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Abstract  

Forming symbiosis with legumes and fixing nitrogen, rhizobia can be ranked among 

the most ecologically significant bacteria in the world. Two features of rhizobia viz. 

metabolism and host specificity are important determinants of their growth and their 

ability to form symbiosis with plants. Investigations of these two features are common 

in studies conducted using laboratory based experimental and computer based 

bioinformatics methods.  

Rhizobium is the largest genus of root-nodulating bacteria. Hence, abundant data 

can be collected by investigating members of this group. 72 isolates of root-nodule 

bacteria were collected from a field adjacent to Wentworth College, University of York 

from plants of genus Vicia and Trifolium; 36 from each. Their metabolic assays 

showed diversity. Analysis of genome data revealed the presence of five contiguous 

genes in isolates from Vicia, as well as in the reference strain Rlv. 3841; but absent 

in the isolates from Trifolium. Limited information was available on the five genes. 

Work in this thesis promotes our understanding of R. leguminosarum genotype and 

phenotype. Cross nodulation assays showed that all biovar viciae strains retained 

their ability to form symbiosis plants of genera Vicia, Pisum and Lathyrus. Metabolic 

study and celC phylogeny showed that clusters of different species - type strains of R. 

pisi and R. fabae, and type strains of R. phaseoli and R. etli were closely related to 

each other. Studies on distribution of the five biovar-specific genes showed that they 

were widely distributed in biovar viciae strains with one exception – the type strain of 

R. fabae did not have any of five bvs genes, which suggested these bvs genes were 

not essential for nodulating Vicia plants. Single gene mutation of the five genes in Rlv. 

3841 and subsequent competition nodulation tests suggested that inactivation of the 

bvs4 and bvs5 genes could lead to decreased competitiveness in mutants as 

compared to wild type on Vicia sativa, Vicia faba and Pisum sativum plants. 

Complementation of bvs5 gene restored competitiveness. Enzyme assays for the two 

genes confirmed the activities described in their annotation viz. aliphatic nitrilase for 

bvs4 and sulfite oxidase for bvs5. Mutation of bvs4 results in a loss of bvs5-encoded 

enzyme activity, indicating that these two genes are probably in an operon. 

In conclusion, the study shows that relations among rhizobial strains and species can 

be observed by studying bacterial metabolism. The work hints at a novel competitive 

mechanism that requires further investigation.   
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CHAPTER 1 : GENERAL INTRODUCTION 

1.1. Introduction 

Bacteria were amongst the first life forms on earth. They are found in habitats 

like air, soil, water, acidic host spring, radioactive waste and even on spacecraft 

(Fredrickson et al., 2004). In addition, they may also exist in symbiotic and 

parasitic relationships with plants and animals. Bacteria constitute a large part of 

the prokaryotic organisms and exist in a diversity of shapes and size. Most 

bacterial species exist as single cells with a length of 0.5-5.0 μm, approximately 

one-tenth the length of a typical eukaryotic cell. The total biomass of bacteria 

surpasses that of plants and animals put together, since there are about 5x1030 

bacteria on earth (Cleveland and Szostak, 2008, Whitman et al., 1998).  

Bacteria play an important part in the recycling of nutrients on earth, e.g. 

nitrogen-fixing bacteria take part in the nitrogen cycle to biologically fix nitrogen 

from the atmosphere (Wagner, 2012). In some extreme environments like those 

found near hydrothermal vents and cold seeps, bacteria were found to use 

hydrogen sulphide and methane to generate energy and provide for other living 

forms nearby (Cary and Giovannoni, 1993). Data from studies on bacteria living 

in other extreme conditions of pH, temperature and high salt concentrations, 

indicate that bacteria have universally adapted to their habitats (Eisenberg and 

Wachtel, 1987, Lowe et al., 1993).    

As a branch of microbiology, bacteriology is the study of bacteria. However, the 

characterization of bacteria is complex and far from complete. Only about half of 

the bacteria that have been described have been grown in the laboratory (Rappé 

and Giovannoni, 2003). On the other hand, further studies are required on the 

species that have been identified. Hence, classification of bacteria is a long 

journey but one that will significantly benefit our knowledge of the whole eco-

system. Bacteria can be classified using a number of features. Different 

morphological, physiological and metabolic phenotypes such as Gram staining, 

ability to utilize various carbon or nitrogen sources, tolerance to environmental 

stress and pathogenicity of bacteria can be applied for classification. Common 

methods used in phenotype analysis to describe new species are substrate 

utilization and fatty acid analysis (Rashid et al., 2012). The use of Biolog 

Phenotype Microarrays is now popular in bacterial studies since a number of 
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substrates commonly used in phenotypic characterisation are readily available 

on the plates which are easy to use and score the results. Some bacteria require 

special tests for characterisation. For example, the root-nodule bacteria like 

rhizobia are often characterised using cross-nodulation tests to get an idea of 

their host range or host-specificity (Friesen, 2012). 

The development of modern methods of genetic analyses has allowed the use of 

genotype diversity in describing new species. Frequently used methods include 

DNA-DNA hybridization, DNA profiling and sequence comparison. In addition, 

phylogenetic analysis based on multi-gene sequences and RFLP data are also 

useful. Recent studies mostly use 16S-23S rRNA, ITS region and other specific 

genes like housekeeping genes.  

Compared to eukaryotic genomes, the genomes of bacteria are more compact 

and the number of functional genes can be directly linked to genome size. Some 

of these genes may be grouped together under a common set of regulatory 

genes to form operons. The compact genome of bacteria is a result of the 

presence of very little noncoding DNA (Gregory, 2011, Koonin, 2009). Bacterial 

genomes also show less variation in size as compared to other living forms 

(Gregory, 2005). These features of bacteria make them an interesting model in 

studying the evolution of living forms.  

One of the interesting groups of bacteria forms symbiosis with legume plants and 

is responsible for the fixation of atmospheric nitrogen and making it available to 

plants – the rhizobia. 

1.2. Introduction to rhizobia 

Rhizobia are aerobic, motile, Gram-negative, non-sporeforming, rod-shaped 

bacteria (when cultured on bacteriological media) with a 57-66% percent G+C 

content, capable of forming nodules on legume (and some non-legume) plants 

with or without nitrogen fixation (Kuykendall et al., 2006). 

1.2.1. Taxonomy of rhizobia 

The term rhizobia is now used to refer to all bacteria with the ability to form 

nodules on the roots of legume plants and fix nitrogen within them. Previously, 

all rhizobia were included in the genus Rhizobium - the type genus for root 

nodulating and nitrogen fixing bacteria (or closely related bacteria). In the 
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1984 edition of Bergey’s Manual of Systematic Bacteriology (Bergey et al., 

1984), Rhizobium (together with Bradyrhizobium), Agrobacterium and 

Phyllobacterium comprised the family Rhizobiaceae.  

The ability of legume plants to assimilate nitrogen had been noticed by the 

end of the 19th century. In 1888, Beijerinck, in the Netherlands, first isolated 

root nodule bacteria, suggested their involvement in atmospheric nitrogen 

fixation and named them Bacillus radicicola. A year later, Frank assigned this 

bacterium into a new genus Rhizobium and described the first species - 

Rhizobium leguminosarum (Frank, 1889). After that, all discovered root–

nodule bacteria were referred to as Rhizobium. The development of 

rhizobium taxonomy is dynamic and the original genus Rhizobium has now 

been split into a number of genera.  

Rhizobia were considered difficult to classify. At the beginning of 20th century, 

the definition of rhizobia was based on the ability of the bacteria to nodulate 

different legume plants. Microbiologists extensively tested and defined cross-

inoculation groups by selecting isolates to nodulate diverse legume hosts. In 

each cross-inoculation group, rhizobial isolates from one host plants were 

able to form nodules on other plants within the group (Fred et al., 1932). 

