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ABSTRACT 
  
  
  

THE IMPACTS OF HIGH TEMPERATURE ON   

BACTERIAL BLIGHT RESISTANCE GENES IN RICE  
  

  
Rice is cultivated around the world and serves as a primary source of income and calories for many 

people. However, rice yield is threatened by the bacteria Xanthomonas oryzae pv. oryzae (Xoo), and 

outbreaks can be devastating to global communities. Xoo is the causal agent of bacterial blight (BB) 

in rice, and it proliferates in rice-growing climates.   

As climate change progresses, the trend of increasing BB severity may result in increased losses for 

growers. Disease severity, quantified through lesion lengths, increases at high temperature in rice. 

Previous studies indicated this pattern of increased disease phenotypes occurs even when a 

resistance (R) gene is present, except for one, Xa7. Our rationale for these experiments is to 

determine if the classification of an R gene can predict its performance against BB outbreaks. The 

classification of R genes in rice is a recent addition to the scope of our knowledge of plant 

pathology and has been the result of studies on nucleotide polymorphisms, genetic mapping, and 

fluorescent imaging of protein localization. Grouping the underlying mechanisms of action of 

individual R genes, such as the executor genes Xa7 and Xa10, allow for comparative studies to 

further elucidate details of their assigned classes. Not all R genes have been classified but 

establishing a trend that some R genes maintain efficacy under higher temperatures would provide 

breeders with more tools to develop climate-friendly rice lines.  

This study indicates that R genes that remain effective at high temperature may be classified into the 

same category of executor R genes. More research is needed to determine if R gene classification 

predicts durability under heat stress.   
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This study explores BB lesion lengths and Xoo colony counts at high and low temperatures. We find 

that at high temperature relative to low temperature, disease lesions were more severe in IR24, 

containing no active R gene, and in plants containing the R genes Xa21, xa5, and Xa3. Lesions were 

shorter in plants with Xa7 and Xa10. Additionally, under the same treatments, bacterial numbers 

increased to higher levels in IR24, Xa21, xa5, and Xa3. Numbers in Xa7 were reduced while 

numbers in Xa10 were low early in infection, but eventually increased beyond those measured at 

low temperature. Degree of lesion restriction did not always correspond to degree of restricted 

bacterial numbers, suggesting that severity of lesions may not always be a predictor of bacterial 

multiplication in the plant.  

Xa7 and Xa10 are classified as executor R genes. The mechanism of action in these genes may play 

a role in their durability at high temperatures. We hypothesize that the success of executor R genes 

may be a result of protein accumulation in the nucleus. This mechanism might be analogous to 

instances of temperature sensitive pathogen defense related protein accumulation, as seen in  

Arabidopsis. This mechanism may be induced or enhanced by the presence of reactive oxygen 

species (ROS) or other heat-stress related markers. More research is needed to explore the signaling 

between heat-stress pathways and R genes.  
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Chapter One – Introduction: The Patterns of Our Planet are Shifting    
The environmental conditions of our planet are in a constant state of flux, but it has become 

evident that average temperatures are progressing beyond previously recorded ranges (Lee, 2021; 

IPCC, 2023). This has impacted the planet in several ways including altering ocean temperatures 

(Harley et al., 2006; Brierley and Kingsford, 2009; Wernberg et al., 2011) and their associated trade 

winds, modifying global weather patterns (Prospero and Lamb, 2003; Luo et al., 2012; England et 

al., 2014) and local growing seasons (Hijmans, 2003; You et al., 2009; Uleberg et al., 2014; Van Oort 

and Zwart, 2018), and simultaneously increasing and decreasing precipitation levels resulting in 

both flooding and drought (Prospero and Lamb, 2003; Guhathakurta et al., 2011; Trenberth, 2011; 

Jamieson et al., 2012; Li et al., 2015; Arnell and Gosling, 2016; Haile et al., 2020) in numerous 

regions. We can extrapolate that these environmental changes further influence ecological diversity 

and soil health (Cheung et al., 2009; Bellard et al., 2012). Changing environmental conditions 

require global agricultural systems to keep pace while also meeting the demands of an increasing 

global population (Lutz and Samir, 2010) and fighting to remain free from urbanization (Fazal, 

2000; Pandey and Seto, 2015; Beckers et al., 2020). Earth’s population is predicted to reach at least 

9.6 billion by 2050 and upwards of 10.4 billion by 2100 (Bradshaw and Brook, 2014; United 

Nations Department of Economic and Social Affairs, 2022), meaning that harvests will need to 

utilize less space while stretching further to accommodate all who rely on it for sustenance. 

Climate-Based Challenges in Agriculture  
Globally, agricultural crops are used in everything from shelter, to clothing, to fuel, to medicine 

(Mwaikambo, 2006; Yuan et al., 2008; Mamedov, 2012; Petrovska, 2012; Baines, 2015). But most 

importantly, they help us meet our daily nutritional and caloric needs (Prescott-Allen and 

PrescottAllen, 1990) and provide us with the physical energy to go about our day. However, as 

favorable growing conditions change these same crops begin to face steeper odds of making it all 

the way from the field to our plate. Tomatoes, cabbage, onion, peppers, and eggplant, just to name a 
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few, are susceptible to deviations in local growing conditions. In cases where shifts in temperature, 

drought, or altered soil conditions occur, so too must the methods of irrigation and pest or 

pathogen management, in turn often requiring large modifications to manual labor practices and 

increased use of pesticides (Pena et al., 2019; Ristaino et al., 2021) Post-harvest storage methods in 

grapes, apples, avocados, and pears, for example, also require modifications in the form of 

additional labor and processing to prevent excess spoilage and further crop loss. Care must also be 

taken to monitor changes in ethylene production and ripening response (Eaks, 1978; Ferguson et 

al., 1994; Woolf et al., 1999; Thompson et al., 2002), which can impact the quality of harvest 

throughout the process of transport and distribution to consumers.  

Altered temperatures also change the phytobiome (Jansson and Hofmockel, 2020; Abdul Rahman et 

al., 2021), or the community of organisms that coexist in, on, and around crops. Interruptions of 

these communities have profound effects on the soil environment, the plant itself, and the 

surrounding agroecosystem. Phytobiomes have a range of temperatures in which they thrive and 

remain balanced, and in cases where temperatures extend beyond those limits, severe damage and 

death may occur within the community of microorganisms (Ratkowsky et al., 1982). These 

organisms have evolved alongside plants and often have beneficial symbiotic relationships with 

them  

(Venkateshwaran et al., 2013; Van Der Heijden et al., 2016), such as nitrogen fixing bacteria 

(Franche et al., 2009) and other types of metabolite exchanges (Piel, 2009). Disruption of this 

delicate community can result in additional damage to plant health and can reduce local biodiversity 

(Berendsen et al., 2012; Wallenstein, 2017; Wei et al., 2019). Some of these organisms may also offer 

a line of defense against harmful pests and pathogens and removal of them may result in 

colonization by disease causing agents or parasites (Zarraonaindia et al., 2015; Vannier et al., 2019;  

De Corato, 2020; Zhang et al., 2021).   
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Impacts of Climate Change on Crop Physiology  
Temperature fluctuations are major regulators of the internal machinery that allows plants to thrive 

(Li et al., 2022; Zhu et al., 2022). It is important for plants to coordinate temperature sensing 

capabilities to facilitate vernalization, germination, stem elongation, flowering, ripening, and 

senescence in time with seasonal weather conditions. These processes are designed to correlate with 

optimal levels of seasonal precipitation, emergence of local pollinators, and the onset of frosts that 

plants must work around to produce viable fruit and seeds (Searle and Coupland, 2004; Donohue, 

2005). For example, temperature tells a plant when conditions are right for flowering, which 

involves detailed signaling for organ development (Matsui et al., 1997; Greenup et al., 2009; 

Fjellheim et al., 2014). Temperature also changes the water content of the plant by altering rates of 

transpiration (Atkin and Tjoelker, 2003), which can disrupt salt concentration and organelle 

functions (Sharmin et al., 2021). CO2 concentrations often increase with temperature which also 

changes rates of photosynthesis (Hikosaka et al., 2006; Sage and Kubien, 2007; Mathur et al., 2014). 

When carefully controlled, increased photosynthesis can extend yield capacities, but when left 

unchecked it can cause an accumulation of reactive oxygen species which will severely damage the 

plant (Kimball and Idso, 1983; Dat et al., 2000; Gupta et al., 2015; Foyer, 2018).   

Since plants are sessile, or rooted in one spot, they are unable to physically move to better 

conditions when undesirable conditions arise. Instead, they rely on physiological changes above and 

below ground  (de Lima et al., 2021a) to cope with surrounding stimuli such as the presence of 

drought, saline soils, or temperature stress (Maisura et al., 2014; Xu et al., 2021; Liu et al., 2022). 

Plants prefer a specific window of temperatures to thrive, with an individual range of needs for each 

species or cultivar. In the case of any plant, extremes of hot or cold can be incredibly damaging or 

even deadly (Zhu et al., 2022).  In the meantime, plants work overtime to adjust to their 

surroundings from one moment to the next to keep their internal processes running optimally  
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(Treshow, 1970; Chapin et al., 1987; Lamers et al., 2020). Plants are equipped to exist within a range 

of conditions, but continuous exposure to temperatures outside of that range will cause them to pull 

resources away from processes that support healthy growth and development (Heckman et al., 2019; 

He et al., 2022). Warmer than average temperatures that aren’t quite severe enough to trigger stress 

responses still impact crops, like rice, by causing leaves and other plant organs to develop faster (Casal 

and Balasubramanian, 2019). But when those temperatures cross the threshold into the range of 

prolonged stress, they cause plants to lose water quickly through increased evaporation, or 

transpiration, rates leading to wilt and later to desiccation and death.  

Heat stress is defined as exposure to temperatures outside the optimal range for physiological 

processing and may range from severe (irreversible) to milder (reversible). In less severe cases, plant 

responses to heat stress include fluctuations in a range of processes such as: photosynthesis, cell 

membrane thermostability, production of oxidative species, transcription, post-transcriptional 

modifications (noncoding RNAs), epigenetic regulation (DNA methylation, histone modification, 

and chromatin remodeling) and epigenetic memory (Zhao et al., 2020).   

We can gather insight on temperature-related stress from many models. For example, in Brassica 

napus high temperature is associated with defects in seed development, altered oil composition, and 

reduced capacity for dormancy/storage (Mácová et al., 2022) which impacts its value as an oilseed 

crop. We also have examples in wheat in which harvests were delayed  and accompanied by less 

than market standard quality of grain (de Lima et al., 2021b) do. If pushed far enough, temperature 

impacts become damaging to almost all species of flora and fauna.  

Legacy of Rice Production & Modern Challenges  
While all agricultural crops have a place on the global table, the bulk of the calories consumed from 

plants comes from various cereal crops, including maize, wheat, and rice (fao.org -statistical 

yearbook). Of these, rice is the most valuable crop worldwide (USDA-ERS, 2023). In fact, rice is so 
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connected with nourishment that in some languages the word for rice is synonymous with the word 

for food or meal.   

The history of rice cultivation is described in (Crawford and Shen, 1998). Rice thrives in tropical 

and subtropical regions and farming may have begun in multiple countries at around the same time, 

over 6500 years ago. China, Thailand, Cambodia, Vietnam and India all developed local methods 

for farming rice with Japan, Korea, Myanmar, Pakistan, Sri Lanka, Philippines, and Indonesia 

following suit soon after. (Gnanamanickam, 2009) adds that while rice is often associated with 

paddy farming, or submersion in watery soils, it originally may have thrived in more traditional field 

grass conditions. A mutation in a gene related to aerobic gas exchange likely allowed rice to adapt to 

anerobic soil conditions (Miro and Ismail, 2013). There is evidence that rice can grow in a multitude 

of environments, but common paddy varieties perform more robustly in areas with high humidity 

and warm climates (Huke, 1976).  

Most of the world’s population is concentrated in Asia and it follows that the same region produces 

90% of the world’s rice, destined for local markets and export trading (Bandumula, 2018). Rice 

production in southeast Asia alone was approximately 418.56 million tons in 2019, which accounts 

for over half of the planet’s rice yield (Lin et al., 2022). Rice production is currently led by India and 

China. Brazil and the United States are important non-Asian producers and Italy is the largest 

contributor in Europe. Production has been increasing in Asia due to advancement in crop varieties 

and agricultural technology (Gnanamanickam, 2009). For example, careful rice breeding at the 

International Rice Research Institute produced Miracle Rice, also known as IR8, in 1968 which 

required minimal fertilizer and produced yields of up to 10 times previous varieties. This variety and 

others, such as IR5 had significant impacts on food availability in Asia, which in turn improved 

qualities of life for a large part of the world’s population (Cullather, 2004).  
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80% of rice is grown on small-scale farms and stays in neighboring markets. Small farms are closely 

linked with local ecosystems and are influential on the flora and fauna that reside within.  

The FAO Director-General points out that one billion families in Asia, Africa, and the Americas are 

heavily reliant on rice farming as their primary source of income. Therefore, careful and sustainable 

increases in production can greatly improve the lives of growers, women, children, and the lowest 

income families (N.A., 2003). However, the detrimental effects of climate-induced sub-par growing 

conditions can endanger those gains. The timing of annual planting dates will become unsuitable, 

growing windows will be shortened, and locally derived varieties of crops will be less productive, 

leading to crop failure and market shortages. The resulting losses will in turn be severely detrimental 

to the quality of life of households who are relying on it as a source of income (Gitz et al., 2016). 

This often leads to fewer resources for purchasing other necessary items, too. If market availability 

of rice is reduced in quantity or if it is sold at an increased price due to shortages, residents will have 

to make substitutions with inferior, cheaper, or more processed goods – often accompanied by less 

nutritional value. Fresh produce and higher quality protein will be outside the reach of those 

households (Krishnamurthy et al., 2014; Nelson et al., 2018).  

In cases where rice remains a viable commodity, research has shown that the increases in CO2 levels 

associated with climate change have a negative impact on both total yield and nutritional value of 

crops. Studies conducted by the Intergovernmental Panel on Climate Change (IPCC, 2023) 

acknowledge that crops may increase biomass production due to elevated CO2, which often leads to 

stimulation of plant growth in cereal crops, but more is not always better. These plants often have 

lower levels of vitamins and minerals such as iron, and vitamin A (Krishnamurthy et al., 2014; 

Myers et al., 2014; Smith et al., 2017). In addition, plants are more likely to be major sources of 

protein in regions where animal protein can be prohibitively expensive. Plant protein plays a notable 

role in satisfying global protein consumption goals and is found in many crops including rice 

http://www.fao.org/home/en/
http://www.fao.org/home/en/
http://www.fao.org/home/en/
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(Medek et al., 2017) Protein levels in rice, wheat, barley, and potato were reduced by up to 7.6%, 

7.8%, 14.1% and 6.4% respectively when grown with increased CO2. Reduced access to plant 

protein could put 148.4 million people in danger of not meeting their dietary requirements.  

