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Nitrogen is a stable, inert element 

comprising 78% of the Earth's 

atmosphere. Inspite of its abundance a 

small percentage of it is capable of 

entering into the biogeochemical cycle. 

Approximately, 0.001 per cent of the 

nitrogen occurs in the biosphere and the 

rest remains in the lithosphere 

(Stevenson, 1972). Nitrogen occurs in 

molecular form in the atmosphere. 

Merely, 0.04 per cent of the nitrogen 

occurs in compounds that are accessible 

to living beings. In the terrestrial 

system, nitrogen accounts for 4% of the 

biomass and 96% of soil organic matter 

(Rosswall, 1976). Despite the 

unavailability of99.96% of the nitrogen 

gas, it is one of the indispensable 

elements that limit the primary 

production on which life forms depend 

for their daily requirements. It is a 

1. Introduction 

component of the proteins required for 

plant, animal and human life (Rosswall, 

1976). An important feature of our 

planet ecosystem is the nitrogen cycle, 

since nitrogen availability affects the 

rate of major ecosystem processes, like 

primary production and decomposition. 

It is a mechanism by which nitrogen is 

converted into different chemical forms. 

Both biological and non-biological 

processes are associated with these 

transformations. Nitrogen cycle consists 

of nitrogen fixation, assimilation, 

mineralization, nitrification and 

denitrification (Rosswall, 1976). The 

process of conversion of molecular 

nitrogen to ammonia is known as 

nitrogen fixation. Some fixation occurs 

during lightning strikes; however most 

of the part is played by a group of free

living (eg. Azotobacter) or symbiotic 
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bacteri<) (Rhizobium, Bradyrhizobium, 

Frankia etc.). This fixed nitrogen is the 

primary source of available nitrogen in 

nature and is an essential step 

distributing the supply of this nutrient in 

the ecosystem (Saiki a and Jain, 2007). 

Majority of plants and microorganisms 

incorporate ammonium salts as source 

of nitrogen either through glutamate 

dehydrogenase or glutamine synthetase/ 

glutamate synthase cycle (Miflin and 

Lea, 1977) by the process of 

assimilation. By the process of 

mineralization ammonium is released as 

molecular nitrogen. Some free living 

organisms like Nitrobacter, 

Nitrosomonas etc. utilize ammonium or 

nitrite compounds as an energy source 

(Ritchie and Nicholas, 1972). These are 

nitrifying organisms and the process is 

called nitrification (Rosswall, 1976). 

Denitrification reduces nitrates back to 

the largely inert nitrogen gas (N2). Some 

bacterial species like Pseudomonas and 

Clostridium use nitrate as an electron 

acceptor in place of oxygen during 

respiration in anaerobic conditions and 

are denitrifiers. These denitrifiers 

complete the nitrogen cycle. 

Abiological nitrogen fixation occurs by 

industrial synthesis, UV radiation and 

lightening. During industrial synthesis, 

Haber-Bosch process is used to produce 

nitrogenous fertilizers which are energy 

consuming and complicated (Ladha and 

Reddy, 1995). Nitrogen fertilizers are 

applied in agriculture in either nitrate 

(N03
') or ammonium (NH4+) forms for 

enhancing crop production in order to 

meet the demands of the ever increasing 

world population. The chief constituent 

of the Green revolutio~ of the 201h 

century was heavy dependency on 

chemical fertilizers, pesticides, and 

herbicides obtained from fossil fuels. 

Bumb and Baanante (1996) sketched an 

annual increase of about 1.2% in the use 

of nitrogenous fertilizer from 1990 to 

2020. For the production of wheat, rice 

and maize alone 42 million tons of 

nitrogenous fertilizers are used annually 

on a global scale (Saiki a and Jain, 

2007). Approximately 25% of the 

nitrogen from nitrogenous fertilizers is 

lost by leakage, volatilization, 

denitrification and other factors 

resulting in high economic loss 

accompanied by severe environmental 

pollution. The high presence of nitrate 

and nitrite ions in water, food has 

resulted in diseases like cancer in new 

borns, respiratory problems, kidney 

failure etc. (Saiki a and Jain, 2007). The 

ecosystem gets damaged owing to high 

levels of nitrate and ammonium ions in 

cultivated soils resulting in plant 
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toxicity (Saikia and Jain. 2007). In these 

circumstances, globa l concerns over the 

ill effects of chemical fertil izers, in 

addition to their rising costs for farmers 

in third world countries, it is necessary 

to reap the benefit of biological nitrogen 

fixation (BNF) based methodologies for 

cost effecti veness, maximizing output 

and obl iterating the ill effects of 

environmental pollution. 

Biologica l nitrogen fixation (BNF) is 

the mechani sm of reduction of 

atmos ph e ric din i trogen t o a 

metabolically active form exclusively 

by microorganisms. Biological nitrogen 

fi xation is direct ly proportional to 

agricultural sustainability (Bohlool el 

a/., 1992). An understanding of the 

factors control ling B F systems in the 

field is vital for the support and 

successfu l adoption in large sca le. Gone 

are the concepts of trial-and-error 

experiments in agricultu ral sciences 

(Boh lool et a/. , 1992). It is necessary to 

explore the possibilities for improving 

biologica l nitrogen fixation and its use 

by farmers on a global scale. 

Biological n itrogen fixa ti on is 

distributed among the domains of 

Bacteria and Archaea (Postgate, 1987; 

Young. 1992; Martinez-Romero, 2000). 

A broad range of microorganisms. 

spanning diverse taxonomic groups 

carry out the process of nitrogen 

fi xation in a reaction catalyzed by 

nitrogenase enzymes (Kim et a/. , 1992; 

Dean and Jacobson, 1992). Nitrogen 

fixing microorgani sms are divided into 

free- li v ing (fixing nitrogen 

independently) and symbiotic fonns. 

Free li ving nitrogen fixing 

microorganisms include members of 

both Bacteria and Archaea. The 

symbiotic nitrogen fixers comprise of 

some members of cyanobacteria and 

genera li ke Rhi=obium, Bradyrhizobium, 

Sinorhizobium, Mesorhi=obium, 

A=orhi=obium and Frankia (Paul and 

C larke , 1996). Besides , some 

endophytic bacterial species like 

A=oarcus sp. too fix nitrogen in 

assoc iation with some tropical grasses. 

Free-living nitrogen fixing 

microorga ni sms comprise of 

A=otobacler, Beijerinckia, Chlorobium, 

Clostridium, some methanogenic 

archaea l members like Methanococcus, 

Methanosarcina, Methanospril/ium, 

Methanothermobacler etc. Two types of 

symbiosis have been recognized 

amongst the symbiotic nitrogen fixers: 

one the legume-Rhi=obium symbiosis 

and the other Frankia-actinorhizal 

symbiosis (Wal l, 2000). The fonner 

involves more than 1700 plant species 

belonging to the families of Fabaceae, 
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Mimosae and Caesa lpiniaceae wh ile the 

la tt e r in volves 25 ge n era of 

d icotyledonous woody plants belonging 

to 8 families called actinorhizal plants 

(Bajwa, 2004). Symbiotic n itrogen 

fixing associations be it legum e based or 

non-legume based resu lt tn the 

deve lopment of a specialized structure 

call ed root nodule where in the bacteria 

express the enzyme ni trogenase requ ired 

for nitrogen fi xation and fix nitrogen 

(Bajwa, 2004). Prin et a/., (1 992) 

reported the presence of shoot nodules 

in some plants. 

The complex process of rhizosphere 

co lo ni zati on b y bacteria, n itrogen 

fixation and export of fixed nitrogen is 

mediated by a number of enzymes and 

genes a nd requires large amount of 

energy (Sa ikia and Jain, 2007). Howard 

and Rees ( 1996) reported that 

th e rm o dy nami cs of the biological 

nitrogen fixating mechanism lim its its 

energetic requi rements. During th e 

process, th e n itrogenase com plex 

synthesized by the microorgan isms is 

necessary. T he ATP depe n de nt 

reduction of ni trogen to ammonium is 

cata lyzed by the nitrogenase complex 

and comprises of din itrogenase and 

dinitrogenase reductase. Dinitrogenase 

ex ists structurally as a a 2B2 tetramer 

having a molecu lar weight of 240 KDa 

and dinitrogenase reductase exists as a 

60KDa homod imer (Howard and Rees, 

1996). The tota l assembly of the 

ni trogenase complex requires many 

gene products. Din itrogenase is encoded 

by nijD and K wh ile nifH codes for 

d initrogenase reductase (Dean et a/., 

1993). Besides its function as a catalyst, 

dinitrogenase reductase function in the 

iron-mo lybdenum co-facto r biosynthesis 

and dinitrogenase maturation (Dean et 

a/. , 1993). The metallocluster known as 

tron molybdenum co-factor is the site 

for t he bind ing of substrate and 

reduction of atmospheric nitrogen (Kim 

and Rees. 1992). Three major gene 

famili es' viz. nif, nod and fix are linked 

with biological nitrogen fixation. A 

number of nif genes have been 

identi fied in different microorganisms; 

some ofthem are nijE, nifN, nifW, nijY, 

nijB, n{fS, nifA etc. (Fischer, 1994). 

T hese genes regulate the synthesis of 

th e iron mol ybdenum co-factor as 

established by biochemical and genetic 

studies of nif mutants in Klebsiella 

(Filler et a/. , 1986). The fix genes are 

the ones which are not frequent in free

living nitrogen fixers but play a major 

role in rhizobia legume symbios is. 

(Fuhrman et a/., 1985; Gubler and 

Hennecke, 1986). These fix genes are 

located in a single operon and function 
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m transportation of electron to the 

nitrogenase system. The rhizobia

legume system houses the nodulation 

genes or nod genes. These genes are 

encoded in megaplasmids called 

symbiosis plasmids (Denarie and 

Debelle, 1996). Both nod genes and nif 

genes are closely located. Downie 

(1994) reported that rhizobia! nod genes 

regulate the synthesis of nod factors. 

Nod genes respond to plant signals 

usually contain chemicals like flavones, 

flavanones and isoflavones (Peters et 

al., 1986) exuding from the roots to the 

rhizosphere. The expression of nodD 

gene is influenced by the aforesaid 

chemicals and this expression facilitates 

the expression of other nod genes 

(Denarie and Debelle, 1996). In 

Rhizobium, nod ABCFELMN are 

involved in nod factor synthesis, while 

nod !JT encode proteins for nod factor 

transportation (Denarie and Debelle, 

I 996). Besides these genes, hydrogen 

uptake genes (hup) genes have been 

reported (Johansson et al., 1983) in 

some microorganisms, which have the 

capacity to recycle hydrogen back to the 

nitrogenase complex thereby helping the 

plants to harvest the energy lost and 

improving the efficiency of nitrogen 

fixation (Johansson et al., 1983). 

The beginning of the Human genome 

project ushered a change in biology 

research (Ideker et al., 2001) and 

pressed the accelerator for development 

of the science of bioinformatics. 

Bioinformatics is an interdisciplinary 

science comprising of theoretical and 

practical tools for realizing, creating and 

transmitting biological information. 

Bioinformatics in the broadest sense 

includes research in the genome 

structure, computational biology, 

genome expression, proteome analysis, 

genome and proteome engineering 

(Perez-Iratxeta et al., 2006). Wit11 the 

development of PCR and establishment 

of the latest techniques of DNA 

sequencing there has been a scientific 

revolution in the understanding of the 

organism's genome. Arrival of 

genomics and proteomics has enabled 

the scientists to consider the cells as a 

system (Palsson, 2000). The 

complexities of the biological systems 

are now being studied with 

mathematical models and computer 

simulations (Palsson, 2000). Biology 

has been transformed into an 

informational science (Ideker et al., 

200 I). The impact of this transformation 

is felt in the areas· of medicine, 

agriculture, biological energy 

production and has made biotechnology 

a strong guiding force (Ideker et al., 
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2001). The science of bioinfonnatics is 

associated with the challenge of 

decoding and studying huge number of 

genomic sequences present in databases. 

The knowledge obtained is used as a 

basis for understanding cell metabolism, 

physiology and allow one to design 

metabolic pathways and answer queries 

related to biology (Perez-Iratxeta et al., 

2006). The symbiosis of biotechnology 

and informatics is paying off. 

Bioinfonnatics tools offer the possibility 

of characterizing the house keeping 

genes which are essential for cellular 

functions and accessory gene pools 

associated with special biological 

functions that generate interest in the 

areas of medicine, agriculture and 

biote~hnology (Perez-Iratxeta et a/., 

2006). 

Bioinfonnatics research has influenced 

the field of biological nitrogen fixation. 

The last several decades have witnessed 

a number of studies concerning the 

microbiology, genetics, biochemistry, 

physiology and ecology of the nitrogen 

fixing microorganisms. Since the last 

decade of the 201
h century our 

understanding of the mechanism of 

nitrogen fixation has been given a new 

dimension with the advent of various 

techniques (Raymond et al., 2004). 

Bioinformatics research in plant 

microbiology, constituting the 

associated plants and microorganisms is 

directed at acquiring the total nucleotide 

sequence of nitrogen fixing 

microorganisms and applying 

knowledge to successive post-genomic 

studies. The knowledge base upon 

which the genomics research, patents 

and social impact depend thrives on the 

complete genome sequence of nitrogen 

fixing microbes. Post genomic studies is 

likely to offer a global view of the 

expression, regulation, dynamics and 

evolution of the genomes from nitrogen 

fixing microbes and has the capability in 

offering new opportunities to preserve 

and improve biotic resources. In the 

early to mid 80's sequences of 

individual genes for nif, nod and fix for 

rhizobia started appearing in public 

domains but full scale genome 

sequencing started in 1997 when funds 

became available (Perret and 

Broughton, 2001 ). The availability of 

the sequences of nitrogen fixation 

related genes and proteins as also the 

whole genomes for a number of 

nitrogen fixing diazotrophs spanning 

different microbial groups has opened 

the possibility of analyzing their 

genomic context (Lakhsmi, 2007). 

Large scale sequencing has also offered 

a platform for crystallographers, 
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spectroscopists and more specifically 

computational biologists (Burley and 

Bonnano, 2002) aiming development of 

broad three-dimensional view for the 

structures of important proteins. This 

would present a novel outlook into the 

distribution of nitrogenase genes and 

their role in host metabolism as well as 

phylogeny. Genome projects of nitrogen 

fixing bacteria are no more a "rich 

man's sport'. The social benefit of the 

genome projects for nitrogen fixing 

microb~s are great since they are the 

source of natural nitrogen in plants· and 

soil. These projects have resulted in the 

availability of tremendous amount of 

biological data. This data includes 

information about genomes which in 

turn gives the idea about the proteome 

complement, proteins, codon usage etc. 

Comparative genomics have emerged as 

one of the interesting areas of study. For 

comparing genomes of nitrogen fixing 

bacteria it is necessary to study their 

codon usage, analyze their proteomes, 

molecular phylogeny and protein. 

Studies of codon usage can be 

performed using parameters like GC 

content, GC3 content, relative 

synonymous codon usage (RSCU) 

(Peden, 1999), optimal codon anticodon 

energy (P2) (Peden, 1999), effective 

number of codons Nc (Wright, 1990), 

scaled chi-square (Peden, 1999), length 

of the amino acids (Laa) giving the 

number of translatable codons (Lloyd 

and Sharp, 1992), frequency of 

synonymous codons (Lsym) (Peden, 

1999), codon adaptation index (CAl) 

(Sharp and Li, 1987), frequency of 

optimal codons (Fop) (Ikemura, 1981), 

codon bias index (CBI) (Bennetzen and 

Hall, 1982), hydrophobicity, aromaticity 

(Peden, 1999) and correspondence 

analysis of codon usage, RSCU and 

amino acid usages (Peden, 1999). 

Codon usage study provides information 

of use of different codons in a genome, 

as it is often seen that all codons are not 

used evenly (Grantham et a/., 1981; 

Karlin and Mrazek, 2000; Karlin et a/., 

200 I). There is dearth of comprehensive 

work on codon usage patterns in 

nitrogen fixing organisms. Accordingly, 

broad analysis of codon usage is crucial 

for understanding the evolution of 

different codon choices in these 

organisms. It has been postulated that 

major trends in codon usage patterns 

across genomes are determined by 

compositional bias, mutational pressure 

and/or translational selection in high or 

low G+C containing organisms (Knight 

et al., 2001). Highly expressed genes 

are influenced by translational selection 

compared to lowly expressed ones 
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which are influenced by mutational 

pressure (Dos Reis et a/., 2003). In these 

perspectives, studies of codon usage 

patterns provide a platform for better 

understanding of the nature of nitrogen 

fixation taking into account the diverse 

nature of nitrogen fixing prokaryotes 

and interplay of the factors influencing 

codon usage. Besides, it is also 

necessary to study the nature of TIA 

containing codons in high GC rich 

nitrogen fixing microorganisms. TI A 

codons are one of the rarest codons 

found in bacteria (Li et a/., 2007). TI A 

codons apart from their normal leucine

coding function have been used as a 

regulatory device (Zaburannyy et a/., 

2009). It is thus important to get an 

overview of the TI A containing genes 

in GC rich diazotrophs to find out 

steadiness in development of metabolic 

pathways that are TI A regulated. 

Proper knowledge of the structure and 

function of proteomes are essential for 

understanding the underlying 

information (Fleming el a/., 2006). For 

proper functioning a protein should be 

stable and soluble (Das et a/., 2006; 

Jaenicke, 2000). Since, they are highly 

variable and complex their study in 

large numbers poses a significant 

challenge (Liu et a/., 2008). Most of the 

in silica studies concerning bacterial 

proteomes have stressed upon functional 

annotation and amino-acid composition 

with little focus on common physical 

properties (Knight et a/., 2004). 

Physical properties of proteins like 

isoelectric point (Nandi et a/., 2005) 

protein energetic cost (Akashi and 

Gojobori, 2002), and amino-acid 

adaptation index (Xi a and Xie, 200 I) 

are significant in portraying the 

functions of microbes. Although, some 

work has been done (Schwartz et a/., 

2001; Knight el a/., 2004; Nandi el a/., 

2005) in some microorganisms, very 

little has been done with nitrogen fixing 

proteomes. Consequently a broad 

picture on protein signatures for 

nitrogen fixing microorganisms is 

unavailable. Large scale sequencing has 

also offered a platform for 

crystallographers, spectroscopists and 

more specifically computational 

biologists using homology modeliJ?g 

techniques (Burley and Bonnano, 2002) 

aiming development of broad three

dimensional view for the structures of 

important proteins. The 3D structure of 

a protein is important for understanding 

protein function. In the homology 

modeling technique target sequences are 

at first retrieved. Then the template is 

selected and alignment of the target 

sequence with the template is 



INTRODUCTION 9 

performed. Then the model is 

constructed and evaluation of the 

refined model is done using different 

techniques. The intrinsic dynamics of 

the protein models are studied using 

appropriate methods for getting insight 

into the functional properties of the 

protein (Centeno et al., 2005). 

Increasing number of sequences has 

resulted in diverse approaches for 

phylogenetic studies. Studies 

concerning the evolution of nitrogen 

fixation related genes has been highly 

debatable among researchers (Normand 

and Bousquet, 1989; Fani et al., 2000; 

Zehr et al., 2003; Henson et al., 2004; 

Kechris et al., 2006). Even though most 

of them rely on sequence alignment 

based techniques, there is a need for 

alternative methodologies to get a much 

clearer picture. Phylogenetic techniques 

based on sequence alignment and 

structures are inadequate in studying 

evolution since, sequence similarity 

becomes unreliable at identity levels 

below 25% (Monda! et al., 2008). Some 

workers (Qi et al., 2004; Sims et al., 

2008) have also pointed out fallacies in 

sequence alignment based methods. 

Alignment based methods fail to infer 

relationships from whole genome data 

(Qi et al., 2004). Again, structure based 

techniques have incomplete span given 

that number of structures are inadequate 

to infer a conclusion. These studies 

leads one to assume that sequence based 

approach and structure based techniques 

are not fully adequate to throw light on 

the complex evolutionary process of 

nitrogen fixation. An alignment-free, 

condensed matrix method relying on 

nucleotide triplet based phylogeny 

(Randic et al., 2001; Randic, 2000, 

Monda! et al., 2008) has been used to re 

-examine the evolution of nitrogen 

fixation. The condensed matrix method 

of studying molecular phylogeny takes 

into account a set of invariants in a 

DNA sequence and determines the 

extent of resemblance among DNA 

sequences using the invariants (Randic 

et al., 2001 ). 

This PhD thesis has been developed at 

the Bioinformatics Facility, Department 

of Botany in the University of North 

Bengal. One of the main research 

interests were studies concerning 

nitrogen fixing microorganisms from 

the bioinformatics point of view. 

Objectives of this work: 

• Comprehensive comparative study of 

codon usage patterns of major 

nitrogen fixing microorganisms 

coming from different lineages with 

special reference to genes associated 

with nitrogen fixation. This would 
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help in understanding the major organisms, study their nature using 

forces influencing the codon usage different parameters and recognize 

patterns in these organisms. their role in influencing the lifestyle 

o Analysis of the nitrogen fixation of those organisms. 

related genes with respect to codon 

usage to understand their nature and 

interplay of different factors. 

o Correlation of the codon usage bias 

with the tRNA content of the 

organisms. 

o Analysis of codon adaptation index 

(CAl). It determines the 

resemblance between the 

synonymous codon usage of a gene 

and the synonymous codon 

frequency of a reference set of 

highly expressed genes. The CAl 

values predict the expression level 

of the genes. 

o Correspondence analyses of codon 

usage and amino acid usage to 

investigate the major trends in 

codon and amino acid variations 

among the genes. 

o Determination of the potentially 

highly expressed genes using CAl 

values, correlate the expression 

level of genes present in COG 

groups and study their influence on 

the lifestyle patterns of nitrogen 

fixing microbes. 

o Determination of the TTA 

containing codons in high GC rich 

o Comparative analysis of proteomes 

for nitrogen fixing microorganisms 

using protein isoelectric point, 

amino acid adaptation index and 

protein energetic cost. This will help 

in recognizing characteristic 

features of protein functionality 

linked to nitrogen fixation and 

answer questions concerning the 

nature of their proteomes. 

o Analysis of protein isoelectric point 

across COG groups to throw light 

upon the variation and lifestyle of 

these microorganisms. 

o Development of a novel nucleotide 

triplet based condensed matrix 

method for analyzing molecular 

phylogeny of nitrogen fixing 

microorganisms. Characterization of 

the nitrogen fixation related ·genes 

using nucleotide triplet based 

condensed matrix method and 

construction of dendrogram using 

eigenvalues to determine the 

evolutionary relationship. 

o Secondary structure prediction and 

determination of three-dimensional 

structure of NifH proteins from 

Frankia using homology modeling 
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technique so as to study the 

structure-function relationship. 

Since, Frankia is a diazotroph that 

can exist as obligate symbiont as 

well as in free-living state a study of 

its NifH proteins can provide 

11 

significant insights into their nature. 

NifH was considered owing to its 

importance in assisting electron 

transportation, FeMo cofactor 

biosynthesis and maturation of 

molybdo-ferro protein. 



2. Review of Literature 

2.1 Discovery of nitrogen fixation 

Early civilizations like that of the 

Egyptians knew the importance of 

legumes for maintaining soil fertility. 

The significance of crop rotation, green 

manuring and intercropping systems 

was practiced by major civilizations like 

the Romans and the Greeks. However, it 

was only in the 191
h century that the role 

of microorganisms in nitrogen 

accumulation and thus crop 

improvement came to be recognized. JB 

Lawes and JH Gilbert, two British 

scientists in the late 191
h century worked 

on the diverse capacities of legumes and 

cereals to accumulate nitrogen but failed 

to understand the mechanism (Lawes 

and Gilbert, 1895). However, the onus 

of the discovery fell upon two German 

scientists, Hellriegel and Wilfarth 

(1888) who identified that root nodules 

of leguminous plants were responsible 

for conversion of atmospheric nitrogen 

to ammonia. Martinus Beijerinck a 

Dutch scientist, isolated and cultured the 

microorganisms from root nodules of 

leguminous plants in 1888 (Sen, 1996). 

Beijerinck primarily named it Bacillus 

radicicola and proved that it helps in 

formation of nodules in roots of 

leguminous plants (SubbaRao, 1988). 

The modifications in the culture media 

took place over time and the nodulating 

bacterium was easily isolated and 

identified to be Rhizobium. The culture 

and isolation of nodulating bacteria 

from leguminous plants by Beijerinck 

opened the possibility of characterizing 

similar organisms in different parts of 

the world. Besides, a number of free

living nitrogen fixing microorganisms 

like Clostridium pasteurianum 

(Winogradsky, 1893), Azotobacter 

chroococcum, Beijerinckia (SubbaRao, 

1988), Klebsiella pneumoniae, 

Azospirillium etc. were discovered. 

2.2 Legume and u?u legume 

symbiosis 

Some microorganisms enter into 
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symbiotic association with a number of 

leguminous as well as non-leguminous 

plants. Symbioses with higher plants 

offer an ecological niche for the 

particular microbe to fix nitrogen 

(Mylona et a/., I 995). The rhizobia 

groups of bacteria consisting of the 

genera like Rhizobium, Bradyrhizobium, 

Sinorhizobium, Azorhizobium and 

Mesorhizobium enter into symbiosis 

with the members of the legume family 

(Mylona et a/., I 995). Different species 

of Rhizobium generally forms 

association with peas, lucerne, clover 

and beans while, Bradyrhizobium and 

Azorhizobium forms associations with 

soyabeans and Sesbania respectively 

(Schlegel, 1991 ). Most of the legume 

symbionts are generally host specific 

(Mylona eta/., I 995). 

Since the discovery of nitrogen fixation, 

legume-rhizobia association has been 

the most studied relationship owing to 

its importance in improving soil fertility 

(SubbaRao, 1988). Symbiotic 

association is not limited to the legumes 

but to a number of non-legumes. The 

most significant amongst them are the 

actinorhizal plants-Frankia association. 

This association involves a number of 

plants like Casuarina, Hippophae, 

Alnus, Myrica, etc. belonging to 

different families (Benson and Silvestor, 

I 993). Some cereals like rice, wheat, 

maize, millets, grasses etc. have 

symbiotic association with 

microorganisms accomplishing the 

process of nitrogen fixation (Saikia and 

Jain, 2007). Prominent among these 

microbes are Azospirillium, Acetobacter 

and Azoarcus (Saikia and Jain, 2007). 

Besides, the Anabaena-Azalia 

association (Bohlool et a/., I 992), 

Nostoc-Gunnera association (Mylona et 

a/., I 995) can fix a substantial amount 

of nitrogen. Some workers (Willey, 

1979) suggest that in semi-arid tropics 

legumes play a leading role compared to 

humid tropics and intercropping system 

has been practiced with cereals (Fujita 

et a/., I 992). In temperate climates, 

soybeans (Keyser and Li, I 992) and 

forages (Ledgard and Steele, I 992) are 

widely used. Isolation of 

microorganisms from surface-sterilized 

roots led to the discovery of nitrogen 

fixing endophytes (Di:ibereiner 1992; 

Baldani and Baldani, 2005). Cycads in 

association with cyanobacterial species 

can fix nitrogen (Costa and Lindblad, 

2002). 

In the rhizobia and Frankia the root 

nodules are the sites for nitrogen 

fixation. An important feature of the 

root nodules in leguminous plants is the 

existence of a unique red pigment called 
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leghaemoglobin. It helps in the oxygen 

uptake by terminal oxidases and boosts 

A TP production for nitrogenase activity 

(Schlegel, 1991). Nodule formation is 

not only limited to the roots but in stems 

of Aeschynomeme and Sesbania and 

leaves of Ardisia, Pavetta and 

Psycho/ria (SubbaRao, 1988). However, 

bacteria associated with leaf nodules do 

not fix nitrogen. Compared to legume 

symbiotic microorganisms the first 

isolation of Frankia a non legume 

symbiont strain was achieved from 

nodules of Comptonia peregrina in 

1978 (Callaham et al., 1978). Frankia 

has two distinctive developmental 

structures, vesicles and spores crucial 

for its survival (Lechevalier, 1994). 

Vesicles are the sites for nitrogen 

fixation, while spores contained in are 

the reproductive structures in Frankia. 

In symbiotic nitrogen fixation, the· 

establishment of the bacterium inside 

the host root and nodule development is 

a complex process and involves the 

processes like recognition and infection 

of the host root, differentiation of the 

root nodules, proliferation of the 

bacteria and transformation of the 

bacteroids in nodules (Schlegel, 1991). 

2.3 Free-living nitrogen fixers 

Free living microorganisms pass 

independent life and fix nitrogen. 

Aerobic free living microbes include 

Azotobacter, Beijerinckia, Azonomas 

etc., facultative anerobes include 

Klebsiella, anaerobic bacteria like 

Clostridium acetobutylicum, C. 

pasteurianum, photosynthetic bacteria 

like Chlorobium, Rhodospirillium etc. 

(Schlegel, 1991). It has been established 

(SubbaRao, 1988) that among 

cyanobacteria both heterocystous and 

non heterocystous forms, Anabaena, 

Nostoc, Trichodesmium, Lyngbya, 

Plectonema etc. fix nitrogen (Schlegel, 

1991 ). These occur in wide ranging 

habitats and ecological niches. 

Methanogenic Archaea gave a wider 

angle to the field of biological nitrogen 

fixation. Zinder and Daniels were the 

first to discover nitrogen fixation in 

different methanogenic Archaea 

(Murray and Zinder, 1984; Belay et al., 

1984). In cyanobacteria a light and thick 

walled cell structure called heterocyst is 

the point where nitrogen fixation takes 

place. However, in members like 

Lyngbya, Plectonema etc. where 

heterocyst is absent nitrogen fixation 

occur in internally organized cells 

(Schlegel, 1991 ). 

2.4 Nitrogenase 

The most important enzyme associated 

with the nitrogen fixing mechanism is 

nitrogenase. It is a quite complex 
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biological molecule that reduces 

dinitrogen to ammonia at appropriate 

tern perature and pressure (Peters and 

Szilagyi, 2006). SubbaRao (1988) 

reported that Carnahan and his co

workers in the year 1960 were the 

pioneers in carrying out the reduction of 

dinitrogen to ammonia in cell free 

extracts of Clostridium pasteurianum. 

This discovery ushered the concept of 

universality of nitrogenase in free-living 

as well as symbiotic nitrogen fixing 

systems. Mo-nitrogenase is the 

conventional nitrogenase, harboring a 

prosthetic group with molybdenum. 

Azotobacter and some photosynthetic 

dizaotrophs, bear extra type of 

nitrogenase whose cofactor houses 

vanadium or only iron (Newton, 2007). 

The conventional nitrogenase is an 

equilibrium mixture of molybdo-ferro 

protein and iron protein in the ratio of 

1:2. Two FeMoCo are attached to a 

subunits of the MoFe protein. Besides, 

4Fe- 4S clusters comprise of some other 

prosthetic groups. The P-clusters are 

covalently linked to cysteine residues of 

molybdo-ferro protein forming a bridge 

between a and B subunits (Rubio and 

Ludden, 2008). Alexander ( 1977) stated 

that all nitrogen fixers had alike 

proteins, signifYing that a similar but 

not matching reaction sequence. 

Consequently the molecular weights in 

the two components differ (Johanson et 

a/., 1983). In the later part of the 201
h 

century studies on the enzymology and 

structures of nitrogenase became 

appropriate since, nitrogenase catalysis 

reactions involved biochemical 

processes I ike protein-protein 

interactions, signal transduction and 

electron-transfer reactions. The studies 

concerning the enzymology of 

nitrogenases were hampered due to the 

dearth of the establishment of a 

complete mechanism for reduction of 

dinitrogen with respect to the structure 

and properties of the nitrogenase 

proteins (Howard and Rees, 1996). The 

establishment of the three-dimensional 

structures for the nitrogenase proteins in 

1992 and their metal clusters 

considerably changed the research on 

nitrogen fixation (Georgiadis et a/., 

1992; Kim et a/., 1993; Einsle et al., 

2002). The establishment of the 

structure paved the way for 

developments in the areas of 

biochemistry, spectroscopy, biophysics, 

protein chemistry in describing 

structural features of the nitrogenase 

proteins, their functional mechanism 

and capacity to catalyse nitrogen 

fixation under ambient conditions by 

various workers (Burgess and Lowe, 
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1996; Rees and Howard, 2000; Lawson 

and Smith, 2002; Seefeldt eta/., 2004). 

