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INTRODUCTION



1.1 Drought stress

The advent of climate change has brought with itself various environmental
problems to the agricultural production. It has lead to erratic and uneven rainfall
pattern leading to an increase in desert margins, and the traditional cropping
agricultural land slowly turning into arid areas. Year in and year our lower rainfalls
amounts are recorded coupled with yearly increase in temperatures, and this has
caused alarming concern in the world over. Drought, which can be defined as a period
when evapotranspiration exceeds the amount of precipitation received during the
growing period of the crop, has been documented as the most critical factor affecting
crop growth and production, and has been referred to as the most single threat to food
security in the world. With the world population showing a steady increase and
calling for more food production to feed the increasing population, this would further
aggravate the effects of drought (Chaves 1990; Flexas and Medrano 2002; Farooq et
al. 2012).

1.1.1 Effects of drought on crops

The effects of drought on crops vary vastly from the easily visible effects
(morphological) and the non-visible (physiological and molecular), and can be
experienced by plants at any growth stage. Cell growth is one of the most drought-
sensitive physiological processes due to the reduction in turgor pressure. It directly
affects plant growth and yield (Taiz and Zeiger 2010), with severe water deficit
leading to inhibition of cell elongation leading to stunted growth or necrosis in severe
cases (Farooq et al. 2009).

The root system of the plant is the most important part of the plant, as it
provides physical stand, store nutrients, and initiates the water and nutrient uptake
from the soil to the above ground parts of the plant. Most importantly, the roots act as
drought sensor and signaling tool that then send signals to the upper part of plant to
activate the tolerance mechanisms (Janiak et al. 2016; Schachtman and Goodger
2008). Faced with moisture deficit, plants usually fails or produces low yields as the
photosynthesis mechanisms is highly affected by environmental stresses (Mathobo et

al. 2016; Mohsen et al. 2017).
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1.1.2 Effect of moistures stress on photosynthetic mechanism

The ability of the plant to utilize the light energy to complete the
photosynthesis is also highly influenced by the moisture availability. Photosynthesis
is a process that is very essential in both plant growth and productivity. This process
has shown to be highly affected by drought stress (Li et al. 2006). The primary
limiting factor for photosynthesis has either been attributed to stomatal closure, a
tolerance mechanisms of many plants when faced with moistures deficit (Chaves
1990; Prasch and Sonnewald 2015) or metabolic impairment, or both contributing
equally as limiting factor (Flexas et al. 2004). As one of the last resort of survival
mechanism in extreme moisture stress, the plant will respond by triggering the
acceleration of growth stages and move from development stage to reproductive
phase. This is a process that needs more energy to complete, thus leading to lower
yield than expected because the photosynthesis system is functioning at a minimal
(Desclaux and Roumet 1996). Moreover, plant cannot utilize the light energy to its
full capacity, as part of the light energy is deflected or dissipated as heat in an attempt

to protect the internal mechanism.

1.1.3 The use of chlorophyll fluorescence to study drought effects of plants

Since its discovery, chlorophyll fluorescence (Kautsky et al. 1960; Buttler
1966) has become an important physiological tool. Its importance has been fully
utilized to study plant responses to various environmental stresses (Maxwell and
Johnson 2000; Schreiber 2000) and on understanding the photosynthetic process
(Genty et al. 1989; Krause and Weis 1991; Strasser et al. 2000; Zakhidov et al. 2016).
Since then various tools have been developed to make its measurements easier and
rapid. During drought stress, excess light energy absorbed in the chlorophyll is safely
dissipated (quenched) rather than being transferred to the photosystem II (PSII),
thereby acting as a protective process that prevents the formation and accumulation of
damaging free radicals (Demmig-Adams and Adams III 2006; Zivcak et al. 2014).
The heat dissipation process significantly diverts a larger part of the light energy
(Murchie and Lawson 2013), thus resulting in significant reduction of the
photosynthetic rate, less energy is photochemical quenched and available to the PSII

systems for photosynthesis (Faraloni et al. 2011).
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1.2.0 Wild species

The exact definition of wild species has been difficult to finalize, as they have
been defined in various ways because of the varying degree of relatedness to the
cultivated species. A much closer and universally used definition of wild species is
that, they are wild plant species that are more or less similar with the cultivated or
domesticated crop species, but has not yet been domesticated and their genetic
makeup not yet tampered with (Heywood et al. 2007). Different wild species can be
found in different areas around the world, and the area where wild species of a crop
are found in abundance gives an idea of the center of origin for the domesticated crop.

Domesticated plant species are a result of evolutionary process of wild species
with the aid of plant breeding to meet human’s needs, like fast growth and high yield
(Pickersgill 2007). Thus wild species can be referred to as the wild ancestors or
relatives to the cultivated/domesticated crops, that have evolved with time through
plant breeding or adaptation to environmental conditions. The domestication process
has resulted in new species having a reduced diversity among them, while high levels
of genetic diversity can still be found in the wild species. The rapid domestication of
crops also brought about problems of genetic diversity in the wild species, and
leading to a highly genetically similar/uniform crop species (Hopkins and Maxted
2011).

The use of wild species gene pool in breeding has been well documented since
the early 20" century (Plucknett et al. 1987), and since then the use has rapidly and
meaningfully increased over the years. Disease and pest resistance, drought tolerance,
salinity tolerance, lodging tolerance are some of the improvement that has been
incorporated into cultivated species using the wild species as a donor for genetic
breeding material. This makes the wild species a very important genetic resource for

studies, as it offers many possibilities of improving existing cultivated species

(Pickersgill 2007).

1.2.1 Wild watermelon

Wild watermelon referred to as the wild cousin or the ancestor of cultivated
watermelon, and inhabits the Kalahari Desert found in the western part of Botswana.
The plant grows very well in the desert under unsuitable growing conditions for the
cultivated watermelon and other domesticated crops, where temperature sore up to

45°C and rainfall amounts can be as low as 100 mm for the entire growing season of
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the plant. The soils are mostly sandy with poor water holding capacity and have low
amounts of nutrient required for plant growth.

Wild watermelon, unlike its widely consumed cultivar watermelon, is not
sweet, less palatable and the internal color is mostly white to cream white or
yellowish. The mature fruit has a similar size as the cultivated watermelon, and
surprisingly contain relatively the same volume of water even when it grows in harsh
conditions. Thus it has become an important crop of the desert as it is a valuable
source of water for the Kalahari inhabitants, and also useful as feed for the
domesticated and wild animals inhabiting the desert.

Several studies have been conducted on the mechanisms that aid the plant to
have a superior drought tolerance mechanism. One major mechanism that has been
suggested is the sudden closure of the stomata to protect its photosynthesis apparatus
and cell components from irreversible damage (Sanda et al. 2011; Nanasato et al.
2010).

Moisture deficit induces expression of various proteins that are involved in
cell damage and repair (Riccardi et al. 1998). The rate of defense protein
accumulation and subsequent depletion during moisture deficit and plant recovery
may be important indicators of stress tolerance, as they may provide insights into
drought tolerance and recovery mechanisms. An analysis of proteins on the wild
watermelon leaves exposed to moisture eficit for three days showed a higher
accumulation of DRIP-1, which was 5 times higher when compared to the
domesticated watermelon (Yokota et al. 2000).

In plants, one of the amino acids that accumulate during moisture deficit is the
proline as a result of increased flux of glutamate in the proline biosynthesis pathway
(Good and Zaplachinski 1994). Moisture deficit effect on accumulation of free amino
acid in wild watermelon leaves, showing significant increase in citrulline, arginine
and glutamate when exposed to moisture deficit for a short period (Kawasaki et al.
2000). It was suggested that the accumulation of these free amino acids could be
related to the decrease in water potential.

An extensive study on the role of accumulated citrulline during moisture
deficit was done by Akashi et al. 2001. They found that the citrulline accumulated in
watermelon leaves is an effective defense against oxidative stress, as it assists in

scavenging hydroxyl radicals and reducing then to non-toxic levels. The accumulated
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citrulline assists in keeping vulnerable cellular components active and maintain their
cellular function during prolonged drought.

Another tolerance mechanism implied by wild watermelon under moisture
deficit is the production of the CLMT2 protein, which has a closer homology with the
type-2 metallothionein (MT) (Akashi et al. 2004). The plant MTs are proposed to
function as antioxidants, and have been predicted to protect cells against the toxic
effects of ROS (Mir et al. 2004). The in-vitro studies showed that CLMT2 is a potent
scavenger of hydroxyl radicals. This shows that the production of the CLMT2 is
another drought tolerance mechanisms in wild watermelon to protect its cellular
components like DNA from degradation (Akashi et al. 2004).

The root is the first part of the plant to be exposed to moisture deficits, and
they also act as a drought-sensing organ (Janiak et al. 2016). Thus its response
mechanism is important to understand total tolerance mechanism of the plant. To
explore the molecular mechanisms of the root when exposed to moisture deficits, a
comprehensive proteome analysis has carried out to document drought-responsive
proteins in the roots (Yoshimura et al. 2008). An increase in the abundance of two
types of Ran GTPase was observed on the wild watermelon roots when exposed to
moisture deficit. Ran GTPase in plants has been suggested to play a role in regulation
of root morphogenesis (Wang et al. 2006). Thus the observed increase of CLRan
protein during drought stress was responsible for enhancing primary root growth, as
has been shown that overexpression in Arabidopsis increased the growth of primary

roots almost 2-fold (Akashi et al. 2016).

1.3.0 Antioxidants
1.3.1 Reactive Oxygen Species (ROS)

The reactive oxygen species (ROS), also known as active oxygen species
(AOS) or reactive oxygen intermediates (ROI), are the result of the partial reduction
of atmospheric O, (Gill & Tuteja 2010; You and Chan 2015). There are basically four
forms of cellular ROS, singlet oxygen ('0,), superoxide radical (‘O,), hydrogen
peroxide (H,0;) and the hydroxyl radical (OH), each with a characteristic half-life
and an oxidizing potential (Bolwell and Woztaszek 1997). ROS can be extremely
reactive, especially for singlet oxygen and the hydroxyl radical and, unlike
atmospheric oxygen, they can oxidize multiple cellular components like proteins,

lipids, DNA and RNA. Unrestricted oxidation of the cellular components can be very
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toxic and ultimately cause cell death (Mittler 2002). These oxidative species are
known to accumulate in plant cells in high quantities when the plant is exposed to
moisture deficit or other abiotic stress as compared to the period of normal plant
growth, where most of the ROS will be kept at minimum levels throughout growth.
One of the major cellular sites responsible for ROS production is the chloroplast
(Noctor and Foyer 1998).

To cope with the high volumes of produced ROS, the plants have a system in
place whereby a series of enzymatic and non-enzymatic antioxidants function in a
cooperative manner to quench the ROS to the non-toxic level (Mittler 2004). These
are commonly called ROS scavenging antioxidants. Most of the antioxidants
scavenge the ROS and convert them from one form to another form of the ROS, like
superoxide dismutase (SOD), a front line enzymes which scavenges the superoxide
and break it down to oxygen and H»O,. The accumulated H,O, needs to be totally
converted to non-toxic compounds like H,O, as H,O, also known to be toxic to

cellular proteins (Bowler et al. 1992).

1.3.2 Ascorbate peroxidase (APX)

Ascorbate peroxide (APX) is one of the antioxidant enzymes that scavenge
toxic H,O,. Therefore, this enzyme is important defense protein during plant tolerance
to moisture deficit or other abiotic stress to clean up H,O, after the SOD anti-
oxidative enzyme. APX is capable of scavenging the H,O, even at its lowest amounts
(Sofo et al. 2015). During the scavenging reaction, one important element that comes
into play is the ascorbate (AsA), which is utilized as an electron donor during the
neutralization of the H,O, In the absence of AsA, the scavenging of the H,O»
becomes impossible, leading to toxicity levels of increasing ROS in plants cells
(Shigeoka et al. 2002).

Studies on APX activities on different crops have shown a decrease in
chloroplast enzyme activity when exposed to high light stress (Yoshimura et al 1998).
Wild watermelon, previous study (Nanasato et al 2010) has shown that the enzyme
activity of chloroplast APX increased when the plant is exposed to drought stress
(Nanasato et al. 2010).

Research has shown that multigenic families encode APX genes in higher
plants. Different plant species have shown varying number of the APX genes.

Arabidopsis has been reported to contain nine APX genes (Chew et al. 2003), cotton
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with highest number recorded so far at 11 genes (Tao et al. 2017), rice has eight
(Teixeira et al. 2004), maize with seven (Sytykiewicz 2016; Liu et al. 2012). The
different isogenes of the APX are classified into sub-families based on their
subcellular localization, thus classified into chloroplastics (stromal and thylakoid),

cytosolic and microbody APX families.

1.4.0 Agrobacterium transformation

Agrobacterium tumefaciens fall under the genus of Gram-negative bacterium.
It inhabits in the soil (Riva et al. 1998), and has been found to cause crown galls in
the plants (Nester et al. 1984). Its importance came into light when it was observed
that it has the ability to introduce foreign genetic material into plant cell through its
Transfer DNA (T-DNA) located in the tumer-inducing (Ti) plasmid. Ti plasmid can
be found in many bacteria, as they are known to have a circular DNA structure
(Horsch et al. 1986). The process of foreign gene transfer via Agrobacterium can be
broken down to five important stages: (1) induction of the bacterial virulence system,
(2) generation of T-DNA complex, (3) transfer of T-DNA from Agrobacterium to the
host cell nucleus, (4) integration of T-DNA into the plant genome, and (5) expression
of T-DNA genes (Tzfira and Citovsky 2006).

The recombinant gene technology took into use these important factors of the
Agrobacterium to establish an important vector to be used for introducing foreign
genes in plant for genetic and cellular studies. Since then Agrobacterium has become
the mostly used tool in plant transformation and genetic engineering, as it has proved
to be highly efficient. This technique has the ability to integrate a single copy of gene
on an individual plant cell as compared to other tools/methods used for gene
integration (Gelvin 2003). Initially it was thought to be only suitable for dicotyledons,
but later it was then improved to be effective in wide range of plant species (Herrera-
Estrella et al. 2005), it is currently been used to introduce foreign genes across various
species of plants.

Even though it has become an important tool in genetic recombination, it has
had its own limitations when it comes to efficiency. This limitations can be influenced
by both external and internal factors, like explant type, vector plasmid or bacterial
strain, culture medium, time, temperature, pH, chemicals, antibiotics of the cultivation

medium (Ziemienowicz 2014; Koetle et al. 2015).
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Various studies have been done to improve the transformation of watermelon.
These studies focused on various aspects such as explant source (Tabei et al. 1993),
pre-culture of the explant prior to Agrobacterium infection (Choi et al. 1994),
Agrobacterium strain and antibiotics (Akashi et al. 2005), inoculation time (Park et al.
2005), acetosyringone concentrations (Suratman et al. 2010) and inoculation time (Li
et al. 2012), to improve the efficiency of Agrobacterium-mediated transformation of

watermelon.

1.4.1 Ethylene

A phytohormone ethylene is synthesized in plants at specific stages of their
life cycle, and is involved in the regulation of many developmental processes, such as
fruit ripening, flower fading, leaf abscission, growth in aquatic plants and initiation of
flowering in bromeliads (Boller and Kende 1980). Ethylene is also produced as a
defense mechanism when plants are subjected to various abiotic and biotic stresses
such as pest attack, diseases, wounding, noxious chemicals, drought and waterlogging.
However, depending on the extent of stresses and plant species, the role of ethylene
can be dramatically different. Plants deficient in ethylene signaling may show either
increased susceptibility or increased resistance (Wang et al. 2002).

During transformation, infection of explants with Agrobacterium activates the
response mechanisms for biotic stress. One of the defense mechanisms is to activate
excess production and release of ethylene (Ezura et al. 2000; Nonaka et al. 2008).
This attribute plays a major limiting role during the Agrobacterium-mediated gene
transfer, as emitted ethylene leads to delaying the development of inoculated plants
(Glick et al. 1998), and retardation and senescence (Kim et al. 2015). Ethylene is
therefore classified as potential plant regeneration inhibitor by Kong and Yeung

(1994).

1.5.0 Techniques in functional genomics in plants

Altering of gene sequences in plant cell in a controlled manner has gradually
become an important technology in functional characterization of genes (Alberts et al.
2015). One way to achieve these alterations at gene level is through the altering the
copy number of a gene (Agrotis and Ketteler 2015). The availability of complete
genome sequences and recent development of rapid techniques has made it easier to

study cells in a systematic manner (Bunnik and le Roch 2013). These studies on
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functional genomics continue to provide major insights in global regulation and
integration of biological process both in eukaryotes and prokaryotes.

In recent years, several techniques have been developed to accelerate the
functional genomics studies. These technologies include genome editing, which
shows a potential to revolutionize crop improvement by making it possible to perturb
cells in a systematical manner and create new varieties in a fast, efficient and
technically simple way (Zhang et al. 2017). Several genome editing techniques have
become extremely valuable tools for functional genomics research, as they have
shown to introduce targeted modifications on genomes in a highly efficient manner.

and alter the existing DNA pattern with precision (Chira et al. 2017).

1.5.1 Genome editing tools

This technology uses engineered nucleases that are composed of sequence-
specific DNA-binding domains fused to a nonspecific DNA cleavage module,
enabling an efficient and precise genetic modifications by inducing targeting DNA
double strand breaks (DSBs). This results in deletion, addition or replacement of
specifics sites on the genome sequences (Zhang 2014; Gaj et al. 2013). Thereafter, the
internal repairs of the DSBs are completed by the non-homologous end joining
(NHEJ) or the homology directed repair (HDR), with the later more reliable and less
erroneous in comparison to the former repair method.

One of the commonly used technologies in site-specific genome editing is the
zinc finger nuclease (ZFNs), a fusion proteins comprising an array of site-specific
DNA-binding domains adapted from zinc finger containing transcription factors
attached to the endonuclease domain of the bacterial FokI restriction enzyme. Each
zinc finger domain recognizes a short strand of DNA sequence with a potential to
bind to an extended nucleotide sequence that is unique within a genome. For efficient
cleavage, the ZFNs are designed in pairs to target the flanking sequences resulting in
a cleavage that causes DSBs (Durai et al. 2005; Urnov et al. 2010). Other common
technologies includes the transcription activator-like effector nuclease (TALENS), a
system comprising of a series of transcriptions activator-like (TALs) proteins that
have a high recognition of site specific sequences, and a FokI nuclease that functions
like a cleaving scissor inducing a DSBs on the specific sequence with the ability to

activate or cause some INDELS (Cermak et al. 2011). Just like any other technologies,
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these two genome-editing tools have their own limitations, thus a latest new

technology has been developed to gap the limitations of the previous tools.

1.5.2 Clustered regularly Interspace short palindromic repeats (CRISPR)/Cas 9

The latest genome editing tool that have proved to be low cost, simple to use,
most versatile and having more precision in genetic manipulation is the CRISPR/Cas?9.
This new system has been exploited from a bacterial host defense system, which
detects and destroys foreign sequences from invading bacteriophages (Sorek et al.
2013). The CRISPR/Cas9 system is composed of: (1) single guide RNA (sgRNA) that
aids to direct the system to a specific site on the target sequence, (2) guide RNA
(gRNA); a 20 nucleotide sequence that is usually designed resembling a small
segment on the targeted genome sequence, and is used to determine the specific site to
be edited through a Watson-Crick base pairing. To aid cleavage, the gRNA
homologous sequence must be adjacent to the conserved photospacer-adjacent motif
(PAM): (3) The Cas 9 nuclease, which causes a DSB on the target site (Lowder et al.
2015; Ma et al. 2015). After the generation of DSBs, the genome is repaired by the
NHEJ, which is known to be highly error-prone and likely to cause INDELS of the
sequences during repair (Zhao et al. 2016).

The advantages of the CRISPR technology as compared to the previous two
tools (ZFNs and TALENSs) is (1) it is very easy to construct and set up the Cas9
nuclease and the RNAs, (2) it can be designed so that it targets multiple sites on the
same genome at once using multiple set of guide RNAs simultaneously, and (3) the

efficiency has been noted to be higher than the previous techniques.

1.6 Aims of the study

The goals of this thesis were to provide further information on the tolerance
mechanisms of the wild watermelon by studying the physiological responses,
molecular responses of ROS scavenging enzyme during the drought stress. . The final
part of the thesis was to develop and improve the biotechnology tools for the use in
studying drought tolerance mechanisms of the wild watermelon. These studies will
shed further light on the tolerance mechanism of the plant at both physiological and

molecular level.

The specific aims were as follows:
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To evaluate stress effects, plant biologists have often depended on the use of
growth chambers that are postulated to mimic the natural environment. This
has led to questions been asked of about the effectiveness of these artificial
environments, in giving closely related to the natural drought conditions.
Therefore, in this study I aimed at evaluating whether they are any
physiological differences or similarities when the wild watermelon is grown in

natural environment as compared to the artificial environment.

When exposed to drought stress, various plants have shown down regulation
of the APX activity. But wild watermelon has shown a different trend, with
the APX showing an increase in activity. Understanding if this increase
happens at transcriptional level will come in handy in exploring and
transferring important traits to other plants to improve drought tolerance. It is
important to profile and characterize the wild watermelon APX gene families.
Thus, in this study I undertook to evaluate the accumulation pattern of mRNA
of the gene encoding the wild watermelon APX, and profile them for future

researches.

The Agrobacterium-mediated technique has become one of the most important
tools for genetic transformations of crops. The tool has been used to transfer
several genes of importance in various model plants. Its efficiency on non-
model crop has not reached its full potential because of several factors like
plant defense mechanisms in response to Agrobacterium as abiotic stress. One
of the responses is the release of ethylene, which interferes greatly with
transformation. Thus, it is important to evaluate various factors that can reduce
the ethylene interference. In this study I aimed to evaluate and document
ethylene inhibitors that can improve Agrobacterim-mediated gene transfer in

wild watermelon.

