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ABSTRACT 

Plants are continuously interacting with a range of environmental factors.  In fast 

changing climatic condition abiotic factors, such as extreme temperatures drought, 

salinity, cold, disturb the normal physiological and biochemical processes in plants and 

can have devastating impact on agricultural yield. Among the changing components of 

the environment, rising temperature is one of the major constrains which greatly limit 

plant growth and productivity worldwide. To counter heat stress plants are continuously 

modifying physiological and biochemical mechanisms which on one side protect plants 

from heat injury and repair of heat sensitive components, on the other side modify plant 

pathogen interaction. Heat tolerance of various plants may differ depending on these 

biochemical and molecular alterations. 

     Like other countries, agricultural sector in India is also facing negative impact of 

climate change. Wheat (Triticum aestivum L.) is the second main food crop after rice 

and grows optimally in winters and is very sensitive to high temperature. In India and 

other tropics wheat plants suffer from exposure to high temperature with heat increases 

above 35
0
C causing stress like conditions which lead to yield reduction. Heat sensitivity 

of various wheat cultivars is not similar and thus high temperature would be lethal for 

plants lacking better acclimation capacity. The present study was undertaken to 

investigate the effect of high temperature on wheat, how inherent antioxidative 

mechanisms and signalling protect the wheat seedlings from heat induced oxidative 

stress and the prospect of reducing the harmful consequences of high temperature by 

use of plant growth promoting rhizobacteria (PGPR) treatment was explored. An 

attempt was made to know the impact of high temperature and biotic stress (spot blotch) 

interactions on biochemical and physiological traits and to alleviate temperature stress 

by application of plant growth promoting bacteria. 

       Preliminary screening of eight wheat cultivars viz. C306, PBW343, PBW550, 

HT41, HT17, HT15, GY, and MW cultivars was carried out to assess their basal thermo 

tolerance level. Heat susceptibility indexes (HSI) of all the cultivars were calculated 

after exposure plants to 25
0
C, 30

0
C, 35

0
C and 40

0
C for 6 and 12 hours. Leaf disc 

bioassay was also carried out to evaluate thermo susceptibility of eight cultivars on the 

basis of changing colour of leaf discs from green to yellow when immersed in water at 
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40
0
C for 12 hours. Comparative study of basal thermo tolerance in various cultivars has 

been done by observing changes in eight biomarkers for thermotolerance: relative water 

content, cell viability, chlorophyll pigment, electrolyte leakage, membrane lipid 

peroxidation, H2O2 content, total sugar and proline content upon exposure to 25
0
C, 

30
0
C, 35

0
C and 40

0
C for 6 and 12 hours. Finally from hierarchical cluster analysis two 

most heat susceptible cultivars PBW550 and HT41, having highest HSIs were selected 

for PGPR application. 

    For high temperature stress alleviation seeds of PBW550 and HT41 were primed 

separately with two potential PGPR strains previously isolated and identified by 

Chakraborty and others (2013) Bacillus safensis (JX 660688) and Ochrobactrum 

pseudogrignonense (JX 660689)  isolated from the wheat (Triticum aestivum L.) and 

blady grass (Imperata cylindrica L.) rhizosphere respectively. Both PGPR were able to 

retain their plant growth promoting attributes in vitro and could grow under elevated 

temperature conditions, but among the two, B. safensis could grow better at 40
0
C. In 

vivo plant growth promoting ability of these two strains was also tested. PGPR priming 

significantly increased plant height and dry weight in wheat plants. Phosphate 

mobilization from soil to plant through root system was also increased in PGPR primed 

plants.  

After screening for growth promotion B. safensis and O. pseudogrignonense were used 

for temperature stress amelioration at 40
0
C. Pre treatment with PGPR lessened water 

loss, improved cell viability and acquired thermo tolerance in HT 41 and PBW550 

plants signifying a protective effect by these bacteria especially by B.safensis at 40
0
C. 

Heat stress upto 12 hours at 40
0
C significantly increased membrane lipid peroxidation, 

electrolyte leakage and produced ROS such as hydrogen peroxide and superoxide, in 

unprimed plants. B. safensis and O. pseudogrignonense priming reduced heat induced 

oxidative stress in plants by reducing ROS generation and cell membrane injury.  

Chloroplast is the primary site of heat injury as PSI and PSII are the key locations of 

ROS production other than mitochondria and peroxisomes. High temperature 

significantly reduced chlorophyll content in plants under heat stress for 12 hours at 

40
0
C. TEM studies revealed high temperature distorted cell wall, mitochondria and 

chloroplast ultrastructure especially grana, thylakoid stacking and mitochondrial cristae. 

Formation of large vacuoles within chloroplast and mitochondria can be observed in 
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case of unprimed heat stressed plants exposed to 40
0
C for 12 hours. PGPR priming 

particularly with B. safensis lessened chlorophyll reduction and also minimized heat 

induced ultrastructural damages in chloroplast which perhaps restored PS I and PSII 

system. PGPR primimg also reduced mitochondrial ultrastructural abnormalities in leaf 

and accumulate greater amount of plastoglobules in chloroplasts during heat stress. 

PGPR primimg also enhanced carotenoid accumulation thus protects chloloplast from 

photoinhibition during heat stress. Carotenoid quenched superoxide, singlet oxygen and 

peroxyl radicals, thus minimized formation of ROS by receiving excess energy from the 

chlorophyll. 

Heat stress at 40
0
C enhanced protein expression in all plants irrespective of treatments. 

Appearance of new stress responsive proteins along with expression of existing was 

more in PGPR primed plants; especially B. safensis primed plants as compared to 

untreated plants after heat treatment. Differential expression analysis of various HSP 

genes revealed that in unprimed PBW 550 plants transcript level of HSP 101C, HSP 90 

and HSP 70 increased significantly in initial hours followed by sharp decrease during 

heat treatment. Whereas in B. safensis primed plants relative expression of HSP101 and 

HSP 90 steadily increased and higher transcript level was maintained overtime as 

compared to heat stressed unprimed plants. Over expression of small HSPs such as HSP 

23.5 and HSP 17.8 HSP 26.3 and HSFA3 were also observed. Relatively high 

expression of HSP101C, HSP 90 and small HSPs (HSP 23.5 and HSP 17.8 HSP 26.3) in 

PGPR primed plants all through heat treatment possibly provide better tolerance to heat 

injury. B.safensis and O pseudogrignonense primed plants maintained relatively high 

total and o dihydroxy phenol content plants during heat stress. Enhanced expression of 

chalcone synthase (CHS) during high temperature stress may give protection from heat 

injury. Relatively high expression of PAL gene in leaves of B. safensis primed plants in 

response to high temperature perhaps a part of acclamatory response where the enzyme 

induced the biosynthesis of other phenolics in the pathway. 

Activities of antioxidative enzymes contributing to stress signalling such as peroxidase, 

catalase (CAT), ascorbate peroxidase (APX), glutathione reductase, and superoxide 

reductase increased across all treatment during initial hours of heat stress at 40
0
C. PGPR 

primimg maintain high level of antioxidative enzyme activity during heat stress. Among 

the two PGPR B. safensis was more effective in retaining high antioxidant activity at 
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40
0
C. PGPR priming also increased accumulation of non enzymatic antioxidants total 

glutathione and ascorbic acid in PGPR primed especially in B. safensis treated plants. 

Initial increase in ascorbic acid and total glutathione may add to glutathione and 

ascorbate regeneration system ascorbate-glutathione cycle to accentuate APX activity. 

High temperature treatment significantly increased proline concentration in unprimed 

HT 41 and PBW550 as compared to PGPR primed plants of both the cultivars. RT PCR 

analysis indicated differential expression of proline biosynthesis related genes P5CS and 

PDH during temperature treatment might be responsible for different proline level in 

B.safensis primed and untreated plants. In both B. safensis and unprimed plants exposed 

to 40
0
C transcript level of P5CS and P5CR increased with time and over expression of 

PDH genes turned out to be responsible for comparatively low level proline in B. 

safensis primed plants during heat stress. Polyamines biosynthesis related genes ADC1, 

ADC2 and SAMDC2 were found to be over expressed during temperature stress in both 

unprimed and B.safensis primed plants. Seed bacterization facilitated augmentation of 

more glycine betain and total sugar in plant tissues than unprimed plant during heat 

stress. High temperature increased glycine betain production in leaves for all treatments. 

It was observed that glycine betain and total sugar content in wheat leaf attained much 

higher level with B.safensis than O. pseudogrignonense priming. 

Elevated temperature significantly reduced spike length, grain number and grain weight. 

Seed quality also gets affected in late planted plants. Ultrastructural analysis of starch 

grains revealed presence of flat, deformed starch granules as compared to round, 

spherical shaped granules observed in control as well as B.safensis primed heat stressed 

plants. Aleuronic layer of B. safensis plants was less affected as compared to heat 

stressed control plants suggesting positive role of B.safensis priming in improving seed 

quality in plants under heat stress. 

       Rising temperature significantly increased the susceptibility of wheat 

plants to spot blotch causing pathogen Bipolaris sorokiniana. Highest disease 

incidence was observed in the range of 35
0
C to 38

0
C and with relative humidity 70% 

and further rise in temperature for from 38
0
C to 40

0
C reduced disease incidence. 

Electrolyte leakage, H2O2 accumulation and lipid peroxidation significantly increased 

over time in infected plants. Therefore dual application of heat stress and B. sorokinana 

intensify membrane damage many folds and altered antioxidative defense responses. 



 
 

viii 
 

   An attempt was made to assess the potential of B. safensis and O. pseudogrignonese 

in induction of resistance and compare their performance at normal and elevated 

temperature in terms of biochemical response of wheat plants against spot blotch 

causing pathogen, B. sorokiniana. Both these PGPR effectively inhibit mycelia growth 

in vitro in soild media. GC-MS analysis showed that B. safensis and 

O.pseudogrignonense produced antifungal and antimicrobial compounds in culture. 

Seed priming with these two bacteria significantly increased growth, modulate 

antioxidative signalling and induced resistance which eventually reduced disease 

incidence in wheat plants at optimum as well as elevated temperature. Pre-treatment 

with the PGPR decreased the accumulation of H2O2, lessened lipid peroxidation in 

infected plants thus reduced electrolyte leakage and membrane damage protecting the 

plants from adverse consequences of oxidative injury. At high temperature PGPR, 

especially O. pseudogrignonense was slightly less effective in comparison to their 

performance at normal temperature. Total protein, phenol and O dihydroxy phenol 

significantly decreased over time in unprimed infected plants exposed to high 

temperature despite the fact that at normal temperature all these parameters increased in 

infected plants tissues across all treatment. However PGPR primimg were able to 

maintain comparatively high level of protein phenol and O dihydroxy phenol content 

over time in infected leaf tissues. 

Spot blotch significantly increased accumulation of proline and soluble sugar in infected 

plants. RT PCR analysis revealed B.safensis primimg significantly increase relative 

expression of P5CS gene in comparison to PDH and P5CR genes in infected plants as a 

result proline accumulation increases drastically in PGPR primed infected plants 

pointing towards positive role of PGPR primimg in inducing hypersensitive response at 

elevated temperature.SDS PAGE analysis revealed expression of few new bands 

ranging from 10- 34 kDa in PGPR primed plant which were absent in case of unprimed 

infected plants both at normal and elevated temperature. RT PCR analysis of various 

HSPs revealed B. safensis seed priming significantly increased expression of HSP70 

and HSP23.5, HSP26.3 and HsfA3. Whereas expression of theses HSPs remain more or 

less similar in unprimed healthy and infected plants during commencement of infection 

indicating role of these HSPs in B. safensis induced resistance spot blotch at high 

temperature. 
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           In addition to this, time course accumulation of defense enzymes such as 

chitinase, Phenyl alanine ammonia lyase, Peroxidase and β-1, 3 GLU was determined 

following challenge inoculation with B. sorokiniana. Higher activities of CHT, POX, 

PAL, β-1, 3 GLU and accumulation of higher phenolic compounds were observed heat 

susceptible wheat plants. However, high temperature during disease commencement 

adversely affect of defense enzymes activity as well as protein, phenolics and osmolyte 

accumulation. Time course accumulation of all of these components indicating prolong 

exposure at 38
0
C decreased defense enzyme activity, phenol and osmolyte accumulation 

in infected plants which might possibly facilitated pathogen spread and cause 

susceptibility to the diseases. B.safensis and O. pseudogrignonense primimg maintain 

higher level enzyme activity and accumulate osmolyte thus gave protection against B. 

sorokiniana even at high temperature. Results revealed B. safensis priming significantly 

increased PAL and CHS gene expression in infected plants especially during elevated 

temperature indicate greater amount of phenolics accumulation in B. safensis primed 

plants during disease commencement which helped plants to induced resistance against 

B.sorokiniana. 

          The findings of the present study provide insights into the PGPR activated 

response of wheat plants to heat stress. Seed priming with B.safensis and O. 

pseudogrignonense not only increased overall plant vigour but also protected plants 

from high temperature induced oxidative injury. Among the two PGPR, Bacillus 

safensis was most effective and has better potential to ameliorate heat stress. 

Application of PGPR elicited overall defense mechanism by over expression of 

antioxidative enzymes, heat shock proteins, osmolyte accumulation and antioxidant. 

Further, it reduced photosynthetic damage. These positive changes facilitated the plants 

to acquire thermo tolerance. The study also revealed active biochemical cross talk 

between elevated temperature and spot blotch disease development and furthermore 

uncover PGPR mediated array of antioxidative and molecular alterations responsible 

for induction of resistance against spot blotch disease at elevated temperature. Use of 

PGPR for amelioration of abiotic stresses especially heat stress appears to be a cost 

effective eco friendly technique; however all the PGPR strains cannot be used for stress 

alleviation. Factors such as the ecological niche of the microorganisms selected, specific 

interactions with the plants and the responses elicited should be taken care of before 

recommending a particular organism. 
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                                         1. INTRODUCTION 

Environmental stresses are the major limiting factors of crop productivity worldwide. 

Abiotic stresses such as drought, heat, salinity, cold, or pathogen infection can have a 

devastating impact on plant growth and yield (Suzuki et al. 2014). By the end of the 

21st Century, the earth‘s climate is predicted to warm by an average of 2–4°C (IPCC 

2007), due to both anthropogenic and natural factors (Eitzinger et al. 2010). Global 

climate change because of incessantly rising temperatures has been suggested to be one 

of the most critical factors affecting agricultural productivity. This increase in 

temperature exposes most of the world‘s crops to heat stress during some stage of their 

life cycle. Difficulties in precise prediction of the projected impacts of climate change 

on agricultural productivity further adding to the uncertainty (Watanabe and Kume, 

2009).  
         Wheat (Triticum aestivum L.)  is the second most important food crop of India 

after rice. Being a of temperate region wheat farming is more dependent on climate than 

soil. Wheat is the staple food for millions of Indians, mostly in the north and north-

western parts of the country and is the main source of protein, carbohydrate and vitamin 

for people in the rural areas. In Indian subcontinent wheat is grown in winter, harvested 

in the summer and it is very sensitive to high temperature and gradually increasing 

temperature during wheat farming season have already been reported for the major 

wheat producing regions (Hennessy et al. 2008). Rising temperature as much as 2
◦
C 

declined wheat grain yields upto 17% in irrigated wheat cultivation lands across north 

India (Mall and Srivastava, 2002). Thus climate change and further increase in 

temperature had a greater impact on nationwide wheat production in India.  

         Among abiotic stresses, heat stress influences photosynthesis, cellular and 

subcellular membrane components, protein content in cell and antioxidant enzyme 

activity; thereby significantly limits crop production. Heat stress also increases 

oxidative stress in plants and causes generation and accumulation of superoxides (O
2-

), 

hydrogen peroxide (H2O2) and hydroxyl radicals (OH
-
) within cells, which are 

commonly known as reactive oxygen species (ROS).  
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Figure 1:  Cultivation of wheat (Triticum aestivum L.) in the field 
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Heat stress influences photosynthesis, cellular and subcellular membrane components, 

protein content in cell and antioxidant enzyme activity; thereby significantly limiting 

crop production (Wollenweber et al. 2003). Daily average temperature for optimal 

growth conditions of wheat is 22°C to 25°C. High temperature reduces the vegetative 

growth and seed setting in wheat. Changes in ambient temperature occur within hours, 

unlike drought and salinity stresses. Therefore, plants need to suppress and respond to 

the adverse effects of heat in a very short time. Gradual temperature increase in a day 

could cause some alterations in antioxidant metabolism or in other physiological 

responses (Kumar et al. 2012). The problem of high temperature stress is expected to 

accenture in future as global warming in years to come may have catastrophic 

consequences biosphere. 

         Plants in field condition are often exposed to various abiotic and biotic stresses 

simultaneously. Interaction of various abiotic stresses such as a combination of heat, 

drought cold and, salinity or any of the major abiotic stresses alter host pathogen 

interaction due to altered biochemical and metabolomic signalling within plant system 

making plants more vulnerable to pathogen infection. Recent studies have revealed that 

the plant‘s response to various combinations of stress situations is incomparable and 

cannot be evaluated from the response of plants to each of the different stresses applied 

alone. Furthermore, the synchronized occurrence of two or more stresses increase 

degree of complexity in plant responses, as the responses to the combined stresses are 

mostly controlled by diverse signalling pathways that may interact and inhibit each 

other (Suzuki et al. 2014). 

          Changing climatic scenario especially rising temperature and CO2 level alter 

pathogen development and survival rates and hinder biochemical and physiological 

processes within plants thus modify host susceptibility, which eventually changes in the 

impact of diseases on crops worldwide (Legreve and Duveiller, 2010). In changing 

climatic condition stem rust, powdery mildew, leaf rust, spot blotch and Fusarium head 

blight are among the major fungal diseases which constrains wheat cultivation 

worldwide (Juroszek and Tiedemann, 2013). However, spot blotch caused by Bipolaris 

sorokiniana (Sacc.) is emerging as one of the most important diseases hampering wheat 

cultivation across warmer parts of the world like Latin America, Africa, Asia, South 

Asia. Over 25 million hectares of wheat cultivated fields worldwide is affected by spot 
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blotch disease. Indian subcontinent has 10 million hectares of spot blotch affected land. 

In changing climatic condition warm and humid winters in Indian subcontinent highly 

favours outbreak of spot blotch causing pathogen, Bipolaris sorokiniana (Sacc.) in 

wheat cultivation fields (Chowdhury et al. 2013) and it is a matter of serious concern 

among places having well irrigated agricultural lands, low rainfall and temperate 

climatic conditions (Regmi et al. 2002). Warmer areas of South Asia are highly affected 

by B. sorokiniana and depending upon the severity of occurrence around 40% -50% 

yield loss was estimated every year (Sharma and Duveiller, 2004). In Indian 

subcontinent, under rice-wheat cropping system, there was above 70% rise in spot blight 

incidence (Sharma et al. 2007). Wheat fields covering eastern gangetic plains, northern, 

western parts of India mostly affected by spot blotch and around 18-22% yield loss 

every year was estimated (Joshi et al. 2007).  

              High temperature stress tolerance can be conferred to crop plants by genetic 

improvement (Singh and Grover 2008). However, breeding programs are time 

consuming and costly and assume that the trait is available in the germplasm, while 

gene transformation technology is not well perceived by certain stakeholders. Soil 

constitutes a complex matrix that includes pathogenic and beneficial microorganisms 

(Raaijmakers et al. 2010). However, plants seem able to shape the rhizospheric 

environment through root exudation to obtain a more suitable environment (Hartmann 

et al. 2009). Certain rhizospheric bacteria promote growth and this group of plant 

growth promoting rhizobacteria (PGPR) can protect plants from various abiotic stresses 

by several mechanisms (Hartmann et al. 2009; Compant et al. 2010). Many PGPR and 

other microbes can also protect plants agianst many diseases presumably through ISR 

(van Loon et al. 1998; Compant et al. 2010) and also improve tolerance towards abiotic 

stress (Yang et al. 2009). However, very little information is available concerning 

improvement of heat stress tolerance using bacterial priming approaches. Despite the 

wealth of information on diverse aspect of heat stress at grain filling stage relatively few 

attempts have been made to study the combined effect of these stresses and there is very 

little information about physiological response of wheat plant subjected to heat stress at 

their vegetative growth stage. 

          Considering the importance of temperature stress in Indian scenario an attempt 

was made to determine how different wheat cultivars respond to temperature stress, 

their mechanism of action. Impact of temperature and spot blotch interaction on plant 
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physiological traits was also analysed and attempts were made to alleviate temperature 

stress by application of plant growth promoting bacteria. 

OBJECTIVES: 

 To screen different wheat cultivars against elevated temperature stress. 

 To study the biochemical parameters associated with temperature stress in terms 

of changes in the cellular constituents.  

 To determine membrane damage following temperature stress. 

 To evaluate activities of antioxidative and defense enzymes as well as    

accumulation of antioxidants. 

 To analyse isozymes and proteins under different treatments.    

 To determine whether heat stress can be ameliorated by selected bacteria with 

PGPR activities and tolerance to abiotic stresses. 

 To determine whether these selected bacteria can also protect wheat plants 

against biotic stress caused by foliar fungal pathogen. 

 Comparison of protective mechanisms against both abiotic and biotic stress to    

identify common metabolites, if any. 
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                                                     2. LITERATURE REVIEW      

Plants maintain a complex relationship with various environmental factors and any 

changes in these abiotic (high and low temperatures, salinity, drought and flooding, 

change in pH, strong light, UV and heavy metals) and biotic (pest, insect and disease 

effects) factors adversely affect plant growth and development (Shao et al. 2008, 

Soussana et al. 2010). Agricultural sector is one of the vulnerable sectors, facing 

detrimental impact of environmental stresses. Unfavourable environmental conditions 

have adverse effect on crop production, which is likely to create problems for food 

security, particularly in tropical regions. Boyer in the early 1980s predicted that as much 

as 70% of crop productivity may be restricted by various environmental factors (Boyer, 

1982). Bray et al. (2000) further substantiated that the average yield loss in cereal crops 

like wheat, barley and maize due to abiotic stresses to be about 70-80% of the total 

yield. In changing climate scenario constantly rising temperature is one of the most 

severe form abiotic stresses affecting the production of crop plants worldwide. Global 

average temperature is predicted to rise by 1.8 to 4 
0
C by the end of this century and 

will have destructive and harmful consequences on organisms, environment, 

agricultural productivity and food security (Swaminathan and Kesavan, 2012).  

    Wheat (Triticum aestivum L.), a member of family Poaceae is the main staple food 

for people from different parts of world and fulfilling the calories demands of growing 

population. It is a good source of nutrition with 12.1% protein, 1.8% lipids, 1.8% ash, 

2.0% reducing sugars, 6.7% pentosans, 59.2% starch, 70% total carbohydrates and 

provides 314 K cal/100 g of food. Wheat also contains minerals and vitamins like, 

calcium (37 mg/100 g), iron (4.1 mg/100 g), thiamine (0.45 mg/100 g), riboflavin (0.13 

mg/100 g) and nicotinic acid (5.4 mg/100 mg). Worldwide climate change predicted to 

have negative impact for wheat production. Rapid acceleration in population is only 

adding to this problem. According to 2015 UN projection world‘s population is 

predicted to attain a staggering 9.7 billion by 2050 and to fulfil demands of this rising 

world population 60% increase in wheat production is needed by 2020 (Edgerton, 

2009). On the other hand rise in earth mean average temperature upto 3
0
C by the end of 

this century (Swaminathan and Kesavan, 2012) will have destructive impacts and 

harmful consequences on people, environment and agricultural productivity. With each 

degree of temperature increase wheat production is assessed to fall by 6% for each 
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worldwide (Gourdji et al. 2013). India is the third leading producer of wheat following 

the European Union and China. Ideal temperature for wheat cultivation is between 15
0
C 

to 25
0
C. In India, wheat is generally sown in the month of November, December and 

harvested in between March to April with slightly elevated temperatures during grain 

filling and harvesting. Climate change had a greater impact on nationwide wheat 

production in India, especially in northern, western and eastern part of India with 

maximum temperatures crossing beyond physiologically decisive thresholds of around 

38
0
C to 40  °C (Koehler et al. 2013). A decade ago, 40˚C during March was unusual in 

the Indo gangetic plains. Now such temperatures occur often even before March 30, on 

average, around one week earlier than normal affects wheat growth and yield in 

different parts of India. 

2.1. Effect of high temperature on plant development and yield 

High temperature causes multifarious modifications which are often unfavourable for 

plant growth, development, physiological processes, and yield (Iqbal et al. 2017). 

Elevated temperature mainly restrains growth and yield of plants growing in tropics. 

Heat stress hinders various stages of plant development. Morphological signs of high 

temperature during early development include germination inhibition to sunburn, 

scorching, wilting of leaves and twigs at seedling stage and abnormalities in floral part, 

fruit discoloration at later stage of development followed by reduced yield at post 

harvest period (Vollenweider and Günthardt-Goerg, 2005). Omae et al. in 2012 reported 

wilting and drying of leaves especially leaf margins, leaf tip area and necrosis in 

sugarcane due to heat stress. Essemine et al. 2010 reported high temperature as high as 

45°C accelerated cell death and embryo development which can inhibit wheat 

germination and reduce seedling establishment rate. Heat stress significantly lessened 

relative growth rate, shoot dry mass and net assimilation rate in maize, sugarcane and 

pearl millet (Ashraaf and Hafeez, 2004; Wahid, 2007). Long exposure to high 

temperature decreased seed germination rate and radical plumule growth of germinating 

seedlings leading to poor seedling vigour in various cultivated crops (Kumar et al. 

2011).  Koini et al. (2009) reported plant-water relations, and shoot growth and 

extension morphophysiological characteristics such as phenology, partitioning, are 

seriously hampered by heat stress in common bean (Phaseolus vulgaris). Plant height, 

number of tillers, chlorophyll content and total biomass were reduced in rice and mung 
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bean cultivars in response to high temperature (Mitra and Bhatia, 2008; Kumar et al. 

2011). In wheat green leaf area and productive tillers/plant were drastically reduced 

under heat stress (30/25°C, day/night) (Dias and Lidon, 2009). High temperature during 

reproduction hampers fertilization process in a variety of crops. Even a short exposure 

to elevated temperature led to significant decrease in floral buds and flowers abortion 

and hampered meiosis in both male and female organs, impaired pollen and stigma 

development consequenced anomalous fertilization processes and unfertilized embryo 

(Foolad, 2005; Cao et al. 2008). High temperature during grain filling and seed 

hardening stage adversely affects crop quality and yield (Wahid et al. 2007; Essemine et 

al. 2010). Even a small (2°C) rise in temperature influence the grain quality and yield 

predominantly through affecting phenological development processes in rice (Wu et al. 

2016). Many researchers documented yield loss in various cash crops including cereals 

(e.g., wheat, rice, sorghum, barley, maize), oil yielding crops (mustard, canola) and 

pulse (e.g., chickpea, cowpea) due to high temperature (Hasanuzzaman et al. 2013). It is 

well documented wheat, cultivated during winter season in India is highly affected by 

heat stress. Every 1°C rise in average temperature over 17°C to 24°C during grain 

filling resulted in above 4% to 10% reduction in grain yield (Acevedo et al. 1991;Wang 

et al. 2012). Temperature over these ranges (28 to 32°C) even for short periods cause 

more than 20% yield losses in wheat. Heat stress changed the early dough and maturity 

stage, shorten the kernel desiccation period and cause grain yield loss in wheat (Sohail 

et al. 2014). High temperature over 35–40°C the reduced grain weight by 7.0%–7.9% , 

grain length and width by 2% and increased spikelet sterility (61%) in heat sensitive rice 

cultivars (Mohammed and Tarplay, 2010). In maize and sorghum, seed weight and seed 

size were reduced over 50% due to heat stress (Suwa et al. 2010; Hasanuzzaman et al. 

2013). Heat also reduced the single kernel weight causing yield loss canola and maize 

(Kutcher et al. 2010; Sinsawat et al. 2004). In barley grain continuous heat stress 

increased concentration of maltose and several proteinogenic amino acids, whereas the 

total non-structural starch, carbohydrates, raffinose and fructose, lipids content 

decreased due to high temperature (Högy et al. 2013). Loss of productivity in heat stress 

is chiefly related to which is due to reduced photosynthesis, altered membrane stability, 

assimilatory capacity reduction and enhanced maintenance respiration costs reduction in 

radiation use efficiency (Cicchino et al. 2010; Zhang et al. 2013). Reduction in 

photosynthetic rate, impaied assimilates translocation process and reduced carbon gain 
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ultimately end in distorted growth and abnormal reproduction which ultimately declined 

yield and heat stress affected plants produce of inferior quality of cereals (Vacca et al. 

2004, Iqbal et al. 2017).  Thus it is very necessary to be acquainted with about various 

physiological and biochemical alterations which ultimately hinder plants growth and 

developmental process of various plants at high temperature. 

2.2. Effect of high temperature on biochemical and physiological changes 

High temperature often related to reduced water availability and tries to impair the 

tendency of maintaining cell turgidity of tissue by upsetting water balance with tissue 

(Mazorra et al. 2002; Simoes-Araujo et al. 2003). In tomato plants hydraulic 

conductivity and water relation is perturbed by elevated temperature (Morales et al. 

2003). Similarly in sugarcane in spite of sufficient water supply and optimal relative 

humidity condition leaf water potential and root hydraulic conductivity was severely 

affected by high temperature (Wahid and Close, 2007). Less availability of water during 

various abiotic stresses induces the production of different kinds of ROS (Reactive 

oxygen species) including both free radicals such as hydroxyl radicals (.OH), 

superoxide (O2
·−

), alkoxy radicals (RO.) and perhydroxy radical (HO2.) and non-radical 

forms, that is, singlet oxygen (
1
O2), and hydrogen peroxide (H2O2) (Foyer, 2005; 

Hasanuzzaman et al. 2012). Production of excess ROS due to heat stress leads to 

oxidative stress in plants (Hasanuzzaman et al. 2012). High temperature causes 

inactivation of enzymes in chloroplast and mitochondria, inhibition of protein synthesis, 

protein denaturation and aggregation, and increased fluidity of membrane lipids and 

ROS production causing membrane injury and even cell death (Howarth, 2005). 

Membrane dynamics is very sensitive to high temperature. Heat damages secondary and 

tertiary structure of membrane proteins and increases electrolyte leakage and reduces 

membrane integrity due to ROS accumulation (Wahid et al. 2007). Therefore cell 

membrane thermo stability has long been utilized as indirect measure of thermo 

tolerance in many crops, like cotton, soyabean, barley, wheat (Foolad, 2005; Zhang et 

al. 2013). In wheat heat exposure for two days resulted root growth inhibition which 

was correlated with powerful oxidative stress as evidenced by a significant increase 

(68%) of O2
•−

 production in root cells. The MDA content also increased by 27% after 

exposure at the early stages of seedling development, and this trend also continued 

during the later stages of development (Camejo et al. 2005). Effect of heat stress on 
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membrane stability depends on various plants species, plant developmental state and 

seed hardening stage. High temperature induced ROS accumulation and membrane 

electrolyte leakage has been reported in a variety of crops including sorghum, 

mungbean, tomato, potato wheat, cotton, barley, rice etc. (Wahid & Shabbir, 2005; Dias 

and Lidon, 2009; Egorova et al. 2011; Kumar et al. 2011; Mohammed & Tarpley, 2010; 

Kaushal et al. 2016). ROS produced due to heat stress have tremendous negative impact 

on plant physiological and metabolic processes. However they have also assumed to act 

as signalling molecules to trigger the heat shock responses in and develop of heat 

tolerance in plants (Asada, 2006; Kaushal et al. 2016) 

2.3. Effect of heat stress on photosynthesis 

Photosynthesis is one of the most temperature sensitive physiological processes and any 

variation in photosynthesis can hamper plant development and thus any changes in 

photosynthetic attributes can be a good marker for thermo tolerance as it directly 

correlated with plant growth (Crafts-Brandner et al. 2002). Exposure to high 

temperature reduces leaf water potential, leaf area and pre-mature leaf senescence 

during heat stress have negative impacts on photosynthetic performance of plants (Greer 

and Weedon, 2012). In chloroplast, thylakoid lamellae and stroma are the principal sites 

of heat injury (Wang et al. 2009). During heat stress ROS is generated in Photosystem I 

and II of chloroplast and in other organelles such as peroxisomes and mitochondria. 

ROS production increased electron leakage from the thylakoid membrane 

consequencing reduction of PSII activity located in thylakoid membrane (Bavita et al. 

2012). High leaf temperature persuades photon flux density and regulates 

thermotolerance of plants through adjustment of PSII (Marchand et al. 2005). High 

temperature dissociates oxygen evolvivg complex, manganese (MN)- stabilizing 33 k 

Da protein in PSII resulting in release of MN atom disrupting electron flow from 

oxygen evolving complex towards PSII and PSI untimately reduces photosynthetic 

efficiency of plants (De Ronde, 2004 Hasanuzzaman et al. 2013). Other parts of 

reaction centres such as D1 and D2 protein are also get affected by heat. In wheat and 

barley high temperarure and light damaged PSII which sequentially inferred various 

recovery pathways and block oxygen evolution (Toth et al. 2005). Adverse effect of 

heat on photosynthetic apparatus seems to be associated with reactive oxygen species 

(Camejo et al. 2006; Gou et al. 2015). Lipid peroxidation in thylakoid membranes due 
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to heat stress is also a cause of chlorophyll reduction in sorghum (Djanaguiraman et al. 

2010). Greer and Weedon (2012) observed that average rates of photosynthesis of Vitis 

vinifera leaves reduced significantly when temperature increased from 25°C to 45°C. 

Reduction in stomatal conductance and chlorophyll fluroscence (Fv/Fm) ratio was also 

observed in rice (Yin et al. 2010).  Heat stress causes degradation of chlorophyll a and b 

in developing and developed leaves (Wahid et al. 2007). According to Camejo et al. 

(2005) decreased chl:carotenoid ratio and increased chlorophyll a:b ratio in tomato and 

sugar cane plants under high temperature stress attributed themotolerance. Usually C3 

plants are more vulnerable to high temperature stress than C4 plants (Yang et al. 2006, 

Wahid et al. 2007). High temperature alters Rubicase activity and affects RUBP 

generatiion (Craft Brandner, 2002). Exposure to high temperature for prolong period 

decreases, soluble proteins like, Rubisco binding proteins (RBP), large-subunits (LS), 

and small-subunits (SS) of Rubisco in darkness, photosynthetic pigments and all these 

together reduces stomatal conductance and net photosynthetic rate (Salvucci and Craft-

Brandner, 2004; Sumesh et al. 2008).  Heat stress significantly increased electrolyte 

leakage, membrane peroxidation and reduced the membrane thermostability by 28% 

and 54% in wheat (Savicka et al. 2010). Oxidative stress marker, H2O2 level increased 

significantly in perennial ryegrass (Lolium perenne L.) when exposed to moderate 

(36°C) and severe heat stress (40°C) and it was responsible for physiological damage of 

PS II, cell membrane stability and caused lipid peroxidation (Soliman et al. 2011). 

2.4. Molecular and antioxidative changes in response to high temperature 

In order to annul detrimental effects of heat stress, plants are continuously modifying 

biochemical and physiological processes which include scavenging of ROS, 

antioxidants production, compatible osmolyte accumulation, mitogen-activated protein 

kinase (MAPK), calcium-dependent protein kinase (CDPK) cascades and last but not 

the least chaperone signalling and transcriptional activation. All these mechanisms at 

the molecular level together enable plants to thrive under heat stress. Heat stress effects 

are notable at various levels, including plasma membrane and biochemical pathways 

operative in the cytosol or cytoplasmic organelles. Prelimarily heat stress affects plasma 

membrane which shows extra fluidity of lipid bilayer under stress. This leads to the 

initiation of Ca
2+

 influx and cytoskeletal reorganization, resulting in the upregulation of 

mitogen activated protein kinases (MAPK) and calcium dependent protein kinase 
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(CDPK). Initiation of signalling cascades at nuclear level induce production of 

compatible osmolytes and antioxidants redox and osmotic adjustment (Sung et al. 

2003). 

High temperature generates different types of ROS in plant tissues, which includes 

superoxide radical (O2
−
), hydrogen peroxide (H2O2) and hydroxyl radical (OH

−
) are 

(Liu and Huang, 2005). Production of ROS in chloroplast and mitochondria is of great 

importance for signalling as well as production of antioxidants (Bohnert et al. 2006). 

These ROS cause the autocatalytic peroxidation of pigments and membrane lipids thus 

increase loss of membrane permeability and modifying its functions (Xu et al. 2006). 

Superoxide radical is the first ROS to be synthesized in the chloroplast and 

mitochondrion during heat stress. Superoxide dismutase (SOD) scavenges of O
2−

 which 

results in the production of H2O2. Ascorbate peroxidase and glutathione reductase are 

part of ascorbate glutathione cycle facilitates H2O2 scavenging. APX is the key enzyme 

in which detoxifies hydrogen peroxide from chloroplasts and cytosol of higher plants 

using ascorbate as a substrate. Ascorbic acid being a part of is ascorbate glutathione 

cycle is effective in scavenging superoxide (O
2-

), hydroxyl (OH') radicals and singlet 

oxygen and removes H2O2. Dehydroascorbate reductase helps to maintain higher 

ascorbic acid pool in are in the ascorbate-glutathione cycle (Allakhverdiev et al. 2008). 

Either ascorbate peroxidase (APX) or catalase (CAT) converted H2O2 to H2O and 

oxygen (Sairam and Tyagi, 2004). Activities of different these antioxidant enzymes 

enhance with increasing temperature are believed to be correlated with better 

thermotolerance.  Balla et al. (2009) reported the significance of the antioxidant enzyme 

system in thermotolerance. Hasanuzzaman et al. (2012) observed heat treatment at 38 

°C for 24 h and 48 h  increased activity of the antioxidant enzymes—APX, GR, GPX 

and GST activities in T. aestivum seedlings. Thus thermotolerance of the wheat cultivars 

appeared to be correlated with the higher antioxidant level. The activity of the enzymes 

such as, glutathione S-transferase (GST), APX and CAT was more in thermotolerant 

cultivars. Edreira et al. (2012) observed expression of maximal increase in CAT, APX 

and GR activity in Z. mays plants compared to O. sativa plants while no disparities 

existed for superoxide dismutase at 45/40 °C. In addition, considerably better levels of 

non-enzymatic antioxidants like acorbic acid and total glutathione were maintained at 

45/40 °C in maize than in O. sativa cultivars. Kumar et al. (2012) observed that the 

activities of SOD, POX, CAT, APX and GR increased under heat stress (45.0±0.5 °C) 
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in two of B. juncea genotypes but the increase was significantly high in tolerant 

genotype NPJ-119 as compared to susceptible genotype. The basal level of all 

antioxidative enzymes apart from CAT was found more in tolerant genotype. After 

recovery, SOD and CAT started decreasing but activity of POX and GR remained much 

higher in both the genotypes however, APX showed inconsistency in behavior post heat 

stress recovery. APX activity remained very high in tolerant genotype and started 

decreasing in susceptible genotype during recovery period. Chakraborty and Pradhan 

(2011) observed that ascorbate peroxidase (APX,) catalase (CAT), and superoxide 

dismutase (SOD) increased initially before declining at 50°C, while peroxidase (POX) 

and glutathione reductase (GR) activities turn downed at all temperatures ranging from 

20 to 50°C in soybean. Antioxidant metabolites like acorbic acid (AsA), total 

glutathione (GSH), tocopherol and carotene also protect plants against various abiotic 

stresses (Sairam et al. 2000). Exposure to high temperature increased GSH content and 

activity of the enzymes involved in GSH synthesis in wheat (Kocsy et al. 2002). 

Enhanced synthesis of AsA and GSH lower of ROS production in turf grass under heat 

stress (Xu et al. 2006).  Harsh et al. (2016) reported short term heat treatment at 42
0
C 

significantly increased CAT and SOD activity in moth bean (Vigna aconitifolia).  

2.5. Heat shock proteins 

High temperature induces transcription and translation of a new set of heat inducible 

genes; known as ―heat shock genes‖ (HSGs) which encode heat shock proteins (HSP) 

which are extremely heterogeneous and dynamic in nature. In plants, based on their 

approximate molecular weight, well-characterized HSPs can be classifed into five 

different families: HSP100 (or ClpB), HSP90, HSP70 (or DnaK), HSP60 (or GroE) and 

small HSPs (15-30 kDa) (Swindell et al. 2007; Wang et al. 2014). Small HSPs family 

has inimitable importance in plants stress tolerance due to their unusual abundance and 

diversity. Constitutive expressions of most of these proteins provide stability, protect 

other functional intracellular proteins from denaturation through protein folding and 

thus act as chaperones (Baniwal et al. 2004). Heat stress tolerance is pretty much 

dependent upon induction of heat shock proteins like, HSP90, HSP101, HSP60 and 

HSP70 (Young et al. 2001). The HSP60 and HSP70 are amongst the most highly 

conserved proteins in nature, consistent with an elementary role in response to high 

temperature and active products of these genes are very much required for plant‘s 
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survival under lethal heat stress (Chang et al. 2007). HSP70 takes parts in ATP-

dependent protein assembly/disassembly reactions and it checks protein denaturation 

during heat stress (Iba, 2002). High temperature reduced chloroplastic HSPs 

accumulation in bentgrass (Wang and Luthe, 2003). Conserved heat shock elements 

(HSEs) binds to heat shock genes and triggering transcription of HSPs in response to 

heat stress. These heat shock cis-acting elements having 5‘-AGAANNTTCT-

3‘palindromic sequence give recognizable binding site for heat shock transcription 

factors. Khurana et al. (2013) mentioned probable role of imperfect CCAAT-box 

element or some novel cis-element of sHsp 26 promoter with respect to high 

temperature stress. In most cases plants have been shown to have numerous copies of 

these genes. For example at least 17 and 21 copies of HSF genes have been reported to 

be present in tomato and Arabidopsis plants respectively. These genes have been 

grouped into three classes (classes A, B and C) depending on variation of flexible 

linkers and oligomerization domains. Usually HSFs over expression can increase 

thermo-tolerance of plants, however expression of these HSFs have hardly any effect on 

plant survival. In plants, there are a number of non-HSP transcripts that are upregulated 

by heat (Hasanuzzaman et al. 2013). Over expression of these HSFs are linked with a 

number of other genes. Recent findings suggested that the Arabidopsis cytosolic 

ascorbate peroxidase gene contain a functional heat shock element (HSE) in its 5'-

promoter region and has been shown only to be heat up regulated HSE. HSFA1a and 

HSFA1b up regulation control early response of many heat inducible genes along with 

other HSFs. Interestingly, in tomato, one particular HSFA1 has been suggested to be the 

‗master regulator‘ of the heat shock reaction. Down regulation of HSFA1 decreased 

HSP production making plants more sensitive to heat stress (Mishra et al. 2002). These 

heat shock regulatory proteins come into the nucleus and form a trimer that can bind 

with the heat shock elements (Sun et al. 2002). Heat shock factor binding with other 

transcriptional components, resulted in gene expression within minutes under heat 

stress. Over expression HSF gene turned on almost all HSGs and consequently provides 

protection against heat stress. Although this basic system is universal to eukaryotic 

cells, it is highly complicated in plants and appear to have a remarkable ability to finely 

control the expression of heat induced genes through the HSF system and studies also 

suggested that there is a positive link between the HSP level within cells and  heat stress 

tolerance (Miroshnichenko et al. 2005). Li et al. (2013) successfully identified a total 81 
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differentially expressed proteins by MALDI-TOF/TOF. Out of which HSP 90, HSP 70 

and sHSPs (HSP 17, HSP 18.2, HSP 20 and two HSP 23) were the most ubiquitous 

among HSPs subgroup and ascorbate peroxidase, glucan endo-1,3-β-glucosidase, 

ubiquitin, thaumatin-like protein, dehydroascorbate reductase, 20 kDa chaperonin, 

germin-like protein, mitochondrial peroxiredoxin were also found to be expressed 

during heat stress in Alfalfa (Medicago sativa L. cv. Huaiyin). Goswami et al. (2014) 

reported heat-responsive miRNAs regulate expression of transcription factors (HSFs) 

and majority of the heat stress-associated genes (HSPs). Expression profiling showed 

over expression of HSF3, HSFA4a, HSP17, HSP70, SOD and CAT genes in HD2985 

and NIAW-34-34 wheat cultivars under heat stress (42°C, 2 h).  

2.6. Accumulation of osmolyes in response to heat stress 

Compatible osmolyte accumulation is one of the crucial adaptive mechanisms in plants 

grown under abiotic stresses conditions, including salinity, osmotic stress and high 

temperatures. Accumulation of osmolytes such as proline, sugars, polyamines and sugar 

alcohols contribute to enhanced stress tolerance of plants (Sairam and Tyagi, 2004). 

Proline is an amino acid which accumulates in large quantities in response to various 

environmental stresses. Accumulation of proline decreases water potential of plant cells 

and thus accumulated water during any kind of abiotic stress, especially in drought and 

salinity stress (Kishore et al. 2005). Proline enhances the stability of protein and 

membrane under high temperature or osmotic stress. Similarly, accumulation of soluble 

sugars under heat stress has been reported in sugarcane, which entails great implications 

for heat tolerance (Wahid and Close, 2007). Under high temperatures, fruit set in tomato 

plants failed because of the disturbance in sugar metabolism and proline transport 

during the narrow window of male reproductive development (Sato et al. 2006). Proline 

acts as free radical scavenger, cell redox balancer, cytosolic pH buffer, and stabilizer for 

subcellular structures during various stresses, especially osmotic and salt stresses 

(Kishor et al. 2005;  Verbruggen and Hermans, 2008;  Székely et al. 2008). Recently, 

many worker reported proline accumulation may also play regulatory roles throughout 

plant growth and flowering (Maggio et al. 2002; Mattioli et al. 2008). However, the 

precise physiological role of proline during high temperature is still unclear, and several 

researchers have hypothesized beneficial functions of various genes involved in the 

process of proline metabolism rather than to the proline accumulation. The alterations of 
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proline and pyrroline-5-carboxylate (P5C) in different cellular compartments perhaps 

involved in regulation metabolic signalling and intracellular redox potential in higher 

plants during various abiotic stresses (Miller et al. 2009). However, there are only a few 

reports of proline accumulation during high temperature stress. In Arabidopsis, proline 

accumulation was not detected during heat stress (Yoshiba et al. 1995). There was 

insignificant increase in proline content in of barley (Hordeum vulgare) and radish 

(Raphanus sativus) leaves exposed to 41°C and proline content showed a slight increase 

under heat stress (Chu et al. 1994). In chickpea (Cicer arietinum), heat treatment 

increased in proline content marginally as compared to control (Chakraborty and 

Tongden, 2005).  

Glycine betaine, an amphoteric quaternary amine, plays an important role as a 

compatible solute in plants under various stresses, such as salinity or high temperature 

(Sakamoto and Murata, 2002). Accumulation of glycine betaine due to desiccating high 

temperature or of osmotic stress was reported in maize (Quan et al. 2004) and sugarcane 

(Wahid and Close, 2007). Levels of accumulated glycine betaine are generally 

associated with the degree of stress tolerance, and differ greatly among from species to 

species. Glycine betaine protects of the thylakoid membrane in chloroplast by ROS 

scavenging thus plays a very important role in the osmotic adjustment and, maintain 

photosynthetic efficiency (Chen and Murata, 2011; Wang et al. 2008). Glycine betaine 

accumulation in tomato induced tolerance against high temperature (Li et al. 2011). 

Among other osmolytes, trehalose, mannitol and non-protein amino acid -4-

aminobutyric acid (GABA) was also reported to be accumulated during various abiotic 

stress conditions which is consistent with its physiological role in the mitigation of 

stress. (Kinnersley and Turano, 2000). 

2.7. Accumulation of secondary metabolite in response to heat stress 

Most of the secondary metabolites are synthesized via phenylpropanoid, methyl 

erythritol phosphate (MEP), shikimate, or mevalonate pathways (Wahid and Ghazanfar, 

2006). Heat stress induces phenolic accumulation such as flavonoids and 

phenylpropanoids. Phenylalanine ammonia-lyase (PAL) is regarded as the key enzyme 

of the phenylpropanoid pathway. Increased activity of PAL during high temperature 

stress is believed to be main acclamatory response within plant cells. Studies suggested 

that plants subjected to high temperature accumulate soluble phenolics alongwith 
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increase phenyl ammonia lyase (PAL) and decreased peroxidase and polyphenol lyase 

activities. Increased accumulation of phenolics in watermelon (Citrulus vulgaris) was 

observed during heat stress (Rivero et al. 2001). Carotenoids are extensively known to 

guard cellular structures in various plant species irrespective of the stress conditions 

(Wahid and Ghazanfar, 2006; Wahid, 2007). Many components of the xanthophyll 

cycle - carotenoids, violaxanthin and zeaxanthin play crucial role in photoprotection. 

Zeaxanthin, mainly situated at the edge of the light harvesting complexes, where it 

functions to avert ROS triggered peroxidative damage to the membrane lipids. Recent 

studies have revealed that carotenoids and some terpenoids, such as isoprene or -

tocopherol, stabilize and photoprotect the lipid phase of the thylakoid membranes 

(Velikova et al. 2005). Phenolics, flavonoids, anthocyanins and lignins, etc., are the 

most vital group of secondary metabolites in plants and perticipate in a variety of roles 

including heat and abiotic stress tolerance (Chalker-Scott, 2002; Wahid and Ghazanfar, 

2006; Wahid, 2007) 

2.8. PGPR and growth promotion in wheat 

PGPR can mediate growth promotion by a plethora of mechanisms which includes, 

production of growth hormones like IAA, gibberellic acid, cytokinins ; increase 

mobilization and availability of nutrients, biological nitrogen fixation providing 

protection to plants from diseases by producing antibiotics, siderophores, hydrogen 

cyanide and improving the tolerance to abiotic and biotic stresses like salinity, drought, 

heat etc. PGPR reduce endogenous ethylene levels in plants by production of the 

enzyme 1-aminocyclopropane- 1-caroxylate (ACC) deaminase (Medeiros et al. 2005; 

Glick, 2012).  

Several PGPR inoculants have been used for plant growth promotion in wheat and 

others plants for their the active and beneficial on growth and yield at different 

environment under variable ecological conditions (Ozturk et al. 2003; Marques et al. 

2010; Zhang et al. 2012). Significant increase in number of tillers per plant (10–21%), 

root weight (19–43%), grain yield (15–43%) and straw yield 22–39% was observed in 

wheat plants inoculated with Pseudomonas fluorescens (Shaharoona et al. 2008). Narula 

et al. (2005) reported application of PGPR strain Azotobacter in field saved 25–30 kg N 

ha
-1

 chemical fertilizer. Three PGR strains, Bacillus megaterium BHU1, Arthrobacter 

chlorophenolicus BHU3 and Enterobacter sp BHU5 showed maximum nutrient 
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acquisition and content of micronutrient viz. Fe, Cu, Mn and Zn in wheat grains and 

also increased plant growth and vigour thus used as efficient microbial consortium for 

wheat production. Triple combination of strains B. megaterium, A. chlorophenolicus, 

and Enterobacter significantly increased plant height, straw yield, grain yield and test 

weight under pot condition as well as under field condition, respectively (Kumar et al. 

2014). 

Turan et al. (2013) reported application PGPR (Bacillus megaterium M3, Bacillus 

subtilis OSU142, Azospirillum brasilense Sp245 and Raoultella terrigena) increased 

root and shoot dry weight in wheat and barley plants and protected the plants from ice 

nucleation. PGPR priming alleviated deleterious effects of low-temperature in both 

plants species tested. The lowest ROS and antioxidant enzyme (SOD, POD, CAT) of 

wheat and barley were observed Raoultella terrigena primed plants. Wheat plants 

inoculation with (PGPR) strains Acetobacter pasteurianus and Stenotrophomonas 

specie provided a significant increase in shoot and root length, and shoot and root 

biomass. Shoot and root nitrogen content significantly increased PGPR primed plants 

over the un-inoculated control (Majeed et al. 2015). Pseudomonas moraviensis and 

Bacillus cereus, isolated from rhizosphere soil of halophytic weed (Cenchrus ciliaris L.) 

when applied to wheat (Triticum aestivum L.) by seeds soaking increased the fresh 

weight, proline contents and activities of antioxidant enzymes significantly over control. 

Added tryptophan with both PGPR, improved the yield by improving number of 

seeds/spike and spike length. Effects of PGPR inoculation alone and with tryptophan 

were more pronounced in pots grown plants (Hassan and Bano, 2015). 

2.9. Amelioration of high temperature stress by PGPR 

Plants do not live in isolation but constantly interact with an array of microorganisms in 

the soil and in the atmosphere. This interaction is again affected by various 

environmental factors, and when the environmental conditions become unfavourable 

they impose different stresses on the plant. With increasing urbanization and population 

leading to adverse conditions such as extremes of temperatures, water deficit, salinity, 

increase of heavy metal pollutants in the soil ways and means are now being sought to 

make plants more resilient. Use of beneficial microorganisms having various attributes 

not only for plant growth promotion and disease reduction, but also for mitigation of 

abiotic stresses is now being considered. Plant growth promoting rhizobacteria (PGPR), 
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are being evaluated for such multiple uses in sustainable agriculture. All of these mainly 

act by mechanisms which reduce the effects such as oxidative stress or cellular 

metabolic disruptions brought about by different stresses. 

Abiotic stress management is one of the greatest challenges of agricultural scientists and 

needs careful consideration. Various strategies to manage abiotic stresses consist of 

shifting the crop calendars, development of heat and drought tolerant varieties, resource 

management practices etc. (Venkateswarlu and Shanker, 2009). Development of stress 

tolerant plants (STPs) is another option being considered and this includes manipulation 

of stress  associated genes and proteins  for over expression of metabolites, production 

of transgenics or conventional plant breeding  combined with the use of molecular  

markers and QTLs. 

However, though some of these technologies have shown promise, they are cost-

intensive and laboratory oriented. Hence these technologies may not be the solution for 

the common farmers. In this scenario, recent studies indicate that there is another 

strategy which has high potential to alleviate stresses in plants, is highly eco-friendly 

and cost effective. It involves the utilization of multi-faceted traits of several beneficial 

microorganisms which have been known earlier for their role in plant growth 

promotion, nutrient management and disease control. Several reports on the use of 

microorganisms, especially plant growth promoting rhizobacteria (PGPR) for induction 

of tolerance against abiotic stresses have been forthcoming in the last 2-3 decades. 

Interestingly, researches in several laboratories have now confirmed that several of 

these PGPR can also help the plant in withstanding against abiotic stresses (Bashan and 

de Bashan, 2010). Reports are now accumulating on application of PGPB as elicitors for 

tolerance to abiotic stresses, such as drought, salt and nutrient deficiency in plants and 

raising possibility for incorporation of microbial genes into plant and diverse microbial 

species (Chakraborty et al. 2015). The beneficial plant microbial interactions are very 

frequent in nature, where PGPB help the plants to overcome various stresses. Besides 

bacteria, beneficial fungi such as endophytes or mycorrhizal fungi also confer tolerance 

to plants against different abiotic stresses. Microbial communities offer a potentially 

powerful opportunity for understanding these beneficial interactions. Consequently, 

changes in the structure or function of microbial communities may have a major impact 

on ecosystem activities (Khan et al. 2011). Yang et al. (2009) suggested the term 

‗induced systemic tolerance‘ (IST) for PGPR-mediated physiological and chemical 
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alterations within plants that improved tolerance to abiotic stress. Temperature affects 

different plants differently depending on the optimal requirements of plants. Plants 

growing in colder climates, when exposed to higher temperatures will suffer from 

elevated temperature stress whereas the same temperature would be optimal for those 

growing in warmer climates. Similar is the case with tropical plants which when 

exposed to colder temperatures suffer from cold stress or in colder conditions, to 

freezing. With global warming and other related phenomena, earth is now witnessing 

several extreme temperature conditions varying from very high to very low and is now a 

major concern in agriculture. Water scarcity also leads to temperature increase. 

Microorganisms also have optimal temperature conditions for growth and hence, the 

ability of rhizospheric bacteria to alleviate temperature stress will also vary.  

It is clear that temperature and soil type may affect the performance of plant-beneficial 

bacteria interaction (Egamberdiyeva and Hoflich, 2003). Those bacteria which can 

themselves grow better at higher / lower temperatures could be of use for application in 

agriculture under elevated/ low temperature conditions. In addition, bacteria colonizing 

distinct sites may react differently to different environmental conditions. In studies 

using several rhizospheric bacteria, it was observed that many bacteria such as 

Mycobacterium sp. 44, a Pseudomonas fluorescens and a Pantoea agglomerans strain 

isolated from a semi-continental climate were found to considerably enhance the plant 

growth of winter wheat at 16
0
C compared with that at 26

0
C in loamy sand (Compant et 

al. 2010). On the other hand, bacteria isolated from semi arid climate such as 

Mycobacterium phlei strain MbP18 as well as Mycoplana bullata MpB46 were not 

affected by temperature change, indicating genotype-specific preferences for certain 

environmental conditions. A study with the endophyte Burkholderia phytofirmans strain 

PsJN demonstrated that a temperature increase from 10 to 30
0
C reduced the 

colonization of this strain in the tomato rhizosphere, without having an effect on 

endophytic abundance (Pillay and Nowak 1997). After successful colonization, 

rhizosphere as well as endophytic bacteria may alleviate temperature by inducing a 

systemic response (Yang et al. 2009).  

Srivastava et al. (2008) also isolated a thermotolerant P. putida strain NBR10987 from 

drought stressed rhizosphere of chickpea. The thermotolerance of the strain was 

attributed to the over expression of stress sigma factor and enhanced biofilm formation 

at high temperatures. The ability of a thermo-tolerant strain of Pseudomonas AKM-
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P6 was used to alleviate the heat stress in sorghum seedlings (Ali et al. 2009). They 

reported that inoculation induced the biosynthesis of high molecular weight proteins in 

leaves under elevated temperature, reduced membrane injury, and improved the level of 

cellular metabolites like proline, chlorophyll, sugars, amino acids, and proteins. 

Analysis of proteins from inoculated and uninoculated sorghum seedlings exposed to 

ambient and elevated temperature revealed the presence of three additional polypeptides 

in the seedlings exposed to elevated temperature, indicating a possible role of inducible 

proteins in microbial mediated heat tolerance mechanism.    

Ashraf and Foolad (2007) reported that Pseudomonas putida strain AKMP7 increases 

themotolerance of wheat plants by stimulating accumulation of proline, which binds to 

cell membrane, maintain membrane permeability and direct osmotic balance within 

tissue. Certain oligosaccharides belonging to raffinose oligosaccharide family, 

galactinol and stachyose as well as sugars, such as trehalose, glucose and sucrose, are 

known to be associated with responses to environmental stress (Kaplan et al. 2007). The 

over expression of galactinol synthase gene (GolS), a heat shock factor in Arabidopsis 

under abiotic stress  and  steady state expression of trehalose phosphate synthase 5 

(TPS5) gene in wheat plants (cv.Olivin) after  Bacillus amyloliquefaciens 5113 

treatment clearly indicating their probable contributioto overall fitness of plant againt 

abiotic stress.  Likewise, P. putida strain AKMP7 neutrializes negative impact of heat 

stress on wheat and increase yield, spike length and count, grain size and quality. In 

another study,  wheat seedlings (cv. Olivin and Sids1) treated with two PGPR strains 

Bacillus amyloliquefaciens 5113 and Azospirillum brasilense NO40, transcript 

expression level of several heat response transcription regulator homologs (HsfB1, 

HsfA3, MBF1c), HSP17.8 , which maintain protein conformation under stressed 

condition, MSFB1 remained unaffected unlike untreated heat stressed seedlings(Abd El-

Daim et al. 2014). RT PCR expression analysis of heat stressed bacteria untreated and 

treated wheat plants using APX1 (forward, 5′-GGAGGCTTCCTGATGCTG-3′ reverse, 

5′-CGGCGTAG TCCTTGAAGAAT-3′; AF387739.1) and TmSAMS1 (forward, 5′-

GACCCAGGTGACTGTGGAGT-3′ reverse, 5′-AGGCACGCCAATAGCATAAG-3′; 

EU399630.1) gene specific primer showed reduced expression of these two genes in 

bacterial primed plants. In addition higher basal levels of other enzymes of ascorbate-

glutathione pathway DHAR, MDHAR and GR were observed in bacteria primed plants. 

Similarly, P. putida strain AKMP7 inoculated wheat plants had reduced ROS 
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production pointing towards preventive measure against ROS production and avoiding 

expensive adaptations tied to ROS detoxification mechanism (Ali et al. 2011). 

It is thus obvious that such beneficial bacterial strains have the potential to be used in 

agriculture under temperature stressed conditions in the era of global warming and 

changing environmental scenario. 

Several plants including maize, soybean, cotton, banana etc are sensitive to 

temperatures below 10–15 °C and exhibit signs of injury. Frost injury is common in 

many plants and they exhibit different phenotypic symptoms in response to chilling 

stress which include reduced leaf expansion, wilting, chlorosis and may lead to necrosis 

and also reproductive development (Mahajan and Tuteja 2005). Several workers have 

also reported the ability of cold-tolerant bacteria to induce cold tolerance in plants 

(Chang et al. 2007; Selvakumar et al. 2008; Mishra et al. 2009). Selvakumar et al. 

(2008; 2012) reported role of novel cold tolerant plant growth promoting bacterial 

species viz., Pantoea dispera, Serratia marcescens, Pseudomonas fragi, 

Exiguobacterium acetylicum amd Pseudomonas lurida in promoting plant growth at 

cold temperatures. They attributed the observed effects mainly due to auxin production 

and phosphate solubilization by bacterial species. Under low temperature, such bacteria 

can sustain their metabolic processes and aid in plant growth promotion. Since ice 

nucleation has been recognized as a cause of frost damage of plants, recent development 

in the use of microbial technology is the identification of naturally occurring 

phyllospheric bacteria with low ice nucleating activity, so that they can be sprayed on 

leaves to overcome frost damage (Selvakumar et al. 2012). 

In order to determine the effect of a PGPR on growth and physiological activity of 

grapevines at low temperature, in vitro inoculation of Vitis vinifera cv. Chardonnay 

explants with Burkholderia phytofirmans strain PsJN, was carried out. Bacterization 

enhanced both growth and physiological activity of grapevine at low temperature. An 

association of endophytic bacterial colonization of the grapevine plantlets both at low 

(4
0
C) and ambient (26

0
C) temperatures and their sensitivities to cold stress was 

apparent. Root growth and plantlet biomass significantly increased in PsJN inoculated 

plants. PsJN improved cold tolerance compared with that of the nonbacterized control. 

Moreover, bacterized plantlets had significantly increased levels of starch, proline, and 

phenolics in comparison to control unprimed plants. These increases correlated with 

the enhancement of cold tolerance of the grapevine plantlets (Barka et al. 2006). In  
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Table 1: List of microorganisms reported to be used in alleviation of temperature 

stress in plants 

PGPR Crop 
Temperature 

stress 
References 

Bacillus 

amyloliquefaciens 5113 

     Wheat          Heat AbdEl-Daim et al.  

2014 

Pseudomonas lurida Himalayan   

plant 

       Cold Bisht et al. 

2013 

Pseudomonas putida 

GR12‐ 2 

    Canola        Heat Glick, 2012 

Pseudomonas spp. 

strain PPERs23 

      Wheat        Cold Mishra et al. 2009 

Pseudomonas sp. 

AMK‐ P6 

    Sorghum         Heat Ali et al. 2009 

Pseudomonas putida 

strain NBR10987 

     Chick pea         Heat Srivastava et al. 

2008 

Pseudomonas putida     Rapeseed         Cold Chang et al. 2007 

Burkholderia 

phytofirmans 

    Grape vine    Cold and heat Barka et al. 2006 

 

another study, Mishra et al. (2009) examined the effect of seed inoculation with 12 cold 

tolerant plant growth promoting Pseudomonas strains on wheat growth and 

physiological changes under green house conditions at10
0
C. They reported that 

bacterization with pseudomonads significantly improved root length, shoot length, dry 

root biomass, dry shoot biomass compared with nonbacterized control. Further, 

bacterized wheat plants showed enhanced levels of total chlorophyll, anthocyanin, free 

proline, total phenolics, and starch contents, while a decrease was observed in the ratio 

and electrolyte leakage values which indicate enhanced tolerate to cold stress 

conditions. Inoculation of wheat seeds with Serratia marscescens, strain SRM, and 
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Pantoea dispesa, strain 1A increases the seedlings biomass and nutrients uptake at low 

temperatures (Milosevic et al. 2012). 

