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Abstract

With the predicted climate change and an ever-growing population there is increasing
pressure to devel op crop plants with improved stress responses, increased yield and high
nutritive value. We have explored transcriptomic changes in the leaves and roots of rice
plants (Oryza sativa japonica cv Nipponbare) in response to drought and the root-knot
nematode Meloidogyne graminicola. A glasshouse model was developed to mimic
conditions experienced by rice plants in the field. The plant responses under
simultaneous biotic and abiotic stress were dominated by the drought element
accompanied by a unique set of genes that were only responsive to the simultaneous
stress. Highlighted within this group were novel members of stress-responsive gene
families for example cytochrome P450, wall-associated kinases, lipid transfer protein-
like proteins and new candidate genes that may play important roles in the response of
rice to multiple stresses. The genes that were differentially regulated between the
multiple and the drought stress treatment were explored using loss-of-function mutants.
The loss-of-function mutant for peroxidase precursor gene (per) showed improved
growth and yield compared to the wildtype Nipponbare plants. The experiments
conducted in growth rooms were validated in afield study. Both Nipponbare rice plants,
and the popular lowland indica rice cv IR64 were grown under prolonged vegetative
drought stress accompanied by cyst nematode or root-knot nematode infection.

Reduction of phytate, an anti-nutrient, has been adopted as a major strategy to improve
the nutritional value of crop plants. Nematode susceptibility of low phytate Arabidopsis
plants was studied to determine the effect of reduced phytate content on the plant’s

defence response.

The study has provided insight into the genome-wide transcriptional changes in rice
under a combined biotic and abiotic stress. It has led to better understanding of the
stress responses in plants that will be advantageous in developing crop varieties with
improved yield and nutritive value.
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1 Chapter

| ntroduction

Being sessile, plants need to continuously respond and adapt to the changing
environment for survival. Plants experience a wide range of environmental perturbances
during development that could limit their productivity. When plants are grown under
sub-optimal environmental conditions, a yield gap is observed and thus the actud
average yield obtained is much lower than the maximum yield potential of the particular
crop (Lobell, Cassman and Field 2009). The yield gaps for three magjor cerea crops;
wheat, rice and maize are 40 %, 75 % and 30 % respectively, in major growing areas of
the world (Fischer, Byerlee and Edmeades 2009). The magjor factors responsible for the
yield gap in crop species can be classed as: (i) abiotic factors, such as excessive or
insufficient temperature, water or minerals or (ii) biotic factors, such as bacterial, fungal
or insect attack (Gaspar et al. 2002). These environmental stresses are responsible for
large-scale crop loss each year and with the predicted climate change, such losses are
expected to increase. Nearly 50 % of crop yield losses each year are contributed by the
abiotic stresses (Wang, Vinocur and Altman 2003). The predicted climate change,
characterised by an increase in temperature, increased concentration of green-house
gases, intensified hydrologic cycle and increase in tropospheric ozone levels will have a
multifaceted effect on crop growth and productivity. The results from Free Air Carbon
dioxide Experiments (FACE) have established that increase in CO, levels in the
atmosphere will lead to photosynthetic carbon gain, increased nitrogen use efficiency,
decreased water use in the leaves, but the yield gain in crop species will be much
smaller than anticipated (Leakey et al. 2009). Also the change in hydrological cycle will
cause frequent extreme events of floods and storms in coastal areas accompanied by
drought and reduced soil moisture in the drier regions, resulting in reduced productivity
(Schmidhuber and Tubiello 2007). The anticipated rise in temperature will lead to a
shorter life cycle and increased biomass in plants. Temperature changes outside the
typical range during the major growth stages of crop plants will highly affect
productivity (Moriondo, Giannakopoulos and Bindi 2011). Currently, pest and
pathogens account for 15 % of the annual crop loss across the globe (Maxmen 2013).

The increase in temperature and precipitation will ater the geographic distribution and
1
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host range of various pests and pathogens (Newton, Johnson and Gregory 2011). The
predicted changes will leave crop plants vulnerable to a large number of biotic and
abiotic environmental stresses, acting upon them simultaneously. The world population
IS expected to increase by another 2 billion by 2050, and to assure food security for
nearly 9 billion humans, agricultural produce will have to be increased by nearly 60 %
of the 2006-2007 produce values. On the contrary, cereal production has barely
increased by 2.3 % since 2006 (FAO 2013) and the increase in food grain production is
not sufficient to attain food security for the growing world population. Apart from
increased food grain production, availability of sufficient, safe and nutritious food that
meets dietary needs and food preferences of individuals is a vital dimension of global
food security (Panagariya 2002). By 2015, 560 million people in developing countries
will remain under-nourished, lacking 100-400 kcal per day. This energy malnutrition is
intensified by deficiency of macro-nutrients and micro-nutrients required for proper
growth and development of an individual. Nearly 1.5 million people, especialy women
and children, suffer from iron deficiency, 740 million suffer from iodine deficiency and
another 2.8 million children suffer from vitamin A-related blindness with a total of 200
million affected individuals across the globe (FAO 2000). Reduced concentration and
bioavailability of these nutrients in the monotonous cereal consumption isamajor cause
of the deficiencies (Bhutta, Salam and Das 2013). Thus, to fulfil the food requirement of
the world’'s growing population, it is important to understand the responses of crop
plants to the simultaneous biotic and abiotic stresses and to implicate the acquired

knowledge for improvement of crop yields and nutrition for attaining food security.

1.1. Rice

Rice (Oryza spp) is an important cereal crop which is the staple diet of about half of the
world population. This figure is set to increase since the prediction suggests that
demand for rice will increase by 2,000 million metric tonnes by 2030 (FAO). 90 % of
rice is grown and consumed in the Asia-pacific region, cultivated in flooded lowlands
through to rain fed dry land (Alexander Sarris 2004; Pandey 2009).