When exposed to drought stress, wild watermelon has shown to accumulate
various compounds, which are believed to aid the plant’s tolerance to drought.
It is important to understand how these compounds contribute to the tolerance
mechanisms. The disruption of the gene coding for biosynthetic enzymes of

compounds has been suggested as an easy and effective way. One tool that has
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shown high effectiveness in other crops is the latest CRISPR/Cas9 editing tool.
Thus, developing the tools to cause directed mutation on wild watermelon will
come in handy in studying the role of various genes, enzymes and compounds
in drought tolerance mechanism. Therefore in this study I undertook to
develop and evaluate the CRISPR/Cas9 tool to perform directed disruptions

on genes of interest on wild watermelon.
This studies aims to further understand drought tolerance mechanisms of wild

watermelon, and also provide important information for plant breeders to improve

drought susceptible species.
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Chapter 2

Evaluating physiological differences and similarities
between watermelon plants growing in controlled and

natural conditions



2.1 Introduction

The rapidly changing climatic conditions have brought along them the
undesirable conditions that are not suitable for plant growth and production. High
temperatures and unreliable rainfall have led frequent drought and increase in desert
margin. These margins are now creeping into most of the agricultural production
areas, rendering them unsuitable for crop production. This undesirable conditions has
made commonly-known field crops struggling to maintain the growth and
productivity, thus reducing yield significantly.

The need to maintain food production to feed the ever-increasing population
has led to developing technologies to counter the problem. One of the technologies is
the design of structures that can be manually or automated to mimic either the suitable
growing conditions, or can be altered to suit the requirements for the specific study.
Therefore, leading to controlled environment agriculture (CEA), referred to as the use
of structures that can modify the internal environment to achieve optimum plant
growth. Crop models that are able to estimate the plant responses to various climatic
conditions and other factors have been used for the CEA. All aspects of the natural
environment may be modified for maximum plant growth and economic return.
Controls may be imposed on air and root temperatures, light, water, humidity, carbon
dioxide, and even plant nutrition (Jensen and Collins 1985; Wittler and Castilla 1995;
Marsh and Albright 1991).

Initially these artificial climate structures were designed to facilitate research
on plant responses to different environmental conditions (Tsitsimpelis et al. 2016:
Harvey 1922). With the problem of shortage of productive land and advancement of
technology, these structures have grown in size with the capacity to be used for mass
production.

The continued used of the controlled environment structures for researches
that aims to evaluate natural environment effects of plants has been under constant
spotlight among the research fields. One argument has been that the use of the
structures might leads to a cultural ‘glass wall’ between lab and field scientists
(Kohler 2002), leading to differences in interpreting results because of variation on
concepts, protocols and terminology used by each community for growing plants and

evaluating genotypic or environmental effects (Blum 2014).
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Plant biologists often depend on the controlled environment structures to
understanding the physiological and molecular responses, with the ultimate aim to
improve plant performance in the field. What is often overlooked is how results from
controlled conditions translate back to field situations (Poorter et al. 2016). Therefore
it is important to regularly cross check these concepts to avoid a situation whereby
research that aims to address similar issue might have different interpretation of
results. In this study we undertook to evaluate the performance of the two watermelon

species under the natural (open field) and the controlled (growth chamber) conditions.
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2.2 Materials and methods

2.2.1 Plant materials

Two species of watermelon were used in this study; (1) a highly drought
tolerant wild watermelon (Citrullus lanatus acc. No. 101117-1) (Kawasaki et al.
2000) which is a natural inhabitant of the Kalahari Desert in Botswana and has been
self-pollinated for at least three times, and (2) a commercially-sold cultivar

watermelon (Citrullus lanatus cv. Matsuribayashi-777, Hagihara Farm, Nara, Japan).

2.2.2 Growth conditions
2.2.2.1 Natural (open field) and controlled environment (growth chamber)
conditions

The two species were grown in the open field at the Botswana University of
Agriculture and Natural Resources (BUAN). BUAN is located at Sebele, Gaborone,
Botswana, at Latitude 240 33’ S, Longitude 250 54’ E, 994 m above sea level. The
research site is located in the South Eastern part of Botswana, which is characterized
semi-arid climatic zone with a mean annual temperature of 26.4°C and mean annual
precipitation of 538 mm. The study was conducted from late February until March in
2017. The environmental conditions for the growing period are provided in Fig. 2.1.

The second growing conditions was in the growth chamber with controlled
conditions set at light intensity of 800-1,000 pmol photons m™ s™ under a 16 h light
and 8 h dark photoperiod, with temperatures set at 30°C, and relative humidity of

50% for the entire growth and monitoring period of the experiments.

2.2.2.2 Pre-planting treatment and planting

The seeds were soaked overnight in water and kept at 30°C in the dark. The
next morning, the seeds were planted in the field for field study, or in pots filled with
a horticulture soil for pot experiments in the growth chamber.

The field conditions were basally dressed by commercially-bought fertilizer
(NPK ratio of 3:2:3) at 90kg/ha. After germination, the plants were maintained by
watering every 2 days until they reached a stage where five true leaves were fully
grown. Supplementation with 1,000x Hyponex solution was done for the potted plants
in the growth chamber. When the leaves were fully grown, moisture deficit stress was

introduced by stopping watering to plants.



2.2 Data collection

Data was collected at different time points from the onset of stress induction,
with 0 days being the last watering day before the stress induction, and then 3, 5, 7, 9
and 11 days after stress induction (DAI). Physiological measurements were done on

the third true leaf and replicated four times then later averaged to get final recording.
2.2.3 Measurement of available water content of the soils

For the potted plants in the growth chamber, gravimetric soil moisture content
was determined essentially as described previously (Reynolds 1970). Briefly, after
harvesting leaf samples, entire aboveground plant tissues were cut out, then the moist
soil together with the planting pot were weighed and recorded as the wet mass. Then
the soil was oven dried at 105°C for 72 h, and it was weighed and the mass recorded
as the dry mass. The available water content (AWC) was determined by the following
formula (Reynolds 1970);

wet weight—dry weight

AWC = X100

dry weight

2.2.4 Measurements of photosynthetic and chlorophyll parameters

Leaf chlorophyll content was measured 3-4 h after sunrise for the field
conditions, and for the growth chamber plants the data was collected after the onset of
light regime using SPAD-502plus meter (Konica Minolta, Tokyo, Japan). The CO,
assimilation and chlorophyll fluorescence were measured in the third true leaves using
an open gas exchange system LI6400XT photosynthesis meter (LI-COR Biosciences,
Nebraska, USA). A 2 cm radius IRGA gas chamber was used for all the
measurements, with a setting of chamber temperature at 25°C, CO, flow rate at 400
umol mol”, PPFD at 1,000 pmol photons m™ s™', and relative humidity at 50%. The
CO, assimilation was measured 4 h after the sunrise or onset of light regime, while
the chlorophyll fluorescence parameters of dark-adapted leaves were measured early
morning before sunrise or before the onset of light regime when the plants were dark

adapter for more than 5 h at least.
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Fig 2.1. The climatic weather data during planting, monitoring and data collection in the natural open
field in Gaborone, Botswana. The data is presented for (a) daily precipitation (mm) and humidity (%),
(b) minimum, maximum and average day temperatures (°C), (¢) solar radiation in W/m* and Mj/m?* and
(d) average and maximum wind speed (m/s). The x-axis shows the period of the study in date of the

month format.
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2.3 Results and Discussion

2.3.1 Weather conditions of the two growing conditions

The weather conditions of the open field during the data collection period showed
average air temperature of 21.9 = 0.36°C (Fig. 2.1). The average temp in the open
field was lower than to the set temperatures in the growth chamber (30°C) for the
entire plant and monitoring period. The two figures were contrastingly different, as
the open field had a high variation in temperatures recorded, with the minimum air
temperatures recorded at 15.4 = 1.44 °C and maximum recorded at 29.5 + 1.38°C.
These high variations cannot be ignored, as it has been suggested variations in
environmental conditions can influence variation of the results (Limpens et al. 2012).
Notable is the precipitation recorded for the data period was very minimal, at an
average value of 0.1 = 0.08 mm per day. These minimal rainfall values were an
advantage when imposing moisture deficit stress to evaluate the plants response to
limited moisture. The average humidity was recorded at 59.5 + 5.0%, a value closer to

one set in the growth chamber experiments.

2.3.2 Changes in soil moisture content and morphological growth of crops

The plants morphological appearance is usually the first indicator of drought
stress on plants, as drought stress usually results in plants wilting, yellowing of leaves
followed by necrosis and falling off. These symptoms appear differently on different
plants even when exposed to the same environmental stress, thus can be used as an
initial monitoring tool for drought tolerance. When exposed to the same drought stress
in the growth chamber conditions, the wild watermelon showed mild symptoms in
terms of drought effect as compared to the cultivated species (Fig. 2.2), as the
cultivated species showed severe wilting and yellowing of leaves while exposed to
moisture limitations for a period of 11 days. This gives an initial indication that the
wild watermelon has a higher tolerance to moisture deficit stress as compared to its
cultivated relative. Observations in the field conditions on morphology of the plants
under moisture deficit showed that the cultivar watermelon was more susceptible to
drought stress. At the end of the study in the open field, the leaves were wilting and

falling off in the cultivar watermelon (data not shown). These symptoms were not
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observed for the wild watermelon plants, as their leaves were still intact at the end of

the study.

Fig 2.2. The morphological appearance of the two watermelon species grown in the controlled
environment, before and after exposure to moisture deficit, pre-moisture deficit photos were taken on
the last day of watering (0 DAI) while moisture deficit photos were taken at 11 DAIL. Wild watermelon
at 0 DAI (a); wild watermelon at 11 DAI (b); cultivar watermelon at 0 DAI (c); and cultivar
watermelon at 11 DAI (d).

Monitoring the soil moisture status for growing plants is important as a
requirement for the formulation and testing of any rigorous mechanistic hypotheses,
such as those relating to the mechanisms of drought tolerance or adaptive responses in
any plant when exposed to moisture deficit (Jones 2007). In this study, soil moisture
was analyzed to determine the extent of stress exerted on the plant root as a
consequence also on the whole plant. The roots are the initial parts that are affected or
exposed to moisture deficit. Roots are known as the initiator of the signal transduction
as they usually send chemical signals to initiate several stress response mechanisms or
processes in the plant. Thus, soil water measurements were done in order to confirm
limitation of available water content (AWC). The results show a rapid decline of

AWC on the soils used in the growth chamber (Fig. 2.3). The initial soil moisture
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content for both crops was recorded at near 80% or field capacity (FC) in this study,
and the decline was observed as early as 3 DAI reaching the permanent wilting point
(PWP) after 9 DAL PWP is defined as a point where the soil only contains 10% or
less of the water available to the roots (Grewal et al. 1990). Varying AWC was
observed at every DAI point, thus signifying the difference in degree of stress
exposure at every time point in the growth chamber condition. Available soil moisture

content was not determined in the open field experiments.
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Figure 2.3. The available water content (AWC) in the soils was determined based on the gravimetric
method. The figure shows the measurement taken for the controlled environment plant. The open blue
triangle represents irrigated cultivar watermelon, the closed blue triangle represents the cultivar
watermelon under moisture deficit, the open green circles represents irrigated wild watermelon and the

closed green circle represents the wild watermelon under moisture deficit.

2.3.3 Photosynthesis and leaf physiological parameters

Photosynthesis, an important process in plant growth, has shown to be highly
affected by drought. Effects of drought on photosynthesis has also shown to be varied
among crop species. Drought exposure leads to decrease in gaseous diffusion, and
results in metabolic constraints in plants (Pinheiro and Chaves 2011). In this study,
high variation among the watermelon species was observed in response to moisture
deficit (Fig 2.4a). The response showed a similar trend, even though varying in degree,

for both controlled and open field environments.

The average assimilation recorded in irrigated plants were recorded at 27.63 =

1.46 pmol CO, m2s'and 22.22 + 0.46 umol CO, m~2 s! for the wild and cultivated
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species, respectively, under the open field management. For the growth chamber
plants, the averages values were 24.35 = 1.51 umol CO, m > s ' and 20.62 + 1.08
umol CO, m™> s for the wild and cultivated species, respectively. The wild
watermelon response to moisture deficit was slightly sharper in the open field with a
drop to 4.76 = 1.39 pmol CO, m > s~ at 5 DAL as compared to 8.24 = 1.28 pmol CO,
m > s recorded at the same time point under controlled environment. The values
recorded at 11 DAI for the wild watermelon was 0.71 = 0.21 umol CO, m™ s~ and
0.64 = 0.14 pmol CO, m > s for the open field and growth chamber conditions,
respectively. A delayed response was observed for cultivated watermelon in both
growth conditions. Observation made at 5 DAI showed that the reduction of
assimilation was recorded at 10.44 = 1.71 pmol CO, m > s ' and 12.25 = 1.40 for the
open field and growth chamber plants, respectively. These observations show that the
wild watermelon has a better response mechanism than cultivar watermelon when

exposed to moisture deficit stress.

One of the survival mechanisms that are attributed to drought-tolerant crops is
their ability to restrict its stomatal opening during moisture deficit in order to
minimize water loss from the leaves. This process does also limit the gaseous
exchange that is essential for the photosynthetic process. An observation of the two
watermelon species in this study showed two different responses of stomatal
conductance when exposed to moisture deficit. The wild watermelon showed a
similar trend with the CO, assimilation. A rapid decline in conductance was observed
with 3-fold decline for plants grown in the open field, and 2-fold in the growth
chamber plants at 3 DAI (Fig 2.4b). The cultivated watermelon did not show any
significant decrease at 3 DAI. This could suggest a slow response of the cultivated
watermelon to moisture deficit. The decline was significant for the wild species as
compared to cultivated species for the entire monitoring period in both growing
conditions. For the wild watermelon, the down-regulation was more intense in the
open field. At the end of the moisture deficit treatment, the values for the two species
in both growth conditions were not significantly different in terms of stomatal

conductance.

The sudden closure of stomata in response to moisture deficit stress should
have a direct influence on the intercellular CO, concentration. When the stomata close,

they limit the gaseous exchange into the leaf cells. The closure will result in reduction
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of carbon dioxide present in leaf mesophyll, thus reducing the photosynthesis process.
This then brings a change in the CO; to O, ratio, leading to a rise in photorespiration
rate during water stress. Athar and Ashraf (2005) observed that the stomatal closed
completely during severe drought, resulting in both photosynthesis and
photorespiration rates to lower. For the two species of watermelon, the internal CO,
varied greatly on both the control conditions and the moisture deficit conditions, with

the wild species recording higher values of intercellular CO, (Fig 2.4c¢).

Wild watermelon irrigated plants grown in the growth chamber recorded an
average internal CO, of 362.62 = 13.39 umol CO, mol ', while that of the cultivated
species was recorded at 306.91 = 10.18 pmol CO, m™'. A non significant decline was
observed for the wild species with 341.27 = 14.84 pmol CO, mol ' recorded at 3 DAL,
and the cultivated species also showed a non significant change under moisture deficit
as compared to the irrigated plants recording at 320.94 = 11.41 pmol CO, mol " at 3
DAI. Thereafter, the recordings in cultivar watermelon showed a decline reaching
268.33 = 16.12 umol CO, mol ' at 11 DAI, while the wild species intercellular CO,
was slightly higher for the same period recorded at 321.16 = 11.47 umol CO, mol .
The changes of internal CO, was more pronounced when plants were grown in the
field conditions, where at 3 DAI a significant decline was observed for both plants.
The decline was observed until the end of study at 11 DAI, where the recording stood
at 298 = 13.13 pumol CO; mol ™! for the wild and 288 = 9.12 pmol CO; mol 'for the
cultivated species. The internal CO, values at 11 DAI were not significantly different

between two species in both growth conditions.

In previous studies, the reduction of photosynthesis has been attributed to
several factors like damage to any of the photosynthesis mechanism like
photosynthetic pigments and photosystems, electron transport chain, and carbon
dioxide reduction pathways. Damage at any level reduces overall synthetic capacity
of plants (Ashraf and Harris, 2013), thus it is important to determine if the decline in
the photosynthetic process is not a result of the damaged mechanisms. Measurements
of the chlorophyll content provide gives an important insight into the physiological
status of the plant, and offer an idea on the damage of the photosynthetic pigments
(Gitelson and Metzlyak 2003).

In this study, observations on irrigated plants showed that no significant

difference was observed for the SPAD reading between the two species recorded in
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the open field. A slight significant difference was observed in the growth chamber

grown control plants (Fig 2.4d).
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Figure 2.4. Effects of moisture deficit coupled with high light on the (a) photosynthetic rate (Py), (b)
stomatal conductance (g;), (c) intercellular CO, concentration (C;) and (d) photosynthetic
pigmentation/chlorophyll content (SPAD). The open blue triangle represents irrigated cultivar
watermelon, the closed blue triangle represents the cultivar watermelon under moisture deficit, the
open green circles represents irrigated wild watermelon and the closed green circle represents the wild
watermelon under moisture deficit. The left panel represents the data collected in plants grown under
the controlled environment, while the right panel is the presentation of data collected from plants
grown in open field. DAI indicates the stress time point in days after withdrawal of watering the plants.

Means are for n=3, with bars showing the standards deviations of means.
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Under moisture deficit stress, open field plants recorded a sharper decline in
chlorophyll level, when compared to the counterparts grown in the growth chamber.
At 11DAI, the recordings for the open field grown plants for the two species was
26.93+4.37 and 14.73+5.95 for wild and cultivated species, respectively, while for the
growth chamber grown plants the SPAD reading were 36.43 + 2.98 and 22.56 = 1.49
for the wild and cultivated species, respectively, at 11 DAL
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Figure 2.5. The effects of moisture deficit and excess light on the two watermelon species as monitored
by photosystem II activity (¢PSII) and electron exchange rate of the PSII (ETR). The open blue
triangle represents irrigated cultivar watermelon, the closed blue triangle represents the cultivar
watermelon under moisture deficit, the open green circles represents irrigated wild watermelon and the
closed green circle represents the wild watermelon under moisture deficit. The left panel represents the
data collected in plants grown under the controlled environment, while the right panel is the
presentation of data collected from plants grown in open field. DAI indicates the stress time point in
days after withdrawal of watering the plants. Means are for n=3, with bars showing the standards

deviations of means.

2.3.4 Analysis of PSII and electron transport

The average ¢PSII values for the two plant species grown in open field under

irrigation were higher when compared to their counterparts grown in the growth

chamber. Upon imposition of moisture stress, a rapid decline was observed in both
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plants under both growth conditions (Fig 2.5a). The wild plants grown in the field
showed a much extensive decline compared to the cultivated plants or the wild plants
grown in the growth chamber. From 5 to 11 DAI under the growth chamber condition,
the PSII efficiency for the wild and the cultivated species were not significantly
different each other. A highly pronounced difference was observed in the open field,
where at 5 DAI the recordings stood at 0.064 + 0.026 and 0.17 = 0.024 for the wild
and cultivated species respectively. The same trend was observed until the end of
moisture deficit study at 11 DAI The rapid decline suggests that at very low moisture
availability the PSII are inactivated rendering them non functional. An exposure to
excess light during drought stress usually triggers photorespiration, a process where
the plant manages the excess light energy as a means protecting the PSII. The excess
excitation energy will be immediately diverted toward driving the photorespiration
pathway, thereby providing an efficient means for photo-protection at the expense of
oxidation of previously assimilated carbon (Eisenhut et al. 2017), therefore it can be
suggested that the photorespiration plays an important part in the protection of the
PSIL

The electron transport rate (ETR) is a function of the PSII mechanisms thus it
is highly correlated with the PSII activity. A similar pattern of response of the ETR to
PSII activity was observed for both plants under the two conditions (Fig. 2.5b). The
average recordings for the irrigated plants in the growth chamber condition was
observed at 108.89 = 7.33 and 88.96 + 5.96 for the wild and cultivated species,
respectively, while those of crops grown in the open were at 148.05 + 16.34 for the
wild and 97.82 = for the cultivated plants. The final values observed at 11 DAI were
not significantly different for each plant species grown either in the field or under
controlled environment. The ETR reflects the efficiency of transformation of light
energy in PSII, which indicates the efficiency of primary light capture when the PSII
reaction center were partially shut down. Thus it correlates with the activities of PSII
and can evaluate the transfer rate of photosynthesis electrons between PSI and PSII

(Krall and Edward 1992; Martinez-Carrasco et al. 2002).

The maximal quantum yield of PSII photochemistry (Fv/Fm) showed varying
tendencies. For plants grown in the growth chamber under irrigated conditions the
Fv/Fm for the 2 species varied in the early stages of data collection, but at the end

they showed no significant difference (Fig 2.6a).
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Figure 2.6. The effect of moisture deficit and excess light stress on the two watermelon species as
monitored by the; (a) quantum yield of the PSII (Fv/Fm); (b) photochemical quenching (qP); (c¢) non-
photochemical quenching (NPQ) and (d) qN. The open blue triangle represents irrigated cultivar
watermelon, the closed blue triangle represents the cultivar watermelon under moisture deficit, the
open green circles represents irrigated wild watermelon and the closed green circle represents the wild
watermelon under moisture deficit. The left panel represents the data collected in plants grown under
the controlled environment while the right panel is the presentation of data collected from plants grown
in open field. DAI indicates the stress time point in days after withdrawal of watering the plants. Means

are for n=3, with bars showing the standards deviations of means.
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Observations made in the open field for irrigated plants showed a distinct
difference between the two species throughout the study. The rate of decline for both
plants in either of the growth conditions showed a similar trend. No significant
difference was observed at 11 DAI between the plants in the open field, with Fv/Fm
values dropping to 0.72 for both the crops. Under the growth chamber a slight
difference was observed at 11 DAI, as wild plants Fv/Fm values were 0.74 = 0.003
and the cultivated was at 0.73 = 0.004.

