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PPrreeffaaccee   

Chickpea (Cicer arietinum L.) is an ancient crop of modern times, most 

probably originated at least 12,000-10,000 years ago (Bar-Yousef, 1998) in the area 

of present-day south–eastern Turkey and adjoining Syria. The cultivated chickpea is 

one of the first grain legumes to be domesticated in the Old World. It is usually a low 

input crop, grown in semi-arid regions, including the Indian subcontinent, Turkey, the 

Middle East, Australia and Mexico. These days, Asia is the most important chickpea 

producing continent with more than 90% of the total area and production. The crop is 

grown on marginal, poorly fertile sandy lands, almost exclusively under rain-fed 

conditions in areas of low rainfall. Major constraints in increasing production of 

chickpea are lack of high yielding varieties, poor soils, inadequate moisture, harsh 

climatic conditions, weeds and inadequate or even no fertilizer supply. Brockwell and 

Robinson (1970) reported consistent relationships between vegetation, particularly 

legumes, and number and types of rhizobia in the rhizosphere.  

By land area planted to chickpea, Pakistan ranks second and by production, 

third in the world. It is grown on low fertility sandy loam soils; including Peshawar 

Valley, other areas of NWFP (Bannu, Karak, Lukky Marwat etc) and Punjab 

(Noorpur Thal, Layyah, Khoshab, Sahiwal) where the crop is naturally nodulated. 

Punjab province contributes 81.7% of the total chickpea yield in the country but the 

production faces many challenges. Sustainable production can be achieved by 

exploiting the high yielding varieties and manipulation of the symbiotic system of the 

plant. 

Present thesis is composed of eight chapters comprehending the ecology of 

Ochrobactrum species in the rhizosphere environment specifically in the chickpea 

crop. First chapter is the bibliographic synthesis and reviews the research carried out 

in the area of plant microbiology especially the significance of plant rhizosphere and 

rhizosphere signaling in the Rhizobium-legume symbiosis, the nodulation and 

nitrogen fixation overview and a comprehensive review of rhizobial and non-rhizobial 

nodule endophytes. It equally illustrates the importance and its significance of 

Ochrobactrum in the rhizosphere ecology and environment. 
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Second chapter describes research methodology carried out during this study. 

It describes the general experimental designs, sampling strategies, bacterial isolation 

methods, microscopic studies, the biotechnological procedures carried out including 

the gene amplification and cloning strategy, inoculation experiments and growth 

analysis studies.  

Third chapter describes the polyphasic characterization of a chickpea nodule 

isolate Ca-34. This chapter not only illustrates the relatedness of Ca-34 to other type 

strains of the genus Ochrobactrum but equally demonstrates the differences that lead 

us to conclude that this species is unique and should not be assigned to any of the 

described species of the genus. On the basis of the results presented in this chapter, a 

new species of the genus named Ochrobactrum ciceri sp. nov. has been described 

with Ca-34
T
 as the type strain of the specie. The chapter also represents the data 

regarding the indoleacetic production and biodegradation potential of Ochrobactrum 

sp. Ca-34
T
, specifically phenol degradation. This data suggests that Ca-34

T
 not only 

has an ecological advantage (can use phenolic compounds in root exudates) over other 

rhizospheric bacteria but offers a potential solution for the soils contaminated with 

phenolic compounds.  

Fourth chapter is about the confirmation of endophytic colonization of 

Ochrobactrum ciceri sp. Ca-34
T
 which has been demonstrated by immunogold 

labeling and nodule PCR-amplification. The data presented in this chapter led us to 

conclude the Ca-34
T
 is an endophyte of chickpea nodules. 

Fifth chapter describes the single and mix-inoculation effects of O. ciceri and 

Meso/rhizobium on the growth, yield and yield components of 10 different chickpea 

genotypes in two different soil environments. The data presented in this chapter led us 

to conclude the specific interaction of certain chickpea genotypes with Ca-34
T
 and the 

beneficial effects of this interaction on nodulation and yield of chickpea. 

Sixth chapter consists of two portions. Part one describes the survival and 

rhizosphere colonization potential of inoculated O. ciceri sp. Ca-34
T
 in field. This 

data led us to conclude that Ca-34
T
 is a frequent colonizer of chickpea roots and 

constitutes a substantial part of nodule as well. The data presented in the 2
nd

 part of 
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this chapter shows the distribution of O. ciceri sp. Ca-34
T
 in the rhizosphere of 

chickpea or other crops growing in different agro-climatic areas of Pakistan. 

Chapter seven is general discussion summarizing the overall results and the 

conclusions made out of this whole study and the future lines for studies on 

Ochrobactrum-plant interactions and sustainable chickpea production in the country. 

Chapter eight is the list of the literature cited in above chapters. 

 

  



xv 

 

AAbbssttrraacctt  

The genus Ochrobactrum has been recently described as containing legume-symbiotic 

species that are able to induce nodules on Acacia, Lupinus and Cytisus. The present 

study was planned to characterize an Ochrobactrum isolate from chickpea nodule, to 

study the ultrastructure of nodules induced by Ochrobactrum, confirmation of nodule 

occupancy using immunogold labeling, to analyze the effect of its inoculation on 

chickpea growth and yield, study the colonization potential and occurrence in the 

rhizosphere of chickpea as well as other crops.  

 A Gram-staining-negative, aerobic, rod-shaped, non-spore forming bacterial 

strain Ca-34 isolated from root nodules of chickpea was characterized and studied for 

its taxonomic affiliation using polyphasic approach. Almost full-length 16S rRNA 

sequence (1492bp) showed similarities with those of the genus Ochrobactrum. The 

presence of common fatty acids and G+C ratio also supported the genus affiliation. 

Based on MALDI-TOF analysis and 16S rRNA sequence similarity (98.6%) the 

strains showed maximum similarities with O. intermedium (LMG 3301
T
). Ca-34

T
 

showed an insertion of 46bp in the Helix 184 of 16S rRNA that forms an additional 

stem-loop structure. To our knowledge, this is the first report of 46bp insertion in any 

of the plant associated or nodule endophyte. Both strains (Ca-34 and O. intermedium 

LMG 3301
T
) are phylogenetic neighbors but DNA-DNA similarity value of 64% 

confirms their genome dissimilarity. Ca-34
T
 showed no amplification with primers 

reported to be specific for O. intermedium (LMG 3301
T
) or recA primers reported to 

amplify more than 100 Ochrobactrum species showing that Ca-34
T
 is different from 

other reported strains of the genus. The differences were further confirmed by 

different fingerprints obtained from RAPD, ARDRA and TP-RAPD profiles. The 

strain Ca-34
T
 was metabolically different from individual other type strains of 

Ochrobactrum in many reactions and from all type strains in positive gelatin 

hydrolysis, especially in negative assimilation of alanine amide and L-threonine. 

Based on phenotypic and genotypic data we concluded that strain Ca-34
T
 (DSM 

22292, CCUG 57879) represents the type strain of a novel species for which we 

proposed the name Ochrobactrum ciceri sp. nov. 
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Ultrastructure observation of the nodules induced by Ca-34
T
 was carried out to 

see the infection process of the strain in chickpea. The electron microscopic 

observation showed that Ca-34
T
 has typical Meso/Rhizobium-like infection process 

confirmed by the infection thread, symbiosome and absence of PBH granules which is 

a characteristic of indeterminate chickpea nodules. Nodule occupancy was confirmed 

using immunogold labeling and nodule PCR using primers designed against the 

additional 46bp insertion to specifically amplify the Ca-34
T
. Until now, there was no 

literature available on the ultrastructure of nodules induced by any Ochrobactrum 

specie. This study is the first report of the Ochrobactrum infection and host-

ultrastructure. 

The nodulation and subsequent yield enhancement are important factors that 

determine the ecological success of any bacteria inoculated to the plant. The strain 

Ca-34
T
 was studied for its ecological behavior in the rhizosphere of ten chickpea 

genotypes (four kabuli and 6 desi) in field alone and/or along-with the Rhizobium in 

two different soil conditions (fertile and marginal). AT 60DAS (day after sowing) 

genotype and inoculation response was significant (P<0.05) at both sites but genotype 

x inoculation was non-significant at site 1 while highly significant at site 2. The data 

obtained showed that although Ca-34
T
-inoculation has non-significant effect on early 

plant growth (60 DAS) and flowering (120DAS) but highly significant effect on yield 

(180DAS).  

Due to the difference in the fertility status and indigenous bacterial population 

of both soils, site 1 generally produced low biomass (3570-5161 Kg/ha) and grain 

yield (1317-2158 Kg/ha) as compared to site 2 which produced high biomass (6363-

6929 Kg/ha) as well as grain yield (3478-4265 Kg/ha). When compared to respective 

un-inoculated controls, maximum grain yield was obtained in Ca-34
T
 inoculated 

plants and inoculation response was significantly higher in kabuli genotypes as 

compared to desi genotypes. Ca-34
T
-inoculation resulted in >100% increase in 

nodulation, biomass and grain yield and ≈72% increase in harvest index. Across 

bacterial inoculation treatments, grain yield was positively correlated to all the growth 

and yield parameters (r=0.262 to 0.856) e.g., nodule number and weight, plant weight, 

biomass, plant height, root length etc. The inoculation effect was more pronounced in 

marginal soil (Site 1) where no legume was grown previously as compared to the 
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fertile soil where legumes were routinely grown (Site 2). PCA analysis clearly 

showed a site-specific response of genotype x bacterial inoculation. Although, 

comprehensive studies are available on Meso/Rhizobium-host inoculation and 

interaction but this kind of ecological data is being reported for the first time in 

literature for Ochrobactrum. 

 The most important issue of bacterial inoculants is the rhizosphere 

competitiveness and colonization potential. The inoculated Ca-34
T
 strain showed very 

good colonization potential in chickpea roots, rhizosphere and nodules as confirmed 

by immunoblotting and specific PCR. In inoculated chickpea rhizosphere, the 

population of Ca-34
T
 was almost 1.5% while in nodules it was found to be 0.82% of 

total culturable population. Although the strain had also been isolated from non-

inoculated chickpea rhizosphere, roots and nodules, but its presence in the rhizosphere 

of other crops could not be confirmed suggesting that the Ochrobactrum ciceri is 

mainly associated with chickpea and can be used for its nodulation and yield 

improvement in marginal lands.  



Chapter 1 

Introduction & Review of Literature 

1.1 The Rhizosphere: a control point of plant-microbe interactions 

Soil is the only medium that has sustained life since its beginning. Both flora and fauna 

have played a significant role in the evolution of soil. Plants are considered as the vehicle 

that transfers energy to the biosphere and plant rhizosphere is, therefore, an area of 

intense biological activity. The term “RHIZOSPHERE” introduced in 1904 by a German 

scientist Hiltner denotes “the narrow layer of soil surrounding the plant roots which is 

under direct influence of roots and associated microbes”. The rhizosphere created, 

managed and modified by plant roots, is multiphasic, biologically diverse, spatially and 

temporally heterogeneous,
 
playing a central role

 
in plant nutrition, soil formation, and 

biogeochemical
 
cycles. Roots influence rhizosphere through physical, chemical, and 

biological interactions with the adhering soil (Jenny, 1941). This influence depends upon 

soil type, moisture, pH, temperature, the age and condition of plant.  

Rhizosphere is probably the most complex environment on earth (Belnap et al., 

2003 ), having greater microbial and nutrient activity and different chemical properties 

than the surrounding bulk soil (Pankhurst et al., 2002). Plants may be considered 

complex micro-ecosystems where different niches are exploited by a wide variety of 

bacteria. Such niches include not only the external surfaces of plants, but also the internal 

tissues which endophytic bacteria inhabit without apparent harm to the host or external 

plant structure (Azevedo et al., 2000 ). Thus roots bring together a diverse group of 

eukaryotic (plants) and prokaryotic (bacteria, fungi etc.) organisms, and in doing so 

transform bedrock-derived minerals into an organic rich living soil (Hirsch et al., 2003 ). 

Spatial and temporal heterogeneity in rhizosphere conditions and resources emerges from 
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general root structure and function, and this heterogeneity is considered to be important 

for community activity and resource exchange (Clarholm, 1985).  

Rhizosphere is able to support large population of microbes such as bacteria (both 

symbiotic and saprotrophic), actinomycetes, fungi, protozoa, algae, grazing protozoa, 

nematodes, mites, enchytraeid worms, and viruses (Hawkes et al., 2006). Total bacterial 

population range is 10
10

-10
12

 g
-1

 rhizosphere soil (Foster, 1988) which compete for water, 

nutrients, space and sometimes improve their competitiveness by developing an intimate 

association with the plant. Earlier it was believed that plant controls the microbial 

community but increasing evidences support the key role of microbial community as a 

driver of plant community structure and dynamics. 

1.2 Communication and signaling in the rhizosphere 

Rhizosphere is a place of complicated microbial and biological interactions (Figure 1.1) 

controlled by different regulatory signals. The interacting species communicate using 

diverse signal molecules. This communication network is highly complex, 

multidimensional and, it is during this initial signal exchange that plants and bacteria 

accept or reject each other. Full complexity of the microbial interactions occurring in the 

rhizosphere, the signaling back and forth between and among the roots, microbes and the 

fauna has been studied in detail (Bais et al., 2005; Mathesius et al., 2003; Hirsch et al., 

2001; Hirsch and McFall-Ngai, 2000). These investigations reveal the presence of 

multifaceted interactive system of signals connecting roots to their inhabitants. Some of 

these interactions include the exchange of signals between legumes and their nodule-

forming rhizobia, cross-signaling between roots and mycorrhizal fungi, and cross-talk 

between roots and nematodes. These complex interactions use a variety of compounds as 

signal molecules e.g., root exudates, NOD factors, quorum sensing signals, 

exo\lipopolysaccharides, antibiotics and allelochemicals. 

The rhizosphere bacteria that form intimate associations with the root, exchange 

certain benefits with the plant, consequently. The bacteria having a beneficial effect on 

plant growth and development are referred to as plant growth promoting bacteria (PGPB)  
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Figure 1.1: Diverse interactions taking place in the rhizosphere environment 
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(Andrews and Harris, 2003). They increase the rate of seedling emergence and plant 

growth (Hafeez et al., 2004; Dakora, 2003; Zhang et al., 1997). PGPB are usually 

members of genera Rhizobium (Graham and  Vance, 2003), actinomyces (Coombs and  

Franco, 2003; Zinniel et al., 2002), Bacillus (Bacon and  Hinton, 2002; Reva et al., 2002; 

Benhamou et al., 1998), Azospirillum (Raverker and  Konde, 1988; Burns et al., 1981),  

Azotobacter (Yadav et al., 1996),  Burkholderia (Salles et al., 2004; Balandreau et al., 

2001), Lysobacter (Islam et al., 2005), Pseudomonas (Mirza et al., 2006; Gu and  

Mazzola, 2003; Rediers et al., 2003),  Enterobacter (Mirza et al., 2007) and Serratia 

(Tan et al., 2001; Benhamou et al., 2000). The mechanisms of growth promotion by 

PGPB in rhizosphere include nitrogen fixation (Howard and  Rees, 1996), increased 

mobilization of insoluble nutrients e.g., phosphate (Gull et al., 2004; Rodriguez and  

Fraga, 1999) or Zn (Saravanan et al., 2007; Tariq et al., 2007) and subsequent enhanced 

plant uptake (Lifshitz et al., 1986), production of plant growth regulators (Lugtenberg 

and  Kamilova, 2009; Barazani and  Friedman, 1999; Malik et al., 1997; Dubeikovesky et 

al., 1993), increased iron availability by producing siderophores (Tank and  Saraf, 2009; 

Compant et al., 2005; Kloepper et al., 1980), increased photosynthetic rates (Zhang et al., 

1997), direct antibiosis of pathogens (Hassan et al., 2010; Mavrodi et al., 2006; 

Thomashow et al., 1990), competition for nutrients with pathogens (Deacon and  Berry, 

1992), induction of systemic resistance in plants (Lugtenberg and  Kamilova, 2009; van 

Loon et al., 1998) or any possible combination of these mechanisms. 

1.3 Symbiotic nitrogen fixation: a success story of rhizosphere interactions 

Symbioses are essential for life and a major source of evolutionary novelty (Moran, 

2006). One of the best studied symbioses is the symbiotic nitrogen fixation that involves 

plant (both legumes and non-legumes) and nitrogen fixing bacteria (rhizobia and 

Frankia). Biological nitrogen fixation is a wide spread phenomenon in Eubacteria and 

Archaea and thought to be an ancestral function.  This process can only be performed by 

prokaryotes as free-living bacteria or in symbiotic association with eukaryotes. In 

symbiotic association, conversion of unavailable “nitrogen” to available “ammonia” takes 

place within the specialized structure known as “nodule”. Two types of nodules are 

known: “indeterminate” and “determinate” nodules. The indeterminate nodules originate 
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from cell divisions in the inner cortex and have a persistent meristem at their apex (Hadri 

et al., 1998). A clear „spatial developmental gradient‟ is formed from the distal meristem 

to the proximal root attachment site (Vasse et al., 1993) and these developmental zones 

can be characterized by the expression of specific plant genes (Franssen et al., 1992).  

The determinate nodules originate from cell divisions in the outer cortex and do not have 

a persistent meristem. The meristem of nodule ceases to divide at an early stage of 

development and undergo „temporal developmental stages‟ which are similar in whole 

nodule (Patriarca et al., 1996). 

In addition to this symbiosis, certain cyanobacteria (e.g., Anabaena, Nostoc) can 

establish a nitrogen-fixing symbiosis with plants belonging to the Gunneraceae (Bergman 

et al., 1992). However, in this interaction already existing glands of the plant are used to 

host the nitrogen-fixing microbe.  

1.3.1 Frankia-non-legume symbiosis 

Nitrogen fixation in the nodules of non-legumes takes place by the symbiotic association 

of Frankia. Frankia is a filamentous, Gram-positive actinomycete which forms symbiotic 

relationship with plant species of 25 genera belonging to eight different families of 

dicotyledonous plants including Betulaceae, Casuarinaceae, Myricaceae, Elaegnaceae, 

Rhamnaceae, Rosaceae, Coriariaceae, and Datisticaceae families (Benson and Clawson, 

2000; Benson and Silvester, 1993; Chaudhary and Mirza, 1987; Chaudhary et al., 1981). 

Most of these nitrogen-fixing non-legumes are found in poor, sandy soils low in 

nitrogen. The common examples are alder (Alnus sp.), bayberry (Myrica pensylvanica), 

sweet fern (Comptonia peregrina), sweet gale (Myrica gale), New Jersey tea (Ceanothus 

americanus), buffalo berry (Shepherdia canadensis), bitter brush (Purshia tridentata), the 

mountam mahogames (Cercocarpus spp.), pine (Casuarina oligodon) and olives 

(Elaeagnus umbellata and E. angustifolia). Their ability to fix nitrogen is a significant 

factor in their survival under conditions that would be inhospitable to ordinary plants. 

Actinorhizal nodules have an indeterminate growth pattern but they are composed of 

several lateral root-like structures (lobes) that lack a root cap. The lobes contain a central 
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vascular bundle and infected cells in their cortex (Pawlowski and  Bisseling, 1996; 

Hafeez et al., 1984a). The nodule lobes originate from primordia that are formed in the 

pericycle (Hafeez et al., 1984b).  

1.3.2 Rhizobium-legume symbiosis 

Legumes (family Fabaceae) are highly important food, feed and fuel crops. They 

represent the third largest group of angiosperms and the second largest group of food and 

feed crops grown globally. They include many agronomically important crops such as 

soybean, beans, pea, peanuts, and fodder. They are regarded as “agricultural and 

ecological wonders” because they utilize the normal sources of nitrogen available in the 

soil by adjusting nitrogen metabolism accordingly. Among the 19,000 legume species 

described so far, only a small proportion has been studied for their nodulation ability. The 

legumes are as diverse as their symbiosis with the nitrogen fixing rhizobia is diverse 

(Sprent, 2007). 

Rhizobia are the microbes that live inside the legume nodules. They are classical 

legume partners forming symbiotic relationship with most of the species of legumes. The 

interaction between the two partners performing symbiotic nitrogen fixation is highly 

sophisticated and coordinated. The Rhizobium fixes atmospheric nitrogen contributing a 

major share to the global nitrogen cycle and is responsible for most of the atmospheric 

nitrogen fixed on land (Graham and  Vance, 2003). It is an example of a mutually 

beneficial symbiosis: the plant provides the bacteria with sugars and a variety of 

minerals, and the bacteria provide the host with a usable supply of nitrogen. Rhizobia are 

supposed to fix nitrogen only inside the nodule except Azorhizobium caulinodans, which 

is able to grow ex planta (Dreyfus et al., 1988) at a relatively high oxygen concentration. 

In addition to these leguminous plants, the tropical tree Parasponia belonging to the 

Ulmaceae has the ability to form nodules with rhizobia (Akkermans et al., 1978). 

Parasponia nodules have a tissue organization and ontogeny different from that of 

legumes, but very similar to that of actinorhizal nodules. Only some legume species 

belonging to the genera Neptunia, Aeschynomene, and Sesbania bear nodules on both 

roots and stems (Rana and  Krishnan, 1995). 
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The rhizobial symbiosis with legumes is generally a specialized affair, both 

partners having narrow host ranges. Exceptions include Rhizobium sp. NGR234, which 

nodulates over 110 genera of legumes (Pueppke and  Broughton, 1999) and Phaseolus 

vulgaris L. (common bean), which is nodulated by at least 20 species of rhizobia 

(Michiels et al., 1998).  

1.4 Symbiotic nitrogen fixation: genes, signals and interactions 

1.4.1 Initiation of symbiosis: role of root exudates 

Root hairs are root epidermal cell extensions comprising of about 77% of the total root 

surface area of cultivated crops, forming the major point of contact between the plant and 

the rhizosphere (Parker et al., 2000). They play a crucial role in rhizosphere processes 

including anchorage and uptake of water and nutrients (Fan et al., 2001). Root exudation 

represents a significant carbon cost to the plant (Marschner, 1995). Estimates show that 

about 40-60% of the photosynthetic carbon fixed by the plant is transferred to the 

rhizosphere through its root system exudation (Walker et al., 2003; Lynch, 1990) that 

create a unique functional domain in soil (Lavelle, 2002 ).  

Root exudates are the only way of plant communication to the rhizosphere and 

rhizosphere communities. Plants produce >100,000 different secondary metabolites for 

successful communication (Phillips et al., 2003). The exudates contain mainly amino 

acids, sugars, hormones, vitamins, polymeric carbohydrates and enzymes that seep out or 

actively secreted from the root surface. Roots may emit gasses e.g., CO2 and ethylene, 

certain lysates, root border cells and parts of root hairs or roots themselves (Kang and  

Mills, 2004). The composition of the exudates depends upon the species and nutritional 

status of the plant, soil structure and micronutrient status (Marschner, 1995). By altering 

the composition of its root exudates, plant may be able to alter the physical and chemical 

properties of the soil, inhibit the propagation or growth of another plant species, with-

stand underground herbivory, enhance the possibilities and success of symbiotic 

relationships, and dictate the soil microbial community in the rhizosphere.  
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Many of the compounds released by plant roots have specific role and different 

function in the rhizosphere (Bais et al., 2004). Based on the diversity and range of 

metabolites within the plant root-exudates, diverse signals are transmitted to surrounding 

environment and soil biota. These signals are too specific to assure specific association 

between host and microbe.  

Root exudates play a major role in several interactions, both positive and 

negative. In fact, most rhizosphere bacteria and fungi are highly dependent on 

associations with plants, clearly regulated by root exudates (Bais et al., 2004). They 

activate the genes responsible for recognition and initiation of symbiotic associations, 

antimicrobial plant defense, biofilm formation or act as source of moisture, nutrients, and 

energy to the microbes present in the vicinity. They also stimulate the growth of 

pathogens, parasitic plants or invertebrate herbivores (Nicol et al., 2003; Kneer et al., 

1999).  

The important role of root exudates in symbiosis is that the “first symbiotic 

signal” which is in the form of “Flavonoids” is a part of root exudate system (Brencic 

and  Winans, 2005) that help to attract the right microbe towards the host. 

1.4.2 Initiation of symbiosis: role of quorum-sensing molecules  

Another signaling network that takes place in the rhizosphere is the “quorum-sensing” or 

auto-induction system (Bauer and  Mathesius, 2004). In the surrounding environment, the 

bacterium senses its population density (“quorum”) by producing signal molecules which 

diffuse out of the bacterial cell membrane, thereby accumulating in the environment as a 

function of the growth of the cells. At certain threshold concentration, corresponding to a 

critical population density, these small diffusible signal molecules (autoinducers) serve as 

co-inducers to regulate transcription of target genes, the products of which are of benefit 

to the bacteria in the particular habitat. Activation of these genes results in initiation of 

bacterial interaction with roots, other microbes or nematodes either positively or 

negatively. The signals are produced as well as sensed by the producer and/or related 

bacteria (Walker et al., 2003). Gram-negative bacteria produce N-acylhomoserine 
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lactones or (AHLs) type auto-inducers, while Gram-positive bacteria produce small auto-

inducing peptides (AIPs) (Figure 1.2).  

This signaling mechanism helps bacteria to communicate within the species (i.e., 

intra-species communication), with other species (i.e., inter-species communication) or 

eukaryotes (inter-kingdom communication). Some plants also produce molecules similar 

to quorum-sensing signals (quorum sensing mimics) through their roots which either 

induce quorum formation, or confuse the inter-bacterial signals to prevent clustering (bio-

film formation) and induction of pathogenicity e.g., in pea (Fray, 2002) and rice 

(Degrassi et al., 2007; Schuhegger et al., 2006). This suggests that plants have evolved 

mechanism to disrupt the bacterial signals but humans yet not. The signal disruption is 

either due to the substances that mimic, block, enzymatically degrade bacterial signals 

e.g., lactonase (Walker et al., 2003) or induced systemic resistance (Pang et al., 2009).  

In general, bacterial growth (Cao et al., 2009; He et al., 2003), and motility (An et 

al., 2006; Daniels et al., 2006), symbiotic nitrogen fixation (Yang et al., 2009; Cooper, 

2007; Sanchez-Contreras et al., 2007; Zheng et al., 2006), trans-sexuality (Cho et al., 

2009), conjugal plasmid transfer (Ding and  Hynes, 2009; Su et al., 2008; McAnulla et 

al., 2007; Tun-Garrido et al., 2003), biofilm formation (Danhorn and  Fuqua, 2007), 

virulence (Gospodarek et al., 2009; Latifi et al., 1995), pathogenesis (Wu et al., 2009) 

and antibiotic production (Miller and  Bassler, 2001) are controlled by quorum sensing in 

bacteria.  

QS-controlled gene regulation is common among rhizobia and affects many 

aspects of rhizobial physiology including induction of transfer of plasmids and integrated 

symbiosis islands, regulation of surface polysaccharide production and growth-inhibitory 

effects (Sanchez-Contreras et al., 2007; Wisniewski-Dye and Downie, 2002). Different 

rhizobial species and isolates of same species may have a different range of AHL-

dependent QS-regulatory systems suggesting that there may be no unifying paradigm 
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Figure 1.2: Operation of signaling network in the rhizosphere  

 

The LuxI/LuxR quorum sensing system in Gram-negative bacteria (A):  Two regulatory proteins control 

this system; LuxI-like protein is autoinducing synthase and catalyzes the formation of a specific AHL 

molecule (magenta trapezoids) which freely diffuses through the cell membrane and accumulates at high 

cell density. At high AHL-concentration, LuxR-like proteins bind their cognate autoinducers and this 

complex binds at target gene promoter to activate the transcription. AHL= Acyl homoserine lactones, I= 

Inducer, R= Receptor 

Oligopeptide mediated quorum sensing system in Gram-positive bacteria (B): A specific precursor peptide 

(PP) is produced (magenta stars) which comes out of the cell with the help of an ATP-binding cassette 

(ABC) exporter after modification and processing. These oligopeptides (AIPs) accumulate in the 

surroundings as the cells grow. At high cell density AIPs are detected by a two-component signal 

transduction system. The sensor kinase protein (S) recognizes the autoinducer protein; subsequently 

autophosphorylates and phosphoryl group is transferred to a cognate response regulator (RR) protein. The 

phosphorylated response regulator then binds to specific target promoters to modulate the expression of 

QS-regulated genes. P denotes that the mechanism of signal transduction is by phosphate transfer between 

the regulatory elements. 
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of what is controlled by quorum sensing in the rhizobia. Quorum-sensing regulators and 

AHL synthases are conserved among species and genera, but different groups of genes 

may be controlled differently by orthologous synthases and regulators in different 

species. Most of the identified rhizobial QS-regulation systems are based on AHL 

synthesis and perception while LuxS-dependent biosynthetic pathway that leads to 

autoinducer-2 (AI-2) formation is absent in rhizobia (Winzer et al., 2002). 

Rhizobial QS-regulatory systems identified so far include rhiR-rhiI system which 

influence infection as a result of the production of C6-HSL that induces the rhiABC genes 

(Cubo et al., 1992) and cinI-cinR system that controls the expression of the other QS-

regulatory systems in R. leguminosarum (Wisniewski-Dye and Downie, 2002; Lithgow et 

al., 2000). B. japonicum shows a different type of QS- regulation (Jitacksorn and 

Sadowsky, 2008; Loh et al., 2002; Loh et al., 2001) in which a compound “bradyoxetin” 

accumulates at high population densities particularly during iron limitation. Bradyoxetin 

induces the nodulation gene nolA, which leads to repression of nod gene expression (Loh 

and  Stacey, 2002) probably via NodD2, which is important for competitive nodulation 

on some soybean genotypes (Jitacksorn and  Sadowsky, 2008).  

1.4.3 Genes involved in symbiosis 

Rhizobial genes expressed during symbiotic nitrogen fixation are broadly categorized as 

nod: involved in Nod factor synthesis and nodule development, nif: involved in synthesis 

of the nitrogen-fixing apparatus, and fix: involved in bacteroid metabolism. Plant genes 

involved in this process are called as nodulin. The formation of an effective symbiotic 

relationship requires a coordinated temporal and spatial expression of both plant and 

bacterial genes. Rhizobial genomes are large (5.4–9.2 Mb) with 1-7 replicons (Prell and  

Poole, 2006), highly plastic and code for a variety of transport and regulatory genes, 

which ensure metabolic versatility required for survival in the soil (Amadou et al., 2008). 

Many of the symbiotic genes that are involved in metabolic, housekeeping, transporter 

and stress-resistance functions have close homologs in non-symbiotic microbes. 
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Rhizobial genes specifically required for nodulation are located either on large 

(500-Kbp to 1.5-Mbp) plasmids or on symbiosis islands (Kaneko and Tabata, 2005; 

Kaneko et al., 2002; Kaneko et al., 2000). These plasmids, termed as “megaplasmid” or 

“chromids” (Harrison et al., 2010) are different from both chromosomes and plasmids 

and carry many core genes that in other organism are carried on the chromosomes. 

Moreover, their codon usage and their nucleotide composition are similar to the 

chromosome they are associated with. The symbiotic genes present on these chromids are 

thought to have been acquired subsequently by lateral transfer from undefined sources, 

thus converting soil saprophytes into symbionts (Hirsch et al., 2001).  

1.4.3.1 Rhizobial partner: nod genes 

The presence of very similar and phylogenetically related nodABC genes in nodulating 

alpha and beta-Proteobacteria strongly supports the hypothesis of a unique origin of nod 

genes. These genes are basically involved in the synthesis of nod factors (nodABC), 

modification and specificity (nodMLF) of nod factors, transport of nod factor (nodIJ) out 

of the bacterial cells and determination of host range of the Rhizobium (nodX). The genes 

are located downstream of rhi genes on the symbiotic plasmid in rhizobia (Fig. 1.3A). 

The nod genes encode approximately 25 proteins required for the synthesis and export of 

Nod factor which are species-specific lipooligosaccharide signals consisting of a chitin 

backbone, four to five N-acetylglucosamine units in length, with a lipid attached to the 

non-reducing end and host-specific modifications on the backbone (Perret et al., 2000). 

1.4.3.2 Rhizobial partner: nif genes 

Rhizobial nif genes are conserved and structurally homologous to the Klebsiella 

pneumoniae nif genes (Arnold et al., 1988) in which 20 adjacent nif genes are organized 

in eight operons. At least nine different rhizobial nif genes have been identified so far in 

R. meliloti, B. japonicum, and A. caulinodans. The nif genes in rhizobia are organized in 

distinct clusters, the structure and genomic location of which is species specific (Figure 

1.3B). Generally, association between nif genes in rhizobia is not as tight as in K. 

pneumonia. The nifD and nifK specify α and β subunits, of the α2β2 FeMo protein  
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Figure 1.3: Organization of nod (A), nif and fix (B) genes in Rhizobium and 

their putative functions  
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(component I or dinitrogenase). The homodimeric Fe protein (component II or 

dinitrogenase reductase) is encoded by nifH. Synthesis of the FeMo cofactor of 

component I requires the products of the nifE, nifN, and nifB genes; however, the exact 

biochemical functions of the respective proteins are not known (Dean et al., 1993). 

1.4.3.3 Rhizobial partner: fix genes 

The term "fix gene" is used for genes that are essential for nitrogen fixation but do not 

have a homologous counterpart in K. pneumoniae. They are very heterogeneous class of 

genes including genes involved in development and metabolism of bacteroids. The gene 

fixABCX were originally identified in R. meliloti (Earl et al., 1987; Ruvkun et al., 1982) 

and later in B. japonicum (Fuhrmann et al., 1985), A. caulinodans (Kaminski et al., 

1988), R. leguminosarum bv. viciae (Gronger et al., 1987), R. leguminosarum bv. trifolii 

(Iismaa et al., 1989), and R leguminosarum bv. phaseoli (Michiels and Vanderleyden, 

1993). They are organized in a single operon in all species except B. japonicum, in which 

fixBCX and fixA form distinct transcriptional units present in clusters I and II, 

respectively. Mutations in any one of the fixABCX genes completely abolish nitrogen 

fixation as they might be involved in electron transport to nitrogenase (Earl et al., 1987).  

fixG is likely to be involved in redox process; fixI is a symbiosis-specific cation pump 

whose function is coupled to a redox reaction catalyzed by the fixG subunit (Kahn et al., 

1989). The fixNOQP constitute a membrane-bound, cytochrome c-containing 

heme/copper cytochrome oxidase (Mandon et al., 1994; Kahn et al., 1989) required to 

support bacteroid respiration under conditions of low oxygen present in root nodules 

(Preisig et al., 1993). 

1.4.3.4 Plant partner: nodulin genes 

The nodule-specific proteins named as “nodulins” in 1984 (van Kammen, 1984) were 

originally described as expressed in root nodules and not in other parts of the plant. Many 

nodulin genes have been identified but now there are clear reports that many of the 

„nodule specific‟ genes are in fact also expressed in other parts of the plants suggesting 

that they have been recruited from other developmental processes. “Legheamoglobins” 
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are the first nodule-specific proteins identified in nodules known to play an important 

role in the regulation of free oxygen concentration inside the nodule. The nodules are 

often pink in color, due to the presence of hemoglobin. Legheamoglobins are virtually 

identical to those heamoglobins found in the red blood cells of animals. By binding with 

oxygen, they play a key role to create the microenvironment that the nitrogenase enzyme 

requires. In this way nitrogenase is protected from oxygen damage while sufficient ATP 

can be formed to support the nitrogen fixation biochemistry. Heamoglobin genes have 

also been identified in several plants that are unable to form nitrogen-fixing nodules (e.g., 

rice) as well as dicots (e.g., Arabidopsis; Trevaskis et al., 1997; Taylor et al., 1994; 

Bogusz et al., 1988).  

1.4.3.5 Nitrogenase enzyme complex 

Both Rhizobium and Frankia possess special enzyme „nitrogenase‟ that allows them to 

transform the nitrogen gas (N2) present in air into ammonium which, in turn, is converted 

into amino acids. Nitrogenase (EC 1.18.6.1) is only known family of enzymes which 

accomplishes this process. Rhizobia contain the most common form of nitrogenase; 

molybdenum-nitrogenase that requires high-energy and is extremely sensitive to oxygen, 

which is in contradiction with the strict aerobic character of rhizobia. To overcome these 

limitations, legume plants fuel the endosymbiotic bacteria with plentiful photosynthetic 

derivatives (ATPs) and provide within nodule cells the nearly anoxygenic environment 

(i.e., 10 nM of free O2) required for N2 fixation.  

Formation of ammonia from molecular hydrogen and nitrogen has an overall 

negative enthalpy of reaction (ΔH°=-45.2 KJ mol
-1

 NH3), the energy barrier to activation 

is generally insurmountable (EA=420 KJ mol
-1

) without the assistance of catalysis. The 

enzyme therefore requires a great deal of chemical energy, released from the hydrolysis 

of ATP (16 mol of ATP for each mole of N2 reduced), and reducing agents, such as 

dithionite in vitro or ferredoxin in vivo. The enzyme is composed of the heterotetrameric 

MoFe protein that is transiently associated with the homodimeric Fe protein. Nitrogenase 

is supplied with reducing power when it associates with the reduced, nucleotide-bound 

homodimeric Fe protein. The hetero-complex undergoes cycles of association and 
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disassociation to transfer one electron, which is the limiting step in the process. ATP 

supplies the reducing power. Each transferred electron supplies enough energy to break 

one of dinitrogen's chemical bonds, though it has not yet been proven that exactly three 

cycles are sufficient to convert one molecule of N2 to ammonia. Ultimately, nitrogenase 

bonds each atom of nitrogen to three hydrogen atoms to form ammonia (NH3), which is 

in turn bonded to glutamate to form glutamine. 