2.10. Effect of climate change on plant disease development 

Global climate change especially rising temperature and CO2 level not only hamper 

physiological processes within plants but are expected to modify host susceptibility, 

alter pathogen development and survival rates which eventually changes in the impact 

of diseases on crops worldwide. Climate change affect the microclimate surrounding 

plants which perhaps influences various biochemical changes in such a way that it 

makes plants more susceptible to pathogens (Burdon et al. 2006; Legreve and Duveiller, 

2010). Climate change continuously rising temperature as well as inconsistency in 

weather pattern are appropriate inducers of plant disease epidemics and expected to 

modify the synchrony between crop phenology and disease patterns as a result that 

currently economically less important pathogens may turn into potential threats in the 

future (Duveiller and Sharma, 2009).  

Several fungal diseases limit crop production worldwide. Fungal diseases such as stem 

rust (causal agent- Puccinia graminis), powdery mildew (causal agent- Blumeria 

graminis), leaf rust (causal agent -Puccinia recondita and Puccinia striiformis), spot 

blotch (causal agent - Bipolaris sorokiniana) and Fusarium head or ear blight are among 

the major biotic constraints in wheat cultivation systems around the world (Juroszek and 

vonTiedemann, 2013). Many scientists have predicted global warming will increase 

severity of Fusarium foot rot in the United Kingdom and Fusarium head blight risk in 

South America. In European countries leaf blotch, karnal bunt risk incidence will 

increase rapidly due to weather change (Dumalasova and Bartos 2009; Madgwick et al. 

2011; West et al. 2012; van der Fels-Klerx et al. 2012; Gouache et al. 2012). The two 

foremost characteristics of the Indian subcontinent climate are high temperatures and 

humidity and due to changing climatic situation we are experiencing more shorter and 

warmer winters where the mean temperature of the coolest month is higher than 17.5˚C 

(Joshi et al. 2007).  In India wheat diseases like spot blotch, foliar blight, rust, fusarium 

head blight is assumed to be more severe in the future because of humidity and elevated 

temperature particularly in the lack of resistance in wheat cultivars (Kaur et al. 2008). 

Malaker and Reza (2011) reported both stem and yellow rusts particularly occurs in late 

sown susceptible wheat cultivars and remains a major problem in some of the wheat 

farming zone around the world especially in Bangladesh. Since warm and humid 
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weather increase spot blotch severity therefore this disease is increasingly becoming a 

cause of worry particularly in the warm and moist environments of Indian sub-continent 

(Duveiller et al. 2005). In Indian sub-continent wheat production is already 

experiencing yield reduction due to terminal heat stress (Juroszek and von Tiedemann, 

2013). Sharma et al. (2007) reported increasing spot blotch incidence into the cooler, 

non-traditional irrigated wheat growing areas could be due to rising temperature which 

aggravates spot blotch severity in these areas. In rising incidences of spot blotch due to 

high temperature during wheat growing season in non-endemic parts in Pakistan, Nepal 

and Bangladesh were reported (Shamim et al. 2010, Mahto et al. 2011, Hossain et al. 

2013). Around 25 million hectares of land worldwide, covering wheat growing areas of 

North and Latin America, Africa, China, South East Asia and Indian subcontinent and 

worldwide have been affected by spot blotch (Joshi et al. 2002; Duveiller et al. 2005.) 

In the United States spot blotch has been reported to be a serious foliar disease which 

causes yield loss of wheat (Wegulo et al. 2009). Yield losses of 25–45% have been 

recorded in Kazakhstan and 41% in Russia (Iftikhar et al. 2009). Warmer areas of South 

Asia are highly affected by B. sorokiniana and depending upon the severity of 

occurrence around 40%-50% yield loss was estimated every year (Sharma and 

Duveiller, 2004). In Indian subcontinent, under rice-wheat cropping system, there was 

above 70% rise in spot blight incidence (Sharma et al. 2007). In India wheat fields 

covering eastern gangetic plains, northern, western parts of India mostly affected by 

spot blotch and around 18-22% yield loss every year was estimated (Joshi et al. 2007).  

Elevated temperature has become a major concern for agricultural sector worldwide not 

only because of its adverse affects on growth, development, and productivity of plants 

but also constantly changing plant pathogen interaction which is complicated and 

ambiguous. Response to various temperatures is determined by a plant‘s ability to adapt 

to different climate regimes most of the mechanism is still elusive and ambiguous. 

2.11. PGPR in biotic stress alleviation in wheat 

Plant growth promoting rhizobactria (PGPR) also act as biocontrol agents, can operate 

through various mechanisms, in spite of their role in direct growth promotion, such as 

production of phytohormone auxin and decrease of plant ethylene levels  or nitrogen 

fixing associated with roots (Glick et al. 2007). PGPR produces hydrolytic enzymes 

like, glucanases, chitinases, lipases and proteases that can lyse pathogenic fungal cells. 

Various siderophores, antifungal and antimicrobial substances were also produced by 
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PGPR (Neeraja et al. 2010; Maksimov et al. 2011),While on the other side induce 

systemic resistance (ISR) with in plants in response to stress imposed by the infection 

(Van Loon, 2007). ISR is triggered by PGPR in SA-independent and dependent ways, 

and somewhat intersects with the JA/ET pathway. SAR is stimulated by necrotizing 

pathogens and a SA-dependent signaling pathway, and results in enhanced level of SA 

and activation of various PR proteins (Conrath, 2006). This process protected the plant 

against other viruses and resulted in the conception of ―Systemic Acquired Resistance‖ 

(SAR). The activation of defense mechanisms induced by fungi, bacteria, viruses, and 

nematodes can be achieved by different routes, which may occur alone or concomitantly 

(Hammerschmidt, 2009). Application of PGPR promotes plant growth, yield and 

induces disease resistance. Existence of the PGPR in the rhizosphere makes the 

complete plant, including the shoot and root, more resistant to pathogens (Figueiredo et 

al. 2010). Many Strains of PGPR, be a member of genera Azospirillum, Azotobacter, 

Azoarcus, Arthrobacter, Pseudomonas, Bacillus, Enterobacter, Gluconacetobacter, and 

Serratia, have been reported to bring out significant reductions in disease severity on a 

diversity of host crops (Reinhold-Hurek and Hurek, 2000; Kloepper et al. 2004).  

     Pseudomonas strains MRS23 and CRP55b inhibited growth of pathogenic fungi, i.e.  

Fusarium oxysporum f. sp.  Ciceri, Rhizoctonia solani and  Aspergillus sp. in vitro 

(Goel et al.  2002). Monteiro et al. (2005) reported that four of these Bacillus strains 

produced lipopeptides active against Xanthomonas campestris pv. campestris during its 

late growth phase. Lipopeptides can also stimulate ISR in plants, probably by 

interacting with plant cell membranes and inducing temporary alterations in the plasma 

membrane which could raise plant defenses (Ongena et al. 2009). Bacillus 

methylotrophicus BC79 produced phenaminomethylacetic acid which was reported to 

have antifungal activity (Shan et al.  2013). Culture filtrate of BC79 showed biocontrol 

efficiency against rice blast. Bacillus amyloliquefaciens Ba33, an antiviral agent against 

tobacco mosaic virus was used in field as a soil disinfector and (TMV) (Shen et al. 

2012). Bacillus amyloliquefaciens CM-2 and T-5 enhanced the growth of tomato 

seedlings along with the biocontrol of tomato bacterial wilt caused by Ralstonia 

solanacearum (Tan et al.  2013). 

        Natural resistance of wheat to various pathogens is found to be low (Acharya et al. 

2011). However, there is a possibility of biological control of spot blotch which can 

occur by inducing resistance to pathogens.There are very few reports of PGPR mediated 
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biocontrol of  B.sorokiniana. Hogdes et al. (1994) indicated that Pseudomonas PSD-42 

was antagonistic to B. sorokiniana on leaves of Poa pratensis. Application of 

Pseudomonas chlororaphis, strain MA 342 reduced spot blotch symptoms to some 

extent (Johnsson et al. 1998). Endophytic Bacillus subtilis strain E1R-j was reported to 

control wheat stripe rust as well as powdery mildew in greenhouse and field trials (Li et 

al. 2013; Gao et al. 2015). Application of B. amyloliquefaciens KB3 and B. subtilis 

QST-713 reduced wheat leaf rust (Nam et al. 2016). Two PGPR strains (JD204 and 

JC186) of Pseudomonas putida promoted wheat growth and JD204 strain had stronger 

growth-promoting, phosphorus-solubilizing and IAA-producing activities than strain 

JC186. Natural infection of stripe rust on the JD204-inoculation in winter wheat 

cultivars significantly reduced strip rust and also increased wheat yield (Pang et al. 

2015).  

There are very few instances of biotic and abiotic stress amelioration at a time by PGPR 

application. However, very recently Singh et al. (2017) isolated Stenotrophomonas 

maltophilia SBP-9 from Sorghum bicolor promoted wheat growth under saline 

condition and enhanced the defense response against fungal pathogen ―Fusarium 

graminearum.‖ SBP-9 isolate significantly increased plant growth in terms of various 

growth parameters such as shoot length/root length (20–39%), fresh weight/dry weight 

(28–42%), and chlorophyll content (24–56%) in wheat plants. Bacterial inoculation 

decreased the level of proline, and malondialdehyde, whereas elevated the antioxidative 

enzymatic activities of superoxide-dismutase (SOD; 28–41%), catalase (CAT; 24–

56%), and peroxidase (POX; 26-44%) and maintained the K
+
/Na

+
 ratio. SBP-9 isolate 

also increased the expression of defense enzymes, such as peroxidae (PO), β-1, 3 

glucanase, polyphenol oxidase (PPO) and phenylalanine ammonia lyase (PAL), which 

protect plants from the Fusarium heat blight infection. 

Use of PGPR for amelioration various abiotic and biotic stresses is reported by many 

workers. However PGPR mediated heat stress amelioration and role of the PGPR in 

inducing plant defense response at high temperature is very less reported especially 

PGPR mediated thermotolerance mechanisms remains elusive. Thus further exploration 

is needed to understand the mechanisms underlying the development of heat-tolerance 

in plants by PGPR application which can be used for crop improvement.  
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                       3. MATERIAL & METHODS   

3.1. Plant material 

3.1.1. Collection of wheat cultivars 

Seeds of eight wheat (Triticum aestivum L.) cultivars – HT 41, HT 17, H715, C306, 

PBW343, PBW550, Gayetri (GY) and Mohan Wonder (MW) were selected for 

experimental purposes. The seeds of HT 41, HT 17, HT15, C306, PBW550 were 

obtained Borlaug institute of South Asia, CYMMIT, PUSA, Bihar, India and Seeds of 

PBW343, Gayetri (GY) and Mohan Wonder (MW) were collected from UBKV (Uttar 

Banga Krishi Vishwavidyalaya), Coochbehar, West Bengal, India. Seed viability of 

eight cultivars was checked before using for experimental purpose. 

 3.1.2. Maintenance of plants 

Wheat seeds were surface sterilized with 1% (w/v) sodium hypochlorite solution and 

rinsed twice with double distilled water. Seeds were then transferred to plastic pots 

(Diameter 15 cm) containing sterile soil. Each pot contained five to seven seedlings and 

were kept in a growth chamber having temperature of 22/16 °C (day/night), photoperiod 

for 16/8 h at 200 μmol m
−2

 s
−1

 and 70 % humidity and one month old seedlings were 

taken for further experiments. Plants were watered regularly twice in the morning and 

evening, till the time of treatment (Fig. 2).  

3.2. Preliminary screening of eight cultivars for basal thermotolerance 

Pots containing one month old seedlings were exposed to different temperatures (25
0
C, 

30
0
C, 35

0
C, 40 

0
C) for 12 h and sampling was done at 0, 6 and 12 h. Each treatment had 

three replicate sets for each cultivars and experiment was conducted in randomized 

design method. For sampling, leaf samples were collected, immediately flash freezed in 

liquid nitrogen and subsequently used for biochemical tests, storing where necessary at -

80
0
C. The fresh weight of seedlings was taken immediately after collecting the leaf 

samples to avoid any water loss from leaf samples of both control ad treated seedlings. 

Basal thermotolerance level of eight cultivars were checked on the basis of changes in 

relative water content, total chlorophyll content, fresh weight, cell viability, 

malonaldehyde content, electrolyte leakage, H2O2 content, osmolyte accumulation and 

heat susceptibility index of cultivars was also calculated. The detail protocols of which 

are described in the later sections.  
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Figure 2: Different cultivars maintained in pot (a, b, c, d) and in field condition (e, f, g, 

h) 
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3.3. Selection of 2 cultivars and temperature by cluster analysis 

Selection of two most susceptible cultivars for amelioration studies was based on cluster 

analysis of all eight wheat cultivars differing in sensitivities to high temperature, the 

data of RWC, proline content, soluble sugar content, MDA, EL and H2O2 content  after 

heat treatment (25
0
C, 30

0
C, 35

0
C, 40 

0
C) for 6 h and 12 h were chosen for cluster 

analysis. Hierarchical cluster analysis was performed using the CLUSTER program 

(http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/) by the uncentred matrix 

and complete linkage method (de Hoon et al., 2004). Resulting tree figure was displayed 

using the software package, Java Treeview (http://jtreeview.sourceforge.net/) as 

described by Chan et al. 2012.  

3.4. Characterization of PGPR isolates 

3.4.1. Source 

Two PGPR strains, Bacillus safensis (NCBI JX660689) and Ochrobactrum 

pseudogrignonense (NCBI JX660688), previously isolated from the wheat (T. aestivum) 

and blady grass (Imperata cylindrica) rhizosphere respectively and identified by 

Chakraborty et al. (2013) were selected were selected for the present study.  

3.4.2. Morphology 

Gram staining technique was followed for microscopic characterization of 

rhizobacterial cultures. Bacterial isolates were smeared separately on a clean glass slide 

and heat-fixed after air drying. One drop of crystal violet solution was put onto and the 

smear was allowed to stand for about minute. Excess stain was then washed off with 

sterile distilled water. After that one drop of Gram‘s iodine solution was put and 

allowed to stand for 45 sec, followed by washing with distilled water and dipping in 

absolute alcohol for 1 min.  Eventually, one drop of safranine (counter stain) was 

applied, and allowed to stand for 1 min, washed gently with sterile distilled water, air 

dried and examined under oil immersion. 

3.4.3. Scanning electron microscopy 

For scanning electron microscopy of the bacterial cells, isolates were grown in Luria 

Bertani broth for 48 h and collected by centrifugation at 6000 r.p.m. for 15 min. The 

pellet was collected and washed with 0.1 M phosphate buffer saline. Then the samples 
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were prefixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 6.8) followed by 

dehydrolysis of the samples with different gradation of ethanol starting from 30%, 50%, 

70%, 80%, 90% and 100% for 10 min in each. After serial dehydration samples were 

subjected to critical drying then mounted on sample stab, coated with gold palladium 

alloy in a mini sputter coater and examined under a JEOL JSM-6610LV scanning 

electron microscope. 

3.4.4. Assessment of growth at high temperature 

The ability of the bacterial isolates to grow at different temperatures of 25
0
C -60

0
C was 

tested. For this, the two bacterial isolates were separately grown in nutrient broth at 

various temperatures (25
0
C, 30

0
C, 40

0
C, 50

0
C, 60

0
C). Absorbance was noted in 

colorimeter at 600nm after 24, 48, 96, 144 h incubation following growth. Absorbance 

was converted into CFU/ml from a standard where known concentration of bacterial 

suspension was used. The CFU values were counted to log whenever needed and 

optimum incubation time that is when bacterial growth was found to be highest at 

various temperature was observed. Bacterial isolates grown at various temperatures 

were then transferred to nutrient agar plates with 10X dilution by pour-plating after 

optimum period of incubation.  

 

 3.5. In vitro characterization of plant growth promoting traits  

3.5.1. Phosphate solubilisation 

Screening of two PGPR, for phosphate solubilization was done by inoculating the two 

strains separately in Pikovskaya (PVK) agar medium (Pikovskaya, 1948) supplemented 

with tricalcium phosphate (TCP) and pH of the medium was adjusted to 7.0 before 

autoclaving. The plates were kept at 40±2ºC for 7 days. Appearence of transparent 

(halo) zones of around the colonies of microorganisms indicate phosphate 

solubilisation.  

3.5.2. Siderophore production 

Siderophore production of bacterial isolates was detected following the method of 

Schwyn and Neiland (1987) using indicator blue dye, chrome azurol S (CAS). To 

prepare CAS agar, CAS (60.5 mg) was dissolved in 50 ml water and blended with 10 

ml iron (III) solution (1 mM FeCl3.6H2O in 10 mM HCl) and volume made up to 1L. 

With constant stirring this solution was added to 72.9 mg hexadecytrimethyl 
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ammonium bromide (HDTMA), dissolved in 40 ml water. The resultant dark blue 

liquid was autoclaved. The dye solution was mixed into the medium along the glass 

wall with enough agitation to achieve mixing without the generation of foam, and 

poured into sterile Petri plates (20 ml /plate). The plates were inoculated with the 

bacteria and incubated for 10-15 days till any change in the color of the medium was 

observed.  

3.5.3. Protease production 

Protease production was detected on 3% (wt/vol) powdered milk-agar plates 

according to Walsh et al. (1995). Isolates were inoculated and kept at 40±2ºC and 

clear region around the bacterial colony signified the enzymatic degradation of 

protease. 

3.5.4. IAA production    

10 ml of Davis Mingoli‘s broth containing 0.1% tryptophan was inoculated with the 

isolates and incubated at 37º C for one week. The culture was then centrifuged at 10,000 

r.p.m for 15 min and supernatant was taken for analysis. The supernatant was layered 

carefully with 2 ml of Ehrlich- Bobme (Pdimethylaminobenzaldehyde 10g, concentrated 

HCL 100ml) reagent on the surface, allowed to stand for a few minutes and observed 

for the formation of a ring at the supernatant- reagent interface indicating the production 

of indole.   

3.5.5. Starch hydrolysis 

The bacteria were streaked on starch agar plates (NA + 0.1% soluble starch) and 

incubated for 5 days at 37°C. The plates were flooded with Lugol‘s iodine solution. The 

clear zone underneath and around the growth indicates the starch hydrolysis. 

3.6. Fungal Culture  

3.6.1. Isolation  

The fungal pathogen was isolated from naturally infected wheat leaf tissue. For that 

infected leaf were thoroughly cleaned in sterile water and then wiped with 80% ethanol, 

followed by exposure to an alcohol flame for a few seconds. The outer layer of tissues 

was quickly removed by a flame sterilized scalpel. Small pieces from the central core of 

tissue in the area of the advancing margin of infection were removed by a sterilized 

scalpel and sterilized by dipping into 90% alcohol then flamed for a few seconds. The 

sterilized tissues were transferred to potato dextrose agar in Petri dishes and incubated at 
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28ºC for 1 week. The fungal mycelium grown was transferred to PDA slants and kept 

for further identification. The isolated fungi were allowed to grow in Petri plates (7cm) 

containing sterile PDA medium for 7 days, then nature of mycelia growth, rate of 

growth and time of sporulation were observed. For identification, spore suspension was 

prepared from individual culture. Drops of spore suspensions were placed on clean, 

grease free glass slides, mounted with lacto phenol- cotton blue, covered with cover slip 

and sealed with wax. The slides were then observed under the microscope following 

which spore characteristics were determined and size of spores measured.  

3.6.2. Completion of Koch‟s Postulate  

Fresh healthy wheat leaves were inoculated with conidial suspension of the isolated 

fungal pathogen following detached leaf inoculation technique. After 96 h of 

inoculation, the infected leaves were cleaned thoroughly, cut into small pieces, 

disinfected with 0.1% HgCl2 solution for 3-5 min washed several times with sterile 

distilled water and transferred aseptically into Potato Dextrose Agar (PDA) slants and 

incubated at 28ºC for 7 days. Nature of mycelia growth, rate of growth and time of 

sporulation of these isolates were observed and identity of the organism was confirmed 

by comparing with the stock culture. 

3.6.3. Scanning electron microscopy 

Spores of fungal pathogens were examined under scanning electron microscopy (SEM). 

Selected fungal spores were sonicated under 35 MHz to followed by washing five times 

in sterile distilled water, surface disinfected with 4% (wt/vol) chloramine-T and 300 

ppm of streptomycin for 1 h, and then rinsed a further five times in sterile distilled water 

and were stored in eppendorf‘s tube in room temperature. Each sample was placed 

within separate aluminium ―disc cup‖ (20 mm diam x 5 mm deep). Each sample was 

lifted from the bottom of the specimen dish with fine forceps and was positioned upright 

in a disc cup. The samples were then dried. All dried samples were mounted on double-

sided tape affixed to SEM specimen mounts and were subsequently sputter-coated with 

gold. Gold coated samples were examined with a Philips 505 scanning electron 

microscope operating at 9.5-r5 Kev. 
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3.6.4. Molecular identification 

3.6.4.1. Extraction of DNA 

Total genomic DNA from fungal mycelia was extracted by following method of  

Kuramae Izioka (1997). 6-7 days old fungal mycelia grown in potato dextrose broth was 

harvested and ground into the fine powder using liquid nitrogen and suspended in 700 

μL extraction buffer (1M Tris-HCl pH 8.0, 5M NaCl, 0.5 mM EDTA, pH 8.0 ,10% 

SDS). Upon homogenization, the tubes were incubated for 30  min at 65
0
C. DNA 

samples were purified with equal volumes of chloroform: isoamyl alcohol (24:1) 

mixture (1X), and precipitated with isopropanol. The tubes were centrifuged at 10000 

r.p.m for 10 minutes and DNA pellets were rinsed with 70% ethanol, air dried. The 

pellets was resuspended in 100 μl 1 X TE buffer and incubated at 37
o
C for 30 min with 

RNAse (60μg/ml). The sample was re-extracted with PCI (Phenol: Chloroform: 

Isoamylalcohol 25:24:1) solution and RNA free DNA was precipitated with chilled 

ethanol after incubation. The mixture was centrifuged at 10,000 r.p.m. for 5 min at 4ºC, 

the pellet was air dried and finally dissolved in 40 µl TE buffer (pH 8.0) and stored at 

4ºC.  

3.6.4.2. Quantification  

The genomic DNA of selected isolates was checked for their purities by A260/A280 

ratio. The reading at 260 nm allows calculation of the concentration of nucleic acid in 

the sample. The reading at 280 nm gives the amount of protein in the sample. Pure 

preparations of DNA and RNA have OD260/OD280 values of 1.8 to 2.0, respectively.  

The  quality  of  the  genomic  DNAs  were  also  checked  on  0.8%  agarose  gel 

electrophoresis. For this purpose, 1X TAE buffer was prepared from 50X TAE buffer 

by dilution. 0.8% agarose was prepared in 100 ml of 1X TAE buffer by melting in a 

microwave oven. 2 µl ethidium bromide was then added after cooling the agarose 

solution. After cooling, the solution was poured in to a casting tray with a comb and 

allowed to solidify at room temperature. DNA sample was prepared by adding 1 µl of 

tracking dye to a volume of 5 µl sample.   

The gel was horizontally placed on the tray and the electrophoresis chamber was filled 

with fresh running buffer (TAE) to cover the gel. The wells were loaded with DNA 

samples with the help of the pipette and 60V current was applied for the purpose of 

electrophoresis.  
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3.6.4.3. ITS- PCR analysis 

For  18S  rDNA  amplification in a  total  volume  of  100  µl  reaction mixture, 78 µl 

deionized water, 10 µl 10X Taq polymerase buffer, 1 µl of 1U Taq polymerase enzyme, 

6µl 2 mM dNTPs,  1.5 μl of 100 mM reverse and forward primers and 1 μl of 50 ng 

template DNA. PCR was programmed with an initial denaturing at 94
o
C for 5 min. 

followed by 30 cycles of denaturation at 94
o
C for 30 sec, annealing at 59

o
C for 30 sec 

and extension at 70
o
C for 2 min and the final extension at 72

o
C for 7 min in a Primus  

96 advanced gradient Thermocycler. PCR product (20 μl) was mixed with loading 

buffer (8 μl) containing 0.25% bromophenol blue, 40 % w/v sucrose in water, and then 

loaded in 2% Agarose gel with 0.1 % ethidium bromide for examination with horizontal 

electrophoresis. 

3.6.4.4. Sequencing of rDNA and Identification 

The PCR products were then sent for sequencing to Scigenome, Kerala, India.  . DNA 

sequencing was done bidirectionally using the ITS primer pairs. For the confirmation of 

identification, sequences obtained from PCR products were subjected to BLAST 

analyses and aligned with extype isolates sequences from NCBI GenBank. The DNA 

sequences were deposited to NCBI GenBank through  BankIt  procedure  and  approved  

as  the  sequence  after  complete  annotation and given accession numbers. 

Phylogenetic analysis was done in MEGA 4.1 software (Tamura et al. 2004).    

ITS- PCR primers: The following primers were used to amplify ITS regions 

 

                

Name                       Primer Sequence (5‟-3‟) 
   GC % Length 

TM 

Value 

ITS-1 TCTGTAGGTGAACCTGCGG 57 19 63.0 
0
C 

ITS-4 TCCTCCGCTTATTGATATGC 45 20 61.5 
0
C 

 

3.7. Serology 

3.7.1. Preparation of antigen 

3.7.1.1. Leaf antigen 

Antigens from healthy and infected leaves were prepared following the method of 

Chakraborty and Saha (1994). Fresh, young leaves were weighed and crushed in mortar 

and pestle with 0.05M Sodium phosphate buffer supplemented with 10mM Sodium 

metabisulphite, 2 mM PVP (soluble) and 0.5 mM magnesium chloride (pH 7.2). At the 

time of crushing with sea-sand was used. The leaf slurry was strained through a muslin 
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cloth and then centrifuged (10,000 r.p.m) for 30 min at 4°C. The supernatant was used 

as healthy leaf antigen and was kept at -20°C until required. 

3.7.1.2. Fungal antigen 

Mycelial protein was prepared following the method as outlined by (Chakarborty and 

Saha, 1994). Mycelia mats were harvested from 7-10 days old culture and washed with 

0.2% NaCl then again rewashed with sterile distilled water. Washed mycelia were 

crushed with sea sand using a chilled mortar and pestle and homogenized with cold 0.05 

M sodium phosphate buffer (pH 7.2) supplemented with 0.85% NaCl, 10 mM sodium 

metabisulphite and 0.5 mM MgCl2 in ice bath. The homogenate mixture was kept for 2h 

or overnight at 4 ºC and then centrifuged at 10,000rpm for 30 min at 4 ºC to eliminate 

cell debris. The supernatant was collected and stored in -20 ºC and used as antigen for 

the preparation of antiserum. 

3.7.2. Raising polyclonal antibody  

3.7.2.1. Rabbits and their maintenance  

Polyclonal antibodies were prepared against fungal antigens in New Zealand white male 

rabbits of approximately 2 kg of body weight. Before immunization, the body weights of 

rabbits were recorded and observed for at least one week inside the cages. Rabbits were 

maintained in Antisera reserves for plant pathogens, Immuno-Phytopathology 

Laboratory, Department of Botany, NBU. They were regularly fed with green grass, 

soaked gram, green vegetables and carrots etc. After each bleeding they were given 

saline water for three consecutive days and kept in proper hygienic conditions.  

3.7.2.2. Immunization  

Method of Alba and Devay (1985) and Chakraborty and Saha (1994) were followed for 

immunization. Before immunization, normal sera were collected from each rabbits. For 

developing antisera, mixture of 1 ml antigen (protein extracted) and 1ml of Freund‗s 

complete adjuvant (Genei) was injected into each rabbit in intramuscular region 7 days 

after pre- immunization bleeding and doses were repeated every 7 days intervals for 

consecutive weeks. From the second week, mixture of 1 ml antigen (protein extracted) 

and 1ml of Freund‗s incomplete adjuvant (Genei) was injected every 7 days interval 

upto 12-14 consecutive weeks as required.  
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3.7.2.3. Bleeding  

Bleeding was performed by marginal ear vein puncture, three days after the first six 

injections, and then every fourth injection. To grip during blood collection, the rabbits, 

they were put on their back on a wooden plank fixed at an angle of 60º, and held the 

rabbits tight so that it could not move during the bleeding. The hairs from the upper side 

of the ear was removed with the help of a razor and disinfected with alcohol. The ear 

vein was irritated by the application of xylene and an incision was made with the help of 

a sharp sterile blade and 5 -10 ml of blood samples were collected in sterile graduated 

glass tube. The blood samples were incubated at 37ºC for 1hr for clotting. After clotting; 

the colt was loosened with a sterile needle. Finally, the serum was classified by 

centrifugation. (2000g for 10 minute at room temperature) and distributed in 1 ml vials 

and stored at -20ºC as crude antisera. The serum was used for double diffusion analysis, 

dot blots analysis and Enzyme Linked Immunosorbent Assay (ELISA). 

3.7.3. Immuno assay 

3.7.3.1. Dot immuno binding assay (DIBA) 

Method suggested by Lange et al. (1989) was followed to perform Dot immune binding 

assay. Following buffers were used for dot immunobinding assay.  

 I.  Coating buffer - Carbonate - bicarbonate (0.05 M, pH 9.6) 

II. Washing) buffer (TBST) -Tris buffer (10 Mm, pH 7.4) with 0.9% NaCl and 0.5% 

Tween 20  

III. Blocking solutions- 10% (w/v) skim milk powder (casein hydrolysate, SLR) in 

TBST (0.05 M Tris-HCl, 0.5 M NaCl ) 5% v/v Tween 20 , pH 10.3) 

 IV. Alkaline phosphatase buffer - (100mM Na phosphate buffrer, 100 mM tris HCl, 

100 mM NaCl, 5mM   MgCl2, pH 7.4 ) 

Nitrocellulose membrane (Millipore, 7cm x10cm, Lot No. H5SMO 5255, pore size 

0.45μm, Millipore corporation, Bedford) was first cut carefully into the required size and 

fix between the template with filter paper at the bottom. 0.5M carbonate- bicarbonate 

buffer (pH 9.6), 4μl, was loaded in each well and allowed to dry for 30 min at room 

temperature. Antigen (5μl) was loaded on to nitrocellulose membrane and allowed to dry 

for 30 min at room temperature. Blocking of nitrocellulose membrane was done with 



 
 

38 
 

19% non fat dry milk (casein hydrolysate, SRL) prepared in TBST for 30-60 minutes on 

a shaker after removing the template. Respective polyclonal antibody (IgG 1:500) 

prepared against that antigen was added directly in the blocking solution and further 

incubated at 4ºC for overnight. The membrane was then washed gently in running tap 

water for three min, thrice followed by washing in TBST (pH 7.4), (Wakeham and 

White, 1996). The membrane was then incubated in alkaline phosphatase conjugated 

goat antirabbit IgG (diluted 1:10,000 in alkaline phosphatase) for 2 h at 37ºC. The 

membrane was washed as before. 10 ml of NBT/BCIP substrate (Genei) was added next 

and color development was stopped by washing the NCM with distilled water and color 

development was categorized with the intensity of dots. 

3.7.3.2. Enzyme linked immuno sorbent assay (ELISA)  

Plate trapped antigen coated (PTA)-ELISA was performed following the method as 

described by (Chakraborty et al. 1995) with modifications. Antigen were diluted with 

coating buffer and the antigens were loaded (200μl per well) in ELISA plate (Coaster 

EIA/RIA, strip plate, USA) arranged in12 rows in a (Cassette) ELISA plate. After 

loading, the plate was incubated at 25 ºC for 4 h. Then the plate was washed four times 

under running tap water and twice with PBS-Tween and each time shaken well to dry. 

Subsequently, 200 μl blocking reagent was added to each well for blocking the unbound 

sites and plate was incubated at 25ºC for 1h. After incubation, the plate was washed as 

mentioned earlier. Purified polyspecific IgG was diluted in antisera dilution buffer and 

loaded (200 μl per well) and incubated at 4ºC overnight. After washing, antirabbit IgG 

goat antiserum labeled with alkaline phosphatase diluted 10000 times in PBS, was added 

to each well (100 μl per well) and incubated at 37 ºC for 2 h. The plate was washed, 

dried and loaded with 200 μl of p-Nitrophenyl Phosphate substrate in each well and kept 

in dark for 1 h. color development was stopped by adding 50 μg per well of 3 N NaOH 

solution and the absorbance was determined in an Multiscan Ex (Thermo Electron) 

ELISA Reader (Multiskan, Thermo Labsystems) at 405nm. Absorbance values in wells 

not coated with antigens were considered as blanks. 

3.7.3. 3. Immunofluroscence 

Immunolocalization of disease as well as chitinase and β 1, 3 glucanase enzymes was 

detected by indirect immunefluorescence staining of healthy and infected leaf tissues 

following the method of Chakraborty and Saha, 1994. Cross section of healthy, infected 
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and treated roots were cut and immersed in PBS (pH 7.2). These sections were treated 

with primary antibody raised against B. sorokiniana, β 1,3 glucanase  and chitinase 

enzyme specific antibody  which was diluted (1:50) in PBS and incubated for 1 hour at 

room temperature. After incubation, section were washed thrice with PBS- Tween pH 

7.2 for 15 min and transferred to 40µl of diluted (1:40) goat antirabbit IgG conjugated 

with fluorescence (FITC).The sections were incubated for 30 minutes in dark. After that 

sections were washed thrice with PBS- Tween as mentioned above and then mounted on 

a grease free slide with 10% glycerol. Fluroescence of the tissue sections were observed 

using Leica Leitz Biomed Microscope with fluorescence optics equipped with UV- filter 

set I-3 and photograph was taken.   

 

3.7. 3. 4. Immuno gold localization  

Transverse sections (1m of healthy and infected plant leaf tissues were sliced into 2 x 2 

mm and fixed in 0.1M sodium phosphate buffer (pH 7.4) containing 2.5% 

Glutaraldehyde in eppendorf tubes for 2-12 h at room temperature. In the next step 

dehydration was done in ascending grades of alcohol at intervals of 30 mins in 4°C 

(30%, 50%, 70%, 80%, 90%) and two changes in absolute alcohol at 1 h interval each at 

4° C in PLT-272(M) Fume Hood (Tanco). Then infiltration was done twice in LR White 

resin (London Redin Co. Ltd) in absolute alcohol (1:1) for 1 h each at 4° C. The samples 

were dipped in LR White and kept overnight at 4° C. They were kept at room 

temperature for 3 h. A fresh change of LR white was done and kept at 56° C for36 hrs. 

Moulds containing the samples were roughly trimmed with a block trimmer (Reichert 

TM60) fitted with a rotating milling cutter. Ultrathin sections (60nm) were cut with 

fresh Belgium glass strips and picked up in nickel grids (100 mesh) for immunogold 

labelling. The grids containing ultrathin sections were then floated in blocking solution 

containing 2% skimmed milk agar for 30 min. Primary antibody was diluted in 1% fish 

gelatin in the ratio 1:20. Grids were incubated the primary antibody raised against B. 

sorokiniana, β 1, 3 glucanase and chitnasse enzyme specific antibody for 24 h at 4°C. 

Grids were washed on drops (100 μl) of fish gelatin pipetted on to parafilm 10X2 min. 

Grids were incubated with anti-rabbit IgG (Whole Molecule) gold antibody produced in 

goat affinity isolated antibody (Sigma-G7402) diluted in 1:5 in fish gelatin at room temp 

for 3 h. Sections were stained with 2% uranyl acetate for 15 min. The sections were 

washed in double distilled water. Post stain was done in 0.2% lead acetate for 5 min. 

Washed again in double distilled water. Ultrastructural analysis of the section was 
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performed with Morgagni 268D with iTEM Imaging System. Specificity of labeling was 

assessed by the control test by incubating sections with rabbit pre-immune serum instead 

of the primary antibody.  

 3.8. Assessment of plant growth promotion following PGPR priming                                                                                         

 Growth promotion in seedlings was assessed by comparing the increase in height, root 

length, shoot length, relative water content and dry biomass as well as yield of the 

treated plants to the untreated control plants. The experiments consisted of at least three 

replicates in each treatment incompletely randomized design. Estimation of total 

phosphate content in soil, leaf and plant tissues was carried out following ammonium 

molybdate-ascorbic acid method as described by Knudsen and Beegle (1988). 

 3.9. Antagonistic test of PGPR against fungal pathogen 

For antagonistic tests the bacterial isolates were streak at a distance of 3.5 cm from rim 

of individual Petri plate containing PDA medium. A 6 mm mycelial disc from a 7 day 

old PDA culture of fungal pathogen was then placed on the other side on the Petri dish 

and the plates were incubated ay 28
0
C for 7 days (Rabindran et al. 1996). Antifungal 

activity was estimated from the inhibition of mycelial growth of fungus in the direction 

of actively growing bacteria.  

3.10. Partial characterization of antifungal compounds 

3.10.1. Extraction of cell free culture filtrate 

The antagonistic isolate was grown in nutrient broth medium for 48 h at 37°C in shaking 

condition. Centrifugation was done at 15000 r.p.m. for 20 min and supernatant was 

collected and passed through the micro filter (0.22 μm pore size). The cell free culture 

filtrate (200 ml) was extracted separately with equal volumes of ethyl acetate. The 

culture filtrate was mixed with equal volumes of organic solvent and taken in separating 

funnel. The mixture was shaken vigorously and allowed to stand for few minutes and 

observed for the separation of two liquid phases. The ethyl acetate ethyl acetate fraction 

was collected in beakers. The extraction procedure was repeated thrice. The ethyl acetate 

fraction was evaporated to complete dryness in a rotary evaporator at room temperature 

and used for GC-MS analysis. 
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3.10.2. GC-MS analysis of crude cell free extract  

Identification of the antimicrobial metabolites was done by Gas Chromatography-Mass 

Spectrometry (GC-MS) analysis with GCMS-QP2010 SE GC System. 1µL of sample  

solution was injected  into the  GC  system  provided  with HP 5 Ms  column  at  220
o
C  

and  high pure helium was used  as a carrier gas at a flow rate  of 1.21ml/min.  For GC–

MS the GC oven was held at 20°C and then ramped from 20°C to 280°C at 10°C/min. 

ACQ top double focusing magnetic sector mass spectrometer operating in electron 

ionization (EI) mode with TSS-3333 software was used for all analyses. High resolution 

mass spectra were taken at a resolving power of 5000 (20% height definition) and 

scanning the magnet from m/z 40 to m/z 650 at 1 second per scan. The m/z peaks 

representing mass to charge ratio characteristic of the antimicrobial fractions were 

compared with those in the mass spectrum of NIST (National Institute for Standards and 

Technology) library of the corresponding organic compound. 

3.11. PGPR application and experimental design 

Two PGPR, Bacillus safensis (NCBI JX660689) and Ochrobactrum pseudogrignonense 

(NCBI JX660688) were grown separately in nutrient broth (Himedia for 48 h at 35
0
C. 

The cultures were centrifuged at 5,000 rpm for 15 mins, supernatants were discarded 

and the pellets were dissolved in equal amount of distilled water to make bacterial 

suspension concentration 1x 10
8
 CFU/ ml. Few drops of tween 20 was added to each as 

adhesive. Then surface sterilized seeds were dipped in the aqueous suspension of each 

PGPR strains for 12 h. After that both  primed and control seeds were sown in 15 cm 

black plastic  pots containing sterilized soil allowed to grow for one month in green 

house condition having temperature of 22/16 °C (day/night), photoperiod for 16/8 h at 

200 μmol m
−2

 and 70 % humidity and one month old seedlings were used for 

experiments. From initial trials using different temperatures, 40°C proved to provide 

irreversible damaging impact on plants with less than 50% survival rate after 24 h in 

plants and therefore 40
0
C was selected as treatment temperature for further 

observation.Seedlings of both primed and unprimed plants were exposed to 40
0
C for 12 

h and sampling was done at 0, 4, 8 and 12 h.  Each treatment had three replicate sets and 

each replicate set had 10 pots of replications in randomized design. For sampling, leaf 

samples were collected, immediately flash freezed in liquid nitrogen and subsequently 

used for biochemical tests, storing where necessary at -80
0
C.  
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To evaluate effect of high temperature on seed quality of PGPR primed and unprimed 

plants in field condition, plant material was examined in two sowing date‘s i.e. normal 

planting (20
th

October) and late planting (20
th

 January) during growing season of 2015-

17. The effect of heat stress was assessed on three yield related traits (spike length, 

spikelets spike
-1

, grains spike
-1

 and 1000-grain weight). Soluble protein and starch 

content in seeds was measured. SEM analysis of seeds was perfromed. The current 

experiment was carried out in randomized complete block design having three 

replications. Monthly average humidity, minimum and maximum temperature was 

recorded throughout three consecutive years. All the required cultural operations were 

adopted uniformly in both the plots throughout the growing period as and when 

required.  

3.12. Disease assessment 

3.12.1. Inoculum preparation 

Bipolaris sorokiniana strain WH.PBW.IP.04 (NCBI - KM06649) previously isolated 

form naturally infected PBW 343 cultivar and identified was used for screening of 

wheat cultivar against spot blotch disease. For sporulation the fungal was grown on 

potato dextrose agar medium (PDA) for 7 days at 30
0
C. Spore suspension was prepared 

following method of Shamim et al. (2010) and one drop of tween 20 was added per 100 

ml of spore suspension as adhesive.  

3.12.2. Pathogen inoculation and experimental design 

One month old seedlings of both PGPR primed and unprimed seedlings were inoculated 

by uniformly spraying spore suspension containing 1×10
3
 conidia/ml. For making 

adequate moisture which is needed for infection development, pots were enveloped with 

polyethylene bags right away after inoculation till symptom development. There are two 

sets of experiment each having 6 treatment combinations (unprimed healthy, B. 

sorokinina infected, B. safensis primed healthy, B. safensis primed infected, 

O.pseudorignonense primed healthy, O.pseudorignonense infected). Each treatment had 

three replicate sets and each replicate set had 10 pots of replications in randomized 

design. One of the sets was exposed to 38 ± 2
0
C and other set was kept at normal 

temperature (25 ± 2
0
C) simultaneously for 96 h. Disease incidence was measured at 48, 

72 and 96 h. For biochemical analysis, leaf samples were collected at 12, 24, 48 and 72 

h interval and immediately flash frozen in liquid nitrogen and subsequently used for 

biochemical tests, storing where necessary at -80
0
C. 



 
 

43 
 

3.12.3. Assessment of spot blotch disease   

Disease assessment was conducted after 48, 72, 96 h of inoculation on the basis of 

appearance of infection on leaves. The disease severity was estimated in terms of lesion 

number per leaf and percentage disease index was calculated using 0-5 scale [0%= no 

infection/ immune; 0-10%= resistant response (R); 10.1-20.0%= moderately resistant 

(MR); 20.1-30.0%=moderately susceptible (MS); 30.1-50.0%= susceptible (S) and 

>50.0%= highly susceptible (HS)] as described by Adlakha et al. (1984). Percentage 

disease index (PDI) was calculated as follows-  

 

                                                
                                

                                     
        

3.13. Assessment of biochemical changes in wheat 

3.13.1. Relative water content  

 Relative water content (RWC) was assessd following the method described by Barr 

and Weatherley (1962). Fresh leaf samples from control and different treatment sets was 

weighed to obtain fresh weight (F.W.) and placed in a glass vial, slightly longer than the 

sample, with its basal part to the bottom. The samples were then immediately hydrated 

to full turgidity for 4 h under normal room light and temperature. After 4 h, the samples 

were taken out of water and well dried of any surface moisture with filter paper and 

immediately weighed to obtain fully turgid weight (T.W.). Samples were then 

dehydrated at 80
0
C for 24 h in oven and weighed after being cooled down to determine 

dry weight (D.W.). RWC was then calculated by the following equation: 

RWC (%) = [(F.W. - D.W.) / (T.W. - D.W.)] × 100 

3.13.2. Heat susceptibility index (HSI) 

HSI was calculated by using Variation in fresh weight and RWC (degree in percent 

decrease) using following formula (Hameed et al. 2012). 

HSI = (% reduction in seedling FW+ % reduction in RWC)/ 2 

 

3.13. 3. Cell viability  

Cell viability percentage was determined by MTT assay (Chen et al. 1982). 10 mm leaf 

disc were kept in glass vials with 1% MTT 3-[4,5-dimethyltiazol-2-yl] 2,5-
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diphenyltetrazolium bromide] solution in dark for 12 h. Leaf samples were placed in 5% 

alcohol and kept for boiling till alcohol evaporated. Thereafter absorbance of the purple 

coloured extract was measured at 485 nm. 

3.13.4. Leaf disc bioassay  

Leaf disc bioassay was carried out following the method of Amano et al. (2012) with 

sligh modification. The healthy and fully expanded youngest leaves from the plants 

were briefly washed in deionized and 1 cm diameter leaf discs were finely cut and 

floated in 5 ml sterile distilled water and subjected to heat shock for 12 h at 40
0
C. Leaf 

disc senescence bioassay reveals degree of susceptibility of eight wheat cultivars, 

represented in terms of degree of decoloration of leaf discs after 12 h of heat treatment 

at 40
0
C in comparison to leaf discs kept in water in normal temperature.  

3.13. 5. Cell ultrastructure observation by TEM 

For TEM analysis, modified protocol of Campbell et al. (1990) was followed. For 

visualization of ultrastructural changes after heat treatment leaf samples were sliced into 

2 x 2 mm and fixed in 0.1 M phosphate buffer (pH 7.2) containing 2.5% glutaraldehyde 

and 2% paraformaldehyde in for 12 h at 4
0
C. After cleaning in phosphate buffer leaf 

pieces were fixed with 2% OsO4 and then dried in ethyl alcohol and propylene oxide. 

Leaf slices were then implanted in LR white resin blocks and were cut with an ultra 

microtome (Leica UC6). Then ultra thin sections, stained with uranyl acetate and lead 

citrate were observed under transmission electron microscope (Technai). 

3.13.6. Electrolyte leakage 

Electrolyte leakage was measured as described by Lutts et al. (1996). Leaves of similar 

size were collected from four plants for each treatment and washed thoroughly with 

deionised water to remove surface-adhered electrolytes. The samples were placed in 

closed vials containing 10 ml of deionised water, incubated at 25°C on a rotary shaker 

for 24 h. Subsequently, the electrical conductivity of the solution (Lt) was determined 

conductivity meter. The samples were then autoclaved at 120°C for 20 min and cooled 

at 25°C before determining the final electrical conductivity (L0). Electrolyte leakage 

was defined as follows: 

Electrolyte leakage (%) = (Lt / L0) × 100 
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3.13.7. Membrane lipid peroxidation 

Membrane lipid peroxidation was measured following the method of Heath and Packer 

(1968). 0.5 g leaf sample was homogenized in 0.1 % (w/v) TCA and centrifuged for 10 

min at 10,000 rpm. For estimation, 0.5 ml of the supernatant was mixed with 2 ml of 0.5 

% (w/v) TBA in 20% TCA, followed by heating for 30 min at 95°C and cooling it on 

ice. The absorbance of the reaction mixture was determined at 532 and 600 nm. MDA 

content was then calculated using an extinction coefficient of 155 mM
-1

cm
-1

. 

3.13.8. Carbohydrates 

3.13.8. 1. Extraction of total and reducing sugars 

Total and reducing sugar was extracted following the method of Harborne (1973). 1 g of 

leaf and root tissues was extracted in 10 ml of 95% ethanol and the alcoholic fraction 

was evaporated on a boiling water bath. The residue was reextracted and the process 

was repeated. The aqueous fraction was redissolved in distilled water and made up to 5 

ml which was then centrifuged at 5000 rpm for 10 min. The supernatant was collected 

and used for estimation. 

3.13.8.2. Estimation of total soluble sugars  

Estimation of total sugar was done by anthrone reagent following the method of 

Plummer (1978). To 1 ml of test solution, 4 ml of anthrone reagent was added (0.2% 

Anthrone in conc. H2SO4). The reaction mixture was mixed thoroughly and was 

incubated in boiling water bath for 10mins. Then the reaction mixture was cooled under 

running tap water and absorbance was measured in a colorimeter at a wavelength of 620 

nm and quantified by using a standard curve of glucose. 

3.13.8. 3. Estimation of reducing sugar 

Reducing sugar was estimated by Nelson-Somogyi method as described by Plummer 

(1978). 1 ml of the test solution was mixed with 1 ml of alkaline copper tartarate 

solution (2 g CuSO4, 12 g Na2CO3 anhydrous, 8 g Na
+
-K

+
 tartarate, 90 g Na2SO4 

anhydrous in 500 ml of distilled water) and heated over a boiling water bath for 20 

mins. The reaction mixture was then cooled under running tap water and 1 ml Nelson‘s 

arseno molybdate reagent was added to the reaction mixture along with 2 ml of distilled 

water and mixed vigorously. A blue colour was developed, the absorbance of which was 
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the measured in a colorimeter at 515 nm and quantified using a standard curve of 

glucose. 

3.13.8.4. Extraction and estimation starch 

The extraction of starch from leaf and seed from the sample plant was done by 

homogenizing 1g of the plant tissue in hot 80% ethanol by the method described by 

Thimmaiah (1999) with some minor modifications. The homogenized mixture was 

filtered using Whatman no. 1 filter paper and extraction was done for 3–4 times from 

the residue by repeated washing using hot 80% ethanol till the washings did not give 

any colour with Anthrone reagent (0.2% anthrone in conc. H2SO4) and the residue was 

kept. The residue was then dried over a water bath at about 70°C. To the dried residue, 

5mL of distilled water, 6.5mL of 52% perchloric acid was added which was then 

centrifuged for 20 minutes at about 5000 rpm. This process was repeated twice and the 

supernatant was pooled and kept separately. The final volume was made up to 25mL. 

Estimation of starch was done using the method as given by Thimmaiah (1999) in 

which 1mL of test solution was reacted with 4mL of Anthrone reagent (0.4% in conc. 

H2SO4) and mixed thoroughly. The mixture was then placed in a boiling water bath at 

100°C for 8 minutes taking proper precautions and cooled under running tap water. The 

absorbance was measured at 630nm in a colorimeter against a proper blank. Starch 

content was then calculated from the standard curve of starch solution. 

3.13.8.5. Scanning electron microscopy of starch grain and endosperm 

For visualization and comparative analysis of ultrastructural changes of starch grains 

and endosperm in late planted control and PGPR primed plants after exposure to 

elevated temperature seeds were observed under scanning electron microscope. 

For scanning electron microscopy 1 mm transverse sections of mature seeds were cut 

and transferred to 0.1 M phosphate buffer (pH 7.2). Subsequently transverse sections of 

seeds were fixed in primary fixative containing 2% paraformaldehyde and 2.5% 

glutaraldehyde in 0.1 M phosphate buffer (ph 7.2) for 8- 12 h at 4
0
C. The samples were 

washed thrice after every 1 h with 0.1 M phosphate buffer (pH 7.2). Then seed 

transverse sections were dehydrated with graded ethyl alcohol series from 10-100%, 

followed by critical point drying.  For SEM analysis samples were mounted on double-

sided tape affixed to SEM specimen mounts and were subsequently sputter-coated with 

gold and examined under scanning electron microscope.  
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  3.13.9. Phenols 

  3.13.9. 1. Extraction of total and ortho-dihydroxy phenols 

The phenols were extracted by the method given by Mahadevan and Sridhar (1982). 1 g 

of leaf tissue was immersed in 5 ml of boiling absolute alcohol in dark for 10 mins.  On 

cooling the sample was crushed using 80% alcohol and then filtered in a dark chamber. 

The residue was reextracted with 80% alcohol and then final volume was made up to 10 

ml with 80% alcohol. 

 3.13.9. 2. Estimation of total phenols  

Total phenols from leaf tissue were estimated by the method given by Bray and Thorpe 

(1954). To 1ml of extract, 1ml of 50% (1:1) diluted Folin ciocalteu‘s phenol reagent and 

2ml of 20% Na2CO3 solution was added. The reaction mixture was boiled in a water 

bath for 1min and then cooled under running tap water followed by dilution with 

distilled water to make up the final volume to 25 ml. The absorbance was measured at 

650 nm in a colorimeter and quantified using a standard curve of catechol. 

3.13.9.3. Estimation of ortho-dihydroxy phenol 

Estimation of ortho-dihydroxy phenols from leaf tissue was done by the method given 

by Arnows (1937). To 1 ml of the extract, 2 ml of 0.5(N) HCl, 1 ml of Arnow‘s reagent 

(10 g NaNO2 and 10 g Na2MoO4 in 100 ml of distilled water) and 2 ml of 1(N) NaOH 

was added. A pink colour was developed and volume was made up to 10 ml with 

distilled water. After vigorous shaking the absorbance was measured at 515 nm in a 

colorimeter and quantified using a standard curve of caffeic acid. 

3.13.10. Extraction and estimation of chlorophyll  

Chlorophyll was estimated according to the method of Harborne (1973) by 

homogenizing 0.5 g of leaf tissue in 80% acetone and filtered through Whatman No.1 

filter paper. 80% acetone was repeatedly added from the top till the residue became 

completely colourless. Then the filtrate was collected and total volume was measured. 

Estimation of chlorophyll was done by measuring the absorbance at 645 nm and 663 nm 

respectively in a UV-VIS spectrophotometer against a blank of 80% acetone and 

calculated using the formula as given by Arnon (1949). 

 

Total chlorophyll= (20.2 A645 + 8.02 A663) mg g
-1

 fresh weight 
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Chlorophyll a = (12.7 A663 – A645) mg g
-1

 fresh weight 

Chlorophyll b = (22.9 A645 – 4.68 A663) mg g
-1

 fresh weight 

3.13.11. Proteins 

3.13.11. 1. Extraction 

Soluble protein from the leaves and roots were extracted by following the method of 

Chakraborty et al. (1995). Fresh plant tissue was homogenized in a pre-chilled mortar 

and pestle with liquid nitrogen using 5 ml of 50 mM sodium phosphate buffer (pH 7.2) 

and PVP under ice cold condition and centrifuged at 10,000 rpm at -4
0
C for 15 

mins.The supernatant obtained was used as the crude extract for estimation. 

3.13.11. 2. Estimation 

Quantification of soluble protein was done following the metho of Bradford (1976). To 

100 µl of crude extract of protein sample, 5 ml of Coomassie Brilliant Blue (CBB) 

G250 dye reagent (100 mg CBB G250 dye in 200 ml distilled H2O containing 50 ml of 

95% ethanol and 100 ml of conc. orthophosphoric acid) diluted in distilled H2O in the 

ratio of 1:4 (v/v) was mixed. The absorbance of the change in colour of the dye from red 

to blue on binding to protein was measured in a UV-VIS spectrophotometer at 595 nm 

and protein was quantified using a standard curve of Bovine serum albumin.  

3.13.12. SDS-PAGE analysis of proteins 

SDS PAGE analysis for observing the protein pattern of the sample was done by the 

methodology given by Sambrook et al. (1989). 

3.13.12. 1. Preparation of stock solutions  

In order to prepare the gel for electrophoresis the following solutions were prepared: 

(A) 30% Acrylamide solution: 

29% Acrylamide and 1% N‘ N‘-Methylene bis-acrylamide (7.25 g of acrylamide and 

0.25 g of N‘ N‘-Methylene bis-acrylamide) was mixed in 25 ml of warm distilled H2O. 

Then the solution was filtered through Whatman No.1 filter paper, and kept in a dark 

bottle at 4
0
C for further use. 

(B) SDS (Sodium Dodecyl Sulphate): 

 10% stock solution of SDS (1 g SDS dissolved in 10 ml of distilled H2O) was prepared 

in warm distilled water and stored at room temperature. 
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(C) Tris buffer: 

(i) 1.5 M Tris buffer for resolving gel was prepared by dissolving 4.542 g of Tris base in 

15 ml of distilled H2O and the pH of the solution was adjusted to 8.8 using conc. HCl. 

The final volume of the solution was made up to 25 ml with distilled water and stored at 

-4°C. 

(ii) 1.0 M Tris buffer for stacking gel was prepared by dissolving 3.029 g Tris base in 

15 ml of distilled H2O and the pH of the solution was adjusted to 6.8 using conc. HCl. 

The final volume of the solution was made up to 25 ml with distilled water and stored at 

-4°C. 

(D) Ammonium Persulphate (APS) solution: 

 Ammonium per sulphate solution was freshly with 10% APS dissolved in distilled 

H2O. 

(E) Tris-Glycine electrophoresis running buffer: 

Tris running buffer was freshly prepared by dissolving 25 mM of Tris base and 250 mM 

of Glycine in distilled water, and after mixing it thoroughly 0.1% of SDS was also 

mixed with the solution. 

(F) SDS gel loading buffer: 

This buffer was made by mixing 50 mM Tris-Hcl (pH 6.8), 10 mM β-mercaptoethanol, 

10% SDS, 0.1% Bromophenol blue and 10% Glycerol. Therefore a 1X solution in 10ml 

contained 1ml of 50 mM Tris-HCl, 0.5 ml of ß-mercaptoethanol, 2ml of 10% SDS, 10 

mg of bromophenol blue, 1 ml of glycerol, and the volume was made up to 10 ml using 

distilled H2O and stored at -4°C. 

(G) Fixing solution: 

The fixing solution was prepared by mixing glacial acetic acid, methanol and distilled 

water in the ratio of 10:20:10 and was stored at normal room temperature. 

(H) Staining solution: 

 The staining solution was prepared by dissolving 250 mg of Coomasie brilliant blue 

(Sigma R-250) in 45 ml of methanol. After which 45 ml of distilled water along with 10 

ml of glacial acetic acid was added to it. The prepared stain was filtered through 

Whatman No. 1 filter paper and stored at room temperature. 
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(I) Destaining solution: 

The destaining solution was prepared by mixing methanol, distilled water and acetic 

acid in the ratio of 45:45:10 and stored at room temperature.  

3.13.12.2. Preparation of slab gel and electrophoresis 

For preparation of slab gel, 2 glass plates (8 cm X 8 cm) were washed with dehydrated 

alcohol and dried. Then 1.5 mm thick spacers were placed in between the glass plates at 

the bottom and two sides of the glass plates and then sealed with petroleum jelly. 

The resolving gel solution was cast very slowly up to a height of 5cm. The gel was over 

layered with water and kept for 2-3 h for polymerization. 10% resolving gel solution 

was prepared as follows:    

          

Distilled H2O                      2.85 ml 

30% Acrylamide          2.55 ml 

1.5M Tris (pH 8.8)             1.95 ml 

10% APS           0.075 ml 

10% SDS           0.075 ml 

TEMED        0.003 ml 

 

After polymerization of the resolving gel, water overlay was decanted off. Stacking gel 

solution was poured carefully up to a height of 1 cm over the resolving gel and a 1 mm 

thick comb was placed. Finally the gel was kept for 60  

mins for polymerization. 5% stacking gel solution was then prepared as follows: 

 

Distilled H2O     2.10 ml 

30% Acrylamide              0.50 ml 

1.0M Tris (pH 6.8)                 0.38 ml 

10% APS                 0.03 ml 

10% S.D.S                             0.03 ml 

TEMED               0.003 ml 
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3.13.12.3. Preparation of sample 

Sample was prepared by mixing the sample protein with SDS gel loading buffer in an 

Eppendorf tube. Sample volume containing 20 µg protein was taken along with 10-15 

µl of the gel loading buffer and then boiled in a water bath for 3mins.  

3.13.12.4. Electrophoresis 

 After polymerization of the stacking gel the comb was removed carefully and the 

wells were cleaned thoroughly with distilled water. After removing the lower spacer, the 

gel plate was mounted in the electrophoresis apparatus. The Tris-Glycine running buffer 

that was prepared was then poured in the apparatus and was added sufficiently in both 

the upper and lower reservoir. Any bubbles trapped at the bottom of the gel were 

removed very carefully with a bent syringe. Then the electrodes were adjusted in their 

respective places. 40 µl of the dye mixed sample was loaded in to the bottom of the well 

of respective lanes with a micropipette and separated at 18mA current till the dye front 

reached the bottom of the gel. 

3.13.12.5. Fixing, staining and destaining 

After electrophoresis was complete the gel plate was taken out from the apparatus and 

then the gel was carefully separated from the glass plate. The stacking layer was 

discarded and the remaining resolving gel portion was carefully transferred to a gel box 

of appropriate size and left overnight in 40 ml of fixing solution. Then the next day, the 

fixing solution was properly decanted from the gel box after which 40ml of staining 

solution was immediately poured on top of the gel and kept for about 4-6 hours on a 

shaker with a constant speed of 30 r.p.m for proper staining. After the staining of the gel 

was done, the staining solution was decanted out from the gel box and destaining 

solution was added to it and kept on a shaker with 30 rpm until destaining was achieved. 

The destaining solution in the gel was repeatedly replaced with fresh destaining solution 

till the time the protein patterns were distinct. Then the gel was stored in 7% acetic acid 

solution for analysis. Gels were analysis using BIORAD gel imagining system. 

3.13.13. Extraction and Estimation of antioxidative enzymes 

3.13.13.1. Extraction 

  For extraction of enzymes, leaf samples were initially ground to powder in liquid 

nitrogen and then extracted with 50 mM sodium phosphate buffer [for peroxidase and 
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catalase (pH 6.8); and ascorbate peroxidase (pH 7.2) and 100 mM potassium phosphate 

buffer pH 7.6 (For glutathione reductase and superoxide dismutase) using PVP under 

ice cold conditions. The homogenates were then centrifuged at 10,000 rpm for 10 min at 

4
o
C. Supernatants were used as crude enzyme extracts and estimation of protein content 

was done in each case following the method of Bradford (1976). 

3.13.13. 2. Estimation 

3.13.13.2.1. Superoxide dismutase (SOD EC 1.15.1.1) 

SOD activity was determined following the method of Dhindsa et al. (1981) by 

following the inhibition of the photochemical reduction of NBT at 560 nm. The assay 

mixture contained 1.5 ml of 0.1 M potassium phosphate buffer (pH 7.6), 0.8 ml of 

distilled H2O, 0.1 ml of 1.5 M Na2CO3, 0.1 ml of freshly prepared 3 mM EDTA, 0.1 ml 

of 2.25 mM NBT, 0.2 ml of 0.2 M freshly prepared methionine, 0.1 ml of 60 µM 

riboflavin and 0.1 ml of enzyme extract was added just before use. The reaction tubes 

containing enzyme samples were illuminated with 15 W fluorescent lamp for 10min. 

Another set of tubes lacking enzymes were illuminated and served as control. A non-

irradiated complete reaction mixture served blank. The absorbance of the samples was 

measured at 560 nm and 1 Unit of enzyme activity (EU) was defined as the amount of 

enzyme required to inhibit 50 % of the NBT reduction rate as compared with controls 

containing no enzymes. 

3.13.13.2.2. Gluathione reductase (GR, EC 1.6.4.2) 

GR activity was determined by measuring the oxidation of NADPH at 340 nm (€ = 6.2 

mmol
-1

 cm
-1

) as described by Lee and Lee (2000). The reaction mixture consisted of 1 

ml of 0.1 M potassium buffer (pH 7.6), 0.2 ml of 0.1 M EDTA, 0.1 ml of freshly 

prepared 6 mM glutathione, 0.2 ml of 0.1 mM NADPH and 0.2 ml of enzyme extract. 

Change in absorbance was measured immediately at specific intervals up to 3 mins in a 

UV-VIS spectrophotometer. Enzyme activity was expressed as µmol NADPH oxidized 

mg protein
-1

 min
-1

. 

