing the dCas9 fusions
was expressed in all the tissues with variations in abundance depending on the line as shown by mOFP

expression.

Choosing the right sgRNAs

Design of functional and specific sgRNAs with minimal off-target effects has been an essential
issue since the discovery of the CRISPR-Cas mechanisms (O’Geen et al., 2015; Wong et al., 2015; Zheng
et al.,, 2016). Once the TSS location predicted, we designed sets of two sgRNAs for each targeted
promoter in both the transient transcriptional regulation and the in-planta regulation of the endogenous
promoter of pAREB1. For each promoter, we decided to target two regions located in 3’ and 5’ from the
TSS (Figures 12 A, 14 A). However, the publications relating the existence of several tools for prediction
of cis-regulatory sequences seem to agree that prediction of the TSS stays a difficult task and that
CRISPRI efficiency relies on recruiting the effector complex to the TSS (Radzisheuskaya et al. 2016;
Shahmuradov et al., 2017). As a matter of fact, Gilbert et al. (2014) found that the target area should be of
-50 to +300 bps around the TSS, while other studies using the dCas9 fused to an acetyltransferase
domain showed that targeting distal regions (>1 kb) from the promoter resulted in successful
transcriptional activation (Hilton et al. 2014). Besides predicting the TSS, our in-silico analysis predicted
several regulatory sequences and we confronted this data to the different putative positions of sgRNAs in
the sequence of our three promoters. Indeed, several studies reported that a possible steric hindrance

could interfere with endogenous regulatory elements because of the binding of the dCas9 (La Russa and
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Qi, 2015; O’'Geen et al., 2017). Therefore, based on TSS location, the position of the different regulatory
boxes and the efficiency of the sgRNA (implemented by CHOPCHOP web-tool), we chose our sets of
sgRNAs for the study. After we already had chosen our sgRNAs, some studies reported that choosing a
sgRNA for CRISPRIi/a studies, the parameters differed from CRISPR-cas editing approaches. First, while
for genome editing the sequence in 3’ of the sgRNA seems to be significant for the specificity, optimal
parameters for CRISPRi/a sgRNAs depend on all nucleotides throughout the spacer region. Also, it
seems that a sequence of 19 nucleotides is more efficient than less or more nucleotides. The differences
in specificity are accountable to several differences between the mechanisms: The structure and function
of the dCas9 fusions is different from Cas9; CRISPRIi/a targets mainly promoters, where chromatin context
is different from the coding regions, from the state of condensation to the different protein complexes
interacting in promoters; mismatches at certain positions of sgRNA leads to association/dissociation
changes, introducing a dimension of kinetic and thermodynamic dCas9 behaviors (Xu et al., 2015; Boyle

etal., 2017).

Is VPR more robust than other activators in plants?

We used the same dCas9 fused to the VPR tripartite activator that was used by Chavez et al.
(2015) in animal cells. We found that the VPR could activate expression in plant systems in the transient
assay. The increase was robust as it augmented transcription for both synthetic promoters and all
combinations of sgRNAs, and attained equal or higher GUS activities that the ones found with EDLL and
TAD activators by Piatek et al., (2015). Furthermore, with dCas9VFPR, we obtained either a better activation
with a combination of two sgRNAs (Figure 12). This result corroborates previous studies in which the
authors also found that CRISPRi/a was more performant when using two or more sgRNAs (Piatek et al.,
2015; Park et al., 2017). Moreover, we observed that the best combination resulted when using a small
synthetic promoter with two targeted regions (Figure 14). Interestingly this tripartite artificial domain
containing two viral activators (VP64 and Rta) and a vertebrate activator (p65) is able to induce the
mediator complex during transcriptional regulation in plants cells as well. Chavez et al. (2015) also tested
it in yeast, drosophila cells, and Mus musculus cells, confirming the versatility/universality of this type of
activators. Unfortunately, we did not obtain dCas9VPR plants expressing the sgRNAs AREB1 A and B, and

thus we could not test its capacity of inducing drought stress response.

Did acetylation of histones work to increase transcription?
The activation of promoters through H3K27 acetylation of histones employing dCas9r300 Core
domains has been evaluated in animal cells, showing to be more potent than activation domains (de

Groote et al., 2012; Cheng et al., 2013; Hilton et al., 2015). To our knowledge, our study is the first to
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adopt HAT domains for targeted transcriptional activation in plants. Our data showed that the use of a
plant's HAT domain could increase the activity of a reporter gene controlled by synthetic promoters
(Figure 14). We found that the activation mediated with acetylation was more important when targeted
with the single sgRNA1. Our data showed that acetylation was sufficient to increase AREB1 expression by
targeting two loci in the pAREB1 and to induce an increased drought stress tolerance in the transformed
plants. Contrastingly, while Okada et al. (2017) obtained their best activation with one single and close
from TSS sgRNA as we did with sgRNA1, Hilton et al. (2015) found that he could activate genes with
dCas9r300 and various sgRNAs at distant enhancers. This observations combined to ours suggest that
targeted transcription acetylation to activate promoters depend than only the position of sgRNAs, but in
diverse factors concerning structure of the DNA.  In relation with plants, previous studies reported that
the over-expression of histone deacetylases had a role in ABA response, and that the use of an inhibitor of
Histone deacetylases induced hyperacetylation and increased in the expression of AREB1 in peanut
(Sridah et al., 2006; Chen Su et al., 2015). These results endorse our hypothesis in which AREB1 is highly

inducible by epigenetic changes in pAREB1.

dCas9HAT combined to sgA caused an effect on size

The stable integration of the dCas9HAT accompanied by sgRNAs targeting pAREB1 also showed a
strong phenotype in which the plants were significantly smaller at the vegetative state (Figure 17).
Although previous studies showed that the over-expression of AREB1 and its constitutive form
AREB1AQT had smaller phenotypes and the areb? mutants had larger rosettes (Fujita et al., 2005), the
dCas9HAT-sgA2 co-expression presented even smaller rosette sizes. These differences could be explained
because of the possible side effects of the expression of dCas9HAT- and sgRNAs. Some publications have
assessed the off-target activity of dCas9 (Xu et al., 2015; Boyle et al., 2017) that could result on affecting
phenotypes. Moreover, HAT domains have been found to catalyze acetylation of other histones and
proteins, being able to regulate different biological processes (Enriquez et al., 2016). Likewise, one
hypothesis that has not been tested is if targeting promoters could influence the expression of neighboring
genes. For instance, AREB1 is situated in a region in the chromosome 1 surrounded by several CDS for
other genes, where a hAT-like transposase family (AT1G45832.1) is concatenated and could be probably

sharing regions of the same promoter.

Was the methylation mediated by dCas9SET specific?
Anterior studies showed that the fusion of dCas9 with KRAB repressor domain induced gene
repression through H3K9me3 in human cells (de Groote et al., 2012; Thakore et al., 2015). Additionally,

H3K27me3 marks have been highly associated with repressive marks in animals and plants (Tie et al.,
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2009; Thorstensen et al., 2011; Hosogane et al., 2016; Moody et al. 2017). We hypothesized that the
fusion of a dCas9 with a plant SET methyltransferase domain from AtCLF (Saleh et al., 2007) could inhibit
transcription by introducing H3K27me3 in targeted promoters. However, our results were contrasted in
both transient and stable assays. We observed that the dCas9SET could either inhibit or activate GUS
activity in independent experiments of the transient assay (Figures 14, 15). A similar result was observed
when addressing the drought stress response of lines co-expressing dCas9SET and sgRNAs targeting the
AREB1 promoter. Indeed, the phenotypes were also contrasted, with some lines exhibiting a normal
drought stress response, and other lines displaying a better tolerance to drought stress. During the time in
which we were performing our assays, O’Geen et al. (2017) published an approach in which they included
a dCas9 fused to full length Ezh2 and another fusion with only the SET domain of Ezh2, a writer of
H3K27me3. They found that only the full length of Ezh2 could deposit H3K27me3 at the targeted promoter
and that the SET domain alone could not deposit other H3K9me2 or H3K9me3 marks, suggesting that the
rest of the Ezh2 residues besides the SET domain are necessary to produce the exact H3K27me3. Our
fusion consists of the dCas9 with the SET catalytic domain alone. However, our results showed that our
fusion could either inhibit or activate depending on the scenery or the expression lines. Therefore, we
advance different conjectures: (1) our dCas9SET is inhibiting in some cases because of the steric
interference with other regulatory elements; (2) because of the lack of the entire AtCLF protein that directs
the deposition of methylation marks, our dCas9SET domain could be depositing other marks; for example,

H3K4me, H3K36me and H3K79 me are associated with active transcription.

Was dCas9 able to induce Drought Stress response?

Previous studies by Park et al. (2017) showed that CRISPRa with VP64 activators of AVP1
resulted in similar phenotypes as AVP1 over-expressors and enhancement of drought stress response.
However, no physiological measurements were accomplished. Our study revealed that CRISPRa of
AREB1 with dCas9 fusion to HAT domain resulted in a better drought stress tolerance during water
withdrawal and after rehydration (Figure 18, Figure S3). Chlorophyll degradation can be used as an
indicator of drought stress response as it leads to ROS production and cell death (Hortensteiner et al.,
2011; Misyura et al., 2013). Chlorophyll contents were higher in dCas9HAT line after 4h severe stress and
20 days in soil stress, suggesting that dCas9HAT-sgA could inhibit chlorophyll degradation during drought
stresses. Yoshida et a. (2010) stated that AREB1 may be partially associated with stomatal closure under
conditions of drought stress. Our data showed that all plants (transformed and control) close their
stomates after severe drought stress very rapidly, but interestingly dCas9HAT-sgA2 line closed the
stomates faster than the rest of the plants, reinforcing the drought stress response of these line. Finally,

dCas9HAT-sgA2 plants were the only ones to remain alive after dehydration and rehydration. All these
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results confirm that the increase in AREB1 expression mediated by a dCas9HAT guided by sgRNAs to

pAREB1 could mediate drought stress response.