1.5 The nodulation process: an over view 

The symbiotic process starts with a precise exchange of signals (Figure 1.4) between both 

the partners involved. The “first symbiotic signal” comes from host plant “the 

macrosymbiont” in the form of „Flavonoids‟ which are part of root exudates (Brencic and 

Winans, 2005). Flavonoids induce the expression of nodulation genes (nod, noe, nol and 

others) in specific rhizobia “the microsymbiont” within the vicinity of root. The nod 

genes encode synthesis and export Nod factor decorated with host-specific modifications 

on the backbone (Perret et al., 2000). These Nod factors are the “second symbiotic 

signals” that are released by rhizobial cells in the surroundings. Only particular types and 

mixtures of Nod factors allow a rhizobial strain to nodulate a certain legume host, thus 

giving rise to the first rhizobial determinant of host specificity (Spaink, 2002; 2000). 

Nod factor triggers several responses such as ion changes, calcium oscillations 

and gene expression (Nanda et al., 2010; Oldroyd and Downie, 2008). Early responses to 

Nod factors include calcium spiking and root hair cytoskeleton modification. Legumes 

are particularly susceptible to invasion in a root zone located behind the root tip, in which 

root hairs are still growing and competent for invasion. In response to attached bacteria, 

root hairs deform and curl, setting up a pocket that provides a site for infection thread 

initiation (Geurts et al., 2005). In advance of the inward progressing intracellular thread, 

root cortical cells de-differentiate and re-enter the cell cycle (Foucher and  Kondorosi, 

2000). Curling of the root hairs occurs due to the localized presence of Nod factor 

molecules. Simultaneously, root cortex cells are stimulated to reinitiate mitosis, leading 

to the formation of nodule primordia (Gage, 2004) and formation of a functional nodule  
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Figure 1.4: An over-view of Rhizobium-legume symbiosis  
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starts. Rhizobia attracted to host plants by chemotaxis, attach themselves to root hairs 

with the help of exo/lipo polysaccharides. 

Root hair curling results in the entrapping of attached bacteria within the 

deformation. Local lysis of the root hair cell wall is followed by invagination of the plant 

cell membrane. The process starts with curling of root hairs and a tube-like structure 

called an infection thread (IT) is formed through which the bacteria enter the plant. 

Infection threads are plant-derived structures originating from plasma membrane 

invagination accompanied by external deposition of cell wall material. The infection 

thread grows inwardly towards the base of the root hair and the dividing cells in the 

nodule primordium. During infection thread development, rhizobial surface 

polysaccharides (lipopolysaccharides, exopolysaccharides, capsular polysaccharides and 

cyclic glucans) interact with the host plant. Successful symbiosis depends on their correct 

composition, making them the second rhizobial determinant of host specificity (Gage, 

2004; Perret et al., 2000). 

Intracellular infection is facilitated by the cell division in cortical cells. Infection 

thread formation is not the only mean of bacterial entry into the plant. Symbionts can also 

penetrate the plant intercellularly via gaps in the epidermis or by penetration of the 

middle lamella between intact epidermal cells of the root (Gualtieri and Bisseling, 2000; 

Chandler et al., 1982). Bacteria reach the nodule primordium infecting a number of 

primordium cells. Rhizobia are released into the host cytoplasm by a process resembling 

endocytosis (Basset et al., 1977). During this release, the bacteria become surrounded by 

a plant membrane and a symbiosome is formed (Roth and Stacey, 1989). 

When the symbiosome divides, the infected cells become fully occupied by the 

microsymbiont. In actinorhizal symbioses and also in some legumes, bacteria are not 

released from the infection threads (Naisbitt et al., 1992; Berry and  Sunell, 1990) rather; 

infected cells are filled with branching infection threads containing the microsymbionts 

which is now called bacteroid. After infection the primordium develops into a nodule. 

Legume nodules develop from primordia initiated in the cortex, have a stem-like anatomy 

with peripheral vascular bundles and infected cells in the central tissue. While, 
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actinorhizal nodules have a root-like anatomy and develop from primordia formed in the 

pericycle.  

Nod O is the first rhizobial protein known to effect symbiosis in Rhizobium 

leguminosarum bv. viciae (de Maagd et al., 1989) by complementing deficiencies in Nod 

factor signaling. It may facilitate Nod factor uptake by the host, amplify the perceived 

Nod factor signal or bypass the host‟s Nod factor receptor altogether (Walker and  

Downie, 2000).  

At early stages of symbiosis, highly specific chemical signals are exchanged 

while at later stage, expression of certain bacterial genes is coordinated with nodule 

morphogenesis, via the decreasing oxygen concentrations to which infecting bacteria are 

exposed. The combined effects of specialized plant cells acting as an oxygen diffusion 

barrier and an abundant nodulin, legheamoglobin, result in a dramatic physiological 

switch in which rhizobia initiate the expression of both nitrogen fixation genes and genes 

whose products relate to the altered environmental conditions, e.g., genes encoding a 

high-affinity terminal oxidase. 

1.5.1 Role of lectins in symbiotic signal perception 

Lectins are proteins having at least one non-catalytic domain that reversibly and non-

enzymatically bind specific carbohydrates whether it is a mono- or oligosaccharide. 

Several legume-seed lectins play a role in rhizobial binding to the plant roots or in ex 

planta carbohydrate-based signal detection (van Rhijn et al., 2001; Hirsch, 1999; van 

Rhijn et al., 1998; Diaz et al., 1995; Kijne et al., 1988). Legume-seed lectins bind to 

carbohydrate moieties on the bacterial surface and either agglutinate the bacteria at a 

distance away from the root or assist in the initial attachment phase of rhizobia to root 

epidermal cells showing that lectins facilitate rather than direct the symbiosis. The 

rhizobia are preferentially attached to root hair tips, a location where legume lectins are 

typically localized. It is hypothesized that recognition of lectins and enhanced attachment 

by the rhizobia lead to structural modifications of the cell wall, similar to a model 

proposed by Kijne et al. (1988).  
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Lectins have been found to be the putative receptors of Nod factors. A lectin 

nucleotide phosphohydrolase (LNP) protein has been proposed to serve as a receptor for 

Nod factor. When Nod factor bound to DB46/LNP, the later‟s apyrase activity increased, 

suggesting that this novel lectin transmitted the Nod factor signal throughout the plant 

(Etzler et al., 1999). Furthermore, DB46/LNP is localized to root hair tips, expressed in 

root zones that participate in nodule development, and showed increased expression 

levels under nitrogen-limiting conditions, all of which are consistent with its novel role in 

establishing nodulation. However, signal sequence prediction, hydrophobicity plots, and 

direct experimental evidence indicated that DB46/LNP is peripheral to the membrane 

(Kalsi and  Etzler, 2000). As such, it seems likely that DB46/LNP either interacts with a 

trans-membrane-binding partner to propagate perception of the Nod factor signal, or the 

localized product of its enzymatic activity transmits the signal. 

1.5.2 Role of reactive oxygen species  

The role of reactive oxygen species (ROS) during symbiosis has been studied recently 

(Pauly et al., 2006). The production of ROS has been seen during early steps of 

interaction (Jamet et al., 2007), root hair deformation (Lohar et al., 2007) and infection 

thread formation showing that ROS production is dependent on the Nod factor (NFs) 

production and could have a role in the bacterial development (Ramu et al., 2002). The 

transient decrease of intracellular ROS accumulation in legume root hairs, in response to 

rhizobial secretion of NFs, seems to play a key role in a compatible Legume-Rhizobium 

interaction by actively promoting the root infection by bacteria. 

1.6 Regulation of symbiosis 

1.6.1 Role of phytohormones 

Despite the beneficial aspects of symbiosis, rhizobial infection is mainly regulated by the 

host plant of which phytohormones are well-known regulators (Hirsch and  Fang, 1994). 

Auxin and cytokinin are positive regulators of nodulation (Pii et al., 2007). It has been 

demonstrated that auxin synthesized by rhizobia and nitric oxide (NO) positively affect 

indeterminate nodule formation. The cytokinin-insensitive mutant hyper-infected (loss of 
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function) of L. japonicus and the spontaneous nodule formation (gain of function) 

mutants of M. truncatula provide genetic evidence demonstrating that cytokinin plays a 

critical role in the activation of nodule primordia (Murray et al., 2007; Tirichine et al., 

2007). 

Ethylene is known to be a negative regulator of nodulation. It inhibits infection of 

rhizobia and earlier stages of nodulation e.g., perception of Nod factor and growth of 

infection threads in most of the legumes (Nukui et al., 2004; Okazaki et al., 2004; Ma et 

al., 2003; Nukui et al., 2000). The ethylene-insensitive mutant of M. truncatula shows 

hyper-nodulating phenotype (Penmetsa and  Cook, 1997). Abscisic acid (ABA), added at 

concentrations that do not affect plant growth, also negatively regulates nodulation in 

some legumes (Liang et al., 2007; Suzuki et al., 2004; Bano and Harper, 2002; Bano et 

al., 2002; Cho and Harper, 1993) at early stages of nodulation.  

1.6.2 Auto-regulation  

One mechanism for controlling infection by compatible rhizobia is feedback regulation 

(or auto-regulation; AON) of nodule development, leading to restriction of nodulation 

zones. A number of additional external and internal factors act as negative regulators of 

nodulation. The factors that function for the AON pathway are involved in long-distance 

root-shoot signaling. AON is initiated during nodule development by the synthesis of a 

root-derived signal named „Q‟ which is a peptide (Okamoto et al., 2009; Nishimura et al., 

2002). Q travels to the shoot after inoculation with rhizobia where it, or a product of its 

action, is perceived by a serine/threonine kinase (Krusell et al., 2002; Nishimura et al., 

2002; Delves et al., 1986) which is similar to many other protein receptor kinases found 

in plants and animals and is expressed specifically in the phloem (Nontachaiyapoom et 

al., 2007). Genes coding for kinase-associated protein phosphatases may interact directly 

or function downstream of its activity to regulate AON (Miyahara et al., 2008). Root-

specific genes in pea (PsNOD3) and L. japonicus (LjRDH1) may have a role in the 

production or transport of Q in the root (Li et al., 2009; Magori and Kawaguchi, 2009). 

The perception of Q by the AON LRR RLK in the leaf results in the production of a 

novel shoot-derived inhibitor, named „SDI‟ which is small (<1 kDa), heat stable and NF-
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dependent. The SDI appears to enter the phloem and travels down to the root where it 

acts to inhibit further nodulation events (Lin et al., 2010). Kinkema and Gresshoff (2008) 

suggested the involvement of jasmonic acid, a novel plant hormone, in AON. 

 A number of other genes have also been identified as regulators of nodule 

numbers e.g., LjKLAVIER which has a shoot-specific role in regulating nodule numbers 

(Oka-Kira and  Kawaguchi, 2006) or ERF transcription factor, MtEFD, that results in 

increased nodule numbers, possibly by altering cytokinin signaling (Vernie et al., 2008). 

Other factors that reduce nodule numbers include ethylene and nitrate (Gresshoff et al., 

2009; Lohar et al., 2009; Ferguson et al., 2005; Carroll et al., 1985). Ethylene is strongly 

induced by stress and it seems possible that a mechanism has evolved to prevent precious 

photo-assimilates from being used for nodule development while the plant is under 

pressure. Similarly, because nitrogen is the main component that plant acquires during 

the legume-rhizobia symbiosis, it seems highly plausible that a mechanism has evolved to 

prevent the plant from forming nodules when nitrogen levels in the rhizosphere are 

already sufficient. Mutations in genes required for ethylene sensitivity and response, e.g., 

LjETR1, LjEIN2/MtEIN2 alleviate the inhibitory nature of these factors, resulting in 

increased nodule numbers (Lohar et al., 2009; Penmetsa et al., 2008).  

1.7 Nodule senescence: the end of symbiotic game 

Usually, the nodules have a limited life-span and the symbiotic process is terminated 

gradually (Schumpp and  Deakin, 2010). The nodules as well as leaf undergo a common 

genetic program for senescence and both processes are linked. Nodule senescence can 

occur at various developmental stages of the legume, or may be triggered by some 

environmental stress. Sometime, rhizobial failure to infect and develop nodule, leads to 

its breakdown in a process resembling senescence. Biliverdin, a catabolic product of 

legheamoglobin, is a reliable marker of ongoing senescence, turning nodules green. 

Ultra-structural examination of these senescing nodules reveals tissue degeneration. 

Degradation of infected cells releases bacteroids (or some remaining undifferentiated 

bacteria) to the soil where some are supposed to resume a saprophytic lifestyle (Muller et 

al., 2001; Timmers et al., 2000). 
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It is commonly believed that after infection and differentiation, bacteroids of 

indeterminate nodules are terminally differentiated and are unable to return to a free-

living state, while bacteroids of determinate nodules are thought to retain the capacity for 

free-living growth and can undergo a reverse differentiation process upon nodule 

senescence (McRae et al., 1989; Gresshoff and Rolfe, 1978; Tsien et al., 1977). It is 

therefore, hypothesized that PHB accumulation by bacteroids in determinate nodules and 

by undifferentiated cells in the infection thread of indeterminate nodules may function to 

give the rhizobial cells a competitive advantage when released into the soil after nodule 

senescence (Denison, 2000). 

1.8 Nodule endophytes 

1.8.1 Symbiotic and non-symbiotic rhizobia 

“Rhizobia” [from the Ancient Greek words ῥίζα, (rhíza) meaning “root”, and βίος, (bios) 

meaning “life”] is used exclusively for the nodulating bacteria of family rhizobiaceae. 

„Rhizobia‟‟ (singular, „„Rhizobium’’) is now being used as the collective term that 

designates bacteria able to form a nitrogen-fixing symbiosis with legumes (Masson-

Boivin et al., 2009). Rhizobia are also found as viable cells in water, where they are able 

to infect and nodulate aquatic legumes (Chaintreuil et al., 2000; Wang and Martinez-

Romero, 2000). Besides diazotrophy, they exhibit other metabolic features e.g., 

methylotrophy (Sy et al., 2005; Sy et al., 2001), and photosynthesis (Giraud and  

Fleischman, 2004). Both metabolic features have been shown to contribute to symbiosis 

(Jourand et al., 2004; Giraud et al., 2000). They can also decrease sporulation and growth 

of fungal pathogen (Dakora, 2003).  

 Inside the nodules, rhizobia are dimorphic (present in two different forms). In 

those symbioses, the bacteroids (the differentiated rhizobial cells that can fix nitrogen) 

are larger than their undifferentiated clone-mates and have usually lost the ability to 

reproduce. By contrast, bacteroids in some legume hosts retain the ability to reproduce 

after fixing nitrogen, perhaps because they are more similar to undifferentiated rhizobia 

in size and shape. 

http://en.wiktionary.org/wiki/%E1%BF%A5%CE%AF%CE%B6%CE%B1
http://en.wiktionary.org/wiki/%CE%B2%CE%AF%CE%BF%CF%82
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Rhizobia are phylogenetically separate and spread over two subclasses of 

Proteobacteria (alpha and beta) within 12 genera containing more than 70 species 

(Sawada et al., 2003), also referred as alpha- or beta-rhizobia (Table 1.1). Alpha-

rhizobial genera belong to the order Rhizobiales while beta-rhizobia belong to 

Burkholderiales (Masson-Boivin et al., 2009). The rhizobial status, which is assessed by 

nodulation tests or presence of common nod genes, has not yet been proven, for the 

nodule colonizing beta-Proteobacterium Herbaspirillum lusitanum (Valverde et al., 2003) 

or for nodule colonizing gamma-Proteobacteria (Benhizia et al., 2004) hence they have 

not been included in the family of rhizobia . 

Rhizobia exist both as symbiotic and non-symbiotic entity. The non-symbiotic 

isolates may have arisen through loss of symbiotic plasmids, either before or during their 

isolation and subsequent culture (Laguerre et al., 1993). In R. leguminosarum the 

symbiotic plasmids can be lost spontaneously at a high frequency or can also undergo 

rearrangements, resulting in loss of the symbiotic capacity (Martinez-Romero and 

Rosenblueth, 1990; Soberon-Chavez et al., 1986). The isolation of non-symbiotic 

Rhizobium strains from soil has been known (Jarvis et al., 1989; Soberon-Chavez and  

Najera, 1989). When complemented with a sym plasmid, the non-symbiotic isolates are 

able to establish an effective symbiosis with the host plant and have significant role in the 

dynamics of rhizobial populations in soils (Sullivan et al., 1995). In contrast  to R. 

leguminosarum and R. etli, non-symbiotic rhizobia are not found among R. meliloti 

isolates, because this species carries nodulation genes on stable megaplasmids (Bromfield 

et al., 1995; Laguerre et al., 1993; Segovia et al., 1991; Soberon-Chavez and Najera, 

1989).  

Agrobacterium is fast-growing specie closely related to Rhizobium. The species 

are phytopathogens causing the formation of crown gall or hairy roots in many plants. 

They are likely to be confused as one of the non-rhizobial nodulations in legumes as they 

have been isolated from many legume hosts that also include several tropical leguminous 

plants including Acacia, Prosophis and Chamaecrista from Africa (De Lajudie et al., 

1999) and Phaseolus vulgaris in Tunisian soils (Mhamdi et al., 2002), chickpea in 

Pakistani soils (Hameed et al., 2004). These Agrobacterium like strains have been proved 
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to enter the nodules by mixed infection with a rhizobial cell capable of nodule induction 

resulting mixed population within the nodule occupying about 10-15 % of the total 

nodules in P. vulgaris. But all the Agrobacterium strains isolated from nodules failed to 

nodulate on their original hosts and they did not hybridize to nif and nod gene probes, 

verifying that they were not symbiotic bacteria (Mrabet et al., 2006; Mhamdi et al., 

2005). Cummings et al. (2009) have reported effective nodulation by strains of 

Agrobacterium on Sesbania and due to this fact Agrobacterium is now considered as a 

member of “rhizobia”. 

1.8.2 Non-rhizobia and opportunistic colonizers  

Rhizosphere environment is complex and its resident communities are so diverse that no 

definite line can be drawn among the plants and their associated partners. Historically, 

only rhizobia were considered as specific inhabitants of nodules but with the advent of 

molecular biology, reports of the presence of non-rhizobia inside legume nodules have 

been published. These non-rhizobia do not prove the Koch‟s postulate suggesting that 

microbe can enter the pre-formed nodule and reside there if provided some proper entry 

points. These nodule endophytic bacteria have been studied poorly compared with the 

endophytes living in other plant tissues.   

Many nodule endophytic bacteria have been isolated from alfalfa (Bromfield et 

al., 2010), clover (Sturz et al., 1997), and soybean (Oehrle et al., 2000). The bacterial 

strains including Pseudomonas spp., Enterobacter spp., Klebsiella spp.,  Leclercia, 

Pantoea, Escherichia (Benhizia et al., 2004), Streptomyces, (Tokala et al., 2002), 

Herbaspirillum (Valverde et al., 2003), arbuscular mycorrhizal fungi (Scheublin et al., 

2004), Bacillus, Curtobacterium,  Erwinia, Mycobacterium, Paenibacillus, 

Pseudomonas, Phyllobacterium, Ochrobactrum, Sphingomonas, (Stajković et al., 2009), 

Salmonella and Citrobacter (Wang et al., 2006) have been isolated from root nodules of 

legumes. Zakhia et al. (2006) described the association of 14 bacterial genera with wild 

legume nodules in Tunisia, while Muresu et al. (2008) reported over 24 non-rhizobial 

taxa isolated from nodules of different wild legumes. However, the biological 

significance of these associations is still not fully understood. 
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It is assumed that the nodule endophytic bacteria might evolve into symbiotic 

bacteria by acquiring symbiotic genes from the rhizobia by lateral gene transfer inside the 

nodules, as reported in rhizobia (Trinick et al., 1989) and in endophytic bacteria (Taghavi 

et al., 2005). But usually, upon re-inoculation, these strains were unable to induce nodule 

formation in respective hosts. In some cases the inoculation resulted in non-significant 

change on the plant growth but in some cases they enhanced plant yield. When co-

inoculated with an infective Bradyrhizobium or Rhizobium strains, they were found 

colonizing root nodules (Ibanez et al., 2009b; Hameed et al., 2004). Occupancy has been 

confirmed by immunogold labeling and confocal microscopy. Some strains showed the 

presence of nifH gene e.g., Klebsiella-like isolates but the nodulation genes could not be 

detected in these isolates. The results obtained support the idea that these isolates are 

opportunistic bacteria able to colonize nodules induced by rhizobia. 

Streptomyces lydicus is a root colonizing actinomycete originally isolated and 

studied for its properties as an antifungal biocontrol agent (Crawford et al., 1993). Tokala 

et al. (2002) showed that S. lydicus colonizes and then sporulates within the surface cell 

layers of the nodules. Colonization leads to an increase in the average size of the nodules 

and improves the vigor of bacteroids within the nodules by enhancing nodular 

assimilation of iron and possibly other soil nutrients.  

Herbaspirillum is a nitrogen fixing bacterium that forms a type of endophytic 

association in plants of family Poaceae, in which it liberates fixed nitrogen and supplies it 

to the plant (Döbereiner et al., 1993). Nitrogen fixing species, Herbaspirillum lusitanum, 

was found associated with root nodules of Phaseolus vulgaris (Valverde et al., 2003). 

The implications of this association on nodule functioning and symbiotic effectiveness 

need to be investigated further.  

Arbuscular mycorrhizal fungi can colonize root nodules in laboratory and field 

conditions (Scheublin et al., 2004). They enhance nodulation and nitrogen fixation, but 

the extent of these effects is dependent on the arbuscular mycorrhizal fungi species 

(Valdenegro et al., 2001).  
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Table 1.1 Legume-nodulating members from different families of alpha and beta rhizobia 

 

Rhizobia Nodulating species Legume Host Other significance Reference 
ALPHA RHIZOBIA  
Family Rhizobiaceae 
Rhizobium 
Allorhizobium 
Azorhizobium 
Sinorhizobium 
Mesorhizobium 
Bradyrhizobium 
Agrobacterium 
Family Methylobacteriaceae 
Methylobacterium  
 
Family Bradyrhizobiaceae 
Blastobacter 
 
Family Hyphomicrobiaceae 
Devosia 
 
Family Phyllobacteriaceae 
Phyllobacterium 
 
Family Brucellaceae 
Ochrobactrum 
 

 
 
R. leguminosarum 
A. undicola 
A. caulinodans 
S. meleloti 
M. ciceri 
B. japonicum 
A. tumefaciens 
 
M. nodulans 
 
 
B. denitrificans 
 
 
D. neptuniae 
 
 
P. trifolii 
 
 
O. lupini, O. cytisi 

 
 
Pea, clover,  
Neptunia natans, Medicago sativa, Accacia spp. 
Sesbania rostrata 
Cowpea,  
Cicer arietinum 
Glycine max 
Sesbania 
 
 
 
Crotalaria spp., Lotonois bainesii, beans, cowpea, black 
gram, soybean, Sesbania 
 
Aeschynomene indica 
 
 
Neptunia natans 
Trifolium pretense, T. repans, Lupinus albus 
 
 
Lupinus albus, Acacia mangium, Cytisus scoparius 

 
 
Growth hormone production, P-
solubilization 
 
Stimulate root development 
P-solubilization, IAA production 
Photosynthesis 
 
 
Methylotrophy 
 
 
 
 
 
 
 
 
 
 
 
Bioremediation, biodegradation, 
growth stimulation 

 
 
1  
1 
2  
1 
1 
3a 
3b 
 
4  
 
 
5 
 
 
6 
 
7 
 
 
 
8 a,b 

BETA RHIZOBIA  
Family Burkholderiaceae 
Cupriavidus 
Burkholderia 

 
 
C. taiwanensis 
B. cepacia 

 
 
Mimosa pudica, M. diplotricha 
Aspalathus carnosa, Mimosa, Macroptilium atropurpureum 

  
 
9 
10 

 
1= (Perret et al., 2000), 2=(Dreyfus et al., 1988), 3a=(Eaglesham and  Szalay, 1983), 3b=(Cummings et al., 2009), 4= (Sy et al., 2001), 5= (Van Berkum and  Eardly, 2002), 6= (Rivas et al., 2002), 7= 

(Valverde et al., 2005),  8a= (Trujillo et al., 2005), 8b= (Zurdo-Pineiro et al., 2007), 9= (Chen et al., 2001), 10= (Elliott et al., 2009)  
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The endophytic occupation of peanut nodules by opportunistic Gamma 

Proteobacteria has been described (Ibanez et al., 2009a) showing an increase in shoot dry 

weight, root structure and nodulation (83% increase). These Gamma Proteobacteria 

include Enterobacter, Klebsiella, and Pseudomonas which are able to colonize the 

nodules long-time after their formation. 

The non-symbiotic, nodules endophytic bacteria either come from the curing of 

symbiotic plasmid, or they are non-symbiotic rhizosphere bacteria, their existence in 

nodules have some effects on growth or nodulation of legume plants, and offered 

possibility to transfer the symbiotic genes from symbiotic bacteria to the non-symbiotic 

bacteria (Mrabet et al., 2006). 

1.8.2.1 Entry of opportunistic nodule colonizers 

How can these bacteria occupy the root nodules if they have no symbiotic genes, 

particularly no nodulation genes? It has been hypothesized that these strains might 

rapidly lose their symbiotic genes during the isolation procedure, but there is no 

experimental evidence to support this hypothesis. Another explanation was that they were 

never symbiotic, but could invade nodules (Mhamdi et al., 2005).  

The mechanism by which these non-rhizobial, non-symbiotic bacterial isolates 

integrated into nodules is still not known. There are many explanations for this 

opportunistic entry. First of all it is to be considered that this entry process is independent 

of the entry of symbiotic bacteria and this process is facilitated by the genes other than 

those involved in the symbiotic process.  

There is a possibility of Agrobacterium-like entry into host. Matthysse and 

McMahan (2001) have shown two different binding mechanisms for Agrobacterium 

tumefaciens. One system is for the pathogenic Agrobacterium spp. and depends on AttR. 

This is required for binding to wound sites on both legumes and non-legumes and for 

binding to the epidermis and root hairs of non-legumes. The AttR-dependent binding was 

required for virulence on all of the plants tested. The second attachment or binding 
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system in Agrobacterium spp. is AttR-independent which is involved in the binding of 

the bacteria to the epidermis and root hairs of legumes. The AttR-independent binding 

was able to mediate the colonization of legume roots but it appeared insufficient for 

virulence. 

Other explanation for entry could be that these bacteria occupied the nodule 

primordial previously induced by Brady/rhizobium sp., thus displacing the rhizobial 

strain (Ibanez et al., 2009a). Or the absence of these rhizobial strains from these nodules 

could be related to their total differentiation in to bacteroids, a non-cultivable state as 

described for the rhizobial occupants of Hedysarum nodules (Muresu et al., 2008). 

Entry through cracks is also hypothesized just like the Bradyrhizobium (Vega-

Herna´ndez et al., 2001) or other endophytic bacteria (Boogerd and  van Rossum, 1997; 

Alazard, 1985). However, additional data are necessary to confirm these hypotheses.  

1.8.2.2 Role of opportunistic nodule colonizers 

In order to understand the plant–bacteria interactions, it is essential to study the 

diversity of nodule endophytic bacteria and their impacts on and interactions with 

rhizobia and host plants. Mostly, these bacteria do not cause visible damage to the plants. 

The results of various co-inoculation experiments have suggested two main effects of 

these opportunistic nodule colonizers. First possible effect is „direct‟ and includes 

increase in the ability of plants to absorb nutrients from the soil by increasing root 

development or assist in solubilizing phosphorus (Kuklinsky-Sobral et al., 2004), 

increasing nitrogen uptake, synthesis of phytohormones (auxin, cytokinin) and iron 

chelation (Bowen and  Rovira, 1999). The data indicate improved plant yield, plant health 

and nodulation when co-inoculated with nodule endophytes, compared to sole rhizobial 

inoculation (Rajendran et al., 2008; Bai et al., 2002; Sturz et al., 1997). The other 

possible effect is „indirect‟ that includes suppression of soil-borne pathogens by 

producing siderophores, antimicrobial metabolites, or by competing for nutrients and/or 

niches (Nelson, 2004) or induce the resistance to pathogens (Elvira-Recuenco and  van 

Vuurde, 2000; Castejón-Muñoz and  Oyarzun, 1995).  
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However in some cases, the co-inoculation with these nodule colonizers results in 

negative or non-significant effects on growth and yield parameters of plant. A significant 

reduction in common bean nodulation has been observed with A. tumefaciens inoculation 

(Mrabet et al., 2006), but alfalfa plant inoculated with A. tumefaciens exhibit neutral 

response (Wang et al., 2006). 

The studies have shown that life cycles of some endophytes are not necessarily 

restricted to plant/soil environments but can span across biological kingdoms and include 

also stages within the animal/human hosts (Tyler and  Triplett, 2008). The pathogenic 

interactions of these endophytes or their possible interim plant-colonization thus raise 

serious concerns from clinical point of view. Legumes appear to offer a survival sink as 

well as a secondary reproduction niche for these pathogens (Muresu et al., 2010). Iniguez 

et al. (2005) supported the hypothesis that plant defense response pathways regulate 

colonization by endophytic bacteria as bacteria belonging to family enterobacteriaceae 

isolated from plants (Markova et al., 2005) exhibit resistance to antibiotics and are 

capable of adhering to human red blood cells. Moreover, Salmonella enterica and the 

enterohaemorragic E. coli strain O157:H7 isolated from Arabidopsis thaliana (Cooley et 

al., 2003) are found to be phytopathogenic (Schikora et al., 2008) suggesting that some 

pathogenic bacteria employ a similar subset of determinants of virulence to elicit disease 

in animal, invertebrate and plants. 

Legume species of the genus Hedysarum are massively colonized by different 

bacterial taxa, allegedly replacing the nitrogen fixing symbionts in these nodules 

(Benhizia et al., 2004). Their possible role as alternative nitrogen fixing symbionts and 

inducers of nodule organogenesis however has been ruled out by the absence of 

nodulation in axenic conditions and absence of nodC or nifH genes confirmed by 

microarray analysis (Bontemps et al., 2005). Their pathogenic nature however, has been 

shown by some phenotypic traits that are commonly used to assess virulence potential 

towards human cells (Muresu et al., 2010).  
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1.9 Ochrobactrum: a versatile soil dwelling microbe with diverse applications 

O.chro.bac’trum (ō-krō-bak′trŭm; Gr. Adj. Ochros Pale, colorless; Gr. Nuet. n. bactron a 

staff or stick; M.L. neut. n. Ochrobactrum a colorless rod), name assigned in 1988 to a 

set of microorganisms formerly called Achromobacter CDC group Vd according to the 

scheme of the Centers for Disease Control and Prevention. These microorganisms were 

usually treated with Achromobacter xylosoxidans (later named as Alcaligens 

xylosoxidans subsp. xylosoxodan and moved to β-subclass of Proteobacteria; rRNA 

superfamily III; Rubin et al., 1985; Gilardi, 1978). At supragenric level, Ochrobactrum 

showed no relationship to Alcaligens spp. emphasizing that this species is actually quite 

distinct. DNA-DNA hybridization and 16S rRNA homology analysis later described the 

actual phylogenetic position of Ochrobactrum within family Brucellaceae; order 

Rhizobiales, alpha-2- subclass of Proteobacteria.  

Ochrobactrum species (Fig. 1.6) are adapted to a wide range of habitats and 

usually considered as free-living. Occurrence has been reported in diverse terrestrial 

environments; soil, rhizosphere, (Lebuhn et al., 2000), as cotton endophyte (McInroy and  

Kloepper, 1994), on the surface of wheat roots (Sato and  Jiang, 1996 ), as deep-water 

rice endophyte (Verma et al., 2004), animals feces (Kampfer et al., 2003), arsenical cattle 

dipping fluid (Holmes et al., 1988), nematodes (Babic et al., 2000; Aguillera et al., 

1993), human body and blood (Teyssier et al., 2007; Vaidya et al., 2006; Teyssier et al., 

2005; Romero Gomez et al., 2004; Mahmood et al., 2000; Braun et al., 1996; Appelbaum 

and  Campbell, 1980), water, concrete, termites, activated sludge, and oil spills (Leal-

Klevezas et al., 2005).  

Although, Ochrobactrum has not been found associated to a specific plant or 

particular environment, yet it has substantial population in the rhizosphere, considerable 

effect on plant growth, and significant application in the bioremediation of toxic 

materials in soil (Figure 1.5). 
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Figure 1.5: Role of Ochrobactrum in ecosystem  

 

+ The beneficial role;  - The deleterious role 

 

 
 

 

Figure 1.6: Fourteen species of the genus Ochrobactrum described from different 

ecological niches 
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1.9.1 Ochrobactrum as plant and nodule endophyte 

Being plant endophyte, Ochrobactrum has been found in rice (Tripathi et al., 2006; 

Verma et al., 2004), cotton (McInroy and  Kloepper, 1994) and on the surface of wheat 

roots (Sato and  Jiang, 1996 ). Although, members of Ochrobactrum have been 

frequently isolated from the soil and rhizosphere but the relationships with plants is yet to 

be determined. They have been found to be weak colonizers and less competent (Tripathi 

et al., 2006; Verma et al., 2004). 

 Two species of Ochrobactrum are known as legume symbionts. Brucellaceae 

family does not contain any legume-nodulating species except Ochrobactrum. Its 

effective nodulation has been confirmed in Acacia mangium (Ngom et al., 2004), 

Lupinus albus (Trujillo et al., 2005) and Cytisus scoparius (Zurdo-Pineiro et al., 2007) 

(Figure 1.7). 

The nodulating species are described as containing three mega plasmids (A: 

1,700, B: 200 and C: 150Kb) all harboring the symbiotic genes (Trujillo et al., 2005). The 

nod and nif genes in Ochrobactrum have been suggested to acquire by horizontal transfer 

of symbiotic genes from other rhizobial species (Trujillo et al., 2005; Van Berkum and 

Eardly, 2002; Sy et al., 2001; Herrera-Cervera et al., 1999) nodulating other legume hosts 

(Velazquez et al., 2005; van Rhijn et al., 1996).  

1.9.2 Ochrobactrum as animal and human endophyte 

O. anthropi and O. intermedium are the only species of the genus reported to have some 

clinical significance (Apisarnthanarak et al., 2005; Mahmood et al., 2000; Moller et al., 

1999; Cieslak et al., 1996; Barson et al., 1987). The presence has been observed in blood, 

urine, wounds, feces, oral and vaginal secretions causing pancreatic abscess (Appelbaum 

and  Campbell, 1980), endocarditis and septic embolization (Ozdemir et al., 2006; 

Mahmood et al., 2000), puncture wound osteochondritis (Romero Gomez et al., 2004; 

Barson et al., 1987), endophthalmitis (Braun et al., 1996), urinary tract infection (Van 

Horn et al., 1989) or meningitis (Romero Gomez et al., 2004; McKinley et al., 1990). No 

death has been reported yet and infection was cured (Vaidya et al., 2006). 
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Figure 1.7: Nodules induced by O. lupini (A) or Bradyrhizobium sp. (B) in Lupinus 

albus and by O. cytisi (C) or Rhizobium etli (D) on Phaseolus vulgaris roots  

Reprinted from Trujillo et al. (2005) and Zurdo-Pineiro et al. (2007)  

 

1.9.3 Ochrobactrum as free-living soil organism 

The genus is common member of soil microbiota and has considerable share in 

soil and rhizosphere microbial communities, representing 2% of total cultivable bacterial 

fraction and 0.3% of rhizoplane bacteria (Bathe et al., 2006; Lebuhn et al., 2000). This 

abundance makes them an ideal tool for ecological studies on microbial diversity and 

evaluation of exogenous influences on this diversity in soil (Lebuhn et al., 2000). 

Ochrobactrum species have been isolated from rhizosphere of cotton (McInroy 

and  Kloepper, 1994), wheat (Lebuhn et al., 2000; Sato and  Jiang, 1996 ), rice (Verma et 
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al., 2004) and potato (Kampfer et al., 2008) and have been reported to increase plant 

growth. Significant growth stimulation has been seen in maize (Principe et al., 2007), 

mungbean (Faisal and  Hasnain, 2006) and Wild Coffea arabica L. (Muleta et al., 2008) 

under normal or stressed conditions (saline, chromium). They show Indoleacetic acid 

(IAA) production, phosphate solubilization, siderophores production (Chakraborty et al., 

2009), zinc mobilization and AHL-production (Khan, 2008), 2,4-DAPG antibiotic 

production (Hassan et al., 2010), promoting the growth of seedlings as well as old plants 

resulting in increased biomass production, plant length, number of shoots and leaves, 

chlorophyll and phenolic contents in tea (Chakraborty et al., 2009).  

In soil environment, the species act as free-living diazotroph fixing up to 1213 

nmol mL
–1

h
–1

 acetylene (Vakkerov-Kouzova, 2007), catalyze the production of 

methionine from D, L-(2-methylthioethyl) hydantoin (Pozo et al., 2002), produce 

biosurfactant (Wasko and  Bratt, 1991).  

In rhizosphere, O. anthropi may act as antagonist reducing 90% infection of 

Botrytis cinerea on tomato stems (Cook et al., 1997) and tea plant against brown root rot 

disease (Chakraborty et al., 2009). The antagonist O. anthropi produce chitinase, beta-1, 

and 3-glucanase, phenolics, peroxidase and phenylalanine ammonia lyase in rhizosphere 

and induce systemic response in tea plants. Ochrobactrum strain A44 reduces the potato 

soft rot disease by disrupting the signals of pathogen Pectobacterium carotovorum (Jafra 

et al., 2006). 