2.5 Genetics of nitrogen fixation 

A wide array of techniques like 

mutations, deletion mapping, cloning 

vectors etc. have facilitated the 

identification of genes associated with 

nitrogen fixation. Legume, non legume 

and free living nitrogen fixers have a set 

of genes which are responsible for 

effective nodulation and nitrogen 

fixation. These are the nod, no/, noe, nif, 

}tx and some hydrogenase genes. The 

work on the genetics of nitrogen 

fixation was first started in Klebsiella 

oxytoca M5a I and first ever detailed 

organization of nif genes were reported 

in this organism (Arnold, 1988). A 

number of studies (Zheng et a/., 1998; 

Merrick and Edwards, 1995; Dixon and 

Kahn, 2004; Hu et a/., 2007; Rubio and 

Ludden, 2008) have established that 

core nif genes like nifH, nifD nijK, nifY, 

nifB, nifQ, nifE, nifN, nijX, nifU, nifS, 

nifV, nijW, nifZ are essential for 

nitrogen fixation. On the basis of 

mutational studies the natures of 

different nif gene products were 

determined. Studies confirmed that nif 

HDK encodes nitrogenase while nifLA 

had regulatory functions. In 

cyanobacteria especially Anabaena sp. 

7120 it was established that the 

organization of nijHDK differed from 

that of Klebsiella pneumoniae (Godlen 

et al., 1987). Johnston and his co

workers first discovered the presence of 

nodulation genes in a plasmid of 

Rhizobium leguminosarum (SubbaRao, 

1988) and mutation of those genes 

rendered them useless. Later on studies 

(Schukze and Kondorosi, 1998; Perret et 

al., 2000) ascertained that nod, no/ and 

noe genes produce nodulation signals. 

The interplay of different nod genes, 

triggering of the creation of root nodule, 

signaling cascades and development of 

nodule meristem were reported by a 

number of researchers. (Yang et a/., 

1999; Long, 2001; Geurts and Bisseling, 

2002). Sprent and James (2007) 

reviewed the evolution of different 

nodule structures and infection types in 

leguminous plants. Studies concerning 

nodule physiology and nodule 

functioning specified that the bacteria in 

bacteroids forms are surrounded in plant 

membranes (White et a/., 2007) 

resulting in the formation of 

symbiosomes. Ammonia produced in 

bacteroids is transported to the plant all 

the way through the symbiosomes by 

amino acid flux system (White et a/., 

2007). Besides, alanine is transported. 

The origin of nodulation genes in 

leguminous plants are clouded in 
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mystery however research is on in thi s 

field . Like the rhizobia, Azosprillium 

includes a megaplasmid and sequences 

similar to nod genes (E lmerich, 1987). 

Frankia houses a number of nif genes 

but researchers failed to spot nod genes 

in Frankia (Ceremonie et a/. , 1998). 

However, groundwork on Frankia 

genomes exposed some putative nod

like genes which did not emerge in 

organized clusters and failed to detect 

the nod A gene (Franche el a/. , 2009). 

SubbaRao ( 1988) reported that fix genes 

were ident ified on the chromosomes as 

well as plasmids of Rhizobium and were 

transferable. These genes are irregular 

in free- living bacteria (Gubler and 

Hennecke, 1986) and assist in electron 

transfer to the nitrogenase. 

2.6 Pre-genomic era research in 

biological nitrogen fixat ion (BNF) 

The di scovery of nitrogen fi x ing 

organisms throughout the globe, studies 

concerning their gene products as we ll 

as the deve lopment of mo lecular 

biology helped B F research enter a 

new stage where bas ic resea rch 

combined with latest techniques. B F 

research in the late 20th century mainly 

focused on exploration and application 

of diazotrophs resources, mechanisms 

of ammonium suppressiOn, oxygen 

sensitivity of nif gene express ion, 

, 
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regulation between plant and 

microorganisms during symbiosis, 

nature and synthesis of nodulation 

factor, biochemistry and functions of 

nitrogenase and increase in nitrogen 

fi xation efficiency for crop productivity 

(Franche eta/ .. 2009). Advances in gene 

c lonin g, PCR amp lifications and 

sequencing of D A ushered a new way 

of identifying diazotrophs. Zehr and 

McReynolds ( 1989) were the pioneers 

in developing a number of primers for 

amplification of nijH fragments from 

the environment. It enabled the 

est imati on of the diversity of 

d iazotrophs in the rh izosphere without 

going through the complex process of 

bacterial iso lation, cu ltural studies 

biochemical studies etc. (Hamelin eta/., 

2002; Roesch et a/., 2008). Stoffels et 

a/., (2001) reported that studies on 16S 

rRNA genes design of specific probes in 

the later part of the 20th century. 

2.7 Beginning of interdisciplinary 

research and dawn of bioinformatics 

It was in the year 1986 that the 

Department of Energy (DOE), USA and 

ational Institute of Health (N TH) 

started the Human Genome Project 

(HGP) and became one of the most 

happen ing experiments in the late 20th 

century. The objective of the project 

was to identify all of the 
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humans and craft a database containing 

the information (Ideker eta/., 2001). A 

number of other genome projects also 

started in major industrialized countries 

of Europe and Japan. The scientists 

were at first skeptical about the HGP, 

since huge amount of money had to be 

spent that would hamper basic research 

and as the project moved scientists 

worried about the massive amount of 

data and its interpretation (Bloom, 

2001) In the year 2000, Prof. Collins of 

the National Human Genome Research 

Institute and Pro£ Craig Venter of 

Celera Genomics appeared in a press 

conference and stated that they had 

achieved what was thought impossible 

and published the draft sequence of 

human genome (Wade, 2000). That was 

the beginning and it opened the flood

gates for other genome sequencing 

projects. Gradually sequences of mouse, 

rat, worms and yeast were completed 

(Miller et al., 2004). According to 

Kyrpides (1999) in the end of the 20th 

century, there were 24 complete 

genomes that included 16 bacterial, 6 

archaeal, and 2 eukaryotic genomes and 

currently there are more than two 

thousand genomes available in public 

databases. The large numbers of 

genomes resulted in the generation of 

huge amount of information concerning 

the genetic nature of biological 

organisms spanning different kingdoms, 

groups and lineages etc. Bloom (2001) 

proposed that the greatest problem 

appeared to be the interpretation of 

underlying information from genomes 

leading to materialization of the new 

science of bioinformatics. 

Bioinformatics revolutionized the 

science of biology and directed it 

towards a more holistic approach 

compared to the reductionism visible in 

molecular biology research in the late 

201
h century (Bloom, 200!). Now an 

organism is viewed as a system 

comprising of the information 

associated with genes and proteins that 

are responsible for maintaining day to 

day functions and networks of 

regulations that spell out how gene 

expression occur (Ideker et a/., 2001). 

In 1995, the publication of the complete 

genome of Haemophilus injluenzae 

marked the beginning of another 

revolution in the field of bioinformatics 

(Fleischmann et a/., 1995). Currently 

there are about two thousand bacterial 

and archaeal genomes in the public 

domain. On the other side development 

of computers and sophisticated 

operating systems were also going on. 

The publication of huge amount of 

sequence data were greatly supported by 
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high end computers, smart computing 

too ls. fo r la rge-scal e annotation, 

functional class ification of the proteins 

(Searls, 2000) and development o f 

specific databases (Birney el a/.. 2002) 

for ava ilability to the broad scientific 

community. On one hand the science of 

bioin formatics developed and on the 

other hand computation became cheaper 

a nd che a per a nd w as dul y 

complemented with the growth of 

Internet since the late 90s (Perez

lratxeta el a/., 2006). High throughput 

too ls greatly developed in the beginning 

o f the 2 151 century as genetic data 

became a gold mine for researchers 

(Perez-lratxeta el a /. , 2006). New 

soflware started developing for more 

effi cient and comprehensive analysis of 

the genomes, proteomes and proteins. 

The stage was set and bioinformatics 

had become the leadi ng science of the 

21 51 century. 

2.8 Post genomic era and BNF 

The amalgamation of the knowledge of 

plant physiology, biochemistry, genetics 

and molecular biology gave idea about 

the understanding of the mechanism of 

nitrogen fi xation in pre-genomic era . 

evertheless, the knowledge remained 

erratic and discrete (Benedito et a!. , 

2006). Things changed with the 

access ibi lit y o f complete genome 

sequences of symbiotic as well as non

symbiotic diazotrophs. Knowledge of 

the whole genome became the stepping 

stone in understanding the working 

principle of the bacteria l cell (Puhler et 

a/., 2004). Mesorhizobium loli was the 

first sequence of a symbiotic bacterium 

and it was followed by Sinorhi::obium 

meliloti (Puhler et a!.. 2004). The 

comp le t io n of th e genomes of 

Rhi::obium leguminosarum bv viciae 

(Young el a/., 2006), Rhi::obium elli 

(Go n za' l ez el a/., 2006), 

Bradyrhizobium strains (Kaneko et a!.. 

2002). Frankia strains ( ormand e/ a!.. 

2007) and sequences for a number of 

free- li v in g diazo trop hs spann in g 

different habitats and eco logica l niches 

(Franche el a/., 2009) bolstered nitrogen 

fixation research. The studies on the 

genomes ex posed new evidences 

pertaining to evolution and structure, 

inte ract ions between plants a nd 

microbes and diversity amongst the 

di azotrophs. The breakthro ugh 111 

unearth ing the gene maneuve ring 

propagation of nodule primordia opened 

a new dimension in functional genomics 

of rhi zob ia -l egume sy mbiosis 

(Gresshoff, 2003). The detection of a 

num ber of symbiotic genes associated 

with nitrogen fi xation has strengthened 

functional genomic research. Toole; like 
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DNA macro- and microarrays have been 

applied for studying expression at 

transcription level in Sinorhizobium and 

are being applied in other rhizobia 

(Puhler eta!., 2004). Genome sequences 

of Frankia yielded significant 

information regarding their evolutionary 

histories and linked the disparity in size 

with the biogeographic history of the 

host plants of each strains (Normand et 

a!., 2007). Transcriptomic and 

proteomic investigations of the 

sequenced genomes provided important 

information regarding rhizobial-legume 

symbioses (Puhler et a!., 2004). The 

analysis of the genomes of Azoarcus 

and Gluco"(Ulcetobacter is expected to 

start comparative genomic studies on 

endophytic as well as endosymbiotic 

associations (Puhler et a!., 2004). 

MacLean et a!., (2007) reported that 

genome studies have proved that the 

architecture of the genome content is 

guided by the lifestyle of legume 

symbionts. Since, legumes are 

fundamental part of agriculture and a 

significant component of sustainable 

agriculture, sequencing projects of 

legumes viz. Lotus japonicus, Glycine 

max, Medicago trunculata got 

underway (Udvardi, 2002) for better 

understanding of the symbiotic 

interactions. Sequencing projects on 

these legumes focused on the large 

number of EST's (Expressed sequence 

tags). According to Udvardi (2002) until 

2002, the public database GenBank 

housed 255,291, 162,741 and 31,670 

ESTs for these species. He further stated 

it has become a gold mine since EST 

collections symbolized eDNA libraries 

resulting either from specific organs 

obtained in different developmental 

stages, or from plants subjected to biotic 

and abiotic stress conditions and can be 

used for studying expression levels. The 

protein patterns in the diazotrophs are 

being studied using advanced 

proteomics approaches. Proteomic 

analyses have also revealed the direct 

genome functionality in a number of 

diazotrophs genomes (MacLean et a/., 

2007). The understanding of the 

expression level of the genes is going on 

and is expected to throw light on the 

adaptation of the diazotrophs in soil or 

in symbiotic association. The 

completion of the genome projects for a 

large number of marine cyanobacteria 

as well as free-living diazotrophs like 

Chlorobium, Clostridium, Azotobacter 

and some methanogenic archaea has 

revealed new surprises and functional 

genomics approaches are being applied 

in a large scale. Studies concerning the 

nitrogen fixation in open oceans offer 
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wealth of information about marine 

diazotrophs. There has been a revolution 

in the field of ocean genomics. The 

sequencing projects for Synechococcus, 

Tricho desmium etc., discovery of novel 

genes yielded considerable information 

regarding their genome architecture in 

their respective habitats (Zehr et a/., 

2000). 

The research on functional genomics 

and proteomics for the nitrogen fixing 

bacteria is of great significance in the 

21 51 century. It has become necessary to 

focus much on the comparative codon 

usage patterns, whole proteome analysis 

and molecular phylogeny using 

bioinformatics tools. Comparative 

genomics particularly focusing codon 

usage using different parameters is 

expected to provide insight into the 

inherent molecular nature of the 

genomes of diazotrophs. 

2.9 Previous works on codon usage 

patterns 

In the post genomic era increasing 

number of genomes put forth a concept 

among computational biologists that 

each and every genome has its own 

story. Since the time when the first 

nucleic add sequences were obtained a 

number of hypothesis on the evolution 

of genomes have been put forward. The 

genetic code has been one of the most 

interesting aspects of biological science. 

The code is degenerate with multiple 

codons coding for a particular amino 

acid. Groups of codons coding for a 

particular amino acid are synonymous 

ones. It has been reported that these 

synonymous codons are somewhat 

conserved across species (Peden, 1999). 

The increase in sequence information 

albeit partial in the 1980's facilitated the 

studies concerning the usage of 

synonymous codons of organisms. 

Majority of work on codon usage 

patterns· at that period focused upon 

E.coli (Peden, 1999). Gradually the 

techniques for codon usage were 

applied upon mammalian, bacterial, 

bacteriophage, viral and mitochondrial 

genes (Grantham et a/., l980a; 

Grantham et a/., 1980b; Grantham et al., 

1981). On the basis of studies conducted 

on mRNAs from a number of 

prokaryotic and eukaryotic species, 

Grantham et a/., (1980a) proposed the 

"Genome Hypothesis" which 

conjectured that codon usage pattern of 

a particular genome was an explicit 

attribute of that organism. Grantham et 

al., (1981) reported that difference in 

codon usage pattern might be associated 

with the tRNA content. More work on 

the codon usage patterns (Gouy and 



REVIEW OF LITERATURE 22 

Gautier, 1982) in E. coli regarding codon 

usage and tRNA abundance led to the 

inference that highly expressed genes 

exhibited non-random codon usag~ and 

used a miniature set of codons that 

corresponded to abundant tRNAs. 

However, it was not apparent why 

specific synonymous codons were used 

preferably. Grosjean and Fiers (1982) 

opined that optimal codon choice is the 

outcome of the necessity imposed by 

interaction between codon and cognate 

tRNA. Ikemura (1981) defined optimal 

codon as one that was translated by the 

most abundant cognate tRNA which he 

later amended (Ikemura, 1985). These 

optimal codons are under the influence 

of translational efficiency. Kurland 

(1991) reported that translational 

efficiency is shaped by highest turnover 

of ribosomes, effectiveness of 

aminoacyl-tRNA harmonizing and 

ternary complex conditions. Sharp et al., 

(1993) first hypothesized that the 

preference of some synonymous codons 

were the outcome of translational 

selection i.e., for increasing efficiency 

and accuracy a codon is used that is 

translated by the abundant tRNA 

species. Rocha (2004) correlated codon 

usage bias from the tRNA point of view. 

He proposed that co-evolution of tRNA 

gene composition and codon bias in 

genomes from tRNA's point of view 

concur with the selection-mutation-drift 

theory. A number of studies (Sharp et 

al., 1993; Carbone et al., 2005) revealed 

that codon bias is influenced by 

effective population size, translational 

selection, mutational pressure, 

compositional bias and genetic drift. 

Some workers (Chen et al., 2004) 

postulated that codon bias is first and 

foremost influenced by mutational 

pressure and then translational selection. 

Studies on translational selection helped 

in the detection of highly expressed 

genes in genomes (Karlin and Mrazek, 

2000). Majority of the highly expressed 

genes are associated with cell growth 

and cell division. It has been found that 

evaluating translational selection is 

quite difficult in genomes with a high or 

low G+C content owing to the 

consequence of intense levels of G+C 

content on codon usage. Medigue et al., 

(1991) applied the principles of codon 

usage, cluster analysis 

correspondence analysis to 

and 

study 

horizontal gene transfer mechanisms. A 

number of workers have suggested that 

codon usage and amino acid usage 

(Goldman and Yang, 1994; Nesti et al., 

1995; Pauwels and Leunissen, 1994; 

Schmidt, 1995) helps in determining the 

phylogenetic relationships between 
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organisms and inferring significant 

evolutionary trends. Besides, codon 

usage amino acid usage has also been 

studied at large (Peden, I 999). Ikemura 

(1981) was instrumental in reporting 

good correlation between amino acid 

composition and codon bias. 

Hydrophobicity, aromaticity and amino 

acid charges are testified to be 

influencing amino acid usage (Lobry 

and Gautier, I 994) in a prominent 

manner. The prediction of open reading 

frames has been performed utilizing the 

information of codon usage (Krogh et 

al., 1994; Borodovsky et al., 1995). 

Peden (I 999) provided some classic 

examples of the utilization ofGeneMark 

prediction programme (Borodovsky et 

al., I 994) for identification of coding 

sequences from shotgun genome 

sequencing projects. 

Sharp and Li (1987) were the pioneers 

in developing the Codon Adaptation 

Index (CAl) to assess the similarity 

amid the synonymous codon usage of a 

gene to that of the reference set. This 

particular index has been commonly 

used as a parameter for predicting the 

highly expressed genes in an organism. 

Besides CAl, a number of indices are 

regularly used to investigate codon 

usage patterns in a number of 

organisms. Two types of indices one 

evaluating on the whole deviation of 

codon usage from the expected set and 

the other determining bias towards a 

specific subset of optimal codons are 

used (Peden, I 999). Indices such as GC 

content, GC3 content (Peden, I 999) 

effective number of codons (Nc) 

(Wright, I 990), relative synonymous 

codon usage (RSCU) (Sharp el al., 

I 986) scaled chi-square and G statistic, 

P2 index (Gouy and Gautier, 1982) 

measuring the codon-anticodon 

interaction, codon bias index (CBI) 

(Bennetzen and Hall, I 982), Fop 

(frequency of optimal codons) 

(Ikemura, I 985) and codon adaptation 

index are very significant in studies 

concerning codon usage patterns. 

Besides these indices, correspondence 

analysis (Benzecri, I 992) a type of 

multivariate statistical analysis are 

commonly used to find out the degree of 

associations between different genes 

and amino acids. It is a technique that 

explores non random synonymous 

codon usage. 

This important field of study starved for 

good software in the 1980's. The basic 

problem was the integration of different 

indices into one program that would 

serve the researchers well. The foremost 

software was CODONS (Lloyd and 

Sharp, 1992). The GCG package (GCG, 
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I 994) consisted of programs for 

analysis codon usage. CORRESPOND 

was used for performing multivariate 

statistical analysis (Peden, I 999). 

NetMul (Thioulouse et al., 1995) was 

designed as a subset of ADE software 

for studying of codon usage and 

multivariate statistical analysis. 

CODON W (Peden, 1999) took over the 

stage and became very popular because 

of its robust nature and error free 

analysis. INCA (Supek and Vlahovicek, 

2004) is also being used by researchers. 

Software was also developed for codon 

usage optimization. This involved 

alteration of rare co dons in target genes 

so as to imitate the codon usage of host 

with no modification of the amino acid 

sequence of encoded proteins 

(Gustafsson et a/., 2004). GeneDesign 

(Richardson et a/., 2006), Synthetic 

Gene Designer (Wu et a/., 2006), Gene 

Designer (Villalobos et a/., 2006) are 

some of the software providing a 

platform for synthetic gene design and 

codon optimization. For estimation of 

the highly expressed genes using CAl 

there has been a number of software. 

CODON W (Peden, I 999), JCA T 

(Grote et a/., 2005), CAl 

CALCULATOR (Wu et a/., 2005), 

ACUA (Umashankar et a/., 2007) and e 

CAl server (Puigbo et a/., 2008) are 

commonly used. However, the e CAl 

server (Puigbo et a/., 2008) has proved 

to be the most powerful and efficient 

tool for estimation of expression levels 

of the genes. 

Although a lot of work has been 

performed and is going on in codon 

usage of prokaryotes work on nitrogen 

fixing microorganisms has been lacking. 

Very preliminary work on codon usage 

of nitrogen fixing diazotrophs was 

initiated by Mather and Tuli (I 99 I). 

McEwan and Gatherer (I 999) used 

certain indices to predict gene 

functionality in an operon of Franlcia. 

Ramseier and Gottfert (1991) reported 

differences in codon usage and GC 

content in Bradyrhizobium genes. 

Musto et a/., (2003) accounted the role 

of translational selection for 

synonymous codon usage in 

Clostridium acetobutylicum, however 

they did not deal with the nitrogen 

fixation related genes. All these are just 

very little and a comprehensive work 

with focus on lifestyle patterns are the 

need of the hour. 

2.10 Proteomics and strnctnral 

bioinformatics of nitrogen fixation 

High throughput sequencing of a 

number of eukaryotes and a number of 

bacteria has developed the science of 
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proteomics and structural 

bioinformatics. Structural 

bioinformatics is expected to give rise to 

a large number of protein structures. 

The technological benefits of this field 

are already yielding results and have a 

substantial impact on structural biology 

research for prokaryotes (Burley and 

Bonnano, 2002). Rapid developments of 

technological know how in proteomics 

c~upled with the improvement of 

bioinformatics tools have resulted in a 

deluge of structural information that 

guarantees acceleration in nitrogen 

fixation research. 

Proteomics techniques have been used 

to explore legume-microbe interactions. 

The proteomic studies are focusing on 

determination of the influence of 

microorganisms on host roots, for 

identifYing genes and proteins induced 

during root-microbe interactions 

(Mathesius, 2009). Most of the research 

has dealt with legume-symbioses for 

nitrogen-fixing rhizobia. It has been 

possible to detect specific microbial 

signal molecules in plants, harmonizing 

of signal responses and modification of 

plant growth by microorganisms. 

Combinations of 20 gel, peptide mass 

fingerprinting and bioinformatics aided 

in understanding of factors linked to 

interactions of Rhizobium, 

Mesorhizobium, Sinorhizobium with 

model legume plants like Medicago 

trunculata and Lotus japonicus (Rolfe et 

al., 2003). Investigation concerning acid 

tolerance of Bradyrhizobium japonicum 

USDA II 0 using 2-D gel 

electrophoresis and MALDI-TOF 

techniques offered information 

regarding protein compositions under 

variable pH and illustrated that acid 

tolerant property of Bradyrhizobium 

japonicum had relationships with a 

number of important metabolic 

pathways (Puranamaneewiwat et a/., 

2006). A number of proteomic 

approaches were used to identify 

cyanobacterial symbiotic associations in 

Azolla. The analysis revealed some 

metabolisms that were committed to 

nitrogen fixation and expression of 

some vital proteins earlier unknown to 

influence cyanobacterial symbiosis. 

Further analysis exposed the nature of 

modifications associated with NifH 

proteins in the cyanobacteria (Ekman et 

al., 2008). Proteomics studies of 

Gluconacetobacter diazotrophicus in 

exponential and stationary phases of 

cultures in presence of low and high 

levels of combined nitrogen revealed 

131 differentially expressed proteins 

(Lery et a/., 2008). Proteins associated 

with cell wall biogenesis were reported 
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(Lery eta/., 2008) to be expressed under 

limited nitrogen and shaped functioning 

of nitrogen-fixing cells. Nitrogen 

fixation accessory proteins were 

produced when cells grew under limited 

nitrogen and these proteins helped in 

stabilization of nitrogenase as well its 

protection from oxygen. Comparative 

proteomic analysis of Rhodospirillum 

rubrum identified 44 differentially 

expressed proteins. Proteins stimulated 

in nitrogen-fixing conditions are 

associated with nitrogen fixation and 

assimilation and are consistent with Nif 

regulated expressions (Selao et a/., 

2008). 

Although a number of works has been 

performed using X-ray crystallography 

and NMR spectroscopy for Azotobacter 

and Clostridium nitrogenases (Burgess 

and Lowe 1996; Rees and Howard 

2000; Lawson and Smith 2002; Seefeldt 

et a/., 2004) there are absence of 

comprehensive studies using homology 

modeling techniques. This might have 

been due to difficulties associated with 

dearth of appropriate crystal structures 

in the public domain that can be used as 

suitable templates coupled with non

availability of appropriate software and 

tools for validations. The difficulties in 

ascertaining the three-dimensional 

structures of proteins by spectroscopy 

and X-ray crystallographic analysis 

have made computational techniques 

very popular (Othman et a/., 2007). 

Spectroscopic and X-ray 

crystallographic based methodologies 

are robust, time-consuming, costly and 

often yield unreliable results. Homology 

modelling has become a dependable 

procedure for consistently predicting 3D 

structure of proteins with accuracy 

levels akin to those attained at low

resolution using experimental methods 

(Martin-Renom et a/., 2000). In this 

method the amino acid sequence of 

unknown structure (target) is aligned 

with the homologue of known structure 

(template). In view of the fact, that 

study of 3D structure of a protein is 

supportive in making out the finer 

points of a protein (Paramsivasan et a/. 

2006), this method has become wide 

spread in bioinformatics. Homology 

models of NifH proteins from 

Trichodesmium sp. IMS101 have 

reported by Zehr eta/., (1997) and the 

implications of aerobic nitrogen fixation 

were analyzed. Sen and Peters (2005) 

reported the homology model of the 

nijH protein from Methanobacter 

thermoautotrophicus. The structure 

demonstrated the interplay of a number 

of factors playing a role in the thermal 

adaptation of protein-protein 
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interactions in M thermoautotrophicus. 

The structure has been reported to be 

rigid and assisted in thermal stability. 

Most of the studies on the protein 

complement of the sequenced 

diazotrophs have largely focused on 

functional annotations and amino acid 

compositions with little focus on 

common physical properties. The steady 

increase in complete proteomes for 

diazotrophs pose a significant challenge 

for accomplishing study in large 

numbers. Thus, a broad picture on 

protein signatures for nitrogen fixing 

microorganisms is unavailable. The 

physical properties of proteins are vital 

for functioning of an organism (Knight 

et al., 2004). An understanding of how 

these properties render the role of 

complete proteomes is expected to fetch 

answers relevant to organism and 

molecular biology (Knight eta/., 2004). 

2.11 Phylogenetic studies on BNF 

Nothing in biology makes sense without 

the light of evolution. This also applies 

for biological nitrogen fixation. Earlier 

studies of biological evolution mainly 

concentrated either upon general 

appearance or habitats or genetic 

similarities (Williams, 2007). The 

foundation and current distribution of 

nitrogen fixation has been mystifying 

from a phylogenetic point of view 

owing to a number of factors that 

puzzled the scientists for decades 

(Raymond eta/., 2004). Raymond eta/., 

(2004) reported that the ancient 

phenomenon of nitrogen fixation played 

a vital role in the spreading out of 

microbial life on our planet. All 

nitrogen fixing diazotrophs have a wide 

distribution in the kingdoms of Bacteria 

and Archaea. A number of workers 

(Raven and Yin, 1998; Kasting and 

Siefert, 2001; Navarro-Gonzalez eta/., 

200 I) hypothesized that abiotic nitrogen 

was a limiting factor in the early days of 

the Earth and reduced availability of 

nitrogen influenced the evolution of 

early nitrogen fixers. The complex 

climatic, geological and biochemical 

events of the early atmosphere too 

played a significant role in the evolution 

of nitrogen fixers. In the post genomic 

era, the accessibility of the genes, 

proteins and completely sequenced 

genomes have made it feasible to 

comprehend the impact of complex 

genetic events like paralogy, lateral 

gene transfer, gene duplication events in 

the evolution of nitrogen fixation. It has 

now become possible to understand 

clearly the forces influencing the 

evolution of nitrogenase at the 

molecular level. Raymond et a/., (2004) 



REVIEW OF LITERATURE 28 

reported that nitrogenase evolved in 

multiple lineages and there are 

evidences of loss, duplications and 

horizontal and vertical transfers for the 

nitrogenase genes and operons during 

the course of evolution. Till date most 

of the studies concerning the evolution 

of nitrogen fixation have focused on the 

nif genes since they are extensive, found 

in cotranscribed regulons, house the 

major subunits for the nitrogenase and 

code for a number of proteins involved 

in the regulation and activation of the 

nitrogen fixing mechanism (Kessler et 

al., 1998; Kessler and Leigh, 1999; 

Halbleib and Ludden, 2000; Goodman 

and Weisz, 2002). Owing to the far

reaching efforts of scientists throughout 

the world it has been possible to 

sequence the nitrogenase genes like 

nijH, n!fD, nijK., nijE, nijN etc. for 

understanding the evolutionary history 

of nitrogen fixation (Normand and 

Bousquet, 1989; Normand et al., 1992; 

Hirsch et a/., 1995; Zehr et a/., 1997; 

Fani et a/., 2000). There has been a 

rigorous debate on the evolution of 

these genes among different workers 

(Normand and Bousquet, 1989; Fani et 

a/., 2000; Zehr et a/., 2003; Henson et 

al., 2004; Kechris et al., 2006). These 

debates focused on issues ranging from 

random distribution of nitrogen fixation 

(Henson et · al., 2004) to lateral gene 

transfer (Normand and Bousquet, 1989; 

Kechris et a/., 2006), vertical descent 

accompanied by multiple losses 

(Young, 1992; Normand et al., 1992; 

Hirsch et al., 1995), convergent 

evolution (Postgate and Eady, 1988) etc. 

There have been conflicting reports on 

the evolution of the genes arising out of 

investigations with dissimilar 

techniques of phylogenetic analysis 

(Henson et al., 2004). Some workers 

(Normand and Bousquet, 1989; 

Normand et al., 1992; Hirsch et al., 

1995; Hennecke et al., 1992; Zehr eta/., 

1998; Zehr et al., 2000) reported 

contradictory information on the 

agreement between nijH phylogenies 

and 168 rRNA based phylogenies in 

cyanobacteria, proteobacteria and 

actinobacteria while others (Henson et 

al., 2004) investigated the evolutionary 

history of nitrogen fixation using only 

n!fD. Most of the workers used the 

sequence alignment based methods to 

study evolution of relevant nif genes. 

Normand and Bousquet (1989) were the 

first to hypothesize that nitrogen 

fixation arose once in the course of 

evolution and has been transmitted 

horizontally to different lineages. The 

other hypothesis that cropped up in the 

last decade of the 20'h century, predicted 
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that nitrogen fixation arose in the early 

evolutionary history and was 

omnipresent in all prokaryotic 

organisms at that time. Gradually with 

time it disappeared in some lineages and 

presently retained in some (Young, 

1992; Normand et a/., 1992; Hirsch et 

a/., 1995). Fani eta/., (2000) postulated 

a model that in some ways recreated the 

evolutionary history of nifD, nifK., 

nifE and nijN. The primitive ancestral 

gene arose by means of paralogous 

duplication events (Fani et al., 2000). 

This was followed by deviation to an 

ancestral bicistronic operon and this 

operon further went through paralogous 

operon duplication events thus creating 

the modem ancestors of nif genes. They 

further hypothesized that nif DKEN 

genes were already present in the 

earliest prokaryotes prior to the division 

of archaea and bacteria and weakening 

of selection pressure owing to higher 

energetic costs of the process of 

nitrogen fixation resulted in loss of nif 

genes in the late prokaryotes thus 

limiting them to a few. Henson et a/., 

(2004) re-examined the phylogeny of 

nitrogen fixation by analyzing only the 

molybdenum containing nifD gene from 

a cyanobacteria, proteobacteria as well 

as gram-positive bacteria. They 

compared the nifD phylogeny with that 

of the 168 rRNA phylogeny. The 

rationale behind this was that in cases 

where nif and rRNA topologies 

matched, vertical descent could be 

inferred otherwise lateral gene transfer 

could be the reason. They applied the 

parsimony technique, maximum 

likelihood technique and neighbor 

joining technique to analyze the 

evolution of the nifD genes. Henson et 

a/., (2004) inferred that their studies on 

nifD phylogenies are harmonious with 

that of the 168 rRNA based phylogenies 

and supported the hypothesis of vertical 

descent. Their results also matched with 

the n!fH phylogenies (Zehr eta/., 1998, 

2000) with respect to vertical descent. 

The parsimony analysis of the amino 

acid sequences and maximum likelihood 

studies concerning the nucleotide 

sequences of nijD genes support 

monophyletic origins of cyanobacterial 

and actinobacterial strains strengthening 

their hypothesis on vertical descent 

(Henson et a/., 2004). Conversely, 

distance matrix analysis of nucleotide 

sequences for nifD genes bolstered the 

concept of horizontal gene transfer. 

