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ABSTRACT OF THE DISSERTATION

APPLICATIONS OF PLANT BIOTECHNOLOGY FOR CROP ENHANCEMENT

IN DISEASE RESISTANCE AND NUTRITION

By YEE CHEN LOW

Dissertation Director:

Professor Rong Di

Developments in plant biotechnology are providing solutions for addressing the problems
and challenges of sustainable agriculture and providing healthy food. Engineering disease
resistant and nutritionally improved agricultural crops is integral to the application of plant
biotechnology. In this thesis study, our core interests are on (i), studying and manipulating
the economically important plant disease Fusarium head blight (FHB) by generating
CRISPR-edited Arabidopsis resistant mutant plants; and (ii), producing nutritionally

enhanced tomato plants with a two-in-one strategy.

FHB caused by Fusarium graminearium (Fg) is a devastating disease of crops especially
wheat and barley, resulting in significant yield loss and reduced grain quality. Fg also
produces mycotoxins, which are chemicals that are toxic to humans and livestock upon
consumption. In order to examine potential susceptibility genes in barley and to enhance

host resistance to FHB, two susceptibility genes, 2-oxoglutarate Fe(Il)-dependent

il



oxygenase (20GO) and ethylene insensitive 2 (EIN2) genes were chosen for this study.
Mutation of the 20GO gene has been shown to enhance plant defense genes’ expression,
leading to FHB resistance in Arabidopsis, indicating that 20GO is a plant immunity
suppressor. Previous reports showed that both loss-of-function Arabidopsis EIN2 gene and
attenuated expression of wheat EIN2 gene conferred resistance to Fg, leading to the
speculation that the ethylene signaling pathway is hijacked by Fg. We have used
CRISPR/Cas9-gene editing to precisely mutate these two Arabidopsis FHB susceptibility
genes. Our results indicated that both Az220GO- and AtEIN2-gene knocked-out (KO)
mutants were resistant to FHB such that Fg growth was greatly impeded. A critical part of
this study is that phenotype could be restored in gene complementation assays using the
barley gene orthologues Hv20OGO and HvEIN? in the At20GO- and AtEIN2-KO mutants,
thus demonstrating their involvement in FHB susceptibility, and indicating the molecular

targets for similar gene editing of these genes in barley plants.

Genistein is one of the major isoflavones found abundantly in soybeans. It is a promising
medicinal compound with anti-inflammatory, anticarcinogenic, anti-Alzheimer’s and anti-
osteoporosis effect due to its phytoestrogenic and antioxidant properties. Since soy
products are not commonly consumed in the western diet as compared to the eastern diet,
genetically engineered Moneymaker tomato which produces genistein provides a natural
route to increase the intake of genistein in food without relying on supplements. We have
successfully engineered Moneymaker tomato to produce a level of genistein, that is up to
250-fold the levels found in the wildtype (WT) tomato plants. Transgenic tomatoes

expressing genistein, were used to study the compound’s anti-Alzheimer’s effects on the

il



amyloid B-expressing C. elegans disease model. Our results show that a combination of
feeding genistein and lycopene can significantly delay Alzheimer’s disease progression

and reduce neuronal damage.
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Chapter 1

Introduction

Plant biotechnology has been in an impetuous development during the past 30 to 40 years.
It has become the mainstream technology that allows farmers or plant breeders to introduce
desirable and beneficial traits such as disease resistance, pest resistance, insecticide and
herbicide tolerance, nutrient enhancement or molecular factory into plants through genetic
modification. Genetic engineering method and delivery agents are the two important
aspects in generating transgenic plants. One of the key milestones for plant biotechnology
field is the advent of Agrobacterium tumefaciens, the nature’s genetic engineer which has
been well-studied over the past 100 years [1]. The ability of Agrobacterium to utilize its
vir genes to transfer its tumor-inducing DNA (T-DNA) into the host plant's genome has
revolutionized plant genetic engineering [2]. The properties of Agrobacterium allow genes
of interest to be integrated into the genome of cultured plant cells. While Agrobacterium
has been the main delivery agent used for routine plant transformation, the development of
biolistic or “gene gun” transformation has improved the transformation inefficiency for
cells that are not susceptible to Agrobacterium, and are otherwise recalcitrant to DNA
transfer [3-5]. Biolistic transformation involves the direct delivery of exogenous DNA into
plant cells for nuclear integration and can be applied to all types of plant cells [6]. Another
delivery agent is the viral-based vector for transducing the DNA into host cell [7, 8]. These
three delivery methods are commonly used for RNAi (RNA interference) [9-11], TALENs

(transcription activator-like effector nucleases) [12, 13] and most recently the CRISPR



(clustered regularly interspaced short palindromic repeats) [14, 15] applications. The
emerging of CRISPR gene editing provides a more precise and efficient way for genetic
engineering application as well as accelerates the research in plant biotechnology field such

as developing resistance cultivar and improving crop yield.

Fusarium head blight — the cereal killer

Fusarium head blight (FHB) or scab is a devastating disease of cereal crops especially in
wheat, barley, oat and maize [16, 17]. It can be caused by several species of the Fusarium
fungal group but the primary causal agent in North America and Europe is Fusarium
graminearum (Fg) (teleomorph Gibberella zeae) [18]. Fg is an important hemibiotrophic
fungal pathogen, with a short biotrophic phase (feeding on the host) preceding a
necrotrophic phase (killing the host for nutrients) [19]. Its growth is favored by warm
condition (18-30 °C) with high humidity and it is highly infectious during host flowering
season but infection can still occur during kernel formation [20, 21]. The infected cereal
crops have disease symptoms of bleaching of spikelets and shriveled, non-viable seeds.
Due to the reduced grain quality, FHB has caused billions of dollars of economic loss in
the 1990s and early 2000s [22, 23]. In addition to yield cutback, the disease compromises
the quality of infected grain due to mycotoxin contamination that is toxic to humans and
animals upon consumption [24, 25]. Deoxynivalenol (DON), often referred as vomitoxin,
is the most prevalent trichothecene mycotoxin found in Fg-infected grains [26]. It is a
virulence factor for Fg infection and host colonization. DON toxin inhibits protein

synthesis in eukaryotic cells by binding to the ribosomal 60S subunit [27]. As a



consequence, cellular integrity is severely disrupted due to ribotoxic stress, apoptosis and
the hampering of cell division. In severe cases, consumption of DON-contaminated
grains can causes nausea, vomiting, diarrhea and fever in human while weight loss and
death in animals [28]. As a result of DON acute toxic effects, the U.S. Food and Drug
Administration (FDA) has set the advisory levels for human and animal daily intake of
DON [29]. The advisory level for finished wheat products is 1ppm (part per million), 10
ppm on grains and grain by-products, and 5 ppm on grain feeds for swine and other
animals that do not exceed 20% and 40% of their diet, respectively. Despite the adverse
effect of FHB on mammal health and economic output, effective strategies for disease
management are currently very limited. One of the control measures is the use of fungicide
on cereal crops prior to the appearance of disease symptoms [30]. This large coverage of
fungicide spraying can be very costly and unnecessary. In addition, Fg is resistant to azole
fungicide which renders the complete prevention impossible [31, 32]. Current preventive
measures focus mainly on marker-assisted breeding for genetic resistance traits [33-35].
However, the incorporation of well-studied and commonly used QTL such as FAbI into
susceptible cultivar is only partially effective and the resulted level of resistance through
breeding is often insufficient to control the FHB epidemic [36]. On the grounds that
resistant cultivars are desperately needed, novel strategies via genetic engineering,
chemical application or sophisticated forecasting system are favorable for enhancing the
cultivars’ performance in restricting FHB. Prior to that, it is imperative to have a thorough
understanding on Fg disease development and plant defense responses to Fg as well as

current advancement in FHB resistance.



Modes of action of Fusarium graminearum

Fg reproduces asexually via macroconidia or sexually via ascospores, which are dispersed
through wind and rain [37-39]. The specific G protein-coupled receptors and the expression
of transducin beta-like gene (FgFTLI) allow Fg to sense environmental cues and transmit
signals for host recognition [40, 41]. Firm macroconidia adhesion is the key step for Fig to
establish itself on the host surface, usually on plant cuticle. Fungal adhesion, sometimes
facilitated by a sticky ascospore cell wall, is an important mechanism for Fg to prevent
spore displacement from the host [42]. Spore germination is dictated by its surrounding
environmental conditions such as temperature, water availability and spore density. Once
Fg senses the favorable conditions, its macroconidia germinate and form a fungal germ
tube for host penetration. Fig can enter the host either passively through a natural opening
such as an open stomata or actively by direct cuticular penetration. In order to actively gain
entry into the host by penetrating the plant cuticle layer, Fig transmits a signal through the
activation of FgRAS2 GTPase and FgGpmkl MAPK to drive the expression of hydrolytic
enzymes (e.g. cutinase and lipases) to degrade the plant cuticle [43]. At the same time, Fg
also releases enzymes such as chitin synthases (FgCHSs) and sphingolipid
glucosylceramide synthase (FgGCS) to maintain its integrity of its cell wall and membrane
from plant degradation enzymes. In subsequent infection growth, fungal RALF (rapid
alkalinization factor) initiates the alkalization of the plant apoplast pH to stimulate
phosphorylation of MAPK and the initiation of a downstream signaling cascade [44, 45]
that can sense the plant polyamines and reactive oxygen species (ROS) and then trigger the

synthesis of deoxynivalenol (DON) through the activation of tricothecene (Tri) genes [46,



47]. Further penetration into plant cell wall and membrane requires the synthesis of a vast
array of degradation enzymes (e.g. lipases, pectinase, hemicellulases and cellulases) [48,
49]. The release of DON toxin causes oxidative stress in host and the hijacking of the plant
ethylene signaling pathway accelerates the plant cell death granting the access to Fig for
nutrients [50]. The colonization of Fig begins when it starts to reproduce and increases its
spore density. From the point of infection, Fig can spread to the adjacent florets either

internally via vascular bundles or externally via stomata.

Plant responses to Fusarium graminearum

There are two components of plant FHB resistance: resistance to initial infection (Type I)
and the resistance to dispersal (Type II) [51]. Type I resistance involves the basal resistance
components in the plant. The first layer of defense line is the physical barrier of plant
cuticle and cell wall. The waxy surface of plant cuticle limits the water retention and
minimizes Fg spores germination [52]. Plants first recognize the Fig invasion by sensing of
Fg’s cell wall features using an array of receptor proteins. The Fg recognition activates the
expression of degradation enzymes (e.g. chitinases and glucanases) to degrade fungal cell
wall and non-specific lipid transfer protein to disrupt fungal membrane integrity [53]. In
addition, the fungal growth is halted by the plant action producing phenolic compounds
which have suppressing effect on fungi. While breaking down the fungal cell wall, the
plants release elicitors which induce the expression of several genes (e.g.
polygalacturonase-inhibiting protein and xylanase inhibitor) in order to maintain its cell

wall integrity and initiates the direct repair of damaged cuticles [52]. Due to this elicitor-



induced immune response, the plant cell wall gets thicker and becomes lignified to attempt
to block the entry of Fg. In the case of successful penetration by Fg, plants regulate their
cellular composition by detoxifying ROS and neutralizing DON toxin via superoxide
dismutase (SOD) and UDP-glucosyltransferase (UGT) genes, respectively [54]. Following
the induced immune response, systemic resistance is activated through salicylic acid (SA),
jasmonic acid (JA) and ethylene (ET) to protect distant tissues prior to the spread of Fig by
the activation of pathogenesis-related (PRs) protein gene expression and JA/ET responsive
genes [55]. In all, the innate plant defense response provides broad-spectrum of resistance

against the invasion of pathogens.

Transgenic approach for FHB resistance

A number of approaches have been used to generate transgenic wheat and barley plants
which overexpress of pathogenesis-related (PR) or defense response genes to provide
enhanced resistance to FHB [56]. For example, the overexpression of Arabidopsis NPR/
(nonexpressor pathogenesis-related protein) gene in wheat induced rapid activation of
plant defense response after initial infection [57]. Another transgenic strategy is to express
antifungal or antimicrobial peptides from other species into wheat. Expression of radish
defensin gene, an intraspecies antifungal gene, in wheat has managed to disrupt the fungal
cell membrane and greatly slow down the fungal growth [58, 59]. Likewise, expression of
mammal lactoferrin, an interspecies antibacterial peptide, in wheat can successfully
alleviate disease symptoms through fungal growth retardation due to nutrient deprivation

and cell membrane disruption [60]. Since DON is a key player in the onset of disease



symptom, there are three major tactics to block the disease progression and mycotoxin
contamination. The first tactic is to prevent fungal penetration into host cell wall. For
example, the expression of PGIPs (polygalacturonase inhibiting proteins) in wheat can
prevent plant cell wall degradation by fungal polygalacturonase and avoid the onset of
DON synthesis within the infected cells [61]. The second tactic is to modify the DON target
site, namely, the ribosomal protein L3. Hence, expression of a truncated form of yeast
ribosomal protein L3 in wheat has led to a reduction of DON levels in inoculated kernels
[62]. The third tactic is to detoxify and neutralize DON by converting it to less toxic DON-
3-glucoside (D3G). One such approach involved overexpressing the UGT (UDP-
glucosyltransferase) gene, which functions to detoxify DON. In Brachypodium ectopic
expression of UGT can establish resistance to FHB at the primary infection stage [63, 64].
Regardless of all these efforts in trying to deploy new resistance traits through conventional
method in genetic engineering, the incorporating of foreign genes into the host results in
genetically modified organisms (GMO) which are difficult to deploy in grain fields due to
the regulatory law and general public concerns about GMOs. The emergence of CRISPR
genome editing technology and ability to identify and manipulate host susceptibility gene

provides a new approach to enhance resistance and produce plants that are not GMOs.

CRISPR (clustered regularly interspaced short palindromic repeats) is a microbial adaptive
immune system [65]. It is a group of DNA sequences discovered within the genome of
bacteria that act as a defense system against viruses. Cas9 (CRISPR-associated protein 9)
enzyme recognizes and cleaves DNA strands that are complementary to CRISPR sequence

[66]. This defense mechanism has provided the foundation for CRISPR-Cas9 gene editing



technology. The CRISPR-Cas9 system enables efficient and precise genome editing by
inducing double-stranded breaks (DSBs) at the targeted genomic region [67]. These DSBs
stimulate DNA repair by two distinct mechanisms which are NHEJ (non-homologous end
joining) and HDR (homology-directed repair) [68]. NHEJ is error-prone and introduces
random patterns of insertions and deletions (indels) which are sufficient for introducing
unpredictable mutations at targeted genomic sites. Since HDR occurs at a relatively low
rate, the precise genome editing by HDR-mediated insertional mutagenesis has a much
lower efficiency [69]. Targeted genome editing can be achieved easily by customizing the
guide RNA (gRNA) within the CRISPR-Cas9 system. Due to its versatility and specificity,
it has been used intensively in mammalian cells and many organisms [70-74]. Application
of CRISPR in plants has attained a great success in demonstrating a similar editing pattern
as in other organisms and recovery of stable transgenic lines [75-82]. CRISPR, therefore,

is a promising genetic engineering tool to be used in crop improvement.

Genistein — plant-based phytoestrogen

Genistein is one of the major isoflavones found in legumes, especially soybeans. Genistein
and other isoflavones (daidzein and glycitein) are synthesized via the phenylpropanoid
pathway [83]. Naringenin, the precursor for genistein biosynthesis, is an intermediate
within the branch of phenylpropanoid pathway which leads to the synthesis of isoflavones,
flavonols and anthocyanins. Naringenin is the product of chalcone synthase and chalcone
isomerase which are commonly found in most plants. However, isoflavone production is

unique to the legume family and dependent on the key enzyme, isoflavone synthase (IFS)
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for synthesizing genistein [84]. Among the isoflavones, genistein is the most bioactive with
potent antioxidant property. Studies showed that genistein can modulate various genes (e.g.
protein tyrosine kinase) and proteins to strengthen the cell defense system under oxidative
stress by scavenging reactive oxygen species (ROS) and preventing apoptosis [85]. In
addition, genistein, a non-steroidal phytoestrogen, has a structural conformation that
resembles to the estradiol-17b, a form of estrogen, and confer ability for binding to estrogen
receptors (ERs) [83], with higher affinity to ER-B than to ER-a [86]. Due to these
phytoestrogenic features, it is capable of regulating mammalian metabolic diseases that are
hormone-related such as cancer, neurodegenerative disorders, diabetes and obesity. Most
of these diseases often cause an inflammatory response in affected tissues and genistein is
known to inhibit the activation of nuclear factor kB (NF-«B), the inflammatory mediator,
to protect tissues from cell death [87]. It is critical to point out that diseases such as
osteoporosis and neurodegenerative disorders that rely on estrogen treatment are often
accompanied with the unfavorable side effects. In contrast, while genistein can still act as
an agonist to ER-B and influences cellular function without increasing other health risks
[88, 89]. Genistein, therefore, is a promising medicinal compound that can contribute to
anti-inflammatory, anticarcinogenic, anti-neurodegenerative, anti-osteoporosis and

hypocholesterolemic effects [90].

Effect of genistein on Alzheimer’s disease and other neurodegenerative disorders

Neurodegenerative diseases such as Alzheimer’s disease (AD) and dementia are

irreversible and result in progressive brain disorder for which there is no cure. Excessive
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accumulation amyloid B (AB) peptide and the tangles of tau protein are the key indicators
of Alzheimer’s disease development [90]. Neurotoxic AP peptide, is generated from
sequential cleavage of the amyloid precursor protein (APP) by the a-secretase followed by
y-secretase [91]. APi42 is known to be the most toxic form. The accumulation of AP can
induce neuronal inflammation and oxidative stress and eventually lead to neuron cell death
[92]. Genistein has been studied for a long time for its protective effect in
neurodegenerative disorders. Multiple pathways have been proposed to explain the
mechanism of genistein on AD. Studies showed that genistein regulates the inflammatory
pathway through nuclear factor NFkB by suppressing nuclear factor activation and
preventing cell apoptosis leading to protection of neuron cell [93, 94]. In addition, estrogen
receptor [, genistein’s binding target, is abundantly expressed in brain tissue and it
contributes to estrogen-induced protective effects such as modulating the calcium ion and
antiapoptotic protein signaling pathways [92, 95] and up-regulating the expression of
insulin-degrading enzyme (IDE) to drive the degradation of AP [96, 97]. Apart from
influencing cellular signaling cascades, a recent in vitro study indicated that genistein can
inhibit or slow down the oligomerization of AP in dose-dependently manner [98]. However,
its in vivo effects and underlying mechanism(s) are not yet known. In all, genistein protects

against AD mainly through its antiapoptotic effect.

Thesis objectives

In this doctoral study, two different aspects of plant biotechnology applications, disease

resistance and nutrient enhancement, have been studied. As mentioned earlier, FHB is one
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of the most important disease of cereal crops and most challenging to prevent. There are
very limited effective strategies available for FHB control. The use of genetic engineering
approach can be a promising solution to accelerate the production of resistance cultivars.
Instead of introducing transgenes that enhance resistance in GMO plants, the availability
of plant susceptibility genes allows us to deploy CRISPR gene editing technique to develop
non-GMO plants that are potentially disease resistant. Apart from disease resistance,
nutrient enhancement is another core interest for agricultural research. Genistein has been
proved to have beneficial effects in preventing different chronic metabolic diseases such
as cancer and Alzheimer’s disease. However, consumption of soy-based products is
uncommon in the western diet. Introduction of health-promoting plant compound into a
more commonly consumed food would be an interesting approach to increase genistein

intake.

The objectives of this thesis are to utilize biotechnology tools to engineer (i), Arabidopsis
mutants lacking functional disease susceptibility gene in order to validate their gene
involvement in FHB resistance and to confirm the corresponding function of barley
orthologues and (ii), Moneymaker tomato which produces genistein and to study the
synergistic effect of genistein and lycopene in Alzheimer’s disease using the multicellular

model animal C. elegans.

For the next two chapters, two susceptibility genes involved in FHB resistance are
discussed. First, the FHB resistance effect of a CRISPR-edited Arabidopsis 2-oxoglutarate

Fe(ll)-dependent oxygenase (At20GO) gene is assessed and the complementation test of
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barley orthologue is described. Second, a CRISPR-edited Arabidopsis ethylene insensitive

2 (EIN2), a key component in ethylene signaling pathway, is assessed for FHB resistance

and the complementation test of barley orthologue is described. The last chapter discusses

the generation of transgenic tomato with genistein expression and its therapeutic effect in

Alzheimer’s disease using C.elegans.
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Chapter 2

The DMR6-edited Arabidopsis expressing a barley 2-oxoglutarate Fe(Il)-dependent
oxygenase orthologue validates the gene’s involvement in Fusarium head blight

susceptibility

Introduction

Fusarium head blight (FHB) or scab is primarily caused by Fusarium graminearum (Fg)
(teleomorph Gibberella zeae), is a devastating disease of cereal crops [1]. Fig grows rapidly
under warm and high humidity conditions [2] and the key symptoms are the bleaching of
spikelet and the production of non-viable seeds [3]. FHB infection causes severe economic
loss [4, 5] and mycotoxin contamination, mainly deoxynivalenol (DON) [6, 7], within
infected grains which is toxic to humans and animals. Deployment of resistant cultivars is

important to guarantee food safety and promote human health.

