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ABSTRACT 

iv 

Detection of propagules of plant 

pathogens in plants, seed, vegetative 

propagating materials and in plant 

products is an essential component of 

disease management strategies. 

Detecting and identifying pathogens 

provides the basis for understanding 

their biology and selecting appropriate 

control strategies. Consequently, 

improved methods for disease and 

pathogen recognition and indexing are 

constantly being sought. It is a well 

known fact that conventional methods 

for identifying fungal pathogens rely 

on the interpretation of visual 

symptoms and/or the isolation, 

culturing and laboratory identification 

of the pathogen. The accuracy and 

reliability of these methods depend 

largely on the experience and skill of 

the person making the diagnosis. 

Diagnosis requiring culturing can be 

time consuming and can be impractical 

when rapid results are required. Hence 

newer methods that are increasingly 

being applied to the diagnosis of the 

plant pathogens, include 

immunological methods, DNA/RNA 

probe technology and polymerase 

chain reaction (PCR) amplification of 

nucleic acid sequences. 

 

The present study deals with the 

molecular and serological detection of 

foliar fungal pathogen Bipolaris 

sorokiniana(Sacc.) Shoemaker of host 

plant Sorghum bicolor (L) Moench, 

commonly known as sorghum (Jowar) 

causing spot blotch disease. Sorghum 

[Sorghum bicolor (L) Moench] is the 

one of the most important cereal crops 

in the world. It is the staple food grain 

for over 750 million people who live in 

the semi-arid tropics of Africa, Asia, 

and Latin America. Global production 

of sorghum is currently estimated to be 

57.6 million tonnes, with Asian 

countries contributing 20% of the total 

production. Within Asia, India is the 

largest producer of sorghum grain. 

Abstract 
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Recently there have been severe signs 

of sorghum decline caused by Bipolaris 

sorokiniana resulting in decreased 

production of sorghum in villages of 

Kalimpong and Darjeeling. It is hence 

essential to detect this foliar disease at 

an early stage and also to minimize this 

disease using eco-friendly technologies 

by application of different 

bioinoculants. 

In the present study, initially, several 

strains of the fungus were isolated from 

diseased leaves of Sorghum bicolor and 

Triticum aestivum which were 

morphologically identified as Bipolaris 

sorokiniana. Screening of resistance of 

ten different varieties against this 

pathogen was carried out. Polyclonal 

antibodies against the pathogen were 

raised in male albino rabbits and 

immunological assays were optimized 

for easy and early detection of the 

pathogen in sorghum leaf tissues. Cross 

reactive antigens (CRA) shared 

between plant and fungal pathogen 

were demonstrated following indirect 

immunofluorescence and immunogold 

labeling. Pathogen detection in infected 

leaf tissue was carried out using PTA-

ELISA and Dot-immunobinding assay. 

Cellular localization of pathogen in 

infected tissues was also studied using 

indirect immunofluorescence 

technology as well as immunogold 

labelling. Early detection of infection 

in artificially inoculated leaves was 

studied using PTA-ELISA and Dot-blot 

technique. From this investigation it 

was noted that by using these 

immunotechniques the fungal disease 

could be detected as early as 24 hrs 

after inoculation whereas the disease 

symptoms appeared only after 48-72 

hrs after inoculation. 

For moleculat detection of the 

pathogen genomic DNA of 

B.sorokiniana isolated from infected 

leaves was purified and PCR 

amplification of 18s rDNA was done 

using specific primers. Amplified 

product (1190 bp) was sequenced and 

aligned against ex-type strain 

sequences of B.sorokiniana from NCBI 

GenBank using BLAST and 

phylogenetic analysis was done using 

MEGA4 software. RAPD PCR analysis 

and DGGE analysis of amplified 

genomic DNA were done.The 

evolutionary history was inferred using 

the UPGMA method. Amplification of 

ITS region of the rDNA can be 

considered as a rapid technique for 

identifying pathogens successfully in 

all cases. Diversity analysis among the 

different fungal isolates was carried out 

by genic and intergenic tubulin gene 
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sequencing, RAPD and DGGE 

techniques. 

The main objectives of the present 

study was to determine the efficacy of 

different bioinoculants (PGPR, PGPF, 

AMF) on plant growth promotion and 

biocontrol of spot blotch disease of 

sorghum caused by Bipolaris 

sorokiniana along with determination 

of cell defense responses in rice plants 

associated with induction of resistance 

towards B. sorokiniana by microbial 

formulation. In vitro antagonistic effect 

of six potential Plant growth promoting 

rhizobacteria (PGPR) and seven 

selective Plant Growth Promoting 

Fungus (PGPF) gave positive results 

against the pathogen in terms of 

suppression of the mycelia growth of 

the pathogen in dual plate culture. 

Chitinase activity of the different 

Trichoderma strain was assayed which 

revealed higher amount of enzyme 

accumulation in T.harzianum and 

T.aspellum. Endochitinase gene 

sequence was done for these two 

Trichoderma isolates to analysis the 

diversity and uniqueness of this 

specific gene related to coffering 

resistance plants against pathogen. 

These PGPR and PGPF were mass 

multipled and applied to the sorghum 

plants to evaluate their effect on growth 

promotion and biochemical changes. 

Dominant arbuscular mycorrhizal fungi 

(AMF) present in the rhozosphere of 

sorghum plants were screened, mass 

multiplied used for application as 

bioinoculants. 

Enhancement of growth was evaluated 

in terms of height and result revealed 

that growth promotion occurred in all 

varieties treated with bioinoculants 

though combined application of 

bioinoculants (PGPR+PGPF+AMF) 

showed better results in comparison 

with single treatment. Content of 

different biochemical component viz. 

protein, phenol, chlorophyll, total 

sugar, proline when estimated showed 

better results in case of treated set of 

plants. MDA and H2O2 content was 

found in higher amount in infected 

plants where establishment of disease 

of observed rather than healthy and 

bioinoculants treated plants. Activities 

of defense enzymes (chitinase, β-1,3-

glucanase, phenylalanine ammonia 

lyase, peroxidase) following treatment 

were analysed. Enhanced increase in 

activities of defense enzymes were 

noticed in leaf where disease 

establishment was poor. HPLC profile 

of phenolic acids were also determined. 

Extraction of antifungal compounds 

from healthy and treated inoculated 
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sorghum leaves was done and then the 

compound was subjected to GCMS 

analysis. GCMS analysis of antifungal 

compounds reveals presence of sereval 

phenolic compounds which are related 

to plants defense mechanisms. 

Presence of phenolic compounds was 

further confirmed by estimation of 

phenol content and TLC plate bioassay. 

Disease incidence was found to be 

decreased in treated plants in 

comparison with untreated control 

plants. Immunological tests like 

indirect immunofluorescence 

confirmed the induction of defense 

enzymes in leaves after application of 

bioinoculants. 

Immunogold localization of defense 

enzymes (glucanase and chitinase) in 

sorghum leaves treated with 

bioinoculants  was studied using 

transmission electron microscopy. 

Deposition of gold particles was 

observed near the cell wall, cytoplasms, 

mesophyll tissues of treated leaves. 

Induction of resistance in dcution of 

resistance in sorghum plants against spot 

blotch pathogen was confirmed using 

bioinoculants. 
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Sorghum [Sorghum bicolor (L) 

Moench] is the fifth most important 

cereal crop in the world; and its wide 

range of other applications are now 

being explored with worldwide interest 

in renewable resources (Dahlberg et 

al., 2011). It is the staple food grain for 

over 750 million people who live in the 

semi-arid tropics of Africa, Asia, and 

Latin America (Sreenivasa et al., 

2010). Global production of sorghum is 

currently estimated at 57.6 million 

tonnes, with Asian countries 

contributing 20% of the total 

production. Within Asia, India is the 

largest producer of sorghum. The C4 

cereals, like sorghum are originated 

from the tropics and can tolerate heat 

and drought conditions more 

effectively as compared with C3 plants 

(like wheat), which originated from 

temperate regions (Blum et al. 1990, 

Chapman and Carter 1976). Under arid 

environmental conditions, osmotic 

adjustment is imperative in the drought 

resistance of many C4 plants (Slatyer 

1963) and may enable sorghum to 

grow when leaf water potential is low 

(Craufurd et al. 1993). Due to several 

morphological and physiological 

properties, sorghum is better drought 

resistant in comparison with maize 

(Purseglove 1972). Sorghum plants 

(C4 ) use nitrogen more efficiently than 

most C3-type crops and are more 

tolerant to drought and high 

temperature stresses compared to corn 

(Young and Long 2000). Lemaire et al. 

(1996) concluded that sorghum has 

greater ability to satisfy its nitrogen 

requirement. Better uptake of N2 from 

the soil, gives this species an 

undeniable agronomic advantage over 

maize, due to its greater adaptation to 

growing condition in limiting in water 

and nitrogen. 

About 100 countries grow sorghum, of 

which 66 cultivate it over more than 

1000 ha or produce more than 1000 t. 

India has the largest sorghum area with 

Chapter 1 
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10.06 million ha. The second largest 

sorghum cultivating country is Nigeria, 

followed by Sudan, USA and Niger. 

More than 90% of the world’s sorghum 

area lies in the developing countries, 

mainly in Asia and Africa. However, in 

terms of annual production, USA tops 

the list with 13.38 million t during 

1999-2001, followed by India (8.23 

million t), Nigeria (7.65 million t), 

Mexico (6.09 million t) and Argentina 

(3.16 million t).  

However, fungi associated with 

sorghum are of serious concern due to 

their toxic potential. The risk of 

contamination by mycotoxins in 

sorghum is related to the kind of fungi 

associated. Bipolaris sorokiniana, a 

spot blotch pathogen which is a major 

threat for cereals like wheat and barley 

has also now a days shown its harmful 

effects on other members of the family 

Poaceae and the mostly affected one is 

sorghum. In case of our study area, the  

Darjeeling and Kalimpong hills, where 

the crop is cultivated in replacement of 

rice, B. sorokiniana (Sacc.) Shoemaker 

(syn. Helminthosporium sativum 

teleomorph:  Cochliobolus sativus), is 

the main cause of spot blotch disease in 

barley (Hordeum vulgare L.) and wheat 

(Triticum aestivum L.) (Acharya et al., 

2011). The symptom of spot blotch 

usually appears on the leaf, sheath and 

stem. Yield losses due to spot blotch 

vary from 16 to 35% in sorghum. B. 

sorokiniana 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 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 B. 

sorokiniana comes from several 

sources such as weed hosts, soil, crop 

debris which enhances the disease level 

(Bashyal et al., 2011). Recently, 

Chakraborty et al., (2016) have 

reported the serological and molecular 

characterization of B. sorokiniana 

causing spot blotch disease of wheat. 

Traditionally, diagnosis of plant 

diseases has been based on recognizing 

characteristic symptoms presented by 

diseased plants and looking for the 

presence of pathogens on their surface 

(Kiraly et al., 1970; McIntyr and 

Sands, 1977). This, together with other 

observations and evaluation of the 

environmental conditions, generally 

allows us to be classified as causative 
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agent to be a virus-like organism, a 

bacterium, a fungus or some 

environmental factors.  

The earliest serological techniques in 

plant pathology used polyclonal 

antisera prepared by centrifugation of 

clotted blood of immunized animals. 

For classical enzyme-linked 

immunosorbent assays (ELISA) , this 

is further refined to a antiserum 

fraction that is predominantly IgG, 

which is obtained by ammonium 

sulphate precipitation, followed by 

passage over ion-exchange cellulose 

column (Clark and Adams, 1977). 

Although polyclonal antisera are still 

used regularly, the use of monoclonal 

antibodies in plant pathology is 

becoming progressively more routine. 

The direct immunofluorescence assay 

has been used for the detection of fungi 

and plant pathogenic bacteria on plants 

or soil samples for nearly 20 years 

(Choo and Holland, 1970; Malajczuk, 

McComb and Parker, 1975). This assay 

uses pathogen-specific antibodies 

conjugated with fluorescent dye 

molecules. A revolution in serological 

detection of plant pathogens occurred 

when enzyme-linked immunosorbent 

assay (ELISA) was introduced into 

plant pathology (Engvall and 

perlmann, 1972; Clark and 

Adams,1977). ELISA has the 

advantages of sensitivity, economical 

use of antiserum, the production of 

quantifiable data and the capacity to 

handle large numbers of samples 

quickly. 

Nucleic acid-based methods (using 

probes and/or PCR) have increasingly 

been used in recent years to develop 

diagnostic assays for plant pathogens 

(Schots et al., 1994; Ward, 1994; 

Martin et al., 2000). The ribosomal 

RNA genes (rDNA) possess 

characteristics that are suitable for the 

detection of pathogens at the species 

level. These rDNA are highly stable at 

the species level and exhibit a mosaic 

of conserved and diverse regions with 

the genome. Internal transcribed spacer 

(ITS) regions have been used 

successfully to generate specific 

primers capable of differentiating 

closely related fungal species. 

Phylogenetic species concept between 

five or more gene trees has been 

proposed by Taylor et al. (1999). 

Random amplified polymorphic DNA 

(RAPDs) analysis has attracted a lot of 

attention after its advent during the 

90’s. This marker system was 

developed by Welsh and McClelland 

(1990). Manulis et al.,(1994), applied 

RAPDs to the carnation wilt fungal 
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pathogen Fusarium oxysporum and 

they were able to identify specific 

banding patterns that were 

subsequently used as probes to 

distinguish between races of the 

pathogen. In another study, genetic 

relationships could be inferred among 

the wheat bunt fungi using RAPD 

markers (Shi et al., 1995). 

Colletotrichum gloeosporioides 

isolates from mango and cashew plants 

were separated in different groups 

based on their RAPD band profile 

(Serra et al, 2011). The PCR-DGGE 

method is mainly applied for the 

analysis of the genetic diversity of 

microbial communities without the 

need of any prior knowledge of the 

species (Portillo et al., 2011). These 

molecular techniques which 

interrelations among spsecies 

combined with phenotypic characters, 

can lead to a reliable taxonomy that is 

reflective of phylogenetic 

relathionship. ITS sequences of rDNA 

analysis and universally primed 

polymerase chain reaction have been 

used to categorize the isolates of 

Talaromyces flavus and Trichoderma 

species (Chakraborty et al., 2011).  

It is in this context that the present 

study was designed for identification of 

B. sorokiniana, spot blotch pathogen of 

Sorghum bicolor (L.) Moench in hill 

regions of North Bengal based on the 

sequence analysis of ITS regions of the 

rDNA gene, RAPD and DGGE 

analysis with universal primer and 

development of rDNA markers for 

analysis of genetic variability. 

Immunological and nucleic acid 

techniques, both offer considerable 

advantages over traditional methods. 

However, the choice between these 

newer methods will depend on several 

factors including the application 

involved, the skills of the worker, the 

costs, the facilities needed and how 

many samples are to be analyzed. 

Sometimes, a combination of 

diagnostic techniques is the best 

approach viz. immunocapture can be 

used to improve the sensitivity of PCR 

assays and overcome problems with 

inhibitors in the sample. Culturing for a 

short time can be combined with PCR-

detection to increase the quantity of 

pathogen present, and to ensure that 

only viable microorganisms are 

detected (Schaad et al., 1999). 

At present for eco friendly and 

sustainable agriculture use of potential 

biocontrol agent to control disease 

severity and plant growth promotion is 

gaining popularity over inorganic 
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pesticides. Use of consortia of helpful 

bacteria and fungus can improve the 

health status as well as induce systemic 

resistance in these plants. Several 

instances has been reported where 

different bioinoculants have induced 

systemic resistance in several crop 

plants (Chakraborty et. al., 2006, De 

Meyer et al.1998; Yedidia et al. 1999; 

Meena et al. 2000; Oostendorp et al. 

2001; Bargabus et al. 2004; Bharati et 

al. 2004). The use of biological 

fertilizers, especially plant growth 

promoting bacteria, are the most 

important strategy to increase 

production in sustained agricultural 

systems (Sharma, 2003). These 

bacteria are called plant growth 

promoting bacteria because of their 

great impact on crop growth (Vessy, 

2003). Biocontrol agent as plant 

growth promoting fungi belonging to 

the genus Trichoderma are among the 

most commonly isolated soil fungi. 

Due to their ability to protect plants 

and contain pathogen populations 

under different soil conditions, these 

fungi have been widely studied and 

commercially marketed as 

biopesticides, biofertilizers and soil 

amendments. Arbuscular mycorrhizal 

(AM) fungi are common root 

symbionts of plants and ecologically 

important constituents of soil 

communities in many habitats (Smith 

and Read, 2008). AM fungi are 

recognized as high potential agents in 

plant protection and pest management. 

Bhattacharjee et al., (2016) found the 

positive effects of bioinoculants in 

their previous work: growth 

improvement and disease suppression 

in sorghum plants following 

application of bioinoculants. In recent 

studies Bhattacharjee et al (2017) 

tested two PGPR Bacillus megaterium 

and Bacillus altitudinus to determine 

their efficacy in promoting induction of 

resistance in selected cereals in their 

work: biochemical Responses in 

Sorghum bicolor and Triticum 

aestivum to spot blotch disease and 

induction of resistance by plant growth 

promoting rhizobacteria. 

So it can be concluded that, inspite of 

being an important cereal crop of large 

area of India spot blotch disease in 

sorghum, pathogen diversity and 

management strategies of disease have 

not yet been studied well. Non judicial 

uses of chemical fertilizer and 

fungicide causes soil contamination, 

fungicide resistance and harmful 

effects to non-target organisms. In 

order to adopt eco-friendly and 

inexpensive alternate disease 
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management strategies, increasing use 

of biocontrol agents provide 

alternatives to use of chemicals for 

disease control. 

The present study has therefore been 

undertaken with the following 

objectives: 

Detailed studies of the growth, 

morphology, sporulation of 

different isolates of Bipolaris 

sorokiniana causing spot blotch 

disease of Sorghum plants. 

Immune detection of B.sorokiniana 

is Sorghum leaf tissue using 

polyclonal antibody (PAb) raised 

against the pathogen. 

Molecular identification of the 

pathogen using species specific 

primers and ITS-PCR. 

Diversity screening of B.sorokiniana 

isolates based on various genic 

and intergenic regions of the 

genome including tubulin gene. 

In vitro testing of selected biocontrol 

agents for suppression of fungal 

pathogens. 

Determination of biochemical 

changes in Sorghum plants 

following induction of resistance 

using bioinoculants against foliar 

fungal pathogen with special 

reference to accumulation of 

proteins, phenolics and defense 

enzymes [Chitinase (CHT), β-1,3- 

Glucanase (GLU), Phenylalanine 

ammonia lyase (PAL) and 

Peroxidase (POX)]. 
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2.1. Brief History of Sorghum 

Sorghum is among the oldest of cereals 

and fifth important in the world 

(Arnon, 1964) Sorghum (Sorghum 

bicolor L. Moench) is belonging to the 

Tribe Andropogonae of the family 

Poaceae. The genus Sorghum has been 

classified into five subgenera: 

Eusorghum, Chaetosorghum, 

Heterosorghum, Para-sorghum and 

Stiposorghum (Garber 1950). Although 

this classification is convenient, 

however it does not stand for 

evolutionary relationships (Dillon et al. 

2004). The Eu-sorghum comprises the 

cultivated species S. bicolor (L.) 

Moench and its subspecies are 

drummondii, arundinaceum, and wild 

species includes S. x alum Parodi, S. 

halepense (L.) Pers. and S. propinquum 

(Kunth) Hitchc (deWet 1971). The 

United States is the world’s largest 

producer followed by India. Sorghum 

grain is the leading cereal grain on 

African continent and Nigeria is the 

world second largest producer of the 

grain (ICRISAT, 2002). The plant is 

drought resistant and is therefore an 

extremely important commodity that 

provides necessary food and feed for 

millions of people living in semi-arid 

environment worldwide. In many parts 

of the world, sorghum has traditionally 

been used in food products and various 

food items (Badi and Ollis, 1986). Fifty 

percent of sorghum is grown directly 

for human consumption. It is one of the 

major staple foods in Africa, Middle 

East and Asia. Sorghum is an 

important animal feed used in countries 

like United States, Mexico, South 

America and Argentina. Good quality 

sorghum is available with nutritional 

feeding value that is equivalent to that 

of corn. The grain is higher in protein 

and lower in fat content than corn. 

Varieties with waxy endosperm are 

sources of starch having properties 

Chapter 2 
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similar to tapioca (Dalton and Mitchell, 

1959). In West Africa, Nigeria has 

emerged as a pioneer in the industrial 

utilization of sorghum. A wet-milling 

process similar to that used in 

cornstarch manufacture is used for 

sorghum. The starch is made into 

dextrose for use in foods (Moench, 

1999).  

2.2. Spatial Distribution of Sorghum 

Sorghum cultivation is distributed 

throughout the world. In Asia, it is 

grown in China, India, Korea, Pakistan, 

Thailand and Yemen. Australia and 

USA grow the crop too. In Southern 

and Eastern Africa, the sorghum-

growing countries are Botswana, 

Eritrea, Kenya, Lesotho, Madagascar, 

Malawi, Mozambique, Namibia, 

Somalia, South Africa, Swaziland, 

Tanzania, Zambia and Zimbabwe. In 

West and Central Africa, the crop is 

grown in Benin, Burkina Faso, 

Burundi, Cameroon, Central African 

Republic, Chad, Egypt, Gambia, 

Ghana, Guinea, Guinea- Bissau, Ivory 

Coast, Mali, Mauritania, Morocco, 

Niger, Nigeria, Rwanda, Senegal, 

Sierra Leone, Sudan, Togo, Tunisia and 

Uganda. In Latin America, the sorghum

-growing countries are Argentina, 

Brazil, Colombia, El Salvador, 

Guatemala, Haiti, Honduras, Mexico, 

Nicaragua, Peru, Uruguay and 

Venezuela. In Europe, it is grown in 

France, Italy, Spain, Albania and 

Romania Bantilan, 2003). 

The area, production and yield of 

sorghum in different states of India are 

given in Table 2.1. The area under 

sorghum has declined over time. 

During the last three decades (1972/73-

2000/01), all the major sorghum-

growing states except two (Maharashtra 

and Karnataka) experienced a 

measurable decline in area under 

sorghum. The rate of decline in 

sorghum area in India in the 1990s 

(3.08% per year) was much faster than 

in the 1980s (1.57% per year). Decline 

in sorghum production in India during 

1972/73-2000/01 was 0.42% per year. 

The yield of sorghum in all these states 

has increased during the same period. 

During 1972/73-2000/01, annual 

growth in sorghum yield in India was 

1.44% while the highest growth in 

yield was observed in Gujarat (2.44%) 

and Maharashtra (2.24%). During the 

1990s, the highest growth in yield was 

observed in Gujarat (5.87% per year), 

followed by Rajasthan (3.43% per 

year). For the two sorghum niche states 

of Maharashtra and Karnataka, 

production increased from 4 to 6 

million t during the period (Bantilan, 
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2003). 

2.3. Uses of sorghum 

Rooney and Waniska (2000) provide a 

detailed overview of the uses of 

sorghum in food and industry. 

Worldwide, sorghum has been used for 

human food, animal feed, building 

material and fencing (House 1985, 

Doggett 1988). Traditionally, sorghum 

is used in unfermented and fermented 

breads, porridges, couscous, rice like 

products, snacks, and malted alcoholic 

and non-alcoholic beverages in many 

African and Asian countries. Sorghum 

can be used to produce foods that are 

gluten free and in this respect the 

potential for new food uses exists for 

both the US and Europe. Broomcorn is 

a classical example of industrial use of 

sorghum in Europe (Berenji and 

Kisgeci 1996). The demands of 

ecological and natural products have 

led to renewed interest in old 

fashioned, biodegradable, wooden-

handled brooms, which have had a 

Area (‘000 ha) 

State 1972-75 1981-84 1991-94 1998-2002 

Andhra Pradesh 2709.9 2102.2 1057.2 721.6 

Gujarat 970.6 956.6 444.6 206.1 

Karnataka 2037.3 2205.7 2159.2 1885.0 

Madhya Pradesh 2122.7 2138.0 1363.9 690.6 

Maharashtra 5718 6588.7 5857.0 5019.8 

Rajasthan 971.7 968.3 714.6 588.4 

Tamil Nadu 665.3 688.7 500.8 402.6 

India 16139.3 16469.0 12703.5 10012.3 

Production (‘000 t) 

Andhra Pradesh 1363.9 1326.4 815.6 559.2 

Gujarat 321.4 544.7 267.6 190 

Karnataka 1578 1726.3 1842.7 1707.7 

Madhya Pradesh 1598 1747.7 1277.3 575.9 

Maharashtra 2577.7 4740.7 5351.3 4388 

Rajasthan 337.3 451.7 243.1 153.8 

Tamil Nadu 504 492 508.3 403.9 

India 8826.3 11578.0 10773.3 8272.0 

Yield (kg ha-1) 

Andhra Pradesh 506.7 630.0 770.0 779.3 

Gujarat 333.3 570.0 616.7 896.7 

Karnataka 763.3 783.3 856.7 906.0 

Madhya Pradesh 750.0 816.7 936.7 828.7 

Maharashtra 436.7 720.0 906.7 875.3 

Rajasthan 350.0 463.3 330.0 363.6 

Tamil Nadu 760.0 710.0 1013.3 1001.7 

India 543.3 706.7 846.7 826.0 

Table 2.1. Area, production and yield of sorghum in different states of India  
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positive effect on broomcorn 

production. The use of sorghum as 

forage crop is gaining importance in 

many region of the world (Zerbini and 

Thomas 2003). Sweet sorghum stalks 

consist of sugars, mainly sucrose that 

amounts up to 55% of dry matter and 

in glucose (3.2% of dry matter). They 

also contain fiber contents like 

cellulose (12.4%) and hemicelluloses 

(10.2%) (Billa et al. 1997). Sugar in 

biomass of Sweet sorghum is readily 

fermentable and thus it can be 

considered as a tremendous raw 

material for fermentative hydrogen 

production. Although sorghum has 

been thoroughly investigated as an 

energy crop for bioethanol and 

methane production (Jackman 1987, 

Richards et al. 1991, Mamma et al. 

1996), it can also be used as a potential 

source for hydrogen production. 

Sorghum biomass could be fully 

exploited for hydrogen production 

since both soluble and complex 

carbohydrates can be utilized, either in 

a single step or separately after 

extraction.  

2.4. The Indian Sorghum Economy 

India is the second largest producer of 

sorghum worldwide, and has the 

largest area under the crop. It occupies 

around 11 million ha in the semi-arid 

regions of the country and is the third 

most important food grain. Sorghum 

straw is widely used as fodder and it 

often gains importance over grain in 

certain regions, particularly where 

growing conditions are unfavorable. 

Sorghum is grown both as a rainy-

season (Jun-Oct) and post rainy-season 

(Sep-Jan) crop. The rainy-season crop 

is grown over about 53% of the area 

and it contributes about 65% of the 

total production. The postrainy-season 

crop covers the rest of the area and 

production. The major states growing 

rainy-season sorghum are Karnataka, 

Madhya Pradesh, and Maharashtra, 

which together share 63% of the area 

and 77% of the production (Figures 2.1 

and 2.2, see Appendix). Maharashtra, 

Karnataka, and Andhra Pradesh 

together share 93% of the area under 

postrainy-season sorghum. While the 

rainy-season crop coincides with the 

main monsoon spell, postrainy-season 

sorghum is grown on residual soil 

moisture and scanty rain during the 

crop season. Postrainy-season sorghum 

grain maturing under dry weather is of 

high quality, valued for food, and 

fetches a high price. The rainy-season 

production system is notable for its 

wide use of high yielding hybrids, 

which occupy about 75-80% of the 
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area. Hence, the productivity of rainy-

season sorghum is about 60% higher 

than that of the postrainy-season crop. 

The highest rainy-season yield was 

recorded in Maharashtra at 1.7 ton 

hectare-1 with some of its major 

districts yielding 1.9-2.61 hectare-1.  

2.5. Important diseases of sorghum 

Grain sorghum continues to be an 

economically important crop 

worldwide, fitting into production 

schedules and helping to control 

nematodes of both cotton and 

soybeans. However, numerous diseases 

of grain sorghum can be found 

wherever the crop is grown. Some of 

these diseases have been investigated 

in the past and several are listed below 

which are either continuing to be 

important pathogens that affect yields 

or are very common and provoke 

interest from producers.  

2.6. Spot blotch pathogen 

Almost 90% of all the world’s food 

crops are grown from seeds (Schwinn, 

1994). Seed are widely distributed in 

national and international trade, and 

germplasm is also distributed and 

exchanged in the form of seeds in 

breeding programmes. Due to their 

high mobility, seeds are a highly 

effective means for disseminating plant 

pathogens over long distances. 

Numerous examples exist in 

agriculture literature for the 

international spread of land diseases as 

a result of the importation of seeds that 

Fig 2.1. Distribution of Bipolaris sorokiniana: (a) Global and (b) in India (Acharya et al., 2011) 

Fig 2.2. Disease cycle of Bipolaris 

sorokiniana (Acharya et al., 2011) 
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were infected or contaminated with 

pathogens (Agarwal and Sinclair, 

1996). In sorghum (Sorghum bicolor), 

covered smut (Sphacelotheca sorghi), 

head smuth (Sphacelotheca reiliana) 

and long smut (Tolyposporium 

ehrenbergii) have been reported to be 

the most destructive pathogens, 

causing heavy losses in third world 

countries (Frowd, 1980). 

Peronosclerospora sorghi, the downey 

mildew pathogen in sorghum and 

maize, and Sclerospora graminocola in 

pearl millet transform the floral 

primordial into vegetative leafy 

structures causing 30 to 70% losses 

seed production in the semi-arid tropics 

(Williams,1984). A yield loss of 58 to 

70% of hybrid sorghum and millet with 

60 to 76% ergot severity has been 

reported in most sorghum and millet 

growing countries (Thakur and Chahal, 

1987). Besides, these losses in 

potential yield, mold fungi which grow 

on the seed substratum produce 

mycotoxins which are hazardous to 

man and animals (Halt, 1994). 

Commercially, discolored sorghum 

seeds caused by fungi are of poor 

quality (Castor and Frederikser, 1980: 

Gopinath and Shetty, 1987), reducing 

their acceptability and thus, the market 

value of the produce. Grain mold 

causes crop loss by reducing seed size 

and weight, the food value and keeping 

quality of grains (Gopinath, 1984: 

Bandyopadhyay, 1986). Many of the 

diseases that cause reduced yields in 

sorghum have seed borne phases. Seed 

borne inoculums therefore, has severe 

implications for yield, seed production 

and distribution systems, trade, human 

nutrition and germplasm. The 

management of these pathogens during 

the seed-borne phase is considered to 

be the cheapest disease control strategy 

(Shenge, 2007). However, effective 

management can only be implemented 

effectively if the pathogens are 

correctly identified. It is in view of this 

that the current study aimed at 

detecting seed borne pathogens on 

farmer saved sorghum seeds at Samaru, 

Zaria, North-Western Nigeria 

(Abdulsalaam S and Shenge KC, 

2011). 

Now a days spot blotch has been a 

serious problem in north-eastern as 

well as in north western parts of India. 

Yield losses due to spot blotch vary 

from 16 to 35% in sorghum. Bipolaris 

sorokiniana (Sacc.) Shoemaker (syn. 

Helminthosporium sativum 

teleomorph: Cochliobolus sativus), a 

hemibiotrophic phytopathogenic 

fungus is a wellknown cause of spot 



REVIEW OF LITERATURE        13 

 

blotch disease in barley (Hordeum 

vulgare L.) and wheat (Triticum 

aestivum L.). B. sorokiniana usually 

induces symptoms on the leaf, sheath 

and stem. Yield losses due to spot 

blotch vary from 16 to 33% in barley 

(Clark, 1979). B. sorokiniana is widely 

distributed in the areas where cereals 

are grown. B. sorokiniana forms a 

continuous genetic pool of isolates 

varying in virulence and 

aggressiveness to various cereals and 

grasses (Duveiller and Altamirano, 

2000). 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 (Yadav, 1981). The 

presence of other hosts plays an 

important role in disease epidemic. The 

primary inoculum of B. sorokiniana 

comes from several sources such as 

weed hosts, soil, crop debris which 

enhances the disease level. The grass 

weeds as collateral hosts of B. 

sorokiniana in rice–wheat system are 

considered as a possible reason for 

perceived increase in 

Helminthosporium leaf blight and 

cause major losses to the crop (Hobbs 

and Morris, 1996). Phenolic 

compounds are formed in response to 

the ingress of the pathogens and their 

production is considered as part of 

active defence response (Nicholson, 

1992). Numerous studies suggest that 

low molecular weight phenols, such as 

benzoic acids and the 

phenylpropanoids, are formed in the 

host at initial response of infection. 

Rapid accumulation of phenols at the 

infection site function to slow the 

growth of the pathogen and allow 

activation of phytoalexins or other 

stress related substances (Matern and 

Kneusel, 1988). However, these are not 

studied against the Bipolaris 

sorokiniana in different host systems. 

Present study was undertaken to find 

the role of weed and other hosts which 

are grown with barley and provide 

shelter to pathogen during the season. 

Role of phenolic compounds against 

spot blotch pathogen was also explored 

to find out the level of resistance. This 

would help in developing management 

strategies in future (Bashyal et al., 

2011). 

2.6.1. Yield Loss 

The destructive capacity of this 

pathogen is evident from the reports 

around the world. Grain yield 

reductions due to spot blotch are 

variable but are of great significance in 

warmer areas of South Asia (Saari, 

1998; Sharma and Duveiller 2004). On 
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an average, a South Asian country 

loses 20% of crop yield through leaf 

blight disease (Saari, 1998). Grain 

yield loss due to spot blotch in South 

Asia ranged from 4% to 38% and 25% 

to 43% in the year 2004 and 2005 

respectively and the number of kernels 

per spike as well as thousand-kernel 

weight were reduced respectively by 

10% and 15% in 2004 and 11% and 

18% in 2005 (Sharma et al., 2006). 

Yield loss was estimated to be 18-22% 

in India (Singh et al., 1997), which can 

be devastating for farmers in the 

Eastern Gangetic Plains, who 

frequently have small holdings with 

little land or profitability (Joshi et al., 

2007). In Nepal, under rice-wheat 

cropping system, spot blight severity 

went up to 100% and 70% in 2004 and 

2005 respectively (Sharma and 

Duveiller 2007). Spot blotch has been 

reported to cause 15% grain yield 

reduction in Bangladesh (Alam et al., 

1998) and China (Xiao et al., 1998). 

The pathogen also causes grain yield 

losses up to 10, 15, and 20% through 

common root rot and seedling blight in 

countries like Scotland, Canada, Brazil 

etc. (Murray et al., 1998) . 

2.6.2. Symptoms 

Symptoms mainly develop on sub-

crown internodes, stem, leaves, awns, 

glumes and seeds. The main symptom 

caused by the pathogen is spot blotch, 

which is nothing but the disease of 

leaves. The early lesions on leaves are 

1-2 mm long, small and dark brown in 

colour. There is no sign of chlorotic 

margin at the initial stage of infection. 

In the later stage in case of a 

susceptible genotype the small lesions 

extends very rapidly and ultimately 

reach into several centimetres. When 

the infection occurs into the spikelet; it 

results into shriveled grain and the 

embryo end of the seed becomes dark 

in colour. Diseased seedlings develop 

dark brown lesion on the coleoptiles, 

crowns, stems and roots. Death of the 

seedlings may occur before or soon 

after emergence. Common root rot is 

distinguished by dark brown to black 

necrotic lesion on roots, subcrown, 

internodes and basal portion of the 

stem. At severity, multiple lesions 

often coalesce to form large areas of 

necrosis (Jones and Clifford 1983; 

Mathre, 1987). Plants with common 

root rot produce fewer tillers and fewer 

kernels per year. 

2.6.3. Epidemiology 

Foliar blight development and severity 

of the disease is directly related to the 

minimum tillage or surface seeding, 

irrigation, low soil fertility, sowing 
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density, crop growth stage, late rain 

during crop cycle, heat stress during 

grain filling as a result of late planting, 

high temperature in the field and 

relative humidity favouring long 

duration (>12 hours) of leaf wetness. 

Even at the end of the monsoon and in 

absence of rainfall, high relative 

humidity arising from high levels of 

soil residual moisture along with foggy 

days allows long hours of wetness on 

leaf blades that can last until late 

January in Indo-Gangetic Plains, 

creating ideal conditions for the 

establishment and multiplication of 

wheat pathogen. In Brazil, Reis (1991) 

suggested that, for foliar blight 

outbreaks to occur, wheat leaves must 

remain wet for >18 h at a mean 

temperature of 18˚C or higher. 

Moderate to warm temperatures (18˚C 

to 32˚C) favours the growth of B. 

sorokiniana. In Asia, Nema and Joshi 

(1973) reported that infection was 

more rapid and more severe at 28°C 

than at lower temperatures. Area under 

disease progress curve values 

(AUDPC), conducted during 26th 

November 2002 to 26th December 

2003 for calculating the 

epidemiological study of disease 

development, increased significantly as 

a function of sowing time. The higher 

values of AUDPC/day or AUDPC/

degree day under late-sown conditions 

are most likely caused by heat stress, 

which enhanced HLB development. 

Delayed seeding for wheat, grown after 

rice in eastern India and Nepal also 

results in higher losses of grain yield 

and total kernel weight due to foliar 

blight (Duveiller et al., 2005). 

2.6.4. Disease Cycle 

B. sorokiniana is a saprophyte and 

survives primarily as thick walled 

conidia. The sexual stage is not 

important in the disease cycle. The 

pathogen perennates both externally as 

conidia and internally as mycelium in 

the seeds, as well as in infected crop 

residues, volunteer plants, secondary 

hosts and free dormant conidia in the 

soil (Reis, 1991). However, the role of 

infected seed as a primary source of 

inoculums appears to be important and 

according to Shaner (1981), it is the 

main source of inoculums of leaf blight 

pathogens. Along the germination of 

the diseased seeds, the perennating 

organs of the causal organism become 

active. This is the starting point of the 

disease. It germinates completely in 

four hours, and then appressoria forms 

at the juncture of epidermal cell wall 

after eight hours and hyphae from 

initially infected cells enter adjacent 
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cells in 24 hours, which results in the 

granularisation of the host cytoplasm. 

Then fungus is transmitted to the 

plumules and coleoptiles tips with an 

efficiency reaching upto 87% (Reis and 

Forcelini 1993). Maximum 

development of symptoms appears 

when the leaves remain wet for more 

than 18 hours with a mean temperature 

greater than 18˚C (Couture and Sutton 

1978). Under favourable conditions, 

hypha produces conidiophores, which 

emerge out through stomata of the host 

tissue. The emerging conidiophores 

produce a succession of conidia, which 

are transmitted by rain splashes and 

wind, thus building up polycyclic 

epidemics. Conidia on germination 

produce germ tube, which is 

surrounded by thick mucilaginous 

substrata. This mucilaginous 

substratum enables the germinating 

conidia to remain adhered to the host 

surface. The germ tube then swells to 

produce appresorium from which 

infection hyphae are developed. The 

infection hyphae then enter the host 

tissue either through stomata or by 

rupturing through epidermis. 

Immediately after the entrance in the 

host tissue, the infection hypha divides 

rapidly and ramifies along the 

intercellular spaces of the mesophyll 

tissue (Acharya et al., 2011). 

B. sorokiniana expanded its area of 

colonization with the warming of the 

temperature towards temperate areas 

because high humidity with 

temperature between 22-25oC during 

growing season enhance damage 

caused by spot blotch (Kaur and 

Nanda, 2001). Conidial populations of 

B. sorokiniana have extensive 

variability in morphological and 

physiological traits (Christensen and 

Davies, 1937; Tinline, 1960). 

Characterization of inherent variability 

is fundamental for the study of host 

parasite interactions in order to develop 

appropriate strategies for plant 

breeding programmes and long-term 

management of disease. Analysis of the 

diversity of plant pathogens have been 

revolutionized by the molecular 

techniques particularly the Polymerase 

Chain Reaction (PCR). Among these 

PCR based molecular markers, 

Random Amplified Polymorphic DNA 

(RAPD) markers provide a mechanism 

for swiftly and easily characterizing 

isolates in terms of polymorphism of 

primer – defined DNA fragments and 

genetic polymorphism in 

phytopathogenic fungi for inter and 

intraspecific variability among 

populations from different and from 
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the same geographic regions. There has 

been a limited effort on molecular 

study of Indian isolates of Bipolaris 

sorokiniana obtained from different 

cereal hosts and no information was 

available on these aspects from 

Western part of India. Previously study 

was undertaken to assess genetic 

variability of B. sorokiniana isolates 

obtained from different cereal hosts 

(bread wheat, barley, durum, triticale 

and rye) from Punjab (Bala et al., 

2015). 

Several studies revealed that the plants 

of Oryza sativa, Halianthus annus, 

Arachis hypogea and Cicer arientenum 

were non host of Bipolaris 

sorokiniana, which are in contrast to 

the results which are reported in USDA 

ARS Fungal Database http:// nt.ars-

grin.gov/fungaldatabases, where Cicer 

arientenum and Oryza sativa are 

reported as a host of B. sorokiniana. 

The results on these crops still need 

confirmation as these crops along with 

other weed grass species in the wheat 

field helps in survival of this pathogen 

This pathogen infects number of both 

cultivated and wild plants. Eighteen 

monocotyledonous plants have been 

identified as its hosts More than 29 

species of Graminae and other crops in 

Northeastern China, 65 species of 

Graminae in Yellow and hai river 

region and 17 plant species in 

Guandong province are reported as the 

hosts of this pathogen. Keeping in view 

the wide host ranges of this fungus and 

on the basis of these preliminary 

studies further detailed investigations 

needed to be done which will 

ultimately help in sorting the spot 

blotch management. As one of the 

strategy to manage the disease is to 

rotate the crops with oat, rye, legumes 

or flax to reduce source of fungal 

spores from residue (Asad et al., 2011) 

(Table 2.2). 

Disease diagnosis and pathogen 

identification by conventional methods, 

which involve isolating the pathogen 

and characterizing it by inoculation 

tests, are labour-intensive and time-

consuming. Over the past few decades, 

immunological and molecular 

diagonistic methods have increasingly 

received attention as an alternative or 

complement to conventional methods 

(Schaad et al., 2003). Serological 

methods (enzyme linked 

immunosorbent assay) are routinely 

used in several laboratories for these 

purposes because they allow sensitive 

and simultaneous analysis of many 

samples in a single micro plate. One 

major drawback of serological assays, 
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however, is false positives caused by 

cross-reaction of antibiotics with plant 

debris or unrelated organisms (De 

Haan et al., 2000). Molecular methods 

based on polymerase chain reaction 

(PCR) are being used more frequently 

for detecting fungal pathogens in plant 

tissues (Bonants et al., 1997; Zhang et 

al., 1999; Kong et al., 2003; Shen et 

al., 2005; Wang et al., 2006), owing to 

increased specificity and sensitivity 

compared with more traditional 

techniques. Also, large numbers of 

samples can be processed in a short 

time by these methods. 

Disease diagnosis is an art as well as a 

science. We use the scientific method 

to perform and interpret tests for the 

detection of pathogens. The art lies is 

synthesizing information on symptom 

development, case history, and results 

of laboratory tests to determine the 

most likely causes of disease. 

Understanding the difference between 

the terms ‘diagnosis’ and ‘detection’. 

Which are often mistakenly used 

interchangeably, is crucial. Detection 

of a pathogen does not necessarily 

prove that it caused the disease at hand. 

For example, one can usually culture, 

or induce by incubation, several 

pathogens from a plant that are not 

actively causing the observed 

symptoms. Considering complex 

etiology of plant disease it can be 

stated that the ‘phenomenon of “one 

cause-one disease” is rare in nature’. 

The diagnostician must identify the 

various causal factors and determine 

their relative importance. This task can 

be difficult, as different factors may 

cause similar symptoms and different 

symptoms may be caused by the same 

factor. Just a positive test result does 

not prove that the pathogen detected 

caused the disease, a negative result 

does not definitely rule out the 

presence of a particular pathogen. The 

test itself may fail, or improper 

selection of plant tissues can lead to 

erroneous conclusions. Attempts to use 

culture techniques to recover a vascular 

pathogen, such as Frusarium 

oxysporum f. sp. lysopersici, from 

waited tomato foliage rather than 

vascular tissues would give erroneous 

negative results. False negative results 

can occur with any assay, and the 

diagnostician must be aware of the 

likelihood of their occurrence. 

Obviously, the choice of diagnostic test

(s) can greatly influence the diagnosis. 

Many factors influence the 

interpretation of test results and the 

value of the final diagnosis. The 

quality and case history of the sample 
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Isolate 

No 

Colony colour Colony 

margin 

Host Variety Location 

1. White Smooth Barley PL 426 Ludhiana 

2. Offwhite Smooth Barley PL 481 Ludhiana 

3. Dull black Irregular Barley PL 419 Ludhiana 

4. Black and white Irregular Bread 

wheat 

PBW 

343 

Ludhiana 

5. Greenish white Irregular Barley BL 286 Ludhiana 

6. Greenish white Smooth Barley RD 2700 Ludhiana 

7. Offwhite Irregular Barley PL 481 Ludhiana 

8. Black Smooth Triticale TL 2708 Ludhiana 

9. Black and white Irregular Triticale TL 2708 Ludhiana 

10. White Smooth Barley RD 2503 Ludhiana 

11. White Irregular Barley RD 2715 Ludhiana 

12. Grey Smooth Barley PL 426 Ludhiana 

13. Black Smooth Barley RD 2703 Ludhiana 

14. Black Irregular Barley BS 169 Ludhiana 

15. Off white Irregular Bread 

wheat 

WH 147 Gurdaspur 

16. Dull black Smooth Bread 

wheat 

HP 1633 Gurdaspur 

17. Dull black Smooth Durum PDW 

291 

Abohar 

18. Grey Smooth Triticale TL 3358 Ludhiana 

19. Black and white Smooth Bread 

wheat 

PBW 

373 

Abohar 

20. Black Smooth Bread 

wheat 

WH 896 Fazilka 

21. Dull black Smooth Durum PDW 

291 

Ludhiana 

22. Black and white Irregular Bread 

wheat 

H P 1633 Fazilka 

23. Black and white Smooth Bread 

wheat 

WL 

1562 

Fazilka 

24. Black Smooth Bread 

wheat 

PBW343 Fazilka 

25. Dull black Smooth Rye Rye Ludhiana 

26. Dull black Irregular Rye Rye Ludhiana 

27. Black Smooth Bread 

wheat 

HD 2687 Abohar 

28. Grey Smooth Bread 

wheat 

HW2021 Abohar 

29. Grey Smooth Triticale TL 3358 Ludhiana 

30. Dull black Irregular Triticale TL 3358 Ludhiana 

Table 2.2. Sources (host and location) of B. sorokiniana isolates 
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provided, available resources, and 

expertise of the diagnostician all play a 

role in the accuracy of the diagnosis. 

Sample quality is of paramount 

importance and is probably the most 

common limiting factor to accurate 

diagnosis. The best diagnosis would be 

one for which the affected plant(s) 

could be observed both in the field and 

in the laboratory. Unfortunately, 

expense, time and logistic usually 

preclude field visits by the 

diagnostician. Case history information 

provided with a specimen can be more 

importance to the diagnosis than the 

specimen itself. This is particularly true 

when biotic agents play a minor role in 

the disease. Indeed, many plant 

specimens submitted to doagnostics 

labs are afflicted with abiotic problems, 

such as nutritional imbalances, 

chemical injury, temperature or 

moisture extremes, or air pollution. 

Most abiotic problems must be 

diagnosed from case-history 

information and symptom directions in 

the literature. Inadequate or incorrect 

information often leads to an 

inaccurate diagnosis.  

The competent diagnostician must be 

able to synthesize information about 

many different aspects of Plant health 

and know the plant in health as well as 

disease. The diagnostician has 

historically been a generalist rather 

than a specialist, well versed not only 

in pathology, but also in agronomy, 

horticulture, entomology, soil science 

and weed science. To understand and 

interpret modern diagnostic techniques, 

he or she is must also have working 

knowledge of immunology and 

molecular biology. In addition to 

familiarity with pathology, the 

diagnostician must develop expertise in 

production practices, response of plants 

to environmental factors, and 

characteristics of specific cultivars or 

hybrids of many different crops. To 

this extent the individual must become 

a crop specialist. The difficulties 

inherent in becoming both a specialist 

and a generalist in a  field that deals 

with hundreds of plant species and 

exponentially more pathogens or 

abiotic agents are obvious. Pathogens 

more readily detected or identified by 

various techniques which are listed in 

Table 2.3 

2.7. Immunodetection of 

phytopathogens 

Recent trends in detection of plant 

pathogens include the development of 

more rapid diagnostic techniques with 

high specificity for the target organism 

(Chakraborty, 1988). These techniques 
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can be used to detect fungi, bacteria 

and viruses present in low amounts in 

and on plant tissues and, therefore, in 

many cases the pathogen can be 

detected at an earlier stage of disease 

development than was previously 

possible. Some of these rapid sensitive 

techniques are enzyme linked 

immunosorbentassay (ELISA), 

immunoflurescence (IF) and 

polymerase chain reaction (PCR). 

Commercial developments of such 

techniques are expensive. 

Before the development of serological 

techniques, laborious and time-

consuming assays such as transmission 

to indicator host were used for the 

routine detection of viruses in many 

diagnostic labs. Early serological 

techniques were less sensitive and 

more time-consuming than those more 

widely used today. Conventional 

techniques for viral detection have 

largely been replaced by the more rapid 

and sensitive modern techniques, 

however, some of the conventional 

techniques still have a place in the 

diagnostic lab.  

The diagnosis of bacteria diseases has 

been aided by many contributions from 

both basic and applied research, 

directed to the rapid detection and 

identification of plant pathogenic 

bacteria. Many selective and semi-

selective media have been developed. 

Serology continues to become more 

successful as sensitivity increases and 

assay time decreases. Several test 

formats similar to those developed for 

fungi and viruses have been developed 

for bacteria, including multiwall 

ELISA, dot blot and 

immunoflurescence. Fatty acid analysis 

has also prevented to be a reliable 

method of identification, and new 

techniques, such as nucleic acid probes 

and PCR, have extended the limits of 

specificity. Many techniques that differ 

in sensitivity, specificity, reliability and 

cost are available for the detection of 

plant pathogens. The most desirable 

methods for diagnosticians are those 

that give the least number of false 

negative or false positive over time and 

among workers, are relatively rapid, 

cost-effective and detect the broadest 

range of pathogens. Sensitivity is not a 

priority in the diagnostic lab as it is in 

the regulatory labs or indexing 

programmes, although a technique 

must be sensitive enough to detect a 

pathogen in symptomatic tissue. A 

diagnostician depends heavily on 

reliable, accurate, standardized assays. 

Rapidity is important, although 

techniques that may taken an entire day 
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to complete but do not require 

diagnosticians full attention are 

preferably acceptable. Cost is always a 

consideration, and diagnostic labs will 

invest in technology that is applicable 

to the greatest number of pathogens.  

Airborne spores of fugal plant 

pathogens have commonly been 

detected and enumerated by 

microscopic examination of surfaces 

on which spores have been impacted 

(Aylor, 1998; Hunter et al., 

1999).however, technological advances 

of fungal diagnostics in which either 

antibody or nucleic acid probes are 

used offer the potential for developing 

rapid systems for detecting and 

quantifying airborne spores of fungal 

plant pathogens. An immunoassay 

system developed by Spore View 

(Chaparral Diagnostics, Burlington, 

Vt.) utilizes passive deposition of 

ascospores of Venturia inaequalis, the 

causal agent of apple scab, on a 

membrane surface. Similarly, studies to 

develop an antibody based 

immunoassay for early detection of 

Sclerotiana sclerotium (Jamaux and 

Spire, 1994), a major fungal pathogen 

of oilseed rape (Brassica napus), have 

Plant Pathogens Serological and Molecular techniques 

Fungi, Bacteria, Viruses Multiwell ELISA 

Fungi, bacteria Flow-through 

Fungi Dipstick 

Fungi, bacteria, Viruses Dot-Blot 

Fungi, viruses Tissue print 

Fungi, bacteria, virus inclusions Immunofluorescence 

Viruses Serologically specific electron microscopy 

(SSEM) 

Viruses, bacteria Agglutination 

Fungi, bacteria, viruses, viroids Nucleic acid hybridization 

Fungi, bacteria, viruses, viroids Dot blot/Squash blot 

Fungi, bacteria, viruses, viroids Polymerase chain reaction (PCR) 

Viruses Tissue print hybridisation 

Bacteria Fatty acid analysis 

Viruses dsRNA analysis 

Viroids and viruses Polyacrylamide gel electrophoresis (PAGE) 

Bacteria Nutritional test kits 

Fungi, bacteria, nematodes, virus inclu-

sions 

Light microscopy 

Fungi, bacteria Culture 

Fungi Baiting 

Viruses, viroids, fungi, bacteria, nema-

todes 

Host inoculation 

Viruses Leaf dips 

Nematodes Extraction/Identification 

Table 2.3: Serological and molecular techniques for detection of plant pathogens 
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relied solely on passive deposition of 

ascospores on rapeseed petals and 

subsequent mycelia growth. Different 

immunological formats used for 

detection of plant pathogenic fungi are 

listed in Table 2.4 and 2.5. 

2.8. Molecular Detection of 

phytopathogens 

The presence of nucleic acids (DNA/

RNA) is one of the important 

characteristics of all living organisms. 

These characteristics of nucleic acids 

and other organelles of organisms have 

been studies for detection, 

identification and differentiation of 

microbial plant pathogens. Today in 

21st century scientists are becoming 

increasingly able to diagnose and 

manage diseases at the molecular level. 

Molecular methods offer an entirely 

new approach to the plant diseases 

diagnosis, however many a times 

molecular methods may be an 

Serological formats Pathogen Crop 

PTA indirect, Dot Blot Armillariamellea Tea 

PTA indirect Bipolariscarbonum 

PTA indirect, Dot blot Corticumtheae 

PTA indirect, Dot blot Exobasidiumvexans 

PTA indirect Fomeslamaoensis 

PTA indirect Glomerellacingulata 

PTA indirect Pestalotiopsistheae 

PTA indirect, Dot blot Poriahypobrumea 

PTA indirect, Dot blot Roselliniaarcuata 

PTA indirect Sphearostilberepens 

PTA indirect, Dot blot Ustulinazonata 

PTA indirect Fusariumcalmorum Wheat 

DAC Gauemannomycesgraminis 

PTA indirect Pseudocercosporellaherpotrichoides 

PTA Indirect, Dot blot Bipolarissorokiana 

PTA Indirect Penicilliumislandicum Rice 

PTA indirect Erysiphegraminisf.sp.hordei Barley 

PTA indirect Phomaexigua Potato 

PTA indirect Phytophthoranicotianae Tomato 

PTA indirect Fusariumoxysporum Soybean 

PTA indirect Fusariumgraminearum   

PTA indirect Phomopsislongicolla   

DAC Phytophthoramegasperma   

PTA indirect Sclerotiumrolfsii   

PTA indirect Thielaviopsisbasicola Cotton 

DAC Colletotrichumfalcatum Sugarcane 

DAC Ustilagoscitaminea 

DAC Sclerotiniasclerotiorum Sunflower 

PTA indirect Phytophthorafragariae Strawberry 

PTA indirect Botrytis cinerea Grapes 

PTA indirect Leptosphaeriakorrae Turf grass 

PTA ELISA, Dot Blot Macrophominaphaseolina Mandarin 

Table 2.4: Different immunological formats used for detection of pathogenic fungi  
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improvement over conventional 

microbiology testing in many ways. 

Over the last ten years much effort has 

been devoted to the development of 

methods for detecting and identifying 

plant pathogens based on DNA/RNA 

probe technology and PCR 

amplification of nucleic acid 

sequences. Perhaps the greatest 

advantage these techniques have over 

conventional diagnostic methods is the 

potential to be highly specific. They 

can distinguish between fungal species 

and within a single species (Ward, 

1995 and Ward and Adams, 1998). 

DNA-based diagnostics are also used 

to determine whether the pathogen is 

resistant or sensitive to particular 

fungicides and to determine its 

virulence characteristics. The rapid 

development in the fields of molecular 

plant pathology has provided new 

insights into the genetic and structural 

features of a large number of 

pathogens. These results obtained 

through intensive basic research are 

further leading to improvement in 

diagnosis procedures. As more 

information becomes available on 

fungal genomics and gene function, the 

scope for using molecular-based 

diagnostic will also increase. 

Automation and high-density 

oligonucleotide probe arrays (DNA 

Crop Pathogen Immunofluorescence assay 

Barley (grain) Alternariasp Indirect 

Barley (grain) Aspergillussp Indirect 

Tea (leaf) Bipolariscarbonum Indirect 

Tea (leaf) Corticumtheae Indirect 

Grapevines (wood) Eutypaarmeniacea Direct, Indirect 

Tea (leaf) Exobasidiumvexans Indirect 

Tea (root), soil Fomeslamaoensis Indirect 

Soybean (root), soil Fusariumgraminearum Indirect 

Soybean (root), soil Fusariumoxysporum Indirect 

Cotton (root), soil Fusariumvasinfectum Direct 

Cashew (root) Ganodermalucidum Direct 

Tea (leaf) Glomerellacingulata Indirect 

Elm (wood) Ophiostomaulmi Indirect 

Tea (leaf) Pestalotiopsistheae Indirect 

Barley (grain) Penicilliumsp. Indirect 

Barley (grain), soil Penicilliumcyclopium Indirect 

Soil Phaeolusschweinitzii Indirect 

Potato (tuber) Phomaexigua Indirect 

Soil Phytophthoramegasperma Indirect 

Soil Phythophthoracinnamomi Direct, Indirect 

Cabbage (root), soil Plasmodiophorabrassicae Indirect 

Soybean (root), soil Sclerotiumrolfsii Indirect 

Tea (root), soil Sphaerostilberepens Indirect 

Tea (root), soil Ustulinazonata Indirect 

Table 2.5: In situ analysis of phytopathogenic fungi using immunofluorescence 
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chips) also hold great promise for 

characterizing microbial pathogens. 