The photochemical quenching (qP) has been widely used to determine the
amount of light energy converted to chemical energy to be used in the photosynthesis
process. The qP gives an indication of the proportion of PSII reaction centers that are
open or functional. The effectiveness of the qP also acts as a protective mechanism as
it maximize the production of O; in the PSII antenna (Muller et al. 2001). Under
irrigated conditions the qP of both plants was steady but significantly different from
one another, with the wild species showing a higher proportion of PSII reactions

centers (Fig. 2.6b).

Exposure to moisture deficit showed a decline in the qP for both plants in a
significantly different manner in both growth conditions. At 3 and 5 DALIs, the values
for both crops in the separate growing conditions showed no significant difference.
After the 5 DAI, P values of the cultivated species did not change much as they
stayed relatively the same until the end of the study. On the other hand, the values for
the wild species continued to decline until they reached 0.32 + 0.023 and 0.56 = 0.016

for plants grown in the growth chamber and open field, respectively.

Under moisture deficit and high light stress, plants are known to dissipate light
energy as heat, and this process protects the delicate PSII system (Masahiro et al.
2016). The major dissipation method is through the non-photochemical quenching
(NPQ). NPQ is usually determined in plants through dark adaptation kinetics, as it has
been noted that high energy state quenching relaxes within minutes when the leaf is
placed in darkness (Maxwell and Johnson 2000). It is therefore important to
determine the heat dissipation of different species under moisture deficit in trying to
understand their tolerance mechanisms. It has been suggested that the species that can
dissipate more heat will have the ability to protect its photosynthetic mechanisms,

thus avoid any damage that can result in cell death.
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Under irrigated treatments for both growing conditions, the two watermelon
species showed closely related heat dissipation tendencies recording non-significantly
different values over the entire growing period (Fig 2.6c). Exposure to moisture
deficit activated a sudden increase in heat dissipation on the wild species grown in
both field and in growth chamber. In the growth chamber condition, the increase
seemed to be stabilized at 9 DAI, while in the open field the increase was observed
until 11 DAI The final NPQ values recorded for the wild species was at 0.58 + 0.042
for plants in the growth chamber and 0.80 + 0.036 for plants grown in the open field.
The increase was also observed in cultivated watermelon, but the magnitude was
lower than for the wild species. A highest peak of 0.49 was observed at 7 DAI in

either of the growth conditions.

The observed trend suggests that the wild species tends to minimize the
activities in the photosynthetic system as a protection measure, and maximize the
dissipation of excess light energy as heat. Also the results shows that in the open field
the dissipation is much stronger, suggesting that the field conditions could have been

more harsh as compared to the growth chamber conditions.

2.3.5 A/Ci curves analysis

The A/Ci curve (net CO, assimilation rate, or Py, versus calculated internal
CO, concentrations, or Ci) analysis has become an important tool in determining the
extent of damage to the photosynthetic parameters caused by drought stress (Manter
et al. 2000). The A/Ci curve works on the inherent assumption that Ci is influenced by
the active catalytic site of Rubisco. However, limitations to mesophyll CO,
conductance, which are not incorporated in A/Ci measurements, may result in a
difference between Ci (Manter and Kerrigan 2004).

The response of net photosynthesis to internal leaf CO, concentration (A/Ci
curve) was determined at 1,000 pmol m™ s of PPFD. The measurements started at
400 umol mol! of COa,. Once the steady state was reached, the CO, concentration was
gradually lowered to 50 pmol mol™ and then increased stepwise up to 1000 pmol mol”
!, Net photosynthesis values were plotted against the respective internal leaf CO,
concentrations (Ci) to produce an A/Ci response curve at different time points of
moisture deficit (Fig 2.7). The maximum CO, assimilation with elevated CO,

concentration was recorded at 32.67 = 2.89 and 21.62 = 1.78umol m™ s™ for wild and
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cultivated species respectively for the plants at 0 DAI grown in the open field.
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Figure 2.7. A/Ci curves showing the effect of different CO, internal concentration on watermelon
plants exposed to drought stress. The open blue triangle represents irrigated cultivar watermelon, the
closed blue triangle represents the cultivar watermelon under moisture deficit, the open green circles
represents irrigated wild watermelon and the closed green circle represents the wild watermelon under
moisture deficit. The top panel (a) represents the data collected in plants grown under the controlled
environment, while the lower panel (b) is the presentation of data collected from plants grown in open
field. DAI indicates the stress time point in days after withdrawal of watering the plants. Means are for

n=3, with bars showing the standards deviations of means.

When the plants were exposed to drought stress, the A/Ci curve showed a
sudden drop in the values of CO; assimilation. The decline was more rapid in plants
grown in the open field as compared to growth chamber. At 11 DAI, the values were
higher for the cultivated plants in both growing conditions when compared to the wild
plants. The cultivated plants still showed the response to elevation of CO, even at the
extreme moisture deficit, as it showed slight increases in CO; assimilation. The lower
values of net photosynthesis rates in the A/Ci curves at 11 DAI could be associated
stomatal conductance observed in the plants when the moisture stress intensified. This
trend of dramatic decrease in CO, can be generally interpreted as an indication that
the photosynthetic capacity of water-stressed plants was strongly impaired by

biochemical damage (Centritto et al. 2009).
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In conclusion, observations on plants in the open field showed several
variations when compared to the plants in the growth chamber. Even though the
variations were observed, the trend in the physiological changes was relatively similar
in both conditions. The study of plant physiology in the open field conditions cannot
be ignored, because it can vary from one extreme to another during the growing
period, and it offers better understanding on the responses of plants under natural

conditions, that is not provided in the controlled climate conditions.
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Chapter 3

The cDNA structures and expression profile of ascorbate
peroxidase gene family during high light and water deficit

stress in wild watermelon



3.1 Introduction

Ascorbate peroxidase (APX) is reported to be an efficient scavenger of ROS,
as it contributes to the hydrogen peroxide detoxification. It is present across a
wide spectrum of plant kingdom, and they exist within different organelle in the
cells, and play a significant role in stress tolerance (Saxena et al. 2011). APX
differs from other peroxidases in its dependency on ascorbate as the source of
reducing power, and becomes unstable in its absence (Shigeoka et al. 2002).
Multigenic families of APX have been reported in various plants that are
commonly referred to as isozymes, and mainly classified on the basis of their
sub-cellualr localization. Even though they are closely related, they have shown
different structural and kinetic properties, possessing specific conserved
domains and signal peptides for each isozymes (Pandey et al. 2017).

Based on the structural and amino acid composition, five main isoforms of
APX have been documented in plants, namely; the cytosolic (cAPX),
mitochondrial (mitAPX), chloroplastic (chlAPX), stromal-APX and thylakoidal-
APX), and microsomal (mAPX) (Caverzan et al. 2012; Yoshimura et al. 1999).

These enzymes are believed to collectively maintain the redox balance under
stress, and this close coordination helps the protection from oxidative stress (Liu

etal. 2012; Yin et al. 2014).

One of the characteristics of the APX is the susceptibility to the H20; in the
absence of ascorbate (Hiner et al. 2000; Kitajima et al. 2006; Kitajima et al. 2007).
The susceptibility varies among the isoforms, with chAPX showing highest
degree of sensitivity and its half-life time under hydrogen peroxide has been
recorded at 15 sec (Yoshimura et al 1998). The cytosolic APX has been found to
be more stable under the ascorbate-depleted conditions (Ohya et al. 1997).
These properties of the APX have made it easier to separately quantify their

activities.

Assaying of the APX enzyme activity on wild watermelon exposed to drought
stress conditions has shown an increase in the chAPX (Nanasato et al. 2010). The
expression of the cAPX has been found to have no significant change in the wild
watermelon leaves when exposed to same conditions. The gene families

encoding the APX have been shown to vary in number among various plant
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species. To understand further the role of each isoform of APX in wild
watermelon, it is important to characterize the gene families expressed during
drought stress, and to document the express their expression pattern. To our
best knowledge no report has been found on the annotation APX isoforms of the
watermelon species. Therefore in this research, I report on the cDNA structure,
profiles and activity of the APX on the leaves of the drought tolerant wild
watermelon leaves. I profiled the changes in mRNA when the plant is exposed to

varying days of high light and moisture deficit stress.
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3.2. Materials and Method

3.2.1 Plant materials and growth conditions

Wild watermelon (Citrullus lanatus acc. No. 101117-1) (Kawasaki et al.
2000), a natural inhabitant of the Kalahari Desert in Botswana, was self-
pollinated for at least three times, and their seeds were used in this study. The
seeds were soaked overnight in water at 30°C in the dark, then in the next
morning the seeds were planted in pots filled with a horticulture soil. The
germinated seedlings were grown in a growth chamber under LED lights with
light intensity of 800-1,000 umol photons m2 s-1 under a 14 h light and 10 h dark
photoperiod, with air temperature at 30°C, and relative humidity of 50% for
entire growth and monitoring periods. After germination the plants were
watered daily, with supplementation of 1,000-fold diluted Hyponex solution
(Hyponex Japan, Osaka, Japan) twice a week until they reached a stage where
fifth true leaf has fully expanded. When the leaves were fully grown, water deficit

stress was introduced by withholding watering to the plants.

3.2.2 Data and sample collection

Wild watermelon plants were grown until their fifth true leaves have fully
expanded, and then withholding watering of the plants imposed water defict
stress. Then data was collected at different time points from onset of stress
induction, with 0 day being the last watering day before the stress induction, and
then 3, 5, 7, 9 and 11 days after stress induction. Physiological measurements
were done on the third fully open leaf, replicated four times, and then later
averaged to get final values. The three upper leaves were collected for both

mRNA extraction and enzyme assay.

3.2.3 Characterization of cDNA clones for APX genes

Watermelon cDNA and genomic sequences for putative APX genes were
searched against a genome sequence database of Citrullus lanatus subsp. vulgaris

cv. 97103 (Guo et al, 2013; www.cucurbitgenomics.org) with known BLAST

settings and a threshold of 1e-10. Subcellular locations of these gene products
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were predicted by the Wolf PSORT and DeepLoc-1.0 programs (Nakai and
Horton 1999; Armenteros 2017). To analyse the intron-exon structure of the
studied genes, a Gene Structure Display Server (Hu et al. 2015) was used to
produce genome structure of the APX gene based on the CDS and corresponding

genome sequences information.

The GenomeNet (Kanehisa et al. 2002; Kanehisa and Goto 2000) tools were
used to generate the amino acids alignment. A neighbor joining analysis-based
phylogenetic tree was constructed using the wild watermelon, Arabidopsis,
Spinach and pumpkin amino acid sequences to examine relatedness of APX

genes. Sequences information are shown in Table 3.1.

Leaf samples were quickly snap frozen into liquid nitrogen, and stored at -
80°C until RNA isolation. Total RNA was extracted with the application of
Spectrum Plant Total RNA Kit (Sigma Aldrich, Missouri, USA) and, subsequently,
trace amounts of genomic DNA were degraded using the On-Column DNase I
Digestion Set (Sigma Aldrich, Missouri, USA). The cDNA synthesis were
performed using ReverTra-Ace-o synthesis kit (Toyobo Co., LtD, Osaka, Japan)
using an Oligo(dT) primer (Toyobo Co.LTD, Osaka, Japan).

CDSs of wild watermelon were amplified by PCR using pairs of primers
designed to anneal flanking 5’- and 3’-UTR regions (Table 3.2), with wild
watermelon cDNA prepared from a leaf of wild watermelon that was exposed to
water deficit stress for three days. The PCR products were separated in an
agarose gel electrophoresis, and amplicons with expected sizes were purified
from the agarose gel using Qaigen MinElute, and Gel Extraction Kit (QIAGEN
Hilden, Germany), and then sub-cloned into an Invitrogen TOPO-BLUNT vector
(Life technologies, CA, USA). Sequences of the clones were analyzed by BigDye
terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA). The
sequences obtained after sequencing were translated into amino acids and then

an alignment of the amino acids was done using the ClustaW online tool.
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Table 3.1. Accession numbers for plant APX genes that were used in this study.

Organism Gene Accession number "1
Arabidopsis thaliana AtAPX1 AT1G07890.1
AtAPX2 AT3G09640.1
AtAPX3 AT4G35000.1
AtAPX5 AT4G35970.1
At.sAPX AT1G77490.1
AttAPX AT4G08390.1
Spinach So.cAPX D85864
So.mAPX D84104
So.sAPX D83669
So.tAPX D77997
Pumpkin Cka.mAPX AB070626
Cka.sAPX D88420
Cka.tAPX D83656

1 For Arabidpsis, AGI locus identifiers were shown. For spinach and pumpkin, NCBI/EMBL/DDB]

accession numbers were shown

3-6



Table 3.2. Primer sequences used in this study

Usage

Primer name

Primer sequence

Full length cDNA amplification

3-RACE

APX-1F
APX-1R
APX-2F
APX-2R
APX-3F
APX-3R
APX-4F
APX-4R
APX-5F
APX-5R

Apx5-1086F+Kpn
3sites-Adaptor
3sites-Poly-dT

RT-qPCR for CLAPX

CLAPX1-77F
CLAPX1-195R
CLAPX2-79F
CLAPX2-163R
CLAPX3-71F
CLAPX3-162R
CLAPX4-134F
CLAPX4-253R
CLAPX5_1-1004F
CLAPX5_1-144R
CLAPX5_II-1004F
CLAPX5_1I-1146R

RT-qPCR for rerefence genes

Sequencing

Actin-F
Actin-R
Tubulin-F
Tubulin-R
GAPDH-F
GAPDH-R

M13-F
M13-R

CTTTTCAAGAGAATCTCAGCC
CGTTTGAACTTCTGGAGAAG
CATTTTTTCCAAGTTTCATCACC
TTTTCCCCCGTTCCAATTGC
TGCTCTGTAGCCTCCTCCC
AATCGACCTTGCTACTGTAA
TCTGCATTCTTATCCAAGATTTCA
TGGAAGAATATCTTTCTTCTGTATAA
GAAAACTCAAATTTCAACTAAATCC
CTCATAAATAGATTAATTTAAACACTCAAA

GCGGTACCTGCTGGAGAGAAGTTCG
CTGATCTAGAGGTACCGGATCC

CTGATCTAGAGGTACCGGATCCTTTTTTTTTTTTTTTT

TTGTTGCTGAGAAGCACTGC
TTCCGCTGCGTTCTTCATTG
ATCGCTGAGAAGAACTGTGC
CACCGGTCTTGGTTTTCTGGTC
TCATTGCCAATCGGAACTGC
AGGCCCACCAGTTTTTGTAG
ACGACGCTGAAACGAAAACC
TGGCCTTCACAGTTTCACAG
CTGAAGCCCATGCCAAACTC
CTGATAGCTCTCTCTTTCCATATGAG
CTGAAGCCCATGCCAAACTC
ACTTGTTTTTTAATCCTTTCCATATGAGTA

TGGTCGTACAACAGGTTGTGC
TTCGGCAGTGGTTGTGAACATG
GGTCAGGAAGTTGGCTGATAAC
CACTGACAAGCGCTCTAACAAC
CCGATGAGGATGTTGTTCTCTAC
CATTGTCGTACCAAGTCACCAG

GTAAAACGACGGCCAG
CAGGAAACAGCTATGAC
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3.2.4 Measurement of water relation

Leaf relative water content was measured essentially as described
previously (Smart 1974) with following modification. The leaves were harvested,
and fresh weight was quickly measured on Unibloc AUX 120 balance (Shimadzu,
Kyoto, Japan) to avoid loss of moisture from the leaves, and recorded as the fresh
weight (FW). After the measurements of FW, the leaf samples were placed in zip-
lock plastic bags that were filled with distilled water, and kept overnight at room
temperature. Next day, excess water was removed by blotting the leaves within
the paper towels, then the water-saturated leaves were weighed and recorded as
turgid weight (TW). The turgid leaves were then oven dried at 80°C for 3 days,
and their weights were recorded as the dry weights (DW). The LRWC (%) was
calculated by the following formula (Smart 1974);

FW-DW
TW-DW

x 100 (1)

Available water content (AWC) was determined essentially as described
previously (Reynolds 1970) with following minor modification. After harvesting
leaf samples, entire aboveground plant tissues were cut out, then the moist soil
together with the planting pot were weighed and recorded as the wet mass, then
the soil was oven dried at 105°C for 72 h after which it was weighed and the
mass recorded as the dry mass. The available water content (AWC) was

determined by the following formula (Reynolds 1970);

wetmass-drymass wet weight—dry weight

Xd =

AWC = ,
drymass dry weight

X 100 (2)

3.2.5 Measurements of photosynthetic parameters

Leaf chlorophyll content were measured 3-4 h after the onset of light regime
using SPAD-502plus meter (Konica Minolta, Tokyo, Japan). Leaf stomatal
conductance was measured by SC-1 leaf porometer (Decagon Devices,
Washington, USA) 5 h after the onset of light regime. CO; assimilation and
chlorophyll fluorescence were measured in the third true leaves using an open

gas exchange system LI6400XT photosynthesis meter (LI-COR Biosciences,
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Nebraska, USA). A 2-cm radius IRGA gas chamber was used for all the
measurements, with a setting of chamber temperature at 25°C, CO; flow rate at
400 pmol mol-1, PPFD at 1,000 pmol photons m s'1, and relative humidity at
50%. The COz assimilation were measured 3 h after the onset of light regime,
while the chlorophyll fluorescence of dark-adapted leaves were measured early
morning before the onset of light regime when the plants were kept in darkness

for more than 5 h.

3.2.6 APX enzyme assay

Crude leaf extracts was prepared essentially as described previously
(Nanasato et al. 2010) with following minor modifications. Approximately 200
mg of leaf tissues were ground to a fine powder using a pestle and mortar, with
the aid of liquid nitrogen in a 1 ml of homogenization buffer containing 50 mM
potassium phosphate, pH 7.0, 1 mM EDTA, 1 mM sodium ascorbate, 1% (w/v) 3-
[(3-chloramidopropyl) dimethyl-ammonio]- 2-hydroxyl-1-propanesulfonate, and
2% polyvinylpolypyrrolidone. The homogenized samples were centrifuged at
12,000 x g for 20 min at 4°C, and then the supernatant was collected into a new
tube. The extract was desalted by running through an Amicon ultracel 3K filter
(Merck Millipore Ltd, Burlington, MA, USA), and their protein concentration was
quantified by the Bradford assay (Bradford 1976) with Protein Assay CBB
Solution (Nacalai, Kyoto, Japan) and the Multiscan FC (Thermo Fisher Scientific
Inc, Waltham, MA, USA), using various concentrations of bovine serum albumin

as the standard.

APX enzyme activity was measured essentially as described previously
(Nakano and Asada 1981; Amako et al. 1994) with following modifications. The 1
ml volume of reaction mixture consisted of 50 mM potassium phosphate buffer,
pH 7.0, 1 mM sodium ascorbate, 10 pl of the crude leaf extract. The assay was
activated by addition of 0.5 mM of H;0: substrate (Wako pure chemical
industries, Osaka, Japan), and a sample without the H202 substrate was used as a
reference. The oxidation of ascorbate was continuously monitored at 290 nm on
UH5300 spectrophotometer (Hitachi, Tokyo, Japan), and the absorption
coefficient of 2.8 x 103 M cm (Nakano and Asada 1981) was used for the
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calculation of reaction rates. One of the properties of the APX isoforms is the
rapid inactivation when incubated with H202 in limited ascorbate conditions,
with chloroplastics APX being half inactivated in just 15 s while the cytosolic APX
being less sensitive to incubation in depleting ascobate (Ishikawa et al. 1998;
Yoshimura et al. 2000). This property was used to estimate the chloroplast and

cytosolic isoforms following the method of Yoshimura et al. 1998.

3.2.7 Quantification of APX gene expression

The pairs of specific primers used for RT-qPCR analysis of wild watermelon
APX genes (Table 3.2) were designed using the Primer3 online tool (Untergasser
et al. 2012). The designed primers were then used to quantify the mRNA
abundance of wild watermelon APX genes using the Light-Cycler 480 (Roche
Diagnostics GmbH, Mannheim, Germany), run using LightCycler 480 SYBR Green
I Master Kit (Roche) according to the manufacturer’s instruction. Three
references genes which showed highly homogeneous expression in a wide range
of tissue types, developmental stages and environmental stimuli in watermelon
(Kong et al. 2014), i.e. y-actin (ylsACT), a-tubulin (ylsTUB), and glyceraldehyde-
3-phosphate dehydrogenase (ylsGAPDH), were used as reference genes for
internal controls, and their normalized value was used to calculate relative
abundance of respective APX mRNAs. The profiling of mRNA quantification was
run with three biological replications, each consisted of averages of three

technical replications.
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3.3 Results and Discussion
3.3.1 Genome structure of the identified APX genes

Using the protein sequences deduced from all APX genes in Arabidopsis
thaliana (Panchuk et al. 2002; Table 3.1) as the queries, I identified five
homologous genes in the whole genome sequence of cultivar watermelon
(Citrullus lanatus subsp. vulgaris cv. 97103) in the Cucurbit Genomics Database.
Based on the degree of similarity to the Arabidopsis APX sequences, the five
genes identified are herein referred to as CLAPX1, CLAPX2, CLAPX3, CLAPX4 and
CLAPX5. The genebank reference and identification numbers of these genes can

be found in Table 3.3.

To understand better the relatedness of the APX isogens, the gene structures
were compared (Fig 3.1) based on the intron-exon arrangements of the five wild
watermelon APX genes. The genome structure showed differences in
arrangement, length and also number of exons and introns in every APX isogenes,

with 9-12 exons predicted in these CLAPX genes (Fig. 3.1).

