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Abstract

By 2050, the world population is expected to rise to 9.6 billion; to sustain this
increase in population agriculture needs to be significantly more efficient. How do
we make crop plants more efficient? A logical starting point is to look at what are the
most important crops and the factors that hinder their productivity. Environmental
factors result in over 70% of crop losses worldwide. Of these drought and salinity are
the most significant causes of crop losses. Rice (Oryza sativa L.) is an important
staple crop that feeds more than one half of the world’s population and is the model
system for monocotyledonous plants. Rice is also the most sensitive to salinity stress,

among the agronomically important cereals.

Programmed cell death (PCD) or simply the decision of whether a given cell
should live or die is essential for all multi-cellular (Metazoan) organisms. Recent
studies have shown that PCD pathways are keys to mediating plant responses to a
range of abiotic stresses, including salinity. The expression of PCD related (e.g. pro-
survival) genes in transgenic plants may be an efficient way of enhancing abiotic
stress tolerance in economically important crops. The research for this PhD describes
the generation of transgenic rice plants expressing pro-survival genes from a variety
of sources and assessment of the physiological and yield factors including
photosynthetic rates, membrane integrity, ion homeostasis, growth rates and yield
components during salinity stress. The results reveal that the manipulation of PCD
pathways using pro-survival genes from diverse origins significantly improves

salinity tolerance in rice at the whole plant level.

A total of 139 transgenic rice lines expressing pro-survival genes including
AtBAG4 and AtBI from Arabidopsis thaliana, Hsp70 and Hsp90 from Citrus tristeza
virus, OsBAG4 from Oryza sativa, p35 from baculovirus and SfIAP from Spodoptera
frugiperda; and more than 30 lines of transgenic rice expressing the reporter gene
(GUS) were generated by Agrobacterium-mediated transformation. These transgenic

rice lines were validated by PCR and RT-PCR. The effects of pro-survival genes on
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callus proliferation and the efficiency of Agrobacterium-mediated transformation
were assessed during the selection on hygromycin supplemented media. The
transformation efficiency was significantly improved when embryogenic callus were
used for transformation. Transformation conducted on the mix of embryogenic and

non-embryogenic callus resulted in low transformation efficiency in rice.

Rapid screening for salinity stress tolerance in transgenic rice expressing pro-
survival genes and wild type Nipponbare under in vivo conditions concurred with
previous studies that leaf damage and Dsp survival are good indicators for salinity
stress tolerance in rice and that young seedlings are more sensitive to salinity stress
than older plants. The research also revealed that expression of five pro-survival
genes significantly improved salinity stress tolerance in rice, and these were AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP. Expression of AtBI, Hsp90 and the combination of
AtBAG4 and Hsp70 in transgenic rice did not show enhanced tolerance to salinity
stress. This might be due to the low level of transgene expression in the host plant.

Glasshouse evaluation of representative transgenic rice lines expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP confirmed that the expression of pro-
survival genes enhanced tolerance to salinity stress in rice. Under salinity stress wild
type and vector control plants exhibited high levels of reactive oxygen species
(ROS), significant cell death, membrane damage, low photosynthetic efficiency, low
relative water content, stunted growth and low yield components. In contrast,
transgenic rice lines expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP exhibited
low levels of ROS, maintained cell membrane integrity and Na* homeostasis thereby
maintaining photosynthetic efficiency, water content and cell life that lead to
maintenance of growth rates, yield components and enhanced tolerance to salinity

stress.

This study provided evidence of biochemical and physiological basis of salinity
stress tolerance in rice expressing pro-survival genes. It contributed to the knowledge
of crop improvement strategies for salinity stress tolerance and the findings of this
project can be applied to other crops. In addition, this is the first time a model for
salinity-induced cell death switch for salinity stress tolerance in rice has been
proposed.
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UNFPA = United Nations Population Fund (previous name: UnitedNations

Fund for Population Activities)

USDA = United States Department of Agriculture
TAE = Tris acetate EDTA

TE =Tris-EDTA

TUNEL = terminal dUTP nick end labelling

Tween 20 = polyoxyethylene (20) sorbitan monolaurate
U = unit

Ubi = ubiquitin
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uv = untra violet

VC = vector control

WT = wild type

X-gal = 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
X-gluc = 5-bromo-4-chloro-3-indolyl-p-D-glucuronide-cyclohexylamine salt
Units

cm = centimetre(s)

ds = deciSiemens

°C = degree Celsius

d = day(s)

KDa = kilo Dalton(s)

g = gram(s)

h = hour(s)

I = litre(s)

M = molar

m = meter(s)

MW = molecular weight

min = minutes

mol = mole(s)

rpm = revolutions per minute
S = second(s)

\Y/ = volt(s)

vol = volume(s)

viv = volume per volume

W = watt
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wiv = weight per volume

Prefixes:

M = Million
K = kilo

m = milli

0 = micro
n = nano

p = pico
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Chapter 1: Introduction

This chapter provides the brief background and context of the research, and its
purposes. The significance and scope of this research is mentioned in section 1.4.
Section 1.5 describes the three specific objectives of this project and an outline of the
remaining chapters of the thesis.

1.1 BACKGROUND

The world population is increasing rapidly, within 50 years from 1950 to 2010
the population was almost double and it reached 7.2 billion people in mid-2013
(UNFPA, 2014). By 2050, the world population has been predicted to reach 9.6
billion people (UNFPA, 2014). To have enough food for the increasing population
crop productivity needs to increase by approximately 44 million metric tons
annually. This is a challenge because there is very little potential for future expansion
of arable lands whereas there are more and more environmental stresses coming
(Eckardt 2009; FAO 2009, 2012; Cominelli et al. 2013). Of the abiotic stresses that
limit world crop production, soil water deficits and salinisation are the two most

critical factors (Munns 2011). This project focussed on salinity.

Salinity is a growing problem worldwide. It has been estimated that more than
800 million hectares (ha)of land is affected by natural salinity and a further 77
million ha of land has been salinised as a consequence of human activities
(Metternicht & Zinck 2003; Eynard et al. 2005; Munns & Tester 2008; Shabala &
Cuin 2008). Crop vyields are significantly reduced in salt-affected land with an
estimation of 30-50% vyield loss for rice (Oryza sativa L.), 10-90% for wheat
(Triticum aestivum L.), 50-70% for cotton (Gossypium hirsutum L.) and 30-90% for
sugarcane (Saccharum officinarum L.) (Eynard et al. 2005). Changes in the global
environment due to climate change are predicted to cause further yield losses
(Eynard et al. 2005).

The primary effects of high salinity on plant productivity are osmotic and ionic
stresses. Osmotic stress occurs after the concentration of salts around the roots of the
plant increase beyond a threshold tolerance level while ionic stress occurs when the

concentration of salt in old leaves reaches a toxic level due to the influx of large
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amounts of Na’ into the plant, resulting in increased Na’ concentrations in the
vacuole and cytoplasm leading to interruption of metabolic processes and cell death
(Munns & Tester 2008; Yu et al. 2012; Wang et al. 2013). To minimize the effect of
salinity stress on plants, a number of strategies have been employed. Among these,
water and soil management practices have facilitated agricultural production on soils
marginalized by salinity but additional gain by these approaches seems problematic.
More recently, crop improvement strategies that are based on the use of molecular
marker techniques and biotechnology are being used in conjunction with traditional
breeding efforts to develop salt tolerant crop species (Ribaut & Hoisington 1998;
Arzani 2008; Bhatnagar-Mathur et al. 2008). Implementation of biotechnology
strategies to achieve this goal requires substantial research effort and the
identification of salt tolerance effectors, salt tolerance genes and the regulatory
components that control osmotic homeostasis during stress events (Hasegawa et al.
2000; Yu et al. 2012).

Programmed cell death (PCD) or simply the decision of whether a given cell
should live or die is essential for all multicellular (Metazoan) organisms. Under
several stimuli, this decision is dependent on: i) the battle between anti-apoptotic
(pro-survival) and pro-apoptotic (pro-death) proteins encoded by anti-apoptotic and
pro-apoptotic genes (Li & Dickman 2004; Williams & Dickman 2008); ii) the ratio
between pro-survival and pro-death proteins as this ratio determines the sensitivity of
PCD (Fulda et al. 2010); and iii) signal transduction pathways because cell death
signals can lead to activation of pro-death proteins while survival signals can reduce
the activity of the pro-death proteins and increase the levels of pro-survival proteins
(Zha et al. 1996; von Freeden-Jeffry et al. 1997; Strasser et al. 2000). Recently, it
has been suggested that PCD pathways are key players in mediating plant responses
to abiotic stresses, including salinity. Expression of pro-survival genes in transgenic
plants has been shown to enhance biotic and abiotic stress tolerance in model crops.
For example, expression of pro-survival genes has been used to improve tolerance to
biotic and abiotic stresses in tobacco, tomato and banana(Dickman et al. 2001;
Doukhanina et al. 2006; Paul 2009; Wang et al. 2009b; Paul et al. 2011).

Rice is an important crop that feeds more than half of the world population and
is the model system for monocotyledonous plants that include members of the

agronomically important cereals. Asia accounts for 90% of the world’s production
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and consumption of rice (Khush 2005). In humid and sub-humid Asia, rice is the
single most important source of employment and income for rural people, and it
provides 50-80% of the calories consumed for more than 3 billion Asians (Hossain &
Fischer 1995; Khush 2005). However, rice is very sensitive to salinity stress and is
currently listed as the most salt sensitive cereal crop with a threshold of 3 dSm™ for
most cultivated varieties (USDA 2013).

Rice is a member of the genus Oryza in the Family Poaceae. Oryza has many
species, of which two — Oryza sativa L. and O. glaberrima Steud — are cultivated.
Oryza sativa is most commonly grown in Asia while O. glaberrima is native to West
and central Africa, where it is grown but it is being substituted by Oryza sativa
(Linares 2002; OECD 2006; Oka 2012).

Oryza sativa is herbaceous and lives for one year with a growth period varies
depending on the cultivar, season of cultivation and cultivation region, as well as the
ecological conditions (Dingkuhn & Asch 1999).Three growth stages have been
identified during the life cycle of rice including vegetative or seedling (from
germination to panicle initiation), reproductive (panicle initiation to flowering) and
ripening (flowering to mature grain); the length of each stage varies between
cultivars (IRRI 2007). Oryza sativa has two subspecies: indica and japonica (OECD
2006). ldentification of the two subspecies can be based on morphological and
physiological differences. The japonicas have dark and erect leaves, a reasonable
number of tillers, and grains that are more rounded and shorter than those of indica.
Japonica are more tolerant of cold and lodging conditions and produce rice that,
when cooked, is much stickier than the grains produced by indica. Japonica usually
responds moderately to additional nitrogen. Indica, in contrast, are tall with droopy
leaves and tiller heavily. Indica rice grains are longer and, when cooked, are drier
and less sticky than japonica grains. Indica are most common in tropical regions and
respond strongly to additional nitrogen especially in seedlings. The application of
fertilizer to indica, however, leads to an increase in leafiness and tillering so that not
much advantage in yield is gained (OECD 2006; Oka 2012).

Rice is an ideal model system for research in monocots and cereals as it has:
the smallest fully sequenced genome in comparison with other major cereals (Sasaki
& Burr 2000); a large-scale analysis of expressed sequence tags (ESTS)
(Jantasuriyarat et al. 2005); a rich full-length cDNA collection (Kikuchi et al. 2003;

Chapter 1:Introduction 3



Lu et al. 2008); a high quality and density molecular map (Matsumoto et al. 2005); a
gene expression atlas for all growth stages (Fujita et al. 2010; Wang et al. 2010); a
rich mutant library, and more importantly it has an efficient transformation, a tool for
modern plant biology that is not available in other cereals such as maize and
sorghum (lzawa & Shimamoto 1996). In addition, some earlier disadvantages such as
rice having longer life cycle and needing more space to grow during experiments
than Arabidopsis (the model plants for dicots), have been solved (Ohnishi et al.
2011).

1.2 CONTEXT

Previous reports have shown that rice induces programmed cell death pathways
upon salinity stress (Li et al. 2007; Liu et al. 2007; Jiang et al. 2008). Manipulation
of PCD pathways to increase tolerance against salinity stress shows great potential to
increase crop production in salt affected areas (Joseph & Jini 2010). Recently, a
report has been released on PCD in rice however it was hindered by an incomplete
experimental approach and assessment of plants (Yang et al. 2013).The transgenic
rice expressing antisense — OsPDCD?5 in the Yang et al. study were exposed to
salinity stress over a short period (only 3 days). This short period of salt exposure did
not provide sufficient evidence of salt tolerance as screening for salinity stress
tolerance at the seedling stage in rice requires longer exposure to account for toxicity
effects, usually around eleven to sixteen days (Yeo & Flowers 1986; Gregorio et al.
1997; Hoang 2002; Lee et al. 2003; Platten et al. 2013). More importantly, none of
the important indicators of salt tolerance at seedling stage which are essential criteria
for salt tolerance assessments such as growth rate, percentage survival or standard
evaluation score (SES) (Flowers & Yeo 1981; Gregorio et al. 1997; Platten et al.
2013) or essential evidence of PCD inhibition in transgenic rice upon salinity stress
exposure such as absence of TUNEL-positive nuclei or DNA laddering were
presented in that study. In this project a selection of key plant and virus derived
genes, associated with programmed cell death pathways was investigated.
Specifically AtBAG4 and AtBI from Arabidopsis thaliana, Hsp70and Hsp90 from
Citrus tristeza virus, OsBAG4 from Oryza sativa, p35 from baculovirus, SfIAP from
Spodoptera frugiperda and a combination of AtBAG4+Hsp70,for generating salinity
tolerance in rice; assessment for salinity stress tolerance was conducted at both the

seedling and reproductive stages in rice’s life cycle.
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1.3 PURPOSES

Programmed cell death plays important roles during normal development and
during the interaction between plants and environment. Manipulation of PCD
pathways using pro-survival genes in tobacco, tomato and banana has highlighted the
possibility to enhance tolerance to biotic and abiotic stresses in other economical
crops. Pro-survival genes such as CED-9, AtBAG4, p35 and SfIAP have been
reported to enhance tolerance to salinity stress in tomato and tobacco (Doukhanina et
al. 2006; Shabala et al. 2007; Wang et al. 2009b; Kabbage et al. 2010; Li et al.
2010). However, pro-survival genes confer tolerance to salinity stress in a monocot
have not been mentioned. This project therefore aims at manipulation of cell death
pathways via the transformation of pro-survival genes from different sources to rice

for improvement of salinity tolerance in this important crop.

1.4 SIGNIFICANCE, SCOPE AND DEFINITIONS

This research employed a preferable method (biotechnology-genetic
engineering) for crop improvement strategies to address one of the most serious
environment effectors that limit crop productivity- salinity. The project provided
evidence of biochemical and physiological basis of salinity stress tolerance in rice
expressing pro-survival genes. It contributed to the knowledge of crop improvement
strategies for salinity stress tolerance and the findings of this project can be applied
to other crops. In addition, the research also proposed a model for salinity-induced

cell death switch for salinity stress tolerance in rice.
1.5 THESIS OUTLINE

To fulfil the overall aim, three specific objectives were achieved:

1. Generation and characterisation of transgenic rice expressing AtBAG4,
AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35, SfIAP and vector

control (vector backbone without gene of interest).

2. High throughput screening for salinity stress tolerance of transgenic rice at

seedling stage to select prominent salinity stress tolerant lines.

3. Glasshouse evaluation of representative transgenic rice lines with full
assessment on salinity stress tolerance at both seedling and reproductive

stages based on agronomical, biochemical and physiological parameters.
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The following chapters will provide an up-to-date literature review of the
research topic, the general materials and methods used in this project, followed by
the results of three specific objectives respectively and a general discussion and

conclusion.
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Chapter 2: Literature Review

This chapter begins with an overview of salinity as a growing worldwide
problem (section 2.1) and the impact of salinity on crop productivity (section 2.2).
The response of plants to salinity stress is summarised in section 2.3 and approaches
to improving salinity stress tolerance with an emphasis on genetic engineering is
presented in section 2.4. Section 2.5 provides an overview of programmed cell death
and its roles during development and interaction of organisms with environment.
Section 2.6 presents the literature review of programmed cell death in mammals with
details of execution and regulation of apoptosis - the most understood form of
programmed cell death. The programmed cell death and factors that induce cell death
in plants are mentioned in section 2.7. Section 2.8 briefly describes seven pro-
survival genes that used in this project and section 2.9 highlights the implications
from the literature and develops the conceptual framework for the study.

2.1 SALINITY - AGROWING WORLDWIDE PROBLEM

Salinity is a general term used to describe the presence of elevated levels of
different salts such as sodium chloride, magnesium and calcium sulphates and
bicarbonates in soil and water. Increased salinity levels may result from the rising of
water tables to, or close to, the ground water surface (Katerji et al. 2003). Salinity
can develop naturally, but where human intervention has disturbed natural
ecosystems and changed the hydrology of the landscape, the movement of salts into
rivers and onto land has been accelerated. Salts in the soil may originate from many
sources, particularly rainfall and rock weathering. Although rainwater contains only
6-50mg/Kg of sodium chloride, over time, salt deposited by rain can accumulate in
the landscape. Wind also transports salt from the sea or lakes into neighbouring soil,
contributing to an increase of the inland salt level. Another source of salinity is
human activities such as irrigation and extensive clearing of vegetation (Rengasamy
2006; Munns & Tester 2008; Rengasamy 2010).Salinity hazard is measured as
electrical conductivity (EC) of soluble salts in water or soil in deciSiemens per meter

(dSm™) or microSiemens per centimetre (uScm™).
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The primary effect of salinity stress on crop productivity is the inability of the
plant to compete with ions in the soil solution for water (physiological drought).
While an appropriate concentration of salts is vital for plants, salinity that is beyond
the normal range will cause stress or even death to most plants. Soil and irrigation
water with electrical conductivity in the range of 0.25 - 0.75 dSm™ is considered to
be optimum and 8 -10 dSm™ is considered to be the practical upper limit for
agriculture (Corwin & Lesch 2003). Moreover, poor irrigation practices contribute to
salinity as often more water is applied than can be used by the crops. In this case,
excess water percolates into the water table causing groundwater to rise which brings
soluble salts to the soil surface (Ashraf 1994; Qadir et al. 2009). This can
dramatically affect our natural environment and reduce the viability of our

agricultural sector.

Both primary (natural) and secondary (related to human activities) salinization
result in salt-affected soils. Two types of salt-affected soils have been classified:
saline and sodic soils. The distinguishing features of saline and sodic soils are

presented in Table 2.1.

Table 2.1: Distinguishing features of saline and sodic soils (FAO 1988)

Characteristics Saline soils Sodic soils

Dominated - Dominated by neutral - Appreciable quantities of

chemicals soluble salts consisting neutral soluble salts generally
of chlorides and absent. Measurable to
sulphates of sodium, appreciable quantities of salts
calcium and capable of alkaline hydrolysis,
magnesium. e.g. Na,COs, present.

- pH of saturated soil - pH of the saturated soil paste
paste is less than 8.2. is more than 8.2.

- An electrical - An exchangeable sodium
conductivity of the percentage (ESP) of 15 or
saturated soil extract of more is the generally accepted
more than 4 dSm™ at limit above which soils are
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25°C is the generally
accepted limit above
which soils are classed

as ‘saline’.

- There is generally no
well-defined
relationship between
pH of the saturated soil
paste and exchangeable
sodium percentage
(ESP) of the soil or the
sodium adsorption ratio
(SAR) of the saturation

extract.

- Although Na is
generally the dominant
soluble cation, the soil
solution also contains
appreciable quantities
of divalent cations, e.g.
Ca and Mg.

- Soils may contain
significant quantities of
sparingly soluble
calcium compounds,

e.g. gypsum.

classed as ‘sodic’. Electrical
conductivity of the saturated
soil extract is generally less
than 4 dSm™ at 25°C but may
be more if appreciable
quantities of Na,COs etc. are

present.

There is a well defined
relationship between pH of the
saturated soil paste and the
exchangeable sodium
percentage (ESP) of the soil or
the SAR of the saturation
extract for an otherwise similar
group of soils such that the pH
can serve as an approximate
index of soil sodicity (alkali)

status.

Sodium is the dominant
soluble cation. High pH of the
soils results in precipitation of
soluble Ca and Mg such that
their concentration in the soil

solution is very low.

Gypsum is nearly always

absent in such soils.

Physical
features of the

soils

- In the presence of
excess neutral soluble
salts the clay fraction is
flocculated and the

soils have a stable

Excess exchangeable sodium
and high pH result in the
dispersion of clay and the soils

have an unstable structure.

Permeability of soils to water
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structure.

- Permeability of soils to
water and air and other
physical characteristics
are generally
comparable to normal

soils.

and air is restricted. Physical
properties of the soils become
worse with increasing levels of

exchangeable sodium/pH.

Effect on plant
growth

- In saline soils plant
growth is adversely
affected:

o chiefly through
the effect of
excess salts on
the  osmotic
pressure of soil
solution
resulting in
reduced

availability of

In sodic soils plant growth is
adversely affected:

e chiefly through the
dispersive  effect of
excess exchangeable

sodium resulting in poor

physical properties

« through the effect of high
soil pH on nutritional
imbalances including a

deficiency of calcium

water e through  toxicity  of
specific ions, e.g. Na,
- through COs, Mo, etc.
toxicity of
specific ions,
e.g. Na, Cl, B,
etc.
Sail - Improvement of - Improvement of sodic soils
improvement saline soils essentially essentially requires the
requires removal of replacement of sodium in the
soluble salts in the soil exchange complex by
root zone through calcium through use of soil
leaching and amendments and leaching and
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drainage. Application
of amendments may
generally not be

required.

drainage of salts resulting from
reaction of amendments with

exchangeable sodium.

Geographic
distribution

Saline soils tend to
dominate in arid and

semi-arid regions.

- Sodic soils tend to dominate in

semi-arid and sub-humid

regions.

Ground-water

quality

Groundwater in areas
dominated by saline
soils has generally
high electrolyte
concentration and a
potential salinity

hazard.

- Groundwater in areas

dominated by sodic soils has
generally low to medium
electrolyte concentration and
some of it may have residual
sodicity so has a potential

sodicity hazard.

The distribution of soil salinity over the world (Borém et al. 2012)is shown in

table 2.2.

Table 2.2: Global distribution of soil salinity (saline and sodic soils)

Regions Total area | Saline soils Sodic soils
Million ha | Million % | Millionha | %
ha
Africa 1,899 39 20 |34 1.8
Asia, the Pacific, and Australia 3,107 195 6.3 | 249 8.0
Europe 2,011 7 03 |73 3.6
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Latin America 2,039 61 3.0 |51 25

Near East 1,802 92 51 |14 0.8
North America 1,924 5 0.2 |15 0.8
Total 12,781 397 3.1 | 434 3.4

2.2 SALINITY AND CROP PRODUCTION CONSTRAINTS

Salinity stress has a significant effect on the production of most crops, but the
extent of these adverse effects depends on the type and duration of salinity and also
upon sensitivity of the crop at different growth stages. For example, previous reports
have indicated yield losses in the range of 10 to 90% for wheat, 30 to 50% for rice,
50 to 75% for cotton and 30 to 90% for sugarcane that grew on salt affected areas
(Eynard et al. 2005). These adverse effects are caused by low osmotic potential of
the soil solution resulting in osmotic stress, ionic stress (Munns & Tester 2008),
effects on energy balance (Rengasamy 2006), production of reactive oxygen species
(Ashraf 2009), inhibition of enzymatic activities, alterations in different metabolic
activities of plants, disturbances in solute accumulation and combinations of these
factors (Wang & Li 2006).

Osmotic stress occurs after the concentration of salts around the roots of the
plant increases beyond the threshold tolerance level (Munns & Tester 2008) (e.g. 3
dSm * for rice) (USDA 2013). Osmotic stress results in reduced leaf area and in
cereals it is reflected in a reduction in the number of tillers (Munns & Tester 2008).
lonic stress starts when the concentration of salt in old leaves reaches toxic levels
resulting in the death of those leaves. The rate at which old leaves die becomes
higher than the rate of emergence of new leaves leading to a lower photosynthetic
capacity and lower growth rate (Munns & Tester 2008). Energy balance is also
affected as plants subjected to salinity require more energy to take-up water from
saline soil. Rengasamy (2006) reported that in non-saline sandy loam soils, plants are
able to take up water until the soil dries to 5% soil-water content but with salinity at
the level of 6.4 dSm™ to 10 dSm™, plants can take up water only up to 14 to 18%

soil-water content, respectively.
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Reactive oxygen species (ROS) play an important role in many important
physiological phenomena such as program cell death (PCD), cell signalling,
senescence, gene regulation, and pathogen defence (Gechev et al. 2006). Under
salinity stress, however, electron transport within the different sub-cellular
compartments is reduced resulting in the overproduction of ROS. ROS can cause
substantial oxidative damage to bio-molecules such as nucleic acids, proteins and
membranes lipids (Ashraf 2009). An overview of how plants overcome these effects

is summarized below.

2.3 RESPONSE OF PLANTS TO SALINITY STRESS

Plants may be divided into two groups — halophyte or glycophyte —based on
their level of salinity tolerance. Halophytes are plants that tolerate relatively high salt
concentrations (400mM NaCl), while glycophyte can tolerate only low
concentrations (Maas&Nieman1978). Most crops are glycophyte and their growth is
retarded during salinity stress. Among the cereals, rye (Secale cereale) is the most
tolerant (threshold of 11 dSm™) and rice is the most sensitive crop plant with a
threshold of 3 dSm™ for most cultivated varieties (USDA 2013).

Plant adaptations to salinity stress may be placed into three categories: i)
osmotic stress tolerance, ii) Na® or CI~ exclusion, and iii) Na" or

Cl compartmentalization.

Osmotic stress reduces cell expansion in root tips and young leaves, and causes
stomata closure. A reduced response to the osmotic stress would result in greater leaf
growth and stomata conductance, but the resulting increased leaf area would benefit
only plants that have sufficient soil water. Greater leaf area expansion would be
productive when a supply of water is ensured such as in irrigated food production
systems, but could be undesirable in water-limited systems, which could potentially
‘run-dry’ before the grain is fully matured. Osmotic stress tolerance is also achieved
through overproduction of osmoprotectants such as glycine betaine, proline, mannitol

and trehalose.

Exclusion of Na® by roots ensures that it does not accumulate to toxic
concentrations in leaves. Failure to exclude Na* manifests its toxic effect after days
or weeks and causes premature death of older leaves. Tolerance of tissue to

accumulated Na* requires compartmentalization of Na* into vacuole to avoid toxic
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concentrations within the cytoplasm, especially in mesophyll cells of the leaf.
Toxicity occurs with time, after leaf Na* increases to high concentrations in the older
leaves (Munns & Tester 2008). Plants can defend themselves against ROS by

employing a system to scavenge or detoxify these elements (Ashraf 2009).

2.4 APPROACHES TO IMPROVING SALINITY STRESS TOLERANCE -
GENETIC MODIFICATION

Conventional breeding approaches to improve tolerance of plants to abiotic
stress, especially salinity, have had limited success (Ashraf & Akram 2009).
Recently, molecular techniques such as Marker Assisted Selection (MAS) have been
employed along with conventional breeding to improve crop tolerance to salinity
stress. Quantitative trait loci (QTL) analysis has been attempted in order to
understand the genetics of salt tolerance and to deal with component traits in
breeding programs. However, due to the lack of precise knowledge of the key genes
underlying the QTLs, the introgression of genes involved in stress tolerance through
MAS has often resulted in introgression of undesirable agronomic characteristics
from the donor parents. Genetic modification has become a powerful tool in plant
breeding programs since it allows the introduction of gene(s) controlling traits
without affecting the desirable characteristics of an elite genotype (Bhatnagar-
Mathur et al. 2008).The recent advent of an efficient Agrobacterium-mediated
transformation method for rice (Hiei et al. 1994) displays great potential from the

genetic improvement of this plant.

To date, genetic engineering for salinity tolerance in plants has focused on
genes that encode compatible organic solutes, antioxidants (detoxification of ROS),
ion transport, heat-shock and late embryogenesis abundant proteins (Ashraf et al.
2008) (Figure 2.1). Despite some promising reports, the development of a salt-

tolerant cultivar by way of transgenics has still awaited more investigation.
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Osmoprotectants

( Glycine betaine,
Proline,

Mannitol,trehalose)

Antioxidants Others

(CAT, POD, SOD, (LEA,
GR, Ascorbate, Heat shock

Carotenoids) proteins)

lon transporters
(Na* /H* antiporter,
Aquaporins)

Figure 2.1: Genetic modification approaches to salinity stress tolerance

2.4.1 Compatible organic solutes

Overproduction of different types of compatible organic solutes is the most
common plant response to salinity stress (Ashraf & Foolad 2007). However, many
crops lack the ability to synthesize the special compatible organic solutes
(osmoprotectants) that are naturally accumulated by stress-tolerant organisms. A
number of studies have focused on over-expressing osmoprotectants in plants to
generate stress-tolerant crops (Bhatnagar-Mathur et al. 2008). For example, genes
involved in glycine betaine biosynthesis like BetA or CodA and COX for chloline
oxidase, have been transformed into Arabidopsis, tobacco, rice and cabbage for
enhanced tolerance to salinity stress (Hayashi et al. 1997; 1998; Sakamoto et al.
1998; Holmstrom et al. 2000; Huang et al. 2000a; Bhattacharya et al. 2004).
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For proline biosynthesis and accumulation, genes such as A'-pyrroline-5-
carboxylate reductase (TaP5CR), A'-pyrroline-5-carboxylatesynthetase (P5CS)
(P5CS129A), DREB (dehydration responsive element binding protein) and AtProDH
cDNA encoding proline dehydrogenase (ProDH) have been transformed into a
variety of plants includingArabidopsis, rice, tobacco and wheat for improvement of
salinity stress tolerance in those plants (Nanjo et al. 1999; Sawahel & Hassan 2002;
Su & Wu 2004; Cong et al. 2008; Ma et al. 2008).

Other genes such as Mannitol 1-phosphate dedydrogenase (mtID) and glucitol-
6-phosphate dehydrogenase (GutD), L-myo-inositol 1-phosphate synthase, L-2,4-
diaminobutyric acid acetyltransferase (ectA), L-2,4-diaminobutyric acid transaminase
(ectB); L-ectoine synthase (ectC), Myo-inositol Omethyltransferase (Imtl) and
trehalose-6-phosphate synthase (TPS1) were introduced into a number of plants and
there are reports that salt tolerance in those transgenic plants was higher than that of
the controls (Thomas et al. 1995; Sheveleva et al. 1997; Nakayama et al. 2000;
Abebe et al. 2003; Majee et al. 2004; Cortina & Culiafiez-Macia 2005; Tang et al.
2005).

Although much work has been devoted to genetically engineering plants for the
overproduction of various osmoprotectants, there has been little success in attaining
the desired protective levels of these osmolytes in plants using these approaches
(Ashraf & Foolad 2007).

2.4.2 Expression of ROS scavengers

In order to protect the cell from oxidative injury, plants have evolved a
complex antioxidant defence system to scavenge and detoxify ROS (Asada 1999;
Bhatnagar-Mathur et al. 2008; Ashraf & Akram 2009). This system includes various
enzymes such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR)
and glutathione reductase (GR); as well as non-enzymatic antioxidant compounds
such as arscorbate, a-tocopherol, carotenoids and glutathione (Ashraf 2009). Many
studies have shown that over-expression of antioxidant enzymes like DHAR and
different types of SOD increase salt tolerance in plants such as Arabidopsis
(Ushimaru et al. 2006), Chinese cabbage (Tseng et al. 2007), rice (Tanaka et al.
1999), and tobacco (Badawi et al. 2004; Wang et al. 2004).Other genes encoding

glyoxalase pathway enzymes and glutathione S-transferase and catalase have also
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been transformed into rice and tobacco, and shown to marginally increase tolerance
to salinity stress (Roxas et al. 2000; Verma et al. 2005; Yadav et al. 2005; Al-Taweel
et al. 2007). However, the protective effects were minimal and were only observed

under strictly controlled conditions (Ahmad & Srivastava 2008).

2.4.3 lon transporters

Enabling plants to re-establish ion homeostasis under stressful environments
has been another approach to improving salinity tolerance in plants (Bhatnagar-
Mathur et al. 2008). Researchers have reported that antiporter genes, when
engineered into the plant improve salinity tolerance. For example, the MsNHX1 gene
was over-expressed in Arabidopsis leading to an increase in salinity tolerance of
transgenic plants (Bao-Yan et al. 2008). Transgenic rice over-expressing AgNHX1
was reported to increase tolerance to salinity stress (Ohta et al. 2002). Similarly over-
expression of other genes such as ZmOPR1,EhCaBP,GhNHX1, PgNHX1, AtNHX1
and OsNHX1 in transgenic Arabidopsis, tobacco, wheat, maize and rice also resulted
in increase of tolerance to salinity stress (Pandey et al. 2002; Fukuda et al. 2004; Wu
et al. 2004; Xue et al. 2004; Yin et al. 2004; Verma et al. 2007; Gu et al. 2008).

2.4.4 Late embryogenesis abundant proteins

Late embryogenesis abundant proteins (Vanninia et al. 2006) may play
protective roles in tolerance of plants to environmental stresses (see review by
Chinnusamy et al.(2005). Xu et al. (1996) reported an increase in tolerance to soil
water deficit and salinity stress in transgenic rice over-expressing the HVAL gene.
Another study also showed some positive effectsof HVAL expression on tolerance to

salinity stress in transgenic rice (Rohila et al. 2002).

Although many studies have been conducted for genetic engineering using
genes that code for compatible solutes, antioxidant production, ion transporter and
LEA proteins, the improvement in salinity stress tolerance of plant has met with
limited success. In more than 35 studies listed above only three studies reported a
complete assessment for salinity stress tolerance in transgenic plants (Xue et al.
2004; Yin et al. 2004; Verma et al. 2007).
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2.4.5 Programmed cell death genes-potential candidates for salinity stress
tolerance

Programmed cell death (PCD) is a physiological and genetically controlled
process that is evolutionarily conserved across kingdoms and allows multicellular
organisms to eliminate excessive or damaged cells which arise during development
and in response to abiotic and biotic stress (Williams & Dickman 2008; Fomicheva
et al. 2012).

The expression of anti-PCD genes in transgenic plants has been reported to
enhance tolerance to biotic and abiotic stresses. For example, anti-apoptotic (pro-
survival) genes from mammals, nematodes, insect, baculovirus and plants such as
Bcl-2, Bel-xL, ced-9, SfIAP, p35 and AtBAG4 have been transformed into tobacco,
tomato and banana plants and shown to confer resistance to fungi, tomato spotted
wilt virus, and abiotic stresses such as salinity, drought, heat, cold, wounding, UV
radiation, aluminium, acifluorfen, sufentrazone, menadione and hydrogen peroxide
(Dickman et al. 2001; Qiao et al. 2002; Li & Dickman 2004; Xu et al. 2004;
Doukhanina et al. 2006; Shabala et al. 2007; Wang et al. 2009a; Wang et al. 2009b;
Kabbage et al. 2010; Li et al. 2010; Paul et al. 2011). Manipulation of PCD
pathways may be an efficient approach for improving salinity stress tolerance in
economically important crops. Programmed cell death has been studied extensively
in animals and the underlying mechanisms in plants are gradually being discovered.
The following section will outline: i) Mechanisms of mammalian and plant
programmed cell death, ii) PCD during development and in response to abiotic and

biotic stress and iii) a brief introduction of the seven genes used in this project.

2.5 PROGRAMMED CELL DEATH

Programmed cell death refers to the death of a cell that is genetically
“programmed”, often requiring the induction of specific genes to activate the cell
death machinery (Williams & Dickman 2008).Alongside cell division and cell
migration, PCD enables the organism to strictly control cell numbers and tissue size
and to protect itself from unwanted cells that threaten cellular homeostasis
(Hengartner 2000). The role of programmed cell death, particularly apoptosis, a
physiological form of cell death, during development and interaction between
multicellular organisms and the environment has become the subject of many studies

since the first time it was reported in the nematode Caenorhabditis elegans by Kerr
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et al.(1972). Over the past four decades, a number of PCD functions and
involvements in development and in interaction of multicellular organisms with

environment have been discovered.

2.5.1 PCD - a physiological mechanism for normal development

Regulation of homeostatic balance between cell division and cell death is
fundamental for development and well-being of all multicellular organisms (Rudin &
Thompson 1997). Genetically regulated mechanisms in multicellular organisms not
only determine which cells live but also which cells die (Raff 1992; Chinnaiyan &
Dixit 1996). Programmed cell death, apoptosis in particular, is a well regulated
physiological form of cell autodestruction that plays an important role in
organogenesis, tissue remodelling and normal cellular homeostasis during
development of multicellular organisms (Faucheu et al. 1995; Zimmermann et al.
2001; Rupinder et al. 2007; Fuchs & Steller 2011). The sculpturing of shape during
developing limb to form foetal fingers and toes together with the resorption of the
tadpole tail during metamorphosis into a frog are the two well-known examples of
the programmed cell death involvement in normal development (Zuzarte-Luis &
Hurlé 2002). Evidence indicates that abnormal regulation of programmed cell death
especially apoptosis is associated with a wide range of diseases. Insufficient
apoptosis results in excessive cell accumulation causing autoimmunity or cancer;
inappropriate cell death can lead to chronic degenerative diseases, heart failure,
cerebral ischemia, Alzheimer disease, infertility and immunodeficiency (Kondo
1988; Leijon et al. 1994; Edwards 1998; Danial & Korsmeyer 2004; Rami et al.
2008; Lukiw & Bazan 2010; Whelan et al. 2010).

The roles of programmed cell death during development of animals were
thoroughly reviewed in Fuchs & Steller (2011), especially in regulation of sculpting
structure and driving morphogenesis, deletion of unwanted or redundant transient
functional structures, control cell numbers and elimination of unwanted and
potentially dangerous cells (Figure 2.2). In plants, PCD is involved in many stages of
development from the embryo to reproduction and aging such as embryogenesis,
somatic embryogenesis (Giuliani et al. 2002; Suarez et al. 2004; Hill et al. 2013), sex
determination in unisexual species (Dellaporta & Calderon-Urrea 1994; Beers 1997),
seed development (Young & Gallie 2000) and senescence (Greenberg 1996; Yen &
Yang 1998; Simeonova et al. 2000; Yoshida 2003).
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Figure 2.2: Function of PCD during development of multicellular organism (Fuchs &
Steller 2011)

2.5.2 PCD - a defence mechanism in interaction between organisms and
environment

In addition to development, PCD pathways are also used for adaptation to
environmental stresses (Vaux et al. 1994; Mittler & Lam 1996; Vaux & Strasser
1996). The Hypersensitive response (HR) of plants to pathogen infection is one
example of the programmed cell death functions as a defence mechanism of the
organism to pathogen invasion. Plants lack of an immune system which can produce
specialized cells, such as T cells in animal systems that can attack, disable and
eliminate pathogen, they instead, induce programmed cell death as one of general
defence strategies. Hypersensitive response, which occurs at the site of pathogen
attack and involves programmed cell death in and around the infection site, is one of
the strategies that plants employ to cope with pathogen invasion (Lam et al. 2001,
Lam 2004). During interaction between the biotrophic pathogen and host plant,
programmed cell death in HR help plants to prevent infection as biotrophy by
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definition require living cells for growth and colonisation. However, in some
instances plants infected by necrotrophic pathogens e.g. Sclerotinia sclerotiorum,
cell death is disadvantageous for the plant as necrotrophic pathogens require dead or
dying cells for nutrients. The role of PCD in plant-pathogen interaction, therefore,
depends upon the context and in some circumstances plants involved in the process

as a passive participant (Williams & Dickman 2008).

Cell death in response to abiotic stress provides an advantage to plants in some
circumstances but not in others. For example programmed cell death during hypoxia-
induced aerenchyma formation in root of maize enables the plants to survive and
develop in wetlands where there is limited or no oxygen present (Drew et al. 2000).
However, in response to most of other abiotic stresses such as salinity, drought, heat,
cold, wounding, UV radiation, aluminium, acifluorfen, sufentrazone, menadione and
hydrogen peroxide, prevention of cell death brings more benefit to the plants than
execution of cell death as evidenced in many studies (Dickman et al. 2001; Lincoln
et al. 2002; Qiao et al. 2002; Li & Dickman 2004; Xu et al. 2004; Doukhanina et al.
2006; Shabala et al. 2007; Wang et al. 2009a; Wang et al. 2009b; Kabbage et al.
2010; Li et al. 2010). Thus manipulation of programmed cell death pathways,
particularly through the use of pro-survival genes to improve tolerance to abiotic

stress in economically crops is worth to be investigated.

2.5.3 PCD - a conserved mechanism

Programmed cell death particularly apoptosis, the physiological form of PCD,
has been studied for more than 40 years and is known to occur in many species
across all kingdoms. For example human Bcl-2 can partially complement Ced-9
mutant of nematode Caenorhabditis elegans even though the two genes have limited
sequence homology. The animal-origin anti-apoptotic genes Ced-9 and Bcl-2 confer
tolerance to a wide range of biotic and abiotic stresses, when being over expressed in
transgenic plants, have also been reported (Qiao et al. 2002; Chen & Dickman 2004;
Shabala et al. 2007; Wang et al. 2009a; Paul et al. 2011).

Since the first evidence that a genetic program existed for physiological
(programmed) cell death came from studying development in the nematode
Caenorhabditis elegans (Kerr et al. 1972; Horvitz et al. 1982; Ellis & Horvitz 1986;
Vaux et al. 1988) the study of pathways and regulation of programmed cell death has

been carried out on several model systems including C. elegans, the vinegar fly
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Drosophila melanogaster and the mouse. The conservation of the core apoptotic
machinery has been found across vast evolutionary distances from worm to human,
however it is somewhat obscure in plants (Williams & Dickman 2008; Fuchs &
Steller 2011) as shown in Figure 2.3. This is likely due structural differences between

animal and plant cells.
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Figure 2.3: Evolutionary conservation of the core apoptotic machinery [(Fuchs &
Steller 2011) and (Williams & Dickman 2008)]

As the core apoptotic machinery is conserved across kingdoms, details of a
well-studied programmed cell death model would be helpful to establish an
understanding of programmed cell death in plants. Of the three well-studied model
systems above, mammalian programmed cell death is the most complicated model
and it provides up to date knowledge about apoptosis therefore it is selected to be

discussed in the following section.