However, this concept was soon abandoned since the taxonomic marker was 

demonstrated to be unreliable due to abnormalities and complexity of cross-

inoculation among different groups (Graham, 1964, Wilson, 1944). 

The diversity of morphological, nutritional and metabolic characters was used 

by bacteriologists from early 1960s in numerical taxonomy studies on rhizobia 

(Graham, 1964, Mannetje, 1967, Moffett and Colwell, 1968) along with other 

methods like serological study and simple DNA characterisations (De Ley and 

Rassel, 1965, Graham, 1963, Vincent, 1970).  

Discovery of nodulation genes borne on plasmids (Brewin et al., 1980, Nuti et 

al., 1979) or on chromosomal islands and their transfer amongst soil bacteria 

further proved the unreliability of  cross-inoculation based taxonomy analysis.  

These studies also contributed in showing the relatedness between 

Rhizobium and Agrobacterium and splitting the rhizobia into fast-growing and 

slow-growing groups (Graham, 1964). The slow-growing group was later 

included and described as a new genus Bradyrhizobium in the Bergey’s 

Manual.  



4 
 

Since 1980s, the study of rhizobial taxonomy has made rapid progress due to 

the development of new techniques (e.g. DNA-DNA hybridization and 

classification using marker genes) and advancements in sequencing 

technology. The relationship between rhizobial strains is now becoming clear. 

Currently there are 128 species in 16 genera that constitute rhizobia. Two 

factors led to a substantial and dramatic increase in the number of rhizobial 

genera and species – the study of rare or geographically-restricted legume 

plants and the development and use of new taxonomic markers and methods. 

Most members of rhizobia belong to class Alphaproteobacteria (120 out of 

128). The genera included in class Alphaproteobacteria are : Allorhizobium, 

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

Bradyrhizobium (Martinez- Romero and Caballero-Mellado 1996; Young and 

Haukka 1996). Chen et al. (1988), first described the genus Sinorhizobium. 

However, the argument concerning Sinorhizobium and genus Ensifer (Casida 

1982) belonging to a single taxon has been raised recently. Ensifer takes 

priority since it was annotated earlier in both heterotypic synonyms. The 

renaming of Sinorhizobium to Ensifer is a question that is not universally 

agreed on and in literature, the discussion is ongoing (Young, 2010).  

Other genera in class Alphaproteobacteria include Bosea, Ochrobactrum, 

Devosia, Methylobacterium, Microvirga, Aminobacter, Phyllobacterium and 

Shinella, (Garrity et al., 2005, Holmes et al., 1988, Mantelin et al., 2006). 

Species within these groups e.g. Devosia neptuniae (Rivas et al., 2003), 

Methylobacterium nodulans (Sy et al., 2001), Ochrobactrum lupine (Trujillo et 

al., 2005), Ochrobactrum cytisi (Zurdo-Pineiro et al., 2007), and Shinella 

kummerowiae (Lin et al., 2008) have been demonstrated to be members of 

the Alphaproteobacteria. Species included in the class Betaproteobacteria 

including Cupriavidus (formerly Ralstonia) (Chen et al., 2001) and 

Burkholderia (Moulin et al., 2001, Vandamme et al., 2002), also have the 

ability to fix nitrogen. 

1.2.2. Genus Rhizobium 

1.2.2.1. Introduction to the genus Rhizobium  

Rhizobium (Gr.  rhiza = root; bios = life) (Frank, 1889), was the first genus 

described for bacteria from root nodule. For many years this was the only 

http://www.bacterio.net/qr/rhizobium.html
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genus that included all strains of root-nodule bacteria. Today, Rhizobium 

is the type genus of family Rhizobiaceae. The type species of genus 

Rhizobium is Rhizobium leguminosarum, first described by Frank (1889). 

The general characteristics of Rhizobium are as follows. The cells of 

Rhizobium are rods (0.5-1.0 x 1.2-3.0 μm). They are non-sporeforming, 

Gram negative bacteria and are mobile due to the presence of 1-6 

peritrichous flagella. They are aerobic and use oxygen as the terminal 

electron acceptor in their respiratory chain. Some strains e.g. R. 

leguminosarum often contain metachromatic granules, composed of poly-

β-hydroxybutyrate, which can be demonstrated by a staining test (Graham 

and Parker, 1964). 

The structure of the cell wall of Rhizobium is similar to that of other Gram-

negative bacteria. The peptidoglycan, forming the cell-wall, consists of 

glutamic acid, alanine, diaminopimelic acid, and amino sugars. The 

lipopolysaccharide (LPS) cell wall composition is diverse in different 

strains, but most strains contain 2-keto-3-deoxyoctanoic acid (KDO), 

uronic acids, glucosamine, glucose, mannose, rhamnose, fucose, and 

galactose (Carlson et al., 1987). And LPS structures in a number of 

species have been demonstrated to have an unusually long 27-

hydroxyoctacosanoic acid (Jeyaretnam et al., 2002). Strains of Rhizobium 

also have an unusually complex composition of membrane phospholipids, 

of which phosphatidylcholine and phospholipids may be replaced by 

membrane lipids without phosphorus under conditions of phosphorus 

limitation (López-Lara et al., 2003). 

The optimal temperature for growth of Rhizobium strains is 25-30OC, with 

the exception of some species can that grow at about 40OC. All strains of 

R. leguminosarum grow between 20-28OC with an upper tolerance limit of 

38OC. The Rhizobium can grow in a pH range of 4-10; however, the 

optimal pH for growth is 6–7. The generation time in culture varies from 

1.5 to 5.0 hours. On Yeast-Mannitol agar (YMA) their colonies are usually 

white or beige, circular, convex, semi-translucent or opaque, raised and 

mucilaginous; usually growing to a diameter of 2 to 4 mm within 3 to 5 

days 28OC. Colonies of nearly all species of the genus Rhizobium appear 

white on YMA containing 0.0025% Congo red (Vincent, 1970). The growth 
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of a Rhizobium strain on carbohydrate-containing media is normally 

accompanied with the production of abundant amounts of extracellular 

polysaccharide. Broth cultures of Rhizobium strains become turbid after 2 

or 3 days in aerated or agitated incubation conditions. 

Rhizobia are chemoorganotrophic and can utilize a wide range of 

carbohydrates (except cellulose and starch) and salts of organic acids as 

a carbon source without the formation of any gas. An acidic reaction will 

be observed in growth on a mineral-salts medium containing mannitol or 

other carbohydrates. Most Rhizobium strains can use ammonium salts, 

nitrate, nitrite, and most amino acids as a source of nitrogen. Many strains 

require one or more growth factors such as biotin, pantothenate, or 

nicotinic acid for growth. Strains of some species can use vitamin-free 

casein hydrolysate as the sole source of carbon and well as nitrogen in a 

simple mineral salts medium. Peptone, casein, starch, chitin, and agar are 

poorly utilized or not utilized by Rhizobium strains (Kuykendall et al., 2005, 

Schaechter, 2009). 

All known species of Rhizobium include strains capable of inducing 

hypertrophism in plants to form root nodules with or without the ability to 

fix nitrogen. The rhizobia enter the roots of the leguminous host plant in a 

number of ways including invagination of root-hair cells or through 

wounds and elicit the formation of nodules on the root where the bacteria 

will live as intracellular symbionts to fix nitrogen. 

1.2.2.2. Introduction to Rhizobium strains used in this study 

Numerous new strains of Rhizobium are identified and described every 

year. Hence, an introduction to the strains used in this study is necessary 

to understand their characters and the methods to describe them. 

1.2.2.2.1 Rhizobium leguminosarum biovar viciae 3841 

R. leguminosarum biovar viciae (Rlv) strain 3841 is a spontaneous 

streptomycin-resistant mutant of field isolate R. leguminosarum 300.  