2.8.1. Hybridization-Bases Nucleic 

Acid Techniques 

The characteristic genetic constitutions 

of individual organisms are due to 

many generations of mutations and 

recombinations. It is generally 

accepted that closely related organisms 

share a greater nucleotide similarity 

than those are distantly related. 

Techniques based on nucleic acid 

hybridization involve the identification 

of a highly specific nucleotide common 

to given strain or isolate of the 

microbial plant pathogen species, but 

absent in other strains or isolates or 

species and this selected sequence of 

the organism is used to test for the 

presence of the target organism. 

Likewise, a highly conserved sequence 

present in all strains or species in a 

genus may be employed to probe for 

the presence of any member of that 

genus. The selection of a specific 

sequence as a probe is distinctly 

derived from the sequential data and 

screening of related organisms to 

determine its specificity. 

Detection of microbial plant pathogens 

by nucleic acid hybridization 

techniques is based on the formation of 

double-stranded (ds) nucleic acid 

molecules by specific hybridization 

between the single-stranded (ss) target 

nucleic acid sequence (denatures DNA 

or RNA) and complementary single-

stranded nucleic acid probe. Sequences 

of either RNA or DNA have been used 

as probes. If the probe strand in the 

duplex is labeled with a detectable 

marker like 32P, information of the 

duplex can be assayed after removal of 

unhybridized sequences. Hybridization 

reaction may be performed in solution 

(solution hybridization), in situ (in situ 

hybridization) and on solid filter 

supports (filter hybridization). The 

filter and in situ hybridization methods 

have been more frequently employed 

for detection of microbial pathogens. 

Detection of fungal plant pathogens by 

employing nucleic acid (NA)-based 

techniques provides certain distinct 

advantages over immune detection 

methods. The fungus-like and fungal 

pathogens are complex antigens, the 

nature of which may vary, depending 

on the stage in their life cycle. The 

antisera produced against one type of 

spores or mycelium formed at a 

particular stage may not actively react 

with spores or mycelium produced at 

all stages in the life cycle of the 

pathogen. However, the presence or 
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absence of spore-bearing structures or 

the slow growing nature of some 

fungal pathogens will not affect their 

detection by NA-based techniques, 

since the nature of the genomic 

elements remains constant, irrespective 

of the stages of life cycle of the 

pathogen to be detected. It is possible 

to detect, identify, differentiate and 

quantify the fungal pathogens 

concerned, using appropriate DNA 

probes, even in the case of pathogens 

that are not amenable for detection by 

other methods. For example, fungal 

pathogens causing nonspecific, 

generalized rotting and death of plants 

and obligate fungal pathogens that 

cannot be cultured may be rapidly 

detected and differentiated by 

employing suitable probes 

(Narayanasamy, 2011). 

2.8.2. Polymerase Chain Reaction 

(PCR) 

The polymerase chain reaction (PCR) 

allows the amplification of millions of 

copies of specific DNA sequences by 

repeated cycles of denaturation, 

polymerization and elongation at 

different temperatures using specific 

oligonucletides (primers), 

deoxyribonucletide triphosphates 

(dNTPS) and a thermostable Taq DNA 

polymerase in the adequate buffer 

(Mullis and Faloona, 1987). The 

amplified DNA fragments are 

visualized by electrophoresis in 

agarose gel stained with EtBr, SYBR 

Green or other safer molecule able to 

intercalate in the double stranded 

DNA, or alternatively by colorimetric 

(Mutasa et al., 1996) or flurometric 

assays (Fraaije et al., 1999). The 

presence of a specific DNA band of the 

expected size indicated the presence of 

the target pathogen in the sample. 

Advances in PCR-based methods, such 

as real-time PCR, allows fast, accurate 

detection and quantification of plant 

pathogens in an automated reaction. 

Main advantages of PCR techniques 

include high sensitivity, specificity and 

reliability. Moreover, it is not 

necessary to isolate the pathogen from 

the infected material reducing the 

diagnosis time from weeks to hours, 

and allowing the detection and 

identification of non-culturable 

pathogens (Capote et al., 2012). This is 

particularly useful in studying systemic 

infections, or in the early detection of 

disease, before symptoms are visible. 

Compared to culturing, molecular 

methods are relatively fast, results are 

often possible within one or two days 

of sampling. They are potentially more 

reliable than identification of visual 
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symptoms, as they do not rely on the 

skills needed to distinguish suitable 

differences in disease symptoms 

(McCartney et al., 2003). 

The products of PCR can be used for 

three different purposes: (i) as a target 

for hybridization, (ii) for the direct 

sequencing of the DNA to determine 

strain variations and (iii) as a specific 

probe. PCR approach for the detection 

of a bacterial pathogen in diseases 

plant was first applied by Rasmussen 

and Reeves (1992). PCR assay may be 

preferred by researchers because of 

several advantages over conventional 

methods involving isolation and 

examination of cultural characteristics. 

The pathogen(s) need not be isolated in 

pure culture before detection in 

infected plant materials. It is enough, if 

the pathogen DNA is extracted. High 

levels of sensitivity and specificity, in 

addition to simplicity, have made the 

PCR-based assays as the technique of 

choice for routine and large scale 

application in quarantine and 

certification programs. 

Although PCR is a highly sensitive 

technology, the presence of inhibitors 

in the plant tissues and soil, greatly 

reduces its sensitivity. The inhibitors 

are believed to interfere with the 

polymerase activity for amplification 

of the target DNA. Another problem 

with the conduct of PCR arises from 

the possible DNA contamination 

leading to false negative results. 

Hence, it is essential to adopt stringent 

conditions during all operations and to 

have proper negative controls. Further, 

it would be desirable to allot separate 

dedicated areas for pre and post PCR 

handling. The DNA based detection 

methods have yet another limitation. In 

addition to determining the presence or 

absence of the pathogen in the plants or 

in the environment, the pathogen 

detection system has the principal goal 

of ascertaining the viability of 

pathogen propagules. In the event of 

positive result, it is necessary to know 

whether the pathogen detected poses a 

threat to crop production, public health 

or food safety. The lack of 

discriminating viable from dead cells is 

a pitfall commonly recognized, while 

applying nucleic acid-based systems, 

including PCR and microarrays (Keer 

and Birech, 2003; Call, 2005). 

Development of the method involving 

enrichment culturing (BIO-PCR) prior 

to PCR,  addresses this problem to 

some extent (Schaad et al. 2003). 

Designing suitable primers is a critical 

step in PCR assay. Generally, short 

sequences (100-1,000 bp) are more 
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efficiently amplified and resolved by 

agarose electrophoresis. Specific 

primers are derived from sequences or 

either amplified or cloned DNA 

(cDNA) or RNA from target pathogen 

species or strains or isolates. Primer 

specificity for target sequences is 

affected by many factors which include 

primer length, annealing temperature, 

secondary structures of target and 

primer sequences. Ribosomal genes 

and the spacers between them provide 

targets of choice for molecular 

detection and phylognetic 

investigations, since they are present in 

high copy numbers, contain conserved 

as well as variable sequences and can 

be amplified and sequenced with 

universal primers based on their 

conserved sequences (Bary et al., 

1991; Bruns et al., 1991; Stackebrandt 

et al., 1992; Ward and Gray, 1992). 

A PCR assay, based on the 

amplification of 5.85 rDNA gene and 

ITS4 and ITS5 primers, was employed 

for the rapid detection and 

identification of economically 

important Phytophthora spp. belonging 

to six taxonomic groups. The 

pathogens detected include P. 

cactorum, P. capsici, P. cinnamomi, P. 

citricola, P. citrophthora, P. 

erythroseptica, P. fragariae, P. 

infestans, P. megasperma, P. mirabilis 

and P. Palmivora (Liew et al., 1998). 

Sometimes, PCR using a single pair of 

primers does not always give a 

sufficiently specific or sensitive test. 

This can be overcome by using DNA 

probes in conjunction with PCR 

(Mutasa et al., 1995). A second 

approach is to use nested primers. 

Here, after an initial PCR, the product 

is subjected to a second round of PCR 

using primers which recognise a region 

within that amplified by the first pair 

(Foster et al., 2002, Schesser et al., 

1991). However, this procedure is 

more labour-intensive, more costly and 

more prone to contamination that the 

single primer pair method. Another 

approach to overcoming sensitivity and 

specificity problems is by using 

antibodies in conjunction with PCR, ie. 

Immune-PCR or immunocapture PCR. 

However, although this approach has 

been used to detect a few plant 

pathogenic viruses (Jacobi et al., 1998, 

Shamloul and Hadidi., 1999) and 

phytoplasmas (Pollini et al., 1997), we 

are not aware of any examples of its 

use to detect fungi. Where there is a 

need to detect several different 

pathogens simultaneously, multiplex 

PCR, involving several pairs of costs, 

but care is needed to optimize the 
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conditions so that all of the different 

amplicons can be generated efficiently 

(McCartney et al., 2003). 

2.8.3. PCR-ELISA 

This serological-based PCR method 

uses forward and reverse primers 

carrying at their 5’ and biotin and an 

antigenic group (e.g. fluorescein), 

respectively (Landgraf et al., 1991). 

PCR amplified DNA can be 

immobilized on avidin or streptavidin-

coated microtitre plates via the biotin 

moiety of the forward primer and then 

can be quantified by an ELISA specific 

for the antigenic group of the reverse 

primer (e.g. anti-fluorescein antibody 

detected by colorimetric reactions). 

PCR-ELISA method is as sensitive as 

nested PCR. In addition, it does not 

require electrophoretic separation and/

or hybridization, and can be easily 

automated. All reactions can be 

performed in 96 well microtitre plates 

for mass screening of PCR products 

making them very suitable for routine 

diagnostic purposes. This procedure 

has been used for detection and 

differentiation of Didymella bryoniae 

from related Phoma species in 

cucurbits (Somai et al., 2002) and for 

detection of several species of 

Phytophthora and Pythium (Bailey et 

al., 2002). 

2.8.4. PCR-DGGE 

This method is mainly applied for the 

analysis of the genetic diversity of 

microbial communities without the 

need of any prior knowledge of the 

species (Portillo et al., 2011). DGGE 

(Denaturing Gradient Gel 

Electrophoresis) and its variant TGGE 

(Temperature Gradient Gel 

Electrophoresis) use chemical gradient 

such as urea (DGGE) or temperature 

(TGGE) to denature and separate DNA 

samples when they are moving across 

an acrylamide gel. In PCR-DGGE 

target DNA from plant or 

environmental samples are firstly 

amplified by PCR and then subjected 

to denaturing electrophoresis. 

Sequence variant of particular 

fragments migrate at different positions 

in the denaturing gradient gel, allowing 

a very sensitive detection 

polymorphisms in DNA sequences. In 

addition, PCR-DGGE primers contain 

a GC rich tail in their 5’ end to 

improve the detection of small 

variations (Myers et al., 1985). The 

bands obtained in the gel can be 

extracted, cloned or reamplified and 

sequenced for identification, being 

even possible to identify constituents 

that represent only 1% of the total 

microbial community. These 
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techniques are very suitable for the 

identification of novel or unknown 

organisms and the most abundant 

species can be readily detected. 

This method is however time 

consuming, poorly reproducible and 

provides relative information about the 

abundance of detected species. 

Interpretation of the results may be 

difficult since the micro heterogeneity 

present in some target genes may 

appear as multiple bands in the gel for 

a single species, leading to an 

overestimation of the community 

diversity. Furthermore, fragments with 

different sequences but similar melting 

behaviour are not always correctly 

separated. In other cases, the analysis 

of complex communities of 

microorganisms may result in blurred 

gels due to the large number of bands 

obtained. 

A PCR-DGGE detection tool based in 

the amplification of the ITS region has 

been recently applied to detect multiple 

species of Phytophthora from plant 

material and environmental samples 

(Rytkonen et al., 2012). Other authors 

have used this technique to compare 

the structure of fungal communities 

growing different conditions or 

envirionments, e.g. to study the impact 

of culture management such as 

biofumigation, chemifumigation or 

fertilization on the relative abundance 

of soil fungal species (Omirou et al., 

2011; Wakelin et al., 2008). 

2.8.5. Fingerprinting 

Fingerprinting approaches allow the 

screening of random regions of the 

fungal genome for indentifying species

-specific sequences when conserved 

genes have not enough variation to 

successfully identify species 

(McCartney et al., 2003). 

Fingerprinting analyses are generally 

used to study the phylogenetic 

structure of fungal populations. 

However, these techniques have been 

also useful for identifying specific 

sequences used for the detection of 

fungi at very low taxonomic level, and 

even for differentiate strains of the 

same species with different host range, 

virulence, compatibility group or 

mating type. 

2.8.5.1. Restriction fragment length 

polymorphism (RFLP) 

RFLP involves restriction enzyme 

digestion of the pathogen DNA, 

followed by separation of the 

fragments by electrophoresis in agarose 

or polyacrylamide gels to detect 

differences in the size of fungal 

species. Polymorphisms on the 
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restriction enzyme cleavage sites are 

used to distinguish fungal species. 

Although DNA restriction profile can 

be directly observed by staining the 

gels, southern blot analysis is usually 

necessary. DNA must be transferred to 

adequate membranes and hybridized 

with an appropriate probe. However, 

the southern blot technique is 

laborious, and requires large amounts 

of undegraded DNA. RFLPs have been 

largely used for the study of the 

diversity of mycorrhizal and soil fungal 

communities (Thies, 2007; Kim et al., 

2010; Martinez-Garcia et al., 2011). 

Although used for differentiation of 

pathogenic fungi (Hyakumachi et al., 

2005) this early techniques has been 

progressively supplanted by other 

fingerprint techniques based in PCR. 

PCR-RFLP combines the amplification 

of a target region with the further 

digestion of the PCR products 

obtained. PCR primers specific to the 

genus Phytophthora were used to 

amplify and further digest the resulting 

amplicons yielding a specific 

restriction pattern of 27 different 

Phytophthora species (Drenth et al., 

2006). PCR-RFLP analysis of the ITS 

region demonstrated the presence of 

different anastomosis group (AG) 

within isolates of Rhizoctonia solani 

(Pannecoucqe and Hofte, 2009); it also 

allowed the differentiation of 

pathogenic and non pathogenic strains 

of Pythium myriotolum (Gomez-

Alpizar et al., 2011). In other cases, the 

analysis of the ITS region by this 

technique failed in differentiating 

closely related species (e.g., clade 1c 

species such as Phytophthora infestans 

and P. mirabilis) (Grunwald et al., 

2011). 

2.8.5.2. Random amplified 

polymorphic DNA (RAPD) analysis 

RAPD (random amplified polymorphic 

DNA), AP-PCR (arbitrarily primed 

PCR) and DAF (DNA amplification 

fingerprinting) have been collectively 

termed multiple arbitrary amplicon 

profiling (MAAP; Caetano-Annolles, 

1994). These three techniques were the 

first to amplify fragments from any 

species without prior sequences 

information. These three techniques 

produce markedly different 

amplification profiles, varying from 

quite simple (RAPD) to highly 

complex (DAF) patterns. The key 

innovation of RAPD, AP-PCR and 

DAF is the use of a single arbitrary 

oligonucleotide primer to amplify 

template DNA without prior 

knowledge of the target sequence. The 

amplification of nucleic acids with 
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arbitrary primers is mainly driven by 

the interaction between primer, 

template annealing sites and enzymes, 

and determined by complex kinetic and 

thermodynamic processes (CaEtano-

Annolles, 1997). 

The RAPD protocol usually uses a 10 

bp arbitrary primer at constant low 

annealing temperature (generally 34-

37oC). RAPD primers can be 

purchased as sets or individually from 

different sources. Although the 

sequences of RAPF primers are 

arbitrarily chosen, two basic criteria 

indicated by Williams et al. (1990) 

must be met; a minimum of 40% GC 

content (50-80% GC content is 

generally used) and the absence of 

palindromic sequence (a base sequence 

that reads exactly resolve on 1.5-2.0% 

agarose gels and stained with ethidium 

bromide. Most RAPD fragments result 

from the amplification of one locus, 

and two kinds of polymorphism occur: 

the band may be present or absent, and 

the brightness (intensity) of the band 

may be different. Band intensity 

differences may result from copy 

number re relative sequence abundance 

(Devos and Gale, 1992) and may serve 

to distinguish homozygote dominant 

individuals from heterozygotes, as 

more bright bands are expected for the 

former. 

Random amplified polymorphic DNA 

(RAPDs) analysis has attracted a lot of 

attention after its advent during the 

90’s. This marker system was 

developed by Welsh and McClelland 

(1990). Manuslis et al., (1994), applied 

RAPDs to the carnation wilt fungal 

pathogen Fusarium oxysporum f.sp. 

Dianthi and they were able to identify 

specific banding patterns that were 

subsequently used as probes to 

distinguish between races of the 

pathogen. in another study, genetic 

relationships could be inferred among 

the wheat bunt fungi using RAPD 

markers (Shi et al., 1995).  

2.8.5.3. Amplified fragment length 

polymorphism (AFLP) 

AFLP analysis (Vos et al., 1995) 

consists in the use of restriction 

enzymes to digest total genomic DNA 

followed by ligation of restriction half-

site specific adaptors to all restriction 

fragments. Then, a selective 

amplification of these restriction 

fragments is performed with PCR 

primers that have in their 3’ end the 

corresponding adaptor sequence and 

selective bases. The band pattern of the 

amplified fragments is visualized on 
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denaturing polyacrylamide gels. The 

AFLP technology has the capability to 

amplify between 50 and 100 fragments 

at one time and to detect various 

polymorphisms in different genomic 

regions simultaneously. It is also 

highly sensitive and reproducible. As 

with other fingerprinting techniques, 

no prior sequence information is 

needed for amplification (Meudt and 

Clarke 2007). The disadvantages of 

AFLPs are that they require high 

molecular weight DNA, more technical 

expertise than RAPDs (ligation, 

restriction enzyme digestions and 

polyacrylamide gels) and that AFLP 

analysis suffer the same analytical 

limitations of RAPDs (McDonald 

1997).  

Depending on the primers used and on 

the reaction conditions, random 

amplification of fungal genomes 

produces genetic polymorphisms 

specific at the genus, species or strain 

levels (Liu et al., 2009). As a result, 

AFLP has been used to differentiate 

fungal isolates at several taxonomic 

levels e.g. to distinguish Cladosporium 

fulvum from Pyrenopeziuz brassicae 

species (Majer et al., 1996), 

Aspergillus carbonarius from A. 

ochraceus (Schmidt et al., 2004), and 

Colletritrichum gossypii from C. 

gossypii var. cephalosporioides (Silvar 

et al., 2005); also to differentiate 

Monilinia laxa that infect apple trees 

from isolates infecting other host plants 

(Gril et al., 2008); and to separate non-

pathogenic strains of Fusarium 

oxysporum from those of F. commune 

(Stewart et al., 2006). AFLP markers 

have also been used to construct 

genetic linkage maps e.g. of 

Phytophthora infestans (VanderLee et 

al., 1997). Specific AFLP bands may 

also be used for SCAR markers 

development used in PCR-based 

diagnostic tests. Using SCAR markers 

Cipriani et al.,(2009) could distinguish 

isolates of Fusarium oxysporum that 

specifically infect the weed Orobanche 

ramose. AFLP profiles have also been 

widely used for the phylogenetic 

analysis of Fusarium oxysporum 

complex (Baayen et al., 2000; Fourie et 

al., 2011; Groenewald et al., 2006). 

2.8.6. DNA Sequencing 

Morphological characteristics are not 

always enough to identify a pathogen. 

one of the most direct approaches to do 

that consists in the PCR amplification 

of a target gene with universal primers, 

followed by sequencing and 

comparison with the available publicly 

databases. In addition, new fungal 

species have been described by using 
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sequencing approaches. However, the 

use of sequence databases to identify 

organisms based on DNA similarity 

may have some pitfalls including 

erroneous and incomplete sequences, 

sequences associated with 

misidentified organisms, the inability 

to easily change or update data and 

problems associated with defining 

species boundaries, all of them leading 

to erroneous interpretation of search 

results. An effort for generating and 

archiving high quality data by the 

researcher’s community should be the 

remedy of this drawback (Kang et al., 

2010). Other limitation of sequencing 

as diagnostic tool is the need to 

sequence more than one locus for the 

robustness of the result and the 

impractical of this method in cases 

when rapid results are needed such as 

for the control or eradication of serious 

plant disease outbreaks. Nevertheless, 

the increase of sequencing capacity and 

the decrease of costs have allowed the 

accumulation of a high numbers of 

fungal sequences in publicly accessible 

sequence databases and sequences of 

selected genes have been widely used 

for the identification of specific 

pathogens.  

2.8.6.1. Sequencing of tubulin gene 

In molecular biology, housekeeping 

genes are typically constitutive genes 

that are required for the maintenance of 

basic cellular function and are 

expressed in all cells of an organism 

under normal and patho-physiological 

conditions. Although some 

housekeeping genes are expressed at 

relatively constant rates in most non-

pathological situations, the expression 

of other housekeeping genes may vary 

depending on experimental conditions. 

Tubulin is one of those housekeeping 

genes and can refer either to the tubulin 

protein superfamily of globular 

proteins or one of the member proteins 

of that superfamily. α and β tubulins 

polymerize into microtubules, a major 

component of the eukaryotic 

cytoskeleton. Microtubules function in 

many essential cellular processes, 

including mitosis. It gives structural 

support, intracellular transport and 

DNA segregation. Microtubules are 

assembled from dimmers of α- and β-

tubulin. 

Because of its unique conserved 

sequences diversity analysis of fungi 

based upon tubulin gene is now a day’s 

gaining popularity over conventional 

technique. On the other hand β-tubulin, 

the structural components of 

microtubules is the targets of 

benzimidazole fungicides which was 
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used to control many diseases of 

agricultural importance. Intron 

polymorphisms in the intron-rich genes 

of these proteins have been used in 

phylogeogrphic investigation of 

phytopathogenic fungi. In this context 

similar kind of work was previously 

reported by Maciel et al., 2010. 

2.9. Defense strategy of plants 

2.9.1. Defense enzymes 

2.9.1.1. Chitinase (EC 3.2.1.14) 

Plants represent the major component 

of biota and have the capability to 

synthesize their food through the 

process of photosynthesis. 

Physiological and environmental 

changes affect their health and make 

them vulnerable to variety of diseases 

thus directly or indirectly affect other 

components of ecosystem. A large 

number of environmental issues are 

linked with the eradication of plant 

diseases with chemical compounds. 

Most of these diseases are caused by 

fungal and insect pathogens. Chitin is 

the main structural component of these 

organisms and thus the enzyme 

responsible to hydrolyze chitin content 

are receiving attention in regard to their 

development as biopesticides or 

chemical defense proteins in transgenic 

plant and in microbial biocontrol 

agents.  

Chitinase attack on chitin molecules 

which are the main structural 

component in fungal cell wall. In 

nature chitin is found to be in the form 

of complex with other biomolecules 

such as carbohydrates and protein 

(Sietsma and Wessels, 1979). The 

enzyme chitinase hydrolyzes the chitin 

polymer into N-acetyl glucosamine by 

either endo or exo cleavages of the 1-3 

and 1-4 bond (Van Aalten et al., 2000). 

The enzyme is classified into several 

categories on the basis of their 

isolation, structural and functional 

characteristics (Sharma et al., 2011). 

2.9.1.2. β-1,3-Glucanase 

Plant β-1,3-glucanases are 

pathogenesis-related (PR) proteins, 

which belong to the PR-2 family of 

pathogenesis-related proteins and are 

believed to play an important role in 

plant defense responses to pathogen 

infection. In addition to plant, β-1,3-

glucanases have been found in yeasts, 

actinomycetes, bacteria, fungi, insects. 

(Pan et al., 1989, Simmons 1994). β-

1,3- glucanases are able to catalyze the 

cleavage of the β-1,3-glycosidic bonds 

in β-1,3-glucan (Simmons 1994). β-1,3

-glucal is a another major structural 

component of the cell walls of many 
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pathogenic fungi (Wessels 1981, 

Adams 2004). Synthesis of these 

enzymes can be induced by pathogens 

or other stimuli. β-1,3-glucal (called 

callose in plants) is unlike chitinases, 

the substrate for β-1,3-glucanases is 

widespread in plants and therefore 

these enzymes may have other 

physiological functions as well as in 

plant defense. It has been suspected 

that β-1,3- glucanases have direct 

effect in defending against fungi by 

hydrolyzing fungal cell walls, which 

consequently causes the lysis of fungal 

cells. In addition, β-1,3-glucanases was 

showed to have an indirect effect on 

plant defense by causing the formation 

of oligosaccharide elicitors, which 

elicit the production of other PR 

proteins or low molecular weight 

antifungal compounds, such as 

phytoalexins (Keen et al., 1983, Ham 

et al., 1991, Klarzynski et al., 2000). 

2.9.1.3. Phenylalanine ammonia lyase 

(E.C.4.1.3.5) 

PAL is the primary enzyme in the 

phenylpropanoid pathway, which leads 

to the conversion of 1-phenylalanine 

into trans-cinnamic acid with the 

elimination of ammonia. PAL has been 

demonstrated in metabolic activity of 

many higher plants and is the key 

enzyme in the synthesis of several 

defense-related secondary compounds 

like phenols and lignins (Hemm et al., 

2004). The presence of phenolic 

compounds in plants and their 

synthesis in response to infection is 

associated with disease resistance. PAL 

is one of the most intensively studied 

enzymes in plant secondary 

metabolism because of its key role in 

phenylpropanoid biosynthesis 

(Whetten and Sederoff, 1995). 

2.9.1.4. Peroxidase (E.C 1.14.18.1) 

Peroxidase is a nuclear encoded, 

plastid copper-containing enzyme, 

which catalyzes the oxygen dependent 

oxidation of phenols to quinines. 

Because of conspicuous reaction 

products and induction by wounding 

and pathogen attack, peroxidase has 

frequently been suggested to 

participate in plant defense against 

pests and pathogens. There are few 

reports of the role of peroxidase in 

plant defense against pathogens. Over-

expression of peroxidase in transgenic 

tomato plants enhanced their resistance 

to Psedomonas syringae (Li and 

Steffens, 2002).  

2.9.2. Phenolic compounds 

Plant phenolics are secondary 

metabolites that encompass several 

classes structurally diverse of natural 
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products biogenetically arising from 

the shikimate-phenylpropanoids-

flavonoids  pathways. Plants need 

phenolic compounds for pigmentation, 

growth , reproduction, resistance to 

pathogen and for many other functions. 

Therefore, they represent adaptive 

characters that have been subjected to 

natural selection during evolution. 

Phenolic compounds are plant 

secondary metabolites that constitute 

one of the most common and 

widespread groups of substances in 

plants. As stated by Harborne (1989), 

the term “phenolic” or “polyphenol” 

can be precisely defined chemically as 

a substance which possesses an 

aromatic ring bearing one (phenol) or 

more (polyphenol) hydroxyl 

substituents, including functional 

derivatives (esters, methyl ethers, 

glycosides etc.) : as a general rule, the 

terms phenolics and polyphenols refer 

to all secondary natural metabolites 

arising biogenetically from the 

shikimate-phenylpropanoids-

flavonoids pathways, producing 

monomeris and polymeris phenols and 

polyphenols. Phenol itself is a natural 

product but most phenolics have two or 

more hydroxyl groups. Unless they are 

complete esterified, etherified or 

glycosylated, plat phenolics are 

normally soluble in polar organic 

solvents. 

Plants need phenolic compounds for 

pigmentation, growth, reproduction, 

resistance to pathogens and for many 

other functions. These compounds 

from one of the main classes of 

secondary metabolites and several 

thousand (among then over 8,150 

flavonoids) different compounds have 

been identified with a large range of 

structures; monomeric, dimeric and 

polymeric phenolics. Several classes of 

phenolics have been categorized on the 

basis of their basic skeleton: C6 

(simple phenol, benzoquinones), C6-

C3 (hydroxycinnamic acids, 

coumarins, phenylpropanes, 

chromones), C60C4 

(naphthoquinones), C6-C1-C6 

(xanthones), C6-C2-C6 (stilbenes, 

anthraquinones), (C6-C3-C6)2 

(biflavonoids), (C6-C3)n (lugnins), 

(C6)n (catechol melanins), (C6-C3-C6)

n (condensed tannins) (Harborne1980) 

Plants encounter numerous pests and 

pathogens in the natural envioronment. 

An appropriate response to attack by 

such organisms can lead to tolerance or 

resistance mechanisms that enable the 

plant to survive. Resistance 

mechanisms refer to traits that inhibit 

or limit attach, while tolerance 
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strategies do not limit attack but reduce 

or offset consequences on the plant 

fitness by adjusting its physiology to 

buffer the effects of herbivory or 

diseases. 

Most plants produce a broad range of 

secondary metabolites that are toxic to 

pathogens and herbivores, either as part 

their normal program of growth and 

development or in response to biotic 

stress. Preformed antibiotic compounds 

that occur constitutively in healthy 

plants are likely to represent inbuilt 

chemical barriers to herbivorous and 

fungal enemies and may protect plants 

against attack by a wide range of 

potential pests and pathogens. In 

contrast, induced defence compounds 

are synthesized in response to biotic 

stress as part of the plant defense 

response and are restricted to the 

damage tissue (Lattanzio et al., 2006). 

2.9.3. Systemic Acquired Resistance 

(SAR) and Induced Systemic Resistance 

(ISR) 

Systemic acquired resistance (SAR) is 

a mechanism of induced defense which 

provides long-lasting protection against 

a broad spectrum of microorganisms. 

SAR required the signal molecule 

salicylic acid (SA) and is associated 

with accumulation of pathogenesis-

related proteins, which are thought to 

contribute to resistance. Induced 

resistance is a physiological state of 

enhanced defensive capacity elevated 

by specific environmental stimuli, 

whereby the plant’s innate defenses are 

potentiated against subsequent biotic 

challenges (Van Loon et al., 1998). 

Systemic acquired resistance (SAR) 

and induced systemic resistance (ISR) 

are two forms of induced resistance; in 

both SAR and ISR, plant defenses are 

preconditioned by prior infection or 

treatment that results in resistance (or 

tolerance) against subsequent challenge 

by a pathogen or parasite. This 

resistance is effective against a broad 

range of pathogens and parasites, 

including fungi, bacteria, viruses, 

nematodes, parasitic plants and even 

insect herbivores (Benhamou and 

Nicole, 1999; Hammaerschmidt and 

Kuc, 1995; Kessler and Baldwin, 2002; 

McDowell and Dangl, 2000; Sticher et 

al., 1997; Van Loon et al., 1998; 

Walling, 2000).  

2.10. Management of plant health 

Soil microbes offer largely unexplored 

potential to increase agricultural yields 

and productivity in a low-input 

manner. Soil biota provides a number 

of key ecological services to natural 

and agricultural ecosystems. 
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Increasingly, inoculation of soils with 

beneficial soil biota is being considered 

as a tool to enhance plant productivity 

and sustainability of agricultural 

ecosystems. In the development of 

sustainable crop production practices, 

the use of microbial inoculants as 

replacement for chemical fertilizers 

and pesticides is receiving attention 

(Chakraborty and Chakraborty, 2013). 

Many of the microbes isolated and 

classifies as biocontrol agents (BCAs) 

can be considered facultative 

mutualists, because survival rarely 

depends on any specific host and 

disease suppression will vary 

depending on the prevailing 

environmental conditions. Further 

down the spectrum, commensalism is a 

symbiotic interaction between two 

living organisms, where one organism 

benefits and the other is neither harmed 

nor benefited. Most plant-associated 

microbes are assumed to be 

commensals with regards to the host 

plant, because their presence, 

individually or in total, rarely results in 

overtly positive or negative 

consequences to the plant. And, while 

their presence may present a variety of 

challenges to an infecting pathogen, an 

absence of measurable decrease in 

pathogen infection or disease severity 

is indicative of commensal 

interactions. Competitions within and 

between species results in decreased 

growth, activity and/or fecundity of the 

interacting organisms. Biocontrol can 

occur when non pathogens compete 

with pathogens for nutrients and 

around the host plant. Direct 

interactions benefit one population at 

the expense of another also affect our 

understanding of biological control. 

Significant biological control most 

generally arises from manipulating 

mutualisms between microbes and their 

plant hosts or from manipulating 

antagonisms between microbes and 

their plant hosts or from manipulating 

antagonisms between microbes and 

pathogens (Chakraborty et al., 2012a). 

In most research to date, biocontrol 

agents are applied singly to combat a 

pathogen. Although the potential 

benefits in the application of a single 

biocontrol agent has been demonstrated 

in many studies, it may also partially 

account for the reported inconsistent 

performance, because a single 

biocontrol agent is not likely to be 

active in all kinds of soil environments 

and agricultural ecosystems (Raupach 

and Kloepper, 1998). This may have 

resulted in inadequate colonization, 

limits tolerance to changes in 
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environmental conditions and 

fluctuations in production of antifungal 

metabolites (Weller and Thomashow, 

1994; Dowling and O’Gara, 1994). 

Several approaches have been used to 

overcome these problems, including 

combined application of two or more 

biocontrol strains to enhance the level 

and consistency in disease control 

(Pierson and Weller, 1994; Schisler et 

al., 1997; Raupach and Kloepper, 

1998). Multiple strain mixture of 

microbial agents has been employed 

with some success against plant 

pathogens in previous studies. These 

include mixtures of fungi (Paulitz et 

al., 1990; Budge et al., 1995, Schisler 

et al., 1997), mixtures of bacteria 

(Pierson and Weller, 1994; Raupach 

and Kloepper, 1998), mixtures of 

yeasts (Janisiewicz, 1996), bacteria and 

fungi 

 (Duffy et al., 1996; Leibinger et al., 

1997), and bacteria and yeast 

(Janisiewicz and Bors, 1995). In 

addition to disease control, strain 

mixtures enhanced the plant growth 

interms of increased seedling 

emergence (Dunne et al., 1998), plant 

height (Raupach and Kloepper, 1998) 

and yield (Nanadakumar et al., 2001; 

Pierson and Weller, 1994; Duffy et al., 

1996). Enhancing biocontrol activity 

by using mixtures of antagonist may 

have advantages: (i) it may broaden the 

spectrum of activity, (ii) it may 

enhance the efficacy and reliability of 

the biocontrol and more importantly 

(iii) it may allow the combination of 

various traits without employment of 

genetic engineering (Janisiewicz, 

1996). Moreover the deigning of 

combination of strains and making use 

of multiple antifungal traits exhibited 

by then may prove to be advantageous 

by ensuring that at least one of the 

biocontrol mechanisms will be 

functional under the unpredictable field 

conditions faced by the released PGPR 

strains (Niranjan Raj et al., 2005). 

2.10.1. Plant growth promoting 

rhizobacteria (PGPR) 

Plant growth promoting rhizobacteria 

are the soil bacteria inhabiting around/

on the root surface and are directly or 

indirectly involved in promoting plant 

growth and development via 

production and secretion of various 

regulatory chemicals in the vicinity of 

rhizosphere. Generally, plant growth 

promoting rhizobacteria facilitate the 

plant growth directly by either assisting 

in resource acquisition (nitrogen, 

phosphorus and essential minerals) or 

modulating plant hormone levels, or 

indirectly by decreasing the inhibitory 
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effects of various pathogens on plant 

growth and development in the forms 

of biocontrol agents. Various studies 

have documented the increased health 

and productivity of different plant 

species by the application of plant 

growth promoting rhizobacteria under 

both normal and stressed conditions 

(Ahemad et al., 2013). PGPR can 

enhance plant growth by a wide variety 

of mechanisms like phosphate 

solubilization, siderophore production, 

biological nitrogen fixation, 

rhizosphere engineering, production of 

1-aminocyclopropane-1-carboxylate 

deaminase (ACC), quorum sensing 

(QS) signal interference and inhibition 

of biofilm formation, phytohormone 

production, exhibiting antifungal 

activity, production of volatile organic 

compounds (VOCs), induction of 

systemic resistance, promoting 

beneficial plant-microbe symbioses, 

interference with pathogen toxin 

production eta. (Bhattacharyya and Jha, 

2012). The concept of PGPR has now 

been confined to the bacterial strains 

that can fulfill at least two of the three 

criteria such as aggressive 

colonization, plant growth stimulation 

and biocontrol (Vessey 2003). The 

bacterial genera such as 

Agrobacterium, Arthrobacter, 

Azotobacter, Azospirillum, Bacillus, 

Burkholderia, Caulobacter, 

Chromobacterium, Erwinis, 

Flavobacterium, Micrococcus, 

Pseudomonas and Serratia belongs to 

ePGPR (Gray and Smith 2005), i.e . 

The  Extracellular Plant growth 

promoting rhizobacteria wherein these 

bacteria may reside in the rhizosphere, 

on the rhizoplane or in the spaces 

between the cells of the root cortex. On 

the other hand, the intracellular plant 

growth promoting rhizobacteria 

(iPGPR) isolates generally inside the 

specialized nodular structures of root 

cells. These include the endophytes 

(Allorhizobium, Azorhizobium, 

Bradyrhizobium, Mesorhizobium and 

Rhizobium) and Frankia species both of 

which can symbiotically fix 

atmospheric N2 with the higher plants 

(Verma et al., 2010). 

The export oriented agricultural and 

horticultural crops depends on the 

export of residue free produce and has 

created a great potential and demand 

for the incorporation of biopesticides in 

crop protection. To ensure the 

sustained availability of biocontrol 

agent’s mass production technique and 

formulation development protocols has 

to be standardized to increase the shelf 

life of the formulation. It facilitates the 
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industries to involve in commercial 

production of plant growth promoting 

rhizobacteria (PGPR). PGPR with wide  

scope for commercialization includes 

Pseudomonas flurescens, P. putida, P. 

aeruginosa, Bacillus subtilis and other 

Bacillus spp. The potential PGPR 

isolates are formulated using different 

organic and inorganic carriers either 

through solid or liquid fermentation 

technologies. They are delivered either 

through seed treatment, bio-priming, 

seedling dip, soil application, foliar 

spray, fruit spray, hive insert, sucker 

treatment and sett treatment. 

Application of PGPR formulations 

with strain mixtures perform better 

than individual strains for the 

management of pest and diseases of 

crop plants, in addition to plant growth 

promotion. Supplements of chitin in 

formulation increase the efficacy of 

antagonists (Nakkeeran et al., 2005). 

Nandakumar et al., (2001) developed 

talc based strain mixture formulation of 

fluorescent pseudomonads. It was 

prepared by mixing equal volume of 

individual strains and blended with talc 

as per Vidhyasekaran and Muthamilan 

(1995). Talc based strain mixtures were 

effective against rice sheath blight and 

increased plant yield under field 

conditions than the applications of 

individual strains. Vidhyasekaran and 

Muthamilan (1995) stated that soil 

application of peat based formulation 

of P. fluorescens (pf1) at the rate of 2.5 

kg of formulation mixed with 25 kg of 

well decomposed farm yard manure; in 

combination with seed treatment 

increased rhizosphere colonization of 

Pf1 and suppressed chickpea wilt 

caused by Fusarium oxysporum f. sp. 

ciceris. Bioformulations of saw dust, 

rice husk and tea waste of two different 

PGPR  Serratia marcescens and 

Bacillus megaterium was applied to 

five different tea varieties TV-18, TV-

23, TV-25, TV-26 and T/17/1/154 in 

experimental field as well as in 

nursery. Application of these 

bioformulations increase height, 

emergence of new leaves and branches 

in all five varieties though similar 

response was nor found in all the 

varieties (Chakraborty et al., 2012). 

Seed and foliar application of talc 

based fluorescent pseudomonads 

reduced leaf spot and rust of groundnut 

under field conditions (Meena et al., 

2002). Delivering of rhizobacteria 

through combined application of 

different delivery systems will increase 

the population load of rhizobacteria 

and thereby suppress the pathogenic 

propagules. 



REVIEW OF LITERATURE        43 

 

Considering the good impact of PGPR 

in terms of biofertilization, biocontrol, 

and bioremediation, all of which exert 

a positive influence on crop 

productivity and ecosystem 

functioning, encouragement should be 

given to its implementation in 

agriculture. Hoping for the betterment 

of technology in developing successful 

research and development, PGPR use 

will surely become a reality and will be 

instrumental to crucial processes that 

ensure the stability and productivity of 

agro-ecosystems, thus leading us 

towards an ideal agricultural system. 

2.10.2. Plant growth promoting fungus 

As ubiquitous and often predominant 

components of the mycoflora in native 

and agricultural soils throughout all 

climatic zones, Trichoderma species 

play an important role in ecosystem 

health (Klein and Eveleigh, 1998). 

Trichoderma spp., are free-living fungi 

in soil and rhizosphere. They release a 

variety of compounds that induce 

localized or systemic resistance  

responses in plants. Trichoderma 

strains have long been recognized as 

biological agents, for the control of 

plant disease besides for their ability to 

their role in plant growth. Trichoderma 

is used extensively for post-harvest 

disease control as has been used 

successfully against Fusarium, 

Phytopthara, Scelerotium and other 

pathogen. Trichoderma strains are  

known to induce resistance in plants 

through ethylene production, 

hypersensitive responses and other 

defence related reactions in plant 

cultivates. Introduction of 

endochitinase gene from Trichoderma 

into plants such as tobacco and potato 

plants have increased their resistance to 

fungal growth. Selected transgenic 

lines are  highly tolerant to foliar 

pathogens such as Alternaria alternata, 

A. solani, Botrytis cirerea and 

Rhizoctonia spp. as well as to the soil-

borne pathogen. 

Trichoderma strains have the ability to 

degrade a wide range of insecticides: 

fungicides, weedicides etc. 

Trichoderma spp are under intensive 

research because of their abundant 

natural occurrence, biocontrol potential 

against fungal and nematode diseases 

as well as host defense inducing ability 

and capable of promoting growth of 

certain crops (Haraman and Kubicek, 

1998). The annual requirement of 

Trichoderma has been estimated as 

5,000 tones to cover 50 per cent area in 

India (Jeyarajan, 2006).These fungi not 

only protect plants by killing other 

fungi and certain nematodes but induce 
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resistance against plant pathogens, 

impart abiotic stress tolerance, improve 

plant growth and vigor, solubilise plant 

nutrients, and bioremediate heavy 

metals and environmental pollutants 

(Hermosa et al., 2012, Lorito et al., 

2010, Mastouri et al., 2012, Shoresh et 

al., 2010). In addition, this genus 

comprises fungi that produce 

secondary metabolites of clinical 

significance and enzymes with 

widespread industrial application. As 

Trichoderma has had a major impact 

on human welfare, recent genome 

sequencing projects have targeted 

seven species: Trichoderma reesei, 

Trichoderma virens, Trichoderma 

atroviride, Trichoderma harzianum, 

Trichoderma asperellum, Trichoderm 

alongibrachiatum, and Trichoderma  

citrinoviride. The genome sequencing 

of Trichoderma species has stimulated 

the development of systems biological 

approaches, initiated and enhanced 

whole-genome expression studies, and 

provided unique data for phylogenetic 

and bioinformatic analyses toward 

understanding the roles of these 

opportunists in ecosystems. 

2.10.3. Arbuscular mycorrhizal fungi 

Biological control of plant pathogens is 

the key practice in sustainable 

agriculture because it is based on the 

management of a natural resource. Use 

of Arbuscular mycorrhizal (AM) fungi 

have reduced damage caused by soil-

borne plant pathogens. However some 

AM isolates appear to be more 

effective. The degree of protection 

varies with the pathogen involved and 

can be modified by soil and other 

environmental conditions. This 

prophylactic ability of AM fungi could 

be exploited in cooperation with other 

rhizospheric microbial antagonists to 

improve plant growth and health. 

Further research is needed for a better 

understanding of both the eco-

physiological parameters contributing 

to effectiveness and of the mechanisms 

involved. However the improvement of 

plant nutrition, compensation for 

pathogen damage and competition for 

photosynthates or colonization/

infection sites have been claimed to 

play a protective role in the AM 

symbiosis (Azcon and Barea 1997). 

The role of VAM fungi in the 

improvement of crop plant is well 

recognized as reported by (Krishna and 

Bagyaraj, 1982; Katiyar et al., 1994, 

Rao et al., 1995). According to them 

VAM fungi are known to improve the 

nutrient status of the plants, increase 

growth and development protects plant 

against pathogen and gives fight to 
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drought and salinity. Colonization by 

native plant has been reported earlier 

by Maiti et al.(1995). Partial 

dependency of upland rice on native 

AMF for Phosphorous acquisition has 

also been reported by earlier worker 

such as (Saha et al., 1999). The 

occurrence of VAM fungi at altering 

stages of growth of rice plants has been 

studied by (Dubey et al., 2008). In 

recent years, the application of 

artificially produced inoculum of VAM 

fungi has increased its significance in 

the field of agriculture, horticulture and 

forestry.  
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3.1. Plant material 

3.1.1. Collection of seeds 

Sorghum seeds were collected from 

Indian Institute of Millets Research, 

Hyderabad, India and local market of 

siliguri, West Bengal. Seeds of CSV 

30F, Sorghum sudan grass, CSV 15, 

CSV 23, CSV 17, CSV 22 R, SPV 462, 

CSV 20, CSV 27 and CSV 29 F were 

selected for initial morphological 

screening and comparative analysis of 

spot blotch disease (Table.3.1, Fig.3.1). 

3.1.2. Viability test 

To check the viability of the sorghum 

seeds they were initially sterilized with 

0.1% (w/v) HgCl2 for 3-4 minutes and 

then washed with sterile distilled water 

and transferred to sterile Petri plates 

under aseptic conditions. The seeds 

were allowed to germinate for one 

week and percentage of germination 

was observed for each sorghum 

Chapter 3 
Materials and Methods 

 

Figure 3.1: Ten 

different sorghum 

varieties showing 

morphology 
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height was observed in the variety SPV 

462 (81cm) followed by CSV 29 R (78 

cm), CSV 23 (76.5 cm), CSV 27 (74 

cm), CSV 22 R (73 cm), CSV 15 (70 

cm), CSV 30 F (68 cm), CSV 17 (66 

cm), CSV 20 (60 cm) and Sudan grass 

showed the minimum growth of 58 cm. 

it is evident that the growth of local 

variety is quite slow in comparison 

with other agriculturally approved 

varieties. 

3.1.4. Maintenance of sorghum 

seedlings in glass house 

Ten different sorghum varieties were 

given for germination and maintained 

in glass house of Immuno-

phytopathology Laboratory, 

Department of Botany, university of 

North Bengal prior to its transfer to the 

experimental field. They were initially 

given for germination in earthen pots 

(12” dia) containing soil and farmyard 

manure in the proportion of 2:1 by 

variety. The seeds were stored in air 

tight bags at -4oC for further use. 

Germination percentage was found to 

be highly variable in all the ten 

sorghum varieties. CSV 20 variety 

showed highest percentage of 

germination (89%) while CSV 22 R 

showed lowest germination percentage 

(35%). Similarly the variety Sudan 

grass showed 53%, SPV 462: 62.3%, 

CSV 15: 82.3%, CSV 17: 85.3%, CSV 

23: 43%, CSV 27:47.6%, CSV 29 

R:80% and CSV 30 F:67%. The 

varieties which showed high 

germination percentage can be useful 

for plant breeding programs. 

3.1.3. Growth rate 

Growth rate in terms of height of all 

the ten studied sorghum varieties was 

observed after every 15, 45, 75 and 105 

days keeping a gap of 30 days time 

interval (Table. ST 4.1). Maximum 

Figure 3.2. Maintenance of Sorghum 

bicolor varieties in glass house condi-

tion  

Figure 3.3: Different varieties of Sorghum bi-

color in pot condition 
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weight (Fig. 3.2 & 3.3). 

3.1.5. Maintenance in field condition 

One month old seedling of different 

sorghum varieties were also sown in 

the experimental field of Department 

of Botany, University of North Bengal 

where all suitable management 

practices were taken into consideration 

for proper growth of the plants. Three 

different varieties (CSV 30 F, Sorghum 

sudan grass, CSV 15) that showed 

more susceptibility towards the spot 

blotch pathogen under glass house and 

field condition were transferred to 

experimental field of Immuno-

Phytopathology Laboratory, NBU for 

close monitoring and further 

experimentation (Fig. 3.4). The plants 

were grown during last week of June to 

first week of July. Plants were watered 

regularly twice in a day and weeding 

was done once a week. 

3.2. Fungal culture 

3.2.1. Isolation and maintenance 

The fungal pathogens which they are 

present deep seated tissue of infected 

leaves were isolated by culturing 

pieces of internal tissues. Infected 

tissues were thoroughly washed in 

sterile water and swabbed with cotton 

wool dipped into 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 

Figure 3.4: Maintenance of Sorghum bicolor in 

field condition 

Sl.# Sorghum varieties Area of collection Kernel 
colour 

1. SUDAN GRASS Local market, Siliguri Golden yellow 

2. SPV462 Millets Research, Hyderabad Golden yellow 

3. CSV 15 Millets Research, Hyderabad Golden yellow 

4. CSV 17 Millets Research, Hyderabad Golden yellow 

5. CSV 20 Millets Research, Hyderabad Brown 

6. CSV 22 R Millets Research, Hyderabad Off white 

7. CSV 23 Millets Research, Hyderabad Off white 

8. CSV 27 Millets Research, Hyderabad Brown 

9. CSV 29 R Millets Research, Hyderabad Golden yellow 

10. CSV 30 F Millets Research, Hyderabad Off white 

Table 3.1: Different sorghum variety and area of collection  
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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 28oC for 1 

week. The grown fungal mycelium was 

transferred to PDA slants and kept for 

further identification. 

3.2.2. Morphological and microscopic 

observation 

The isolated fungi were then allowed to 

grow in Petri plates (7 cm.) 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 spore measured. 

3.2.3. Completion of Koch’s Postulate 

Fresh young sorghum leaves were 

collected from experimental field of 

Immuno-Phytopathology lab and 

inoculated with conidial suspension of 

the isolated fungal pathogen following 

detached leaf inoculation technique. 

After 96h of inoculation, the infected 

sorghum leaves were washed 

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. These isolates were 

examined 15 days of inoculation at 

30OC and identity of the organism was 

confirmed by comparing with the stock 

culture. 

3.2.4. Assessment of mycelia growth 

Mycelia growth of the fungal cultures 

was assessed in both solid media and 

liquid media to study and evaluate their 

cultural characteristics. 

3.2.4.1. Solid media 

To assess the growth of fungal culture 

in solid media, the fungus was first 

grown on Petri dishes, each containing 

20 ml. of PDA followed by incubation 

for 7 days at 30OC. Agar blocks (6 mm. 

diameter) containing the mycelium was 

cut with sterile cork borer from the 

actively growing region of mycelia mat 

and transferred to each Petri dish 

containing 20 ml. of different sterilized 

solid media. The colony diameter was 

studied at regular interval of time. The 

media were as follows: 
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A.Potato Dextrose Agar 

Peeled potato-40.00 gm, dextrose-2.00 

gm, Distilled water-100ml. 

B. Richard’s Medium (RMA) 

KNO3-1.00gm, KH2PO4-50gm, 

MgSO4, 7H2O-0.25gm, FeCl3-

0.002gm, Sucrose-3.00gm,  

Agar-2.00gm, Distilled water-100ml. 

C. Oat Meal Agar (OMA) 

Oat meal-3.00 gm, Agar-2.00gm, 

Distilled water-100ml 

3.2.4.2. Liquid Media 

To assess the mycelia growth in liquid 

media the fungus was first grown on 

Petri plates, each containing 20 ml. of 

PDA and incubated 5-8 days at 20OC. 

the mycelia block (5mm.) from the 

actively growing region of the fungus 

in the Petri plate was cut with sterilized 

cork borer and transferred to 

Erlenmeyer flask (250 ml.) containing 

50 ml. of sterilized Potato Dextrose 

Broth (PDB) and Richard’s medium 

and incubated for 6-8 days with 

constant stirring at room temperature. 

After incubation the mycelia were 

harvested through muslin cloth, 

collected in aluminium foil cup of 

known weight and dried at 60OC for 96 

h, cooled in desiccators and weighed. 

3.3. Soluble proteins 

3.3.1. Extraction of soluble protein 

3.3.1.1. Fungal mycelia 

Mycelia protein was prepared 

following the protocol as outlined by 

Chakraborty and Saha (1994). The 

fungal mycelia were grown in 250 ml. 

Erlenmeyer flask containing 50 ml. of 

potato dextrose broth (PDB) and 

incubated for 10 days at 30±2OC for 

extraction of antigen, mycelial mats 

were harvested, washed with 0.2% 

NaCl and rewashed with sterile 

distilled water. Mycelia were crushed 

with sea sand using a chilled morter 

and pestle and homogenized with cold 

0.05 m. sodium phosphate buffer (PH-

7.2) supplemented with 0.8% NaCl, 10 

mM sodium metabisulphate, PVPP 

(Polyvinyl pyrollidine Phosphate) and 

0.5 mM magnesium chloride in ice 

bath. The homogenated mixture was 

kept for 2 h or overnight at 4OC and 

then centrifuged at 10,000 rpm for 30 

min, at 4OC to eliminate cell debris. 

The supernatant was equilibrated to 

100% saturated ammonium sulphate 

under constant stirring in ice bath and 

kept overnight at 4OC. after this period, 

the mixture was centrifuged (10,000 

rpm) for 30 minute at 4OC, the 

precipitate was dissolved in the same 
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buffer. The precipitation was dialysed 

for 72 h through cellulose tubing 

(Sigma chemical co., USA) against 1L 

of 0.05 M sodium phosphate buffer 

(pH 7.2) with six changes. The 

dislysate was stored at -20OC and used 

as antigen from the preparation of 

antiserum and other experiment. 

3.3.1.2. Leaf 

Soluble protein was extracted from 

sorghum leaves following the method 

of Chakraborty et al., (1995). Leaf 

tissues were frozen in liquid nitrogen 

and ground in 0.05 mM sodium 

phosphate buffer (pH 7.2) containing 

10 mM Na2S2O2, 0.5 mM MgCl2 and 2 

mM PVP was added during crushing 

and centrifuged at 4OC for 20 min at 

12000 rpm. The supernatant was used 

as crude protein extract. 

3.3.2. Estimation of soluble protein  

Soluble proteins were estimated 

following the method as described by 

Lowry et al., (1951). To 1 ml. of 

protein sample 5 ml. of alkaline 

reagent (1 ml of 1% CuSO4 and 1 ml. 

of 2% sodium potassium tartarate, 

added to 100 ml. of 2% Na2CO3 in 0.1 

N NaOH) was added. This was 

incubated for 15 min at room 

temperature and then 0.5 ml. of 1 N 

Folin Ciocalteau reagent was added 

and again incubated for further 15 min 

following which optical density was 

measured at 720 nm. Quantity of 

protein was estimated from the 

standard curve made with bovine 

serum albumin (BSA). 

3.4. SDS-PAGE analysis of soluble 

proteins 

Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis was 

performed for detailed analysis of 

protein profile following the method of 

Laemmli, 1970. For the preparation of 

gel the following stock solution were 

prepared. 

3.4.1. Preparation of stock solution 

Following stock solution were prepared 

A.Acrylamide and N’N’-methylene 

bis acrylamide 

Stock solution of 29% acrylamide and 

1% bis-acrylamide was prepared in 

warm water. The pH of the solution 

was kept below 7.0 and the stock 

solution was then filtered through 

Whatman No. 1 filter paper and kept in 

brown bottle, stored at 4OC. 

B. Sodium Dodecyl Su;phate (SDS) 

A 10% stock solution of SDS was 

prepared in warm water stored at room 

temperature. 
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C. Tris Buffer 

i) 1.5 M Tris buffer was prepared for 

resolving gel. The pH of the buffer was 

adjusted to 8.8 with concentrated HCl 

and stored at 4OC for further use. 

ii) 1.0 M Tris buffer was prepared for 

use in the stacking and loading buffer. 

The pH of this buffer was adjusted to 

6.8 with conc. HCl and stored at 4OC 

for use. 

D. Ammonium Persulphate (APS) 

Fresh 10% APS solution was prepared 

with distilled water each time before 

use. 

E. Tris-Glycine electrophoresis 

buffer 

Tris running buffer consists of 25 mM 

Tris base, 250 mM Glycine (pH 8.3) 

and 0.1% SDS. A1X solution was 

made by dissolving 3.02 g Tris base, 

18.8 Glycine and 10 ml. 0f 10% SDS 

in 1L distilled water 

F. SDS gel loading buffer 

This buffer contains 50 Mm Tris-HCL 

(pH 6.8), 10 mM β-mercaptoethanol, 

2% SDS, 0.1% bromophenol blue, 10% 

glycerol. A 1x solution was prepared 

by dissolving 0.5 ml of 1 M Tris buffer 

(pH 6.8), 0.5 ml 0f 14.4 M β-

mercaptoethanol, 2 ml of 10% SDS, 10 

mg bromophenol blue, 1 ml glycerol in 

6.8 ml of distilled water. 

3.4.2 Preparation of gel 

Mini slab gel (plate size 8cm x 10cm) 

was prepared for analysis of proteins 

patterns through SDS-PAGE. For gel 

preparation, two glass plates (8cm x 

10cm) were washed with dehydrated 

alcohol and dried to remove any traces 

of grease. Then 1.5 mm thick spacers 

were placed between the glass plates at 

the two edges and the three sides of the 

glass plates were sealed with gel 

sealing tape or wax, clipped tightly to 

prevent any leakage and kept in the gel 

casting unit. Resolving and stacking 

gels were prepared by mixing 

compounds in the following order and 

poured by pipette leaving sufficient 

space for comb in the stacking gel 

(comb + 1cm). After pouring the 

resolving gel solution it was 

immediately over layered with 

isobutanol and kept for polymerization 

for 1h. After polymerization of the 

resolving gel was complete overlay 

was poured off and washed with water 

to remove any unpolymerized 

acrylamide. Stacking gel solution was 

poured over the resolving gel and the 

comb was inserted immediately and 

over layered with water. Finally the gel 
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was kept for polymerization for 30-45 

minutes. After polymerization of the 

stacking gel the comb was removed 

and the walls were washed thoroughly. 