They also argued that the parsimony and 

maximum likelihood methodologies are 

probably more superior compared to 

other methodologies based on sequence 

alignments for resolving the 
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evolutionary relationships between 

organisms. Kechris et al., (2006) 

however strongly lent support for 

horizontal gene transfer events. 

Nitrogen fixation research presents a 

completely new outlook in the post 

genomic era. The wealth of information 

obtained from the genome projects 

needs to be mined. As newer and newer 

diazotrophs are discovered and 

sequenced novel insights are being 

gained. Bioinformatics in combination 

with metagenomics as well as 

metaproteomics approaches has the 

potential to give a more detailed picture 

that underlie symbiotic as well as 

asymbiotic nitrogen fixation. At the end 

of the day scientific perception will 

continue to play a vital role in creating 

models that clarifY nitrogen fixation in 

improved manner. 



3. Materials and Methods 

3.1 Codon usage analysis 

3.1.1 Retrieval of sequences 

Genome sequences for the studied 

microorganisms listed in Table 3.1 were 

obtained from the IMG database 

(www.imgJgi.doe.gov) (Markowitz el 

a/., 2006) using their respective genome 

accession numbers. All of the protein 

coding genes, ribosomal protein genes 

which are considered to be highly 

expressed and nitrogen fixation related 

genes were considered for the analysis. 

In addition, the sequences for COGs 

(Cluster of orthologous genes) (Tatusov 

et a/., 2003) functional groups for the 

studied microorganisms and their tRNA 

copy numbers were also obtained from 

the aforesaid database. 

3.1.2 Analysis of codon usage 

variation 

To analyze the codon usage patterns of 

the studied organisms the software 

Codon W (http://mobyle.pasteur.fr/cgi-

bin/Mob yl eP o rta 1/p o rta l. p y? 

Form=codonw) (Peden, 1999) was used. 

The parameters such as GC content, 

GC3 content, Nc, CBI, Fop, GRAVY 

and aromaticity were calculated. CAl 

values were calculated using the e-CAI 

server (Puigbo et a/., 2008). All these 

parameters reduce the codon usage data 

to a useful summary and enlighten about 

the factors affecting codon usage 

patterns in microorganisms. 

The GC content estimates the amount of 

the guanine cytosine in the nucleotide 

sequences. The GC3 content determines 

the frequency of either G or C 

nucleotides present in the third position 

of the synonymous codon. It however 

excludes methionine, tryptophan and the 

termination codons. 

The effective number of codons used in 

a gene (Nc) is an important parameter 

that can measure overall codon bias of 

synonymous codons (Wright, 1990). Its 
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Table 3.1: List of organisms' genomes and proteomes undertaken for the study 

Group Organism Name CODE Accession# 
Cyanobacteria Anabaena variabilis ATCC 29413 ANVAR NC_007413 

Cyanathece sp. PCC 7424 C7424 NC 011729 
Cyanothece sp. PCC 7 425 C7425 NC_Oll884 
Cyanothece sp. PCC 880 I C8801 NC_011726 
Cyanothece sp. PCC 51142 C51142 NC_OI0546 
Cyanothece sp. CCYO 110 CCY0110 NZ_AAXWOOOOOOOO* 

Lyngbya sp. PCC8106 LYN NZ_AA vuoooooooo• 
Nostoc sp. 7120 N7120 NC_003272 
Nostoc sp. 73102 N73102 NC 010628 

Nodularia spumigena CCY9414 NOSPUM Nz_AA vwoooooooo• 
Synechococcus sp.JA-2-3B'a{2-1 3) SYNE NC_007776 
Trichodesmium erythraeum /MSJOJ TRICHOS NC_008312 

Proteobacteria Azoarcus sp. BH72 AZOR NC_008702 
Azotobacter vinelandii AvOP AZOTO NZ_AAAUOOOOOOOO* 

Azorhizobium caulinodans ORS 571 AZORHI NC_009937 
Beijerinckia indica subsp. indica ATCC BEl NC_010581 

9039 

Bradyrhjzobium sp. BTA/J BRBTA1 NC_009485 
Bradyrhizohium japonicum USDA 110 BRUSDA NC 004463 

Bradyrhizobium sp. ORS278 BRORS NC_009445 
Gluconacetohacter diazotrophicus PALS GLUCO NC 010125 

Klebsiella pneumoniae pneumoniae KLEB NC_009648-53 
MGH78578 

Mesorhizobium loti MAFF303099 MESMAF NC_002678 
Mesorhizobium sp. BNCJ MESOBN NC_008242 

Rhizobium etli CFN 42 RH1CFN4 NC_004041 
Rhizobium etli CIAT 652 RH1C1AT NC_010994 

Rhizobium leguminosarum bv. trifolii RH1WSM NC_011366 
WSM1325 

Rhizobium leguminosarum bv. viciae RHIVICIA NC_008378 
3841 

Rhodobacter sphaeroides 2.4./ RHO DO NC_007493 
Sinorhizobium meliloti 102/ SMELILO NC_003037 

Sinorhizobium medicae SNOMEDI NC_009620 

Actinobacteria Frankia alni ACNJ4a ACNI4A NC_008278 
Frankia sp. Cc/3 Ccl3 NC_007777 

Frankia sp. EAN 1 pee EAN1PEC NC 009921 

Firmicutes Clostridium acetobutylicum ATCC 824 CACET NC_003030 
Clostridium beijerinckii NCIMB 8052 CBE1 NC_009617 

Green sulfur Ch/orohium ch/orochromatii CaD3 CCHROM NC_007514 
bacteria Ch/orobiumferrooxidans DSM 13031 CFEROX NZ _ AASEOOOOOOOO* 

Chlorobium limicola DSM 245 CLIM1 NC_010803 
Chlorobium phaeobacteroides DSM 266 CPHAEO NC_008639 

Chlorobium phaeobacleroides BSJ CPE01 NC_010831 
Ch/orobium tepidum TLS CTEP1 NC_002932 

Metlzanogenic Methanobacterium thermoautotrophicum MTHER AE000666 
Arc!Jaea sir. Delta H 

Methanococcus maripaludis strain S2 MMARl BX950229 

Methanosarcina mazei strain Goel MMAZ AE008384 

Methanospiril/um hungatei JF-1 MHUN NC_007796 

*Draft sequence 
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• (n .. ±p')-1 
F= , .. 1 

naa -1 
(!) 

value represents the number of equal 

codons that would generate the same 

codon usage bias observed (Sen et a/., 

2008).Values for the effective number 

of codons range from 20 (when only 

one codon is per amino acid) to 61 

(when all codons are used in equal 

probability). The Nc value is influenced 

by mutational biases and or/selection for 

particular codons. However, Wright 

(1990) has pointed out that in organisms 

where mutational bias absolutely 

determines synonymous codon usage, 

the Nc value ranges between 31-61 

depending upon the genomic GC 

content. While calculating the effective 

number of codons at first F" (F caret) is 

calculated in each of the synonymous 

groups: 

where, p symbolizes the fraction of 

usage of a codon i inside its 

synonymous cluster of size j, and n •• the 

total usage of that synonymous group. 

The average of F" for synonymous 

groups of same size (i.e. 2, 4, and 6) is 

also determined. Nevertheless, in lack 

of isoleucine residues F" is calculated 

as an average of F"av2 and F""v4 and Nc 

value is determined using the following 

formula: 

Nc =2+91 F"'2 +II F' +51 fr••• +31 fr••• 
(2a) 

In order to include the influence of G+C 

Table 3.2: Major COG groups and their categories 

COG GROUP 

1. Information 
storage and 
processing 

2. Cellular 
processes 

MAJOR CATEGORIES 

J-Translation, ribosomal structure and biogenesis 
K-Transcription 
L-DNA replication, recombination and repair 
V- Defense mechanisms 
T -signal transduction 
M---Cell envelope biogenesis, outer membrane 
N-Cell motility and secretion 
U-Intercellular trafficking, secretion and vesicular transport 
0-Posttranslational modification, protein turnover, and chaperones 

3. Metabolism C-Energy production and conversion 
a-Carbohydrate transport and metabolism 

4. Poorly 
characterized 

E-Amino acid transport and metabolism 
F-Nucleotide transport and metabolism 
H-Coenzyme metabolism 
P-lnorganic ion transport and metabolism 
1-Lipid metabolism 
Q-Secondary metabolites biosynthesis, transport and catabolism 
R--General function prediction only 

8-Unknown function 
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bias the following equation is used to 

detennine the expected value of Nc 

under random codon usage: 

Nc=2+S+{29/[S
2

+(1-S)
2
]} (Zb) 

Here, S represents GC3 values. 

The codon adaptation index (CAl) is a 

commonly used gauge to detennine 

synonymous codon usage in prokaryotes 

as well as eukaryotes. It is a measure of 

codon usage within a gene relative to 

reference sets of genes that are known 

to be highly expressed (Sharp and Li, 

1987). Before calculating the codon 

adaptation index it is essential to 

determine the relative synonymous 

codon usage (RSCU) values from the 

set of highly expressed genes in an 

organism as detennined by Sharp and Li 

(1987): 

(3) 

here x;i signifies the number of 

occurrence of the jth codon for ith 

amino acid, and n1 symbolizes the size 

of the synonymous group for the ith 

amino acid (i.e., 2,3,4 or 6). The CAl 

value for the gene is then detennined by 

the geometric mean of the relative 

adaptiveness values of each of the 

codons present in the genes. CAl (Sharp 

and Li, 1987) is calculated using the 

formula: 

CAl = exp (_!_tIn wk) 
L t=t 

(4) 

where, Olk signifies the relative 

adaptedness of the k'h codon and L 

represents the number of synonymous 

codons in the gene. In the e-CAI server 

the CAl values were detennined using 

codon usage table of the particular 

organism as reference. CAl values vary 

from 0 to I with higher CAl values 

indicating that the gene of interest has a 

codon usage pattern more similar to that 

of highly expressed genes (Sen et a/., 

2007). 

The codon bias index (CBI) (Bennetzen 

and Hall, 1982) is a gauge of directional 

codon bias and detennines the level to 

which a gene uses a subset of optimal 

codons. The codon bias index values 

ranges from 0 to I. It is calculated as 

follows: 

(5) 

where N0p1= number of optimal codons; 

N101= total number of synonymous 

codons; Nran=expected number of 

optimal codons in cases where codons 

are assigned randomly. 
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The frequency of optimal codons (Fop) 

(Ikemura, 1985) is the fraction of 

synonymous codons that are optimal 

codons. If rare codons are identified 

there is a stipulation for determining the 

original Fop index (Equation 6a) or the 

modified Fop index (Equation 6b). All 

the negative values arising while 

determining Fop are adjusted to zero. 

Fop is calculated as follows: 

(6a) 

(6b) 

where N represents the frequency of 

each codon type used, whereas No" Nrc 

and N,. stand for optimal codons, rare 

codons and synonymous codons 

respectively. Fop values ranges from 0 

to I. In case where Fop values are I the 

genes are said to be made entirely of 

optimal codons (Ikemura, 1985). 

Laa determines the lengtb of the amino 

acids. GRAVY (Kyte and Doolittle, 

1982) is the gauge of the hydrophobicity 

of the proteins coded by the genes. 

Positive GRAVY (hydrophobic) and 

negative GRAVY (hydrophilic) scores 

are the arithmetic mean of the sum of 

hydropathic (solubility) indices of the 

amino acids. Aromaticity determines 

amino acid usage, given that disparity in 

amino acid composition can be relevant 

for evaluating codon usage (Lobry and 

Gautier, 1994). 

In order to test whether the values of the 

aforesaid indices in nitrogen fixing 

genes, ribosomal protein genes 

significantly differ from that of the 

protein coding genes, Z test was 

performed. 

3.1.3 Correspondence analysis of 

codon and amino acid usage 

The Codon W software (Peden, 1999) 

was used to calculate the 

correspondence analysis of codon count 

and amino acid · usage frequencies. 

Owing to some fallacies associated with 

correspondence analysis of RSCU it 

was not considered for the analysis. 

Correspondence analysis is a 

multivariate statistical techniqu·e that 

creates a series of orthogonal axes to 

identify trends to explain the data 

variation, with each subsequent axis 

explaining a decreasing amount of the 

variation (Benzecri, 1992). The file 

containing the gene sequences were 

loaded in Codon W (Peden, 1999). For 

calculating the former the 

correspondence analysis menu (Menu 5) 

was selected. It had four options. Option 

I was used for correspondence analysis 

on codon count. In this option advanced 

correspondence analysis sub option was 
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Table 3.3: List of organisms used for analysis of ITA codons 
. Organisms Accession number 

Azoarcus sp. BH72 NC_008702 
Azotobacter vinelandii AvOP NZ_AAAUOOOOOOOO* 

Azorhizobium caulinodans DRS 571 NC _ 009937 
Bradyrhizobium sp. BTAII NC_009485 

Bradyrhizobium sp. ORS278 NC_009445 
Frankia a/ni ACN/4a NC_008278 

Frankia sp. Ccl3 NC _ 007777 
Frankia sp. EAN I pee NC _ 009921 

Gluconacetobacter diazotrophicus P AL5 NC _ 0 I 0 125 
Rhodobactersphaeroides 2.4.1 NC 007493 

*Draft sequence 

preferred so as to have greater control 

during correspondence analysis. The 

toggle level was changed to exhaustive; 

the numbers of axis altered and the 

program was run. Correspondence 

analysis on amino acid usage was 

performed with the help of option 3 in 

the correspondence analysis menu 

(Menu 5). Correspondence analyses on 

amino acid usage for the studied 

organisms were performed for the 

protein coding genes to recognize the 

apparent forces in characterizing 

adaptation of the expressed proteins. 

3.1.4 Correlation of different indices 

The aforementioned parameters were 

correlated amongst themselves and with 

the principal axis of variations for 

correspondence analysis of codon count 

and amino acid usages to get further 

insights into their role in manipulating 

the diversity of codon usage patterns in 

the studied microorganisms. 

3.1.5 Correlating codon usage bias 

with tRNA content 

Eduardo Rocha (2004) studied the 

correlation between synonymous codon 

usage and tRNA content in some 

bacterial genomes. The optimal 

generation times for the studied 

microorganisms were obtained and they 

were correlated with the tRNA copy 

numbers for the microorganisms. 

3.1.6 Prediction of potentially highly 

expressed genes 

The CAl values obtained for protein 

coding genes in the studied 

microorganisms are useful for 

predicting the level of expression of a 

gene (Sharp and Li, 1987). Wu et a/., 

(2005) analyzed proteome results and 

validated the correlation between CAl 

values and expression levels showing 

experimentally that CAl predicted 

potentially highly expressed genes 

indeed are highly expressed. Jansen et 

a/., (2003) also confirmed this finding 



MATERIAlS AND METHDDS 37 

with yeast genome. CAl values for these 

studied genomes were examined to 

identifY the predicted highly expressed 

genes. As defined by Wu et a/., (2005, 

2005a), the top I 0% of the genes, in 

terms of CAl values, were classified to 

be predicted highly expressed genes. 

3.1.7 Functional analysis of predicted 

highly expressed genes 

Clusters of orthologous groups of 

proteins (COG) were used to understand 

the functional distribution of the 

predicted highly expressed genes among 

the studied genomes. To help the 

analysis, each of the COG functional 

categories was clustered into four COG 

functional groups. The m[\jor COG 

functional groups are tabulated in Table 

3 .2. The functional analyses of COGs 

based on potentially highly expressed 

genes in the studied organisms were 

used to understand their role in 

influencing the lifestyle of the 

organisms. 

3.2 Analysis ofTTA codons from GC 

rich diazotrophs 

3.2.1 Sequence retrieval 

The nucleotide sequences of the high 

GC containing microorganisms enlisted 

in Table 3.3 were considered for the 

analysis and were retrieved from the 

IMG database (www.img.jgi.doe.gov) 

(Markowitz eta/., 2006). 

3.2.2 Determination ofTTA codons 

The server TTA Lynx (http:// 

ttalynx.bio.lnu.edu.ua) (Zaburannyy et 

a/., 2009) was used to determine the 

number of IT A co dons and their 

corresponding gene sequences. The 

studied sequences were loaded in 

FAST A formats and contained the 

coding sequences (CDS). The aforesaid 

server was then used to compute the 

codon wise statistics of the IT A 

codons. 

3.2.3 Codon usage analysis ofTTA 

codon containing gene sequences 

The predicted IT A containing gene 

sequences were analyzed for codon 

usage patterns with respect to the 

parameters like GC content, GC3 

content, Nc, CAl, CBI, Fop, GRAVY 

and aromaticity so as to ascertain their 

characteristics. The software used are as 

per section 3 .1.2. 

3.2.4 Functional analysis of TTA 

codon containing genes 

Clusters of orthologous groups of 

proteins (COG) were used to study the 

functional distribution of the TTA 

codon containing genes in order to 

establish their role in influencing the 

lifestyle of the GC rich organisms. 
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3.3 Proteome analysis 

3.3.1 Retrieval of sequences 

The sequences of the total proteomes 

and that for the nitrogen fixation related 

protein sequences of the 

microorganisms are listed in Table 3.1 

along with their code names. These 

sequences were retrieved from (IMG) 

Integrated Microbial Genome database 

(www.img.jgi.doe.gov) (Markowitz et 

a!., 2006). The sequences of proteins in 

COGs (Cluster of orthologous genes) 

(Tatusov et a!., 2003) functional groups 

from studied proteomes were also 

retrieved from the IMG database. 

Symbiotic plasmids for Rhizobium etli 

CFN 42, Bradyrhizobium sp. BTAII 

and Sinorhizobium meliloti were also 

considered for the analysis. 

3.3.2 Determination of protein 

isoelectric point, energetic costs and 

amino acid adaptation index 

The protein is~electric points (pi), 

protein energetic costs and amino acid 

adaptation index (AAAI) were 

calculated using the software DAMBE 

(http://dambe.bio.uottawa.ca) (Xia and 

Xie, 2001). The allocation of isoelectric 

points (pi) in a proteome is one of the 

vital characteristics of proteins. The 

isoelectric point (pi), is defined as the 

pH at which a particular molecule or 

surface has no net electrical charge i.e. 

the negative and positive charges are 

equal (Nandi et a!., 2005). Amino-acid 

adaptation index (AAAI) is used for 

assessing the adaptation of proteins and 

for making comparisons of amino acid 

usage in different organisms (Xia and 

Xie, 2001 ). The mean amino acid 

composition inertly reveals random 

variation of the genetic code. It appears 

that the most crucial thing shaping 

frequency of amino acids in a protein is 

the number of codons coding for it 

instead of particular optimal amino 

acids (Xia and Xie, 2001). The energetic 

cost of protein accounts for a 

noteworthy amount in metabolism. 

Energy in the form of high-energy 

phosphate bonds and reducing power 

are utilized in carrying out reactions and 

more is required for alteration of 

available starting metabolites to amino 

acids (Akashi and Gojobori, 2002). 

Hence, determination of energetic costs 

of proteins is vital for metabolic 

efficiency in proteomes of 

microorganisms. 

3.3.3 Correlation of different indices 

It has been reported that environment 

and GC content play a role in 

influencing amino-acid usage in 

organisms (Tekaia and Yeramian, 

2006). On the basis of this GC content, 
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GC3 composition (amount of G or C 

codons in the third position), 

hydropathicity (GRAVY score) and 

aromaticity determined using Codon W 

software (http://mobyle.pasteur.fr/cgi

b in/Mob y le Port a lip o rta I. p y? 

Form=codonw) (Peden, 1999) for 

protein coding genes of the studied 

microorganisms previously were 

correlated with isoelectric point (pi), 

amino acid adaptation index (AAAI) 

and energetic costs of proteins. Protein 

isoelectric point (pi) values were further 

correlated with protein energetic costs 

and aromaticity. 

3.3.4 Variations of isoelectric point 

across COGs 

Variations of isoelectric points (pi) 

across the studied nitrogen fixing 

microorganisms using COGs (Tatusov 

et a/., 2003) functional groups were 

investigated. The COGs functional 

groups were clustered into four classes 

for convenience (Sur et a!., 2008) as 

mentioned earlier. In the first step the 

percentage of amino acids in the 

isoelectric point category for each COG 

functional group was determined. In the 

next step percentage of amino acids for 

each COG functional group amongst the 

total COGs were determined. Chi

square tests for the COG groups in the 

acidic dataset as well as basic dataset 

were performed to identifY significant 

differences. 

3.4 Phylogenetic analysis of nif genes 

3.4.1 Using condensed matrix method 

3.4.1.1 Retrieval of sequences 

The nucleotide sequences of 168 rRNA, 

nifH, nijK, nifD genes and complete 

genomes from microorganisms coming 

from cyanobacteria, proteobacteria, 

gram positive bacteria, green sulfur 

bacteria and archaea are listed in Table 

3.4. The sequences were retrieved from 

the Integrated Microbial genomes 

(IMG) database (www.imgjgi.doe.gov) 

(Markowitz eta!., 2006). 

3.4.1.2 Frequency of triplets of nucleic 

acid bases 

It is well known that a DNA sequence 

of four letters consists of 64 possible 

triplets (subsequences of length 3) 

starting from AAA, AA T, AAG, AAC, 

ATA, ATT, ATG, ATC, AGA, AGT, 

AGG, AGC, ACA, ACT, ACG, ACC 

etc. (Randic et a/., 2001). The triplets 

contain all the relevant information for 

polypeptide synthesis. A program 

developed in Turbo C++ was used to 

count each and every potential triplet 

from nucleotide sequences of 168 

rRNA, nifH, nijK, nifD genes and whole 

genomes from the studied organisms. 
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Table 3.4: List of organisms and sequences used for phylogenetic analysis using con
densed matrix based method 

Organism 
Cyanobacteria 

Anabaena variabilis A TCC 29413 
Cyanothece sp. PCC 880 I 

Cyanothece sp. ATCC 51142 
Cyanothece sp. CCYO II 0 
Cyanothece sp. PCC 7424 
Cyanothece sp. PCC 7425 

Lyngbya sp. PCC 8106 
Nodular/a spumigena CCY9414 

Nostoc sp. PCC 7120 
Nostoc punctiforme PCC 73102 

Trichodesmium erythraeum /MSJOJ 
Synechococcus sp. JA-2-3B'a(2-13) 

Proteobacteria 
Azoarcus sp. BH72 

Azotobacter vine/andii AvOP 
Azorhizobium caulinodans ORS 571 

Beijerinckia indica subsp. indica ATCC 9039 
Bradyrhizobium sp. BTAI1 

Bradyrhizobium japonicum USDA 110 
Bradyrhizobium sp. ORS278 

G/uconacetobacter diazotrophicus PAL5 
Klebsiella pneumoniae 

Mesorhizobium loti MAFF303099 
Rhizobium etli CFN 42 

R. etli C1AT 652 
R. leguminosarum bv. trifolii WSMJ325 

R. leguminosarum bv. viciae 3841 
Rhodobacter sphaeroides 

Sinorhizobium meliloti 1021 
Actinobacteria 

Frankia alni ACN14a 
Frankia sp. Cc13 

Frankia sp. EANJ pee 
Clostridia 

Clostridium acetobutylicum ATCC 824 
Clostridium beijerinckii NCJMB 8052 

Green sulphur bacteria 
Chlorobium chlorochromatii CaD3 

Chlorobiumferrooxidans DSM 13031 
Chlorobium /imicola DSM 245 

Chlorobium phaeobacteroides DSM 266 
Ch/orobium phaeobacteroides BSJ 

Chlorobium tepidum TLS 
Methanogenic archaea 

Methanobacterium thermoautotrophicum str. Delta H 

Methanococcus maripa/udis strain S2 
Methanosarcina mazei strain Goel 

Methanospiril/um hungatei JF-1 
*Draft sequences 

Accession# 

(NC_007413) 
(NC_Oll726) 
(NC_Ol0546) 

(NZ_AAXWOOOOOOOO)* 
(NC_OII729) 
(NC_Oll884) 

(NZ _ AA VUOOOOOOOO)* 
(NZ_AA VWOOOOOOOO)* 

(NC_003272) 
(NC_OI0628) 
(NC _ 008312) 
(NC _ 007776) 

(NC _ 008702) 
(NZ _ AAAUOOOOOOOO)* 

(NC_009937) 
(NC_Ol0581) 
(NC _ 009485) 
(NC_004463) 
(NC _ 009445) 
(NC_Ol0125) 

(NC_009648-53) 
(NC _ 002678) 
(NC_004041) 
(NC_OI0994) 
(NC_Oll366) 
(NC_008378) 
(NC _ 007493) 
(NC_003037) 

(NC_008278) 
(NC _ 007777) 
(NC_009921) 

(NC _ 003030) 
(NC_009617) 

(NC_007514) 
(NZ _AASEOOOOOOOO)* 

(NC_Ol0803) 
(NC _ 008639) 
(NC_OI0831) 
(NC _ 002932) 

(AE000666) 

(BX950229) 
(AE008384) 

(NC 007796) 

The introduction of a 4x4x4 cubic 

matrix was necessary to go for further 

analysis. The 4x4x4 cubic matrix 

comprising of 64 possible entries helps 

in resolving the occurrence of the 

probable 64 triplets in a DNA sequence. 



MATERIALS AND METHODS 41 

In case of a cubic matrix, it is possible 

to obtain three groups of 4x4 matrices 

(Sur et al., 2009) each of which 

containing all entries of the cubic matrix 

(Randic et al., 2001). In most cases, the 

group {M~> M2, M3, M,} represents the 

cubic matrix. The matrices were formed 

using all the triplets for all the studied 

DNA sequences. Condensed 

categorization of the primary sequence 

is derived from 4x4 matrices, whose 

rows and columns are related with the 

A, G, C and T bases. The four matrices 

enclose information about the 

frequencies of occurrence of all possible 

triplets of the DNA sequence along with 

the information regarding the frequency 

of occurrence of pairs of each and every 

letter within a DNA sequence (Randic et 

al., 200 I). In our method the codon 

positions I, 2 and 3 were given equal 

weight subsequently addition or deletion 

of bases during the course of evolution 

were given due care so as to incorporate 

their influence. The methodology 

depicts DNA by condensed a matrix 

counting the rate of presence of 

adjoining base pairs (Randic, 2000). 

3.4.1.3 Calculation of eigenvalue and 

construction of phylogram 

Leading eigenvalues were calculated 

using MATLAB (version 5.0.0.4069) 

software. These eigenvalues are a 

special set of scalars associated with a 

linear system of equations, usually 

matrix equations that are often regarded 

as characteristic roots, characteristic 

values (Hoffman and Kunze, 1971) and 

proper values or latent roots (Marcus 

and Mine, 1988). Evaluation of DNA 

sequences for similarity or dissimilarity 

is normally aided by the convenience of 

leading eigenvectors calculated by this 

method. Diversity between eigenvalues 

was used to study sequence similarity/ 

dissimilarity keeping in mind the 

characterization of a sequence by 

leading eigenvalue (Nandy et al., 2006). 

Matrices linked to each sequence are 

estimated and the leading eigen values 

computed. Variations in leading eigen 

values concurrent to the string are 

estimated and the relationships between 

genes investigated. Distance matrixes of 

the studied sequences were constructed 

by summing up the square of the 

difference of eigen values. Phylograms 

were built by cluster analysis of the 

similarity matrix using PHYLIP (Ver 

3 .65) (Felsenstein, 1989) and drawn 

with PHYLODRA W (Ver 0.8). 

The nucleotide triplet based condensed 

matrix phylogeny has been successfully 

applied in addressing the evolutionary 

scenario of amino-acyl tRNA 

synthetases in three domains of life 
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(Monda! et al., 2008) and HINI viruses 

(Sur et al., 2009). 

3.4.2 Composition vector (CV) 

approach in whole genomes and 

proteomes 

The CVTree server (http:// 

tlife.fudan.edu.cn!cvtree) (Qi et al., 

2004) was used to examine the 

phylogeny of whole genomes from the 

studied nitrogen fixing microorganisms. 

This technique thwarts the vagueness of 

choosing genes for phylogenetic 

restoration evading alignment of 

sequences (Qi et al., 2004). This method 

infers evolutionary relatedness of the 

genomes from frequency of amino acid 

K-strings in their whole proteomes. 

Complete DNA and proteome 

sequences were analyzed by feeding 

them into the CVTree server. 

3.4.3 Evolution of nif genes as a unit 

Given the fact that, n!fH, nifK and nifD 

genes act in tandem and are expected to 

evolve at consistent rates owing to their 

mutual interdependence; other 

important parameters such as, GC 

(guanine cytosine) content, Nc 

(effective number of codons) (Peden, 

1999) GC3 (guanine cytosine content at 

3'd position), Laa (length of the amino 

acids) are also estimated to be 

consistent. Taking this fact into 

consideration the next aim was to 

investigate whether these genes evolved 

in a homogenous manner and evolved as 

a unit. 

3.5 Homology modeling of NifH 

proteins from Frankia 

3.5.1 Retrieval of the target sequence 

The amino acid sequences of the NifH 

protein from Frankia sp. Ccl3 and 

Frankia sp. EANI pee bearing accession 

numbers NC_007777 and NC_009921 

were obtained from the IMG database 

(www.img.jgi.doe.gov) (Markowitz et 

al., 2006) and that for Frankia sp. 

ACN14a was obtained from the Frankia 

alni ACN14a Genome page (http:// 

cmr. ti gr. org/ti gr-scri pts/CMR/ 

GenomePage.cgi?org=ntfaO I webpage) 

bearing TIGR locus NTOIFA6905 and 

GenBank accession number CAJ65436. 

The sequences were thoroughly scanned 

and it was confirmed that the 3D 

structure of the proteins were not 

available in Protein Data Bank (http:// 

www.rcsb.org/pdb/home/home.do ), 

consequently the current work of 

constructing the 3D model of the 

nitrogenase iron proteins of the three 

Frankia strains were initiated. 

3.5.2 Template selection 

The preliminary task in homology 

modelling technique is to recognize 
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protein structures linked to the target 

sequence and subsequently select those 

that will be used as templates (Centeno 

et al., 2005). Position specific iterative 

BLAST i.e., PSI-BLAST (Altschul et 

al., 1997) was carried out against 

database specification of PDB proteins 

which were available at the National 

Centre for Biotechnology Information 

(NCB!) Web server (http:// 

www.ncbi.nlm.nih.gov/blast/) to find 

out remote similarities. The appropriate 

template was selected on the basis of the 

quality of the experimental template 

structure, environmental likeness and 

phylogenetic similarity. 

3.5.3 Alignment of the target and 

template 

An optimal alignment between the 

target sequence and template is required 

to construct a 3D model of the target 

protein, after the template sequence has 

been recognized. Multiple sequence 

alignments were performed using 

Clustal W 1.83 (Thompson et al., 1994) 

using default settings and the aligned 

sequences were extracted in (.) PIR 

format (Thompson et al., 1994). The 

aligned sequences were converted into 

(.) ALI format (Sali and Blundell, 

1993). The acquired alignments were 

crucially assessed in terms of number, 

length and position of the gaps to make 

it more reliable. Secondary structures 

were predicted using HNN (Hierarchical 

Neural Network method) (http://npsa-

. pbil.ibcp.fr/cgi-bin/npsa _ automat.pl? 

page=npsa _ nn.html). 

3.5.4 Construction of the rough 

models 

The rough 3D models of the NifH 

protein from three Frankia strains were 

constructed by MODELLER 9v4 

program (Sali and Blundell, 1993) using 

the alignment between the NifH 

proteins and the template proteins. The 

technique is based upon the satisfaction 

of the spatial restraints acquired from 

the alignment (Centeno et al., 2005). 

The method is theoretically comparable 

to that used in resolving protein 

structures from NMR-derived restraints. 

