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Abstract 

 

In this study, initially mung bean nodulating strain, Bradyrhizobium sp. MN-S, was 

phylogenetically identified on the basis of sequence analysis of 16S rRNA and nod gene. 

16S rRNA gene sequence did not generate sufficient polymorphism, as MN-S showed 

100% similarity with three species of Bradyrhizobium. Later, symbiotic genes, 

nodCD1VW, were sequenced, and two of the four genes generated sufficient 

polymorphism to assign the taxonomic status of MN-S. The nodC sequence showed 99% 

similarity to the nodC sequence of B. yuanmingense, while low similarity with other 

Bradyrhizobium spp. Similarly, nodD1 sequence showed 99% similarity to B. 

yuanmingense nodD1, while only 93% with B. liaoningense. However, nodV and nodW 

could not be amplified on a variety of PCR conditions, that showed that these genes 

might be absent in B. yuanmingense MN-S. The molecular keys of colonization and 

infection, ‘Nod factors’ of B. yuanmingense were identified to be in the mass range of 

1178 to 1211 Da, which was significantly less than the size of comparable Nod factors 

from B. japonicum 532C. B. yuanmingense MN-S was also able to form biofilm, colonize 

root nodules and promote the mung bean growth, which designate it a potential plant 

growth promoting agent. Moreover, comparative assessment of Nod factor production 

inducing flavonoids, quercetin and genistein, revealed that both the flavonoids induce a 

similar type of Nod factor family in B. yuanmingense MN-S. It is suggested that 

quercetin might be a stronger inducer of Nod factors production than genistein, as the 

inoculation of pre-incubated culture of B. yuanmingense MN-S in quercetin showed 

improve root colonization, biofilm formation, nodulation and seedling growth. 

 

Furthermore, endophytic bacteria from root nodules of mung bean and pea were 

isolated and characterized for plant growth promoting attributes. Potential bacterial 

isolates were selected on the basis of indole acetic acid production, phosphate 

solubilization, nitrogen fixation, root colonization and biofilm formation. These bacterial 

strains were identified through 16S rRNA gene sequence analysis, and found that the 

bacterial strains isolated from mung bean nodule belong to species of Bacillus, 

Ochrobactrum and Agrobacterium while strains isolated from pea nodules belong to 



 xi

Ochrobactrum and Enterobacter spp. These nodule endophytic bacteria were unable to 

nodulate their respective hosts. Moreover, nodC and nodD1 genes could not be amplified 

in these isolates. Co-inoculation efficacy of these non-rhizobial nodule endophytic 

bacteria with rhizobia was also evaluated. Mung bean non-rhizobial bacteria were co-

inoculated with B. yuanmingense MN-S, while pea bacterial strains with Rhizobium 

leguminosarum PS-I. Mung bean bacterial strains, Bacillus subtilis M2, Agrobacterium 

tumefaciens M5 and Bacillus subtilis M6 upon co-inoculation with B. yuanmingense MN-

S significantly improved nodulation and seedling growth, while the rest of co-inoculation 

combination showed a non-significant effect. The enhancement due to co-inoculation in 

nodule number and nodule dry weight was 78% and 127%, respectively, compared with 

the B. yuanmingense MN-S alone. Co-inoculation combination of B. yuanmingense MN-

S with Bacillus subtilis M6 performed best by increasing 22% grain yield while the rest 

of combinations marginally benefited the plant. The results signify that non-rhizobial 

plant growth promoting bacteria improve nodulation and grain yield of legumes upon co-

inoculation with crop specific rhizobia.  

 

Moreover, the effect of two systemic fungicides, carbendazim and thiophanate 

methyl, on the growth of nodulating bacteria, colonization, nodulation and grain yield of 

mung bean and pea was also evaluated. Recommended application rate of fungicides did 

not significantly inhibit the growth of tested bacteria. In field trials, maximum mung bean 

grain yield was achieved in the combined treatments of B. japonicum USDA110 & 

carbendazim and B. yuanmingense MN-S alone, which is 50% and 49% higher than 

control, respectively. A significant increase of 34-43% in peas pod yield was achieved in 

the combined treatments of R. leguminosarum & fungicides compared with the un-

inoculated control. It is concluded that rational application of fungicides and 

bioinoculants demands a deep understanding of fungicide-bioinoculant-plant 

compatibility.  
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Chapter 1 

 

            Introduction and       
                             Review of Literature    

 
 

The availability of useful nitrogen source is most important for the productivity of 

agriculture, which resulted in extensive application in particularly of synthetic nitrogen 

fertilizers to replenish soil. The economic and environmental cost of the chemical 

nitrogen fertilizers in the agriculture is a global concern and mandates that cheaper and 

environment friendly alternatives to chemical nitrogen fertilizer be urgently sought. A 

rational manipulation of chemical nitrogen input with biologically fixed nitrogen (BNF) 

by the rhizobia-legume symbiosis results in the farming practices that are economically 

viable and environmentally prudent. The rhizobia-legume symbiosis, a consequence of a 

detailed molecular signaling between plant and bacteria, results in the nitrogen-fixing 

root nodules development. A complete understanding of symbiotic signaling factors and 

beneficial effects of rhizobial inoculants on legumes are very much important to use as 

the biofertilizers for the agriculture to improve the nodulation, also the growth of legume 

(Skorupska et al., 2010).   

 

1.1. Leguminous crops 

Legumes in botanical writing are plants that are members of the family Fabaceae 

(Leguminosae). Leguminous crops are highly nutritious being rich in protein and oil 

contents (Bennet et al., 2003; Li et al., 2010). The fruit of legumes consist of pods which 

contain seeds. One of the most important features of legume is that they are capable of 

establishing a symbiotic relationship with nitrogen fixing bacteria. As a result, they fix 

atmospheric nitrogen in the soil with the help of beneficial bacteria, rhizobia, resides in 

the plant root nodules. It is a normal practice that rotation of legumes are done especially 

with cereal and the oilseed crops (Bakht et al., 2009; Shah et al., 2010). Nitrogen fixing 

ability of this mutualistic relationship reduces the cost of fertilizer for farmers who grow 
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legumes. Availability of calcium in the soil enhances nitrogen fixation ability of legumes 

while reduces by the presence of plenty of nitrogen. Some of the well-known legumes 

include clover, beans, alfalfa, peas, mesquite, lentils, carob, peanuts, soy and lupins. 

Locust trees (Robinia or Gleditsia), Kentucky coffee (Gymnocladus dioicus) and wisteria 

are all legumes. Legume crops have higher protein contents as compared to the non-

legume crops, due to the additional nitrogen received by legumes through the nitrogen 

fixating symbiosis. Legumes are the most desirable agriculture crops due to high protein 

content. History of legumes is closely tied in closely with human civilization, appeared 

earlier in Americas and Asia (common Phaseolus bean), and Europe (broad beans) 

almost 6000 BC, where it was recognized as a staple food, as well as essential for 

supplementing protein in those areas which were facing shortage of meat. 

 

Global records explain that only 20% of legume species have been investigated 

for nodulation at species level (Faria et al., 1989). Legume crops are widely distributed 

throughout Pakistani soils. In the order of abundance family Leguminosae ranks as third 

largest plant family in the Pakistan (Ali and Qaiser, 1986). Data of legume crops in 

Pakistan shows that majority of them are nodulated preferentially in their natural 

ecosystems (Mahmood and Qadri, 2004). Mung bean and pea are the most important 

economic crops extensively being cultivated in Pakistan during alternate cropping 

seasons.   

 

1.1.1. Mung bean (Vigna radiata L.) 

Mung bean (Vigna radiata L.) belongs to sub-family Papilionoideae, is an important crop 

in Pakistan and India, and is extensively cultivated during the warm season.  Although its 

origin is Asia, it is now widely cultivated throughout the world including in Australia, 

Africa, America and New Zealand.  Mung bean establishes a symbiotic relationship with 

its compatible microsymbiont Bradyrhizobium sp., also sometimes referred as ‘cowpea 

miscellany’ to convert atmospheric nitrogen into organic nitrogen, thus playing an 

important role in cycling nitrogen into the food chain. It has gained key importance in 

intensive crop production because of its short growing period and better storage ability. 

Mung bean not only has great dietary value due to its high protein contents but also 
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improve soil fertility by fixing atmospheric nitrogen into available form by establishing a 

cooperative interaction with soil bacteria. Mung bean’s nitrogen-fixing capacity and 

drought tolerance make it practical for intercropping with maize and sorghum.  

Moreover, its starch, seeds and sprouts are popular foods (Yang et al., 2008).  

 

In Pakistan, Punjab is the major mung bean growing province that alone 

accounted for 89% and 90% of area and production, respectively. Seed yield per unit area 

is very poor which is due to low varietals potential along with poor management 

practices. During fiscal year 2008-2009, the area under cultivation was 219.7 thousand 

hectare with the production of 157.7 thousand tons, while during fiscal year 2009-2010, 

the area under cultivation was 183.3 thousand hectare with the production of 118.7 

thousand tons. So, 24.6% decrease in the production is registered (Anonymous, 2010). To 

achieve better crop yield, mung bean is grown with low inputs of fertilizers. Mung bean 

crop requires a basal starter dose of fertilizer. Furthermore, the nitrogen fixation activity 

of mung bean needs to be worked out for appropriate utilization of fertilizer with specific 

emphasis on certain varieties.  

 

1.1.2. Pea (Pisum sativum L.) 

Pea (Pisum sativum L.) belongs to sub-family Papilionoideae, is an important annual 

pulse legume grown during cool season. It is grown worldwide for diverse uses as fodder 

and food. Pea is ranked as the world’s third significant grain legume after common bean 

and soybean (Timmerman-Vaughan et al., 2005). Although it has been long recognized 

as a significant crop, its production has been rather low for a long time. Pea establishes a 

symbiotic relationship with its compatible microsymbiont, Rhizobium leguminosarum bv. 

viciae, to fix atmospheric nitrogen into soil and plant. The average fresh grain yield of 

pea was 596 kg/ ha in Pakistan during 2001 (Anonymous, 2002). Pea cultivars grown in 

Pakistan are very low in yield and their quality does not compete with the varieties grown 

in advanced countries (Khokhar et al., 1988; Murtaza et al., 2007) 

 

Pea is reported as the key components of human diets. It is used as vegetable, 

frozen, fresh or canned, as well as grown to produce split pea. Although, pea is largely 
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understudied among legume crops, in spite of this fact, it is the major source of protein 

for most of the communities. As a legume, pea crop is capable of replenishing soil 

nitrogen through BNF, while there is depletion of other nutrients, like K and P that are 

required in large quantities for the crop production and is caused by the continuous 

production process (McKenzie et al., 2001). 

 

1.2. Microsymbionts 

The rhizosphere associated microbes are either beneficial or harmful to the plant growth, 

whereas, microbes which have the potential for plant growth stimulation and improving 

soil fertility by establishing a symbiotic association with specific plant are known as plant 

beneficial microbe or microsymbionts. Plant growth promoting rhizobacteria (PGPR) are 

the extensively studied microsymbionts present in the rhizosphere, closely adhering soil 

interface and colonizing the root surfaces. As reviewed by Kloepper et al. (1999) and 

Gray and Smith (2005), some of the PGPR have capacity to enter inside root interior and 

establishing the endophytic populations. These bacteria can transcend endodermis barrier 

of the plant roots that are crossing from cortex and enter into vascular system, 

consequently thrive as endophytes in the leaves, stem, tubers, nodules and other organs 

(Compant et al., 2005a). The extent of endophytes colonization to the host plant tissues 

and the organs shows the ability of bacteria to selectively adapt specific ecological niches 

and establish a symbiotic relationship. As a result, intimate symbiotic associations 

between the microsymbiont and the host plants can be obtained without harming plant 

(Compant et al., 2005b). Plant secrete a substantial amount of the carbon fixed, 5–21%, 

mainly as root exudates, which is the chief source of attraction and nutrition for microbe 

and initiate a symbiotic relationship with beneficial bacteria (microsymbionts). 

Microsymbionts in turn promote plant growth by fixing nitrogen, phytohormones 

production, phosphate solubilization and biological control of plant diseases (Lugtenberg 

and Kamilova, 2009). 

 

1.2.1. Nodulating microsymbionts 

Rhizobia are the legume root nodule forming bacteria that includes Bradyrhizobium, 

Rhizobium, Mesorhizobium, Azorhizobium, Ensifer (formerly Sinorhizobium), 



Chapter 1                                                                Introduction and Review of Literature 

 
 

5

Allorhizobium (Sawada, 2003). Molecular data showed that these bacteria in real, 

constitute polyphyletic assemblage of the α-proteobacteria, which forms Rhizobiales 

group with the recently explored non-rhizobia nodulating taxa and also non-nodulating 

lineages (Bontemps et al., 2010). The latter include the animal or plant pathogens, 

epiphytes, animal symbionts or free-living bacteria. Moreover, bacteria that have ability 

of nodulating legume crops have been identified among β-proteobacteria (Angus and 

Hirsch, 2010) and possibly γ-proteobacteria (Benhizia et al., 2004). 

 

The rhizobia-legume symbiosis exhibits great host specificity, but so far very little 

information is available regarding the nodulating bacteria associated with mung bean. In 

past, rhizobia that were classified as Bradyrhizobium spp. were isolated from mung bean 

(Allen and Allen, 1981). However, their specific taxonomic position is still unclear to 

some extent.  Generally, bacteria belong to genus Bradyrhizobium nodulate soybean, 

siratro, Vigna spp., Lespedeza spp., as well as other legumes (Yao et al., 2002; Appunu et 

al., 2009). Since recognition of genus Bradyrhizobium, ten species have been named: B. 

japonicum (Jordan, 1982), B. elkanii (Kuykendall et al., 1992), B. liaoningense (Xu et al., 

1995), B. aspalati (Boone et al.,, 1999), B. yuanmingense (Yao et al., 2002), B. betae 

(Rivas et al., 2004), B. canariense (Vinuesa et al., 2005), B. denitrificans (van Berkum et 

al., 2006), and lastly, B. jicamae and B. pachyrhiza (Ramírez-Bahena et al., 2009). Mung 

bean rhizobia exhibit a rich phylogenetic diversity. Recently, B. yuanmingense was found 

to be predominantly associated with Vigna and Lespedeza spp. in India and China, 

respectively, whereas B. japonicum, B. liaoningense, and B. elkani coexist in mungbean 

nodules and nodulate it at a low frequency (Yang et al., 2008; Zhang et al., 2008). On 

other side, B. japonicum predominantly nodulate soybean (Melchiorre et al., 2011; 

Meghvansi et al., 2005). So, it’s important to elucidate that which of these microbe/s 

actually have molecular keys to open up the nodulation gates in mung bean. In case of 

pea symbiosis, literature strongly support that it establishes a symbiotic relationship with 

its compatible microsymbiont, Rhizobium leguminosarum bv. viciae, to fix atmospheric 

nitrogen (Gonzalez et al., 1996). 
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1.2.2. Associative microsymbionts 

Associative microsymbionts mostly live in the rhizosphere and rhizoplane or sometimes 

reside inside the plant tissue and organ e.g. nodule. Legume root nodule accommodates 

various non-nodulating plant growth promoting bacteria (PGPB) having definite 

influence on the survival, nodulation and grain yield of the inoculated crop along 

rhizobia. Occurrence of bacteria other than rhizobia in root nodule was first reported by 

Beijerinck and Van Delden (1902) in the clover plant and identified as Agrobacterium 

radiobacter. There influence may be passive, but most often these non-nodulating 

bacteria behave synergistically with rhizobia to enhance nodulation and grain yield 

possibly by fixing nitrogen, IAA production, phosphate solubilization, siderophore 

production etc. (Rajendran et al., 2008; Mishra et al., 2009). Non-rhizobial endophytic 

bacteria isolated from the nodules of various legume plants include Agrobacterium, 

Aerobacter, Bacillus, Curtobacterium, Chryseomonas, Erwinia, Sphingomonas, 

Methylobacterium, Blastobacter, Devosia, Flavimonas, Phyllobacterium, Ochrobactrum, 

Agrobacterium, Cupriavidus, Herbaspirillum, Burkholderia, Pseudomonas, 

Enterobacter, Leclercia, Pantoea, Escherichia, Azotobacter, Azospirillum (Sturz et al., 

1997; Selvakumar et al., 2008). 

 

1.2.3. Characteristics of microsymbionts 

1.2.3.1. Biological nitrogen fixation (BNF) 

BNF means the conversion of the nitrogen that is present in atmosphere, into ammonia by 

bacteria (free-living), symbiotic and also associative, are important to agriculture and the 

environment of world. Bacteria having the ability to fix nitrogen are generally called 

diazotrophs. BNF compensates for the losses incurred by the bacterial denitrification and 

replenishes nitrogen content of the biosphere. One of the major limiting factor for crop 

productivity is the availability of fixed nitrogen, creating demands on the global agriculture 

for food security. Massive use of synthetic fertilizers has constituted a large human 

intervention in nitrogen cycle, which has raised concerns regarding water eutrophication, 

soil acidification and increased discharge of nitrogen oxide. Biologically fixed nitrogen is 

safe, less prone to volatilization and leaching. Therefore, the nitrogen produced by the bio-

logical process contributes in sustainable agriculture.  
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BNF system is not present in eukaryotes. Cyanobacteria, Actinomycetes, 

Firmibacteria, green sulphur bacteria and all subdivisions of  Proteobacteria have ability to 

fix nitrogen. Ability of nitrogen fixation is compatible with these physiologies; anoxygenic 

or oxygenic phototrophs, aerobic, facultatively anaerobic or anaerobic heterotrophs and 

chemolithotrophs. Diazotrophs are found in wide variety of habitats that includes; associative 

symbioses with grasses, termite guts, free-living in water and soil, cyanobacterial symbioses 

with various plants, root nodule symbioses with the legumes and actinorhizal associations 

with woody plants (Dixon and Kahn, 2004). 

 

Nitrogenase responsible for the reduction of dinitrogen into ammonia, are the 

metallo-enzymes that contain the two components i.e., iron (Fe) protein and 

molybdenum–iron (MoFe) protein. These components are extensively oxygen sensitive 

(Rees and Howard, 2000). Overall reaction of dinitrogen reduction is given as: 

 

 

1.2.3.2. Indole acetic acid production 

Indole acetic acid is one of major hormone belongs to auxins family. It controls most of 

the important physiological processes that includes tissue differentiation, responses to 

gravity and light and cell division and enlargement (Teale et al., 2006). Afterwards it was 

observed that bacteria, algae and fungi produce auxins, which effects the growth of plant 

and establishment (Spaepen et al., 2007). Most of the bacteria-inhabiting rhizosphere are 

especially called for IAA production. These bacteria synthesize IAA as secondary 

metabolites. Root-growth-promoting hormone auxin is usually synthesized from the 

exudate amino acid, tryptophan. Amount of tryptophan fluctuates extensively among the 

plants. IAA production differs among strains and species and is affected by the  growth 

stage and culture condition (Kawaguchi and Syono, 1996). IAA produced by the bacteria 

act in the conjunction with IAA in a plant to stimulate the cellular growth (Leveau and 

Lindow, 2005). In addition, IAA is regulating agent for the cell differentiation of 

microbes (Matsukawa et al., 2007; Shokri and Emtiazi, 2010). 

 

 

N2 + 8 e– + 8 H+ + 16 MgATP            2 NH3 + H2 + 16 MgADP + 16Pi 
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1.2.3.3. Phosphate solubilization 

Phosphorus is the most essential macronutrients for the plant growth. Unfortunately, 

inorganic phosphate is immobilized rapidly and unavailable to plants (Goldstein, 1986). 

The processes that affect transformation of soil P, involves the microorganisms. 