There have been suggestions that warmer average temperatures can be of benefit in some regions. 

In higher latitude areas, warmer temperatures can prolong growing seasons, offer an additional 

season of production, or allow new crop varieties to be included in an annual rotation (Uleberg et 

al., 2014; Chaloner et al., 2021; Saunders, 2021). Increased CO2 can bring benefits as well. In South 

Korea, the impacts of greenhouse gas emissions were modeled (Park et al., 2018), delivering 

predictions that rice yields could increase using certain models (Riahi et al., 2011). (Deryng et al., 

2011) reported that higher concentrations of CO2 can improve biomass accumulation and water use 

efficiency, specifically by reducing transpiration, therefore limiting water loss. But this was more 

noticeable in wheat than rice. Unfortunately, these benefits are offset by the other interactions 

between CO2, increasing temperatures, and local ecosystems. Altering these conditions often favors 

pests, including weeds, herbivores, and disease-causing microorganisms (Gitz et al., 2016). Taking 

advantage of increased CO2 for an overall net gain will require development of specially adapted 

varieties, soil inputs, and careful pest management (Uleberg et al., 2014).  

While we have spent centuries developing varieties of rice that are reliable and hardy (Ladha et al., 

2000; Sweeney and McCouch, 2007; Maclean et al., 2013; Cordero-Lara, 2020), we must 

acknowledge that the challenges that come with rice farming have and will continue to change over 

time, and that our attention to these difficulties must follow closely alongside them.  

Impacts of Climate Change on Cell and Molecular Biology of Crops/Rice  
We know that plants respond to the conditions of their environment and that those responses and 

subsequent adjustments are necessary for coordinating physiological processes with optimal 

conditions. Plants sense temperature by sending environment-induced signals along a series of 

downstream pathways (Ruelland and Zachowski, 2010). In some cases these may share overlapping 



 

8  
  

signaling components with the FLC pathway for vernalization, temperature-induced flowering, and 

circadian regulation (Penfield, 2008). Light and temperature signaling seem to overlap to a certain 

degree, which may account for the fact that both factors are strongly associated with 

temporal/seasonal changes. Despite a number of studies investigating these signaling pathways, 

plant temperature sensors have not been fully characterized (Penfield, 2008).   

The previously mentioned environmental conditions fall under the umbrella of abiotic stimuli. 

Plants differentiate between abiotic and biotic stimuli, or that caused by living organisms such as 

birds, bugs, and microbes with specialized cellular receptors. These receptors initiate activity along 

signaling pathways and they rely heavily on plant hormones to do so. Plant hormones, or 

phytohormones, are small molecules that travel between cells and tissues to operate the switchboard 

of possible physical responses. Hormones simultaneously control the timing of plant growth, 

maintenance of essential internal processes, and responses to the surrounding environment (Bari 

and Jones, 2009). This leads to overlaps and tradeoffs between signaling for events like 

environmental stress and signaling for processes like photosynthesis and yield production. This 

overlap is designed to benefit the plant – i.e., germination is timed to avoid drought. However, it 

can cause complications too. For example, when plants experience multiple stresses simultaneously, 

such as heat and pathogen stress, they often struggle to respond fully to both (Cohen et al., 2019). 

The roles of hormones in plant physiology are complex. Jasmonic acid is produced in response to 

herbivory and can also be associated with stomatal opening. It also facilitates expression of some 

disease resistance genes (Ruan et al., 2019). Salicylic acid is important for systemic acquired 

resistance against pathogens and is also released when physical damage has been done to a plant 

(Koo et al., 2020). Abscisic acid was originally credited with signaling leaf abscission, but expression 

has since been reported as a controller of seed dormancy and as a response to heat, drought, or  
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other forms of abiotic stress (Chen et al., 2020). Ethylene controls fruit ripening, cytokinin controls 

cell division and auxins control stem morphology (Cholodny, 1928; Went, 1928; Werner et al., 2001; 

Iqbal et al., 2017). To further complicate their roles, hormones can induce and suppress each other. 

Jasmonic acid and salicylic acid can be antagonistic, the presence of one may decrease the presence 

of the other. This may shed some light on the difficulties plants face while trying to prioritize 

stresses, even though both stresses can, and often do, occur alongside each other in natural 

environments.   

Plant Disease Response Strategies  
Some of the same mechanisms that allow plants to adjust to their physical environment also signal 

their response to microorganisms. Microorganisms share local ecosystems with plants, above and 

below ground. Some of them are beneficial, even essential to plant survival. But others can be a 

serious threat to a plant’s wellbeing. It is just as essential for plants to respond to these biotic threats 

as it is with abiotic ones, and similarly, they have developed precise response signaling to counteract 

them.  

Plant-pathogen responses occur as soon as bacteria encounter the plant. The outer surfaces of 

leaves are covered in a layer called the waxy cuticle, designed to create an external barrier to 

unwanted contact. Some organisms can penetrate this layer, or seek out natural openings such as 

stomata, hydathodes, or openings from wounded or broken tissues. When bacteria make their way 

into the plant, they are met with a series of unpleasant chemicals. Receptors on cells in the plant 

sense the presence of bacteria, viruses, or fungi and release a series of unpleasant responses, such as 

reactive oxygen species or secondary metabolites. This is called PTI, or PAMP triggered immunity. 

Depending on the biotrophic or necrotrophic nature of the pathogen, the plant cell will induce 

jasmonic or salicylic acid that initiates defense signaling. If this response isn’t enough to deter the 

pathogen, the plant switches over to a more specialized response system called ETI, or effector 
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triggered immunity – which will be expanded on in a later section after introducing effectors as “BB 

effector strategy”.  

The Danger of Disease: Bacterial Blight  
When discussing diseases associated with rice farming, one stands out for its potential to disrupt 

production: bacterial blight, or BB. In rice, bacterial blight can cause yield losses of up to 70% 

which can be heavily detrimental to growers and the community markets that rely on them (Reddy, 

1979; Ou, 1985). In India for example, yield losses ranged from as low as 6 to up to 60% in most of 

the rice growing states (Srivastava, 1967; Gnanamanickam, 2009) but could be as severe as 74.20%. 

BB was originally observed in Kyushu, Japan around 1884 (Fiyaz et al., 2022) it was formally 

classified in Japan in the 1920s and renamed multiple times since (Mew et al., 1993). It has 

subsequently been observed in continental Asia, southeast Asia, Africa, and Australia. The global 

motility of BB is part of what makes it so significant and damaging to growers. BB has been spotted 

as far south as 20◦S in Australia and as far north as 58◦N in China (Mizukami and Wakimoto, 1969; 

Ou, 1985; Mew, 1987; Mew et al., 1993; Gnanamanickam et al., 1999). BB spreads through 

waterbased methods of transmission, like shared irrigation water and splashing of raindrops 

between infected plants and nearby healthy plants (Huang and De Cleene, 1989), making it a serious 

threat in Asia during the rainy season. It also lingers in paddies after repeated seasons of use. It has 

been estimated that millions of hectares of rice are severely affected throughout equatorial and 

temperate regions around the world (Savary et al., 2012).   

Bacterial blight in rice is caused by the bacterium Xanthomonas oryzae pv. oryzae, abbreviated as Xoo. 

Xoo impacts yield by reducing the number of panicles and associated grain weight. Discovered in  

Japan in 1884 (Ezuka and Kaku, 2000), Xoo prefers an ambient temperature of approximately 28C 

(82.4F) and is well-suited to many rice growing regions and thrives in warm, humid conditions. Xoo 

is a gram-negative bacterium named after its distinct yellow extracellular polysaccharide layer, 

resulting in mucoid colonies when plated. It enters plants through openings in the leaves such as 
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hydathodes and through broken or damaged tissues (Mew, Mew, & Huang, 1984). Xoo is a vascular, 

systemic pathogen that colonizes within the xylem of the plant that seeks sugars for growth and 

blocks vascular tissue as it multiplies (Mew, 1987).   

Infected rice leaves display contrasting grey-tan lesions along the leaf, following internal veins (Mew 

et al., 1993). Tissue necrosis occurs from the tip of the leaf toward the base (Yang and Bogdanove, 

2013). Bacterial ooze can leak from infected leaves in humid climates and contribute to the spread 

of the bacteria by falling into irrigation water and be transmitted further through the splashing of 

rain and wind. Although the presence of water might account for the bacteria’s ability to spread, the 

impact of standing and splashing water has been challenged, citing that Xoo survives for only 15 

days in paddy water (Mizukami and Wakimoto, 1969).. BB can impact all stages of plant growth 

with distinct phases of blight on tillered leaves and a seedling stage called kresek. This latter phase is 

the most severe, with chlorosis on the entire plant followed by wilt and plant death, but infection at 

late tillering stages is more common (Gnanamanickam, 2009). Yield is most impacted when 

infection coincides with panicle development and early flowering. Infection by Xoo can be 

confirmed with several methods such as PCR (Lang et al., 2010; Lang et al 2014) or monoclonal 

antibodies (Mew and Alvarez, 1994). Xoo also survives on alternative host species like Leersia and 

others such as Leptocloa chinensis and Cyperus rotundus (Gnanamanickam, 2009), and the role that these 

alternate hosts have played in evolution of Xoo has been discussed(Lang et al., 2019). Additionally, 

the bacteria can still survive in drier environments, like leftover field litter and stored seeds and can 

become active again in wet conditions.   

The impact of BB throughout the global community demands solutions that are cost effective and 

have minimal impacts for local ecosystems. Treatment of BB is limited to management of irrigation 

sources, optimal soil nutrition, and minimized field litter (Leung et al., 2003; Mew et al., 2004), and 

chemical solutions have limited success (Devadath, 1989; Gnanamanickam et al., 1999; Chaudhary 
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et al., 2012). This leaves growers primarily reliant on rice lines carrying resistance genes, or R genes, 

for long-term protection. Generally, BB disease management is based on minimizing multiplication 

of Xoo in plants through planting of disease resistant cultivars, thereby limiting accumulation in field 

litter and local water sources.   

BB effector strategy  
When bacteria encounter a host, several things happen. PAMP-triggered immunity, or PTI, as 

described above, is activated in the plant, which relies on the activation of membrane receptors to 

initiate a series of defensive responses (Fig.1a) inside the plant cell (Fig.1a; Gómez-Gómez and 

Boller, 2002; Jones and Dangl, 2006). But when a plant defense mechanism is activated, bacteria 

often evolve a strategy to overcome it. This results in a tug of war of defense responses between 

host and pathogen, with each organism attempting to take control back from the other. Over time, 

this has led to highly specific responses from both the host and the pathogen, in which both 

participants have evolved molecular pathways that target one another.  

To overcome the defenses associated with PTI, Xoo directly injects effector proteins into plant cells 

with a syringe-like mechanism called a type III secretion system, or T3SS.(Coburn et al., 2007)  This 

specialized protein complex spans the inner and outer membrane of the bacterium (Coburn et al., 

2007). One kind of Xoo effector protein, the transcription activator-like (TAL) effectors, target 

nuclear DNA and bind to promoters of susceptibility and resistance genes, mimicking transcription 

activators in the host(Hopkins et al., 1992; Yang et al., 2000). Some of the TAL effectors shift gene 

transcription to favor bacterial virulence, leading to progression of the disease in the host(Doyle et 

al., 2013; Teper et al., 2023).  

Plant R gene responses  
In response to the bacterial effector strategy, plants have developed a defense response called 

effector triggered immunity, or ETI. In a few cases, plants have evolved promoters in resistance 

genes, or R genes, that are difficult for the bacteria to distinguish from their original targets in 
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susceptibility genes (Luo et al., 2021). The “decoy” promoters have protein binding affinities that 

are similar to or greater than the corresponding Xoo targets. This causes TAL effectors to bind to 

the promoter of the decoy R gene instead of their original target, which in turn activates R gene 

pathways for hypersensitive response, or HR. HR produces a distinct phenotype in the leaf, with 

dark brown necrotic tissue at the intersection of healthy and infected cells.   

HR is a disease containment strategy in plants that triggers localized cell death to minimize the 

bacteria’s ability to spread and cause additional damage throughout the rest of the plant (Hopkins et 

al., 1992; Leach et al., 1993). Here, plants inadvertently use bacterial virulence strategies against 

them, by activating plant defense mechanisms instead of the traits that would benefit bacteria (Luo 

et al., 2021). In some cases, TAL effectors specifically activate a class of R genes in rice called 

executor R genes, by acting as gene transcription switches, turning on genes in pathways that direct 

plant resources toward self-preservation.   

One such executor R gene is Xa7 which has evolved to function in the presence of a corresponding 

effector protein from Xoo called AvrXa7(Fig. 1c). The Xa7 effector binding element (EBE) in its 

promoter bears a strong resemblance to that of a promoter in a susceptibility gene targeted by Xoo, 

called SWEET14. This is exactly what makes it an effective decoy: close enough to original EBE to 

attract AvrXa7, but with a stronger binding affinity (Chen et al., 2021; Luo et al., 2021). Xa10, which 

is also an executor R gene, initiates HR in the form of ER membrane bound hexamers that disrupts 

cellular calcium homeostasis, resulting in cell death and the slow of BB progression (Tian et al., 

2014a)  

However, R genes come in many flavors. Some R genes function as receptor-like kinases, or RLKs, 

such as Xa3 and Xa21. RLKs are a type of pattern recognition receptors (PRRs) that perceive 

unique protein ligands in the cell membrane or cytoplasm (Fig.1 b), and in turn initiate defense 

signaling pathways (Lee et al., 2009). PRRs such as these are an important component of PTI. (Song 
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et al., 1995; Sun et al., 2004a; Xiang et al., 2006a; Wang et al., 2015). Other R genes are the result of 

nucleotide polymorphisms that reduce or interrupt the function of a gene or its promoter. xa5 is 

one such modified gene (Fig 1d), in which the shape of a subunit of a transcription factor for a 

susceptibility gene is modified, thus reducing the susceptibility that would otherwise result from the 

binding of TAL effectors with their corresponding effector binding elements (Iyer-Pascuzzi et al., 

2008; Huang et al., 2016a; Yuan et al., 2016). R genes provide diverse strategies for plant defense 

against many races of Xoo and have remained a significant strategy to minimize damage of BB.   