CRISPRI/a results are difficult to anticipate

Our study presented unexpected results at different layers. In the transient assay for GmUcesMin,
while for dCas9VPR we observed a synergistic effect for the combination of sgRNAs, we only observed an
increase for dCas9HAT for individual sgRNAs. We also expected less that we would obtain an activation
with the dCas9SET in GmUcesMin and inhibition in GmUces when using a combination of two sgRNAs
(Figure 14). In the same line of thought, dCas9SET-sgA lines presented total chlorophyll than the control
after 4 hours of stress, while they did not show this behavior after 20 days of stress. As stated before, the
unexpected results with dCas9SET could be explained because of the non-specific deposition of
methylation marks, but other more complex factors should be considered. CRISPRi/a is a synthetic
mechanism relying on the interaction of an engineered protein that does not exist in the host organism
with chromatin structure and other protein complexes. Chromatin on its side has a complex structure with
different states regulated by diverse biochemical and biophysical mechanisms. In conjunction with
promoter regulation, the genome carries enhancer regions that also contribute to transcription regulation.
The genome has a three-dimensional structure that has roles in the organization and function of the
nucleus (Pombo et al.,, 2015; Keung et al., 2015; Bonev et al.,, 2016). This complexity makes that
synthetically modifying this structure can produce unexpected results. Future studies should focus on
understanding the relation between the fusions of dCas9 with the 3D structure and the proteins around
chromatin if biotechnological products are to be created. For example, in an interesting approach, Dreissig
et al., (2017) utilized the dCas9 fused to eGFP/mRuby?2 to visualize telomeric movements in live leaf cells

of N. benthamiana.

Concluding remarks

To date, the common strategy is based in the introduction of one only gene preceded by strong
constitutive promoters, strategy that already showed positive results with the amelioration of many
drought-resistant crops with enhanced parameters such as survivability, relative yield, biomass and others
(Hu and Xiong, 2014). However, this strategy is limited because it relies on modifying only one pathway in
a non-controlled manner. The possibility to use dCas9 fusions with different sgRNAs targeting diverse
promoters opens the opportunity to expand the enhanced traits or tune at different points in a pathway.
Besides engineering the Cas9, other groups used a synergestic activation mediator (SAM), a modification

of the sgRNA to form a scaffold RNA (scRNA) containing an MS2, PP7, com or PUF binding site RNA
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hairpins, that each recruit other activator or repressor proteins. These mechanisms have been labelled as

CRISPR2.0 and allow to target and tune up/down different promoters at the same in the same cell

(Konermann et al., 2013; Zalatan et al., 2015) or even for more complex regulatory devices and circuits

with on/off systems (Nielsen and Voigt, 2014; Kiani et al., 2014).

Our approach is among the first ones

used in plants to propose solutions for the obstacles that agriculture will face in the future.

5. Supplemental Information

Table S1. sgRNAs used during this study

sgRNA Target name Target sequence PAM Location (from TSS)
sgRNA 1 GmUcesMin/GmUces GATTGATTTAAATCAATTTT AGG -107 bp

sgRNA 2 GmUcesMin GCAAAATGTCCCTTTTTGGT TGG -9 bp

sgRNA 3 GmUces GATACGCGTTCAGATCTGAA AGG +226 bp
sgRNA-AREB1_1 AREB1 promoter GTTCAGATCCAGTTATTAGG TGG -25bp
sgRNA-AREB1_2 AREB1 promoter GGATTTGTCCAAGCAACATT TGG -883bp
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6. Publication
Considering that we observed good results for the lines containing dCas9HAT, we decided to submit a

first publication concerning only the activation with the HAT domain.

Improved drought stress tolerance in Arabidopsis by CRISPR/dCas9 fusion with an Histone Acetyl

Transferase

Joaquin Roca Paixao'.2*§, Frangois-Xavier Gillet *, Thuanne Pires Ribeiro?, Caroline Bournaud?, Isabela

Tristan Lourenco!, Janice de Almeida Engler2 and Maria Fatima Grossi de Sa'

LIMPP, Embrapa Genetic Resources and Biotechnology, Parque Estagao Bioldgica, Brasilia, DF — Brazil
2 INRA, Université Cote d'Azur, CNRS, ISA, France.
*Authors contributed equally to the work.

§Corresponding authors: E-mail: joaquinfrp@gmail.com, fatima.grossi@gmail.com

Abstract

Drought episodes decrease plant growth and productivity that in turn represent an elevated economic
cost. Plants naturally sense and respond to water stress by activating specific signaling pathways leading
to physiological and developmental adaptations. Genetic manipulations of the genes belonging to these
pathways could improve the tolerance of plants against drought. The ABA-responsive element binding
protein 1 (AREB1)/ABF2 (ABRE binding factor) is a key positive regulator of the drought stress response.
We investigated whether a CRISPR activation (CRISPRa) system that targets AREB1 might contribute to
improve drought stress tolerance in Arabidopsis. The Arabidopsis histone acetyltransferase 1 (AtHAT1)
promotes gene expression activation by switching the chromatin into a relaxed state. We generated stable
transgenic plants expressing the chimeric dCas9-HAT. We first showed that the CRISPRa dCas9-HAT
mechanism increased the activity of the promoter controlling the beta-glucuronidase reporter gene. We
next set up the CRISPRa dCas9-HAT system to activate the endogenous promoter of AREB1. Plants
showed a dwarf phenotype. Our qRT-PCR experiments indicated that both AREB71 and RD29A, a gene
positively regulated by AREB1, exhibited higher gene expression compared to the control. Plants

maintained higher chlorophyll content and stomatal aperture under water deficit in addition to a better
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survival rate after a drought episode. Altogether we report that CRISPRa dCas9-HAT is a valuable

biotechnological tool to improve drought stress tolerance through the positive regulation of AREB1.

Keywords: Drought stress, CRISPRa, dCas9, Epigenetics, Histone Acetyltransferase

Introduction

Improving agronomical traits in plants against biotic and abiotic stresses to increase their
economic value is a perennial concern. The consciousness about climate change and global warning
embodies the need to carry out some efficient and sustainable solutions. In several countries, a current
important issue is to maintain plant performance while facing a drought episode (Lobell et al., 2007, 2012;
Zhang et al., 2013; Alizadeh et al., 2014). Drought varies spatially, temporally and in strength. Accordingly,
plants have diversified their response and evolved toward the emergence of multiple morphological and
physiological behaviors (Fahad et al., 2017, Tiwari et al., 2017). These behaviors comprise the
combination at different degrees of drought escape, avoidance and tolerance. One driving motivation in
drought resistance crop management is to harness genetic traits that improve these behaviors whilst
ensuring high agronomical value. Several efforts have been made in this field of research. Conventional
breeding and transgenic approaches showed improved drought stress tolerance in plants such as maize,

soybean, rice and wheat (Ashraf, 2009; Wani et al., 2017).

Transcriptional studies have begun deciphering the cellular pathways that orchestrate the drought
stress response (Nakashima et al., 2014; Singh and Laxmi, 2015). Physiological traits of drought
resistance are mainly driven by hormonal control in plants. Abscissic acid (ABA) is a key regulator of
drought stress response in plants by controlling stomatal closure (to prevent water losses by transpiration)
and regulation of gene expression (Osakabe et al., 2014). The bZIP transcription factors, termed ABA-
responsive element binding proteins (AREB)/ABF (ABRE binding factor), are important determinant in
ABA signaling (Nakashima et al., 2014). The over-expression of AREB1 (also named ABF2) showed
enhanced drought stress tolerance in Arabidopsis, rice and soybean, while areb? loss of function
displayed drought stress sensitivity (Oh et al., 2005; Fujita et al., 2005, 2013; Yoshida et al., 2010;
Barbosa et al., 2013; Todaka et al., 2015). Indeed, AREB1 regulates a large set of genes downstream of
the ABA signaling in response to drought stress (Yoshida et al., 2010), which participates in osmotic stress
protection, ABA biosynthesis or antioxidant signaling (Fuijta et al., 2005; Li et al., 2013). Thus, AREB1

represents one attractive candidate gene to improve the drought stress response.

With the promising avenues of research in targeted plant genome editing using nucleases, the

possibilities to create new plant varieties to overcome the different challenges and demands have notably
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augmented (Kumar and Jain, 2014; Abdallah et al., 2016; Malzahn et al., 2017). Beyond genome editing,
CRISPR is currently repurposed for genome to accomplish CRISPR activation (CRISPRa) and CRISPR
interference (CRISPRI) (Brocken et al., 2017). The catalytically inactive form of Cas9 (dead Cas9, dCas9
for short) could be engineered in fusion with some chromatin modulator domains allowing a change in the
chromatin conformation (Hilton et al., 2015; Liu et al., 2016; Dominguez et al., 2016). Histone
acetyltransferase (HAT) catalyzes the acetylation of core histones through the addition of an acetyl group
to the lysine residue on the terminal tail of histones (Schneider et al., 2013). Histone acetylation triggers
DNA relaxation and leads to the exposition of the DNA to the transcriptional machinery (Eberharter and
Decker, 2002). Thus, the HAT activity is correlated to gene expression activation. In such a way, the use of
dCas9 in fusion with HAT (dCas9HAT) and combined with the directed targeting of sgRNA’'s appears
promising for positively regulating a targeted gene promoter activity (Bordoli et al., 2001; Deng et al.,
2007). Exploring the possibility of CRISPR/dCas9 epigenome editing represents an important advance
and opens the door for more flexible approaches to tune gene expression by directly targeting specific

promoters of desired genes of interest.

In our study, we asked whether an engineered dCas9HAT could efficiently enhance AREB1 gene
expression in Arabidopsis thaliana in response to drought stress. We first generated stable Arabidopsis
transgenic lines expressing dCas9 in fusion with the core catalytic domain of an Arabidopsis HAT. We next
validated our CRISPR system using sgRNA targeting a GUS reporter system. Finally, we transformed our
dCas9HAT with a construct containing sgRNAs that allowed targeting of the AtAREB71 promoter and
observed by a molecular and physiological approach an enhanced response to drought stress in these

transgenic plants.

Results and Discussion

Generation of Arabidopsis transgenic lines expressing dCas9HAT

We first designed the dCas9HAT construct to assay transcriptional regulation of the gene of
interest. The catalytic core from the Arabidopsis Histone Acetyl Transferase 1 gene (AtHAC1, AT1G79000)
was fused in the n-terminal part of the dCas9 and cloned in a modified version of the plant binary vector
pGreenll (Figure 1A, table S1). The T-DNA was designed to perform two rounds of plant transgenic
selection based on antibiotic resistance (i.e kanamycine) and the level of a fluorescence reporter gene (i.e
a nuclear mOrange fluorescent protein, mOFP). Once positive transformants were selected, fluorescence
intensity was assessed by confocal microscopy (Figure 1B). The fluorescence corresponding to mOFP
could be seen all over the roots and leaves, at higher intensity in the nucleus. Some lines displayed

stronger fluorescence, suggesting that the cassette was inserted in an active region of the genome for
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gene expression. Among these lines, the occurrence of the dCas9 construct was checked by PCR (Figure
S1), and their expression by gPCR (Figure 1C). The transgenic lines dCas9HAT number 2 had the highest

mOFP and dCas9 expression and was retained for this study (named thereafter dCas9HAT).