3.13.13.2.3. Ascorbate peroxidase (APX, EC 1.11.1.11) 

APX activity was assayed as decrease in absorbance at 290 nm resulting from oxidation 

of ascorbate (€ = 2.8 mmol
-1

 cm
-1

) following the method of Asada and Takahashi 

(1987). The reaction mixture consisted of 0.01 ml of freshly prepared ascorbic acid (10 
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mg ascorbic acid in 10 ml of 0.05 M sodium phosphate buffer (pH 7.2), 0.01 ml of 

H2O2, 2.97 ml of 0.05 M of sodium phosphate buffer (pH 7.2) and 0.01ml of enzyme 

extract was added just before assay and the change in absorbance of the reaction 

mixture was measured immediately at specific intervals up to 3 mins in a UV-VIS 

spectrophotometer. Enzyme activity was expressed as mmol ascorbate mg protein
-1

      

min
-1

. 

3.13.13.2.4. Peroxidase (POX, EC 1.11.17) 

POX activity activity was assayed by monitoring the oxidation of o-dianisidine (€ = 

11.3 mmol
-1

 cm
-1

) in the presence of H2O2 at 460 nm following the method of 

Chakraborty et al. (1993). The reaction mixture consisted of 1.7 ml of distilled H2O, 1 

ml of 0.2 M sodium phosphate buffer (pH 5.4), 0.1 ml of H2O2, 0.1 ml of freshly 

prepared o-dianisidine (5 mg/ml o-dianisidine in methanol) and 0.1ml of enzyme 

extract. The change in absorbance was noted down immediately at specific intervals up 

to 3 mins in a UV-VIS spectrophotometer. The POX activity was expressed as mmol o-

dianisidine mg protein
-1

 min
-1

. 

3.13.13.2.5. Catalase (CAT, EC 1.11.1.6) 

 CAT activity was assayed following the method of Chance and Machly (1955) by 

estimating the decomposition of H2O2 (€ = 43.6 mol
-1

 cm
-1

) at 240 nm. 40 µl of the 

enzyme extract was added to 3 ml of H2O2 buffer (0.1 ml of H2O2 in 25 ml of NaPO4 

buffer of pH 6.8) and mixed well. . The change in absorbance was noted down 

immediately at specific intervals up to 3 mins in a UV-VIS spectrophotometer. The 

enzyme activity was expressed as mol H2O2 mg protein
-1

 min
-1

. 

3.13.14. Native PAGE analysis of peroxidise and catalase isozymes 

 Polyacrylamide gel electrophoresis (PAGE) was performed for isozyme analyses of 

peroxidase and catalse enzymes by following the method given by Davis (1964). 

3.13.14. 1. Preparation of stock solution 

Solution A: Acrylamide stock solution for resolving gel 

28g of  acrylamide and 0.76g of N‘ N‘ Methylene bis-acrylamide was dissolved in 50 

ml of warm distilled water and then final volume was made up to 100 ml and filtered 

through Whatman No.1 filter paper and stored at -4
0
C in a dark bottle for further use. 
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Solution B: Acrylamide stock solution for stacking gel  

10g of acrylamide and 2.5g of  N‘ N‘ Methylene bis-acrylamide was dissolved in 50 ml 

of warm distilled water and then the volume was made up to 100 ml and filtered through 

Whatman No.1 filter paper and stored at - 4
0
C in a dark bottle for further use. 

Solution C: Tris-HCl (pH 8.9) for resolving gel 

9.15 g of Tris was dissolved in 15 ml of distilled water and the desired pH was 

maintained by adding 1(M) HCl to the solution. After the pH was adjusted, the volume 

of the solution was made up to 25mL with distilled water and then stored at - 4
0
C for 

further use. 

Solution D: Tris-Hcl (pH-6.7) for stacking gel 

1.495g of Tris was dissolved in 15ml of distilled water and the desired pH was 

maintained by adding 1(M) HCl to the solution. After the pH was adjusted, the volume 

of the solution was made up to 25ml with distilled water and then stored at -4
0
C for 

further use. 

Solution E: Ammonium persulphate solution (APS) 

Fresh solution of Ammonium persulphate was prepared by dissolving 0.15g of APS in 

100 ml of distilled water. 

Solution F: Riboflavin solution  

4 mg of riboflavin was dissolved in 10 ml of distilled water and stored in dark brown 

bottles at -4°C and stored for further use. 

Gel loading dye 

0.1 g of Bromophenol blue and 4 g of sucrose was mixed in 10 ml of distilled water and 

filtered and stored at -4°C for further use.  

Electrophoresis buffer  

Freshly prepared on the day of experiment by dissolving 0.18 g of Tris and 0.87 g of 

Glycine in 100 ml of distilled water and the final volume was made up to 300 ml and 

stored at -4°C. 
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 3.13.14.2. Preparation of slab gel  

 Gel was prepared by taking two mini slab glass gel plates (8 cm × 8 cm) which was 

thoroughly cleaned in order to remove any traces of grease and then dried. 1 mm thick 

spacers were placed between two glass plates (both sides and below) and sealed with 

vacuum grease and clipped from all sides in order to prevent leakage of the gel solution 

leaving the top open.  

 Resolving gel solution was prepared by mixing solution A, C, E and distilled H2O in 

the ratio of 1:1:4:1. 5 µL of TEMED (N,N,N‘,N‘-Tetramethyl ethylenediamine) was 

added to it and gently mixed, then immediately it is poured in to the prepared gel plate 

leaving sufficient space for the stacking gel on top. Then the resolving gel was 

immediately over layered with water and kept for polymerization for 2 hrs. After 2 hrs 

the over layered water was poured off and washed with distilled water to remove any 

unpolymerized acrylamide. 

 Stacking gel solution was prepared by mixing solution B, D, F and distilled H2O in 

the ratio of 2:1:1:4. 4 µL of TEMED (N,N,N‘,N‘-Tetramethyl ethylenediamine) was 

added to it and gently mixed, then poured on top of the resolving gel, immediately after 

which the comb was inserted, leaving a sufficient space between the resolving and 

stacking gel. Then again it is over layered with distilled water. The gel was then kept for 

polymerization for 1-2 hrs in strong sunlight. After polymerization of the stacking gel, 

the comb was removed carefully and the wells were cleaned thoroughly with distilled 

water. After removing the clips and the lower spacer the gel plate was mounted in the 

electrophoresis apparatus.  

3.13.14. 3. Sample preparation 

1 g of plant leaf tissue was crushed in 5 mL of sodium phosphate buffer (pH 7.2) in 

liquid nitrogen in a pre-chilled mortar and pestle, centrifuged at 10,000 rpm in a cooling 

centrifuge at -4°C for 20 min. Sample volume containing 20 µg protein was taken along 

with 10-15 µl of the gel loading dye and kept for further use. 

3.13.14. 4. Electrophoresis 

 The Tris-Glycine running buffer that was prepared was then poured in the gel 

apparatus and was added sufficiently in both the upper and lower reservoir. Any bubbles 

trapped at the bottom of the gel were removed very carefully with a bent syringe and the 
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electrodes were adjusted in their respective places. The gel was pre-run for about 10 

mins before loading the samples. Then the mixed sample was loaded in respective lanes 

of the gel and separated for about 2-3 hrs at 10 mA current in ice-cold condition at 4°C 

inside a refrigerator till the dye front reached the bottom of the gel. 

3.13.14.5. Staining  

3.13.14.5.1. Superoxide dismutase (SOD EC 1.15.1.1) 

SOD gels were stained following the method of Beauchamp and Fridovich (1971). After 

the run, the gel was immersed in  5 mM H2O2  for 30 min. Then, the gel was soaked in 

50 mM sodium phosphate buffer containing 0.24 mM NBT and 28 µM riboflavin for 20 

min in dark. Gel was then transferred the in 28 mM TEMED solution and exposed to 

light source (box with 40 W fluorescent bulbs) at room temperature for 20 min. Stained 

native gels have purple background and clear achromatic bands representing the SOD 

isozymes.  

3.13.14.5.2. Ascorbate peroxidase (APX, EC 1.11.1.11) 

APX gels were stained following the method of Mittler and Zilinskas (1993). After the 

run, the gel was immersed in  ice cold sodium phosphate buffer (50 mM, pH 7.0) 

containing 2 mM ascorbate for 30 min. Then the gel wastransferred to a solution of 

sodium phosphate buffer (50 mM, pH 7.0) containing 2 mM H2O2 and 4 mM ascorbate 

for 20 min. The gel was then with sodium phosphate buffer (50 mM, pH 7.0) for 1 min. 

The gel wasvisualized by submerging the gel in solution of sodium phosphate buffer (50 

mM, pH 7.0) containing 28 mM TEMED and 2.45 mM NBT for 5 min and the reaction 

was stoped by washing the gel with distilled water. Stained native gels have purple 

background and clear achromatic bands representing the APX isozymes.  

3.13.14.5.3. Gluathione reductase (GR, EC 1.6.4.2) 

GR gels were stained following the method of Anderson et al.  (1990). The gel was 

incubated in 50 mM Tris-Cl (pH 7.0) containing 0.24 mM of (3-[4, 5-Dimethyl thiazol – 

2, yl] -2, 5 –diphenyl –tetrazolium bromide (MTT), 0.34 mM of 2, 6 – 

dichlorophenolindophenol, 3.6 mM GSSG and 0.4 mM NADPH for 1 h. Then the gel 

wass de-stained with distilled water.  Stained native gels have beige colored background 

and bark brown bands representing the GR isozymes.  
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3.13.14.5.4. Peroxidase (POX, EC 1.11.17) 

Peroxidase isozyme was visualized by following the staining method of Reddy and 

Garber (1971) in ice-cold condition. For the staining purpose benzidine (4,4'-

diaminobiphenyl) dye was prepared by mixing 0.52 g benzidine in 4.5 ml of glacial 

acetic acid.  20 ml of distilled water was added to it after that and finally filtered 

through Whatman no. 1 filter paper. 3% H2O2 was prepared separately in 25ml of 

chilled distilled water. The two solutions were mixed just before staining and 

immediately poured on top of the resolving gel in a gel staining box. Dark blue coloured 

bands were observed after staining. The reaction was arrested by immersing the gel in 

7% acetic acid solution.  

3.13.14.5.5. Catalase (CAT, EC 1.11.1.6) 

Catalase isozyme staining was performed according to Woodbury et al. (1971) with 

modifications. The gel was washed thrice in distilled water for about 6 min to remove 

the buffer from the gel surface where staining occurred. The gel was then soaked in 

3.3mM H2O2 for 15 min at 20 °C in the dark with light agitation, and then in the stain 

mixture containing 1% (w/v) FeCl3 and 1% (w/v) K3Fe(CN)6 in distilled water under 20 

°C for 10 min or until the light yellow bands were visible. 

3.13.15. Extraction and assay of defense enzymes 

3.13.15.1. β-1, 3-glucanase (β-GLU, EC 3.2.1.38)  

β- 1, 3-glucanase was extracted from leaf samples following the method of Pan et al. 

(1991).  1g of leaf sample was crushed and extracted using 5  ml  of  chilled  0.05  M  

sodium  acetate  buffer  (pH  5.0). Finally the extract was centrifuged at 10,000 r.p.m for 

15 min at 4°C and the supernatant was used as crude enzyme extract. Estimation of β-1, 

3-glucanase activity was done by following the laminarin dinitrosalicylate method 

described by Pan et al. (1991). The crude enzyme extract of 62.5 µl was added to 62.5 

µl of laminarin (4 %) and then incubated at 40°C for 10 min. The reaction was 

discontinued by mixing 375 µl of dinitrosalicylic reagent and heating for 5 min on a 

boiling water bath. The resulting colored solution was dissolved in 4.5 ml of water, 

mixed and absorbance was recorded at 500 nm. The blank was the crude enzyme 

preparation mixed with laminarin with zero time incubation. The enzyme activity was 

expressed as µg glucose released min
-1

 g
-1

 fresh tissue.  
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3.13.15.2. Chitinase (CHT, EC 3.2.1.14)  

Extraction and estimation of chitinase was done by following the method described by 

Boller and Mauch (1988) with modifications. 1g of leaf sample from the jute plants 

were crushed and extracted using 5 ml of chilled 0.1 M sodium citrate buffer (pH 5.0). 

The homogenate was centrifuged at 12,000 r.p.m. for 10 min at 4°C, and precipitate was 

discarded. The supernatant was used as enzyme source. Enzyme assay mixture 

consisted of 10µl of 1M Na-acetate buffer (pH 4), 0.4 ml enzyme solution and 0.1 ml 

colloidal chitin. Colloidal chitin was prepared as per the method of Roberts and 

Selitrennikoff (1988). Incubation was done for 2 hrs at 37°C and centrifuged at 10,000 

r.p.m for 3 min. 0.3 ml supernatant, 30µl of 1M KPO4 buffer (pH 7.1) and 20µl 

Helicase (3%) were mixed and allowed to incubate for 1 h at 37°C. 70µl of 1M Na-

borate buffer (pH 9.8) was added to the reaction mixture. The mixture was again 

incubated in a boiling water bath for 3 min and rapidly cooled in ice water bath. 2 ml 

DMAB (2% di methyl amino benzaldehyde in 20% HCl) was finally added and 

incubated for 20 min at 37°C.The amount of GlcNAc released was measured 

spectrophotometrically at 585 nm using a standard curve and activity expressed as μg 

GlcNAc released /min/ g fresh wt. tissue. 

 

3.13.15. 3. Phenyl alanine ammonia Lyase (PAL EC 4.3.1.5)  

 Extraction of PAL (E.C. 4.3.1.5) was done by following the method described by 

Chakraborty et al. (1993) with modifications. 1 gm leaf sample was crushed in 5ml of 

0.1M sodium borate buffer (pH 8.8) with 2mM of ß mercaptoethanol in ice cold 

temperature. The slurry was centrifuge in 15,000 rpm for 20 min at 4ºC. Supernatant 

was collected and after recording its volume, was immediately used for assay or stored 

at -20ºC. Phenylalanine ammonia lyase activity in the supernatant was determined by 

measuring the production of cinnamic acid from L-phenylalanine 

spectrophotometrically. The reaction mixture contained 0.3 ml of 300µM sodium borate 

(pH 8.8), 0.3 ml of 30 µM L- phenylalanine and 0.5ml of supernatant in a total volume 

of 3ml. Following incubation for 1 h at 40 ºC the absorbance at 290nm was read against 

a blank without the enzyme in the assay mixture. The enzyme activity was expressed as 

µg cinnamic acid produced in 1 min g 
-1

 fresh weight of tissues.  
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3.13.16. Extraction and Estimation of non-enzymatic antioxidants 

3.13.16. 1. Ascorbate  

  Extraction and quantification of ascorbic acid from the leaves was done following 

the protocol of Mukherjee and Choudhuri (1983). 1 g leaf tissue was homogenised in 

pre-chilled motor and pestle on ice using 6% Trichloroacetic acid, filtered and the final 

volume was made up to 10 ml. For estimation, 4 ml of the extract was mixed with 2 ml 

of 2% Dinitro phenyl hydrazine and 1 drop of 10% Thiourea (in 70% ethanol). The 

reaction mixture was thoroughly shaken, kept in boiling water bath for 15 mins and 

cooled at room temperature. 5 ml of 80% (v/v) H2SO4 was finally added to the reaction 

mixture at 0
0
C. The absorbance was then taken at 530 nm against a blank in UV-VIS 

spectrophotometer. The amount of ascorbic acid was quantified using a standard curve 

of ascorbic acid. 

3.13.16. 2. Carotenoid 

 The extraction and quantification of carotenoids was done by following the method 

of Litchtenthaler (1987). For extraction, 0.5 g of leaf tissue was homogenized in 100% 

methanol in dark, filtered in Whatman no.1 filter paper and the final volume was made 

up to 10 ml. The absorbance was then measured at 480 nm, 645 nm and 663 nm against 

a blank in UV-VIS spectrophotometer and the carotenoid content was calculated using 

standard formula:  

A480 – (0.114 x A663) – 0.638 (A645) µg g
-1

 fresh weight 

3.13.16. 3. Total glutathione 

Total glutathione was measured according to the methods of Griffith, 1985 and Smith, 

1985. 1 g leaf tissue was homogenized in 10 ml of ice cold 5% metaphosphoric acid. 

The homogenate is centrifuged at 10,  000  r.p.m for 15 min at 4°C. The supernatant is 

used for the glutathione pool.  For GSSG (glutathione disulphide) assay, the GSH 

(glutathione in reduced form) was neutralized by adding 20  μl of 2‐ vinylpyridine to 

the supernatant and 20  μl of water was added in the aliquots used for the total 

glutathione (GSH + GSSG) assay. Tubes were mixed until an emulsion was formed. 

Glutathione content in 1  ml of reaction mixture was assessed by adding up 0.2  mM 

NADPH, 100  mM phosphate buffer (pH 7.5), 5  mM EDTA, 0.6  mM 5,5′ dithiobis 

(2‐ nitrobenzoic acid), and 0.1  ml of sample acquired as described above. The reaction 
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was initiated with addition 3 units of GR and was observed by measuring the change in 

absorbance at 412  nm for 1  min. GSH was estimated as the difference between the 

amount of total glutathione. A standard curve for GSH in the range of 0–30  μmol 

ml
−1

 was prepared. 

3.13.17. Non compatible osmolytes 

3.13.17. 1. Extraction and estimation of proline 

Extraction of proline from the leaves and roots was done by the method of Bates et al. 

(1973). 1 g of plant tissue was homogenized in 10 ml of 3% Sulfosalicylic acid and 

filtered through a Whatman No. 1 filter paper. The supernatant was collected for 

estimation.To 1 ml of extract, 3 ml of distilled water and 1 ml of Ninhydrin solution (1g 

Ninhydrin in 10 ml acetone and 15 ml distilled water) was added. The reaction mixture 

was kept on a boiling water bath for 30 mins and then cooled at room temperature. The 

reaction mixture was transferred in separating funnel and 5 ml of Toluene was added 

and mixed vigorously. The lower coloured layer was taken and the absorbance values 

were measured at 520 nm in a colorimeter against a blank and quantified from a 

standard curve of proline.  

3.13.17. 2. Extraction and estimation of glycine betaine 

Glycine betaine extraction and estimation was performed following the method of 

Yildiztugay et al. (2014). Leaf tissues crushed in distilled water were mixed with 2 N 

HCl.  Half volume of acidified prechilled solution was taken and blended with 0.2 ml of 

potassium tri-iodide solution and was then allowed to cool in an ice 90 min with. Then 

20 ml 1, 2 dichloromethane (cooled at −10 °C) were put in the solution. Then 

absorbance of lower organic level was observed at 365 nm and quantity of glycine 

betain (GB) was worked out using standard curve. 

3.13.18. Hydrogen peroxide (H2O2) content 

3.13.18.1. Extraction 

 The extraction of hydrogen peroxide was done by the method given by Jena and 

Choudhuri (1981) with slight modification. 0.5 g leaf extract was homogenized in 10 ml 

of phosphate buffer (50 mM, pH 6.5) in a dark chamber and centrifuged at 6000 rpm for 

25 mins.  

 



 
 

61 
 

3.13.18. 2. Estimation 

The estimation of hydrogen peroxide was done by the method given by Jena and 

Choudhuri (1981). The supernatant was used for estimation, where 3 ml of extract was 

mixed with 1 ml of 0.1% Titanium sulphate in 20% (v/v) H2SO4 along with. Both the 

blank and the reaction mixture was centrifuged at 6000 rpm for 15 mins and the 

intensity of yellow colour obtained was measured at 410 nm in a UV-VIS 

spectrophotometer. H2O2 content was quantified using the extinction coefficient value 

of € = 0.28 µmol
-1

 cm
-1

. 

3.13.19. In situ localization of H2O2 and O2
- 

 The detection of hydrogen peroxide in the leaf tissue was done according to the 

method given by Thordal-Christensen et al. (1997) with minor modifications. The leaf 

tissues were washed thoroughly with doubled distilled water and cut into leaf discs. 

Then these leaf discs were incubated in dark for 24 h in 1 mg/ml of 3,3‘-

Diaminobenzidine (DAB) having pH 3.8. After 24 h the leaf disc was transferred to a 

beaker containing ethanol/lactic acid/glycerol in the ratio 4:1:1 and was heated at a 

temperature of 70
0
C until all the chlorophyll was removed. Hydrogen peroxide was 

visualized as reddish-brown colour at the site of Diaminobenzidine polymerization. 

Superoxide (O2
·−

) production was examined in leaf tissue using a modification of the 

Nitro blue tetrazolium (NBT) staining technique described by Romero-Puertas et al. 

(2004). Leaf segments were incubated in 0.05% (w/v) NBT in 10-mM phosphate buffer 

(pH 7.5) at room temperature for 30 min. Bleaching was performed by the immersion of 

stained segments in boiling ethanol/lactic acid/glycerol (4:1:1) for 5 min. The formation 

of a blue formazan precipitate indicates the reduction of NBT by superoxide (O2
·
). 

3.14. Real time PCR analysis 

3.14. 1. RNA extraction 

All the plastic wares and glass wares used for this experiment were made RNase free by 

treating with DEPC for overnight and autoclaving twice at 121
o
C until the traces of 

DEPC removed. These were then dried in Hot Air Oven at 90
o
C before use.  The 

samples stored at 80
o
C were ground to powder in liquid N2 using sterile mortar and 

pestle. To the powdered sample 1ml of Trizol Reagent (Takara Bio Inc, Japan) was 

added mixed by grinding, transferred to a 2ml microfuge tube and incubated at room 
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temperature for 15 – 20 mins. It was then centrifuged at 10,000 rpm (Sigma) for 5 min 

and the supernatant was transferred to a fresh sterile microfuge tube. Equal volume of 

Chloroform: Isoamyl alcohol (24:1) was added, mixed gently and incubated in ice for 2 

minutes. After centrifuging the above at 12,000 rpm for 5 minutes the supernatant was 

transferred to a fresh vial and then incubated in ice for 2 minutes after adding 500 µl of 

isopropanol. The RNA was pelleted down by centrifuging the above for 10 minutes at 

10,000 rpm and the pellet was vortexed gently with 300 µl of 70% of ethanol. 

Centrifugation at 10,000 rpm was repeated for 10 minutes and the pellet was air dried. 

20µl of RNase free water was added to the pellet and heated gently (60
o
C) to dissolve 

the pellet in water.  The extracted RNA was treated with DNase enzyme to remove any 

traces of DNA contamination. One micro litter of DNase was added to above isolated 

RNA and incubated for 1hr at 37
o
C and after the temperature was raised to 70

o
C for 5 

minutes to inactivate the enzyme. The RNA was stored at -20
o
C for later use.  The 

concentration and purity of RNA was assessed using a spectrophotometer (Sartorius). A 

1µL aliquot of RNA was pipetted onto the apparatus pedestal. RNA with an absorbance 

ratio at 260 and 280 nm (A260/A280) between 1.8 and 2.2 will be deemed indicative of 

pure RNA. 

3.14. 2. cDNA synthesis  

After quantification, RNA was reverse transcribed using oligo dT (Sigma Aldrich). 

Hundred nano gram of RNA and 2µl of oligo dT were taken to a fresh sterile microfuge 

tube and incubated at 70
o
C for 5 minutes and immediately transferred to ice. To this 2µl 

of dNTPs, 1µl of Reverse Transcriptase enzyme (Biolabs, New England) and 2 µl of 

10x Reverse transcriptase buffer was added and made up the volume to 25µl using 

RNase free water. This mixture was incubated at 42
o
C for 90 minutes and reaction was 

terminated by incubating at 70
o
C for 15 minutes.  

3.14. 3. Primer synthesis and validation 

Gene specicific primers for Real Time PCR were designed using Perkin Elmer Primer 

Express® software on the sequences obtained for both the genes. All primers were 

designed to be intron-spanning to preclude amplification of genomic DNA. A gradient 

PCR was performed to standardize the optimum annealing temperature of the designed 

primer using 50 ng of synthesized cDNA keeping the temperature range of 50 – 60
o
C 
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and for 35 cycles, and the best annealing temperature was opted to be at 60
0
C for all the 

genes. The quality of PCR products was visually inspected by electrophoresis, the 

generation of single band of the expected size was taken as a criterion for specificity. To 

normalize relative levels of expression, plant Actin was used as an internal reference 

control. 

Primers details  

Genes 

Length 

of 

Primer 

Sequence of selected primer pair 

(5‟-3‟ direction) 

GC 

Content 

(%) 

Predicted 

Tm of 

Primer 

Measured 

Tm of 

Primer 

P5CS 

FP 22 TCGGTGCTGAGGTTGGCATAAG 55 56.7 60 

RP 23 TTGTCACCATTCACCACTTGCCC 52 57.1 60 

P5CR 

FP 21 CGGGTAAACATCCAGGGCAGC 62 58.3 60 

RP 21 TCGGCATCTTGTTGTGGCAGC 57 56.3 60 

PDH 

FP 22 CGGGATCCTCGACTACGGCATC 64 60.4 60 

RP 24 TGATCTTGATACACACGCTCGCCG 54 59.1 60 

ADC1 

FP 20 CACCAAGATACCAGGCCACT 55 53.8 60 

RP 20 GTGGAAGTGCAGCAACTTGA 50 51.8 60 

ADC2 

FP 20 AGGAGGAGGAGCTCGACATT 55 53.8 60 

RP 18 GCCGAACTTGCCCTTCTC 61 52.6 60 

SAMDC2 

FP 20 GCGTCCTCATCTACCAGAGC 60 55.9 60 

RP 22 CTTGCCTTCCTTGACCAGAG 55 53.8 60 

TdHSP101C 

FP 20 GTTGGACAGTATGAGGCCGT 55 53.8 60 

RP 22 CATTTCACCCCCAATTCAACAG 45 53 60 

HSP90 

FP 17 TCCCGCACGCTTCTCCT 65 51.9 60 

RP 21 AACTGTTCCACGAGTACCACA 48 52.4 60 

HSP70 

FP 21 CATGGCCCGTCTGCTTGCTCT 62 56.3 60 

RP 21 AGCACGCCGTTCTTCATCTCG 57 45.9 60 

HSP26.3 

FP 16 AAGTACAACCGCCGCA 56 45.9 60 

RP 17 GAAGACGTCCTTGCGCT 59 49.5 60 

HSP 23.5 

FP 23 TCTTCTCCCCAAGTACTTCAAGC 48 55.3 60 

RP 21 TTCCCCTGAGTACTTGCATCC 52 54.4 60 

HsfA3 

FP 23 CCCAGCGCCAGGCCACTAAGGAC 70 64.2 60 

RP 23 CAAAGCGAGCCCGTGTGATGGTA 57 58.8 60 
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3.14. 4. Relative Quantification using Real Time PCR   

The quantification was done in Applied Biosystems StepOne Real Time PCR using the 

SYBR Green Chemistry. The reaction was carried out in a 10µl reaction volume. 

Reagents and temperature profile for Real time PCR are Listed below  

 

 

 

 

 

 

             

Temperature profile for Real time PCR are presented below 

Initial denaturation  94°C for 1min 

Denaturation    94°C for 15sec 

Annealing & Extension  60°C for 30 sec 

To accurately and reliably determine gene expression values, raw fluorescence data (Ct 

values) generated by the real-time PCR instrument was exported to qBase plus software 

13, the purpose of which was to scale raw data to an internally defined calibrator and an 

endogenous control gene (Actin). The ∆∆Ct method was finally used to calculate the 

relative expression of the genes for individual treatments. 

3.15. Statistical analysis 

Statistical analysis was executed using in Microsoft excel and IBM SPSS version 21 

and Fischer‘s LSD test was performed to determine significant mean differences at 

P≤0.05. 

 

                                                      

 

Real time PCR components       Volume (μl) 

SYBR Green Master mix 5.00 

Primer FP (10picomoles/μl) 1.00 

Primer RP (10picomoles/μl) 1.00 

Template DNA 25ng/μl 

PCR grade water Volume make up 

Total volume 10.00 

35 cycles 
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                                                       4.  RESULTS 

4.1. Preliminary screening of wheat cultivars for basal thermo tolerance level 

4.1.1. Morphological changes in the plant  

Plants exhibited changing levels of morphological attributes as adaptation to elevated 

temperature. All eight cultivars showed wilting symptoms after 6 h and 12 h exposure at 

30
0
C, 35

0
C and 40

0
C but most severe yellowing and witling was observed at 40

0
C. 

PBW 343, HT 41, PBW 550 showed severe wilting symptoms and yellowing of leaf at 

35
0
C and 40

0
C. Whereas among other cultivars C306, HT 17 showed lesser wilting in 

their leaf and comparatively lesser yellowing of leaf as shown in the picture after 6 h 

and 12 h exposure at 40
0
C marked as (Fig. 2A & Fig.2B).  

4.1.2. Comparative analysis of various thermo tolerant attributes 

4.1.2.1. Fresh weight 

Fresh weight (FW) of wheat plants decreased with elevated temperature. Fresh weight 

values for all the cultivars decreased along with elevated temperature and also with the 

exposure time, the values of which are shown in Table 2. Among the four different 

temperatures studied, significant decline in fresh weight was observed at 35
0
C and 

40
0
C. The relative fold change values at various temperatures (25

0
C, 30

0
C, 35

0
C, 40

0
C) 

for 6h and 12 h was determined (Fig. 3 ), which revealed the least decrease in FW 

occurred in HT 17 and C306 and highest reduction in FW was observed in HT 41, 

PBW550 across all temperatures.   

4.1.2.2. Relative water content 

Leaf relative water content (RWC) was used to analyze the water status of plants under 

heat stress. Leaf RWC values for all the cultivars decreased along with elevated 

temperature and also with the exposure time, the values of which are shown in Table 3. 

The relative fold change values at various temperatures (25
0
C, 30

0
C, 35

0
C, 40

0
C ) for 6 

h and 12 h was determined (Fig. 4 ), which revealed the least decrease in RWC occurred 

in HT 17 and C306 and  highest reduction in RWC content  was observed in HT41, 

PBW550 across all temperatures.  
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4.1.2.3. Heat susceptibility index 

Heat susceptibility index elucidates the total effect of high temperature stress in terms of 

reduction in the fresh weight and relative water content. Heat shock for different time 

frames significantly decreased fresh weight as well as relative water content of 

seedlings in all eight wheat cultivars. The Heat susceptibility index increased with 

elevated temperature in all eight cultivars but considerable amount of rise in heat 

susceptibility was noticed at 35
0
C and 40

0
C. On the basis of lowest values at 35

0
C and 

40
0
C, C306 and HT 17 were least suseptible and PBW 550 and HT41 were found to be 

most susceptible among eight cultivars. All other four cultivars-HT 15, GY, MW, 

PBW343 exhibited HSI values ranging from 37.50 to39.75 at 35
0
C and 65.80 to 72.54 

at 40
0
C (Fig. 5). 

4.1.2.4. Chlorophyll content 

High temperature stress injury in plants has been indicated by the heat sensitivity of 

chlorophyll pigment and quantified as the change in chlorophyll content. 6 h incubation 

at 30
0
C led to an increase in total chlorophyll in all cultivars. Further increase in 

temperature resulted in a decline in total chlorophyll content in all cultivars (Table 4). 

The relative fold change values of total chlorophyll content  at various temperatures 

(25
0
C, 30

0
C, 35

0
C, 40

0
C ) for 6 h and 12 h was determined (Fig. 6), which revealed 

after 12 h exposure to 35
0
C and 40

0
C, least reduction in total chlorophyll content 

occurred in HT 17 and C306 and  maximal reduction was observed in HT41 and 

PBW550. 
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Figure 3A: Phenotypic changes in wheat cultivars subjected to elevated temperature for 

6 h and 12 h 
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Figure 3B: Phenotypic changes in wheat cultivars subjected to high temperature 

stress for 6 h and 12 h 
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Table 2: Fresh weight changes in wheat cultivars subjected to elevated temperature for 

6 h and 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

 

 

  

             

Values represent Mean ± S.D., where n = 3 

 

 

Temp. Exp. time 

Cultivars 

PBW 

343 
HT 15 C306 HT 17 HT 41 

PBW 

550 
GY MW 

25
0
C 

0h 
1.65 

± 0.06 

1.63 

±0.07 

1.66 

± 0.06 

1.61 

±0.04 

1.67     

± 0.03 

1.68    

± 0.06 

1.67 

±0.03 

1.64    

± 0.09 

6h 
1.64 

± 0.06 

1.64   

±0.04 

1.66 

± 0.06 

1.60 

±0.05 

1.66     

± 0.08 

1.67    

± 0.03 

1.66 

±0.09 

1.64    

± 0.06 

12h 
1.64 

± 0.05 

1.63 

±0.04 

1.65     

± 0.08 

1.61   

±0.06 

1.67    

± 0.06 

1.67    

± 0.05 

1.66 

±0.08 

1.63     

± 0.04 

30
0
C 

0h 
1.64 

± 0.07 

1.63 

±0.04 

1.65     

± 0.04 

1.62  

±0.07 

1.66    

± 0.06 

1.66    

± 0.03 

1.67 

±0.04 

1.65    

± 0.05 

6h 
1.32 

± 0.03 

1.45 

±0.05 

1.59     

± 0.06 

1.57  

±0.05 

1.31    

± 0.05 

1.34       

± 0.04 

1.42 

±0.05 

1.46    

± 0.06 

12h 
1.28 

± 0.04 

1.35 

±0.05 

1.50     

± 0.06 

1.45  

±0.05 

1.12     

± 0.06 

1.11     

± 0.07 

1.29 

±0.08 

1.38    

± 0.06 

35
0
C 

0h 
1.64 

± 0.06 

1.64 

±0.05 

1.58     

± 0.04 

1.63 

±0.11 

1.66    

± 0.09 

1.65    

± 0.05 

1.66 

±0.06 

1.65    

± 0.07 

6h 
1.11 

± 0.03 

1.25 

±0.06 

1.46     

± 0.06 

1.49 

±0.11 

1.23    

± 0.05 

1.26     

± 0.06 

1.3 

±0.04 

1.34    

± 0.09 

12h 
0.93 

± 0.04 

0.98 

±0.05 

1.32     

± 0.07 

1.25 

±0.06 

0.98     

± 0.06 

0.90    

± 0.09 

1.11 

±0.10 

1.18    

± 0.05 

40
0
C 

0h 
1.54 

±0.05 

1.61 

±0.03 

1.56     

± 0.05 

1.62 

±0.04 

1.65    

± 0.04 

1.63    

± 0.03 

1.62 

±0.05 

1.67    

± 0.06 

6h 
0.88     

± 0.02 

0.78 

±0.01 

1.23    

± 0.04 

1.22 

±0.04 

0.95     

± 0.05 

0.93    

± 0.06 

1.04 

±0.04 

1.12     

± 0.05 

12h 
0.56     

± 0.02 

0.53 

±0.03 

0.98     

± 0.05 

0.94 

±0.06 

0.95    

± 0.05 

0.46    

± 0.02 

0.68  

±0.04 

0.87    

± 0.03 
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Table 3: Changes in relative water content in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h  

Temp. 
Exp. 

time 

Cultivars 

PBW 

343 
HT15 C306 HT 17 HT 41 

PBW 

550 
GY MW 

25
0
C 

0h 
87.23 

± 1.12 

88.78 

±1.02 

84.34 

±1.24 

85.45 

±0.99 

87.56 

±1.13 

86.78 

±1.23 

81.45 

±1.22 

86.78 

± 1.41 

6h 
87.54 

± 1.18 

88.45 

±1.25 

83.34 

±1.45 

85.12 

±1.35 

87.45 

±1.25 

87.45 

±0.95 

82.35 

±1.41 

87.23 

±1.35 

12h 
87.56 

± 1.25 

87.67 

±1.50 

84.56 

±1.11 

86.45 

±1.14 

88.12 

±1.40 

88.44 

±1.35 

81.45 

±1.12 

86.34 

±1.25 

30
0
C 

0h 
86.56 

± 1.24 

87.35 

±1.35 

83.45 

±1.14 

86.67 

±1.15 

85.45 

±1.31 

87.65 

±1.40 

82.34 

±1.28 

84.56 

±1.20 

6h 
82.12 

± 1.15 

80.87 

±1.25 

82.78 

±1.09 

80.05 

±1.50 

80.89 

±1.09 

81.45 

±1.12 

80.45 

±1.04 

78.35 

±1.09 

12h 
79.23 

± 0.98 

76.67 

±1.30 

79.45 

±1.25 

76.78 

±1.25 

78.89 

±1.05 

76.35 

±1.15 

76.45 

±1.28 

76.45 

±1.08 

35
0
C 

0h 
87.35 

±1.56 

89.10 

±1.22 

85.78 

±1.35 

84.56 

±1.42 

87.78 

±1.04 

88.46 

±1.34 

83.98 

±1.25 

85.65 

±1.01 

6h 
69.89 

±1.65 

70.78 

±1.50 

79.45 

±1.12 

72.78 

±1.35 

65.78 

±1.23 

66.89 

±1.30 

65.67 

±1.11 

68.89 

±1.34 

12h 
58.78 

±1.45 

54.12 

±1.06 

72.35 

±1.16 

65.78 

±1.10 

57.89 

±1.20 

54.67 

±1.19 

59.89 

±1.15 

62.45 

±1.08 

40
0
C 

0h 
85.14 

±1.12 

88.34 

±1.18 

82.34 

±1.08 

83.45 

±1.08 

85.31 

±1.43 

84.23 

±1.15 

80.34 

±1.08 

85.67 

±1.45 

6h 
42.98 

±1.10 

43.23 

±1.34 

68.45 

±1.56 

65.34 

±0.98 

41.34 

±1.10 

42.55 

± 0.75 

55.78 

±1.23 

51.87 

±1.12 

12h 
28.12 

±1.18 

31.34 

±1.08 

56.78 

±1.15 

53.34 

±0.78 

25.12 

±1.15 

21.45 

± 1.05 

31.12 

±1.45 

39.89 

±1.15 

          Values represent Mean ± S.D., where n = 3 
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Figure 4: Fold change values in fresh weight of wheat cultivars subjected to elevated 

temperature for 6 h and 12 h  

 

Figure 5: Fold change values in RWC in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

 

Figure 6: Changes in heat susceptibility index in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 
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4.1.2.4. Leaf disc senescence bioassay  

Heat sensitivity of various cultivars was determined by leaf disc senescence bioassay. 

The difference in pigment leaching from the leaf discs was used as a phenotypic 

indicator of heat susceptibility of eight cultivars (Fig. 7). Scale of change in terms of 

leaf discs colour which were immersed in sterile distilled water (temperature 40
0
C) from 

green to yellow indicates degree of heat susceptibility of various cultivars. The 

senescence assay revealed that minimum chlorophyll leaching was observed C306, 

followed by HT 17, GY and MW. Whereas on the other hand HT 41, PBW 550 and 

PBW 343 were highly sensitive to high temperature. C306 was least effected to 40
0
C, 

followed by HT 17, GY and MW. On the other hand HT 41, PBW 550 and PBW 343 

were highly sensitive to high temperature. 

4.1.2.5. Cell viability 

Changes in cell viability of eight wheat cultivars after 6 hand 12 h exposure to elevated  

(30
0
C, 35

0
C and 40

0
C) in comparison to control (25

0
C) was measured in terms of 

percent MTT reduction. Cell viability of wheat plants decreased with elevated 

temperature and with exposure time. Among the four different temperatures studied 

significant decline in cell viability of various cultivars was observed after exposing the 

plants at 35
0
C and 40

0
C for 12 h. Among the eight cultivars maximum reduction in cell 

viability at 35
0
C and 40

0
C after 12h was observed in PBW 550 , PBW343, and HT 41 

followed by HT15, GY, MW and minimum reduction was noticed in C306 and HT17 

(Fig. 8 ). 

4.1.2.6. MDA content 

An increase in membrane lipid peroxidation as reflected by elevated level of 

malonaldehyde level is harmful for normal biochemical and physiological process and 

is an important biochemical marker for assessing the heat injury. Malonaldehyde 

(MDA) content gradually increased with elevated temperature and durations of heat 

stress treatment in case of all eight cultivars (Table 5). Accumulation of MDA after heat 

stress for 6 h and 12 h varied in eight cultivars in relation to control. The relative fold 

change values of MDA content at various temperatures (25
0
C, 30

0
C, 35

0
C, 40

0
C) for 6 h 

and 12 h was determined (Fig. 9). Maximum increase in MDA accumulation in leaf 

tissue occurred after 12 hour exposure at 40
0
C.At this stage, least increase in MDA 
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content was observed in C306 (1.71 fold) and HT 17 (2.46 fold) followed by MW (3.67 

fold), GY (4.59 fold), HT 15 (5.24 fold) and maximal increase was observed in PBW34 

(5.64 fold) followed by, PBW550 (5.35 fold), HT 41 (5.47 fold).  

Table 4: Changes in total chlorophyll content in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3 

Temp. 
Exp. 

time 

Cultivars 

PBW 

343 
HT15 C306 HT17 HT41 

PBW 

550 
GY MW 

25
0
C 

0h 
1.09 

± 0.05 

1.10 

±0.05 

1.16 

±0.04 

1.14± 

0.04 

1.14 

±0.03 

1.14 

±0.05 

1.05 

±0.06 

1.08 

±0.04 

6h 
1.10 

± 0.04 

1.11 

±0.03 

1.15 

±0.05 

1.13 

±0.02 

1.15 

±0.06 

1.15 

±0.05 

1.07 

±0.05 

1.08 

±0.05 

12h 
1.10 

± 0.02 

1.10 

±0.04 

1.16 

±0.05 

1.14 

±0.05 

1.15 

±0.08 

1.14 

±0.04 

1.05 

±0.09 

1.10 

±0.04 

30
0
C 

0h 
1.08 

±0.02 

1.11 

±0.07 

1.15 

±0.04 

1.15 

±0.08 

1.16 

±0.05 

1.15 

±0.08 

1.08 

±0.03 

1.10 

±0.03 

6h 
1.12 

±0.04 

1.12 

±0.08 

1.17 

±0.06 

1.18 

±0.05 

1.18 

±0.03 

1.18 

±0.04 

1.10 

±0.04 

1.13 

±0.04 

12h 
1.13 

±0.05 

1.15 

±0.05 

1.20 

±0.04 

1.20 

±0.05 

1.10 

±0.08 

1.08 

±0.04 

1.12 

±0.05 

1.09 

±0.05 

35
0
C 

0h 
1.10 

±0.04 

1.08 

±0.03 

1.14 

±0.02 

1.15 

±0.06 

1.15 

±0.07 

1.14 

±0.05 

1.08 

±0.02 

1.07 

±0.05 

6h 
0.79 

±0.03 

0.76 

±0.05 

1.12 

±0.04 

1.10 

±0.05 

0.85 

±0.05 

0.86 

±0.05 

0.87 

±0.05 

0.98 

±0.08 

12h 
0.59 

±0.06 

0.55 

±0.05 

1.08 

±0.05 

1.02 

±0.04 

0.62 

±0.07 

0.50 

±0.05 

0.65 

±0.05 

0.64 

±0.06 

40
0
C 

0h 
1.08 

±0.06 

1.11 

±0.06 

1.15 

±0.05 

1.14 

±0.08 

1.12 

±0.06 

1.13 

±0.06 

1.01 

±0.04 

1.02 

±0.08 

6h 
0.57 

±0.08 

0.62 

±0.04 

0.97 

±0.03 

0.86 

±0.05 

0.64 

±0.07 

0.58 

±0.05 

0.63 

±0.06 

0.67 

±0.08 

12h 
0.35 

±0.05 

0.49 

±0.03 

0.72 

±0.05 

0.62 

±0.05 

0.25 

±0.05 

0.26 

±0.04 

0.30 

±0.05 

0.36 

±0.05 
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Figure 7: Relative fold change of total chlorophyll content in various wheat cultivars 

after 6 h and 12 h exposure to 40
O
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Figure 8: Leaf disc senescence assay of various wheat cultivars observed as chlorophyll 

bleaching in response to high temperature (40
0
C) for 12 h 
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Figure 9: Fold change values in cell viability in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

4.1.2.7. Electrolyte leakage 

An increase in electrolyte leakage is an indicator of membrane damage subjected to heat 

stress. Electrolyte leakage gradually increased with elevated temperature and durations 

of heat stress treatment in case of all eight cultivars (Table 6). Increase in electrolyte 

leakage after 6h and 12h of heat stress varied in eight cultivars in relation to control. 

The relative fold change values of electrolyte leakage  at various temperatures (25
0
C, 

30
0
C, 35

0
C, 40

0
C ) for 6h and 12 h was determined (Fig. 9). Maximum increase in 

electrolyte leakage in leaf tissue occurred after 12 h exposure at 40
0
C. At this stage, 

least electrolyte leakage was observed in C306 (3.55 fold) and HT 17 (4.64 fold) 

followed by MW (5.60 fold), GY (6.80 fold), HT 15(5.87 fold) and maximal increase 

was observed in HT 41(6.69 fold) follwed by PBW550 (6.08 fold), PBW343 (5.93 

fold).  

4.1.2.8. H2O2 content  

Accumulation of H2O2 is toxic for the plant cells. H2O2 content gradually increased with 

elevated temperature and durations of heat stress treatment in case of all eight cultivars 

(Table 6). Accumulation of H2O2 after heat stress for 6h and 12h varied in eight 

cultivars in relation to control. The relative fold change values of H2O2 content at 

various temperatures (25
0
C, 30

0
C, 35

0
C, 40

0
C) for 6h and 12h was determined (Fig. 

10). Maximum increase in H2O2 accumulation in leaf tissue occurred after 12 hour 

exposure at 40
0
C.At this stage, least increase in H2O2 content was observed in C306 

(1.12 fold) and HT 17 (1.48 fold) followed by MW (1.72 fold), GY (1.77 fold), HT 



 
 

76 
 

15(1.78 fold), PBW 343(1.66 fold) and maximal increase was observed in PBW550 

(2.11 fold) followed by HT41 (1.94 fold). 

Table 5: Changes in MDA content in wheat cultivars subjected to elevated temperature 

for 6 h and 12 h 

Temp. Exp. 

time 

Cultivars 

PBW 

343 

HT15 C306 HT 17 HT41 PBW 

550 

GY MW 

25
0
C 

0h 
0.37 

±0.50 

0.38 

± 0.07 

0.34 

±0.08 

0.39 

± 0.03 

0.43 

± 0.05 

0.45 

± 0.07 

0.54 

±0.03 

   0.43 

± 0.04 

6h 
0.38 

±0.04 

0.38 

± 0.08 

0.35 

±0.05 

0.37 

± 0.04 

0.44 

± 0.08 

0.44 

± 0.06 

0.52 

±0.07 

    0.42 

± 0.08 

12h 
0.37 

±0.09 

0.39 

± 0.06 

0.35 

±0.06 

0.40 

± 0.04 

0.43 

± 0.06 

0.45 

± 0.05 

0.53 

±0.04 

   0.43 

± 0.04 

30
0
C 

0h 
0.39 

±0.03 

0.37 

± 0.05 

0.37 

±0.08 

0.38 

± 0.05 

0.44 

± 0.06 

0.43 

± 0.04 

0.53 

±0.08 

  0.44 

± 0.06 

6h 
0.64 

±0.06 

0.71 

± 0.08 

0.45 

±0.07 

0.56 

± 0.04 

1.12 

± 0.03 

1.17 

± 0.06 

1.23 

±0.03 

  1.37 

± 0.07 

12h 
0.98 

±0.01 

0.97 

± 0.02 

0.49 

±0.08 

0.64 

± 0.03 

1.44 

± 0.04 

1.54 

± 0.05 

1.45 

±0.05 

   1.49 

± 0.05 

35
0
C 

0h 
0.37 

±0.02 

0.37 

± 0.04 

0.42 

±0.08 

0.35 

± 0.05 

0.43 

± 0.07 

0.45 

± 0.07 

0.53 

±0.03 

  0.46 

± 0.05 

6h 
1.12 

±0.03 

1.23 

± 0.04 

0.66 

±0.05 

0.78 

± 0.09 

1.75 

± 0.17 

1.83 

± 0.07 

1.86 

±0.15 

  1.78 

± 0.13 

12h 
1.98 

±0.04 

1.89 

± 0.12 

0.98 

±0.04 

0.98 

± 0.05 

2.14 

± 0.04 

2.26 

± 0.05 

1.98 

±0.27 

   2.01 

± 0.98 

40
0
C 

0h 
0.38 

±0.02 

0.41 

± 0.13 

0.45 

±0.04 

0.36 

± 0.04 

0.44 

± 0.04 

0.45 

± 0.12 

0.36 

±0.02 

  0.44 

± 0.04 

6h 
1.64 

±0.33 

1.57 

±0.20 

0.88 

±0.05 

1.07 

± 0.13 

1.96 

±0.28 

1.98 

±0.18 

1.97 

±0.03 

  1.45 

±0.05 

12h 
2.48 

±0.38 

2.57 

±0.29 

1.22 

±0.24 

1.25 

± 0.19 

2.97 

±0.22 

2.98 

±0.30 

2.05 

±0.33 

  2.08 

±0.07 

 Values represent Mean ± S.D., where n = 3 
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Table 6: Changes in electrolyte leakage in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3 

 

Temp. Exp. 

time 

Cultivars 

PBW 

343 

HT15 C306 HT 17 HT41 PBW 

550 

GY MW 

25
0
C 

0h 
10.12 

±0.87 

10.45 

±0.97 

11.45 

±0.88 

10.60 

±1.01 

10.38 

±0.67 

10.32 

±0.66 

9.78 

±0.50 

10.78 

±0.87 

6h 
10.34 

±1.04 

10.56 

±0.88 

11.40 

±0.90 

10.65 

±0.85 

10.35 

±1.02 

10.34 

±0.87 

9.87 

±0.56 

10.66 

± 0.45 

12h 
10.04 

±0.56 

10.47 

±0.85 

11.42 

±0.60 

10.45 

±0.75 

10.34 

±0.85 

10.23 

±0.45 

9.81 

±1.02 

10.88 

±0.95 

30
0
C 

0h 
11.01 

±0.65 

10.89 

±0.55 

11.56 

±0.80 

10.56 

±1.04 

10.42 

±1.12 

10.3 

±1.12 

9.82 

±0.89 

10.82 

±0.85 

6h 
23.67 

±0.90 

25.67 

±0.75 

13.34 

±0.45 

16.67 

±0.90 

26.89 

±0.85 

26.78 

±0.65 

14.66 

±1.05 

20.89 

±1.04 

12h 
35.12 

±1.01 

37.87 

±1.15 

17.89 

±0.98 

19.89 

±0.95 

35.89 

±0.80 

34.78 

±1.12 

25.56 

±1.10 

28.67 

±1.05 

35
0
C 

0h 
11.23 

±1.04 

10.65 

±1.02 

11.65 

±0.95 

10.78 

±1.08 

10.43 

±0.78 

10.34 

±0.56 

9.78 

±0.45 

10.85 

±0.65 

6h 
48.89 

±1.02 

43.12 

±1.04 

26.78 

±1.15 

28.78 

±0.98 

49.78 

±1.13 

52.67 

±1.21 

29.89 

±1.02 

38.78 

±1.05 

12h 
56.67 

±0.98 

57.89 

±1.04 

40.78 

±1.13 

48.78 

± 1.15 

65.78 

±1.23 

62.34 

±1.05 

45.78 

±1.08 

48.89 

±1.11 

40
0
C 

0h 
11.09 

±1.11 

11.48 

±1.18 

11.96 

±1.02 

10.67 

±0.98 

10.48 

±0.78 

10.22 

±0.98 

9.67 

±0.78 

10.85 

±0.65 

6h 
56.23 

±1.12 

54.37 

±1.03 

34.16 

±1.10 

47.63 

±0.95 

58.41 

±1.10 

54.67 

±1.12 

52.08 

±1.14 

44.71 

±1.05 

12h 
78.58 

± 1.05 

78.97 

±1.13 

54.49 

±1.10 

60.22 

±1.08 

80.66 

±1.05 

77.78 

±0.95 

75.4 

±1.18 

71.60 

±1.07 
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Table 7: Changes in H2O2 content to elevated temperature after exposure for 6 h and         

12 h  

Temp. Exp. 

time 

Cultivars 

PBW 

343 
HT15 C306 HT 17 HT41 

PBW 

550 
GY MW 

25
0
C 

0h 
96.45 

±1.10 

95.12 

±1.12 

87.67 

±1.20 

90.15 

±1.05 

90.45 

± 1.12 

93.12 

±1.10 

94.78 

±1.08 

94.56 

±1.10 

6h 
95.56 

±1.05 

96.10 

±1.23 

85.45 

±1.25 

89.98 

±1.09 

90.45 

±1.15 

90.34 

±1.09 

96.45 

±1.05 

95.56 

±1.05 

12h 
96.78 

±1.19 

96.25 

±1.25 

86.84 

±1.12 

89.45 

±1.12 

90.23 

±1.20 

92.56 

±1.10 

93.45 

±1.10 

93.45 

±1.15 

30
0
C 

0h 
98.12 

±1.12 

95.12 

±1.30 

84.12 

±1.25 

88.67 

±1.20 

90.23 

±1.25 

90.67 

±1.05 

91.23 

±1.02 

95.67 

±1.06 

6h 
110.3 

±0.98 

120.5 

±1.09 

89.67 

±1.10 

95.67 

±1.11 

145.4 

±1.18 

135.8 

±1.14 

195.6 

±1.15 

187.7 

±1.14 

12h 
118.9 

±1.20 

125.6 

±1.35 

94.23 

±1.16 

100.4 

±1.05 

195.4 

±1.30 

196.78 

±1.20 

200.3 

±1.25 

206.1 

±1.25 

35
0
C 

0h 
96.56 

±1.10 

95.78 

±1.18 

83.54 

±1.08 

90.55 

±1.09 

94.45 

±1.09 

92.45 

±1.08 

95.4 

±1.05 

94.34 

±1.08 

6h 
175.6 

±1.07 

186.7 

±1.09 

97.67 

±1.15 

117.8 

±1.10 

213.5 

±1.25 

215.6 

±1.29 

237.4 

± 1.45 

225.4 

±1.35 

12h 
210.5 

±1.10 

216.7 

±1.22 

125.1 

±1.20 

140.45 

±1.22 

245.3 

±1.30 

255.7 

±1.30 

245.3 

±1.40 

230.7 

±1.50 

40
0
C 

0h 
97.78 

±1.13 

96.63 

±1.09 

89.78 

±1.25 

97.62 

±1.25 

98.22 

±1.05 

99.96± 

1.07 

98.11 

±1.20 

100.7 

±1.25 

6h 
187.6 

±1.20 

176.7 

±1.95 

131.7 

±1.08 

198.5 

±1.30 

250.3 

±1.22 

230.5 

±1.35 

240.2 

±1.35 

189.5 

±1.40 

12h 
256.9 

±1.25 

265.9 

±1.15 

177.5 

±1.11 

224.8 

±1.35 

278.1 

±1.40 

288.1 

±1.56 

264.7 

±1.50 

256.9 

±1.51 

Values represent Mean ± S.D., where n = 3 
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Figure 10: Relative fold change of MDA in eight wheat cultivars after 6 h and 12h 

exposure to 40
O
C 

 

Figure 11: Relative fold change of electrolyte leakage in eight wheat cultivars after               

6 h and 12 h exposure to 40
O
C 

 

Figure 12: Relative fold change of H2O2 in eight wheat cultivars after 6 h and 12h 

exposure to 40
O
C 
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4.1.2.9. Changes in osmolyte accumulation 

 4.1.2.9.1. Proline 

Proline accumulation gradually increased with elevated temperature and durations of 

heat stress treatment in case of all eight cultivars (Table 9). Rise in proline accumulation 

after 6 h and 12 h of heat stress varied in eight cultivars in relation to control. The 

relative fold change values of proline content at various temperatures (25
0
C, 30

0
C, 

35
0
C, 40

0
C ) for 6 h and 12 h was determined (Fig. 13). Maximum increase in proline 

accumulation in leaf tissue occurred after 12 h exposure at 40
0
C. At this stage, least 

proline accumulation was observed in C306 (5.37 fold) and HT 17 (5.82 fold) followed 

by MW (6.38 fold), GY (6.49fold), HT 15(7.09 fold) and maximal increase was 

observed in PBW550 (8.42 fold) followed by PBW343 (6.87 fold), HT 41 (6.07fold). 

4.1.2.9.2. Total sugar 

Accumulation of soluble sugars under heat stress is considered to be vital for thermo 

tolerance of any plant. Total sugar content gradually increased with elevated 

temperature and duration of heat stress treatment in case of all eight cultivars (Table 8). 

Accumulation of total sugar after heat stress for 6h and 12h varied in eight cultivars in 

relation to control. The relative fold change values of total sugar content at various 

temperatures (25
0
C, 30

0
C, 35

0
C, 40

0
C) for 6h and 12 h was determined (Fig. 12). 

Maximum total sugar accumulation in leaf tissue occurred after 12 h exposure at 40
0
C. 

At this stage, maximal increase in total sugar content was observed in C306 (4.56 fold) 

and HT 17 (3.49 fold) followed by MW (3.01 fold), HT15 (2.49 fold), GY (2.20 fold), 

and least increase was observed in PBW34 (1.72 fold) followed by, PBW550 (2.15 

fold), HT 41 (2.06 fold).  
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Table 8: Changes in proline content in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

Temp. 
Exp. 

time 

Cultivars 

PBW 

343 
HT15 C306 HT 17 HT41 

PBW 

550 
GY MW 

25
0
C 

0h 
  1.31 

± 0.07 

   1.24 

± 0.08 

   1.42 

± 0.13 

   0.89 

± 0.03 

   1.41 

± 0.10 

   1.58 

± 0.14 

  1.32 

± 0.07 

   0.98 

± 0.09 

6h 
   1.30 

± 0.05 

   1.28 

± 0.07 

   1.40 

± 0.11 

  0.88 

± 0.09 

   1.43 

± 0.11 

    1.61 

± 0.23 

   1.34 

± 0.07 

  0.97 

± 0.11 

12h 
   1.32 

± 0.04 

   1.22 

± 0.08 

   1.42 

± 0.12 

   0.86 

± 0.07 

   1.42 

± 0.09 

   1.58 

± 0.10 

   1.33 

± 0.08 

   0.97 

± 0.09 

30
0
C 

0h 
  1.32 

± 0.05 

   1.28 

± 0.06 

  1.40 

± 0.07 

   0.85 

± 0.06 

   1.39 

± 0.12 

   1.61 

± 0.08 

   1.32 

± 0.12 

  1.01 

± 0.08 

6h 
   1.78 

± 0.05 

   1.82 

± 0.06 

   1.49 

± 0.06 

  1.07 

± 0.05 

  2.74 

± 0.23 

   2.45 

± 0.11 

   4.64 

± 0.34 

  1.24 

± 0.07 

12h 
   2.54 

± 0.08 

   2.43 

± 0.07 

   1.83 

± 0.07 

   1.14 

± 0.04 

    3.27 

± 0.18 

    3.87 

± 0.14 

    5.67 

± 0.25 

  2.54 

± 0.12 

35
0
C 

0h 
   1.37 

± 0.08 

    1.27 

± 0.05 

   1.41 

± 0.08 

   0.83 

± 0.03 

  1.38 

± 0.15 

   1.61 

± 0.15 

   1.32 

± 0.13 

  1.08 

± 0.11 

6h 
    3.45 

± 0.04 

   3.67 

± 0.12 

   2.02 

± 0.06 

   1.13 

± 0.07 

   3.78 

± 0.12 

  4.98 

± 0.23 

    5.37 

± 0.22 

  2.45 

± 0.23 

12h 
   7.89 

± 0.04 

   8.45 

± 0.11 

    3.98 

± 0.12 

    2.34 

± 0.12 

  9.89 

± 0.21 

10.67 

± 0.45 

   8.98 

± 0.23 

   5.67 

± 0.25 

40
0
C 

0h 
  1.34 

± 0.06 

   1.25 

± 0.23 

   1.43 

± 0.12 

    0.89 

± 0.15 

    0.87 

± 0.28 

   1.13 

± 0.11 

   1.85 

± 0.12 

   1.05 

± 0.20 

6h 
   6.64 

± 0.43 

   4.67 

± 0.25 

   3.87 

± 0.25 

   3.98 

± 0.13 

   3.65 

± 0.25 

   8.56 

± 0.13 

   3.41 

± 0.25 

 4.36 

± 0.10 

12h 
   9.48 

± 0.45 

10.12 

± 0.22 

   9.12 

± 0.28 

    6.07 

± 0.22 

 10.87 

± 0.12 

10.65 

± 0.50 

  9.89 

± 0.13 

  7.98 

± 0.09 

Values represent Mean ± S.D., where n = 3 

 

Figure 13: Relative fold change of proline content in eight wheat cultivars after 6 h and 

12 h exposure to 40
O
C 
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Table 9: Changes in total sugar content in wheat cultivars subjected to elevated 

temperature for 6 h and 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

Values represent Mean ± S.D., where n = 3 

 

Figure 14: Relative fold change of total sugar in eight wheat cultivars after 6 h and 12h   

exposure to 40
O
C 

Temp. 
Exp. 

time 

Cultivars 

PBW 

343 
HT15 C306 HT 17 HT41 

PBW 

550 
GY MW 

25
0
C 

0h 
6.01 

±0.51 

5.01 

±0.51 

6.34 

±0.24 

6.14 

±0.54 

8.12 

±0.23 

   8.67 

±0.25 

7.87 

±0.56 

  6.88 

±0.54 

6h 
6.12 

±0.45 

5.12 

±0.35 

6.24 

±0.30 

6.12 

±0.32 

8.93 

±0.56 

  8.51 

±0.35 

 7.45 

±0.65 

  6.67 

±0.25 

12h 
6.10 

±0.30 

5.14 

±0.46 

6.21 

±0.22 

6.10 

±0.45 

8.87 

±0.78 

   8.55 

±0.54 

7.65 

±0.90 

  6.45 

±0.44 

30
0
C 

0h 
6.14 

±0.87 

5.02 

±0.71 

6.12 

±0.24 

6.03 

±0.41 

9.02 

±0.50 

8.12 

±0.42 

7.55 

±0.93 

6.83 

±0.53 

6h 
17.45 

±0.65 

18.89 

±0.85 

8.34 

±0.15 

9.87 

±0.35 

20.37 

±0.93 

18.87 

±0.54 

24.41 

±1.04 

19.87 

±0.44 

12h 
23.89 

±0.85 

24.45 

±0.40 

9.87 

±0.56 

10.45 

±0.21 

23.56 

±1.08 

25.76 

±0.24 

22.34 

±1.05 

24.45 

±0.85 

35
0
C 

0h 
6.12 

±0.56 

5.12 

±0.35 

6.02 

±0.25 

6.11 

±0.25 

9.12 

±0.12 

8.05 

±0.15 

7.45 

±0.72 

6.67 

±0.90 

6h 
20.67 

±0.45 

25.51 

±0.87 

12.67 

±0.34 

12.34 

±0.34 

25.41 

±0.63 

24.79 

±0.45 

26.65 

±0.65 

19.89 

±0.50 

12h 
13.67 

±0.40 

12.45 

±0.50 

22.78 

±0.65 

18.85 

±0.32 

17.54 

±0.35 

18.45 

±0.85 

23.56 

±0.45 

25.46 

±0.56 

40
0
C 

0h 
6.08 

±0.67 

5.09 

±0.51 

5.45 

±0.55 

6.18 

±0.55 

4.78 

±0.87 

5.34 

±0.60 

4.34 

±0.34 

5.87 

±0.98 

6h 
9.89 

±0.85 

11.91 

±0.45 

18.87 

±0.33 

17.89 

±0.84 

12.45 

±0.67 

10.56 

±1.01 

10.26 

±1.06 

16.87 

±0.98 

12h 
16.51 

±0.54 

17.78 

±0.76 

30.34 

±0.65 

27.78 

±0.45 

14.67 

±0.50 

16.87 

±0.41 

13.89 

±0.75 

23.56 

±0.40 
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4.1.3. Selection of cultivars and temperature by cluster analysis for PGPR 

treatment 

Hierarchical cluster analysis using the software CLUSTER 3.0 was used to characterize 

the interrelation among physiological parameters and align various wheat cultivars on 

the basis of their basal thermotolerance attributes. To compare the basal 

thermotolerance, eight wheat cultivars were subjected to heat stress at 25
0
C, 30

0
C, 35

0
C, 

40
0
C for 6 h and 12 h. The thermo tolerance properties were then analysed in terms of 

changes in fresh weight, RWC, cell viability, loss of chlorophyll pigment, MDA, 

electrolyte leakage, H2O2 content, proline and soluble sugar accumulation. At 25
0
C no 

significant variations were observed in all biochemical parameters and considerable 

changes were noticed only beyond 30
0
C. Therefore, biochemical and physiological 

changes after exposure at 30
0
C, 35

0
C and 40

0
C for 6h and 12h were taken into 

consideration during cluster analysis. Based on variation in physiological and 

biochemical parameters, all eight cultivars were grouped according to their high 

temperature tolerance that could be interpreted with the aid of the fold change value 

denoted by colour bars. These results suggested a linkage between plant physiological 

parameters subjected to high temperature stress and thermo tolerance among all various 

wheat cultivars. The relation between the physiological parameters among themselves 

was also illustrated in cluster analysis. In the present study, following cluster analysis, 

cultivars were clearly divided into two groups - one of the groups comprising C306 and 

HT17 and second group further divided into two sub groups. One of the subgroup 

contains PBW550 and HT 41 and other group having GY, MW, HT15, PBW343. 