  

 
Figure 1.1: Locations of rice resistance proteins within the cellular environment. a) PRRs: 
first line of defense, exterior of cell, b) RLKs: response to injected effectors, inside cell cytoplasm, c) 
Executors: response to injected effectors, within the nucleus, d) Others: polymorphisms in 
susceptibility, in the nucleus. These responses occur in different parts of the cell, and thus impact 
host cell physiology in different ways. Some, including executor genes, initiate HR to minimize the 
spread of Xoo.  
  
Resistance genes are often introgressed into elite varieties from wild cultivars. For example, Xa21 

from the wild rice O. longistaminata was introduced into IR24, to construct the near-isogenic line 

IRBB21 (Khush et al., 1990). About forty-six major BB resistance genes have been identified, and 

around 15 have been cloned (Mew et al., 1992; Zhang et al., 1998; Fiyaz et al., 2022; Yang et al., 

2022). Single-gene resistance has been effective in the fight against BB, but it breaks down with the 

emergence of new Xoo strains (Mew et al., 1992). For example, Xa4 was a strong resistance gene 

against Xoo before Xoo eventually became virulent to it Marker-assisted breeding has facilitated 

introduction of xa5, Xa13, Xa21, and others into more than 70 rice varieties and continues to make 

a) 
                                     

b)                                     c)      

                                 

d) 
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R genes, particularly when pyramided together, a robust strategy for reducing the impact of BB 

(Fiyaz et al., 2022).  

Table 1: The impacts of temperature on R genes for bacterial blight and other types of R 
genes   

R gene  
Type (if 

known)  Function  Crop  Disease  
Temperatur 

e response  Source  

Xa1  NBS-LRR  
Induced by 
trauma, 
infection  

  
Bactieral 
Blight  

  
(Yoshimura et 
al., 1998)  

Xa2/Xa3 

1  NBS-LRR  Allele of Xa1    
Bactieral 
Blight    (Ji et al., 2020)  

Xa3/Xa2 
6  

LRR-STK  Age 
specific/dose 
dependent; 
LRR receptor 
kinase-like 
protein;   

Rice  Bacterial 
Blight  

Increased 
susceptibility 
(high temp)  

(Sun et al.,  
2004b; Cao et 
al., 2007a; Li et 
al., 2012; Xiang 
et al., 2006b; 
Webb et al., 
2010; this study)  

Xa4  
WAK- 
STK  

Cell wall 
associated 
kinase; cell wall 
reinforcemen 
t  

Rice  
Bacterial 
Blight  

Increased 
susceptibility 
(high temp)  

(Horino et al.,  
1982; Sun et al.,  
2003; Hu et al., 
2017; Webb et 
al., 2010; Zhao 
et al., 2022)  

xa5  recessive   

Small subunit of  
transcription 
factor IIA; 
dampens TALE  
function 
generally  Rice  

Bacterial 
Blight  

Increased 
susceptibility 
(high temp)  

(Blair et al.,  
2003; Iyer- 
Pascuzzi et al., 
2008; Huang et 
al., 2016b; Yuan 
et al.,  
2016; Webb et  
al., 2010; this 
study)   
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SWEET  
decoy, binding target to protect S  

Xa7  executor  genes from TALs,  Rice  Bacterial Blight  

Unique, 113 AA 
membrane  
protein;  
Executor gene  

xa8  recessive      Bacterial 
Blight  

  (Vikal et al.,  
2014)  

Xa10  executor  

ER protein, 
disrupts Ca+ 
ions,  
Hexamers  
localized in ER;  
associated  
with CA++  
depletion; 
executor 
function  

Rice  
Bacterial 
Blight  

Sustained 
resistance 
(high temp)  

(Webb et al., 
2010; Tian et 
al., 2014b; this 
study)  

Xa11  dominant      
Bacterial 
Blight    

(Goto et al.,  
2009)  

Xa12  dominant      
Bacterial 
Blight    

(Si-yuan et al.,  
2006)  

xa13  recessive  

-membrane 
receptor?  
SWEET  
protein, Cu+ 
transport  

  
Bacterial 
Blight  

  
(Chu et al.,  
2006)  

Xa14  NBS-LRR  Allele of Xa1    
Bacterial 
Blight    (Ji et al., 2020)  

xa15  recessive      
Bacterial 
Blight  

  
(Nakai et al.,  
1988)  

 

Xa16  dominant      
Bacterial 
Blight  

  (Ogawa, 1993)  

Increased 
resistance 
(high temp)  

(Chen et al.,  
2021; Luo et al., 
2021; Webb et 
al., 2010; Wang 
et al., 2021; Liu 
et al., 2020; this  
study.)  
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Xa17  dominant      
Bacterial 
Blight    (Ogawa, 1993)  

Xa18  dominant      
Bacterial 
Blight    (Ogawa, 1993)  

xa19  recessive      
Bacterial 
Blight    

(Taura et al.,  
1992)  

xa20  recessive      
Bacterial 
Blight    

(Taura et al.,  
1992)  

Xa21  LRR  
Binds to 
WRKY62  

Rice  
Bacterial 
Blight  

Increased 
susceptibility 
(high temp)  

(Khush et al., 
1990; Song et 
al., 1995; this 
study)  

Xa22  dominant      
Bacterial 
Blight    

(Lin et al.,  
1996)  

Xa23  executor  
Protein similar 
to  
Xa10  

  
Bacterial 
Blight  

  
(Wang et al.,  
2015)  

xa24  recessive      
Bacterial 
Blight      

xa25  recessive  Dominant at 
adult stage, 
sugar 
transporter  

  Bacterial 
Blight  

   (Liu et al.,  
2011)  

Xa27  executor  

Novel  
protein, local 
defense, 
possible cell 
wall 
thickening  

  
Bacterial 
Blight  

  
(Gu et al.,  
2005)  

xa28  recessive      
Bacterial 
Blight    

(Lee et al.,  
2003)  

Xa29  dominant      
Bacterial 
Blight    

(Tan et al.,  
2004)  

Xa30  dominant      
Bacterial 
Blight  

  
(Xuwei et al.,  
2007)  

 

xa31  recessive      
Bacterial 
Blight  

  
(Wang et al.,  
2009)  
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xa32  recessive      
Bacterial 
Blight    

(Zheng et al.,  
2009)  

Xa33        
Bacterial 
Blight    

(Kumar et al.,  
2012)  

xa33(t)        
Bacterial 
Blight    

(Korinsak et al.,  
2009)  

xa34  recessive      
Bacterial 
Blight    

(Ram et al.,  
2010)  

Xa35  dominant      
Bacterial 
Blight    

(Guo et al.,  
2010)  

Xa36  dominant      
Bacterial 
Blight    

(Miao et al.,  
2010)  

Xa38  dominant      
Bacterial 
Blight  

  
(Kaur et al.,  
2005; Cheema  
et al., 2008)  

Xa39  dominant      
Bacterial 
Blight    

(Zhang et al.,  
2015a)  

Xa40  dominant      
Bacterial 
Blight    

(Kim et al.,  
2015)  

xa41  recessive  
Sugar  
transporter  
SWEET14  

  
Bacterial 
Blight  

  
(Hutin et al.,  
2015)  

xa42  recessive      
Bacterial 
Blight    

(Busungu et al.,  
2016)  

Xa43        
Bacterial 
Blight  

  
(Kim and  
Reinke, 2019)  

Xa44  dominant      
Bacterial 
Blight    (Kim, 2018)  

Xa45  NBS-LRR  Allele of Xa1    
Bacterial 
Blight    (Ji et al., 2020)  

Yr36  
    

Wheat  
Stripe 
Rust  

Increased 
resistance 
(high temp)  

(Segovia et al.,  
2014)  

Yr36  

    

Wheat  Stripe 
Rust  

Increased 
resistance (low 
temp)  

(Segovia et al.,  
2014)  
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Sr6  
    

Wheat  Stem Rust  
Increased 
susceptibility 
(high temp)  

(Moerschbache 
r et al., 1989)  

Rlm6  
    

Rapesee 
d  

Phoma 
Stem  
Canker  

Increased 
susceptibility 
(high temp)  

(Huang et al.,  
2006)  

N  
    

Tobacco  TMV  
Increased 
susceptibility 
(high temp)  

(Wright et al.,  
2000)  

Cf-4  
    

Tomato  
Leaf 
Mould  

Increased 
resistance 
(high temp)  

(de Jong et al.,  
2002)  

Pi54  
    

rice  
Rice 
Blast   

Increased 
resistance (low 
temp)  

(Madhusudhan  
et al., 2019)  

  

Breakdown of R Gene Function at High Temperature  
Heat stress interferes with the responses that plants rely on to resist pathogen invasion. As a result 

of the complicated nature of hormone-based responses, heat and disease damage are often more 

severe when they are combined than the instances in which they occur separately (Cohen et al., 

2019). Lesions produced from Xoo are longer on leaves growing at warmer temperatures (35 °C 

day/29 night) than at lower temperatures (29C day/ 23C night (Yamada et al., 1979; Horino et al., 

1982; Ou, 1985; Ezuka and Kaku, 2000) This means that yield damage from some bacterial 

pathogens during warmer-than-average field conditions can be more severe. While plant hormones 

are rapidly activated in response to both heat and disease stress, signaling for heat stress appears to 

be prioritized, resulting in longer lesions at high temperatures.  

Although there is research on the ways in which temperature stress and disease stress separately 

impact the health of rice, we know much less about the complex internal processing that plants 

rely  
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on when they are exposed to multiple forms of stress simultaneously. Many plant pathogens have 

evolved in their respective ecosystems, side by side with their respective hosts, and have ideal 

temperature ranges and humidity preferences that may overlap with their host. Xoo bacteria thrives 

in a 25 °C–30 °C (Ou, 1985) climate with high humidity. These are common conditions in rice 

growing regions, thus allowing Xoo and rice to exist side by side. However, as temperatures creep 

upward, the reduced fitness of plants under heat stress can be enough of an opportunity for pests to 

overcome their host.   

One reason for the increased severity of disease at high temperature is the breakdown of plant 

disease resistance genes (Cohen and Leach, 2020; Sahu et al., 2020). R genes are of the most 

effective, and therefore important, strategies against bacterial blight. Other approaches to BB 

management are more costly, unsustainable, or marginally effective. Most rice R genes like xa5 and 

Xa3, have reduced capacity for pathogen defense when combined with heat stress (Webb et al., 

2010). At higher temperatures, lesions in rice with these genes were lengthier than those measured at 

low temperatures, indicating reduced or broken R gene functionality However, in a survey of disease 

phenotypes however, one R gene, Xa7 was shown to function more effectively at high temperatures  

(Webb et al., 2010).   

(Cohen et al., 2017) found that gene expression in Xa7 plants under heat and disease stress was 

different from that of plants without the R gene of interest under the same stress treatments. ABA 

signaling, which is usually upregulated in response to both stresses, was downregulated in Xa7 plants 

activated for resistance. It is possible that the internal hormonal crosstalk is altered in plants with 

downregulated ABA, such that prioritization of multiple stresses is handled in a unique manner. 

ABA and SA interactions could be differentially regulated in Xa7 (Cohen et al., 2017). We know that 

combined heat and disease stress signaling creates unique synergies that intensify the symptoms of 

each stressor to be more severe than if they occurred separately. We do not know if this synergy 
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results in greater susceptibility signaling or if a buildup of cellular products enhances combined stress 

phenotypes. One could speculate that by downregulating ABA associated signaling, Xa7 plants 

would reduce the phenotypes associated with inputs of heat and disease stress. There are studies that 

drought also makes rice more susceptible to BB (Dossa 2016). Xa7 and an unknown gene from 

African rice, continue to provide resistance during abiotic stresses (Dossa et al. 2016a; Dossa et al. 

2017; Webb et al. 2010). Responses to “general” stress were upregulated in plants without Xa7 and 

downregulated in plants with Xa7 (Cohen et al., 2019).  

Gaps in Knowledge   
It has been observed that when heat and disease stress are combined, symptoms associated with the 

combination of both stresses are more severe than if they had been observed singularly (Cohen et 

al., 2019; Balfagon et al., 2020; Desaint et al., 2021; Kim et al., 2022). This suggests that the 

importance of understanding combined heat and disease stress is of greater urgency than 

independent models predict. We do not yet know the degree to which the type of R gene determines 

its endurance under increasing temperatures. The reduced lesion lengths observed in Xa7 have only 

been observed in rice with that R gene (Webb et al 2010). In contrast, other R genes, including R 

genes with functions other than executors, were less efficacious at high relative to low temperatures 

as measured by lesion lengths. A comparison of the R gene functions relative to the impacts of high 

temperatures was not discussed because there was little knowledge of what the R genes were at the 

time of the Webb publication. Further, in prior studies, the impact of higher temperatures on the 

multiplication of Xoo in the plant was not evaluated. Although the higher temperatures associated 

with increased performance of Xa7 are not ideal for Xoo proliferation, preliminary information from 

our group shows that the expression TALE is sufficient to activate Xa7 expression.  
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Figure 1.2. Expression of Xa7 after inoculation with Xoo strain PXO99 with and without the 
effector gene avrXa7, at high and low temperatures. The presence of effector AvrXa7 is 
required for expression of Xa7 as seen in the columns corresponding to PXO99A(avrXa7). In 
addition, expression of Xa7 is enhanced at high temperature, as seen in the columns in red. (Alvaro 
Quintero-Perez, Rene Corral, J.E. Leach, unpublished).  
  
We hypothesize that rice lines with R genes other than Xa7 are more susceptible to bacterial blight at 

high temperature because of a mechanism involved in Xa7 expression. We know that Xa7 is 

upregulated at high temperatures, even when fewer bacteria are present, which may indicate that heat 

stress complements or enhances the rate of expression that would be caused by bacterial numbers 

alone. Heat stress may induce a positive feedback loop that enhances transcription efficiency or 

binding affinities of effectors from Xoo.   

Another possibility is that protein accumulation in the nucleus of the host cell improves disease 

resistance mechanisms that share a signaling pathway with Xa7. There is evidence in some plants 

that nuclear localization of proteins can be induced by changes in temperature. In Arabidopsis, 

accumulation of the immune receptor protein, SNC1 in the nucleus has been shown to enhance 

disease resistance phenotypes at high temperature. (Zhu et al., 2010).  In tomato, a heat shock 

transcription factor, HSFA1, accumulates in the nucleus after exposure to heat treatments (Scharf et 
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al., 1998). Cold temperatures can also influence this. HOS1 in Arabidopsis also relocates from 

cytoplasm to nucleus to induce inhibition of cold responses (Ishitani et al., 1998).  