The strain was fully sequenced in 2006 by Young et al. (2006). The 

Rlv.3841 has a distinct genomic architecture comprising one circular 

chromosome and several large plasmids. The plasmid profiles in 

different strains may vary significantly with respect to size, numbers, 
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and incompatibility groups. Rlv.3841 has six large plasmids of which 

pRL10 is the symbiosis plasmid (pSym), whereas pRL7 and pRL8 are 

conjugative plasmids (transferable by conjugation) (Johnston et al., 

1982) (Table 1.1). The genome information from sequencing was 

consistent with earlier electrophoretic and genetic data available for 

this strain from the studies of Hirsch et al. (1980).   

Table 1.1. Genome statistics for Rlv. 3841 (Young et al., 2006) 

Replicon Base pairs 
% 

G+C 

Protein 

encoding 

genes 

% of 

coding 

genes 

Mean 

protein 

length 

(aa) 

rRNA 

operons 

tRNA 

genes 

 

Chromosome 5,057,142 61.1 4,736 86.3 309 3 52 

pRL12 870,021 61.0 790 90.3 335   

pRL11 684,202 61.0 635 87.5 318   

pRL10 488,135 59.6 461 81.7 304   

pRL9 352,782 61.0 313 88.8 337   

pRL8 147,463 58.7 140 83.4 306   

pRL7 151,546 57.6 188 74.6 224   

Total 7,751,309 60.86 7263 86.4 309 3 52 

Note: aa, amino acids; Rlv. 3841, Rhizobium leguminosarum biovar viciae 3841. 

Plasmid replication and partitioning system based on repABC genes is 

common in Alphaproteobacteria. RepA and RepB are thought to be a 

partitioning system essential for plasmid stability; whereas RepC is 

required for plasmid replication. All six plasmids of Rlv. 3841 have this 

system. The number of mutually compatible repABC plasmids in Rlv. 

3841 is the largest among any bacterial strains. However, RepA and 

RepB proteins from each plasmid are highly diverse. In case of RepC, 

only RepCs from pRL9 and pRL12 are identical suggesting that 

recombination may have happened since RepC is not essential for 

plasmid compatibility (Kim, 2012, Young et al., 2006).  
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The distribution of functional gene classes on plasmids (besides pRL7 

and pRL8 which have more than 80% of the genes that are foreign 

and/or of unknown function) is similar to the chromosome. Genes that 

encode proteins for core functions are generally found on the 

chromosome but some core genes are also found on plasmids. For 

example, the core genes of the minCDE operon involved in septum 

formation and cell division are found on the plasmid pRL11. Other 

essential genes including the major heat-shock chaperone genes 

cpn10/cpn60 (groES/groEL), cpn60 and ribosomal protein S21 gene 

are located on the plasmids pRL12, pRL9 and pRL10, respectively. 

However, these essential genes on plasmids have chromosomal 

paralogs, so the copies may serve specialist functions or may simply 

be functionally redundant (Young et al., 2006). 

Rlv.3841 was the first fully sequenced strain of R. leguminosarum and 

serves as a representative strain of the species R. leguminosarum. 

Within a bacterial species, strains can differ with respect to the 

presence or absence of some genes, especially on plasmids. In 

Rlv.3841, pRL10-borne hup genes for the uptake dehydrogenase 

system are absent; but these have been studied in depth in other R. 

leguminosarum strains (Leyva et al., 1990, Young et al., 2006). 

Rlv.3841 has six plasmids of which the symbiosis plasmid is pRL10 

(repC3 group).  

The genome profiles of other natural R. leguminosarum strains are 

different in terms of replication groups and sizes. A previously studied 

plasmid pRL1, which has a 200kb repC4 plasmid, shows little 

difference in nod and nif gene sequences to those located on pRL10. 

Since the symbiosis regions of both plasmids are very similar, the 

differences among them are trivial; it is quite possible that horizontal 

gene transfer may have occurred between ancestors of these rhizobial 

strains.  

The number of genes and replicons in Rlv.3841 is greater than in most 

common bacteria. This is also seen in other R. leguminosarum biovar 

viciae strains. Large genomes are widely seen in soil bacteria since 

their capability to encode multiple gene functions bring the bacteria 
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long term selective advantage in adapting the bacteria to the soil 

environment since many different substrates and potential hazards 

exist (Martinez et al., 1990).  

Following is a brief introduction of each replicon. 

The total genome size of Rlv.3841 is 7,751,309 base pairs, of which 

65% is contained in a single circular chromosome and the rest in six 

circular plasmids. Three identical rRNA operons and 52 tRNA genes 

are present on the chromosome. The chromosome of Rlv. 3841 (5.06 

Mb) and total plasmid content of Rlv.3841 (2.69 Mb) is large (Young et 

al., 2006).  

Most genes identified in Rlv.3841 are chromosomal genes and their 

orthologs can be found in other fully sequenced alphaproteobacterial 

genomes. Young et al. (2006) built a phylogeny based on 648 

identified proteins and found the phylogenies to be consistent with the 

relationships based on 16S rRNA analysis - the closely related strains 

of R. leguminosarum are A. tumefaciens, followed by S. meliloti, and 

then M. loti. 

pRL12 is the largest plasmid and has nucleotide composition similar to 

that of the chromosome.  

.pRL11 is the most chromosome-like plasmid among all six plasmids. 

This plasmid carries the cell division genes minCDE. 

pRL10 can be divided into two parts differing in composition. The first 

part includes about 200 genes which contains the symbiosis genes. 

The remaining part of pRL10 resembles the larger plasmids with high-

GC3 content, with occasional low-GC3 islands. The nodulation genes 

nodOTNMLEFDABCIJ are located on pRL10. The 13 nod genes that 

are known to be involved in nodulation of the host plant are tightly 

clustered on pRL10 (pRL100175, pRL100178-pRL100189).  

Ding et al. (2012) proposed that pRL10, pRL11, & pRL12 possessed a 

type-III rhizobial conjugation system, and none of them were self-

transmissible as type-III plasmids lack the Mpf component. This 

character is different from the other two types : quorum sensing (QS)-
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regulated conjugation system (type-I) and the RctA-repressed 

conjugation system (type-II). They proved that these two conjugation 

systems are phylogenetically separate, consistent with their 

characterized transfer regulation.  

pRL9 has low GC3, with two high-GC3s regions. ABC transporter 

coding genes comprise one quarter of all genes on pRL9. 

pRL8 largely comprises accessory genome with low GC3 content. A 

gene cluster (pRL80079-pRL80088) has been identified on pRL8 that 

is required for homoserine utilization by strains belonging to R. 

leguminosarum bv. viciae. These genes also affect competitiveness 

during rhizobial colonization. The genes are arranged as two 

divergently expressed operons induced by L-homoserine or pea root 

exudate, and are expressed on pea roots. (Vanderlinde et al., 2014).  

Based on their work, Ramachandran et al. (2011) suggested that 

pRL8 can be considered as a specific plasmid for pea rhizosphere 

since a number of genes on pRL8 are specifically upregulated in the 

pea rhizosphere. Previous study by Ramachandran et al. (2011) 

mutating many of the upregulated genes showed reduction in the 

competitiveness for pea rhizosphere colonization, while two genes 

specifically upregulated in the pea rhizosphere, on mutation, reduced 

colonization of pea but not alfalfa rhizosphere. 

pRL7 has an assembly of a number of mobile elements, many of them 

derived from phages and transposable elements. It has many 

pseudogenes and a short average gene length. 

pRL7 contains three repABC operons, which regulate the replication/ 

partitioning systems. Two of them are complete operons having all the 

three protein–encoding genes (repA, repB and repC). The third 

operon lacks the repB gene. The operons, as a single transcriptional 

unit, encode all elements required for replication and stable 

maintenance of the plasmids in dividing cells. Proteins encoded by 

repABC operons have a distinct phylogeny and homologous 

recombination events are common within these operons suggesting 

that gene shuffling and gene recombination play a crucial role in the 
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generation of new replication systems in Alphaproteobacteria. The 

repAC genes are located in an operon and have the ability to maintain 

replication in a relatively unstable manner. Retaining the operon 

depends on the replication and stability provided by the repABC 

operons present on pRL7 (Pérez-Segura et al., 2013). 