Particularly, microorganisms are efficient in releasing P through the mineralization, 

solubilization (Hilda and Fraga, 1999). Cofactor pyrrolquinoline quinone (PQQ) is found 

to be involved in P solubilization. Nowadays, main focus is to manage soil P which is 

used in crop production and also minimize P loss. P-solubilizing microorganisms 

attracted attention to improve plant yield and growth (Fasim et al., 2002). This ability is 

one of important traits which is linked with P nutrition. Chemical fertilizers have bad 

impacts and due to their increasing costs, use of P solubilizing bacteria and PGPB is 

advantageous in sustainable agriculture practices (Chen et al., 2006). 

 

1.2.3.4. Biological control 

Annual crop losses due to plant diseases are responsible for more than 200 billion 

(Agrios, 2005). Chemicals are commonly used against plant disease. Resistance is not 

possible against all deseases. Their breeding takes a lot of years but their acceptance is 

yet an issue in European Union as so many risk factors are involved. Agrochemicals are 

banned by governmental policies. Use of microbes against the diseases, is environment-

friendly strategy. Microbe is natural which is used against pathogen and incase it makes 

secondary metabolites locally. Agrochemicals’ molecules do not reach the whole plant. 

Origin of biological material is biodegradable which is beneficial as compared to 

agrochemicals. Biocontrol is the control against diseases. Control of the pathogens (by 

rhizobacteria) emphasize on pathogenic microorganisms. It is important to note that few 

rhizobacteria fight against weeds and insects (Flores-Fargas and O’Hara, 2006; Pechy-

Tarr et al., 2008; Lugtenberg and Kamilova, 2009).  

 

PGPR that have “1-aminocyclopropane-1- carboxylate (ACC) deaminase” 

enzyme, promote growth of the plant by the lowering down ethylene level of plants. 

Precursor of ethylene, ACC is taken by bacteria that convert it to NH3 and 2- 

oxobutanoate. The producers of ACC deaminase relieves several conditions of the stress, 
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for example; effects of the phytopathogenic bacteria, resistance to the stress from the 

polyaromatic hydrocarbons, Ni2+  and Ca2+, draught and salt (Compant et al., 2005b; 

Glick et al., 2007). 

 

1.3. Nodulation 

Nodule formation is a process that involves a detailed molecular dialoguing between 

plant and bacteria. We only have fragmentary knowledge and so many areas need to be 

explored (Bartsev et al., 2004).  The first and foremost, step in symbiosis is the secretion 

of root exudates, containing chiefly phenolic compounds and nutrients. Root exudates 

attract rhizobia and colonize the surfaces of plant roots. Expression of bacterial 

nodulation (noe, nod, nol,) genes is activated by flavonoids that are present in exudates. 

Bacteria comes in the plant cytoplasm when thread reaches primordium, where they 

convert nitrogen to ammonia. Then bacteria are supplied in protected environment. 

Meanwhile, nodule primordium are developed into the young nodule upon the infection 

of primordial cells (Soto et al., 2006). 

 

1.3.1. Secretion of root exudates 

Plants secrete organic matter in soil which helps in the growth of rhizospheric 

microorganisms. Helal and Sauerbeck (1989) showed by labeling whole plants with 
14CO2 that 19% of photosynthates were organic material into rhizosphere. They play key 

role in the symbiotic relationship. Chromatographic studies reveal that each legume 

specie may synthesize almost a dozen of different flavonoids. Flavonoids stimulate 

rhizobial genes expression which is essential for the nodulation. Rhizobia and flavonoids 

have different inducing ability (Phillips and Kapulnik, 1995). 

 

Rhizobia-legume symbiosis incurs great specificity; each species of rhizobia 

establish symbiosis with a specific set of plants. For example, Ensifer meliloti with 

Alfalfa, Mesorhizobium loti with Lotus japonicus, Rhizobium leguminosarum with 

clover, pea, Medicago truncatula, Bradyrhizobium japonicum with soybean, mungbean, 

peanut, cowpea and siratro. Flavonoids play pivotal role for the initiation of rhizobial 

infection. Out of flavonoids cocktail produced by the plant, some stimulate the expression 
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of nodulation gene while the rest act as inhibitor (Zuanazzi et al., 1998). In pea, 

naringenin, hesperetin and luteolin are the major flavonoids components of plant root 

exudates which induce nod genes of R. leguminosarum bv. viceae at very low 

concentrations ranged from 10−6 to 10−7 M (Begum et al., 2001). Recently, it is found that 

flavonoid-genistein not only induce expression of nod gene but also involved in the 

induction of genes associated with flagellar cluster and many genes are involved in 

transport process (Lang et al., 2008). Nodulation genes of the B. japonicum are induced 

by flavonoid-isoflavones; genistein and diadzine, which are secreted by the soybean roots 

(Stacey, 1995). B japonicum also has the ability nodulate mungbean, but up till now there 

is no report for the production of genistein and diadzine from mungbean. Mung bean is 

known for the production of flvonoid-flavones; quercetin, isoquercetin, kaemferol-7-o-

rhamnoside, robinin, rutin, vitexin and isovitexin (Sawa et al., 1999; Peng et al., 2008). 

Quercetin is one of well-known flavone recognized for the stimulation of nod expression, 

better nodulation and nitrogen fixation, but may have some inhibitory effect in higher 

concentration (Milhailovic et al., 1994). In this study, we used genistein and quercetin for 

the induction of nod factor production in Bradyrhizobium in vitro.   

 

1.3.2. Colonization and biofilm formation 

For the interaction of plant with microbes, the first step is the attachment of the bacteria 

to the plant cells. Various steps in rhizobia-legume symbiosis have been studied a lot. 

Essential factors for attachment on the surface of roots by the associative bacteria and the 

rhizobia, which is important prerequisite for nodule formation, remained least studied. 

For microbial biofilm formation, attachment is first step on the roots of the plants. It is 

important to note that bacteria establish biofilms in their natural habitat. Research work is 

going on the rhizospheric bacteria. Formation of biofilms are not described by them. The 

biofilms are the bacterial cells that are sticked to the biotic or abiotic surface, that are 

encased in extracellular matrix that have exopolysacharides (Costerton et al., 1995). 

Rhizosphere offers the environment for the formation of biofilm, which means enough 

moisture and nutrients, provided by the promiscuous plant.  

Many steps in the symbiosis of rhizobia and legume have to mediate in process. 

First step is reversible in which bacterial polysaccharides, plant lectins, a Ca+2 binding 
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bacterial protein are involved. Second step is very important and needs cellulose fibrils. 

The fibrils are needed to make biofilm-like caps on root hairs of pea for R. 

leguminosarum. Capping is required for the colonization of rhizobia on the root hairs in 

natural environment (Gage, 2004). Transmission electron microscopy showed fibrillar 

material surrounding rhizobia (Fujishige et al., 2006). Root colonizing bacteria have 

ability of biofilm formation. The processes that are involved in the attachment of bacteria 

to the roots are related to the development of biofilm. Likewise, cellulose fibrils, cyclic 

glucans and capsular polysaccharide are very much important in attachment of 

Agrobacterium with the cells of the plants. In case of Pseudomonas species, pili and outer 

cell surface proteins are appeared to be involved in plant roots adherence (Rodrıguez-

Navarro et al., 2007). 

 

Studying biofilms is very important due to its involvement in the bacterial 

infections, industrial and the agricultural procedures. Factors that are involvedin rhizobial 

attachment play major role in infection and disease control. For example, the 

Pseudomonas spp. protect plants from the diseases and makes biofilms as well 

(Bloemberg and Lugtenberg, 2001). Microorganisms that are present in biofilm are more 

resistant for host immune responses, biocides and antibiotics (Costerton et al., 1999; 

Lajendijk et al., 2010).  

 

Flagella and exopolysaccharides are chiefly involved in the biofilm formation, but 

the information available is contradictory hitherto. Flagella role on formation of biofilm 

was not constant. Flagellar mutants display effected formation of biofilm (Watnick et al., 

2001). In case of Pseudomonas putida (Sauer and Camper, 2001), Pseudomonas 

aeruginosa (Klausen et al., 2003) and Escherichia coli (Landini and Zehnder, 2002), 

flagella were not involved in the formation of biofilm. Moreover, flagella-less Ensifer 

meliloti mutants also showed a reduction in biofilming capabilities (Fujishige et al., 

2006). Similarly, no link was found in case of exopolysaccharide which have roles in 

colonization and formation of biofilm. Rhizobium sp. exopolysaccharide is important for 

biofilm formation and root colonization on Brassica napus and Arabidopsis thaliana 

(Santaella et al., 2008). The cellulose (exopolysaccharide), is required in the adhesion of 
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Agrobacterium tumefaciens (Michiels et al., 1991; Matthysse et al., 2005; Nian, 2010). 

Fujishige et al. (2006) also describe that E. meliloti mutants of exopolysaccharide having 

its deficiency. 

 

Generally, quorum sensing signals are involved in turning off behaviors that are 

suited for free-living life style and turning on that are needed for the colonization. As a 

consequence, biofilm formation takes place and bacteria start to produce various factors 

involved in root hair infection and invasion (Soto et al., 2006).   

 

1.3.3. Regulation of bacterial nodulation genes 

Nodulation genes that are encoded by the protein, are important in Nod factors synthesis 

and the secretion. Expression is induced by various signaling molecules, normally 

flavonoids are secreted by plant root and some quorum sensing molecules e.g. 

bradyoxetin (Zuanazzi et al., 1998; Loh et al., 2002). These signals on recognition 

regulate expression of nodulation gene either positively or negatively. There are a 

number of systems/ molecules for the regulation of nodulation genes in rhizobia.    

 

1.3.3.1. NodD regulation 

NodD gene constitutively express and it is impotant for nod operons expression. B. 

japonicum NodD expression requires the presence flavonoids. NodD is member of large 

family of the transcriptional regulatory protein like Enterobacter cloacae AmpR (Schell, 

1993). The NodD protein: various forms of NodD are observed. These have range from 3 

copies in E. meliloti (Honma et al., 1990) to 5 copies in the Rhizobium tropici (Van Rhijn 

et al., 1993). It is assumed that these different form of nodD respond to different 

flavonoids present in the root exudates (Maillet et al., 1990). NodD1, NodD2 were 

observed in the B. japonicum with different expressions. NodD1 responds to the genistein 

and isoflavones which are produced by the plant (Kosslak et al., 1987). NodD2 stops the 

expression of nod gene (Gillette and Elkan, 1996). NodD1 is induced by daidzein and 

genistein, which is different from NodD present in many Rhizobium spp. NodD is central 

regulator (Kondorosi, 1991). Likewise, in B. japonicum, the two-component regulators 

and MerR type regulator are also involved in the nodulation gene expression. 
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1.3.3.2. NodV/NodW two-component system 

Gottfert et al. (1990) suggested that the nod gene have transcription activators. Two 

component system of NodVW gave another pathway for the activation of nod gene 

(Sanjuan et al., 1994). NodVW was originally observed as host-specific gene by the 

Gottfert et al. (1990) and is important for mung bean nodulation. NodV/W recognizes 

flavonoids produced by the mungbean. It gives the B. japonicum to nodulate wide range 

of plants. Infection of mungbean may need increase Nod signals as compared to the 

requirement for other plant infection. NodD and the NodVW would be important for the 

greater Nod signal synthesis. NodW and NodV are members of regulatory family (fig. 

1.1) (Stock et al., 2000). On the observation of environmental stimulus, NodV transfers 

phosphoryl group into NodW (Loh, 1997). Phosphorylation activate target genes. For 

instance, operon nodYABC of the B. japonicum (Loh and Stacey, 2003).  

 

 

 

(Loh and Stacey, 2003) 

Fig. 1.1. Model illustrates key components for nod genes regulation which are involved 

in the B. japonicum 
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1.3.3.3. NswA/NswB two-component system 

B. japonicum has response regulator, (NswA/NwsB), that controls nodulation gene 

expression. NwsB is same as NodW that shares 65% amino acid identity (Grob et al., 

1993). NwsB suppress nodulation defect of NodW mutant. Suppression was possible 

when NwsB was overexpressed. NwsB serves as alternate response regulator. So, it 

compensates for NodW loss. NwsB activation would need phosphorylation. Function is 

carried out by NwsA. It stimulates NwsB. It has role in activation of nodulation genes. 

NwsB was involved in regulation of nodulation genes (Loh et al., 1997; Loh and Stacey, 

2003; Lang et al., 2008).  

 

1.3.3.4. LysR and MerR regulators 

Knight et al. (1986) showed that constitutive expression of nodulation genes results in the 

reduced nodulation phenotypes. Nod genes are subject to negative regulation as well 

(Fellay et al., 1998; Fauqa et al., 2001). In E. meliloti case, repression is started by the 

NolR. Mutations to repressors result in the aberrant nodulation phenotypes. In the B. 

japonicum, NodD2 and NolA are the key components in the negative regulation of the 

genes of nodulation (Kondorosi et al., 1989). 

 

NolA induces NodD2 expression in appropriate conditions that in response stops 

the nodulation genes (fig. 1.1). Sadowsky et al. (1991) first identified NolA and classified 

it as genotype-specific gene. The NolA is member of MerR family. It is a fact that target 

genes contain the promoters where specific sequences are separated by 19 bp (Holmes et 

al., 1993). Consequently, no transcriptional activity would take place (Ansari et al., 

1992). Hence, NolA and NodD2 are basic components of nodulation genes (Garcia et al., 

1996; Gillette and Elkan, 1996).  

 

1.3.4. Production of nodulation factors (Nod factors) 

Landmark in rhizobia-legume symbioses was reported in E. meliloti by the Lerouge et 

al. (1990). Nowadays, the structure constructed by the strains of rhizobia varies depending 

upon the type of rhizobia and its geographical location. Lipo-chitooligosaccharidic is the 

major component for entry of the microsymbionts into legume host. Nod factors consist 
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of β-1,4-linked N-acetylglucosamine residues. Mostly, O-acetyl, N-methyl and the O-

carbamoyl group are also reducing residue has acetyl, and L-fucosyl (D'Haeze and 

Holsters, 2002). 

 

      
 

Fig. 1.2. Basic structure of Nod factor. 

 

Interestingly, Nod factors contain various length range. M. loci NZP2213 have 

dimeric chito-oligosaccharidic backbone (Olsthoorn et al., 1998). Few Rhizobium sp. 

GRH2 contains six G1cNAc residues (Lopez-Lara et al., 1995b), while Ensifer fredii 

USDA191 synthesize a pentameric Nod factor (Bec-Ferte et al., 1996). Variable 

backbone length and substitutions at the reducing end also determine Nod factor host 

specificity (D'Haeze and Holsters, 2002). Recognition of the Nod factor triggers series of 

responses including root hair deformation, formation of the nodule primordia, induction 

of nodulin (ENOD) gene expression, which ultimately results in the development of 

mature, nitrogen-fixing nodules (Broughton et al., 2000; Perret et al., 2000). 

 

Species-specific nodulation genes and allelic variations determine the structure of 

nod factor and its decorations. Substitutions play pivotal role in ability of bacteria to 

interact with promiscuous host. For instance, E. meliloti Nod factor has specific 

determinant of the host specificity due to the fact that it is needed for induction of 

approximately all symbiotic responses. O-acetate group is also needed for the infection, 

leading to infection thread formation (Geurts and Bisseling, 2002). 
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1.3.5. Perception of nod factor 

Between the legumes and the nitrogen-fixing bacteria, association needs molecular 

identification for bacterial entry inside the hairs of root. The plant receptor discovery 

explains how this occurs. The molecular recognition system allows root hairs to enter the 

rhizobia (whearas excluding huge diversity of an unwelcome intruders) from soil. During 

1990, structure of the “Nod factor” was discovered (Lerouge et al., 1990). This is made 

by the rhizobia and they require opening lack of root-hair lock and entering plant. In 

1990, recognition of plant receptor for the Nod factors was a research goal. Extensive 

research was conducted to unveil another class of the receptor kinases (Limpens et al., 

2003; Madsen et al., 2003; Radutoiu et al., 2003). Kinases adds the phosphate groups to 

the other proteins. They act as the molecular switches, that change enzymes or signaling 

pathways off, on. In the legumes, hairs of roots exhibit developmental switch. Once 

molecular recognition takes place between the rhizobia and the plant, the entrance 

procedure is also stimulated. Root hair tip stops growth in a line and also curls back. So, 

trapping bacteria inside pocket. In some of hairs of roots, rhizobia stimulate the 

deformations these curl hairs of roots play vital role in infection. The bacteria grow in 

pocket, also invaginate root hair and then taken up into “the infection thread” (Fig. 1.3). 

Hairs of roots response have many steps process for cellular growth. 

 

Radutoiu et al. (2003) found that Lotus japonicus mutated NFR5 or NFR1 do not 

respond to the Nod factor and are infected by the rhizobia. Nod factors have in majority 

N-acetylglucosamine molecules. NFR5 and NFR1 receptor proteins contain three or two 

extracellular LysM motifs. Generally, LysM motif takes place in various enzymes that 

stick to the polymers that contains N-acetylglucosamine (Bateman and Bycroft, 2000). So 

it generally accepted that NFR bind the Nod factors via extracellular LysM domains 

(Parniske and Downie, 2003). There are many other root hair receptor e.g. SYMRK, 

LYK3, LYK4 discovered in various leguminous crop with the passage of time (Gough, 

2003). This remains to see how different LysM kinases integrate inside signalling 

pathway for root-hair curling, also initiate the infection thread development. Big task is to 

explore how Nod factors and the LysM receptor kinase(s) interacts. 
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(Parniske and Downie, 2003) 

 

Fig. 1.3. Unlocking the root-hair door 

 

 

1.3.6. Nodule Organogenesis 

Nodule organogenesis needs to make primordium by which nodule can develop. 

Moreover, bacteria should infect root before the formation of N-fixing root nodule. The 

nodule formation steps include changes in the root tissues called (i) pericycle, (ii) 

epidermis and (iii) cortex. On the recognition of specific host, first rhizobia colonize the 

root surface and then they stimulate the alterations in epidermis. Changes are then 

proceeded by the induction of the certain genes in wide region of epidermis; examples are 

ENOD11 and ENOD12 that belong to gene family that encode proline-rich proteins 

(Journet et al., 2001).  
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Rhizobia entrapped within the root hair curled pocket modify the cell wall of 

plant, plasma membrane and the plant materials are saved. So, in that way, infection 

thread is made that have the bacteria (fig. 1.4A - Blue). Infection thread shall increase 

growth toward base of cells of root hair and primordium nodule (Figure 1.4A). Before 

infection thread has gone through pericycle, epidermis and cortical cells give response to 

rhizobia. In pericycle cells, it is reflected by induction of the ENOD40 and also by 

reshuffling of the microtubles (Compaan et al., 2001). Finally, cells undergo few cell 

divisions (fig. 1.4A - Yellow) (Timmers et al., 1999). After activation of pericycle, cells 

in the inner cortex dedifferentiate as a result of entering into the cell cycle, as a 

consequence nodule primordium develop (fig. 1.4A - Dark green).  

 

Infection threads will grow through outer cortical cells, make conical cytoplasmic 

columns. The organization of cytoplasm occurs before infection thread comes into cells; 

therefore they are pre–infection threads (Van Spronsen et al., 2001). The pre–infection 

thread making outside cortical cells comes inside the cell cycle but they are trapped 

before they enter into the M phase. Hence, it is supposed that the pre–infection threads 

are similar to the phargmoplasts (Yang et al., 1994). The pre–infection threads shall give 

the facility for infection thread development, direct it towards primordium nodule. So, 

infection thread release the bacteroid ‘that is enclosed inside plant derived membrane’ 

into the primordial cells. After the release of bacteroid they quickly divide into symbiotic 

form (Mylona et al., 1995). Normally, change from primordium nodule to the young 

nodule takes place after the infection of the primordial cells. In this transition, the cells in 

primordium produce radial pattern that consists of central tissue, surrounded by the other 

peripheral tissues (Figure 1.4B – Red) (Pawlowski and Bisseling, 1996). Cells in 

primordium make the meristem (Figure 1.4B – Light green), maintains itself and also 

adds new cells to different tissues (Figure 1.4B). Recognition of the nodule primordium 

and the meristematic cell is different. Rhizobia can never infect meristematic cell. 