A comparative analysis between the wild watermelon and the cultivar
watermelon (Table 3.3) showed high percent of similarities in amino acids
sequence even though the sequences themselves amoung the two species were
not 100% identical (data not shown). The subcellular location predicted by
WoLF PSORT for each isogenes showed that, CLAPX1 and CLAPXS5 are localized in
the chloroplast, while CLAPX2, CLAPX3 and CLAPX4 were predicted as the
cytosolic localized APX. Discrepancies were observed when using the other
predicting tool DeepLoc 2.0, as it classified CLAPX1 as the cytosolic APX, and
CLAPX2 and CLAPX3 as perisomal APX.
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Table 3.3. Summary on ascorbate peroxidase genes in watermelon

cultivar watermelon (cv. 97103)

wild watermelon (Acc. No.101117-1)

Isoenzyme Chr. "' Locus name Locus position Unigene ID Acc. NT sim. Length ~ WoLF Deep
name D7 (%)~ ofAA™ PSORT " Loc”
CLAPX1 2 Cla013254  30982510..30986181(-) wmu39844 MH178405 99.2 250 chl cyt
CLAPX2 3 Cla008291  2065040..2073452(-) wmu23766 MH178406 99.2 249 cyt cyt
CLAPX3 2 Cla015833  3993709..3997744(+) wmu34919 MH178407 99.2 286 cyt per
CLAPX4 1 Cla014301  29858539..29862551(-) wmu57455 MH178408 99.5 296 cyt per
CLAPXS5-1 8 Cla013927  14858020..14864092(-) wmu44297 MH178409 99.1 427 chl mit/chl
CLAPXS-11 8 Cla013927  14858020..14864092(-) wmu05603 MH178410 99.0 378 chl mit/chl

*1 Chromosome number in which APX gene was encoded.
*2 DDBJ/Genbank/EMBL accession numbers of APX sequences for the Acc. No. 101117-1.

*3 Percent similarity of CDS nucleotide sequences between APXs from cv. 97103 and Acc. No.
101117-1.

*4 Length of amino acid deduced from the CDSs in Acc. No. 101117-1.

*5 Subcellular location of the gene product in Acc. No. 101117-1 was predicted by WoLF-PSORT
and DeepLoc-1.0 programs, and expressed as chl (chloroplast), cyt (cytosol), per (peroxisome),
and mit (mitochondria).
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Figure 3.1. Schematic representation of watermelon APX gene structures. Exon regions are

shown as black boxes and intron regions are shown as horizontal lines. Patterns of alternative

splicing in intron 11 of CLAPX5 are shown by broken triangular lines, and a region within exon 12

that is absent in one variant of the mature mRNA (CLAPX5-I), but present in another variant

(CLAPX5-1I), is shown as a gray box.

3.3.2 The 3’-RACE analysis

The polyadenylation of mRNA has shown to be an important process in gene

expression of eukaryotes, with the mature mRNAs possessing a poly(A) tract,

that in turn functions to facilitate transport of the mRNA to the cytoplasm and its

subsequent stabilization and translation (Wu et al. 2011). The polyadenylation
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process requires two major components: the cis-elements or poly(A) signals of
the pre-mRNA, and the trans-acting factors that carry out the cleavage and
addition of the poly(A) tail at the 3’-end (Li and Hunt 1997). It has been
suggested that the multiple forms of plant polyadenylation complex, together
with the diversified polyA signals may explain the intensive alternative
polyadenylation and its regulatory role in biological functions of higher plants
(Hunt et al. 2012). The poly(A) tail contributes regulatory information to the
polyadenylation processes through interactions with RNA processing factors and
poly(A)-binding proteins, thus making them important in gene expression (Hunt
2012). Therefore, it is important to locate the junction between cleavage site and
the poly (A) tails. Beside, the chloroplast APX has been documented to have
isogenes derived from the alternative splicing (Jespersen et al. 1997). It is
therefore important to identify any splicing effects in this study.

The 3’-RACE experiments using a forward primer in exon 11 detected two
different splicing patterns that matched with the C-terminal of the two CLAPX5
isogenes cDNA sequences. In CLAPX5-I1, an occurrence of the shorter intron 11
by the alternative splicing generated an in-frame stop codon immediately after
exon 11, resulting in the shorter CDS in comparison to the CLAPX5-I variant. The
3’-RACE experiments revealed that poly(A) tails began at two different cleavage
sites (Loke et al., 2005; Shen et al, 2008), designated proximal and distal
cleavage sites, which positioned at 47 and 75 nucleotides downstream,
respectively, from the last nucleotide of the terminator codon of CLAPX5-I (Fig.
3.2). Both of the proximal and distal cleavage sites occurred for CLAPX5-1 and
CLAPX5-1I transcripts, implying that the selection of cleavage site for the poly(A)
tail attachment may not influence the pattern of alternative splicing, in contrast
to the case in spinach (Yoshimura et al. 1999). Putative near upstream elements
(NUEs) of the cis-acting poly(A) signals were found at 22-28 nucleotides

upstream of the cleavage sitess (Fig. 3.2).

3-13



v L. A I L T S L L G N ter.
CTGTTTTAGCAATTTTGACATCCCTGCTTGGAAACTAATTTGAGTGTTTAAATTTAA

Proximal CS Distal CS
* *v * *v

ATCTATTTATGAGATGGTTTGTTTCTCAACAAAATGTCATATAATTTCACGATCAGT

TTCTAGCAATTATTTTTTAGTTCAACAATTTGCAGGGTAGAAAATCCGAGCATTTGA

Fig 3.2. The observed cleavage sites for addition of poly(A) tails, and putative cis-acting poly(A)
signals in the CLAPX5 gene. The positions of observed proximal and distal cleavage sites (CSs) for
the addition of poly(A) tails were shown by the downward arrows, and the conserved CS motifs
were indicated with asterisks on top of the dinucleotides. The hexanucleotides for the putative
near upstream elements (NUEs) of the poly(A) signals (Loke et al, 2005) are shown by the

underlines.

A further analysis of the C-terminal amino acid sequences of CLAPX5-I and
CLAPX5-11 showed a strong sequence similarity with those of tAPX and sAPX
from pumpkin. It has been shown that pumpkin tAPX and sAPX were generated
from a single gene by alternative splicing, and the C-terminal extension in tAPX
contains a putative thylakoid-spanning domain (Mano et al. 1997). Comparison
of genomic sequences between CLAPX5 and pumpkin chloroplast APX (Fig. 3.3
and Fig. 3.4) showed that their C-terminus genomic regions were markedly
conserved, including the conserved splicing junction between exon 11 and intron
11, and the alternative junctions between intron 11 and exon 12. These
observations suggest that the two mRNA variants from CLAPXS5, i.e., CLAPX5-1
and CLAPX5-1I, may correspond to tAPX and sAPX, respectively, and the two
watermelon APX isoenzymes may be generated from a single gene by an
alternative splicing mechanism which is similar to that in pumpkin.

As a result of alternative polyadenylation and splicing, four mature mRNA
variants were observed, two associated with the tAPX, and the remaining two

associated with the sAPX.

3-14



CLAPX5-1 PAGEKFEAAKYSYGKRELSDSMKOKIRAEYEGFGGSPDKPLPTNYFLNIIVVIAVLAI 420
[ e e I A e o N B O A A O

Cka.tAPX PAGEKFDAAKYSYGKRELSDSMKQKIRAEYESFGGSPDKPLPTNYFLNIILVIAVLAI 414

CLAPX5-1 LTSLLGN 427

Cka.tAPX LTSLLGN 421

b

CLAPX5-TITI PAGEKFEAAKYSYGKD 378
[ T e O B B O A O
Cka.sAPX PAGEKFDAAKYSYGKD 372

Figure 3.3. C-terminus amino acid alignment between CLAPX5 and pumpkin chloroplast APXs.
Amino acid alignments of C-terminal region for a pair of CLAPX5-I and pumpkin thylakoid
Cka.tAPX (a), and a pair of CLAPX5-1I and pumpkin stromal Cka.sAPX (b). The region spanning
exon 11 and exon 12 is shown for each pair. Identical amino acids are labeled by vertical lines,
similar amino acid residues between the pair are labeled as +, and amino acids with different

chemical properties are labeled as #.
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Figure 3.4. Comparison of genome sequence between CLAPX5 and the pumpkin chloroplast APX
gene in the region that corresponds to the C-terminus. A nucleotide sequence alignment between
CLAPX5 and the pumpkin chloroplast APX gene in their C-terminal region is shown. The region
spanning exon 11 and exon 12 is presented. Identical nucleotides between the two sequences are
labeled as vertical lines and different nucleotides are labeled as #. Deduced amino acid sequences
for CLAPX5 and pumpkin chloroplast APX are presented on top of and below the nucleotide
sequences, respectively. Terminator codons are indicated by asterisk (*). A conserved “gt” motif
at the beginning of intron 11 is boxed and labeled as (i), while the conserved “ag” motif for the
termination of intron 11 for CLAPX5-11 and CLAPX5-1 are also boxed and labeled as (ii) and (iii),

respectively.
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An alignment of the amino acids sequences of the six CLAPX genes (Fig. 3.5)
showed a relatively high degree of homology among the sequencs. This is not
suprising because a highly conserved domain among the APX isogenes has been

noted before (Yoshimura et al. 1998).

The chloroplastic APX genes can be further characterized into two
subgroups based on their localities inside the chloroplast; the stroma and the
thylakoid types. The CLAPX 5-1 and CLAPX5-1I isogenes have a closer association
with the thylakoid and the stroma types, thus it can be said one isogenes belongs

to either of the localities in the chloroplast.

Figure 3.5. Amino acid sequence alignment of deduced wild watermelon APX isoenzymes.
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Sequence alignment was performed by the ClustalW program. The amino acids with 100%
homology are shaded in black among the sequences, while the 80% homology among the

sequences is show in gray color.

3.3.3 Phylogenetic analysis

Phylogenetic analysis of CLAPXs with Arabidopsis, spinach, and pumpkin APX
isoenzymes demonstrated that CLAPX] and CLAPX2 were in the clade of cytosolic
APXs from other plants, while CLAPX3 and CLAPX4 were more closely associated
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with microbody-type (Fig. 3.6). CLAPX5-1 and CLAPXS5-1I were rather distant from
the cytosolic and microbody isoenzymes, and strongly associated with chloroplast
APXs from other plants. The grouping gave a clear indication of the localization of

the CLAPXs, as they were grouped in different clades with APXs from other crops.
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Figure 3.6. Phylogenetic analyses of CLAPX isoenzymes. APX protein sequences from wild
watermelon, Arabidopsis, spinach, and pumpkin were used to construct a phylogenetic tree using
a neighbor-joining algorithm in the ClustalW program. Sequence information on the Arabidopsis
(from AtAPX1 to AtAPX5), spinach (So.sAPX and So.tAPX), and pumpkin APXs (Cka.sAPX,
Cka.tAPX, and Cka.mAPX) are described elsewhere (Ishikawa and Shigeoka 2008). Three main
APX types with different intracellular localizations (chloroplast, cytosol, and microbody;

Ishikawa and Shigeoka 2008) are assigned to each clade.

3.3.4 Soil moisture and leaf relative water content

Soil water measurements were done in order to comfirm limitation of
available water content (AWC) to the plants roots. Moisture content has been
documented as one of the drought indicators (Rahman 1973; Sheffield and Wood
2007), with roots as responder that send chemical signals to the whole plant to
initiate several stress response processes in the plant. The decrease in AWC is

shown in Fig 3.7a. The AWC at day 0 was recorded at 154%, and gradually
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decreased until 12% recorded at day 11. This result shows varying AWC at every
day point, thus signifying the difference in degree of stress level at every time

point.

Leaf relative water content (LRWC) was high at all time points during the
stress period, showing that the internal moisture was maintained at high level
regardless of the stress intensity (Fig. 3.7c). In this study, the level of internal leaf
moisture were above 75% even at the 12% soil moisture level, suggesting the
prescence of endurance mechanism of wild watermelon during moistures deficit
stress, which avoid tissue dehydration by maintaining higher internal leaf
moisture. This attribute can be associated with stomatal closure that comes in
handy to reduce the moisture loss from the leaves. Mechanical disruptions that
often lead to cell death can be avoided in the drought tolerant species (Flower
and Ludlow 1986). The rate of RWC in drought tolerant plants has shown to be
higher under drought stress as compared to sensitive plants (Pirzad et al. 2011;

Hayatu et al. 2014).

3.3.5 Physiology of wild watermelon under water deficit

Measurements of the stomatal conductuctance has been used as a reliable
indicator for the rate of internal gaseous exchanges, and also used to estimate
the respiration rate in the leaf. The stomatal conductance measured in the wild
watermelon showed correlating tendency of the stomata with the progression of
drought (Fig. 3.7b), at day 0 the stomata opening was at its highest with
recording of 592.7 + 61.91 mmol m-2 s, the lowest recording of 53.8 + 1.68
mmol m~ s were observed at day 11. The first notable response of plants to
drought stress is to minimize water loss that is facilitated by the stomatal
aperture (Flexas and Medrano, 2002). The stomata closure is more influenced by
soil moisture than the plant internal water (Niinements et al. 2009), with the
root acting as a sensor that sends chemical signals through the xylem to the leaf,
resulting in stomata closure (Hamanishi and Cambell 2011;Brunner et al. 2015),
as experienced in our research that leaf water content did not change

significantly as compared to the soil moisture (Fig. 3.7c).
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A change in the chlorophyll content, an important indicator of chloroplast
development, leaf nitrogen content, general plant health, and leaf senescence
(Noodén et al. 1997; Xiong et al. 2015) was measured as the SPAD value (Uddling
et al. 2007) randomly on the fully expanded leaves (Fig. 3.7d). The values shows
that initial chlorophyll content before stress induction (day 0) was recorded at
46.43 * 2.81 and no significant differences were observed at day 3 and 5, while a
slight decrease was observed on the leaves for the later days with the lowest of
28.36 * 1.09 recorded at the day 11. Chlorophyll content is known to provide
valuable information about physiological status of plants, and can directly
determine photosynthetic potential (Gitelson and Merzlyak, 2003). The
chlorophyll measured based on the SPAD values showed a little decline as stress

progressed and thus reducing the productivity of the crop.
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Figure 3.7. Changes in the water relation and foliar chlorophyll levels in wild watermelon under
drought. Changes in the (a) soil moisture content, (b) stomatal conductance, (c) leaf water
content, and (d) SPAD value during drought are presented. In (a), the values are the result of a
single measurement, whereas the values in (b), (c), and (d) are given as mean + SD (n = 3).

Duncan multiple range tests were performed at 95% significance levels, and the significant

differences among the values are indicated by the relevant letter(s) on top of each plot.
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3.3.6 Analyses of photosynthetic parameters

Photosynthetic CO; assimilations were determined on the third true leaves
of wild watermelon using the LI6400XT photosynthesis meter. The
measurements showed that before the stress imposition (day 0) the CO:
assimilations was recorded at 25.05 + 2.20 umol CO m-2 s-! (Fig. 3.8a), then a
sudden drop was observed after withholding irrigation on the plants, the
measurements recorded the values to 15.88 + 2.29 and 8.68 * 4.23 pumol CO m~2
sl at day 3 and 5 after the onset of water deficits, respectively. On the final day
of stress treatment (day 11), minimal assimilation rate of 0.69 + 0.04 pmol CO m-
2 s-1was recorded. Because chlorophyll content at day 11 was still reasonable
high (Fig. 3.8c) and stomatal conductance was nearly completely suppressed at
this stage, the reduction of the COz assimilation could be attributed to the the
closure of stomata; a known drought avoidance strategy by drought tolerant

crop as observed by Skirycz and Inze (2010) in order to save the internal

moisture.
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Figure 3.8. Photosynthesis and chlorophyll fluorescence parameters of the wild watermelon
under drought. Changes in the (a) CO; assimilation, (b) Fv/Fmn for maximum PSII activity, (c) qP
value for photochemical quenching, and (d) NPQ value for non-photochemical quenching (d)
during drought are shown. The values are given as mean * SD (n = 3). Duncan multiple range
tests were performed at 95% significance levels, and the significant differences among the values

are indicated by the relevant letter(s) on top of each plot.
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Chlorophyll measurements were then performed to get an understanding of
the extent of damage on the photosynthetic apparatus. Dark adaptation of leaves
or Fv/Fm measurements can be used as an indicator for the photosynthesis
performance as it reflects the maximum efficiency of converting the absorbed
light into chemical energy to be used in the photosynthesis process (Herppich
and Peckmann 2000). A healthy dark adapted plant/leaf will have all its reaction
centers closed thus giving a saturating pulse will give maximum value of
fluorescence, therefore a saturating pulse can be used to determine the extent of

damage to the reaction centers.

In this research, dark adaptation of leaves was measure early morning
before the onset of light after the dark/night period. The initial values of Fv/Fm
on the healthy leaves were recorded at 0.74 + 0.039 (Fig. 3.8b), but after day 3
the values showed a small drop to 0.61 * 0.04 and stabilized at day 5 until the
end of the stress treatment. The chlorophyll content results showed that the
photosynthetic mechanisms were not significantly affected by moisture deficit
stress in wild watermelon (Fig. 3.7d). Therefore the slight reduction of the
fluorescence values could be attributed to the minimal damage caused by the
drought stress, and induction of sustained quenching as suggested by Demmig-

Adams and Adams 2006.

Because Fv/Fm does not give complete information on the use of the excess
excited energy, thus two other fluorescence parameters were taken into
consideration to determine the effects of moisture stress on the plants. The one
being non-photochemical quenching (NPQ), a process where excess energy is
dissipated as heat from the reaction centers in order to sustain the centers from
any damage that might be caused by excess light energy. The other being
photochemical quenching (qP), which is used to estimate the proportion of open
PSII reaction centers, and represents a fraction of the light energy translated to
photochemical energy for use in the photosynthesis process. Monitoring of these
two quenching parameters is important, as a stressed plant will not be able to

fully capture and exploit all the absorbed energy.

Observation of the two quenching showed a steady decrease of the qP (Fig.

3.8c), suggesting that a larger portion of the reaction centers closed under stress
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condition. The qP values under moisture stress declined significantly from the
0.75 % 0.04 during the normal condition to 0.53 + 0.035 at day 3, 0.33 + 0.044 at
day 5 and finally at day 11 the gqP values were recorded at 0.14 + 0.026. In
constrast, the quenching of excess light energy as heat showed a more
pronounced increase when the plants were exposed to moisture stress. The non-
photchemical quenching (NPQ) values under control conditions were steady
through the experiment at an average of 0.43 + 0.031 (Fig. 3.8d), whereas under
moisture deficit the NPQ values showed a sudden increase with 0.66 + 0.036
recorded at day 3, 0.76 + 0.056 recorded at day 7 and finally at the peak (day 11)
of moisture stress NPQ was recorded at 0.80 * 0.03. These observations
suggested a higher ability of the wild watermelon to dissipate more heat through
the process of protecting its reaction centers as described in Chapter 2. The
ability of the plant to dissipate more of the excess energy plays an important role
in the tolerance mechanisms, as excess energy absorbed can damage the
photosynthetic apparatus. Therefore, the high ability of the wild watermelon can

be consolidated as part of its drought tolerance strategy (Sanda et al. 2011).

3.3.7 APX enzyme activity in leaves under varying stress days

The quantification of the APX enzyme activity was done for the two isoforms
of the APX, being the chloroplast APX (chlAPX) and the cytosolic APX (cAPX) as
described in the method section. One important trait of the APX isozymes is the
inactivation under the incubation with H202 under limited ascobate. The chlAPX
has shown to be highly sensitive with half inactivation time was recordeded at
15s when incubated in H20; with the limited amounts of ascorbate (AsA)
(Yoshimura et al. 1998), while the cAPX being less sensitive to the H20,. The
differential sensitivity of the APX to H20; was used to quantify the chAPX and
cAPX separately, by quantifying unincubated crude extracts as total APX, and
then quantifying the crude extracts after 5 min incubation in Hz02 for the
measurement of the cAPX. Subsequently, the values of chAPX were deduced by
deducting the value of cAPX from the total APX. The initial activity for the two

isoforms was not significantly different, with chlAPX recording 0.67 + 0.14 mmol
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mg protein-! min-1, while cAPX activity was at 0.57 * 0.08 mmol mg protein-!
min-! (Fig. 3.9).

As the drought stress progressed, a rise in the chlAPX was observed, with
values reaching its peak at 5.31 + 0.45 mmol mg protein-! min-1, while those of
the cAPX did not show much significant difference with total average values of
0.59 * 0.072 mmol mg protein'! min! (Fig. 3.9). The sharp increase observed in
the chlAPX from day 3 could be regarded as the ROS burst stage, whereby an
increase of ROS is experienced in plants when exposed to moisture deficit stress.
This may lead to an increased activation of the APX enzymes (Sofo et al. 2015).
The chloroplast APX enzyme activity started to decline after a sharp peak at day
5 to the value of 2.91 £ 0.21 mmol mg protein-! min! at day 11. For the cAPX
activity a slight increase was observed at day 5, where the value of 1.67 * 0.23
mmol mg protein-! min-t. The rest of the stress days the cAPX activity was not
significant different. Similarly, Nanasato et al. (2000) did not observe any

significant change of cAPX in their study.
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Figure 3.9. Changes in the APX enzyme activity in the leaves of wild watermelon under drought.
Solid lines with closed black circles represent the values for chloroplast APX specific activity,
while dotted lines with white diamond symbols represent those of cytosolic APX specific activity.
The values are given as mean + SD (n = 3). Duncan multiple range tests were performed at 95%
significance levels, and the significant differences among the values are indicated by the relevant

letter(s) on top of each symbol.
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3.3.8 APX mRNA expressions on leaves during drought stress

Changes in the mRNA abundance for the six APX isoenzymes during drought
were examined by RT-qPCR analyses. Concerning the CLAPX5 mRNAs that had
two splicing variants as described above, primers were designed to span the
exon-intron junction so as to detect each variant independently. Consequently, a
complex and distinct profile of mRNA abundance was observed among the
different APX genes (Fig. 3.10). CLAPX1 showed a sharp increase at day 3 and

peaked at day 7 with a 3.3-fold increase in the expression.
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Figure 3.10. The mRNA expression profiles of CLAPX genes under drought. Change in the mRNA
abundance for CLAPX genes were examined by RT-qPCR analyses. Values are normalized by an
average of three reference housekeeping genes for y-actin, a-tubulin, and GAPDH, and expressed
as relative values to those of day 0. The values are given as mean * SD (n = 3). Duncan multiple
range tests were performed at 95% significance levels, and the significant differences among the

values are indicated by the relevant letter(s) on top of each bar.