Genetic engineering stands out as a promising solution to generate resistant cultivars. There
are different attempts on generating resistant transgenic wheat and barley plants such as
overexpression of pathogenesis-related (PR) or defense response genes [8-10],
overexpression of antifungal [11] or antimicrobial peptide [12] from other species,
inhibition of DON synthesis [13-16], modifying DON target site within the host system
[17] and detoxifying DON into less toxic compound [18, 19]. However, these transgenic

cultivars are considered as GMO. The emergence of CRISPR technology allows precise
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and efficient genome editing by introducing random mutation at target site [20]. CRISPR
has been used intensively in mammalian cells and many organisms [21-25] as well as in

model and crop plants [26-33].

Identification of host susceptibility genes paves the way to develop disease resistant plants
through genome editing. A susceptibility gene called DMR6 (downy mildew resistance 6)
was discovered and characterized while screening for Arabidopsis mutants (ethyl methane
sulfonate and T-DNA insertion mutants) for a loss-of-susceptibility to downy mildew
disease caused by Hyaloperonospora arabidopsidis pathogen [34, 35]. Map-based gene
cloning revealed that DMR6 encodes a putative 2-oxoglutarate Fe(ll)-dependent
oxygenase (20GO) that belongs to the 2-oxoglutarate-dependent dioxygenase superfamily.
The dmr6-1 null mutant and dmr6-2 T-DNA mutant (caused incorrect intron splicing event)
demonstrated decreased susceptibility to downy mildew. The 20GO gene was shown to be
a negative regulator of defense-associated genes. It was later shown that DMR6 and its
paralog DLOI (DMRG6-like oxygenase 1) were co-expressed during pathogen infection and
redundantly suppressed plant immunity which is closely associated with the salicylic acid
(SA) homeostasis [36]. It was verified that mutations in DMR6 and DLOI resulted in an
increase of SA levels and the upregulation of pathogenesis related (PR)-1, PR-2 and PR-5
genes. Interestingly, the dlol mutant showed a lower level of resistance to H.
arabidopsidis compared to the dmr6 mutant, whereas, the dmr6dlol double mutants
showed complete resistance to downy mildew, albeit with an accompanying dwarf
phenotype. It was concluded that dmr6 mutant alone provides broad spectrum disease

resistance to H. parasitica, and also to Pseudomonas syringae and Phytophthora capsici
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[36]. The biochemical mechanism of DMR6 was further elucidated by a report in 2017 [37]
that showed that DMR6 encodes a salicylic acid 5-hydroxylase (S5H) that can catalyze the
conversion of SA to 2,5-dihydroxybenzoates (2,5-DHBA) by hydroxylating SA at the C5
position of its phenyl ring. It was shown that the DMR6/S5H expression is induced by SA
and that conversion of SA to 2,5-DHBA represents a feedback mechanism which maintains
SA homeostasis in Arabidopsis cells. Considering the broad spectrum resistance to
different pathogens induced by DMR6/S5H/20GO mutation, generating CRISPR-edited

dmr6 mutants represents promising solution to restrict diseases in crop plants.

In this study, we generated dmr6-knock out (KO) mutant Arabidopsis plants using the
CRISPR/Cas9 system. The CRISPR-edited Arabidopsis dmr6 mutants carry the frameshift
mutations and show enhanced resistance to Fg on the inflorescence while remaining
normal with respect to plant growth and development. We have identified the DMR6
orthologue of barley (cv. Conlon) and transformed the Hv2OGO cDNA into Arabidopsis
dmr6-KO mutant line and restored the susceptibility of Arabidopsis to Fg, indicating that
Hv20GO is involved in barley’s susceptibility to FHB. The outcome of this study provides

a foundation to generate H/v20GO mutants for barley resistance to FHB.

Methods and materials

Arabidopsis thaliana plant growth
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Arabidopsis thaliana Columbia ecotype (Col-0) seeds were sterilized with 30% bleach for
30 minutes and washed with sterile water for five times. Sterilized seeds were stratified at
4 °C for two days and plated on growth medium [Murashige and Skoog (MS) medium
containing 1% (w/v) sucrose and 0.3% (w/v) Gelzan™ agar]. The plated seeds grew at
22 °C under 16h/8h light-dark photoperiod. Germinated seedlings were transferred to Pro-
Mix soil in an environmental-controlled chamber with a 16h/8h light-dark photoperiod at

22 °C and 40%-60% relative humidity.

Construction of 4220G0 CRISPR-editing vector

The Arabidopsis thaliana genomic and mRNA sequence of 2-oxoglutarate and Fe(Il)-

dependent oxygenase (At20GQO) was obtained from TAIR (https://www.arabidopsis.org/)

and NCBI (https://www.ncbi.nlm.nih.gov/) databases with accession number of

AT5G24530 and NM_122361.4 respectively. The gRNA target sequence for A220GO
gene (5°’- GGTCTCCAGATCTTGATCGACGG -3) was identified according to selection
guidelines with 20 nucleotides upstream of a proto-spacer adjacent motif (PAM) sequence
(5°-N20-NGG-3’) and a target sequence beginning with the G nucleotide base. The
At20GO-editing vector was constructed following the protocol as published previously
[29]. The gRNA sense and anti-sense oligos (forward: 5-
GATTGGTCTCCAGATCTTGATCGA -3’; reverse: 5°-
AAACTCGATCAAGATCTGGAGACC -3’) were phosphorylated and annealed under the
following condition: 37 °C for 30 minutes, 95 °C for 5 minutes and then ramping down to

25 °C at the rate of 5 °C/minute, in a 10 pl reaction (1 pl of 10x T4 ligation buffer, 0.5 pl
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of T4 PNK, I ul of each oligo at 100 uM). The annealed gRNA oligos were cloned into
psgR-Cas9-At vector (kindly provided by Dr. J. Zhu, [29]. The resulting plasmid was

sequenced and confirmed followed by subcloning into plant expression vector

pCAMBIA1300 (https://www.addgene.org/vector-database/5930/), resulting in pRD207,

and transformed into Agrobacterium tumefaciens EHA105 strain.

Arabidopsis thaliana plant transformation and mutant selection

Arabidopsis thaliana Col-0 plants were grown for 3-4 weeks until flowering.
Agrobacterium tumefaciens EHA105 strain harboring pRD207 (4£20GO gRNA/Cas9)
was grown in 2 mL of LB liquid medium containing 50 pg/ml kanamycin and 50 pg/ml
chloramphenicol. The 2 ml overnight culture was inoculated into 200 mL LB liquid
medium containing the same antibiotics and was shaken at 30 °C for approximately 5 hours
until the ODeoo reached to 0.6. Agrobacterium cells were spun down and rinsed twice with
5% sucrose before resuspending into 300 mL of 5% sucrose solution with 0.05% Silwet L-
77. Floral buds were dipped into Agrobacterium solution for 1-2 s [38]. The inoculated
plants were covered with a clear plastic dome for 24 hours before returning to controlled
growth chamber. The transformed plants were grown for another 3-4 weeks for seed
harvesting. The collected To seeds were sterilized by 30% bleach and selected on growth
medium containing 50 pg/L hygromycin. The selected mutant plants were transferred to

soil for acclimated growth.

Genomic DNA (gDNA) isolation of Arabidopsis mutant plants
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200 mg leave tissues from each putative mutant plant was collected for gDNA isolation
using CTAB extraction buffer (2% cetyl trimethylammonium bromide, 1% polyvinyl
pyrrolidone, 100 mM Tris-HCI, 1.4 M NaCl, 20 mM EDTA). The CTAB-leaf tissue mix
was vortexed vigorously for 30s and then incubated at 65 °C for an hour followed by
phenol-chloroform isolation. The supernatant was then mixed with 100% ethanol to
precipitate the DNA followed by clean-up step with 70% ethanol. The DNA pellets were
air-dried and resuspended with sterile deionized water. The concentration of DNA was
measured with a Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, United

States).

Mutant analysis: mutant confirmation, restriction fragment length polymorphism

(RFLP) and T7 endonuclease I (T7E1) assays

The presence of the Cas9 gene in putative mutant plants was first confirmed by PCR-
amplification using Cas9 primers (forward: 5’- GAAGCGGAAGGTCGGTATCCACGG
-37; reverse: 5’- GGCCAGATAGATCAGCCGCAGGTC -3°) to confirm the integration
of Cas9 transgene. The gDNA samples were used to amplify a 420 bp fragment flanking
the target sequence (forward: 5’- GTGCTTGGTGAACAAGGTCAACAC -3’; reverse: 5°-
GTGCTTGGTGAACAAGGTCAACAC -3°). The amplified fragments were purified
using phenol/chloroform clean-up method and resuspended in sterile deionized water prior
to analysis. RFLP assay was carried out by incubating Bg/II restriction enzyme with the

purified 420 bp PCR fragment from each putative mutant line and the WT plant. Digested
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samples were electrophoresed on 1% agarose gel and the gel images were captured. T7E1
assay was performed as well to serve as another analysis method using the formation of
heteroduplex between PCR products with and without mutation followed by the digestion
of T7 endonuclease I enzyme. The purified 420 bp PCR fragments were denatured and
annealed in a thermocycler using the following program: 95 °C for 5 minutes, ramping
down to 85 °C at the rate of 2 °C/second, 25 °C at the rate of 0.1 °C/second. The mixture
was then digested with 0.5 ul of T7E1 enzyme (10 U/ul) at 37 °C for 60 minutes [39].

Samples were electrophoresed on 1% agarose gel immediately after incubation.

Complementation of 4£20GO0-KO line with Hv20GO

In order to clone the Hv20OGO cDNA from barley cv. Conlon, we isolated the total RNA
from cv. Conlon four weeks old leaf tissues and conducted RNAseq analysis by Novogen
Co., Ltd.. The RNAseq data has been deposited in NCBI SRA database (accession number
SRR10059574) under BioProject PRINAS563590. The RNAseq data from Conlon were
aligned to cv. Morex 20GO gene sequence (mRNA: MLOC 59596.1; gDNA:
HORVU4Hr1G084810.2) using the NCBI BLAST tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conlon 20GO ¢cDNA was amplified by PCR
with gene specific primers (forward: 5’- GGTCTAGAATGGCGGAGCAGCTCATCTC -
3’; reverse: 5’- GGGAGCTCCTAGGTTCTGAAGAGCTCCAGGC -3’) and cloned into
plant expression vector pEL103 (kindly provided by Dr. E. Lam, [40]), resulting in
pRD331, which was then transformed into Agrobacterium tumefacien EHA105 strain. The

homozygous At20GO-KO line (RD207-15-5) was complementarily transformed with
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pRD331 via the floral dip method. Seeds from To plants were selected on 70 pg/L
kanamycin. Confirmed Ti1 complemented plants were segregated on 70 pg/L kanamycin.

Homozygous T2 generation was confirmed by antibiotic screening.

Fg inoculation on detached Arabidopsis inflorescences and quantitative assays for

disease development

Fg tagged with sGFP (superfolder green fluorescent protein) [41] was cultured on PDA
agar for 7 days at 22 °C under UV light for 24/7. Fungal plug was extracted from PDA
plate and cultured in 50 mL of mung bean soup for another 7 days to generate macroconidia
[42]. The macroconidia were filtered out from mung bean soup using Miracloth (Millipore
Sigma, Burlington, MA, United States) and washed twice with sterile deionize water before
resuspension in sterile water. The concentration of macroconidia was measured using
hemocytometer. The macroconidia solution was diluted to 1x10° spores/mL for
inflorescence inoculation. Bolting floral buds were detached from plants and laid
perpendicularly onto 0.7% water agar in petri dishes. Each inflorescence was inoculated
with 2 ul of 1x10° spores/mL macroconidia solution along with a duplicate set of mock
sample that was inoculated with sterile water. The inoculated detached inflorescences were
maintained in a 100% humidity condition by spraying water on the inner side of the petri
dish lids prior to plate sealing. The plates were left in environmentally controlled chamber
with a 16h/8h light/dark photoperiod at 22 °C. Images were taken using the Dino-eye
eyepiece camera (Dino-Lite, Hsinchu, Taiwan) on Nikon SMZ 645 stereomicroscope

(Nikon corp., Minato, Japan) and samples were collected every 24 hours by pooling four
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inflorescences in a tube per time point until reaching 144 hours. After each collection, the
pooled samples were rinsed with 1 mL of sterile water and mild shaking to remove Fg
spores from the surface of inflorescence. The first 1 mL of rinsed water was collected to
quantitate the spore production at each time point using hemocytometer. The pooled
samples were rinsed for another two times with 1 mL of water to get rid of as many surface-
attached spores as possible. Total DNAs of pooled samples were then isolated using the
CTAB method and quantitation on spores penetrated the floral tissues was performed using
Applied Biosystems StepOne Plus thermocycler (Applied Biosystems, Thermo Fisher,
Foster City, CA, United States) by amplifying the sGFP (forward: 5’-
GTCCGCCCTGAGCAAAGA -3’; reverse: 5’- TCCAGCAGGACCATGTGATC-3’) in
the pooled samples. Both quantitative assays were repeated thrice and the data obtained
from quantitative assays was averaged with standard deviations (SD), followed by the
Student’s #-test analysis on WT vs. 41220GO-KO and WT vs. A£20GO-KO/Hv20GO
groups using GraphPad software. Statistical significance determined using the Holm-Sidak
method, with alpha = 0.05. Each time point was analyzed individually, without assuming

a consistent SD.

Relative gene expression profiling on plant defense mechanism

In order to understand the molecular mechanisms underlining the defense signaling in
At20GO-KO and Ar20GO-KO/Hv2OGO plants infected with Fg, some of the key
downstream targets in the SA, JA, ET and ROS signaling pathways were chosen for

quantitation by RT-qPCR analysis. Arabidopsis Actin-2 (ACT2) gene was used as the
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reference housekeeping gene in these studies. Primers for each selected gene were designed
using the Primer Express software (Applied Biosystems, Thermo Fisher, Foster City, CA,
United States). The primer sets for each gene were first validated to have similar
amplification efficiency as the ACT2 gene. Detached inflorescences were each inoculated
with 2 pul of Fig macroconidia solution as described above and collected at 3, 6, 12, 24, 48
hr time point. Four inflorescences were pooled into a tube and rinsed three times with 1
mL of sterile water. Total RNA of pooled samples were isolated using the TRIZOL method
(Ambion Life Technologies, Thermo Fisher, Carlsbad, CA, United States) and the
concentration was measured using the Nanodrop spectrophotometer (Thermo Fisher,
Waltham, MA, United States). Reverse transcription (RT) reaction was carried out with the
High Fidelity cDNA Synthesis Kit (Applied Biosystems, Thermo Fisher, Foster City, CA,
United States) using approximately 2 pg RNA. The RT products were used in RT-qPCR
reactions with the SYBR 2X Master Mix (Applied Biosystems, Thermo Fisher, Foster City,
CA, United States). The RT-qPCR assay was run on the default setting at 95 °C for 3
minutes for initial denaturation and 40 cycles at 95 °C for 30 s followed by 60 °C for 30 s.
The fold change of gene expression was calculated by the 2"-AACt method [43]. The RT-
qPCR analysis was repeated three times with different batches of samples, and the gene
expression levels were averaged. Primers used in the RT-qPCR gene expression assay were

listed in Table 2.1.
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RT-
qPCR Forward Reverse
primers

NPRI GCCGCCGAACAAGTACTCA GCTGTTGGAGAGCAATTGCA
PRI GTCTCCGCCGTGAACATGT CGTGTTCGCAGCGTAGTTGT
PR2 GCTGGACAAATCGGAGTATGC  CCGATGGACTTGGCAAGGTA
PR5  AACGGCGGCGGAGTTC CGCCATCGCCTACTAGAGTGA

PDF1.2 TTTGCTTCCATCATCACCCTTA  GCGTCGAAAGCAGCAAAGA
A0S  CCACCGGTTACGGCTCAA GCGTCGTGGCTTTCGATAA

ERFI CCCTTCAACGAGAACGACTCA  TTGCGTGGACTGCTCGATT
EIN3 CCGACTCCTCATACCTTGCAA CGCAGACAAAAGCGATCCA
PR3  ACGCAGTGATCGCTTTCAAA TGGGAGGCTGAGCAGTCATC
RBOHD CATGCGGGTGCCCATT ATCCGCGGCAATTAAACG
Actin2  GATTCAGATGCCCAGAAGTCTT TGGATTCCAGCAGCTTCCAT

Table 2.1. List of primers used in the RT-qPCR gene expression assay.

Results

Generating DMR6 mutants in Arabidopsis using CRISPR/Cas9 system

The DMR6 genomic (At5g24530) and mRNA (NM_122361.4) sequences were obtained
from TAIR and NCBI databases respectively. We identified the active site of DMR6
(oxoglutarate/iron-dependent dioxygenase domain) at the C-terminal of its protein
sequence (from a.a.188 to a.a.288) or exon 3 in genomic sequence which is responsible for
DMR6-dependent susceptibility phenotype in A. thaliana. The gRNA guidelines
(www.addgene.org/crispr/guide) were followed while choosing a 20-nucleotides genomic
target which is unique within the Arabidopsis genome and is also adjacent to a PAM

sequence. We designed a gRNA that specifically targets exon 3 (target region: 5’-
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GGTCTCCAGATCTTGATCGA -3’) and that also flanks a Bg/Il restriction site
(underlined) for mutant screening. The gRNA target was cloned into the vector kindly
provided by Dr. J. Zhu [29] containing Arabidopsis U6 promoter and a Cas9 gene that is
driven by the 2x 35S promoter and terminated by the NOS terminator. For Agrobacterium
transformation, the gRNA/Cas9 cassettes were subcloned into the EcoRI and HindlIl
region of pCAMBIA1300 vector, resulting in the plant expression vector pRD207.
Flowering Arabidopsis Col-0 plants were transformed vie EHAI105 strain of
Agrobacterium using the floral-dip method. The collected To seeds were screened on 50
pg/L hygromycin. A total of 14 putative T1 mutant plants were recovered from antibiotic

selection.

Molecular characterization of Ar20GO-KO (dmr6) mutants and identification of

homozygous progeny

The At20GO (pRD207) CRISPR-editing transformants were first confirmed by
performing PCR with Cas9 specific primers using extracted genomic DNA from each Ti
line which later were genotyped using restriction fragment length polymorphism (RFLP)
assay followed by Sanger sequencing to discover the mutations in Ti progeny. A 420 base
pairs (bp) genomic DNA (gDNA) flanking the target region was PCR-amplified and
analyzed by RFLP with Bgl/II restriction digestion (Figure 2.1a) and T7E1 assay (Figure
2.1b). The gel picture (Figure 2.1a) demonstrated that all putative mutant lines had three
DNA bands after the RFLP assay. The bottom two bands (276 bp and 144bp) represented

the digestion fragments for WT plant while the top band (420 bp) was the undigested
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fragment, indicating that one allele of the gDNA was mutated at the restriction site in the
target region (monoallelic mutation). By T7E1 assay, the formation of three DNA
fragments indicates a monoallelic mutant since the heteroduplex formed with mutation on
one allele results in the T7E1 digestion of the PCR fragments. Hence, Figure 2.1b further
demonstrated that all T1 mutant lines carried monoallelic mutations. The undigested PCR
fragments following RFLP assay were extracted and purified for Sanger sequencing to
decipher the mutations induced by pRD207 CRISPR-editing vector. T1 mutants were
segregated and the T2 generation was analyzed by RFLP assay to screen for homozygous
mutants. The T2 homozygous mutants which showed single undigested fragments were

sequenced to confirm the mutation pattern (Figure 2.1c).

Cnsi+ sl
K4 5 & T KB 9 18 11 1T 13 14 15 1é 17 WT IKb+d4 § & T B 9 10 11 1X 13 14 15 1& 17 WT

Figure 2.1. (a) RFLP assay and (b) T7E1 assay to confirm putative CRISPR-edited
At20GO (RD207) mutants. Total of 14 mutant lines were first confirmed to carry Cas9

gene which then followed by target region PCR and analyzed by Bg/II restriction digestion.
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All T1 mutants were heterozygous with single allele mutation. (¢) RFLP assay to screen for
homozygous T2 mutants in which the target region was mutated in both alleles, hence

resulting in the loss of the Bg/II restriction site.