The gel was then finally mounted in 

the electrophoresis apparatus. Tris- 

Glycine buffer was added sufficiently 

in both upper and lower reservoir. Any 

bubble trapped at the bottom of the gel, 

was removed carefully with a bent 

syringe. 

3.4.3. Sample preparation  

Sample (50 µl) was prepared by 

mixing the protein extract (35 µl) with 

1xSDS gel loading buffer (16 µl) in 

cyclomixer. All the samples were 

floated in a boiling water bath for 30 

minutes to denature the proteins 

samples. After boiling, the sample was 

loaded in a predetermined order into 

the bottom of the well with T-100 

micropipette syringe. Along with the 

protein samples, a marker protein 

consisting of a mixture of six proteins 

ranging from high to low molecular 

mass (Phosphorylase b-97, 4000; 

Bovine Serum Albumin-68,000; 

ovalbumin-43,000: Carbolic 

Anhydrase-29,000; Soybean Trypsin 

inhibitor-20,000; Lysozyme-14,300) 

was treated as the other samples and 

loaded in separate well. 

3.4.4. Electrophoresis 

Electrophoresis was performed at 18 

mA current for a period of two to three 

hours or until the dye reached the 

bottom of the gel. 

3.4.5. Fixing and staining 

After completion of electrophoresis, 

the stacking gel was cut off from the 

resolving gel and finally fixed in GAA: 

methanol: water (10:20:70) for 

overnight. The staining solution was 

prepared by dissolving 250 mg of 

Coomassie brilliant blue (Sigma R 

250) in 45 ml of methanol. When the 

stain was completely dissolved, 45 ml 

of water and 10 ml of glacial acetic 

acid were added. The stain was filtered 

through Whatman No.1 filter paper. 

The gel was removed from the fixer 

and stained in this stain solution for 4 h 

at 37OC with constant shaking at low 

speed. After staining the gel; was 

finally destained with destaining 

solution containing methanol, water 

and acetic acid (4:5:1) at 40OC with 

constant shaking until the background 

become clear. 

3.5. Preparation of antigen 

3.5.1. Fungal antigen 

Mycelia protein was prepared 

following the method as outlined by 
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soluble PVPP of equal weight was 

used. The leaf slurry was strained 

through a muslin cloth and then 

centrifuged (15,000 rpm) for 30 

minutes at 4OC. the supernatant was 

used as healthy antigen and was kept at 

-20OC until required. 

3.5.2.2. Artificially inoculated leaf 

Antigen from B. sorokiniana 

inoculated leaves were extracted 

following the method Alba & DeVay 

(1985) with modification. Fresh, young 

leaves were collected from 

experimental garden and kept in plastic 

trays as described in detached leaf 

inoculation technique. Leaves were 

inoculated with conidial suspension of 

both the pathogens separately. Control 

sets were prepared by mounting the 

leaves with drops of sterile distilled 

water. Antigens were prepared from 

inoculated leaves as well as control 

leaves as described earlier. The 

prepared antigens were stored at -20OC 

until further experimental purpose. 

3.5.2.3. Naturally infected leaf 

For the extraction of naturally infected 

leaf antigens, the infected leaves were 

collected from the experimental garden 

and kept at 4OC. Then the infected 

portion of leaf was cut into small 

(Chakraborty and Saha 1994). Mycelial 

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 

metabisulphate and 0.5 mM MgCl2 in 

ice bath. The homogenate mixture was 

kept for 2h or overnight at 4OC and 

then centrifuged at 10,000 rpm for 30 

minutes at 4OC to eliminate cell debris. 

The supernatant was stored in 020OC 

and used for as antigen for the 

preparation of antiserum. 

3.5.2. Leaf antigen 

3.5.2.1. Healthy leaf 

Antigens from healthy leaves were 

prepared following the method of 

Chakraborty and Saha (1994). Fresh, 

young healthy leaves were collected 

from the experimental garden and kept 

at 4OC. then the leaves were weighed 

and crushed in mortar and pestle with 

0.05 M sodium phosphate buffer 

supplemented with 10 mM sodium 

metabisulphate, 2mM PVPP 10,000 

(soluble) and 0.5 mM MgCl2 (pH 7.2). 

At the time of crushing with sea-sand, 



MATERIALS AND METHODS   55 

 

pieces, weighed and antigens were 

prepared as before. 

3.6. Serology 

3.6.1. Rabbits and their maintenance 

Polyclonal antibodies were prepared 

against fungal and bacterial antigens in 

New Zealand white male rabbits of 

approximately 2kg 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. twice a day. After each 

bleeding they were given saline for 

three consecutive days and kept in 

proper hygienic conditions. 

3.6.2. Immunization 

Before immunization, normal sera 

were collected from each rabbits. For 

developing antisera, intramuscular 

injections of 1ml antigen (protein 

extracted) mixed with 1ml of Freund’s 

complete adjuvant (Genei) were given 

into each rabbit for 7 days after pre-

immunization bleeding and repeating 

the doses at 7 days intervals for 

consecutive week followed by 

Freund’s incomplete adjuvant (Genei) 

at 7 days intervals upto 12-14 

consecutive weeks as required. Method 

of Alba and Devay, 1985 and 

Chakraborty and Saha, 1994 were 

followed for immunization. 

3.6.3. Bleeding 

Bleeding was performed by marginal 

ear vein puncture, three days after the 

first six injections, and then every 

fourth injection. In order to handle 

rabbits during bleeding, they were 

placed on their back on a wooden 

bored 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 1h for clotting. After clotting; the 

clot was loosened with a sterile needle. 

Finally, the serum was classified by 

centrifugation (2000 rpm for 10 

minutes at room temperature) and 

distributed in 1 ml of vials and stored 

at -20OC as crude antisera. The serum 

was used for double diffusion analysis, 
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dot blot analysis and Enzyme linked 

Immunosorbent Assay (ELISA), 

Western blot analysis and FITC. 

3.6.4. Purification of IgG 

3.6.4.1. Precipitation 

IgG was purified as described by 

Clusen, 1988. Crude antiserum (2 ml) 

was diluted with two volume of 

distilles water and an equal volume of 

4M (NH4SO4) ammonium sulphate was 

taken and pH was adjusted to 6.8, 

stirring the mixture for 16 h at 20OC in 

magnetic stirrer. The precipitation thus 

formed was collected by centrifugation 

at 12,000 rpm for 1h at 22OC. 

supernatant was discarded and pellet 

was used for further steps. 

3.6.4.2. Column preparation 

Eight gram of DEAE cellulose (Sigma 

Co. USA) was suspended in distilled 

water for overnight. The water was 

poured off and the DEAE cellulose was 

suspended in 0.005 M phosphate buffer 

(pH 8.0), and the washing was repeated 

for 5 times. The gel was then 

suspended in 0.02 M phosphate buffer 

(pH 8.0) and was transferred to a 

column (2.6 cm in diameter and 30 cm 

height) and allowed to settle for 2h. 

after the column material had settled 25 

ml of buffer (0.02 M sodium 

phosphate, pH 8.0) washing was given 

to the column material. 

3.6.4.3. Fraction collection 

At the top of the column, 2 ml of 

ammonium sulphate precipitate was 

applied and the elution was performed 

at a constant pH and a molarity 

continuously changing from 0.02 M to 

0.03 M. The initial elution buffer (1) 

was 0.02 sodium phosphate (pH 8.0). 

The buffer was applied in the flask on 

which rubber connection from its 

bottom was supplying column. Another 

connection above the surface of buffer 

(1) was connected to another flask with 

buffer (2). The buffer (2) had also 

connection to the open air. During the 

draining of buffer (1) to column buffer 

(2) was soaked into buffer (1) thereby 

producing a continuous raise in 

molarity. Ultimately, 40 fractions each 

of 5 ml were collected and the optical 

density values were recorded at 280 nm 

using UV-VIS spectrophotometer 

(DIGISPEC-200GL). 

3.7. Immunological assays 

3.7.1. Agar gel double diffusion 

3.7.1.1. Preparation of agarose slides 

The glass slides (6cm x 6cm) were 

degreased using ethanol 90% v/v: 

diethyl ether (1:1 v/v) and ether, then 
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dried in hot air oven. After drying the 

plates were sterilized inside the Petri 

plate each containing one plate. 

Conical flask with Tris-Barbiturate 

buffer (pH 8.6) is placed in boiling 

water bath. Agar/agarose (0.9%) was 

boiled over water bath to dissolve the 

agar at 90OC for next 15 minutes. The 

pinch of 0.1% (w/v) sodium azide was 

added and mixed well. For the 

preparation of agarose gel, the molten 

agarose is poured (6 to 10 ml) on the 

grease free sterilized slide with the help 

of a sterile pipette in laminar air flow 

chamber and allow it to solidify, after 

solidification cut 3-7 wells (6mm 

diameter) with sterilized cork borer 

distance of 1.5 to 2 cm away from 

central well and 2.0 to 2.5 cm from 

well to well. 

3.7.1.2. Diffusion 

Agar gel double diffusion tests were 

carried out using antigen and antiserum 

following the method of Ouchterlony 

(1967). Antigen plus undiluted antisera 

appropriately diluted were poured into 

wells with micropipette (50 µl/well) 

antisera in the middle. Slides were kept 

in moist chamber at 25OC for 72h. 

Precipitation reaction was observed in 

the agar gel only in cases where 

common antigen was present. 

3.7.1.3. Washing, staining and drying 

of slides 

After immunodiffusion, the slides were 

initially washed with sterile distilled 

water and then with aqueous NaCl 

solution (0.9% NaCl and 1% NaN3) for 

72h with 6 hourly changes to remove 

unreacted antigens and antisera widely 

dispersed in the agarose gel. Then the 

slides were stained with Coomassie 

brilliant blue (R250, Sigma: 0.25g 

Coomassie blue, 45 ml methanol, 45 

ml distilled water and 10 ml glacial 

acetic acid) for 10 minutes at room 

temperature. After staining, the slides 

were washed in destaining solution 

(methanol: distilled water: acetic acid 

in 45:45:10 ratios) with changes until 

background become clear. Finally 

slides were washed with distilled water 

and dried in hot air oven for 3h at 

50OC. 

3.7.2. Plate trapped antigen coated 

(PTA)-ELISA 

Plate trapped antigen coated (PTA)-

ELISA performed following the 

method of Chakraborty et al.(1995) 

with modifications. Antigen were 

diluted with coating buffer and were 

loaded (200 µl per well) in ELISA 

plate (Coaster EIA/RIA, strip plate, 

USA) arranged in 12 rows in a 
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buffers were used for dot 

immunobinding assay. 

A.Carbonate-bicarbonate (0.05 M, pH 

9.6) coating buffer 

B. Tris buffer saline (10 mM pH 7.4) 

with 0.9% NaCl and 0.5% Tween 20 

for washing. 

C. Blocking solutiuons 10% (w/v) 

skimmed milk powder (casein 

hydrolysate, SRL) in TBST (0.05 M 

Tris-HCL, 0.5 M NaCl) 5% v/v Tween 

20, pH 10.3. 

D. Alkaline phosphatase buffer (100 

mM Tris-HCL, 100 mM NaCl, 5 mM 

MgCl2) 

Nitrocellulose membrane (Milipore, 

7cm x 10cm, Lot No. H5SMO 5255, 

pore size 0.45 µm. Milipore 

corporation, Bedford) was first cut 

carefully into the required size and fix 

between the template with filter paper 

at the bottom. 0.5 M carbonate-

bicarbonate buffer (pH 9.6), 4µl, was 

loaded in each well and allowed to dry 

for 30 minutes at room temperature. 

Antigen (5 µl) was loaded on NCM 

allowed to dry for 30 minutes at room 

temperature. Template was removed 

and blocking of NCM was done with 

19% non fat dry milk (casein 

hydrolysate, SRL) prepared in TBST 

for 30-60 minutes on a shaker. 

(Cassette) ELISA plate. After loading, 

the plate was incubated at 25OC for 4h. 

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 a further washing, 

antirabbit IgG goat antiserum labeled 

with alkaline phosphate diluted 10000 

times in PBS, was added to each well 

(100 µl per well) and incubated at 

37OC for 2h. The plate was loaded with 

200 µl of ρ-nittrophenyl phosphate 

substrate in each well and kept in dark 

for 1h. Colour 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 

450 nm.  

3.7.3. Dot immunobinding assay 

Dot blot was performed following the 

method suggested by Lange et al. 

(1989) with modifications. Following 
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Respective polyclonal antibody (IgG 

1:500) prepared against the 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 

2h at 37OC. the membrane was washed 

as before. 10 ml of NBT/BCIP 

susbstrate (Genei) was added next and 

colour development was stopped by 

washing the NCM with distilled water 

and colour development was 

categorized with the intensity of dots. 

3.7.4. Western blot analysis 

Protein samples were electrophoresed 

on 10% SDS-PAGE gels suggested by 

Laemmli (1970) and electro transferred 

to NCM using semi dry Trans-blot unit 

(BioRad) and probed with PAbs of the 

pathogen (B. sorokiniana) following 

the method of Wakeham and White 

(1996). Hybridization was done using 

alkaline phosphatase conjugate and 5-

bromo-4-chloro-3-indolylphosphate 

(NBT-BCIP) as substrate. 

Immunireactivity of the proteins was 

visualized as violet coloured bands on 

the NCM. 

3.7.5. Fluorescence antibody staining 

and microscopy 

Indirect fluorescence staining of fungal 

mycelia, cross-section of sorghum  

leaves were done using FITC labeled 

goat antirabbit IgG following the 

method of Chakraborty and Saha 

(1994) 

3.7.5.1. Fungal mycelia 

Fungal mycelia were grown in liquid 

potato dextrose medium as described 

earlier. After five days of inoculation 

young mycelia were taken out from 

flask and taken in eppendorf tube and 

washed with PBS (pH 7.2) by 

centrifugation at slow speed. Then 

mycelia was treated with normal sera 

or antisera diluted (1:50) in PBS and 

incubated for 1h at room temperature. 

The mycelia was washed thrice with 

PBS-Tween (pH 7.2) as mentioned 

above and treated with Goat antirabbit 

IgG conjugated with fluorescein  

isothiocyanate (FITC) (Sigma 

chemicals) diluted 1:40 with PBS (7.2) 

and incubated in dark for 45 minutes at 

room temperature. After incubation 

mycelia was washed thrice in PBS and 

mounted in 10% glycerol. A cover slip 

was placed and sealed. The slides were 
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observed and photographed under both 

phase contrast and UV fluorescence 

condition using Leica Leitz Biomed 

microscopy with fluorescence optics 

equipped in (UV) filter set 1-3. 

3.7.5.2. Cross section of sorghum 

leaves 

Initially, cross section of healthy 

sorghum leaves were cut and immersed 

in PBS (pH 7.2). These section were 

treated with normal serum or antiserum 

diluted (1:50) in PBS and incubated for 

1h at room temperature. After 

incubation, cross sections were washed 

thrice with PBS-Tween (pH 7.2) for 15 

minutes and transferred to 40 µl of 

diluted (1:40) goat antirabbit IgG 

conjugated with fluorescein 

isothiocyanate (FITC). The sections 

were incubated for 45 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. Fluorescence of the 

leaf sections were observed using 

Leica Leitz Biomed Microscope with 

Fluorescence optics equipped with UV-

filter set 1-3 and photograph was taken. 

3.8. Isolation of genomic DNA 

Isolation of fungal genomic DNA was 

done by growing the fungi for 3-4 

days. Liquid nitrogen was used for 

crushing the cell mass for both cases. 

3.8.1. Preparation of genomic DNA 

extraction buffer 

The following buffer for DNA 

extraction were prepared by mixing 

appropriate amount of desired 

chemicals with distilled water and 

adjusted the desired pH. 

DNA Extraction buffer 

1M Tris0HCL pH 8.0 

5M NaCl 

0.5 mM EDTA, pH 8.0 

10% SDS 

3.8.2. Genomic DNA extraction 

The fungal mycelia was grown in PDB 

for 6-7 days and then harvested. Total 

genomic DNA was extracted as 

described by Kuramae-Izioka (1997). 

The mycelium was ground into the fine 

powder under liquid nitrogen and 

suspended in 700 µl extraction buffer. 

Upon homogenization, the tubes were 

incubated for 30 minutes at 65OC. 

DNA samples were purified with equal 

volumes of chloroform: isoamyl 

alcohol (24:1) mixture (1X), and 

precipitated with isopropanol. The 

tubes were centrifuged at 15400 rpm 

for 10 minutes and DNA pellets were 

rinsed with 70% ethanol, air dried, 
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suspended in TE buffer (pH 8.0) and 

stored at 4OC till further use. 

3.8.3. Purification of genomic DNA 

The extraction of total genomic DNA 

from the isolated microorganisms as 

per the above procedure was followed 

by RNAse treatment. Genomic DNA 

was resuspended in 100 µl 1 X TE 

buffer and incubated at 37OC for 30 

minutes with RNAse (60 µg). after 

incubation the sample was re-extracted 

with PCI (Phenol: Chloroform: 

Isoamylalcohol 25:24:1) solution and 

RNA free DNA was precipitated with 

chilled ethanol as described earlier. 

The quality and quantity of DNA was 

analyzed both spectrophotometrically 

and in 0.8% agarose gel. The DNA 

from all isolates produced clear sharp 

bands, indicating good quality of DNA. 

3.8.4. Agarose gel electrophoresis to 

check DNA quality 

Gel electrophoresis is an important 

molecular biology tool. Gel 

electrophoresis enables us to study 

DNA. It can be used to determine the 

sequence of nitrogen bases, the size of 

an insertion or deletion or the presence 

of a point mutation: it can also be used 

to distinguish between variable sized 

alleles at a single locus and to assess 

the quality and quantity of DNA 

present in a sample. 

3.8.4.1. Preparation of DNA samples 

for electrophoresis 

Agarose (0.8%) in 1X TBE buffer was 

melted, cooled and poured into the gel 

casting tray with ethidium bromide. 

Gel solidify in 15-20 minutes. 

3.8.4.2. Run gel for electrophoresis for 

DNA fraction 

15 µl of sample and 5 µl of DNA 

loading dye mixed properly was loaded 

in each well of agarose gel (1%). The 

electrical head of the gel tank was 

attached firmly and electric supply was 

applied at constant current 90 mA and 

voltage 75 volt (BioRAD power Pac 

3000) at least for 90 minutes. The 

DNA migrated from cathode to anode. 

Run was continued until the 

bromophenol blue had migrated an 

appropriate distance through the gel. 

Then electric current was turned off 

and gel was removed from the tank and 

examined on UV transilluminator and 

photographed for analysis 

3.9. ITS PCR analysis 

All isolates of Bipolaris were taken up 

for ITS-PCR amplification. Genomic 

DNA was amplified by mixing the 

template DNA (50 ng), with the 

polymerase reaction buffer, dBTP mix, 
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primers and Taq polymerase. 

Polymerase Chain Reaction was 

performed in a total volume of 100 µl, 

containing 78 µl deionized water, 10 µl 

of 10X Taq pol buffer, 1 µl of  1 U Taq 

polymerase enzyme, 6 µl of 2mM 

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 94OC for 2 

minutes. Followed by 30 cycles of 

denaturation at 94OC for 50 seconds, 

annealing at 52OC for 40 seconds and 

extension at 72OC for 1 minute 30 

seconds and the final extension at 72Oc 

for 6 minutes in a Primus 96 advanced 

gradient Thermocycler. PCR product 

(20 µl) was mixed with loading buffer 

(8 µl) containing 0.25.5 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. 

3.9.1. Amplification conditions 

Temperature profile, 94OC for 

2minutes followed by 30 cycles of 

denaturation at 94OC for 50 seconds, 

annealing at 52OC for 40 seconds and 

extension at 72OC for 1 minute 40 

seconds and the final extension at 72OC 

for 6 minutes in a Primus 96 advanced 

gradient Thermocycler. 

3.9.2. Sequencing of rDNA gene 

The rDNA was used for sequencing 

purpose. DNA sequencing was done 

bidirectionally using the ITS primer 

pairs by Credora Lifesciences, 

Bangalore. DNA sequence information 

was analyzed using bioinformatics 

algorithms tools e.g. Bioedit, MEGA 4, 

NTSYSpc as well as the few online 

softwares. The chromatogram of the 

DNA sequence was analysed by the 

software Chromus. All the DNA 

sequences was edited by using 

software BioEdit and aligned with  

Clustal W algorithms. 

3.10. BLAST analysis 

The DNA sequences were analyzed 

using the alignment software of 

BLAST algorithm (http://

ingene2.upm.edu.my/Blast,Altschul et 

al., 1997) for the different 

characteristics of DNA sequence for 

the identification of microorganism. 

Identification of microorganism was 

done on the basis of homology of 

sequence. 

3.11. Submission to NCBI GenBank 

The DNA sequences were deposited to 

NCBI GenBank through BankIt 

procedure and approved as the ITS 

sequence after complete annotation and 

given accession numbers. 
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3.12. Multiple sequence alignment 

and Phylogenetic analysis 

The sequenced PCR product was 

aligned with ex-type strain sequence 

from NCBI GenBank and established 

fungal taxonomy for identification. 

Sequences were aligned following the 

Clustal W algorithm (Thompson et al., 

1994), included in the Megalign 

module (DNASTAR Inc.). multiple 

alignment parameters used were gap = 

10. Both of these values are aimed to 

prevent lengthy or excessive numbers 

of gaps. The default parameters were 

used for pairwise alignment. The use of 

Clustal W determines that, once a gap 

is inserted, it can only be removed by 

editing. Therefore, final alignment 

adjustments were done manually. 

Phylogenetic analyses were completed 

using the MEGA package (version 

4.01). Neither gaps (due to insertion-

deletion events) nor equivocal sites 

were considered phylogenetically 

informative. Hence, complete deletion 

prevented the use of any of these sites 

in further analyses. Phylogenetic 

interference was performed by the 

UPGMA method. Bootstrap tests with 

1000 replications were conducted to 

examine the reliability of the interior 

branches and the validity of these trees 

obtained. Phylogenetic analyses were 

conducted in MEGA 4 as described by 

Tamura et al., 2007. 

3.13. RAPD PCR analysis 

For RAPD, random primers were 

selected. PCR was programmed with 

an initial denaturing at 94oC for 4 min. 

followed by 35cycles of denaturation at 

94oC for 1 min, annealing at 36oC for 1 

min and extension at 70oC for 90 s and 

the final extension at 72oC 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 by 

horizontal electrophoresis. 

3.13.1. Amplification conditions 

Temperature profile, 94OC for 4 

minutes followed by 35 cycles of 

denaturation at 94OC for 1 minute, 

annealing at 36OC for 1 minute and 

extension at 70OC for 90 second and 

the final extension at 72OC for 7 

minutes in a Primus advanced gradient 

Thermocycler. 

3.13.2. Analysis of RAPD band 

patterns 

RAPD band patterns were initially 

assessed by eye and isolates were 
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grouped according to their shared band 

patterns. 

3.13.3. Scoring of individual bands 

Two methods of scoring bands were 

assessed. The first method involved 

scoring bands using the computer 

programme NTSYSPC and the second 

method was to score the number of 

shared bands (i.e. bands of equal size) 

on a gel bye eye. For both methods, 

photographs of the gels were scanned 

into a computer and saved as graphic 

files. 

3.13.4. Reconstruction of the 

phylogenetic tree 

As with sequence data, RAPD data can 

be analysed in a number of different 

ways. The simplest form of analysis is 

to group isolates with identical band 

patterns for a given primer. More 

complex analysis involve cladistic 

analysis of data and reconstruction of 

the phylogenetic tree. 

3.13.4.1. UPGMA method 

The image of the gel electrophoresis 

was documented through Bio-Profil 

Bio-1D gen documentation system and 

analysis software. All reproducible 

polymorphic bands were scored and 

analysed following UPGMA cluster 

analysis protocol and computed 

InSilico into similarity matrix using 

NTSYSpc (Numerical Taxonomy 

System Biostatistics, version 2.11 W). 

The SIMQUAL programme was used 

to calculate the Jaccard’s coefficients. 

The RAPD patterns of each isolate was 

evaluated, assigning character state “1” 

to indicate the presence of band in the 

gel and “0” for its absence in the gel. 

Thus a data matrix was created which 

was used to calculate the Jaccard 

similarity coefficient for each pair wise 

comparison. Jaccard coefficients were 

clustered to generate dendograms using 

the SHAN clustering programme, 

selecting the unweighted pair-group 

methods with arithmetic average 

(UPGMA) algorithm in NTSYSpc. 

3.14. Denaturing Gradient Gel 

Electrophoresis (DGGE) 

3.14.1. PCR amplification of genomic 

DNA of the isolates for DGGE analysis 

Denaturing Gradient Gel 

Electrophoresis was performed 

according to the method of Zhao et 

al.,2006. 18S DNA (200bp with GC 

clamp) was amplified with the forward 

primer containing GC clamp at 5’ end) 

F352T: 5’-CGCCCG CCG CGC GCG 

GCG GGC GGG GCG GGG GCA 

CGG GGG GAC TCC TAC GGG 

TGG C-3’ AND 519r: 5’-ACC GCG 
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GCT GCT GGC AC-3’) in 25µl of 

reaction mixture containing 1X PCR 

buffer, 2.5 mM MgCl2 (Bangalore 

Genei, India), 100ng of the template 

DNA, 25.0 pmol each of the forward 

and reverse primers, 250 µM each of 

the dNTPS and 1U of Taq DNA 

polymerase (Bangalore Genei, India). 

The touchdown PCR program was 

performed which consisted of an initial 

denaturation of 95OC for 5 minutes, 

followed by 6 cycles of 95OC for 1 

minute, 65OC for 1 minute and 72OC 

for 1 minute, in which the annealing 

temperature was reduced by 0.5OC per 

cycle from the preceding cycle and the 

24 cycles of 95OC. Perpendicular 

DGGE was performed with “the 

decode universal mutation detection 

system” (Bio Rad laboratories, USA). 

A uniform gradient gel of 0% to 100% 

denaturant was prepared which was 

changed several times so as to optimize 

suitable concentration and finally 20% 

to 60% denaturant was found optimal 

for the best result. 

3.14.2. DGGE of the PCR products 

3.14.2.1. Creating the gel sandwich 

(DCode Syatem BioRad) 

Large glass plates were cleaned with 

soap and a soft sponge and rinsed with 

tap water. After drying, they were 

cleaned with 96% ethanol. Both 1mm 

spacers were also cleaned with 90% 

ethanol and placed on the large glass 

plates. The clamps were screwed to the 

sides of the sandwich, in order to be 

sure that the spacers, 2 glass plates and 

especially the glass plates were aligned 

at the bottom side of the sandwich and 

placed in the holder. The clamps were 

unscrewed and the alignment of the 

glass plates was checked. Then the 

sandwich was placed on the top of the 

rubber gasket and the handles pressed 

down. 

3.14.2.2. Preparation of the gel 

One tube of APS 10% per gel was 

prepared. The tubing needle was 

replaced with a new one, the screw 

between the compartments was opened 

and the compartments rinsed with 

water using pump at a uniform speed. 

The system was completely drained 

and flushed with compressed air. The 

gel solutions were prepared as 

required. Stacking gel was also 

prepared according to the following: 

APS and TEMED was added to the 

high and low solutions according to the 

table, stirred gently by hand and 

proceeded immediately for pouring the 

high concentration solution in the 

compartment closet to the outlet of the 
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gradient mixer and the low 

concentration solution in the other 

compartment by the delivery system. 

The whole system was kept for 

polymerization. 

3.14.2.3. Running a gel 

Fresh 0.5X TAE buffer was added to 

the buffer tank to the mark “Fill”. The 

DCodeTM Universal Mutation 

Detection System (Bio-Rad) was 

switched on at least 60 minutes before 

electrophoresis, so that the buffer can 

heat up to 60 minutes before 

electrophoresis, so that the buffer can 

heat up to 60OC. after 2-3 hours of 

polymerization the comb was removed 

carefully and the bottom of the 

sandwich was rinsed with tap water to 

remove non-polymerized gel. The 

sandwich was set in the sandwich-

holder. A dummy sandwich was also 

set at the order side to get a closed 

upper buffer compartment (a dummy 

consists of a large and small glass plate 

stuck together with no spacers in 

between). The DCodeTM was then 

switched off and the lid taken off after 

1 min. The sandwich holder was then 

slided into the buffer tank, with the red 

dot of the cathode at the right side. The 

DCodeTM pump and the stirrer 

underneath the tank were switched on 

(300 rpm) until the samples were 

loaded. 

3.14.2.4. Staining of gels and 

photography 

Before taking DGGE units out from the 

tank, the run-evaporated H2O was 

replaced up to the marked level. 

Carefully the DGGE unit was 

dismantled. The ethidium bromide 

stain was added into a tray with 50X 

TAE buffer and the gel was stained for 

5 minutes and destained with running 

buffer. The gel was photographed 

under UV-transilluminator. 

3.14.2.5. Data Analysis 

3.14.2.5.1. Scoring of individual band 

Two methods of scoring bands were 

assessed. The first method involved 

scoring bands using the computer 

programme BioProfil were 1D and the 

second method was to score the 

number of shared bands (i.e. bands of 

equal size) on a gel by eye. For both 

methods photograph of the gels were 

scanned into a computer and saved as 

graphic files. 

3.14.2.5.2. UPGMA analysis of the 

DGGE bands 

Variability among the different groups 

of isolates were detected on the basis 

of the banding pattern obtained on 
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denature gradient gel. All reproducible 

polymorphic bands were scored and 

analysed following UPGMA cluster 

analysis protocol and computed in 

silico into similarity matrix using 

NTSYSpc (Version 2.11 W) as in case 

of RAPD analysis. However, a more 

complex analysis involved cladistic 

analysis of data and reconstruction of 

phylogenetic tree. A two (2-D) and 

three dimension (3-D) principal 

component analysis was constructed to 

provide another means and test the 

relationship among different tested 

group using EIGEN programme 

(NTSYS-PC). 

3.15. Tubulin Gene specific diversity 

analysis  

Total genomic DNA from the fungi 

was isolated by N- Cetyl- N, N, N-

trimethyl- ammonium bromide 

(CTAB) method. 

Chemicals and reagents 

Extraction buffer 

     1 M Tris HCl (100 mM Tris HCl) 

     1M EDTA (100 mM EDTA) 

     4 M NaCl (1.4 M NaCl) 

     1% CTAB (Proteinase K -0.03μg/

μl) 

SDS 20% w/v 

Chloroform: isoamyl alcohol (24:1) 

Isopropanol 

Ethyl alcohol 70% v/v 

3.15.1. DNA isolation protocol 

0.5 g Fungal Mycelium was taken and 

grinded with 25 mg PVPP using mini 

grinder and then centrifuge at 10000 

rpm 2 min. at 4oC. The pellet was 

washed with sterile distilled water and 

centrifuge at 1000 rpm 20 min. at 4oC). 

675 μl of extraction buffer was added 

and incubated at 37°C for 30 min. 75μl 

of SDS (20%) was added and 

incubated at 65°C for 2 hours. 

Centrifuged at 10000 rpm for 10 min at 

4°C Clear solution was collected in a 

sterile microcentrifuge tube. Equal 

volume of Phenol: chloroform:isoamyl 

alcohol (25:24:1).Centrifuged at 10000 

rpm for 10 min. at 4°C. Equal volumes 

of Chloroform: Isoamyl alcohol (24:1) 

was added. Centrifuged at 10000 rpm 

for 10 min. at 4°C. The aqueous phase 

was removed and taken in a sterile 

microcentrifuge tube.0.6 volumes of 

isopropyl alcohol was added and 

incubated at room temperature for 

1hour. Centrifuged at 10000 rpm for 10 

min. Pellet was washed in 500μl of 

70% ethanol. Centrifuged at 10000 rpm 

for 10 min at room temperature. Pellet 

was dried and dissolved in 20 μl sterile 
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distilled water. 

3.15.2. Quantification of Isolated DNA 

The quantity of the isolated DNA was 

checked in UV-VIS spectrophotometer 

(Vivaspec Biophotometer, Germany). 

From the stock 1μl DNA was mixed 

with 49-μl sterile distilled water to get 

50 times dilution. The A260/A280 ratio 

was recorded to check the purity of 

DNA preparation. 

3.15.3. PCR Amplification 

PCR amplification of ITS region was 

done in 20 μl of reaction mixture 

containing PCR buffer, 1X (Kappa, 

SA); MgCl2, 3 mM; dNTP mix, 0.25 

mM; Taq DNA polymerase, 0.05 U; 

primer, 1 picomol and template DNA, 

50 ng. Sterile nuclease free water is 

used as negative control. 

3.15.4. Sequencing of β-tubulin gene 

The rDNA was used for sequencing 

purpose. DNA sequencing was done 

bidirectionally using the β-tubulin 

specific pairs by Credora Lifesciences, 

Bangalore. DNA sequence information 

was analyzed using bioinformatics 

algorithms tools e.g. Bioedit, MEGA 4, 

NTSYSpc as well as the few online 

softwares. The chromatogram of the 

DNA sequence was analysed by the 

software Chromus. All the DNA 

sequences was edited by using 

software BioEdit and aligned with  

Clustal W algorithms. 

The DNA sequences were analyzed 

using the alignment software of 

BLAST algorithm for the different 

characteristics of DNA sequence for 

the identification of microorganism. 

Identification of microorganism was 

done on the basis of homology of 

sequence. 

The DNA sequences were deposited to 

NCBI GenBank through BankIt 

procedure and approved as the tubulin 

gene sequence after complete 

annotation and given accession 

numbers. 

The sequenced PCR product was 

aligned with ex-type strain sequence 

from NCBI GenBank and established 

fungal taxonomy for identification. 

Sequences were aligned following the 

Clustal W algorithm (Thompson et al., 

1994), included in the Megalign 

module (DNASTAR Inc.). Multiple 

alignment parameters used were gap = 

10. Both of these values are aimed to 

prevent lengthy or excessive numbers 

of gaps. The default parameters were 

used for pairwise alignment. The use of 

Clustal W determines that, once a gap 

is inserted, it can only be removed by 
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editing. Therefore, final alignment 

adjustments were done manually in 

order to artificial gaps. Phylogenetic 

analyses were completed using the 

MEGA package (version 4.01). Neither 

gaps (due to insertion-deletion events) 

nor equivocal sites were considered 

phylogenetically informative. Hence, 

complete deletion prevented the use of 

any of these sites in further analyses. 

Phylogenetic interference was 

performed by the UPGMA method. 

Bootstrap tests with 1000 replications 

were conducted to examine the 

reliability of the interior branches and 

the validity of these trees obtained. 

Phylogenetic analyses were conducted 

in MEGA 4 as described by Tamura et 

al., 2007. 

3.16. Inoculation techniques and 

disease assesment 

3.16.1. Inoculum preparation 

B. sorokiniana was grown in 100 ml 

PDA medium for 7-10 days till 

sporulation occurred. The spores were 

then scraped off from the surface of the 

media with the help of inoculating 

needle and the spores were collected in 

sterile distilled water. The spore 

suspension containing 3X104 spores/ml 

with 0.01% Tween 20 was  sprayed on 

to the treated as well untreated potted 

plants and covered with plastic bags for 

48 h. 

3.16.2. Detached leaf inoculation 

A detached leaf inoculation technique 

as described by Dickens and Cook 

(1989) was followed for artificial 

inoculation of leaves. Fresh, young, 

fully expanded sorghum leaved 

detached from plants were placed in 

trays lined with moist blotting paper. 

Wounds were made on adaxial surface 

of each leaf with 26 G ½  needle and 

inoculated with 20 µl droplets of spore 

suspension (1.2X 106 conidial ml-1) of 

the fungus (prepared from 14 days old 

culture in PDA). In control sets, drops 

of sterile distilled water were placed on 

the wounded leaves. Each tray was 

covered with a glass lid and sealed 

with petroleum jelly in order to 

minimize drying of the drops during 

incubation. Percent drops that resulted 

in lesion were calculated after 48, 72 

and 96 hours of incubation as described 

by Chakraborty and Saha (1994). 

Observations were made based on 50 

inoculated leaves for each treatment in 

average on three separate trials. 

3.16.3. Whole Plant inoculation 

Whole plant inoculation was carried 

out easily as described by Mathur et al 

(2000) with minor modifications. The 
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fungus was grown in PDA for 14 days 

at 30O±2OC and spore suspension was 

prepared (1.2X 106 conidia ml-1). 

Tween-20 was added @ 2ml-1 to 

facilitate adhering of the spores to leaf 

surface. 1 month old plants were spray-

inoculated with as atomizer @ 100 ml 

per plant so as to wet both ventral and 

dorsal surfaces. The plants were 

immediately covered with ploythene 

bags so as to maintain high relative 

humidity and kept overnight. Next day, 

the polythene bags were removed and 

transferred to glass house benches and 

maintained at 30O±2OC. 

3.16.4. Assessment of disease 

The disease severity on plant leaves 

was recorded using a 0-5 rating scale 

(Lakshmi et al., 2011), where 0 = no 

infection; 1 = up to 5%; 2 = 6-10%; 3 = 

11-20%; 4 = 21-50% and 5 = > 50% 

leaf area affected by the disease. Based 

on these numerical ratings Percent 

Disease Index (PDI) was calculated 

using the formula: 

PDI = [total numerical ratings/ 

(number of leaves examined x max 

rating scale)] x 100 

Results were always computed as the 

mean of observations of 25 well-

established and branched 1 month old 

sorghum plants in average of three 

separate experiments. 

3.17. In vitro testing for antagonism 

to fungal pathogens 

3.17.1. Antifungal test of  PGPR 

The obtained PGPR isolates were 

evaluated against leaf pathogen B. 

sorokiniana  in dual culture using NA 

medium. The bacteria were streaked on 

one side of the Petri plate and 4 mm 

fungal pathogen block was placed at 

the other side of the plate, incubation 

was undertaken for 5-7 days at 

28O±2OC and inhibition zone towards 

the fungal colony in individual plate 

was quantified. Results were expresses 

as mean of percentage of inhibition of 

the growth of the pathogen in presence 

of the bacterial isolates. For each test 

three replicate plates were used. Those 

bacteria, which were antagonistic to B. 

sorokiniana were selected for further 

evaluation. 

3.17.2. Antifungal test of  PGPF 

The efficacy of PGPF (Trichoderma 

sp.) isolates was tested for in vitro for 

inhibiting growth of the pathogen (B. 

sorokiniana) in dual culture using 

PDA. Each fungal isolate was placed at 

one side of the agar plate about 1 cm 

away from the edge and a 4 mm 
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diameter block of the pathogen, taken 

from growing edge replicate plates 

were used. The plates were incubated 

for 7 days (depending upon the growth 

of the pathogen) at 28OC and inhibition 

zone towards the fungus colony in 

individual plate was quantified. Results 

were expressed as mean % of 

inhibition in presence of the fungal 

isolate. 

3.18. Extraction of antifungal 

compounds from bacteria 

3.18.1. Preparation of cell free culture 

filtrate 

The antagonistic isolate was grown in 

NB medium for 96 h at 37OC in 

shaking condition. Centrifugation was 

done at 15,000 rpm for 20 minutes and 

supernatant was collected and passed 

through the micro filter (0.22 µm pore 

size). Portion of this was further used 

for further bioassays. The cell free 

filtrate (200 ml) was extracted 

separately with equal volume of 

acetone, benzene, chloroform, ethyl 

acetate and diethyl ether. The culture 

filtrate was mixed with equal volume 

of organic solvents and taken in 

separating funnel. The mixture was 

shaken vigorously and allows to stand 

for few minutes and observed for the 

separation of two liquid phase. The 

organic as well as aqueous fraction was 

collected in beakers. The extraction 

procedure was repeated thrice with 

each solvent. The organic fraction and 

corresponding aqueous fractions were 

evaporated to complete dryness in a 

rotary evaporator at room temperature 

and residue in each case was dissolved 

in 2 ml of  respective solvent used for 

the assessment of antifungal activity. A 

control was maintained with the 

solvent only at the time of assessment 

of antifungal activity. 

 3.18.2. Partial characterization of 

active principle 

 3.18.2.1. GC-MS analysis of crude cell 

free extract 

Identification of the antimicrobial 

metabolites was done by Gas 

Chromatography Mass Spectrometry 

(GCMS) analysis with JEOL GC 

MATE II GC System (Agilent 

Technologies 6890N Network GC 

system for gas chromatography). 1 µl 

of sample solution was injected into the 

GC system provided with HP 5 Ms 

column at 220OC and high pure helium 

was used as a carrier gas at a flow rate 

of 1 ml/min. for GC-MS the GC oven 

was held at 50OC and then ramped 

from 50OC 250Oc at 10OC/min. 

Temperature of ion chamber was held 
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at 250OC. The chromatogram and mass 

spectra were recorded and analyzed by 

quadruple double focusing mass 

analyzer with a photon multiplier tube 

detector. The m/z peaks representing 

mass to charge ratio characteristics 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. 

3.18.3. Bioassay of antimicrobial 

compound  

The test substance’s inhibition was 

determined by using a method as 

described by a Poison Food Technique 

and the inhibition to the mycelia 

growth of fungi was assayed (Wang et 

al., 2011). PDA was used as the 

medium for the test fungus. The media 

incorporating test compounds at a 

serial concentration of 2~10% (v/v) 

was inoculated with agar discs of the 

test fungi (5 mm) at the centre. 

Replicate plates were incubated at 

27±2oC for all test fractions. Control 

plates containing media mixed with 

sterile water (10%, v/v) were included. 

After an incubation period of 2 to 6 

days, the mycelia growth of fungi 

(mm) in both treated (T) and control 

(C) Petri dishes was measured 

diametrically in perpendicular 

directions until the fungi growth 

inhibition (I) was calculated using the 

formula: 

I (%) X [(C-T)/C] X 100 

The corrected inhibition (IC) was then 

calculated as follow:  

IC (%) = [(C-T) / (C-C0)] X 100 

C0 means the diameter of the test fungi 

agar discs (5 mm). 

3.19. Sequencing of endochitinase 

gene of Trichoderma  

Total genomic DNA from the PGPF, 

Trichoderma harzianum and 

Trichoderma asperellum was isolated 

by N- Cetyl- N, N, N-trimethyl- 

ammonium bromide (CTAB) method. 

Chemicals and reagents 

Extraction buffer 

     1 M Tris HCl (100 mM Tris HCl) 

     1M EDTA (100 mM EDTA) 

     4 M NaCl (1.4 M NaCl) 

     1% CTAB (Proteinase K -0.03μg/

μl) 

SDS 20% w/v 

Chloroform: isoamyl alcohol (24:1) 
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Isopropanol 

Ethyl alcohol 70% v/v 

3.19.1. DNA isolation protocol 

0.5 g Fungal Mycelium was taken and 

grinded with 25 mg PVPP using mini 

grinder and then centrifuge at 10000 

rpm 2 min. at 4oC. The pellet was 

washed with sterile distilled water and 

centrifuge at 1000rpm 20 min. at 4oC). 

675 μl of extraction buffer was added 

and incubated at 37°C for 30 min. 75μl 

of SDS (20%) was added and 

incubated at 65°C for 2 hours. 

Centrifuged at 10000 rpm for 10 min at 

4°C Clear solution was collected in a 

sterile microcentrifuge tube. Equal 

volume of Phenol: chloroform:isoamyl 

alcohol (25:24:1).Centrifuged at 10000 

rpm for 10 min. at 4°C. Equal volumes 

of Chloroform: Isoamyl alcohol (24:1) 

was added. Centrifuged at 10000 rpm 

for 10 min. at 4°C. The aqueous phase 

was removed and taken in a sterile 

microcentrifuge tube.0.6 volumes of 

isopropyl alcohol was added and 

incubated at room temperature for 

1hour. Centrifuged at 10000 rpm for 10 

min. Pellet was washed in 500μl of 

70% ethanol. Centrifuged at 10000 rpm 

for 10 min at room temperature. Pellet 

was dried and dissolved in 20 μl sterile 

distilled water. 

3.19.2. Quantification of Isolated DNA 

The quantity of the isolated DNA was 

checked in UV-VIS spectrophotometer 

(Vivaspec Biophotometer, Germany). 

From the stock 1μl DNA was mixed 

with 49-μl sterile distilled water to get 

50 times dilution. The A260/A280 ratio 

was recorded to check the purity of 

DNA preparation. 

3.19.3. PCR Amplification 

PCR amplification of ITS region was 

done in 20 μl of reaction mixture 

containing PCR buffer, 1X (Kappa, 

SA); MgCl2, 3 mM; dNTP mix, 0.25 

mM; Taq DNA polymerase, 0.05 U; 

primer, 1 picomol and template DNA, 

50 ng. Sterile nuclease free water is 

used as negative control. 

3.19.4. Sequencing of endochitinase 

gene 

The rDNA was used for sequencing 

purpose. DNA sequencing was done 

bidirectionally using the Trichoderma 

specific endochitinase specific pairs by 

Credora Lifesciences, Bangalore. DNA 

sequence information was analyzed 

using bioinformatics algorithms tools 

e.g. Bioedit, MEGA 4, NTSYSpc as 

well as the few online softwares. The 

chromatogram of the DNA sequence 

was analysed by the software Chromus. 
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All the DNA sequences was edited by 

using software BioEdit and aligned 

with Clustal W algorithms. 

The DNA sequences were analyzed 

using the alignment software of 

BLAST algorithm for the different 

characteristics of DNA sequence for 

the identification of microorganism. 

Identification of microorganism was 

done on the basis of homology of 

sequence. 

The DNA sequences were deposited to 

NCBI GenBank through BankIt 

procedure and approved as the 

Trichoderma endochitinase gene 

sequence after complete annotation and 

given accession numbers. 

The sequenced PCR product was 

aligned with ex-type strain sequence 

from NCBI GenBank and established 

fungal taxonomy for identification. 

Sequences were aligned following the 

Clustal W algorithm (Thompson et al., 

1994), included in the Megalign 

module (DNASTAR Inc.). Multiple 

alignment parameters used were gap = 

10. Both of these values are aimed to 

prevent lengthy or excessive numbers 

of gaps. The default parameters were 

used for pairwise alignment. The use of 

Clustal W determines that, once a gap 

is inserted, it can only be removed by 

editing. Therefore, final alignment 

adjustments were done manually in 

order to artificial gaps. Phylogenetic 

analyses were completed using the 

MEGA package (version 4.01). Neither 

gaps (due to insertion-deletion events) 

nor equivocal sites were considered 

phylogenetically informative. Hence, 

complete deletion prevented the use of 

any of these sites in further analyses. 

Phylogenetic interference was 

performed by the UPGMA method. 

Bootstrap tests with 1000 replications 

were conducted to examine the 

reliability of the interior branches and 

the validity of these trees obtained. 

Phylogenetic analyses were conducted 

in MEGA 4 as described by Tamura et 

al., 2007. 

3.20. Mass multiplication and 

application of bioinoculants  

3.20.1. Arbuscular Mycorrhizal Fungi 

(AMF) 

3.20.1.1. Isolation of AMF spores 

Spores of arbuscular mycorrhizal fungi 

were isolated from rhizosphere soil of 

sorghum plant by wet sieving and 

decanting method (Gerdemann and 

Nicolson, 1963). Approximately 250 

gm of soil was suspended in 1 L water. 

Heavier particles were allowed to settle 

for a few seconds and the liquid was 
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decanted through sieve of decreasing 

size (BS 60, BS 80, BS 100, BS 150 

and BS 200). Pores are fine enough to 

remove the larger particles of organic 

matter, but coarse enough to allow the 

desired spores to pass through. The 

suspension that passed through these 

sieves was saved and stirred to 

resuspend all particles. The heavier 

particles were allowed to settle for a 

few seconds and the liquid decanted 

again through the sieve and spores 

collected by fine brushes and were kept 

in different Petri plates according to 

their size and colours. Moreover for 

further observations of purification of 

AMF spores sucrose gradient 

centrifugation method was used. In 

sucrose gradient centrifugation 

(Daniels and Skipper, 1982) spores and 

minimal amount of organic particles 

were further purified by suspending 

sieving in 40% sucrose solution and 

centrifuging t 2000 rpm (approximate 

370 x g) for 1 minute. The supernatant 

(with spores) was passed through a 

sieve of 400  mesh and rinsed with 

distilled water to remove sucrose 

residue. 

With the help of a simple microscope 

(20X) parasitized spores, plant debris 

etc were separated. Spores were 

sonicated at 30 Hz for two minutes to 

remove the debris adhered to the spores 

then clean spores were stained with 

Melzer’s reagent (50% aqueous 

solution of chloral hydrate with 2.5-

3.75% potassium iodide and 0.75-

1.25% iodine) and studied 

microscopically. For further use, the 

AMF spores were isolated in Ringer’s 

solution (8.6 g NaCl, 0.3 g KCl, 0.33 g 

CaCl2 in 1 L of boiled distilled water) 

at -15OC to -20OC or in sterile distilled 

water. Identification of genera and 

species was done microscopically 

using the specific spore characters such 

as size, colour, shape, wall structure, 

surface ornamentation and bulbous 

suspensor by using identification 

manuals (Trappe, 1982; Schenck and 

Perez, 1990). 

3.20.1.2. Histopathology of sorghum 

roots 

Fungal association of AM fungi within 

the root tissues was observed according 

to Philips & Hayman (1970). Young 

roots from sorghum plants were dug 

out manually. Roots were cut into 1 cm 

or smaller pieces and washed in tap 

water gently to free them from soil 

particles. It was boiled in 2 % KOH in 

hot water bath for 1 hour. The KOH 

was decanted and the roots washed 

with water for 2-3 times. 1% HCL was 
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added and kept for 30 minutes. After 

decanting the HCL the sample was 

washed thrice in tap water and cotton 

blue, lactic acid and glycerol was 

added in the ratio 1:1:1 to stain the 

internal structures of AMF inside the 

root segments i.e. arbuscules, vesicles, 

auxiliary cells and boiled in water bath 

for 1 hour. The excess stain was 

decanted and sample placed in 50% 

glycerol for destaining. The roots were 

then crushed under pressure in slide 

and covered with cover slip for 

microscopic observation. Percent root 

colonization was determined following 

the method of Giovanetti and Mosse 

(1980). 

3.20.1.3. Mass multiplication of AMF 

AMF spores were isolates from 

rhizosphere of three variety of sorghum 

plant using decanting and sieving 

method as described earlier. The mass 

of spores were washed with distilled 

water several times to remove the 

adhered debris. Filter paper was cut 

into small bits about the size of 1 cm. 

with the help of fine tweezers, 45-60 

AMF spores were placed in the filter 

paper bits. They were then carefully 

placed onto the roots of the 7-10 days 

old seedling in plastic pots (12 inch) 

having autoclaved soil to discard the 

presence of other fungal propagules. 

Maize plants were grown both in the 

field and pots. After 45 days, the 

presence of spores was verified and 

inocula were prepared by mixing the 

chopped roots of maize plants with the 

potted soil where extra radical spores 

of AMF were present. Approximately 

> 175 spores/ 100 gms could be 

considered as potent inocula for 

application. 

3.20.2. Plant Growth Promoting Fungi 

(PGPF) 

3.20.2.1. Selection of PGPF 

Four isolates of Trichoderma 

harzianum [(NAIMCC-F-03287), 

Figure 3.5: Mass multiplication of PGPF in (A) wheat bran and (B) rice straw 
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(NAIMCC-F-03288), (NAIMCC-F-

03289) and (NAIMCC-F-03290)]  and 

three isolates of Trichoderma 

asperellum [(NAIMCC-F-03291), 

(NAIMCC-F-03292),(NAIMCC-F-

03293)] were selected as Plant Growth 

Promoting Fungi based on their 

performances as potential growth 

promoters as well as their biocontrol 

efficiency in field grown crops (Sunar 

et al., 2014). 

3.20.2.2. Mass multiplication 

3.20.2.2.1. Wheat bran media 

Inoculum of Trichoderma harzianum 

and Trichoderma asperellum were 

prepared by inoculating wheat bran 

(sterilized) with 5 mm disc of the 

fungus and incubating at 28OC for 10 

days (Fig. 3.5). 

To each pot of soil (2000 g), 10 g of 

the wheat bran colonized by T. 

harzianum and T. asperellum was 

mixed to give a concentration of 105 

cfu/g of soil as described by 

Chakraborty et al (2003). 

3.20.2.2.2. Tricho-compost 

Six layers of compost materials (each 

layer about 25 cm thick) was made. 3 

parts cellulosic waste (rice straw, grass, 

corn stalk, spent mushroom substrate) 

and 1 part mixture of leguminous plant 

materials (Mungbean, Peanut, 

Soybean) and animal manure was 

mixed. Each layer of piled compost 

materials was sprinkled with 30 litres 

of Tricho inoculants solution. 

Additional water is sprinkled to keep 

the compost heap moist. It was covered 

with plastic sheet or sack to increase 

temperature and prevent too much 

water in case of rainfall. Compost heap 

was turned from top to bottom after 

two weeks. The Tricho compost was 

ready for harvest four weeks after 

preparation. The compost was stored in 

Figure 3.6: Mass multiplication of PGPR: (A) Mass mixture machine, (B) mass multiplied PGPR in 

talcum 
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sacks or applied directly into soil (Fig. 

3.5). 

3.20.3. Plant Growth Promoting 

Rhizobacteria (PGPR) 

3.20.3.1. Selection of PGPR 

Six strain of Plant Growth Promoting 

Rhizobacteria [Bacillus 

methylotropicus (NAIMCC-B-01492), 

B. symbiont (NAIMCC-B-01489), B. 

altitudinus (NAIMCC-B-01484), B. 

megaterium (NAIMCC-B-01482), B. 

pumilus (NAIMCC-B-01483) and P. 

polymyxa (NAIMCC-B-01491)] based 

on their performances as potential 

growth promoters as well as their 

biocontrol efficiency in field grown 

crops (Sunar et al., 2013) 

3.20.3.2. Mass multiplication 

3.20.3.2.1. Soil drench 

The bacteria were grown in NB for 48 

h at 28OC and centrifuged at 12,000 

rpm for 15 minute. The pellet obtained 

was suspended in sterile distilled water. 

The optical density of the suspension 

was adjusted using UV-VIS 

spectrophotometer following method to 

obtain a final density of 3 X 106 cfu ml-

1. The bacterial suspension was applied 

to the pots during transplantation of 

seedlings. Application was done @ 100 

ml per pot at regular interval of one 

month for three months subsequently. 

The rhizosphere of two year’s old 

potted plant was inoculated twice at an 

interval of 20-15 days. 

3.20.3.2.2. Foliar spray 

The bacterial pellet suspended in sterile 

distilled water at a concentration of 3 X 

106 CFU ml-1 after the addition of a few 

drops of Tween-20 was sprayed until 

run off on the foliar part of the one 

month old sorghum plants. The 

spraying was done forth nightly till the 

new leaves started appearing. 

3.20.3.2.3. Talc based formulation 

10 gm of carboxy methyl cellulose 

sodium salt (Himedia) was mixed with 

1 kg of talcum powder and pH was 

adjusted to 7.0 by adding calcium 

carbonate. It was then sterilized twice 

for 30 minutes each. The bacterium 

was first grown in nutrient broth and 

after 48 h the actively growing cells in 

log phase were harvested by 

centrifugation at 21000 rpm, and 

aqueous suspension was made to 

achieve a concentration of 3 X 109 

CFU ml-1 which was determined 

spectrophotometrically. To 1 kg of 

sterilized talcum powder 400 ml of 

bacterial inoculums was added and 

mixed well under sterile condition. The 

talc mix was dried under stage to bring 
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3.22. Extraction and assay of defense 

enzymes activities  

3.22.1. β-1,3-glucaanase 

(E.C.3.2.3.3.9) 

Extraction of β-1,3-glucanase 

(E.C.3.2.3.3.9) was done following the 

method described by Pan et al., (1991). 

Sorghum leaf samples (1 g) were 

crushed in liquid nitrogen and 

extracted using 5 ml of chilled 0.05 M 

sodium acetate buffer (pH 5.0) by 

grinding at 4OC using mortar and 

pestle. The extract was then 

centrifuged at 10000 rpm for 15 min at 

4OC and the supernatant was used as 

crude enzyme extract. Estimation of 

the β-1,3-glucanase was done by 

following the Laminarin 

dinitrisalicylate method (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 

40OC for 10 minutes. The reaction was 

stopped by adding 375 µl of 

dinitrosalicylic reagent and heating for 

5 min in boiling water bath. The 

resulting colored solution was diluted 

with 4.5 ml of water, vortexed and 

absorbance was recorded at 500 nm. 

The blank was the crude enzyme 

preparation mixed with laminarin with 

zero time incubation. The enzyme 

moisture to less than 20%. The 

formulation was packed in milky white 

colour polythene nags to eliminate UV 

exposure, sealed and stored at room 

temperature for future use. The talcum 

based formulation was applied in the 

field at the rate to 100 gm per pot (12 

X 1010 bacterial cells) (Fig. 3.6). 

3.21. In vivo assessment of plant 

growth promotion 

3.21.1 Assessment of plant growth 

following application of bioinoculants   

Plant growth promotion was recorded 

after 30 and 60 days of application of 

bioinoculants in potted plants and in 

field grown plants. The growth 

parameters such as number of leaves 

and plant height was observed. 

3.21.2 Assessment of disease severity   

The disease severity on plant leaves was 

recorded using a 0-5 rating scale 

(Lakshmi et al., 2011), where 0= no 

infection; 1= up to 5%; 2=6-10%; 3=11-

20%; 4=21-50% and 5=> 50% leaf area 

affected by the disease. Based on this 

numerical rating a Percent Disease Index 

(PDI) was calculated using the formula: 

PDI=[total numerical ratings/(number of 

leaves examined x max rating scale)] x 

100. 
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activity was expressed as µg glucose 

released min-1 g-1 fresh tissue. 