Scheres et al. (1990) reported that the ENOD12 are not transcribed in nodule meristem 

but transcribed in nodule primordium.  
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(Geurts and Bisseling, 2002) 

 

Fig. 1.4. Schematic diagram of the initial steps in the formation of root nodule 

(A) Nodule primordium formation  (B) Root nodule differentiation 

 

1.4. Synthetic Fertilizers 

In past 40 years, use of the synthetic fertilizer is increased many folds. It is very 

important to note that nitrogen fertilizer application increased. Addition of the N fertilizer 

that activates the largest gain in the crop yield with the much efficiency. Ultimately, 

increased use of the chemical fertilizers has created a large interference in the nitrogen 

cycle and other biological processes, which concerns related to increased emission of the 

nitrogen oxide, water eutrophication, soil acidification (Fox et al., 2007). A large body of 

literature is available showing that these synthetic fertilizers are mostly non-targeted, 

killing the organism other than pathogen. Additionally, continuous cropping may cause 

the loss of soil organic matter leaving the soil less fertile (Van Breemen, 2002). 

 



Chapter 1                                                                Introduction and Review of Literature 

 
 

20

1.5. Biofertilizers 

Biofertilizers refer to the natural fertilizers that contain microorganisms which are 

implicated to the soil, seed surfaces, colonize rhizosphere and also promote the growth by 

the availability of the nutrients to plant. Biofertilizers are a key component of sustainable 

agriculture. Sustainable agriculture increases the crop yields and the nutrients, reduces 

environmental costs. The goal of these techniques is to enhance amount of the crop 

output, pesticide input and N fertilizer. Specific farming practices are found to enhance 

the efficiency of the crop production (Matson et al., 1998). Biofertilizers are much 

targeted and the nutrients provided by them are less prone to leaching and volatilization. 

So, natural fertilizers are the only answer and need of the day. Biofertilizer are available 

in different form i.e. algal biofertilizer, fungal biofertilizers and PGPR biofertilizer. 

PGPR based biofertilizer is easily manageable at lab and industrial scale. That’s why, it is 

being used largely world-wide. Biofertilizer are cheaper as compared to the chemical 

fertilizers. This is environment friendly which prevents damage of natural resources and 

also clean the nature from the chemical fertilizer and also give the plant nutritions 

(Tambekar et al., 2009) 

  

 A consortium of bacteria is very regularly being used in commercial biofertilizers. 

Potential of co-inoculation/ consortia strategy can effectively be utilized for the 

sustainable agriculture as bacteria process more as the coherent groups (Lazdunski et al., 

2004). Symbiotic effectiveness of rhizobial inoculants for a wide variety of legumes can 

be improved by co-inoculation of non-rhizobial endophytic PGPB. Co-inoculation of 

PGPB with crop specific rhizobia improves root infection which results in better 

nodulation and grain yield. For example, Agrobacterium spp. helps Bradyrhizobium spp. 

in infecting root and ultimately developing nodule (Hameed et al., 2005). Similarly, co-

inoculation of Pseudomonas with rhizobia enhance the nodulation and the N fixation 

different leguminous crops like pea, soybean, green gram and chickpea (Mishra et al., 

2009). Co-inoculation of rhizobia with Bacillus, specifically B. thuringeinsis, B. 

Megatrium and B. Cereus significantly promoted nodulation, plant growth and grain 

yield (Halverson and Handelsman, 1991; Mishra et al., 2009). Moreover, bacteria belong 

to Burkholderia, Azotobacter, Azospirillum, Enterobacter, Kurthia have also been 
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evaluated for their co-inoculation efficacy with Rhizobia and found to enhance plant 

growth (Pandey and Maheshwari, 2007). So consortia inoculation of rhizobia and PGPB 

benefit plant by enhanced nodulation, growth and grain yield. 

 

1.6. Pesticides and bioinoculants 

Sustainable agriculture searches to increase the crop yield while reducing environmental 

cost that is associated with the agricultural intensification. Fungicide seed treatment is a 

very common practice recognized as a useful strategy to combat seed-borne pathogens 

and seedling damping-off agents. In Pakistan, Derosal® (carbendazim) and Topsin® 

(thiophanate methyl) are widely used to control fungal diseases. Both the systemic 

fungicides, carbendazim and thiophanate methyl belong to benzimidazol group. These 

fungicides are used against fungal diseases that includes mildew, eyespots, scorch, 

mould, blight and rot in variety of crops (Cycon et al., 2011). The antifungal activity of 

pesticides ultimately cause the inhibition of germ tube development, appresoria 

formation, and mycelia growth.  

 

Although the anti-fungal effects of carbendazim and thiophenate methyl have 

been well-characterized, their effects on legume crops are not well-understood, and in 

some instances research results are somewhat controversial. Fungicides may influence 

plant productivity by affecting either plant growth or the Rhizobium-legume symbiosis. 

In the latter case, fungicides could alter rhizobial activities or the interaction between the 

symbiotic partners (Singh and Wright, 2002; Sunohara et al., 2010). Chiefly, fungicides 

mimic naturally occurring biochemicals in the rhizosphere and thereby interfere with 

symbiotic signaling between rhizobia and host legume. Inhibition of the rhizobia to the 

plant roots, poor nodulation, lower rate of nitrogen fixation and reduction in the plant 

biomass and the grain yield are the possible harmful effects of fungicide (Fox et al., 

2001; Fox et al., 2004; Fox et al., 2007). Such deleterious effects of fungicide usage are 

largely due to the poor understanding of various factors including fungicide-inoculant 

compatibility, crop varieties, environment, and the interactions of these factors. A sound 

awareness of these factors would guide in making appropriate decisions regarding 

inoculant strategies to maximize the benefits of rhizobia-legume association.  
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1.7. Objectives 

Keeping various problems and issues in mind described in this section, the broader 

objectives of this study are as under; 

 

o Phylogenetic identification Bradyrhizobium sp. MN-S and 

characterization of its Nod factor as well as colonization on mung bean 

roots, and its effectiveness as a plant growth promoting bacterial (PGPB) 

strains. 

 

o Comparative analysis of flavonoids, genistein and quercetin, for the 

induction of Nod factors production, nodulation and growth of mung bean. 

 

o Isolation and characterization of the non-rhizobial endophytic bacteria 

from the mung bean and to find out their effectiveness in nodulation and 

grain yield improvement upon co-inoculation with mung bean specific 

rhizobia, Bradyrhizobium sp. MN-S. 

 

o Effect of carbendizm and thiophanate methyl fungicides on 

Agrobacterium, Bradyrhizobium, Rhizobium growth in vitro. 

Ultrastructural studies to investigate bacterial occupancy in root and 

nodule cells as well as effect of fungicides and bioinoculants on 

nodulation and grain/ pod yield of mung bean and pea. 
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Chapter 2 

 

 

                          Materials and Methods 

The experiments were conducted in the laboratories and fields of National Institute for 

Biotechnology and Genetic Engineering (NIBGE), Faisalabad, Pakistan. A part of the 

study was also conducted in the Department of Molecular, Cell and Developmental 

Biology, Molecular Biology Institute and Pasarow Mass Spectrometry Laboratory, Semel 

Institute, David Geffen School of medicine at University of California - Los Angeles, Los 

Angeles, CA, USA under HEC awarded IRSIP program.  

Plant beneficial microorganisms, Bradyrhizobium sp. MN-S, Agrobacterium sp. 

Ca-18, Rhizobium leguminosarum PS-I and Rhizobium leguminosarum PS-II were 

provided by the BIRCEN culture collection - NIBGE, Pakistan. Bradyrhizobium sp. MN-

S and Agrobacterium sp. Ca-18 were isolated from mung bean and chickpea root 

nodules, respectively (Hameed et al., 2004). Rhizobium leguminosarum PS-I and 

Rhizobium leguminosarum PS-II were isolated from pea root nodule (Hameed, 2003). 

Bradyrhizobium japonicum USDA110 was obtained from Nitrogen Fixation by Tropical 

Agricultural Legumes (NifTAL) Center, University of Hawaii, USA. Seeds of Vigna 

radiata L. (mung bean) cv. NM-92 were obtained from the Seed Bank of Nuclear 

Institute of Agriculture and Biology (NIAB) Faisalabad, Pakistan. Seeds of Pisum 

sativum L. (pea) cv. Mateore were obtained from Ayub Agriculture Research Institute 

(AARI), Faisalabad.  Fungicide containing the active ingredients, carbendazim (Derosal® 

500SC, Aventis, Pakistan Crop Sciences, Pakistan Pvt. Ltd.) and thiophanate methyl 

(TOPSIN-M® 70WP, Arresta Agro, Pakistan Pvt. Ltd.) were used in this study. 
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2.1. Isolation of endophytic bacteria from root nodules 

Mung bean and pea plants grown in the field of NIBGE were sampled for bacterial 

isolation at nodulation stage (after 4 weeks). Roots were washed thoroughly using sterile 

distilled water to remove adhering soil. About 10 nodules were detached from the roots 

with a sterilized forceps. The intact and undamaged nodules were immersed in ethanol 

for 1 min and transferred to a 3% solution of calcium hypochlorite for 5 min under 

aseptic conditions. Nodules were rinsed in five changes of sterile water. Surface 

sterilization of nodules was ensured by incubating nodules on yeast extract mannitol 

(YEM) agar (Vincent, 1970) plate for 72 h at 28±2 ºC. Surface sterilized nodules were 

crushed to prepare a suspension in 20 µL sterile water in a Petri dish. One loop full of 

nodule suspension was streaked on YEM plates containing Congo red and incubated at 

28±2 ºC until the appearance of single colony. Bacterial colonies after 36 h showing 

different morphotypes were selected and sub-cultured until the purity of cultures was 

confirmed (Marsudi et al., 1999). Pure cultures were stored in 50% glycerol at -80 oC. 

Cell shape and size were observed under light microscope by taking a drop of bacterial 

culture suspension in saline. Gram reaction was performed according to Vincent (1970). 

 

2.2. Nodulation assay 

Nodulation assays were performed according to Hameed et al. (2004), with slight 

modifications. All the nodule endophytic bacteria were grown individually in YEM broth, 

and maintained at 106 cfu mL-1 in sterile water. Seeds of mungbean cv. NM-92 and pea cv. 

Meteore were surface sterilized with 0.1% mercuric chloride for 5 min and washed 

extensively with sterile water. Surface sterilized seeds were allowed to germinate in dark 

room at 25±2 ºC on moist filter paper kept in sterile Petri plates containing 15 seed. 

Germinated seedlings (1 cm) were treated with inoculum of each endophytic bacteria, 

separately. Inoculated seedlings were transplanted in the sterilized assemblies of magenta 

boxes containing vermiculite-perlite (ratio 1:1 v/v) and incubated at 30±2 oC (day) and 

20±2 oC (night) for long day photoperiod – 16h of light per day (Fraile et al., 1988). 

Plants were watered with quarter strength nitrogen free Hoagland solution (Arnon and 

Hoagland, 1940). After four weeks, plants were observed for nodulation.   
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2.3. Characterization of bacterial strains for growth promoting attributes 

Bacterial strains were assessed for their potential of phosphate solubilization, IAA 

production and nitrogen fixation in vitro, as described below; 

 

2.3.1. Nitrogen fixation 

Nitrogenase activity was measured by acetylene reduction assay (Hardy et al., 1968) on a 

gas chromatograph (Thermoquest, Trace G.C, Model K, Rodono Milan, Italy) using a 

Porapak Q column and a H2 -flame ionization detector. Nitrogen fixation ability of 

bacterial strains was assessed by inoculating single colony in 5ml semisolid nitrogen free 

media (NFM) (Okan et al., 1977) in 15 mL vials and incubated at 28±2 oC for 48 h. 

Acetylene (10% v/v) was injected to the vials. After incubation for 16 hours at room 

temperature, gas samples (100 µL) were analyzed on a gas chromatograph (Thermoquest, 

Trace G.C, Model K, Rodono Milan, Italy) using a Porapak Q column and a H2 -flame 

ionization detector (Hameed et al., 2004).  

 

2.3.2. Indole acetic acid production 

Detection and quantification of IAA production by the bacterial strains was carried out by 

growing cultures in YEM broth supplemented with tryptophan (100 mg L-1) as IAA 

precursor. After one week, grown cultures were assessed for qualitative IAA production 

by Fe-HClO4 and Fe-H2SO4 reagents producing pink color (Gordon and Weber, 1951). 

IAA was quantified by ethyl acetate oxidation method (Tien et al., 1979) using HPLC 

with Turbochom software (Perkin Elmer USA). 

 

2.3.3. Phosphate solubilization 

Single colony of each tested bacterial isolate spotted in the center of Pikovskaya’s plate 

containing tricalcium phosphate (Pikovskaya et al., 1948) and incubated at 25±2 oC for 6-

9 days. The plates were observed for clear phosphate solubilization zone around colonies. 

Phosphate solubilization was quantified by Phospho-molybdate blue color method (Nair 

et al., 2007) using spectrophotometer (Campec M350 Double Beam). 
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2.4. In vitro microbial compatibility (antibiosis) assay 

The overlay plate technique was used to access the compatibility of microbial inoculants 

by growing nodule endophytic isolates in the presence of rhizobia (Bradyrhizobium and 

Rhizobium species) according to (Mrabet et al., 2006), with some modifications. 

Mungbean isolates were tested for antibiosis against Bradyrhizobium sp. MN-S and pea 

isolates were tested against Rhizobium leguminosarum PS-I. Log phase grown culture of 

rhizobium was maintained at 104 cfu mL-1 in sterile water and 3 mL of culture was mixed 

in molten hand cool 25ml YEM agar, poured in petri plate and incubated over night at 

28±2 ºC. After overnight incubation, 3 μL of concentrated culture (109 cfu mL-1) of each 

bacterial isolate was inoculated in the center of rhizobium plate, separately. Zone of 

inhibition was measured after three days of incubation at 28±2 ºC. Each isolate was tested 

in triplicate for antibiosis against rhizobia. 

 

2.5. Biofilm formation 

Biofilm formation ability of bacteria was studied on abiotic and biotic surface, as 

described below; 

 

2.5.1. Microtiter plate biofilm formation assay (Abiotic surface) 

Biofilm formation was studied on a abiotic surface by a microtiter plate assay according 

to Fujishige et al. (2006) with some modifications. The bacterial cultures were grown 

upto an optical density at λ600 nm (OD600) = 2.0 in YEM broth, pelleted by 

centrifugation at 8,000 rpm for 2 min, and washed with sterile distilled water.  The cells 

were resuspended in the same medium and maintained at OD600 = 0.2.  An aliquot (150 

µL) of bacterial cell suspension was added to individual wells in a 96-well polyvinyl 

chloride (PVC) plate (Fisher, USA).  YEM alone was used as the control. The plates were 

covered with plastic lids and incubated at 28 C for 24 h for fast growing and 72 h for 

slow growing bacteria. After the incubation period, the medium was removed and the 

wells were washed with sterile water. The plates were allowed to dry and the wells were 

treated with 150 µL of 0.001% crystal violet for 15 min. The excess dye was removed 

and the wells were washed with sterile water. The retained stain was solubilized with 150 
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µL of 95% ethanol and the amount of dye was quantified by measuring the absorbance at 

570 nm on plate reader.  

 

2.5.2. Root biofilm formation assay (Biotic surface) 

Biofilm formation was also studied on mungbean roots. Ten-day-old plants were 

harvested and the roots were cut into 1.5 cm segments.  Pieces of uniform shape and size 

were placed into the 96-wells of a microtiter plate. 200 µL of bacterial culture maintained 

at OD600 = 0.2 were added to the wells and the plates were incubated at 28 C for 24 h for 

fast growing and 72 h for slow growing bacteria. After the incubation period, the root 

pieces were removed from the cultures, washed with sterile water, and then added to 1 

mL sterile water. Bacterial biofilms were removed from the root surface and dispersed in 

sterile water by vigorous shaking. An aliquot (100 µL) of the dispersed preparation was 

plated on YEM agar and the colony forming units (cfu) were counted after 5 days as cfu 

0.1 mg-1 root. 

 

2.6. Identification of bacteria 

2.6.1. DNA Extraction: 

Total genomic DNA was isolated by the alkaline lysis method (Maniatis et al., 1982) 

with slight modifications. Pure bacterial strains were grown in Luria-Bertani (LB) broth 

for 2-3 days at 28±2 oC with constant shaking. The cells from pure cultures were 

harvested by centrifugation at 5,000 × g for 10 minutes and pellet was suspended in 500 

µL TE buffer containing 100 µL of lysozyme (15 mg mL-1) and and 50 µL RNAase (10 

mg mL-1) in an eppendorf tube. The cell suspension was incubated at 37 oC for 30 min 

and 30 µL 10% SDS was added and mixed thoroughly and incubated for other 20 min at 

70 oC. To this suspension, 10 µL proteinase K (20 mg mL-1) was added and incubated for 

2 hours at 45 oC. The mixture was centrifuged at 13,000 × g for 10 min and supernatant 

was extracted twice with phenol/ chloroform (25:24), followed by two extractions with 

chloroform/ isoamyl alcohol (24:1). To the aqueous layer, 1/10th volume of Na-acetate 

(3M, pH 5.2) and 0.6 vol. isopropanol were added and was incubated at -20 oC for 1 h. 

After centrifugation at 13,000 × g for 10 min, pellet was washed with 70% ethanol before 
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drying under vacuum and dissolved in 50-100 µL of TE buffer. DNA concentration was 

measured comparing the isolated DNA with the DNA intensity marker on 0.8% agarose 

gel and DNA was stored at -20 oC.  

 

2.6.2. Colony PCR 

Colony PCR was also performed in this study. A medium sized bacterial colony was 

dissolved in 50 µl of PCR water. The preparation was vortexed to homogenize. Colony 

suspension was used as DNA template in PCR reactions (Maltsewa and Oriel, 1997). 

 

2.6.3. PCR Primers 

2.6.3.1. 16S rRNA gene primers 

Eubacterial primers fD1 (5’- AGAGTTTGATCCTGGCTCAG-3’) and rD1 (5’ – 

AAGGAGGTGATCCAGCC- 3’), which correspond to Escherichia coli 16S rRNA gene 

positions 8-27 and 1524-1540, respectively, were used for the PCR amplification of the 

16S rRNA gene fragment of Bradyrhizobium sp. MN-S as described by Weisburg et al. 

(1991) with some modifications. 16S rRNA gene sequence was also amplified using 

another set of primers, P1 (forward primer, 5` - 

CGGGATCCAGAGTTTGATCCTGGTCAGAACGAACGCT- 3`) and P6 (reverse 

primer, 5` - CGGGATCCTACGGCTACCTTGTTACGACTTCACCCC- 3), which 

correspond to E. coli positions 8-37 and 1479-1506, respectively and amplifies 1500bp 

fragment (Tan et al., 1997).  

