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Summary 

 

An investigation was carried out to study the beneficial interactions among the 

endophytic / associative bacteria and mycorrhizal fungus in mungbean (legume) 

plant roots. Physiological, biochemical, ultrastructural, genetic and cytological 

analysis of the microbial and AM fungal inoculants was carried out to characterize 

Bradyrhizobium and Agrobacterium sp.  from root nodules of cultivated legumes i.e., 

chickpea (Cicer arietinum), soybean (Glycine max), mungbean (Vigna radiata) and 

arbuscular mycorrhizal fungi at host plant level. As identification of arbuscular 

mycorrhizal fungi on root is almost impossible with conservative morphological 

method, due to the presence of contaminating fungi, so to allow broad investigation 

of the population structure of AM fungi in the field, we tried to establish a method to 

selectively amplify AM fungal DNA and to study the biodiversity of AM fungus.  

 

Preliminary characterization of these isolates through plant infectivity test showed 

nodule formation with Bradyrhizobium strains MN-S and TAL-102 in mungbean. 

The Agrobacterium sp. Ca-18 proved important for its significantly high phosphate 

solubilization and Indole Acetic Acid (IAA) producing ability. High number of 

effective nitrogen fixing nodules (30 and 62 at 25 and 45 days after sowing 

respectively) was formed when the plants were inoculated with Bradyrhizobium 

strains, along with the Agrobacterium sp.  and arbuscular mycorrhizal fungi. 

Significant difference among the treatments was observed for biomass, nutrient 

uptake and total grain yield of mungbean with the application of bacterial inoculants 

and mycorrhizal fungal inoculum. Mix bacterial inoculants in combination with 

mycorrhizae proved best with 4.113 g, 33.220 g and 57.473 g plant
-1

 dry weight at 

25, 45 and 90 days after sowing, respectively. Maximum grain yield (1517.170 kg 

ha
-1

) and phosphorus contents (522.646 mg g
-100

) were recorded in mix bacterial 

inoculants & AM. 

 

The co-existence of Agrobacterium sp.  and Bradyrhizobium strains within the 

nodules was confirmed through ultrastructural / immunogold labelling studies 



                                                                                                      

 

 

showing the significance of nodule cell occupancy by a non-rhizobial isolate, with 

potential benefit of phosphate solubilization and phytohormone production.  

 

Arbuscular mycorrhizal spores isolated form the soil as well as onion roots colonized 

with AM were used as inoculum source to evaluate it’s effect on mungbean crop. 

Light and confocal laser scanning microscopic studies ensured the presence of AM 

in onion roots. 

  

Terminal Restriction Fragment Length Polymorphic (TRFLP) analysis was 

employed for the 150 samples of mungbean roots colonized with arbuscular 

mycorrhizal fungi and mix bacterial inoculants (Bradyrhizobium strains MN-S, 

TAL-102 and Agrobacterium sp.  Ca-18) to study the genetic relationship of 

bacterial inoculants with arbuscular mycorrhizae at different time points. The 

application of T-RFLP approach demonstrated that bacterial inoculants (N fixer, P 

solubilizer) exert an influence on AMF community composition of host plant at 

different time points. 

 

To study the effects of eubacterial community structure in the legume (mungbean) 

rhizosphere and bulk soil by applying mix bacterial inoculants and mycorrhizal 

treatments separately or in combination, total 254 soil samples were processed for 

TRFLP analysis. The bacterial community in the rhizosphere of mungbean plants 

showed that mix bacterial inoculants have no significant effect on the bacterial 

community, although the bacterial community structure was significantly different at 

different time points throughout the mungbean growth period. Moreover, 

rhizospheric soil also showed a different bacterial community structure as compared 

to bulk soil (collected further from the roots but from the same treatment replicate). 

 

 



                                                                                                      

 

 

Chapter-I 

Introduction & Review of Literature 

 

Complex organisms have continuously been entangled in versatile interactions with 

microorganisms during their development. The pathogenic interactions of the microbes 

have been the matter of concern to the biologists. In the past, characteristically, 

microbial contagion has been observed injurious. But increased appreciation has been 

witnessed in the last 2 decades for the interactions those could help and facilitate both 

host and microscopic organism. These interactions are crowd collectively under the 

term ‘symbiosis’ and the microbial associates are entitled as ‘microsymbionts’. 

However, there is a disagreement about usage of the term “symbiosis,” originally 

defined by Heinrich Anton de Bary (1869) as a close and outcome independent 

relationship between different microbial species ranging from parasitism to mutualism. 

Later on, the term “symbiosis” was extensively exercised to mean only mutually 

beneficial interactions of the organisms. Though the term ‘symbiont’ is generally used 

for mutualistic microorganisms, however, the full spectrum of associations with hosts is 

not known (Moran, 2006). 

 

Soil microorganisms are known for their fundamental influences on fertility of soil and 

plant health. Among the microbial interactions, fungal and bacterial associations were 

found as key innovation in the colonization of land habitats  (Gianinazzi and Scheuepp, 

1994). Moreover, microsymbionts act as metabolic cohorts of the plants to get  

restraining nutrients and protect the plants by producing toxins that defend against 

herbivores or pathogens (Moran, 2006). 

 

1.1  Mycorrhizal symbiosis 

 

Mycorrhiza is a symbiotic relationship between a fungus and the roots of a plant (Kirk 

et al., 2001). The fungus may colonize the host plant roots either extra-cellularly 

(ectomycorrhizae) or intra-cellularly (endomycorrhizae). The term “mycorrhiza” was 

coined in 1885 by Bernhardt Frank for recognizing special structures in tree roots 



                                                                                                      

 

 

(Frank, 1888).“Arbuscular mycorrhiza” (AM) replaced the earlier term “vesicular 

arbuscular mycorrhiza” (VAM) because all endomycorrhizae of this type inevitably 

develop arbuscules but not vesicles. Out of the two major types of mycorrhizae i.e., 

Arbuscular mycorrhizae and ectomycorrhizae the latter is evolved as a more recent 

symbiosis of woody trees. Arbuscular mycorrhizal symbiosis is the oldest and most 

prevalent type of mycorrhizal association. According to the fossil record and molecular 

data, the origin of the AM symbiosis goes back at least to the Ordovician (450–500 

million years ago) period (Redecker et al., 2000a; Remy et al., 1994). It is estimated 

that about 250,000 species of the world’s plants including many arable crops are 

proficient of developing the symbiosis (Smith and Read, 1997). AM fungi are typically 

associated with angiosperms, some of the gymnosperms, lycopods, pteridophytes and 

mosses (Read et al., 2000). It is implicit that this symbiosis assist the plants in the 

acquisition of water and minerals, especially phosphate, during their land colonization 

(Simon et al., 1993). 

 

One of the important feature of the vesicular-arbuscular mycorrhizal (VAM) fungi is 

the colonization of plant roots and extension into the contiguous non rhizospheric soil 

to expand the nutrients depletion zone around the roots. VAM get benefits from the 

plants by taking carbon compounds synthesized by the host plant and transport mineral 

nutrients and water to the plant from the soil. Therefore, VAM have a pervasive effect 

upon structure and function of the host plant (Bethlenfalvay and Barea, 1994). Innate 

ecology of these interactions and the effects of certain soil amendments have not 

extensively been explored. VA-fungi are also allied with amplified growth of many 

plant species due to providing more nutrients, synthesis of growth promoting 

substances and improved tolerance against diverse chemical and physical stresses 

including salinity, drought as well as transplant shock. Synergistic communication with 

other beneficial soil microbs including P-solubilizer and N-fixers (Sreenivasa and 

Bagyaraj, 1989) also help to improve the growth of host plant. Symbiotic association of 

VA-fungi with plant roots often results in enhanced growth due to improved 

acquirement of P and other low mobile mineral nutrients (Kwapata and Hall, 1985). 

Credit of thriving nutrient absorption usually goes to VA-fungi for the widespread 



                                                                                                      

 

 

hyphal growth beyond the nutrient depletion zone adjoining the root (Tisdal et al., 

1995). 

 

 

Fig. 1.1 Schematic view of possible interactions among different components of the mycorrhizosphere 

 (Johansson et al., 2004; Rambelli, 1973) 

 



                                                                                                      

 

 

Establishment of mycorrhizae is one of the most important adaptive approaches of 

plants to endure the adverse soil conditions by extending surface area of roots 

(Marschner, 1991). However, better perceptive of the mycorrhizal communications with 

agronomic crops is necessary because of their potential participation in sustainable 

agricultural systems. 

 

1.2 Significance of  mycorrhizae 

 

Major role of VA-Mycorrhizal association is to supply extremely immobile element in 

soil to the colonized plant roots. Phosphorus is one of most immobile elements that 

becomes immobilize as calcium phosphates,  organic phosphorus or other fixed forms, 

sooner after the addition of phosphorus in soluble form (Jackson and Mason, 1984; 

Wetterauer and Killorn, 1996). VAM are known as efficient partnership in nutrient 

uptake, especially phosphorus and accumulation of biomass in many crops grown in 

low phosphorus soil (Osonubi et al., 1991). Beneficial effects of VAM inoculation on 

nutrient uptake and plant growth (Abbott et al., 1984; Menge, 1983; Powell et al., 

1984) have been investigated several times, especially in sterilized soils. On the other 

hand, depressed plant growth has been observed in mycorrhizal plants grown in soils 

with optimum phosphorus availability. These effects have been attributed to 

competition  for carbon between the mycorrhizal fungi and the host plant (Osonubi et 

al., 1991).      

 

The superior effect of vegetative growth and seed yield by VA mycorrhizae may be 

attributed to mycorrhizal hyphae that act as extension to plant root resulting in enlarged 

root surface area and exploring greater soil volume that in return will increase the 

chances of micronutrient uptake in addition to improve uptake of nitrogen and 

micronutrient. Mycorrhizal association may also improve translocation between root 

and shoot of the colonized plant, hence enhancing the plant growth (Osonubi et al., 

1991). Mycorrhizae substantially increase copper and zinc contents of the shoot at low 

phosphorus levels in soil. However, a decrease in copper and zinc contents was 



                                                                                                      

 

 

observed for the infected soybean (Glycine max L.) plants grown in high phosphorus 

level soils (Lambert and Weidensaul, 1991). 

 

Although most of the work done with VAM has demonstrated their role in plant 

nutrition even than interest is increasing towards the resistance of mycorrhizal plants for 

physical stresses like drought (Allen and Boosalis, 1983). VAM colonization has also 

been reported to increase nutrient uptake in water stressed plants (Busse and Ellis, 

1985) enabling infected plants to use water more efficiently (Graham and Syversen, 

1984). However, few studies are available on the effect of water-stress on the fungi 

themselves, exhibited by the number of spores in the soil and the root infection 

percentage.  

 

Few studies were conducted about the importance of ectomycorrhizal and 

endomycorrhizal fungi in protecting host plants from toxicity of mineral elements and 

phytopathogens. Ectomycorrhizal fungi are reported to protect trees from toxic heavy 

metals at high concentrations due to accumulation and immobilization of these metals 

in the mycorrhizal sheath (Jackson and Mason, 1984). 

 

1.3   AM association with legume crops 

 

Usually legume crops are cultivated in nutrient deprived environments in association 

with Rhizobium along with related microflora. These crops have high phosphorus 

requisites for nitrogen fixation as well as nodule formation and eventually optimum 

growth. Symbiosis of legumenous plants with mycorrhizae has been recognized to help 

the plants for increased vegetative growth and seed yield of the plants. Improved 

nodulation on the roots of the plant has also been reported (Lambert and Weidensaul, 

1991; Mathur and Vyas, 2000).  

 

1.4 Tripartite interaction of legumes with AM fungi and Rhizobium 

 



                                                                                                      

 

 

Legume develop tripartite symbiotic associations with nodule-forming rhizobacteria 

and AM fungi (Olesniewicz and Thomas, 1999). Both the rhizobial and fungal 

microsymbionts improve mineral nutrition of the host plant by exchanging assimilates 

formed by the plants. Rhizobia fixes atmospheric nitrogen in nodule by nitrogenase 

enzyme (Thorneley, 1992) and fungal hyphae facilitate the uptake of ions, mainly 

phosphate, in symbiotic roots (Reid, 1990). Dual inoculation with both microorganisms 

results in a mutualistic symbiosis that generally increases plant growth to a greater 

extent than inoculation with single inoculant (Chalk et al., 2006 ). Synergistic effects of 

dual inoculation have also been reported for various crops especially in both nitrogen 

and phosphorus scarce soils. The general consensus is that AM fungi improve 

phosphate nutrition of legumes, which in turn enhances plant growth and nitrogen 

fixation (Barea and Azcon-Aguilar, 1983; Cluett and Boucher, 1983). Increased level of 

mineral nutrients in plant not only benefits Rhizobium directly, but also leads to 

increase photosynthesis for enhanced production of photosynthates and better 

availability to nodules (Harris et al., 1985; Pang and Paul, 1980). 

 

This view is supported by the fact that commonly nitrogen (N) fixation by Rhizobium 

increases in the presence of sufficient available phosphorus (P) fertilizer. Improved 

acquirement of P by the host and molecular signaling among the three symbionts may 

elucidate the synergism of AM and Rhizobium. Flavonoids are considered to be key 

signal compounds associated with the establishment of the tripartite symbiosis. Antunes 

et al. (2006 a) and Antunes et al. (2006 b) reported that the presence of both 

microsymbionts regulate the accumulation of flavonoids in soybean roots and the plant 

get benefits from these relationships. Plant Rhizobium system work efficiently in the 

presence of AM symbiosis because the mycorrhizae correct not only P efficiency but 

also any nutrient deficiency in the plant that might be limiting to Rhizobium (O'Hara 

and Fottrell, 1968; Pacovsky, 1986).                                                                                  

 

The legumes and their symbiosis with Rhizobium spp. in the broad sense have always 

been important for sustainable agriculture. 
 
Rotation of crops has intensely been 

illustrated by the Romans who were possibly aware
 
of this older practice in Greece to 



                                                                                                      

 

 

enhance the productivity of non-leguminous crops. Moreover, this valuable relationship 

between prokaryote and eukaryote could be focused as an interesting
 
phenomenon for 

inspection of fundamental biological principles (Hirsch et al., 2001). 

 

Modern studies show that AM fungi release a diffusion factor (myc factor), responsible 

for activation of nodulation factors through inducible gene (mtENOD11). The same 

gene is found to  involve in symbiotic communication of plants and Rhizobium (Kosuta 

et al., 2003). It is reported that mycorrhizal infection increases in the presence of 

Rhizobium in the soil due to improved chemical signals, involved in the development of 

symbiotic relationships (Xie et al., 1995). Effective mycorrhizal association may also 

help the plant by improving nodulation as well as symbiotic nitrogen fixation (Hamel, 

2004). 

 

The influence of plant assimilates on microbial communities has traditionally been 

defined comparative to the rhizosphere (Hiltner, 1904). The rhizosphere is 

discriminated by augmented microbial activities encouraged by the seepage of  organic 

exudates from the root (Grayston et al., 1997). However, since plant roots  are 

commonly colonized by  mycorrhizae in natural and semi-natural ecosystems so the 

concept of rhizosphere has been broadened to take account of the fungal constituent of 

the symbiosis, consequently originating another term ‘‘mycorrhizosphere’’ (Rambelli, 

1973). The mycorrhizosphere is the region subjective by both mycorrhizal fungus and 

hyphosphere.  The term “hydrosphere’’ refers strictly to the zone neighboring 

individual fungal hyphae. Fungal hyphae symbiotically as well as independently are 

pretty ubiquitous in natural soils leading to disagreement about the inclusion of all types 

of soil under the term ‘‘mycorrhizosphere’’. 
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Fig. 1.2 Schematic view of the mycorrhizosphere concept in contrast to the rhizosphere concept 

(Gianinazzi and Scheuepp, 1994; Gianinazzi et al., 2002) 

 



                                                                                                      

 

 

The mycorrhizosphere is the zone influenced by both the root and the mycorrhizal 

fungus, and includes the more specific term ‘‘hyphosphere’’, which refers only to the 

zone surrounding individual fungal hyphae. Since mycorrhizae and fungal hyphae are 

more or less ubiquitous in natural soils, it could be argued that all soil could be 

included in the term ‘‘mycorrhizosphere’’. 

 

Arbuscular mycorrhizal (AM) fungi interact directly with the soil by constructing 

extraradical hyphae that may widen more than a few centimeters into the soil (Rhodes 

and Gerdemann, 1975).  Extraradical hyphae can encompass a total surface area of 

many folds larger  than that of roots alone, resulting increase in the potential for nutrient 

uptake and possibly water uptake, however consequences regarding the later are still 

contradictory (Auge, 2001; Rhodes and Gerdemann, 1975). Hyphae of AM fungi have 

been shown to play an important role in soil stabilization through formation of soil 

aggregates (Tisdall and Oades, 1979). Additionally, the extraradical hyphae are 

commonly assumed to be significant to the plants for acquisition of phosphorus (P) and 

other mineral nutrients (Read and Perez-Moreno, 2003). The extraradical mycelium of 

AM fungi can also augment mobilization of organically bound nitrogen from plant litter 

(Hodge et al., 2001). 

 

1.5  Interaction of AM fungi with symbiotic nitrogen fixers 

 

Rhizobia are characterized as symbiotic bacteria proficient of entering root or nodules 

in leguminous plants, where they fix nitrogen (Van Rhijn and Vanderleyden, 1995). 

Rhizobial strains are currently placed in the following genera: Allorhizobium, 

Mesorhizobium, Rhizobium and Sinorhizobium, constituting one of the rhizobial clades;  

Methylobacterium and  Bradyrhizobium which are found on  different and well resolved 

phylogenetic branches (Sy et al., 2001; Young et al., 2001). Several studies show that 

many soils contain a large population of non symbiotic rhizobacteria and PGPR that are 

found both in the rhizosphere of legumes and other plants and in the bulk soil (Saito et 

al., 1998; Schloter et al., 1997; Segovia et al., 1991; Sullivan et al., 1996). 

 



                                                                                                      

 

 

There are several reports on the tripartite associations of legume with AM fungi and 

Rhizobium species (Albrecht et al., 1999; Khan et al., 1995). However, contribution of 

N fixing symbionts to the overall nitrogen economy varies. Pasture legumes as well as 

crop are grown on more than 250 million ha land worldwide and fix about 90 Tg N Yr
-1

 

(Kinzig and Socolow, 1994)  that accounts for almost 50 % of the N used in agriculture. 

Rates of symbiotic nitrogen fixation in legumes vary with combination of host, 

microsymbiont and environment that could be as high as 600 kg N fixed ha 
-1

 Yr 
-1

 in 

temperate clover pastures and as low as 165 to 450 kg N ha
-1 

Yr
-1 

in
 
different grain 

legumes. The rhizobia colonize the central nodular tissues by means of a multifaceted 

infection process, leading to the formation of a highly efficient nitrogen fixing 

association (Brewin, 1998; Van Rhijn and Vanderleyden, 1995) suggesting presence of 

synergistic nteraction among them. AM fungi improve nodulation and sporulation, with 

substantial benefit to plant growth. Legumes have repeatedly been shown to require 

high levels of phosphate for effective nodulation, nitrogen fixation and growth 

(Bergersen, 1971; Gibson, 1976). So the key effect of mycorrhiza on nodulation is 

indisputably phosphate mediated that may exert some secondary effects. Possible 

limiting factors of the mycorrhizal relationship may include supply of photosynthates, 

trace elements and plant hormones, playing an important role in nodulation and 

nitrogen fixation. Flavonoids are known to induce nod gene expression and 

colonization by AM has been recognized to increase the amount of phytoalexins in 

certain legume roots, which are isoflavonoid substrates. These findings have paved new 

way for a line of research in understanding the role of AM in the expression of 

nodulation gene in rhizobia (Harrison, 1997). 

 

Enhancing AM colonization in the host plant by cell-free extract of Rhizobium has been 

observed by Spanish workers that was later attributed to the presence of extracellular 

polysaccharides produced by Rhizobium, which occasionally increased the number of 

the entry point of AM fungi per unit length of root (Azcon-Aguilar and Barea, 1992). 

Field studies have shown great advantages of dual inoculation by the two symbionts. 

This is of utmost importance in the tropics because the grain legume programs 



                                                                                                      

 

 

introduced to those areas increased protein content of the diet and exposed the fact that 

tropical soils are highly deficient in phosphorus. 

 

1.6  Interaction of AM fungi with phosphate solubilizing bacteria 

 

Many soil bacteria termed as phosphobacteria, solubilize unavailable form of 

phosphorus and have been used as bacterial fertilizers on vegetable crops (Brown, 

1974). Interaction between AM fungi and phosphate solubilizing microorganisms and 

their effect on plant growth have been studied by several workers. Barea et al. (1975) 

found that phosphate solubilizing bacteria (Agrobacterium sp. and Psedomonas sp.) 

inoculated on to the seeds and/or seedlings maintained higher populations for longer 

duration in the rhizosphere of mycorrhizal than non-mycorrhizal roots of lavender and 

maize plants. Dual inoculation also resulted in increased plant dry matter and 

phosphorus uptake in soils (Singh and Kapoor, 1999). The phosphate solubilizing 

bacteria also produced plant growth hormones which enhanced plant growth (Azcon et 

al., 1976). 

 

The diversity seen in the legumes and their interacting partners is wide ranging. 

Approximately 160 fungal taxa of the order Glomales (Glomeromycota) have been 

described on the basis of their spore morphology (Schubler et al., 2001), although 

recent molecular analyses indicate that the actual number of AM taxa may be much 

higher (Daniell et al., 2001; Vandenkoornhuyse et al., 2002a). 

 

For the past 2 decades, legume
 
and rhizobial biologists have followed a precise 

examination of biodiversity. Understanding about the complexities
 
of the agriculturally 

and environmentally imperative symbiosis (nitrogen fixing) was supported by 

characterization through effective nodule formation. Though model systems are
 
helpful 

because they endow with the tools for complicated and
 
comprehensive investigation of 

species, even then basic questions may not be satisfactorily answered. Legumes are 

unique in their response to Nod factors and can energetically support bacterial entry 



                                                                                                      

 

 

into the root. However,
 
yet we do not recognize how legumes developed the ability to 

identify
 
such signals or how entrance is really possible.  

 

1.7 Approaches/techniques for identification, characterization 

 and to understand interaction of microbes with plant roots  

 

Before the attention of biological research towards model organisms for genetic studies, 

greater interest was paid to the study of symbiosis. Successful management of legume 

Rhizobium symbiosis requires reliable identification of specific bacterial strains. 

Morphological, biochemical and physiological analysis were practiced as conventional 

techniques to distinguish microorganisms (Echeverrigaray et al., 1999). Hence, to 

obtain a better understanding about the role of microbial diversity in the conservation of 

ecosystem, serological, ultra structure and molecular methods were efficiently been  

adopted that harmonize the conventional microbiological and biochemical procedures 

(Liu et al., 1997; Muyzer, 1999; Muyzer and Smalla, 1998; Wu and Tansley, 1993). 

Four approaches are common for monitoring the population in soil (Döberenier and 

Day, 1976). 

 

1. The traditional methods 

2. Immunological methods 

3. Molecular methods 

4. Combination of these  

 

The traditional methods employ direct microscopy, antibiotic resistance and 

immunofluorescent techniques (Schloter et al., 1992). Electron microscopy is one of the 

prevailing techniques to recognize and localize endophytic bacteria in plant tissues. 

Microscopy was broadly used to discover and reveal symbioses before the middle of the 

20
th

 century. These species have relatively free lifestyles compared to other species 

having complex interdependencies with each others. But most (Moran, 2006) 

microorganisms in natural communities have obligatory lifestyle with intermittent 

dependencies on other species (often other microbes), explaining the reason of failure 



                                                                                                      

 

 

for culturing about 99 % of microorganisms. Similarly, most symbionts of plants and 

animals cannot be readily cultured independently of hosts, prohibiting most 

conventional microbiological analyses (Moran, 2006). 

 

Electron microscopy (EM) was introduced in the 1930s and made practical firs to the 

biological specimens by Claude, Porter, and Palade in the 1940s - 1950s. The EM can 

get great resolution than that gained by light microscope because the wavelength of 

electrons in an electron microscope may be as short as 0.004 nm that is about 10
5
 times 

shorter than the wavelength of visible light (Bal et al., 1989). 

 

Two types of electron microscopic techniques are widely used to study the cells. 

 

1) Transmission Electron Microscopy  

2) Scanning Electron Microscopy 

 

1.7.1  Transmission Electron Microscopy (TEM) 

 

In transmission electron microscopy, specimens are fixed and stained with salts of 

heavy metals, providing contrast by scattering electrons. Electrons that stumble upon a 

heavy metal ion are deflected and play role in developing final image in such a way that 

heavy metal stained area of the specimen appear dark. Specimens to be observed by 

TEM can be prepared by either positive or negative staining. In positive staining, tissue 

specimens are stained with the salts of heavy metal (osmium tetra oxide, uranyl acetate 

& lead citrate) those react with lipids, proteins and nucleic acids consequently appear 

dark in the final image. Alternatively, positive staining can also be applied to recognize 

unambiguously macromolecules within cells. For example, antibodies marked with 

electron-dense heavy metals (such as gold particles) are commonly utilized to inspect 

the sub cellular fraction of certain proteins. Negative staining is practical for the 

revelation of intact biological structures such as bacteria, isolated sub-cellular 

organelles and macromolecules (Bal et al., 1989). But within cross-sections endophytic 

bacteria and plant organelles can be distinguished by a skilled electron microscopist. 

However, the size, allocation in plant tissue, resemblance in manifestation with cell 



                                                                                                      

 

 

organelles and ultra thin sectioning (60nm) make endophytic bacteria difficult to be 

distinguished by traditional technique of electron microscopy.  

 

Antigen-antibody reactions are highly specific in that the antibody reacts only with the 

antigen that elicited its formation (Somasegran and Hoben, 1985). Serological studies 

grant very swift and precise tools to identify bacteria (Kingsley and Bohlool, 1983). 

These have widely been practical to distinguish rhizobia from cultures and from root 

nodules of legumes (Vincent, 1982). Serological techniques based on whole cell 

agglutination (Vincent, 1942), antibiotic resistance (Brookwell et al., 1977) and ELISA 

(Olsen and Rice, 1989) have previously been used as conventional techniques. The 

class of molecular makers traditionally been utilized in rhizobial ecology is antigens, 

expressed on the cell surface that can be recognized by specific antisera (Wilson, 1995). 

Agglutination and immuno-diffusion tests have frequently been used for accurate 

identification of the nodule forming Rhizobium, (Vincent, 1970) but both methods are 

protracted. Serological techniques can help to identify only those field isolates reacting 

with the available antisera because the facilitating feature of detection is a specific 

surface protein that acts as markers to identify the strains (Wilson, 1995) hence, strain 

diversity of the ecosystem may not be attained (Slattery and Coventry, 1995)  

 

1.7.2  Confocal Laser Scanning Microscopy (CLSM) 

 

Confocal laser scanning microscopy was another significant gadget of the 80ies, that 

offers visualization of thin optical sections in thick, intact specimens. A confocal 

microscope is built on to the basic chassis of a fluorescence microscope but includes 

additional features such as electronic control and digital image capture. While, in 

conventional fluorescence microscopy, out-of-focus fluorescence, enthused by the 

excitation light, tends to devastate particular information in the actual image plane.  

CLSM is generally used to observe fluorescent samples, although transmission images 

(similar to bright field, light microscope images) can also be obtained.  CLSM utilize a 

small laser spot that focus on a defined image plane, to excite fluorescence. This spot is 

scanned in lines across the field of view, resembling image formation by an electron 

beam in a TV-screen. 



                                                                                                      

 

 

 

The essential feature of confocal imaging is that the illumination and detection are 

confined to the same spot in the specimen at any one time.  Fluorescent light is emitted 

from the specimen and sent to a detector where it is converted into a digital image. 