Alternatively, Xa7 plants might be more responsive to accumulation of stress-induced ROS. (Cheng 

et al., 2013) introduce the observation that changes in temperature can induce oscillations between 

ETI and PTI at 10-23C and 23-32C, respectively. If the optimal temperature range predicts 

favorable induction of PTI, perhaps stressful temperatures, and associated ROS accumulation, on 

both the low and high ends of that range might induce ETI, though at the time of writing, the study 

did not investigate higher temperatures. We know that ROS are important signaling molecules in 

plants exposed to both heat and pathogen stress (Suzuki et al., 2012; Rejeb et al., 2014; Pandey et al., 

2015). We also know that accumulation of ROS is linked to induction of programmed cell death, a 

broader classification of HR (Laloi and Havaux, 2015). We could speculate that the rapid and 

effective onset of HR in Xa7 plants is due to a higher sensitivity in ROS-related response signaling, 

likely in the ER, where Xa7 localizes (Wang et al., 2021).  

This study will determine the impact of high temperatures on the resistance phenotypes that are 

controlled by other rice BB R genes, such as Xa3, xa5, Xa10, and Xa21. This set of R genes was 

chosen because they can all be induced by the same strain of Xoo and because they span multiple 

types of R gene classifications. In addition, this set of R genes allows us to build upon previous work 

that has observed increased disease at high temperatures, and negative impacts of high temperature 

on R gene function. These genes are also in many near-isogenic lines (IRBB lines, approximately 20 

at the time of writing (IRRI, 2006a).  The use of isogenic materials reduces background noise in our 

experiments.  Further, these genes are deployed in numerous rice lines internationally because they 

confer resistance to many common strains of Xoo.   
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This study reports the measures of bacterial numbers and lesion lengths in rice containing the 

previously listed R genes at high and low temperatures to assess R gene performance and bacterial 

multiplication in the leaf.  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  



 

25  
  

  
References:  
(2003). UN declares 2004 the International Year of Rice (United Nations News).  
Abdul Rahman, N.S.N., Abdul Hamid, N.W., and Nadarajah, K. 2021. Effects of abiotic stress on 

soil microbiome. International Journal of Molecular Sciences 22:9036.  
Arnell, N.W., and Gosling, S.N. 2016. The impacts of climate change on river flood risk at the global 

scale. Climate Change 134:387-401.  
Atkin, O.K., and Tjoelker, M.G. 2003. Thermal acclimation and the dynamic response of plant 

respiration to temperature. Trends in Plant Science 8:343-351.  
Baines, E. 2015. History of the cotton manufacture in Great Britain. Cambridge University Press.  
Bandumula, N. 2018. Rice production in Asia: Key to global food security. Proceedings of the 

National Academy of Sciences, India Section B: Biological Sciences 88:1323-1328.  
Bari, R., and Jones, J.D. 2009. Role of plant hormones in plant defence responses. Plant Molecular 

Biology. 69:473-488.  
Beckers, V., Poelmans, L., Van Rompaey, A., and Dendoncker, N. 2020. The impact of urbanization 

on agricultural dynamics: A case study in Belgium. Journal of Land Use Science 15:626-643.  
Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., and Courchamp, F. 2012. Impacts of climate 

change on the future of biodiversity. Ecology Letters 15:365-377.  
Berendsen, R.L., Pieterse, C.M., and Bakker, P.A. 2012. The rhizosphere microbiome and plant 

health. Trends in Plant Science 17:478-486.  
Blair, M.W., Garris, A.J., Iyer, A.S., Chapman, B., Kresovich, S., and McCouch, S.R. 2003. High 

resolution genetic mapping and candidate gene identification at the xa5 locus for bacterial 
blight resistance in rice (Oryza sativa L.). Theoretical and Applied Genetics 107:62-73.  

Bradshaw, C.J.A., and Brook, B.W. 2014. Human population reduction is not a quick fix for 
environmental problems. Proceedings of the National Academy of Sciences 
111:1661016615.  

Brierley, A.S., and Kingsford, M.J. 2009. Impacts of climate change on marine organisms and 
ecosystems. Current Biology 19:R602-R614.  

Cao, Y., Duan, L., Li, H., Sun, X., Zhao, Y., Xu, C., Li, X., and Wang, S. 2007. Functional analysis of 
Xa3/Xa26 family members in rice resistance to Xanthomonas oryzae pv. oryzae. Theoretical 
and Applied Genetics 115:887-895.  

Casal, J.J., and Balasubramanian, S. 2019. Thermomorphogenesis. Annual Review of Plant Biology 
70:321-346.  

Chapin, F.S., Bloom, A.J., Field, C.B., and Waring, R.H. 1987. Plant responses to multiple 
environmental factors. Bioscience 37:49-57.  

Chaudhary, S.U., Iqbal, J., and Hussain, M. 2012. Effectiveness of different fungicides and antibiotics 
against bacterial leaf blight in rice. Journal of Agricultural Research 50:109-117.  

Chen, X.F., Liu, P.C., Mei, L., He, X.L., Chen, L., Liu, H., Shen, S.R., Ji, Z.D., Zheng, X.X., Zhang, 
Y.C., Gao, Z.Y., Zeng, D.L., Qian, Q., and Ma, B.J. 2021. Xa7, a new executor R gene that 
confers durable and broad-spectrum resistance to bacterial blight disease in rice. Plant 
Communications 2:14.  

Cheung, W.W., Lam, V.W., Sarmiento, J.L., Kearney, K., Watson, R., and Pauly, D. 2009. Projecting 
global marine biodiversity impacts under climate change scenarios. Fish and Fisheries 
10:235-251.  



 

26  
  

Chu, Z., Yuan, M., Yao, J., Ge, X., Yuan, B., Xu, C., Li, X., Fu, B., Li, Z., Bennetzen, J.L., Zhang, 
Q., and Wang, S. 2006. Promoter mutations of an essential gene for pollen development 
result in disease resistance in rice. Genes and Development 20:1250-1255.  

Coburn, B., Sekirov, I., and Finlay, B.B. 2007. Type III secretion systems and disease. Clinical 
Microbiology Reviews 20:535-549.  

Cohen, S. 2019. How stress affects rice: a characterization of the rice transcriptome during single and 
simultaneous abiotic and biotic stresses.  

Cohen, S.P., Liu, H., Argueso, C.T., Pereira, A., Vera Cruz, C., Verdier, V., and Leach, J.E. 2017. 
RNA-Seq analysis reveals insight into enhanced rice Xa7-mediated bacterial blight resistance 
at high temperature. PLoS One 12:e0187625.  

Cordero-Lara, K.I. 2020. Temperate japonica rice (Oryza sativa L.) breeding: History, present and 
future challenges. Chil. J. Agricultural Research 80:303-314.  

Crawford, G.W., and Shen, C. 1998. The origins of rice agriculture: recent progress in East Asia. 
Antiquity 72:858-866.  

Cullather, N. 2004. Miracles of Modernization: The Green Revolution and the Apotheosis of 
Technology*. Diplomatic History 28:227-254.  

Dat, J., Vandenabeele, S., Vranova, E., Van Montagu, M., Inzé*, D., and Van Breusegem, F. 2000. 
Dual action of the active oxygen species during plant stress responses. Cellular and 
Molecular Life Sciences CMLS 57:779-795.  

De Corato, U. 2020. Soil microbiota manipulation and its role in suppressing soil-borne plant 
pathogens in organic farming systems under the light of microbiome-assisted strategies.  
Chemical and Biological Technologies in Agriculture 7:1-26.  

de Lima, C.F.F., Kleine-Vehn, J., De Smet, I., and Feraru, E. 2021a. Getting to the root of 
belowground high temperature responses in plants. Journal of Experimental Botany 
72:7404-7413.  

de Lima, V.J., Gracia-Romero, A., Rezzouk, F.Z., Diez-Fraile, M.C., Araus-Gonzalez, I., Kamphorst, 
S.H., do Amaral Júnior, A.T., Kefauver, S.C., Aparicio, N., and Araus, J.L. 2021b. 
Comparative Performance of High-Yielding European Wheat Cultivars Under Contrasting 
Mediterranean Conditions. Frontiers in Plant Science 12.  

Devadath, S. 1989. Chemical control of bacterial blight of rice. Bacterial blight of rice:89-98.  
Donohue, K. 2005. Seeds and seasons: interpreting germination timing in the field. Seed Science 

Research 15:175-187.  
Eaks, I.L. 1978. Ripening, Respiration, and Ethylene Production of ‘Hass’ Avocado Fruits at 20 to 

40 C1. Journal of the American Society for Horticultural Science 103:576-578.  
Eitas, T.K., and Dangl, J.L. 2010. NB-LRR proteins: pairs, pieces, perception, partners, and 

pathways. Current Opinion in Plant Biology 13:472-477.  
England, M.H., McGregor, S., Spence, P., Meehl, G.A., Timmermann, A., Cai, W., Gupta, A.S., 

McPhaden, M.J., Purich, A., and Santoso, A. 2014. Recent intensification of wind-driven 
circulation in the Pacific and the ongoing warming hiatus. Nature Climate Change 4:222-227.  

Ezuka, A., and Kaku, H. 2000. A historical review of bacterial blight of rice. Bulletin of the National 
Institute of Agrobiological Resources:1-207.  

Fazal, S. 2000. Urban expansion and loss of agricultural land-a GIS based study of Saharanpur City, 
India. Environment and Urbanization 12:133-149.  

Ferguson, I.B., Lurie, S., and Bowen, J.H. 1994. Protein synthesis and breakdown during heat shock 
of cultured pear (Pyrus communis L.) cells. Plant Physiology 104:1429-1437.  



 

27  
  

Fiyaz, R.A., Shivani, D., Chaithanya, K., Mounika, K., Chiranjeevi, M., Laha, G.S., Viraktamath, 
B.C., Rao, L.V.S., and Sundaram, R.M. 2022. Genetic Improvement of Rice for Bacterial 
Blight Resistance: Present Status and Future Prospects. Rice Science 29:118-132.  

Fjellheim, S., Boden, S., and Trevaskis, B. 2014. The role of seasonal flowering responses in 
adaptation of grasses to temperate climates. Frontiers in Plant Science 5:431.  

Foyer, C.H. 2018. Reactive oxygen species, oxidative signaling and the regulation of photosynthesis.  
Environmental and Experimental Botany 154:134-142.  

Franche, C., Lindström, K., and Elmerich, C. (2009). Nitrogen-fixing bacteria associated with 
leguminous and non-leguminous plants (Springer).  

Gitz, V., Meybeck, A., Lipper, L., Young, C.D., and Braatz, S. 2016. Climate change and food 
security: risks and responses. Food and Agriculture Organization of the United Nations 
(FAO) Report 110:2-4.  

Gnanamanickam, S.S. 2009. Major Diseases of Rice. Pages 13-42 in: Biological Control of Rice 
Diseases, Springer Netherlands, Dordrecht.  

Gnanamanickam, S.S., Priyadarisini, V.B., Narayanan, N.N., Vasudevan, P., and Kavitha, S. 1999. An 
overview of bacterial blight disease of rice and strategies for its management. Current 
Science 77:1435-1444.  

Greenup, A., Peacock, W.J., Dennis, E.S., and Trevaskis, B. 2009. The molecular biology of seasonal 
flowering-responses in Arabidopsis and the cereals. Annals of Botany 103:1165-1172.  

Gu, K., Yang, B., Tian, D., Wu, L., Wang, D., Sreekala, C., Yang, F., Chu, Z., Wang, G.L., White, 
F.F., and Yin, Z. 2005. R gene expression induced by a type-III effector triggers disease 
resistance in rice. Nature 435:1122-1125.  

Guhathakurta, P., Sreejith, O., and Menon, P. 2011. Impact of climate change on extreme rainfall 
events and flood risk in India. Journal of Earth System Science 120:359-373.  

Gupta, D.K., Palma, J.M., and Corpas, F.J. 2015. Reactive oxygen species and oxidative damage in 
plants under stress. Springer.  

Haile, G.G., Tang, Q., Hosseini-Moghari, S.M., Liu, X., Gebremicael, T., Leng, G., Kebede, A., Xu, 
X., and Yun, X. 2020. Projected impacts of climate change on drought patterns over East 
Africa. Earth's Future 8:e2020EF001502.  

Harley, C.D., Randall Hughes, A., Hultgren, K.M., Miner, B.G., Sorte, C.J., Thornber, C.S., 
Rodriguez, L.F., Tomanek, L., and Williams, S.L. 2006. The impacts of climate change in 
coastal marine systems. Ecology Letters 9:228-241.  

He, Z., Webster, S., and He, S.Y. 2022. Growth–defense trade-offs in plants. Current Biology 
32:R634-R639.  

Heckman, R.W., Halliday, F.W., and Mitchell, C.E. 2019. A growth–defense trade-off is general 
across native and exotic grasses. Oecologia 191:609-620.  

Hijmans, R.J. 2003. The effect of climate change on global potato production. American journal of 
Potato Research 80:271-279.  

Hikosaka, K., Ishikawa, K., Borjigidai, A., Muller, O., and Onoda, Y. 2006. Temperature acclimation 
of photosynthesis: mechanisms involved in the changes in temperature dependence of 
photosynthetic rate. Journal of Experimental Botany 57:291-302.  

Hopkins, C.M., White, F., Choi, S., Guo, A., and Leach, J. 1992. Identification of a family of 
avirulence genes from Xanthomonas oryzae pv. oryzae. Molecular Plant Microbe 
Interactions 5:451-459.  



 

28  
  

Hu, K., Cao, J., Zhang, J., Xia, F., Ke, Y., Zhang, H., Xie, W., Liu, H., Cui, Y., and Cao, Y. 2017. 
Improvement of multiple agronomic traits by a disease resistance gene via cell wall 
reinforcement. Nature Plants 3:1-9.  

Huang, S., Antony, G., Li, T., Liu, B., Obasa, K., Yang, B., and White, F.F. 2016a. The broadly 
effective recessive resistance gene xa5 of rice is a virulence effector-dependent quantitative 
trait for bacterial blight. Plant Journal 86:186-194.  

Huang, S., Antony, G., Li, T., Liu, B., Obasa, K., Yang, B., and White, F.F. 2016b. The broadly 
effective recessive resistance gene xa5 of rice is a virulence effector-dependent quantitative 
trait for bacterial blight. Plant Journal 86:186-194.  

Huke, R. (1976). Geography and climate of rice. In Proceedings of the Symposium on Climate and 
Rice.–Los Banos: The International Rice Research Institute, pp. 31-50.  