These restraints are usually acquired by 

assuming that the resultant distances 

between aligned residues in the template 

and the target structures are alike. These 

restraints obtained on the basis of 

homology, are generally improved by 

stereochemical restraints on bond 

lengths, bond angles, dihedral angles, 

and non-bonded atom-atom contacts 

that are attained from a molecular 

mechanics force field. After reducing 

the violation of all the restraints the 

model is finally obtained (Sali and 

Blundell, 1993). 
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3.5.5 Refinement of the models 

The models obtained by the homology 

modelling technique often contain 

certain amount of errors and become 

decisive if the concerned residues are 

associated with the protein function 

(Centeno et al., 2005). To overcome this 

problem, refinement of the models is 

necessary. During the refinement 

process, the constructed protein models 

were subjected to constraint energy 

minimization with a harmonic constraint 

of 100 kJ/mol!A2
, using the steepest 

descent (SD) and conjugate gradient 

(CG) method to remove any existing 

bad sectors between the protein atoms 

and regularizing the protein structure 

geometry. All of the computations were 

done in vacuo with the GROMOS96 

43B1 parameters set using the Swiss

Pdb Viewer package (http://expasy.org/ 

spdv/program/spdv37sp5.zip) (Kaplan 

and Littlejohn, 2001). GROMOS is a 

commonly used molecular dynamics 

computer simulation program for 

investigating biomolecular systems and 

applied for examining conformations 

acquired by experimental or computer 

simulations (Kaplan and Littlejohn, 

200 I). Hydrogen bonds were not 

considered. 

3.5.6 Evaluation of Refined Models 

For evaluation of their internal quality 

and reliability, the refined models were 

subjected to the following tests: ProSA 

(Wiederstein and Sippi, 2007) analysis 

was performed to assess the accuracy 

and reliability of the modelled structures 

and check the 3D models for potential 

errors. VERIFY3D (Eisenberg et al., 

1997) was used to validate the refined 

structures. Here, the 3D structures of the 

protein models are compared to its own 

amino-acid sequence taking into 

consideration a 3D profile calculated 

from the atomic coordinates of the 

structures of correct proteins (Eisenberg 

et al., 1997). The constructed models of 

the NifH proteins were evaluated for 

their backbone conformation using a 

Ramachandran plot (Ramachandran et 

al., 1963). The Auto Deposition Input 

Tool (ADIT) (http://deposit.pdb.org/ 

validate) was used to inspect the 

favorable and unfavorable properties of 

the modelled structures. SA YES 

(Structure analysis and verification 

server) (http://nihserver.mbi.ucla.edu/ 

SA VS/) was used to carry out the 

verifications of the models with PROVE 

and ERRAT. Presence of pockets in the 

structures was predicted using CASTp 

server (Dundas et al., 2006). The 

refined models were submitted to 

ProFunc (http://www.ebi.ac.uklthronton 

-srv/databases/ProFunc) (Laskowski et 

al., 2005) to recognize the functional 
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region in the proteins. Since there are no 

data on the site-directed mutagenesis, 

site-directed mutagenesis predictions 

were carried out using the server SDM 

(http://www-cryst.bioc.cam.ac.ukl-sdm/ 

sdm.php). Stability changes associated 

with mutations were assessed with I-

Mutant 2.0 (http:// 

gpcr. biocom p. unibio.it/ cgi/pred ictors/I

Mutant2.0/I-Mutant2.0.cgi.). 

3.5. 7 Studying intrinsic dynamics of 

the protein models 

An understanding of structural 

dynamics of the proteins is essential to 

gain greater insights into their important 

biological functions (Yang eta/., 2006). 

The studies on the structural dynamics 

of the three protein models from 

Frankia were performed using the 

WEBnm (http://www.bioinfo.no/tools/ 

normalmodes) program (Hollup et a/., 

2005) that calculates the slowest modes 

and related deformation energies; 

ElNemo (http://igs-server.cnrs-mrs.fr/ 

elnemo/index.html.) program (Suhre 

and Sanejouand, 2004) which calculates 

the normal mode analysis of the proteins 

contributing to the corresponding 

protein movement, and the MolMovDB 

(http://molmovdb.org/) program that 

determines the five lowest frequency 

modes (Alexandrov et a/., 2005). 

Normal mode analysis forecasts the 

probable movements of the proteins and 

is the method of selection for exploring 

the slowest activity of choice in proteins 

(Hollup et a/., 2005). Solvent 

accessibility of the amino-acid residues 

in the modeled proteins was determined 

using ASA-view (http:// 

gib k26. bse .kyutech. ac.j p/-shandar/ 

netasa/asaview/) software (Ahmad et 

a/., 2004). 



4. Results and Discussion 

4.l.The synonymous codon usage patterns 

4.1.1 Synonymous codon usage 

pattern and heterogeneity 

The primary aim in this study was to 

detect the degree of codon usage. 

Considerable number of 

microorganisms with a balanced AT/GC 

genome has codon heterogeneity (Sen et 

al., 2007). This is linked to gene 

expression level. Highly expressed 

genes contain higher percentage of 

codons that are translationally optimal 

(Ikemura, 1985). The studied organisms 

were analyzed for codon heterogeneity 

using the GC content, GC3 content and 

Nc values for all of the genes. The 

effective number of codons versus GC3 

plots has been suggested to be an 

important means to investigate the 

codon usage variations among the genes 

in the same genome (Peden, 1999). In 

most of the high GC rich and 

moderately GC rich organisms it was 

found that the Nc (effective number of 

codons) values ranged from 21±2 to 61 

suggesting that these genomes exhibited 

considerable amount of codon 

heterogeneity. 

In the clostridial genomes it is seen that 

the GC content and subsequently the 

GC3 content is very low suggesting that 

they are AT rich. The pattern is similar 

in all categories of genes and the Nc 

values indicated that the organisms are 

moderately biased. However the 

ribosomal protein genes for Clostridium 

beijerinckii showed high bias. It is seen 

from the Nc/GC3 plots depicted in 

Figure 4.1.1.1 that the ribosomal protein 

genes (RPGs) for Clostridium 

beijerinckii are clustered together at one 

end of the plot. The continuous curve in 

the Nc/GC3 plot indicated the factor 

influencing codon usage bias. In cases 

where synonymous codons are 

absolutely determined by GC3 values, 

Nc values would have had fallen on the 
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Figure 4.1.1.1: Nc/GC3 plots for CBEl, CCI3, MMARl, MTHER, CCHROM, CL!Ml, CTEPl, AN
VAR, N73102, LYN, NOSPUM, C7425, C5l 142, TRlCHOS and SYNE. Protein coding genes are rep
resented by grey circles, ribosomal protein genes by black circles and nitrogen fixing related genes by 
white circles. The continuous curve represents the null hypothesis that GC bias at the synonymous site is 
solely due to mutation and not selection. X and Y axis are represented by GC3 and Nc respectively 

expected curve. However, barring very 

few genes most of the values obtained 

for m~ority of the genes were well 

below the expected values. This 

particular trend has been similar in all 

the studied diazotrophs. The CAl values 

for the clostridial strains are high 

however as expected the RPGs had 

higher CAl values compared to the 

protein coding genes. The CBI values in 

both the strains are negative indicating 

that the numbers of optimal codons are 

less in comparison to the random 

codons (Peden, 1999). The mean Fop 

values are low indicating mutational 

bias may be acting on these genomes. In 

Clostridium beijerinckii, the mean Fop 

values of the RPGs are comparatively 

higher than other categories of genes 

signifying that these genes have higher 
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proportion of optimal codons. The 

GRAVY and aromaticity values are 

low. Z scores for the studied indices did 

not reveal any significant differences. 

Correlation ofCAI values with Nc, GC3 

and GC values did not reveal any 

significant differences. 

In the actinobacterial Frankia strains, 

the GC, GC3 content are very high as a 

result their Nc values are low indicating 

a high degree of codon bias. Genes 

having Nc values less than 40 have 

stronger codon bias and are probably 

under the influence of mutational bias 

(Sen et a/., 2008). They are good 
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Figure 4.1.1.2: Nc/GC3 plots for AZOR, 
RHODO, AZORHl, BRUSDA, RHICFN4, 
RHICIAT, AZOTO, KLEB, BEl and 
GLUCO. Colors as per Figure 4.1.1.1. The 
continuous curve represents the null hypothe
sis that GC bias at the synonymous site is 
solely due to mutation and not selection. X 
and Y axis are represented by GC3 and Nc 
respectively 

candidates for genes whose codon usage 

has been determined by natural 

selection probably selection for 

translational efficiency (Peden, 1999). 

The Frankia genomes had a large 

number of genes with Nc values less 

than 40 including almost all of the 

ribosomal protein genes. It has been 

reported (Sen eta/., 2008) that Cc13 had 

sustained strong reducing evolutionary 

pressures for the genes with strong 

codon bias. The location of different 

categories of genes for Ccl3 has been 

shown in the Nc/GC3 plot (Figure 

4.1.1.1 ). Ribosomal protein genes are 

strongly clustered at lower end of the 

plots indicating a significant strong 

codon bias in these genes. The CAl 
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Table 4.1.1: Correlation of CAl with Nc, GC and GC3 values 

Organism Nc/CAI GC/CAI GC3/CAI 
ANVAR -0.13 -0.27 -0.28 

C7424 0.013 -0.04 -0.015 

C7425 0.05 -0.10 -0.11 

C8801 -0.02 0.48 0.54 

C51142 0.008 -0.008 0.003 

CCYOllO 0.004 -0.001 0.006 

LYN -0.006 -0.003 -0.02 

N7120 -0.09 -0.22 -0.19 

N73102 -0.10 -0.17 -0.18 

NOSPUM 0.006 -0.02 -0.03 

SYNE 0.07 -0.05 -0.07 

TR!CHOS -0.06 0.51 0.64 

MHUN 0.004 0.56 0.69 

MMARI -0.42 0.45 0.16 

MMAZEI 0.06 0.31 0.35 

MTHER -0.27 0.26 0.34 

CACET 0.01 -0.007 -0.006 

CBE1 -0.04 0.04 -0.05 

CCHROM 0.033 0.16 0.19 

CL!Ml -0.27 0.39 0.52 

CPHAEO -0.03 0.45 0.65 

CPE01 -0.04 0.19 0.25 

CTEPI -0.001 -0.04 -0.02 

CFEROX -0.20 0.43 0.70 

ACN14A -0.19 0.18 0.23 

Cc13 -0.53 0.32 0.61 

EAN1PEC -0.53 0.38 0.58 

MESOBN -0.46 0.27 0.66 

MESOMAF -0.22 0.18 0.23 

SMELILO -0.45 0.15 0.53 

SNOMEDI -0.10 0.05 0.10 

RHO DO -0.28 0.17 0.36 

AZOR 0.01 -0.22 -0.07 

AZOTO -0.32 0.34 0.35 

AZORHI -0.22 -0.15 0.31 

BEl 0.14 -0.33 -0.19 

BRBTAI -0.20 0.14 0.22 

BRUSO A -0.19 0.13 0.20 

BRORS -0.10 0.02 0.52 

RHICFN4 -0.27 0.20 0.29 

RHICIAT -0.54 0.34 0.70 

RHIWSM 0.21 0.28 0.43 

RHIVICIA -0.46 0.19 0.58 

GLUCO -0.61 0.17 0.51 

KLEB -0.14 0.08 0.10 
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Figure 4.1.2.1: Correspondence analysis of codon count in CACET, CBEI, C7425, C51142, CTEPI, 
CPEOJ, ANVAR, N7120, ACN14A, CCI3, EANJPEC, MTHER, MHUN and MMAZEI. Colors as per 
Figure 4.1.1.1. X and Y axis are represented by Axis I and Axis 2 respectively 

values for Frankia genomes are quite 

high with the RPGs having higher mean 

CAl values compared to the protein 

coding genes. There is not much 

difference in the CBl and Fop values 

amongst the strains. However, moderate 

Fop values indicated that other than the 

mutational pressure other factors may 

be playing a role in effecting codon 

usage variation in these genomes. The 

RPGs showed high negative mean 

GRAVY values compared to the other 

category of genes whilst the aromaticity 

values were more or less similar in 

amongst the Frankia genomes. Z scores 

revealed minor differences amongst the 

CAl and GRAVY values but no major 

difference amongst the other 

parameters. CAl values did not reveal 

any significant correlation with Nc and 

GC content, however Frankia Cci3 and 

EAN I pee revealed moderate positive 

correlation of CAl with GC3 content 

(r=0.58, r=0.61) at (P<O.OOI) level 

implying that highly expressed genes 

have higher GC3 content. 
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Figure 4.1.2.2: Correspondence analysis of 
codon count in L YN, SYNE, AZOTO and BEl. 
Color as per Figure 4.1.1.1. X axis and Y axis 
are represented by Axis I and Axis 2 respec
tively. 

The methanogenic archaeal strains 

revealed low GC, GC3 content and high 

Nc values implying low degree of bias. 

Methanococcus maripaludis had much 

lower GC and GC3 content compared to 

that of the other studied archaeal strains. 

The RPGs of M maripaludis had lower 

Nc values indicating high bias. The 

codon usage pattern of M maripaludis 

is some what different in comparison to 

the other studied methanogens. While 

others were moderate in their GC 

content M maripaludis was AT rich. 

Barring M maripaludis the RPGs of 

other methanogens remain scattered 

indicating dissimilar codon bias while in 

M maripaludis it was clustered at one 

end of the Nc/GC3 plot (Figure 4.1.1.1). 

The CAl values for the studied 

methanogenic genomes were moderate 

with the exception of RPGs which are 

highly expressed as expected. Barring 

Methanococcus maripaludis the RPGs 

for the other strains had lower codon 

bias. The CBl values are mostly 

negative in the strains with the 

exception of few were they are positive 

but very low. This is an indication that 

these strains had less optimal codons 

and are lowly biased. Moderate Fop 

values for these genomes support the 

aforesaid fact. RPGs had comparatively 

higher Fop values than the protein 

coding genes as expected. RPGs had 

higher negative GRAVY scores 

compared to other sets of genes 

portraying its role in influencing 

variations in ribosomal protein genes. 

This difference has been detected by Z 

scores too. Aromaticity values are more 

or less similar in most of the strains. 

Low aromaticity scores signified less 

number of aromatic amino acids in these 

genes. It is seen from Table 4. 1.1 that 

with the exception of GC and GC3 

content of Methanospirillium hungatei 

the CAl values did not have any 

noteworthy correlations in the other 

strains. CAl revealed moderate positive 

correlations (r-0.56, r-0.61) with GC 

and GC3 respectively at P<O.OOI level 

demonstrating that highly expressed 

genes have elevated share of GC/GC3 

content. 
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The Chlorobium genomes exhibited 

wide ranging heterogeneity in codon 

usage patterns with Nc values ranging 

from 21±1 to 61±0 in C. tepidium, C. 

limicola and 24±2 to 61±0 in the others. 

The GC, GC3 content are moderate in 

these organisms. The Nc values are high 

symbolizing low codon usage bias. 

Figures 4.1.1.1 illustrated the Nc/GC3 

plots for some representative chlorobial 

strains. Low codon bias is clearly 

visible. Barring the NFGs of C. 

tepidium none of the NFGs in the other 

strains had Nc values less than 40 

indicating that translational selection 

may be acting. The expression levels of 
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Figure 4.1.2.3: Correspondence analysis of 
codon count in GLUCO, KLEB, MESOBN, 
AZORHI, SNOMEDI, SMELILO, BRORS, 
BRBTAI, RHICFN4, RHIVICIA and 
RHIWSM. Color as per Figure 4.1.1.1. X and 
Y axis are represented by Axis 1 and Axis 2 
respectively 

the Chlorobium genes are quite high 

with C. tepidium genes exhibiting the 

highest expression level amongst the 

strains. CBI values are very low 

indicating low codon bias. The Fop 

values are moderate however; RPGs had 

higher Fop values indicating higher 

percentage of optimal codons in these 

genes. GRAVY scores for RPGs are 

negative and higher in comparison to 

other gene categories. This portrays the 

effect of hydrophilic proteins in 

influencing codon 

Aromaticity values did 

usage bias. 

not reveal any 

thing significant. The analysis of z 

scores entail that some disparity existed 

in the characteristics of the genes even 

though they belonged to the same 

genome. However, no significant 
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Figure 4.1.2.4: Correspondence analysis of amino acid usage in, CACET, CBEI, CTEPI, CPEOI, 
ACN14A, CC13, EANIPEC, C7425, C51!42, ANVAR, N7120, MHUN, MTHER, MMAZEI. Color as 
per Figure 4.1.1.1. X andY axis are represented by Axis I and Axis 2 respectively 

variations were noted for C. 

chlorocromatii. In case of C. 

phaeobacteroides and C. ferroxidans 

CAl values revealed strong positive 

correlation (P<O.OOI) with GC3 thus 

entailing its effect on GC3 

compositions. 

In the cyanobacterial strains, the GC, 

GC3 and Nc values varied in different 

species. Over and above the studied 

cyanobacterial strains were moderate to 

low GC containing and have high Nc 

values indicating low codon bias. The 

GC and GC3 content of Synechococcus 

varied considerably compared to the 

other cyanobacterial strains. Figures 

4.1.1.1 demonstrated the Nc/GC3 plots 

for some cyanobacterial strains. Barring 

Synechococcus and Trichodesmium, 

ribosomal protein genes for most of the 

strains remained scattered indicating 

that they had dissimilar codon bias 

while in the former two they were 

clustered at one ends of the plots. The 

CAl values for cyanobacterial strains 

revealed high expression levels and 

varied at the interspecific level. In most 

cases ribosomal protein genes had 

higher CAl values as expected. Low 

CBl and in some cases negative CBI 
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values indicated low bias as also lower 

levels of optimal codons. The aforesaid 

fact has been substantiated by the 

moderate Fop values. However, in 

majority of the strains the RPGs had 

higher Fop values as observed for most 

of the organisms. The aromaticity 

values were low in all the strains. 

However, GRAVY scores for the 

ribosomal protein genes barring 

Anabaena were comparatively higher 

than the values obtained for other gene 

categories indicating the influence of 

hydrophilic proteins in codon usage bias 

in these organisms. Z scores revealed 

minor differences among the different 

sets of genes. In Trichodesmium CAI 

values showed positive correlations with 

GC and GC3 content portraying that 

highly expressed genes had higher GC 

and GC3 content. The codon usage 

pattern revealed by Synechococcus is 

comparatively different from the other 

studied strains. It may due to its 

ecological niche, biogeographical 

location and habitat specificities. 

It is seen from Table A4.1.1 and Table 

A4.1.2 (See appendix) that in case of 

proteobacterial members there is a great 

deal of variation amongst them with 

respect to codon usage patterns. As 

evident from Table A4.1.1 (See 

appendix), most of the proteobacterial 

members have moderate GC content 

with some being GC rich. In these 

members increase in GC3 content 

resulted in decrease in Nc values and 

vice-versa. Heterogeneity in codon 

usage patterns have been observed in 

majority of the members. Nc values 

were moderate in the rhizobia!, 

bradyrhizobial and 

members indicating 

sinorhizobial 

moderate bias. 

Moderate codon bias associated with 

most of the protein coding genes may be 

due to their symbiotic nature. However, 

the RPGs are more or less highly 

expressed and substantiates the fact that 

codons linked to plentiful tRNAs are 

inclined towards highly expressed 

genes. The difference in codon bias for 

the RPGs compared to the protein 

coding genes is clearly visible from 

Table A4.1.1 (See appendix). However, 

in the free-living members the Nc 

values were low implying strong degree 

of codon usage bias. The Nc/GC3 plots 

for some representative proteobacterial 

members are depicted in Figures 

4.1.1.2. In Azoarcus, Rhodobacter, 

G/uconacetobacter, Azorhizobium, 

Bradyrhizobium japonicum USDA the 

RPGs are clustered at one lower end of 

the plot and they are highly biased. In 

other members of rhizobia, 

bradyrhizobia, sinorhizobia, 
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mesorhizobia and the free-living 

Beijerinckia and Klebsiella the 

ribosomal protein genes remain 

moderately clustered. As mentioned 

earlier the genes having Nc values less 

than 40 have stronger codon bias are 

influenced by mutational bias and are 

potential candidates for whose codon 

usage is determined by translational 

efficiency (Peden, 1999). As seen from 

Table A4.1.2 (See appendix) the CAl 

values for the proteobacterial members. 

are quite high. This signifies that they 

are highly expressed. As expected RPGs 

are more highly expressed compared to 

other studied categories of genes but in 

majority of cases the difference is little. 

As evident from Table A4.1.2 (See 

appendix) the CBI values in some · 

members are higher than the .others. 

This is an indication of the fact that they 

are rich in optimal codons and have 

higher bias. There is a good deal of 

variation with respect to the Fop values 

in the proteobacterial members. Fop 

values are moderate to high amongst the 

members. However, the Fop values for 

ribosomal protein genes are higher than 

the other genes and Klebsiella has the 

highest of 0.76 amongst the studied 

members. So, ribosomal protein genes 

have the lion's share of optimal codons 

as seen in other genomes. Interestingly 

in majority of the members ribosomal 

protein genes have high GRAVY scores 

as observed earlier in most of the other 

genomes from different lineages 

signifying that genes associated with the 

hydrophilic proteins are favored by 

translationally optimal codons. There is 

not much difference in the aromaticity 

values in proteobacterial genomes. The 

correlation of CAl with Nc values did 

not reveal any significant result in most 

of the cases. However, in Rhizobium etli 

CIA T 652 and Gluconacetobacter 

significant (P<O.OOl) negative 

correlations were obtained. Significant 

positive correlations were obtained 

while correlating CAl with GC3 content 

in Mesorhizobium sp. BNCl, Rhizobium 

etli CIA T 652 and R. leguminosarum 

bv. viciae 3841. This implied that 

variations m GC3 content are 

manipulated by expression levels in 

these genomes. 

4.1.2 Correspondence analysis of 

codon and amino acid usages 

In clostridial strains, Figures 4.1.2.1 and 

4.1.2.4 show the scatter plots for the 

correspondence analysis (COA) of 

codon count (CU) and amino- acid 

frequencies (AAU) for the studied 

categories of genes. In the clostridia 

strains majority of the genes were 

clustered in the centre of the axis of 
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Figure 4.1.2.5: Correspondence analysis of amino acid usage in L YN, SYNE, AZOTO and BEL Color 
as per Figure 4.1.1.1. X andY axis are represented by Axis 1 and Axis 2 respectively 

correspondence analysis of codon count 

within the range -0.3 to +0.3. A few 

genes were located away from the core 

block. While in Clostridium 

acetobutylicum ribosomal genes were 

located in the central core in C. 

beijerinckii they remained clustered at 

one end. Genes away from the central 

core included hypothetical proteins, 

some ribosomal protein genes, 

transcription factors, redox factors etc. 

As seen from Table 4.1.2 correlation of 

Axis I of correspondence of codon 

count for C. beijerinckii revealed 

significant negative .correlation 

(P<O.OOI) with GC content indicating 

the influence of GC content on codon 

usage variations while Clostridium 

acetobutylicum did not reveal any 

important correlation. COA of AAU 

also revealed positive correlations with 

aromaticity signifying the role played 

by aromatic amino acids on amino acid 

usage. 

Correspondence analysis of codon count 

and amino-acid frequencies for the 

Frankia strains are depicted in Figures 

4.1.2.1 and 4.1.2.4 respectively. Codon 

usage variations in these genomes were 

not influenced by the leading and 

lagging strands. In case of COA of CU 

majority of the genes remained 

clustered in the core region and the 

ribosomal protein genes were confined 

at one ends of the plots. Frankia Ccl3 

revealed an ascending horn where 

ribosomal protein genes were confined. 

Genes located away from the core 

regions included the hypothetical 

proteins, genes coding for 

monooxygenase components, 

amidohydrolase, acyktransferases, cold 

shock proteins, transposases, 

transcriptional regulators, redox factors, 

chaperones, elongation factors etc. It is 

seen from Table 4.1.2 that the first 

major axis of variation revealed strong 

significant correlations (P<O.OO I) with 

T3, C3, A3, Nc, GC and GC3 in most of 

the Frankia strains. Strong negative as 

well as positive correlations with GC3 

suggest that local variations in GC3 

content do have a role in synonymous 

codon selection. Hence, the strongly 



Table 4.1.2 Correlation of the major axis of COA on CU and AAU with different indices 

Organism Axis 1 Axis 1 Axis 1 Axis 1 Axis 1 Axis 1 Axis 1 CUI Axis 1 CUI Axis 1 CUI Axis 1 AAU I Axis 1 AAU I 
CUff3 CUIG3 CUIC3 CUIA3 CU/Nc CUIGC GC3 CAl Fo~ Aromaticit: 

ANVAR 0.66 -0.24 -0.74 0.64 -0.34 -0.89 -0.84 0.277 -0.520 -0.70 
C7424 -0.49 0.31 0.41 -0.60 0.19 0.82 0.65 -0.08 0.08 0.72 
C7425 0.68 -0.62 -0.65 0.81 0.35 -0.86 -0.89 0.07 -0.28 -0.17 
C8801 -0.70 0.37 0.82 -0.72 0.43 0.93 0.90 -0.02 0.44 0.73 -0.003 
C51142 0.61 -0.38 -0.78 0.70 -0.47 -0.93 -0.86 0.01 -0.43 0.03 0.73 

CCY0110 0.62 -0.35 -0.71 0.66 0.48 -0.86 -0.88 0.06 0.30 0.05 0.36 
LYN 0.35 -0.24 -0.37 0.68 -0.14 -0.77 -0.57 0.03 -0.25 -0.13 0.43 ;o 

N7120 -0.57 0.13 0.69 -0.61 0.30 0.86 0.76 -0.21 0.50 0.61 0.03 m en 
N73102 0.62 -0.37 -0.68 0.72 -0.41 -0.92 -0.83 0.18 -0.49 -0.01 -0.59 c 

NOSPUM 0.46 -0.19 -0.57 0.63 -0.31 -0.82 -0.69 0.01 -0.44 -0.08 0.71 ~ 
SYNE -0.68 0.55 0.43 -0.78 -0.61 0.77 0.88 -0.08 0.30 

en 
-0.26 -0.64 )> 

TRICHOS -0.43 . 0.24 0.74 -0.54 0.60 0.85 0.77 -0.07 0.46 0.38 -0.32 z 
0 

MHUN -0.68 0.53 0.75 -0.79 0.001 0.93 0.87 0.55 0.48 -0.01 0.73 0 
MMARI 0.65 0.55 -0.59 -0.24 0.45 -0.76 -0.20 -0.80 -0.64 0.01 0.75 Cii 

MMAZEI 0.73 -0.38 -0.78 0.63 -0.15 -0.91 -0.85 -0.34 -0.56 -0.82 -0.35 
0 
c 

MTHER -0.59 0.49 0.67 -0.57 -0.38 0.73 0.77 0.26 0.17 0.44 0.72 en 
!:!! 

CACET -0.20 0. 13 -0.008 -0.01 0.001 0.29 0.27 0.30 0.10 -0.39 -0.02 0 
CBEI 0.34 0.55 0.007 O.Ql 0.20 -0.69 0.35 -0.07 -O.IJ 0.66 -0.13 z 

CCHROM -0.44 0.58 0.48 -0.60 0.13 0.67 0.75 0.13 0.19 O.IJ -0.41 
CLIMI 0.79 -0.13 -0.84 0.54 0.39 -0.80 -0.90 -0.53 -0.67 -0.14 -0.61 

CPHAEO -0.82 -0.07 0.92 -0.22 -0.07 0.68 0.80 0.77 0.74 -0.06 -0.71 
CPE01 0.81 0.05 -0.91 0.21 0.18 -0.60 0.77 -0.29 -0.71 0.41 0.88 
CTEP1 0.83 -0.47 -0.86 0.77 0.53 -0.87 -0.95 0.82 -0.70 0.51 0.84 

CFEROX -0.52 0.17 0.74 -0.67 -0.33 0.68 0.81 0.55 0.51 0.14 0.67 
ACN14A 0.86 -0.30 -0.72 0.87 0.84 -0.53 -0.95 -0.23 -0.54 0.41 -0.14 

Ccl3 0.71 -0.39 -0.52 0.83 0.82 -0.41 -0.92 -0.62 -0.39 -0.36 0.25 
EAN1PEC -0.84 0.44 0.56 -0.89 -0.90 0.68 0.96 0.59 0.44 -0.46 0.29 

Table 4.1.2 Contd. next page 1!:!] 
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expressed genes should have a 

high GC content at the 

synonymous third positions. 

Strong positive correlation and 

negative correlation of the Axis 1 

with Nc portrays the increase in 

codon bias among the genes lying 

towards the left of Axis I and the 

right of Axis 1 respectively. 

Moderate correlations of Axis 1 

with CAl in Frankia Ccl3 and 

EAN I pee indicate the influence of 

expression level on codon usage 

variations. The role of optimal 

codon containing genes is also 

evident from the moderate 

correlations of Fop with Axis I for 

ACN14a. In case ofCOA of AAU 

most of the genes were confined 

mostly in the range of -0.4-0.4 of 

the major axes of variations. 

Aromaticity and GRAVY did not 

reveal any significant correlation 

with principal axis of AAU. 

In the studied methanogens, COA 

of CU majority of the genes 

remained confined in the core 

region. However, the ribosomal 

protein genes remained clustered at 

one end in case of Methanosarcina 

mazei and Methanospirillium 

hungatei. More or less comparable 

results were obtained in COA of 
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AAU with the RPGs remaining 

scattered in Methanobacterium 

thermoautotrophicum signifying their 

somewhat different codon usage 

patterns. Table 4.1.2 reveal strong 

correlation of the principal axis of 

variation of CU with T3, A3 and C3 in 

most of the studied methanogens. Again 

significantly (P<O.OOI) strong positive 

as well as negative correlations with GC 

implies the role of GC content in 

influencing codon selection. Barring 

Methanococcus maripaludis the other 

strains showed significant (P<O.OO I) 

correlation with GC3 content thus 

establishing the fact that local variations 

of GC3 content influence codon 

selection. In Methanococcus 

maripaludis, CAI values exposed strong 

negative correlation with the principal 

axis of variation thus portraying its role 

in codon usage bias in Methanococcus 

maripaludis. Moderate correlations 

were observed for Fop values. The 

principal axis of COA of AAU in 

Methanosarcina mazei illustrated strong 

negative correlation thus exposing the 

part played by aromatic amino acids in 

amino acid usages. With the exception 

of Methanosarcina mazei all the other 

strains showed significant (P<O.OO I) 

positive correlations of GRAVY with 

the principal axis of variation. This 

entails that genes associated with 

hydrophilic proteins are favored by the 

translationally optimal codons. Leading 

and lagging strands seldom influenced 

codon usage variations in these 

genomes. 

Figures 4.1.2.1-4.1.2.4 demonstrated the 

COA of CU and AAU for some 

representative strains of Chlorobium. 

Although genes in the leading strand 

and lagging strands were recognized, 

there has been a large overlap between 

the two clouds of genes in the studied 

genomes. Leading and lagging strands 

had very little effect on codon usage 

variations amongst the Chlorobium 

genomes. Most of the genes were 

confined in the core region with some 

genes like that of the hypothetical 

proteins, cold shock proteins, heat shock 

proteins and translation factors 

remaining away from the centre of the 

axis. However, the analysis revealed 

some interesting trends. The position of 

the genes on the principal axis of 

variation of COA of CU showed 

significant (P<O.OOI) positive and 

negative correlations (Table 4.1.2) with 

GC as well as GC3 content suggesting 

that variations in GC content and 

synonymous GC3 composition play an 

important role in codon usage variations 

and strongly expressed genes have 
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higher GC content at the synonymous 

third positions. It is evident from Table 

4.1.2 that the position of the genes on 

the principal axis of variation of COA 

of CU also revealed correlations with 

T3, C3 and A3 respectively. The first 

major axis of variations of COA of CU 

in C. phaeobacteroides DSM 266 and 

C. tepidium also showed significant 

positive correlations with CAl implying 

that expression levels of these genes 

dictate codon usage variations amongst 

the genes in these genomes. With the 

exception of C. chlorocromatii, the 

major axis of variations of COA of CU 

had significant (P<O.OOl) correlations 

with Fop values indicating that genes 

containing higher percentage of optimal· 

codons manipulate codon usage 

patterns. Significant correlations of the 

major axis of variations of COA of 

AA U with hydropathicty implies that 

genes linked with hydrophilic proteins 

are favored by translationally optimal 

co dons. 

The correspondence analysis of the CU 

and AAU for some representative 

cyanobacterial strains are depicted in 

Figures 4.1.2.1-4.1.2.2 and 4.1.2.4-

4.1.2.5 respectively. It is evident from 

the figures that majority of the genes are 

clustered in the core region for both 

COA of CU and COA of AAU. 

Ribosomal protein genes for 

Cyanothece sp. 7425, Cyanothece sp. 