A valuable role of Ochrobactrum in the soil is the degradation of pollutants 

(Smejkal et al., 2003; Song et al., 2000). They can degrade antibiotics, fertilizers, 

hemicelluloses (Yu et al., 1998; Gard et al., 1997; Schafer et al., 1996), phenol and its 

derivatives (Yamada et al., 2008; El-Sayed et al., 2003; Lechner et al., 1995), atrazine 

(Laura et al., 1996), methyl parathion and its intermediates (Qiu et al., 2006), sim-

triazines, pesticides, herbicides (Zhang et al., 2006; Chen and  Liu, 1995), formaldehyde, 

aniline, oil (Vakkerov-Kouzova, 2007; Favaloro et al., 2000; Wei et al., 1998), 

halobenzoate (Bongkeuu et al., 2000), N,N-dimethyl formamide (DMF) and its catabolic 

intermediates (Veeranagouda et al., 2006; Long and  Meek, 2001; Bromley-Challeanor et 
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al., 2000), moniliformin or structurally related mycotoxins (Chen et al., 2000), nicotine 

(Yuan et al., 2005), methyl parathion (MP) and its metabolites (Zhong et al., 2007) and 

reduce sulfide to nitrite (Mahmood et al., 2009).  

Adapted to different environmental niches (rhizosphere, soils, sediments and 

activated sludge), Ochrobactrum is capable of de-nitrification, de-nitrifying NO
-
2, NO

-
3 

under anaerobic conditions even in the presence of higher levels of NO
-
2 (100 mM), and 

is more resistant to acidic NO
-
2 than Pseudomonas aeruginosa, Ralstonia eutropha, and 

E. coli which neither proliferate nor reduces NO
-
2 (Doi et al., 2009) at these conditions. 

The Ochrobactrum denitrifying enzymes include nitrate reductase, nitrite reductase, and 

nitrous oxide reductase (Oh et al., 2006). 

Excellent adsorbing ability of O. anthropi facilitates the treatment of wastewater 

containing metal ions such as chromium, cadmium and copper (Ozdemir et al., 2003). 

Strain SDCr-5 detoxifies chromium up to 15 mg mL
-1

 under a wide concentration range. 

This reduction is stimulated by heavy metal cations such as Cu
2+

, Co
2+

, Mn
2+

 and Ni
2+

 

(Sultan and  Hasnain, 2007), hence can be efficiently used for the treatment of waste 

water at large scale. 

Ochrobactrum being an ecologically diverse and environmentally beneficial 

organism is present in great abundance in many niches including nodules of legumes. Its 

beneficial characteristics including nitrogen fixation and nodulation have been 

investigated thoroughly. However, no ecological data is available showing its interaction 

with the plant and its possible effects on growth and yield in the presence of indigenous 

soil population.  

Keeping in view, the study was planned with the aim to isolate Ochrobactrum 

strains from different crops especially chickpea and confirm its endophytic colonization. 

Another objective was to study the population dynamics of inoculated Ochrobactrum sp. 

and analyze its effects on chickpea growth and yield.  



 

 

Chapter 2 

Materials & Methods 

2.1 Sample collection 

Soil was collected from rhizosphere of different crops (soybean, cotton, wheat, maize, 

sunflower, rice, seabukthorn, chinease/snow cabbage, and chickpea) from different 

areas (Described in chapter 6). The chickpea plants bearing nodules were collected 

from chickpea growing areas. Samples were transported to NIBGE and immediately 

stored at -80°C until utilized for bacterial isolation or DNA extraction. 

2.2 Bacterial strains 

Pure bacterial strains were obtained from BIRCEN-culture collection, NIBGE (Table 

2.1). Initially, Ochrobactrum tritici strain LAIII-106 was kindly provided by Dr. M 

Lebuhn (DSV-DEVM, Laboratoire d'Ecologie Microbienne de la Rhizosphere, 

CNRS-CEA, CEA Cadarache, St Paul lez Durance, France) and O. lupini strain Lup-

21 was provided by Dr. Encarna Velázquez (Departamento de Microbiologíay 

Genética, Lab. 209, Edificio Departamental de Biología, Campus M, Unamuno, 

37007 Salamanca, Spain). The type strains were later received from Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Germany. 

Lyophilized cultures received from DSMZ (Table 2.1) were revived according to the 

procedure provided by DSMZ. Strains were repeatedly streaked on nutrient agar (NA) 

or LB plates to get individual colonies. Broth cultures were grown in 50 mL flasks 

with continuous shaking in nutrient broth or LB media.  

2.3  Growth media and chemicals  

The growth media used in the study were LB (Luria-Bertini) medium [tryptone 10, 

yeast extract 5, NaCl 5g/L; pH 7.5], TY (Tryptone Yeast Extract) medium [tryptone 

5.0, yeast extract 3.0, CaCl2 0.87 g/L; pH 6.8-7.2], YEM (Yeast Extract Mannitol)  
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Table 2.1: Bacterial strains used in the study 

No  Name Strain code   Culture 

collection no. 

Source Origin  

 

1 Ochrobactrum  

sp. 

Ca-34 

 

- Chickpea nodule Pakistan 

 

2 Ochrobactrum 

sp. 

PV2Z2 - Common bean 

nodules 

Zanzibar, Tanzania 

3 O. tritici LAIII-106
 
 

 

DSM13341 Wheat 

rhizosphere 

Germany 

 

4 O. tritici SCII24
 T

 

 

DSM13340 Wheat 

rhizosphere 

Germany 

 

5 O. lupini LUP-21
 T

 

 

DSM16930 Lupinus nodules Spain 

 

6 O. oryzae MTCC 4195
 T

 

 

DSM 17471 Rice endophyte India 

 

7 O. gallinifaecis ISO 196
T
 

 

DSM 15295 Chicken feces Germany 

8 Meso/rhizobium  

ciceri 

TAL-1148 TAL-1148 Chickpea nodule NifTAL* 

9 M. ciceri IC-94 - Chickpea nodule ICRISAT** 

 

10 M. ciceri IC-2002 - Chickpea nodule ICRISAT** 

*University of Hawaii NifTAL (Nitrogen Fixation by Tropical Agricultural legumes) Center  

** Belong to International crop research institute for semi-arid tropics, (ICRISAT) India. 

Kindly provided by Solange Oliveira, Departamento de Biologia, Universidade de Âvora, 

Portugal 
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medium [mannitol 10, K2HPO4 0.5, MgSO4.7H2O 0.2, NaCl 0.1, Yeast Extract 0.6 

g/L, congored (0.25% if required) 10 mL/L; pH 6.8-7.0], NA (nutrient agar) medium 

[20g nutrient agar (Merck, Germany) dissolved per litre], NB (nutrient broth) 

medium, Pikovskaia’s medium [31.3 g/L Pikovskaia’s agar (Sigma chemicals, USA)]. 

Media were prepared in distilled water and autoclaved for 30  minutes before use. 

1.5% agar was added while preparing solid media. 

The chemicals used in preparation of media, solutions and buffers were 

purchased from distributors of Sigma (USA) or Sigma-Aldrich (Germany), Acros 

Organics (USA), Merck (Germany), LAB-SCAN (Thailand), DIFCO laboratories 

(USA), or Roth (Germany). Molecular biology chemicals were purchased from 

Fermentas life sciences (UK) or Invitrogen (USA).    

2.4 Seeds, sand and soil  

Chickpea seeds were kindly provided by Dr. Tariq Shah (NIAB). Soil used for plant 

inoculation experiment (lab or growth room experiments) was taken from the fields of 

NIBGE and/or NIAB. Sand used for plant growth was washed twice with 

hydrochloric acid (1%) by overnight dipping in the acid solution. Sand was then 

extensively washed with distilled water to remove the acid completely. Sand was 

sterilized in an autoclave three times and used for plant growth. Plant growth pouches 

(Northrup King Co., USA) were autoclaved and dried before seedling transfer. The 

plants were grown in growth rooms and net house available at NIBGE. Field 

experiments were conducted at NIAB experimental sites. 

2.5 Equipment  

Most of the facilities and equipment used in these studies were availed from NIBGE 

e.g., Transmission electron microscope, centrifuges, PCR machines, growth rooms, 

etc. while MALDI-TOF, BIOLOG, DNA base composition and DNA-DNA 

hybridization analysis facilities were availed at DSMZ (Germany). DNA sequencing 

was done by commercial sequencing facility of Macrogen (South Korea) until 

mentioned otherwise.  
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A digital camera (Sony, DSC W50) was used to photograph plates, plants or 

nodules. The photographs were edited with Adobe Photoshop CS. The figures were 

produced using Corel DRAW 13 (Corel Corp.). 

2.6 Isolation of bacteria 

2.6.1 Culture dependent isolation 

Before isolation of bacteria, the nodule or root samples were surface sterilized by 

dipping in 100% ethanol and successive washing with sterile distilled water. For 

bacterial isolation, one gram soil (tightly adhering to plant root), or root or nodules 

was used. The nodule and root samples were crushed with the help of pestle and 

mortar in autoclaved distilled water. The soil sample or root/nodule-suspensions were 

used for serial dilution according to the method described by (Somasegaran and  

Hoben, 1994). 100 μL from each of the dilution 10
-2

, 10
-3

,
 
10

-4
 and 10

-5
 were plated 

onto YEM-congored, LB-agar or nutrient agar plates. Plates were incubated at 28°C 

for 24h.  

  The bacteria were purified by sub-culturing of single colonies. The colonies 

which did not take the colour of congored dye were broadly categorized as Rhizobium 

spp. while the colonies which took the colour of congored were categorized as non-

rhizobia. 

2.6.2 Culture independent isolation 

DNA extraction from rhizosphere soil samples was done using two different kits i.e., 

UltraClean Soil DNA extraction kit (MO Bio, USA) and Fast DNA Spin kit for Soil 

using FastPrep® instrument (MP Biomedicals, USA). DNA was extracted from 0.5-1 

g soil sample according to the procedure provided by the manufacturer. For use in 

PCR reactions, DNA was diluted to three different concentrations i.e., 1:10, 1:50 and 

1:100 using sterilized dddH2O (double distilled deionized water) and optimum 

dilution was used for subsequent PCR analysis.  

Nodules were surface sterilized by dipping in 100% ethanol for 2-3 minutes 

and 4-5 successive washings with sterilized distilled water. Nodules were placed in 

specialized tubes containing beads and 300 μL of TE buffer [10 mM Tris, 1 mM 
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EDTA; pH 8.0]. Nodule tissues were homogenized using bead beater @ 4.5m/sec for 

20 sec. beating was repeated for another 20 seconds with intervals of 5 minutes. The 

nodule residues were pellet down by centrifugation at 6,000 rpm for 2-3 minutes and 

supernatant was transferred to new tube. The nodule extracts were stored at -20°C for 

further use in PCR analysis.   

2.7 Morphological and physiological characterization of bacteria 

2.7.1 Colony and cell morphology 

Colony morphology of purified bacterial strains was studied by streaking on Nutrient 

agar (NA), LB agar, TY agar and YEM-congored agar plates and growth at 28+2ºC 

for 24h. Bacterial colonies were characterized on the basis of growth rate, colour, 

shape, size and gum production. The cell size, shape and motility of bacterial strains 

were observed under light microscope by taking a drop of bacterial culture suspension 

in sterilized de-ionized water or suspending the bacterial colony in a drop of water on 

glass slide.  

2.7.2 Acid or alkali production 

Pure single colonies were grown in duplicate on YEM agar plates containing 0.025% 

(w/v) bromothymol blue as pH indicator (Somasegaran and  Hoben, 1994). Plates 

were incubated at 28±2ºC for 48 h. Acid or alkali production was determined by 

scoring the visual change in pH on the basis of colour change of the medium. 

2.7.3 Gram’s staining 

Purified bacterial strains were observed for Gram’s reaction under light microscope 

(Vincent and  Humphrey, 1970). A loopful of bacterial culture was taken in saline and 

a thin smear on a glass slide was prepared. The smear was first air-dried, heat fixed 

and stained with crystal violet solution [crystal violet 10 g, ammonium oxalate  4g, 

ethanol 100 mL, distilled water 400 mL] for one minute and was washed with water. 

Then the smear was flooded with iodine solution [Iodine 1 g, KI 2 g, ethanol 25 mL 

and distilled water 10 mL] for 30 seconds. Iodine solution was drained off and smear 

was de-colorized with 75% alcohol for 1½ minute. Smear was washed with water and 

counter stained with safranin solution [safranin 2.5 g dissolved in 10 mL ethanol, 
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distilled water 100 mL]. The smear was finally washed with water, air-dried and 

observed under light microscope. 

2.7.4 Intrinsic antibiotic resistance 

Pure bacterial colonies were grown in flasks containing nutrient broth for 1-2 days 

with constant shaking at 282ºC. One mL of bacterial culture was spread onto solid 

ASS agar (Antibiotic sensitivity sulphonamide agar; Merck, Germany) plates [40g/L, 

pH 7.4] with the help of sterilized cotton swab or glass spreader until the culture 

completely absorbed to the agar surface. The intrinsic antibiotic resistance pattern was 

determined by disc diffusion method as described by (Valverde et al., 2005) using 

ready-to-use antibiotic discs (Bioanalyse®, Turkey). Antibiotic discs used were: 

ampicillin AM (10µg), chloramphenicol C (30µg), aztreonam ATM (30µg), 

gentamycin CN (10µg), cephradine (CE) (30µg), ceftriaxone CRO (30µg), paratam 

CES (105µg), kanamycin (30µg), rifampicin RA (5µg), cefixime CFM (5µg), 

amikacin AK (30µg), streptomycin S (10µg), doxicycline DO (30µg), neomycin N 

(30µg), carbenicillin PY (100µg), erytomycin E (15µg), trimethoprim 

(1.25µg)/sulfamethoxazole (23.76µg) SXT (25µg), ciprofloxacin CIP (5µg),  

tetracycline TE (30µg), nalidixic acid NA (30µg), ofloxacin OFX (5µg) and 

erythromycin E (15µg). Antibiogram was observed after 24-48 h of incubation at 

282ºC. 

2.7.5 Carbon source utilization  

Metabolism of 95 carbon source was studied by culturing the strains on BIOLOG 

GN2 MicroPlate system according to the procedure provided by the manufacturer. 

The metabolic carbon source conversion was recorded on BIOLOG reader (Hayward, 

CA) after 24 and 48 h incubation at 30°C and compared to the database available at 

DSMZ (Germany).    

2.7.6 Analytical profile index  

Physiological and biochemical tests were performed using the QTS-24 miniaturized 

identification system (DESTO Laboratories, Pakistan) and API 20 NE kit 

(BioMérieux, France). The cultures were grown overnight in LB-broth and cells were 
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harvested by centrifugation at 13,000 rpm. The cells were re-suspended in saline 

(0.9%) and were inoculated to the cups in the kits. The kits were incubated at 28°C 

and results were determined after adding substrates in the cups where required.  

2.7.7 Fatty acid profile analysis 

Fatty acids were
 
analysed as the methyl ester derivatives prepared from 10 mg

 
dry cell 

material. Cells were subjected to differential hydrolysis
 
according to

 
(Labrenz et al., 

1998). Fatty acid methyl esters were
 
analysed by GC as described (Kämpfer and  

Kroppenstedt, 1996) using Sherlock MIDI system (Sasser, 1990). 

2.7.8 MALDI-TOF analysis 

Preparation of cell extracts and handling of samples for MALDI-TOF analyses were 

done as described by (Cousin et al., 2008). Cellular extracts were analysed according 

to the ethanol/formic acid extraction protocol recommended by Bruker Daltonics 

(Germany). Isolated colonies (≈10 mg) from nutrient agar were washed with 300 μL 

MilliQ Water and 900 μL ethanol. The biomass was pelleted by centrifugation at 

13,000 ×g twice for 3 min after which the pellet was resuspended in 50 μL acetonitrile 

and the suspension mixed with 50 μL 70% formic acid. The cells were collected at 

13,000 ×g for 3 min and the supernatant fluid retained for MALDI analysis. Samples 

of 1.5 μL were spotted on the MALDI target plate and allowed to air-dry; 

immediately afterwards, the sample was overlaid with 1.5 μL of matrix solution (α-

cyano-hydroxy-cinnaminic acid in 50% aqueous acetonitrile containing 2.5% 

trifluoroacetic acid) and air-dried. Samples were analysed by MALDI using a 

Microflex L20 mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped 

with a N2 laser. All spectra were recorded in linear, positive-ion mode. The 

acceleration voltage was 20 kV. Spectra were collected as a sum of 500 shots across a 

spot. Data were acquired between 2000 and 20,000 Da for analysis. The MALDI 

BioTyper software, version 1.0 (Bruker Daltonics) was used to process the raw 

spectra and to compare the spectra in order to classify the strains. Spectra recorded in 

16 replicates per strain were smoothed, their baselines were corrected, and peak lists 

generated automatically according to the parameter settings. Main spectra were 

created by extraction of the specific peak information from the individual spectra of a 
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particular strain. Based on similarity scores of the main spectra, dendrograms were 

constructed that showed the clustering of strains by their mass spectra. 

2.7.9 Indoleacetic acid production 

Indoleacetic Acid (IAA) production from bacteria was tested by spot test/colorimetric 

method (Gordon and  Weber, 1951) with the following modifications. 100 μL fully 

grown bacterial cultures were inoculated to eppendorf tubes containing 200 μL LB 

supplemented with 100 mgL
-1

 tryptophan as IAA-precursor in three replicates. 

Eppendorf tubes were kept at 28±2ºC in an incubator (without shaking). After 48h 

incubation 100 μL of each bacterial culture was mixed with 100 μL of Salkowski 

reagents (1 mL 0.5M ferric chloride, 30 mL sulphuric acid with specific gravity 1.84 

and distilled water 50mL) on white Perspex slide or in 96-well microtiter plate. 100 

μL IAA (1000 ppm) was used as standard and mixed with same volume of Salkowski 

reagent. The isolates were visualized immediately after mixing up to 30 minutes for 

purple, pink or purplish-pink colour development. For quantitative estimation of IAA, 

bacterial cultures were grown for 7 days in LB-broth supplemented with 100 mgL
-1

 

tryptophan as IAA precursor. Cells were harvested at 10,000 rpm and supernatant was 

acidified with hydrochloric acid (up to pH 2.8) and extracted twice with equal volume 

of ethyl acetate (Tien et al., 1979).  The extracts were collected dried, collected in 

ethanol and analysed on HPLC as described (Mirza et al., 2007).  

2.7.10 Phosphate and zinc solubilization  

Phosphate solubilizing ability of the bacterial strains was checked as described by 

(Pikovskaia, 1948) on Pikovskaia’s agar (Sigma, USA) containing tricalcium 

phosphate as insoluble P source. Aliquots (10 µL) of bacterial cultures, after 

overnight growth in LB medium, were spot inoculated onto plates, incubated for 10-

12 days at 282ºC and examined for the formation of clear zone around the bacterial 

growth spot daily. The appearance of clear zone was considered as positive for 

phosphate solubilization activity. Diameter of the zone was measured with the help of 

ruler.   

For Zn solubilization, 10 µL of bacterial cultures, after overnight growth in 

LB medium, were spot inoculated onto LGI medium plates [sucrose 100, K2HPO4 
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0.2, KH2PO4 0.6, MgSO4. 7H2O 0.2, CaCl2. 2H2O 0.02, Na2MoO4. 2H2O 0.002, 

FeCl3. 6H2O 0.018 g L
-1

 each, bromothymol blue, 0.5% in 0.2 M KOH 5 mL L
-1

, pH 

5.5] (Cavalcante and  Döbereiner, 1988) supplemented with 10% glucose/sucrose and 

0.1% Zinc oxide/zinc carbonate/zinc phosphate. Plates were incubated for 10-12 days 

at 282ºC and examined for the formation of clear zone around the bacterial growth 

spot daily. The appearance of clear zone was considered as positive for zinc 

solubilization activity.  

2.7.11 Enzymatic characterization 

Tests for amino-peptidase and cytochrome oxidase were performed by using the strips 

provided by Merck (Germany). For catalase production, single bacterial colony was 

transferred to glass slide and one drop of H2O2 was added. Bubble production was 

considered as positive reaction for catalase. 

2.7.12 In vitro antibiosis assay 

The inhibitory action of one bacterial strain on the growth of the other was studied as 

described by (Schwinghamer, 1971). A loop full of bacterial culture was inoculated 

onto the nutrient agar plate pre-seeded with other bacterial culture. The plate was 

incubated at 282ºC overnight or until the growth of both the strains. The presence or 

absence of inhibition zone was observed for 2-3 days and presence of zone was 

considered as positive for antibiosis.  

The inhibitory effect of culture supernatant of one bacterial strain on the 

growth of the other was studied by the same procedure but using cell-free culture 

supernatant. In this assay one strain was grown to early-stationary phase and cell-free 

culture supernatant was obtained by centrifugation. Autoclaved filter paper discs were 

dipped in the supernatant and kept aseptically onto the nutrient agar plate pre-seeded 

with the other bacterial strain. The presence or absence of inhibition zone was 

observed for 2-3 days and presence of zone was considered as positive for antibiosis.  

2.7.13 Biodegradation potential  

For biodegradation potential, 1 mL bacterial cultures, after overnight growth in LB 

were inoculated in triplicate to 100 mL minimal salt medium (MSM) [Na2HPO4 5.8, 
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KH2PO4 3, NaCl 0.5, NH4Cl 1, MgSO4.7H2O 0.25 gL
-1

 each; pH 7.0]. After 

autoclaving, the filter sterilized stock solution of different test compounds [phenol, 2-

bromo-phenol, 4-nitrophenol, 2, 4-diamino phenol HCL, 3, 4-dimethoxy benzyl 

alcohol, 1, 3-dimethoxy benzene, 2(5-bromo-2-pyridylazo)-5-diethylamino phenol] 

was added to the medium at different concentrations i.e., 50, 100, 200, 500 mgL
-1

. 

Bacteria were grown with constant shaking for 10-12 days at 28°C and growth was 

monitored by measuring the optical density of the culture at λ610 with a CamSpec 

M350 double-beam UV-visible spectrophotometer (UK) using un-inoculated culture 

medium as blank. Bacterial growth and survival was quantified by counting the 

colony forming units (cfu) as described (Somasegaran and  Hoben, 1994).  

2.7.13.1 Effect of initial phenol concentration 

Effect of initial phenol concentration on phenol degradation was determined in the 

minimal salt medium (without carbon source) supplemented with different 

concentrations of phenol i.e., 100, 200 and 500 mg L
−1

. Bacteria were inoculated and 

grown as described in section 2.7.13.  

2.7.13.2 Effect of additional carbon sources  

Effect of additional carbon sources on the degradation of phenol was determined in 

MSM supplemented with mannitol (1%), yeast extract (0.5%) or glucose (1%) at two 

initial phenol concentrations i.e., 50 and 100 mg L
−1

. Bacteria were inoculated and 

grown as described in section 2.7.13.  

2.7.13.3 Determination of phenol degradation 

The bacteria, after growth in phenol-supplemented MSM were centrifuged, and cell 

free-supernatant was collected. The residual phenol concentration in the supernatant 

was estimated by a spectrophotometric method (Greenburg et al., 1985). This method 

is based upon the reaction between phenol and 4-amino antipyrine in the presence of 

ferricyanide under alkaline conditions to give a red coloured product. The absorbance 

of the resulting product was measured at λ510 in a double-beam spectrophotometer. 

Reagents used in this reaction were: i) Buffer solution [16.9g NH4Cl in 143 mL conc. 

NH4OH and made up to 250 mL (stored at 4°C)], ii) 4-amino antipyrine solution [2% 
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4-amino antipyrine], iii) Potassium ferricyanide solution [8 % K3Fe (CN) 6 (stored in 

brown bottle)], Phenol standards [1000, 500, 400, 300, 200, 100, 50, 25 and 10 mg 

L
−1

]. 

25 mL of sample was taken to 100 mL flask and 0.5 mL buffer was added, 

mixed and then 0.5 mL of 4-amino antipyrine was added followed by addition of 0.5 

mL potassium ferricyanide. After 15 minutes, OD was measured at λ510. Standard 

curve for estimation of phenol was drawn. Phenol concentration was calculated by 

putting the value of OD into the graph. Freshly autoclaved water mixed with buffer, 

4-amino antipyrine and potassium ferricyanide was used as blank. Percentage 

degradation was calculated by the following formula:  

% degradation = [(Cf - C0) / C0] x 100 

Where: Cf = Final concentration of the compound 

 C0= Initial concentration of the compound 

2.8 Molecular characterization  

2.8.1 DNA-DNA hybridization analysis 

DNA was isolated using a French pressure cell (Thermo Spectronic, Goliath, 

Germany) and purified by chromatography on hydroxyapatite as described by 

(Cashion et al., 1977). DNA-DNA hybridization was carried out as described by (De 

Ley et al., 1970) under consideration of the modifications described by (Huss et al., 

1983) using a model Cary 100 Bio UV/VIS-spectrophotometer equipped with a 

Peltier-thermostated 6x6 multi-cell changer and a temperature controller with in-situ 

temperature probe (Varian, USA).  

2.8.2 Determination of G+C contents  

For determination of the G+C content of DNA, cells were disrupted with French 

pressure cell (Thermo Spectronic, Goliath, Germany) and purified on hydroxyapatite 

(Cashion et al., 1977). The DNA was hydrolyzed with P1 nuclease and the 

nucleotides dephosphorylated with bovine alkaline phosphatase (Mesbah et al., 1989). 

The resulting deoxyribo nucleosides were analyzed by HPLC System (Shimadzu 
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Corp., Japan) according to (Mesbah et al., 1989). The HPLC System consisted of the 

following modules: LC-20AD solvent delivery module, DGU-3A online degasser, 

CTO-10AC column oven, SIL-9A automatic sample injector, SPD-6A UV 

spectrophotometric detector and a C-R4AX Chromatopac integrator. The analytical 

column was a VYDAC 201SP54, C18, 5 µm (250 x 4.6 mm) equipped with a guard 

column 201GD54H (Vydac, Hesperia, USA). Chromate conditions were: 

Temperature 45°C, 10 μL sample, solvent 0,3 M (NH4)H2PO4 / acetonitrile, 40:1(v/v), 

pH 4.4, 1.3 mL/min [adapted from (Tamaoka and  Komagata, 1984)].  

Calibration was done with non-methylated Lambda-DNA (G+C-content 49.9 

mol %), and 3 DNAs for which complete genome sequences are published 

(http://ergo.integratedgenomics.com/GOLD/): Bacillus subtilis DSM 402 (43.5 mol% 

G+C), Xanthomonas campestris DSM 3586
T
 (65.1 mol% G+C), and Streptomyces 

violaceoruber DSM 40783 (72.1 mol% G+C) were used as reference. GC contents 

were calculated from the ratio of deoxyguanosine (dG) and thymidine (dT).  

2.8.3 Preparation of DNA for PCR  

2.8.3.1 Extraction and quantification of total genomic DNA  

Total genomic DNA from pure bacterial strains was extracted by the CTAB method 

(Ausubel et al., 1992) with slight modifications. Bacterial strains were grown in 

LB/NB broth for 24 hours at 28+2°C with constant shaking. The cells from pure 

cultures were harvested by centrifugation at 14,000 rpm for 2 min and pellet was re-

suspended in 567 μL TE buffer. 30 μL SDS (10% w/v) and 3 μL proteinase K 

(Fermentas 20mg/ mL) was added, mixed thoroughly and incubated for 1h at 37ºC. 

To this suspension, 100 μL 5M NaCl and 80 μL CTAB [Cetyl trimethyl ammonium 

bromide; 10% CTAB/0.7M NaCl] was added, mixed and incubated for 15 minutes at 

65°C. The mixture was centrifuged at 14,000 rpm for 5 min and supernatant was 

extracted twice with chloroform/ isoamyl alcohol (24:1) followed by extractions with 

phenol/ chloroform/isoamyl alcohol (25:24:1). To the aqueous layer, double volume 

of absolute ethanol was added and incubated at -20°C for 1h. After centrifugation at 

14,000 rpm for 10 min, pellet was washed with 80% ethanol before drying under 

vacuum and dissolved in 30-50 μL of double distilled de-ionized water. 

http://ergo.integratedgenomics.com/GOLD/
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DNA concentration was determined on UV/Visible Genova life science 

analyser (Jenway, UK), standardized to uniform concentration (15 ng/μL) and stored 

at -20°C for further use. 

2.8.3.2 Preparation for bacterial colony-PCR 

Fresh distinct bacterial colony was transferred from agar plate to 100 μL sterilized 

distilled water in an eppendorf tube and vortexed briefly to get a homogeneous 

suspension. Lysis was done by incubation at 95°C for 10 mins. 3-5 μL of the resulting 

lysate was used in PCR reactions. 

2.8.3.3 PCR amplification 

For amplification of DNA by diagnostic PCR a reaction mixture of 25 μL containing 

12 ng template DNA, 2.5 μL 10X Taq polymerase buffer (Fermentas), 0.5 μL 10 mM 

dNTPs (Fermentas), 2 μL of 25 mM MgCl2 (Fermentas), 0.5 μM each of primers 

(Table 2.2) and 0.2 units Taq DNA polymerase (Fermentas) was prepared in a 0.25 

mL or 0.5 mL thin walled PCR tube. For soil DNA amplification DMSO (@ 1.5 or 

1μL) or BSA (bovine serum albumin @1 μL) and for RAPD PCR 2.5% gelatin (@ 

2.5 μL) was added in the PCR mixture and final volume was made up to 25 μL in 

each case. Multi-primer PCR was performed similar to the normal PCR except that all 

primers were added to a single PCR reaction at equal concentration and volume was 

made up to 25 μL. 

The reaction mixture was incubated in a thermal cycler (Eppendorf, 

Germany). The machine was programmed for a pre-heat treatment of 94°C for 5-10 

minutes followed by 30-35 cycles of 94°C for 1 min, 36°C to 63 °C for 1 min and 72 

°C for varying times (depending upon the length of fragment to be amplified; 

typically 1 min per 1000 nucleotides to be amplified), followed by a final incubation 

of 10 min at 72°C. Specific as well as universal primers were used for DNA 

amplification. For PCR to be used in further analysis, the volume of reaction mixture 

was doubled to 50 μL per tube by increasing the ingredients accordingly.  
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2.8.3.5 Primers and conditions for PCR amplification 

Primers used in the studies are mentioned in the Table 2.2 and their amplification 

conditions are mentioned in Table 2.3. 

2.8.3.6 Agarose gel electrophoresis 

Amplified PCR products were separated on 1-1.2% agarose gel depending upon the 

size of the amplicon. The small amplicons from TP-RAPD, RAPD and/or restricted 

products having small fragments were separated in 1.2-1.5% agarose gel. The gel was 

prepared in 1xTBE (Tris-borate-EDTA) buffer [Tris 10.8g, boric acid 5.5g and 0.5 M 

EDTA 4 mL per litre; pH 8.0] or 1xTAE (Tris-acetate-EDTA) buffer [4.84g Tris 

base, 1.142 mL glacial acetic acid, 2 mL 0.5M EDTA per litre; pH 8.0] containing 3 

μL ethidium bromide (20 mgmL
-1

). The PCR product was mixed with 3µL of 6 x 

loading dye [0.25% each of bromophenol blue and xylene cyanol, 40% (w/v) sucrose 

in water] and loaded onto the gel. One kb, 100 bp or 123 bp DNA ladders 

(Fermentas) were used as a size marker according to the size of the amplicons. The 

gels were viewed under UV light and photographed using gel documentation system 

(Vilbour Lourmat, France) equipped with 16-bit, 2 megapixels CCD camera. 

2.8.3.7 Purification of PCR products 

Amplified PCR products were purified using QIAquick PCR purification kit 

(QIAGEN, USA) according to the protocol recommended by the manufacturer. The 

purified product was further used either for cloning or for restriction analysis as 

required. 

2.8.3.8 Amplified ribosomal DNA restriction analysis (ARDRA)  

Purified PCR product of 16S rRNA gene was digested with restriction enzymes 

(Fermentas, UK) MboI, HpaI, BamHI, EcoRI, BsuRI, TaqI, NciI, PstI, ApaI and AluI 

in a 20 μL reaction mixture containing 1U of each of the restriction enzyme, 2X 

buffer, and 8 μL of purified PCR product. Restriction was performed overnight at 

37°C or 65°C (depending upon the enzyme) and fragments were separated on 1.2% 

agarose gel. 
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Table 2.2: Names, sequences and brief description of primers used in this study 

Primer name Sequence (5׳3-׳) Used for/reference 

P1 (F) 

P6 (R) 

AGAGTTTGATCCTGGTCAGAACGAACG

CT` 

TACGGCTACCTTGTTACGACTTCACCCC` 

Proteobacteria 16S rRNA  

(Tan et al., 1997) 

FGPS-1(F) 

FGPS-2 (R) 

TGCGGCTGGATCACCTCCTT 

CCGGGTTTCCCCATTCGG 

IGS region  (Navarro et al., 

1992; Ponsonnet and  Nesme, 

1994) 

TP-RAPD-1(F) 

TP-RAPD-2(F) 

TP-RAPD-1(R) 

TP-RAPD-2(R) 

AGAGTTTGATCC TGGCTCAG 

GCCTGGGGAGTACGGCCGCA 

GGTTACCTTGTTACGACTT 

AAGGAGGTGATCCANCCRCA 

Fingerprinting 

(Rivas et al., 2001) 

RAPD  Random primers from OPA, OPB, OPC and 

OPJ series (Operon Technologies Inc. USA) 

Fingerprinting (Williams et al., 

1990) 

O-ITS-1a-(F) 

O-ITS-3a-(F) 

O-ITS-2a-(R) 

TGCCGCGGTGAATACGTTTCC 

TAATCGCGGATCAGCATGCCG 

GCCAAGGCATCCACCAAATGCC 

ITS 1 region of Rhizobiales 

(Lebuhn et al., 2006) 

F4 (F) 

R2 (R) 

TCGAGCGCCCGCAAGGG 

AACCATAGTGTCTCCACTAA                            

Brucella and O. intermedium 

16S rRNA (Romero et al., 

1995) 

Y1 (F) 

Y2 (R) 

TGGCTCAGAACGAACGCTGGGGGC 

CCCACTGCTGCCTCCCGTAGGAGT 

α-Proteobacteria 16S rRNA   

(Young et al., 1991) 

recA (F) 

recA (R) 

ATGTCTCAAAATTCATTGCGAC 

AGCATCTTCTTCCGGTCCGC 

Brucelleaceae recA 

(Scholz et al., 2008) 

nifH1-(F) 

nifH1-(R) 

GTCTCCTATGACGTGCTCGG 

GCTTCCATGGTGATCGGGGT 

Rhizobiaceae  nifH gene 

(Rivas et al., 2002) 

NifH-α (F) 

nifH-β (R) 

ATTTCCTTGAAGAGAACGGTCC 

AGTTCGGCCAGCATCTGCTCGT 

Rhizobiaceae  nifH gene 

(Torok and  Kondorosi, 1981)  

Nod A-1 (F) 

Nod A-2 (R) 

TGCRGTGGAARNTRNNCTGGGAAA 

GGNCCGTCRTCRAAWGTCARGTA 

Rhizobiaceae nodA gene 

(Haukka et al., 1998) 

Nod D1 (F) 

Nod D1 (R) 

CTCGTCGCGCTCGACGCATTGA 

TGCCCCATGGACATGTA 

Rhizobiaceae nodD gene 

(Rivas et al., 2002) 

Oc-A (F) GCCCCCCTTTAAAATTTCAG O. ciceri 16S rRNA 

Designed in this study 

F indicates the forward primer while R indicates the reverse primer 
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Table 2.3: PCR conditions of the primers used in this study 

 

Primer pair PCR Conditions 

P1/P6 94ºC-2 min; 30 x (94ºC-1 min; 55ºC-1 min; 72ºC-3 min); 72ºC-10 min 

FGPS-1/2 95ºC-3 min; 25 x (95ºC-1 min; 53ºC-1 min; 72ºC-1 min); 72ºC-5 min 

TP-RAPD-1/2 95ºC-9 min; 35 x (95ºC-1 min; 45ºC-1 min; 72ºC-2 min); 72ºC-7 min 

ITS  95ºC-15 min; 35 x (95ºC-30 sec; 63.5ºC-1 min 72ºC-3 min); 72ºC-15 min 

F4/R2 95ºC-5 min; 30 x (95ºC-30 sec; 54ºC-90 sec 72ºC-90 sec); 72ºC-6 min 

Oc-A-F/R2 95ºC-5 min; 30 x (95ºC-30 sec; 52ºC-90 sec 72ºC-90 sec); 72ºC-6 min 

Y1/Y2 94ºC-2 min; 30 x (94ºC-1 min; 55ºC-1 min 72ºC-3 min); 72ºC-10 min 

recA 94ºC-2 min; 30 x (94ºC-1 min; 55ºC-1 min; 72ºC-3 min); 72ºC-10 min 

nifH  95ºC-9 min; 35 x (95ºC-1 min; 60ºC-2 min; 72ºC-2 min); 72ºC-7 min 

Nifα/β 94ºC-2 min; 30 x (94ºC-1 min; 55ºC-1 min 72ºC-3 min); 72ºC-10 min 

Nod A  94ºC-15 sec; 35 x (94ºC-10 sec; 55ºC-10 sec; 72ºC-20 sec); 72ºC-1 min 

Nod D  94ºC-2 min; 30 x (94ºC-1 min; 55ºC-1 min 72ºC-3 min); 72ºC-10 min 

Oc-A/R2 95ºC-5 min; 30 x (95ºC-30 sec; 54ºC-90 sec 72ºC-90 sec); 72ºC-10 min 
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2.8.3.9 Cloning of amplified products 

2.8.3.9.1 Ligation of PCR product 

The cloning vector pTZ57R/T was used for cloning the PCR products. This is a 

2886bp vector (Fermentas) designed with 3`–ddt overhangs at both ends for cloning 

of PCR product and ampicillin resistance gene for antibiotic selection and the lac Z 

gene fragment to provide blue/ white selection. 