The genus Oryza originated 130 million years ago in the super continent Gondwanaland
and the domestication of wild rice varieties started 9000 years ago, independently and
concurrently at various sites in Asia and Africa. There are two cultivated species of rice

with 21 wild rice species. The cultivated rice species, Oryza sativa and Oryza
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glaberrima present a classic example of parallel evolution of a crop plant, sharing the
same common ancestor but following two different evolutionary paths. Oryza sativa,
also known as the Asian rice, is grown worldwide whilst O. glaberrima, the African
rice, is grown in only certain parts of West Africa. The O. sativa cultivars are further
divided into two varietal groups or sub species, japonica and indica. There are mixed
opinions on the origin of these two varietal groups. Phylogeographic analysis of the
DNA sequences from these varieties indicates that they may be the result of two
independent domestication events of the same ancestor O. rufipogon. O. sativa indica
was domesticated in eastern India, Myanmar and Thailand, whereas O. sativa japonica
was domesticated in southern China (Londo et al. 2006). The most recent modelling,
however, based on SNP data suggests that the two varieta groups originated from a
single domestication event that took place ~8,200 to 13,500 years ago in the Y angtze
valey in China (Molina et al. 2011). The International Rice Research Institute (IRRI)
has classified rice ecosystems into four main types; irrigated rice ecosystem, rainfed
lowland rice ecosystem, upland rice ecosystem and the flood-prone ecosystem (IRRI,
1993). Rice cultivation and productivity is water dependent and thus highly susceptible
to drought and floods. The maor rice producing belts in Asia produce only 40 % of
total production efficiency due to damage caused by drought (Alexander Sarris 2004,
Farooq et al. 2009). Over 75 % of the world's rice growing area is irrigated rice
ecosystem (Hawart and Gupta 2004). The rainfed rice growing ecosystems, where the
rice seedlings are transplanted into puddled fields and are kept submerged under 5-10
cm of water throughout the growing season, are reliant on rainfall and are subjected to
frequent floods and droughts. Around 3000-5000 litres of fresh water is required to
produce 1 kg of rice grain (IRRI). With declining fresh water availability, a new concept
of aerobic rice production has been developed to grow high yielding lowland rice
varieties in non-puddied, aerated and irrigated soil (Bouman et al. 2002). Systematic
studies on lowland rice varieties grown under aerobic conditions with 77 % less water
than in flooded fields in the dry season showed only 23 % reduction in yield (Bouman
et al. 2005). The aerobic rice cultivation holds promises for farmers, enabling them to
cultivate more than one crop every year with limited water availability without

compromising too much on the yield.

Being a tropical crop, rice aso serves as a host for many diseases and pests, 54 in
temperate zones and about 500 in tropical countries (Papademetrieu 2009). Of the
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known rice pathogens and pests, the rice blast fungus and root-knot nematodes cause
severe damage to rice cultivation in al rice growing ecosystems, especialy in the
aerobic rice cultivation (Farooqg et al. 2011; Kreye et al. 2009).

The model dicot plant, Arabidopsis, has been the first choice of plant scientists because
of its short life-cycle, ease of growth and maintenance, sequenced genome, rich genetic
resources and the ease of manipulation (Sijmons et al. 1991). Although the studies
performed in Arabidopsis have enhanced our knowledge and understanding of the basic
plant mechanisms and their responses to various stimuli, monocotyledon plants do not
always respond in the same way. The monocotyledons and the dicotyledons diverged
200 million years ago and are significantly diverse in many aspects of development.
Thus, it is essentia to also study a model monocot crop species. Rice has long been
used as the model monocot plant because of its economic and agricultural importance.
Availability of the completely sequenced and annotated genome has led to universal
acceptance of rice as the model monocot plant. It has a small genome of 420 Mbp with
high gene density and also shows high synteny with the other cereals (Goff et al. 2002).
Since the publication of the draft genome sequences for Nipponbare (japonica cultivar)
and 93-11 (indica cultivar) in 2002, rice genome research has come a long way. The
expected end of the International rice functional genomic project in 2020, will
accomplish the aim of defining the function of all identified rice genes (Zhang et al.
2008; Goff et al. 2002; Yu et al. 2002).

1.2. Drought stress

At least 23 million hectares of rice growing area, i.e. 20 % of the total rice growing area
in Asig, is affected by drought of different intensities, a major factor contributing to low
and unstable rice production in this area (Pandey 2009). Drought is a situation where
water potential and the turgor of plant leaf cells reduces to a level where normal
functions are impaired. It causes stomata closure and limits gas exchange, reduces
water content, turgor, water potential and results in wilting of the plant (Shao et al.
2008). Rice is affected by drought stress at each developmental stagein all rice growing
ecosystems and the crop responds differently to the drought stress in different life stages
(Boonjung and Fukai 1996). Plants deploy drought avoidance mechanisms including
leaf rolling, stomatal closure, reduced tillering and accumulation of osmoprotectants to

prevent severe damage caused due to drought (Hadiarto and Tran 2011). The effect of
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vegetative drought stress in upland rice results in reduced tiller number and reduced
panicles, whereas drought stress during the reproductive growth phases cause heavy
yield losses (Boonjung and Fukai 1996). Rice cultivars aso adopt drought escaping
strategies by initiating early heading to escape severe drought at critical reproductive
time (Guan et al. 2010).

1.2.1. Plant mor pho-physiological response towards drought stress

Detrimental effects caused by different abiotic stresses are related to disruption of plant
water status in one or the other way. The field drought condition can manifest
physiological changes similar to other abiotic stresses like high temperature, disturbed
ion intake and nutrient deficiencies in plants (Wang, Vinocur and Altman 2003).
Verdues et a. (2006) have comprehensively described the physiological changes and
stages of the drought response. Drought is characterised by decreased soil moisture
potential and reduced available water for the plant. Plants respond to this initia
reduction in soil water potential by reducing the water loss and maximising water
absorption at the lower soil water potential to ensure normal cell function. These goals
are attained by physiological changes like stomata closure, change in root:shoot growth
and increase in root to shoot ratio, thickening of the cuticle and increase in tissue water
storage. When the soil water potential reduces further, these drought avoidance
mechanisms fail to sustain normal plant growth and the plant has to deploy dehydration
avoidance mechanisms. The plants require osmotic strategies to prevent water |oss; this
can be done by increasing solute concentration in the plant cell and thickening of the
plant cell wall. If the soil water potential drops further, the plant has to adopt drought-
surviving strategies. During extreme water loss, plants undergo changes to try and
protect cellular components from effects of dehydration. This involves production of
protective proteins and limitation of damage caused by reactive oxygen species (ROS)
by reducing their levelsin the cell (Verslues et al. 2006). The resurrection plants deploy
extreme drought survival strategies. These plants can survive absolute water loss and
rehydrate when sufficient water is available (Bewley 1979). The study of desiccation
tolerance in resurrection plants and use of dehydration as a method of implementing
drought stress in laboratory studies has resulted in major advancements in developing