1.2.2.2.2. Rhizobium leguminosarum USDA2370T 

Ramirez-Bahena et al. (2008) considered USDA 2370 as the type 

strain of R. leguminosarum biovar viciae. They analysed the16S rRNA, 

recA and atpD genes and the 16S-23S ITS region. The results 

showed 100% sequence similarity with ATCC10004T, LMG 14904T 

and USDA 2370T. Hence, they concluded that all the three strains 

were identical to each other. They were designated as USDA 2370T 

since the original deposit in the USDA culture collection corresponding 

to strain 3Hoq18T was made in that name. Hence, the strain had the 

preference for retaining the name R. leguminosarum and should be 

considered as the true type strain of this species. It can effectively 

nodulate Pisum sativum; although strains of R. leguminosarum have 

also been reported to nodulate Trifolium repens and Phaseolus 

vulgaris. But information about its ability to nodulate other plants is 

limited. Mutch and Young (2004) demonstrated that Rlv (R. 

leguminosarum biovar viciae) might have ability to nodulate all Viciae 

species included in the four genera: Vicia, Lathyrus, Pisum and Lens.  

R. leguminosarum USDA2370 is often used as a reference strain to 

compare with other field-isolated rhizobium strains based on methods 

like RFLP, AFLP, BOX-PCR and specific gene phylogenies. Tian et al. 

(2007) studied 75 Vicia faba isolates from different ecotypes of Vicia 

faba in different regions of China. They too selected R. 

leguminosarum USDA2370 as one of the reference strains. In AFLP 

and BOX-PCR studies, R. leguminosarum USDA2370 was reported 

as one of the ungrouped strains compared to other strain clusters. In 

DNA-DNA hybridization, R. leguminosarum USDA2370 showed only 

14% DNA relatedness with a representative Vicia faba isolate - 

CCBAU33202, which was later annotated as type strain of a new 

species - Rhizobium fabae. They concluded from the results of RFLP 
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of nodD and nodC genes (earlier studies often used them to 

investigate the diversity of rhizobia population) that, among all strains 

R. leguminosarum USDA2370 is different from other reference strains 

and Vicia faba isolates. The findings of Tian et al. (2007) are similar to 

those of Mutch and Young (2004) who observed that isolates from 

Vicia faba are unique compared to isolates from other Vicia plants and 

R. leguminosarum USDA2370 can be treated as representative strain. 

Alvarez-Martinez et al. (2009) compared the core and accessory 

genes of rhizobial strains isolated from Northwest Spain. In their study, 

USDA 2370 was most similar to wild Vicia sativa nodule isolates with 

the same ARDRA pattern and identical rrs sequence, high similarity of 

16S-23S ITS sequence, recA and atpD sequence analysis and nodC 

analysis.   

1.2.2.2.3. Rhizobium pisi DSM30132T 

R.pisi DSM30132 was reclassified as the type strain of a novel 

species - Rhizobium pisi by Ramirez-Bahena et al. (2008). It was 

derived from a strain that had been distributed by ATCC as the type 

strain of Rhizobium leguminosarum, with the strain name ATCC10004, 

but which was different from the true type strain (LMG 14904T and 

USDA 2370T), so reclassification was required. They compared 16S-

23S intergenic spacer region, rrs, recA, atpD gene sequences, 

conducted DNA-DNA hybridization and phenotypic characterization of 

DSM30132, USDA 2370, R. phaseoli ATCC14482T and R. etli CFN42T. 

The results of DNA-DNA hybridization showed a low similarity value 

between DSM30132 and the true type strain. Phenotypic tests 

including bacterial growth in different temperature and pH range, 

different carbon and nitrogen sources, the production of exoenzymes 

(on PNP-substrates), and resistance to different antibiotics were also 

conducted using these strains. Based on both genotypic and 

phenotypic results, they concluded that the strain was different from 

other type strains and should be named as the type strain of a novel 

species - Rhizobium pisi DSM30132 T.  

Rhizobium pisi DSM30132 T was described as being isolated from 

nodules of Pisum sativum. 
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1.2.2.2.4. Rhizobium fabae CCBAU33202T 

R. fabae CCBAU 33202T was characterized by Tian et al. (2008) from 

Vicia faba in China along with other 5 strains. The most closely related 

species to it are Rhizobium etli and Rhizobium leguminosarum.  

Tian et al. (2007) found that CCBAU 33202T and five other Vicia faba 

isolates were grouped in the same ARDRA type and 16S rRNA gene 

sequence showed that it belonged to Rhizobium. CCBAU 33202T 

showed more than 98% relatedness with other Rhizobium type 

strains : Rhizobium etli CFN42T (99.5% similarity), R. leguminosarum 

bv. trifolii T24 (99.3%), R. leguminosarum bv. viciae USDA 2370T 

(99.1%), R. leguminosarum bv. phaseoli USDA 2671(99.1%), 

Rhizobium rhizogenes IAM 13570T (98.1%), Rhizobium lusitanum P1-

7T (98.0%), Rhizobium tropici type B CIAT 899T (97.5%) and R. tropici 

type A LMG 9517 (96.8%). Later, they analysed the housekeeping 

genes (recA, atpD) and performed DNA-DNA hybridization using six 

Vicia faba isolates and type strains of other species.  

Housekeeping gene phylogenies showed that more than 97.9% recA 

and 99.8% atpD similarity among six Vicia faba isolates, but the 

similarity between CCBAU 33202T and type strains of other species 

was less than 95%. DNA-DNA hybridization results showed more than 

70% similarity among six Vicia faba isolates but less than 43% value 

between CCBAU 33202T and strains from other species. In addition, 

16S-IGS RFLP profiles and whole-cell protein SDS-PAGE also 

grouped these six Vicia faba isolates and separated them from other 

reference strains. In phenotypic tests, six Vicia faba isolates were 

different from R. etli CFN42T and R. leguminosarum USDA2370T in 

utilization of several carbon sources, reduction of dye, litmus acid 

coagulation and antibiotic resistance.  All the assays above suggested 

these isolates may not belong to these recognized species but belong 

to a single new species. Tian et al. (2007) proposed that these Vicia 

faba isolates belong to a novel species, Rhizobium fabae, and 

CCBAU33202T was designated as the type strain. 

Analysis of nodulation genes tells us the host range of rhizobial strains. 

nodD sequence analysis of the strains showed that these strains 
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grouped with R. leguminosarum biovar viciae strains which can 

nodulate a variety of Vicia, Lathryus and Pisum plants. Nodulation 

tests showed that R. fabae CCBAU 33202T could form effective pink 

nodules on Pisum sativum and Lathyrus species but did not nodulate 

Phaseolus vulgaris, Trifolium, Glycine max or Medicago sativa. In all, 

R. fabae CCBAU 33202T shared symbiotic characteristics with R. 

leguminosarum biovar viciae strains. 

R. fabae CCBAU33202T and its host Vicia faba form an interesting 

symbiotic pair. In the work published by Mutch and Young (2004), 

Vicia faba was the most discriminating host with respect to isolates 

from other plants, including other species of Vicia. But, its isolates 

could effectively nodulate other plants. Their studies on nodDF genes 

suggested that nearly all Vicia faba isolates belong to the same 

nodDF gene type (type 2 in the paper) which also included  the pRL1 

plasmid that contains the same symbiosis gene sequences as pRL10 

in Rlv.3841. Tian et al. (2010) have found new strains from V. faba 

which also form a new single group.  