51142, Anabaena, Nostoc sp. 7120 and 

Synechococcus are confined at one ends 

of the plot. Leading strand and lagging 

strand do not play an important role in 

codon usage variations in the 

cyanobacterial strains. The main axis of 

variation of correspondence analysis for 

CU showed strong significant 

correlations (P<O.OOl) with T3, C3 and 

A3 thus highlighting their importance in 

codon usage variations. In 

Trichodesmium and Synechococcus the 

major axis of variation of COA for CU 

showed significant correlations 

(P<O.OOI) with Nc indicating the role of 

effective number of codons in these 

organisms. As observed from Table 

4.1.2 significant correlations (P<O.OOl) 

of the major axis of variation for COA 

of CU with GC and GC3 content 

implied the role of compositional bias in 

effecting codon usage variations in 

these genomes. Moderate correlations of 

main axis of variation of 

correspondence analysis for CU with 

Fop highlighted the effect of high 

optimal codon containing genes in 

influencing codon usage patterns. The 

principal axis of variation in COA of 

AAU for Anabaena, Cyanothece sp. 

7424, Cyanothece sp. 8801 and Nostoc 
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sp. 7120 showed correlations with 

aromaticity highlighting that aromatic 

amino acids influence codon usage 

variations in these genomes. Barring 

Cyanothece sp. 7425, Cyanothece sp. 

51142, Nodularia and Synechococcus 

principal axis of variation in COA of 

AAU revealed significant (P<O.OO I) 

correlations with hydropathicity thus 

indicating its influence in codon usage 

variations for these genomes. 

The correspondence analysis of the CU 

.. " 
Figure 4.1.2.6: Correspondence analysis of 
amino acid usage in GLUCO, KLEB, 
MESOBN, AZORHI, SNOMEDI, SMELILO, 
BRORS, BRBT AI, RHICFN4, RHIVICIA and 
RHIWSM. Color as per Figure 4.1.1. I. X andY 
axis are represented by Axis 1 and Axis 2 re
spectively 

and AAU for some representative 

proteobacterial strains are depicted in 

Figures 4.1.2.2-4.1.2.3 and 4.1.2.5-

4.1.2.6 respectively. In case of Azoarcus 

and Rhodobacter majority of genes 

including the RPGs lie in the core 

region in COA of CU. However, in 

COA of AAU RPGs lie away from the 

core regions. In Azotobacter and 

Gluconacetobacter a large number of 

genes including the RPGs lie in the core 

region. The ribosomal protein genes in 

Azotobacter and Gluconacetobacter and 

Klebsiella lie in the descending horns 

while in Be ijerinckia they remain 

clustered at one end. Clustering of the 

highly expressed ribosomal protein 
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genes in most of them indicated similar 

codon bias and the influence of 

translational selection. In Azorhizobium, 

Mesorhizobium sp. BNC I, 

Sinorhizobium meliloti and S. medicae 

clear cut ascending and descending 

horns have been noticed for COA of CU 

as well as AAU in addition to the core 

region. The highly expressed ribosomal 

protein genes are located in these horns. 

The clustering of highly expressed 

ribosomal genes point out the fact that 

they share similar codon bias different 

from rest of the genes of the genomes. 

These results point out that translational 

selection is quite strong in these 

organisms to ward off the influence of 

mutational bias. Similar types of results 

were obtained for bradyrhizobial 

members where there is a core region 

and the location of ribosomal protein 

genes in the ascending and descending 

horns. Genes away from the core 

regions were hypothetical proteins, 

translational factors etc. The Rhizobium 

strains too revealed a thick core regions 

and presence of ascending and 

descending horns. As observed for 

bradyrhizobial and sinorhizobial strains 

the highly expressed RPGs were 

clustered at the comer of the horns and 

had similar codon bias. They were also 

under the influence of translational 

selection. This particular fact has been 

previously observed in nitrogen fixing 

related genes of Bradyrhizobium (Sur et 

a/., 2005). Correlation of the principal 

axis ofCOA ofCU with T3, C3 and A3 

in the proteobacterial members revealed 

significant (P<O.OOI) results entailing 

the role played by T3, C3 and A3 

content in manipulating codon usage 

variations in proteobacterial members. 

As seen from Table 4.1.2 

proteobacterial members reveal strong 

positive and negative correlations with 

Nc values. Negative correlations of the 

positions of the genes in Axis I 

produced by COA of CU with Nc 

values in some proteobacterial members 

depicted in Table 4.1.2 and is attributed 

to the decrease in codon bias among the 

genes lying towards the left of Axis I 

while positive correlations indicate the 

increase in codon bias. While the major 

axis of COA in CU showed moderate 

correlations with GC content in most of 

the proteobacterial members, strong 

correlations (P<O.OOI) were obtained 

with GC3 in majority of the strains 

implying the role of GC3 compositions 

in influencing codon usage variations 

across the genomes of these 

diazotrophs. The major axis of COA in 

CU for Mesorhizobium sp. BNCI and 

Rhizobium etli CIA T652 revealed 
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Table 4.1.3 Optimal generation time and tRNA content for the studied organisms 

Organism tRNA Optimal 
Content Generation time 

Clostridium acetobutylicum ATCC 824 73 1.5 hrs 

C. beijerinckii NCIMB 8052 94 0.5 hrs 

Frankia a/ni ACNJ4a 46 24-48 hrs 

Frankia sp. Ccl3 46 24-48 hrs 

Frankia sp. EAN I pee 47 24-48 hrs 

Chlorobiumferrooxidans DSM 13031 46 2 hrs 

C. /imicola DSM 245 48 2 hrs 

C. tepidum TLS 50 2hrs 

C. chlorochromatii CaD3 45 0.5-1 hrs 

C. phaeobacteroides DSM 266 47 0.5-1 hrs 

C. phaeobacteroides BSI 46 2 hrs 

Anabaena variabilis A TCC 29413 48 18-19 or24 hrs 

Cyanothece sp. PCC 7424 44 21-26 hrs 

Cyanothece sp. PCC 7425 47 21-26 hrs 

Cyanothece sp. PCC 51142 43 21-26 hrs 

Cyanothece sp. PCC 880 I 43 21-22hrs 

Cyanothece sp. CCYO II 0 45 21-24 hrs 

Nostoc sp. 73102 88 21-22 hrs 

Nostoc sp. 7120 70 21-22 hrs 

Nodular/a spumigena CCY9414 38 5 Days 

Lyngbya sp. PCC81 06 41 60-270 hrs 

Synechococcus sp. JA-2-3B'a(2-/3) 45 less than 24 hrs 

Trichodesmium erythraeum IMS/01 38 2-4 Days 

Sinorhizobium meliloti 102I 55 1.5-2 hrs 

S. medicae 53 1.5-2 hrs 

Mesorhizobium sp. BNCJ 52 4-15 hrs 

M. loti MAFF303099 53 4.5 hrs 

Azotobacter vinelandii AvOP 64 2.4 hrs 

Azoarcus sp. BH72 56 1.8 hrs 

Azorhizobium caulinodans ORS 57 I 53 1.5 hrs 

Bradyrhizobium japonicum USDA 110 51 7.7-9.9hrs 

Bradyrhizobium sp. ORS278 50 7.7-9.9hrs 

Bradyrhizobium sp. BTAJJ 52 7.7-9.9hrs 

Klebsiella pneumoniae pneumoniae MGH78578 86 40mins-lhr 

Gluconacetobacter diazotrophicus PALS 55 I hr 

Beijerinckia indica subsp. indica ATCC 9039 52 13 hrs 

Rhizobium et/i CFN 42 50 l-1.3hrs 

R. etli CIAT652 51 1-1.3 hrs 

R. /eguminosarum bv. trifolii WSMI 325 53 1-1.3 hrs 

R. /eguminosarum bv. viciae 3841 52 1-1.3 hrs 

Rhodobac/er sphaeroides 2. 4. I 54 1.6-2.1 hrs 

Methanospirillum hungatei JF-1 51 2-3 Days 
Methanococcus maripaludis strain S2 38 2-3 Days 

Methanosarcina mazei strain Gael 57 7.7 hrs 
Methanobacterium thermoautotrophicum str. Delta H 39 3 Days 
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negative correlations with CAl thereby 

indicating the role of gene expression 

level in these cases. On correlating the 

Fop values with major axis of COA in 

CU significant results were obtained in 

majority of the members. This points 

out that higher percentage of optimal 

codons play a vital role in effecting 

codon usage variation amongst the 

proteobacterial genomes. While 

aromaticity values showed less 

significant correlation with the major 

axis of variation of COA of AA U in the 

studied members strong positive and 

negative correlation with the 

hydropathicity i.e., GRAVY indicated 

the influence of hydrophilic and 

hydrophobic amino acid residues in 

synonymous codon usage variations in 

proteobacterial members. 

4.1.3 Codon usage bias and tRNA 

content 

Rocha (2004) in his classic work 

correlated the codon usage bias with the 

tRNA content in bacterial genomes. The 

tRNA content and the optimal 

generation times for the genomes of 

studied organisms are depicted in Table 

4. 1.3. As per the observations of Rocha 

(2004) fast growers have a median of 61 

tRNA genes compared to 44 for the 

slow growers and the former tend to 

have stronger codon bias compared to 

the latter. The optimal generation times 

for the clostridial genomes were 

obtained from personal communications 

with Eduardo Rocha. From the table it is 

clear that these organisms are fast 

growers and as per Rocha's 

observations they had high number of 

tRNA and they had a small number of 

anticodons implying that they possessed 

less diverse tRNAs. So, they are 

specialized to use a small set of 

anticodons while maintaining a high 

number of tRNA. Codon bias for the 

ribosomal protein genes for these 

organisms were also high signifying that 

codons associated with high tRNAs 

have an inclination to be 

overrepresented in highly expressed 

genes like the ribosomal protein genes. 

In the actinobacterial Frankia strains 

low number of tRNAs were expected 

since they are slow growers. However, 

all the three strains had 43 unique 

anticodon tRNA genes. The optimal 

generation time for these genomes was 

obtained from personal communications 

with Prof. Louis Tisa. Genome 

reduction in obligate symbionts and 

obligate pathogens is well known and 

they show low codon bias and a 

decreased number of tRNA genes. 

Strain Ccl3 showed a slightly reduced 

codon bias compared to the other two 



RESULTS AND DISCUSSION 65 

strains. However, genome reduction in 

Ccl3 did not result in a reduction of the 

total tRNA genes (Sen eta/., 2008). 

The studied methanogenic archaeal 

strains showed some variations with 

respect to tRNA copy numbers. The 

generation times for these strains were 

obtained from Eduardo Rocha. All of 

the studied strains are slow growers but 

Methanosarcina mazei had a 

comparatively high tRNA copy number. 

Over and above barring Methanosarcina 

mazei the findings are in line with that 

of Rocha (2004) regarding the nature of 

tRNA and their genomes. High copy 

number in Methanosarcina mazei 

probably assisted in the translation 

mechanism of the organism in its 

environment. 

In Chlorobium strains, the optimal 

generation times were obtained from 

personal communications with 

researchers working in the field of 

Chlorobium biology. An interesting fact 

is that inspite of them being fast 

growers they had a much lower tRNA 

content. This is unlike other organisms 

surviving in stratified aquatic 

environments which followed Rocha's 

(2004) observations. The studied 

Chlorobium strains had 40 unique 

anticodon tRNA genes i.e., they have 

less diverse tRNAs. So, they are well 

equipped to use a small set of 

anticodons despite maintaining 

moderate number of tRNAs. The 

ribosomal protein genes of these strains 

showed moderate codon bias. The 

translation machinery of Chlorobium 

probably did not co-evolve with higher 

codon usage in ribosomal protein genes 

even though they are fast growers. This 

may be one of the reasons why 

Chlorobium genes did not show strong 

codon usage bias (Sur eta/., 2008). 

The slow growing Cyanothece strains 

supported the observations of Rocha 

(2004) with respect to the tRNA copy 

number. As expected they had low 

codon bias. Comparatively the Nostoc 

strains had much higher tRNA copy 

number inspite of them being slow 

growers. Interestingly, they had a low 

codon bias. However, the ribosomal 

protein genes for these organisms have 

high CAl values. The most probable 

explanation for this phenomenon may 

be that the translation apparatus 

possibly evolved with low codon bias in 

the highly expressed genes like 

ribosomal protein genes for Nostoc. In 

case of other cyanobacterial strains like 

Nodularia, Anabaena, Trichodesmium, 

Lynbya and Synechococcus the low 

tRNA copy number is commensurate 

with the optimal generation time for the 
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organisms. All the information 

regarding the generation times for the 

cyanobacterial strains were obtained 

from personal communications with E. 

Rocha. 

In case of sinorhizobial and 

mesorhizobial members the results are 

more or less in line with Rocha's (2004) 

observations. The results for the fast 

growing strains of Rhizobium support 

the observations of Rocha (2004) and 

the explanation is same like that of 

sinorhizobial and mesorhizobial 

members. However, the tRNA copy 

number is slightly lower than the 

median for fast growers. In the slow 

growing bradyrhizobial members the 

tRNA copy number is slightly higher 

than the median for slow growers and 

the highly expressed ribosomal protein 

genes show elevated level of codon bias 

probably owing to the co-evolution of 

the ·translational apparatus with high 

codon bias in them. Translational 

efficiency plays a significant role in 

influencing codon usage variation in the 

genomes of bradyrhizobia. · In other 

proteobacterial members like Azoarcus, 

Azorhizobium, Rhodobacter, 

Gluconoacetobacter, Azotobacter, 

Beijerinckia and Klebsiella the results 

support the observations by Rocha 

(2004). However, Klebsiella had huge 

number of tRNAs while maintaining 

small set of anticodons. The ribosomal 

protein genes for this organism also 

showed higher codon bias that varied 

widely from the protein coding genes of 

the organism and translational 

efficiency plays a vital role in effecting 

codon usage variation. The information 

on generation times for proteobacterial 

members were obtained from E. Rocha 

(personal communication). 

4.1.4 Identification of potentially 

highly expressed genes 

Wu eta/., (2005) analysed the proteome 

results and validated the correlation 

between CAl values and expression 

levels showing experimentally that CAl 

predicted potentially highly expressed 

genes are indeed highly expressed. As 

per Wu et a/., (2005, 2005a), the top 

I 0% of the genes in terms of CAl values 

were classified as potentially highly 

expressed (PHX). The top 5 PHX genes 

for each of the studied organisms are 

represented in Table A4.1.4 (See 

a;ppendix). 

In the clostridial strains the 

corresponding CAl cut-off was 0.795 

and 0. 71 for Clostridium acetobutylicum 

and C. beijerinckii respectively. C. 

acetobutylicum had 3 83 PHX genes 

including 30 ribosomal protein genes. 

C. beijerinckii had 508 PHX genes 
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Figure 4.1.5.1: Distribution of potentially highly expressed genes in clostridial strains within COG 
functional groups 

including 39 ribosomal protein genes. 

The CAl cut-off for the Frankia strains 

Ccl3, ACNI4a and EAN!pec were 

0.795, 0.842 and 0.832. Ccl3, ACN14a 

and EAN!pec had 451, 671 and 717 

PHX genes that included 6, 12 and 45 

ribosomal protein genes respectively. In 

the methanogens, the CAl cut-off for 

Methanospirillum hungatei, 

Methanococcus maripaludis, 

Methanosarcina mazei and 

Methanobacterium 

thermoautotrophicum were 0.639, 

0.615, 0.668 and 0.600 correspondingly. 

Methanospirillum hungatei, 

Methanococcus maripaludis, 

Methanosarcina mazei and 

Methanobacterium 

thermoautotrophicum had 323, 173, 338 

and 185 PHX genes incorporating 19, 

51, 41 and 17 ribosomal protein genes 

respectively. The CAl cut-off for the 
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Figure 4.1.5.2: Distribution of potentially highly expressed genes in Frankia strains within COG func
tional groups 

chlorobial genomes were 0.764, 0.724, 

0.739, 0.722, 0.78 and 0.634 for 

Chlorobium limicola, C. 

phaeobacteroides DSM 266 , C. 

phaeobacteroides BS I, C. 

ferredoxidans, C. tepidium and C. 

chlorocromatii respectively. On the 

basis of this, Chlorobium limicola, C. 

phaeobacteroides DSM 266 , C. 

phaeobacteroides BS I, C. 

ferredoxidans, C. tepidium and C. 

chlorocromatiihad 251, 274, 255, 214, 

221 and 250 PHX genes. The number of 

ribosomal protein genes in the PHX was 

4, 6, 5, 5, 8 and 12 for the chlorobial 

strains. 

In case of the cyanobacterial strains, 

CAl cut-off was 0.807 and 0.809 for the 
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Figure 4.1.5.3: Distribution of potentially highly expressed genes in methanogens within COG lime
tiona! groups 

Nostoc strains N7120 and N731 02. 

N7120 had 612 PHX genes including 5 

ribosomal protein genes while N731 02 

had 667 PHX genes that housed 5 

ribosomal protein genes. In case of 

Synechococcus, Trichodesmium, 

Nodularia and Lyngbya the CAl cut

offs were 0.692, 0.842, 0.809 and 0.796. 

On the basis of this Synechococcus, 

Trichodesmium, Nodularia and Lyngbya 

had 286, 506, 481 and 608 PHX genes. 

Synechococcus, Trichodesmium, 

Nodularia and Lyngbya had I, II, 4 and 

3 ·ribosomal protein genes in the PHX 

category. In the Cyanothece strains the 

CAl cut-offs were 0.800, 0.739, 0.799, 

0.814 and 0.829 for C7424, C7425, 

C8801, C51142 and CCYOIIO 

respectively. This accounted for 585, 

540, 452, 522 and 595 PHX genes in the 

aforesaid strains. C7424, C7425, C8801, 

C51142 and CCYOIIO had 4, 0, 3, 2 
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Figure 4.1.5.4: Distribution of potentially highly expressed genes in chlorobial strains within COG 
functional groups 

and 2 ribosomal protein genes in the 

PHX. In Anabaena the CAl cut-off was 

0.807. It resulted in having 568 PHX 

genes including 4 ribosomal protein 

genes. 

The CAl cut-off for the proteobacterial 

members like Azotobacter, Beijerinckia, 

Klebsiella and Azoarcus were 0.741, 

0.831, 0.758 and 0.846 correspondingly. 

Azotobacter, Beijerinckia, Klebsiella 

and Azoarcus had 498 including 7, 378 

including 13, 518 including 42 and 397 

including 22 ribosomal protein genes in 

the PHX category. In the Rhizobium 

strains the CAl cut-offs corresponded to 

0.789, 0.750, 0.749 and 0.793 in 

RHIZCFN4, RHIVICIA, RHIWSM and 

RHICIAT respectively. This accounted 

for 603 including 9, 726 including 13, 

372 including 22 and 605 including 6 

ribosomal protein genes in the PHX 

category. Among the bradyrhizobial and 
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sinorhizobial members the CAl cut-off 

corresponded to 0.766, 0.817, 0.73, 

0.741 and 0.755 for Bradyrhizobium sp. 

ORS278, Bradyrhizobium sp. BTAII, 

Bradyrhizobium japonicum, 

Sinorhizobium medicae and 

Sinorhizobium meliloti 

correspondingly. On the basis of this 

673 including II, 770 including 7, 830 

including 15, 650 including I I and 621 

including II ribosomal protein genes 

were obtained for Bradyrhizobium sp. 

ORS278, Bradyrhizobium sp. BTAIJ, 

Bradyrhizobium japonicum, 

Sinorhizobium medicae and 

Sinorhizobium meliloti. In case of the 

mesorhizobial members like 

Mesorhizobium sp. BNC I and 

Mesorhizobium loti the CAl cut-offs 

were 0.779 and 0.808 respectively. This 

resulted in the detection of 461 

comprising I 0 and 725 comprising of 6 

ribosomal protein genes in the PHX 

category. In the other members like 

Rhodobacter, Azorhizobium and 

G/uconacetobacter the CAl cut-off 

corresponded to 0.764, 0.746 and 0.733 

correspondingly. This resulted in the 

prediction of 431 including I, 470 

including 6 and 392 including 6 

ribosomal protein genes for the PHX 

genes category in these organisms. 

4.1.5 Functional analysis of 

potentially highly expressed genes 

In the clostridial strains, Figure 4.1.5.1 

shows the percentage of potentially 

highly expressed genes in various COG 

categories. The pattern of distribution is 

quite similar in both the strains. COG 

functional group 3 (Metabolism) had the 

most number of PHX genes. The major 

COG categories were J, G, R and S. 

When the percentage of total PHX 

genes within the COG group (Figure 

4.1.5.1 b) was considered it was 

observed that Clostridium beijerinckii 

had higher share compared to that of C. 

acetobutylicum. Table A4.1.4 (See 

appendix) depicts the top 5 PHX genes 

in COGs for the studied genomes. The 

elevated levels of PHX in the translation 

and carbohydrate transport and 

metabolism COGs for these clostridial 

strains probably assists in their survival 

in soil environment and carry out 

carbohydrate related metabolism more 

efficiently. 

Figure 4.1.5.2a shows the percentage of 

potentially highly expressed genes for 

Frankia strains in various COG 

categories clustered into four COG 

functional groups. As expected, 

metabolism group towered over others 

for the three Frankia genomes. 

However, Ccl3 had a different 

distribution pattern compared to 
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Figure 4.1.5.5: Distribution of potentially highly expressed genes in the cyanobacterial members AN
VAR, LYN, N7120 and N73102 within COG functional groups 

ACN14a and EAN!pec, which were 

similar in patterns and numbers. 

Frankia Ccl3 had higher percentage of 

PHX in the Information and storage 

processing COG group. The top COG 

categories for ACN14a and EAN!pec 

were R, I, C, E and Q, while in Ccl3 it 

was J, L, 0, C and G. Analysis of the 

distribution pattern of PHX genes based 

on percentages within the COGs shows 

another perspective. The overall 

distribution pattern was different 

although metabolism contained the 

highest percentage of PHX genes. Cci3 

had more PHX genes in the Information 

and storage processing category and 

fewer in categories like I, Q, P and R 

compared to Frankia EAN!pec and 

ACN14a. EAN!pec had more PHX 

genes in K, T and 0. These provide 

some insight on the genes required for 

the lifestyles and habitats for the three 
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Figure 4.1.5.6: Distribution of potentially highly expressed genes in the cyanobacterial members 
TRICHOS, SYNE and NOSPUM within COG functional groups 

Frankia strains. Multiple lines of 

evidence indicate that Frankia Cci3 and 

other Casuarina strains evolved as 

specialist (Normand et a/., 2007). 

Besides having a reduced genome 

comparable to obligate symbionts Ccl3 

have a narrow host range and are absent 

in soils outside the scope of their host 

plants. But Frankia ACN14a and 

EAN!pec have wider host plant ranges 

and are found world-wide and also 

without host plants. Increased number 

of PHX genes in several COG 

categories may aid in the ability of 

Frankia ACN14a and EAN!pec to 

survive and compete in the soil outside 

the host plant. Increased levels of PHX 

genes inK and T for Frankia EAN!pec 

would be advantageous in soil 

environment by increasing its ability to 

respond to signals and regulate gene 

expression. 
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Figure 4.1.5.7: Distribution of potentially highly expressed genes in the cyanobacterial members 
C7424, C7425, C8801, C51142 and CCYOIIO within COG functional groups 

In the methanogens, as revealed in 

Figure 4.1.5.3 Information and storage 

processing COG group appears to be the 

most important group housing a large 

number of PHX genes. Methanosarcina 

mazei showed some difference with 

respect to other strains with regards to 

its distribution in metabolism 

categories as also R and S categories. A 

wide diversity is noted with respect to 

the distribution of PHX genes in COGs. 

However, J, K. C, Rand S appear to be 

the leading categories. Elevated levels 

of PHX in COGs for translation (J), 

transcription (K), energy production and 

conversion (C) and general function 

prediction (R) throw light upon their 

lifestyle in sewages and sludges and 

carry out day to day activities as well as 

fix nitrogen. 

Figure 4.1.5.4 demonstrates the 

allotment of the PHX into each COG 
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Figure 4.1.5.8: Distribution of potentially highly expressed genes in the proteobacterial members 
RHICFN4, RHICIAT, RHIVICIA and RHIWSM within COG functional groups 

category for the chlorobial strains. The 

analysis of the distribution of PHX 

genes based on percentages within the 

COG categories for these genomes 

showed some difference with respect to 

the allotment in individual COGs. When 

individual COGs were considered it was 

seen that the metabolism and 

Information storage processing COG 

group had the maximum share. The top 

five COG categories for the Chlorobium 

strains were: translation, replication 

recombination repair, defense 

mechanisms, post translational 

modifications, energy production and 

conversion. All these provide significant 

insights into the genes required for 

maintaining the lifestyle of the 

Chlorobium genomes in different 

habitats. Huge number of PHX genes in 

COGs aid in the capability of C. 

tepidium to subsist in extreme 
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Figure 4.1.5.9: Distribution of potentially highly expressed genes in the proteobacterial members 
AZOTO, BE!, KLEB and GLUCO within COG functional groups 

environments like hot springs and carry 

out essential life processes particularly 

nitrogen fixation. Increased presence of 

PHX genes in COGs like translation, 

energy production and metabolism, 

general function prediction probably 

help chlorobial strains surviving in 

anoxic, stressed habitats in competing 

with other bacteria. C. chlorocromatii 

exists as symbionts in phototrophic 

consortium (Sur et al., 2008). Higher 

amount of PHX genes in translation, 

replication recombination repair and 

cellular process enhance their ability to 

coordinate cell division and interspecific 

association between partners and 

regulate gene expression while living in 

such an association. The difference in 

the functional categorization amongst 

the chlorobial strains may also be 

attributed to the biogeographical 

distribution of the strains. 
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Figure 4.1.5.10: Distribution of potentially highly expressed genes in the proteobacterial members 
BRUSDA, BRBTAI and BRORS within COG functional groups 

Figures 4.1.5.5-4.1.5.7 demonstrated the 

allocation of PHX genes in the different 

COG functional groups for the 

cyanobacterial strains. Some variation 

was noticed among the strains coming 

from different habitats and ecological 

niches. Amongst the fresh water 

dwelling strains like Anabaena, Lynbya, 

Nos toe strains 7102 and 73102 the 

categories, L, V, R and S showed 

highest percentage. Amongst the strains 

Trichodesmium, Synechococcus and 

Nodularia the categories L, V, 0, Rand 

S towered over others with respect to 

the percentages of PHX in COGS. In 

the Cyanothece strains, 7424, 7425, 

8801, 51142 and CY0110, it was 

observed that L, M, F, R and S were the 

major COG categories. All these 

provide some information about the 

nature of lifestyle of the cyanobacterial 

strains. Most of these strains survive in 
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Figure 4.1.5.11: Distribution of potentially highly expressed genes in the proteobacterial members 
MESOBN, MESOMAF, SNOMEDI and SMELILO within COG functional groups 

fresh water and some in marine water 

where the environment is not that 

stressed. The high percentage of genes 

in L (replication recombination repair), 

R (general function prediction) point out 

the ability of the genes associated with 

these functions to be overrepresented 

and thus influence day to day activities. 

Interestingly high proportion of genes 

present in the COGs for the studied 

cyanobacterial strains point out another 

aspect that these strains are quite stable 

and are not under the influence of 

genome reductions. 

The allocation of PHX genes in the 

different COG functional groups for the 

studied proteobacterial members are 

demonstrated in Figures 4. 1.5.8-

4.1.5.12. In the Rhizobium members the 

COG functional group metabolism 

appears to have the maximum number 

of PHX genes. The top 5 COG 
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Figure 4.1.5.12: Distribution of potentially highly expressed genes in the proteobacterial members 
RHO DO, AZOR and AZORHI within COG functional groups 

categories are G, E, R, S and 0. Barring 

RHICIA T most of the other rhizobia! 

strains showed a more or less similar 

pattern. Amongst the bradyrhizobial 

members the metabolism COG group 

had the largest share of PHX genes. The 

major COG categories were C, G, E, H, 

R and S. Bradyrhizobium sp. BTAII 

revealed somewhat different pattern 

compared to the other strains. 

Sinorhizobial and mesorhizobial 

members illustrated a similar 

distribution pattern at the intraspecific 

level. COG categories, J, G, E R and S 

were the top ones. In Azotobacter, 

Beijerinckia, Klebsiella and 

Gluconacetobacter it was observed that 

the metabolism group had the lion's 

share and the top 5 categories were J, 0, 

C, R and S. Klebsiella showed a 

different pattern in comparison to, 

Beijerinckia and Gluconacetobacter. 
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Among the other proteobacterial 

members like Rhodobacter, 

Azorhizobium and Azoarcus it was 

noticed that J, K, C, P, Rand S were the 

major categories. The allocation· in 

different COG functional groups throws 

light upon the lifestyle pattern of the 

bacteria. High number of COGs in the 

metabolism category for the rhizobia! 

strains probably assists in carrying out 

its symbiotic lifestyle while competing 

with others to establish symbiotic 

association and fix atmospheric 

nitrogen. In the bradyrhizobial strains 

the allocation of PHX in the top COG 

categories may help in extending the 

host ranges of the strains and increase 

their capacity to regulate gene 

expression levels while in symbiotic 

association. The somewhat different 

nature of Bradyrhizobium sp. BT AI! 

may also be attributed to its host 

specificity and biogeographical 

distribution. The larger proportion of 

PHX genes in specific COG categories 

for sinorhizobial and mesorhizobial 

strains may provide them a selective 

advantage for survival in symbiotic 

condition. In Azotobacter the allocation 

in COGs indicate the ability of the 

bacterium to persist in a free-living 

state, compete with other soil bacteria 

and fix nitrogen in a manner somewhat 

different from the conventional one. The 

high percentage of COGs in the genome 

of Klebsiella is an indication that it has 

not undergone genome reduction and 

strongly uses the metabolic machinery 

to maintain itself in its ecological niche. 

The ability of Gluconacetobacter to 

survive as an endophyte is probably 

assisted by its higher share of PHX in 

metabolism. In Rhodobacter, Azoarcus 

and Azorhizobium the high percentage 

of PHX genes in J (translation), K 

(transcription), (C) energy production 

and metabolism, (I) inorganic ion 

transport and general function 

predictions is advantageous for their 

existence in their respective ecological 

niches by increasing their ability to 

respond to signals and regulation of 

gene expression levels. 
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4.2 Synonymous codon usage pattern of nitrogen 
fixation related genes 

4.2.1 The nitrogen fixation related 

genes 

The nitrogen fixation related genes 

(NFGs) includes the nif genes, nod 

genes, fix genes, hydro genases, 

ferredoxins, nitrogen regulatory proteins 

etc. for efficiently carrying out the 

nitrogen fixation mechanism. In case of 

the clostridial strains the NFGs showed 

low GC, GC3 content and moderate 

codon bias. In Clostridium 

acetobutylicum protein coding genes 

and ribosomal protein genes are less 

biased compared to NFGs. In the Nc/ 

GC3 plots depicted in Figure 4.1.1.1 

NFGs in C. beijerinckii remained 

clustered together. The Nc values for 

the NFGs are moderate. The CAl values 

of the NFGs are quite high indicating 

they have higher expression levels. The 

CBI values are negative. The Fop values 

are also low indicating lower degree of 

optimal codons. The aromaticity values 

are lower than that of the protein coding 

genes whilst in case of C. 

acetobutylicum the GRAVY values of 

NFGs are higher than other categories 

of genes. 

The NFGs for the Frankia strains 

showed high codon bias. As expected 

correlation between the GC3 and Nc 

values were observed. NFGs had lower 

mean effective number of codon values 

in comparison to mean values for the 

protein coding genes. As seen for the 

representative strain of Frankia in 

Figure 4.1.1.1 NFGs are more or less 

clustered strongly with the ribosomal 

protein genes. NFGs had high CAl 

values however they were 

comparatively lower than protein coding 

genes in Frankia ACN14a and Cci3. 

Mutational pressure strongly acts upon 

the NFGs of Frankia owing to its very 

high GC3 content. The Fop and CBI 

values showed minor differences 

amongst the strains indicating that in the 

NFGs too other than mutational 

pressure other forces may be acting. The 

GRAVY values for these genes are 

lower in comparison to other genes 

while the aromaticity values are more or 

less similar. 

In case of the studied archaeal members 

the NFGs showed low codon bias. 