Figure 2.2 showed the mutation profiles of RD207 (4£20GO-KO) mutants at T1 generation
as well as the segregated homozygous T2 generation. There were 9 different mutation
patterns observed in the Ti generation. 13 out of 14 T1 mutants had the deletion around the
target region while one of them had the insertion within the target region. 57% (8 out of
14) of the T1 mutants were confirmed to have frameshift (f.s.) mutations that truncated the
protein product and disrupted the active site of 41220GO. Most of the mutation patterns
from Ti generation were retained in T2 homozygous mutants. 31% (4 out of 13) of the
identified homozygous mutants carried the stable frameshifting deletions around the target
region. The frameshifted homozygous mutants were segregated to remove the gRNA and
the Cas9 cassettes and the loss of these cassettes was confirmed by PCR with gRNA- and
Cas9-specific primers. We had chosen the homozygous 4:20GO-KO mutant line RD207-
15-5 for subsequent disease assessment and barley gene complementation experiments.
RD207-15-5 mutant carried an 8 bp frameshifting deletion in exon 3 of the DMR6 gene
resulting in the premature termination of the gene product as illustrated in Figure 2.3. It
was expected that the truncated gene product would have disrupted the oxoglutarate/iron-
dependent dioxygenase domain at the C-terminal resulting in the loss of susceptibility to

Fg infection.
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Wildtype TACTGTTTGCGGTCTCCAGATCTTGATCGACGGTCAGTGG

BglII PAM
T, generation
207-4 TACTGTTTG -~ — == — = e e e e e CGGTCAGTGG =21
207-5 TACTGTTTGCGGTCTCCA -~~~ GATCGACGGTCAGTGG -6
207-6 TACTGTTTGCGGTCTCCAGATC -~~~ ~-CGACGGTCAGTGG -5 (fis)
207-7 TACTGTTTGCGGTCTCCAG -~~~ == TCGACGGTCAGTGG -7 (fs.)
207-8 TACTGT-====== CTCCAGA-C/CCACCGACGGTCAGTGG -8 (fs.)
207-9 TACTGTTTGCGGTCTCCA -~~~ GATCGACGGTCAGTGG -6
207-10 TACTGTTTGCGGTCTCCAG TCTTGATACGACGGTCAGTGG +1 (fs.)
207-12 TACTGTTTGCGGTCTCCAGATC ~——~~ CGACGGTCAGTGG -5 (fis)
207-13 TACTGTTTGCGGTCTCCAGATC -~~~ -TCGACGGTCAGTGG -4 (fs.)
207-14 TACTGTTTGCGGTCTCCAGA ~ = = === === CGGTCAGTGG -10 (f.s.)
207-15 TACTGTTTGCGGTCTCCAG— = == ==~ CGACGGTCAGTGG -8 (fs.)
207-16 TACTGTTTGCGGTCTCCAGATC ~— -~ GACGGTCAGTGG -6
207-17 TACTGTTTGCGGTCTCCAGATC ~ =~~~ GACGGTCAGTGG -6
T, generation
207-4-3 TACTGTTTGCGGTCTCCAGATC -5 (fs.)
207-4-23 TACTGTTTG-— === — e e -21
207-6-1 TACTGTTTGCGGTCTCCAGA -10 (f.s.)
207-6-4 TACTGTTTGCGGTCTCCA -~~~ -6
207-7-8 TACTGTTTGCGGTCTCCA - GATCGACGGTCAGTGG -6
207-7-23 TACTGTTTGCGGTCTCCA - GATCGACGGTCAGTGG -6
207-8-17 TACTGTTTGCGGTCTCCA -~~~ GATCGACGGTCAGTGG -6
207-8-30 TACTGTTTGCGGTCTCCACATC mmmmmm mmmmm TGG -14 (f.s.)
207-14-9 TACTGTTTGCGGTCTCCAGATC - ~-G-T-G-~GGTCAGTGG -6
207-14-15 TACTGTTTGCGGTCTCCA -~~~ ~~ GATCGACGGTCAGTGG -6
207-15-5 TACTGTTTGCGGTCTCCAG ~~~CGACGGTCAGTGG -8 (fis.)
207-17-13 TACTGTTTGCGGTCTCCA - GATCGACGGTCAGTGG -6
207-17-19 TACTGTTTGCGGTCTCCA -~~~ GATCGACGGTCAGTGG -6
Red — sgRNA target Blue — Restriction site — Base substitution Green — Insertion

Figure 2.2. Mutation profiles of 4£20GO-KO (RD207) mutants at T: generation and
segregated homozygous mutants at T2 generation. Frameshift mutation (f.s.) was observed
in 57% of the T1 mutants and the mutation patterns were retained mostly in homozygous

T2 mutants.
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Figure 2.3. Schematic diagram of 4£20GO gene in WT and homozygous mutant RD207-
15-5. RD207-15-5 mutant carries an 8 bp frameshifting deletion in exon 3 of the DMR6

gene resulting in the premature termination of the gene product.

Identification of DMR6 (20GO) orthologue from barley cultivar Conlon for

complementation test

The DMRG6 orthologue of barley (Hordeum vulgare) was searched for in the PGSB barley
genome database. Currently, high quality reference genome assembly and automated gene
annotation have been done only on barley cv. Morex (Mascher et al. 2017). One copy of
Hv20GO gene in cv. Morex was identified from the database. The mRNA and gDNA
sequences were tagged as MLOC 59596.1 and HORVU4Hr1G084810.2 respectively in
the database. In order to confirm the Hv2OGO gene sequence in cv. Conlon as compared
to cv. Morex, total RNA from cv. Conlon was extracted and sequenced by Novogene Co.,
Ltd. The RNAseq data was assembled and aligned against the cv. Morex 20GO gene

sequence to identify the Conlon 20GO gene. The Conlon 20GO cDNA was cloned by RT-



36

PCR and sequenced via Sanger sequencing. The Conlon Hv2OGO nucleotide sequence
was shown to be 99.9% identical to the Morex Hv20OGO nucleotide sequence except there
was a mismatch at position 396 of the cDNA sequence, changing from cytosine (C) to
thymine (T) base (Figure 2.4). This nucleotide change (highlighted in red) caused a change
of amino acid from phenylalanine to leucine, which is conservative and which maintains
hydrophobicity. The Conlon Hv20OGO was cloned into pEL103 (kindly provided by Dr. E.
Lam, [40]) transformation vector, resulting in pRD331, which was then transformed into
EHAT105 strain of Agrobacterium. The homozygous A120GO-KO (RD207-15-5) mutant
was selected to be complementarily transformed with pRD331 via Agrobacterium-
mediated floral dip method. The collected To seeds were screened on 70 pg/L kanamycin-
containing medium. A total of 7 putative T1 Hv20OGO-complemented transformants were
recovered from antibiotic selection and confirmed by PCR on Hv2OGO gene (Figure 2.5).

Homozygous 4:20GO-KO/Hv2OGO plants were obtained via segregation.
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Conlon 1 ATGGCGGAGCAGCTCATCTCCACGGCCGTGCACCACACGCTGCCCCACAGCTACGTCCGC 60

Morex 1 cecsssescssssssssesesssessssssessssscsssssssssssessssccsscee 00

Conlon 61 TCCGAGGCGGAGCGGCCGCGCCTCCACGAGGTCGTGCCCGACGCCGACATCCCCGTCGTC 120

Norex 61 A ¥ 1 1]

Conlon 121 GACCTCGCCAACCCCGACCGCGCCGCCGTCGTCTCCCAGATCGGCTCTGCCTGCAGCTCC 180

Morex 121 csssssscssssssssssssssssssssssssssssssssssssssssssssssssssss 180

Conlon 181 CACGGCTTCTTCCAGGTGCTCAACCACGGGCTGCCGGTGGAGGCCATGCGGGCGGCGATG 240
Morex 181 .ccccccccccsccsns Ceccccsssssssssssssssessssssssssssssessnss 240

Conlon 241 GCGGTGGCGCACGACTTCTTCCGCCTCTCGCCGGAGGAGAAGGCCAAGCTCTACTCCGAC 300
Morex 241

ceccssscscsssesssssessssssssssssssssssssscsssssccsssccsssccs 300

Conlon 301 GACCCGGCCAAGAAGATGCGGCTATCCACCAGCTTCAACGTGCGCAAGGAGACCGTCCAC 360
Morex 301

T R R e L 1]

Conlon 361 AACTGGCGCGACTACCTGCGGCTGCACTGCCACCCGCTCGACCAGTTCGTGCCGGAGTGG 420

Morex 361 s SRR I v 1

Conlon 421 CCGGCCAATCCACCGCCCTTCAGGGATGTCATGAGCACATACTGCAAAGAGGTCCGGGAT 480
Morex 421

R 1 11

::““" 481 CTTGGGTTCCGGCTCTACGCGGCGATCTCGGAGAGCCTAGGGCTGGAGCAGGACTATATC 540
rex 481

A 1 {1}

Conlon 541 AAGAAGGTCCTCGGTGAGCAGGAGCAGCACATGGCGGTGAACTTCTACCCCAAGTGCCCC 600

Morex 541 e 111}

Conlon 601 TCGCCGGAGCTGACATATGGGCTCCCGGCCCACACGGACCCCAACGCCCTCACCATCTTG 660
Morex 601 €9 08000s000000000000000000000s0sRsEREsOSORRRRssssssacssnse OO0

2“ lon 661 ATGATGGACGAGCAGGTCGCCGGGCTACAGGTGCTCAAGGAAGGCCGGTGGATCGCCGTC 720
e 661 ccccccccccccccsesccscessessessesssssssessecssesssssesssssene 720

Conlon 721  AACCCGCGGCCCAACGCTCTCGTCATCAATCTTGGGGACCAGCTGCAGGCGCTGAGCAAC 780
Morex 721

e £ 11}

Conlon 781 GGGAGATATAGGAGTGTGTGGCACCGCGCTGTTGTGAACTCAGACAGGCCAAGGATGTCC 840

Morex 781 cecsssesssssssssssssssssssssssssssssssssssssssssssssscsssees 840

:‘:‘ lon 841 ATTGCCTCGTTCCTCTGCCCCTGCAATAGCGTCATGCTCGGCCCCGCTGAGAAGCTCATC 900
rex 8 41

cecescsscssssesssssssssesssssssssssssssssssssssssssssncssces 900

Conlon 9501 GGGGCCGAGACACCGGCCGTCTACAGAAATTACACCTACGATGAGTACTACAAGAAGTTC 960

Morex 01 . 1 1]

Conlon 961 TGGAGTAGGAATTTGGACCAGGAGCACTGCCTGGAGCTCTTCAGAACCTAG 1011
Morex 961 ..cccccccccns ceccss csecsssscsssssssssns cesssssss «ee 1011

Figure 2.4. Pairwise alignment of Conlon and Morex Hv2OGO sequences. A . (period)
indicates identical nucleotide bases and highlighted nucleotide base indicates the mismatch.
Both sequences were 99.9% identical to each other with a mismatch at position 396,
changing from cytosine (C) to thymine (T) base, resulting in the switching of amino acid

from phenylalanine to leucine while still conserving its hydrophobic property.
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Figure 2.5. Gel image showed the PCR-confirmed 4£20GO-KO/Hv20GO lines (1-7) with

a plasmid control (pRD331) carrying the Hv20GO mRNA fragment of 1011 bp.

Characterization of disease phenotype on 4220G0O-KO and 420G 0O-KO/Hv20GO-

complemented homozygous plants

The homozygous 4120GO-KO mutant (RD207-15-5) with an 8 bp frameshifting deletion
in exon 3 of the DMR6 gene and homozygous Ar20GO-KO/Hv20OGO-complemented
plants (RD207-15-5/331-1) were used in the Fg infection assay together with the WT
Arabidopsis as the control group. The Fg infection assay was performed by point
inoculation of the sGFP-tagged Fg macroconidia on detached inflorescences and
stereomicroscopic images were taken each day post inoculation (dpi) for 6 days (Figure
2.6). At 2 dpi, the fungal hyphae started to form on the inflorescence surface of WT and
At20GO-KO/Hv20GO inflorescence while 41220GO-KO inflorescences remained free

from fungal hyphae growth. The hyphae growth on WT and 420GO-KO/Hv2O0GO
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inflorescences spread aggressively from one inflorescence to another starting from 3 to 4
dpi whereas At120GO-KO inflorescences had minimal fungal hyphae growth on the
inflorescence surface at 4 dpi. At 5 to 6 dpi, the Fg hyphae on WT and A20GO-
KO/Hv2OGO inflorescences became abundant and the colonization started to take over the
inflorescence tissue by forming thick mycelium mat and the host tissue started to show
wilting symptoms. The 4£20GO-KO inflorescences remained in their initial infection
condition at 6 dpi when a minimal amount of hyphae growth was observed. It was evident
that the loss of susceptibility from the truncated DMR6/20GO gene slowed down the
infection progress of Fg. Our results showed that the 4220GO-KO inflorescences were
more resistant to g infection than WT’s, and the complementation of 4£20GO-KO with
Hv20GO recovered the Arabidopsis susceptibility to Fg, indicating that Hv2OGO is an Fg

susceptible factor for barley.
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Figure 2.6. Illustration of FHB disease progression on detached Arabidopsis
inflorescences. Fungal hyphae started to form on At WT and At20GO-KO/Hv20GO at 2
dpi while 4220GO-KO displayed a higher level of resistance with minimal fungal hyphae

growth even on 4dpi. Pictures were taken using the Dino-eye eyepiece camera together

with stereomicroscopes at 20x magnification. Scale bar (0.1 mm — ).
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Figure 2.7. qPCR quantitative assay in measuring disease severity on Fg inoculated
inflorescence. Experiment was repeated with three independent batches of samples.
Statistical significance determined by #-test analysis followed by Holm-Sidak method, with
alpha = 0.05. Each time point was analyzed individually, without assuming a consistent

SD (p-value: * <0.05; ** <0.01; *** <0.001).
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Figure 2.8. Quantitative assay of spore production on Fg inoculated inflorescence. The
percentage of spore reduction was calculated for 72h, 96h, 120h and 144h. The experiment
was repeated with three independent batches of samples. Statistical significance
determined by t-test analysis followed by Holm-Sidak method, with alpha = 0.05. Each
time point was analyzed individually, without assuming a consistent SD (p-value: * <0.05;

*#<0.01; ***<0.001).

In order to assess the disease severity, we used the qPCR assay to quantitate the amount of
Fg that had penetrated into the host tissue (Figure 2.7). The inoculated inflorescences were
collected daily and rinsed off the surface Fg hyphae and macroconidia with sterile
deionized water for three times with mild shaking. The rinsed and pat-dried inflorescences
were analyzed in qPCR assay using the primers that amplified sGFP tagged to Fig. The WT
and A1220GO-KO/Hv20GO inflorescences showed similar infection pattern where the

amount of Fig within the inflorescence tissues increased rapidly and consistently starting 2
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dpi to 6 dpi while A220GO-KO showed that the fungal penetration occurred at a much
restricted rate, approximately 30% less than the other two test groups. Furthermore, the
spore production on Fg inoculated inflorescences was quantitated using a hemocytometer
(Figure 2.8). The result was similar to the qPCR assay in that the spore production
increased rapidly in WT and 420GO-KO/Hv20OGO inflorescences starting from 4 dpi
when the fungal colonization defeated the plant defense. Spore production in 4£20GO-KO
inflorescences, however, had a more restricted pattern, indicating that the mutation
suppressed Fg proliferation. At 6 dpi, the spore production in KO plants were 41% and 22%
less than WT and complemented mutants, respectively. These results provided a solid
evidence that 4120GO mutants are effective in restricting Fg growth and that barley

Hv20GO gene functions similarly as A220GO during Fg infection.

Gene expression profiling on plant defense signaling pathway-related genes

The expression of several plant defense signaling pathways [salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET)]-related genes in 4A120GO-KO, At20GO-KO/Hv20OGO and
WT was analyzed using RT-qPCR. 4:20GO T-DNA-KO was known to accumulate SA
due to the impairment in gene function [36]. Higher level of SA induced the defense-related
genes and led to the heightened resistance in 4£20GO-KO mutant upon pathogen infection.
Previous studies showed that the gene expression level of PR genes in healthy KO plants
was elevated to approximately 10-fold, especially for PR/ gene [36] in the leaf tissues. We
analyzed the floral and leaf samples from our A220GO mutant. Figures 2.9a and 2.9b

demonstrated that the relative gene expression of PR1, PR2 and PRS in 4220GO-KO leaf
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sample was similar to the assay mentioned in previous study except that PR2 was expressed
at a much higher level (~20 folds) compared to PR1. The floral samples did not show the

similar trend seen in leaf sample. PR2 gene was the only one expressed at one-fold higher

than WT.
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Figure 2.9. Relative gene expression of non-inoculated A220GO-KO (a) floral and (b) leaf
samples. The experiment was repeated three times with samples from three individual

plants. The relative expression values were averaged.
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Figure 2.10. RT-qPCR analysis of plant defense-related genes relative expression.

Relative expression profile includes genes involved in SA signaling (a-d), JA/ET signaling
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(e-1) and ROS activation (j). RT-qPCR assay was repeated three times with different batch

of samples. The relative gene expression was calculated using the 2*-AACt formula.

Each sample group was point inoculated with sGFP-tagged Fig and collected at 3, 6,12, 24,
48 hours after inoculation (hpi). All defense-related genes were expressed highly and
visibly only in 4£20GO-KO compared to WT and A120GO-KO/Hv2OGO (Figure 2.10).
SA accumulation activates the NPRI (Figure 2.10a) transcripts and hence the increase of
its gene expression from 3 hpi to its peak at 12 hpi. The AOS gene (Figures 2.10g) were
involved in the upstream of JA signaling pathway. Their gene expression started to increase
at 6 hpi to its peak at 12 hpi and dropped sharply at 24-48 hpi back to basal level. The EIN3
and ERFI genes (Figures 2.10h-1), which are activated by ET, displayed the similar gene
expression pattern as JA-related genes in which the increment was observed only from 6-
12 hpi and the expression levels decreased sharply from 24-48 hpi. PRI, PR2, PR3 and
PR5 (Figures 2.10b-e) are pathogenesis-related genes which are the key components
of plant innate immune system. These genes were upregulated from 6-12 hpi and decreased
to a lower level of expression at 24-48 hpi except PRI gene returned to basal level at 48
hpi. On the other hand, PDF1.2 (Figure 2.10f), a JA and ET responsive gene, expressed at
extremely high level from 6 hpi and decreased after 12 hpi. The RBOHD gene (Figure 2.10j)
was highly expressed from 6-12 hpi and maintained a much lower expression at 24-48 hpi.
Overall, 4£20GO-KO plants displayed an amplified the defense responses and hence

resulting in a more resistant phenotype against pathogen attack.
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Discussion

One of the major challenges for agribusiness and food security is to maintain a sustainable
agriculture with higher quantity and quality of food sources. Pathogen attack, inevitably,
is the leading cause of the yield loss and the falloff in crop quality globally. The plant
immune system comprises two interconnected receptors which are the pattern recognition
receptors located at the cell surface recognizing pathogen associated molecular patterns
(PAMPs); and the resistance (R) genes that encode the intracellular nucleotide-binding and
leucine-rich-repeat (NB-LRR) receptors which recognizing the pathogen effectors [44]. R
genes have been widely studied and their introgression into susceptible cultivar via
breeding method has led to substantial improvements in disease resistance. However, the
pleiotropic effects of R genes, as well as linkage drag and competition drag in breeding
approach have become significant limitations for breeders to generate resistant cultivars
without compromising yield [45]. The discovery of susceptibility genes has made them an
attractive target for loss-of-function mutations that may enhance plant resistance to
infection. Likewise, impairment of Arabidopsis DMR6 gene has been shown to confer
broad-spectrum disease resistance [35, 36]. In this study, we utilized CRISPR/Cas9
technique to generate 4120GO-KO mutants and studied its disease phenotype by Fg
infection on inflorescence. Our results showed A220GO-KO mutants were resistant to g
infection and proliferation. We have also shown that the DRM6 orthologue of barley cv.
Conlon (Hv20GO) restored the WT disease phenotype in A220GO-KO mutants, verifying
its function as a susceptibility gene, paving the path for gene-editing to achieve barley

resistance to FHB.
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DMRG6 belongs to 2-oxoglutarate Fe(Il)-dependent oxygenase superfamily in which most
of the members involve in biosynthesis of plant flavonoid and secondary metabolites [46].
The discovery of loss-of-function dmr6 mutant in conferring broad spectrum resistance has
stimulated our interest in identifying potential homologues or orthologues of DMR6 in
barley and studying its potential role in FHB disease resistance. In order to understand the
role of DMRG6 in barley, the cv. Conlon orthologue was identified, cloned and transformed
into the 4120GO-KO mutant in order to verify whether the barley orthologue carries the
same function in facilitating Fig invasion. Based on our results on quantitative assays,
At20GO-KO plants were able to slow down the fungal invasion on their inflorescences
and delay the onset of spore proliferation as compared to WT and to Hv2OGO-
complemented plants. The impairment of 20GO gene on its genomic exon 3 or the
truncated C-terminal gene product due to frameshift mutations has disrupted its function
in Fe(Il) 20G dioxygenase domain. The disruption in this domain caused the loss of
enzyme’s catalytic function in the biosynthesis and catabolism of plant hormones, such as
salicylic acid, ethylene, gibberellins and flavonoids production [46]. From previous reports,
biochemical analysis of the 20GO gene indicates its specific function in fine-tuning SA
homeostasis[37]. These findings provide an insightful view on 20GO potential role as
plant immunity suppressor in Fg invasion. Our qPCR quantitative assay result has shown
that A220GO-KO plants were able to restrict the fungal invasion by 30% compared to WT
and to complemented plants. Even though the resistant plants might not completely block
the entry of Fig into host tissue, the fungal progression and proliferation was impeded and

infection proceeded at a much slower rate. This observation provides a solid evidence for
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an efficient defense mechanism within the resistant plants. We quantitated the spore
production to measure the Fg disease progression and to determine the onset of Fg
colonization and host wilting. Based on our results, 4£20GO-KO plants were able to delay
the fungal progression for at least 48 hours and restrict spore production by about 30-60%
compared to the WT and complemented plants which demonstrating its heightened level
of resistance in combating fungal invasion. This observation indicates that WT and
complemented plants were compromised at the end of 2 dpi when Fig started to exterminate
host defense system and exploit host nutrients for spore proliferation. On the other hand,
At20GO-KO plants manage to strengthen their defense system and alleviate the disease
symptoms. Our data showed that impairment of the 20GO gene leads to enhanced FHB

disease resistance.