drought tolerance in crop species (Moore et al. 2009).
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In rice, the morpho-physiological drought responsive traits are used for engineering or
screening plants for drought tolerance and resistance. Mgjor drought avoidance traits in
rice include adaptations in the root system like increase in root depth, root density,
root:shoot ratio and root penetration. The shoot-related traits include leaf rolling and
reduced stomatal conductance, osmotic adjustment, altered water use efficiency,
retention of green leaf and production of fertile spikelet (Fukai and Cooper 1995). The
contribution of these traits towards yield of rice under stress conditions is reviewed by
Fukal et a. (1995). Various studies have identified quantitative trait loci associated with
the morpho-physiologica traits to facilitate breeding programs targeted to improve
drought tolerance (Price et al. 2002; Price, Y oung and Tomos 1997).

1.2.2. Model systemsto study rice drought response in the laboratory

Studies exploring rice drought tolerance and the physiological effect of drought have
been performed in fields during the dry season whereas the molecular responses towards
drought have generaly been investigated by studies carried out in controlled
environments. Air-drying or dehydration has been readily adapted as a model of
inducing drought stress across plant species. Although the molecular changes marking
dehydration are similar to drought stress, it is not a suitable model to mimic the gradual
reduction in soil water potential as encountered by plants in the fields. Apart from air-
drying, reduction in water potential of the plant growth medium can be achieved by
addition of solutes like mannitol or polyethylene glycol (PEG) (Biswas et al. 2002; Rai
et al. 2011). PEG is a non-ionic long chain polymer; high molecular weight PEG is
considered a non-penetrating osmoticum that lowers the osmotic potential of
experimental media (Ral et al. 2011). The reduction in soil water content results in loss
of water from the cell wall as well as from the protoplast of the cell but the low
molecular weight solutes like mannitol are absorbed by the plant cell resulting in
plasmolysis (Verdues et al. 2006). The low molecular weight PEG also gets absorbed
by the plants and accumulates in plant tissue resulting in negative effects on the plant
growth (Fan and Blake 1997). Although, high molecular weight PEG has been used as
an osmoticum in plant systems, it has been difficult to correctly measure the reduction
in osmotic potential that it causes (Steuter, Mozafar and Goodin 1981). These methods

are advantageous in assuring homogenous stress making it easy to screen large numbers
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of plants under similar conditions, but the plant responses to these methods are not

similar to those observed in soil.

1.2.3. Plant molecular response towar ds drought stress

Characterisation of the molecular aspects of the drought response in rice manly
comprises study of regulatory elements like transcription factors or protein kinases
aong with downstream genes belonging to functional categories involved in
metabolism or direct stress tolerance. The main family of transcription factors (TF)
associated with drought responses in plants are known as dehydration responsive
element binding proteins or DREBs. These proteins have an ethylene responsive
binding factor motif (ERF) which binds to the cis acting dehydration binding domain
(A/GCCGAC) of the various downstream stress responsive genes (Matsukura et al.
2010). The DREB genes can be divided into two functional categories, DREB1 and
DREB2. A total of six DREB2 genes have been identified in rice, DREB2A, DREB2B,
DREB2C, DREB2D, DREBZ2E and 0sABI4 (orthologous to the DREB2s). Out of these,
DREB2B, plays an important role in dehydration stress induced by air-drying. Two
aternatively spliced forms of DREB2B are identified, DREB2B1 which is constitutively
expressed and DREB2B2, which is aternatively spliced from DREB2B under stress
conditions (Matsukura et al. 2010). Transgenic rice plants over-expressing different
DREBs have successfully shown improved abiotic stress tolerance in laboratory
conditions. DREB2A over-expressing plants show improved salt and dehydration
tolerance when the stresses are imposed using mannitol and NaCl respectively
(Mallikarjuna et al. 2011). Transgenic over-expression of DREB1F enhances tolerance
to dehydration stress induced by PEG 6000 and air-drying in both rice and Arabidopsis
(Wang et al. 2008). The transgenic rice over-expressing DREB2B2, DREB1G and
DREB1E show improved rate of survival under water deficit in a soil-based screening
system when compared to the wild-type plants (Chen et al. 2008a).

Another family of transcription regulators involved in plant stress response is the NAC
(NAM, ATAF and CUC) family of genes, which is specific to the plant kingdom. The
NAC family members are transcription factors and affect the expression of many
downstream abiotic stress-responsive genes. The members of this family can form
homodimers and heterodimers. They also interact with other regulatory elements to

generate abiotic and biotic stress responses. The NAC proteins contain a conserved N-
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terminus and a DNA binding domain. The spatia distribution and role of rice NAC
family members under biotic and abiotic stresses have been detailed el sewhere (Fang et
al. 2008; Nuruzzaman et al. 2010) Transgenic rice over-expressing OsNAC9 and
OsNAC10 genes display enhanced drought tolerance through improved root
characteristics, resulting in improved yield potential in the field (Redillas et al. 2012a;
Jeong et al. 2010). Over-expression of OsSNAC52 in Arabidopsis makes the plants
sensitive to ABA and improves drought tolerance (Gao et al. 2010). The members of
the NAC family are also involved in biotic stress responses and auxin signaling in
plants (Sun et al. 2013; Zheng et al. 2009). Transgenic rice plants constitutively
overexpressing OsNAC6 show increased tolerance to biotic and abiotic stresses but with
negative influence on growth and yield (Nakashima et al. 2007; Ohnishi et al. 2005).
OsNACS directly controls the expression of other stress-induced genes like Late
Embryogenesis Abundant (LEA), it also confers drought tolerance on transgenic rice
plants but causes a negative effect on the plant growth (Takasaki et al. 2010).