Challenging the dCas9 constructs in a GUS reporter system

To evaluate the dCas9 constructs, we set up a surrogate reporter system based on the regulation
of the uidA (GUS encoding for the B-glucuronidase) reporter gene expression. We used a 170-bp minimal
truncated version of a Glycine max ubiquitin promoter (accession number) herein designated GmUcesMin
(Fragoso et al., non-published; Zhang et al., 2015). We selected two sgRNAs nearby to the transcription
start site (TSS) of GmUcesMin (Figure 2A, table S2). The efficiency of the dCas9HAT in activating the uidA
reporter system was quantified by GUS enzymatic activity. Seedlings of stably transformed Arabidopsis
lines expressing dCas9HAT were incubated with Agrobacterium carrying Ti plasmids to perform a transient
ectopic expression of GmUcesMin-uidA in combination with the expression of a single or two sgRNAs.
The higher enzymatic activity was significantly observed for sgRNA1 with a ~2,4-fold increase and ~2-fold
significant increase for sgRNA2, while it was of ~1,4 fold higher for the combination of the two sgRNAs.
This result indicates that the expression of dCas9HAT-sgA enhanced in trans the GUS gene expression.
Remarkably some substantial differences were noticed depending on the location of the sgRNA and/or
their combination. Previous studies suggested that the distance of the specific sgRNA from TSS might
influence the transcription regulation of the gene of interest. Whether some studies have reported that a
specific sgRNA binding distance from TSS corroborates with higher target gene expression (Gilbert et al.,
2014; Radzisheuskaya et al., 2016), others have pointed that dCas9 might generate steric hindrance, and

thus interfere transcriptional machinery activities (Larson et al., 2013; Hilton et al, 2015).

We performed the expression profile of GmUcesMin-iudA by GUS staining (Figure 2C). Since
dCas9HAT and the sgRNA are supposed to be broadly expressed in the whole Arabidopsis plant, we would
expect to observe GUS activity in any tissue. Conversely, GUS activity was restricted in roots and was
higher in transgenic plants compared to the control. Hence the transgenic plants differ from the control
only by their intensity. The mapping of different regulatory boxes in GmUcesMin led us to hypothesize that
some root specific transcription activators might trigger GUS expression specifically in roots (Figure S2).
These results suggest that dCas9HAT in combination with sgRNA enhances gene expression but do not
activate their expression in other tissues. Notably Zhang et al. (2015) previously reported that the full
length of GmUcesMin (called GmScreamM2, lenght 1391 bp) triggers gene expression principally in
soybean seeds. It is tempting to postulate that the truncated form of GmUcesMin or our expression

conditions might favor the expression of a target gene in roots.
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Molecular and phenotypic characterization of dCas9HAT-sgA

We next inquired whether AREB1 gene expression could be regulated by dCas9HAT. We designed
two sgRNAs to target the endogenous promoter of AtAREB1 (Figure 3A). One is located at 3' from the
TSS (-479 bp) and the second is in the 5UTR (+356 bp). The two sgRNAs (sg-pAREB1.1 and sg-
pAREB1.2) were cloned in tandem within a single T-DNA and transformed in the Arabidopsis transgenic
lines dCas9HAT to generate the dCas9HAT-sgA. We verified the AREB1T gene expression by real time gPCR
in three transgenic lines (Figure 3B). In each experiment, the control is referred to the parental line
dCas9HAT, We observed a slight but significant increase in AREB1 expression of 1.7-fold for dCas9HAT-
sgA1 line and 2-fold for dCas9HAT-sgA2 line compared to the control, suggesting that targeting dCas9HAT
to the AREB1 gene could trigger its reading. RD29A gene is positively regulated by AREB1 and is a
reference reporter to monitor AREB1 activity (Fujita et al., 2005; Msanne et al., 2011). We found that
RD29A gene expression is significantly higher in the three dCas9HAT-sgA2 lines. The dCas9HAT-sgA2 line 2
had the highest expression (6-fold increase) and was selected for further morphological and physiological
analyses. Three weeks after germination, the rosette diameter in dCas9HAT-sgA2 plants was ~3 fold
smaller than the control (Figure 4A, Figure S3A). The leaves length, width and area in dCas9HAT-sgA were
respectively ~1.5, ~1.3, and ~1.9-fold shorter than the control (Figure S3 B, C), suggesting the mutant
caused a dwarf phenotype under normal plant growth conditions. Altogether these results revealed some
similarities to plant phenotype responding to drought stress. Without water deficit, AREBT is slightly
positively regulated indicating that dCas9HAT activates AREB1 beyond a drought context. The activation of
promoters through H3K27 acetylation of histones employing dCas9r300 Core domains has been evaluated in
animal cells, showing to be more potent than activation domains (de Groote et al., 2012; Cheng et al.,
2013; Hilton et al., 2015). Interestingly, previous studies reported that the over-expression of histone
deacetylases (HDACs) had a role in ABA response, and that the use of an HDAC inhibitor induced
hyperacetylation and increased AREB1 gene expression in peanut (Sridah et al., 2006; Chen Su et al.,
2015). Our findings suggest that histone acetylation by dCas9HAT in AREB1 loci is a determinant

parameter in its expression and allows local chromatin rearrangement.

dCas9HAT-sgA plants have enhanced drought stress tolerance

We next analyzed the efficiency of dCas9HAT activator at a molecular level by measuring the gene
expression of AREB1 and RD29A under drought stress. AREB1 and RD29A gene expression was
significantly increased by ~2-fold and ~2,6-fold in dCas9HAT-sgA2 plants (Figure 4 A). This data suggest
that the drought stress response is enhanced in dCas9HAT-sgA2 line. We next investigated the

physiological traits of transgenic Arabidopsis seedlings during drought. We performed two drought
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conditions. A severe drought stress (SDS) consisted in removing plants from soil and kept on plates at
20% humidity on the bench. In another experiment, a mild-severe stress (MSDS) consisted to a water
withdrawal up to 20 days. One physiological indicator of the drought stress is the inactivation of the
photosystem Il followed by a loss of the chlorophyll fluorescence (Chen et al., 2016). The measurement of
the chlorophyll fluorescence was used to monitor the plant drought stress response. When plants were
normally irrigated, the amounts of chlorophyll were comparable between dCas9HAT-sgA2 and the control
(Figure 4B). In contrast, 4h after SDS, the amount of total chlorophyll was 1.7-fold higher in dCas9HAT-
sgA2. After twenty days of MSDS, dCas9HAT-sgA2 plants had a significant higher content of chlorophyll
(1.3 fold) than the control. Our findings likely indicate that the activity of the photosystem is higher under
drought stress in dCas9HAT-sgA2.

Another characteristic of the drought stress response is a decrease in the stomatal aperture to
limit water loss (Daszkowska-Golec and Szarejko, 2013). We measured stomatal width and length by
confocal images, and calculated stomatal aperture (width/length) in non-stressed versus stressed plants
after SDS (1h, 2h) and MSDS. In dCas9HAT-sgA2 without drought stress, the stomatal aperture was
comparable to the control. However, 1h after drought stress, the value was 1.6-fold lower in dCas9HAT-
sgA2 plants than in the control (Figure 4 C). After 2h, the stomatal aperture was still significantly lower in
dCas9HAT-sgA2, even though control plants closed the stomata between 1h and 2h of stress. Yet, our data
revealed that stomatal closure is triggered more rapidly in dCas9HAT-sgA plants. After 20 days of stress the
stomatal aperture was comparable with the control, suggesting that dCas9HAT-sgA2 does not regulate
differently the stomatal aperture during a long-term drought stress. Our results indicate that the expression
of dCas9HAT-sgA2 led to a faster stomatal closure after a severe drought stress and corroborates with a
previous study stating that AREB1 may partially be associated with stomatal closure (Yoshida et al.,

2010).

Finally, we performed a survival assay consisting to analyze the ability of transformed plants to
recover after SDS and MSDS (Fig 4 E; Figure S5). When SDS was applied and after 48h of rehydration,
we observed that 85% of dCas9HAT-sgA2 had a significant total recovery whereas only 50% of control
plants were still alive. However, after 96h of re-hydration, only the transgenic plants showed a total
recovery (Fig. 4 E). When we submitted the plants to MSDS and then rehydrated for 48h, we observed
that all the transgenic plants survived, whereas all the controls died (Figure S5). Altogether, our data

indicate that dCas9HAT directed to AREB1 loci improve Arabidopsis drought response.
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Conclusion

Further than using modulators to aid the recruitment of RNA polymerase (Pol Il) transcription
machinery, the use of domains that modify the chromatin folding is also an interesting mean to fine-tune
gene expression. The expression of the dCas9HAT could unwind the chromatin and allow the formation of
the transcriptional machinery. This approach has been demonstrated in animals and we herein report its
feasibility in plants. Our main result is that dCas9HAT positively regulates AREB1 and provides an
enhanced drought stress response. It is noteworthy that dCas9HAT activity depends on the cellular context.
The enhancer effect of dCas9HAT is stronger when the drought stress response is activated. The finding
suggests that the chromatin folding in AREB1 locus constitutes a regulatory mechanism for AREB1 gene
expression. We also notify that GUS expression varies according to the position and the number of
sgRNAs used. Having a better understanding of the chromatin context for a specific locus will help for the

rational design of CRISPRIi/a strategies.

Experimental procedures

Plasmid construction and sgRNA design

The sequence coding for A. thaliana acetyltransferase domain were gathered from TAIR, from the protein
HAC1 (AT1G79000- Amino acids (AA) between 1119 to 1408), synthesized (EPOCH) and cloned in a
vector containing the sequence coding for the dCas9 ((plasmid #63802, George Church lab). The cassette
containing dCAS9-HAT was cloned into pGREEN KIlI (pGKIll_dCas9-VPR) vector containing Neo/KanR
selection and a sequence coding for the orange fluorescent protein (OFP). The sgRNAs were designed

and screened using chopchop ( http://chopchop.cbu.uib.no). The promoter sequence of AREB1

(AT1G45249.3) was subtracted from SeqViewer tool in TAIR site and the sgRNAs targeting AREB1
promoter (sg-pAREB1.1 and sg-pAREB1.2) were designed at -479 bp bp and +356 bp from the predicted
TSS (approximately 25 bp downstream TATA box). A second vector was designed containing two
cassettes for sgRNA expression, with sg-pAREB1.1 and sg-pAREB1.2 controlled by the U6 promoter, and
containing a sgRNA scaffold. Box sequences were designed at the edges and the middle of each sgRNA
template, called Gibson boxes (Gibson, 2009) to facilitate amplification and cloning. The sgRNAs targeting
GmUcesMin promoter were chosen to have two different locations around the TSS. The sgRNA templates

were amplified in a three step PCR with a pair of primers in the Gibson boxes (extremities), and a second
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pair spanning the new 20-nt sgRNA and 20-nt in the template (Table S3). Each sgRNA template was sub-

cloned into Smal linearized pGKI110229.