 

2.6.3.2. nod gene primers 

All the primers for nod genes were self-designed using Primer3 software. Primers 

nodD1f (5’ –TGCTTCCTCGAGCAATATCC- 3’) and nodD1r (5’ –

CTGCTGCCATTTTCTGATGA- 3’), which correspond to Bradyrhizobium japonicum 

nodD1 gene positions 51-71 and 538-558, respectively, were used for the amplification of 

the nodD1 gene fragment from Bradyrhizobium sp. MN-S. Primers nodVf (5’ – 
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CGATCAGCTCGCTGACATTA - 3’) and nodVr (5’ – 

AGGGATTTCGAGCACGAGTA - 3’), corresponding to Bradyrhizobium japonicum 

nodV gene positions 1187-1207 and 1663-1683, respectively, were used for the 

amplification of a nodV gene fragment of Bradyrhizobium sp. MN-S. Primers nodCf  (5’ 

– ATGCCATTGATCCGAGATTC - 3’) and nodCr (5’ – 

CTATCGCGTCTGGGACGTAT - 3’), which correspond to Bradyrhizobium 

yuanmingense nodC gene positions 58-77 and 537-556, respectively, were used for the 

amplification of the nodC gene fragment of Bradyrhizobium sp. MN-S. The primers were 

synthesized from e-oligos Gene LinkTM. 

 

2.6.4. PCR Recipe 

Gene fragments were amplified in a PCR thermocycler with a reaction mixture volume of 

50 µL containing about 50 ng DNA or 3 µL of colony mixture, 0.4 µM of each primer, 

200 µM dNTP (Fermentas), 1.5 mM MgCl2, 0.1% DMSO, and 1.25 U Taq DNA 

polymerase (Invitrogen). The reaction was performed in 1 X PCR buffer. 

 

2.6.5. PCR Profile 

PCR reaction was performed under the following conditions:   

For 16S rRNA gene amplification, 5 min at 95 oC, then 35 cycles of 30 sec at 95 oC, 30 

sec at 55 oC and 90 sec at 72 oC, and final extension at 95 oC for 10 min. For nod gene 

amplification, 5 min at 95 oC, then 35 cycles of 30 sec at 95 oC, 30 sec at 55±6 oC 

(gradient PCR) and 60 sec at 72 oC, and final extension at 95 oC for 10 min. 

 

2.6.6. Electrophoresis 

The amplification products were resolved on a 0.9 % agarose gel in 0.5 X TBE 

(Trisborate-EDTA) buffer containing 2 µL ethidium bromide (20mg m L-1). 1 kb and 

100bp DNA ladders (GeneRuler, Fermentas) were used as size marker. The gels were 

viewed under UV light and photographed using Vilber Lourmat gel documentation 

system.  
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2.6.7. Purification of PCR product 

Amplified PCR products of partial 16S rRNA genes were purified using QIAquick PCR 

purification kit (QIAGEN) and PureLinkTM Quick Gel Extraction Kit (Invitrogen) gel 

extraction kit according to the manufacturer’s protocol. Purified PCR products were 

sequenced used for sequencing. 

 

2.6.8. Gene sequencing and analysis 

PCR products were directly sequenced with an ABI Prism 3100 Genetic Analyzer 

(Hitachi, Japan) using Big Dye Terminator v 1.1 Cycle Sequencing Kit. The gene 

sequences were compared with other sequences in the GenBank databases using NCBI 

BLAST (Altschul et al., 1990) at http://www.ncbi.n1m.nih.gov/blast/Blast.cgi and 

ClusralW2 software.  

 

2.7. Bacterial growth in fungicide supplemented media 

Bacterial strains, Rhizobium leguminosarum PS-I, Rhizobium leguminosarum PS-II, 

Bradyrhizobium sp. MN-S, Bradyrhizobium japonicum USDA110 and Agrobacterium sp. 

Ca-18 were assessed in vitro for fungicides resistance. The effect of fungicides on 

bacterial growth was studied according to Singh and Wright (2002), with some 

modifications. YEM supplemented with carbendazim and thiophanate methyl at 

recommended concentration of 0.7 mL L-1 and 1 g L-1, respectively, and YEM without 

modification (control) was prepared in a 100 mL flask containing 24 mL media. Media 

was inoculated with 1mL bacterial cultures maintained at 107 cfu m L-1 and incubated at 

28±2 oC at 150 rpm. Growth of bacteria was measured at periodic incubation periods at 

OD650 on spectrophotometer which was calibrated with an uninoculated blank.  

 

2.8. Optical and transmission electron microscopy 

Occupancy of bacteria in the root and nodule cells was studied using light and 

transmission electron microscope. Mung bean seeds were inoculated with 106 cfu m L-1 

of pure culture of Bradyrhizobium sp. MN-S and Bradyrhizobium japonicum USDA110 
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separately, were grown in fungicide-supplemented nitrogen-free Hoagland’s solution (1/4 

strength) under aseptic conditions. Nodule samples taken from four-week old plants were 

fixed in 5% glutaraldehyde for 16 – 18 h. The samples were treated with 0.2% Osmium 

tetraoxide prepared in 0.1 M cacodylate buffer (pH 6.8) for 16 - 18 h and washed with 

distilled water. The samples were then treated with 5% aqueous uranyl acetate for 16 - 18 

h and washed with sterilized distilled water. The samples were dehydrated first with 

absolute alcohol and then with 100% acetone. The acetone was replaced by pure resin 

and samples were transferred to flat embedding moulds containing resin, incubated at 

65±2 oC for 72 h for polymerization. Polymerized resin blocks were left at room 

temperature for at least 24 h. Sectioning was performed at ultra-microtome to slice the 

section of 120 nm thickness. The observations were taken at light microscope (Appendix 

14) LEICA DM LS as well as transmission electron microscopy JEOL JEM-1010 

(Hameed, 2003). 

 

2.9. Nod factor analysis of Bradyrhizobium sp. MN-S 

Nod factor of Bradyrhizobium sp. MN-S was extracted by butanol and analyzed on 

LCMS as described below; 

 

2.9.1. Nod factor extraction and purification 

Nod factor, a lipo-chitooligosaccharide (LCO), was extracted according to Duzan et al. 

(2004), with slight modifications. Bradyrhizobium sp. MN-S was grown to a culture 

optical density (OD600) of 1.0 in 100 mL YEM broth at 28 C and subcultured in 900 mL 

YEM broth. Nod factor production was induced by the addition of flavonoids, genistein 

and quercetin (final conc. 5 µM), when the resulting culture reached OD600 = 0.5. The 

culture was allowed to grow to OD600 = 1.0, and the Nod factor was extracted with HPLC 

grade l-butanol (400 mL) over 48 h at room temperature.  The organic phase (butanol 

layer) was collected and evaporated to near-dryness at 60C for 4 h.  The sample was 

then dried completely under reduced pressure.  Finally, the dried material was re-

dissolved in water/acetonitrile/formic acid (95/5/0.1, all by volume). Nod factor of B. 
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japonicum 532C [Bj-V (C18:1, MeFuc)] was used as reference, which was generously 

provided by Dr Donald L Smith, McGill University, Canada.  

 

2.9.2. Chromatographic and mass spectroscopic analysis 

Both the Bradyrhizobium sp. MN-S redissolved extract and a sample of the partially 

purified standard Nod factor of B. japonicum 532C, re-dissolved in 

water/acetonitrile/formic acid (95/5/0.1, all by volume), were injected onto a reverse 

phase HPLC column (Alltech Platinum C18, 300 Å pore size, 5 m particle diameter), 

equilibrated in solvent A (water) and eluted (1 mL/min) with an increasing concentration 

of solvent B (acetonitrile:min/% B, 0/0, 5/10, 60/100, 65/10 and 70/10). The effluent 

from the column was passed through a flow splitter and a proportion of the flow (about 

80%) was directed to a fraction collector (1 min fractions). The remainder of the flow 

was passed to an Ionspray source connected to a triple quadrupole mass spectrometer 

(PE-Sciex ABI III+) scanning in the negative ion mode (m/z 600-2000, orifice voltage -65, 

step size 0.3 Da, about 6 sec/scan). The data were analyzed with instrument-manufacturer 

supplied software (MacSpec version 3.3 and BioMultiView version 1.3.1).  

 

2.10. Plant inoculation studies 

2.10.1. Growth chamber experiment: Co-inoculation of rhizobia & nodule endophytic 

bacteria 

All the potential nodule endophytic bacteria and rhizobia cultures (Bradyrhizobium sp. 

MN-S and Rhizobium leguminosarum PS-I) were grown individually in YEM broth, 

respectively, and maintained at 106 cfu mL-1 in sterile water. Each of the endophytic 

bacterial strain of mung bean was mixed with the Bradyrhizobium sp. MN-S and of pea 

with R. leguminosarum PS-I at equal concentration (ratio 1:1 v/v). On the other side, 

mungbean seeds cv. NM-92 and pea cv. Meteore were surface sterilized with 0.1% 

mercuric chloride for 5 min and washed extensively with sterile water. Surface sterilized 

seeds were allowed to germinate in dark room at 25±2 ºC on moist filter paper kept in 

sterile Petri plates containing 15 seed. Germinated seedlings (1 cm) were treated with co-
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inoculation combinations and single strain inoculum (Table 2.1). The coated seedlings 

were planted in sterile growth pouches containing 5mL quarter strength nitrogen free 

Hoagland solution. Growth pouches were placed in growth chamber at 30±2 ºC (day) and 

20±2 ºC (night) for long day photoperiod. The experiment was performed in triplicate 

and the plants were harvested after 6 weeks. Nodule number, nodule dry weight and total 

plant dry weight was determined and analyzed. 
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Table 2.1. Co-inoculation and single strain inoculation treatments in growth 

chamber experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sr. # Inoculation 

1 Bradyrhizobium sp. MN-S 

2 Bradyrhizobium sp. MN-S + Isolate M2 

3 Bradyrhizobium sp. MN-S + Isolate M4 

4 Bradyrhizobium sp. MN-S + Isolate M5 

5 Bradyrhizobium sp. MN-S + Isolate M6 

6 Bradyrhizobium sp. MN-S + Isolate NIB4 

7 Bradyrhizobium sp. MN-S + Isolate NIB6 

8 Bradyrhizobium sp. MN-S + Isolate NIB10 

9 R. leguminosarum PS-1 

10 R. leguminosarum PS-1 + Isolate MSP9 

11 R. leguminosarum PS-1 + Isolate MSP10 

12 Uninoculated control 
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2.10.2. Growth chamber experiment: Effect of flavonoids pre-incubated 

Bradyrhizobium sp. MN-S inoculation on seed germination, nodulation and plant 

growth 

Bradyrhizobium sp. MN-S culture was harvested at OD 1.5 and maintained at 0.1 OD in 

half strength nitrogen free Hoagland solution. This resultant culture was induced with 

5µM of the each flavonoids, genistein and quercetin, and incubated at 28±2 oC for 3 days. 

Seeds of mung bean were surface sterilized with 0.1% mercuric chloride for 5 min and 

washed extensively with sterile water. For, seed germination assay, sterilized seeds of 

mung bean were treated with flavonoids pre-incubated Bradyrhizobium sp. MN-S and 

untreated Bradyrhizobium sp. MN-S culture for 30 min. Uninoculated control was also 

included in the experiment. Treated seeds were transplanted to phyto-agar plate and 

incubated in dark at 20±2 oC for five days to record germination (10 seeds per replicate). 

For seedling growth promotion assay, seed were initially germinated on phyto-agar plate 

for three days. Germinated seedlings (1 cm) were treated with the above mentioned 

treatments for 30 min. Inoculated seedlings were transplanted in vermiculite-perlite (ratio 

1:1 v/v) containing magenta jars and incubated at 30±2 oC (day) and 20±2 oC (night) for 

long day photoperiod. Experiment was carried out with five replications. Plants were 

watered with quarter strength nitrogen free Hoagland solution. After four weeks, plants 

were harvested to record nodule number and nodule dry weight. After five weeks, plants 

were harvested to record root and shoot growth parameters. 

 

2.10.3. Field Experiment: Co-inoculation of Bradyrhizobium sp. MN-S & nodule 

endophytic bacteria 

Mungbean field experiment was also conducted in spring 2008. A Randomized Complete 

Block Design (RCBD) based experiment was performed with below mentioned six 

treatments and three replicates. Soil of the experimental area was ploughed and half of 

the recommended doze of DAP (30.875 kg ha-1) was applied. Ten mL inoculum of each 

treatment (M2 + Bradyrhizobium sp. MN-S, M4 + Bradyrhizobium sp. MN-S, M5 + 

Bradyrhizobium sp. MN-S, M6 + Bradyrhizobium sp. MN-S, Bradyrhizobium sp. MN-S 

alone and un-inoculated control) maintained at 106 cfu mL-1 in sterile water was applied 

on 100 g surface sterilized seed. The seeds were sown by hand drill in a plot of 2m × 6m 
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in triplicate and the plots were watered as and when required. Four to five weeks after 

sowing seeds, plants were harvested to record nodulation. Mature plants were harvested 

after 80 days to record seed yield. 

 

2.10.4. Field Experiment: Combined effect of fungicides & bioinoculants on mung 

bean 

Mung bean field experiments were conducted in spring 2008. There were fifteen 

treatments and three replicates arranged in a RCBD. Selected fungicides Derosal® and 

Topsin® were applied at recommended concentration in combination with bacterial 

inoculants on mung bean variety, NM-92. Inocula of Bradyrhizobium sp. MN-S, 

Bradyrhizobium japonicum USDA110, and Agrobacterium sp. Ca-18, were prepared as 

single strain and composite inoculum. Surface sterilized seeds were first treated with 

fungicides solutions at the recommended rate (thiophanate methyl = 1 g kg-1 seed, 

carbendazim = 0.7 mL kg-1 seed). On drying of seeds, 10 mL bacterial inoculants 

maintained at 107 cfu mL-1 in distilled water were applied on 100 g seeds and each 

treatment sown in a plot of 2 m × 6 m. Soil of the experimental area was ploughed and 

half of the recommended doze of DAP (30.875 kg ha-1) was applied. Four to five weeks 

after sowing seeds, plants were harvested to record nodulation. Mature plants were 

harvested after 80 days to record seed yield. 

 

2.10.5. Field Experiment: Combined effect of fungicides & bioinoculants on pea 

 Pea field experiments were conducted in winter 2008. There were fifteen treatments and 

three replicates with RCBD. Selected fungicides carbendizm and thiophanate methyl 

were applied at recommended concentration in combination with bacterial inoculants on 

pea variety, Mateore. All the selected bacteria, R. leguminosarum PS-I and R. 

leguminosarum PS-II and Agrobacterium sp. Ca-18, were used to inoculate as single 

strain and composite inoculum. Seeds were surface sterilized with 80% ethanol and 0.1% 

mercuric chloride for 5 min each, then washed six times with sterile distilled water. 

Surface sterilized seeds were first treated with fungicides at recommended rate, 

thiophanate methyl = 1 g kg-1 seed, carbendazim = 0.7 mL kg-1 seed. On drying of seeds, 

10 mL bacterial inoculants maintained at 107 cfu mL-1 in distilled water were applied on 
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100 g seeds and each treatment sown in a plot of 2 m × 6 m. Soil of the experimental area 

was ploughed and half of the recommended doze of DAP (30.875 kg ha-1) was applied. 

During 4-5th week of sowing plants were harvested to record nodulation, while mature 

plants were harvested after three month to record pod yield.  

 

2.11. Statistical analysis 

The data were analyzed statistically using MSTAT software. Analysis of variance was 

computed and means were compared employing the LSD test (Steel and Torrie, 1980). 
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Chapter 3 

 

 

                                              Results 

 

3.1 Isolation of endophytic bacteria from root nodules 

A total of twenty-nine bacterial isolates were obtained on the basis of colony morphology 

from the nodules of mung bean and sweet pea grown in the fields of National Institute for 

Biotechnology & Genetic Engineering (NIBGE), Faisalabad, Pakistan (Table 3.1 & 3.2).  

 

3.2 Morphological characteristics of nodule endophytic bacteria 

3.2.1 Colony morphology 

Bacterial isolates were observed for colony morphology. There was a considerable 

variation in colony size, surface, texture, color, elevation and margins among different 

bacterial isolates on YEM. Size of bacterial colonies generally ranged from 1-5 mm in 

diameter (Table 3.1 & 3.2). 

 

3.2.2 Cell morphology 

Light microscopic studies showed that all bacteria were motile and showed rod shaped 

cell morphology. Few bacteria were however very small rods (Table 3.1 & 3.2). 

 

3.2.3 Gram’s staining 

Bacterial isolates were tested for Gram’s reaction. Fourteen out of twenty nine isolates 

were gram positive while fifteen were gram negative (Table 3.1 & 3.2). 
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Table. 3.1. Morphological characteristics of nodule endophytic bacteria isolated 
from mung bean nodules 

 
 

Sr. # 
 

Isolates Colony 
Morphology 

Cell 
Morphology 

Gram’s 
Reaction 

1 M1 Round large, smooth, 
white. 

Small rods -ve 

2 M2 Round small, wavy, 
dark creamy. 

Medium rods +ve 

3 M3 Round small, smooth, 
creamy. 

Small rods -ve 

4 M4 Round large, wavy, 
dark creamy. 

Medium rods -ve 

5 M5 Round small, smooth, 
dark creamy. 

Small rods +ve 

6 M6 Round small, wavy, 
dark creamy. 

Medium rods +ve 

7 M7 Round medium, 
smooth, creamy. 

Small rods -ve 

8 M8 Round large, wavy, 
white. 

Small rods -ve 

9 M9 Round large, wavy, 
dark creamy. 

Small rods -ve 

10 NIB1 Round large, smooth, 
dark creamy. 

Medium rods +ve 

11 NIB2 Round small, smooth, 
creamy. 

Medium rods +ve 

12 NIB3 Round small, smooth, 
creamy. 

Medium rods +ve 

13 NIB4 Round medium, 
wavy, light brown 

Medium rods +ve 

14 NIB5 Round medium, 
smooth, dark creamy. 

Medium rods +ve 

15 NIB6 Round medium, 
wavy, light brown 

Medium rods +ve 

16 NIB7 Round small, smooth, 
yellow. 

Medium rods +ve 

17 NIB8 Round medium, 
smooth, light yellow. 

Medium rods +ve 

18 NIB9 Round medium, 
smooth, dark creamy. 

Medium rods +ve 

19 NIB10 Round medium, 
smooth, dark creamy. 

Very small rod -ve 
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Table. 3.2. Morphological characteristics of nodule endophytic bacteria isolated 
from sweet pea nodule 

 
 

Sr. # 
 

Isolates 
Colony 

Morphology 
Cell 

Morphology 
Gram’s 
Reaction 

1 MSP1 Round medium, 
smooth, creamy. 

Small rods -ve 

2 MSP2 Round small, smooth, 
light yellow. 

Small rods -ve 

3 MSP3 Small round, smooth, 
greenish yellow. 

Small rods -ve 

4 MSP4 Large round, smooth, 
creamy. 

Small rods +ve 

5 MSP5 Round medium, 
wavy, dark creamy. 

Medium rods -ve 

6 MSP6 Small, wavy, creamy. Small rods +ve 

7 MSP7 Small, smooth, 
yellow. 

Small rods -ve 

8 MSP8 Round medium, 
wavy, dark creamy. 

Small rods -ve 

9 MSP9 Round medium, 
smooth, creamy. 

Very small rod -ve 

10 MSP10 Round medium, 
smooth, light brown

Small rod -ve 
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3.3. Colonization, biofilm formation and nodulation assay 

 

All the nodule endophytic bacteria were initially tested for plant infectivity assay for 

nodulation. They did nod form root nodule on their respective host. Moreover, these 

bacterial isolates did not show any amplification with nodC and nodD1 primers of the 

Bradyrhizobium sp. at varying conditions (fig. 3.1 & 3.2). MN-S, USDA110, PS-I and 

PS-II were used as control, which showed an amplification of 500bp. 