Hutin, M., Sabot, F., Ghesquière, A., Koebnik, R., and Szurek, B. 2015. A knowledge-based 
molecular screen uncovers a broad-spectrum OsSWEET14 resistance allele to bacterial 
blight from wild rice. The Plant Journal 84:694-703.  

Ikeda, R., Khush, G., and Tabien, R. 1990. A new resistance gene to bacterial blight derived from O. 
longistaminata. Japan Journal of Breeding 40:280-281.  

IPCC, I. 2018. Summary for Policymakers” in Global warming of 1.5° C. An IPCC Special Report 
on the impacts of global warming of 1.5° C above pre-industrial levels and related global 
greenhouse gas emission pathways, in the context of strengthening the global response to 
the threat of climate change, sustainable development, and efforts to eradicate poverty. 
Sustainable Development, and Efforts to Eradicate Poverty. Geneva, Switzerland: World 
Meteorological Organization 32.  

Iyer-Pascuzzi, A.S., Jiang, H., Huang, L., and McCouch, S.R. 2008. Genetic and functional 
characterization of the rice bacterial blight disease resistance gene xa5. Phytopathology 
98:289-295.  

Jamieson, M.A., Trowbridge, A.M., Raffa, K.F., and Lindroth, R.L. 2012. Consequences of climate 
warming and altered precipitation patterns for plant-insect and multitrophic interactions. 
Plant Physiology 160:1719-1727.  

Jansson, J.K., and Hofmockel, K.S. 2020. Soil microbiomes and climate change. Nature Reviews 
Microbiology 18:35-46.  

Ji, C., Ji, Z., Liu, B., Cheng, H., Liu, H., Liu, S., Yang, B., and Chen, G. 2020. Xa1 allelic R genes 
activate rice blight resistance suppressed by interfering TAL effectors. Plant 
Communications 1.  

Jin, Q., and He, S.-Y. 2001. Role of the Hrp pilus in type III protein secretion in Pseudomonas 
syringae. Science 294:2556-2558.  

Khush, G.S., Bacalangco, E., and Ogawa, T. 1990. 18. A new gene for resistance to bacterial blight 
from O. longistaminata. Rice Genetics News Letter 7:121-122.  

Kimball, B., and Idso, S. 1983. Increasing atmospheric CO2: effects on crop yield, water use and 
climate. Agricultural Water Management 7:55-72.  

Krishnamurthy, P.K., Lewis, K., and Choularton, R. 2014. A methodological framework for rapidly 
assessing the impacts of climate risk on national-level food security through a vulnerability 
index. Global Environmental Change 25:121-132.  

Ladha, J.K., Fischer, K., Hossain, M., Hobbs, P., and Hardy, B. (2000). Improving the. Productivity 
and Sustainability of Rice-Wheat Systems of the lndo-Gangetic Plains: A Synthesis of NARS-
IRRI Partnership Research.  



 

29  
  

Lamers, J., Van Der Meer, T., and Testerink, C. 2020. How plants sense and respond to stressful 
environments. Plant Physiology 182:1624-1635.  

Leach, J.E., Hopkins, C., Guo, A., Choi, S.-H., Mazzola, M., Ryba-White, M., and White, F.F. 1993. 
A Family of Avirulence Genes from Xanthomonas oryzae pv. oryzae is Involved in Resistant 
Interactions in Rice. Pages 221-230 in: Advances in Molecular Genetics of Plant-Microbe 
Interactions, Vol. 2, Springer.  

Lee, J.-Y., J. Marotzke, G. Bala, L. Cao, S. Corti, J.P. Dunne, F. Engelbrecht, E. Fischer, J.C. Fyfe, C. 
Jones, A. Maycock, J. Mutemi, O. Ndiaye, S. Panickal, and T. Zhou. (2021). Future Global  
Climate: Scenario-Based Projections and Near-Term Information. In Climate Change 2021:  
The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change, V. Masson-Delmotte, P. Zhai,  
A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M.  
Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. 
Yu, and B. Zhou, ed (Cambridge, United Kingdom and New York, NY, USA,: Cambridge 
University Press), pp. 553–672.  

Lee, S.-W., Han, S.-W., Sririyanum, M., Park, C.-J., Seo, Y.-S., and Ronald, P.C. 2009. A Type I– 
Secreted, Sulfated Peptide Triggers XA21-Mediated Innate Immunity. Science 326:850-853. 

Leung, H., Zhu, Y., Revilla-Molina, I., Fan, J.X., Chen, H., Pangga, I., Cruz, C.V., and Mew, T.W. 
2003. Using genetic diversity to achieve sustainable rice disease management. Plant Disease 87:1156-
1169.  
Li, H.J., Li, X.H., Xiao, J.H., Wing, R.A., and Wang, S.P. 2012. Ortholog alleles at Xa3/Xa26 locus 

confer conserved race-specific resistance against Xanthomonas oryzae in rice. Molecular 
Plant 5:281-290.  

Li, J.-Y., Sun, J.-L., Tian, Y.-Y., and Liu, J.-X. 2022. The FtsH-Inactive Protein FtsHi5 Is Required 
for Chloroplast Development and Protein Accumulation in Chloroplasts at Low Ambient 
Temperature in Arabidopsis. Frontiers in Plant Science 12.  

Li, T., Angeles, O., Radanielson, A., Marcaida, M., and Manalo, E. 2015. Drought stress impacts of 
climate change on rainfed rice in South Asia. Climate Change 133:709-720.  

Lin, H.-I., Yu, Y.-Y., Wen, F.-I., and Liu, P.-T. 2022. Status of Food Security in East and Southeast 
Asia and Challenges of Climate Change. Climate 10:40.  

Liu, C., Mao, B., Yuan, D., Chu, C., and Duan, M. 2022. Salt tolerance in rice: Physiological 
responses and molecular mechanisms. The Crop Journal 10:13-25.  

Luo, D., Huguet-Tapia, J.C., Raborn, R.T., White, F.F., Brendel, V.P., and Yang, B. 2021. The Xa7 
resistance gene guards the rice susceptibility gene SWEET14 against exploitation by the 
bacterial blight pathogen. Plant Communications:100164.  

Luo, J.-J., Sasaki, W., and Masumoto, Y. 2012. Indian Ocean warming modulates Pacific climate 
change. Proceedings of the National Academy of Sciences 109:18701-18706.  

Lutz, W., and KC, S. 2010. Dimensions of global population projections: what do we know about 
future population trends and structures? Philosophical Transactions of the Royal Society B: 
Biological Sciences 365:2779-2791.  

Maclean, J., Hardy, B., and Hettel, G. 2013. Rice Almanac: Source book for one of the most 
important economic activities on earth. IRRI.  

Mácová, K., Prabhullachandran, U., Štefková, M., Spyroglou, I., Pěnčík, A., Endlová, L., Novák, O., 
and Robert, H.S. 2022. Long-Term High-Temperature Stress Impacts on Embryo and Seed 
Development in Brassica napus. Frontiers in Plant Science 13.  



 

30  
  

Maisura, M., Lubis, I., Junaedinand, A., and Ehara, H. 2014. Some physiological character responses 
of rice under drought conditions in a paddy system. Journal of the International Society of 
Southeast Asian Agricultural Sciences 20:104-114.  

Mamedov, N. 2012. Medicinal plants studies: history, challenges and prospective. Medicinal and 
Aromatic Plants 1:e133.  

Mathur, S., Agrawal, D., and Jajoo, A. 2014. Photosynthesis: response to high temperature stress.  
Journal of Photochemistry and Photobiology B: Biology 137:116-126.  

Matsui, T., Omasa, K., and Horie, T. 1997. High temperature-induced spikelet sterility of japonica 
rice at flowering in relation to air temperature, humidity and wind velocity conditions. 
Japanese Journal of Crop Science 66:449-455.  

Medek, D.E., Schwartz, J., and Myers, S.S. 2017. Estimated Effects of Future Atmospheric CO2 
Concentrations on Protein Intake and the Risk of Protein Deficiency by Country and 
Region. Environmental Health Perspectives 125:087002.  

Mew, T., Vera Cruz, C., and Medalla, E. 1992. Changes in race frequency of Xanthomonas oryzae 
pv. oryzae in response to rice cultivars planted in the Philippines. Plant Disease 76:10291032.  

Mew, T.W., Alvarez, A.M., Leach, J.E., and Swings, J. 1993. FOCUS ON BACTERIAL-BLIGHT 
OF RICE. Plant Disease 77:5-12.  

Mew, T.W., Leung, H., Savary, S., Vera Cruz, C.M., and Leach, J.E. 2004. Looking ahead in rice 
disease research and management. Critical Reviews in Plant Science 23:103-127.  

MEW, W., and ALVAREZ, A. 1994. Problems in detection of Xanthomonas oryzae pv. oryzae in 
rice seed and potential for improvement using monoclonal antibodies. Plant Disease 78:173.  

Miro, B., and Ismail, A.M. 2013. Tolerance of anaerobic conditions caused by flooding during 
germination and early growth in rice (Oryza sativa L.). Frontiers in Plant Science 4:269.  

Mittler, R., Finka, A., and Goloubinoff, P. 2012. How do plants feel the heat? Trends in Biochemical 
Sciences 37:118-125.  

Mwaikambo, L. 2006. Review of the history, properties and application of plant fibres. African 
Journal of Science and Technology 7:121.  

Myers, S.S., Zanobetti, A., Kloog, I., Huybers, P., Leakey, A.D., Bloom, A.J., Carlisle, E., Dietterich, 
L.H., Fitzgerald, G., and Hasegawa, T. 2014. Increasing CO2 threatens human nutrition. 
Nature 510:139-142.  

Nelson, G., Bogard, J., Lividini, K., Arsenault, J., Riley, M., Sulser, T.B., Mason-D’Croz, D., Power, 
B., Gustafson, D., and Herrero, M. 2018. Income growth and climate change effects on 
global nutrition security to mid-century. Nature Sustainability 1:773-781.  

Ou, S.H. 1985. Rice Diseases, 2nd Edition. Commonwealth Mycological Institute, Kew,.  
Pandey, B., and Seto, K.C. 2015. Urbanization and agricultural land loss in India: Comparing satellite 

estimates with census data. Journal of Environmental Management 148:53-66.  
Park, J.-K., Das, A., and Park, J.-H. 2018. Integrated model for predicting rice yield with climate 

change. International Agrophysics 32.  
Pena, R.T., Blasco, L., Ambroa, A., González-Pedrajo, B., Fernández-García, L., López, M., Bleriot, 

I., Bou, G., García-Contreras, R., Wood, T.K., and Tomás, M. 2019. Relationship Between 
Quorum Sensing and Secretion Systems. Frontiers in Microbiology 10.  

Penfield, S. 2008. Temperature perception and signal transduction in plants. New Phytologist 
179:615-628.  

Petrovska, B.B. 2012. Historical review of medicinal plants’ usage. Pharmacognosy Reviews 6:1. Piel, 
J. 2009. Metabolites from symbiotic bacteria. Natural Product Reports 26:338-362.  



 

31  
  

Prescott-Allen, R., and Prescott-Allen, C. 1990. How many plants feed the world? Conservation 
Biology 4:365-374.  

Prospero, J.M., and Lamb, P.J. 2003. African droughts and dust transport to the Caribbean: Climate 
Change Implications. Science 302:1024-1027.  

Ratkowsky, D.A., Olley, J., McMeekin, T., and Ball, A. 1982. Relationship between temperature and 
growth rate of bacterial cultures. Journal of Bacteriology 149:1-5.  

Reddy, A., Mackenzie, D., Rouse, D., Rao, A. . 1979. Relationship of bacterial leaf blight severity to 
grain yield of rice. Phytopathology 69:967-969.  

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G., Nakicenovic, N., and 
Rafaj, P. 2011. RCP 8.5—A scenario of comparatively high greenhouse gas emissions. 
Climate Change 109:33-57.  

Roine, E., Wei, W., Yuan, J., Nurmiaho-Lassila, E.-L., Kalkkinen, N., Romantschuk, M., and He,  
S.Y. 1997. Hrp pilus: an hrp-dependent bacterial surface appendage produced by  
Pseudomonas syringae pv. tomato DC3000. Proceedings of the National Academy of 
Sciences 94:3459-3464.  

Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., Cheng, J., and Zhang, K. 2019.  
Jasmonic acid signaling pathway in plants. International Journal of Molecular Sciences 
20:2479.  

Ruelland, E., and Zachowski, A. 2010. How plants sense temperature. Environmental and 
Experimental Botany 69:225-232.  

Sage, R.F., and Kubien, D.S. 2007. The temperature response of C3 and C4 photosynthesis. Plant, 
Cell & Environment 30:1086-1106.  

Sahu, A., Das, A., Saikia, K., and Barah, P. 2020. Temperature differentially modulates the 
transcriptome response in Oryza sativa to Xanthomonas oryzae pv. oryzae infection. 
Genomics 112:4842-4852.  

Searle, I., and Coupland, G. 2004. Induction of flowering by seasonal changes in photoperiod. The 
EMBO Journal 23:1217-1222.  

Sharmin, S., Lipka, U., Polle, A., and Eckert, C. 2021. The influence of transpiration on foliar 
accumulation of salt and nutrients under salinity in poplar (Populus× canescens). PloS one 
16:e0253228.  

Smith, M.R., Golden, C.D., and Myers, S.S. 2017. Potential rise in iron deficiency due to future 
anthropogenic carbon dioxide emissions. GeoHealth 1:248-257.  

Song, W.-Y., Wang, G.-L., Chen, L.-L., Kim, H.-S., Pi, L.-Y., Holsten, T., Gardner, J., Wang, B., 
Zhai, W.-X., and Zhu, L.-H. 1995. A receptor kinase-like protein encoded by the rice disease 
resistance gene, Xa21. Science 270:1804-1806.  

Srivastava, D.N. 1967. Epidemiology and control of bacterial blight of rice in India. Proceedings of 
symposium on rice diseases and their control by growing resistant varieties and other  

measures. Agriculture, Forestry and Fisheries Research Council, Tokyo, Japan.  
Sun, X., Yang, Z., Wang, S., and Zhang, Q. 2003. Identification of a 47-kb DNA fragment 

containing Xa4, a locus for bacterial blight resistance in rice. Theoretical and Applied 
Genetics 106:683-687.  

Sun, X., Cao, Y., Yang, Z., Xu, C., Li, X., Wang, S., and Zhang, Q. 2004a. Xa26, a gene conferring 
resistance to Xanthomonas oryzae pv. oryzae in rice, encodes an LRR receptor kinase-like 
protein. The Plant Journal 37:517-527.  