In order to understand the underlying molecular mechanism of the resistant plants, we
performed RT-qPCR assay to examine the effect of 20GO mutation on plant defense
signaling pathways. Remarkably, the floral tissues of 4220GO-KO mutant showed much
higher levels of gene expression in all the selected defense-related genes primarily after 3
hpi. Both the WT and complemented plants, nonetheless, had much lower and almost
undetectable level of gene expression upon fungal infection in the floral tissues. It was
known that DMR6 encodes salicylate 5-hydrolase [37] and its impairment results in the
loss of hydrolase activity and hence high levels of SA accumulation which stimulates
systemic acquired resistance (SAR) [47]. SA is the central player in SAR and known to be
a critical defense against biotroph infection. The accumulation of SA can enhance the SAR

responsiveness and therefore pathogen resistance. Hence, during infection of
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hemibiotrophic Fg, the early defense responses of 41220GO-KO mutants were expected to
respond in a biphasic strategy by having higher levels of expression for SA-related genes,
such as NPRI, and other SAR-associated markers (PRI, PR2, PR3, and PRY5) as well as
triggering an oxidative burst with the production of reactive oxygen species (ROS). Our
results support these predictions. Figures 2.10a to 2.10d showed that the expression of SA-
related genes was induced strongly, starting from 3 hpi to its peak at 12 hpi followed by a
decrease thereafter. The drop in transcripts may reflect their negative regulation by the
MPKH4 gene. It is evident that the high levels of SA in 4220GO-KO mutants has greatly
enhanced its resistance to restrict fungal invasion and proliferation. PR genes are primarily
SA-dependent. We showed that their expression patterns were almost identical to those
SA-related genes. Following SA-related gene induction, it has been established that the
JA/ET signaling pathways are activated to mediate the resistance against necrotrophic
pathogen [48]. Our results have shown the sequential pattern in the activation of defense
pathways. The JA/ET signaling pathways-related genes (A0S, EIN3, ERFI, PR3 and
PDF1.2) were induced rapidly starting from 6 hpi and their expression decreased after 12
hpi (Figures 2.10e to 2.10j). The upregulation of JA/ET-related genes and the marked
induction of PDFI.2 (approximately 56-fold, compared to the WT and to A220GO-
KO/Hv2OGO plants) indicate that these genes may well play a key role in the enhanced
resistance displayed by 4£20GO-KO plants and that, in return, maybe responsible for
slowing down Fg infection and colonization. The MYC?2 is a negative regulator of the JA
signaling pathway, mediating the JA defense response antagonistically [49]. RBOHD gene
was highly expressed during 6-12 hpi implicating its involvement in regulating ROS

production in order to protect plants from pathogen invasion [50-52]. Based on the qPCR
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analysis, JA signaling was activated in parallel with the SA signaling to attenuate damage
caused by fungal infection which was similar to the report by Makandar group [53]. Overall,
the much higher level of defense genes expression may be the underlying mechanism
responsible for enhanced Fg resistance of 4220GO-KO plants. In summary, SA signaling
pathway is first initiated at the early stage of Fg infection followed by the activation of JA
signaling pathway that contributes to resistance at later stage of infection. The impairment
of dmr6 gene in A120GO-KO mutant may be responsible for increasing SA accumulation
which then directly amplifies the effects in defense gene response through SA/JA/ET
signaling pathways upon Fg infection leading to greater degree of disease resistance. The
barley orthologue-complemented plants had the Fg susceptibility restored proved that
Hv20GO is involved in FHB susceptibility in barley. CRISPR-editing the Hv2OGO gene

in barley cultivars could be a very promising strategy to combat FHB.
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Chapter 3

The Ethylene Insensitive 2 (EIN2)-edited Arabidopsis expressing a barley EIN2

orthologue validates the gene’s involvement in Fusarium head blight susceptibility

Introduction

Ethylene (ET) is a gaseous hormone that influences and regulates diverse biological
processes in plant growth, development and defensive responses [1]. It is best known for
its effect on fruit ripening and its role in abscission signaling [2]. Apart from these features,
it is one of the crucial components in modulating plant responses to various abiotic and
biotic stresses. Pathogen perception induces the activation of ethylene biosynthesis genes
and enzymes, and eventually leads to a cascade of ET-centered signaling transduction
which acts synergistically with jasmonate (JA) in regulating defense genes against
necrotrophic pathogens [3]. JA/ET signaling pathway usually acts sequentially after
salicylic acid (SA) as a secondary defense modulator during pathogen infection. SA serves
a critical role in restricting biotrophic pathogens through the activation of systemic
acquired resistance (SAR) by which it transmits defense signals throughout the plant
providing broad spectrum resistance to block further infections [4, 5]. Therefore, ethylene
has a critical role in both local and systemic plant defense network. Based on genetic
studies performed in Arabidopsis thaliana, ethylene is first perceived by a group of ER
(endoplasmic reticulum)-bounded integral membrane receptors include ETR1/2 (ethylene

insensitive 1 and 2), ERS1/2 (ethylene response sensor I and 2) and EIN4 (ethylene
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insensitive 4). The downstream ET signaling pathway is then regulated by a central

component, ethylene insensitive 2 (EIN2) gene, located at the ER [6].

EIN2 is an essential positive regulator of ethylene signaling that links the ET perception to
transcriptional regulation in the nucleus [7, 8]. The EIN2 gene was first characterized two
decades ago. EIN2 encodes a protein with its hydrophobic N-terminal conserves a NRAMP
transmembrane helices domain whereas its C-terminal (CEND) conserves a putative
nuclear localization signal (NLS) [9]. Apart from serving as a transmembrane protein, its
signaling mechanism to the nuclear-localized transcription factors was not clearly known
until a recent study revealed the function of its CEND in ET signaling [7]. The CEND of
EIN2 is cleaved upon receiving ethylene induced signals [10]. This cleavage is essential
for downstream activation of EIN3 (ethylene insensitive 3) as it allows the signal to be
translocated into the nucleus [11, 12]. A loss-of-function ein2 mutant could cause ethylene
insensitivity and possibly abolish or weaken the ET signaling output during pathogen
attack. Losing the key regulator of ET signaling pathway could create a disastrous outcome
upon biotic or abiotic stress. However, some contradictory observations of the ein2 mutant
show that disruption of this gene can confer resistance to pathogen infections. Reports
showed that the ein2 mutant displayed decreased disease symptoms and reduced fungal
colonization on tomato plants infected by Fusarium oxysporum [13] and on wheat plants
infected by Fusarium graminearum. The latter study showed the similar attenuation of
disease symptoms in Arabidopsis ein2 mutants and in RN A1 knock-down ein2 wheat plants;
in both cases there was a significant reduction of Fig disease progression and in the levels

of DON toxin present in plant tissues [14]. Hence, reduction in ET perception can, in some
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cases, enhance host resistance to pathogen attack. It has long been speculated that the ET
signaling pathway may be hijacked by some pathogens such as Fusarium species, in an
effort to prolong infection while exploiting the host’s resources [15]. Nonetheless, the exact
hijacking mechanism remains unclear. Hence, EIN2 gene is considered a host susceptibility

factor in the study of Fg.

Identification of host susceptible genes to combat Fusarium head blight (FHB) disease has
been challenging. There are some useful and promising susceptible genes for
bioengineering of resistant plant [16-20]. Apart from 20GO gene discussed in the previous
chapter, DMRI is another susceptibility gene which holds great potential for FHB
resistance in cereal crops [21]. The latest gene discovery is the wheat HRC gene, key factor
for Fhbl-mediated resistance to Fg, that encodes a putative histidine-rich calcium-binding
protein [22]. Deletion of this gene results in FHB resistance in wheat yet its mechanism
and biological functions remains unknown. Likewise, mutation of EIN2 gene was known
to confer resistance to FHB but no further investigation has been carried out to elucidate
the underlying mechanism of this protective phenotype. As was the case in the work
described in the previous chapter, the aim of this study is to investigate the contribution of
ein2 to FHB disease and to utilize CRISPR technique to generate ein2 mutants. The
Arabidopsis mutants can then serve as a genetic platform to identify corresponding barley

FHB susceptible genes using a gene complementation assay.

Methods and materials
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Arabidopsis thaliana plant growth

Arabidopsis thaliana Columbia ecotype (Col-0) seeds were sterilized with 30% bleach for
30 minutes and washed with sterile water for five times. Sterilized seeds were stratified at
4 °C for two days and plated on growth medium [Murashige and Skoog (MS) medium
containing 1% (w/v) sucrose and 0.3% (w/v) Gelzan™ agar]. The plated seeds grew at
22 °C under 16h/8h light-dark photoperiod. Germinated seedlings were transferred to Pro-
Mix soil in an environmental-controlled chamber with a 16h/8h light-dark photoperiod at

22 °C and 40%-60% relative humidity.

Construction of A¢tEIN2 CRISPR-editing vector

The Arabidopsis thaliana genomic and mRNA sequence of Ethylene insensitive 2 (AtEIN2)

was obtained from TAIR (https://www.arabidopsis.org/) and NCBI

(https://www.ncbi.nlm.nih.gov/) databases with accession number of AT5G03280 and

AF141203 respectively. The gRNA target sequence for AtEIN2 gene (5°-
GGAAGTATCGATTCGTTGTATGG -3’) was identified according to selection guidelines
with 20 nucleotides upstream of a proto-spacer adjacent motif (PAM) sequence (5°-Na2o-
NGG-3’) and a target sequence begins with the G nucleotide base. The AtEIN2-editing
vector was constructed following the protocol as published previously [23]. The gRNA
sense and anti-sense oligos (forward: 5°- GATTGGAAGTATCGATTCGTTGTA -3’;

reverse: 5’- AAACTACAACGAATCGATACTTCC -3°) were phosphorylated and
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annealed under the following condition: 37 °C for 30 minutes, 95 °C for 5 minutes and
then ramping down to 25 °C at the rate of 5 °C/minute, in a 10 ul reaction (1 ul of 10x T4
ligation buffer, 0.5 pul of T4 PNK, 1 ul of each oligo at 100 uM). The annealed gRNA
oligos were cloned into psgR-Cas9-At vector (kindly provided by Dr. J. Zhu, [23]. The
resulting plasmid was sequenced and confirmed followed by subcloning into plant

expression vector pCAMBIA1300 (https://www.addgene.org/vector-database/5930/),

resulting in pRD182, and transformed into Agrobacterium tumefaciens EHA105 strain.

Arabidopsis thaliana plant transformation and mutant selection

Arabidopsis thaliana Col-0 plants were grown for 3-4 weeks until flowering.
Agrobacterium tumefaciens EHA105 strain harboring pRD182 (4tEIN2 gRNA/Cas9) was
grown in 2 mL of LB liquid medium containing 50 pg/ml kanamycin and 50 pg/ml
chloramphenicol. The 2 ml overnight culture was inoculated into 200 mL LB liquid
medium containing the same antibiotics and was shaken at 30 °C for approximately 5 hours
until the ODeoo reached to 0.6. Agrobacterium cells were spun down and rinsed twice with
5% sucrose before resuspending into 300mL of 5% sucrose solution with 0.05% Silwet L-
77. Floral buds were dipped into Agrobacterium solution for 1-2 s [24]. The inoculated
plants were covered with a clear plastic dome for 24 hours before returning to controlled
growth chamber. The transformed plants were grown for another 3-4 weeks for seed
harvesting. The collected To seeds were sterilized by 30% bleach and selected on growth
medium containing 50 pg/L hygromycin. The selected mutant plants were transferred to

soil for acclimated growth.
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Genomic DNA (gDNA) isolation of Arabidopsis mutant plants

200 mg leave tissues from each putative mutant plant was collected for gDNA isolation
using CTAB extraction buffer (2% cetyl trimethylammonium bromide, 1% polyvinyl
pyrrolidone, 100 mM Tris-HCI, 1.4 M NaCl, 20 mM EDTA). The CTAB-leaf tissue mix
was vortexed vigorously for 30s and then incubated at 65 °C for an hour followed by
phenol-chloroform isolation. The supernatant was then mixed with 100% ethanol to
precipitate the DNA followed by clean-up step with 70% ethanol. The DNA pellets were
air-dried and resuspended with sterile deionized water. The concentration of DNA was
measured with a Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, United

States).

Mutant analysis: mutant confirmation, restriction fragment length polymorphism

(RFLP) and TaqMan assays

The presence of the Cas9 gene in putative mutant plants was first confirmed by PCR-
amplification using Cas9 primers (forward: 5’- GAAGCGGAAGGTCGGTATCCACGG
-3’; reverse: 5’- GGCCAGATAGATCAGCCGCAGGTC -3’). The gDNA samples were
used to amplify a 505 bp fragment flanking the target sequence (forward: 5°-
GGGACTGGAAGCCTTTCACGGTTGC -3’; reverse: 5°-
GGTATCCGTGAACTGTAGCTGGTTG -3’) to confirm the integration of Cas9

transgene. The amplified fragments were purified using phenol chloroform clean-up
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method and resuspended in sterile deionized water prior to analysis. RFLP assay was
carried out by incubating Clal restriction enzyme with the purified 505 bp PCR fragment
from each putative mutant line and the WT plant. Digested samples were electrophoresed
on 1% agarose gel and the gel images were captured. TagMan gene expression assay was
performed as well to serve as another analysis method. Two TagMan probes (EIN2 WT
allele: TCGTTGTATGGATTAC; ACT2: TTGGTGCTGAGAGATT) and two qPCR
primer pairs for ACT2 (forward: 5’- CCGATGGGCAAGTCATCAC -3’; reverse: 5’-
GGAACAAGACTTCTGGGCATCT -37) and EIN2 (forward: 5’-
GCAGCAGAGGACACCGGGAAG -3’; reverse: 5°- CGGTGACGGTGACGAACCTC -
3”) were designed for the qPCR assay. One of them hybridized to WT gRNA target site
while the other hybridized to housekeeping gene, Arabidopsis Actin-2 (ACT2) gene. Any
indel mutation will prevent the probe from hybridizing to the target site due to the sequence
mismatch. In such case, no fluorescence signal will be released from the FAM reporter.
The gDNA sample from each mutant was used in the qPCR reaction with the TagMan™
Universal PCR Master Mix (Applied Biosystems, Thermo Fisher, Foster City, CA, United
States). The TagMan qPCR assay was run on the default setting at 95 °C for 10 minutes
for initial denaturation and 40 cycles at 95 °C for 15 s followed by 60 °C for 60 s. The fold-
change of gene expression was calculated by the 2"-AACt method [25] and normalized by

the ACT2 gene expression.

Complementation of AtEIN2-KO line with HvEIN2
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In order to clone the HvEIN2 cDNA from barley cv. Conlon, we isolated the total RNA
from cv. Conlon four weeks old leaf tissues and conducted RNAseq analysis by Novogen
Co., Ltd.. This RNAseq data has been deposited in NCBI SRA database (accession number
SRR10059574) under BioProject PRINA563590. The RNAseq data from Conlon were
aligned to cv. Morex EIN2 gene sequence (mRNA: MLOC 74303; gDNA:
HORVUS5Hr1G050330) using the NCBI BLAST tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Conlon EIN2 cDNA was amplified by PCR with
gene specific primers (forward: 5°- GGTCTAGAATGAACCAGATATTCATGA -3’;
reverse: 5°- AGTGCTGCTAACTGCTTCCT -3°) and cloned into plant expression vector
pEL103 (kindly provided by Dr. E. Lam, [26]), resulting in pRD334, which was then
transformed into Agrobacterium tumefacien EHA105 strain. The homozygous AtEIN2-KO
line (RD182-14-10-4-10) was complementarily transformed with pRD334 via the floral
dip method. Seeds from To plants were selected on 70 pg/L kanamycin. Confirmed Ti
complemented plants were segregated on 70 pg/L kanamycin. Homozygous T2 generation

was confirmed by antibiotic screening.

Fg inoculation on detached Arabidopsis inflorescences and quantitative assays for

disease development

Fg tagged with sGFP (superfolder green fluorescent protein) [27] was cultured on PDA
agar for 7 days at 22 °C under UV light for 24/7. Fungal plug was extracted from PDA
plate and cultured in 50 mL of mung bean soup for another 7 days to generate macroconidia

[28]. The macroconidia were filtered out from mung bean soup using Miracloth (Millipore
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Sigma, Burlington, MA, United States) and washed twice with sterile deionize water before
resuspension in sterile water. The concentration of macroconidia was measured using
hemocytometer. The macroconidia solution was diluted to 1x10° spores/mL for
inflorescences inoculation. Bolting floral buds were detached from plants and laid
perpendicularly onto 0.7% water agar in petri dishes. Each inflorescence was inoculated
with 2 ul of 1x10° spores/mL macroconidia solution along with a duplicate set of mock
sample that was inoculated with sterile water. The inoculated detached inflorescences were
maintained in a 100% humidity condition by spraying water on the inner side of the petri
dish lids prior to plate sealing. The plates were left in environmentally controlled chamber
with a 16h/8h light/dark photoperiod at 22 °C. Images were taken using the Dino-eye
eyepiece camera (Dino-Lite, Hsinchu, Taiwan) on Nikon SMZ 645 stereomicroscope
(Nikon corp., Minato, Japan) and samples were collected every 24 hours by pooling four
inflorescences in a tube per time point until reaching 144 hours. After each collection, the
pooled samples were rinsed with 1 mL of sterile water and mild shaking to remove Fg
spores from the surface of inflorescence. The first 1 mL of rinsed water was collected to
quantitate the spore production at each time point using hemocytometer. The pooled
samples were rinsed for another two times with 1 mL of water to get rid of as many surface-
attached spores as possible. Total DNAs of pooled samples were then isolated using the
CTAB method and quantitation on spores penetrated the floral tissues was performed using
Applied Biosystems StepOne Plus thermocycler (Applied Biosystems, Thermo Fisher,
Foster City, CA, United States) by amplifying the sGFP (forward: 5°-
GTCCGCCCTGAGCAAAGA -3’; reverse: 5’- TCCAGCAGGACCATGTGATC-3’) in

the pooled samples. Both quantitative assays were repeated thrice and the data obtained



65

from quantitative assays was averaged with standard deviations (SD), followed by the
Student’s #-test analysis on WT vs. AtEIN2-KO and WT vs. AtEIN2-KO/HvEIN2 groups
using GraphPad software. Statistical significance determined using the Holm-Sidak
method, with alpha = 0.05. Each time point was analyzed individually, without assuming

a consistent SD.