Fluorescence is detected by a high sensitive photomultiplier.  However, unlike 

conventional light or fluorescence microscopy, the emitted light is focused through a 

small pinhole in front of the detector, and at the fixed focal distance for the object. 

Light emitted from the focal point on the object can pass into the detector, only.  This 

eliminates all out-of-focus information and allows the microscope to collect information 

from thin layers within the specimen. The microscope can be instructed to collect a 

series of these images at different depths throughout the specimen, which can be used to 

create 3-dimensional images (Wright and Wright, 2002)  

 

CLSM takes images containing only in-focus information as compared to the standard 

light or stereo microscope.  With standard microscopes you see and collect a deeper 

band of information containing both in-focus and out-of-focus information.  Confocal 

microscopes have the potential to produce very clear and precise images but, as with all 

microscopy, you must be aware of the limitations of the technique, and bear in mind 

aspects of the sample, stains, sample preparation and imaging technique.  The distance 

between the specific plane of the sample that you are interested in (the focal plane) and 

the reflected light path to the electronic detector in the confocal microscope is known as 

the focal distance.  Basically, the only difference between a standard microscope and a 

CLSM lies in the inclusion of a pin-hole between the sample and the specimen at the 

focal distance (Wilson, 1995). 

 

1.7. 3  Molecular techniques 

 

DNA based techniques are in many areas complementary to marker genes. The key 

advantage is that they do not hinder the ecology of organisms, any way (Wilson, 1995). 

In comparison, the molecular techniques are relatively complex, especially if an 

adequate level of sensitivity is to be achieved (Herrick et al., 1993; Sayler et al., 1992; 

Steffan and Atlas, 1991) and consequently quite expensive. 



                                                                                                      

 

 

 

Recently molecular techniques have extensively been exercised to assess the structural 

diversity of microorganism (Head et al., 1998). Different techniques now exist which 

includes whole cell protein analysis; detection of specific DNA sequences by 

hybridization (Sayler et al., 1992), community DNA hybridization (Griffith et al., 

1999), percentage G + C profiling (Clegg et al., 1998), restriction digestion and 

sequence comparison (Yap et al., 1996), restriction fragment length polymorphism 

(RELP) and terminal RFLP (T-RFLP) of  rDNA (Dunber et al., 1999; Karim, 2003; Liu 

et al., 1997), denaturing gradient gel electrophoreses (DGGE) and temperature gradient 

gel electrophoresis  (TGGE)  of  rDNA (Duarte et al., 1998; Heuer and Smalla, 1997; 

Smit et al., 1999 ) and randomly amplified polymorphic DNA (Williams and Signer, 

1990). 

 

Microorganisms are known to be functionally diverse, with taxonomically very distinct 

organisms sharing related functions making it even more difficult to relate genetic or 

taxonomic diversity to function (Anthony et al., 2001). Recently, the focus for much 

soil biology research has been on the relationship between biodiversity and function. 

Studies have shown that microbial diversity in soils is vast and uncultured (O’ Donnall 

and Goerres, 1999). In order to manipulate microbial diversity for better land 

management or improved agricultural productivity it is necessary to understand 

diversity at genetic level. The reservoir of genetic diversity is wide ranging; however, 

this can only be exploited with functional molecular genetics by improving our 

knowledge of the ecology and population dynamics of microbes that harbor potentially 

useful strains (Goddard et al., 2001). The difference is easily appreciated when the 

genotypic structures of the community are represented on the dendrogram, which have 

very deep branches for the clonal, non-recombinant community structure that are 

influenced by environmental conditions like biological fences to gene exchange or 

geographical isolation and also by the type of soil or the genotype of host plant 

(Demezas et al., 1995; Kennedy and Gewin, 1997). 

 

Studies estimating nucleotide sequence diversity of rhizobial strains are important to 

understand their phylogenetic relations and to establish possible correlations between 



                                                                                                      

 

 

these data and phylogenetic variability. Several different methods for documenting 

genetic information are available. These methods include isozyme analysis, RFLP and 

RAPD (Mulcahy et al., 1993). Isozyme analysis and RFLP are the source of genetic 

information those have been frequently used to explore the microbial diversity and to 

analyze the structure of microbial diversity and to analyze the structure of microbial 

communities (Muyzer and Smalla, 1998). Moreover, Fluorescence in situ hybridization 

(FISH) using fluorescence labeled oligonucleotide probes provides a practical 

molecular tool, not only to screen and characterize the phylogeny of bacterial isolates, 

but even to localize the individual cells in their natural habitat, independent of 

cultivation (Amann et al., 1995; Wagner et al., 2003). 

 

Detection of DNA or RNA from the ribosomal RNA (rRNA) genes is one of the most 

important techniques of molecular characterization of environmental samples (Ward et 

al., 1992). In prokaryotes, the rRNA genetic loci contain the genes for all three rRNA 

species: 5S, 16S, and 23S genes. These genes are separated by spacer regions which 

exhibit a large degree of sequence and length variation at the level of genus, species and 

even strains (Jensen and Straus, 1993). The sequence of these genes has been 

determined from many hundreds of species, while highly conserved in certain areas, 

also differs sufficiently in so-called variable regions so that diagnostic sequence pattern 

can be used. According to a report 16S rDNA gene bank contains now more than 

100,000 sequences. The gene for 23S rRNA, has the same qualities as the 16S gene and 

contains much more phylogenetic information. The inconsistent part of this gene shows 

a faster evolutionary rate than the conserved part. However, the large subunit data is not 

as strong, wide-ranging and comprehensive as the small subunit (Terefework, 2002). 

 

Multiple rRNA operons have been reported for rhizobia (Honeycutt et al., 1993; Huber 

and Selenska-Pobell, 1994; Kundig et al., 1995). 16S rRNA molecules consist of 

constant and variable regions. At the beginning of the molecule there is a variable 

region that is useful for distinguishing bacteria at species level. Sequence analysis of the 

16SrRNA gene which is the most extensively studied have assumed a pivotal role in 

ascertaining the phylogenetic relationships of bacteria (Young et al., 1991) and 



                                                                                                      

 

 

taxonomic studies (Woese, 1987). In contrast and with a few exceptions only the rRNA 

genes (rDNA) are similar in length throughout the bacterial kingdom and contain highly 

conserved regions as well as regions that varies according to species and family 

(Woese, 1987). With the advent of the PCR and technique for direct sequencing of the 

amplified DNA, reliable sequence can be obtained rapidly (Bultger, 1989; Lane et al., 

1985). 

 

The recent profusion of investigate on symbionts is a part of an extensive improvement 

in the study of biology which is considering the addition of the molecular biological 

tools to study the biological diversity, evolutionary history and the metabolic 

functioning of non-model organisms. Advancement in the genomic study has facilitated 

to understand the metabolism of natural microbial communities in general and of 

symbiotic systems in particular. These new techniques have produced wide genomic 

and evolutionary data, developing advance approaches to improve understanding of 

evolutionary processes and limitations due to symbiotic relationship for symbiotic 

partners (Moran, 2006).                     

 

1.8 AM fungal diversity and phylogeny 

 

There is increasing evidence that diversity of AM fungi has significant impact on plant 

biodiversity, productivity and ecosystem stability (Van Der Heijden et al., 1998). Since 

glomalean fungi are obligate symbionts, they are usually cultured in association with a 

host plant in open systems known as ‘pot cultures’(Gilmore, 1968). AMF are presently 

all placed in the order Glomales (Morton and Benny, 1990) and are described, in an 

artificial classification, mainly from the characters of their spores (Walker and Trappe, 

1993). Morphological characterization of spores and hyphae of AMF communities has 

proven the key barrier to study the AMF community dynamics within any ecosystems. 

In modern era, biomolecular tools have appreciably improved the capability to describe 

microbial communities in situ. A number of molecular techniques for identification of 

AMF have been employed to study their diversity and identity. These include isozyme 

analysis (Rosendahl, 1989), RAPD-PCR (Lanfranco et al., 1995), PCR and DNA 



                                                                                                      

 

 

fingerprinting of microsatellite regions (Gadkar et al., 1997); (Ze- ze-  et al., 1997) and 

specific antibodies (Hahn et al., 1993). The majority of recent work has focused on the 

use of PCR techniques with isolate- or group-specific primers (Abbas et al., 1996; Bago 

et al., 1998; Chelius and Triplett, 1999; Clapp et al., 1999; Clapp et al., 1995; Edwards 

et al., 1997; Helgason et al., 1998; Lanfranco et al., 1999; Lloyd-Macgilp et al., 1996; 

Millner et al., 1998; Van Tuinen et al., 1998), sometimes combined with restriction 

analysis (Redecker et al., 1997; Sanders et al., 1995).  

 

The development of PCR primers specifically focusing the Glomeromycota (Helgason 

et al., 1998; Simon et al., 1992; Van Tuinen et al., 1998) has permitted to characterize 

AMF communities through culture-independent technique within both soils and plant 

roots tissues. Using such approaches, broad range of verities has been exposed that was 

not predictable previously with morphological methods of identification. The majority 

of these molecular studies have involved cloning and sequencing of rRNA genes. 

Lately, the novel technique of terminal restriction fragment length polymorphism (T-

RFLP) (Liu et al., 1997) has got appreciation  for its capability of discrimination among 

the AMF communities, colonized in the plant roots (Johansson et al., 2004; 

Vandenkoornhuyse et al., 2002b; Vandenkoornhuyse et al., 2003).  

 

Internal transcribed spacer (ITS) sequences heterogeneity within the spores of AM 

fungi has been known for some years (e.g. (Hijri et al., 1999 ; Lloyd-Macgilp et al., 

1996; Sanders et al., 1995). However, highly variable nature of the ITS region conflicts 

about the demonstration of strange features. By contrast, significant variability in other 

rRNA genes sequence (SSU rRNA), may reveal a different story. This possibility has 

been discussed in several studies (Bago et al., 1998; Clapp et al., 1995; Sanders et al., 

1996). Obligatory nature of Glomalean fungi makes them intricate to grow 

independently free from host organisms. Consequently, they could be maintained in 

association with host plants. 

 

In T-RFLP analysis technique, PCR primers attached with fluorescent molecules is 

utilized for amplification resulting PCR amplicons labeled at the ends. Restriction 



                                                                                                      

 

 

enzymes having specific recognition sequences are utilized restriction digestion of these 

PCR amplicons. Since sequence composition of different AMF species varies between 

18S rRNA genes, terminal restriction fragments (T-RFs) of variable length are 

eventually produced by restriction digestion of PCR products of mixed community. 

Fluorescence-labeled T-RFs are separated on poly acrylamide gel (PAG) by 

electrophoresis or capillary DNA sequencers and visualized by excitation of the fluor, 

providing quantitative data about each detected T-RF. Size and intensity of fluorescence 

(peak height) can also be estimated with this technique. PCR products are amplified 

from genomic DNA using AM1 primer labeled with FAM that is specific for Glomales 

(Helgason et al., 1998) in combination with the virtually ‘universal’ eukaryotic primer 

NS31 (Simon et al., 1992). Although the AM1 primer site is not well conserved in 

certain divergent lineages of AMF, such as the Archaeosporaceae and the 

Paraglomaceae (Redecker et al., 2000b), AM1 consistently amplifies the three 

traditional AMF families (Glomaceae, Acaulosporaceae and Gigasporaceae), excluding 

known non-target DNA. The specificity of this primer set has previously been 

confirmed in a number of studies e.g., (Daniell et al., 2001; Helgason et al., 1998; 

Husband et al., 2002; Vandenkoornhuyse et al., 2002b). 

 

Conclusively small subunit ribosomal rRNA (SSU rRNA) sequence analysis has proven 

to be a suitable tool to infer phylogenetic relationships of the fungi in the Glomales 

(Kramadibrata et al., 2000; Sawaki et al., 1999; Schubler, 1999; Redecker, 2000b; 

Gehrig et al., 1996; Simon, 1996) 

 

1.9  Bacterial diversity 

 

Bacterial diversity usually refers to the genetic diversity, i.e. the amount and allocation 

of genetic information, within the bacterial communities. Diversity is a function of the 

two components. 

 

1. The total number of the species present (species richness) 

2. The distribution of individuals among those species (evenness) (Margalef, 1968). 



                                                                                                      

 

 

1.10  Importance of bacterial diversity in agro-ecosystem 

 

The diversity of microorganisms in agro-ecosystems is critical to the maintenance of 

good soil health because they are involved in many important soil processes (Borneman 

et al., 1996). Moreover, species diversity can give rise to ecosystem stability that 

differentially gives response in a compensatory fashion to perturbations in the soil 

environment (Sturz and Christie, 2003; Tebbe and Schloter,  2007).  

 

The bacterial community diversity or structure can be used as an indicator of these 

perturbations or disturbances in the agro-ecosystems. Disturbances could be caused by 

the presence of a plant or changes in agronomic practices such as type of  amendment 

(Kennedy et al., 2004; Marschner et al., 2004; Workneh and VanBruggen, 1994), 

reduced or no-tillage (Drijber et al., 2000; Hoflich et al., 1999; Ibekwe and Kennedy, 

1998), irrigation system (Crecchio et al., 2004), monocropping (Cook, 1981), or crop 

rotation (Larkin, 2003; Lupwayi et al., 1998). 

 

1.11  How to assess the bacterial diversity 

 

The traditional method for the determination of microbial diversity was identification of 

culturable organisms in a soil system to the species level and, use the taxonomic 

differences to measure diversity (Alexander, 1977). However, only a small fraction of 

the soil bacteria (1-10 %) are cultivable (Nannipieri et al., 2003) and taxonomi 

differences based on physiological characteristics of isolated strains are not sufficiently 

discriminate (Torsvik et al., 1994). To overcome the basis induced by culturability, 

fatty acid analyses have been used to study diversity (Zelles et al., 1995). Whole soil 

fatty acid methyl ester analysis (WSFME) enables to examine the microbial community 

structure by assessing the lipid components from both live and dead microorganisms 

(Zelles et al., 1994). Phospholipids fatty acid analysis (PLFA) enables to estimate the 

structure of the living microbial community (Zelles, 1999; Zelles et al., 1995). 

However, even if fatty acid profiling provides information on certain microbial groups 

it does not permit detection at the species level (Haack et al., 1994). Therefore, direct 



                                                                                                      

 

 

molecular approaches have to be used to obtain a broader image of the bacterial 

community in soil. Cloning and sequencing of the bacterial 16S ribosomal DNA can 

allow assess the bacterial diversity in soil with a high degree of discrimination 

(Borneman et al., 1996). Nevertheless, the cloning and sequencing techniques re time 

and resource consuming and many samples cannot be treated without a tedious 

procedure. Molecular fingerprinting techniques have been developed to permit the 

simultaneous analysis of numerous samples. Among these techniques, Terminal 

Restriction Fragment Length Polymorphism (TRFLP) is the popular technique to know 

the bacterial diversity in soil. 

 

Mungbean (Vigna radiata L.) is a leguminous pulse crop. Increased cultivation of 

legumes is essential for the regeneration of nutrient deficient soils and for providing 

needed protein, minerals, and vitamins to humans and livestock. Legumes can be a 

means of improving the livelihoods of smallholder farmers around the world. 

Mungbean is utilized as a source of vegetable protein, animal fodder and green manure. 

It contains isoflavonoids having estrogen and antioxidant activities that are used in 

prevention of much disease such as cancer, it also exhibits antimicrobial and 

insecticidal activities (Fred, 2002; Kaprelynts et al., 2003). Isoflavonoids are found in 

different parts of leguminous plants, characteristically in the Viciaceae sub-family of 

the Fabaceas. Moreover, mungbean sprouts are valuable source of vitamins and 

minerals so, it is of immense importance to augment legumes production by developing 

different modern techniques. 

 

The project aimed to provide a clear understanding of tripartite association of 

rhizobacteria, mungbean (legume) and AM that exist in the rhizosphere. These 

multitrophic root associated microbial associations will be studied through multi-

disciplinary investigations using molecular, biochemical, ultrastructure and 

physiological methodologies.  



                                                                                                      

 

 

1.12  Objectives of the present study 

 

1.12.1  Broad objective 

 

The objective of this study is to improve the quality and yield of economically 

important legume (mungbean) as well as to improve fertility of soil. This will help low 

income farmer in enhancing the crop productivity by utilization of cost effective 

biofertilizers in their lower income facilities. The project is aimed to study the 

beneficial interaction among the endophytic / associative bacteria and mycorrhizal 

fungus. The main goal of research is biochemical, genetic and cytological analysis of 

the microbial and AM fungal inoculants and cellular events at host plant level. As 

identification of arbuscular mycorrhizal fungi on root is almost impossible with 

morphological method due to the presence of contaminating fungi, it is also difficult 

with molecular biological techniques so to allow broad investigation of the population 

structure of AM fungi in the field, we will try to establish a method to selectively 

amplify AM fungal DNA and to study the biodiversity of AM fungus.  Beneficial 

strains characterized in this research program are expected to enhance efficiency of the 

biofertilizers and hence crop production and also to promote diverse applications of this 

technology in developing countries.  

 

1.12.2  Specific objectives 

 

These studies are aimed to achieve the following objectives by 

1. Inoculum production of arbuscular mycorrhizae. 

2. Molecular characterization of AM fungus for biodiversity analysis. 

3. Establishing mycorrhizal existence with rhizobial strains and their tripartite 

 association with mungbean plant roots, through transmission electron 

 microscopy and immunogold labeling. 

4. Field evaluation of growth parameters by mungbean plants through arbuscular 

 mycorrhizal / rhizobial association.  



                                                                                                                                   

Chapter-II  

Materials &Methods 

The experimental work reported in this study was conducted at Plant Microbiology 

Division, National Institute for Biotechnology and Genetic Engineering (NIBGE), 

Faisalabad, during the year 2005-2008. Part of the study was also carried out at Scottish 

Crop Research Institute (SCRI), Scotland, United Kingdom.  

2.1 Rhizobacterial strains        

Culture of Bradyrhizobium japonicum strain TAL-102 (IAA producer and nitrogen 

fixer), was obtained from Nif TAL, Hawaii, USA. Bradyrhizobium strain MN-S (IAA 

producer and nitrogen fixer) and Agrobacterium sp. Ca-18 (phosphate solubilizer and 

IAA producer) were obtained from BIRCEN culture collection of Plant Microbiology 

Division, NIBGE, Faisalabad. These strains were maintained on Yeast Extract Mannitol 

(YEM) medium and were checked for purity through colony morphology, cell motility 

and gram staining.       

2.2 Rhizobacterial inoculum production  

Nitrogen fixing Bradyrhizobium inoculants (MN-S & TAL-102) and Agrobacterium 

(Ca-18) were cultured in YEM broth in 250 mL flask in duplicate. A loop full of 

inoculum was added in YEM broth, separately. These bacterial strains were incubated 

on an incubator shaker at 100 rpm maintained at 28+2
 0

C, to achieve maximum growth 

of approximately 10
8
 cells mL

-1
 before using them as inoculum.  

2.3 Plant infectivity test  

Host specificity and effectiveness of the Bradyrhizobium strain (MN-S) and a standard 

exotic Bradyrhizobium japonicum strain TAL-102 were studied on mungbean. Seeds 

variety NM-92 was obtained from Mutation Breeding section of Nuclear Institute for 

Agriculture and Biology (NIAB), Faisalabad, Pakistan. Seeds of mungbean were 



  

 

 

surface sterilized with 0.2 % HgCl2 for 2 min, thoroughly washed with distilled water, 

germinated on water agar plates and grown in growth pouches in growth room at 

day/night temperature of 30 -35 
0
C / 25 

0
C and photoperiod of 14 hr. One mL inoculum 

per plant was applied to the roots of the respective plant. There were three replicates for 

each treatment along with a negative control without inoculation. Plants were harvested 

for nodule formation 30 days after sowing and nitrogen fixation of each sample was 

determined by acetylene reduction assay (Hardy et al., 1968). Fresh root nodules were 

collected and placed in 13 mL vacutainer tubes fitted with air tight rubber stoppers. 

Using a pressure lock gas syringe (Precision Sampling Corporation), 0.1 atmosphere of 

air was then replaced by 0.1 atmosphere of acetylene (freshly made up in the lab.). The 

nodules were incubated with acetylene for 30 min at room temperature. Two controls 

were used for the assay: (1) without any nodules, containing 0.1 atmosphere of pure 

acetylene only; (2) root nodules without acetylene. After incubation, 1 mL of gas 

sample was taken from each tube and injected individually into a Gas Chromatograph 

equipped with a hydrogen flame ionisation detector (FID) and nitrogen as a carrier gas. 

The unchanged acetylene (C2H2) and the ethylene (C2H4) produced were indicated as 

peak heights. The nitrogenase activity was calculated for acetylene and ethylene and 

expressed as μ mol hr
-1

g
-1

 fresh nodule weight.              

2.4 Field survey            

A survey to check the presence of arbuscular mycorrhizae in various crops like garlic, 

clover and onion was carried out in cultivated areas in the Faisalabad vicinity. These 

roots were first placed in fixative (50 % ethanol) for overnight, stained with Trypan 

blue (0.05 % in lactoglycerol) (Phillips and Hayman, 1970) and observed under light 

microscope. Observations were recorded in the form of photomicrographs. High 

infection of mycorrhizal fungus was observed in onion roots.   

2.5 Arbuscular mycorrhizae fungal inoculum   

A nursery of onion plants was established in the experimental field area of NIBGE. 

Onion roots were inoculated with the arbuscular mycorrhizal (AM) spores. The spores 



  

 

 

were collected from the soil of different areas in the proximity of NIBGE through wet 

sieving and decanting technique of Gerdemann and Nicolson (Gerdemann and 

Nicolson, 1963). Soil samples were packed in polythene bags, sealed and brought to the 

laboratory to check the presence of mycorrhizal spores in the soil. The onion seedlings 

were grown in nursery and were inoculated with isolated arbuscular mycorrhizal spores. 

The infected onion roots were observed under light microscope. The colonized roots of 

onion with mycorrhizae were then utilized as a source of mycorrhizal inoculum for field 

and pot experiments of mungbean. 

Bacterial and arbuscular mycorrhizal cultures were applied as inoculum in a field and 

pot experiment, to test their effect on growth, yield, biochemical and physiological 

parameters of mungbean (legume) crop. The same set of experiment was conducted in 

growth room for the ultra-structural studies to observe localization of bacteria and 

mycorrhizae in the mungbean roots and nodules.  

2.6 Effect of arbuscular mycorrhizae, nitrogen fixing and phosphate 

solubilizing bacteria on the growth of mungbean                     

2.6.1 Field trial                  

Mungbean seeds (variety NM-92) were sown in the experimental area of NIBGE with 

the experimental units of 12 m
2 

(6 m x 2 m) each (Fig 3.18).  

2.6.2 Inoculation of bacteria and arbuscular mycorrhizae               

Arbuscular mycorrhizal inoculum was applied in the form of chopped onion roots. For 

this purpose onion roots colonized with arbuscular mycorrhizal fungi were chopped and 

added as source of arbuscular mycorrhizal inoculum to infect mungbean plants. The 

colonization of onion roots was first ensured by observing it under light microscope by 

following the procedure of trypan blue staining (Phillips and Hayman, 1970). Then the 

roots were mixed in the soil @ 10 g per 12 m
2
.  

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TC3-49S76XK-6&_user=4288192&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=4288192&md5=5e021b87e87ed0dfdcacc522bb8bcdf9#bib7#bib7


  

 

 

Nitrogen fixing Bradyrhizobium inoculants (MN-S & TAL-102) and phosphorus 

solubilizing inoculant Agrobacterium (Ca-18) were cultured as described in section 2.2. 

Mungbean seeds were dipped in bacterial inoculum separately before sowing and then 

transferred to soil.  

2.6.3 Lay out plan for field experiment       

The experiment was laid out in Randomized Complete Block Design (RCBD). The 

experiment consisted of 10 treatments with three replicates including a control. 

Phosphorous in the form of DAP (Diammonium Phosphate) was applied in the soil @ 

25 Kg acre
-1

 before sowing.         

2.6.3.1 Treatments for field experiment                   

T1 =  Inoculation with Bradyrhizobium strain MN-S                             

T2 =  Inoculation with Bradyrhizobium strain TAL-102                    

T3 =  Inoculation with Agrobacterium sp. Ca-18                 

T4 =  Inoculation with mix bacterial inoculants*      

T5 = Inoculation with Bradyrhizobium strain MN-S and AM infected onion roots            

T6 =  Inoculation with Bradyrhizobium strain TAL-102 and AM infected onion roots        

T7 =  Inoculation with Agrobacterium sp. Ca-18 and AM infected onion roots           

T8 = Inoculation with mix bacterial inoculants* and AM infected onion roots              

T9 =  AM infected onion roots                  

T10= Uninoculated control 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 & Agrobacterium sp.  

        Ca-18 



  

 

 

2.7 Growth studies                  

2.7.1 Plant fresh weight                     

The impact of bacterial strains as well as arbuscular mycorrhizal fungi on the mungbean 

crop was observed by measuring the fresh weight of plant (including roots and shoot) at 

three different stages of growth.      

2.7.2 Plant dry weight          

After recording plant fresh weight data, the plants from each replicate were separated 

into three parts  

i. Root 

ii. Shoot 

iii. Seed 

The plant material was packed in paper bags and kept in an oven at 70 
0
C for 48 hours 

till a constant dry weight was achieved.                

2.8  Physiological and biochemical studies     

2.8.1  Determination of Na
+
, K

+
 and Ca

++       

The dried plant material was analyzed for N, P, K
+
, Na

+ 
and Ca

++
.
 
Plant part samples in 

triplicate were ground separately and digested by H2O2 (Lindner, 1944; Thomas et al., 

1967). The digested samples were used to be analyzed on flam photometer (Jenway 

PFP7 ) for Na
+
, K

+
, and Ca

++ 
uptake. A series of standards ranging from 5-150 ppm for 

Na
+
, 10-200 ppm for K

+
 and 5-100 ppm for Ca

++
 were prepared and standard curves 

from these values were prepared. The values of Na
+
, K

+ 
and Ca

++
 from flam photometer 

were computed separately by comparing with respective standard curve and total 

quantities were calculated. 



  

 

 

2.8.2 Determination of nitrogen (N) from plant material    

Nitrogen contents were determined by wet digestion with H2SO4 according to the 

microkjeldahl method (Bremner, 1996).       

2.8.2.1 Digestion          

The dried samples of each part (0.5 g) were ground and taken in digestion tube 

separately. Five ml of concentrated H2SO4 and 1.5 g of digestion mixture (CuSO4. 10 g, 

K2SO4. 100 g, Selenium metal 1.0 g) was added.                                      

The samples were digested in digester (40, 1016 Tecator Sweden). The temperature was 

gradually increased up to 175 
0
C and finally 375 

0
C for one hour each. Green color of 

samples indicated the completion of digestion. The digested samples were left for some 

time to let them cool. 

2.8.2.2 Distillation          

The samples were distilled on rapid Kjeldahl system (Labconco). The distillation tubes 

containing digested samples were attached to distillation apparatus with evaporator one 

by one. 18 mL of 12 M NaOH (alkali) was poured in distillation tube. A conical flask 

containing 5 mL of boric acid indicator solution was placed under the condenser. Cold 

water was allowed to pass through the condenser and the steam generator was turned 

on. The distillation of each sample was continued till the distillation solution in the 

conical flask under condenser, amounted to 60 mL and the final color was green. 

2.8.2.3 Titration          

The contents of distillation flask were titrated against 0.01 N H2SO4 for root samples 

and with 0.05 N H2SO4 for shoot and seed samples. The light pink color was end point. 

Blank without plant material was also digested and distilled without samples. The 

nitrogen contents of the samples were determined by applying the following formula. 



  

 

 

mg N g
-1

  =  acid used (sample-blank) X 14 X normality of acid used for titration 

                                                Wt. of sample            

2.8.2.4  Protein estimation         

Total crude protein was computed by multiplying total nitrogen (mg) with average 

conversion factor of 6.25 (FAO/WHO, 1973).  