Comparing HSI values with cluster analysis data indicated First group containing C306 

and HT 17 with minimum HSI Index are the tolerant ones. The group comprising 

PBW550, HT41, having highest HSI values can be considered as heat susceptible and 

other group to be moderately susceptible compared to the former group. Thus among 

the eight two most susceptible cultivars, PBW550 and HT41 were selected for PGPR 

application and temperature stress amelioration studies to have an idea of PGPR 

modulated physiological and biochemical changes associated with temperature stress 

tolerance (Fig. 14). 
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Figure 15: Hierarchical cluster analysis of the eight wheat cultivars differing in heat 

sensitivities based on the relative fold change values of Fresh weight, RWC, cell 

viability, loss of chlorophyll pigment, MDA, electrolyte leakage, H2O2 content, proline 

and soluble sugar accumulation after exposure to 30
0
C, 35

0
C, 40

0
C for 6h and 12 h. 

Resulting tree figure was displayed using Java Treeview after hierarchical cluster 

analysis through Cluster 3.0 

FW: Fresh weight; RWC: Relative water content; CV: Cell viability; PRO: Proline; 

TS: Soluble sugars; MDA: malonedialdehyde; EL: Electrolyte leakage; H2O2: 

Hydrogen peroxide; Chl: Total chlorophyll content; 30: 30
0
C; 35: 35

0
C; 40: 40

0
C; 6: 6 

h heat treatment; 12: 12 h heat treatment 
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4.2. Characteristics of selected rhizobacteria 

4.2.1. Morphology 

Two PGPR strains previously isolated and identified by Chakraborty et al. (2013) 

Bacillus safensis (JX 660688) and Ochrobactrum pseudogrignonense (JX 660689)  

isolated from the wheat (Triticum aestivum L.) and blady grass (Imperata cylindrica L.) 

rhizosphere respectively were selected for amelioration of heat stress. Among the two 

strains B.safensis (Fig. 16A) is gram positive, rod shaped having length of 2.29 μm and 

O. pseudogrignonense (Fig. 16B) was found to be gram negative round to oval in shape 

having 1.24 μm diameter. Scanning electron microscopic studies revealed both bacteria 

are smooth walled and O. pseudogrignonense cells are surrounded by slimy 

exopolysaccharide layer.  

 

 Figure 16A: Colony morphology on Petri plate (a), light microscopic view (b) and 

scanning electron micrographs(c, d) of B. safensis 
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Figure 16B: Colony morphology on Petri plate (a), light microscopic view (b) and 

scanning electron micrographs (c, d) of O. pseudogrignonense  

4.2.2. Effect of temperature and incubation period on growth of PGPR 

The ability of the PGPR strains to grow at elevated temperature was tested to confirm 

their capacity to withstand high temperature. For this, two isolates were grown at 

different temperatures ranging from 30ºC to 60ºC for various time periods. The growth 

of B. safensis was found to be best at 48 h (Fig 17, a) whereas in case of O. 

pseudogrinonense maximum growth was observed only after 72 h across all 

temperatures (Fig 17, b). After incubation at 30
0
C and 40

0
C for 48 h (log phase) Log 

CFU values of B. safensis was found to be highest- 12.20 log CFU/ml and 13.12 log 

cfu/ml respectively and in case of O.pseudogrignonense after incubation at 30
0
C and 

40
0
C for 72 h (log phase) log CFU values was found to be – 13.74 log CFU /ml and 

11.78 log CFU /ml respectively. Results revealed that both PGPR could grow under 

elevated temperature conditions, but among the two, B. safensis could grow better at 

40
0
C (Fig. 18) and these two PGPR were able to retain their PGP attributes at 40

0
C. 
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Plant growth promoting tests viz. phosphate solubilisation, protease production, 

siderophore production, chitinase, IAA producton, starch hydrolysis attributes of both 

bacteria were tested at 40
0
C (Table 10, Fig. 19).  

 

Figure 17: Effect of incubation period and temperature on growth of B. safensis (a) and 

O. pseudogrignonense (b)  

 

Figure 18: Effect of temperature on growth of B. safensis (48 h) and                                 

O. pseudogrignonense (72 h)  
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4.2.3. In vitro characterization of plant growth promoting activities 

Plant growth promoting activities of the two selected PGPR were tested in detail at 

40
0
C to determine their efficacy to promote plant growth. Plant growth promoting 

properties, like Indole acetic acid production, phosphate solubilization, starch 

hydrolysis, catalase, siderophore and protease production were found to be positive for 

the selected PGPR at 40
0
C.  

Table 10: Screening of bacterial isolates for in vitro plant growth promotion activity 

 

 

 

 

 

 

 

 

 

Figure 19: In vitro PGPR activities of B. safensis and O. pseudogrignonense. a and d-

phosphate solubilization; b and e-siderophore production ; c and f – protease 

production; d and g –shydrolysis ; B. safensis- a,b,c,d: O. pseudogrignonense –d,e,f,g 
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4.2.3.1. Phosphate solubilisation 

Solubilization of phosphate by the isolates was determined by inoculating them in both 

Pikovskaya agar medium. The production of clear halo zone was considered as positive 

result for phosphate solubilization. Both the isolates produced clear halo zone in 

Pikovskaya medium, but the zone produced by B. safensis was much clearer, which was 

indication of much higher amount of phosphate solubilization by the isolate (Table 10, 

Fig. 19a, and Fig. 19 d). 

4.2.3.2. Siderophore production  

The production of iron chelating siderophore by bacterial strains was detected by 

growing the bacteria individually in chrome azurol S agar plate. The plates were 

observed for 10-15 days after inoculation with the isolates. A yellow halo zone was 

produced around the colonies of both the isolates which indicated that the strains were 

able to produced siderophore, which chelated iron from blue coloured chrome azurol S 

agar plate (Table 10, Fig. 19b, Fig. 19e). 

4.2.3.3. Protease production 

The protease production by the isolates was determined by growing them on skimmed 

milk agar plates. Both the isolates showed clear halo zone around the colonies after 48 

hours of incubation (Table 10, Fig. 19c, Fig. 19f). 

4.2.3.4. IAA production 

Both  the  bacterial  strains  were  assessed  for  their  ability  to  produce  indole 

growing them in Luria  Bertani  Broth  supplemented with  tryptophan  (0.1  mM). Both 

B. safensis and O. peudogrignonense showed significant amount IAA production which 

was quantified as 36.5 μg/ml and 26.6 μg/ml of IAA respectively (Table 10). 

4.2.3.5. Starch hydrolysis 

The bacteria were streaked on starch agar plates (NA + 0.1% soluble starch) and 

incubated for 5 days at 37°C. The plates were flooded with Lugol‘s iodine solution. The 

clear zone underneath and around the growth indicates starch hydrolysis around the 

colonies of both the isolates (Table 10, Fig. 19d, Fig. 19g). 
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4.2.4. Plant growth promotion following biopriming with PGPR 

 

The growth promotion ability of B. safensis and O. pseudogrignonense was tested in 

terms of increase in height, root and shoot length, dry weight in 15 and 30 days old 

PGPR primed plants. PBW 550 and HT 41 found to be most heat susceptible among the 

eight cultivars during preliminary screening were selected for PGPR priming. It was 

observed that, plant growth increased significantly in B. safensis and O. 

pseudogrignonense primed plants after 15 and 30 days. PGPR primimg significantly 

increased in shoot and root dry weight. In B. safensis primed PBW550, there was 

36.41% and 38.50% increase in shoot and root dry weight respectively and in O. 

pseudogrignonense primed plants there was 17.94 % and 22.99% increase in shoot and 

root dry weight in comparison control after 30 days of growth . Whereas in case of  HT 

41 B. safensis priming increased 19.17% and 42.38% in shoot and root dry weight and 

O. pseudogrignonense priming increased 15.54% and 31.12 % in shoot and root dry 

weight in comparison control after 30 days of growth (Fig. 20, Table 11 ).   

Significant increase in root and shoot length was observed in PGPR primed seedlings in 

comparison to untreated control in both the cultivars. In B. safensis primed PBW 550, 

there was 26.51% and 67.05% increase in shoot and root length and                                              

O. pseudogrignonense  primed plants there was 21.57% and 39.58% increase in shoot 

and root length in comparison control after 30 days of growth . Whereas in case of  HT 

41, B. safensis priming increased  shoot and root length 36.34% and 63.02 % 

respectively and O. pseudogrignonense   priming increased 29.87 % shoot and 31.48 % 

root length in comparison control after 30 days of growth (Fig. 20, Table 12).  . 

Phosphate mobilization from soil to plant through root system was also increased in 

PGPR primed plants.  In B. safensis primed 30 day old seedlings of PBW 550, there was 

1.58 fold and in O. pseudogrignonense primed plants there was 1.63 fold increase in 

root phosphate in comparison control in 30 days of growth. Leaf phosphate content also 

increased in PGPR primed plants (Fig. 21).  
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Figure 20:  Effect of B.safensis and O. pseudogrignonense priming on growth of wheat 

cultivars (a, b, e, f- 15 days) and (c and d- 30 days). (a, c, e -PBW 550, b,d,f- HT 41) 
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Table 11: Effect of of B. safensis and O. pseudogrignonense on plant root and shoot 

dry mass of wheat plants after 15 and 30 days of application 

Cultivars Treatments Root dry wt./plant 

(g) 

Shoot dry 

wt./plant (g) 

15 days 

HT 41 

Control 0.44 ± 0.03 0.67 ± 0.04 

B. safensis 0.66 ± 0.04 0.78± 0.05 

O. pseudogrignonense 0.76 ± 0.06 0.76 ± 0.04 

PBW550 

Control 0.37 ± 0.05 0.56 ± 0.03 

B. safensis 0.54 ± 0.03 0.77 ± 0.03 

O. pseudogrignonense 0.68 ± 0.04 0.76 ± 0.06 

30 days 

HT 41 

Control 1.51 ± 0.03 1.93 ± 0.04 

B. safensis 2.15 ± 0.04 2.30± 0.05 

O. pseudogrignonense 1.98 ± 0.06 2.23 ± 0.04 

PBW550 

Control 1.87 ± 0.05 1.95 ± 0.03 

B. safensis 2.59 ± 0.03 2.66 ± 0.03 

O. pseudogrignonense 2.45 ± 0.04 2.30 ± 0.06 

 Values are Mean ± S.D 

 

Table 12: Effect of B.safensis and O.pseudogrignonense on plant root and shoot 

length of wheat plants after 15 and 30 days of application 

Values are Mean ± S.D 

 

Cultivars Treatments Root length/plant (cm) 
Shoot lenght/plant 

(cm) 

15 days 

HT 41 

Control 7.56 ± 0.15 8.12 ± 1.12 

B. safensis 11.26 ± 0.20 13.56 ± 1.13 

O. pseudogrignonense 12.23 ± 0.18 12.56 ± 1.10 

PBW550 

Control 4.56 ± 0.12 8.34 ± 1.11 

B. safensis 7.89 ± 0.15 15.12 ± 0.97 

O. pseudogrignonense 8.67 ± 0.10 13.67 ± 1.12 

30 days 

HT 41 

Control 15.12 ± 0.15 28.12 ± 1.12 

B. safensis 24.65 ± 0.20 38.34 ± 1.13 

O. pseudogrignonense 19.88 ± 0.18 36.52 ± 1.10 

PBW550 

Control 14.78 ± 0.12 29.34 ± 1.11 

B. safensis 24.69 ± 0.15 37.12 ± 0.97 

O. pseudogrignonense 20.63 ± 0.10 35.67 ± 1.12 
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Figure 21: Effect of B. safensis (B.S) and O. pseudogrignonense (O.P) on phosphate 

mobilization and phosphate content 
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4.3. In vitro interaction between PGPR and fungal pathogen 

4.3.1 Antagonistic activity of PGPR in solid medium 

Antagonistic activity of two PGPR, B. safensis and O.pseudogrignonense against 

B.sorokiniana were tested by dual culture plate technique and it was observed that both 

these two PGPR effectively reduced growth of B. sorokiniana.  Their interactions and 

inhibition has been presented in Figure 22. 

 

Figure 22: In vitro antagonistic activity of B. safensis and O.pseudogrignonense against 

B. sorokiniana. a- B. sorokiniana control plate. b and c. B. safensis paired with B. 

sorokiniana : d and e - O. pseudogrignonense  paired with B. sorokiniana 
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4.3.2. Partial characterization of active principles from the cells of PGPR using    

GC –MS 

The cell free culture filtrates of two PGPR, B. safensis and O.pseudogrignonense were 

extracted separately in ethyl acetate. The ethyl acetate fraction was partially 

characterized by GC-MS. The GC-MS analysis revealed the presence of several active 

compounds, some of them reported to have antifungal and antimicrobial activity. A total 

of 56 compounds and 54 compounds were detected in GC/MS analysis for B. safensis 

(Fig. 23) and O.pseudogrignonense (Fig. 25). Among them, compounds having highest 

peak have been summarised in Table 13 and Table 14. 

 Figure 23: GC-MS total ion   chromatogram (TIC)  of ethyl acetate fraction of cell free 

culture filtrate of B. safensis 
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 Table 13: Chemical composition of ethyl acetate fraction of cell free culture filtrate of 

B. safensis by GC/MS analysis 

 

 

 

 

 

 

 

 

Peak R. Time 
Area 

% 
Name 

Mol. 

formula 

Mol. 

Weight 

1 14.993 2.19 1-Tetradecene C14H28 196 

2 19.150 3.58 1-Hexadecene C16H32 224 

3 22.876 3.14 E-15-Heptadecenal C17H32O 210 

4 25.858 13.13 
Pyrollo [1,2-a] pyrazine-

1,4-dione 
C11H18N2O2 252 

5 26.273 25.54 
9-octadecenoic acid (z)-

methyl ester 
C18H34O2 282 

6 32.390 7.21 

Pyrrolo[1,2-a]pyrazine-

1,4-dione, hexahydro-3-

(phenylmethl ) 

C14H16N2 O2 244 

7 35.609 1.68 
L-prolinamide,5-oxo-l-

prolyl-l-phenylalanyl 
C19H24N4O5 388 

8 36.117 1.56 
2,5-piperazinedione 

 
C15H20N2O3 276 
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Figure 24A: Compounds identified in ethyl acetate fraction of cell free culture filtrate 

of B. safensis : a. 1-Tetradecene, b. 1-Hexadecene 
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Figure 24B: Compounds identified in ethyl acetate fraction of cell free culture filtrate 

of   B. safensis : c. E-15-Heptadecenal, d. Pyrollo [1,2-a] pyrazine-1,4-dione 
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Figure 24C: Compounds identified in ethyl acetate fraction of cell free culture filtrate 

of B. safensis: e. 9-octadecenoic acid (z)-methyl ester, f. Pyrrolo[1,2-a]pyrazine-1,4-

dione 
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Figure 24D: Compounds identified in ethyl acetate fraction of cell free culture 

filtrate of B. safensis: g. L-prolinamide, 5-oxo-l-prolyl-l-phenylalanyl h. 2, 5-

piperazinedione  
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Figure 25: GC-MS total ion chromatogram (TIC) of ethyl acetate fraction of cell free 

culture filtrate of O. pseudogrignonense 
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Table 14: Chemical composition of ethyl acetate fraction of cell free culture filtrate 

of O. pseudogrignonense by GC/MS analysis 

 

 

 

 

 

 

 

 

 

Peak R. Time Area  

% 

Name Mol. 

formula 

Mol. 

Weight 

1 14.971 2.20 1-Tetradecene C14H28 196 

2 19.123 3.78 1-Hexadecene C16H32 224 

3 22.540 6.01 
Piperidine, 2-methyl-1-

nitroso-piperadine 
C6H12N2O 128 

4 25.538 12.03 

Pyrrolo[1,2-a]pyrazine-

1,4-dione, hexahydro-3-

(2-methylpropyl) 

C11H18N2 

O2 
210 

5 26.008 6.15 n-Hexadecanoic acid C16H32O2 256 

6 28.602 3.98 9-Octadecenoic acid  C18H34O2 282 
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Figure 26A: Compounds identified in ethyl acetate fraction of cell free culture 

filtrate of O. pseudogrignonense : a. 1-Tetradecene, b. 1-Hexadecene 
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Figure 26B: Compounds identified in ethyl acetate fraction of cell free culture filtrate 

of   O. pseudogrignonense  : c- Piperidine, 2-methyl-1-nitroso-piperadine , d  -

Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl) 
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Figure 26C: Compounds identified in ethyl acetate fraction of cell free culture filtrate 

of O. pseudogrignonense  : e- n-Hexadecanoic acid, f- 9-Octadecenoic acid 
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4.4. Biochemical and physiological changes in wheat cultivars under high 

temperature following biopriming with PGPR 

4.4.1. Fresh weight and Relative water content  

Plant growth was significantly affected by high temperature. Heat stress significantly 

decreased (P≤0.05) fresh weight (Table 15). Reduction in fresh weight during heat 

treatment for 12 h in unprimed seedlings ranged from 22.82% to 70.10% in HT 41 

where as in PBW550 reduction was from 25.04% to 71.11% but application of PGPR, 

especially Bacillus safensis maintain fresh weight much better with around 50% even in 

the maximum stressed seedlings.  In B. safensis treated plants heat treatment for 12 h 

decreased fresh weight only by 49.75% in HT41 and 48.34% in PBW550, whereas O. 

pseudogrignoense priming reduced fresh weight 58.96% and in HT41 and 60.06% in 

PBW550.  

Leaf RWC gradually decreased in all unprimed and PGPR primed plants of HT41 and 

PBW 550 exposed to 40
0
C (Table 16). After 12 h of heat treatment, maximum reduction 

of 59.43% and 53.48% in leaf RWC was recorded in unprimed HT 41 and PBW 550 

respectively. However, seed priming uphold RWC during heat stress. Priming with                   

B. safensis lessened water loss by 24.67% in HT 41 and 24.63% in PBW550 where as 

O. pseudogrignonense reduced water loss by 15.28% and 10.45% in HT 41 and 

PBW550 respectively after exposure to high temperature for 12 h .  

4.4.2. Cell viability 

The positive consequence of PGPR priming was not only observable on plant growth 

parameters but was also manifested in cell survival percentage. Pre-treatment with 

PGPR acclimatised and improved cell viability and acquired thermo tolerance in wheat 

seedlings signifying a protective effect by these bacteria especially by B.safensis at high 

temperature. Heat stress significantly (P≤0.05) reduced cell viability by 54.83% in 

unprimed HT 41 and by 48.60% in PBW550 where as in B. safensis primed seedlings 

cell viability percentage was considerably high even following 12 hours of heat stress 

(Table 19). However, there was significant reduction in cell viability percentage even 

after application of O. pseudogrignonense.  
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Figure 27A:  Phenotypic changes in wheat cultivar HT 41 (a- unprimed, b- B. safensis 

primed, c- O. pseudogrignonense primed) after 12 h exposure at 40
0
C  

            

Figure 27B:  Phenotypic changes in wheat cultivar PBW 550 (a- unprimed, b- B. 

safensis primed, c- O. pseudogrignonense primed) after 12 h exposure at 40
0
C  
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Table 15: Effect of high temperature on fresh weight of untreated and PGPR primed 

plants 

Wheat 

cultivars 
Treatments 

 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒC 
1.84 ± 

0.02 
1.42 ± 

0.04* 

0.78 ± 

0.05* 
0.55 ± 

0.04* 

B.safensis + 40ᵒC 
2.01 ± 

0.04 

1.84 ± 

0.04 
1.56 ± 

0.06* 
1.01 ± 

0.05* 

O. pseudogrignonense  + 40ᵒC 
2.12 ± 

0.05 
1.73 ± 

0.05 
1.38 ± 

0.03* 
0.87 ± 

0.53* 

PBW550 

40ᵒC 
1.80 ± 

0.05 
1.35 ± 

0.06* 
0.81± 

0.07* 
0.52 ± 

0.05* 

B.safensis + 40ᵒC 
2.11 ± 

0.04 
1.78 ± 

0.06 
1.37 ± 

0.08* 
1.09 ± 

0.07* 

O. pseudogrignonense + 40ᵒC 
2.15 ± 

0.08 
1.66 ± 

0.07 
1.25 ± 

0.05* 
0.86 ± 

0.05* 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

 

Table 16: Anova of data presented in Table 15  

HT41 

      Source  of 

Variation 
SS df MS F P-value F crit 

Rows 0.477617 2 0.238808 14.06824 0.00543 5.143253 

Columns 2.365425 3 0.788475 46.44919 0.000151 4.757063 

Error 0.10185 6 0.016975 

          Total 2.944892 11         
      

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.479617 2 0.239808 47.04687 0.000215 5.143253 

Columns 2.464292 3 0.821431 161.1526 4.01E-06 4.757063 

Error 0.030583 6 0.005097 

    

Total 2.974492 11         
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Table 17: Effect of high temperature on relative water content (%) of untreated and 

PGPR primed plants 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 18: Anova of data presented in Table 17  

HT41 

      Source of Variation SS df MS F P-value F crit 

Rows 273.4945 2 136.7473 3.273488 0.109354 5.143253 

Columns 2890.827 3 963.6092 23.0671 0.001077 4.757063 

Error 250.6451 6 41.77418 

   Total 3414.967 11         

 

 

 

 

 

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒC 
87.12 ± 

1.12 
75.23 ± 

0.74* 

52.76 ± 

1.14* 
35.34 ± 

1.24* 

B.safensis + 40ᵒC 
86.67 ± 

1.13 

79.61 ± 

0.64 
72.34 ± 

1.12* 
56.54 ± 

1.12* 

O. pseudogrignonense  + 40ᵒC 
86.60 ± 

0.89 
75.01 ± 

1.16 
50.92 ± 

1.11* 
48.37 ± 

1.23* 

PBW550 

40ᵒC 
88.23 ± 

0.54 
70.45 ± 

0.78* 
48.56 ± 

1.08* 
36.67 ± 

1.10* 

B.safensis + 40ᵒC 
87.98 ± 

1.04 
80.54 ± 

0.78 
71.45 ± 

1.80* 
58.24 ± 

1.08* 

O. pseudogrignonense + 40ᵒC 
88.12 ± 

1.25 
75.33 ± 

1.01 
52.63 ± 

1.15* 
45.84 ± 

1.11* 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 382.4845 2 191.2423 5.706543 0.04091 5.143253 

Columns 3028.714 3 1009.571 30.12495 0.000515 4.757063 

Error 201.0768 6 33.5128 

   
Total 3612.276 11         
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Table 19: Effect of heat stress on cell viability (%) of untreated and PGPR primed 

plants 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 20: Anova of data presented in Table19  

HT41 
      

Source of 

Variation 
SS df MS F P-value F crit 

Rows 596.9058 2 298.4529 6.271833 0.033874 5.143253 

Columns 3307.141 3 1102.38 23.16595 0.001065 4.757063 

Error 285.5174 6 47.58623 

   Total 4189.564 11         

 

PBW550 
      

Source of 

Variation 
SS df MS F P-value F crit 

Rows 547.1354 2 273.5677 10.07387 0.012082 5.143253 

Columns 2856.771 3 952.2569 35.06596 0.000337 4.757063 

Error 162.937 6 27.15617 

   
Total 3566.843 11         

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒC 
78.18 

±1.09 

44.12 

± 0.88* 

32.76  

± 1.13* 
23.35 

 ± 1.22* 

B. safensis + 40ᵒC 
77.65  

±1.15 

69.60  

± 0.98 
52.34 

 ± 1.17* 
48.58 

± 1.09* 

O. pseudogrignonense  + 40ᵒC 
76.61  

±1.11 

65.05  

± 1.15 
42.95 

 ± 1.17* 
32.38  

± 1.29* 

PBW550 

40ᵒC 
76.25  

±0.89 

45.42  

± 1.09* 
37.57 

 ± 1.08* 
27.65 

 ± 1.14* 

B. safensis + 40ᵒC 
78.46  

±1.04 

69.62  

± 0.78 
55.45 

 ± 1.80* 
48.24  

± 1.08* 

O. pseudogrignonense + 40ᵒC 
76.10  

±1.28 

57.35  

±1.13 

41.62 

 ± 1.08* 
32.85  

± 1.06* 
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4.4.3. Membrane stability changes 

4.4.3.1. Electrolyte leakage 

High temperature escalated electrolyte leakage significantly (P≤ 0.05) in unprimed 

seedlings. Electrolyte leakage expressed as the percentage of ion leakage in leaf tissue 

of all the plants increased with the increase in heats stress and passage of time. A sharp 

increase in electrolyte leakage was observed in unprimed plants subjected to heat stress 

at 4
th

 hour and continued to raise upto 12 h. Electrolyte leakage increased 7.38 fold in 

HT 41 and 7.69 fold in PBW550 after 12 h of exposure at 40
0
C. However, as compared 

to the results of the untreated plants, PGPR priming declined accumulation of 

electrolyte leakage significantly. Among the two PGPR, B.safensis priming was able to 

reduce electrolyte leakage by 2.51 fold in HT 41 and 2.78 fold in PBW550 at 8
th

 hour of 

heat stress and 3.93 fold in HT 41 and 3.25 fold in PBW550 after 12 h of heat stress. 

While, O. pseudogrignonense lessened electrolyte leakage by 0.59 fold and 1.57 fold in 

HT 41 and PBW550 respectively after 8 h and by 1.67 fold and 1.56 fold in HT 41 and 

PBW550 respectively after 12 h exposure to 40
0
C (Table 21).  

4.4.3.2. Effect on lipid peroxidation 

Membrane lipid peroxidation evaluated as the amount of malonaldehyde (MDA) 

accumulated in leaf tissues and considered to be a crucial biochemical indicator for 

assessing degree of membrane damage. There was rise in MDA level in all the plants 

after they were exposed to 40
0
C for a range of time period. In case of unprimed plants 

MDA level increased significantly after 4h exposure to 40
0
C and continued to rise upto 

12h. MDA level increased 5.40 fold in HT 41 and 4.53 fold PBW550 after 12h of 

exposure at 40
0
C which is lethal for normal physiological and biochemical processes. 

However, B. safensis priming declined accumulation of MDA content by 2.58 fold in 

HT 41 and 2.08 fold in PBW550. Whereas O. pseudogrignonense was not as effective 

as B.safensis. O.pseuodgrignonense lessened accumulation of MDA content by 1.52 

fold in HT 41 and 1.63 fold in PBW550 after 12 h exposure to 40
0
C (Table. 23). 
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Table 21: Effect of heat stress on electrolyte leakage of untreated and PGPR primed 

plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 22: Anova of data presented in Table 21  

HT41 
      

Source of Variation SS df MS F P-value F crit 

Rows 722.8009 2 361.4004 4.928974 0.054164 5.143253 

Columns 4367.938 3 1455.979 19.85743 0.001617 4.757063 

Error 439.9298 6 73.32163 

   
Total 5530.668 11         

 

PBW550 
      

Source of 

Variation 
SS df MS F P-value F crit 

Rows 1129.79 2 564.8949 7.239983 0.025146 5.143253 

Columns 4862.329 3 1620.776 20.7727 0.001432 4.757063 

Error 468.146 6 78.02434 

   
Total 6460.265 11         

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
10.51 

 ± 0.25 

31.41 

 ± 0.41 

61.34 

± 0.52* 

77.63 

 ± 0.40* 

B.safensis + 40ᵒ C 
10.41 

 ± 0.24 

21.37  

± 0.34 

34.59  

± 0.63 

41.00  

± 0.56* 

O. pseudogrignonense  + 40ᵒ C 
10.56 

 ±0.24 

34.74 

 ± 0.47 

55.37 

 ± 0.40* 

60.28  

± 0.53* 

PBW550 

40ᵒ C 
10.71 

 ± 0.58 

46.89 

± 0.64* 

69.52  

± 0.75* 

82.44  

± 0.21* 

B.safensis + 40ᵒ C 
9.54 

 ± 0.25 

27.33 

 ± 0.49 

35.40  

± 0.66* 

42.40  

± 0.53* 

O. pseudogrignonense + 40ᵒ C 
10.40 

 ± 0.32 

35.27 

±0.36 

57.77  

± 0.45* 

63.74  

± 0.56* 
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Table 23: Effect of heat stress on MDA content of untreated and PGPR primed plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 24: Anova of data presented in Table 23 

 

HT41 
      

Source of Variation SS df MS F P-value F crit 

Rows 892.496 2 546.2479 4.462872 0.03496 5.183253 

Columns 552.06 3 917.353 50.93731 0.000116 4.777063 

Error 103.275 6 167.2125 

   Total 2846.85 11         

  

 

 

 

 

 

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
0.430 

± 0.002 

1.22 

± 0.004* 

1.86  

±0.005* 

2.32 

 ± 0.004* 

B.safensis + 40ᵒ C 
0.41  

± 0.004 

0.67  

± 0.005 

0.97  

± 0.006 

1.16  

± 0.005* 

O. pseudogrignonense  + 40ᵒ C 
0.42  

± 0.005 

0.79  

± 0.005 

1.24  

±0.003* 

1.63  

± 0.003* 

PBW550 

40ᵒ C 
0.54  

± 0.007 

0.95  

± 0.008* 

1.25  

±0.006* 

2.45  

± 0.004* 

B.safensis + 40ᵒ C 
0.51 

 ± 0.004 

0.88  

± 0.006 

1.03  

±0.006* 

1.25  

±0.007* 

O. pseudogrignonense + 40ᵒ C 
0.53  

± 0.005 

0.98 

±0.005* 

1.35 

±0.005* 

1.54 

± 0.008* 

PBW550 
      

Source of Variation SS df MS F P-value F crit 

Rows 4885.104 2 1942.552 7.950988 0.035813 5.783253 

Columns 31521.4 3 7173.8 24.40843 0.000743 4.787063 

Error 1627.888 6 271.6481 

   
Total 28036.37 11         
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4.4.4. Hydrogen peroxide content
 

Reactive oxygen species generated during various biotic and abiotic stresses have high 

affinity to cell membranes, DNA, or proteins in plant cells. High temperature 

significantly raised level of ROS such as hydrogen peroxide (H2O2) and superoxide (O2
.-

) over time. There was a sharp rise in leaf H2O2 level in all plants of unprimed HT41 and 

PBW550 at 40
0
C in comparison to control. H2O2 increased 2.43 fold in HT 41 and 2.54 

fold in PBW 550 after 12 h exposure at 40
0
C. However in PGPR treated plants H2O2 

accumulation was much lesser than in control heat stressed plants. Among the two 

PGPR, B.safensis priming was able to reduce H2O2 accumulation 0.43 fold in HT 41 

and 0.77 fold in PBW550 after 12 h of heat stress while, O. pseudogrignonense lessened 

accumulation of H2O2 content by 0.22 fold and 0.33 fold in HT 41 and PBW550 

respectively after 12 h exposure to 40
0
C (Table 25 ).  

  4.4.5. In situ localization of H2O2 and O2
- 

 The production of superoxide anion is another form of ROS which was detected in the 

leaf tissue by observing the insoluble blue-coloured formazan complex indicative of 

NBT reduction by O2
·−

. Increase in the regions of blue formazan complex indicates the 

increase in superoxide (O2
.-
). Superoxide accumulation within tissues enhanced 

radically during early hours of heat stress. In unprimed plants a gradual increase in 

superoxide formation was observed after 12h of heat stress at 40
0
C as dark blue patches 

in leaf tissues of PBW 550 and HT 41. But PGPR priming especially B. safensis 

reduced superoxide accumulation even after 12 h of heat stress (Fig. 28A & 28B).  

Similarly, the production of H2O2 in leaf tissue was evaluated by the formation of 

reddish- brown H2O2-DAB complex. Dark brown H2O2-DAB complex patches 

gradually intensified in leaf tissue of untreated plants when subjected to heat stress 

(40
o
C) for 12 h. Whereas in PGPR primed plants of HT 41 and PBW 550, H2O2 

localization was much lesser even after 12 h of heat stress (Fig. 29A & 29B).  

 

 

 

 



 
 

115 
 

Table 25: Effect of heat stress on H2O2 content of untreated and PGPR primed plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 26: Anova of data presented in Table 25  

HT41 

      Source of 

Variation 
SS df MS F P-value F crit 

Rows 1492.496 2 746.2479 4.462872 0.06496 5.143253 

Columns 25552.06 3 8517.353 50.93731 0.000116 4.757063 

Error 1003.275 6 167.2125 

   Total 28047.83 11         

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
101.12 

± 1.51 

151.19  

± 1.45 

201.32 

± 1.02* 

245.82  

± 0.56* 

B.safensis + 40ᵒ C 
98.30  

± 1.48 

117.07  

± 1.25 

181.52 

 ± 0.61 

196.67  

± 0.65* 

O. pseudogrignonense  + 40ᵒ C 
98.74  

± 1.11 

161.48  

± 0.98 

191.52  

± 0.84* 

218.12 

 ± 1.09* 

PBW550 

40ᵒ C 
99.37 

 ± 0.75 

156.84  

± 1.10* 

188.15  

± 1.15* 

253.15 

 ± 1.43* 

B.safensis + 40ᵒ C 
98.78 

 ± 1.47 

114.10  

± 0.49 

135.27  

± 1.18* 

175.28 

± 1.35* 

O. pseudogrignonense + 40ᵒ C 
97.67  

± 0.63 

122.44 

±1.26 

152.48 

 ± 0.74* 

213.74 

 ± 1.17* 

PBW550 

      Source of Variation SS df MS F P-value F crit 

Rows 3885.104 2 1942.552 7.150988 0.025813 5.143253 

Columns 21521.4 3 7173.8 26.40843 0.000743 4.757063 

Error 1629.888 6 271.6481 

   
Total 27036.39 11         
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Figure 28A:  In situ O2
-
 localization in leaves of control and PGPR primed plants 

during heat stress for 12 h in PBW550. Unprimed seedling (a-0h,b- 4h,c-8h, d-12h), 

B.safensis primed seedling (e-0h, f-4h, g-8h, h-12h), O.pseudogrignonense primed 

seedling (i-0h, j- 4h, k-8h, l-12h) 
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Figure 28B:  In situ O2
-
 localization in leaves of control and PGPR primed plants 

during heat stress for 12 h in HT41. Unprimed seedling (a-0h,b- 4h,c-8h, d-12h), 

B.safensis primed seedling(e-0h, f-4h, g-8h, h-12h), O.pseudogrignonense primed 

seedling (i-0h, j- 4h, k-8h, l-12h) 
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Figure 29A: In situ H2O2 localization in leaves of control and PGPR primed plants 

during heat stress for 12 h in HT 41. Unprimed seedling (a-0h,b- 4h,c-8h, d-12h), 

B.safensis primed seedling(e-0h, f- 4h, g-8h, h-12h), O.pseuodogrignonense primed 

seedling (i-0h, j- 4h, k-8h, l-12h) 
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Figure 29B: In situ H2O2 localization in leaves of control and PGPR primed plants 

during heat stress for 12 h in PBW550. Unprimed seedling (a-0h,b- 4h,c-8h, d-12h), 

B.safensis primed seedling(e-0h, f- 4h, g-8h, h-12h), O.pseudogrignonense primed 

seedling (i-0h, j- 4h, k-8h, l-12h) 
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4.4.5. Changes in chlorophyll content  

4.4.5.1. Total chlorophyll content 

Photosynthetic efficiency and chlorophyll content were mainly affected by high 

temperature stress. Results showed insignificant raise in chlorophyll content at 4
th

 hour 

of heat stress across all treatments. This may be attributable to clustering of chloroplast 

within cell due to dehydration. With increase in exposure time total chlorophyll content 

reduced significantly (P≤ 0.05) in unprimed plants of both cultivars where as in B. 

safensis and O. pseudogrignonense  primed plants decline in chlorophyll content was 

much lesser over time (Fig. 30 ). Reduction in total chlorophyll content during heat 

treatment for 12h in unprimed seedlings ranged from 2.71% to 42.44% in HT 41 where 

as in PBW550 reduction was from 5.88 % to 50.01 % but of in PGPR primed, 

especially in B. safensis primed plants reduction in total chlorophyll content was much 

less even in the maximum stressed seedlings.  In B. safensis treated plants heat 

treatment for 12h decreased total chlorophyll content only by 13.27% in HT41 and 

11.71% in PBW550, whereas in O. pseudogrignonense treated plants heat stress for 12h 

reduced chlorophyll content by 36.84% in and 31.19% in HT41 and PBW550 

respectively as compared to control plants. 

4.4.5.2. Chlorophyll a/b ratio 

 Interestingly, the chlorophyll a/b ratio showed an initial increase in all varieties before 

declining during heat stress, and this decrease was greater in case of unprimed plants of 

both HT 41 and PBW550 in comparison to PGPR primed plants. The increase in the 

ratio of chlorophyll a/b corresponded to the higher value of chl. a content than the 

content of chl. b and the decrease in the chl. a/b ratio corresponded to the lower content 

of chlorophyll a than the content of chlorophyll b during the above stresses (Fig 31).  
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Figure 30: Effect of heat stress on total chlorophyll content of untreated and PGPR 

primed plants 

                

 
Values represent Mean ± S.D., where n = 3; * above the bars designate significant differences   (P ≤ 0.05) 

according to Fischer‘s LSD test 

Table 27: Anova of data presented in Figure 30  

HT 41 

      
Source of Variation SS df MS F P-value F crit 

Rows 0.213148 2 0.106574 12.51723 0.007226 5.143253 

Columns 0.279306 3 0.093102 10.93492 0.007602 4.757063 

Error 0.051085 6 0.008514 

   
Total 0.543539 11         

 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.159717 2 0.079858 7.142609 0.025877 5.143253 

Columns 0.260292 3 0.086764 7.760248 0.01731 4.757063 

Error 0.067083 6 0.011181 

   
Total 0.487092 11         

 

 



 
 

122 
 

Figure 31: Effect of heat stress on chlorophyll a/b ratio of untreated and PGPR primed 

plants 

 

Values represent Mean ± S.D., where n = 3; * above the bars designate significant differences (P ≤ 0.05) 

according to Fischer‘s LSD test 

. 

Table 28: Anova of data presented in Figure 31 

 

 

 

 

 

 

PBW 550 

      Source of 

Variation 
SS df MS F P-value F crit 

Rows 0.10445 2 0.052225 3.700256 0.089761 5.143253 

Columns 0.559692 3 0.186564 13.21846 0.004714 4.757063 

Error 0.084683 6 0.014114 

   
Total 0.748825 11         

 

 

HT 41 

      Source of Variation SS df MS F P-value F crit 

Rows 0.0654 2 0.0327 1.285153 0.343135 5.143253 

Columns 0.533758 3 0.177919 6.992467 0.02196 4.757063 

Error 0.152667 6 0.025444 

    

Total 0.751825 11         
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4.4.7. Ultra structural changes in cell organelles 

TEM study revealed the intracellular changes associated with heat stress in susceptible 

PBW550 cultivar. Mesophyll cells of the untreated and B.safensis primed control plant 

leaves of had well-differentiated chloroplasts containing fully developed grana with 

numerous layers and well-developed stroma lamellae, mitochondria and nucleus were 

clearly visible. The lamella structure pile folds in order, and both grana lamella and 

stroma lamellae were arranged densely (Fig 32A, 33A). However in unprimed plants of 

PBW 550 upon increasing exposure time at 40
0
C plasmolysis occurred which affected 

integrity of cell organelles especially, chloroplast. In the beginning vacuoles of different 

sizes started appearing within chloroplast which in turn started disrupting grana 

stacking, cell membrane as well as chloroplast membrane structure and with increasing 

exposure time at 40
0
C membranes were distorted, grana stacking in chloroplast were 

lost and over time (Fig. 32B, 32C, 32D). Whereas in B.safensis primed plants though 

there was swelling of grana and membrane distortion but unbroken chloroplast structure 

was clearly visible after 12 h of heat stress clearly signifying role of B.safensis in 

protecting chloroplast (Fig.33B, 33C, 33D).The presence of plastoglobuli were seen in 

both control and treated plants, however, the number of plastoglobuli under treatment 

was greatly enhanced.  

Mitochondria in control leaf cells were randomly arranged in the cytoplasm and were 

nearly circular or elliptical. The membrane structure was clearly visible. However, heat 

stress influenced mitochondrial structures to a certain extent in unprimed plants. After 

exposure to 40
0
C, mitochondria clustered near cell membrane and chloroplasts and 

gradually damage increased with increasing heat stress duration. After four hours of 

heat stress long and thread-like, and internal ridges inside mitochondria lost their shape, 

outer membrane dissolved gradually and small vacuoles started emerging inside and 

eventually after 12 h of heat stress mitochondria lost their structure and physiological 

function. Whereas in case of B. safensis primed plants though there was distortion of 

membrane and inner thread like structures but overall ellipsoidal structure of 

mitochondria was recognizable even after 8 hours of heat stress. In B. safensis plants it 

was only after 8 h of continuous exposure at 40
0
C small multi vesicle like structures 

started appearing inside mitochondria and clustered near chloroplasts, but the damage in 

PGPR primed plant leaf was considerably less in comparison to untreated plants (Fig. 

32, b-d;  Fig.33, b-d). 
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Figure 32A: TEM analysis of a portion of wheat leaf from control unprimed plants 

(cv.PBW550). (a) Overall cellular organization, (b) chloroplast region magnified, and 

(c) nucleus and chloroplast. CW - cell wall, N - nucleus, C - chloroplast, V - vacuole, 

M - mitochondria, CM – Chloroplast membrane, S - stroma, G - grana, PG - 

plastoglobulus 

b 

c 

a 
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Figure 32B: TEM analysis of a portion of wheat leaf from unprimed plants 

(cv.PBW550) after 4 h of heat stress. (a) Overall cellular organization, (b) chloroplast 

region magnified, and (c) and mitochondria and cell wall. CW - cell wall, N - nucleus, 

C - chloroplast, CM- chloroplast membrane V - vacuole, M - mitochondria, MM - 

chloroplast membrane, S - stroma, G - grana, PG - plastoglobules 

b 

a 

c 
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Figure 32C: TEM analysis of a portion of wheat leaf from unprimed plants 

(cv.PBW550) after 8 h of heat stress. (a) Overall cellular organization, (b) chloroplast 

region magnified, and (c) mitochondria and cell wall. CW - cell wall, C - chloroplast, 

CM- chloroplast membrane V - vacuole, M - mitochondria, MM - chloroplast 

membrane, S - stroma, G - grana, PG - plastoglobules 

a 

b 

c 
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Figure 32D: TEM analysis of a portion of wheat leaf from unprimed plants 

(cv.PBW550) after 12 h of heat stress. (a) Overall cellular organization (b) chloroplast 

region magnified, and (c) mitochondria. CW - cell wall, N - nucleus, C - chloroplast, 

CM- chloroplast membrane V - vacuole, M - mitochondria, MM - chloroplast 

membrane, S - stroma, G - grana, PG - plastoglobules 

c 

b 

a 
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Figure 33A: TEM analysis of a portion of wheat leaf from control B. safensis primed 

plants (cv.PBW550). (a) overall cellular organization, (b) nucleus, mitochondria and 

chloroplast  and (c) chloroplast region magnified . CW - cell wall, N - nucleus, C - 

chloroplast, V - vacuole, M - mitochondria, CM – Chloroplast membrane, S - stroma, G 

- grana, PG - plastoglobules 

c 

b 

a 
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Figure 33B: TEM analysis of a portion of wheat leaf from B. safensis primed plants 

(cv.PBW550) after 4 h of heat stress. (a) Overall cellular organization (b) chloroplast 

region magnified, and (c) mitochondria. CW - cell wall, N - nucleus, C - chloroplast, 

CM- chloroplast membrane V - vacuole, M - mitochondria, MM - chloroplast 

membrane, S - stroma, G - grana, PG - plastoglobules 

c 

b 

a 
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Figure 33C: TEM analysis of a portion of wheat leaf from B. safensis primed plants 

(cv.PBW550) after 8 h of heat stress. (a) Overall cellular organization (b) chloroplast 

region magnified, and (c) mitochondria. CW - cell wall, N - nucleus, C - chloroplast, 

CM- chloroplast membrane V - vacuole, M - mitochondria, MM - chloroplast 

membrane, S - stroma, G - grana, PG - plastoglobules 

a 

b 

c 
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Figure 33D : TEM analysis of a portion of wheat leaf from B. safensis primed plants 

(cv.PBW550) after 12h of heat stress. (a) Overall cellular organization (b) chloroplast 

region magnified, and (c) mitochondria. CW - cell wall, N - nucleus, C - chloroplast, 

CM- chloroplast membrane V - vacuole, M - mitochondria, MM - chloroplast 

membrane, S - stroma, G - grana, PG - plastoglobules 

c 

b 

a 
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4.4.8. Effect on protein 

4.4.8.1. Total protein content 

Leaf protein content initially increased after 4 h of heat stress in all plants followed by 

gradual decline after 8
th

 and 12
th 

hour. In unprimed seedlings protein content drastically 

dropped beyond 4 hours of heat stress. PGPR primed plants were able to maintain 

relatively higher level of total protein after 8
th

 and 12
th 

hour in comparison to unprimed 

plants.  In case of B. safensis primed HT41 and PBW 550 plants soluble protein content 

increased 1.35 fold and 1.31 fold respectively after 4 h exposure at 40
0
C. Whereas in 

case of O. pseudogrignonense primed HT41 and PBW 550 plants at 4
th

 hour of heat 

treatment soluble protein content increased 1.38 fold and 1.24 fold respectively in 

comparison to control leaf tissue (Table 29). 

4.4.8.2. Protein profile 

 The soluble proteins extracted from control and PGPR primed plants after 0, 4, 8 and 

12 h exposure to 40
0
C and were analysed by SDS-PAGE. Gel analysis revealed PGPR 

priming increased expression of proteins at 4
th

 hour and 8
th

 hour of heat stress in 

comparison to unprimed plants where after 4
th

 hour of heat treatment led to reduction in 

protein expression. Protein profile of PBW 550 and HT 41 control plants subjected to 

heat stress for 12 h revealed major bands in the range of 69, 57, 50, 43, 35, 32, 27, 26, 

16, 15 and 12 kDa with similar level of expression. Four bands of 20.5, 21.1, 24.5, 25.2, 

28.5 kDa were observed to express at 4
th

 and 8
th

 hour of heat stress and at 12
th

 hour 

number of bands decreased. In B.safensis primed plants band number increased 

significantly during heat treatment in comparison to unprimed plants. New bands of 

55.2, 58.4, 34.5, 43.6, 14.4 and 15.9  kDa were expressed at 4
th

 and 8
th

  h of heat stress 

along with 20.5, 21.1, 24.5, 25.2, 28.5 kDa which were already expressed in unprimed 

plants during heat treatment (Table 31). Similarly in case of B.safensis primed plants of 

HT41, new bands of 6.3, 34.5, 55.2, 58.4, 43.6, 14.4, 15.9 kDa appeared at 4
th

 and 8
th

 h 

of heat stress. Whereas in O.pseudogrignonense primed plants of PBW 550 new bands 

of 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 67.5, 19.1 kDa and in HT41 new bands of 6.1, 18.2, 

20.5, 21.1, 24.5, 25.2, 28.5, 34.5, 43.6, 46.6 kDa. PGPR priming not only increases over 

all expression of proteins but also led to expression a number of new proteins in heat 

susceptible plant leaves (Fig.34A, B; Fig.35A, B). 
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Table 29: Effect of heat stress on total protein content of untreated and PGPR primed 

plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 30: Anova of data presented in Table 29 

HT 41 

      
Source of Variation SS df MS F P-value F crit 

Rows 60.89285 2 30.44643 8.41425 0.018156 5.143253 

Columns 133.1056 3 44.36852 12.26179 0.005706 4.757063 

Error 21.71062 6 3.618436 

   
Total 215.709 11         

 

PBW550 

      
Source of Variation SS df MS F P-value F crit 

Rows 48.33252 2 24.16626 9.719453 0.013121 5.143253 

Columns 176.1391 3 58.71302 23.61385 0.00101 4.757063 

Error 14.91828 6 2.486381 

   
Total 239.3899 11         

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
25.34 

± 0.88 

31.12 

 ± 1.02 

28.12 

± 0.95* 

21.93 

± 0.76* 

B.safensis + 40ᵒ C 
26.22 

± 0.48 

35.45 

 ± 0.85 

34.34 

 ± 0.66 

31.45 

± 0.85* 

O. pseudogrignonense  + 40ᵒ C 
26.87 

±1.04 

36.34  

± 0.95 

32.12 

± 0.85* 

27.67 

 ± 0.98* 

PBW550 

40ᵒ C 
26.56 

 ± 0.66 

33.45  

± 1.04* 

27.89 

± 1.05* 

20.87 

 ± 0.56* 

B.safensis + 40ᵒ C 
27.85 

 ± 0.35 

36.67  

± 0.48 

34.66 

± 1.08* 

28.89 

± 0.68* 

O. pseudogrignonense + 40ᵒ C 
28.67 

± 0.67 

35.56 

±0.88 

31.89 

 ± 0.56* 

25.56 

 ± 1.02* 
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Figure 34A: SDS PAGE analysis of leaf proteins of control and PGPR primed plants 

follwing heat stress for 12 h in HT 41. Marker- 1,Unprimed seedling (2-0h,3- 4h,4-8h, 

5-12h), B.safensis primed seedling(6-0h,7- 4h, 8-8h, 9-12h) 
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Figure 34B: Lane and band analysis of leaf proteins of O.pseuodgrignonense primed 

seedlings following heat stress for 12 h in HT 41. (10-0h, 11- 4h, 12-8h, 13-12h) 

Table 31: Lane and band profile of leaf proteins of control and PGPR primed plants 

follwing heat stress for 12 h in HT 41 

Treatment 
Exp. 

time 

Lane 

No. 

No. of 

bands 
Approx. Molecular masses (KDa) 

     

Marker - 1 4  67,44,29,16 

400C 0h  2 9 2.1,  17.1, 18.2, 29.3, 44.6, 70.2, 90.1, 103.4, 105.3 

4h 3 17 2.1,  17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

44.6, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

8h 4 15 2.1,  17.1, 18.2, 20.5, 24.5, 25.2, 28.5, 29.3, 44.6, 67.5, 

70.2, 90.1, 98.1, 116.4, 121.3 

12h 5 14 2.1,  17.1, 18.2, 20.5, 24.5, 28.5, 29.3, 44.6, 67.5, 70.2, 

90.1, 98.1, 116.4, 121.3 

400C+ B.safensis 0h  6 18 2.1,  6.3 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 44.6, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

4h 7 21 2.1, 6.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 34.5, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 98.1, 116.4, 

121.3 

8h 8 23 2.1, 6.1, 14.4, 15.9, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 

25.2, 28.5, 34.5, 43.6, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 
98.1, 116.4, 121.3 

12h 9 20 2.1, 6.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

34.5, 43.6, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 98.1, 116.4, 
121.3 

400C 

+ 

O.pseudogrignonense 

0h  10 10 2.1, 17.1, 29.3, 34.5, 46.6, 55.2, 70.2, 90.1, 98.1, 116.4, 

121.3 

4h 11 13 2.1,  6.1, 17.1, 18.2,20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

8h 12 17 2.1, 17.1, 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 34.5, 
43.6, 46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

12h 13 13 2.1,  6.1, 17.1, 18.2,20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 
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Figure 35A: SDS PAGE analysis of leaf proteins of control and PGPR primed plants 

following heat stress for 12 hours in PBW550. Marker- 1,Unprimed seedling (2-0h,3- 

4h,4-8h, 5-12h), B.safensis primed seedlings (6-0h,7- 4h, 8-8h, 9-12h) 
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Figure 35B: Lane and band analysis of leaf proteins of leaf proteins of 

O.pseuodgrignonense primed seedlings  following heat stress for 12 h in PBW550  (10-

0h, 11- 4h, 12-8h, 13-12h) 

Table 32: Lane and band profile of leaf proteins of control and PGPR primed plants 

follwing heat stress for 12 h in PBW550 

Treatment Exp. 

time 

Lane 

No. 

No. of 

bands 

Approx. Molecular masses (KDa) 

     
Marker - 1 4  67,44,29,16 

400C 0h  2 14 2.1,  6.1, 17.1, 18.2, 19.1, 29.3, 34.5, 46.6, 55.2, 70.2, 

90.1, 98.1, 116.4, 121.3 

4h 3 19 2.1, 6.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 34.5, 46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 
121.3 

8h 4 17 2.1, 6.1, 717.1, 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

12h 5 14 2.1, 6.1, 17.1, 21.1, 24.5, 25.2, 29.3, 46.6, 55.2, 70.2, 

90.1, 98.1, 116.4, 121.3 

400C+  

B.safensis 

0h  6 13 2.1, 6.1, 17.1, 18.2, 19.1, 29.3, 46.6, 55.2, 70.2, 90.1, 

98.1, 116.4, 121.3 

4h 7 20 2.1, 6.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 34.5, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 98.1, 
116.4, 121.3 

8h 8 23 2.1, 6.1, 14.4, 15.9, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 

25.2, 28.5, 29.3, 34.5, 43.6, 46.6, 55.2, 58.4, 67.5, 
70.2, 90.1, 98.1, 116.4, 121.3 

12h 9 21 2.16.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 34.5, 43.6, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, , 
98.1, 116.4, 121.3 

400C+ 

O.pseudogrignonense 

0h  10 11 2.1, 6.1, 17.1, 29.3, 34.5, 46.6, 55.2, 70.2, 90.1, 98.1, 

116.4, 121.3 

4h 11 17 2.1,  6.1, 17.1, 18.2,20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 

8h 12 21 2.1, 6.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 

29.3, 34.5, 43.6, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 
98.1, 116.4, 121.3 

12h 13 18 2.1, 6.1, 17.1, 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

46.6, 55.2, 67.5, 70.2, 90.1, 98.1, 116.4, 121.3 
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4.4.9. Changes in phenolic contents 

4.4.9.1. Total phenol content 

Total phenol content gradually increased both in unprimed and bacterized plants after 

exposure to 40 
0
C.  In unprimed HT41plants total phenol content increased 1.97 fold, 

1.22 fold and 1.06 fold in comparison to control plants after 4 hour, 8 hour and 12 hours 

of heat stress. There was considerable increase in accumulation of total phenol in PGPR 

primed especially in B. safensis treated plants as compared to unprimed heat stressed 

plants. In B. safensis primed HT41 plants total phenol content increased 2.08 fold, 2.37 

fold and 2.69 fold, whereas in O. pseudogrignonense primed HT41 plants total phenol 

content increased 2.08 fold, 2.27 fold and 2.23 fold in comparison to control plants after 

4, 8 and 12 h exposure to 40
0
C. In case of PBW 550, B. safensis priming increased 

phenol content 1.94 fold, 2.22 fold and 2.39 fold, whereas in O.pseudogrignonense 

primed plants total phenol content increased 1.90 fold, 2.06 fold and 2.18 fold in 

comparison to control plants after 4, 8 and 12 h exposure to 40
0
C (Fig.  36).  

4.4.9.2. O dihydroxy phenol content 

O dihydroxy phenol accumulation enhanced in both unprimed and PGPR primed plants 

after 12h of heat treatment at 40
0
C. PGPR priming significantly increased O dihydroxy 

phenol accumulation in PBW550 as well as HT41 cultivars. In B. safensis primed HT41 

plants O dihydroxy phenol content increased 1.64 fold, 1.91 fold and 2.07 fold, whereas 

in O.pseudogrignonense primed plants O dihydroxy phenol content increased 1.50 fold, 

1.71 fold and 1.94 fold in comparison to control plants after 4, 8  and 12h exposure to 

40
0
C. In case of PBW 550, B. safensis priming increased O dihydroxy phenol 1.77 fold 

, 2.07 fold and 2.28 fold, whereas in O.pseudogrignonense primed plants O dihydroxy 

phenol content increased 1.80 fold, 2.04 fold and 2.15 fold in comparison to control 

plants after after 4 , 8  and 12h exposure to 40
0
C (Table 34). 
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Figure 36: Effect of heat stress on total phenol content of untreated and PGPR primed 

plants 

              

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 33: Anova of data presented in Table Figure 36 

HT 41 

      Source of 

Variation 
SS df MS F P-value F crit 

Rows 394.8665 2 197.4332 23.61099 0.001433 5.143253 

Columns 1603.961 3 534.6537 63.93909 6.03E-05 4.757063 

Error 50.17153 6 8.361922 

   Total 2048.999 11         

 

PBW 550 

      Source of 

Variation 
SS df MS F P-value F crit 

Rows 484.4608 2 242.2304 45.66185 0.000234 5.143253 

Columns 1473.791 3 491.2636 92.60607 2.05E-05 4.757063 

Error 31.82925 6 5.304875 

   Total 1990.081 11         
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Table 34: Effect of heat stress on O dihydroxy phenol content of untreated and PGPR 

primed plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 35: Anova of data presented in Table 34 

HT41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.062989 2 0.031494 11.7434 0.008425 5.143253 

Columns 0.435889 3 0.145296 54.17687 9.74E-05 4.757063 

Error 0.016091 6 0.002682 

   
Total 0.514969 11         

 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.078579 2 0.03929 5.834485 0.039158 5.143253 

Columns 0.53059 3 0.176863 26.2641 0.000754 4.757063 

Error 0.040404 6 0.006734 

   
Total 0.649573 11         

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
0.53 

± 0.08 

0.73± 

0.06 

0.78 

± 0.05* 

0.85± 

0.06* 

B.safensis + 40ᵒ C 
0.56 

± 0.04 

0.92 

± 0.05 

1.07 

 ± 0.08 

1.16 

± 0.05* 

O. pseudogrignonense  + 40ᵒ C 
0.57 

±0.05 

0.86 ± 

0.07 

0.98 

± 0.06* 

1.11 

 ± 0.05* 

PBW550 

40ᵒ C 
0.56 

 ± 0.06 

0.72 ± 

0.04* 

0.84 

± 0.05* 

0.92 

 ± 0.06* 

B.safensis + 40ᵒ C 
0.53 

 ± 0.04 

0.94 ± 

0.05 

1.11 

± 0.08* 

1.21 

± 0.06* 

O. pseudogrignonense  + 40ᵒ C 
0.52 

± 0.06 

0.94 

±0.08 

1.09 

 ± 0.05* 

1.12 

 ± 0.05* 
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4.4.10. Changes in sugar contents 

4.4.10. 1. Total sugar content 

Total sugar content gradually increased over the period of time both in unprimed and 

bacterized plants after exposure to 40
0
C.  In unprimed HT41 plants total sugar content 

increased 1.78 fold, 2.76 fold and 3.54 fold in comparison to control plants after 4, 8 

and 12 h of heat stress. There was considerable amount of increase of total sugar content 

in PGPR primed especially in B. safensis treated plants as compared to unprimed heat 

stress plants. In B. safensis primed HT41 plants total sugar content increased 3.36 fold, 

4.79 fold and 5.68 fold, whereas in O.pseudogrignonense primed plants total sugar 

content increased 2.22 fold, 4.14 fold and 4.88 fold in comparison to control plants after 

4, 8 and 12 h exposure to 40 
0
C. In case of PBW550 B. safensis priming increased total 

sugar 2.63 fold , 3.69 fold and 4.46 fold, whereas in O.pseudogrignonense primed 

plants total phenol content increased 2.04 fold, 3.41 fold and 4.10 fold in comparison to 

control plants after 4, 8 and 12 h exposure to 40
0
C (Fig. 37) .  

4.4.10. 2. Reducing sugar content 

Reducing sugar content increased in both unprimed and PGPR primed plants after 12 h 

of heat treatment at 40
0
C. PGPR priming significantly increased reducing sugar 

accumulation in PBW550 as well as in HT41. In B. safensis primed HT41 plants 

reducing sugar content increased 1.43 fold, 2.64 fold and 3.34 fold, whereas in 

O.pseudogrignonense primed plants reducing sugar content increased 1.15 fold, 1.54 

fold and 2.63 fold in comparison to control plants after 4, 8 and 12 h exposure to 40
0
C. 

In case of PBW550 B. safensis priming increased reducing sugar 1.43 fold , 1.93 fold 

and 2.90 fold, whereas in O.pseudogrignonense primed plants reducing sugar content 

increased 1.18 fold, 1.37 fold and 1.16 fold in comparison to control plants after 4, 8 

and 12 h exposure to 40 
0
C  (Table  37).  
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Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Figure 37: Effect of heat stress on total sugar content of untreated and PGPR primed 

plants 

Table 36: Anova of data presented in Figure 37 

HT41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 107.338 2 53.66901 7.309732 0.024639 5.143253 

Columns 653.2471 3 217.749 29.65747 0.000538 4.757063 

Error 44.05278 6 7.342131 

   Total 804.6379 11         

 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 172.8101 2 86.40503 8.698928 0.016863 5.143253 

Columns 544.6363 3 181.5454 18.2773 0.00202 4.757063 

Error 59.59702 6 9.932836 

   Total 777.0434 11         
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Table 37: Effect of heat stress on reducing sugar content of untreated and PGPR primed 

plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 38: Anova of data presented in Table 37 

HT41 

      Source of 

Variation SS     df MS F P-value F crit 

Rows 1.095322 2 0.547661 3.197704 0.113415 5.143253 

Columns 2.085244 3 0.695081 4.05847 0.068202 4.757063 

Error 1.027601 6 0.171267 

   
Total 4.208167 11         

 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 1.041717 2 0.520858 4.058549 0.076775 5.143253 

Columns 0.866958 3 0.288986 2.251791 0.182732 4.757063 

Error 0.770017 6 0.128336 

   Total 2.678692 11         

 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40ᵒ C 
0.76 

± 0.05 

0.99  

± 0.03 

1.12 

± 0.05* 

0.96 

± 0.06* 

B.safensis + 40ᵒ C 
0.79 

± 0.08 

1.14  

± 0.05 

2.10 

 ± 0.07 

2.65 

± 0.05* 

O. pseudogrignonense  + 40ᵒ C 
0.72 

±0.04 

0.83  

± 0.05 

1.11 

± 0.08* 

1.90 

 ± 0.05* 

PBW550 

40ᵒ C 
0.71 

 ± 0.06 

0.96 

 ± 0.04* 

1.01 

± 0.05* 

1.12 

 ± 0.05* 

B.safensis + 40ᵒ C 
0.86 

 ± 0.03 

1.23  

± 0.08 

1.70 

± 0.08* 

2.50 

± 0.08* 

O. pseudogrignonense + 40ᵒ C 
0.89 

± 0.06 

0.97 

±0.05 

1.10 

 ± 0.08* 

1.45 

 ± 05* 
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4.4.11. Antioxidative enzymes 

4.4.11. 1. Activities of antioxidative enzymes 

4.4.11. 1. 1. Peroxidase 

PGPR priming significantly enhanced POX activity in plants exposed to heat stress for 

12 h. Increase in POX activity was very insignificant in untreated plants in both 

cultivars. POX expression gradually increased upto 8 h of heat treatment at 40
0
C. After 

12h POX activity declined in both control and PGPR treated plants in HT41. Whereas 

in B. safensis primed PBW550 POX activity continued to increase even after 12h of 

heat stress. In B. safensis primed HT41 plants POX activity increased 2.57 to 3.65 fold, 

whereas in O.pseudogrignonense primed plants POX activity increased 1.85 to 1.18 fold 

in comparison to control plants after 4 to 12 h exposure to 40 
0
C. In B. safensis primed 

PBW550 plants POX activity increased 3.08 to 3.83 fold, whereas in 

O.pseudogrignonense primed plants POX activity increased 2.54 to 1.14 fold in 

comparison to control plants after 4 to 12 h exposure to 40
0
C (Fig. 38 ).  