 

Further, these bacterial isolates were checked for legume root surface 

colonization. All the isolates showed very high colonization on root surface of their 

respective hosts. Similarly, equally efficient biofilm formation ability on the abiotic 

surface (polyvinyl chloride) was also observed. Overall, bacterial isolates, M2, M4, M5, 

M6, NIB4, NIB6, NIB10, MSP9 and MSP10 showed high efficiency in colonization on 

roots and biofilm formation on abiotic surface (fig. 3.3 & 3.4). 
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    100 bp    Ca18               M1     M2     M3      M4      M5     M6     NIB4  NIB6  NIB10 MSP9 MSP10 100 bp 

500bp 

100bp   PSI    PSII  MNS Ca18    M2    M4    M5    M6 USDA110 NIB4 NIB6 NIB10 MSP9 MSP10 1kb 

500bp 

     Fig. 3.1. PCR amplification test of nodC in nodule endophytic bacteria  

   Fig. 3.2. PCR amplification test of nodD1 in nodule endophytic bacteria  
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Fig. 3.3. Colonization efficiency of nodule endophytic bacteria on plant root.  
Each value is plotted as the mean ± SE (n=3). 
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Fig. 3.4. Biofilm formation efficiency of nodule endophytic bacteria on abiotic surface 
(PVC). Each value is plotted as the mean ± SE (n=16). 
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3.4. Characterization for plant growth promoting attributes 

All the bacterial isolates were tested for plant growth promoting attributes including 

nitrogen fixation, indole acetic acid production and phosphate solubilization (Table 3.3 & 

3.4). Each bacterial property studied has been discussed below;   

 

3.4.1. Nitrogen fixation 

Out of twenty-nine, four bacterial isolates showed nitrogenase activity in acetylene 

reduction assay. Two of them M1 and M3 belong to mung bean, while the other two, 

MSP2 and MSP 10 are sweet pea isolates (Table 3.3 & 3.4). 

 

3.4.2. Indole acetic acid  production 

Fifteen bacterial isolates of mung bean were able to produce IAA at varying level, ranged 

from 0.97 – 28.3 µg mL-1. M2 and M6 were highly efficient in IAA production by 

secreting 26.5 µg mL-1 and 28.3 µg mL-1, respectively (Table 3.3). In case of peas 

isolates, five were able to produce IAA and MSP9 was most efficient among pea isolates 

by producing 16 µg mL-1 IAA (Table 3.4). 

 

3.4.3. Phosphate solubilization 

Phosphate solubilization data indicate that all the bacterial isolates from mung bean and 

pea were able to solubilize phosphate except NIB5 and MSP4. Bacterial phosphate 

solubilization efficiency ranged from 4.4 -21.8 µg mL-1. Bacterial isolate M6 was best 

among the tested microbes that could solubilize phosphate 21.8 µg/ ml, whereas, M4 

showed the lowest efficiency of 4.4 µg mL-1 (Table 3.3 & 3.4).  
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Table 3.3. Comparison of plant growth promoting attributes of mung bean nodule 
endophytic bacterial isolates 

 

 
Isolate 

 
ARA 

IAA 
Production 
(µg mL-1) 

Phosphate 
Solubilization 

(µg mL-1) 
M1 + 9.2 ± 0.6 6.92 ± 0.63 

M2 _ 28.3 ± 4.7 18.1 ± 0.8 

M3 + 32.92 ± 0.7 11.61 ±0.46 

M4 _ 3.4 ± 0.3 4.4 ± 0.5 

M5 _ 2.2 ± 0.3 13.8 ± 1.1 

M6 _ 26.5 ± 2.1 21.8 ± 2.7 

M7 _ 10.94 ± 0.74 6.77 ± 0.47 

M8 _ 17.2 ± 0.98 6.78 ± 0.45 

M9 _ 1.02 ± 0.08 6.79 ± 0.48 

NIB1 _ _ 6.81 ± 0.48 

NIB2 _ _ 9.34 ± 0.40 

NIB3 _ _ 9.34 ± 0.43 

NIB4 _ 3.45 ± 0.37 6.81 ± 0.48 

NIB5 _ 1.05 ± 0.15 _ 

NIB6 _ 3.79 ± 0.66 11.79 ± 0.72 

NIB7 _ _ 6.82 ±0.49 

NIB8 _ _ 6.83 ± 0.50 

NIB9 _ 4.23 ± 0.49 11.7 ± 0.41 

NIB10 _ 5.62 ± 0.4 9.34 ± 0.44 
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Table 3.4. Comparison of plant growth promoting attributes of pea nodule 
endophytic bacterial isolate 
 
 

 
Isolate 

 
ARA 

IAA 
Production 
(µg mL-1) 

Phosphate 
Solubilization 

(µg mL-1) 
MSP1 _ 1.38 ± 0.27 6.8 ± 0.33 

MSP2 + _ 11.7 ± 0.26 

MSP3 _ _ 9.3 ± 0.43 

MSP4 _ 3.39 ± 0.33 _ 

MSP5 _ _ 5.57 ± 0.36 

MSP6 _ _ 9.33 ± 0.36 

MSP7 _ 1.64 ± 0.29 9.2 ± 0.36 

MSP8 _ 4.13 ± 0.3 6.85 ± 0.12 

MSP9 _ 16.16 ± 0.27 11.73 ± 0.27 

MSP10 + 0.86 ± 0.12 6.83 ± 0.18 
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3.5. Molecular identification of potential bacterial strains 

Nine bacterial strains were selected on the basis of colonization, biofilm formation and 

growth promoting attributes for their further studies. Initially, these potential bacterial 

strains along with Agrobacterium sp. Ca-18 (previously isolated) were phylogenetically 

identified through 16S rRNA gene sequencing. Primers, fD1 and rD1 amplified a full 

length fragment of 1500bp of 16S rRNA gene (fig. 3.5). The amplicons were directly 

sequenced. 16S rRNA gene sequences of the tested strains compared with other 

sequences in the GenBank databases using NCBI BLAST showed that mung bean 

bacterial strains showed maximum similarity to different species of Bacillus, 

Ochrobactrum and Agrobacterium, while pea bacterial strains to Enterobacter and 

Ochrobactrum. Sequences of these strains were deposited at NCBI GenBank (Table 3.5). 
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Fig. 3.5. Amplification of full length 16S rRNA gene of selected bacteria. 

 

 

Table. 3.5. Identification of bacterial strains based on the similarity score 

 
 

Bacterial 
Strain 

 

Taxonomic Identification 
 

Similarity 
Score 

GenBank 
Accession 
Numbers 

Ca-18 Agrobacterium tumefaciens 99% JF313262 

NIB4 Bacillus sp. 100% JF313263 

NIB6 Bacillus sp. 100% JF313264 

NIB10 Ochrobactrum oryzae 100% JF313265 

MSP9 Ochrobactrum sp. 99% JF313266 

MSP10 Enterobacter sp. 99% JF313267 

M2 Bacillus subtilis 99% EF443161 

M4 Bacillus simplex 100% EF443164 

M5 Agrobacterium tumefaciens 99% EF443163 

M6 Bacillus subtilis 99% EF443162 

 

  kb ladder Ca18  M2     M4      M5     M6    NIB4  NIB6 NIB10 MSP9 MSP10  -ve 

1500bp 
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3.6. Antibiosis of endophytic bacteria to rhizobia 

Pea nodule endophytic bacteria were test for antibiosis against Rhizobium leguminosarum 

PS-I, while mung bean bacteria against Bradyrhizobium sp. MN-S. The results indicated 

that there was no clear (inhibitory) zone formation, showing growth compatibility of 

rhizobia with the nodule endophytic plant growth promoting bacteria (fig. 3.6 a & b). 

Pseudomonas aeuroginosa was used as a positive control, which inhibited the growth of 

Bradyrhizobium sp. MN-S by clear zone formation (fig. 3.6c).  

 

3.7. Co-inoculation of rhizobia and nodule endophytes 

Co-inoculation of rhizobia and potential nodule endophytic bacteria was evaluated for 

plant growth promotion in mung bean and pea under control and field conditions. 

 

3.7.1. Control condition experiments on mung bean and pea 

The above mentioned potential bacterial strains were co-inoculated with rhizobia. 

Initially, the bacterial strains were tested for their compatibility/ antibiosis against 

rhizobia. These compatible bacterial combinations were further used for co-inoculation 

on mung bean and pea plant. Later on, control condition experiments were carried out in 

growth pouches to evaluate the effect of different co-inoculation combinations on plant 

growth. Selected isolates of MSP in combination with Rhizobium leguminosarum PS-I 

could not significantly improve nodulation and plant growth compared to the Rhizobium 

leguminosarum PS1 alone (Table 3.8). Similarly, NIB isolates in combination with 

Bradyrhizobium sp. MN-S had a statistically insignificant difference compared to the 

Bradyrhizobium sp. MN-S alone (Table 3.7). Whereas isolations, M2, M4, M5 and M6 

performed much better and significantly improved nodulation and plant yield (Table 3.6). 

A highly significant effect of inoculation on nodule numbers was observed among 

treatments at a confidence level of 0.001. Microbial consortia of Bradyrhizobium sp. 

MN-S + Isolate M6 significantly increased nodule number per plant (60.7), which is 78% 

higher compared to the treatment of Bradyrhizobium sp. MN-S alone (34). Isolate M5 

and Isolate M2 upon co-inoculation with Bradyrhizobium sp. MN-S was also reasonably 

beneficial to increase nodule number producing 55 and 53 nodules per plant, respectively. 

Nodule dry weight was also significantly different upon inoculation of various treatments 
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at a confidence level of 0.001. A similar trend to nodule number in nodule dry weight 

was observed. Bradyrhizobium sp. MN-S + Isolate M6 significantly promoted nodule dry 

weight per plant (8.87 mg), which is 127% higher compared to the inoculation of 

Bradyrhizobium sp. MN-S alone (3.9 mg). As far as plant dry weight is concerned, there 

was a highly significant effect of inoculation on plant dry weight. A maximum increase 

of 36% in plant dry weight was recorded upon inoculation of Bradyrhizobium sp. MN-S 

+ Isolate M6 compared to the Bradyrhizobium sp. MN-S alone. It was noted that plant 

yield is somehow independent of nodulation as bacterial consortia of Bradyrhizobium sp. 

MN-S + Isolate M4 showed reasonably good nodulation but plant dry weight was lower 

even than un-inoculated control and the Bradyrhizobium sp. MN-S alone treatment as 

well, who was poorly nodulated. 
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Fig. 3.6. Antibiosis assay of rhizobial and nodule endophytic bacteria. Bradyrhizobium sp. 
MN-S and NIB10 (a), Rhizobium leguminosarum PS-I and MSP10 (b), Bradyrhizobium 
sp. MN-S and Pseudomonas aeuroginosa (c). 

(c) 

(b) 

(a) 

No clear zone  

No clear zone  

Clear/ inhibition zone  
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Table 3.6. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant growth of 
mung bean under control conditions 

 

 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
Bradyrhizobium sp. MN-S 34 ± 3.1 c 3.9 ± 0.61 c 407.3 ± 38 bc 

Bradyrhizobium sp. MN-S + Isolate M2 53 ± 6.1 ab 6.4 ± 0.67 b 504 ± 6.1 ab 

Bradyrhizobium sp. MN-S + Isolate M4 45.7 ± 5.3 bc 4.13 ± 0.71 c 314 ± 62.1 c 

Bradyrhizobium sp. MN-S + Isolate M5 54.7 ± 4.1 ab 6.8 ± 0.74 b 406 ± 11.2 bc 

Bradyrhizobium sp. MN-S + Isolate M6 60.7 ± 6.8 a 8.87 ± 0.14 a 552.7 ± 39.1 a 

Uninoculated control 0 d 0 d 328.7 ± 36.7 c 

LSD (P=0.05) 12.3 1.42 94.2 

 

LSD = Least significant difference. 

Means are followed by the ±, represents standard error, (n=3).  

Values followed by the different letters in same column indicate significant difference.
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Table 3.7. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant growth of 
mung bean under control conditions 

 

 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
Bradyrhizobium sp. MN-S 33.6 ± 3.6 a 4.0 ± 0.58 a 329 ± 28.3 a 

Bradyrhizobium sp. MN-S + Isolate NIB4 36 ± 4.2 a 4 ± 0.49 a 336 ± 39.7 a 

Bradyrhizobium sp. MN-S + Isolate NIB6 36.3 ± 3.6 a 4 ± 0..39 a 310 ± 17 a 

Bradyrhizobium sp. MN-S + Isolate NIB10 38.3 ± 3.6 a 4.5 ± 0.58 a 347 ± 29.9 a 

Uninoculated control 0 b  0 b 234 ± 15.5 b 

LSD (P=0.05) 8.84 1.19 70.8 

 

LSD = Least significant difference.  

Means are followed by the ±, represents standard error, (n=3). 

Values followed by the different letters in same column indicate significant difference.
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Table 3.8. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant growth of 
pea under control conditions 

 
 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
R. leguminosarum PS-1 38.7 ± 3.9 a 11.4 ± 1.3 a 497 ± 24.9 a 

R. leguminosarum PS-1 + Isolate MSP9 43 ± 3.7 a 10.4 ± 0.65 a 507 ± 21.7 a 

R. leguminosarum PS-1 + Isolate MSP10 45.3 ± 2.9 a 12.3 ± 1.6 a 532 ± 14.9 a 

Uninoculated control 0 b 0 b 415 ± 17.5 b 

LSD (P=0.05) 8.14 2.84 53.5 

 

LSD = Least significant difference.  

Means are followed by the ±, represents standard error, (n=3). 

Values followed by the different letters in same column indicate significant difference.
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3.7.2. Field experiments on mung bean  

A field experiment was also performed using the potential bacterial strains. A significant 

effect of inoculation on grain yield was observed in field trial at a confidence level of 

0.01 (Table 3.9). Co-inoculation combination, Bradyrhizobium sp. MN-S + Isolate M6 

remarkably improved grain yield to 1478 kg ha-1, which is 22 % higher than the 

Bradyrhizobium sp. MN-S alone (1216 kg ha-1) and 44 % to the un-inoculated control 

(947 kg ha-1). Co-inoculation combination, Bradyrhizobium sp. MN-S + Isolate M4 was 

found least effective. Consortia of Bradyrhizobium sp. MN-S + Isolate M5 was also able 

to enhance 10% grain yield compared with Bradyrhizobium sp. MN-S alone (Table 3.9). 
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Table 3.9. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant growth of 
mung bean under field conditions 

 

 

Treatments Nodule 
number (per 

plant) 

Nodule Dry 
weight (per 

plant) 

Grain Yield 
(kg/ hac) 

%  Grain 
Yield 

Increase 
Bradyrhizobium sp. MN-S 39.3 ± 5.2 b  12.4 ± 1.3 c 1216 ± 112 b 0 

Bradyrhizobium sp. MN-S + Isolate M2 49.7 ± 4.7 ab 16.3 ± 2.1 b 1461 ± 105 ab 20 

Bradyrhizobium sp. MN-S + Isolate M4 51 ± 5.1 ab 11.9 ± 2.2 c 1219 ± 72 b 0.25 

Bradyrhizobium sp. MN-S + Isolate M5 58.7 ± 8.8 a 15.9 ± 2.5 b 1335 ± 81 ab 10 

Bradyrhizobium sp. MN-S + Isolate M6 61 ± 8.2 a 20.3 ± 3.9 a 1478 ± 108 a 22 

Uninoculated control 22 ± 5 c 6.5 ± 1.1 a 947 ± 79 c -22 

LSD (P=0.05) 17.5 2.85 238  

 

 LSD = Least significant difference.  

 Means are followed by the ±, represents standard error, (n=3). 

 Values followed by the different letters in same column indicate significant difference.
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3.8. Phylogenetic identification of MN-S 

Phylogenetic identification of mungbean nodulating strain MN-S up to species level was 

performed using 16S rRNA and nod gene sequence analysis. 

 

3.8.1. Sequencing of 16S rRNA gene and analysis 

In this study, initially 16S rRNA gene sequencing of the mungbean-nodulating strains 

MN-S was attempted. Primers P1 and P6 amplified a fragment of almost 1500bp (fig. 

3.7). The amplification product was directly sequenced on ABI Prism 3100 Genetic 

Analyzer (Hitachi, Japan) using Big Dye Terminator v 1.1 Cycle Sequencing Kit and 

sequence was deposited to NCBI GenBank under the accession number JF313268. 

 

 Comparison of the 16S rRNA gene sequence using BLAST (Altschul et al., 1990) 

against the database showed that it was 100% identical to the 16S rRNA gene sequence 

of three Bradyrhizobial species (Table 3.10).  Because of the lack of DNA polymorphism 

in 16S rRNA gene of these three species, we used the genes of the nodD1ABCWV operon 

to identify MN-S. 
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Fig. 3.7. Amplification of full length 16S rRNA gene of MN-S. 

 

 

 

Table 3.10. Comparison of 16S rRNA gene sequence of Bradyrhizobium species with 

MN-S 

 

 

 

 

    1500bp 

   kb ladder    MNS    -ve 
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3.8.2. Sequencing of nodC and analysis 

Primers nodCf and nodCr amplified a fragment of almost 500bp, which was directly 

sequenced after PCR (fig. 3.8). nodC sequence showed a similarity score of 99 with the B. 

yuanmingense, while a lower level of similarity with the nodC sequence of other 

Bradyrhizobium species (fig. 4). The sequence of nodC gene of MN-S was deposited to 

NCBI GenBank under the accession number JF313269. 

 

3.8.3. Sequencing of nodD1 and analysis 

Primers nodD1f and nodD1r amplified a fragment of almost 500bp, which was directly 

sequenced (fig. 3.9). nodD1 sequence showed a similarity score of 99 with the B. 

yuanmingense, while showed a lower level of similarity with the nodD1 sequence of 

other Bradyrhizobium species (Table 3.12). The sequence of nodD1 gene of MN-S was 

deposited to NCBI GenBank under the accession number JF313270. 

 

However, nodW gene could not be amplified even if the PCR conditions were 

varied. It was also found that the nodV gene sequence was completely unlike the known 

nodV sequence of B. japonicum. Data of the nod gene sequencing confirmed that MN-S 

is a B. yuanmingense. 
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Fig. 3.8. Amplification of nodC gene of MN-S. 

 

 

Table 3.11. Comparison of the nodC gene sequence of Bradyrhizobium species with 

MN-S 

 

 

   500bp 

  100bp 
 Ladder  MNS    MNS    MNS 
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Fig. 3.9. Amplification of nodD1 gene of MN-S 

 

 

Table 3.12. Comparison of the nodD1 gene sequence of Bradyrhizobium species with 

MN-S. 

 

  500bp 

  100bp 
 Ladder   MNS  MNS   MNS 
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3.9. Chromatography and mass spectroscopy of Nod factor of MN-S 

The differences in nod gene sequences led us to extract Nod factors from 

Bradyrhizobium sp. MN-S and characterize them employing chromatography and mass 

spectroscopy. The Nod factor preparation from the Bradyrhizobium japonicum 532C, 

having the chemical composition as Bj-V (C18:1, MeFuc) was used as reference (Duzan et 

al., 2004). Chromatogram was live imaged for Nod factor like signals and signals were 

received at 55.23 min (fig. 3.10). The Nod factor signals were scanned and mass 

spectrum was obtained. Mass spectrum showed that Nod factors of B. japonicum 532C 

were consisting of fragments with molecular weights ranging from 1493 to 1571 Da (fig. 

3.11).  On the other hand, chromatogram of the sample from Bradyrhizobium sp. MN-S 

revealed signals at 49.20 min for genistein and 53.84 min for quercetin (fig. 3.12 & 3.14). 