2.8.3 Determination of phosphorus (P) from plant material    

Phosphorus contents were determined by the Vanadomolybdate phosphoric acid yellow 

color method (Yoshida et al., 1976).      

2.8.3.1 Digestion          

Dried ground samples (0.5 g) was taken in digestion tube and 3 mL of conc. H2SO4 was 

added to it an incubated over night at room temperature. Then 3 mL of H2O2 was 

poured down the sides of digestion tubes and covered. Samples were digested for one 

hour at 350 
0
C until no more fumes were produced and continue to heat for another   30 

min.  The digestion tubes were removed from the digestion block and let them cool. 

Slowly 1 mL of H2O2 was added and the tubes were placed back into digestion block 

until the cooled digested material was colorless. The volume of the each extract was 

made up to mark in volumetric flask (20 mL). The extract was filtered and was used for 

P determination.  

2.8.3.2  Spectrophotometer estimation of Phosphourus (P)     

The extracted material (4 mL) was dissolved in 4 mL Borton reagent (Ashraf et al., 

1992). The samples were kept for half an hour before analyzing phosphorus. Reading 

was recorded on spectrophotometer at wavelength of 460 nm. Actual values were 

computed from standard curve. 



  

 

 

2.8.3.3  Standard solution of phosphorus (P)  

Stock solution of 0.1 mg P mL
-1

 or 100 g P mL
-1

 was prepared with KH2PO4. Five 

drops of toluene was added to diminish microbial activity. This solution contained 

phosphorous stock solution.  

Working solution for making standard curve (2, 4, 6, 8, 10, 12, 14, 16, 18, 20 g  mL
-1

) 

were prepared by dilution of stock solution. Phosphorous concentration of these 

solutions were measured by using 2 mL of working solution of phosphorus and 2 mL of 

prepared  reagent B. 

2.9 Statistical analysis         

The data was computed statistically by adapting analysis of variance (ANOVA) 

technique based on Randomized Complete Block Design (RCBD) (Steel and Torrie, 

1986). Effect of individual inoculation (bacterial strain, and arbuscular mycorrhizae) in 

various quantitative traits of mungbean plant regarding different parameters was 

analyzed statistically by applying Duncan’s Multiple Range Test at 5 % level of 

significance (Steel and Torrie, 1986).  

2.10 Light microscopic studies       

Arbuscular mycorrhizal fungi were localized in mungbean roots (test crop) and onion 

roots (inoculum crop) by light microscopy.                   

For light microscopy, roots were processed using two different techniques. 

1. Trypan blue-staining of fresh root samples (Phillips and Hayman, 1970). 

 

2. Trypan blue staining of fixed, dehydrated and wax-embedded tissue (Standard 

 protocol utilized in the SCRI (UK) cell biology laboratories). 



  

 

 

 

1.10.1    Trypan blue staining of fresh root tissue 

 

For this purpose roots were gently washed and blot dried. Dipped in fixative (50 % 

ethanol) for over night then boiled in KOH (10 % for mungbean roots and 2 % for 

onion roots). The samples were allowed to cool down to room temperature and washed 

with distilled water. The root samples were then incubated in 2 % HCl solution for 10-

20 min and stained with 0.05 % trypan blue in lacto glycerol (Phillips and Hayman, 

1970) for over night. Slides were prepared and observed under light microscope (Leica 

MPS 30). 

 

2.10.2 Wax embedding technique 

 

For wax embedding technique, root samples were treated by following the standard 

methods utilized in the SCRI (UK) cell biology laboratories. Root pieces were 

subsequently wax embedded in plastic moulds using a Leica EG1160 tissue processing 

station. Root pieces were put in iron frames (5 cm x 3 cm) filled with melted wax and 

covered with plastic mould. They were put on a cold surface to be solidified. The 

plastic moulds attached with waxed embedded roots were detached from the iron 

frames. The wax embedded roots were sectioned on a Leica RM2265 microtome. Wax-

embedded root sections were floated off on a warm water bath at 42 
0
C and later 

transferred to poly L-lysine-coated slides.  The slides were placed onto a warm drying 

rack for at least 12 hr (overnight) to ensure that the sections are well adhered to the poly 

L-Lysine coated glass slides before de-waxing.  Slides were de-waxed in glass Coplin 

jars on the fume bench using the times and solutions through following procedure.After 

de-waxing, the slides were again placed on a warm drying rack for another few hours. 

The root sections on glass slides were then stained with 0.05 % Trypan blue (in Lacto-

glycerol) and observed under a light microscope (Nikon Optiphot II) fitted with a Leica 

DC500 digital CCD camera. 



  

 

 

 

 

Table 2.1 Tissue processing on Leica TP 1020 tissue processor 

Station Solution used Time (hr) Temperature (
o
C) Vacuum 

1 4 % Paraformaldehyde 

in PEM Buffer 

6 Ambient 

24 -26 

On 

2 0.85 % NaCl 2 24 -26  On 

3 70 % Ethanol 1 24-26  On 

4 80 % Ethanol 1 24 -26 On 

5 90 % Ethanol 2 24-26  On 

6 100 % Ethanol 1 24 -26 On 

7 100 % Ethanol 1 24-26 On 

8 100 % Ethanol 2 24-26 On 

9 100 % Ethanol 1 24-26 On 

10 100 % Ethanol 1 24-26 On 

11 Wax 2 24-26 On 

12 Wax 4 24-26 - 

 Total Time 24   

 

Table 2.2   De-waxing of the root section 

Step No. Solution Time (min) 

1 Histoclear 30  

2 Fresh histoclear 30 

3 100 % Ethanol 2 

4 100 % Ethanol 2 

5 95 % Ethanol 2 

6 85 % Ethanol 2 

7 70 % Ethanol 2 

8 40 % Ethanol 2 

9 Distilled water 2 

 Total Time 1:14 hr 

 



  

 

 

2.11 Confocal Laser Scanning Microscopic (CLSM) studies 

 

A comprehensive training on CLSM was obtained at Scottish crop Research Institute 

(SCRI), Scotland, UK. Localization of AM within the roots of onion plant was done by 

staining with acid fuchsin (fluorescent dye). 

 

Presence of arbuscular mycorrhizal fungus was confirmed by taking images using an 

Olympus FV300 (Olympus America, Melville, NY). Excitation of acid fuchsin was 

provided by the 488-nm line of an Argon ion laser on SP1 Leica CLSM while 580-630 

nm line of a HeNe laser on SP2 Leica CLSM.   

 

2.12 Serological studies               

 
2.12.1 Preparation of antigen       

 

Agrobacterium sp. Ca-18, Bradyrhizobium strains MN-S and TAL-102 were grown in 

150 mL YEM broth. After specific time of growth, the purity of the culture was 

checked through gram staining. Pure IgG’s were used for immunogold labeling. Fully 

grown bacterial cultures were centrifuged at 10000 rpm for 30 min, at 4 
0
C. The 

supernatant was discarded and pellets were washed thrice with 100 mL filtered 

sterilized 0.89 % saline. The optical density (O.D.) of working suspension was adjusted 

to 0.45 at 600 to get a concentration of 1× 10
9 

cells mL
-1

.
 
The suspension was steamed 

for one hour to get somatic antigens. Merthiolate was added to obtain final 

concentration of 1:10000 and kept in refrigerator at 4 
0
C.    

       

2.12.2  Immunization of rabbit        

  

Young adult, female albino rabbits were immunized in duplicate, according to the 

schedules given in Appendix. 

The rabbits were allowed to rest for one week and trial bleed from marginal ear-vein for 

titer determination by agglutination. For this purpose blood was transferred into a sterile 



  

 

 

screw caped test tube. Blood was allowed to clot at room temperature for approximately 

two hours. The clot was separated from the blood with a wooden applicator stick and 

refrigerated over night. Clear serum was decanted into an eppendorf tube minimizing 

carry over of red blood cells and centrifuged at 15000 x g for 15 min, at 4 
0
C. The clear 

supernatant or serum was transferred to another eppendorf tube leaving the red blood 

cells pelleted. The serum was then checked for agglutination reaction.  

2.12.3  Agglutination reaction        

2.12.3.1  Two fold dilutions of the antiserum 

To prepare two fold dilutions of the antiserum 10 test tubes were arranged in a row in a 

rack, labeled from 1 to 10. Sterile saline 9.6 mL was added in tube No.1 while 2.5 mL 

saline was added into tube No. 2-10. Stock antiserum 0.4 mL was accurately transferred 

into tube No. 1 and mixed thoroughly. The tube contains antiserum of a 1/25 dilution.

     

Using a fresh pipette, 2.5 mL of diluted serum was removed from tube No. 1 and 

transferred to tube No. 2 and mixed well. The dilution of the serum in tube No. 2 was of 

1/50. Using a fresh pipette each time, repeated the dilution down the series by 

transferring 2.5 mL of the diluted serum successively from the previous tube to the next 

until tube No. 10. 

2.12.3.2  Agglutination in micro titer tray       

Starting with the highest dilution (tube No. 10) with a calibrated pipette 0.06 mL of the 

diluted antiserum was placed into well A-10 of the plastic agglutination tray. By using 

the same tip of the pipette, 0.06 mL of the antiserum of the next highest dilution (tube 

No. 2) was placed into well A-9 of the agglutination tray. The steps were repeated until 

all the dilutions of the antiserum have been dispensed into the respective wells of row-A 

of the agglutination tray. 



  

 

 

Next with a clean calibrated pasture pipette, two drops (0.06 mL) of the homologous 

antigen were dispensed carefully into each of the wells from well A-1 through A-10. By 

using a clean glass applicator carefully stirred the antigen-antiserum mixture in each 

well. Two drops (0.06 mL) of serum of 1 / 25 dilution and two drops of saline were 

placed into well A-11, that served as serum saline control. Similarly two drops of saline 

and two drops of antigen were placed into well A-12 that served as antigen saline 

control.  

All the wells (A-1 to A-10) were sealed with a strip of cellophane tape and the 

agglutination tray was floated in water bath at 52 
0
C for 4 hr and then refrigerated over 

night. Positive agglutination was read and recorded at highest dilution of serum. 

Positive agglutination appeared as granular clumps with clear supernatant. Negative 

agglutination appeared as settled cells on the bottom of the well and turbid supernatant.

       

To calculate the titer (serum titer is the reciprocal of the highest serum dilution at which 

positive agglutination occur) highest dilution of the serum at which positive 

agglutination occurred was multiplied by ½. This is because equal volume of the diluted 

serum and antigen were tittered in the well.  

When the titer reached to the satisfactory level (not less then 1: 1600), rabbits were bled 

and blood volume of 30-50 mL was obtained by cardiac puncture from rabbit with titer 

of >3200. The serum was separated and centrifuged at 15000 x g for 15 min, at 4 
0
C, to 

remove red blood cells. Merthiolate, in ratio of 1:10,000 was added in the samples and 

stored at -20 
0
C.        

2.13 Ultrastructural characterization      

2.13.1 Tissue processing for ultrastructure studies     

Roots and root nodules of mungbean plants, developed in growth pouches were cut into 

suitable size of approximately ½ cm and were embedded in water agar to cut 

approximately 2-3 mm
3
 small agar cubes, in the presence of 5 % gluteraldehyde as 



  

 

 

fixative at pH 8.0, made in 0.2 M PIPES buffer. Thick hand sections of root nodules 

were also cut and fixed in 5 %  gluteraldehyde.      
  

The sections were kept in the fixative for 16-18 hr, which were then replaced with 0.2 

M PIPES buffer, pH 6.8 and washed 2 x 1 hr in fresh buffer. The samples were treated 

with 0.2 % Osmium tetra oxid made in 0.1 M Cacodylate buffer, pH 6.8, for 16-18 hr 

and washed 2 x 30 min, with distilled water. The samples were then treated with 5 % 

aqueous uranyl acetate for 16-18 hr and washed with sterilized distilled water for 2 x 30 

min. The samples were dehydrated with absolute alcohol for 2 x 30 min and then for 1 x 

30 min, with 100 % acetone. Samples were transferred to flat embedding moulds and 

polymerized for 72 hr at 60-65 
0
C. Polymerized resin blocks were removed from the 

oven and left at room temperature for at least 24 hr before cutting ultra thin sections 

(Hameed, 2004).  

2.13.2 Immunogold labeling        

Agrobacterium sp. Ca-18, Bradyrhizobium strains MN-S and TAL-102 were used for 

immunogold labeling studies (Hameed, 2004). 

2.13.2.1  Preparation of IgG’s from antisera                 

An aliquot of 100 L antisera was transferred to a 500 L microanalysis tube and 10 x 

20 L of cold 4 M saturated ammonium sulphate was added and mixed thoroughly after 

the addition of 20 L of ammonium sulphate each time. The pH was adjusted to 7.8 by 

the addition of 0.5 L of 1N NaOH and left for 1 hr at room temperature with 

occasional mixing and then centrifuged at low speed for 5 min at 4000-6000 rpm. The 

supernatant was removed carefully with a fine pasture pipette and discarded. The white 

pellet was re-suspended in 100 L of distilled water and transferred to small dialysis 

chamber and dialyzed against 0.02 M phosphate buffer with pH 7.8 for overnight using 

400 mL of buffer. The material was then removed from dialysis chamber by rinsing the 

chambers and making the volume up to 200 L with distilled water. For storage 



  

 

 

purpose 100 L of glycerol was added to make 30 % v/v mixture and stored at 4 
0
C in 

500 L capacity screw cap tubes.        

2.13.2.2  Immunogold labeling (IGL) of sections     

Sections were cut and mounted on plastic (proxyline) coated nickel grid. Petri dished 

were prepared with wet filter paper as incubation chambers and waxed slides were used 

for the treatment drops. Grids were floated upside down on 15-20 L drops of IGL 

buffer and left for 1 hr The grids were then removed, drained briefly and were 

transferred to 15-20 L drops of 1:500 times diluted antiserum (cross absorbed with 

mungbean root powder) in IGL buffer and were left for 16-18 hr at room temperature 

(approx. 26 
0
C). Grids were removed, drained and washed for 2 x 10 min on IGL buffer 

in micro-titer plate by putting the grid upside down on a 430 L drop of buffer and 

agitating it with a fine tipped pipette. The grids were removed, drained and were placed 

on 15-20 L drops of gold probe diluted 1:50 in IGL buffer for 4-6 hr. Finally the grids 

were double stained with uranyl acetate and lead citrate and washed with water for 10 

min. Observations of immunogold labeled grids were made on JEOL 1010 TEM and 

photographed.  



  

 

 

2.14 Effect of arbuscular mycorrhizae, nitrogen fixing and phosphate 

solubilizing bacteria on the growth of mungbean under water logged 

condition             

2.14.1 Seed germination         

Mungbean seeds (variety NM-92) were surface sterilized before germination. The seeds 

were immersed in 0.1 % HgCl2 and agitated the solution for 2-3 min. These seeds were 

washed with sterilized distilled water thrice while agitating for 5 min. (Vincent, 1970). 

2.14.2 Pot experiment          

For pot experiment soil was prepared by mixing DAP either @ 25 Kg acre
-1

 or 0.41g 

pot
-1

 taking as half the amount of required standard dose or @ 50 kg acre
-1

 or 0.82 g 

pot
-1

 at full strength. Sterilized seeds were sown in sterilized plastic pots containing 1 

kg soil pot
-1

. The plastic pots were 13 cm in diameter and 13 cm deep. 

2.14.3 Inoculation of bacteria and arbuscular mycorrhizae   

 

Arbuscular mycorrhizal inoculum was applied in the form of onion roots. The roots 

were chopped into small pieces and mixed in the soil @ 10 g kg
-1

 soil.   

 

Bradyrhizobium inoculants (MN-S & TAL-102) and Agrobacterium inoculant (Ca-18) 

were used as bacterial inoculants. Mungbean seeds were dipped in bacterial inoculum 

separately before sowing and then transferred to the soil in pots.    

  

2.14.4 Water logged condition        

 

After the growth of 2 weeks the plants were subjected to water logged conditions. The 

pots were watered up to the level of super saturation of soil and subjected in this 

condition for 3-4 weeks. The plants were photographed to record the effect of water 

logged condition on inoculated plants with mycorrhizae and /or the bacteria.  

  



  

 

 

2.14.5 Lay out of plan         

 

The experiment was laid out in complete randomized design (CRD). The experiment 

consisted of 20 treatments with three replicates including control.   

  

2.14.5.1 Treatments for pot experiment       

 

T1= Inoculation with Bradyrhizobium strain MN-S + ½ dose DAP    

T2= Inoculation with Bradyrhizobium strain TAL-102 + ½ dose DAP   

T3= Inoculation with Agrobacterium sp. Ca-18 + ½ dose DAP      

T4= Inoculation with mix bacterial inoculants* + ½ dose DAP     

T5 = Inoculation with Bradyrhizobium strain MN-S +AM + ½ dose DAP     

T6= Inoculation with Bradyrhizobium strain TAL-102 +AM + ½ dose DAP   

T7= Inoculation with Agrobacterium sp. Ca-18 + AM + ½ dose DAP    

T8= Inoculation with mix bacterial inoculants* + AM + ½ dose DAP   

T9= AM alone + ½ dose DAP         

T10= Uninoculated control + ½ dose DAP        

T11= Inoculation with Bradyrhizobium strain MN-S + full dose DAP   

T12= Inoculation with Bradyrhizobium strain TAL-102 + full dose DAP    

T13= Inoculation with Agrobacterium sp. Ca-18 + full dose DAP    

T14= Inoculation with mix bacterial inoculants* + full dose DAP     

T15 = Inoculation with Bradyrhizobium strain MN-S + AM + full dose DAP   

T16= Inoculation with Bradyrhizobium strain TAL-102 + AM + full dose DAP   

T17= Inoculation with Agrobacterium sp. Ca-18 + AM + full dose DAP   

T18= Inoculation with mix bacterial inoculants* + AM + full dose DAP    

T19= AM alone + full dose DAP         

T20= Uninoculated control + full dose DAP   

      

*Mix bacterial inoculants=Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp.Ca-18 

 



  

 

 

2.15  Molecular characterization of mycorrhizal fungi   

2.15.1 Plan of work          

Crop and variety:   Mungbean variety NM92    

Number of treatments:  4 

Number of replicates:  4  

Area per replicate:                 12 m
2
 

Design of experiment:   RCBD 

Site of experiment:      NIBGE experimental field area 

Bacterial inoculation   Seed dipping in inoculum 

AM inoculation:   Colonized onion roots 

Samples Collected:   Fine roots and soil (rhizospheric and bulk  

      soil) of each treatment 

Samples Collection period: 20, 30, 45, 60 and 75 days after sowing (DAS) 

 

2.15.2 Treatments for field experiment 

T1 =  Inoculation with mix bacterial inoculants* + AM 

T2  =  Inoculation with AM 

T3  =  Inoculation with mix bacterial inoculants*  

T4 =   Uninoculated control 

*Mix bacterial inoculants=Bradyrhizobium strains MN-S,TAL-102 and Agrobacterium sp. Ca-18 

 

2.15.3  Sample processing 
 

2.15.3.1  DNA extraction of arbuscular mycorrhizae 

 

Mungbean and onion roots colonized with endomycorrhizal fungi were obtained from 

field (4 plants per replicate). About 150 root samples were collected at 4 different time 

point (20, 34, 45, 60 and 75 days after sowing). Roots were washed with enough 

distilled water then blot dried. Root samples of both the host crops (onion and 

mungbean) were chopped with sterilized cutter and were ground in liquid nitrogen by 

using mortar pestle. The ground root material was shifted to sterilized eppendorf and 



  

 

 

stored at 80 
0
C. The samples were utilized for molecular characterization of arbuscular 

mycorrhizal fungi community structure. Total genomic DNA was isolated from ground 

roots through nucleospin kit (Macherey and Nagel) as procedure given in Appendix. 

 

2.15.3 PCR reaction         

  

The PCR reaction was performed in a total volume of 25 µL containing 2.5 µL PCR 

buffer ( 10 X), 0.5 µL of  dNTPs (12.5 mM), 0.5 µL BSA, 0.5 µL (10 pmols µL
-1

) of 

each fluorescently labeled  primers pair FAM-NS31 (5’- TTG GAG GGC AAG TCT 

GGT GCC-3’) and VIC-AM1 ( 5’-GTT TCC CGT AAG GCG CCG AA-3’), 0.2 µL of 

Expand, 1.5 µL MgCl2 (25 mM), water 17.8 µL and 1 µL of template solution. 

Amplification was performed in a G- Strom PCR system  programmed as initially 

denatured at 94 
0
C for 2 min followed by 30 cycles consisting of denaturation at 94 

0
C 

for 30 sec; primer annealing at 58 
0
C for 30 sec and primer extension at 72 

0
C for 45 sec 

and finally extension at 72 
0
C for 10 min.   

 

2.15.5  Electrophoresis         

 

Amplified PCR products of 18S ribosomal gene was separated on 1.5 %  agarose gel in 

1 x TBE (Trisborate-EDTA) buffer containing 0.5 µL of SYBR. A 100 bp DNA ladder 

(Promega) was used as a size marker. The gels were viewed under UV light and 

photographed using Eagle Eye gel documentation system (Fig. 3.46).   

   

2.15.6  Digestion for TRFLP analysis 

 

Following PCR, the amplified products were digested with restriction endonucleases 

Hsp 92 II and Hinf I respectively, to produce restriction products of varying sizes. 

Digestion was performed in a total volume of 4 µL containing 0.4 µL enzyme, 0.1 µL 

of buffer and 0.4 µL of water and 3 µL of PCR product and programmed on 

thermocycler at 37 
0
C for 2 hr. After digestion denaturation of enzymes was carried out 

by incubating it at 65 
0
C for 10 min. After digestion spun quickly then diluted (1:10) by 

adding 36 µL of water in 4 µL of digestion product. Double stranded band of digestion 



  

 

 

product was converted into single strand before being passed to sequencer. Reaction 

mixture was prepared with total volume of 1 mL (for 96 samples of one plate) 

containing 997.5 µL formamide and 2.5 µL Gene Scan TM -500 LIZ TM. 1 µL of digested 

PCR product (1:10diluted) was added and mixed in 9 µL of denaturation mixture and 

spun down for 30 sec. Single stranded digested product was then run on capillary 

sequencer machine (ABI 3730 Genetic Analyser ;Hitachi, Japan ) for genotyping of 

AM in mungbean. 

 

2.15.7  Data analysis 

 

Data obtained from ABI 3730 Genetic Analyser was analyzed using Genemapper 

software (Applied Biosystem, Warrington, UK) to get peak number, peak size and peak 

area. Data  (in the form of peaks sizes input and peak area input ) was then processed 

and transformed by applying different formula on excel sheet to have relative 

abundance, total fluorescence and further analyzed statistically using Genstat software 

(VSN International, Hemel, Hempstead, UK) to get principle components (multivariate 

analysis) and significance testing ( ANOVA). Total 12 samples, those were showing 

maximum number of peaks (variance) were selected for sequencing to know the actual 

type of fungus colonized in inoculum crop (onion) and test crop (mungbean). Peak sizes 

were analyzed by considering fluorescently labeled 3’ and 5’ TRFs restricted with Hsp 

92II and Hinf 1 enzyme’s. 

 

2.15.8 Purification of PCR product       

  

Amplified PCR products (with no fluorescent primers) as shown in Fig. 3.47 were 

purified using QIA quick PCR purification kit (QIAGEN) following to the standard 

protocol recommended by the manufacturer.       

  



  

 

 

2.15.9 Cloning of PCR product        

 

Ligation reaction mixture was prepared by combining the following component  in the 

same order 3 µL of Strata Clone Cloning buffer, 2 µL PCR product (5-50 ng) of normal 

primer (without fluorescence ) and 1 µL of Strata Clone vector. The reaction mixture 

was mixed gently and incubation at room temperature for 5 min and then put on ice. 

Cloning was ligated in vector pSC-A-Amp/Kan.     

  

For transformation, the competent cells were thawed and put on ice, 1 µL of the cloning 

reaction mixture was added to competent cells and mixed gently. Transformation 

mixture was incubated on ice for 20 min. Transformation was carried out by heat shock 

at 42 
0
C for 45 sec and incubated on ice for 2 min. 250 µL of  LB medium was added to 

the transformation mixture and allowed to recover for at least 1 hr at 37 
0
C with 

agitation. 5 µL and 100 µL of transformation mixture have been spread on LB- 

ampicillin plates separately with 40 µL of X-gal. The plates were incubated at 37 
0
C for 

overnight. White colonies were picked for DNA analysis and miniprep DNA was 

prepared from the selected colonies.  

 

2.15.10 Plasmid preps        

  

White colonies were picked with a tip and transferred into 70 µL of freezing media 

containing ampicillin (75 µL 200 mg mL
-1

 stock Amp into 100 mL media) in 384 well 

plate and grew overnight in shaking incubator at 37 
0
C.  5 µL of freezing media was 

inoculated into 1 mL of 2 X LB containing ampicillin (75 µL 200 mg mL
-1

 stock 

ampicillin into 100 mL media) in 96 deep wells plate. The plate was covered with gas 

permeable sheet and incubated with shaking at 300 rpm for 24 hr at 37 
0
C. The plates 

were spun at 3000 rpm for 5 min. The supernatant was decanted and turned upside 

down on tissue to remove any residual liquid. Pellets were re-suspended in 80 µL of 

solution I and complete suspension was ensured. Solution II (80 µL) was added and 

mixed for 1 min and left at room temperature for 2 min. solution III (80 µL) was added 

and mixed for 1 min. Multiscreen MAFBNOB binding plates were placed in the base of 



  

 

 

vacuum manifold. Approximately 150 µL of 8 M Guanidine hydrochloride was added 

to each well. Upper part of manifold was replaced and clearing plate (Multiscreen 

MANANLY) was placed on top. Bacterial lysate was mixed for two times using a large 

volume multi-channel pipette and 180 µL was transferred to each well of clearing plate. 

Vacuum was applied to the manifold for 3 min to draw the lysate to the binding plate. 

Clearing plate was discarded off.  Lysate and binding buffer (Guanidine hydrochloride) 

was mixed and binding plate was transferred to the upper part of the manifold. An 

inverted lid was placed in the base of the manifold to collect waste. Vacuum was 

applied for 1 min and waste was discarded off. 200 µL of 80 % ethanol was added to 

each well and vacuum was applied for 1 min. Waste was discarded off. Ethanol 

washing was repeated and vacuum was applied for 3 min. Plate was removed and 

blotted on tissue. Binding plate was placed on a waste microtitre plate using the 

Millipore alignment frames and membrane was dried by spinning at 3000 rpm for 10 

min. Plate was left open for 10 min on the bench to ensure no ethanol. Binding plate 

was transferred to a new microtitre storage plate. 100 µL of distilled water was applied 

to the each well and spun for 5 min to elute the plasmid. 2 µL of plasmid was run on a 

gel to determine the quality for sequencing (Fig. 3.48). Plates were stored -80 
0
C 

freezer. 

 

2.15.11 PCR for sequencing         

 

The reaction was performed in a total volume of 10 µl containing 0.5 µl big dye v 3.1, 

1.75 µL of 5 X dilution buffer, 1 µL of primer (10 µM), 3.75 µL of water and 3 µL of 

template. Amplification was performed in a G-Strom PCR system programmed as 

initially denatured at 96 
0
C for 1 min followed by 25 cycles consisting of denaturation 

at 94 
0
C for 10 sec, annealing at 50 

0
C for 5 sec and extension at 60 

0
C for 4 min. 

  

2.15.12 Reaction clean up         

 

The above reactions were cleaned by following the procedure given in section 2.25 as 

capillary sequencer is extremely sensitive to salt contamination. 