Amplified genes were ligated in cloning vector by preparing 20 μL ligation 

reaction in sterile de-ionized water with 1.5 μL T4 DNA ligase, 2 μL ligation buffer, 2 

μL pTZ57R/T vector (Fermentas), 2 μL of PEG 4000 and 6 μL DNA. Ligation was 

performed overnight in a water bath at 16ºC. 

2.8.3.9.2 Transformation of ligated vector 

Single colony from E. coli strain Top-10 culture plate was inoculated into flask 

containing 25 mL LB broth and incubated overnight at 37+2ºC with constant shaking. 

3 mL of this overnight grown culture were transferred to 1000 mL flask having 300 

mL LB broth and vigorously shaken at 37+2ºC until OD at 600 reached 0.4-0.5 (3-4 

h). 

Using 50 mL tubes, cells were centrifuged at 4000 rpm for 15 min. at 4ºC and 

pellet was re-suspended gently in 15 mL MgCl2. After centrifugation at 4000 rpm for 

15 min. at 4ºC the pellet was re-suspended in 6 mL of CaCl2 and 2.1 mL of 100 % 

glycerol. Dispensed 200 μL in pre-chilled 1.5 mL microfuge tubes and cells were 

immediately frozen at -70ºC for further use. 

Transformation was carried out by heat shock method. Ligation mixture was 

added and gently mixed in each vial of 200 μL heat competent cells and incubated on 

ice for half an hour. Heat shock was applied for 2 minutes in dry bath at 42ºC. The 

vials containing cells were removed and immediately incubated on ice for 2 min. 

Sterile LB broth (1 mL) was added to each vial and vials were incubated at 37±2ºC 

for 1 h with constant shaking. 
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Transformed cells were spread on LB agar plates containing 100 µg/ mL 

ampicillin, 40 μL ІPTG (100 mM) and 40 μL X-GAL (40 mg mL
-1

). Plates were 

sealed with parafilm and kept at 37±2ºC for overnight growth of E. coli. White 

recombinant colonies were picked from overnight incubated transformation plates 

with sterile tips and cultured in liquid LB medium containing 100 µg mL
-1

 ampicillin. 

Cultures were grown overnight at 37±2
o
C in water bath with vigorous shaking. 

From overnight grown cultures, E. coli plasmid was isolated using Rapid 

Plasmid Miniprep Kit (Promega Biosciences, CA) according to the protocol provided 

by the manufacturer. The concentration and size of plasmid was detected on 1 % 

agarose gel using 1 kb DNA ladder as marker (Fermentas). Plasmids DNA was 

digested with BamHI at 37
o
C in dry bath for 1h to confirm the clones. The digested 

DNA was separated on 1 % agarose gel along with 1 kb DNA ladder (Fermentas). 

2.8.4 Sequencing of cloned PCR fragments 

Cloned PCR products were sent to Macrogen (South Korea) for sequencing with 

universal primers (M13 forward [-20] and M13 reverse [-20]). The sequence data 

were assembled and analyzed with the help of Lasergene package of sequence 

analysis software (DNAStar Inc., Madison, WI, USA). Sequence similarity searches 

(BLAST) were performed by comparing the sequence to database sequences 

(http://www.ncbi.nlm.nih.gov/BLAST/).  

2.8.5 Phylogenetic analysis 

To determine the phylogenetic relationship, all type strains of the genus to which 

strain sequence showed maximum homology in BLAST analysis were identified. 

Gene sequence of selected organisms were downloaded from GenBank database and 

aligned with gene sequence obtained in this study using CLUSTAL X (1.8). The 

aligned sequences were used to construct a distance matrix (Jukes and  Cantor, 1969) 

after the generation of 1000 bootstrap sets, and subsequently used to construct the 

phylogenetic tree by neighbour-joining method (Van de Peer and  De Watcher, 1994). 

The tree was displayed using Tree View. 
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2.9 Microscopic studies 

2.9.1 Nodule fixation and sectioning  

Chickpea nodules were collected from plants and washed thoroughly. Pieces of 

sterilized nodule tissue (1x4 mm in size) were excised and placed in small screw-cap 

bottles. A 5% solution of glutaraldehyde [5 mL of 25% glutaraldehyde, 10 mL 0.2M 

PIPES buffer, made up to 25 mL; pH 8.0] was added, nodules were vacuum-

infiltrated and left for 16-18h. Fixative was replaced with fresh 0.2 M PIPES buffer [6 

g PIPES in 100 mL distilled H2O; pH 6.8] and after 1h, the buffer was replaced again 

and left for 1h. Fixed nodule tissues were left for 16–18h in osmium tetra oxide [0.2 

% in 0.2 M PIPES buffer, pH 6.8] and washed twice (30 min each) with distilled 

water. Treatment with 5 % aqueous uranyl acetate was done for 16–18h and again 

washed with sterilized distilled water twice (30 min each). Tissue samples were 

dehydrated twice with 100 % ethanol (30 min each) and 100 % propylene oxide (30 

min). Samples were infiltrated for 24-48 h in 1:1 propylene oxide/Spurr resin then for 

further 24-72 h in Spurr resin alone. The accelerator BDMA was used in all 

infiltration steps. Samples were transferred to flat embedding moulds and 

polymerized for 72 h at 65–70°C. Blocks were removed from oven and left for at least 

24 h before cutting ultra-thin sections. Ultra-thin sections (120-200 ηm) were cut on 

ultra-microtome RMC-7000 (USA). Ribbons of sections were lifted on copper/nickel 

grids (Agar, UK) and used for microscopic analysis. 

2.9.2 Light microscopy 

To observe the nodules under light microscope, nodule sections were stained in 

toluidine blue [1% toluidine blue in boric acid] for 2-3 minutes. Another stain used 

for light microscope was safranin red [safranin 2.5g dissolved in 10 mL ethanol, 

distilled water 100 mL] and sections were stained for 2 minutes. Sections were 

washed with water and studied under light microscope (Olympus, USA) at X100 with 

oil. 

2.9.3 Electron microscopy  

Sections were stained first with 5% aqueous uranyl acetate for 30 minutes and then 

with lead citrate [lead nitrate 1.33g, tri-sodium citrate 1.76g, 1N NaOH 8.0 mL; made 

up to 50 mL] for 10 minutes. Unstained grid was used to assess the background 
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labelling. Grids were washed with deionized water, drained, dried and observed under 

transmission electron microscope (Jeol, JEM-1010, and Japan). Important tissues 

were photographed and printed.  

2.9.4 Immunogold labelling  

2.9.4.1 Preparation of antigen 

Bacterial cultures were grown in nutrient broth for 24h at 28ºC and pelleted by 

centrifugation as described by (Vincent and  Humphrey, 1970). Harvested cells were 

washed three times with saline and adjusted to 1x10
9
 cell/mL by adjusting O.D. to 

0.45 at λ600 on a spectrophotometer. Flagellar antigens were inactivated by steaming 

(without pressure) in the autoclave at 100ºC for 1h. Antigens were preserved in 1% 

merthiolate (1mL merthiolate/100 mL cell suspension in saline) and stored in 

refrigerator until use. 

2.9.4.2 Raising of antibodies  

Six month old, female albino rabbits were immunized in duplicate for the antigen 

according to the schedule mentioned in Table 2.4. Rabbits were allowed to rest for 1 

week, bled first (from marginal ear-vein) for titter determination and then from heart 

for antiserum collection. A booster dose of 1.5 mL antigen was given subcutaneous to 

raise the titter of the serum (if it is >1200). 

Table 2.4: Rabbit immunization schedule 

Day Routes of injection Amount of 

antigen (mL) 

One Intravenous  0.5 

Subcutaneous 1.5 

Intramuscular 1.0 

Two Intravenous 1.0 

Three Intravenous 1.5 

Four-Six Rest 0 

Seven Intravenous 1.5 

Eight Intravenous 2.0 

Nine Intravenous 2.0 
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2.9.4.3 Collection and processing of antiserum  

Blood (30-50 mL) was obtained by cardiac puncture and serum was separated and 

centrifuged at 15000 x g for 15 min at 4ºC to remove red blood cells. 1 % merthiolate 

(1 mL merthiolate /100 mL of serum) was added as preservative 

A dilution series of serum was prepared by taking 10 test tubes. 9.6 mL saline 

(0.85%) was added in test tube 1 while 2.5 mL in rest of tubes. Added 400 μL serum 

(rabbit blood) in tube one, mixed and transferred 2.5 mL from tube 1 to tube 2. The 

serum was mixed well and 2.5 mL was transferred to tube 3. Similarly the serum 

dilution was prepared up to tube 10 as 1/25, 1/50, 1/100 and so on. 

Agglutination was confirmed in a micro titter plate by transferring 80 μL from 

each of the 10 test tubes to the wells of microtiter plate A1 to A10, respectively. 

Antigen @ 80 μL per well was added to all wells. The mixture was mixed well with a 

sterile wooden stick. The controls for the reaction were: Serum-saline control (80 μL 

serum + 80 μL saline), and antigen-saline control (80 μL antigen + 80 μL saline). The 

wells were sealed with cellophane or parafilm and plate was incubated at 37ºC 

overnight. Plate was placed in refrigerator for 3-4 hours before reading the results.   

2.9.4.4 Purification of IgGs  

Antisera (100 μL) was transferred to a 500 μL microanalysis tube and 200 μL of 

ammonium sulphate (4 M) was added gradually (thorough mixing after addition of 

each 20 μL). pH was adjusted to 7.8 by addition of 0.5 μL of 1N NaOH and the 

antiserum was left for 1h at room temperature with occasional mixing. After 1h the 

antiserum was centrifuged at 4000-6000 rpm for 5min. Supernatant was removed 

carefully with a fine pipette. The pellet was re-suspended in 100 μL H2O and 

transferred to small dialysis chambers and dialysed against 0.02 M PO4 (pH 7.8) 

overnight using >> 400 mL of buffer at 4ºC. The dialysis tube was removed from 

dialysis chambers and washed. Final volume was made up to 200 μL with H2O. 100 

μL Glycerol was added to make 30% v/v mixture of IGgs and stored at 4°C in 500 μL 

screw cap tubes until used. 
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2.9.4.5 Cross-reactivity of IGgs 

IGgs were checked for cross-reactivity by immunoblotting as described by 

(Somasegaran and  Hoben, 1994). The cross-reacting antigens were prepared as 

described in section 2.9.4.1.  

The nitrocellulose membrane of appropriate size (depending upon the number of 

samples) was cut (3 replicates per one experiment), soaked for 5 mins in TBS [20 mM 

Tris base, 500 mM NaCl; pH 7.5] and dried on filter paper before applying samples. 

The antigen samples were spotted carefully with the help of multi-channel-pipette 

avoiding the mixing of antigens on the membrane. The membrane was dried at room 

temperature and marked. The endogenous alkaline phosphatase activity of bacterial 

antigens was inactivated by immersing membrane in acidified TBS (pH 2.8) for 15 

min-1h. Membrane was washed twice with TBST [TBS supplemented with 0.05% 

Tween 20] for 5 min and air-dried. Non-specific binding was blocked by incubating 

the membrane in blocking solution [2% skim milk in TBS] with gentle shaking. The 

membrane was washed again with TBST for 10 min and then dipped into 100 mL 

antiserum-TBST [25 µL antiserum in 100 mL TBST] for 1 h with gentle agitation. 

Unbound antibodies were removed by washing twice with TBST for 5 minutes each. 

The antigens were cross-reacted with secondary antibodies [25 µL goat-anti-rabbit 

alkaline phosphatise conjugate in 100 mL TBST] for 1 h under continuous agitation. 

The membrane was washed twice with TBST (5 minutes each). Finally the membrane 

was washed with TBS (5 minutes) to remove the residual Tween 20.  

The colour was developed at room temperature by immersing the membrane in 1 

mL NBT [30 mg nitroblue tetrazolium in 70% dimethyl formamide DMF] and 1 mL 

of BCIP [15 g of 5-bromo-4-chloro-3-indolyl-phosphate in 1 mL DMF] mixed in 100 

mL of carbonate buffer [0.1 M NaHCO3, 1.0 M MgCl2.6H2O]. Colour development 

was continued for 10 min or until the development of intense purple colour in positive 

control. The reaction was stopped by dipping the membrane in distilled water for 10 

min. with continuous agitation. Before recording the results, membrane was washed 

finally with distilled water and air-dried at room temperature.  
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2.9.4.6 Tissue processing for immunogold labelling 

The nodule tissues were fixed as described in section 2.9.1. Ultrathin sections were 

mounted on plastic (pyroxylin) coated nickel grids (foamwax grids). Three grids were 

used for each treatment. Incubation chamber was prepared by placing wet filter paper 

in petri dishes. Wax coated slides were used for the treatment drops. Grids were 

floated on 15-20 μL drops of IGL buffer [0.05M PIPES; pH 6.8 containing 0.5% 

BSA, 0.5% Tween 20 and 0.02% sodium azide] and left for 1h. The grids were 

removed, drained briefly and transferred to 15-20 μL drops of antiserum diluted in 

IGL buffer. Grids were left in antiserum overnight, IGL buffer was drained and grids 

were washed twice for 10 min each on IGL buffer in microtiter plate wells (430 μL). 

Grids were removed and placed on 15-20 μL drops of gold probe (diluted in IGL 

buffer) for 4–6 h. 

Washing of the grids was done sequentially on IGL buffer and distilled water for 

10 min each on microtiter plate wells, and then dried. Grids were double stained with 

uranyl acetate (30 minutes) and lead citrate (10 minutes). Unstained grid was used to 

assess the amount of background labelling. Grids were finally washed with deionized 

water, air-dried and observed under transmission electron microscope. 

2.10 Plant inoculation studies 

2.10.1 Preparation of bacterial inoculum  

The bacterial strains were grown in 500 mL flasks containing YEM/LB/NB up to 

logarithmic phase (~10
9
 viable cells /mL) at 28±2ºC. Cells were harvested by 

centrifugation at 6000 rpm in centrifuge (Beckman Coulter, USA) and re-suspended 

in equal volume of 0.85% saline or sterilized distilled water. This inoculum was used 

for seed pelleting or for direct application at the base of germinating seedling @ 1 mL 

per seedling.  

2.10.2 Seed bacterization 

Seed pelleting was performed by dipping the seeds in bacterial culture in sterilized 

beaker and then gradually adding finally grinded sterilized filter mud with gentle 
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shaking until the seeds get covered with a thin layer of inoculums and filter mud 

mixture. The coated seeds were air-dried and used for sowing.    

2.10.3 Plant growth  

2.10.3.1 Growth room experiments 

Seeds were sterilized in 0.1% HgCl2 for 2-3 minutes and grown in growth pouches 

under controlled conditions. Three-day old seedlings were inoculated by direct 

application of 1 mL bacterial inoculum at the base of each seedling. Plants were 

inoculated in 10 replicates with positive (nodulating) and negative (un-inoculated) 

controls. The plant growth conditions were set at 16⁄8 h light/dark cycle and 28⁄20°C 

day⁄night temperature. Plant were provided with sterilized 1/4
th

 strength N-free 

modified Hoagland solution [1M each of Ca(NO3)2 10 mL, KNO3 10 mL, 

MgSO4.7H2O 4 mL, KH2PO4 2 mL, Na2FeEDTA 2 mL, CaCl2.H2O 10 mL, KCL 10 

mL and micronutrients; H3BO3 62g, MnSO4 2.23g, ZnSO4.7H2O 0.86g, 

Na2MoO4.2H2O 1.0025g, CuSO4.5H2O 0.0025g, CaCl2 0.0025g; 2 mL per litre each] 

(Hoagland and  Arnon, 1950). Harvesting was done after 5–6 weeks and the presence 

or absence of nodule was recorded. 

2.10.3.2 Field experiments 

These experiments were conducted in collaboration with NIAB at NIAB-experimental 

fields in chickpea growing season 2009-2010. The experiment was conducted in two 

different soils types (i.e., heavy fertile and light marginal soils) having different 

histories (i.e., site 1; no chickpea/legume grown for 7 years, site 2; chickpea/legumes 

routinely grown). The seeds were pelleted as described in section 2.10.2 and sown in 

the field. The details of field experimental design and specific methodologies are 

mentioned in chapter 5. 

2.10.3.2.1 Determination of symbiotic parameters 

Effect of bacterial inoculation on symbiotic effectiveness of plant was quantified by 

measuring nodule number, nodule weight and nodule effectiveness.  Effectiveness or 

nitrogen fixing ability of nodules was determined by acetylene reduction assay 

(ARA). Five weeks old nodules were collected from the plant roots. One gram of 
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nodules were placed in 13.5 mL capacity vaccutainer tubes and covered tightly with 

rubber stoppers. 1.35 mL of air was replaced with 1.35 mL acetylene, mixed gently 

and incubated at 30±2
o
C for 1h.  After incubation, 0.1 mL gas sample from each vial 

was analysed on a Trace Gas chromatograph-GC2000 (Thermo Quest–CE instrument 

Italiana) fitted with a hydrogen flame ionization detector (Whatman) and nitrogen 

Generator (Paker) model 76-94-220. The unchanged acetylene and the ethylene 

produced were calculated as ratio on chrome card software. The nitrogenase activity 

was expressed as n moles of C2H4 h
-1

g
-1

 nodule dry weight as described by 

(Somasegaran and  Hoben, 1994) and calculated by using the following formula: 

moles of C2H4    =  hx x c x v x 60 

                                  hs x 24.9 x  g x  t 

Where: 

hx = peak height of sample (mm) at 1x attenuation  

hs = Peak height of standard C2H4 (mm) at 1x attenuation 

c= Concentration of standard C2H4 (7.1x 10 
-3 

ppm) 

v = Volume of the vial (13.5) 

t = Time of incubation (I h)  

g = Dry weight of nodules (g)  

24. 9 = number of moles of ethylene present at standard temperature and pressure 

2.11 Survival and colonization studies 

2.11.1 Estimation of viable cells from rhizosphere 

Roots from inoculated chickpea plants from field were collected at 30 days after 

sowing (DAS). The plants were dug out from the field and 1g roots were grinded with 

pestle and mortar until a fine root powder was obtained. This powder was used to 

make serial dilutions and bacteria were isolated as described in section 2.6.1 onto 

LB/or/congored agar plates. Individual colonies were counted and the number of 

viable cells (cfu) was calculated per gram of root as described by Somasegaran and 

Hoben, 1994:  

X= [no. of colonies x vol. used for spreading x dilution level]/1000 
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2.11.2 Confirmation of re-isolates 

The re-isolates were tentatively screened on the basis of Ochrobactrum-like colony 

morphology on YEM-congored plates. The colonies showing similar colony and cell 

morphologies were confirmed by immunoblot hybridization using Ca-34
T
-specific 

antiserum (IGgs) as described in section 2.9.4.5. The isolates giving positive reactions 

on immunoblot (i.e., purple colour) were further confirmed by Ochrobactrum-specific 

PCR as described in chapter 6 and/or 16S rRNA gene sequencing. 

2.11.3 Nodule occupancy of inoculated Ochrobactrum  

The nodules were collected from field inoculated with different bacterial treatment 

(field experiment chapter 5). Ten nodules randomly selected from each chickpea 

genotype from each independent treatment were processed for this experiment (total 

400 nodules per one treatment) were washed, sterilized, crushed in sterile water and 

processed for immunoblotting using Ca-34
T
-specific antiserum (IGgs) as described in 

section 2.9.4.5. The nodule occupancy was confirmed by appearance of purple colour 

on immunoblot. The nodule extracts giving positive reactions on immunoblot were 

further confirmed by Ochrobactrum-specific PCR as described in chapter 6.  

  

 



Chapter 3 

Characterization of a chickpea root nodule isolate Ca-34 and 

description of Ochrobactrum ciceri sp. nov. 

Chickpea (Cicer arietinum) is one of the earliest cultivated (7,500-year-old) and most 

widely grown edible legume crop in tropical, sub-tropical and temperate regions. Being a 

source of high quality protein (25-28%), it is valued for its nutritive seeds (Hulse, 1991). 

The crop is not only used as human or animal feed, but in preparation of adhesive, dye, 

textile sizing and therapeutic industry (Duke, 1981).  

Chickpea can fix 80-120 kgNha
-1

 nitrogen through symbiotic nitrogen fixation 

(Papastylianou, 1987). Successful production of chickpea depends upon many factors, 

including matching of rhizobial strains and host cultivars (Nour et al., 1994a) and 

identification of rhizobial strains with superior nitrogen fixation capacity (Hafeez et al., 

2001; Somasegaran and  Bohlool, 1990). Increase in yield could be attained by using 

germplasm/wild relatives for identification of new genes, from new combinations of 

favorable genes already existing (Muehlbauer, 1996) or by exploiting its nitrogen fixing 

partner.  

3.1 Chickpea nodulating rhizobia 

Chickpea may be considered as promiscuous host regarding infection but nodulation is 

limited to very few strains (Kantar et al., 2007). Originally, it was thought that root-

nodule bacteria appropriate to chickpea belonged to Rhizobium leguminosarum (Simon, 

1914) or the pea inoculation group (Vincent, 1974) but this was shown to be false (Fred 

et al., 1932) and their placement into a separate inoculation group was suggested (Guar 

and  Sen, 1979) because they form a unique group on the basis of host specificity 

(Dadarwal, 1980). Both fast and slow growing bacteria are capable to nodulate chickpea 
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(Vincent and  Humphrey, 1970) but have very low DNA homologies (Chakrabarti et al., 

1986). The chickpea nodulating bacteria were first proposed to move in Rhizobium and 

Bradyrhizobium group (Jarvis et al., 1982), R. loti (Jordan, 1984) and then to two new 

species i.e., R. ciceri and R. mediterraneum (Nour et al., 1995; Nour et al., 1994b) which 

were later transferred to a new genus “Mesorhizobium” (Jarvis et al., 1997) specifically 

described for chickpea nodulating bacteria. Ineffective symbiosis with Sinorhizobium 

medicae (Aouani et al., 2001) and Agrobacterium (Mrabet et al., 2006; Mhamdi et al., 

2005; Hameed et al., 2004; De Lajudie et al., 1999) has also been reported in chickpea.  

3.2 Ca-34: History of isolation 

Strain Ca-34 was purified in 1996 along-with other bacterial isolates from chickpea 

nodules collected from NIBGE experimental fields (Hafeez, 1990-1997) on Yeast 

Mannitol (YEM) agar (Bergersen, 1961) as described by Vincent (1970). They were 

obtained from sterilized nodules, and the colony morphologies were similar to that of 

Rhizobium, hence, assumed to be Rhizobium spp. The Rhizobium status was re-confirmed 

for many of the isolates (including Ca-34) by plant infectivity test (Figure 3.1) and 

nodule occupancy was confirmed using fluorescently labeled antibody staining (Hafeez, 

1990-1997). The isolates were submitted to the BIRCEN culture collection, NIBGE.  

In 2003, Ca-34 was revived along-with other chickpea isolates, and re-inoculated 

to chickpea plants. Nodulation was obtained in few chickpea plants (Karim, 2003) but 

nodulation could not be re-produced in repeated plant-inoculation experiments 

afterwards. In 2005, partial 16S rRNA of Ca-34 was sequenced (Genebank accession no. 

AY499125) and found to be related to Ochrobactrum intermedium sp. (Naseem, 2005). 

As Ochrobactrum spp. are known to nodulate the plants (Zurdo-Pineiro et al., 2007; 

Trujillo et al., 2005; Ngom et al., 2004), hence the study was planned to characterize Ca-

34 for its taxonomic affiliation using a polyphasic approach.  

Ca-34 culture was obtained from BIRCEN (Biofertilizer Resource Centre, 

NIBGE). Cell morphology, antibiotic susceptibility, analytical profile index, carbon 

source utilization, fatty acids analysis and MALDI-TOF analysis were done (as described 
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in section 2.7) and compared to other Ochrobactrum type strains. Full-length 16S rRNA 

gene was amplified, cloned (as described in section 2.8) and then sent for sequencing to 

Macrogen (South Korea). recA gene amplification and sequencing was handled by 

Seqlab, Göttingen  

3.3 Morphological, biochemical and physiological characterization 

Cells of strain Ca-34 are Gram-negative (aminopeptidase positive), aerobic (oxidase and 

catalase positive), motile, dumbbell-shaped short rods (0.3-0.4 x 0.1-0.15 µm), 

commonly observed as single cells under microscope (Fig 3.2). Colonies are circular 2-3 

mm dia, off-white, mucoid and translucent with entire margins on NA and LB (Fig 3.3) 

while pinkish-red on YEM-congored agar plates. These morphological characteristics 

have been compared with other species (Table 3.1) showing that Ca-34 is similar to the 

strains of genus Ochrobactrum. Good growth occurs on YEM, NA, TY and LB at 

28±2ºC with appreciable gum production especially on NA after overnight and YEM-

congored after 48h growth.  

Antibiogram (Fig 3.4) shows that Ca-34 is resistant to amplicillin (10µg), 

aztreonam (30µg), cefixime (5µg), amikacin (30µg), carbenicillin (100µg), gentamicin 

(10µg), cephradine (30µg), ceftriaxone (30µg), paratam (105µg), kanamycin (30µg), 

rifampicin (5µg), trimethoprim (1.25 µg)/sulfamethoxazole (23.76 µg) (25 µg) and 

chloramphenicol (30 µg) while susceptible to doxicilline (30 µg), ciprofloxacin (5 µg),  

tetracyclin (30 µg), nalidixic acid (30 µg), streptomycin (10 µg), ofloxacin (5 µg) and 

erythromycin (15 µg).  When compared to the other species of the genus, it shows that 

the antibiotic pattern is similar to that reported for Ochrobactrum genus especially the 

resistance to antibiotic aztreonam is known as specific character for genus Ochrobactrum 

(Teyssier et al., 2005; Teyssier et al., 2003a). 

Substrate assimilation (QTS-24 and API 20 NE) read after 24h incubation at 37°C 

(Table 3.2 a, b) showed positive reaction of strain Ca-34 for ortho-nitrophenyl-β-d-

galactopyranoside (ONPG), sodium malonate, urea hydrolysis, gelatine hydrolysis, 

tryptophane deaminase, and nitrate reduction. Acid production was observed from 
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glucose, maltose, mannose, arabinose, rhamnose, sorbitol, inositol and melibiose. 

Gelatine hydrolysis is a unique characteristic of strain Ca-34, not reported in any of the 

described Ochrobactrum type species.  

For BIOLOG-analysis (MicroPlate system), O. pseudogrignonense which is 

phylogenetically distinct to strain Ca-34 (on the basis of 16S rRNA sequence) was not 

tested.  Most strains were positive in 25 to 41 reactions. Strain Ca-34 and O. intermedium 

DSM 17986
T
 shared 58 positive reactions and differ in 11 reactions, including utilization 

of lipids, sugars, acids and amino acids (Table 3.3 a, b) which is the same range that is 

shared between the phylogenetically closely related type strains of O. anthropi, O. lupini, 

O. cytisi and O. tritici. All strains were positive for L-arabinose, i-erythriol, D-fructose, 

L-fructose, D-galactose, α-D-glucose, D-mannose, methyl pyruvate, mono-methyl 

succinate, acetic acid, ß-hydroxybutyric acid, D,L-lactic acid, propionic acid, succinic 

acid, D-alanine, L-alanine, L-alanyl-glycine, L-asparagin, L-aspartic acid, L-glutamic 

acid, glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-ornithine, L-proline, L-serine, and 

-amino butyric acid while negative for α-cyclodextrin, Tween 40, lactulose, D-

melibiose, β-methyl- D-glucoside, L-phenylalanine, L-pyroglutamic acid, thymidine, 

phenyl ethylamine, putrescine, 2-amino ethanol, 2,3-butanediol, D,L-α-glycerol 

phosphate, α-D-glucose- 1-phosphate and D-glucose-6-phosphate.  

The fatty acid pattern of strain Ca-34 (Table 3.4) was similar to those of other 

Ochrobactrum type strains. Like some of these, strain Ca-34 contains C19:0 cyclo8c and 

C18:1 2OH fatty acids but the amounts detected were higher than those reported for O. 

intermedium LMG 3301
T
 and O. anthropi ATCC 49188

T
. 

As judged from the MALDI-TOF dendrogram (Figure 3.5) the spectra of some 

Ochrobactrum type strains differed significantly from each other (e.g., O. 

thiophenivorans DSM 7126
T
 and O. rhizosphaera DSM 19824

T
) while others were 

highly similar (e.g., strain Ca-34 and O. intermedium DSM 17986
T
 and O. anthropi DSM 

6882
T
, O. cytisi DSM 19778

T
 and O. lupini DSM 16930

T
. The lack of congruence in 

dendrogram topology between 16S rRNA genes sequences and MALDI-TOF has been 
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noticed in previous studies on members of Flavobacterium (Ali et al., 2009; Cousin et 

al., 2008). 

 

 

 

Figure 3.1: Ca-34-nodulated chickpea plant  

(Photograph taken from Hafeez, (1990-1997) 
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Figure 3.2: Cell morphology of Ca-34 

  

Cell morphology  

of Ca-34 

 

 

This photomicrograph 
shows the morphology of 
Ca-34 cells  

The cells are single, 
small, thin, rods.  

 

Fully grown pure culture 
was used for observation 
under electron 
microscope  
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Figure 3.3: Growth pattern of Ca-34  

  

Growth pattern of Ca-34 
and other Ochrobactrum 

type strains  

 

A= Nutrient Agar  

B= Tryptone yeast   

 

1=Ca-34 

2= PV2Z2 

3= O. tritici (LAIII-106) 

4= O. lupini 

5=O. tritici (SCII24T) 

6=O. gallinifaecis 

7=O. oryzae 

8=Rhizobium sp. 

9= TAL-1148 
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Figure 3.4: Antibiogram of Ca-34  

AK= amikacin, PY=carbenicillin, DO= doxicilline, CN=gentamicin, CIP=ciprofloxacin, 

CE=cephradine, N=neomycin, CRO=ceftriaxone, ATM=aztreonam, CFM=cefixime, 

TE=tetracycline, AM=ampicillin, CES= paratam, NA=nalidixic acid, K=kanamycin, 

RA=rifampicin, S=streptomycin, SXT= trimethoprim /sulfamethoxazole, E=erthromycin, 

C=chloramphenicol, OFX= ofloxacin 

 

 

Antibiogram 

of Ca-34 

 

R1= AK, PY, DO 

R2= CN, CIP, CE, N, 
CRO 

R3=ATM, CFM, TE, 
AM, CES 

R4= NA, K, RA, S, 
SXT 

R5= E, C, OFX 

 

 

R indicates rows 
from left to right 
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Table 3.1: Comparative phenotyping of Ca-34 and other Ochrobactrum type strains of the genus 

 

1=Ca-34, 2= PV2Z2, 3=O. anthropi, 4=O. intermedium, 5= O. tritici, 6= O. grignonense, 7= O. oryzeae, 8= O. lupini, 9=O. cytisi, 10=O. pseudintermedium, 

11= O. pseudogrignonense, 12= O. haematophilum, 13= O. thiophenovorans, 14= O. rhizospheareae, 15= O. gallinifaces, 16=Rhizobium sp. 

+ growth is positive or reaction or character is present, - growth is negative or reaction or character is not present, NT not tested, not determined or not 

categorized as positive or negative. , -* relatively large rods, 

 W=white or off-white color, Y= yellowish color, W-B= white-beige color of colony, Op= opaque, Mu=Mucoid, m= milky, B= beige color of colony 

Cell size (µm) a=0.6x0.4, b=0.6-1.2x0.4, c=0.8x1.4, d= 0.65-0.75x1.5-1.7 

 

Phenotyping test After 24 h of incubation  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Growth on  

   Nutrient agar 

   LB 

   YEM 

   Other media (R2A, TSA, 

McConkey, PYE)  

 

+ 

+ 

+ 

NT 

 

+ 

+ 

+ 

NT 

 

+ 

+ 

NT 

+ 

 

+ 

+ 

NT  

+ 

 

+ 

NT  

NT 

NT 

 

+ 

NT  

NT 

NT 

 

+ 

NT  

NT 

NT 

 

+ 

NT  

+ 

NT 

 

+ 

NT + 

NT 

 

NT 

NT 

NT 

+ 

 

- 

NT 

NT 

+ 

 

+ 

NT 

NT 

+ 

 

 

+ 

NT 

NT 

+ 

 

 

+ 

NT 

NT 

+ 

 

 

+ 

NT 

NT 

+ 

 

 

+ 

- 

+ 

NT 

Cell motility + + + + + + - + + + - - - + - + 

Gum/pigment production    +/- +/+ +/- NT NT NT NT NT NT NT NT NT NT NT NT +/- 

Cell shape (very small rods) + + + + +
a
 +

b
 +

c
 + + +

d
 + + + + + -* 

Growth temperature °C 
 

28 28 37 37 30 30 30 25-30 25-30 25-45 25-30 25-30 25-30 25-30 25-30 28 

Colony morphology 

Circular, low convex, 

smooth, shining, entire 

+/

W 

Y + + Op,

Mu

, 

m, 

Op 

+ + 

W-B 

+ Op, 

Mu, 

+/B +/B +/B + +/B + 

Colony diameter (mm) 2-3 NT NT 1 NT 1 NT 2-3 2-3 NT 2 2 2 2 2 NT 
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Table 3.2 (a): Comparative biochemical/physiological characteristics of 

Ochrobactrum sp. Ca-34, and other nodule isolates (showing enzymatic reactions) 

TEST Reaction after 24 h of incubation at 37°C 

Ca-34 PV2Z2 TAL102 Ca-18 

Cytochrome oxidase (CO) + + - - 

β-galactosidase production*  + + + + 

Sodium citrate (CIT) utilization - UI - - 

Sodium malonate (MALO) fermentation + - - - 

Lysine decarboxylase (LDC)  - - - - 

Arginin dihydrolase (ADH) - - - - 

Ornithine decarboxylase (ODC)  - - - - 

H2S production - - - + 

Urea hydrolysis (URE) + - - - 

Tryptophane deaminase (TDA) + + - - 

Indole (IND) production test - - - - 

Acetion formation (Voges-Proskauer test) - + - - 

Gelatin hydrolysis (GEL) + - - - 

 

1= Ca-34; 2= PV2Z2; 3= Bradyrhizobium japonicum TAL102; 4= Agrobacterium strain Ca-18 

All data from this study 

+ reaction is positive, - reaction is negative, UI unidentified reaction not categorized as 

positive or negative. 

* ortho-nitrophenyl-β-d-galactopyranoside (ONPG) test 

Green highlighted lines indicate different reaction of Ca-34 from other strains 
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Table 3.2 (b): Differential physiological characteristics of Ochrobactrum sp. Ca-34 

and other nodule isolates (showing acid production) 

 

Production of acid from Reaction after 24 h of incubation at 37°C 

Ca-34 PV2Z2 TAL102 Ca-18 

Glucose (GLU)   + + + + 

Nitrate reduction  + + + + 

Maltose (MAL)  + + + + 

Sucrose (SUC)  - - - - 

Mannitol (MAN)  + + - - 

Arabinose (ARA) + + + + 

Rhamnose (RHA)  + + + + 

Sorbitol (SOR)  + + - - 

Inositol (INO)  + + - - 

Adonitol (ADON)  - - - + 

Melibiose (MEL)  + + + + 

Raffinose (RAF) - - - - 

 

1= Ca-34; 2= PV2Z2; 3= B. japonicum TAL102; 4= Agrobacterium strain Ca-18 

All data from this study 

+ reaction is positive, - reaction is negative, UI unidentified reaction not categorized as 

positive or negative. 

Green highlighted values show the differential reaction of C-34 from other strains



Characterization of Ochrobactrum ciceri sp. nov. 
 

74 

 

Table 3.3(a): BIOLOG GN MicroPlate differential biochemical properties of 

isolate Ca-34 and reference Ochrobactrum type strains (arranged according to 

phylogenetic clustering) 

 

                   Strains 

Reaction 

1 2 3 4 5 6 7 8 9 10 11 12 

Dextrin - - - + W + + + W + W + 

Glycogen - W - W - W + + W + - - 

Tween 80 + - w + + + + + - + + + 

N-acetyl-D-galactosamine + + + + + + + + + - - + 

N-acetyl-D-glucosamine + + + + + + + + + - + + 

Adonitol + + + + + + - - - - + + 

D-arabitol + + + + + + + + + - + + 

D-cellobiose + + + + + - + - + + + - 

Gentiobiose + + + + + - + - - - + - 

L-fucose  + + + + + + + + + + + + 

m-inositol  + + + + + + + - + - + + 

α-D-lactose - - - - - - + - - - - - 

Maltose + + + + + + - + W - + + 

D-mannitol + + + + + + + + + - - + 

D-psicose + + + + W + + + + - + + 

D-raffinose - + - - - - - - - - - - 

L-rhamnose + - + - + + + + - - + + 

D-sorbitol + + + + + + W + - - + + 

Sucrose + + + + + + - + - - + + 

D-trehalose - W + + + + - + - - + + 

Turanose + + + + + + - + - - + + 

Xylitol - - - - - - - - - - + - 

Cis-aconitic acid + + + + + + + + W - - - 

Citric cid + + + + + + + + - - - - 

Formic acid - - W - - - - - - + W - 

D-galactonic acid lactone + + + + + + - - - - + + 

D-galacturonic acid + + W - - + + + + - + - 

D-gluconic acid + + + + + + + - - - + + 

D-glucosaminic acid  + + + + + + - - - - + + 

D-glucuronic acid + W + - + + + + + - + + 

α-hydroxybutyric acid + + W + W + + - + - + + 

ß-hydroxybutyric acid + + + + + + + + - - + + 

-hydroxybutyric acid + + + + + - + + - - + + 

p-hydroxy phenylacetic acid - - - - - - - - + - - + 

Itaconic acid - - - - - - - - - - - + 

α-keto butyric acid - + - + - W + - - - + + 
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α-keto glutaric acid + + + + + + + - + + + + 

α-keto valeric acid  - - - W - + + - + - - + 

Malonic acid - - - - - - + - - - - + 

Quinic acid - - + W - - - - - - - + 

D-saccharic acid - - - - - - - - - - - + 

Sebacic acid - - - - - + - - - - - + 

Bromo succinic acid + + + + + + + + + + - + 

Succinamic acid - + - W + - - - W W - + 

Glucuronamide - + - - - - + - - - - + 

Alanineamide - + + + + + + + + W + + 

L-histidine + + + + + + + + - + + + 

L-leucine + + + + + + + + + + + - 

D-serine + + + W - + - + W W - - 

L-threonine - + + + + + + + + + + + 

D, L-carnitine + + W + - - - - - - - - 

Urocanic acid + + + + + + + + - + + + 

Inosine + + + + + + + + + - + + 

Uridine + - + + - - + + - - + + 

Glycerol - - + - - - + + - + - - 

 

Strains: 1, Ca-34; 2, O. intermedium DSM 17986
T
; 3, O. anthropi DSM 6882

T
; 4, O. lupini DSM 

16930
T
; 5, O. cytisi DSM 19778

T
; 6, O. tritici DSM 13340

T
; 7, O. grignonense DSM 13338

T
; 8; 

O. rhizosphaera DSM 19824
T
; 9, O. thiophenivorans  DSM 7216

T
; 10, O. gallinifaecis DSM 

15295
T
; 11, O. pseudintermedium DSM 17490

T
; 12, O. oryzae DSM 17471

T
.  