Mass spectrum showed that these Nod factors were in the range of 1178 to 1211 Da.  

These signals are tentatively assigned as the Bradyrhizobium sp. MN-S Nod factor. There 

was almost similar type of nod family was induced with both of the inducers, genistein 

and quercetin. Genistein induced MN-S produced major Nod factor signals at 1179.9, 

1193, 1197 and 1211.1 Da (fig. 3.13), whereas, quercetin induced MN-S produced major 

Nod factor signals at 1178.7, 1193.1, 1197 and 1210.8 Da (fig. 3.15). 
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Fig. 3.10. Total ion current (TIC) of Nod factors of B. japonicum 532C. 
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Fig. 3.11. Mass spectrum of Nod factors of B. japonicum 532C. 
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Fig. 3.12. Total ion current (TIC) of Nod factors of B. yuanmingense MN-S extracted 

with Genistein. 
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Fig. 3.13. Mass spectrum of Nod factors of B. yuanmingense MN-S extracted with 

Genistein. 
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Fig. 3.14. Total ion current (TIC) of Nod factors of B. yuanmingense MN-S extracted 

with Quercetin. 
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Fig. 3.15. Mass spectrum of Nod factors of B. yuanmingense MN-S extracted with 

Quercetin. 
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3.10. Effect of flavonoids pre-incubated Bradyrhizobium sp. MN-S on root 

colonization, biofilm formation, seed germination, nodulation and plant growth 

promotion  

3.10.1. Colonization on root and biofilm formation 

Analysis of variance revealed a highly significant effect of treatments on biofilm 

formation and colonization of MN-S on mung bean root surface (fig. 3.16a). Flavonoids 

pre-incubated cultures significantly induced colonization on mung bean root, which was 

almost double compared to the untreated MN-S. Root colonization was statistically not 

different between quercetin pre-incubated MN-S and genistein pre-incubated MN-S (fig. 

3.16a). Generally, a high colonization/biofilm formation on root by MN-S was observed, 

comparable to other microbe tested in lab. 

 

There was a significant effect of treatments on biofilm formation on abiotic 

surface. It was observe that genistein pre-incubated MN-S established low biofilm, while 

quercetin pre-incubated MN-S showed better biofilm formation compared to the 

untreated MN-S (fig. 3.16b). Generally, poor biofilm formation by MN-S on PVC plates 

was observed, when compared to other microbe tested in lab. 

 

3.10.2. Seed germination 

We also found that Bradyrhizobium sp. MN-S significantly promoted mung bean seed 

germination, root dry weight, and shoot dry weight.  However, shoot and root length was 

not statistically different when the MN-S inoculated and the control plants were 

compared. Observations of the seed germination assay showed that there was a 

significant effect of treatments on mung bean seed germination. MN-S inoculation 

significantly improved seed germination compared to the un-inoculated control. Whereas, 

the effect of flavonoids pre-incubated MN-S was not statistically different from untreated 

MN-S (fig. 3.17). However, better radicals growth was observed in flavonoids pre-

incubated MN-S than the untreated MN-S (fig. 3.18).  
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Fig. 3.16. Effect of MN-S and flavonoids pre-incubated MN-S on root colonization and 
biofilm formation on PVC. Colonization on mung bean root (a), Biofilm formation on 
abiotic surface PVC (b). Each value is plotted as the mean ± SE (n=5 in a & 16 in b).  

 

Q+MNS = Quercetin pre-incubated Bradyrhizobium sp. MN-S 

G+MNS = Genistein pre-incubated Bradyrhizobium sp. MN-S 
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Fig. 3.17. Effect of MN-S and flavonoids pre-incubated MN-S on seed germination. Each 
value is plotted as the mean ± SE (n=5). 

 

Q+MNS = Quercetin pre-incubated Bradyrhizobium sp. MN-S 

G+MNS = Genistein pre-incubated Bradyrhizobium sp. MN-S 

 

 

 

 

 

 

 

 

Fig. 3.18. Seed germination and seedling growth by the treatment of MN-S and 
flavonoids pre-incubated MN-S. 
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3.10.3. Nodulation 

Analysis of variance revealed that nodule numbers were significantly increased by 

different inoculation treatment. Nodule number was significantly increased by the 

inoculation of flavonoids pre-incubated MN-S. Quercetin pre-incubated MN-S showed 

better response than genistein pre-incubated MN-S (fig. 3.19a).  

 

 There was a highly significant effect of treatments on nodule dry weight. 

Flavonoids pre-incubated MN-S significantly improved nodule dry weight. Quercetin 

pre-incubated MN-S showed a statistically different increase than genistein pre-incubated 

MN-S (fig. 3.19b). 

 

3.10.4. Root & shoot growth  

There was a non-significant effect of treatments on root length and shoot length. Almost 

similar root length and shoot length was observed among different treatments (fig. 3.20 a 

& b).  

 

Analysis of variance revealed a highly significant effect of treatments on root and 

shoot dry weight. MN-S inoculation significantly increased root and shoot dry weight 

compared to the un-inoculated control. Flavonoids treated MN-S also significantly 

increased root and shoot dry weight compare with the untreated MN-S. Among 

flavonoids pre-incubated MN-S, quercetin showed higher efficiency than genistein (fig. 

3.20 c & d). 

 

 

 

 

 



Chapter 3  Results 

 74

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.19. Effect of MN-S and flavonoids pre-incubated MN-S on nodule number (a) and 
nodule dry weight (b). Each value is plotted as the mean ± SE (n=5). 

 

Q+MNS = Quercetin pre-incubated Bradyrhizobium sp. MN-S 
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Fig. 3.20. Effect of MN-S and flavonoids pre-incubated MN-S on root length (a), shoot 
length (b), root dry weight (c) and shoot dry weight (d). Each value is plotted as the mean 
± SE (n=5). 

 

Q+MNS = Quercetin pre-incubated Bradyrhizobium sp. MN-S 

G+MNS = Genistein pre-incubated Bradyrhizobium sp. MN-S 
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3.11. Bacterial resistance to fungicides 

Bacterial strains, B. yuanmingense MN-S and Agrobacterium sp. Ca-18, B. japonicum 

USDA110, R. leguminosarum PS-I and R. leguminosarum PS-II were tested for their 

resistance to the fungicides with the following results.   

 

3.11.1 In vitro fungicides resistance assay of mung bean inoculant strains 

In the in vitro assay, growth of MN-S in the YEM supplemented with thiophanate methyl 

remained unaffected until the start of stationary phase, whereas carbendazim resulted in 

lower growth (fig. 3.21a). MN-S grown in the carbendazim could not achieve the 

optimum growth even during the stationary phase. Growth of USDA110 (fig. 3.21b) also 

showed a similar trend. Thiophanate methyl did not affect the growth of USDA110, 

while carbendazim significantly (at P≤0.05) reduced the growth. USDA110 achieved the 

maximum growth during early stationary phase in the carbendazim amended YEM. Ca-

18 being a fast-growing microbe was observed for growth pattern after regular intervals 

of 6 h. It was found that neither of the fungicides had any inhibitory effect on the growth 

of Ca-18 till the late stationary phase (fig. 3.21c). Overall, results of the in vitro toxicity 

assays revealed that thiophanate methyl did not inhibit the growth of either 

Bradyrhizobium spp. or Agrobacterium sp. Ca-18. Carbendazim was also found to be 

non-toxic for Agrobacterium sp. Ca-18, but it showed toxicity against the tested 

Bradyrhizobium spp. Moreover, during the early growth phase, both fungicides showed 

slight toxicity against all the tested bacteria (fig. 3.21 a, b & c). 

 

 

 

 

 

 

 

 



Chapter 3  Results 

 77

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.21. Effect of carbendazim and thiophanate methyl on the growth of 
Bradyrhizobium and Agrobacterium. Bradyrhizobium sp. MN-S (a), B. japonicum 
USDA110 (b) and Agrobacterium sp. Ca-18 (c). Each value is plotted as the mean ± SE 
(n=3). 
Control =                    , Thiophanate methyl =                    , Carbendizm =  
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3.11.2 In vitro fungicides resistance assay of pea inoculant strains 

As both the R leguminosarum strains were slow grower, the measurement of their growth 

in term of OD was taken at regular interval of 12h. Growth of PS-I remained unaffected 

with the application both the fungicides till the stationary phase (fig. 3.22a). Growth of 

PS-II also showed a similar trend (fig. 3.22b). Both the carbendizm and thiophanate 

methyl did not exhibit any toxicity against PS-I and PS-II. Growth pattern of 

Agrobacterium sp. Ca-18 was observed after regular intervals of 6 h. It was found that 

both the fungicides had no toxic effect on the growth of Ca-18 till the late stationary 

phase (fig. 3.22c). Overall, the results of in vitro toxicity of fungicides on bacterial strains 

revealed that both fungicides did not inhibit the growth of any of the three tested bacteria. 

Moreover, it was observed that during the early growth phase both the fungicides showed 

some toxicity against all the tested bacteria (fig. 3.22 a, b & c). 

 

3.12. Bacterial occupancy in root nodule cells under fungicide treatment 

Mung bean plants, treated with fungicides and bacterial inoculum, were harvested after 4 

weeks. Occupancy of bacteria in the nodule cells was observed using optical and 

transmission electron microscope (fig. 3.23 & 3.24). Bradyrhizobium sp. MN-S and B. 

japonicum USDA110 densely colonized nodule cells of the plants treated with 

thiophanate methyl. In carbendazim-treated plants, Bradyrhizobium strains MN-S and 

USDA110 were colonized poorly, and bacterial occupancy in nodules was low (fig. 

3.24c). 
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Fig. 3.22. Effect of carbendizm and thiophanate methyl on the growth of Rhizobium and 
Agrobacterium: R. leguminosarum PS-I (a), R. leguminosarum PS-II (b) and 
Agrobacterium sp. Ca-18 (c). Each value is plotted as the mean ± SE (n=3). 
Control =                    , Thiophanate methyl =                    , Carbendizm =  
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(b) 

(c) 

Fig. 3.23. Light micrographs representing colonization of bacteria in the nodule cell of 
mung bean. Bradyrhizobium sp. MN-S densely colonized nodule cells in thiophanate 
methyl treated plant (a & b). B. japonicum USDA110 heavily colonized nodule cells in 
thiophanate methyl treated plant (c). (a at X 100, b & c at X 1000) 
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(a) 

(b)

(c)

Fig. 3.24. Transmission electron micrographs representing colonization of bacteria in 
the nodule cell of mung bean. Bradyrhizobium sp. MN-S densely colonized nodule cells 
in thiophanate methyl treated plant (a). B. japonicum USDA110 also heavily colonized 
nodule cells in thiophanate methyl treated plant (b). Root nodule cells showing low 
frequency of B. japonicum USDA110 under application of carbendazim (c). X 10k 
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3.13. Evaluation of fungicides and bioinoculant under field condition 

Field experiments were conducted to evaluate the effect of fungicide and bio-inoculant, 

alone as well as in combination, on nodulation and seed/pod yield of mung bean and 

sweet peas.  

 

3.13.1. Mung bean field trial 

In this study, nodulation data was taken as nodule number and nodule dry weight. 

Treatments showed a highly significant effect on nodule number (fig. 3.25a). The highest 

nodule number (71) was observed in USDA110 + carbendazim treated plants, while the 

lowest (39) was observed on plants that were treated with carbendazim alone. Generally, 

fungicide application increased the nodule number, but these nodules were of small size, 

in contrast to the plants that were not treated with fungicide and produced larger, pink 

nodules. Nodule dry weight significantly increased by inoculation of bacteria (fig. 3.25b). 

Highest nodule weight was achieved in MN-S alone (9.7 mg) and USDA110 + 

thiophanate methyl (9.5 mg) treated plants. Overall, fungicide seed dressing reduced the 

nodule dry weight, which is more obvious when we compared the means of group of 

bioinoculants alone (7.43 mg) with bioinoculants + fungicides (6.63 mg) and fungicides 

alone (4.25 mg) with control (4.9 mg). Among fungicides + bioinoculants treatments, 

Bradyrhizobium spp. produced more nodules dry weight with thiophanate methyl than 

Agrobacterium sp. Ca-18 with carbendazim application. Moreover, fungicide alone 

treatments demonstrated that thiophanate methyl was more toxic to the plant than 

carbendazim.  

  

 Treatments of fungicides and bioinoculants and their combination showed an 

insignificant effect on grain yield (fig. 3.25c). Maximum grain yield was achieved in 

USDA110 + thiophanate methyl (1225 kg ha-1) and MN-S (1220 kg ha-1) treated plants, 

which was 50% and 49%, respectively, higher than the control. Generally, bacterial 

inoculants alone performed better than the combined application of bioinoculants and 

fungicides. It was more apparent when we compared the means of all treatments of 

bioinoculant alone (∑ Bioinoculants = 1134 kg ha-1) with bioinoculant + fungicide (∑ 

Bioinoculants + fungicide = 1080 kg ha-1). Here, it must be noted that combined 
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treatments of USDA110 + thiophanate methyl and Ca-18 + fungicides significantly 

increased the yield compared with their respective bioinoculants alone. Fungicides in 

combination with Agrobacterium sp. Ca-18 significantly promoted grain yield (1114 – 

1158 kg ha-1) compared with Ca-18 alone (1065kg ha-1). Generally, bio-inoculants alone 

treatment produced better grain yield than their respective fungicides combinations, 

except USDA110 + thiophanate methyl treatment which increased grain yield by 10% 

over the inoculation of USDA110 alone. Fungicides alone treatments were not 

statistically different from the control. Among fungicides alone treatments, carbendazim 

performed better and produced 8% higher grain yield than thiophanate methyl.  
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Fig.3.25. Effect of fungicides and bioinoculants on nodulation (a & b) & seed yield (c) of 
mung bean. Each value is plotted as the mean ± SE (n=3). 
T1 = MN-S, T2 = USDA110, T3 = Ca-18, T4 = MN-S + USDA110 + Ca-18, T5 = MN-S + Carbendazim, T6  = MN-S 
+ Thiophanate methyl, T7 = USDA110 + Carbendazim, T8 = USDA110 + Thiophanate methyl, T9 = Ca-18 + 
Carbendazim, T10 = Ca-18 + Thiophanate methyl, T11 = MN-S + USDA110 + Ca-18 + Carbendazim, T12 = MN-S + 
USDA110 + Ca-18 + Thiophanate methyl, T13 = Carbendazim, T14 = Thiophanate methyl, T15 = Untreated control 
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3.13.2. Pea field trial 

There was a highly significant effect of treatments on nodule number (fig 3.26a). Among 

bio-inoculant treatments, both the strains of R. leguminosarum PS-I and PS-II resulted in 

increased nodule number than Agrobacterium sp. Ca-18 and consortia inoculation.  Bio-

inoculants application significantly increased nodule number compared with the 

fungicide treatments. Among combined treatments of bioinoculants and fungicides, again 

R. leguminosarum PS-I and PS-II showed increased nodule number. PS-II + fungicides 

performed better than PS-I + fungicides. Combine application of bioinoculants and 

fungicides performed better to increase nodule number compared with the bio-inoculant 

or fungicide alone. Application of R. leguminosarum PS-II + thiophanate methyl 

significantly improved nodule number (122) and was highest among the different 

treatments. Smaller nodule were observed in Agrobacterium sp. Ca-18 treatemnt. 

Nodules dry weight was also significantly increased by different treatments (fig. 3.26b). 

There was a similar trend of nodules dry weight to the nodule numbers, except the 

combined inoculation of R. leguminosarum PSI + fungicides, which significantly 

improved nodule dry weight. Application of R. leguminosarum PS-I + thiophanate 

methyl significantly improved nodule dry weight (34.5 mg) and was best among the 

different treatments. 

 

 There was a highly significant effect of treatments on pod yield of pea (fig 3.26c). 

Combined application of R. leguminosarum & fungicides performed better. R. 

leguminosarum PS-I alone inoculantion produced better pod yield among bio-inoculants 

treatments. Application of R. leguminosarum PS-I + carbedazim was found best among 

the different treatments with 43% pod yield increase compared with the un-inoculated 

control. 
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Fig. 3.26. Effect of fungicides and bio-inoculants on nodulation (a & b) and pod yield (c) 
of pea. Each value is plotted as the mean ± SE (n=3). 
T1 = PS-I, T2 = PS-II, T3 = Ca-18, T4 = PS-I + PS-II + Ca-18, T5 = PS-I + Carbendazim, T6  = PS-I + Thiophanate 
methyl, T7 = PS-II + Carbendazim, T8 = PS-II + Thiophanate methyl, T9 = Ca-18 + Carbendazim, T10 = Ca-18 + 
Thiophanate methyl, T11 = PS-I + PS-II + Ca-18 + Carbendazim, T12 = PS-I + PS-II + Ca-18 + Thiophanate methyl, 
T13 = Carbendazim, T14 = Thiophanate methyl, T15 = Untreated control
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Table 3.6. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant 
growth of mung bean under control conditions 

 

 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
Bradyrhizobium sp. MN-S 34 ± 3.1 c 3.9 ± 0.61 c 407.3 ± 38 bc 

Bradyrhizobium sp. MN-S + Isolate M2 53 ± 6.1 ab 6.4 ± 0.67 b 504 ± 6.1 ab 

Bradyrhizobium sp. MN-S + Isolate M4 45.7 ± 5.3 bc 4.13 ± 0.71 c 314 ± 62.1 c 

Bradyrhizobium sp. MN-S + Isolate M5 54.7 ± 4.1 ab 6.8 ± 0.74 b 406 ± 11.2 bc 

Bradyrhizobium sp. MN-S + Isolate M6 60.7 ± 6.8 a 8.87 ± 0.14 a 552.7 ± 39.1 a 

Uninoculated control 0 d 0 d 328.7 ± 36.7 c 

LSD (P=0.05) 12.3 1.42 94.2 

 

LSD = Least significant difference. 

Means are followed by the ±, represents standard error, (n=3).  

Values followed by the different letters in same column indicate significant difference. 
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Table 3.7. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant 

growth of mung bean under control conditions 

 

 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
Bradyrhizobium sp. MN-S 33.6 ± 3.6 a 4.0 ± 0.58 a 329 ± 28.3 a 

Bradyrhizobium sp. MN-S + Isolate NIB4 36 ± 4.2 a 4 ± 0.49 a 336 ± 39.7 a 

Bradyrhizobium sp. MN-S + Isolate NIB6 36.3 ± 3.6 a 4 ± 0..39 a 310 ± 17 a 

Bradyrhizobium sp. MN-S + Isolate NIB10 38.3 ± 3.6 a 4.5 ± 0.58 a 347 ± 29.9 a 

Uninoculated control 0 b  0 b 234 ± 15.5 b 

LSD (P=0.05) 8.84 1.19 70.8 

 

LSD = Least significant difference.  

Means are followed by the ±, represents standard error, (n=3). 

Values followed by the different letters in same column indicate significant difference.
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Table 3.8. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant 

growth of pea under control conditions 
 

 

 

Treatments 
Nodule 

number plant-1 
Nodule dry wt. 

plant-1 (mg) 
Total plant dry 

wt. (mg) 
R. leguminosarum PS-1 38.7 ± 3.9 a 11.4 ± 1.3 a 497 ± 24.9 a 

R. leguminosarum PS-1 + Isolate MSP9 43 ± 3.7 a 10.4 ± 0.65 a 507 ± 21.7 a 

R. leguminosarum PS-1 + Isolate MSP10 45.3 ± 2.9 a 12.3 ± 1.6 a 532 ± 14.9 a 

Uninoculated control 0 b 0 b 415 ± 17.5 b 

LSD (P=0.05) 8.14 2.84 53.5 

 

LSD = Least significant difference.  