Drought responsive physiological changes in rice are a consequence of overlapping
signalling pathways. The stomatal closure and increased sensitivity to ABA in the guard
cells that leads to drought resistance in rice is caused by strong expression of a SNAC1
transcription factor (Hu et al. 2006). A zinc finger transcription factor, aso known as
Drought and salt tolerance (DST), negatively regulates stomatal closure by H,O,-
mediated signalling (Huang et al. 2009c). The recent identification of the OsSRO1c
gene has linked these two pathways of stomatal closure under drought stress. OsSRO1c
is regulated directly by the SNAC1 gene and its over-expression leads to down
regulation of DST and accumulation of H,O, resulting in stomata closure. The
OsSRO1c induced stomatal closure is independent of ABA but its protein product
interacts with the OSDREB2B TF (You et al. 2013).

Other members of TF families APETELAZ2, bZIP, zinc finger MYB and WRKY have
also been characterised and are known to play important roles in drought responsiveness
in rice (Hadiarto and Tran 2011; Todaka et al. 2012; Agarwal and Jha 2010).

Apart from the TFs, drought aso influences expression of various protein kinases (PK)
involved in signalling cascades. The receptor-like protein kinase, OsSK1, provides
increased drought tolerance by activation of the oxidative system. Over-expression of
the OsSK1 gene leads to drought tolerance and activation of downstream genes like

peroxidases, superoxide dismutase and catal ase that reduce the accumulation of H,O, in
8
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the leaves and also affect the stomatal density (Ouyang et al. 2010). The mitogen-
activated protein kinase (MAPK) signal cascade is the most common signalling cascade
involved in plant hormone response, development, cell divison and abiotic stress
responses. It consists of a three kinase system MAPK kinase kinase (MAPKKK),
MAPK kinase (MAPKK) and MAPK. The role of MAPK in plant defence responses are
well characterised (Agrawal, Iwahashi and Rakwal 2003; Zhang and Klessig 2001). Of
the known MAPKs in rice, MAPK5, MAPK7, MAPK8 and MAPK12 are known to be
drought induced and MAPK4 is repressed under drought stress (Hadiarto and Tran
2011). In rice, a Raf-like MAPK identified from a drought-hypersensitive mutant
(dsml) enhances drought and salt tolerance by altering ROS scavenging mechanisms
(Ning et al. 2010). The MAPK kinases regulate the expression of downstream genes,
mostly transcription factors like OSWRKY30 and enhance drought tolerance (Shen et al.
2012). Apart from the ROS scavenging mechanisms, the MAPK cascade aso enhances
drought tolerance viaan ABA-mediated stress response (Singh and Jwa 2013).

Change in Ca* flux in acell is perceived by members of the cal cium-dependent protein
kinase (CDPK) and calcineurin B-like interacting protein kinase (CIPK) families of
protein kinases. Of the CDPK's, OsCDPK?7 islocalised in rice tissues where water stress
occurs most severely (vascular tissue of roots) and enhances the expression of the
putative hydrophilic protein producing gene rabl6A, potentialy involved in water
retention and improved drought tolerance (Saijo et al. 2001b; Saijo et al. 2001a). The
CIPKs that are known to be drought responsive in rice, also play an important role in
plant development and reproduction. OsCIPK31 is required for germination and
seedling development but also modulates expression of stress responsive genes (Piao et
al. 2010). OsCIPK23 regulates expression of various drought-responsive genes and is
also required for pollination (Yang et al. 2008). The OsCIPK12 over-expression line
has an increased concentration of proline and soluble sugars that might impart improved

drought tolerance.

Another drought responsive family of PKs is stress activated protein kinases (SAPK)
belonging to the superfamily of sucrose non-fermenting related kinases (SnRK). There
are ten SAPK genes known in rice and al of them respond to hyperosmotic stress.
SAPKS8, SAPK9 and SAPK10 also respond to ABA and regulate the expression of bZIP
transcription factors (Goodell and Ferris 1989).
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At low soil water potential, plants accumulate osmoprotectants that maintain the
osmotic balance of the cell and protect the cell membrane from the devastating effects
of reduced water potential. These osmoprotectants include non-reducing sugars like
trehal ose, certain amino acids like proline and glycine and the fully N-methylated amino
acid derivatives like betains (Rontein, Basset and Hanson 2002). The genes involved in
biosynthetic pathways of these solutes are downstream targets of the TFs and PKs
induced by drought. Accumulation of osmoprotectants by modifying metabolic
enzymes involved in production of these molecules enhances drought tolerance in rice
(Redillas et al. 2012b; Li et al. 2011).

Drought can lead to mis-folding of RNA and degradation of proteins. Thus, a major
category of genes affected by drought include the heat shock protein (HSP) chaperones
and other protective proteins. Rice has atotal of 74 HSPs classified into four categories;
sHSP, HSP70, HSP90 and HSP100 (Xiang et al. 2013). These genes are activated by
factors (HSFs) that bind to the heat shock element of these genes. Rice has 25 HS-
genes, al of which respond to ABA whereas only four are drought-specific (Chauhan et
al. 2011). Another class of molecular chaperone proteins called late embryogenesis
abundant (LEA) proteins are also produced in response to drought. The LEAs are
hydrophilic proteins and are found abundantly in germinating seeds in unstressed
conditions. Their putative role in drought stress is to maintain structure of the cell
membrane and ion balance (Ashraf 2010). The expression levels of rice LEA genes
increase under water deficit. Over-expression of OsLEA6 and OsLEA3-1 has been
successfully used to enhance drought tolerance of rice plants in the field (Xiao et al.
2007; Rodriguez-Valentin et al. 2013).

Last but not the least, drought influences biosynthesis of phytohormones; specificaly
the abiotic stress response is mediated by ABA. Water deficit alters expression of
enzymes involved in biosynthesis of ABA, increasing its production that results in
ABA-mediated drought response. Drought induces expression of a GH3 family gene,
OsGH3-2, that catalyses conjugation of indole acetic acid (auxin) to amino acids and
modulates the level of ABA in response to stress (Du et al. 2012). The drought response
in plants can be classified as ABA-dependent or ABA-independent (Cutler et al. 2010;
Agarwal and Jha 2010).