 

32  
  

Sun, X.L., Cao, Y.L., Yang, Z.F., Xu, C.G., Li, X.H., Wang, S.P., and Zhang, Q.F. 2004b. Xa26, a 
gene conferring resistance to Xanthomonas oryzae pv. oryzae in rice, encodes an LRR 
receptor kinase-like protein. The Plant Journal 37:517-527.  

Sweeney, M., and McCouch, S. 2007. The complex history of the domestication of rice. Annals of 
Botany 100:951-957.  

Tagami Y. Kuhara S, K.T., Fujii H, Sekiya S. Yoshimura S, Sato T. Watanabe B. 1963.  
Overwintering of the pathogen. . Kyushu Agricultural Experiment Station., Japan.  

Tampakaki, A.P., Fadouloglou, V.E., Gazi, A.D., Panopoulos, N.J., and Kokkinidis, M. 2004.  
Conserved features of type III secretion. Cellular Microbiology 6:805-816.  

Thompson, J., Mitchell, F., and Kasmire, R. 2002. Cooling Horticultural Commodities pp. 97–112. 
Postharvest Technology of Horticultural Crops. 3rd Edition. Univ. of California Agri. and 
Natural Resources pub 3311.  

Tian, D., Wang, J., Zeng, X., Gu, K., Qiu, C., Yang, X., Zhou, Z., Goh, M., Luo, Y., and 
MurataHori, M. 2014a. The rice TAL effector–dependent resistance protein XA10 triggers 
cell death and calcium depletion in the endoplasmic reticulum. The Plant Cell 26:497-515.  

Tian, D., Wang, J., Zeng, X., Gu, K., Qiu, C., Yang, X., Zhou, Z., Goh, M., Luo, Y., Murata-Hori, 
M., White, F.F., and Yin, Z. 2014b. The rice TAL effector-dependent resistance protein 
XA10 triggers cell death and calcium depletion in the endoplasmic reticulum. The Plant Cell 
26:497-515.  

Trenberth, K.E. 2011. Changes in precipitation with climate change. Climate Research 47:123-138.  
Treshow, M. 1970. Environment and plant response. Environment and Plant Response.  
Uleberg, E., Hanssen-Bauer, I., van Oort, B., and Dalmannsdottir, S. 2014. Impact of climate change 

on agriculture in Northern Norway and potential strategies for adaptation. Climate Change 
122:27-39.  

United Nations Department of Economic and Social Affairs, P.D. (2022). World Population 
Prospects 2022: Summary of Results.  

Van Der Heijden, M.G., Bruin, S.d., Luckerhoff, L., Van Logtestijn, R.S., and Schlaeppi, K. 2016. A 
widespread plant-fungal-bacterial symbiosis promotes plant biodiversity, plant nutrition and 
seedling recruitment. The ISME journal 10:389-399.  

Van Oort, P.A., and Zwart, S.J. 2018. Impacts of climate change on rice production in Africa and 
causes of simulated yield changes. Global Change Biology 24:1029-1045.  

Vannier, N., Agler, M., and Hacquard, S. 2019. Microbiota-mediated disease resistance in plants. 
PLoS Pathogens 15:e1007740.  

Venkateshwaran, M., Volkening, J.D., Sussman, M.R., and Ané, J.-M. 2013. Symbiosis and the social 
network of higher plants. Current Opinions in Plant Biology 16:118-127.  

Wahid, A., Gelani, S., Ashraf, M., and Foolad, M.R. 2007. Heat tolerance in plants: An overview. 
Environmental and Experimental Botany 61:199-223.  

Wallenstein, M.D. 2017. Managing and manipulating the rhizosphere microbiome for plant health: a 
systems approach. Rhizosphere 3:230-232.  

Wang, C.L., Zhang, X.P., Fan, Y.L., Gao, Y., Zhu, Q.L., Zheng, C.K., Qin, T.F., Li, Y.Q., Che, J.Y., 
Zhang, M.W., Yang, B., Liu, Y.G., and Zhao, K.J. 2015. XA23 Is an Executor R Protein and 
Confers Broad-Spectrum Disease Resistance in Rice. Molecular Plant 8:290-302.  

Webb, K.M., Oña, I., Bai, J., Garrett, K.A., Mew, T., Vera Cruz, C.M., and Leach, J.E. 2010. A 
benefit of high temperature: increased effectiveness of a rice bacterial blight disease 
resistance gene. New Phytologist 185:568-576.  



 

33  
  

Wei, Z., Gu, Y., Friman, V.-P., Kowalchuk, G.A., Xu, Y., Shen, Q., and Jousset, A. 2019. Initial soil 
microbiome composition and functioning predetermine future plant health. Science 
Advances 5:eaaw0759.  

Wernberg, T., Russell, B.D., Moore, P.J., Ling, S.D., Smale, D.A., Campbell, A., Coleman, M.A., 
Steinberg, P.D., Kendrick, G.A., and Connell, S.D. 2011. Impacts of climate change in a 
global hotspot for temperate marine biodiversity and ocean warming. Journal of 
Experimental Marine Biology and Ecology 400:7-16.  

Woolf, A., Ferguson, I., Requejo-Tapia, L., Boyd, L., Laing, W., and White, A. 1999. Impact of sun 
exposure on harvest quality of ‘Hass’ avocado fruit. Revista Chapingo Serie Horticultura 
5:353-358.  

Xiang, Y., Cao, Y., Xu, C., Li, X., and Wang, S. 2006. Xa3, conferring resistance for rice bacterial 
blight and encoding a receptor kinase-like protein, is the same as Xa26. Theoretical and 
Applied Genetics 113:1347-1355.  

Xu, Y., Chu, C., and Yao, S. 2021. The impact of high-temperature stress on rice: Challenges and 
solutions. The Crop Journal 9:963-976.  

Yang, B., and Bogdanove, A. 2013. Inoculation and Virulence Assay for Bacterial Blight and 
Bacterial Leaf Streak of Rice. Pages 249-255 in: Rice Protocols, Y. Yang, ed. Humana Press, 
Totowa, NJ.  

Yoshimura, S., Yamanouchi, U., Katayose, Y., Toki, S., Wang, Z.X., Kono, I., Kurata, N., Yano, M., 
Iwata, N., and Sasaki, T. 1998. Expression of Xa1, a bacterial blight-resistance gene in rice, is 
induced by bacterial inoculation. Proceedings of the National Academy of Sciences U S A 
95:1663-1668.  

You, L., Rosegrant, M.W., Wood, S., and Sun, D. 2009. Impact of growing season temperature on 
wheat productivity in China. Agriculture and Forest Meteorology 149:1009-1014.  

Yuan, J.S., Tiller, K.H., Al-Ahmad, H., Stewart, N.R., and Stewart, C.N. 2008. Plants to power: 
bioenergy to fuel the future. Trends in Plant Science 13:421-429.  

Yuan, M., Ke, Y., Huang, R., Ma, L., Yang, Z., Chu, Z., Xiao, J., Li, X., and Wang, S. 2016. A host 
basal transcription factor is a key component for infection of rice by TALE-carrying 
bacteria. Elife 5.  

Zarraonaindia, I., Owens, S.M., Weisenhorn, P., West, K., Hampton-Marcell, J., Lax, S., Bokulich, 
N.A., Mills, D.A., Martin, G., and Taghavi, S. 2015. The soil microbiome influences 
grapevine-associated microbiota. Molecular Biology 6:e02527-02514.  

Zhang, L., Zhang, J., Wei, Y., Hu, W., Liu, G., Zeng, H., and Shi, H. 2021. Microbiome-wide 
association studies reveal correlations between the structure and metabolism of the 
rhizosphere microbiome and disease resistance in cassava. Plant Biotechnology Journal 
19:689-701.  

Zhang, Q., Lin, S., Zhao, B., Wang, C., Yang, W., Zhou, Y., Li, D., Chen, C., and Zhu, L. 1998. 
Identification and tagging a new gene for resistance to bacterial blight (Xanthomonas oryzae 
pv. oryzae) from O. rufipogon. Rice Genetics Newsletter 15:138-142.  

Zhao, J., Lu, Z., Wang, L., and Jin, B. 2020. Plant Responses to Heat Stress: Physiology, 
Transcription, Noncoding RNAs, and Epigenetics. International Journal of Molecular 
Sciences 22.  

Zhu, Z.Q., Vu, L.D., and Balasubramanian, S. 2022. Editorial: Plant response to high ambient 
temperature. Frontiers in Plant Science 13:2. 



 

34  
  

Chapter Two – The impacts of high temperature on R gene efficacy  
Introduction:  
  Rice has long been bred for desirable traits, such as yield and disease resistance, but the 

challenges and threats that accompany rice farming can change, and our attention to these difficulties 

must follow accordingly. One well-established threat to rice is bacterial blight, abbreviated as BB, a 

disease with devastating impact on rice. BB can reduce rice yields by up to 50%, and in rare cases as 

much as 70%. Recent estimates are more conservative, estimating damage to be 8.9% (Ou, 1985; 

Cohen et al., 2019; Savary et al., 2019). Symptoms of BB include vertical greyyellow discolorations 

and tissue necrosis moving from the tip of the leaf toward base (Yang and Bogdanove, 2013). BB in 

rice is caused by the bacterium Xanthomonas oryzae pv. oryzae, subsequently abbreviated as Xoo. Xoo is 

well-suited to many rice growing regions, and thrives in warm, humid conditions at approximately 

28C (82.4F). Xoo can be transmitted in irrigation water and through seed stocks. The bacteria enter 

the plant through peripheral hydathodes or wounds on leaves (Gnanamanickam et al., 1999). 

Reduction of Xoo in rice is limited to management of irrigation sources, optimal soil nutrition, and 

minimized field litter (Leung et al., 2003; Mew et al., 2004), while chemical applications have limited 

success (Devadath, 1989; Gnanamanickam et al., 1999;  

Chaudhary et al., 2012).   

A more recent threat to rice is temperature stress, which can decrease rice yields further (Xu et al.,  

2020; Su et al., 2023). Each 1 °C of increased nighttime temperature reduces rice grain yield by 10% 

(Peng et al., 2004). In addition, when both disease stress and temperature stress are combined, 

development of BB disease symptoms are more severe (Yamada et al., 1979; Horino et al., 1982; Ou, 

1985; Ezuka and Kaku, 2000). In trials of select rice varieties, symptomatic lesions were longer at 

warm season temperatures (35 °C/29 °C) than at cooler season temperatures (29°C /25 °C). Rice 

plants relying on BB resistance genes (R genes) as a defense strategy show reduced resistance at high 

temperatures in lab experiments (Horino et al., 1982; Webb et al., 2010). At field scale, a reduction in 



 

35  
  

resistance in one or a few plants can become an opportunity for Xoo to multiply and spread between 

neighboring rice, contributing to further crop loss.   

Interestingly, (Webb et al., 2010) found that compared to near-isogenic rice lines containing R genes 

(Xa3, Xa4, xa5, Xa7, and Xa10), one R gene, Xa7, functioned more effectively at high temperatures 

compared to lower temperatures. Xa7 is characterized as an executor R gene (Chen et al., 2021; Luo 

et al., 2021) (Table 1) which activates an ETI response, typically culminating in a hypersensitive 

response (HR), when the corresponding bacterial TAL effector enters the nucleus and binds to the 

promoter of the R gene (Zhang et al., 2015b).   

For the executor gene Xa7, an Xoo effector called AvrXa7 (Hopkins et al., 1992; Yang et al., 2000) 

must be present to trigger R gene expression. When Xoo injects AvrXa7 effectors into the host plant 

cell, the effector travels to the cell nucleus where it can bind to either the effector binding element  

(EBE) of the promoter of Xa7 or the EBE in the promoter of a susceptibility target of AvrXa7, the 

OsSWEET14 gene, which will activate resistance or susceptibility, respectively. Studies of binding 

affinities for the two promoters suggest that the EBE in Xa7 has evolved to have a higher binding 

affinity than the EBE in SWEET14, thereby allowing Xa7 to act as a decoy to reduce effector 

binding to the susceptibility target (Wang et al 2021; Luo et al 2021). When the effector AvrXa7 

binds to Xa7’s promoter, it will act as a transcription activator for an HR (Chen et al., 2021; Luo et 

al., 2021). When the HR is activated, infected cells will die off, creating a barrier of inhospitable 

tissue to slow the spread of the pathogen in the leaf (Agrios, 2005). The HR produces a distinctive 

phenotype in leaves composed of reduced disease lesions and a dark brown band of discoloration. In 

plants with stronger resistance mechanisms, these brown lesions remain short and compact. In 

plants where resistance is delayed or absent, diseased tissue phenotypes will spread over a greater 

area, including longer, light brown lesions, chlorosis, and leaf curling following the spread of the 
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pathogen. Xa10, also an executor R gene, induces an HR by localizing Xa10 to the endoplasmic 

reticulum and disrupting the balance of calcium ions within the cell (Tian et al., 2014a).   

Other BB R genes, such as Xa3 and Xa21, are receptor kinase-like (RLK) proteins, which perceive 

bacterial effectors and activate defense pathways (Song et al., 1995). In receptor-like kinases (RLKs) 

like Xa3 and Xa21, pattern recognition receptors (PRRs) in the cell membrane bind with RaxX 

proteins, a sulfated protein from Xoo (Pruitt et al., 2015; Wei et al., 2016; Ercoli et al., 2022). RaxX 

initiates signaling to protein domains in the cytoplasm that activate immune responses in the host, 

termed pathogen-associated molecular pattern triggered immunity, or PTI. (Song et al., 1995; Sun et 

al., 2004a; Xiang et al., 2006a; Wang et al., 2015).   

Yet another type of R gene is typified by xa5. xa5 is an allele of the Xa5 gene, which codes for a 

transcription factor subunit, TFIIAy5 (Iyer-Pascuzzi et al., 2008). The protein encoded by the 

dominant allele Xa5 is a contact point between TALEs and the transcriptional machinery (Huang et 

al 2016).  The product of xa5 harbors a single amino acid substitution which interferes with its 

interaction with diverse TALEs, and thereby reduces the ability of TALEs to activate their target S 

genes (Iyer-Pascuzzi et al., 2008; Huang et al., 2016a).  The resistance provided by xa5 is 

hypothesized to occur when S gene expression, and, by inference, sucrose leakage, falls below a 

threshold level (Huang et al. 2016).    
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Figure 2.1: Outcomes of TAL effector binding in the nucleus of the rice host: a, b)  
Transcription activator-like effectors (TALs) may bind successfully to the effector binding element 
(EBE) in the promoter of either a susceptibility or resistance gene, resulting in the activation of the 
corresponding response in the plant. c) TALs may be unable to bind to an EBE with 
polymorphisms in the local sequence, preventing activation of the downstream susceptibility gene.  
d) Alternatively, TALs may bind to a promoter that activates a susceptibility gene containing 
polymorphisms, resulting in failed induction of susceptibility in the host.   
  