  



  

 

 

2.15.13 EDTA / Ethanol precipitation   

 

To 10 µL reaction, 2.5 µL of 125 mM EDTA (pH 8.0) was added in 96 wells plate, 

mixed and spun quickly. 30 µL of 95 % Ethanol was added, mixed, spun quick and left 

for 15 min at room temperature. Again spun for 30 min @ 3000 rpm at 4 
0
C.  The plate 

was spun inverted at 100 g for about 10 sec on paper towel, washed with 150 µL of 70 

% Ethanol and spun for 10 min @ 3000 rpm at 4 
0
C. The plate was inverted on a paper 

towel to rid the liquid and spun inverted at 100 g for about 10sec on paper towel. Again 

washed with 150 µL of 70 % Ethanol and spun for 10 min @ 3000 rpm at 4 
0
C. The 

plate was inverted on a paper towel, spun upside down @ 100 x g for 10-20 sec and 

bench dried at room temperature. Cloned PCR products were sequenced on ABI 3730 

Genetic Analyser (Hitachi, Japan using Big Dye Terminator v 3.1 Cycle Sequencing 

Kit). The gene sequences were compared with others in the GenBank databases using 

NCBI BLAST (http://www.ncbi.n1m.nih.gov/ blast/Blast.cgi). 

 

2.16 Biodiversity of bacterial community in mungbean rhizosphere 

 

Soil was collected from the close proximity of the roots (rhizospheric soil) and from 

some distance of root (bulk soil). Soil samples were stored in eppendorfs at -80 
0
C. 

Total 254 soil samples were processed for bacterial DNA isolation. These samples were 

then utilized to study the effects of eubacterial community structure in the legume 

(mungbean) rhizosphere and bulk soil by applying mix bacterial inoculants   

(Bradyrhizobium strains MN-S and TAL-102 and Agrobacterium sp. Ca-18) and 

mycorrhizal treatments separately or in combination. 

 

2.16.1 DNA Extraction of eubacteria from soil  

 

Soil (1.0 g) was weighed and put into a falcon tube. Autoclaved glass beads (1 mm) 

were added into each tube using black tray. 2 mL Na2HPO4 (0.12 M) and 1 % SDS 

solution was added to the falcon tube. 1 mL of the soil slurry was added slowly to the 

tubes using cut tips.  

http://www.ncbi.n1m.nih.gov/%20blast/Blast.cgi


  

 

 

Tubes were sealed and placed in the Tissue Lyser II (Retsch, Leeds, UK) at 30 speed 

for 1 min 30 sec. This step was repeated 3 times and spun at 5000 rpm for 10 min. 

Approximately, 450 µL of Phenol / Chloroform: IAA (ratio 25:24:1) was added to a 

new clean set of tubes. Supernatant was poured into the Phenol / Chloroform: IAA 

mixture, gently mixed by turning boxes upside down a couple of times and spun at 

5000 rpm for 5 min. Approximately, 440 µL of Chloroform: IAA (ratio 24:1) was 

added to clean tubes. Aqueous phase was transferred to Chloroform : IAA .The boxes 

were turned upside down a couple of times to gently mix and spun at 5000 rpm for 1 

min. 400 µL of Isoproponal (approx. equal volume) and final volume of 0.3 M Na 

Acetate (40 µL of 3 M stock) was added to a new set of clean tubes. Aqueous phase 

was transferred to Isoproponal / Na Acetate gently, put in the -20 
0
C freezer for 20 min 

and spun at 5000 rpm for 10 min to pellet the DNA. Supernatant was discarded and 

turned upside down on paper towel. The pallets were washed with 100 µL ice cold 70 

% ethanol, mixed gently and spun at 5000 rpm for 10 min. Ethanol was discarded and 

incubated at 37 
0
C to help evaporation and re-suspended in 100 µL water. 

 

2.16.2 Clean up phase  

 

A filter plate was filled for 3 times with PVPP (Poly vinyl-polypyrro-lidone) using the 

black plate. 200 µL water was added to each and centrifuged at 1000 rpm for 5 min 

with a waste collection plate under filter plate. The above step was repeated with 200 

µL water. Again 100 µL water was added to each well and centrifuged at 1000 rpm for 

5 min with a waste collection plate under filter plate till approximately 100 µL water 

come through PVPP. The DNA was poured carefully into the plate. A clean and labeled 

collection plate was placed under filter plate and centrifuged at 1000 rpm for 5 min. 

 

2.16.3 PCR reaction  

         

The PCR reaction was performed in a total volume of 25 µL containing 2.5 µL buffer 

(10 X), 0.5 µL of dNTPs (12.5 mM), 0.5 µL BSA, 1 µL of each fluorescently labeled 

primers 16F27 (5'-AGA GTT TGA TCC TGG CTC AG-3') and 1392R (5'-ACG GGC 

GGT GTG TAC-3') of 10 pmols µL
-1

 each, 0.1 µL of Platinum Taq, 1µL MgSO4 (50 



  

 

 

mM) and water 17.23 µL. To avoid any contamination during amplification the reaction 

mixture was digested with 0.17 µL Hha 1. Digestion was performed in a G-Strom PCR 

system programmed as initially denatured at 37 
0
C for 40 min followed by 65

 0
C for 10 

min. After digestion 1µL of template (1:10 dilution) was added and PCR reaction was 

performed. Amplification was performed in a G- Strom PCR system programmed as 

initially denatured at 94 
0
C for 4.5 min followed by 30 cycles consisting of denaturation 

at 94 
0
C for 30 sec, primer annealing at 57 

0
C for 30 sec and primer extension at 68 

0
C 

for 1 min 30 sec and finally extension at 68 
0
C for 10 min. 

 

2.16.4  Electrophoresis  
 

Amplified PCR products of 16S ribosomal gene were separated on 1 % agarose gel in 1 

x TBE (Trisborate-EDTA) buffer containing 0.5 µL of SYBR. A 1 kb DNA ladder 

(Promega) was used as a size marker (Fig. 3.55). The gels were viewed under UV light 

and photographed using Eagle Eye gel documentation system. 

2.16.5 Digestion for TRFLP analysis       

Digestion of PCR product was carried out with Alu1 enzyme. Digestion was performed 

in a total volume of 4 µl containing 0.4 µl enzyme, 0.1 µl of buffer and 0.4 µl of water 

and 3 µl of PCR product and placed in a thermocycler, programmed as 37 
0
C for 2 hr. 

After digestion, denaturation of enzymes was carried out by incubating it at 65 
0
C for 

10 min. After digestion sample was spun quickly then diluted (1:10) by adding 36 µL of 

water in 4 µL of digestion product. Double stranded band of digestion product was 

converted into single strand before being passed to sequencer. Reaction mixture was 

prepared with total volume of 1 mL (for 96 samples of one plate) containing 997.5 µL 

formamide and 2.5 µL Gene Scan TM -500 LIZ TM. 1 µL of digested PCR product (1:10 

diluted) was mixed in 9 µL of denaturation mixture and spun down for 30 sec and run 

on the sequencer for genotyping.  



  

 

 

2.16.6 Data analysis          

The data obtained from ABI 3730 sequencer was analyzed on Genemapper software 

(Applied Biosystem, Warrington, UK) to get peak number, peak size and peak area. 

After arranging in excel  sheet, the data was further analyzed statistically using Genstat 

software (VSN International, Hemel, Hempstead, UK) for multivariate (principle 

component) analysis and significance testing (ANOVA). Peak sizes were analyzed by 

considering fluorescently labeled 3' and 5' ends TRFs produced by restriction with Alu1 

enzyme’s, to compute the results. 



                                                                                                                                                         

 

 

Chapter-III 

Results 

 

3.1 Morphological and biochemical characteristics of bacterial 

 strains 
 

One Agrobacterium sp. Ca-18 and two Bradyrhizobium strains MN-S & TAL-102 were 

selected from BIRCEN culture collection of Plant microbiology Division of NIBGE, 

Faisalabad. Data regarding characterization of these bacterial isolates has been shown in 

Tables 3.1 (Hameed et al., 2004 ). Bradyrhizobium japonicum strain TAL-102, which is 

originally an isolate of soybean (Glycine max) and also nodulate mungbean (Vigna 

radiata). While, Bradyrhizobium strain MN-S was isolated from mungbean (Vigna 

radiata). Agrobacterium sp. Ca-18 was originally isolated from chickpea (Cicer 

arietinum) root nodules. 

 

3.2 Plant infectivity test 

 

Plant infectivity test showed positive root nodule formation by Bradyrhizobium strains 

MN-S and TAL-102 in the mungbean (Vigna radiata) crop, also showed positive 

nitrogen fixing ability through ARA (Table 3.1). The plant infectivity test of the 

Agrobacterium sp. Ca-18 showed discriminating effect from other effective nodule 

forming strains of Bradyrhizobium MN-S and TAL-102 (Fig 3.1 & 3.2). Notable 

increase in the root area of mungbean was observed with the application of 

Agrobacterium sp. Ca-18 (Fig 3.2). Moreover, increased nodulation along with 

increased root area was also observed by applying the mixture of bacteria 

(Bradyrhizobium stains MN-S, TAL-102 and Agrobacterium sp. Ca-18) on mungbean 

(Fig 3.3). 



                                                                                                                                   

Table 3.1 Characteristics of Bradyrhizobium strains MN-S & TAL-102 and Agrobacterium sp. Ca-18 

  
 

                        +++  = Maximum 
          +     = Low 

           -     = No 

           ND    = Not determined 

          ARA = Acetylene Reduction Assay 

          IAA  = Indole Acetic Acid 

         P     = Phosphate solubilization  

 

 

 

Bacterial 

inoculant 

Main 

source 

Strain Isolation 

from 

Host Alkali 

/Acid 

Polysaccharide 

Production  

(mg ml
-1

) 

Nodulation      

/ARA 

IAA          

(g ml
-1

) 

P          

(g ml
-1

) 

Bradyrhizobium 

strain MN-S 

Pakistan B. japonicum Mungbean Mungbean  

Soybean 

Alkali + 

3.6 

+ + 

0.04 

_ 

Bradyrhizobium 

strain TAL-102 

USA B .japonicum Soybean Mungbean  

Soybean 

Alkali + 

3.2 

+ + 

ND 

_ 

Agrobacterium 

sp. (Ca-18) 

Pakistan Agrobacterium Chick pea Mungbean  

Chick pea 

Acid +++ 

5.8 

_ + 

35 

+++ 

63 



                                                                                                                                                         

 

 

                

   

 

Fig.3.1  Plant infectivity test of mungbean with Bradyrhizobium strains MN-S and TAL-102 

 Mungbean was grown in growth pouches placed in growth room at day / night temperature 

of 30-35 
0
C / 25 

0
C and photoperiod of 14 hr. One mL inoculum per plant was applied to the 

roots of the respective plant. Plant infectivity test of mungbean shows (A) nodule formation 

by inoculation with Bradyrhizobium strain MN-S and (B) Bradyrhizobium strain TAL-102. 
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Fig.3.2  Plant infectivity test of mungbean with Agrobacterium sp. Ca-18 

 Mungbean was grown in growth pouches placed in growth room at day / night temperature 

of  30-35 
0
C / 25 

0
C and photoperiod of 14 hr. One mL inoculum per plant was applied to the 

roots of the respective plant. Pant infectivity test  (A) inoculation with Agrobacterium sp. Ca-

18 showing absence of nodules but increase in the root tissues (B) uninoculated control 

showing absence of nodules with less root tissues. 
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Fig.3.3  Plant infectivity test of mungbean with mix bacterial inoculants (Bradyrhizobium strains 

 MN-S, Tal-102 and Agrobacterium sp. Ca-18) 
 Mungbean was grown in growth pouches placed in growth room at day / night temperature 

of  30-35 
0
C / 25 

0
C and photoperiod of 14 hr. One mL inoculum per plant was applied to the 

roots of the respective plant, Plant infectivity test shows (A) notable increase  in the root area 

and nodulation in mungbean by inoculation with mixture bacterial inoculants 

(Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18) (B) absence of 

nodules in un inoculated control. 

 

 

(A) (B) 



                                                                                                                                                         

 

 

3.3  Light microscopic studies  

 

The field survey of cultivated clover, garlic and onion crop from Faisalabad vicinity 

was carried out to collect information regarding best available source of arbuscular 

mycorrhizal (AM) hosts. When the roots were stained with trypan blue and observed 

under light microscope, significantly high arbuscular mycorrhizal (AM) infection was 

observed in onion roots as compared to clover and garlic (Fig. 3.4, 3.6, 3.8 & 3.9). 

During the field survey, garlic and clover roots were collected to check the level of 

infection in these crops. Good infection of mycorrhizae was observed in garlic roots but 

no arbuscule was found in that stage of harvest (Fig. 3.8). Similarly clover was found 

heavily infected with AM, especially a large number of AM spores have been observed 

in the nodules of clover (Fig. 3.9). 

 

The onion roots obtained from the onion crop nursery were checked for mycorrhizal 

infection by light microscopy, before their application as source of inoculum for 

mungbean field experiments. Onion roots stained with trypan blue, showed high 

intensity of arbuscular mycorrhizal infection under light microscope (Fig. 3.4 & 3.6). 

Different morphological stages of arbuscular mycorrhizae like vesicles, spores and 

arbuscules with attached hyphae were observed with high frequency in the onion root 

cells (Fig. 3.4, 3.5 & 3.7).          



                                                                                                                                                         

 

 

 

         

Fig.3.4 Presence of arbuscular mycorrhizal fungi in onion root 

 Arbuscular mycorrhizal infection in the trypan blue (0.05 % in lactoglycerol) stained 

onion roots showing different morphological forms of mycorrhizae i.e. vesicle (Ve) with 

attached hyphae, arbuscules (Ar) and network of hyphae (Hy). 

 

        

 

Fig.3.5  Arbuscular mycorrhizal infection in onion root 

 Trypan blue (0.05 % in lactoglycerol) stained onion root showing presence of arbuscules 

(Ar) along with hyphal net work (Hy).           
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Fig.3.6  High intensity of arbuscular mycorrhizal infection in onion root 

Trypan blue (0.05 % in lactoglycerol) stained onion roots showing high intensity of 

arbuscular mycorrhizal spores (Sp) and hyphal network (Hy) in the close proximity of 

vascular bundle (Vb) and in cortical tissues. 

 

        

 

Fig.3.7  Presence of food storage vesicle of arbuscular mycorrhizal fungus in onion root 
Trypan blue (0.05 % in lactoglycerol) stained onion roots showing vesicle (Ve) along 

with hyphal network (Hy). 
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Fig.3.8  Arbuscular mycorrhizal infection in garlic root 

Trypan blue (0.05 % in lactoglycerol) stained garlic roots showing arbuscular 

mycorrhizal infection in the form of spores (Sp) with attached hyphae (Hy).   

 

         

 
Fig.3.9   Arbuscular mycorrhizal infection in clover nodule 

Trypan blue (0.05 % in lactoglycerol) stained clover nodule showing presence of large 

number of arbuscular mycorrhizal spores (Sp).   
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3.4 Mycorrhizal inoculum production 

 

AM spores, isolated from soil samples were identified under the microscope (Fig. 3.10 

A & B). Morphological characteristics of most of the spores were showing their 

relevance with Glomus sp. The onion seedling colonized with arbuscular mycorrhizal 

spores for inoculum production were also stained with trypan blue to localize 

mycorrhizal infection as shown in figure 3.14 and 3.15.  
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Fig.3.10  Isolation of different arbuscular mycorrhizal spores from soil 

  Arbuscular mycorrhizal spores were isolated from soil (A & B) through wet 

sieving method. 
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3.5  Localization of arbuscular mycorrhizae in roots 

 

Arbuscular mycorrhizal fungi were localized in infected mungbean roots (test crop) and 

onion roots (inoculum crop) by light microscopy (3.5.1), transmission electron 

microscopy (3.5.2) and confocal laser scanning microscopy (3.5.3). 

 

3.5.1 Trypan blue-staining of fresh root samples 

 

Arbuscular mycorrhizal infection was localized in the root and nodules of the 

mungbean by simple staining with trypan blue. An interesting finding of the presence of 

AM spores in the nodules of mungbean have been achieved (Fig.3.11 A & B) during 

the course of study. The same was observed in the clover nodules during the field 

survey of crop. 

 

Light microscopic studies reveal the presences of spores, vesicles and network of 

attached hyphae in the roots and nodules of the mungbean plant. In Fig. 3.11 (A & B) 

spores can be seen along with attached hyphae in the nodules of the mungbean. 

Similarly a bunch of spores and a large number of dispersed spores along with attached 

hyphae have been observed in the mungbean root tissues as recorded in Fig. 3.12 (A & 

B). 

 

Fig.3.13 (A) shows the presence of arbuscular mycorrhizal spores in the inner cortical 

tissues of the mungbean root, Moreover Fig.3.13 (B) disclose the dispersed arbuscular 

mycorrhizal infection in all the tissues of the mungbean root. Infection can be seen in 

the close proximity of vascular bundle as well as in the cortical region of the root tissue. 



                                                                                                                                                         

 

 

 

   
 

Fig.3.11 Light microscopic micrograph of mungbean nodules infected with arbuscular    

mycorrhizal fungi 
Trypan blue (in 0.05 % lactoglycerol) stained Vigna radiate nodule (A) low magnification 

of nodule cells showing  spores (Sp) with attached hyphae of arbuscular mycorrhizal 

fungus. (B) LM of nodule cells at higher magnification to observe spore (Sp) structure 

with attached hyphae (Hy). 

 

  

Fig.3.12 Light microscopic micrograph of mungbean roots infected with arbuscular 

mycorrhizal fungi       
Trypan blue (in 0.05 % lactoglycerol) stained mungbean roots showing (A) a bunch of 

spores in the outer cortical region of root along with attached hypha. (B) a large number of 

dispersed spores in the inner cortical tissues along with hyphal network. 

 

  

Fig.3.13 Light microscopic micrograph of mungbean root cortex infected with arbuscular   

mycorrhizal fungi       
Arbuscular mycorrhizal spores in the inner (A & B) and outer cortical tissue (B) especially 

along the side of vascular bundle.  
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3.5.2 Trypan blue staining of fixed, dehydrated and wax-embedded tissue 
 

Localization of arbuscular mycorrhizal fungus has also been carried out through wax 

embedded and dehydrated roots of onion. This part of research was performed in 

Scottish Crop Research Institute (SCRI), UK. High level of mycorrhizal infection 

especially the arbuscules have been observed in the cortical region (Fig.3.14 A) and 

along the sides of vascular bundle (Fig. 3.14 B) in the onion root tissues. The fine 

branches of arbuscules (Fig. 3.15 A) and vesicle along with attached hyphae (Fig. 3.15 

B) can clearly be seen in the fixed, dehydrated, wax embedded and stained sections of 

root tissue. 



                                                                                                                                                         

 

 

 

 

  
 
Fig.3.14 Light microscopic micrographs of longitudinally sectioned onion root infected with 

arbuscular mycorrhizal fungi 
Onion root tissues were prepared with wax embedding technique and stained with trypan 

blue showing (A) Presence of a large number of arbuscules (Ar) along with hyphal 

network (Hy) (B) presence of arbuscules (Ar) along the sides of vascular bundle (Vb). 

  

  
             
Fig.3.15    Light microscopic micrographs of arbuscular mycorrhizae infected onion root 

Longitudinally sectioned onion root tissues were prepared with wax embedding technique 

and stained with trypan blue (0.05 % in lactoglycerol) illustrate (A) structure of arbuscule 

in the cortical tissue (B) presence of vesicle along with attached hyphae in the  in the 

cortical region of onion root tissues. 
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3.5.3 Confocal Laser Scanning Microscopy (CLSM)  

 

Mycorrhizal infection has been localized in onion roots (inoculum crop) by staining 

with fluorescent stain like acid fuchsin. Series of images were taken and superimposed 

(Fig. 3.16 and 3.17) to have full information of the sample under observation/focus. 

Different morphological form of arbuscular mycorrhizae like vesicle (Fig. 3.16 A), 

hyphal network (Fig. 3.16 B & 3.17 A) and arbuscules (Fig. 3.16 B) have been 

observed under CLSM. Moreover, attachment of main trunk of hyphae with the fine 

braches of arbuscules could easily be observed in Fig. 13.17 A & B. 



                                                                                                                                                         

 

 

 

 

 

          

 

Fig.3.16 Confocal laser scanning micrographs of arbuscular mycorrhizal fungus in onion root 

Micrograph of (A) Vesicle (Ve) with attached hyphae in the outer cortex of onion roots (B) 

arbuscules (Ar) with attached hyphae in the inner cortex of onion root. 
 

   
 
Fig.3.17    Confocal laser scanning micrographs of arbuscules in onion root 

Micrographs illustrating (A & B) structure of arbuscules (Ar) and their frequency of 

presence in the inner cortical tissues of root along with hyphal network (Hy). 
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3.6 Effect of arbuscular mycorrhizae, nitrogen fixing and 

phosphate solubilizing bacteria on the growth of mungbean 

 3.6.1 Physiological characteristics              

3.6.1.1 Plant fresh weight          

Statistical analysis of data (Table 3.2) regarding the effect of arbuscular mycorrhizae, 

nitrogen fixing and phosphate solubilizing bacteria on the plant fresh and dry weight of 

mungbean reveals significant difference among the treatment. The data indicates 

maximum plant fresh weight (21.116 g) in T8 (Mix bacterial inoculants + AM) with 

68.93 % increase over control followed by T7 (Agrobacterium sp. Ca-18 + AM) with 

19.206 g plant fresh weight. Whereas, lowest value was recorded in treatment, 

inoculated with Bradyrhizobium strain MN-S with 12.290 g fresh weight of the plant at 

first harvest (25 DAS). Overall mix bacterial inoculants and Agrobacterium sp. Ca-18 

in combination with AM showed highest values of plant fresh weight at first harvest (25 

DAS).           

At second harvest (45 DAS), highly significant difference among the treatments was 

observed, with maximum fresh weight (174.643 g) in T8 (Mix bacterial inoculants + 

AM) followed by T5 (Bradyrhizobium strain MN-S + AM) with 88.54 % increase over 

uninoculated control. Whereas, T10 (uninoculated control) showed lowest fresh weight 

(62.776 g plant
-1

) as compared to the other treatments.     

Similarly at third harvest (maturity), again T8 (Mix bacterial inoculants + AM) 

repeatedly showed maximum fresh weight (112.613 g) followed by T4 (Mix bacterial 

inoculants) with 87.57 % increase over uninoculated control being at bottom with 

58.483 g plant
-1

 fresh weight. Conclusively, the fresh weight mungbean plants 

inoculated with mycorrhizae plus Bradyrhizobium was significantly greater than those 

of the plants inoculated with Bradyrhizobium only, for all three harvests. 



                                                                                                                                                         

 

 

3.6.1.2  Plant dry weight                   

The dry matter accumulated in mungbean varied considerably at all three harvests as 

compared with uninoculated control. Statistical analysis of data regarding plant dry 

weight (Table 3.2) indicated  significant difference among the treatments at all three 

harvests of mungbean with maximum plant dry weight in T8 (Mix bacterial inoculants 

+ AM). T4 (Mix bacterial inoculants), T5 (Bradyrhizobium strain MN-S + AM) and T7 

(Agrobacterium sp. Ca-18 + AM) were at second in first, second and third harvest 

respectively with uninoculated control at bottom. Among all the treatments, the most 

effective treatment for increase in biomass was T8 (Mix bacterial inoculants + AM) 

which gave the highest average values of biomass over uninoculated control. Moreover, 

dual inoculation increased the dry matter accumulation significantly relative to 

uninoculated control at all three harvest of mungbean          

3.6.1.3  Nodulation                

Statistical analysis of the data regarding nodulation in mungbean (Table 3.3) as 

influenced by bacterial and mycorrhizal inoculation showed considerable increase in the 

plants inoculated with mycorrhizae plus Bradyrhizobium as compared to uninoculated 

control. Especially, the data pertaining increase in nodule number in plants of 

mungbean indicted significant increase in the plants inoculated with mix bacterial 

inoculum (Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18) plus 

mycorrhizae relative to single bacterial inoculation (Fig. 3.19). Moreover, T3 (and 

Agrobacterium sp. Ca-18) had no influence on the increase in nodule number at all 

three harvests of mungbean plants. Only marginal increase in the nodule number plant
-1

 

was observed in T3 (Agrobacterium sp. Ca-18) and T7 (Agrobacterium sp. Ca-18 + 

AM), at second harvest (45 DAS). 

At first harvest T8 (Mix bacterial inoculants + AM) showed maximum number of 

nodule plant
-1

 with 85.71 % increase over uninoculated control followed by T5 

(Bradyrhizobium strain MN-S + AM) with 69.04 % increase over uninoculated control. 

Whereas, least number of nodules plant
-1

 were observed in T3 (Agrobacterium sp. Ca-



                                                                                                                                                         

 

 

18). Among all the treatments, the most effective treatment that showed increase in 

nodule number plant
-1

 was T8 (Mix bacterial inoculants + AM) which gave the highest 

average value 62 nodule plant
-1

 at second harvest. T10 (uninoculated control) produced 

least number of nodules plant
-1

. Moreover, this nodule number was regardless of the 

size of nodules and statistically significant differences amongst the value of different 

treatments have been observed. 

 

Maximum fresh weight of nodule plant
-1

 (0.091 g) was observed in T2 (Bradyrhizobium 

strain TAL-102) at first harvest with 196.35 % increase over uninoculated control 

followed by T4 (Mix bacterial inoculants) and T1 (Bradyrhizobium strain MN-S) with 

nodule fresh weight of 0.066 g and 0.065 g plant
-1

 respectively. Whereas, lowest value 

(0.0117 g plant
-1

) was observed in T3 (Agrobacterium sp. Ca-18) at first harvest. 

Moreover, a marginal difference among the values of nodule fresh weight plant
-1

 was 

observed among T3 (Agrobacterium sp. Ca-18), T9 (AM) and T10 (uninoculated 

control) with values of 0.012 g, 0.030 g and 0.031 g plant
-1

 respectively. 

 

At second harvest (45 DAS), T8 (Mix bacterial inoculants + AM) showed maximum 

fresh weight of nodule plant
-1

 (0.359 g) followed by T4 (Mix bacterial inoculants) and 

T5 (Bradyrhizobium strain MN-S + AM) with nodule fresh weight of 0.270 g and 0.265 

g plant
-1

 respectively. Treatment T10 (uninoculated control) showed lowest value 

(0.349 g) of nodule fresh weight plant
-1

 at second harvest.  

 

Significant difference among the treatments was observed for the nodule dry weight 

plant
-1

 at first harvest (25 DAS) of mungbean (Table 3.3). Maximum value was 

observed in T8 (Mix bacterial inoculants + AM) with 0.045 g plant
-1

 followed by T4 

(Mix bacterial inoculants) with 0.043 g plant
-1

 of nodule dry weight. T3 

(Agrobacterium sp. Ca-18) and T10 (uninoculated control) showed lowest values with 

0.010 g and 0.016 g plant
-1

 nodule dry weight respectively. 

 

At second harvest (45 DAS), T8 (Mix bacterial inoculants + AM) showed maximum 

dry weight of nodule plant
-1

 (0.076 g) followed by T2 (Bradyrhizobium strain TAL-



                                                                                                                                                         

 

 

102) (0.070 g) whereas, lowest value was observed repeatedly in T10 (Uninoculated 

control) with nodule dry weight of 0.027 g plant
-1

.  

 

Fig. 3.18 Field experiment to access the effect of legume root associated mycorrhizae along 

with Bradyrhizobium and Agrobacterium on the growth of mungbean  

 

 

 

 

 

 



                                                                                                                                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.19   Effect of bacterial inoculants on nodulation of mungbean 

Nodule formation at 45 days after sowing,  (A) with Mix bacterial inoculants 

(Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18) (B) with 

Bradyrhizobium  strain TAL-102 (C) with Bradyrhizobium strain MN-S (D) with  

Agrobacterium sp. Ca-18.    
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3.6.2  Ionic concentration in plant  

Ionic content were estimated from following three parts of plant samples at maturity (90 

days after sowing). 