Altogether, ABA, TFs and PKs modulate a vast network of signalling cascades

directing expression of downstream genes in response to drought stress in rice. Some
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parts of this complex network are well studied (like the ABA-dependent drought
response) whereas others still need exploring (like the role of LEAS).

1.3. Ricenematode problems

Plant parasitic nematodes (PPN) account for an annua agricultural loss of around $157
billion, globaly (Abad et al. 2008). It is estimated that half of that total cost is derived
from the losses in just two crops, rice and maize, with rice suffering a total loss of $35
billion annually (Berg and Taylor 2009). A total of 200 PPN species have been reported
to be associated with rice, out of these the Meloidogyne spp (root-knot nematodes -
RKN) and Heterodera spp (cyst nematodes - CN) are the predominant root pests. Major
RKN species infecting rice include M. graminicola, M. incognita, M. oryzae, M.
javanica and M. arenaria. They are cosmopolitan, affecting rice plants in all rice
ecosystems in various countries across the globe. The four main cyst nematode species
infecting rice are H. oryzicola, H. elachista, H. oryzae and H. sacchari. They are
localised in certain parts of the world (Bridge, Luc and Plowright 1990). Meloidogyne
spp have a broad host range, they can reproduce on cereals, vegetable and weeds,
whereas the host range for rice CNs is narrow and excludes many wild and cultivated

Gramineae members (Bridge, Luc and Plowright 1990).

Out of al the nematode pests of rice, M. graminicola, Golden and Bridge is considered
the most serious pest in al ecosystems (Roberts 2007) . It was traditionally reported in
the fields of Laos, Vietnam, Burma, Thailand, Philippines, India and USA. In the last
few years, it has been reported to be widespread in rice and wheat growing regions of
Nepal, Pakistan and the majority of upland rice growing regions of India. It can affect
lowland rice, upland rice, rice in nurseries and even in deep water production systems
(Pokharel et al. 2007). The severity of M. graminicola infection is dependent on the
initial nematode density in soil aong with the soil moisture and flooding regimes
(Poudyal et al. 2005; Soriano, Prot and Matias 2000). The young rice grown in drained
soil is more susceptible to infection; 2™-stage juvenile nematodes penetrate the root
within five hours after artificial inoculation and many juveniles can enter the same root
tip. The eggs stay viable in moist and water-logged soil for as long as 12 months. The
life cycle takes 26-51 days, depending upon the time of the year (MacGowan and
Industry 1989). The rice varieties under upland conditions suffer a 23.6 % of yield loss
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and susceptible varieties show significant reduction in biomass, both fresh and dry,
along with reduced grain filling (De Waele et al. 2013).

Of the CNs, H. sacchari is a problem on upland and flooded rice and sugarcane
throughout West Africa and some parts of Asia (Coyne, Smith and Plowright 2001).
The yield losses in Asia due to H. sacchari are not well documented while in Céte d’
Ivoire, intense wet season rice cropping has increased H. sacchari populations leading
to 50 % yield losses (Bridge, Plowright and Peng 2005).

1.3.1. Lifecycle of theroot-knot nematodes

The RKNs are obligate, sedentary endoparasites that can manipulate the host plant
functions to suit their own benefits. The RKN juveniles undergo the first moult in the
egg and the second stage juveniles (J2s) hatch out of the eggs when the conditions are
favourable. Hatching of Meloidogyne juveniles is dependent on the soil moisture, soil
aeration and temperature (Wallace 1968; Goodell and Ferris 1989). Although, hatching
in Meloidogyne does not require host root exudates and can take place in just water, the
root exudates affect rate of hatching and percentage hatch in some species (Curtis,
Robinson and Perry 2009). The movement of Meloidogyne juveniles in soil requires
ideal moisture and pore size (Prot and Van Gundy 1981; Eo et al. 2007). The
pre-parasitic J2s infect the plants near root tips. The nematode mechanically enters the
plant using the protracting stylet, supported by the secretion of cell wall degrading
enzymes (Davis, Hussey and Baum 2004). The juveniles travel intercellularly between
the cortical cellstowards the root tip. On reaching the root tip they take a U-turn to enter
the vascular tissue and start feeding. At this stage, the juveniles become sedentary and
parasitic. They induce formation of feeding sites by re-differentiating parenchymatic
cells into multinucleated and hypertrophied feeding cells aso known as giant cells
(Wyss, Grundler and Munch 1992; Wyss and Grundler 1992). The cells surrounding the
giant cells undergo a few rounds of cell division resulting in formation of a gall. These
giant cells act as speciaised nutrient sinks that support the growth and reproduction of
the nematode (Kyndt et al. 2013). The J2 feeds from the giant cells then undergoes three
subsequent moults, without feeding, to reach the mature adult stage. RKN are dioecious
and gonochoristic, with separate, morphologically distinct males and femaes. Most
species are obligate or facultative parthenogenetic, whereas very few are obligatorily

amphimictic (Bird et al. 2009). The adult vermiform males emerge from the cuticle and
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leave the gall after the fourth moult. Unlike J2s and females, males do not feed. All the
energy required for further development and survival was obtained while it was a J2.
The males are common in species that are amphimictic but rare in the parthenogenetic
species. The females become pear shaped and remain sedentary after the fourth moult.
They continue feeding on the giant cells for the remainder of the lifecycle. Eggs are
deposited through the vulva into a gelatinous matrix, called egg mass, that is generally
on the root surface (Eisenback 1985) (Figure 1-1).

M. graminicola exhibits a temperature-dependent lifecycle on rice, lasting for 26-51
days depending on the time of the year (Fernandez, Cabasan and De Waele 2013;
MacGowan 1989). It is classified as meiotic parthenogenetic species, with occasional
cross fertilisation (Triantaphyllou 1969; Dutta et al. 2011) .