Means are followed by the ±, represents standard error, (n=3). 

Values followed by the different letters in same column indicate significant difference.
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Table 3.9. Effect of co-inoculation of nodulating and non-nodulating endophytic bacteria on nodulation and plant  

growth of mung bean under field conditions 
 

 

 
Treatments 

Nodule 
number 
plant-1 

Nodule Dry 
weight plant-1  

(mg) 

Grain Yield 
(kg ha-1) 

%  Grain 
Yield 

Increase 
Bradyrhizobium sp. MN-S 39.3 ± 5.2 b  12.4 ± 1.3 c 1216 ± 112 b 0 

Bradyrhizobium sp. MN-S + Isolate M2 49.7 ± 4.7 ab 16.3 ± 2.1 b 1461 ± 105 ab 20 

Bradyrhizobium sp. MN-S + Isolate M4 51 ± 5.1 ab 11.9 ± 2.2 c 1219 ± 72 b 0.25 

Bradyrhizobium sp. MN-S + Isolate M5 58.7 ± 8.8 a 15.9 ± 2.5 b 1335 ± 81 ab 10 

Bradyrhizobium sp. MN-S + Isolate M6 61 ± 8.2 a 20.3 ± 3.9 a 1478 ± 108 a 22 

Uninoculated control 22 ± 5 c 6.5 ± 1.1 a 947 ± 79 c -22 

LSD (P=0.05) 17.5 2.85 238  

 

 LSD = Least significant difference.  

 Means are followed by the ±, represents standard error, (n=3). 

 Values followed by the different letters in same column indicate significant difference.
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Chapter 4 

 

 

                                          Discussion 

 

The rhizobia-legume symbiosis, a consequence of a detailed molecular conversation 

between plant and bacteria, results in the organogenesis of nitrogen-fixing nodules. This 

molecular signaling include secretion of flavonoids, production of nod factors, induction 

of plant nodulin genes, resulting into the nodule primordium formation which develop 

young nodule upon the release of bacteroid in legume roots through infection thread 

(Broughton et al., 2000). A complete understanding of symbiotic signaling factors and 

beneficial effects of the rhizobial inoculants on legumes are likely to increase their 

biofertilizers potential for sustainable agriculture (Skorupska et al., 2010). Symbiosis 

requires high specificity, but many plants and their microsymbionts remain understudied. 

For example, mung bean is nodulated by a set of rhizobia collectively referred to as 

cowpea miscellany (Allen and Allen, 1981), but recent reports show that mung bean is 

nodulated by a diverse range of rhizobia including Bradyrhizobium japonicum, B. 

yuanmingense, B. liaoningense, B. elkanii, R. etli, R. leguminosarum and Ensifer fredii 

with B. yuanmingense being dominant in China and India (Appunu et al., 2009; Yang et 

al., 2008; Zhang et al., 2008). In contrast, mung bean in Thailand is found to be 

nodulated solely by B. japonicum (Yokoyama et al., 2006). In this study, initially we 

carried out a phylogenetic analysis of the mung bean nodulating bacterial strain, 

Bradyrhizobium sp. MN-S isolated from Pakistan, and found that it is most likely to be B. 

yuanmingense.   

 

4.1. Phylogenetic identification 

PCR approaches are often based on 16S rRNA gene sequencing or on conserved genes 

related to physiological function and lacking a phylogenetic origin (Loy et al., 2002; 
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Rosch et al., 2002). The 16S rRNA gene sequence is highly conserved within a species 

and variable among different species, making it useful to define specie. Several mung 

bean nodulating bacteria have been classified as slow-growing Bradyrhizobium spp. and 

miscellany of various fast-growing genera such as Ensifer, Rhizobium and 

Mesorhizobium using 16S rRNA gene sequence analysis and 16S rRNA PCR-RFLP 

analysis (Germano et al., 2006; Yang et al., 2008).  In the present study, 16S rRNA gene 

of mung bean nodulating strains MN-S was sequenced, but found it did not have enough 

sequence variation to differentiate between B. japonicum, B. yuanmingense and B. 

liaoningense. This inability of 16S rRNA gene sequence to differentiate species has been 

reported earlier for Ochrobactrum antropi and O. cytisi, which had almost identical 16S 

rRNA gene sequences (Zurdo-Pineiro et al., 2007). In such cases, DNA:DNA 

hybridization or other physiological and morphological characters are useful to identify 

bacteria to the species level. The results of this study are in line with Vinuesa et al. (2008) 

who demonstrated that the 16S rRNA gene shows a low level of polymorphism within 

the genus Bradyrhizobium. Thus, other genes must be used for species identification. 

 

The symbiotic genes including nif and nod exhibit a high level of polymorphism 

and can be used for the classification of Bradyrhizobium spp. (Appunu et al., 2009; 

Zhang et al., 2008). The common nod genes, nodD1ABC, which are key genes involved 

in the synthesis of core Nod factor, are present in all rhizobia except for the 

photosynthetic bradyrhizobia (Giraud et al., 2007).  Thus, nod gene sequence analysis is 

helpful for the phylogenetic identification of rhizobia in those cases where 16S rRNA 

gene sequence information does not reveal enough polymorphism. Zeze et al. (2001) 

used the nodD gene for analyzing genetic diversity of R. leguminosarum in soils, whereas 

Sarita et al. (2005) targeted nodC gene for the analysis of rhizobial sequence diversity 

from nodule isolates and total soil DNA preparation. In this study, genes of the 

nodCD1VW operon were studied and found that two of these four gene sequences 

generated sufficient polymorphism for the identification and differentiation of 

Bradyrhizobium spp., more specifically between B. japonicum, B. yuanmingense and B. 

liaoningense. The nodD1 sequence of MN-S was 99% similar to the known sequences of 

B. yuanmingense, but only 93% and 92% similar to B. liaoningense and B. japonicum, 
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respectively. Moreover, the nodC sequence was also 99% identical to the comparable B. 

yuanmingense sequence, while showed low level of similarity with other Bradyrhizobium 

species. Taken together, this is strong evidence showing that Bradyrhizobium sp. MN-S 

is a B. yuanmingense. The results of identification studies are in agreement with the 

Zhang et al. (2008) and Appunu et al. (2009) findings, who found B. yuanmingense in 

mung bean nodules growing in India and China. Indeed, Appunu et al. (2009) suggested 

that there has been a long history of co-evolution of B. yuanmingense and mung bean.  

However, nodW gene could not amplified, even though a number of PCR conditions 

were tried. Likewise, nodV gene was sequenced, but it was completely different from the 

known nodV genes of B. japonicum. Thus, it is speculated that the nodV/nodW two-

component regulatory system is not present in B. yuanmingense and not required for 

mung bean nodulation, even though it appears to be essential for B. japonicum to 

nodulate mung bean (Gottfert et al., 1990). Literature survey revealed that there is no 

report on the presence of nodVW in B. yuanmingense. Hence, this is the first report 

indicating that the nodV/nodW two-component system may be absent in B. yuanmingense. 

 

4.2. Nod Factor Analysis 

The onset of nodule development is determined by the exchange of chemical signals 

between the rhizobia and the host plant belonging to the family Leguminosae. Lipochito-

oligosaccharides (LCO) are nodulation factors, synthesized and produced by rhizobia, are 

key signal molecules to initiate this symbiotic relationship. In general, nodulating 

bacteria produce a suite of Nod factors and inter-specific variations among various Nod 

factors determine compatibility linking microsymbiont and host species (Schultz and 

Kondorosi, 1998; Staehelin et al., 2000). In this study, Nod factors were extracted from B. 

yuanmingense MN-S and performed a chromatographic and spectroscopic analysis. It 

was found that the Nod factors of B. yuanmingense MN-S have low molecular weight 

fragments compared to the Nod factor of B. japonicum 532C (Duzan et al., 2004). Mass 

fragments of Nod factors extracted from B. yuanmingense MN-S have a molecular 

weight in the range of 1178 to 1211 Da (fig. 3.13 & 3.15), whereas the Nod factor 

fragments of B. japonicum 532C (reference strain) have a molecular weight in the range 
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of 1493 to 1571 Da (fig. 3.11).  This difference is another piece of evidence strengthening 

the conclusion that mung bean nodulating bacterial MN-S is distinct from B. japonicum 

and is possibly B. yuanmingense.  

 

The specificity of Nod factor depends upon its structure, i.e. the number of 

glucosamine rings, the length and saturation of the fatty acid tail, and the substitutions at 

the reducing and/or nonreducing ends. Nod factors usually have a backbone of three to 

five N-acetylglucosamine residues. Interestingly, some Mesorhizobium loti Nod factors 

of strain NZP2213 consist of two N-acetylglucosamine residues (Olsthoorn et al., 1998), 

whereas the Nod factor of Rhizobium sp. GRH2 consists of six N-acetylglucosamine 

rings (Lopez-Lara et al., 1995). Since the Nod factor mass fragments of B. yuanmingense 

MN-S are of lower molecular weights than the reference Nod factor, it is speculated that 

these Nod factors might consist of three glucosamine rings. 

 

4.3. Colonization, biofilm formation and plant growth promotion 

Biofilm formation represents the ability of bacteria to withstand biotic and abiotic stress 

conditions to promote plant growth (Costerton et al., 1999, Hirsch, 2010). In this study, B. 

yuanmingense MN-S was found to have poor biofilm forming capabilities on abiotic 

(PVC) surfaces. Conversely, B. yuanmingense MN-S showed very high potential of 

colonization and biofilm formation on biotic surface i.e. mung bean root (fig. 3.16). 

These results are in agreement with those of Timmusk et al., (2005), who studied 

colonization and biofilm formation by Paenibacillus polymyxa on the root tip. These 

observations suggest that plant roots may have specific receptors for screening the 

microsymbionts for colonization and biofilm formation similar to those for root hair 

deformation and invasion, and nodule initiation (Capoen et al., 2005; Parniske and 

Downie, 2003). Whether or not these are the same receptors as for Nod factor perception 

is not known. Alternatively, the difference in the physical properties of abiotic and biotic 

surfaces, such as hydrophobicity or charge, may account for poor biofilming ability of B. 

yuanmingense MN-S in the wells of PVC plates. 
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Besides ability to fix nitrogen, B. yuanmingense MN-S significantly promoted 

seed germination, and root and shoot dry weight. Overall, these improvements in plant 

growth characteristics suggest that Bradyrhizobium yuanmingense MN-S is a PGPB. 

 

4.4. Role of flavonoids 

Flavonoids generally activate the rhizobial nodD1 protein, which is a transcription 

activator of nod box, ultimately induce Nod factor production (Broughton et al., 2000). In 

this study, two of the nodD1 protein activating flavonoids, genistein and quercetin, were 

comparatively studied for nod factor production, nodulation and growth promotion of 

mung bean. Chromatographic and mass spectroscopic analysis revealed that both the 

flavonoids induce almost similar type of nod factors family with four major nod factors 

(fig. 3.13 &3.15), but there may be some differences in the amount of these nod factors. 

In plant assay, quercetin pre-incubated B. yuanmingense MN-S significantly improved 

nodulation and plant growth than genistein. On the basis of nod factors production, 

nodulation and plant growth improvement, it is speculated that quercetin is a stronger 

inducer of nod factors of B. yuanmingense MN-S than genistein. This hypothesis gets 

strengthen by going through the literature and finding that mung bean produce flavonoids, 

quercetin (Sawa et al., 1999), whereas, there was no report available on the secretion of 

genistein by mung bean. Therefore, quercetin may be the most active flavonoids in mung 

bean root exudates to activate the nodD protein of most promiscuous rhizobia, B. 

yuanmingense (Kosslak et al., 1987). There was a non-significant difference in seed 

germination between flavonoids pre-incubated and untreated MN-S inoculation, 

indicating that Nod factors have no role in the seed germination (fig. 3.17 & 3.18). 

However, biofilm formation and colonization on mung bean root by both the genistein 

and quercetin pre-incubated B. yuanmingense MN-S showed an insignificant difference 

but remarkably higher (almost doubled) than the untreated B. yuanmingense MN-S (fig. 

3.16a). This indicates that nod factor is involved in the colonization and biofilm 

formation. Previously, Fujishige et al. (2008) also reported that core nod factor is 

involved in the biofilm formation, by preparing mutants of common nod gene. However, 

biofilm formation on abiotic surface by quercetin pre-incubated B. yuanmingense MN-S 
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was statistically higher than genistein pre-incubated B. yuanmingense MN-S, while both 

were insignificantly different from untreated MN-S (fig. 3.16b). It might be due to the 

reason that genistein is involved in the induction of nod genes as well as flagella 

synthesis genes, which may be hinder the development of biofilm and favoring a free-

living life style of microbes (Lang et al., 2008). 

 

4.5. Occurrence of non-rhizobial bacteria in nodules 

Plant growth promoting bacteria is a group of soil bacteria which promote plant growth 

by developing a positive relationship with plant, endophytically or in the rhizosphere. 

While rhizobia is a subdivision of PGPB, which establish a nitrogen-fixing symbiotic 

relationship with host legume that results in the root nodule development. Endophytic 

bacteria reside the interior of plant tissues without causing substantial harms and injuries 

(Kobayashi and Palumbo, 2000). These bacteria are relatively better protected from the 

high-stress and competitive environment of the soil. Endophytic bacteria essentially 

colonize internal tissues and flourish as endophytes in the roots, shoots and leaves of 

plants (Lodewyckx et al., 2002). Endophytic bacteria can be extracted from the plant 

internal tissues and surface-sterilized plant tissues (Garbeva et al., 2001). In legumes, 

nodules accommodate a variety of plant growth promoting bacteria apart from rhizobia at 

a very high density (Mishra et al., 2009). First report on the occurrence of bacteria other 

than rhizobia in root nodule was by Beijerinck and Van Delden (1902), who found clover 

nodules colonized by as A. radiobacter. Agrobacterium spp. has also been reported to 

found in the nodules of chick pea (Hameed et al., 2004). Mung bean nodule contains 90% 

of the analyzed strains belonged to B. japonicum, B. yuanmingense, B. liaoningense and 

B. elkanii, while the rest belong to Ensifer and Rhizobium (Zhang et al., 2008).  

 

Endophytic bacteria have better plant growth promoting abilities than the 

rhizospheric bacteria and the bacteria found on the rhizoplane (Dong et al., 2003). 

Therefore, non-rhizobial endophytic bacteria were isolated from nodules, which were 

able to produce IAA, solubilize phosphate, fix nitrogen and have better root colonization 

ability. In this study, it is described that Bacillus, Ochrobactrum and Agrobacterium 

species also exist in mung bean nodules, which are able to produce IAA, solubilize 
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phosphate, rhizosphere competent and thus promote plant growth. Bacillus is known for 

its endophytic nature in various legume and non-legume crops (Bai et al., 2002). Bacillus 

has been isolated from the nodule of common bean and soybean. Recently, Selvakumar et 

al. (2008) isolated B. thuringinensis from the root nodule of leguminous vine Kudzu 

(Pueraria thurbegiana), which is in conformity with results of this study, as these 

Bacillus sp. was able to produce IAA, solubilize phosphate and thus promoted plant 

growth. Ochrobactrum spp. are known for its endophytic nature in various leguminous 

and non-leguminous crops (Trujillo et al., 2005). In this study, Ochrobactrum oryzae 

NIB10 was isolated from the nodule of mung bean. These results are in agreement with 

Thripthi et al. (2006) who isolated Ochrobactrum oryzae from surface sterilized seeds 

and tissues of rice. Similarly, Agrobacterium also exist in the nodule of legume crop 

including Acacia, Prosophis, Chamaecrista, chickpea, common bean etc (Mhamdi et al., 

2002; Hameed et al., 2004). Recently, Yu et al. (2009) reported the isolation of copper 

resistant Agrobacterium from nodules of Lespedeza cuneata. It is believed that non-

rhizobial Agrobacterium like strains enter nodule during the infection of rhizobia and 

become able to maintain its high density (Mhamdi et al., 2002).  

 

On the other side, pea nodules were also found to be colonized by the non-

nodulating bacteria belong to Ochrobactrum and Enterobacter. As mentioned earlier, 

Ochrobactrum spp. often lives as endophyte, mostly in the nodule. Enterobacter is also 

one of the well known endophytic bacteria, colonize the root nodule and improve 

nodulation when co-inoculation with rhizobia (Ibanez et al., 2009; Xu et al., 1994). These 

results strengthen the literature on the presence of non-rhizobial bacteria in the root 

nodules. Generally, literature is fragmentary on the mode of infection of endophytic 

bacteria to plant. It is hitherto known that endophytic bacteria enter the plant roots in a 

two steps process. First, bacteria colonize on the cracked regions on lateral root emerging 

points, and then bacteria move into the intercellular space between the endodermal and 

cortical cell layers of roots (Gough et al., 1997). Here, it is also speculated that non-

nodulating endophytic bacteria might get entrapped into the pocket of root hair during the 

process of curling and finally enter the nodule primordial, where it may multiply in 

number. 
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Further, all these fast growing nodule endophytic bacteria were tested for 

nodulation assay. Results showed that these bacterial strains are unable to nodulate plant. 

As well as these bacteria were found negative for nodC and nodD1 amplification (fig. 3.1 

& 3.2). This data confirms that nodule endophytic bacteria isolated in this study are non-

rhizobial.  

 

4.6. Co-inoculation of rhizobia with non-rhizobial bacteria 

Microbial consortia behave synergistically by considerably increasing the amount of 

solubilized nutrients, growth hormone production, and ultimately promote plant growth 

(Pandey and Maheshwari, 2007; Mishra et al., 2009). Plant growth promotion using 

endophytic bacteria is usually higher than the using rhizospheric bacteria and the bacteria 

found on the rhizoplane as bioinoculants (Dong et al., 2003). Moreover, bacterial 

activities are weak as individuals, while strong when found in the form of a coherent 

groups. Taking these facts under consideration, it was hypothesized that co-inoculation or 

composite inoculum of rhizobia and endophytic bacteria has greater potential for plant 

growth improvement compared to the single strain inoculation (Lazdunski et al., 2004). 

Various studies have revealed that co-inoculation of rhizobia with Bacillus remarkably 

enhanced nodulation and growth of legume crops (Elkoca et al., 2008). In this study, it is 

found that co-inoculation of B. subtilis M6 & B. yuanmingense MN-S significantly 

promoted nodulation (78%) and grain yield (22%) of mung bean compared to B. 

yuanmingense MN-S alone. These results are in accordance with Tilak et al. (2006), who 

also report a similar enhancement in nodulation and grain yield in pigeon pea (Cajanus 

cajan). Among Bacillus species, Bacillus subtilis and Bacillus magetrium are found to be 

best studied for co-inoculation with rhizobia and significantly benefited legume crops 

(Elkoca et al., 2008; Kumar and Chandra, 2008). Co-inoculation strategy has been found 

very effective in case of Azospirillum sp. + rhizobia, promoting grain yield by 54 % and 

29 % in wheat and common bean, respectively (Askary et al., 2009; Hameed, 2003). Co-

inoculation of Agrobacterium with Bradyrhizobium being the first study describing the 

beneficial impact of co-inoculation on nodulation and grain yield. Previously, Mhamdi et 

al. (2005) observed that co-inoculation of Agrobacterium and Rhizobium enhanced 

neither nodulation nor grain yield of common bean. Recently, they noticed an adverse 



Chapter 4  Discussion 

 95

effect of Agrobacterium on the growth of Rhizobium and subsequently on nodulation and 

plant growth (Mrabet et al., 2006). Here, positive results might be due to IAA production, 

phosphate solubilization, better colonization and in vitro compatibility of A. tumefaciens 

M5 with B. yuanmingense MN-S. Previously, Hameed et al. (2005) has reported the co-

occupancy of Agrobacterium sp. Ca-18 with Bradyrhizobium japonicum USDA110 in 

cowpea nodules through ultramicroscopic approaches. Some researchers reported that 

dual inoculation neither induced root hair proliferation nor enhanced nodulation 

(Sirnivasan et al., 1996). In this study, it is found that co-inoculation assay of MSP 

strains with R. leguminosarum PS-I and NIB strains with B. yuanmingense MN-S failed 

to significantly improve nodulation and plant growth compared with the inoculation of 

rhizobia alone in pea and mung bean, respectively (fig. 3.7 & 3.8). It might be due to the 

involvement of both biotic and abiotic factors, which are not favoring the co-inoculation. 