26 PROGRAMMED CELL DEATH IN MAMMALS

Mammalian programmed cell death can be categorized into three types based
on morphological criteria: apoptosis (type 1), autophagy (type Il) and necrosis (type
I11) (Kourtis & Tavernarakis 2009; Kroemer et al. 2009). Cells undergoing apoptosis
have distinct morphological changes including cell shrinkage, membrane blebbing,

chromatin condensation, apoptotic body formation and fragmentation, minor
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modification of cytoplasmic organelles, and the apoptotic bodies were engulfed by
resident phagocytes in vivo (Gilchrist 1998; Bredesen 2000; Collazo et al. 2006;
Kroemer et al. 2009). In contrast to apoptosis, autophagic cells (PCD type II) lack
chromatin condensation and the engulfment of dying cells is achieved by
autophagolysosome within the dying cell. This process is independent of phagocytes.
Cells undergoing autophagy usually have massive vacuolization of cytoplasm and
accumulation of double-membrane autophagic vacuoles (autophagosome)
(Baehrecke 2005; Kourtis & Tavernarakis 2009; Kroemer et al. 2009). Type Il of
programmed cell death in mammals is termed necrosis. Cells undergoing necrosis
have cytoplasmic and cytoplasmic organelle swelling, plasma membrane rupture, and
moderate chromatin condensation (Kroemer et al. 2009). Necrosis is more
“accidental” cell death event in comparison with autophagy and apoptosis which are
genetically controlled (Williams & Dickman 2008). Other forms of cell death in
mammals related to inflammation response during pathogen invasion have also been
observed. This includes pyroptosis (or caspase-1-dependent cell death) and
necroptosis (or programmed necrosis). Pyroptosis is featured by the rapid rupture of
the plasma membrane and release of pro-inflammatory intracellular contents (see
review by Bergsbaken et al. 2009). Cells undergoing Necroptosis or regulated
necrosis have similar cellular morphology to necrosis and secondary necrosis
including cell rounding, cytoplasmic swelling, plasma membrane rupture and spilling

of the intracellular contents (Berge et al. 2010).

Amongst the aforementioned types, apoptosis has been studied the most and
the best understood form of PCD in mammals. It is a genetically controlled and
highly orchestrated cell death. Basically, the excecution of apoptosis in mammals
relies on the activation of caspases (cysteine aspartic acid specific proteases), a
family of higly specific cysteine proteases that are ubiquitously expressed as inactive
precusors (zymogens) with little or no protease activities (Fuchs & Steller 2011).
Caspases can be thought of as central excecutioners of apoptotic pathways because
they bring about most of visible changes that characterise apoptotic cell death. For
example hallmarks of apoptosis such as DNA fragmentation and membrane blebbing
are associated with caspase-3 activities (Hengartner 2000; Zimmermann et al. 2001).
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2.6.1 Caspases

Caspases are cysteine proteases that use a cysteine residue as a catalytic
nucleophile and cleave their target proteins at specific aspartic acid residues
(Bredesen 2000; Boatright & Salvesen 2003). Caspases are very selective processing
proteases as they usually make one, or rarely two, breaks per target protein. This is
due to the fact that caspases specific recognise a tetrapeptide sequence (P4-P3-P2-
P1) with an aspartic acid residue at C-terminus (P1 substrate position) and hydrolyse
the peptide bond after it (Fomicheva et al. 2012). At least 14 caspases have been
characterised in mammals (Shi 2002). Members of the caspase family share
similarities in amino acid sequences, structure and substrate specificity and have
been named “caspase” followed by an Arabic number, this number is assigned based
on its date of publication (Alnemri et al. 1996; Nicholson & Thornberry 1997
Johnson 2000). The primary sequence of a caspase encodes an N-terminal pro-
domain followed by a 20 kDa (p20 or large) and a 10 kDa (p10 or small) subunit.
The p20 and pl0 subunits associate to form the catalytic core of the enzyme
(Shiozaki & Shi 2004).The N-terminal pro-domain and the large subunit is separated
by an aspartate cleavage site, and the large and small subunits are separated at an
interdomain linker containing one or two aspartate cleavage sites (Zimmermann et
al. 2001).

The mammalian caspase family can be divided into two subfamilies. The first
one is involved in inflammation, where caspases act as pro-cytokine activators and
include members caspases-1, -4, -5, -11, -12, -13 and -14. The other subfamily is
involved in apoptosis and includescaspase-2, -3, -6, -7, -8, -9 and -10. The apoptotic
subfamily can be further categorised into two subgroups: initiator caspases caspase-
2, -8, -9 and -10; and executioners or effector caspases caspase-3, -6 and -7
(Zimmermann et al. 2001; Shi 2002; Boatright & Salvesen 2003; Fomicheva et al.
2012).The initiators and effectors were classified according to the point of entry into
the apoptotic pathway and similarity in their structure. Initiator caspases are the first
to be activated in a particular death pathway, once activated they specifically cleave
and activate the effector caspases (Shi 2002; Boatright & Salvesen 2003).
Structurally, initiator caspases have an extended pro-domain with one or two motifs,
DED (death effector domain) and CARD (caspases recruitment domain), responsible

for the interaction with adaptor molecules; effector caspases on the other hand have a
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shorter pro-domain (Fomicheva et al. 2012). A schematic diagram of the mammalian
caspases is shown in Figure 2.4
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Figure 2.4: Mammalian Caspases family, adaptation from (Shi 2002). The large
arrow indicates position of the first activation cleavage. The medium and small
arrows represent additional sites of cleavage. The four surface loops (L1-L4) that
shape the catalytic groove are indicated. The catalytic residue Cys is shown as a red
line at the beginning of loop L2. DED: Death Effector Domain. CARD: Caspase
Recruitment Domain. This diagram is scaled according to the lengths of caspases and
the location of functional segments.

Since unregulated caspase activity would be lethal for a cell, caspases are
synthesized as single-chain zymogens and stored in the cytoplasm as relatively
inactive precursors (pro-caspases). Pro-caspases must undergo an activation process
during apoptosis to become active caspases (Srinivasula et al. 1998; Yang et al.
1998; Chen & Wang 2002; Boatright & Salvesen 2003; Shi 2004).
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2.6.2 Mechanism of caspases activation

The activation of caspases during apoptosis has been reported to occur through
two signalling pathways defined as extrinsic and intrinsic pathways in reference to
the origin of the cascade signal. The extrinsic pathway is responsible for elimination
of unwanted cells during development, immune system education and immune-
system-mediated tumour removal (immunosurveilance). The intrinsic pathway is
used to eliminate cells in response to chemotherapeutic drugs, ionizing radiation,
mitochondrial damage and certain developmental cues (Boatright & Salvesen 2003).
Although each pathway is capable of functioning independently, cross-talk between
pathways is common. For example both pathways cooperate to enhance apoptosis
through a BH3-only protein member of Bcl-2 pro-apoptotic protein, Bid; and more
importantly, both pathways converge, leading to the activation of the effector
caspase-3 (Schimmer 2004; Williams & Dickman 2008).

Extrinsic pathway

The extrinsic pathway is associated with a group of trans-membrane proteins,
“death receptors”, which act as surface sensors for the presence of specific
extracellular death signals from ligands of tumor necrosis factor (TNF) family
(Fomicheva et al. 2012). Death receptors transmit apoptotic signals initiated by
specific death ligands and can activate the caspase cascade within seconds of ligand
binding (Vaux & Korsmeyer 1999). To date, eight human death receptors have been
identified including Fas (CD95, Apol), TNFR-1 (p55, CD120a), TRAMP (Apo3,
WSL1, DR3, LARD) TNF related apoptosis inducing ligand (TRAIL)-R1 (DR-4),
(TRAIL)-R2(DR-5, Apo, killer); DR-6; EDA-R and NGF-R (Chinnaiyan et al.
1995; French & Tschopp 2003; Rupinder et al. 2007). Briefly, the extrinsic pathway
of caspase activation is initiated bythe ligation of the respective ligand (FasL) to the
death receptor (Fas) to form microaggregates at the cell surface. This complex allows
the adaptor molecule FADD (Fas-associated protein with death domain) to be
recruited to it cytosolic tail by a multi-step mechanism. FADD recruits pro-caspase-8
or pro-caspase-10 by protein-protein interaction via homologous death effector
domain (DED) to assemble a death-inducing signaling complex (DISC). During
DISC assembly pro-caspase-8 orpro-caspase-10 is activated and released to
cytoplasm where it cleaves and hence activates downstream caspase, typically
caspase-3. The active caspase-3 cleaves several death substrates leading to the well-
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known apoptotic hallmarks including nuclear fragmentation, DNA fragmentation,
membrane blebbing and other morphological and biochemical changes (Chinnaiyan
et al. 1995; Algeciras-Schimnich et al. 2002; Boatright & Salvesen 2003; Yin et
al.2006; Portt et al. 2011; Fomicheva et al. 2012). Steps involved in the extrinsic

activation of caspases in mammals is summarised in Figure 2.5
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Figure 2.5: Steps involved in the extrinsic activation of caspases in mammals. (1):
ligation of FasL and Fas; (2): formation of microaggrogates;(3): formation of
DISC; (4): activation of caspase-8; (6): activation of caspase-3 and (7)
execution of apoptosis

Intrinsic pathway

The intrinsic pathway involves the participation of mitochondrion as a central

organelle therefore it is also termed as mitochondrial pathway. The mitochondrial
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pathway is induced by several stimuli such as UV radiation, DNA damage, voltage
changes, oxidative stress [hydrogen peroxide (H,O,) or nitrogen oxide (NO)] or
growth factor withdrawal (starvation), resulting in the dissipation of mitochondrial
membrane potential and increased permeability. The permeabilization of the
mitochondrial outer membrane leads to the release of apoptogenic molecules and
proteins including cytochrome c, certain caspases, endonuclease G, Smac/Diablo and
apoptosis inducing factor (AIF) from the inter-membrane space of mitochondrion to
cytoplasm, resulting in both caspase-dependent and caspase independent PCD
(Brenner & Mak 2009; Paul 2009).
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Figure 2.6: Steps involved in the intrinsic activation of caspases in mammals. (1):
release of Cytochrome ¢ from mitochondrion. (2): formation of Cytochrome c-Apaf
1 complex; (3): formation of “apoptosome”; (4): activation of caspase-9; (6):
activation of caspase-3and (7) execution of apoptosis
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The release of cytochrome c into cytosol and the presence of dATP are
essential requirements for apoptotic mediated by mitochondria (Liu et al. 1996;
Goldstein et al. 2000; Purring-Koch & McLendon 2000). Upon releasing,
cytochrome c binds to Apaf-1 (apoptotic protease activating factor-1, the mammalian
homolog of C. elegans Ced-4) in the presence of dATP to form an Apaf-1 complex
(Zou et al. 1997; Hu et al. 1999) which then binds to pro-caspase-9 to assemble an
oligo-protein complex termed “apoptosome” (Cain et al. 2000; Gupta 2001; Acehan
et al. 2002; Gewies 2003). The apoptosome activates caspase-9 by dimerization
(Purring-Koch & McLendon 2000; Pop et al. 2006). Active caspase-9 activates
downstream caspase, typically caspase-3, resulting in apoptosis. Steps involved in
the intrinsic activation of caspases in mammals leading to programmed cell death is

shown in Figure 2.6

2.6.3 Regulation of apoptosis

From the previous section it is clear that apoptosis is mainly executed by
activation of caspase-mediated signalling cascades. In this section the regulation of
apoptosis by regulation of caspase activation via death receptors (extrinsic pathway),
mitochondrial-driven PCD pathway (intrinsic pathway) and direct regulation of

initiator and effector caspases activation will be discussed.

Regulators of the death receptors (extrinsic pathway)

The regulation of apoptosis-mediated by death receptors can be at multiple
levels including regulation of expression of ligands and death receptors and
regulation of intracellular regulatory molecules (Chen & Wang 2002). The
expression of ligands and death receptor such as Fas-ligand and Fas is regulated by a
number of factors (Schattner et al. 1995; Wang & Lenardo 1997; Zheng et al. 1998).
Intracellular regulatory molecule such as FLIP (FLICE inhibitory protein) can
negatively regulate apoptosis by competing with pro-caspase-8 during the binding of
this zymogen to FADD (Fas associated death domain). FLIP contains DED (death
effector domain), when expressed at high level it can bind to FADD using DED
motif therefore compete with pro-caspase-8 for recruitment at DICS (death-inducing
signalling complex) (Yu & Shi 2008; Bagnoli et al. 2010).
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Regulators of mitochondrial-driven PCD (intrinsic pathway)

Members of B cell lymphoma 2 (Bcl-2) protein family provides a critical role
in regulation of mitochondrial-driven PCD pathway. They either can disrupt or
maintain the integrity of mitochondrial membranes thereby promote or prevent the
release of apoptogenic proteins such as cytochrome c¢ from inter-mitochondrion
membrane space which can activate pro-caspase-9 through assembling of
apoptosome leading to apoptosis (Zheng et al. 1998; Heiden et al. 1999; Chen &
Wang 2002; Youle & Strasser 2008; Fuchs & Steller 2011; Martinou & Youle 2011).

Bcl-2 family is characterised by the presence of one or more conserved
sequence motifs within o helical segments known as Bcl-2 homology (BH) domains
designated BH1, BH2, BH3 and BH4. These BH domains are the only areas of
sequence conservation between family members and strongly influence whether the
family member is pro or anti-apoptotic (Danial 2007; Williams & Dickman 2008).
Many members of Bcl-2 family have a conserved C-terminal transmembrane region
(TM) that is responsible for their localization on the outer mitochondrial membrane,
endoplasmic reticulum and nuclear envelope to the cytosolic aspect (Strasser et al.
2000; Soriano & Scorrano 2010). Bcl-2 proteins family can be divided into two
groups: pro-apoptotic and anti-apoptotic depend upon their functions. The pro-
apoptotic group consist of two subgroups known as i) multi-domain proteins
subgroup, Bax (Bcl-2 antagonist X), Bak (Bcl-2 antagonist killer) and Bok (Bcl-2
related ovarian killer); and ii) BH3 only subgroup containing proteins, Bid, Bad,
Bim, Puma, Noxa, Bmf, Hrk, Bik, Spike, Bcl-G, Bcl-Rambo, Hrk/DP5, Bcl-X;. The
anti-apoptotic or pro-survival group consists of Bcl-2, Bcl-X., Bcl-B, Bcl-W, Al,
Mcl-1 proteins that prevent cell death or promote survival (Chao & Korsmeyer 1998;
Strasser et al. 2000; Cory & Adams 2002; Mund et al. 2003; Danial 2007; Brenner &
Mak 2009; Danial et al. 2010; Soriano & Scorrano 2010) (Figure 2.7). BH1, BH2
and BH3, the three functionally important Bcl-2 homology regions, are in close
spatial proximity and form an elongated hydrophobic groove that may provide biding

sites for other Bcl-2 family members (Muchmore et al. 1996).

At least four models of how Bcl-2 family members regulate apoptosis have
been proposed [see review by (Strasser et al. 2000)]. The first model was generated
based on the findings that cell death signals can lead to activation of both Ced-4-like

proteins and Bcl-2 pro-apoptotic proteins; while survival signals can reduce the
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activity of the pro-apoptotic Bcl-2 family members and increase the levels of Bcl-2
anti-apoptotic proteins, as evidenced in Zha et al.(1996) and von Freeden-Jeffry et
al.(1997). Ced-4 and its homologs act as adaptors for pro-caspases and are assumed
to trigger their conversion into active tetrameric enzyme complex. Bcl-2 anti-
apoptotic proteins and its homologs bind to and block the action of Ced-4-related
proteins on caspases activation thereby promoting survival. The Bcl-2 pro-apoptotic
proteins promote cell death by preventing binding of Bcl-2 anti-apoptotic proteins to
Ced-4 or its homologs (Strasser et al. 2000).

Anti-apoptotic group

Hydrophobic Transmembrane
groove region

Bcl-2, Bel-X,
Bcl-W, Bcl-B,

| BH3 - BH1 - BH2 . ™ I Mcl-1, Al

Pro-apoptotic group

Multi-domain pro-apoptotic subgroup

| BH3 - BH1 - BH2 . ™ I Bax, Bak, Bok

BH3 only —pro-apoptosis subgroup

| S | Bad, Bid, Bmf,
Puma, Noxa

| e Bik, Hrk, Bim

Figure 2.7: Bcl-2 protein family. (BH) Bcl-2 homology domain; (TM):
Transmembrane region
The second model suggests that pro-apoptotic and anti-apoptotic proteins in
Bcl-2 family function as transmembrane channels that promote or prevent the efflux
of molecules that cause caspases activation (Strasser et al. 2000). This model was
proposed based on the similarities in the three-dimensional structure of Bcl-X, to

pore-forming bacterial toxin (Muchmore et al. 1996) and the ability to form ion
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channels of Bcl-2, Bcl-X. and Bax at non-physiological pH in synthetic lipid
membranes (Antonsson et al. 1997; Minn et al. 1997; Schendel et al. 1997) together
with findings that many Bcl-2 family members have a conserved C-terminal
transmembrane region that enables them to localise on nuclear envelope,
mitochondrial outer membranes and endoplasmic reticulum towards the cytosolic
aspect (Akao et al. 1994; Kroemer 1997).

The third model proposed that apoptotic stimuli cause disturbances in
mitochondria leading to the release of cytochrome c thereby activating caspase
cascades; and Bcl-2 anti-apoptotic proteins function by maintaining the integrity of
the mitochondria and prevent releasing of cytochrome c. Cytochrome c is one of the
four essential molecules (cytochrome c, Apaf-1, pro-caspase-9 and dATP) that are
required for activation of pro-caspase-3 through the intrinsic pathway (Liu et al.
1996; Li et al. 1997; Zou et al. 1997). The release of cytochrome c from the
mitochondrial inter-membranes space to the cytosol of dying cells was inhibited by
Bcl-2 anti-apoptotic group (Bcl-2 and Bcl-X.) while Bcl-2 pro-apoptotic group was
reported to promote this process (Liu et al. 1996; Kluck et al. 1997; Yang et al.
1997). This model was supported by the finding of Shimizu et al. (1999) that Bcl-2
pro-apoptotic proteins Bax and Bak can accelerate the opening of mitochondrial
porin channel called voltage dependent anion channel or VDAC on synthetic
liposome, allow cytochrome c to pass through VDAC out of liposome. Bcl-2 anti-
apoptotic protein (Bcl-X\) in contrast can bind directly to VDAC and close the
channel consequently preventing the release of cytochrome c [see review by Strasser
et al.(2000)].

The fourth model was proposed by Strasser et al. (2000) in which a large
macromolecular structure or lattice may be formed by Bcl-2 family members in
membranes. The conformation of individual proteins in this lattice are affected by
their neighbours and maybe induced to switch between two stages: anti-apoptotic and
pro-apoptotic. When a Bcl-2 pro-apoptotic protein binds to a Bcl-2 anti-apoptotic
protein, it induces the switch conformation of the anti-apoptotic protein. The anti-
apoptotic protein in its switched state can induce nearby anti-apoptotic proteins to
switch their conformation, and entire lattice will become conducive to caspase

activation and apoptosis induction.
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Although several mechanisms have been proposed to explain the function of
Bcl-2 anti-apoptotic and pro-apoptotic members in regulation of apoptosis, there still
remain some unclear and unanswered questions that limited understanding of how
Bcl-2 regulate cell death (Garcia-Saez 2012).

Inhibitor of Apoptosis (IAP) protein — a direct regulator of caspases

Although pro-caspases have a low protease activity, this activity is significant;
and since pro-caspases are widely expressed in living cells, unregulated caspase
activation would be lethal. Therefore cells must have an efficient mechanism to
prevent unnecessary caspase activation. Inhibitor of apoptosis (IAP) protein is one of
an important family of caspase inhibitors (Fuchs & Steller 2011). The first member
of the IAP family was identified by Crook et al.(1993) from the baculovirus Cyndia
pomonella when genomic DNA of this virus was co-transfected into the SF-21
(Spodoptera frugipera) insect cell line together with Autographa californica nuclear
polyhedrosis virus DNA containing a deletion in p35. A polypeptide of 31 kDa
coded by the 1.6 kb Sall-Sstl open reading frame was found to be sufficient to
suppress cell death and rescue the wild type infection. Since then several IAPs have
been characterized including Cp-iap from Cyndiapomonella granulosis virus, Op-iap
from Orgyia pseudotsugata nuclear polyhedrosis virus, Ac-iap from Autographa
californica multiply-embedded nuclear polyhedrosis virus (AcMNPV) (Crook et al.
1993; Birnbaum et al. 1994; Clem & Miller 1994), NAIP, c-1AP1, c-1AP2, XIAP
(also known as hILP or MIHA) from human (Rothe et al. 1995; Roy et al. 1995;
Deveraux et al. 1997), DIAP1, DIAP2 from Drosophila (Hay et al. 1995) and SfIAP
from Spodoptera frugiperda (Huang et al. 2000b).

IAP family members are characterized by the presence of one to three
baculoviral 1AP repeat (BIR) domains, a region of approximately 70 amino acids. In
some IAP members BIR domains allow them to bind to and inhibit initiator and
effector caspases as well as downstream proteases thereby preventing apoptosis
(Deveraux & Reed 1999; Vaux & Silke 2005). For example XIAP has been reported
to inhibit cytochrome c-induced caspase activation especially the cytochrome c-
induced cleavage of pro-caspase-3. It also inhibited caspase-8-induced destruction of
nuclei and interfered with the activation of pro-caspase-3 by caspase-8. In addition,
XIAP can inhibit the proteolytic activities of caspase-3 and caspase-7 and can

directly bind to these proteases in vitro. XIAP also inhibits the activation of pro-
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caspase-9 in the granulose cell. All these inhibitions lead to prevention of apoptosis
and have been attributed to the function of BIR and RING (really interested new
gene) domains within IAP. RING domain can function as E3 ubiquitin ligase and
may play a role in apoptosis regulation via the proteasome (Deveraux et al. 1997;
Vaux & Silke 2005; Cheng et al. 2008; Kabbage et al. 2010). Unlike FLIP or Bcl-2
anti-apoptotic proteins which can only regulate death receptor or mitochondrial-
driven PCD pathways respectively, IAPs are unique in that they are capable of
inhibiting both extrinsic and intrinsic pathways due to their inhibition of caspase

cleavage at the initial phase of the cascade (Straszewski-Chavez et al. 2004).

The activity of IAP family members is regulated by IAP antagonists, a protein
family whose members can bind to the BIR domain of IAP and inactivate the anti-
apoptotic function. In Drosophila the anti-apoptotic activity of DIAP1 has been
reported to be blocked by reaper, hid and grim encoded proteins (Goyal et al. 2000).
In mammalian systems the three well-known IAP antagonists are Smac (second
mitochondria-derived activator of caspases), Diablo (Direct IAP binding protein with
low pl) and HtrA2/Omi identified by Du et al.(2000), Verhagen et al.(2000) and
Suzuki et al.(2001) respectively. Smac/Diablo is synthesized as precursor product
which has a mitochondrial import sequence at its N-terminus that is removed upon
import. In healthy cells, Smac/Diablo localizes in mitochondria and is released to the
cytosol upon cellular stress to promote apoptosis by preventing IAP inhibition of
caspases. Smac/Diablo has been reported to interact with all mammalian 1APs
examined and can also bind OplAP (Verhagen & Vaux 2002). HtrA2/Omi is also
released from mitochondria upon cellular stress. It inhibits IAP function by direct

binding to IAPin similar way to Smac (Suzuki et al. 2001).

In summary, mammalian programmed cell death is complex and it is regulated
by many factors. A detailed apoptotic pathway and its regulation has been
summarised in Portt et al. (2011) (Figure 2.8)
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2.7 PROGRAMMED CELL DEATH IN PLANTS

2.7.1 Function of PCD in plant development and interaction with environment

Most of the functions of PCD (apoptosis and autophagy) that were witnessed in
other multicellular organisms such as in animal are also observed in plants. For

example, the involvement of PCD in tissue remodelling has been reported in leaf
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shape remodelling of lance plant (Gunawardena et al. 2004). PCD functions in
deletion of temporary functional structures that no longer required for the plant
development such as suspensor and aleurone layer cells (Pennell & Lamb 1997;
Bozhkov et al. 2005). The death of aleurone layer cells during seed germination in
cereals is an example of the function of PCD in removing a no longer required
structure in plant during development. Aleurone is the outer surrounding layer of
endosperm, a store of nutrients materials, in mature seeds. The cereal endosperm
contains two specialized tissues: the starchy endosperm and the aleurone layer.
Starchy endosperm cells die upon the completion of grain filling and the dead starchy
endosperm is the reserved source of carbon and nitrogen that is used for embryo
growth during seed germination. Nutrients required for the growth of the embryo
during seed germination are initially obtained from the store in the embryo and
subsequently from mobilization of the materials stored in the endosperm. The
hydrolytic process of materials stored in endosperm required hydrolytic enzymes
which are synthesised in aleurone cells (Kuo et al. 1996; Wang et al. 1996b; Fath et
al. 2000). However, aleurone layer cells are not required for young plants and are
therefore programmed to die after contributing their hydrolytic enzymes usually a
few days after seed germination. (Wang et al. 1996b; Bethke et al. 1999; Fath et al.
2000; Fath et al. 2002).

PCD also plays a key role in the specialization of cells including the
development of xylem tracheary elements (Fukuda et al. 1998; Groover & Jones
1999)or cell death in root cap cells which protect the root meristem (Wang et al.
1996a). Additionally, PCD plays a role in the redistribution of nutrients, for example
cell death during senescence recycles nutrients from older to younger organs
(Greenberg 1996; Yen & Yang 1998; Simeonova et al. 2000; Yoshida 2003). PCD
has been found to occur throughout the plant life cycle in many sites of the plants
(Pennell & Lamb 1997) (Figure 2.9).
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Figure 2.9: Sites of cell death in vascular plants (Pennell & Lamb 1997)
www.plantcell.org "Copyright American Society of Plant Biologists.”

In terms of defence, PCD is induced as general defence strategies in plants to
compensate for the absence of immune system as well as the inability to move to
escape environmental challenges during pathogens invasion. Hypersensitive response
is a typical example of programmed cell death function as a defence mechanism
during pathogens attack. HR not only prevents reproduction of the pathogen but also
kills adjacent uninfected cells to create a “barrier of death” separating the pathogen
from healthy tissues (Dangl & Jones 2001; Lam et al. 2001; Lam 2004). Hypoxic
conditions in maize triggered cell death in the cortex of the roots and stem to form
aerenchyma which facilitates an efficient transportation of oxygen from aerial organs
to waterlogged stem bases and roots is another example of PCD function to enable
plants to cope with unfavourable environmental conditions (Pennell & Lamb 1997;
Drew et al. 2000).

Pennell and Lamb (1997) have summarised the function of PCD during plants
development and interaction with environment in Figure 2.10, in which examples of

PCD removal of cells that serve a temporary function, are unnecessary or unwanted,

Chapter 2: Literature Review 37


http://www.plantcell.org/

or give rise to specialised tissues; removal of cells during sculpturing of plant body

and leaf lobbing and deletion of cells during plant interactions with pathogens were
included.

M’ N* o* P‘
Figure 2.10: Function of PCD in plants (Pennell & Lamb 1997) www.plantcell.org
"Copyright American Society of Plant Biologists.” Note: the red regions represent
cells that have been targeted for PCD and the orange regions represent cells that have
died by PCD.Deletion of temporary functional cells: (A & B) suspensor cells in
embryos;(C & D) aleurone cells in seeds. Deletion of unnecessary or unwanted cells:
(E & F) stamen primordia cells in unisexual flowers, (G & H) root cap cells, (I & J)
deletion of cells during sculpturing of plant body and leaf lobbing; deletion of cells
during specialization: (K & L) TE cells (specialized death cells to form columns for
water transportation in vascular plant); and deletion of cells during plant interactions

with pathogens: (M & N) cells in an HR; (O & P) cells in uninfected leaves in
response to HR-derived signals.

Although the functions of PCD in plants and animals are similar; and some
typical morphological features of PCD in animals such as cell shrinkage, DNA
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cleavage, DNA fragmentation were also observed during plant PCD, the question
about the similarity of molecular mechanisms involved in PCD between the two
kingdoms are still open (Fomicheva et al. 2012). Plant cells display several unique
features as compared with their animal counterparts that include the presence of
chloroplast, vacuoles and totipotency. Additionally, unlike animal cells, plant cells
are held together by rigid cell walls which prevent active phagocytosis; plants also
lack “true” caspases. Taken together, it has been suggested that plants do not exhibit
“classical” apoptosis (van Doorn 2011). Van Doorn (2011) therefore proposed a
classification of plants PCD in which 2 categories of PCD were described: vacuolar
plant cell death and necrotic plant cell death. There are many cases of plant PCD
however, not falling within either of the proposed categories, classification of plant
PCD therefore should base on other criteria such as molecular mechanisms and basic
components of PCD apparatus rather than morphology alone (Fomicheva et al.
2012). Other authors, Reape et al.(2008), described three different modes of
programmed cell death in plants including apoptotic-like PCD (AL-PCD), autophagy
and necrosis. Reape et al. (2008) also proposed an apoptotic-like regulation of PCD
in plants in which mitochondrial membrane permeabilisation plays a central role via
the forming of permeability transition pore (PTP), which is induced by the changes
in phosphate and/or ATP level, build-up of Ca?* and ROS production following
cellular stress (Reape & McCabe 2010).

Despite intense search, caspases, which are the most characteristic proteases
and known to have essential functions in initiation and execution of apoptosis in
animal cells, have not been found in plants (Vartapetian et al. 2011; Dominguez &
Cejudo 2012). However a numbers of caspase-like proteases in plants have been
identified including metacaspases (Uren et al. 2000), vacuolar processing enzymes
(VPE) (Hatsugai et al. 2004) and subtilisin-like proteases (saspases and phytapases)
(Chichkova et al. 2004; Coffeen & Wolpert 2004; Chichkova et al. 2010).

2.7.2 Metacaspases

Metacaspases are cysteine-dependent proteases that were identified in
protozoa, fungi and plants by Uren et al.(2000) using bioinformatics and functional
screen-based approaches. Metacaspases are categorised into type | and type Il. Type
I metacaspases have an N-terminal pro-domain containing a zinc-finger motif

followed by a proline-rich repeat motif. Type Il metacaspases lack such a pro-
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domain but possess a linker region between putative large (p20) and small (p10)
subunits (Uren et al. 2000; Vercammen et al. 2004; Vercammen et al. 2007). While
protozoa and fungi have only type | metacaspases, plants have both types of
metacaspases though type | are more prevalent than type Il (Tsiatsiani et al. 2011).
Metacaspases are similar to caspases in the way that they contain a caspase-specific
catalytic dyad of histidine and cysteine and a caspase-like secondary structure
(Carmona-gutierrez et al. 2010). However metacaspases and caspases have different
cleavage specificity, metacaspases hydrolysed proteins at the site after a basic
residues usually arginine or lysine (Vercammen et al. 2004; Watanabe & Lam 2005)
whereas caspases hydrolysed target proteins at the site after aspartate (acid residues)
(Thornberry et al. 1992; Thornberry et al. 1997). This difference together with the
phylogenetic analysis for PCD-associated proteins, which showed that caspases and
metacaspases form distant groups within clan CD peptidases (Koonin & Aravind
2002), leads to the suggestion that metacaspases should be regrouped to a separate
family in the clan CD cysteine peptidases (Vercammen et al. 2007). Emerging
evidence however indicates that metacaspases are caspases (He et al. 2008; Bozhkov
et al. 2009; Coll et al. 2010; Tsiatsiani et al. 2011). Metacaspases and caspases fulfil
the criteria of homology including common cellular program, PCD and common
substrates (at least in part) and represent variants of the same enzyme that has varied
in revolution. Metacaspases exist virtually in all eukaryotic organisms lacking
caspases, and the presence of caspases excludes that of metacaspases therefore
caspases and their aspartate specificity may constitute a secondary development in
just one branch of eukaryotes that includes higher animals; caspases evolved from
metacaspases rather than just falling from the sky (Carmona-gutierrez et al. 2010).
This means metacaspases and caspases come from a common ancestor region and
evolutionary linked, therefore PCD pathways are conserved across the plants and

animal kingdoms.

2.7.3 Vacuolar processing enzymes

One of the distinct features between animal and plant cells is the presence of
vacuoles in plant cells. Vacuoles contain copious amounts of hydrolytic enzymes
such as proteases, nucleases and lipases; and a large amount of various proteins such
as defence proteins and storage proteins required for seeds germination and

subsequent growth (Hara-Nishimura & Hatsugai 2011). In mature plant cells,
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vacuoles can take up the majority of the cell volume (Rojo et al. 2003; Lam 2005).
During nutrient deficiency, vacuoles play a major role in the recycling of cellular
contents through pathways such as autophagy (Hanaoka et al. 2002). Vacuolar
processing enzyme (VPE) was originally discovered as a novel cysteine protease
which is capable of converting several pro-proteins precursors into their respective
mature forms, and responsible for maturation of seed storage proteins (Hara-
Nishimura et al. 1991). VPE was also found to be responsible for the maturation or
activation of several vacuolar proteins (He et al. 2008; Bozhkov et al. 2009; Zhang et
al. 2010). The finding that VPE has caspase-1 activity and is essential for virus-
induced hypersensitive cell death, even though it is structurally unrelated to caspases,
was reported by Hatsugai et al.(2004). This finding provides the link between the
plant legumain and caspase-like functions (Lam 2005). VPE is considered to have
capase-like activity and is an executor of plant cell death (Hara-Nishimura et al.
2005) including cell death in response to pathogen infection (defence strategies) and
during normal development (Yamada et al. 2005; Hatsugai et al. 2006; Hatsugai &
Hara-Nishimura 2010).

In response to pathogen invasion plants induce two classes of vacuole-
mediated PCD: i) destructive death initiates with vacuolar membrane collapse and
release of vacuolar hydrolytic enzymes into the cytosol resulting in rapid and direct
cell death, ii) non-destructive occurs via the fusion of the vacuole and plasma
membranes which allows passage of defence proteins into extracellular space where
bacteria pathogens proliferate. Interestingly, both ways involve caspase-like activity
enzymes: destructive death involves VPE that has caspase-1 activity and non-
destructive death uses the proteasome subunit PBAL (Yamada et al. 2005) which has

caspase-3 activity (Hatsugai & Hara-Nishimura 2010).

2.7.4 Subtilisin — like proteases — saspases and phytaspase

Other plant proteases which have caspase-like activity but are structurally
unrelated to caspases include the saspases which were identified during victorin-
induced PCD in oat (Avena sativa). Victorin is a host specific toxin caused by the
necrotrophic fungus Cochliobolus victoriae in victoria blight of Avena sativa.
Saspases are proteases which exhibit caspase-like specificity but contain an active-
site Ser residue. The two saspases, purified from A. Sativa contain a similar amino

acid sequence to subtilisin-like proteases from plants and are likely involved in a
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PCD-induced signalling cascade as processive proteases though no direct evidence
for this involvement has been identified(Coffeen & Wolpert 2004). More recently,
phytaspase (plant aspartate-specific protease) a PCD-related subtilisin-like protease
has been identified in tobacco and rice (Chichkova et al. 2010). In terms of substrate
specificity, phytaspases are more similar to animal caspase-6 and to an unidentified
protease involved in PCD during embryogenesis in Norway spruce than saspases.
Phytaspase is synthesised as a pro-enzyme which is autocatalytically processed to
become the mature enzyme and localised in extraculluar (apoplastic) fluid before
PCD. Under PCD conditions mature phytaspase is relocated to intracellular.
Overexpression and silencing of the phytaspase gene illustrated that phytaspase is
essential for PCD-related responses to tobacco mosaic virus and abiotic stresses
including oxidative and osmotic stresses (Chichkova et al. 2010). Phytaspases and
caspases are very different in structure, one is a subtilisin-like serine protease
(phytaspase) and other is cysteine-dependent protease (caspase) but they share a
number of important characters including D cleavage specificity and being involved
in the implementation of PCD pathways. They are both synthesised as pro-enzymes
in cells but the way in which they are processed to become mature enzyme is not
similar. Caspases activation is regulated by a number of regulators within the cell
while phytaspase is physically separated from its intracellular targets (Chichkova et
al. 2012). A “backspace” model has been proposed for phytaspase behaviour in
which phytaspase is constitutively processed and the mature phytaspase is secreted
into apoplast in healthy plant cells. Upon PCD induction by several death stimuli,
phytaspase is quickly relocalised to the cytoplasm where it gains access to
intracellular targets for PCD execution (Chichkova et al. 2010; Chichkova et al.
2012). However, the mechanisms by which phytaspase was rapidly shifted to cytosol
is remained unknown and how mature phytaspase presents in extracellular fluid
without any detrimental effect to cells needs further investigation (Chichkova et al.
2012). Currently, the relationship between phytaspase and saspases is not completely
clear. Both of them are subtilises and share many common features, phytaspase
however has higher hydrolytic stringency than saspase and even higher than caspase-
3; and it has a known protein target (VirD2 protein of Agrobacterium tumefaciens)
whereas targeted protein of saspases remains unknown [see review by Vartapetian et
al. (2011)].
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Although plant caspase-like proteases have been identified, their target proteins
and the way in which they are activated, regulated and participate in plant PCD

pathways awaits further investigation.

2.7.5 Plant PCD regulators

Similar to the case of true caspase, attempts to identify plant homologues of
mammalian core regulators of apoptosis using informatics tools at the primary
sequence level such as BLAST or FASTA have failed. A search for functional
similarity based on prediction from structural similarity has been conducted with
assumption that distantly related proteins may have limited overall (undetectable)
sequence homology but key features such as helical structure, hydrophodicity, water
accessible surfaces, electrostatic potential, fold and catalytic sites may be conserved;
and functional predictions can be made independently of the primary sequence
(Doukhanina et al. 2006; Williams & Dickman 2008). Using this approach, a family
of Bcl-2 associated gene product (BAG) proteins of Arabidopsis has been identified
by profile-sequence (PFAM) and profile-profile (FFAS) algorithms (Doukhanina et
al. 2006). The BAG family has been identified in yeast and animals, and is believed
to function through a complex interaction with signalling molecules and molecular
chaperones; under stress conditions, the BAG proteins recruit molecular chaperones
to target proteins and modulate their functions by altering protein conformation
(Sondermann et al. 2001; Takayama & Reed 2001). The search of the Arabidopsis
thaliana genome sequence resulted in recognition of seven homologues of the BAG
proteins family with limited sequence but high structural similarity to their human
counterparts and contained putative Hsp70 biding sites (Doukhanina et al. 2006). Of
the seven homologues of BAG family in Arabidopsis thaliana, four with domain
organization similar to animal BAGs including AtBAG1-4 which are predicted to
localize in cytosol, and three (AtBAG5-7) contain a calmodulin-binding motif near
the BAG domain. This is a novel feature associated with plant BAG family and
possibly reflecting differences between animal and plant PCD (Kabbage & Dickman
2008). AtBAGs have been speculated to bind Hsp70 in a manner similar to their
animal counterparts this is at least the case of AtBAG4. AtBAG4 conferred tolerance
to a wide range of abiotic stress in transgenic tobacco. AtBAG6 may have a role in
basal resistance by limiting disease development in Botrytis cinerea. The functional
differences between AtBAG4 and AtBAG6 lead to a hypothesis that the BAG family
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has developed specialized roles for cell regulation (Kabbage & Dickman 2008).
Similarly to their mammalian counterparts, the proposed function of plant BAG
proteins is to coordinate signals for cell growth and to induce cell survival or cell
death pathways in response to stress (Doukhanina et al. 2006). Arabidopsis BAG
family members are localised to a variety of subcellular organelles for a range of
cellular functions including the important function in PCD pathways and
cytoprotection (Williams et al. 2010).

Despite limited understanding of the molecular mechanisms driving
programmed cell death in plants, it is undoubted that PCD occurs in plants during
development and during the interaction between plants, the environment and

pathogen challenge.

2.7.6 Salinity induced PCD

Salinity stress-induced PCD has been reported in many plants including barley
(Hatsugai et al. 2006), Arabidopsis (Huh et al. 2002), rice (Li et al. 2007; Liu et al.
2007; Jiang et al. 2008), tobacco (Doukhanina et al. 2006; Shabala et al. 2007) and
tomato (Li et al. 2010). Under salinity stress, PCD was induced in response to ion
disequilibrium (Huh et al. 2002). In addition, ROS levels were reported to increase in
plants resulting in significant cellular damage during salinity stress (Borsani et al.
2005; Zhu et al. 2007). ROS can play a dual role acting as both toxic compounds and
secondary messengers in signal transduction pathways in a variety of scenarios
(Miller et al. 2008; Miller et al. 2010). PCD was shown to be triggered by ROS
signals that originate from different organelles such as chloroplast and mitochondria
(Foyer & Noctor 2005; Rhoads et al. 2006). Recently, Joseph and Jini
(2010)provided an in-depth  review of salinity-induced PCD in plants. The paper
focused on the roles of the mitochondria, ROS, mechanisms for ion specific
signaling, and the induction of nuclear and DNA degradation in plants during salt-
induced PCD pathways. The review described that the induction of PCD in plants
following exposure to excessive salinity appears after increased ROS and dissipation

of mitochondrial membrane potential resulting in increased permeability.

Being sessile, plants are particularly vulnerable to aberrant environmental
conditions including saline soils and water deficit. To mitigate salinity stress, plants
implement a range of strategies, however, if these mechanisms are unable to cope

with the increased stress imposed by excess salinity the plant will implement

44 Chapter 2:Literature Review



selective PCD as a last ditch effort to survive (Hara-Nishimura et al. 1991,
Greenberg 1996). Paradoxically, studies have shown that inhibition of PCD during
stress promotes survival (Shabala et al. 2007; Wang et al. 2009b; Li et al. 2010).
These findings suggest that manipulation of programmed cell death pathways,
particularly prevention of PCD may help to enhance tolerance to salinity stress in
crops. In the next section we discuss the various PCD genes used in this project for

the generation of salinity tolerant rice.