1. Root                                                                                                                           

2. Shoot                               3. 

Grain  

3.6.2.1  Na
+
 contents in root                      

No significant difference among the treatment was observed for Na
+
 contents in 

mungbean roots (Table 3.4). Treatment T3 (Agrobacterium sp. Ca-18) and T4 (Mix 

bacterial inoculants) showed maximum Na
+
 contents with 21.290 mg and 19.694 mg 

Na
+  

g
-100

 of roots samples, respectively. T6 (Bradyrhizobium strain TAL-102 + AM) 

was at the bottom (14.373 mg Na
+
 g

-100
 root sample) for Na

+ 
contents in root. It is 

noticed that Na
+
 contents were higher in non mycorrhizal plants as compared to 

mycorrhizal plants at 5 % LSD.                

3.6.2.2  Na
+
 contents in shoot              

Highest amount of Na
+
 (19.218 mg Na g

-100
 shoot sample) was estimated in 

uninoculated control followed by T1 (Bradyrhizobium strain MN-S) with 14.847 mg 

Na
+
 g

-100
 shoot sample. Moreover, T6 (Bradyrhizobium strain TAL-102 + AM) 

accumulated lowest amount 14.578 mg Na
+
 g

-100
 of shoot sample at maturity (90 DAS). 

Moreover, non significant difference among the treatments was observed for Na
+
 

contents in shoot at 5 % LSD (Table 3.4).             

3.6.2.3  Na
+
 contents in grain              

Highly significant difference among different treatments of bacterial and mycorrhizal 

inoculants was observed for Na
+
 contents in grains (Table 3.4). Maximum Na

+ 
contents 

(18.629 mg Na
+
 g

-100
 grain sample) were estimated in T1 (Bradyrhizobium strain MN-

S) followed by T4 (Mix bacterial inoculants) with 18.097 mg Na
+
 g

-100
  of grain sample. 



                                                                                                                                                         

 

 

However, T8 (Mix bacterial inoculants + AM) indicated least amount 16.098 mg Na
+
 g

-

100
  of grain at 5 % LSD.  

Conclusively, the treatments with bacterial and mycorrhizal inoculants accumulated 

least amount of Na
+
 ions in all three parts of plant, as compared to non mycorrhizal 

plants.                   

3.6.2.4  K
+ 

contents in root              

Highly significant difference among the treatments was recorded  for K
+ 

contents in 

roots (Table 3.5) with maximum value 992.944 mg K
+
 g

-100
 of root sample in T8 (Mix 

bacterial inoculants + AM) followed by T6 (Bradyrhizobium strain TAL-102 + AM ) 

with 955.211mg K
+
 g

-100
 of root sample. Whereas, minimum K

+
 contents were 

estimated in T10 (uninoculated control) with 442.675 mg K
+
 g

-100
 of root sample at 5 % 

LSD. Moreover, higher values of K
+ 

contents were observed in the roots of mycorrhizal 

plants as compared to non mycorrhizal plants.  

3.6.2.5  K
+
 contents in shoot                  

Statistically highly significant difference among treatments was observed for K
+
 

contents in shoots (Table 3.5). Higher value of K
+
 contents in shoot were estimated in 

T8 (Mix bacterial inoculants +AM) and T6 (Bradyrhizobium strain TAL-102 + AM) 

with 37.67 % and 37.24 % increase over uninoculated control, respectively. Whereas, 

lowest value of K
+
 (790.033 mg K

+
 g

-100
 of shoot sample) was observed in T10 

(uninoculated control) at 5 % LSD.          

3.6.2.6  K
+
 contents in grain          

Treatments T8 (Mix bacterial inoculants +AM) and T6 (Bradyrhizobium strain TAL-

102 + AM) showed higher values of K
+
 in mungbean grains with 10.67 % and 7.72 % 

increase over uninoculated control, respectively. Whereas, T10 (Uninoculated control) 

was at bottom with least value of 970.752 mg K
+
 g

-100
 of grain sample. Statistically 

significant difference has been recorded among the treatments at 5 % LSD (Table 3.5). 



                                                                                                                                                         

 

 

It was observed that plants inoculated with bacterial and mycorrhizal inoculants 

accumulated more K
+
 in grain as compared to the non mycorrhizal plants.    

3.6.2.7  Ca
++

 contents in root             

Highly significant difference among treatments (Table 3.6) was observed with 

maximum values (289.140 mg Ca
++

 g
-100

 of root sample) in T5 (Bradyrhizobium strain 

MN-S + AM). Again bacterial treatments with mycorrhizal inoculants proved best for 

Ca
++

 accumulation in root as compared to the bacterial treatments without mycorrhizal 

inoculants. Moreover, lowest concentration of Ca
++ 

(150.476 mg Ca
++

  g
-100

 of root 

sample) was recorded in uninoculated control at 5 % LSD.        

3.6.2.8  Ca
++ 

contents in shoot        

Non significant difference among treatments was recorded for Ca
++ 

contents in shoot at 

5 % LSD (Table 3.6). However, T7 (Agrobacterium sp. Ca-18 + AM) was at top with 

421.781 mg Ca
++ 

g
-100

 of shoot sample followed by T5 (Bradyrhizobium strain MN-S + 

AM) with 400.981 mg Ca
++

 g
-100

 of shoot sample. Bacterial treatments without 

mycorrhizal inoculants were found at bottom with lowest value of 336.581 mg Ca
++

 g
-

100
 root sample in T1 (Bradyrhizobium strain MN-S).    

3.6.2.9  Ca
++ 

contents in grain   

Statistically significant difference among different treatments was recorded at 

significance level of 5 % (Table 3.6). Again treatment T8 (Mix bacterial inoculants + 

AM) and T7 (Ca-18 + AM) were at top with 40.61 % and 33.28 % increase over 

uninoculated control respectively. Uninoculated control without any inoculants was 

found at lowest with 189.216 mg Ca
++

 g
-100

 grain. Conclusively Mix bacterial 

inoculants with mycorrhizal inoculum proved best for Ca
++ 

accumulation in plant at 

maturity (90 DAS).  



                                                                                                                                                         

 

 

3.6.3  Nitrogen (N) and Phosphorus (P) contents in plants       

3.6.3.1  Percent (%) N in root              

Highly significant difference among the treatments was observed (Table 3.7) at 5 % 

LSD for percent N in roots. In the root tissues higher value of % N (0.969) was 

observed in T8 (Mix bacterial inoculants +AM) followed by T7 (Agrobacterium sp. Ca-

18 + AM). Whereas, lowest values of % N was observed in T3 (Agrobacterium sp. Ca-

18) and T10 (uninoculated control) with % N of 0.610 and 0.612, respectively. 

Moreover, increased % N was observed in mycorrhizal plants as compared to non 

mycorrhizal plants.                          

3.6.3.2  Percent (%) N in shoot 

Statistically highly significant difference among the treatments was recorded for % N in 

shoot at 5 % LSD (Table 3.7). Maximum % N (1.506) in shoot was observed in T8 

(Mix bacterial inoculants + AM) with 24.87 % increase over uninoculated control. 

Whereas, minimum % N (1.206) was recorded in uninoculated control. Again 

comparatively higher values of  % N were observed in mycorrhizal plants as compared 

to non mycorrhizal plants.              

3.6.3.3  Percent (%)  N in grain           

In grain maximum % N (3.843) was recorded in T7 (Agrobacterium sp. Ca-18 + AM) 

followed by T8 (Mix bacterial inoculants + AM) with value 3.840 of % N. However, 

highly significant difference among % N in mycorrhizal and non mycorrhizal plants 

were observed clearly in roots, shoots and grain at 5 % LSD (Table 3.7). Moreover, 

mycorrhizal plants showed high values of % N compared to non mycorrhizal plants.  

3.6.3.4  Protein contents in root                 

Total crude protein (mg g
-1

) was calculated (Table 3.8) by multiplying total N contents 

with constant factor 6.25. Significantly high difference among treatments was observed 

in protein contents (mg protein g
-1

 of root sample) in roots of mungbean at maturity (90 



                                                                                                                                                         

 

 

DAS) with maximum value of 60.604 mg protein g
-1

 of root sample  in T8 (Mix 

bacterial inoculants +AM). Whereas, lowest value was estimated in uninoculated 

control (38.125 mg protein g
-1

 of root sample). Treatments T7, T5 and T6 showed 

marginal difference with values of 58.729, 58.125 and 52.667 mg protein g
-1

 of root 

sample, respectively. Moreover, comparatively higher value of protein contents was 

observed in mycorrhizal roots than non mycorrhizal roots at 5 % LSD.  

3.6.3.5  Protein contents in shoot         

Maximum value of protein contents in shoot (94.146 mg protein g
-1

 of shoot sample) 

was recorded in T8 (Mix bacterial inoculants +AM) followed by T4 (Mix bacterial 

inoculants) (89.023 mg protein g
-1

 of shoot sample) of mungbean plants at maturity (90 

DAS). While, lowest value (75.396 mg protein g
-1

 of shoot sample) was recorded in 

T10 (uninoculated control) at 5 % LSD. 

3.6.3.6 Protein contents in grain                 

Statistically significant difference among treatments was observed for protein contents 

in grain of mungbean at 5 % LSD. Maximum value of protein contents (240.208 mg 

protein g
-1

 of shoot sample) was recorded in T7 (Agrobacterium sp. Ca-18 + AM) 

followed by T8 (Mix bacterial inoculants +AM) with 18.29 % increase over 

uninoculated control. Moreover, lowest value of protein contents was observed in 

uninoculated control in all three parts (root, shoot and grain) of mungbean plants at 

maturity (90 DAS).  

3.6.3.7 Phosphorus (P) contents in root         

Maximum value of phosphorus in the roots (298.124 mg P g
-100

 of root sample) was 

observed in T8 (Mix bacterial inoculants + AM) followed by T7 (Agrobacterium sp. 

Ca-18 + AM) (291.621 mg P g
-100

 of root sample) of mungbean plants (Table 3.9). 

Whereas, minimum value was recorded in uninoculated control at 5 % LSD. Moreover, 

the data regarding phosphorus uptake in roots indicated the positive influence of 



                                                                                                                                                         

 

 

phosphate solubilizing bacteria and mycorrhizae (phosphorus mobilizer) for the 

increase in phosphorus uptake.             

3.6.3.8 Phosphorus (P) contents in shoot                 

Statistically highly significant difference at 5 % LSD, among the treatment was 

observed (Table 3.9) for the phosphorus contents in the shoots of mungbean plants.  T8 

(Mix bacterial inoculants + AM) indicated maximum value (427.86 mg P g
-100

  of shoot 

sample) of phosphorus in shoot followed by T9 (AM) with 87.64 % increase over 

uninoculated control. The mycorrhizal treatments showed higher phosphorus contents 

in shoot as compared to non mycorrhizal plants. Moreover significantly higher 

differences were recorded amongst different bacterial and mycorrhizal treatments.  

  

3.6.3.9 Phosphorus (P) contents in grain           

In grains of mungbean at maturity (90 DAS), maximum phosphorus contents (535.561 

mg P per 100g of grain sample) were observed in T8 (Mix bacterial inoculants + AM) 

followed by T4 (Mix bacterial inoculants) (506.074 mg P g
-100

 of grain sample). 

Whereas, minimum phosphorus (315.336 mg P g
-100

 of grain sample) contents were 

observed in uninoculated control. It is noticed that phosphate solubilizer 

(Agrobacterium sp. Ca-18) and phosphorus mobilizer (AM) played important role for 

the phosphorus uptake in mungbean plants. 

3.6.4 Yield parameters                          

3.6.4.1 Number of pods plant
-1

                            

Statistically highly significant difference at 5 % LSD, among the treatments was 

observed (Table 3.10) for the pod numbers plant
-1

 in mungbean plants at maturity (90 

DAS). Maximum number of pods plant
-1

 (57) was observed in T7 (Agrobacterium sp. 

Ca-18 + AM) followed by T6 (Bradyrhizobium strain TAL-102 + AM) with 54 number 



                                                                                                                                                         

 

 

of pods plant
-1

. Whereas, minimum number of pods plants
-1

 was recorded in 

uninoculated control (34 pods plant
-1

).          

3.6.4.2 100 seeds weight                   

Significant difference at 5 % LSD, among the treatments was observed for 100 seeds 

weight at maturity (90 DAS) in mungbean plants with maximum weight of 5.713 g  in 

T5 (Bradyrhizobium strain MN-S) followed by T8 (Mix bacterial inoculants + AM) 

with 5.683 g per 100 seed. Minimum 100 seeds weight was recorded in uninoculated 

control with value of 5.284 g (Table 3.10).   

3.6.4.3 Yield (kg ha
-1

)                  

Statistically highly significant difference at significance level of 5 %, among the 

treatments was observed (Table 3.10) for the grain yield ha
-1

 of mungbean. Maximum 

grain yield (1517.170 kg ha
-1

) was recorded in T8 (Mix bacterial inoculants + AM) 

followed by and T6 (Bradyrhizobium strain TAL-102 + AM) and T7 (Agrobacterium 

sp. Ca-18 + AM) with 58.95 % and 54.06 % increase over uninoculated control, 

respectively. Moreover, higher grain yield was observed in mycorrhizal plants as 

compared to non mycorrhizal plants. 



                                                                                                                                                         

 

 

 

 

Table 3.2 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on fresh weight and dry weight of 

mungbean plants at first harvest (25 DAS), second harvest (45 DAS) and maturity (90 DAS) 

 
P. F. wt = Plant fresh weight, P. D. wt = Plant dry weight, DAS = Days after sowing,   Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. 

Ca-18)                                                                                                                                                                                                      

* = Significant, ** = More significant, *** = Highly significant 

 

 

Treatment 

P. F. wt (g) 

25 DAS 

P. F. wt (g) 

45 DAS 

P. F. wt (g) 

at  maturity 

P. D. wt (g) 

25 DAS 

P. D. wt (g) 

45 DAS 

P. D. wt (g) 

at maturity 

T1 = Bradyrhizobium strain MN-S 12.290 e + 0.8 74.130 de + 2.5 84.120 b + 5.7 2.930 abc + 0.4 28.340 ab + 5.8 37.666 cd + 1.3 

T2 = Bradyrhizobium strain TAL-102 13.833 de + 0.1 94.9666 bcd + 0.6 79.723 b + 4.4 2.820 bc + 0.1 29.220 ab + 2.4 39.606 cd + 3.4 

T3 = Agrobacterium sp. Ca-18 18.063 abc + 1.4 101.156 bcd + 2.7 84.640 b + 6.2 3.056 abc + 0.6 22.890 bc + 1.9 48.960 b +  4.3 

T4 = Mix bacterial inoculants 17.123 bcd + 2.3 117.510 b + 6.9 109.696 a + 4.9 3.770 ab +  0.1 29.833 ab + 0.7 46.116 bc + 2.2 

T5 = Bradyrhizobium strain MN-S + AM 15.033 cde  +0.6 118.360 b + 21.8 84.563 b + 5.7 3.686 ab + 0.1 32.223 a + 2.5 39.806 cd + 0.3 

T6 = Bradyrhizobium strain TAL-102 + AM 14.000 de + 0.4 108.830 bc + 8.8 82.453 b + 2.8 3.110 abc + 0.3 29.703 ab + 0.7 40.153 cd + 0.7 

T7 = Agrobacterium sp. Ca-18 + AM 19.206 ab + 0.7 112.120 bc + 8.5 86.386 b + 2.4 3.400 ab +  0.7 26.116 abc + 0.9 51.856 ab + 2.0 

T8 = Mix bacterial inoculants +AM 21.116 a  +0.8 174.643 a  + 6.8 112.613a + 3.6 4.113 a + 0.3 33.220 a + 2.8 57.473 a +  1.9 

T9 = AM 14.310 de +0.5 87.743 b + 5.6 72.403 b + 2.1 2.943 abc +  0.2 22.630 bc + 1.9 34.790 de +  2.0 

T10 = Uninoculated control 12.290 e  +0.7 62.776 e + 2.9 58.483 c + 3.0 2.053 c + 0.1 19.606 c + 2.0 29.190 e + 4.3 

 LSD 5 %  = 

3.290 *** 

LSD 5 %  =  

25.926 *** 

LSD 5 % =    

12.762 *** 

LSD 5 % =      

1.042 * 

LSD 5 % =    

7.602 * 

LSD 5 % =   

7.686 *** 



                                                                                                                                                         

 

 

Table 3.3  Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on nodule number, nodule fresh weight 

and dry weight plant
-1

 in mungbean plants at first harvest (25 DAS) and second harvest (45 DAS)  

 

Treatment 
Nod. No.             

25 DAS 

Nod. No.               

45 DAS 

Nod. F. wt (g)     

25 DAS 

Nod. D. wt (g)    

25 DAS 

Nod. F. wt (g)      

45 DAS 

Nod. D. wt (g)       

45 DAS 

T1 = Bradyrhizobium strain MN-S 24 a + 5.0 37 c + 2.1 0.066 ab + 0.0 0.025 abc + 0.0 0.149 bcd + 0.0 0.051 de + 0.0 

T2 = Bradyrhizobium strain TAL-102 24 a + 2.0 37 c + 7.3 0.092 a + 0.0 0.030 abc + 0.0 0.253 ab + 0.0 0.071 ab + 0.0 

T3 = Agrobacterium sp. Ca-18 13 b + 1.0 25 c + 1.4 0.012 c + 0.0 0.010 c + 0.0 0.093 cd + 0.0 0.046 def + 0.0 

T4 = Mix bacterial inoculants 27 a + 1.0 40 bc + 2.6 0.042 bc + 0.0 0.044 a + 0.0 0.271 ab + 0.0 0.056 cd + 0.0 

T5 = Bradyrhizobium strain MN-S + AM 28 a + 1.0 38 bc + 1.8 0.066 ab + 0.0 0.040 ab + 0.0 0.266 ab + 0.0 0.060 cd + 0.0 

T6 = Bradyrhizobium strain TAL-102 + AM 25 a + 2.0 53 ab + 3.7 0.044 abc + 0.0 0.031 abc + 0.0 0.244 ab + 0.0 0.068 abc + 0.0 

T7 = Agrobacterium sp. Ca-18 + AM 25 a +  1.0 28 c + 4.7 0.059abc + 0.0 0.036 ab + 0.0 0.113 cd + 0.0 0.040 efg + 0.0 

T8 = Mix bacterial inoculants +AM 30 a + 4.0 62 a + 9.9 0.044 abc + 0.0 0.045 a + 0.0 0.359 a +  0.1 0.076 a + 0.0 

T9 = AM 24 a + 3.0 35 c + 2.6 0.030 bc + 0.0 0.023 abc + 0.0 0.210 bc + 0.1 0.033 fg + 0.0 

T10 = Uninoculated control 14 b + 3.0 10 d + 3.7 0.031 bc + 0.0 0.017 bc + 0.0 0.035 d + 0.0 0.028 g + 0.0 

 LSD 5 % =   

9.488 * 

LSD 5 % =      

13.93 *** 

LSD 5 % =    

0.434 * 

LSD 5 % =   

0.024 * 

LSD 5 % =      

0.109 *** 

LSD 5% =       

0.013 *** 

 

Nod = Nodule, No.= number, F. wt = Fresh weight, D. wt = Dry weight, DAS = Days after sowing, Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and 

Agrobacterium sp. Ca-18)     

* = Significant, ** = More significant, *** = Highly significant 

 

 



                                                                                                                                                         

 

 

Table 3.4 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on Sodium contents (mg g
-100

) in root, shoot 

and grain of mungbean plants at maturity (90 DAS) 

Treatment Na
+
 in root (mg g

-100
) Na

+
 in shoot (mg g

-100
) Na

+
 in grain (mg g

-100
) 

T1 = Bradyrhizobium strain MN-S 18.843 ab + 1.4 17.743 ab + 1.0 18.629a + 0.8 

T2 = Bradyrhizobium strain TAL-102 16.714 ab + 3.1 14.847 b + 0.9 17.098bcd + 0.3 

T3 = Agrobacterium sp. Ca-18 21.290 a + 0.65 15.976 ab + 0.7 17.778abc + 0.1 

T4 = Mix bacterial inoculants 19.694 ab + 0.6 16.514 ab + 0.5 18.097ab + 0.5 

T5 = Bradyrhizobium strain MN-S + AM 14.796 ab + 2.7 16.322 ab + 0.9 17.083bcd + 0.5 

T6 = Bradyrhizobium strain TAL-102 + AM 14.373 b + 1.8 14.578 b + 2.2 16.580cd + 0.3 

T7 = Agrobacterium sp. Ca-18 + AM 16.714 ab + 3.3 15.261 b + 0.1 16.500cd + 0.1 

T8 = Mix bacterial inoculants +AM 17.565 ab + 1.4 16.048 ab + 1.1 15.940d + 0.2 

T9 = AM 17.643 ab + 0.7 17.100 ab + 1.0 16.098d + 0.1 

T10 = Uninoculated control 17.884 ab + 1.7 19.218 a + 0.6 17.450abc + 0.2 

 
LSD 5 % = 5.838 ns       LSD 5 % = 3.092 ns LSD 5 % =1.142 ** 

DAS = Days after sowing, Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18)                              

ns  = non significant, * = Significant, ** = More significant, *** = Highly significant 

                                              

 

 



                                                                                                                                                         

 

 

Table 3.5 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on Potassium contents (mg g
-100

) in root, 

shoot and grain of mungbean plants at maturity (90 DAS) 

Treatment K
+
 in root   (mg g

-100
) K

+
 in shoot (mg g

-100
) K

+
 in grain (mg g

-100
) 

T1 = Bradyrhizobium strain MN-S 554.083 de + 8.1 1002.448 abc + 48.3 998.856 bcd + 24.8 

T2 = Bradyrhizobium strain TAL-102 607.015 cd + 25.3 1071.298 a + 28.5 1018.940 abcd + 17.4 

T3 = Agrobacterium sp. Ca-18 648.739 cd + 40.8 858.338 d + 31.5 980.454 cd + 28.8  

T4 = Mix bacterial inoculants 70.520 b + 32.4 1071.298 a + 44.4 1012.908 abcd + 12.4 

T5 = Bradyrhizobium strain MN-S + AM 593.507 cd + 26.0 1028.452 ab + 21.5 1041.011 abc + 16.9 

T6 = Bradyrhizobium strain TAL-102 + AM 955.211 a + 56.8 1084.227 a + 12.6 1045.695ab + 21.5 

T7 = Agrobacterium sp. Ca-18 + AM 694.908 bc + 40.1 913.682 bcd + 16.1 1036.328abc + 12.4 

T8 = Mix bacterial inoculants + AM 992.944 a + 39.4 1087.630 a + 21.2 1074.345a + 22.0 

T9 = AM 546.680 de + 30.3 883.395 cd + 25.5 1035.362abc + 9.7 

T10 = Uninoculated control 442.675 e + 40.9 790.033 d + 20.6 970.752d + 4.7 

 LSD 5 % = 106.795 *** LSD 5 % = 130.272 ***   LSD 5 % =  54.400 * 

DAS = Days after sowing , Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18)                  

* = Significant, *** = Highly significant 

 

 

 



                                                                                                                                                         

 

 

Table 3.6 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on Calcium contents (mg g
-100

) in root, 

shoot and grain of mungbean plants at maturity (90 DAS) 

Treatment Ca
++

 in root (mg g
-100

) Ca
++

 in shoot (mg g
-100

) Ca
++

 in grain (mg g
-100

) 

T1 = Bradyrhizobium strain MN-S 185.474b c + 3.9 336.581a +  6.7 198.090 bc +  18.8 

T2 = Bradyrhizobium strain TAL-102 155.806 c + 2.7 369.514 a + 20.3 199.914 bc + 2.1 

T3 = Agrobacterium sp. Ca-18 201.973 b + 1.6 351.381a + 17.2 240.448 abc + 26.6       

T4 = Mix bacterial inoculants 188.574 bc + 5.0 339.381a + 4.1 227.648 abc + 7.4     

T5 = Bradyrhizobium strain MN-S + AM 289.140 a + 16.0    400.981a + 13.2 201.514 bc + 7.2 

T6 = Bradyrhizobium strain TAL-102 + AM 193.140 bc  + 11.5       379.114 a  +7.5 206.304 bc + 17.1 

T7 = Agrobacterium sp. Ca-18 + AM 273.140 a + 30.3      421.781a + 9.3 252.181ab + 23.4   

T8 = Mix bacterial inoculants + AM 212.140 b + 1.0        376.293 a + 24.5 266.048a + 16.3 

T9 = AM 206.284 b + 12.4       372.714 a + 30.8 216.981abc + 11.9       

T10 = Uninoculated control 150.476 c +  0.0      359.157 a +17.9 189.216 c + 12.8        

 LSD 5 % = 39.30 *** LSD 5 % = 50.657 ns LSD 5 % = 47.457 * 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium Ca-18)                   

ns = non significant, * = Significant, *** = Highly significant 



                                                                                                                                                         

 

 

Table 3.7 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on % N in root, shoot and grain of 

mungbean plants at maturity (90 DAS) 

Treatment % N in root % N in shoot % N in grain 

T1 = Bradyrhizobium strain MN-S 0.646 c + 0.0 1.233 d + 0.0  3.466 bc + 0.1 

T2 = Bradyrhizobium strain TAL-102 0.673 c + 0.1 1.270 cd + 0.1 3.513 abc + 0.1 

T3 = Agrobacterium sp. Ca-18 0.613 c + 0.0 1.370 abc +  0.0  3.366 c + 0.0 

T4 = Mix bacterial inoculants 0.740 bc + 0.0 1.42 ab + 0.0 3.596 abc + 0.2 

T5 = Bradyrhizobium strain MN-S + AM 0.930 a + 0.1 1.403 abc + 0.0 3.590 abc + 0.1 

T6 = Bradyrhizobium strain TAL-102 + AM 0.843 ab + 0.0 1.393 abc + 0.0 3.813 ab + 0.0 

T7 = Agrobacterium sp. Ca-18 + AM 0.940 a + 0.0 1.403 abc + 0.0 3.843 a +  0.0 

T8 = Mix bacterial inoculants + AM 0.970 a + 0.0 1.506 a + 0.0 3.840 a + 0.1 

T9 = AM 0.633 c + 0.0 1.303 bcd + 0.0    3.503 abc + 0.1 

T10 = Uninoculated control 0.610 c + 0.0 1.206 d + 0.1 3.246 c + 0.2 

 LSD 5% = 0.130 *** LSD 5% = 0.126 **                               LSD 5% = 0.325 * 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium Ca-18)         

* = Significant, ** = More significant, *** = Highly significant 



                                                                                                                                                         

 

 

Table 3.8 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on protein contents ( mg g
-1

) in root,  

   shoot and grain of mungbean plants at maturity (90 DAS) 

Treatment Protein  in root (mg g
-1

) Protein in shoot (mg g
-1

) Protein in grain (mg g
-1

) 

T1 = Bradyrhizobium strain MN-S 40.396 c + 0.5 77.04 d + 2.0 216.604 bc + 4.5 

T2 = Bradyrhizobium strain TAL-102 42.042 c + 5.0 79.38 cd + 4.5 219.583 abc + 9.6 

T3 = Agrobacterium sp. Ca-18 38.292 c + 2.6 85.63 abc + 2.2 210.396 c + 0.3 

T4 = Mix bacterial inoculants 46.271 bc + 0.3 89.02 ab + 0.2 224.729 abc + 10.4 

T5 = Bradyrhizobium strain MN-S + AM 58.125 a + 6.3 87.69 abc + 0.3 224.375 abc ++ 5.1 

T6 = Bradyrhizobium strain TAL-102 + AM 52.667 ab + 0.8 87.08 abc + 0.3 238.333 ab + 2.0 

T7 = Agrobacterium sp. Ca-18 + AM 58.729 a + 0.5 87.69 abc + 1.03 240.208 a  + 1.5 