Why BB is more severe in rice at high temperatures (above 35C) is unknown. Previous literature 

states that increased bacterial numbers are associated with increased disease severity (Barton-Willis et 

al., 1989; Verdier et al., 2012). Yet the way that high temperatures impact bacterial multiplication in 

planta is not yet known. Optimal temperatures for Xoo multiplication are reported to be 

approximately 28C, in vitro (Saddler and Bradbury). Thus, it would seem that higher environmental 
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temperatures might impair bacterial multiplication in planta. However, studies to determine if 

increased temperatures provide an advantage to the pathogen or the host are lacking. In this study, 

we evaluate bacterial numbers in vitro and in planta to assess the impact of temperature on bacterial 

numbers to characterize the Xoo-rice interactions at high temperature.  

The Webb study (Webb et al 2010) suggested that several R genes might lose efficacy at high 

temperatures, but this observation was based only on lesion lengths, with no assessment of bacterial 

numbers during the interactions. Here, I expand our understanding of R gene functional 

classification and degree of efficacy under heat stress by studying different R gene classes, e.g., 

executor, RLK, and a loss-of- or reduced-susceptibility R gene. Disease is more severe at high 

temperatures (Yamada et al., 1979; Horino et al., 1982; Ou, 1985; Ezuka and Kaku, 2000) and not all 

R genes are equipped to make up for increased severity at high temperatures (Webb et al 2010). 

However, we do not know how loss of R gene function with high temperatures will impact bacterial 

numbers in the plant, nor do we know if all R genes will lose function equivalently. We also do not 

know the degree to which individual R gene performance is impacted at high and low temperatures. 

We hypothesized that final bacterial numbers and lesion lengths would be higher in rice lines with no 

R genes or with most R genes at high temperature regimes due to loss of R gene efficacy, but that 

the extent of increase in disease severity would vary depending on the R gene (function).  

Results:  

Lesion lengths in rice with no R gene at high and low temperature regimes  

In this study thresholds for the definition of susceptibility were set at lesion lengths of 5 cm (50mm) 

or greater and 5x107CFU/leaf or higher bacterial numbers, based on methods developed at IRRI 

(IRRI, 2006b) and previous studies (Barton-Willis et al., 1989), respectively. However, it is important 

to note that we used younger plants (21 day old; 2-3 leaf stage) that were propagated in growth 

chambers in these studies, while the previous work is based on older plants (30-40 days past sowing; 
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4-5 leaf stage; Barton-Willis et al., 1989) grown in either greenhouses or the field. Thus, in many 

cases, the extent of lesions in this study were more pronounced than if they would have occurred in 

older plants.  

Lesions in Xoo-inoculated IR24 rice (no relevant R gene) confirmed patterns previously described in 

other studies, that is, that high temperature (35C day 29C night) growth conditions result in longer 

lesions as early as 8 days post inoculation (DPI) (Fig. 2.1). Lesion lengths of 5 cm or greater were 

evident at 8 DPI at high temperatures and expanded more quickly at high relative to low 

temperature regimes. Lesions exceeding 12 cm developed at high temperature by 12 DPI, as 

opposed to lesions averaging 7 cm in length at low temperature by 16 DPI.  

   

Figure 2.2: Lesion lengths caused by Xoo infection developed more quickly and were longer 
at the high temperature regime. In IR24 rice with no relevant R gene, lesions of Xoo PXO86 were 
measured at high (35/29C) and low (29/23C) temperature regimes at 8, 12, and 16 days post 
inoculation. In the high temperature treatment, lesions surpassed the threshold for resistance (5 cm) 
by 12 DPI, earlier than observed in low temperature treatment (16 DPI). Letters indicate significant 
differences at P-value of less than 0.05 as determined by post-hoc Tukey adjusted pairwise 
comparison. The experiment was performed 3 times, with 10 replications per treatment per 
timepoint.  

Optimal temperatures for bacterial multiplication in vitro  

The optimal temperatures for growth of Xoo strain PXO86 are around 27-29C (Fig 2.3). Above 

(31C) and below (25C) those temperatures, bacterial multiplication slowed, with the final population 
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size reduced relative to the population at optimal temperatures (Fig. 2.3). Extrapolating these data to 

temperature conditions in the rice leaf, one could predict that increased temperatures may reduce  

bacterial multiplication in the plant delaying onset of symptomatic phenotypes.  

  

Figure 2.3. In vitro growth curves of Xoo strain PXO86 at 25, 27, 29, 31, and 33C.  Bacterial 
multiplication was reduced at temperatures at > 31C or < 23C. Data are based on 25 replications per 
timepoint per temperature.  

Bacterial numbers in inoculated rice leaves at high and low temperature regimes   

In rice with Xa7, bacterial numbers increased at low temperatures from 8 DPI to 16 DPI by an 

order of magnitude, from 5 x 106 to 2 x 107 CFU/leaf. However, at high temperatures, bacterial 

numbers initially increased to higher numbers at 8 DPI, but subsequently, multiplication declined, 

with steadily decreasing numbers at 12 and 16 DPI (Fig. 2.4). Xa7 was more effective at 

restricting bacterial numbers at high temperature than at low temperature and out of the genes 

tested, performed best overall.  

Xa10 was nearly as effective as Xa7, with bacterial numbers reaching their maximum by 8 DPI  
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(approximately 106 CFU/leaf) at low temperatures and remaining at that level through 16 DPI. At 

the high temperature regime, bacteria in plants with Xa10 steadily increased through 16 DPI, 

approaching 5x107 CFU/leaf (Fig. 2.4).  

Similarly, plants with xa5 and Xa21 exhibited restricted bacterial numbers, between 107 and 108 

CFU/leaf at low temperatures (Fig. 2.4) and xa5 produced moderately higher bacterial numbers than 

Xa21, peaking at about 7 x 107 CFU/leaf. At high temperatures, bacterial numbers in xa5 were 

slightly higher than Xa21, with only Xa3 displaying further reductions in resistance under both 

temperature treatments.  

IR24 and Xa3 plants were the most susceptible to disease with the largest increases in bacterial 

numbers occurring at 8 DPI and the earliest leaf senescence occurring by 12 DPI (Fig. 2.4). At a 

threshold of 5x107 CFU/leaf (resistance), IR24 and Xa3 were more susceptible to disease at high 

temperatures as seen in the rapid increase in bacterial numbers by 8 DPI, earlier than in other R 

genes. In Xa3 plants, bacterial numbers increased rapidly and significantly at both low and high 

temperatures, suggesting that the R gene is not effective against Xoo under the conditions used in 

these experiments. Xa3 has been rated as conferring moderate resistance and expression of 

resistance is dependent on the age of the plant at the time of inoculation (Cao et al., 2007b).  It is 

possible that resistance had not developed in the young plants used in these experiments.  In rice 

lines with effective R genes, bacterial multiplication was restricted under ideal rice growing 

conditions. However, at the higher temperature regime (35C day 29C night), bacterial numbers 

varied, indicating R gene effectiveness varies at the two temperature regimes. It is important to note 

that lesions expanded to the entire leaf length as early as 12 DPI in high temperature interactions  

(IR24, Xa3, xa5, and Xa21) and by 16 DPI in low temperature interactions (IR24, Xa3, and Xa21). 

The death of the leaves may have inhibited further bacterial multiplication (Fig. 2.4). In a repeat of 

the experiment, starting inoculum was measured in CFU/leaf as a log higher than that of the 
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experiment depicted, and lesions and CFU/leaf increased by more significant rates as a result. 

However, trends in lesions and CFU/leaf supported previous work throughout the duration of the 

experiment. Although bacterial numbers increased initially in all rice lines, final bacterial numbers 

were restricted by xa5, Xa7, Xa10, and Xa21 relative to plants with no R gene (Fig 2.4), suggesting 

these R genes remained effective to varying degrees.    

  

Figure 2.4. Comparison of bacterial numbers in rice lines with different R genes and the 
IR24 control after incubation at low (29 day/23 night) and high (35/29) temperature 
regimes. Bacterial numbers (CFU/leaf) were assessed at 0, 8, 12 and 16 DPI in leaves of rice with 
Xa7, Xa10, Xa3, xa5, and Xa21, after inoculation with Xoo strain PXO86. Red line indicates 
arbitrary threshold for resistance of 5X107 CFU/Leaf. Comparisons are across genotypes, with 
letters indicating differences at P-value < 0.05. The experiment was performed two times with four 
replications per treatment per timepoint and showed similar trends.    
  
Lesion lengths at high and low temperatures in rice lines with different R genes At high 

temperatures Xa7 lesions remained compact, approximately 2.0cm, but were still longer than at low 

temperatures, 0.5cm (Fig. 5). Xa10 lesions were compact at low temperatures, 0.5cm, but showed a 

moderate increase at high temperatures to 1.0cm (Fig. 2.5). At high temperatures, IR24 developed 

long lesions soon after infection, with lesions over 12.0cm at 12 and 16 DPI, while lesions remained 

restricted at low temperature at approximately 8.0cm by 16 DPI. Xa3 developed long lesions quickly, 
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similar to IR24, and although the speed and length of lesions were more extreme at high 

temperatures, indicating that the R gene showed reduced efficacy at low temperatures and even less 

efficacy at high temperature regimes. xa5 and Xa21 lesions increased in length and speed at high 

temperatures, but to a lesser degree than IR24 and Xa3, remaining at approximately 5.0 cm in both 

temperature treatments. (Fig. 2.5) Overall, Xa7 and Xa10 remained functional at high temperatures, 

and xa5 and Xa21 retained some ability to restrict the symptoms of BB.   

  

Figure 2.5. Lesion lengths caused by Xoo strain PXO86 on rice lines with Xa7 and Xa10 at 
low and high temperature regimes. Lesions were measured at 8, 12, and 16 DPI.  Comparisons 
are within genotype, with letters indicating differences at P-value < 0.05. The experiment was 
performed five times with ten replications per treatment per timepoint, and results showed similar 
trends.   

Among the six R genes tested, lesion lengths were longest in Xa3 and the susceptible IR24 line at 

both high and low temperatures (Fig. 2.6). Lesions under the high temperature treatment were 

longer and developed more rapidly than those at low temperatures in all lines, but to lesser degrees 

in Xa7 and Xa10. Xa7 had longer lesions at high temperatures than at low temperatures and lesions 

on Xa10 plants remained compact across both treatments. xa5 and Xa21 also were restricted in 

length, but exhibited moderately longer lesions at higher temperatures (Fig. 2.6).   
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Figure 2.6. Comparison of lesion lengths in all R genes tested and the IR24 control. Lesions 
were measured at 8, 12 and 16 DPI.  Comparisons are across genotypes, with letters indicating 
differences at P-value < 0.05. The experiment was performed two times with ten replications per 
treatment per timepoint, and results showed similar trends.         

Trends in Bacterial Numbers and Lesion Lengths  

Bacterial numbers and lesion phenotypes varied with rice line and temperature regime. Xa7 plants 

showed a slight increase in mean lesion length at high temperature with a reduction in bacterial 

numbers, while Xa10 plants showed a decrease in mean lesion length with an increase in bacterial 

numbers. Death of the leaves in IR24 and Xa3 plants could have restricted bacterial numbers (Fig. 

2.6), and at the 8 DPI timepoint, before death, showed the highest number of bacterial numbers at 

108  

cfu/leaf.   

  

Discussion  

High temperatures impact R genes in rice, and some R genes lose efficacy more quickly and more 

severely than others. This breakdown is often, but not always, accompanied by more bacteria in the 

leaf. When systems including bacteria and host plants are stressed, it is important to consider the 
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ways in which the system will gain new advantages and disadvantages when evaluating the outcomes 

of applied stress. In this study, we considered the implications of high temperatures on bacterial 

multiplication and plant health. We show that at elevated temperatures that inhibit bacterial 

multiplication in vivo, rice plants are, in general, more susceptible to BB disease, as reflected by 

increased lesion lengths and bacterial multiplication. BB resistance genes, such as Xa3, xa5, Xa7, 

Xa10 and Xa21, confer diverse levels of defense against colonization by the pathogen Xoo at current 

field temperatures (Yang et al., 2000; Xiang et al., 2006a; Lee et al., 2009; Zou et al., 2010; Tian et al., 

2014b). Here, we demonstrate that these genes display variation in resistance to Xoo at high 

temperature regimes, with some genes such as Xa3 and Xa21 showing reduced efficacy, while others 

maintain efficacy.   

Xoo thrives at 28C (Ke et al., 2017) and is less vigorous at any more than a few degrees above or 

below its ideal growth conditions (Fig. 2.3). At non-optimal temperatures, i.e., temperatures 

exceeding 31C or lower than 25C, multiplication of Xoo is inhibited or delayed resulting in lower 

bacterial numbers overall. Thus, one could predict that in rice leaves grown under high temperatures, 

multiplication of Xoo might be inhibited. However, the opposite is true, i.e., at higher temperatures in 

vivo, disease symptoms of Xoo are more severe, and higher total bacterial numbers were observed 

(Fig. 2.4). This phenotype appears in rice plants with no active R gene and in several lines with R 

genes, to varying degrees. Studies measuring ambient temperatures, and the temperatures of leaf 

surfaces, indicate that there is variation between the two as a result of transpiration rates, light 

intensity, and other physiological inputs.  

In our study, which started with 21-day old rice seedlings, Xoo multiplies rapidly in the vascular 

tissue of conducive (compatible) rice leaves, with numbers exceeding 5 X 107 and approaching 109 

CFU/leaf.  In the most susceptible interactions, the entire leaf was blighted by as early as 12 DPI, 

and bacteria did not increase further in this inhospitable tissue. In the presence of R genes, the 
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bacterial numbers did not exceed a threshold of 5 X 107 CFU/leaf, especially in strong resistant 

interactions, and the numbers stabilized or declined as the resistance response ensued. The exception 

to this is the R gene Xa3, in which the bacterial numbers and lesion lengths were more comparable 

to those observed in IR24, the rice without a relevant R gene.  Our results are consistent with 

previous observations, although age of the plant and length of the leaf influenced ultimate lesion 

lengths and sizes of bacterial populations (Barton-Willis et al., 1989; Verdier et al., 2012). Overall, the 

data suggest that susceptibility increases at high temperatures in all R genes to different degrees, and 

bacterial populations increase more quickly in plants with longer lesions and reduced R gene 

functionality.  