3.22.2. Chitinase (E.C.3.2.1.14) 

Extraction of chitinase (E.C.3.2.1.14) 

was done by following the method 

described by Boller and Mauch (1988) 

with modifications. 1 gm leaf sample 

of sorghum plants were crushed in 

liquid nitrogen and extracted using 5 

ml of chilled 0.1 M sodium citrate 

buffer (pH 5). The homogenate was 

centrifuged for 10 minutes at 12,000 

rpm and the supernatant was used as 

enzyme source. 

Chitinase activity was measured 

according to the method described by 

(Boller and Mauch, 1988). The assay 

mixture consisted of 10 µl Na-acetate 

buffer (1M) pH4, 0.4 ml of enzyme 

solution, 0.1 ml of colloidal chitin (1 

mg). Colloidal chitin was prepared as 

per the method of (Roberts and 

Selitrennikoff, 1988). After 2h of 

incubation at 37OC the reaction was 

stopped by centrifugation at 10,000 g 

for 3 minutes. An aliquot of 

supernatant (0.3 ml) was pipette into a 

glass reagent tube containing 30 µl of 

potassium phosphate buffer (1 M) pH 

7.1 and incubated with 20 µl of (3% w/

v) desalted snail gut enzyme Helicase 

(Sigma) for 1 hour. After 1 h, the pH of 

pH of the reaction mixture was brought 

to 8.9 by addition of 70 µl of sodium 

borate buffer (1 M) pH 9.8. The 

mixture was incubated in a boiling 

water bath for 3 minutes and then 

rapidly cooled in an ice water bath. 

After addition of 2 ml DMAB (ρ-

dimethyl amminobenzaldehyde) 

reagent, the mixture was incubated for 

20 minutes at 37OC. There of 

absorbance value at 585 nm was 

measured using a UV-VIS 

spectrophotometer. N-acetyl 

glucosamine (GlcNAc) was used as 

standard. The enzyme activity was 

expressed as µg GlcNAc min-1 mg-1 

fresh tissues. 

3.22.3. Phenylalanine ammonia lyase 

(PAL) (E.C.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 of leaf 

sample was crushed in 0.1 M sodium 

borate buffer pH 8.8 (5ml/gm) with 2 

mM of β mercaptoethanol in ice cold 

temperature. The slurry was 

centrifuged in 15,000 rpm for 20 

minutes at 4OC. Supernatant was 

collected and after recording its 

volume, was immediately used for 

assay or stored at -20OC. 
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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 300 µM 

sodium borate (pH 8.8), 0.3 ml of 3 

µM L-phenylalanine and 0.5 ml of 

supernatant in a total volume of 3 ml. 

Following incubation for 1 h at 40OC 

the absorbance at 290 nm 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. 

3.22.4. Peroxidase (E.C.1.11.1.7) 

For the extraction of peroxidase 

(E.C.1.11.1.7) the plant tissues were 

macerated to powder in liquid nitrogen 

and extracted in 0.1 M sodium borate 

buffer (pH 8.8) containing 2mM β 

mercaptoethanol under ice cold 

conditions, the homogenate was 

centrifuged immediately at 15,000 rpm 

for 20 minutes at 4OC. After 

centrifugation the supernatant was 

collected and after recording its 

volume was immediately used for 

assay or stored at -20OC (Chakraborty 

et al., 1993). 

For determination of peroxidase 

activity, 100 µl of freshly prepared 

crude enzyme extract was added to the 

reaction mixture containing 1 ml of 0.2 

M sodium phosphate buffer (pH 5.4), 

100 µl of 4 mM H2O2, 100 µl O-

dianisidine (5 mg ml-1 methanol) and 

1.7 ml of distilled water. Peroxidase 

activity was assayed 

spectrophotometrically at 460 nm by 

monitoring the oxidation of O-

dianisidine in presence of H2O2 

(Chakraborty et al., 1993). Specific 

activity was expressed as the increase 

in absorbance at 460 nm g-1 tissue/min-

1. 

3.22.5. Isozyme analysis of peroxidase 

Polyacrylamide gel electrophoresis 

(PAGE) was performed for isozyme 

analysis of peroxidase. Extract for 

isozyme analysis was prepared by 

crushing 1 gm of leaf tissue in a mortar 

and pestle in 2 M sodium phosphate 

buffer (pH 7.0) in ice cold condition as 

described by Davis (1964) and used 

immediately for the isozyme analysis. 

3.22.5.1. Preparation of the stock 

solution 

Solution A: Acrylamide stock 

solution (Resolving gel) 

For the preparation of acrylamide stock 
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solution for resolving gel 28 gm of 

acrylamide and 0.74 gm of N’ N’ 

methylene bisacrylamide was dissolved 

in 100 ml of distilled water. The stock 

solution was filtered with Whatman 

No. 1 filter paper and stored at 4OC in 

dark bottle. 

Solution B: Acrylamide stock 

solution (stacking gel) 

For the preparation of acrylamide stock 

solution for stacking gel 10 gm of 

acrylamide and 2.5 gm of N’ N’ 

methylene bisacrylamide was dissolved 

in 100 ml of distilled water. The stock 

solution was filtered and stored at 4OC 

in dark bolttle. 

Solution C: Tris-HCL (Resolving 

gel) 

36.6 gm of Tris base was mixed with 

distilled water and 0.25 of N,N,N’,N’-

tetramethyl ethylene diamine 

(TEMED) was added. The pH was 

adjusted to 8.9 with concentrated HCL. 

The volume of the solution was then 

stored at 4OC for further use.  

Solution D: Tris-HCL (Stacking gel) 

5.98 gm of Tris base was mixed with 

distilled water and 0.46 ml of TEMED 

and the pH was adjusted to 6.7 with 

concentrated HCL. The volume of the 

solution was made up to 100 ml with 

distilled water. The solution was stored 

at 4OC for further use. 

Solution E: Ammonium persulphate 

solution (APS) 

Fresh solution of APS was prepared by 

dissolving 0.15 gm of APS in 10 ml of 

distilled water. 

Solution F:Riboflavin solution 

Fresh solution of Riboflavin was 

prepared by dissolving 0.4 mg of 

Riboflavin in 10 ml distilled water. The 

solution was kept in dark bottle to 

protect from light. 

Solution G: Electrode buffer 

Electrode buffer was prepared freshly 

by dissolving 0.6 gm of Tris base and 

2.9 gm of Glycine in 1 L of distilled 

water. 

3.22.5.2. Preparation of gel 

For the polyacrylamide gel 

electrophoresis of peroxidase isozymes 

mini slab gel was prepared. For slab 

gel preparation, two glass plates were 

thoroughly cleaned with dehydrated 

alcohol to remove any trace of grease 

and then dried. 1.5 mm thick spacers 

were placed between the glass plates 

on three sides and these were sealed 

with high vacuum grease and clipped 

thoroughly to prevent any leakage of 
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the gel solution during pouring. 7.5 % 

resolving gel was prepared by mixing 

solution A:C:E: distilled water in the 

ratio of 1:1:4:1 by pipette leaving 

sufficient space for (comb + 1 cm) the 

stacking gel. This resolving gel was 

immediately over layered with water 

and kept for polymerization for 2 

hours. After polymerization of the 

resolving gel was complete, over layer 

was poured off and washed with water 

to remove any unpolymerized 

acrylamide. Stacking gel solution was 

poured over the resolving gel and comb 

was inserted immediately and over 

layered with water. Finally the gel was 

kept for polymerization for 30-45 

minutes in strong sunlight. After 

polymerization of the stacking gel the 

comb was removed and washed 

thoroughly. The gel was now finally 

mounted in the electrophoretic 

apparatus. Tris-Glycine running buffer 

was added sufficiently in both upper 

and lower reservoir. Any bubble, 

trapped at the bottom of the gel, was 

removed carefully with a bent syringe. 

3.22.5.3 Sample preparation 

Sample (32 µl) was prepared by 

mixing the sample enzyme (20 µl) with 

gel loading dye (40% sucrose and 1% 

bromophenol blue in distilled water) in 

cyclomixture in ice cold condition. All 

the solutions for electrophoresis were 

cooled. The samples were immediately 

loaded in a predetermined order into 

the bottom of the wells with a 

microlitre syringe. 

3.22.5.4. Electrophoresis 

Electrophoresis was performed at 

constant 15 mA current for a period of 

3-4 h at 4OC until the dye front reached 

the bottom of the gel. 

3.22.5.5. Fixing and staining 

After electrophoresis the gel was 

removed carefully from the glass plates 

and then the stacking gel was cut off 

from the resolving gel and finally 

stained. Staining of the gel was 

performed following the method Reddy 

and Gasber (1973). The gel was 

incubated in the aqueous (80 ml) 

solution of Benzidine (2.08 gm), 

Acetic acid (18 ml), 3% H2O2 (100 ml) 

for 15 minutes. The reaction was 

stopped with 7% Acetic acid. After the 

appearance of clear blue coloured 

bands, analysis of isozyme was done 

immediately. 

3.22.6. Extraction and estimation of 

total sugar  

Estimation of total sugar was done by 

Anthrone reagent following the method 
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of Plummer (1978). To 1 ml. of test 

solution, 4 ml. of Anthrone reagent 

(0.2% Anthrone in conc. H2SO4) was 

added. The reaction mixture was mixed 

thoroughly and was incubated in 

boiling water bath for 10 mins. Then 

the reaction mixture was cooled under 

running tap water and absorbance was 

measured in a colorimeter at a 

wavelength of 620 nm and sugar 

content was quantified using a standard 

curve of D-glucose. 

3.22.7. Extraction and estimation of 

total chlorophyll  

For the extraction of chlorophyll from 

leaves of plants the method of 

Harborne (1973) with modifications 

was used. 1gm leaf tissues were 

crushed in a mortar and pestles using 

80% acetone in the dark to prevent the 

photo oxidation of chlorophyll. The 

crushed samples were filtered through 

Whatman No. 1 filter paper. Final 

volume was made up 25 ml. with 

adding sufficient amount of acetone. A 

tube containing 80% acetone was used 

as blank. 

Estimation of chlorophyll was done by 

measuring the absorbance at 645 nm 

and 663 nm respectively in a UV-VIS 

spectrophotometer against 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 fr. Wt. 

3.22.8. Extraction and estimation of 

phenol content 

Phenol was extracted from the fresh 

young leaves following the method of 

Mahadevan and Sridhar (1982). One 

gm of sample were cut into pieces and 

immediately immersed in 10 ml of 

boiling water. After 15 minutes of 

boiling it was cooled and crushed in 

mortar using pestle thoroughly at room 

temperature. The extract was filtered 

thorough Whatmann No.1 filter paper. 

Final volume was adjusted was 80% 

ethanol. The whole extraction of 

phenol was done in dark to prevent 

light induced degradation of phenol. 

Total phenol content was estimated by 

Folin Ciocalteau’s reagent, following 

the method of Mahadevan and Sridhar 

(1982). To 1 ml of the alcoholic 

extract, 1 ml of 1 N Folin Ciocalteau’s 

reagent followed by 2 ml of 20% 

sodium carbonate solution was added 

in a test tube. The test tube was shaken 

and heated on a boiling water bath for 

1 minute. After cooling, the volume of 

the reaction mixture was raised to 25 

ml. absorbance of the blue colored 

solution was measured at 560 nm. 
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Quantity of total phenol was estimated 

using caffeic acid as standard. 

O-dihydroxy phenol was also estimated 

following the method of Mahadevan 

and Sridhar (1982). 1 ml of alcoholic 

extract was mixed with 2 ml of 0.05 N 

HCl, 1 ml of Arnow’s reagent (NaNO2- 

10 gm, Na2MoO4-10 gm, distilled 

water-100 ml) and 2 ml of 1 N NaOH 

and mixed thoroughly at room 

temperature following which the 

volume of the reaction mixture was 

raised to 10 ml. absorbance of the 

colored solution was recorded at 515 

nm. Quantity of the O-dihydroxy 

phenol was estimated using caffeic 

acid as standard. 

3.22.9. Extraction and estimation of 

proline  

Extraction of proline from the leaves 

and roots was done by the method of 

Bates et al. (1973). 1 gm of plant tissue 

was homogenized in 10 ml of 3% 

Sulfosalicylic acid and filtered through 

Whatman No. 1 filter paper. The 

supernatant was collected for 

estimation. To 1 ml of extract, 3 ml of 

distilled water and 1 ml pf Ninhydrin 

solution (1 g 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 

OD values were measured at 520 nm in 

a colorimeter against a blank and 

quantified from a standard curve of 

proline. 

3.22.10. Extraction and estimation of 

malonaldehyde  

Malondialdehyde (MDA) was 

measured following the method of 

Heath and Packer (1968). 0.5 gm 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 95OC 

and cooling it on ice. The absorbance 

of the reaction mixture was determined 

at 352 and 600 nm. MDA content was 

then calculated using an extinction 

coefficient of 155 mM-1 cm-1. 

3.22.11. Extraction and estimation of 

hydrogen peroxide 

The extraction of hydrogen peroxide 

was done by the method given by Jena 

and Choudhuri (1981) with slight 

modifications. 0.5 gm leaf extract was 

homogenized in 10 ml of phosphate 
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buffer (50 mM, pH 6.5) in a dark 

chamber and centrifuged at 6000 rpm 

for 25 mins. The estimation of 

hydrogen peroxide was done by the 

method given by Jena and Chaudhuri 

(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. 

3.22.11.1. Localization of hydrogen 

peroxide 

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 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 70OC until all the chlorophyll was 

removed. Hydrogen peroxide was 

visualized as reddish-brown colour at 

the site of Diaminobenzidine 

polymerization. 

3.23. Analysis of antifungal 

compounds from plants   

3.23.1. Sample preparation   

An attempt was made to characterize 

the various antifungal and chemical 

compounds present in methanolic 

extracts of healthy and treated infected 

plant samples through Gas 

Chromatography- Mass Spectrometry  

(GC-MS analysis). 

50 gm of leaf samples were cut into 

small pieces and emerged in 100 ml of 

HPLC grade methanol for 48 hr under 

darkness and normal room 

temperature. Then the extracted solvent 

was filtered through Buckner’s funnel 

with Whatman no. 1 filter paper. The 

extracted solvent was then used for 

further analysis. 

3.23.2. Spore germination and Radial 

growth bioassay 

Germination of spores was observed at 

24 hr, 48 hr interval in in vitro 

condition in glass slides supplemented 

with antifungal compound extracted 
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from treated and inoculated plants and 

control set was supplemented with 

sterile distilled water. 

Radial growth inhibition bioassay was 

performed for determining antifungal 

activity of plants extracts. The sample 

(50 µl) was taken in sterile Petri dishes 

and allowed to evaporate. 

Subsequently 10 ml sterilized PDA 

medium was poured in each Petri dish, 

thoroughly mixed and allowed to 

solidify. Agar block (5 mm dia) 

containing mycelia of Bipolaris 

sorokiniana (7 days old culture) were 

taken from the advancing zone and  

transferred to each Petri dish these 

were incubated at 28±2oC, until 

inhibition of mycelia growth was 

observed. Percentage of mycelia 

inhibition was calculated using the 

following formula: 

Percentage of mycelia inhibition = (C

-T)/C X 100 

Where, C and T are the growth 

diameter (mm) in control and treated 

samples respectively. 

3.23.3. GCMS analysis 

In the present study methanolic 

fractions of different treatments of 

sorghum plants were used separately 

for carrying out the GC-MS analysis 

for various phytochemical compounds 

present in the plant samples. GC-MS 

analysis of the extract was carried out 

with GCMS-QP-2010 Ultra, Shimadzu, 

Japan with Thermal Desorption System 

TD 20. The instrument was equipped 

with programmable head space auto 

sampler and auto injector. The 

capillary column used was DB-1/

RTXMS (30 m) with pure helium 

(99.999%) as a carrier gas, at a 

constant flow rate of 3 ml min-1 and 1 

µl injection volume. Column oven 

temperature and injection temperature 

were set at 60oC and 260oC 

respectively. Samples were analyzed 

with the column held at different 

temperature. Pressure was established 

as 72.3 KPa and the sample was run for 

60 min. Temperature and column flow 

for flame ionization detectors were set 

as 230oC and 1.20 ml min-1, 

correspondingly. MS parameters were 

as follows: scan range: 40 to 650 m/z 

with a scan speed of 3333. The relative 

percentage of the chemical constituents 

present in the was expressed as 

percentage by peak area normalization. 

The chemical compounds were 

identified on the basis of comparison of 

their retention time and mass spectra 

and computer matching with WILEY 

8.0 libraries and National Institute of 
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Standards and Technology (NIST 14.0) 

database provided with computer 

controlling the GC-MS system. The 

spectrum of the unknown component 

was compared with the spectrum of the 

known compounds stored in the 

library. The name, molecular weight 

and structure of the compounds of the 

test plants were ascertained. 

3.23.4. TLC analysis of phenolics 

Thin- layer chromatography was 

performed on plates of 15 cm-6cm 

silica gel Polygram Sil G (Marck). In 

each case 1.5 cm was measured from 

the base of the TLC plate, marked with 

a pencil and labeled. Before applying 

the sample the TLC plate was charged 

by heating at 80oC for 1 hours. Thin 

layer chromatography was performed 

on the methanolic crude extracts of 

sample. Capillary tube was used to spot 

the plates with the sample extract. The 

spot plates were then placed in a 

vertical chamber saturated with 

butanol: acetic acid: water (80:20:20) 

and covered and ensuring that the 

solvent was just below the spot. The 

plate was removed after about two 

hours when the solvent had risen close 

to the top edge, marking the distance 

travelled by solvent with a pencil. It 

was then dried at room temperature. 

The dried plate was then placed in a 

container and folin ciocalteau solution 

was sprayed over the plate. Blue colour 

spots developed according the 

separation of phenolics. The samples 

were run along with standard phenolics 

to identify the presence of phenolics in 

the samples. 

3.23.5. HPLC analysis  of phenolic 

compounds 

Fresh leaves of sorghum plant were 

chopped into pieces and soaked 

overnight in methanol in the ratio of 

1:3 (w/v), filtered through Buckner’s 

funnel and the solvent was evaporated 

using lyophilizer as described by Pari 

and Latha (2004). The dried powder 

was finally mixed in HPLC grade 

methanol and stored at 4OC for further 

analysis. HPLC analysis of phenolic 

compounds present in the 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 0 to 100%; 

and injection volume of 20 µl were 

applied; whereas the separation of 

compounds was monitored at 280 nm 

(Pari et al., 2007). 
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3.24. 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% (w/v) chloramines-

T and 300 ppm of streptomycin for 1 h, 

and then rinsed 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 Philips 505 scanning 

electron microscope operating at 9.5-r5 

Kev.  

3.25. Transmission Electron 

Microscopy 

3.25.1. Specimen preparation 

3.25.1.1. Fixation 

Control and inoculated leaf samples (1-

2 mm) were excised in 0.1 M sodium 

phosphate buffer pH 7.4. They were 

immediately transferred to 2.5% 

Glutaraldehyde in eppendorf tubes for 

2-12 hours at room temperature. 

3.25.1.2. Dehydration 

Dehydration was done in ascending 

grades of alcohol at intervals of 30 

minutes in 4OC (30%, 50%, 70%, 80%, 

90%) and two changes in absolute 

alcohol at 1 hr interval each at 4OC in 

PLT-272 (M) Fume Hood (Tanco). 

3.25.1.3. Infiltration 

Infiltration was done twice in LR 

White resin (London Redin Co. Ltd) in 

absolute alcohol (1:1) for 1 hr each at 

4OC. 

3.25.1.4. Embedding 

The samples were dipped in LR white 

and kept overnight at 4OC. They were 

kept at room temperature for 3 hrs. a 

fresh change of LR white was done and 

kept at 56OC for 36 hrs. 

3.25.2. Viewing preparation 

3.25.2.1. Trimming 

Moulds containing the samples were 

roughly trimmed with a block trimmer 

(Reichert TM60) fitted with a rotating 

milling cutter. 
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3.25.2.2. Sectioning 

A series of thick sections of the 

selected blocks were cut with Belgium 

glass strips in microtome (Leica EM 

UC7) to observe under an optical 

microscope.  

3.25.3. Immunogold labeling 

Ultrathin sections (60 nm) were cut 

with fresh Belgium glass strips and 

picked up in nickel grids (100 mesh) 

for immunogold labeling. 

3.25.3.1. Primary antibody 

The grids containing ultrathin sections 

were floated in blocking solution 

containing 2% skimmed milk agar for 

30 minutes. Primary antibody was 

diluted in 1% fish gelatin in the ratio of 

1:20. Grids were incubated in the PAbs 

for 24 hrs at 4OC. Grids were washed 

on drops (100 µl) of fish gelatin pipette 

on to parafilm 10X2 minutes. 

3.25.3.2. Secondary antibody 

Grids were incubated with anti-rabbit 

IgG (Whole Molecule) gold antibody 

produced in goat affinity isolated 

antibody (Sigma-G7402) diluted in 1:5. 
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Sorghum (Jowar) is an important 

nutrition cereals constituting staple diet 

in our country (Rao et al., 2005). India 

contributes about 16% of the world’s 

sorghum production. It is the fourth 

most important cereal crop in the 

country. This crop was one of the 

major cereal staple during 1950’s and 

occupied an area of more than 18 

million hectares but then reduce to 5.72 

million hectares in 2013-2014 (TE 

2014). Despite the decrease in area 

over the years, production has been 

sustained at 10.62 million tons due to 

mainly adoption of improve varieties 

and hybrids. Sorghum grain yield in 

India have average 1170 kg/ha in the 

rainy season and 880 kg/ha in the post 

rainy season in recent year 

(www.eands.dacnet.nic.in.retrived on 

2014-03-29, www.icrisat.in.,retrived 

on 2014-03- 29). 

Three species of sorghum have been 

recognized, Sorghum halkepense (L.) 

Pers.; S. propinquum (Kunth.) Hitche; 

and S. bicolor. Ssp. bicolor is the high 

yielding one and mostly cultivated in 

several parts of India. Sorghum 

requires warm climate but can be 

grown under a wide range of climatic 

conditions. The plant can tolerate high 

temperatures throughout their life-

cycle better than any other cereal crop. 

The minimum temperature for 

germination of sorghum seed is 7-

10oC. It needs 26-30oC for its optimum 

growth. It is mainly a kharif season 

crop in north India. In south India, it 

can be grown in kharif, rabi as well as 

summer season. In kharif under rainfed 

situations, the onset of monsoons is the 

single most factors deciding sowing 

time. Last week of June to first week of 

July is the optimum time of sowing. 

However, under irrigated conditions, 

the crop establishment before onset of 

monsoon is ideal. Thus 1-2 weeks 

advanced sowings before monsoon are 

adopted. Too early or delayed sowings 

are not good as the flowering time may 

coincide with rains leading to grain 

Chapter 4 
Results and Discussion 
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mold incidence in the former case and 

moisture stress in the later. During our 

experimental studies the sowing time 

was maintained to last week of June to 

first week of July when the temperature 

was 30±2oC. Optimal rain fall was 

recorded during that time. 

Plant genetic resources play an 

important role in generating new crop 

varieties with the high yield potential 

and resistance to biotic and abiotic 

stresses. A number of varieties (since 

1930) and hybrids (since 1964) have 

been developed in sorghum both for 

kharif and rabi season. Several 

varieties have been approved for 

cultivation because of their high 

yielding as well as disease resistance 

capacity, which includes: CSV 15, 10, 

11, 17, 20, 22 R, 23, 27, 29 R, 30 F, 13, 

10, SPV 62, Moti, GJ 35, GJ36, GJ 37, 

CSB 1066, , Sudan grass, NTJ-2, 

Swati, Phule yasoda, SPV 462, SPV 

245, SPV 96, SPV 346, BSrl , etc. 

Among these 10 varieties were selected 

for present study which are: Sudan 

grass, SPV 462, CSV 15, CSV 17, 

CSV 20, CSV 22 R, CSV 23, CSV 27, 

CSV 29 R, CSV 30 F. 

4.1. Screening for spot blotch disease  

To conduct different experiments on 

induction of resistance in Sorghum 

plants it became necessary to screen 

the tolerant and susceptible sorghum 

varieties with distinctive disease 

reaction for use as test plant material. 

All the ten sorghum varieties were 

tested in experimental plot condition to 

screen for their various responses to 

infection with spot blotch pathogen. 

Characterization of landraces could 

help breeders to utilize appropriate 

characters in crop improvement 

programme. In addition, proper 

understanding on seed germination 

ability and survival is essential for 

adopting efficient management 

practices. 

4.1.1. Disease development 

The present study deals with a major 

foliar fungal disease in the sorghum 

varieties i.e. spot blotch. Foliar blight 

development and severity of the 

disease is directly related to the 

minimum tillage or surface seeding, 

irrigation, low soil fertility, sowing 

density, crop growth stage, late rain 

during crop cycle, heat stress during 

grain filling as a result of late planting, 

high temperature in the field and 

relative humidity favoring long 

duration (> 12 hours) of leaf wetness 

(Duveiller et al., 2005). White and 

Rodriguez-Aguilar (2001) and de 
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Lespiny (2004) stated that even at the 

end of the monsoon and in absence of 

rainfall, high relative humidity arising 

from high levels of soil residual 

moisture along with long hours of 

wetness on leaf blades create ideal 

conditions for the establishment and 

multiplication of pathogen. Reis (1991) 

suggested that, for spot blotch 

outbreaks to occur, sorghum leaves 

must remain wet for >18 h at a mean 

temperature of 18oC or higher. 

Moderate to warm temperatures (18oC 

to 32oC) favours the growth of B. 

sorokiniana. in order to study the 

effects of this disease in the 

environmental conditions of North 

Bengal, all the 10 varieties were grown 

in the experimental field of Immuno 

Phytopathology Laboratory, Dept. of 

Botany, University of North Bengal for 

their screening against the spot blotch 

disease occurring naturally. 

Under the natural condition the 

establishment of the spot blotch disease 

was observed after two month growth 

period, grown on glass house condition 

(Fig. 4.1) and Disease index (PDI%) 

was calculated. PDI of different 

sorghum varieties was found to differ 

significantly from each other in 

Figure 4.1: Sorghum varieties grown in experimental plot showing natural infection (Spot Blotch) 

caused by B. sorokiniana 
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comparison to check the susceptibility 

towards the infection. The maximum 

incidence (76.69%) was observed in 

CSV 30F followed by Sudan grass 

(74.03%) and CSV 15 (70.08%) (Fig. 

SF 4.1). The lowest incidence was 

observed in CSV 17 (42.04%) and 

CSV 29 R (49.62%) (Fig. SF 4.1) 

showed that among all the ten varieties, 

one local (Sudan grass) and two hybrid 

varieties (CSV 30 F and CSV 15) are 

highly susceptible to spot blotch 

pathogen as evident from the data on 

percent disease index. The variety 

Sudan grass was found to be most 

susceptible to spot blotch.  

4.1.2. Analysis of defense enzymes  

4.1.2.1. Peroxidase 

Peroxidases are members of a large 

group of heme-containing 

glycoproteins that catalyse 

oxidoreduction between hydrogen 

peroxide and various reductants. They 

have an absolute requirement of 

hydrogen peroxide as electron donor. 

Peroxidases are implicated to play 

multiple roles in plant-pathogen 

interactions. In case of peroxidase 

activity (quantitative analysis) o-

dianisidine was used as substrate and 

its oxidation was monitored 

spectrophotometrically. Peroxidase 

specific activity was assessed in 

healthy and naturally infected  leaf 

tissue for all the ten  varieties. The 

results are presented (Fig. SF 4.2B) 

where it can be noted that peroxidase 

activity has increased in all the infected 

samples in comparison to the healthy 

ones. Peroxidase accumulation was 

found to be maximum in infected 

samples of variety CSV 20 (2.98 ∆OD/ 

gm tissue/min) and minimum in CSV 

30 F (1.3 ∆OD/gm tissue/min) in 

comparison to the healthy samples. 

4.1.2.2. Phenylalanine ammonia lyase 

Phenylalanine ammonia lyase (PAL) 

enzyme activity was measured in 

healthy and infected sorghum leaves of 

all the ten varieties. As shown in Fig. 

SF 4.2A enhanced PAL activity was 

found in infected samples in 

comparison to healthy samples. 

Maximum amount of PAL activity was 

observed in infected leaf samples of 

CSV 27 (7.8 µg/gm tissue/min) and the 

minimum accumulation was observed 

in infected samples of Sudan grass (1.5 

µg/gm tissue/min) in comparison to 

healthy samples. The activity of the 

enzyme correlates with disease 

incidence in all  varieties. 

4.1.2.3. Chitinase 

Chitinase enzyme is one of the 
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important PR proteins involved in 

defense mechanism of plants. This 

enzyme was also analysed for healthy 

and infected leaves of all the ten  

varieties. Maximum enzyme activity 

was found in CSV 27 (28µg/GlcNAC/

hr) and minimum in Sudan grass (13.5 

µg/GlcNAC/hr), CSV 15 (15.6µg/

GlcNAC/hr), CSV 30 F (16µg/

GlcNAC/hr) in comparison to healthy 

samples (Fig. SF 4.3A). 

4.1.2.4. β-1, 3 Glucanase 

β-1, 3 Glucanase activity was also 

measured in healthy and infected 

leaves of all ten varieties. In this case 

also the result was similar with the 

activity of other enzymes, 

accumulation of enzyme was higher in 

infected plant samples. Glucanase 

activity was found to be maximum 

accumulated in CSV 27 (47μg glucose/

gm tissue/min) and minimum in Sudan 

grass (24μg glucose/gm tissue/min), 

CSV 15 (26μg glucose/gm tissue/min), 

CSV 22 R (33μg glucose/gm tissue/

min) and CSV 30 F (33μg glucose/gm 

tissue/min) in comparison to the 

healthy samples (Fig. SF 4.3B).  

Activity of defense enzymes showed 

that accumulation of these enzymes 

was low in these three varieties, Sudan 

grass, CSV 15 and CSV 30 F showing 

its susceptibility towards the disease. 

However, chitin and β-1,3-glucan are 

major components in the cell wall of 

many fungi and there is possibility of 

plant chitinase and β-1,3-glucanase 

enzymes to target fungi cell wall 

components as substrate and has anti 

fungal function (Abeles et al., 1970 

and Pegg., 1988).PAL and POX, these 

two enzymes play a crucial role in 

plant defense (Lebeda et al., 1999). 

The activity of Plenylalanine Ammonia

-Lyase (PAL) and Peroxidase are 

considered to be important in plant 

defense mechanism against infection. 

Southerton & Deverall (1990) reported 

that changes in PAL and peroxidase 

activity occur in wheat at selected 

stages, which help in the expression of 

resistance to leaf rust fungus. Increase 

in peroxidase activity occurred after 

the increase in PAL activity and were 

greater during resistance expression 

than in leaves infected with virulent 

strains (Southerton & Deverall, 1990). 

Therefore in the present study three 

different varieties viz. Sudan grass, 

CSV 30 F and CSV 15 which showed 

susceptibility towards spot blotch 

disease were taken into consideration 

for further experimental work. 
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4.1.3. Total phenol content 

Total phenol content of all the  

varieties when tested it showed 

maximum phenol content in infected 

plants and minimum in healthy plants. 

Infected plants of CSV 27 (6.30 mg/gm 

tissue) showed maximum phenol 

content followed by CSV 29 R (6.00 

mg/gm tissue), CSV 23 (5.90 mg/gm 

tissue), CSV 22 R (5.40 mg/gm tissue), 

SPV 462 (5.00 mg/gm tissue), CSV 17 

(3.70 mg/gm tissue), CSV 30 F (2.70 

mg/gm tissue), CSV 20 (2.60 mg/gm 

tissue) and minimum were observed in 

Sudan grass and CSV 15 (2.50 mg/gm 

tissue) (Table. ST 4.2).  

4.1.4. Total protein content 

Total soluble protein content of leaf of 

each variety was estimated after 15 

days of growth of the plants. Maximum 

soluble protein content was found in 

the variety CSV 23 (52.31 mg/gm 

tissue) and minimum was found in the 

CSV 30 F (26.67 mg/gm tissue). 

Similarly the protein content of  Sudan 

grass variety was found to be 33.55, 

SPV 462 47.63, CSV 15 29.6, CSV 17 

47.66, CSV 20 30.81, CSV 22 R 37.1, 

CSV 27 41.85, CSV 29 R 35.42 mg/gm 

tissue (Fig. SF 4.4). 

Phenolic compounds are formed in 

response to the ingress of the 

pathogens and their production is 

considered as part of active defense 

response (Nicholson, 1992). Perumalla 

and Heath (1991) reported that 

accumulation of phenolics as an initial 

response to infection may reflect a 

general increase in host metabolism as 

well as an accumulation of relatively 

non toxic secondary metabolites which 

could ultimately serve as precursors for 

compounds essential for the expression 

of resistance. Taware et al. (2004) 

studied that there was significant 

increase in total phenolic content of 

grape leaves due to foliar powdery 

mildew infection. Higher plants have a 

broad range of mechanisms to protect 

themselves against various threats 

including physical, chemical and 

biological stresses, such as wounding, 

exposures to salinity, drought, cold, 

heavy metals, air pollutants and 

ultraviolet rays and pathogen attacks, 

like fungi, bacteria and viruses. Plant 

reactions to these factors are very 

complex and involve the activation of 

set of genes coding different proteins 

(Agrios, 1997). Khati et al. (2016) 

found increased accumulation of 

protein in rice plants post infection 

with brown spot pathogen. These 

results are in accordance with the 

observations made in our 
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investigations. 

Higher plants protect themselves 

against fungal infection or other biotic 

and abiotic factors in different ways. 

Plants defend themselves against such 

factors by physical strengthening of the 

cell wall through lignifications, 

suberization and producing different 

lower and higher molecular weight 

proteins. These proteins in plants in 

response to invading pathogens are 

very important. Production of several 

antifungal and pathogenesis-related 

proteins in the remote uninfected parts 

of plants can lead to the occurrence of 

systemic acquired resistance, 

protecting the affected plants from 

further infection. In addition, these 

proteins were showed to have an 

indirect effect on plant defense by 

causing the formation of 

oligosaccharide elicitors, which elicit 

the production of other pathogenesis-

related proteins or low molecular 

weight antifungal compounds, such as 

phytoalexins. In our investigation 

higher amount of protein accumulation 

was found in plants with infection in 

comparison to healthy plants 

suggesting the enhanced resistance 

mechanism of the plants due to release 

of numerous proteins. 

From the defense enzyme assay, 

establishment of disease and content of 

phenolics it is proved that the three 

varieties Sudan grass, CSV 15 and 

CSV 30 F are more susceptible to the 

spot blotch pathogen in comparison to 

other seven varieties. Hence, these 

varieties are selected as plant material 

for further experiments. 

4.2. Morphological and cultural 

characteristics of the pathogen 

Isolation of pathogen was carried out 

from spot blotch infected leaf samples 

according to the methods mentioned in 

earlier section. Four different strains 

from spot blotch infected leaves were 

isolated from Sudan grass, CSV 15 and 

CSV 30 F variety (IPL/BS/SB-01, IPL/

BS/SB-02, IPL/BS/SB-03 and IPL/BS/

SB-04) and six different strains of 

pathogen isolated from infected wheat 

leaves (IPL/BS/TA-01, IPL/BS/TA-02, 

IPL/BS/TA-03, IPL/BS/TA-04, IPL/BS/

TA-05, IPL/BS/TA-06). 

Out of these four strains, isolated from 

infected sorghum leaves, one isolate 

namely IPL/BS/SB-01 was selected 

based on sporulation behaviour and 

used for artificial inoculation of 

sorghum leaves of all three varieties 

using detached leaf inoculation 

technique. Disease symptoms were 

noted after 48 hours of inoculation. 
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Pathogen was re-isolated from these 

infected leaves and was confirmed with 

the original isolate using 

morphological identification 

techniques. 

Hence the isolate IPL/BS/SB-01 was 

taken into consideration for further 

morphological identification and 

molecular classification using 18s 

rDNA sequencing technique and 

phylogenetic analysis. Further β-

tubulin gene sequence was done for all 

the four pathogen strains isolated from 

infected sorghum plants for diversity 

analysis among them. 

4.2.1. Growth in different media 

The fungus C. sativus is the telemorph 

(Sexual stage) of B. sorokiniana 

(anamorph) which is the causal agent 

of wide variety of diseases. B. 

sorokiniana belongs to the division- 

Eumycota, subdivision-

Deuteromycotina, class-

Hyphomycetes, subclass-

Sporomycetidae, order-Moniliales and 

family-Dematiaceae. After the 

discovery of perfect stage, C. sativus, 

the fungus was transferred under the 

subdivision-Ascomycotina, class-

Loculoascomycetes, order-Pleosporales 

and family-Pleosporaceae. The 

Mycelium of B. sorokiniana is olive-

brown and it produces light grey 

colonies at early stage of growth in 

potato dextrose agar medium, later 

turns into black to olivaceous black. 

All the isolates of B. sorokiniana 

obtained from sorghum and wheat 

plants were maintained in PDA slants. 

Koch’s postulate was performed in 

order to confirm the disease causing 

capacity of the isolates. For assessment 

of their growth rate and sporulation, 

three different media (PDS, OMA and 

RMA) were used. Mycelial dry weight 

was measured for all the isolates 

growing in Rechard’s medium. Spore 

characters of the isolates were noted 

and measured. Total soluble protein 

was extracted and estimated from 

mycelia grown in Richard’s medium. 

The fungus was grown in three 

different media, Potato dextrose Agar 

(PDA), Richard’s Synthetic Agar 

(RMA) and Oat Meal Agar (OMA). In 

each medium mycelia growth was 

recorded after 5, 10 and 15 days of 

incubation at 25±2oC. The result as 

presented in Table ST 4.3 records that 

the growth rate on PDA was highest 

and OMA was lowest. The growth rate 

ranged from 10.91 mm to 15.01mm on 

the 10th day of incubation. 

In culture, the whole Petri plate was 
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readily covered by the mycelium, 

including aerial hyphae which may 

cover the lid of the plate. The 

mycelium initially was observed to 

have white colour appearance which 

soon turned grey after complete growth 

in Petri plate as well as in liquid potato 

dextrose broth (PDB) media in conical 

flask giving a fluffy appearance (Fig. 

4.2). 

Growth in liquid synthetic medium 

(RM) was measured for all the isolates 

separately by taking dry weight. The 

resulting data is presented in Table ST 

4.4. The dry weight accumulated was 

highest 15 days after inoculation of B. 

sorokiniana, irrespective of the isolate. 

Maximum growth (293.33 mg) was 

recorded for IPL/BS/SB-01 isolate 

whereas IPL/BS/TA-04 has the lowest 

weight (197.33 mg). 

4.2.2. Sporulation 

Sporulation was assessed in all the ten 

isolates of B. sorokiniana in three 

different media (PDA, OMA and 

RMA). Highest sporulation was 

observed in PDA medium for all the 

ten isolates whereas lowest sporulation 

was observed in OMA media (Fig. SF 

4.5). Isolate IPL/BS/SB-01 showed 

highest sporulation among all the ten 

isolates. 

4.2.3. Spore morphology 

Conidial colonies and characteristics of 

mycelium growth of B. sorokiniana 

was observed and recorded. 

Microscopic observation of the conidia 

and conidiophores of the pathogen was 

also observed. The overall average 

conidial size of B. sorokiniana isolates 

ranged from 46.76x15.58 µm (Fig. SF 

4.6). The average maximum conidial 

length observed was 61.54 µm, 

whereas minimum length was recorded 

as 33.56 µm. Average conidial breadth 

was observed as 13.50 µm., brown, 

erect, unbranched, single or clustered, 

Figure 4.2: Growth pattern of fungi in different media (8-10 days old). (A) Potato dextrose agar, (B) 

Oat meal agar and (C) Richard’s synthetic agar  
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septate. , straight to slightly curved, 

oblong, fusiform to broadly ellipsoid, 

olive brown to dark brown, tapered 

towards the end and have a prominent 

basal scar, smooth walled and having 3 

to 10 thick walled transverse septa 

(Fig.4.3).The number of septa also 

varied within the isolates of B. 

sorokiniana. The maximum number of 

septa was observed in IPL/BS/SB-01 

isolate. In the host tissue, it produced 

septate mycelium, which ramifies both 

inter- and intracellularly. 

Conidiophores were long, septate, 

simple, dark brown to olivaceous at the 

base and somewhat paler at the 

growing tip. They aroused in tufts 

through stomata, ruptured epidermis or 

wounds and produced conidia 

successively on new growing points. 

The points of attachment of successive 

conidia were marked by scars at the 

regular intervals on the condiophores. 

My observation was in accordance 

with the observation made by Jones 

and Cliffor (1983) and Mathre (1987). 

4.3. Artificial inoculation with B. 

sorokiniana and disease assessment 

Resistance of sorghum plants against 

Bipolaris sorokiniana was carried out 

among three different varieties 

following detached leaf and whole 

plant inoculation technique. Methods 

of inoculation, incubation conditions 

and disease assessment procedures 

have been described in details in 

materials and methods. 

4.3.1. Inoculation of detached leaf 

Detached leaf inoculation of three 

different varieties of sorghum plant 

was carried out. Disease assessment 

Figure 4.3: (A) Enlarged view of conidia showing septation, (B) scanning electron microscopic obser-

vations of B. sorokiniana 
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and symptom development were done 

after 48, 72, 96 and 120 hr of 

inoculation on the basis of percent drop 

that resulted in lesion production (Fig. 

SF 4.7). 

Leaves of all the three varieties of 

sorghum plants were inoculated with 

spores of B. sorokiniana. Results as 

shown in Fig. SF 4.8 reveal that 

disease symptoms appeared after 48 hr 

of inoculation and after 120 hr of 

inoculation 100% lesion production 

obtained in the variety Sudan grass 

while in CSV 15 approximately 90% 

and in CSV 30 F approximately 60 % 

lesion production was observed. 

Time course accumulation of defense 

enzyme phenylalanine ammonialyase 

was assayed after 24, 48, 72, 96 and 

120 hr of inoculation, changes in 

phenol content was also estimated after 

specific time interval. Activity of the 

enzyme was found maximum after 72 

hours of inoculation in all the three 

varieties, after which the activity 

gradually decreases (Fig. SF 4.9). 

Content of total phenol and ortho 

phenol was changed in infected leaves 

after 48 hr, 72 hr and 96 hr of 

inoculation in all the varieties after 

which no changes in phenol content or 

decreased content of phenol was 

observed (Table. ST 4.5).  

4.3.2. Inoculation of whole plant 

Three varieties of well established pot 

grown sorghum plants were inoculated 

with spore suspension of B. 

sorokiniana and were incubated with 

plastic cover for 48 hr. The pots were 

observed at 5, 10 and 15 days interval 

and appearance of disease symptoms 

were noted. Accordingly percentage 

disease index was measured which 

showed maximum disease intensity in 

Sudan grass variety after 15 days of 

inoculation (85%) followed by CSV 30 

F (76%) and CSV 15 (73%) (Fig. SF 

4.10). 

Time course accumulation of 

phenylalanine ammonialyase, total 

phenol and ortho phenol was also 

estimated which showed gradual 

increase of phenol and defense enzyme 

after 48 hours of inoculation in 

comparison to healthy plants. Highest 

enzyme activity was found in CSV 30 

F variety (9.8 µg cinnamic acid/gm 

tissue/min) (Fig. SF 4.11) and 

increased phenol content was found in 

CSV 15 variety (3.36 mg/gm tissue) 

(Table. ST 4.6).  

Results obtained from varietal 

resistance test performed on 3 different 
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varieties against B. sorokiniana 

following detached leaf and whole 

plant inoculation technique indicated 

that sudan grass variety is highly 

susceptible to B. sorokiniana and CSV 

30 F and CSV 15 is less susceptible. 

Time course accumulation of 

phenylalanine ammonia-lyase showed 

highest accumulation of enzyme after 

72 hr of inoculation in both detached 

leaf and whole plant inoculation. Total 

phenol and ortho phenol content also 

increased in plants post infection. 

Highest accumulation of phenol 

content was found after 72 hr of 

inoculation specifically in those plants 

showing higher PDI%, supporting the 

fact that accumulation of phenolics is 

related to establishment of disease. 

Three different isolates of 

Pestalotiopsis theae on 12 tea varieties 

with detached leaf inoculation 

technique was previously tested by 

Chakraborty et al., (1995b) to check 

the pathogenecity which reveal the 

susceptible and resistance variety of tea 

to grey blight disease. Chakraborty et 

al., (1995a) also tested pathogenecity 

of Glomerella cingulata towards tea 

varieties using both detached leaf and 

cut shoot method. 

 

4.3.3. Soluble protein  

Quantitative analysis of protein of 

mycelia antigen of B. sorokiniana 

isolates was done at 4 day intervals for 

16 days. Results as shown in Table ST 

4.7 reveal that 8 day old culture of IPL/

BS/SB-01 had the highest protein 

content of 25.5 mg/gm tissue. The 

results are prepared in that Table. It is 

clear that IPL/BS/SB-01 exhibited high 

total protein content from 4th to 8th day 

of incubation than other isolates of B. 

sorokiniana. Hence mycelia antigen of 

this particular isolate was analysed by 

SDS-PAGE. The molecular weight of 

protein bands visualized after staining 

with coomassie blue were determined 

from known molecular weight marker. 

Bands of varying intensities ranging 

from 75 Kda to 25 Kda were present in 

the pathogen. 

To detect the fungal pathogen in host 

tissues, studies have been undertaken 

following the immunological methods 

described by Chakraborty and 

Chakraborty (2003). The development 

of serological techniques has produced 

a number of highly sensitive methods 

for identifying microorganisms in 

disease plant tissues. These rely on 

solid or soluble antigenic materials by 

antibodies raised against the organisms 
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and subsequent use of an enzyme 

labelling system. 

4.3.4. Immunological assays 

Immunological assays were performed 

using polyclonal antibodies (PAb) 

raised in rabbit against mycelial 

antigen of B. sorokiniana. 

Effectiveness of antigen in raising 

antibodies were checked initially using 

agar gel double diffusion technique 

followed by dot immunobinding assay 

and western blot analysis. Optimization 

of ELISA was done by considering two 

variables, dilution of the antigen 

extract and dilution of the antiserum to 

obtain maximum sensitivity. 

 

4.3.4.1. Immunodiffusion 

The effectiveness of the purified 

antibody was checked by homologous 

cross reaction following agar gel 

double diffusion test. Control sets 

involving normal sera and mycelial 

antigen were all negative. Strong 

precipitin bands occurred when PAb-

Bs reacted with its own antigen 

(Fig.4.4). The titre values of PAbs 

were checked after each bleeding and 

only those showing strong precipitin 

bands were used for subsequent 

immunoassays. 

4.3.4.2. Optimization of PTA-ELISA 

Optimization of ELISA was done 

considering two variables, dilution of 

Fungal Antigen (40µg/ml) PAb of B. sorokiniana 

Bipolaris sorokiniana 1.925±0.0061 

Drechslera oryzar 0.758±0.0090 

Fusarium oxysporum 0.109±0.0008 

Collectotrichum gloeosporioides 0.115±0.0014 

Table 4.1: PTA-ELISA values (A405) of mycelial antigens reacted with PAbs of B. 

sorokiniana 

A B 

Figure 4.4: Immunodiffusion of mycelial antigens reacted with PAbs of B. sorokiniana; (A) 2nd 

bleed, (B) 3rd bleed; (1-76: mycelia antigen, 7:PAb of B. sorokiniana)  
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the antigen extract and dilution of the 

antiserum to obtain the maximum 

sensitivity. Antiserum dilutions ranging 

from 1.125 to 1.16000 were tested 

against homologous antigen at a 

concentration of 5mg/L. Absorbance 

values in ELISA decreased from the 

dilution of 1:125 to 1:2000 after which 

it leveled off. Dilutions of antigen 

concentration in two fold series ranging 

from 25 to 1600 µg/L were tested 

against two antiserum dilutions (1:125 

and 1: 250). ELISA values increased 

with a concominant increase of antigen 

concentrations. Concentration as low as 

25 µg/L can be easily detected. 

4.3.4.3. PTA-ELISA 

PTA-ELISA was used to check the 

effectiveness of homologous and 

heterologous antigens with PAbs of the 

pathogen B. sorokiniana. it was 

observed that the titre values of ELISA 

were significantly higher in case of 

homologous antigen-antibody reaction 

in comparison with heterologous 

antigen-antibody reaction (Table. 4.1). 

In case of heterologous reaction, 

antigen of Drechslera oryzae, 

Fusarium oxysporum and 

Colletotrichum gloeosporioides was 

taken into consideration. 

 

4.3.4.4. Dot-Immunobinding Assay 

Dot immunobinding assay using 

mycelia antigen and PAb of B. 

sorokiniana was also standardized. 

Soluble protein obtained from seven-

day old mycelia of B. sorokiniana was 

reacted on nitrocellulose paper with 

PAb-Bs. Results shows development of 

deep purple colour in homologous 

reactions (Table ST 4.8) indicating a 

positive reaction suggesting the 

effectiveness of mycelia antigen in 

raising PAb against the pathogen. 

However, light pinkish colour was 

observed in heterogenous reactions 

(Fig.4.5). 

Figure 4.5: Serological assay of B sorokiniana; 

(A-B) Western blot of mycelia antigen of B. 

sorokiniana probed with PAb Bs on nitrocellu-

lose membrane using NBT/BCIP substrate, (C) 

Dot blot; (D-E) Immunofluorescence of young 

mycelia labelled with FITC 
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4.3.4.5. Western blot 

Western blot analysis using PAb of B. 

sorokiniana was also performed to 

develop strategies for rapid detection 

of the pathogen. For this total soluble 

protein of young mycelia used as 

antigen source and SDS-PAGE was 

performed followed by probing with 

alkaline phosphatase conjugate. The 

bands on nitrocellulose membrane 

were compared with bands on SDS-

PAGE. Bands of varying molecular 

weights (25 KDa to 75 KDa) were seen 

in SDS-PAGE. The bands on 

nitrocellulose membrane were 

compared with those present in SDS-

PAGE. In case of western blot of 

mycelia of B. sorokiniana, 5 different 

bands of varying molecular weights, 

mainly lower molecular weights were 

observed on nitrocellulose membrane. 

These bands therefore contain epitopes 

of antigen that were present in the 

mycelial protein (Fig.4.5). 

4.3.4.6. Indirect Immunofluorescence 

4.3.4.6.1 Mycelia 

Indirect immunofluorescence of young 

mycelia was carried out with 

homologous antibody and reacted with 

fluorescein isothiocyanate (FITC) 

labeled antibodies of goat specific for 

rabbit globulin. Strong apple green 

fluorescence was seen in mycelia 

which confirm the homologous 

reaction of the pathogen and the 

antibody (Fig.4.5). 

4.4. Detection of antigens shared by 

host and pathogen 

It is important in phytopathological 

studies to learn the relationship of host 

and parasite at the cellular level. The 

presence of cross reactive antigens 

(CRA) between plant host and parasite 

reflect degrees of compatibility in the 

parasite association. The unique 

presence of CRA in hosts and parasites 

continues to suggest a regulatory role 

of CRA in host-parasite specificity. To 

achieve this antibodies labeled with 

fluorescein isothiocyanate (FITC) were 

used to determine the location of CRA 

in cross sections of sorghum leaves and 

fungal cells. 

4.4.1. Cellular localization of CRA 

using indirect immunofluorescence 

Indirect immunofluorescence using 

PAb-Bs labeled with FITC was used to 

determine the location of CRA in 

sorghum leaf tissues. Fresh cross-

section of healthy leaves of Sudan 

grass variety was cut through the 

midrib and treated with PAb-Bs 

antibody, labeled with FITC conjugate 

and observed under UV fluorescence 
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conditions. The leaf sections which 

were not treated with antibodies, when 

observed under UV fluorescence 

microscope exhibited a natural bright 

yellow autofluorescence mainly on the 

cuticle (Fig. SF 4.12). Leaf sections 

treated with the antibodies reacted 

much more strongly to FITC and 

exhibited apple green fluorescence 

(Fig.4.6 & ST 4.13). Here reaction with 

FITC developed fluorescence that was 

distributed throughout the leaf tissues. 

It appears that CRA may form a 

continuum between the cells of host 

and parasite, which favours the growth 

and establishment of the pathogen in 

the host tissue. 

4.4.2. Cellular localization of CRA in 

leaf tissue following immunogold 

labeling  

The ultrastructural immuno-

cytochemical study has purpose to 

locate cross cross-reactive antigenic 

sites in  leaf tissue shared by B. 

sorokiniana. Ultrathin sections of 

Healthy leaf tissues were treated with 

PAb-Bs, labeled with gold conjugate of 

5nm followed by uranyl-acetate 

staining. Electron microscopic 

observations of leaf tissues showed 

specific localization of the antibody in 

certain intercellular structures (Fig.4.7 

& SF 4.14). The gold particles were 

scattered in the cytoplasm. In some 

areas the particles were concentrated to 

show the accumulation of CRA in the 

region. This showed the compatibility 

of the pathogen with the host tissue. 

4.5. Serological detection of B. 

sorokiniana in leaf tissue 

The PTA-ELISA is very sensitive and 

has proved valuable in detecting 

infection before macroscopic 

Figure 4.6: Cellular localization of CRA shared 

by sorghum plant and B. sorokiniana: Cellular 

localization of CRA in sorghum leaf tissue 

treated with PAb-Bs and labeled with FITC  

Figure 4.7: Transmission electron micrographs 

showing immunogold localization of CRA in 

sorghum leaf tissue reacted with PAb-Bs and 

labeled with antirabbit-IgG (whole molecule) 

gold conjugate  
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symptoms appear. Such detection 

techniques make it possible to detect 

micro quantities of pathogen within a 

few hours of infection which is much 

more advantageous than conventional 

techniques involving pathogen 

inoculation, visible symptoms and 

microscopy. These have tremendous 

potential for plant disease management 

strategies since detection of pathogens 

at the initial stages of infection can 

lead to formulation of control measures 

before much harm has been done. In 

the present study immunoassays are 

also being used for various other 

purposes such as localization of 

pathogen within tissues and identifying 

specific antigens in electrophoretically 

separated components. It was of 

interest to determine whether B. 

sorokiniana infection was detectable in 

sorghum leaf tissues using 

immunoassays such as PTA-ELISA, 

Dot-blot and western blot. 

4.5.1. Natural infection 

Naturally infected spot blotch leaves of 

three different varieties were collected 

from experimental garden of Immuno-

phytopathology Laboratory. Percentage 

disease incidence of spot blotch disease 

was also recorded during the time of 

collection. 

4.5.1.1. PTA-ELISA  

Antigens prepared from spot blotch 

infected leaves of the different varieties 

and corresponding healthy samples 

were tested in PTA-ELISA at antigen 

coating concentrations of 40 µg protein 

ml-1 and probed with PAb-Bs. PTA-

ELISA values of blotch infected 

extracts of all varieties were higher 

than the healthy controls at the same 

antigen concentration (Table. ST 4.9). 

4.5.1.2. Dot immunobinding assay 

Healthy sorghum leaf antigens and 

antigens prepared from spot blotch 

infected leaves from three varieties 

were coated on nitrocellulose 

membranes and reacted with PAb-Bs 

following the protocol of Dot-blot 

assay. Employing NBT/BCIP as 

substrates reaction produced violet 

coloured dots. Results revealed that the 

healthy samples had lighter dots when 

compared with those of infected and 

homologous sample (Table. ST 4.10, 

Fig. SF 4.15). 

4.5.1.3. Western blot 

Western blot analysis of healthy and 

spot blotch infected leaves was also 

done to detect the protein shared by the 

pathogen in infected leaves and was 

compared with the healthy plant 
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protein and mycelial protein. For this 

total soluble protein of young mycelia, 

healthy and infected leaf was used as 

antigen source and SDS-PAGE was 

performed followed by probing with 

alkaline phosphatase conjugate. The 

bands on nitrocellulose membrane 

were compared with bands on SDS-

PAGE. Bands of varying molecular 

weights (25 KDa to 75 KDa) were seen 

in SDS-PAGE. The bands on 

nitrocellulose membrane were 

compared with those present in SDS-

PAGE. Number of bands is more in 

case of mycelial antigen followed by 

infected and healthy leaf antigen and 

bands with lower molecular weights 

were more in numbers. In case of 

western blot of mycelia of B. 

sorokiniana 5 different bands of 

varying molecular weights, mainly 

lower molecular weights were 

observed on nitrocellulose membrane. 

These bands therefore contain epitopes 

of antigen that were present in the 

mycelia protein (Fig. SF 4.15). 

4.5.2. Artificial inoculation 

4.5.2.1. PTA-ELISA 

PTA-ELISA could readily detect 

reaction between leaf antigens and PAb 

of the pathogen. Leaf antigens 

extracted from healthy and artificially 

inoculated with B. sorokiniana were 

tested against PAbs of the pathogen. 

On the basis of significantly higher 

absorbance values of infected leaf 

extracts in comparison with healthy 

leaf extracts infection could be 

detected from 24 h onwards in ELISA 

(Table. ST 4.11) 

4.5.2.2. Dot immunobinding assay 

Total soluble protein extract was 

prepared from healthy and artificially 

inoculated leaves of three different 

varieties for dot immunobinding assay. 

Dot immunobinding assay was 

performed using these antigen 

preparations with IgG of B. 

sorokiniana. Antigens were spotted 

carefully on nitrocellulose paper 

probed with this IgG. Results have 

been presented in Table. ST 4.12. Clear 

and intense colour reactions were 

observed with homologous antigens, as 

noted in previous experiment. In case 

of non-homologous reactions there was 

variation among the dots. 

Greater colour intensity was noticed in 

Sudan grass variety which showed 

susceptible reaction to the pathogen. 