4.4.11.1. 2. Catalase 

Catalase scavenges H2O2 by breaking it down directly to water and oxygen and an 

increase in its activity is related with increase in stress tolerance. In unprimed plants 

CAT activity was very less in comparison to PGPR primed plants. In B.safensis and O. 

pseudogrignonense treated plants there was significant steady increase in catalase 

activity in comparison to uninoculated plants upto 12 h of heat stress. Though both the 

bacteria improved CAT activity, B.safensis found to be more effective for over 

expression of CAT. In B. safensis primed HT41 plants CAT activity increased 2.92 to 

5.36 fold, whereas in O.pseudogrignonense primed plants CAT activity increased 2.10 

to 3.12 fold in comparison to control plants after 4 to 12 h exposure to 40
0
C. In B. 

safensis primed PBW550 plants CAT activity increased 2.49 to 5.36 fold, whereas in 

O.pseudogrignonense primed plants catalase activity increased 1.48 to 3.12 fold in 

comparison to control plants after 4 to 12 h exposure to 40
0
C (Fig. 39 ). 

 

4.4.11.1. 3. Ascorbate peroxidase 

APX activity was extensively enhanced in the wheat leaves reaching utmost levels at 4
th

 

hour of exposure to 40°C in all treatments.  However, in unprimed seedlings ascorbate 
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peroxidase drastically dropped beyond 4 hours of heat stress. Whereas PGPR primed 

plants maintained higher ascorbate peroxidase over time upto 12 hours of heat stress.  

On the other side, B.safensis maintained higher level of ascorbate peroxidase at 8
th

 and 

12
th

 hour in heat stressed wheat leaves but O. pseudogrignonense treatment did not 

enhance APX activity much as compared to control. At 4
th

 hour APX activity in case of 

HT 41 was 0.13 enzyme units min
-1

 which was 6.25 fold higher than control plants and 

in PBW550 was 0.11 enzyme units min
-1

 and 8.62 fold higher than control plants (Fig. 

40). 

4.4.11.1. 4. Superoxide dismutase 

First level of antioxidative defense response started with superoxide (O2
.-
) accumulation 

which triggers activation of various enzymes in ascorbate -glutathione cycle (APX, GR) 

as well as other redox enzymes (SOD, POX and CAT). SOD is responsible for 

superoxide scavenging. SOD activity was extensively enhanced in the wheat leaves 

reaching utmost levels at 4
th

 hour of exposure to 40°C in all treatments.  However, in 

unprimed seedlings superoxide dismutase activity drastically dropped beyond 4 h of 

heat stress. Whereas PGPR primed plants maintained higher superoxide dismutase 

activity over time upto 12 hours of heat stress. On the other side, B.safensis maintained 

higher level of SOD activity at 8
th

 and 12
th

 hour in heat stressed wheat leaves but O. 

pseudogrignonense treatment did not enhance superoxide dismutase activity much as 

B.safensis primed plants. At 4
th

 hour SOD activity in case of HT 41 was 0.13 enzyme 

units min
-1

 which was 2.53 fold higher than control plants and in PBW550 was 0.11 

enzyme units min
-1

 and 4.54 fold higher than control plants (Fig. 41). 

4.4.11.1. 4. Glutathione reductase 

GR activity increased gradually upto 8
th

 hour when plants are exposed to 40
0
C. But 

beyond 8
th

 hrs GR activity declined. Maximum GR activity was noticed in case of 

B.safensis primed plants, with 8.78 fold and 8.53 fold increase in GR activity in HT 41 

and PBW550 respectively at 8
th

 hour in relation to control. At 12
th 

hour GR activity 

irrespective of all treatments declined although reduction in GR activity at 8
th

 hour was 

maximum in untreated plants and minimum in B.safensis treated plants (Fig. 42). 
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Figure 38: Effect of heat stress on peroxidase activity of untreated and PGPR primed 

plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

Table 39: Anova of data presented in Figure 38 

HT41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.032463 2 0.016232 5.367101 0.046093 5.143253 

Columns 0.015425 3 0.005142 1.700108 0.265406 4.757063 

Error 0.018146 6 0.003024 

   Total 0.066034 11         

PBW 5550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.073086 2 0.036543 8.72775 0.016739 5.143253 

Columns 0.026344 3 0.008781 2.097294 0.202025 4.757063 

Error 0.025122 6 0.004187 

   Total 0.124552 11         
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Figure 39: Effect of heat stress on catalase activity of untreated and PGPR primed 

plants

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 40: Anova of data presented in Figure 39 

HT 41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 3.815197 2 1.907598 6.631784 0.030216 5.143253 

Columns 2.698305 3 0.899435 3.126894 0.109073 4.757063 

Error 1.725869 6 0.287645 

   Total 8.23937 11         

 

PBW550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 3.34565 2 1.672825 5.856034 0.038873 5.143253 

Columns 4.1796 3 1.3932 4.877155 0.047545 4.757063 

Error 1.71395 6 0.285658 

   Total 9.2392 11         
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Figure 40: Effect of heat stress on ascorbate peroxidase activity of untreated and PGPR 

primed plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 41: Anova of data presented in Figure 40 

HT41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.134569 2 0.067284 1.891959 0.23063 5.143253 

Columns 0.84587 3 0.281957 7.928314 0.016471 4.757063 

Error 0.21338 6 0.035563 

   Total 1.193819 11         

 

PBW 550 

      Source of Variation SS df MS F P-value F crit 

Rows 0.368424 2 0.184212 7.231053 0.025212 5.143253 

Columns 0.95508 3 0.31836 12.49689 0.005438 4.757063 

Error 0.152851 6 0.025475 

   Total 1.476355 11         
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Figure 41: Effect of heat stress on superoxide dismutase activity of untreated and 

PGPR primed plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 42: Anova of data presented in Figure 41 

HT41 

      
Source of Variation SS df MS F P-value F crit 

Rows 0.000624 2 0.000312 2.722143 0.144108 5.143253 

Columns 0.003872 3 0.001291 11.25213 0.00708 4.757063 

Error 0.000688 6 0.000115 

   Total 0.005185 11         

 

PBW550 

      
Source of Variation SS df MS F P-value F crit 

Rows 0.001481 2 0.00074 2.509134 0.161478 5.143253 

Columns 0.006639 3 0.002213 7.498883 0.018732 4.757063 

Error 0.001771 6 0.000295 

   Total 0.00989 11         
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Figure 42: Effect of heat stress on glutathione reductase activity of untreated and PGPR 

primed plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 43: Anova of data presented in Figure 42 

HT 41 

      Source of Variation SS df MS F P-value F crit 

Rows 0.20486 2 0.10243 3.576403 0.094929 5.143253 

Columns 0.912532 3 0.304177 10.62052 0.008171 4.757063 

Error 0.171843 6 0.028641 

   Total 1.289235 11         

 

PBW 550 

      Source of Variation SS df MS F P-value F crit 

Rows 0.28544 2 0.14272 8.584255 0.017368 5.143253 

Columns 1.288506 3 0.429502 25.83351 0.000789 4.757063 

Error 0.099755 6 0.016626 

   Total 1.6737 11         
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4.4.11.2. Isozyme profile 

4.4.11.2.1. Peroxidase 

Native PAGE analysis of peroxidase isozyme revealed appearance of new bands as well 

as enhanced expression of peroxidase isozymes during heat stress in both PGPR primed 

and unprimed plants. In case of unprimed and                                          O. 

pseudogrignonense primed PBW550 plants, there was appearance of new bands only 

after 8
h
 and 4

th
 hour of heat stress respectively. Whereas in B.safensis primed plants 

peroxidase isozyme expression enhanced with time gradually from 4
th

 to 12
th

 hours of 

heat stress and at 4
th

 hour of heat stress new band having Rf values 0.67 appeared 

whereas at 8
th

 and 12
th

 hour another new band appeared having Rf value 0.54. In case of 

HT 41 enhanced expression of peroxidase isozymes (Rf 0.18, 0.22) was recorded at 4
th

, 

8
th

 and 12
th

 hours in NATIVE PAGE with respect to control in B safensis and 

O.pseudogringonense primed plants. Whereas in unprimed plants where new band 

appear only at 4
th

 hour of heat stress at 40
0
C (Fig. 43). 

4.4.11.2.2. Catalase 

Catalase isozyme profiles were revealed appearance of band of Rf 0.46 in all treatments 

during heat stress. In unprimed plants expression of catalase was reached maximum 

level at 4
th

 and 8
th

 hours of heat stress. Whereas in B safensis and O. pseudogringonense 

primed plants catalase expression continued to be increased even at 12
th

 hours of heat 

stress in both cultivars which was clearly evident in gel (Fig. 44).  

4.4.11.2.3. Ascorbate peroxidase 

Native PAGE analysis of ascorbate peroxidase isozyme revealed presence of two bands 

of Rf 0.32 and 0.50 in all treatments. In unprimed plants highest expression of two 

isozyme bands was observed at 4
th

 hour of exposure to 40°C in all treatments. Whereas 

PGPR primed plants maintained higher expression level over time upto 12 hours of heat 

stress.  On the other side, B.safensis maintained higher level of ascorbate peroxidase 

expression at 8
th

 and 12
th

 hour in heat stressed wheat leaves but O. pseudogrignonense 

treatment did not enhance ascorbate peroxidase expression much as compared 

B.safensis (Fig. 45).  
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4.4.11.2.4. Glutathione reductase  

Isozyme profiling glutathione reductase was also carried out. In unprimed plants though 

there was increase in glutathione reductase expression at 4
th

 and 8
th

 hour but no new 

isozyme band appeared during heat stress in  both HT 41 and PBW550.Whereas in B. 

safensis primed plants two bands having Rf values 0.25 and 0.46 were clearly observed 

in heat stressed plants. However, in O.pseudogrignonense primed plants band having Rf 

value 0.46 appeared at 4
th

 hour in PBW550 and at 8
th

 hour in HT41. In terms of 

expression, band intensity increased gradually upto 8
th

 hour when plants are exposed to 

40
0
C. But beyond 8

th
 hrs GR activity declined. Maximum GR activity was noticed in 

case of B.safensis primed plants, at 8
th

 hour in relation to control. At 12
th 

hour GR 

activity irrespective of all treatments declined although reduction in comparison to 

activity at 8
th

 hour was maximum in untreated plants and minimum in B.safensis treated 

plants (Fig. 46). 

4.4.11.2.5. Superoxide dismutase 

Native PAGE analysis of superoxide dismutase revealed presence of two isoforms. In 

unprimed plants of both HT41and PBW 550 maximal expression of superoxide 

dismutase was observed after 4 hours exposure at 40
0
C. In B. safensis primed plants 

enhanced expression of superoxide dismutase was observed at 4
th

, 8
th

 and 12
th

 hours of 

heat stress as compared to control plants in case of PBW550. Whereas isozyme 

expression was reduced after 12 h of heat stress in HT41. In O.pseidogrignonense 

primed plants maximum expression was noticed at 8
th

 hour in PBW550 and at 4
th

 hour 

in HT41 (Fig. 47). 
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Figure 43: PAGE analysis of peroxidase isozyme in leaves of untreated and PGPR 

primed plants after 12 hours of heat treatment. (a- PBW550; b- HT41) 
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Figure 44: PAGE analysis of catalase isozyme in leaves of untreated and PGPR primed 

plants after 12 hours of heat treatment. (a- PBW550; b- HT41) 
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Figure 45: PAGE analysis of ascorbate peroxidase isozyme in leaves of untreated and 

PGPR primed plants after 12 hours of heat treatment. (a- PBW550; b- HT41) 
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Figure 46: PAGE analysis of glutathione reductase isozyme in leaves of untreated and 

PGPR primed plants after 12 hours of heat treatment. (a- PBW550; b- HT41) 
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Figure 47: PAGE analysis of superoxide dismutase isozyme in leaves of untreated and 

PGPR primed plants after 12 hours of heat treatment. (a- PBW550; b- HT41) 
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4.4.12. Changes in non enzymatic antioxidants 

4.4.12.1 Ascorbic acid content 

PGPR priming also increased accumulation of ascorbic acid in PGPR primed especially 

in B. safensis treated plants. Ascorbic acid accumulation reached utmost level after 4 h 

of exposure to 40
0
C equally in unprimed and bacterized plants. Beyond 4

th
 hour 

ascorbic acid content gradually declined in both unprimed and bacterized plants, 

although gradual reduction in ascorbic acid content was nominal in B. safensis treated 

plants (Table 44, a). 

4.4.12.1 Total glutathione content   

PGPR priming also increased accumulation of total glutathione content in PGPR primed 

especially in B. safensis treated plants. Total glutathione accumulation reached utmost 

level after 4 hours of exposure to 40 
0
C equally in unprimed and bacterized plants. 

Beyond 4
th

 hour glutathione accumulation gradually declined in both unprimed and 

bacterized plants, although gradual reduction in glutathione content was nominal in B. 

safensis treated plants (Table 44, b). 

4.4.12.3 Carotenoid content 

PGPR priming also increased carotenoid content in PGPR primed especially in B. 

safensis treated plants. Carotenoid content reached utmost level after 4 h of exposure to 

40
0
C equally in unprimed and bacterized plants. Beyond 4

th
 hour carotenoid content 

gradually declined in both unprimed and bacterized plants, although gradual reduction 

in carotenoid content was nominal in B. safensis treated plants (Fig. 48) 
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Table 44: Changes in non enzymatic antioxidants after 12 h of heat stress in untreated 

and PGPR primed plant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

(a)   Ascorbic acid ( mg g tissue -1) 

Wheat 

cultivars 
Treatments 

Exposure time (h) 

0 4 8 12 

HT 41 

40
ᵒ

C 
9.86 

± 0.07 

18.88 

± 0.06 

10.34 

± 0.05* 

9.85 

± 0.046* 

B. safensis + 40
ᵒ

C 
10.12 

± 0.08 

15.83 

± 0.08 

14.67 

± 0.04 

12.45 

± 0.05* 

O. pseudogrignonense + 40
ᵒ

C 
9.78 

±0.05 

12.59 

± 0.07 

11.55 

± 0.04* 

9.97 

± 0.05* 

PBW550 

40
ᵒ

C 
9.63 

± 0.06 

13.49 

± 0.05* 

10.63 

± 0.04* 

9.70 

± 0.07* 

B. safensis + 40
ᵒ

C 
9.73 

± 0.03 

18.66 

± 0.08 

17.56 

± 0.08* 

14.56 

± 0.08* 

O. pseudogrignonense + 40
ᵒ

C 
9.70 

± 0.06 

11.62 

±0.04 

10.37 

± 0.06* 

10.03 

± 0.09* 

(b) Total glutathione ( mg g tissue
 -1

) 

HT 41 

40
ᵒ

C 
0.21 

± 0.02 

0.29 ± 

0.03 

0.38 

± 0.05* 

0.40 

± 0.06* 

B. safensis + 40
ᵒ

C 
0.23 

± 0.05 

0.34 ± 

0.008 

0.40 

± 0.01 

0.52 

± 0.02* 

O. pseudogrignonense + 40
ᵒ

C 
0.24 

±0.003 

0.35± 

0.004 

0.38 

± 0.008* 

0.47 

± 0.01* 

PBW550 

40
ᵒ

C 
0.23 

± 0.06 

0.30 ± 

0.04* 

0.35 

± 0.05* 

0.39 

± 0.05* 

B. safensis + 40
ᵒ

C 
0.22 

± 0.03 

0.38 ± 

0.02 

0.45 

± 0.05* 

0.56 

± 0.03* 

O. pseudogrignonense + 40
ᵒ

C 
0.24 

± 0.06 

0.36 

±0.07 

0.42 

± 0.08* 

0.48 

±0. 04* 
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Table 45: Anova of data presented in Table 44 (a) 

HT41 

      
Source of Variation SS df MS F P-value F crit 

Rows 10.54314 2 5.271568 1.340485 0.330179 5.143253 

Columns 59.93375 3 19.97792 5.0801 0.043749 4.757063 

Error 23.5955 6 3.932584 

   
Total 94.07239 11         

 

PBW550 

      
Source of Variation SS df MS F P-value F crit 

Rows 53.91654 2 26.95827 7.820646 0.021311 5.143253 

Columns 39.10763 3 13.03588 3.781733 0.077842 4.757063 

Error 20.68238 6 3.447064 

   
Total 113.7065 11         

 

 

Table 46: Anova of data presented in Table 44 (b) 

HT41 

      
Source of Variation SS df MS F P-value F crit 

Rows 0.006017 2 0.003008 4.45679 0.065119 5.143253 

Columns 0.089825 3 0.029942 44.35802 0.000173 4.757063 

Error 0.00405 6 0.000675 

   
Total 0.099892 11         

 

PBW 550 

      
Source of Variation SS df MS F P-value F crit 

Rows 0.016017 2 0.008008 5.598058 0.042478 5.143253 

Columns 0.097492 3 0.032497 22.7165 0.001123 4.757063 

Error 0.008583 6 0.001431 

   
Total 0.122092 11         
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Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Figure 48: Effect of heat stress on carotenoid content of untreated and PGPR primed 

plants 

Table 47: Anova of data presented in Figure 48 

HT41 

      Source of Variation SS df MS F P-value F crit 

Rows 0.000798 2 0.000399 3.646517 0.091956 5.143253 

Columns 0.0039 3 0.0013 11.88564 0.006173 4.757063 

Error 0.000656 6 0.000109 

   Total 0.005354 11         

 

PBW 550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.000735 2 0.000367 4.885365 0.055068 5.143253 

Columns 0.004932 3 0.001644 21.86667 0.001246 4.757063 

Error 0.000451 6 7.52E-05 

   Total 0.006118 11         
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4.4.13. Osmolyte accumulation 

4.4.13.1. Proline content 

Proline concentration in unbacterized plants of both the cultivars significantly increased 

with increasing incubation period upto 12 h at 40
0
C. Similar trend was also observed in 

B.safensis and O. pseudogrignonense primed plants but overall augmentation of proline 

within leaf tissue was much lesser than unbacterized plants.  In B. safensis primed HT41 

plants proline content increased 3.14 to 5.17 fold, whereas in O.pseudogrignonense 

primed plants proline accumulation increased 3.86 to 6.04 fold in comparison to control 

plants after 4 to 12 h exposure to 40
0
C. In B. safensis primed PBW550 plants proline 

content increased 2.78 to  5.97, whereas in O.pseudogrignonense primed plants proline 

accumulation increased 5.44 to 7.90 fold in comparison to control plants after 4 to 12 h 

exposure to 40
0
C (Fig. 49). 

4.4.13.2. Glycine betain content 

On contrary high temperature increased glycine betain production in leaves for all 

treatments. Glycine betain accumulation significantly increased with highest level 

reached at 8
th

 and 12
th

 hours of heat stress for B. safensis and  O. pseudogrignonense 

primed seedlings. It was observed that glycine betain content in wheat leaf attained 

much higher level with B.safensis than   O. pseudogrignonense priming (Fig. 50). In B. 

safensis inoculated HT41 plants glycine betain increased 1.86 to 3.30 fold and in 

O.pseudogrignonense primed plants glycine betain accumulation increased 1.57 to 2.99 

fold in comparison to control plants after 4 to 12 h exposure to 40
0
C. In B. safensis 

primed PBW550 plants glycine betain content increased 2.25 to 3.65 fold, whereas in 

O.pseudogrignonense primed plants glycine betain accumulation increased 1.69 to 2.90 

fold in comparison to control plants after 4 to 12 h exposure to 40
0
C. 
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Figure 49: Effect of heat stress on proline content of untreated and PGPR primed plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table  48: Anova of data presented in Figure 49 

HT41 

      Source of Variation SS df MS F P-value F crit 

Rows 8.779257 2 4.389629 6.825114 0.028468 5.143253 

Columns 59.5202 3 19.84007 30.84787 0.000482 4.757063 

Error 3.85895 6 0.643158 

   Total 72.15841 11         

 

PBW 550 

      Source of Variation SS df MS F P-value F crit 

Rows 31.82848 2 15.91424 5.408414 0.045417 5.143253 

Columns 101.7534 3 33.91779 11.52687 0.006666 4.757063 

Error 17.65498 6 2.942496 

   Total 151.2368 11         
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Figure 50: Effect of heat stress on glycine betain content of untreated and PGPR 

primed plants 

 

Values represent Mean ± S.D., where n = 3; Different superscripts indicate significant differences of 

mean within treatments according to Fischer‘s LSD test. 

 

Table 49: Anova of data presented in Figure 50 

HT41 

      Source of 

Variation SS df MS F P-value F crit 

Rows 17247.82 2 8623.909 5.648899 0.041733 5.143253 

Columns 164658.1 3 54886.02 35.95187 0.000314 4.757063 

Error 9159.918 6 1526.653 

   Total 191065.8 11         

 

PBW 550 

      Source of 

Variation SS df MS F P-value F crit 

Rows 22861.51 2 11430.75 7.089757 0.026286 5.143253 

Columns 171540.5 3 57180.17 35.46516 0.000326 4.757063 

Error 9673.748 6 1612.291 

   Total 204075.8 11         
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4.5. Evaluation of gene expressionby Real time PCR 

 

M- Marker, 1,9-Healthy, Unprimed control ; (2) Unprimed seedlings, 40
0
C,4h,; (3) Unprimed 

seedlings, 40
0
C, 8 h; (4) Unprimed seedlings, 40

0
C, 12h; (5,10) Healthy, B.safensis primed control, 

0h; (6) B.safensis primed seedlings, 40
0
C, 4h; (7) B.safensis primed seedlings, 40

0
C, 8 h; (8) 

B.safensis primed seedlings, 40
0
C, 12h; (11)Unprimed infected seedlings, 25

0
C, 12h; (12) Unprimed 

infected seedlings, 38
0
C, 12h; (13) B.safensis primed infected seedlings, 25

0
C, 12h; (14) B.safensis 

primed infected seedlings, 38
0
C, 12h;  

Figure 51A: Primer validation for Real time PCR by Agarose gel electrophoresis of 

reverse transcribed amplicons of (a) HSP 101c, (b) HSP 90, (C) HSP 70, (d) HSP 

26.3, (e) HSP 23.5, (f) HSP 17.8, (g) HsfA3 and (h) CHS 
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M- Marker, 1,9-Healthy, Unprimed control ; (2) Unprimed seedlings, 40
0
C,4h,; (3) Unprimed seedlings, 

40
0
C, 8 h; (4) Unprimed seedlings, 40

0
C, 12h; (5,10) Healthy, B.safensis primed control, 0h; (6) 

B.safensis primed seedlings, 40
0
C, 4h; (7) B.safensis primed seedlings, 40

0
C, 8 h; (8) B.safensis primed 

seedlings, 40
0
C, 12h; (11) Unprimed infected seedlings, 25

0
C, 12h; (12) Unprimed infected seedlings, 

38
0
C, 12h; (13) B.safensis primed infected seedlings, 25

0
C, 12h; (14) B.safensis primed infected 

seedlings, 38
0
C, 12h;  

Figure 51B: Primer validation for Real time PCR by Agarose gel electrophoresis of 

reverse transcribed amplicons of (a) P5CS, (b) P5CR, (C) PDH, (d) ADC1, (e) ADC2, 

(f) SAMDC2, (g) PAL  and  (h) Actin 
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4.5.1. Heat shock proteins 

 

Figure 52: Effect of heat stress on expression of heat shock proteins (HSPs) of 

untreated and B. safensis primed plants 

RT PCR analysis of these HSP genes revealed that transcript level of HSP 101c, HSP 

90 and HSP 70 in unprimed plants of PBW550 increased significantly in initial hours 

followed by sharp decrease at 8
th

 and 12
th

 hours of heat treatment. Whereas in B. 

safensis primed plants expression of these genes, particularly HSP 101 and HSP 90 

steadily increased and higher transcript level was maintained over the period of time as 

compared to heat stressed unprimed plants. In case of HSP 70 maximum expression was 

observed at 8
th

 hour of heat stress in both unprimed and B.safensis unprimed plants. 

After 12
th

 hour relative expression of HSP 70 remained higher in B.safensis primed 

plants as compared to heat stressed plants. Small Hsps play very crucial role as 

chaperonine and prevent protein denaturation during heat stress. HSP 23.5, HSP 17.8 

expression gradually increased over the period of heat stress at 40
0
C across all the 

treatments. In case of B. safensis primed wheat plants exposed to heat stress for 12h and 

transcript expression of HSP 17.8 and HSP 23.5 was found to more in B. safensis 

primed plants in relation to control plants. In case of HSP 26.3 maximum expression 

was observed at 4
th

 hour of heat stress in unprimed followed by sharp decline at 8
th

 and 

12
th

 h and whereas B.safensis primed plants highest relative transcript level was 

observed at 8
th

 hour. After 12
 
h of heat stress relative expression of HSP 26.3 remained 

1.80 fold higher in B.safensis primed plants as compared to unprimed plants. Heat stress 

transcription factors (Hsfs) play a crucial role in the plants adaptation to high 

temperatures. HsfA3 expression was also increased in the B. safensis treated heat 
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stressed seedlings. Maximum relative expression in unprimed and B.safensis primed 

plants was observed at 8
th

 hour followed by slight reduction. B.safensis priming was 

able to maintain higher transcript level was maintained overtime as compared to heat 

stressed unprimed plants (Fig. 52).  

4.5.2. Proline biosynthesis related genes  

 

Figure 53: Effect of heat stress on proline biosynthesis related genes of untreated and 

B.safensis primed plants 

Accumulation of proline depends on de novo expression of proline sysnthesis and 

degradation related genes. In plants, the key pathway is conversion of proline from 

glutamate, by two successive reductions catalyzed by pyrroline-5-carboxylate synthases 

(P5CS) and pyrroline-5-carboxylate reductases (P5CR), respectively. Heat stress 

induced the expression of P5CS in both unprimed and B.safensis primed plants after 12 

h exposure to 40
0
C. In unprimed plants there was gradual and significant increase in 

P5CS expression over time upto 12h. On contrary in B.safensis treated plants significant 

up regulation of P5CS was observed only after 6 h of heat stress and at 12
th

 hour there 

was insignificant reduction in P5CS expression. Relative expression of P5CR 

insignificantly increased in both unprimed and B. safensis primed plants during heat 

treatment at 40
0
C. Proline is oxidized to proline-5-carboxylate (P5C) by proline 

dehydrogenase (PDH) gene in proline catabolic pathway. In unprimed plants reative 

expression PDH was very insignificant after 4 h of heat stress in comparison to control 

followed by gradual down regulation of expression at 8
th

 and 12
th

 hour. On contrary in 

B.safensis primed plants there was significant gradual up regulation in PDH expression 

in comparison to control during high temperature treatment for 12 h (Fig. 53). 
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4.5.3. Polyamine biosynthesis related genes  

 

 Figure 54: Effect of heat stress on polyamine biosynthesis related genes of untreated 

and B. safensis primed plants 

Expression of regulatory genes related to polyamine biosynthesis pathway modulates 

heat stress tolerance response in plants. Polyamine biosynthesis is a significant 

metabolic course in the intermediary nitrogen metabolism that acts in responses to 

environmental fluctuations in higher plants. Expression of three genes related to 

polyamine biosynthesis pathway, arginine decarboxylase1 (ADC1), arginine 

decarboxylase 2 (ADC2) and S-adenosylmethionine decarboxylase (SAMDC2) were 

studied after exposure to 40
0
C for different time period. The first two genes regulate 

decarboxylation of arginine catalyzed by two isoform of arginine decarboxylase (ADC), 

followed by two successive reactions which ultimately converts agmatine to putrescine. 

In successive reactions aminopropyl groups generated from S-adenosylmethionine 

(SAM) by SAM decarboxylase (SAMDC) to produce spermidine from putrescine and 

subsequently to spermine. Results revealed that exposure to 40
0
C for 12 h ADC1 and 

ADC2 gene expression gradually increased in comparison to control in both unpimed 

and primed plants. In case of unprimed plants increase was insignificant over the period 

of time. However in B.safensis primed plants significant upregulation of ADC1 gene 

expression was observed after 8 h and continued to increase upto 12
th

 hours, whereas 

ADC2 gene expression significantly increased at 12
th

 hour of heat stress. SAMDC2 

expression gradually increased in both unprimed and B. safensis primed plants although 

expression of SAMDC2 was much lesser in B. safensis primed plants during heat 

treatment (Fig. 54) 
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4.5.3. Phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS) genes  

In unprimed seedlings maximal PAL gene expression was observed at 4
th

 hour and 12
th

 

hour of heat stress. Whereas in B. safensis primed plants PAL gene expression 

continued to increase significantly overtime upto 12 h exposure at 40
0
C. Another gene 

CHS, a part of phenyl propanoid pathway gradually increased with time at 40
0
C. On 

contrary in PGPR treated plants high CHS gene expression was observed at 12
th

 hour of 

heat treatment at 40
0
C (Fig. 55). 

 

Figure 55: Effect of heat stress on phenylalanine ammonia lyase and chalcone synthase 

genes of untreated and B.safensis primed plants 

4.6. Assessment of seed quality in late sown cultivars following PGPR treatment  

High quality planting seed is a key component of all grain cropping systems. The 

experiment was conducted three consecutive years from 2015 to 2017. To evaluate 

effect of high temperature on seed quality of PGPR primed and unprimed plants in field 

condition plant material was examined in two sowing date‘s i.e. normal planting 

(20
th

October) and late planting (20
th

 January) during growing season of 2015-17. The 

seeds of B. safensis primed and unprimed plants were collected from natural high 

temperature stress were dried and then kept in air-tight plastic jars. The effect of heat 

stress was assessed on three yield related traits (spike length, spikelets spike
-1

, grains 

spike
-1

 and 1000-grain weight) and protein and starch content were also measured. SEM 

analysis of seeds was performed.  
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# Late planted wheat cutivar PBW 550 in field following PGPR treatment (a,b,k, l) ; Control plants of 

PBW550 (c, e, g, i) , B. safensis primed PBW550 plants (d, f, h, j) 

Figure 56: Effect of elevated temperature on late sown wheat plants following 

application of PGPR.  
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Figure 57: Monthly average temperature (a) and relative humidity (b) from 2015 to 

2017 

4.6.1. Grain and spikelet size 

Spike length, number of spike lets per spike are trait of great interest since bigger spike 

and higher spikelet contemplated to set more grains, resulting in greater grain yield 

plants. Maximum spike length, number of spikelet was recorded in and B. safensis 

primed plants under ambient temperature. While there was significant reduction was 

observed in spike length, number of spikelet in plants subjected heat stress during grain 

filling period. However, in B. safensis primed plants reduction of spike length, number 

of spikelet was much less as compared to untreated plants at elevated temperature 

(Table 50, Fig. 58).  
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Table 50: Effect of temperature on grain quality of untreated and PGPR primed plants 

Treatment 
Spike length 

(c.m) 
Spikelet spike

-1 
No of grains 

spike 
-1

 

1000 

Grain weight 

(gm) 

Control 11.2± 0.78 35± 1.12 45± 0.97 42.25± 1.24 

Heat stress  6.61 ± 0.34 19±1.23 24±1.14 27.54± 1.30 

B.safensis 13.5± 0.76 50±0.98 58± 1.24 48.89± 1.12 

B.safensis+ Heat 10.9± 0.89 41±0.78 43± 1.09 37.54± 1.17 

Values represent Mean ± S.D., where n = 15 

 

Figure 58: Effect of temperature on grain quality of untreated and B. safensis primed 

plants 
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4.6.2. Starch and protein content 

Elevated temperature (40°C) during grain development significantly reduced soluble 

protein and starch content as compared to grains maintained at ambient temperature 

(25°C). Reduction in grain starch content was more pronounced in unprimed plants 

(40.98%) as B. safensis primed seeds (19.25%). Similarly seed protein content 

significantly reduced at 40
0
C whereas B.safensis priming reduced loss of protein in seed 

(Table 51).  

Table 51: Effect of temperature on the protein and starch content of untreated and 

PGPR primed plants 

 

 

 

 

 

Values represent Mean ± S.D., where n =15 

4.6.3. Scanning electron microscopy of starch grains and endosperm 

Scanning electron microscopy (SEM) of starch granules was carried out in seeds of 

unprimed and B.safensis primed PBW550 plants grown under normal and heat stress 

conditions (late planted). A robust, bold and well-structured starch granule was 

observed in seeds obtained from control plants (Fig 59A), whereas flat, un-structured 

and pleated granules were observed in seeds obtained from unprimed plants grown 

under heat stress condition (Fig. 59B). The damage due to exposure of high temperature 

was less pronounced in seeds of B. safensis primed plants exposed to 40
0
C compared to 

unprimed plants. The number of endospermic cells was very high in case of granules 

synthesized under normal temperature, compared to that of heat stress conditions. The 

aleuronic layer of seeds in case of in seeds of B. safensis primed plants was well-

structured with compact compartments under ambient temperature (Fig. 59C), whereas 

de-fractured and disintegrated compartments were observed under high temperature 

(40°C;). In seeds of unprimed heat stressed plants, aleuronic layer showed unfilled 

sections with very less number of endospermic cells under heat stress, compared to 

structured compartments with profuse endospermic cells under normal temperature. 

Treatment 
Starch content 

(μg grain
−1

) 

Protein content 

(mg grain
−1

)
 

Control 11.2 ± 0.78 35.02 ± 1.12 

Heat stress 6.61 ± 0.34 19.45 ± 1.23 

B.safensis 13.50 ± 0.76 50.34 ± 0.98 

B.safensis + Heat 10.9 ± 0.89 41.45 ± 0.78 
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Figure 59A: SEM of starch granules and aleuronic membrane of seed of unprimed 

control plants (cultivar PBW550) at seed hardening stage 

[(a): Transverse section of seed; (b): Aleuronic layer of seed (c): Starch granule 

synthesized under optimum temperature; and (d): Magnified view of starch granules is 

shown with arrows] 
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Figure 59B: SEM of starch granules and aleuronic membrane of  unprimed heat 

stressed seeds (cultivar PBW550) at seed hardening stage 

[(a): Transverse section of seed; (b): Aleuronic layer of seed (c): Starch granule 

synthesized under elevated temperature; and (d): Magnified view of starch granules is 

shown with arrows] 
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Figure 59C: SEM of starch granules and aleuronic membrane of seed of B. safensis 

primed heat stressed plants (cultivar PBW550) at seed hardening stage 

[(a): Transverse section of seed; (b): Aleuronic layer of seed (c): Starch granule 

synthesized under elevated temperature; and (d): Magnified view of starch granules is 

shown with arrows] 
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4.7. Assessment of spot blotch disease in wheat cultivars 

A total 13 isolates of spot blotch causing fungus Bipolaris sorokiniana (Table 52) were 

collected from naturally infected wheat leaves grown in field of research station UBKV, 

Cooch Bihar, West Bengal, Rajendra Agricultural University, Samastipur, Bihar and 

University of North Bengal, Darjeeling, West Bengal and these isolates were confirmed 

confirmed as B. sorokiniana after performing koch‘s postulate. The symptom of spot 

blotch is mainly developed in leaves, stem, glumes and spikes. At primary stage of 

infection small 0.5- 2mm dark brown spots can be observed. In the later stage of 

infection the small lesions expands very rapidly and many small lesions coalesce and 

chlorotic margin appears around lesions (Fig. 60). Microscopic observation of this 

fungal strain showed brown coloured mycelia. Olive brown conidia is elliptical with 

tapering ends and showed bipolar germination, simple conidiophores, either single or 

clustered and 4-7 with septations (Fig. 62).  

 Pathogenecity of different B. sosrokiniana isolates were tested on heat susceptible 

PBW 550 and HT 41 cultivar of wheat (Fig. 61). The inoculated plants were examined 

after 72 hours of inoculation and disease incidence was calculated. Out of 13 isolates 

studied highest disease incidence was observed in leaves inoculated with 

WH.PBW.IP.04. So, this particular strain was selected for further investigations. 

 Table 52: Source of fungal isolates  

 

 

 

 

 

 

 

Sr no. Area of collection No. of Isolate Isolate code 

1 
Coochbehar, 

West Bengal 
4 

WH.CBS.IP- 

[01-04] 

 

2 Samastipur, Bihar 4 WH.SMS.IP 

[01-04] 

3 
Darjeeling,  

West Bengal 
5 WH.PBW.IP 

[01-05] 
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Figure 60: Spot blotch infected leaves of wheat cultivars HT 41 (a, b) and PBW 

550(c,d) 

 

Figure 61: Pathogenecity of different B.sosrokiniana isolates tested on heat susceptible 

wheat cultivar PBW 550 and HT 41. 
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4.8. Molecular characterization of fungal isolate 

WH.PBW.IP.04 was selected for further molecular identification by using the 18S 

rDNA sequencing (Fig. 63). The BLAST query of 18S rDNA sequence of 

WH.PBW.IP.04 strain against GenBank database confirmed its identity as Bipolaris 

sorokiniana. The sequenced PCR product was aligned with extype isolate sequences 

from NCBI Gene Bank for identification as well as for studying phylogenetic 

relationship. The evolutionary history was inferred using the UPGMA method. The 

bootstrap consensus tree inferred from 1000 replicates is taken to represent the 

evolutionary history of the taxa analyzed. Branches corresponding to partitions 

reproduced in less than 50% bootstrap replicates are collapsed. The percentage of 

replicate trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches. The evolutionary distances were computed 

using the Maximum Composite Likelihood method and are in the units of the number of 

base substitutions per site. All positions containing gaps and missing data were 

eliminated from the dataset (Complete deletion option). There were a total of 488 

positions in the final dataset. Phylogenetic analyses were conducted in MEGA4. 

Phylogenetic analysis showed that B. sorokiniana (WH.PBW.IP.04) isolate with acc. 

no. KM 066949.1 is closely related to B. sorokiniana isolate- KF765406.1 (Fig. 65).  

Multiple sequence alignment revealed that there were regions in the sequences which 

were not similar and, hence, gaps were introduced in these regions. Presence of regions 

with similar sequences indicated relationships among the isolates of B. sorokiniana 

(Fig. 66). 

 

 



 
 

181 
 

 

Figure 62: Morphological characteristics of B. sorokiniana (a- radial growth in Petri 

plate, b-Bipolar germination of spore, c & d- spore under light microscope x40, d & e- 

scanning electron microscopic view of spore. 
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Figure 63: Amplification and the partial sequence of 18S rDNA region of                                 

B. sorokiniana WH.PBW.IP 04 (KM 066949) 

 

 

Figure 64: Sequence deposition to NCBI database of 18S rDNA region o of                    

B. sorokiniana WH.PBW.IP 04(KM 066949) 
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Figure 65: Phylogenetic relationship between B. sorokiniana (KM 066949) with other 

ex-type based on 18S rDNA gene sequences by MEGA 4.1 software 

 

Figure 66: 18S rDNA sequence alignments of B. sorokiniana (KM 066949) with other 

ex-type strains obtained from NCBI GeneBank database.  The conserved regions of the 

gene are demonstrated in different colour 
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4.9. Detection of pathogen in leaf tissues by immunotechniques 

4.9.1. Dot immuno binding assay 

Dot immunobinding assay was performed for serological detection of spot blotch. 

Bipolaris sorokiniana (WH.PBW.IP.04) isolate was also immunologically confirmed by 

the appearance of intense colour on nitrocellulose paper using antibody (1
st
, 2

nd 
& 3

rd
 

bleed) of that isolate. Strong reaction was observed between PAb of Bipolaris 

sorokiniana and its homologous antigen as well as spot blotch infected leaf antigen. 

Reaction with antigens of Drechslera oryzae, Pestalotiopsis disseminata showed 

development of light purple colour indicating heterologous reaction with the PAb of 

Bipolaris sorokiniana (Fig. 67, Table 53). 

 

 

Figure 67:  Dot immuno binding assay of homologus antigen of B.sorokiniana (B.S), 

leaf antigen (L.A) and other heterologous antigen-Drechslera oryzae (D.O),  

Pestalotiopsis disseminata (P.D) and probed with antibody raised against B.sorokiniana 

4.9.2. PTA- ELISA  

PTA- ELISA was performed for detection of spot blotch. Bipolaris sorokiniana 

(WH.PBW.IP.04) isolate immunologically confirmed by the high ELISA value. Strong 

reaction was observed between PAb of Bipolaris sorokiniana and its homologous 

antigen and infected leaf antigen. However, reaction with mycelial antigens of 

Drechslera oryzae, Pestalotiopsis disseminata was relatively weaker. Reaction with 

antigens of Drechslera oryzae, Pestalotiopsis disseminata showed lower ELISA values 

(Table 53). 
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Table 53:  ELISA and DIBA values of homologus antigen of B.sorokiniana and other 

heterologous antigen (Pestalotiopsis disseminata) with PAb of B.sorokiniana 

 

 

 

 

 

 

 

 

 

 

 

 

*Average of three replicates; Antigen concentration- 100 µg/ml; PAb dilution  1: 100: 

Alkaline phosphatase dilution 1:10,000; Substrate NBT/BCIP **+= Light purple; +++ 

Purple; +++ = deep purple. Difference between ELISA values of healthy uninoculated 

and treated are significant at P=0.01as determined by Student‘s t test in all cases 

4.9.3. Indirect immunoflurosecence 

In the present study indirect immunofluorescence of B.sorokiniana along with healthy 

and infected plant leaves was carried out with homologous antibody and reacted with 

fluorescein isothiocyanate (FITC) labelled antibodies of goat specific for rabbit 

globulin. Strong apple green fluorescence was observed in mycelia which was 

confirmation of the homologous reaction of the pathogen and the antibody. In this study 

indirect immunofluorescence of healthy leaf tissue section of PBW550 with PAb of 

B.sorokiniana showed autofluorescence of the outer epidermal layer of the segment that 

indicates that pathogen is not present in the healthy section. Whereas in infected leaf 

    Antigen Source ELISA 

A 405 values * 

(a) 

DIBA 

Colour intensity** 

(b) 
        Leaf Antigens 

I 
-B

le
ed

 

HT 41 0.454±0.06 ++ 

             PBW 550 0.647±0.08 +++ 

 P. disseminata 0.123±0.05 + 

         B. sorokiniana 1.148±0.04 +++++ 

II
 -

B
le

ed
 

HT 41 0.570±0.08 +++ 

PBW 550 0.746±0.07 ++++ 

P. disseminata 0.245±0.09 + 

         B. sorokiniana 1.448±0.08 +++++ 

II
I 

-B
le

ed
 

HT 41 0.875±0.06 +++ 

PBW 550 0.947±0.08 ++++ 

P. disseminata 0.345±0.05 - 

         B. sorokiniana 1.648±0.05 +++++ 
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section, apple green fluorescence can be observed at epidermal layer and corical layer 

underlying epidermis, at the same time fluorescence was present in small quantities 

throughout tissue indicating the spread of infection in the leaf tissue (Fig. 68). 

 

Figure 68:   FITC Labeling of fungal mycelia (a) healthy (b- PBW550, c- HT41) and 

infected (d- PBW550, e- HT41) leaf tissue with PAb of B.sorokiniana 



 
 

187 
 

 

Figure 69: Immunogold localization in healthy (a- PBW550, c -HT41) and infected (b- 

PBW550, d-HT41) leaf tissue with PAb of B.sorokiniana 

4.9.4. Immuno gold localization and disease detection 

Labelling of spot blotch infected leaf tissue segments was performed on sections of LR-

white embedded tissues, previously fixed with 0.1 M sodium phosphate buffered-

glutaraldehyde (2.5%) and using PAb of B.sorokiniana and labeled with antirabbit-IgG 

(whole molecule) gold conjugate (10 nm). Healthy and spot blotch infected leaf tissues 

of PBW550 and HT 41were labelled with B.sorokiniana antibody. In both the sets, 

labeling was profuse but gold labeling was intense in infected leaf tissues treated with 

PAb of B.sorokiniana. Many clusters of particles were scattered around the cell wall 
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and vacuole. Gold particles were concentrated mostly near the cell wall interfacial 

matrix and around vacuole (Fig. 69)  

4.10. Elevated temperature affecting disease development 

Artificially inoculated wheat plants exposed in different ranges of temperature had 

revealed marked impact on the spot blotch disease development on leaves. Disease 

incidence was measured after 48 h, 72 h and 96 h interval.  Disease incidence gradually 

increased with elevated temperature. In this study maximum disease incidence was 

observed in between 35° to 38°C. After 96 h of disease commencement 70.02% and 

78.98% in disease incidence was observed in infected PBW550 plants at 35
0
C and 

38
0
C. Interestingly further increase in temperature significantly reduced disease 

incidence in leaf tissue. Since, disease incidence was found to be relatively high at 

temperature around 38
0
C, so this particular temperature was selected for comparative 

study on disease development (Fig. 70 & Fig 71).  

Figure 70: Effect of elevated temperature on disease development.  

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences    (P ≤ 

0.05) according to Fischer‘s LSD test. 

 

Table 54:   ANOVA of data presented in Figure 70 

       Source of 

Variation SS df MS F P-value F crit 

Rows 1237.219 4 309.3048 16.44681 0.000631 3.837853 

Columns 2033.036 2 1016.518 54.05179 2.25E-05 4.45897 

Error 150.451 8 18.80637 

   Total 3420.706 14         
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Figure 71: Effect of elevated temperature on disease development. a: 25
0
C,b: 30

0
C 

c:35
0
C, d: 38

0
C , e: 40

0
C 

4.11. Effect of PGPR priming on disease development at optimum and elevated 

temperature  

4.11.1. Disease development 

Disease severity represented as plant disease incidence percentage significantly 

increased with time at 38
0
C in comparison to disease development at 25

0
C. In untreated 

infected seedlings plant disease index after 72 h of pathogen inoculation was 67.70% at 

25
0
C where as at 38

0
C it reached a maximum of 78.71% in heat susceptible PBW550 

cultivar. However, PGPR priming of seedlings reduced disease incidence both at 25
0
C 

and 38
0
C to some extent. At 25

0
C O.pseudogrignonense and B. safensis primed infected 

plants disease incidence were 25.78% and 20.34% respectively after 96 h of disease 
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commencement. Whereas at 38
0
C O. pseudogrignonense and B.safensis primed infected 

plants disease incidence were 46.89% and 52.78% respectively after 96 h of disease 

commencement. Results revealed both the PGPR decreased disease severity 

considerably at 25
0
C and 38

0
C. However at elevated temperature B. safensis was found 

to be more effective than O. pseudogrignonense (Table 55 & Fig 72).  

Table 55: Effect of high temperature on disease development in unprimed and PGPR 

primed plants 

Exposure time UI TIBS TIOP 

Temperature- 25ᵒ C 

48h 18.34 ± 0.56 5.67 ±  0.32 4.97 ± 0.34 

72h 48.56 ± 1.12* 13.78 ± 1.08 12.87 ± 1.14 

96h 67.70 ± 1.23* 25.78 ± 1.87*   20.34 ± 1.53* 

Temperature- 38ᵒ C 

48h 24.82 ± 1.03 7.45 ±  0.34 8.78 ±  0.98 

72h 64.76 ± 1.34* 27.76 ± 1.12 32.45 ± 1.14 

96h 78.71 ± 1.45* 46.89 ± 1.12* 52.78 ± 1.54* 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences (P ≤ 0.05) 

according to Fischer‘s LSD test. 

#UI: Untreated infected, TIBS: Infected plants primed with B.safensis. TIOP: Infected plants primed 

with O.pseudogrignonense 

 

Table 56:   ANOVA of data presented in Table 55 

Source of 

Variation SS df MS F P-value F crit 

25
0
C 

      Rows 1205.059 2 602.5297 6.692148 0.052943 6.944272 

Columns 1929.251 2 964.6253 10.71385 0.024746 6.944272 

Error 360.1413 4 90.03533 

   Total 3494.451 8         

38
0
C 

Rows 2436.125 2 1218.062 25.59366 0.005253 6.944272 

Columns 1833.054 2 916.5268 19.25786 0.008852 6.944272 

Error 190.3694 4 47.59234 

   Total 4459.548 8         
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Figure 72: Effect of high temperature on disease development in unprimed and PGPR 

primed plants a, b, c: 25
0
C  d, e, f : 38

0
C 

4.11.2. Effcet on Membrane damage 

4.11.2.1. Electrolyte leakage 

Elevated temperature during onset of disease significantly increased electrolyte leakage 

in infected plants. In untreated infected seedlings electrolyte leakage after 72 hours of 

pathogen inoculation was 65.67% at 25
0
C where as at 38

0
C it reached a maximum of 

91.98% in heat susceptible PBW550 cultivar. However, PGPR priming of seedlings 

reduced electrolyte leakage both at 25
0
C and 38

0
C. At 25

0
C there was 15.55% and 

13.33% less increase in electrolyte leakage in O.pseudogrignonense and B. safensis 
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primed infected plants respectively 72 h after pathogen inoculation in comparison to 

untreated infected plants. Whereas at 38
0
C O. pseudogrignonense and B.safensis 

primimg reduced electrolyte leakage 26.31% and 33.01% respectively in comparison to 

untreated infected plants. Results revealed both the PGPR decreased electrolyte leakage 

considerably at 25
0
C and 38

0
C. However at elevated temperature B. safensis was found 

to be more effective than O.pseudogrinonense (Fig.73).  

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences (P ≤ 0.05) 

according to Fischer‘s LSD test. 

 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

 

Figure 73: Effect of elevated temperature and spot blotch infection on electrolyte 

leakage. 

 

4.11.2.2. MDA Content 

MDA content significantly increased with time at 38
0
C in comparison to lipid 

peroxidation at 25
0
C. In untreated infected seedlings MDA content after 72 h of 

pathogen inoculation was 2.70 µmol g tissue
-1

 at 25
0
C where as at 38

0
C it reached a 

maximum of 3.01µmol g tissue
-1

 in heat susceptible PBW550 cultivar. However, PGPR 

priming of seedlings reduced disease incidence both at 25
0
C and 38

0
C. However at 

elevated temperature B. safensis was found to be more effective than 

O.pseudogrinonense (Fig.74). 
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Values are represented as mean ± SD (n = 3). * above the bars designate significant differences  (P ≤ 

0.05) according to Fischer‘s LSD test. 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Figure 74: Effect of elevated temperature and spot blotch infection on membrane lipid 

peroxidation 

4.11.3. Changes in H2O2 content and in situ H2O2 localization 

H2O2 content significantly increased with time at 25
0
C and 38

0
C in infected plants. In 

untreated infected seedlings H2O2 content after 72 h of pathogen inoculation was 245.87 

µmol g tissue
-1

 at 25
0
C whereas at 38

0
C it reached a maximum of 287.89 µmol g tissue

-1
 

in heat susceptible PBW550 cultivar. However, PGPR priming reduced H2O2 content 

both at 25
0
C and 38

0
C. At 25

0
C O. pseudogrinonense and B. safensis reduced H2O2 

content 1.61 fold and 2.35 fold respectively in comparison to unprimed infected plants. 

Whereas at 38
0
C O.pseudogrinonense and B.safensis reduced disease incidence 1.13 

fold and 1.40 fold respectively in comparison to unprimed infected plants. Results 

revealed both the PGPR decreased H2O2 content considerably at 25
0
C and 38

0
C. 

However at elevated temperature B. safensis was found to be more effective than 

O.pseudogrinonense (Fig.75). 
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Histochemical detection of H2O2 in the leaves was performed by visualizing dark brown 

patches of DAB-H2O2 complex with in leaf tissue. Microscopic examinations clearly 

showed that there was eruption of H2O2 around necrotic region indicated by dark brown 

patches after B. sorokiniana inoculation which increased gradually overtime. Combined 

application of heat stress (38
0
C) and B. sorokiniana increase H2O2 accumulation within 

tissues more rapidly. However, in PGPR treated plants dark brown patches were less 

both at 25
O
C and 38

O
C indicating that the decline in H2O2 accumulation within infected 

plant tissue was much lesser than untreated plants representing positive role of PGPR in 

reduction of spot blotch induced membrane damage. Among the two PGPR                                 

O. pseudogrinonense was found to be less effective at high temperature (Fig. 76). 

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test. 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Figure 75: Effect of elevated temperature and spot blotch infection on H2O2 content  
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#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with 

B.safensis. THOP: Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants 

primed with B.safensis. TIOP: Infected plants primed with O.pseudogrignonense 

Figure 76: Combined effect of high temperature and spot blotch on H2O2 localization in 

unprimed and PGPR primed plants 
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Table 57:   ANOVA of data presented in Table 73 

Table 58:   ANOVA of data presented in Table 74 

Source of 

Variation SS df MS F P-value F crit 

25ᵒ C  

Rows 7.347986 5 1.469597 8.170809 0.000245 2.71089 

Columns 3.142408 4 0.785602 4.367867 0.010625 2.866081 

Error 3.597189 20 0.179859 

   Total 14.08758 29         

38ᵒ C  

             Rows 1.762577 5 0.352515 12.37098 1.48E-05 2.71089 

Columns 15.99421 4 3.998553 140.3231 2.48E-14 2.866081 

Error 0.569907 20 0.028495 

   Total 18.3267 29         

 

Table 59:   ANOVA of data presented in Table 75 

Source of 

Variation SS df MS F P-value F crit 

25ᵒ C  

Rows 20440.29 5 4088.059 6.322083 0.00113 2.71089 

Columns 11731.51 4 2932.877 4.535622 0.009044 2.866081 

Error 12932.63 20 646.6316 

   Total 45104.43 29         

38ᵒ C  

      Rows 12946.84 5 2589.368 9.687286 8.11E-05 2.71089 

Columns 66541.4 4 16635.35 62.2358 5.31E-11 2.866081 

Error 5345.91 20 267.2955 

   Total 84834.14 29         

 

 

Source of 

Variation SS df MS F P-value F crit 

25ᵒ C             

Rows 5297.186 5 1059.437 11.93597 8.58E-05 2.901295 

Columns 1299.177 4 433.059 4.878985 0.01458 3.287382 

Error 1331.401 20 88.76005 

   Total 7927.764 29 

    38ᵒ C             

Rows 2295.774 5 459.1547 21.49324 2.37E-06 2.901295 

Columns 4756.255 4 1585.418 74.21413 3.16E-09 3.287382 

Error 320.4413 20 21.36275 

   Total 7372.469 29         
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4.11.4. Changes in macromolecule content 

4.11.4. 1. Total protein 

Results revealed with the onset of disease total protein content gradually increased with 

time in both primed and unprimed at 25
0
C. At 72 h there was insignificant (%) 

reduction in protein content in unprimed plant leaves. However, application of PGPR 

increased accumulation of total soluble protein in treated infected seedlings in 

comparison to untreated healthy and untreated infected set of seedlings. After 72 h of 

disease commencement total protein content in B. safensis and O. pseudogrignonense 

primed plant leaves increased 1.35 fold and 1.02 fold respectively in comparison to 

unprimed infected plants. At 38
0
C in healthy plant leaves total protein content increased 

due to heat stress. Whereas combined effect of heat stress and disease initiation further 

increased total protein content upto 24 h after that protein accumulation reduced. 

Although, PGPR priming maintained a high level of protein content in infected leaves 

even after 72 h after disease commencement in comparison to unprimed infected plants. 

At 72 h total protein content in B. safensis and O. pseudogrignonense primed leaf tissue 

was 1.42 fold and 1.36 fold higher in comparison to unprimed infected plants 

respectively (Fig. 77).  

Protein profiling by SDS-PAGE showed appearance of new bands in plants exposed to 

high temperature. Appearance of new stress responsive proteins along with expression 

of existing ones was more prominent in PGPR primed plants; especially B. safensis 

primed plants as compared to untreated plants after heat treatment. At 25
0
C appearance 

of bands having molecular weight 20.5, 21.1, 24.5, 25.2, 28.5 kDa were observed in 

unprimed infected plants. Whereas in B .safensis primed infected plants expression and 

number of bands increased significantly after 12 h after challenge inoculation with B. 

sorokiniana. New bands of 20.5, 21.1, 24.5, 25.2, 28.5, 58.4, 67.5 kDa were observed B 

.safensis primed infected plants. However, at 38
0
C combined effect of heat stress and 

disease initiation on proteins expression was not as much as compared to at 25
0
C and 

bands numbers also got reduced across all treatments 12 h after challenge inoculation. 

In B. safensis primed infected plants expression and number of bands increased 

significantly as compared to unprimed infected plant leaves 12 h after challenge 

inoculation with B. sorokiniana. New bands of 17.1, 20.5, 21.1, 46.5, 98.1 kDa were 

observed B .safensis primed infected plants (Fig. 78A, 78B; 35A, B, Table 60). 
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Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test. 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense. 

 Figure 77: Combined effect of high temperature and spot blotch on total protein 

content in unprimed and PGPR primed plants 

 

 

Figure 78A: SDS PAGE analysis of leaf proteins of control and infected plants 12 h 

after challenge inoculation at 25
0
C (Lane 2-7) and 38

0
C (Lane 8-13). Marker- 1; 2,8 - 

Unprimed Control; 3,9- Infected; 4,10-B.safensis primed control; 5,11- B.safensis 

primed infected; 6,12- O.pseuodgrignonense primed control; 7,13- 

O.pseuodgrignonense primed infected 
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Figure 78B: SDS PAGE lane and band analysis of leaf proteins of control and infected 

plants 12h after challenge inoculation at 25
0
C (Lane 2-7) and 38

0
C (Lane 8-13). 

Marker- 1; 2,8 - Unprimed Control; 3,9- Infected; 4,10-B.safensis primed control; 5,11- 

B.safensis primed infected; 6,12- O.pseuodgrignonense primed control; 7,13- 

O.pseuodgrignonense primed infected plants 
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Table 60: SDS PAGE lane and band profile of leaf proteins of control and infected 

plants 12 h after challenge inoculation at 25
0
C and 38

0
C 

Treatment    Temp.       Lane No. 
     No. of 

bands 
Approx. Molecular masses (KDa) 

Marker - 1 4  16, 29, 44, 67 

UH 

2
5

0
C

 

2 11 2.1, 18.2, 29.3, 55.2, 67.8, 70.2, 90.1, 98.1, 104.1, 116.4, 

121.3 

UI 
3 15 2.1, 6.1, 18.2, 24.5, 25.2, 28.5, 29.3, 55.2, 67.8, 70.2, 90.1, 

98.1, 104.1, 116.4, 121.3 

THBS 
4 13 2.1, 6.1, 17.1, 18.2, 19.1, 29.3, 46.6, 55.2, 70.2, 90.1, 98.1, 

116.4, 121.3 

TIBS 

5 20 2.1, 17.1, 18.2, 19.1, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 

34.5, 46.6, 55.2, 58.4, 67.5, 70.2, 90.1, 98.1, 116.4, 
121.3 

THOP 

6 16 2.1, 6.1, 17.1, 18.2, 19.1, 24.5, 25.2, 28.5, 29.3, 46.6, 55.2, 

70.2, 90.1, 98.1, 116.4, 121.3 

TIOP 
7 15 2.1, 6.1, 17.1, 18.2, 24.5, 25.2, 28.5, 29.3, 46.6, 55.2, 70.2, 

90.1, 98.1, 116.4, 121.3 

UH 

3
8

0
C

 

8 9 2.1, 18.2, 29.3, 55.2, 67.8, 70.2, 90.1, 104.1, 121.3 

UI 
9 11 2.1, 18.2, 29.3, 55.2, 67.8, 70.2, 90.1, 98.1, 104.1, 116.4, 

121.3 

THBS 

10 14 2.1, 6.1, 18.2, 24.5, 25.2, 28.5, 29.3, 55.2, 67.8, 70.2, 90.1,  

104.1, 116.4, 121.3 

TIBS 
11 19 2.1,  6.1, 17.1, 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 46.6, 

55.2, 67.5, 70.2, 90.1, 98.1, 104.1, 116.4, 121.3 

THOP 

 

12 14 2.1, 6.1, 18.2, 24.5, 25.2, 28.5, 29.3, 46.6, 55.2, 70.2, 90.1, 

98.1, 116.4, 121.3 

TIOP 

13 17 2.1, 6.1, 17.1, 18.2, 20.5, 21.1, 24.5, 25.2, 28.5, 29.3, 46.6, 

55.2, 67.5, 70.2, 90.1, 116.4, 121.3 

 

4.11.4. 2. Total phenol and O dihydroxy phenol 

Application of PGPR significantly increased accumulation of total phenol and O 

dihydroxy phenol content in infected seedlings in comparison to untreated healthy and 

infected set of seedlings both at 25
0
C as well as elevated temperature. At 25

0
C total 

phenol accumulation gradually increased in plants irrespective of treatments. However, 

maximum rise in phenol was observed O. pseudogrignonense primed plants after 

challenge inoculation with pathogen. After 72 h of incolulation total phenol content 

significantly increased in O. pseudogrignonense and B. safensis primed plants in 

comparison to unprimed infected plants. Whereas, apart from initial insignificant 

increase, elevated temperature led to reduction in phenol content in infected unprimed 
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plant leaves. However, in B. safensis and O.pseudogrignonense primed plants were able 

to maintain relative high level of phenol even after 72 h of disease commencement. At 

38
0
C total phenol content increased 1.11 fold and 1.55 fold in O. pseudogrignonense 

and B. safensis treated plants respectively in comparison to unprimed infected plants 

after 72 h of inoculation (Fig 79,a).Similar trends were also found in case of O 

dihydroxy phenol (Fig 79,b). 

4.11.4.3. Total chlorophyll content 

Result showed reduction in total chlorophyll content over the period of time post 

challenge inoculation with B. sorokininana in all treatments. Decline in total 

chlorophyll content was found to be maximum in unprimed infected plants at optimum 

as well as elevated temperature. In unprimed plant reduction in chlorophyll content was 

noticed in order of 1.04 fold, 1.35 fold, 1.85 fold and 2.01 fold at 12, 24, 48 and 72 h 

respectively. Whereas at 38
0
C maximum reduction in chlorophyll content was noticed 

in order of 1.36 fold, 2.05 fold, 2.62 fold and 3.64 fold at 12, 24, 48 and 72 h 

respectively. PGPR priming effectively lessen loss of total chlorophyll content in 

infected plants over the period of time both at 25
O
C as well as 38

0
C. Though both the 

PGPR were efficient in reducing loss of chlorophyll in infected leaves at 25
0
C, but at 

high temperature B. Safensis was proved to be more efficient in retaining total 

chlorophyll with tissues. At 38
0
C total chlorophyll content reduced 0.98 fold and 1.53 

fold in O. pseudogrignonense and B. safensis treated plants respectively in comparison 

to unprimed infected plant after 72 h of inoculation (Fig 79,c).  
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Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test. 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense, 

Figure 79: Combined effect of high temperature and spot blotch on total phenol (a), o 

dihydroxy phenol (b) and total chlorophyll (c) content in unprimed and PGPR primed 

plants 
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Table 61:   ANOVA of data presented in Figure 79 a  

Source of 

Variation SS df MS F P-value F crit 

       Rows 939.0965 5 187.8193 8.442547 0.000199 2.71089 

Columns 442.1368 4 110.5342 4.968553 0.006031 2.866081 

Error 444.9351 20 22.24676 
   Total 1826.168 29         

ANOVA 
      Rows 193.815 5 38.76299 2.132808 0.103303 2.71089 

Columns 766.8906 4 191.7226 10.54892 9.2E-05 2.866081 

Error 363.4925 20 18.17463 
   Total 1324.198 29         

 

Table 62:   ANOVA of data presented in Figure 79 b 

Source of 

Variation SS df MS F P-value F crit 

Rows 2.825316 5 0.565063 6.865619 0.000704 2.71089 
Columns 1.484023 4 0.371006 4.507786 0.009288 2.866081 
Error 1.646066 20 0.082303 

   Total 5.955405 29         

ANOVA 
      Rows 0.517275 5 0.103455 2.438507 0.070122 2.71089 

Columns 5.970035 4 1.492509 35.17951 8.69E-09 2.866081 
Error 0.84851 20 0.042426 

   Total 7.33582 29         

 

 Table 63:   ANOVA of data presented in Figure 79c 

ANOVA 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0.482238 5 0.096448 10.95891 0.000139 2.901295 

Columns 0.115513 4 0.038504 4.375059 0.021115 3.287382 

Error 0.132013 20 0.008801 
   Total 0.729763 29         

ANOVA 
      Source of 

Variation SS df MS F P-value F crit 

Rows 0.477355 5 0.095471 19.3438 4.64E-06 2.901295 

Columns 0.499136 4 0.166379 33.71073 6.58E-07 3.287382 

Error 0.074032 20 0.004935 

   Total 1.050524 29         
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4.11.5. Changes in defense enzyme activity 

4.11.5.1. Peroxidase 

PGPR priming significantly enhanced peroxidase activity in infected plants after 

challenge inoculation with B. sorokiniana both at 25
O
C and at 38

O
C. Peroxidase 

acitivity gradually increased with time and reached maximum level at 72 h in all 

treatments at 25
0
C. 72 h after challenge inoculation peroxidase activity enhanced 2.92 

fold and 1.93 fold in B.safensis and O.pseudogrignonense primed plants respectively 

than unprimed infected leaves. High temperature led to increase in POX activity in 

healthy plants irrespective of treatments. In control healthy plants POX activity declined 

slightly after 24 h whereas B.safensis and O.pseudogrignonense primed plants were able 

to maintain high POX activity even after 72 h at 38
0
C. However, challenge inoculation 

with B. sorokinina at elevated temperature caused reduction in POX activity in 

O.pseudogrignonense primed and unprimed infected leaves after 24 h. In B. safensis 

primed plants peroxidase acivity was 1.11 fold and 0.94 fold higher than control and 

O.pseudogrignonense primed infected plants even after 72 h of challenge inoculation 

(Fig. 80A). 