1.3.2. Lifecycle of cyst nematodes

The life cycle of CNs is similar to that of RKNSs but differs in the method of infection
and feeding. The CN J2s infect plant roots in the zone of elongation with the help of
stylet thrusts and a cocktail of cell wall degrading enzymes (Wyss, Grundler and Munch
1992). The J2s migrate intracellularly towards the vascular bundle, in a more destructive
fashion than the RKN J2s. The J2 rapidly and vigorously probes its stylet in numerous
cells and punctures them while moving towards the vascular bundle; the protoplast of
the punctured cells collapses immediately marking the nematode migratory path by a
number of dead cells. The destructive migratory behaviour of the J2 continues until it
identifies a procambial or pericycle cell whose protoplast doesn’t collapse and responds
favourably to the probing. This cell is selected as the initia syncytial cell or 1SC
(Sobczak and Golinowski 2011). The J2 stops moving and enters the sedentary phase.
After a preparatory phase of 7 hrs, secretions from the nematode’ s oesophageal glands
are injected into the ISC and the nematode starts feeding from this cell. The syncytium
expands by incorporating adjacent procambia cells and the pericycle cells. This
proceeds first by increased distribution of plasmodesmata, and widening of pre-existing
plasmodesmata (Grundler, Sobczak and Golinowski 1998), followed by partial cell wall
dissolution and fusion of neighbouring protoplasts. A syncytium associated with an
adult female can include 200 cells and reaches its maximum size at 10 days post
infection (dpi) (Hussey et al. 1998; Urwin et al. 1997b). Like RKN, the syncytium isthe

only source of nutrients for the feeding nematode. The CNs are dioecious and
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gonochoristic, with separate, morphologically distinct males and females. The sex of the
undifferentiated second stage juvenile is determined by environmenta factors and the
quality of the nutrient supply provided by the developing syncytium (Grundler, Betka
and Wyss 1991; Trudgill 1967). The J2 retracts its stylet, stops feeding and moults to
J3. After the moult, the J3 starts feeding again and continues to feed for several days
until it becomes a swollen fusiform. The J3 stage ends with another moult to J4, after
this moult the male stops feeding and after another moult the adult mae attains
vermiform state and becomes motile. A syncytium induced in the pericycle and
associated with the male juvenile shows growth abnormality. Whereas, the J4 female
remains sedentary and continues to feed from the syncytium, it undergoes another moult
resulting in a spherical or lemon-shaped adult female nematode that further continues to
feed from the syncytium (Sobczak and Golinowski 2011; Sobczak and Golinowski
2009). CNs reproduce by obligatory amphimixis, the adult males fertilise females and
then die. The female starts laying eggs and once all the eggs are laid, the female dies
too. The body wall of the dead female nematode starts tanning and hardening, enclosing
most of the eggs inside it (Figure 1-2). It is now called a cyst. The unhatched eggs can
stay viable inside the cyst for several years (Kaushal and Sharma 1999). They start
hatching on receiving an optimum hatching stimulus from a host plant root system;
cysts of some species can also hatch in water (Clarke and Perry 1977). The rice CNs
take 24-30 days to complete one life cycle and thus there are severa generations during
the host growing season (Ibrahim et al. 1993).

1.3.3. Plant response towar ds nematodeinfection

Plant parasitic nematode infection causes loca tissue damage and is characterised by
reduction in photosynthetic rate at a high level of infestation (Bird 1974; Loveys and
Bird 1973). In initial phases, alow level of infection can enhance plant growth, but the
growth gradually decreases as the infection progresses (Barker and Olthof 1976).
Nematodes can also result in reduction of nutrient components (potassium, zinc and
magnesium) and increase in concentration of calcium in plants (Melakeberhan et al.
1985; Melakeberhan et al. 1987). The root-knot nematode, M. ethiopica influences the
plant water status and reduces the stomatal conductivity, transpiration and
photosynthetic rate by up to 60 % in tomato plants (Strajnar et al. 2012). M. incognita

14



15

also reduces the chlorophyll content and carotenoid content of sugar beet genotypes
(Korayem et al. 2012).

The molecular events following nematode invasion in a plant are targeted to suppress
host defences to sustain afeeding site and aso to protect the nematode from direct plant
attack. As an immediate response to the parasite invasion, the plant generates a quick
and lethal response that includes killing of plant cellsto kill the parasite, thisresponse is
cadled the hypersensitive response. The hypersensitive response is initiated by
recognition of unique pathogen molecular signatures presented by the pathogen on the
plant surface known as the pathogen-associated molecular patterns (PAMPS). The
immune response initiated in plants by recognition of PAMPs is termed
PAMP-triggered immunity (PTI). Pathogens have developed mechanisms to
successfully suppress plant PTI which has led to evolution of novel immune responses
in plants capable of activating effector-triggered immunity (ETI) (Jones and Dangl
2006). The activation and suppression of PTI and ETI responses in nematode-plant
interactions are not well comprehended. The initial phase of hypersensitive response
due to PTI and ETI includes generation of ROS, change in intracellular redox state and
calcium ion concentration. These changes lead to activation of signalling cascades that
result in transcription of defence related genes (pathogenesis related proteins and key
enzymes required for biosynthesis of secondary metabolites). This hypersensitive
reaction can also result in a large scale programmed cell death around the feeding site
(Smant and Jones 2011). The plant defence system aso directly attacks the nematode by
generation of ROS and compounds (like terpenoids) that have broad spectrum anti-
pathogen effects. Although the mechanisms by which the nematode inactivates these
nematicidal compounds are not well known, it is suggested that the nematode produces
enzymes like glutathione-S-transferase (secreted in the host roots by M. incognita) that
are capable of inactivating such compounds (Dubreuil et al. 2007). The PPN are well
equipped to deal with ROS generated by the host, G. rostochiensis produces glutathione
peroxidase that metabolises hydrogen peroxide (Jones et al. 2004). M. incognita
expresses peroxiredoxins that fine tune the redox state at the plant pathogen interface
and help the nematode in establishing a successful infection (Dubreuil et al. 2011).
During an incompatible plant nematode interaction, nematode effectors or avirulence
factors (AVR) areidentified by the plant’s resistance genes (R). This subsequently |eads
to activation of host signal transduction pathways resulting in unfavourable conditions
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for survival of the nematode (Williamson and Kumar 2006). During a compatible
interaction, the nematode successfully subdues the plant's defence response and
establishes a feeding site. Mi-CRT, a calreticulin secreted by RKN, is a good example
of a nematode effector that can suppress PTI during a compatible interaction (Jaouannet
et al. 2013).