On the other hand CSV 30 F and CSV 

15 variety showed insignificant colour 

reaction with B. sorokiniana. The 

results obtained were similar whether 
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assesses by traditional methods or by 

immunological techniques, which 

conclusively proved that variety Sudan 

grass is susceptible to the spot blotch 

pathogen. 

4.5.3. Immunolocalization of fungal 

pathogens 

4.5.3.1. Indirect immuno-fluorescence 

antibody staining of infected leaves 

Naturally spot blotch infected leaves 

were considered for this experiment. 

Cross section of leaves were treated 

with PAb-Bs and labelled with FITC. 

Healthy cross sections were 

autofluorescent along with cuticle (Fig. 

SF 4.16 & 4.8). Spot blotch infected 

leaves showed strong apple green 

fluorescence along with respective 

antibody labeling in the palisade and 

spongy parenchymatous tissues (Fig. 

SF 4.16 & 4.8). 

4.5.3.2. Immunogold labeling of spot 

blotch infected leaves 

Ultrastructural and immuno-

cytochemical studies on leaves affected 

by the spot blotch pathogen (B. 

sorokiniana) showed specific 

localization of antibody on the fungal 

cell wall and certain intercellular 

structures. The purpose of 

ultrastructural immunocytochemical 

studies was to determine sites of 

antibody binding on the fungus and 

also to determine whether extracellular 

binding of the antibody occurred in 

infected leaf tissues. Fixation had an 

important effect on the ultrastructural 

quality and antigenic response. Post 

embedding immunocytochemical 

labeling of healthy and spot blotch 

infected leaf segments were performed 

on segments of LR-white embedded 

tissues, previously fixed with 0.1 M 

sodium phosphate buffered-

glutaraldehyde (3%) and using PAb-Bs 

and labelled with antirabbit-IgG (whole 

molecule) gold conjugate (5 nm). 

In the cellular compartments fungal 

mass was labelled intensely by PAb-

Bs. In the host cells different degrees 

of labeling was observed. However, in 

infected tissue, gold particles were 

predominantly localized (Fig. SF 4.17 

& 4.9). The gold particles observed on 

the surface appeared either as 

individual spherical particles covering 

the fungal surface varied in an even 

distribution or as clusters of particles. 

Sections of severely spot blotch 

infected host cells were strongly 

labelled confirming the presence of 

fungus in the cell. Gold labelling in the 

sections showed a high amount of 

labelling in host cytoplasm and lesser 
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amount in walls, vacuoles and 

mitochondria. 

The possible involvement of cross 

reactive antigens (CRA) in determining 

the degree of compatibility has been 

reported by several workers in different 

host-pathogen systems, viz., potato- 

Phytophthora infestans (Alba and De 

vay, 1985), soybean- Macrophomina 

phaseolina (Chakraborty and 

Purakaystha, 1983), tea- Bipolaris 

carbonum (Chakraborty and Saha, 

1994), groundnut (Purakayastha and 

Pradhan, 1994), tea- Ustulina zonata 

(Chakraborty et al., 2002a,) and tea- 

Exobasidium vexans (Chakraborty et 

al., 2009, Chakraborty et al., 2002b). 

In the present study serological 

relationship between sorghum plants 

and the fungal pathogen B. sorokiniana 

was determined using indirect 

immunofluorescence and indirect 

immunogold labelling techniques. 

Cross sections of healthy leaves 

exhibited a natural blight yellow auto 

fluorescence mainly on the cuticle. 

Here reaction with FITC developed 

fluorescence that was distributed 

throughout the leaf tissues. Previous 

workers studied the cellular location of 

CRA in tea leaves shared by 

Pestalotiopsis theae, G. cingulata and 

E. vexans by immunofluorescent 

techniques (Chakraborty et al., 1995b, 

Chakraborty et al., 1996a, Chakraborty 

et al., 2009). 

Effectiveness of PAbs raised against 

pathogen was confirmed by 

immunodiffusion. IgFs were purified 

before application in immunoenzymatic 

assays to minimize non-specific binding. 

Optimization of ELISA was done 

considering two variables -dilution of 

Figure 4.8: Immunofluorescence of naturally infected sorgum leaf tissues treated with PAb-Bs and 

labelled with FITC; Transverse section of (A) Healthy and (B) Infected leaf  
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antigen and antiserum. The PTA-ELISA 

format was employed for the detection of 

pathogen in artificially inoculated plants 

using PAb-Bs. Absorbance values (A405) 

was found higher in infected leaf extracts 

than healthy ones in all experimental 

cases thereby allowing easy and early 

detection of infection, as early as 24 hr 

of inoculation. Chakraborty et al (2009) 

reported that PTA-ELISA format 

detected pathogen Exobasidium vexans 

in susceptible variety of Camellia 

sinensis (AV-2) as early as 24 hr after 

artificial inoculation whereas the disease 

symptoms were not visible before 12 

days. The results of PTA-ELISA were 

confirmed by Dot-Immunobinding Assay 

in which intensity of dots widely varied 

among healthy and artificially inoculated 

plants. Hiremath et al (2004), performed 

early and rapid diagnosis of red rot 

disease in sugarcane caused by 

Colletotrichum falcatum was also 

performed using DIBA techniques where 

infected samples depicted dark blue 

precipitate on the nitrocellulose 

membrane due to the antigen-antibody 

reaction. Early detection of grey blight 

pathogens in som morphotypes using 

PTA-ELISA format and DIBA has 

already been reported by Acharya et al 

(2015a). 

Using DIBA effectiveness of mycelial 

antigen of pathogens in raising 

antibodies was assessed. Development of 

deep violet colour following homologous 

reaction with antigen and antibody 

confirmed its identity. Western blot 

analysis using PAb-Bs was also carried 

out in the present study to develop 

strategies for rapid detection of 

pathogens. Here the bands on SDS-

PAGE gel were compared with bands on 

nitrocellulose membrane. Bands of 

varying molecular weights were seen is 

SDS-PAGE out of which some bands 

were also seen on nitrocellulose 

membrane suggesting these to be the 

respective epitopes of the antibodies. 

Chakraborty et al (2012) raised 

polyclonal antibodies against mycelia 

antigens of Macrophomina phaseolina 

and further used them in immunological 

formats such as immunodiffusion, PTA-

ELISA, dot immunobinding assay, 

Western blot analysis and indirect 

immunofluorescence for quick and 

rapid detection of the pathogen. 

Figure 4.9: Transmission electron micrograph 

of infected leaf tissue treated with PAb-Bs and 

labelled with antirabbit-IgG (whole molecule) 

gold conjugate  
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In the present serological detection 

investigation indirect immuno-

fluorescence study of young mycelia 

was carried out with homologous 

antibody labelled with FITC. Strong 

apple green fluorescence was seen in 

mycelia which confirmed homologous 

reaction of the pathogen and antibody. 

The present study also reports the use 

of indirect immunofluorescence tests 

using PAb-Bs as a suitable for 

localization of the pathogen and could 

be employed for immunodetection of 

pathogen in sorghum leaf tissues. The 

use of a polyclonal antibody IgG K91 

to detect a quarantine pathogen of 

strawberry, Collectotrichum acatatum 

using four different immunotechniques, 

PTA-ELISA, dot- blot, immunoprint 

and immunofluorescenct microscopy 

was reported by Kratka et al (2002). 

Chakraborty et al (2016) in their 

studies with serological and molecular 

detection of Bipolaris sorokiniana 

Sacc. causing spot blotch disease of 

wheat, collected thirty five isolates of 

B. sorokiniana Sacc. from naturally 

infected wheat leaves grown in two 

locations in North Bengal and 

characterized it with the help of 

immunological techniques. 

In the current investigation, an attempt 

was also made to conduct ultrastructural 

immunocytochemical studies to locate 

cross reactive antigens shared by  

Sorghum bicolor and its fungal 

pathogens through transmission electron 

microscopy (TEM). Encouraging results 

were obtained following 

immunocytochemical staining of 

ultrathin sorghum leaf sections. Electron 

microscopic observations of healthy leaf 

tissues treated with PAb-Bs showed 

specific localization of antibody 

associated with epidermal and mesophyll 

cells. Similar results were found by 

Chakraborty et al (2007) in their studies 

in serological detection and immunogold 

localization of cross-reactive antigens 

shared by Camellis sinensis and 

Exobasidium vexans. 

4.6. Molecular detection of foliar 

fungal pathogen 

Genomic DNA of the fungal pathogen 

Bipolaris sorokiniana was re 

suspended in 100 µl 1X TE buffer 

treated with RNAse (60 µg) until 

further use. Agarose gel 

electrophoresis of genomic DNA 

revealed that it is RNA free. Purity of 

DNA evaluated in terms of the ration 

between absorbance of A260 and A280 

showed that genomic DNA was ~1.8 

PCR amplification of ITS region of 18s 

rDNA carried out using ITS specific 

universal primer (Fig. SF 4.18). 
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4.6.1. 18 S rDNA sequence analysis 

The BLAST query of the 18S r DNA 

sequence of B. sorokiniana against 

GenBank database confirmed its 

identity. The sequence has been 

deposited in NCBI, GenBank database 

under the accession no. MF927960 

(Fig. SF 4.19). 

4.6.2. Multiple Sequence Alignment 

A multiple sequence alignment of ITS 

gene sequence of B. sorokiniana was 

conducted. Sequence of other strains 

obtained from NCBI GenBank 

database showing maximum homology 

with my strain was conducted using 

CLUSTAL-W algorithm which is a 

general purpose multiple sequence 

alignment program for DNA of MEGA

-4.1 software. There were quite a 

number of gaps that were introduced in 

the multiple sequence alignment 

program within the region that were 

closely related and similar sequence 

indicated the relationship among the 

isolates. The differences in these highly 

conserved regions are shown in 

different colours (Fig. SF 4.20). 

4.63. Phylogenetic analysis 

Phylogenetic analysis was carried out 

with Ex-type strain sequences obtained 

from NCBI Genbank databse (Table. 

ST 4.13) which showed maximum 

homology with B. sorokiniana 

(KJ396082) (Fig.4.10). The 

evolutionary history was inferred using 

UPGMA method. The percentage of 

replicate trees in which the associated 

taxa clustered together in the bootstrap 

test (500 replicates) are shown next to 

the branches. 

4.7. Molecular characterization of 

pathogenic isolates  

4.7.1. RAPD analysis 

Genomic DNA of different isolates of 

B. sorokiniana was amplified using 

RAPD primers. Polymerase chain 

reaction was performed in a total 

volume of 100 µl, containing 78 µl 

deionized water, 10 µl 10X Taq pol 

buffer, 1 µl of 1 U Taq polymerase 

enzyme, 6 µl 2mMdNTPs, 1.5 µl of 

100 mM reverse and forward primers 

and 1 µl of 50 ng template DNA. The 

genetic relatedness among the isolates 

were analysed by random primers to 

generate reproducible polymorphism. 

Among the two different primers (OPA

-1, OPA-4), OPA-4 did not produce 

any polymorphic bands. However OPA

-1 produced a total of 27 bands out of 

which 11 bands were polymorphic. The 

RAPD profile showed that primer OPA

-1 showed maximum polymorphism 
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among the different isolates of B. 

sorokiniana (Fig.4.11). Relationships 

among the isolates were evaluated by 

cluster analysis of the data based on the 

similarity matrix. Based on the results 

obtained all the ten isolates can be 

grouped into three main clusters. 

A dendogram was constructed on the 

basis of shared fragments which show 

broadly two major clusters. Cluster–I 

was linked to Cluster–II with high 

similarity coefficient. Cluster–I mostly 

contains B. sorokiniana strains isolated 

from infected sorghum plants and 

cluster-II contains all the pathogen 

strains isolated from infected wheat 

plants (Fig.4.12). 

4.7.2. DGGE analysis 

DGGE is an electrophoretic technique 

that efficiently separates DNA 

molecules according to their size, as 

well as sequence differences. Analysis 

of genetic diversity among different 

isolates of Bipolaris was evaluated on 

the basis of the sequence difference 

between their conserved sequences. 

For this the ITS (18S rDNA gene 

sequence of fungal genome) were 

amplified using a special set of 

primers, forward primer containing GC 

clamp at 5’ end (F352T:5’-CGC CCG 

CCG CGC GCG GCG GGC GGG 

GCG GGG GCA CGG GGG GAC 

TCC TAC GGG TGG C-3’ AND 

519R: 5’-ACC GCG GCT GCT GGC 

AC-3’). The amplified products were 

then electrophresed in a perpendicular 

DGGE performed with “The Decode 

Universal Mutation Detection 

System” (BioRad Laboratories, USA). 

A series of gradient ranging from 0-

100%, 0-50%, 10-80% and 20-60% 

was utilized for optimizing a suitable 

concentration for analyzing the 

amplicons. 

Denaturing Gradient Gel 

electrophoresis analysis of ten different 

isolates of B. sorokiniana (IPL/BS/SB-

01, IPL/BS/SB-02, IPL/BS/SB-03, 

IPL/BS/SB-04, IPL/BS/TA-01, IPL/

BS/TA-02, IPL/BS/TA-03, IPL/BS/TA

-04, IPL/BS/TA-05, IPL/BS/TA-06) 

was assessed using the GC flung 

primers as mentioned above. The 

uniform PCR product of 300bp was 

obtained. The DGGE electrophoresis 

yielded a uniform and unique banding 

pattern of each group of organism. In 

this uniform gradient gel of 20-60%, 

the banding pattern of four isolates of 

B. sorokiniana isolated from sorghum 

plants were identical to that of the 

reference isolates used for confirmation 

(Fig.4.13). Out of ten isolates, only one 

has been sequenced and their GC 
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content known. This isolate taken as 

reference isolate. The ten isolates have 

been separated into three distinct 

groups based on the migration rate of 

their amplified 18S fragment following 

DGGE. The amplified bands of three 

isolates (IPL/BS/TA-01, IPL/BS/TA-

02, IPL/BS/TA-03) migrated faster 

than other isolates. This is due to the 

GC content of the isolates. DNA with 

higher GC content will always migrate 

faster in denaturing gel. The migration 

of amplified 18S rDNA samples within 

each group was different, suggesting 

that there was little intraspecific 

variation among the isolates. 

The polymerase chain reaction is 

undoubtfully the most important 

technique in diagnostics and has found 

wide applications as a powerful 

molecular tool mostly due to the 

development of thermo tolerant DNA 

polymerase and automated 

thermocycler. PCR is preferred over 

classical or other molecular techniques 

in the diagnosis of plant pathogens for 

a number of advantages that makes it 

very popular. PCR cycles are 

completed in much shorter time than 

other molecular techniques, thus 

allowing a very fast screening of a 

large number of samples. Because of 

its high sensitivity, minute amounts of 

the target DNA are required. The 

ribosomal DNA gene cluster (rDNAs) 

is an extensively used target sequence 

for PCR detection of fungal plant 

pathogen because of a number of 

useful features. rDNAs bear common 

sequences found in the nucleus and the 

mitochondria of eukaryotes. The 

nuclear rDNA cluster is present as 

tandem repeats of several hundred 

copies in cell, which allows high 

sensitivity of detection. The rDNA 

gene is consisted of three subunits: a 

large (LSU) of 28S and a small (SSU) 

of 18S that are separated by a much 

smaller gene of 5.85S. The three 

subunits are connected together with 

two internal transcribed spacers (ITS1 

and ITS2). This whole gene cluster is 

repeated in the genome many times 

thus being an appealing target for PCR 

amplification (Paplomatas et al., 2006). 

ITS sequences have gained popularity 

for being more variable regions and 

therefore allowing selective detection 

of closely related organisms. Universal 

primers designed on conserved 

sequences found on the small and large 

subunits, have been extensively used 

for the amplification of ITS regions. 

The amplified sequences are between 

500-800 bp, a relatively small amount 

of target DNA is required for PCR, 
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Figure 4.10: Phylogenetic placement of Bipolaris sorokiniana with other ex-type strain sequences 

obtained from NCBI GenBank Database  
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while the PCR products have been used 

as species-specific probes (Bruns et al., 

1992; Grades and Bruns, 1993; White 

et al., 1990). Moreover, determination 

of ITS sequences after amplification by 

universal primers, has allowed the 

detection, identification and taxonomy 

of unculturable or unknown fungal 

species. In the present study, ITS 

regions of ribosomal genes for 

construction of primers were used to 

identify B. sorokiniana. ITS regions of 

rDNA of the pathogens were amplified 

using genus specific ITS primers. 

Amplified products of size in range of 

1200 bp were produced by the primer 

pairs. This PCR product was used for 

sequencing of 18S rDNA region of the 

pathogen. The sequence information of 

the pathogen was then analysed 

through BLASTn program one at time. 

The information generated for B. 

sorokiniana isolate indicated that the 

sequences contain the genetic 

information of internal transcribed 

spacers region of rDNA gene of B. 

sorokiniana with 100% similarity. 

Identified B. sorokiniana rDNA gene 

sequences obtained from NCBI 

Genbank of various host plants were 

selected for comparison of rDNA gene 

sequences of B. sorokiniana isolate of 

sorghum plant. Phylogenetic tree was 

constructed separately for the pathogen 

to infer the evolutionary history of this 

isolate. Chakraborty et al (2016) in 

their study Serological and molecular 

Figure 4.11: RAPD-PCR analysis of Bipolaris 

isolates of sorghum and wheat plant using 

primers (A) OPA-1 and (B) OPA-4. Lane M – 

DNA ladder, Lane 1-4 B.sorokiniana isolated 

from sorghum plant BsS1, BsS2, BsS3, BsS1), 

Lane 5 – 10 B.sorokinian isolated from wheat 

plant (BsW1, BsW2, BsW3, BsW4, BsW5, 

Figure 4.12: Genetic relatedness analysis 

among the isolates of B. sorokiniana obtained 

on the basis of RAPD banding patterns, dendo-

gram showing different fungal groups in differ-

ent clades. Two dimensional plot of the simi-

larity coefficient calculated on the basis of 

presence or absence of bands using NTSYS-PC 

software  
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detection of Bipolaris sorokiniana 

Sacc. causing Spot blotch disease of 

wheat sequence the isolate 

WH.PBW.IP.04 of Bipolaris 

sorokiniana, phylogenetic analysis 

showed that B. sorokiniana isolate with 

acc. No. KM066949.1 is closely related 

to B. sorokinian isolate GU-345084.1 

showing 99% similarity. 

In the present investigation amplified 

fragments of ten different B. 

sorokiniana isolates were distinguished 

using DGGE analysis. The analysis 

clearly separated one isolate from other 

based on their GC content and hence 

the banding pattern. Fagbola and 

Abang (2004) distinguishes 

Colletotrichum circinans and C. 

coccodes isolates based on DGGE 

analysis of their amplified fragments in 

spite of the failure of previous attempts 

at genetic differentiation of the two 

species based on RFLP analysis of the 

rDNA ITS region. 

In the present investigation B. 

sorokiniana isolates were evaluated for 

their genetic variability using RAPD 

markers. The random primers OPA-1, 

OPA-4, OPD-6 and OPD-12 were 

used. Out of these 4 primers used OPA

-1 and OPA-4 produced reproducible 

banding pattern. Bala et al (2015) in 

their study of molecular 

characterization of Bipolaris 

sorokiniana populations from winter 

cereals selected 30 isolates based on 

qualitative colony parameters. 

Molecular characterization of the 

isolates was done using 30 RAPD 

primers and Polymorphic Information 

Content values for these ranged from 

0.51 to 0.98 with an average of 0.72. A 

total of 197 alleles were amplified out 

of which 184 were polymorphic and 13 

were monomorphic. Later investigated, 

revealing polymorphism and 

establishing electrophoretic profiles 

useful to characterize the 

phytopathogen. Muller et al (2005) in 

Figure 4.13: Denature Gradient Gel Electro-

phoresis of the PCR amplified products of iso-

lates of Bipolaris sorokiniana (BsS1, BsS2, 

BsS3, BsS4, BsW1, BsW2, BsW3, BsW4, 

BsW5, BsW6),(A) PCR products, 300bp; (B) 
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their study use of RAPD to 

characterize Bipolaris sorokiniana 

isolates investigate the genetic 

diversity of 20 isolates collected from 

different cultivars in wheat-producing 

regions in Brazil. Seventy primers, 

with random nucleotide sequences, 

were tested. Reproducibility to amplify 

the genomic DNA of isolates was 

found 30 of the 70 primers tested, 

generating between 1 and 17 fragments 

ranging from 0.35 to 2.0 kb (average 

size). The degree of similarity between 

samples was calculated through simple 

association and the dendogram was 

assessed using the unweighted pair 

group method with arithmetical 

average. After the RAPD analyses 19 

isolates were closely grouped, having a 

similarity coefficient ≥78%. Isolate 

I017 showed very low similarity 

coefficients, ranging between 38 and 

46%. Patil et al (2011) in their 

investigation Identification of RAPD 

markers for spot blotch resistance in 

wheat reported that RAPD markers 

were used to detect the adequate and 

useful polymorphism among resistance 

(HD4502) and susceptible (DDK1001) 

genotypes of wheat. Thirty two RAPD 

primers were used to detect the 

polymorphism among plants. Twelve 

primers out of 32 decamer primers 

produced polymorphic bands between 

resistant and susceptible genotypes. 

Five RAPD primers generated 

susceptible genotype (DDK1001) 

specific bands whereas seven of the 

remaining produced resistant genotype 

(HD4502) specific bands. These 

polymorphic primers were further used 

to screen the F2 mapping population 

developed by crossing DDK1001 x 

HD4502 and further to tag spot blotch 

disease resistance which helps in 

marker assisted selection. The RAPD 

analyses provided important 

information as to the degree of genetic 

variability and the relationship between 

the isolates investigated, revealing 

polymorphism and establishing 

electrophoretic profiles useful to 

characterize the phytopathogen. 

4.8. Tubulin Gene diversity  

Genomic DNA of the isolates of B. 

sorokiniana (IPL/BS/SB-01, IPL/BS/

SB-02, IPL/BS/SB-03, IPL/BS/SB-04) 

were re suspended in 100 µl 1 X TE 

buffer treated with RNAse (60 µg) 

until further use. Agarose gel 

electrophoresis of genomic DNA 

revealed that it is RNA free. Purity of 

DNA evaluated in terms of the ratio 

between absorbance of A260 and A280 

showed that genomic DNA of the 
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isolates was ~1.5. PCR amplification 

of the β-tubulin gene carried out using 

tubulin gene specific primer (Fig. SF 

4.21). 

The BLAST query of the gene 

sequences of pathogen isolates against 

GenBank dataset confirmed their 

identity. Annotation of the sequences 

was done using MEGA6 software and 

then the sequences have been deposited 

in NCBI, GenBank database through 

BankIt under the accession no. 

MG600584, MG600585, MG600586, 

MG600587 (Fig. 4.14, SF 4.22, SF 

4.23, SF 4.24). Nucleotide composition 

of the tubulin gene sequences of B. 

sorokiniana with other ex type isolates 

is represented in Table ST 4.14. 

A multiple sequence alignment of β-

tubulin gene sequences of four 

different strains of B. sorokiniana was 

conducted. Sequence of other strains 

obtained from NCBI GenBank 

database showing maximum homology 

with my strains was conducted using 

CLUSTAL-W algorithm which is a 

general purpose multiple sequence 

alignment program for DNA of MEGA

-6.06 software. There were quite a 

number of gaps that were introduced in 

the multiple sequence alignment 

program within the region that were 

closely related and similar sequence 

indicated the relationship among the 

isolates. The differences in these highly 

conserved regions are shown in 

different colours (Fig. SF 4.25). 

The various species of Bipolaris were 

taken for the analysis of phylogeny. Ex

-type strain sequences obtained from 

NCBI Genbank databse (Table. ST 

4.14) which showed maximum 

homology with Bipolaris zeicola 

(KR521764) for all the four strains 

(Fig. 4.15). The evolutionary history 

was inferred using UPGMA method. 

The percentage of replicate trees in 

which the associated taxa clustered 

together in the bootstrap test (500 

replicates) are shown next to the 

branches. The evolutionary history was 

inferred using the Neighbor-Joining 

method. The tree was drawn to scale, 

with branch lengths in the same units 

as those of the evolutionary distances 

used to infer the phylogenetic tree. 

Nucleotide composition of the tubulin 

gene sequences of B. sorokiniana is 

presented in Table. ST 4.15. 

All the four isolates (IPL/BS/SB-01, 

IPL/BS/SB-02, IPL/BS/SB-03, IPL/

BS/SB-04) showed the gene sequence 

of 269 bp and when the phylogenetic 

analysis done they grouped into a 

single cluster sowing 97% similarity 

with the Bipolaris zeicola (KR527164) 
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isolate. Ma et al (2003) in their study, 

identification and characterization of 

benzimidazole resistance in Monilinia 

fructicola from stone fruit orchards in 

California done analysis of DNA 

sequences of the β-tubulin gene 

showed that the LR isolates had a point 

mutation at codon 6, causing a 

replacement of the amino acid histidine 

by tyrosine. Based on these point 

mutations in the β-tubulin gene, allele-

specific PCR assays were developed 

for rapid detection of benzimidazole 

resistant isolates of M. fructicola from 

stone fruit. Pham et al (2015) in their 

study development of a Multilocus 

Sequence Typing System for, 

medically relevant Bipolaris Species 

done validation of genetic stability and 

amplification reproducibility for the 

genetic markers employed to 

differentiate Bipolaris species. They 

investigated seven different loci 

(βTUB, BRN1, GPDH, EF1, RPB1, 

RPB2, and SAL1) for the development 

of the MLST system. All primer sets 

generated robust bands for B. 

australiensis, B. ellisii, B. hawaiiensis, 

and B. spicifera. DNA sequences for 

all seven loci were stable in isolates 

that were subcultured three times over 

a period of 6 weeks. Analysis of the 

DNA sequences revealed a highly 

variable intron in the βTUB marker 

which is similar to introns observed in 

the βTUB gene of various other fungal 

species (Begerow et al., 2004). The 

βTUB intron is approximately 46 to 55 

bp long and contains 36 single 

nucleotide polymorphisms (SNPs). β-

tubulins are structural components of 

microtubules and the targets of 

benzimidazole fungicides used to 

control many diseases of agricultural 

importance. Intron polymorphisms in 

the intron-rich genes of these proteins 

have been used in phytogeographic 

investigations of phytopathogenic 

fungi. Maciel et al (2010) in their work 

sequenced 2764 nucleotides of the β-

tubulin gene (Pp tubB) in samples of 

Phakopsora pachyrhizi collected from 

seven soybean fields in Brazil. Pp tubB 

contained an open reading frame of 

1341 nucleotides, including nine exons 

and eight introns. Exon length varied 

from 14 to 880 nucleotides, whereas 

intron length varied from 76 to 102 

nucleotides. The presence of only four 

polymorphic sites limited the 

usefulness of Pp tubB for 

phytogeographic studies in P. 

pachyrhizi. The gene structures of Pp 

tubB and orthologous β-tubulin genes 

of Melampsora lini and Uromyces 

viciae-fabae were highly conserved. 
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The amino acid substitutions in β-

tubulin proteins associated with the 

onset of benzimidazole resistance in 

model organisms, especially at His6, 

Glu198 and Phe200, were absent from 

the predicted sequence of the P. 

pachyrhizi β-tubulin protein. 

4.9. In vitro antagonistic activities  

4.9.1. Antagonistic effect of PGPR 

isolates 

Six isolates of PGPR, Bacillus 

methylotropicus (NAIMCC-B-01492), 

B. symbiont (NAIMCC-B-01489), B. 

altitudinus (NAIMCC-B-01484), 

B .megaterium (NCBI JX312687), B. 

pumilus (NAIMCC-B-01483) and 

Paenibacillus polymyxa (NAIMCC-B-

01491) showed growth promoting 

activity for three different varieties of 

sorghum plants. Hence these bacterial 

isolates were taken into consideration 

for testing their antagonistic activity 

against the foliar fungal pathogen B. 

sorokiniana. Two types of dual culture 

technique was performed to check the 

antagonistic activity, for type one 5mm 

disc of pathogen isolate was taken from 

5 days old culture and placed at the 

periphery of the Petri plate and 

bacterial isolate was streaked on the 

other side of the plate, and for the 

second method 5mm disc of pathogen 

from 5 days old culture was placed at 

the centre of the Petri plate and the 

bacterial isolate was streak around it in 

circular way. The results of interactions 

are presented in Table. ST 4.16, ST 

4.17 and Fig.4.16 and SF 4.26. It was 

observed that all the bacterial isolates 

could inhibit the growth of fungal 

pathogen markedly; however B. 

methylotrophicus (NAIMCC-B-01492) 

could inhibit the growth of B. 

sorokiniana more prominently than the 

other pathogen respectively. Hence this 

PGPR was further utilized for the in 

vivo assay against the respective 

pathogen. Khati et al (2016) in their 

work evaluation of plant growth 

promoting rhizobacteria on rice 

cultivars for management of brown 

spot disease conducted in vitro pairing 

of PGPR isolates with Drechslera 

oryzae and the result revealed that 

Bacillus altitudinus (BRHS/S73) 

Figure 4.14: Sequence deposition of β-tubulin 

gene of B. sorokiniana (IPL/BS/SB-01)  
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Figure 4.15: Phylogenetic placement of four strains of B. sorokiniana for β-tubulin gene with other ex

-type strain sequences obtained from NCBI GenBank Database  
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showed the maximum percentage of 

inhibition followed by Bacillus pumilus 

(BRHS/C1), Enterobacter cloacae 

(BRHS/ R71), Bacillus pumilus 

(BRHS/T384) and Burkholderia 

symbiont (BRHS/ P92). 

4.9.2. Antagonistic effect of PGPF 

isolates  

Seven isolates of Trichoderma, four 

strains of T. harzianum and three 

strains of T. asperellum were taken into 

consideration for checking their 

antagonistic effect against the foliar 

fungal pathogen of sorghum, B. 

sorokiniana. For the antagonistic tests, 

5mm disc of fungal isolates were taken 

from 5 days old culture and placed at 

the periphery of one side on one plate 

and the three sides of the other Petri 

plate. Similarly, agar disc of 5 mm 

from pathogen culture was placed in 

the same Petri plate on the opposite 

side of one replicate on the opposite 

end and at the centre of other replica 

petri plate. The percent inhibition in 

the radial colony was calculated by the 

following formula- 

 

 

Where, C= radial growth in control set 

and T=radial growth in treated set. 

Their interactions in inhibition 

percentage was recorded and enlisted 

in Table. ST 4.18. Two isolates T. 

harzianum (NAIMCC-F-03289) and T. 

asperellum (NAIMCC-F-03292) 

showed more profound inhibitory 

effect against the fungal pathogen than 

rest of other five isolates (Fig.4.17). 

Hence further study was carried out 

using these two isolates. Rabha et al 

(2014) studied in vitro antagonistic 

activity of T. harzianum isolate PBR1, 

isolated from native rhizosphere of 

som plant against two important foliar 

fungal pathogen Pestalotiopsis 

disseminata and Phylosticta persea. 

Sunar et al (2014a) tested three species 

of Trichoderma viz. T. harzianum, T. 

erinaceum and T. asperellum for their 

in vitro effects against S. rolfsii and the 

inhibition percentage was up to 75 

percent in T. harzianum which was 

taken up for further in vivo assay and 

was effective in suppressing sclerotial 

rot of Glycine max caused by S. rolsfii. 

4.10. Effect of bacterial antagonist 

on growth of fungal pathogen 

From the in vitro antagonistic activity 

it was observed that B. 

methylotrophicus has shown more 

effect on the suppression of growth of 

the pathogen in comparison to other 



RESULTS AND DISCUSSION      125 

 

bacterial isolate. Hence partial 

characterization of active principles of 

B. methylotrophicus (Fig. SF 4.27) was 

done to find if any noble compound 

present in it and also radial growth 

inhibition was done using the bacterial 

culture filtrate to evaluate the 

suppression on growth of the pathogen.  

4.10.1. Partial characterization of 

active principles 

The cell free culture filtrate was 

extracted separately with equal volume 

of acetone, benzene, chloroform, ethyl 

acetate and diethyl ether. Among the 

fractions ethyl acetate showed 

promising activity against B. 

sorokiniana. The ethyl acetate fraction 

partially characterized by GC-MS 

(Fig.4.18). 

The GC-MS analysis reported to have 

antifungal and antibacterial activity. A 

total fifty four compound was detected 

in GC-MS analysis (Table. ST 4.19, 

Fig. SF 4.28). Among them some 

potential antifungal compound was 

found i.e. 9-Octadecenoic acid (Z)- 

(retention time 28.587) (Fig. 4.19), 9-

Octadecenoic acid (Z)-, phenylmethyl 

ester (retention time 28.905), 1-

Octadecene (29.320). Some other 

compounds, summarised in Table no. 

ST 4.19, also was detected in the 

sample. 

4.10.2. Radial growth inhibition 

The test substance’s inhibition was 

determined by using a method as 

described by Poison Food Technique 

and the inhibition to the mycelial 

growth of fungi was assayed. PDA was 

used as the medium for the test fungus. 

The media incorporating test 

compounds at a serial concentration of 

2% (0.4 ml), 4% (0.8 ml), 6% (1.2 ml), 

8% (1.6 ml) and 10% (2.0 ml) (v/v) 

was inoculated with agar discs of the 

test fungi B. sorokiniana (5 mm) at the 

centre. Plates were incubated at 

Figure 4.16: In vitro antifungal activities of 

foliar fungal pathogen Bipolaris sorokiniana 

against selected PGPR isolates. Inhibition of 

B.sorokiniana in dual plate culture assay by (B) 

Bacillus symbiont (NAIMCC-B-01489), (C) 

Bacillus mthylotropicus (NAIMCC-B-01492), 

(D) Bacillus altitudinus (NAIMCC-B-01484), 

(E) Bacillus megaterium (NCBI JX312687), 

(F) Bacillus pumilus (NAIMCC-B-01483), (G) 

Paenibacillus polymyxa (NAIMCC-B-01491) 

and (A) Control  
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27±2oC for all the test fractions. 

Control plates containing media mixed 

with sterile water (10%, v/v) were 

included. After an incubation period of 

2 to 6 days, the mycelial growth of 

fungi (cm) in both treated and control 

Petri dishes was measured 

diametrically in perpendicular direction 

until the fungi growth in the control 

dishes was almost complete. Results 

showed that the cell free supernatant of 

B. methylotropicus against B. 

sorokiniana which showed positive 

effect in inhibition of mycelial growth 

and the highest percentage of inhibition 

was found in Petri plate incorporated 

with 10% culture filtrate (Fig. SF 

4.29). All the data are represented in 

the table below (Table. ST 4.20). 

Wang et al (2012) previously isolated 

Lactobacillus plantarum IMAU10014 

from koumiss that produces a broad 

spectrum of antifungal compounds, all 

of which were active against plant 

pathogenic fungi in an agar plate assay. 

Two major antifungal compounds were 

extracted from the cell-free supernatant 

broth of L. plantarum IMAU10014. 3-

phenyllactic acid and Benzeneacetic 

acid, 2- propenyl ester were carried out 

by HPLC, LC-MS, GC-MS, NMR 

analysis. It is the first report that lactic 

acid bacteria produce antifungal 

Benzeneacetic acid, 2-propenyl ester. 

Of these, the antifungal products also 

have a broad spectrum of antifungal 

activity, namely against Botrytis 

cinerea, Glomerella cingulate, 

Phytophthora drechsleri Tucker, 

Penicillium citrinum, Penicillium 

digitatum and Fusarium oxysporum, 

which was identified by the overlay 

and well-diffusion assay. F. 

oxysporum, P. citrinum and P. 

drechsleri Tucker were the most 

sensitive among molds. Hubballi 

(2017) in his study combined 

application of fungicide tolerant 

Pseudomonas fluorescens and reduced 

dosage of azoxystrobin for the 

management of rice blast done GCMS 

analysis of the effective isolate of P. 

fluorescens PF9 which revealed 

presence of several key aliphatic 

volatile compounds which have 

antifungal and antimicrobial properties 

to many fungal pathogens. 1,2-

benzenedicarboxylic acid and 

diisooctyl ester have been reported to 

have antimicrobial action. Similarly, 

Fernando et al (2005) reported volatile 

compounds from GC/MS analysis 

included aldehydes, alcohols, ketones 

and sulfides only six compounds 

showed antifungal activity by 

completely inhibited mycelial growth 
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or sclerotia formation, suggesting their 

potential role in biological control. 

4.11. Molecular characterization of 

endochitinase gene of PGPF isolates 

4.11.1. Chitinase assay 

Before the molecular characterization 

of the endo-chitinase gene, it was 

necessary to check the bio-chemical 

nature of chitinolytic activity of all the 

Trichoderma isolates. All the 

Trichoderma isolates showed 

detectable chitinase activities (Fig. SF 

4.30), with the maximum being 

observed in T3 [T. harzianum

(NAIMCC-F-03289)] (20.16 µg/ml) 

and T5 [T. asperellum (NAIMCC-F-

03291)] (15.82 µg/ml) isolate (Fig. SF 

4.31). The chitinase activity in T1 [T. 

harzianum (NAIMCC-F-03287]), T2 

[T. harzianum (NAIMCC-F-03288)], 

T4 [T. harzianum (NAIMCC-F-

03290)], T6 [T. asperellum (NAIMCC-

F-03292)], T7 [T. asperellum 

(NAIMCC-F-03293)] was 13.43 µg/

ml, 12.72 µg/ml, 13.62 µg/ml,12.05 

µg/ml,14.53 µg/ml respectively (Fig. 

SF 4.30). Molecular characterization of 

the endochitinase gene of the two 

isolates [T. harzianum (NAIMCC-F-

03289) and T. asperellum (NAIMCC-F

-03291)] were done to detect the 

Figure 4.17: In vitro antagonistic test of selected T. harzianum and T.asperellum against B. so-

rokiniana isolate IP/BS/SB/01 

A-B. sorokiniana, (B,I,P)- T. harzianum (NAIMCC-F-03287), (C,J,Q)- T. harzianum (NAIMCC-F-

03288), (D,K,R)- T. harzianum (NAIMCC-F-03289), (E,L,S)- T. harzianum (NAIMCC-F-03290), 

(F,M,T)- T. asperellum (NAIMCC-F-03291), (G,N,U)- T. asperellum (NAIMCC-F-03292), (H,O,V)- 

T. asperellum (NAIMCC-F-03293)  
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variability of the gene and presence of 

any unique sequence. 

4.11.2. 18 S rDNA sequence analysis 

Genomic DNA of the PGPF isolates 

was re suspended in 100 µl 1 X TE 

buffer treated with RNAse (60 µg) 

until further use. Agarose gel 

electrophoresis of genomic DNA 

revealed that it is RNA free. Purity of 

DNA evaluated in terms of the ratio 

between absorbance of A260 and A280 

showed that genomic DNA of the 

isolates was ~1.5. PCR amplification 

of the endochitinase gene carried out 

using endochitinase gene specific 

primer of Trichoderma and amplified 

product of ~ 1149 bp and ~1129 bp 

were found for T. harzianum and T. 

asperellum (Fig. SF 4.32). 

The BLAST query of the 18s rDNA 

sequences of PGPF isolates against 

GenBank dataset confirmed their 

identity. Annotation of the sequences 

was done using MEGA6 software and 

then the sequences have been deposited 

in NCBI, GenBank database through 

BankIt under the accession no. 

MG600584 and MG600583 (Fig.4.20 

and SF 4.33).  

4.11.3. Multiple sequence alignment 

A multiple sequence alignment of 

endochitinase gene sequences of T. 

harzianum (NAIMCC-F-03289) and T. 

asperellum (NAIMCC-F-03291) was 

conducted. Sequence of other strains 

obtained from NCBI GenBank 

database showing maximum homology 

with my strains was conducted using 

CLUSTAL-W algorithm which is a 

general purpose multiple sequence 

alignment program for DNA of MEGA

-6.06 software. There were quite a 

number of gaps that were introduced in 

the multiple sequence alignment 

program within the region that were 

closely related and similar sequence 

indicated the relationship among the 

isolates. The differences in these highly 

conserved regions are shown in 

different colours (Fig. SF 4.34). 

4.11.4. Phylogenetic analysis 

The various species of Trichoderma 

were taken for the analysis of 

phylogeny. Ex-type strain sequences 

obtained from NCBI Genbank databse 

(Table. ST 4.21) which showed 

maximum homology with (JN798187) 

for T. harzianum (NAIMCC-F-03289) 

and with (AJ605116) for T. asperellum 

(NAIMCC-F-03291). The evolutionary 

history was inferred using UPGMA 

method. The percentage of replicate 

trees in which the associated taxa 
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clustered together in the bootstrap test 

(500 replicates) are shown next to the 

branches. The evolutionary history was 

inferred using the Neighbor-Joining 

method. The tree was drawn to scale, 

with branch lengths in the same units as 

those of the evolutionary distances used 

to infer the phylogenetic tree. The 

evolutionary distances were computed 

using the maximum composite 

likelihood method and are in the units 

of the number of base substitutions per 

site. 

Phylogenetic analysis reveal similarity 

of the T. harzianum and T. asperellum 

isolates with T. asperellum (JN98187) 

and T. harzianum (AJ605116) showing 

54% and 34% similarity respectively 

(Fig. 4.21). Nucleotide composition of 

the sequences T. harzianum (NAIMCC

-F-03289), T. asperellum (NAIMCC-F-

03291) and other ex-type sequences is 

presented in Table. ST 4.22. 

Carsolio et al (1994) in their 

investigation cloned and characterized 

ech-42 gene coding for one of the 

endochitinase produced by the 

biocontrol agent Trichoderma 

harzianum IMI206040. Expression of 

the cDNA clone in Escherichia coli 

resulted in bacteria with chitinase 

acticity. This chitinase has been shown 

to have lytic activity on Botrytis 

cinerea cell walls in vitro. Expression 

of ech-42 was strongly enhanced 

during direct interaction of the 

mycoparasite with a phytopathogenic 

fungus when confronted in vitro. 

Sharma et al (2012) in their study 

reported that endochitinase (ech42) 

gene which is involved in 

mycoparasitism, was isolated from 

Trichoderma spp. taken from hot-arid 

soils of Rajasthan, cloned, sequenced 

and its expression profiling was carried 

by reverse transcription-polymerase 

chain reaction (RT-PCR) technique. 

The cloned DNA sequence was 1,476 

base pairs. Gene encoding 

endochitinase was ligated in pGEMT 

cloning vector. The plasmids were 

transformed in DH5α Escherichia coli 

competent cells and clones were 

Figure 4.18: GC-MS total ion chromatogram of 

ethyl acetate fraction of cell free culture filtrate 

of B. methylotropicus  
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confirmed through sequencing and 

restriction analysis. Endochitinase gene 

expression was then observed for 

different Trichoderma isolates viz., T. 

harzianum (T14 and T12) and T. 

atroviride (T5). Among the three, 

higher expression of endochitinase was 

observed in T14 and T12, whereas T5 

showed lesser expression with respect 

to T14 and T12 strain. The 

Trichoderma chitinase enzyme activity 

was monitored for all isolates under 

study. The highest chitinase activity 

was observed in T14 and T11 viz., 

17.21 (1 enzyme μg/ml) and 13.11 

enzyme μg/ml, respectively. 

4.12. PGPR related Growth 

promotions and biochemical changes  

4.12.1 Growth enhancement 

Three most susceptible varieties 

(Sudan grass, CSV 30 F and CSV 15) 

were selected on the basis of their poor 

performance among other varieties 

against the spot blotch disease. For the 

purpose of further experiments these 

three varieties were selected in order to 

induce the disease resistance capacity 

among them and for their treatment 

with six most efficient PGPR that was 

already tested for their antagonistic 

activity against the pathogen B. 

sorokiniana. These bioinoculants were 

added to the soil at different time 

intervals as mentioned in materials and 

methods. Effects of their application in 

growth and biochemical changes in 

plants were noticed under field 

conditions. 

In the first trial of the experiment 

effects of different PGPR on the health 

status of plants was tested. PGPR were 

applied by using foliar spray and talc 

based formulation as describes in 

materials and methods. Plant growth in 

terms of height of plant was recorded 

Figure 4.19: Com-

pounds identified in 

ethyl acetate fraction: 9

-Octadecenoic acid (Z)- 
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at 30 days interval from the date of 

sowing seeds to the experimental plot. 

Results revealed that plant growth was 

affected by the different bacterial 

treatments. Maximum growth was 

observed in plants treated with Bacillus 

methylotropicus (NAIMCC-B-01492) 

in all the three varieties followed by B. 

megaterium (NCBI JX312687) and P. 

polymyxa (NAIMCC-B-01491) 

(Fig.4.22). 

4.12.2. Protein content 

Estimation of protein contents in all the 

varieties following treatment with 

different PGPRs revealed enhanced 

accumulation in total soluble protein 

content in comparison with control set 

of plants among which highest 

accumulation was obtained in 

treatments containing Bacillus 

mthylotropicus (NAIMCC-B-01492) 

followed by B. megaterium (NCBI 

JX312687). Result was same for all the 

three varieties and highest protein 

content was found in Sudan grass 

variety (52.67 mg/gm tissue) (Table. 

ST 4.23). 

4.12.3. Phenol content 

Total and ortho phenol content showed 

variation according to the different 

PGPR treatments. Highest 

accumulation obtained in Sudan grass 

variety both in case of total phenol 

content (4.80 mg/gm tissue) and ortho 

phenol content (2.88 mg/gm tissue) in 

treatment containing Bacillus 

methylotropicus (NAIMCC-B-01492) 

(Table. ST 4.24). 

4.12.4. Chlorophyll content 

Chlorophyll content was also found to 

increase in treated samples than the 

untreated control samples. Maximum 

accumulation of total chlorophyll 

content took place in  CSV 30 F (20.50 

µg/gm tissue) containing treatment 

with Bacillus methylotropicus 

(NAIMCC-B-01492). In Sudan grass 

highest accumulation of chlorophyll 

content (16.90 µg/gm tissue) was 

found in plants treated with P. 

polymyxa (NAIMCC-B-01491) and in 

CSV 15 variety, plants (17.68 µg/gm 

tissue) treated with B. megaterium 

(NCBI JX312687) (Table. ST 4.25). 

4.12.5. Total sugar content 

In case of total sugar content 

estimation it was found that higher 

amount of total sugar was found in 

plants treated with different PGPR 

strains rather than untreated plants. 

Among the different PGPR strains it 

was observed that Bacillus 

methylotropicus (NAIMCC-B-01492) 

was most effective to enhance total 
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sugar content in plants. Highest 

accumulation was found 69.80 mg/gm 

tissue in Sudan grass (Table. ST 4.26). 

4.12.6. Proline content 

Leaf proline content in all the plants 

increased followed by treatment with 

different PGPR (Table. ST 4.27). In 

comparison with control set of plant 

highest accumulation of proline content 

increased near about 1.5-2 folds. In all 

the three varieties higher accumulation 

Figure 4.20: Sequence deposition of endochitinase (ech42) gene of Trichoderma asperellum 

(NAIMCC-F-03289)  
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of proline content was found in plants 

treated with Bacillus methylotropicus 

(NAIMCC-B-01492), B. megaterium 

(NCBI JX312687), P. polymyxa 

(NAIMCC-B-01491) followed by other 

bacterial treatments. 

4.13. Antipathogenic defense 

response after application of PGPR 

4.13.1. Disease suppression 

Sorghum varieties were under 

observation from seedling stage to 

mature stage and data was collected for 

the establishment of disease caused by 

Bipolaris sorokiniana under artificially 

inoculated condition and disease index 

were prepared accordingly which 

showed higher amount of PDI 

percentage in control set of plant in 

comparison with the plants treated with 

PGPR. Lowest PDI% found in plants 

treated with Bacillus mthylotropicus 

(NAIMCC-B-01492) (39.23%) and 

highest in control plants (78.90%). 

Other than B. methylotrophicus, 

Bacillus altitudinus (NAIMCC-B-

01484) and Paenibacillus polymyxa 

(NAIMCC-B-01491) also show 

remarkable effect in disease 

suppression (Table. 4.2). 

4.13.2. Changes in biochemical activity 

4.13.2.1. MDA content 

The disruption in membrane stability 

due to disease establishment is directly 

related to the increase in MDA 

Figure 4.21: Phyloge-

netic placement of T. 

harzianum (NAIMCC-

F-03289) and T. asper-

ellum (NAIMCC-F-

03291) with other ex-

type strain sequences 

obtained from NCBI 

GenBank Database  
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accumulation indicating a higher 

oxidative damage, which may be due 

to the in adequate responses of the 

antioxidative systems. Membrane lipid 

peroxidation evaluated as the amount 

of malondialdehyde (MDA) 

accumulated in leaf tissue, increased 

with the establishment of spot blotch 

disease in sorghum plants (Table. ST 

4.28). MDA content was found in 

lesser amount in PGPR treated plants 

in comparison with untreated plants 

challenged inoculated with B. 

sorokiniana. 

4.13.2.2. H2O2 content  

Generation of reactive oxygen species 

due to disease establishment is a clear 

indication of membrane damage. In 

untreated infected leaves H2O2 content 

increased upto 2.27 folds (Table. ST 

4.29) but in plants treated with PGPR 

showed lower accumulation of 

hydrogen peroxide in comparison with 

treated inoculated plants indicating 

reduction in spot blotch induced 

oxidative damage. H2O2 localization 

further confirmed that in PGPR treated 

infected plants intensity of brown 

patches of accumulated H2O2 was less 

in comparison to untreated infected 

plants (Fig. 4.23). Microscopic 

examinations clearly showed that 

following PGPR application H2O2 

accumulation within plant tissue was 

much lesser.  

4.13.3. Activity of defense enzymes 

The changes in levels of four different 

defense enzymes viz. Chitinase, β-1,3-

glucanase, Phenylalanine 

ammonialyase, Peroxidase was 

analysed after 24 hr, 48 hr and 72 hr of 

inoculation of B. sorokiniana spore 

suspension which show gradual 

increase in activity of enzymes after 

specific time interval in PGPR treated 

inoculated plants in all the three 

varieties in comparison with control set 

of plants. This result collaborates with 

the fact that the disease incidence was 

suppressed in these treated plants 

where the defense enzymes were 

increased (Fig. SF 4.35, SF 4.36 & SF 

4.37). Native page analysis is presented 

in Fig. 4.24. 

4.13.4. HPLC analysis of phenolics 

HPLC analysis of total phenol was 

done after PGPR application and 

challenge inoculation with 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 
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application height and area of peaks 

increased many folds compared to 

healthy plants. In B. megaterium 

treated plants, infection raises phenolic 

expression but on contrary, in plants 

treated with B. methylotropicus 

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 

infected sorghum (Fig.4.25) leaves 

against challenged with PGPR 

application (Fig. SF 4.38, SF 4.39, SF 

4.40). 

4.14. PGPF related Growth 

promotions and biochemical changes  

In the second trial experiment growth 

promotion in all the three varieties viz. 

Sudan grass, CSV 30 F and CSV 15 

were checked following their treatment 

with different PGPF (strains of T. 

harzianum and T. asperellum) on the 

basis of their inhibitory potentiality in 

vitro. These bio inoculants were added 

to the experimental soil and leaves at 

different time intervals as mentioned at 

materials and methods. Effects of their 

application on growth and biochemical 

changes in these susceptible varieties 

were noted in pot condition. 

4.14.1. Growth enhancement 

The effect of treatments with four 

strains of T. harzianum, viz. NAIMCC-

F-03287, NAIMCC-F-03288, 

NAIMCC-F-03289, NAIMCC-F-

03290 and the other three strains of T. 

asperellum viz. NAIMCC-F-03291, 

NAIMCC-F-03292, NAIMCC-F-

03293 on the growth of the three 

sorghum varieties were noted after 

every 30 days interval. It was seen that 

the increase in the height following 

treatment was variable in all the three 

varieties. Significant increase in the 

height was observed in all the 

treatments in comparison to the control 

after 30 and 60 days of inoculation 

(Fig. SF 4.41). Under the experimental 

condition, the growth was highest in 

the plants treated with T. harzianum 

(NAIMCC-F-03289) 64.5 cm in Sudan 

grass followed by 57.5 cm in CSV 30 F 

and 53.75 cm in CSV 15 after 60 days 

of treatment compared to the control 

and other treatment. T. asperellum 

(NAIMCC-F-03291) also showed 

remarkable result in growth 

enhancement. 

4.14.2. Protein content 

Estimation of protein content in all the 

varieties following application of 
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various strains of PGPF treatments 

revealed enhancement in protein 

content of which highest accumulation 

in Sudan grass was obtained in 

treatment containing T. harzianum 

(NAIMCC-F-03289) (42.60 mg/gm 

tissue) followed by treatment with T. 

asperellum (NAIMCC-F-03292) 

(38.90 mg/gm tissue). Similar results 

were found in case of other varieties 

(Table. ST 4.30) showing that the in 

vivo results were in accordance with in 

vitro. 

4.14.3. Phenol content 

Total phenol and ortho phenol content 

showed same results according to the 

treatments. Higher amount of 

accumulation was obtained in variety 

Sudan grass containing treatment with 

T. harzianum (NAIMCC-F-03289) 

(4.40 mg/ gm tissue) followed by CSV 

15 (3.90 mg/gm tissue) and CSV 30 F 

(3.75 mg/gm tissue). Ortho phenol 

content also showed similar results 

(Table. ST 4.31). 

4.14.4 Chlorophyll content 

In case of total chlorophyll content also 

found in increased amount in plants 

treated with PGPF in comparison with 

control set of treatment. Highest 

accumulation was found in plants 

treated with T. harzianum (NAIMCC-F

-03289) and T. asperellum (NAIMCC-

F-03291 in all the three varieties. The 

results were similar in case of other 

two varieties (Table. ST 4.32). 

4.14.5. Total sugar content 

Total sugar content was found in 

highest amount in sudan grass 

containing the treatment with T. 

harzianum (NAIMCC-F-03289) (64.56 

mg/gm tissue) and T. asperellum 

(NAIMCC-F-03291) (63.45 mg/ gm 

tissue) followed by other treatments. In 

case of CSV 30 F and CSV 15 highest 

accumulation was found in plants 

treated with T. asperellum (NAIMCC-

F-03291) (52.35 mg/gm tissue) and 

(49.78 mg/gm tissue) (Table. ST 4.33). 

4.14.6. Proline content 

Proline content of leaves in all plants 

increased followed by treatment with 

different PGPF strains (Table. ST 4.34) 

in comparison with control set of 

plants. Higher accumulation was 

observed in plants of Sudan grass 

variety containing treatment with T. 

harzianum (NAIMCC-F-03289) (12.45 

(mg/gm tissue). 

4.15. Antipathogenic defense 

response after application of PGPF 

4.15.1. Disease suppression 

From the result obtained it is revealed 
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that soil as well as foliar application of 

different strains of Trichodrma (PGPF) 

in sorghum decreases severity 

markedly. In case of untreated infected 

plants PDI was quite higher than PGPF 

treated infected plants. In case of 

Sudan grass lower PDI% found in 

plants treated with T. harzianum 

(NAIMCC-F-03289) (41.25 %), in 

CSV 30 F plants treated with T. 

asperellum (NAIMCC-F-03291) 

(42.08%) and in case of CSV 15 also 

plants treated with T. asperellum 

(NAIMCC-F-03291) (42.86 %) (Table. 

4.3). 

4.15.2. Changes in biochemical activity 

4.15.2.1. H2O2 content  

H2O2 content in control plants was 

comparatively higher than that of 

treated set of plants. H2O2 content 

initially increased after 72 hr of 

inoculation with B. sorokiniana. 

Lowest accumulation of H2O2 was 

found in plants treated with T. 

harzianum (NAIMCC-F-03289) (101 µ 

mol g tissue-1) (Table. ST 4.35). The 

production of H2O2 in leaf tissue was 

evaluated by the formation of reddish-

brown H2O2-DAB complex. H2O2-

DAB complex in all the pathogen 

inoculated plants increased with the 

rate of establishment of disease (Fig. 

SF 4.42 ). 

4.15.2.2. MDA content 

MDA accumulation was found in 

higher amount in untreated infected 

leaves indicating a higher oxidative 

damage may be due to disruption in 

membrane stability as a cause of 

Figure 4.22: Growth promotion of sorghum following treatment with different PGPR  
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disease establishment. MDA content 

was found in lesser amount in PGPF 

treated plants correlating the fact that 

the disease establishment was also low in 

these treated plants (Table. ST 4..36). 

4.15.3. Defense enzymes 

One of the most important PR protein, 

chitinase is involved in defense 

mechanism of plants. This enzyme was 

analysed at interval of 24hr, 48 hr, 72 hr 

for untreated healthy, untreated 

inoculated, treated healthy and treated 

inoculated leaves of all the three 

varieties. It was seen that infected leaves 

had increased activity of the enzyme 

than the healthy leaves. Highest increase 

of enzyme was seen in Sudan grass 

correlating the fact that the disease 

establishment was also high in this 

particular variety (Fig. SF 4.43).  

β-1, 3-glucanase activity when measured 

reveals higher amount of enzyme 

accumulation in treated plants 

challenged inoculated with B. 

sorokiniana after 72 hr of inoculation. 

Highest accumulation was found in the 

variety Sudan grass treated with T. 

harzianum (NAIMCC-F-03289) and T. 

asperellum (NAIMCC-F-03291) 

followed by challenge inoculation with 

B. sorokiniana (Fig. SF 4.43). 

phenylalanine ammonia lyase (PAL) 

enzyme activity was measured in 

healthy and infected sorghum leaves 

after inoculation with the pathogen in 

all the three varieties. As shown in the 

figure (Fig. SF 4.43C, SF 4.44C, SF 

4.45C) PAL activity was more in 

infected leaves in comparison with 

healthy leaves. The enzyme activity 

correlates with disease incidence in all 

the varieties. 

Peroxidase specific activity was assessed 

in untreated healthy, untreated 

inoculated, treated healthy and treated 

inoculated leaf tissues for all the three 

variety. The results are presented in Fig 

(SF 4.43D, SF 4.44D, SF 4.45D). where 

it was noticed that peroxidase activity 

gradually increased after 72hr of 

inoculation and increased activity was 

found in Trichoderma treated and B. 

sorokiniana inoculated plants. 