4.11.5.2. Isozyme analysis of Peroxidase 

Native PAGE analysis of peroxidase enzyme revealed increased expression and 

appearance of new bands in infected leaf tissue. PGPR priming significantly enhanced 

peroxidase enzyme expression both at 25
0
C and at 38

0
C.  In all treatments new bands 

having Rf values of 0.19, 0.23, 0.26 appeared in infected leaf tissue at 48 and 72 h. 

However, at elevated temperature (38
0
C) plants were unble to retain peroxidase activity 

as high as 25
O
C. At 38

0
C in untreated and O.pseudogrignonense plants new band of Rf 

value 0.26 appeared only 24 h after challenge inoculation. However, in B. safensis 

primed infected plants relatively high peroxidase expression was observed and presence 

band having Rf value 0.26 was clearly visible even after 72 h of challange inoculation 

(Fig. 80B). 
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Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test. 

 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

 

Figure 80A: Combined effect of high temperature and spot blotch on peroxidase 

activity in unprimed and PGPR primed plants 

Table 64:   ANOVA of data presented in Figure 80 

25
0
C 

      
Source of Variation SS df MS F P-value F crit 

Rows 2166.15 5 433.2301 5.003213 0.006789 2.901295 

Columns 1134.775 4 378.2583 4.368365 0.021221 3.287382 

Error 1298.855 20 86.59036 

   Total 4599.781 29         

 

38
0
C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 723.4613 5 144.6923 10.81383 0.00015 2.901295 

Columns 1075.595 4 358.5317 26.79548 2.84E-06 3.287382 

Error 200.7045 20 13.3803 

   Total 1999.761 29         
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Figure 80B: NATIVE PAGE analysis of peroxidise isozyme of control and infected 

plants 12h after challenge inoculation at 25
0
C (Lane 2-7) and 38

0
C (Lane 8-13). 

Marker- 1; 2,8 - Unprimed Control; 3,9- Infected; 4,10-B.safensis primed control; 5,11- 

B.safensis primed infected; 6,12- O.pseuodgrignonense primed control; 7,13- 

O.pseuodgrignonense primed infected 

4.11.5.3. β 1,3 Glucanase 

β 1,3 glucanase acitivity gradually increased with time and reached maximum level at 

72 h in all treatments at 25
0
C. β 1,3 glucanase activity enhanced 2.11 fold and 1.99 fold 

in B.safensis and O.pseudogrignonense primed infected leaves respectively in relation 

to healthy leaves 72h after challenge inoculation. High temperature led to rise in β 1,3 

glucanase activity in infected plants upto 48 h. After that β 1,3 glucanase activity 

reduced irrespective of treatments. However, at 38
0
C B.safensis and 

O.pseudogrignonense primed plants were able to maintain high β 1,3 glucanase activity 

in comparison  to infected unprimed plants after 72 h. In B. safensis and 

O.pseudogrignonense primed infected plants β 1,3 glucanase acivity increased 1.46 fold 

and 1.34 fold respectictively as compared to control healthy plants 72 h after challenge 

inoculation with  B. sorokiniana (Fig. 81A ). Accumulation of β 1,3 glucanase within 

infected leaf tissue at 25
0
C and 38

0
C was detected by immunogold labelling using β 

glucanase specific antibody labelled with gold conjugate.TEM study revealed 

subcelluler localization of  β 1,3 glucanase around cell wall and vacuoles both in 

unrimed and PGPR primed infected leaf tissues. (Fig. 81B ). 
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4.11.5.4. Chitinase 

PGPR priming significantly increased chitanase accumulation in infected plant tissues 

in relation to control plants. Chitinase acitivity gradually increased with time and 

reached maximum level at 72 h in all treatments at 25
0
C. Chitinase activity enhanced 

4.04 fold and 4.13 fold in B.safensis and O. pseudogrignonense primed plants 

respectivly in relation to primed control plants 72 h after challenge inoculation. High 

temperature led to rise in chitinase activity in infected plants irrespective of treatments 

upto 48 h. At 38
0
C chitanase activity reduced rapidly after 48 h in unprimed infected 

plants whereas B.safensis and O.pseudogrignonense primed infected plants were able to 

maintain high chitinase activity even after 72 h (Fig. 82,A). Accumulation of chitanase 

within infected leaf tissue at 25
0
C and 38

0
C was detected by immunogold labelling 

using chitanase specific antibody labelled with gold conjugate.TEM study revealed 

subcelluler localization of  chitanase around cell wall and vacuoles both in unrimed and 

PGPR primed infected leaf tissues (Fig. 82,B). 

4.11.5.5. Phenylalanine ammonia lyase 

PGPR priming significantly enhanced PAL activity in infected plants after challenge 

inoculation with B. sorokiniana both at 25
O
C and at 38

O
C. PAL activity gradually 

increased with time and reached maximum level at 72 h in all treatments at 25
0
C. 72 h 

after challenge inoculation with B. sorokiniana PAL activity in leaf tissue enhanced 

1.59 fold and 1.70 fold in B. safensis and                                          O. 

pseudogrignonense primed plants respectivly in relation to heathy leaves. High 

temperature led to increase in PAL activity in healthy plants irrespective of treatments. 

Challenge inoculation with B. sorokinina at elevated temperature caused reduction in 

PAL activity in primed and unprimed infected leaves after 24 h. However, in B. safensis 

and O. pseudogrignonense primed plants were able to maintain high PAL activity even 

after 72 h at 38
0
C. In B. safensis primed plants PAL acivity was 2.71 fold and 1.32 fold 

higher than control and O.pseudogrignonense primed infected plants even after 72 h of 

challenge inoculation (Fig. 83).  
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Figure 81A: Combined effect of high temperature and spot bloch on β 1,3 glucanase 

activity in unprimed and PGPR primed plants 

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences (P ≤ 0.05) 

according to Fischer‘s LSD test 

UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Table 65:   ANOVA of data presented in Figure 81 

25
0
C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 1101.744 5 220.3489 4.795155 0.008109 2.901295 

Columns 619.7982 4 206.5994 4.495944 0.019289 3.287382 

Error 689.2859 20 45.95239 

   Total 2410.828 29         
 

38
0
C 

      Source of Variation SS df MS F P-value F crit 

Rows 512.6025 5 102.5205 9.370179 0.000329 2.901295 

Columns 345.4837 4 115.1612 10.52552 0.000559 3.287382 

Error 164.1172 20 10.94115 

   Total 1022.203 29         
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Figure 81B: Immune gold localization of β 1,3 glucanase in  infected leaf tissues 

probed with PAb - β glucanase antibody at 25
0
C (a,b,c,d) and 38

0
C.(e,f) a- Untreated 

healthy, b: Untreated infected, c, e- Healthy plants primed with B.safensis. d,f- Infected 

plants primed with B.safensis.  
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Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test 

UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B. safensis.            

THOP: Healthy plants primed with O. pseudogrignonense, TIBS: Infected plants primed with                       

B. safensis. TIOP: Infected plants primed with O. pseudogrignonense, 

Figure 82A: Combined effect of high temperature and spot blotch on chitinase in 

unprimed and PGPR primed plants 

Table 64:   ANOVA of data presented in Figure 83 

25
0
C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 2643.878 5 528.7755 7.154122 0.001321 2.901295 

Columns 987.2716 4 329.0905 4.452464 0.019925 3.287382 

Error 1108.68 20 73.912 

   Total 4739.829 29         

 

 

 

38
0
C 

      Source of Variation SS df MS F P-value F crit 

Rows 984.2721 5 196.8544 12.31711 7.16E-05 2.901295 

Columns 783.6115 4 261.2038 16.34343 5.41E-05 3.287382 

Error 239.7329 20 15.98219 

   Total 2007.616 29         
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Figure 82B: Immune gold localization of chitinase in infected leaf tissues probed with 

PAb - chitinase at 25
0
C (a,b,c,d) and 38

0
C.(e,f) a- Untreated healthy, b: Untreated 

infected, c, e- Healthy plants primed with B.safensis. d,f- Infected plants primed with 

B.safensis.  
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Figure 83: Combined effect of high temperature and spot blotch on phenylalanine 

ammonia lyase activity in unprimed and PGPR primed plants 

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test 

UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Table 66:   ANOVA of data presented in Figure 84 

 

38
0
C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 351.904 5 70.3808 5.600778 0.00416 2.901295 

Columns 600.1819 4 200.0606 15.92047 6.27E-05 3.287382 

Error 188.4938 20 12.56625 

   Total 1140.58 29         

25
0
C 

      Source of Variation SS df MS F P-value F crit 

Rows 1477.128 5 295.4257 8.917972 0.000429 2.901295 

Columns 544.2722 4 181.4241 5.476622 0.009601 3.287382 

Error 496.905 20 33.127 

   Total 2518.305 29         
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4.11.6. Changes in osmolyte accumulation 

4.11.6.1. Proline content 

Results revealed with the onset of disease proline content increased with time in both 

primed and unprimed at 25
0
C. At 72 h there was insignificant (%) reduction in proline 

content in unprimed plant leaves. However, application of PGPR increased 

accumulation of proline in PGPR treated infected seedlings in comparison to untreated 

healthy and untreated infected set of seedlings. After 72h of disease commencement 

proline content in B. safensis primed and O. pseudogrignonense primed plants increased 

8.21 fold and 10.22 fold respectively in comparison to unprimed infected plants. 

Whereas at 38
0
C proline content in healthy plants increased due to heat stress. Dual 

impact of high temperature and disease commencement within plant tissue further 

increased proline content upto 24 h after that proline accumulation reduced. Although, 

PGPR priming maintained a high level of proline content in infected leaves even after 

72 h after disease commencement in comparison to unprimed infected plants (Table 67). 

4.11.6.2. Glycine betain content 

Results revealed with the onset of disease there was insignificant increase in glycine 

betain content with time in both primed and unprimed plants at 25
0
C. However, 

application of PGPR increased accumulation of glycine betain in treated infected 

seedlings in comparison to untreated healthy and untreated infected set of seedlings. 

Significant increase in glycine betain content was observed in both healthy and infected 

plants only when exposed to elevated temperature pointing towards less important role 

of glycine betain in inducing resistance against B. sorokiniana. At 38
0
C glycine betain 

content in healthy plants increased due to heat stress and in addition to that dual impact 

of elevated temperature and disease further increased up to 48 h, after that glycine 

betain accumulation reduced. Although, PGPR priming maintained a high level of 

glycine betain in infected leaves even after 72h after disease commencement in 

comparison to unprimed healthy and infected plants at 38
0
C (Table 69). 
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Table 67:  Combined effect of high temperature and spot blotch on proline content in 

unprimed and PGPR primed plant 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test 

#UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Table 68:   ANOVA of data presented in Table 67 

25
ᵒ

C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 656.0527 5 218.6842 4.754171 0.015956 3.287382 

Columns 1128.989 4 225.7978       4.90882 0.007355 2.901295 

Error 689.976 20 45.9984 

   Total 2475.018 29         

Exposure time UH UI THBS TIBS THOP TIOP 

Temperature- 25ᵒ C 

0h 
0.98  

±0.08 

1.22  

±0.06 

1.11  

±0.03 

1.12 

 ±0.07 

1.23 

 ±0.04 

1.02  

±0.08 

12h 
0.97 

±0.07 

2.43 

±0.05 

1.18 

±0.07 

4.67 

±0.98 

1.34 

±0.67 

5.12 

±0.05 

24h 
0.99  

±0.07 

7.87 

 ±0.05 

1.03 

 ±0.04 

10.78 

±1.10 

1.02 

±0.08 

8.12  

±1.01 

48h 
0.97  

±0.04 

15.67* 

±1.01 

1.06 

 ±0.04 

19.89* 

±1.12 

1.01 

±0.06 

20.54  

±1.03* 

72h 
0.98  

±0.05 

17.76 

±1.02* 

1.03 

 ±0.05 

25.87 

±1.15* 

1.12 

±0.05 

27.78 

 ±1.12* 

Temperature- 38ᵒ C 

0h 
1.02 

 ±0.05 

1.98 

 ±0.07 

1.13  

±0.08 

  1.02  

±0.04 

1.09 

 ±0.06 

 1.01  

±0.08 

12h 
10.34  

±0.04 

8.45 

 ±0.87 

3.34  

±0.05 

  9.67 

 ±0.06 

8.56  

±0.08 

9.45  

±0.87 

24h 
12.34  

±0.04 

14.45 

 ±0.87 

8.34  

±0.05 

  15.67 

 ±0.06* 

14.56  

±0.08* 

15.45  

±0.87* 

48h 
23.56 

 ±0.05* 

27.87 

 ±1.01* 

9.67  

±0.06 

20.45 

 ±0.84* 

18.94  

±1.02* 

23.98 

 ±1.01* 

72h 
26.76  

±1.08* 

14.71  

±0.77* 

12.89 

 ±1.02* 

25.89 

 ±1.12* 

24.65  

±0.48* 

18.56 

 ±1.05* 

38
ᵒ

C 

      Source of 

Variation SS df MS F P-value F crit 

Rows 1668.003 5 556.001 43.60835 1.21E-07 3.287382 

Columns 353.9203 4 70.78406 5.551746 0.004326 2.901295 

Error 191.2481 20 12.74988 

   Total 2213.171 29         



 
 

215 
 

Table 68:  Combined effect of high temperature and spot blotch on glycine betain in 

unprimed and PGPR primed plants 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are represented as mean ± SD (n = 3). * above the bars designate significant differences   (P ≤ 

0.05) according to Fischer‘s LSD test 

# UH: Untreated healthy, UI: Untreated infected, THBS: Healthy plants primed with B.safensis. THOP: 

Healthy plants primed with O.pseudogrignonense, TIBS: Infected plants primed with B.safensis. TIOP: 

Infected plants primed with O.pseudogrignonense 

Table 70:   ANOVA of data presented in Table 67 

Exposure 

time 
UH UI THBS TIBS THOP TIOP 

Temperature- 25ᵒ C 

0h 
100.45  

± 1.87 

100.98   

± 1.54 

100.87  

± 1.81 

102.56  

±1.45 

101.56 

 ± 1.23 

101.44  

± 1.55 

12h 
101.56 

 ± 1.12 

104.89  

± 1.45 

105.98 

 ± 1.25 

108.9 

 ± 1.35 

100.45 

 ± 1.49 

110.89  

± 1.60 

24h 
101.56 

 ± 1.12 

108.05  

± 1.45 

100.98 

 ± 1.42 

113.9 

 ± 1.35 

102.45 

 ± 1.46 

115.89  

± 1.45 

48h 
101.34 

 ± 1.89 

108.78  

± 1.44 

101.45 

 ± 1.76 

110.89  

± 1.45 

100.98 

 ± 1.56 

117.78 

 ± 2.01 

72h 
100.98  

± 1.56 

109.67 

± 1.66 

103.45 

± 1.85 

116.89 

± 1.25 

101.67 

 ± 1.44 

120.78 

 ± 1.66 

Temperature- 38ᵒ C 

0h 
101.56  

± 1.21 

105.67  

± 1.78 

102.56  

± 1.67 

106.78  

± 1.56 

105.67 

 ±  2.14 

104.56  

± 1.66 

12h 
156.78 

± 1.35 

167.89 

 ± 2.01 

187.98  

± 1.98 

190.89 

 ± 1.86 

153.89 

± 1.20 

204.67 

 ± 1.66 

48h 
198.89  

± 1.45 

201.89 

 ± 1.63 

235.78 

 ± 1.89* 

235.89 

 ± 1.58* 

223.78  

± 1.45* 

235.98 

 ± 1.23* 

48h 
202.89  

± 1.54 

208.89 

 ± 1.37 

245.78 

 ± 1.59* 

249.79 

 ± 1.78* 

232.67  

± 2.13* 

240.98 

 ± 1.47* 

     72h 
225.89 

 ± 1.14* 

185.87 

± 1.44 

267.89 

± 1.65* 

213.56 

± 1.87* 

243.78 

± 1.23* 

207.78 

± 1.67 

Source of 

Variation SS df MS F P-value F crit 

Rows 656.0527 3 218.6842   4.75417 0.015956 3.287382 

Columns 1128.989 5 225.7978    4.90882 0.007355 2.901295 

Error 689.976 15 45.9984 

   Total 2475.018 23         
 

38ᵒ C 
      Source of 

Variation SS df MS F P-value F crit 

Rows 1668.003 3 556.001 43.60835 1.21E-07 3.287382 

Columns 353.9203 5 70.78406 5.551746 0.004326 2.901295 

Error 191.2481 15 12.74988 

   Total 2213.171 23         
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4.12. Comparison of differential expression of genes during disease development at 

high temperature 

4.12.1. Phenylalanine ammonia lyase and Chalcone synthase 

Previous results suggested among the two PGPR, B. safensis was more effiecient in 

induction of antioxidative response. Therefore B. safensis was selected for gene 

expression studies. RT PCR analysis of chalcone synthase (CHS) and phenylalanine 

ammonia lyase (PAL) defense genes in unprimed and B. safensis primed was carried out 

to find out diffential expressions pattern of these genes in during primary stage of 

disease development at optimum as well as elevated temperature.            

In RT PCR analysis revealed over expression of CHS and PAL 12 h after challenge 

inoculation with pathogen B. sorokiniana in both unprimed and B. safensis primed plant 

leaves in comparison to control. 12 h after challenge inoculation with B. sorokiniana 

CHS genes expression increased by 2 fold and 3.5 fold in unprimed and B. safensis 

primed infected plant exposed to 25
o
C. Increase in expression of CHS gene was 

recorded in healthy B. safensis plants after 12 h exposure to 38
0
C in comparison to 

control plants and challenge inoculation with B. sorokinina at elevated temperature 

caused further increase in CHS gene expression in B. safensis primed and unprimed 

infected leaves. In B. safensis primed infected plants CHS expression was 1.4 fold 

higher than unprimed infected plants after 12 h of challenge inoculation (Fig. 84). 

Similar results were also observed in case of PAL expression. At 25
0
C PAL expression 

was observed to be enhanced 1.52 fold and 2.2 fold in unprimed infected and B. safensis 

primed infected plants respectively. Enhanced expression of PAL gene was observed in 

healthy B. safensis plants after 12 h exposure to 38
0
C in comparison to control plants 

and challenge inoculation with B. sorokinina at elevated temperature caused further 

increase PAL gene in B.safensis primed and unprimed infected leaves. At 38
0
C PAL 

expression was observed to be enhanced 1.85 fold and 2.75 fold in unprimed infected 

and B. safensis primed infected plants respectively (Fig. 84). 



 
 

217 
 

 

Figure 84: Combined effect of high temperature and spot blotch on PAL and CHS gene 

expression in unprimed and PGPR primed plants 

4.12. 2. Proline Biosynthesis related genes 

RT PCR analysis of genes related to proline biosynthesis pathway revealed there was 

very little increase in relative fold change values of P5CS, P5CR and PDH genes in 

unprimed and B. safensis primed infected plants 12 h after challenge inoculation with B. 

sorokiniana. Whereas elevated temperature during disease development 12 h after 

challenge inoculation with pathogen led to significant increase in P5CS gene expression 

both in unprimed and B. safensis primed infected plants. P5CS expression in B. safensis 

primed plant was 2.8 fold higher than unprimed infected plant. P5CR and PDH gene 

expression in terms of relative fold change resucded after pathogen inoculation (Fig. 

85). 

4.12. 3. Polyamine Biosynthesis related genes 

 RT PCR analysis of genes related to polyamine synthesis pathway revealed elevation of 

temperature from 25
0
C to 38

0
C led to significant increase in ADC1 and ADC2 

expression.  Challenge inoculation with B.sorokiniana  led to rise in  transcript level of 

ADC1 and ADC2 genes both at 25
0
C to 38

0
C in untreated plants whereas in B. safensis 

primed infected plants ADC1 gene expression dcreased in comparison to B. safensis 

primed healthy plants and  at 25
0
C in both healthy and infected B. safensis primed 

plants expression of ADC2 gene was higher than untreated healthy plants although at 

elevated temperature ADC2 expression in infected leaf reduced drastically after 12 h of 

challenge inoculation. SAMDC2 expression increased in healthy and B. safensis primed 

plants at 25
0
C whereas in case of untreated infected plants there was slight decrease in 
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SAMDC2 expression at 38
0
C but B. safensis priming was able to maintain high 

transcript level in infected leaves 12 h after challenge inoculation with B sorokinina 

(Fig. 86). 

 

Figure 85: Combined effect of high temperature and spot blotch on proline biosynthesis 

related genes in unprimed and PGPR primed plants 

 

Figure 86: Combined effect of high temperature and spot blotch on polyamine 

biosynthesis related genes in unprimed and PGPR primed plant 

4.12.3. Heat shock proteins 

Expsession of HSP 101c and HSP 90 genes increased B. safensis primed plants in 

comparison to unprimed plants at 25
0
C 12 h after challenge inoculation with pathogen 

B.sorokiniana. Relative expression of HSP 101C and HSP 90 was recorded to be 

enhanced in B. safensis primed healthy plants as compared to control plants after 12 h 

exposure to 38
0
C. However, expression of these two HSPs was reduced due to dual 
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impact of heat stesss and disease commencement in both B. safensis primed and 

unprimed plants. On the contrary HSP 90 expression was found to be upregulated in B. 

safensis primed infected plants at 38
0
C. HSP 90 relative expression expression was 

found  to be only 2.55 fold in uprimed infected plant whereas in B safensis primed 

plants it was 5 fold at 38
0
C (Fig. 87A). 

 

Figure87A: Combined effect of high temperature and spot blotch on heat shock protein 

expression in unprimed and PGPR primed plants 

 

Figure 87B: Combined effect of high temperature and spot blotch on heat shock protein 

expression in unprimed and PGPR primed plants 

Relative expression of HSP 70 significantly increased in infected unprimed and 

B.safensis primed plant leaves both at 25
0
C and 38

0
C. However, in B. safensis primimg 

further increased HSP 70 expression infected plants both at 25
0
C and 38

0
C. 12 h after 

challenge inoculation with B. sorokiniana HSP70 gene expression increased by 6.9 fold 

and 8.2 fold in unprimed and B. safensis primed infected plant exposed to 25
o
C. 
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Whereas relative expression of HSP 70 was found to be 8 fold and 9.4 fold in unprimed 

and B. safensis primed infected at 38
0
C (Fig 88). 

Expression of HSP 23.5, HSP 26.3, HSP 17.8, member of small HSP family and heat 

shock protein factor (HsfA3) significantly incresead in B. safensis plants 12 h after 

challenge inoculation with B. sorokiniana. At 25
0
C HSP 23.5 expression was less (1.15 

fold) in B. safensis primed in infected plants in comparison to untreated infected plants 

(1.85 fold). Elevated temperature increased HSP 23.5 expression in healthy plants and 

challenge inoculation with B. sorokiniana further enhanced expression of HSP 23.5 in 

B. safensis primed infected plants. At 38
0
C relative expression of HSP 23.5 was found 

to be 2.22 fold and 2.95fold in untreated and B. safensis primed infected plants. At 25
0
C 

HSP 26.3 expression was less in B. safensis primed plant than in untreated infected 

plant, however with elevation of temperature from 25
0
C to 38

0
C increased expression of 

HSP 26.3 both in heathy and infected B.safensis primed plants. At 38
0
C relative 

expression of HSP 26.3 was 3.90 fold and 3.30 fold in healthy and infected B. safensis 

primed plants. Elevation of temperature from 25
0
C to 38

0
C increased HSP 17.8 relative 

expression in untreated infected leaves 12 h after challenge inoculation with B. 

sorokiniana. However B. safensis primimg reduced relative expression of HSP 17.8 in 

infected plants at 38
0
C. HsfA3 expression was less (1.80 fold) in B. safensis primed 

infected plants in comparison to untreated infected plants (2.02 fold). Elevated 

temperature increased HsfA3 expression in B. safensis primed healthy and infected 

plants as compared to unprimed plants. At 38
0
C relative expression of HsfA3 was found 

to be 2.20 fold and 3.20 fold in untreated and B. safensis primed infected plants 

(Fig.87,B). 
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                                  5. DISCUSSION 
High temperature is one of the major abiotic stresses which greatly limit plant growth 

and productivity all over the world. Plants counter heat stress by modifying 

physiological and biochemical mechanisms. Acclimatization is mediated by either 

innate ability of plants to endure heat stress due to basal tolerance and or their ability to 

acquire tolerance during high temperature exposure (Maestri et al. 2002). The ability to 

withstand and to acclimate to elevated temperature results from both prevention of heat 

damage and repair of heat sensitive components. Adaptation to high temperature is 

mediated by changes in antioxidative enzymes and gene expression, osmolyte 

accumulation and array of metabolic alterations which enables plants to reduced heat 

injury (Rampino et al. 2009). In India wheat is the second main food crop, contributing 

nearly one third of the total food grain production grows optimally in winters thus 

highly sensitive to high temperature. Therefore, high temperature during wheat growing 

season would be fatal in the absence of adaptation or acclimation, and thus acquire 

thermo tolerance capacity is crucial during heat stress (Senthil-Kumar et al. 2007). The 

degree of susceptibility of different wheat cultivars may vary depending on their thermo 

tolerance level. 

   In the present study, preliminary screening of eight wheat cultivars was carried out to 

assess their basal thermo tolerance level and finally two most susceptible wheat 

cultivars were selected for PGPR application and temperature amelioration studies. 

Comparative study of basal thermo tolerance in various cultivars was based on heat 

susceptibility index, cell viability, loss of chlorophyll pigment, changes in membrane 

stability, generation of reactive oxygen species H2O2 and osmolyte accumulation. Heat 

susceptibility index (HSI) found to be a reliable heat stress responsive marker for rapid 

screening of wheat cultivars at the seedling stage from % reduction in fresh weight and 

relative water content on exposure plants to heat stress were utilized to calculate heat 

susceptibility index (HSI). Hameed et al. (2012) in his studies ranked various wheat 

cultivars for high temperature tolerance on the basis of Heat susceptibility index and 

established correlation with cell death and antioxidative changes in wheat cultivars 

exposed to heat stress. In the study, considerable reduction in relative water content as 

well as fresh weight was observed when plants were exposed to temperatures above 

30
0
C for 12 h. Based on the heat susceptibility index (HSI) values at 35

0
C and 40

0
C, 

C306 and HT 17 were most tolerant, while PBW 550 and HT41 were found to be most 
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heat sensitive among the cultivars. High temperature changes in lipid composition, 

affects of cell membrane integrity, reduce cell viability and hampers primary 

photosynthetic processes (Wahid et al. 2007). Thus Cell viability, chlorophyll reduction 

and electrolyte leakage have been extensively used to asses basal thermotolerance level 

in diverse plant species (Mullarkey and Jones, 2000; Ibrahim and Quick, 2001; Dhanda 

and Munjal, 2006; Yıldız and Terzioğlu, 2006; Yildirim et al. 2009). Heat tolerance is 

quantified by cell viability assay based on mitochondrial reduction of MTT (Yildiz and 

Terz, 2008). In the present study, considerable variation existed among cultivars which 

were tested for cell viability as well as chlorophyll content. According to findings 

maximum reduction in cell viability and chlorophyll content upon exposure to 30
0
C, 

35
0
C and 40

0
C for 6 h and 12 h were found in case of PBW550, PBW343 and HT 41, 

followed by HT15, GY and MW where as C306, HT17 were least affected. The 

reduction in cell viability resulting from heat stress may be because of uncoupling of the 

electron transport chain through disruption of the inner mitochondrial membrane or 

inactivation of enzymes of the respiratory pathway (Porter et al. 1999). Leaf disc 

bioassay was also conducted to assess heat sensitivity of eight cultivars. In this assay, 

extent of changing colour of leaf discs immersed in water from green to yellow after 

heat treatment was used as an indicator of effect of high temperature on leaf tissues and 

has been used in the evaluation of basal thermo tolerance in many crops including wheat 

and Arabidopsis thaliana (Burke, 1994; 1998; Burke et al. 2000; O‘Mahony et al, 2000; 

Dash and Mohanty, 2001; Camejo et al. 2005).The result of leaf disc bioassay suggested 

that at 40
0
C – C306, HT17, GY were least affected whereas PBW550, PBW343, HT41 

showed high heat sensitivity. Thermotolerance is a complex attribute and controlled by 

several physiological and biochemical parameters and these parameters are greatly 

responsible for the plants to achieve a steady stable state similar to untreated plants 

(Hasanuzamman et al. 2013). Like other abiotic stresses, high temperature also alters  

metabolic pathways which leads to the accumulation of harmful ROS ,like superoxide 

radical (O2
·−

), singlet oxygen (
1
O2), hydroxyl radical (OH

·
), hydrogen peroxide (H2O2) 

and which are responsible for membrane damage, protein degradation, deactivation of  

enzyme that reduces the cell viability remarkably (Savicka and Škute, 2010). 

Hanumantharao et al. (2016) suggested changes in various biochemical markers which 

include relative membrane permeability, H2O2, malonaldehyde and proline by and large 

can depict heat shock tolerance level in various plants after heat treatment. In the 
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present study exposure of plants at various temperatures for 12 h led to gradual increase 

in electrolyte leakage, H2O2 accumulation and membrane lipid peroxidation in all eight 

wheat cultivars. Highest change across all cultivars was noticed at 40
0
C. However, 

maximum increase in all three parameters was noticed in PBW550, followed by HT41, 

PBW343, GY, MW and least was observed in case of C306 and HT 15. Accumulation 

of osmolytes such as proline, sugar and trehalose, glycine betain, is a recognized 

adaptive mechanism in plants against abiotic stress including high temperature and 

positively correlated with stress tolerance (Rasheed et al. 2011). Results showed that the 

osmolyte proline, which believed to be positively related with stress tolerance 

accumulated in least amount in C306 and HT17, whereas proline accumulation found to 

be quite high in PBW550, HT41, PBW343. Similar result was also reported by Kumar 

et al. (2013). Hua et al. (2011) observed that proline accumulation in Arabidopsis under 

high temperature stress reduced the thermotolerance level, probably by inducing ROS 

production via Pro/P5C cycle. In contrary, soluble sugar accumulation in heat sensitive 

PBW550, HT41, PBW343 was found to be lesser across all temperature and duration of 

treatment whereas maximum increase in soluble sugar content was observed in C306 

followed by HT 15 and GY.  

Finally hierarchical cluster analysis using the software CLUSTER 3.0 was used to 

characterize the interrelation among physiological parameters and align various wheat 

cultivars on the basis of therir basal thermotolerant attributes. Similar type of hierarchial 

cluster analysis has been performed to evaluate the natural variation of Bermuda grass 

differing in drought tolerance (Shi et al. 2014) and rice cultivars differing in salt 

tolerance (Chunthaburee et al. 2016). For hierarchical clustering, relative fold change 

values of all biochemical parameters studied were taken into consideration. Based on 

variation in physiological and biochemical parameters, all eight cultivars were grouped 

according to their high temperature tolerance that could be interpreted with the aid of 

the fold change value denoted by colour bars. The relation between the physiological 

parameters among themselves was also illustrated in cluster analysis. In the present 

study, following cluster analysis, cultivars were clearly divided into two groups - one of 

the groups comprising C306 and HT17 and second group further divided into two 

subgroups. One of the subgroup contains PBW550 and HT 41 and other group having 

GY, MW, HT15, PBW343. Comparing HSI values with cluster analysis data indicated 

that the first group containing C306 and HT 17 with minimum HSI Index are the 
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tolerant ones. The group comprising PBW550, HT41, having highest HSI values can be 

considered as heat susceptible and other group to be moderately susceptible compared 

to the former group. Thus among the eight two most susceptible cultivars, PBW550 and 

HT41 were selected for PGPR application and temperature stress amelioration studies to 

have an idea of PGPR modulated physiological and biochemical changes associated 

with temperature stress tolerance. 

Exploitation of vast diversity of beneficial rhizospheric microorganisms for betterment 

of plant health as well as biotic and abiotic stress alleviation is an ecofriendly approach 

towards sustainable agriculture and to accomplish that plant and microbe compatibility 

is a necessity leading to constructive outcome such as demonstrated for growth 

promotion of wheat with certain microbial strains (Nain et al. 2010; Anderson and 

Habiger, 2012). Two previously tested PGPR were selected for the present 

investigation. Bacillus safensis and Ochrobactrum pseudogrignonense used in the study 

have previously been shown to ameliorate drought and salt stress in wheat (Chakraborty 

et al. 2013). Bacillus safensis is a gram-positive, rod haped spore-forming bacterium, 

firstly isolated from a spacecraft in Florida and California (Satomi et al. 2006). It 

colonizes a wide range of niches, many of which are stringent for the survival of some 

microorganisms. Unique physiological and genotypic characteristics help Bacillus 

safensis to survive in extreme environments. It is closely related to Bacillus pumilus, 

Bacillus altitudinis, Bacillus xiamenensis and Bacillus invictae.  B. safensis strain VK 

and W 10 isolated from cumin plant rhizophere in saline desert area and wheat 

rhizospere respectively were found to induce plant growth promotion and salinity 

tolerance of plants (Kothari et al. 2013; Chakraborty et al. 2013). More recently, a 

marine B. safensis strain (JX126862) isolated from mangrove sediments having 

cadmium solubilizing attributes was identified by Priyalaxmi et al. (2014). It is thus 

evident that B. safensis is a multifaceted bacterium with ability to survive in different 

stressful conditions. Many species under the genus Ochrobactrum, such as O. anthropi, 

O. cytisi and O. lupine isolated from diverse habitat from including soil, plants and their 

rhizosphere, animals were already reported to have plant growth promoting as well as 

abiotic stress (heat, heavy metal) tolerance abilities. Ochrobactrum pseudogrignonense 

is a gram negative, non spore forming alpha protebacterium belonging to family 

Brucelleceae. Chakaborty et al. in 2013 reported plant growth promoting ability of 

water stress and salt tolerant O. pseudogrignonsense strain IP8; besides, biodegradation 
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of malachite green by copper tolerant O. pseudogrignonsense strain GGUPV1 was 

reported by Chaturvedi and Verma (2015). In vivo plant growth promoting ability of 

these two strains was tested in thermo susceptible cultivars HT41 and PBW550. For 

this, plant height, root and shoot dry weight were tested in 15 and 30 days after PGPR 

application. Result showed significant increase in plant height and dry weight in PGPR 

primed plants. Similar finding was also reported by Chakraborty et al. (2013). PGPR 

have been shown to promote the production of growth promoting phytohormones such 

as IAA, cytokinin and gibberellins which are perhaps responsible for plant growth 

promotion (Porcel et al. 2014). Recently Park et al. (2017) reported production of 

various endogenous phytohormones and ABA in Bacillus aryabhattai SRB02 

inoculated soybean plants during heat stress induced plant growth promotion and 

ameliorated oxidative and nitrosative stress. Compared to other essential 

macronutrients, phosphorus is the least mobile nutrient element in plant and soil 

(Gyaneshwar, 2002). Satyaprakash et al. (2017) along with many others reported 

phosphorus deficiency negatively affect plant growth and development. Phosphate 

solubilising microorganisms release insoluble form of phosphate, is an important aspect 

of P availability in soils (Khosro, 2012). In the present study increase in root and leaf 

phosphate content in PGPR primed plants indicates increased mobilization from soil to 

in PGPR primed plant roots. Plant growth promoting rhizobacteria induced plant growth 

promotion and development via assembly and secretion of various regulatory chemicals 

around rhizosphere. Generally, plant growth promoting rhizobacteria facilitate the plant 

growth directly by either supporting resource gaining (nitrogen, phosphorus and 

essential minerals) or adjusting plant hormone levels, or indirectly by lessening the 

inhibitory effects of various abiotic and biotic factors on plant growth and development 

in the forms of biocontrol agents (Khan et al. 2007). 

After screening for growth promotion in heat susceptible cultivars, Bacillus safensis and 

Ochrobactrum pseudogrignonense were used for temperature stress alleviation. Results 

showed pre treatment with these two PGPR improved plants capacity to ameliorate high 

temperature induced oxidative stress, increase cell viability by reducing ROS and cell 

membrane injury. However, among the two PGPR, B. safensis was found to be more 

effective than O. pseudogrignonense in amelioration of temperature stress. This could 

be because Bacillus sp. themselves are known to be able to withstand high temperature 

in soil due to their ability to produce endospore. These traits are desirable for acquired 
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thermo tolerance in different plants (Rampino et al. 2009; Liu and Huang, 2000; Jiang 

and Huang 2001; Hameed et al. 2012). 

High temperature often leads to generation of ROS, like hydrogen peroxide and 

superoxide, singlet oxygen ensuing oxidative stress (Hasanuzzaman et al. 2013). These 

signalling molecules activate antioxidative response and react with polyunsaturated 

fatty acid and lipids through peroxidation and interruption of cell membrane stability by 

disrupting secondary and tertiary structure of protein molecules present in membrane 

and accelerate movement of molecules across membrane thereby increasing electrolyte 

leakage (Savchenko et al. 2002). In the present observation we found that in HT 41 and 

PBW550 prolonged heat stress for 12 h gradually increased electrolyte leakage and lipid 

peroxidation although pre treatment with PGPR protected plants to a degree from these 

detrimental effects. This in turn protected membrane stability which is considered to be 

the desirable approaches to alleviate high temperature induced oxidative damage other 

than calcium-dependent protein kinase (CDPK) signalling as well as initiated of 

mitogen-activated protein kinase (MAPK) activity (Meena et al. 2015).  

Chloroplast is the primary site of heat injury (Wise et al. 2004) as PSI and PSII are the 

key location of ROS production other than mitochondria and peroxisomes (Soliman et 

al. 2011). In our observation chlorophyll content decreased significantly in unprimed 

plants. This may be because high temperature severely affects chloroplast and thylakoid 

membrane leading to changes in structural organization of thylakoids and grana 

(Hasanuzzaman et al. 2013) which in turn reduced photosynthetic efficiency of plants 

(Wahid et al. 2007). Thus any alteration in chlorophyll content and photosynthetic 

efficiency can be a good marker of thermo tolerance. In our findings, high temperature 

distorted cell wall, mitochondria and chloroplast ultrastructure especially grana and 

thylakoid stacking with membrane damage leading to electrolyte leakage. Formation of 

large vacuoles within chloroplast and mitochondria could be observed in case of 

unprimed heat stressed plants exposed to 40
0
C for 12 h. Similar findings were also 

reported in grapes (Vitis vinifera) in response to heat stress. Heat stress severely 

damaged the stroma lamellae in chloroplasts, the contents of vacuoles formed clumps, 

whilst the cristae were disrupted and mitochondria became empty and hence decreased 

photosynthetic and respiratory performance (Zhang et al. 2005). However, PGPR 

priming particularly with B. safensis lessened chlorophyll reduction and also minimized 

heat induced ultrastructural damages in chloroplast which may be responsible for 
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restoration of PSI and PSII system. PGPR primimg also reduced mitochondrial 

ultrastructural abnormalities in leaf and accumulate greater amount of plastoglobules in 

chloroplasts. Coupling of plastoglobules and thylakoid membranes allows for the free 

exchange of lipid molecules, such as plastoquinone, carotenoids, and tocopherol from 

the thylakoids to plastoglobules protect the photosynthetic apparatus from free radical 

damage (Austin et al. 2006). Pseudomonas aeruginosa (strain 2CpS1) was also reported 

to increase chlorophyll content in wheat under elevated temperature (Meena et al. 

2015). PGPR primimg also increased accumulation of carotenoid and thus protected 

chloloplast from photoinhibition during heat stress. Carotenoid quenches superoxide, 

singlet oxygen and peroxyl radicals, thus minimizes formation of ROS by receiving 

excess energy from the chlorophyll. 

Modulation in protein expression is one of the key responses of plants to various 

environmental stresses (Wang et al. 2004). High temperature up-regulated expression of 

several heat inducible genes which encode heat shock proteins (HSPs) and these active 

products are very much essential for plants to withstand lethal heat stress. Heat induced 

constitutive expression of most of these proteins which acts as chaperones shield 

intracellular proteins from degradation and retains their stability and function through 

protein folding (Park and Seo, 2015). In present study heat treatment for 12 h initially 

increased protein content across all treatment followed by gradual reduction. However 

in PGPR primed plants, especially B. safensis primed plants of both the cultivars higher 

level of protein content was obtained as compared to control plant subjected to heat 

stress. Protein profiling by SDS-PAGE showed appearance of new bands in the range of 

20 kDa to 67 kDa in plants exposed to high temperature. Appearance of new stress 

responsive proteins along with expression of existing ones was more in PGPR primed 

plants; especially B. safensis primed plants as compared to untreated plants after heat 

treatment. Maximum expression of proteins after 12 h of heat stress at 40
0
C was 

observed in B. safensis treated plants. These stress responsive proteins were found to be 

small HSPs, HSP 90, HSP101, and most proteins probably were related to antioxidative 

enzymes. Kumar et al. (2013) observed expression of heat responsive proteins was more 

in thermotolerant cultivars in compared to susceptible cultivars when exposed to 42
0
C 

for 2 h. Similar expression pattern of heat responsive proteins was also reported in 

barley (Salekdeh et al. 2002). PGPR mediated abiotic stress tolerance has been reported 

in many crops including beans, maize, groundnuts, pepper etc. (Dardanelli et al. 
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2008; Egamberdiyeva, 2007; Grichko and Glick, 2001; Saravanakumar and 

Samiyappan, 2007; Lim and Kim, 2013). However, PGPR-mediated heat stress 

tolerance has been less reported in wheat. Ali et al. (2009, 2011) reported that 

inoculation of Pseudomonas sp. strain AKM-P6 and P. putida strain AKM-P7 improved 

thermotolerance of sorghum and wheat plants which was attributable to the synthesis of 

high-molecular weight proteins and also improved the levels of cellular metabolites. 

Recently Singh et al. 2017 reported Enterobacter cloacae SBP-8 mediated expression 

of different proteins in wheat seedlings involved in protein synthesis, proteolysis, 

maintenance of cell structure, photosynthesis, defense, fatty acid synthesis, homeostasis, 

and other metabolic pathways which participate in strengthening and maintenances of 

cell to prevent cellular damage during salinity stress.  

In order to understand the mechanism for the observed better performance of PGPR 

primed wheat plants under heat stress, we examined the expression of several major 

HSPs, including HSP101, 90, 70, and small HSPs which include HSP 26.3, 25.6, 17.8 

and heat shock factor HSA3. Heat shock proteins are commonly known to play essential 

roles in heat stress tolerance of higher plants (Wang et al. 2014). HSP101, a member of 

ClpB protein subfamily as well as HSP 90 and HSP 70 promote ATP dependent 

renaturation of protein aggregates during heat stress allow them to be refolded by other 

chaperones thus essential for the induction of thermotolerance (Nieto-Sotelo et al. 2002. 

Wang et al. 2004, Hsanuzzaman et al. 2013). Hsp101 along with HSP70 participated in 

establishing of thermotolerance in Arabidopsis (Queitsch et al. 2000). Katiyar-Agarwal 

et al. (2003) further confirmed that improved thermotolerance in transgenic rice seemed 

to be solely attributable to over expression of Athsp101. Grigorova et al. 2011 reported 

over expression of HSP101, HSP70, small HSPs like, HSP 26.3 and HSP 17.8 genes in 

thermotolerant wheat cultivars after combine application of drought and high 

temperature. Kumar et al. (2013) suggested that elevated HSP90 transcript level along 

with over expression of antioxidant enzymes and low proline accumulation is a 

promising target for developing heat tolerance wheat genotypes. RT PCR analysis of 

these HSP genes revealed that transcript level of HSP 101C, HSP 90 and HSP 70 

increased significantly in initial hours followed by sharp decrease at 8
th

 and 12
th

 h of 

heat treatment. Whereas in B. safensis primed plants expression of these genes, 

particularly HSP 101 and HSP 90 steadily increased and higher transcript level was 

maintained over a period of time as compared to heat stressed unprimed plants. Similar 
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trends were also observed in case of HSP 23.5, HSP 17.8 HSP 26.3 and HSFA3. One of 

the characteristics of plant heat shock tolerance is the expression of large number of 

small heat shock proteins ranging from 17- 24 kDa (Iba, 2002) which was also detected 

in case of B. safensis primed wheat plants exposed to heat stress for 12 h and transcript 

expression of HSP 17.8 and 23.5 was found to more in B. safensis primed plants in 

relation to control plants. Hsp17.8 stabilizes chloroplast outer membrane proteins and 

maintains cell membrane stability thus enhanced thermotolerance in Arabidopsis (Kim 

et al. 2012). In another study Jiang and his colleagues (2009) reported RcHSP17.8, of 

Rosa chinensis to be responsible for conferring resistance to a range of stresses to 

Escherichia coli, yeast and Arabidopsis thaliana. Higher transcript levels HSP 23.5 in 

B.safensis primed plants supports data reported for cereals in which the presence of 

multiple small mitochondrial HSPs in maize was associated with higher 

thermotolerance when compared to wheat and rye, in which only one mitochondrial 

small HSP was expressed (Wahid et al. 2007, Rampino et al. 2009). Elevated transcript 

level of HSP 26.3 in heat stressed plants are in accordance with a number of studies 

showing the importance of chloroplast small HSPs in thermotolerance. In particular a 

genetic relationship between acquired thermotolerance and the expression of a plastid-

localised HSP 26 was demonstrated using recombinant inbred wheat lines (Joshi et al. 

1997). Furthermore, analyses of defective mutants in one or more tomato chloroplast 

small HSPs indicated that genetic variation observed in the production of chloroplast 

small HSPs may have a determinant role in photosynthetic system and whole plant 

tolerance (Heckathorn et al. 2004). Chloroplast small HSP has been shown to protect 

photosynthesis during heat induced oxidative and photoinhibitory stress by preventing 

irreversible protein aggregation and protecting PSII or other aspects of thylakoids by 

stabilizing chloroplast membranes (Nakamoto et al. 2000; To¨ro¨k et al. 2001), and 

possibly as site-specific antioxidants (Hamilton and Heckathorn, 2001, Heckathorn et 

al. 2004). Heat stress transcription factors (HSFs) play a crucial role in the plants 

adaptation to high temperatures. HsfA3 expression was also increased in the B. safensis 

treated heat stressed seedlings compared to the nontreated heat stressed seedlings. 

Acoording to Guo et al. (2016) heat stress transcription factors A2 (HsfA2) and A3 

(HsfA3) modulated heat regulation pathway in Arabidopsis and confers thrmotolerance. 

In Arabidopsis HsfA3 enhances the production of several HSPs (Ikeda et al. 2011) and 

is regulated by two independent pathways suggesting an active role in stress 
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management (Liu and Charng 2013). The HSFA3 binds to target genes, such 

as HSP25.3 (CP-sHSP), Hsp101, ascorbate peroxidase and stimulates their transcription 

(Nishizawa et al. 2006; Schramm et al. 2006, Kotak et al. 2007). Because of the 

complexity of the plant HSF network, our understanding of the heat-stress response and 

acquired thermotolerance is still inadequate.  

Phenolic compounds including phenylpropanoids and flavonoids play crucial roles in 

mitigating the adverse effect of biotic and abiotic stresses in plants. Phenolic 

compounds protect cells from potential oxidative damage and increase cell membrane 

stability (Burguieres et al. 2006). In the present study high temperature increased total 

and O dihydroxy phenol significantly in all plants across all treatments. However, in 

B.safensis and O. pseudogrignonense primed plants high level of total and O dihydroxy 

phenol contents were maintained under in heat stressed conditions.  

Phenylalanine ammonia-lyase (PAL) is the principle enzyme in the phenylpropanoid 

metabolism pathway. In present study heat stress induced PAL gene expression across 

all treatments and in B. safensis primed plants transcript level was higher than unprimed 

plants and remained unchanged even after 12 h of heat stress. Induction of PAL gene 

expression during heat stress was reported by Zhang et al. (2013). According to Obaid 

et al. (2016) increased PAL expression in Rhazya stricta leaves in response to high 

temperature is a component of main acclimatory response prevailing within plants 

where the enzyme induced the biosynthesis of other phenolics in the pathway. Chalcone 

synthase is the key enzyme responsible for orchestration of flavonoid and anthocyanin 

biosynthesis. This enzyme is responsible for formation of proanthocyanidins, a 

precursor of anthocyaninne which protects plants fron UV radiation during the daytime 

(Rienth et al. 2014). Enhanced expression of chalcone synthase was also across all 

treatments during high temperature stress may give protection from heat injury by 

anthocyanine synthesis (Obaid et al. 2016). 

Production of ROS within plants tissues turns on different enzymatic and non-

enzymatic signaling pathways. Antioxidative enzymes contributing to stress signaling 

such as peroxidase, catalase, ascorbate peroxidase, glutathione reductase and superoxide 

reductase (Lee and Lee, 2000). Superoxide dismutases is the first enzyme to initiate 

ROS scavenging mechanism participate in dismuting of O
2.−

 radical to molecular O2 and 

H2O2. Hydrogen peroxide is then converted to H2O and O2 either by CAT and 
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peroxidase or in ascorbate-glutathione cycle by APX and glutathione reductase help to 

regenerate glutathione pool resulting detoxification of H2O2 (Foyer and Noctor, 2003). 

Non-enzymatic antioxidants such as glutathione, tocopherol, ascorbic acid and 

carotenoid play an important role in protecting the plant from stress-induced oxidative 

injury by performing photoprotective role and by inhibition of lipid peroxidation (Gill 

and Tuteja, 2010; Ashraf and Foolad, 2007). In PGPR primed plants there was 

significant increase in activity of antioxidative enzymes like APX, SOD, GR associated 

with ascorbate-glutathione cycle in comparison to control after heat stress and over 

expression of these redox enzymes probably facilitates the plants towards better stress 

tolerance mechanism (Abd El-Daim et al. 2014). Sharp increase in SOD and APX 

activity in control and PGPR primed seedlings at initial hours of heat stress signifies 

role of SOD and APX as first line of defense during high temperature stress. Abd El-

Daim et al. (2014) reported over expression of APX1 transcripts along with MDHAR, 

DHAR, GR during high temperature stress in B. amyloliquefaciens 5113 and A. 

brasilense NO40 treated wheat seedlings. PGPR seed priming significantly enhanced 

APX and SOD activity in heat treated plants and this could be considered as marker of 

higher acquired thermo tolerance (Almeselmani et al. 2006). This may be attributable to 

its ability to protect chloroplasts from ROS and scavenge superoxide after exposure of 

plants to heat and drought (Koussevitzky et al. 2008). GR activity was also considerably 

higher in PGPR treated plants especially in Bacillus safensis treated plants in 

comparison to control heat treated plants. Enhanced activity of GR and in addition 

initial increase in ascorbic acid and total glutathione may add to glutathione and 

ascorbate regeneration system ascorbate-glutathione cycle to accentuate APX activity 

(Abd El-Daim et al. 2014). However, elevated activity of enzymes like APX and SOD 

is not sufficient to scavenge all ROS, especially H2O2 produced from APX and SOD 

activity which are toxic for cells. High temperature also increased activity of other 

enzymes like catalase and peroxidase significantly. Over expression of these redox 

enzymes enhance abiotic stress tolerance in plants (Singh and Grover, 2008) by 

increasing ROS detoxification. Since POX and CAT activity in PGPR treated plants are 

significantly higher than control over time during high temperature treatment it is 

possible that PGPR treated plants can scavenge greater amount of H2O2 out of the cell 

than heat stressed unprimed plants.  
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Plants under different abiotic stress including heat stress, salinity, drought accumulate 

various compatible osmolytes, like proline, sugars, polyols and glycine betain as a part 

of adaptive mechanism (Wahid et al. 2007). However in our observation high 

temperature treatment significantly increased proline concentration in unprimed HT 41 

and PBW550 although PGPR priming reduced proline accumulation in both the 

cultivars. An increase in proline level during heat stress is not always helpful for plants 

unlike other stresses particularly in case of osmotic stress, where proline accumulation 

plays a positive role in stress mitigation (Lv et al. 2011). Rizhsky et al. (2004) reported 

proline can amplify the inhibitory consequences of temperature stress on seedling 

growth in Arabidopsis.  Kumar et al. (2013) reported exposure to high temperature 

leads to generous accumulation of proline in heat sensitive cultivar PBW 343 than 

tolerant cultivar C306 indicating higher basal thermo tolerance level when proline 

content is low in tissues. Proline accumulation is controlled by transcriptional 

alterations of proline biosynthesis and degradation occurring at the inner mitochondrial 

membrane. At first glutamate is converted to ∆1-pyrroline-5carboxylate (P5C) by ∆1-

pyrroline-5carboxylate synthetase (P5CS) followed by ∆1-pyrroline-5-carboxylate 

reductase (P5CR) catalyzed reduction of P5C to proline. In the next step proline is 

oxidized to P5C by proline dehydrogenase (PDH) (Mattioli et al. 2009, Lehmann et al. 

2010). RT PCR analysis indicated differential expression of proline biosynthesis related 

genes P5CS and PDH during temperature treatment might be responsible for different 

proline level in B.safensis primed and untreated plants. In both B. safensis and unprimed 

plants exposed to 40
0
C transcript level of P5CS and P5CR increased with time. One 

interesting finding is that the PDH expression significantly increased with time in B. 

safensis primed plants in comparison untreated plants. In case of unprimed plants PDH 

expression was even down regulated after 8
th

 and 12
th

 hour of heat stress. Xue et al. 

(2009) have indicated that stress-induced accumulation of proline in rapeseed results 

from the activated biosynthesis and also the inhibited proline degradation. Over 

expression of PDH genes in B. safensis primed plants turned out to be responsible for 

comparatively low level proline than untreated control plants. There are very few 

reports regarding discrepancies in proline accumulation during heat stress. Larkindale 

and Vierling (2008) reported that higher proline content apparently reduced PDH 

activity, showed reduced tolerance to heat treatment in Arabidopsis thialiana. Lv et al. 

(2011) found proline accumulation through the Pro/P5C cycle and inhibition of ethylene 
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and ABA biosynthesis in plants exposed to high decreased the thermotolerance, 

possibly by increased ROS accumulation. The reason behind this discrepancy is not 

clear. One possibility is that instead of proline, other osmolytes like, glycine betain, 

polyamines and sugar play active role in heat stress tolerance. Rizhsky et al. (2004) 

reported that during a combined application of drought and high temperature, sugar 

rather than proline accumulated and play protective roles during heat stress. Similar 

trends were also found in this study. In the present study, another osmolyte polyamines 

biosynthesis related genes ADC1, ADC2 and SAMDC2 were found to be over 

expressed during heat stress in both unprimed and B.safensis primed plants exposed to 

heat stress. ADC1 and SAMDC2 transcript level found to be relative high at 8
th

 and 12
th

 

h in unprimed plants in comparison to B. safensis primed plants. Polyamines are rapidly 

induced by different abiotic stresses in plants, including drought, salinity, chilling, 

hypoxia, UV irradiation, heavy metals. Arginine decarboxylase (ADC1 and ADC2) 

catalysed decarboxylation of arginine to form primary amine putrescine. In subsequent 

reactions SAM decarboxylase converts putrescine to spermidine and subsequently 

spermine (Alcázar et al. 2006). Kumar et al. (2014) reported exogenous application of 

putrescine induced thermotolerance of wheat at pre-anthesis stage.  Roy and Wu in 2001 

reported over accumulation of spermidine and spermine in thermotolerant rice cultivar 

exposed to high temperature. Later in a number of studies it has been showed that 

polyamines act as ROS scavenger and reduced which induced cellular damage in 

transgenic plants of rice, Arabidopsis, tobacco, pears and through the over-expression of 

key biosynthetic enzymes in the polyamine biosynthetic pathway (Pathak et al. 2014). 

SAMDC2, ADC1 and ADC2 genes were induced during heat shock treatment at 35 °C 

for 1 h in A. thaliana. Over expression of polyamines protect plants from heat shock 

damage by the expression of heat shock protein genes like HSP101, HSP 90, and 

HSP70 (Roy Pathak et al. 2014). There are several reports about increased endogenous 

polyamine level following PGPR application. Recently, Zahedi and Abbasi in 2015 

reported application consortium of PGPR- Rhizobium japonicum, Azotobacter 

chroococcum and Azospirillum brasilense enhanced osmotic stresss tolerance in 

soybean plants by increasing endogenous in phytohorhome and polyamine level.  

Glycine betain, a quaternary amine has an important role during high temperature stress 

(Sakamoto and Murata, 2002). Our results showed that seed bacterization facilitates 

augmentation of more glycine betain in plant tissues than unprimed plant during heat 
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stress. Tian et al. (2017) suggested high level of glycine betain in wheat leaf stabilizes 

lipid and protein complexes of thylakiod membrane and improve photosynthesis during 

salinity stress. Accumulation of glycine betain during heat stress was also reported in 

sugarcane and maize (Quan et al. 2004; Wahid, 2007). Total sugar content significantly 

increased in PGPR primed plants under heat stress. According to Sairam and Tyagi 

(2004), accumulation of soluble sugar might contribute to heat tolerance. Increasing 

concentration of soluble sugar was reported in sugarcane (Wahid, 2007). Gou et al. 

(2015) also reported Klebsiella variicola, Pseudomonas fluorescens and Raoultella 

planticola application increased glycine betain and improve drought tolerance in maize. 

In the present study accumulation of osmolytes like sugars, glycine betain and 

polyamines probably play positive in PGPR induced heat stress amelioration. 

       High temperature throughout grain filling phase is an important yield limiting factor 

in wheat (Zhao et al. 2016). Even a small (1.5°C) rise in temperature adversely affects 

crop yields (Warland et al. 2006). In the present study, effect of elevated temperature on 

seed quality in late planted unprimed and PGPR primed plants were evaluated. Result 

revealed that heat stress significantly reduced spike length, grain number and grain 

weight in unprimed heat stressed plants. Our study is in agreement with that of Baloch 

et al. (2016). Total protein and starch content also reduced in heat stressed seeds. 

Reduced grain quality and yield in late sown wheat plants might be linked to grain 

insubstantiality due to high temperature injury during reproductive growth (Wardlaw, 

2002). However, there was less reduction in spike length, grain number and grain 

weight in B.safensis primed plants as compared to unprimed plants. Protein and starch 

content was relatively high in B.safensis primed plants in comparison to unprimed 

plants. Ultrastructural analysis of starch grains revealed presence of flat, deformed 

starch granules as compared to round, spherical shaped granules observed in control as 

well as B.safensis primed heat stressed plants. During terminal heat stress thermal 

denaturation decreased ADP –glucose pyrophosphorylase, starch sucrose synthase and 

starch branching enzyme activities resulting in low starch granules synthesis. These 

weakens sink strength and restricts grain filling and ultimately produced shrinking of 

kernels and in due course form grains with less weight and thus reduces yield (Kumar et 

al. 2016; Baloch et al. 2016). Aleuronic layer of B. safensis plants was less affected as 

compared to heat stressed control plants suggesting positive role of B.safensis priming 

in improving seed quality in plants under heat stress. Kumar et al. in 2013 suggested 
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high SOD activity and over expression of certain heat shock proteins like HSP 90, 70 

and small HSPs protect starch sucrose synthase and other enzymes involved in starch 

synthesis in wheat plants under heat stress thus improved seed quality in thermotolerant 

cultivars. In the present study increased expression of SOD and HSP 90 along with 

other sHSP in B.safensis primed heat stressed plants might have helped to protect 

enzymes involved in starch synthesis from heat shock and thus improve seed quality. 

Changing weather in terms of elevated temperature and CO2 with more frequent 

extreme weather events, modify physiological and biochemical processes within plants 

which profoundly affect plant-pathogen interactions. An elevated growth temperature 

often hampers plant immunity and renders plants more vulnerable to pathogens (van 

Maanen and Xu, 2003, Zhu et al. 2010). High atmospheric temperature and relative 

humidity increase the occurrence of spot blotch (Aggarwal et al. 2004, Viani et al. 

2013). In this study elevated temperature significantly increased the susceptibility 

of wheat plants to spot blotch causing pathogen Bipolaris sorokiniana. Maximum 

disease incidence was observed in the range of 35
0
C to 38

0
C and with relative humidity 

70% and a further rise in temperature beyond 38
0
C significantly reduced disease 

incidence. Our result was in accordance with finding of Sharma et al. (2007). They 

found increased spot blotch incidence in wheat under high night temperature (30
0
C –

35
0
C). Viani et al. (2017) proposed a spot blotch forecasting system and predicted 

favourable temperature (18-34°C) and RH-duration (15 h or above) facilitates spot 

blotch infection and once infection takes place subsequent progress of the disease is 

largely dependent on temperature. 

 Temperature sensitivity in plant disease resistance is a phenomenon reported as early as 

1969 and observed in various plant-pathogen interactions (Wang et al. 2009). Elevated 

temperature modifies cellular metabolism and membrane properties in such a way that 

ultimately which negatively affect plant defense responses. Perhaps some common 

mechanism exists for temperature sensitivity and various disease resistance systems 

since many of them share similar signalling molecules and use similar signalling 

cascades (Wang et al. 2007; Zhu et al. 2010). Results of the present study showed that 

with the onset of disease electrolyte leakage, H2O2 accumulation and lipid peroxidation 

significantly increased over the period of time in infected plants. High temperature 

during disease commencement changed membrane permeability in terms of electrolyte 

leakage and lipid peroxidation making the plants even more vulnerable to pathogen 
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attack. Therefore, dual application of heat stress and B. sorokinana intensify membrane 

damage many folds and altered antioxidative defense response. With onset of disease 

and pathogen recognition an oxidative burst of reactive oxygen species (ROS) such as 

hydrogen peroxide and superoxide occurs which on one side are important signals 

interceding defense gene activation (Sharma et al. 2012) and activates induced systemic 

response (ISR) while excess amount of ROS is toxic for cell and causes lipid 

peroxidation and membrane damage (Lamb and Dixon, 1997; Montillet et al. 2005). 