2.8 PRO-SURVIVAL GENES USED IN THIS PROJECT

The below pro-survival genes have been selected for this study because: i) they
associated with regulation of PCD induced by abiotic stress; and ii) they are key

plant and virus derived pro-survival genes.

2.8.1 AtBAG4

The Arabidopsis thaliana genome contains seven homologs of the BAG
family, including four with a domain organization similar to animal BAGs. BAG-like
genes appear to be widely distributed in plants and several expressed sequence tags
(ESTs) of putative BAG genes from different plants have been shown to have 42 to
79% similarity to the BAG domain of AtBAG4 (Kabbage & Dickman 2008). These
ESTs were derived from plants exposed to both biotic and abiotic stresses as well as
ESTs associated with tissue-specific expression. Transgenic tobacco lines over-
expressing AtBAG4 have enhanced tolerance to several abiotic stress stimuli through

inhibition of programmed cell death (Doukhanina et al. 2006).

All BAG family members contain a highly conserved region known as the
BAG domain, a key characteristic of the BAG domain is its ability to bind to
Hsp70/Hsp90 proteins to facilitate their chaperone activity. It has been speculated
that BAGs recruit Hsp70 and Hsp90 (p61) proteins and induce conformational
changes that prevent receptor signalling in the absence of a ligand. The broad-
spectrum activity of Hsp70s and Hsp90s requires the recruitment of co-chaperones
and other chaperone systems. BAG protein may coordinate signals for cell growth
and induce survival pathways and/or inhibit PCD pathways in response to stress
(Doukhanina et al. 2006).
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2.8.2 AtBI

BAX inhibitor-1 (BI-1) is an pro-survival protein that is evolutionarily
conserved and predicted to be a transmembrane protein that localizes predominantly
to the endoplasmic reticulum (ER) (Chae et al. 2003; Chae et al. 2004; Watanabe &
Lam 2004; Lee et al. 2007). Plant BI-1 mRNA can be detected in various tissue types
and its expression level is enhanced during senescence and under several types of
biotic and abiotic stresses (Kawai-Yamada et al. 2004; Watanabe & Lam 2006;
Kotsafti et al. 2010). Over-expression of Bl-1 was shown to suppress BAX,
pathogen, or abiotic stress-induced cell death in a variety of cells from yeast, plant,
and mammalian origins (Sanchez et al. 2000; Kawai-Yamada et al. 2001; Matsumura
et al. 2003; Watanabe & Lam 2009). These observations support the hypothesis that
Bl-1may have a conserved function in diverse organisms (Watanabe & Lam 2008).
Recent genetic analysis of Arabidopsis Bl-1 (AtBI1) demonstrated that AtBI1 is not
required for normal plant growth and development, but plays a protective role against
both phytotoxin- and heat stress-induced PCD (Watanabe & Lam 2006). Expression
of AtBIL is up-regulated under several stress conditions induced by bacterial and
fungal pathogens, ozone, norflurazon, or salicylic acid (Sanchez et al. 2000; Kawai-
Yamada et al. 2004). Plant BI-1 is thus likely to play an important role as a survival
factor under multiple stress conditions including Fusarium infection (Watanabe &
Lam 2008).

2.8.3 Hsp70 and Hsp90

Heat-shock proteins are powerful chaperones that are expressed in response to
a variety of physiological and environmental stresses. Heat shock proteins have
different functions depending on their location in intracellular or extracellular. Hsp70
and Hsp90 have anti-apoptotic function, they can interact with different programmed
cell death regulator proteins thereby block the apoptosis process at distinct key points
(Joly et al. 2010). The broad-spectrum activity of Hsp70s/Hsp90 requires the
recruitment of co-chaperones and other chaperone systems (Brodsky & Bracher
2007).

2.8.4 OsBAG4

OsBAG4 was identified from Oryza sativa using the same methods that were

used for Arabidopsis i.e. via profile-sequence (PFAM) and profile-profile (FFAS)
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algorithms. Using this approach, six BAG family members, phylogenetically
grouped into two groups, were identified in Oryza sativa. Group 1 includes four
members OsBAG1-OsBAG4 which, similarly to their animal counterparts, contain
ubiquitin-like domain at N-terminus domain and group 2 consists of two members
OsBAG5 and OsBAG6 which have calmodulin-binding motifs like AtBAG5 and
AtBAG6. The proposed function of OsBAG family members is to involve in cell
elongation, differentiation, response to tresses and cell death process (Rana et al.
2012).

2.8.5 p35

The p35 gene was first identified by sequencing analysis of a region of the
Autographa californica multicapsid nucleopolyhedrovirus genomeadjacent to the
insertion of a transposable element in 1987, but the function of the p35 gene product
(p35 protein) was unknown until four years later (Clem et al. 1991; Clem 2001). To
date the role of p35, have been extensively studied in a range of organisms (Clem et
al. 1991; Clem & Miller 1994; Bump et al. 1995; Xue & Horvitz 1995; Bertin et al.
1996). Expression of p35 is known to inhibit PCD across broad evolutionary
boundaries including mammals (Viswanath et al. 2000), insects (Davidson & Steller
1998), nematodes (Xue & Horvitz 1995) and plants(Lincoln et al. 2002; Freitas et al.
2007; Wang et al. 2009b). Research conducted by Clem et al.(Clem et al. 1991;
Clem & Miller 1994) showed that expression of p35 in SF-21 (Spodoptera frugipera)
insect cell line is sufficient to suppress apoptosis triggered by ACMNPV infection
and actinomycin D. The Baculovirus p35 protein has been attributed to prevent the
programmed cell death in Caenorhabditis elegans by acting as a competitive
inhibitor of cysteine proteases (Xue & Horvitz 1995). The p35 protein was also
suggested to act as an inhibitor of human interleukin-1p converting enzyme (ICE)
(caspase-1) by preventing the autoproteolytic activation of ICE from its precursor
form and blocking ICE-induced apoptosis (Bump et al. 1995). The expression of a
baculovirus anti-apoptotic gene p35 in transgenic tomato, tobacco and passion fruit
plants suppressed the cell death caused by a fungal toxin (AAL-toxin) and the
infection of certain bacterial or fungal pathogens and enhance tolerance to a range of
abiotic and biotic stresses (Lincoln et al. 2002; Freitas et al. 2007; Wang et al.
2009b).
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2.8.6 STIAP

SfIAP is an IAP (inhibitor of apoptosis) family member, isolated from the
insect Spodoptera frugiperda (Huang et al. 2000b). SfIAP has previously been
transformed into tobacco and tomato and reported to confer tolerance to salinity,
heat, fumonisin B1 and resistance to necrotrophic fungus Alternaria alternate
(Kabbage et al. 2010; Li et al. 2010). All aspects of plant’s life are controlled by the
regulated synthesis of new polypeptides and the precise degradation of pre-existing
proteins (proteolysis). Ubiquitin/26S proteasome is arguably the dominant
proteolytic system in plants (Smalle & Vierstra 2004). Proteolysis via Ubiquitin/26S
proteasome pathway requires sequential enzyme activities including a ubiquitin
activating enzyme (E1) which forms a thioester bond with the C terminus of
ubiquitin in a present of ATP and then transfers the activated ubiquitin to a ubiquitin
conjungating enzyme (E2), E2 then transfers ubiquitin directly to a ubiquitin-ligating
ezyme (E3) which transfer ubiquitin to the targeted substrate (Smalle & Vierstra
2004; Kabbage et al. 2010).The ability to confer tolerance to salinity stress of SfIAP
was attributed to its E3 ubiquitin ligase activity (Kabbage et al. 2010).

29 SUMMARY AND IMPLICATION

In summary, programmed cell death play important roles during normal
development and during the interaction between plants and environment. Depending
on the context, PCD maybe benefit or be harmful to the plants as discussed in
previous sections. In some circumstances plants involved in PCD as a passive
participant. Manipulation of PCD pathways using pro-survival genes in tobacco,
tomato and banana has highlighted the possibility to enhance tolerance to biotic and
abiotic stresses in other economical crops. Therefore pro-survival genes from
different sources were transformed into rice and accessed for their ability to confer
tolerance to salinity stress. The overview of this project with essential steps to

achieve the three specific objectives is shown in Figure 2.11
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Figure 2.11: Project overview

The following chapters will present the materials and methods used in this

project, followed by the results of three specific objectives respectively and a general
discussion and conclusion of overall project.
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Chapter 3: General Materials and Methods

This chapter describes the general materials used for this project including
Nipponbare rice seeds, pro-survival genes, vector backbone and source of specialized
reagents in section 3.1. Section 3.2 presents general methods for generation and
characterization of transgenic rice as well as methodology for salinity tolerance

screening.

3.1 GENERAL MATERIALS

3.1.1 Nipponbare rice seeds

Rice seeds (Oryza sativa L. spp. Japonica cv. Nipponbare) were Kkindly

provided by Yanco Agricultural Institute, NSW, Australia.

3.1.2 Pro-survival genes

List of pro-survival genes used in this project is shown in Table 3.1. Of the
seven genes used, SfIAP, p35 and AtBAG4 were kindly provided by Professor Martin
Dickman, Texas University, USA. Other pro-survival genes used in this project were
kindly provided by the banana research team from the Centre for Tropical Crops and

Biocommodities, Queensland University of Technology (QUT).

Table 3.1: List of pro-survival genes and combination used in this study

Genes Sources

AtBAG4, AtBI Arabidopsis thaliana

AtBAG4 + Hsp70 A combination of AtBAG4 and Hsp70
Hsp70,Hsp90 (p61) Citrus tristeza virus

OsBAG4 Oryza sativa

p35 Baculovirus

STIAP Spodoptera frugiperda
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3.1.3 Plant expression vector
The pro-survival genes in Table 3.1 together with maize (Zea mays L.)

polyubiquitin-1 (Ubi-1) promoter were cloned into the plant binary vector

PCAMBIA 1301 (Figure 3.1).

(a)
Hind 111 (11076) Neo I(1)
Sph 1(11074) Lac Z alpha Gus first exon
e
Xba 1(11052) promoter Catalase intron
Gus second exon

Bam H 1{11046)
Smal 1(11043) —

Kph 1{(1104]) ————==
Nhe 1(2014)

Sac 1(11035)

EcoR 1{11025)
Histidine tag

Pst EII(2050)

——No0s poly=A
I<border (right)
Sph 1(2455)

BstX 1(10782)
CaMV 358 promoter ———

pCAMBIA 1301

Xba 1 (9995)
11838 bp

Hygromycin (R)

Xba 1 (8901)
CamV 35S polyA =~

[=border (left)
Nhe 1(5458)

pVS1 rep

Sac Il (8383)
Kanamycin (R) !
pBR322 ori pBR322 bom

Figure 3.1: Plasmid map of the binary plant expression vector pPCAMBIA1301. The

T-DNA of this base vector has hygromycin gene driven by CaMV35S promoter
cloned in it and this was used as the plant selection marker.

3.1.4 Sources of specialised reagents
All general reagents were sourced from scientific supply companies including

Crown Scientific (Aus), Invitrogen (USA), Promega (USA), Qiagen (Netherlands),

Roche Diagnostics (Switzerland) and Sigma Aldrich (USA).
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3.1.5 Media for tissue culture and transformation

Refer to appendices.

3.1.6 Solution for plant nucleic acid extraction

CTAB buffer: 2% CTAB (cetyltrimethylammonium bromide), 2 M NaCl, 25
mM EDTA pH 8, 100 mM Tris-HCI, 2% polyvinylpyrrolidone (PVP
40)

EDTA: Ethylene diamine tetra-acetic acid, pH 8
CHCI3:1AA: chloroform: isoamyl alcohol (24:1)

3.1.7 Solution for gel electrophoresis
Agarose gel loading dye (6X): 0.25% (w/v) bromophenol blue, 50% TE and
50% glycerol

TE: 10 mM Tris-HCI, pH 8.0, 1 mM EDTA

TAE buffer: 10 mM Tris-acetate, 0.5 mM EDTA, pH 7.8

3.1.8 Solutions for the detection of cell death
PBS: 137 mM NaCl, 10 mM phosphate (10 mM Na,HPO, and 1.8 mM
KH,PO,), 2.7 mM KCI, pH 7.4

Fixation: 4% paraformaldehyde, 0.1% PBS, pH 7.2

Permeability: 0.1% Triton X100, 0.1% tri sodium citrate, pH 6

Staining solution: TUNEL reactions mix (Roche Diagnostics - Switzerland).

Propidium lodide: 0.5 mg mL™

3.2 GENERAL METHODS

3.2.1 Generation of transgenic rice
Induction of rice callus

Embryogenic callus (scutellum-derived callus) was induced from mature seeds
of rice (Oryza sativa L. spp Japonica cv. Nipponbare) using 2N6 callus induction
media (Appendix 1). Dehusked Nipponbare seeds were rinsed three times with
deionised water, surface-sterilised in 70% (v/v) ethanol for one minute followed by
vigorous shaking in a solution of 80% commercial bleach (4.0% hypochlorite w/v)

containing one drop of Tween-20 for 30 min. Seeds were then rinsed 4-5 times in
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sterilised distilled water and blotted on sterile Whatman® filter paper before being
placed onto 90 x 14 mm petri dishes containing 25 mL of solidified 2N6 callus
induction media (Appendix 1). All steps following sterilisation of the seeds were
carried out in a laminar flow cabinet. Seeds contained in petri dishes were kept in the
dark at 27°C for 3 weeks. Pieces of proliferating embryogenic callus were selected

and pre-cultured on fresh 2N6 media four days prior to transformation.

Agrobacterium transformation

A 200uL aliquot of Agrobacterium tumefaciens strain AGL1 from a glycerol
stock, was added to 10 ml of YM media (Appendix 1) supplemented with 25 mgL™
rifampicin and 100 mgL™ kanamycin in a 15 mL falcon tube. The tube was then
inoculated for three days at 28°C with 200 rpm shaking speed. After three days, 5
mL of the culture was transferred into a 50 mL falcon tube containing 20 ml of LB
media (Appendix1) supplemented with 25 mgL™ rifampicin and 100 mgL™
kanamycin. An 1 mL aliquot of each culture was assessed by spectrophotometer to
determine optical density at a wavelength of 600 nm (ODgy). Following
confirmation of optical density the Agrobacterium culture was centrifuged at 5000
rpm for 10 min, the supernatant was decanted and the resulting pellet was
resuspended in bacterial re-suspension media (BRM, Appendix 1) in a 50 mL Falcon
tube supplemented with 100puM acetosyringone to an ODgy 0of 0.7. The culture was
gently agitated on a rotary shaker at 70 rpm at room temperature for 5 h to facilitate
T-DNA induction in BRM.

Four day pre-cultured embryogenic calli were transferred to a 50 mL Falcon
tube and 10 mL of preheated (45°C) 2N6 media was added. The mixture was
incubated for 5 min at 45°C in a water bath. Following incubation, the 2N6 media
was removed and replaced with 10 mL of induced Agrobacterium culture. Sterile
Pluronic F68 solution was added into the mixture at a final concentration of 0.02%.
The mixture was then shaken for 5 min at 70 rpm before centrifugation at 2000 rpm
for 10 min. After incubating for 30 min at room temperature, Agrobacterium-
exposed calli were blotted on sterile Whatman® filter paper and transferred to 90 x 14
mm petri dishes containing 25 mL of co-cultivation media (CCM, Appendix 1)
supplemented with 100uM acetosyringone. The cultures were co-cultivated in the
dark for 3 days at 27°C. After three days, transformed calli were washed four times

in 30 mL 2N6 liquid media containing 200 mgl™ timentin to eliminate excess
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bacteria. For the final washing, the callus was placed on a rotary shaker at 70 rpm for
10 min before blotting on sterile Whatman® filter paper. Dry calli were transferred
onto petri dish containing 25 mL of 2N6 selection media (Appendix 1) supplemented

with 200 mgL™* timentin and 25 mgL™ hygromycin.

Hygromycin selection

Transformed calli were selected using 25 mgl™ hygromycin for the first two
weeks after transformation. To kill residual Agrobacterium, 200 mgL™ timentin was
also added to the media. The transformed calli were transferred onto fresh 2N6
selection media containing 50 mgL™ hygromycin and 200 mgL™ timentin every 14
days. Cultures were incubated in the dark at 27°C and monitored for proliferation of

resistant callus.

Callus proliferation

After seven weeks on hygromycin selective media, proliferation of transformed
calli was recorded by measuring callus clump diameter. Six levels of callus
proliferation were determined based on the diameter of a callus clump. Proliferation
level 1 (PL1) indicates that callus clump had a diameter between 3-6 mm; 7-8 mm;
9-11 mm; 12-14 mm; 15-17 mm and 18 mm or above were recorded as proliferation
level 2 (PL2),level 3(PL3), level 4 (PL4), level 5 (PL5) and level 6 (PL6)

respectively.

Plant Regeneration

After seven weeks on selection media, individual proliferating antibiotic
resistant callus clumps (cream white in colour) was transferred to 100 x 20 mm petri
dishes containing 30 mL of regeneration media (Appendix 1) supplemented with 200
mgL™ timentin and 25 mgL™ hygromycin. Cultures on the regeneration media were
incubated at 27°C in the dark for the first 7 days and then exposed to day/night cycle
of 16 h/8 h at 25°C for shoot formation. After three weeks on regeneration media,
several green points and little plantlets were observed. All green regenerating calli
were transferred onto fresh regeneration media in 100 x 20 mm petri dishes
supplemented with 200 mgL™ timentin and 25 mgL™* hygromycin. The cultures were

incubated at 25°C using 16 hours photoperiod.
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Rooting

Shoots with at least three well-formed leaves were transferred to 120 x 60 mm
culture vessels containing 50 mL of rooting media (Appendix1) supplemented with
200 mgL™* timentin and 25 mgL™ hygromycin. Culture vessels were incubated in
tissue culture growth room at 25°C with a 16 hour photoperiod and monitored for

plant growth, elongation and root development.

3.2.2 Molecular characterization of transgenic plants

Nucleic acid purification from plant tissue

Total gDNA

Genomic DNA was extracted from leaf tissues of putative transgenic lines
using either the DNA Easy kit (Qiagen - Netherland) flowing the manufacturer’s
instruction or the cetyltrimethylammonium bromide method (CTAB) (Stewart & Via
1993).This method is based on the use of cetyltrimethylammonium bromide, a
positively-charged detergent that, in the presence of high concentrations of salt,
interacts with the negatively charged DNA to form a soluble complex (Sambrook
2001).

Approximately 100 mg of frozen rice leaves in a 2 mL Eppendorf containing a
bead was frozen by immersing in liquid nitrogen and homogenised using
TissueLyser (Qiagen - Netherland) at maximum frequency (30) for 30 sec and the
tube was immersed back in liquid nitrogen. A 700 pL aliquot of pre-warmed CTAB
buffer was added to the powdered sample and the sample was returned to the

TissueLyser to homogenise at maximum frequency (30) for 1 min.

Following homogenization the tube was incubated at 65°C in a water bath for
30 min, with occasional inversion to mix the contents. Proteins, pigments, and other
contaminating organic compounds were extracted by adding 700 pL chloroform:
isoamyl alcohol (24:1) to the slurry. The resulting mixture was gently inverted 8-10
times to maximize DNA vyield and the microtube was centrifuged at 14,000 rpm for 5
min at room temperature. The resulting aqueous supernatant (approximately 500 pL,

containing the DNA) was carefully transferred to a fresh 1.5 mL microtube.

The DNA in the supernatant was precipitated with two thirds the volume of
cold isopropanol. The tube contents were gently mixed, incubated at room

temperature for 10 min and centrifuged at 14,000 rpm for 10 min at room
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temperature. A small white pellet was observed at the bottom of the tube. The
isopropanol was decanted and replaced with 1 mL chilled 70% (v/v) ethanol and the
sample was centrifuged at 14,000 rpm for 5 min at room temperature. The ethanol
was decanted and the DNA pellet was allowed to dry at room temperature in a fume
hood (30 min) or under vacuum for 15 min before resuspending in 100 uL sterile

DNase, RNase free water overnight at 4°C.

Total RNA

RNA was extracted from leaf tissue of transgenic lines, wild type Nipponbare
and vector-control plants using TRI Reagent® (Sigma - USA). Approximately 100
mg of leaf tissue was snhap frozen with liquid nitrogen in a 2 mL Eppendorf or
Cryovial tubes containing a sterile bead. Samples were homogenised using
TissueLyser (Qiagen - Netherland) at maximum frequency (30) for 30 sec and
returned to liquid nitrogen. Following grinding 1 mL of TRI Reagent® was added to
the powdered sample and the sample was returned to the TissueLyser to homogenise
at maximum frequency (30) for 1 min. The mixture was incubated at room

temperature for 5 min.

To remove proteins and other organic contaminants 200 uL of chloroform was
added to each sample and the mixture was shaken vigorously for 15 sec, followed by
10 min incubation at room temperature. The tube was centrifuged at 14,000 rpm for
15 min at 4°C. A 350 pL of the resulting agueous supernatant, containing the RNA,
was carefully transferred to a fresh 1.5 mL microtube. To precipitate the RNA, 500
uL of cold isopropanol was added in the supernatant. The tube contents were gently
mixed and the sample was incubated at room temperature for 10 min. RNA was
precipitated by centrifugation at 14,000 rpm for 10 min at 4°C. The isopropanol was
decanted and replaced with 1 mL chilled 70% (v/v) ethanol and then centrifuged at
9,000 rpm for 5 min at 4°C. The ethanol was then decanted, and the RNA pellet was
dried under a vacuum for 15 min before resuspending it in 50 uL sterile DNase,
RNase free water. The tubes were incubated at 58°C for 15 min to assist the
resuspension of RNA. Isolated RNA was used immediately or stored at - 80°C for

later use.
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Quantification of nucleic acid

The quantity and quality of extracted gDNA and RNA were estimated using a
NanoDrop2000 spectrophotometer (Thermo Scientific - USA). Absorbance was
measured at wavelengths of 230, 260 and 280 nm. The purity of the gDNA and total
RNA was assessed using the ratio of absorbance at 260 and 280 nm and 260 and 230

nm.

Amplification of nucleic acid

Polymerase chain reaction (PCR)

Each reaction was performed in a final volume of 20 ul containing 10 uL of 2X
GoTaq green (Taq DNA polymerase, 400 uM dATP,400 uM dGTP,400 uM
dCTP,400 uM dTTP, 3 mM MgCl, , yellow and blue dyes (Promega - USA), 0.5
pL of each 10 uM forward and reverse primers, 100 ng of genomic DNA and
DNase, RNase free water up to 20 puL. PCR was carried out either in a Peltier
Thermal Cycler — 200 (MJ research - USA) or in a Peltier Thermal Cycler (Gradient
Cycler - Bio-RAD - USA).

PCR profile: initial denature at 94°C for 2 min followed by 30 cycles of
denaturing at 94°C for 30 sec, annealing at 54-57°C (depending on primers),

extension at 72°C for 1 min. Final extension was at 72°C for 2 min.

Reverse Transcription Polymerase chain reaction (RT-PCR)

SuperScript® 111 first strand synthesis system (Invitrogen - USA) was used to
carry out RT-PCR reaction following the manufacturer’s instruction and using gene
specific primers. Briefly, cDNA was synthesised using RNA mix and cDNA
synthesis mix. RNA mix was prepared using 1 uL of 50 nM Oligo (dT)2, 1 uL of 10
nM mix dNTPs, 2 ug RNA (previously treated with DNase to destroy any DNA
residue) and DNase, RNase free water to a final volume of 10 uL. The mixture was
incubated at 65°C for 5 min and then quenched on ice for 2 min. cDNA synthesis
mix (prepared freshly during the incubation of RNA mixture) containing 2 uL of 10
X RT buffer, 4 uL of 25 mM MgCl,, 2 uL of 0.1 M DTT, 1 uL of RNase OUT (40
U/uL) and 1 uL of SuperScript ~ 11l RT (200 U/uL) was added to the chilled RNA
mix. The mixture was spun briefly and incubated at 50°C for 50 min followed by
incubation at 85°C for 5 min following by chilling on ice. A 1 uL of aliquot RNase H

(supplied with the kit) was added to the mixture and the mixture was incubated at
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37°C for 20 min. RT-PCR was set up using 2 X GoTaqg green (Tag DNA polymerase,
400 pM dATP,400 uM dGTP,400 uM dCTP,400 uM dTTP, 3 mM MgCl, , yellow
and blue dyes (Promega - USA), 0.5 pL of each 10 uM forward and reverse gene
specific primers, 2 pL of cDNA and DNase, RNase free water up to 20 uL. RT-PCR
was carried out either in a Peltier Thermal Cycler — 200 (MJ research - USA) or in a
Peltier Thermal Cycler (Gradient Cycler - Bio-RAD - USA). RT-PCR profile: initial
denaturation at 94°C for 2 min followed by 30 cycles of denaturation at 94°C for 30
sec, annealing at 54-57°C (depending on primers), extension at 72°C for 1 min. Final

extension was at 72°C for 2 min.

Gel electrophoresis

Agarose gels of 1.5% (w/v) were prepared using agarose (Roche diagnostics -
USA) dissolved in 1 X TAE buffer containing 0.5 X SYBR Safe DNA gel stain
(Invitrogen - USA). Each gel was cast and run in an EasyCast Mini Gel System. The
gels were loaded with 15 pL of each PCR product combined with 3 uL of
bromophenol blue loading dye 6 X. A molecular weight marker (Marker X — Roche
Diagnostics - Switzerland) was added to one lane to determine the approximate sizes
of the PCR products. Electrophoresis was carried out at 120 V and in 1 X TAE
buffer, for 30 min. The gel was viewed and photographed using a Syngene Geldoc

system (G-box and GenSnap version 6.07) (Syngene - UK).

3.2.3 Glasshouse acclimation

Wild type, vector-control and transgenic rice plants were acclimatized in the
glasshouse for salinity tolerance screening assays. Rooted plants were taken out of
tissue culture jars. Agar sticking to the roots was removed by washing under tap
water. Plants were then transferred to a 40 mm diameter plastic garden pot filled with
commercial potting mix (Searles, Sunshine coast, Qld, Australia). Pots were placed
in a container filled with tap water to one third of the height of the pot. The container
was covered with clear plastic bag and placed in a glasshouse at 28°C, day/night
cycle of 16 h/ 8 h for 1 week to allow plants to acclimatise. During the acclimation,
the plants were sprayed with tap water twice per day. After 1 week, the bag was

removed.

Chapter 3:General Materials and Methods 59



3.2.4 Salinity tolerance screening assay

The experiments were conducted from August to December 2012 at the QUT
glasshouse at Carseldine, Brisbane, Australia with temperature adjusted at 28°C/21°C
day/night and no supplemental light was used. Rice tissue culture plants were
acclimatised using 40 mm plastic pots and premium potting mix (Searles) for 7 days.
Pots were placed in a container fill with tap water. The plants were grown for another
7 days then Aquasol fertilizer (Yates, Padstow, NSW, Australia) containing nitrogen,
phosphorus, potassium and trace elements (N:P:K:23:3.95:14) was added. One week
later the salinity stress experiment at seedling stage was started; water in the
container was drained out and 100 mM NacCl in tap water was filled in until a level of
1 cm above potting mix level was achieved. At this stage the plants had 3 fully
expanded leaves and the fourth leaf was just emerged. The water level was
maintained daily at 1 cm above soil level by adding tap water (not salt water) into the
container. The salinity stress experiment at reproductive stage was carried out
basically followed the methods described in Moradi and Ismail (2007) using 30 day-
old well acclimatised rice plants. Briefly, the acclimatised plants in 40 mm plastic
pots were transplanted into 140 mm plastic pots containing premium potting mix
(Searles) supplemented with Osmocote fertilizer (Osmocote pots, planter & indoor,
Scotts, Bella Vista, NSW, Australia, with a NPK ratio of 13.8:3.2:9.9) at 14 days
post acclimation. The pots were placed in a container filled with tap water
supplemented with fertilizer (Aquasol) to 1 cm above the compost level. The plants
were grown for another 16 days and the water was drain out of the container. NaCl
solution (100 mM NacCl in tap water) or tap water (control) was added to a level of 1
cm above the potting mix level. The water level was maintained daily to the 1 cm
above potting mix level by adding tap water into containers to compensate the water
lost due to transpiration and evaporation. It is worth to note that the concentration of
sodium in tap water is very low, it is approximately 16 to 100 mg L™ (approximately
0.7 mM to 4.4 mM) (Queensland Urban Utilities 2009).

3.2.5 Measurement of morphological parameters

Morphological data including the shoot height, number of leaves and number
of tillers in the plants under salinity stress (100 mM NaCl) and non-stressed
conditions (control) were recorded at day 0 and day 13 of the salinity stress tolerance

screening at seedling stage. On day 13 plants were carefully removed from the pot,
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soil was washed off with salt solution (100 mM NaCl in tap water for plants from
100 mM NacCl treatment) or tap water for the control condition (0 mM NacCl) and the
fresh weight was recorded using a digital balance. Samples were then dried at 70°C
in a vacuum oven until constant weight was reached and this weight was recorded as
dry weight. Shoot growth was calculated as shoot height at day 13 minus shoot
height at day 0. For salt tolerance screening at the reproductive stage data were
recorded on number of tillers per plant, number of panicles per plant and number of

spikelets per panicle at harvest.

3.2.6 Relative water content

Relative water content plant leaves was examined using the method described
by Lafitte (2002). Approximately 10 cm of leaf was cut off from the middle part of
the youngest fully expanded leaf, weigh (fresh weight — FW) and placed in a 15 mL
Falcon tube. The tube was kept on ice until it was filled with distilled water and kept
in dark at 4°C overnight. The next morning, the leaf was blotted dry with tissue towel
for 30 s and weigh (turgid weight — TW). The samples were then dried in a vacuum
oven at 70°C for 3 days and weigh for Dry weight (DW). The relative water content
was calculated as RWC= (FW-DW) *100/(TW-DW)

3.2.7 Gas exchange measurements

Net photosynthesis (A) was measured using an Infra Red Gas Analyser LI-
6400 XT (John Morris Scientific, Chatswood, NSW, Australia). For measurement at
seedling stage the third leaf was used to measure net photosynthesis at day 0, 3, 7, 10
and 13 after salinity treatment. Reproductive stage measurement was taken on the
flag leaf after 30 days of NaCl exposure. The in-chamber quantum sensor
(Parln_um) was set at 800 pmol m™ s and the vapor pressure deficit based on leaf
temperature was recorded around 1.05 — 1.4 kPa. Relative humidity in the sample
cell was maintained at 57% + 3%. Measurement started from 9 am — 12 pm.

3.2.8 Electrolyte leakage measurement

Electrolyte leakage from leaves at the seedling and reproductive stages was
measured using a CM 100-2 conductivity meter (Reid & Associates CC, South
Africa) following manufacturer’s instruction. Briefly, leaf tissue was excised from
plants, placed in a plastic bag and immediately put on ice. Leaf was washed twice

with deionised water and blotted dry with towel paper. Approximately 5 cm of the
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middle part of the leaf was cut into 0.5 cm pieces, rinsed with deionised water and
loaded into wells of the CM 100-2 conductivity meter containing 1.25 ml of
deionised water. Measurement was carried out every two min over 60 min periods.
Samples were removed, dried in an oven at 70°C overnight for measurement of dry
weight. Electrolyte leakage was calculated as the slope of electrolyte leakage over
time and normalized by dry weight.

3.2.9 Sodium and potassium measurement

The amount of Na" and K in leaf of rice plants in salt tolerance screening
experiments at both the seedling and reproductive stages were determined using an
Atomic Absorption Spectrophotometer (Shimadzu A-7000, Shimadzu Scientific
Instrument, Sydney, NSW, Australia). Leaf samples for sodium and potassium
analysis were undertaken on the same leaf that was used for photosynthesis
measurements at both seedling and reproductive stage (third leaf and flag leaf
respectively).Samples were prepared as described in Dionisio-Sese & Tobita (2000).
Fifteen milligrams of dried leaf was cut into 0.5 cm long and immersed in 30 mL
deionised water in a 50 mL Falcon tube. The mixture was boiled in a water bath for 1
h followed by 20 min autoclaving at 121°C. Samples were cool down at room

temperature and filtered using the Whatman filter paper No40 (ashless).

3.2.10 TUNEL assay

The TUNEL assay was carried out using an in situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostics Australia Pty Ltd, Castle Hill, NSW, Australia)
following the manufacturer’s instructions. Briefly root tips fragments (approximately
1 cm) were cut from plants, washed three times with fresh 1 X Phosphate Buffer
Saline (PBS) and fixed in 4% paraformaldehyde solution at 4°C for 1 h. Following
fixation, root tips were washed twice with fresh PBS, immersed in fresh permeability
solution (0.1% triton X 100 and 0.1% sodium citrate) and microwaved at 700 W for
1 min. Samples were immediately cool down using fresh PBS, followed by two more
PBS washes. A 50 pL of TUNEL reaction mix was added to the root tips ina 1.5 mL
Eppendorf tube. As a negative control, 50 uL aliquots of TUNEL labelling solution
without the enzyme was also included. Samples were incubated at 37°C for 1 h under
high humidity. After incubating, the samples were washed twice with fresh PBS and

counterstained with a 0.5 mg mL*propidium iodide (Sigma-Aldrich Pty.Ltd, Sydney,
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Australia) in the dark at room temperature for 15 min. Stained root tips were washed
twice with fresh PBS and squash mounted onto slides and examined under a Nikon

Al Confocal Microscope.

3.2.11 Histochemical GUS assay
Rice calli (transformed with vector control pPCAMBIA1301) that survived after

7 weeks on hygromycin selection were histochemically assayed for GUS expression
by addition of 5-bromo-4-chloro-3-indolyl-pB-glucuronide (X-gluc) (Progen
Biosciences) and overnight incubation at 37°C as described by Jefferson et al.
(1987).

3.2.12 Data analysis

All experiments in this study were conducted using a randomized completed
block designed (Montgomery, 2005; Hinkelmann, 2007). Graphs and standard errors
were prepared in Excel. Where applicable data were analysed using one-way
ANOVA and Tukey’s HSD tests (Minitab Version 16).
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Chapter 4: Generation and characterisation
of transgenic rice plants
expressing pro-survival genes

Chapter 4 begins with an introduction to the first specific objective of the
project: generation and characterisation of transgenic rice plants expressing pro-
survival genes. Methodology used to achieve this objective is briefly described in
section 4.2. The results section (4.3) reports on the generation of transgenic rice
plants from mature rice seeds through callus induction, Agrobacterium-mediated
transformation, hygromycin selection, regeneration of putative transgenic plants and
finally the characterisation of those plants. A discussion on the results and findings

of this specific objective is presented in section 4.4.

41 INTRODUCTION

The world’s population is expected to rise above 9 billion by 2050. To feed this
increasing population, food production is required to increase by 120-170% i.e.
cereal production needs to increase by approximately 44 million metric tons
annually. The demand for increasing food production, under very little potential for
future expansion of arable lands and growing environmental stress conditions, is a
challenge (Eckardt 2009; FAO 2009, 2012; Cominelli et al. 2013; United States
Census Bureau 2013). The use of modern biotechnology, molecular breeding
techniques and genetic engineering of crop species can significantly contribute to
overcoming these challenges (Eckardt 2009). Genetic engineering allows for the
introduction of genes controlling traits without affecting the desirable characteristics
of an elite genotype and has become a powerful tool for the generation of
“improved” future crops. Genetic modification allows the generation of elite crops
which can survive in adverse environmental conditions (Bhatnagar-Mathur et al.
2008; Agarwal et al. 2013). A number of techniques have been developed for gene
transfer to plant cells, including protoplast-mediated techniques using polyethylene
glycol and/or electroporation, microprojectile bombardment and Agrobacterium-
mediated transformation. Of all these techniques, Agrobacterium-mediated

transformation is the most efficient and reliable system (Cho et al. 1998).
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Of the abiotic stresses that limit world crop production, soil water deficits
and salinisation are the two most critical factors (Munns 2011). Previously, attempts
have focussed on developing drought and salinity tolerant crops using different
approaches (Singh et al. 2010a; Singh et al. 2010b; Reguera et al. 2012; Cominelli et
al. 2013). Recently, pro-survival (anti-apoptotic) genes have been reported to play
important roles in mediating plant adaption to environmental stresses. For example,
overexpression of AtBAG4, a Bcl-2 associated anthanogene (BAG) from Arabidopsis
thaliana in tobacco enhanced tolerance to several abiotic stress stimuli including
salinity stress (Doukhanina et al. 2006). Expression of AtBl1,a BAX inhibitor-1from
Arabidopsis thaliana, was found up-regulated under several stress conditions
induced by bacterial and fungal pathogens, ozone, norflurazon, or salicylic acid
(Sanchez et al. 2000; Kawai-Yamada et al. 2004).Over-expression of AtBI-1 was
shown to suppress BAX, pathogen, or abiotic stress-induced cell death in a variety of
cells from yeast, plant, and mammalian origins (Sanchez et al. 2000; Kawai-Yamada
et al. 2001; Matsumura et al. 2003; Watanabe & Lam 2009). Plant BI-1 is thus likely
to play an important role as a survival factor under multiple stress conditions
(Watanabe & Lam 2008). The expression of a baculovirus pro-survival gene (p35) in
transgenic tomato, tobacco and passion fruit plants suppressed cell death caused by
the fungal toxin (AAL- toxin- the sphinganine analog mycotoxin caused by
Alternariaalternate f. sp. lycopersici) and the infection of bacterial or fungal
pathogens and enhanced tolerance to a range of abiotic and biotic stresses (Lincoln et
al. 2002; Freitas et al. 2007; Wang et al. 2009). SfIAP, a member of the IAP
(inhibitor of apoptosis) family of anti-apoptosis proteins isolated from the insect
Spodoptera frugiperda has also been transformed into tobacco and tomato and
reported to confer tolerance to salinity, heat, fumonisin B1 and resistance to the
necrotrophic fungus Alternaria alternata (Kabbage et al. 2010; Li et al. 2010).
Salinity stress induces PCD in rice, (Li et al. 2007; Liu et al. 2007; Jiang et al. 2008),
therefore the manipulation of PCD pathways to prevent death upon exposure to
salinity stress shows great potential to increase crop production in salt affected areas
(Joseph & Jini 2010).

In light of these seminal studies, the aim of the research described in this
chapter was to explore a range of pro-survival genes, with different proposed

functions in PCD pathways, for generating salinity stress tolerant transgenic rice.
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The specific objectives of this chapter were to:

1. Transform Nipponbare rice embryogenic calli with AtBAG4, AtBI,
AtBAG4+Hsp70, Hsp70, Hsp90,0sBAG4, p35 and SfIAP genes

2. Evaluate the potential effect of pro-survival genes on calli proliferation
during the selection period

3. Select transformants and regenerate transformed lines

4. Characterise transformed lines using PCR and RT-PCR

4.2 MATERIALS AND METHODS

4.2.1 Transformation constructs

The modified binary vector pCAMBIA1301 containing the maize
polyubiquitin-1 (Ubi-1) promoter controlling the expression of the pro-survival genes
AtBAG4, AtBI, AtBAG4+Hsp70, Hsp70, Hsp90,0sBAG4, p35 and SfIAP was kindly
provided by Banana research team, Centre for Tropical Crops and Biocommodities
(CTCB), Queensland University of Technology (QUT). The genes were sequenced
in their original vector prior to transformation to confirm the presence and integrity
of the coding sequence and the promoter-gene and gene-terminator borders. A

schematic representative of a gene construct is shown in Figure 4.1.
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Figure 4.1: Schematic representations of the gene construct (pYC27, p35 gene)
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4.2.2 Rice transformation

Embryogenic callus was induced from scutellum of mature seeds of rice Oryza
sativa L. spp. Japonica cv. Nipponbare using 2N6 callus induction media as
described in chapter 3 (section 3.2.1). Binary vectors harbouring the genes of interest
and a vector control (VC = pCAMBIA1301) were transferred to Agrobacterium
strain AGL1 (see chapter 3 section 3.2.1 for detail). Four day-old pre-cultured rice
scutellum-derived calli were transformed with the genes of interest by
Agrobacterium-mediated transformation using recombinant Agrobacterium cultures
with an optical density at wavelength of 600 nm (ODgg) 0of 0.7 together (see chapter
3 section 3.2.1 for details). Due to the fact that the transformation of 9 constructs (8
pro-survival genes and VC) and wild type Nipponbare (WT) (negative control
transformation) cannot be achieved within 1 transformation (1 day); and monitoring
of calli after transformation is also impossible for all genes at once, the
transformation experiments were conducted in four sets. i) Set 1 p35, SfIAP and
(VC); i) set 2 AtBAG4, AtBAG4+Hsp70 and VC; iii) set 3 Hsp70 and Hsp90 and
VC; and iv) set 4 OsBAG4, AtBI and VC. Transformation set 2 & 3 were conducted
on the same day using the same batch of scutellum-derived calli. Both shared the VC
transformation with 2 replicates were transformed one with transformation set 2 and
one was with transformation set 3. The reason for separating into 2 sets was to ensure
similar conditions (including duration of transformation experiment) for
transformation in all 4 sets. Wild type Nipponbare (WT) was included in each
transformation as a control. Three replicates of at least 10 or 5 petri plates each
containing 10 calli clumps were generated for each pro-survival gene construct and
VC respectively (total at least 30 plates containing 300 calli clumps for each pro-
survival gene construct and 15 plates containing 150 calli clumps for VC in each
transformation set). The transformed calli were selected on half hygromycin
selection media (2N6 selection media supplemented with 25 mgL™ hygromycin) for
2 weeks then were sub-cultured to full hygromycin selection media (2N6 selection
media containing 50 mgL™ hygromycin) for 7 weeks with 3 subculturing intervals.
Dead calli clumps, recognised by their dry black colour and no sign of proliferation
were discarded during sub-culture. Proliferating calli were sub-cultured to new full

hygromycin (50 mgL™) selection media every 2 weeks.
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4.2.3 Callus proliferation

In order to evaluate the effect of different pro-survival genes on the
proliferation of rice calli during selection, levels of calli clump proliferation were
measured. After seven weeks of full hygromycin selection, the diameter of calli
clump was recorded. Based on the diameter of a calli clump, six levels of callus
proliferation were determined. Proliferation level 1 (PL1) denoted calli clumps with
a diameter between 3-6 mm; PL2: 7-9 mm; PL3: 9-11 mm; PL4: 12-14; PL5: 15-17

mm; PL6:18 mm or above.