Phytohormones play an important role in successful nematode parasitism on the plant.
Auxin is necessary for establishment of nematode infection. PPNs induce strong
expression of the synthetic auxin-responsive promoter DR5 during the early stages of
feeding site development (Karczmarek et al. 2004). Tomato and Arabidopsis plants with
defects in auxin signalling support a reduced number of developing cysts. The cyst
nematode can subvert the auxin distribution network to facilitate the infection
(Grunewald et al. 2009). The Hs19CO07 effector from H. schachtii interacts with the
Arabidopsis auxin influx transporter LAX3 and modulates auxin flow in the root cells
and causes hydrolysis of the cell walls for syncytium development (Lee et al. 2011a).
Formation of a feeding site by PPN includes re-entry of the cell into the cell cycle and
the cytokinins that regulate the cell cycle are presumed to be involved in this process. In
Lotus japonica infected by RKN, high levels of the cytokinin responsive promoter
ARRS is seen when the juveniles reach the differentiating vascular bundle (Kyndt et al.
2013). Apart from the plant endogenous cytokinin, both RKN and CN may produce
cytokinins that can aid activation of the cell cycle for development of afeeding site (De
Meutter et al. 2003).

ETI and PTI also prime activation of the salicylic acid (SA), jasmonic acid (JA) and
ethylene-mediated hormona signalling pathways. Biotrophic parasites are known to
induce SA, whereas necrotophic parasites and wounding initiate the JA and ethylene
response in plants. Hormonal signalling induces systemic acquired resistance (SAR) in
the non-infected plant parts. In dicots, salicylic acid is known to induce SAR in the
plant, leading to systemic expression of anti-microbial pathogenesis related (PR) genes
(Durrant and Dong 2004). Induction of the PR1, PR2 and PR5 genesis used as a marker
of SA-induced SAR whilst the PR3 and PR4 genes are typically induced by the JA-
dependent response (Molinari, Fanelli and Leonetti 2013). Rice has particularly high
endogenous levels of SA and the mutants deficient in SA content are highly susceptible
to pathogen attack (Bamer, Planchamp and Mauch-Mani 2013). In dicot plants, the
vital role of SA in SAR is well studied and understood but its role in monocots is not
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well known. Systemic response of rice towards nematode infection is a multi-layered
complex interaction between various hormonal pathways. Exogenous application of ET
(ethephon) and JA in rice shoots increases the expression of the PR1b and PR1a genes
in the roots, but application of SA does not cause any change in expression of these
genes. The ET-mediated defence response in rice requires an intact JA-mediated
response pathway whereas the JA-mediated response pathway is independent of ET
(Nahar et al. 2011). Altogether, intact SA, JA and ET pathways are required for an
effective basal defence response to nematodes in rice. This response is negatively
influenced by the ABA pathway, which is known to function antagonistically to the SA,
JA and ET pathways (Nahar et al. 2012). The JA pathway is also negatively regulated
by the growth hormone brassinosteroid (BR) pathway, wherein exogenous application
of a high concentration of BR in the shoots of rice plants decreases BR production in
roots and increases JA production resulting in resistance to RKN (Nahar et al. 2013).

The molecular response of rice towards PPN has, until now, been elucidated by
exogenous application of hormones or by studying young rice seedlings infected with
200-400 J2s each in tissue culture. The model used in most of these studies is not
realistic and is driven by one or the other variable. Systematic studies exploring the
molecular response of rice plants in vegetative and reproductive stages towards realistic
nematode infection conditions as encountered by plants in fields are required to put

together pieces of this complex puzzle.
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Figure 1-1 Lifecycle of aroot-knot nematode

The second stage root-knot nematode juvenile (J2) enters plant root behind the root tip, it migrated towards the root tip intercellularly and then takes a
U-turn and initiates a feeding site in the vascular bundle and becomes sedentary. It induces re-differentiation of the parenchyma cells into nutrient sinks
called giant cells. The cells surrounding giant cells undergo several rounds of cell division to form galls. The J2 undergoes two subsequent moults
without feeding to form third stage juvenile (J3) and fourth stage juvenile (J4). The adult vermiform males emerge from the cuticle and |eave the gall
after the fourth moult. Unlike J2s and females, males do not feed. The females become pear shaped and remain sedentary after the fourth moult. They
continue feeding on the giant cells for the remainder of the lifecycle. Eggs are deposited through the vulvainto a gelatinous matrix, called egg mass,
that is generally on the root surface.
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Life process:

Figure 1-1 Life cycle of a cyst nematode

The second stage cyst nematode juvenile (J2) enters the plant root in the zone of elongation, migrates intracellularly towards the vascular bundle where
it selects aprocambial or pericycle cell asthe Initial Syncytia Cell (1SC). The J2 retracts its stylet, stops feeding and moults to J3. After the moult, the
J3 starts feeding again and continues to feed for several days until it becomes a swollen fusiform. The J3 stage ends with another moult to J4, after this
moult the male stops feeding and after another moult the adult male attains vermiform and becomes motile. Whereas, the J4 female remains sedentary
and continues to feed from the syncytium, it undergoes another moult resulting in a spherical or lemon-shaped adult female nematode that further
continues to feed from the syncytium. The femal e starts laying eggs and once al the eggs are laid, the female dies too. The body wall of the dead

femal e nematode starts tanning and hardening, enclosing most of the eggsinsideit.
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1.4. Simultaneous stresses experienced by plantsin thefield