Plant material, growth conditions and stable transformation

Col-0 A. thaliana seeds were surface-sterilized and germinated in vitro in Murashige and Skoog (MS)
medium including vitamins (with or without selection agents). After stratification (2 days at 4 °C), they were
germinated and grown under a 12-hour photoperiod growth chamber at 21 °C. Alternatively, plants were
sown on soil/sand mixture, stratified and grown under 16h photoperiod in a growth chamber at 21 °C. The
constructs were transferred into Agrobacterium tumefaciens GV3101 via heat-shock (30 min at 0°C, 5 min
at 37°C and 2 h at 28° C in Luria-Bertani (LB) medium) (Holsters et al., 1978). The floral dip method was

used to transform the A. thaliana plants (Clough and Bent, 1998).

Transient expression in A. thaliana seedlings

Transient expression in Arabidopsis seedlings was adapted from the FAST and AGROBEST protocols (Li
et al., 2017; Wu et al., 2014). Briefly, 20 seedlings were stratified and germinated in 2 MS in 96 well
plates. After 4 days in growth chamber (12h photoperiod, 21 °C), seedlings were co-incubated with
Agrobacterium tumefasciens strain GV3101 (OD600 = 0,2) carrying different constructions allowing the
expression of GmUcesMin-GUS, sg-UcesMin.1 and/or sg-UcesMin.2. The co-culture medium consisted to
a combination of 50% %2 MS, 0,25% sucrose and 50% ABMES salts medium (17,2 mM K2HPOg4, 8,3 mM
NaH2PO4, 18,7 mM NH4Cl, 2 mM KCI, 1,25 mM MgSOg4, 100 uM CaClz, 10 yM FeSO4, 50mM MES, 2%
Glucose, 200 uM acetosyringone (extemporaneously) at pH 5,5). The ratio of A. tumefaciens for each
construct was identical corresponding to a third of the bacterial population in the inoculum. In the
experimental conditions testing the expression of one single RNA or the mock control (without sgRNA),
the corresponding A. tumefaciens strain was replaced by that expressing the empty vector. After two days
of co-cultivation, a part of the seedlings (5 from 20) were washed in distilled water for GUS staining. The
rest of the seedlings were put on MS with Carbenicillin (100 ug/mL) for 1 day and then collected for GUS

activity assay.

GUS staining and GUS activity assays

B-glucoronidase (GUS) histochemical staining was performed by adding X-Gluc solution (2mM X-Gluc
((5-bromo-4-choloro-3-indolyl) B-D-glucuronic acid) in 50 mM Na2HPO4, pH 7.0 and 0,1% Triton X-100 ) to
A. thaliana seedlings for 10 hours at 37 °C. Seedlings were discolored in ethanol 70% overnight and

observed using bright field optics under a digital camera (Olympus MVX10). GUS activity was monitored
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by a fluorometric GUS enzymatic assay adapted from Jefferon et al., 1989. The total soluble protein was
extracted with a GUS extraction buffer (50mM sodium phosphate buffer, 10mM EDTA, 0,1% Sarcosil, and
0,1% Triton X-100; 10mM B-mercaptoethanol) and quantified using the Bradford Method (Bradford, 1976).
The assay was carried out by adding 20 ug of total soluble protein with 1mM 4-MUG (4-methyl-
umbelliferyl-glucuronide) fluorogenic substrate (excitation: 356 nm; emission: 455nm) and sampling 200
ML into a stop buffer (Sodium carbonate 0,2M) at different times. A standard dilution curve was
accomplished with different concentrations of 4MU (4-methyl umbelliferone). The fluorescence was

measured using the fluorometer Spectramax M3 (Molecular devices).

In silico analysis of GmUcesMin promoter

The presence of cis-acting elements GmUcesMin promoter was examined using the bioinformatics tool
Matlnspector version 8.0 (Genomatix®) using “plants” as matrix group, “0.85” as the value for the
similarity of the main bases that constitute each cis-acting element (core similarity), and “Optimized +1” as

the value for the similarity matrix (similarity matrix) (Cartharius et al., 2005).

Gene expression

RNA extractions from Arabidopsis thaliana leaves were performed with Concert ™ Plant RNA Reagent kit
protocol (Invitrogen) following the manufacturer’s protocol.

For cDNA synthesis, the following reagents were added in a 0,2-mL tube: 1 pg total RNA, 1 pL of 10uM
NV-dT30 (2uM), 1pl of 10mM dNTP (2mM), Milli-Q water g.s.p 12uL. The reaction was then incubated at a
temperature of 65°C for 5 minutes. Then 4 pl of Buffer First Stand Buffer 5X, 0.1M DTT and 1 ul of RNAse
Out were added and the reaction was incubated at a 37°C for 2 minutes. Finally, 1 pyL of the MMLV
enzyme was added to the reaction followed by incubation at 37°C for 50 minutes and inactivation of the
reaction for 15 minutes at 70°C. The cDNAs obtained in the previous step were diluted 1:20 and used for
analysis of the differential expression of AREB1, RD29A and dCAS9 genes by real-time PCR in biological
and experimental triplicates. The qPCR reaction followed the following proportions: 2 uL of cDNA (1:20), 5
pL of 2X GoTag qPCR Master Mix Sybr Green and 0.5 pL of each pimer and 2 pL of water to a final
volume of 10 uL in CFX96 Biorad equipment. GAPDH (AT1G16300) and Actine2 (AT3G18780) were used

as reference genes for relative quantification with the 2*(AACt) method (Pfaffl, 2001).

Drought stress, morphologic and physiologic measurements
Transgenic A. thaliana seeds were sown in pots completed with the same amount of soil/sand, and

watered always with the same volume of water. After one week, plants were transferred to pots containing
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three transformed plants and three control plants. For mild-severe drought stress (MSDS), approximately
after 3-4 weeks, soil was water-saturated and plants were kept without watering. After 25 days, plants
were rehydrated for survival rate measurements. Rosette radius measurements and scanning of the
leaves for leaf morphology were performed in three-weeks-old plants. Leaf morphology was performed as
described by Maloof et al. (2013) with the aid of LeafJ plugin for ImagedJ (Schneider et al., 2012). A more
severe water withdrawal (SDS) was performed by removing whole plants or cutting the rosettes and
placing them on the bench for different amount of times depending on the experiment. Whole rosette
dehydration during SDS was achieved by cutting rosettes of three-weeks-old plants and weighing hourly.
For survival rates, whole plants were removed from soil without harming the roots and SDS for was
applied for 6h in the bench. Plants that survived were counted after rehydration for 48h. Stomatal aperture
was assessed from stressed-leaves for a period of 2h, 4h or 20 days. Confocal images of stomata were
acquired with equal settings and processed with Zeiss confocal fluorescence microscope 100M using the
software package LSM 510 version 3.2. The width and the length of the stomatal aperture were captured
by confocal and measured by the ratio width to length. For chlorophyll content, total chlorophyll was
extracted from leaves after treatment of 24h in 80% acetone. After centrifugation at 12,000g for 5 min,
absorbance was measured at wavelengths 645 and 663 nm with a spectrophotometer. Chlorophyll
concentration was estimated following Arnon’s equations (Chlorophyll a (ug/mL) = 12.7 (A663) — 2.69
(AB45); Chlorophyll b (ug/mL) = 22.9 (A645) — 4.68 (A663); Total chlorophyll (ug/mL) = 20.2 (A645) + 8.02
(AB63)).

Legends of the figures

Figure 1. Molecular characterization of transgenic A. thaliana dCas9HAT lines. (A) Schematic
representation of the construct allowing the selection of A. thaliana dCas9HAT lines. KanR: kanamycine
resistant gene; mOFP: monomeric Orange fluorescent protein; NLS: nuclear localization signal. (B)
Fluorescence microscopy imaging of A. thaliana leaves, primordia and roots expressing the mOFP in
nucleus in three dCas9HAT lines and compared with Col0 plants. All confocal images were acquired under
identical parameters (excitation. 549 nm /emission 565 nm). (C) Assessment of the dCas9HAT expression.
RT-gPCR was performed in Col0 and three lines of dCas9HAT transformed plants. Transcript expression
levels were normalized against the geometric mean of the housekeeping genes (GADPH and Actin2).
Mean and standard deviation (SD) were calculated from three independent biological replicates. The
values were plotted relative to the lowest expression value (excluding Col0O plants). Asterisks indicate

significant differences between Col0 and the different lines (Student’s T-test P values, **P < 0.01).
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Figure 2. Challenging dCas9HAT in a GUS reporter system. (A) Schematic representation of the
GmUcesMin promoter with the sgRNA positions (black- white squares). The TATA-box is represented by a
black square. Black and white curved arrows represent TSS and ATG codon respectively. (B) Arabidopsis
seedlings from stably transformed dCas9HAT fusions were transiently transformed with GmUcesMin in
combinations of different sgRNAs. The results represent means and SD of 6 independent experiments in
which were pooled n=20 seedlings for each. Statistical analysis was performed using Student’s t-test to
confirm significance of GUS activity for each dCas9 fusion guided by one sgRNA or a combination of two
sgRNAs compared to Mock controls. Asterisks* represent values of p<0,05. Bars indicate standard error.

(C) GUS staining was assayed for the same seedlings in GmUcesMin promoter.

Figure 3. Challenging dCa9HAT constructs towards the regulation transcription of AREB1 by targeting
pAREB1. (A) Schematic representation of pAREB1 with the two sgRNAs designed. The TATA-box is
represented by a black square. (B) Relative expression of AREB1 and (C) RD29A genes in non-stressed
plants. Transcript expression levels were normalized against the geometric mean of the housekeeping
genes (GADPH and Actin2). Means and SD were obtained from three biological replicates. Asterisks
indicate significant differences between Col-0 and transgenic plants (Student’s t-test **P<0,01). For each
gene, the expression level in the dCas9HAT control was defined as calibrator (1.0). (D) Phenotypic analysis
of dCas9HAT-sgA. Rosette diameter of three-week-old plants. Results represent the mean of n=13.
dCas9HAT control plants are represented by a — sign and dCas9HATsgA2 plants by + sign. Statistical
analysis was performed using Student’s t-test to confirm significance of dCas9-sgA lines compared to

dCas9 control lines. Asterisk represent values of p<0,05. Bars indicate standard error.