4.2.4 Plant Regeneration and rooting

After nine weeks on selection media containing hygromycin, individual
proliferating antibiotic resistant calli clumps (cream-white in colour) were transferred
to regeneration media supplemented with 200 mgL™? timentin and 25 mgL™
hygromycin for shoot generation. Shoots with at least three well-formed leaves were
transferred to 120 x 60mm culture vessels containing 50 ml of rooting media
supplemented with 200 mgL™ Timentin and 25 mgL™ hygromycin for rooting (see
chapter 3section3.2.1 for details). The healthiest, well rooted plant from each calli
clump was selected as a transformed independent event. Transformed events were
confirmed transgenics by PCR; and expression of pro-survival gene in rice plants
were confirmed by RT-PCR.

4.2.5 PCR confirmation of transgenic plant

For details of sample collection, DNA extraction, RNA extraction, PCR, RT-
PCR and agarose gel electrophoresis please see chapter 3 section 3.2.2. The primers
used for PCR are outlined in table 4.1

Table 4.1: List of primers for PCR

Gene Sequences Tm PCR
product
length
(bp)

ABAGA 5 TGTGGATTTTTTTAGCCCTGCCTTC 3 65 | 220
5 CAAAAAGCGGCGGAAGCAGAGTC 3’ 66

ABI 5 TGTGGATTTTTTTAGCCCTGCCTTC 3 65 | 880
5 TGGATCCCCTCAGTTTCTCCTTTTCTTCTT 3’ 65
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ABAGA + 5 TGTGGATTTTTTTAGCCCTGCCTTC 3’ 65 | 110
Hsp70 5 ACCAAAGTCTAAACCCAGAAGCACC 3’ 66
5 TGTGGATTTTTTTAGCCCTGCCTTC 3’ 65 | 220
5 CAAAAAGCGGCGGAAGCAGAGTC 3’ 66
SFIAP 5 TGTGGATTTTTTTAGCCCTGCCTTC 3 64 | 220
5> CAAGCGATCCGCTCTTGAATAGC 3’ 65
Hsp70 5 TGTGGATTTTTTTAGCCCTGCCTTC 3’ 65 | 110
5 ACCAAAGTCTAAACCCAGAAGCACC 3’ 66
Hsp90 5 TGTGGATTTTTTTAGCCCTGCCTTC 3 65 | 1600
5 AAGGATCCTTAGGAAGTATTGTATGACCTG 3’ 66
OSBAGA 5 TGTGGATTTTTTTAGCCCTGCCTTC 3 65 | 850
5 TAGGATCCGAGGCTAGTCGAATTGCTCCCA 3 67
035 5 TAGAGTTTACTACAGAATCGAGCTGG 3’ 65 | 450
5 GTAAAACGACGGCCAGT 3’ 55
. . 62 700
Vector control | 5' AGC TGC GCC GAT GGTTTC TAC AA3
(Hygromycin) | 5' ATC GCC TCG CTC CAG TCA ATG 3' 59
) , , 62 738
VirC 5’ GCCTTAAAATCATTTGTAGCGACTTCG 3
5"TCATCGCTAGCTCAAACCTGCTTTCTG 3’ 62
43 RESULTS

4.3.1 Generation of transgenic rice plants
Callus induction, transformation and selection

Embryogenic calli derived from scutellum of mature seeds were reported to be
a good material for high efficient transformation in rice (Hiei et al. 1994), therefore
we induced callus from scutellum of Nipponbare mature seeds for generation
transgenic rice expressing pro-survival genes. A total of 3,000 mature seeds were
used to generate scutellum-derived embryogenic calli for four sets of transformation.
The callus induction protocol used in this project worked well with no contamination
and the rate of callus formation was very high (more than 90% - data not shown).
Within 4 weeks, embryogenic calli which are ready for transformation were obtained
from mature rice seeds using this protocol. The process of callus induction from

mature seeds is shown in Figure 4.2.
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Figure 4.2: Induction of embryogenic callus from Nipponbare mature seeds. (A):
Nipponbare seeds; (B): Dehusked Nipponbare seeds on callus induction
media; (C):Callus derived from seeds; (D) Callus ready for
transformation.

A total of 2,850 transformed callus clumps were obtained from the four sets of
transformation. To select putative transgenic callus, transformed callus were selected
by addition of the antibiotic hygromycin (50 mgL™) to the media. The efficacy of
selection between untransformed and transformed callus following seven weeks on
hygromycin selection media is shown in Figure 4.3. Using hygromycin selection,
untransformed calli die after 7 weeks whereas potential transformed calli continue

proliferating.
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Figure 4.3: Representative of untransformed and transformed rice calli. (A): Wild
type Nipponbare calli after 7 weeks on fullhygromycin selection media
(untransformed); (B): Transformed Nipponbare calli after 7 weeks onfull
hygromycin selection media.

Histochemical GUS assay of 10 random VC transformed callus pieces (from
10 different calli clumps) after 7 weeks on full hygromycin selection media showed
expression and activity of the GUS transgene (Figure 4.4). No sign of residual
Agrobacterium contamination was observed by eye in and around the calli clumps

during selection.
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Figure 4.4: Histochemical staining of VC (GUS) transformed rice calli after 7 weeks
on full hygromycin selection media

Expression of pro-survival genes leads to increased calli proliferation but not
transformation rate

The percentage of calli clumps transformed with GUS (vector control-VC) and
pro-survival genes that survived and proliferated after 7 weeks on full hygromycin
selection media was shown in Figure 4.5. More than 90% of the wild type (WT)
control embryogenic calli (untransformed) were dead after 7 weeks on full
hygromycin selection media, while this number was less than 20% on average for
both VC and pro-survival transformed embryogenic calli. There was no noticeable
difference in the survival rate between the VC and pro-survival genes in each set of
transformation. This result suggest that expression of AtBAG4, AtBI,
AtBAG4+Hsp70, Hsp70, Hsp90,0sBAG4, p35 and SfIAP does not affect
transformation efficiency at the callus stage; and that this is a suitable time to transfer

the survived calli to regeneration media.
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Figure 4.5: Percentage of calli survival after 7 weeks on full hygromycin selection
media. A: transformation set 1; B: transformation set 2; C: transformation set 3 and
D: transformation set 4. Data are mean and standard error (n = at least 30).

During the 7 weeks selection period we noted that the levels of calli
proliferation were different between calli transformed with VC and pro-survival
genes and between calli of individual transformation experiments. Although growth
conditions for rice calli were optimal, some stress still occurs i.e. nutrients

deficiency. The genes used in this study promote survival by preventing stress-

74 Chapter 4:Generation and characterisation of transgenic rice plants expressing pro-survival genes



induced cell death allow continuous proliferation of calli. The levels of calli
proliferation therefore, were investigated. Based on the diameter of calli clump and
the health of calli pieces (nodular and cream colour), six levels of calli proliferation

were recorded. An example of the calli proliferation levels is shown in Figure 4.6.

[TTTTTTTTTI
10 mm

Figure 4.6: Examples of Proliferation Level of Nipponbare calli. PL1: callus
diameter’s 3-6 mm; PL2: 7-9 mm; PL3: 9-11 mm; PL4: 12-14; PL5: 15-17 mm;
PL6:18 mm or above.

Chapter 4:Generation and characterisation of transgenic rice plants expressing pro-survival genes 75



The proliferation profile of embryogenic calli transformed with different genes
after 7 weeks on full hygromycin selection media is shown in Figure 4.7. No
remarkable differences were observed in the proliferation profile of calli transformed
with the VC and p35. Calli transformed with SfIAP, however, had a different
proliferation profile in comparison with that of the VC and p35 with approximately
4.5 % of calli clumps proliferated at a high level (levels 5, 6), while no calli clumps
transformed with VVC proliferated to these levels (Figure 4.7A). Proliferation profiles
of calli transformed with AtBAG4 and AtBAG4+Hsp70 were not different but they
were different to calli transformed with the VC. Most calli transformed with AtBAG4
and AtBAG4+Hsp70 proliferated at PL1 (approximately 60%) while calli
transformed with VVC had highest proliferation at PL2 (around 45%) followed by PL1
and PL3 (approximately 20% each) (Figure 4.7B). Calli transformed with Hsp70 and
Hsp90 proliferated at different rates in PL1 and PL2 but were similar to each other in
other levels of proliferation (PL3, 4, 5, 6). Their proliferation profiles were different
to that of calli transformed with VC (Figure 4.7C). There was no difference in
proliferation profiles between calli transformed with AtBl, OsBAG4 and VC (Figure
4.7D).

Although there was variation in proliferation levels of calli transformed with
different genes, a common trend observed from overall proliferation profiles of all
transformation sets is that most of the calli clumps proliferated at PL1 and PL2 (more
than 65% for each gene in all transformation sets). Of the nine genes and
combination tested, SFIAP appeared to induce the highest level of calli proliferation
(PL 5, 6) calli. AtBAG4, OsBAG4, Hsp70 and VC did not produce any calli clumps
up to PLG.
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Figure 4.7: Calli proliferation profile after 7 weeks on full hygromycin selection. A:
transformation set 1; B: transformation set 2; C: transformation set 3 and D:
transformation set 4. Data are mean and standard error (n = at least 50).

Effect of pro-survival genes on rice plant regeneration

To regenerate transgenic plants, proliferating calli were transferred to

regeneration media after 9 weeks on hygromycin selection media (2 weeks on half

selection and 7 weeks on full selection media) (Figure 4.8).
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Figure 4.8: Regeneration of transformed rice calli. A: transformed embryogenic calli
after 3 weeks on regeneration media. B: plantlet regenerated from calli transformed
with p35 after 6 weeks on regeneration media.

The percentage regeneration of putatively transformed calli was recorded after
6 weeks on regeneration media (Figure 4.9). No differences were observed in the
regeneration percentage of calli transformed with VC and p35 in transformation set
1. However, the regeneration ability of embryogenic calli transformed with SfIAP
was definitely lower (Figure 4.9A) with only 4.33% of putatively SfIAP transformed
calli regenerated compared to 10.95% and 11.39% in calli transformed with the VC
and p35 generated, respectively. No noticeable differences were observed in
regeneration of calli transformed with AtBAG4, AtBAG4+Hsp70 or AtBI and
OsBAG4 (transformation sets 2 & 4) when compared to the VC (Figure 4.9B, D).
The percentage regeneration of calli transformed with Hsp90 was higher than that of
VC and Hsp70 in the transformation set 3. However, it was only around 1.47 fold
higher (Figure 4.9C). A possible explanation for the differences in regeneration
levels of calli transformed with different pro-survival genes is that responses of these
genes to different developmental cues (i.e. phytohormone and the change of growth
conditions from dark for calli culture to light for plant regeneration) may be different

leading to differences in regeneration rate.
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Figure 4.9: Regeneration of embryogenic calli transformed with different pro-
survival genes and VC. A: transformation set 1; B: transformation set 2; C:
transformation set 3 and D: transformation set 4. Data are mean and standard error (n
= at least 50).

4.3.2 Confirmation of transgenic event and gene expression
To confirm that the plants contained stably integrated copies of the transgenes,
genomic DNA was extracted from leaves and was used in a PCR with gene specific

primers. Additionally, to avoid the possibility of recording a false PCR positive due
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to the presence of residual Agrobacterium, any transgene plantlets which have gene
specific-PCR positive were screened further using a second PCR with VirC primers
to detect the presence of VirC gene. VirC gene is located outside of the T-DNA

borders of the binary vectors and therefore should not be transferred to the plant.

RT-PCR was used to confirm the expression of transgene in transgenic plants.
Total RNA was extracted from leaves of transgenic plants, treated with DNase to
remove any DNA contamination. PCRs with hpt (hygromycin phosphotransferase)
primers and gene specific primers were conducted to detect DNA residue in RNA

samples. DNA free RNA was use as template for cDNA synthesis.

PCR and RT-PCR confirmation of transformation set 1

Rice embryogenic calli transformed with the p35 pro-survival gene regenerated
36 putatively transformed lines which were characterized by PCR using primers as
listed in Table 3.1. Of the 36 lines tested, 32 lines were PCR positive with gene
specific primers (Appendix 2). A PCR using VirC primers was conducted to detect
Agrobacterium residue in all PCR positive lines. Result showed that no
Agrobacterium residue was present in these transgenic lines (Appendix 2).
Expression of p35 gene in the transgenic lines was examined using RT-PCR. Results
showed that p35 was expressed in 29 out of 32 transgenic lines tested (Appendix 2).
The transformation efficiency, calculated from the resulted PCR positive transgenic

lines on total number of calli clumps, was around 10.67% + 1.45% (Table 4.2).

Table 4.2: Summary of PCR and RT-PCR confirmation of transformation set 1

Gene # lines PCR VirC-PCR | RT-PCR TE (%)
tested positive (# | positive(# | positive(#
lines) lines) lines)
p35 36 32 0 29 10.67 +1.45
SfIAP 12 11 1 10 3.33+0.88
GUS 21 21 0 10+ 0.95

Note: TE = Transformation efficiency (calculated on # PCR positive/Total # callus clumps used for
transformation)
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In total 12 putatively transformed lines were generated from the SfIAP
transformation experiment. PCR with gene specific primers showed that except for
line 5 which is negative (non-transgenic), all other lines were PCR positive (Figure
4.10A). The remaining lines were therefore checked with VirC-PCR to detect the
presence of residual Agrobacterium. Out of 12 lines tested, 1 line (line 12) was found
positive with VirC-PCR (Figure 4.10B). This result indicates that Agrobacterium
remains in this line despite the inclusion of Timentin in selection media; and PCR
positive for transgene in this line maybe caused by the bacterial presentation. RT-
PCR conducted on 10 transgenic lines indicated that SfIAP is expressing in all SfIAP
transgenic lines (Figure 4.10C). The transformation efficiency of SfIAP is around
3.33% + 0.88% (Table 4.2).

For PCR confirmation of VC, hygromycin primers were used (Table 4.1). All
21 putative transformed lines were found positive with PCR (Appendix 2). PCR with
VirC specific primers showed that no Agrobacterium residue was present in
putatively transformed lines tested. The transformation efficiency for VC is around
10% + 0.95% (Table 4.2).

B
MNWT P 1 2 3 4 6 7 8 91011
Kb
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Figure 4.10: Molecular characterisation of SfIAP transformed rice plants. A: PCR
with gene specific primers; B: PCR with VirC primers; C: RT-PCR. M= Marker X;
N= PCR negative control; WT= wild type Nipponbare, non-transgenic negative
control; P= positive control (plasmid DNA or Agrobacterium extraction); numbered
lanes = transgenic rice lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at
120 V.
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PCR and RT-PCR confirmation of transformation set 2&3

Table 4.3: Summary of PCR and RT-PCR confirmation of transformation set 2 & 3

Gene # lines PCR | VirC-PCR | RT-PCR TE (%)
tested positive | positive(# | positive(#
(# lines) lines) lines)
AtBAG4 10 9 0 9 3+0.23
AtBAG4+Hsp70 18 16 0 15 3.1+ 0.32
Hsp70 15 15 0 15 4+0.38
Hsp90 19 18 0 18 577 +0.22
GUS 8 8 0 39+1.1

The confirmation of transgenic lines (PCR) and expression (RT-PCR) of
AtBAG4, AtBAG4+Hsp70, Hsp70, Hsp90 and VC is summarised in Table 4.3. As
shown, none of the transgenic lines were positive with VirC-PCR indicating that no
Agrobacterium contamination was present in putatively transformed lines tested. All
putative transformed Hsp70 plants tested were positive with both PCR and RT-PCR
(Appendix 2). PCR for AtBAG4+ Hsp70 transgenic plants were conducted using 2
pairs of specific primers, one for AtBAG4and other for Hsp70. Of the 18 putatively
AtBAG4+ Hsp70 transformed lines, 16 lines and 17 lines had PCR positive results
with AtBAG4 and Hsp70 gene specific primers respectively (Figure 4.11 A, B, C, D).
There was one line that had PCR negative with both AtBAG4 and Hsp70 gene
specific primers (line number 2) and one line that had PCR negative for AtBAG4 but
positive for Hsp70 (line number 14). Of all AtBAG4 and Hsp90 transformed plants
lines tested each has one line negative with gene specific-PCR, the remaining lines
were both PCR and RT-PCR positive (Appendix 2, Table 4.3). All VC transformed
lines in transformation set 2 & 3 tested were PCR positive. The transformation
efficiency of pro-survival genes and the VC in transformation set 2 & 3 are similar

but significantly lower than in transformation set 1.
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Figure 4.11: Molecular characterisation of AtBAG4+ Hsp70 transformed rice plants.
A and B: PCR with AtBAG4 gene specific primers; C and D:PCR withHsp70 gene
specific primers; E and F: PCR with VirC primers; G and H: RT-PCRwithAtBAG4

gene specific primers; | and K:RT-PCRwithHsp70 gene specific primers. M= Marker
X; N=PCR negative control; WT= wild type Nipponbare, non-transgenic negative
control; P= positive control (plasmid DNA or Agrobacterium extraction); numbered

lanes = transgenic rice lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at

120V.

PCR and RT-PCR confirmation of transformation set 4

The transformation set 4 includes AtBI OsBAG4 and VC. PCR with gene
specific primers on putatively AtBl and OsBAG4 transformed plants showed that
each has one line negative with PCR (non transgenics) all other transformed lines
tested were PCR positive. None of the PCR positive lines had contaminating
Agrobacterium. RT-PCR of the PCR positive lines showed that 24 out of 26
transgenic lines of the AtBI were expressing (Appendix 2, Table 4.4) and 19 of 20
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OsBAG4 lines were expressing the transgenes (Figure 4.12).All 11 putative
transformed lines of the VC were positive for hpt (Appendix 2 and Table 4.4). The
transformation efficiency in this transformation set is higher than in transformation

sets 2 & 3 but lower than that in transformation set 1.

Table 4.4: Summary of PCR and RT-PCR confirmation of transformation set 4

Gene # lines PCR VirC-PCR | RT-PCR | TE (%)
tested positive (# | positive(# | positive(#
lines) lines) lines)
AtBI 27 26 0 25 7.77 £1.55
OsBAG4 |21 20 0 19 577+1.6
GUS 11 11 0 8.67+29
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Figure 4.12: Molecular characterisation of OsBAG4transformed rice plants. A and B:
PCR withOsBAG4 gene specific primers; C and D: PCR with VirC primers; E and F:
RT-PCRwithOsBAG4 gene specific primers. M= Marker X; N= PCR negative
control; WT= wild type Nipponbare, non-transgenic negative control; P= positive
control (plasmid DNA or Agrobacterium extraction); numbered lanes = transgenic
rice lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at 120V.
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4.4 DISCUSSION

Agrobacterium-mediated transformation has been used to genetically engineer
rice since 1990 (Raineri et al. 1990). However, the efficiency of transformation
remained fairly low until 1994 when Hiei et al. (1994) developed an efficient
protocol for Agrobacterium-mediated transformation using scutellum-derived calli
from mature rice seeds. Since then, Agrobacterium-mediated transformation
protocols have been developed for javanica rice (Dong et al. 1996), indica rice
(Rachid et al. 1996; Khanna & Raina 1999; Sahoo et al. 2011), elite japonica rice
(Nishimura et al. 2006) and New rice for Africa (NERICA) (Ishizaki & Kumashiro
2008).This chapter describes i) the generation of transgenic rice via Agrobacterium-
mediated transformation using scutellum-derived calli from mature Nipponbare
seeds and a selective range of pro-survival genes including AtBAG4, AtBI,
AtBAG4+Hsp70, Hsp70, Hsp90,0sBAG4, p35 and SfIAP; ii) characterisation of the
transformed rice plants using PCR and RT-PCR techniques.

The transformation efficiency of the reporter gene (GUS) in set 1 (10% =
0.95%) and set 4 (8.67% + 2.9%) of transformation experiments was significantly
higher (almost 2.5 folds) than that of sets 2 & 3 (3.9% * 1.1%) despite similar
experimental conditions. The efficiency of Agrobacterium-mediated transformation
in rice is affected by several key factors including i) the addition of phenolic
compounds to the bacterial culture and/or to co-cultivation media to induce
expression of vir genes on the Ti plasmid,; ii) the pH of co-cultivation media and the
temperature during co-cultivation; iii) the active cell division and type of tissue, iv)
composition of media and v) bacterial strain and vector (Hiei et al. 1994; Hiei et al.
1997).

Phenolic compounds such as acetosyringone (4-acetyl-2,6-dimethoxyphenol)
and a_-hydroxyacetosyringone (4-(2-hydroxy-acetyl)-2,6-dimethoxyphenol)
exudates from wounded tobacco cells can activate vir genes on Ti plasmid (Stachel et
al. 1985). Vir genes are induced during Agrobacterium - plant cell contact and their
products direct the transfer of T-DNA into the plant nucleus where it is integrated
into the genome (Sorensen & Hansen 2011). Monocotyledonous plants, particularly
grasses, do not produce or produce insufficient amount of these phenolic compounds
to serve as a signal for inducing expression of vir genes (Suriya-arunroj et al. 2004).

Therefore addition of acetosyringone is key for the successful transformation of rice
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(Hiei et al. 1994). Other research also reported that the addition of acetosyringone
into co-cultivated media increases Agrobacterium-mediated transformation
efficiency in monocots such as wheat (He et al. 2010; Rashid et al. 2010) and rice
(Tripathi et al. 2010). In this study, the same amount of freshly prepared
acetosyringone (100 pM) was added to co-cultivation media in all four sets of
transformation. Therefore the difference in transformation efficiency was not caused
by this factor. Other factors that affect the expression of vir genes such as pH of co-
cultivated media and temperature during the cultivation (Alt-Moerbe et al. 1988; Alt-
Morbe et al. 1989) were maintained at optimum levels and were identical for the 4
sets of transformations. Composition of media and stage of callus development as
well as Agrobacterium strain and vectors were also identical for all transformation

sets.

Taken together, the above factors did not contribute to a significant drop in the
transformation efficiency of the GUS gene in sets 2 & 3 in comparison with that of
sets 1 & 4. The only possibility leading to this difference is the quality of the
scutellum-derived calli used in these transformation sets. Although the procedure to
induce callus from scutellum of mature rice seeds and the experimental conditions
were similar in the four sets, calli derived from scutellum can be embryogenic or
non-embryogenic. The use of non-embryogenic calli for transformation would affect
the regeneration capacity of transformed calli (Sahoo et al. 2011). Perhaps, non-
embryogenic calli were missed during selection to the pre-subculture for
transformation in sets 2 & 3 as the regeneration rate of other genes in these sets was
also low in comparison to others in different transformation sets (Figure 3.9). This
reason is quite feasible as no significant difference in proliferations capacity of GUS
transformed calli was observed between the four transformation sets in this study
(Figures 3.5, 3.7), whereas the regeneration capacity of GUS transformed calli in
transformation set 2 & 3 were significantly lower than that of sets 1 & 4 leading to
the significantly lower transformation efficiency of these two sets. This observation
is consistent with a study by Sahoo et al.(2011) where the scrutiny of embryogenic
calli from non-embryogenic calli at the point of subculturing for transformation (4
days prior to the transformation) was suggested to be essential for high

transformation efficiency in rice.
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Anti-apoptotic (pro-survival) genes such as Bcl-xL and CED-9 have been
reported to enhance the efficiency of Agrobacterium-mediated transformation in
Banana and sugarcane by inhibiting Agrobacterium-induced PCD and enhancing
recovery of transformed embryos (Khanna et al. 2007). Such enhancement of
Agrobacterium-mediated transformation efficiency was not observed in rice using
AtBAG4, AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP at both
calli and regeneration stages. Despite some high proliferation levels of calli
transformed with SfIAP in transformation set 1, expression of pro-survival genes did
not affect the transformation efficiency as the regeneration rate of SfIAP transformed
calli was not enhanced (Figures 4.7, 4.9). Agrobacterium is a pathogen and as such
upon contact the plant cell induces a hypersensitive response (HR). The
hypersensitive response is one of the earliest and most universal responses of plants
to stress. Moreover, recent studies have indicated that HR cell death is programmed.
Pro-survival genes may suppress the HR to result in higher survival rate thereby
increase the transformation efficiency. However | did not observe this phenomenon
in this study. There are four possible reasons that may have contributed to my
observations: i) CED9 and Bcl-xL (which function at the mitochondrial levels in
animals) may affect different pathways in plants compared to the genes being tested.
Though the ultimate result may be the same (inhibition of cell death), there is an
enormous amount of information that is missing as far as the events leading to this
response. For example, SfIAP and OplAP provide cytoprotection to different abiotic
and biotic stresses, though they are supposed to be analogous biochemically. ii) 1
used larger callus clumps compared to the embryogenic cell suspension used in by
Khanna et al. 2007. It is more difficult to determine cells vitality after 3-7 days of
transformation than it was with embryos. iii) The age of callus at the time of record
in this study was also different with that in the study by Khanna et al. (2007). Due to
the difficulty in distinguishing between dead and living calli in the first week of
transformation level of calli proliferation was recorded after seven weeks on full
hygromycin selection media (at the end of callus selection stage). iv) Transformation
efficiency was based on number of putatively independent transgenic lines (each calli
clumps contains several callus pieces but only the single healthiest plant from each
callus clump was selected for an independent transformed event) over total numbers
of callus pieces used for transformation, not number of transgenic plants per 100

embryos”. Taken together, | may observe the enhancement of pro-survival genes on
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the efficiency of Agrobacterium-mediated transformation in rice if | use similar
experimental conditions described in the study by Khanna et al. (2007).

In summary, a total of 139 transgenic rice expressing AtBAG4,
AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP and more than 30
VC transgenic lines were generated. These lines will be tested for salinity stress
tolerance in the next chapter.
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Chapter 5: High throughput screening of
transgenic rice for enhanced
salinity tolerance

In the previous chapter | used Agrobacterium-mediated transformation to
generate a total of 139 transgenic rice lines expressing pro-survival genes AtBAG4,
AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP and more than 30
transgenic lines harbouring a vector control (VC). In order to select salinity tolerant
transgenic lines for further study, a rapid salinity tolerance screening assay was
developed and conducted on 10 transgenic rice lines for each pro-survival gene. This
chapter describes the development and results of the rapid screen of AtBAG4,
AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP transgenic rice
through assessment of two key indicators: i) leaf damage and ii) survival of plants

exposed to 100 mM NaCl at seedling stage.

5.1 INTRODUCTION

Salinity tolerance is the ability of plants to grow and complete their life cycle
on a substrate that contains high concentrations of soluble salts (Parida & Das 2005).
Screening for salinity tolerance in rice has been successfully conducted under
controlled conditions (Flowers & Yeo 1981; Chowdhury et al. 1995; Lutts et al.
1996; Gregorio et al. 1997; Lee et al. 2003; Moradi & Ismail 2007).Typically,
salinity tolerance of transgenic plants is screened using either in vitro or controlled in
vivo (greenhouse) conditions (Ashraf & Akram 2009). For example transgenic rice
expressing HVAL (Xu et al. 1996), CodA (Sakamoto et al. 1998), p5cs (Su & Wu
2004), ZFP252 (Xu et al. 2008) were examined for salinity tolerance in controlled

environments.

One important agronomic character that cannot be omitted when studying the
salinity tolerance of plants is that of survival. Flowers and Yeo (1981), when
studying the effect of different concentrations of NaCl on the survival of the
moderately salinity sensitive rice cultivar IR28 and the salinity tolerant IR 2153-26-
3-5-2, declared that the Dz, (the time taken for 50% of the individuals die) was a
useful index of salinity tolerance. They found that the Dsy varied from cultivar to

Chapter 5:High throughput screening of transgenic rice for enhanced salinity tolerance 89



cultivar and the percentage survival of the salinity tolerant cultivars is greater than
that of the salinity sensitive cultivars. The use of survival as a good index for salinity
tolerance has also been confirmed by other studies (Flowers & Yeo 1989; Gazitt et
al. 1998).

According to Noble and Rogers (1992), leaf damage is one of the most
commonly used criteria (besides yield, survival and plant height) for identifying
salinity tolerance. This is due to its ease of measurement and also because of its
necessity for estimating the yield of many crop plants exposed to salinity. Leaves
play an important role in the determination of yield as they are the main
photosynthetic organs. Gregorio et al.(1997) developed an effective protocol for the
rapid screening of salinity stress tolerance in rice which is based on scoring of leaf
injury and growth of rice plant under salinity stress in controlled conditions

(glasshouse).

Concern has been expressed about the validity of results from studies carried
out under controlled environments rather than true field conditions (Richards 1983;
Shannon & Noble 1990; Daniells et al. 2001). However, Houshman et al.(2005),
demonstrated that the response of in vitro selected genotypes of wheat was
comparable with that of field selected genotypes for salinity stress tolerance. Based
on the results from genotypes selected in vitro, greenhouse and field conditions, the
authors concluded that in vitro screening methods are suitable for determining
salinity tolerance and suggested that in vitro testing for salinity tolerance should be
conducted prior to field screening.

In the context of the above, the aim of this chapter was to develop a rapid
screen and assess the salinity tolerance of transgenic rice expressing pro-survival
genes to: i) determine which pro-survival gene conferred tolerance to salinity stress
in rice and ii) select best putative transgenic lines for further study. To fulfil these

aims two specific objectives were set out:

1. To develop in vitro and in vivo salinity stress tolerance screening assays

2. To use the developed assays to screen for salinity stress tolerance in
transgenic rice expressing AtBAG4, AtBAG4+Hsp70, AtBI, Hsp70,
Hsp90, OsBAG4, p35 and SfIAP.
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5.2 MATERIALS AND METHODS

5.2.1 Plant materials

WT Nipponbare and ten transgenic rice lines expressing each of
AtBAG4,AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP were
randomly selected from RT-PCR positive lines (chapter 4).

5.2.2 In vitro salinity stress tolerance assay

For in vitro evaluation of salinity stress tolerance, WT Nipponbare plantlets
(four leaf stage) were subjected to liquid MS media (Appendix 1) supplemented with
50 mM and 100 mM NaCl. Cultures were placed in a growth room at 25°C, 16h/8h
day/night cycle. Data on leaf damage and plant survivalwere recorded weekly over a

four-week period.

5.2.3 In vivo salinity stress tolerance assay

Screening for salinity stress tolerance on WT Nipponbare and transgenic lines
expressing pro-survival genes was conducted in a growth chamber (Thermoline) at a
temperature of 28°C/21°C, photoperiod of 16 h, light intensity of 350 umol photons
m?2st and 70% relative humidity. Ten plants of each selected transgenic line
expressing AtBAG4, AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP,
as well as WT controls were acclimatised for seven days (see chapter 3 for details).
For development of the salinity stress tolerance assay, 10 WT Nipponbare (four leaf
stage) plants were subjected to 50 mM and 100 mM NaCl; for salinity stress
tolerance screening on transgenic rice, 10 transgenic rice plants (four leaf stage) of
each selected line were treated with 100 mM NaCl in tap water 14 days post-
acclimation (see chapter 3 for details). Leaf damage was measured at day 13 post

salinity stress and survival was recorded at day 21 after the salinity stress.

5.2.4 Assessment of total leaf damage

As shown in Figure 5.1, leaf damage was recorded as one of five levels 0%,
25%, 50%, 75% and 100%: i) 0% indicates a healthy leaf with no injury; ii) 25%
indicates that necrosis was confined to the leaf margins; iii) 50% indicates a chlorotic
leaf; iv) 75% indicates necrosis in most of the leaf and v) 100% indicates dry, dead

leaf. A plant was recorded dead when all leaves were at level 5.
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Figure 5.1: Examples of five levels of leaf damage assessment.
53 RESULTS

5.3.1 Development of an in vitro salinity stress tolerance screen using WT
Nipponbare

It is beneficial to assess plants in vitro prior to their transfer to soil as
glasshouse trials are both time-consuming and expensive (Rai et al. 2011). In light of
this an in vitro salinity stress tolerance screening assay was developed. As evident in
Figure 5.2A, percentage leaf damage of WT Nipponbare exposed to different
concentrations of NaCl over a 28 day period increased with increasing NaCl
concentrations and duration of treatment. Leaves were partly damaged i.e. necrosis
was confined to the leaf margins at all concentrations tested after 7 days of NaCl
treatment (level 1). As the duration of the treatment increased to 21 days,
approximately 50% of WT Nipponbare leaves at 100 mM NaCl treatment were
necrotic (level 4). At this concentration of NaCl, entire leaves were affected.
Following 28 days of NaCl treatment, approximately 68% and 82% of leaves were
drying out, exhibiting severe chlorosis, or ceasing to grow in the treatments with 50

mM and 100 mM NacCl respectively.
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Figure 5.2: Salinity stress assays of WT Nipponbare under in vitro conditions. (A):
Leaf damage and (B): Survival of WT plants exposed to different NaCl
concentrations. Data are mean and standard error of three replicates.

Similar to leaf damage, survival of WT Nipponbare decreased with increasing
NaCl concentrations and duration of treatment. Following 14 days of NaCl exposure,
all shoots of WT Nipponbare in both levels of NaCl treatments were able to survive
and grow, though some leaves turned yellow. As the treatment time increased to 21
days, approximately 6.67% and 40% of explants died in 50 mM and 100 mM NaCl

treatments, respectively. The percentage survival of WT Nipponbare was remarkably
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reduced following28 days of exposure to 100 mM NaCl, where only 46.67% of
explants survived (Figure 5.2B); therefore Dsg of WT under 100 mM NaCl stress is
28 days. When sub-cultured onto fresh saline media, the survival rate declined
further with all plantlets dead at 42 days and 70 days of NaCl exposure in 100 mM
and 50 mM NacCl treatments, respectively (data not shown). These results confirm
that WT Nipponbare is a salinity sensitive cultivar and that its survival and leaves
were seriously affected by salinity levels beyond threshold level [salinity threshold
level of rice is approximately 3 dSm™ (USDA 2013), while 50 mM and 100 mM
NaCl equal to approximately 5-6 dSm™ and 11-12 dSm™ respectively].

5.3.2 WT Nipponbare exhibit higher leaf damage and lower survival rate
during salinity stress under in vivo (growth chamber) compared to in vitro
conditions.

Percentage leaf damage of chamber grown WT Nipponbare plants exposed to
different concentrations of NaCl was monitored over four-week growth period in a
growth chamber (in vivo condition) (Figure 5.3A). Similar to in vitro salinity stress,
the percentage leaf damage of WT Nipponbare under in vivo salinity stress condition
increased with increasing NaCl concentration and exposure time. However the effect
of salinity stress was more pronounced on rice plants under in vivo than in vitro
conditions. After 14 days of NaCl treatment in vivo, more than 58% of the leaves
were damaged in 100 mM NaCl treatment while this number was only around 24%
under the equivalent concentration of NaCl under in vitro conditions. Percentage leaf
damage at 100 mM NaCl treatment after 21 days of NaCl exposure in vivo was as
high as that recorded under in vitro conditions for 28 days (Figures 5.2A, 5.3A).
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Figure 5.3: Salinity stress assays on WT Nipponbare under in vivo conditions
(growth chamber). (A): Leaf damage and (B): Survival of WT plants exposure to
different NaCl concentrations. Data are mean and standard error of three replicates.

As shown in Figure 5.3B, treatment with 100 mM NaClin vivo reduced the
survival rate of WT Nipponbare plants markedly following 21 days of exposure
(approximately 40% plants survived). This effect was as significant as that of WT
Nipponbare plants after 28 days exposure to 100 mM NaCl under in vitro condition.
After 28 days of NaCl exposure in vivo, survival of WT Nipponbare plants was
substantially decreased and 100% and 40% of plants die upon treatments with 100
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mM and 50 mM NacCl, respectively while these numbers were recorded around 20%
and 53.33% in 100 mM and 50 mM NaCl treatments in in vitro , respectively. This
result together with the result from leaf damage suggest that salinity stress under in
vitro conditions causes less damage to rice plants compared to in vivo conditions i.e.
WT Nipponbare plants were more salinity stress tolerant under in vitro than in vivo

conditions.

Considering the results from salinity stress tolerance screening under in vitro
and in vivo conditions we used 100 mM NaCl and the in vivo screening method for
screening salinity stress tolerance in transgenic rice plants expressing AtBAG4,
AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and STIAP.

5.3.3 Expression of the survival genes AtBAG4, Hsp70, OsBAG4, p35 and
STIAP significantly improves salinity stress tolerance in rice

The previous section (5.3.2) demonstrated that approximately 60% of leaves of
WT plants were damaged after 14 days exposed to 100 mM NaCl; the Ds, survival
was 21 days post-salinity stress. Therefore in this experiment we recorded leaf
damage and survival rate at 13 (Dso leaf damage) and 21 days after salinity stress
treatment. The percentage of total leaf damage observed was noticeable lower in
most of the transgenic rice lines expressing AtBAG4, Hsp70, OsBAG4, p35 and
STIAP tested than WT under salinity stress conditions (Figure 5.4A, Appendix 3A).
Approximately 80%-100 % damage in leaves (i.e. almost all leaves necrosis, dry and
death) was recorded in WT Nipponbare plants after 13 days exposure to 100 mM
NaCl while only one line of AtBAG4, three lines of OsBAG4, two lines of p35 and
four lines of SfIAP show damage in leaves to this level. None of the ten transgenic
rice lines expressing Hsp70 tested showed an equal level of leaf damage to the WT
(Table 5.1).
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Figure 5.4: Representative of salinity tolerance screening on transgenic plants in in
vivo conditions (growth chamber-Thermoline). (A): Leaf damage and (B): Survival
of WT and p35 transgenic lines exposed to 100 mM NaCl. Data are mean and
standard error of three replicates.

The survival rate of transgenic rice lines expressing AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP after 21 days exposure to 100 mM NaCl was significantly higher than
that of WT Nipponbare plants (Figure 5.4B, Appendix 3A). Eight of the ten lines
tested on Hsp70 and p35 transgenic rice survived (100%) while all WT plants were
dead following 21 days of the NaCl treatment. Approximately 60% of the AtBAG4
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and SfIAP transgenic lines tested showed higher survival rate than WT (Table 5.1).
Survival rate was also higher in four OsBAG4 transgenic rice lines compared to WT,
other lines did not show a noticeable difference (Appendix 3).These results suggest
that over-expression of OsBAG4 might improve salinity stress tolerance in rice
however further studies are required to confirm this observation. Taken together, the
results of leaf damage and survival suggest that over expression of pro-survival
genes AtBAG4, Hsp70, OsBAG4, p35 and SfIAP can improve salinity stress tolerance
in rice.

Table 5.1: Expression of pro-survival genes improve salinity tolerance in rice

Gene # lines | Leaf damage Survival rate
tested | Less ND to WT | Higher ND to

damaged than WT | WT
than WT

AtBAG4 9 8 1 6 3

Hsp70 10 10 0 8 2

OsBAG4 9 6 3 4 5

p35 10 8 2 8 2

STIAP 10 6 4 6 4

Note: ND stands for No Difference

Due to the variation in number of leaves and shoot height of one acclimatised OsBAG4 transgenic
line, only nine lines were used for this salinity stress tolerance screening experiment.

Representatives of putative salinity tolerant and salinity sensitive lines are
shown in Figure 5.5. Under salinity stress putative tolerant lines maintained growth
rate and continue to produce new leaves whereas WT and salinity sensitive lines had

serious leaf damage and dead following prolonged exposure to NaCl.
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Figure 5.5: Representatives of putative salinity tolerant transgenic rice lines (A) and
salinity sensitive transgenic rice lines (B)

5.3.4 Expression of AtBAG4+Hsp70 and Hsp90 did not improve salinity
tolerance in rice

Only one line of the Hsp90 plants showed lower leaf damage than WT, the
other nine transgenic lines showed no difference to WT (Figure 5.6A). Leaf damage
was also found to be similar between five lines of AtBAG4+ Hsp70 and WT. Three
lines out of the ten AtBAG4+ Hsp70 transgenic lines tested showed higher damage in
leaves (almost 100% damage) and two lines exhibited less leaf damage than WT
following 13 days of exposure to 100 mM NaCl (Appendix 3).

Consistent with leaf damage, the survival rate of Hsp90 and AtBAG4+ Hsp70
transgenic lines was the same as that of WT or even lower. Of the ten Hsp90 and
AtBAG4+ Hsp70 transgenic lines tested, only one Hsp90 line had a higher survival
rate, the other nine lines showed no noticeable difference (Figure 5.6B).
Approximately 60% of the AtBAG4+ Hsp70 transgenic lines tested were not able to
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survive after 21 days of NaCl exposure; three lines were able to survive but at levels
equivalent to the WT. One line showed a higher survival rate than WT (Appendix 3).
These results indicate that transgenic rice lines expressing Hsp90 and AtBAG4+

Hsp70 are not tolerant to salinity stress.
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Figure 5.6: Salinity tolerance screening of Hsp90 transgenic plants in controlled
conditions (growth chamber-Thermoline). (A): Leaf damage and (B): Survival of
WT and Hsp90 transgenic lines exposed to 100 mM NaCl. Data are mean and
standard error of three replicates.
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5.3.5 AtBI transgenic rice plants showed no improvement in tolerance to
salinity stress in comparison to WT

The Thermoline that was used for salinity stress tolerance screening of WT in
the salinity stress assays under in vivo conditions (section 5.3.2) and on AtBAG4,
Hsp70, OsBAG4 and AtBAG4 +Hsp70 transgenic rice malfunctioned, therefore an
alternative Thermoline cabinet was used for the assessment of the AtBl plants.
Although all growth conditions were identical to the previous experiments, the plants
including WT grew faster; by 14 days after acclimation the fifth leaf was emerged.
No sign of death was seen at day 13 of the salinity stress screening experiment |
therefore measured growth rate and number of tillers for salinity stress tolerance
assessment instead of survival. Salinity stress at the beginning of the tillering period
will affect the number of tillers per plant. More salinity tolerant rice cultivars will
maintain the tillering ability while salinity sensitive cultivars will reduce this ability.
Total leaf damage of transgenic rice plants expressing AtBl in eight out of ten lines
tested were not different from that of WT (Figure 5.7A). AtBI transgenic line 8
showed less damage in leaves and AtBI transgenic line 26 showed more damage in
leaves in comparison to WT. Shoot growth of six out of ten AtBI transgenic lines
tested was equal to that of WT, and that of the other four lines was remarkably
decreased in comparison to WT (Figure 5.7B). Consistent with leaf damage and
growth rate, tillering ability of AtBI plants was not different to WT. Taken together,
these results suggest that expression of AtBl might not improve tolerance to salinity

stress in rice.
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Figure 5.7: Salinity tolerance screening of AtBI transgenic plants in controlled
conditions (growth chamber-Thermoline). (A): Leaf damage; (B): shoot growth and
(C): number of tillers of WT and AtBI transgenic lines exposed to 100 mM NacCl.
Data are mean and standard error of three replicates.
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5.4 DISCUSSION

Previous studies have suggested that percentage leaf damage and Dsg survival
of rice exposed to salinity stress are good indicators for salinity tolerance. Under
salinity stress, more salinity tolerant cultivars have less damage in leaves, higher
survival rate and longer Dsg survival than salinity sensitive cultivars (Flowers & Yeo
1981; Noble & Rogers 1992; Hoang 2002). In this study, it was observed that the
percentage leaf damage, survival rate and Dso survival of WT Nipponbare during
salinity stress under in vitro conditions were less pronounced than that under in vivo
conditions (sections 5.3.1 and 5.3.2). In other words, plants were more tolerant to
salinity stress under in vitro than in glasshouse conditions. This is perhaps due to the
large supply of sucrose in the tissue culture medium which may have altered the
“source-sink” relationship of shoots, and shoots may have been preferentially
utilising sucrose in the media for growth rather than through photosynthesis (La Rosa
et al. 1984; Hoang 2002). Therefore screening for salinity tolerance is better

conducted under in vivo than in vitro conditions.