1.2.2.2.5. Rhizobium phaseoli ATCC14482T 

Rhizobium phaseoli ATCC 14482T biovar phaseoli, described by 

Ramirez-Bahena et al. (2008), was found to have less than 95% 

similarity in analysis of recA and atpD when compared to R. etli 

CFN42T, R. leguminosarum USDA2370T and R. pisi DSM30132T. 

DNA-DNA hybridization between Rhizobium phaseoli ATCC 14482T 

and three type strains showed 52%, 51% and 44% relatedness, 

respectively. Phenotypic tests also supported that Rhizobium phaseoli 

should be retained as a separate genus and the type strain being R.  

phaseoli ATCC 14482T. This strain was isolated from effective nodules 

of Phaseolus vulgaris and is also reported to form nodules on 

Trifolium repens, but not on Pisum sativum. 

R. etli CFN42T is the closest type strain to Rhizobium phaseoli ATCC 

14482T. Mulas et al. (2011) studied nodC genes among rhizobia 

biovar phaseoli strains. nodC is one of the nodulation genes which 

determines the host ranges of rhizobia. Thus, it is highly similar within 

the same biovar. They found Rhizobium phaseoli ATCC 14482T and R. 
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etli CFN42T shared the same α allele and a different  allele which is 

present in most strains isolated from North Spain. The  allele was 

later demonstrated to be the dominant allele in that area. Thus, strains 

from these two species may be easily mixed up. López-Guerrero et al. 

(2012) studied three R. etli strains - CIAT 652, Ch24-10 and CNPAF 

512. DNA-DNA Hybridization was carried out for all three strains 

against R. etli CFN 42T. The results showed that strains CIAT 652, 

Ch24-10 and CNPAF 512 are at the borderline that distinguishes the 

different species - from 68% to 75%. However, the results against 

Rhizobium phaseoli ATCC 14482T showed that the strains were more 

similar as the values ranged from 84% to 88%. In addition, 

phylogenies of housekeeping genes including recA, atpD and rpoB 

grouped these three strains to Rhizobium phaseoli ATCC 14482T. 

Genome analysis and ANIm (average nucleotide identity) also show 

that these three strains form a group with Rhizobium phaseoli ATCC 

14482T and are separate from R. etli CFN42T (López-Guerrero et al., 

2012). 

1.2.2.2.6. Rhizobium tropici CIAT899T 

Strain Rhizobium tropici CIAT 899T was described by Martínez-

Romero et al. (1991) as the type strain of Rhizobium tropici . Its 

reported hosts are Phaseolus vulgaris, Leucaena esculenta and L. 

leucocephala. 

(Michiels et al., 1998) studied the interaction of different strains with P. 

vulgaris and found isolates from P. vulgaris that diverged from other 

species. Their results showed that P. vulgaris could receive signals for 

nodulation from many rhizobia, though most of the interactions are not 

effective. Previous study found that some of P. vulgaris isolates were 

identified to be different from Rhizobium leguminosarum. Although 

they had been classified as Rhizobium leguminosarum biovar phaseoli, 

in genetic analysis they always formed a single cluster. Therefore 

Rhizobium tropici was proposed to be a species to include the group 

containing these strains. Strains belonging to this species normally 

have a wider host range, including Leucaena spp. They carry a single 

copy of nif gene, and exhibit low DNA-DNA hybridization with other 
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species of Rhizobium. Also, the genetic distances calculated by 

multilocus enzyme electrophoresis and by 16s rRNA sequence 

comparison also support the separation of these strains as a single 

species. 

Rhizobium tropici was previously named Rhizobium leguminosarum 

biovar phaseoli (type II strain). The symbiosis plasmids of type II 

strains promote an effective and completely differentiated symbiotic 

process in A. tumefaciens recipients. These strains have some special 

characteristics like tolerance to heat or metal ions. The symbiosis 

plasmids are not lost or cured at 37OC and some of them confer 

aluminium resistance. Rhizobium tropici CIAT 899T, a Type II strain, 

can grow on LB, on which most R. leguminosarum strains show no 

growth. The strain is also resistant to low pH, heavy metals and to the 

antibiotics chloramphenicol, spectinomycin, carbenicillin, and 

streptomycin. 

Rhizobium tropici has been recently studied in depth. Since 

phenotypic and genotypic diversity has been reported in this species, 

subgroups type A and B were defined within it. Ribeiro et al. (2012) 

reclassified Rhizobium tropici type A subgroup into a new species 

Rhizobium leucaenae. Phenotypic assays including carbohydrate 

utilization, nitrogen sources utilization, and growth conditions (e.g. 

temperature, pH, medium types and ion tolerance) as well as 

genotype assays including DNA-DNA hybridization, 16S rRNA and 

concatenated protein-coding gene (recA+gltA+rpoA+glnII+rpoB) 

phylogenies separated Rhizobium tropici and other species and 

supported the reclassification. 

The adaptation of Rhizobium tropici CIAT 899T to different growth 

conditions attracts studies on its metabolism and makes it a good 

model to study bacterial response to environmental stress. Riccillo et 

al. (2000) created a library of Rhizobium tropici CIAT 899T mutants 

using Tn5-luxAB insertion mutagenesis and found that one of the 

mutants - CIAT899-13T2 was extremely sensitivity to acid conditions 

and stopped growing, the gene inactivated by insertion of Tn5-luxAB 

was related to production of glutathione, and the deficiency of 
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glutathione was confirmed in the mutant by comparing with Rhizobium 

tropici CIAT 899T. CIAT899-13T2 had been shown to be sensitive to 

weak organic acids, osmotic and oxidative stresses, and the presence 

of methylglyoxal. Competition assays also demonstrated that this 

mutant showed less competition ability compared to its parent strain. 

External addition of glutathione was reported to restore the response 

of the mutants to near wild type levels. Thus, they concluded 

glutathione production was important for the adaptation of Rhizobium 

tropici CIAT 899T to extreme environments. Ormeno-Orrillo et al. 

(2012) found there was a highly-conserved symbiosis plasmid in 

Rhizobium tropici CIAT 899T, Rhizobium sp. PRF 81 and R. 

leucaenae CFN 299. The host range of these three strains was also 

similar and they could all form effective nodules and carry out nitrogen 

fixation on Phaseolus vulgaris. This observation revealed the common 

evolution taking place in rhizobia - in order to have a successful 

symbiosis with certain host plants, rhizobia may obtain a set of 

nodulation and nitrogen fixation genes which might have been 

possessed and spread by rhizobia even when present in different 

geographic environment. This symbiosis plasmid obtained by these 

three strains was reported to carry genes for biosynthesis and 

modulation of plant-hormone levels. In addition, all three of these 

strains were observed to have three divergent nodA genes, which 

possibly allow them to have a wider host range compared to strains 

having a single nodA gene. 

The outstanding abilities of CIAT899T and PRF81 in both competition 

with other rhizobia and in overcoming environment stress have been 

studied. It is speculated that these abilities were due to the presence 

of functionally different genes : e.g. a lipid A phosphoethanolamine 

transferase, a KcsA-like ion channel and genes encoding drug-efflux 

pumps (key for resistance to some antimicrobial compounds). This 

study gives a good example of diverse genes in one symbiosis 

plasmid which are important in rhizobial host range and 

competitiveness.  A study on non-symbiosis plasmid functions was 

performed by Barreto et al. (2012). They generated a collection of 

CIAT899 cured derivatives in which the CIAT899 were lacking at least 

one plasmid. A nodule occupation test was carried out on Phaseolus 



18 
 

vulgaris and the results showed one of the cryptic plasmid (annotated 

as plasmid ‘a’ in the paper) was involved in nitrogen fixation, and 

genes distributed in different plasmids were found likely to effect 

rhizobial competitiveness. For the study of plasmids in rhizobia, 

complete genome information is very important for further 

identification of resident genes functions. 