After day 7, the expression gradually returned to a level similar to that
before stress induction. The expression of CLAPX2 and CLAPX3 showed a slight
increase during the early days of stress (day 3 and 5), and then a reduction for

the remainder of the experiment. The expression pattern of CLAPX4 was complex
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in that a suppressed expression was observed at day 3, and then gradually

increased from day 5, reaching its highest value at day 11.

Gene expression of CLAPX5-I variant showed an increase in the early phase
of the stress at day 3, peaked at day 5, then decreased towards day 11 (Fig. 3.10).
The expression of CLAPX5-11 showed a lower magnitude of increase at day 3, and
stayed at the same level until day 9. It is noteworthy that the temporal induction
of mRNA abundance for CLAPX5-I, which was most related to thylakoid APX in
other plants, resembled the temporal induction of chloroplast APX enzyme
activity (Fig. 3.9). This observation imply that transcriptional upregulation of
CLAPX5-1 in the early phase of drought stress may result in the fortification of
chloroplast APX activity. Overall, these observations indicate the presence of
distinct regulation for controlling mRNA abundance of the APX genes, which may
reflect different physiological roles among APX isoenzymes in wild watermelon
under drought. Future studies on the potential influence of this regulatory
mechanism, to the intracellular redox status and physiological behavior in wild

watermelon under drought, are anticipated.

In conclusion, the structures of the APX gene family and their cDNAs in drought-
tolerant wild watermelon were characterized, together with the alternative-splicing
event identified in CLAPXS5, which potentially generated two different isoenzymes
with different C-terminal amino acid sequences. Physiological and biochemical
analyses of wild watermelon showed a reduction of stomatal conductance and CO,
assimilation rate, and an increase of NPQ, which was accompanied with a significant
increase in the enzyme activities of both stromal and cytosolic APXs. Temporal
patterns of mRNA abundance during drought were markedly different among the
APX genes, suggesting that the respective APX isoenzymes may have different
physiological roles in the adaptation of this plant to drought stress.
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Chapter 4

Comparative effects of ethylene inhibitors during

Agrobacterium-mediated transformation in wild watermelon



4.1. Introduction

With the threat of climate change leading to more frequent and sporadic
droughts in the future, it is important to give focus on plants that show potential in
tolerating severe drought stress condition. These plants adapt to the harsh water
deficit environments by exhibiting excellent physiological, morphological and/or
metabolic adaptations (Bray 2001; Osakabe et al. 2014), which are exerted by unique
molecular mechanisms that are essentially different from the commonly known model
plants like Arabidopsis, which are not by nature, tolerant to the severe drought stress.

Wild watermelon (Citrullus lanatus acc.10117-7), an inhabitant of the
Kalahari Desert, can strive and produce fruits in one of the harshest environment
characterized by minimal rainfall, high temperatures and strong sunlight (Miyake and
Yokota 2000). Unique responses to the drought stress have been reported in this plant,
such as the biosynthesis of compatible solute citrulline (Akashi et al. 2001),
stimulation of root growth (Yoshimura et al. 2008), and dynamic proteome changes
(Akashi et al. 2011). These observations make this plant to be an attractive source of
useful genetic traits for Agrobacterium-mediated molecular breeding (Akashi et al.
2005). Examining the gene function in wild watermelon will be valuable not only for
elucidating the molecular mechanisms underlying the excellent drought resistance,
but also mining gene resource for conferring the stress resistance to other crop species.

Agrobacterium transformation has become an important molecular breeding
tool because of its unique ability to efficiently transfer and integrate genes into
genome of a host plant (Newell 2000; de la Reva et al. 1998). Its capability to transfer
a particular segment of the T-DNA of the tumor-inducing (Ti) plasmid in the cell
nucleus and be able to stably integrate in the host genome has then been extensively
explored and manipulated. The Agrobacterium Ti-plasmid has been manipulated to
replace the tumor-causing T-DNA with other transgenes being inserted in the T-DNA
regions. Because of the complexity of manipulating and introducing transgenes in the
Ti-plasmid, alternative strategies have been developed to utilize the Agrobacterium by
developing T-DNA binary vectors or plasmids which are easy to use even for
beginners (Kakkar and Verma 2011). Several successful transgenic plants with traits
of importance have been developed through this technique.

The optimization of the Agrobacterium-mediated transformation is an

important aspect to consider in order to improve its efficiency. Like any other



technique, its efficiency of the technique is influenced by external factors like
medium used (Chen et al. 2004), concentration of antibiotics (Raffeiner et al. 2009)
optical density of transformation medium and infection time of explants (Sivanandhan
et al. 2016), duration and temperature during co-cultivation (Jin et al. 2005), and
researchers’ skills. It is also influence by internal factors like toxic compounds that
inhibit bacterial growth during co-cultivation (Carvallo et al. 2004). Agrobacterium
transformation has potential to trigger expression of some genes which are
components of defense machinery in the host cell (Veena et al. 2003), programmed
cell death activated by reactive oxygen intermediates produced during oxidative burst
(Parrot et al. 2002), the plant metabolites and phytohormones (Nonaka and Ezura
2014) that inhibit Agrobacterium mediated transformation.

Ethylene is a phytohormone and plays an important role in defense mechanism
in response to both abiotic and biotic stresses. In stressed plants the initial peak of
ethylene initiates the protective response, whereas the successive peaks initiates
processes that tends to harm or obstruct plant growth (Glick 2005). This attribute
plays a major limiting role during the Agrobacterium-mediated gene transfer, as
inoculation of explants with Agrobacterium has been shown to induce excess release
of ethylene, which subsequently lead to either delaying growth and development of
inoculated plants (Glick et al. 1998) or growth retardation and senescence (Kim et al.
2014). Therefore ethylene has been classified as potential plant regeneration inhibitor
by Kong and Yeung 2014.

Therefore the ethylene released from the explants wound is justifiable one
important factor that reduces the efficiency of Agrobacterium-mediated gene transfer
in plants. In ethylene biosynthetic pathway, methionine is converted to S-
adenosylmethionine (SAM) by SAM synthetase, then metabolized to 1-
aminocylopropane-1carboxylic acid (ACC) by ACC synthase (ACS), a committing
enzyme for ethylene biosynthesis. ACC is then converted to ethylene catalyzed by
ACC oxidase (ACO) (Adams and Yang 1979; Poel and Straeten 2014). Chemical
inhibitors such as AgNOs;, a suppressor to ethylene perception (Beyer 1976), and
aminoethoxyvinlyglycine (AVGQG), a specific inhibitor for ACS, have been widely used
to alleviate the negative effects of ethylene and improve transformation process in
Brassicas plants (deBlock et al. 1989; Wahlroos et al. 2003; Takasaki et al. 2004),
bottle gourd (Han et al. 2005), Hevea brasiliensis (Kala et al. 2012), mustard (Pua and
Chi 1993), safflower (Belide et al. 2011), and ryegrass (Qiao et al. 2011).
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In contrary, studies showing less positive benefit of chemical inhibitors have
been reported in maize (Ishida et al. 2003), orange, grapefruit and citron (Marutani-
hert et al. 2012). Studies further showed that a phosphate-dependent enzyme ACC
deaminase is known to catalyze the decomposition ACC, thus reducing the formation

of ethylene (Minami et al. 1998: McDonnell et al. 2009).
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Figure 4.1. Schematic diagram of ethylene biosynthesis with the enzymes that synthesize or oxidase 1-

aminocylopropane-1-carboxylic acid (ACC) to produce ethylene. The chemical and biological effectors
showing different points of inhibition or decomposition of the ethylene synthesis intermediate are
highlighted by gray squares. Met, L-methionine; SAM, S-adenosyl-L-methionine, AVG,
aminoethoxyvinylglycine; AgNQOs, silver nitrate; a-KB, a-ketobutyrate.

The Plant-borne ACC is then converted into ammonia and a-ketobutyrate by
the enzyme ACC deaminase (Honma and Shimomura 1978). The success of ACC
deaminase in modulating the synthesis of ethylene (Glick 2005; McDonnell et al.
2009; Poel and Straeten 2014), aiding transformation (Nonaka et al. 2008; Nonaka et

4-4



al. 2014; Kim et al. 2014) and promoting plant growth (Zahir et al. 2007; Singh et al.
2015) have been widely reported in various crops species.

Reduction or management of evolved ethylene during infection and co-
cultivation of transformation material is very crucial in improving the efficiency of
gene transfer. It is important to evaluate various methods of reducing the ethylene
evolution in several crops to select and document the superior ones.

Therefore in this chapter, I report the efficiency of different ethylene inhibitors

during Agrobacterium-mediated gene transfer in wild watermelon.



4.2 Materials and methods
4.2.1 Chemicals

All reagents used in here were purchased from Wako chemicals, Osaka, Japan, or

otherwise described elsewhere.

4.2.2 Bacterial strain and plasmid culture conditions

An Agrobacterium strain EHA105, which was generated from EHA101 through site-
directed deletion of the kanamycin resistance gene from the Ti plasmid (Hood et al.
1992), was used in this study. The Agrobacterium EHA105 was transformed with a
binary vector pIG121-Hm, which contains uidA (GUS) gene with an intron sequence
from plant (Akama et al. 1992).

Hindlll

lac propmoter
Hind 11l {B(ba !
al

Pst HI Sall Sall Pstl BamHI

nos 358¢ Intron  GUS nos  358p HPT nos

pBBRacdS
5.7 kb

Gm

Kmr 35S:Intron-GUS Hyg"

plG121-Hm

b

Figure 4.2. The schematic diagrams of the two vectors used in this experiment (a) pIG121-Hm with the
Gus intron, and (b) pBBRacds with the acds gene intron. The pBBR-MCS-5 was reconstructed by

digesting out the acds genes with Xbal and HindIII restriction enzymes.

The pBBRacds plasmid that carries the ACC deaminase gene was described
previously (Nonaka et al. 2008). The pBBRcont plasmid was constructed by digesting
out the ACC deaminase gene from the pBBRacds using the Xbal and HindIll
restriction enzymes, followed by blunting of the resultant nucleotide overhangs by
Klenow fragment of E. coli DNA polymerase I (New England Biolabs, Ipswich, MA,
USA) in the presence of 2.5 mM dNTPs, then self-ligated by a TOYOBO Ligation
high kit (Toyobo, Osaka, Japan).

The pBBRacds or pBBRcont plasmids together with the pIG-121-Hm (Fig.
4.2) were dual introduced in the Agrobacterium strain EHA105 by electroporation
(Biorad micropulser, Biorad, Hercules, CA, USA) according to the manufacturer’s

instruction. The transformed cells were selected and cultured in LB medium



supplemented with 50 mg 1" rifampicin and 50 mg "' hygromycin for Agrobacteria
containing pIG121-Hm, and 50 mg I"' rifampicin, 50 mg "' hygromycin, and 50 mg I
gentamicin for Agrobacteria containing both plG121-Hm and pBBR vector
derivatives. Agrobacterium suspension cultures at a density of OD600 = 0.5~0.7 were

used for the transformation experiments.

4.2.3 Plants materials and genetic transformation

Seeds of wild watermelon, Citrullus lanatus acc. No. 101117-1 were prepared
as described previously (Akashi et al. 2005) with following minor modifications. A
scalpel and forceps were carefully used to de-coat and peel the seeds with minimum
damage to the cotyledons. The de-coated seeds were then sterilized in a solution
containing 5% sodium hypochlorite and 0.005% Tween20 for 10 min, and then rinsed
five times with sterile water. The sterilized seeds were then soaked in sterile water
and kept in the dark overnight at 30°C. The next day the seeds were grown on basal
medium (BM) containing Murashige and skoog (1962) salts, 10 mg I"' thiamine, 100
mg 1" myo-inositol, 30 g I"' sucrose and 0.8% agar in the dark at 30°C for 4 days.

The expanded cotyledons were sectioned into 5 mm square explants using a
sterile blade. Infection was done immediately by soaking the explants in the
Agrobacterium suspension solution (containing GUS vector or GUS+pBBR vector)
for 10 min, and then blotted on sterile filter papers to remove excess liquid. The
inoculated explants were then co-cultivated for 7 days on BM agar medium
supplemented with 4 mg 1" 6-benzyladenine and 10 mg 1" acetosyringone, and grown
at 28°C under a 16 h photoperiod. In the ethylene inhibition experiment, BM medium
was supplemented with either commonly used chemical inhibitors i.e. 1 uM
aminoethoxyvinlylglycine (AVG) or 40 uM silver nitrate. For shoot formation, the
explants after co-cultivating for 7 days were rinsed 5 times with sterile water, 3 times
with 100 mg I meropenem trihydrate and then cultured for 2 weeks on shoot
inducing media containing BM supplemented with 10 g I polyvinlypyrrolidone
(PVP) (Nacalai tesque, Kyoto, Japan), 1 mg I"' 4-3-indolyl butyric acid, 10 mg I
acetosyringone, 100 mg I"' thidiazuron (TDZ) (Nacalai tesque, Kyoto, Japan), 100 mg
I meropenem trihydrate and 50 mg I hygromycin. The explants were then
maintained at 28°C under a 16 h photoperiod. All the experiments were repeated 3

times and for every repetition the treatments were replicated 3 times.



4.2.4 Ethylene gas quantification

To quantify ethylene gas evolved from agro-infected watermelon explant
tissues, the Agrobacterium-inoculated explants with different ethylene effectors were
cultivated in the BM medium in a 15 ml glass vial (Fig. 4.3) with a rubber cap sealed
with Para-film (Bemis laboratories, Clara, Ireland), which allows needles through,
and remains intact to eliminate chances of gas leakage. The explants were co-
cultivated with Agrobacteria for 7 days with 16 h light per day. To measure the
evolved ethylene, a 1 ml gas syringe was used to withdraw gas from the vial at 3, 5

and 7 days after inoculation (DAI), and directly injected onto the gas chromatography.

Figure 4.3. Co-cultivation of the transfected wild watermelon explants, incubated in BM medium with
AVG, AgNOs; to inhibit ethylene production. The explants were co-cultivated in air-tight vials to
minimize the escape of the ethylene gas to near zero so as to be used for the quantification of the

accumulated gas in the headspace.

Quantification of ethylene was performed by gas chromatography essentially
as described previously (Bassi and Spencer 1985), with following modification; A
column chamber of gas chromatography GC 4000 (GL Science, Tokyo, Japan)
coupled with flame-ionization detector (FID) equipped with a DB-5 column (30 m x
0.32 mm, 0.25 pm, Agilent Technologies, Santa Clara, MA, USA) was used to
quantify the ethylene gas. The oven temperature was set at 60°C and the flow rate of
the helium carrier gas was set at 30 cm® min™'. Under these conditions, the retention
time for ethylene was estimated at 1.9 min. Quantification of ethylene was performed
with a standard curve generated from serial dilution of the commercial ethylene gas

standard (GL Science, Tokyo, Japan).



4.2.5 Histochemical B-glucuronidase (GUS) assay

Histochemical GUS assay was performed as described previously (Jefferson et
al. 1987) with following minor modifications; post agro-infiltration explants selected
at different days after incubation were selected and incubated overnight at 37°C in a
GUS assay solution containing 100 mM sodium phosphate buffer (pH 7.0), 10 mM
EDTA, 0.1% Triton, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide
and 0.5 mg ml™' 5-bromo-4-chloro-3-indoyl glucuronide (X-gluc). After incubation in
the GUS assay solution the explants were then soaked in absolute ethanol overnight to
remove chlorophyll coloring and other intrinsic pigments. After discoloration the
stained explants were viewed under the microscope and pictures were taken for
quantification of the stained areas. Quantification of the GUS-stained area on the leaf

disks was performed using ImagelJ (Schneider 2012).

4.2.6 Spectrophotometric assay of GUS activity

Spectrophotometric assay for GUS enzymatic activity was performed
essentially as described previously in Falciatore et al. (2002). Approximately 1 g of
the agro-infiltrated explants post incubation period was homogenized in extraction
buffer (50 mM NaPO, (pH 7.0), 10 mM (-mercaptoethanol, 10 mM EDTA) with a
pinch of sea sand in a pre-chilled pestle and mortar on ice. The homogenate was
centrifuged at 20,000 x g for 15 min at 4°C, then the supernatant was collected into a
new 1.5 ml tube. A small sample of the extract (100 ul) was assayed in 900 ul assay
buffer (extraction buffer with 1 mM of p-nitrophenyl B-D-glucopyranoside) and
incubated at 37°C for 2 h. The assay was terminated by adding 400 ul of 2.5 M 2-
amino-2-methylpropandiol. The absorbance was then measured at 415 nm against a
substrate blank. Enzyme blanks were also assayed and measured and the values

subtracted from assayed samples to eliminate the chlorophyll color effect.

4.2.7 Molecular analysis

Genomic DNA was extracted from the shoots using DNA PLANT MINI KIT
(Qiagen, Valencia, CA, USA) following manufacture’s protocol. The DNA was first
amplified with a pair of  actin reference primer (Act-F:
5’CATTCTCCGTTTGGACCTTGCT-3 and Act-R:
S’TCGTAGTTTTCTCAATGGAGGAACTG-3’) to check the intactness of the DNA.



The GUS gene was amplified with a pair of primers (GUS-F: 5°-
CAACGAACTGAACTGGCAGA-3’, and GUS-R:
5’GGCACAGCACATCAAAGAGA-3’) which were designed to amplify 989 bp
fragment on the GUS gene, while the nprIl gene was amplified with a pair of primers
(Km-F: 5’-GGCTATTCGGCTATGACTGG-3’, and Km-R: 5’-
AGCCAACGCTATGTCCTGAT-3") which were designed to amplify 620 bp
fragment of the nptll gene. The region outside the T-DNA border was amplified with
a pair of primers (Bor-F: 5° -CCTGGCAAAGCTCGTAGAAC-3’, and Bor-R: 5’ —
GTATTCGTGCAGGGCAAGAT-3’) that were designed to amplify 826 bp fragment
in the region outside the T-DNA borders, all amplicons were on the pIG121-Hm
reporter plasmid. The PCR conditions were as follows: pre-denature at 95°C for 3 min,
35 cycles of denature at 95°C for 30 s, annealing at 52-55°C (depending on the primer
melting temperature (Tm)) for 30 s and extension at 72°C for 1 min, and final
extension at 72°C for 5 min. The PCR products for the same sample were then mixed
and run on 0.8% agarose gel at the same time and stained with GelGreen Nucleic
Acid Gel stain (Hayward, CA, USA) and viewed under UV light using LuminoGraph
I gel viewer (ATTO, Tokyo, Japan).
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4.3 Results and Discussion

4.3.1 Quantification of ethylene evolved from explants

Watermelon explants were inoculated with Agrobacterium EHA105
containing a binary vector pIG121-Hm, and effect of different ethylene effectors on
the ethylene evolution from the inoculated explants was compared. At 3 days after
inoculation (DAI), ethylene concentration in the culture vial containing
Agrobacterium-inoculated explants with no effector was significantly higher than the
un-inoculated control explants (Fig. 4.4). Supplementation of silver nitrate or AVG,
or co-transformation of ACC deaminase gene-containing pBBRacds effectively
reduced the ethylene accumulation to the un-inoculated control level. Co-
transformation of pBBRcont, a vector control in which ACC deaminase gene was
digested out of the pBBRacds, resulted in the similar level of ethylene accumulation
as no ethylene effector control, suggesting that the ethylene suppression effect in
pBBRacds can be attributed to the presence of ACC deaminase gene.

The accumulation of ethylene gas in the headspace of the gas vials was not
significantly different for samples treated with AVG, AgNO; and pBBRacds at 3 days
after inoculation, while significant differences were observed at 5 DAI, with
pBBRacds recording the lowest volume of ethylene accumulated in the headspace,
explants cultivated in medium treated with AVG had the second lowest accumulated
gas but showed no significant difference as compared to the un-inoculated samples,
while AgNOs treated samples showed no significant differences as compare to the no
effector samples and pBBRcont samples. At 7 DAI, ethylene evolved from the
explants showed varying gradual increase for each treatment. The no effector samples
recorded the highest average of accumulated gas which was not significantly different
when compared to AgNOs3, AVG and pBBRcont samples, but was relatively different
when compared to the un-inoculated and pBBRacds samples. The pBBRacds samples
recorded lowest averages of gas even though it was significantly not different when
compared to AgNOs and AVG treated samples. Thus it could be said that pBBRacds
plasmid has a higher potential in regulating the ethylene synthesis in wild watermelon
explants under Agrobacterium-mediated gene transfer as compared to the chemical
inhibitors during the early stages of co-cultivation. Other studies (Ezura et al. 2000)
has shown that the use of AVG was effective in inhibiting ethylene evolution in

contrary to the effect of the ACC application that promoted ethylene evolution. Thus
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in this study it can be said that the plasmid harboring the ACC deaminase gene is

more effective in inhibiting ethylene evolution.
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Figure 4.4. Effects of different ethylene inhibitors on the ethylene evolution from cotyledon explants
inoculated with an Agrobacterium strain EHA105 harboring a binary vector plG121-Hm.
Accumulation of ethylene gas in the headspace of culture vials after varying days after inoculation
(DAI) was measured using a gas chromatography. Non-inoculated, explants were not inoculated with
Agrobacterium; No inhibitor, no ethylene inhibitors was used for transformation, AgNOs, silver nitrate
was included in the media; AVG, aminoethoxyvinlyglycine was included in the media; pBBRcont,
pBBR control vector was co-integrated in the Agrobacterium; pBBRacds, pBBRacds vector that
contained ACC deaminase gene was co-integrated in the Agrobacterium. Data are the averages and SD
of three vials for each treatment, in which three explants were incubated in each vial. Letters on top of
the bars indicate statistical significance at the 95% confidence level based on Duncan’s mean

comparison.