Flower and Yeo (1981) reported that young rice seedlings were more sensitive
to salinity stress than older seedlings. In this study it was observed that AtBI
transgenic plants and WT Nipponbare which had five leaves at the beginning of the
salinity stress experiment showed less damage to leaves and could prolong the Dsy
survival while other transgenic plants and WT Nipponbare that were exposed to
salinity stress at the four leaf stage showed more pronounced effects of leaf damage
and lower survival rates. One possible explanation for this observation is that older
plants with more leaves will have greater photosynthetic capacity thereby providing
the necessary energy for the plants to continue growing and overcome salinity stress.
Furthermore, more leaves means more cells and the concentration of Na*
accumulation could be less in each cell therefore the ion toxicity effect is less
pronounced and thereby leads to better growth in older and bigger seedlings. Perhaps
due to this reason both WT and AtBI transgenic plants showed less leaf damage and
more tillers after 13 days of exposure to 100 mM NaCl in comparison to WT in the
previous experiments. Although same age tissue culture materials were used for
acclimation and experimental conditions were similar in all experiments, the
variation still occurred between experiments as it was with AtBI. | therefore suggest

that for tissue culture derived materials, the onset of salinity stress tolerance

Chapter 5:High throughput screening of transgenic rice for enhanced salinity tolerance 103



screening at seedling stage or rapid screening for salinity stress tolerance should rely
on developmental state through the number of leaves rather than time after
acclimation. The point at which the plant has three fully expanded leaves and the
fourth leaf start emerging is ideal for initiation of salinity stress tolerance screening

at seedling stage.

This research correlated with previous research and showed that AtBAG4, p35
and SfIAP consistently confer tolerance to salinity stress in transgenic plants
(Doukhanina et al. 2006; Wang et al. 2009; Kabbage et al. 2010; Li et al. 2010). In
addition, transgenic rice plants expressing OsBAG4 and Hsp70 were also found to be
more tolerant to salinity stress than WT Nipponbare. However AtBAG4+Hsp70, AtBI
and Hsp90 did not show enhanced tolerance to salinity stress in transgenic rice. This
is perhaps not because of the genes as at least one line out of ten lines tested in these
genes exhibited more tolerance to salinity stress than WT Nipponbare (see
sections5.3.4; 5.3.5 and 5.3.7 for details). It might also not because of gene silencing
as mMRNA was detected through RT-PCR (Chapter 4). It might be due to other
reasons such as the level of gene expression. The AtBAG4+Hsp70, AtBI and Hsp90
might be expressed at low level in transgenic rice thus insufficient to confer tolerance
to salinity stress. Although not performed in this project due to time constraints,
guantitative real-time PCR, assessment of copy number by Southern blot and level of
protein expression by Western blot would indicate whether expression level played a
significant role for salinity tolerance within the AtBAG4+Hsp70, AtBI and Hsp90
transgenic lines. Another possibility of low protection level to salinity stress in
transgenic rice expressing combination of AtBAG4 and Hsp70 is that these two genes
may compete each other when expressing in the transgenic rice. Both are co-
chaperon and they may function similarly in conferring salt tolerance leading to

competition and reduced activities

Transgene expression levels are influenced by a number of factors such as the
location of the transgene and the number of transgenes per integration site (Stam et
al. 1997). T-DNA can be integrated at different chromosomal locations. If inserted
into a transcriptionally active region in euchromatin, the expression may be affected
by the regulatory factors of nearby host genes (Koncz et al. 1989; Kertbundit et al.
1991). If they are inserted in or near repetitive DNA or heterochromatin, they might
be inactivated (Prols & Meyer 1992; Stam et al. 1997; Cheng et al. 2001). Two or
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more T-DNAs can be inserted at the same site of a chromosome. These T-DNAs can
be arranged as a direct repeat “head to tail” or as an inverted repeat “head to head” or
“tail to tail”. Transgenes that are organised as inverted repeat usually show low
expression level (Jones et al. 1987; Stam et al. 1997). The copy number of
transgenes at a given locus might affect gene expression level, however this is still
controversial as some studies suggest that high copy number of transgenes leads to
low gene expression and gene silencing [see review by Kooter et al.(1999)], other
studies report no relationship between high transgene copy low level transgenes
expression (Hadi et al. 2012). 1 am aware of possible reasons that may lead to no
difference in tolerance to salinity stress of AtBAG4+Hsp70, AtBl and Hsp90
transgenic rice and WT; however | did not conduct any further studies to elucidate
these possibilities due to: i) time limitation of PhD candidature and ii) | focussed on
further evaluation of genes that confer tolerance to salinity stress in rice (AtBAG4,
Hsp70, OsBAG4, p35 and STIAP).

In summary rapid screening for salinity stress tolerance of transgenic rice
expressing AtBAG4, AtBAG4+Hsp70, AtBI, Hsp70, Hsp90, OsBAG4, p35 and SfIAP
show that plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP are more
tolerant to salinity stress than WT Nipponbare. Some lines of AtBAG4+Hsp70, AtBI,
and Hsp90 showed greater tolerance to salinity stress than WT Nipponbare however
most of the transgenic rice lines expressing these genes were demonstrated
equivalent tolerance levels to the WT controls. Therefore, AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP transgenic rice were selected for further study of whether expression

of pro-survival genes can confer enhanced salinity tolerance in a glasshouse.
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Chapter 6: Glasshouse evaluation of
representative transgenic rice
lines expressing pro-survival
genes

In the previous chapter, | reported that the expression of pro-survival genes
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP resulted in the enhancement of tolerance to
salinity stress in transgenic rice. In this chapter, | demonstrated that pro-survival
genes inhibited salinity-induced programmed cell death (PCD) in transgenic plants,
and the enhanced tolerance to salinity stress was evaluated by assessing the
agronomical, physiological and biochemical parameters. The results section (6.3) in
this chapter is presented following the format of my paper published in Functional

Plant Biology journal.

6.1 INTRODUCTION

Rice has been reported to be relatively tolerant to salinity stress during
germination, active tillering and towards maturity but sensitive during early seedling
and reproductive stages (Heenan et al. 1988; Zeng et al. 2001). There was a weak
link between tolerance to salinity stress at seedling and reproductive stages in some
genotypes within the species Oryza saltiva L. (Zeng et al. 2002). Therefore, it is
imperative that the screening for salinity stress tolerance in rice should be conducted

at both seedling and reproductive stages (Wankhade et al. 2013).

Agronomical parameters such as growth, dry weight, number of tillers, yield
components such as number of panicles per plant, panicle length, number of spikelets
per panicle and physiological parameters including relative water content, electrolyte
leakage, net photosynthesis, Na*, K" accumulation and the Na+/K* ratio were
reported to be significantly different between salinity sensitive and salinity tolerant
plant cultivars under salinity stress (Schachtman & Munns 1992; Lutts et al. 1996;
Dionisio-Sese & Tobita 2000; Khatkar & Kuhad 2000; Cicek & Cakirlar 2002;
Zenget al. 2002; Lee et al. 2003; Moradi & Ismail 2007; Cha-um et al. 2009b;
Vysotskaya et al. 2010).
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Electrolyte leakage has been widely used to determine the damage to cell
membranes during water deficit, freezing, oxidative and salinity stresses (Stachel et
al. 1985; Dionisio-Sese & Tobita 1998; Bajji et al. 2002; Verslues et al. 2006; Ishida
et al. 2007; He et al. 2010; Rashid et al. 2010; Tripathi et al. 2010). During salinity
stress the amount of electrolyte leakage from leaves increased in salinity sensitive
rice cultivars but not in salinity tolerant rice cultivars (Dionisio-Sese & Tobita 1998;
Cha-um et al. 2009b).

The influx of large amounts of Na* into the plant, when exposed to salinity
stress, increases the Na* content, which results in deleterious effects by competing
with K in enzyme activation and protein biosynthesis (Shabala & Cuin 2008; Wang
et al. 2013). One of the mechanisms that plants employ to tolerate salinity stress is to
exclude Na* uptake by roots thereby maintaining low concentrations of Na* in the
leaves. A failure in Na* exclusion manifests its toxic effect after days or weeks and
causes premature death of older leaves(Munns & Tester 2008). Na* concentration in
the leaves of rice is correlated to the level of salinity stress tolerance in both Indica
and Japonica varieties (Moradi & Ismail 2007; Platten et al. 2013)

Photosynthesis is a fundamental physiological process that provides energy for
plants to grow as well as arsenal to facilitate plant adaptation to environmental and
biotic stresses. Physiological response studies in salinity tolerant and salinity
sensitive rice cultivars have shown that during salinity stress, the net photosynthesis
and relative water content were maintained in salinity tolerant but not in salinity
sensitive rice cultivars (Dionisio-Sese & Tobita 2000; Moradi & Ismail 2007; Cha-
Um et al. 2009a).

The TUNEL assay (Terminal deoxynucleotidyl tranferase d UTP Nick End
Labelling) is a commonly used and established method for detecting two
characteristic features of apoptosis, DNA fragmentation and the formation of
apoptotic bodies, which occur from the coalescence of specifically cleaved DNA.
This assay relies on the presence of nicks in the DNA (resulting from DNA
fragmentation during apoptosis) which can be identified by terminal
deoxynucleotidyl tranferase, an enzyme that will catalyze an addition of dUTPs that
are secondarily labelled with a marker (fluorescein) (Roche Applied Science — In situ
cell death detection Kit, fluorescein, 11684795910 instruction manual). This

technique has been used to detect apoptotic-like hallmarks in plants during exposure
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to biotic and abiotic stresses such as in studies by Li & Dickman (2009), Liu et al.
(2007), Li et al. (2010), Paul et al. (2011).

In light of these developments, research in this chapter focused on investigating
whether expression of AtBAG4, Hsp70, OsBAG4, p35 and SfIAP can inhibit salinity-
induced PCD and enhanced tolerance to salinity stress in transgenic rice at the two
most sensitive periods of their life cycle: the seedling and reproductive stages.

The two specific objectives of the research in this chapter were:

1. To determine whether expression of pro-survival genes in
representative salt tolerant transgenic lines can inhibit salinity-induced
PCD.

2. To evaluate and compare the level of salinity stress tolerance between
the representative salt tolerant pro-survival transgenic lines, VC and

WT Nipponbare at both the seedling and reproductive stages.

6.2 MATERIALS AND METHODS

6.2.1 Plant materials

The four representative lines for each of the five pro-survival genes included
AtBAG4-3, AtBAG4-5, AtBAG4-7, AtBAG4-10, Hsp70-1, Hsp70-3, Hsp70-11,
Hsp70-13, OsBAG4-7, OsBAG4-15, OsBAG4-19, OsBAG4-20,p35-15, p35-16,
p35-17, p35-36 and SfIAP-4, SfIAP-6, SfIAP-7, SfIAP-10. These were selected from
the results of rapid screening for salinity stress tolerance in chapter 5 and were used
for further experimentation. WT and VC plants were used as controls. The plants
were acclimatised at QUT’s plant house in Carseldine, Brisbane in 40 mm plastic

pots containing potting mix as described in chapter 3.

6.2.2 Salinity stress at seedling and reproductive stage

Salinity stress experiments were conducted from August to December 2012 at
the QUT glasshouse at Carseldine, Brisbane, Australia with temperature adjusted at
28°C/21°C day/night under ambient light conditions. Details of acclimation of tissue
cultured rice plants and the set up for salinity tolerance screening at seedling and

reproductive stages were described in chapter 3.

Ten plants of each selected transgenic line expressing AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP, VC and WT controls were acclimatised for seven days.
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Plants were treated with 100 mM NacCl in tap water 14 days post-acclimation. Shoot
height was measured at day 0 and day 13 following NaCl stress, shoot dry weight

was determined after 13 days of NaCl treatment.

The level of salinity tolerance of transgenic lines and controls at the
reproductive stage was determined based on yield components including the number
of panicles per plant and the number of spikelets per panicle. Ten replicates of
transgenic lines and the appropriate controls were subjected to 100 mM NaCl stress
30 days post-acclimation. This time point is coincident with the panicle initiation (PI)
stage (beginning of reproductive stage) of glasshouse growing Nipponbare plants
developed from tissue culture plantlets. The assessment of relative yield was

performed at harvest.

6.2.3 Measurement of physiological parameters

Physiological parameters were examined on the representative salinity tolerant
line for each of the five selected genes including AtBAG4-7, Hsp70-11, OsBAG4-
20, p35-16 and SfIAP4. For convenience, the five selected lines are renamed as
AtBAG4, Hsp70, OsBAG4, p35 and STIAP in this chapter.

Except for photosynthetic efficiency that was measured at day O (before NaCl
was add in) and 3, 7, 10 and 13 following salinity stress, all other physiological
parameters including leaf relative water content, electrolyte leakage, Na* and K"
were determined at day 13 following exposure to NaCl at seedling stage. The third
leaf was used for photosynthetic efficiency, electrolyte leakage, and Na®, K*
measurements. The youngest fully expanded leaf was used for relative water content

analysis.

For screening of salinity tolerance at the reproductive stage, all physiological
data was recorded at 30 days after salinity stress. The flag leaf of the main culm was
used for photosynthetic efficiency, electrolyte leakage, and Na*, K* measurements.
Relative water content was measured using flag leaf of other culms. See chapter 2 for

details of each measurement.

6.2.4 TUNEL assays

Root tips of WT, VC and transgenic rice expressing AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP respectively, following exposure to 0 mM and 100 mM NaCl for 36 h
were examined for apoptotic-like hallmarks using TUNEL assays. In this study, the
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TUNEL assay was carried out using an In Situ Cell Death Detection Kit, Fluorescein
(Roche) following the manufacturer’s instructions. See chapter 2 for details of these

assays. Numbers of cell death were recorded as percentage on three replicates

6.2.5 Detection of H,0,

In Situ H,O, production in rice leaves exposed to 100 mM NaCl for 30 h was
detected by 3,3’-Diaminobenzidine (DAB) Enhanced Liquid Substrate System for
Immuno-histochemistry solution, D3939 (Sigma, Saint Louis, Missouri, USA)
following the manufacturer’s instruction. Briefly, pieces of youngest fully expanded
leaf (approximately 1 cm long) were excised from rice plants and immediately
immerged into 0.5 ml of mixed D3939 solutions for 60 min at room temperature.
DAB solution was decanted and 1 ml of Ethanol: Acetic acid (3:1 v/v) was added to

the samples for chlorophyll destaining overnight.

6.3 RESULTS

6.3.1 Expression of pro-survival genes suppress ROS in transgenic rice during
exposure to salinity stress

ROS levels were reported to increase in plant cells during salinity stress
(Borsani et al. 2005; Zhu et al. 2007; Chawla et al. 2013). To elucidate whether the
expression of pro-survival genes in rice coincides with reduced ROS production
caused by salinity stress, in situH,O, production was detected in leaves of rice after
30 h exposure to 100 mM NaCl. As shown in Figure 6.1 more H,O,production was
observed in WT and VC leaves while lower levels of H,0, were detected in the
leaves of transgenic rice expressing pro-survival gene. This result indicates that the
expression of pro-survival genes can suppress the level of H,O, production in rice
during salinity stress.
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Figure 6.1: Expression of pro-survival gene suppresses ROS (H,0.) level in leaf of
rice exposed to 100 mM NaCl. DAB (3,3’-Diaminobenzidine) staining was
conducted 30 h after salinity stress.
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6.3.2 Pro-survival genes inhibit salinity stress—induced PCD in rice

To investigate whether expression of pro-survival genes in rice inhibits
salinity-induced PCD, TUNEL assays were conducted on root tips of rice expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP, VC and WT Nipponbare after 36h
exposure to 100 mM NaCl. The data showed no cell death or small amounts of cell
death in transgenic rice plants expressing pro-survival genes; however in the WT
Nipponbare and VC plants significantly greater cell death was observed (Figure 6.2).
Approximately 90% of cells were TUNEL-positive in both WT and VC while these
numbers were less than 5% in transgenic rice expressing AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP. These results indicate that expression of pro-survival genes in
transgenic rice suppressed PCD caused by salinity stress. To further assess salinity
tolerance-mediated by the five pro-survival genes, agronomical and physiological
assessments were conducted on transgenic rice and controls exposed to 0 (non-

stressed conditions) and 100 mM NacCl at seedling and reproductive stages.
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Figure 6.2: Expression of AtBAG4, Hsp700sBAG4, p35and SfIAP suppress salinity-
induced PCD in rice. WT, VC, AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic
plants were subjected to 100 mM NaCl at the seedling stage, TUNEL assays and
propidium iodide counter-staining were carried out at 36h after salinity stress.
Positive control samples for TUNEL assay was root tips treated with DNase. Nucleic
acid in TUNEL positive cells are selectively stained and fluoresces green, indicating
the presence of apoptotic-like bodies, whereas all nucleic acid is counter-stained with
propidium iodide and fluoresces red. Magnifications as indicated.
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6.3.3 Transgenic rice expressing pro-survival genes exhibit greater shoot growth
in comparison to WT and VC plants under salinity stress

The effects of NaCl on leaves and on whole plants of WT, VC and transgenic
rice expressing AtBAG4, Hsp70, OsBAG4, p35, SfIAP is shown in Figure 6.2. There
were no noticeable differences in the leaves and overall plant appearances between
the WT, VC and the transgenic lines under control conditions (0 mM NaCl) (Figure
6.3A). However under 100 mM NacCl treatment, WT and VC plants exhibited serious
damage to leaves and the entire plant. In general, leaves of WT and VC plants
exhibited chlorosis, wilting and drying from the tip to the base of the leaf in the first
7 days following exposure to 100 mM NaCl. However, the leaves of transgenic
plants expressing pro-survival genes remained green and looked healthy. After 13
days exposure to 100 mM NaCl almost all leaves of WT and VC get necrosis and die
(Figure 6.3B).

WT VC p35 WT VC SfIAP

f

WT VC AtBAG4 WT VC Hsp70 WT VC p35 WT VC SfIAP

Figure 6.3: Morphology of WT, VC and transgenic rice expressing AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP after 13 days under (A) control (0 mM NaCl) and (B)
salinity stress conditions (100 mM NacCl)

Under control conditions at seedling stage, no significant differences (One-way
ANOVA: DF = 6; F = 0.79; P = 0.588) between the transgenic lines expressing
AtBAG4, Hsp70, OsBAG4, p35, SfIAP, the WT and VC plants were observed (Figure
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6.4A). Conversely, data on shoot growth over a period of 13 days exposure to 100
mM NaCl of WT, VC showed a significant reduction (One-way ANOVA: DF = 6; F
= 34.43; P = 0.000) in comparison to that of the transgenics (Figure 6.4B). Shoot
growth of transgenic rice expressing AtBAG4, Hsp70 and OsBAG4 were similar; p35
transgenic rice exhibited a slightly lower growth of shoot in comparison to AtBAGA4,
Hsp70 and OsBAG4 transgenic plants however the difference in shoot growth was
not statistically significant. On the other hand, the shoot growth of SfIAP transgenic
plants was the lowest of the transgenic lines tested these were however significantly
higher than that of the VC and the WT plants. This result indicates that, transgenic
rice plants expressing AtBAG4, Hsp70, OsBAG4 p35 and SfIAP genes can maintain

better growth under salinity stress than the non transgenic and the vector control

plants.
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Figure 6.4: Relative shoot growth of WT, VC and transgenic plants expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP grown at 0 mM (A) and exposed to 100
mM NaCl (B) at the seedling stage. Data represent the mean and standard error of
three replicates. ns indicates no statistically significant difference. Bars that share a

common letter are not significantly different by Tukey HSD test at 95% confidence
intervals.
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6.3.4 Transgenic rice expressing pro-survival genes produce more tillers than
WT and VC under salinity stress.

Under glasshouse conditions, Nipponbare WT, VC and transgenic rice
expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP in control condition (0 mM
NaCl) started tillering 23-25 days after acclimation. The salinity stress tolerance at
seedling stage started at 14 days after acclimation and lasted for 13 days (i.e. total 27
days post-acclimation) therefore overlapping the early tillering stage. Due to this
fact, an investigation on the effect of salinity stress on tillering ability of the
transgenic rice and the controls was conducted. The number of tillers produced by
the transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP were
recorded after 13 days of 0 mM and 100 mM NaCl exposure and compared to that of
the WT and VC plants.

No significant difference (One-way ANOVA: DF = 6; F = 0.58; P = 0.741) in
number of tillers per plant was observed between the transgenic rice plants and the
controls under normal growth conditions at both the seedling and reproductive stages
(Figure 6.5A, C). However, 100 mM NaCl treatment at seedling stage caused a
significant reduction (One-way ANOVA: DF = 6; F = 15.60; P = 0.000) in the
number of tillers in WT and VC plants in comparison to those from AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP transgenic plants (Figure 6.5B).The number of tillers varied
between transgenic rice lines with the highest observed in Hsp70 transgenic plants
and the lowest recorded in SfIAP transgenic plants. No statistically significant
difference was noticed in the number of tillers between OsBAG4, AtBAG4, p35 and
SfIAP plants. Under salinity stress at the reproductive stage, AtBAG4 and Hsp70
transgenic plants showed significantly higher number of tillers per plant in
comparison with the VC and WT controls plants (Figure 6.5D).The number of tillers
per plant in OsBAG4, p35 and SfIAP transgenic plants were slightly higher than that
of the controls however it was not statistically significant. This result indicates that
salinity stress effects on the tillering in rice plants is more pronounced at seedling
stage (i.e. prior to tillering stage) than at the reproductive stage (i.e. nearly end of
tillering stage). In addition, the expression of pro-survival genes in rice resulted in
the maintenance of tillering under salinity stress conditions even though different

pro-survival has different effects on tillering of transgenic rice.
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Figure 6.5: Number of tillers of WT, VC and transgenic plants expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP grown at 0 mM and exposed to 100 mM NaCl (A &
B) at the seedling stage; (C & D) at the reproductive stage. Data represent the mean
and standard error of three replicates. ns indicates no statistically significant
difference. Bars that share a common letter are not significantly different by Tukey
HSD test at 95% confidence intervals.
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6.3.5 Expression of pro-survival genes result in significant increase in dry
weight under salinity stress

To further elucidate the basis of salinity stress tolerance in transgenic rice
expressing pro-survival genes, dry weight was recorded on WT, VC and transgenic
rice plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP after 13 days
exposure to 100 mM NaCl at the seedling stage; the result is shown in Figure 6.6.
Under non stress conditions, no significant difference (One-way ANOVA: DF = 6; F
= 0.87; P = 0.534) was observed in dry weight between transgenic rice expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP genes and the controls (Figure 6.6A).
However, in 100 mM NaCl treatment, the dry weight of transgenic rice expressing
pro-survival genes was significantly higher than that of the WT and VC (One-way
ANOVA: DF = 6; F = 9.54; P = 0.000). Interestingly, there was no noticeable
difference in dry weight between the transgenic lines expressing each of the five pro-
survival genes tested (Figure 6.6B). This result suggests that transgenic rice
expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP genes maintained growth

during salinity stress and produced more cells while WT and VC failed to do so.
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Figure 6.6: Dry weight of WT, VC and transgenic plants expressing AtBAG4,
Hsp70,0sBAG4, p35 and SfIAP grown at 0 mM (A) and exposed to 100 mM NaCl
(B) at the seedling stage. Data represent the mean and standard error of three
replicates. ns indicates no statistically significant difference. Bars that share a
common letter are not significantly different by Tukey HSD test at 95% confidence
intervals.
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6.3.6 Transgenic rice plants expressing pro-survival genes exhibit higher yield
components than the WT and VC plants

Yield components including number of panicles per plant and number of
spikelets per panicle were not significantly different between WT, VC and transgenic
plants expressing AtBAG4, Hsp70,0sBAG4, p35 and SfIAP under non-stressed
conditions (One-way ANOVA: DF = 6; F = 1.38 and1.90; P = 0.271 and 0.079,
respectively). The number of panicles per plant varied between transgenic plants
expressing pro-survival genes under salinity stress. Hsp70 transgenic plants had the
highest number of panicles per plant, followed by AtBAG4 transgenic plants. Number
of panicles per plant in AtBAG4 and Hsp70 transgenic plants were significantly
higher (One-way ANOVA: DF = 6; F = 2.57; P = 0.022) than that in WT and VC
plants under salinity stress conditions (Figure 6.7B). Although OsBAG4, p35and
STIAP transgenic plants showed a slightly higher number of panicles per plant, these
numbers were not significant in comparison to WT and VC (Figure 6.7B). Similarly,
under salinity stress number of spikelets per panicle in transgenic plants expressing
pro-survival genes was significantly higher (One-way ANOVA: DF =6; F = 10.19 P
= 0.000) than that in WT and VC plants (Figure 6.7D). These results suggest that
transgenic rice plants expressing pro-survival genes showed no negative effects
under non-stressed conditions and responded well to salinity stress by maintaining

higher yield components.
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Figure 6.7:Yield components of WT, VVC and transgenic rice plants expressing
AtBAG4, Hsp70,0sBAG4, p35 and SfIAP grown at 0 mM and exposed to 100 mM
NaCl at the reproductive stage.(A & B) indicate number of panicles per plant; (C &
D) indicate number of spikelets per panicle. Data represent mean and standard error
of three replicates. ns indicates no statistically significant difference. Bars that share

a common letter are not significantly different by Fisher’s method at 95% confidence
intervals.

6.3.7 Expression of pro-survival genes improve water retention and cell
membrane integrity of rice during salinity stress

In order to understand the physiological mechanisms of enhanced salinity
tolerance in transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP, the
water status of transgenic plants and the WT and VC controls under non-stressed (0
mM NacCl) and salinity stress conditions at both the seedling and reproductive stages
were investigated. The results showed that under non-stressed conditions, the relative
water content of AtBAG4, Hsp70,0sBAG4, p35 and SfIAP transgenic rice was not
different from that of WT and VC plants at both the seedling and reproductive stages
(Figure 6.8A, C). However, at 100 mM NaCl treatment at the seedling stage the
relative water content in WT and VC plants was lower when compared to transgenic
plants expressing AtBAG4, Hsp70,0sBAG4, p35 and SfIAP (Figure 6.8B). Relative
water content of AtBAG4, OsBAG4, p35 and SfIAP transgenic rice plants at

reproductive stage salinity tress treatment was noticeably higher than that of the WT
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and VC plants (Figure 6.8D). However no significant difference was found in Hsp70
transgenic plants and the WT and VC (Figure 6.8D).

To elucidate further the physiological mechanisms of enhanced salt tolerance
in transgenic plants, cell membrane integrity of AtBAG4, Hsp70,0sBAG4, p35 and
STIAP transgenics and control plants were analysed by measuring leaf cell electrolyte
leakage under non-stressed and salinity stress conditions. Although the electrolyte
leakage varied between transgenic rice expressing AtBAG4, Hsp70,0sBAG4, p35,
SfIAP, the WT and VC plants under non-stressed conditions at both seedling and
reproductive stage, the values were not high (Figure 6.9A, C). Under 100 mM NacCl
stress at the seedling stage however, the electrolyte leakage of WT and VC were
almost 10 and 13 folds higher than that at non-stressed conditions. The difference in
electrolyte leakage of WT and VC between non-stressed and salinity stress
conditions at reproductive stage were recorded as 26.5 and 15.2 folds higher
respectively. These figures for AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic
plants were approximately 7.6, 11.3, 4.1, 5.1 and 8.8 respectively (Figure 6.9C, D).
These results suggest that transgenic plants exhibited less cell membrane damage

than control plants.
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Figure 6.8: Relative water content of WT, VC and transgenic plants expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP grown at 0 mM and exposed to 100 mM
NaCl at the seedling (A & B) and reproductive stages (C & D). Data represent the

mean and standard error of three replicates.
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6.3.8 Transgenic rice plants accumulate less Na*, more K" and maintain lower
Na'/K" ratio than the WT and VC plants under salinity stress

It is well documented that during salinity stress salinity tolerant rice cultivars
accumulate less Na* in leaves and shoots compared to salinity sensitive rice cultivars
(Dionisio-Sese & Tobita 1998, 2000; Lee et al. 2003; Moradi & Ismail 2007; Ghosh
et al. 2011). In this study we investigated the Na® concentration in leaves of
transgenic rice expressing pro-survival genes and controls under non stressed and
salinity stress conditions. As shown in Figure 6.10A, the Na* concentration in leaves
under non stressed conditions was not significantly different between the transgenic
plants expressing AtBAG4, Hsp70, p35, SfIAP and the control plants. Although the
Na* concentration in leaves of OSBAG4 transgenic plants under non stress condition
was significantly higher than that of AtBAG4, Hsp70, p35 and SfIAP transgenic
plants as well as WT and VC but this amount is low (approximately 0.128 mmol g’
'DW). In contrast, under 100 mM NaCl stress at seedling stage the concentration of
Na’ in leaves of WT Nipponbare and VC plants had dramatically increased,
approximately 20 fold in comparison to that under non stressed conditions.
Transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP showed only
2.4, 2.7, 2.3, 44 and 5.1 fold increase in Na® concentration respectively. The
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP plants maintained an approximately 7.75,
6.69, 8.07, 4.24 and 3.6fold lower Na* concentration in comparison with WT and VC
in salinity stress conditions respectively. At the reproductive stage the salinity stress
treatment resulted in a 1.67, 1.29, 6.76, 1.95 and 2.05 fold increase in Na’
concentration in leaves of WT and VC plants when compared to AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP transgenic plants. No significant difference was found in
leaf Na" concentration between transgenic rice plants expressing different pro-
survival genes during salinity stress at seedling stage (Figure 6.10B). In salinity
stress treatment at the reproductive stage, Hsp70 transgenic plants accumulate the
highest amount of Na’ in leaf and OsBAG4 plants have the lowest leaf Na*
concentration; leaf Na* concentrations of AtBAG4, p35 and SfIAP plants were in the
middle of the range (Figure 6.10 D).
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Figure 6.10: Na™ concentration in leaf of WT, VC and transgenic plants expressing
AtBAG4, Hsp70,0sBAG4, p35 and SfIAP grown at 0 mM and exposed to 100 mM
NaCl at the seedling (A & B) and reproductive stages (C & D). Data represent mean
and standard error of three replicates.

In addition to maintaining a lower level of Na* in leaves under salinity stress,
transgenic rice plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP also
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maintained approximately 2 fold higher K™ concentrations when compared to WT
and VC (Figure 6.11B,D). WT and VC, in 100 mM NaCl treatment at the seedling
stage, exhibited a significant decrease in K* concentration in leaves compared to that
in non-stressed conditions whereas AtBAG4, Hsp70, OsBAG4, p35 and SfIAP
transgenic plants had only slightly decrease in leaf K* concentration. At the
reproductive stage NaCl, WT and VC plants showed a significant reduction in leaf
K" concentrations while transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35
and SfIAP maintained approximately 5.76, 7.07, 6.94, 9.57 and 3.19 fold higher in

leaf K* concentrations compared to that in WT and VC, respectively.

More importantly, AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic plants
exhibited a significantly lower ratio between Na* and K* compared to the controls
(Figure 6.12B, D). Interestingly, no remarkably difference in leaf Na*, K"
concentrations or leaf Na'/K® ratio was observed between transgenic plants
expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP under salinity stress treatment
at the seedling stage. Although there was a variation in either leaf Na', K*
concentrations or leaf Na'/K" ratio between transgenic plants in NaCl treatment at
the reproductive stage, all transgenic plants tested maintained Na“ homeostasis in
comparison to WT and VC plants. Perhaps transgenic plants expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP maintain Na* homeostasis by promote the cell life

and allow normal control of ion transport to continue under salinity stress conditions.
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Figure 6.11: K* concentration in leaf of WT, VC and transgenic plants expressing

AtBAG4, Hsp70,0sBAG4, p35 and SFIAP grown at 0 mM and exposed to 100 mM

NaCl at the seedling (A & B) and reproductive stages (C & D). Data represent the
mean and standard error of three replicates.
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6.3.9 Plants expressing pro-survival genes maintain photosynthetic efficiency
during salinity stress

Photosynthesis is a fundamental physiological process that provides a source of
energy for plants to grow and cope with environmental stresses. To investigate
whether expression of AtBAG4, Hsp70, OsBAG4, p35 and SfIAP respectively,
enhanced salt tolerance in rice by maintaining photosynthetic efficiency under
salinity stress, the net photosynthesis of transgenic plants expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP to WT and VC rice plants under non-stressed and
salinity stress conditions at both the seedling and reproductive stages were examined.
Net photosynthesis was measured at 0, 3, 7, 10 and 13 days after 100 mM NacCl
being added to the media in seedling salt stress experiment. As evident in Figure
6.13A, under non-stressed conditions, no significant difference was observed in net
photosynthesis between AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic plants
and the controls over 13 days of the experiment. The trend of net photosynthesis
variation was also the same for all plants tested. However, when exposed to 100 mM
NaCl stress the transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and
SfIAP differed from the control plants (Figure 6.13B). Differences were observed
between the transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP
and the control plants after 7 days of salinity stress. Net photosynthesis of all
transgenic and control plants decreased at day 10 in both non stressed and salinity
stress treatments. This was likely due to the natural physiological senescence of the
leaf at a specific age (I use the third leaf for photosynthesis measurement). However,
net photosynthesis in control plants under salinity stress condition decreased more
rapidly than the transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and
SfIAP. After 13 days of exposure to 100 mM NaCl net photosynthesis of WT and VC
plants were significantly lower than that of the AtBAG4, Hsp70, OsBAG4, p35 and
SfIAP transgenic plants; and the net photosynthesis of AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP transgenic plants were not different from that of control plants under
control condition. These results indicate that transgenic rice expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP can maintain photosynthetic efficiency under
salinity stress. The net photosynthesis of transgenic rice plants and the controls under
non stressed and salinity stress at the reproductive stage was not significantly
different except for AtBAG4 plants which had a higher net photosynthesis in
comparison to WT, VC Hsp70, OsBAG4, p35 and SfIAP (Figure 6.13C, D). This is
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probably due to the status of the leaf that we used to measure photosynthesis. We
used the flag leaf of the main culm for net photosynthesis measurement. At the time
of measurement the flag leaf was not damaged in all plants tested while other leaves

from the NaCl treated plants were dramatically damaged in control plants.

130 Chapter 6:Glasshouse evaluation of representative transgenic rice lines expressing pro-survival genes



Y~ 25 - 0 mi NaCl
-
3 20 4 e T
Eq ——\C
% £ 15 -
2o e ALBAGH
<0
2010 - = 05BAGH
2% i Hp 70
[T= 5 -
Z =z —t— 35
0 T T T T I—\FSHAP
A 0 3 7 10 13
Time of NaCl exposure (day)
100 mM NacCl
_0 30 7
5 25 | ——T
o= ———C
a TC20
=& — ABAGA
c L 15
> £ e H 5 37 )
28 10-
5 Q —— 05 BAGY
=
2_ o —— 035
[T}
= 0 . . ; ; j—— S| AP
0 3 7 10 13
B Time of NaCl exposure (day)
WO mM Nacl
— 30 -
Q
E 25
e
WY, 20
2 ]
= O
15
==
o S 10 -
IS
20
o 5 -
o
= o -
C AtBAG4 OSBA64 Hsp70 35 Sf IAP
30 - W 100 mM Nacl
©
E 25
2z
8o 20
z 9
% = 15 -
o™
-— O 10 B
%_o
B 51
=
0 -
D ABAGH 0sBAGA Hspm SflAP

Figure 6.13: Net photosynthesis of WT, VC and transgenic plants expressing

AtBAG4, Hsp70, OsBAG4,p35 and SfIAP grown at 0 mM and exposed to 100 mM

NaCl (A & B) at the seedling and (C & D) at the reproductive stages.
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6.4 DISCUSSION

Previous reports have shown that rice induces PCD pathways when exposed to
salinity stress (Li et al. 2007; Liu et al. 2007; Jiang et al. 2008); and salinity stress
causes an increase of intracellular ROS levels that can be harmful to cells (Borsani et
al. 2005; Sairam et al. 2005). Therefore the first objective of this chapter was to
determine whether expression of pro-survival genes in the representative salinity
tolerant transgenic lines coincided with reduced salinity-induced ROS levels. Results
obtained in this chapter suggest that expression of pro-survival genes AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP is associated with reduces ROS production in rice
during salinity stress (Figure 6.1) and can also prevent PCD caused by salinity stress
(Figure 6.2). Among the four types of ROS (O, OH’, NO" and H;0,), H,0, is a
relative long-life molecule (1 ms) and it can diffuse some distance cross-linking cell
wall structural proteins and more importantly H,O, itself can stimulate further ROS
accumulation and function as a local trigger of PCD (Levine et al. 1994; Dat et al.
2000). H,0O, can originate from photosynthesis, photorespiration, respiration and
from many other cellular processes. It is a potent inhibitor of photosynthesis as it can
inhibit CO, fixation up to 50% (Foyer & Shigeoka 2011). The suppression of H,0,
in transgenic plants expressing pro-survival genes is perhaps one of the most
important steps to protect cells from oxidative damage and enable the plants to
maintain photosynthetic efficiency which in turn provides energy for plants to grow
and survive under salinity stress conditions. The possible role of the pro-survival
genes in suppressing ROS levels during salinity stress will be discussed in the

“General discussion” chapter.

Shoot growth in glycophytes is significantly reduced when salinity reaches a
threshold level. For most plants the threshold level of salinity is around 40 mM NaCl
or less for sensitive plants such as Arabidopsis and rice (Munns & Tester 2008). The
rate of shoot growth reduces significantly during osmotic stress especially in shoot
dry matter or in leaf area (reduction in number of tillers in cereals) over time (Munns
& Tester 2008). The results in shoot growth, dry weight and number of tillers of WT,
VC and transgenic plants expressing pro-survival genes AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP are consistent with this report. It was observed that relative shoot
growth of transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP over
13 days of exposure to 100 mM NaCl was significantly higher than that of the WT

132 Chapter 6:Glasshouse evaluation of representative transgenic rice lines expressing pro-survival genes



and VC plants (Figure 6.4B).Salinity has been reported to cause a reduction in
growth rate by reducing the ability of plants to take up water (Munns 2002). The
results in leaf water retention indicate that transgenic rice expressing pro-survival
genes maintained significantly higher water content than the WT and VC during
salinity stress exposure i.e. water uptake was maintained in AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP transgenic plants under salinity stress (Figure 6.8B). The
maintenance of water uptake in transgenic rice expressing AtBAG4, Hsp70, OsBAG4,
p35 and SfIAP enabled the plants to continue growing as indicated by the
maintenance of high tiller numbers per plant (Figure 6.5) and greater dry weight
(Figure 6.6) in transgenic rice but not in WT and VC plants. Previous reports have
shown that salinity tolerant rice cultivars exhibited greater growth and biomass (dry
weight) and higher relative water content than salinity sensitive plants under salinity
stress (Lee et al. 2003; Suriya-arunroj et al. 2004; Cha-um et al. 2009b; Awala et al.
2010). The maintenance of growth rates would have led to the maintenance of yield
components in transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP
when compared to the WT and VC (Figure 6.7). This result agrees with previous
reports that salinity stress at the reproductive stage significantly reduced yield
components especially the number of tillers per plant and number of spikelets per
panicle in salinity sensitive rice cultivars (Zeng et al. 2001; Zeng et al. 2003).
Transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP can maintain
growth rates possibly due to their ability to suppress ROS and prevent cell death lead
to maintenance of photosynthetic efficiency and subsequently growth rate and yield

components.

The maintenance of cell membrane integrity and stability under water stress is
an important component of tolerance against water deficit (caused by drought and
salinity stress) in plants. Cell membrane damage can be measured by monitoring
electrolyte leakage from the cells (Bajji et al. 2002). The results from section 6.3.7,
indicate that AtBAG4, Hsp70, OsBAG4, p35 and SfIAP leaf cells maintain higher cell
membrane integrity than controls plants under salinity stress, correlates with previous
studies which showed a significant difference between electrolyte leakage levels of
salinity sensitive and salinity tolerant rice cultivars during salinity stress (Dionisio-
Sese & Tobita 1998; Cha-um et al. 2009b). The cell membrane is the first site of

signal perception of biotic stress as well as a primary defence against many abiotic
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stresses including salinity and it is one of the most vulnerable targets for ROS due to
the predominance of lipids (Ghosh et al. 2011).The ability to maintain cell
membrane integrity in transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and
SfIAP perhaps due to the ability to suppress H,O, in cells during salinity stress of
these plants.