Pathogen invasion and oxidative damage in plant cells activate various defense 

enzymes, phenolics and hormones which in turn induce overall disease resistance 

capability of host plants (Torres et al. 2006). In PBW 550 leaves B. sorokiniana 

infection induced accumulation of defense enzymes -chitinase, glucanase, phenylalanine 

ammonia lyase, peroxidase along with phenolics and osmolytes which are perceived to 

be one of the coordinated and multifaceted defense mechanisms. However, high 

temperature during disease commencement adversely affects defense enzyme activity as 

well as protein, phenolics and osmolyte accumulation. Time course accumulation of all 

of these components during prolonged exposure at 38
0
C decreased defense enzyme 

activity, phenol and osmolyte accumulation in infected plants which might possibly 

facilitated pathogen spread and cause susceptibility to the diseases. Sharma et al. (2007) 

reported prolonged higher mean temperatures for more than a 6 year experimental 

period was associated with heightened susceptibility to the fungus Cochliobolus 

sativus causal agent of root rot in wheat. Similar findings were reported by many 

scientists (Bale et al. 2002; Luck et al. 2011; Madgwick et al. 2011). Non-acclimation 

to high temperature causes more susceptibility of plants to pathogen. For example, 

instant exposure of ornamental plant roots to 45°C increased severity of root rot causing 

agent Phytophthora infestans (MacDonald, 1991). In N. tabacum and A. thaliana high 

temperature compromised hypersensitive response (HR) and resistance (R)—gene 

mediated defense responses to P. syringae pathovars (causal agent of brown spot in 

thale cress) and viral elicitors Wang et al. (2009). Temperature-dependent inhibition of 

host resistance has been reported for Tomato spotted wilt virus (TSWV; causal agent of 

spotted wilt in tomato) and Tobacco mosaic virus (TMV; causal agent of mosaic disease 

in tobacco) and TMV is able to overcome the N-gene mediated resistance at 

temperatures above 28°C in N. tabacum while TSWV is able to suppress TSW, a 

dominant gene-mediated resistance in Capsicum chinense plants at high temperatures 
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(Király et al. 2008). Thus, heat stress generally leads to suppression of host defense 

responses along with the other metabolic processes, thereby increasing their 

susceptibility to pathogens.  

Exploitation of symbiotic association of microbes with plants has currently become an 

important tool to protect the plant health in eco friendly manner (Gupta et al. 2015). 

PGPR improve plant health and growth promotion by array of mechanisms that include 

formation of soil structure, disintegration of organic matter, reprocessing of essential 

elements, mineral nutrients solubilisation and producing copious amount of plant 

growth regulators which act as stimuli of root growth. These increase soil fertility and 

also protect plants from broad spectrum of soil and seed borne pathogens by induced 

systemic resistance (Sivasakhti et al. 2014). Jasmonate and ethylene signalling along 

with a range of defense enzymes and phenolic compounds induce systemic resistance 

within the plant and incite the host plant‘s defense reactions against a range of plant 

pathogens (Glick, 2012). In this study B. safensis and O .pseudogrignonese were used to 

ameliorate spot blotch. Both these PGPR, especially B.safensis was found to be more 

effective in amelioration of heat stress in heat susceptible PBW550 and HT41cultivars. 

Therefore, in this study we also tried to determine the potential of B. safensis and O. 

pseudogrignonese in induction of resistance and compare their performance at normal 

and elevated temperature in terms of biochemical response of wheat plants against spot 

blotch causing pathogen, B. sorokiniana. The antagonistic activity of B.safensis and 

O.pseudogrignonese against B.soroikiniana were pre screened in vitro. Both these 

PGPR effectively inhibit mycelial growth in soild media. Ethyl acetate fraction of cell 

free culture filtrate of B. safensis and O. pseudogrignonese were further characterised 

by GC/MS analysis. The analysis confirmed the presence of several compounds. 10-

Octadecenoic acid (retention time 18.88 min) and Pyrollo pyrazine (retention time 

25.858) were most abundant in ethyle acetate fraction of B. safensis whereas in case of 

O. pseudogrignonense Pyrollo pyrazine (retention time 25.858) was most abundant. 

Deepthi et al. (2016) reported the antifungal activity of Lactobacillus plantarum MYS6 

against Fusarium proliferatum MYS9. They have reported 10-Octadecenoic acid, 

methyl ester as one of the major antifungal compounds produced by the isolate by its 

volatile substances. Chemoprofiling of this volatile substance secreted from root 

endophyte Pseudomonas putidaBP25  indentified Pyrrolo [1,2-a] pyrazine-1,4-dione, an 

antifungal compound inhibited broad range of pathogens such as Giberella 
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moniliformis, Phytophthora capsici, Pythium myriotylum, Rhizoctonia solani, 

Colletotrichum gloeosporioides,  Athelia rolfsii, and plant parasitic nematode, 

Radopholus similis  (Sheorn et al. 2016).There are no previous reports of these two 

PGPR species as antagonists of Bipolaris sorokiniana . However antagonistic activity of 

other species of Bacillus (Bacillus amyloliquefacians , Bacillus pumilus, Bacillus 

subtilis) against B. sorokiniana were reported by Kilic-Ekici and Yuen (2004). Different 

species of Ochrobactrum, such as Ochrobactrum lupini KUDC1013 induced systemic 

resistance (ISR) in tobacco against soft rot disease caused by Pectobacterium 

carotovorum subsp. Carotovorum (Sumayo et al. 2013) and Ochrobactrum anthropi 

BMO-111 against blister blight disease of tea (Sowndhararajan et al. 2012). 

 In the present study PGPR priming significantly reduced disease severity in 

B.sorokiniana infected plants in vivo. At high temperature both the PGPR was not as 

effective in induction of resistance as at normal temperature. However, among the two, 

B. safensis was more effective in reducing disease severity in comparison to O. 

pseudogrignonense at elevated temperature. Initial interaction between host plant and       

B. sorokiniana leads to biochemical alterations which eventually provide resistance to                

B. sorokiniana within plant tissue and treatment with PGPR modulate biochemical 

changes within host to induce this resistance. Inception of disease within leaf triggered 

accumulation of oxidative stress as evident by enhanced accumulation of of H2O2. Pre-

treatment with the PGPR decreased the accumulation of H2O2 markedly. H2O2 in low 

concentrations act as secondary messenger and triggers hypersensitive response around 

infection zone (Orozco-Cardenas et al. 2001); High concentration of H2O2 can start off a 

free radical chain response and cause numerous disruptive effects such as increasing 

membrane peroxidation by-products such as MDA, ROS localization, and in severe 

cases even causes cell death (Zlatev et al. 2006).  In present study both the PGPR 

significantly reduced lipid peroxidation in infected plants which in turn reduced 

electrolyte leakage and membrane damage protecting the plants from adverse 

consequences of oxidative injury. At high temperature PGPR, especially O. 

pseudogrignonense was slightly less effective in comparison to their performance at 

normal temperature.  

 Plant phenolics and proteins are directly or indirectly involved in various metabolic 

pathways and play vital role in disease resistance. Increased protein expression perhaps 

involved in modulation of enzyme expression, signal transduction, degradation of plant 
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metabolism, transport, biocontrol (Yaoyao et al. 2017). SDS - PAGE analysis revealed 

expression of few new bands ranging from 10 - 34 kDa in PGPR primed plant which 

were absent in case of unprimed infected plants both at normal and elevated 

temperature. RT PCR analysis of various HSPs revealed B. safensis seed priming 

significantly increased expression of HSP70 and HSP23.5, HSP26.3 and HsfA3. 

Expression of theses HSPs remain more or less similar in unprimed healthy and infected 

plants during commencement of infection indicating role of these HSPs in B. safensis 

induced resistance spot blotch at high temperature. Chloroplastic Hsp70 induced JA-

dependent signal transduction pathway which plays a key role in induction of defense 

responses in stripe rust infected wheat plants (Duan et al. 2011; Yu et al. 2015).  Hsp70 

is important for non host resistance to P. chicorii in N. benthamiana and it is a part of 

immune complex with SGT1 and Hsp90 (Jelenska et al. 2009).  HSFA3, a heat shock 

factors –a member of HSF A gene family as well as HSP17.8 were stongly upregulated 

may possibly to shut-off of the heat shock response in healthy and infected PGPR 

primed plants. Kumar et al. (2009) reported that HsfB1 and HsfB2b family interacted 

with class A-Hsfs and upregulates many heat shock proteins including Hsp17.6, Hsp70, 

Hsp83.1, and Hsp101 and induced resistance against many pathogens (P. syringae, P. 

infestans, B. cinerea, A. brassicicola). 

Fungal infection accelerates phenolic metabolism and lignin synthesis. Phenolic 

compounds, including phenolic acids and cell wall bound ferulic acid, can give 

mechanical strength to the cell wall to guard against infection, ferulic acid crosslinking 

of phenylpropanoid esters directs to the formation of lignin-like polymers, such 

hydroxycinnamic acids and their derivatives (Maurya et al. 2007). In this study total 

protein, phenol and O dihydroxy phenol significantly decreased over time in unprimed 

infected plants exposed to high temperature despite the fact that at normal temperature 

all these parameters increased in infected plants tissues across all treatment. However 

PGPR primimg were able to maintain comparatively high level of protein phenol and O 

dihydroxy phenol content overtime in infected leaf tissues.  

To impede pathogen attack PGPR modulate expression of an array of defense enzymes 

which are already present in plants as intrinsic defence against any pathogen attack. 

Among the defense enzymes POX is one of the key enzymes countering pathogen 

attack and provide defense against plant pathogens (Anand et al. 2007). Different 

isoforms of POX provide resistance against plant pathogens by lignin and suberin 
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deposition, polymerization of hydroxyl proline rich glycoprotein on cell walls guarding 

cells against fungal hyphae invasion and also reduce oxidative damage by H2O2 

scavenging (Hammond-Kosack and Jones, 1996; Yoshida et al. 2003; Maksimov et al. 

2014). Other than POX, application of two PGPR significantly increase expression of 

PR proteins, such as β 1,3 glucanase (PR 2) and chitinase (PR 3) in infected plants at the 

same time reduce disease incidence. Chitinase and β 1,3 glucanase accumulate around 

necrotic region. These two enzymes destroy fungal hyphae and restrict hyphae 

penetration within cells (Armijo et al. 2016).  

Another vital enzyme and part of phenyl propanoid pathway PAL activity also increased 

significantly after PGPR application. PAL is the principal enzyme in the 

phenylpropanoid metabolism and has important function in the production of several 

defense-related secondary compounds such as lignin and phenols (Tahsili et al. 2014; 

Hemm et al. 2004). Less PAL activity affects phenolic biosynthetic pathways and 

reduces phenolic compound production (Jayaraj et al. 2010). Boominathan et al. (2013) 

reported B. megaterium (AUM72) mediate induction of defense related enzymes against 

rhizome rot causing fungus Pythium aphanidermatum. Plant growth promotion in wheat 

by rhizosphere bacteria with multi-functional traits was reported by Chakraborty et al. 

(2013). Chakraborty et al. (2016) also reported the role of PGPR as plant growth 

promoter in tea and biocontrol agent against root rot pathogens. Elevated expression 

defense-related genes, namely puroindoline protein, β-1,4-glucanase and chitinases in 

wheat during Tilletia indica infection was reported by Tripathi et al. (2013). 

Overexpression of pathogenesis related (PR) proteins like peroxidase, β-1,3-glucanase 

and chitinase, polyphenol oxidase (PPO), phenylalanine ammonia lyase -an integral part 

of phenyl propanoid pathway, phenols and also chlorophyll contents induced systemic 

resistance (ISR) in infected plants (Sundaramoorthy et al. 2013; Graham et al. 2003).         

β-1,3-glucanase and chitinase can break down the cell wall components of pathogens, 

PAL and peroxidase was found to induce defense responses in many crops under fungal 

attack. Coordinated accumulation of these enzymes systemically and locally are linked 

to the development of systemic acquired response (SAR) (Ferreira et al. 2007; 

Kasprzewska, 2003; Santos et al. 2004). Investigation expression patterns of involved 

genes in production of these metabolites e.g. PAL and CHS, for a better understanding 

of defence mechanisms towards various stresses appears significantly useful.  Results 

revealed B. safensis priming significantly increased PAL and CHS gene expression in 
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infected plants especially during elevated temperature indicate greater amount of 

phenolics accumulation in B. safensis primed plants during disease commencement 

which helped plants to induced resistance against B.sorokiniana. Enhanced expression 

of PAL and CHS genes mainly triggered an array of signalling cascade resulting in 

production of phenolics and flavoinois which induce resistance against pathogen attack. 

According to Compant et al. (2010) application of PGPR increased accumulation of 

phenylalanine ammonia lyase, peroxidase, phytoalexins, polyphenol oxidase, and/or 

chalcone synthase.  Induction of these plant defense compounds (e.g., chalcone 

synthase) perhaps triggered by the the chemical PGPR use for intraspecific signaling 

(Mathesius et al. 2003; Compant et al. 2010) 

From the overall experiments it is apparent that plants protect themselves from pathogen 

attack by modulating series of biochemical changes and elevated expression and various 

defense enzymes and plant phenolics. Application of PGPR decreased disease 

susceptibility of plants by inducing systemic resistance in terms of over expression of 

defense enzymes and phenolic content and by reducing membrane injury and disease 

induced oxidative damage. 

Glycine betain content increased insignificantly at normal temperature grown infected 

plant. Significant increase in glycine betain content was observed in both healthy and 

infected plants only when exposed to elevated tempetutes pointing towards less 

important role of glycine betain in inducing resistance against B. sorokiniana. 

Accumulation of another osmolyte proline during disease establishment has been 

reported by many scientists. In the present study spot blotch infection increased proline 

content across all treatments both normal and elevated temperature; however PGPR 

priming was able to retain high proline level at high temperature even 72 h after disease 

commencement. Plant enduring hypersensitive respose due to pathogen attack 

accumulate proline to protect the plants from oxidative injury and cell death (Fabro et 

al. 2004). Increased level of proline in plants tissues during hypersensitive response was 

most likely due to upregulation of the key enzyme in proline biosynthesis, P5CS, at and 

around the sites of HR (Deuschle et al. 2004). In the present sudy RT PCR analysis 

revealed B. safensis primimg significantly increased relative expression of P5CS gene in 

comparison to PDH and P5CR genes in infected plants as a result proline accumulation 

increases drastically in PGPR primed infected plants pointing towards positive role of 

PGPR primimg in inducing hypersensitive response at elevated temperature. 
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Biosynthesis of the polyamines putrescine, spermidine, and spermine is induced in 

response to pathogen infection of plants (Lou et al. 2016). Polyamine biosynthesis 

related genes ADC1, ADC2 and SAMDC2 gene inceased in infected plats at normal 

temperature. ADC1and ADC2 whose expression increased many folds in heat stressed 

healthy plant were found be down regulated during ineraction between heat stress and 

B.sorokinina infection. On the contrary, SAMDC2 expression found to increase in 

infected plants exposed to heat stress. This is consistent with ODC and ADC2 induction 

being part of the coordinated defence response to Fusarium head blight. (Gardiner et al. 

2010), Egg plants expressing the oat ADC gene exhibited tolerance to the wilt-causing 

fungus Fusarium oxysporum (Prabhavathi and Rajam, 2007).These results were similar 

to others found in barley, where the levels of free PUT and SPN and conjugated forms 

of PUT, SPD and SPN were increased following inoculation with the powdery mildew 

(Cowley and Walters, 2002). Ustilago maydis induced accumulation of putrescine in 

maize leaves (Rodríguez-Kessler and Jiménez-Bremont, 2009). Chinese cabbage with 

turnip yellow mosaic virus caused a significant increase in the levels of S-

adenosylmethionine and the polyamines, spermidine, spermine and putrescine in the 

leaves (Torgate et al. 2005).  Comparing results of this study with previous studies it 

can be assumed that B.safensis priming effectively increases tolerance to B. sorokinina 

by increasing expression of polyamine synthesis related genes. 

Seed priming with Bacillus safensis and Ochrobactrum pseudogrignonense not only 

increased overall plant vigour but also protected plants from high temperature induced 

oxidative injury. Among the two PGPR, Bacillus safensis was most effective and has 

better potential to ameliorate heat stress to some extent.  Application of PGPR elicited 

overall defense mechanism by over expression of antioxidative enzymes, heat shock 

proteins, osmolyte accumulation and antioxidant. Further, it reduced photosynthetic 

damage. These positive changes facilitated the plants to acquire thermo tolerance.  

Elevated temperature significantly increased the susceptibility of wheat plants to spot 

blotch causing pathogen Bipolaris sorokiniana. High temperature adversely affected 

anti oxidatidative defense response within plants making plants more prone to spot 

blotch. However, B. safensis and O. pseudogrignonese priming helped in induction of 

resistance biochemical response of wheat plants against spot blotch causing pathogen, 

B. sorokiniana. Use of PGPR for amelioration of abiotic and biotic stresses especially 
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heat stress appears to be a cost effective eco friendly technique; however all the PGPR 

strains cannot be used for stress alleviation. Factors such as the ecological niche of the 

microorganisms selected, specific interactions with the plants and the responses elicited 

should be taken care of before recommending a particular organism. 
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6. CONCLUSIONS 

 A review of literature has been presented on previous works done in this line. The 

review has been presented on heat induced physiological and biochemical changes in 

plants and of plants‘ response to heat injury, elevated temperature and plant disease 

interaction and role of PGPR in amelioration of heat stress and spot blotch. 

 Experimental procedures and all the protocols related to present study has been 

presented. 

 Preliminary screening of wheat cultivars was carried out to assess their basal thermo 

tolerance level. A total eight cultivars viz. C306, PBW343, PBW550, HT41, HT17, 

HT15, GY, and MW were selected for the study. Heat susceptibility index (HSI) of 

all the cultivars were calculated from % reduction in fresh weight and relative water 

content on exposure plants to 25
0
C, 30

0
C, 35

0
C and 40

0
C for 6 h and 12h. Leaf disc 

bioassay was also conducted to assess heat sensitivity of eight cultivars. Extent of 

changing colour of leaf discs from green to yellow when immersed in water at 40
0
C 

for 12h was used as an indicator of effect of high temperature on leaf tissues. 

Comparative study of basal thermo tolerance in various cultivars has been done by 

observing changes in eight biomarkers for thermotolerance: relative water content, 

cell viability, chlorophyll pigment, electrolyte leakage, membrane lipid peroxidation, 

H2O2 content, total sugar and proline content upon exposure to 25
0
C, 30

0
C, 35

0
C and 

40
0
C for 6 h and 12h. Finally from hierarchical cluster analysis two most heat 

susceptible cultivars PBW550 and HT41, having highest HSI were selected for 

PGPR application. 

 Two PGPR strains previously isolated and identified by Chakraborty et al. (2013) 

Bacillus safensis (JX 660688) and Ochrobactrum pseudogrignonense (JX 660689)  

isolated from the wheat (Triticum aestivum L.) and blady grass (Imperata cylindrica 

L.) rhizosphere respectively were selected for amelioration of heat stress. Both PGPR 

could grow under elevated temperature conditions, but among the two, B. safensis 

could grow better at 40
0
C and these two PGPR were able to retain their plant growth 

promoting attributes viz. phosphate solubilisation, protease production, siderophore 

production, chitinase, IAA producton, starch hydrolysis at 40
0
C.  

 In vivo plant growth promoting ability of these two strains was tested in wheat 

cultivars HT41 and PBW550 susceptible to elevated temperature. For this plant 
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height, root and shoot dry weight were tested in every 15 and 30 days of PGPR 

application. Result showed significant increase in plant height and dry weight in 

PGPR primed plants. Phosphate mobilization from soil to plant through root system 

was also increased in PGPR primed plants.   

 After screening for growth promotion Bacillus safensis and Ochrobactrum 

pseudogrignonense were used for temperature stress alleviation at 40
0
C. Pre 

treatment with PGPR lessened water loss, improved cell viability and increased 

thermo tolerance in HT 41 and PBW550 plants signifying a protective effect by these 

bacteria especially by B.safensis at 40
0
C. 

 Heat stress upto 12 hours at 40
0
C significantly increased membrane lipid 

peroxidation, electrolyte leakage and produced ROS such as hydrogen peroxide and 

superoxide, in unprimed plants. Bacillus safensis and Ochrobactrum 

pseudogrignonense priming reduced heat induced oxidative stress in plants by 

reducing ROS (hydrogen peroxide and superoxide) generation and cell membrane 

injury.  

 Total chlorophyll content was mainly affected by high temperature stress. 

Insignificant rise in chlorophyll content and chl. a/b ratio initially during heat 

treatments may be attributable to clustering of chloroplast within cell due to 

dehydration. With increase in exposure time total chlorophyll content reduced 

significantly in unprimed plants of both cultivars while in B. safensis and O. 

pseudogrinonense primed plants decline in chlorophyll content was much lesser over 

time. PGPR primimg also enhanced carotenoid accumulation thus protects 

chloloplast from photoinhibition during heat stress. Carotenoid quenches superoxide, 

singlet oxygen and peroxyl radicals, thus minimizes formation of ROS by receiving 

excess energy from the chlorophyll. 

 TEM studies revealed high temperature distorted cell wall, mitochondria and 

chloroplast ultrastructure especially grana and thylakoid stacking and mitochondrial 

cristae with membrane damage leading to electrolyte leakage. Formation of large 

vacuoles within chloroplast and mitochondria can be observed in case of unprimed 

heat stressed plants exposed to 40
0
C for 12 hours. PGPR priming particularly with B. 

safensis lessened chlorophyll reduction and also minimized heat induced 

ultrastructural damages in chloroplast which may be responsible for restoration of 

PSI and PSII system. PGPR primimg also reduced mitochondrial ultrastructural 
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abnormalities in leaf and accumulate greater amount of plastoglobules in chloroplasts 

during heat stress. 

 Higher level of protein was observed in PGPR primed plants, especially B. safensis 

primed plants of both the cultivars as compared to control plant subjected to heat 

stress at 40
0
C. Protein profiling showed appearance of new bands in the range of 20 

kDa to 67 kDa in plants exposed to high temperature. Appearance of new stress 

responsive proteins along with expression of existing ones was more in PGPR 

primed plants; especially B. safensis primed plants as compared to untreated plants 

after heat treatment. Differential expression analysis of various HSP genes revealed 

that in unprimed PBW 550 plants transcript level of HSP 101C, HSP 90 and HSP 70 

increased significantly in initial hours followed by sharp decrease during heat 

treatment. Whereas in B. safensis primed plants relative expression of HSP101 and 

HSP 90 steadily increased and higher transcript level was maintained overtime as 

compared to heat stressed unprimed plants. Similar trends were also observed in case 

of HSP 23.5 and HSP 17.8 HSP 26.3 and HSFA3. Relatively high expression of 

HSP101C, HSP 90 and small HSPs (HSP 23.5, HSP 17.8 and HSP 26.3) in PGPR 

primed plants all through heat treatment possibly provide better tolerance to heat 

injury. 

 Production of ROS within plants tissues turns on different enzymatic and non-

enzymatic signaling pathways during heat stress. Antioxidative enzymes contributing 

to stress signalling such as peroxidase (POX), catalase (CAT), ascorbate peroxidase 

(APX), glutathione reductase, and superoxide reductase activity increased across all 

treatment during initial hours of heat stress at 40
0
C. PGPR primimg maintain high 

level of antioxidative enzyme activity during heat stress. Among the two PGPR 

B.safensis was more effective in retaining high antioxidant activity at 40
0
C. PGPR 

priming also increased accumulation of non enzymatic antioxidants total glutathione 

and ascorbic acid in PGPR primed especially in B. safensis treated plants. Ascorbic 

acid and total glutathione accumulation reached utmost level after 4 hours of 

exposure to 40
0
C equally in unprimed and bacterized plants. Beyond 4th hour 

ascorbic acid content gradually declined in both unprimed and bacterized plants, 

although gradual reduction in ascorbic acid content was nominal in PGPR treated 

plants. Initial increase in ascorbic acid and total glutathione may add to glutathione 
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and ascorbate regeneration system ascorbate-glutathione cycle to accentuate APX 

activity. 

 Total and O dihydroxy phenol significantly in all plants subjected to heat stress. 

However, in B.safensis and O pseudogrignonense primed plants maintained high 

level of total and O dihydroxy content in heat stressed plants. Enhanced expression 

of chalcone synthase (CHS) was also across all treatments during high temperature 

stress may give protection from heat injury. Relatively high expression of PAL gene 

in leaves of B. safensis primed plants in response to high temperature perhaps a part 

of acclimatory response where the enzyme induced the biosynthesis of other 

phenolics in the pathway. 

 High temperature treatment significantly increased proline concentration in unprimed 

HT 41 and PBW550 as compared to PGPR primed plants of both the cultivars. RT 

PCR analysis indicated differential expression of proline biosynthesis related genes 

P5CS and PDH during temperature treatment might be responsible for different 

proline level in B.safensis primed and untreated plants. In both B. safensis and 

unprimed plants exposed to 40
0
C transcript level of P5CS and P5CR increased with 

time. One interesting finding is that the PDH expression significantly increased with 

time in B. safensis primed plants in comparison untreated plants. Over expression of 

PDH genes in B. safensis primed plants turned out to be responsible for 

comparatively low level proline than untreated control plants. 

 Polyamines biosynthesis related genes ADC1, ADC2 and SAMDC2 were found to 

be over expressed during heat stress in both unprimed and B.safensis primed plants 

exposed to heat stress. The first two genes regulate decarboxylation of arginine 

catalyzed by two isoform of arginine decarboxylase (ADC), followed by successive 

reactions which ultimately converts agmatine to Putrescine. In subsequent reactions 

aminopropyl groups are produced from S-adenosylmethionine (SAM) by SAM 

decarboxylase (SAMDC2) to alter putrescine to spermidine and subsequently 

spermine. ADC1 and SAMDC2 transcript level found to be relative high at 8
th

 and 

12
th

 hours in unprimed plants in comparison to B. safensis primed plants. 

 Seed bacterization facilitates accumulation of glycine betain and total sugar in plant 

tissues than unprimed plant during heat stress. High temperature increased glycine 

betain production in leaves for all treatments. It was observed that glycine betain and 
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total sugar content in wheat leaf attained much higher level with B.safensis than O. 

pseudogrignonense priming. 

 Elevated temperature affected seed quality in late planted unprimed and PGPR 

primed plants. Result revealed heat stress significantly reduced spike length, grain 

number and grain weight in unprimed heat stressed plants. Total protein and sugar 

content also reduced in heat stressed plants. Protein and starch content was relatively 

high in B.safensis primed plants in comparison to unprimed plants. Ultrastructural 

analysis of starch grains revealed presence of flat, deformed starch granules as 

compared to round, spherical shaped granules observed in control as well as 

B.safensis primed heat stressed plants. Aleuronic layer of B. safensis plants was less 

affected as compared to heat stressed control plants suggesting positive role of 

B.safensis priming in improving seed quality in plants under heat stress.  

 Elevated temperature significantly increased the susceptibility of wheat 

plants to spot blotch causing pathogen Bipolaris sorokiniana. Maximum disease 

incidence was observed in the range of 35
0
C to 38

0
C and with relative humidity 70% 

and further rise in temperature from 38
0
C to 40

0
C reduce disease incidence. With the 

onset of disease electrolyte leakage, H2O2 accumulation and lipid peroxidation 

significantly increased over time in infected plants. High temperature during disease 

commencement changed membrane permeability in terms of electrolyte leakage and 

lipid peroxidation making the plants even more vulnerable to pathogen attack. 

Therefore dual application of heat stress and B. sorokinana intensified membrane 

damage many folds and altered antioxidative defense response. 

 Potential of B. safensis and O. pseudogrignonese in induction of resistance was 

determined and their performance at normal and elevated temperature in terms of 

biochemical response of wheat plants against spot blotch causing pathogen, B. 

sorokiniana was compared. 

 The antagonistic activity of B. safensis and O. pseudogrignonese against 

B.sorokiniana were prescreened in vitro. Both these PGPR effectively inhibit 

mycelia growth in soild media. Ethyl acetate fraction of cell free culture filtrate of B. 

safensis and O. pseudogrignonese were further characterised by GC/MS analysis. 

The analysis confirmed the presence of several compounds. 10-Octadecenoic acid 

(retention time 18.88 min) and Pyrollo pyrazine (retention time 25.858) were most 
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abundant in ethyle acetate fraction of B. safensis whereas in case of O 

pseudogrignonense Pyrollo pyrazine (retention time 25.858) was most abundant. 

 PGPR priming significantly reduced disease severity in B.sorokiniana infected plants 

in vivo. However, at high temperature B. safensis was more effective in reducing 

disease severity in comparison to O. pseudogrignonense. Pre-treatment with the 

PGPR decreased the accumulation of H2O2, reduced lipid peroxidation in infected 

plants thus reduced electrolyte leakage and membrane damage protecting the plants 

from adverse consequences of oxidative injury. At high temperature PGPR, 

especially O. pseudogrignonense was slightly less effective in comparison to their 

performance at normal temperature. 

 Total protein, phenol and O dihydroxy phenol significantly decreased over time in 

unprimed infected plants exposed to high temperature despite the fact that at normal 

temperature all these parameters increased in infected plants tissues across all 

treatment. However PGPR primimg were able to maintain comparatively high level 

of protein, phenol and O dihydroxy phenol content overtime in infected leaf tissues. 

 Spot blotch significantly increased accumulation of proline and soluble sugar in 

infected plants. RT PCR analysis revealed B.safensis primimg significantly increase 

relative expression of P5CS gene in comparison to PDH and P5CR genes in infected 

plants; as a result proline accumulation increases drastically in PGPR primed 

infected plants pointing towards positive role of PGPR primimg in inducing 

hypersensitive response at elevated temperature. 

 SDS PAGE analysis revealed expression of few new bands ranging from 10- 34 kDa 

in PGPR primed plant which were absent in case of unprimed infected plants both at 

normal and elevated temperature. RT PCR analysis of various HSPs revealed B. 

safensis seed priming significantly increased expression of HSP70 and HSP23.5, 

HSP26.3 and HsfA3. Whereas expression of theses HSPs remain more or less similar 

in unprimed healthy and infected plants during commencement of infection 

indicating role of these HSPs in B. safensis induced resistance spot blotch at high 

temperature. 

 In addition to this, time course accumulation of defense enzymes such as chitinase, 

phenyl alanine ammonia lyase, peroxidase and β-1, 3 glucanase was determined 

following challenge inoculation with B. sorokiniana. Higher activities of CHT, POX, 

PAL, β-1, 3 GLU and accumulation of higher phenolic compounds were observed 
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heat susceptible wheat plants However, high temperature during disease 

commencement adversely affected of defense enzymes activity as well as protein, 

phenolics and osmolyte accumulation. Time course accumulation of all of these 

components during prolonged exposure at 38
0
C decreased defense enzyme activity, 

phenol and osmolyte accumulation in infected plants which might possibly facilitated 

pathogen spread and cause susceptibility to the diseases. B.safensis and O. 

pseudogrignonense primimg maintained higher level enxzme activity and 

accumulate osmolyte and thus gave protection against B. sorokiniana even at high 

temperature. Results revealed B. safensis priming significantly increased PAL and 

CHS gene expression in infected plants especially during elevated temperature 

indicating greater amount of phenolics accumulation in B. safensis primed plants 

during disease commencement which helped plants to induced resistance against 

B.sorokiniana. 
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APPENDIX B: List of Abbreviations 

 

n                       Number 

°C                     Degree Celsius 

µ                       Micro 

µ L                     Micro litre 

µ m                    Micro meter 

ACC                 1–aminocyclopropane–1–carboxylic acid 

A                      Absorbance 

ADC                Arginine decarboxylase 

ABA                Abscisic acid 

APX                Ascorbate peroxidase 

Approx            Approximately 

APS                 Ammonium per sulphate 

AsA                 Ascorbate 

AA                   Ascorbic acid 

ATP                 Adenosine tri phosphate 

ATT                 Acquired thermotolerance 

BLAST            Basic Local Alignment Search Tool 

BHT                Butylated hydroxytoluene 

BSA                Bovine serum albumin 

B.s                   Bacillus safensis 

C1                   Electrical conductivity 

C/N ratio         Carbon to nitrogen ration 

CA                   Cinnamic acid 

Ca
2+                

Calcium divalent cation 

CaCl2              Calcium chloride 

CAT                Catalase 

CBB                Coomassie brilliant blue 

cDNA              Complenetary DNA 

CL                   Chemi line 

Chl a/b            Chlorophyll a to chlorophyll b 

cm                   Centimetre 

CMS                Cell membrane stability 

CHS                 Chalcone synthase 
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CHT                 Chitinase 

CuSO4             Copper sulphate 

D                      Day 

d.m.                  Dry mass 

d.w.                  Dry weight 

DAB                Diaminobenzidine                         

D                      Day (or days) 

DCPIP              2,6-Dichlorophenolindophenol 

DHA                 Dehydroascorbate 

DHAR              Dehydroascorbate reductase 

DIBA                Dot immuno binding assay 

DL                    Dextro–laevorotatory 

DMAB             4-(Dimethylamino)benzaldehyde 

DNA                Deoxyribonucleic acid                           

DNPH              2, 4, dinitrophenylhydrazine 

DPPH               2,2–diphenyl–1–picrylhydrazyl                  

dSm
–1              

DeciSiemens per metre 

EC                    Enzyme commission 

EDTA–Na2      Ethylene diamine tetra acetic acid–di sodium salt 

ELISA              Enzyme linked immunosobanr assay 

et al                  et alii (and others)                       

EU                    Enzyme unit 

Fig                    Figure 

FeCl3                         Ferric chloride 

FITC                 Fluorescein isothiocyanate 

FW                    Fresh weight control g 

gm                     Gram 

GY                    Gayetri 

GB                    Glycine betaine 

GC-MS             Gas Chromatography-Mass Spectrometry 

GPX                  Glutathione peroxidase                       

GR                    Glutathione reductase 

GLU                 Glucanase 

GSH                 Glutathione reductase 

GSSG               Oxidised glutathione 

H2O2                Hydrogen peroxide 
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H2SO4              Sulphuric acid 

Ha                     Hectare 

HCl                   Hydrochloric acid 

HDTMA           Hexadecytrimethyl ammonium bromide 

HgCl2               Mercury chloride 

HSP                  Heat shock proteins 

HsfA3               Heat shock factor A3 

HSI                   Heat susceptibility index 

h                        Hour 

ha                      Hectare                         

hr                      Hour 

hrs                    Hours 

(HO
–
)              Hydroxyl radical 

(HR)                Hypersensitive response 

K3Fe (CN)6      Potassium ferrocyanide 

KDa                 Kilo dalton 

L                      Litre 

m                     Metre 

M                     Molar 

mA                   Milli ampere                          

MDA                Malondialdehyde                         

mg                    Milli gram 

mg g
–1             

Milli gram per gram 

Mg
2+               

Magnesium divalent cataion 

MgCl2              Magnesium chloride                      

mha                  Million hectare 

min                   Minute                            

mL                    Milli litre 

mM                   Milli molar                      

mmol                 Milli molar 

MW                   Mohan Wonder 

mol                    Molar 

MDA
–               

Monodehydroascorbate radical 

MDHAR
–          

Monodehydroascorbate reductase 

MPa                   Mega pascal 

MTT                  3-[4,5-dimethyltiazol-2-yl] 2,5-diphenyltetrazolium bromide 
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mV                     Milli volt 

mVs                   Milli volt second 

N                        Nitrogen 

Na                      Sodium 

Na2SO4             Sodium sulphate 

NADPH             Nicotinamide adenine dinucleotide phosphate reduced 

NADPH–Na2    Nicotinamide adenine dinucleotide phosphate reduced tetrazolium salt 

Na2MoO4               Sodium molybdate 

NaHCO3          Sodium bicarbonate                                           

NaNO2             Sodium nitrite                                                   

NaOH               Sodium hydroxide                                         

Na2PO4            Sodium phosphate 

PAGE               Polyacrylamide gel electrophoresis 

NBT                  Nitrobluetetrazolium chloride 

nm                     Nanometre 

No.                    Number 

O2                     Oxygen 

OD                    Optical density 

OA                    Osmotic adjustment 

O.p                    O. pseudogrignonense 

ѱP                     Osmotic potential 

O2*
–                 

Superoxide radical 

P                        Probability 

PAL                   Phenylalanine ammonia lyase 

P5CS                  Pyrroline carboxylate synthases 

P5CR                  Pyrroline-5-carboxylate reductases 

PDH                    Proline dehydrogenase                                                            

PA                       Phenolic acid 

PCD                    Programmed cell death 

PCA                    p–coumaric acid 

PITC                   Phenylisothiocyanate 

PMSF                  Phenylmethylsulfonylfluoride 

PPO                     Polyphenol oxidase 

PS II                    Photosystem II 

PVPP                  Polyvinylpolypyrrolidone 
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POX                    Peroxidase 

QTL                    Quantitative trait loci 

R* or ROO         Reactive species 

GSH                    Reduced glutathione 

RT PCR              Real time polymerase chain reaction 

RH                      Relative humidity 

Rf                        Relative front 

ROS                    Reactive oxygen species                                          

r.p.m                   Rotation per minute 

RWC                  Relative water content 

S.E                      Standard error 

s                          Second 

SA                      Salicylic acid 

SDS                    Sodium dodecyl sulphate 

PAGE                 Polyacrylamide gel electrophoresis 

SH                      Sulphhydrl containing enzymes 

1
O2                    Singlet oxygen 

SOD                   Superoxide dismutase 

O2
–                    

Superoxide anion 

SAA                   Systemic acquired acclimation 

SAR                   Systemic acquired resistance 

SAMDC             S-adenosylmethionine decarboxylase 

SEM                   Scanning electron microscopy 

TBST                 Tris buffered saline with Tween 20 
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APPENDIX C: List of Chemicals 

 

Acetone 

Acetic acid 

Acrylamide 

Ammonium dihydrogen phosphate 

Ammonium persulphate 

Anthrone‘s reagent 

Ascorbic acid 

Benzidine 

Boric acid 

Bovine serum albumin 

Bromophenol blue 

Calcium nitrate tetrahydrate 

CAS agar 

Chloroform 

Colloidal chitin 

Concentrated sulphuric acid 

Coomasie Brilliant Blue G250 

Coomasie Brilliant Blue R250 

Copper sulphate 

Cotton blue 

1,2-dichloroethane 

2, 2-Diphenyl-1-picrylhydrazyl 

2, 6 – dichlorophenolindophenol, 

3, 3‘-Diaminobenzidine 

5,5′ dithiobis (2‐nitrobenzoic acid) 

Davis Mingoli‘s broth 

Diethyl Ether 

Dinitro phenyl hydrazine 

Disodium ethylenediaminetetraacetic acid 

Di potassium hydrogen phosphate 

Di sodium hydrogen phosphate 
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DMAB 

DNase enzyme 

dNTP 

EDTA 

Ethanol 

Ethyl acetate 

Ferric Chloride 

Ferrous Sulphate 

Fluorescein isothiocyanate (FITC) 

Folin Ciocalteu‘s Phenol reagent 

Freund‗s complete adjuvant (Genei) 

Freund‗s incomplete adjuvant (Genei) 

Glacial acetic acid 

GlcNAc 

Glucose 

Glutaraldehyde 

Glutathione 

Glycerol 

Glycine 

Goat antirabbit IgG 

GSSG 

Helicase (3%) 

Hexadecytrimethyl ammonium bromide 

Hydrochloric acid 

Hydrogen peroxide 

Isoamyl alcohol 

Isopropanol 

Lactic acid 

Lacto phenol 

Laminarin 

Lead citrate 

L- phenylalanine 

LR White resin 
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Magnesium chloride 

Magnesium sulphate heptahydrate 

Manganese sulphate monohydrate 

Mercuric chloride 

Methanol 

Methionine 

MTT 

N,N,N‘,N‘-Tetramethylethylenediamine 

N‘ N‘-Methelenebisacrylamide 

NBT/BCIP 

Nelson‘s Arsenomolybdate reagent 

Nicotinamide adenine dinucleotide phosphate reduced 

Ninhydrin 

Nitroblue tetrazolium chloride 

Oligo dt 

Ortho-dianisidine 

Ortho-phosphoric acid 

Osmium tetroxide 

Paraformaldehyde 

Perchloric acid 

Phenol 

Phloroglucinol 

Pikovskya agar 

Polyvinylpyrrolidone 

Potassium chloride 

Potassium dihydrogen phosphate 

Potassium ferricyanide 

Potassium hydrogen phosphate 

Potassium nitrate 

Potato dextrose agar 

Proline 

Propylene oxide 

Reverse transcriptase buffer 
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Riboflavin 

RNAse 

Sodium bicarbonate 

Sodium carbonate 

Sodium chloride 

Sodium dihydrogen phosphate 

Sodium dodecyl sulphate 

Sodium hydrogen phosphate 

Sodium hydroxide 

Sodium hypochlorite 

Sodium molybdate 

Sodium nitrite 

Sodium potassium tartarate 

Sodium sulphate anhydrous 

Soluble starch 

ß-Mercaptoethanol 

Sulfosalicylic acid 

Thiobarbituric acid 

Titanium sulphate 

Toluene 

Toluidine blue 

Tricalcium phosphate 

Trichloroacetic acid 

Tris base 

Trizol reagent 

Uranyl acetate 

2‐vinylpyridine 

Vanillin 

Zinc sulphate heptahydrate 
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Abstract
In India and other tropics, wheat plants suffer from exposure to high temperature with heat increase above 35 °C causing 
stress-like conditions. Hence, the present study was aimed to determine a means of suitable eco-friendly temperature stress 
alleviation for growth of wheat. Seeds of two wheat (Triticum aestivum L.) cultivars were primed with two potential plant 
growth promoting rhizobacteria (PGPR), Bacillus safensis and Ochrobactrum pseudogrignonense, and 1-month-old young 
seedlings were subjected to heat treatment for different time periods. PGPR priming improved the heat stress tolerance 
level of wheat seedlings. Among the two, B. safensis was more effective for improving thermotolerance. High temperature 
induced the accumulation of ROS and was responsible for membrane injury and chloroplast ultrastructure damage. As a 
defense reaction, plants in turn activated antioxidant signalling which increased redox enzyme activity and accumulated 
osmolytes like proline and glycine betaine. However, PGPR priming, especially B. safensis, not only maintained cell viabil-
ity and restored chloroplast structure thus reducing photosynthetic damage but also improved the antioxidative response 
significantly which was quite low in uninoculated plants after heat challenge. PGPR-mediated amelioration of heat stress 
seems to be associated with less ROS production, membrane damage, maintenance of chloroplast structure and enhanced 
chlorophyll content, increased expression of an array of redox enzymes and accumulation of osmolytes which improved 
overall thermotolerance. This study revealed a future prospective of eco-friendly and low-cost seed priming technique for 
amelioration of abiotic stresses.

Keywords High temperature stress · Wheat · Bacillus safensis · Ochrobactrum pseudogrignonense · Priming · Stress 
amelioration · Thermotolerance

Introduction

Climate change with rapid acceleration of temperature is one 
of the foremost challenges the world is facing today. Accord-
ing to the 2015 UN projection, the world’s population is 
predicted to attain a staggering 9.7 billion by 2050. Wheat is 
the main staple food for people of different parts of the world 
and to fulfil demands of this rising world population a 60% 
increase in wheat production is needed by 2020 (Edgerton 
2009). India is the third leading producer of wheat following 
the European Union and China. The ideal temperature for 
wheat cultivation is between 15 and 22 °C. In India, wheat is 
generally sown in the month of November or December and 
harvested between March and April with slightly elevated 
temperatures during grain filling and harvesting. Climate 
change had a greater impact on nationwide wheat production 
in India, especially in northern, western and eastern parts 
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of India with maximum temperatures exceeding physiologi-
cally decisive thresholds of around 38–40 °C (Koehler and 
others 2013). Rising mean average temperatures by the end 
of this century (Swaminathan and Kesavan 2012) will have 
destructive impacts and harmful consequences on people, 
the environment and agricultural productivity. With each 
degree of temperature increase, wheat production is assessed 
to fall by 6% worldwide (Gourdji and others 2013).

Plant reactions to high temperatures are complex and 
involve alterations at the physiological, molecular and bio-
chemical levels, altered gene expression leading to a com-
plex array of signalling (Kotak and others 2007) affecting 
plant growth, development which leads to reduction in grain 
quality and yield (Wahid and others 2007). Exposure to 
high temperatures induces generation of ROS such as sin-
glet oxygen, superoxide radicals  (O2

–), hydrogen peroxide 
 (H2O2) and hydroxyl radicals (·OH) in cell organelles spe-
cially chloroplasts, mitochondria and peroxisomes (Liu and 
Huang 2000). These ROS molecules on one side affect the 
stability of cell membranes by triggering electrolyte leakage 
and autocatalytic lipid peroxidation (Xu and others 2006) 
and also destroy heat liable PSI and PSII arrangements in 
chloroplasts (Almeselmani and others 2012). On the other 
side, various ROS molecules act as signals and activate the 
antioxidative defense response (Mittler and others 2012) 
to protect cells from oxidative injury in which enzymes 
such as superoxide dismutase (SOD), catalase (CAT), per-
oxidase (POX) including ascorbate peroxidase (APX) and 
glutathione reductase (GR), which are part of the ascorbate 
glutathione cycle, play pivotal roles (Foyer and Noctor 2011; 
Lee and Lee 2000). SOD and APX first scavenge  O2

– and 
produce equally toxic  H2O2 which is broken down into  H2O 
and  O2 by the activity of CAT, POX and other antioxidative 
enzymes (Sairam and Tyagi 2004). Compatible osmolytes 
like proline, glycine betaine (GB), trehalose, polyols and 
mannitols work in concert to protect the cell from heat-
induced dehydration (Shulaev and others 2008).

Microorganisms and their interaction with plants play a vital 
role in soil and affect plant growth and health. Considering the 
constant association of plants and microorganisms in the soil 
it is quite perceptible that in nature these would be involved in 
the responses of plants in different stresses. Among the micro-
organisms, the most important for agriculture is plant growth 
promoting rhizobacteria (PGPR), which increase plant growth 
and vigour. Two previously tested PGPR were selected for the 
present investigation. These were Bacillus safensis and Ochro-
bactrum pseudogrignonense, which were previously charac-
terised and reported by our group to be salt and water-stress 
tolerant as well as having PGPR traits (Chakraborty and others 
2013). Bacillus safensis is a Gram-positive, spore-forming, 
rod bacterium originally isolated from a spacecraft in Florida 
and California (Satomi and others 2006). It colonises a wide 
range of habitats, many of which are stringent for the survival 

of some microorganisms. Its survival in extreme environments 
relies on its unique physiological and genotypic characteristics. 
It is closely related to Bacillus pumilus, Bacillus altitudinis, 
Bacillus xiamenensis and Bacillus invictae. B. safensis strain 
VK and W 10 isolated from the cumin plant rhizosphere in a 
saline desert area and wheat rhizosphere, respectively, were 
found to induce plant growth and salinity tolerance (Kothari 
and others 2013; Chakraborty and others 2013). More recently, 
a marine B. safensis strain (JX126862) isolated from mangrove 
sediments having cadmium solubilising attributes was identi-
fied by Priyalaxmi and others (2014). It is thus evident that B. 
safensis is a multifaceted bacterium with the ability to survive 
in different stressful conditions. Many species under the genus 
Ochrobactrum, such as O. anthropi, O. cytisi and O. lupine, 
isolated from diverse habitats including from soil, plants and 
their rhizosphere and animals, were already reported to have 
plant growth promoting as well as abiotic stress (heat, heavy 
metal)-tolerance abilities. Ochrobactrum pseudogrignonense 
is a gram negative, non-spore-forming alpha proteobacterium 
belonging to the family Brucellaceae. Chakraborty and others 
(2013) reported plant growth promoting ability of water-stress 
and salt-tolerant O. pseudogrignonense strain IP8; biodegrada-
tion of malachite green by copper-tolerant O. pseudogrignon-
ense strain GGUPV1 was reported by Chaturvedi and Verma 
(2015).

In the context of alleviating abiotic and biotic stress, PGPR 
have been reported to induce systemic resistance (ISR) and 
restrained different diseases (van Loon and others 1998). 
PGPR priming modifies certain biochemical and physiologi-
cal processes to induce systemic tolerance (IST) within the 
plant system to protect the plants from different abiotic stresses 
(Yang and others 2009). There are many reports of biotic and 
abiotic stress amelioration by PGPR but less information is 
available regarding improvement of thermotolerance by PGPR 
priming.

The present study was undertaken to determine the effect of 
high temperature on wheat, how inherent antioxidative mecha-
nisms and signalling protect the wheat seedlings from heat-
induced oxidative stress and explore the prospect of reduc-
ing the harmful consequences of high temperature by use of 
PGPR treatment. For that we have performed an array of bio-
chemical assays to check heat sensitivity and understand the 
alterations in stress signalling and antioxidative responses after 
bacterial priming, which can be a useful marker for improved 
thermotolerance.
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Materials and Methods

Plant Material, Bacterial Cultures and Experimental 
Design

Two wheat (Triticum aestivum L.) cultivars, HT 41 and 
HT 15, were selected for the present study. During pre-
liminary screening for basal thermotolerance, 10 cultivars 
were compared on the basis of attributes responsible for 
thermotolerance. Based on results, HT 41 and HT15 were 
the most susceptible among the cultivars. For this reason, 
these two cultivars were chosen for heat stress ameliora-
tion studies. Grains were surface sterilised with 1% (w/v) 
sodium hypochlorite solution and rinsed twice with dou-
ble-distilled water.

Two PGPR strains Bacillus safensis (NCBI JX660689) 
and Ochrobactrum pseudogrignonense (NCBI JX660688), 
which were previously isolated from the wheat (T. aestivum) 
and blady grass (Imperata cylindrica) rhizospheres, respec-
tively, and identified by Chakraborty and others (2013), were 
selected for the present study. Because these two bacteria 
were reported previously by us as salt and water-stress toler-
ant, they were initially tested for temperature tolerance also 
in the laboratory. Preliminary studies showed that these two 
bacteria were tolerant in vitro to elevated temperatures and 
were therefore selected for studies on induction of thermo-
tolerance. These PGPR strains were grown in nutrient broth 
for 48 h at 35 °C and the bacterial population was deter-
mined by colony-forming units (CFU). Seed priming was 
performed by soaking grains in bacterial suspensions with 
1 × 108 bacteria  ml−1 and shaking for 12 h; control seeds 
were immersed in distilled water. Both primed and unprimed 
seeds were then transferred to earthen pots containing ster-
ile soil. Each pot contained five seedlings and were kept in 
a growth chamber at 22/16 °C (day/night), with a photo-
period of 16/8 h at 200 μmol m−2 s−1 and 70% humidity and 
1-month-old seedlings were taken for further experiments. 
Seedlings of both primed and unprimed plants were exposed 
to 40 °C for 12 h and sampling was done at 0, 4, 8 and 12 h. 
Each treatment had three replicate sets and each replicate set 
had ten pots of replications in randomised design. For sam-
pling, leaf samples were collected, immediately flash freezed 
in liquid nitrogen and subsequently used for biochemical 
tests, storing where necessary at − 80 °C. From initial trials 
using different temperatures, 40 °C proved to provide irre-
versible damage to plants with less than a 50% survival rate 
after 24 h using unbacterised plants and therefore 40 °C was 
selected as the treatment temperature for further observa-
tion. To determine the effect of seed priming on induction 
of thermotolerance, fresh weights (FW) and RWC (%) were 
measured following the method described by Farooqui and 
others (2000).

Cell Viability and Acquired Thermotolerance

Cell viability percentage, which represents the level of 
acquired thermotolerance (ATT), was determined by the 
MTT assay (Chen and others 1982). Leaf discs (10 mm) 
were kept in glass vials with 1% MTT 3-[4,5-dimethylthi-
azol-2-yl] 2,5-diphenyltetrazolium bromide solution in the 
dark for 12 h. Leaf samples were placed in 5% alcohol and 
boiled until the alcohol evaporated. Thereafter absorbance 
of the purple coloured extract was measured at 485 nm.

Antioxidant Enzyme Extraction and Assays

Leaf samples collected at specific time gaps during tem-
perature treatment were homogenised and extracted fol-
lowing the procedure of Chakraborty and Pradhan (2011).

Ascorbate peroxidase (APX: EC.1.11.1.11) activ-
ity was measured by calculating oxidation of ascorbate 
at 290 nm with some modification (sodium phosphate 
buffer was used instead of potassium phosphate buffer as 
in the method provided) and the activity was expressed 
as µM ascorbate  min−1 mg−1 protein (Asada and Taka-
hashi 1987). Superoxide dismutase (SOD: EC 1.15.1.1) 
activity was examined following the method of Dhindsa 
and others (1981) at 560 nm by calculating photochemical 
reduction inhibition of nitro blue tetrazolium at 560 nm 
and activity was articulated as enzyme units (EU)/min. 
Glutathione reductase (GR: EC 1.6.4.2) activity was 
measured at 340 nm and expressed as µM NADPH oxi-
dised min−1 g−1 fresh tissue by the oxidation of NADPH 
(Lee and Lee 2000). Peroxidase (POX: EC. 1.11.17) activ-
ity was measured at 470 nm by calculating the oxidation 
of  O-dianisidine in the presence of  H2O2 (Chakraborty 
and others 1993). The enzyme activity was articulated as 
µM  O-dianisidine oxidised  min−1 mg−1 protein. Catalase 
(CAT: EC 1.11.1.6) activity was calculated by estimating 
the breakdown of  H2O2, which was observed at 240 nm 
(Chance and Machly 1955) and the enzyme activity was 
expressed as µM  H2O2  min−1 mg−1 protein.

The non-enzymatic antioxidant, ascorbic acid, was 
extracted using pre-chilled 6% trichloroacetic acid. Then 
the slurry was filtered and the final volume was made up to 
10 ml. Quantification of ascorbic acid was done by using the 
method of Sairam and others (2005).

Measurement of Chlorophyll Content 
and Observation of Chloroplast Ultrastructure

Chlorophyll was extracted from leaves of test plants using 
80% acetone and quantified following the method of Har-
borne (1973).
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Chloroplast Ultrastructure Observation by TEM

For visualisation of ultrastructural changes after heat treat-
ment, leaf samples were sliced into 2 × 2 mm and fixed in 
0.1 M phosphate buffer containing 2.5% glutaraldehyde and 
2% paraformaldehyde for 12 h at 4 °C. After cleaning in phos-
phate buffer, leaf pieces were fixed with 2%  OsO4 and then 
dried in ethyl alcohol and propylene oxide. Leaf slices were 
then implanted in LR white resin blocks and were cut with an 
ultra microtome (Leica UC6). Then ultra thin sections, stained 
with uranyl acetate and lead citrate were observed under a 
transmission electron microscope (Technai).

Quantification of Osmolytes

Proline was extracted in 3% sulfosalicylic acid and quantified 
following the method of Caverzan and others (2012). Absorb-
ance was taken at 520 nm and proline in leaf tissue was calcu-
lated using a standard curve. Another osmolyte, GB estimation 
was performed following the method of Yildiztugay and oth-
ers (2014). Leaf tissues crushed in distilled water were mixed 
with 2 N HCl. Half volume of acidified pre-chilled solution 
was taken and blended with 0.2 ml of potassium tri-iodide 
solution and was then allowed to cool on ice for 90 min. Then 
20 ml of 1, 2 dichloromethane (cooled at − 10 °C) was put in 
the solution. Then the absorbance of the lower organic level 
was observed at 365 nm and quantity of GB was worked out 
using a standard curve.

Measurement of  H2O2 and Membrane Lipid 
Peroxidation

H2O2 levels in the leaves were estimated according to Jena and 
Choudhuri (1981) with minor modifications (centrifugation 
at 10,000 rpm for 30 min and supernatant volume 10 ml) and 
lipid peroxidation was determined by the level of malondi-
aldehyde (MDA) content which was calculated by using the 
method described by Heath and Packer (1968).

Electrolyte Leakage

Leaves of equal size were rinsed carefully with deionised water 
and then put in closed vials including deionised water and 
incubated for 24 h at 25 °C on a rotary shaker. Electrolyte leak-
age was then measured by a conductivity meter as described by 
Lutts and others (1996). Electrical conductivity of the solution 
(Lt) was calculated and final electrical conductivity (L0) was 
measured after autoclaving the solution for 20 min at 121 °C 
and cooling at 25 °C. Electrolyte leakage was calculated by 
the following formula:

Electrolyte leakage (%) =

(

Lt

L0

)

× 100.

In Situ Localisation of  O2
− and  H2O2

Superoxide  (O2
–) accumulation within leaf tissue was 

observed using the nitro blue tetrazolium (NBT) stain-
ing technique (Romero-Puertas and others 2004). Leaf 
discs were kept in 0.05% (w/v) NBT in 10-mM phosphate 
buffer (pH 7.5) at room temperature for 24 h. Then the leaf 
discs immersed in ethanol/lactic acid/glycerol (4:1:1) were 
boiled for chlorophyll bleaching and then the transparent 
leaves with blue formazan patches were observed under 
a light microscope. Study of  H2O2 localisation is similar 
to superoxide staining only it required a different staining 
compound. Washed leaf discs were placed in vials contain-
ing 3,3′-diaminobenzidine (DAB) solution (pH 3.8) and 
kept in the dark overnight. Then leaf discs were boiled with 
ethanol/lactic acid/glycerol (4:1:1) until all the chlorophyll 
was removed.  H2O2 localisation was visible as dark brown 
patches of DAB—H2O2 polymers under a light microscope 
(Thordal-Christensen and others 1997).

Statistical Analysis

Statistical analysis was executed using in IBM SPSS ver-
sion 21 and Fisher’s LSD test was performed to determine 
significant mean differences at P ≤ 0.05.

Results

Effect of High Temperature and PGPR Seed Priming 
on Plant Growth

Plant growth was significantly compromised by heat chal-
lenge. Heat stress significantly reduced (P ≤ 0.05) the 
seedling fresh weight (Table 1) and relative water content 
(Table 2). Decline in fresh weight during heat treatment for 
12 h in unprimed seedlings of HT 41 ranged from 22.82 
to 70.10%, whereas in HT 15 reduction was from 25.84 
to 67.79% but application of PGPR, especially B. safen-
sis, maintained fresh weight much better with around 50% 
even in the maximum stressed seedlings. Seed priming also 
upheld relative water content status during heat stress. Prim-
ing with B. safensis lessened water loss by 21.20% in HT 
41 and 19.22% in HT 15, whereas O. pseudogrignonense 
reduced water loss by 13.03 and 14.22% in HT 41 and HT 
15, respectively, after exposure to high temperature for 12 h.

Assessment of Cell Viability

The positive effect of bacterial treatment was not only obvi-
ous on plant growth parameters but was also reflected in 
cell survival. Pre-treatment with PGPR acclimatised wheat 
seedlings and thus improved cell viability and acquired 
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thermotolerance signifying a protective effect by these bac-
teria especially by B. safensis. High temperature stress sig-
nificantly (P ≤ 0.05) reduced cell viability by 55.18% in HT 
41 and by 48.18% in HT 15, whereas in B. safensis-primed 
seedlings cell viability percentage was considerably high 
even following 12 h of heat stress (Fig. 1). However, there 

was significant reduction in cell viability percentage even 
after application of O. pseudogrignonense.

Analysis of the Oxidative Stress in Leaves

High temperature significantly raised levels of ROS such as 
hydrogen peroxide  (H2O2) and superoxide  (O2

–) over time. 
However, in PGPR-treated plants,  H2O2 accumulation was 
much less than in control heat-stressed plants (Table 3). In B. 
safensis-treated plants,  H2O2 accumulation was reduced by 
30.06% in HT 41 and by 44.15% in HT 15 compared to con-
trol plants after 12 h of heat stress. O. pseudogrignonense 
was able to reduce  H2O2 only 15.45% in HT 41 and 23.62% 
in HT 15 after 12 h of heat stress at 40 °C. In situ localisa-
tion of  H2O2 (Fig. 2) was also revealed in control leaves of 
both PGPR-treated and unprimed plants; there were very few 
brown patches but with increasing duration of heat stress 
dark brown patches intensified in control plants, whereas in 
PGPR-primed plants  H2O2 localisation was much more less. 
This result again validates  H2O2 levels within plant tissues 
of different treatments. Similarly, superoxide  (O2

–), which 
is another form of ROS, was detected in situ in plant tissue 
by NBT staining. Superoxide accumulation within tissues 

Table 1  Effect of heat stress on 
fresh weight (gm) of untreated 
and PGPR-primed plants

Average of three replicate sets and ten pots/replicate set for each treatment. Values are represented as 
mean ± SD (n = 3)
*Designate significant differences (P ≤ 0.0.05) according to Fisher’s LSD set
# 0 h represents control set at ambient temperature

Wheat cultivars Treatments Exposure time (h)

0# 4 8 12

HT 41 40 °C 1.84 ± 0.02 1.42 ± 0.04* 0.78 ± 0.05* 0.55 ± 0.04*
B. safensis + 40 °C 2.01 ± 0.04 1.84 ± 0.04 1.56 ± 0.06* 1.01 ± 0.05*
O. pseudogrignonense + 40 °C 2.12 ± 0.05 1.73 ± 0.05 1.38 ± 0.03* 0.87 ± 0.53*

HT 15 40 °C 1.78 ± 0.07 1.32 ± 0.08* 0.88 ± 0.06* 0.57 ± 0.04*
B. safensis + 40 °C 2.14 ± 0.04 1.76 ± 0.06 1.34 ± 0.06* 1.04 ± 0.07*
O. pseudogrignonense + 40 °C 2.25 ± 0.05 1.56 ± 0.07 1.23 ± 0.09* 0.78 ± 0.05*

Table 2  Effect of heat stress on relative water content (%) of untreated and PGPR-primed plants

*Designate significant differences (P ≤ 0.0.05) according to Fisher’s LSD set
# 0 h represents control set at ambient temperature. Average of three replicate sets and ten pots/replicate set for each treatment. Values are repre-
sented as mean ± SD (n = 3)

Wheat cultivars Treatments Exposure time (h)

0# 4 8 12

HT 41 40 °C 87.12 ± 1.12 75.23 ± 0.74* 52.76 ± 1.14* 35.34 ± 1.24*
B. safensis + 40 °C 86.67 ± 1.13 79.61 ± 0.64 72.34 ± 1.12* 56.54 ± 1.12*
O. pseudogrignonense + 40 °C 86.60 ± 0.89 75.01 ± 1.16 50.92 ± 1.11* 48.37 ± 1.23*

HT 15 40 °C 85.23 ± 0.77 72.34 ± 0.98* 49.43 ± 1.07* 32.02 ± 1.12*
B. safensis + 40 °C 84.78 ± 1.45 80.24 ± 1.34 62.61 ± 1.30* 51.24 ± 0.98*
O. pseudogrignonense + 40 °C 86.12 ± 1.34 69.33 ± 1.04 54.66 ± 1.22* 46.24 ± 1.08*

Fig. 1  Effect of PGPR priming on cell viability during heat stress. * 
above the bars designates significant differences (P ≤ 0.05) according 
to Fisher’s LSD test
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increased drastically during the initial hours of heat stress. 
In control plants, a gradual increase in superoxide formation 
was observed after 12 h of heat stress at 40 °C as dark blue 
patches in leaf tissues of HT 15 and HT 41 (Fig. 3). But 
PGPR priming, especially B. safensis, reduced superoxide 
accumulation even after 12 h of heat stress.