Traditional molecular studies designed to explore plant stress responses have been
driven by systems that artificially impose one particular stress or exogenous application
of hormones on model plant species grown in unrealistic laboratory conditions. The
results of such studies have enhanced our understanding of the signalling cascades and
hormonal pathways that mediate plant responses towards various stresses and have been
used in achieving tolerance to biotic and abiotic stresses. But time and again, the plants
engineered for tolerance to a single biotic or abiotic stress in the laboratory have failed
to attain similar results in the fields (Atkinson and Urwin 2012; Mittler 2006). This is
because the crops in the field encounter more than one type of stress at any given point
in time and with the prophesied climate change model, incidences of simultaneous
biotic and abiotic stresses on plants are bound to increase. The effect of climate change
on plant-pest interactions has been widely reviewed in recent years (Garrett et al. 2006;
Chakraborty 2005; Scherm 2004; Gregory et al. 2009; Newton, Johnson and Gregory
2011; Luck et al. 2011). The response of plants to the combination of biotic and abiotic
stresses is custom-tailored for the nature of the stresses and there can be additive,
negative or interactive effects of the responses initiated by any of the stresses
individually (Atkinson and Urwin 2012). Evidence suggests that increased carbon
dioxide levels in the atmosphere will lead to suppression of plant defence responses by
manipulation of the hormona signalling pathways in plants. Soybean plants show
down-regulation of JA and ET pathways resulting in reduction of cysteine protease
inhibitors under increased CO, levels which in turn reduces the plants' defence against
coleopteran pathogens (Zavala et al. 2008). At the same time, the increased CO; levels
also result in the increased global expression of SA in soybean plants (Castedl et al.
2012). The increased CO, levels are likely to provide legumes with a photosynthetic
advantage and protection against drought-induced loss in N, (Rogers, Ainsworth and
Leakey 2009). In tomato plants, elevated CO, levels have resulted in decreased
resistance to the RKN, M. incognita (Sun et al. 2010). Apart from elevated levels of
CO,, temperature plays an important role in plant pathogen interactions (Zhu, Qian and
Hua 2010; Fu et al. 2009). Temperature-dependent resistance is seen in rice towards
blast disease, towards broomrape in sunflower and clover, towards downy mildew in
musk melon and towards stripe rust in wheat (Webb et al. 2010; Eizenberg et al. 20009;
Balass, Cohen and Bar-Joseph 1993; Fu et al. 2009; Eizenberg, Colquhoun and
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Mallory-Smith 2009). Increase in temperature will also lead to more rapid devel opment,
increased reproductive potential and more generations of pests and pathogens in a
season. These changes in pest lifecycle and productivity are going to cause
unprecedented damage to the crops in one season (Scherm 2004). Drought can aid pest
and pathogen outbreaks in fields, at the same time pathogens can severely influence
plant water relations and lead to low water potential in plant cells (Mattson and Haack
1987). The bacterium Xylella fastidiosa causes pathogen-induced drought in grape by
severe reduction of water potential (Choi et al. 2013). In the case of foliar pathogens,
stomatal closure is the first physiological barrier in the defence response. Stomatal
closure is also a drought avoidance strategy, thus drought-induced stomatal closure
reduces pathogen entry into the plant tissue. Similarly, pathogen-induced stomatal
closure helps the plant in efficient use of water (Sawinski et al. 2013). Drought
enhances the symptoms of fungal charcoal rot disease in common bean (Mayek-Perez et
al. 2002). Drought leads to reduction in plant water status causing concentration of
metabolites in the plant tissue. Increased concentration of defence compounds in
drought-stressed tomato plants results in reduced susceptibility towards the herbivore
Soodoptera exigua (English-Loeb, Stout and Duffey 1997). But change in herbivore
feeding behaviour also depends on the nature of the pest and its specificity towards the
plant species (Gutbrodt, Mody and Dorn 2011). Drought stress can aso influence the
interaction between two pathogens acting on the same plant and vice versa.
Root-feeding herbivores can aso enhance resistance against foliar herbivores by
ABA-mediated hydraulic changes (Erb et al. 2011). The plant response towards
simultaneous infestation by a foliar herbivore (aphids), their parasitoids and a root
herbivore is also altered by drought stress (Tariq et al. 2013). Drought-induced changes
in roots can interact or counteract root-specific pathogens. In water dependent
agricultural ecosystems, drought can increase the incidence of soil borne disease,
especially PPNs. Drought and PPN infection are two biotic and abiotic stresses that are
often encountered simultaneously by rice plants in fields. Drought can increase
susceptibility of rice to RKN infection in al ecosystems, especialy in aerobic rice
cultivation. Cyst nematodes can contribute to the drought-related losses in rice by
causing reduced stomatal conductance and reduced leaf water potential (Audebert et al.
2000). A study on simultaneous drought and CN infection on Arabidopsis has revealed
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that under ssmultaneous biotic and abiotic stress, the plant responses are dominated by

abiotic stress-responsive changes (Atkinson, Lilley and Urwin 2013).

1.4.1. Molecular eventsin ssimultaneous biotic and abiotic stress

Current investigations of biotic and abiotic stress responsive pathways in plants suggest
that there are significant convergence points between them. Beyond signal perception,
stress responses in both biotic and abiotic stresses remain a complex web of interactions
between secondary messengers, protein kinases and transcription factors. Differentia
regulation and interaction of these elements finally results in expression of downstream
stress-responsive genes, which characterises the physiological response of a plant
towards the stimuli. Recent studies have proved that the plant response to pairs of
different biotic and abiotic stress is individually tailored and dependent on the nature of
the stress and plant species (Atkinson and Urwin 2012). The general cross-talk between
biotic and abiotic stress has been formulated based on the knowledge gained from the
response of individua stresses, it's been summarised and reviewed (Atkinson and
Urwin 2012; Fujita et al. 2006; Mittler 2006).

Of the stress responsive TFs, the members of WRKY family of TFs are responsive to
both biotic and abiotic stress and play a vital role in fine-tuning the plants' response to
simultaneous stress. In rice, WRKY13 antagonistically regulates the response to drought
and bacterial disease by selectively binding to the cis-acting elements and specific
sequences in the promoters of SNAC1 and WRKY45-1. It can also auto-regulate its own
expression by binding to the promoter (Xiao et al. 2013). WRKY45 imparts resistance
against the fungal and bacterial pathogensin rice by differential mechanisms (Shimono
et al. 2012). The WRKY45-1 allele negatively regulates ABA signalling and also
increases plant susceptibility to bacterial pathogens. The WRKY45-2 allele positively
regulates ABA signalling and increases resistance to bacterial pathogens (Tao et al.
2011). But both alleles positively regulate resistance to fungal blast disease (Tao et al.
2009). WRKY76 antagonistically regulates the response of rice to blast disease and cold
stress (Y okotani et al. 2013b). WRKY82 enhances defence against biotic pathogens and
tolerance against abiotic st