Plants that withstand exposure to high salinity environments restrict the uptake
of Na* from the soil and the influx into their cells. Increased Na* levels are toxic to
cells because Na" has similar physicochemical properties to K*, it can compete with
K" for major binding sites in key metabolic processes such as enzymatic reactions,
ribosome functions and proteins biosynthesis in the cytoplasm leading to disturbance
in metabolism. As K" is responsible for the activation of more than 50 enzymes in the
cytoplasm, the disruption to the metabolism is severe (Shabala & Cuin 2008;
Marschner 2011; Wang et al. 2013). One of the mechanisms that plants employ to
adapt to salinity stress, especially ion toxicity is to exclude Na* from the roots and
subsequently maintain low concentrations of sodium ions in leaves. Failure to
exclude Na" from the cell manifests in toxic effects days or even weeks after
exposure and causes premature death of older leaves (Munns & Tester 2008). The
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP plants consistently maintained low leaf
Na* concentrations during NaCl treatment at the seedling and reproductive stages
(approximately 44.4, 69.1, 66.2, 69.4 and 74 mM and 254.5, 329.2, 62.8, 216.9 and
210 mM in leaf water basis, respectively) whereas dramatic increases were observed
in the Na" levels in the WT Nipponbare and VC (approximately 278 mM and 259
mM in leaf water basis at seedling stage and 425 mM each in leaf water basis at
reproductive stage, respectively). The ability to accumulate less Na*, more K* and
low Na'/K" ratio of transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and
SFIAP might be related to the maintenance of cell membrane integrity as cell
membranes regulate what can get in and out of a cell. Almost all ion channels are
located on membrane. Cell membrane integrity is a key factor that can ensure

balanced uptake of ions and nutrients for the cell to grow.

Many studies have suggested that cytosolic K™ is related to the PCD process as
it can affect caspases and caspases-like activities in animal and plants, respectively.
Low cytosolic K* content in animal tissue correlates with high activities of caspases;

and the activation of K™ efflux, the main cause of cytosolic K* content decrease, in
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plant cells leads to PCD hydrolase activation (Hughes Jr & Cidlowski 1999; Shabala
2009; Demidchik et al. 2010). In this study | found that WT and VC exhibited a
significant loss of K" during exposure to 100 mM NaCl at both the seedling and
reproductive stages (to approximately 38.4 mM and 36.6 mM in leaf water basis at
seedling stage and 12.7 mM and 14.3 mM in leaf water basis at reproductive stage,
respectively) while AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic plants
showed only slight and moderate decreases in leaf K* concentration during salinity
stress at the seedling and reproductive stages (to approximately 81.3, 64.3, 78.1, 73.8
and 84.8 mM and 73.1, 89.7, 88.1, 121.5 and 40.6 mM in leaf water basis),
respectively. This result provides an explanation of PCD inhibition in transgenic rice
expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP under salinity stress conditions.
Noted that cytosolic K* concentration of an animal shrunken cell (cell undergo
apoptosis) is around 35 mM — 50 mM (Barbiero et al. 1995; Hughes Jr & Cidlowski
1998). The low leaf K* concentration of SfIAP transgenic plants at the reproductive
stage (40.6 mM) was probably associated with PCD during senescence of the leaf at
that specific age of development (end of reproductive stage to beginning of ripening
stage) whereas very low K* concentrations in the WT and VC (12.7 mM and 14.3
mM in leaf water basis, respectively) suggest that PCD was more pronounced in
these plants and that PCD in these plants may be not only due to leaf senescence but

also salinity stress.

Previous studies have shown that the maintenance of a low Na'/K" ratio
provides favourable conditions for continued physiological and metabolic activity
(Yu et al. 2012). Transgenic rice plants expressing AtBAG4, Hsp70, OsBAG4, p35
and SfIAP exhibited a significantly lower Na*/K" ratio in comparison to the WT and
VC during salinity stress. Importantly, the lower Na* and higher K* levels correlated
with higher net photosynthetic rates in the AtBAG4, Hsp70, OsBAG4,p35 and SfIAP
plants thus providing an energy source and vital ammunition for the plants to develop
and cope with the challenges imposed by salinity stress. Consistent with these data
previous reports have shown that under salinity stress, salt tolerant rice cultivars
exhibit higher net photosynthesis than salt sensitive rice cultivars (Moradi & Ismail
2007; Cha-Um et al. 2009a).

The ability to suppress ROS production (Figure 6.1), maintain cell life (Figure

6.2) and cell membrane integrity (Figure 6.9) in transgenic rice expressing AtBAG4,
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Hsp70, OsBAG4, p35 and SfIAP is probably the most important physiological basis
that assists the plants to enhance their tolerance to salinity stress at both the seedling
and reproductive stages. By reducing ROS levels, preventing cell death at the onset
of salinity stress and maintenance of cell membrane integrity, AtBAG4, Hsp70,
OsBAG4, p35 and SfIAP transgenic rice plants can retain plant water status, ion

homeostasis, photosynthetic efficiency and growth to successfully combat salinity.

In summary this chapter details the investigation of expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP in rice to improve salinity stress tolerance. In
contrast to the WT and VC, the AtBAG4, Hsp70, OsBAG4, p35 and SfIAP plants
maintained growth and photosynthetic rates, relative water content, cell viability,
membrane integrity, and overall plant health. These findings are consistent with
previous data that linked the inhibition of PCD, including the absence of TUNEL-
positive nuclei, with improved abiotic stress tolerance. Taken together, these results
further demonstrate the importance of plant cell-death pathways during abiotic stress
responses and highlight the potential of using pro-survival genes for the generation

of stress tolerant plants.
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Chapter 7: General Discussion

This chapter provides a general discussion on the whole project in section 7.1.
Section 7.2 describes the significance of the project and suggestions for further

study.

7.1 GENERAL DISCUSSION

The decision of whether a given cell should live or die is essential for the well-
being of all multi-cellular organisms. Under several stimuli, this decision depends on
the result of a battle between anti-apoptotic (pro-survival) and pro-apoptotic proteins
or signals (Li & Dickman 2004; Williams & Dickman 2008). For example, cell death
signals can lead to activation of both Ced-4-like proteins and Bcl-2 pro-apoptotic
proteins; while survival signals can reduce the activity of the pro-apoptotic Bcl-2
family members and increase the levels of Bcl-2 anti-apoptotic proteins (Zha et al.
1996; von Freeden-Jeffry et al. 1997). Bcl-2 anti-apoptotic proteins and their
homologs bind to and block the action of Ced-4-related proteins and caspase
activation thereby promoting survival. The Bcl-2 pro-apoptotic proteins promote cell
death by preventing binding of Bcl-2 anti-apoptotic proteins to Ced-4 or its
homologs (Strasser et al. 2000). The ratio of anti-apoptotic (pro-survival) versus pro-
apoptotic (pro-death) proteins also regulates PCD sensitivity (Fulda et al. 2010).
Manipulation of programmed cell death (PCD) pathways has been reported to confer
tolerance to a wide range of biotic and abiotic stresses including salinity (Dickman et
al. 2001; Lincoln et al. 2002; Awada et al. 2003; Chen & Dickman 2004; Li &
Dickman 2004; Doukhanina et al. 2006; Shabala et al. 2007; Wang et al. 2009; Li et
al. 2010; Paul et al. 2011). Due to its broad applicability, the manipulation of PCD
pathways to inhibit PCD caused by salinity stress might be a useful approach to

increase crop productivity in salt affected areas (Joseph & Jini 2010).

In this project, transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and
SFIAP were found to possess many characteristics that have been reported in salinity
tolerant rice cultivars when subjected to salinity stress. These features include, but
are not limited to, maintenance of growth and yield components, cellular membrane

integrity, high photosynthetic efficiency and low ROS and Na’ accumulation. In
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contrast, the WT and VC rice plants were salinity sensitive and displayed stunted
growth, increased cell membrane damage, low photosynthetic efficiency, high
cytosolic Na* and finally death or yield losses. The only difference between the
transgenics and WT and VC plants is that the transgenics were expressing pro-
survival genes. The improvement of salt tolerance in the transgenics can be grouped
into one of two categories, i) homeostasis of cellular and molecular networks, and ii)

improved metabolic and physiological status.

7.1.1 Transgenic rice expressing pro-survival genes maintain homeostasis of
cellular and molecular networks

In plants, ROS are versatile molecules playing dual roles as both toxic
compounds and signal transduction molecules that mediate responses to
environmental stresses, pathogen infection, developmental stimuli and even PCD
(Miller et al. 2008; Miller et al. 2010). The onset of PCD pathways is triggered by
increased ROS levels, among other signals, that originate from a variety of
organelles including the chloroplast and mitochondria (Foyer & Noctor, 2005;
Rhoads et al. 2006). During salinity stress, ROS levels have been reported to
increase causing significant injury and eventual death (Borsani et al. 2005; Zhu et al.
2007; Chawla et al. 2013). Consistent with these reports, the level of ROS in leaves
of WT, VC and transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP
increased during salinity stress. Importantly, however, despite showing increased
levels, the amount of ROS observed in the transgenics was significantly lower than
in the WT and VC controls (Chapter 6, section 6.3.1). Expression of p35 has been
reported to inhibit H,O,-induced PCD in insect cells by directly sequestering ROS.
The antioxidant function of p35 has been attributed to the presence of metal-binding
sites in the proteins that could enhance its antioxidant property and/or its three-
dimensional structure contains some amino acids that confer electro-dynamically
stable configuration conducive to ROS-trapping. The antioxidant role of p35 was
also supported by the chemical radio-protectors formed by six cysteine residues in its
sequence which can react with certain ROS in a constant rate (Sah et al. 1999).
Consistent with this report, the results in this PhD study show that expression of p35
in rice can suppress ROS generated from salinity stress thereby inhibiting cell death

cause by salinity.
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The exact mechanistic details of how Hsp70, AtBAG4 and OsBAG4 genes
suppress cellular ROS levels remain unknown, though we can speculate on a few
plausible scenarios. i) constitutive expression of Hsp70, AtBAG4 and OsBAG4 genes
might reduce ROS levels indirectly by facilitating the function of cellular processes
which if not working efficiently promote the generation of ROS and ii) maintenance

of ion homeostasis.

If left unchecked, copious ROS production can denature proteins. To mitigate
the denaturation of proteins, cells employ a complex network of molecular
chaperones and foldases which promote efficient and correct folding of cellular
proteins (Hartl et al. 2011). Members of the highly conserved heat shock protein
family are chaperones that play a key role within the promotion of correct protein
folding and proteostasis control (Hartl et al. 2011). A definitive feature of the BAG
family of proteins is their ability to bind and facilitate the function of HSPs
(Doukhanina et al. 2006; Williams et al. 2010). The expression of Hsp70, AtBAG4
and OsBAG4 may assist in the folding of proteins and prevention of protein
denaturation in high ROS environments, thus maintaining efficiency of cellular
processes and mitigating the production of ROS and plant damage. Port et.al.(2011)
proposed a schematic representation of the processes involved in inducing stress-
mediated cell death and its inhibition by key anti-apoptotic proteins. In that scheme
stress induced an unknown substrate that mediated activation of: BH3 only BcL-2
proteins, mitochondria (or other ROS producing system such as NADPH oxidase)
and sphingomyelinase. This activation led to the action of at least three pro-apoptotic
messengers including active Bax, increasing ROS and sphingolipid ceramide thereby
causing cell death. Heat shock proteins (HSPs) were proposed to function as anti-
apoptotic proteins by blocking that unknown substrate thereby preventing the
generation of active Bax, increasing ROS and sphingolipid ceramide. In plants the
BH3 only BcL-2 proteins and sphingomyelinase have not yet been identified
therefore the inhibition of cell death mediated by pro-survival proteins might be most

likely the prevention of increasing ROS.

Accordingly, homeostasis of cellular ROS levels promotes maintenance of
cellular membrane integrity. Previous studies have shown that ROS-induced cell
death can result from oxidative processes such as membrane lipid peroxidation,
protein oxidation, enzyme inhibition and DNA, RNA damage (Mittler 2002).The cell
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membrane is the first site of signal perception as well as the primary defence against
abiotic stresses including salinity and it is one of the most vulnerable targets for ROS
due to the predominance of lipids (Ghosh et al., 2011).

Water retention was maintained in transgenic rice plants expressing AtBAG4,
Hsp70, OsBAG4, p35 and SfIAP but not in WT and VC plants during salinity stress.
This is understandable as the transgenic rice plants expressing the pro-survival genes
have higher number of viable cells than the WT and VC plants (see chapter 6 section
6.3.2 for details) therefore they have higher water retention as water is one of the
major factors to sustain cell life. When the central vacuole absorbs water in plant
cells, it extends the content of the cell within the cell walls, causing the plant to
stiffen to provide turgor pressure and also results in cell growth. If there is not

enough water in the vacuole the plant will collapse and wilt (Yablonski 2005).

Transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP
accumulate low Na*, high K and maintain low Na'/K" ratios during salinity stress.
This is probably a result of the maintenance of cell membrane integrity in transgenic
plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP during salinity stress. As
discussed earlier in chapter 6 high Na* levels are toxic to cells because Na* has
similar physicochemical properties to K*, it can compete with K* for major binding
sites in key metabolic processes such as enzymatic reactions, ribosome functions and
proteins biosynthesis in the cytoplasm leading to disturbance in metabolism (Shabala
& Cuin 2008; Marschner 2011; Wang et al. 2013). In addition Na* can displace Ca”
from plasma membranes inducing K* leaks out of the cytoplasm across the plasma
membrane (Cramer et al. 1985). This results in a decrease in cytosolic K"
concentration and effects the Na'/K® ratio hence leads to a disturbance of
metabolism. Under typical physiological condition, the influx of Na* into plant cells
is through the H*-ATPase channel which is responsible for general transport of ions
and nutrients through the plasma membrane; plants maintain a low cytosolic Na*/K*
ratio as it is necessary for providing favourable conditions for continued
physiological and metabolic activity. During salinity stress increased extracellular
Na® concentrations create a large electrochemical gradient that favours the passive
transport of Na* into the cell through K" transporters result in high cytosolic Na*
concentration (Blumwald 2000). To maintain low cytosolic Na* concentrations, plant

cells need to extrude Na® of the cell or compartmentalize Na* into vacuoles. The
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main mechanism for Na® extrusion in plant cells is mediated by the plasma
membrane H*-ATPase (Sussman 1994). As the cell membrane in WT and VC plants
was damaged it could not use this strategy to pump Na" out of the cell hence the Na*
concentration was recorded at high levels in leaf cells of those plants. On the
contrary, transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP can
maintain cell membrane integrity and therefore could use the H*-ATPase to extrude
Na® thus maintaining a low concentration of Na“ in cytoplasm. The high
maintenance of low cytosolic Na* concentrations facilitates a high concentration of
K" therefore ensuring a low Na'/K" ratio that could offer an optimal cellular
environment for enzymes function thus supporting metabolism. As also discussed in
chapter 6 the high cytosolic K* concentration in transgenic rice plants expressing
AtBAG4, Hsp70, OsBAG4, p35 and SfIAP enables the plants to inhibit PCD.
Cytosolic K" have been suggested to be related to the PCD process as it can affect
caspases and caspases-like activities in animal and plants, respectively. Low
cytosolic K* content in animal tissue correlates with high caspase activity; and the
activation of K" efflux, the main cause of cytosolic K* content decrease, in plant cells
leads to PCD hydrolase activation (Hughes Jr & Cidlowski 1999; Shabala 2009;
Demidchik et al. 2010). The maintenance of high K" concentrations in cells of
transgenic plants expressing pro-survival genes correlated with less cell death in

those plants as evident in chapter 6 section 6.3.2.

Accumulation or aggregation of malfolded proteins severely compromises
metabolic efficiency and is a hallmark of many stresses and key inducer of stress
pathways which if overwhelmed can trigger PCD. SfIAP has an E3 ubiquitin
function i.e. it can serve as a ubiquitin-ligating enzyme which can regulate PCD via
proteasome-mediated degradation (Kabbage et al. 2010). E3 enzymes play a critical
role in determining the specificity of the ubiquitin/26S proteasome process. They are
responsible for substrate recognition and promoting the polyubiquitination of the
substrate (Wilkinson 2000). Transgenic rice expressing SfIAP might have used this
function to degrade aggregated proteins that are harmful to cells thereby mitigating

cellular damage during salinity stress.
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7.1.2 Transgenic plants expressing pro-survival genes are more physiologically
active than their WT and VC counterparts during salinity stress

AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic rice plants maintain
photosynthetic efficiency under salinity stress. Several studies have suggested that a
low cytosolic Na*'/K" ratio is required to maintain a favorable ionic homeostasis in
plant cells under salinity stress condition (Maathuis & Amtmann 1999; Cuin et al.
2003) and a low Na'/K" ratio improves photosynthesis and overall plant growth
(Rodrigues et al. 2013). The maintenance of photosynthetic capacity in Barley and
wheat under salinity stress was associated with low Na®*, high K* and a low Na*/K"
ratio in cytoplasm (James et al. 2006). Consistent with these reports, transgenic
plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP maintained low
cytosolic Na*, high K™ and a low Na'/K" ratio which promoted high photosynthetic
capacity. Maintaining high  photosynthetic  efficiency provides essential
energy/additional artillery for transgenic plants to cope with salinity stress as energy
is required for many cellular processes to sustain growth; energy is also required for
pumping the Na" out of cells and supports reduced levels of ROS. It is evident that
reduced photosynthetic rates increases the formation of ROS (Apel & Hirt 2004;
Foyer & Noctor 2005; Foyer & Shigeoka 2011).

Transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP maintain
growth rate (shoot growth, dry weight, number of tillers) and yield components
(number of panicles per plant and number of spikelets per panicle) during salinity
stress. This is probably also a result of the maintenance of high cytosolic K* in
transgenic rice plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP. It is well
known that salinity causes two types of stress on plants: i) osmotic stress which
affects plant growth immediately and is caused by excess salt outside the roots; and
i) ionic stress which develops over time and is due to a combination of ion
accumulation in the shoot and an inability to tolerate the ions that have accumulated
(Munns 2002; Munns et al. 2006; Munns & Tester 2008). In low salt environments
plant cells can take up water and nutrients from the soil solution to support higher
osmotic pressures compared to that of soil solution. However, in high salt
environments, the osmotic pressure of the soil exceeds that of plant cells (osmotic
stress) and reduces the ability of plants cells to take up soil water and minerals
(Kader & Lindberg 2010). In response to osmaotic stress, shoot growth rate decreases

immediately (Munns & Tester 2008). High cytosolic K* in transgenic plants
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expressing pro-survival genes helped the plants to adjust osmotic stress and maintain
high growth rates because one of the important cellular roles of K™ is to contribute to
adjustment of osmotic pressure hence maintain cell turgor (Maathuis & Amtmann
1999). The maintenance of growth rate leads to higher yield components in
transgenic rice expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP in comparison
to WT and VC which had very low cytosolic K™ under salinity stress condition.
Another factor that causes reduced growth rates in high salt environments is
inadequate photosynthesis due to limited carbon dioxide uptake as a consequence of
stomatal closure (Zhu 2001). AtBAG4, Hsp70, OsBAG4, p35 and SfIAP transgenic
rice plants maintained high net photosynthesis which provided ample energy for their

growth and development.

A salinity-induced cell death stress tolerance scheme in rice is proposed
(Figure 7.1). In this scheme, the master switch of the cell life/death decision during
salinity stress is the “balance of the pro-death and pro-survival signals” of the
system. Expression of pro-survival genes coincided with reduced pro-death signals
such as ROS levels which in turn supported the maintenance of cell membrane
integrity and Na" homeostasis. This maintenance promoted sustained photosynthetic
efficiency which in turn provided energy for growth. Well-maintained growth further
dilutes Na* concentration which helps maintain Na* homeostasis leading to the
increased membrane integrity, relative water content, net photosynthesis and finally
growth and yield. Hence the transgenic rice was able to minimise the toxicity caused
by the accumulation of sodium ions and water deficit under salinity stress.

In conclusion both agronomic and physiological parameters suggested that
transgenic plants expressing AtBAG4, Hsp70, OsBAG4, p35 and SfIAP were more
tolerant to salinity stress than the WT and VC. This confirms that manipulation of

PCD pathways can improve salinity stress tolerance in rice.
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Figure 7.1: Schematic proposing salinity-induced cell death switch for salinity stress
tolerance in rice

7.2 CONCLUDING REMARKS

In the next fifty years there will be a massive challenge to sustain an ever-
increasing global population. Between the years 1980 — 2000 global population
boomed from 4.4 billion through to 6.1 billion, however, food production increased
by 50 %. By 2050 this problem will be exacerbated with world population predicted
to reach 9.6 billion. In order to sustain this increased population, global food within
the next 50 years will have to match that which occurred in the last 10,000 years
combined. Salinisation is one of the most devastating forms of land degradation and
a major threat to future crop security. Rice is an important staple crop that feeds
more than one half of the world’s population. Of the agronomically important

cereals, rice is the most sensitive to salinity stress.

The research presented in this thesis directly addressed the aforementioned
concerns and was focused on the improvement of salinity tolerance in rice via the
manipulation of PCD pathways. Previously, the manipulation of cell death pathways
has been used to enhance tolerance to biotic and abiotic stresses in dicots plants, both

models and agronomically important crops. In this thesis I show that manipulation of
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PCD pathways can also be applied to monocots, namely rice, illustrating the broad
scoping applications for PCD technology. As such, the knowledge gained from this
project is applicable for other crops, both mono- and dicotyledonous. Importantly,
this project also provided mechanistic evidence for the biochemical and
physiological basis of salinity tolerance in transgenic rice expressing pro-survival
genes resulting in the presentation of a model for a salinity-induced cell death switch

for salinity stress tolerance in rice.

Five pro-survival genes (AtBAG4, Hsp70, OsBAG4, p35 and SfIAP) that show
enhanced tolerance to salinity stress in rice have been shown to perform specific
biochemical roles in mammals. For example, members of BAG protein family have
been speculated to recruit Hsp70 and Hsp90 (p61) proteins and induce protein
conformational changes that prevent receptor signalling in the absence of a ligand.
Hsp70 can interact with different programmed cell death regulator proteins thereby
block the apoptosis process at distinct key points. SfIAP and p35 are known
inhibitors of caspases thereby regulating PCD in mammals via suppression of
caspases mediated-signalling pathways.

Although we do not have direct evidence of biochemical roles of these genes in
regulation of PCD induced by salinity stress in rice, the biochemical and
physiological results in this study suggests that these genes may have a similar
function as speculated in mammals and in dicotyledonous plants. AtBAG4, OsBAG4
and Hsp70 may inhibit salinity-induced PCD in rice via their chaperon functions.
SfIAP may function as an E3 ubiquitin and p35 acted as an antioxidant as were
reported elsewhere in the literature. Importantly, expression of these genes leads to
more tolerance to salinity stress in rice by switching on the physiological response
scheme. It is speculated that the key switch in the responses to salinity stress in rice
is the maintenance of ROS levels thereby affecting the signals that could trigger
PCD. Although the five pro-survival genes may function differently in regulating of
salinity-induced PCD in rice, they converge at one point that regulates cellular

metabolism.

In closing, further research should investigate the possibility of the three genes
and combination that did not show enhanced salinity tolerance in this study. The
further research may focus on quantitative real-time PCR and assessment of copy

number by Southern blot to elucidate whether the expression level played a
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significant role in salinity tolerance in the AtBAG4+Hsp70, AtBI and Hsp90
transgenic lines. The five pro-survival genes that conferred tolerance to salinity stress
should be further investigated with other promoters such as salinity stress inducible

and tissue specific promoters.

146 Chapter 7:General Discussion



Bibliography

Abebe T., Guenzi A.C., Martin B. & Cushman J.C. (2003) Tolerance of mannitol-
accumulating transgenic wheat to water stress and salinity. Plant Physiology
131, 1748-55.

Acehan D., Jiang X., Morgan D.G., Heuser J.E., Wang X. & Akey C.W. (2002)
Three-dimensional structure of the apoptosome: Implications for assembly,
procaspase-9 binding, and activation. Molecular Cell 9, 423-32.

Agarwal P., Shukla P., Gupta K. & Jha B. (2013) Bioengineering for salinity
tolerance in plants: State of the art. Molecular Biotechnology 54, 102-23.

Ahmad R. & Srivastava A.K. (2008) Inhibition of glutathione-S-transferase from
Plasmodium yoelii by protoporphyrin X, cibacron blue and menadione:
implications and therapeutic benefits. Parasitology Research 102, 805-7.

Akao Y., Otsuki Y., Kataoka S., Ito Y. & Tsujimoto Y. (1994) Multiple subcellular
localization of bcl-2: Detection in nuclear outer membrane, endoplasmic
reticulum membrane, and mitochondrial membranes. Cancer Research 54,
2468-71.

Algeciras-Schimnich A., Shen L., Barnhart B.C., Murmann A.E., Burkhardt J.K. &
Peter M.E. (2002) Molecular Ordering of the Initial Signaling Events of CD95.
Molecular and Cellular Biology 22, 207-20.

Alnemri E.S., Livingston D.J., Nicholson D.W., Salvesen G., Thornberry N.A.,
Wong W.W. & Yuan J. (1996) Human ICE/CED-3 protease nomenclature. Cell
87, 171.

Al-Taweel K., lwaki T., Yabuta Y., Shigeoka S., Murata N. & Wadano A. (2007) A
bacterial transgene for catalase protects translation of D1 protein during
exposure of salt-stressed tobacco leaves to strong light. Plant Physiology 145,
258-65.

Alt-Moerbe J., Neddermann P., Von Lintig J., Weiler E. & Schroder J. (1988)
Temperature-sensitive step in Ti plasmid vir-region induction and correlation
with cytokinin secretion by Agrobacteria. Molecular &General Genetics 213, 1-
8.

Alt-Morbe J., Kilhhmann H. & Schroder J. (1989) Differences in induction of Ti
plasmid virulence genes virG and virD, and continued control of virD
expression by four external factors. Molecular Plant-Microbe Interactions 2,
301-8.

Antonsson B., Conti F., Ciavatta A., Montessuit S. & et al. (1997) Inhibition of Bax
channel-forming activity by Bcl-2. Science 277, 370-2.

Apel K. & Hirt H. (2004) Reactive oxygen species: Metabolism, oxidative stress, and
signal transduction. Annual Reviews of Plant Biology 55, 373-99.

Bibliography 147



Arzani A. (2008) Improving salinity tolerance in crop plants: a biotechnological
view. In Vitro Cellular & Developmental Biology-Plant 44, 373-83.

Asada K. (1999) The water-water cycle in chloroplasts: Scavenging of active
oxygens and dissipation of excess photons. Annual Review of Plant Physiology
and Plant Molecular Biology 50, 601-309.

Ashraf M. & Akram N.A. (2009) Improving salinity tolerance of plants through
conventional breeding and genetic engineering: An analytical comparison.
Biotechnology Advances 27, 744-52.

Ashraf M. & Foolad M.R. (2007) Roles of glycine betaine and proline in improving
plant abiotic stress resistance. Environmental and Experimental Botany 59, 206-
16.

Ashraf M. (1994) Breeding for salinity tolerance in plants. Critical Review in Plant
Sciences13, 17- 42.

Ashraf M. (2009) Biotechnological approach of improving plant salt tolerance using
antioxidants as markers. Biotechnology Advances 27, 84-93.

Ashraf M., Athar H.R., Harris P.J.C. & Kwon T.R. (2008) Some prospective
strategies for improving crop salt tolerance. In: Advances in Agronomy (ed. by
Donald LS), pp. 45-110. Academic Press.

Awada T., Dunigan D.D. & Dickman M.B. (2003) Animal anti-apoptotic genes
ameliorate the loss of turgor in water-stressed transgenic tobacco. Canadian
Journal of Plant Science 83, 499-506.

Awala S.K., Nanhapo P.l., Sakagami J., Kanyomeka L. & lijima M. (2010)
Differential salinity tolerance among Oryza glaberrima, Oryza sativa and their
interspecies including NERICA. Plant Production Science 13, 3-10.

Badawi G.H., Yamauchi Y., Shimada E., Sasaki R., Kawano N., Tanaka K. &
Tanaka K. (2004) Enhanced tolerance to salt stress and water deficit by
overexpressing superoxide dismutase in tobacco (Nicotiana tabacum)
chloroplasts. Plant Science 166, 919-28.

Baehrecke E.H. (2005) Autophagy: dual roles in life and death?.Nature Reviews
Molecular Cell Biology 6, 505-10.

Bagnoli M., Canevari S. & Mezzanzanica D. (2010) Cellular FLICE-inhibitory
protein (c-FLIP) signalling: A key regulator of receptor-mediated apoptosis in
physiologic context and in cancer. The International Journal of Biochemistry &
Cell Biology 42, 210-3.

Bajji M., Kinet J.-M. & Lutts S. (2002) The use of the electrolyte leakage method for
assessing cell membrane stability as a water stress tolerance test in durum
wheat. Plant Growth Regulation 36, 61-70.

Bao-Yan A., Luo Y., Li J-R.,, Qiao W.-H., Zhang X.-S. &Gao X.-Q. (2008)
Expression of a vacuolar Na*/H" antiporter gene of alfalfa enhances salinity
tolerance in transgenic Arabidopsis. Acta Agronomica Sinica 34, 557-64.

148 Bibliography



Barbiero G., Duranti F., Bonelli G., Amenta J.S. & Baccino F.M. (1995) Intracellular
ionic variations in the apoptotic death of L cells by inhibitors of cell cycle
progression. Experimental Cell Research 217, 410-8.

Beers E.P. (1997) Programmed cell death during plant growth and development. Cell
Death and Differentiation 4, 649-61.

Berghe, T.V., Vanlangenakker, N., Parthoens, E., Deckers, W., Devos, M., Festjens,
N., Guerin, C.J., Brunk, U.T., Declercqg, W. and Vandenabeele, P. (2010)
Necroptosis, necrosis and secondary necrosis converge on similar cellular
disintegration features. Cell Death and Differentiation 17, 922-930.

Bergsbaken, T., Fink, S.L. and Cookson, B.T. (2009) Pyroptosis: host cell death and
inflammation. Nature Reviews. Microbiology 7, 99-109.

Bertin J., Mendrysa S.M., LaCount D.J., Gaur S., Krebs J.F., Armstrong R.C.,
Tomaselli K.J. & Friesen P.D. (1996) Apoptotic suppression by baculovirus P35
involves cleavage by and inhibition of a virus-induced CED-3/ICE-like
protease. Journal of Virology 70, 6251-9.

Bethke P., Lonsdale J., Fath A. & Jones R. (1999) Hormonallyregulated programmed
cell death in barley aleurone cells.Plant Cell 11, 1033-46.

Bhatnagar-Mathur P., Vadez V. & Sharma K.K. (2008) Transgenic approaches for
abiotic stress tolerance in plants: retrospect and prospects. Plant Cell Reports
27, 411-24.

Bhattacharya R.C., Maheswari M., Dineshkumar V., Kirti P.B., Bhat S.R. & Chopra
V.L. (2004) Transformation of Brassica oleracea var. capitata with bacterial
betA gene enhances tolerance to salt stress. Scientia Horticulturae 100, 215-27.

Birnbaum M.J., Clem R.J. & Miller L.K. (1994) An apoptosis-inhibiting gene from a
nuclear polyhedrosis virus encoding a polypeptide with Cys/His sequence
motifs. Journal of Virology 68, 2521-8.

Blumwald E. (2000) Sodium transport and salt tolerance in plants. Current Opinion
in Cell Biology 12, 431-4.

Boatright K.M. & Salvesen G.S. (2003) Mechanisms of caspase activation. Current
Opinion in Cell Biology 15, 725-31.

Borém A., Ramalho M.A.P. & Fritsche-Neto R. (2012) Abiotic Stresses: Challenges
for Plant Breeding in the Coming Decades. In: Plant Breeding for Abiotic Stress
Tolerance (eds. by Fritsche-Neto R & Borém A), pp. 1-12. Springer, Dordrecht.

Borsani O., Zhu J., Verslues P.E., Sunkar R. & Zhu J.-K. (2005) Endogenous
SiRNAs derived from a pair of natural cis-antisense transcripts regulate salt
tolerance in Arabidopsis. Cell 123, 1279-91.

Bozhkov P., Filonova L. & Suarez M. (2005) Programmed cell death in plant
embryogenesis. Current Topics in Developmental Biology 67, 135-79.

Bozhkov P.V., Frilander M.J., Golovko A., Hussey P.J., Minina E., Rodriguez-Nieto
S., Saarikettu J., Savenkov E.l., Silvennoinen O., Smertenko A.P., Stahl U,
Suarez M.F., Sundberg E., Sundstrom J.F., Tiwari B.S., Vaculova A., Valineva
T., Zamyatnin A.A., Jr., Zavialov A. & Zhivotovsky B. (2009) Tudor

Bibliography 149



staphylococcal nuclease is an evolutionarily conserved component of the
programmed cell death degradome. Nature Cell Biology 11, 1347-54.

Bredesen D.E. (2000) Apoptosis: Overview and signal transduction pathways.
Journal of Neurotrauma 17, 801-10.

Brenner D. & Mak T.W. (2009) Mitochondrial cell death effectors. Current Opinion
in Cell Biology 21, 871-7.

Brodsky J.L. & Bracher A. (2007) Nucleotide Exchange Factors for Hsp70
Molecular Chaperones. In: NetworkingofChaperones by Co-Chaperones, (ed. by
Blatch GL), pp. 1-12. Landes Bioscience / Eurekah.com, New York.

Bump N.J., Hackett M., Hugunin M., Seshagiri S. & et al. (1995) Inhibition of ICE
family proteases by baculovirus antiapoptotic protein p35. Science 269, 1885.

Cain K., Bratton S.B., Langlais C., Walker G., Brown D.G., Sun X.-M. & Cohen
G.M. (2000) Apaf-1 oligomerizes into biologically active ~700-kDa and
inactive ~1.4-MDa apoptosome complexes. Journal of Biological Chemistry
275, 6067-70.

Carmona-gutierrez D., Frohlich K.u., Kroemer G. & Madeo F. (2010) Metacaspases
are caspases. Doubt no more. Cell Death and Differentiation 17, 377-8.

Chae H.-J., Ke N., Kim H.-R., Chen S., Godzik A., Dickman M. & Reed J.C. (2003)
Evolutionarily conserved cytoprotection provided by Bax Inhibitor-1 homologs
from animals, plants, and yeast. Gene 323, 101-13.

Chae H.-J., Kim H.-R., Xu C., Bailly-Maitre B., Krajewska M., Krajewski S.,
Banares S., Cui J., Digicaylioglu M., Ke N., Kitada S., Monosov E., Thomas M.,
Kress C.L., Babendure J.R., Tsien R.Y., Lipton S.A. & Reed J.C. (2004) BI-1
regulates an Apoptosis pathway linked to endoplasmic reticulum
stress.Molecular Cell 15, 355-66.

Chao D.T. & Korsmeyer S.J. (1998) BCL-2 family: Regulators of cell death.Annual
Review of Immunology 16, 395-419.

Cha-Um S., Supaibulwattana K. & Kirdmanee C. (2009a) Comparative effects of salt
stress and extreme pH stress combined on glycinebetaine accumulation,
photosynthetic abilities and growth characters of two rice genotypes. Rice
Science 16, 274-82.

Cha-um S., Trakulyingcharoen T., Smitamana P. & Kirdmanee C. (2009b) Salt
tolerance in two rice cultivars differing salt tolerant abilities in responses to iso-
osmotic stress. Australian Journal of Crop Science 3, 221-30.

Chawla S., Jain S. & Jain V. (2013) Salinity induced oxidative stress and antioxidant
system in salt-tolerant and salt-sensitive cultivars of rice (Oryza sativa L.).
Journal of Plant Biochemistry and Biotechnology 22, 27-34.

Chen M. & Wang J. (2002) Initiator caspases in apoptosis signaling pathways.
Apoptosis : An International Journal on Programmed Cell Death 7, 313-9.

150 Bibliography



Chen S. & Dickman M.B. (2004) Bcl- family members localize to tobacco
chloroplasts and inhibit programmed cell death induced by chloroplast-targeted
herbicides. Journal of Experimental Botany 55, 2617-23.

Cheng Y., Maeda A., Goto Y., Matsuda F., Miyano T., Inoue N., Sakamaki K. &
Manabe N. (2008) Changes in expression and localization of X-linked inhibitor
of apoptosis protein (XIAP) in follicular granulosa cells during atresia in porcine
ovaries. Journal of Reproduction and Development 54, 454-9

Cheng Z., Targolli J. & Wu R. (2001) Tobacco matrix attachment region sequence
increased transgene expression levels in rice plants. Molecular Breeding 7, 317-
27.

Chichkova N.V., Kim S.H., Titova E.S., Kalkum M., Morozov V.S., Rubtsov Y.P.,
Kalinina N.O., Taliansky M.E. & Vartapetian A.B. (2004) A plant caspase-like
protease activated during the hypersensitive response. Plant Cell 16, 157-71.

Chichkova N.V., Shaw J., Galiullina R.A., Drury G.E., Tuzhikov A.l., Kim S.H.,
Kalkum M., Hong T.B., Gorshkova E.N., Torrance L., Vartapetian A.B. &
Taliansky M. (2010) Phytaspase, a relocalisable cell death promoting plant
protease with caspase specificity. EMBO Journal 29, 1149-61.

Chichkova N.V., Tuzhikov A.l., Taliansky M. & Vartapetian A.B. (2012) Plant
phytaspases and animal caspases: structurally unrelated death proteases with a
common role and specificity. Physiologia Plantarum 145, 77-84.

Chinnaiyan A.M. & Dixit V.M. (1996) The cell-death machine. Current Biology 6,
555-62.

Chinnaiyan A.M., O'Rourke K., Tewari M. & Dixit V.M. (1995) FADD, a novel
death domain-containing protein, interacts with the death domain of fas and
initiates apoptosis. Cell 81, 505-12.

Chinnusamy V., Jagendorf A. & Zhu J.K. (2005) Understanding and improving salt
tolerance in plants. Crop Science 45, 437-48.

Cho S.K., Chung Y.S., Park S.J., Shin J.S., Kwon H.J. & Kang K.H. (1998) Efficient
transformation of Korean rice cultivars (Oryza sativa L.) mediated by
Agrobacterium tumefaciens. Journal of Plant Biology 41, 262-8.

Chowdhury M.A.M., Moseki B. & Bowling D.J.F. (1995) A method for screening
rice plants for salt tolerance. Plant and Soil 171, 317-22.

Cicek N. & Cakirlar H. (2002) The effect of salinity on some physiological
parameters in two maize cultivars. Bulgarian Journal of Plant Physiology 28,
66-74.

Clem R.J. & Miller L.K. (1994) Control of programmed cell death by the baculovirus
genes p35 and iap. Molecularand Cellular Biology 14, 5212 - 22.

Clem R.J. (2001) Baculoviruses and apoptosis: the good, the bad, and the ugly. Cell
Death and Differentiation 8, 137-43.

Clem R.J., Fechheimer M. & Miller L.K. (1991) Prevention of apoptosis by a
baculovirus gene during infection of insect cells. Science 254, 1388-90.

Bibliography 151



Coffeen W.C. & Wolpert T.J. (2004) Purification and characterization of serine
proteases that exhibit caspase-like activity and are associated with programmed
cell death in Avena sativa. Plant Cell 16, 857—73.

Coll N.S., Vercammen D., Smidler A., Clover C., Van Breusegem F., Dangl J.L. &
Epple P. (2010) Arabidopsis type | metacaspases control cell death. Science 330,
1393-7.

Collazo C., Chacon O. & Borras O. (2006) Programmed cell death in plants
resembles apoptosis of animals. Biotecnologia Aplicada 23, 1-10.

Cominelli E., Conti L., Tonelli C. & Galbiati M. (2013) Challenges and perspectives
to improve crop drought and salinity tolerance.New Biotechnology 30, 355-61.

Cong L., Chai T.-Y. & Zhang Y.-X. (2008) Characterization of the novel gene
BjDREB1B encoding a DRE-binding transcription factor from Brassica juncea
L. Biochemical and Biophysical Research Communications 371, 702-6.

Cortina C. & Culiafez-Macia F.A. (2005) Tomato abiotic stress enhanced tolerance
by trehalose biosynthesis. Plant Science 169, 75-82.

Corwin D.L. & Lesch S.M. (2003) Application of soil electrical conductivity to
precision agriculture: Theory, principles, and guidelines. AgronomyJournal 95,
455-71.

Cory S. & Adams J.M. (2002) The Bcl2 family: regulators of the cellular life-or-
death switch. Nature Reviews. Cancer 2, 647-56.

Cramer G.R., Lauchli A. & Polito V.S. (1985) Displacement of Ca** by Na* from the
plasmalemma of root cells -A primary response to salt Stress? Plant Physiology
79, 207-11.

Crook N.E., Clem R.J. & Miller L.K. (1993) An apoptosis-inhibiting baculovirus
gene with a zinc finger-like motif. Journal Virology67, 2168-74. .

Cuin T.A., Miller AJ., Laurie S.A. & Leigh R.A. (2003) Potassium activities in cell
compartments of salt-grown barley leaves. Journal of Experimental Botany 54,
657-61.

Dangl J.L. & Jones J.D.G. (2001) Plant pathogens and integrated defence responses
to infection. Nature 411, 826-33.

Danial N.N. & Korsmeyer S.J. (2004) Cell death: Critical control points. Cell 116,
205-19.

Danial N.N. (2007) BCL-2 family proteins: Critical checkpoints of apoptotic cell
death. Clinical Cancer Research 13, 7254-63.

Danial N.N., Gimenez-Cassina A. & Tondera D. (2010) Homeostatic functions of
BCL-2 proteins beyond apoptosis. In: BCL-2 Protein Family (ed. by Hetz C).
Springer New York, New York.

Daniells 1.G., Holland J.F., Young R.R., Alston C.L. & Bernardi A.L. (2001)
Relationship between yield of grain sorghum (Sorghum bicolor) and soil salinity

152 Bibliography



under field conditions. Australian Journal of Experimental Agriculture 41, 211-
1.

Dat J., Vandenabeele S., VVranova E., Van Montagu M., Inzé D. & Van Breusegem F.
(2000) Dual action of the active oxygen species during plant stress
responses.Cellular and Molecular Life SciencesCMLS 57, 779-95.

Davidson F.F. & Steller H. (1998) Blocking apoptosis prevents blindness in
Drosophila retinal degeneration mutants. Nature 391, 587-91.

Dellaporta S.L. & Calderon-Urrea A. (1994) The sex determination process in maize.
Science 266, 1501-5.