T8 = Mix bacterial inoculants + AM 60.604 a + 0.9 94.15 a + 1.44 240.000 a + 3.6 

T9 = AM 39.583 c + 1.0 81.46 bcd + 0.4 218.938 abc + 6.0 

T10 = Uninoculated control 38.125 c + 1.3 75.40 d + 6.20 202.896 c + 13.1 

 LSD 5 % = 8.179 *** LSD 5 % = 7.879 ** LSD 5 % = 20.321 * 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium Ca-18)                     

* = Significant, ** = More significant, *** = Highly significant 

 



                                                                                                                                                         

 

 

Table 3.9 Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on phosphorus contents (mg g
-100

) in root, 

  shoot and grain of mungbean plants at maturity (90 DAS) 

Treatment Phosphorus  in root (mg g
-100

) Phosphorus in shoot (mg g
-100

) Phosphorus in grain (mg g
-100

) 

T1 = Bradyrhizobium strain MN-S 122.114 b + 6.4 333.250 b + 26.5 336.614 ef + 13.6 

T2 = Bradyrhizobium strain TAL-102 110.043 b + 22.6 336.16 b + 16.3 358.977 def + 36.52 

T3 = Agrobacterium sp. Ca-18 286.3063 a + 36.5 351.44 b + 25.2 420.082 bcde + 39.0 

T4 = Mix bacterial inoculants 235.118 a + 2.7 356.552 b + 12.2 506.074 ab + 13.0 

T5 = Bradyrhizobium strain MN-S + AM 138.838 b + 21.4 374.740 ab + 21.9 452.105 abcd + 27.0 

T6 = Bradyrhizobium strain TAL-102 + AM 117.792 b + 32.2 363.830 ab + 2.2 366.756 def + 11.0 

T7 = Agrobacterium sp. Ca-18 + AM 291.621a + 5.3 386.390 ab + 24.6 468.120 abc + 54.6 

T8 = Mix bacterial inoculants + AM 298.124 a + 50.2 427.860 a + 27.6 535.561 a + 16.2 

T9 = AM 127.273 b + 47.3 397.300 ab + 27.8 394.890 cdef  + 40.7 

T10 = Uninoculated control 98.735 b + 35.3 211.740 c + 16.5 315.336 f + 5.5 

 LSD 5 % = 90.544 *** LSD 5 % = 63.564 *** LSD 5 % = 88.414 *** 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium Ca-18)                  

*** = Highly significant       

 

 

 



                                                                                                                                                         

 

 

Table 3.10   Effect of mycorrhizae and bacteria (Bradyrhizobium & Agrobacterium) on number of pod plant 
-1

, 100 seeds weight 

and yield (kg ha
-1

) of mungbean plants at maturity (90 DAS) 

Treatment No. of  pods plant 
-1

 100 seed wt  (g) Yield (kg ha
-1

) 

T1 = Bradyrhizobium strain MN-S 37 c + 2.9 5.602 a + 0.1 1262.710 e + 14.3 

T2 = Bradyrhizobium strain TAL-102 52 ab + 1.5 5.569 a + 0.1 1269.110 e + 7.3 

T3 = Agrobacterium sp. Ca-18 48 b  + 2.3 5.619 a + 0.1 1273.820 e + 21.7 

T4 = Mix bacterial inoculants 49 b + 2.4 5.661 a + 0.1 1331.820 d + 13.6 

T5 = Bradyrhizobium strain MN-S + AM 48 b + 2.7 5.7132 a + 0.1 1368.940 cd + 7.2 

T6 = Bradyrhizobium strain TAL-102 + AM 54 ab + 1.3 5.633 a + 0.0 1422.990 b + 15.0 

T7 = Agrobacterium sp. Ca-18 + AM 57 a + 1.4 5.642 a + 0.1 1379.240 c + 8.8 

T8 = Mix bacterial inoculants + AM 49 b + 0.3 5.683 a + 0.0 1517.170 a + 14.8 

T9 = AM 53 ab + 2.7 5.306 b + 0.0 1182.850 f + 12.9 

T10 = Uninoculated control 34 c + 1.9 5.284 b + 0.0 895.260 g + 12.0 

 LSD 5 % = 6.211 *** LSD 5 % =  0.261 * LSD 5 % =  39.549 *** 

Mix bacterial inoculants = Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium Ca-18)                       

* = Significant, *** = Highly significant 



                                                                                                                                   

3.7 Effect of arbuscular mycorrhizae, nitrogen fixing and phosphate 

solubilizing bacteria on the growth of mungbean under water 

logged condition 

    

Under water logged condition for 3 weeks, better growth (plant emergence and plant 

height) was observed in the pots where bacterial inoculants were applied along with 

mycorrhizae and full recommended dose of phosphorus (50 kg acre
-1

or 0.82 g pot
-1

). 

Lower plant growth was observed with the application of bacterial inoculants, 

mycorrhizae and half recommended dose of phosphorus (25 Kg acre
-1

or 0.41g pot
-1

) as 

in Fig. 3.20. Whereas, minimum growth of plants was observed with bacterial 

inoculants, half recommended dose of phosphorus, and without mycorrhizal inoculum. 

Relatively no remarkable growth was observed in the pots where only bacterial 

inoculants were applied on the mungbean plants with no mycorrhizal inoculants and 

phosphorus application.       

 

In the comparative studies, there was a better effect of Agrobacterium sp. Ca-18 and 

mix bacterial inoculation (Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium 

sp. Ca-18) along with mycorrhizae and full recommended dose of phosphorus 

application on mungbean plants (Fig. 3.21), indicating that mungbean plants can better 

survive in water logged conditions in the presence of phosphate solubilizing microbes 

and P mobilizing arbuscular mycorrhizae. Moreover, mycorrhizae help plants to cope 

with the adverse environmental conditions of water logging.     

 

Better effect on the growth of mungbean plants was observed when Bradyrhizobium 

strain MN-S was inoculated in the presence of mycorrhizae with full recommended 

dose of phosphorus, as compared to the treatment where ½ recommended dose of 

phosphorus was applied in the presence or absence of mycorrhizae (Fig. 3.22). Same 

was true for Agrobacterium sp. Ca-18 that showed improved growth in the presence of 

mycorrhizae and full dose of phosphorus. Comparatively lower growth was recorded 

where mycorrhizae was inoculated with  half recommended dose of phosphorus and 

least growth was observed where  Agrobacterium sp. Ca-18 was inoculated with ½ dose 

of phosphorus in the absence of  mycorrhizae as shown in Fig. 3.23. Moreover Fig. 3.24 



                                                                                                                                                         

 

 

indicates good growth response of mungbean plants for ½ dose of phosphorus as 

compared to the full dose of phosphorus in the presence of arbuscular mycorrhizae.  

 

 

   

   

 

  Fig.3.20  Effect of arbuscular mycorrhizae and phosphorus on mungbean under water logged 

condition 

Water logged condition of  3 weeks in mungbean were applied in the presence of (A) 

bacterial inoculants,  mycorrhizae and ½ recommended dose of DAP (B) bacterial 

inoculants and ½ dose of DAP (C) bacterial inoculants only (D) bacterial inoculants, 

mycorrhizae and full recommended dose of DAP. 

(A)  (B) 

 (C)  (D) 



                                                                                                                                                         

 

 

 

 

 

 

Fig.3.21   Comparative study of growth in mungbean under water logged condition 

   Water logged condition of 3 weeks were applied in mungbean inoculated with  mycorrhizae 

    and  full recommended dose of phosphorus with bacterial  inoculants (i) Bradyrhizobium

    strain MN-S (ii) Bradyrhizobium strain TAL-102, (iii) Agrobacterium sp. Ca-18 (iv) no 

    bacterial inoculants (v) Mix bacterial inoculants.  

 

  
Fig.3.22 Comparative study of growth in mungbean inoculated with Bradyrhizobium strain 

MN-S under water logged condition 
Water logged condition of 3 weeks were applied in mungbean inoculated with   

Bradyrhizobium strain MN-S and (i) ½  recommended dose of DAP (ii) mycorrhizae and 

½ recommended dose of DAP (iii) mycorrhizae and full recommended dose of DAP. 

(i) (ii) (iii) 

 (i)   (ii)  (iii)   (iv)    (v) 



                                                                                                                                                         

 

 

 

 
 

Fig.3.23 Comparative study of growth in mungbean inoculated with Agrobacterium sp.   

Ca-18 under water logged condition 
Water logged condition of 3 weeks were applied in mungbean inoculated with 

Agrobacterium sp. Ca-18 and (i) ½ recommended dose of DAP (ii) mycorrhizae and ½ 

recommended dose of DAP (iii) mycorrhizae and full recommended dose of DAP. 

 

 

 

Fig.3.24 Comparative study of growth in mungbean inoculated with arbuscular mycorrhizal 

fungus under water logged condition 

Water logged conditions of 3 weeks were applied in mungbean inoculated with arbuscular   

mycorrhizae (i) ½ recommended dose of DAP (ii) full recommended dose of DAP. 

(i) (ii) 

(iii) (ii) (i) 



                                                                                                                                                         

 

 

3.8 Ultrastructural studies   

3.8.1 AM localization within mungbean root nodules 

Mungbean root nodules from field experiment were observed under transmission 

electron microscope to localize arbuscular mycorrhizal fungus. The presence of 

arbuscular mycorrhizae (AM) was found in the uninfected cells of nodules (Fig. 3.25 A 

& B) as well as in the intercellular spaces (Fig. 3.26 A & B, 3.27 A) without bacterial 

infection. At high magnification a prominent mycorrhizal infection in the uninfected 

cell could be seen as shown in Figure 3.27 B. It is notable that no mycorrhizal infection 

was found in the cells infected with bacteria. However, large number of food granules 

(FG) could also be localized within the uninfected zone in close proximity of the 

infected cells (Fig. 3.25 A). Arbuscular mycorrhizal infection was also localized in 

rhizosphere of mungbean showing high number of characteristically thick wall 

mycorrhizal spores (Fig. 3.28 A) along with relatively small mycorrhizae helping 

bacteria (MHB).    

 

3.8.2  Mycorrhizae helping bacteria (MHB) localization in mungbean root        

  nodules 

 

When the mungbean plants were inoculated with Bradyrhizobium stain MN-S in the 

growth pouch experiment under controlled environmental conditions, extremely high 

degree of bacterial infection was observed within the nodule cells with almost no 

uninfected cells interspersed among the infected zone (Fig. 3.29 A). At high 

magnification, characteristically high number of poly beta hydroxybutaric acid granules 

was localized within bacteroids of Bradyrhizobium strain MN-S present in infected 

cells and within the intercellular space (Fig. 3.29 B). Occupancy of Bradyrhizobium 

strain MN-S in the infected nodule cell was also observed with bacterial entry in 

vacuole through pierced tonoplast (Fig. 3.33 A). 

 

Extremely high degree of cell occupancy by the bacteroids was evident in the root 

nodules that were inoculated with mix bacterial inoculants (Bradyrhizobium stains MN-



                                                                                                                                                         

 

 

S, TAL-102 and Agrobacterium sp. Ca-18) in growth pouch experiment showing 

bacterial penetration in the cell vacuole and also movement of the bacteria from one cell 

to the other through plasmodesmetal channels (Fig. 3.30A). Mungbean nodule 

inoculated with Agrobacterium sp. Ca-18 represented uninfected cells with large 

number of food granules (Fig. 3.35 A) and highly infected cells with bacterial cells 

occupying the nucleus (Fig. 3.35 A) and vacuole by piercing the tonoplast (Fig. 3.30 B). 

Localization of characteristically non nodule forming Agrobacterium  strain Ca-18 in a 

damaged root hair cell of mungbean, with a thick capsular layer around the bacterial 

cells could also be seen (Fig. 3.31). Moreover, characteristically thick walled 

Agrobacterium sp. Ca-18 could also be observed in duplex (Fig. 3.31 A & B) with high 

degree of infectivity and cell occupancy within the root cells (Fig.3.31 B). Root nodules 

formed through inoculation with Bradyrhizobium strain TAL-102 in field experiment 

also showed high degree of infection, occupying vacuole through tonoplast (Fig. 3.36 A 

& B) and characteristic bacteroids enclosed in peri-bacteroidal membrane envelop (Fig. 

3.32 B & 3.35 B) whereas, no remarkable bacterial colonization was found in the 

uninoculated nodules collected from the field experiment (Fig. 3.33 B). Bacterial 

occupancy in the outer (Fig. 3.34 A) and inner cortical tissues (Fig. 3.34 B) of roots 

inoculated with Bradyrhizobium stain TAL-102 in field experiment was also observed.

  

 

 

 



                                                                                                                                                         

 

 

 

 

Fig.3.25  Transmission Electron Micrograph (TEM) of mungbean root nodule from field 
 experiment infected with bacteria and arbuscular mycorrhizal fungi 

(A) Over view of nodule cells at low magnification showing mycorrhizal infection (AM) in 

empty unoccupied  cell (UC) surrounded by bacterial occupied and unoccupied cells (B) 

TEM at high magnification showing mycorrhizal infection (AM) in uninfected cells (UC) 

and bacterial infection (B) in the adjacent cell. 

       
 

Fig.3.26 Transmission Electron Micrograph (TEM) of mungbean nodules grown in growth 

pouches infected with bacteria and arbuscular mycorrhizal fungi 

 (A) Over view of nodule cells at low magnification showing mycorrhizal infection (AM) 

in the  intercellular space (IS) surrounded by bacterial occupied (IC) and unoccupied cells 

(UC) (B) TEM at high magnification showing mycorrhizal infection (AM) in the 

intercellular space (IS) surrounded by bacterial occupied (IC) nodule cells. 
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Fig.3.27 Transmission Electron Micrograph (TEM) of mungbean root grown in growth 

pouches infected with arbuscular mycorrhizal fungi 
(A) At low magnification mycorrhizal infection (AM) in the intercellular space (IS) of root 

cells (B) at high magnification thick walled mycorrhizal fungus in intercellular space (IS) 

of root cells.  

 

 

 

 

 

 

 

 

 

Fig.3.28 Transmission Electron Micrograph 

(TEM) of arbuscular mycorrhizal 

spores in the rhizosphere of 

mungbean 
Characteristic thick walled mycorrhizal 

spores from field experiment (A) in the 

rhizosphere of mungbean (B) along 

with bacteria in the rhizosphere of 

mungbean. 
 

 

 

Fig.3.28 Transmission Electron Micrograph (TEM) of arbuscular mycorrhizal spores in the 

rhizosphere of mungbean 
Characteristic thick walled mycorrhizal spores (AM) from field experiment (A) in the 

rhizosphere of mungbean (B) along with bacteria (B) in the rhizosphere of mungbean. 
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Fig.3.29 Transmission Electron Micrograph (TEM) of mungbean nodules grown in growth  

pouches infected with Bradyrhizobium strain MN-S 

(A) Nodule cells fully occupied with Bradyrhizobium strain MN-S (B) Bradyrhizobium 

strain MN-S in the intercellular space (IS) and adjacent nodule cells.  

 CW= Cell wall of nodule cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.30 Transmission Electron Micrograph (TEM) of mungbean nodules grown in growth 

pouches infected with mix bacterial inoculants and Agrobacterium sp. Ca-18 

(A) Nodule cell fully occupied with mix bacterial inoculants (Bradyrhizobium strains 

MN-S, TAL-102 and Agrobacterium sp. Ca-18) showing high degree of infection in the 

vacuole (V) and cell to cell movement of bacteria through plasmodesmetal channel (PC) 

(B) nodule cells infected with Agrobacterium sp. Ca-18 showing entrance of bacterial cells 

in the vacuole (V) by piercing the tonoplast. 

N= Nucleus, IC= infected cells, UC= uninfected cells, B= Bacterial cells  
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Fig.3.31 Transmission Electron Micrograph (TEM) of mungbean roots grown in field 

experiment infected with Agrobacterium sp. Ca-18 

(A) Root hair infected with Agrobacterium sp. Ca-18 characteristically present in duplex 

with thick cell wall (B) root tissue infected with Agrobacterium sp. Ca-18. 

  

 
 

 

Fig.3.32 Transmission Electron Micrograph (TEM) of mungbean nodules grown in field 

experiment infected with Bradyrhizobium strains MN-S and TAL-102 
(A) Nodule cells fully occupied with Bradyrhizobium strain MN-S (B) with 

Bradyrhizobium strain TAL-102 especially symbiosome (Sy) formation of two or three 

bacteroids is evident. 
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Fig.3.33 Transmission Electron Micrograph (TEM) of mungbean nodule grown in growth   

pouches infected with Bradyrhizobium strain MN-S in comparison with field grown  

uninoculated nodule  

(A) Nodule from growth pouches showing infected nodule cell having vacuole occupied 

with Bradyrhizobium strain MN-S (B) nodule from field experiment showing empty cells 

without bacterial infection.      
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig.3.34 Transmission Electron Micrograph (TEM) of mungbean roots grown in field 

experiment infected with Bradyrhizobium strain TAL-102 
(A) Infection in outer cortex with Bradyrhizobium strain TAL-102 (B) infection in inner 

cortex with Bradyrhizobium strain TAL-102.   
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Fig. 3.35 Transmission Electron Micrograph (TEM) of mungbean nodules grown in field 

experiment infected with Agrobacterium sp. Ca-18 and Bradyrhizobium strain TAL-

102 
(A) Over view of nodule cells at low magnification showing infection of Agrobacterium 

sp. Ca- 18 in nodule cell adjacent to uninfected cells (UC) along with food granules (FG) 

and bacterial occupancy in the lobbed nucleus (N) of the infected nodule cells (B) TEM at 

high magnification showing bacteroids of Bradyrhizobium strain TAL-102 in the 

symbiosome (Sy) getting entered in vacuole by rupturing outer membrane of symbiosome. 

 

 

 

Fig.3.36 Transmission Electron Micrograph (TEM) of mungbean nodule grown in field  

experiment infected with Bradyrhizobium strain TAL-102 
(A) At low resolution mungbean nodule showing infection with Bradyrhizobium TAL-102 

and bacterial occupancy in the vacuole (V) of the occupied cell (IC). (B) at high resolution 

bacterial entrance in the vacuole through tonoplast. 
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  3.8.3 Immunogold labeled localization of bacteria                

 

The immunogold labeling of in vitro grown Bradyrhizobium strains MN-S, TAL-102 

and Agrobacterium sp. Ca-18 showed highly specific labeling of gold particles with 

surface proteins of the relevant bacterial cells. Mungbean roots collected from field 

experiment inoculated with mix bacterial inoculants (Bradyrhizobium strains MN-S, 

TAL-102 and Agrobacterium sp. Ca-18) when processed for immunogold labeling 

study, the characteristic labeling of colloidal gold was observed on the relevant 

bacterial particles with very little background or labeling of the plant root cell wall.  

 

A view of nodule section (Fig 3.37 A, 3.41 A) with occupied and unoccupied nodule 

cells at low resolution shows the pattern of bacterial occupancy in mungbean nodule. 

Both gold labeled and unlabelled bacterial cells within the nodule section could clearly 

be seen in the Transmission Electron Micrographs (Fig. 3.37 B, 3.38, 3.39, 3.40, 3.41, 

3.42 & 3.44). Specific labeled bacterial particles of Bradyrhizobium strain MN-S were 

localized within (Fig. 3.41 & 3.42) and outside (Fig. 3.37 B) the vacuole of the 

occupied nodule cell at high resolution (X = 25 K).  The labeled bacterial cells of 

Bradyrhizobium strain TAL-102 were localized in the close proximity of nucleus (Fig. 

3.38), intercellular space (Fig. 3.43) and becteriods of symbiosome (Fig. 3.45) in the 

mungbean nodule cells.  Similarly, Agrobacterium sp. Ca-18 was localized within the 

occupied nodule cells (Fig. 3.39 & 3.40) at high resolution.  

 

As the immunogold labeling study was conducted on the same nodule sample, 

inoculated with mix bacterial inoculants (Bradyrhizobium strains MN-S, TAL-102 and 

Agrobacterium sp. Ca-18), gold labeling on specific bacterial cells indicate the 

specificity and sensitivity of this technique. Moreover, the occupancy of different 

bacterial inoculants in the mungbean nodule is also evident from this study. 



                                                                                                                                                         

 

 

 

 

 

 

 
 
 

Fig.3.37 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium stain MN-S in the field grown mungbean nodule 

Ultrathin sections of mungbean nodule inoculated with mix bacterial inoculants in field 

experiment, processed by immunogold-labeling procedures of Bradyrhizobium stain MN-S 

(BM) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies of 

colloidal gold (15nm). Immunogold labeling (IGL) on only two bacterial cells indicated 

high specificity of polyclonal antibodies with surface protein of Bradyrhizobium strain 

MN-S (BM) whereas, three bacterial cells present in intercellular space (IS) surrounded by 

thick cell walls (CW) shows other strains of bacterial cells.  
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Fig.3.38 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium strain TAL-102 in the field grown mungbean nodule   

Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold labeling procedures of Bradyrhizobium strain TAL-

102 (BT) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies 

of colloidal gold (15nm). Immunogold labeling (IGL) on only two bacterial cells, present 

in the close proximity of nucleus (Nu) indicated high specificity of polyclonal antibodies 

with surface protein of Bradyrhizobium strain TAL-102 (BT). 
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Fig.3.39 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Agrobacterium sp. Ca-18 in the field grown mungbean nodule 
Ultrathin sections of mungbean nodule inoculated with mix bacterial inoculants in field 

experiment, processed by immunogold-labeling procedures of Agrobacterium sp. Ca-18 

(AC) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies of 

colloidal gold (15nm). Immunogold labeling (IGL) on bacterial cell indicated high 

specificity of polyclonal antibodies with surface protein of Agrobacterium sp. Ca-18 (AC).  

 

AC 

   IGL 

 

50K 



                                                                                                                                                         

 

 

 

 

 

 

 

 

 

 

Fig.3.40 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Agrobacterium sp. Ca-18 in the field grown mungbean nodule 
Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold-labeling procedures of Agrobacterium sp. Ca-18 

(AC) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies of 

colloidal gold (15nm). Immunogold labeling (IGL) on only two bacterial cells, indicated 

high  specificity of polyclonal antibodies with surface protein of Agrobacterium sp. Ca-18 

(AC). 
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Fig.3.41 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium strain MN-S in the field grown mungbean nodule 

  Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold-labeling procedures of Bradyrhizobium strain MN-

S (BM) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies 

of colloidal gold (15nm). Immunogold labeling (IGL) on bacterial cell within and outside 

(B) vacuole of nodule cell indicated high specificity of polyclonal antibodies with surface 

protein of Bradyrhizobium strain MN-S (BM). (A) overview of the section at low 

resolution showing bacterial occupation and entrance in vacuole by piercing the tonoplast. 
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Fig.3.42 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium strain MN-S in the field grown mungbean nodule 

Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold-labeling procedures of Bradyrhizobium strain MN-

S (BM) pre treating with purified antibodies cross linked with goat-anti-rabbit antibodies 

of colloidal gold (15nm). Immunogold labeling (IGL) on bacterial cell in the close 

proximity of nucleus (Nu), within and outside vacuole (V) of nodule cell indicated high 

specificity of polyclonal antibodies with surface protein of Bradyrhizobium strain MN-S 

(BM).  

IGL 

   V 

Nu 

BM 

20K 



                                                                                                                                                         

 

 

 

 

 

 

 

 
 
 

Fig.3.43 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium strain TAL-102 in the field grown mungbean nodule 

Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold labeling (IGL) procedures of Bradyrhizobium strain 

TAL-102 (BT) pre treating with purified antibodies cross linked with  goat-anti-rabbit 

antibodies of colloidal gold (15nm).(A) Overview of a nodule section showing bacterial 

occupation in intercellular space. Thick cell wall (CW) is also clear in this segment (B) 

TEM at high magnification showing gold labeling (IGL) on Bradyrhizobium strain TAL-

102 (BT).  
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Fig.3.44 Transmission Electron Micrographs (TEM) of Immunogold labeling on 

Bradyrhizobium strain TAL-102 in the field grown mungbean nodule 

Ultrathin sections of mungbean nodule inoculated with Mix bacterial inoculants in field 

experiment, processed by immunogold-labeling (IGL) procedures of Bradyrhizobium 

strain  TAL-102 (BT) pre treating with purified antibodies cross linked with goat-anti-

rabbit antibodies of colloidal gold (15nm). Contrast of gold labeled and unlabelled 

bacterial cells is evident showing high specificity of polyclonal antibodies with surface 

protein of only one bacteria under focus  i.e. Bradyrhizobium strain TAL-102 (BT).   
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Fig.3.45 Transmission Electron Micrographs (TEM) of Immunogold labeling on bacteroids of 

Bradyrhizobium strain TAL-102 in the field grown mungbean nodule 

Ultrathin sections of mungbean nodule inoculated with Bradyrhizobium strain TAL-102 in 

field experiment, processed by immunogold-labeling (IGL) procedures of Bradyrhizobium 

strain TAL-102 (BT) pre treating with purified antibodies cross linked with goat-anti-rabbit 

antibodies of colloidal gold (15nm). This picture shows symbiosome of immunogold-

labeled Bradyrhizobium strain TAL-102 colonized in nodule cells. 
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3.9  Molecular characterization of arbuscular mycorrhizae            

 

3.9.1 Arbuscular mycorrhizal (AM) diversity analysis in mungbean roots 

  

Morphological localization can give only limited information on the species of fungi 

involved. We therefore characterized colonized arbuscular mycorrhizae on molecular 

bases.           

                                                   

 

                     

 
 

 
 
 

Fig. 3.46 PCR amplification of arbuscular mycorrhizal partial 18S rRNA gene with 

fluorescently labeled primers 

A 550bp DNA fragment of  arbuscular mycorrhizal 18s rRNA gene was amplified with 

high fidelity Expand DNA polymerase enzyme using primer pair of VIC-AM1 and FAM-

NS31 as described in section  2.15.4.  

M=100bpDNA marker (Promega Cat. No. G2101), gel picture A, B and C = amplified 

PCR product (550bp) for 18S rRNA gene of arbuscular mycorrhizal fungus of different 

samples.  
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Fig. 3.47 PCR amplification of arbuscular mycorrhizal partial 18S rRNA gene 

A 550bp DNA fragment of  arbuscular mycorrhizal 18s rRNA gene was amplified with 

high fidelity Expand DNA polymerase enzyme  with primer pair of AM1 and NS31 as 

described in section  2.15.4. for 12 different selected samples. 

M=100bpDNA marker (Promega Cat. No. G2101) 
 

 
 

 
 
 

Fig.3.48 Isolation of  StrataClone PCR cloning vector pSC-A-Amp/Kan ligated with PCR 

product (550bp)  of arbuscular mycorrhizal 18S rRNA gene for sequencing of 

different samples   

M=1kb DNA marker (Promega Cat. No. G2101) 

M    1     2      3     4     5      -     7     -      9    10   11    12   13   14   +ve control 
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TRFLP analysis of the digested PCR products using Hinf 1 and Hsp 92II  reveals total 

120 types of TRFs (63 types TRFs with 3’end libeled  and 57 types with 5'end labeled) 

from 112 DNA samples of both mungbean (test crop) and onion (inoculum crop). We 

selected total 12 DNA samples showing maximum number of TRFs and obtained 187 

clones from these roots of different treatments and time points. Out of these 187 

sequences 6 were found as Fusarium type of Ascomycetes and remaining 181 

sequences belonged to AM. Sequences belonging to Fusarium sp. were wiped out for 

further analysis. Sequencing confirmed that RFLP types sampled by the NS31-AM1 

PCR could be grouped into 81 clusters (sequence types). 

 

Terminal Restriction fragments (TRFs) with both Hinf 1 and Hsp 92II showed that 

mycorrhizal community is significantly different within the treatments (Fig. 3.49 & 

3.50) and time points (Fig. 3.51) of mungbean growth for both 3
'
 and 5

'
 end TRFs. 

There was no clear interaction evident (Fig. 3.52 & 3.53) between the factors as 

represented in the Table 3.11. 