Figure 4. Molecular and physiological analyses of drought stress response in dCas9HATsgA. Transcript
levels of (A) AREB1 and (B) RD29A in dCas9HAT and dCas9HAT-sgA2 plants during drought stress.
Transcript expression levels were normalized against the geometric mean of the housekeeping genes
(GADPH and Actin2). Means and SD were obtained from three biological replicates. Asterisks indicate
significant differences between the control and transformed plants (Student’s t-test **P<0,01). For each
gene, the expression level in the dCas9HAT control was defined as calibrator (1.0). (C) Total chlorophyll
contents in non-stressed plants, 4 hours after SDS and after MSDS. Results represent mean of n=6. (D)

Stomatal aperture measurements after 2, 4-hour severe stress and 20 days of drought stress. Results
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represent means of n=30. Statistical analysis was performed using Student’s t-test co-transformed plants
to control lines. Asterisks* represent values of p<0,05. Bars indicate standard error. (E) Survival rates after
6h SDS and rehydration for 48h and 96h. Results represent percentage of survived plants from n=20.
Asterisk indicates significant difference between the control dCas9HAT and dCas9HAT-sgA2 plants (chi-
square test *P<0,05). dCas9HAT control plants are represented by a — sign and dCas9HATsgA2 plants by +

sign.

Figure S1. Detection of positive dCas9HAT Arabidopsis plants via PCR. Genomic DNA was extracted from
the leaves of selected plants to amplify the region between the dCas9 sequence and the HAT domain
sequence (1214 bp amplicon. C-, negative control; C+, positive control (PCR template is the original
dCas9HAT expression cassette used for plant transformation; M, 1.0-kb ladder (INVITROGEN" Cat. #

10787018);

Figure S2. In silico analysis of GmcUcesMin promoter. The sequence of GmUcesmin was analyzed with

Matlnspector version 8.0, Genomatix® tool and regulatory boxes were schematized.

Figure S3. Dwarf phenotype of dCas9HAT-sgA2 plants. (A) Image of 3-week-old dCas9HAT-sgA2 plants. (B)
Morphological measurements made with LeafJ plugin for IMaged in of the scanned leaves (right) of

dCas9HATsgA2 plants. Results represent data of leaf#7 of n=2 plants. Bars indicate standard error.

Figure S4. Images of dCas9HAT-sgA2 and dCas9HAT control plants submitted to MSDS and re-hydrated for
48h.
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7. Experimental procedures

Plasmid construction and sgRNA design

The vector pAWG-dCas9-VPR was obtained at Addgene (plasmid #63802, George Church lab) containing
the full-length sequence coding for the dCAS9 and the fripartite activator VPR (VP64-p65-RT65). The
cassette containing dCAS9VPR was cloned into a pGREEN KIl (pGKIll_dCas9-VPR) vector containing Neo/
KanR selection and a sequence coding for an orange fluorescent protein (OFP). The sequences coding for
A. thaliana acetyltransferase and methyltransferase domains were gathered from TAIR, from the proteins
HAC1 (AT1G79000- Aminoacids (AA) between 1119 to 1408) and Curly leaf (AT2G23380.1 -AA between
751 to 871) respectively, synthesized by EPOCH and sub cloned in the position of the VPR domain in the
pGKIll_dCas9-VPR (Figure S1). A fourth vector was designed containing two cassettes for sgRNA
expression, with sgRNA_AREB_A and sgRNA_AREB1_B controlled by U6 promoter, and containing a
sgRNA scaffold. The sgRNAs were designed with the aid of the web tool in hitp://chopchop.cbu.uib.no
(Figure S2). We predicted the TSS in the GmUcesmin GmUces by following the Y Patch and YR Rules,
where the TSS is in GmUcesmin where the 5UTR region was excluded (Yamamoto et al., 20072 b).
Promoter sequence of AREB1 (AT1G45249.3) was subtracted from SeqViewer tool in TAIR site and the
sgRNAs targeting AREB1 promoter were designed at -25 bp and -883 from the TSS (transcription starting
site). Box Sequences were designed at the edges and the middle of each sgRNA template, called Gibson
boxes (Gibson, 2009) to facilitate amplification and cloning. The sgRNA templates were amplified in a three
step PCR with a pair of primers in the Gibson boxes (extremities), and a second pair spanning the new 20 nt
sgRNA and 20 nt in the template (Figure S3, Table S1). Each sgRNA template was sub-cloned into Smal
linearized pGKIl10229.

Plant material, Growth conditions and stable transformation

Col-0 A. thaliana seeds were surface-sterilized and germinated in vitro in MS medium including vitamins
(with or without selection agents). After stratification (2 days at 4 °C), they were germinated and grown under
a 12-hour photoperiod growth chamber at 21 °C. Alternatively, plants were sown on soil/sand mixture,
stratified and grown under 16h photoperiod in a growth chamber at 21 °C. The constructs were transferred
into Agrobacterium Tumefasciens GV3101 via heat-shock (30 min at 0°C, 5 min at 37°C and 2 h at 28° C in
LB medium) (Holsters et al., 1978). The Floral dip method was used to transform the A. thaliana plants

(Clough and Bent, 2008).

Transient Expression in Arabidopsis thaliana seedlings
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Transient expression in Arabidopsis seedlings was adapted from the FAST and AGROBEST protocols (Li et
al., 2017; Wu et al., 2014). Briefly, 20 seedlings were stratified and germinated in 1/2 MS in 96 well plates.
After 4 days in a growth chamber (12h photoperiod, 21 °C), seedlings were put in contact with the different A.
tumefasciens carrying the different constructions, in a combination of 50% 1/2 Ms and 50% ABMES salts
medium (17,2 mM K2HPO4, 8,3 mM NaH2PO4, 18,7 mM NH4CI, 2 mM KCI, 1,25 mM MgS04, 100 uM
CaCl2, 10 yM FeS0O4, 50mM MES, 2% Glucose, AS 200 uM (only before co-cultivation); pH 5,5) and 0,25%
sucrose. After two days of co-cultivation, a part of the seedlings (5 from 20) were washed in distilled water for
GUS staining. The rest of the seedlings were put on MS with Carbenicillin (100 pg/mL) for 1 day and then

collected for GUS activity assay.

GUS staining and GUS activity assays

B-glucoronidase (GUS) histochemical staining was performed by adding 2mM X-Gluc solution (Galagher et
al.,, 1992) to A. thaliana seedlings for 10 hours at 37 °C. The seedlings were discolored in EtOH 70%
overnight and observations were carried out using bright field optics and images were acquired with a digital
camera (Olympus MVX10). Fluorometric GUS enzymatic assay to measure GUS activity was adapted from
Jefferon et al., 1989. The protein was extracted with GUS extraction buffer (50mM sodium phosphate buffer,
10mM EDTA, 0,1% Sarcosil, and 0,1% Triton X-100; B-mercaptoethanol was added to final concentration of
10mM) and quantified with the Bradford Method (Bradford, 1976). The assay was carried out by adding 20
Mg of protein in 4-MUG fluorogenic substrate (1mM in GUS extraction buffer) and sampling 200 pL into Stop
buffer (Sodium carbonate 0,2M) at different times. A standard dilution curve was accomplished with different

concentrations of 4MU. The fluorescence was measured in a Spectramax M3 (Molecular devices).

RNA extraction cDNA synthesis and Gene expression

RNA extractions from Arabidopsis thaliana plants were performed according to the Concert ™ Plant RNA
Reagent kit protocol (Invitrogen). 100 mg of fresh leaf tissue in liquid nitrogen were macerated in liquid
nitrogen and transferred to 500 L of the ice-cold Concert reagent (4 ° C), which were then homogenized in
vortex. Subsequently the tubes were left at room temperature for five minutes. After this time, the material
was centrifuged for two minutes at room temperature at a speed of 12,000 g, and the supernatant was
transferred to a new tube. Then 100 pyL of 5 M NaCl was added and in the sequence 300 yL of chloroform
was added and the tubes were inverted for 5 X. To separate the phases, the samples were subjected to
centrifugation of 12,000 g for ten minutes, at 4 ° C, and the upper aqueous phase was transferred to a new
tube. Thereafter, a volume equivalent to the ice-cold isopropanol aqueous phase was added and
homogenized by inversion for five seconds. Samples were kept at room temperature for ten minutes and

then further centrifuged for ten minutes at 4 ° C and 12,000 g. The supernatant was discarded, the pellet was
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washed with 1 mL of 75% ethanol and the tubes were centrifuged for 1 minute at room temperature (12,000
g). The residual liquid was removed from the tube with the pipette and the RNA was resuspended in 20 ul of
autoclaved Milli-Q water. Samples were stored at -20 ° C. Integrity of the RNA was verified by 1% agarose
gel electrophoresis and the RNA samples were quantified in nanodrop.

For cDNA synthesis, the following reagents were added in a 0,2 mL tube: 1ug of total RNA, 1uL of 10uM NV-
dT30 (2uM), 1l of 10mM dNTP (2mM), Milli-Q water g.s.p 12uL. The reaction was then incubated at a
temperature of 65 ° C for 5 minutes. Then 4 pul of Buffer First Stand Buffer 5X, 0.1M DTT and 1 ul of RNAse
Out were added and the reaction was incubated at a 37 ° C for 2 minutes. Finally, 1 pL of the MMLV enzyme
was added to the reaction followed by incubation at 37 ° C for 50 minutes and inactivation of the reaction for
15 minutes at 70 ° C. The cDNAs obtained in the previous step were diluted 1:20 and used for analysis of the
differential expression of areb, rd29 and dcas9 genes by real-time PCR in biological and experimental
triplicates. The gPCR reaction followed the following proportions: 2 uL of cDNA (1:20), 5 uL of 2X GoTaq
gPCR Master Mix Sybr Green and 0.5 pL of each pimer and 2 yL of water to a final volume of 10 pL in

CFX96 Biorad equipment.