Demidchik V., Cuin T.A., Svistunenko D., Smith S.J., Miller A.J., Shabala S.,
Sokolik A. & Yurin V. (2010) Arabidopsis root K*-efflux conductance activated
by hydroxyl radicals: single-channel properties, genetic basis and involvement
in stress-induced cell death. Journal of Cell Science 123, 1468-79.

Deveraux Q.L. & Reed J.C. (1999) IAP family proteins—suppressors of apoptosis.
Genes & Development 13, 239-52.

Deveraux Q.L., Takahashi R., Salvesen G.S. & Reed J.C. (1997) X-linked IAP is a
direct inhibitor of cell-death proteases. Nature 388, 300-4.

Dickman M.B., Park Y.K., Oltersdorf T., Li W., Clemente T. & French R. (2001)
Abrogation of disease development in plants expressing animal antiapoptotic
genes.Proceedings of the National Academy of Sciencesof the United States of
America 98, 6957-62.

Dingkuhn M. & Asch F. (1999) Phenological responses of Oryza sativa, O.
glaberrima and inter-specific rice cultivars on a toposquence in West Africa.
Euphytica 110, 109-26.

Dionisio-Sese M.L. & Tobita S. (1998) Antioxidant responses of rice seedlings to
salinity stress. Plant Science 135, 1-9.

Dionisio-Sese M.L. & Tobita S. (2000) Effects of salinity on sodium content and
photosynthetic responses of rice seedlings differing in salt tolerance. Journal of
Plant Physiology 157, 54-8.

Dominguez F. & Cejudo F.J. (2012) A comparison between nuclear dismantling
during plant and animal programmed cell death. Plant Science 197, 114-21.

Dong J., Teng W., Buchholz W.G. & Hall T.C. (1996) Agrobacterium-mediated
transformation of javanica rice.Molecular Breeding 2, 267-76.

Doukhanina E.V., Chen S., Van der Zalm E., Godzik A., Reed J. & Dickman M.B.
(2006) Identification and functional characterization of the BAG protein family
in Arabidopsis thaliana.Journal of Biological Chemistry 281, 18793-801.

Doukhanina E.V., Chen S., Van der Zalm E., Godzik A., Reed J. & Dickman M.B.
(2006) Identification and functional characterization of the BAG protein family
in Arabidopsis thalianaJournal of Biological Chemistry 281, 18793-801.

Bibliography 153



Drew M.C., He C.-J. & Morgan P.W. (2000) Programmed cell death and aerenchyma
formation in roots. Trends in Plant Science 5, 123-7.

Du C., Fang M., Li Y., Li L. & Wang X. (2000) Smac, a mitochondrial protein that
promotes cytochrome c—dependent caspase activation by eliminating IAP
inhibition. Cell 102, 33-42.

Eckardt N.A. (2009) The future of science: Food and water for life. Plant Cell 21,
368-72.

Edwards M.J. (1998) Apoptosis, the heat shock response, hyperthermia, birth
defects, disease and cancer. Where are the common links? Cell Stress
Chaperones 3, 213-20. .

Ellis H.M. & Horvitz H.R. (1986) Genetic control of programmed cell death in the
nematode C. elegans. Cell 44, 817-29.

Eynard A., Lal R. & Wiebe K. (2005) Crop response in salt-affected soils. Journal of
Sustainable Agriculture 27, 5-50.

FAO  (1988) Salt -  affected soils and  their  management.
http://www.fao.org/docrep/x5871e/x5871e00.htm.

FAO (2009) Declaration of the World Summit on Food Security. 16-18 November,
Rome. http://www.fao.org/wsfs/world-summit/wsfs-challenges/en/

FAO (2012) World Water Day 2012 Celebration. UN Conference Centre, Bangkok,
22 March 2012.
http://www.fao.org/asiapacific/rap/home/meetings/list/detail/en/?meetings_id=6
37&year=2012

Fath A., Bethke P., Beligni V. & Jones R. (2002) Active oxygen and cell death in
cereal aleurone cells. Journal of Experimental Botany 53, 1273-82.

Fath A., Bethke P., Lonsdale J., Meza-Romero R. & Jones R. (2000) Programmed
cell death in cereal aleurone. Plant Molecular Biology 44, 255-66.

Faucheu C., Diu A., Chan A.W., Blanchet A.M., Miossec C., Hervé F., Collard-
Dutilleul V., Gu Y., Aldape R.A. & Lippke J.A. (1995) A novel human protease
similar to the interleukin-1 beta converting enzyme induces apoptosis in
transfected cells. EMBO Journal 14, 1914-22.

Flowers T.J. & Yeo A.R. (1981) Variability in the resistance of sodium chloride
salinity within rice (Oryza sativa L.) varieties. The new Phytologist 88, 363- 73.

Flowers T.J. & Yeo A.R. (1989) Effects of salinity on plant growth and crop yields.
In:  Enviromental Stress in Plants. Biochemical and Physiological
Mechanism.Cherry, J.H.(ed.). Springer-Verlag, Berlin, 101-19.

Fomicheva A.S., Tuzhikov A.l., Beloshistov R.E., Trusova S.V., Galiullina R.A.,
Mochalova L.V., Chichkova N.V. & Vartapetian A.B. (2012) Programmed cell
death in plants. Biochemistry (Moscow) 77, 1452-64.

154 Bibliography


http://www.fao.org/docrep/x5871e/x5871e00.htm
http://www.fao.org/wsfs/world-summit/wsfs-challenges/en/

Foyer C.H. & Noctor G. (2005) Redox homeostasis and antioxidant signaling: A
metabolic interface between stress perception and physiological responses. The
Plant Cell Online 17, 1866-75.

Foyer C.H. & Shigeoka S. (2011) Understanding oxidative stress and antioxidant
functions to enhance photosynthesis. Plant Physiology 155, 93-100.

Freitas D., Coelho M.F., Souza M., Jr., Marques A. & Ribeiro e.B. (2007)
Introduction of the anti-apoptotic baculovirus p35 gene in passion fruit induces
herbicide tolerance, reduced bacterial lesions, but does not inhibits passion fruit
woodiness disease progress induced by cowpea aphid-borne mosaic virus
(CABMV). Biotechnology Letters 29, 79-87.

French L.E. & Tschopp J. (2003) Protein-based therapeutic approaches targeting
death receptors. Cell Death and Differentiation 10, 117-23.

Fuchs Y. & Steller H. (2011) Programmed cell death in animal development and
disease. Cell 147, 742-58.

Fujita M., Horiuchi Y., Ueda Y., Mizuta Y., Kubo T., Yano K., Yamaki S., Tsuda K.,
Nagata T., Niihama M., Kato H., Kikuchi S., Hamada K., Mochizuki T.,
Ishimizu T., lwai H., Tsutsumi N. & Kurata N. (2010) Rice expression atlas in
reproductive development. Plant and Cell Physiology 51, 2060-81.

Fukuda A., Nakamura A., Tagiri A., Tanaka H., Miyao A., Hirochika H. & Tanaka
Y. (2004) Function, intracellular localization and the importance in salt
tolerance of a vacuolar Na'/H" antiporter from rice. Plant and Cell Physiology
45, 146-59.

Fukuda H., Watanabe Y., Kuriyama H., Aoyagi S., Sugiyama M., Yamamoto R.,
Demura T. & Minami A. (1998) Programming of cell death during xylogenesis.
Journal of Plant Research 111, 253-6.

Fulda S., Gorman A.M., Hori O. & Samali A. (2010) Cellular stress responses: Cell
survival and cell Death. International Journal of Cell Biology 2010, 23.

Garcia-Saez A.J. (2012) The secrets of the Bcl-2 family. Cell Death and
Differentiation 19 1733-40.

Gazitt Y., RothenbergL M., Hilsenbeck S., Fey V., Thomas C. & Montegomrey W.
(1998) Bcl-2 overexpression is associated with resistance to paclitaxel, but not
gemcitabine, in multiple myeloma cells. International Journal of Oncology 13,
839-948.

Gechev T.S., Van Breusegem F., Stone J.M., Denev I. & Laloi C. (2006) Reactive
oxygen species as signals that modulate plant stress responses and programmed
cell death. Bioessays 28, 1091-101.

Gewies A. (2003) Introduction to Apoptosis.
ApoReview.http://www.celldeath.de/encyclo/aporev/aporev.htm

Ghosh N., Adak M.K., Ghosh P.D., Gupta S., Sen Gupta D.N. & Mandal C. (2011)
Differential responses of two rice varieties to salt stress. Plant Biotechnology
Reports 5, 89-103.

Bibliography 155


http://www.celldeath.de/encyclo/aporev/aporev.htm

Gilchrist D.G. (1998) Programmed cell death in plant disease: The purpose and
promise of cellular suicide. Annual Review of Phytopathology 36, 393-414.

Giuliani C., Consonni G., Gavazzi G., Colombo M. & Dolfini S. (2002) Programmed
cell death during embryogenesis in maize. Annals of Botany 90, 287-92.

Goldstein J.C., Waterhouse N.J., Juin P., Evan G.I. & Green D.R. (2000) The
coordinate release of cytochrome c during apoptosis is rapid, complete and
kinetically invariant. Nature Cell Biology 2, 156-62.

Goyal L., McCall K., Agapite J., Hartwieg E. & Steller H. (2000) Induction of
apoptosis by Drosophila reaper, hid and grim through inhibition of 1AP function.
EMBO Journal 19, 589-97.

Greenberg J.T. (1996) Programmed cell death: A way of life for plants. Proceedings
of the National Academy of Sciences of the United States of America 93, 12094-
7.

Gregorio G.B., Dharmawansa Senadhira & Mendoza R.D. (1997) Screening rice for
salinity tolerance. IRRI discussion paper series No. 22.

Groover A. & Jones A.M. (1999) Tracheary element differentiation uses a novel
mechanism coordinating programmed cell death and secondary cell wall
synthesis. Plant Physiology 119, 375-84.

Gu D., Liu X.H., Wang M.Y., Zheng J., Hou W., Wang G.Y. & Wang J.H. (2008)
Overexpression of ZmOPR1 in Arabidopsis enhanced the tolerance to osmotic
and salt stress during seed germination. Plant Science 174, 124-30.

Gunawardena A.H.L.A.N., Greenwood J.S. & Dengler N.G. (2004) Programmed cell
death remodels lace plant leaf shape during development. Plant Cell 16, 60-73.

Gupta S. (2001) Molecular steps of death receptor and mitochondrial pathways of
apoptosis. Life Sciences 69, 2957-64.

Hadi F., Salmanian A.H., Mousavi A., Ghazizadeh E., Amani J. & Noghabi K.A.
(2012) Development of quantitative competitive PCR for determination of copy
number and expression level of the synthetic glyphosate oxidoreductase gene in
transgenic canola plants.Electronic ~ Journal of Biotechnology
15.http://www.ejbiotechnology.info/index.php/ejbiotechnology/article/view/v15n
4-5/1462

Hanaoka H., Noda T., Shirano Y., Kato T., Hayashi H., Shibata D., Tabata S. &
Ohsumi Y. (2002) Leaf senescence and starvation-induced chlorosis are
accelerated by the disruption of an Arabidopsis autophagy gene. Plant
Physiology 129, 1181-93.

Hara-Nishimura I. & Hatsugai N. (2011) The role of vacuole in plant cell death. Cell
Death and Differentiation 18, 1298-304.

Hara-Nishimura I., Hatsugai N., Nakaune S., Kuroyanagi M. & Nishimura M. (2005)
Vacuolar processing enzyme: an executor of plant cell death. Current Opinion
in Plant Biology 8, 404-8.

156 Bibliography



Hara-Nishimura 1., Inoue K. & Nishimura M. (1991) A unique vacuolar processing
enzyme responsible for conversion of several proprotein precursors into the
mature forms. FEBS Letters 294, 89-93.

Hartl F.U., Bracher A. & Hayer-Hartl M. (2011) Molecular chaperones in protein
folding and proteostasis. Nature 475, 324-32.

Hasegawa P.M., Bressan R.A., Zhu J.-K. & Bohnert H.J. (2000) Plant cellular and
molecular responses to high salinity. Annual Review of Plant Physiology and
Plant Molecular Biology 51, 463-99.

Hatsugai N. & Hara-Nishimura 1. (2010) Two vacuole-mediated defense strategies in
plants. Plant Signaing & Behavior 5, 1568-70.

Hatsugai N., Iwasaki S., Tamura K., Kondo M., Fuji K., Ogasawara K., Nishimura
M. & Hara-Nishimura 1. (2009) A novel membrane fusion-mediated plant
immunity against bacterial pathogens. Genes& Development 23, 2496-506.

Hatsugai N., Kuroyanagi M., Nishimura M. & Hara-nishimura I. (2006) A cellular
suicide strategy of plants: vacuole-mediated cell death. Apoptosis : An
International Journal on Programmed Cell Death 11, 905-11.

Hatsugai N., Kuroyanagi M., Yamada K., Meshi T. & et al. (2004) A plant vacuolar
protease, VPE, mediates virus-induced hypersensitive cell death. Science 305,
855-8.

Hay B.A., Wassarman D.A. & Rubin G.M. (1995) Drosophila homologs of
baculovirus inhibitor of apoptosis proteins function to block cell death. Cell 83,
1253-62.

Hayashi H., Alia, Mustardy L., Deshnium P., Ida M. & Murata N. (1997)
Transformation of Arabidopsis thaliana with the codA gene for choline oxidase;
accumulation of glycinebetaine and enhanced tolerance to salt and cold stress.
The Plant Journal 12, 133-42.

Hayashi H., Alia, Sakamoto A., Nonaka H., Chen T.H.H. & Murata N. (1998)
Enhanced germination under high-salt conditions of seeds of transgenic
Arabidopsis with a bacterial gene (codA) for choline oxidase. Journal of Plant
Research 111, 357-62.

He R., Drury G.E., Rotari V.1., Gordon A., Willer M., Farzaneh T., Woltering E.J. &
Gallois P. (2008) Metacaspase-8 modulates programmed cell death induced by
ultraviolet light and H,O, in Arabidopsis. Journal of Biological Chemistry 283,
774-83.

He Y., Jones H.D., Chen S., Chen X.M., Wang D.W., Li K.X., Wang D.S. & Xia
L.Q. (2010) Agrobacterium-mediated transformation of durum wheat (Triticum
turgidum L. var. durum cv Stewart) with improved efficiency. Journal of
Experimental Botany 61, 1567-81.

Heenan D.P., Lewin L.G. & McCaffery D.W. (1988) Salinity tolerance in rice
varieties at different growth stages.Australian Journal of Experimental
Agriculture 28, 343-9.

Bibliography 157



Heiden M.G.V., Chandel N.S., Schumacker P.T. & Thompson C.B. (1999) Bcl-xL
prevents cell death following growth factor withdrawal by facilitating
mitochondrial ATP/ADP exchange. Molecular Cell 3, 159-67.

Hengartner M.O. (2000) The biochemistry of apoptosis. Nature 407, 770-6.

Hiei Y., Komari T. & Kubo T. (1997) Transformation of rice mediated by
Agrobacterium tumefaciens. Plant Molecular Biology 35, 205-18.

Hiei Y., Ohta S., Komari T. & Kumashiro T. (1994) Efficient transformation of rice
(Oryza sativa L.) mediated by Agrobacterium and sequence analysis of the
boundaries of the T-DNA. Plant Journal 6, 271-82.

Hill R.D., Huang S. & Stasolla C. (2013) Hemoglobins, programmed cell death and
somatic embryogenesis. Plant Science 211, 35-41.

Hinkelmann K. & Kempthorne O. (2007) Completely Randomized Design. In:
Design and Analysis of Experiments (pp. 153-212). John Wiley & Sons, Inc.

Hoang T.M.L. (2002) Salt tolerance and changes in DNA of rice mutants induced by
gamma irradiation. Master thesis. University of Technology, Sydney, Australia.

Holmstrom K.O., Somersalo S., Mandal A., Palva T.E. & Welin B. (2000) Improved
tolerance to salinity and low temperature in transgenic tobacco producing
glycine betaine. Journal of Experimental Botany 51, 177-85.

Horvitz H.R., Ellis H.M. & Sternberg P.W. (1982) Programmed cell death in
nematode development. Neuroscience Commentariesl, 56-65.

Hossain M. & Fischer K.S. (1995) Rice research for food security and sustainable
agricultural development in Asia: Achievements and future challenges.
GeoJournal 35, 286-98.

Houshmand S., Arzani A., Maibody S.A.M. & Feizi M. (2005) Evaluation of salt-
tolerant genotypes of durum wheat derived from in vitro and field experiments.
Field Crops Research 91, 345-54.

Hu Y., Benedict M.A., Ding L. & Nufiez G. (1999) Role of cytochrome c and
dATP/ATP hydrolysis in Apaf-1 mediated caspase-9 activation and apoptosis.
EMBO Journal 18, 3586-95.

Huang J., Hirji R., Adam L., Rozwadowski K.L., Hammerlindl J.K., Keller W.A. &
Selvaraj G. (2000a) Genetic engineering of glycinebetaine production toward
enhancing stress tolerance in plants: Metabolic limitations. Plant Physiology
122, 747-56.

Huang Q., Deveraux Q.L., Maeda S., Salvesen G.S., Stennicke H.R., Hammock B.D.
& Reed J.C. (2000b) Evolutionary conservation of apoptosis mechanisms:
Lepidopteran and baculoviral inhibitor of apoptosis proteins are inhibitors of
mammalian caspase-9. Proceedings of the National Academy of Science of the
Unitied State of America 97, 1427-32.

Hughes Jr F.M. & Cidlowski J.A. (1998) Glucocorticoid-induced thymocyte
apoptosis: protease-dependent activation of cell shrinkage and DNA

158 Bibliography



degradation. The Journal of Steroid Biochemistry and Molecular Biology 65,
207-17.

Hughes Jr F.M. & Cidlowski J.A. (1999) Potassium is a critical regulator of
apoptotic enzymes in vitro and in vivo. Advances in Enzyme Regulation 39, 157-
71.

Huh G.-H., Damsz B., Matsumoto T.K., Reddy M.P., Rus A.M., lbeas J.I.,
Narasimhan M.L., Bressan R.A. & Hasegawa P.M. (2002) Salt causes ion
disequilibrium-induced programmed cell death in yeast and plants. The Plant
Journal 29, 649-59.

IRRI (2007) Growth stages of the rice plant. URL
http://www.knowledgebank.irri.org/ericeproduction/0.2. Growth stages of the
rice plant.htm.

Ishida Y., Hiei Y. & Komari T. (2007) Agrobacterium-mediated transformation of
maize. Nature Protocols 2, 1614-21.

Ishizaki T. & Kumashiro T. (2008) Genetic transformation of NERICA, interspecific
hybrid rice between Oryza glaberrima and O. sativa, mediated by
Agrobacterium tumefaciens.Plant Cell Reports 27, 319-27.

Izawa T. & Shimamoto K. (1996) Becoming a model plant: The importance of rice
to plant science. Trends in Plant Science 1, 95-9.

James R.A., Munns R., Von Caemmerer S., Trejo C., Miller C. & Condon T. (2006)
Photosynthetic capacity is related to the cellular and subcellular partitioning of
Na’, K" and CI" in salt-affected barley and durum wheat. Plant, Cell &
Environment 29, 2185-97.

Jantasuriyarat C., Gowda M., Haller K., Hatfield J., Lu G., Stahlberg E., Zhou B., Li
H., Kim H., Yu Y., Dean R.A., Wing R.A., Soderlund C. & Wang G.-L. (2005)
Large-scale identification of expressed sequence tags involved in rice and rice
blast fungus interaction. Plant Physiology138, 105-15.

Jefferson R.A., Kavanagh T.A. & Bevan M.W. (1987) GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants.
EMBO Journal 6, 3901-7.

Jiang A.-l,, Cheng Y., Li J. & Zhang W. (2008) A zinc-dependent nuclear
endonuclease is responsible for DNA laddering during salt-induced programmed
cell death in root tip cells of rice. Journal of Plant Physiology 165, 1134-41.

Johnson D.E. (2000) Noncaspase proteases in apoptosis. Leukemia 14, 1695-703.

Joly A., Wettstein G., Mignot G., Ghiringhelli F. & Garrido C. (2010) Dual role of
heat shock proteins as regulators of apoptosis and innate immunity. Journal of
Innate Immunity 2, 238-47.

Jones J.G., Gilbert D., Grady K. & Jorgensen R. (1987) T-DNA structure and gene
expression in petunia plants transformed by Agrobacterium tumefaciens C58
derivatives. Molecular and General Genetics MGG 207, 478-85.

Bibliography 159



Joseph B. & Jini D. (2010) Salinity induced programmed cell death in plants:
challenges and oppotunities for salt-tolerant plants. Journal of Plant Sciences 5,
376-90.

Kabbage M. & Dickman M.B. (2008) The BAGproteins: a ubiquitous family of
chaperone regulators. Cellular and Molecular Life Sciences 65, 1390 - 402.

Kabbage M., Li W., Chen S. & Dickman M.B. (2010) The E3 ubiquitin ligase
activity of an insect anti-apoptotic gene (SfIAP) is required for plant stress
tolerance. Physiological and Molecular Plant Pathology 74, 351-62.

Kader M.A. & Lindberg S. (2008) Cellular traits for sodium tolerance in rice (Oryza
sativa L.). Plant Biotechnology 25, 247-55.

Kader M.A. & Lindberg S. (2010) Cytosolic calcium and pH signaling in plants
under salinity stress. Plant Signaling Behavior 5, 233-8.

Katerji N., Van Hoorn JW., Hamdy A. & Mastrorilli M. (2003) Salinity effect on
crop development and vyield, analysis of salt tolerance according to several
classification methods. Agricultural Water Management 62, 37-66.

Kawai-Yamada M., Jin L., Yoshinaga K., Hirata A. & Uchimiya H. (2001)
Mammalian Bax-induced plant cell death can be down-regulated by
overexpression of Arabidopsis Bax Inhibitor-1 (AtBI-1). Proceedings of the
National Academy of Sciencesof the United States of America 98, 12295-300.

Kawai-Yamada M., Ohori Y. & Uchimiya H. (2004) Dissection of Arabidopsis Bax
inhibitor-1 suppressing Bax-, hydrogen peroxide-, and salicylic acid-induced
cell death. The Plant Cell 16, 21-32.

Kerr J.F., Wyllie AH. & Currie A.R. (1972) Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. British Journal
of Cancer 26, 239-57.

Kertbundit S., De Greve H., Deboeck F., Van Montagu M. & Hernalsteens J.P.
(1991) In vivo random beta-glucuronidase gene fusions in Arabidopsis thaliana.
Proceedings of the National Academy of Sciencesof the United States of
America 88, 5212-6.

Khanna H.K. & Raina S.K. (1999) Agrobacterium-mediated transformation of indica
rice cultivars using binary and superbinary vectors.Australian Journal of Plant
Physiology 26, 311-24.

Khanna H.K., Paul J.-Y., Harding R.M., Dickman M.B. & Dale J.L. (2007)
Inhibition of Agrobacterium-Induced Cell Death by Antiapoptotic Gene
Expression Leads to Very High Transformation Efficiency of Banana.
Molecular Plant-Microbe Interactions 20, 1048-54.

Khatkar D. & Kuhad M.S. (2000) Short-term salinity induced changes in two wheat
cultivars at different growth stages. Biologia Plantarum 43, 629-32.

Khush G. (2005) What it will take to feed 5.0 billion rice consumers in 2030. Plant
Molecular Biology 59, 1-6.

160 Bibliography



Kikuchi S., Satoh K., Nagata T., Kawagashira N., Doi K., Kishimoto N., Yazaki J.,
Ishikawa M., Yamada H., Ooka H., Hotta I., Kojima K., Namiki T., Ohneda E.,
Yahagi W., Suzuki K., Li C.J., Ohtsuki K., Shishiki T., Otomo Y., Murakami
K., Lida Y., Sugano S., Fujimura T., Suzuki Y., Tsunoda Y., Kurosaki T.,
Kodama T., Masuda H., Kobayashi M., Xie Q., Lu M., Narikawa R., Sugiyama
A., Mizuno K., Yokomizo S., Niikura J., Ikeda R., Ishibiki J., Kawamata M.,
Yoshimura A., Miura J., Kusumegi T., Oka M., Ryu R., Ueda M., Matsubara K.,
Kawai J., Carninci P., Adachi J., Aizawa K., Arakawa T., Fukuda S., Hara A.,
Hashidume W., Hashizume W., Hayatsu N., Imotani K., Ishii Y., Ishii Y., Itoh
M., Kagawa I., Kondo S., Konno H., Konno H., Miyazaki A., Osato N., Ota Y.,
Saito R., Sasaki D., Sato K., Shibata K., Shinagawa A., Shiraki T., Yoshino M.,
Hayashizaki Y. & Yasunishi A. (2003) Collection, mapping, and annotation of
over 28,000 cDNA clones from japonica rice. Science 301, 376-9.

Kluck R.M., Bossy-Wetzel E., Green D.R. & Newmeyer D.D. (1997) The release of
cytochrome ¢ from mitochondria: A primary site for Bcl-2 regulation of
apoptosis. Science 275, 1132-6.

Koncz C., Martini N., Mayerhofer R., Koncz-Kalman Z., Kérber H., Redei G.P. &
Schell J. (1989) High-frequency T-DNA-mediated gene tagging in plants.
Proceedings of the National Academy of Sciencesof the United States of
America 86, 8467-71.

Kondo S. (1988) Altruistic cell suicide in relation to radiation hormesis.
International Journal of Radiation Biology 53, 95-102.

Koonin E.V. & Aravind L. (2002) Origin and evolution of eukaryotic apoptosis: the
bacterial connection. Cell Death and Differentiation 9, 394-404.

Kooter J.M., Matzke M.A. & Meyer P. (1999) Listening to the silent genes:
transgene silencing, gene regulation and pathogen control. Trends in Plant
Science 4, 340-7.

Kotsafti A., Farinati F., Cardin R., Burra P. & Bortolami M. (2010) Bax inhibitor-1
down-regulation in the progression of chronic liver diseases. BMC
Gastroenterology 10:35 http://www.biomedcentral.com/1471-230X/10/35.

Kourtis N. & Tavernarakis N. (2009) Autophagy and cell death in model organisms.
Cell Death and Differentiation 16, 21.

Kroemer G. (1997) The proto-oncogene Bcl-2 and its role in regulating apoptosis.
Natural Medicine 3, 614-20.

Kroemer G., Galluzzi L., Vandenabeele P., Abrams J., Alnemri E.S., Baehrecke
E.H., Blagosklonny M.V., El-deiry W.S., Golstein P., Green D.R., Hengartner
M., Knight R.A., Kumar S., Lipton S.A., Malorni W., Nufiez G., Peter M.E.,
Tschopp J., Yuan J., Piacentini M., Zhivotovsky B. & Melino G. (2009)
Classification of cell death: recommendations of the nomenclature committee on
cell death 2009. Cell Death and Differentiation 16, 3-11.

Kuo A., Cappelluti S., Cervantes-Cervantes M., Rodriguez M. & Bush D.S. (1996)
Okadaic acid, a protein phosphatase inhibitor, blocks calcium changes, gene
expression, and cell death induced by gibberellin in wheat aleurone cells. Plant
Cell 8, 259-609.

Bibliography 161



La Rosa P.C., Hasegawa P.M. & Bressan R.A. (1984) Photoautrophic potato cells:
Transition from hererotrophic to autotrophic growth. Physiologia Plantarum6l,
279-86.

Lafitte R. (2002) Relationship between leaf relative water content during
reproductive stage water deficit and grain formation in rice.Field Crops
Research 76, 165-74.

Lam E. (2004) Controlled cell death, plant survival and development. Nature
Reviews Molecular Cell Biology 5, 305-15.

Lam E. (2005) Vacuolar proteases livening up programmed cell death. Trends in Cell
Biology 15, 124-7.

Lam E., Kato N. & Lawton M. (2001) Programmed cell death, mitochondria and the
plant hypersensitive response. Nature 411, 848-53.

Lee G.-H., Kim H.-K., Chae S.-W., Kim D.-S., Ha K.-C., Cuddy M., Kress C., Reed
J.C., Kim H.-R. & Chae H.-J. (2007) Bax inhibitor-1 regulates endoplasmic
reticulum stress-associated reactive oxygen species and heme oxygenase-1
expression. The journal of Biological Chemistry 282, 21618-28.

Lee K.-S., Choi W.-Y., Ko J.-C., Kim T.-S. & Gregorio G.B. (2003) Salinity
tolerance of japonica and indica rice (Oryza sativa L.) at the seedling stage.
Planta 216, 1043-6.

Leijon K., Hammarstrom B. & Holmberg D. (1994) Non-obese diabetic (NOD) mice
display enhanced immune responses and prolonged survival of lymphoid cells.
International Immunology 6, 339-45.

Levine A., Tenhaken R., Dixon R. & Lamb C. (1994) H202 from the oxidative burst
orchestrates the plant hypersensitive disease resistance response. Cell 79, 583-
93.

Li J.-Y., Jiang A.-L. & Zhang W. (2007) Salt stress-induced programmed cell death
in rice root tip cells. Journal of Integrative Plant Biology 49, 481-6.

Li P., Nijhawan D., Budihardjo I., Srinivasula S.M., Ahmad M., Alnemri E.S. &
Wang X. (1997) Cytochrome ¢ and dATP-dependent formation of Apaf-
1/Caspase-9 complex initiates an apoptotic protease cascade. Cell 91, 479-89.

Li W. & Dickman M. (2004) Abiotic stress induces apoptotic-like features in tobacco
that is inhibited by expression of human Bcl-2. Biotechnology Letters 26, 87-95.

Li W., Kabbage M. & Dickman M.B. (2010) Transgenic expression of an insect
inhibitor of apoptosis gene, SfIAP, confers abiotic and biotic stress tolerance and
delays tomato fruit ripening. Physiological and Molecular Plant Pathology 74,
363-75.

Linares O.F. (2002) African rice (Oryza glaberrima): History and future potential.
Proceedings of the National Academy of Sciencesof the United States of
America 99, 16360-5.

Lincoln J.E., Craig R., Overduin B., Smith K., Bostock R. & Gilchrist D.G. (2002)
Expression of the antiapoptotic baculovirus p35 gene in tomato blocks

162 Bibliography



programmed cell death and provides broad-spectrum resistance to disease.
Proceedings of the National Academy of Sciencesof the United States of
America 99, 15217-21.

Liu S.-H., Fu B.-Y., Xu H.-X., Zhu L.-H., Zhai H.-Q. & Li Z.-K.(2007) Cell death in
response to osmotic and salt stresses in two rice (Oryza sativa L.) ecotypes.
Plant Science 172, 897-902.

Liu X., Kim C.N., Yang J., Jemmerson R. & Wang X. (1996) Induction of apoptotic
program in cell-free extracts: Requirement for dATP and cytochrome c. Cell 86,
147-57.

LuT. YuS, Fan D., Mu J., Shangguan Y., Wang Z., Minobe Y., Lin Z. & Han B.
(2008) Collection and comparative analysis of 1888 full-length cDNAs from
wild rice Oryza rufipogon Griff. W1943. DNA Research 15, 285-95.

Lukiw W.J. & Bazan N.G. (2010) Inflammatory, apoptotic, and survival gene
signaling in Alzheimer's disease. A review on the bioactivity of neuroprotectin
D1 and apoptosis. Molecular Neurobiology 42, 10-6.

Lutts S., Kinet J.M. & Bouharmont J. (1996) Effects of salt stress on growth, mineral
nutrition and proline accumulation in relation to osmotic adjustment in rice
(Oryza sativa L.) cultivars differing in salinity resistance. Plant Growth
Regulation 19, 207-18.

Ma L., Zhou E., Gao L., Mao X., Zhou R. & Jia J. (2008) Isolation, expression
analysis and chromosomal location of PSCR gene in common wheat (Triticum
aestivum L.). South African Journal of Botany 74, 705-12.

Maas E.V. & Nieman R.H. (1978) Physiology of plant tolerance to salinity. In Crop
Tolerance to Suboptimal Land Conditions, ASS, CSA, SSSA, Madison, WI. A
special publish 32, 277.

Maathuis F.J.M. & Amtmann A. (1999) K'nutrition and Na'toxicity: The basis of
cellular K*/Na'ratios. Annals of Botany 84, 123-33.

Majee M., Maitra S., Dastidar K.G., Pattnaik S., Chatterjee A., Hait N.C., Das K.P.
& Majumder A.L. (2004) A novel salt-tolerant I-myo-Inositol-1-phosphate
synthase from Porteresia coarctata (Roxb.) tateoka, a halophytic wild rice.
Journal of Biological Chemistry 279, 28539-52.

Marschner P. (2011) Marschner's Mineral Nutrition of Higher Plants.p. 668.
Elsevier Science.

Martinou J.-C. & Youle R.J. (2011) Mitochondria in apoptosis: Bcl-2 family
members and mitochondrial dynamics. Developmental Cell 21, 92-101

Matsumoto T., Wu J., Kanamori H., Katayose Y. & et al. (2005) The map-based
sequence of the rice genome. Nature 436, 793-800.

Matsumura H., Nirasawa S., Kiba A., Urasaki N., Saitoh H., Ito M., Kawai-Yamada
M., Uchimiya H. & Terauchi R. (2003) Overexpression of Bax inhibitor
suppresses the fungal elicitor-induced cell death in rice (Oryza sativa L.) cells.
The Plant Journal 33, 425-34.

Bibliography 163



Metternicht G.I. & Zinck J.A. (2003) Remote sensing of soil salinity: potentials and
constraints. Remote Sensing of Environment 85, 1-20.

Miller G., Shulaev V. & Mittler R. (2008) Reactive oxygen signaling and abiotic
stress. Physiologia Plantarum 133, 481-9.

Miller G.A.D., Suzuki N., Ciftci-Yilmaz S. & Mittler R.O.N. (2010) Reactive
oxygen species homeostasis and signalling during drought and salinity stresses.
Plant, Cell & Environment 33, 453-67.

Minn A.J., Velez P., Schendel S.L., Liang H., Muchmore S.W., Fesik S.W., Fill M.
& Thompson C.B. (1997) Bcl-xL forms an ion channel in synthetic lipid
membranes. Nature 385, 353-7.

Mittler R. & Lam E. (1996) Sacrifice in the face of foes: Pathogen-induced
programmed cell death in plants. Trends in Microbiology 4, 10-5.

Mittler R. (2002) Oxidative stress, antioxidants and stress tolerance. Trends in Plant
Science 7, 405-10.

Montgomery D.C. (2005) Design and analysis of experiments.John Wiley & Sons,
Hoboken, NJ.

Moradi F. & Ismail A.M. (2007) Responses of photosynthesis, chlorophyli
fluorescence and ROS-scavenging systems to salt stress during seedling and
reproductive stages in rice.Annals of Botany 99, 1161-73.

Muchmore S.W., Sattler M., Liang H., Meadows R.P., Harlan J.E., Yoon H.S,,
Nettesheim D., Chang B.S., Thompson C.B., Wong S.-L., Ng S.-C. & Fesik
S.W. (1996) X-ray and NMR structure of human Bcl-xL, an inhibitor of
programmed cell death. Nature 381, 335-41.

Mund T., Gewies A., Schoenfeld N., Bauer M.K.A. & Grimm S. (2003) Spike, a
novel BH3-only protein, regulates apoptosis at the endoplasmic reticulum. The
FASEB Journal.DOI: 10.1096/fj.02-0657fje.

Munns R. & Tester M. (2008) Mechanisms of salinity tolerance. Annual Review of
Plant Biology 59, 651-81.

Munns R. (2002) Comparative physiology of salt and water stress. Plant, Cell &
Environment 25, 239-50.

Munns R. (2011) Plant Adaptations to Salt and Water Stress: Differences and
Commonalities. In: Advances in Botanical Research (ed. by Ismail T), pp. 1-32.
Academic Press.

Munns R., James R.A. & L&uchli A. (2006) Approaches to increasing the salt
tolerance of wheat and other cereals. Journal of Experimental Botany 57, 1025-
43.

Nakayama H., Yoshida K., Ono H., Murooka Y. & Shinmyo A. (2000) Ectoine, the
compatible solute of Halomonas elongata, confers hyperosmotic tolerance in
cultured tobacco cells. Plant Physiology 122, 1239-47.

164 Bibliography



Nanjo T., Kobayashi M., Yoshiba Y., Kakubari Y., Yamaguchi-Shinozaki K. &
Shinozaki K. (1999) Antisense suppression of proline degradation improves
tolerance to freezing and salinity in Arabidopsis thaliana. FEBS Letters 461,
205-10.

Nicholson D.W. & Thornberry N.A. (1997) Caspases: killer proteases. Trends in
Biochemical Sciences 22, 299-306.

Nishimura A., Aichi I. & Matsuoka M. (2006) A protocol for Agrobacterium-
mediated transformation in rice.Nature Protocols 1, 2796-802.

Noble C.L. & Rogers M.E. (1992) Arguments for the use of physiological criteria for
improving the salt tolerance in crops. Plant and Soil 146, 99-107.

OECD (2006) Section 5 - Rice (Oryza sativa L.). In: Safety Assessment of
Transgenic Organisms, Volume 1.0ECD Publishing.

Ohnishi T., Yoshino M., Yamakawa H. & Kinoshita T. (2011) The biotron breeding
system: A rapid and reliable procedure for genetic studies and breeding in rice.
Plant and Cell Physiology 52, 1249-57.

Ohta M., Hayashi Y., Nakashima A., Hamada A., Tanaka A., Nakamura T. &
Hayakawa T. (2002) Introduction of a Na'/H" antiporter gene from Atriplex
gmelini confers salt tolerance to rice. FEBS Letters 532, 279-82.

Oka H.-1. (2012) Origin of Cultivated Rice. Elsevier Science, Burlington.

Pandey G.K., Reddy V.S., Reddy M.K., Deswal R., Bhattacharya A. & Sopory S.K.
(2002) Transgenic tobacco expressing Entamoeba histolytica calcium binding
protein exhibits enhanced growth and tolerance to salt stress. Plant Science 162,
41-7.

Parida A.K. & Das A.B. (2005) Salt tolerance and salinity effects on plants: a review.
Ecotoxicology and Environmental Safety 60, 324-49.

Paul J.-Y. (2009) The manipulation of apoptosis-related genes to generate resistance
to fusarium wilt and water stress in banana. PhD Thesis. Queensland University
of Technology, Brisbane.

Paul J.-Y., Becker D.K., Dickman M.B., Harding R.M., Khanna H.K. & Dale J.L.
(2011) Apoptosis-related genes confer resistance to Fusarium wilt in transgenic
‘Lady Finger’ bananas. Plant Biotechnology Journal 9, 1141-8.

Pennell R.I. & Lamb C. (1997) Programmed Cell Death in Plants. Plant Cell 9,
1157-68.

Platten J.D., Egdane J.A. & Ismail A.M. (2013) Salinity tolerance, Na+ exclusion
and allele mining of HKT1;5 in Oryza sativa and O. glaberrima: many sources,
many genes, one mechanism? BMC Plant Biology 13, 1-16.

Pop C., Timmer J., Sperandio S. & Salvesen G.S. (2006) The apoptosome activates
caspase-9 by dimerization. Molecular Cell 22, 269-75.

Bibliography 165



Portt L., Norman G., Clapp C., Greenwood M. & Greenwood M.T. (2011) Anti-
apoptosis and cell survival: A review. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research 1813, 238-59.

Prols F. & Meyer P. (1992) The methylation patterns of chromosomal integration
regions influence gene activity of transferred DNA in Petunia hybrida. The
Plant Journal 2, 465-75.

Purring-Koch C. & McLendon G. (2000) Cytochrome ¢ binding to Apaf-1: The
effects of dATP and ionic strength. Proceedings of the National Academy of
Sciencesof the United States of America 97, 11928-31.

Qadir M., Noble A.D., Qureshi A.S., Gupta R.K., Yuldashev T. & Karimov A.
(2009) Salt-induced land and water degradation in the Aral Sea basin: A
challenge to sustainable agriculture in Central Asia. Natural Resources Forum
33, 134-49.

Qiao J., Mitsuhara 1., Yazaki Y., Sakano K., Gotoh Y., Miura M. & Ohashi Y. (2002)
Enhanced resistance to salt, cold and wound stresses by overproduction of
animal cell death suppressors Bcl-xL and Ced-9 in tobacco cells - their Possible
contribution through improved function of organella. Plant &Cell Physiology
43, 992-1005.

Queensland Urban Utilities (2009) Annual drinking water quality data July 1, 2008
to June 30, 2009.Available at http://www.urbanutilities.com.au/
ckfinder/userfiles/files/DW%?20Quality%20Data%?20-
%20Internet%20July2008jun2009v4final.pdf [Verified 29 November 2013].

Rachid H., Yokoi S., Toriyama K. & Hinata K. (1996) Transgenic plant production
mediated by Agrobacterium in indica rice. Plant Cell Reports 15, 727-30.

Raff M.C. (1992) Social controls on cell survival and cell death. Nature 356, 397-
400.

Rai M.K., Kalia R.K., Singh R., Gangola M.P. & Dhawan A.K. (2011) Developing
stress tolerant plants through in vitro selection--An overview of the recent
progress. Environmental and Experimental Botany 71, 89-98.

Raineri D.M., Bottino P., Gordon M.P. & Nester E.W. (1990) Agrobacterium-
mediated transformation of rice (Oryza sativa L.). Nature Biotechnology 8, 33-
8.

Rami A., Bechmann I. & Stehle J.H. (2008) Exploiting endogenous anti-apoptotic
proteins for novel therapeutic strategies in cerebral ischemia. Progress in
Neurobiology 85, 273-96.

Rana R.M., Dong S., r Ali Z., Khan A.l. & Zhang H.S. (2012) Identification and
characterization of the Bcl-2 associated athanogene (BAG) protein family in
rice. African Journal of Biotechnology 11, 88-99.

Rashid H., Afzal A., Khan M.H., Chaudhry Z. & Malik S.A. (2010) Effect of
bacterial culture density and acetosyringone concentration on Agrobacterium
mediated transformation in wheat. Pakistan Journal of Botany 42, 4183-9.

166 Bibliography


http://www.urbanutilities.com.au/

Reape T. & McCabe P. (2010) Apoptotic-like regulation of programmed cell death in
plants. Apoptosis 15, 249-56.