Peroxidase variations have been reported 

to be used as genetic markers in different 

levels within a taxon. Hence at the onset 

peroxyzyme analysis for healthy and 

infected leaf was done. It was seen that 

there was a lot of variations among the 

different isozyme present in healthy and 

infected samples shown as different 

bands present (Fig. SF 4.46). 

4.16. Association of Arbuscular 

Mycorrhizal fungi (AMF)  

Arbuscular mycorrhizal fungal spores 

from rhizospheric soils of three 
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different varieties grown in 

experimental plots were isolated and 

their average spore population and 

percent root colonization were 

determined. Morphological features of 

isolated AMF spores were critically 

examined with special reference to 

variation on size, colour, wall 

thickness, shape, wall layers specially 

germinal wall, coriaceous wall, 

amorphous wall and beaded wall 

layers, hyphal branching patterns, the 

diameter, structures and the staining 

intensity of hyphae. Average 

population of AMF spores obtained 

from different sorghum rizosphere has 

been presented in Table. 4.4. 

Among all the genera, the genus 

Glomus was predominant in all the 

three varieties. CSV 15 containing the 

least amount (69.80%) and that of CSV 

30 F containing the highest amount 

(82.75%) followed by Gigaspora 

where same result was found. 

Scutellospora found in lowest amount 

in Sudan grass variety whereas 

Acaulospora was found in rhizosphere 

of CSV 30 F variety. Different VAM 

population found in each of the variety 

have been shown in Fig.4.26, SF 4.47 

and SF 4.48. 

4.16.1. Characterization and 

identification of AMF 

AMF spores collected from 

rhizospheric soil of three different 

varieties were characterized initially on 

the basis of their morphological 

features like shape, size, texture of 

spore wall, subtending hyphae, colour, 

hyphal attachment, spore wall 

ornamentation as well as microscopical 

characters like wall layers and wall 

Treatments PDI (%) 

Sudan Grass CSV 30 F CSV 15 

Control 78.90±0.90 75.45±1.27 71.24±1.44 

Bacillus mthylotropicus 
(NAIMCC-B-01492) 

39.23±1.27 42.45±0.92 42.00±0.60 

Bacillus symbiont 
(NAIMCC-B-01489) 

50.65±1.11 48.34±0.53 52.56±0.61 

Bacillus altitudinus 
(NAIMCC-B-01484) 

40.60±0.59 40.80±0.81 41.34±1.19 

Bacillus megaterium 
(NCBI JX312687) 

45.50±1.16 46.80±0.69 48.65±1.05 

Bacillus pumilus 
(NAIMCC-B-01483) 

51.25±1.06 55.45±0.93 54.34±0.82 

Paenibacillus polymyxa 
(NAIMCC-B-01491) 

43.00±0.92 41.50±0.72 45.34±0.97 

Table 4.2: Evaluation of Disease index for spot blotch in sorghum plants following 

treatments with PGPR 

Mean value of three replicates ±Standard error 
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thickness. The detailed descriptions of 

the most dominant spores Rhizophagus 

fasciculatus previously named as 

Glomus fasciculatum followed by 

Funneliformis mosseae previously 

named as Glomus mossease, Glomus 

constrictum, Glomus multicaule, 

Gigaspora margarita and 

Scutellospora pellucida have been 

presented in Table. ST 4.37. 

4.16.2. Histopathology and root 

colonization with AMF 

Three different varieties grown in the 

experimental plots (3 months old plant) 

were studied extensively to explore the 

diversity and mycorrhization. Highest 

root colonization was noticed in CSV 

30 F followed by Sudan grass and CSV 

15. Root samples taken from each of 

the three varieties were examined 

under microscope and mycorrhization 

was documented. The physical nature 

of arbuscules; vesicles, intraradical 

hyphae etc were studied extensively to 

determine the colonization impact of 

these varieties. Root colonization 

observed in all the varieties has been 

shown in Fig.4.27, SF 4.49 & SF 4.50, 

which clearly shows that the ability of 

AM colonization is maximum in 

commercial and research varieties than 

the locally available variety.  

After the identification of AMF the 

fresh cleaned spores of R. fasciculatus 

were selected for mass multiplication 

in maize plant (Zea mays). Maize 

plants were grown in pots with 

sterilized soils (Fig. SF 4.51) to discard 

other fungal propagules and inoculated 

with AMF spores. After few days of 

inoculation maize plants are transferred 

to the field. The root colonization 

behaviour of the AMF spores within 

Figure 4.23: H2O2 localization in leaves of sor-

ghum (A-D) visualized as dark brown patches 

of H2O2-DAB complex, 72 hrs after com-

mencement of disease. (A) untreated healthy, 

(B) untreated inoculated, (C) treated healthy, 

(D) treated inoculated  
Figure 4.24: Peroxyzyme analysis of healthy 

(H) and infected (I) leaves of sorghum  
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the root tissues of the inoculated maize 

plants was studied. Presence of many 

vesicles, spores, intracellular hyphae 

and extraradical hyphae with spores 

were observed (Fig. SF 4.52). 

4.17. Growth promotion and 

biochemical changes against 

application of AMF 

4.17.1. Growth promotion 

In this set of trial, AMF fungi R. 

fasciculatus was tested for its 

beneficial effects in inhibiting spot 

blotch of sorghum plants caused by B. 

sorokiniana in field condition. For field 

inoculation, chopped maize roots 

colonized with dominant spores of R. 

fasciculatus (AMF) were applied in the 

soil followed by sowing of AMF spore 

spore coated seed to the field. One 

month following application of AMF 

root colonization status was examined 

and it was confirmed that the roots 

were colonized with AMF. Growth of 

the plants in field condition was 

recorded after every 30 days on 

interval and result revealed that the 

application of AMF improved the 

growth of the treated plants in 

comparison to the control set of plants 

(Fig. SF 4.53). 

Figure 4.25: HPLC 

fingerprint of total 

phenols in leaves of 

sorghum 72 hrs after 

commencement of 

disease. (A) B. 

megaterium treated 

healthy, (B) B. 

megaterium treated 

a n d  p a t h o g e n 

inoculated; Phenolics 

i d e n t i f i e d 

1.Phloroglucinol, 2. 

Gallic acid, 3. 3,4 

d ihydroxybenzoic 

acid, 4. Chlorogenic 

acid, 5. Caffeic acid, 

6. Ferulic acid  
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4.17.2. Changes in biochemical activity 

In field condition of plants biochemical 

component, viz. protein, phenol, total 

sugar content when tested all the three 

varieties showed considerable increase 

in the treated samples in comparison to 

the control sets. Though there were not 

much change in case of total 

chlorophyll content between treated 

and control set of plants but proline 

content when estimated showed 

increased accumulation in case of 

treated set of plants (Table. ST 4.38). 

4.18. Antipathogenic defense 

response after application of AMF 

4.18.1. Disease suppression 

After challenge inoculation with B. 

sorokiniana suppression of disease in 

terms of Percentage Disease Index for 

untreated inoculated and AMF treated 

inoculated sets of plants were recorded 

after 24 hr, 48 hr and 72 hr of 

inoculation. It was evident from the 

results that AMF could decrease the 

intensity of infection upto some extent 

(Table.4.5). 

4.18.2. Biochemical activity 

After challenge inoculation of plant 

with the pathogen generation of 

reactive oxygen species and lipid 

peroxidation in terms of increased 

malonaldehyde content is a clear 

indication of membrane damage due to 

stress in plant tissue. In untreated 

infected leaves H2O2 and 

malonaldehyde content increased in 

comparison with treated inoculated 

leaves indicating reduction in spot 

blotch induced oxidative damage in 

treated plants. In Sudan grass variety 

highest accumulation of H2O2 (188 µ 

mol g tissue-1) and MDA content (2.90 

µ mol g tissue-1) was found (Table. ST 

4.39). 

4.18.3. Defense enzyme 

Assay of defense related enzymes- 

Chitinase, β-1,3- glucanase, 

Phenylalanine ammonialyase and 

Peroxidase activity in the leaves of 

healthy and inoculated plants was 

carried out after 72 hrs of pathogen 

inoculation. Considerable increase in 

activities of all the defense enzymes in 

the leaves of plants were observed after 

the application of AMF (R. 

fasciculatus) and enhanced markedly 

after challenge inoculation with B. 

sorokiniana. It was observed that all 

the enzymes were increased markedly 

in Sudan grass followed by CSV 30 F 

and CSV 15 (Table. ST 4.40). 
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4.19. Effect of combined 

bioinoculants against B. sorokiniana 

(growth) 

All the results from previous 

experiments revealed that the variety 

Sudan grass though being a highly 

susceptible variety for spot blotch gave 

very promising results when treated 

with different bioinoculants in terms of 

increased activity of defense enzymes, 

enhanced accumulation in biochemical 

components and disease suppression. 

Hence, to test the combined application 

of all the selective bioinoculants on 

sorghum Sudan grass variety was 

selected among all the ten tested 

variety. 

Growth promotion in terms of increase 

in height of plants were checked 

following their treatment with 

bioinoculants viz. PGPR [B. 

methylotriphicus, PGPF [T. 

harzianum ] and AMF (consortium of 

Glomus and Gigaspora). These 

different bioinoculants were added to 

the soil at different time interval as 

mentioned in materials and methods. 

Effect of the combined application of 

these bioinoculants on growth and 

biochemical changes in plants were 

observed under field condition. 

4.19.1. Growth promotion 

Growth promotion was observed at 

field condition at 30 days of interval 

from seed sowing. Significant increase 

in height was observed in the plants 

treated with combination of 

bioinoculants (PGPR+PGPF+AMF) in 

comparison with untreated set of plants 

(Fig. SF 4.54). From the previous 

results also it was observed that 

combined application of bioinoculants 

gave better results in terms of growth 

enhancement of plants. 

Treatments PDI% 

Sudan grass CSV 30 F CSV 15 

Control 75.60±0.77 73.40±0.60 72.56±0.35 

T. harzianum (NAIMCC-F-03287) 47.87±0.55 50.80±0.31 46.37±0.59 

T. harzianum (NAIMCC-F-03288) 50.67±0.32 49.43±0.71 47.67±0.61 

T. harzianum (NAIMCC-F-03289) 41.25±0.38 44.35±0.39 42.55±1.12 

T. harzianum (NAIMCC-F-03290) 44.75±0.25 45.73±0.30 45.00±0.79 

T. asperellum (NAIMCC-F-03291) 43.45±0.43 42.08±0.60 42.86±0.28 

T. asperellum (NAIMCC-F-03292) 50.75±0.82 53.45±0.41 55.55±1.07 

T. asperellum (NAIMCC-F-03293) 43.80±0.28 49.80±0.56 40.45±0.97 

Table 4.3: Evaluation of Disease index for spot blotch in sorghum plants following 

treatments with PGPF 

Mean values of three replicates; ±Standard error 
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4.19.2. Changes in biochemical activity 

The protein content was significantly 

higher in plants with combined 

treatment than control (Table. 4.6) in 

case of phenolics; both the total phenol 

and ortho dihydroxy phenol content in 

the leaves of treated plants were found 

to be in higher amount in comparison 

with untreated plants. Similar results 

were found in the cases of chlorophyll 

content, total sugar content and proline 

content. From previous result it was 

found that combined treatment is more 

effective than single bioinoculant 

treatment. 

4.20. Effect of combined 

bioinoculants against B. sorokiniana 

(defense response) 

4.20.1. Disease suppression 

The spore suspension of Bipolaris 

sorokiniana isolate was aprayed on the 

leaves following their treatment with 

PGPR, PGPF and AMF. The disease 

establishment was noted after 48 hours 

of inoculation. The result as presented 

in Fig. SF 4.55 showed that the 

percentage of disease index varied 

among the treated and untreated set of 

plants. However the result showed that 

the percentage was much less in the 

plants treated with bioinoculants (24.56 

%) than the untreated control (82.5%) 

plants. From the previously observed 

result it is also revealed that even 

though disease incidence was reduced 

in singly treated plants, but maximum 

suppression of the disease was due to 

mixed inoculation of all the three 

different bioinoculants. 

4.20.2. Changes in activity of defense 

enzymes  

The disease management approach was 

done by treating the sorghum plants 

with a combination of bioinoculants 

(PGPR+PGPF+AMF). After challenge 

inoculation with B. sorokiniana the 

changes in levels of four different 

enzymes vis. Chitinase, β-1,3-

glucanase, peroxidase and PAL was 

analysed after 24 hr, 48 hr and 72 hr of 

time interval. The following result as 

shown in Fig.4.28 revealed that levels 

of defense enzymes were increased to a 

Sl 

No. 

Sorghum 

Varieties 

Percentage of VAM spores in rhizospheric soil (%) Root colo-

nization 

(%) 
Glomus Gigaspora Scutellospora Acaulospora 

1. Sudan 

Grass 

75.06 1.1 0.61 - 98% 

2. CSV 30 F 82.75 1.4 - 0.33 99% 

3. CSV 15 69.80 0.55 - - 93% 

Table 4.4: Population count of AM fungi in rhizosphere in three different sorghum 

varieties and percentage colonization in root 
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larger extent in bioinoculants treated 

plants in comparison with their 

untreated control sets. Peroxyzyme 

analysis by native page also revealed 

presence of some novel isoenzymes 

(Fig.4.29). This collaborates with the 

fact that the disease incidence was 

suppressed in plants treated with 

combined application of bioinoculants 

(PGPR+PGPF+AMF) where the 

defense enzymes were increased. 

It was observed that application of Six 

potential PGPR, seven stains of PGPF 

and AMF singly and in combination 

increased growth of plants in pot and in 

field condition, but better result was 

obtained when both were co-

inoculated. After PGPR application 

total protein, total phenol, chlorophyll, 

total sugar and proline content was 

found in increased amount in treated 

plants in comparison with control set of 

plants. Unni et al (2008) found that 

five different PGPRs helped improve 

the growth of the sorghum plant by 

increasing chlorophyll content, free 

amino acid, total protein, reducing 

sugar, carbohydrate and dry weight. 

Balamurugan et al (2013) explained in 

his studies with Camellia sinensis that 

during the first six months after 

application of inorganic fertilizers 

(IOF) and bioinoculants (BF), the 

results revealed that recommended 

dosage of the fertilizers provided 

significantly higher values of biometric 

characteristics in terms of stem height, 

no. of leaves, biomass production in tea 

seedlings. Results of chlorophyll 

content of the leaves sampled after six 

months revealed that application of 

100% IOF alone. But after 12 months, 

chlorophyll content was higher after 

application of 100% IOF+BF followed 

by IOF alone.  

In the present study HPLC analysis 

revealed the presence of 

phloroglucinol, gallic acid, 3,4 

dihydroxybenzoic acid, chlorogenic 

acid, caffeic acid, ferulic acid in both 

healthy and infected leaves (Bipolaris 

sorokiniana) but the height of these 

peaks increased in infected samples. 

Results revealed that the pathogen 

triggered the production of phenolics in 

the plant as biochemical defense 

strategy (Bhattacharjee et al., 2016). 

Presence of chlorogenic acid as part of 

defense system has been studied by 

different workers in different crops, 

such as potato tubers (Malamberg and 

Theander, 2011), apples (Prtkovsek, 

2003), coffee (Rodrigues, 2011) and 

tomato (Lopez-Gresa et al., 2011). 

Presence of salicylic acid and ferulic 

acid in infected leaves and not in 
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healthy leaves indicate the role of this 

phenolic acid in defense against 

pathogen. When biochemical 

characterization of maize plants 

infected with Drechslera dactylidis 

was done, it was found that salicylic 

acid increased 2-fold in infected leaf 

samples (Ghany, 2012). 

Similar results were obtained in case of 

sorghum plants treated with seven 

strains of Trichoderma. Growth 

enhancement as well as increase in 

biochemical components was observed 

in all the treated set of plants though 

better result was found in Trichoderma 

harzianum (NAIMCC-F-03289) and 

Trichoderma asperellum (NAIMCC-F-

03291) treated plants. Kamaruzzaman 

et al (2016) in their study evaluated the 

four Trichoderma isolates viz. T. harzi-

anum (ST5), T. viride (ST6), T. virens 

(ST7) and T. atroviride (ST9) 

including a control were tested as seed 

treatment against to find out a potential 

growth-promoter of Peanut. T. 

harzianum (ST5) gave maximum 

length and weight of shoot, weight of 

roots with pods, weight of pods and 

number of nodules per plant. T. viride 

(ST6) showed higher plant growth, 

nodulation and yield compared to T. 

virens (ST7) and T. atroviride (ST9). 

Minimum growth, yield and nodulation 

were observed with control treatment. 

The association of AMF with sorghum 

plants was studied and their diversity 

Figure 4.26: Compound microscopic observation of Arbuscular Mycorrhizal Fungal spores obtained 

from sorghum variety (Sudan grass). (A) Glomus sp.; (B) Glomus sp.; (C) Glomus sp.; (D) Scutel-

lospora sp.; (E) Glomus sp.; (F) Scutellospora sp.  
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was assesses in three varieties. Among 

these, Rhizophagus fasciculatus, 

Funneliformis mosseae, Glomus sp, 

Gigaspora sp were found associated 

with the different varieties, wherein 

Rhizophagus fasciculatus and Glomus 

sp were predominant. Growth 

promotion in sorghum plants following 

successful root colonization with AMF 

was noted in terms of increase in 

height. Khati et al (2015) previously 

reported morphological 

characterization of rice cultivars their 

root colonization with arbuscular 

mycorrhizal fungi and screening for 

field resistance caused by brown spot 

disease. 

Activation of defense responses in 

plants was observed after application 

of bioinoculants against B. 

sorokiniana. Disease symptoms were 

established in the plants sprayed with 

spore suspension of B. sorokiniana 

after 48 hours of inoculation. It was 

noted that symptoms appeared in 

untreated inoculated leaves much faster 

Sorghum  

varieties 

Treatments Time interval (hr) 

24 48 72 

Sudan grass UI 17.80±0.10 54.50±0.73 75.50±0.68 

TI 18.00±0.60 33.80±0.55 55.45±0.60 

CSV 30 F UI 14.50±0.26 48.80±0.81 70.56±0.57 

TI 15.60±0.19 28.80±0.52 49.80±0.43 

CSV 15 UI 16.50±0.44 49.80±0.50 72.50±0.60 

TI 16.78±0.80 30.20±0.70 54.35±0.59 

Table 4.5: Percent Disease Index in sorghum plants following AMF treatment and 

pathogen inoculation 

Figure 4.27: Root colonization of sorghum variety Sudan grass (A-F)  



RESULTS AND DISCUSSION      148 

 

than in treated inoculated plants both in 

case of single or combined application 

of bioinoculants. Results of percent 

disease index correlate with the results 

obtained from the analysis of defense 

enzymes where the enzyme activity of 

chitinase, β-1,3- glucanase, PAL and 

POX was much higher in treated 

inoculated leaves indicating their 

defense against the pathogen. But the 

healthy leaves showed more levels of 

enzymes suggesting that the inoculated 

leaves are prone to disease 

development where the enzyme levels 

were less. Application of G. mosseae 

and T. hamatum singly or jointly 

suppressed root rot of mandarin caused 

by F. solani. Defense enzymes showed 

enhanced activities during disease 

suppression (Allay and Chakraborty, 

2010). Chakraborty et al., 2016c 

reported that dual application of 

Bacillus pumilus and Rhizophagus 

fasciculatus caused induction of 

resistance in Camellia sinensis against 

S. rolsfii. It is now clear that microbes 

in small consortia enhance the defense 

signaling cascades leading to enhance 

transcriptional activation of several 

metabolic pathways (Sarma et al., 

2015). Accumulation of 

malondialdehyde (MDA) and hydrogen 

peroxide content when tested was 

found in higher amount in inoculated 

plants indicating membrane damage 

due to biotic stress. Further 

confirmation of membrane damage was 

confirmed by H2O2 localization in 

infected leaf tissue. Similar kind or 

result was previously reported by 

Bhattacharjee et al (2017). 

4.20.3. Characterization of antifungal 

compounds from plants 

4.20.3.1. Antifungal activity by radial 

growth and spore germination bioassay 

Biochemical components Untreated Treated 

Total protein content 
(mg/g tissue) 

21.56±0.44 55.75±0.64 

Total Phenol Content 
(mg/g tissue) 

1.47±0.01 4.92±0.08 

Ortho Phenol Content 
 (mg/g tissue) 

0.82±0.01 2.87±0.02 

Chlorophyll content 
(µg/g tissue) 

10.89±0.10 23.45±0.41 

Total sugar content 
(mg/g tissue) 

27.24±0.90 76.56±0.95 

Proline content 
(mg/g tissue) 

2.50±0.20 8.66±0.36 

Table 4.6: Biochemical analysis of sorghum plants following combined applicaton 

of bioinoculants (PGPR+PGPF+AMF) 
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Crude extracts (Methanolic fraction) 

prepared from untreated and treated 

leaf samples with and without 

inoculation with pathogen were bio 

assayed following radial growth 

inhibition assay as described in 

Materials and methods. Results (Table. 

ST 4.41, Fig. SF 4.56) revealed that 

mycelia growth of B. sorokiniana was 

inhibited markedly in the medium 

supplemented with the extracts of 

treated leaves after 5 days of 

inoculation. Treated inoculated 

samples showed the maximum 

inhibition towards the pathogen 

depicting the induction of antifungal 

compound following treatment. 

In vitro spore germination experiment 

was done by suspending the spore of B. 

sorokiniana in antifungal compound 

extracted from untreated healthy, 

untreated inoculated, treated healthy 

and treated inoculated set of plants, 

water control and methanol control 

were also there as control set. It was 

observed that after 24 hours there was 

no germination takes place (Fig. SF 

4.57) in any set but after 48 hours 

100% germination was observed in 

water control, 92% in methanol control 

(Fig. SF 4.58). Lower amount of 

germination was observed in spores 

suspended in untreated healthy plants 

extract, and treated healthy plant 

extract whereas no germination takes 

places in spores suspended in untreated 

inoculated and treated inoculated plant 

extracts. 

4.20.3.2. GC-MS analysis 

Gas Chromatography-Mass 

Spectrometry (GC-MS) is a 

hyphenated analytical technique that 

combines the separation properties of 

gas-liquid chromatography with the 

detection feature of mass spectrometry 

to identify different substances within a 

test sample. The GC-MS is composed 

of two major building blocks; the gas 

chromatograph and mass spectrometer. 

GC is used to separate the volatile and 

thermally stable substitutes in a sample 

whereas MS fragments the analyte to 

be identified on the basis of its mass. It 

can trace elements in materials that 

were previously thought to have 

disintegrated beyond identification. 

Molecules are retained by the column 

and then elute (come off) from the 

column at different times (called the 

retention time) and this allows the mass 

spectrometer to ionize, accelerate, 

deflect and detect the ionized 

molecules separately. The mass 

spectrometer does this by breaking 

each molecule into ionized fragments 
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and detecting these fragments using 

their mass-to-charge ratio. Hence in my 

study I used this technique for 

approximate identification of 

compounds present in different leaf 

extracts. 

Methanolic extract was prepared from 

untreated and bioinoculants treated 

(PGPR+PGPF+AMF) plants followed 

by challenge inculation with the 

pathogen after 72 hours of inoculation 

as described in Materials and method 

and these methanolic leaf extract of 

sorghum plants of four different 

treatment were used for GC-MS 

analysis. From the GC-MS-TIC 

spectrum (Fig. SF 4.59 & SF 4.60) 49 

compounds were detected in untreated 

healthy leaf extract, 50 in untreated 

inoculated leaf extract (Fig. SF 4.61 & 

SF 4.62), 57 in treated healthy leaf 

extract (Fig. 4.30, 4.31 & SF 4.63) and 

46 in treated inoculated leaf extract 

(Fig.4.32, 4.33 & SF 4.64) which 

includes unsaturated fatty acids, 

phenolic derivatives, alkaloid, 

terpenoid, steroids, carbohydrate 

derivatives which are very important in 

imparting their effect in plant’s defense 

mechanism. Highest peak was obtained 

for a common compound 4-hydroxy 

Benzoacetonitrile with highest 

retention time 26.423 min and 16.02% 

area in treated inoculated extracts in 

comparison with other treatments. 

Several other compounds; 2,6-

dimethoxy phenol (retention time 

22.43 min, 1.37 % area), 4-

ethylcatechol (retention time 24.002 

min, 1,20 % area), vanillin (retention 

time 24.238 min, 0.47 % area), 

Guanosine (retention time 27.135, 

1.91% area), butyrolactone (retention 

time 8.618, 1.14 % area), phenol 

(retention time 11.475, 0.86% area), 2-

methoxy phenol (retention time 14.964, 

1.97 % area) and catechol (retention 

time 18.938, 5.13% area) was also 

found which may also have various 

effect on plants defense mechanism 

and disease suppression. Some other 

compounds, summerrised in tables

(Table. ST 4.42, ST 4.43, ST 4.44, ST 

4.45), also were detected in the 

samples. Though fungitoxic 

compounds were found in both healthy 

and infected tissue, but the 

accumulation of this inhibitory as well 

as phenolic components was greater in 

treated healthy and treated inoculated 

plants. Our results are in accordance to 

Werder and Kern (1985) where they 

have shown that the phenolic 

metabolism plays a crucial role in the 

resistance mechanism based on the 

different total phenolic accumulation 
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between resistant and susceptible 

responses of maize to 

Helmintrosporium carbonum. 

4.20.3.3. Analysis of phenolic 

compounds  

GC-MS analysis revealed presence of 

several phenolic compound in leaf 

extract. These phenol are directly 

linked with the regulatory mechanism 

of plants. The total phenolic content 

assay of the four different extract was 

done using methanol as solvent. 

Maximum absorbance was observed 

incase of bioinoculants treated and 

pathogen inoculated samples indication 

that it has maximum phenolic activity.  

TLC plate bioassay of the methanolic 

extract of leaf samples of different 

treatments when done, showed dark 

blue colour spot in two Rf point which 

are at the same Rf point of Chlorogenic 

acid and ferulic acid (Fig. SF 4.65). 

In the present study it was observed 

that the total as well as ortho-

dihydroxy phenol content increased in 

infected plants, more in plants with less 

infection. Infection by Venturia 

inequalis in apple caused an 

accumulation of phenolic compounds 

wherein Folin-Ciocalteu values 

increased by 1.4 to 2.4 fold (Petkovsek 

et al., 2008). Taware et al (2010) 

Figure 4.28: Activity of defense enzymes in bioinoculants (PGPR+PGPF+AMF) treated sorghum 

plants following artificial inoculation with pathogen B. sorokiniana (UH= Untreated healthy, UI= 

Untreated inoculated, TH= Treated healthy, TI= Treated inoculated)  
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studied that there was significant 

increase in total phenolic content of 

grape leaves due to foliar powdery 

mildew infection. These results are in 

accordance with the result obtained in 

the present study. Thin layer 

chromatography has been used by 

various workers to study the phenol 

profile of different plants like tea 

(Chakraborty and Saha, 1994), som 

(Neog et al., 2011), different medicinal 

plants (Maobe et al., 2012). Studies on 

secondary metabolites of som plant by 

Neog et al (2011) revealed the 

presence of four major phenolic acids – 

Chlorogenic acid, Catechol, Morin and 

Gallic Acid. Plant phenolics are 

secondary metabolites involved in the 

defence mechanisms of plants against 

fungal pathogens and insect herbivores. 

Plants respond to diverse 

environmental enemies with a 

bewildering array of responses, which 

use constitutive and induced phenolic 

substances affecting the susceptibility/

resistance characteristics of the 

attacked plant (Lattanzio et al., 2006). 

4.21. Sub-Cellular localization  

Induction of defense enzymes in leaves 

of sorghum plants following treatment 

of bioinoculants has already been 

established in earlier sections. 

Enhanced activities of defense 

enzymes such as peroxidase, 

Figure 4.29: SDS-PAGE (A) and Peroxizyme analysis (B) of leaf proteins of sorghum variety (sudan 

grass) following treatment with a combination of bioinoculants (PGPR+PGPF+AMF) and challenged 

inoculation with B. sorokiniana  

Figure 4.30: GC-MS total ion chromatogram of 

methanolic fraction of antifungal compound 

extracted from treated healthy plants 
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phenylalanine ammonia lyase, 

chitinase and glucanase were reported 

following application of PGPR as well 

as PGPF and AMF in Sudan grass 

variety. Glucanase and chitinase being 

an important PR protein related to 

induction of resistance in plants, 

cellular localization of these enzymes 

in leaf tissue was studied in this 

section. 

4.21.1 Glucanase  

4.21.1.1 Indirect immunofluorescence 

Cellular localization of glucanase 

enzymes in leaves was determined 

following indirect immunofluroscence 

test using FITC binding and treatment 

with PAb raised against glucanase. 

Leaf sections from untreated control 

plants and B. methylotropicus treated 

plants were taken. Immunolocalization 

of glucanase in treated leaf sections of 

sorghum plants were observed using 

FITC after treatment with PAb raised 

against glucanase. Positive reaction 

with FITC was observed in cellular 

localization which gave indication of 

the induction of glucanase in leaf tissue 

(Fig. 4.34 & SF 4.66). Bright apple 

green fluorescence was observed in 

treated leaves which testified the 

increased accumulation of glucanse 

enzyme in treated leaves. 

4.21.1.2 Immunogold labelling 

The accumulation of PR-protein β-1,3 

Glucanase was investigated in LR-

Figure 4.31: Compounds identified in methanolic extract of treated healthy sorghum plant: Phenol 
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embedded cross sections of leaf tissues 

of sorghum plant following their 

treatment with B. methylotropicus 

using PAb of glucanase and labelled 

with antirabbit IgG (whole molecule) 

gold conjugate (10 nm). Microscopic 

observations revealed intense labelling 

corresponding to glucanase in leaf 

tissues of PGPR treated plants. Gold 

labelling in the sections showed high 

amount of labelling in the host 

cytoplasm and chloroplast region 

(Fig.4.35 & SF 4.67). This indicates 

the induction of defense enzyme 

glucanase following their treatment 

with PGPR corresponding to glucanase 

deposition in leaf tissues of PGPR 

treated plants. Gold labelling in the 

sections showed a high amount of 

labelling in chloroplast and host 

cytoplasm (Fig.4.35). This indicates the 

Figure 4.32: GC-MS total ion chromatogram of methanolic fraction of antifungal compound extracted 

from treated inoculated sorghum plants 
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induction of defense enzyme glucanase 

following their treatment with PGPR. 

4.21.2 Chitinase  

4.21.2.1 Indirect immunofluorescence 

Cellular localization of chitinase 

enzyme in leaves was determined 

following indirect immunofluorescence 

test FITC binding and treatment with 

PAb raised against chitinase. Leaf 

sections from untreated control plants 

and B. methylotropicus treated plants 

were taken. Immunolicalization of 

chitinase in treated leaves were 

observed using FITC after treatment 

with PAb raised against chitinase. 

Positive reaction with FITC was 

observed in cellular localization which 

gave indication of the induction of 

chitinase in leaf tissues (Fig. 4.36 & SF 

Figure 4.33: Compounds identified in methanolic extract of treated inoculated sorghum plant: Ben-

zoic acid 

Figure 4.34: Cellular localization of glucanase 

in sorghum leaf tissues following treatment 

with bioinoculant, probed with PAb of gluca-

nase and labelled with FITC  

Figure 4.35: Transmission electron micro-

graphs of bioinoculant treated leaf tissues of 

sorghum, plant (sudan grass) reacted with PAb 

of glucanase and labelled with antirabbit goat 

IgG (whole molecule) gold conjugate  
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4.68). Bright apple green fluorescence 

was observed in treated leaves which 

testified the increased accumulation of 

chitinase enzyme in treated leaves. 

4.21.2.2 Immunogold labeling 

The accumulation of chitinase was 

investigates on cross sections of LR-

white embedded leaf tissues treated 

with B. methylotropicus, previously 

fixed with 0.1 M sodium phosphate 

buffered-glutaraldehyde (2.5%) and 

using PAb of chitinase and labelled 

with antirabbit-IgG (whole molecule) 

gold conjugate (10 nm). Microscopic 

observations revealed intense 

labelling corresponsing to chitinase 

deposition in leaf tissue of PGPR 

treated plants. Gold labelling in the 

sections showed a high amount of 

labelling in chloroplast and host 

cytoplasm and less in vacuoles, 

Figure 4.36: Cellular localization of chitinase 

in sorghum leaf tissues following treatment 

with bioinoculants, probed with PAb of chiti-

nase and labelled with FITC  

Figure 4.37: Transmission electron micrographs of bioinoculant treated leaf tissues of sorghum plant 

(sudan grass) reacted with PAb of chitinase and labelled with antirabbit goat IgG (whole molecule) 

gold conjugate  
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mitochondria and cell wall (Fig. 4.37 & 

SF 4.69). This indicates the induction 

of defense enzyme chitinase following 

PGPR treatment. 

Enhancement of chitinase was revealed 

in leaves following induction. The 

expression of chitinase in leaves of 

treated tea plants following induction 

with salicylic acid using 

immunofluorescent techniques was 

earlier investigated by Chakraborty et 

al (2009). In case of β-1,3-glucanase 

also bright green apple fluorescence 

was observed in mesophyll tissues of 

the leaves suggesting the expression of 

glucanase in plants following 

induction. 

Simultaneously immunogold 

localization of defense enzyme 

chitinase and β-1,3-glucanase in leaves 

treated with bioinoculants was studied 

through Transmission Electron 

Microscopy. Heavy deposition of gold 

particles was observed in cytoplasm of 

leaf section confirming the expression 

of chitinase following treatment with 

bioinoculants. Similar result was 

obtained in case of β-1,3-glucanase 

also. Yedida et al (1999), observed that 

application of Trichoderma to 

rhizosphere of cucumber seedlings 

initiated a series of morphological and 

biochemical changes. Gold labeling 

was done with β-1,4-exoglucanase 

where intense gold labeling was 

observed over both the cell walls and 

wall appositions. The deposition of the 

chitinase following treatment with 

salicylic acid was found predominantly 

in cellular compartments of ultrathin 

sections of tea leaves Yedida et al 

(1999), observed that application of 

Trichoderma to rhizosphere of 

cucumber seedlings initiated a series of 

morphological and biochemical 

changes. Chakraborty et al (2009) in 

their study reported that gold labeling 

was done with β-1,4-exoglucanase and 

β-1,3-glucanase where intense gold 

labeling was observed over both the 

cell walls and wall appositions. The 

deposition of the chitinase following 

treatment with salicylic acid was found 

predominantly in cellular 

compartments of ultrathin sections of 

tea leaves. Gold labelling in the 

sections showed a high amount of 

labelling in chloroplasts and host 

cytoplasm and lesser amount in 

vacuoles, mitochondria and walls. This 

suggests the potential of salicylic acid 

for protection of tea against foliar 

pathogens. 

It is evident from the results that 

observed growth promotion and  
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enhanced resistance to pathogen due to 

joint application of bioinoculants 

(PGPR, PGPF and AMF) can be 

attributed to activation of defense 

responses in sorghum plants such as 

suppression of disease, increased 

accumulation oh phenolic compounds 

and defense enzyme activities. 



CONCLUSION     

 

Ten different sorghum varieties were 

collected and their seed morphological 

diversity, germination ability, growth 

rate, total protein content were 

determined for initial screening for 

their resistance and susceptibility to 

spot botch disease caused by Bipolaris 

sorokiniana. 

Percent Disease Index was measured 

following natural infection with spot 

blotch pathogen. Occurrence of the 

disease was much higher in three 

varieties viz. Sudan grass, CSV 30 F 

and CSV 15. Accumulation of defense 

enzymes such as CHT, GLU, PAL and 

POX and total phenol was also found 

to be in much lesser quantity in these 

varieties. Hence they were selected for 

further experimental purpose. 

Isolation of pathogen from infected 

leaves resulted in four isolates from 

spot blotch infected sorghum leaves- 

IPL/BS/SB/01, IPL/BS/SB-02, IPL/BS/

SB-03, IPL/BS/SB-04 and six more 

isolates from spot blotch infected 

wheat leaves- IPL/BS/TA-01, IPL/BS/

TA-02, IPL/BS/TA-03, IPL/BS/TA-04, 

IPL/BS/TA-05 and IPL/BS/TA-06. 

Following completion of Koch’s 

postulate, isolate- IPL/BS/SB-01 for B. 

sorokiniana was further taken into 

consideration for molecular 

identification. 

Growth characters and spore 

morphology of all the ten isolates were 

studied. Scanning electron microscopy 

of the spore structures was also 

studied. 

Artificial inoculation of sorghum plant 

with B. sorokiniana was done for 

disease assessment using two 

techniques-detached leaf and whole 

plant inoculation technique. Both the 

technique gave similar result where it 

was observed that Sudan grass variety 

is highly susceptible to spot blotch 

disease followed by CSV 30 F and 

CSV 15. Accumulation of PAL and 

phenolics was also higher in Sudan 

Conclusion 

 



CONCLUSION   160 

 

grass variety in comparison to other 

variety. 

Polyclonal antibody raised against 

mycelial antigen of the fungal 

pathogen. This antibody was used for 

serological characterization of the 

fungal pathogen by PTA-ELISA, Dot-

blot, Western blot and Indirect 

immunifluorescence of mycelia. 

Western blot analysis using polyclonal 

antibody of B. sorokiniana revealed 

that the PAb could show different 

levels of homologous reactions with the 

antigen of B. sorokiniana. Sharp and 

intense bands were produced on the 

nitrocellulose membrane after 

enzymatic reaction with NBT BCIP. 

Efficacy of polyclonal antibodies raised 

against the mycelial antigen was further 

tested with the help of indirect immune 

fluorescence of young mycelia of B. s- 

orokiniana. The mycelia treated with 

PAbs and labelled with FITC showed 

apple green fluorescence. 

Presence of cross reactive antigen 

(CRA) in host tissues was detected 

using PTA-ELISA. Cellular 

localization of these CRA in host leaf 

tissues were checked using indirect 

immunofluorescence as well as 

immunogold labelling. 

Immunodetection of foliar fungal 

pathogens in naturally infected leaf 

tissues was carried out using PTA-

ELISA as well as Dot immunobinding 

assay. Cellular localization of the 

pathogens in infected sorghum leaf 

tissues was studied using indirect 

immunofluorescence with PAb-Bs 

followed by labelling with FITC. 

Transmission electron microscopy of 

ultrathin sections of infected leaf 

tissues using the polyclonal antibodies 

and labelling with antirabbit goat IgG 

(whole molecule) gold conjugates to 

confirm the presence of the pathogen in 

infected leaf samples. 

Molecular detection of spot blotch 

pathogen B. sorokiniana (IPL/BS/SB -

01) was carried out using 18S rDNA 

sequencing using 18S specific primers. 

The BLAST query of the 18S rDNA 

sequence of the isolates against 

GenBank database confirmed the 

identity of the isolate IPL/BS/SB-01 as 

Bipolaris sorokiniana. The sequence 

have been deposited to NCBI GenBank 

database under the accession no. 

MF927960. 

Molecular characterization of the 

fungal isolates was carried out using 

RAPD and DGGE analysis. The 

genetic relatedness among the different 

isolates of B. sorokiniana was analyzed 

separately using different random 

primers for producing reproducible 
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polymorphism. Relationships among 

the isolates were evaluated by cluster 

analysis of the data based on the 

similarity matrix. Based on the results 

obtained all the ten isolates can be 

grouped into three main clusters.  On 

the other hand DGGE analysis could 

differentiate the isolates into three 

separate groups based on the migration 

rate of their amplified DNA. The 

amplified bands of three isolates (IPL/

BS/TA-01, IPL/BS/TA-02, IPL/BS/TA

-03) migrated faster than other isolates. 

This is due to the GC content of the 

isolates. The migration of amplified 

18S rDNA samples within each group 

was similar suggesting that there was 

little intraspecific variation among the 

isolates. 

Sequencing of β-tubulin gene of all the 

four isolates (IPL/BS/SB-01, IPL/BS/

SB-02, IPL/BS/SB-03, IPL/BS/SB-04) 

was done and results showed the gene 

sequence of 269 bp. When the 

phylogenetic analysis done they 

grouped into a single cluster sowing 

97% similarity with the Bipolaris 

zeicola (KR527164) isolate. 

Selected bioinoculants such as PGPR 

(Bacillus mthylotropicus, Bacillus 

symbiont, Bacillus altitudinus, Bacillus 

megaterium, Bacillus pumilus, 

Paenibacillus polymyxa)  and PGPF

( four strains of T. harzianum and three 

strains of T. asperellum) were 

evaluated for their antagonistic effect 

against the fungal pathogen and it was 

recorded that these two bioinoculants 

could easily prevent the growth of the 

fungal pathogen in vitro. 

Effect of bacterial antagonist on growth 

of fungal pathogen by means of in vitro 

inhibition of growth of B. sorokiniana 

by cell free culture filtrate of B. 

methylotropicus and the result showed 

positive effect on the growth 

suppression of the pathogen. Partial 

characterization of active principles of 

B. methylotrophicus  was done to detect 

presence of any noble antifungal 

compound and the GC-MS analysis 

revealed presence of a total fifty four 

compound among them some potential 

antifungal compound was found i.e. 9-

Octadecenoic acid , 9-Octadecenoic 

acid (Z)- phenylmethyl ester, 1-

Octadecene and so on. 

Chitinase activity of seven selected 

Trichoderma isolates was done which  

showed maximum activity in T. 

harzianum and T. asperellum. Upon 

sequencing of endochitinase gene of 

these two isolates it showed maximum 

homology with (JN798187) for T. 

harzianum (NAIMCC-F-03289)  and 
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with (AJ605116) for T. asperellum 

(NAIMCC-F-03291). 

Six selected PGPR were screened for 

plant growth promotion and changes in 

biochemical activity. Among all the 

bacterial isolates B. methylotropicus 

showed better results than the others. 

Percent Disease Index and and defence 

enzyme activity of CHT, GLU, PAL 

and POX following treatment and 

pathogen infection was also measured 

and it was found that maximum activity 

was shown by treated samples in 

comparison to their control. Isozymes 

of peroxidase was also checked using 

native PAGE and it was revealed that 

appearance of new peroxyzyme was 

seen in infected leaf samples. 

Changes in levels of phenolics in 

untreated healthy, untreated inoculated, 

PGPR treated healthy and inoculated 

samples were also noted. The phenolic 

acids were checked using High 

Performance Liquid Chromatography 

and it was revealed that phloroglucinol, 

gallic acid, 3, 4-dihydroxybenzoic acid, 

chlorogenic acid, caffeic acid, ferulic 

acid and salicylic acid were present in 

both healthy and infected leaf samples, 

however their intensity increased in 

treated infected samples. Hence it was 

evident that these phenolics play an 

important role in defense mechanism of 

these plants against foliar fungal 

pathogens. 

Association of Arbuscular Mycorrhizal 

Fungi (AMF) in sorghum varieties 

were observed and it was found that 

Glomus was the most dominant genera 

in the sorghum rhizosphere followed by 

Gigaspora. Rhizophagus fasciculatus 

was found to be most abundant in the 

sorghum rhizosphere, they were 

isolated and mass multiplied in maize 

plants. 

Histopathology and root colonization 

with AMF in sorghum varieties was 

studied. 

Sorghum varieties treated with R. 

fasciculatus and challenged inoculated 

with the pathogen. Considerable 

increase in the height and biochemical 

activity was observed. 

A decrease of Percent Disease Index in 

the treated samples in comparison to 

the control was observed and 

considerable increase of defense 

enzymes was also observed in treated 

samples. 

the treated samples in comparison to 

the control was observed and 

considerable increase of defense 

enzymes was also observed in treated 

samples. 

Growth promotion and biochemical 

changes was observed following 



CONCLUSION   163 

 

combine application of PGPR, PGPF 

and AMF. Enhancement in the growth 

and biochemical activities was 

observed in all treated samples in 

comparison to their control sets. It was 

found that combined application of 

bioinoculants gave better results than 

the single application. 

Decrease in disease incidence and 

increase in the level of defense 

enzymes was observed in treated 

samples. In all the cases combined 

application gave better results than 

single application. SDS-PAGE analysis 

was conducted for the protein sample 

of sorghum plants with combined 

treatment showing the maximum 

protein content. Isozymes of peroxidase 

were also checked using native PAGE 

and it was revealed that appearance of 

new peroxyzyme was seen in infected 

leaf samples. 

Characterization of antifungal 

compounds present in plants was done 

by GC-MS analysis of methanolic plant 

extracts which reveal presence of 

several phenolic compounds along with 

other volatile compounds. The amount 

of phenolic compounds present was 

higher in treated inoculated plant 

extracts rather than untreated and 

inoculated plant extracts. Spore 

germination bioassay and radial growth 

bioassay confirm the presence of 

antifungal compounds in plant extracts. 

TLC plate bioassay further confirm 

presence of different phenolics which 

play a major role in defense 

mechanisms of plants. 

Cellular localization of two important 

defense enzymes- Glucanase and 

Chitinase was studied using indirect 

immunofluorescence and immunogold 

labelling. Expression of these enzymes 

were noted in treated leaf sections, 

confirming earlier results obtained. 

Results of the present study indicate 

that the selected strains of B. 

sorokiniana isolated from infected 

sorghum plants showed not much 

diversity interms of their tubulin gene 

sequence though from litrerature 

review it was found that diversity 

prevailed between the pathogen strains 

isolated from different host plants and 

different area of origin. Application of 

bioinoculants promotes growth and 

bioprimes the sorghum plants against 

foliar fungal pathogens by up-

regulation of defense activities. These 

findings could be helpful in protecting 

plants against fungal pathogens and 

improving the quality and quantity of 

the grain of S. bicolor. 
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Abstract

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 osmolyteproline 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.

Sorghum, wheat, PGPR,

47 (3):

000-000

Bacillus altitudinus B.megaterium

B. sorokiniana

B. sorokiniana

Bipolarissorokiniana, spot blotch, defense enzymes, phenolics

J Mycol Pl Pathol

Disease development was computed alongwith analysis of different

biochemical parameters. Increased accumulations of chitinase, β-1
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blotch diseaseand induction of resistance by Plant Growth Promoting Rhizobacteria.

Sorghum bicolor Triticumaestivum

Introduction

Sorghum [ (L) ] 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. Bipolarissorokiniana (Sacc.) Shoemaker (syn.

:

Cochliobolussativus), a hemibiotrophicpathogenic

fungus known to cause spot blotch of sorghum and

wheat. leaf, sheath and stem.

Yield losses due to spot blotch vary from 16 to 33%

Sorghum bicolor moench

Triticumaestivum

H e l m i n t h o s p o r i u m s a t i v u m e l e o m o r p h

B. sorokinianainfect

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 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

B. sorokiniana

B. sorokiniana

Research Article



Assessment of spot blotch disease.

Determination of lipid peroxidation.

Proline content.

Quantification and microscopic detection of

H O .

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

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% (w/v)

trichloroacetic acid and then centrifuged at 10000

rpm for 5 minsat 25 C. Then mixture of 1 ml of

spernantant, 2 mL of 20% trichloroacetic acid

containing 0.5% (w/v) thiobarbituric acid was

heated at 95 C for 15 mins 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 .

(1973) using 3% 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% 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 –4°C.

Biochemical analyses of leaves

0

0

–1 –1

et al

2 2 2 2

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

selected for experimental purpose. Seeds of

sorghum [ (L) Moench] and wheat

[ L.] obtained from local market.

Seeds were surface sterilized with 0.1% 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.

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 sat 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.

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 day sat 28 C. 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

25 C ±2 temperature and 60% relative humidity

was maintained for the infectivity)

B. sorokiniana

Sorghum bicolor

Triticumaestivum

B.

sorokiniana

Two

strains of Bacillus altitudinus

B. megaterium

Previouslyisolated

B. sorokiniana

.

Materials and Methods

Plant material.

Fungal isolate.

Microbial strains and soil application.

Pathogen inoculation.

2

O

6

O 3

0
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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

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 4 C 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% 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

-1 -1

O

2

2 2.

HPLC Analysis of phenolic compounds.

Results

B.

megaterium

B.altitudinis

B. sorokiniana

Bacillus

Bacillus

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 30 C in dark after that

leaf disc was transferred to 90% ethanol and boiled

at 70 C for elimination of chlorophyll. Then 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). was

measured spectrophotometrically at 585 nm using a

standard curve and activity expressed as μg

(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.

(PAL-

EC.4.3.1.5) was assayed following the method

described by Chakraborty et al., (1993) with

In situ

The enzyme activity

N-

acetyl glucosamine

.

Phenylalanine ammonia lyase

2 2

–1

0

0

-1 -1

Determination of total soluble protein.

Extraction and estimation of phenol.

Extraction.

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

Assay.



damage due to any kind of stress with in plant

tissue. In untreated infected leaves H O and

malonaldehyde content increased upto2.12 %in

wheat and 2.45 % in sorghum (Fig 4). But

challenge inoculation of pathogen with PGPR in

both sorghum and wheat decreased the

2 2

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

Bipolaris
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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
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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 Untreatedhealthy (UH), Infected (UI), Bacteria treated healthy

(THBM, THBA), Bacteria treated infected (TIBM, TIIBA) in sorghum andwheat. 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
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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

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 .

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

B. sorokiniana B. megaterium

B. megaterium

B

sorokiniana

B.

megaterium

considerably elevated the activity of chitinase, β-

1,3- glucansase, PAL and phenols in both infected

wheat and sorghum leaf tissue.

accumulation of H O and MDA significantly,

indicating reduction in spot blotch induced

oxidative damage (Fig 4, 5). H O localization

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.

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 fugal 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

2 2

2 2

2 2

2 2

B. sorokiniana

Bacillus
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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



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.

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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B.

sorokiniana

B.megaterium

. B. megaterium

Pythiumaphanidermatum

B.sorokiniana

Acknowledgement

phloroglucinol, gallic acid, 3,4-dihydroxybenzoic
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Host pathogen interaction plays an important role in
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Six potential plant growth promoting rhizobacteria – Bacillus methylotropicus (NAIMCC-B-01492), B.
symbiont (NAIMCC-B-01489), B. altitudinus (NAIMCC-B-01484), B .megaterium (NCBI JX312687), B.
pumilus (NAIMCC-B-01483) and P. polymyxa (NAIMCC-B-01491) showing in vitro antagonistic activity
against Bipolaris sorokiniana were screened for their effects on growth of sorghum plants and induction of
res istance against B. sorokiniana. Among these rhizobacteria, B. methylotropicus and B.
megaterium induced maximum growth and accumulation of phenols, and enhanced activities of defense
enzymes. Root colonization with dominant abruscular mycorrhizal fungi followed by soil application
with Trichoderma asperellum in combination with talc based formulation of B. methylotropicus  reduced
disease incidence markedly in sorghum plants which was evident by enhanced accumulation of phenols
and activities of defense enzymes in comparison with single treatment with bioinoculants (AMF,PGPF or
PGPR). Time course accumulation of chitinase, â 1-3 glucanase, peroxidase and phenylalanine ammonia
lyase were also evaluated.  Pathogen infestation in leaf tissues in all treatments following challenge inocu-
lation was evaluated by indirect immunofluorescence assay using polyclonal antibody raised against B.
sorokiniana and compared with untreated healthy leaf. Accumulation of phenolic compounds in treated and
inoculated plants in comparison with untreated healthy plants was analysed by HPLC.   

Key words: Sorghum, Bipolaris sorokiniana, AMF, PGPF, PGPR, spot blotch, defense enzymes

PRIYANKA BHATTACHARJEE,  PUJA SASHANKAR,  USHA CHAKRABORTY
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University of  North Bengal, Siliguri 734013, West Bengal

Growth improvement and disease suppression in Sorghum plants
following application of bioinoculants

INTRODUCTION

Sorghum [Sorghum bicolor (L) Moench] is the fifth
most important cereal crop in the world; and its wide
range of other applications are now being explored
with worldwide interest in renewable resources
(Dahlberg et al,2011). Spot blotch has been a se-
rious problem in north-eastern region as well as in
north-western parts of India. Bipolaris sorokiniana 
(Sacc.) Shoemaker (syn. Helminthosporium
sativum teleomorph: Cochliobolus sativus), a
hemibiotrophic phytopathogenic fungus is a well
known cause of Spot blotch disease in Barley (Hor-

*Corresponding author : bncnbu@gmail.com

deum vulgare L.) and Wheat (Triticum
aestivum L.). B. sorokiniana usually induces symp-
toms on the leaf, sheath and stem. Yield losses
due to Spot blotch vary from 16 to 33% in Barley.
B. sorokiniana 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 and grasses.
The infection process on the leaves usually oc-
curs 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 B. sorokiniana comes from several
sources such as weed hosts, soil, crop debris
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which enhances the disease level (Bashyal et
al,2011). Recently, Chakraborty et al, (2016) have
reported the serological and molecular character-
ization of B. sorokiniana causing spot blotch dis-
ease of wheat.The present investigation was un-
dertaken to evaluate the potential of different
bioinoculatns in growth improvement, Spot blotch
suppression and activation of defense mechanisms
in sorghum

MATERIALS AND METHODS
 
Plant material

Seeds of sorghum [Sorghum bicolor (L) Moench]
obtained from local market was selected. Seeds
were surface sterilized with 0.1% HgCl2, washed
thrice with sterile distilled water and then sown as
per experimental design.

Fungal isolate

Previously identified, sequenced and immunologi-
cally characterised single isolate ofBipolaris
sorokiniana (WH.PBW.IP.04) was used for the as-
sessment of Spot blotch disease in sorghum plant.  

Microbial strains and soil application

The bioresources selected for the present investi-
gations were six strains of PGPR[ Bacillus
m ethy l o t r op i cus   ( N AIM C C - B- 01492) ,   B.
s y m b i o n t   ( N A I M C C - B - 0 1 4 8 9 ) ,   B .
altitudinus(NAIMCC-B-01484),B. megaterium 
(NCBI JX312687), B. pumilus  (NAIMCC- B-01483)
and    Paenibacillus polymyxa (NAIMCC-B-01491)] ,
Glomus mosseae (AMF) and Trichodermaasperel-
lum  (BCA).  T. asperellum (T561)  isolated from
rhizosphere  soil of tea growing in  hill region was
mass multiplied in wheat bran medium. In case of
PGPR isolates, six previously sequenced and char-
acterised rhizobacteria were used for foliar spray.
For the preparation of suspension the bacterial iso-
lates were cultured in Nutrient Broth. After 48 hours
of inoculation the culture was centrifuged (5,000
rpm for 15 mins). Supernatant was discarded and
the pellet was dissolved in equal amount of dis-
tilled water. Few drops of tween 20/ carboxy me-
thyl cellulose was added to it as adhesive. The
aqueous suspension was then sprayed to the plant
at seedling stage. Repeated application was done
at 20 days interval. Another bioinoculant used
was Glomus mosseae (AMF); in this case spores

of AM fungi were obtained following wet sieving and
decanting method from the rhizosphere soil of
mature tea plants grown in field
conditions. Surface sterilized sorghum seeds were
sown in soils treated with BCA (500 g/ row). Prior
to the seed sowing AMF spore mass was
also inoculated in the soil; the same amount of
spore was again inoculated to the rhizosphere of
one month old seedlings.

Evaluation of plant growth
Pathogen inoculation

Selected isolate of Bipolaris sorokiniana was used
for screening of sorghum cultivar against Spot
blotch. The fungal culture was grown on potato
dextrose agar medium (PDA) in petriplates. Sor-
ghum plants at one month old stage were inocu-
lated by spraying conidial suspension(1×103

conidia/ml)  of 7 day old culture of B. sorokiniana.

Assessment of Spot blotch disease 

Disease assessment was done after 12, 24, 48,
72 and 96 h of inoculation on the basis of appear-
ance of infection on leaves in field condition of one
month old sorghum plants. The disease severity
was measured in terms of lesion number per leaf
and percentage disease index was calculated by
following the method of Adlakha et al, (1984). The
following formula was used for percent disease
index (PDI) calculation -[(class rating x class fre-
quency)/(total no. of leaves x maximum rating)] x
100. The mean PDI was transformed into disease
reaction as: 0%= no infection/ immune; 0-10%=
resistant response (R); 10.1-20.0%= moderately
resistant (MR); 20.1-30.0%=moderately suscep-
tible (MS); 30.1-50.0%= susceptible (S) and
>50.0%= highly susceptible (HS).

Biochemical analyses of leaves
Determination of total soluble protein

Leaf protein was extracted using phosphate buffer
(pH 7.2) and protein content was determined fol-
lowing the method as described by Lowry et al,
using BSA as standard. 

Extraction and estimation of phenol

Phenol content was determined following the
method as described by Mahadevan and Sridhar
(1982) using caffeic acid as standard. 
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Assessment of defense enzymes in
leavesExtraction

By using suitable buffers and liquid nitrogen en-
zymes were extracted from life tissues. For extrac-
tion of chitinase and β-1,3-glucanase 0.1M sodium
acetate buffer (pH=5) was used.Phenylalanine
ammonia lyase was extracted using 0.1M sodium
borate buffer (pH=8.8) and peroxidase was ex-
tracted using 0.1 M sodium phosphate buffer
(pH=8.8).

Assay

Chitinase (CHT, EC 3.2.1.14) activity was mea-
sured according to the method described by Boller
and Mauch (1988). The enzyme activity was mea-
sured spectrophotometrically at 585 nm using a
standard curve and activity expressed as µg  N-
acetyl glucosamine (GlcNAc) released/min/g fresh
wt.Assay of β-1, 3-glucanase (β- GLU, EC 3.2.1.38)
activity was done by following the laminarin
dinitrosalicylate method described by Pan et
al. (1991). The enzyme activity was expressed as
µg glucose released min -1 g -1 fresh
tissue.Phenylalanine ammonia lyase (PAL-
EC.4.3.1.5) was assayed following the method
described by Chakraborty et al., (1993) with modi-
fications. PAL activity was determined by measur-
ing the production of cinnamic acid from L-pheny-
lalanine spectrophotometrically. The enzyme ac-
tivity was expressed as µg cinnamic acid produced
min-1 g-1 fresh tissueAssay of peroxidase (POX,
EC1.11.1.7) activity was done following the method
of (Chakraborty et al, 1993).  The reaction mixture
contained 1 ml of 0.2 Na-phosphate buffer (pH 5.4),
1.7 ml dH2O, 100 µl crude enzyme, 100 µl O-
dianisidine was used as substrate and activity was
assayed spectrophotometrically at 465 nm by moni-
toring the oxidation of O-dianisidine in presence of
H2O2.