Drought stress, morphologic and physiologic measurements

Seeds from transformed A. thaliana were sown in pots containing the same amount of soil/sand, and
watered always with the same volume of water. After one week, plants were transferred to pots containing
three transformed plants and three control plants as shown in Figure S3. Approximately after 3-4 weeks, soil
was saturated with water and plants were kept without watering. After 25 days, plants were rehydrated for
survival rate measurements. Rosette radius measurements and scanning of the leaves for leaf morphology
were performed in three-week-old plants. Leaf morphology was performed as described by Maloof et al.
(2013) with the aid of LeafJ plugin for ImageJ. A more severe water withdrawal was performed by removing
whole plants or cutting the rosettes and placing them on the bench for different amount of times depending
on the experiment. Whole rosette dehydration during severe water withdrawal was achieved by cutting
rosettes of three-week-old plants and weighing hourly. Survival rates were measured after severe
dehydration for 6 hours in the bench and plants that survived were counted after rehydration for 48h.
Stomatal aperture was assayed in leafs of plants stressed for 2h, 4h or 20 days, where leafs were collected
and stomatal images were acquired with Confocal microscope. Width and length of Stomates were assessed
with Zeiss software tools and stomatal aperture expressed by widht/lenght. For chlorophyll content, total
chlorophyll was extracted from leaves after treatment of 24h in 80% acetone. After centrifugation at 12,000g
for 5 min, absorbance at wavelengths 645 and 663 nm with a spectrophotometer. Chlorophyll concentration
was estimated following Arnon’s equations (Chlorophyll a (ug/mL) = 12.7 (A663) — 2.69 (A645); Chlorophyll b

(ug/mL) = 22.9 (AB45) - 4.68 (A663); Total chlorophyll (ug/mL) = 20.2 (AB45) + 8.02 (A663)).
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8. CRISPR Imagination

The rate of publications in CRISPR/Cas9 grew so vastly, making very difficult of a complete overview
of all the publications. The hype of CRISPR/Cas9 proof of concepts is now beginning to cease, and
laboratories around the world are using CRISPR/Cas9 as a tool, which traduces its puissance for both
fundamental and applied research. Yet, | assumed interesting to finish to main chapter of this thesis by
picturing some interesting and recent publications that used the technology in original or innovative
approaches. The objective of this sub-part is not to make an extensive review of what has been published,

but more to tinkle the reader’s imagination by describing a few authentic research papers.

Inspired by the basal mechanism of bacterial immunity which acquires virus DNA information
(protospacers) with the aid of CRISPR-cas adaptation proteins (Cas1 and Cas2) into a CRISPR array of
spacers (Figure 20), Shipman et al. (2016, 2017) described an experimental approach to record and
recreate an image of a hand and then a digital movie into living Bacteria. In a first publication, they
integrated chosen synthetic DNA sequences into E. Coli populations containing a plasmid containing the
CRISPR array to allow the cells to record chronologically the fragments inserted. Interestingly, they saw
that if including a PAM (AAG) in 5 of the integrated sequence, the protospacers were included in an
oriented manner if making serial electroporation of the sequences (Shipman et al., 2016). This was the
first step to create the first biological recorder, that they reused to record the information of a digitalized
image of a human hand and a sequence of five frames of a galloping horse adapted from British
photographer Eadweard Muybridge’s Human and Animal Locomotion series (Figure 20 A). Succinctly,
they designed two strategies to define the information: (1) a rigid system in which each one of the 4 bases
(A, T, C, G) was assigned to 4 pixel color each or (2) a more flexible system in which a triplet of
nucleotides encoded for one pixel color, giving the possibility to encode 21 possible colors. Then, they
designed 28-base protospacers that defined a set of pixels, that they denoted pixet, with a PAM after each
protospacer. The protospacers were then introduced as oligonucleotides in hairpin formats and
electroplated in pools into E. Coli populations. The images were reconstructed by decoding the acquired
protospacers by high-throughout sequencing. The galloping horse movie used the same strategy, yet by
encoding five different images over the course of five days by electroplating frame after frame (Shipman et
al., 2017). A few months later, a third publication displayed a similar approach to record temporal signals
into a DNA substrate, allegorizing a tape recorder that records analog audio into recordable data in a tape.
To achieve it, they inserted an inducible plasmid (pTrig) that replicated after an external signal into the
same population of E. Coli containing a plasmid with Cas1-Cas2 and a CRISPR array (pRec). In the
absence of an induction signal, the acquisition of spacers into pRec derived from pRec itself and other
plasmids from the genome. In the presence of the induction signal, pTrig numbers were multiplied, and
subsequently induced the inclusion of fragments of pTrig as spacers into pRec. They proved that they
could record systematic time-course recordings over 4 days, giving the opportunity to record fluctuations
of states in the cells, somehow record into DNA the story of a given cell (Figure 20 B) (Sheth et al., 2017).

Most part of the time we hear about the CRISPR advances in mammalian cells because of its

repercussion in human health. However, CRISPR has attained labs that study all types of organisms. In
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my opinion, the ants are the most fascinating beings, and they could not escape being modified with
CRISPR technology. Ant genetics aim to reveal the molecular foundations of the collective behavior and
advanced sociality of different ant species. Being that ant communication is based on pheromone
communication, Yan et al. (2017) mutated the orco gene that encodes a co-receptor of an odorant
receptor with the aid of CRISPR/Cas9 in Harpegnathos saltator species. They exploited the ability of H.
Saltator female workers to become reproductive gamergates when a queen dies, by injecting CRISPR-
sgRNA into embryos and converting the developed workers into mutated gamergate queens in the FO
generation. Thus, the next mutated (F1) haploid male generation were out- and back-crossed to obtain
F4 heterozygous or homozygous queens. The mutation of orco gene displayed altered social behavior
consistent with the loss of pheromone sensing like not perceiving the difference between the inside and
outside of the nest among others, and orco mutants were unable to transition into gamergates (Friedman
et al.,, 2017; Yan et al.,, 2017). This is only one of the examples of how this editing technology has
revolutionized all fields of science, here representing an advance in the study of eusocial insects.

As mentioned before, the most renown publications in the CRISPR revolution are in the field of

human health research, with the objective of curing genetic diseases. CRISPR has been used as genetic

(A) (B)

audio tape biological tape

S0

INIEIEE 40000 400

temporal signal temporal signal in cell
Enceded GIF in tape substrate population arrays Cells are removed

from the patient

'# '« 'ﬂ‘ﬁ 1. transform signal to DNA abundance )
;; = . genome

O :
.( . CRISPR/Cas9 is
lasmid delivered to the
—p C cells in culture
reference DNA ‘ resulting in the

er DNA
desired edit

The therapeutically
Cas1 unidirectional modified cells are

expanded in culture
Cas2 spacer acquisition and returned to

the patient

nnaaaaaananap

B . o - [ S NASIAE FOFRI-SSe—4. =y
,‘* * *‘, ? B R ’, g m Adapted from CRISPR therapeutics internet site

Shipman et al., 2017 Seth et al., 2017

Figure 20. CRISPR novel publications and mechanisms. (A) Image of a hand and digital movie
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screening replacing RNAi and cDNA screens for CRISPR loss of function and gain of function libraries to
identify essential genes that play roles, principally for cancer lethal genes. Discovering these genes has
permitted to construct cell lines and animal models that carry disease genetic backgrounds in order to
study them. Also, this model lines have been used to study gene therapy to cure them (Luo, 2016; Patel et
al., 2017). Thus, delivery of CRISPR to mutate genes that cause the disease to restore a healthy form of
the protein has been performed, giving positive results for diseases like Duchenne muscular distrophy,
Cystic fibrosis, haemoglobinopathy, B-thalassaemia, Leber con- genital amaurosis, haemophilia and
others (Baigioni et al., 2017). Recently, press news have been announcing the first human trials with
CRISPR therapy in cancer patients in 2018. Though in china several therapies seem to be under way, no
publications have been released at this day, as showed in clinicaltrial.gov . In occident, two major
proposals were submitted to begin in 2018. The first one, from a group in the University of Pennsylvania,
aims to treat autologous T cells from different cancer patients with CRISPR/Cas9 to mutate the genes
TCRa, TCRp (T-cell recPDeptors) and PD-1, proteins known to regulate anti-tumor activity of T-cells (Burr
et al., 2017; https://clinicaltrials.gov/show/NCT03399448). The other company, « CRISPR therapeutics »

in which Emmanuelle Charpentier is member of the scientific advisory team, intends to treat Sickle Cell
Disease and B-thalassaemia disease by editing human primary CD34+ hematopoietic stem and progenitor
cells (HSPCs) from sick patients. The point mutations or deletions will be made in genes that lead to the
up-regulation of fetal hemoglobin (Hbf) to control this protein in patients with the pathology (Lin et al.,
2017). The strategy will be similar in both trials, as showed in Figure 20 C, by removing the T-cells or
CD34+ HSPCs, treating them with the CRISPR agents, and reinserting them into the patients.

To finish this sub-part about the CRISPR imagination, two very recent papers showed how the
system evolves rapidly, making CRISPR possibilities to seem endless and infinite. Besides all the Cas and
Cpf1 orthologs already described to edit DNA, the discovery of type VI CRISPR systems Cas13 proteins
that have nucleotide-binding (HEPN) endoRNase domains that mediate precise RNA cleavage permitted
the editing of RNA. In their paper, Cox et al. (2017) describe how they interfered with the mRNA levels in
mammalian cells by using two Cas13 (PspCas13b and LwaCas13a). Moreover, in the same publication
they used two engineered dCas13b fused to a adenosine deaminases acting on RNA (ADAR) that convert
adenine into inosine (a nucleotide equivalent to guanosine). With these dCas13b-ADAR, that they referred
as RNA editing pro Programmable A to | Replacement (REPAIR), they could edit transcripts containing
pathogenic mutations. In comparison with DNA editing, their REPAIR system does not need a PAM
preference, and thus can target any adenosine in the transcriptome. Also, they argue it will be useful in
more temporary and reversible cases in which therapies require short term changes in gene expression,
such as inflammations or organ transplants, where the rejection of the organ could be prevented over a
temporary time.

The aim of this sub-part was to show how the constant publications in CRISPR can trigger a
scientist's imagination by showing onPly some of the examples in recent advances with CRISPR
technology. Reading this type of publications was the spark that convinced me that | wanted to enter into
the CRISPR world, and even if not with such an important impact as the publications above, | will try to

explain from now on what we did with the tools we had in the lab.
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Chapter lll - Transgenic cotton to induce drought stress tolerance and
M. Incognita resistance

1.Cotton and drought stress

Cotton is one of the most important fibers producing crops but is also an important source of plant
proteins and oil. China, U.S.A, India, Pakistan, and Brazil are the leading producing countries, and the world
production in 2015 was of 25,9 million metric tons (Cotton Incorporated, 2015). In Brazil, the export of cotton
represented more than US$ 482,117 million in 2015 (ABRAPA, 2015). Considering the social and economic
importance of cotton, it will be worthwhile to improve its agronomical value using genetic engineering.
The first transgenic lines appeared in the 90’s, and until today, the three major methods to transform
cotton are Agrobacterium-mediated, microparticle bombardment and the pollen tube pathway-mediated
transformation (Zhang et al.,, 2016). The genotype is still the major constraint because of the limited

number of cultivars that can be cultured in vitro (Zhang et al., 2016). Several transgenes have already
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been developed to improve yield quality (Jian et al., 2011; Bajwa et al., 2015) or to reduce the toxicity of its
seed relying on the gossypol, a cotton metabolite that plays important role in the cotton-environment
interaction (Palle et al., 2012; Wagner et al., 2015; Tian et al., 2016).