4.3.2 Histochemical assay of the GUS gene in explants

To evaluate more on the different ethylene effectors on the Agrobacterium-
mediated gene transfer into watermelon explants, the uid4 reporter gene was used in
histochemical GUS assay (Fig 4.5). The GUS-expressing leaf area was viewed under
the microscope and a photo captured to be used for analysis. Subsequently an image
analyzer tool ImageJ was used to quantify the stained area and expressed as the
percentage area over the total area of the explants (Fig. 4.6). The explants incubated
with no effector showed the lowest percentages of stained areas as compared to those
supplemented with ethylene effectors AVG and AgNO; chemical inhibitors. The

effect of AVG in the present study in wild watermelon was consistent with previous
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DAI

observations in melon (Ezura et al. 2000), where ACC synthase inhibitor AVG

significantly enhanced transgene expression in Agrobacterium-mediated

transformants.
Treatment
No inhibitor AgNO, AVG pBBRcont  pBBRacds
3
5
7

Figure 4.5. Histochemical GUS staining of watermelon cotyledon explants inoculated with an
Agrobacterium strain EHA105 harboring pIG121-Hm binary vector. The horizontal axis represents

different ethylene inhibitors as in the legend of Figure 2. Representative images of explants after

varying DAI were shown.

Notably, explants co-transformed with pBBRacds achieved highest
transformation efficiency, as the stained area occupied 45.48 + 3.96% of the total
surface area of the explant at 7 DAI (Figs. 4.5, 4.6). The higher percent of stained area
gave an indication that there was higher gene transfer efficiency on the explants. This
suggests that inhibiting ethylene evolution by the use of the pBBRacds greatly
improved the Agrobacterium-mediated transformation. These observations also
suggested that the chemical ethylene inhibitors enhanced the rate of gene transfer, but
not as much as compared to the ACC deaminase gene-harbouring plasmid.

On the use of AgNOjto perturb the binding site of ethylene (a major obstacle
to Agrobacterium-mediated gene transfer), Kumar et al. 2009 highlighted that
addition of AgNOs; in the co-culture medium had led to stimulation and regeneration

of shoots from cotyledonary explants, this further testifies the effectiveness of
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chemical regulators in overcoming the ethylene factors to aid plant transformation.
Therefore the chemical inhibitors do play an important role in Agrobacterium
mediated gene transfer. One challenge to the chemical inhibitors is that their long
term effects on crop growth has not being widely evaluated, with some reports
showing that increased use of AgNOs;and AVG have been found out to reduce fruit
size and weight in Cucumis sp (Custers and Nijs 1985) and highly reduce the reduce
seed yield (Nejatzadeh-Barandozi et al. 2014) when used during the hybridization

experiments in some crops.

__60 1 [J No inhibitor
2
) B AgNO,
o 50
% B AVG
8 40 E pBBRcont
)
=
5 30 M pBBRacds
o
=
= 20
0
Y
» 10
>
O]

0

3 5 7
DAl

Figure 4.6. Quantification of leaf surface areas that showed GUS transgene expression on the
cotyledonary explants of wild watermelon in the presence of different ethylene inhibitors. Values at
varying DAI are shown. The Imagel software was used to quantify the areas of blue stains on the
explants. Nomenclature of the different ethylene inhibitors is the same as in Figure 2. Data are the
average = SD of 30 explants. Letters on top of the bars indicate statistical significance at the 95%

confidence level based on Duncan’s mean comparison.

The gene expression on explants inoculated with pBBRcont was almost
equivalent to that of the no-effector treatment. This indicates that control plasmid
used as a backbone for making pBBRacds, has little or no effect in inhibiting ethylene
thus does not enhance gene transfer. Similar results showing the effectiveness of
pBBRacds in increasing the efficiency of gene transfer when compared with the
chemical inhiboitors like AVG has been noted previously. Nonaka et al. 2008
observed that inoculation with A. rumefaciens C58CIRif* (pBBRacds, pIG 121 Hm)
yielded about six times higher than levels of gus activity than that inoculated with

C58CI1Rif* (pIG 121 Hm).
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The results on the change of the accumulated ethylene gas during co-
cultivation (Fig. 4.2) and the efficiency of gene transfer judging from the GUS-
positive surface area (Fig. 4.4) could suggest important stage in the co-cultivation
period. The optimum co-cultivation has been suggested to be between 48-72 h
(Pandey et al. 2013), thus it is important to minimize the evolved ethylene from the
explants during this period to improve the efficiency of gene transfer from
Agrobacterium to the explants cells. The lower ethylene concentration between 3-5
DALI in explants transformed with pBBRacds could have significantly contributed to
the increase in gene transfer event. Knowing the critical point of gene transfer during
co-cultivation will then come in handy when incorporating other factors that aid the

efficiency of transformation.

4.3.3 Quantification of the enzymatic activity

To further quantify the effects of various ethylene effectors on the gene
transfer efficiency, the spectrophotometric assay of the GUS enzymatic activity was
performed to quantify the GUS enzyme activity on the explants as another method to
quantify the gene transfer. The enzymatic activity was performed after the explants
were co-cultivated with the treatments for a period of 7 days. The result shows that
activity was highest in explants co-inoculated pBBRacds (8.68 nmole min"' gFW™)
(Fig. 4.7), which was almost 3-fold higher in explants than the no effector treatment
(2.72 nmole min™ gFW™). The activity was also significantly higher when compared
to the explants co-cultivated in medium supplemented with chemical inhibitors
AgNO;3 (4.54 nmole min"' gFW™) and AVG (5.31 nmole min™' gFW™). The results
were consistent with GUS histochemical assay, demonstrating that pBBRacds was

superior in improving the efficiency of Agrobacterium-mediated gene transfer.
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Figure 4.7. Spectrophotometric GUS enzyme assay using the total protein extracts from watermelon
explants inoculated with Agrobacterium containing pIG121-Hm that were treated with different
ethylene inhibitors. A total of 10 explants per treatment were harvested at 7 DAI, then protein extracts
were independently prepared from individual explants and used for the enzyme assay. Nomenclature of
the different ethylene inhibitors is the same as Figure 2. The 4-nitrophenyl f-D-glucuronide was used
as a substrate. Enzyme activities were expressed as nmol of nitrophenyl produced per min per gram
fresh weight of the explants. Data are average = SD of ten explants. Letters on top of the bars indicate

statistical significance at the 95% confidence level based on Duncan’s mean comparison.

4.3.4 Shoot regeneration and quantification

The explants were further grown in the shoot inducing-media, and the number
of explants that generated shoots were counted and compared among the treatments
(Table 4.1). Consequently, the percentage of explants with shoots was not
significantly different at 95% level among the treatment. However, the number of
shoots per explant had a significant difference, with no effector and pBBRcont
treatments recording the lower number of shoots, whereas AVG and pBBRacds
recorded the higher number of shoots per explant. The GUS histochemical staining
showed that the percentage of transformed explants was higher than 60% in the
ethylene inhibition treatments (AgNO;3;, AVG and pBBRacds), suggesting that less
than 40% of the generated explants were escapes, in the control treatments the
number of excapes shoots was higher with number of GUS positive shoots recorded at
15% for no inhibitor and at 26.67% for the pBBrcont treatment. A lower number of

escapes were also noted when bottle gourds explants were co-cultivated in medium
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supplemented with ethylene inhibitor (Han et al. 2005), in the same breath higher
number of transformed explants in Citrullus species has been reported in Ntui et al.
2010 with the aid of ACC deaminase during Agrobacterium infection. The current
results showed that the ethylene inhibitors have a positive effect on both the gene

transfer on the explants that is carried over to the generated transgenic shoots.

Table 4.1. Effects of different ethylene inhibitors on transgenic shoot formation in wild

watermelon.
Treatment Explants with ~ No. of shoots GUS+ shoots Transformation
shoots (%) per explant per explant1 efficiency (%)*
No inhibitor 37.37a 0.7a 0.1a 15a
AgNO; 37.6la 1.3ab 0.9b 69.23b
AVG 48.57a 2.6b 1.9¢ 74.51b
pBBRcont 40.74a 0.5a 0.1a 26.67a
pBBRacds 37.52a 2.9b 2.1c 74.12¢

Data are the mean of 90 samples per treatment, one treatment was had ten explants, and replicated 3 time
and further the experiment was repeated three times.

Means were separated with Duncan's mean separation test, and significant differences at >95% level
were shown by the letters next to the numbers.

"Number of GUS-positive shoots per explant.

*Transformation efficiency is expressed as the percent of GUS-positive shoots per total number of shoots.

The results also suggested that ethylene inhibition does not only increase
efficiency of gene transfer but also improves the regeneration of shoots from explants.
The control treatments recorded the lowest number of shoots as compared to the
treatments with ethylene inhibitors. AVG and pBBRacds, which were more effective
in reducing evolved ethylene, recorded significantly higher number of shoots. The
importance of ethylene inhibitors in plant regeneration has been elaborated by Eapen

and George (1997).
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Figure 4.8. PCR amplification of the transgene fragments from transformed shoots of watermelon
under different ethylene inhibitors. Genome DNAs were extracted from the randomly selected shoots
and used as templates for amplifying fragments of (A) uidA 989 bp, (B) the nprIl 720 bp transgenes,
(C) a 862 bp region of pIG121-Hm backbone outside of T-DNA borders, and (D) endogenous wild
watermelon actin as reference gene to check the intactness of the DNA. The amplified fragments (A, B,
C) are segments in the pIG121-Hm reporter plasmid used in the experiment for monitoring the gene
transfer. Lane M, DNA size marker; 1, pIG121-Hm plasmid DNA as positive control template; 2, non-
transformed wild watermelon leaf disk; 3-12, genomic DNAs extracted from regenerated shoots treated

with different inhibitors (3-4, no effector; 5-6, AgNOs; 7-8, AVG; 9-10, pBBRcont; 11-12, pBBRacds).

4.3.5 Molecular confirmations of the GUS gene transfer on explants and shoots
PCR amplification of the genomic DNA from randomly selected transgenic
shoots exhibited the expected size bands of 989 bp for the GUS gene, and 620 bp for
the nprl gene for most of the selected shoots in all treatments (Fig 4.8 a and b). One
sample in the “no effector” treatment did not give the expected band, suggesting that
this shoot may represent one of the ‘escapes’, as it has been documented that selection
under kanamycin usually gives a considerable number of escapes during
Agrobacterium transformation (Kuvshinov et al. 1999; Yevtushenko and Misra 2010).
All other treatments i.e. AgNO3;, AVG and pBBRacds exhibited the GUS and
nptll gene bands, thus suggesting that the transgene has been transferred into the
selected shoots. The process of genetic transformation of plant cells by
Agrobacterium or binary vectors involves the transfer and integration of the T-DNA
regions (region between the left and right border) to the plant genome (Tzfira and
Citovsky 2006), thus the regions of the binary vectors are not transferred or integrated

into the plant cells. After a series of washing the explants and the shoots it is therefore



expected that the transformed shoots will not posses any genomic material from the
regions of the binary vector other than the T-DNA. The genomic DNA from the
shoots amplified with border primers (Fig 4.8¢) did not show any 826 bp bands except
for one sample in the pBBRcont treatment suggesting Agrobacterium contamination
in this sample. In the other samples the results shows that there was no Agrobacterium
contamination, therefore the transgenes has been successfully being transfer and
integrated in the other samples.

In conclusion, we report that the effects of two chemical inhibitors for
ethylene action (AgNOs), ethylene biosynthesis (AVG), and a methodology for
eliminating ethylene precursor ACC using acdS-harboring Agrobacterium, on the
Agrobacterium-mediated transformation of drought-tolerant wild watermelon were
comparatively analyzed. Consequently, acdS-harboring Agrobacterium was most
effective compared to the other commonly used chemical inhibitors, in the
suppression of ethylene accumulation during the co-cultivation period, transient
expression of GUS transgene in the infected explants, and generation of transgenic
shoot formation in wild watermelon. The present results, therefore, showed the
potential of the non-chemical approach using ACC deaminase in controlling ethylene
from explants and improving the efficiency of Agrobacterium-mediated

transformation.

4-19



Chapter 5

Development of the CRISPR/Cas9-driven site-specific

mutagenesis in wild watermelon (Citrullus lanatus)



5.1 Introduction

The study of genes and its protein function they encode has become a relevant
need in the modern plant breeding. These functional studies help to understand the
relationship between genotype and phenotype of organisms (Yang 2012). Although it
sounds complex, one way to find the role of a gene is by overexpressing or
suppressing/disrupting genes through interfering with coding sequence (Lee et al.
2015; Woo et al. 2015). This has been made easier by the availability of the complete
genome sequences of various organisms (Ranz and Parsch 2012).

Novel technologies developed over the past decades have made it easier to
study biological functions of genes (Bunnik and Roch 2013). One of the technology
that have shown to be easy and rapid to study gene functions is the genome editing
(Kamburova et al. 2017). The technology uses sequence specific nucleases, and this
enables this technology to perform targeted genome modifications (Yin et al. 2017).
The genome editing technology has also shown potential to revolutionize crop
improvement, making it possible to create new varieties in a fast, efficient and
technically simple way (Zhang et al. 2017). There are various tools available to use
for the targeted genome modification like the zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENSs) and the most recent clustered
regularly interspaced short palindromic repeats/ CRISPR-associated protein 9
(CRISPR/Cas9 (Zhang et al. 2017).

The CRISPR/Cas9 has several advantages as compared to the other tools. It
has shown to be highly efficient, easy to use and less error prone as compared to other
tools used in genome editing (Zhang et al. 2016). The mostly used application of the
CRISPR/Cas9 is the knockout of genes and introducing indels in the coding region
leading to mutations that results in loss of function (Woo et al. 2015). The most
important factor is that these mutations are stable and heritable in future generations
(Curtin et al. 2017).

Studying the genes of the wild watermelon will lead to a better understanding
the mechanisms responsible for the drought tolerance in the wild watermelon. This
will come handy in breeding for improved drought tolerance in cultivated watermelon
and other crops that are susceptible to drought.

In this research we aimed at constructing the CRISPR/Cas9 vectors to target

an important gene member in the citrulline pathway, N-acetylglutamate kinase

5-2



(NAGK) to elucidate its function. Accumulation of citrulline has been found to be one
of the tolerance mechanisms in the wild watermelon under drought, as citrulline has

been found to have ROS scavenging abilities (Akashi et al. 2001).
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5.2 Materials and methods

5.2.1 Chemicals
All reagents used here were purchased from Wako Chemicals, Osaka, Japan, or

otherwise described elsewhere.

5.2.2 Plant materials and growth

Wild watermelon (Citrullus lanatus acc. No. 101117-1) (Kawasaki et al. 2000)
from the Kalahari Desert in Botswana, that has been self-pollinated for at least three
times were used in this study. For protoplast experiments, seedlings were prepared as
described previously (Akashi et al. 2005) with following minor modifications. A
scalpel and forceps were carefully used to de-coat and peel the seeds with minimum
damage to the cotyledons. The de-coated seeds were sterilized in a solution containing
5% sodium hypochlorite and 0.005% Tween20 for 10 min and then rinsed five times
with sterile water. The sterilized de-coated seeds were soaked in sterile water and kept
in the dark overnight at 30°C. The next day the seeds were placed on basal medium
containing Murashige and Skoog (1962) salts, 10 mg 1" thiamine, 100 mg I"' myo-
inositol, 30 g 1" sucrose and 0.8% agar in the dark at 30°C for 4 days for germination.
The germinated seedlings were moved to a growth chamber under fluorescent lights
with light intensity of 200-300 pmol photons m™ s and 16 h photoperiod at 25°C for
14 days.

For agroinfiltration experiments, the seeds were soaked overnight in water at
30°C in the dark, then in the next morning the seeds were planted in pots filled with a
horticulture soil. The germinated seedlings were grown in a growth chamber under
fluorescent lights of a light intensity of 300-350 pumol photons m™ s and 14 h
photoperiod at 25°C until their fourth true leaves were fully expanded.

5.2.3 Selection of a target sequence

Candidates for the target sequence of CRISPR/Cas9-based genome editing
was searched by the CRISPR-P 2.0 bioinformatics tool
(http://crispr.hzau.edu.cn/CRISPR2/) (Liu et al. 2017), using the Cla022273 gene for
N-acetylglutamate kinase as the target locus, and Citrullus lanatus cv 97103 (v1.0)
(Guo et al. 2013) as the target genome. In this target search, parameter for the PAM

motif was NGG, and the guide sequence length was 20 nucleotides. From the selected
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131 target sequence candidates, restriction enzyme site in the upstream vicinity of the
PAM motifs presence was used as a final selection criterion. Among the selected
sequences, one sequence matched this selection criterion, and was selected for use in
this study. The sequence of CCGATCTTAGTCCATGGCGGTGG (Styl restriction
site is underlined, with PAM motif in italic), designated as the chr8+22159587 locus,
was selected as the target sequence in this study. Two potential off-target sites,
CCGATCCGATTCAATGGCGGCGG and CCCAACATAATCCATGGCGGAGG,
were deduced by the CRISPR-P tool as the highest off-scores, and designated as
chr5+26996803 and chr-5934126 loci, respectively. Genomic sequences of the target
in wild watermelon (Citrullus lanatus acc. No. 101117-1) were examined by direct
sequencing of the PCR product using their flanking primers: CLAGK-210F and
CLAGK-909R (Table 5.1) for the chr8+22159587 locus. For potential off-target loci,
the primers AGK off 1F and AGK off IR for the chr5+26996803 locus,
AGK off 2F and AGK off 2R for the chr5-5934126 locus were used to amplify off-

targets.

Table 5.1. Oligonucleotide primers used in this study

Usage Primer name Primer sequence

NAGK-sgRNA cassette construction

AtU-F CTCCGTTTTACCTGTGGAATCG
AtU3_R CCACCGCCATGGACTAAGATCGTGACCAATGTTGCTCC
AtU6_R CCACCGCCATGGACTAAGATCGCAATCACTACTTCGTCT
sgRNA-U3_F ACGATCTTAGTCCATGGCGGTGGTTTTAGAGCTAGAAAT
sgRNA-U6_F GCGATCTTAGTCCATGGCGGTGGTTTTAGAGCTAGAAAT
sgRNA-R CGGAGGAAAATTCCATCCAC
AtU_Apal_F ACGGGCCCAGCAGCAAAGGATTTACTTTAA
sgRNA_KpnI_R CGTGGTACCGGAGGAAAATTCCATCCA

NAGK target locus amplification
CLAGK-210F ATGGGCCCGAGTTGATGTTCTCTCGGAA
CLAGK-909R ATGGGCCCTCCGCCGATTCTTCCTTC

Potential off-target loci amplification
AGK_Off_1Fr TTCATGTTCAGAATCCTTATCGCC
AGK_Off_1Rr CTTATCGATTATGCCCTCACAAGG
AGK_Off_2Fr GAATATCGGAACCAAGATCATCGC
AGK_Off_2Rr CAGTCATGTCCAGTGCAAGAGC

Sequencing
M13-F GTAAAACGACGGCCAG
M13-R CAGGAAACAGCTATGAC
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5.2.4 Construction of the Cas9/sgRNA vectors

The sgRNA expression cassette was constructed using plasmids for genome
editing in plants (Fig. 5.1), with a three-step PCR amplification process as per Ma et
al. 2015 with some modifications (Fig. 5.2). The promoter and the sgRNA sequences
were initially amplified from pYLsgRNA-AtU6-1 (Addgene no 66202) and
pYLsgRNA-AtU3b (Addgene no 66198) vectors (Fig 5.1 a and b). The vectors were
used as template to amplify AtU6 and AtU3 promoter insert with AtU6 F, AtU6 R,
AtU3 F and AtU3 R primers, the sgRNA insert was amplified using primer sgU6 F,
sgU6 R, sgU3 F and sgU3 R.

cap binding Lac

site operator sgRNA AtU3-B promoter

i P 1 :
T VT 'TT

Lac
promoter

b cap binding Lac

site operator SgRNA AtU6-1 promoter

f t t 1
Tl

RB M13 reverse M13 forward

Lac
promoter

Fig 5.1. The schematic diagrams of the guide RNA vectors

The guide RNA vectors used in this study to amplify the promoter and the sgRNA used to design the
gRNA expression cassettes. (a) pYLsgRNA-AtU6-1 (Addgene no 66202) and (b) pYLsgRNA-AtU3b
(Addgene no 66198).

The promoter reverse and sgRNA forward primers were designed to have
matching overlapping sequences of the selected gRNA for the targeted AGK gene.
The overlapping extensions were used as the primers for the secondary PCR. The
promoter insert and sgRNA insert were allowed to self anneal without any primers to
have an U3-AGK-sgRNA and U6-AGK-sgRNA expression cassettes (Fig. 5.2).

The sgRNA expression cassettes were then amplified with AtU Apal F and
sgRNA Kpnl R primers, to add the Apal and Kpnl restriction sequence extension for

the cloning purposes. The final expression cassettes were then purified and digested
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with Styl to confirm the restriction site and the gRNA. After confirmation the sgRNA
cassettes were then digested with the respective (4pal and Kpnl) enzymes (NIPPON
GENE, Toyama, Japan) and cloned to the pK7WGF2::hcas9 vector (Fig 5.3a) using
Ligation High ver.2 (TOYOBO, Osaka, Japan) to have a final expression vector
pK7WGF2::hCas9 (Addgene 46965) to have a final vectors pK7WGF2-U3-AGK-
sgRNA and pK7WGF2-U6-AGK-sgRNA respectively (Fig 5.3 b and ¢).