 

Multivariate analysis of 3' end TRFs with Hinf 1 enzyme showed 29 % of the total 

variation in first dimension (PC 1) while 5'end TRFs showed 50.93 % of the total 

variation in the AM community in different treatments and time point of the mungbean 

growth. Similarly 71 % and 32 % of the total variation have been observed for 3' and 5' 

end TRFs respectively both for different treatments and time points.  

 



                                                                                                                                                         

 

 

 

Table 3.11  TRFLP analysis of arbuscular mycorrhizal  DNA 

 

          (through Principal Component (PC) analysis) 

 

 

3'TRFs with Hinf 1 

 

Source of variance    PC1 PC2 PC3 PC4 PC5  

Treatment     *** ns ns ns ns  

Time     *** *** *** *** *** 

Treatment . time interaction  ns *** *** ** ** 

% variation        29 13 11 8 7 

 

3'TRFs with Hsp 92II 

 

Source of variance            PC1 PC2 PC3 PC4 PC5  

Treatment     *** ns *** ** *** 

Time     *** ns *** *** *** 

Treatment . time interaction  ns ns *** ns ns 

% variation                         71 11 6 3 2 

 

5'TRFs with Hinf 1  

 

Source of variance           PC1 PC2 PC3 PC4 PC5  

Treatment     *** *** *** ns ns 

Time     ** ns *** ** *** 

Treatment . time interaction  ns ns *** ns ** 

% variation                         50.93 22.24 7.43 5.14 3.77  

 

5' TRFs with Hsp 92II 

 

Source of variance            PC1 PC2 PC3 PC4 PC5  

Treatment     *** *** *** ns ** 

Time     ** *** *** ** *** 

Treatment . time interaction  ns ns ns *** ** 

% variation                         32 22 15 7 7 

 

 

Note: 3' TRFs    = Terminal fragments from 3' end, labeled with green fluorescent dye 

           5' TRFs   = Terminal fragments from 5' end, labeled with blue fluorescent dye 

           Hsp 92II = Restriction enzyme 

          Hinf 1      = Restriction enzyme 

            PC          = Principal component  

            ***         = Highly significant different 

             ns          = Non significant different 



                                                                                                                                                         

 

 

Analysis of 3' end TRFs with both Hinf 1 and Hsp 92II (Fig. 3.49 A & B) showed that 

Treatment T2 (AM) contained a significantly different mycorrhizal community as 

compared to the other treatments in which bacterial inoculum was applied singly or in 

combination with mycorrhizae. Moreover, treatment T4 (Uninoculated control) showed 

remarkable difference from treatment T2 (AM) by considering computed data of 3'end 

TRFs with Hsp 92II. The mycorrhizal community in treatment T1 (Mix bacterial 

inoculants + AM) and T3 (mix bacterial inoculants) are not very dissimilar to each 

other but are significantly different from treatment T2, where only mycorrhizae have 

been applied (Fig. 3.49 A). Similarly 5' end TRFs with both Hinf 1 and Hsp 92II 

symbolize significantly different arbuscular mycorrhizal community in treatment T2 

(AM) compared to the other three treatments. AM community in treatment T1 and T3 is 

not very much dissimilar. Moreover, treatment T2 and T4 showed remarkable 

difference (Fig. 3.49 B).  

 

A clear temporal effect have been observed on mycorrhizal colonization in mungbean 

roots showing that change in the AM community structure  is driven by time point. Fig. 

3.51 A indicates TRFs analysis of 3' and 5'ends with Hsp 92II enzyme, in which clear 

temporal change in AM community structure can be seen from early time point to 

mature time point. AM community structure in T2 is quite different from rest of the 

treatments. If we observe along the dimension 1 (PC 1) then T2 is more towards the +ve 

side of the graph while T3 and T4 are more towards –ve side showing difference in 

mycorrhizal community in these treatments, while along dimension 2 (PC 2), T1 is 

more  towards +ve  side of the graph as compared to rest of the treatments. 

Conclusively, AM community structure is influenced by different treatments where 

bacterial inoculum have been applied singly or in combination with external AM 

inoculum. 

 

Time point interactions again showed clear temporal effect (Fig. 3.51 B) on AM 

community by considering TRFs of 3' and 5' ends with Hinf 1enzyme. Figure 3.51 B 

also represents sudden change in the mycorrhizal community structure from 20 days 

after sowing (DAS) to 34 days after sowing (DAS). Almost similar type of mycorrhizal 



                                                                                                                                                         

 

 

community structure was found in middle of mungbean growth period. Moreover, a 

sudden change have been observed from middle (45, 60 DAS) to late point of time (75 

DAS). In Fig. 3.51 B, along PC1 different community structure has been observed in 

T2 as compared to the other treatments. Moreover, AM community in T1, T2 and T4 

was more or less similar. While along PC2, Treatment T4 showed quite different AM 

community structure as compared to T3. Conclusively AM colonization in mungbean 

influence differently in T4 (indigenous population of bacteria and AM) compared to T2 

and T3 where external AM and bacterial inocula have been applied. 

 

Figure 3.52 shows significantly different mycorrhizal community in treatment T2 (AM) 

as compared to other treatments (red circle in graph). Moreover, early time point (34 

DAS) of mungbean growth period shows similar mycorrhizal communities in all 

treatments (pink circle in graph) and the same was found for late time point (75 DAS) 

as shown in blue circle of graph (Fig. 3.52).  

 

Figure 3.53 clearly shows that the arbuscular mycorrhizal community of treatment T2 

(AM) was significantly different from the other three treatments. Significant differences 

have also been observed between the arbuscular mycorrhizal community at early and 

late time points during mungbean growth period. Comparative effect of treatments and 

time points on AM fungal community colonized in mungbean roots is also summarized 

in Fig 3.54 by computing restriction fragments of AM fungal SSU rRNA gene (from 

3'and 5'end) with Hinf 1enzyme based on multivariate approach of principal component 

(PC) analysis. 

 

By considering the loading profile, samples those showed maximum variability were 

selected for sequencing to allow the arbuscular mycorrhizal fungi to be genetically 

characterized. For this purpose, 12 samples were selected to give broad coverage of the 

genetic diversity present, and after cloning and sequencing of more than 181 clones it 

was found that most of the mycorrhizal fungi belong to genus Glomus. Out of these 181 

sequences, sequences which showed a significant dissimilarity among themselves were 

selected to submit in NCBI database under the following accession numbers, FJ913017, 



                                                                                                                                                         

 

 

FJ913018, FJ913019, FJ913020, FJ913021, FJ913022, FJ913023, FJ913024, FJ913025, 

FJ913026, FJ913027, FJ913028, FJ913029, FJ913030, FJ913031, FJ913032, FJ913033, 

FJ913034, FJ913035, FJ913036, FJ913037, FJ913038, FJ913039, FJ913040, FJ913041, 

FJ913042, FJ913043, FJ913044, FJ913045, FJ913046, FJ913047, FJ913048, FJ913049 

 



                                                                                                                                                         

 

 

 

TRFLP analysis of arbuscular mycorrhizal community in roots  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

 

  

 

Fig. 3.49   Effect of treatments on AM fungal community colonized in mungbean roots 

Effect of treatments on AM fungal community was estimated by computing restriction           

fragments of AM fungal SSU rRNA gene (A) from 3'end and (B) 5'end restricted with Hsp 

92II and Hinf 1 enzymes based on multivariate approach of principal component (PC) 

analysis. 
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Fig. 3.50 Comparative effect of treatments on AM fungal community colonized in mungbean 

roots 

Effect of treatments on AM fungal community was estimated by computing restriction   

fragments of AM fungal SSU rRNA gene (from 3'and 5'end) restricted with (A) Hsp 92II 

and (B) Hinf 1enzymes based on multivariate approach of principal component (PC)   

analysis. 
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Fig. 3.51 Effect of time points on AM fungal community colonized in mungbean roots  

Effect of time point on AM fungal community was estimated by computing restriction 

fragments of AM fungal SSU rRNA gene (from 3'and 5'end) with (A) Hsp 92II (B) Hinf 

1enzymes based on multivariate approach of principal component (PC) analysis. 
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Fig. 3.52 Effect of treatment and time point interactions on AM fungal community colonized in   

mungbean roots 
Effect of  treatment and time point interactions on AM fungal community was estimated by 

computing restriction fragments of AM fungal SSU rRNA gene (from 3'and 5'end) with Hinf  1 

enzyme based on multivariate approach of principal component (PC) analysis. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.53 Effect of treatments and time points on AM fungal community colonized in mungbean roots 

Effect of treatments and time points on AM fungal community was estimated by   computing 

restriction fragments of AM fungal SSU rRNA gene (from 3'and 5'end) with Hsp 92II and Hinf  1 

enzymes based on multivariate approach of principal component (PC) analysis. 
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Fig. 3.54 Comparative effect of treatments and time points on AM fungal community colonized 

in mungbean roots 

Effect of treatments and time points interactions on AM fungal community by computing 

restriction fragments of AM fungal SSU rRNA gene (from 3'and 5'end) with Hinf 

1enzyme based on multivariate approach of principal component (PC) analysis. 
 

                  Note: Red color = T1, Yellow color = T2, Green color = T3, Blue color = T4 



                                                                                                                                                         

 

 

3.10  Molecular characterization of soil bacteria  

 

3.10.1 Bacterial diversity in rhizospheric and bulk soil  

         

TRFLP analysis of the bacterial community in the rhizosphere of mungbean plants 

showed that none of the treatments have any significant effect on the bacterial 

community, although the bacterial community structure was significantly different at 

different points of time through out the mungbean growth period (Table 3.12 & Table 

3.13).  Moreover, rhizospheric soil also showed a different bacterial community 

structure compared to bulk soil (collected further from the roots but from the same 

treatment replicate). 

 

 

Fig.3.55 PCR amplification of bacterial partial 16S rRNA gene with fluorescently labeled  

primers 

A 1.5kb DNA fragment of arbuscular mycorrhizal 16S rRNA gene was amplified with 

Platinum Taq DNA polymerase enzyme using primer pair of 16F27 and 1392R as 

described in section 2.16.3.  

M=1kbDNA marker (Promega Cat. No. G5711) 
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TRFLP analysis of rhizospheric soil and bulk soil for both 5' and 3' ends separately 

shows that the application of bacterial and mycorrhizal treatments had no significant 

effect on the bacterial communities of either soil sample.  However, the bacterial 

communities were significantly affected by time during mungbean growth cycle. 

 

3'end Terminal restriction fragments (TRFs) with Alu1 enzyme showed non 

significance of treatments and  high significance of time point  and soil type on 

bacterial community structure. Similarly 34.84 % of the total variation depicted non 

significance of treatments on bacterial biodiversity while time point and soil type again 

showed significant effect on bacterial community. As TRFLP analysis was performed 

for both bulk soil and rhizospheric soil so non significant affect of treatments have been 

observed in rhizospheric soil for 3' end TRFs while in bulk soil treatments proved to be 

significant regarding its effect on bacterial community. 5' end TRFs represented 

significant effect of treatment both in bulk soil and rhizospheric soil. Moreover, time 

point is the common factor of significance for bacterial biodiversity in rhizospheric as 

well as bulk soil.  



                                                                                                                                                         

 

 

Table 3.12  TRFLP analysis of bacterial DNA from rhizospheric and bulk soil 

                   (through Principal Component (PC) analysis) 

 

 

3' TRFs of  Bulk soil with  AluI  

 

Source of variance          PC1 PC2 PC3 PC4 PC5 

Treatment     ns ns ns ns ns 

Time     *** *** *** *** *** 

Treatment . time interaction  ns ns ns ns ns 

% variation                         49.95 15.43 7.91 6.46 4.73 

 

3' TRFs of  Rhizospheric soil with  AluI  

 

Source of variance            PC1 PC2 PC3 PC4 PC5 

Treatment     *** ns *** ** *** 

Time     *** ns *** *** *** 

Treatment . time interaction ns ns *** ns ns 

% variation        39.04 14.25 11.46 6.78 5.61   

                 

5' TRFs of  Bulk soil with  AluI  

 

Source of variance            PC1 PC2 PC3 PC4 PC5 

Treatment     *** *** *** ns ns 

Time     ** ns *** ** *** 

Treatment . time interaction  ns ns *** ns ** 

% variation    18.44 17.23 12.43 8.53 6.29 

 

5' TRFs of  Rhizospheric soil with  AluI  

 

Source of variance            PC1 PC2 PC3 PC4 PC5 

Treatment     *** *** *** ns ** 

Time     ** *** *** ** *** 

Treatment . time interaction  ns ns ns *** ** 

% variation                        23.46 13.96 9.49  8.44 6.48 

 

 

 

Note: 3' TRFs  = Terminal fragments from 3' end,  labeled with green fluorescent dye 

           5' TRFs = Terminal fragments from 5' end,  labeled with blue fluorescent dye 

           AluI       = Restriction enzyme 

            PC         = Principal component  

            ***        = Highly significant different 

             ns         = Non significant different 



                                                                                                                                                         

 

 

 

 

Table 3.13  TRFLP analysis of bacterial DNA from soil 

 

         (through Principal Component (PC)Analysis) 

 

 

 3'TRFs of Alu1  

Source of variance   PC1 PC2 PC3 PC4 PC5 

Treatment    ns ns ns ns ns 

Time point    *** *** *** *** *** 

Soil      *** *** ns ns *** 

Treatment . time interaction ns ns ns ns ns 

Treatment . soil interaction   ns ns ns * ** 

% variation    38.4 14.15 9.32 5.65 5.04 

 

5'TRFs of Alu1 

Source of variance   PC1 PC2 PC3 PC4 PC5 

Treatment    ns *** ns *** ** 

Time point    ** *** *** *** *** 

Soil     *** ** ns *** ns 

Treatment . time interaction ns *** *** *** ns 

Treatment . soil interaction   ** ns ns ns ns  

% variation    24.58 12.1 10.26 6.46 4.5 

  

 

Note: 3' TRF = Terminal fragment from 3' end, labeled with green fluorescent dye 

           5' TRF = Terminal fragment from 5' end, labeled with blue fluorescent dye 

           AluI     =  Restriction enzyme 

            PC      =  Principal component  

            ***     =  Highly significant different 

             ns      =   Non significant different 

 

 

 

 

 

 

 

 

 



                                                                                                                                                         

 

 

3' Terminal Restriction Fragments (TRFs) of bacterial DNA with Alu1 enzyme showed 

non significant change in bacterial community in bulk soil under the effect of different 

treatments while significantly different bacterial community structure was observed at 

different time points of the mungbean growth period. 

 

By categorizing soil into rhizospheric soil (close to the roots) and bulk soil (distant 

from the roots), 5' TRFs of bacterial DNA for both bulk and rhizospheric soil  showed 

significantly different bacterial population in different treatments (Fig. 3.56 A) and at 

different time points (Fig. 3.57 A). Principal Component analysis of 3' end TRFs of 

both soils (rhizospheric and bulk) again showed significantly different bacterial 

community structure both under the effect of different treatments (Fig. 3.56 B) as well 

as at different time points (Fig.3.57 B) of mungbean growth period. Moreover, different 

bacterial community of treatment T2 (AM) from the other three treatments was 

observed as shown in Figure 3.56 A & B. 

 

Figure 3.57 A clearly shows that the bacterial community at 75 days after sowing 

(DAS) is significantly different from the other three time points. Moreover, bacterial 

community at early time point (34 DAS) of mungbean growth period is significantly 

different from the late time point (75 DAS). Similarly, significantly different bacterial 

community can be seen in rhizospheric and bulk soil as shown in figure 3.57 A & B. 

Moreover, significantly different community structure was found in rhizospheric and 

bulk soil through TRFLP analysis (Fig. 3.58) with significant temporal effect on the 

bacterial community structure during the growth period of mungbean crop.   

 

 

 

 

 

 



                                                                                                                                                         

 

 

TRFLP analysis of Bacterial Community                         
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

 

 

Fig. 3.56 Effect of treatments on bacterial community 

Effect of treatments on bacterial community was estimated (A & B) by computing 

restriction fragments of eubacterial SSU rRNA gene (from 3' and 5' end) with Alu1 

enzyme based on multivariate approach of principal component (PC) analysis. 

                          PC1 vs PC2  

                 5' TRFs with Alu1 for Treatment  

 T4 

 T3 

 T2 

 T1 

0 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.1 

-0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

PC1 

PC2 

(A) 

                            PC1 vs PC2                                                                      

 3' TRFs with Alu1 forTreatment  

 

 T4 

 T3 

 T2 

 T1 

-0.025 

-0.02 

-0.015 

-0.01 

-0.005 

0 

0.005 

0.01 

0.015 

0.02 

0.025 

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 

PC1 

PC2 

(B) 



                                                                                                                                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.57 Effect of time points on bacterial community 

Effect of time points on bacterial community (A & B) by computing restriction fragments 

of eubacterial SSU rRNA gene (from 3' and 5' end) with Alu1 enzyme based on 

multivariate approach of principal component (PC) analysis. 
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Fig. 3.58 Effect of soil type on bacterial community 

Effect of soil type on bacterial community was estimated by computing restriction 

fragments of eubacterial SSU rRNA gene (from 5' end) with Alu1 enzyme based on 

multivariate approach of principal component (PC) analysis. 
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Chapter-IV 

        Discussion 

 

Pulses are cheap source of vegetable protein, containing 20-25 % protein and are 

known as poor man’s meat in the developing countries. Mungbean (Vigna radiata) is 

prized among all pulse species because it is easily digestible pulse and it’s production 

has remained static during the last decades. According to a report, it is grown in 

Pakistan on 197.6 thousand hectares with the production of 91.2 thousand tones of 

grain annually giving an average yield of 461.5 kg ha
-1

 (Anonymous, 1998) which is 

much below the harvested potential of our existing varieties. Therefore, it is necessary 

to improve the weak chain of crop production through different practices. Being a 

legume crop, mungbean requires less nitrogen but phosphorus is considered important 

to get high yields per unit area. Moreover, mungbean is naturally nodulating crop and 

the degree of nodulation varies with the area and bacterial inoculum being used. The 

present study was designed to observe the response of mungbean to different bacterial 

inoculants and indigenous mycorrhizal population for realizing the maximum yield 

potential under inoculated and uninoculated soil conditions.  

 

4.1 Plant infectivity test 

 

Inoculation of legumes with induced rhizobial strains is regular practice in majority of 

legume cropping system. Mycorrhizal inoculation with highly efficient strains has also 

been optional as a nutrient management strategy (Brockwell et al., 1995; Hamel, 

1996). It is manifested from available data that a broad array of microbial strains may 

form effective nodules. In our studies, plant infectivity and ARA tests showed 

effective root nodule formation by Bradyrhizobium strain MN-S and TAL-102 in 

mungbean roots, except Agrobacterium sp. Ca-18, that failed to induce nodules on 

mungbean roots, but had shown homology to a typical Rhizobium strain on the basis of 

growth pattern and carbon source utilization (Hameed et al., 2004 ). Plant infectivity 

test discriminated Agrobacterium sp. Ca-18 from other effective nodule forming 

strains of Bradyrhizobium strain MN-S and TAL-102. Moreover, root proliferation and 



                                                                                                                                                         

 

 

more number of nodule was an important feature of the mix bacterial inoculants 

(Bradyrhizobium strain MN-S, TAL-102 & Agrobacterium sp. Ca-18). 

 

4.2  Field survey 

 

As mycorrhizae is not culturable without host plant so a field survey was carried out 

for the selection of mycorrhizal host plant. It was found that the mycorrhizal fungi 

colonized almost all selected crops like onion, garlic, clover and mungbean confirming 

that AM fungus is an integral part of the root system of almost all plant in the tropics, 

not only under natural conditions but also in crop cultivation. Depending upon the 

degree of AM infection and diverse availability of the crop, onion crop was selected as 

a source of inoculum for further experimental work. 

 

4.3  Field experiment 

 

One of the main objectives of our study on beneficial soil micro-organisms, was to 

obtain potential bacterial and mycorrhizal strains that can be used as biological 

fertilizers. The production of growth hormones has been reported in Rhizobium, 

Bradyrhizobium and many other genera (Dazzo et al., 2000; Rasul et al., 1998). The 

rhizobial strains that can fix nitrogen and also produce growth hormones can increase 

root length and hence the growth of the plant (Hafeez et al., 2000; Sardar, 2000). 

Earlier studies also expressed that a number of phosphate solubilizing bacterial strains 

can increase the availability of phosphorus to plants by mineralizing organic 

phosphorus compound and by converting inorganic phosphorus into more available 

form (Baryosef et al., 1999; Marschner, 1995). Considering this property, in field 

experiment, Agrobacterium sp. Ca-18 (IAA producer and phosphate solubilizer) was 

applied singly and as multi strain inocula with Bradyrhizobium strain MN-S and 

Bradyrhizobium strain TAL-102 (IAA producer and N fixer) as  biofertilizer to explore 

its potential for increased growth and grain yield. Our results indicate increase in fresh 

and dry weight of plant, nodulation, nitrogen content and grain yield of mungbean. 

Moreover, application of the consortia of these potential bacterial strains along with 



                                                                                                                                                         

 

 

arbuscular mycorrhizae (identified as Glomus after extensive molecular 

characterization) showed remarkable increase in all growth parameters especially for 

nutrient uptake (P, K and Ca) and the grain yield. 

 

4.4 Physiological characteristics 

 

In the present study, the combined inoculation of N2 fixing and phosphate solubilizing 

bacteria with AM enhanced the dry matter and yield of mungbean plant, thus 

suggesting that the nitrogen fixer, phosphate solubilizing bacteria and AM were 

compatible microbes, exhibiting a synergistic interaction amongst each other that 

contributes to substantially by improving the nutrition of mungbean  plants. 

 

We observed in our experiment that fresh and dry weight of the mungbean plants, 

colonized with arbuscular mycorrhizal fungi, at all stages of harvests, was higher than 

non mycorrhizal plants. Moreover, in the present study, the combine inoculation of N2 

fixers and phosphate solubilizing bacteria increased the measured parameters 

substantially over the control or from the single strain inoculation treatment, whereas 

mix bacterial inoculants along with AM proved  best regarding all growth parameters 

over single bacteria & mycorrhizal treatment. A credible elucidation for superior effect 

of combined inoculation may be the additive beneficial effect of these microorganisms, 

which provided a supplementary balanced nutrition to the plants in addition to the 

phytohormone availability. 

 

At first harvest (25 DAS) maximum number of nodules was observed in treatment of 

Bradyrhizobium strain MN-S (N2 fixer) & AM followed by AM alone treatment, 

whereas least number of nodules was observed in Agrobacterium sp. Ca-18 treatment. 

At second harvest (45 DAS) mix bacterial inoculants & AM produced maximum 

number of nodules again followed by AM treatment alone. Moreover more number of 

nodules was observed at second harvest as compared to first harvest. However, an 

effective mycorrhizal colonization seems to affect nodulation and nitrogen fixing 

ability. As we conducted field trial on the soil with previous cultivation history for 



                                                                                                                                                         

 

 

different crops. Even so, the uninoculated plants were nodulated indicating the 

presence of indigenous rhizobial population in these soils, perhaps resulting from 

cultivation of the legumes, or from natural bacterial colonization of the soil via water 

and wind movement. Conclusively our results support the evaluation of the effect of 

dual bacterial and inoculation of mungbean under field conditions as a way of 

enhancing plant growth and yield. 

 

In our experiment, the presence of mycorrhizal association had a positive impact on 

nutrient uptake and biomass production but AM infection did not have significant 

effect on nodule mass. Moreover, plants with both Rhizobium and AM inoculation 

accumulated maximum phosphorus. The findings of our experiment are consistent 

with other observations (Xavier and Germida, 2002; Xavier and Germida, 2003) of the 

positive impact of the synergistic interactions between AM and Rhizobium on legume 

crops. The magnitude of the increase in biomass production and nodulation in the 

presence of both Rhizobium and AM  is linked with phosphate supply as a direct 

consequence of AM colonization as reported previously (Li et al., 1991)  or as an 

indirect consequence of Rhizobium infection that had positive effect on N2 

accumulation, biomass production and nodulation. The enhancement of growth of 

inoculated plants was reflected in almost all growth parameters measured in this 

experiment. Similarly increase in biomass production was also reported by Al-Karaki 

(Al-Karaki, 2000; Al-Karaki et al., 2001). 

 

The observed synergistic effect of bacteria and AM on mungbean in this study could 

be due to N2 fixation, phosphate solubilization, nutrient uptake, release of growth 

promoting substances (Arshad and Frankenberger, 1998) or abundance of 

advantageous microorganisms in the rhizosphere (Leios and Vacek, 1994). In 

conclusion the present study suggest that the combined application of mix bacterial 

inoculants and AM fungus was more effective than other inoculation treatments and 

are suggested to be important bio-resource for efficient bio-inoculant development for 

mungbean productivity. 

 



                                                                                                                                                         

 

 

4.5 Nutrient uptake 

 

Numerous greenhouse and field experiments have demonstrated conclusively that 

plants colonized by AM fungi are much more efficient in taking up soil phosphorus 

than non-AM plants (Asmah, 1995; Augé et al., 1994; McGonigle and Miller, 1993; 

Smith and Gianinazzi-Pearson, 1988). Medeiros et al. (1994) observed significantly 

positive correlation between biomass and nutrient content in sorghum. Similar growth 

responses in some tropical forage legumes and grasses have been reported by other 

workers (Crush, 1974; Munns and Mosse, 1980; Saif, 1986 ) but the extent of increase 

of each element differed depending on the plant species and the experimental 

conditions (Crush, 1974; Manjunath et al., 1984 ; Mosse et al., 1976). In the present 

study, the higher shoot mass of AM plants can be attributed to increased nutrient 

uptake by mycorrhizae. 

 

In our experiment, it was noteworthy that AM infected plants exhibited reduced Na 

uptake by root and shoot tissues, as compared to the uninoculated controls. 

Mycorrhizal inoculation of mungbean prevented Na
+
 translocation to shoot tissues. 

The accumulation of Na
+
 is strongly influenced by the form of N available (NO3

- 
or 

NH4
+
) and may also be influenced by the synthesis and storage of polyphosphate as 

well as by other cations, particularly K
+
 (Giri et al., 2003). Hence, mycorrhizal plants 

had less Na
+
 intake compared to non mycorrhizal plants. We found that increased P 

resulted in decreased Na
+
, which is indirectly related to Ca

++
 uptake. Similar findings 

have previously been reported by Plaut and Grieve in 1988. In the present 

investigation, a higher concentration of Ca
++

 was observed in mungbean plants as a 

result of AM colonization, which suggests that mycorrhizal fungi reduce the 

antagonistic effect of Na
+
. This work demonstrates the potential importance of VA 

mycorrhizae in growth and mineral nutrition of mungbean. It has also been reported 

that total mineral uptake by plants generally corresponded to their enhanced growth. 



                                                                                                                                                         

 

 

4.6 Phosphorus uptake 

 

It is well known that the AM fungus improves the P uptake of associated host plants 

(Read and Perez-Moreno, 2003), which in turn enhances plant growth and N2 fixation 

(Bethlenfalvay and Yoder, 1981; De Mooy, 1973 ; Graham and Arosas, 1979). 

Phosphorus nutrition appeared to be the major factor influencing growth and 

nodulation of different species. Low phosphorus availability is the limiting factor for 

plant growth in more than 60 % of tropical soil and this particularly affects symbiotic 

legumes which usually have high phosphorus requirements than non symbiotic plants 

(Vadez et al., 1997). Under low availability of phosphorus, phosphorus uptake in 

legumes (colonized by vesicular arbuscular fungi) enhances growth of host plant and 

also stimulates N2 fixation (Asimi et al., 1980; Bethlenfalvay and Yoder, 1981; 

Carling et al., 1978 ). When phosphorus availability is extremely low, growth of both 

symbionts is inhibited (Bethlenfalvay and Yoder, 1981).  