However, the Nc value for NFGs for 

Methanococcus maripaludis were 

comparatively lower than that of the 

other strains indicating moderate codon 

bias. With the exception of 

Methanococcus maripaludis, NFGs for 

the other representative strains in the 
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Nc/GC3 (Figure 4.1.1.1) remain 

scattered plot implying dissimilar codon 

bias for these genes. In Methanococcus 

maripaludis it is clustered along with 

the ribosomal protein genes. The CAl 

values for these genes were moderate 

but they were higher in comparison to 

the protein coding genes signifYing that 

they are better expressed than the 

protein coding genes. Excluding 

Methanosarcina mazei, the CBI values 

for NFGs were negative indicating 

lower degree of optimal codons and low 

codon bias. Lower Fop values implied 

lesser percentage of optimal codons in 

these genes. The GRAVY score is also 

much lower than the ribosomal protein 

genes indicating that GRAVY does not 

play a significant role in codon usage 

variations in the NFGs. Low aromaticity 

scores signified less number of aromatic 

amino acids in these genes. In the 

Ch/orobium genomes, like the protein 

coding genes and ribosomal protein 

genes the NFGs exhibit low bias and 

have moderate GC and GC3 content. 

The expression levels of the NFGs are 

quite high barring C. chlorocromatii. 

The Fop values of this category of genes 

are higher in comparison to the total 

protein coding genes implying greater 

degree of optimal co dons and the role of 

factors other than mutational bias in 

influencing codon usage variations. 

It is seen from Table A4.1.1 (See 

appendix) that there lies some 

difference in the interspecific level with 

respect to the GC, GC3 and Nc values 

amongst the cyanobacterial strains. The 

NFGs in the Nc/GC3 plots for the 

cyanobacterial strains remained 

scattered with the exception of 

Synechococcus and Trichodesmium. The 

CAl values for the nitrogen fixation 

related genes were high in most of the 

strains. NFGs had low CBI and 

moderate Fop values signifYing lower 

content of optimal codons in them. 

Aromaticity and GRAVY scores were 

also low for these genes in 

cyanobacterial strains implying lesser 

role played by them in influencing 

codon usage bias. 

In the proteobacterial members the 

NFGs show variation with respect to 

GC, GC3 and Nc values. In the Nc/GC3 

plots the NFGs for the strains Azoarcus, 

Rhodobacter, G/uconacetobacter, 

Azorhizobium, and Bradyrhizobium 

japonicum USDA are clustered at one 

lower end of the plot and they are highly 

biased while in the other members they 

are scattered. Highly biased NFGs are 

probably under the influence of 

translational efficiency. The expression 

levels of NFGs for the studied 
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proteobacterial members are high and in 

some members it is higher than the 

averages for the protein coding genes. 

This implies that gene expression levels 

play an important role in effecting 

codon usage variations in the 

proteobacterial members. The CBI 

values for the NFGs in some of the 

studied members are lower than that of 

the protein coding and ribosomal 

protein genes indicating that they have 

lower fraction of optimal co dons in their 

genes. The Fop values are moderate in 

most of the NFGs implying lesser 

quantity of optimal codons in these 

genes. The mean GRAVY and 

aromaticity scores for the NFGs are low 

in majority of the cases cutting across 

proteobacterial groups. 

4.2.2 Correspondence analysis of 

codon and amino acid usages 

In clostridial strains especially 

Clostridium acetobutylicum and the 

Frankia strains the nitrogen fixing 

genes remained grouped together at the 

core while in Clostridium beijerinckii 

they remain scattered in the 

correspondence analysis of CU and 

AAU. Clustering at the core region 

pointed out their conserved nature. In 

methanogens, the NFGs like their 

ribosomal counterpart in COA of CU 

for the bacterium Methanospirillium 

hungatei remained scattered suggesting 

dissimilar codon usage patterns. 

Moreover, in the other strains they 

remained confmed to the core. But in 

COA of AAU all the NFGs were 

located in the core. The NFGs in the 

chlorobial strains remained in the core 

region in the COA of CU and AAU. All 

these implied the conserved nature of 

the nitrogen fixation related genes in the 

chlorobial strains. In case of the 

cyanobacterial strains it is seen in all the 

cases that NFGs remained confined in 

the central regions as found for other 

studied genomes pointing out its 

conserved nature. In the COA for CU 

and AAU for Azoarcus and 

Rhodobacter the NFGs remain in the 

core region as observed for other 

organisms. In Azotobacter, Klebsiella, 

Beijerinckia and Gluconacetobacter 

NFGs are located in the central regions. 

In Mesorhizobium sp. BNC I, 

Sinorhizobium meliloti, S. medicae, 

Azorhizobium, Bradyrhizobium sp. 

ORS278 and Bradyrhizobium sp. 

BTAI, as in other cases NFGs are 

confined along the core region. In the 

rhizobia! strains the NFGs are scattered 

in the thick core regions. It implied that 

these genes had dissimilar codon usage 

patterns compared to that of the 

ribosomal protein genes. The presence 



RESULTS AND DISCUSSION 84 

of NFGs in the core regions in all the 

studied genomes across lineages point 

out an important '.fact that these genes 

are not under the influence of outside 

factors and since they are linked to one 

of the most important systems in the 

ecosystem they probably lack the 

capability to undergo massive changes. 

4.2.3 Potentially highly expressed 

NFGs 

The potentially highly expressed 

nitrqgen fixation related genes for the 
" studied organisms are depicted in Table 

A4.!.3 (See appendix). As per t!Je CAl 

cut-off in the clostridial strains, 

Clostridium acetobutylicum and C. 

beijerinckii had 2 and 9 NFGs in the 

PHX category. Majority of the NFGs in 

CBEI that are PHX play a vital role in 

the nitrogen regulatory processes and 

strongly assist in nitrogen fixation as 

free-living ones in the soil. In the 

Frankia strains, Ccl3, ACN14a and 

EAN!pec had 7, 6 and 13 NFGs in the 

PHX category. Core NFGs that are PHX 

in Frankia strains provide them with the 

selective advantage to compete and fix 

nitrogen in stressed soils worldwide as 

well as with wider host ranges 

especially in Frankia EAN 1 pee. The 

number of PHX genes amongst NFGs 

for the archaeal members were 6, 7, 15 

and 5 for Methanospirillium hungatei, 

Methanococcus maripaludis, 

Methanosarcina mazei and 

Methanobacterium 

thermoautotrophicum were 

correspondingly. Presence of a number 

of important NFGs in the PHX category 

portray their role in fixing nitrogen in 

environments like sewages and sludges 

under stressed condition. On the basis of 

the CAl cut-off values Chlorobium 

limicola, C. phaeobacteroides DSM 

266, C. phaeobacteroides BS 1, 

Chlorobium ferrooxidans, C. tepidium 

and C. chlorocromatii housed 7, 6, 6, 9, 

2 and 5 NFGs in PHX. The details of 

these genes are depicted in Table A4.1.3 

(See appendix). Majority of the NFGs in 

the PHX category are hydrogenases, 

nitrogen regulatory proteins and 

nitrogen iron protein complexes. These 

are extremely important for carrying out 

the process efficiently and the anoxic 

sulfide rich environments in which 

majority of the studied chlorobial strains 

survive favors it. Given the fact that the 

chlorobial strains survive in stratified 

aquatic environments higher expression 

levels are indispensable for carrying out 

nitrogen fixation. 

As per the CAl cut-off values, Nostoc 

sp. 7102, Nostoc sp. 73102, 

Trichodesmium, Synechococcus, 

Nodularia and Lynbya had 4, 13, 7, 5, 5 
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and 3 NFGs in the PHX category 

respectively. The number of PHX genes 

for the NFGs in Cyanothece strains 

C7424, C7425, C8801, C51142 and 

CCYOIIO were 4, 0, 4, 1 and 0 

respectively. In Anabaena the total 

number of NFGs in the PHX category 

was II. The cyanobacterial NFGs that 

are PHX are represented in Table 

A4.1.3 (See appendix). Among the 

proteobacterial members, Azotobacter, 

Beijerinckia, Klebsiella and Azoarcus 

had 12, I 0, 6 and 11 NFGs in the PHX 

category. In the Rhizobium members, 

RHIZCFN4, RHIVICIA, RHIWSM and 

RHICIA T the number of NFGs in the 

PHX category were 9, I, II and 10 

correspondingly. Among the 

Bradyrhizobium and Sinorhizobium 

members, the amount of NFGs in the 

PHX category was 7, 16, 6, 1 and 0 for 

BRORS, BRBTAI, BRUSDA, 

SNOMEDI and SMELILO respectively. 

In case of the Mesorhizobium members 

like MESOBN and MESOMAF the 

number ofNFGs in PHX were 3 and 4 

while in other members like 

Rhodobacter, Azorhizobium and 

Gluconacetobacter the number of PHX 

in NFGs were 2, 10 and 2 respectively. 

It is quite fascinating to see that a 

number of proteobacterial strains had a 

high number of NFGs in the PHX 

category. Most of them are associated 

with the core nitrogen fixation 

machinery and assist in different ways 

for efficient nitrogen fixation either in 

obligate symbionts or endophytes or in 

free-living ones. 
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4.3 Analysis ofTTA codons containing genes 
from GC rich diazotrophs 

4.3.1 TTA codons in high G+C organ

isms 

The organisms listed in Table 3.3 were 

considered for the analysis of TT A 

codons owing to their high GC content. 

Like many other GC rich microorgan

isms, the TT A codons are the rarest 

ones in the studied GC rich genomes. 

The general characteristics of the TT A 

codon containing sequences are de

picted in Table 4.3 .I. Bradyrhizobium 

sp. BTAII had the highest number of 

TTA containing sequences i.e., 824 fol

lowed by Azotobacter and Frankia 

EANlpec. 

Codon usage analysis of the TT A codon 

containing genes in the studied GC rich 

organisms revealed diversity at the in

traspecific as well as interspecific level. 

The mean values ofGC3, GC, Nc, CAl, 

CBI, Fop, GRAVY and Aromaticity for 

the TTA codon containing genes (TCA) 

are illustrated in Table 4.3.2. It is 

clearly seen that the mean GC3, GC, 

CAl, CBI, Fop and aromaticity values 

of the TT A codon containing gene se

quences (TCA) are all less than the av

erage values of the protein coding genes 

whereas the mean Nc and GRAVY val

ues are higher. Variation in the mean Nc 

values for the different genes groups 

were observed within the same species 

Table 4.3.1 General characteristics of TT A co dons containing GC rich organisms 

ORGANISM Codon Total TTA+Sequences Minimum TTA% 
TTA 

Azoarcus sp. BH72 ITA 237 186 0.0177 

Azorhizobium cauli- ITA 402 301 0.0249 
nodans ORS 571 

Azotobacter vine- TTA 1220 678 0.752 

landiiAvOP 

Bradyrhizobium sp. ITA 682 553 0.0319 

ORS278 

Bradyrhizobium sp. ITA 1076 824 0.044 

BTAll 

Frankia alni ITA 394 350 O.D18 

ACN14a 

Frankl asp. Ccl3 ITA 415 363 0.026 

Frankiasp. ITA 747 625 0.029 

EAN/pec 

G/uconacetobacter ITA 570 394 0.0694 

diazotrophicus 
PAL5 

Rhodobacter ITA 229 152 0.016 

s haeroides 2. 4.1 



Table 4.3.2 Mean valnes of GC3, GC, Nc, CAl, CBI, Fop, GRAVY and Aromaticity for the TTA codon containing genes (TCA) 

Organism Genes GC% GC3% Nc CAl CBI Fop GRAVY Aromaticity 

Azoarcus sp. BH72 PCG 68±0.08 86.5±0.05 33.55±5.32 0.80±0.05 0.35±0.09 0.61±0.05 -0.01±0.37 0.07±0.02 

TCG 65.4±0.06 79.1±0.10 39.78±8.80 0.80±0.03 0.27±0.12 0.56±0.07 -0.02±0.38 0.07±0.02 

Azotobacter vinelandii PCG 65.5±0.05 81.4±0.11 36.87±7.87 0.67±0.06 0.29±0.12 0.58±0.07 -0.12±0.40 0.07±0.02 
AvOP TCG 59.8±0.07 68.4±0.15 45.49±9.09 0.64±0.07 0.17±0.14 0.51±0.08 -0.19±0.41 0.07±0.02 

Azorhizobium caulino- PCG 67.5±0.03 85.5±0.05 35.26±4.77 0.69±0.04 0.23±0.07 0.54±0.05 0.03±0.39 0.06±0.02 
dans DRS 571 TCG 65.2±0.05 78.7±0.10 40.62±7.34 0.68±0.04 0.19±0.08 0.52±0.04 -0.01±0.36 0.07±0.02 

Bradyrhizobium sp. PCG 65.1±0.03 81.6±0.07 37.97±6.56 0.76±0.04 0.22±0.08 0.54±0.05 -0.02±0.41 0.07±0.02 
;u 
m 

BTAII 
en 

TCG 62.7±0.04 75.2±0.09 43.20±8.02 0.75±0.04 0.18±0.08 0.51±0.05 -0.03±0.42 0.07±0.02 c 
r 

Bradyrhizobium sp. PCG 65.9±0.03 84.1±0.07 36.23±5.96 0.71±0.04 0.25±0.08 0.55±0.04 -0.02±0.41 0.07±0.02 CiJ 
ORS278 TCG 64±0.04 78.4±0.10 41.08±8.34 0.70±0.04 0.21±0.09 0.53±0.05 -0.004±0.42 0.07±0.02 

)> 
z 
0 

Frankia alni ACN/4a PCG 72.3±0.04 88.9±0.07 33.88±5.70 0.72±0.11 0.24±0.08 0.54±0.05 -0.07±0.38 
0 

0.05±0.02 1ii 
TCG 70.7±0.05 84.7±0.10 37.03±8.98 0.70±0.13 0.22±0.09 0.53±0.06 -0.11±0.37 

(") 
0.05±0.02 c en 

Frankia sp. Cc/3 PCG 70.1±0.04 84.8±0.06 36.91±4.85 0.70±0.07 0.22±0.07 0.53±0.04 -0.08±0.34 0.05±0.02 en 
i5 

TCG 69.3±0.04 82.3±0.07 39.15±5.85 0.67±0.09 0.20±0.07 0.52±0.04 -0.05±0.34 0.06±0.02 z 
Frankia sp. EAN/pec PCG 70.7±0.05 91.9±0.03 36.31±5.53 0.82±0.06 0.24±0.07 0.54±0.04 -0.08±0.34 0.05±0.02 

TCG 68.4±0.04 82.1±0.10 39.34±7.19 0.70±0.10 0.21±0.07 0.53±0.04 -0.09±0.35 0.06±0.02 

Gluconacetobacter di- PCG 66.9±0.05 82.1±0.09 36.82±6.70 0.67±0.05 0.27±0.10 0.56±0.05 -0.02±0.40 0.06±0.02 
azotrophicus PAL5 TCG 64.0±0.06 75.9±0.12 40.99±8.29 0.63±0.06 0.21±0.12 0.53±0.07 -0.07±0.43 0.06±0.02 

Rhodobacler sphaer- PCG 68.8±0.04 87.3±0.07 34.90±5.38 0.70±0.04 0.20±0.07 0.52±0.04 -0.006±0.41 0.06±0.02 
aides 2.4.1 

TCG 61.5±0.08 70.7±0.10 46.51±9.88 0.66±0.06 0.13±0.10 0.48±0.05 -0.13±0.43 0.06±0.02 

•PCG- Protein coding genes and TCG-TIA codon contain-
ing genes 

r 
00 ..., 
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as well as other species. As expected a 

correlation between GC3 and Nc values 

were clearly observed. Nc decreased 

with increase in GC3 and vice-versa. 

The Nc/GC3 plots (Figures 4.3.1) for 

the studied organisms suggest an effec

tive way to analyze codon usage varia

tions among the genes. It is seen that 

most of the TT A codon containing 

genes remain scattered signifYing their 

varying codon usage patterns while the 

ribosomal protein genes remain at the 

lower ends of the plot. Except for a few 

TT A codons containing genes majority 

"""' ''""' 

u u 

GWCO CCII 

u u 

Figure 4.3.1: Nc/GC3 plot for AZORHI, 
AZOTO, AZOR, BRBT AI, BRORS, RHO DO, 
ACN14A, EANIPEC, CCI3 and GLUCO. 
Protein coding genes are in grey circles, ribo
somal protein genes in black circles and IT A 
codon containing genes in white circles. X and 
Y axes represent GC3 and Nc respectively 

of the genes lie well below the expected 

values. If synonymous codon bias in 

TT A codon containing genes were abso

lutely dictated by GC3s, all Nc values 

might have had fallen on the expected 

curve of the Nc/GC3 plots. 

In a nutshell, all these indices indicate 

that these TT A codon containing genes 

are under the influence of mutational 

pressure and are less biased in their 

codon usage patterns as exemplified by 

their high Nc values. Their expression 

levels are also predicted to be less than 

the average protein coding genes. The 

comparatively lower CBI values for the 
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TT A codon containing genes substanti

ates claim that mutational pressure in

fluences codon bias in these genes. 

However, the moderate Fop values for 

these genes imply that there are other 

factors other than mutational bias effect

ing codon usage variation in these 

genes. If mutational bias alone influ

enced codon bias, these genes would 

have had a low Fop value. 

When GC3 values were correlated with 

the CAl values (Figures 4.3.2) it was 

found that in the three Frankia strains 

and in Azorhizobium CAl values sharply 

increased with the increase of GC3. In 

the other studied organisms there has 

.... 

u 

'"" """ 

.. u .. 
Figure 4.3.2: CAI/GC3 plot for AZORHI, 
AZOTO, AZOR, BRBTAI, BRORS, RHODO, 
ACN14A, EANlPEC, CCI3 and GLUCO. Col
ors as per Figure 4.3.1 X and Y axes represent 
GC3 and CAl respectively 

been moderate increase in CAl values 

with the increase of GC3. It is evident 

from the studies that codon usage of the 

TT A containing genes in GC rich di

azotrophs are highly skewed towards 

codon alternatives ending in G or C. 

Although the expression levels of the 

TT A containing genes have been found 

to be less in comparison to the protein 

coding genes TT A codon containing 

genes had a number of potentially 

highly expressed genes. Azoarcus, 

Azorhizobium and Azotobacter had 19, 

23 and 41 TT A codon containing genes 

in the PHX category. Frankia Ccl3, 

EAN1pec and ACN14a had 20, 34 and 

34 TTA containing PHX genes. Bradyr

hizobium sp. BTAII and Bradyrhizo-
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bium sp.ORS278 had 75 and 48 TIA 

containing PHX genes respectively. 

Gluconacetobacter and Rhodobacter 

had 23 and 5 genes for the TI A cate

gory. Most of the genes are associated 

with the metabolism of the organisms 

and seems to play and important role in 

effecting "the nature of the organisms. 

When functional analysis of the TI A 

codon containing genes performed with 

respect to the COG functional groups it 

was observed that COG groups: Infor

mation and storage processing, Cellular 

processes, Metabolism and Poorly char

acterized had 12, 7, 13, 6; 20, 9, 52 and 

13 for Azoarcus and Azorhizobium re

spectively. So it is seen that TI A codon 

containing genes in metabolism play a 

prominent role in the lifestyle of these 

organisms. In the Bradyrhizobium 

strains, Bradyrhizobium sp. BTA!l and 

Bradyrhizobium sp.ORS278 had 25, 25, 

68, I 9; 26, 8, 46 and 13 genes in the 

COG groups: Information and storage 

processing, Cellular processes, Metabo

lism and Poorly characterized. TI A 

containing genes associated with me

tabolism towered over categories for 

these strains. In order to survive in the 

symbiotic condition the metabolism 

genes play an important role and thus 

the result. In case of the Frankia strains 

it was seen that COG groups Informa

tion and storage processing, Cellular 

processes, Metabolism and Poorly char

acterized had 7, 0, 29, 6; 8, 5, I 0, 2; 5, 

3, I 7 and 6 TI A containing genes for 

Frankia EANipec, Cc!3 and ACNI4a 

respectively. In these cases too COGs 

associated with metabolism are the 

highest and play a role in maintaining 

the lifestyle of these organisms in the 

soil as well as in symbiotic condition. In 

Rhodobacter, Gluconacetobacter and 

Azotobacter TI A containing genes had 

3, 3, 6, 2; 29, 25, 36, I 5; 44, 37, 85 and 

47 numbers for COG groups: Informa

tion and storage processing, Cellular 

processes, Metabolism and Poorly char

acterized categories. Like the other GC 

rich studied organisms the COGs linked 

to metabolism had the highest number 

of genes implying the importance of 

TI A containing genes in influencing the 

metabolism in the respective habitats 

and ecological niches of the organisms. 

This particular trend is similar for all the 

studied GC rich organisms and is an in

dicator of the fact that genes probably 

have some adaptive values in specific 

ecological conditions. 
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4.4. Analysis of proteomes 

4.4.1 lsoelectric point 

The proteomes for the studied 

organisms showed a tri-modal 

distribution for pi i.e., it has protein 

distributed in three distinct clusters, 

acidic (pi<7.4) neutral (pi=7.4 to 8.1) 

and basic (pi>8.1). These findings are in 

line with those obtained for other 

proteomes (Knight et a/., 2004; Nandi et 

a/., 2005; Schwartz eta/., 2001; Kiraga 

et a!., 2007). Tri-modal distributions of 

the pi are largely dominated either by 

the acidic or by basic clusters and are 

highly influenced by ecological niche of 

the organism (Knight et a/., 2004). The 

studied proteomes are by and large 

acidic in nature; among which nitrogen 

fixation related proteins are more acidic 

in contrast to whole proteomes (Table 

4.4.1) (also see Figures 4.4.1 & 4.4.2). 

The average energetic costs of proteins 

are more or less similar with very little 

difference compared to nitrogen fixation 

related proteins (data not shown). The 

wide variation of pi values in the acidic 

and basic class point out the diversity 

exists between the proteomes and that pi 

distribution is influenced by organism's 

habitat. Inspite of differences; all these 

nitrogen fixing proteomes are by and 

large acidic. This may be due to the fact 

that nitrogen fixing regulon needs 

supply of electrons for its activity. Since 

it accepts electrons it is acidic in nature. 

Moreover, in symbiotic plasmids of 

Rhizobium etli CFN 42, Bradyrhizobium 

sp. BTAI and Sinorhizobium meliloti 

symbiotic plasmids A and B the pi 

values were 11.35; ll.l 0; 11.28, I 1.32 

respectively. These are highly basic in 

contrast to the total proteome and the 

nitrogen fixing proteins. This basic 

nature may be attributed to the fact that 

their obligatory host associations and 

intracellular nature. 

Significant results were obtained, when 

distribution of pi values across COGs 

functional groups were studied. 

Variations of pi among functional 

categories of COGs were noted with 

majority of COGs showing distributions 

across acidic and basic clusters 

(Figures.4.4.3-4.4.12). It is observed 

that the allocation of pi across COGs 

represent the organism's adaptability to 

different habitat and ecological niche. In 

case of clostridial proteomes, 

. Clostridium beijerinckii has an acidic 

set whereas C. acetobutylicum has a 

basic tilt (Figure 4.4.3). The prominent 

COG cluster appears to be information 

and storage processing (Isp) in both the 
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Figure 4.4.1 : Tri-modal distribution of pi values in A) Chlorobium strains B) Actino
bactcrial Frankia C) Azoarcus D) Azotobacter and Klebsiella E) Clostridium strains F) 
Methanogenic archaea. 

genera . Figure 4.4. 1 a shows the 

difference in the number of amino acids 

in the metabolism (Me) group between 

C. beijerinckii and C. acetobutylicum 

when all amino acids in the COGs are 

taken into consideration. Chi-square test 

for the COG groups in the acidic dataset 

as ' ell as basic dataset revealed 

significant differences. Chi square result 

obtained for the acidic set and basic set 
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Table 4.4.1: Mean values of AAAI and pi of proteins in the studied organisms *WFP 
indicates whole proteomes and NFP nitrogen fixing proteomes 

Organism AAAI I 

Anabaena variabilis ATCC 294 I3 
Azoarcus sp. BH72 
Azorhizobium cau/inodans ORS 57 I 
Azotobacter vineiandii AvOP 
Beijerinckia indica subsp. indica ATCC 
9039 
Bradyrhizobium sp. ORS278 
Bradyrhizobium sp. BTAi 
B.japonicum USDA IIO 
Chlorobiumferroxidans DSM !303I 
C. chlorocromatii CaD3 
C. limicola DSM 245 
C. phaeobacteroides DSM 266 
C. phaeobacteroides BS I 
C. tepidium TLS 
Clostridium acetobuty/icum ATCC 824 
C. beijerinckii NCIMB 8052 
Cyanothece sp. PCC 7424 
Cyanothece sp. PCC 7425 
Cyanothece sp. PCC 880 I 
Cyanothece sp. PCC 5II42 
Cyanothece sp. CYO 110 
Frankia ACNI4a 
Frankia Cc/3 
Frankia EAN1pec 
Glucanoacetobacter diazotrophicus PAL 5 
Klebsiella pneumoniae pneumoniae 
MGH78578 
Lynbya sp. PCC 8 I 06 
Mesorhizobium sp. BNC I 
M loti MAFF303099 
Methanospirillium hungatei JF-1 
Methanococcus maripaludis S2 
Methanosarcina mazei Goe 1 
Methanobacterium thermoautotrophicum 
DeliaH 
Nodularia spumigena CY94I4 
Nostocsp. 7I20 
Nostocsp. 73102 
Rhizobium etli CFN42 
R etli CIAT 652 
R leguminosarum bv. viciae 3841 
R leguminosarum bv. trifolii WSM1325 
Rhodobacter sphaeroides 2.4.I 
Sinorhizobium medicae 
S. meliloti !02I 
Synechococcus sp. JA-2-3B'a(2-13) 
Trichodesmium erythraeum IMS10I 

WP 
0.69±0.0I 
0.85±0.0I 

0.52±0.002 
0.82±0.004 
0.86±0.0I 

0.5I±0.002 
0.52±0.0I 
0.53±0.0I 

0.7I±0.006 
0.68±0.0I 
0.70±0.0I 
0.70±0.0I 
0.67±0.0I 
0.72±0.0I 

0.28±0.007 
0.27±0.0I 
0.64±0.0I 
0.76±0.0I 
0.66±0.0I 
0.62±0.0I 
0.65±0.0I 

0.54±0.002 
0.56±0.003 
0.56±0.03 
0.68±0.02 

0.85±0.006 

0.65±0.0I 
0.69±0.0I 
0.65±0.0I 
0.52±0.0I 

0.28±0.006 
0.50±0.0I 
0.36±0.0I 

0.69±0.006 
0.70±0.008 
0.70±0.0I 

0.63±0.005 
0.62±0.005 
0.62±0.003 
0.62±0.003 
0.68±0.005 
0.62±0.03 

0.62±0.005 
0.80±0.03 
0.58±0.0I 

NFP 
0.50±0.04 
0.82±0.02 
0.6I±0.04 
0.78±0.09 
0.80±0.05 

0.58±0.04 
0.59±0.04 
0.62±0.0I 
0.59±0.06 
0.63±0.03 
0.57±0.06 
0.6I±0.04 
0.54±0.08 
0.59±0.05 
0.34±0.04 
0.37±0.03 
0.58±0.03 
0.63±0.07 
0.55±0.04 
0.60±0.03 
0.58±0.02 
0.62±0.02 
0.58±0.02 
0.66±0.02 
0.64±0.02 
0.82±0.02 

0.55±0.03 
0.58±0.I3 
0.64±0.03 
0.5I±0.03 
0.3 I±O.OI 
0.47±0.03 
0.28±0.02 

0.57±0.03 
0.59±0.03 
0.55±0.IO 
0.58±0.06 
0.60±0.08 
0.63±0.0I 
0.58±0.02 
0.63±0.03 
0.59±0.0I 
0.6I±0.03 
0.72±0.0I 
0.48±0.06 

WP 
7.0±2.I6 
7.40±2.09 
7.60±2.I6 
7.64±2.25 
7.23±2.03 

7.73±2.09 
7.84±2.I I 
8.04±2.IO 
7.35±2.07 
7.23±2.06 
7.38±2.I3 
7.52±2.I3 
7.I3±2.I7 
7.62±2.28 
7.82±2.I4 
6.88±2.07 
6.87±2.20 
6.98±2.I8' 
6.77±2.I5 
6.87±2.26 
6.9±2.24 

7.60±2.64 
7.73±5.56 
7.30±2.50 
7.75±2.24 
7.32±2.IO 

6.7I±2.24 
7.25±2.26 
7.60±2.20 
6.34±1.82 
6.83±2.10 
6.65±2.08 
6.32±2. I5 

6.94±2.24 
7.09±2.22 
6.96±2.I7 
7.30±2.20 
7.25±2.I9 
7.20±2.I7 
7.11±2.I3 
7.I8±2.34 
7.30±2.23 
7.3I±2.23 
7.33±2.20 
7.62±2.33 

NFP 
6.I7±I.42 
5.88±1.4I 
6.48±1.53 
6.28±1.99 
5.97±1.55 

6.45±1.52 
6.44±1.54 
7.37±1.35 
6.77±1.62 

6.29±1.53 
6.4I±1.57 
6.32±1.35 
5.66±1.64 
6.45±1.65 
6.78±1.57 
5.94±1.2I 
5.66±1.30 
5.99±1.46 
5.83±1.60 
5.64±1.32 
5.79±1.40 
5.98±1.59 
5.76±1.34 
5.64±1.56 
6.I9±0.I6 
6.38±1.43 

5.69±1.34 
5.65±1.1 I 
6.64±1.60 
6.13±1.38 
6.7I±1.76 
6.37±1.6I 
5.30±1.16 

5.72±1.27 
6.07±1.42 
5.92±1.50 
6.39±1.72 
6.40±1.93 
6.8I±1.69 
6.7I±1.55 
6.I8±1.57 
6.96±1.44 
7.04±1.6I 
6.64±1.66 
5.49±1.28 

revealed values of 12.61 and 7.55 

respectively, which is much higher than 

the tabulated chi-square values at 

p=0.05 level. Kiraga et al., (2007) 

postulated that pi of free-living 

organisms/extracellular organisms show 

a tendency towards acidity, while those 

associated with host plants were basic. 
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Figure 4.4.2: Tri-modal di stribution of pi values in A) Cyanobacterial strains B) Alpha 
proteobacterial strains. 

The diversity among the acid ic and 

basic clusters for the two clostridial 

strains is clearly evident from the chi

square test It may be due to the 

alteration of pi bias en route basicity 

compared to the pi of the spec1es 

thriving in other habitats (Kiraga el a/. , 

2007). In general , the lsp group having 

the functional categories translation, 

transcription and D A replication play 

a significant role in influencing pi in 

clostridia. Proteome diversity between 

C beijerinckii and C acelobutylicum 

may be the outcome of the diverse 

composition of the amino acids in the 

proteome. The difference in number of 

amino acids in the Me group for C 

beijerinckii substantiates the fact 

The actinobacterial Frankia strains 

showed an inclination towards acidity 

despite the fact that they are host 

associated. It is observed from Figure 

4.4.4A-B, that Ccl3 is less acid ic 

compared to the other two. Earlier 
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Figure 4.4.3(A·B): Distribution of pi in different COG clusters for Clostridium ace to· 
butylicum and Clostridium beijerinckii. lsp group is represented by black checkers, Cp 
by dashed verticals, Me by horizontal bricks and Pc by small confetti colors. 

reports (Sen et a/., 2008) suggest that 

Frankia ACN14a and EANlpec have 

greater host ranges, and can survive 

without symbiosis compared to Ccl3 

having a restricted host range without 

evidence of survival outside the host. 

Ccl3 is biogeographically restricted to 

Australia and Pacific islands (Sen et a/., 
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Figure 4.4.4(A-B): Distribution of pi in different COG clusters for actinobacterial 
Frankia. Colors as per Figure 4.4.3 (A-B). 

2008) compared to Frankia ACN14a 

and EAN!pec which has worldwide 

distributions. The ability of Frankia 

ACN14a and EAN!pec to survive 

outside the symbiotic association might 

have shifted their pi towards acidity. 

COGs belonging to metabolism (Me) 

groups in ACN14a revealed maximum 

number of amino acids in the acidic 

category, while in Cci3 and EAN!pec it 

is observed that cellular processes (Cp) 

peaks in the acidic class while Isp peaks 
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Figure 4.4.5(A-B): Distribution of pi in different COG clusters for methanogenic ar
chaea. Colors as per Figure 4.4.3 (A-B). 

in the basic class. The elevated levels of 

amino acids in the Me and Pc group for 

ACN14a in acidic category implied the 

role played by metabolism in 

influencing the lifestyle of ACN14a. 

