
RESULTS AND DISCUSSION        

 

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 
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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 
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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)  
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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 



RESULTS AND DISCUSSION      151 

 

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  



RESULTS AND DISCUSSION      157 

 

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. 