All data from this study 

+, positive; -, negative; W, weak positive 
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Table 3.3 (b): Differential biochemical properties of isolate Ca-34 and reference 

Ochrobactrum type strains (arranged according to phylogenetic clustering) 

                   Strains 

Reaction 

1 2 3 4 5 6 7 8 9 10 11 12 

Tween 80 + - W + + + + + - + + +˜ 

N-acetyl-D-galactosamine + + +
*
 + + +

*
 +

*
 + + -

*
 - +˜ 

Adonitol + +
¶
 + + + +˜ -˜ - - - + +˜ 

D-arabitol + + + + + + + + + - + +˜ 

D-cellobiose + +
*
 +

*
 +

§
 + -

*
 +

§
 - + +

§
 + - 

Gentiobiose + + + + + -
¶
 +˜ - - - + -˜ 

L-fucose  + + + +
¶
 + + + + + + + +˜ 

m-inositol  + +˜ + +
§
 + + + - + - + +˜ 

D-mannitol  + +˜ + +
¶
 + + + + + - - +˜ 

L-rhamnose  + -˜ + -
§
 + + + + - - + +˜ 

D-sorbitol + + + + + + W + - - + +˜ 

Sucrose + + + + + + - + - - + +˜ 

D-trehalose  - +
¶
 +

*
 + + +˜ -˜ + - -

*
 + + 

Citric cid + +˜ + +
¶
 + + + + - - - -˜ 

D-glucosaminic acid  + +
¶
 + + + +˜ -˜ - - - + + 

-hydroxybutyric acid + +
¶
  + + + -˜ +˜ + - - + + 

p-hydroxy phenylacetic acid - - - - - - - - + - - + 

α-keto butyric acid - + - + - W + - - - + + 

Sebacic acid  - -
¶
  - - - +˜ -˜ - - - - + 

Glucuronamide - + - - - - + - - - - + 

Alanineamide - + + + + + + + + W + +˜ 

L-threonine - + + + + + + + + + + +˜ 

Uridine + - + + - - + + - - + + 

Glycerol - -
¶
 + -

¶
 - - + + - + - - 

 

Strains: 1, Ca-34; 2, O. intermedium DSM 17986
T
; 3, O. anthropi DSM 6882

T
; 4, O. lupini DSM 16930

T
; 

5, O. cytisi DSM 19778
T
; 6, O. tritici DSM 13340

T
; 7, O. grignonense DSM 13338

T
; 8; O. rhizosphaera 

DSM 19824
T
; 9, O. thiophenivorans  DSM 7216

T
; 10, O. gallinifaecis DSM 15295

T
; 11, O. 

pseudintermedium DSM 17490
T
; 12, O. oryzae DSM 17471

T
.    

+, positive; -, negative; W, weak positive  

*Same as Kampfer et al. (2003) 

˜Same as the type strain published data 

¶
Same as Lebhun et al. (2000) 

§
Variable from Kampfer et al. (2003) or Lebhun et al. (2000) 

All data from this study 
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Table 3.4: Fatty acid methyl ester composition of Ochrobactrum type strains 

  

1a & 1b = Ca-34 (1a, harvested after 24h, 1b harvested after 48h, values in bracet show the independent replicate run), 2= O. intermedium 

(performed alongwith 1b), 3= O. intermedium LMG3301
T
 4= O. anthropi ATCC49188

T
 5= O. grignonense DSM13338

T
 6= O. tritici DSM13340

T
 

7=O. gallinifaceis DSM15245
T
 (3-7 all data from Kämpfer et al., 2003), 8= O. lupini LMG22726

T 
(data from Trujillo et al., 2005), 9= O. oryzae 

MTCC4198
T 

(data from tripathi et al., 2006), 10= O. pseudintermedium ADV31
T 

(data from Teyssier et al., 2007), 11= O. thiophenovorans 

DSM7216
T 

and 12= O. rhizosphereae PR17
T 

(both data from Kämpfer et al., 2008), 13= O. pseudogirgnonense CCUG 30717
T
 and 14= O. 

haemetophilum CCUG 38531
T
(data from Kämpfer et al., 2007)  

Fatty Acids 1a 1b 2 3 4 5 6 7 8 9 10 11 12 13 14 

C13:1 at 12-13 - - - - 0.6 0.7 - - - - - - - - - 

C14:0 - - - - - - - 0.7 - 0.1 - - - - - 

C16:0 3.4 2.6(2.5) 3.6 3.7 6.6 2.9 3.7 8.9 4.2 5.1 12.0 7.3 8.3 9.7 10.8 

C17:0  - 1.9(1.8) 2.1 3.1 1.4 1.7 0.9 - 1.6 0.3 3.1 1.4 2.8 1.6 2.5 

C17:0 cyclo 2.4 - - - 0.8 - - 2.9 - <0.1 1.4 - - 1.0 1.3 

C17:1  6C 1.2 - - 1.1 - 0.5 - - 1.4 - - - - - - 

C18:0 3.4 4.4(4.3) 4.4 4.1 8.8 7.2 9.6 3.7 3.0 5.6 4.2 2.9 7.6 4.9 7.7 

C18:17C 67.6 67.7(67.3) 72.6 25.8 45.6 31.6 77.9 28.8 70.8 65.2 29.3 40.9 61.5 19.2 32.7 

11methyl C18:17C 0.6 - - - - 1.0 - - - - - 1.5 - 1.7 - 

C19:0 cyclo 8C 15.6 19.6(19.4) 10.4 57.4 32.7 50.2 5.9 47.2 4.3 16.5 39.8 34.9 11.2 57.0 43.2 

C18:1 2OH 4.7 2.6(2.6) 4.4 1.8 0.6 0.5 1.4 1.5 6.2 - 3.5 1.5 4.7 1.8 - 

C18:0 3OH 0.5 - - - - 0.5 - - 1.0 - 1.1 - - 0.5 - 

C20:26,9C - - - - - 0.8 - - - - - 1.8 - 0.9 1.2 

Unknown 14.959 0.4 -    0.7  -      - 0.3 
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Figure 3.5: Distance dendrogram of MALDI-TOF analysis of whole cells of 11 

Ochrobactrum type strains showing the position of strain Ca-34. 
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3.4 Molecular characterization 

Sequencing of nearly complete 16S rRNA gene (1492 bp) of strain Ca-34 

(Accession no. DQ647056) indicates the presence of a 46 nucleotides insertion at E. coli 

16S rRNA position 187 that folds into a stem loop structure when analyzed through 

MFOLD (http://www.mfold.burnet.edu.au/ Figure 3.6 a, b). This insertion has already 

been described in clinical isolates of O. anthropi including strain ADV1 (Teyssier et al., 

2003b), O. intermedium isolates including strains CCUG1838 and CCUG44770 (Scholz 

et al., 2008a) and reported to prolong the helix H184 when placed on the Brucella suis 

16S rRNA gene sequence secondary structure. Three isolates (16S rRNA sequence 

accession numbers AM114410, AM11409 and AM490614) showing highest sequence 

similarity to strain Ca-34, also possess this insertion. Most of the strains with this 

insertion are either clinical isolates or uncultured bacterial clones isolated from 

environment. BLAST analysis of this 46bp sequence showed 100% similarity to 16S 

rRNA genes of some uncultured bacterial clones (accession numbers EU769179, 

EU149209, DQ917822), few O. anthropi, O. intermedium and some partially 

characterized O. tritici isolates. This is the first report of insertion in any plant-associated 

or nodule bacterium.  

Teyssier et al. (2003b) reported that the 46bp insertion showed no significant 

similarity with sequence data of genomes and/or is not characteristic of a particular strain 

but is widely represented among natural isolates. They further indicated that helix H184 

(from position 189 to 191) was involved in the cross-link between 16S rRNA and 

ribosomal protein S13. Ribosomal protein S13 is important for both translation initiation 

and elongation because it is cross-linked to the three translation initiation factors and to 

tRNA in the P site (Bylund et al., 1997). 

Omitting the insert, BLASTN analysis (Altschul et al., 1990), was followed by a 

thorough phylogenetic analysis by aligning the sequence of strain Ca-34 to the database 

of the “All-species living tree” (http://arb-silva.de/projects/living-tree/). Binary similarity 

values showed 99% similarity to a cloned sequence of a phenol-degrading uncultured 

Ochrobactrum sp. P3 and to two re-classified O. intermedium strains CCUG 44770 

http://www.mfold.burnet.edu.au/
http://arb-silva.de/projects/living-tree/
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(AM114410) and CCUG1838 (AM11409, AM490614) (Scholz et al., 2008a) which are 

not closely related to the type strain of this species (data not shown). 

Strain Ca-34 showed the highest similarity value with the type strain of O. 

intermedium (98.6%) while those with other type strain of the genus were lower by at 

least 1.5% (e.g., O. tritici SCII24
T
,
 
97.0%; O. anthropi LMG 3331

T
, 96.8%), ranging 

between 94.6 and 97%. Distances were calculated according to Kimura‟s two-parameter 

model (Kimura, 1980). A phylogenetic tree (Fig. 3.7) was inferred using the neighbour-

joining method (Saitou and  Nei, 1987). Bootstrap analysis was based on 1000 re-

samplings. The topology of the phylogenetic tree, especially the relatedness of O. 

intermedium with Brucella species (depicted with B. melitensis ATCC 23456
T
 in Fig. 

3.7) and the polyphyletic origin of several species assigned to the genus Ochrobactrum is 

in accord with previously published studies on Ochrobactrum species (Scholz et al., 

2008a; Scholz et al., 2006).  

Phylogenetic analysis (Figure 3.7) clearly shows that strain Ca-34 and O. 

intermedium LMG 3301
T
 form a separate group away from other species of the genus. As 

the binary 16S rRNA gene sequence similarities were at the borderline at which DNA-

DNA re-association values are recommended (Stackebrandt and  Ebers, 2006), 

hybridization analyses was performed between strain Ca-34 and the type strains O. 

intermedium DSM 17986
T
,
 
as well as with

 
 O. anthropi DSM 6882

T
. DNA-DNA 

similarity values were 64.0% and 52.1% with O. intermedium DSM17986
T
 and O. 

anthropi DSM6882
T
, respectively (Table 3.5a) confirming that the strain Ca-34 is neither 

related to O. intermedium DSM17986
T
 nor O. anthropi DSM6882

T
. 

Amplification of internal transcribes spacer showed that ITS1 gene of Ca-34 

contain single copy (≈875bp) of the gene, length of ITS1 region however, is larger than 

the other Ochrobactrum strains which are reported to contain 708-859bp long ITS1 

region (Lebuhn et al., 2006). The amplification of ribosomal intergenic spacer generated 

a product of almost 1000bp in Ca-34. These genes were sequenced and BLAST analysis 

showed maximum homology with that of the genus Ochrobactrum (data not shown).  
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Figure 3.6 (a): Location of the region carrying helix H184 on the E. coli 16S rRNA 

secondary-structure model (circled area is magnified in Figure 3.6 (b) 
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Figure 3.6 (b): Partial two-dimensional structure (positions 139 to 204; E. coli 

numbering) showing secondary structure of the 46-bp insertion on helix H184. 

Insertion is highlighted with dark pink color starting at position 187 
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Figure 3.7: Neighbour-joining phylogenetic tree based on 16S rRNA gene sequences (1492 

bp; including 46bp insertion)  

The tree is showing the relationship of strain Ca-34, neighboring Ochrobactrum type strains and 

Brucella melitensis biovar. melitensis ATCC 23456
T
. Branching points which are identical with 

those of the maximum likelihood tree are indicated by black dots. Numbers at branching points 

are bootstrap values > 40% (1000 re-samplings). Bar,2% sequence divergence. 

Pseudochrobactrum asaccharolyticum CCUG 46016
T
 served as a root. 
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The G+C contents of strain Ca-34
T
 is 58.8 mol% (Table 3.5b) that is comparable 

to the range 54.5-59%, reported for other Ochrobactrum type strains (Teyssier et al., 

2007; Lebuhn et al., 2000). 

To better resolve the phylogeny between strains highly related by 16S rRNA gene 

sequence similarities, recA amplification and sequence analysis was attempted, following 

the protocol described for Ochrobactrum (Scholz et al., 2008a; Scholz et al., 2008b; 

Scholz et al., 2006). RecA is among the most conserved, multifunctional protein 

contributing to homologous recombination, DNA repair, and the SOS response across 

bacterial organisms (Karlin et al., 1995). This protein is required for synapsis and strand 

transfer. The primers reported to amplify more than 100 Ochrobactrum strains (Scholz et 

al., 2008a; Scholz et al., 2008b)  were unable to give any amplification with DNA from 

strain Ca-34,
 

suggesting that this strain is not closely related to O. intermedium 

DSM17986
T
 and O. anthropi DSM6882

T
, placed adjacent in the 16S rRNA dendrogram 

of relationship as well as MALDI-TOF dendrogram. Even the primers F4 and R2, 

originally described to be specific for Brucella spp. and strains of O. intermedium 

(Velasco et al., 1998; Romero et al., 1995) did not result in positive amplification with 

Ca-34, which undoubtedly confirmed the un-relatedness of Ca-34 from other strains of 

the genus especially the phylogenetic neighbor O. intermedium.  

The differences between strain Ca-34 and O. intermedium LMG 3301
T
 were also 

observed in Amplified Ribosomal DNA Restriction Analysis (ARDRA) of 16S rRNA 

gene digested with restriction enzymes as described in section 2.8.3.8. The results of 

ARDRA showed that Ca-34 gives unique fingerprint with restriction enzyme BsuRI (Fig. 

3.8) while no difference was observed when cut with other restriction enzymes. The 

enzyme BsuRI can hence be used as a good marker for the easy detection of Ca-34. 

RAPD fingerprints showed that in each of the case, strain Ca-34 gave unique RAPD 

fingerprints (Fig 3.9) showing un-relatedness of the strain especially RADP primer OPC-

13 which can be used as a very good marker for Ca-34.  
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Two-primers-randomly amplified polymorphic DNA (TP-RAPD) patterns 

analyzed according to the described method (Rivas et al., 2002b; Rivas et al., 2001) re-

confirmed these differences (Fig 3.10). TP-RAPD patterns of strains from the same 

species are identical (Rivas et al., 2004; Rivas et al., 2002b) while different among 

species e.g., O. anthropi, O. lupini and O. tritici (Trujillo et al., 2005). Strains showing 

the same pattern belong to the same species and different species display different TP-

RAPD patterns (Rivas et al., 2004; Rivas et al., 2001). Sometimes, TP-RAPD patterns 

are not strain dependent (Rivas et al., 2001) and in some cases the profiles can be slightly 

different in subspecies of the same species (Rivas et al., 2002a). 

 

Table 3.5(a): Percent DNA-DNA re-association values between Ca-34 and related 

Ochrobactrum type strains 

Strain Ca-34 O. intermedium 

DSM 17986
T
 

O. anthropi 

DSM 6882
T
 

Ca-34 100(100) 64.0 (57.9) 52.1 (48.1) 

The values in parentheses are the results of independent duplicate run 

 

Table 3.5(b): G+C contents of strain Ca-34 and other Ochrobactrum type strains 

 

 

Strain 1 2 3 4 5 6 7 

G+C ratio 

(mol%) 

58.8 57.7 59 58 56.8 56.4 54.5 

 

Strains: 1= Ca-34, 2=O. intermedium, 3= O. tritici, 4= O. lupini, 5= O. cytisi, 

6= O. pseudointermedium 
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Figure 3.8: Representative ARDRA profiles of Ca-34 and some Ochrobactrum type 

strains digested with (a) BsuR 1 (HaeIII) and (b) Taq 1 enzyme 

M, DNA Marker (1kb or 100bp); Lane1, Ca-34; 2, O. tritici LAIII106; 3, O. tritici ScII24
T
; 4 and 

6  O. lupini LUP-21
T
; 5, O. oryzae MTCC4195

T
; 7, O. gallinifaecis ISO 196

T
; 8, O. intermedium 

DSM 17986
T
; 9, O. anthropi DSM 6882

T
. 
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Figure 3.9: Representative RAPD profiles of Ca-34 and some type strains of 

Ochrobactrum generated with primer OPC-13 (a), OPB-7 (b) OPC-15 (c)  

 OPJ-18 (d) and OPC-6 (e)  

M, DNA Marker (1Kb/100bp); Lane1, Ca-34; 2, O. tritici LAIII106; 3, O. tritici ScII24
T
; 4 and 6, 

O. lupini LUP-21
T
; 5, O. oryzae MTCC4195

T
; 7, O. gallinifaecis ISO196

T
; 8, O. intermedium 

DSM 17986
T
; 9, O. anthropi DSM 6882

T
; 10, PV2Z2 
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Figure 3.10: TP-RAPD profile of Ca-34 and some Ochrobactrum type strains   

 

M, DNA Marker (1Kb); Lane 1, Ca-34; 2, O. tritici LAIII106; 3, O. tritici ScII24
T
; 4, O. oryzae 

MTCC4195
T
; 5 and 6, O. lupini LUP-21

T
; 7, O. gallinifaecis ISO196

T
; 8, O. intermedium DSM 

17986
T
; 9, O. anthropi DSM 6882

T
 

 

3.5 Submission of novel strain Ca-34 to international culture collection 

Based on the data obtained during these experiments, the bacterial strain Ca-34 was 

designated as a new specie of the genus and named as Ochrobactrum ciceri sp. nov. Ca-

34 was submitted as „Type strain‟ to German culture collection (Deutsche Sammlung von 

Mikroorganismen und Zellkulturen) under accession number DSM 22292
T
, and Sweden 

culture collection (University of Gӧteborg) under accession number CCUG 57879
T
.  

3.6 Evaluation for beneficial properties 

Being characterized as new bacterial specie, it is necessary to evaluate the beneficial 

characteristics of Ca-34. Another Ochrobactrum strain PV2Z2 isolated previously from 

common bean nodules was used along-with Ca-34. The strain PV2Z2 has is a very good 

1      2       3      4      5      6      7      8      9     10   11   12 
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nitrogen fixer, forming nodules on common beans (Abdulla, 2004), an efficient P-

solubilizer, Zn mobilizer and first-reported AHL producing Ochrobactrum strain (Sami-

Ullah, 2008). 

3.6.1 Growth hormone production 

Ca-34 produces indoleacetic acid (IAA) up to 6.5 ppm in vitro. This is a sufficient 

amount of hormone that is comparable to other IAA producing beneficial plant associated 

bacterial species (Hafeez et al., 2004; Dakora, 2003; Mehnaz et al., 2001). The 

production of IAA by microorganism in the rhizosphere results in increased root area of 

the plant helping in improved nutrient up-take and yield. 

3.6.2 Initial screening for biodegradation potential  

Bacterial strains Ca-34 and PV2Z2 were grown in 250ml nutrient broth medium as 

described in section 2.7.13 of chapter 2. Initial screening was performed in MSM 

supplemented with a range of different substrates (@ 50 mgL
-1

) as sole carbon-source. 

The data obtained (Table 3.6) showed that both Ochrobactrum spp. were able to grow in 

the presence of most of these chemical compounds showing that they have used these 

compounds as carbon sources. The growth was quantified by counting the colony 

forming units (CFU) and an appreciable number of bacteria were observed in all the 

substrates. Maximum growth was observed in MSM supplemented with 50 mgL
-1

 of 

phenol (Fig. 3.11, 3.12). 

Both strains were unable to grow in the medium containing 4-nitrophenol, 

although the utilization of 4-nitrophenol and other nitrophenols e.g., 2-nitrophenol, 

analine, paranitrophenol (PNP) has been reported in Ochrobactrum sp. B2 (Qiu et al., 

2007) upto 100 mgL
-1

, above which the concentration becomes toxic to growth. The 

reason of failure of Ca-34
T
 and PV2Z2 to grown on nitrophenol-supplemented medium, 

might be the unfavorable conditions as PNP degradation has been shown to be 

accelerated at alkaline pH (8-10) and addition of organic nitrogen i.e., yeast extract and 

pepton (Qiu et al., 2007).  
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3.6.3 Determination of phenol and 2-bromophenol degradation 

Keeping in the view the importance of phenols and phenolic compounds, both 

Ochrobactrum strains were grown in phenol/bromophenol-supplemented MSM. After 12 

days growth, cultures were centrifuged and concentration of phenol and 2-bromophenol 

in the cell free supernatant was determined. Results showed that both strains are effective 

in degrading phenol as well as 2-bromophenol (@ 50 mgL
-1

). Degradation percentage 

was higher for phenol (96 and 92%) as compared to 2-bromophenol (94, 88%) in Ca-34 

and PV2Z2, respectively. Degradation of phenol by Ochrobactrum species has been 

reported (Lechner et al., 1995) showing 0.15 mgL
-1 

min
-1 

mg
-1

 protein maximum 

degradation rate (El-Sayed et al., 2003) which is significantly higher (about 4 times) than 

that of other known phenol-degrading bacteria. The known phenol degrading 

Ochrobactrum species include both; isolated either from activated sludge and 

contaminated industrial environment or plant associated O. tritici NBRC102585, O. 

grignonense NBRC102586, and O. lupini NBRC102587(Yamada et al., 2008). Phenol 

degradation by nodule bacteria e.g., Rhizobium leguminosarum bv trifolli has also been 

known (Parke et al., 1991). Degradation of brominated phenols by other plant-associated 

Ochrobactrum sp. TB01, O. tritici NBRC102585, O. grignonense NBRC102586, and O. 

lupini NBRC102587 was reported earlier (Yamada et al., 2008) showing that this phenol-

degradation phenomenon is wide-spread in the genus. 

Degradation of aromatic compounds in plant associated bacteria helps bacterium 

by providing a source of carbon either in the free-living stage in soil or in senescing root 

nodules. This suggests the multiple energy consumption behavior and ecological success 

of these microorganisms in the rhizosphere and can be exploited for bioremediation 

purpose. This is the first finding of phenol/bromo-phenol degradation by Ochrobactrum 

sp. isolated from chickpea nodules. Hence we focused on Ca-34 for further 

biodegradation experiments. 
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Table 3.6: Ability of Ochrobactrum species Ca-34 and PV2Z2 to grow in minimal salt 

medium having different substrates as sole carbon source 

No. Substrate used Growth in liquid medium 

  Ca-34 PV2Z2 

1 

2 

3 

4 

5 

6 

7 

8 

Phenol 

2-bromophenol 

2,4-diamino phenol hydrochloride 

4-nitrophenol 

3,4-dimethoxy benzyl alcohol 

4-methoxy benzyl alcohol 

1,3-dimethoxy benzene 

2(5-bromo-2-pyridylazo)-5-diethylamino phenol 

+ 

+ 

+ 

- 

+ 

+ 

- 

N.D 

+ 

+ 

+ 

- 

+ 

+ 

N.D 

- 

   

  N.D = not determined 

The experiment was repeated twice with two replicates each. 

 

 

 

Fig 3.11: Survival (log number of cfu) of Ochrobactrum species Ca-34
T
 and PV2Z2 in 

the presence of different substrates as carbon source 
Phenol (1), 2-bromophenol (2), 2,4-diamino phenol hydrochloride (3), 3,4-dimethoxy benzyl 

alcohol (4) and 4-methoxy benzyl alcohol (5) after 10 days of incubation (The values are the 

average of three replicates each).  
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Fig. 3.12: Bacterial colonies (CFUs) of Ca-34 (A) and PV2Z2 (B) on LB agar after 10 

days growth in phenol-MSM  

 

3.6.4 Effect of initial phenol concentration  

Four different initial phenol concentrations i.e., 50, 100, 200, 500 mgL
-1

 were tested to 

investigate the tolerance of Ca-34 to higher phenol concentrations and its biodegradation 

potential at optimum temperature (28ºC) and pH (7.0) of the strain. Bacterial growth as 

reflected by the turbidity of the medium was seen at all the phenol concentrations tested 

right after one day of inoculation showing that the strain has the ability to adapt the 

higher phenol concentrations in the medium without going to initial lag phase. The 

phenol concentration in the inoculated medium dropped gradually from day one to 8 and 

a significant decrease was observed at day 12 (Fig 3.13A). Results showed that higher the 

phenol concentration in the medium, more time the bacterium will take to degrade it 

completely which is typical for metabolism of toxic compounds. Percent phenol 

degradation range from 10-29 % at day 3, 52-67 % at day 8 and 64-96 % at day 12 (Fig 

3.13 B) showing almost complete removal in medium containing 50 mgL
-1

 phenol and 

91% removal in medium containing 500 mgL
-1

 phenol (Fig 3.13 B). Previous reported 

phenol tolerance level of Ochrobactrum is 304 mgL
-1

 in the presence of additional carbon 

source (glucose and molasses) (Kılıç, 2009). Our strain showed a very good tolerance to 

higher phenol concentration i.e., 500 mgL
-1

 and showed significant phenol degradation at 

this concentration even in the absence of additional carbon source. Up to 91% of the 
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phenol was degraded after 12 days which is fairly good as compared to earlier reported 

degradation rate reported in Ochrobactrum.  

 

 
 

Figure 3.13: Effect of initial phenol concentration on degradation (A) and phenol 

degradation percentage (B) by Ochrobactrum ciceri strain Ca-34
T
 

3.6.5 Effect of additional carbon sources  

A possible method for increasing the substrate tolerance of microbes is to supplement the 

growth medium with carbon sources (e.g., yeast extract, glucose etc) that positively affect 

the growth and might help the biodegradation process. This experiment was conducted to 

optimize or increase the phenol biodegradation rate by supplementing the growth 

medium with yeast extract, mannitol or glucose, and to study the effect of these carbon 

sources on the substrate removal/tolerance of Ca-34. All carbon sources were tested at 

two initial phenol concentrations i.e., 50 and 100 mgL
-1

. 

 The data showed an overall decrease in phenol degradation (@ 50, 100 mgL
-1

) by 

the addition of carbon source in the medium (Fig 3.14 A, D). The addition of carbon 

sources, however, increased the growth of bacterium itself which is clear from higher OD 

values in all the carbon source supplemented media (Fig 3.14 C, F). This might be due to 

the fact that the bacterium adapted to more easily available/degradable carbon source and 

avoided to use the phenol as energy source. The bacterium showed preference to phenol 
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only in that medium where no other carbon source was present while the presence of 

additional energy sources hindered the phenol degradation process.  

At 50 mgL
-1

 initial phenol concentration, percent degradation was exponential in 

case of MSM where no carbon source was added as compared to MSY, MSG and 

MSM+M where a lag phase was observed for few days and then the degradation 

increased gradually. In case where 100 mgL
-1

 phenol was added in the medium, the 

degradation process clearly showed a lag phase of initial 3 days in MSY and MSG media 

followed by log phase upto day 8. While the medium supplemented with mannitol 

showed a significant exponential increase in phenol degradation from day 0 to day 8 

followed by the stationary phase after day 8. MSM showed a throughout log phase of 

phenol degradation. Although the bacterial culture OD was higher in the medium with 

supplemented carbon sources (Fig 3.14 C, F). 

Loh and Wang (1998) reported that additional carbon sources (i.e. glucose) in 

media support growth and may stimulate the viability of cells and enhance phenol 

degradation but in this particular study we did not find positive response of addition of 

glucose or yeast, mannitol to the medium. The strain Ca-34 was able to grow at 500 mg 

L
-1

 without the additional carbon source which is contradictory to the earlier reported 

work by (Kılıç, 2009) where Ochrobactrum could not be grown in phenol-MS medium 

without carbon source.  
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Figure 3.14: Effect of additional carbon sources on degradation (A, D), phenol 

degradation percentage (B, E) and OD (C,F) by Ochrobactrum ciceri strain Ca-34
T
 

at two initial phenol concentrations 
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3.7 Conclusions 

In this study, an Ochrobactrum sp. isolated from chickpea nodules has been 

characterized using polyphasic approach. Morphological characteristics, fatty acid 

profile, G+C contents, antibiotic resistance pattern, MALDI-TOF analysis and 16Sr RNA 

sequence support the genus affiliation. BIOLOG data shows that strain Ca-34 can be well 

differentiated from its closest relative O. intermedium by reaction of glycogen, tween 80, 

D-raffinose, L-rhamnose, D-trehalose, α-keto butyric acid, succinamic acid, 

glucuronamide, alanineamide, L-threonine, and uridine. Positive reaction for gelatine 

hydrolysis can be used as a distinguishing character (biochemical marker) for rapid 

identification of this strain among other Ochrobactrum type strains. Negative PCRs with 

16S rRNA primers (specific to O. intermedium), and recA primers (specific to 100 

Ochrobactrum species), unique RAPD, TP-RAPD and ARDRA fingerprints shows 

phylogenetic distinctiveness of strain Ca-34 from all the described species of the genus 

especially from the phylogenetically related O. intermedium. An additional 46bp 

insertion in 16S rRNA gene of Ca-34 is also an unusual character being reported first time 

in any nodule isolate. RARD primer OPC-13, restriction enzyme BsuR1, or the specific 

primer designed against 46bp insertion in 16S rRNA represent potential genetic markers 

for strain identification of Ca-34. 

Production of IAA, and excellent phenol degradation shows plant beneficial 

effect, good rhizosphere colonization potential and competitive advantage of Ca-34 over 

other bacteria in the rhizosphere. The strain can also be used for biodegradation of 

phenol-contaminated soils. 

On the basis of these results, we proposed a new species Ochrobactrum ciceri sp. 

nov. with the type strain Ca-34
T
. Ca-34

T
 was submitted to two culture collections with 

accession numbers DSM 22292
T
, CCUG 57879

T
. In the subsequent study, Ca-34 has 

been mentioned as Ochrobactrum cieri sp. Ca-34
T
.  

 



 

 

 

Chapter 4 

Ochrobactrum ciceri as chickpea nodule symbiont 

An amazing feature of bacteria is the ability to transform lifestyles according to the 

changing environment. Many lifestyles have been described for rhizobia e.g., symbiotic, 

non-symbiotic or in-effective (Zurkowski and  Lorkiewiez, 1979). Symbiotic rhizobia can 

become non-symbiotic and have been found both in bulk as well as rhizosphere soil 

(Schloter et al., 1997; Sullivan et al., 1996; Segovia et al., 1991). Non-symbiotic rhizobia 

lack the ability of re-nodulation (Laguerre et al., 1993; Segovia et al., 1991; Soberon-

Chavez and Najera, 1989). On the other hand, some of the saprophytic or rhizospheric 

bacteria may become symbiotic by the horizontal gene transfer of the symbiotic plasmid 

or the chromosomal symbiotic island (Sullivan and Ronson, 1998; Sullivan et al., 1995), 

allowing them to alter their lifestyle as symbiont or endophyte (Spaink, 2000; Denarie et 

al., 1996). Natural non-symbiotic bacteria can acquire complete symbiotic genes within 

5-7 years (Sullivan et al., 1995) showing extensive horizontal symbiotic gene transfer in 

soils between large and diverse bacterial population. Members of the genus 

Agrobacterium and Ochrobactrum are the most likely candidates to acquire the symbiotic 

genes because of their close phylogenetic relationship to rhizobia (Trujillo et al., 2005; 

Van Berkum and Eardly, 2002; Sy et al., 2001). It is well established that members of 

genus Agrobacterium and Ochrobactrum have nodulating species (Cummings et al., 

2009; Zurdo-Pineiro et al., 2007) or Agrobacterium can express introduced symbiotic 

genes and induce effective nitrogen fixing nodules on plants (Martinez et al., 1987).  

 Remarkably, the Agrobacterium or the Ochrobactrum strains isolated from root 

nodules or plants were found to be non-pathogenic (Cummings et al., 2009; Zurdo-

Pineiro et al., 2007; Lebuhn et al., 2000; De Lajudie et al., 1999; Sato and Jiang, 1996). 

They contain a complete set of symbiotic genes closely related to and transferred from 
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rhizobia (Cummings et al., 2009; Zurdo-Pineiro et al., 2007; Trujillo et al., 2005; Ngom 

et al., 2004) and are able to re-nodulate the host plant. 

 Experiments were therefore, conducted to check the nodulation of O. ciceri strain 

Ca-34
T
, analysis of nodulation genes and its nodule occupancy in chickpea. This study 

will add to the knowledge of the ultrastructure of chickpea nodule in general because, 

only two citations are available in the literature about microscopic study on chickpea 

nodules (Arora, 1956) and  the ultrastructure of chickpea nodules (Lee and  Copeland, 

1994 ).  

 Nodulation assays were performed as described in section 2.10.3 using three 

positive reference strains; IC-94, IC-2002 and TAL-1148. ARA was performed as 

described in section 2.10.3.2.1. DNA extraction and PCR amplification was done 

according to section 2.8.3 according to the conditions mentioned in Table 2.2. Amplicons 

were separated on 1.2% agarose gel. Bacterial isolation was done as described in section 

2.6.1 and dot blot hybridization was performed as described in 2.9.4.5. Electron 

microscopy and immunogold labelling was done as described in section 2.9.  

4.1 Nodulation ability  

The nodulation ability was studied by plant inoculation in growth pouches and sterile 

sand. Harvesting was done one month after the inoculation. Most of the chickpea plants 

inoculated with Ca-34
T
 did not form nodules, except two plants inoculated in sand-pot 

(Fig. 4.1A). The control plants inoculated with IC-94, IC-2002 and TAL-1148 showed no 

nodulation both in growth pouches and sand. The nodulation was repeated many times 

but nodulation could not be re-produced even using positive reference strains. All efforts 

to optimize in vitro chickpea nodulation were unsuccessful during these studies.  

Our lab has 30 years of experience of Rhizobium-legume symbiosis but in vitro 

chickpea nodulation has always been a problem in spite of testing many growth systems 

(e.g., growth pouches, sterilized sand, sterilized soils, Leonard jars etc.). It has been 
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found that chickpea nodulation is very sensitive to the moisture levels and increased 

moisture in the growth pouches or inadequate level in sand-pots hinders in the 

development of root hair that in turn reduces the formation of infection thread.  

4.2 Re-isolation from nodules 

 Nodule from chickpea plants inoculated with Ca-34
T 

(from section 4.1), was sterilized 

and used for bacterial isolation. The nodule isolate was confirmed by colony and cell 

morphology under microscope. Morphological observation showed that isolate had 

similar colony and cell morphology as that of Ca-34
T
 (Fig. 4.1B) and was named as Ca-

34
R
. Due to un-optimized conditions of chickpea nodulation, re-nodulation of Ca-34

R
 

could not be reproduced. 

4.3 In vitro nitrogenase enzyme activity  

Ochrobactrum spp. can fix nitrogen both under free living (Vakkerov-Kouzova, 2007) as 

well as inside nodule (Zurdo-Pineiro et al., 2007; Trujillo et al., 2005; Ngom et al., 

2004). This ability is opposite to that of the Rhizobium spp. which is unable to fix 

nitrogen in vitro. The nitrogen fixation ability of Ca-34
T
 was checked in Combined 

Carbon Medium (CCM) and Nitrogen Free Medium (NFM), using standard acetylene 

reduction assay (ARA). No peak was observed in any of the Ca-34
T
 inoculated vials after 

many repetitions on Gas Chromatogram on both media. Two possible conclusions can be 

drawn out of this. One possibility is that O. ciceri strain Ca-34
T
 does not contain 

nitrogenase enzyme activity as there are many nodule isolates which do not have the 

ability of nitrogen fixation (Sullivan et al., 1996). This assumption was ruled out by the 

fact that earlier the strain was nodulating (Fig. 3.1). Moreover, the plants which showed 

nodulation during this study in section 4.1 were lush green and healthy as compared to 

the un-inoculated or non-nodulated plants suggesting that nodules formed by Ca-34
T
 

were effective nodules and were performing the function of nitrogen fixation hence, the 

plants were green. The other possibility (which seems true) might be that the nitrogenase 

enzyme of these isolates resemble that of the Rhizobium i.e., unable to fix nitrogen in 
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vitro. It is generally known that Rhizobium can fix atmospheric nitrogen only in the root 

nodules of legumes and that too when it is in the bacteroid stage. Special conditions are 

required to induce nitrogen fixation in Rhizobium in free-living state, the condition which 

is provided only by specialized structure of nodule and could not be created artificially. 