Similarly the abundance of amino acids 

in the Cp group towards acidity for 

Frankia Cci3 and EAN I pee indicates 

that COGs associated with cellular 

processes increases the ability of these 

strains to respond to signals in the soil 

and the environment of the cells 

modifies the shift towards acidity. 

Figure 4.4.4B shows the diversity in 

amino acids number for the metabolism 

(Me) group between Frankia ACN14a, 

Ccl3 and EANI pee. Data obtained for 

the metabolism (Me) group of Frankia 
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Figure 4.4.6(A-B): Distribution of pi in different COG clusters for Chlorobium 
strains. Colors as per Figure 4.4.3 (A-B) 

Ccl3 with that of ACN14a and acidic than any of the studied 

EANI pee revealed significant 

differences at p=0.05 level. On the other 

hand as observed from Figure 4.4.4B, 

lower number of amino acids in the 

cellular processes (Cp) category for 

Ccl3 may be an indicator of its 

symbiotic nature. 

In case of methanogenic archaea the pi 

values are highly biased towards the 

acidic class as expected. The outcome 

obtained for methanogenic archaea used 

in the study point out that they are more 

organisms. These organisms are free

living and survive in acidic 

environments like sewage and sludge 

consequently having a high acidic pl. In 

Methanobacterium 

thermoautotrophicum, Pc group had the 

maximum amino acids in the acidic 

class while in Methanococcus 

maripaludis and Methanosarcina mazei 

Isp and Me dominates the same. Cp and 

Isp contained huge number of amino 

acids in the acidic class for 
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Figure 4.4.7(A-B): Distribution of pi in different COG clusters for Cyanothece strains. 
Colors as per Figure 4.4.3 (A-B). 

Methanospirillium hungatei. When all 

the COGs for amino acids were 

considered it was found that the 

Methanospirillium hungatei Cp group 

towers above other methanogenic 

strains which is significant even at 

p=0.05 level. Figure 4.4.5A-B shows 

the results for methanogenic archaea. 

The overrepresentation of amino acids 

as seen in Figure 4.4.5 in the COGs 

group Isp and Cp for Methanospirillium 

hungatei indicated that amino acids 

associated with translation, 

transcription, cellular processes are vital 

for survival in their habitats. Similarly 

the dominance of Isp and Me groups of 

COGs for Methanosarcina mazei and 

Methanococcus maripaludis depicts the 

role of metabolic amino acids and those 

associated with translation, transcription 
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Figure 4.4.8(A-B): Distribution of pi in different COG clusters for cyanobacterial 
strains. Colors as per Figure 4.4.3 (A-B). 

and DNA recombination for their 

existence in acidic sludges, sewages etc. 

They probably assist in stability and 

solubility of acid rich prot~ins. Figure 

4.4.5B indicated the diversity amongst 

the studied archaeal strains with respect 

to the overrepresentation of the amino 

acid residues connected to cellular 

processes highlighting their role in their 

survival in sludges and sewages. These 

strains come from different locations 

and environmental adaptations leading 

to proteome diversity. 

Free-living Chlorobium strains on the 

other hand showed an acidic tilt. The 

findings for pi categorization in COGs 

of the Chlorobium strains 

complemented earlier reports (Kiraga et 

a/., 2007) that acidic proteomes are 

characteristic of free-living aquatic 

bacteria. There is some degree of 

variation with respect to the dominance 

of the COGs functional groups in 

Chlorobium (Figure 4.4.6). The 

Chlorobium strains undertaken in this 

study come from different habitats as 
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Figure 4.4.9(A-B): Distribution of pi in different COG clusters for Rhizobium strains. 
Colors as per Figure 4.4.3 (A-B). 

well as biogeographic locations and 

habitat specificity (Sur et al., 2008) 

along with ecological adaptations play 

an important role in diversity at the 

intraspecific level. Among the 

Chlorobium strains, C. chlorocromatii 

and C. phaeobacteroides BS I had a 

huge percentage of amino acids from Cp 

and Isp respectively. Evaluation of all 

the COGs for amino acids illustrated 

that metabolism (Me) group for C. 

chlorocromatii and C. phaeobacteroides 

BS I had a statistically significant (at 

p=0.05 level) higher representation 

compared to other chlorobial strains. 

However, the other strains bore a more 

or less similar pattern. The dominance 

of the COG functional groups Me in C. 

chlorocromatii and C. phaeobacteroides 

BS I; Isp and Me for others reveals the 

role of amino acids associated with gene 

regulation, metabolic pathways, 

inorganic ion transport, cell wall 

membrane envelope biogenesis, cellular 
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Figure 4.4.10(A-B): Distribution of pi in different COG clusters for sinorhizobial, 
mesorhizobial species and Gluconacetobacter. Colors as per Figure 4.4.3 (A-B). 

mechanisms, signal pathways etc. to 

harmonize the cellular processes for 

their survival under varied 

environments. 

In the cyanobacterial members 

especially Cyanothece strains, the 

pattern revealed in the acidic and basic 

class is quite similar with the 

domination of Me. C7424 and C8801 

had a comparatively similar pattern 

showing less diversity as exemplified in 

Figure 4.4.7. The results obtained for 

cyanobacterial organisms are in line 

with the observations of Knight et al., 

(2004), with respect to acidic proteome 

set in aquatic condition. The proteomes 

of Cyanothece are more or less similar. 

Amino acids belonging to the COGs 

functional group Me play a vital role for 

the Cyanothece strains in channeling 

different metabolic pathways for 

effective survival and habitual activities 
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Figure 4.4.11(A-B): Distribution of pi in different COG clusters for Azotobacter, 
Klebsiella and Azoarcus. Colors as per Figure 4.4.3 (A-B). 

in the aquatic environment. However, 

there is some variation between the 

cyanobacterial members other than 

Cyanothece. In Nostoc and Anabaena 

strains Cp and Isp predominate the 

acidic and basic classes. A good deal of 

diversity is noted amongst other 

cyanobacterial strains with respect to 

their ecological niche and habitats 

compared to Cyanothece strains Figure 

4.4.8. The diversity is especially evident 

amongst the marine and fresh water 

strains with respect to distribution of 

different COG groups. While Me group 

dominated in the Cyanothece strains, Cp 

was more prevalent for Nostoc, 

Nodularia, Lyngbya and 

Synechococcus. While amino acids in 
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COGs associated to cellular processes 

(Cp) show considerable representation 

in Nostoc 7120 and Lyngbya 

information antl storage processing (Isp) 

and metabolism (Me) COGs 

demonstrate higher prescence for 

Nos toe sp. 73102, Anabaena variabilis, 

Nodularia spumigena, Trichodesmium 

and Synechococcus implying the role 

played by different COGs in effecting 

the survival of these organisms in their 

respective ecological niches. This 

variation stems from habitat specificity 

and biogeographical locations of the 

microorganisms. The Nostoc strains are 

symbiotic with Nostoc 73102 isolated 

from Australia; Lyngbya has been found 

in marine salt marshes and fresh water 

of Germany; Nodularia spumigena in 

surface waters of Baltic Sea; 

Trichodesmium in coastal waters of 

North Carolina and Synechococcus from 

microbial mats of Yellow stone 

National Park (http://imgjgi.doe.gov/ 



RESULTS AND DISCUSSION 105 

cgi-bin/pub/main.cgi). 

In the ct-proteobacterial members, 

rhizobia! strains showed more or less 

similar pattern of distribution of 

different COGs clusters as depicted in 

Figure 4.4.9. Me and Isp peaks in the 

acidic and basic class respectively. The 

allocations for mesorhizobial strains too 

are quite alike. Isp leads the acidic class 

while Me the basic one. Among the 

Rhizobium strains and mesorhizobia, 

lack of diversity with respect to pi 

categorization in COGs may be 

attributed to sharing similar 

environmental conditions and habitats. 

Interestingly, inspite of being associated 

with hosts they have an acidic tilt. This 

acidic nature may be due to the presence 

of acidic residues which play a part in 

steadiness of the proteins associated 

with the organism functionality. Acidic 

amino acid residues related to metabolic 

pathways, gene regulation, translation 

and expression play a vital task in 

maintaining the symbiotic environment 

for the rhizobia! and mesorhizobial 

members. Kiraga et a/., (2007) reported 

that the host associated species may 

have an acidic tilt although they shift 

towards basicity in general. This may be 

attributed to the fact that loss of non 

essential genes coding for basic proteins 

might have directed the shift of the 

proteomes towards acidity. The classic 

examples are the sinorhizobial strains· , 

especially S. meliloti which is more 

acidic compared to other symbiotic 

nitrogen fixers. While S. medicae 

contains huge number of amino acids in 

the acidic class, Me towers for same in 

SMELILO (Figure 4.4.1 0). Acidic 

residues related to metabolism play a 

crucial role in sinorhizobial members. 

GLUCO too has a large share of Me in 

acidic pi as well as basic pl. The 

endophytic bacteria Gluconacetobacter 

diazotrophicus (Cavalcante and 

Dobreiner, 1988) show some difference 

with respect to sinorhizobial and 

mesorhizobial strains. The organization 

of genes associated with nitrogen 

fixation, host association, sugar 

metabolism and plant growth promotion 

may be attributed to the higher 

representation of metabolism genes. 

Association of Gluconacetobacter 

diazotrophicus with a different host 

plant compared to legumes for the 

rhizobia may be a factor for diversity. In 

y-proteobacterial members like 

Azotobacter and Klebsiella the findings 

are relatively similar with the exception 

of Me group in Klebsiella overlooking 

others in acidic class of isoelectric point 

(Figure 4.4.11). In case of y

proteobacterial members the acidic 
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proteome set is quite expected for free

living ones and they are influenced by 

their respective ecological niches. The 

predominance of Me substantiates the 

action of acidic residues associated with 

those functions. Most of them thrive in 

terrestrial habitats competing with other 

organisms and in order to carry out 

essential life processes, proper 

functioning of cellular machinery and 

gene regulation is indispensable in a 

manner commensurate with the habitat 

requirements. However, they differ 

strongly with that of Azoarcus. 

Azoarcus has high number of amino 

acid residues in cellular processes group 

(Cp ). In Azoarcus it is seen that COGs 

linked to cellular processes play a 

significant role. Azoarcus is an 

interesting endophyte of Kallar grass 

and rice. It colonizes their roots in a 

unique manner and resides within the 

aerenchyma (Hurek et a!., 1994). The 

amino acid residues linked to cellular 

processes help in root colonization as 

well as survival within the host without 

causing disease. The diversity of pi in 

COGs for Azorhizobium, Beijerinckia, 

bradyrhizobial members and 

Rhodobacter is shown in Figure 4.4.12. 

While Azorhizobium had lesser 

percentage of representation of COGs in 

the acidic class, Beijerinckia and 

Rhodobacter had huge numbers in the 

same, which is also statistically 

significant. However, Cp and Isp 

predominates the acidic and basic 

classes in these organisms. The 

biogeographical location of 

Rhodobacter, Beijerinckia as also their 

habitat specificity in their respective 

ecological niches makes the difference. 

The high percentage of amino acid 

residues related to metabolism in the 

acidic set is the outcome of its free

living nature and ability to detoxifY 

metal oxides in the soil. This requires 

high metabolic efficiency. Intraspecific 

diversity is well defined for the 

bradyrhizobial members. The acidic and 

basic clusters are well balanced amongst 

the bradyrhizobial strains. However, 

estimation of all the COGs for amino 

acids demonstrated that metabolism 

(Me) group had higher representation 

compared to others. The findings 

obtained for pi categorization in COGs 

for bradyrhizobial members clearly 

depicts that host associated organisms 

have less acidic proteomes. The 

apparent shift of pi bias substantiates 

the result. The somewhat different result 

obtained for Bradyrhizobium sp. 

ORS278 may be attributed to its 

existence as an endophyte as also its 

association with different hosts. The 
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categorization of pi in COGs allocation 

pattern does reveal a good degree of 

disparity amongst different members of 

Bacteria and Archaea, with respect to 

their habitat, environmental adaptations 

and host specificity. 

4.4.2 Influence of amino acid 

adaptation 

Amino acid adaptation index (AAAI) 

values showed wide variation among 

members of Bacteria and Archaea. The 

degree of variation in the AAAI values 

across the studied proteomes point out 

the level diversity at interspecific and 

intraspecific level. The nitrogen fixation 

related proteins had lower AAAI values 

in contrast to complete proteomes in 

most of the studied organisms barring 

bradyrhizobia, Frankia strains, 

clostridia and Methanococcus 

maripaludis. In these cases the AAAI 

values are higher in nitrogen fixing 

proteins compared to the whole 

proteome (Table 4.4.1 ). It has further 

observed that in case of symbiotic 

plasmids of Rhizobium etli CFN 42, 

Bradyrhizobium sp. BTAII and 

Sinorhizobium meliloti symbiotic 

plasmids A and B the AAAI values 

were 0.302; 0.205; 0.3217, 0.261 

respectively. These values are much 

lower than obtained for the total 

proteome and the nitrogen fixing 

Table 4.4.2: Correlation values for Axis 
I of correspondence analysis of amino 
acid usage with hydropathicity and aro
maticity 

Organism Correlation! Correlation2 
ANVAR 
AZOR 

AZORHI 
AZOTO 

BEl 
BRORS 
BRBTAI 
BRUSDA 
CFEROX 
CCHROM 

CLIMI 
CPHAEO 
CPEOI 
CTEPI 
CACET 
CBEI 
C7424 
C7425 
C8801 

C51 142 
ACN14A 

Ccl3 
EANIPEC 
GLUCO 
KLEB 
LYN 

MESOBN 
MESMAF 

MHUN 
MMAR 
MMAZ 
MTHER 

NOSPUM 
N7120 

N73102 
RHICFN4 
RHICIAT 
RHIVICIA 
RHIWSM 
RHO DO 

SNOMEDI 
SMELILO 

SYNE 
TRICHOS 

IC-Inconsequential; 

-0.708 
0.359 
-0.309 

IC 
-0.55! 
-0.80 
0.773 
-0.477 
0.67! 
-0.414 
-0.6!5 
-0.715 
0.906 
0.842 

IC 
0.668 
0.723 
-0.766 
0.73 

-0.738 
IC 
IC 
IC 
IC 

0.885 
0.436 
0.923 
-0.86 
0.735 
0.754 
-0.821 
0.722 
0.7!6 
0.6!30 
-0.59 

-0.875 
-0.886 
0.9!7 

IC 
0.370 
-0.905 
-0.930 
-0.649 
-0.32 

Correlationl=Axis I with hydropathicity; 
Correlation2=Axis I with aromaticity 

IC 
IC 

-0.373 
IC 

0.586 
-0.32 
0.291 

IC 
IC 
IC 
IC 
IC 

0.420 
0.515 

IC 
IC 
IC 

-0.! 73 
IC 
IC 

0.4II 
-0.371 
-0.463 

IC 
0.302 

IC 
0.440 
-0.345 

IC 
IC 

-0.354 
0.449 

IC 
IC 
IC 

0.445 
-0.440 
0.409 

IC 
IC 

-0.4! I 
-0.40 
-0.263 
0.388 

proteins. The pattern of variation in 

AAAI is quite prominent amongst 

members of cyanobacteria, a-
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proteobacteria, ~-proteobacteria, v
proteobacteria, green sulphur bacteria, 

clostridia, actinobacteria and the 

methanogenic archaea. The variation is 

low at intraspecific level compared to 

that at the interspecific level. 

Interestingly, at the intraspecific level 

even organisms surviving in different 

ecological niche showed less diversity 

in AAAI values. Azotobacter, Azoarcus, 

Klebsiella and Synechococcus and a 

number of free living organisms had 

greater AAAI values compared to the 

symbiotic ones. The pattern obtained for 

free-living organisms and symbiotic 

plasmids implied that higher AAAI 

containing proteomes are better adapted 

for shaping frequency of amino acids in 

proteins and free living ones score over 

symbiotic ones in this regard. Similarly 

nitrogen fixing related proteins had 

reduced level of flexibility in 

influencing incidence of amino acids in 

proteins compared to whole proteomes. 

When AAAI, pi and energetic costs of 

the proteins were correlated with GC3 

and GC content no significant results 

were obtained. pi values also did not 

reveal noteworthy correlation with 

aromaticity and hydropathicity. All 

these pointed out that codon and amino 

acid usage is not influenced by AAAI 

for these organisms. Energetic costs of 

proteins did not reveal anything 

significant and low degree of variation 

in energetic costs of proteins revealed 

that some level of homogeneity subsists 

at the interspecific and intraspecific 

echelon, with regards to metabolic 

efficiency of these proteomes in 

carrying out reactions. 

4.4.3 Hydropathicity and aromaticity 

influences amino acid usage 

The principal axis of correspondence 

analysis for amino acid usages showed 

biologically important correlations with 

hydropathicity and aromaticity. The 

findings obtained for these correlations 

are tabulated in Table 4.4.2. 

Hydropathicity levels in more or less all 

the organisms showed strong positive as 

well as negative correlations compared 

to aromaticity levels. The strong 

positive and negative correlations of 

principal axis of variation of amino acid 

usage with hydropathicity indicate that 

genes associated with hydrophobic 

(positive) and hydrophilic (negative) 

proteins are preferred by translationally 

optimal codons. Hydropathicity appears 

to be strong force in controlling amino 

acid usage in these organisms. Likewise 

the correlations of Axis I with 

aromaticity levels revealed that amino 

acid composition can be relevant for 

evaluating amino acid usage in these 
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microorganisms. However, lack of 

correlation of pi with aromaticity and 

hydropathicity meant that isoelectric 

point seldom influenced aromaticity and 

hydropathicity of amino acids. GC/GC3 

richness is not controlled by isoelectric 

point in nitrogen fixing proteomes. 

Again, results obtained for correlation 

of GC and GC3 content with 

aromaticity and hydropathicity pointed 

out that GC compositional content do 

not play a crucial role in amino acid 

usages of nitrogen fixing organisms. 
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4.5. Phylogenetic analysis of nif genes: 
An alternative approach 

4.5.1 Condensed matrix based 

phylogeny 

The Laa values depicted in Table 4.5.1, 

signifying the length of the amino acids 

for the studied nif genes are fairly 

constant. Figures 4.5.1-4.5.5 represent 

the phylograms constructed for I6S 

rRNA, nijH, D & K genes and whole 

genomes using distance matrices. The 

distance matrices are given in A4.5.1-

A4.5.5 (See appendix). 

In case of 16S rRNA genes, the 

phylogram revealed a topology that is 

somewhat different from the existing 

phylogenies based on sequence-based 

approaches. From Figure 4.5.1 it is seen 

that some members of one lineage has 

been placed among the members of 

another lineage. Archaeal members 

belonging to the methanogens remain 

scattered between members of 

cyanobacteria, and proteobacteria. 

However, the distribution patterns of the 

eubacterial members are not that 

speckled. Although, majority of the 

proteobacterial members are clubbed 

together in a major clade, yet Azoarcus 

BH72 and Klebsiella pneumoniae are 

placed in a different manner. The 

former is placed alongside Cyanothece 

sp. PCC7424 while the latter is placed 

along with Cyanothece sp. PCC 8801. 

Similar condition is noticed in case of 

actinobacteria, Frankia ACN14a in 

between two species of Cyanothece. 

The two clostridial species are not 

placed together, rather Clostridium 

beijerinckii occurs on a branch with 

Trichodesmium erythraeum while C. 

acetobutylicum occurs in a subclade 

with Chlorobium phaeobacteroides. 

M1\iority of the chlorobial members 

belonging to the green-sulfur bacterial 

group are sister to the members of 

actinobacterial Frankia. Most of the 

cyanobacterial species undertaken in 

this study are placed together, barring 

Cyanothece PCC 7424, Cyanothece 

PCC 7425, Nostoc sp. and Anabaena 

variabilis. The latter is placed in a 

different clade altogether. 

The pattern obtained in the phylogram 

for 16S rRNA genes based on leading 

eigen values seem interesting at the very 

first glance. Especially the placements 

of Anabaena variabilis as isolated, 

Azoarcus BH72 with Cyanothece 

PCC7424, Frankia ACN14 with 

cyanobacteria, Clostridium beijerinckii 

with Methanococcus maripaludis, 
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Kleb s iella pne umoniae ncar to 

Cyanothece PCC 880 I , clostri dia with 

members of other lineages. These 

interesting find ings of similarities and 

dissimilarities due to leading eigen 

value vectors points out very clearly that 

dissimilar descriptors and invariants 

(Randic et a/. , 200 I) decide upon 

diverse structural features of DNA 

sequences. orne workers (Randic eta/. , 

200 I) pointed out that species similarit) 

or dissimi larity ought not to be 

depending upon a so le descriptor or sole 

gene. Taking thi s fact into consideration 
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the resu l ts are quite novel and 

significant since, th is techn ique is 

relatively unique in portray ing the 

features of DNA nucleotide sequences. 

T he interesting fact is that members of 

one lineage arc placed among members 

of other lineage. The findings n1ay be 
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the consequence of ancient paralogous 

copies that might have separated during 

the course of time. The apparent 

structural sim i l arit y between the 

aforesaid members may be an indication 

that they have been derived from some 

common ancestral gene and have 
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diverged due to gene duplication events. 

The placement of Methanococcus, 

Methanospirillium and 

Methanobacterium 

thermoautotrophicum close to 

cyanobacterial associates merely 

indicate that these sequences might have 

arose preceding the separation of 

Eubacteria and Archaebacteria. These 

results thus seem to break the 

monophyly rule applicable for I 6S 

rRNA genes. Again these genes have 

close lengths and their occurrence in the 

same clade may be attributed to the 

length, which may be related to their 

molecular evolution. The results 

obtained for I 6S rRNA strengthen the 

view of Randic et al., (2001) that a 

single gene cannot be a pointer of 

evolutionary similarity or dissimilarity. 

Each molecule reveals its history and 

traces back to the last common ancestral 

state (Koonin and Martin, 2005). It is 

possible that the molecular ancestors 

were present in diverse organisms 

during the course of evolutionary time 

period. Even though 16S rRNA's are 

used as phylogenetic markers, a number 

of studies (Syvanen, 1987; Yap et al., 

1999; Wang and Zhang, 2000; van 

Berkum et a/., 2003; Boucher et al., 

2004; Eardly et al., 2005) suggest that 

they can be horizontally transferred too. 

It is therefore highly likely that these 

16S rRNA genes reflect only a part of 

their evolutionary history, not addressed 

by the earlier studies based on sequence 

alignment. 

Figures 4.5.2-4.5.4 shows the 

phylograms of nijH, D & K genes in the 

studied organisms. The overall topology 

of the genes showed a pattern quite 

comparable to that obtained for 16S 

rRNA genes with respect to the 

presence of members of one lineage 

among other lineages. The placements 

of the archaeal members vary in each of 

the genes. In most cases they remain 

scattered indicating that they are not 

monophyletic. In nifH genes, two 

clostridial members lie in the same 

branch and occur as sister to some 

cyanobacterial members while in ni}D 

clostridial members lie in different 

clades. C. beijerinckii is clustered with 

Nodularia spumigena while C. 

acetobutylicum is present in between 

two bradyrhizobial species. In nijK. they 

remain scattered. In case of nijH genes 

the actinobacterial members, Frankia 

Ccl3 and Frankia EAN!pec are 

clustered together and remain in 

between proteobacterial members while; 

Frankia ACN14a is associated with 

Azorhizobium caulinodans. In nijD 

genes, Frankia Cci3 and EAN!pec are 
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clustered together and lay sister to 

cyanobacte rial and proteobacteri a l 

members wh ile Frankia AC 14a is 

sandwiched be tween Chlorobium 

phaeobacleroides and Azoarcus 8 1172. 

Frankia Ccl3 and Frankia ACN 14a 

remain close to each other and Frankia 
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EAN I pee lies between Rhodobacler 

sphaeroides and Chlorobium tepidium 

for the n(fK genes. The green sulphur 

bacteria l members of Chlorobium arc 

interspersed between organisms of other 

lineages. The pattern of placements of 

the cyanobacterial members vary in the 
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three genes. However, some members 

of cyanobacteria li e amongst affi liates 

of other li neages indicating polyphyly. 

While a number of proteobacteri al 

associates are clustered together in 

branches 1n the nifl l genes other 

member s l ik e Rhi zo bium 
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leguminosarum bv. viciae, R. 

leguminosarum bv. t rifolii and 

Bradyrhizobium japonicum USDA II 0 

lie strewn between other bacterial 

lineages. The proteobacterial bacterial 

lineages ror nijD genes specify the 

polyphyletic origin. Similar nature is 
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... 
;: ~I;J~I~t~~l ....... .., ...... r-: 

observed for the ni.fK genes as evident 

fro m Figure 4.5.4 . None of the 

proteobacterial subgroups, be it alpha, 

beta or gamma proteobacteri a are 

supported to be monophyleti c. 

It has been observed by previous 

workers (Normand and Bousquet, 1989; 
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Fani el al. , 2000; Keehris el a/. , 2006) 

that the core nitrogen fi xation genes are 

horizontall y transferred. The findings 

for nijH, D & K genes strongly support 

thi s owing to the mosaic pattern 

exempli fied in the phylograms. ll ad 

lateral gene transfer not occurred major 
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Figure 4.5.6: Topology of whole genomes for nitrogen fixi'ng organisms obtained 
from CVTree. Numbers represent branch length. 

lineages like actinobacteria, 

archae bacteria, c yano bacteria, 

proteobacteria, firmicutes, green sulfur 

bacteria and low G+C containing gram-
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Figure 4.5.7: Topology of whole proteomes for nitrogen fixing organisms obtained 
from CVTree. Numbers represent branch length. 

positive bacteria would have been 

monophyletic. Yet, it was found that 

members of one lineage are placed 

among members of other lineage 

suggesting that nijH, D & K 

phylogenies are polyphyletic. These 

results for the said genes by condensed 

matrix method reveal that even some 

members of cyanobacteria, u, p, y 

pro teo bacteria, actin o bacteria, 

chlorobia, firmicutes and 

methanobacteria are not monophyletic. 
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Interestingly it has been noticed that 

archaebacterial members are present 

along with eubacterial members. Their 

placements are attributed to gene 

duplications in the ancestral state that 

might have resulted before the division 

of archaebacterial and eubacterial 

members. Again, the mosaic pattern 

exhibited in the placements of some 

chlorobial, actinobacterial, 

cyanobacterial, proteobacterial and 

clostridial taxa may be due to the 

sharing of universal evolutionary 

history. Moreover, it is reasonable that 

they were paralogous copies. It is quite 

possible that gene duplication events 

occurring during the evolutionary 

history has given rise to the present nif 

genes. The origin of the nif genes by 

paralogous duplication events has been 

previously reported by Fani et al., 

(2000). In this context the outcomes are 

quite significant since, all three codon 

positions in nucleotide triplets were 

considered, giving them equal weight, 

thus incorporating their influence during 

evolution. Accordingly, these findings 

support the view ofRandic et al., (2001) 

that the various strucfural properties of a 

DNA sequence are guided by different 

descriptors and invariants (Randic et al., 

2001). 

The phylogram of whole genomes for 

studied bacterial members are depicted 

in Figure 4.5.5. The pattern illustrated 

by the phylogram is somewhat different 

from that obtained for nijH, D & K 

genes. The archaeal members are 

scattered amongst members of other 

lineages. The clostridial affiliates 

remain scattered. C. acetobutylicum 

occur in between cyanobacterial 

members while C. beijerinckii occur as 

part of a subclade. Frankia sp. ACN14a 

and Frankia sp. EANlpec are clubbed 

together and occur as sister to some 

proteobacteria while Frankia sp. Ccl3 

lie in between proteobacterial members. 

Most of the cyanobacterial affiliates are 

present very close to each other with the 

exception of Synechococcus sp. JA-2-

3B and Anabaena variabilis ATCC 

29413. Synechococcus JA-2-3B is 

placed between the chlorobial species 

while Anabaena variabilis lie in a 

different clade altogether. The majority 

of the chlorobial species are placed 

together. They occur as sister to the 

proteobacteria. Most of the 

proteobacterial members are placed 

together. However, Frankia and 

Methaonococcus maripaludis are placed 

in between the proteobacterial affiliates. 

The whole genome phylogram however 

does not reveal the vibrant mosaic 

pattern noticed for nijH, nifK and nifD 
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genes. Studies of non-nitrogen fixing 

microorganisms spanning Bacteria and 

Archaea, using 16S rRNA and whole 

genomes (data not shown) applying this 

methodology revealed that distant 

organisms remain separated from each 

other. 

The findings for whole genomes of the 

studied microorganisms have something 

to offer. Studies on comparative 

genomics have revealed the origin of all 

life forms from the last common 

universal ancestral state i.e. LUCAS 

(Koonin, 2009). Owing to gene 

duplication events (Ohno, 1970), which 

are regarded as a major evolutionary 

force, genomes have numerous copies 

of paralogous genes grouped into 

different families (Huynen and 

Nimwegen, 1998). Here, the occurrence 

of methanogenic archaeal members 

scattered amongst other lineages; 

placements of clostridial members 

amongst the cyanobacterial ones; 

placement of Frankia Ccl3 and 

Synechococcus JA-2-3B between the 

chlorobial members indicate very 

clearly that these organisms share 

common evolutionary history. It also 

point out that these organisms may 

contain huge number of ancient 

paralogous genes and a very significant 

part has been played during primitive 

stages of molecular evolution by in 

tandem gene duplication (Fani et a/., 

2000) events within the DNA. It is 

possible that evolution of the duplicated 

genes might have been by 

subfunctionalization in the genomic 

complement (Lynch and Force, 2000; 

Lynch and Ka\ju, 2004) by which they 

preserved the discrete subsets of the 

original functions of genes found in 

LUCAS. Findings for the whole 

genomes agree with the fact that single 

gene duplications, whole genome 

duplications, lateral gene transfer, 

genome rearrangements are vital events 

in molecular evolution (Koonin, 2009). 

4.5.2 Composition vector based 

phylogeny 

The Neighbour-joining (NJ) topologies 

obtained for the whole genomes and 

whole proteomes of nitrogen fixing 

microorganisms are depicted in Figures 

4.5.6-4.5.7. All the archaeal members 

are placed together and lay sister to 

clostridia. The clostridial members are 

clubbed together. The actinobacterial 

Frankia strains lay collectively and 

sister to proteobacteria. Most of the 

chlorobial members remain together 

with the exception of C. chlorocromatii 

CaD3 and C. tepidium TLS. The former 

lie in between cyanobacterial and 

clostridia while the latter is placed in 
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between Synechococcus sp. JA-2-3B 

and Beijerinckia indica. Although 

majority of cyanobacterial members are 

grouped together, Synechococcus sp. JA 

-2-3B lie between lineages of other 

bacteria and Anabaena variabilis lie 

differently. All proteobacterial members 

remained close together. Whole 

proteome analysis illustrates the 

grouping of cyanobacteria, 

proteobacteria, clostridia, methanogenic 

archaea, and green-sulphur bacteria 

lineages. 

The results obtained for the whole 

genomes and proteomes of the nitrogen 

fixing microorganisms using the CV 

method is different from that obtained 

for the condensed matrix method. While 

genome phylogeny reported the 

placement of Ch/orobium 

chlorocromatii CaD3, Chlorobium 

tepidium TLS among clostridial ones 

and placement of Synechococcus sp. JA-

2-3B between lineages of other bacteria 

and Anabaena variabilis as outgroup, 

whole proteome phylogeny did not 

report any mixing. This technique offers 

very little to throw light on the events 

like lateral gene transfer, genome 

duplications, genome rearrangements 

etc. that has been emphasized by the 

nucleotide triplet based molecular 

phylogeny. It has been reported (Qi el 

a/., 2004) that lateral gene transfer 

events do not influence the 

methodology to a large extent thus 

exposing its weakness. 

4.5.3 The probable scenario 

Nitrogen fixation by microorganisms is 

an ancient property arising at the start of 

cellular evolution (Cloud, 1976; Broda 

and Peschek, 1983; Postgate, 1987). It 

has been reported that primitive 

microorganisms were heterotrophic 

anaerobes and utilised abiotic organic 

matter for metabolism (Fani et a/., 

2000). It is well known that chemical 

evolution and organic evolution took 

place simultaneously. There are two 

schools of thought regarding the early 

atmosphere and the nature of primitive 

nitrogenase (Fani et at., 2000; Normand 

and Bousquet, 1989). However, the 

hypothesis regarding the reducing 

nature of the early atmosphere 

containing huge quantity of ammonia 

(Fani el a/., 2000) is more accepted. 