AtU-F sgRNA-F

E U3/U6 promoter F < sgRNA -

(A) 1 pCRl AtU# R (A) 1 PCR l sgRNA-R

U3/U6 promoter gRNA gRNA sgRNA

(B) Annealing

U3/U6 promoter I ]
| | sgRNA

YlU—/\paI»F (C) 2" PCR

U3/U6 promoter gRNA sgRNA

(D) 34 PCR ngNA—KpnI—A

Apal U3/U6 promoter gRNA sgRNA

Figure 5.2. Construction strategy of the sgRNA expression cassette

A three-step PCR process of generating the sgRNA expression cassette is shown. Oligonucleotide
primers used for the PCRs are shown in colored arrows. (A) Fragments for AtU3 and AtU6 promoters
(light blue box), and sgRNA backbone (light green box) were generated by 1¥ PCR, using primers with
NAGK-gRNA overhang sequence, which is shown in orange line. (B) The PCR products were mixed
and annealed via complementary sequence of the gRNA. (C) 2™ PCR was performed using the
overlapped DNA as a template. (D) 3™ PCR was done using primers with Apal and Kpnl overhangs,
which are shown in purple and pink lines, respectively. All the nucleotide primers used for the

construction are shown in Table 5.1.
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a Apal
NOS NOS

CaMV 355 ) ¢
promoter EGTFP attBl Cas9 protein attB2 | promoter terminator

Y Y Y y

RB SV40 NLS NeoR/KanR LB

Kpnl

CaMV 35S NOS NF)S
promoter attBl Cas9 proteln attB2 promoter terminator
SV4O NLS AtU3- b _sgRNA NeoR/KanR LB
cassette
CaMV 35S NOS NQS
promoter EGFP attBl Cas9 proteln attBZ pro'fnoter terminator

sv4o NLS AUG-1_sgRNA NeoR/KanR B

cassette

Figure 5.3. The schematic diagrams of the CRISPR/Cas 9 vectors

The diagrams showing the T-DNA of the (a) original CRISPR/Cas9 vector coupled with EGFP but
without the gRNA expression cassette, (b) the CRISPR/Cas9 with the cloned AtU3-b-gRNA
expression cassette, and (¢) the CRISPR/Cas9 with the cloned AtU6-1-gRNA expression cassette.

5.2.5 Protoplast extraction and transfection

Protoplast isolation was performed following the Yoo et al. 2007 and Zhai et
al. 2009 with minor modifications. About 3g of the fully expanded cotyledons was
harvested, and cut into small dices of about 1 mm with a sterile scalpel inside the
clean bench. The cut dices were then quickly transferred into a 50 mL falcon tube
with 10 mL of an enzymatic solution (20 mM MES (pH 5.7), 1.5% (wt/vol) cellulase
R10 (Yakult Pharmaceutical, Tokyo, Japan), 0.4% (wt/vol) macerozyme R10 (Yakult
Pharmaceutical, Tokyo, Japan), 0.4 M mannitol and 20 mM KCl). The solution was
warmed at 55 °C for 10 min to have all reagents dissolve and to inactivate DNAse and
proteases and enhance enzyme solubility, then cooled to room temperature before
being sterilized by running through a 0.45 pm syringe-driven filter. The shredded
cotyledons were then mixed with the enzymatic solution and incubated in the dark for
5 h with shaking at 40 rpm at 25°C.

After 5 h, the mixture was then diluted with 10 mL of the W5 solution (2 mM
MES (pH 5.7) containing 154 mM NacCl, 125 mM CaCl, and 5 mM KCIl) then sieved
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through a sterile nylon mesh to collect only the protoplast mixture and discard the
remaining bigger discs. The protoplasts were then pelleted at 100xg for 2 min, and
then the supernatant solution was carefully pipetted out. The protoplast was then re-
suspended in 10 mL of W5 solution and kept in ice for 30 mins to have the protoplasts
settled at the bottom, and then the W5 solution was pippeted out as much as possible.

Next the protoplasts were suspended in the MMG solution (4 mM MES (pH
5.7) containing 0.4 M Mannitol and 15 mM MgCl,). The suspended protoplasts was
the aliquoted in 200 pL into 2 mL eppendorf tubes to prepare for transfection, then 20
uL of vector DNA was added to each tube and gentle mixed. About the same volume
of PEG solution (40% (wt/vol) PEG4000 in ddH,O containing 0.2 M Mannitol and
100 mM CaCl,) was added to the protoplast/vector DNA mixture and mixed by gentle
tapping and flicking the tube upside down. The transfection mixture was kept in room
temperature for 20mins before the transfection was stopped by adding 700 pL of the
W5 solution and gentle flicking the tubes. The transfected protoplasts where then
collected at 100xg for 2 min and then supernatant pipetted out as much as possible.
The transfected protoplast pellet was then suspended in to 1 ml of W1 solution (4 mM
MES (pH 5.7) containing 0.5 M mannitol and 20 mM KCIl) then culture overnight in
the dark at 25°C in a tissue culture plate.

The next day the transfected protoplasts were then collected at 100xg for
3mins and the W1 solution pipetted out. Protoplast DNA was extracted using the
DNAeasy PLANT MINI KIT (Qiagen, CA USA) as per manufactures protocol.

5.2.6 Transient expression

Transient expression was performed using the EHA105 strain of
Agrobacterium tumefaciens. The constructed vectors were electroporated into the
EHA105 competent cells, and then incubated in solid agar plates overnight. The
following day single colonies were picked to confirm then cultured in liquid LB
medium until OD600 of 0.4-0.5 was reached. The culture was then infiltrated into the
leaf using a 1 mL syringe. The plants were then managed for 2 days and leaf samples
collected for fluorescence visualization and DNA extraction. The DNA was extracted
using the DNAeasy PLANT MINI KIT (Qiagen, CA USA) as per manufactures

protocol.



5.2.7 Analysis of mutations

Amplification of target site was performed on a T100 Thermal cycler (Bio-
Rad Laboratories, Watford, UK) with using KOD FX NEO high-fidelity proofreading
enzyme (Toyobo) using primers CLAGK-210F and CLAGK-909R. The expected was
of 699 bp size, designed to overlap the targeted mutagenesis site. The PCR fragments
were then subjected to restriction digestion using the Styl enzymes to pre-analyze any
mutation on the samples. The PCR products were separated in an agarose gel
electrophoresis, and the uncut amplicons were then subjected to purification using
MinElute Gel Extraction kit (Qiagen, CA USA), and then sub-cloned into an
Invitrogen TOPO-BLUNT vector (Life Technologies, Carlsbad, CA, USA). Sequence
reactions were performed by BigDye terminator v3.1 Cycle Sequencing Kit (Life
Technology) using the M13 F and M13 R primers, and ABI3100 sequencer in the
Research Center for Bioscience and Technology, Tottori University, was used to

analyse the sequences.

5.2.8 Preparation of EcArgC coupling enzyme

The EcArgC coupling enzyme was prepared as per Takahara et al. 2007. An
expression vector pET15b-AGPR (EcArgC) was transformed into competent cells of
E. coli BL21 (DE3) strain by heat shock method, and then cultured in LB agar
medium containing 50 mg 1" ampicillin and cultured overnight at 37°C. The single
colonies were picked and cultured in liquid LB medium at 37°C with shaking at 220
rpm until an OD600 of 0.5 was reached. Protein expression was induced by addition
of 1 mM isopropyl-pB-p-thiogalactose (IPTG) and cells were further cultured for
another 3h, and then harvested by centrifugation at 10,000xg for 10 min and the
supernatant removed completely.

Purification of the recombinant proteins was done by re-suspending the pellet
in the equilibration buffer (100 mM Potassium Phosphate buffer (pH 7.5), 600 mM
potassium chloride (KCI), 10 mM imidazole). The mixture was then homogenized
with a UR-20P handy sonic (Tomy Seiko, Tokyo, Japan) at 30 sec intervals 10 times.
The homogenized mixture was then centrifuged at maximum speed for 10 min at 4°C
and the supernatant collected into new tubes. The supernatant was finally subjected to
Ni-NTA agarose purification following manufactures instructions with minor

modifications. The wash buffer was prepared as follows; 100 mM Potassium
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phosphate buffer, 600 mM KCI, 20 mM imidazole and elution buffer as follows; 100
mM Potassium phosphate buffer, 600 mM KCIl, 250 mM imidazole. The purity of the
protein samples were confirmed by polyacrylamide gel electrophoresis, snap frozen in

liquid nitrogen and stored at -30°C until use in assaying.

5.2.9 Preparation of samples for quantification of NAGK activity

To quantify the NAGK activity, three different treatments were prepared i.e.
mock infection (only H,O), Cas9 vector control infection (the CRISPR/Cas9 vector
without the NAGK sgRNA cassette) and the NAGK sgRNA infection
(CRISPR/Cas9 vector with NAGK sgRNA cassette). The wild watermelon was
grown in the growth chamber under the same condition described in methods section.
The plants were maintained until they have four fully developed true leaves. The
Agrobacterium strain with the above vectors were cultured in liquid LB medium until
the OD600 of 0.4-0.5, and was used to agroinfiltrate the leaves using a sterile 1 ml
syringe. The plants were then incubated for 3 days under the same growth conditions.
The leaf samples were collected after 3 days of incubation and quickly snap frozen in
liquid nitrogen and stored under -80°C until use in the enzymatic activity.

Protein was extracted by homogenizing the 50 mg of samples using the pestle
and mortar with a 1 ml homogenization buffer (50 mM HEPES pH 7.6, | mM EDTA
pH 8.0, 5%(w/v) polyvinylpolypyrrolidone (PVPP), 1 mM DTT and 1 mM
phenylmethane sulfonylfluoride (PMSF). The homogenized samples were then
centrifuged at 12,000xg for 30 min at 4°C. Then the supernatant was then mixed with
the additional 1 mL of plant enzyme buffer (50 mM HEPES pH 7.6, 1 mM EDTA, 1
mM DTT). Then, the solution was desalted by draining through a PD MiniTrap G-25
column (GE healthcare, Buckinghamshire, UK) by use of gravity. The protein
concentration was quantified by the Bradford assay with Protein Assay CBB Solution
(Nacalai, Kyoto, Japan) and 0.1% Bovine Serum Albumin (BSA) at absorbance at
620 nm using the Multiscan FC (Thermo Fisher Scientific, Massachusetts, USA).

5.2.10 Quantification of the NAGK activity in agro-infiltrated leaves
The NAGK activity assay was performed as described previously (Takahara et
al. 2007), by monitoring the depletion of the B-nicotinamide-adenine dinucleotide

phosphate (3-NADPH) in the reaction under the EcArgC coupling enzyme. The assay
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was carried out in a 50 mM potassium phosphate buffer, pH7.0, 20 mM MgCl,, 10
mM adenosine 5’-triphosphate (ATP) (Oriental Yeast, Tokyo, Japan), 0.4 mM [3-
nicotinamide-adenine dinucleotide phosphate (3-NADPH) (Oriental Yeast, Tokyo,
Japan), 10 ug/ml EcArgC and plant protein sample. The assay was initiated by
addition of 15 mM of N-acetylglutamate (Tokyo Chemical Industries, Tokyo, Japan)
as substrate. A reference sample was set up without the substrate. The activity was
continuously monitored at 340 nm on UHS5300 spectrophotometer (Hitachi LTD,
Tokyo, Japan), and estimation was based on the Beer-Lambert law (Swinehart 1962);
A=e xlxc,

where A is the absorbance at 340nm
¢ 1s extinction coefficient of NADPH
1 is the length of passage in the cuvette (1cm)

C is concentration of NADPH

The molar coefficient of the NADPH was determined at 6,220 M' cm' (Fluscione et
al. 2008) while the path length of the cuvette was 1 cm. Enzyme activity was
calculated as described previously (Takahara et al. 2007)
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5.3. Results and Discussion

5.3.1 Setup for the protoplast and agroinfiltration systems

The in vitro system using the protoplast and in vivo system using the
agroinfiltrated leaves were set up to evaluate the mutagenesis caused by the designed
vectors. The in vitro protoplast system had an advantage for the rapidness, while the
in vivo agroinfiltration system had an advantage for observing the mutagenesis on the
fully-grown leaves and also analyzing any morphological and physiological effects

caused by mutagenesis.

5.3.2 Detection of mutation

To do preliminary screening of mutants, the genomic DNA was extracted
from the both transfected protoplasts and agro-infiltrated leaves, then PCR were done
to amplify the target NAGK gene using the specific primers. The PCR products were
then subjected to S#yl restriction digestion to identify any loss of the Sty site on the
locus. Undigested PCR product showed 699 bp band, whereas if digested by Styl, the
amplicon was split and generated two bands of 170 and 529 bp (Fig. 5.4). The results
showed that the both agroinfiltrated and protoplast samples treated with
CRISPR/Cas9-NAGK construct contained a mixture of Styl-mutated and non-mutated
amplicons. The heterozygosis nature of the amplified DNA could be attributed to the
fact that the editing efficiency was not 100%.

WT Transfectants
MP1 2 3 45 6 7 8 9 10 11 12 13 14

<€—699bp
<€—529bp

<—170bp

Figure 5.4. Analysis of the target NAGK locus by Styl cleavage of the PCR products amplified from
DNA extracts protoplasts samples after transfection with pK7WGF2-U6-AGK-sgRNA expression
vectors. The two arrows at 170 and 529 bp indicates the expected DNA fragments resulting from the
Styl cleavage of the 699 bp PCR product. Top arrow indicates the expected 699 bp size of PCR
products from NAGK genes. Lane M, 100 bp DNA size marker; P, Undigested PCR product from
untreated leaves; 1-2, digested PCR products from untreated (unedited) sample; 3-14 digested PCR
products from transfected DNA.
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5.3.3 Confirmation of directed mutagenesis by sequencing independent mutants
To determine the nature of mutations on the target gene, the Styl-uncleavable
PCR bands from the transfectants were purified from the agarose gel. The purified
products were then subcloned to the TOPO blunt vector. The independent clones
obtained from the TOPO blunt cloning were subjected to the sequencing. The DNA
sequences demonstrated the presence of various mutations in the targeted gene (Fig
5.5 and 5.6). Interestingly, the frequency of nucleotide substitutions was very high
among the sequences. These replacements were observed mostly around the Styl site
which were situated upstream of the PAM sequence. The substitutions varied in
positions on the targeted sequence, and they also varied in number ranging from one
to three replacements per sequence (Fig. 5.5 and 5.7). Most importantly, these
nucleotide substitutions only appeared on the target sequence but not found in other
regions of the target gene, indicating that target sequence was specifically edited in

this experiment.

Syl PAM
Wt TCGGCCTTCOICCOATCTTAGTCCATGOGCOGTGGGOCCHGAAATC

M1TCGGCCTTCGTCCGATCTTAGTCCAGCGGTGGGCCGGAAATC
M2 TCGGCCTTCGTCCGATCTTAGTATGGCGGTGGGCCGGAAATC
M3 TCGGCCTTCGTCCGATCTTAGTCC GOGGTOGGCCGLAAATC
M4TCGGCCTTCGTCCGATCTTAGTCC GLGLLGLGTGGGECCGHEAAATE
M5 TCGGCCTTCGTCCGATCTT%GTCCAGCTGGGCCGGAAATC
M6 TCGGCCTTCGTCCGATCTTAGTCTGGCGGTGGGCCGGAAATC
M7TCGGCCTTCGTCCGCTTAGTATGGCGGTGGGCCGGAAATC
MSTCGGCCTTCCGATCTTAGTCCAGCGGTGGGCCGGAAATC

Figure 5.5 Sequence alignments of the sequence mutants. The target sequence on the wild type is
underlined in blue color and the PAM sequence is underlined with the red color. Representative
sequences of some of the substitution mutations identified on the samples. The Styl site is shown by the

green bar over the sequence. The mutations are highlighted in orange boxes.
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Fig 5.6. The Sanger sequence chromatograms of the wild type (Wt) and the two mutant sequences (Mt).
The target sequence on the wild type is underlined in blue color and the PAM sequence is underlined

with the red color.

Analysis of the NAGK sequence showed that substitutions were only localized on the
gRNA and near the PAM motif only (Fig 5.7), as no other substitution were observed
on the sequence stretch that flanks the gRNA site on the NAGK sequence. This then
suggests that the substitutions were effected by transfection with NAGK:sgRNA:Cas9
vector, thus suggesting some editing events as the other samples from treatments

without the expression cassettes did not show any substitutions on the similar region.
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Figure 5.7. A graphical presentation showing the distribution of nucleotides substitution on the
flanking sites of the PAM motif of the target NAGK sequence of the wild watermelon. The X-axis
represent the position of NAGK sequence in which the center of PAM motif was set as zero, while the

Y-axis represents the number of observed substitutions at a particular position of the genome.

A total of 124 clones were analyzed and the number of clones that showed at least one
substitution per clones was very high (Table 5.2). The number of substitutes per clone
varied from 1 to 3 nucleotides. The frequency of a single nucleotide substitution was
very high as compared double or triple nt substitutes. The positions of these
substitutes varied greatly on the target site as shown in figure 5.7. These substitutions

have shown to be highly localized near the PAM motif upstream on the target gRNA.

Table 5.2 Frequency and positions of the nucleotide substitutions

Promoter  Total Clones with ~ Frequency of substitutions per clone

for gGRNA  clones substitutions Int 2nt 3nt
AtU3-1 04 40 27 11 2
AtU6-b 64 32 26 5 1

A closer observation on the trend of these substitutions has shown a higher frequency
of inter-conversion between thymine (T) and cytosine (C). The substitution of these

two bases showed a higher frequency in either direction. The interaction of these
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bases during genome editing has been reported in other studies with varying degree of
results. Abdullah et al. 2016 stated that a single T<>C nucleotide change in a codon
could have a different result depending on the position of the substituted base. The
conversion of thymine to cytosine produced activated the un-active mGFP expression

gene (Li et al. 2018).

Table 5.3 Trend of nucleotide substitution in on-target sequence

Original nucleotide

A T G C

A - 0 13 0
A
-]
= 0
- O
m—

28 G 7 0 - 0

=

mﬂ

C 0 26 o -

Whether these nucleotide substitutions were responsible for the observed
reduction in the NAGK enzyme activity and morphological changes on the leaves
cannot be concretely proved at present. But it is possible that substitutions were
highly effective in altering the NAGK gene function, as has been observed in loss-of-
function of mutated genes in both plants and animals (May 2017; Li et al. 2017).
Further careful analysis has to be done in the future to confirm if indeed it is a case of
base editing. It has been shown that a difference in just one nucleotide on the
sequence can result in altering the gene function (Sun et al. 2016; Kim et al. 2017; Lu

and Zhu 2016; Harmsen et al. 2018).

5.3.4. Analysis of off-target editing

The main concern in targeted genome editing technique is the unplanned
mutagenesis on genes that have closely similar sequences with the gRNA sequence
for the target gene. Therefore it is important to analyze any chances of mutagenesis on
the potential off-targets loci. The online CRISPR-P tool that I used to design the
target gRNA sequence also provided a list of the potential off-target loci in
watermelon genome. The two off-target candidates were selected on the basis of

having an almost perfect base pairing within the last 6 bp at the 5’ of the PAM as
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compared to the target NAGK sequence. It has been suggested that the Cas9 system
have low tolerance to variation in sequences proximal to PAM sequence, resulting in
minimal or no editing at all if there is any difference in perfect base pairing on the 3’
of the gRNA, whereas distal (close to the 5’ of gRNA) mismatches can be tolerated
thus resulting in off-target editing (Hsu et al. 2014; Cong et al. 2013).

Therefore, these two off-targets candidates with four nucleotides mismatch to
the target site of our NAGK sRNA were selected for off-target analysis, and primers
AGK offtarget 1 and AGK offtarget 2 (Table 5.1) were designed to amplify 660
and 680 bp respectively of the off target genes, and the PCR amplicons were cloned
and sequenced. The results show that no mutagenesis was observed on the off-target
gene sequences in ten independent clones (Fig. 5.8). This observation suggested that

genetic sequence alteration appears specific to the target locus.

a b

410 420 430 440 370 380 390 400
CCTTTCGCCGATCCGATTC TEGCGGCE G TTTCACTI CCCTACCCCC CrT TCCATGGCGGAGGCTTCAGG

Figure 5.8. The sequencing chromatography of the off-target analysis showing that no specific
mutagenesis occurred on the untargeted genes. (a) off-target 1 and (b) off-target 2. The putative off

target sequences are underlined in blue for both the selected off target analysed

5.3.5 Morphological and physiological effects on the leaves

N-acetylglutamate kinase (NAGK) has been shown to have a mutual and
highly important interaction with the plastid P-II proteins (Burillo et al. 2004;
Maheswaran et al. 2004; Feria-Bourrellier et al. 2009). This protein is suggested to be
involved in the sensing and signal transduction of carbon/nitrogen balance. Therefore,
any disturbance of the NAGK level will result not only in the disruption of the
citrulline biosynthesis but also may disturb the sensing of the carbon/nitrogen balance.
This may result in unmonitored energy status, and this can be fatal to plant cells.

Monitoring plant morphology is one of the first and easiest methods to

determine if the plant growth and development systems are not functioning properly.
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In this study, the leaves were infiltrated with the three different treatments (Fig. 5.9),
which were either of; (1) mock, whereby only distilled water was to monitor the
damage on the leaves caused by physical pressure of the syringe during infiltration.
The leaves infiltrated with only water showed minimal damaged on them giving an
impression that the physical damage was not the much (Fig. 5.9a). Even though
damage might vary from one leaf to another but in general it was within the same
range. To monitor the effect of the Agrobacterium and the CRISPR vector on the
leaves, treatment 2 was designed to contain the EHA105 Agrobacterium harboring the
CRISP/Cas9 vector. The CRISPR vector used in here did not contain any gRNA
expression cassettes. The damage caused by treatment 2 (Fig. 5.9b) was within the
same range with water-mock treatment, as only little damaged was visible on all the
leaves infiltrated with EHA/Cas9. This suggested that the both the Agrobacterium and
untransformed CRISPR vector have little or no effect on leaves.