 

The trial site in our experiment was low both in P and nitrogen, which is quite 

conducive for the establishment of mycorrhizal (Hayman, 1986)  and rhizobial 

symbiosis with plant roots. Mungbean crop grew very well in the presence of half 

recommended dose of DAP along with biological nitrogen fixation by rhizobia with no 

nitrogen added, since N contents in plant were high. Application of N2 fixing bacteria, 

phosphate solubilizing bacteria and AM fungus in the present investigation exhibited 

an additive effect and significantly improved the nodulation, biomass production, 

nutrient uptake and grain yield of mungbean. The infectivity of the experiment also 

shows the ability of mungbean to form mycorrhizal association particularly with 

Glomus sp. It also showed that Glomus mosseae can compete favorably among the 

varieties of other soil fungi, and is present in reasonable quantity. The enhanced 

growth resulting from co-inoculation of bacteria and mycorrhizae are in agreement 

with the findings of Singh (1995). Inoculation of mungbean with the fungus resulted in 

enhanced pant growth and eventual improvement in the yield. This growth increase is 

potentially due to the fungus for improved water and phosphorus uptake, also 

suggested by Harley and Smith (1983) and Sieverding (1991). Similar results have 



                                                                                                                                                         

 

 

been reported by other scientists (Asimi et al., 1980; Bethlenfalvay and Yoder, 1981), 

through combined application of beneficial bacteria and the mycorrhizae. 

 

4.7  Ultrastructure studies 

 

Sometime improvement in the symbiotic relationship between rhizobia and legumes 

may come from introducing the bacterial partner, the co-occupant. In general rhizobial 

inoculation is supposed as valuable strategy that introduces symbiotic gene into the 

soil. However, it is suggested that inoculation concurrently augments the scale of 

symbionts confrontation that may in turn, alter host benefits from the association 

(Kiers et al., 2002). High densities of rhizobial inoculum may end in better prevalence 

of nodule formation especially having different strains of rhizobia (Lindemann et al., 

1974). Though competition among rhizobial symbionts in the rhizosphere, 

predominantly between introduced and indigenous strains is acknowledged (Ames-

Gottfred and Christie, 1989; Gibson et al., 1990; Ham et al., 1971; Roughly et al., 

1976; Thies et al., 1991); competition studies between strains within a nodule 

remained comparatively unexplored. This may be the consequence of the common 

supposition that nodules only restrained one strain of rhizobia. We tried to explore the 

facts by studying rhizobial (single strain/consortia) infected nodules of mungbean 

through electron microscopy. In the present study nodulation was observed on 

mungbean plants when inoculated with Bradyrhizobium strains MN-S and TAL-102. 

Nodulation was not observed on mungbean roots when inoculated with Agrobacterium 

sp. Ca-18 alone. However, effective nodules were formed on plants co-inoculated with 

Bradyrhizobium strains MN-S, TAL-02 and Agrobacterium sp. Ca-18. The co-

occupancy was studied and confirmed through Immunogold labeling. Antisera raised 

against Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18 was 

used separately for incubation of the nodule sections formed by mix bacterial 

inoculants (Bradyrhizobium strains MN-S, TAL-102 and Agrobacterium sp. Ca-18). 

The reaction product was labeled with colloidal gold and the specific electron density 

produced by the gold particles was observed.  

 



                                                                                                                                                         

 

 

We found the co-existence of different bacterial strains (Bradyrhizobium strains MN-

S, TAL-102 and Agrobacterium sp. Ca-18) in the same nodule by Immunogold 

labeling method, confirming the co-occupancy of Agrobacterium with the nodule 

forming rhizobial cells. Moreover, we obtained the unique evidence of AM 

localization in the intercellular spaces of nodules surrounded with rhizobial occupied 

cells in mungbean root nodules. Our findings justify the accumulating evidences 

suggesting that when plants are exposed to high densities of bacterial inoculum, nodule 

cells can be infected by more than one strain of rhizobia (Demezas and Bottomley, 

1986; Lindemann et al., 1974; Nambiar et al., 1987; Rolfe et al., 1980; Stuurman et 

al., 2000; Trinick et al., 1983).  

 

Our experiment confirmed that Agrobacterium sp. Ca-18 can exist as co-occupant 

within the nodule formed by a rhizobial strain. The increase in nodule number due to 

co-inoculation with non-nodulating Agrobacterium sp. Ca-18 with nodulating 

Bradyrhizobium strains MN-S and TAL-102 shows the beneficial effect of 

Agrobacterium sp. Ca-18 strain as a phosphate solubilizer and it’s potential use as host 

plant inoculum. 

 

4.8  Confocal Laser Scanning Microscopy (CLSM) 

 

It was found that Confocal Laser scanning Microscope (CLSM) is better than light 

microscope because it eliminates all out-of-focus information and allows the 

microscope to collect information from thin layers within the specimen.  The 

microscope can be instructed to collect a series of these images at different depths 

throughout the specimen, which can be used to create 3-dimensional images. 

 

Confocal microscopy allows greater resolution than conventional light microscopy, but 

still allows live specimens to be examined.  No lengthy fixation or preparation is 

required before tissue can be viewed under the microscope.  In fact, it is possible to 

simply stick a leaf to a microscope slide using double-sided sticky tape. 

 



                                                                                                                                                         

 

 

Confocal microscopes use highly focused, high energy, laser light sources to provide 

distinct wavelengths of powerful illumination deep into the specimen.  Different 

wavelengths of light can be used to excite different fluoro-phores (natural fluorescent 

molecules) or fluoro-chromes (fluorescent dyes) within a specimen.  These in turn emit 

light of a distinct wavelength.  The detectors in the microscope can separate these 

emissions to produce images showing the distribution of many different fluorescent 

sources within a single tissue. 

 

The confocal takes images containing only in-focus information, compared to a 

standard light or stereo microscope. With standard microscopes you see and collect a 

deeper band of information containing both in-focus and out-of-focus information. 

Confocal microscopes have the potential to produce very clear and precise images. 

 

4.9  Molecular characterization 

 

It is well established that roots of the crop plants can be colonized simultaneously by 

more than one strain of mycorrhizae. Nuclear ribosomal RNA gene of AM fungi was 

first ever targeted in 1993 (Simon et al., 1993) as a mean to study the relationship 

between morphological and molecular divergence in an evolutionary context. Wider 

investigations on this genetic diversity are an important prerequisite to develop 

specific molecular tools to be used for diagnostic purposes. 

 

Approximately all credentials systems for AM are based on the ribosomal DNA 

(rDNA). The genes of this region of genome are accessible in high copy number and 

acquire highly conserved and hyper variable sequences, which allow distinguishing 

taxa at numerous diverse levels. Molecules other than DNA, e.g. fatty acids (Graham 

et al., 1995) or isozymes (Dodd et al., 1996) have been examined, but are not 

extensively used. DNA has the advantage that there are no problems with gene 

expression because genotypes are analyzed directly. Furthermore, phylogenetic 

analyses based on DNA sequences let undeviating conclusions about the evolutionary 

history and the relationship of the taxa in question. The largest obstruction for the 



                                                                                                                                                         

 

 

development of DNA-based molecular recognition techniques was removed by the 

introduction of the polymerase chain reaction (PCR) (Saiki et al., 1988). Only since 

this practice became accessible, the examinations of minute amounts of DNA from 

organisms became possible especially of AM that cannot be cultured axenically. A 

good number of authors have been targeting different parts of the ribosomal genes for 

molecular identification. Interestingly, the AM community in the agricultural sites was 

reduced to almost a single AM sequence type, corresponding to Glomus mosseae 

(Helgason et al., 1998).  

 

4.9.1 TRFLP analysis of arbuscular mycorrhizal DNA 

 

In our experiment DNA of 160 root samples was extracted. Arbuscular mycorrhizal 

DNA was amplified with fluorescent primer pair FAM-NS31 (3’ TTG GAG GGC AAG 

TCT GGT GCC 5’) and VIC-AM1 (3’ GTT TCC CGT AAG GCG CCG AA 5’). The AM1-

NS31 primer pair has frequently been used in several recent studies to test host 

specificity and to determine AM fungal diversity. These studies have been imperative 

to get information about the  community ecology and population biology of AM fungi. 

We found significant diversity of AM fungi in the roots of mungbean, which is 

consistent with previous studies, demonstrating the high degree of AM fungal diversity 

from the roots of various hosts (Helgason et al., 1998; Husband et al., 2002; 

Vandenkoornhuyse et al., 2002a; Vandenkoornhuyse et al., 2002b). 

 

The PCR product of 550 bp was obtained by this primer pair and then restricted with 

two different enzymes Hsp92II and Hinf I, for TRFLP analysis. The products were 

then analyzed on capillary sequencing machine for terminal restriction length 

polymorphism of AM in mungbean. Data was computed on excel and Genstat to get 

results in term of significance and % variability among different treatments and period 

of time. 

 

The data represented a temporal survey of AM colonization in mungbean using a 

molecular technique that permit the precise identification of the fungal sequence types 



                                                                                                                                                         

 

 

and consequently the community structure of the fungi. Sequence analysis shows the 

presence of one family Glomeceae in common. The primer combination NS31 and 

AM1 is reported to amplify sequences from the well-established families of the 

Glomales, i.e. Glomaceae, Acaulosporaceae and Gigasporaceae. However, the 

phylogenetic profundity of the AM fungi has significantly been extended by the 

discovery of the facts that some species have small sub unit (SSU) sequences that are 

considerably divergent, forming numerous novel clades outside the three traditional 

classified families. Investigation of the sequences and assessment of experimental tests 

have revealed that the NS31 and AM1 primers may amplify some, but not all, of the 

SSU sequences accounted from these groups. Possibly there may be additional AM 

fungi colonized in the roots, those could be examined otherwise, but may not be 

detected by this combination of primers and method. Currently, no fastidious method 

is available that could reliably perceive and recognize all the presently known AM 

fungi, while categorizing against other fungi. We have also observed a contrasting 

pattern of mycorrhizal colonization in the onion roots (source of mycorrhizal 

inoculum) as compared to the mungbean roots in this experiment. The change in the 

AM colonization in onion (winter crop) over mungbean crop (summer crop), 

confirmed by DNA studies, designates either seasonal/cyclic variation in colonization 

of mycorrhizae or preferences for diverse crops. Besides these periodic changes in 

colonization, fungal diversity also changes, illustrating higher diversity at different 

phases of plant growth. The supremacy of a small number of Glomus sequence types 

scrutinized in this study may reflect a steady state for legume systems. Spectacular 

shifts in the community structure of AM fungi have been observed in different studies. 

The present study also showed dominance of  Glomus species mungbean crop with 

temporal and spatial distinction. The ascendancy of Glomus species advocates its 

capability to endure under agricultural environment that may be inauspicious for the 

majority of AM fungi. 

 

One possible reason for dominance of Glomus species in such agricultural  practices 

may be related to differentiation in propagative units among the glomalean families. 

For example, the Glomaceae can colonize the plan roots via spores and fragments of 



                                                                                                                                                         

 

 

mycelium (Biermann and Linderman, 1983) In contrast, the Gigasporaceae is only 

capable of colonizing via spore dispersal or infection through intact mycelium 

(INVAM, 1993). Furthermore, it has been reported that anastomoses between mycelia 

may readily be constructed in Glomus in contrast to Gigaspora or Scutellospora those 

are not capable of this character. Glomus also has the ability to re-organize an 

consistent network after mechanical interruption of soil during ploughing, before 

sowing  of crop (Govannetti et al., 1999). Such differences elucidate the ascendancy of 

the Glomaceae in the soils where agricultural practices are being applied such as 

monotonous physical disturbance during ploughing, that ultimately show significant 

impact on the AM fungal population (Mulligan and Long, 1985). 

 

Conclusively, in the current study, application of the T-RFLP approach demonstrated 

that bacterial inoculants (nitrogen fixer, Phosphate solubilizer) exert an influence on 

AM fungi community composition of host plant.  

 

4.9.2  TRFLP analysis of bacterial DNA from soil 

 

 

Previously, the methods used for distinguishing microbial strains were morphological, 

physiological and biochemical features. However, the traditional methods of 

Rhizobium characterization, frequently fail in the identification of strains within a 

species. Hence, to obtain a better understanding of the role of microbial diversity in the 

maintenance of ecosystem, molecular methods that complement the traditional 

microbiological procedures have effectively been adopted for strain identification (Liu 

et al., 1997; Muyzer, 1999; Muyzer and Smalla, 1998; Wu and Tansley, 1993). 

 

TRFLP analysis of the bacterial community in the rhizosphere of mungbean plants 

showed that mix bacterial inoculants have no significant effect on the bacterial 

community, although the bacterial community structure was significantly different at 

different time points throughout the mungbean growth period. Moreover, rhizospheric 

soil also showed a different bacterial community structure as compared to bulk soil, 

collected further from the roots but from the same treatment replicate. 



                                                                                                                                                         

 

 

 

The soil volume under the influence of plant exudates and secretions, excreting out 

from plant roots is broadly defined as rhizosphere that also supports active microbial 

commodities of the bulk soil. Consequently, many interactions between plant-

microflora, plant-macro-fauna, microflora-macrofauna and soil-plant-microflora 

originate. These relationships are future categorized as positive (symbiotic) and 

negative (parasitic) relation ships. Among the positive relationships, symbiosis is 

significantly advantageous one that is formed between leguminous plant species and 

nitrogen fixing bacteria and mycorrhizal fingi that  occurr widely among plants. 

 
Micro-organisms in the rhizosphere prefer to occupy the volume of soil close to plant 

roots. Roots may extend to great lengths and depths, resulting the distribution of the 

microflora accordingly. It is commonly reported that the number of microbes decreases 

as the distance from the root increases. The depth of the roots, availability of moisture, 

oxygen and organic substrates indisputably control the allocation of rhizospheric 

microbial biota those normally diminish with depth. As the microbial communities are 

closely dependent upon the plant roots so, vegetation changes and successions 

significantly influence the rhizosphere biota. Elevated level of CO2 and organic acids 

are also pinpointing the presence of high microbial population and activity that 

ultimately improves solubilization of certain nutrients. Moreover, presence of aerobic 

bacteria in the rhizosphere exhausts O2 availability, creating anaerobic conditions, 

which may restrict root respiration as well as active uptake of nutrients. Anaerobiosis 

thus created, may favor the prominence of denitrifiers. Rhizosphere biota also favor 

plant growth by producing growth factors e.g. auxins, and forming symbiotic 

associations e.g. rhizobial and mycorrhizal types (Silver and Nkwiine, 2007).  

In contrast to bulk soil, where available organic carbon sources are only at low 

concentrations, rhizospheres are supplied with higher concentrations of nutrient 

sources generated during plant photosynthesis. This supply of carbon sources changes 

depending on the physiological status and age of a plant (Winding, 1994) and selects 

for dynamic heterotrophic microbial communities (Duinefeld et al., 1998). These 

communities normally consist of several bacterial species with different capabilities as 



                                                                                                                                                         

 

 

well as fungal mycelia. Bacterial colonization and selection of specific microbial 

communities in rhizospheres are potentially influenced by a large variety of 

environmental factors. From these factors we compared three that we considered to be 

important: (i) soil which presumably harbors a reservoir of microbial cells (ii) presence 

of additional bacterial strains with a potentially high capacity for rhizosphere 

colonization (iii) different time points of the crop growth period. 

 

In our study, in the soil, with a history of legume, cereal and cotton cultivation, when 

inoculated with Bradyrhizobium strains and Agrobacterium sp. (mix bacterial 

inoculants) indicated significantly increased yield of mungbean as compared to the 

control. Variation of the microbial rhizosphere community structure due to the mix 

bacterial inoculants was detected with applied molecular approach of TRFLP. We 

observed a clear shift in community structure of eubacteria in the rhizosphere after AM 

inoculation. Moreover, the shift in community structure was not identical in both 

inoculum treatments of AM (i.e. mix bacterial inoculants + AM & AM alone) which 

indicates that AM inoculum clearly affect the bacterial community structure. By taking 

the 3’ and 5’ end TRFs of under consideration it is clear that there is no significant 

difference in bacterial community in the all four treatment T1 (mix bacterial inoculants 

+ AM), T2 (AM), T3 (mix bacterial inoculants) and T4 (Control with indigenous 

bacterial population), suggesting that mix bacterial inoculants as well as AM 

inoculation does not change the local bacterial community structure, leaving the 

natural bacterial community structure relatively undisturbed. 3’ and 5’ TRFs of  Alu1 

indicates that bacterial community structure at early period of mungbean growth (34 

DAS) is significantly different from that of late period (75 DAS) of mungbean  

growth.  In general, application of mix bacterial inoculants and AM inoculum do not 

affect the community composition of bacterial population while time period has 

influence on bacterial community structure. 



                                                                                                                                                         

 

 

Conclusion 

 

Mycorrhizal flora of Pakistan has till recently been identified through morphological 

characteristic of spore collected from the soil samples. The current work is the step 

towards molecular characterization of arbuscular mycorrhizae and will be helpful in 

better selection and utilization of the fungus for increasing crop yield and lesser 

dependency on chemical phosphate fertilizers that have become an economic pressure 

for the farmers. Terminal Restriction Fragment Length Polymorphic DNA (TRFLP) 

technique was effectively utilized to discriminate among the different types of 

arbuscular mycorrhizal fungi, colonized in host roots those were further confirmed 

through partial 18S rDNA sequencing analysis. Moreover T-RFLP approach 

demonstrated that bacterial inoculants (nitrogen fixer, Phosphate solubilizer) exert an 

influence on AM fungi community composition of host plant but dual inoculation of 

AM and bacterial inoculants do not affect the community composition of bacterial 

population while time period has influence on bacterial community structure.      

 

 

The ultrastructure studies provided evidence of the Bradyrhizobium and Agrobacterium 

and arbuscular mycorrhizal co-occurrence in the legume root nodules. The significance 

of root nodule cell occupancy by Bradyrhizobium strains MN-S, TAL-102 and 

Agrobacterium Ca-18 was established through plant infectivity test i.e., the evidence of 

the presence of nodule forming and nitrogen fixing Bradyrhizobium and phosphate 

solubilizer Agrobacterium within the nodule, was confirmed through immuno-gold 

labelling technique. The increase in nodulation, nitrogen fixation, biomass production, 

nutrient uptake and grain yield shows the beneficial effects of co-inoculation of 

bacterial inoculants with AM and its potential use as a multi strain inoculum for 

biofertilizer production in legumes. 
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Appendix I 

 

Reagents for Electron Microscopy 

 

Materials 

 

PIPPES buffer [0.2 M].  Add 6 g PIPES to 50 mL distilled H2O. Add 1N NaOH 

drop wise until solid dissolves then adjust to pH 6.8. Make up to 100 mL and store at 

4 
0
C. 

Cacodylate buffer [0.1 M].  Dissolve 2.15 g sodium cacodylate in 100 mL distilled 

H2O. Adjust to pH 6.8 with 1N HCl and store at 4
0
C. 

Glutaraldehyde [5 %].  Add 5 mL of 25 % glutaraldehyde to 10 mL of 0.2M PIPES 

buffer. Adjust to pH 8.0 with 1N NaOH and make up to 25  mL with H2O. Prepare 

fresh before use. 

Uranyl Acetate [5 %].  Dissolve 5 g of uranyl acetate in 100 mL of distilled H2O.  

[Takes about 48hr]. 

OsmiumTextra oxide [0.2 %].  Add 1 ml of 2 % aqueous stock solution to 9 mL of 

cacodylate buffer. Prepare fresh before use. 

Ethanol [100 %].  Store over molecular sieve. 

Propylene oxide [100 %]. 

 

 

 

 

 

 

 



                                                                                                                                                         

 

 

Lead Citrate Stain [Reynolds] 

 

Materials  

1.33 g Lead Nitrate 

  1.76 g Tri-Sodium Citrate 

  8.0 mL 1N Sodium Hydroxide 

  Distilled H2O 

Method: Weight out the lead nitrate and sodium citrate in a 50 mL flask, add 

30 mL of distilled H2O and stir vigorously for a few minutes then 

leave to stand for a few minutes then leave to stand for 30 min. Add 

the 8 mL of NaOH and stir until all the solid has dissolved. Make up 

to 50 mL with distilled H2O. 

Use: This stain can be used undiluted or diluted up to 1/10 depending on 

different requirements. We find that the best way is to use the stain 

diluted 2 / 5 in 0.01 1N NaOH for periods between 5-20 min, washing 

the grids immediately with H2O. The diluted stain seems far less 

susceptible to stain precipitates, especially when used in conjunction 

with uranyl acetate as the first stain. 

 

 



                                                                                                                                                         

 

 

Appendix   II 

 

                    Luria Bertani Medium 

                                                                 

  Tryptone                                          10 g L
-1

             

  Yeast extract             5 g  L
-1

             

  Sodium chloride            5 g  L
-1

             

  pH adjusted with 1N  NaOH           6.8 

 

 

 

 

 

 

 

 



                                                                                                                                                         

 

 

 

    Appendix III 

 

  Yeast Extract Mannitol YEM (YEM) Medium 

 

Manitol     10 g L
-1

             

K2HPO4     0.5 g L
-1

             

MgSO4.7H2O     0.1 g L
-1

             

NaCl       0.1 g L
-1

             

Yeast extract     0.6 g L
-1

             

Agar      18 g L
-1

             

Congored      1% 

pH adjusted with 1N  NaOH            6.8 

 

 

 

 

 



                                                                                                                                                         

 

 

 

 Appendix IV 

 

         Hoagland Solution 

 

I M Ca(NO3)2                      10 mL L
-1

             

I M KMO3                     10 mL L
-1

             

I M MgSO4. 7 H2O                      4 mL L
-1

             

1 M KH2PO4    2 mL L
-1

             

or Ca3(PO4)    5 mg L
-1

             

Na2Fe EDTA    2 mL L
-1

             

1 M CaCl2. H2O             10 mL L
-1

             

1 M KCl             10 mL L
-1

             

I M micronutrients      2 mL L
-1

             

 

 

Hoagland micronutriets. (Trace elements) 

 

 Boric aid (H3BO3)       62 g L
-1

             

 MnSO4     2.23 g L
-1

              

 ZnSO4. 7 H2O     0.86 g L
-1

             

 Na2MoO4. 2 H2O           0.0025 g L
-1

             

 CuSO4. 5 H2O            0.0025 g L
-1

             

 CaCl2             0.0025 g L
-1

             

 KI               0.075 g L
-1

             

 

 

 

 

 



                                                                                                                                                         

 

 

 

Appendix V 

Immunization of rabbit 

 

Young adult, female albino rabbits were immunized in duplicate, according to 

schedules given below.                    

 

Day                Route of injection                       Amount of injection 

1
st
                   Intravenous (marginal ear)             0.5mL (Antigen) 

                       Intramuscular (thigh muscle)         1mL (Antigen) 

                          Subcutaneous (neck)                   1mL (Antigen adjuvant mixture)                                                               

2
nd                                

Intravenous                                  1mL (Antigen) 

3
rd

                      Intravenous                                  1.5mL (Antigen) 

4
th

                      Rest                                               ---------------------- 

5
th

                      Rest                                                ---------------------- 

6
th

                       Rest                                                 ---------------------- 

7
th

                       Intravenous (ear)                            1.5mL (Antigen) 

8
th

                       Intravenous (ear)                             2.0mL (Antigen) 

9
th

                       Intravenous (ear)                              2.0 mL (Antigen) 

10
th

 -16
th

             Rest                                                   -------------------- 

17
th

                      Trail bled to check titer  

 



                                                                                                                                                         

 

 

 

Preparation of antigen adjuvant mixture 

Two milliliter of antigen and 2 mL of Freund’s complete adjuvant were mixed into a 

50 mL beaker and emulsified. The antigen-adjuvant emulsion was prepared by 

drawing in the antigen-adjuvant mixture into a glass syringe and expelling it 

repeatedly. The right consistency of the emulsion had been checked by placing a 

drop of emulsion on the surface of water. If the drop does not disperse immediately 

then it is the right required consistency.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                         

 

 

Appendix VI 

Titer determination by agglutination 

 

Serial dilution of serum obtained from rabbits was done in 10 test tubes and then 

checked in micro titer plate for titer determination with same amount of specific 

antigen. We found titer for 

MN-S   1600 

TAL-102  3200 

Ca-18   4800 

 

Cardiac Puncture 

 

As the titer was more than 1200 and we did cardiac puncture for getting 20-25 mL 

blood. Same amount of saline was given to rabbit to compensate the water 

deficiency. After processing of blood, about half amount of serum was obtained and 

used for further study. 

 

Phosphate buffered saline (PBS) 

NaCl         8.0 g 

KH2HPO4. 12H2O       0.2 g 

Na2HPO4. 12H2O                  2.9 g      

KCl                    0.2 g      

Methiolate                   0.2 g 

Distilled water                   1000 mL 

pH                      7.2 

 

1. It should be stored at 4 ºC. 

2. For +ve agglutination, granular clumps with clear supernatant. 

3. In -ve agglutination, setting of antigen to the bottom and turbid supernatant at 

 the bottom of the tube. 

Note. To get titer of the antiserum, multiply the highest dilution at which 

agglutination has occurred by ½. 



                                                                                                                                                         

 

 

       

Appendix VII 

 

            10 X TBE (Tris Borate EDTA for Gel Electrophoresis) 

 

Tris base   108 g 

Boric acid  55 g 

0.5 M EDTA  40 mL 

Distilled water          1000 mL 



                                                                                                                                                         

 

 

Appendix VIII 

DNA isolation from root samples through Nucleospin kit 

 

Homogenization and lyses of sample material 

 

About 50 mg freeze dried ground plant material was taken in round bottom 2 mL 

eppendorf and 10 steel beads of size 3 mm diameter were added to each eppendorf. 

The cells were disrupted by vigorous shaking using bead beater (Tissue Lyser II 

(Retsch, Leeds, UK.). Then spun at 56000 x g and 433 µL C1 solution was added 

and the eppendorfs were closed again. C1 solution was mixed by vigorous shaking 

for 15-30 sec and briefly spun for 30 sec at 1500 x g to collect any sample from the 

lid.  The closed eppendorfs were incubated at 56 
0
C for 30 min. The samples were 

centrifuged for 20 min at full speed (56000-6000 x g) to clear the lysate. 

 

Adjustment of binding conditions  

 

300 µL supernatant was transferred to a Round-Well Block and 300 µL buffer C4 

and 200 µL ethanol was added. The individual wells were closed with cap strips and 

mixed by vigorous shaking for 15-30 sec at 1500 x g to collect any sample from cap 

strip. 

 

Sample loading on binding plate 

 

The Nuceospin Plant Binding Plate was placed on an MN Square-Well Block. First 

cap strip was removed and samples were transferred from the round well block into 

the wells of the Nucleospin Plant Binding Plate. After transferring samples, the 

openings of the Nucleospin Plant Binding Plate were sealed with gas permeable foil. 



                                                                                                                                                         

 

 

 

DNA binding to silica membrane 

 

The Nucleospin Plant Binding Plate was put on an MN Square Well Block. Both 

were placed in the rotor buckets and centrifuged at 5600-6000 x g for 5 min. 

Typically, the lysates were passes through the silica membrane within a few minutes.  

 

First washing of silica membrane 

 

The Gas permeable foil was removed. 500 µL CW solution was added to each well 

of the Nucleospin Plant Binding Plate, sealed the strip with a new gas permeable foil 

and centrifuged again at 5600-6000 x g for 2 min. Discarded waste was collected in 

the MN Square-Well Block after this wash step. 

 

Second washing of silica membrane 

 

The gas permeable foil was removed. 900 µL C5 was added to each well of the 

Nucleospin Plant Binding Plate and centrifuged for 5-15 min at full speed (5600-

6000 x g) in order to remove buffer C5. 

 

Highly Pure DNA elution 

 

The Plant Binding Plate was placed on an open rack with MN tube strip for elution. 

100 µL pre heated buffer CE (70 
0
C) was dispensed to each well of the Nucleospin 

Plant Binding Plate directly onto the membrane and incubated at room temperature 

for 2-3 min. Then Nucleospin Plant Binding Plate was then centrifuged at 5600-6000 

x g for 2 min. 