Cotton is a glycophyte, has a C3 metabolism, and is considered a drought-tolerant crop, with a
wide sensitivity variation among genotypes (Ullah et al., 2017). Still, cotton is often planted in dry regions
from Egypt, China (Xinjiang), Brasil or India (Figure 1, for regions in Brazil), meaning it must be
permanently irrigated and its culture faces high evaporation and salt accumulation in the soils (Soth et al.,
1999). Many traits have been reported to be affected in cotton by drought stress, such as plant height, dry
stem weight, leaf weight, area and node number, leading to an important decrease in yield (Loka, et al.,
2011; Sahito et al., 2015; Yu et al., 2016; Ullah et al., 2017). Some cotton lines have been created to
induce drought stress tolerance with stress proteins such as GHSP26 (Heat Shock Protein Gene), GUSP1
(Universal Stress Protein Gene), Phyto-B (Phytochrome-B Gene), AtRAV1 and AtRAV2, AtLOS5 (Yue et
al., 2012; Shamim et al., 2012; Mittal et al., 2015), and to resist to other abiotic stresses (Luo et al., 2013;
Juturu et al., 2015). Despite many efforts in the past, there is still a need to genetically improve cotton to

adapt this plant to our agronomical constraints but also to climate changes.

2. Hypothesis and objectives

Considering the general introduction of this manuscript and the introduction of this chapter, in
which is stated the need to answer to different stresses that cotton plants can endure, we ought to design
a strategy to improve drought stress tolerance and M. Incognita infection at the same time.

The Q and T regions in N-terminal of AREB1 TF contain the regulatory domain of the transcription
factor. The truncation of these domains leads to shape a constitutively active form of AREB1, called
AREB1AQT. AREB1AQT mutants showed in improved tolerance to desiccation and constitutively
activated the same genes as the AREB1-responsive pathway (Fujita et al., 2005). With that basis, it would
be interesting to observe if the over-expression of this Arabidopsis TF's can activate the ABA-pathways in
other species, such as the one in cotton. As a matter of fact, it has already been described that the over-
expression of SIAREB1(tomato) in tomato, AhAREB1 (Arachis hypogaea) in Arabidopsis, AtAREB1 in
soybean and OsbZIP46/Abi5 in rice regulate and improve drought stress responses pathways, suggesting
a high conservation of the pathway among different plants, and that it would be conceivable in cotton (Oh
et al., 2005; Barbosa et al., 2013; Tang et al., 2012; Li et al., 2013; Bastias et al., 2014). The central role of
AREB1, and more particularly its constitutive mutant AREB1AQT, in the ABA-mediated pathway in

responses to drought stress, makes it a powerful candidate to manipulate it into cotton plants (Figure 3).
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In 2006, Yadav et al. chose to target an M. Incognita splicing factor (SF) following three criteria: (a)
Its C. elegans orthologs are essential genes and RNAI silencing could would result lethal; (b) Its functions
are being conserved in diverse organisms, so the chance that their functions have been conserved in the
parasitic nematodes is very high. (c) Its sequence is dissimilar enough that the RNAI is nematode specific.
Importantly, they introduced the dsRNA targeting the SF into tobacco plants, observing an important
decrease in the formation of root-knots, an interference with the normal development of the nematode,
and a decrease of the SF’s cDNA. Thus, targeting with an RNAI the M. incognita’s splicing factor appears
to be an attractive hypothesis for an efficient and sustainable cotton resistance strategy.

Thus, to obtain cotton plants with an enhanced response to drought stress and M. Incognita
infection, the gene encoding for the transcription factor AREB1AQT and an RNAI that targets a mRNA
sequence of the M. incognita splicing factor were used, with both genes in the same vector construct. By
over-expressing AREB1AQT, we expected to increase in intensity the ABA-mediated pathway to improve
drought stress responses. Working with the AREB1AQT constitutive version might lead to anticipate
drought stress all along the plant life. We also prospected to reinforce cotton resistance to M. incognita the

growth within the feeding site relying on the RNAi strategy (Figure 21 A).

3 Results and discussion

3.1 Design of vectors and Transformation of cotton plants

To improve cotton plants with a better response to both drought stress and M. incognita infection,
vector constructs were designed bearing both AREB1AQT and an RNAI targeting a Splicing factor (SF)
mRNA from the nematode (Figure. 21 B). The sequence of AREB1AQT was put under the control of
CaMV35S promoter. To design the RNAI, a region of 200 bp was selected from M. incognita’s splicing

factor sequence with the aid of BLOCK-TTM RNAi Designer (http://rnaidesigner.invitrogen.com/

rnaiexpress). The 200 bp region was positioned in sense and antisense surrounding a PDK intron as in
Yan et al. (2012). The RNAi sequence was put in control of UceA1.7, a cotton ubiquituitination-related
promoter characterized for having important constitutive expression in roots and flower tissues (Viana et
al., 2011). The sequences were synthesized and sub-cloned into vector pGS52123-1. To positively select
the transformed plants, we used the barley acetohydroxy acid synthase gene (AHAS) that confers
resistance to imidazolinone herbicides (Figure 21) (Lee et al., 2011).

The vector was multiplied and digested with BamHI to release the cassette containing the
construct (AREB1AQT-FS), and was inserted into BRS cedro cotton cultivar embryos by microparticle
bombardment (Rech et al., 2008). We bombarded 2190 embryos that were put in a media with Imazapyr
herbicide from which we could positively select 16 (0,75%) plants from the TO generation. The major
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Figure 21. Schematic representation of the strategy used in the transgenic cotton. (A)
Representation of roots and aerial parts of non transformed (left) and transformed plants (right) and
the expected effect on drought stress and nematode infection. (B) cassette inserted by micro
particle bombardment; The AREB1AQT gene is in control of the CMV35S and the RNAI in control of
UceA promoter. The AHAS gene confers resistance to herbicide Imazapyr. BamHI restriction site
was used to isolate the cassette before bombardment.

problem encountered in this part of the work was the difficulty to control a fungus contamination, which
wasted 40,7% of the embryos bombarded with AREB1AQT-SF. The contamination with this fungus started
growing in the apical meristem of some embryos at the start of the culture, and spread all over the
medium in one or two days. A sample of this organism was analyzed by the Biological control laboratory at
Embrapa Cenargen, and the species Fusarium oxysporum f. sp. vasinfectum was identified. This fungus is
one of the principal pathogen of cotton agriculture, and transmits mostly via the seeds (DV Araujo, 2008;
Hall et al., 2013), suggesting the BRS cedro seeds were already infected from the field where they were

multiplied. To restrain the fungus spreading, two fungicides (Nistatine, Viyavax-Thiram 200SC) were used
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Figure 22. PCR amplification of transformed cotton plants at TO and T1 generation. (A) amplification
of DNA extracted from leaves of TO generation with primers AHAS FWRD and REV (Table S). (B)
Amplification at T1 generation of DNA extracted from seeds, with primers 35S FWRD and T-NOS REV
(Table S). Numbers represent the putative transformed lines. NT represent DNA from non transformed
lines. C- represents water negative control. C+ represents positive control of amplification with the
original plasmid.

when sterilizing the seeds and included in the culture media, without good results, principally because the
spores are inside the cells of the embryos, unable to reach by the fungicides.

To confirm if the TO plants were positively transformed, total DNA was extracted PCR

Table 2 . Cotton transformation and provisional efficiency
Construction Nbr Embryos bombarded Embryos contaminated Plants selected by Imazapir Putative PCR positive plants Efficiency
AREB1AQT-SF 2190 40,7 % 0,75 % 3 0,04 %

amplifications were made with primers amplifying a region in the AHAS gene (652 bp) (Table S2). We
obtained clear bands for plants 2, 6, 7, 16, 18, and less visible bands for plants 4, 10, 20 and 24 (Figure

22 A) As expected, there were no amplifications for NT (non-transformed) plants. We considered plants 2,
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7 and 16 to generate the T1 generation. Considering these three positive plants, the partial efficiency for
both constructs is low, being of 0,04% for AREB1AQT-SF (Table 2). Nonetheless, the efficiency attained is
comprised between 0,027% and 0,2%, which is the efficiency described in Rech et al. in 2007 for cotton
transformation. the herbicide in the leaves.

We performed DNA extraction of individual seeds of the T1 generation to confirm the presence of
the insert with PCR amplification (primers p35S FWRD, T-NOS REV; Table S2). We could amplify several
plants with a positive insertion in each line (Figure 22 B). According to Mendelian inheritance pattern for
gene integration, the ratio of the transgenic lines over not transgenic should be of 3:1. However, we did
not obtain mendelian ratios in our study, as shown in table 3. Our ratios could be explained because of
the transformation method we utilized. After particle bombardment of meristem tissues at the TO
generation, the resulting plants are chimeras with transformed and non-transformed aerial parts. Chimera
plants after shoot biolistics transformation were also reported in anterior studies (Homrich et al., 2012).

Hence, the number of transformed seeds was less than the expected by inheritance laws.

Table 3 Analysis of T1 putative transgenic seeds of GM cotton lines
Line Number of analyzed seeds PCR positives

2 73 22
7 12 6
16 55 24

3.2 Drought stress and nematode infection assays at T1 generation

The T1 seeds that were positive were germinated and planted in pots in a greenhouse. To assess
if plants had a better tolerance to drought stress, we performed a series of water withdrawal assays with
plants from lines 2 and 16. First, we performed a drought assay in which, after water saturation, plants
were left for 9 days without re-hydration. Images of the plants at day 9 show that transformed plants from
lines 2 and 16 resist better to water stress than NT plants (Figure 23 A, B) All the transformed plants have
extended leaves and a better performance when compared to NT plants that show wilted leaves. Next, we
measured water loss in whole plants or disc leaves from the same lines 2 and 16 (Figure 24). For whole
plants that were left without watering and weighed every day, we observed that plants from line 2 lost less

water from day 1, with a better performance than NT plants until day 9 (Figure 24 A). However, plants
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(A)

First drought assay

(B)

Figure 23. Images of transformed cotton lines 2 and 16 (AREB1AQT and RNAI-FS) of T1 generation after a 9
days of water withdrawal. NT plants correspond to non transformed plants. (A) and (B) refer to two
independent experiments realized at different times and with different plants. Transformed plants showed
healthy expanded leaves, whereas NT plants showed wilted leaves after 9 days of stress.

from line 16 had a very similar response compared to NT plants. We also cut leaf discs and left them in
plastic cups while weighing them hourly. Plants from line 2 had a slightly better response than NT plants.
This time, the disc from plant 16 lost water more rapidly and more importantly (Figure 24 B).