Immunological assays

As described by Chakraborty and Purkayastha
(1983), fungal antigen was prepared using 0.05 M
sodium-phosphate buffer (pH 9.6).Polyclonal anti-
bodies were raised against fungal pathogen (B.
sorokiniana) in white, male rabbit following the pro-
cedure described by Alba and Devay (1985). Be-
fore immunization, normal sera were collected from
rabbit. Following injection schedule with antigens,
blood samples were collected and kept at 370C for

1 h for clotting, followed by centrifugation at 5000
rpm for 10 min at room temp.Dot immunobinding
assay was carried out using PAb raised against B.
sorokinianafollowing the procedure suggested by
Lange et al, (1989).

Fluorescence antibody staining and
microscopy

PAb of B.sorokiniana and goat antisera specific to
rabbit globulins conjugated with Fluorescein
isothiocyanate (FITC) were used for indirect im-
munofluorescence study. Observations were made
using a Biomed microscope (Leitzz) equipped with
an I-3 filter block ideal for FITC fluorescence un-
der UV light in the dark. Photographs were taken
by Moticam Pro 285B.

HPLC Analysis of phenolic compounds

Fresh leaves of sorghum 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 pow-
der was finally mixed in HPLC graded methanol
and stored at 4OC for further analysis. HPLC analysis
of phenolic compounds present in extracts was
done using SPD-10A VP Shimadzu UV-VIS Detec-
tor. 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).

RESULTS AND DISCUSSION
 
After artificial inoculation with B.sorokiniana, the
plants were kept under observation for develop-
ment of Spot blotch disease.  Disease index were
computed and results have been presented in
Table 1. It was observed that in all bioinoculants
treated plants disease intensity was significantly
reduced in comparison to the untreated
control.Estimation of protein contents in all the
treated and control set of plants revealed enhanced
protein content  in treated inoculated plants rather
than control set of plant and plant treated with bac-
teria, of which highest accumulation was obtained
in plants treated with Bacillus methylotropicus
(NAIMCC-B-01492) and inoculated with Bipolaris
sorokiniana.Maximum protein content was
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Table 1 : Disease Index of sorghum plants inoculated with Bipolaris sorokiniana

Percent Disease Index (PDI) among treatments after 7 and 15 days of inoculation were significant at p=0.05.

Table 2 :  Total soluble protein and phenol content of sorghum leaf following application with plant growth promoting rhizobacteria and
inoculated with B. sorokiniana

  
              Treatments Protein  

content(mg/gt) 
Total phenol 

content (mg/gt) 
Ortho phenol content 

(mg/gt) 

Control UH 20.0±0.53 1.6±0.014 0.50±0.066 
 
UI 24.6±0.20 2.6±0.023 0.90±0.023 

 
B. methylotropicus 

 
TH 51.5±0.14 2.7±0.079 1.50±0.015 
 
TI 53.2±0.41 5.0±0.026 2.25±0.040 

 
B. symbiont 

 
TH 28.5±0.44 2.0±0.160 0.75±0.026 
 
TI 32.0±0.24 2.7±0.030 2.25±0.043 

 
B. altitudinus 

 
TH 27.5±0.28 2.0±0.120 1.50±0.059 
 
TI 34.0±0.42 3.2±0.079 1.75±0.020 

 
B .megaterium 

 
TH 47.5±1.14 2.3±0.056 0.75±0.008 
 
TI 52.5±0.20 2.6±0.058 2.00±0.068 

 
B. pumilus 

 
TH 22.0±0.57 2.0±0.022 1.25±0.008 
 
TI 34.5±0.66 3.7±0.095 1.50±0.037 

 
P.polymyxa 

 
TH 40.0±0.65 2.0±0.120 0.75±0.029 
 
TI 50.5±0.77 2.8±0.154 1.75±0.040 

Values are replicates of three experiments, ± standard error; UH=untreated healthy, UI=untreated inoculated with B.sorokiniana; TH=
PGPR treated healthy; TI= PGPR treated inoculated with B.sorokiniana

53.2±0.41 mg/g tissue (Table 2).In case of total
and ortho phenol content also treated inoculated
plants showed increased amount of accumulation
with the highest being in plants treated with 
Bacillusmethylotropicus   (NAIMCC-B-01492) and 
B.  megaterium (NCBI JX312687) (Table.2). Re-
sults revealed that significant reduction of disease
was achieved by treatment with any of the

bioinoculants both 7days and 14days after inocu-
lation (Fig. 1 A and B)The result is in agreement
with the previous study of Shirinzadeh et al, (2013)
who found positive effect of seed priming with PGPR
on agronomic traits and yield of barley cultivars.
Total soluble protein, total phenol content when
estimated were found in increased amount in
treated inoculated plants in comparison to control

 

                         Treatments  

                            PDI (%) 

               Days after inoculation 

                  7                                                 15 

Untreated inoculated 62.83 78.00 

Treated inoculated   

         Bacillus methylotrophicus 23.43 27.41 

          B.symbiont 27.01 31.42 

B.altitudinus 29.65 30.55 

B.megaterium 31.42 44.70 

B.pumilus 26.98 31.42 

Paenibacillus polymyxa 38.37 44.70 
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Fig.1: Appearance of disease symptoms in leaves of Sorghum
plant (A and B). Germinating spores of Bipolaris
sorokiniana under microscopic view (C and D)

Fig. 2: Time course accumulation of - chitinase, â-1,3-glucanase,
phenylalanine ammonia lyase and peroxidase.

[CHT= chitinase, GLU=â-1,3-glucanase, PAL=phenylalanine
ammonialyase, POX=peroxidise, UH= untreated healthy,
UI=untreated  inoculated, TH=PGPR treated healthy, TI=PGPR
treated  inoculated with  B.sorokiniana (TH1,TI1= B.
methylotropicus; TH2,TI2= B. Symbiont; TH3,TI3= B. altitudinus;
TH4,TT4= B .megaterium; TH5,TI5= B. pumilus; TH6,TI6= P.
polymyxa]

Fig. 3: Dot immunobinding assay of leaf antigens of healthy, treated
and inoculated sorghum plants probed with PAb of Bipolaris
sorokiniana.

[Lane 1: Mycelial antigen of Bipolaris sorokiniana; Lane 2; Un-
treated healthy leaf antigen;  Lane 3 : untreated inoculated leaf
antigen ; Lane 4: Bacillus methylotrophicus treated healthy leaf
antigen: Lane 5: Bacillus methylotrophicus treated inoculated leaf
antigen]

 

       1                    2                 3                   4                   5 

Fig.4: Immunofluorescence of healthy (A) and infected (B,C,D)
sorghum leaf labelled with antibody of B. sorokiniana

Fig.5:   HPLC analysis of phenolic compounds identified in healthy
and infected sorghum leaf A, B:1. Chlorogenic acid, 2.
Ferulic acid

Fig.6: Activities of defense enzymes ( A=CHT, B=GLU, C=POX,
D=PAL) of control and bioinoculant treated sorghum plants.
[CHT=chit inase,GLU=â-1,3-glucanase,POX=peroxidise,
PAL=phenylalanine ammonialyase; AMF=arbuscular mycorhizal
fungi (Glomus mosseae), PGPF= Trichoderma asperellum,
PGPR= Plant growth promoting rhizobacteria]
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Table 4 : Dot immunobinding assay of leaf antigens of Sorghum
plants treated with Bacillus methylotrophicus  and in-
oculated  with B.sorokiniana

PAb dilution: 1:1000; Alakaline phosphatase dilution:1:10,000;
*Colour intensity- Pinkish red- ++++; Bright pink- +++; Pink- ++;
Light pink- +; No colour

Antigen Source  
 

      DIBA 
 Colour intensity of dots* 

Leaf Antigens  

 
Untreated healthy

 
Untreated inoculated 
 
Treated Healthy  

 
++

 
+++ 
 
+ 
 

Treated Inoculated  ++ 
  

Mycelial Antigen 
 

 
B. sorokiniana 

 
++++ 

set of plant (Table 3). Similar result was found in
study of previous workers in the experiment on
plant growth promoting rhizobacteria mediated
improvement of health status of tea plants
(Chakraborty et al, 2013). Determination of time
course accumulation of all the four enzymes
(CHT,GLU,PAL,POX) showed increased activity in
treated inoculated plants than control set, among
which TI1 showed highest accumulation from 24-
48 hr. But in  72 hr CHT activity reduced in TI1
sample than previous hr treatments (Fig. 2).  Sus-
ceptible and resistant reactions were further con-
firmed by dot blot using leaf antigens of treated
healthy and treated inoculated leaf samples,
probed with PAbs of B. sorokinianafrom 3rd bleed.
In dot blot, intensity of dots were high in homolo-
gous binding, whereas in treated healthy sample

dot colour intensity was slightly low in comparison
to treated inoculated sample (Fig. 3; Table 4)In
the present study indirect immunofluorescence of
healthy and infected leaf was carried out with anti-
body of B. sorokiniana and reacted with fluores-
cein isothiocyanate (FITC) labelled antibodies of
goat specific for rabbit globulin. Healthy leaf tissue
segement treated with PAb of of B.
sorokiniana showed autofluorescence of the cuticle
layer of the segment that indicates that pathogen
is not present in the healthy section. Whereas in
case of infected leaf section, apple green fluores-
cence is seen in small quantities throughout the
infected tissue indicating the spread of infection in
the leaf (Fig.4). Acharya et al, (2015) reported simi-
lar result in their study on serological detection
of Pestalotiopsis disseminatain Persea bombycina 
causing grey blight disease.HPLC analysis was
done for the detection of phenolic compounds in
the sorghum plants treated with Bacillus 
methylotropicus showing the lowest PDI percent-
age and control set of plant (UH). The results
showed high amount of accumulation of phenolic
compound in response to the disease following the
treatments (Fig.5A and B).The most efficient
PGPR Bacillus methylotropicus among the six was
then taken for field trial with other two poteintial
bioinoculants PGPF (T. asperellum 561) and AMF
(Glomus mosseae )singly and with combination. In
this set of experiment plants treated with all the
three treatments (PGPR, PGPF, AMF) showed in-
creased accumulation of protein and phenol rather
than other treatments and control set of plants. In
case of defense enzymes also the activity was
higher in plants treated with all the bioinoculants
(Fig. 6).

Treatments Protein 
content (mg/gt)  

Total phenol 
content (mg/gt) 

Ortho phenol 
content (mg/gt) 

Control 12.00±0.02 1.40±0.008 0.75±2.46 

 

AMF 23.25±0.08 1.64±0.023 1.24±0.01 

 

PGPF 27.00±0.12 2.10±0.058 1.80±0.05 

 

PGPR 25.23±0.09 1.80±0.070 1.67±0.02 

 

AMF+PGPF+PGPR 33.5.0±0.12 2.25±0.044 1.90±0.06 

Table 3 : Total soluble protein and phenol content of sorghum leaves treated with different bioinoculants.

Values are replicates of three experiments, ± standard error;  AMF=arbuscular mycorhizal  fungus (Glomus mosseae), PGPF=
Trichoderma asperellum, PGPR= Plant growth promoting rhizobacteria (Bacillus methylotrophicus)
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SUPPLEMENTED TABLES 

 

Table ST 4.1: Growth rate of ten sorghum varieties 

Sorghum varieties Growth rate (cm.) 

15 days 45 days 75 days 105 days 

Sudan grass 10±0.26 23±0.38 38±0.60 58±0.39 

SPV 462 14±0.72 40±0.67 60±0.59 81±0.61 

CSV 15 10±0.37 27±0.48 43±0.60 70±0.58 

CSV 17 9±0.39 25±0.20 42±0.44 66±0.71 

CSV 20 7±0.29 24±0.42 39±0.31 60±0.67 

CSV 22 R 10±0.58 33±0.77 45±0.75 73±0.45 

CSV 23 8.7±0.14 28±0.62 53±0.61 76.5±0.60 

CSV 27 10±0.57 25±0.52 50±0.07 74±0.42 

CSV 29 R 11±0.18 33±0.36 56.5±0.15 78±0.30 

CSV 30 F 9.8±0.51 25±0.47 42±0.45 68±0.61 

CD(P=0.05) Varieties 

                 Growth rate 

4.77 

2.75 

                                     ± Standard Error, Average of three replicates 

Table ST 4.2: Total phenol content of healthy and naturally infected sorghum 

varieties 

Sorghum 

varieties 

Total phenol content 

(mg/ gm tissue) 

Healthy Infected 

SUDAN GRASS 1.54±0.017 2.50±0.029 

SPV462 2.70±0.008 5.00±0.115 

CSV 15 1.66±0.029 2.50±0.029 

CSV 17 2.00±0.088 3.70±0.078 

CSV 20 2.30±0.080 2.60±0.029 

CSV 22 R 3.00±0.115 5.40±0.046 

CSV 23 2.90±0.115 5.90±0.030 

CSV 27 3.20±0.092 6.30±0.075 

CSV 29 R 3.00±0.133 6.00±0.115 

CSV 30 F 1.65±0.020 2.70±0.030 

                                   ± Standard Error, Average of three replicates 

 

 



Table ST 4.3: Mycelial growth of B. sorokiniana isolates in Richard’s solution 

Isolates 

 

Growth rate (mg) 

Days after inoculation 

5 10 15 

IPL/BS/SB-01 120.83±0.60 232.33±1.45 293.33±7.68 

IPL/BS/SB-02 106.26±0.81 199.00±2.08 238.00±7.57 

IPL/BS/SB-03 117.53±0.78 212.33±8.68 257.00±1.52 

IPL/BS/SB-04 105.83±0.60 185.66±2.96 199.00±2.08 

IPL/BS/TA-01 99.50±0.76 203.66±3.17 255.00±2.88 

IPL/BS/TA-02 102.00±1.15 205.33±3.71 291.66±6.00 

IPL/BS/TA-03 109.66±0.88 146.66±7.26 267.33±5.92 

IPL/BS/TA-04 93.50±0.76 159.66±5.78 197.33±3.71 

IPL/BS/TA-05 107.16±0.92 117.66±1.76 213.33±8.81 

IPL/BS/TA-06 112.33±1.45 152.33±2.02 280.00±5.00 

± Standard Error, Average of three replicates, incubation at 25±2°C 

 

Table ST 4.4: Mycelial growth of B. sorokiniana isolates in different solid media 

Isolate Diameter of mycelia (mm) 

Media 

PotatoDextrose 

Agar 

Richard’sAgar OatMeal  

Agar 

IPL/BS/SB-01 15.01±0.23 12.92±0.07 10.57±0.05 

IPL/BS/SB-02 12.77±0.16 10.68±0.06 09.59±0.05 

IPL/BS/SB-03 13.09±0.21 11.19±0.09 09.90±0.03 

IPL/BS/SB-04 11.67±0.19 10.34±0.08 09.80±0.23 

IPL/BS/TA-01 12.45±0.23 11.65±0.07 09.80±0.14 

IPL/BS/TA-02 13.67±0.22 11.73±0.15 10.89±0.03 

IPL/BS/TA-03 11.35±0.17 10.01±0.12 10.70±0.20 

IPL/BS/TA-04 10.91±0.36 09.50±0.28 09.80±0.14 

IPL/BS/TA-05 11.48±0.26 10.16±0.16 09.60±0.29 

IPL/BS/TA-06 13.82±0.16 11.79±0.15 10.20±0.08 

10 days after incubation, ± Standard Error, Average of three replicates, Incubation at 

25±2°C 

 

 

 

 

 



Table ST 4.5: Total phenol and ortho phenol content of sorghum leaf after 

inoculation with B. sorokiniana following detached leaf technique 

Variety  Total Phenol Content (mg/g tissue) 

Treatments 24 hr 48 hr 72 hr 96 hr 120 hr 

Sudan grass Healthy 1.8±0.04 2.2±0.05 2.4±0.19 2.4±0.08 2.9±0.21 

Infected 3.0±0.08 4.0±0.10 5.2±0.08 5.0±0.29 4.9±0.15 

CSV 30 F Healthy 2.3±0.02 2.5±0.08 2.8±0.10 2.6±0.05 2.9±0.11 

Infected 3.5±0.29 4.0±0.11 4.7±0.09 4.5±0.13 4.5±0.18 

CSV 15 Healthy 1.9±0.11 2.25±0.07 2.5±0.12 2.5±0.08 2.6±0.09 

Infected 3.8±0.15 4.6±0.12 5.8±0.11 5.6±0.43 5.5±0.20 

Variety Ortho-phenol Content (mg/gtissue) 

Treatments 24 hr 48 hr 72 hr 96 hr 120 hr 

Sudan grass Healthy 1.08±0.05 1.28±0.05 1.74±0.02 1.5±0.08 1.74±0.01 

Infected 1.80±0.14 2.44±0.17 3.17±0.08 3.08±0.06 2.84±0.19 

CSV 30 F Healthy 1.36±0.04 1.52±0.08 1.70±0.12 1.56±0.06 1.80±0.03 

Infected 2.05±0.01 2.32±0.11 2.87±0.09 2.75±0.15 2.75±0.13 

CSV 15 Healthy 1.08±0.27 1.35±0.06 1.50±0.05 1.50±0.04 1.43±0.02 

Infected 2.2±0.23 2.71±0.05 3.42±0.11 3.36±0.14 3.36±0.16 

± Standard Error, Average of three replicates 

 

Table ST 4.6: Total phenol and ortho phenol content of sorghum leaf after 

inoculation with B. sorokiniana following whole plant inoculation technique 

Variety Total Phenol Content (mg/g tissue) 

Treatments 24 hr 48 hr 72 hr 96 hr 120 hr 

Sudan grass Healthy 1.8±0.04 2.2±0.05 2.4±0.19 2.4±0.08 2.9±0.21 

Infected 3.0±0.08 4.0±0.10 4.7±0.09 4.5±0.13 4.5±0.18 

CSV 30 F Healthy 2.3±0.02 2.5±0.08 2.8±1.10 2.6±0.05 2.9±0.11 

Infected 3.5±0.20 4.0±0.11 5.2±0.08 5.0±0.29 4.9±0.15 

CSV 15 Healthy 1.9±0.11 2.25±0.07 2.5±0.12 2.5±0.08 2.6±0.09 

Infected 3.8±0.15 4.6±0.12 5.8±0.11 5.6±0.43 5.5±0.20 

Variety Ortho-phenol Content (mg/gtissue) 

Treatments 24 hr 48 hr 72 hr 96 hr 120 hr 

Sudan grass Healthy 1.08±0.05 1.28±0.05 1.74±0.02 1.50±0.08 1.74±0.01 

Infected 1.80±0.14 2.44±0.17 2.87±0.07 2.75±0.04 2.72±0.03 

CSV 30 F Healthy 1.36±0.04 1.52±0.08 1.70±0.12 1.56±0.06 1.80±0.03 

Infected 2.05±0.01 2.32±0.11 3.71±0.08 3.08±0.06 2.84±0.19 

CSV 15 Healthy 1.08±0.27 1.35±0.06 1.50±0..05 1.50±0.04 1.43±0.02 

Infected 2.20±0.23 2.71±0.05 3.42±0.11 3.36±0.19 3.36±0.16 

± Standard Error, Average of three replicates 

 

 



Table ST 4.7: Protein content of B .sorokiniana iaolstes 

 Protein content (mg g-1) 

Isolates Incubation period (days)a 

4 8 12 16 

IPL/BS/SB-01 15±0.58 22.5±0.89 25.5±1.00 24±0.77 

IPL/BS/SB-02 12.5±0.40 20±1.00 22.45±0.61 22.5±0.72 

IPL/BS/SB-03 14.6±0.21 22.5±0.91 24. 6±0.44 22.5±1.01 

IPL/BS/SB-04 9.5±0.21 13±0.71 15.6±0.92 16±0.63 

IPL/BS/TA-01 9±0.18 11±0.36 14±0.54 12±0.86 

IPL/BS/TA-02 9.8±0.17 13.5±1.19 17±0.63 15.4±0.47 

IPL/BS/TA-03 11.25±0.68 15±0.51 18.8±0.58 16±1.11 

IPL/BS/TA-04 10±0.51 12.5±0.57 15.6±0.91 11±1.33 

IPL/BS/TA-05 11.35±0.63 15±0.88 18.8±0.47 18±0.87 

IPL/BS/TA-06 10±0.72 14±0.76 16.6±0.44 13±0.69 

± Standard Error, Average of three replicates 

Table ST 4.8: Dot immunobinding assay of mycelia antigens reacted with PAbs of B. 

sorokiniana 

Antibody Source Antigen Source Intensity of dots 

Bipolaris sorokiniana B.sorokiniana ++++ 

D.oryzae ++ 

F.oxysporum + 

C.gloeosporioides + 

++++ Very deep purple; +++ Deep purple; ++Light pinkish; + Very light purple 

 

 

 

 

 

 

 

 

 

 



 

 

Table ST 4.9: Detection of pathogen in naturally spot blotch infected sorghum 

leaves using PTA-ELIA formats 

Variety PAb-Bs 

 Healthy Infected PDI (%) 

Sudan grass 0.097±0.008 0.198±0.009 78.90±0.90 

 

CSV 30 F 0.089±0.012 0.125±0.016 75.45±1.27 

 

CSV 15 0.081±0.009 0.105±0.011 71.24±1.44 

Note : PTA-ELISA values at 405 nm; Leaf antigen concentration 40µg ml
-1

; PAb dilution 

1:125; ±Standard error 

 

Table ST 4.10: Dot immunobinding assay of healthy and spot blotch infected leaf 

antigens or sorghum plants using PAbs of B. sorokiniana 

 

Leaf Antigen (40 

µg/ml) 

PAb-Bs 

Healthy Infected 

Sudan grass ++ ++++ 

 

CSV 30 F + +++ 

 

CSV 15 + +++ 

 

Mycelial antigen                         +++++                                                                
B.sorokiniana              

Colour intensity of dots: + insignificant; ++ light violet; +++ violet: ++++ deep violet: 

+++++ deeper violet; NBT/BCIP used as substrate; PAb dilution 1:125 

 

 

 

 

 

 

 



 

 

Table ST 4.11: PTA-ELISA values (A405) showing reaction of PAbs of B. sorokiniana 

with antigens of healthy and inoculated sorghum leaves 

 

Variety  Leaf antigen concentration 

(40 µg/ml) 

 Healthy Infected
a
 

Sudan grass 0.087±0.0011 0.182±0.0011 

 

CAV 30 F 0.082±0.0017 0.149±0.0017 

 

CSV 15 0.080±0.0012 0.115±0.0017 

Absorbance at 405 nm, PAb B.sorokiniana, 
a
3 days after inoculation 

 

Table ST 4.12: Detection of foliar fungal pathogen in artificially inoculated sorghum 

leaves using Dot immunobinding assay 

Leaf antigen (40 µg/ml) PAb of B. sorokiniana 

Healthy Inoculated with 

B.sorokini

ana 

Sudan grass ++ ++++ 

CSV 30 F + +++ 

CSV 15 + ++ 

Mycelia antigen 

B.sorokiniana 

++++ 

Colour intensity of dots: + pink; ++ light violet; +++ violet;  ++++ deep violet; 

NBT/BCIP used as substrate; PAb (1:125); *72 hours after inoculation 

 

 

 

 

 

 

 

 



Table ST 4.13: GenBank accession numbers and geographic location of ex-type 

strains that showed homology with isolate IPL/BS/SB-01 

Sl 

No 

Accession No Strain or Isolate rDNA 

Sequence 

Country 

1.  FJ864705  PPRI 6810 560 bp South Africa 

2. KM066949 WH.PBW.IP.0 588 bp India 

3. HM998314 MvNorthCarDukeForU13 566 bp USA 

4. HM998310 MvNorthCarDukeForU8 578 bp USA 

5. EU030351 FG42 566 bp China 

6. GU073106 DH08015B 561 bp China 

7.  DQ367885 BS-54 590 bp India 

8.  KF765401 BS52M2P 569 bp Brasil 

9. HM195258 Bs 72 570 bp India 

10. HM195260 Bs 77 570 bp India 

11. HM195250 Bs 03 571 bp India 

12.  KF765405 98026P 569 bp Brasil 

13. KF765407 98023P 569 bp Brasil 

14. KF765399 98012C 569 bp Brasil 

15. GU480768 64 591 bp India 

16. DQ229951 64 591 bp India 

17. DQ229952 9 590 bp India 

18. GU345084 7 589 bp India 

19. KJ634700 ppl-1 554 bp China 

20. GU080212 BsDR1 540 bp Oman 

21. KJ767094 A1S6-2 598 bp Malaysia 

22. DQ337383 99-36-2 2248 bp China 

23. XM_007701880 ND90Pr 2510 bp USA 

24. HM998314 MvNorthCarDukeForU13 566 bp USA 

25. HQ611957 PSB3 554 bp USA 

26. GU073106 DH08015B 561 bp China 

27. GU073107 DH08122quan2 554 bp China 

28. NR_147494 BRIP 15929 700 bp Australia 

29. NR_147495 BRIP 12030 731 bp USA 

30. NR_147496 BRIP 16226 723 bp USA 

31. NR_147497 BRIP 12239 727 bp USA 

 

 

 

 

 



Table ST 4.14: GenBank accession numbers of β-tubulin gene sequence and 

geographic location of ex-type strains that showed homology with four isolates of 

B.sorokiniana 

Sl 

No 

Accession 

No 

Strain or 

Isolate 

rDNA 

Sequence 

Country Sl 

No 

Accession 

No 

Strain or 

Isolate 

rDNA 

Sequence 

Country 

1. KR527171 B28 277 bp China 26. KR527162 B16 277 bp China 

2. KR527165 B19 277 bp China 27. KR527169 B24 277 bp China 

3. KX835053 BZ37 262 bp China 28. KR527159 B12 277 bp China 

4. KX835048 BZ31 262 bp China 29. KR527170 B26 277 bp China 

5. KR527158 B11 277 bp China 30. KR527154 B7 277 bp China 

6. KR527152 B1 277 bp China 31. KX835055 BZ40 262 bp China 

7. KR527161 B15 277 bp China 32. KM243318 M1 279 bp China 

8. KX835049 BZ32 262 bp China 33. KX835059 BO1 269 bp China 

9. KR527160 B13 277 bp China 34. KX835020 BM24 284 bp China 

10. KR527174 B36 277 bp China 35. KX835023 BM27 284 bp China 

11. KX835050 BZ34 262 bp China 36. KX835024 BM35 284 bp China 

12. KR527167 B22 277 bp China 37. KX835022 BM26 284 bp China 

13. KR527157 B10 277 bp China 38. KX835019 BM22 284 bp China 

14. KR527173 B30 277 bp China 39. KX835017 BM20 284 bp China 

15. KR527172 B29 277 bp China 40. KX835016 BM19 284 bp China 

16. KX835054 BZ38 262 bp China 41. KX835021 BM25 284 bp China 

17. KR527155 B8 277 bp China 42. KX835018 BM21 284 bp China 

18. KR527153 B4 277 bp China 43. KM062889 B10 785 bp India 

19. KX835052 BZ36 262 bp China 44. KM062891 B12 742 bp India 

20. KX835051 BZ35 262 bp China 45. KM062903 B33 860 bp India 

21. KR527163 B17 277 bp China 46. KM062902 B32 738 bp India 

22. KR527166 B20 277 bp China 47. KM062904 B34 933 bp India 

23. KR527156 B9 277 bp China 48. KM062888 B9 935 bp India 

24. KR527168 B23 277 bp China 49. KM062890 B11 774 bp India 

25. KR527164 B18 277 bp China 50. KM062892 B14 856 bp India 

 

 

 

 

 

 

 

 

 

 

 

 



Table ST 4.15: Nucleotide composition of the tubulin gene sequences of 

B.sorokiniana 

 

Data Filename: Tubilin Bipolaris MEGA.meg 

Data Title: Tubilin Bipolaris MEGA 

Nucleotide Frequencies 

Sites Used: All selected 

All frequencies are given in percent. 

Domain: Data 

                                           T(U)   C     A     G    Total 

IPL-01 Tubulin.F 33821-5 9392              24.9  29.0  20.8  25.3   269 

IPL-02 Tubulin P0203                       24.9  29.0  20.1  26.0   269 

IPL-03 Tubulin P0203                       25.3  29.4  19.7  25.7   269 

IPL-04 TUBULIN F H11 ab1                   24.9  29.4  20.4  25.3   269 

KM243318.1 Bipolaris sorokiniana tubulin   24.9  29.0  19.7  26.4   269 

KX835059.1 Bipolaris oryzae tubulin        21.2  33.1  20.4  25.3   269 

KM062904.1 Bipolaris oryzae tubulin        24.0  32.6  19.3  24.1   933 

KM062903.1 Bipolaris oryzae tubulin        18.5  23.6  22.9  35.0   860 

KM062902.1 Bipolaris oryzae tubulin        18.8  22.0  22.9  36.3   738 

KM062888.1 Bipolaris oryzae tubulin        24.5  33.4  19.3  22.9   935 

KR527174.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527173.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527172.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527171.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527170.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527169.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527168.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527167.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527166.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527165.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527164.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527163.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527162.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527161.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527160.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527159.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527158.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527157.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527156.1 Bipolaris zeicola tuulin        25.3  28.2  19.1  27.4   277 

KR527155.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527154.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527153.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KR527152.1 Bipolaris zeicola tubulin       25.3  28.2  19.1  27.4   277 

KX835055.1 Bipolaris zeicola tubulin       25.6  28.2  18.3  27.9   262 

KX835054.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835053.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835052.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835051.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835050.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835049.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835048.1 Bipolaris zeicola tubulin       25.6  28.2  18.7  27.5   262 

KX835024.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835023.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835022.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835021.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835020.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835019.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835018.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835017.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KX835016.1 Bipolaris maydis tubulin        20.8  33.1  21.1  25.0   284 

KM062889.1 Bipolaris sorokiniana tubulin   21.1  22.9  22.6  33.3   279 

KM062890.1 Bipolaris sorokiniana tubulin   22.9  21.8  21.0  34.3   271 

KM062891.1 Bipolaris sorokiniana tubulin   22.5  23.2  21.4  33.0   285 

KM062892.1 Bipolaris sorokiniana tubulin   22.3  22.3  21.6  33.8   269 

Avg.                                       23.6  28.7  20.0  27.6   318.6 

 

 



Table ST 4.16: In vitro pairing of PGPR isolates with foliar pathogen of sorghum-

Bipolaris sorokiniana for evaluation of antifungal activities 

Mean value of three replicates; ± Standard error; Diameter of fungal colony after 7 days 

growth (cm) 

 

Table ST 4.17: In vitro pairing (radial growth inhibition) of PGPR isolates with 

foliar pathogen of sorghum-Bipolaris sorokiniana for evaluation of antifungal 

activities 

Interacting microorganisms Bacterial Strain Diameter of 

fungal 

colony (cm) 

% of 

inhibiton 

Bipolaris sorokiniana  10.00±0.145 - 

B.sorokiniana+Bacillus methylotropicus 

 

(NAIMCC-B-01492) 0.80±0.033 92±0.88 

B.sorokiniana+ Bacillus symbiont 

 

(NAIMCC-B-01489) 1.20±0.057 88±0.92 

B.sorokiniana+ Bacillus altitudinus 

 

(NAIMCC-B-01484) 1.00±0.057 90±0.57 

B.sorokiniana+ Bacillus megaterium 

 

(NCBI JX312687) 0.90±0.033 91±0.88 

B.sorokiniana+ Bacillus pumilus (NAIMCC-B-01483) 1.10±0.088 89±0.88 

B.sorokiniana+ Paenibacillus polymyxa (NAIMCC-B-01491) 1.30±0.033 87±0.88 

Mean value of three replicates; ± Standard error; Diameter of fungal colony after 7 days 

growth (cm) 

 

 

 

Interacting microorganisms Bacterial Strain Diameter of 

fungal 

colony (cm) 

% of 

inhibiton 

Bipolaris sorokiniana  7.60±0.14 - 

B.sorokiniana+ Bacillus symbiont (NAIMCC-B-01489) 2.50±0.02 75.00±0.74 

B.sorokiniana+Bacillus mthylotropicus (NAIMCC-B-01492) 0.95±0.07 90.50±0.28 

B.sorokiniana+ Bacillus altitudinus (NAIMCC-B-01484) 1.00±0.02 90.00±0.97 

B.sorokiniana+ Bacillus megaterium (NCBI JX312687) 1.15±0.06 88.50±0.60 

B.sorokiniana+ Bacillus pumilus (NAIMCC-B-01483) 1.50±0.05 85.00±0.57 

B.sorokiniana+ Paenibacillus polymyxa (NAIMCC-B-01491) 2.46±0.04 75.40±0.41 



Table ST 4.18: In vitro antagonistic test of selected PGPF against fungal test 

pathogen  

  

Interacting microorganisms Diameter of 

fungal colony 

(cm) 

% inhibition 

Bipolaris sorokiniana 8.9±0.15 - 

B. sorokiniana+ T. harzianum (NAIMCC-F-03287) 2.2±0.03 75.28 

B. sorokiniana+ T. harzianum (NAIMCC-F-03288) 2.3±0.07 74.15 

B. sorokiniana+ T. harzianum (NAIMCC-F-03289) 0.8±0.07 91.01 

B. sorokiniana+ T. harzianum (NAIMCC-F-03290) 1.5±0.15 83.14 

B. sorokiniana+ T. asperellum (NAIMCC-F-03291) 1.4±0.04 84.26 

B. sorokiniana+ T. asperellum (NAIMCC-F-03292) 1.2±0.14 86.51 

B. sorokiniana+ T. asperellum (NAIMCC-F-03293) 1.4±0.09 84.26 

 

Table ST 4.19: Chemical composition of ethyl acetate fraction of cell free culture filtrate by 

GC-MS analysis 

Peak Retention 

time 

Area

% 

Name Mol. 

Wt. 

Mol. 

Formula 

1 6.711 0.09 Benzenemethanol 108 C7H8O 

2 10.086 1.06 2-Piperidinone 99 C5H9NO 

3 10.388 0.29 1-Dodecene 168 C12H24 

4 12.969 0.35 Acetamide, N-(aminoiminomethyl)- 101 C3H7N3O 

5 13.698 2.43 4-Nitrosophenyl-.beta.-phenylpropionate 255 C15H13NO3 

6 14.968 0.14 1-Tetradecene 196 C14H28 

7 15.131 0.09 Tetradecane 198 C14H30 

8 15.596 0.05 Hydrazine, 1-(3-hydroxybenzyl)- 138 C7H10N2O 

9 16.454 0.51 2,6-Di-butyl-2,5-cyclohexadiene-1,4-dione 220 C14H20O2 

10 17.233 4.91 1-Undecene, 4-methyl- 10 C12H24 

11 17.350 0.19 Phenol, 2,6-bis(1,1-dimethylethyl)- 206 C14H22O 

12 19.125 0.10 1-Hexadecene 224 C16H32 

13 19.249 0.77 Hexadecane 226 C16H34 

14 19.834 0.15 1,2,4-Triazine-3,5(2H,4H)-dione, 6-benzoylthio- 249 C10H7N3O3S 

15 21.378 4.66 3-Methyl-1,4-diazabicyclo[4.3.0]nonan-2,5-

dione, N-acetyl- 

210 C10H14N2O3 

16 21.529 3.86 4-Fluorobenzoic acid, 4-pentadecyl ester 350 C22H35FO2 

17 22.430 0.72 Piperidine, 2-methyl-1-nitroso- 128 C6H12N2O 

18 22.857 5.21 1-Hexadecene 224 C16H32 

19 23.068 0.28 Cyclo-(glycyl-l-leucyl) 170 C8H14N2O2 

20 23.368 2.51 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 C11H18N2O2 

21 23.631 1.28 9-Octadecenoic acid (z)- 282 C18H34O2 

22 23.894 0.55 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 C11H18N2O2 



23 24.314 3.29 Piperazine-3,5-dione, 1-tetradecanoyl- 324 C18H32N2O3 

24 24.765 9.76 7,9-Ditert-butyl-1-oxaspiro[4.5]deca-6,9-diene 276 C17H24O3 

25 24.979 8.04 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 C11H18N2O2 

26 25.459 7.26 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 C11H18N2O2 

27 25.725 2.32 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(2-methylpropyl) 

210 C11H18N2O2 

28 25.963 0.14 n-Hexadecanoic acid 256 C16H32O2 

29 26.241 2.16 E-15-Heptadecenal 252 C17H32O 

30 26.825 4.02 8-Methyl-6-nonenamide 169 C10H19NO 

31 27.674 1.32 Hexadecen-1-ol, trans-9- 240 C16H32O 

32 28.587 1.78 9-Octadecenoic acid (Z)- 282 C18H34O2 

33 28.905 2.23 9-Octadecenoic acid (Z)-, phenylmethyl ester 372 C25H40O2 

34 29.320 0.56 1-Octadecene 252 C18H36 

35 29.534 0.48 2,5-Piperazinedione, 3,6-bis(2-methylpropyl)- 226 C12H22N2O2 

36 29.938 0.28 1-Oxaspiro[4.4]nonan-4-one, 2-isopropyl- 182 C11H18O2 

37 30.479 6.67 2,5-Piperazinedione, 3-benzyl-6-isopropyl- 246 C14H18N2O2 

38 30.831 0.59 Propanoic acid, decyl ester 214 C13H26O2 

39 31.433 6.22 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(phenylmethyl) 

244 C14H16N2O2 

40 31.685 0.35 Piperazinedione, 3-(2-methylpropyl)-6-

(phenylmethyl) 

260 C15H20N2O2 

41 32.090 0.34 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-

(phenylmethyl)- 

244 C14H16N2O2 

42 32.155 2.49 E-15-Heptadecenal 252 C17H32O 

43 34.233 0.44 1,2-Benzenedicarboxylic acid, dioctyl ester 390 C24H38O4 

44 35.148 1.41 L-Prolinamide, 5-oxo-l-prolyl-l-phenylalanyl-4-

hydroxy 

388 C19H24N4O5 

45 35.455 0.52 2,5-Piperazinedione, 3-(2-methylpropyl)-6-

(phenylmethyl) 

260 C15H20N2O2 

46 35.779 3.02 L-prolinamide, 5-oxo-l-prolyl-l-phenylalanyl-4-

hydroxy 

388 C19H24N4O5 

47 36.344 1.55 2,5-Piperazinedione, 3-[(4-

hydroxyphenyl)methyl]-6-(2-methylpropyl) 

276 C15H20N2O3 

48 36.857 0.44 9-Imino-12-phenyl-10,11-dioxa-

tricyclo[6.2.2.01,6]dodecane 

332 C19H16N4O2 

49 37.179 0.25 9-Imino-12-phenyl-10,11-dioxa-

tricyclo[6.2.2.01,6]dodecane 

332 C19H16N4O2 

50 37.318 0.78 2,5-Piperazinedione, 3,6-bis(phenylmethyl)- 294 C18H18N2O2 

51 37.800 0.41 2,5-Piperazinedione, 3,6-bis(phenylmethyl)- 294 C18H18N2O2 

52 37.956 0.25 2,6,10,14,18,22-Tetracosahexaene, 

2,6,10,15,19,23-hexamethyl 

410 C30H50 

53 41.576 0.78 L-tryptophan 204 C11H12N2O2 

54 43.112 0.41 L-tryptophan 204 C11H12N2O2 
 

 



 

Table ST 4.20: In vitro inhibition of growth of B.sorokiniana by cell free culture 

filtrate of B.methylotropicus 

Concentration of 

culture filtrate 

(ml) 

Diameter of 

fungal colony 

(cm) 

% of 

inhibition 

0 10 0 

0.4 9.5 5 

0.8 4.2 58 

1.2 3.6 64 

1.6 2.3 77 

2.0 0.5 95 

 

Table ST 4.21: GenBank accession numbers for endochitinase gene and geographic 

location of ex-type strains that showed homology with T.harzianum (NAIMCC-F-

03289) and T.asperellum (NAIMCC-F-03291) 

Sl 

No. 

Accession 

No 

Strain or 

Isolate 

rDNA 

Sequence 

Country Sl 

No. 

Accession 

No 

Strain or 

Isolate 

rDNA 

Sequence 

Country 

1. HQ342479 PPRI 3559 757 bp USA 13. AM237803 RV-2006 236 bp India 

2. HQ342481 GJS 01-17 749 bp USA 14. HM179247 T178 795 bp Vietnam 

3. HQ342473 GJS 01-91 757 bp USA 15. HM179242 T51 776 bp Vietnam 

4. HQ342484 DAOM 

230008 

679 bp USA 16. KF723016 NBAII Tv 23 864 bp India 

5. HQ342487 GJS 98-89 750 bp USA 17. DQ531051 YMF1.01694 762 bp China 

6. HQ342489 DIS 162 757 bp USA 18. L14614 - 1554 bp - 

7. AJ566281 - 2314 bp Egypt 19. JN798187  268 bp India 

8. HM179240 T39 833 bp Vietnam 20. HQ342476 GJS 01-225 749 bp USA 

9. HQ342478 GJS 01-238 687 bp USA 21. U49455 - 1473 bp Denmark 

10. HQ342477 GJS 01-312 668 bp USA 22. EF613225 - 1608 bp India 

11. HM179246 T128H 771 bp Vietnam 23. AJ605116  1556 bp India 

12. DQ531050 YMF1.01693 769 bp China      

 

 

 

 

 

 



Table ST 4.22. Nucleotide composition of the sequences T. Harzianum (NAIMCC-F-

03289), T. Asperellum (NAIMCC-F-03291) and other ex-type sequences 

 

Data Filename: ech42 gene MEGA.meg 

Data Title: ech42 gene MEGA 1 

Nucleotide Frequencies 

Sites Used: All selected 

All frequencies are given in percent. 

Domain: Data 

                                           T(U)   C     A     G    

Total 

T560 ENDO-B05 endochitinase42(ech42)gene   24.9  28.1  25.0  22.1  1129 

T501 ENDO-A05 endochitinase42(ech42)gene   25.0  27.9  25.2  21.9  1149 

HM179240.1 Hypocrea koningii ech42 gene    21.9  31.5  23.8  22.8   832 

HM179246.1 Trichoderma asperellum ech42    22.7  29.7  23.6  24.0   771 

HM179247.1 Hypocrea lixii ech42 gene       21.6  30.8  23.3  24.3   795 

HQ342473.1 Trichoderma stromaticum ech42   22.1  32.0  21.1  24.8   757 

HQ342476.1 Trichoderma caesareum ech42     21.5  32.0  21.2  25.2   749 

HQ342477.1 Trichoderma ivoriense ech42     21.0  32.3  22.2  24.6   668 

HQ342478.1 Trichoderma floccosum ech42     22.1  31.4  21.8  24.6   687 

HQ342479.1 Trichoderma vermipilum ech42    21.7  32.4  21.5  24.4   757 

HQ342481.1 Trichoderma lanuginosum ech42   22.4  31.5  21.4  24.7   749 

HQ342484.1 Trichoderma barbatum ech42      22.8  30.9  21.8  24.4   679 

HQ342487.1 Trichoderma rossicume ech42     22.4  30.3  22.1  25.2   750 

HQ342489.1 Hypocrea virens ech42           22.9  29.5  23.6  24.0   757 

JN798187.1 Trichoderma asperellum ech42    26.5  25.4  23.5  24.6   268 

AJ566281.1 Trichoderma atroviride ech42    26.5  23.1  26.5  23.9  2306 

DQ531050.1 Trichoderma compactum ech42     21.7  30.9  23.5  23.8   769 

U49455.1 Trichoderma harzianum ech42       22.8  28.4  25.7  23.0  1473 

L14614.1 Trichoderma harzianum ech42       25.4  28.8  24.1  21.8  1554 

AJ605116.1 Trichoderma harzianum ech42     24.3  28.8  23.8  23.0  1130 

AM237803.1 Trichoderma sp.ech42 gene       24.6  29.2  24.6  21.6   236 

EF613225.1 Trichoderma viride ech42 gene   22.8  29.5  24.4  23.3  1608 

KF723016.1 Trichoderma viride ech42 gene   23.4  28.8  24.2  23.6   864 

HM179242.1 Trichoderma viride ech42 gene   23.7  29.6  23.5  23.2   776 

DQ531051.1 Trichoderma yunnanense ech42    23.5  29.9  23.8  22.8   762 

Avg.     

 

 

 

 

 

 



 

 

 

 

Table ST 4.23: Protein content of sorghum leaves following treatments with PGPR 

Treatments Protein Content (mg/g tissue)* 

Sudan Grass CSV 30 F CSV 15 

Control 20.50±0.30 20.00±0.39 21.60±0.42 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

52.67±0.27 

 

45.50±0.34 

 

48.80±0.69 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

26.80±0.57 

 

19.80±0.50 

 

22.78±0.63 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

26.40±1.02 

 

21.70±0.38 

 

27.47±0.75 

Bacillus megaterium 

(NCBI JX312687) 

 

49.80±0.58 

 

43.76±0.62 

 

53.45±1.05 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

24.50±0.40 

 

22.56±0.54 

 

23.80±0.34 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

 

41.80±0.53 

 

39.26±0.92 

 

41.60±0.41 

CD(P=0.05) Treatments 

              Protein content 

5.58 

3.22 

*Mean value of three replicates ±Standard error 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table ST 4.24: Phenol content of sorghum leaves following treatments with PGPR 

Treatments Total Phenol Content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control 

 

1.55±0.09 1.40±0.04 1.50±0.11 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

4.80±0.20 3.90±0.13 4.20±0.17 

Bacillus symbiont 

(NAIMCC-B-01489) 

3.57±0.12 3.40±0.11 3.80±0.07 

Bacillus altitudinus 

(NAIMCC-B-01484) 

3.80±0.11 3.00±0.14 3.40±0.14 

Bacillus megaterium 

(NCBI JX312687) 

4.50±0.20 3.60±0.11 4.00±0.26 

Bacillus pumilus 

(NAIMCC-B-01483) 

3.00±0.28 3.25±0.07 3.00±0.26 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

4.60±0.20 3.78±0.07 4.20±0.13 

 

CD(P=0.05) Treatments 

              Phenol content 

 0.47 

0.27 

 

 

 

Treatments Ortho Phenol Content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control 

 

0.93±0.01 0.82±0.02 0.83±0.01 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

2.88±0.10 2.30±0.07 2.60±0.07 

Bacillus symbiont 

(NAIMCC-B-01489) 

2.10±0.13 1.93±0.11 2.31±0.04 

Bacillus altitudinus 

(NAIMCC-B-01484) 

2.31±0.02 1.65±003 1.90±0.08 

Bacillus megaterium 

(NCBI JX312687) 

2.65±0.03 2.23±0.08 2.34±0.06 

Bacillus pumilus 

(NAIMCC-B-01483) 

1.74±0.04 1.87±0.13 1.69±0.05 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

2.80±0.08 2.34±0.06 2.46±0.12 

 

CD(P=0.05)   Treatments 

      Ortho phenol content 

 0.35 

0.20 

 

 

Mean value of three replicates ±Standard error 

 

 



Table ST 4.25: Chlorophyll content of sorghum leaves following treatments with 

PGPR 

Treatments Chlorophyll content (µg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

 

Control 

 

 

11.69±0.23 

 

12.00±0.39 

 

11.00±0.22 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

14.80±0.82 

 

20.50±0.46 

 

17.68±0.19 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

15.67±0.59 

 

14.32±0.36 

 

14.80±0.32 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

16.00±0.68 

 

15.43±0.30 

 

15.43±0.40 

Bacillus megaterium 

(NCBI JX312687) 

 

16.78±0.32 

 

16.56±0.41 

 

15.80±0.32 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

14.32±0.35 

 

12.80±0.12 

 

14.56±0.25 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

 

16.90±0.28 

 

17.67±0.46 

 

16.78±0.35 

CD(P=0.05) Treatments 

      Chlorophyll content 

 2.79 

1.61 

 

 

Mean value of three replicates ±Standard error 

 

 

 

 

 

 

 

 

 



Table ST 4.26: Total sugar content of sorghum leaves following treatments with 

PGPR  

Treatments Total sugar content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

 

Control 

 

27.50±0.37 

 

34.54±0.71 

 

32.33±0.52 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

69.80±0.65 

 

54.34±0.71 

 

55.56±0.60 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

56.76±0.59 

 

50.00±0.78 

 

48.98±0.73 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

49.80±0.44 

 

48.78±0.87 

 

52.45±0.47 

Bacillus megaterium 

(NCBI JX312687) 

 

57.60±0.79 

 

57.88±0.55 

 

50.00±0.69 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

53.45±0.88 

 

45.54±1.02 

 

49.60±0.79 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

 

64.56±0.67 

 

55.89±0.55 

 

54.50±0.95 

CD(P=0.05) Treatments 

      Total sugar content 

 7.97 

4.60 

 

 

Mean value of three replicates ±Standard error 

Table ST 4.27: Proline content (in mg g
-1

 fr. Wt. tissue) in leaves of sorghum followed by 

PGPR treatments 

Treatments Proline content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control 0.70±0.026 0.75±0.014 0.60±0.029 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

1.16±0.035 

 

1.10±0.043 

 

0.85±0.018 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

0.72±0.030 

 

0.90±0.008 

 

0.75±0.014 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

0.72±0.017 

 

0.98±0.014 

 

0.72±0.029 

Bacillus megaterium 

(NCBI JX312687) 

 

1.08±0.046 

 

0.78±0.012 

 

0.86±0.011 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

0.88±0.037 

 

0.83±0.020 

 

0.68±0.017 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

 

1.06±0.237 

 

1.08±0.020 

 

0.82±0.017 

CD(P=0.05) Treatments 

              Proline content 

 0.23 

0.13 

 

 

Mean value of three replicates ±Standard error 



Table ST 4.28: MDA content (in mM MDA g
-1

 fr. wt. tissue) in leaves of sorghum plants 

treated with PGPR and challenged inoculated with B. sorokiniana 

Treatments MDA content (µ mol g tissue
-1

) 

Sudan Grass CSV 30 F CSV 15 

Control 

 

 

Healthy 1.34±0.018 1.40±0.020 1.32±0.088 

Infected 2.56±0.017 2.50±0.023 2.45±0.014 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

Healthy 1.36±0.023 1.49±0.024 1.49±0.055 

Infected 1.68±0.033 1.66±0.014 1.69±0.020 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

Healthy 1.72±0.020 1.56±0.017 1.54±0.017 

Infected 1.88±0.037 1.72±0.017 1.66±0.014 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

Healthy 1.76±0.074 1.69±0.014 1.60±0.024 

Infected 1.87±0.171 1.75±0.011 1.90±0.145 

Bacillus megaterium 

(NCBI JX312687) 

 

Healthy 1.88±0.094 1.72±0.020 1.70±0.034 

Infected 1.96±0.140 1.80±0.088 1.69±0.023 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

Healthy 1.70±0.056 1.76±0.011 1.58±0.015 

Infected 1.82±0.081 1.86±0.041 1.68±0.014 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

Healthy 1.80±0.052 1.74±0.011 1.66±0.005 

Infected 1.95±0.076 1.84±0.023 1.75±0.014 

CD(P=0.05)Treatments 

              MDA content 

 0.13 

0.05 

  

 

Mean value of three replicates ±Standard error 

 

 

 

 

 

 



Table ST 4.29: Hydrogen peroxide accumulation (in µ mol g tissue
-1

) in leaves of 

sorghum plants treated with PGPR and challenged inoculated with B. sorokiniana 

Treatments H2O2 content (µ mol g tissue
-1

) 

Sudan Grass CSV 30 F CSV 15 

Control 

 

 

Healthy 129.80±1.61 134.48±0.47 140.00±0.45 

Infected 295.56±1.20 198.50±1.45 265±2.13 

Bacillus mthylotropicus 

(NAIMCC-B-01492) 

 

Healthy 144.48±0.47 136.87±2.56 132.3±0.97 

Infected 217.29±1.37 176.60±1.67 201.00±1.26 

Bacillus symbiont 

(NAIMCC-B-01489) 

 

Healthy 144.50±0.47 129.00±1.46 142.4±1.25 

Infected 230.00±0.57 180.00±1.96 189.00±1.28 

Bacillus altitudinus 

(NAIMCC-B-01484) 

 

Healthy 143.64±0.57 136.00±1.44 136.70±0.66 

Infected 269.64±2.69 185.60±1.96 234.00±0.93 

Bacillus megaterium 

(NCBI JX312687) 

 

Healthy 154.44±1.37 146.80±2.21 130.5±0.84 

Infected 276.08±0.81 193.40±0.68 264.56±1.19 

Bacillus pumilus 

(NAIMCC-B-01483) 

 

Healthy 162.65±0.81 143.00±1.15 140.5±0.18 

Infected 234.56±0.86 188.68±1.82 183.40±0.92 

Paenibacillus polymyxa 

(NAIMCC-B-01491) 

Healthy 135.6±0.86 144.34±2.88 135.6±0.95 

Infected 262.45±0.74 192.5±1.79 244.56±0.77 

CD(P=0.05)Treatments 

              H2O2 content 

 46.76 

18.34 

  

 

Mean value of three replicates ±Standard error 

 

 

 

 

 

 

 

 

 

 

 



Table ST 4.30: Protein content of sorghum leaves following treatment with PGPF 

 

Treatments Total Protein Content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  22.00±0.22 20.50±0.14 23.00±0.28 

T. harzianum (NAIMCC-F-03287) 27.80±0.58 22.67±0.26 24.50±0.14 

T. harzianum (NAIMCC-F-03288) 34.45±0.79 25.60±0.17 27.50±0.37 

T. harzianum (NAIMCC-F-03289) 42.60±0.59 34.50±0.21 37.50±0.64 

T. harzianum (NAIMCC-F-03290) 30.50±0.70 27.50±0.24 30.50±0.47 

T. asperellum (NAIMCC-F-03291) 36.00±0.80 29.00±0.72 32.46±0.65 

T. asperellum (NAIMCC-F-03292) 38.90±0.47 25.50±0.58 29.50±0.64 

T. asperellum (NAIMCC-F-03293) 30.50±0.72 26.00±0.58 28.00±1.06 

CD(P=0.05) Treatments 

              Protein content 

1.46 

0.78 

  

 

Mean values of three replicates; ±Standard error 

 

Table ST 4.31: Phenol content of sorghum leaves following treatment with PGPF 

Treatments Total Phenol Content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  1.40±0.50 1.20±0.10 1.60±0.20 

T. harzianum (NAIMCC-F-03287) 2.45±0.10 2.00±0.57 2.00±0.44 

T. harzianum (NAIMCC-F-03288) 3.30±0.09 2.50±0.26 2.90±0.20 

T. harzianum (NAIMCC-F-03289) 4.40±0.09 3.75±0.30 3.90±0.40 

T. harzianum (NAIMCC-F-03290) 3.00±0.10 2.75±0.23 2.70±0.23 

T. asperellum (NAIMCC-F-03291) 2.98±0.11 2.6-±0.26 2.60±0.56 

T. asperellum (NAIMCC-F-03292) 4.20±0.13 3.65±0.40 3.80±0.30 

T. asperellum (NAIMCC-F-03293) 3.56±0.12 2.50±0.44 2.89±0.31 

CD(P=0.05) Treatments 

       Total phenol content 

 0.31 

0.17 

 

 

 

Treatments Ortho Phenol Content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  0.8±0.03 0.50±0.11 0.55±0.21 

T. harzianum (NAIMCC-F-03287) 1.47±0.02 0.78±0.03 0.70±0.05 

T. harzianum (NAIMCC-F-03288) 1.98±0.10 0.90±0.28 0.80±1.21 

T. harzianum (NAIMCC-F-03289) 2.64±0.05 1.89±0.12 2.00±0.80 

T. harzianum (NAIMCC-F-03290) 1.80±0.12 0.89±0.15 0.90±1.70 

T. asperellum (NAIMCC-F-03291) 1.78±0.02 0.90±0.22 0.80±0.15 

T. asperellum (NAIMCC-F-03292) 2.47±0.17 1.90±0.17 2.00±0.11 

T. asperellum (NAIMCC-F-03293) 2.20±0.07 0.80±0.15 0.89±0.17 

CD(P=0.05)   Treatments 

       Ortho phenol content 

 0.16 

0.16 

 

 

Mean values of three replicates; ±Standard error 



Table ST 4.32: Chlorophyll content of sorghum leaves following treatment with 

PGPF 

Treatments Chlorophyll content (µg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  11.67±0.20 9.80±0.16 11.45±0.08 

T. harzianum (NAIMCC-F-03287) 14.56±0.25 13.33±0.35 12.70±0.16 

T. harzianum (NAIMCC-F-03288) 12.56±0.03 10.80±0.01 12.00±0.12 

T. harzianum (NAIMCC-F-03289) 17.90±0.09 15.45±0.46 14.66±0.09 

T. harzianum (NAIMCC-F-03290) 13.00±0.45 12.00±0.28 13.66±0.04 

T. asperellum (NAIMCC-F-03291) 16.80±0.05 14.90±0.18 15.67±0.26 

T. asperellum (NAIMCC-F-03292) 15.65±0.23 14.45±0.29 14.88±0.22 

T. asperellum (NAIMCC-F-03293) 15.00±0.48 14.00±0.20 14.78±0.20 

CD(P=0.05)   Treatments 

         Chlorophyll content 

 1.56 

0.83 

 

 

Mean values of three replicates; ±Standard error 

Table ST 4.33: Total sugar content of sorghum leaves following treatment with 

PGPF 

Treatments Total sugar content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  33.56±0.26 23.67±0.24 27.56±0.29 

T. harzianum (NAIMCC-F-03287) 41.80±0.42 27.99±0.12 34.56±0.42 

T. harzianum (NAIMCC-F-03288) 53.67±0.38 35.69±0.38 42.78±0.83 

T. harzianum (NAIMCC-F-03289) 63.45±0.39 49.78±0.56 52.35±0.82 

T. harzianum (NAIMCC-F-03290) 58.78±0.27 43.78±0.78 52.00±0.57 

T. asperellum (NAIMCC-F-03291) 64.56±0.70 47.67±0.29 50.78±0.22 

T. asperellum (NAIMCC-F-03292) 50.98±0.35 39.80±0.41 45.40±0.36 

T. asperellum (NAIMCC-F-03293) 51.50±0.38 43.70±0.10 46.00±1.25 

CD(P=0.05)   Treatments 

              Total sugar content 

 4.13 

2.21 

 

 

Mean values of three replicates; ±Standard error 

 

 

 

 

 

 

 



Table ST 4.34: Proline content of sorghum leaves following treatment with PGPF 

Treatments Proline content (mg/g tissue) 

Sudan Grass CSV 30 F CSV 15 

Control  2.88±0.03 2.45±0.44 1.98±0.10 

T. harzianum (NAIMCC-F-03287) 7.40±0.07 6.30±0.51 3.80±0.29 

T. harzianum (NAIMCC-F-03288) 6.33±0.09 5.66±0.10 3.50±0.38 

T. harzianum (NAIMCC-F-03289) 12.45±0.41 9.76±0.04 5.80±0.31 

T. harzianum (NAIMCC-F-03290) 6.90±0.08 6.87±0.25 4.50±0.26 

T. asperellum (NAIMCC-F-03291) 8.90±0.47 7.69±0.36 6.40±0.17 

T. asperellum (NAIMCC-F-03292) 7.23±0.11 6.34±0.48 4.30±0.52 

T. asperellum (NAIMCC-F-03293) 7.00±0.26 6.89±0.32 5.40±0.33 

CD(P=0.05)   Treatments 

              Proline content 

 1.50 

0.80 

 

 

Mean values of three replicates; ±Standard error 

Table ST 4.35: Hydrogen peroxide accumulation (in µ mol g tissue
-1

) in leaves of 

sorghum plants treated with PGPR and challenged inoculated with B.sorokiniana. 