Since Rhizobium tropici CIAT 899T has outstanding abilities in terms 

of growth and nodulation, it was chosen to be tested for promotion of 

Phaseolus vulgaris in low fertility soils by (Hungria et al., 2003). They 

mixed a number of inoculants (included CIAT899) and N-fertilizer to 

evaluate the symbiotic effectiveness, assess the effects of 

reinoculation on rhizobial soil population and on common bean yield 

and verify the effects of supplying N-fertilizer. Their results showed 

that there was an obvious increase in the yield of crops under 

inoculation. This demonstrated that low levels of N fertilizer and 

inoculation with superior strains can increase yield of this important 

protein source in Latin America at a low cost. 

1.2.2.2.7. Rhizobium etli CFN42T 

Strain Rhizobium etli CFN42T  was described by Segovia et al. (1993) 

as the type strain of Rhizobium etli. It has only one reported host - 

Phaseolus vulgaris. 

After the reclassification of R. leguminosarum biovar phaseoli type II 

strains as R. tropici, type I strains were also considered to be a new 

species as they formed a cluster distinct from R. leguminosarum 

biovar viciae and biovar trifolii strains in a study by Segovia et al. 

(1991). Since then they found lower DNA-DNA hybridization values in 

type I strains than other two biovars. Similarly, Eardly et al. (1992) 

found that one of the type I strains (Olivia 4) showed distinct 

sequences mismatches when compared to R. leguminosarum 

USDA2370T in a part of 16S rRNA nucleotides. Hence, Segovia et al. 

(1993) collected numbers of type I strains from America and R. 

leguminosarum biovar viciae strains from Mexico and analysed the 

same region (position 20 to 338) of 16S rRNA.  The phylogenetic 

result from UPGMA method supported their suspicion and they 
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annotated the type I strains as R. etli and Rhizobium etli CFN42T as 

the type strain. 

R. etli strains have been studied for many years; especially CFN42T, 

which has been fully sequenced. The genome of CFN42T contains 

one chromosome and six plasmids ranging in size from 184kb to 

600kb (Brom et al., 1992). One of the six plasmids, p42d, was studied 

thoroughly as a symbiosis plasmid. The results of the study led to the 

whole genome sequence of CFN42T (González et al., 2003). p42d is a 

circular molecule of 371,255 bp. It has a repABC type replication 

system and has an average GC content of 58.1% (Ramírez-Romero 

et al., 1997). CFN42T a good model to study rhizobial metabolism and 

rhizobial genome (Encarnacion et al., 1995, Romero et al., 1991). 

Laguerre et al. (1994) first developed the PCR-RFLP method for rapid 

identification of rhizobia, using R. etli strains and other species to 

evaluate the reliability of this method. Results showed the divergent 

distance between two R. etli strains was 0.4% and the results were 

identical to the 16S rRNA sequence analysis results. This method was 

used in a later study by Laguerre et al. (2001) who studied nodC and 

nifH genes in 83 representative rhizobia strains of 23 species. RFLP 

results showed R. etli, with other Phaseolus vulgaris isolates, were 

well grouped with each other regardless of their taxonomic status. 

Phylogenetic trees based on sequences of symbiosis genes were 

made with representative strains, and in these trees the isolates from 

Phaseolus vulgaris were close to each other irrespective of their 16S 

rDNA based classification. Generally, similar nodC and nifH genes 

were observed in these strains but exceptions also occurred. These 

results supported the hypothesis of lateral gene transfers taking place 

across rhizobial species.  

To better understand the symbiosis genes within R. etli strains, 

González et al. (2003) studied CFN42T symbiosis plasmid p42d and 

chromosomal symbiosis islands for their content, organization and 

differences.  After analysing 359 coding sequences, they found that 

the nodulation and nitrogen fixation genes were clustered in a 125kb 

region. A lot of genes related to mobile elements were separately 

located on the plasmid. They concluded that symbiotic compartments 
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of rhizobial genomes are mosaic structures that have been frequently 

tailored by recombination, horizontal transfer and transposition. Based 

on the studies by González et al. (2003),  Flores et al. (2005) analysed 

the distribution of single-nucleotide polymorphisms in homologous 

regions from different R. etli strains. Their data indicated that 

recombination is the main reason that led to the majority of nucleotide 

substitutions spreading in the population, rather than new mutations. 

They suggested that the structure of the symbiosis compartment of R. 

etli strains was formed as a result of a mosaic type of evolutionary 

history.  The studies mentioned above suggest that the symbiosis 

plasmid in R. etli carries a number of genes involved in nodulation and 

gene transfer; often within and sometimes, outside the species. 

The plasmids other than the symbiosis plasmid (p42d) in CFN42T are 

also interesting. Brom et al. (2000) cured a number of plasmids in 

Rhizobium etli CFN42T. They found that the strains cured of multiple 

plasmids were approximately 1000 times less competitive than strains 

cured for single plasmid or the parental strain, suggesting that the 

genes responsible for competitiveness were distributed between the 

different plasmids on genome of CFN42T. González et al. (2006) 

found that the genome of CFN42T had multiple replicons unlike many 

of the fully sequenced nitrogen fixing bacteria. Genes on the 

chromosome are mostly related to functions like cell growth, whereas 

few essential genes or complete metabolic pathways were found on 

plasmids. These plasmids are absent in species closely related R. etli 

and suggest that they had an independent evolution or that plasmids 

in rhizobia are more diverse than the chromosome, especially p42b, 

p42c, p42e and p42f.  Genes on different plasmids were found to work 

together, which was identical to the results obtained by Brom et al. 

(2000). Landeta et al. (2011) focused on the chromosome-like plasmid 

p42e, which was the only stable plasmid among all the six plasmids. 

The other five could be removed without affecting growth. The study of 

the p42e partition system and gene function showed that an ancestor 

of p42e was probably a typical repABC plasmid, and some essential 

genes were transferred from the chromosome without duplication as a 

consequence of recombination.  This suggested that p42e and its 

homologous plasmids in other species could be considered as 
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secondary chromosomes. Harrison et al. (2010) made similar 

observations and suggested the term ‘chromid’ for secondary 

chromosome. 

1.2.2.2.8. Rhizobium leguminosarum biovar trifolii strains WSM1325 

and WSM2304  

Rhizobium leguminosarum biovar trifolii strain WSM1325 was fully 

sequenced and reported by Reeve et al. (2010a).  Rhizobium 

leguminosarum biovar trifolii strain WSM2304 was also fully 

sequenced and described by the same group (Reeve et al., 2010b). 

Both the strains belong to R. leguminosarum which is one of the most 

widely occurring root-nodule bacteria species. The common host of 

Rhizobium biovar trifolii i.e. clover (Trifolium) is found on pastures.  It 

includes both annual species (e.g. T. subterraneum) and perennial 

species (e.g. T. pratense, T. repens and T. polymorphum). Clovers 

are valuable legume plants in natural and agricultural areas of the 

world since they have adapted to grow under different environmental 

conditions (Zohary and Heller, 1984). 

R. leguminosarum bv. trifolii strain WSM1325 was isolated from an 

annual clover plant growing near Livadi beach on the Greek Cyclades 

island of Serifos in 1993. R. leguminosarum bv trifolii strain WSM2304 

was isolated from a nodule recovered from the roots of the perennial 

clover Trifolium polymorphum growing at Glencoe Research Station 

near Tacuarembó, Uruguay in December 1998 (Howieson et al., 

2005). WSM1325 is attractive because it is highly effective in nodule 

formation and nitrogen fixation on a broad range of annual clovers 

from the Mediterranean region, whereas WSM2304, a highly effective 

microsymbiont of a perennial clover of South American origin is of 

interest since it has a narrow, specialized host range (Howieson et al., 

2005).  Both strains have a competitive edge for nodulation in acid 

and infertile soils of Uruguay on their preferred host plants (Yates et 

al., 2005).   