As, antibiosis assay showed that bacterial strains used in co-inoculation are compatible, 

so it is speculate that there must be some factor from plant which don’t allow the dual 

inoculation to perform better. However, microbial combinations of Bacillus and 

Ochrobactrum species with B. yuanmingense MN-S might perform better in bio-control 

studies as Bacillus and Ochrobactrum species are very well known for biological control 

of plant diseases (Chakraborty et al., 2009; Zhang and Xue, 2010).  

 

4.7. Bacterial growth and colonization in fungicides tainted environment 

Over 90% of the chemical pesticides reach destinations other than their target and cause 

severe destruction to biotic and abiotic components of the environment. In agriculture, 

these chemicals severely affect plant growth directly by disrupting plant metabolism and 

indirectly by killing plant-pollinating insects and disrupting nitrogen-fixation systems 

(Fox et al., 2007). Symbiotic nitrogen fixation is disrupted by the application of chemical 

pesticides either by their interference in plant-microbe signaling or affecting metabolic 

activities of plant and/or bacteria. Generally, pesticide levels that are encountered in the 

field have minor detrimental effects on development and growth of bacteria or plant, but 

their concentration beyond the threshold level is extremely harmful (Bikrol et al., 2005). 

This harmful effect is more pronounced when these chemicals impair symbiotic signaling 

which is essential for leguminous crops (Fox et al., 2007). In this study, it was found that 
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fungicides are compatible with the tested bacteria and do not have significantly adverse 

effects on bacterial growth (fig. 3.21 & 3.22). An exception was found with 

Bradyrhizobium spp., where it showed poor growth in the presence of carbendazim.  

Microbes are the key component for the removal of pollutants from the environment. 

That is why, microbes are able to withstand fungicide-stressed environments and play a 

major role in bioremediation (Kalwaslińska and Donderski, 2008). It might be the reason 

that tested bacteria are not significantly harmed by most of the tested fungicides and can 

thrive even in the fungicide-polluted environments. 

 

 Previous finding of bacterial resistance to the fungicide tainted environment is 

strengthened by the observation of bacterial occupancy in the root nodules of fungicides 

treated plant. Both Bradyrhizobium spp. (MN-S and USDA110) were able to colonize 

plant roots and nodules in the thiophanate methyl-treated environment, but showed poor 

colonization under carbendazim treatment (fig. 3.23 & 3.24). It might be due to the poor 

growth of Bradyrhizobium spp. in carbendazim or disruption of its signaling to the plant 

root. These results are also in accordance with the previous studies demonstrating that 

carbendazim affected the growth of rhizobia and other rhizospheric bacteria (Kaur et al., 

2007). Moreover, it is speculated that carbendazim is less phytotoxic, as we did not 

observe any detrimental symptoms under control condition and field grown plants and 

obtaining better grain yield in carbendazim treated plants than thiophanate methyl (fig. 

3.25c). Higher grain yield in carbendazim treated plants might be due to its plant growth 

regulatory activity (Deberch et al., 1993). 

 

4.8. Plant growth promotion by the application of fungicides and bio-inoculants 

Mung bean is nodulated by a miscellany of Bradyrhizobium, Rhizobium and Ensifer 

species, pea plant is nodulated by R. leguminosarum (Kijne et al., 1980; Zhang et al., 

2008; Appunu et al., 2009). The selected field was under cultivation of mung bean and 

pea for many years. This was one of the reasons that various treatments which did not 

received rhizobial inoculation also showed reasonably good nodulation. In mung bean, 

fungicide application resulted in reduction of nodule number and nodule dry weight but 

increased grain yield (fig. 3.25). This negative effect on nodulation might be due to the 
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impairment of chemical communication between nodulating bacteria and mung bean or 

due to the direct harmful effects of fungicides on bacterial and/or plant metabolism. 

Harmful effects of environment pollutants and fungicides on plant may result in plant 

yellowing, reduction in chlorophyll content, poor root hair development, alteration or 

reduction in the secretion of flavonoids, which result in the poor nodulation (Martensson, 

1992; Gupta et al., 2002; Fox et al., 2007; Sunohara et al., 2010; Salaha et al., 2011). In 

pea field experiment, there was a significant improvement in nodulation by the 

application of bacterial inoculant, but the increment with the fungicides was not 

statistically different from un-inoculated control (fig. 3.26 a & b). This improvement in 

the nodulation by the bioinoculants was definitely due the nitrogen fixing symbiosis and 

growth promoting activity of rhizobial inoculant. However, an insignificant increase in 

the nodule dry weight was observed by the inoculation of A. tumefaciens Ca-18. 

Nodulation in A. tumefaciens Ca-18 and uninoculated control was due to the presence of 

indigenous rhizobial population in the field. It was also observed that nodulation 

insignificantly improved in fungicides alone treatment, which might be due to the 

cytokinin like growth regulatory activity of benzimidazole fungicides (Debergh et al., 

1993). 

 

Overall, the treatments of bacterial inoculants with fungicides and bacterial inoculants 

alone performed better to improve nodulation and plant yield. Among these treatments, 

rhizobial (Bradyrhizobium spp. and Rhizobium leguminosarum) inoculation showed 

higher crop yield than the A. tumefaciens Ca-18 inoculation and mixed culture 

inoculation treatments. In mung bean experiment, inoculation treatments of 

Bradyrhizobium spp. alone insignificantly increased grain yield than their respective 

combinations with fungicides. It might be due to the toxicity of fungicide against the 

Bradyrhizobium spp., which was observed in in vitro studies. These results are in 

agreement with Fox et al. (2007), who reported that delayed and inhibited recruitment of 

nodulating bacteria in the roots of legume host plant, poor nodulation, lower rate of 

nitrogen-fixation, and a reduction in plant biomass and grain yield are the possible 

harmful effects of synthetic chemicals. Maximum grain yield was achieved in the 

treatments of B. japonicum USDA110 & carbendazim and B. yuanmingense MN-S alone, 
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which is 50% and 49% higher than control, respectively (fig. 3.25c). On the other side, 

there was no harmful effect of fungicides on pea microsymbiont, R. leguminosarum, in 

vitro. The results of field were also in accordance with the in vitro assay, as there was 

remarkable improvement in nodulation and pod yield in combined treatments of 

fungicide & bio-inoculant compared to bio-inoculant alone. Fungicides alone also 

improved the grain yield compared to control, but less than inoculation treatment. A 

significant increase of 34 – 43 % in pod yield was achieved in the combined treatments of 

R. leguminosarum & fungicides compared with the un-inoculated control (fig. 3.26c). 

Hence, combined application of pesticides and bio-inoculants has the ability to control 

fungal diseases, fulfill plant nutritional requirements and ultimately promote plant growth. 

Data recommend the combined use of fungicides and compatible bacterial inoculants 

based on the rational selection of fungicides and beneficial microorganism. 
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Chapter 4 

 

 

                                       Conclusions 

 

On the basis of 16S rRNA, nodC and nodD1 gene sequence analysis it was concluded 

that the mung bean nodulating bacterial strain MN-S isolated from the temperate region 

of Pakistan is a B. yuanmingense. Moreover, the absence of the nodV/nodW two-

component regulatory system and the production of Nod factors of a lower molecular 

weight, 1178 to 1211 Da, strengthen the above-mentioned findings and further 

supplements the literature on B. yuanmingense. This is the first study reporting the 

absence of a nodV/nodW two-component regulatory system and the production of Nod 

factors of low molecular weights in B. yuanmingense. It was also found that B. 

yuanmingense MN-S is capable of biofilm formation, colonization, and mung bean 

growth promotion, which recommends its use as a potential plant growth promoting 

bacteria. Moreover, it was found that quercetin is stronger inducer of Nod factors 

production than genistein in B. yuanmingense MN-S, which ultimately improves biofilm 

formation, nodulation and plant growth. 

 

 Several mechanisms of plant growth promoting bacteria are proposed for the 

enhancement of nodulation and plant yield. Siderophore production, IAA production, 

phosphate solubilization, colonization and biofilm formation are best studied in dual 

inoculation tests. In this study, it is concluded that IAA producing, phosphate 

solubilizing, rhizosphere and endo-rhizosphere competent Bacillus upon co-inoculation 

with Bradyrhizobium significantly promote nodulation and grain yield of mung bean 

compared with the inoculation of Bradyrhizobium alone. Microbial culture of B. subtilis 

M2 and M6 co-inoculated with B. yuanmingense MN-S found excellent for mung bean 

growth promotion, whereas the rest of the tested microbial combinations also marginally 

benefited plant. These findings suggest that Bacillus upon co-inoculation with crop 
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specific rhizobia significantly promote nodulation and grain yield, and can be used as 

biofertilizer for a wide variety of legume crops. Moreover, bio-inoculant alone and in 

combination with fungicide has greater potential to improve nodulation and grain yield 

compared with fungicide application alone. Thiophanate methyl did not affect 

bradyrhizobial growth and colonization in mung bean, whereas, carbendazim showed 

minor level of toxicity. Hence, synthetic pesticides should either be avoided in legume 

cultivation or used based on the detailed knowledge of various factors including 

fungicide-inoculant-crop compatibility. 
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Appendix # 1 

 

 

Solutions for Gram Staining 

 

Crystal violet stain 

Crystal violet     10 g 

Ammonium oxalate    4 g 

Ethanol     100 mL 

Distilled water    400 mL 

 

Iodine solution 

Iodine      1 g 

KI      2 g 

Ethanol     25 mL 

Distilled water    10 mL 

 

Safranin 

Safranin     2.5 g 

Dissolved in ethanol    10 mL 

Distilled water    100 mL 
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Appendix # 2 

 

 

Yeast Extract Mannitol (YEM) Medium 

 

Mannitol     10 g  

K2HPO4     0.5 g 

MgSO4.7H2O     0.2 g 

NaCl      0.1 g 

Yeast Extract     0.6 g 

Congo red (0.25%)    10 mL 

D.Water    1000 mL 

Agar      15 g 

pH  7±0.2 
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Appendix # 3 

 

 

Pikovskaia medium 
 

Ca3 (PO4)2   3.0 g 

Sucrose 10 g 

(NH4)2SO4 0.5 g 

NaCl 0.2 g 

MgSO4.7H2O 0.1 g 

KCl 0.2 g 

Yeast extract 0.5 g 

MnSO4 0.004 g 

FeSO4 (Fe-EDTA) 0.002 g 

CaCO3 0.3 g 

D.Water   1000 mL 
Agar 15 g 

pH 7±0.2 
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Appendix # 4 

 

 

Nitrogen Free Medium (NFM)  

 

Malic acid or Na malate 5 g 

K2HPO4   0.5 g 

MgSO4.7H2O   0.2 g 

CaCl2    0.02 g 

NaCl  0.1 g 

NaMoO4.2H2O  0.002 g 

BTB(0.5%)                             5 mL 

Yeast Extract   0.1 g 

KOH (in case of malic acid) 4.5 g 

Biotin    10 μg 

Agar    15g 

D.Water   1000 mL 

pH 7±0.2 
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Appendix # 5 

 

 

Luria-Bertani (LB) medium 
 
Tryptone    10 g 

Yeast extract    5 g 

NaCl     5 g 

D.Water    1000 mL 

Agar     15 g 

pH  7±0.2 
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Appendix # 6 

 

Hoagland nutrient solution 
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Appendix # 7 

 

IAA estimation 
 

FeH2SO4 for IAA estimation 

0.5 M FeCl3 1 mL 

D.Water 50 mL 

Conc. H2SO4 30 mL 

 

 

Standard Solution of IAA 

IAA               1 mg mL-1  

Dissolved in ethanol (70%) 

Make the solution 50 ppm 
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Appendix # 8 

 

Molecular Biology Reagents and Buffers 

 

TE buffer 

 

10 mM Tris     (pH 8.0) 

1 mM EDTA     (pH 8.0) 

 

 

10X TBE (Tris Borate EDTA for Gel electrophoresis) 

 

Tris base    108 g 

Boric acid     55 g 

0.5M EDTA     40 mL 

Distilled water    1000 mL  

 

 

RNase Stock solution 

 

The solid enzyme RNase A is dissolved in 10 mM Tris HCl (pH 7.5) and 15 mM NaCl. 

The solution should be heated at or near boiling point (in a water bath) for at least 15 

min. to get rid of DNase and then cooled slowly to room temperature. 

 

 

10% SDS 

 

Dissolve 10 g SDS in 100 mL of 1X TBE. 
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Appendix # 9 

 

 

Basic Recipe for 16S rRNA and nod genes Amplification 

 

 

 PCR Reagents final concentration per 25 µL rxn 

Water  - 16.25
10x PCR Buffer 1x 2.5

50 mM MgCl2 1.5 mM 0.75
2 mM dNTP 200 µM 2.5
10 µM forward primer 0.4 µM  1
10 µM reverse  primer 0.4 µM  1
Taq   - 1
template  -   

    25
 
 
    

  PCR Reagents final concentration per 50 µL rxn 

Water  - 35.5
10x PCR Buffer 1x 5

50 mM MgCl2 1.5 mM 1.5
2 mM dNTP 200 µM 5
10 µM forward primer 0.4 µM  1
10 µM reverse  primer 0.4 µM  1
Taq   - 1
template  -   

    50
 

 

 

 

 

 



  Appendices 

 128

 

Appendix # 10 

 

 

Colony PCR Mixture 

 

 

1. Prepare Master Mix, and dispense into PCR tubes. 
 
2. Use a sterile pipet tip to remove a little nugget of bacterial cells from a colony.   
 
     you can either: 
   
a. Directly add the cells to the PCR tube -OR- 
  
b. Suspend the cells into 10-20 uL of water.  Use 1 uL of the cell suspension as a 
template.  
     
Then plate some of the cell suspension to make a "record" of the cells that you used. 
 
Be sure to adjust the master mix recipe with the water volume if you choose this 
approach. 
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Appendix # 11 

 

 

Thermo-cycling protocol for 16S rRNA and nod genes Amplification 

 

Initial De-naturation 5 minutes at 95 °C 
  
     30-35 cycles: 
  
Denature 30 seconds at 95°C 
            
Anneal 30 seconds at 55°C (52-53°C for nod gene) 
 
Extension 1.5 minute at 72°C (1 minute for nod gene) 
  
Final Extension 10 minutes at 72°C 
 
 4°C until removed from thermocycler 
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Appendix # 12 

 

 

Agarose Gel Electrophoresis 
 
 
DNA fragments were separated by electrophoresis on 1% (w/v) agarose gels in 0.5 X 

TBE buffer containing ethidium bromide (10 mg mL-1). Fragment sizes were estimated 

by comparison with Fermentas 1kb and 100bp DNA ladder. Fermentas 6 X DNA loading 

dye was used. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Appendices 

 131

 
Appendix # 13 

 
Plant Tissue Microscopy Solution 
 

Pipes Buffer [0.2M] (Piperzine-N,N-bis [2-ethanesulfonic acid])  FW :302 

Add 6 g Pipes to 50 mL of distilled water. Add 1N NaOH drop wise until solid 
dissolves then adjust pH 6.8. Make up to 100 mL and store at 4 oC. 

Glutaraldehyde [5 %] 

Add 5 ml of 25% glutaraldeyhde to 10 mL of 0.2M Pipes buffer. Adjust pH 6.8.With 
1N NaOH and make up to 25 mL with distilled water. 

Osmium Tetroxide [0.2%] 

Add 1 ml of 2% aqueous stock solution to 9 ml of Pipes Buffer. Prepare fresh before 
use. 

Uranyl Acetatae  [5%]  

Dissolve 5 gm of Uranyl Acetate in 100 mL of distilled water (filter sterilize with 0.2 
µm Cellulose Acetate filter and store in cuvettes covered with aluminum foil to save 
from direct light). Uranyl Acetatae is used as stain to enhance electron density. 

Ethanol Series 

 30%, 50 %, 70 %, 100 % as dehydrating agent 

 Acetone 

 Absolute Acetone as transitional solvent 

 Spurr Resin 

ERL / VCD 4206 (Vinylcyclohexene dioxide)  10 Parts 

DER736 (diglycidyl ether of propylene glycol)  6 Parts 

NSA  (Nonyl succnic anhydride)     26 Parts 

S1 (Dimethylaminoethanol)    0.4 Parts 
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Appendix # 14 

 
Light Microscopy Procedure for Plant Tissue Studies 
 
 

The polymerized resin blocks were trimmed and faced with fine scalpel blade 

before semi thin serial sections of approx 2.5 µm, cut with RMC MT 7000 Ultra 

microtome and placed on Glass Slides, these sections were stained with 5% Toluidine 

Blue prepared in 1% w/v Boric acid (H3BO3) for 5-10 minutes and then washed twice 

with distilled water and examination of glass slide mounted sections was carried out on 

light microscope. 
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                 Equipments and Softwares 

 

1. Equipments 
 
Various major instruments used in this study are as under; 
 
Optical Microscope 
Brand: Leica Microsystems (Wetzlar, Germany) 
Model: LEICA DM LS 
 
Transmission Electron Microscope 
Brand: JEOL Ltd. (Tokyo, Japan) 
Model: JEOL JEM-1010 
 
Sample Trimmer 
Brand: Leica Microsystems (Wetzlar, Germany) 
Model: Leica EM TRIM 
 
Ultramicrotome 
Brand: RMC Products (USA) 
Model: RMC MT-7000 
 
PCR Thermocycler 
Brand: peQLab (Erlangen, Germany) 
Models: Primus 96 advanced 
 
Brand: MJ Research (Waltham, Massachusetts)  
Models: PTC-100® and PTC-200®  
 
Gel Documentation System 
Brand: Vilber Lourmat (Deutschland, Germany) 
Model: INFINITY-1000 
 
Spectrophotometer 
Brand: Camspec (Leeds, UK) 
Model: M350 Double Beam UV- Visible Spectrophotometer 
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Plate Reader 
Brand: Bio-Rad Laboratories (Hercules, California) 
Model: Microplate Reader Model 680 
 
Rotary Evaporator 
Brand: Büchi Corporation (Postfach, Switzerland) 
Model: RE111 Rotavapor® 
 
High Performance Liquid Chromatograph 
Brand: Agilent Technologies (USA) 
Model: Varian ProStar 
 
Gas Chromatograph 
Brand: Thermo Scientific (Milan, Italy) 
Model: ThermoQuest K Trace GC with FID Detection   
 
LCMS 
Brand: Applied Biosciences-Sciex 
Model: PE-Sciex ABI III+ 
 
DNA Sequencer 
Brand: Hitachi (Japan) 
Model: ABI Prism 3100 Genetic Analyzer 
 
 
 

2. Softwares 
 
Various major on-line and off-line software used in this study are as under; 
 
Primer3 (v. 0.4.0): http://frodo.wi.mit.edu/primer3/ 
ClustalW2: http://www.ebi.ac.uk/Tools/msa/clustalw2/ 
NCBI BLAST: http://www.ncbi.n1m.nih.gov/blast/Blast.cgi 
JustBio: http://www.justbio.com/ 
MacSpec version 3.3  
BioMultiView version 1.3.1 
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