Treatments H2O2 content (µ mol g tissue
-1

) 

Sudan Grass CSV 30 F CSV 15 

Control  Healthy 188±3.71 176±1.33 132±0.74 

Infected  258±2.96 280±0.61 228±2.10 

T. harzianum (NAIMCC-F-03287) Healthy  112±1.76 129±1.00 112±0.43 

Infected  132±0.57 155±0.96 143±2.19 

T. harzianum (NAIMCC-F-03288) Healthy  144±2.18 135±1.06 120±1.00 

Infected  135±1.45 168±0.97 149±1.28 

T. harzianum (NAIMCC-F-03289) Healthy  101±0.88 170±1.00 124±2.04 

Infected  120±0.33 215±1.48 175±2.24 

T. harzianum (NAIMCC-F-03290) Healthy  140±0.88 145±2.15 107±1.15 

Infected  176±3.17 189±1.00 120±1.04 

T. asperellum (NAIMCC-F-03291) Healthy  115±0.88 165±1.48 122±1.04 

Infected  126±1.20 240±1.00 190±1.61 

T. asperellum (NAIMCC-F-03292) Healthy  165±1.85 140±1.04 110±1.86 

Infected  201±3.17 189±1.31 136±1.91 

T. asperellum (NAIMCC-F-03293) Healthy  144±1.15 135±0.68 113±0.86 

Infected  178±1.76 162±1.36 147±1.54 

CD(P=0.05)   Treatments 

                    H2O2 content 

  26.62 

9.72 

 

 

Mean values of three replicates; ±Standard error 

 

 



Table ST 4.36: MDA content (in mM MDA g
-1

 fr. wt. tissue) in leaves of sorghum 

plants treated with PGPR and challenged inoculated with B.sorokiniana. 

Treatments MDA content (µ mol g tissue
-1

) 

Sudan Grass CSV 30 F CSV 15 

Control  Healthy 1.80±0.014 1.48±0.056 2.00±0.109 

Infected  2.88±0.103 2.90±0.152 2.96±0.127 

T. harzianum (NAIMCC-F-03287) Healthy  1.33±0.011 1.35±0.097 1.65±0.070 

Infected  1.57±0.030 1.53±0.073 1.90±0.173 

T. harzianum (NAIMCC-F-03288) Healthy  1.28±0.024 1.33±0.071 1.60±0.085 

Infected  1.44±0.017 1.50±0.113 1.88±0.124 

T. harzianum (NAIMCC-F-03289) Healthy  1.22±0.012 1.57±0.095 1.97±0.140 

Infected  1.34±0.026 2.10±0.208 2.23±0.066 

T. harzianum (NAIMCC-F-03290) Healthy  1.21±0.014 1.32±0.095 1.56±0.089 

Infected  1.29±0.011 1.49±0.068 1.70±0.058 

T. asperellum (NAIMCC-F-03291) Healthy  1.20±0.015 1.55±0.097 1.89±0.060 

Infected  1.27±0.020 2.20±0.145 2.10±0.145 

T. asperellum (NAIMCC-F-03292) Healthy  1.34±0.048 1.42±0.066 1.68±0.063 

Infected  1.49±0.040 1.60±0.061 1.98±0.037 

T. asperellum (NAIMCC-F-03293) Healthy  1.29±0.025 1.39±0.031 1.70±0.082 

Infected  1.68±0.028 1.52±0.043 1.90±0.088 

CD(P=0.05)   Treatments 

                    MDA content 

  0.21 

0.07 

 

 
 

 Table ST 4.37: Microscopic characters of AMF spores associated with sorghum root 

Genus and 

Species 

Colour Shape Spore 

Layer 

Spore size 

(µm) 

Other description 

Rhizophagus 

fasciculatus 

Pale yellow to 

bright brown 

Globose to 

subglobose 

3 70-120 Spore layer continuous 

Funneliformis 

mosseae 

Brown to 

orange brown 

Globose to 

subglobose 

3 200 Hyphae are double 

layered 

Glomus 

constrictum 

Brownish 

orange to dark 

brown 

Globose to 

subglobos, 

sometimes 

ovoid 

2 110-130 x 

150-160 

Subtebding hyphae 

straight or curved, usually 

markedly constricted at 

the spore base 

Glomus 

multicaule 

Brownish 

orange to dark 

Ellipsoid, 

broadly 

2 149-249 x 

140-162 

Subtending hyphae varies 

from 1-4, thick 



brown ellipsoid, 

subglobose 

or 

triangular 

ornamented spore 

 

 

Gigaspora 

gigantea 

Greenish 

yellow 

Globose to 

subglobose 

2 250-270 x 

2650370 

Formed terminally or 

laterally on a bulbous 

sporangenous cell 

Gigaspora 

margarita 

Yellowish 

white to 

sunflower 

yellow 

Globose to 

subglobose 

2 300-340 x 

360-380 

Spore produced singly in 

the soil, blastically at the 

tip of a bulbous 

sporangenous cell 

Scutellispora 

pellucida 

Hyaline white 

to yellowish 

brown 

Globose to 

subglobose 

3 120-240 Two bi-layered hyaline 

flexible inner walls are 

formed during 

germination that readily 

separate from each other 

and form the spore wall 

Scutellospora 

rubra 

Dark orange 

brown to red 

brown 

Globose to 

subglobose 

3 140-220 Germinal walls are 

formed completely 

separate from the spore 

wall 

Acaulospora 

capsicula 

Orange red to 

capsicum red 

Globose to 

subglobose 

3 220-300 x 

290-440 

Sporiferoussaccule pale 

yellow to brownish yellow 

which usually falls off 

when spores mature 

Acaulospora 

bireticulata 

Brownish Globose 3 280-410 Surface ornamentation is 

prominent. Spores are 

borne laterally from the 

neck of sporiferoussaccule 

 

 

 

 



Table ST 4.38: Change in biochemical activity in sorghum varieties following application of 

AMF (R.fasciculatus) 

Biochemical 

components 

Sudan Grass CSV 30 F CSV 15 

Untreated AMF Untreated AMF Untreated AMF 

Total protein 

content  

(mg/g tissue) 

 

23.50±0.33 

 

62.33±0.48 

 

25.60±0.59 

 

58.75±1.04 

 

22.43±0.21 

 

57.67±0.34 

Total Phenol 

Content  

(mg/g tissue) 

 

2.67±0.03 

 

6.70±0.09 

 

2.19±0.04 

 

6.20±0.10 

 

1.90±0.02 

 

5.90±0.20 

Ortho Phenol 

Content 

 (mg/g tissue) 

 

1.49±0.01 

 

4.08±0.11 

 

1.29±0.01 

 

3.65±0.04 

 

1.14±0.02 

 

3.59±0.20 

Chlorophyll 

content  

(µg/g tissue) 

 

12.90±0.15 

 

14.50±0.24 

 

11.50±0.18 

 

13.23±0.18 

 

12.45±0.10 

 

14.80±0.08 

Total sugar 

content  

(mg/g tissue) 

 

31.50±0.77 

 

59.80±0.51 

 

39.80±0.73 

 

44.50±0.44 

 

33.60±0.78 

 

41.90±0.28 

Proline 

content  

(mg/g tissue) 

 

2.33±0.09 

 

5.60±0.26 

 

2.80±0.04 

 

6.20±0.10 

 

2.45±0..06 

 

6.60±0.08 

Mean value of three replicates; ±Standard error 

Table ST 4.39: MDA content (in mM MDA g
-1

 fr. wt. tissue) and H2O2 content (µ 

mol g tissue
-1

) in leaves of sorghum plants treated with AMF and challenged 

inoculated with B.sorokiniana 

Biochemical 

components 

Treatments Sudan grass CSV 30 F CSV 15 

MDA content  

(µ mol g 

tissue-1) 

Untreated  Healthy  1.16±0.026 1.20±0.014 1.18±0.023 

Infected  2.90±0.057 2.23±0.051 2.78±0.093 

AMF  Healthy  1.14±0.008 1.08±0.043 1.17±0.026 

Infected  1.29±0.020 1.87±0.020 1.67±0.061 

H2O2 content 

 (µ mol g 

tissue-1) 

Untreated  Healthy  134±1.45 129±1.52 126±1.52 

Infected  188±0.88 167±1.20 160±2.18 

AMF Healthy  103±0.88 117±1.52 115±1.15 

Infected  125±1.54 134±1.52 131±0.33 

Mean value of three replicates ±Standard error 

 

 



Table ST 4.40: Changes in the level of defense enzymes in sorghum treated with AMF 

followed by artificial inoculation with B.sorokiniana  

Defense enzymes Treatments Sudan grass CSV 30 F CSV 15 

Chitinase 

 (µg GLC-NAC/hr/g 

tissue) 

Untreated  Healthy  11.34±0.21 10.67±0.16 11.89±0.27 

Infected  14.56±0.27 16.56±0.55 13.56±0.22 

AMF  Healthy  22.34±0.20 18.70±0.14 19.80±0.30 

Infected  34.44±0.45 29.33±0.41 31.80±0.25 

 

Glucanase  

(µg glucose/min/g tissue) 

Untreated  Healthy  13.50±0.24 15.20±0.32 14.00±0.17 

Infected  26.70±0.36 27.60±0.34 24.50±0.50 

AMF  Healthy  22.60±0.24 19.50±0.31 18.80±0.26 

Infected  37.67±0.36 30.67±0.35 30.80±0.25 

 

Phenylalanine ammonia 

lyase  

(µg cinnamic acid/min/g 

tissue) 

Untreated  Healthy  2.70±0.037 3.20±0.145 2.90±0.038 

Infected  5.50±0.092 5.73±0.043 4.78±0.121 

AMF  Healthy  5.67±0.154 4.88±0.060 5.00±0.282 

Infected  7.90±0.260 6.60±0.115 7.62±0.109 

 

Peroxidase (∆OD/min/g 

tissue) 

Untreated  Healthy  1.45±0.023 1.33±0.049 1.43±0.065 

Infected  2.25±0.052 2.06±0.047 2.18±0.057 

AMF  Healthy  3.67±0.054 2.90±0.074 3.45±0.101 

Infected  6.62±0.046 5.45±0.124 5.98±0.065 

Mean value of three replicates ±Standard error 

Table ST 4.41: Effects of antifungal compound from sorghum leaf extracxts of (var. 

sudan grass) following treatment with bioinoculants (PGPR+PGPF+AMF) and 

inoculated B.sorokiniana 

Sample Diameter of mycelia (mm)
a
 

UH 25.5 

UI 12.3 

TH 11.7 

TI 9.6 

a= Average of three experimental sets. Diameter was noted after 5 days (UH= Untreated Healthy, 

UI=Untreated Inoculated, TH= Treated Healthy and TI= Treated inoculated) 

 

 



Table ST 4.42: Compounds detected in methanolic extract of untreated healthy leaf extract 

of sorghum plant by GC-MS analysis 

Peak R Time Area % Compounds Mol. 

Wt. 

Mol. Formula 

1 7.212 1.63 Acetamide, n,n-dimethyl- 87 C4H9NO 

2 8.450 0.62 Anisole 108 C7H8O 

3 8.695 0.76 2(3H)-furanone, dihydro- 86 C4H6O2 

4 9.098 0.40 Ethene, 1,1'-oxybis- 70 C4H6O 

5 9.250 0.78 2-Cyclopenten-1-one, 2-hydroxy- 98 C5H6O2 

6 9.545 0.17 Tetrahydrofuran, 2,2-dimethyl- 100 C6H12O 

7 9.880 0.25 2,5-Furandione, dihydro-3-methyl- 114 C5H6O3 

8 10.217 0.12 Propanamide, N,N-dimethyl- 101 C5H11NO 

9 11.327 0.22 (E) ethyl undec-2-enoate 212 C13H24O2 

10 11.520 0.57 Phenol 94 C6H6O 

11 11.829 6.16 2-Hydroxy-gamma-butyrolactone 102 C4H6O3 

12 12.380 0.30 (3E)-3-Hexenoic acid # 114 C6H10O2 

13 12.688 0.46 Dimethyl tartronate 148 C5H8O5 

14 12.937 0.45 3-Methyl-1,2-cyclopentanedione  112 C6H8O2 

15 13.491 0.28 2-Furanmethanol, tetrahydro- 102 C5H10O2 

16 

 

13.957 

 

0.52 

 

Ethanone, 1-(2-methyl-1-cyclopenten-

1-yl)- 

124 C8H12O 

17 14.373 

 

0.50 

 

2,5-Anhydro-1,6-dideoxyhexo-3,4-

diulose 

128 C6H8O3 

18 15.012 0.53 2-Methoxyphenol 124 C7H8O2 

19 15.252 4.56 Cyclopropylmethanol 72 C4H8O 

20 

 

15.721 

 

0.73 

 

2-Amino-5,6-dihydro-4,4,6-trimethyl-

4H-1,3-oxazine 

142 C7H14N2O 

21 

 

16.327 

 

0.43 

 

Butanoic acid, 3-oxo-, 2-methylpropyl 

ester 

158 C8H14O3 

22 

 

16.623 

 

0.21 

 

2-Acetyl-2-hydroxy-.gamma.-

butyrolactone 

144 C6H8O4 

23 16.927 0.58 4H-Pyran-4-one, 2,3-dihydro-3,5-

dihydroxy-6-methyl- 

144 C6H8O4 

24 17.083 0.10 Diaziridine, 1,2-dipropyl- 128 C7H16N2 

25 17.480 0.18 2-Amino-6-(1-hydroxyethyl)pyridine 138 C7H10N2O 

26 

 

17.969 

 

1.33 

 

Pyrido[1,2-A]azepine-6,7,8,9-

tetracarboxylic acid, 10-(benzoyloxy)- 

497 C25H23NO10 

27 18.575 0.48 2-Ethyl-4,6-dimethyl-tetrahydro-pyran 142 C9H18O 

28 18.844 5.14 Catechol 110 C6H6O2 

29 

 

19.082 1.87 1,4:3,6-Dianhydro-.alpha.-d-

glucopyranose 

144 C6H8O4 

30 19.361 3.86 2,3-Dihydro-benzofuran 120 C8H8O 

31 20.382 0.15 1,4-Benzenediol, 2-methoxy- 140 C7H8O3 

32 

 

20.690 

 

0.03 

 

2-Butenoic acid, 2(or 4)-isooctyl-4,6(or 

2,6)-dinitrophenyl 

364 C18H24N2O6 



33 20.844 0.33 1-(3,4,5-trimethylfuran-2-yl)-1-

ethanone 

152 C9H12O2 

34 21.175 7.55 Hydroquinone 110 C6H6O2 

35 21.908 2.68 2-Methoxy-4-vinylphenol 150 C9H10O2 

36 22.901 0.94 Phenol, 2,6-dimethoxy- 154 C8H10O3 

37 23.045 0.62 Papaveroline, 1,2,3,4-tetrahydro- 287 C16H17NO4 

38 23.553 1.32 Benzaldehyde, 4-hydroxy- 122 C7H6O2 

39 23.977 0.88 4-Ethylcatechol 138 C8H10O2 

40 24.228 0.28 Benzaldehyde, 3-hydroxy-4-methoxy- 152 C8H8O3 

41 24.824 1.28 Polygalitol 164 C6H12O5 

42 26.349 16.88 Benzeneacetonitrile, 4-hydroxy- 133 C8H7NO 

43 27.465 0.43 2-Propanone, 1-(4-hydroxy-3-

methoxyphenyl)- 

180 C10H12O3 

44 27.622 0.22 (3S)-(-)-3-Acetamidopyrrolidine 128 C6H12N2O 

45 28.329 0.35 3-Tert.-butyl-4-hydroxyanisole 180 C11H16O2 

46 29.480 15.33 beta.-D-Glucopyranoside, methyl 194 C7H14O6 

47 

 

30.217 

 

15.33 

 

1,3,4,5-Tetrahydroxy-

cyclohexanecarboxylic acid 

192 C7H12O6 

48 31.248 0.60 1-Pentanol, 2-methyl- 102 C6H14O 

49 

 

31.743 

 

0.60 

 

Methyl ester of 3-hydroxy-4-methyl-

pentanoic 

146 C7H14O3 

 

Table ST 4.43: Compounds detected in methanolic extract of untreated and pathogen 

inoculated leaf extract of sorghum plant by GC-MS analysis 

Peak R Time Area % Compounds Mol.  

Wt. 

Mol. 

Formula 

1 6.112 0.92 2-Furanmethanol 98 C5H6O2 

2 6.637 2.51 Acetamide, N,N-dimethyl- 87 C4H9NO 

3 7.837 1.09 Ethanimidic acid, ethyl ester 87 C4H9NO 

4 8.283 1.17 Butyrolactone 86 C4H6O2 

5 8.438 1.32 Anisole 108 C7H8O 

6 8.902 1.19 2-Cyclopenten-1-one, 2-hydroxy- 98 C5H6O2 

7 9.571 1.37 2,5-Furandione, 3-methyl- 112 C5H4O3 

8 11.093 0.39 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3-one 144 C6H8O4 

9 11.271 0.55 Phenol 94 C6H6O 

10 11.624 3.93 2-Hydroxy-gamma-butyrolactone 102 C4H6O3 

11 12.552 0.74 Benzene, 1-methoxy-4-methyl- 122 C8H10O 

12 12.791 0.52 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 112 C6H8O2 

13 13.026 1.06 1,2,3-Propanetriol 92 C3H8O3 

14 13.960 0.46 2-Cyclopenten-1-one, 2,3,4-trimethyl- 124 C8H12O 

15 14.351 0.44 2,5-anhydro-1,6-dideoxyhexo-3,4-diulose 128 C6H8O3 

16 14.497 0.33 Propanoic acid, 2-methyl-, anhydride 158 C8H14O3 

17 14.698 0.56 1,2-Ethanediol, 1,2-diphenyl-, (R*,R*)-(.+/-.)- 214 C14H14O2 

18 14.943 0.72 Ethanone, 1-(1-cyclohexen-1-yl)- 124 C8H12O 



19 15.171 3.16 Cyclopropylmethanol 72 C4H8O 

20 15.649 1.12 [1,2,3,4]Tetrazolo[1,5-b][1,2,4]triazine, 5,6,7,8-

tetrahydro- 

126 C3H6N6 

21 16.270 0.81 2-Furanmethanol, tetrahydro-5-methyl-, trans- 100 C6H12O 

22 16.566 2.22 2-Acetyl-2-hydroxy-.gamma.-butyrolactone 144 C6H8O4 

23 16.890 4.99 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-

methyl- 

101 C5H11NO 

24 17.363 0.17 1-methoxy-2,3-cis-dimethylaziridine 138 C8H10O2 

25 17.471 0.61 Benzene, 1,4-dimethoxy- 184 C9H9ClO2 

26 17.627 1.16 Phenol, 2-chloro-6-methyl-, acetate 122 C7H6O2 

27 17.950 0.58 Benzoic acid 144 C6H8O4 

28 18.610 0.61 4-Methyl itaconate 72 C4H8O 

29 18.717 0.37 2-Butanone 110 C6H6O2 

30 18.806 3.38 1,2-Benzenediol 128 C7H12O2 

31 19.061 1.00 3-Heptenoic acid 120 C8H8O 

32 19.342 4.37 2,3-Dihydro-benzofuran 124 C7H8O2 

33 20.580 0.60 1,2-Benzenediol, 4-methyl- 152 C9H12O2 

34 20.827 0.66 1-(3,4,5-Trimethylfuran-2-yl)-1-ethanone 110 C6H6O2 

35 21.164 4.90 1,4-Benzenediol 110 C6H6O2 

36 21.491 1.18 Hydroquinone 150 C9H10O2 

37 21.899 3.16 2-Methoxy-4-vinylphenol 154 C8H10O3 

38 22.896 0.65 Phenol, 2,6-dimethoxy- 164 C10H12O2 

39 23.038 0.50 2-Allyloxyanisole 122 C7H6O2 

40 23.554 1.05 Benzaldehyde, 3-hydroxy- 138 C8H10O2 

41 23.977 0.63 4-Ethylcatechol 140 C7H8OS 

42 24.349 0.53 Phenol, 4-(methylthio)- 164 C6H12O5 

43 24.852 0.56 Polygalitol 136 C9H12O 

44 25.563 0.84 1-Methoxy-2,4-dimethylbenzene 133 C8H7NO 

45 26.349 4.18 Benzeneacetonitrile, 4-hydroxy- 162 C6H10O5 

46 26.836 2.04 .beta.-D-Glucopyranose, 1,6-anhydro- 180 C10H12O3 

47 27.466 0.39 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 180 C10H12O3 

48 28.326 0.42 3',5'-Dimethoxyacetophenone 180 C10H12O3 

49 29.147 21.70 alpha.-D-Glucopyranoside, methyl 194 C7H14O6 

50 29.968 12.19 1,3,4,5-Tetrahydroxy-cyclohexanecarboxylic 

acid 

192 C7H12O6 

 

Table ST 4.44: Compounds detected in methanolic extract of bioinoculants treated 

(PGPR+PGPF+AMF) healthy leaf extract of sorghum plant by GC-MS analysis 

Peak R Time Area % Compounds Mol. 

Wt. 

Mol. 

Formula 

1 7.360 1.65 Acetamide, n,n-dimethyl- 87 C4H9NO 

2 8.438 0.28 Benzene, methoxy- 108 C7H8O 

3 8.816 1.27 Butyrolactone 86 C4H6O2 

4 9.382 1.86 2-Cyclopenten-1-one, 2-hydroxy- 98 C5H6O2 



5 9.667 0.40 4-Hydroxy-2-butanone 88 C4H8O2 

6 9.982 0.29 2,5-Furandione, dihydro-3-methyl- 114 C5H6O3 

7 11.397 0.46 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3- one 144 C6H8O4 

8 11.577 0.46 Phenol 94 C6H6O 

9 12.100 9.95 2-Hydroxy-gamma-butyrolactone 102 C4H6O3 

10 12.756 0.55 Ethyl cyanoacetate 113 C5H7NO2 

11 13.010 0.60 2-Cyclopenten-1-one, 2-hydroxy-3-methyl- 112 C6H8O2 

12 13.416 0.19 Benzeneacetaldehyde 120 C8H8O 

13 13.559 0.28 Pantolactone 130 C6H10O3 

14 13.901 1.50 1,2,3-Propanetriol 92 C3H8O3 

15 14.583 0.26 2,5-Anhydro-1,6-dideoxyhexo-3,4-diulose 128 C6H8O3 

16 14.721 0.83 Butanoic acid, 2-propenyl ester 128 C7H12O2 

17 15.050 0.90 Phenol, 2-methoxy- 124 C7H8O2 

18 15.336 5.56 Cyclopropylmethanol 72 C4H8O 

19 15.760 

 

0.55 

 

2-Amino-5,6-dihydro-4,4,6-trimethyl-4H-1,3-

oxazine 

142 C7H14N2O 

20 16.170 0.60 1-Hexanol, 2-ethyl-, acetate 172 C10H20O2 

21 16.707 0.84 2-Acetyl-2-hydroxy-.gamma.-butyrolactone 144 C6H8O4 

22 16.999 2.24 1,5-Anhydro-6-deoxyhexo-2,3-diulose 144 C6H8O4 

23 17.474 0.29 2-Cyclopenten-1-one, 3,4,5,5-tetramethyl- 138 C9H14O 

24 18.157 1.84 Benzoic acid 122 C7H6O2 

25 18.771 1.00 2-Pentanone, 4-methyl- 100 C6H12O 

26 18.975 3.77 Catechol 110 C6H6O2 

27 19.141 0.89 Cyclohexanone, 2-(hydroxymethyl)- 128 C7H12O2 

28 19.377 5.64 2,3-Dihydro-benzofuran 120 C8H8O 

29 20.630 0.76 1,3-Benzenediol, 2-methyl- 124 C7H8O2 

30 20.854 0.64 3-Isopropylidene-5-methyl-hex-4-en-2-one 152 C10H16O 

31 21.426 7.28 Hydroquinone 110 C6H6O2 

32 21.916 4.53 2-Methoxy-4-vinylphenol 150 C9H10O2 

33 22.150 0.68 2-Aminoacetanilide 150 C8H10N2O 

34 22.360 0.44 2-EThyl-3,4-dimethyl oxazole 125 C7H11NO 

35 22.908 1.48 Phenol, 2,6-dimethoxy- 154 C8H10O3 

36 23.610 4.59 4-Hydroxybenzaldehyde 122 C7H6O2 

37 24.022 1.01 4-Ethylcatechol 138 C8H10O2 

38 24.241 0.42 Vanillin 152 C8H8O3 

39 24.421 0.83 1,2-Benzenediol, 3-methoxy- 140 C7H8O3 

40 24.943 0.74 Alpha.-d-glucopyranoside, methyl 194 C7H14O6 

41 25.578 3.09 2-Hydroxy-5-methylisophthalaldehyde 164 C9H8O3 

42 26.442 12.64 Benzeneacetonitrile, 4-hydroxy- 133 C8H7NO 

43 26.800 0.16 1-[9-(2-Methoxybenzyl)-9-

azabicyclo[3.3.1]non-3-yl]-3-p-tolylurea 

393 C24H31N3O2 

44 26.997 0.23 Benzoic acid, 2,5-dimethyl- 150 C9H10O2 

45 27.303 0.60 Adenosine, N6-phenylacetic acid 401 C18H19N5O6 

46 27.476 0.45 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 180 C10H12O3 

47 28.343 1.88 3-tert-Butyl-4-hydroxyanisole 180 C11H16O2 

48 28.781 0.21 2-Octenoic acid, 4-isopropylidene-7-methyl-6- 222 C14H22O2 



   methylene-, methyl ester 

49 

 

29.547 

 

0.23 

 

Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-

methylene-, 

204 C15H24 

50 29.853 0.39 Megastigmatrienone 4 190 C13H18O 

51 30.182 5.97 alpha.-D-Glucopyranoside, methyl 194 C7H14O6 

52 30.898 3.90 

 

1,3,4,5-Tetrahydroxycyclohexanecarboxylic 

acid # 

192 C7H12O6 

53 

 

32.425 

 

0.50 

 

4-((1E)-3-Hydroxy-1-propenyl)-2-

methoxyphenol 

180 C10H12O3 

54 

 

33.088 

 

0.08 

 

(1S,2R,4R,7R)-4-Isopropyl-7-methyl-3,8-

dioxatricyclo[5.1.0.02,4]octane 

168 C10H16O2 

55 33.338 0.12 1,8-Octanediol 146 C8H18O2 

56 34.343 0.13 Acetamide, n-(2-benzimidazolylmethyl)- 189 C10H11N3O 

57 38.261 1.09 Octanoic acid, 8-hydroxy- 160 C8H16O3 

 

Table ST 4.45: Compounds detected in methanolic extract of bioinoculants treated 

(PGPR+PGPF+AMF) and pathogen inoculated leaf extract of sorghum plant by GC-MS 

analysis 

Peak R Time Area % Compounds Mol 

Wt. 

Mol. Formula 

1 6.613 0.37 2-Furanmethanol 98 C5H6O2 

2 7.066 0.34 2-Propanone, 1-(acetyloxy)- 116 C5H8O3 

3 7.170 0.19 Acetamide, n,n-dimethyl- 87 C4H9NO 

4 8.618 1.14 Butyrolactone 86 C4H6O2 

5 9.201 0.85 2-Cyclopenten-1-one, 2-hydroxy- 98 C5H6O2 

6 9.475 0.83 1,2,3-Propanetriol 92 C3H8O3 

7 9.831 0.27 3-Methyl-2,5-furandione 112 C5H4O3 

8 11.285 0.36 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-3-one 144 C6H8O4 

9 11.475 0.86 Phenol 94 C6H6O 

10 11.905 7.53 2-Hydroxy-gamma-butyrolactone 102 C4H6O3 

11 12.668 0.37 Dimethyl tartronate 148 C5H8O5 

12 12.930 0.44 3-Methyl-1,2-cyclopentanedione 112 C6H8O2 

13 13.484 0.64 Pantolactone 130 C6H10O3 

14 14.498 0.58 2,5-Anhydro-1,6-dideoxyhexo-3,4-diulose 128 C6H8O3 

15 14.969 1.97 Phenol, 2-methoxy- 124 C7H8O2 

16 15.270 4.79 Cyclopropylmethanol 72 C4H8O 

17 15.719 0.22 2-Butanone, diethylhydrazone 142 C8H18N2 

18 

 

16.314 

 

0.60 

 

Methyl ester of 3-hydroxy-4-methyl-pentanoic 

acid 

146 C7H14O3 

19 16.649 0.95 2-Acetyl-2-hydroxy-.gamma.-butyrolactone 144 C6H8O4 

20 

 

16.965 

 

4.82 

 

4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-

methyl- 

144 C6H8O4 

21 18.077 2.02 Benzoic acid 122 C7H6O2 

22 18.747 0.99 2-Hexanone, 3,3-dimethyl- 128 C8H16O 



23 18.938 5.13 Catechol 110 C6H6O2 

24 19.109 0.46 1,3-Benzenediol 110 C6H6O2 

25 19.363 5.03 2,3-Dihydro-benzofuran 120 C8H8O 

26 20.600 0.87 1,2- Benzenediol, 4-methyl- 124 C7H8O2 

27 20.852 0.73 2-Acetyl-4,4-dimethyl-cyclopent-2-enone 152 C9H12O2 

28 21.288 9.37 Hydroquinone 110 C6H6O2 

29 21.913 3.30 2-Methoxy-4-vinylphenol 150 C9H10O2 

30 22.354 0.32 Pyrrolidine, 1-(2-methyl-1-propenyl)- 125 C8H15N 

31 22.903 1.37 Phenol, 2,6-dimethoxy- 154 C8H10O3 

32 23.590 5.92 Benzaldehyde, 4-hydroxy- 122 C7H6O2 

33 24.002 1.20 4-Ethylcatechol 138 C8H10O2 

34 24.238 0.47 Vanillin 152 C8H8O3 

35 24.407 0.79 1,2-Benzenediol, 3-methoxy- 140 C7H8O3 

36 24.915 0.88 alpha.-D-Glucopyranoside, methyl 194 C7H14O6 

37 25.565 1.18 2-Hydroxy-5-methylisophthalaldehyde 164 C9H8O3 

38 26.423 16.02 Benzeneacetonitrile, 4-hydroxy- 133 C8H7NO 

39 27.135 1.91 Guanosine 283 C10H13N5O5 

40 28.331 0.39 2-Pentyne-1,4-diol, 1-(2-furanyl)-4-methyl- 180 C10H12O3 

41 

. 

28.779 

 

0.33 

 

3,3,5,6,8,8-

Hexamethyltricyclo[5.1.0.0~2,4~]oct-5-ene 

190 C14H22 

42 

 

29.548 

 

0.40 

 

3,3,5,6,8,8-

Hexamethyltricyclo[5.1.0.0~2,4~]oct-5-ene 

190 C14H22 

43 30.098 5.68 beta.-D-Glucopyranoside, methyl 194 C7H14O6 

44 30.778 5.03 1,3,4,5-Tetrahydroxy-cyclohexanecarboxylic 

acid 

192 C7H12O6 

45 33.334 0.35 7-Hexadecenoic acid, methyl ester, (Z)- 268 C17H32O2 

46 38.217 1.76 Octanoic acid, 8-hydroxy- 160 C8H16O3 
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Figure SF 4.1: Percent Disease Index (PDI) of spot blotch disease in nursery grown 

sorghum plants 



 

Figure SF 4.2: Phenylalanine ammonia lyase (A) and Peroxidase (B) activity in 

healthy andnaturally infected sorghum leaves 

 

 

 

 

 



 

 

 

Figure SF 4.3: Chitinase (A) and β-1, 3-glucanase (B) activity in healthy and 

naturally infected sorghum leaf samples 

 



 

Figure SF 4.4: Total protein content of different sorghum varieties 

 

Figure SF 4.5: Percentage sporulation of B.sorokiniana isolates in three different 

solid media (PDA-Potato Dextrose Agar, RM-Richard’s Medium, OMA-Oat Meal 

Agar) 

 

 



 

Figure SF 4.6: Microscopic view of fungal isolate from infected sorghum leaves. (A) 

Conidiophores bearing conodia (10X), (B) Enlarged view (40X), (C) Conidium (40X) 

and (D) Germinating conidium (40X) 

 

Figure SF 4.7: Pathogenecity test of B.sorokiniana isolate following detached leaf 

inoculation technique. (1) Sudan grass, (2) CSV 15, (3) CSV 30 F; (A) Experimental 

set up, (B) after 24 hr, (C) 48 hr, (D) 72 hr, (E) 96 hr, (F) 120 hr of inoculation 

showing disease symptoms 



 

Figure SF 4.8: Pathogenicity test of B.sorokiniana isolate on Sorghum bicolor 

following detached leaf inoculation technique 

 

 

 

Figure SF 4.9: Time course accumulation of Phenylalanine ammonialyase enzyme in 

healthy and infected sorghum leaf following detached leaf inoculation technique 



 

Figure SF 4.10: Pathogenicity test of B.sorokiniana isolate on Sorghum bicolor 

following whole plant inoculation technique 

 

 

Figure SF 4.11: Time course accumulation of Phenylalanine ammonialyase enzyme 

in healthy and infected sorghum leaf following whole plant inoculation technique 

 



 

Figure SF 4.12: Cellular localization of CRA shared by sorghum plant and 

B.sorokiniana. (A & B) Autofluorescence 



 

Figure 4.13: Cellular localization of CRA shared by sorghum plant and 

B.sorokiniana: Cellular localization of CRA in sorghum leaf tissue treated with 

PAb-Bs and labeled with FITC 

 

Figure 4.14: Transmission electron micrographs showing immunogold localization 

of CRA in sorghum leaf tissue reacted with PAb-Bs and labeled with antirabbit-IgG 

(whole molecule) gold conjugate 

 



 

Figure SF 4.15: (A) Western blot analysis of healthy (1-4) and infected (2,3,5,6) leaf 

antigen probed with PAb Bs on nitrocellulose membrane using NBT/BCIP 

substrate, (C-D) Dot blot of healthy and infected leaf antigen 

 



 

Figure SF 4.16: Immunofluorescence of naturally infected sorgum leaf tissues treated 

with PAb-Bs and labelled with FITC; Transverse section of (A) Healthy and (B & C) 

Infected leaf 

 

 

Figure SF 4.17: Transmission electron micrograph of infected leaf tissue treated 

with PAb-Bs and labelled with antirabbit-IgG (whole molecule) gold conjugate 

 

 



 

 

Figure SF 4.18: ITS-PCR amplified products (1190 bp) of B.sorokiniana 

(IPL/BS/SB-01).Lane M-high range DNA ladder, lane 1-B.sorokiniana 

 

 

Figure SF 4.19: Sequence deposition of 18S rDNA region of B.sorokiniana (MF927960) 

 

 

 



 

Figure SF 4.20: Multiple sequence alignments of B.sorokiniana (MF927960) with 

other extype isolate. The conserved regions of the gene are demonstrated in 

different colours 

 



 

Figure SF 4.21: PCR amplified products (300 bp) of B.sorokiniana β-tubulin gene 

Lane M-high range DNA ladder, lane 01-IPL/BS/SB-01, 02-IPL/BS/SB-02, 03-

IPL/BS/SB-03, IPL/BS/SB-04 

 

 

 

 



 

Figure SF 4.22: Sequence deposition of β-tubulin gene of B.sorokiniana (IPL/BS/SB-02) 

 

 

 

 

 

 

 

 

 

 

 



 

Figure SF 4.23: Sequence deposition of β-tubulin gene of B.sorokiniana (IPL/BS/SB-03) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure SF 4.24: Sequence deposition of β-tubulin gene of B.sorokiniana (IPL/BS/SB-04) 

 



 

 

Figure SF 4.25: Multiple sequence alignments of different strains of B.sorokiniana  

(MG600584, MG600585, MG600586, MG600587) with other extype isolate. The 

conserved regions of the β-tubulin gene are demonstrated in different colours 

 

 

 



 

Figure SF 4.26: In vitro antifungal activities of foliar fungal pathogen Bipolaris 

sorokiniana against selected PGPR isolates. Inhibition of B.sorokiniana in dual plate 

culture assay by (B) Bacillus mthylotropicus (NAIMCC-B-01492), (C) Bacillus 

symbiont (NAIMCC-B-01489), (D) Bacillus altitudinus (NAIMCC-B-01484), (E) 

Bacillus megaterium (NCBI JX312687), (F) Bacillus pumilus (NAIMCC-B-01483), 

(G) Paenibacillus polymyxa (NAIMCC-B-01491) and (A) control 

 

 

Figure SF 4.27: Streak plate and scanning electron micrographs of 

B.methylotropicus (NAIMCC-B-01492) 



 

Figure SF 4.28(A-C): Compounds identified in ethyl acetate fraction: (A) 2-Piperidinone, 

(B) 1-Tetradecene, (C) Phenol.2,6-Bis(1,1-Dimethylethyl) 

 

 



 

Figure SF 4.28(D-F): Compounds identified in ethyl acetate fraction: (D) 1-Hexadecene, 

(B)3-Methyl-1,4-diazabicyclo [4,3,0] nonan-2,5-dione, N-acetyl-, (F)Piperidine, 2-Methyl-1-

Nitroso 

 

 



 

 

 

Figure SF 4.28(G-I): Compounds identified in ethyl acetate fraction: (G) 1-

Hexadecene, (H) Pyrrolo [1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-, 

(I) 9-Octadecenoic acid (Z)- 

 

 



 

Figure SF 4.28(J-L): Compounds identified in ethyl acetate fraction: (J) Pyrrolo[1,2-

a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-, (K) Piperazine-3,5-dione, 1-

tetradecanoyl-, (L) Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 

 

 



 

Figure SF 4.28(M-O): Compounds identified in ethyl acetate fraction: (M) Pyrrolo[1,2-

a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)-, (N) Pyrrolo[1,2-a]pyrazine-1,4-

dione, hexahydro-3-(2-methylpropyl)-, (O) n-Hexadecanoic acid  

 



 

Figure SF 4.28(P-R): Compounds identified in ethyl acetate fraction: (P) E-15-

Heptadecenal, (Q) Hexadecen-1-ol, trans-9-, (R) L-tryptophan 



 

 

Figure SF 4.28(S-U): Compounds identified in ethyl acetate fraction (S) 9-Octadecenoic 

acid (Z)-, phenylmethyl ester, (T) 1-Octadecene, (U) 2,5-Piperazinedione, 3,6-bis(2-

methylpropyl)- 

 



 

 

Figure SF 4.28(V-X): Compounds identified in ethyl acetate fraction:(V) Pyrrolo[1,2-

a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl)-, (W) 2,5-Piperazinedione, 3-(2-

methylpropyl)-6-(phenylmethyl)-, (X) L-Prolinamide, 5-oxo-l-prolyl-l-phenylalanyl-4-

hydroxy- 



 

Figure SF 4.28(Y-A2): Compounds identified in ethyl acetate fraction: (Y) L-prolinamide, 

5-oxo-l-prolyl-l-phenylalanyl-4-hydroxy-,(Z)9-Imino-12-phenyl-10,11-dioxa 

tricyclo[6.2.2.01,6]dodecane-7,7,8-tricarbonitrile, (A2) 9-Imino-12-phenyl-10,11-dioxa-

tricyclo[6.2.2.01,6]dodecane-7,7,8-tricarbonitrile 



 

Figure SF 4.29: The antifungal activity of B.methylotropicus cell-free supernatant 

against B.sorokiniana. the potato dextrose agar plates incorporating the supernatant 

of B.methylotropicus at a concentration of (B) 2 % (0.4 ml), (C) 4% (0.8 ml), (D) 6% 

(1.2 ml), (E) 8% (1.6 ml), (F) 10% (2.0 ml). (A) Control. 

 

 

Figure SF 4.30: Chitinase activity of different Trichoderma isolates 



 

 

Figure SF 4.31: Microscopic observation of T.harzianum (NAIMCC-F-03289) (A), T. 

asperellum (NAIMCC-F-03291) (C); transmission electron micrograph of 

T.harzianum (NAIMCC-F-03289) (B), T. asperellum (NAIMCC-F-03291) (D) 

 

Figure SF 4.32: PCR amplified products of endochitinase gene (1149bp and 1129bp) 

of T and T.asperellum (NAIMCC-F-03291).harzianum (NAIMCC-F-03289)  



 

Figure SF 4.33: Sequence deposition of endochitinase (ech42) gene of Trichoderma 

harzianum (NAIMCC-F-03291) 



 

Figure SF 4.34: Multiple sequence alignments of T.harzianum (NAIMCC-F-03289) 

and T.asperellum (NAIMCC-F-03291)with other extype isolate. The conserved 

regions of the gene are demonstrated in different colours 

 



 

Figure SF 4.35: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-sudan grass) following artificial inoculation with pathogen (A-Chitinase, B-

β-1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1- Bacillus 

mthylotropicus,T2-Bacillus symbiont, T3-Bacillus altitudinus, T4-Bacillus megaterium 

T5-Bacillus pumilus, T6-Paenibacillus polymyxa 



 

Figure SF 4.36: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-CSV 30 F) following artificial inoculation with pathogen (A-Chitinase, B-β-

1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1- Bacillus mthylotropicus,T2-

Bacillus symbiont, T3-Bacillus altitudinus, T4-Bacillus megaterium T5-Bacillus 

pumilus, T6-Paenibacillus polymyxa 

 



 

Figure SF 4.37: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-CSV 15) following artificial inoculation with pathogen (A-Chitinase, B-β-

1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1- Bacillus mthylotropicus,T2-

Bacillus symbiont, T3-Bacillus altitudinus, T4-Bacillus megaterium T5-Bacillus 

pumilus, T6-Paenibacillus polymyxa 

 

 

 

 

 

 

 

 



 

Figure SF 4.38(A-E): HPLC profile of standard phenolic acids; A-Resorcinol, B-

Catechol, C-Salicylic acid, D-Chlorogenic acid, E-Ferulic acid 

 

 

 

 

 

 

 



 

Figure SF 4.39: HPLC fingerprint of total phenols in leaves of sorghum 72 hrs after 

commencement of disease. (A)Untreated healthy, (B) Untreated inoculated; 

Phenolics identified 1.Phloroglucinol, 2. Gallic acid, 3. 3,4 dihydroxybenzoic acid, 4. 

Chlorogenic acid, 5. Caffeic acid, 6. Ferulic acid 



 

Figure SF 4.40: HPLC fingerprint of total phenols in leaves of sorghum 72 hrs after 

commencement of disease. (A) B.methylotropicus treated healthy, (B) 

B.methylotropicus treated and pathogen inoculated; Phenolics identified 1. 

Chlorogenic acid, 2.Ferulic acid 



 

Figure SF 4.41: Growth promotion of sorghum varieties following treatment with 

different PGPF. (T1=T.harzianum (NAIMCC-F-03287),T2=T.harzianum (NAIMCC-

F-03288),T3=T.harzianum (NAIMCC-F-03289),T4=T.harzianum (NAIMCC-F-

03290), T5=T.asperellum (NAIMCC-F-03291),T6=T.asperellum (NAIMCC-F- 

03292),T7=T.asperellum (NAIMCC-F-03293) 

 

Figure SF 4.42: H2O2 localization in leaves of sorghum (A-D) visualized as dark 

brown patches of H2O2-DAB complex, 72 hrs after commencement of disease. (A) 

untreated healthy, (B) untreated inoculated, (C) treated healthy, (D) treated 

inoculated 

 



 

Figure SF 4.43: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-sudan grass) following artificial inoculation with pathogen (A-Chitinase, B-

β-1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1=T.harzianum (NAIMCC-

F-03287),T2=T.harzianum (NAIMCC-F-03288),T3=T.harzianum (NAIMCC-F-

03289),T4=T.harzianum (NAIMCC-F-03290), T5=T.asperellum (NAIMCC-F-

03291),T6=T.asperellum (NAIMCC-F-03292),T7=T.asperellum (NAIMCC-F-03293) 

 

 



 

Figure SF 4.44: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-CSV 30 F) following artificial inoculation with pathogen (A-Chitinase, B-β-

1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1=T.harzianum (NAIMCC-F-

03287),T2=T.harzianum (NAIMCC-F-03288),T3=T.harzianum (NAIMCC-F-

03289),T4=T.harzianum (NAIMCC-F-03290), T5=T.asperellum (NAIMCC-F-

03291),T6=T.asperellum (NAIMCC-F-03292),T7=T.asperellum (NAIMCC-F-03293) 

 



 

Figure SF 4.45: Activity of defense enzymes in PGPR treated sorghum plants 

(variety-CSV 15) following artificial inoculation with pathogen (A-Chitinase, B-β-

1,3-glucanase, C-PAL, D-Peroxidase) [U-untreated, T1=T.harzianum (NAIMCC-F-

03287),T2=T.harzianum (NAIMCC-F-03288),T3=T.harzianum (NAIMCC-F-

03289),T4=T.harzianum (NAIMCC-F-03290), T5=T.asperellum (NAIMCC-F-

03291),T6=T.asperellum (NAIMCC-F-03292),T7=T.asperellum (NAIMCC-F-03293) 

 



 

Figure SF 4.46: Peroxyzyme analysis of healthy (H) and infected (I) leaves of 

sorghum plant 

 

 

 

 

 

 

 

 



 

Figure SF 4.47: Compound microscopic observation of Arbuscular Mycorrhizal 

Fungal spores obtained from sorghum variety (CSV 30 F). (A)  Glomus sp.; (B) 

Gigaspora sp.; (C) Glomus sp.; (D) Glomus sp.; (E) Glomus sp.; (F) Acaulospora sp. 

 

 

Figure SF 4.48: Compound microscopic observation of Arbuscular Mycorrhizal 

Fungal spores obtained from sorghum variety (CSV 15). (A) Glomus sp.; (B) Glomus 

sp.; (C) Glomus sp.; (D)Glomus fasciculatum.; (E) Glomus sp.; (F) Glomus sp. 



 

 

Figure SF 4.49: Root colonization of sorghum variety CSV 30 F (A-F) 
 

 

Figure SF 4.50: Root colonization of sorghum variety CSV 15 (A-F) 

 



 
 

Figure SF 4.51: Mass multiplication of AMF spores in maize plant (A,B) Pots; (C) 

Experimental field 

 

Figure SF 4.52: Histopathological study of AMF colonized maize roots showing 

vesicles (Vs) and intracellular hyphae (Ih) 



 

Figure SF 4.53: Growth enhancement in sorghum plants in field following treatment 

with AMF 

 

Figure SF 4.54: Growth promotion of sorghum plants following combined 

application of bioinoculants (PGPR+PGPF+AMF) 

 

 

 



 

Figure SF 4.55: Percent disease index in sorghum plants after treatment with 

bioinoculants (PGPR+PGPF+AMF) and inoculated with B.sorokiniana [UI= 

Untreated inoculated, TI= Treated inoculated] 

 
 

Figure SF 4.56: Radial growth bioassay of methanolic extracts of untreated healthy 

(A), untreated inoculated (B), treated healthy (C) and treated inoculated (D) 

sorghum leaves (Variety: sudan grass) 



 
 

 

Figure SF 4.57: Spore germination bioassay with antifungal compounds extracted from 

untreated healthy (C), untreated inoculated (D), treated healthy (E) and treated inoculated 

(F) sorghum leaves (Variety: sudan grass); water control (A), methanol control (B) [after 

24 hours of incubation] 



 

 
 

Figure SF 4.58: Spore germination bioassay with antifungal compounds extracted from 

untreated healthy (C), untreated inoculated (D), treated healthy (E) and treated inoculated 

(F) sorghum leaves (Variety: sudan grass); water control (A), methanol control (B) [after 

48 hours of incubation] 



 

Figure SF 4.59: GC-MS total ion chromatogram of methanolic fraction of antifungal 

compound extracted from untreated healthy sorghum plants 

 

 

 

 



 

 

Figure SF 4.60(A-C): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (A) Acetamide, n,n-dimethyl-, (B) Phenol, (C) 2-Hydroxy-gamma-

butyrolactone 



 

Figure SF 4.60(D-F): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (D) Cyclopropylmethanol, (E) Pyrido[1,2-a]azepine-6,7,8,9-tetracarboxylic 

acid, 10-(benzoyloxy)-6,7-dihydro-, tetramethyl ester, (F) Catechol 



 

Figure SF 4.60(G-I): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (G) 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose, (H) 2,3-Dihydro-

benzofuran, (I) Hydroquinone 



 

Figure SF 4.60(J-L): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (J) 2-Methoxy-4-vinylphenol, (K) Phenol, 2,6-dimethoxy-, (L) 

Benzaldehyde, 4-hydroxy- 



 

Figure SF 4.60(M-O): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (M) 4-Ethylcatechol, (N) Polygalitol, (O) beta.-D-Glucopyranoside, methyl 



 

Figure SF 4.60(P, Q): Compounds identified in methanolic extract of untreated healthy 

sorghum plant: (P) 1,3,4,5-Tetrahydroxy-cyclohexanecarboxylic acid, (Q) 

Benzeneacetonitrile, 4-hydroxy- 

 

 

 

 



 

Figure SF 4.61: GC-MS total ion chromatogram of methanolic fraction of antifungal 

compound extracted from untreated inoculated sorghum plants 

 



 

 

 

Figure SF 4.62(A-C): Compounds identified in methanolic extract of untreated inoculated 

sorghum plant: (A) 2-Furanmethanol, (B) Acetamide, n,n-dimethyl-, (C) Ethanimidic acid, 

ethyl ester 



 

 

 

Figure SF 4.62(D-F): Compounds identified in methanolic extract of untreated inoculated 

sorghum plant: (D) Butyrolactone, (E) Anisole, (F) 2-Cyclopenten-1-one, 2-hydroxy- 



 

Figure SF 4.62(G-I): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (G) 2,5-Furandione, 3-methyl-, (H) Phenol, (I) 2-

Hydroxy-gamma-butyrolactone 



 

Figure SF 4.62(J-L): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (J) 1,2,3-Propanetriol, (K) 2,5-Anhydro-1,6-dideoxyhexo-

3,4-diulose, (L) Propanoic acid, 2-methyl-, anhydride 



 

Figure SF 4.62(M-O): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (M) Cyclopropylmethanol, (N) [1,2,3,4]Tetrazolo[1,5-

b][1,2,4]triazine, 5,6,7,8-tetrahydro-, (O) 2-Acetyl-2-hydroxy-.gamma.-

butyrolactone 



 

Figure SF 4.62(P-R): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (P) 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-

methyl-, (Q) 1,2-Benzenediol, (R) 3-Heptenoic acid 



 

Figure SF 4.62(S-U): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (S) 1,4-Benzenediol, (T) Hydroquinone, (U) 

Benzaldehyde, 3-hydroxy- 



 

Figure SF 4.62(V-X): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (V) 4-Ethylcatechol, (W) Phenol, 4-(methylthio)-, (X) 

Polygalitol 

 



 

Figure SF 4.62(Y-A2): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (Y) Benzeneacetonitrile, 4-hydroxy-, (Z) beta.-D-

Glucopyranose, 1,6-anhydro-, (A2) 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl) 



 

Figure SF 4.62(B2, C2): Compounds identified in methanolic extract of untreated 

inoculated sorghum plant: (B2) alpha.-D-Glucopyranoside, methyl, (C2) 1,3,4,5-

Tetrahydroxy-cyclohexanecarboxylic acid 

 

 

 

 



 

Figure SF 4.63(A-C): Compounds identified in methanolic extract of treated healthy 

sorghum plant: (A) Acetamide, n,n-dimethyl-, (B) Butyrolactone, (C) 2-Cyclopenten-1-one, 

2-hydroxy- 

 



 

Figure SF 4.63(D-F): Compounds identified in methanolic extract of treated 

healthysorghum plant: (D) 4-(1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol  (E) 2-

Hydroxy-gamma-butyrolactone, (F) 1,2,3-Propanetriol 



 

Figure SF 4.63(G-I): Compounds identified in methanolic extract of treated 

healthysorghum plant: (G) Octanoic acid, 8-hydroxy- (H) Cyclopropylmethanol, (I) 2-

Acetyl-2-hydroxy-.gamma.-butyrolactone 



 

Figure SF 4.63(J-L): Compounds identified in methanolic extract of treated 

healthysorghum plant: (J) 1,5-Anhydro-6-deoxyhexo-2,3-diulose, (K) Benzoic acid, (L) 2-

Pentanone, 4-methyl- 



 

Figure SF 4.63(M-O): Compounds identified in methanolic extract of treated 

healthysorghum plant: (M) Catechol, (N) 2,3-Dihydro-benzofuran, (O) Hydroquinone 

 

 



 

Figure SF 4.63(P-R): Compounds identified in methanolic extract of treated 

healthysorghum plant: (P) 4-Ethylcatechol, (Q) Vanillin, (R) 2-Hydroxy-5-

methylisophthalaldehyde 



 

 

Figure SF 4.63(S-U): Compounds identified in methanolic extract of treated 

healthysorghum plant: (S) Benzeneacetonitrile, 4-hydroxy-, (T) alpha.-D-Glucopyranoside, 

methyl, (U) 1,3,4,5-Tetrahydroxycyclohexanecarboxylic acid, (V) Phenol, 2-methoxy- 



 

 

Figure SF 4.64(A-C): Compounds identified in methanolic extract of treated 

healthysorghum plant: (A) Butyrolactone, (B) Phenol, (C) 2-Hydroxy-gamma-

butyrolactone 



 

Figure SF 4.64(D-F): Compounds identified in methanolic extract of treated 

healthysorghum plant: (D) Phenol, 2-methoxy-, (E) 2-Acetyl-2-hydroxy-.gamma.-

butyrolactone, (F) 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 



 

Figure SF 4.64(G-I): Compounds identified in methanolic extract of treated healthy 

sorghum plant: (G) 1,3,4,5-Tetrahydroxy-cyclohexanecarboxylic acid, (H) 2-Hexanone, 3,3-

dimethyl-, (I) 7-Hexadecenoic acid, methyl ester, (Z)- 



 

Figure SF 4.64(J-L): Compounds identified in methanolic extract of treated healthy 

sorghum plant: (J) 2,3-Dihydro-benzofuran, (K) 2-Butanone, diethylhydrazone, (L) Phenol, 

2,6-dimethoxy- 



 

Figure SF 4.64(M-O): Compounds identified in methanolic extract of treated 

healthysorghum plant: (M) Benzaldehyde, 4-hydroxy-, (N) 4-Ethylcatechol, (O) Vanillin 



 

Figure SF 4.64(P-R): Compounds identified in methanolic extract of treated healthy 

sorghum plant: (P) 2-Hydroxy-5-methylisophthalaldehyde, (Q) Benzeneacetonitrile, 4-

hydroxy-, (R) Guanosine 



 

Figure SF 4.64(S, T): Compounds identified in methanolic extract of treated healthy 

sorghum plant: (S) beta.-D-Glucopyranoside, methyl, (T) Catechol 



 

 

Figure SF 4.65: Detection and identification of phenolic in plant extractsby thin 

layer chromatogram (TLC) along with standard phenolic  

 
 

Figure SF 4.66: Cellular localization of glucanase in sorghum leaf tissues following 

treatment with bioinoculants, probed with PAb of glucanase and labelled with FITC  



 

Figure SF 4.67: Transmission electron micrographs of bioinoculant treated leaf 

tissues of sorghum, plant (sudan grass) reacted with PAb of glucanase and labelled 

with antirabbit goat IgG (whole molecule) gold conjugate  

 

Figure SF 4.68: Cellular localization of chitinase in sorghum leaf tissues following treatment 

with bioinoculants, probed with PAb of chitinase and labelled with FITC  



 

Figure SF 4.69: Transmission electron micrographs of bioinoculant treated leaf tissues of 

sorghum plant (sudan grass) reacted with PAb of chitinase and labelled with antirabbit 

goat IgG (whole molecule) gold conjugate 

 