Relative gene expression profiling on plant defense mechanism

In order to understand the molecular mechanisms underlining the defense signaling in
AtEIN2-KO and AtEIN2-KO/HvEIN?2 plants infected with Fig, some of the key downstream
targets in the SA, JA, ET and ROS signaling pathways were chosen for quantitation by RT-
qPCR analysis. Arabidopsis Actin-2 (ACT2) gene was used as the reference housekeeping
gene in these studies. Primers for each selected gene were designed using the Primer
Express software (Applied Biosystems, Thermo Fisher, Foster City, CA, United States).
The primer sets for each gene were first validated to have similar amplification efficiency
as the ACT2 gene. Detached inflorescences were each inoculated with 2 pl of Fg
macroconidia solution as described above and collected at 3, 6, 12, 24, 48 hr time point.
Four inflorescences were pooled into a tube and rinsed three times with 1 mL of sterile
water. Total RNA of pooled samples were isolated using the TRIZOL method (Ambion
Life Technologies, Thermo Fisher, Carlsbad, CA, United States) and the concentration was
measured using the Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, United
States). Reverse transcription (RT) reaction was carried out with the High Fidelity cDNA

Synthesis Kit (Applied Biosystems, Thermo Fisher, Foster City, CA, United States) using
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approximately 2 pg RNA. The RT products were used in qPCR reactions with the SYBR
2X Master Mix (Applied Biosystems, Thermo Fisher, Foster City, CA, United States). The
RT-gPCR assay was run on the default setting at 95 °C for 3 minutes for initial denaturation
and 40 cycles at 95 °C for 30 s followed by 60 °C for 30 s. The fold-change of gene
expression was calculated by the 2*-AACt method [25]. The RT-qPCR analysis was

repeated three times with different batches of samples, and the gene expression levels were

averaged. Primers used in the RT-qPCR gene expression assay were listed in Table 3.1.

RT-
qPCR Forward Reverse
primers

NPRI GCCGCCGAACAAGTACTCA GCTGTTGGAGAGCAATTGCA
PRI  GTCTCCGCCGTGAACATGT CGTGTTCGCAGCGTAGTTGT
PR2  GCTGGACAAATCGGAGTATGC CCGATGGACTTGGCAAGGTA
PR5 AACGGCGGCGGAGTTC CGCCATCGCCTACTAGAGTGA
PR3  ACGCAGTGATCGCTTTCAAA TGGGAGGCTGAGCAGTCATC

PDF1.2 TTTGCTTCCATCATCACCCTTA GCGTCGAAAGCAGCAAAGA
Actin2  GATTCAGATGCCCAGAAGTCTTG TGGATTCCAGCAGCTTCCAT

Table 3.1. List of primers used in the RT-qPCR gene expression assay.

Results

Generating EIN2 mutants in Arabidopsis using CRISPR/Cas9 system

The EIN2 genomic (AT5G03280) and mRNA (AF141203) sequences were obtained from

TAIR and NCBI databases respectively. EIN2 is encoded by a single gene copy in



67

Arabidopsis and its coding region, which comprises 3905 nucleotide bases, is interrupted
by 7 introns. EIN2 encodes a protein of 1294 amino acids (a.a.) conserved with a 12-
transmembrane domain of the NRAMP family of metal ion transporters at extremely
hydrophobic N-terminal (461 a.a.) while the exact function is not known [9]. Its C-terminal
(833 a.a.), which is thought to involve in the ethylene signaling output, conserves a putative
nuclear localization signal (NLS) from 1262-1269 a.a [10]. The gRNA guidelines
(www.addgene.org/crispr/guide) were followed while choosing a 20-nucleotides genomic
target which is unique within the Arabidopsis genome and is also adjacent to a PAM
sequence. We designed a gRNA that specifically targets the C-terminal of the protein
(target region: 5’- GGAAGTATCGATTCGTTGTA -3°) and that also flanks a Clal
restriction site (underlined) for mutant screening. The gRNA target was cloned into the
vector kindly provided by Dr. J. Zhu [23] containing Arabidopsis U6 promoter and a Cas9
gene that is driven by the 2x 35S promoter and terminated by the NOS terminator. For
Agrobacterium transformation, this gRNA/Cas9 cassette was subcloned into the EcoRI and
HindIll region of pPCAMBIA1300 vector, resulting in the plant expression vector pRD182.
Flowering Arabidopsis Col-0 plants were transformed via EHAI105 strain of
Agrobacterium using the floral-dip method. The collected To seeds were screened on 50
pg/L hygromycin. A total of 15 putative T1 mutant plants were recovered from antibiotic

selection.

Molecular characterization of A¢2EIN2-KO mutants and identification of homozygous

progeny
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The AtEIN2 (pRD182) CRISPR-editing transformants were first confirmed by performing
PCR with Cas9 specific primers using extracted genomic DNA from each Ti line which
later were genotyped using restriction fragment length polymorphism (RFLP) assay
followed by Sanger sequencing to discover the mutations in T progeny. A 505 bp genomic
DNA (gDNA) sequence that flanks the target region was PCR-amplified and analyzed by
RFLP with Clal restriction digestion (Figure 3.1) and by the highly sensitive TagMan
qPCR assay (Table 3.2). The gel picture (Figure 3.1) demonstrated that all putative mutant
lines had three DNA bands after the RFLP assay. The bottom two bands (308 bp and 197
bp) represented the digestion fragments for WT plant while the top band (505 bp) was the
undigested fragment, indicating that one allele of the gDNA was mutated at the restriction
site in the target region (monoallelic mutation). In the TagMan qPCR assay, the designed
probe can anneal specifically to the WT EIN2 allele. A monoallelic mutation, either
insertion or deletion at the gRNA target site, rendered the failure for probe to hybridize to
half of the given gDNA sample and approximately 50% loss of the reporter dye signal [29].
In this regard, the normalized relative expression value of a heterozygous mutant should
be at 0.5 or within the range of (0.1< relative values <1) whereas the relative expression
values of a homozygous mutant should not be determined or within the range of 0-0.1.
Table 3.2 showed that all T1 mutant lines had their computed relative expression values
fell within the range of 0.24 to 0.88. This result, in addition to RFLP assay, concluded that
all the T1 mutants were heterozygous with monoallelic mutations. The undigested PCR
fragments (505 bp) following RFLP assay were extracted and purified for Sanger

sequencing to decipher the mutations induced by pRD182 CRISPR-editing vector.
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Cas9+
1"(&1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 WT

Figure 3.1. RFLP assay to confirm putative CRISPR-edited A7EIN2 (RD182) mutants.
Total of 15 mutant lines were first confirmed to carry Cas9 gene which then followed by
target region PCR and analyzed by Clal restriction digestion. The top band (505 bp)
represented the mutated fragments which lose the restriction site while the bottom two

bands result from digestion of WT fragments by Clal restriction enzyme.

Lines Relative values Lines Relative values
182-1 0.88 182-9 0.50
182-2 0.60 182-10 0.50
182-3 0.38 182-11 0.86
182-4 0.34 182-12 0.30
182-5 0.88 182-13 0.46
182-6 0.24 182-14 0.34
182-7 0.39 182-15 0.31
182-8 0.35 WT 1
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Table 3.2. TagMan qPCR assay to confirm putative CRISPR-edited AtEIN2 (RD182)
mutants. In addition to RFLP assay, this assay served as another method to identify
zygosity of the mutants. The relative values of mutants were normalized by Arabidopsis
ACT?2 gene expression and compared to the WT. The determination range for heterozygous
mutant is 0.1< relative values <1 and for homozygous mutant is either relative values <0.1

or relative values is undetermined.

Figure 3.2 shows the mutation profiles for RD182 (47EIN2-KO) mutants. Among the 15
T1 mutants, there were only 20% (3 out of 15) of them (/82-11, 182-12 and 182-14) with
frameshift mutation while /82-15 carried a 3 bp deletion with one missing amino acid in
the final protein. The other 11 mutants displayed point mutations with single base
substitution without shifting the open reading frame. This phenomenon was very likely due
to the low editing efficiency at this particular gRNA site. It could be because the AtEIN2
gene is an essential gene so that any CRISPR-induced DNA breaks could be repaired by a
homology-directed repair mechanism. These three frameshift mutants were selected for

segregation.
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Wildtype

T, generation
182-1
182-2
182-3
182-4
182-5
182-6
182-7
182-8
182-9
182-10
182-11
182-12
182-13
182-14
182-15

T, generation

182-12-11-10-8
182-14-10-4-10

Red — sgRNA target

GAGGACACCGGGAAGTATCGATTCGTTGTATGGATTACAA
Clal PAM

GAGGACACCGGGAAGTAT GATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGT TCGATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTA CGATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTATCG TTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTAT GATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTATC ATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTATCGA TCGTTGTATGGATTACAA
GAGGACACCGGGAAGT TCGATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGT TCGATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTATCGA TCGTTGTATGGATTACAA
GAGGACACCGGGAA -~~~ e GTATGGATTACAA
GAGGACACCGGGAAG--~===——mmm e e e e e e TACAA
GAGGACACCGGGAAGT TCGATTCGTTGTATGGATTACAA
GAGGACACCGGGAAGTATCGA- CG- GTATGGATTACAA
GAGGACACCGGGAAGT TCGAT---TTGTATGGATTACAA

GAGGACACCGGGAAGTATCGATTCGT -GTATGGATTACAA

-13 (f.s.)
-20 (f.s.)

-2 (f.s.)
-3

GAGGACACCGGGAAGTATCGATTCGTCACCGTCACCGTTGGTCAACCGTATGGATTACAA

Blue — Restriction site — Base substitution

-1 (f.s.)
-1 +20 (f.s.)

Green — Insertion

Figure 3.2. The mutation profiles of RD182 (4¢EIN2-KO) mutants for the T1 generation

and the homozygous mutants for the T4 generation. In the T1 generation, only 20% of them

(182-11, 182-12 and 182-14) carried frameshift mutation, and one with 3 bp deletion while

the remaining mutants carried point mutations resulting in no shift of the open reading

frame.

Lines Relative values

182-12-11-10-8 0.02
182-14-10-4-10 Undetermined
WT 1

Table 3.3. TagMan qPCR assay to confirm homozygous RD182 (4¢EIN2-KO) mutants.

The relative values of mutants were normalized by Arabidopsis 4ACT2 gene expression and

compared to the WT. The determination range for homozygous mutant is undetermined or
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relative values of <0.1. Only two homozygous mutants were identified after four

generations of segregation.

Due to the difficulty of generating a frameshift mutant, as observed in the sequencing result,
homozygous mutant screening was done solely by the TagMan qPCR assay due to its
capacity for large scale screening and its high sensitivity for mutant identification. We
suspected that plants may attempt to correct the E/N2 gene sequence during the process of
DNA repair because no homozygous mutant could be identified in T2 or T3 generation
which comprised 500-1000 of individual plants. It was not until the T4 generation that two
homozygous mutants were obtained from screening. Table 3.3 showed the TagMan qPCR
assay result for the two homozygous mutants. /82-12-11-10-8 had a relative value of 0.02
while /82-14-10-4-10 had an undetermined value which indicated both of them carried
biallelic mutation. Their sequencing results (refer to Figure 3.2) revealed that /82-12-11-
10-8 had a single base pair deletion which explained its results in the TagMan assay that
reporter dye can possibly hybridize with the target region even with one mismatch. On the
other hand, /82-14-10-4-10 carried a 20 bp insertion at 3 bp upstream of PAM sequence
but 4 bp downstream of Clal restriction site which is one of the main reason that the RFLP
assay might not be suitable for screening this gRNA target site. Since /82-14-10-4-10 was
the only one with large insertion, its shifted nucleotide sequence resulting in a premature
protein termination with 801 a.a. compared to a fully functional protein of 1294 a.a.. In
other words, the C-terminal of E/N2 was truncated and ethylene signaling output may
consequently be hindered as a result. Hence, /82-14-10-4-10 was selected for disease

assessment and barley gene complementation. Prior to any downstream experiments, the
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gRNA and the Cas9 cassettes were segregated out from the homozygous line. The loss of

these cassettes was confirmed by PCR with gRNA- and Cas9-specific primers.

Identification of EIN2 orthologue from barley cultivar Conlon for complementation

test

We searched for EIN2 orthologues of barley (Hordeum vulgare) in the PGSB barley
genome database. Currently, high quality reference genome assembly and automated gene
annotation have been done only on barley cv. Morex [30]. One copy of HVEIN2 gene in cv.
Morex was identified from the database. The mRNA and gDNA sequences were tagged as
MLOC 74303 and HORVUSHr1G050330 respectively in the database. In order to confirm
the HvEIN?2 gene sequence in cv. Conlon as compared to cv. Morex, total RNA from cv.
Conlon was extracted and sequenced by Novogene Co., Ltd. The RNAseq data was
assembled and aligned against the cv. Morex EIN2 gene sequence to identify the Conlon
EIN2 gene. The Conlon EIN2 cDNA was cloned by RT-PCR and sequenced via Sanger
sequencing. The Conlon HvEIN2 nucleotide sequence was shown to be 99.93% identical
to the Morex HvEIN?2 nucleotide sequence except there were two mismatches at position
552 and 2571 of the cDNA sequence without changing the protein sequence. The Conlon
HvEIN2 was cloned into pEL103 (kindly provided by Dr. E. Lam, [26]) transformation
vector, resulting in pRD334, which was then transformed into EHAI105 strain of
Agrobacterium. The homozygous AtEIN2-KO (RD182-14-10-4-10) mutant was selected
as the host for transformation with pRD334 via Agrobacterium-mediated floral dip method.

Seeds collected from To plants were screened on 70 pg/L kanamycin-containing medium.
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A total of 2 putative Ti HvEIN2-complemented transformants were recovered from
antibiotic selection and confirmed by PCR on HvEIN2 gene (Figure 3.3). The AtEIN2-
KO/HvEIN2-1 from T: generation was used for disease assessment while waiting for the

segregation of homozygous lines.

Plasmid
1Kb+ 1 2 Control

.

!

— b b <— 2859 bp

LI B0 OO

Figure 3.3. Gel image showed the PCR-confirmed A¢tEIN2-KO/HvEIN?2 lines (1-2) with a

plasmid control (pRD334) carrying the HvEIN2 mRNA fragment of 2859 bp.

Characterization of disease phenotype on AtEIN2-KO and AtEIN2-KO/HvEIN2-

complemented homozygous plants

The homozygous AtEIN2-KO mutant (RD182-14-10-4-10) and heterozygous A120GO-

KO/Hv20GO-complemented plants (RD182-14-10-4-10/334-1) were used in the Fg
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infection assay together with the WT Arabidopsis as the control group. The Fg infection
assay was performed by point inoculation of the sGFP-tagged Fg macroconidia on
detached inflorescences and stereomicroscopic images were taken each day post

inoculation (dpi) for 6 days (Figure 3.4).

AtEIN2-KO/
HvEIN2

Figure 3.4. Illustration of FHB disease progression on detached Arabidopsis
inflorescences. AtEIN2-KO inflorescences displayed a restricted rate of fungal hyphae
growth from 4-6 dpi whereas WT and A¢EIN2-KO/HvEIN2 inflorescences spread
aggressively from one inflorescence to another starting from 3 dpi onwards. Pictures were
taken using the Dino-eye eyepiece camera together with stereomicroscopes at 20x

magnification. Scale bar (0.1 mm —).
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At 2 dpi, fungal hyphae started to form on the surface of WT, AtEIN2-KO and AtEIN2-
KO/HvEIN? inflorescences. Nonetheless, AtEIN2-KO inflorescences displayed a restricted
rate of fungal hyphae growth throughout the experimental period. KO inflorescences still
appeared viable at day 6 with minimal hyphae growth as compared to WT and the
complemented line. In contrast, hyphal growth on WT and AtEIN2-KO/HvEIN2
inflorescences spread aggressively from one inflorescence to another starting from 3 dpi.
At 5 to 6 dpi, the Fg hyphae on WT and A¢tEIN2-KO/HvEIN?2 inflorescences became
abundant and the colonization started to take over the inflorescence tissue by forming thick
mycelial mat. At the same time, the host tissue started to show wilting symptoms. It was
evident that the loss of susceptibility from the truncated EIN2 gene slowed down the
infection progress of Fig. Our results showed that the 4AzEIN2-KO inflorescences were more
resistant to Fig infection than WT’s, and the complementation of AtEIN2-KO with HvEIN?2
recovered the Arabidopsis susceptibility to Fg, indicating that HvEIN2 is an Fg susceptible

factor for barley.

In order to assess the disease severity, we used the qPCR assay to quantitate the amount of
Fg that had penetrated into the host tissue (Figure 3.5). The inoculated inflorescences were
collected daily and rinsed off the surface Fg hyphae and macroconidia with sterile
deionized water for three times with mild shaking. The rinsed and pat-dried inflorescences
were analyzed in qPCR assay using the primers that amplified sGFP tagged to the Fg. The
WT and A¢tEIN2-KO/HvEIN?2 inflorescences showed similar infection pattern where the
amount of Fig within the inflorescence tissues increased rapidly and consistently starting

from 1 dpi to 6 dpi while AzEIN2-KO had significantly lower Fg invasion compared to WT
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at 1 dpi. Surprisingly, the fungal invasion increased sharply in KO plants by almost 45-54%
at 2 dpi and remained consistently at the level of 11-20% lower than the WT and
complemented line for the rest of the testing period. Despite the level of infection in
AtEIN2-KO inflorescences was considerably high, the fungal invasion was still restricted
starting 2-6 dpi. As expected, AtEIN2-KO/HvEIN2 had a relatively similar trend compared

to WT indicated the recovery of the gene function by HvEIN2.

Spore production on Fg inoculated inflorescences was quantitated by hemocytometer
(Figure 3.6). The trend was relatively similar to that seen in the fungal quantitation assay
by gqPCR in that the spore production increased rapidly in WT and AtEIN2-KO/HvEIN?2
inflorescences starting from 3 dpi and 4 dpi respectively. Spores production was observed
only when fungal colonization started to compromise plant defense (discussed below).
Spore production in A¢EIN2-KO inflorescences, however, showed an extreme restricted
pattern. The spore count remained at a strikingly low level and spore production was
completely inhibited despite the high level of fungal detection observed in Figure 3.5.
These results, in summary, indicated that the mutation of EIN2 gene suppressed Fg
proliferation (i.e. reproduction or number of spores produced) but was ineffective for
blocking Fg penetration. The complemented line, on the other hand, recovered the trend
observed in WT for spore proliferation and that barley HvEIN2 gene functions, showing

similar behavior to AtEIN2 (i.e. WT plants) during Fg infection.
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Figure 3.5. qPCR quantitative assay in measuring disease severity on Fg inoculated
inflorescence. Experiment was repeated with three independent batch of samples.
Statistical significance determined by #-test analysis followed by Holm-Sidak method, with
alpha = 0.05. Each time point was analyzed individually, without assuming a consistent

SD (p-value: * <0.05; ** <0.01; *** <0.001).
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Figure 3.6. Quantitative assay of spore production on Fg inoculated inflorescence. The
percentage of spore reduction was calculated for 72h, 96h, 120h and 144h. Experiment was
repeated with three independent batch of samples. Statistical significance determined by z-
test analysis followed by Holm-Sidak method, with alpha = 0.05. Each time point was
analyzed individually, without assuming a consistent SD (p-value: * <0.05; ** <0.01; ***

<0.001).

Gene expression profiling on plant defense signaling pathway-related genes

The expression of several plant defense signaling pathways [salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET)]-related genes in AtEIN2-KO, AtEIN2-KO/HvEIN2 and WT
was analyzed using RT-qPCR. Each sample group was point inoculated with sGFP-tagged
Fg and collected at 3, 6,12, 24, 48 hours after inoculation (hpi). Figure 3.7 illustrated the

RT-qPCR analysis of plant defense-related genes relative expression involved in SA
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signaling and JA/ET signaling. SA-related genes such as NPRI, PRI, PR2 and PRS5 were
upregulated in all three experimental groups except that AtEIN2-KO expressed in a much
lower level compared to WT and the complemented line. All three groups displayed a
similar trend at the initial stage of fungal invasion. SA-signaling pathway was first
stimulated at 3 hpi and increase consistently at 24 hpi. The elevated level of SA-related
genes expression in WT and complemented line can be related to the high amount of Fg
detected in the host tissue at 24 hpi. The host system may have responded to the fungal
invasion during the biotrophic stage by increasing the SA signal output to induce
downstream regulator for resistance enhancement. Interestingly, PR2 gene expression of
AtEIN2-KO/HVEIN2 and WT plants was induced during pathogen infection but no
induction in KO plants. It was plausible that ein2 mutation partially hindered or weaken its
signaling with other defense genes. AtEIN2-KO plants displayed a suppressive pattern in
the JA/ET related genes expression. Despite the lower level of expression on ET signaling-
related genes, AtEIN2-KO showed resistance to fungal invasion and minimal hyphae
growth was observed. Gene expression level of PR3 and PDF1.2 genes were recovered by
the complemented line and gene induction was seen at 6 hpi after pathogen infection which
indicating the activation JA/ET signaling pathway for stopping any further assaults from
pathogen. The truncated C-terminal of A¢EIN2-KO could have caused the failure to induce
defense-related genes at appropriate timing. Its exact mechanism of gaining resistance to

Fg by compromising ET signaling pathway still remains elusive.
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Figure 3.7. RT-qPCR analysis of plant defense-related genes relative expression. Relative

expression profile includes genes involved in SA signaling (a-d) and JA/ET signaling (e-

). RT-qPCR assay was repeated three times with different batch of samples. The relative

gene expression was calculated using the 2*-AACt formula.