Reape T.J., Molony E.M. & McCabe P.F. (2008) Programmed cell death in plants:
distinguishing between different modes. Journal of Experimental Botany 59,
435-44,

Reguera M., Peleg Z. & Blumwald E. (2012) Targeting metabolic pathways for
genetic engineering abiotic stress-tolerance in crops. Biochimica et Biophysica
Acta(BBA) - Gene Regulatory Mechanisms1819, 186-94.

Rengasamy P. (2006) World salinization with emphasis on Australia. Journal of
Experimental Botany 57, 1017-23.

Rengasamy P. (2010) Soil processes affecting crop production in salt-affected soils.
Functional Plant Biology 37, 613-20.

Rhoads D.M., Umbach A.L., Subbaiah C.C. & Siedow J.N. (2006) Mitochondrial
reactive oxygen species. Contribution to oxidative stress and interorganellar
signaling. Plant Physiology 141, 357-66.

Ribaut J.-M. & Hoisington D. (1998) Marker-assisted selection: new tools and
strategies. Trends in Plant Sciences 3, 236-9.

Richards R.A. (1983) Should selection for yield in saline conditions be made on
saline or non saline soils. Euphytica 32, 431-8.

Rodrigues C.R.F., Silva E.N., Ferreira-Silva S.L., Voigt E.L., Viégas R.A. & Silveira
J.A.G. (2013) High K" supply avoids Na" toxicity and improves photosynthesis
by allowing favorable K* : Na* ratios through the inhibition of Na" uptake and
transport to the shoots of Jatropha curcas plants. Journal of Plant Nutrition and
Soil Science 176, 157-64.

Rohila J.S., Jain R.K. & Wu R. (2002) Genetic improvement of Basmati rice for salt
and drought tolerance by regulated expression of a barley Hval cDNA. Plant
Science 163, 525-32.

Rojo E., Zouhar J., Carter C., Kovaleva V. & Raikhel N.V. (2003) A unique
mechanism for protein processing and degradation in Arabidopsis thaliana.
Proceedings of the National Academy of Sciencesof the United States of
America 100, 7389-94.

Rothe M., Pan M.-G., Henzel W.J., Ayres T.M. & V. Goeddel D. (1995) The
TNFR2-TRAF signaling complex contains two novel proteins related to
baculoviral inhibitor of apoptosis proteins. Cell 83, 1243-52.

Roxas V.P., Lodhi S.A., Garrett D.K., Mahan J.R. & Allen R.D. (2000) Stress
tolerance in transgenic tobacco seedlings that overexpress glutathione S-
transferase/glutathione peroxidase. Plant and Cell Physiology 41, 1229-34.

Roy N., Mahadevan M.S., McLean M., Shutter G., Yaraghi Z., Farahani R., Baird S.,
Besner-Johnston A., Lefebvre C., Kang X., Salih M., Aubry H., Tamai K., Guan
X., loannou P., Crawford T.0O., de Jong P.J., Surh L., Ikeda J.-E., Korneluk R.G.
& MacKenzie A. (1995) The gene for neuronal apoptosis inhibitory protein is
partially deleted in individuals with spinal muscular atrophy. Cell 80, 167-78.

Bibliography 167



Rudin C.M. & Thompson C.B. (1997) Apoptosis and disease: Regulation and clinical
relevance of programmed cell death. Annual Review of Medicine 48, 267-81.

Rupinder S.K., Gurpreet A.K. & Manjeet S. (2007) Cell suicide and caspases.
Vascular Pharmacology 46, 383-93.

Sah N.K., Taneja T.K., Pathak N., Begum R., Athar M. & Hasnain S.E. (1999) The
baculovirus antiapoptotic p35 gene also functions via an oxidant-dependent
pathway. Proceedings of the National Academy of Sciencesof the United States
of America 96, 4838-43.

Sahoo K.K., Tripathi A.K., Pareek A., Sopory S.K. & Singla-Pareek S.L. (2011) An
improved protocol for efficient transformation and regeneration of diverse
indica rice cultivars. Plant Methods 7:49
http://www.plantmethods.com/content/7/1/49

Sairam R.K., Srivastava G.C., Agarwal S. & Meena R.C. (2005) Differences in
antioxidant activity in response to salinity stress in tolerant and susceptible
wheat genotypes. Biologia Plantarum 49, 85-91.

Sakamoto A., Alia & Murata N. (1998) Metabolic engineering of rice leading to
biosynthesis of glycinebetaine and tolerance to salt and cold. Plant Molecular
Biology 38, 1011-9.

Sambrook J.a.R., D.W. (2001) Molecular Cloning: A Laboratory Manual. . Cold Spring
Harbour Laboratory Press, Cold Spring Harbour, New York.

Sanchez P., Zabala M.D. & Grant M. (2000) AtBI-1, a plant homologue of Bax
inhibitor-1, suppresses Bax-induced cell death in yeast and is rapidly
upregulated during wounding and pathogen challenge. Plant Journal 21, 393-9.

Sasaki T. & Burr B. (2000) International rice genome sequencing project: the effort
to completely sequence the rice genome. Current Opinion in Plant Biology 3,
138-42.

Sawahel W.A. & Hassan A.H. (2002) Generation of transgenic wheat plants
producing high levels of the osmoprotectant proline. Biotechnology Letters 24,
721-5.

Schachtman D. & Munns R. (1992) Sodium accumulation in leaves of Triticum
species that differ in salt tolerance.Functional Plant Biology 19, 331-40.

Schattner E.J., Elkon K.B., Yoo D.H., Tumang J., Krammer P.H., Crow M.K. &
Friedman S.M. (1995) CDA40 ligation induces Apo-1/Fas expression on human B
lymphocytes and facilitates apoptosis through the Apo-1/Fas pathway. Journal
of Experimental Medicine 182, 1557-65.

Schendel S.L., Xie Z., Montal M.O., Matsuyama S., Montal M. & Reed J.C. (1997)
Channel formation by antiapoptotic protein Bcl-2. Proceedings of the National
Academy of Sciencesof the United States of America 94, 5113-8.

Schimmer A.D. (2004) Inhibitor of apoptosis proteins: Translating basic knowledge
into clinical practice. Cancer Research 64, 7183-90.

168 Bibliography



Shabala S. & Cuin T.A. (2008) Potassium transport and plant salt tolerance.
Physiologia Plantarum 133, 651-69.

Shabala S. (2009) Salinity and programmed cell death: unravelling mechanisms for
ion specific signalling. Journal of Experimental Botany 60, 709-12.

Shabala S., Cuin T.A., Prismall L. & Nemchinov L.G. (2007) Expression of animal
CED-9 anti-apoptotic gene in tobacco modifies plasma membrane ion fluxes in
response to salinity and oxidative stress. Planta 227, 189-97.

Shannon M.C. & Noble C. (1990) Genetic approaches for developing economic salt
tolerant crops. In: Agricultural salinity assessment and management. (ed. by
Tanjied K), pp. 161-85. ACSE manuals and reports on engineering practice. No.
17. ASCE, New York.

Sheveleva E., Chmara W., Bohnert H.J. & Jensen R.G. (1997) Increased salt and
drought tolerance by D-ononitol production in transgenic Nicotiana tabacum L.
Plant Physiology 115, 1211-9.

Shi Y. (2002) Mechanisms of caspase activation and inhibition during apoptosis.
Molecular Cell 9, 459-70.

Shi Y. (2004) Caspase activation: Revisiting the induced proximity model. Cell 117,
855-8.

Shimizu S., Narita M., Tsujimoto Y. & Tsujimoto Y. (1999) Bcl-2 family proteins
regulate the release of apoptogenic cytochrome c by the mitochondrial channel
VDAC. Nature 399, 483-7.

Shiozaki E.N. & Shi Y. (2004) Caspases, IAPs and Smac/DIABLO: mechanisms
from structural biology. Trends in Biochemical Sciences 29, 486-94.

Simeonova E., Sikora A., Charzynska M. & Mostowska A. (2000) Aspects of
programmed cell death during leaf senescence of mono- and dicotyledonous
plants. Protoplasma 214, 93-101.

Singh AK., Sopory S.K.,, Wu R. & Singla-Pareek S.L. (2010a) Transgenic
Approaches. In: Abiotic Stress Adaptation in Plants (eds. by Pareek A, Sopory
SK, Bohnert HJ & Govindjee), Springer Netherlands.

Smalle J. & Vierstra R.D. (2004) the ubiquitin 26S proteasome proteolytic pathway.
Annual Review of Plant Biology 55, 555-90.

Sondermann H., Scheufler C., Schneider C., Hohfeld J., Hartl F.U. & Moarefi I.
(2001) Structure of a Bag/Hsc70 complex: Convergent functional evolution of
Hsp70 nucleotide exchange factors. Science 291, 1553-7.

Sorensen S.J. & Hansen L.H. (2011) Extrachromosomel replicons. In: Lewin's Genes
X (ed. by Jocelyn Krebs STK, Elliott S. Goldstein ), pp. 282-98. Jones and
Bartlett publisher, MA USA.

Soriano M.E. & Scorrano L. (2010) The Interplay between BCL-2 Family Proteins
and Mitochondrial Morphology in the Regulation of Apoptosis. In: BCL-2
Protein Family (ed. by Hetz C), pp. 97-114. Springer New York, New York.

Bibliography 169



Srinivasula S.M., Ahmad M., Fernandes-Alnemri T. & Alnemri E.S. (1998)
Autoactivation of procaspase-9 by Apaf-1-mediated oligomerization. Molecular
Cell 1, 949-57.

Stachel S.E., Messens E., Van Montagu M. & Zambryski P. (1985) Identification of
the signal molecules produced by wounded plant cells that activate T-DNA
transfer in Agrobacterium tumefaciens. Nature 318, 624-9.

Stam M., Mol J.N.M. & Kooter J.M. (1997) Review Article: The silence of genes in
transgenic plants. Annals of Botany 79, 3-12.

Stewart C.N. & Via L.E. (1993) A rapid CTAB DNA isolation technique useful for
RAPD fingerprinting and other PCR applications. Biotechniques 14, 748-50.

Strasser A., O'Connor L. & Dixit V.M. (2000) Apoptosis signaling. Annual Review
of Biochemistry 69, 217-45.

Straszewski-Chavez S.L., Abrahams V.M., Funai E.F. & Mor G. (2004) X-linked
inhibitor of apoptosis (XIAP) confers human trophoblast cell resistance to Fas-
mediated apoptosis. Molecular Human Reproduction 10, 33-41.

Su J. & Wu R. (2004) Stress-inducible synthesis of proline in transgenic rice confers
faster growth under stress conditions than that with constitutive synthesis. Plant
Sciencel66, 941-8.

Suarez M.F., Filonova L.H., Smertenko A., Savenkov E.l., Clapham D.H., von
Arnold S., Zhivotovsky B. & Bozhkov P.V. (2004) Metacaspase-dependent
programmed cell death is essential for plant embryogenesis. Current Biology14,
339-40.

Suriya-arunroj D., Supapoj N., Toojinda T. & Vanavichit A. (2004) Relative leaf
water content as an efficient method for evaluating rice cultivars for tolerance to
salt stress. ScienceAsia 30 411-5.

Sussman M. (1994) Molecular analysis of protein in the plant plasma membrane.
Annual Reviews of Plant Physiology and Plant Molecular Biology 45, 211-34.

Suzuki Y., Imai Y., Nakayama H., Takahashi K., Takio K. & Takahashi R. (2001) A
serine protease, HtrA2, is released from the mitochondria and interacts with
XIAP, inducing cell death. Molecular Cell 8, 613-21.

Takayama S. & Reed J.C. (2001) Molecular chaperone targeting and regulation by
BAG family proteins. Nature Cell Biology 3, E237-E41.

Tanaka Y., Hibino T., Hayashi Y., Tanaka A., Kishitani S., Takabe T. & Yokota S.
(1999) Salt tolerance of transgenic rice overexpressing yeast mitochondrial Mn-
SOD in chloroplasts. Plant Science 148, 131-8.

Tang W., Peng X. & Newton R.J. (2005) Enhanced tolerance to salt stress in
transgenic loblolly pine simultaneously expressing two genes encoding
mannitol-1-phosphate dehydrogenase and glucitol-6-phosphate dehydrogenase.
Plant Physiology and Biochemistry 43, 139-46.

170 Bibliography



Thomas J.C., Sepahi M., Arendall B. & Bohnert H.J. (1995) Enhancement of seed
germination in high salinity by engineering mannitol expression in Arabidopsis
thaliana. Plant, Cell and Environment 18, 801-6.

Thornberry N.A., Bull H.G., Calaycay J.R., Chapman K.T., Howard A.D., Kostura
M.J., Miller D.K., Molineaux S.M., Weidner J.R., Aunins J., Elliston K.O.,
Ayala J.M., Casano F.J., Chin J., Ding G.J.F., Egger L.A., Gaffney E.P.,
Limjuco G., Palyha O.C., Raju S.M., Rolando A.M., Salley J.P., Yamin T.-T.,
Lee T.D., Shively J.E., MacCross M., Mumford R.A., Schmidt J.A. & Tocci
M.J. (1992) A novel heterodimeric cysteine protease is required for interleukin-
1[beta]processing in monocytes. Nature 356, 768-74.

Thornberry N.A., Rano T.A., Peterson E.P., Rasper D.M., Timkey T., Garcia-Calvo
M., Houtzager V.M., Nordstrom P.A., Roy S., Vaillancourt J.P., Chapman K.T.
& Nicholson D.W. (1997) A Combinatorial approach defines specificities of
members of the caspase family and granzyme B: Functional relationships
established for key mediators of apoptosis. Journal of Biological Chemistry 272,
17907-11.

Tripathi R.M., Bisht H.S. & Singh R.P. (2010) Effect of acetosyringone and callus
age on transformation for scutellum —derived callus of rice.International
Journal of Pharma and Bio Sciences 1, 163-71.

Tseng M.J., Liu C.-W. & Yiu J.-C. (2007) Enhanced tolerance to sulfur dioxide and
salt stress of transgenic Chinese cabbage plants expressing both superoxide
dismutase and catalase in chloroplasts. Plant Physiology and Biochemistry 45,
822-33.

Tsiatsiani L., Van Breusegem F., Gallois P., Zavialov A., Lam E. & Bozhkov P.V.
(2011) Metacaspases. Cell Death &Differentiation 1, 1279-88.

UNFPA (2014) Linking population, poverty and development. URL
http://www.unfpa.org/pds/trends.htm.

United States Census Bureau (2013) Total Midyear Population for the World:1950—
2050.
http://www.census.gov/population/international/data/worldpop/table populatio

n.php.

Uren A.G., O'Rourke K., Aravind L., Pisabarro M.T., Seshagiri S., Koonin E.V. &
Dixit V.M. (2000) Identification of paracaspases and metacaspases: Two ancient
Families of caspase-like proteins, one of which plays a key role in MALT
Lymphoma. Molecular Cell 6, 961-7.

USDA (2013) Bibliography on Salt Tolerance. Fibres, grains and special crops
George E.Brown, Jr. Salinity Lab. US Dep. Agric., Agric. Res. Serv. Riverside,
CA http://www.ars.usda.gov/Services/docs.htm?docid=8908.

Ushimaru T., Nakagawa T., Fujioka Y., Daicho K., Naito M., Yamauchi Y., Nonaka
H., Amako K., Yamawaki K. & Murata N. (2006) Transgenic Arabidopsis
plants expressing the rice dehydroascorbate reductase gene are resistant to salt
stress. Journal of Plant Physiology 163, 1179-84.

Bibliography 171


http://www.unfpa.org/pds/trends.htm

van Doorn W.G. (2011) Classes of programmed cell death in plants, compared to
those in animals. Journal of Experimental Botany 62, 4749-61.

Vanninia C., Iritib M., Bracalea M., Locatellic F., Faorod F., Crocea P., Pironae R.,
Di Marof A., Coraggioc I. & Gengac A. (2006) The ectopic expression of the
rice Osmyb4 gene in Arabidopsis increases tolerance to abiotic, environmental
and biotic stresses. Physiological and Molecular Plant Pathology 69, 26-42.

Vartapetian A.B., Tuzhikov A.l., Chichkova N.V., Taliansky M. & Wolpert T.J.
(2011) A plant alternative to animal caspases: subtilisin-like proteases. Cell
Death &Differentiation 18, 1289-97.

Vaux D.L. & Korsmeyer S.J. (1999) Cell death in development. Cell 96, 245-54.

Vaux D.L. & Silke J. (2005) IAPs, RINGs and ubiquitylation. Nature Reviews.
Molecular Cell Biology 6, 287-97.

Vaux D.L. & Strasser A. (1996) The molecular biology of apoptosis. Proceedings of
the National Academy of Sciencesof the United States of America 93, 2239-44.

Vaux D.L., Cory S. & Adams J.M. (1988) Bcl-2 gene promotes haemopoietic cell
survival and cooperates with c-myc to immortalize pre-B cells. Nature 335, 440-
2.

Vaux D.L., Haecker G. & Strasser A. (1994) An evolutionary perspective on
apoptosis. Cell 76, 777-9.

Vercammen D., Declercq W., Vandenabeele P. & Van Breusegem F. (2007) Are
metacaspases caspases? Journal of Cell Biology 179, 375-80.

Vercammen D., van de Cotte B., De Jaeger G., Eeckhout D., Casteels P., Vandepoele
K., Vandenberghe I., Van Beeumen J., Inzé D. & Van Breusegem F. (2004)
Type 1l metacaspases Atmc4 and Atmc9 of Arabidopsis thalianacleave
substrates after Arginine and Lysine. Journal of Biological Chemistry 279,
45329-36.

Verhagen A.M. & Vaux D.L. (2002) Cell death regulation by the mammalian I1AP
antagonist Diablo/Smac. Apoptosis 7, 163-6.

Verhagen A.M., Ekert P.G., Pakusch M., Silke J., Connolly L.M., Reid G.E., Moritz
R.L., Simpson R.J. & Vaux D.L. (2000) Identification of DIABLO, a
mammalian protein that promotes apoptosis by binding to and antagonizing IAP
proteins. Cell 102, 43-53.

Verma D., Singla-Pareek S.L., Rajagopal D., Reddy M.K. & Sopory S.K. (2007)
Functional validation of a novel isoform of Na*/H" antiporter from Pennisetum
glaucum for enhancing salinity tolerance in rice. Journal of Biosciences 32, 621-
8.

Verma M., Verma D., Jain R.K., Sopory S.K. & Wu R. (2005) Overexpression of
Glyoxalase | gene confers salinity tolerance in transgenic japonica and indica
rice plants. Rice Genetics Newsletter 22, 58-62.

172 Bibliography



Verslues P.E., Agarwal M., Katiyar-Agarwal S., Zhu J. & Zhu J.-K.(2006) Methods
and concepts in quantifying resistance to drought, salt and freezing, abiotic
stresses that affect plant water status. The Plant Journal 45, 523-39.

Viswanath V., Wu Z., Fonck C., Wei Q., Boonplueang R. & Andersen J.K. (2000)
Transgenic mice neuronally expressing baculoviral p35 are resistant to diverse
types of induced apoptosis, including seizure-associated neurodegeneration.
Proceedings of the National Academy of Sciencesof the United States of
America 97, 2270-5.

von Freeden-Jeffry U., Solvason N., Howard M. & Murray R. (1997) The earliest T
lineage—committed cells depend on IL-7 for Bcl-2 expression and normal cell
cycle progression. Immunity 7, 147-54.

Vysotskaya L., Hedley P.E., Sharipova G., Veselov D., Kudoyarova G., Morris J. &
Jones H.G. (2010) Effect of salinity on water relations of wild barley plants
differing in salt tolerance. AoB Plants 2010.DOI: 10.1093/aobpla/plg006.

Wang H., Li J., Bostock R. & Gilchrist D. (1996a) Apoptosis: A functional paradigm
for programmed plant cell death induced by a host-selective phytotoxin and
invoked during development. Plant Cell 8, 375-91.

Wang J. & Lenardo M.J. (1997) Essential lymphocyte function associated 1 (LFA-
1): Intercellular adhesion molecule interactions for T Cell-mediated B Cell
apoptosis by Fas/APO-1/CD95. Journal of Experimental Medicine 186, 1171-6.

Wang J., Zuo K., Wu W., Song J., Sun X., Lin J, Li X. & Tang K. (2004)
Expression of a novel antiporter gene from Brassica napus resulted in enhanced
salt tolerance in transgenic tobacco plants. Biologia Plantarum 48, 509-15.

Wang L., Xie W., Chen Y., Tang W., Yang J., Ye R, Liu L., Lin Y., Xu C., Xiao J.
& Zhang Q. (2010) A dynamic gene expression atlas covering the entire life
cycle of rice. The Plant Journal 61, 752-66.

Wang L.J. & Li S.H. (2006) Thermotolerance and related antioxidant enzyme
activities induced by heat acclimation and salicylic acid in grape (Vitis vinifera
L.) leaves. Plant Growth Regulation 48, 137-14.

Wang M., Oppedijk B., Lu X., Duijn B. & Schilperoort R. (1996b) Apoptosis in
barley aleurone during germination and its inhibition by abscisic acid. Plant
Molecular Biology 32, 1125-34.

Wang M., Zheng Q., Shen Q. & Guo S. (2013) The critical role of potassium in plant
stress response. International Journal of Molecular Sciences 14, 7370-90.

Wang W., Pan J., Zheng K., Chen H., Shao H., Guo Y., Hongwu B., Han N., Wang
J. & Zhu M. (2009a) Ced-9 inhibits Al-induced programmed cell death and
promotes Al tolerance in tobacco. Biochemical and Biophysical Research
Communications 383, 141-5.

Wang Z., Song J., Zhang Y., Yang B. & Chen S. (2009b) Expression of baculovirus
anti-apoptotic p35 gene in tobacco enhances tolerance to abiotic stress.
Biotechnology Letters 31, 585-9.

Bibliography 173



Wankhade S., Cornejo M.-J., Mateu-Andrés I. & Sanz A. (2013) Morpho-
physiological variations in response to NaCl stress during vegetative and
reproductive development of rice. Acta Physiologiae Plantarum 35, 323-33.

Watanabe N. & Lam E. (2004) Recent advance in the study of caspase-like proteases
and Bax inhibitor-1 in plants: their possible roles as regulator of programmed
cell death Molecular Plant Pathology 5, 65-70.

Watanabe N. & Lam E. (2005) Two Arabidopsis metacaspases AtMCP1b and
AtMCP2b are Arginine/Lysine-specific cysteine proteases and activate
apoptosis-like cell death in yeast. Journal of Biological Chemistry 280, 14691-9.

Watanabe N. & Lam E. (2006) Arabidopsis Bax inhibitor-1 functions as an
attenuator of biotic and abiotic types of cell death. The Plant Journal 45, 884-
94.

Watanabe N. & Lam E. (2008) BAX inhibitor-1 modulates endoplasmic reticulum
stress-mediated programmed cell death in Arabidopsis. The Journal of
Biological Chemistry 283, 3200-10.

Watanabe N. & Lam E. (2009) Bax inhibitor-1, a conserved cell death suppressor, is
a key molecular switch downstream from a variety of biotic and abiotic stress
signals in plants. International Journal of Molecular Science 10, 3149-67.

Whelan R.S., Kaplinskiy V. & Kitsis R.N. (2010) Cell death in the pathogenesis of
heart disease: Mechanisms and significance. Annual Review of Physiology 72,
19-44,

Wilkinson K.D. (2000) Ubiquitination and deubiquitination: Targeting of proteins for
degradation by the proteasome. Seminars in Cell & Developmental Biology 11,
141-8.

Williams B. & Dickman M. (2008) Plant programmed cell death: can’t live with it;
can’t live without it. Molecular Plant Pathology 9, 531-44.

Williams B., Kabbage M., Britt R. & Dickman M.B. (2010) AtBAG7, an
Arabidopsis Bcl-2—associated athanogene, resides in the endoplasmic reticulum
and is involved in the unfolded protein response. Proceedings of the National
Academy of Sciencesof the United States of America 107, 6088-93.

Wu C.A,, Yang G.D., Meng Q.W. & Zheng C.C. (2004) The cotton GhNHX1 gene
encoding a novel putative tonoplast Na*/H" antiporter plays an important role in
salt stress. Plant and Cell Physiology 45, 600-7.

Xu D., Duan X., Wang B., Hong B., Ho T.D. & Wu R. (1996) Expression of a late
embryogenesis abundant protein gene, HVAL, from barley confers tolerance to
water deficit and salt stress in transgenic rice. Plant Physiology 110, 249-57.

Xu D.-Q., Huang J., Guo S.-Q., Yang X., Bao Y.-M., Tang H.-J. & Zhang H.-S.
(2008) Overexpression of a TFIIIA-type zinc finger protein gene ZFP252
enhances drought and salt tolerance in rice (Oryza sativa L.). FEBS Letters 582,
1037-43.

Xu P., Rogers S.J. & Roossinck M.J. (2004) Expression of antiapoptotic genes bcl-
xL and ced-9 in tomato enhances tolerance to viral-induced necrosis and abiotic

174 Bibliography



stress. Proceedings of the National Academy of Sciencesof the United States of
America 101, 15805-10.

Xue D. & Horvitz H.R. (1995) Inhibition of the Caenorhabditis elegans cell-death
protease CED-3 by a CED-3 cleavage site in baculovirus p35 protein. Nature
377, 248 - 51.

Xue Z.Y., Zhi D.Y., Xue G.P., Zhang H., Zhao Y.X. & Xia G.M. (2004) Enhanced
salt tolerance of transgenic wheat (Tritivum aestivum L.) expressing a vacuolar
Na*/H" antiporter gene with improved grain yields in saline soils in the field and
a reduced level of leaf Na*. Plant Science 167, 849-59.

Yablonski J. (2005) Plant cells. In: Plant and Animal Cells: Understanding the
Differences Between Plant and Animal Cells (ed. by Yablonski J), pp. 11-8. The
Rosen Publishing Group, New York.

Yadav S.K., Singla-Pareek S.L., Reddy M.K. & Sopory S.K. (2005) Transgenic
tobacco plants overexpressing glyoxalase enzymes resist an increase in
methylglyoxal and maintain higher reduced glutathione levels under salinity
stress. FEBS Letters 579, 6265-71.

Yamada K., Shimada T., Nishimura M. & Hara-Nishimura I. (2005) A VPE family
supporting various vacuolar functions in plants. Physiologia Plantarum 123,
369-75.

Yang J., Liu X., Bhalla K., Kim C.N., lIbrado A.M., Cai J., Peng T.-1., Jones D.P. &
Wang X. (1997) Prevention of Apoptosis by Bcl-2: Release of Cytochrome c
from Mitochondria Blocked. Science 275, 1129-32.

Yang M., Sun F., Wang S., Qi W., Wang Q., Dong X., Yang J. & Luo X. (2013)
Down-regulation of OsPDCD5, a homolog of the mammalian PDCD5, increases
rice tolerance to salt stress. Molecular Breeding 31, 333-46.

Yang X., Chang H.Y. & Baltimore D. (1998) Autoproteolytic activation of pro-
caspases by oligomerization. Molecular Cell 1, 319-25.

Yen C.-H. & Yang C.-H. (1998) Evidence for programmed cell death during leaf
senescence in plants. Plant and Cell Physiology 39, 922-7.

Yin Q., Park H.H., Chung J.Y., Lin S.-C., Lo Y.-C., da Graca L.S., Jiang X. & Wu
H. (2006) Caspase-9 holoenzyme is a specific and optimal procaspase-3
processing machine. Molecular Cell 22, 259-68.

Yin X.Y., Yang A.F., Zhang K.W. & Zhang J.R. (2004) Production and analysis of
transgenic maize with improved salt tolerance by the introduction of AtNHX1
gene. Acta Botanica Sinica 46, 854-61.

Yoshida S. (2003) Molecular regulation of leaf senescence. Current Opinion in Plant
Biology 6, 79-84.

Youle R.J. & Strasser A. (2008) The BCL-2 protein family: opposing activities that
mediate cell death. Nature Reviews. Molecular Cell Biology 9, 47-59.

Young T.E. & Gallie D.R. (2000) Programmed cell death during endosperm
development. Plant Molecular Biology 44, 283-301.

Bibliography 175



Yu JW. & Shi Y. (2008) FLIP and the death effector domain family. Oncogene 27,
6216-27.

Yu S., Wang W. & Wang B. (2012) Recent progress of salinity tolerance research in
plants. Russian Journal of Genetics 48, 497-505.

Zeng L., Lesch S.M. & Grieve C.M. (2003) Rice growth and yield respond to
changes in water depth and salinity stress. Agricultural Water Management 59,
67-75.

Zeng L., M.C. S. & Lesch S.M. (2001) Timing of salinity stress affects rice growth
and yield components. Agricultural Water Management 48, 191-206.

Zeng L., Shannon M.C. & Grieve C.M. (2002) Evaluation of salt tolerance in rice
genotypes by multiple agronomic parameters. Euphytica 127, 235-45.

Zha J., Harada H., Yang E., Jockel J. & Korsmeyer S.J. (1996) Serine
phosphorylation of death agonist BAD in response to survival factor results in
binding to 14-3-3 Not BCL-XL. Cell 87, 619-28.

Zhang H., Zheng X. & Zhang Z. (2010) The role of vacuolar processing enzymes in
plant immunity. Plant Signaling Behavior 5, 1565-7.

Zheng L., Trageser C.L., Willerford D.M. & Lenardo M.J. (1998) T cell growth
cytokines cause the superinduction of molecules mediating antigen-induced T
lymphocyte death. Journal of Immunology 160, 763-9.

Zhu J., Fu X., Koo Y.D., Zhu J.K., Jenney F.E.J., Adams M.W., Zhu Y., Shi H., Yun
D.J., Hasegawa P.M. & Bressan R.A. (2007) An enhancer mutant of
Arabidopsis salt overly sensitive 3 mediates both ion homeostasis and the
oxidative stress response. Molecular and Cell Biology 27, 5214-24.

Zhu J.-K. (2001) Plant salt tolerance. Trends in Plant Science 6, 66-71.

Zimmermann K.C., Bonzon C. & Green D.R. (2001) The machinery of programmed
cell death. Pharmacology & Therapeutics 92, 57-70.

Zou H., Henzel W.J., Liu X., Lutschg A. & Wang X. (1997) Apaf-1, a human protein
homologous to C. elegans CED-4, participates in cytochrome c—dependent
activation of caspase-3. Cell 90, 405-13.

Zuzarte-Luis V. & Hurlé J.M. (2002) Programmed cell death in the developing limb.
International Journal of Developmental Biology 46, 871 - 6.

176 Bibliography



Appendices

Appendix 1

Media and Solutions

MS Stock Solution 1: Macronutrients (10x concentrated)

Ingredients Quantity (g)
NH;NO3 16.5

KNO3 19
MgS04.7H20 3.76
KH2PO4 1.7
CaCl2.2H20 4.5

MS Stock Solution 2: Micronutrients (100x concentrated)

Ingredients Quantity (mg)
Kl 830
H3BO3 620
MnSO4 4H20 1,320
ZnS0O4.7H20 860
Na2Mo04.2H20 250
CuS04.5H20 25
CoCl2.2H20 25
MS Stock Solution 3: Vitamins (100x concentrated)
Ingredients Quantity (mg)
Nicotinic Acid 50
Pyridoxin-Hcl 50
Myo-Inozitol 10,000
Thimine-Hcl 50
Glycine 100
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MS Stock Solution 4: Fe-EDTA (100x concentrated)

Ingredients Quantity (mg)
Na2EDTA.2H20 3,725
FeS04.7H20 2,785

N6 Stock Solution 1: Macronutrients (20x concentrated)

Ingredients Quantity (g)
KNO3 56,6

(NH4) 2504 9,26
MgSo04.7H20 3,7
KH2PO4 8
CaCl2.2H20 3,32

N6 Stock Solution 2: Micronutrients (100x concentrated)

Ingredients Quantity (mg)
Kl 80
H3BO3 160
MnSO4 4H20 440
ZnS04.7H20 150
Na2Mo04.2H20 25

N6 Stock Solution 3: Vitamins (100x concentrated)
Ingredients Quantity (mg)
Nicotinic Acid 50
Pyridoxin-Hcl 50
Myo-Inozitol 10,000
Thimine-Hcl 50
Glycine 100
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N6 Stock Solution 4: Fe-EDTA (100x concentrated)

Ingredients Quantity (mg)
Na2EDTA.2H20 3,725
FeSO4.7H20 2,785
MS media

Ingredients Quantity for 1 L

MS Stock Solution 1 100 ml

MS Stock Solution 2 10 mi

MS Stock Solution 3 1ml

MS Stock Solution 4 10 mi

Sucrose 3049

pH 5.85

Phytagen 3.5¢

Autoclave 121°C, 15 min

2N6 media

Ingredients Quantity for 1 L

N6 Stock Solution 1 50 ml

N6 Stock Solution 2 10 mi

N6 Stock Solution 3 1ml

N6 Stock Solution 4 10 mi

Sucrose 309

L-proline 0.5g

L-Glutamin 0.5g

Casein Enzymatic Hydrosylate 1lg

24D 2 mg

pH 5.85

Phytagen 3.5¢

Autoclave 121°C, 15 min

Appendices 179



YM media

Ingredients Quantity for 1 L

Mannitol 10g

Yeast extract 049

KH,PO, 0.1g

K,HPO4 0449

NaCl 0.1g

MgS0O,.7 H,O 0.2g

pH 6.8

Autoclave 121°C, 15 min
LB media

Ingredients Quantity for 1 L

Trypton 109

Yeast extract 5¢

KH>PO,4 5 g

pH 7.5

Autoclave 121°C, 15 min
BRM media

Ingredients Quantity for 1 L

MS Stock Solution 1 10 ml

MS Stock Solution 2 1ml

MS Stock Solution 3 1ml

MS Stock Solution 4 1ml

Cystein 049

Thiamin 10¢

Glucose 36

Sucrose 68.4 g

pH 5.2

Filter sterile

Before use add 100 uM acetosynringone (freshly prepared and filter

sterile)
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CCM media

Ingredients Quantity for 1 L
MS Stock Solution 1 10 ml

MS Stock Solution 2 1ml

MS Stock Solution 3 1ml

MS Stock Solution 4 1ml

Cystein 049
Glutamin 0.1g

Malt extract 0.1g

Biotin 1mg

PVP 10 g

Ascorbic acid 10g

Proline 0.3g

24D 0.5mg
Kinetin 0.5mg

NAA 2.5 mg
Maltose 30¢

Glucose 10¢

Sucrose 309

pH 5.3

Agar 759
Autoclave 121°C, 15 min
After autoclaved add 100 uM acetosynringone (freshly prepared and filter
sterile)

2N6 selection media

Ingredients Quantity for 1 L
N6 Stock Solution 1 50 ml

N6 Stock Solution 2 10 ml

N6 Stock Solution 3 1ml

N6 Stock Solution 4 10 ml

Sucrose 309

Casein Enzymatic Hydrosylate 19

24D 2 mg

pH 5.8

Agar 8¢

Autoclave 121°C, 15 min
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Timetin (add in after autoclaving)

200 mg

Hygromycin

50 mg

2N6 regeneration media

Ingredients Quantity for 1 L
N6 Stock Solution 1 50 ml

N6 Stock Solution 2 10 ml

N6 Stock Solution 3 1ml

N6 Stock Solution 4 10 ml

Sucrose 3049

L-proline 0.5¢
L-Glutamin 0.5g

Casein Enzymatic Hydrosylate 03¢

NAA 0.5 mg

BAP 3mg

pH 5.8

Agar 89

Autoclave 121°C, 15 min
Timetin (add in after autoclaving) 200 mg
Hygromycin 25 mg

Rooting media

Ingredients Quantity for 1 L
MS Stock Solution 1 50 ml

MS Stock Solution 2 5mil

MS Stock Solution 3 1ml

MS Stock Solution 4 10 ml

Sucrose 10¢

IAA 0.2mg

pH 5.8

Agar 8¢

Autoclave 121°C, 15 min
Timetin (add in after autoclaving) 200 mg
Hygromycin 25 mg
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Appendix 2
Additional figures for chapter 4

Molecular characterisation of p35 putative transgenic rice

MNWTP 12 3 4 5 67 8 901011 K MNWTP 13 14 15 16171819 2021 22 23 24

Kb

A

M N P 2526 27 28 29 30 3132 33 34 35 36 KbMNP 12 3 45 6 7 89 111213
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MN PWT12 35 6 78 9101112 M

E
M_N_P_ 25 26 27 28 30 37 33 34 35 36 M

Kb
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Appendix 2 - Figure 1: Molecular characterisation of p35 transformed rice plants. A, B
and C: PCR with gene specific primers; D, E: PCR with VirC primers: RT-PCR. M=
Marker X; N= PCR negative control; WT= wild type Nipponbare, non-transgenic
negative control; P= positive control (plasmid DNA); numbered lanes = transgenic rice
lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at 120 V.
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Molecular characterisation of VC putative transgenic rice
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Appendix 2 - Figure 2: Molecular characterisation of vector control transformed rice
plants. A, C, E, G: PCR with Hygromycin resistant gene specific primers; B, D, F, H:
PCR with VirC primers; M= Marker X; N= PCR negative control; WT= wild type
Nipponbare, non-transgenic negative control; P= positive control (plasmid DNA or
Agrobacterium extraction); numbered lanes = transgenic rice lines numbers; Gel =
1.5% Agarose in TAE, run for 35 min at 120 V.
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Molecular characterisation of AtBAG4 putative transgenic rice

A

KbM N P WT 1.2 3 4 5 6 7 8 9 10

B

M NWTP 2 3 4 5

Kb

1.0-
0.5-
0.2-

C

Appendix 2 - Figure 3: Molecular characterisation of AtBAG4 transformed rice plants.
A: PCR with gene specific primers; B: PCR with VirC primers; C: RT-PCR. M=
Marker X; N= PCR negative control; WT= wild type Nipponbare, non-transgenic
negative control; P= positive control (plasmid DNA or Agrobacterium extraction);

numbered lanes = transgenic rice lines numbers; Gel = 1.5% Agarose in TAE, run for

35minat 120 V.
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Molecular characterisation of Hsp70 putative transgenic rice

MN PWT 1 2 3 4 5 6 7 8 9 1011

A

M NPWT1 2 3 456 7.8 9 1011

13 14 15

M N WT P 9 10 11 12

Kb

ooor
Beoe

Appendix 2 - Figure 4: Molecular characterisation of Hsp70transformed rice plants. A
and B: PCR withHsp70 gene specific primers; C and D: PCR with VirC primers; E and
F: RT-PCRwithHsp70 gene specific primers. M= Marker X; N= PCR negative control;
WT= wild type Nipponbare, non-transgenic negative control; P= positive control
(plasmid DNA or Agrobacterium extraction); numbered lanes = transgenic rice lines
numbers; Gel = 1.5% Agarose in TAE, run for 35 min at 120 V.
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Molecular characterisation of Hsp90 putative transgenic rice
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Appendix 2 - Figure 5: Molecular characterisation of Hsp90 transformed rice plants. A
and B: PCR with Hsp90 gene specific primers; C and D: PCR with VirC primers; E and
F: RT-PCR with Hsp90 gene specific primers. M= Marker X; N= PCR negative
control; WT= wild type Nipponbare, non-transgenic negative control; P= positive
control (plasmid DNA or Agrobacterium extraction); numbered lanes = transgenic rice
lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at 120 V.
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Molecular characterisation of AtBI putative transgenic rice

MN P WT12 34 5 67 89 MN P WT 12 13 14 15 16 17 18 19 20 21 22
Kb Kb

M NPWT12 3 4 5 6 7 829 1011
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05- 1.0-
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Appendix 2 - Figure 6: Molecular characterisation of AtBI transformed rice plants. A, B
and C: PCR with AtBI gene specific primers; D and E: PCR with VirC primers; F, G
and H: RT-PCR with AtBI gene specific primers. M= Marker X; N= PCR negative
control; WT= wild type Nipponbare, non-transgenic negative control; P= positive
control (plasmid DNA or Agrobacterium extraction); numbered lanes = transgenic rice
lines numbers; Gel = 1.5% Agarose in TAE, run for 35 min at 120 V.
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Appendix 3
Additional figures for chapter 5
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Appendix 3 — Figure 1: Salinity tolerance screening on AtBAG4 transgenic plants in
in vivo conditions (growth chamber-Thermoline). (A): Leaf damage and (B):
Survival of WT and AtBAG4 transgenic lines exposed to 100 mM NaCl. Data are
mean and standard error of three replicates.
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Appendix 3 — Figure 2: Salinity tolerance screening on AtBAG4+ Hsp70 transgenic
plants in in vivo conditions (growth chamber-Thermoline). (A): Leaf damage and
(B): Survival of WT and AtBAG4 + Hsp70 transgenic lines exposed to 100 mM

NaCl. Data are mean and standard error of three replicates.
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Appendix 3 — Figure 3: Salinity tolerance screening on Hsp70 transgenic plants in in
vivo conditions (growth chamber-Thermoline). (A): Leaf damage and (B): Survival
of WT and Hsp70 transgenic lines exposed to 100 mM NaCl. Data are mean and
standard error of three replicates.

Appendices 191



Leaf damage (%)

100

9

=

&8

=

7

=

[

=

5

=

4

=

3

=]

2

=

1

=]

| I I |

<& - © © @ - » ® & * @
& & F & & FFF S

Survival (%)

C

0

LELUR

50

a0 -

E11

0 -

i -

o

N

TS

Appendix 3 — Figure 4: Salinity tolerance screening on Hsp90 transgenic plants in
controlled conditions (growth chamber-Thermoline). (A): Leaf damage and (B):
Survival of WT and Hsp90 transgenic lines exposed to 100 mM NaCl. Data are mean

and standard error of three replicates.
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Appendix 3 — Figure 5: Salinity tolerance screening on OsBAG4 transgenic plants in

in vivo conditions (growth chamber-Thermoline). (A): Leaf damage and (B):

Survival of WT and OsBAG4 transgenic lines exposed to 100 mM NaCl. Data are

mean and standard error of three replicates.
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Appendix 3 — Figure 6: Salinity tolerance screening on SfIAP transgenic plants in in
vivo conditions (growth chamber-Thermoline). (A): Leaf damage and (B): Survival
of WT and SfIAP transgenic lines exposed to 100 mM NaCl. Data are mean and

standard error of three replicates.
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