Nodules restrict the access of oxygen to rhizobia for proper functioning of the enzyme 

nitrogenase.  

4.4 Amplification of symbiotic genes 

The symbiotic ability was confirmed by amplification of symbiotic genes using universal 

primers known to amplify most of the diazotrophs. The primer set NodA1/NodA2 starts 

at position 14 in nodA and ends at position 88 in nodB gene in Sinorhizobium meliloti 

yielding a 666bp fragment (Haukka et al., 1998). The other primer set used for 

amplification of nod gene was nodD1F/R that starts from position 31 and ends at position 

568 in S. meliloti nodD gene (Rivas et al., 2002) yielding a 537bp fragment. The primers 

used to amplify nif gene nifH1-F/R starts at position 367 and ends at 794 in S. meliloti 

strain yielding almost 430bp fragment. The other set nifHα/β yields 511 bp fragment in 

nifH gene. These primers are reported to amplify nif and nod genes in many diazotrophs 

and both nodulating species of Ochrobactrum (Zurdo-Pineiro et al., 2007; Trujillo et al., 

2005). 

The DNA of Ca-34
T
 showed no amplification with nif or nod primers. However, a 

non-specific amplification with nodA primers was seen for Ca-34
T
 (Fig.4.1C). This might 

be due to the degenerate nature of nodA primers that resulted in the non-specific 

amplification. These findings led us to conclude that the strain Ca-34
T
 might contain 

symbiotic genes different from the reported diazotrophs or different from the two 

symbiotically effective Ochrobactrum spp. More specific primers are recommended to 

design for this strain to amplify its symbiotic genes.  
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4.5 Direct nodule PCR 

The other nodule (from Fig. 4.1 Panel A) was used for microscopic studies and direct 

nodule PCR. Excised nodule was washed in distilled-deionized water, sterilized by 

dipping into 100% ethanol and sliced in two halves. One half of nodule was fixed in 

glutaraldehyde/PIPES buffer for light and electron microscopy analysis while other was 

used for PCR analysis. 

The nodule was crushed on Fast Prep instrument and nodule lysates was used for 

PCR amplification using Ca-34
T
 specific Oc-34 as forward and O. intermedium specific 

primer F4 as reverse primers. The re-isolate Ca-34
R
, and a nodule randomly taken from 

chickpea plants growing in field were also used for PCR. Specific amplification (Fig 4.1 

D) in the nodule lysates and Ca-34
R
 confirmed the nodule occupancy with inoculated Ca-

34
T
. There was no amplification in the field nodule showing the absence of O. ciceri in 

that nodule. This amplification shows and confirms the presence of Ca-34
T
 inside the 

chickpea nodule formed by the inoculation of Ca-34
T
.  
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Figure 4.1: Chickpea nodulation with inoculation of Ca-34
T
 (A), re-isolation 

from nodule (B), amplification of nodA gene (C) and PCR of nodule lysate using O. 

ciceri specific primers  

  

Ca-34T-nodulation  

A= Nodules on chickpea 

plant inoculated with Ca-

34T (in sterilized sand)  

B= Re-isolation from one 

nodule from panel A 

C= PCR Amplification using 

nodA primers  

M is 1Kb DNA ladder 
Lane 1 & 2= Pv2Z2 
Lane3= O. lupini (+ control) 
Lane 4= Ca-34 
Lane 5= negative control 

D= PCR amplification of 

nodule (panel A) using O. 

ciceri specific primers 

M= 1Kb DNA ladder 
Lane 1= nodule 1(Ca-34T 
inoculated) 
Lane 2= nodule 2(field nodule) 
Lane 3= negative control 

Lane 4= Ca-34 R pure culture 
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4.6 Observation of chickpea nodule structure  

4.6.1 Light microscopy 

Light microscopic observation of transverse sections of the nodule revealed the 

typical morphological features that are characteristics of indeterminate nodule as 

described earlier for chickpea nodules (Lee and  Copeland, 1994; Arora, 1956). The 

chickpea nodules were multi-lobed (Fig. 4.2 Panel A) and elongated. The outer cortex 

thickness of the nodule was 4-6 cell layers (Fig. 4.2 Panel B). The inner cortex was 

surrounded by a tightly packed endodermis (Fig. 4.2 Panel D). Central zone of nodule 

consisted of regions described for indeterminate nodules from the distal (apical) to the 

proximal (basal) end. These regions were the bacteria-free meristematic zone, the early 

infection or pre-fixing zone (where cell differentiation begins), late symbiotic or the N-

fixing zone (containing different bacteroids), and the senescent zone (Vance, 1997; Lee 

and  Copeland, 1994). These zones represent cells in different developmental stages that 

results from the growth of indeterminate nodules containing both the recently infected 

and senescent-infected cells (Fig. 4.2 Panel B). The addition of new cells at the distal end 

form differentiating meristematic zone. Actively-fixing bacteroids were seen in invaded 

cells of the late symbiotic/ senescent zone as described for indeterminate nodules (Vance, 

1997; Lee and  Copeland, 1994).   

The last three zones were seen surrounded by the nodule parenchyma (lateral 

nodular tissue), vascular bundles and an endodermis. The apical meristematic region 

contains dividing cells, and the cell size increased towards the interior of the nodule (Fig. 

4.2 Panel B, D) indicating the function of the meristematic tissue in the mature nodules. 

The main vascular bundle entered the nodule through the proximal end and vascular 

bundles running parallel to the nodule axis close to the endodermis (Fig. 4.2 Panel B, C). 

Infected cells were present in the central region of the nodule with a large vacuole in the 

center of infected cells (Fig. 4.2 Panel D, E, F, G, and H) and bacteroids are usually 

tightly packed towards the periphery of the infected cells.  
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Figure 4.2: Photomicrographs of chickpea nodule inoculated with Ca-34
T 

Light micrograph of 

chickpea nodules 

inoculated with Ca-34T 

This micrograph shows a 
part of the longitudinal 
section of 45 days old 
nodule. Sections were 
stained in safranin B-F) or 
toluidine blue (G, H) 

A=Multi-lobed 
indeterminate nodule 
processed for microscopy 

B= LS of part of the 
nodule shown in A 

C, D, E & F are magnified 
and encircled sections 
from panel B  

The portion highlighted in 
panel G with box is 
magnified in panel H 

OC= Outer cortex 

En= Endodermis 

Vb= Vascular bundle 

IC= Infected cell 

UIC=Un-infected 
interstitial cell 

SIC= Senescent infected 
cell 

V= Vacuole  

Magnification = 100X 
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4.6.2 Electron microscopy 

Ultrastructure observation of chickpea nodule tissues under electron microscope shows 

that newly infected cells are densely packed with bacteroids (Fig. 4.3 and 4.4). The 

infected cells have enlarged vacuoles (Fig 4.3 Panel A), distinct nucleus and symbiosome 

(Fig. 4.3 Panel B; Fig. 4.4). The senescent infected (degenerated infected cells with no 

bacteroids left) interstitial cells are in close contact with infected cells and have 

disintegrated peripheral cytoplasm containing an enlarged vacuole (Fig. 4.3 Panel A & 

B). In later stages of development, the infected cells are considerably enlarged and 

vacuolated. The senescent infected cells present in close vicinity of infected cells also had 

a large central vacuole and thin layer of cytoplasm. Vacuolation of infected cells in 

alfalfa, pea and chickpea is due to the coalescence of small vacuoles (Lee and  Copeland, 

1994 ; Newcomb, 1981) during the development of infected cells that eventually 

occupies most of the cell volume. In senescent infected cells, large vacuoles are formed 

due to the accumulation of large amount of malonate or malate as in chickpea (Li and  

Copland, 2000; Copland et al., 1995). No electron dense depositions were observed in 

intercellular space in any of the section. 

Infection thread filled with bacteroids was seen moving through senescent 

infected cells (Fig. 4.5 Panel A), and through infected cells (Fig. 4.5 Panel B). Release of 

bacteroids in the form of symbiosome or single bacteroids was clearly observed. Nucleus 

and nucleolus were also observed in the early infected cells containing moving infection 

thread (Fig. 4.5 Panel B, C). The nucleus in senescent infected cells was present in the 

form of remnants (Fig. 4.6 Panel A, B). The cross section of a persistent infection thread 

showed many bacteroids present inside the infection thread. The infection thread was 

thick-walled containing an outer fibrillar layer and an inner amorphous layer (Fig. 4.7 

Panel A, B). Thick-walled infection thread containing bacteroids has been reported in 

root nodules of alfalfa (Paau et al., 1980) and stem nodules of Sesbania (Tsien et al., 

1983) (see reference Fig. I). The start of senescence was also observed by the 

disintegration of the outer amorphous layer of infection thread wall (Fig. 4.7 Panel B).  
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Many symbiosomes were observed in senescent (Fig. 4.8 Panel A) as well as 

early infected cells (Fig. 4.8 Panel B). Bacteroids were embedded within the symbiosome 

membrane as observed in the cross section view of symbiosome. The loose structural 

integrity of symbiosome membrane and bacteroids inside it showed the senescent zone of 

the nodule. Senescent bacteroids singly enclosed in peribacteroid membrane were 

observed (Fig. 4.8 Panel B). The host cell cytoplasm and nucleus was totally 

disintegrated in senescent infected cell. 

Most of the bacteroids within early infected cell of chickpea nodules were round-

shaped and enclosed singly in peribacteroid membrane. Later, the bacteroids were mostly 

elongated, intact, and had distinct cytoplasmic membrane. Peribacteroid space was not 

seen in the bacteroids at this stage (Fig. 4.9 Panel A). In the late infected host cell, some 

bacteroids were seen enclosed within the symbiosomes in which the process of senescent 

has been started, while some bacteroids are seen singly enclosed in peribacteroid 

membrane within the host cytoplasm. These bacteroids are in their senescent stage and 

host cytoplasm contains many granular or rounded structures (Fig. 4.9 Panel B). In late 

fixation zone stage, the bacteroids are mostly singly enclosed, have enlarged 

peribacteroid space. Electron dense deposits were observed in some of the bacteroids 

enclosed within peribacteroid membrane (Fig. 4.9 Panel C) while some bacteroids had 

undergone senescent.  

Poly beta hydroxybutyrate (PHB) granules were not seen in bacteroids in any of 

the nodule section which is typical and well established fact for indeterminate nodules of 

chickpea and alfalfa (Kim and  Copeland, 1996; Lee and  Copeland, 1994; Hirsch et al., 

1983; Hirsch et al., 1982). During the formation of bacteroids in indeterminate nodules, 

the PHB granules are broken down and used as a carbon and energy source (Lodwig et 

al., 2005), hence, are not observed (Kim and  Copeland, 1996). It is speculated that PHB 

accumulation by bacteroids in determinate nodules and by undifferentiated cells in the 

infection thread of indeterminate nodules may function to give the rhizobial cells a 
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competitive advantage when released into the soil after nodule senescence (Denison, 

2000). 

Some vesicles containing starch granules were observed in the host cytoplasm 

(Fig. 4.10 Panel A, B). The vesicle formation has been reported within the cytoplasm in 

many nodules (Paau et al., 1980) containing one or more disorganized bacteroids (Tu, 

1977) but the mechanism of vesicle formation is still unknown. Gunning (1970) reported 

that these vesicles probably are formed due to the breakdown in structural integrity of the 

bacteroid envelops which originally surrounded the individual bacteroids or the fusion of 

envelops.  

Few unusual features were seen in chickpea nodules during this study. The 

presence of membrane enclosed material in the peribacteroid space was seen in the late 

fixation zone (Fig. 4.11; 4.12). This membrane enclosed material was also seen between 

the cell wall and cell membrane of the host cell. This feature was not reported by earlier 

authors. These structures were present in many places in the host cell was not found to 

contain any electron-dense material as was earlier reported by (Lee and  Copeland, 1994 ) 

who observed some membrane-enclosed material of high electron density somewhere in 

the periplasmic space in chickpea nodules.  
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Figure 4.3: Photomicrograph of chickpea nodule showing early and senescent 

infected cells 

 

 

Photomicrograph showing 

ultrastructure of chickpea 

nodule: infected and senescent 

-infected cells  

An infected cell has enlarged 
vacuoles (V) in its cytoplasm 
(Panel A) 

 

Note the presence of intact 
nucleus (N) and a symbiosome (S) 
within a recently infected cell 
(Panel B) 

 

IC= Infected Interstitial Cell 

SIC= Senescent infected cell 

N= Nucleus 

V= Enlarged Vacuoles in infected 
cell 

ICS= Inter-cellular space 

S= Symbiosome 



O. ciceri as chickpea nodule symbiont 

109 

 

 

 

 

Figure 4.4: Photomicrograph of chickpea nodule showing nucleus and symbiosome 

in the infected cell 

Photomicrograph showing 

ultrastructure of chickpea 

nodule: nucleus and symbiosome 

(enlarged from the Fig 4.4) 

The presence of intact nucleus (N) 
and a symbiosome (S)(Panel A) 

 

Infected cell contains many 
bacteroids clearly seen as small 
rounded bodies inside the infected 
cell and symbiosome (S)  

No PBH granules are seen  

Enlarged view of symbiosome (S) 
(Panel B) 

 

N= Nucleus 

ICS= Inter-cellular space 

S = Symbiosome  
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Figure 4.5: Photomicrograph of chickpea nodule showing an infection thread 

Photomicrograph showing 

ultrastructure of chickpea nodule 

Longitudinal section of a moving 

infection thread 

Senescent infected cells containing 
disintegrated cytoplasm. The presence 
of nuclear dense material is also 
evident. Note the presence of infection 
thread moving across SIC and 
formation o f a symbiosome (Panel A) 

 

Movement of infection thread and 
release of bacteroids from the infection 
thread into infected cell. Nucleus is 
present intact containing electron dense 
material (Panel B, C) 

The presence of bacteroids within the 
infection thread is evident 

IT is highlighted with white arrows 

 

IT= Infection thread 

SIC=Senescent infected cell  

IC=Infected Cell 

N= Nucleus  

CW= Cell Wall 
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Figure 4.6: Photomicrograph of chickpea nodule showing infection thread (LS)  

Photomicrograph showing 

ultrastructure of chickpea 

nodule  

Longitudinal Section of a 

moving infection thread  

Movement of infection thread 
across the disintegrating un-
infected cells, Nucleus is present 
in the form of remnants or 
nuclear dense material (upper & 
lower panel) 

The presence of bacteroids within 
the infection thread is evident in 
the enlarged view. The nuclear 
dense material is evident around 
the infection thread (lower 
panel) 

IT= Infection thread 

N= Nuclear dense material 
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Figure 4.7: Photomicrograph of chickpea nodule showing infection thread (CS)  

  

Photomicrograph showing 

cross section of infection 

thread 

Persistent infection thread in 
senescent infected host cell. The 
cytoplasm and nucleus both are 
disintegrated. The infection 
thread at one side is under 
disintegration (Panel A). 

The closer view of infection 
thread (in early senescent stage) 
Bacteroids are seen embedded in 
the thick-walled IT. See the 
structural integrity of bacteroids 
contained within it. The presence 
of nuclear dense material is 
evident around the IT (Panel B) 

IT= Infection thread 

OL= Outer fibrillar layer 

IL= Inner amorphous layer 

N= Nucleus 

Nu= Nucleolus 
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Reference Figure I: Infection thread of A. peregrina (A) & alfalfa (B)   

[Reproduced from Gross et al. (2002) and Paau et al. (1980)]  

Panel A: Infection 

thread of 

Anadenanthera 

peregrina (L.) Speg. 

Var. falcate (Benth) 

reproduced from (Gross 

et al., 2002) 

Panel B: Infection 

thread of alfalfa 

nodules reproduced 

from Paau et al. (1980) 
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Figure 4.8: Photomicrograph of chickpea nodule showing symbiosome 

Photomicrograph showing 

symbiosome 

Longitudinal section of a persistent 
symbiosome within senescent 
infected host cell. The cytoplasm 
and nucleus both are disintegrated. 
(Panel A). 

The closer view of a symbiosome 
(in its early senescent stage). 
Bacteroids are seen embedded 
within the symbiosome membrane. 
See the loose structural integrity of 
symbiosome membrane and 
bacteroids contained within it. The 
presence of nuclear dense material 
is evident near the symbiosome 
(Panel B) 

S= Symbiosome 

B= Bacteroids 

UIC= Un-infected cell 

IC= Infected cell 

N= Nucleus or nuclear material 
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Figure 4.9: Photomicrograph of chickpea nodule showing infection zones 

Photomicrograph showing 

ultrastructure of chickpea 

nodule  

Panel A: Early infected cell 

See the intact bacteroids 
enveloped in peribacteroid 
membrane. No peribacteroid 
space is seen.  

 

Panel B: Late infected cell  

The bacteroids are still enveloped 
within symbiosome and some have 
been released into the host 
cytoplasm.  

 

Panel C: Late fixation zone  

The bacteroids are singly enclosed. 
The peri-bacteroid membrane is 
distinct in all bacteroids while the 
bacteroids which are in their 
degeneration stage have enlarged 
peribacteroid-space as well. 

 

B= Bacteroids 

Black arrow point towards 
peribacteroid space and presence 
of membrane-bound material 
inside peribacteroid space. 

White arrow point towards 
peribacteroid membrane. 
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Figure 4.10: Photomicrograph of chickpea nodule showing vesicles 

 

Reference Figure II: Vesicles in Frankia nodules  

[reproduced form Valverde and  Wall (1999)] 

Photomicrograph showing 

ultrastructure of chickpea 

nodule  

Vesicles in host cytoplasm 

The vesicles are present in the 
infected cell. May be a septate 
vesicle surrounded by a void 
space. 

The remnants of cytoplasm are 
seen as dense black material near 
the vesicles (upper panel) 

 

Arrows (white & black) indicate 
the vesicles 

 

VS= Void space 
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Figure 4.11: Photomicrograph of chickpea nodule showing membranous structure 

(a) 

 

 

 

 

Photomicrograph showing 

Unidentified membranous 

structure 

Some sac like or membranous 
structure are visible in host cell. 
The membranous structure to 
some extent resembles with Golgi 
apparatus.  

 

The membranous structure is seen 
inside the cytoplasm while the sac 
like structure is seen outside the 
cytoplasm near cell wall. 
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Figure 4.12: Photomicrograph of chickpea nodule showing membranous structure (b) 

 

 

Reference Figure III: Membranous endoplasmic reticulum like structure in nodule of 

Anadenanthera peregrina [reproduced from Gross et al. (2002)] 

Photomicrograph showing 

ultrastructure of chickpea 

nodule  

Unidentified membrane bound 

structures 

Some apparently empty 
membrane bound structures 
were seen between the cell 
membrane and cell wall (panel 
A), in the cytoplasm of infected 
host cell (panel b), and senescent 
infected cell (panel C) and in the 
symbiosome attached to the 
bacteroids (panel D)  

The structures are pointed by 
white arrows. 
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4.7 Evidence of O. ciceri in chickpea nodules through immunogold labelling 

Polyclonal antibodies specific against the surface antigen(s) of Ca-34
T
 were raised in 

rabbit. The antiserum of Ca-34
T
 prepared in 1996 and 2007 were used. The specificity of 

antiserum was tested on non-Ochrobactrum spp. including Pseudomonas spp. 96-51 

(Rasul et al., 1998) and MST4.1 (Hafeez et al., 2006), Meso/rhizobium spp. TAL-1148, 

IC-94 and IC-2002, Bradyrhizobium spp. TAL-102 and MN-S (Hameed et al., 2004), 

Azospirillum lipoferum JCM-1270 and A.brasilense JCM-1224 (Hafeez et al., 2006), 

Agrobacterium tumefaciens Ca-18 (Hameed et al., 2004), non-nodulating Ochrobactrum 

spp. including O. tritici sp. LAIII 106 and SCII24
T
, O. gallinifaecis ISO196

T
, O. oryzae 

MTCC4195
T
, Ochrobactrum sp. PV2Z2 and nodulating Ochrobactrum sp. O. lupini LUP-

21
T
. Antisera were found specific to the antigens of Ca-34

T
 and no cross-reactivity was 

observed except for a very week signal with M. ciceri IC-94 and O. tritici LAIII 106. The 

signal intensity was very low as compared to positive control. A strong positive reaction 

was however observed for O. anthropi strain PV2Z2. 

For direct detection of Ca-34
T
 inside the nodule, immunogold labelling was done. 

The antiserum was used to bind to the antigen in the TEM ultrathin section. The 

antibodies were located by a second-step reagent complexed to electron-dense colloidal 

gold. This second-step reagent is often protein A-gold but gold complexed to antibodies 

that bind specifically to the primary antibody is also commonly used. The gold marker 

was added after production of the ultrathin sections and sections were mounted on 

carbon/plastic-coated EM grids prior to incubation. They were incubated first on drops of 

primary antibody and then on the electron-dense second-step reagent. Cellular structures 

were contrasted by impregnation with heavy metal stains (lead citrate was used in this 

case) and the grids observed by using TEM. 

Before starting the immunogold labelling of chickpea nodule sections, both 

antisera were cross-reacted with the chickpea root powder. This process circumvents the 

back ground or false labelling of the host cells. The antiserum specificity of both antisera 
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was confirmed with many other antigens using dot blot and specifically with Ca-34
T
 

under electron microscope (Fig. 4.13 & 4.14; Panel A & B).  

Quantification and colonization using immunogold labelling under transmission 

electron microscopy can also be done (D'Amico and  Skarmoutsou, 2008b).  Immunogold 

labelling is not only used for antigen in situ localization but the uses of gold particles of 

different sizes allow performing multiple immunogold labelling (D'Amico and 

Skarmoutsou, 2008a). Both labelling patterns i.e., random or clustered patterns of 

distribution of gold particles were observed. However, at some points, a regular pattern of 

gold particles distribution was also seen.  

The observation of infected host cell under electron microscope shows that Ca-

34
T
 is present inside the nodule cells. Strong labelling was observed in both the sections 

stained either with 1996 antiserum or 2007 antiserum (Fig. 4.15). Different 

concentrations of antisera were checked to get maximum signals (labelling) with 

minimum background noise (non-specific labelling). In practice, the concentration that 

gives the best signal/noise (SN) ratio is chosen by determining the highest concentration 

of antibody which gives a good signal and a reasonably low background. The background 

may be defined as a combination of non-specific adhesion and cross-reactivity with 

proteins (or other tissue ingredients or features) that mimic the specific antigen. The 

optimum results were obtained at antiserum dilution 1/800.  

The gold particles used during this experiment were 15ɳm in size. The labelling 

was not very clearly observed at lower magnification in photographs because we were 

interested to get the whole picture of the infected cell, the symbiosome or the infection 

thread labelled with the gold particles. Labelling is well evident at higher magnifications 

as seen in photographs. Strong labelling was clearly observed inside the cell (Fig. 4.16), 

in the longitudinal section of symbiosome (Fig. 4.16; Panel B, C), cross section of 

symbiosome (Fig. 4.17) and cross section of infection thread (Fig. 4.18).  Host cell wall, 

vacuoles, nucleus or cytoplasmic matrix were not labelled.  
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Figure 4.13: Photomicrograph of chickpea nodule showing specificity of antigen-

antiserum (2007) in pure culture 

  

Immuno-gold labelling of in-

vitro grown Ca-34T cells  

(Antiserum-2007) 

 

This photomicrograph shows the 
specificity of gold-labelled 
antiserum with that of Ca-34T pure 
culture   

Antiserum used here is that which 
was prepared in year 2007 

B= bacterium 

IGL= immune-gold labelled 

Arrows show immuno-gold 
labelling of Ca-34T cells 
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Figure 4.14: Photomicrograph of chickpea nodule showing specificity of antigen-

antiserum (1996) in pure culture 

 

  

Immuno-gold labelling of in-vitro 

grown Ca-34T cells 

(Antiserum-1996) 

 

 

This photomicrograph shows the 
specificity of gold-labelled 
antiserum with that of Ca-34T pure 
culture   

 

Antiserum used here is that which 
was prepared in year 1996 

B= bacterium 

 

IGL= immune-gold labelled 

Arrows show immuno-gold labelling 
of Ca-34T cells 
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Figure 4.15: Photomicrograph of chickpea nodule showing immunogold labelling 

(fixation zone) 

Photomicrograph showing 

immunogold labelling of 

chickpea nodule  

Panel A: Labelled with 

antiserum-1996  

Panel B: Labelled with 

Antiserum-2007 

The micrograph shows the 
fixation zone in an infected cell 
(Panel A)  

Peri-bacteroid membrane is 
distinct in all bacteroids while at 
some points peribacteroid-space is 
also seen (Panel B) 

Immunogold labelling is shown by 
arrows 

B= Bacteroids 

IGL= immuno-gold labelling 
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Figure 4.16: Photomicrograph of chickpea nodule showing immunogold labelling 

(symbiosome) 

Photomicrograph showing 

immunogold labelling of 

chickpea nodule  

Panel A & B: Labelled with 

antiserum-1996 

See the intact bacteroids 
enveloped in peribacteroid 
membrane labelled with gold-
conjugated antiserum. 
Peribacteroid space is seen in few 
bacteroids.  

 

Panel C: Labelled with 
antiserum-2007 

The closer view of a symbiosome 
within an infected cell. 
Symbiosome membrane and space 
is also seen. The bacteroids are 
singly enclosed. The peri-
bacteroid membrane is distinct in 
all bacteroids.  

 

Arrows indicate the gold labelling  

B= Bacteroids 

SM= Symbiosome membrane 

SS= Symbiosome space 
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Figure 4.17: Photomicrograph of chickpea nodule showing immunogold labelling 

(infection thread) 

  

Photomicrograph showing 

immunogold labelling of 

chickpea nodule  

The cross-section of an 

infection thread Labelled 

with antiserum-1996 

See the bacteroids enveloped 
in peribacteroid membrane 
labelled with gold-
conjugated antiserum. The 
bacteroids are singly 
enclosed. The peri-bacteroid 
membrane is distinct in all 
bacteroids. 

Black-outlined-white  arrows 
indicate the gold labelling 

White arrows indicate the 
thick walled infection thread  

 

B= Bacteroids 

IT= Infection thread 
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Figure 4.18: Photomicrograph of chickpea nodule showing immunogold labelling 

(symbiosome and single bacteroid) 

Photomicrograph showing 

immunogold labelling of chickpea 

nodule  

The cross-section of a symbiosome 

labelled with antiserum-2007 

See the bacteroids enveloped in 
peribacteroid membrane labelled 
with gold-conjugated antiserum. The 
bacteroids are singly enclosed. The 
peri-bacteroid membrane is distinct 
in all bacteroids. In some bacteroids, 
peribacteroid space is also seen 
(Panel A , B). 

Gold labelling on a single bacteroid 
(panel C) 

 

White arrows indicate gold labelling 

Black arrows with white out-line 
indicate the peribacteroid space  

 

 B= Bacteroids 

PBM= Peribacteroid membrane 

SS= Symbiosome space 

SM= Symbiosome membrane 
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4.8 Conclusions 

On the basis of these results, it is concluded that Ca-34
T 

actually is present inside the 

nodule. The endophytic nature of Ca-34
T 

was confirmed both by direct nodule PCR as 

well as immunogold labelling. This presence of Ochrobactrum inside the nodule raises 

many questions. An important question is that how Ca-34
T 

entered the nodule. A possible 

explanation may be the dual nodule occupancy i.e., nodule contains Ca-34
T
 as well as one 

Rhizobium or Mesorhizobium. Although, dual nodule occupancy in case of chickpea is 

reported but the data presented in this chapter does not support this evidence. The cells of 

Ca-34
T
 are small, short rods as compared to Meso/Rhizobium and must be clearly 

differentiated under electron microscope. Our results showed that only one type/size of 

bacteroids were seen in the host cell which also showed specific labelling with antisera of 

Ca-34
T
. Immunogold labelling results also support the Meso/Rhizobium-like infection 

process of Ca-34
T 

because, the labelling of Ca-34
T
-bacteroids was clearly marked within 

the infection thread and the symbiosome. Ca-34
T
–specific monoclonal antibodies, or the 

use of gfp-labelled Ca-34
T
 and Meso/Rhizobium strains are further recommended for 

confirmation of these results in vivo using more nodule samples.  

Although, the presence of Ochrobactrum as symbiotically effective endophyte in 

nodules of Acacia, Lupinus and Cytiscus has been reported but, in this study, the 

nodulation of O. ciceri strain Ca-34
T 

could not be re-produced. Although, reproducible 

nodulation was obtained earlier in 1996 and 2003 but in this study only 2 nodules were 

formed by Ca-34
T
. The plants on which these nodules were formed were lush-green and 

as they were grown on N-free Hoagland solution, it can be safely concluded that nitrogen 

requirement of the plant is being met by the symbiotic partner present inside the nodule 

i.e., Ca-34
T
.  This study is the first report of the presence of Ochrobactrum as chickpea 

nodule endophyte and symbiont. The ultrastructure observation of O. ciceri-induced 

chickpea nodules is also being reported first time in literature. 



Chapter 5 

Effect of inoculation with Ochrobactrum ciceri and Rhizobium sp. on 

growth of different chickpea genotypes 

_____________________________________________________________ 

Chickpea crop has faced tough competition in recent years with other cereal crops, where 

high yielding and input responsive varieties are available. The crop is usually grown on 

marginal lands with low moisture contents, where no other crop can be grown 

economically. Chickpea is of two types; desi which has small, blackish-brown, angular-

shaped seed, primarily grown in South Asia; and kabuli, which has generally large, ram-

head shaped, beige-colored seeds, predominately grown in West Asia and North Africa. 

Both types are genetically different but botanically similar.  

5.1 Chickpea production  

Major chickpea growing countries are India, Pakistan, and Turkey in Asia, Ethiopia in 

Africa, California and Washington State in the U.S., Mexico and Australia (Muehlbauer 

and  Tullu, 1998). Pakistan is the third largest chickpea producing country (Fig. 5.1) 

where it accounts for more than 80% of the area and production of total grain legumes. It 

is grown on more than One million hectare with annual production of 0.58 million tones 

and average yield of 561 kg ha
-1

 (Fig. 5.2 A). The province Punjab contributes 81.7% of 

the total chickpea yield in the country (Fig. 5.2 B; Punjab development statistics, 2009). 

The area under chickpea cultivation was almost same but the yield is not consistent and 

drastically fluctuated over the past ten years (Fig. 5.2A, B).  

Although, the demand of kabuli chickpea is very high in the country, but the yield 

contribution of kabuli is only 15%, which is further decreasing due to lack of broad-

seeded high yielding varieties and disease susceptibility. As a result, a large amount of 

money is spent on its import and the price of kabuli chickpea remains high in the market. 
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Reasons to low yield are poor yield potential, disease susceptibility of cultivars 

particularly towards Fusarium wilt or Ascochyta blight, and low fertility soil. Chickpea 

breeding program is also hampered by the low fertility status of soil on which the crop is 

usually grown.  

 

 

 

 

Figure 5.1: Annual chickpea production in leading chickpea countries of the world 

(Values averaged over last 5 years; FAO Statistics, 2004-2008)  
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Figure 5.2 (A): Annual production and yield of chickpea in Pakistan (Agri. Statistics 

of Pakistan, 2009), (B) Area, annual production and yield in Punjab province 

(Punjab Development Statistics, 2009)  
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Many research institutes in Pakistan have focused on the development and release of high 

yielding chickpea varieties (both desi and kabuli), resistant to blight/wilt and drought. 

Nuclear Institute of Biology (NIAB) and Ayub Agriculture Research Institute (AARI) are 

worth-mentioning in Faisalabad. They have produced many resistant varieties to increase 

and stabilize the production efficiency of chickpea in the country. These varieties have 

been developed through an integrated approach involving the creation of desirable 

genetic variability through the use of mutagens, hybridization and evaluation of the 

material using effective and efficient screening techniques and clear rating scales. The 

yield of these chickpea varieties may further be improved by exploiting its symbiotic 

nitrogen fixing ability as inoculation of superior rhizobia is the best approach in the 

rhizobial-poor soils or soils containing incompatible or less-effective rhizobial species for 

enhanced legume productivity. A positive interaction of high yielding varieties towards 

bacterial inoculation can add sufficient production increases in our agriculture system 

because a strong genotype effect on nitrogen fixation has been reported in chickpea 

(Hafeez et al., 1998).  

5.2 Rhizobium management in chickpea 

Growth of chickpea is mainly dependent on nodulation by effective rhizobial strains 

(Kantar et al., 2007). Nitrogen fixation in chickpea range from 0 to 176 kg ha
-1

 season
-1

, 

depending upon the method of measurement, cultivar, presence of appropriate rhizobia, 

and environmental variables (Beck et al., 1991).  

Together with the positive contribution of rhizobia, improvement in the symbiotic 

relationship may come from a third partner, the co-occupant or the bacterial specie that 

positively influence plant growth and enhance the nodule occupancy of the introduced 

rhizobia. The co-inoculation of plant growth promoting bacteria (PGPB) has received 

much attention in the recent past. The proof comes from the co-inoculation of Rhizobium 

with Azospirillum (Raverker and  Konde, 1988; Burns et al., 1981), Azotobacter (Yadav 

et al., 1996), Pseudomonas sp. (Parmar and  Dadarwal, 1999), Agrobacterium (Hameed 

et al., 2004) and Enterobacter strains (Mirza et al., 2007). PGPB are usually of 

rhizospheric origin, but some are also endophytic (reside inside the plant tissues) that 
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have no external symptom of their existence (Hallmann et al., 2001). Studies on pea and 

soybean plants have demonstrated that the endophytic bacteria may induce resistance in 

pea plants against pathogenic fungi (Elvira-Recuenco and  van Vuurde, 2000; Castejón-

Muñoz and  Oyarzun, 1995) and improve the growth of soybean (Kuklinsky-Sobral et al., 

2004). Based on the available literature it seems that Enterobacter spp., Pseudomonas 

spp., and Bacillus spp. are the most abundant endophytic bacteria in legumes and other 

plants, such as, potato and maize.  

Besides effective nodulation, plant growth promotion activity of Ochrobactrum 

has also been reported. Ochrobactrum significantly increase plant growth in maize 

(Principe et al., 2007), mungbean (Faisal and  Hasnain, 2006) and wild Coffea arabica L. 

(Muleta et al., 2008) under normal, or stressed conditions (saline, chromium) possibly by 

Indoleacetic acid (IAA) production, phosphate solubilization or siderophore production 

(Chakraborty et al., 2009).  

The experiments were conducted to investigate the effect of inoculation with 

Ochrobactrum ciceri strain Ca-34
T
 on growth, yield of chickpea in single-inoculation or 

co-inoculation with Meso/Rhizobium under two different soil types. To get 

comprehensive information regarding the behavior of Ca-34
T
 in the chickpea rhizosphere, 

ten chickpea genotypes (both kabuli and desi) were evaluated. The chickpea varieties 

selected for this experiment were either approved varieties or advanced breeding lines 

that are likely to become cultivars in near future. Such ecological data on Ochrobactrum 

is lacking in the literature hence, will provide valuable information on its ecological 

behavior.  

5.3 Field experiment: design and description 

Two field experiments were conducted in 2009-2010 at experimental fields of 

Nuclear Institute of Biology (NIAB), Faisalabad (longitude 73°74 East, latitude 30°31.5 

North, with an elevation of 184 meters (604 ft) above sea level). The climate of the city is 

extreme with very little rainfall. Maximum temperature in summer rises up to 48 °C and 

minimum temperature in winter goes down to 04°C. The present average rainfall is 40 
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mm. Metrological data of Faisalabad (Fig 5.3) was obtained from the weather station 

416300 situated at latitude 31.43, longitude 73.1 and altitude 184. The data is available 

online at www.tutiemp.net and http://www.pakmet.com.pk/.    

The soil was sandy clay loam (57% sand, 24% silt and 19% clay particles) in 

texture. Soil contained low avaiable N (237.2 kg ha
-1

), medium P (19.45 kg ha
-1

) and high 

K (342.51 kg ha
-1

) contents. Chemical properties of the soil are mentioned in Table 5.1. 

Site 1 was a fallow soil on which mungbean was cultivated 8 years back. Site 2 was a 

regular legume growing site routinely used for chickpea, mungbean and castor crops.  

The experiments were designed in a split-plot randomized complete block design 

(RCBD) with three replications at each site. Plantings were made on 16
th

 and 19
th

 

November, 2009 at site 1 and 2, respectively. The plot size was 1.0 x 1.2 m. Each plot 

had eight rows of 3 m length. Inter and intra row spacing was 30 and 15 cm, respectively. 

Each block had two rows at the beginning and at the end of the block for protection 

which were removed before harvest. 

The treatments were four bacterial inoculation and 10 chickpea genotypes. Each 

replicate contained one chickpea genotype as main plot and four sub-plots having four 

bacterial inoculation treatments.  

5.3.1 Chickpea genotypes and bacterial strains 

Ten chickpea genotypes (Table 5.2), both adapted varieties and advanced breeding lines 

were used. All have been referred as “genotypes” in these experiments. These genotypes 

were selected based on different characteristics e.g., seed type (kabuli or desi), seed size 

(broad seeded or small seeded), yield potential (high and low), response towards wilt and 

blight disease (resistant or susceptible), and total crop duration (short or long duration). 

Bacterial strains used in the experiments were one O. ciceri strain Ca-34
T
 and one 

Meso/Rhizobium ciceri strain TAL-1148 which was obtained previously from NifTAL. 