Discussion
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Fg infection has long been known to induce ET biosynthesis in monocot model plant,
Brachypodium [31] and that manipulation of ET signaling in wheat, barley and Arabidopsis
has shown enhanced resistance to Fig [14]. In this study, the CRISPR-edited ein2 mutant
carries a frameshift mutation at 3’ end of the coding sequence which renders the premature
termination of protein at the CEND. It is known that CEND which containing the NLS is
essential for signal translocation to nuclear following to its proteolysis from the N-terminal
upon ethylene perception [32]. Losing the CEND in the CRISPR-edited mutant implies the
loss of this “cleave and shuttle” mode leading to the ethylene insensitivity and abolishment
of ET signaling responses [7]. Even though the ET signaling pathway is crucial for halting
necrotrophic attack, perception of Fig in the ein2 mutant displayed enhanced resistance with
very minimal disease symptoms. Interruption of ET signaling transduction blocks the
disease progression as seen in Figure 3.4 in which KO inflorescences has little hyphae
growth since 1 dpi as compared to WT and the complemented line. Both WT and the
complemented line displayed a phenotype of severe colonization by Fg at 6 dpi. However,
the qPCR quantitative assay for measuring the degree of disease severity in each sample
group showed a rather puzzling yet interesting result. The fungal invasion (Figure 3.5)
observed within the host floral tissue for KO plants was relatively lower (at least 50% less
than the other two groups) by 1 dpi prior to a sharp increment in the amount of penetrated
fungal pathogens. The ein2 mutant was unable to block the entry of Fig into host tissue but
it managed to inhibit the fungi from further spreading through spore proliferation. By
observing the vigorous growth of Fg hyphae and wilting symptom in WT and

complemented line, exploitation of ET signaling pathway by Fg is evident. Previous
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studies also showed that the ethylene receptor E7TR/, which is upstream of E/N2 in ethylene
perception, is required for Fusarium oxysporum pathogenicity [33]. Similarly, Fg requires
the ET signaling for its pathogenesis and possibly suppresses host defense signal
transduction to achieve effective colonization as seen in the spores quantitation assay in
Figure 3.6. The ein2 mutant had extremely low level of spores amount despite the elevated
level of Fg detected within the host cell. ET signaling pathway must have serve as the
shortcut for Fig to gain access to plant’s resources for continuous grow and defeating the
host defense. Some necrotrophic or hemibiotrophic pathogens produce toxins to gain
access to host tissue and Fg is known to produce mycotoxin to kill host during its
necrotrophic stage [34]. It is unclear that whether mycotoxin production could be induced
by the presence of ethylene or another modulator is involved. A close relative of Fg,
Fusarium oxysporum secretes necrosis and ethylene-inducing protein (NEP1) during its
course of necrotrophic attack [35]. NEPI is a member of the NEP1-like family of fungal
proteins (NLPs) characterized as the elicitors of necrosis [36]. NLPs are a group of small
conserved molecules that induce ROS and ET production as well as hypersensitive
response (HR)-like cell death [37]. NEP1 protein, as observed in Fusarium oxysporum (Fo),
elicits a cascade of plant response in transcript regulation related to cell death and promote
the ethylene production [38, 39]. Since ethylene is one of the key components for
modulating cell death and defense response in the plants, it is believed that the induction
of ET biosynthesis could accelerate cell death upon pathogen attack and make the cell
contents available for exploitation [40]. We were able to locate the potential Fig NEP1
domain in chromosome 2 and 3 after comparing Fig complete genome sequence against

NEP1 gene sequence in Fo (GenBack accession number AF036580.1). Therefore, Fg is
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very likely to have produced a molecule similar to NEP1 to control the ET production and
elicit the HR-like cell death response. This speculation could explain the results in our
study that WT and the complemented line which have a functional EIN2 gene are more
favorable for invasion and colonization as seen in intense hyphae growth and immersive
spore production whereas KO plants deficit in ET signaling transduction are able to halt

the further attack by Fig. Nonetheless, this speculation may need to be further investigated.

The gene expression profiling on plant defense-related genes (Figure 3.7) provides another
perspective on understanding plant response during the fungal infection. Figures 3.7a to
3.7d depict pathogenesis-related genes (PRs) induced by SA and Figures 3.7¢ to 3.7f depict
PR3 and PDF 1.2 genes induced by JA/ET signaling. All three experimental groups (WT,
AtEIN2-KO and AtEIN2-KO/HvEIN?) displayed a similar trend in SA signaling induction
during the first contact with Fg except that KO plants expressed PR2 and PR5 in a much
lower level. However, the downregulated gene expression of ET-related genes in ein2
mutant is consistent with our analysis that interruption in CEND causes the loss of nuclear
localized ET signal transduction and that phenotype is recovered in the complemented line
with a functional barley EIN2 gene. Interestingly, resistance to Fg is achieved with a under-
performing ET signaling pathway. Apart from the possibility of ET induction by fungal
elicitor, the loss-of-function ein2 mutant could have influenced the production and
accumulation of certain metabolites which pose inhibitory effect on Fig growth or perhaps
lethal to Fg. A study on the role of barley flavonoids in conferring resistance to Fig showed
that a nonsense mutation in the DFR gene (dihydroflavonol reductase), one of the flavonoid

synthase genes, leads to the accumulation of a small amount of dihyroquercetin which is a
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strong inhibitor of Fig growth [41]. However, dfr mutation results in developmental defects
and makes it an unfavorable target for bioengineering of resistant cultivar. Similarly, EIN2
is plausibly involved in some metabolic synthesis pathway and its dysfunction could result
in metabolite accumulation [42]. A recent metabolomics study in maize discovered two
maize metabolites, smilaside A and smiglaside C, that may contribute to improved disease
resistance to Fig [43]. QTL mapping revealed that maize E/N2 genes regulates the synthesis
of these metabolites as ET production involves in fine-tuning the abundance of metabolites.
Their in vitro assay revealed that diacetylated smilaside A caused greater inhibition in Fg
growth than the triacetylated smiglaside C. Lower ET sensitivity inclines to drive the
production ratio towards the smilaside A. In other words, ein2 mutant can redirect the
metabolite flux into synthesis of bioactive smilaside A and hence the increase of Fg
resistance. Even though this study is done on maize, its striking discovery could shed light

on EIN2 gene function in regulating metabolite synthesis in some other important hosts.

The exact molecular mechanism used by Fg to hijack ET signaling transduction pathway
remains largely unknown. Based on all the previous reports and our results, ET sensitivity
is a key determinant in the progression of Fg. Additional investigations are needed to

answer the exact mechanism on Fg infection via ET signaling cascade.
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Chapter 4

Overexpression of genistein in transgenic Moneymaker tomato and its anti-

Alzheimer’s effect on amyloid B-expressing C. elegans

Introduction

Genistein is a major isoflavones in legumes, and especially abundant in soybeans. It is also
called a phytoestrogen due to the resemblance of its chemical structure with the estrogen
estradiol-17b. This allows genistein to bind to estrogen receptors [1]. These
phytoestrogenic features and antioxidant properties have made genistein a promising
medicinal compound that can contribute to anti-inflammatory, anticarcinogenic, anti-
neurodegenerative, anti-osteoporosis and hypocholesterolemic effects [2]. Genistein is
well studied for its function in cancer and neurodegenerative diseases as well as women’s
health. Genistein is widely available as supplement besides being available in soy-based
foods. Genistein has been shown to be beneficial in helping post-menopausal women who
are deficient in estrogen to prevent osteoporosis and alleviate post-menopausal symptoms
[3]. Apart from women health and wellness, genistein also serves as a promising
chemopreventive agent for different metabolic diseases especially cancer, diabetes and
obesity. Studies have shown that genistein exerts its protective effects by interfering with

the inflammatory system and in the endocrine signaling pathway [4].
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Neurodegenerative diseases such as Alzheimer’s disease and dementia are irreversible and
progressive brain disorder that currently have no cure available. Two hallmark pathological
factors for the Alzheimer’s disease development are the production and accumulation of
amyloid B (AP) peptide and the tangles of tau protein. Studies reveal that excessive
accumulation of AP aggregates can induce neuronal inflammation and oxidative stress
which eventually leads to neuronal cell death [5]. Genistein has been studied for a long
time for its protective effect in neurodegenerative disorders. It has been demonstrated that
genistein regulates the inflammatory pathway through nuclear factor NFxB by suppressing
nuclear factor activation and preventing cell apoptosis leading to protection of neuron cell
[6, 7]. Moreover, estrogen receptor 3, genistein’s binding target, is abundantly expressed
in brain tissue and it contributes to estrogen-induced protective effects such as modulating
the calcium ion and antiapoptotic protein signaling pathway [5, 8] and up-regulating the
expression of insulin-degrading enzyme (IDE) to drive the degradation process of Af [9,
10]. The cognitive benefits of genistein have made it an attractive and promising medicinal
compound in treating and preventing neurodegenerative diseases. These properties suggest

that genistein may be a useful and health-promoting addition to our daily diet.

Soy products are not a major part of the western diet. To benefit from its health-promoting
effects either soy or soy-derived products need to be incorporated into the diet. Even
though the demand for soy-based foods has increased in Western countries due to the
increasing number of people on vegan diet [11], it is still far from reaching the amount of
soy that eastern society consumes daily. Metabolic engineering opens up the possibility to

express different health-promoting compounds in other common plant hosts. The notion of
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introducing genistein and other nutrients into more widely consumed crops, such as tomato
[12, 13], brassica [14] and rice [15], has created interest among researchers. Tomato is rich
in lycopene, -carotene and other antioxidant compounds [16]. In 100 g of raw and ripening
tomato, there are 2,573 mg of lycopene and 449 mg of B-carotene [17]. Lycopene
contributes an inhibitory effect on neurodegenerative disorders by preventing oxidative
stress-mediated neuron cell death [17]. Generating genistein in tomato would complement
the properties of lycopene by providing additional anti-neurodegenerative phytonutrients

in this commonly consumed fruit [18].

The aim of this study is to utilize biotechnology tools to engineer the tomato cultivar
Moneymaker to produce genistein. Transgenic tomato has been engineered to express the
isoflavone synthase gene, but the resulting genistein level was not highly expressed such
that the highest expresser contained only 0.451nM/g of genistein in tomato fruit peel [12].
In order to achieve a higher yield of genistein, more than one of the enzymes involved in
isoflavone synthesis pathway have to be engineered into tomato genome. Two vectors were

constructed to test this strategy.

Another objective of this project is to test the combinatory health-promoting effect of
genistein with lycopene and other antioxidant compounds in neurodegenerative diseases
using the C. elegans system. Based on the functions of genistein, we hypothesize that the
combination of genistein and lycopene might have a greater potential for delaying

Alzheimer’s disease progression and reducing neuronal damage.
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Methods and materials

Plasmid construction of isoflavone synthase (IFS) and chalcone isomerase (CHI) gene

transformation vectors

The pIFS/CHI plasmid vector containing both the alfalfa (Medicago sativa) IFS and CHI
genes under the control of separate constitutive 35S promoters of Cauliflower mosaic virus
(CaMV) was kindly provided by Dr. Richard A. Dickson from University of North Texas.
The pIFS vector was constructed with soybean /F'S gene under the control of tomato fruit-
specific tomato ES promoter. The soybean (Glycine max) IFS mRNA sequence was
obtained from NCBI database with accession number of FJ770473.1. A fragment of 1566
bp IFS coding sequence was cloned from soybean cv. Jack with primers (forward: 5°-
ATGCTGCTTGAACTTGC -3’; reverse: 5°- AGAAAGGAGTTTAGATGC -3°). The E§
promoter sequence was obtained from NCBI (acession number KJ561284.1) and its 2.2
kbp fragment was cloned from tomato fruit sample. Both E§ promoter and /FS gene
sequences were ligated into pBIN19 vector (GenBank ID: U09365.1) and recorded as pIFS.
Both pIFS/CHI and pIFS vectors were transformed into Agrobacterium LBA4404 strain.
Protein sequence alignment of /FS and CHI genes between alfalfa and soybean was
performed using web-based pairwise global alignment tool (EMBOSS Needle program

based on the Needleman-Wunsch algorithm).

Tomato seedling growth for Agrobacterium tumefaciens transformation
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Tomato cv. Moneymaker WT seeds were purchased through NextHarvest.com. 30-50
seeds were sterilized with 30% bleach for 30 minutes and rinsed with sterile water for five
times. Sterilized seeds were plated on growth medium [Murashige and Skoog (MS)
medium containing 3% (w/v) sucrose and 0.3% (w/v) Gelzan™ agar adjusted to pH 5.8]
contained in Magenta box and stratified at 4 °C for two days before switching to 22 °C
under 16h/8h light-dark photoperiod. The seedlings were collected after 7-10 days post
germination. A day prior to collection, Agrobacterium LBA4404 strain that harbored both
pIFS/CHI and pIFS transformation vectors were grown separately in LB medium for 16
hours. Upon plant tissue collection, the cotyledons were sliced into two pieces along the
main vein region and hypocotyls were cut immediately into 5 mm per piece and incubated
with overnight grown Agrobacterium culture containing 50 pM of acetosyringone (Sigma-
Aldrich, St. Louis, MO, USA) for 15 minutes. The hypocotyls and cotyledons were then
transferred to co-cultivation medium [Murashige and Skoog (MS) medium containing 3%
(w/v) sucrose, 50 uM/L acetosyringone and 0.3% (w/v) Gelzan™ agar adjusted to pH 5.8]
for 2 days at 24 °C in the dark. Prior to antibiotic selection, hypocotyls and cotyledons
were first transferred to recovery medium [Murashige and Skoog (MS) medium containing
3% (w/v) sucrose, 1 mg/L BAP, 0.1 mg/L NAA and 0.3% (w/v) Gelzan™ agar adjusted to

pH 5.8. and 300 pg/L cefotaxime] for a week in order to kill Agrobacterium.

Generation of transgenic tomatoes via tissue culture selection
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The recovered and cleaned hypocotyls and cotyledons tissues were transferred to shoot
selection medium [Murashige and Skoog (MS) medium containing 3% (w/v) sucrose, 1
mg/L BAP, 0.5 mg/L Zeatin and 0.3% (w/v) Gelzan™ agar adjusted to pH 5.8, and 200
ng/L kanamycin] for 4-6 weeks. Regenerated shoots that were 1 cm tall were transferred
to root induction medium [Murashige and Skoog (MS) medium containing 3% (w/v)
sucrose, 2 mg/L. IBA and 0.3% (w/v) Gelzan™ agar adjusted to pH 5.8, and 100 pg/L
kanamycin] for 1-2 weeks until the root growth was observed. Shoots with substantial root
growth were transferred to Pro-Mix soil and acclimated for 2 days in an environmental-
controlled chamber with a 16h/8h light-dark photoperiod at 22 °C and 40%-60% relative
humidity. The putative transgenic plants from antibiotic selection were grown for another

1-2 weeks prior to leaf sample collection.

Transgenic line confirmation and homozygous line segregation

100 mg samples of leaf tissue were collected from each regenerated tomato plantlets.
Genomic DNA (gDNA) from each putative transgenic line was isolated using CTAB
extraction buffer (2% cetyl trimethylammonium bromide, 1% polyvinyl pyrrolidone, 100
mM Tris-HCl, 1.4 M NaCl, 20 mM EDTA and 1% B-mercaptoethanol). The CTAB-leaf
tissue mix was vortexed vigorously for 30s and then incubated at 65 °C for 1 hour followed
by phenol/chloroform extraction. The supernatant was then mixed with 100% ethanol to
precipitate the DNA followed by a clean-up step with 70% ethanol. The DNA pellets were
air-dried and resuspended with sterile deionized water. The concentration of DNA was

measured with a Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, United
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States). 100 ng of gDNA from each putative transgenic line was used in PCR amplification
for transgene integration confirmation. Primers amplifying alfalfa /F'S gene (forward: 5°-
ATGTTGCTTGAACTTGCACTTGG -3’; reverse: 5’- GGAGTTTAGATGCAACGCCG
-3”) were used to identify true pIFS/CHI To transformants whereas the primers used for
cloning soybean /FS gene was used to confirm pIFS To transformants. Transformation
efficiency was measured as percentage of explants in which transgenes were detected.
Confirmed To transformants for pIFS/CHI and pIFS were grown so that T1 seeds could be
harvested. T plants from each transformant were segregated by germinating the T seeds
on growth medium containing 100 pg/L kanamycin antibiotic. Seeds from individual T
plants were harvested and screened by 100 pg/LL kanamycin again to identify the
homozygous T lines. T2 transgenic plants were grown for about 4 months until fruits were

at the red ripe stage, at which time fruit flesh and peel samples were collected.

Quantitation of gene expression of /FS and CHI genes in homozygous tomato fruit

peel and flesh

Fruit peel and flesh tissues from each homozygous transgenic line were separated using a
scalpel. All the flesh tissues were scraped off from the peel layer prior to total RNA
isolation. 100 mg of peel and flesh tissues from each transgenic line were collected
separately in 1.5 mL tube. Total RNA from peel and flesh samples were isolated using
TRIZOL method (Ambion Life Technologies, Thermo Fisher, Carlsbad, CA, United States)
and the concentration was measured using the a Nanodrop spectrophotometer (Thermo

Fisher, Waltham, MA, United States). Reverse transcription (RT) reaction was performed
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using the High Fidelity cDNA Synthesis Kit (Applied Biosystems, Thermo Fisher, Foster
City, CA, United States) with approximately 2 pg of total RNA. The RT products were
used in RT-qPCR reactions with the SYBR 2X Master Mix (Applied Biosystems, Thermo
Fisher, Foster City, CA, United States). Three sets of 5 uM RT-qPCR primers were used
in this reaction: /F'S (forward: 5’- CCGAGGAGCTTCTGAAATGG -3’ and reverse: 5°-
TCGCCGAGCATCATCATG -3°), CHI (forward: 5°’- GCACGCTGTTTCCCCTGAT -3°
and reverse: 5’-CGTTCAACAACGCAGGTAATCTT -3’) and tomato B-tubulin as the
housekeeping gene (forward: 5’- CCCACCAACTGGGCTGAA -3’ and reverse: 5’-
CCTGAATGGAGGTTGAATTTCC -3’). The RT-qPCR assay was run on the default
setting at 95 °C for 3 minutes for initial denaturation and 40 cycles at 95 °C for 30 s
followed by 60 °C for 30 s. The fold-change of gene expression was calculated by the 2”-
AACt method [19]. The RT-qPCR analysis was repeated three times with independent set

of samples, and the gene expression levels were averaged with standard deviation .

Lyophilization of transgenic fruit peel and flesh tissues

The remaining peel and flesh tissues were pooled into 50 mL tube and their wet weights
were measured and recorded. Peel samples were grounded into powder with liquid nitrogen
prior to freeze-drying procedure. All peel and flesh samples were then lyophilized using
the Labconco Freezone 2.5L Freeze Dry System which was run on Automode with vacuum
set point between 0.22 to 0.01. Samples were left overnight for freeze-drying and were

collected the next day when the samples dried completely. The lyophilized flesh samples
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were grounded into fine powder for extraction. Samples dry weights were measured and

recorded.

Extraction and analysis of isoflavones in transgenic tomato

Approximately 0.2 g of each lyophilized sample was accurately weighed in a 15 mL
centrifugal tube and 10 mL 70% methanol was added for extraction of isoflavones. Sample
tubes were wrapped with aluminum foil and shaken for 2 hours. Samples were then
centrifuged at 14,000 g for 10 minutes and loaded on to the UPLC-QqQ-MS/MS system
for analysis. Analyses of isoflavones were carried out on an Agilent 1290 Infinity II UPLC
system interfaced with an Agilent 6470 triple quadrupole mass spectrophotometer (QqQ-
MS/MS) with an electrospray ionization (ESI) source (Agilent Technology, Palo Alto, CA,
USA). Chromatographic separation was achieved with a Waters Acquity UPLC BEH C18
column (2.1 x 50 mm, 1.7 pm) (Milford, Massachusetts, USA) equipped with a Waters
VanGuard Acquity C18 guard column (2.1 x 5 mm, 1.7 um). The binary mobile phase
system consisted of phase A (0.1% acetic acid in water) and phase B (0.1% acetic acid in
ACN) and the flow rate was set at 0.45 mL/min. The LC gradient program for each run
started at 12% (B%), followed by 25% at 3.5 min, 65% at 4.5 min, held for 0.5 min before
returning to initial conditions. The column was equilibrated for 2.5 min before the next
injection. Thermostats of the column and the autosampler were set at 30°C and 4°C,
respectively. Injection volume was 5 pL for all standard solutions and sample extracts.
Mass spectral data acquisition was achieved using dynamic multiple reaction monitoring

(dMRM) with positive polarity. Two specific transitions for each analyte were monitored
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over a period of 1 min centered around retention time. The ESI parameters were set as
follows: dry gas at 300 °C with a flow rate of 12.0 L/min, sheath gas at 250 °C with a flow
rate of 12.0 L/min, nebulizer at 30 psi, nozzle voltage at 1.5 kV and capillary voltage at 3.0
kV. Identification and confirmation of target compounds were achieved by comparing their
MRM precursor-product ion pair transitions (daidzein, 255.1->199.0/137.0; daidzin,
417.1->255.0/199.0; genistein, 271.1->153.0/91.1; genistin, 433.1->271.0/152.9) and the
retention time of authentic standards. Quantitation was achieved with calibration curves

established using the peak area of quantifier ion of the analyte.