Some researchers (Normand and 

Bousquet, 1989) on the other hand 

addressed that primitive nitrogenase was 

an iron dependent molybdenum free 

compound. With the change in Earth's 

atmosphere i.e. from reducing to and 

oxidising one, the primitive iron 

dependent and molybdenum free 

nitrogenase (Normand and Bousquet, 
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Table 4~. 1: GC content, GC3, Nc and Laa values for the. nifH, nif K and nifD genes 
in the studied organisms 

O roanis rn Gene GC% GC3% Nc La a 
Anabaena mriabi/is ATCC 294 13 nifH 48.3 47 44 .86 296 

nifK 46.4 44 .9 50.28 512 
nifD 47.9 47.5 47.89 491 

A=oarcus sp. BH 72 nifll 62.9 83.7 28.11 297 
nifK 60.8 89 27.96 522 
nifD 60.6 86.2 29.03 49 1 

, l=orhi=obium cau/inodans ORS 5 71 nifH 64.3 9 1.9 29.97 296 
nif K 63.3 90.5 28.86 5 19 
nif D 62.3 90. 1 29.51 500 

.-l=otobacter l'inelandii AvOP nifH 59. 1 77.8 27.67 290 
mfK 59.4 84.2 29.82 523 
nifD 59.5 82.4 28.09 492 

Beijerinckia indica subsp. indica A TCC nifH 60 79.5 3 1.36 290 

9039 nifK 56.8 74.1 35.36 520 
nifD 56.2 73.8 35.28 486 

Bradyrhi=obium sp. BTA II nifll 63.5 87.9 31.11 295 
nifK 62 87.2 30.85 519 
nifD 6 1.7 89.3 30.93 500 

B. japonicum USDA I I 0 nifll 55.2 66 52.12 294 
nifK 55.9 68 47.21 518 
nifD 54.6 66.6 48.98 500 

Bradyrhi=obium sp. ORS278 nifH 64.6 90.8 29.88 295 
nifK 62.7 92.2 28.79 500 
nifD 62.4 89 28.58 5 19 

Chlorobium ch/orochromatii CaD3 nifll 45.5 38.4 39.96 274 
nifK 48.2 47.3 45.84 485 
nifD 46 43.5 49.59 544 

C ferrooxidans DSM 1303 I nifH 49.4 50.2 47.55 274 
nifK 52.9 58.7 48.88 460 
nifD 49.8 57.5 49.23 544 

C. limicola DSM 245 nifH 52. 1 56.7 44.68 274 
nifK 54.5 67.1 44.89 459 
nif D 52.7 64.3 43.14 546 

C phaeobacteroides DSM 266 nif ll 52.3 57.3 42.81 274 
mfK 51.9 57.8 49 459 
nifD 49.8 56.5 49.3 546 

C phaeobacteroides BS I nif l l 51.1 54.2 50.6 274 
nifK 53 58.3 48.48 460 
nifD 49 57.4 49.05 540 

C. tepidum TLS nifH 57.3 72 35.55 274 
nif K 59.8 80.9 34.11 459 
nifD 56.3 77.3 35.53 543 

Clostridium acetobuty/icum A TCC 824 nifH 35.9 14.9 35.65 272 
nifK 36.3 22.5 41.6 531 
nifD 35.5 19.7 38.79 454 

C beijerinckii NCIMB 8052 nifl-1 33.7 10.7 32.92 273 
nifK 33.1 10.6 33.2 528 
nifD 32.5 14.1 34.5 1 454 

Cyanothece sp. PCC 880 I nifl l 45.6 40.2 34.86 296 
nifK 45.3 40.9 40.2 1 511 
nifD 44.9 40.7 39.35 476 

Cyanothece sp. A TCC 5 I 142 nifH 45.2 36. 1 35.9 327 
nifK 42.7 34.8 35.67 511 
nifD 45.8 4 1.2 36.92 480 

Cyanothece s p. CCYO I I 0 nifl-1 44.8 35 33.25 290 
nifK 42.9 35 35.47 480 
nifD 45.9 4 1.2 37.35 5 11 

Cyanothece sp. PCC 7424 nifll 45 37.2 47.23 299 
nifK 45 .8 40.5 45.31 437 

Cyanothece sp. PCC 7-125 nifll 54. 1 62.6 41.41 298 
nifK 54.9 65.9 42.29 511 
ni[D 5 1.4 56.7 42.5 494 

Continued to the next page 
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Table 4,5.1: Continued from previous page 
Organism Gene GC% GC3% Nc La a 

Frankia alni ACNI4a nifH 67 92.7 30.67 33I 
nifK 68 98.6 28.38 520 
nifD 65.4 94.8 29.46 486 

Frankia sp. Ccl3 nifH 64.2 93.4 29.25 287 
nifK 67.9 94.6 30.84 5I8 
nifD 64.8 93.I 31.35 486 

Frankia sp. EAN I pee nifH 64.5 93.4 28.4I 289 
nifK 67.6 94.9 30.65 5I8 
nifD 65.9 95 29.46 486 

Gluconacetobacter. diazotrophicus nifK 61 82.8 33 5II 
PALS nifD 59.I 79 31.94 499 

Klebsiella pneumoniae pneumoniae nifH 58.5 76.2 34.93 293 
nifK 58.5 76.4 36.18 520 
nifD 58.4 75.5 34.94 483 

Lyngbya sp. PCC 8I06 nifH 46.1 40.9 48.86 300 
nifK 46 43.6 45.89 5II 
nifD 48.1 47.6 48.64 480 

Mesorhizobium loti MAFF303099 nifH 60.7 82.6 36.14 297 
nifK 59.5 76.7 40.58 513 
nifD 59.6 80.6 37.31 501 

Methanobacterium thermoautotro- nifH 50.6 52.7 45.58 265 

phicum Delta H nifK 44.4 37.5 46.57 459 
nifD 45 42.7 43.99 469 

Methanococcus maripaludis nifH 40.2 29.8 33.13 276 

Methanosarcina mazei strain Goe 1 nifH 49.6 50.2 47.53 273 
nifK 51 52.4 49.59 456 
nifD 47.3 52.2 46.75 532 

Methanospirillum hungatei JF- I nifH 44.8 34.9 50.43 280 
nifK 47.2 37 49.8I 455 
nifD 45.9 36.6 47.22 493 

Nodularia spumigena CCY94 I 4 nifH 45.3 30.9 36.88 145 
nifK 44.2 40 42.31 511 
nifD 43.5 38.5 42.95 480 

Nostoc sp. PCC 7I20 nifH 44.7 40.5 41.42 297 
nifK 46.4 47.5 38.9 512 
nifD 39.9 36.6 56 4049 

N. punctiforme PCC 73 102 nifH 46.9 42.3 38.9 297 

Rhizobium etli CFN 42 nifH 60 78.4 39.72 297 
nifK 58.9 76.9 39.01 531 
nifD 59.1 78.8 37.82 496 

R. etli CIAT 652 nifH 60 78.4 39.72 297 
nifK 59.8 78.6 37.36 513 
nifD 59 78.7 37.86 500 

R.leguminosarum bv. trifolii nifH 56.5 71.2 46.86 219 
nifK 55.3 64.7 51.87 510 
nifD 54.4 64.9 49.23 4II 

R. /eguminosarum bv. viciae 3841 nifH 55.4 64.8 48.32 297 
nifK 54.3 62.6 52.17 513 
nifD 53.8 62.4 51.4 501 

Rhodobacter sphaeroides nifH 64 89.3 29.2 291 
nifK 64.4 91.9 27.01 506 
nifD 62.7 90.1 30.08 493 

Sinorhizobium meliloti 1021 nifH 58.2 71.8 45.87 297 
nifK 56.4 67.3 48.62 513 
nifD 55.4 69.4 46.77 500 

Synechococcus sp. JA-2;3B'a(2- 13) nifH 57.8 74.4 37.71 292 
nifK 58.8 73.7 42.27 5II 
nifD 57.6 75.6 35.93 487 

Trichodesmium erythraeum IMS101 nifH 43.2 27.6 37.52 296 
nifK 40.7 29.6 39.34 485 
nifD 41.4 29.9 36.62 512 
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1989) gradually modified itself to adapt 

to the new conditions. It has been stated 

(Fani et a/., 2000) that changing 

environment led to alteration in enzyme 

specificity, modification and adaptation 

that were retained by some eubacterial 

and archaebacterial members for 

survival. Changes associated with 

nitrogenase during the course of 

evolution might have resulted in 

alteration within the genes. The 

relevance of gene duplications in 

molecular evolution has been very well 

highlighted (Fisher, 1928; Ohno, 1970; 

Lynch and Katju, 2004). Results from 

whole genomes of bacteria and archaea 

point out that they enclose huge number 

of paralogous copies of genes (de Rosa 

and Labedan, 1998). The results for nif 

H, D & K genes are in line with the 

concept of gene duplications. They 

support the view of Fani et a/., (2000) 

that duplications in portions of genes, or 

operons or stretches of nucleotide 

sequences (Fani et a/., 2000) 

transformed the primitive nitrogenase to 

the present form and played a 

momentous role in producing genes 

with alike properties. The outcome of 

the studies also support occurrence of 

horizontal gene transfer across 

microbial lineages. It has been pointed 

out (Figge eta/., 1999; Lawrence, 1999) 

that inter as well as intra kingdom 

horizontal gene transfer play a vital role 

in shaping the genes for survival in the 

changing environment and thus 

molecular evolution. The findings based 

on condensed matrix method strongly 

supports it and agree with the views of 

Fay (1992) and Zehr eta/., (1997) that, 

during the course of evolution since 

ancient times, selective pressure and 

adaptation to constantly changing 

environment resulted in loss of genetic 

information in many microorganisms, 

implying that nitrogenase genes evolved 

alongside the cells carrying them. 

4.5.4 nif genes did not evolve as a nnit 

The results for GC, GC3, Nc and Laa 

specifY that there is a high degree of 

heterogeneity present amongst them 

suggesting that mutation and selection 

pressures are acting with unlike 

intensities within nif. If mutational 

processes and selection influenced all 

genes consistently there would have 

been higher GC3 content and 

consequently low Nc values in all the 

cases. These results further stipulate that 

the genes have been subjected to 

different recombination events and 

dissimilar selection pressures resulting 

in heterogeneity and never evolved as a 

unit. 
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4.6 Three dimensional homology models of 
Franlda NifH proteins 

4.6.1 Template identification 

The PSI-BLAST search found the 

crystal structure of the Azotobacter 

vinelandii NifH protein (I G5P) [PDB 

ID] (protein databank ID) to be the best 

template amongst others. This template 

match had an E-value of 2e-130 and an 

X-ray crystallographic resolution of 2.2 

angstroms. It is a soil bacteria like that 

of Frankia and the A and B chains of 

this protein revealed 79%, 76% and 

77% sequence identities with Frankia 

Ccl3, Frankia ACN14a and Frankia 

EANI pee nitrogenase iron proteins. The 

NifH proteins from the three Frankia 

strains had greater than 90% identities 

amongst them and divulged a high 

degree of conservation. Hydrophilic 

amino acids occupied the surface 

whereas the hydrophobic amino acids 

were confined within the core as 

expected. The modelled structures of the 

nitrogenase iron proteins from Frankia 

Cci3, EANipec and ACN14a revealed 

their existence as homodimer and 

consisted of 287, 289 and 287 residues 

in each chain. The comparable results 

obtained for these proteins are based on 

the conservation of protein contacts 

(Normand et al., 1988). Table 4.6.1 

shows some of the important 

characteristics of the modelled proteins. 

4.6.2 Features of the modeled proteins 

Figure 4.6.1 shows the modelled 

structures of the NifH proteins from 

Frankia. The tertiary structure 

arrangement of the nitrogenase iron 

protein consists of two subunits that are 

connected at one surface to the cubane 

structure of 4Fe-4S cluster, which is the 

core functional region of the protein. 

Ligating cysteines are Cys 96 and Cys 

130. The helix and sheets remain 

interspersed throughout the protein 

structure (Sen et al., 20 10). Figures 

4.6.2 (a-c) show the regions of identity 

between the protein and template and 

the metal binding sites. These sequence 

conservations have been previously 

reported in Fe-protein family 

(Georgiadis et al., 1992). The 4Fe-4S 

cubane cluster is coordinated by thiol 

ligands of Cys 96 and Cys 130 from 

each of the NifH protein subunits. These 

residues control conformational reaction 

of the iron proteins. The structures are 

chiefly supported by the main-chain 

atoms of residues 96 to 100 and 130-

133, and the hydrophobic side-chains of 

the residues Ala 97, Val 129 and Phe 
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Table 4.6.1: Summary of the characteristics of the nitrogenase iron pro

teins from three Franlda strains 

Feature Frankia sp. Ccl3 Frankiasp. 
EANipec 

General characteristics 

Molecular weight 63126.9 63729 

Net Partial Charge -29.265 -28.885 

Number of atoms 4394 4436 

Characteristics of secondary structure 

Alpha helix 37.80% 34.08% 

Extended strand 20.21% 21.97% 

Random coil 41.99% 43.94% 

Frankia 
sp. 

ACNJ4a 

62992.7 

-26.562 

4382 

36.93% 

20.73% 

42.33% 

Characteristics of the functional region of the proteins 

Interacting residues in 25 27 23 
Chain A 

Interacting residues in 
0 

34 32 30 
ChainB 

Interface area of 1693 angstroms 1871 angstroms 1669 ang-
stroms 

Chain A 

Interface area of Chain 1644 angstroms 1772 angstroms 1536 ang-
B stroms 

Total number of non- 128 162 112 
bonded contacts 

Number of hydrogen 9 12 9 
bonds in the interface 

area 
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Figure 4.6. 1: Ribbon diagram of the 3D structures of the nitrogenase iron proteins 
from Frankia strains obtained by molecular modeling. 

133. These residues are vi tal for 

sustai ning the suitable cluster setting. 

The cluster li gands in the structures arc 

located at the amino-terminal end of the 

helices so that am ide groups are 

adjusted in the direction of the cluster 

and ligands. Electrostatic interactions 

arc favo red. The nucleotide-binding 

section of the proteins consists of the 

residues in the Walker A motif (at the 8-

15 residues), and the witch I (at the 35 

-41 residues) and witch 2 region (at 

the 122- 126 residues). These three 

regions are connected by polar contacts, 

and are essential for ma intaining the 

firmness of the proteins. The) help in 

transmiss ion of messages to other 

effector molecu les. The pattern of 

residue conservation shown in Figure 

4.6.2 revealed that a number of core 

residues, in the cluster, dimer interface, 

and nucleotide-binding regions are 

located in these regions. Figures 4.6.3 (a 

-c,) (please see page 126a) shows a plot 

of interaction of the ligands. CASTp 

analysis revea led the presence of 93, 

I 05 and 90 pockets I igands interaction 

in each of the three Ni fll proteins from 

Frankia Ccl3, EAN lpec and ACN14a 

with varying area and volume. The 

varying area and volume of each pocket 

provided information on the protein 
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Figure 4.6.2a: Alignment of target protein ( IG5 P) and nitrogenase iron proteins from 
Frankia ACN 14a. Residues highlighted in red show the conserved regions around the 
metal bind ing sites. Res idues marked with * reveal the conserved portions. 

surface features. Pockets on the protein 

surface, over and above defin ite amino 

acid arrangement inside it, cra ft s the 

inherent physico-chemical fea tures 

indispensable fo r Nifll pro tein 

functioning and residues in the acti ve 

site pockets arc indeed conserved 

compared to template. 

4.6.3 The interface regions 

There were two chains for th e 

interacting interface in the functional 

region of the Frankia NifH proteins, 

and disulphide bonds and salt bridges 

were not recognized in the interface 

region. However, sa lt bridges were 

fo und in other regions. Table 4.6.1 

shows the number of interacting 

residues in A and B chains, the total 

number of non-bonded contacts, number 

of hydrogen bonds, and the interface 

areas. Interactions across this interacting 

interface occurred bet ween the polar 
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Figure 4.6.2b: Alignmen t of target protein ( I G5P) and nitrogenase iron proteins from 
Frankia Ccl3. Color and * indications are as per Figure 4.6.2a 

residues. However, no potential hel ix

turn-hel ix DNA binding motifs were 

iden tifi ed us1 ng Pro Fu nc server 

(Laskowski et a/. , 2005). Functional 

analysis of the Fc-proteins revealed the 

presence o f nests (Watson and Mi lner

White, 2002) in each chain. These nests 

arc structurally important motifs found 

in functionally important regions of the 

protein structures. T hese nests appear 

like concave depressions serving as 

binding sites for atoms. In case of 

ACN 14a, chains A and B of the N in I 

protein revealed the presence of I 0 and 

I I nests in each chain. In case of 

EAN I pee and Ccl3 the numbers of 

nests in each chain were I 0. 

T he chains A and B of the N in I proteins 

o f Frankia ACNI4a, Frankia EANipcc 

and Frankia Ccl3 found 36, 34 and 35 

match ing sequences in the PDB entries. 

Each of the chains had 17. 16 and 16 
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Figure 4.6.2c: Alignment of target protein (I G5P) and nitrogenase iron proteins from 
Frankia EAN I pee. Color and * indications are as per Figure 4.6.2a 

homologues with genome location data 

for Frankia ACN 14a , Frankia 

EAN I pee and Frankia Ccl3. BLAST 

search for these proteins revealed 50 

matching sequences in UniProt and 34 

matching sequences in the PDB entries 

that had more or less similar type of 

fu nction 111 other organisms with 

varying structural properties. Analysis 

of binding sites showed the presence of 

surface clefts and cavities 111 the 

proteins. Binding site analysis exposed 

the volume and percentage of the 

accessible and buried vertices. The 

proteins il lustrated accessible surface 

with clef1s and vertices for binding. The 

access ible surface is comparable to 

other Fe-proteins ( trop et a/., 200 I: 

Howard and Rees, 1994; Howard and 

Recs, 1996: ch lessman, 1998) 111 

microorganisms and reveals solvent 

accessibili ty of the proteins. Although 
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Figure 4.6.4: Clefts and cavities present on the surface of the nitrogenase iron proteins 
from Frankia 

clefts and cavities are not directl y 

related with the entrance or ex it of 

substrates, yet they highlight the key 

residues in the Nifl l protein especiall y 

its functiona l site. The size of clefls in a 

protein 's surface is one of the key 

factors determining the interaction of 

protein with other molecules. The clefts 

and cavities are biologically important, 

and reveal the active sites characterized 

by large and deep clefts and conserved 

residues in the protein. A cleft and 

several cavities were identified in the 

Frankia ifll proteins (Figure 4.6.4). 

The active sites in the cavities play a 

vital ro le in protein functi on ing in 

nitrogen fixation. 

4.6.4 RMSD va lues 

The backbone root mean square 

dev iation ( RM SD) calcul ation s 

demonstrated that the N i fl-1 proteins 

from Frankia ACN 14a, Frankia Ccl3 

and Frankia EA I pee had a deviation 

of 1.66, 1.72 and 1.56 angstroms in the 

CC'1 residues and 1.64, 1.68 and 1.54 

angstroms in the backbone residues, 

from the template protein thu s 

substant iating the sequence similarity 

result obtained from BLAST. RM 

dev ia ti on s were less evident 111 

conserved regions indicating structural 

conservations. RMSD calculations 

among the three Nifl I proteins of 
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Figure 4.6.5: Energy plots ofthe nitrogenase iron proteins from Frankia strains. Resi
due energies averaged over a slid ing window are plotted as a function of the central 
residue in the window 

Frankia showed minor differences 

owing to shari ng of common structural 

homology. 

4.6.5/n si/ico site-directed 

mutagenesis 

Bursey and Burgess ( 1998) reported that 

the alanine residue in the 157 position is 

important for maintaining conformation 

changes of A. vinelandii Nifl-l protein 

and mutation of thi s res idue to serine 

(Bursey and Burgess, 1998) caused 

complete inacti vation of the protein. In 

the structu ral models, th is alanine 

residue resides at 158 pos ition and 

would be predicted to have a similar 

crucial role. er substitutions were 

observed in homologous prote ins. 

Replacement of ys 96 and Cys 130 

residues wi th methio ni ne caused 

innuence i"" reaction potential and 4Fe 

-4S cluster activity in A . vinelandii 

(lismaa eta/., 199 1) that substit ution of 

cysteine residues indeed. in silica site 

directed mutagenesis results indicated 

that topographical changes are not 

associated with AC 14a and Ccl3 

however, the number of pockets 

changed in case of E/\N I pee. Stabi lity 

changes were found to be associated 

with the mutations. The predicted free 

energy change values (DOG) were 

found to be negati ve in positions 158, 

96 and 130 suggesting decrease in 

stabi lity o f th e protein s during 

mutations. When the same process was 

carried out with residues not directl y 

associated with the core functiona li ty or 

confo rmations no mutations were 

predicted. Site-d irected mutagenesis 

results confirm that Ala 158, Cys 96 and 

Cys 130 are fu nctionally important 

residues. These studies strongly imp!) 

that res idues associated with the prote in 

conformat ions and core functionality are 

highl) conserved structurally and 

functi onal ly and rendered inactive 
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Figure 4.6.6: Ramachandran plot of the nitrogenase iron proteins from Frankia 
showing the residue backbone conformations for the mode lled proteins 

during mutations, as a result fi xation of 

nitrogen is hampered. 

4.6.6 Structure validation 

Figure 4.6.5 shows the result for the 

monomers of the three modelled 

structures 0 f in I proteins from 

Frankia. The z-scorcs obtained from 

ProS A analysis spcci fi es the overall 

quality of the models and gauges the 

extent to which the tota l energy of the 

modelled structure strays from the 

energy d istributions of the random 

conformations (Wiederstein and Sippi, 

2007) The Nin-1 proteins of Frankia 

Ccl3, Frankia EAN I pee and Frankia 

ACN 14a, had z scores o f -8.40, -8.27 

and -8.28 respectively. Results of z 

scores from ProS A analys is specify that 

the z-score of these models arc very 

much within the range of scores 

no rm a lly fo un d for pro teins of 

comparable si7e. The energy plot (using 

a window si7e of 40 as default) of the 

mode ll ed structures demonstrated 
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Figure 4.6.7: Normalized atomic displacement plots calculated for modes 7 to 12 in 
NifH proteins of a) Ccl3 b) EANipec and c) ACN14a. X andY axis represent residue 
index in sequence and normal square atomic displacement respectively 

and an energy distribution that is 

entirely below the zero base line, 

indicating that there are no problematic 

regions in the models. The value of the 

z-scores and outcome of the energy 

plots signify that the 3D models of the 

NifH proteins are quite reliable and 

precise. 

The constructed models were 

corroborated by VERIFY 3D to 

estimate correctness. VERIFY 3D 

revealed that 91.13%, 90.33% and 

90.43% of the residues had an average 

3D-ID score> 0.2. Figure 4.6.6 shows 

the Ramachandran plot illustrating the 

backbone conformations for the 
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modelled proteins. On the basis of the 

analysis of 118 structures having 

resolution of at least 2.0 angstroms and 

R factor no greater than 20%, a good 

quality model is expected to have more 

than 90% in the most favored regions of 

the Ramachandran plot (Rajesh et a/., 

2007). The modelled structures of the 

NifH protein from Frankia strongly 

satisfy this fact. Ramachandran plot of 

the NifH proteins from Frankia Ccl3, 

EANlpec and ACN14a revealed that 

the numbers of non-glycine and non

proline residues in each of the modelled 

proteins were 495, 498 and 495 

respectively. Out of these, 456 (92.1%), 

460 (92.4%) and 462 residues (93.3%) 

were in the most favored regions for 

Frankia Ccl3, EAN!pec and ACN14a. 

The allotment of main chain torsion 

angles phi and psi evidently illustrated 

that bulk of the amino-acids are in a phi

psi distribution reliable with right 

handed alpha helices. ERRA T analysis 

revealed that the overall quality factor 

of the NifH proteins from Ccl3, 

EANipec and ACN14a were 95.38, 

91.54 and 93.07 respectively. PROVE, 

VERIFY 3D and ERRA T results for all 

three proteins illustrated that the overall 

quality of the models are good. These 

results imply that the stereochemical 

properties and quality of modelled 

structures are quite suitable and 

consistent. 

4.6.7 Normal mode analysis 

In normal mode analysis (NMA) first 

six modes matching with global rotation 

and translation of the system are 

generally ignored (Hollup et a/., 2005) 

and hence lowest frequency mode of 

concern is the seventh one. Normal 

mode analysis of the NifH proteins 

demonstrated that low deformation 

energies were associated with relatively 

rigid regions in the protein. NMA 

indicated the vibrational and thermal 

properties of the protein at the atomic 

level. NifH proteins from Ccl3, 

EANipec and ACN14a had the lowest 

deformation energies of 1283.40, 

1181.58 and 1295.03 in the seventh 

mode. It implied that the seventh mode 

with large rigid regions had a superior 

probability of describing domain 

motions. B factors calculated from 

ElNemo analysis were based on the first 

I 00 normal modes and were scaled to 

match the overall B factors. Very low 

negative correlations for the C-alpha 

atoms of the NifH proteins were 

obtained for the computed and observed 

B factors. It signifies that the models 

contain enough rigid regions and are 

less flexible. Figures 4.6.7 (a-c) shows 

the plot of the normalized square atomic 
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displacements calculated for modes 7 to 

12. It represents the square of the 

displacement of each C alpha atom, 

normalized as a result the sum over all 

residues is equal to 100. The highest 

values corresponded to the most 

displaced regions. However, the results 

offer little to shed light on the residues 

with maximum displacements 

associated with functional sites. 

Analysis of the solvent accessibility of 

the modelled proteins using ASA VIEW 

pointed out that the accessible residues 

were present on the outermost ring of 

the spiral (data not shown). Majority of 

negatively charged residues and polar 

uncharged residues were present on the 

outermost surface whereas hydrophobic 

residues were confined to the inner rings 

of the spiral. 

It is well recognized that the NitH 

proteins are an indispensable constituent 

of the nitrogenase system of Frankia. 

The Frankia NitH structures are of 

lower resolution compared to the X-ray 

crystallographic ones for a number of 

Azotobacter vinelandii and Clostridium 

pasteurianum proteins. Nevertheless in 

absence of an X -ray crystallographic 

structure of NitH in Frankia the 

theoretical models projected by us 

provide a foundation for investigating 

the functional importance of nitrogenase 

system in this bacterium. Unlike 

Frankia, in Azotobacter vinelandii 

NitH, multiple nucleotide dependent 

docking sites have been reported. 

Studies have also revealed the presence 

of the all ferrous form of NitH protein 

(Strop eta!., 2001) not yet detected in 

Frankia. It has also been reported by X

ray crystallographic studies that 

nitrogenases in Azotobacter vinelandii 

also exist as complexes (Tezcan et a!., 

2005) besides the uncomplexed I NIP, 

2NIP, I GSP and Av2 structures. The 

RMSD deviations in the c« regions 

between these modelled structures and 

the existing ones in the public domain 

reveal the differences in the 

conformations. On the basis of the 

results obtained from the studies in 

Frankia and those published for some 

diazotrophs it can be said that the Fe

protein is indeed a molecule of multiple 

functions and conformations. In 

Frankia, it emphasizes the awareness 

that nitrogenase is indeed a dynamic 

enzyme system. Other functions and 

conformations anticipate innovations as 

facts surface regarding the interactions 

of Fe-protein and its associates in 

Frankia. 



The major findings obtained from the 

study are as follows: 

1. Synonymous codon usage analysis 

in the studied diazotroph genomes 

divulged widespread variation at the 

intraspecific and intraspecific levels. 

The results showed considerable degree 

of heterogeneity. Interplay of different 

factors like mutational pressure, 

translational efficiency, gene expression 

levels, GC3 compositional bias etc. 

manipulated codon usage variation and 

provided insight into the nature of 

diazotroph genomes. Correspondence 

analysis in majority of the organisms 

showed that most of the genes are 

confined to a core in the plot. Using the 

codon adaptation index, potentially 

highly expressed (PHX) genes were 

predicted and their features scrutinized. 

The results provided estimation of the 

global gene expression patterns in the 

studied diazotrophs enhancing the 

knowledge on the characteristics of 

Conclusion 

diazotrophs. Functional analysis of the 

PHX genes highlighted their influence 

on the lifestyle patterns of the nitrogen 

fixing microorganisms. Majority of the 

PHX genes are associated with 

metabolic functions 

2. Variation of codon usage patterns 

for nitrogen fixation related genes in the 

different bacterial groups were due to a 

combination of a number of factors. 

They were heterogeneous m nature. 

Correspondence analysis revealed the 

conserved nature of the genes. The 

nitrogen fixation related genes had high 

CAl values implying higher expression 

levels. Identification of a number of 

core nitrogen fixation related genes in 

the PHX category signified their role in 

influencing the lifestyle of the 

organisms in their respective 

environmental conditions. 

3. Correlation of codon usage bias with 

tRNA content portrayed that fast 

growers had high number of tRNA and 

had a small number of anticodons 
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implying that they possessed less 

diverse tRNAs. Organisms having 

reduced genome had less number of 

tRNA genes. In the studied organisms 

where ribosomal protein genes showed 

higher codon bias varying widely from 

the protein coding genes of the 

organism, translational efficiency plays 

a vital role in effecting codon usage 

variation. 

4. TTA codon containing genes in the 

studied GC rich organisms revealed 

diversity. TTA codon containing genes 

are under the influence of mutational 

pressure and are less biased in their 

codon usage patterns. They had a 

number of genes in the PHX category. 

Functional analysis revealed that COGs 

linked to metabolism had the highest 

number of PHX genes implying the role 

played by TT A containing genes in 

influencing the metabolism in the 

respective habitats and ecological niches 

of the organisms. 

5. The proteomes of nitrogen fixing 

organisms show diversity at the 

interspecific and intraspecific level. The 

proteomes showed a tri-modal 

distribution for pl. Nitrogen fixation 

related proteins are more acidic in 

contrast to whole proteomes. Analysis 

of pi across COGs throws light upon the 

variation and lifestyle of organisms and 

substantiates the role of isoelectric point 

as a molecular signature. Proteomes of 

the studied organisms show a shift 

towards acidity and are influenced by 

habitat and environmental adaptations. 

Higher AAAI values of proteomes 

imply their better adaptability in 

shaping frequency of amino acids. 

Hydropathicity and aromaticity is 

relevant for evaluating amino acid usage 

in these organisms and variations across 

proteomes. 

6. The findings for condensed matrix 

based phylogeny for nijH, D & K genes, 

and whole genomes from cyanobacteria, 

proteobacteria, clostridial members, 

actino bacteria, green sulfur bacteria and 

archaea indicated that structural 

properties of DNA sequences are guided 

by different descriptors and invariants. 

Results support evidence for 

polyphyletic origin, horizontal gene 

transfer and gene duplication events as 

potent evolutionary forces. Duplications 

in portions of genes, operons or 

stretches of nucleotide sequences 

occurred during transformation of 

primitive nitrogenase to the present 

form, playing a crucial role in producing 

genes with similar properties. There is 

agreement on nijH, D & K phylogenies, 

with respect to horizontal gene transfer 

and gene duplication events. High 
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degree of heterogeneity present among 

n!fgenes implied action of mutation and 

se lect io n press ures with unli ke 

intensities. The work throws light on 

better understanding of the diversity of 

nitrogen fi xation and the technique 

employs the power of categorization of 

DNA sequences by inva ri ants to 

recogntze the qualita ti ve and 

quantitative properties. 

7. nifgenes did not evolve as an unit. 

8 . The N ifH protein structures presented 

for Frankia strains are re liable offering 

in s ig ht s int o the 3 0 s tru c tur al 

framework as well as structure-function 

relati on of N ifl-1 protein. 4Fe-4S cluster 

represented the core functiona l region. 

Thiol ligands controlled conformational 

react ion of the p rotei n . Ac ti ve s ite 

pockets o n the protein surface and 

amino acid arrangement inside it, crafts 

the inherent physico-chemical features 

vi ta l for ifH protein fu nctioni n g. 

C l efts a nd cavit ies contained 

biologicall y important residues. in silico 

s ite-directed mutagenesis re s ults 

revealed that mutations in fu nctional 

res id ues ham per nitrogen f ixat ion. 

Accessible surface is solvent accessible. 

Negatively charged and polar uncharged 

res idues are present on the outermost 

surface. RMSD analysis substan ti ated 

sequence similarity result. ormal mode 

a na lys is revealed the rigidity of the 

model. Validati on results proved that 

stereochemical properties and structure 

quality are reliable with their features. 
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Materials in the Appendix can be found in the attached compact disc. 