The preliminary results in the T1 generation of the plants show that the expression of the

transgene AREB1AQT-SF could be inducing drought stress tolerance, principally for line 2. Still, the
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assays were realized at T1 generation, in which homozygosity has yet been attained, thus a possible
explanation for the results for plant 16. The expression of ATAREBT1AQT has also been reported in
soybean and presented higher survival after drought stress (Leite et al., 2014). Interestingly,

AtAREB1AQT over-expression showed drought tolerance during drought stress and after rehydration.

Water loss in whole plants
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Figure 24. Water loss experiments realized on lines 2 and 16 (AREB1AQT and RNAI-FS). (A)
Water loss was measured by weighing whole plants each day during 9 days of water
withdrawal. Results represent mean and SD of n=4 to, n=7. (B) Water loss was measured for

independent leaf discs weighed every hour after they were excised. Results represent means
from 4 independent repetitions of n=3.
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These results indicate that AREB1 from A. thaliana can interact with the ABA pathway of other plant hosts
by activating endogene downstream ABA response genes. The data also suggests that the structure of
protein is well conserved among different plant species. Comparatively, a recent study showed that
GhABF2, the ortholog of AtAREB1 in cotton conferred drought and salt stress both in Arabidopsis and in
cotton (Liang et al., 2016)

To test the ability of the transformed plants to resist to a nematode infection, we performed a test
in which independent leaves of the transformed plants were cultivated to grow roots. The roots were
incubated with M. Incognita and galls and egg masses were counted after 30 days of infection (Figure
25). As for drought stress plants from line 16 showed a slight increase of galls and egg masses compared
to NT. However, the results show that plant 7 had a significant low number of galls and egg masses
compared to NT plants. These results suggest that the RNAi expressed in the cotton plants has a putative

effect on M. Incognita infection.

100

75

50

25

Galls+ Egg masses/ g. FW root

7.1 16.T1 NT

Figure 25. Nematode infection test realized on lines 7 and 16 (AREB1AQT and RNAI-FS). Leaves
from both lines were excised and cultivated to induce root growth. The roots were infected with
M. Incognita. and after 30 days galls and egg masses were counted. Results represent mean and
SD from n=>5. Statistical analysis was performed using Student’s t-test between transformed and
NT plants. Asterisks* represent values of p<0,05. Bars represent standard error.

3.3 Partial conclusion

The preliminary results show that at the T1 generation, some of the lines have a better response
to drought stress and nematode infection. The T2 generation was being collected when | left for France to
work at INRA. Among the perspectives, the gene expression and the number of copies will be measured

by g-PCR. Also, plants will be assayed in a new drought stress assay and will be challenged to nematode
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infection on soil. The combination of the presented results and the forthcoming ones will generate the

second scientific paper of my thesis work.

4. Experimental procedures
AREB1AQT-RNAI-FS construct

The cassette containing AREB1AQT and dsRNA SFMi (Splicing factor M. Incognita) were
designed as presented below. The sequence of AREB1AQT was disponibilized by JIRCAS (Japan). To
design the RNAI-FS, a region of 200 bp was selected from M. incognita’s splicing factor sequence
(Genbank acc. AW828516) with the aid of BLOCK-iTTM RNAi Designer (http://

rnaidesigner.invitrogen.com/rnaiexpress). The 200 bp region was positioned in sense and antisense

surrounding a PDK intron from plasmid pKannibal as in Yan et al. (2012). The gene coding for AREB1AQT
was placed under the control of doubled cAMV 35S promoter and the SFMi under the control of uceA1.7
(Viana et al., 2011). The fragments were synthesized by EPOCH, and sub-cloned into a vector
pGS52123-1 containing the AHAS selection gene. The construct was transformed into Omnimax E. Coli

with the Heat shock method.

Plant material, transformation and culture conditions

Plants of cotton (G. hirsutum) cultivar BRS372 Cedro harvested in «<EMBRAPA Algodao» were used for all
the experiments. The transformation with AREB1AQT-FS was performed by Microparticle bombardment
as described before (Rech et al., 2008). Succinctly, the seeds were sterilized 3 days before (Washed in
water, 3 minutes in 70% EtOH, 20 minutes in 6% bleach, and washed 3 times in sterilized water) and left
in water for 24 hours with 250ug/mL Cefotaxime, 1000ppt of Nistatin. After 48h in the dark, the embryos
were separated and organized in 6cm Petri plates. 5 pg of the DNA plasmid was coated in tungsten and
the embryos were bombarded with 1200 psi with PDS-1000 / He™ (Biorad). The embryos were placed in
MSI Imazapyr selection medium (MSI), and the plants that developed shoots after 30 days, were
transferred to a greenhouse. The TO plants in the greenhouse (average temperature 26 + 1°C; average
humidity 70 + 10%) were maintained in pots containing soil as substrate. Every 15 days, they were
supplemented with fertilizers for leaves and roots (Biofert). When cotton buds appeared, they were sealed

with nail polish to prevent crosses, and seeds were harvested to obtain T1 generation.

Molecular analysis
Genomic DNA from cotton was extracted with a protocol adapted from Zhang and Stewart, (2000). Three

foliar discs were collected in a micro-centrifuge tube with 3 steel beads and frozen with liquid nitrogen.
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The tissue was disrupted with the TissueLyser (Qiagen) for 30 seconds at 30 Hz. After separation,
precipitation and desalting of DNA, the pellets were left for 2 hours at Room T in a cleaning solution.
Finally, the pellets were washed in 70% and 100% EtoH, resuspended in water and treated with RNAse A.
For PCR detection primers used are shown in Table S2.

For seed genomic DNA extraction, a 50-mg fragment of the seed was dissected carefully and macerated
with 300 pL extraction buffer (200 mM Tris-HCI pH 7,5; 300 mM NaCl; 500 mM EDTA; 1% SDS). Then,
700 L of extraction buffer were added and microtubes were incubated at 55°C for 20 minutes. The tubes
were then centrifuged at 14.000 rpm and supernatant was transferred to a new tube. After separation,

precipitation and desalting, the DNA was incubated with RNAse A. A new round of precipitation was

performed and pellets were resuspended in water.

Physiological measurements, nematode infection

Plants from T1 transgenic positive seeds were germinated and transferred to pots containing the
same amount of soil. The same volume of water was given to the plants each time they were hydrated.
Whole plant dehydration was performed in 3-month-old plants: plants were saturated with water and
weighed after 1 day for 10 days at the same hour of the day. For disc dehydration measurements, three
discs of 1,5 cm discs were isolated from different leaves and put on tubes with water for 2 hours. Excess
water was removed and discs were weighed and put on plastic plates in the bench. Next, discs were
weighed hourly.
Because nematode infection and analysis destroys the plant, we performed an assay in which roots were
induced from independent leaves. Completely expanded young leaves were detached from cotton plants
leaving approximately 5 cm of petiole. The leaves were then sterilized with 0.5% sodium hypochlorite for
20 minutes and washed three times with distilled water. After drying on paper towels, the leaves were
individually packed in Petri dishes (150 x 20 mm) containing sterile sand and gel substrate until half the
plate, where the petiole was inserted. A glass slide was placed under the abaxial face of the sheet so that
it did not encounter the moisture. The substrate was moistened regularly with nutrient solution containing
Murashige and Skoog salts and the plates were maintained in a 16 h photoperiod growing chamber at 26
° C. After root emergence, about 20 days, two holes were made in the surface of the substrate and
inoculated 500 juveniles of second stage (J2) of M. incognita by root. At the end of 30 days the number of

galls and egg masses / g root were counted.
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Table S2. Primers sequences used in this study

Name Sequence Use Study
CAS9 FWRD CATCAGGGAGCAGGCAGAAAAC Insertion confirmation

VPR REV CTGAGCCAGTGCAGACACCATG Insertion confirmation

HAC REV CCTTAAGAGGAGGACAAGCCC Insertion confirmation

SET REV CAACTCTATGATCTCCAGCAACC Insertion confirmation

VPR FWRD ACGCATTGGACGATTTTGAT Insertion confirmation

HAC FWRD TTCCTACTGCTGAATCTCTTGTT Insertion confirmation

SET FWRD TGGATGGGGAGCTTTTCTTA Insertion confirmation

sgRNA1 GBC36 FWRD TTT CAC ACC GCA GGG TAATAACTG sgRNA synthesis and ampification
sgRNA1 GBD23 REV TGCAAATAGTCCTCTTCCAACAA sgRNA synthesis and ampification
sgRNA2 GBE24 FWRD titgtegetcticgeaatgte sgRNA synthesis and ampification
sgRNA2 GBA26 REV tgctcaaagagacatggatggaag sgRNA synthesis and ampification
sgRNA 1 FWD GATTGATTTAAATCAATTTTGTTTTAGAGCTAGAAATAGCAA  sgRNA synthesis CRISPR/dCas9
sgRNA1 REV AAAATTGATTTAAATCAATCCAATCACTACTTCGTCT sgRNA synthesis

sgRNA 2 FWD GCAAAATGTCCCTTTTTGGTGTTTTAGAGCTAGAAATAGCAA  sgRNA synthesis

sgRNA 2 REV ACCAAAAAGGGACATTTTGCCAATCACTACTTCGTCT sgRNA synthesis

sgRNA 3 FWD GATACGCGTTCAGATCTGAAGTTTTAGAGCTAGAAATAGCAA sgRNA synthesis

sgRNA 3 REV TTCAGATCTGAACGCGTATCCAATCACTACTTCGTCT sgRNA synthesis
AREB1_gPCR_2017_F aacaggcttacaccgtggag gPCR

AREB1_gPCR_2017_R ctttggacctccttgcagaa gPCR

dCas8_gPCR_F AAAGCTCAAAGGGTCTCCCG gPCR

dCas8_gPCR_R TTATCGAGGTTAGCGTCGGC gPCR

Rd29A_gPCR_FWRD TGGATCTGAAGAACGAATCTGATATC gPCR

Rd29A_gPCR_REV GGTCTTCCCTTCGCCAGAA gPCR

GAPDH A thaliana_Fow_gPCR TTGGTGACAACAGGTCAAGCA gPCR

GAPDH A.thaliana_Rev_gPCR AAACTTGTCGCTCAATGCAATC gPCR

ACT2 A thaliana_Fow_gPCR CTTGCACCAAGCAGCATGAA gPCR

ACT2 A.thaliana_Rev_gPCR CCGATCCAGACACTGTACTTCCTT gPCR

p35S FWRD CTATCCTTCGCAAGACCCTTCC Insertion confirmation

T-NOS REV GCAAGACCGGCAACAGGATTC Insertion confirmation Transgenic cotton
AHAS FWRD ACTAGAGATTCCAGCGTCAC Insertion confirmation

AHAS REV GTGGCTATACAGATACCTGG Insertion confirmation
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