C. elegans strain and maintenance

The CL2355 strain [smg-1 * (snb-1:: AP142::3' UTR(long) + mtl-2::GFP)] was obtained
from Caenorhabditis Genetics Center (CGC) (University of Minnesota, Minneapolis, MN).
This strain employs the promoter of the C. elegans synaptobrevin ortholog (snb-1) to drive
pan-neuronal expression of human Ai-42 peptide which is inducible by temperature upshift
(16 °C to 23 °C) and marked with green fluorescent protein that expresses constitutively
within the intestinal region. The worms were propagated at 16 °C on solid nematode
growth medium (NGM) [0.25% (w/v) peptone, 0.3% (w/v) sodium chloride and 1.9% (w/v)
agar with post-autoclaving addition of 5 mg/L cholesterol, 1 mL of 1 M CaClz, 1 mL of
1 M MgSOs4, and 25 mL of 1 M KPO4, pH 6.0]. All 35 x 10 mm NGM plates were seeded

with 50 pl of E.coli OP50.

Serotonin (5-HT) sensitivity assay in transgenic C. elegans
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Transgenic worms (CL2355) were egg-synchronized onto 35 x 10 mm petri dishes
containing the crude extracts from selected transgenic tomato fruit peel (IFS/CHI 9-7,
IFS/CHI 7-3, IFS 10-4 and WT) and pure genistein extract (Sigma-Aldrich, St. Louis, MO,
USA) in different concentrations of 100 uM, 10 uM, 1 uM, 0.1 puM and 0.0355 uM
including two control sets (CK and CK+DMSO), one of which containing 0.6% of DMSO.
The synchronized worms were fed on different treatment plates and allowed to grow at
16 °C until L3 stage (approximately 4-5 days after egg synchronization). After the
synchronized worms reached the L3 stage, the temperature was upshifted to 23 °C to induce
the APi-42 expression for 36 hours. Worms were harvested at the end of 36 hours from
different treatment plates and washed twice with M9 buffer to remove all the bacteria
residual. Thirty worms from each treatment were transferred to 96-well assay plate and
mixed with 10 mg/ml serotonin (creatinine sulfate salt) (Sigma-Aldrich, St. Louis, MO,
USA). Worms were scored for paralysis phenotype every minute until all worms were
completely paralyzed (non-motile for 5 s). Three independent experiments were performed.

The mean and standard deviation of the data were calculated.

Quantitative fluorescence staining of AP aggregates with thioflavin-T

Synchronized CL2355 worms were collected from each treatment plate post temperature
upshift from 16 °C to 23 °C for 36 hours. All collected worms were washed twice with 1

mL of 1x PBS (diluted from 10x PBS) (Fisher Scientific, Hampton, NH, USA) to remove

any bacteria residual. The worms were spun down at 1000 rpm for 2 min and 100 ul of 1x
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PBS were added in each sample prior to sonification. Each worm sample was sonicated
with Branson Sonifier 150 at setting 2 for 15 s and 45 s on ice for a total of 4 times. The
sonicated worms were centrifuged at 14,000 rpm for 2 minutes and the supernatant was
transferred to a new tube. The concentration of total soluble protein in each sample was
measured using a Nanodrop spectrophotometer (Thermo Fisher, Waltham, MA, United
States). Equal amount of total protein from each sample was mixed with 10 pul of 10x PBS
and 20 uM of thioflavin-T (Sigma-Aldrich, St. Louis, MO, USA) in a final volume of 100
pl. Fluorescence signal from the binding of thioflavin-T dye with AP aggregates was
measured using Biotek Synergy 4 Plate Reader with excitation at 440 nm and emission at
482 nm. Three independent experiments were repeated, readings were averaged and

standard deviations were calculated.

Results

Construction of pIFS/CHI and pIFS plasmid vectors for the expression of /FS and

CHI genes

Two vectors were designed to express the /F'S and CHI genes to produce a significant level
of genistein in Moneymaker tomato. The pIFS/CHI vector was obtained from Dr. Richard
A. Dixon (University of North Texas). It was tailored to co-express the alfalfa /F'S and CHI
genes under the control of the 35S promoter which were cloned into a single T-DNA

cassette. A previous study has shown that tomato transformed with a vector expressing the



102

soybean /FS gene driven by 35S promoter was unable to generate a significant amount of
genistein in fruit tissues [12]. Another strategy was to use the pIFS vector to express only
the soybean /FS gene driven by the tomato fruit-specific £8 promoter with the expectation
that /F'S gene can only be expressed in fruit tissues and the production of genistein can be
concentrated in the fruit tissues. Figure 4.1 shows a schematic representation of transgenes

and promoters used in this study.

pIFS/CHI —m IFS —m CHI
pIFS —.3» IFS

Figure 4.1. Illustration of the plasmid vectors used for tomato transformation. pIFS/CHI
vector was designed to co-express the alfalfa /F'S and CHI gene under the control of 35S
promoter whereas the pIFS vector was designed to only express the soybean /FS gene

under the control of tomato fruit-specific £8 promoter.

Both alfalfa and soybean belong to the legume family Fabaceae under the subfamily of
Papilionoideae. They are predicted to be very closely related based on the molecular
analyses of their phylogenetic relationships in the Fabaceae evolutionary study [20, 21]. In
order to confirm the conservation of functional domain in /FS and CHI genes from both
alfalfa and soybean, their protein sequences were compared to determine their sequence
similarity. Both the cloned alfalfa /F'S and CHI genes were sequenced from pIFS/CHI

vector and compared to soybean reference sequences. In Figure 4.2a, the [FS gene
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sequence alignment showed that both sequences were highly conserved with 96% identity
and 98% similarity while CHI gene (Figure 4.2b) sequence alignment showed that the
sequences were conserved with 79% identity and 88% in similarity. Despite the 2% and
12% dissimilarity in /F'S and CHI sequences respectively, the cytochrome p450 domain
(accession number COG2124) within the p450 superfamily (accession number c112078)
was conserved in both alfalfa and soybean /F'S gene sequences with the interval of 33 to
477 a.a and chalcone-flavanone isomerase domain (accession number pfam02431) within
the chalcone 3 superfamily (accession number cl03589) was conserved in both alfalfa and
soybean CHI gene sequences with the interval of 10 to 212 a.a. The presence of conserved
domains within alfalfa and soybean /F'S and CHI genes indicated that their biochemical

properties were conserved.
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Figure 4.2. (a) /FS and (b) CHI protein sequence alignment between alfalfa (Medicago
sativa) and soybean (Glycine max). A | (vertical bar) indicates fully conserved residue. A :
(colon) indicates conservation between residues of strongly similar properties with
scoring > 0.5 in the Gonnet PAM 250 matrix. A . (period) indicates conservation between

residues of weakly similar properties with scoring =< 0.5 in the Gonnet PAM 250 matrix.

Generation of homozygous transgenic tomato plants expressing both the pIFS/CHI

and pIFS vectors

Organogenesis from explants is the common route used to generate transgenic plants due
to there being a well-established protocol applied in a number of different plant systems
such as tobacco, squash, potato, and tomato. This method is highly favored for its ease,
high efficiency of transgene integration and lower risk of chimerism [22]. Genetic
modification of tomato, especially for cultivar Micro-Tom, using this method has been
reported to have a transformation efficiency ranging between 6 to 40%, yet some
researchers still find it difficult to obtain sufficient true transformants for functional studies
[23]. In order to maximize the transformation efficiency of tomato cultivar Moneymaker
in this study, multiple protocols were researched and few of them with higher
transformation efficiency (30-40%) were referenced for adapting optimum conditions to
transform the explants with the designed vectors [22-25]. Figure 4.3a-e showed the tissue
culture stages of transformed tomato explants. Clipped hypocotyls produced calli at the cut
region 20 days after Agrobacterium transformation (Figure 4.3a). The calli formed at the

end of the hypocotyls were excised and transferred to shoot selection medium containing
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kanamycin. At the shoot selection stage, calli were placed on a relatively high
concentration of kanamycin (200 pg/L) to select for true transformants that maintained
green and viable looking throughout the selection period (Figure 4.3b-c). Selected shoots
were further selected at the rooting stage using root selection medium with 100 pug/L
kanamycin. The kanamycin-resistant transformants formed a dense root mat after 2 weeks
(Figure 4.3d-e). Regenerated putative transgenic plants were transplanted to Pro-Mix soil
and were confirmed by PCR. A total of 17 transgenic tomato plants carrying pIFS/CHI
vector were regenerated from a total of 50 explants which account for about 34% of the
transformation efficiency while 11 transgenic tomato plants carrying pIFS vector were
regenerated from a total of 30 explants which account for approximately 37% of the

transformation efficiency.
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Figure 4.3. (a) Transformed hypocotyls with Agrobacterium after 20 days. Callus started
to form at the end of the hypocotyls. (b) Transformed tomato calli with regenerated shoot
on shoot selection medium containing 200 pg/L kanamycin after 6 weeks and (¢) close up
image on a single callus with regenerated shoot. (d) Regenerated shoots on root selection
medium containing 100 pg/L kanamycin after 2 weeks and only the true transformants
showed robust root growth. (e) True transformants on root selection medium was ready for

transplanting to Pro-Mix soil.

Out of all the regenerated transgenic plants, five transgenic Ti lines each from both
pIFS/CHI and pIFS transformed lines were maintained in the greenhouse for segregation.
Table 4.1 shows the record of all the transgenic tomato lines from Tito T2 generation.
Homozygous T2 plants were confirmed by antibiotic selection and PCR amplification of
the transgenes. A total of 18 homozygous T2 IFS/CHI and 10 homozygous T2 IFS
transgenic plants were segregated from their respective Ti transgenic plants and confirmed

as homozygous lines.
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. . Homozygous . . Homozygous
T, transgenic Tatransgenic T, tranganic T transgenic | T;transgenic T, trangenic
tomato tomato tomato tomato
tomato tomato
341
3-5
3 3-1 to 3-11 3.8 B 6-1 to 6-8 6-2
3-11
5-5 7-3
5 5-5 to 5-16 5-7 7 T-1to7-8 7-4
5-16 7-5
6-8
6-9
B 6-4 to 6-15 612 B 8-1to 89 B-1
6-13
6-14
7-3 94
T T-3to 712 7-8 a 9-1to 9-8
9-6
712
9-1 10-4
a9 9-1 to 9-7 9-4 10 10-1 to 10-7 10-5
a-7 10-6

Table 4.1. The record of transgenic tomato lines from Ti to T2 generation. Total of 18

homozygous T2 [FS/CHI and 10 homozygous T2 IFS transgenic plants were confirmed.

Quantitation of transgene expression in homozygous transgenic tomato plants

Peel and flesh tissues from each homozygous line in both IFS/CHI and IFS groups were

isolated and quantitated for transgene expression. Figure 4.4a shows the transgene

expression in peel samples for IFS/CHI group normalized with the tomato B-tubulin

(housekeeping gene) gene expression. All homozygous lines except those segregated from
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T1 generation of IFS/CHI-3 displayed a relatively high transgene expression profile in peel
samples with IFS/CHI 9-7 as the highest expresser among all. However, the transgene
expression trend in flesh samples (Figure 4.4b) was very different from the trend seen in
peel samples. In flesh samples, the transgene expression in flesh samples of IFS/CHI-6-(8,
9,12, 13, 14) and IFS/CHI-9-(1, 4, 7) were reduced for about 10-20%, relatives to levels
determined in peel samples. On the other hand, the /F'S gene expression in IFS/CHI-3-(1,
5, 6, 11) was relatively similar to the expression level in its peel sample group. IFS/CHI-
5-(5, 7, 16) and IFS/CHI-7-(3, 8, 12) group displayed a rather interesting trend for their
IFS gene expression which increased by 5-20% while their CHI gene expression was
declined. In IFS transgenic lines, /F'S gene is the only transgene involved for quantitation.
Figure 4.5 shows the /FS gene expression in both peel and flesh samples from the IFS
group. The IFS gene expression was relatively similar for both peel and flesh samples
except for lines IFS 7-4 and IFS 9-4. IFS line 10-4 displayed the highest levels of /F'S gene
expression among all the other homozygous lines within its group. The differences in
transgene expression trend could be an indication of the amount of genistein that each line
produces in fruit tissues. In order to assess the effect of transgene expression in controlling
the isoflavone production, a total of 7 homozygous lines in IFS/CHI group (IFS/CHI 3-11,
5-16, 6-8, 6-12, 7-3, 7-12, 9-7 ) and all 10 homozygous line in IFS group were selected for

chemical quantitation analysis.
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Figure 4.4. Transgene expression of /F'S and CHI in (a) peel and (b) flesh tissue of [FS/CHI
homozygous lines. Relative expression of each transgenic line was normalized with /-
tubulin gene expression and expressed in logio scale. Experiments were repeated three

times with independent batches of fresh samples.
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Figure 4.5. Transgenes expression of /F'S in peel and flesh tissue of IFS homozygous lines.
Relative expression of each transgenic line was normalized with f-fubulin gene expression
and expressed in logio scale. Experiments were repeated three times with independent

batches of fresh samples.

Chemical quantitation analysis of isoflavones in homozygous transgenic tomato lines

Crude extracts from all selected homozygous lines were analyzed by Agilent 1290 Infinity
IT UPLC system. A preliminary experiment was run using WT tomato and a couple of the
IFS/CHI transgenic samples along with the isoflavone standards. Glycitein and glycitin
were excluded from the standard set due to their undetectable levels in all the transgenic

samples used in the preliminary experiment. Hence, only 4 isoflavone standards (genistein,
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genistin, daidzein and daidzin) were used for the sample run. The summary of the chemical
quantitation analysis in dry weight and fresh weight basis are illustrated in Table 4.2 and
4.3 respectively. IFS/IFS 9-7 transgenic line, as expected from the gene expression result,
was the one that had the highest genistein content with 95935 ng in 1 g of dried tomato
peel and 19578 ng in 1 g of dried tomato flesh. For 1 g of fresh tomato peel and flesh, it
contained 21201 ng and 1390 ng of genistein respectively whereas WT tomato barely
contained any significant amount of genistein. In addition to this striking finding, the levels
of genistein present in dried and fresh tomato peel and flesh tissues were approximately
250-fold higher than those found in WT tomato. Besides the IFS/CHI 9-7 transgenic line,
IFS/CHI 6-12 was the second transgenic line with a relatively high genistein content, in
this case, approximately 180-fold higher than WT tomato. The remaining homozygous
lines in IFS/CHI group did not produce a significant amount of genistein as compared to
WT tomato. Likewise, all homozygous lines in IFS groups did not produce genistein to a
satisfactory level which the highest expresser (IFS 10-4) was only 2-fold higher than WT
tomato. The highest amount of genistein produced was 844 ng per 1 g of dried tomato peel
and 383 ng per 1 g dried of tomato flesh. Chromatograms of IFS/CHI 9-7 and WT (Figure
4.6) were generated to depict the responses of IFS/CHI 9-7 and WT peel and flesh sample
analytes. The peak area of quantifier ion of the analyte, the highlighted region shown in
the chromatogram, represents the amount of target compound that is present. The strong
comparison between the peaks of IFS/CHI 9-7 and WT reinforced our idea that expression
of both /FS and CHI gene synergistically drove the metabolic flux into genistein production

in our transgenic tomato plants.
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Figure 4.6. Extracted ion chromatogram of IFS/CHI 9-7 (a-flesh; b-peel) and WT (c-flesh;
d-peel). Standard solution and peel and flesh sample extract (5 pL) were analyzed by
UPLC-QqQ-MS/MS system. Analytes from each sample were identified and confirmed by
comparing to their respective MRM precursor-product ion pair transitions (daidzein,
255.1199.0/137.0; daidzin, 417.1->255.0/199.0; genistein, 271.1->153.0/91.1; genistin,
433.1->271.0/152.9) and the retention time of standards. Highlighted peak area of
quantifier ion for each analyte was calibrated and quantitated for its amount in each sample.
Daidzein and daidzin were detected in only trace amounts or not detected at all for most of
the transgenic samples besides the above listed samples. Genistin appeared to be the most

abundant form in tomato fruit as its levels were much higher than genistein.
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Sample Name Daidzin | Daidzein | Genistin | Genistein &L?:tlin &L?:tlin

mge) | (ngie) | (moim) | (ngrg) | Semeein | Ceneie
Tomato fruit peel

IFSICHI 9-7 6778 | 24342 | 61402.489 | 57557.000 | 95934799 | 354.999
IFSICHI 6-12 5000 | 16.810 | 24780.398 | 57040.898 | 72529148 | 268.388
IFSICHI 7-3 Trace* | 0000 | 748355 | 1104397 | 1662134 | 6.151
IFSICHI 7-12 o000 | 18022 | 72183 750826 | 804942 | 2979
IFS/CHI 5-16 8300 | 15161 | 508316 | 461110 | 778818 | 2.882
IFSICHI 3-11 Trace* | 14698 | 241345 | 472679 | 623525 | 2307
IFSICHI 6-8 Trace* | 19211 | 1631431 | 508392 | 610352 | 2259
WT 0000 | Trace' | 64.404 347280 | 387543 | 1434
IFS 104 0.000 0000 | 952202 | 248596 | 843742 | 3122
IFS 6-2 0000 | 22578 | 476536 | 400021 | 697866 | 2582
IFS 7-4 0000 | 15348 | 102738 | 627059 | 691273 | 2558
IFS 10-5 Trace* | 10047 | 47.868 586.800 | 616727 | 2282
IFS 9-6 0000 | 17.808 | 124100 | 478367 | 555938 | 2057
IFS 9-4 0000 | 14833 | se3e2 | 495410 | 550639 | 2038
IFS 7-3 0.000 0.000 22,291 495888 | 500820 | 1.887
IFS 7-5 Trace* | 36.361 | 108518 | 400025 | 467.851 | 1731
IFS 8-1 0000 | 18060 | 120854 | 366816 | 442352 | 1637
IFS 10-6 0.000 0000 | 177827 | 271858 | 383004 | 1417

Tomato fruft flesh

IFSICHI 9-7 10.926 | 18.252 | 27879.976 | 2152567 | 19578.116 | 72.447
IFSICHI 6-12 0067 | 54368 | 19267761 | 1078768 | 13121508 | 48555
IFSICHI 7-3 12180 | 0000 | 233525 | 30074 185032 | 0685
IFSICHI 6-8 13444 | 11386 | 86631 81.277 135423 | 0501
IFS/CHI 3-11 12.055 | 17217 | 61014 47750 86.447 0.320
IFS/CHI 7-12 13.938 | 15148 | 16748 63617 74.085 0.274
IFS/CHI 5-16 10416 | 11185 | 25858 54.906 71.067 0.263
WT 0.000 0.000 49.008 47,763 78450 0.290
IFS 10-5 0.000 B097 | 370152 | 151845 | 383.198 | 1418
IFS 7-4 0.000 4023 | 303280 | 78281 267.842 | 0991
IFS 6-2 0000 | 12617 | 75418 154793 | 201930 | 0747
IFS 8-1 0000 | 15411 | 34704 172660 | 194407 | 0719
IFS 7-5 15.026 | 13386 | 20834 121944 | 140590 | 0520
IFS 9-6 0000 | 22162 | 53731 97.188 130771 | 0484
IFS 10-6 0.000 0.000 65.856 88.117 120279 | 0478
IFS 7-3 0.000 0.000 18.213 106788 | 118172 | 0437
IFS 10-4 0000 | Trace* | 70.398 29.127 73127 0.271
IFS 9-4 0000 | 16.426 6223 64.583 68.472 0.253

*compound detected but below the limit of quantification.