Membrane Damage

Malondialdehyde content and electrolyte leakage are con-
sidered to be crucial biochemical indicators of membrane 

damage. A sharp increase in MDA content and electrolyte 
leakage was observed in unprimed plants subjected to 
heat stress at the fourth hour and continued to raise up to 
12 h. The MDA level increased 4.39-fold and 3.53-fold 
in unprimed seedlings of HT 41 and HT 15, respectively, 
after 12 h of exposure at 40 °C (Table 4) which is lethal 
for normal physiological and biochemical processes. 
Between the two cultivars, HT 41 was more prone to heat 
stress-induced membrane damage. Increase in lipid per-
oxidation at high temperature also escalated electrolyte 
leakage significantly (P ≤ 0.05) in unprimed seedlings. In 

Table 3  Effect of heat stress on  H2O2 content of untreated and PGPR-primed plants

*Designate significant differences (P ≤ 0.0.05) according to Fisher’s LSD set
# 0 h represents control set at ambient temperature. Average of three replicate sets and ten pots/replicate set for each treatment. Values are repre-
sented as mean ± SD ( n = 3)

Wheat cultivars Treatments H2O2 content (µmol g  tissue−1)

Exposure time (h)

0# 4 8 12

HT 41 40 °C 101.12 ± 1.51 151.19 ± 1.45 201.30 ± 1.02* 245.82 ± 0.56*
B. safensis + 40 °C 98.30 ± 1.48 117.07 ± 1.25 181.52 ± 0.61* 196.67 ± 0.65*
O. pseudogrignonense + 40 °C 98.74 ± 1.11 161.48 ± 0.98 191.52 ± 0.84* 218.12 ± 1.09*

HT 15 40 °C 98.81 ± 1.04 154.86 ± 0.95 183.44 ± 1.05* 251.92 ± 1.08*
B. safensis + 40 °C 96.41 ± 0.96 113.78 ± 0.65 131.38 ± 1.05 179.85 ± 1.26*
O. pseudogrignonense + 40 °C 96.34 ± 0.55 120.67 ± 0.87 150.93 ± 0.99* 210.37 ± 0.56*

Fig. 2  In situ  H2O2 localisation in leaves of control and PGPR-primed plants during heat stress for 12 h
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untreated H 41 and HT 15, electrolyte leakage increased 
gradually from 19.88 to 63.86% and 27.35 to 60.26% 
starting from the 4th to the 12th h of heat stress (Table 4). 
However, B. safensis priming reduced accumulation of 
MDA content by 5.82-fold in HT 41 and 5.89-fold in HT 

15 and electrolyte leakage by 4.47-fold in HT 41 and 
4.37-fold in HT 15, whereas O. pseudogrignonense was 
not as effective as B. safensis. O. pseudogrignonense 
lessened accumulation of MDA content by 3.43-fold in 
HT 41 and 3.71-fold in HT 15 and electrolyte leakage by 

Fig. 3  In situ  O2
– localisation in leaves of control and PGPR-primed plants during heat stress for 12 h

Table 4  Effect of heat stress on electrolyte leakage and MDA content of untreated and PGPR-primed plants

*Designate significant differences (P ≤ 0.0.05) according to Fisher’s LSD set
# 0 h represents control set at ambient temperature. Average of three replicate sets and ten pots/replicate set for each treatment. Values are repre-
sented as mean ± SD (n = 3)

Wheat 
cultivars

Treatments Electrolyte leakage (%) MDA content (µmol g  tissue−1)

Exposure time (h) Exposure time (h)

0# 4 8 12 0# 4 8 12

HT 41 40 °C 10.51 ± 0.25 31.41 ± 0.41 61.34 ± 0.52* 77.63 ± 0.40* 0.430 ± 0.002 1.22 ± 0.004* 1.86 ± 0.005* 2.32 ± 0.004*
B. safen-

sis + 40 °C
10.41 ± 0.24 21.37 ± 0.34 34.59 ± 0.63 41.00 ± 0.56* 0.41 ± 0.004 0.67 ± 0.005 0.97 ± 0.006 1.16 ± 0.005*

O. pseu-
dogrignon-
ense + 40 °C

10.56 ± 0.24 34.74 ± 0.47 55.37 ± 0.40* 60.28 ± 0.53* 0.42 ± 0.005 0.79 ± 0.005 1.24 ± 0.003* 1.63 ± 0.003*

HT 15 40 °C 11.48 ± 0.51 42.48 ± 0.38* 68.62 ± 0.45* 80.66 ± 0.52* 0.54 ± 0.007 0.95 ± 0.008* 1.25 ± 0.006* 2.45 ± 0.004*
B. safen-

sis + 40 °C
9.81 ± 0.45 28.59 ± 0.52 36.6 ± 0.40* 45.48 ± 0.51* 0.51 ± 0.004 0.88 ± 0.006 1.03 ± 0.006* 1.25 ± 0.007*

O. pseu-
dogrignon-
ense + 40 °C

10.75 ± 0.51 34.56±0.47 56.59 ± 0.45* 62.62 ± 0.53* 0.53 ± 0.005 0.98±0.005* 1.35 ± 0.005* 1.54 ± 0.008*
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2.23-fold in HT 41 and 2.24-fold in HT 15 after 12 h of 
exposure to 40 °C.

Effect of High Temperature on Chlorophyll Content 
and Chloroplast Ultrastructure

Photosynthetic efficacy, chloroplast structure and chlo-
rophyll content were mainly affected by high tempera-
ture stress. Results showed an insignificant increase in 
chlorophyll content at the fourth h of heat stress across 
all treatments. This may be attributable to clustering of 
chloroplasts within cells due to dehydration. However, 
with increase in exposure time, total chlorophyll content 
decreased significantly (P ≤ 0.05) in unprimed as well 
as O. pseudogrignonense-treated plants; whereas in B. 
safensis-primed plants, decline in chlorophyll content 
was much less over time (Fig. 4). Because B. safensis 
was found to be more effective in reducing damage to 
chlorophyll, we have compared ultrastructural changes 
of chloroplasts in untreated with B. safensis-primed 
seedlings after 12 h of heat stress by transmission elec-
tron microscopy (TEM). TEM studies revealed that the 
high temperature affected the chloroplast membrane and 
formed vacuoles within the chloroplast. As a result, grana 
stacking was lost in heat-stressed plant leaves and chlo-
roplast structure was also not recognisable in untreated 
plants, whereas in B. safensis-primed plants though there 
was swelling of grana and membrane distortion, unbroken 
chloroplast structure was clearly visible after 12 h of heat 
stress clearly signifying a role for B. safensis in protecting 
chloroplasts (Fig. 5).

Antioxidative Enzyme Response

The first level of the antioxidative defense response started 
with superoxide  (O2

–) accumulation which triggers activa-
tion of various enzymes in the ascorbate–glutathione cycle 
(APX, GR) as well as other redox enzymes (SOD, POX and 
CAT). APX and SOD are responsible for superoxide scav-
enging. APX (Fig. 6) and SOD activities (Fig. 7) were exten-
sively enhanced in the wheat leaves reaching the utmost lev-
els at the fourth hour of exposure to 40 °C in all treatments. 
However, in unprimed seedlings, APX activity drastically 
dropped beyond 4 h of heat stress, whereas PGPR-primed 
plants maintained higher APX activity over time up to 12 h 
of heat stress. On the other side, B. safensis maintained a 
higher level of SOD activity at the 8th and 12th hour in 
heat-stressed wheat leaves but O. pseudogrignonense treat-
ment did not enhance SOD activity as much as compared 
to control. At the fourth hour, SOD activity of HT 41 was 
0.13 enzyme units  min−1 which was 6.25-fold higher than 
control plants and in HT 15 it was 0.11 enzyme units  min−1 
and 8.62-fold higher than control plants.

GR activity increased gradually up to the eighth hour 
when plants were exposed to 40 °C. But beyond 8 h, GR 
activity declined. Maximum GR activity was noticed in 
B. safensis-primed plants, with 7.78-fold and 8.75-fold 
increases in GR activity in HT 41 and HT 15, respectively, 
at 8 h in relation to control. At 12 h, GR activity irrespec-
tive of treatment declined although reduction in comparison 
to the activity at 8 h was maximal in untreated plants and 
minimal in B. safensis-treated plants (Fig. 8).

Expression of the redox enzyme, peroxidase, gradu-
ally increased up to 8 h of heat treatment at 40 °C. After 
12  h, peroxidase activity declined in both control and 
PGPR-treated plants. Increase in POX activity was very 

Fig. 4  Effect of heat stress on 
total chlorophyll content of 
unprimed and PGPR-primed 
plants. Values are represented 
as mean ± SD (n = 3). * above 
the bars designates significant 
differences (P ≤ 0.05) according 
to Fisher’s LSD test
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insignificant in untreated plants. On the contrary, peroxidase 
activity was significantly high in B. safensis-primed plants. 
In B. safensis-treated plants, peroxidase activity increased 
from 15.71-fold to 20.01-fold after 4 h and from 27.14 to 
28.57-fold after 8 h of treatment (Fig. 9).

CAT scavenges  H2O2 by breaking it down directly to 
water and oxygen and an increase in its activity is related to 

increase in stress tolerance. In unprimed plants, CAT activity 
was much lower in comparison to PGPR-primed plants. In B. 
safensis- and O. pseudogrignonense-treated plants, there was 
a significant steady increase in CAT activity in comparison 
to uninoculated plants up to 12 h of heat stress. Though both 
the bacteria improved CAT activity, B. safensis was more 
effective for overexpression of CAT (Fig. 10).

Fig. 5  TEM of a portion of wheat leaf from untreated and B. safen-
sis-treated plants after 12 h of heat stress. a, b, c—HT 41 and d, e, 
f—HT 15, a, d—chloroplast before heat stress, b, e—chloroplast 
ultrastructure in unprimed plant leaf after 12 h and c, f—chloroplast 

ultrastructure in B. safensis-treated plant after 12 h. CW cell wall, Om 
Chloroplast outer membrane, V vacuole, PG pastoglobules, Mt mito-
chondria, S stroma lamellae, G grana lamellae
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PGPR priming also increased accumulation of ascorbic 
acid in PGPR-primed plants, especially in B. safensis-treated 
plants. Ascorbic acid accumulation reached the utmost level 
after 4 h of exposure to 40 °C equally in unprimed and bac-
terised plants. Beyond 4 h, ascorbic acid content gradually 
declined in both unprimed and bacterised plants, although 
gradual reduction in ascorbic acid content was nominal in 
B. safensis-treated plants (Fig. 11).

Osmolyte Signalling During Temperature Stress

Various abiotic stresses induced accumulation of proline 
and GB which protect cells from dehydration by reducing 
water potential of cells. Proline concentration in unbac-
terised plants of both the cultivars significantly increased 
with increasing incubation period up to 12 h at 40 °C. A 
similar trend was also observed in B. safensis and O. pseu-
dogrignonense-primed plants but overall augmentation of 
proline within leaf tissue was much less than in unbacte-
rised plants (Fig. 12). On the contrary, high temperature 
increased GB production in leaves for all treatments. GB 
accumulation significantly increased with the highest level 
reached at 8 and 12 h of heat stress for B. safensis and O. 
pseudogrignonense-primed seedlings. It was observed that 

GB content in wheat leaves was much higher with B. safen-
sis than O. pseudogrignonense priming (Fig. 13).

Discussion

Exploitation of the vast diversity of beneficial rhizospheric 
microorganisms for betterment of plant health as well as 
biotic and abiotic stress alleviation is an eco-friendly 
approach towards sustainable agriculture and to accomplish 
that plant and microbe compatibility is a necessity leading 
to constructive outcome such as demonstrated for growth 
promotion of wheat with certain microbial strains (Nain 
and others 2010; Anderson and Habiger 2012). B. safensis 
and O. pseudogrignonense used in the study have previ-
ously been shown to ameliorate drought and salt stress in 
wheat (Chakraborty and others 2013). In the current study, 
pre-treatment with these two PGPR ameliorated high tem-
perature-induced oxidative stress and increased cell viabil-
ity by reducing ROS and cell membrane injury. However, 
among the two PGPR, B. safensis was more effective than 
O. pseudogrignonense in amelioration of temperature stress. 
This may be because Bacillus sp. themselves are known to 
be able to withstand high temperatures in soil due to their 
ability to produce endospores. These traits are desirable for 

Fig. 6  Effect of heat stress on 
APX activity of unprimed and 
PGPR-primed plants. Values 
are represented as mean ± SD 
(n = 3). * above the bars des-
ignates significant differences 
(P ≤ 0.05) according to Fisher’s 
LSD test
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Fig. 7  Effect of heat stress on 
SOD activity of unprimed and 
PGPR-primed plants. Values 
are represented as mean ± SD 
(n = 3). * above the bars des-
ignates significant differences 
(P ≤ 0.05) according to Fisher’s 
LSD test

Fig. 8  Effect of heat stress on 
GR activity of unprimed and 
PGPR-primed plants. Values 
are represented as mean ± SD 
(n = 3). * above the bars des-
ignates significant differences 
(P ≤ 0.05) according to Fisher’s 
LSD test
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acquired thermotolerance in different plants (Rampino and 
others 2009; Liu and Huang 2000; Jiang and Huang 2001; 
Hameed and others 2012).

The chloroplast is the primary site of heat injury (Wise 
and others 2004) as PSI and PSII are the key locations of 
ROS production other than the mitochondria and peroxi-
somes (Solliman and others 2011). In our observation, chlo-
rophyll content decreases significantly in unprimed plants. 
This may be because high temperature severely affects chlo-
roplasts and thylakoid membranes leading to changes in 
structural organisation of thylakoids and grana (Hasanuzza-
man and others 2013) which in turn reduces photosynthetic 
efficiency (Wahid and others 2007). Thus, any alteration in 
chlorophyll content and photosynthetic efficiency can be a 
good marker of thermotolerance. In our findings, high tem-
perature distorted chloroplast ultrastructure, especially grana 
and thylakoid stacking with membrane damage leading to 
electrolyte leakage. However, PGPR priming particularly 
with B. safensis lessened chlorophyll reduction and also 
minimised heat-induced ultrastructural damages in chloro-
plasts which may be responsible for restoration of the PSI 
and PSII systems. Pseudomonas aeruginosa (strain 2CpS1) 
was also reported to increase chlorophyll content in wheat 
under elevated temperature (Meena and others 2015).

High temperature often leads to generation of ROS, like 
hydrogen peroxide and superoxide, singlet oxygen ensuing 
oxidative stress (Hasanuzzaman and others 2013). These 
signalling molecules activate the antioxidative response 
and react with polyunsaturated fatty acid and lipids through 
peroxidation and interruption of cell membrane stability by 
disrupting the secondary and tertiary structure of protein 
molecules present in membranes and accelerate movement 
of molecules across membranes thereby increasing electro-
lyte leakage (Savchenko and others 2002). In the present 
observation, we found that in HT 41 and HT 15 prolonged 
heat stress for 12 h gradually increased electrolyte leakage 
and lipid peroxidation although pre-treatment with PGPR 
protected plants to a degree from these detrimental effects. 
This in turn would protect membrane stability which is one 
of the desirable approaches to alleviate high temperature-
induced oxidative damage other than calcium-dependent 
protein kinase (CDPK) signalling as well as initiation of 
mitogen-activated protein kinase (MAPK) activity (Meena 
and others 2017).

In PGPR-primed plants, there was a significant increase 
in activity of antioxidative enzymes like APX, SOD and 
GR associated with the ascorbate–glutathione cycle in com-
parison to control after heat stress and overexpression of 

Fig. 9  Effect of heat stress on POX activity of unprimed and PGPR-primed plants. Values are represented as mean ± SD (n = 3). * above the bars 
designates significant differences (P ≤ 0.05) according to Fisher’s LSD test
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these redox enzymes probably facilitates stress tolerance 
(Singh and Grover 2008). A sharp increase in SOD and 
APX activity in control and PGPR-primed seedlings at the 
initial hours of heat stress signifies roles for SOD and APX 
as the first line of defense during high temperature stress. 
Abd El-Daim and others (2014) reported overexpression of 
APX1 transcripts along with MDHAR, DHAR and GR dur-
ing high temperature stress in B. amyloliquefaciens 5113 
and A. brasilense NO40-treated wheat seedlings. PGPR 
seed priming significantly enhanced APX and SOD activ-
ity in heat-treated plants and this could be considered a 
marker of higher acquired thermotolerance (Almeselmani 
and others 2006). This may be attributable to its ability to 
protect chloroplasts from ROS and scavenge superoxide 
after exposure of plants to heat and drought (Koussevitzky 
and others 2008). GR activity and ascorbic acid were also 
considerably higher in PGPR-treated plants, especially in B. 
safensis-treated plants, in comparison to control heat-treated 
plants. Enhanced activity of GR and in addition an initial 
increase in ascorbic acid may add to the glutathione and 
ascorbate regeneration system, the ascorbate–glutathione 
cycle, to accentuate APX activity (Abd El-Daim and others 
2014). However, elevated activity of enzymes like APX and 

SOD is not sufficient to scavenge all ROS, especially  H2O2 
produced from APX and SOD activity. High temperature 
also increased the activity of other enzymes like catalase 
and peroxidase significantly. Overexpression of these redox 
enzymes enhances abiotic stress tolerance in plants (Singh 
and Grover 2008) by increasing ROS detoxification. Because 
POX and CAT activity in PGPR-treated plants is signifi-
cantly higher than control over time, during high tempera-
ture treatment it is possible that PGPR-treated plants can 
scavenge greater amounts of  H2O2 out of the cell than heat-
stressed unprimed plants.

Plants under different abiotic stresses such as heat 
stress, salinity and drought accumulate various compatible 
osmolytes, like proline, sugars, polyols and GB as a part of 
the adaptive mechanism (Wahid and others 2007). However, 
in our observation high temperature treatment significantly 
increased proline concentration in unprimed HT 41 and HT 
15, although PGPR priming reduced proline accumulation 
in both the cultivars. An increase in the proline level dur-
ing heat stress is not always helpful for plants unlike other 
stresses, particularly in case of osmotic stress, where pro-
line accumulation plays a positive role in stress mitigation 
(Lv and others 2011). Rizhsky and others (2004) reported 

Fig. 10  Effect of heat stress on CAT activity of unprimed and PGPR-primed plants. Values are represented as mean ± SD (n = 3). * above the 
bars designated significant differences (P ≤ 0.05) according to Fisher’s LSD test
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Fig. 11  Effect of heat stress 
on ascorbic acid content of 
unprimed and PGPR-primed 
plants. Values are represented 
as mean ± SD (n = 3). * above 
the bars designates significant 
differences (P ≤ 0.05) according 
to Fisher’s LSD test

Fig. 12  Effect of heat stress 
on proline accumulation in 
unprimed and PGPR-primed 
plants. Values are represented 
as mean ± SD (n = 3). * above 
the bars designates significant 
differences (P ≤ 0.05) according 
to Fisher’s LSD test
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proline can amplify the inhibitory consequences of tempera-
ture stress on seedling growth in Arabidopsis. Kumar and 
others (2013) reported exposure to high temperature leads 
to generous accumulation of proline in the heat-sensitive 
cultivar PBW 343 compared to the tolerant cultivar C306 
indicating a higher basal thermotolerance level when proline 
content is low in tissues. In our observation, low levels of 
proline in bacterised, especially B. safensis-primed plants, 
signify their probable non-involvement in acquired thermo-
tolerance. Another compatible osmolyte GB, a quaternary 
amine has an important role during high temperature stress 
(Sakamoto and Murata 2002). Our result showed that seed 
bacterisation facilitates augmentation of more GB in plant 
tissues than unprimed plants during heat stress. Tian and 
others (2017) suggested that a high level of GB in wheat 
leaf stabilises lipid and protein complexes of thylakoid mem-
branes and improves photosynthesis during salinity stress. 
Accumulation of GB during heat stress was also reported 
in sugarcane and maize (Quan and others 2004; Wahid 
2007). Gou and others (2015) also reported that Klebsiella 

variicola, Pseudomonas fluorescens and Raoultella planti-
cola application increased GB and improved drought toler-
ance in maize.

Conclusion

Seed priming with B. safensis and O. pseudogrignonense not 
only increased overall plant vigour but also protected plants 
from high temperature-induced oxidative injury. Among 
the two PGPR, B. safensis was most effective and has bet-
ter potential to ameliorate heat stress. At the early point of 
4 h treatment, B. safensis colonisation could significantly 
increase cell viability by reduced water loss while at later 
time points the activity of redox enzymes was elevated and 
significantly prolonged compared to control plants. Further, 
it reduced chloroplast damage. The findings of the present 
study provide insights into the PGPR-activated response of 
wheat plants to heat stress. Use of PGPR for amelioration 
of abiotic stresses, especially heat stress, appears to be a 

Fig. 13  Effect of heat stress on GB accumulation in unprimed and PGPR-primed plants. Values are represented as mean ± SD (n = 3). * above 
the bars designates significant differences (P ≤ 0.05) according to Fisher’s LSD test
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cost-effective eco-friendly technique; however, not all PGPR 
strains can be used for stress alleviation. Factors such as the 
ecological niche of the microorganisms selected, specific 
interactions with the plants and the responses elicited should 
be considered before recommending a particular organism.
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INTRODUCTION

High temperature is one of the key abiotic stresses for 
hampering plant growth and yield. (Hasanuzzaman 
et al., 2012). The most favorable temperature for wheat 
cultivation is between 17°C and 23°C (Porter and Gawith, 
1999). High temperature up to 47-48°C negatively affect 
wheat plant growth and development and adversely affects 
productivity in many parts of the world (Hameed et al., 
2010). Exposure of plants to high temperature creates 
imbalance of physiological and biochemical activity 
which may have negative impact on water relations, 
photosynthesis, respiration and membrane stability due 
to changes in membrane fluidity and permeability (Mavi 
and Tupper, 2004) which can lead to cell damage and 
cell death resulting in calamitous break down in cellular 
organization (Schoffl et al., 1999).

Like other abiotic stresses, heat stress results in production 
of excessive reactive oxygen species (ROS) such as 
superoxide radical (O2.−), hydrogen peroxide (H

2
O

2
), 

hydroxyl radical (OH−), and singlet oxygen (1O
2
) causing 

disparity between anti and pro-oxidants (Wahid et al., 
2007). The hydroxyl radical OH− can damage plant 
proteins, different macromolecules, DNA and lipids, 
chlorophyll preventing growth and yield (Sairam and 
Tyagi, 2004). H

2
O

2
 oxidizes thiol group of enzymes 

resulting in inactivation of enzymatic activity as well 
as at low concentration it acts as signaling molecule 
for different biotic and abiotic stresses, but at high 
concentration, it causes program cell death (Quan et al., 
2008). ROS produced within plant tissue by heat stress 
damages membrane by lipid peroxidation forming minute 
hydrocarbon fragments, like malonaldehyde (MDA), one 
of the important indicators of oxidative stress. As a result 
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of increased lipid peroxidation phospholipids easily can 
cross lipid bilayer and causing enhancement of membrane 
leakage and inactivation of receptors, ion channels, and 
membrane-bound enzymes (Gill and Tuneja, 2010).

Production of ROS within plants tissues turns on different 
enzymatic and non-enzymatic signaling pathways. 
Antioxidative enzymes contributing to stress signaling 
such as peroxidase, catalase (CAT), ascorbate peroxidase 
(APOX), glutathione reductase, and superoxide reductase 
(Lee and Lee, 2000). Superoxide dismutases are the first 
enzyme to initiate ROS scavenging mechanism participate 
in dismuting of O2.− radical to molecular O

2
 and H

2
O

2
. 

Hydrogen peroxide is then converted to H
2
O and O

2
 either 

by CAT and peroxidase or in ascorbate-glutathione cycle 
by APOX and glutathione reductase help to regenerate 
glutathione pool resulting detoxification of H

2
O

2
 (Foyer 

and Noctor, 2003). Non-enzymatic antioxidants such 
as glutathione, tocopherol, ascorbic acid, and proline 
carotenoid play an important role in protecting the plant 
from stress-induced oxidative injury by performing 
photoprotective role and by inhibition of lipid peroxidation 
(Gill and Tuneja, 2010; Ashraf and Foolad, 2007).

Keeping in view the burning problem of global warming 
which may result into yield loss, negative impact on 
growth and photosynthetic ability, the present investigation 
was proposed to understand the antioxidative response 
of tolerant and susceptible cultivars of wheat to high-
temperature stress with the main emphasis to study the role 
of antioxidative enzymes in imparting tolerance to wheat.

MATERIALS AND METHODS

Plant Material and Experimental Conditions

Seeds of four locally available wheat (Triticum aestivum L.) 
cultivars, namely gayetri (GY), gandhari (GN), kedar 
(KD), and PBW343, were chosen and collected for 
experimental purposes. These locally available cultivars 
were selected for these experiments to compare responses 
of different cultivars subjected to high-temperature 
stress. The seeds were surface sterilized with 0.1% (w/v) 
HgCl

2
 solution, washed with distilled water. Then, the 

seeds were transferred to earthen pots containing soil 
with an appropriate amount of compost. The transferred 
seedlings in the pots were then kept in growth chamber at 
a favorable temperature of 20-25°C. 1 month old seedlings 
were selected for heat stress. Pots containing 1 month 
old seedlings were exposed to different temperatures 
(25°C, 30°C, 35°C, and 40°C) for 6 h. Leaf samples from 
control and heat-stressed seedlings were collected and 

used for analysis. The fresh weight of seedlings was taken 
immediately after collecting to avoid any water loss from 
leaf samples of both control and treated seedlings.

Relative Water Content (RWC) and Heat Susceptibility 
Index (HSI)

RWC was calculated by determining the fresh weight, 
turgid weight, and dry weight of leaf samples under 
treatment and using formula given by Farooqui et al., 2000.

( ) ( )
(Fresh weight –  dry weight)RWC % 1 00

Fully turgid weight –  dry weight
= ×

HSI was calculated using variation in fresh weight and 
RWC (degree in percent decrease) using following 
formula (Hameed et al., 2010).

(Reduction in seedling FW  % reduction in RWC)HSI
2
+

=

Calculated HSI values of different cultivars were compared 
to have an idea about degree of heat susceptibility of 
different cultivars.

Extraction and estimation of total sugar
Extraction of total sugar was done by following the 
method of Harborne (1973) by crushing of leaf samples 
in 95% ethanol, and the alcoholic fraction was evaporated 
on a boiling water bath, and the aqueous fraction was 
resuspended in distilled water which was then centrifuged 
at 5000 rpm for 10 min. The supernatant was collected 
for estimation of total sugar. Estimation of total sugar 
was done by anthrone reagent following the method of 
Plummer (1978).

Extraction and estimation of total chlorophyll
Chlorophyll was extracted following the method of 
Harborne (1973) by homogenizing leaf in 80% acetone. 
Estimation of chlorophyll was done by measuring the 
absorbance at 645 nm and 663 nm, respectively, in an 
ultraviolet (UV)-vis spectrophotometer and calculated 
using the formula as given by Arnon (1949).

Total chlorophyll = (20.2 A
645

 + 8.02 A
663

) mg g−1 fresh 
weight.

Extraction and quantifi cation carotenoids
Method described by Lichtenthaler (1987) was pursued 
for carotenoids extraction and estimation. For this, leaf 
samples of both control and treated plants were crushed 
using 100% methanol in dark and extract was filtered. 
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Then, the absorbance of filtrate was taken at 663,645 and 
480 nm, respectively, in the UV-vis spectrophotometer.

Extraction and estimation of free proline
Extraction of free proline from the leaves was performed 
following the method of Caverzan et al. (2012). 0.5 g 
of leaf tissue was homogenized in 3% sulfosalicylic acid 
and filtered through a Whatman No. 1 filter paper. The 
supernatant was used for estimation. Quantification of 
proline was done by the mixing filtrate with 2 ml of acid 
ninhydrin reagent. After that, the mixture was kept for1 h 
in a boiling water bath and chilled rapidly. The reaction 
mixture was then shifted in separating funnel, and 5 ml 
of toluene was added and mixed vigorously. The lower 
colored layer was taken to measure absorbance at 520 nm 
in a colorimeter using toluene as blank and quantified from 
a standard curve of proline.

Quantifi cation of H2O2

H
2
O

2 
within leaf

 
tissue was measured by following 

the method described by Jena and Choudhuri (1981). 
A definite quantity of the leaf samples was taken and 
crushed in 50 mM potassium phosphate buffer (pH 6.5). 
Crushed samples were centrifuged at 2,415 g for 25 min. 
Whole experiment was done in minimal light conditions 
(Chakraborty and Pradhan, 2011). The reaction was 
completed as an intense yellow color started developing. 
This was monitored at 410 nm spectrophotometrically. 
The levels of H

2
O

2
 in the samples were determined by 

the use of extinction coefficient 0.28 μmol−1 cm−1 in the 
calculation.

Determination of lipid peroxidation
MDA is an indicator of lipid peroxidation within the plant. 
The presence of MDA was measured by following the 
method described by Heath and Packer (1968). It was 
measured by thiobarbiturate reaction where leaf tissue 
was homogenized in 0.1% (w/v) trichloroacetic acid. 
Absorbance of MDA content was then measured at 600 
and 532 nm and MDA was quantified using extinction 
coefficient of 155 mM−1 cm−1.

Extraction and Estimation of Antioxidative Enzymes

Extraction
Leaf samples were homogenized in 50 mM sodium 
phosphate buffer (For peroxidase and CAT [pH 6.8]; 
and ascorbate peroxidase (APOX) [pH 7.2]) and 100 
mM potassium phosphate buffer pH 7.6 (For glutathione 
reductase and superoxide dismutase) using PVP under ice 
cold conditions. The homogenates were then centrifuged 
at 10,000 rpm for 10 min at 4°C. Supernatants were used 
as crude enzyme extracts.

Estimation of antioxidative enzymes
Glutathione reductase (GR, EC 1.6.4.2)
GR activity was evaluated by quantifying the oxidation 
of NADPH at 340 nm as described by Lee and Lee 
(2000). The reaction mixture consisted of 1 ml of 
0.1 M potassium buffer (pH 7.6), 0.2 ml of 0.1 M 
ethylenediaminetetraacetic acid, 0.1 ml of freshly prepared 
6 mM glutathione, 0.2 ml of 0.1 mM NADPH, and 0.2 ml 
of enzyme extract. Change in absorbance was measured 
instantly at 340 nm in the UV-VIS spectrophotometer.

APOX, EC 1.11.1.11
APOX activity was measured by quantifying oxidation of 
ascorbate in the UV-vis spectrophotometer following the 
method of Asada and Takahashi (1987). Enzyme activity 
was expressed as mmol ascorbate mg protein−1 min−1.

Peroxidase (POX, EC 1.11.17)
POX activity was assayed by monitoring the oxidation of 
o-dianisidine in the presence of H

2
O

2
 at 460 nm following 

the method of Chakraborty et al. (1993). The change 
in absorbance was noted down immediately at specific 
intervals up to 3 min in the UV-vis spectrophotometer. 
The POX activity was expressed as mmol O-dianisidine 
mg protein−1 min−1.

CAT (CAT, EC 1.11.1.6)
CAT activity was assayed following the method of Chance 
and Maehly (1955) by estimating the decomposition 
of H

2
O

2
 at 240 nm in the UV-VIS spectrophotometer. 

The enzyme activity was expressed as mol H
2
O

2 
mg 

protein−1 min−1.

Polyacrylamide gel electrophoresis (PAGE) analysis 
of peroxidase isozymes
PAGE was performed for isozyme analyses of peroxidase 
and CAT enzymes by following the method given by Davis 
(1964) and Reddy and Gasber (1971).

Statistical Analysis

Data were investigated statistically by the least significance 
test difference at P = 0.05 probability level.

RESULTS

It is necessary to recognize different biochemical and 
physiological changes proceeding within plant tissue to 
develop heat tolerant wheat cultivars. The objective of 
this study is to evaluate different biochemical parameters 
within four wheat cultivars subjected to temperature-
induced oxidative stress. Findings regarding tolerance 
response under heat stress in terms of antioxidative and 
biochemical response are given below.
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Evaluation of Heat Susceptibility of Cultivars

Elevated temperature significantly decreased fresh weight of 
seedlings (P = 0.05) in all four wheat cultivars. Reduction 
in fresh weight ranges from 21.97% highest in PBW343 
to 4.02% lowest in GN at 40°C. FW in the leaf of all the 
cultivars gradually reduced with elevated temperature 
stress (Figure 1). RWC change (Figure 2) was lesser in case 
of GN and KD at 40°C when compared to their respective 
controls (20.60% and 30.98%, respectively); however, the 

heat-induced reduction in RWC was much more in GY 
and PBW343 in respect to their controls (36.48% and 
42.63%, respectively). HSI of GN, KD, GY, and PBW343 
are 11.65, 19.73, 25.48, 30.90, respectively. Maximum 
and minimum values were noticed in case of PBW343 
and GN, making these two heat sensitive and heat tolerant 
cultivars, respectively, and the other two cultivars KD and 
GY were moderately heat tolerant and moderately heat 
sensitive among four cultivars (Table 1).

Biochemical Response to Elevated Temperature

Lipid peroxidation and H2O2 content
Temperature stress enhanced membrane peroxidation as 
reflected by the elevated level of MDA and H

2
0

2
 (Table 2). 

In all four cultivars, MDA content gradually increased 
with elevated temperature. Accumulation of MDA with 
elevated temperature in relation to control was highest 
in heat sensitive PBW343 (3.55-fold higher than control) 
and minimum in heat tolerant GN (0.61-fold higher than 
control).

Similarly, maximum accumulation of H
2
O

2
 was noticed 

within leaf samples of heat sensitive PBW343 and 
minimum in GN.

Antioxidative Response

Activities of antioxidative enzymes in both control and 
treated seedlings were analyzed. Among four antioxidative 
enzymes, APOX (Figure 3a) and glutathione reductase 
(Figure 3b) activity enhanced up to 30°C. Similarly, CAT 
activity (Figure 4a) gradually increased up to 35°C in 
GN, while it decreased after 30° in all other cultivars. 
Enhancement of CAT was maximum in case of GN 
(1.02-fold higher in relation to control) and minimum 
in PBW343 (0.07-fold higher in relation to control) 
(Figure 4a). The highest reduction at 40° was noticed in 
PBW343 and lowest in GN, which was in conformity with 
results from HSI.

On the other hand, peroxidase activity continued to 
increase with elevated temperature in all four cultivars 
in relation to control. The highest increase was noticed 
in GN at 40°C (3.58-fold), and lowest was obtained in 
PBW343 (0.78-fold) (Figure 4b).

Peroxidase isozyme analysis of four cultivars was 
performed. Isozyme analysis showed an increase in band 
number and color intensity with elevated temperature 
stress in all four cultivars. In heat tolerant cultivar, 
GN color of bands was much more intense than heat 
susceptible cultivars (Figure 5).

Figure 1: Fresh weight of leaf of four wheat cultivars exposed to heat 
stress. Results are articulated as the mean±standard deviation. n=4. 
Least signifi cance test difference (P=0.05) within cultivars=162.9 and 
within treatments=155.50

Figure 2: Relative water content of four cultivars exposed to heat 
stress. Results are articulated as the mean±standard deviation. n=4. 
Least signifi cance test difference (P=0.05) within cultivars=25.31 and 
within treatments=14.19

Table 1: HSI of four wheat cultivars
Cultivars HSI

GN 11.65
KD 19.73
GY 25.48
PBW343 30.9

Calculated on the basis of 3 replicate sets of 10 seedlings each. 
GN: Gandhari, KD: Kedar, GY: Gayetri, HSI: Heat susceptibility index
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Carotenoid and Chlorophyll

Carotenoid (Figure 6a) enhanced significantly in all 
four cultivars at 30°C. At 30°C, carotenoid content was 
50.01%, 29.50%, 53.48%, and 30.90 % higher than 
control in GN, KD, GY, PBW343, respectively. In case 
of GN and KD with further raising of temperature up to 

35°C, there was slight increase in carotenoid content, 
on contrary in other two varieties raising temperature 
beyond 35°C reduced carotenoid content within leaf 
tissue.

6 h incubation at 30°C led to an increase in total chlorophyll 
in all cultivars. Further increase in temperature resulted 

Table 2: Effect of elevated temperatures on lipid peroxidation and H2O2 content
Cultivars MDA Content (μ mol g tissue−1) H2O2 Content (μ mol g tissue−1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

GN 0.49±0.03 0.66±0.01 0.75±0.02 0.79±0.02 157.36±0.80 193.53±0.87 198.86±1.03 200.10±1.63
KD 0.60±0.03 1.19±0.07 1.18±0.09 1.34±0.06 130.45±0.87 183.3±1.06 197.34±1.23 210.19±1.01
GY 0.54±0.06 1.23±0.10 1.86±0.03 1.97±0.03 151.27±0.76 195.65±1.06 237.45±1.01 240.22±1.26
PBW343 0.43±0.06 1.12±0.01 1.75±0.05 1.96±0.06 126.79±1.14 185.45±1.19 245.30±0.95 250.38±01.41

Mean±SD; n=4; LSD (P=0.05) within cultivars=1.48 and within treatments=2.03 (MDA Content), LDS value (P=0.05) within cultivars=54.51 and 
within treatments=54.5.5 (H2O2 content). GN: Gandhari, KD: Kedar, GY: Gayetri, HSI: Heat susceptibility index, SD: Standard deviation, LSD: Least 
significance test difference, MDA: Malonaldehyde

Figure 5: Peroxidase isozyme analysis following heat treatment by polyacrylamide gel electrophoresis

Figure 3: Effect of elevated temperature on ascorbate peroxidase and glutathione reductase activities in the four cultivars exposed to heat stress. 
Results are expressed as mean±standard deviation. n=4. (a) Least signifi cance test difference (LSD) (P=0.05) within cultivars=0.443 and within 
treatments=0.904, (b) LSD (P=0.05) within cultivars=1.01 and within treatments=1.432

a b

Figure 4: Effect of elevated temperature on catalase and peroxidase activities in four wheat cultivars exposed to heat stress. Results are expressed 
as mean±standard deviation. n=4. (a) Least signifi cance test difference (LSD) (P=0.05) within cultivars=1.37 and within treatments=1.86, (b) LSD 
(P=0.05) within cultivars=0.07 and within treatments=0.01

a b
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in a decline in total chlorophyll content in all cultivars 
(Figure 6b).

Proline and Total Sugar

Proline content in GN, KD, GY, and PBW343 was 1.87, 
2.29, 1.77, and 1.68 times higher, respectively, in relation 
to control at 35°C (Figure 7a). Raising temperature 
from 35°C to 40°C resulted in decrease in accumulation 
of proline in leaf tissues of all four cultivars. There was 
sharp increase in total soluble sugar within leaf tissue of 
all four cultivars with gradual increase in temperature 
suggesting possible role of total soluble sugar in heat-
induced oxidative stress regulation. The highest increase 
was noticed in KD at 40°C (1.34-fold) and lowest noticed 
in PBW343 (0.974-fold) in relation to control (Figure 7b).

DISCUSSION

High-temperature stress beyond certain limit irreversibly 
affects plant growth and development (Wahid, 2007). 
Plants act in response to different abiotic stresses by 
shifting and changing concentration of metabolite related 
to different biochemical pathways so that they can 
acclimatize to unfavorable physiological changes (Kumar 

et al., 2012). Heat stress produces a significant reduction in 
fresh weight and RWC in aerial parts of plants (Rodríguez 
et al., 2015). In this study, FW and RWC gradually reduced 
with an increase in temperature in all four wheat cultivars 
and heat susceptibility index was calculated using these 
two parameters. Based on HSI, PBW343 was identified as 
more heat susceptible variety, and GN was most tolerant 
variety. Heat stress generates excessive ROS than optimal 
level resulting in enhanced lipid peroxidation and H

2
O

2
 

production in leaf tissue (Kipp and Boyle, 2013). H
2
O

2 
is 

related to oxidative injury in plants (Ozden et al., 2009) 
and act as signaling molecule which upregulate genes 
related to scavenging of free radicals from cell via a number 
of antioxidant mechanisms including both enzymatic and 
non-enzymatic (Kumar et al., 2012).

In the present study, lipid peroxidation as indicated by 
MDA content and H

2
O

2
 increased significantly in all 

cultivars, but augmentation was higher in case of heat 
susceptible lines than in heat tolerant lines. This result 
was in accordance with previous studies in wheat (Tatar 
and Gevrek, 2008) and in mung bean (Mansoor and 
Naqvi, 2013). Increased lipid peroxidation and H

2
O

2
 

level inactivate cell membrane enzymes and proteins, 

Figure 6: Changes in carotenoid (a) and total chlorophyll, (b) content in four cultivars after heat treatments. Results are expressed as mean±standard 
deviation. n=4. (a) Least signifi cance test difference (LSD) (P=0.05) within cultivars=0.02 and within treatments=0.05, (b) LSD (P=0.05) within 
cultivars=0.614 and within treatments=0.915

a b

Figure 7: Changes in free proline, (a) and total soluble sugar, (b) contents in four cultivars after heat treatments. Results are expressed as 
mean±standard deviation. n=4. (a) Least signifi cance test difference (LSD) (P=0.05) within cultivars=7.33 and within treatments=8.15, (b) LSD 
(P=0.05) within cultivars=16.23 and within treatments=13.60

a b
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consequently antioxidative (enzymatic and non-enzymatic) 
machinery avert cell damage by regulating level of ROS 
(Ge et al., 2005).

Antioxidative enzymes such as POX, APX, GR, and 
CAT play important roles in the alleviation of ROS. 
In the present study, exposure to higher temperature 
initially upregulated enzyme activity up to 35°C in all 
cultivars, indicating that higher temperatures could trigger 
antioxidative enzymes to scavenge H

2
O

2 
and ROS (Gosavi, 

2014). However, further increase in temperature revealed 
different activities. Peroxidase continued to increase 
significantly with temperature in all cultivars. Probable 
role of POX is to defend cells against oxidative damage 
of H

2
O

2
 by decomposition through oxidation of phenolic 

and endiolic cosubstrates (Lin and Kao, 2002). Both APOX 
and GR are engaged in the ascorbate-glutathione pathway 
and work in combination for scavenging of the radicals. 
Maximum GR, APOX, and CAT activity was noticed at 
30°C in all cultivars except CAT activity for GN, wherein 
the activity was found to be highest at 35°C.

Beyond 35°C, all these three enzyme activities (GR, 
APOX, and CAT) decreased gradually, but downregulation 
of enzyme activity was minimum in heat tolerant variety 
and maximum in heat susceptible variety making it 
prominent that plants cannot endure heat stress beyond 
certain threshold level. Chakraborty and Pradhan (2010) 
reported an initial increase of antioxidative enzyme activity 
in lentil subjected to high temperature up to 45°C. From 
these finding, it is clear that thermotolerant cultivars 
better ability to withstand damaging effect of H

2
O

2 
and 

lipid peroxidation induced by higher temperature through 
antioxidative machinery.

Changes in photosynthetic elements and photosynthesis 
are good indicators of high temperature induced 
oxidative stress and degree of thermotolerance of the 
plant. High temperature limits photosynthesis and plant 
growth (Wahid et al., 2007). In the present investigation, 
chlorophyll content gradually reduced after an initial 
increase at 30°C in all cultivars except in relatively tolerant 
variety GN where it increased 35°C. Since membrane 
integrity is immediately affected by high temperature, 
chlorophyll structure damage may be one of the reasons 
for reduced photosynthesis (Mansoor and Naqvi, 2013). 
Similar results also found in several crops including maize 
and rice (Kumar et al., 2012).

Other than enzymes non-enzymatic antioxidant carotenoid 
and osmoprotectant proline plays crucial role in oxidative 
stress tolerance. In all the four cultivars, maximum 

accumulation of proline and carotenoid took place at 
35°C. According to Sairam and Tyagi (2004), accumulation 
of proline and total sugar might contribute to heat 
tolerance. Increasing concentration of soluble sugar was 
reported in sugarcane (Wahid 2007). Carotenoids are 
considered to be the main 1O

2
 quenchers in chloroplasts. 

Carotenoids facilitate to defend the plants from oxidative 
injury by preventing the production of singlet oxygen 
(Havaux, 2013). Beyond 35°C, carotenoid and proline 
content continue to decrease. However, the percentage 
of reduction was higher in heat susceptible cultivars than 
heat tolerant varieties.

CONCLUSION

Outcomes from our study clearly indicate that high 
temperature was responsible for the bringing on oxidative 
stress as shown by reduction in fresh weight and RWC, 
increase in the MDA content (i.e., lipid peroxidation), 
H

2
O

2
 accumulation, degradation of chlorophyll molecule, 

enhanced antioxidative responses as evident in the 
differential levels of antioxidative enzyme activities, 
accumulation of different non-enzymatic antioxidants 
carotenoid, and osmolytes such as soluble sugars. Out of 
the four cultivars taken for the study, GN and KD showed 
a much more distinct antioxidative mechanism after the 
induction of heat stress, and therefore, they seemed to be 
cosseted from the harmful damage caused by oxidative 
stress as a result of heat stress and increased severity of 
stress. Considering all the above data and comparing with 
HSI, it was found that among the four cultivars GN was 
able to withstand the heat stress more effectively than 
the other three cultivars, whereas PBW343 was more 
susceptible to heat stress than the other cultivars.
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Citation:

Two PGPR- and were tested to determine their efficacy in promoting induction of

resistance in selected cereals (wheat and sorghum) against spot blotch.After 45 days of sowing, differences in growth rates

between treated and untreated plants were evident. PGPR treated plants were challenge inoculated with .

,3glucanase, phenylalanine ammonia lyase and peroxidase were observed in plants treated with the

bioinoculants and challenge inoculated with pathogen when compared to untreated healthy plants. Application of PGPR

also reduced stress signals like hydrogen peroxide and malonaldehyde in infected plants as a response to oxidative damage

promoted by lipid peroxidat- ion under elevated free radical formation. Besides plant accumulate osmolyte proline in

higher concentration in sorghum plants challenged with, biochemical components such as total phenol and total soluble

proteins increased in sorghum plants inoculated with challenged with PGPR. Accumulation of antifungal

phenolics in wheat and sorghum following bioinoculant treatment and challenge inoculation with pathogen was analysed

using HPLC.

Defense enzymes, phenolics, PGPR, spot blotch, Sorghum, wheat

Bhattacharjee Priyanka, Sarkar Jayanwita, Chakraborty AP, Chakraborty Usha and Chakraborty Bishwanath.
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Disease development was computed alongwith analysis of different biochemical parameters. Increased accumulations of

chitinase, β-1

Sorghum [ (L) Moench] and wheat

( L.) are the most important

cereal crops in the world; and its wide range of

other applications are now being explored with

worldwide interest in renewable resources. In India,

spot blotch has been a serious problem in both

North-eastern region as well as in North-western

parts. (Sacc.) Shoemaker

(syn. teleomorph:

), a hemibiotrophic pathogenic

fungus known to cause spot blotch of sorghum and

wheat. infect leaf, sheath and stem.

Yield losses due to spot blotch vary from 16 to 33

per cent in wheat. is widely

distributed in the areas where cereals are grown and

forms a continuous genetic pool of isolates varying

in virulence and aggressiveness to various cereals

Sorghum bicolor

Triticum aestivum

Bipolaris sorokiniana

Helminthosporium sativum

Cochliobolus sativus

B. sorokiniana

B. sorokiniana

and grasses. The infection process on the leaves

usually occurs through natural wounding, stomata

or with the use of an appresorium-like structure

through the cell wall. The presence of other hosts

plays an important role in disease epidemic. The

primary inoculum of comes from

several sources such as weed hosts, soil, crop debris

which enhances the disease level. Therefore, the

present investigation was undertaken to determine

the biochemical response of sorghum and wheat to

the foliar fungal pathogen and also

possible induction of resistance through the use of

two bioinoculants.

Locally cultivated wheat variety

PBW 343 and Sudan grass of sorghum were

B. sorokiniana

B. sorokiniana

Materials and Methods

Plant material.

Research Article: KS Bilgrami Best Poster Award 2015– Winner

*At 37 Annual Conference and National Symposium of ISMPP, RAU, Pusa (Samastipur), Bihar, 4–6 Apr 2016.
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disease reaction as: 0%= no infection/ immune; 0-

10%= resistant response (R); 10.1-20.0%=

moderately resistant (MR); 20.1-30.0%=moderately

susceptible (MS); 30.1-50.0%= susceptible (S) and

>50.0%= highly susceptible (HS).

Changes in

lipid per oxidation in terms of malondialdehyde

(MDA) accumulation were determined following

the method of Heath and Packer (1968). 72 h after

challenge inoculation leaf samples were collected

from healthy and infected plants. Then leaf tissue

was homogenized in 3 mL of 0.1 per cent (w/v)

trichloroacetic acid and then centrifuged at 10000

rpm for 5 min at 25C. Then mixture of 1 ml of

spernantant, 2 mL of 20 per cent trichloroacetic

acid containing 0.5 per cent (w/v) thiobarbituric

acid was heated at 95C for 15 min and absorbance

was recorded at 532 and 600 nm. MDA

concentration was calculated using an extinction

coefficient of 155 mmol cm

Free proline was extracted from

wheat leaves following the method of Bates et al

(1973) using 3 per cent sulfosalicylic acid and then

filtered. The reaction mixture of 1mL of filtrate,

3mL of distilled water and 1mL of ninhydrin

solution was kept on boiling water–bath for 30

minutes and cooled. Then it was separated using

100 per cent toluene in a separating funnel, the

lower coloured layer was taken and absorbance was

measured at 520nm quantified from a standard

curve of proline.

H O extraction was done by crushing leaf

tissue in the dark with 12mL of chilled 50 mM

potassium phosphate buffer (pH 6.5) and then

centrifuging at 6000 rpm for 15 minutes at –4C.

Supernatant was taken for estimation following the

method of Jena and Choudhuri (1981) with minor

modifications. accumulation of H O was

observed by immersing 2 cm diameter of leaf discs

in vacuum infiltrated diaminobenzidine (1 mg mL ,

pH 3.8) solution for 24 h at 30C in dark after that

leaf disc was transferred to 90 per cent ethanol and

boiled at 70C for elimination of chlorophyll. Then

Biochemical analysis of leaves

Determination of lipid peroxidation.

Proline content.

Quantification and microscopic detection of
H O .

–1 –1

–1

2 2 2 2

2 2In situ

selected for experimental purpose. Seeds of

sorghum [ (L) Moench] and wheat

[ L.] obtained from local market.

Seeds were surface sterilized with 0.1 per cent

HgCl , washed thrice with sterile distilled water and

then sown into earthen pots containing soil and

compost mixture and maintained in glass house.

Previously identified and

immunologically characterized isolate of

(IP.BS.SB.01 and WH.PBW.IP.04) was

used for the assessment of spot blotch disease in

sorghum and wheat plant.

Two

strains of PGPR including

(NAIMCC-B-01484) and (NCBI

JX312687) were cultured in Nutrient Broth. After

48 h of inoculation the culture was centrifuged

(5,000 rpm for 15 min at 25 C). Supernatant was

discarded and the pellet was dissolved in equal

amount of distilled water. Few drops of tween 20

was added to it as adhesive. The aqueous

suspension (1X 10 CFU ml ) was then sprayed to

the plant sat seedling stage. Application was

repeated three times at four days intervals. Each set

of treatment contains three replica pots and each

pot having twenty plants.

Previously isolated and

characterized strains of were used

for screening of sorghum and wheat cultivar against

spot blotch. The fungal culture was grown on

potato dextrose agar medium (PDA) in Petri plates

for seven days at 28C. Condial suspension (1×10

conidia ml ) was prepared and PGPR treated and

untreated seedlings of both wheat and sorghum

were inoculated one time by spraying conidial

suspension. Plants were kept in glass house where

25C ±2 temperature and 60 per cent relative

humidity was maintained for the infectivity)

Disease

assessment was done after 72h of inoculation on the

basis of appearance of infection on leaves in field

condition on 30 days old sorghum and wheat plants.

The disease severity was measured in terms of

lesion number per leaf and percent disease index

was calculated by following the method of Adlakha

et al, (1984).The mean PDI was transformed into

Sorghum bicolor

Triticum aestivum

B.

sorokiniana

Bacillus altitudinus

B. megaterium

B. sorokiniana

.

2

Fungal isolate.

Microbial strains and soil application.

Pathogen inoculation.

Assessment of spot blotch disease.

O

6 –1

3

–1
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contained 1 ml of 0.2 Na-phosphate buffer (pH

5.4), 1.7 ml dH O, 100 μl crude enzyme, 100 μl O-

dianisidine was used as substrate and activity was

assayed spectrophotometrically at 465 nm by

monitoring the oxidation of O-dianisidine in

presence of H O

Fresh

leaves of sorghum and wheat plant were chopped

into pieces and soaked overnight in methanol in the

ratio 1:3 (w/v), filtered through Buchner's funnel

and the solvent was evaporated. The dried powder

was finally mixed in HPLC graded methanol and

stored at 4C for further analysis. HPLC analysis of

phenolic compounds present in extracts was done

using SPD-10A VP Shimadzu UV-VIS Detector. A

flow rate of 1 ml min , and gradient elution of

acetonitrile-water-acetic acid (5.93.2, v/v/v)

[solvent A] and of acetonitrile-water-acetic acid

(40:58:2, v/v/v) [solvent B], 0-50 min solvent B

from 0to 100%; and injection volume of 20 μl were

applied; the separation of compounds was

monitored at 280 nm (Pari et al 2007).

In wheat and sorghum, foliar application of

on to the leaves pre-sprayed with the

pathogen reduced disease index by 13.56 and 12.44

per cent respectively over untreated control.

Similarly, challenge inoculation with

against reduced the disease

incidence in sorghum, Similar results were obtained

in wheat challengd with spp (Table 1).

Total soluble protein and total phenol content

were higher in sorghum plants challenged with

antagonistic spp., compared to untreated

healthy and pathogen inoculated control. Similar

results were also observed in wheat plants (Figs.

1,2). Accumulation of proline content was

increased in plants treated with PGPR followed by

inoculation both in case of sorghum

(12.56 mg g tissue) and wheat (11.12 mg g

tissue) (Fig.3).

Generation of reactive oxygen species and

malonaldehyde is a clear indication of membrane

damage due to any kind of stress with in plant

tissue. In untreated infected leaves H O and

malonaldehyde content increased upto 2.12 per cent

2

2 2.

2 2

HPLC Analysis of phenolic compounds.

–1

–1 –1

Results and Discussion

B.

megaterium

B.altitudinis

B. sorokiniana

Bacillus

Bacillus

Bipolaris

leaf discs were observed under compound light

microscope at 10X magnification.

Leaf

protein was extracted using phosphate buffer (pH

7.2) and protein content was determined following

the method as described by Lowry et al (1951)

using BSA as standard.

Phenol

content was determined following the method as

described by Mahadevan and Sridhar (1982) using

caffeic acid as standard.

By using suitable buffers and liquid

nitrogen enzymes were extracted from life tissues.

For extraction of chitinase and

Phenylalanine ammonia lyase was extracted

using 0.1M sodium borate buffer (pH=8.8) and

peroxidase was extracted using 0.1 M sodium

phosphate buffer (pH=8.8).

Chitinase (CHT, EC 3.2.1.14) activity was

measured according to the method described by

Boller and Mauch (1988). The enzyme activity was

measured spectrophotometrically at 585 nm using a

standard curve and activity expressed as μg N-

acetyl glucosamine (GlcNAc) released/min/g fresh

wt.

method described by Pan

et al, (1991). The enzyme activity was expressed as

μg glucose released min g fresh tissue.

Phenylalanine ammonia lyase (PAL-

EC.4.3.1.5) was assayed following the method

described by Chakraborty et al, (1993) with

modifications. PAL activity was determined by

measuring the production of cinnamic acid from L-

phenylalanine spectrophotometrically. The enzyme

activity was expressed as μg cinnamic acid

produced min g fresh tissue

Assay of peroxidase (POX, EC1.11.1.7)

activity was done following the method of

(Chakraborty et al 1993). The reaction mixture

Determination of total soluble protein.

Extraction and estimation of phenol.

Extraction.

Assay.

Assessment of defense enzymes in leaves

β-1,3-glucanase

0.1M sodium acetate buffer (pH=5) was used.

Assay of β-1, 3-glucanase (β-GLU, EC

3.2.1.38) activity was done by following the

laminarindinitrosalicylate

-1 -1

-1 -1
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further confirmed that in PGPR treated infected

plants intensity of brown patches of accumulated

H O was less in comparison to untreated infected

plants (Fig 6). Microscopic examinations clearly

showed that following PGPR application H O

accumulation within plant tissue was much lesser.

2 2

2 2

in wheat and 2.45 per cent in sorghum (Fig 4). But

challenge inoculation of pathogen with PGPR in

both sorghum and wheat decreased the

accumulation of H O and MDA significantly,

indicating reduction in spot blotch induced

oxidative damage (Fig 4, 5). H O localization

2 2

2 2

Table 1. Disease index of sorghum plants inoculated with spp., challenged with______________________________________________________________________________________

______________________________________________________________________________________

______________________________________________________________________________________

______________________________________________________________________________________

Bacillus B.sorokiniana

Treatments PDI (%)

Sorghum Wheat

UI 70.56±7.05 72.40±2.18

TIBM 30.45±3.69 33.45±3.72

TIBA 39.87±2.99 45.34±3.07

UI=Inoculatedcontrol, TIBM= TIBA=B.megaterium, B.altitudinis

Figure 1. Total soluble protein content of sorghum and wheat leaf following application with plant
growth promoting rhizobacteria and inoculated with ; UH=untreated healthy,
UI=untreated inoculated, TH=treated healthy, TI=treated inoculated (BM= ,
BA= )

B. sorokiniana

B.megaterium

B.altitudinis

Figure 2. Total phenol content of sorghum leaf following application with plant growth promoting
rhizobacteria and inoculated with , UH=untreated healthy, UI=untreated inoculated,
TH=treated healthy, TI=treated inoculated (BM= , BA= )

B. sorokiniana

B.megaterium B.altitudinis



J Mycol Pl Pathol, Vol. 47, No. 3, 2017256

0
2
4
6
8

10
12
14
16
18

U
H U
I

T
H

B
M

T
IB

M

T
H

B
A

T
IB

A

Wheat Sorghum

P
ro

li
n

e
co

n
te

n
t

(
m

g
g

ti
ss

u
e-

)1

U
H U
I

T
H

B
M

T
IB

M

T
H

B
A

T
IB

A

Figure 3. Proline content of sorghum leaf following application with plant growth promoting
rhizobacteria and inoculated with , UH=untreated healthy, UI=untreated inoculated,
TH=treated healthy, TI=treated inoculated (BM= , BA= )
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Figure 4. Lipid peroxidation in Untreated healthy (UH), Infected (UI), Bacteria treated healthy
(THBM, THBA), Bacteria treated infected (TIBM, TIIBA) in sorghum and wheat. Results are
articulated as the mean ± SD. n=3

Figure 5. Hydrogen peroxide accumulation in Untreated healthy (UH), Infected (UI), Bacteria treated
healthy (THBM, THBA), Bacteria treated infected (TIBM, TIIBA) in sorghum and wheat. Results
are articulated as the mean ± SD. n=3

Sorghum Wheat
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Figure 6. H O localization in leaves of wheat (a-f) and sorghum (g-i)visualized as dark brown patches
of H O -DAB complex,72 hrs after commencement of disease.UH (a,g), UI (b,h), THBM; (c,i), THBA
(d,j), TIBM (e,k), THBA(f,l)

2 2

2 2

Figure 7. Activities of defense enzymes- Healthy (UH), Infected(UI), Bacteria treated healthy(THBM,
THBA), Bacteria treated infected (TIBM, TIBA) in sorghum. Results are articulated as the mean ±
SD. n=3
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Figure 8. Activities of defense enzymes- Healthy (UH), Infected (UI), Bacteria treated healthy(THBM,
THBA), Bacteria treated infected (TIBM, TIIBA) in wheat. Results are articulated as the mean ± SD.
n=3

sorokiniana

B.

megaterium

B. sorokiniana

in order to find out the identity of

particular phenols involved in induction of

resistance against spot blotch in untreated and

treated plants. HPLC fingerprint

clearly indicated that in healthy plants after PGPR

application height and area of peaks increased

many folds compared to healthy plants. In untreated

wheat, infection raises phenolic expression but on

contrary, in sorghum phenolic expression did not

change much after post infection. The HPLC

chromatogram revealed the presence of

phloroglucinol, gallic acid, 3,4-dihydroxybenzoic

acid, chlorogenic acid, caffeic acid, ferulic acid and

salicylic acid in higher amount in both infected

sorghum (Fig 9) and wheat (Fig 10) leaves against

challenged with PGPR application.

Host pathogen interaction plays an important role in

disease development (Boyd et al 2013). Initial

interaction initiates several biochemical changes in

Discussion

Similar results were also observed in sorghum

which clearly indicated PGPR reduces spot blotch

induced membrane damage.

Defense enzyme activities in leaves were

assessed after 72 h post fungal inoculation. The

results in Fig (7, 8) indicated that post PGPR

applications activities of defense enzymes in plants

treated with PGPR followed by challenge

inoculation with were enhanced.

Peroxidase activity was enhanced markedly during

onset of infection in seedlings treated with

spp. In the present study, challenge inoculation

ofthe pathogen- with ,

comparatively had better role in enhancement of

defense enzyme activity (Fig 7 and Fig 8).

HPLC analysis of total phenol was done after

PGPR application and challenge inoculation with .

B. sorokiniana

Bacillus

B. sorokiniana B. megaterium

B. megaterium

B

considerably elevated the activity of chitinase, β-

1,3- glucansase, PAL and phenols in both infected

wheat and sorghum leaf tissue.
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Figure 9. HPLC fingerprint of total phenols in leaves of wheat cultivar 72 hrs after commencement of
disease UH (a), UI (b), THBM (c), TIBM (d); *Phenolics indentified: 1. Phloroglucinol 2. Gallic acid
3. 3, 4 dihydroxybenzoic acid, 4. Chlorogenic acid, 5. Caffecic acid. 6 Ferulic acid, 7. Salicylic acid

Figure 10. HPLC fingerprint of total phenols in leaves of sorghum72 hrs after commencement of
disease UH (a), UI (b), THBM (c), TIBM (d); *Phenolics indentified: 1. Phloroglucinol 2. Gallic acid
3. 3, 4 dihydroxybenzoic acid, 4. Chlorogenic acid, 5. Caffecic acid. 6 Ferulic acid
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Application of PGPR on sorghum and wheat

leaves before challenge inoculation with

clearly reduced the disease severity.

Comparing plant disease index of inoculated and

bacterial inoculated plant it is clear that application

of bacteria decreased the disease to some extent.

Among the two bacteria showed

better result but both bacteria reduced lipid

peroxidation, hydrogen peroxide accumulation and

membrane injury (AUM72)

mediated induction of defense related enzymes

against causing rhizome

rot was reported by Boominathan and Sivakumaar

(2013). Plant growth promotion in wheat by

rhizosphere bacteria with multi-functional traits

was reported by Chakraborty et al (2013).

Chakraborty et al (2016) also reported the role of

PGPR as plant growth promoter in tea and

biocontrol agent against root rot pathogens.

Activities of defense enzymes also increased

drastically in bacteria treated diseased plants clearly

pointing toward a better disease tolerance

mechanism within sorghum and wheat and

sorghum. The increased enzymatic activity and

accumulation of phenolics in the PGPR treated

plants might have conferred resistance against

by making physical hurdles stronger

or chemically resistant to the hydrolytic enzymes

produced by the pathogen.

From the overall experiments it can be

suggested that application of PGPR decreases the

plants towards the susceptibility of plants to disease

by inducing systemic resistance in terms of over

expression of defense enzymes and phenolic

content and by reducing membrane injury and

disease induced oxidative damage.
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the host which in turn determine the plant's

resistance/ susceptibility. Induction of resistance

through treatment with biological agents also

causes changes in the host. In the present study

sorghum and wheat plants were treated with two

bioinoculants and challenge inoculated with

to understand biochemical response

during disease development as well as induction of

resistance.

Results revealed that during onset of disease

there was oxidative burst within leaf tissue of both

the plants resulting in accumulation of H O

followed by promoting the membrane injury and

lipid peroxidation during disease development.

Similar findings were also reported by Rosyara et al

(2010). Hydrogen peroxide is also one of the initial

mobile signaling molecules, that stimulates

hypersensitive defense responses in adjacent cells

(Orozco-Cardenas et al 2001), and results in the

manifestation of over defense enzymes (George,

2014). Peroxidase, chitinase and phenylalanine

ammonia lyase expression was increased in

infected leaves. In wheat leaves after 72 h of

inoculation with pathogen phenolic content

increased significantly but, on contrary in sorghum

phenolics fingerprint was quite similar in healthy

and infected leaves pointing towards lack of

involvement of phenolics during infection in

sorghum. Kalappanavar and Hiremath (2000)

reported higher phenolic content in multiple foliar

disease resistant sorghum genotypes than

susceptible ones. Phenols directly or indirectly

interfere with several metabolic systems of

organisms. Increased phenolics content after

application of PGPR in was reported

by Bahadur et al (2007). Generally plants

accumulate phenolics within tissue during disease

development as a resistance mechanism. In this

study, it was observed that healthy and diseased

plants significantly increase phenolics. Especially,

following PGPR application ferulic acid,

chlorogenic acid, caffeic acid contents showed

visible enhancement which might have helped the

plants to combat biotic stress in a better way.
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