WSM1325 is not only a highly effective inoculant strain for annual 

Trifolium spp., but can also symbiose with key perennial clovers of 

Mediterranean origin used in farming, such as T. repens and T. 
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fragiferum,  making it one of the most important inoculants for clover 

agriculture and production in Australia and Brazil. WSM 1325 cannot 

form symbiosis with American and African clovers or forms ineffective 

symbiosis. WSM2304 can fix nitrogen effectively with some perennial 

American clovers, but is ineffective with the Mediterranean clovers. 

Both strains are effective microsymbionts under competitive conditions 

for nodulation since their involvement in nodulation appears to be a 

host-mediated selection process. Under conditions of competitive 

nodulation, WSM1325 can preferentially nodulate T. purpureum even 

when outnumbered 100:1 by WSM2304. However, when competition 

for nodulation is done on T. polymorphum, WSM2304 is selected 

preferentially to form symbiosis even when outnumbered 100:1 by 

WSM1325 (Yates et al., 2008). 

WSM 1325 has 6 replicons, one circular chromosome and five circular 

plasmids, whereas WSM 2304 has 5 replicons, one circular 

chromosome and four circular plasmids. 16S rRNA sequence analysis 

showed that both the strains have identical 16S rRNA sequences 

which differs by 1bp from the 16S sequence of R. leguminosarum bv. 

viciae 3841 (Reeve et al., 2010a, Reeve et al., 2010b). 

Rogel et al. (2011) compared the gene sequences from the genomes 

of R. leguminosarum bv. viciae strain 3841 and R. leguminosarum bv. 

trifolii strain WSM1325. The results suggested that the two strains 

probably belonged to a single species but their different host 

specificities (Trifolium versus Pisum) strongly support the concept of 

different biovars. WSM1325 and WSM2304 have different host 

specificity since their preferred host plants are different in taxonomy 

and geography. In principle, they should not belong to the same biovar 

since only WSM 1325 corresponds to bv. trifolii. WSM 2304 and 

probably deserves to be classified as a distinct biovar. The nodD gene 

sequences of the two strains are divergent with only 79.1% similarity 

and nodR was found only in WSM1325 and not in WSM2304. 

Schlaman et al. (2006) suggests that nodR is essential for the 

existence of fatty acyl moieties in the Nod factors synthesized by R. 

leguminosarum bv. trifolii. The difference between these two strains in 

terms of host range and effectiveness might be a consequence of this 
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nodR gene which results in the production of different Nod factors. 

(Yates, 2008). 

1.2.3. Rhizobial genome 

The genomes of rhizobia encode a large number of proteins that participate in 

the growth of rhizobia and in the nodulation process. Like most bacteria, the 

rhizobial genome can be divided into two compartments viz. the chromosomal 

genome – responsible for growth and reproduction – and the 

extrachromosomal genome (e.g. plasmid and chromid) which is associated 

with adapting to external environment (Harrison et al., 2010, Martinez et al., 

1990, Mercado-Blanco and Toro, 1996). Most essential genes are present on 

the chromosomal DNA. Their functions include cell survival and growth. 

Plasmids and chromids constitute a large part of the rhizobial genome. They 

play an important role in rhizobial interaction with plants and nodulation 

competition, especially in the two fast-growing genera - Rhizobium and 

Sinorhizobium, but not in Azorhizobium, Bradyrhizobium and Mesorhizobium. 

In these three species, the genes involved in symbiosis are found on the 

chromosome. (Hanin et al., 1999, Young, 1996).  

Conceptually, the rhizobial genome can also be divided into core genome and 

accessory genome (Young et al., 2006).  The core genome includes the 

housekeeping genes. These genes are involved in metabolism, information 

exchange for homeostasis etc. (Feil, 2004). These genes normally have a 

higher %G+C content and are consistent in codon usage (Hacker and Carniel, 

2001, Young et al., 2006). In addition, core genes can be shared within 

related organisms, mostly within the species. The sharing of core genes can 

be analysed at different taxonomic levels to identify the core genes at that 

level of rank in the taxonomic hierarchy (Feil, 2004).  

Since genes from the core genome are housekeeping genes, they are highly 

conserved and are widely used in rhizobial taxonomy in the description of 

new species. Examples of genes from the core genome used in taxonomy 

include genes like recA and atpD. RecA is a 38 kilodalton protein essential for 

the repair and maintenance of DNA, as concluded by Cox (1991) after 

analysing the molecular properties of RecA. Cox continued studying RecA 

and in 1993 demonstrated that it was the central protein mediating a DNA 

recombination-repair system, later known as homologous recombination (Cox, 

http://en.wikipedia.org/wiki/Dalton_(unit)
http://en.wikipedia.org/wiki/Protein
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1993). Large-scale phylogenies of recA in the bacteria are identical to the 

corresponding small-subunit rRNA (16S, SSU) phylogenies (Eisen, 1995, 

Young, 1998).  

The atpD gene encodes one of the subunits of ATP synthase, which is 

essential for energy production. The enzyme is divided into the two subunits 

F0 and F1. F1 is composed of the five polypeptides α, β, γ, δ and ε. Subunit β, 

which is responsible for nucleotide binding and catalysis, is regulated by atpD  

(Walker et al., 1984). atpD is also an excellent candidate for phylogenetic 

analysis since it has a ubiquitous distribution, is functionally consistent and 

shows sequence conservation in bacteria. Amann et al. (1988) and Ludwig et 

al. (1993) demonstrated that the results of phylogenetic relationships between 

bacteria based on atpD gene sequence also corresponded to results based 

on 16S rRNA sequences. 

The use of recA and atpD in rhizobial classification was first described by 

Gaunt et al. (2001). SSU rRNA was commonly used for rhizobia phylogeny 

study, but single-gene phylogenies did not properly reflect rhizobial genome 

evolution, so more loci were required for the analysis. Partial recA and atpD 

sequences from 25 type strains of Alphaproteobacteria were used for 

phylogenetic study. Results showed that data from these two genes 

supported the classification of the species similar to that obtained using the 

sequence of SSU rRNA.  They also pointed out that only housekeeping genes 

could possibly show phylogenetic agreement since their evolution occurred 

within the species, whereas the symbiosis genes had a different evolution 

history, evolving as a result of lateral gene transfer from other species.  

Contrary to genes in the core genomes, genes from the accessory genome 

can be diverse even within same species (Young et al., 2006). They can be 

removed without affecting the survival of the bacteria under normal conditions 

(Feil, 2004).  However, the removal of accessory genes may impact their 

adaptation to natural environment since they confer selective advantage to 

the bacteria. Accessory genes have less G+C% as compared to core genes 

and have distinct codon usage (Hacker and Carniel, 2001). In Rhizobium and 

Sinorhizobium, important accessory genes like nodulation genes (nod genes) 

and nitrogen fixation genes (nif and fix genes) are normally located on large 

plasmids, or megaplasmids depending on their sizes (e.g. pRL10 in Rlv. 3841 
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and p42d in CFN42T). These plasmids are called symbiosis plasmids (pSym) 

and are unique in different strains. The symbiosis plasmids carry many 

unknown genes that do not have an obvious role in symbiosis. In some 

species like Bradyrhizobium and Mesorhizobium, the symbiosis genes are 

present on symbiosis islands on chromosomes (Sullivan and Ronson, 1998, 

Vinuesa et al., 1998). As mentioned before, lateral gene transfer of some 

accessory genes is common within different strains. This phenomenon results 

in the expression and inheritance of plant-interactive properties of the 

plasmid-donor species, and new genetic material can benefit the recipient 

strain for environmental adaptation or bacterial competition.  

nod and nif genes are two classes of representative accessory genes of 

rhizobia. Their functions and involvement in symbiosis and nitrogen fixation 

will be discussed later. Studies on the nod and nif genes can help us 

understand the coevolution of rhizobia with the environment. Haukka et al. 