This strain has been isolated from chickpea nodules and being used as chickpea 

nodulation reference strain around the globe (Bidlack et al., 2001; El Hadi and  Elsheikh, 

http://www.tutiemp.net/
http://www.pakmet.com.pk/
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1999; Somasegaran and  Bohlool, 1990; Hafeez et al., 1987). The treatments were; 

T1=Ochrobactrum ciceri Ca-34
T
, T2= Meso/Rhizobium ciceri TAL-1148, T3= 

Ochrobactrum ciceri Ca-34
T 

+ Meso/Rhizobium ciceri TAL-1148 and T4= Un-inoculated 

control.  

 

 

 

Figure 5.3: Monthly (average) humidity, precipitation, rain fall and temperature 

data of Faisalabad for the year 2009 and from 1945-2008 (averaged upon the years)
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Table 5.1: Physicochemical properties of soil (0-15cm) from experimental sites prior 

to seeding 2009-2010 

 

 
Soil pH EC* 

 
SP 

(%) 

FC 

(%) 

CO3
¶

  

 
HCO3

¶
 

 
Cl 

¶
 

 
Ca+Mg

¶
 

 
Na 

¶
 

 
K 

¶
 

 
SAR RSC 

Site-1 7.8 1.7 28 14 Nil 2.5 2.8 8.6 7.4 0.6 3.6 Nil 

Site-2 7.7 1.8 31 15.5 Nil 5.2 2.9 13.0 4.1 0.5 1.6 Nil 

 

Site-1: No crop/legume grown since 8 years  

Site-2: Routine legume growing area  
EC=Electrical conductivity; EC value <2 indicates that salinity effects are generally negligible (Bower and  

Wilcox, 1965)  

* d sm
-1

 
¶ 
me L

-1
 

SP=Saturation percentage 

FC=Field capacity  

SAR= Sodium absorption ratio 

RSC= residual sodium carbonate 

 

Table 5.2: Chickpea genotypes and their characteristics evaluated for bacterial 

inoculation response (data provided by NIAB) 

  

Genotype Code Type Seed 

Size 

(g) 

Origin G % Yield Blight 

(1-9 

rating) 

F. wilt 

% 

Crop 

duration 

(days) 

CM2008** A Kabuli 23.0 NIAB 91 1330 5 12 162 

Pb-Noor-2009** B Kabuli 23.1 AARI 75 1000 6 5 157 

CC121/00* C Kabuli 22.4 NIAB 81 1430 6 8 155 

PKV-2** D Kabuli 38.2 India 88 840 5 20 110 

Pb2008** E Desi 27.3 AARI 87 1480 5 8 166 

CH23/00* F Desi 23.0 NIAB 76 1386 4 16 157 

B8/02* G Desi 26.7 NIAB 95 770 4 7 170 

93127* H Desi 21.8 AARI 89 1025 3 2 146 

CH21/02* I Desi 31.8 NIAB 98 1457 6 16 167 

CM72/02* J Desi 27.5 NIAB 65 965 5 100 120 

 

G% = Germination percentage 

Seed size=100 grain weight (g) 

Yield=Kg/hacters 

*= Advance line       

** = Approved variety  

F. wilt= Fusarium wilt 
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5.3.2 Inoculation and sowing 

Inoculation was done using seed pelleting method as described in section 2.10 of chapter 

2. The seeds were coated with bacterial inoculum and air-dried before sowing. Each plot 

consisted of eight rows, 30cm apart. Hand sowing was carried out at both sites. Seeds 

were sown 15cm apart from each other.    

One bag DAP fertilizer per acre was used before the sowing of the seed at both 

experimental sites. No pesticide or fungicide was sprayed throughout the crop cycle. 

Hand weeding was periodically carried out throughout the crop life to control weed 

infestation. Irrigation was not done at both sites. The only water was the natural rain (3-

4mm) in the first month of crop sowing.  

5.3.3 Sampling and measurements 

Sampling was done randomly from the middle rows of each treatment. The first rows 

were omitted to avoid the border effects. Sampling size was six plants at first harvest 

(60DAS) and four plants at 2
nd

 (120 DAS) and 3
rd

 (180DAS) harvests. Plants were 

carefully dug out from the field and washed gently in running water to ensure that roots 

and nodules remain intact. Shoot, root length and fresh weights were recorded 

immediately after the harvest. Plants (shoot and root separately) were dried in an oven at 

65°C for 48h and weight was recorded. Nodules were counted, weighed and then kept in 

refrigerator for further use. Three sub samples of nodule were weighed for fresh and dry 

weights, and a factor was calculated for dry weight. This factor was used to convert the 

nodule fresh weight to dry weights as all nodules were kept for bacterial isolation and 

further analysis and were not dried. Data on different growth and yield parameters were 

recorded following the procedure as described. 

No. of primary branches per plant: From six randomly selected plants of each treatment 

total no. of primary branches were counted and no. of primary branches per plant was 

calculated from their average. 
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No. of secondary branches per plant: From six randomly selected plants of each 

treatment total no. of secondary branches were counted and no. of primary branches per 

plant was calculated from their average. 

No. of pods per plant: From six randomly selected plants of each treatment total no. of 

pods were counted and no. of pods per plant was calculated from their average. 

No of seeds per pod: From 25 randomly selected plants of each treatment total no. of 

seeds per pod were counted and no. of seeds per pod was calculated from their average. 

Grain yield per plant: From 25 randomly selected plants of each treatment total no. of 

grains were counted and grain yield per plant was calculated from their average. 

100 grain weight: Three sub samples of 100 seeds from each treatment were taken and 

their weight recorded. The average of the three was calculated and taken as 100 grain 

weight per treatment. 

Grain yield (Kg/ha): Total grain yield of 25 plants from each treatment was weighed and 

converted to Kg ha
-1

 for each treatment.  

Straw yield (Kg/ha): Total straw weight of sun-dried 25 plants from each treatment was 

weighed and converted to Kg ha
-1

 for each treatment.  

Biomass per plot (Kg/ha): Total weight of sun-dried 25 plants (including grain and 

straw) from each treatment was weighed and converted to Kg ha
-1

 for each treatment.  

Harvest index (%): Harvest index (HI) percentage per treatment was calculated using the 

formula given below: 

HI (%) =  Seed yield x 100 

   Biomass 
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5.3.4 Statistical analysis 

The data was subjected to analysis of variance (ANOVA) using Statistix 8.1 software 

and significance was measured at L.S.D 0.05. Regression and Principal Component 

Analysis was performed using SPSS (Version 17) and MiniTab (Version 15). Graphs 

were constructed using Microsoft Excel (2007) and assembled using CorelDraw (R 12). 

The effects of seed type (kabuli versus desi), bacterial inoculation and seed size were 

compared using orthogonal contrasts, respectively.  

5.4 Effect of chickpea inoculation 

The inoculation response in field was variable at both experimental sites, because of the 

difference of growing chickpea or other crops in the past. The data from field 

experiments was collected at 60, 120, 180DAS corresponding to three growth stages i.e., 

first flowering, pod setting/filling and plant maturity.  

Several studies have shown that inoculation of legumes with nodulating rhizobia 

have a positive effect on a number of plant growth parameters (Kyei-Boahen et al., 2005; 

Rodríguez-Navarro et al., 2000). This improvement in vegetative growth and yield has 

been attributed to changes in assimilate partitioning. Chickpea gives a positive response 

to bacterial inoculation in soils containing native chickpea rhizobia (Sharma et al., 1983). 

When native bacteria are ineffective, inoculation with selected Rhizobium may increase 

yield and N2 fixation (Beck et al., 1991). The use of chemical fertilizer is limited on 

farmer’s fields and inoculation of chickpea is not adopted by the majority of the farmers 

due to insufficient knowledge about inoculation and doubts about increasing the yield. 

Inoculation trials must emphasize not only on the benefits of chickpea inoculation, but 

must focus on the combination of that practice with N fertilization in order to obtain 

maximum yields. The success of inoculation, however, is often limited by environmental 

conditions (Bottomley, 1992; Graham, 1992), number of effective rhizobial cells applied 

(Brockwell et al., 1995), presence of high population of competing strains of rhizobia 

(Thies et al., 1991) and the inoculation methods (Brockwell and  Bottomley, 1995). 
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5.4.1 Response of inoculation at early flowering stage  

Site 1: The analysis of variance at 60 days after sowing (Table 5.3) shows a highly 

significant genotypic difference in both shoot and root lengths, fresh weights, dry weights 

and bacterial inoculation treatment (P<0.05 for both) except for root dry weight. 

Genotype x inoculation treatment interaction was, however non-significant (P>0.05) at 

this stage. Generally, early growth and plant biomass of chickpea was decreased by 

inoculation of Ochrobactrum sp. Ca-34
T
 (Table 5.3; Fig 5.4) as compared to Rhizobium 

sp. TAL-1148. Maximum increase in shoot length was recorded in kabuli chickpea 

genotype PKV-2 after Ca-34
T
+TAL-1148 mix inoculation. Maximum plant biomass was 

observed in desi chickpea genotype 93127 after TAL-1148 inoculation. The inoculation 

response was however non-significant in case of desi genotypes. Shoot: root ratio in both 

genotypes was highest in Ca-34
T
 inoculated plants as compared to other treatments.  

 The nodule number, nodule fresh and dry weight at this stage showed highly 

significant response of genotype as well as bacterial inoculation (P<0.05 for both). The 

comparison of treatment means (Table 5.4) also shows increased nodulation in inoculated 

treatment as compared to un-inoculated control. 

Site 2: The analysis of variance at 60 DAS shows almost similar response as was 

observed at site 1 i.e., P<0.05 both for genotype and inoculation. Genotype x inoculation 

treatment response was significant at this site for almost all growth parameters except for 

shoot fresh and dry weight (Table 5.3). Inoculation with Ca-34
T
 or its mix inoculation 

with TAL-1148 over all increased the early growth and plant biomass of chickpea in both 

genotypes (Table 5.4) as compared to inoculation with TAL-1148 alone. Maximum shoot 

and root length was observed in Ca-34
T
 inoculated desi genotype CM-72 and kabuli 

genotype CC121/02, respectively (Fig. 5.8). Maximum plant biomass was observed in 

kabuli genotype PKV-2 and desi genotype CH21/02 in mix inoculation of Ca-34
T
+TAL-

1148. Shoot: root ratio showed no significant relation with inoculation at this site. The 

nodulation behavior at this stage was similar to that observed at site 1 i.e., highly 

significant response (P<0.05 for genotype and treatment). Inoculation with TAL-1148 

showed reduced nodule number as compared to Ca-34
T
 (Table 5.4).  
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5.4.2 Response of inoculation at pod setting and filling stage  

Site 1: Analysis of variance for different growth parameters at green pod stage showed an 

overall non-significant response of genotypes and inoculation treatments (P>0.05) except 

for genotypic response towards root biomass and interaction of these two variables for 

root length. The inoculation response was non-significant for all morphological growth 

parameters. Shoot and root length, shoot: root ratio and plant biomass remained mostly 

unaffected by inoculation (Fig. 5.5) except for production of maximum root biomass in 

Ca-34
T
 inoculated desi genotype 93127 (Fig. 5.5; Site 1; T1). 

Site 2: Analysis of variance for different growth parameters at this site was different from 

observed at Site 1. A highly significant genotypic response for all growth parameters was 

observed along-with significant response of inoculation treatment on shoot length 

(P>0.05). Inoculation treatment was however non-significant in most of the growth 

parameters (P<0.05). The interaction of the genotype and inoculation (G x T) was 

significant for plant growth (shoot and root length) while non-significant for biomass 

production. When the treatments were averaged over genotypes, a non-significant 

response was observed in case of growth parameters at this stage. Maximum shoot and 

root length was observed in kabuli genotype Pb-Noor-2009 inoculated with mix 

treatment of Ca-34
T
+TAL-1148 (Fig. 5.5) while maximum root biomass was observed in 

desi genotype CH23/00 in both treatments inoculated with Ca-34
T
 or TAL-1148 

separately (Fig. 5.5). 
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Table 5.3: ANOVA table of the effect of bacterial inoculation on early growth of 

chickpea (60DAS) compared at two experimental sites  

(Showing only the probability values at 0.05 level) 

 

 

S.L= Shoot length (cm), R.L= Root length (cm), SFW= Shoot fresh weight (g), RFW=Root fresh weight (g), 

SDW= Shoot dry weight (g), RDW= Root dry weight (g), Nod. No= Nodule number, NFW= Nodule fresh 

weight (g), NDW= Nodule dry weight (g).  

* Highly significant at 0.05% 

 

  

Treatments S.L R.L SFW RFW SDW RDW Nod. 

No 

NFW NDW 

 SITE 1 

Genotypes (G) 0.0000* 0.0433* 0.0003* 0.0110* 0.0003* 0.0088* 0.0000* 0.0146* 0.0243* 

Treatments (T) 0.0000* 0.0000* 0.0001* 0.8568 0.0001* 0.7187 0.0000* 0.0014* 0.0004* 

G x T 0.6215 0.9250 0.9487 0.6408 0.9386 08086 0.2955 0.6589 0.6653 

Minimum 17.667 14.875 4.300 1.5812 0.8613 0.6800 11.708 0.3183 0.0767 

Maximum 28.542 17.958 7.678 2.7187 1.5333 1.1679 32.667 0.5842 0.1408 

 SITE 2 

Genotypes (G) 0.0000* 0.0440* 0.0000* 0.0014* 0.0000* 0.0030* 0.0000* 0.0000* 0.0003* 

Treatments (T) 0.2067 0.0438* 0.0071* 0.0015* 0.0083* 0.0008* 0.0010* 0.0302* 0.0432* 

G x T 0.0325* 0.0043* 0.2110 0.0000* 0.2286 0.0000* 0.3353 0.0973 0.0813 

Minimum 19.833 18.500 5.424 3.2142 1.0883 1.3817 23.542 0.4071 0.0975 

Maximum 30.583 41.625 10.545 5.4475 2.1054 2.3458 43.208 0.6800 0.1617 
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Table 5.4: Mean bacterial inoculation effect on characteristics of chickpea averaged 

over genotypes and replications compared at two experimental sites 

Measurements were made at early flowering stage (60DAS) 

       

Treatments S.L R.L SFW RFW SDW RDW Nod. 

No 

NFW NDW 

 SITE 1  

T1 19.93
b
 15.27

b
 4.66

b
 2.04

a
 0.93

b
 0.86

a
 14.73

c
 0.37

b
 0.09

b
 

T2 22.48
a
 15.18

b
 6.03

a
 2.04

a
 1.21

a
 0.87

a
 25.88

a
 0.52

a
 0.13

a
 

T3 22.82
a
 15.22

b
 5.93

a
 2.03

a
 1.19

a
 0.87

a
 25.87

a
 0.46

ab
 0.11

a
 

T4 22.47
a
 19.73

a
 5.86

a
 2.13

a
 1.17

a
 0.93

a
 21.33

b
 0.45

ab
 0.11

ab
 

L.S.D 

(P<0.05) 

1.354 1.4777 0.8589 0.3730 0.1712 0.1616 4.1847 0.0959 0.0229 

S.E 0.5273 0.5753 0.3444 0.1452 0.0667 0.0629 1.6313 0.0373 8.91E
-03

 

 SITE 2  

T1 23.15
a
 20.67

a
 7.17

ab
 4.52

a
 1.47

ab
 1.94

a
 34.83

a
 0.55

ab
 0.13

a
 

T2 22.65
a
 20.62

a
 6.51

b
 3.66

b
 1.30

b
 1.57

b
 26.67

b
 0.47

b
 0.12

a
 

T3 23.22
a
 20.13

a
 7.49

a
 4.56

a
 1.50

a
 1.98

a
 31.13

ab
 0.51

ab
 0.12

a
 

T4 23.62
a
 18.93

a
 7.63

a
 4.12

ab
 1.52

a
 1.74

ab
 32.45

a
 0.56

a
 0.14

a
 

L.S.D 

(P<0.05) 

1.1611 1.7596 0.8918 0.6592 0.1823 0.2829 5.2041 0.0836 0.0215 

S.E 0.4521 0.6851 0.3472 0.2567 0.0710 0.1101 2.0263 0.0325 8.38E
-03

 

 

S.L= Shoot length (cm), R.L= Root length (cm), SFW= Shoot fresh weight (g), RFW=Root fresh weight (g), 

SDW= Shoot dry weight (g), RDW= Root dry weight (g), Nod. No= Nodule number, NFW= Nodule fresh 

weight (g), NDW= Nodule dry weight (g).  

The means followed by the same letters do not differ significantly at α=0.05 (LSD), S.E= Standard error 
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Figure 5.4: Above and below ground plant biomass and shoot: root ratio of 10 chickpea 

genotypes (A-J; Table 5.2) measured 60 days after sowing at two experimental sites  

(T1= Ca-34
T
, T2=TAL-1148, T3=Ca-34

T
+TAL-1148, T4=Control) 
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Figure 5.5: Above and below ground plant biomass and shoot: root ratio of 10 genotypes of 

chickpea (A-J; Table 5.2) measured 120 days after sowing at two experimental sites  

(T1= Ca-34
T
, T2=TAL-1148, T3=Ca-34

T
+TAL-1148, T4=Control) 
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5.4.3 Nodulation response  

5.4.3.1 Nodulation pattern of genotypes 

Nodules were observed along entire primary/tap root in most of the genotypes forming 

crown forming whorls around the root (Fig 5.6). Very few nodules were observed on 

secondary roots showing that movement of inoculated bacteria along the roots is limited 

(Fig 5.7, 5.8) in both soils. With seed inoculation, most of the nodules occur at the crown 

region of the roots, whereas soil inoculation particularly below the seed, results in the 

formation of nodules on the lower portion of the roots. Rate of movement and 

multiplication of rhizobia do not occur fast enough to keep up with the rate of root 

elongation (Caetano-Anolles et al., 1992), hence more nodules are observed near to the 

inoculation site. It has been reported that both crown and lateral nodules differ in their 

nitrogen fixation potential. Nodules at the crown region are active during the early stage 

of plant growth (Bergensen, 1958) while nodules on the lower root system and lateral 

roots are formed later and continue fixing N2 longer (Hardarson, 1993; Ciafardii and  

Barbieri, 1987). Indigenous rhizobia vigorously compete with inoculant strains and 

frequently are more successful in nodulation (Laguerre et al., 2003; Thies et al., 1991) 

but the nodules in that case are formed both on primary as well as secondary roots and 

often occur singly.  

 

 

Figure 5.6: Nodulation pattern of chickpea genotype on tap root; crown nodules 

forming whorl (A) and multilobed nodules observed singly (B, C)  
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5.4.3.2 Number of nodules  

Site 1: Nodulation data regarding nodule number, nodule fresh and dry weight shows a 

significant genotypic differential response, bacterial inoculation treatment and interaction 

of G x T (P<0.05 for all). Nodulation was significantly increased in Ca-34
T
 inoculated 

treatment followed by the mix inoculation of Ca-34
T
+TAL-1148 (Table 5.5; Fig. 5.7, 

5.9). Inoculation of TAL-1148 alone showed a non-significant difference in nodulation. 

Most inoculation-responsive kabuli genotypes were Pb-Noor-2009 (Fig. 5.10; Site 1) 

followed by PKV-2. The only responsive desi genotype was CH23/00. Nodule biomass 

however, was unaffected by inoculation treatment.   

Site 2: Nodulation response was similar as observed at site 1 (P<0.05 for genotype and 

treatment). In contrast to observed at site 1, nodulation at this site was more significantly 

improved in the Ca-34
T
+TAL-1148 mix inoculation followed by the single inoculation of 

Ca-34
T
 (Table 5.5; Fig. 5.8, 5.9). At this site the most responsive kabuli genotype was 

PKV-2 followed by Pb-Noor-2009 (Fig. 5.10; Site 2). Many desi genotypes showed 

improved nodulation with inoculation of Ca-34
T
 or mix inoculation with Ca-34

T
+TAL-

1148. Pb-2008 was the most responsive genotype followed by CH23/00 and B8/02. 

Nodule fresh weight and dry weight were however non-significant among the treatments.   
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Figure 5.7: Nodulation response of kabuli chickpea genotype CM-2008 and desi 

genotype 93127 towards bacterial inoculation at site 1 

(T1= Ca-34
T
, T2=TAL-1148, T3=Ca-34

T
+TAL-1148, T4=Control) 

 

 

  



Chickpea inoculation studies 
 

148 

 

 

 

 

 

Figure 5.8: Nodulation response of kabuli chickpea genotype CM-2008 and desi 

genotype CH21/02 towards bacterial inoculation at site 2 

(T1= Ca-34
T
, T2=TAL-1148, T3=Ca-34

T
+TAL-1148, T4=Control) 
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Table 5.5: Effect of bacterial inoculation on nodulation of 10 genotypes of chickpea 

compared at two experimental sites  

(measured at 120DAS) 

 

 Nod. No= Nodule number, NFW= Nodule fresh weight (g), NDW= Nodule dry weight (g).  

* Highly significant at 0.05% 

The means followed by the same letters do not differ significantly at α=0.05 (LSD), S.E= Standard error 

  

Treatments Nod. no NFW NDW Nod. no. NFW NDW 

P values from ANOVA table 

SITE 1 SITE 2 

Genotypes (G) 0.0019* 0.0331* 0.0181* 0.0001* 0.0008* 0.0051* 

Treatments(T) 0.0041* 0.1180 0.1393 0.0000* 0.2373 0.3766 

G x T 0.0028* 0.0150* 0.0076* 0.0000* 0.0770 0.1878 

Minimum 36.250 0.6456 0.1675 38.813 1.0269 0.2681 

Maximum 64.250 1.5650 0.4237 78.438 3.0413 0.6775 

Treatment means (averaged over genotypes & replicates) 

SITE 1 SITE 2 

T1 55.85
a
 1.23

a
 0.33

a
 62.23

ab
 2.21

a
 0.53

a
 

T2 40.08
b
 1.01

a
 0.28

a
 50.85

c
 1.93

a
 0.50

a
 

T3 50.93
ab

 1.42
a
 0.38

a
 72.15

a
 1.90

a
 0.50

a
 

T4 39.36
b
 1.06

a
 0.28

a
 58.98

bc
 2.23

a
 0.58

a
 

L.S.D 

(P<0.05) 

13.881 0.5138 0.1317 10.935 0.5490 0.1412 

S.E 5.3021 0.1963 0.0503 4.1768 0.2097 0.0539 
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Figure 5.9: Mean bacterial inoculation response on nodulation of chickpea 

(averaged over chickpea genotypes and replicates) at two experimental sites 

Different upper case (at site 1) and lowercase (at site 2) letters indicate significant differences between 

means of treatments. Means were compared at α=0.05 (LSD)  
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Figure 5.10: Response of 10 chickpea genotypes towards bacterial inoculation  

Different upper case letters indicate significant differences between means of treatments. Means were 

compared at α=0.05 (LSD)  

      Shows the chickpea genotypes that have significant increase in nodules after single or mix inoculation   

with Ca-34
T 
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5.4.4 Inoculation response on yield components 

Site 1: The plants were harvested at 180 days after sowing. The final plant growth was 

significant among the genotypes (P<0.05) and non-significant among bacterial 

inoculation (Table 5.6). Ca-34
T
 inoculated plants showed reduced vegetative growth 

(primary and secondary branches and plant height) as compared to other treatments 

(Table 5.7).  

Yield data regarding individual plants i.e., no. of pods, no. of seeds, seed yield 

and straw weight (Table 5.6) showed a significant response of genotype, bacterial 

inoculation treatment, as well as interaction of G x T (P<0.05 for all). Maximum pods, 

secondary branching, and straw weight were observed in desi genotype CH23/00 while 

maximum seeds number and grain yield was observed in desi genotype Pb-2008. 

Generally, mix inoculation of Ca-34
T
+TAL-1148 showed maximum increase in pod and 

seed number, seed and biomass production per plant (Table 5.7).  

Site 2: The response at this site was similar to that observed at site 1. Genotypic response 

was significant while inoculation response was non-significant (Table 5.6). Inoculated 

and non-inoculated plants produced similar plant heights, primary and secondary 

branches (Table 5.7).  

 Yield data regarding individual plants showed significantly different response of 

genotype and interaction of G x T (P<0.05 for both) while non-significant response of 

inoculation on the whole (Table 5.7). Maximum pods, seeds, and secondary branching 

were observed on desi genotype CH23/00 while grain yield and straw weight was 

maximum in desi genotype CH21/02.  
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Table 5.6: ANOVA table of the effect of bacterial inoculation on genotypes of 

chickpea at plant maturity (180DAS) compared at two experimental sites (showing 

only the probability values at 0.05 level) 

 

 

PH= Plant height (cm), PB= no. of primary branches, SB= no. of secondary branches, Pod/P= no. of pods 

per plant, Sd/P= no. of seeds per plant, Swt/P= Straw weight per plant (g), Gwt/P= Grain weight per plant 

(g).  

*Highly significant at 0.05%

Treatments PH PB SB Pod/P Sd/P Swt/P Gwt/P 

 SITE 1  

Genotypes (G) 0.0000* 0.0000* 0.0000* 0.0000* 0.0000* 0.0000* 0.0000* 

Treatments (T) 0.0129* 0.4106 0.1612 0.0025* 0.0006* 0.0000* 0.0030* 

G x T 0.0000* 0.2328 0.0006* 0.0000* 0.0000* 0.0000* 0.0000* 

Minimum 40.875 2.6875 5.688 19.312 19.62 6.196 5.169 

Maximum 56.438 9.0625 14.438 81.938 114.00 18.689 21.472 

 SITE 2  

Genotypes (G) 0.0000* 0.0000* 0.0005* 0.0000* 0.0004* 0.0039* 0.0000* 

Treatments (T) 0.1909 0.5530 0.5717 0.9012 0.8503 0.1664 0.9012 

G x T 0.4122 0.1279 0.0052 0.0027* 0.0010* 0.0312* 0.0027* 

Minimum 45.312 4.6875 6.813 41.567 44.375 9.351 12.318 

Maximum 58.00 9.000 13.625 85.875 97.050 16.343 22.307 
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Table 5.7: Mean bacterial inoculation effect on yield of chickpea averaged over 

genotypes and replications compared at two experimental sites.  

Measurements were made at crop maturity (180DAS)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PH= Plant height (cm), PB= no. of primary branches, SB= no. of secondary branches, Pod/P= no. of pods 

per plant, Sd/P= no. of seeds per plant, Swt/P= Straw weight per plant (g), Gwt/P= Grain weight per plant 

(g).  

Means followed by the same letters do not differ significantly at α=0.05 (DMR), S.E= Standard error 

  

Treatments PH PB SB Pod/P Sd/P Swt/P Gwt/P 

SITE 1 

T1 47.47
ab

 6.22
a
 8.87

a
 47.52

ab
 63.80

ab
 11.33

b
 12.75

ab
 

T2 48.42
ab

 6.12
a
 9.45

a
 45.37

b
 63.37

ab
 11.47

b
 12.65

ab
 

T3 49.07
a
 6.45

a
 10.35

a
 55.10

a
 76.27

a
 14.05

a
 15.44

a
 

T4 45.37
b
 5.67

a
 8.75

a
 42.67

b
 55.05

b
 10.14

b
 11.51

b
 

L.S.D 

(P<0.05) 

3.067 1.223 2.037 8.705 12.928 1.898 2.760 

S.E 1.1718 0.467 0.778 3.325 4.938 0.725 1.054 

SITE 2 

T1 51.62
a
 6.35

a
 9.15

a
 57.12

a
 75.82

a
 11.60

a
 17.59

a
 

T2 53.62
a
 6.85

a
 10.17

a
 59.42

a
 79.17

a
 14.02

a
 19.10

a
 

T3 52.62
a
 7.05

a
 9.07

a
 58.80

a
 76.55

a
 13.23

a
 17.93

a
 

T4 51.30
a
 6.90

a
 9.12

a
 56.15

a
 73.05

a
 12.99

a
 15.60

a
 

L.S.D 

(P<0.05) 

3.061 1.342 2.394 12.696 18.105 2.839 4.090 

S.E 1.169 0.512 0.914 4.849 6.915 1.084 1.562 
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5.4.5 Harvest index  

Harvest index (HI) is the ratio between total biomass and economic yield. Yield is 

positively correlated with an adequate production of photosynthetic assimilates and an 

adequate storage capacity to accept the product of photosynthesis. Varietal difference for 

harvest index have been reported in chickpea, mungbean (Malik et al., 1981; Singh et al., 

1980) and rice (Fida et al., 1993). Improved harvest index has been responsible for the 

grain yield potential increase among major cereal species (Frey, 1981). The importance 

of changes in dry weight partitioning between organs have focused attention of scientists 

on harvest index as a specific selection criterion for plant breeders as the productivity of 

grain crops depends not only on dry matter accumulation, but also on its effective 

partitioning to economically important plant parts (Kumar et al., 2006; Richards, 2000). 

In grain crops, HI often neglects changes in partitioning between vegetative and 

reproductive plant parts during growth and development of the crop because it is 

measured at maturity (Egli et al., 1985). 

Site 1: Harvest index (Fig. 5.11; Site 1) was found maximum in Ca-34
T
-inoculated plants 

as compared to other treatments. Maximum increase (148%) in harvest index over control 

was observed in Ca-34
T
 inoculated followed by mix-inoculation of Ca-34

T
+TAL1148 in 

kabuli genotype CM-2008 while maximum increase in desi genotypes was observed in 

Ca-34
T
 inoculated CH21/02 genotype. Desi genotype Pb-2008 showed no change with 

Ca-34
T
 inoculation while showed increase in harvest index with other inoculation 

treatments. The genotype CH23/00 showed decreased harvest index with all inoculation 

treatments.  

Site 2: Harvest index was higher at this site but the response of genotype and treatment 

was similar as observed at site 1. All the genotypes showed increased harvest index with 

inoculation of Ca-34
T
 except desi genotype CH23/00 (Fig. 5.11; Site 2) that showed no 

response. Kabuli genotype CM-2008 showed maximum increase (72%) at this site as 

well.  
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Figure 5.11: Harvest index (%) of 10 genotypes of chickpea compared at site 1 (A) 

and site 2 (B) 

(T1= Ca-34
T
, T2= TAL-1148, T3=, Ca-34

T
+TAL-1148, T4= Control) 
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5.4.6 Biomass production 

Site1: Biomass production at this site ranged from 3570-5161 Kg/ha. Maximum biomass 

was produced in plants inoculated with mix inoculation of Ca-34
T
 and TAL-1148 

followed by Ca-34
T
 single inoculation (Fig. 5.12; Site 1).  

Site 2: Biomass production at this site was higher as compared to site 1. The average 

biomass production ranged from 6363-6929 Kg/ha although the effect of inoculation on 

biomass production was non-significant (Fig. 5.12; Site 2). This might be due to the 

reason that previously the site was occupied by legumes from many years and the 

indigenous Meso/brady/Rhizobium population of the soil might be high enough to 

overcome the inoculation response. 

5.4.7 Grain yield 

Site 1: Grain yield data relates with the total biomass results. Grain yield ranged from 

1317-2158 Kg/ha. Maximum grain yield was obtained in Ca-34
T
 inoculated plants 

followed by mix inoculation of Ca-34
T
 and TAL-1148 (Fig. 5.12; Site 1). Inoculation of 

single Rhizobium (TAL-1148) showed significantly reduced grain yield as compared to 

its mix inoculation at this site. This increase in growth might be attributed to the effect of 

Ca-34
T
.   

 Chickpea genotypes showed variable response (Fig. 5.13; Site 1) towards 

different bacterial inoculation treatments. The yield obtained in un-inoculated control 

plants was almost comparable to that reported for these genotypes (data provided in 

Table 5.2). The inoculation response was maximum in most of the kabuli genotypes as 

compared to desi genotypes. The single responsive desi genotype was B8/02 that showed 

maximum increase in grain yield by single or mix inoculation of Ca-34
T
 with TAL-1148. 

CM-2008 was the best kabuli genotype giving maximum yield response with Ca-34
T
 

inoculation (Fig. 5.13; Site 1). The results obtained at this site clearly showed that the 

increased grain yield is only due to the inoculation treatment not because of soil 

microflora.  
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Site 2: Grain yield was over all higher at this site as compared to site 1 but response was 

non-significant among the inoculation treatments (Fig 5.12; Site 2) due to the indigenous 

Meso/brady/Rhizobium population of the soil. Average grain yield ranged from 3478-

4265 Kg/ha.  

 At this site, although, the genotype response was variable but non-significant 

when compared to un-inoculated control plants (Fig. 5.13; Site 2). Inoculation response 

was significant only in one desi genotype Pb-2008 and three kabuli genotypes mostly in 

Ca-34
T
 inoculated plants. At this site, the average genotype grain yield in un-inoculated 

control plants was higher as compared to the yield reported for these genotypes (data 

presented in Table 5.2). This high yield is because of the Meso/brady/Rhizobium-rich soil 

and excellent fertility status of the soil due to the routine legume cultivation at this site.  

5.5 Relationship among the parameters 

Over all a positive linear relationship was found (r=0.26 to 0.856**) between grain yield 

and 100-grain weight, root length, nodule number, harvest index, shoot length, shoot 

fresh weight, root fresh weight, shoot dry weight, root dry weight, nodule fresh weight, 

nodule dry weight, grain yield per plant and biomass. Kabuli genotypes specifically 

showed higher correlation coefficient ratio (r values; Table 5.8a) as compared to desi 

genotypes (Table 5,8b).    

Analysis showed a positive relationship of grain yield with plant dry weight, 

nodule biomass, and straw yield (Fig. 5.14; 5.15). Linear regression effectively modelled 

these responses, accounting for 70-82% of of total variance. Interactions could not be 

explained by seed size (R
2
<0.24), nodule number (R

2
<0.339), pod number (R

2
<0.46), 

seed/plant (R
2
<0.43) with seed yield in any of the regression model (curvi-linear, linear, 

polynomial). It was not feasible to regress seed yield or seed size against these 

parameters as they accounted for substantially less variance than genotype, soil or 

inoculation.  
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Figure 5.12: Effect of bacterial inoculation on biomass production and grain yield of 

chickpea (averaged over genotype and replicates) at two experimental sites 

Different upper case and lowercase letters indicate significant differences between means of treatments. 

Same letters show non-significant difference among the means of the treatments.  Means were compared at 

α=0.05 (LSD)  
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Figure 5.13: Grain yield response of 10 genotypes of chickpea towards bacterial 

inoculation at two experimental sites 

Different upper case letters indicate significant differences between means of treatments. Means were 

compared at α=0.05 (LSD) 

      Shows the chickpea genotypes that have significant increase in grain yield after single or mix 

inoculation   with Ca-34
T 
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Multiple regression was used to model cumulative four-way interaction of number of 

nodules, nodule dry weight and plant dry weight to grain yield (R
2
=0.916),  and harvest 

index to plant dry weight, total biomass, straw yield and nodule number (R
2
=0.908; Fig. 

5.16) against genotype, inoculation and soil type accounting for more than 80% of the 

total variance. Significantly higher R
2 

value shows
 
positive quadric regression among 

these parameters.  

Principal component analysis (PCA) effectively summarized the relationship 

between the parameters measured across the bacterial inoculation treatments, capturing 

more than 70% of the variance in first two components at early flowering and pod filling 

stage. The PCA analysis done at maturity was more effective in summarizing yield data 

across the genotypes capturing more than 90% of the variance in first two components 

(Fig. 5.17). The relative position of chickpea genotypes clearly demonstrates the key 

genotype difference at two sites irrespective of the kabuli or desi type.  

PCA analysis done to compare the soil x inoculation x genotype (Fig. 5.17 b) 

showed that soil effect was pronounced and the treatments and genotypes loaded 

differently in two soils. 

Categorical principal component analysis (CATPCA) clearly shows the key 

differences in genotypes (Fig. 5.18a), inoculation treatments (Fig. 5.18b) and soil type 

(Fig. 5.18 c). PCA plots provided an effective tool for visual analysis of two-way data. 

The genotypes, inoculation and soil were found scattered in all directions in PCA plots 

showing the effect of genotype, inoculation or soil in the data. PC1 and PC2 were 

dominated by genotype × inoculation × soil. Most of the chickpea growth parameters 

were strongly positively correlated to each other (r<0.99) and positively loaded on PC1 

(Fig. 5.18 a, b, c). Non of the parameter was negatively correlated with other plant 

growth parameters to load negatively on PC1.  

Kabuli chickpea genotypes mostly loaded positively on the CATPCA showing the 

positive relationship to measured plant traits while desi genotypes mostly loaded 

negatively showing their negative interaction. The effect of soil was more pronounced  
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Table 5.8 (a): Correlation coefficients of kabuli chickpea genotypes calculated across bacterial inoculation treatments 

 

* Correlation (r) is significant at the 0.05 level (2-tailed). 

** Correlation (r) is significant at the 0.01 level (2-tailed). 

Values highlighted with blue show positive linear relationship to each other.       