The infiltration of the wild watermelon leaves with NAGK:sgRNA:Cas9
vector was performed as the main treatment to see any physiological changes on the
leaf. The observation showed that the leaf infiltrated with NAGK:sgRNA:Cas9 vector
had highly visible damage around the infiltration area (Fig. 5.9¢). This suggested that
the NAGK gene might have been disrupted and rendered malfunctional through the
CRISPR/Cas9-driven genome editing.

Figure 5.9. Morphological appearance of infiltrated leaf samples after three-day incubation

The wild watermelon were agroinfiltrated using a 1 mL syringe with EHA105 strain incubated
overnight until OD500 was reached, the three different treatments used were (a) only distilled water
was used as a treatment to infiltrate the leaves, (b) the CRISPR/Cas9 (pK7WGF2::hCas9) without the
gRNA expression cassette insert, and (c) the CRISPR/Cas9 vector coupled with the
NAGK:sgRNA:Cas9 vector.
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To analyze biochemical changes that may have happened on the citrulline
pathway, a spectrophotometric assay of the NAGK enzyme activity was performed. In
the citrulline biosynthesis pathway, NAGK enzyme converts N-acetylglutamate and
ATP to produce N-acetyglutamate S-phosphate plus ADP. Then the resultant N-
acetyglutamate 5-phosphate with another substrate NADPH was converted under the
enzymatic process of NAGPR and produces N-acetyglutamate 5-semialdehyde,
inorganic phosphate and NADP". Therefore, the activity of NAGK can be monitored
through the rate of NADPH consumption in the reaction, by using a
spectrophotometer at absorbance of 340 nm (Wu et al. 1986; Heinrich et al. 2004;
Takahara et al. 2007; Winter et al. 2015).

In this study, the same idea was used to quantify the activity of NAGK in the
agroinfiltrated leaves. The rate of NADPH consumption on the two control samples
(mock-H,0O and the Cas9 vector without gRNA) showed similar tendencies, as they
recorded higher extinction rate of 203.93 and 220.62 umole ug protein” min™
respectively (Fig. 5.10). The NAGK:sgRNA:Cas9 vector agroinfiltrated samples

showed a significantly reduced rate of oxidation at 120.46 umole ug protein™ min™.
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Figure 5.10. Enzymatic activity assay of NAGK in the watermelon leaves which were treated by
agroinfiltration. The NAGK activity is expressed as nmol of NADPH used per min per protein in the
sample. Letters on top of the bars indicate statistical significance at the 95% confidence level based on

Duncan’s mean comparison.
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The results showed that foliar NAGK activity was suppressed by the action of
NAGK:sgRNA:Cas9 vector, suggesting that loss-of-function of NAGK by the genome

editing might result in the decreased protein abundance in this transient assay.

In this study, a site-specific genome editing tool driven by the CRISPR/Cas9
system was developed to target specific gene on the wild watermelon. Although the
results are still inconclusive and further analysis should be done, the high frequency
of nucleotide substitution gave an idea that some mutations occurred in the target
locus. Morphological defects on the leaves and the reduction of the NAGK enzymes
activity observed in the agroinfiltrated leaves of wild watermelon were consistent
with the occurrence of nucleotide alteration. Improving these tools to maximize the
efficiency, especially to induce various mutations like indels on the target sites, will
be anticipated in the future analysis. Genetic manipulation of wild watermelon, for the
functional genomics, is important for elucidating the molecular mechanisms of

drought tolerance, and exploitation of genetic resource in this plant.
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Chapter 6

Conclusions



The conclusions brought forward for the thesis study are;

(i) Variations exist on the data collected from natural and controlled
environment growing conditions in watermelon

The physiological analysis of the two watermelon species in the natural (open field)
and controlled environment (growth chamber) was done to observe any variation.
Consequently, similar trend in the physiological changes were observed under
moisture deficit stress, such as suppression of stomatal conductance, photosynthetic
CO, assimilation and photochemical processes, and up-regulation of non-
photochemical quenching for dissipating excess light energy. However, variations
were observed between the two environmental condition; one was the rapidness in
response to moisture deficit for both watermelon, where physiological responses to
the stress was more rapid in natural condition in comparison to that in controlled
environmental condition. The other variation was the intensity of drought response, in
that the magnitude of physiological alteration was larger in the natural condition, as
exemplified in the larger buildup of non-photochemical quenching in the natural

condition under moisture stress.

(i) Transcriptional up-regulation contributes to the fortification of
chloroplast APX activity in the leaves of drought-stressed wild watermelon

Ascorbate peroxidase (APX) plays an important role in detoxifying reactive oxygen
species under environmental stress. Although previous work in drought-tolerant wild
watermelon has shown an increase in chloroplast APX enzyme activity under drought,
molecular entities of APX have remained uncharacterized. In this study, structure and
transcriptional regulation of the APX gene family in watermelon were characterized.
Five APX genes, designated as CLAPX1 to CLAPXS, were identified from
watermelon genome. The mRNA alternative splicing was suggested for CLAPXS,
which generated two distinct deduced amino acid sequences at their C-terminus, in
resemblance to a reported alternative splicing of chloroplast APXs in pumpkin. This
observation suggests that two isoenzymes for stromal and thylakoid-bound APXs may
be generated from the CLAPXS gene. Phylogenetic analysis classified CLAPX
isoenzymes into three clades, i.e., chloroplast, microbody, and cytosolic.

Physiological analyses of wild watermelon under drought showed a decline in
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stomatal conductance and CO2 assimilation rate, and a significant increase in the
enzyme activities of both chloroplast and cytosolic APXs. Profiles of mRNA
abundance during drought were markedly different among CLAPX genes, suggesting
distinct transcriptional regulation for the APX isoenzymes. Up-regulation of
CLAPXS5-I and CLAPXS-II was observed at the early phase of drought stress, which
was temporally correlated with the observed increase in chloroplast APX enzyme
activity, suggesting that transcriptional up-regulation of the CLAPXS5 gene may
contribute to the fortification of chloroplast APX activity under drought. Our study
has provided an insight into the functional significance of the CLAPX gene family in

the drought tolerance mechanism in this plant.

(iii) The importance of inhibiting ethylene during Agrobacterium
transformation in wild watermelon

Ethylene (C,H4), a phytohormone that is produced in response to both abiotic and
biotic stresses, is an important factor influencing the efficiency of Agrobacterium-
mediated transformation. In this study, effects of various ethylene inhibitors on the
efficiency of Agrobacterium-mediated genetic transformation in drought-tolerant wild
watermelon was comparatively examined. Consequently, in comparison to the
application of chemical inhibitors such as AgNOs; and aminoethoxyvinylglycine
(AVQ), lower ethylene level was observed when the infecting Agrobacterium
contained a gene for 1-aminocyclopropane-carboxylic acid (ACC) deaminase (acds),
which cleaves ethylene precursor ACC into a-ketobutyrate and ammonia. GUS
histochemical and spectrophotometric enzyme assays showed that acdS was more
effective in enhancing gene transfer than the chemical ethylene inhibitors. Efficiency
of transgenic shoots formation was higher in acdS- and AVG-treated explants. These
observations demonstrated that controlling the ethylene level during co-cultivation
and shoot formation, particularly using the acdS-harboring Agrobacterium, is

advantageous for enhancing the transformation efficiency in this plant.

(iv)  Site directed mutagenesis in wild watermelon
Genome editing technologies, such as the CRISPR/Cas9 system, has been an
important technology used in functional studies. In this study, therefore, the focus was

to develop the CRISPR/Cas9 genome editing system in wild watermelon, as a tool for
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studying gene functions. The N-acetylglutamate kinase (NAGK) gene, a plausible
committing step in citrulline biosynthesis in wild watermelon was selected as the
target for genome editing. Agroinfiltration of an Agrobacterium containing a binary
vector encoding a CRISPR/Cas9-NAGK cassette showed necrotic defects on the
leaves of the infected wild watermelon plants, in contrast to the control infection.
Biochemical analysis showed a reduction of the NAGK enzyme activity in the protein
extract from the infected leaves. Analysis of the genome sequence extracted from the
agroinfiltrated leaves and the cassette-introduced protoplasts displayed high
frequency of various nucleotide substitutions on the targeted locus, but not on the
other region of the NAGK gene. Deletion-type mutations, which have been
commonly observed in genome editing in other plants, were not observed in the
present analysis. Analysis of the potential off-targets sequences did not show any
sequence alteration. Although further research and development will be needed to
achieve maximum efficiency for the gene knockout study, the present observations
indicated that target locus was specifically edited at a higher frequency in wild
watermelon, suggesting that the genome editing technique can be an powerful tool for

studying drought-tolerant wild plant resources in the future analyses.
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Summary (English)

Drought has been documented as the major threat to food security worldwide. It is
therefore important to study plants that have shown to be drought tolerant. Wild
watermelon grows in the harsh desert conditions of the Kalahari Desert in Botswana.
Previous studies have shown that various proteins and compounds are induced and
accumulated in this plant when exposed to drought stress, which are believed to
contribute to drought stress tolerance. It is therefore attractive to study this plant and
unravel the drought tolerance mechanisms it possesses. The information acquired in

studying this plant can be useful for future plant breeding programs.

Various studies have been performed on wild watermelon to understand the
drought tolerance mechanisms, but these studies have always been performed in
artificial environment. The extent of similarity or dissimilarity of the experimental
results obtained between in artificial environments and in the natural environment has
never been addressed. In this part of study, drought physiological responses of wild
(Citrullus lanatus Acc. 101117-1) and a cultivar (Citrullus lanatus L. cv
Matsuribayashi-777) watermelons were evaluated in both natural and artificial
environments. For the natural environment, the plants were planted in a field in
Botswana during the summer of 2017, while for the artificial environment the plants
were grown in the growth chamber. The weather data in the natural conditions showed
daily variations in factors like temperature, solar radiance, humidity and wild speed,
while minimal rainfall was recorded. These variations have been thought to cause
additional stress to the plant. Observation on the plants showed different kinds of
variations on plant physiology. Under the natural environment, response to water
deficit was very rapid. Down-regulation in the photosynthetic assimilation and
stomatal closure was more rapid in the natural conditions under drought stress. Effects
on the fluorescence parameters showed that the photochemical quenching reduced
rapidly in the early days of the drought stress in the natural environment, as compared
to the artificial condition. Drought-induced heat dissipation of the absorbed energy
through the non-photochemical quenching mechanisms was higher in natural
conditions for both plants. Interestingly, even though the results were different in

terms of intensity, the trend of physiological response was similar between the two



environments. These observations shows that artificial condition can be used to study
effects of environmental stress of plants, but care must be taken when interpreting the

results.

Ascorbate peroxidase (APX) plays an important role in detoxifying reactive
oxygen species under environmental stress. Although previous work in wild
watermelon has shown an increase in chloroplast APX enzyme activity under drought,
molecular entities of APX have remained uncharacterized. In this study, structure and
transcriptional regulation of the APX gene family in watermelon were characterized.
Five APX genes, designated as CLAPXI to CLAPX5, were identified from
watermelon genome. The mRNA alternative splicing was suggested for CLAPXS,
which generated two distinct deduced amino acid sequences at their C-terminus, in
resemblance to a reported alternative splicing of chloroplast APXs in pumpkin. This
observation suggests that two isoenzymes for stromal and thylakoid-bound APXs may
be generated from the CLAPX5 gene. Phylogenetic analysis classified CLAPX
isoenzymes into three clades, i.e., chloroplast, microbody, and cytosolic.
Physiological analyses of wild watermelon under drought showed a decline in
stomatal conductance and CO, assimilation rate, and a significant increase in the
enzyme activities of both chloroplast and cytosolic APXs. Profiles of mRNA
abundance during drought were markedly different among CLAPX genes, suggesting
distinct transcriptional regulation for the APX isoenzymes. Up-regulation of
CLAPXS5-1 and CLAPX5-1I was observed at the early phase of drought stress, which
was temporally correlated with the observed increase in chloroplast APX enzyme
activity, suggesting that transcriptional up-regulation of the CLAPX5 gene may
contribute to the fortification of chloroplast APX activity under drought. Our study
has provided an insight into the functional significance of the CLAPX gene family in

the drought tolerance mechanism in this plant.

Ethylene (C,H4), a phytohormone that is produced in response to both abiotic
and biotic stresses, is an important factor influencing the efficiency of Agrobacterium-
mediated transformation. In this study, effects of various ethylene inhibitors on the
efficiency of Agrobacterium-mediated genetic transformation in wild watermelon was
comparatively examined. Consequently, in comparison to the application of chemical
inhibitors such as AgNO; and aminoethoxyvinylglycine (AVG), lower ethylene level

was observed when the infecting Agrobacterium contained a gene for I-
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aminocyclopropane-carboxylic acid (ACC) deaminase (acdS), which cleaves ethylene
precursor ACC into o-ketobutyrate and ammonia. GUS histochemical and
spectrophotometric enzyme assays showed that acdS was more effective in enhancing
gene transfer than the chemical ethylene inhibitors. Efficiency of transgenic sh oots
formation was higher in acdS- and AVG-treated explants. These observations
demonstrated that controlling the ethylene level during co-cultivation and shoot
formation, particularly using the acdS-harboring Agrobacterium, is advantageous for

enhancing the transformation efficiency in this plant.

Wild watermelon has shown to accumulate various compounds such as
citrulline under drought. These metabolic alterations have been suggested to
contribute to the drought tolerance mechanism of the plant. Therefore, it is important
to study the entities of the mechanisms at molecular level. Loss of function has been
widely used as a method of choice for functional studies of genes in plants. Genome
editing technologies, such as the CRISPR/Cas9 system, has been an important
technology used in functional studies. In this study, therefore, the focus was to
develop the CRISPR/Cas9 genome editing system in wild watermelon, as a tool for
studying gene functions. The N-acetylglutamate kinase (NAGK) gene, a plausible
committing step in citrulline biosynthesis in wild watermelon was selected as the
target for genome editing. Agroinfiltration of an Agrobacterium containing a binary
vector encoding a CRISPR/Cas9-NAGK cassette showed necrotic defects on the
leaves of the infected wild watermelon plants, in contrast to the control infection.
Biochemical analysis showed a reduction of the NAGK enzyme activity in the protein
extract from the infected leaves. Analysis of the genome sequence extracted from the
agroinfiltrated leaves and the cassette-introduced protoplasts displayed high
frequency of various nucleotide substitutions on the targeted locus, but not on the
other region of the NAGK gene. Deletion-type mutations, which have been
commonly observed in genome editing in other plants, were not observed in the
present analysis. Analysis of the potential off-targets sequences did not show any
sequence alteration. Although further research and development will be needed to
achieve maximum efficiency for the gene knockout study, present observations
indicated that target locus was specifically edited at a higher frequency in wild
watermelon, suggesting that the genome editing technique can be an powerful tool for

studying drought-tolerant wild plant resources in the future analyses.
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Summary (Japanese)

R A B LA, RO BEHERE 2 BT HEER O —>TH Y | WL
EHTHMEMOMRIEZDORROTZDIZEE L EZZ bND, BFARA A IIX
77U e RV UFHREO A T N BRI H AT DY TH 5,
INETOMIET, HERICERESNTEBHAEAA DITBWTHix Iax X
AR FEINTERL., 2O DOIRENTEA F L A~OR; IR
BLTWDZEDRRBINTEY ., I OO EMHERE B S R -
2o

WP AFE A A ) DRCIEA b L ATRPED 53 1AL PEERE B3 2 Tk O WFse i
I, ETALHRK[RBEO T TERINCLD ThoTe, L LEARER
AT DOEBEB X O FINEN, NLRRERE & BRBREIZBWT EORER
PILTRY, FLFEOREOHENR LMD DI ONTIE, A< AN
BoONTWehotz, &2 CAFZE I, BAERAA B (Citrullus lanatus Acc.
101117-1)3 X O EEHE A A A (Citrullus lanatus L. cv. Matsuribayashi-777) 0D 5z {5
A B L ACKT D ABIGEICOWT, BARBRE R XA TERE TO R A 1T
STz, BEREBEEOERTIX, 2017 FOEICRY U T OIS TR L%
v, ANLERREOERTIX, NLREHE AW, BRRE T, FERIM
NIZBWT, BRI EAEBHI ST, KR, AR BE, JlERE
ICRE R AWENBRI S, Zh b DERRH~D R b RERIZ /o7 &
FEAbND, o, TNb 2 FBHEOBREERMFIZB W TAA I OABSEITMHE
ERR LNz, BARBRET T, #EA R AT 2I0FITHEHTH D |
B R D AL R FEE E O M S [ALEAS R L3RIt Tz, e
S IVEIETENTIC BN T S, 2 b L 2 OFIHIBERE 31T 2 AL FHIE e D
P2, BARBRE TICBW TRV REICEZ 2 Z EABlENZ, b0
ZEnB ] WIDET R LR —OBEGRIT, BARBRE TOREX F L AT
TEVBSFEINTND T LRI N, BIREWZ L1, ABSED
EIEORE SITILEVWRIBESIND OO, WBRESMICB W CEAERA A
INTHUOERICE Z R T Z EDRRWE ST, 2o OB RIL., FEhk



FROBPRICEE T 2METDH L0, BAEFERAA I OEREE AR N L A IRE %
T 512H720., NLRBRFETOERDAENTHLZ EE2RLTND,

T AN AV X X — B (APX) I BEA N ATFITRWTIESE
MEARMOMHEICHBERRE 2RI, BEORET, HREA N ATOEA
Tl A A TN THERRAT APX OFERTEMED LR35 Z LRSS TV D

FFHERIZONWTIEIRATH 7=, £ TR TIL, AADIZ
BIFDH APX BInF7 7 IV —OEE LEEBISEIZOWTHIT LT, A4 57
JAEY RWEERiz, CLAPXI H% CLAPXS £TO 5 BIETD I b,
CLAPX5 {22\, alternative splicing (2L Y C K7 X/ BRESI DR %
CLAPX5-1 & CLAPXS-Il 2 FED X XV ENAET D Z EWNmgInz, =
DI EME, BARTF ¥ DEFFMAM APX EFERIC, A bl TF T a0 Rl
D 2FED APX ¥ L /7 B8 1 {51 ® mRNA alternative splicing (2L VAT
D ENRTRISNZ, REMBENTIZ LD CLAPX & /X7 EREIL, ZERRART
1/ Y—ARBIOHRERO 3 o7 L— RIZET S Z ERRBINT,
WAREA A N ZFIREA NV RICRBE LI E A, [AEEES i bk
EHE O T, FEARES X O E R APX OBERIEW S A EIC L5
LTWe, W TICRIT D CLAPX BEITBETHICRE R ->TRY, &
BRI E OEREHIEZZ 1 T D 2 EDRB Iz, A LAY
(2B UNT CLAPX5-1 & CLAPX5-II DL ER N B, Z 0O AR IERK
A1 APX DEEFIEMEZA ORRABIZITEL L T2 Z L 2D B GHIE23 Bk R
B APX DOPFEFRIEMOBILICEBRNT 2 Z &R S, 2T b OfiRIT
CLAPXS BAGT M AEFEA A I OREEMNMEICE G325 Z L ARRT 560 L
Boihd,

FEOA MLV RSEL THFEINLMEYRVE L DT L L, 771
N7 T VY LE LD EBRON R EZ RITT LMo Dg, At
BTIE, WAERBAA hZ2T7T 7a"xs 7y MEICK Y IBEIERT DRI
Hx =T U U HERNE ORI KT HELMEN Lz, TORER, =F
L U HITBRAR D 1-aminocyclopropane-carboxylic acid (ACC)%& 7 h 7 F g L 7
F=TIHRT D ACC 77 X —EBBIBEF(acdS) 2 BT 57 /sy
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L& AWZERIC, EEEERS° aminoethoxyvinylglycine (AVG)72 & DfLZEBHERIIC
| = F L UERBAMHI SN D Z EAVRENT, £, GUS Mk fitT
B RO BERIEVEMATIZ LV | acdS BRI EFFRERNC AR 5 AR
BIRDEWZ ERNRENT, S BT, WEHEHR D =2 — OB RIL, acdS
AR FEAXE 721 AVG LB KICB W TE Mo T2, 2D OEBREERIT, ¥
HEHEAA TNZBNT, acdS BIoFHFZFH L T=F Lo gEAZIHT 52 &
DB ERICEN THD Z L ER LTINS,

BPAEREA A D ITHERIISE LT, 22k g, bl o lo
bEWaEER L CTHBRIZHEICT 5 2 ERHESNTWVD, 6 EHIE O
ERRNERZ I T 212h 720 | REHBIEER T2 B8R T LHRICEEL
THF L UL TG EEMRIT 21T 2L I3 L E2 oD, & 2 TARF
JECIE, ITAEBHFE 4172 CRISPR/Cas9 7/ AfmEEHAN 4 BF A FE A 1 77 1236 H
T5Z LR bT, EEETE LT, ¥ LY VAERROMIER SR & HEE
S5 N-acetylglutamate kinase (NAGK)% (Y, 77/ A 7 4/l kL — 3
ATE 0 BAEREA A 7 OBEFEIZ CRISPR/Cas9-NAGK Ht v h& & T /1
NI TV LEHEELE 2 A, HflE S 7ok 3 T NAGK B
RIEMEOFE LT & NAGK ZEAIBINARAF LN BIEE S iz, 5k
DT 7 I DNA Zfiftr Lk 2 A, ERESINIC I U THER R R ZE S A
WIZENRMoTe iy, mBE CHlEABEBAER MR SN, AR A I
F1F 5 CRISPR/Cas9 EDFESLDI=DITITE R DM NBETH DN, Zb
DOfERIL, CRISPR/Cas9 JEIZ L D7/ ARENFATA A HIZEB W T Ehi
AIRETHDZ LR LTEY ., FERAICEATE R A 1 2SRRI M D 43 T
W 2R 2 ECRARY — L e LTI S LD,
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