Table 4.2. Chemical quantification analysis of isoflavone content on the dry weight basis.
Experiment was repeated twice and the concentration of each isoflavone compound in peel
and flesh tissues of selected homozygous transgenic lines in both IFS/CHI and IFS groups
were averaged and listed in three decimal places. The total genistein was computed by

summing the genistein and genistin levels, after correcting for molarity.
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Sample Name Daidzin | Daidzein | Genistin | Genistein &L?:tlin &L?:tlin

(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (nMig)
Tomato fruit peel
IFSICHI 9-7 1.498 5380 | 13569.611 | 12719.779 | 21201.060 | 78453
IFSICHI 6-12 1.105 3715 | 5476331 | 12605723 | 16028541 | 59312
IFSICHI 7-3 Trace* | 0000 | 165382 | 263955 | 367.322 | 1.359
IFSICHI 7-12 0.000 4.182 15.952 167917 | 177888 | 0658
IFS/CHI 5-16 1.834 3350 | 112335 | 101903 | 172114 | 0637
IFSICHI 3-11 Trace* | 3.248 53.336 104459 | 137796 | 0510
IFSICHI 6-8 Trace* | 4.246 36.051 112352 | 134884 | 0499
WT 0.000 Trace 14.233 76.749 85645 0.317
IFS 104 0.000 0000 | 210421 54.038 186462 | 0690
IFS 6-2 0.000 4090 | 105312 | 88.403 154225 | 0571
IFS 7-4 0.000 3302 22,705 138577 | 152767 | 0565
IFS 10-5 Trace* | 2419 10578 120682 | 136203 | 0504
IFS 9-6 0.000 3.936 27.427 105717 | 122859 | 0455
IFS 9-4 0.000 3278 19.528 109483 | 121688 | 0450
IFS 7-3 0.000 0.000 4926 109580 | 112667 | 0417
IFS 7-5 Trace* | 8.036 23.982 88.403 103392 | 0383
IFS 8-1 0.000 3.991 26.708 81.064 97757 0.362
IFS 10-6 0.000 0.000 39.299 60.079 84642 0.313
Tomato fruft flesh

IFSICHI 9-7 0.776 1206 | 1979.409 | 152.827 | 1389.998 | 5.144
IFSICHI 6-12 0.708 3860 | 1367963 | 76590 | 931594 | 3447
IFSICHI 7-3 0.865 0.000 16.580 2774 13137 0.049
IFSICHI 6-8 0.954 0.808 6.151 5.770 9.615 0.036
IFS/CHI 3-11 0.856 1222 4.396 3.390 6.138 0.023
IFS/CHI 7-12 0.990 1.075 1.189 4517 5.260 0.019
IFS/CHI 5-16 0718 0.794 1.836 3.808 5.046 0.019
WT 0.000 0.000 3486 3.301 5570 0.021
IFS 10-5 0.000 0575 26.280 10781 27,206 0.101
IFS 7-4 0.000 0.350 21,533 5558 19.016 0.070
IFS 6-2 0.000 0.896 5354 10.990 14337 0.053
IFS 8-1 0.000 1.004 2.470 12.258 13.802 0.051
IFS 7-5 1.067 0.950 2.118 8.658 9.082 0.037
IFS 9-6 0.000 1573 3,815 6.900 9.284 0.034
IFS 10-6 0.000 0.000 4676 6.256 9178 0.034
IFS 7-3 0.000 0.000 1203 7.582 £.390 0.031
IFS 10-4 0000 | Trace* 4098 2.068 5.192 0.019
IFS 9-4 0.000 1.166 0.442 4585 4861 0.018

*compound detected but below the limit of quantification.

Table 4.3. Chemical quantification analysis of isoflavone content on the fresh weight basis.
Experiment was repeated twice and the concentration of each isoflavone compound in peel
and flesh tissues of selected homozygous transgenic lines in both IFS/CHI and IFS groups
were averaged and listed in three decimal places. The total genistein was computed by

summing the genistein and genistin levels, after correcting for molarity.
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Serotonin (5-HT) sensitivity assay in transgenic C. elegans

Genistein is well known for its ability to modulate inflammatory pathways through the
inhibition of nuclear factor (NF)-kB [26]. Inflammation and oxidative damage have been
implicated in neurodegenerative diseases and one of the key inflammatory inducers is the
accumulation of AP peptides [27]. Hence, genistein has the potential to reduce the
pathological damage resulting from the formation of AP aggregates in neurodegenerative
disease [28]. On the other hand, tomato is rich in lycopene which is well known for its
antioxidant, anti-inflammatory and chemopreventive properties against different diseases,
especially cancer. It has been reported that lycopene attenuates AB-induced cellular toxicity
in cultured neuron cells [29]. It is plausible to speculate that both lycopene and genistein
might work synergistically in reducing the pathological damage by neurodegenerative

diseases.

Three transgenic lines (IFS/CHI 9-7, 7-3 and IFS 10-4) including WT and a set of genistein
standards with different concentrations were used to test the effect they have on the
neurodegenerative disease. Transgenic CL2355 C. elegans with pan-neuronal expression
of human Afi-42 peptide under permissive temperature [30] was used in this study.
Serotonin is known to be an important signaling molecule and neurotransmitter that
regulates the response of worm to changing environmental cues. It does this by affecting
behaviors in locomotion, egg-laying and olfactory learning [31, 32]. Expression of AP in

transgenic worms’ nerve system can cause them to be hypersensitive in exogenous
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serotonin exposure eventually resulting in paralysis due to AP toxicity [33-35]. This
paralysis phenotype was used as a scoring parameter to observe any possible therapeutic
effects of feeding worms with the crude compounds prepared from selected transgenic lines.
A dose-response assay of pure genistein compound was developed and established by
feeding worms in various concentrations of genistein to worms. Figures 7a and 7b show
the effect of the crude compound from different transgenic lines on neurodegenerative
disease symptoms in transgenic C. elegans. The amount of IFS/CHI 9-7 crude compounds
fed to transgenic worms in these experiments contained 35.5 nM of genistein.
Consequently, we used the same amount of pure genistein as a standard positive control in
the treatment sets for comparison. Worms fed with IFS/CHI 9-7 crude compounds and 100
uM of genistein showed a delayed paralysis time of about 15 minutes, compared to non-
treated groups (CK and CK+DMSO) that reached complete paralysis by an average of 5
minutes. This observation showed that our transgenic tomato sample (IFS/CHI 9-7) could
generate the same level of inhibitory effect on AP toxicity with an amount of genistein that
was 99.97% less than those present in the 100 uM pure genistein compound. When
comparing worms fed with WT to IFS/CHI 9-7 crude compounds, worms in the former
group became paralyzed around 10 minutes while the latter group managed to delay onset
of paralysis by 50%. This finding suggests a possible collaborative effect of lycopene and
genistein in neutralizing the AP toxicity, possibly, through their interference in worms’
inflammatory pathway. The group of worms fed with IFS/CHI 7-3 crude compounds and
10 uM of genistein paralyzed at 13 and 14 minutes respectively whereas the remaining
group of worms fed with WT and BINIFS 10-4 crude extracts as well as 1 uM and 0.1 uM

of genistein paralyzed between 9-12 minutes. Overall, genistein dose-dependently reduced
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the stress response caused by A toxicity and transgenic tomato sample performed better

in attenuating the neuronal damage than WT tomato extracts.
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Figure 4.7. Serotonin sensitivity assay illustrates the effects of C. elegans fed with
different crude extracts from transgenic samples and different concentrations of genistein
standard. Assay was carried out post 36 hours of temperature upshift (16 °C to 23 °C) to
induce the APi-42 expression and deposition. (a) The number of mobile worms detected at
minute intervals was recorded for each treatment group and (b) total time for worms in
each treatment group to be completely paralyzed was summarized. The experiment was
repeated with three independent sample sets and data were averaged with standard

deviation.

Quantitative fluorescence staining of A aggregates with thioflavin-T

Since the serotonin sensitivity assay result demonstrated a protective effect of transgenic
crude compounds in reducing the AP toxicity, we further investigated if our transgenic
crude compounds would have any direct effect on the AP expression or the AP aggregate
formation. Thus, the AP aggregates were quantified using the fluorescence staining of
thioflavin-T, which binds to AB aggregates [36, 37]. Similarly to the serotonin sensitivity
assay, worms were fed with different crude compounds and genistein standards together
with the untreated control with and without DMSO. The total protein was isolated from
each treatment set after 36 hours of temperature upshift. Figure 4.8 shows the level of A}
in CL2355 transgenic worm after treating with transgenic crude compounds and genistein
standards. The readings generated by the 96-well plate reader were normalized to blank
samples and the percentage of AP was calculated comparing to CK+DMSO group as a

control. IFS/CHI 9-7 treatment set (containing 35.5 nM of genistein), demonstrated a
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protective effect in that the formation of AP aggregates was 39% lower than the control set.
The protective effect seen in IFS/CHI 9-7 was double the effect on worms fed with 100
UM of genistein. For the genistein standard treatment set, the effect on AP formation was
not significant as compared to the control set, ranging from 6-10%, except for the 100 uM
treatment set which was 19% lower than the control set. On the contrary, the crude
compound treatment set performed better than the pure genistein compound treatment set
alone. IFS/CHI 7-3, IFS 10-4 and WT crude compounds (containing 0.312 nM, 0.615 nM,
0.143 nM of genistein respectively) separately had achieved 6%, 12% and 17% reduction
in AP formation. In summary, the inhibitory effect of pure genistein treatment alone in AP
oligomerization is not that remarkable as compared to the crude compound treatment in

this quantitation assay.
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Figure 4.8. Quantification of AP aggregates by thioflavin-T fluorescence staining to
illustrate the potential inhibitory effect of AP aggregates formation when C. elegans was
fed with different crude extracts from transgenic samples and different concentrations of a
pure genistein standard. Quantitation assay was carried out post 36 hours of temperature
upshift (16 °C to 23 °C) to induce the AB1-42 expression and deposition. The fluorescence
signal was quantified using Biotek Synergy 4 Plate Reader with excitation at 440 nm and
emission at 482 nm. Experiments were repeated with three independent sample sets and

data were averaged. The averaged data were expressed as percentage of AP aggregates and

CK+DMSO (control with 0.6% DMSO) as the baseline.

Discussion

Over the past three decades, dietary supplements include vitamins, metabolites, minerals,
and enzymes have gradually become an integral component in our health and wellness
regime as well as daily meals to provide sufficient nutrients for replenishing our body.
Nevertheless, taking supplements can be very intimidating due to some of the harmful
effects of taking supplements in excess or mixing supplements [38]. While dietary
supplements are the mainstays of current health and wellness programs, getting nutrients
from food is always a better alternative to circumvent any unforeseen negative effects from
supplement intake. Thus, having food that contains multiple types of nutrients would be a
more ideal way to nurture our body instead of supplements. In this study, we attempt to

integrate genistein into a food that is widely consumed in Western diets, namely, tomato.
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A decade ago, researchers from Hong Kong University produced a transgenic tomato line
expressing soybean /FS gene driven by the 35S promoter. Genistein production in their
transgenic tomato, nonetheless, was unsatisfactory, with the highest yield of genistein in
fruit peel at 0.45 nM/g of its fresh weight [12]. In comparison, our highest yield of genistein
in IFS/CHI 9-7 fruit peel (78.5 nM/g of its fresh weight) is approximately 174-fold higher
than those observed in their highest expressing transgenic line. This striking outcome is
very likely due to the co-expression of /F'S and CHI gene within our transgenic tomato.
Expression of the endogenous CHI gene in both WT and transgenic tomato are weakly
expressed and the computed fold-change in logio scale ranging from 0.3 to 0.7, merely
comparable to the transgene expression as shown in Figures 4.4 and 4.5. Since naringenin
is the precursor of genistein (Figure 4.9) [39], a weakly expressed endogenous CHI gene
might not be able to produce the CHI enzyme to make enough precursors available for
synthesizing genistein even if the /FS transgene is highly expressed. Expression of the CHI
transgene may allow the plant to isomerize naringenin chalcone to naringenin making it
available for synthesizing genistein. Even though naringenin will be available, there is still
a possibility of competition for this compound as a substrate for flavonol and anthocyanin
biosynthesis [40]. This might explain why some IFS/CHI transgenic lines were unable to
synthesize a significant amount of genistein. For the IFS group, the initial idea of deploying
a tomato fruit-specific £E§ promoter to drive /FS gene expression aimed to increase the
accumulation of genistein in fruit tissues [41]. However, an insufficient amount of
precursor might have been a limiting factor for genistein production in these IFS lines.
Previous studies reported that co-expression of the Arabidopsis transcription factor

(AtMYB12) with other structural genes can substantially enhance the production of
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isoflavones [13, 42]. Researchers from John Innes Centre has reported that co-expression
of AtMYBI12 with IFS gene driven by E§ promoter can enhance the genistein level in
MicroTom tomato fruit. A#MYBI2 transcription factor is a transcriptional regulator of
chalcone synthase (CHS) and flavonol synthase (FLS) in planta and can enhance the
synthesis of flavonoid compounds [43]. The total genistein yield on a dry weight basis from
WT and their highest expressing lines of /F'S and AtMYB12 IFS were 0.112 mg/g, 0.284
mg/g and 7 mg/g respectively [13]. Their co-expression line contains a relatively high
amount of genistein, with a 39-fold increase, compared to WT. In comparison with their
result, expression of the CHI gene in transgenic IFS/CHI tomato plants in the present
studies has validated our hypothesis that it may increase the efficiency of genistein
synthesis by making available higher levels of pathway precursors. The higher genistein
content present in two of our IFS/CHI lines might indicate the involvement of other
structural gene modulators that redirect the flux into isoflavone synthesis. Co-expression
of AtMYB12 with IF'S and CHI genes could be another ideal strategy to generate transgenic

tomato with higher level of genistein.
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Figure 4.9. Simple illustration of the isoflavone synthesis pathway showing intermediates
and enzymes mentioned in this study. CHS, chalcone synthase; CHI, chalcone isomerase;

CHR, chalcone reductase; IFS, isoflavone synthase.

In order to get a realistic perspective on the generation of 2 in 1 (genistein and lycopene)
transgenic tomato, we set up a comparison chart with foods that contain a significant
amount of isoflavone. Table 4.4 illustrates some of the common foods that generally known
to have a high level of genistein and daidzein. All this food nutrient information was
obtained from the USDA Food Composition Database website under the Special Interest
Databases of isoflavones [44]. Information regarding isoflavone content in raw tomato was
obtained from another source [45]. Our best line of transgenic tomato, [FS/CHI 9-7,
constituents only 11.85% (in 1g of tomato dried peel) of genistein content in 1 g of raw
soybean seeds whereas the amount of daidzein in transgenic tomato is no way comparable
to soybean because tomato does not have the chalcone reductase (CHR) gene to covert
naringenin into precursor for daidzein synthesis (refer to Figure 4.9). Despite the transgenic
tomato lines generated in this study did not produce amounts of genistein that are on par
with soy products, we have made a great breakthrough in enhancing the genistein content

in transgenic tomato fruit by no less than 150-fold, compared to WT tomato.
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Soybeans, mature seeds, raw 620700 809900
Soymilk, made from soy isolate 28000 31000
Soy drink 27500 51000
Soy yogurt 137700 165900
Soy cheese, American 57500 87000
Tempeh 226600 361500
Tofu yogurt 57000 94000
Tofu, soft, VITASOY -silken 85900 206500
Miso 164300 232400
Black bean, sauce 59600 40400
Peanuts, all types, raw 200 2400
Tomato, raw 0 325
IFS/CHI 9-7, dried peel 28 95935
IFS/CHI9-7, fresh peel 5 21201
IFS/ICHI 9-7, dried flesh 25 19578
IFS/ICHI9-7, fresh flesh 2 1390

Table 4.4. List of selected foods that contain significant level of isoflavone, particularly in
genistein and daidzein. Bottom box sample is the best line of our transgenic tomato,
IFS/CHI 9-7, serving as a comparison. The value listed above is for a general guidance

since isoflavone content of foods can vary considerably between food sources and brands.

Genistein has been known for a long time to have a protective effect for many chronic
diseases especially cancer, diabetes, obesity, neurodegenerative and HIV-infection [2, 46-
49]. Genistein is the most biologically active phytoestrogen found in soy and it interacts
with estrogen receptors ERa and ERf} but more selective to ERP [50, 51]. Its antioxidant
property and ability to bind to ERB may contribute to its anti-inflammatory, anti-
osteoporosis and anti-cancer effects [52]. In our study, we focused on investigating the

effects of genistein on neurodegenerative illnesses especially Alzheimer’s disease. The
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production and accumulation of toxic amyloid 8 (AP) peptide and tau tangles has been long
speculated to be linked with the pathogenesis factor of neurodegenerative disorders [53].
While there is no cure for neurodegenerative diseases or a way to slow it down, genistein
and lycopene might be an alternative for delaying the disease progression. Our results have
showed that the crude extract from our best yield transgenic line, IFS/CHI 9-7, could delay
the paralysis time by 75% compared to non-treated control set and its performance is 50%
better than genistein standard alone at the same concentration (0.035 uM). These results
indicated that crude extract of IFS/CHI 9-7 could reduce Ap-induced toxicity in human by
75%. Based on Figure 4.7a-b, genistein itself acts on a dose-dependent pattern and a similar
trend can be seen in transgenic lines as well. The higher concentration of genistein content
can have a substantial effect in inhibiting the AB-induced toxicity and allows C. elegans to
maintain its mobility after exposing to serotonin. Genistein and lycopene were previously
proved to have strong antioxidant property and powerful reactive oxygen species (ROS)
scavenging activities [2, 54, 55]. This is possibly due to their antioxidant property that has
reduced the oxidative damage induced by AP accumulation. Similar to Ginkgo biloba
extract which has a strong protective effect on AP aggregation [56, 57], genistein, through
its binding to the estrogen receptor, can suppress the endoplasmic reticulum stress and A-
induced toxicity by preventing neuron cell death [58]. Hence, our results further indicate
that the combination therapy using the mixture of genistein and lycopene, even at a small
amount, can gain a greater protective effect on disease progression. Consequently, we are
interested to see if genistein has a direct effect on the formation of AP aggregates. Based
on our thioflavin-T quantitative staining results (Figure 4.8), IFS/CHI 9-7 displayed a

striking reduction in AP aggregates by 39% which is double the effect of 100 uM.
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Generally, transgenic lines (IFS/CHI 7-3 and IFS 10-4) have a better outcome compared
to genistein alone. The synergistic effect of genistein and other antioxidant compounds
within the transgenic tomato on reducing the formation of toxic aggregates is evident. It is
possible that they can indirectly or directly modulate the formation of non-toxic Af
monomer. A recent study has shown that genistein can dose-dependently inhibit or slow
down the oligomerization of AP in the in vitro tests [59]. If genistein is capable of
interrupting the formation of toxic AP aggregates upon ingestion, it would be interesting
as well to study if genistein can modulate amyloid precursor protein (APP) and y-secretase
expression for attenuating neurodegenerative diseases. Even though our results confirmed
that the combination of genistein, lycopene and other antioxidant compounds have
protective effect on alleviating the disease symptoms, additional experiments are needed
to strengthen our interpretation. Oxidative stress assay and quantitation of gene expression
on genes involved in the disease progression will provide a clearer understanding of

genistein molecular mechanism acting on neurodegenerative diseases.
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Summary

The main objectives of this thesis were to utilize novel genetic engineering approach to
study plant disease resistance and plant nutrient enhancement. The first objective was to
investigate the involvement of the two susceptibility genes (20GO and EIN2) in Fusarium
head blight disease and examine the involvement of barley orthologues in Fusarium
graminearum infection. The second objective was to engineer Moneymaker tomato with

high level of genistein expression and study its therapeutic effect on Alzheimer’s disease.

Based on our study on Fusarium head blight disease, both susceptibility gene knock-out
Arabidopsis mutants were confirmed to confer resistance to fungal infection given that both
gene knock-outs succeeded to delay or even impede the fungal colonization as compared
to the susceptible wildtype. In addition, the complementation of barley orthologue genes
in each of the knock-out mutants recovered the susceptible phenotype, thus implicating
involvement of these genes in Fusarium resistance. Translational research in the
Arabidopsis model provides a foundation for studying Fusarium head blight disease in

barley.

The engineering of Moneymaker tomato with genistein expression has achieved a great
breakthrough in generating a transgenic tomato with higher yield of genistein which is
about 250-fold more than the non-transformed tomato. Even though the resulting genistein
level is not comparable to soybeans, the success of upshifting the genistein production has

led us to gain more ideas about optimizing the yield of this and other secondary products.
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Moreover, the protective effect observed in Alzheimer’s disease assays suggests that
perhaps both genistein and lycopene, even at small amount or lower concentration, may

slow down the disease progression and reduce neuronal damage at a greater extent.

In conclusion, the studies discussed in this thesis have achieved the overall objectives and
manage to address some of the pressing challenges in producing disease resistance plants

and food crops with a higher nutrition profile.