GW= 100 grain weight, GY=Grain yield (tonnes/ha), NN= nodule number, HI= harvest index, SL= Shoot length, RL= Root length, SFW= Shoot 

fresh weight, RFW= Root fresh weight, SDW= Shoot dry weight, RDW= Root dry weight, NFW= Nodule fresh weight, GYP= Grain yield per 

plant, SY= Straw yield, BM= Biomass (tonnes/ha)  

 GW GY NN HI SL RL SFW RFW SDW RDW NFW NDW GYP PDW SY BM 

GW 1 .190 .301 .233 -.311 -.001 .139 -.060 .108 -.061 .154 .141 .205 .064 -.139 .052 

GY .190 1 .388* .823** .550** .124 .602** .543** .561** .586** .470** .469** .726** .612** .342 .857** 

NN .301 .388* 1 .153 .203 .235 .312 .276 .358* .277 .732** .740** .494** .540** .500** .534** 

HI .233 .823** .153 1 .538** .119 .602** .427* .518** .455** .244 .225 .353* .133 -.188 .449* 

SL -.311 .550** .203 .538** 1 .351* .480** .588** .547** .559** .291 .272 .349 .289 .154 .453** 

RL -.001 .124 .235 .119 .351* 1 -.035 .198 -.034 .133 .051 .037 .083 .032 -.043 .060 

SFW .139 .602** .312 .602** .480** -.035 1 .761** .933** .778** .579** .558** .253 .171 .030 .420* 

RFW -.060 .543** .276 .427* .588** .198 .761** 1 .707** .986** .593** .569** .336 .287 .166 .455** 

SDW .108 .561** .358* .518** .547** -.034 .933** .707** 1 .721** .626** .601** .320 .243 .092 .426* 

RDW -.061 .586** .277 .455** .559** .133 .778** .986** .721** 1 .629** .609** .366* .316 .189 .496** 

NFW .154 .470** .732** .244 .291 .051 .579** .593** .626** .629** 1 .998** .445* .487** .450** .561** 

NDW .141 .469** .740** .225 .272 .037 .558** .569** .601** .609** .998** 1 .454** .510** .488** .581** 

GYP .205 .726** .494** .353* .349 .083 .253 .336 .320 .366* .445* .454** 1 .941** .682** .860** 

PDW .064 .612** .540** .133 .289 .032 .171 .287 .243 .316 .487** .510** .941** 1 .890** .897** 

SY -.139 .342 .500** -.188 .154 -.043 .030 .166 .092 .189 .450** .488** .682** .890** 1 .777** 

BM .052 .857** .534** .449* .453** .060 .420* .455** .426* .496** .561** .581** .860** .897** .777** 1 
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Table 5.8 (b): Correlation coefficients of desi chickpea genotypes calculated across bacterial inoculation treatments 

 
 GW GY NN HI SL RL SFW RFW SDW RDW NFW NDW GYP PDW SY BM 

GW 1 .294* .078 .421** .391** .130 .264 .052 .258 .055 .107 .089 -.044 -.142 -.244 .078 

GY .294* 1 .383** .708** .643** .378** .744** .553** .700** .557** .430** .436** .447** .355* .198 .838** 

NN .078 .383** 1 .275 .382** .295* .502** .554** .558** .556** .793** .772** .168 .148 .106 .338* 

HI .421** .708** .275 1 .637** .185 .559** .358* .535** .364* .195 .213 -.159 -.337* -.513** .230 

SL .391** .643** .382** .637** 1 .017 .685** .303* .671** .307* .326* .375** .199 .086 -.062 .433** 

RL .130 .378** .295* .185 .017 1 .281 .509** .222 .510** .439** .460** .215 .207 .172 .371** 

SFW .264 .744** .502** .559** .685** .281 1 .637** .961** .640** .595** .635** .337* .255 .123 .610** 

RFW .052 .553** .554** .358* .303* .509** .637** 1 .650** .999** .763** .712** .250 .247 .213 .521** 

SDW .258 .700** .558** .535** .671** .222 .961** .650** 1 .653** .632** .674** .308* .236 .119 .576** 

RDW .055 .557** .556** .364* .307* .510** .640** .999** .653** 1 .755** .708** .242 .239 .206 .520** 

NFW .107 .430** .793** .195 .326* .439** .595** .763** .632** .755** 1 .950** .285* .303* .288* .473** 

NDW .089 .436** .772** .213 .375** .460** .635** .712** .674** .708** .950** 1 .276 .285* .262 .463** 

GYP -.044 .447** .168 -.159 .199 .215 .337* .250 .308* .242 .285* .276 1 .955** .783** .761** 

PDW -.142 .355* .148 -.337* .086 .207 .255 .247 .236 .239 .303* .285* .955** 1 .932** .777** 

SY -.244 .198 .106 -.513** -.062 .172 .123 .213 .119 .206 .288* .262 .783** .932** 1 .700** 

BM .078 .838** .338* .230 .433** .371** .610** .521** .576** .520** .473** .463** .761** .777** .700** 1 

 

* Correlation (r) is significant at the 0.05 level (2-tailed). 

** Correlation (r) is significant at the 0.01 level (2-tailed). 

Values highlighted with blue show positive linear relationship to each other. 

 

GW= 100 grain weight, GY=Grain yield (tonnes/ha), NN= nodule number, HI= harvest index, SL= Shoot length, RL= Root length, SFW= Shoot 

fresh weight, RFW= Root fresh weight, SDW= Shoot dry weight, RDW= Root dry weight, NFW= Nodule fresh weight, GYP= Grain yield per 

plant, SY= Straw yield, BM= Biomass (tonnes/ha) 
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showing all the genotypes in soil 2 loaded on positive side while the genotypes in soil 1 

loaded on negative side. The positive interactions (i.e., kabuli genotype x soil 2x T1; and 

T3, and desi genotype x soil 1 x inoculation with either T1, T2 or T3) suggest to favor the 

positive interaction and avoid the negative interaction by deploying different cultivars for 

different environments alongwith the substantial inoculation. 
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Fig: 5.14 Straw yield response to plant dry weight as a function of bacterial 

inoculation in ten chickpea genotypes at two soil types 

 
1= Ca-34

T
, 2= TAL-1148, 3=, Ca-34

T
+TAL-1148, 4= Control (soil types are mentioned with 

same legend in graph) Regression slop straw yield vs. plant dry weight. R
2
=0.834 
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Fig: 5.15 Grain yield response to plant dry weight as a function of bacterial 

inoculation in ten chickpea genotypes at two soil types 

 
1= Ca-34

T
, 2= TAL-1148, 3=, Ca-34

T
+TAL-1148, 4= Control (soil types are mentioned with 

same legend in graph) Regression slop grain yield vs. plant dry weight. R
2
=0.909 
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Fig: 5.16 Grain yield response to plant dry weight, nodule number and nodule dry 

weight as a function of bacterial inoculation  

T1= Ca-34
T
, T2= TAL-1148, T3=, Ca-34

T
+TAL-1148, T4= Control. Quadric regression slop 

from grain yield as dependent variable and plant dry weight, nodule number, nodule dry weight 

as independent variables. R
2
=0.90 
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Figure 5.17 (a): Principal component analysis (PCA) of plant traits measured across 

10 chickpea genotypes at 180DAS at two different sites.  

Factor loadings in PC1 and PC2 are presented as vectors using external scale 
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Figure 5.17 (b): Principal component analysis (PCA) showing the effect of chickpea 

genotypes after four bacterial inoculation treatments at two different sites 

PC1=49.18%, PC2=18.82% 
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Figure 5.17 (c): Principal component analysis (PCA) of plant traits measured across 

10 chickpea genotypes after four bacterial inoculation treatments at two different 

sites. PC1=49.18%, PC2=18.82% 

T1= Ca-34
T
, T2= TAL-1148, T3=, Ca-34

T
+TAL-1148, T4= Control  
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Fig. 5.18 (a): Categorical principal component analysis (CATPCA) of plant traits 

measured across 10 chickpea genotypes. 

1=CM-2008, 2=Pb-Noor-2009, 3=CC121/00, 4=PKV-2, 5=Pb-2008, 6=CH23/00, 7=B8/02, 

8=93127, 9=CH21/02, 10=CM72/02. Factor loadings in PC1 and PC2 are presented as vectors 

using external scale 

SY=Straw yield, PDW=Plant dry weight,GYPP= Grain yield per plant, BM= Biomass, GY= 

Grain yield, NFW= Nodule fresh weight, RFW= Root fresh weight, RDW= Root dry weight, 

NDW= Nodule dry weight, NN= nodule number, SFW= Shoot fresh weight, SDW=Shoot dry 

weight, SL= Shoot length, RL= Root length, HI= Harvest index, GW=100 grain weight 
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Fig. 5.18 (b): Categorical principal component analysis (CATPCA) of plant traits 

measured across four bacterial inoculation treatments  

1= Ca-34
T
, 2= TAL-1148, 3=, Ca-34

T
+TAL-1148, 4= Control. Factor loadings in PC1 and PC2 

are presented as vectors using external scale 

SY=Straw yield, PDW=Plant dry weight,GYPP= Grain yield per plant, BM= Biomass, GY= 

Grain yield, NFW= Nodule fresh weight, RFW= Root fresh weight, RDW= Root dry weight, 

NDW= Nodule dry weight, NN= nodule number, SFW= Shoot fresh weight, SDW=Shoot dry 

weight, SL= Shoot length, RL= Root length, HI= Harvest index, GW=100 grain weight 
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Fig. 5.18 (c): Categorical principal component analysis (CATPCA) of plant traits 

measured across two soil types 

 1= Site 1, 2= Site 2. Factor loadings in PC1 and PC2 are presented as vectors using external 

scale 

SY=Straw yield, PDW=Plant dry weight,GYPP= Grain yield per plant, BM= Biomass, GY= 

Grain yield, NFW= Nodule fresh weight, RFW= Root fresh weight, RDW= Root dry weight, 

NDW= Nodule dry weight, NN= nodule number, SFW= Shoot fresh weight, SDW=Shoot dry 

weight, SL= Shoot length, RL= Root length, HI= Harvest index, GW=100 grain weight 

 

 



Chickpea inoculation studies 
 

174 

 

5.6 Conclusions 

The data presented in this chapter showed a strong genotype x soil x bacterial 

inoculation interaction in chickpea. Genotype and soil were found to be the most 

important factors contributing towards the bacterial inoculation due the inherent genetic 

variability of desi and kabuli genotypes and high indigenous soil population that is 

known to contribute significantly in nodulation and yield sometimes out-competing the 

inoculants strains.  

The data shows that although Ca-34
T
-inoculation has non-significant effect on 

early plant growth and flowering but significant effect on chickpea nodulation especially 

at site 1 (more than 100% increase over control). Most responsive were kabuli genotypes 

Pb-Noor-2008 and PKV-2 which showed significant increase in nodulation at both the 

sites. Among desi genotypes, CH23/00 was most responsive genotype at both 

experimental sites. Pb-2008 also showed increased nodulation in T3-inoculated plants. 

Harvest index in Ca-34
T
-inoculated plants were increased up to 72% from control. Kabuli 

genotype CM-2008 showed maximum increase in harvest index (148%).  

A highly significant yield response was observed by Ca-34
T
-inoculation. All 4 

kabuli genotypes tested gave significant yield increase by inoculation at both sites. Only 

one desi genotype B8/02 at site 1 and Pb-2008 at site 2 showed increase in yield by Ca-

34
T
-inoculation.  

The inoculation effect was more pronounced in marginal soil where no legume 

was grown previously as compared to the soil where legumes were routinely grown. The 

results showed that soil 1 was the best environment for desi genotypes and soil 2 was 

better for kabuli types. Generally, the response of kabuli genotypes towards Ca-34
T
-

inoculation was more significant as compared to desi genotypes. The data suggests 

devising effective strategies for improving the yield of kabuli chickpea in the country by 

inoculation with Ca-34
T
. Although, comprehensive studies are available on 

Meso/Rhizobium-chickpea interaction but this kind of ecological data is being reported 

for the first time in literature for Ochrobactrum. 



Chapter 6 

Root and nodule colonization studies of Ochrobactrum ciceri  

Part 1: Colonization and survival of inoculated O. ciceri in chickpea  

The most important requirement for an agronomically useful bacterium-plant interaction 

is to establish a significant population on or in the host roots,
 
under competitive 

conditions in soil. The inoculated bacteria must survive long enough after sowing, to 

nodulate the host legume. It would be desirable for the introduced bacteria to persist 

between cropping seasons. The ability of rhizosphere bacterial strains to maintain and 

establish a significant population size along or in the vicinity of elongating root system is 

a key determinant in its effect on plant growth and an important issue in sustainable 

agriculture. The inoculant strains are selected for their good symbiotic ability and 

rhizospheric competitiveness because of the fact that different bacteria have different 

survival ability in different soils (Boonkerd and Weaver, 1982).   

Ochrobactrum spp. have been found to be present inside the roots of different 

plants and nodules and reported to be weak colonizer of rice roots in vitro (Tripathi et al., 

2006; Verma et al., 2004). However, the data regarding its colonization potential, 

competitive ability and survival in the rhizosphere under field conditions is still lacking. 

Therefore, present experiments were conducted to quantify the population level of 

inoculated Ochrobactrum spp. in chickpea in competition with the co-inoculated 

Rhizobium species and indigenous bacterial population.  

In vitro antibiosis of co-inoculating strains Ca-34
T 

and TAL-1148 was done as 

described in section 2.7.12. Chickpea roots (at 30DAS) and nodules (at 80DAS) were 

collected from the chickpea inoculated field experiment (mentioned in chapter 5). Total 

bacterial population (from roots) was quantified by MPN-count (section 2.6.1) on LB-
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agar plates and Ochrobactrum-like population was quantified on YEM-congored plates. 

Ochrobactrum-like isolates were further purified, screened and their cell morphologies 

were confirmed under light microscope. The isolates with typical Ochrobactrum-like cell 

morphologies were further selected and whole cell antigens were prepared as described in 

section 2.9.4.1. Immunoblotting was carried out as described in 2.9.4.5 to confirm these 

isolates. Nodules were sterilized, crushed in 200 µL distilled water and directly loaded to 

the nitrocellulose membrane for immunoblotting. Ten nodules per treatment were 

randomly selected and tested for presence or absence of the Ochrobactrum. The isolates 

giving positive results in immunobllotting were reconfirmed with Ochrobactrum-specific 

primers.  

6.1 In vitro antibiosis assays 

The Ochrobactrum species are usually fast growing and the colonies appear after 16-20h 

incubation on agar plates while TAL-1148 is relatively slow growing and colonies appear 

after 24-36h incubation but there was no inhibitory effect of inoculating both strains on 

the same plate and the interaction of Ochrobactrum and Rhizobium species was not found 

to be antagonistic in vitro. This was further confirmed with discs impregnated with 

culture filtrate of Ochrobactrum spp. Ca-34
T
 and PV2Z2 that showed no inhibitory effect 

on the growth of Rhizobium sp. TAL-1148. 

6.2 Recovery of Ochrobactrum from roots 

Ochrobactrum species are present both as free-living as well as symbiotic forms. The 

nodulating species must have been isolated from nodules on YEM or some other 

Rhizobium-selective medium which are specifically used for nodule endophytes. In this 

experiment, we tried to use YEM-congored as selective medium for Ochrobactrum 

isolation from nodules as well as roots. All the type strains of the genus Ochrobactrum 

(Table 2.1) were checked for their growth on this medium and it was found that they not 

only grow on this medium but Ca-34
T
 gives a characteristic red colored colony on this 

medium. Hence, we used this medium for re-isolation from inoculated fields. 
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Figure 6.1: Isolation of Ochrobactrum-like bacteria from chickpea roots on YEM-

congored agar plates 

 

 

  

Culture-dependent 
isolation of 
Ochrobactrum-like 
bacteria 

 

The red colonies (marked 
with white arrows) 
indicate the colonies that 
show typical 
Ochrobactrum-like cell-
morphologies under light 
microscope. The cell size 
and shape is comparable 
to that of other 
Ochrobactrum spp. 
Marked colonies show red 
color after 1-2 days 
incubation at 28±2°C 
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The appearance of Ca-34
T
-like colonies on YEM-congored plates were tentatively 

screened as Ochrobactrum (Fig. 6.1) and further studied for their cell morphology under 

light microscope. From inoculated chickpea root samples taken from field, many 

Ochrobactrum-like isolates were obtained from which almost 200 colonies were 

randomly selected. Our results indicate that the strain has good competition ability and 

can dominate the indigenous rhizosphere population as shown by root colonization data 

(Fig 6.2).  This high population level is due to the use of selective medium and also due 

to the fact that inoculation on the seeds was made directly thus restricting the 

multiplication of inoculated bacteria in the same environment. The isolates giving typical 

Ochrobactrum-like cell morphology were further selected for confirmation.  

 

 

Figure 6.2: Bacterial population (log of cfu) on roots of 10 chickpea genotypes 

inoculated with Ca-34
T
 30DAS (The blue bars represent the total bacterial population while red 

bars indicate the Ochrobactrum-like population on YEM-congored agar) 
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The number of Ochrobactrum-like isolates on chickpea roots range from 1.6x10
5
-3.6x10

6
 

cfu per gram fresh root after 30 days of sowing constituting almost 8-20% fraction of 

total cultivable bacterial population on YEM-congored agar. All the chickpea genotypes 

(including both kabuli and desi genotypes) showed the colonization of Ochrobactrum-

like bacterial population on roots showing that this colonization is not genotype-specific 

but might be a general phenomenon for chickpea and Ochrobactrum spp.  

6.2.1 Confirmation of re-isolates 

The bacterial isolates giving the typical Ochrobactrum-like cell morphologies were 

processed for whole-cell antigen preparation. The specificity of Ca-34
T
 antiserum was 

confirmed by cross-reaction (earlier discussed in chapter 2). The cross-reactivity results 

(chapter 2) showed that the antiserum is although specific but can also detect some other 

members of the genus Ochrobactrum. 

 The immunoblot results of Ochrobactrum-like isolates obtained from chickpea 

rhizosphere further screened the isolates (Fig. 6.3). Among 200 bacterial isolates 

tentatively identified as Ochrobactrum-like isolates on the basis of colony and cell 

morphology, 11 isolates gave positive immunoblot reaction with antiserum of Ca-34
T
. 

From these results, it can be concluded that the isolates giving strong positive reaction in 

immunoblot may belong to genus Ochrobactrum. The presence of O. ciceri Ca-34
T
 was 

further confirmed by using Ca-34
T 

specific primers in PCR. Out of 11 bacterial isolates, 

three gave positive amplification confirming the presence of Ca-34
T
. On the basis of data 

obtained, it was concluded that although morphological screening is helpful while dealing 

large population but final confirmation needs the use of other techniques. Out of 200 

screened isolates 3 were found to be Ca-34
T
 forming almost 1.5% of total bacterial 

population on roots. Our findings are in line with the earlier findings of (Lebuhn et al., 

2000 & 2006) who reported that the Ochrobactrum species constitute 2% of total 

rhizosphere and 0.3% of rhizoplane population.  
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Figure 6.3: Representative Immunoblot of root isolates   

Immuno-blot hybridization  

The picture shows the image of 
the nitrocellulose membrane 
hybridized with the antibodies 
of Ca-34.  

Lanes 1-9 show the test 
bacterial antigens prepared 
from different root isolates 

The lane 10 shows the 
reference bacterial antigens 

A10, B10= Rhizobium sp. (-ve 
control) 

C10, D10= Ca-34 (+ve control) 

E10, F10= Pv2Z2 (+ ve control) 

G10= water (reagent control) 

H10, I10= Rhizobium sp. (-ve 
control) 

J10, K10= TAL-1148 (- ve 
control) 

L10, M10= Ca-34 (+ve control) 

N10, O10= Water/reagent 
control 

P10, Q10= Pv2Z2 (+ ve control) 
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6.3 Recovery of Ochrobactrum from nodules 

The nodules obtained from 10 chickpea genotypes were randomly selected from each 

treatment and processed for bacterial isolation on YEM-congored agar as described for 

roots. On morphological basis, Ochrobactrum-like bacterial population detected in 

nodules ranged from 1x10
3
-8x10

5
 per gram of nodule fresh weight constituting about 

0.04-5% of total culture-able nodule population in different chickpea genotypes. 

Although, different genotypes showed variable response at both sites but the population 

of Ochrobactrum-like bacteria was not significantly affected by the single or mix 

inoculation (Fig. 6.4 & 6.5). Generally, kabuli genotypes showed more colonization in 

nodules as compared to desi genotypes. 

6.3.1 Confirmation of nodule isolates and direct nodule immunoblotting 

The colonies giving Ochrobactrum-like cell morphology were used to prepare antigens. 

Moreover, along with these cultured isolates, 10 nodules from each genotype per 

treatment were randomly selected for direct nodule immunoblotting. The nodules were 

sterilized, crushed, applied to immunoblot and processed for immunoblotting reaction as 

described earlier. Among 45 nodules isolates and 800 nodules screened, the immunoblot 

showed strong positive reaction in 7 (5 nodule isolates and 2 nodules) showing the 

presence of Ca-34
T
 (0.82%) in the nodules.  

 The chickpea nodules which were used for bacterial isolation were found to be 

usually colonized by more than one type of bacteria. Usually 2-3 different types of 

colonies were observed in most of the nodules recovered from inoculated fields. The 

existence of more than one bacteria within nodule has been known in many legumes 

(Mishra et al., 2009; Stajković et al., 2009; Barrett and  Parker, 2006; Mrabet et al., 

2006; Wang et al., 2006a & b; Zakhia et al., 2006; Kuklinsky-Sobral et al., 2005; 2004) 

including chickpea (Hameed et al., 2004). Apart from these bacteria, a dominant 

population of uncultivable bacteria also known to exist in nodules of wild legumes 

(Muresu et al., 2008). 
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Figure 6.4: Bacterial population (log of cfu) from nodules of 10 chickpea genotypes 

inoculated with Ca-34
T
 80DAS at two sites (The blue bars represent the total bacterial 

population while red bars indicate the Ochrobactrum-like population on YEM-congored agar) 
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Figure 6.5: Bacterial population (log of cfu) from nodules of 10 chickpea genotypes 

inoculated with Ca-34
T
+TAL-1148 80DAS at two sites (The blue bars represent the total 

bacterial population while red bars indicate the Ochrobactrum-like population on YEM-congored agar) 
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Figure 6.6: Representative immunoblot of nodule isolates and nodules 

  

Immuno-blot hybridization  

The picture shows the image 
of the nitrocellulose 
membrane hybridized with 
the antibodies of Ca-34 T.  

Lanes 1-9 show the antigens 
prepared from nodule isolates  

The lane 10-14 show the 
crushed nodules  

L11 and L12= Ca-34T 

(positive control)  

K 14= water (negative  
control) 
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6.3.2 16S rRNA sequence based identification of selected root and nodule isolates  

Some of the bacterial isolates from chickpea rhizosphere and nodules which were giving 

different colony and cell morphologies from Ochrobactrum or Meso/rhizobium were 

selected for identification based on 16S rRNA gene sequence. The isolates contained 

either IAA production or P-solubilization ability. Amplification and direct sequencing of 

16S rRNA gene was carried out as described in 2.8.3.3.  The sequences were searched in 

NCBI database and maximum homologies were determined (Table 6.1). Out of total 16 

isolates, sequences obtained for 13 isolates were found to be reliable and submitted to 

database and accession numbers obtained.  

 The results showed that Bacillus is the main genus present in the chickpea 

rhizosphere or nodule (8 out of 13). Agrobacterium were also found (3 out of 13). These 

results support earlier findings that legume nodules and roots are also colonized by PGPR 

strains from diverse genera including Bacillus and Agrobacterium (Mishra et al., 2009; 

Stajković et al., 2009; Barrett and  Parker, 2006; Mrabet et al., 2006; Wang et al., 2006a 

& b; Zakhia et al., 2006; Hameed et al., 2004; Kuklinsky-Sobral et al., 2005; 2004). 
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Table 6.1: Identification of bacterial isolates from chickpea root and nodules based 

on 16S rRNA gene sequence  

 

 

  

No. Isolate 

code 

Isolated 

from 

Identified as Accession no. 

1 CaR-52 roots Agrobacterium sp. HE572889 

2 CaR-68 Bacillus licheniformis  HE572890 

3 CaR-89 Bacillus licheniformis  HE572891 

4 CaR-134 Uncultured actinobacterium sp. Not assigned 

5 CaR-138 Agrobacterium sp. HE572892 

6 CaR-147 Bacillus licheniformis  HE572893 

7 CaR-148 Bacillus sp.  HE572894 

8 CaR-151 Agrobacterium sp.  HE572895 

9 CaN-G1/8 Nodules Uncultured bacterium clone  Not assigned 

10 CaN-GC/3 Bacillus pumilus  HE572896 

11 CaN-I1/3 Bacillus cerus  HE572897 

12 CaN-J1/4 Bacillus sp.  HE572898 

13 CaN-J1/5 Bacillus cerus  HE572899 
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Part 2: Colonization in rhizosphere of un-inoculated crops 

As an appreciable population of Ochrobactrum ciceri was found both in roots and 

nodules (1.5% of total bacterial population) of inoculated chickpea plants (Chapter 6, Part 

1 data), it was therefore, necessary to confirm the fact whether Ochrobactrum ciceri is a 

frequent rhizosphere colonizer of chickpea and other crops or just colonizes when 

inoculated to the rhizosphere. 

Extensive bacterial isolations were therefore done from chickpea nodules and 

roots growing in other areas of the country and few other crops to see the wide-spread 

distribution of O. ciceri in the rhizosphere. The rhizosphere soil samples were collected 

from different crops (Fig. 6.7). Isolation and confirmation of Ochrobactrum-like 

population was done as described in Part 1 of this chapter (by immunoblotting and 

specific PCR) while culture-independent isolation (specific PCR using microbial DNA 

isolated directly from soil) was done as described in section 2.6.1 of Chapter 2. 

6.4 Colonization in chickpea  

As the main aim of this experiment was the detection of Ochrobactrum ciceri, so other 

strains isolated during this experiment are not mentioned in the results. Chickpea roots 

and nodules were collected from almost 50 different genotypes/varieties growing at 

different sites including experimental sites of NIBGE and NIAB (district Faisalabad), and 

farmer fields of Kherewala (district Layyah), Sher wala Bangla (district Sahiwal) and 

Noorpur Thal (district Khoshab).  

 The data obtained during isolation experiments showed that Ochrobactrum ciceri 

is a chickpea root and nodule colonizer in NIBGE fields (Faisalabad) and Noorpur Thal 

(Khoshab). Population in NIBGE fields range from 3x10
4
-4x10

6
 while in Noorpur Thal 

population range from 1-2x10
5
 cells per gram fresh nodule. The NIBGE fields are the 

place from where the Ochrobactrum ciceri strain Ca-34
T
 was originally isolated. The  
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Figure 6.7: Areas of sample collection 

  

Map of Pakistan 

The blue highlighted 
areas represent the 
locations from where 
nodule or rhizosphere 
soil samples were 
collected 

Climatic zones of 
sampling 

The samples were 
collected from different 
agro-climatic zones of 
Pakistan 

Arid: Multan, Layyah 

 Dry-semi-arid: 
Faisalabad and Sahiwal 

Wet-semi-arid: Khoshab 

Humid: Azad Jammu & 
Kashmir 
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culture-independent detection from chickpea rhizosphere soil samples obtained from 

different fields also shows the specific amplification of Ochrobactrum ciceri strain Ca-

34
T
 in three of the DNA samples obtained from NIBGE fields. No detection was obtained 

from any other area or DNA sample. 

6.5 Colonization in other crops 

As other Ochrobactrum spp. have been reported to isolate from different crop 

rhizosphere i.e., wheat, rice, cotton, potato etc. hence the occurrence of Ochrobactrum 

ciceri strain Ca-34
T
 was investigated in the rhizosphere of different crops including 

varieties of soybean, maize, sunflower, sea buckthorn, Brassica (Pekinesis Chinese 

cabbage), cotton, wheat and rice obtained from farmers fields in Muzaffarabad (Azad 

Jammu and Kashmir), Melsi and Basti Malook (Multan), NIBGE and Pakka Anna 

(Faisalabad).  

 Both culture-dependent and independent detection was done from the nodules of 

soybean, and root and rhizosphere soil samples of other crops. The data showed that 

Ochrobactrum ciceri strain Ca-34
T
 is not present in the rhizosphere of these crops. No 

immunoblot reaction or PCR amplification was observed in any of the sample. However, 

from wheat rhizosphere, one of the bacterial isolate QS-4 sequenced and identified as 

Ochrobactrum sp. showing 99% homologies to Ca-34 has been found. The strain was 

named as O. ciceri sp. (accession no. HE572900). This strain also contains the 46bp 

insertion in its 16S rRNA gene. The data shows that Ochrobactrum ciceri strain Ca-34
T
 is 

a frequent colonizer of chickpea while rare colonizer of wheat.  

6.6 Conclusions 

On the basis of the data presented in this chapter, it was concluded that although 

Ochrobactrum spp. are wide-spread in the rhizosphere and environment (known for other 

Ochrobactrum spp. in literature) but O. ciceri is generally associated with chickpea crop 

where it is a frequent colonizer forming a substantial part of total bacterial population of 

root as well as nodule. However, O. ciceri was not found to be associated to other crops 

except for one isolate from wheat analyzed during this study showing its specific 
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association with chickpea. An extensive sequel sampling is required to draw final 

conclusions regarding its association with other crop rhizosphere.  

Other bacterial genera found frequently associated with the roots or present inside 

the nodules of chickpea were Bacillus and Agrobacterium spp. Both these genera were 

shown to contain PGPR activity (IAA production or P-solubilization) and might give the 

plant an advantage in terms of growth or yield.  



Chapter 7 

General discussion 

_____________________________________________________________ 

The study presented here has revealed the taxonomic description of a novel bacterial 

specie Ochrobactrum ciceri sp. nov., confirmation as a symbiont of chickpea nodules, 

demonstration of the colonization ability and finally the likely contribution of this strain 

towards chickpea growth promotion under different soil conditions. The biodegradation 

study is the most disparate of the investigations included here since it does not directly 

address the Ochrobactrum-chickpea interaction but initiated due to the reason that root 

exudates contain a number of phenolic compounds. This ability might give the bacterium 

an ecological advantage in the rhizosphere, which (due to its nutrient richness) works as 

“microbial hot-spot” for diverse plant-plant, plant-microbe and microbe-microbe 

interactions.  

 Based on the results of this study, we have shown that Ca-34 is new 

Ochrobactrum specie as described by executing polyphasic taxonomic approach and 

named as Ochrobactrum ciceri. Cell and colony morphology features, biochemical 

reactions and BIOLOG pattern showed maximum relatedness with genus Ochrobactrum. 

The presence of common fatty acids, antibiotic resistance pattern and G+C ratio also 

supported the genus affiliation. MALDI-TOF and 16S rRNA sequence analysis showed 

that the strains exhibit maximum similarities with O. intermedium (LMG 3301
T
) which 

was found to be its nearest phylogenetic relative.  

While comparing the 16S rRNA with the phylogenetic relatives of Ca-34, it was 

found that an insertion of 46bp at E. coli position 187 (forming a stem loop structure) is 

an unusual feature in the 16S rRNA of Ca-34. This insertion is absent in the type strains 

of the closest phylogenetic relative O. intermedium (LMG 3301
T
), most of the other 

members of the genus and plant or nodule-associated Ochrobactrum spp. Moreover, 
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other nodule isolates e.g, Rhizobium or Mesorhizobium are not known to contain this type 

of insertion in16S rRNA. To our knowledge, this is the first report of an insertion in 16S 

rRNA of any of plant associated or nodule endophyte. Few clinical isolates of the genus 

Ochrobactrum (having atypical 16S rRNA gene copies), however, are reported to contain 

this 46bp insertion (Teyssier et al., 2003). The function of this additional 46bp insertion 

is yet to assign.  

Apart from showing many typical genus-specific morphological features, strain 

Ca-34
T
 was metabolically different from individual other type strains of genus in many 

reactions and from all type strains in positive gelatin hydrolysis, especially in negative 

assimilation of alanineamide and L-threonine. Gelatin hydrolysis is a unique feature 

which has not been reported for other type strain of the genus Ochrobactrum. Opposite 

reactions of glycogen, tween 80, D-raffinose, L-rhamnose, D-trehalose, α-keto butyric 

acid, succinamic acid, glucuronamide, and uridine well differentiated Ca-34
T
 from its 

closest phylogenetic relative O. intermedium (LMG 3301
T
). Production of IAA, and 

excellent phenol degradation showed good rhizosphere colonization potential and 

competitive advantage of Ca-34
T
 over other bacteria in the rhizosphere. The data on 

biodegradation studies offers to use this strain for biodegradation of phenol-contaminated 

soils. These results led us to conclude that Ca-34
T
 is a new species of the genus hence, 

should be described as novel specie. 

Although, the bacteria from genus Ochrobactrum have been known to present in 

the rhizosphere of many crops but the strain Ca-34
T
 was found associated mainly with 

chickpea. During the whole study, the problem of nodulation could not be solved, but the 

plants inoculated with Ca-34
T
 were green as compared to yellowish-green plants in the 

control showing that nitrogen requirement of the plant inoculated with Ca-34
T
 is being 

met with the bacterial partner. Further experiments are indispensable to optimize 

reproducible nodulation conditions for chickpea by controlling the host moisture 

conditions in vitro. Agrobacterium, Sinorhizobium, Bacillus are known endophytes of 

chickpea nodules (discussed in detail in chapter 1; findings during this study in chapter 
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6), but Ochrobactrum sp. has never been reported earlier. Hence this is the first report of 

isolation and confirmation of Ochrobactrum as nodule endophyte of chickpea.  

The ultrastructure of chickpea nodule induced by strain Ca-34
T
 showed that entry 

of this strain in the nodule is similar to Meso/Rhizobium. Immunogold labelling results 

also supported the Meso/Rhizobium-like infection process because the labelling of Ca-

34
T
-bacteroids was clearly marked within the infection thread and the symbiosome. The 

symbiotic machinery (nod and nif genes) reported in nodulating Ochrobactrum spp. has 

been known to acquire from rhizobia by horizontal gene transfer (Trujillo et al., 2005) 

hence, Rhizobium-like infection process of O. ciceri is anticipated.  However, this may 

not be the only way O. ciceri had entered the nodules as the amplification of symbiotic 

genes (nod and nif) by using the universal primers could not be confirmed. It would be 

interesting to repeat the experiment by using gfp-labelled strain where the infection 

process and nodule occupancy of Ca-34
T
 be temporally documented inside the nodules of 

chickpea. This study is the first report of the presence of Ochrobactrum as chickpea 

nodule symbiont and ultrastructure observation of O. ciceri-induced chickpea nodules.  

 In addition to immunogold labelling, the symbiotic nature of Ca-34
T
 was proved 

by the analysis of Ca-34
T
-inoculation on growth of different chickpea genotypes. Overall 

Ca-34
T
-inoculation significantly increased the nodule number, biomass and yield of the 

plant. The inoculation response was more significant at site 1 having poor indigenous 

rhizobial population and fertility (can be categorized as marginal land). This shows that 

soil fertility, nutrient status, and indigenous population of bacteria have a vital role in the 

development of plant microbe interaction. The pronounced effect of soil was very evident 

in CATPCA analysis (Fig. 5.18 c) where both soil types loaded differently on PC1 and 

PC2. 

The evidences suggest that this interaction is mainly controlled by indigenous 

microbial population, soil richness and by plant genotype hence, their co-selection under 

a given set of soil and environmental conditions may enhance the amount of fixed N. The 

desi and kabuli chickpea genotypes chosen in this study represent a wide range of 
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variation in seed size and origin. Most responsive genotypes towards Ca-34
T
-inoculation 

were all four kabuli genotypes and two desi genotypes B8/02 and Pb-2008. These 

genotypes showed maximum increase in nodulation, biomass and grain yield by Ca-34
T
-

inoculation. 

 Colonization experiments showed that Ca-34
T
 was able to survive on the roots 

and inside the nodule. As the root samples were taken at defined time after inoculation 

(i.e., 30 days after sowing), the presence in nodules suggests that the cells will have been 

present at all stages of plant development. The isolation studies later showed that the 

strain is mainly associated to the chickpea crop in grown in the region of Faisalabad and 

Noorpur Thal. 

The results presented here have implications for using O. ciceri strain Ca-34
T
 for 

sustainable chickpea production particularly kabuli genotypes under poor soil conditions. 

It was hoped, at the outset, that information regarding its symbiotic characterization 

would be useful in identifying its legume interaction relationships but the reproducible 

chickpea nodulation remains to be workout. It would thus seem appropriate (essential) 

that labelled strain be used to study interaction with chickpea and re-producible 

nodulation with chickpea or other legumes could be established. Moreover, it 

demonstrates the need for more extensive studies on the diversity of chickpea nodule 

endophytes (both nodulating and non-nodulating) in different areas of Pakistan. Some 

studies are already underway in the lab, although it is too early to determine whether O. 

ciceri will interact or nodulate other legume host.  

Ochrobactrum spp. are pervasive and frequent inhabitant of rhizosphere and other 

environmental habitats. They show close phylogenetic relation to a severe human 

pathogen “Brucella”. The genus Ochrobactrum has been regarded to have some 

pathogenic potential and two member of this genus are classified as 2
nd

 grade pathogens 

or “opportunistic pathogen”. There are many concerns regarding increased incidence of 

infections due to opportunistic pathogens. Opportunistic [Latin=highly adaptable] or 

facultative pathogens cause diseases only in patients with a strong vulnerability to illness, 



General discussion 

195 

 

particularly in those who are severely weakened, immune-compromised or suffering from 

cystic fibrosis (CF) or HIV infections (Parke and Gurian-Sherman, 2001; Steinkamp et 

al., 2005). It is speculated that plants may serve as reservoir of human-associated bacteria 

due to the fact that most of the bacteria isolated from plant root/rhizosphere can grow and 

survive at human body temperature i.e., 37°C and they are indistinguishable from those 

from clinical sources in terms of genotypic, taxonomic or metabolic properties (Finnan et 

al., 2004; Kiewitz and Tümmler, 2000). Moreover, many mechanisms involved in the 

interaction between antagonistic plant associated bacteria and their host plants are similar 

to those responsible for pathogenicity of bacteria (Rahme et al., 1995). Furthermore, the 

stimulation of the plant’s innate immunity by bacterial components like flagella or 

lipopolysaccharide resembles in many ways the response of the mammalian innate 

immune system towards pathogens (Tan et al., 1999). It is therefore, commended that 

before the release of Ca-34
T
 as plant-growth supplement, its pathogenic potential (both 

for human as well as animals who will feed the crop) must be determined.  
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