Disease resistance provided by R genes is quantified in this study by measurements of bacterial 

numbers in the leaf and lengths of disease lesions after inoculation (Ou, 1985; Mew, 1987). With 

some R genes, like Xa7 and Xa10, short lesions with a distinct dark brown color occur, indicating 

the activation of an HR in the plant. At high temperatures however, even HR-inducing R genes 

display longer lesion lengths than at low temperature, indicating reduced or delayed activation of 

defense responses under temperature stress (Webb et al., 2010; Dossa et al., 2015; Dossa et al.,  

2017). In other cases, such as in the recessive R gene xa5, the resistant phenotype does not display 

HR but instead maintains reduced spread of BB symptoms in the leaf in the form of short chlorotic 

lesions, under 5cm in cases where resistance is intact. This is likely because xa5 does not depend on 

the mechanism of HR for effectiveness, but instead relies on reduced transcription of a gene of 

SWEET genes that Xoo utilizes for nutrient availability, thereby suppressing virulence of Xoo. In 

fact, (Huang et al., 2016a) observed that induction of additional SWEET genes in xa5 plants allowed 

Xoo to overcome xa5 resistance, supporting the connection between nutrient availability and 

pathogen vigor.  
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Historical reports indicate that bacterial numbers in leaves are correlated with lesion lengths 

(BartonWillis et al., 1989; Verdier et al., 2012). Interestingly, in this study, we found that bacterial 

numbers do not always correspond to the expected length of lesions. For example, in Xa10 plants at 

high temperature, HR-like lesions are shorter at high relative to low temperatures, but bacterial 

numbers are greater at the high temperatures. Xa7 plants show a trend in which lesions at high 

temperature remain similar in length to the low temperature treatments and bacterial numbers are 

slightly reduced. Both Xa10 and Xa7 restrict bacteria below the threshold of 5 X 107 CFU/leaf, 

indicating that R gene efficacy, although reduced somewhat, remains intact at both temperature 

regimes. Xa21 also remains effective at both temperature treatments, but to a lesser extent than 

Xa10 and Xa7, showing increased bacterial numbers and lesion lengths at high temperatures, but 

notably less than the increases in Xa3 and the susceptible line IR24. xa5 shows restricted lesions but 

relatively high bacterial numbers at both temperatures.  

These variations in bacterial numbers as a measure of R gene efficacy may reflect the fact that R 

genes employ a variety of strategies in restricting pathogen movement in the leaf. For example: xa5 

relies on a loss of transcription factor efficacy in S gene expression (Iyer-Pascuzzi et al., 2008), Xa7 

and Xa10 use induction of HR (Ji et al., 2022), while Xa3(Xa26) and Xa21 are designed to sense or 

interrupt the influence of bacterial proteins at the cell membrane. (Song et al., 1995; Sun et al., 

2004a; Xiang et al., 2006b; Liu et al., 2020). In this study, both executor R genes performed the best 

in both lesion length and bacterial number comparisons. xa5 maintained short lesion lengths but had 

moderately higher bacterial numbers, while Xa21 had moderately long lesions and bacterial numbers 

and Xa3 had very long lesions and high bacterial numbers. Xa3 has been observed to be less 

effective in younger plants, like those used in this study which were 21 days old.   

If the classification of an R gene predicts its stability at high temperature, this would mean that 

something within the mechanisms of action provides an advantage during heat stress. In the case of 
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executor R genes, which maintained resistance most effectively in this study, further studies are 

needed to define what physiological differences would provide them with such an advantage.   

(Alvaro Quintero-Perez, Rene Corral, J.E. Leach, unpublished), see chapter one, and (Chen et al., 

2021) observed that under temperatures high enough to limit bacterial multiplication, Xa7 was 

expressed at higher levels in rice than it was at low temperature. Considering that the bacterial 

effector AvrXa7 is needed to induce any Xa7 expression, and that there are limited bacterial 

numbers at high temperature, we know that the increased expression of Xa7 is not due to the 

presence of more Xoo. However, if Xoo effectors are a means to increase host susceptibility in favor 

of bacterial colonization, increased effector expression by heat-stressed bacteria could be a means of 

reversing the muted colonization effects of their dwindling numbers. Further studies are needed to 

determine the relationship of bacterial numbers, effector production, R gene expression, and disease 

resistance and susceptibility at high vs low temperature regimes.    

It could also be possible that heat-sensitive mechanisms in the plant could be responsible for 

facilitating greater Xa7 expression when AvrXa7 is present. (Chen et al., 2021) describes increasing 

rates of expression of Xa7 when studying two strains of Xoo infected rice at 23C, 29C, and 35C. The 

study found the greatest increases of Xa7 expression were observed at 6 and 12 hours after 

inoculation in the 29C and 25C treatments, which is not concurrent with the temperature-based 

bacterial growth curves conducted in this study (Fig.2.3) which peak at approximately 24 hours at 

only 27C and 29C. In addition, the Chen study found that at cooler temps (23C) expression of Xa7 

was delayed, and that increases in expression paralleled increases in temperature, suggesting that 

temperature-induced activation in the presence of the cognate TAL effector may be a plausible 

mechanism of induction, at least in this executor-type gene. (Cohen et al., 2019) described reduced 

expression of genes related to plant stress hormone biosynthesis in Xa7 plants at high temperature. 

Specifically, he found that abscisic acid (ABA) related genes were downregulated in heat stressed 
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Xa7 plants challenged to respond with resistance relative to susceptibility. Expression of ABA 

responsive genes is normally induced in response to environmental stresses like heat. (Mang et al., 

2012) credits a deficiency of ABA with improved disease resistance at high temperature in  

Arabidopsis. The study also observes that reduced ABA promotes accumulation of SNC1 and other 

R proteins in the nucleus, which play a key role in maintaining disease resistance phenotypes in 

Arabidopsis.  

Interestingly, Xa7 and our other R gene, Xa10 both localize to the endoplasmic reticulum 

(ER). (Wang et al., 2021) visualized Xa7 localization in the ER, which plays a crucial role in the 

activation of the HR phenotype (Zuppini et al., 2004; Chisholm et al., 2006; Jones and Dangl, 2006).  

The ER turns on HR when ROS are produced in response to stress. Receptors on the ER perceive 

ROS at varying strengths, but when those receptors are blocked, HR is more robust. Could the 

protein products of executor R genes block these receptors and increase the HR phenotype? The 

relative amounts of Xa7 localization during high and low temperature treatments have not been 

studied at the time of writing but given the role of the ER in initiating programmed cell death and its 

role in ROS signaling pathways, it is possible that Xa7 localization in the ER, in conjunction with 

available ROS from heat and pathogen stress, results in greater induction of the Xa7 phenotype. 

Plant heat sensing pathways have not been fully characterized, but literature tells us that several 

kinds of signaling molecules, including reactive oxygen species (ROS), fluctuate when plants 

experience environmental stresses including but not limited to heat and pathogen stress (Huang et 

al., 2019). ROS are involved in many signaling pathways in plants, and can accumulate in the ER, 

where programmed cell death, or PTI is initiated as a result. We can extrapolate that the protein 

product of Xa7 is doing something to improve the HR specifically when heat is present. But how 

might it change physiology in the cell to make this possible?  
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(Xu et al., 2012) found that silencing of ER protein receptors in Nicotiana ERD2 led to increased 

stress, resulting in exaggerated programmed cell death after bacterial infection, suggesting that the 

increase of stress signaling is an important component of strong HR phenotypes. The other executor 

gene in this study, Xa10 also localizes to the ER, disturbing the balance of Ca+ ions to trigger cell 

death. Perhaps here too, the additional presence of abiotic stress signaling in the ER influences the 

outcomes of resistance phenotypes. We need more information to determine the degree to which 

changes in protein accumulation would need to occur to influence disease resistance in plants 

containing Xa3, xa5, and Xa21to effectively characterize this hypothesis.   

In addition, (Chen et al., 2019) observes that in young rice plants, lower temperatures can activate 

Xa21 and that warm temperatures will suppress it, much like we see in our R gene temperature 

study. They also note that protein accumulation of XA21 is higher in young resistant plants at 

approximately 14 days after germination, while the plants in this study were 21 days old, but that it 

was sensitive to protease degradation over time. The timing of plant age with seasonal environmental 

cues, may be a result of lower temperatures in the early growing season, which would allow for 

protection of younger plants. Overexpression of Xa21 partially restores resistance in young plants at 

warm temperatures which could be similar to higher Xa7 expression levels in the presence of Xoo at 

high temperatures resulting in resistant phenotypes.  

  

In conclusion, resistance genes in rice generally do not perform as well when deployed under high 

temperature treatments as compared to low temperatures, but executor-type R genes maintain a 

degree of efficacy. More studies are needed to elucidate the mechanism that prevents breakdown in 

Xa7 and Xa10 and to determine if this mechanism is unique to executor R genes or if it can be 

found in wider categories. As average temperatures continue to increase in rice growing regions, it 

will become important to consider the impact of temperature stress on R genes employed in field 
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strategies to combat BB. As R genes remain the primary effective strategy against Xoo, breakdown of 

disease resistance will place greater yield risks on rice growers and their local communities. Xa7 and 

Xa10 maintain the most resistance at high temperatures with the shortest lesions, xa5 maintains 

moderate resistance, Xa21 maintains slightly less resistance and Xa3 performs similarly to plants 

with no active R gene present, both with significantly longer lesions than in other R genes tested. In 

addition, the number of bacteria in the plant as measured by CFU/leaf are not always predicted by 

lesion length. Trends in bacterial numbers in Xa7, Xa10, and xa5 do not increase in tandem with 

lesion measurements.   

Future directions for this study could include the interruption of ROS signaling inputs with an 

abiotic stress hormone inhibitor in plants experiencing combined heat and disease stress to 

determine the contribution of ROS in maintaining disease resistance. Further observations of 

protein localization to the ER at temperatures similar to those used in this project would help 

determine if the hypothesis regarding the role of signaling from this organelle is true. In addition, 

observation of bacterial movement within the leaf, especially in relation to HR would help provide 

insight on the discrepancies between trends of bacterial numbers and HR phenotypes. Considering 

the role of humidity in maintaining disease resistance would also be useful, given the similar 

appearance of dry leaves with those overcome by a population of bacteria. Studying the phenotypes 

of Xoo resistance genes in older plants would allow for greater distinguishing of each phenotype 

along a larger leaf surface and provide more translatable evidence to the field. And perhaps most 

importantly, studying the combined stress phenotypes in the R genes not tested here, specifically 

additional executor genes, would shed light on whether the connection between the type of 

resistance gene and efficacy at high temperature is a trend beyond those used in this work.  
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Methods:  

Bacterial strains and plant varieties  

Seeds of rice near isogenic lines (NIL) IRBB61 containing the R gene Xa7 (Vera Cruz CM et 

al. unpublished), IRBB10 containing Xa10, IRBB3 containing Xa3, IRBB5 containing xa5, IRBB21 

containing Xa21, and the recurrent susceptible parent IR24 (Ogawa et al., 1991)(Khush et al 1990) 

were first germinated on filter paper with 5mL Maxim fungicide in the dark for 5 days at room 

temperature (Cohen et al., 2019). Germlings were planted in 200-unit seed trays containing a mixed 

medium (ProMix and Greens Grade medium, 2:1), alternating one empty pot with each germinating 

seed to allow access to plants. Plants were grown in Conviron growth chambers at 29 C day/23 C 

night, with 12,000 lumens and 80% humidity for 17 days. Humidity, temperature, and light were 

tracked with HoboLog dataloggers throughout the experiment. Plants were chelated at 10 days and 

fertilized twice a week. Water levels were designed to mimic rice paddy conditions, with some  

standing water always present over root systems.  

Xoo strain PXO86, which induces resistance in rice containing Xa3, xa5, Xa7, Xa10, and 

Xa21, was grown on peptone sucrose agar (PSA, Karganilla et al., 1973) plates for 48 h at 28C and 

then transferred to nutrient agar (NA) plates for 48h at 28C. Bacteria were stored long term in 30% 

glycerol at -80C.  

Plant assays  

At 18 days after sowing, half of the plants were moved from 29 C/23 C to a higher 

temperature growth chamber (35 C day/29 C night) three days before inoculations and to allow 

plants to acclimate.  Growth chambers were maintained at 35C/29C for high temperature treatments 

and 29 C/23 C for low temperature treatments, both with 12 h day/night light regimes at  

12,000 lumens and 50% to 80% RH (Cohen et al., 2019).   
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Clip Inoculations for Lesion Lengths and Bacterial Numbers  

Scissor clip inoculations for lesion length measurements and bacterial colony counts were 

performed on the youngest fully emerged leaf across all six rice lines as described in (Kauffman et al., 

1973). Inoculum was prepared with cells of Xoo PXO86 suspended in sterile water at 0.2 OD600 (108 

CFU/ml). Inoculum was streaked for isolated colonies on peptone sucrose agar (PSA) to  

confirm purity of cultures.  Sterile water inoculations were used as a negative control.  

Bacterial-induced lesion lengths were measured at 8, 12 and 16 DPI. Bacterial numbers were 

assessed in entire inoculated leaves at 8, 12 and 16 DPI. Sampled leaves were placed in a 2mL tube 

with 1mL sterile water. Leaves were ground with sterile metal beads in a Qiagen TissueLyser II at  

30/s for 3 min. The ground tissue emulsion was then diluted with sterile water into seven total serial 

10-fold dilutions (20 ul into 180 ul sterile dH20), and 10uL of each dilution was plated on NA media, 

with three technical replicates for each series of four leaves. Colonies were counted after 48 h of 

incubation at 28 C. Data were analyzed by fitting a one way ANOVA model using the base R 

(version 4.3.0) function lm(). Post-hoc pairwise comparisons were then conducted using the 

emmeans() function from the R package emmeans (version 1.8.8).  

Bacterial growth curves  

  Xoo PXO86 was cultured on PSA for 48 h at 28C and then transferred to PS broth for 24 h 

at 28C with shaking. Liquid media cultures were washed with sterile dH20 and diluted with additional 

PS broth to 0.0002 OD600 (approximately 105 CFU/ml). The bacteria (200uL) were added to wells of 

a 96 well plate with uninoculated PS broth as a negative control. Edge rows were not used in these 

assays. After sealing with a breathable membrane, the plates were placed in a BioTek PowerWave 

HT plate reader for up to 72 h at 35C, 33C, 29C, 27C, 25C, and 23C with shaking at 225 RPM, with 

hourly optical readings. Data was extracted from Gen5 software to Microsoft Excel and analyzed in 

R Studio.   
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