(1998) collected 52 isolates of rhizobia from Acacia senegal, Prosopis 

chilensis, and related leguminous trees growing in Africa and Latin America. 

Previous 16S rRNA gene phylogenies showed the strains belonged to 

Sinorhizobium and Mesorhizobium. The restriction patterns of the nodA and 

nifH genes were analysed and was found to reflect their host specificity. 

Housekeeping genes and symbiotic genes have raised interest of scientists to 

study the relationships among rhizobia strains. Perret and Broughton (1998) 

developed the Targeted PCR Fingerprinting (TPF) technology to discriminate 

between closely related strains of rhizobia. They amplified nifH and recA 

genes from Rhizobium NGR234 and R. fredii USDA257. Differences were 

observed in these two closely related strains which were 98% identical at their 

symbiosis loci. They also suggested that chromosomes and symbiosis 

plasmids evolved differently, and symbiosis genes were acquired by lateral 

gene transfer. Results obtained by Wernegreen and Riley (1999) also 

supported this finding. They compared symbiosis genes nodB and nodC with 

housekeeping locus glutamine synthetase II (GSII), and a portion of the 16S 

rRNA gene from rhizobial isolates from different host plants. Results showed 

each of the loci could separate these strains into their own genera, but the 

phylogenetic congruence indicated that chromosomal genes were less prone 

to lateral gene transfer than symbiosis genes. Wu et al. (2011) collected 99 

rhizobial isolates from nodules of wild soybean in different regions of China 
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and investigated their diversity. They performed phylogenetic analysis of both 

core genes (recA and atpD) and symbiosis gene (nodC). Results from core 

genes studies showed 72 of them belonged to four Bradyrhizobium species 

and one Sinorhizobium species. nodC phylogeny showed that this gene was 

vertically transferred and reflected the original geographic conditions of each 

isolate. A similar study was carried out by Rahi et al. (2012). They collected 

120 isolates from the nodules of Pisum sativum cultivated at 22 different 

locations of the trans-Himalayan valleys of Lahaul and Spiti in the state of 

Himachal Pradesh of India. Their results showed that the clustering of isolates 

reflected their origins from different valleys in data analysed from core and 

accessory genes; as well as from utilization of carbon substrates and whole-

cell fatty acid methyl ester (FAME) production. Rashid et al. (2012) confirmed 

the 16S rRNA analysis of a group of lentil isolates to be R. leguminosarum 

and R. etli by analysing phylogenies of housekeeping genes. Analysis of 

nodulation genes and nodulation tests both supported the relatedness of the 

strains to R. leguminosarum biovar viciae. 

1.2.4. Rhizobial host plants 

The host plants which allow rhizobia to form symbiosis and fix nitrogen belong 

to the family Fabaceae (Leguminosae). It is the third largest family of 

flowering plants with more than 18,000 described species. The family 

includes herbs, shrubs, trees and vines distributed throughout the world in 

different geographic conditions, environments and climates, including tropical 

rain forests. The fruit of a tree from the family Leguminosae is technically 

called a legume or pod. The family is divided into three subfamilies: 

Papilionoideae, Mimosoideae and Caesalpinioideae. 97%, 90% and 29% 

respectively of studied species from each of these three subfamilies have 

been observed to form nodules (Bryan et al., 1997). Some members of the 

family are among the most valuable crops in different parts of the world. For 

example : peanuts in Sichuan, China (Zhang et al., 1999), Pisum sativum and 

Vicia faba in salt stressed areas (Del Pilar Cordovilla et al., 1999) and cowpea 

(a known broad host-range leguminous plant) in north-east region of Brazil 

(Martins et al., 1997). 

Some non-legume plants can also form symbiosis with rhizobia. Trinick (1979) 

examined the non-legume plant Parasponia andersonii using light and 
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electron microscopy. They found nodules on the plant which had a central 

vascular bundle surrounded by an endophyte-infected zone. However, unlike 

the nodules in legumes, the rhizobia in Parasponia were not released from 

the infection thread. Op den Camp et al. (2012) suggested that the symbiosis 

between rhizobia and Parasponia had evolved independently from legumes. 

Santi et al. (2013) reviewed a number of non-rhizobia and legume symbiosis 

including actinorhizal plants with Frankia and cyanobacterial association with 

Poaceae family, e.g. maize, rice and wheat symbiosis with bacteria. They, 

along with Charpentier and Oldroyd (2010) and Beatty and Good (2011) 

indicated that since we have the basic knowledge of symbiosis, genetic basis 

of nitrogen fixation and possess the methods to transform model legumes for 

investigation, further studies could focus on artificially generating symbiosis 

between nitrogen-fixing bacteria and non-legume plants. The creation of such 

associations could benefit agriculture in many ways, for example, by 

promoting plant growth and reducing the use of chemical fertilizers.  

Rhizobia that belong to the same species but have a different host range are 

said to belong to different biovars. For example, R. leguminosarum, has three 

biovars - biovar viciae, trifolii and phaseoli. All these strains belong to R. 

leguminosarum because they are share a common core or chromosomal 

genome. The host range genes are located on plasmids. Host range has 

been abandoned as the standard to define species for two reasons. First, 

host range in different biovars may overlap, for example, R. leguminosarum 

USDA2370T and R. pisi DSM30132T were reported to form nodules on 

Trifolium repens and Phaseolus although they have been assigned to be 

biovar viciae. Second, host range of a strain could be changed by replacing 

plasmids containing genes for an altered host range. Since the rhizobial 

plasmids are transferable, rhizobial host ranges are variable. 

1.2.5. Rhizobium-legume symbiosis 

1.2.5.1. Rhizobial infection 

The symbiosis process between rhizobia and legume takes place in a 

number of steps. During the process, a series of communication mediated 

by chemical signals occurs resulting in the formation of nodules (van Rhijn 

and Vanderleyden, 1995, Wang et al., 2012). Preinfection events which 

include rhizobial attraction in the rhizosphere initiate the process. 
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Rhizobia are attracted by molecules contained in the exudates of plants. 

For example, strains of Rhizobium and Bradyrhizobium will attach to 

legume root by detecting amino acids and dicarboxylic acids. However, 

the flavonoids secreted by plants act as the main chemical signal to 

attract rhizobia since it can be absorbed passively across rhizobial 

membrane (Gnanamanickam, 2007).  

Flavonoids received by rhizobia activate the genes coding for the 

synthesis of Nod factors. Nod factors belong to the family of 

lipochitooligosaccharides and are essential for the development of 

symbiosis in most legumes (Oldroyd et al., 2011). Long (1996) indicated 

that the transcription of nod genes is regulated by NodD. These proteins 

are members of LysR family of transcription regulators and specially 

activated by flavonoids. They bind to nod boxes, conserved DNA motifs 

located within the promoter regions of nod genes (Honma et al., 1990). 

NodD proteins are flavonoid-specific. Peck et al. (2006) found that since 

homologs of nod boxes were found in different rhizobia, some NodD 

proteins from different rhizobia can bind the same nod gene promoter. In 

addition, they indicated that although some flavonoids were not essential 

to activate NodD expression, they could increase the protein binding to 

nod boxes and mediate conformational changes in nod gene promoters.  

Nod factors, are essential for successful nodulation in most legume-

rhizobium symbiosis. The only exception was reported by Giraud et al. 

(2007). They reported two fully sequenced photosynthetic strains - 

Bradyrhizobium BTAi1 and ORS278, in which the typical nod genes and 

Nod factors were not required to establish symbiosis with some legumes. 

A purine derivative was described by them to play a key role in nodule 

formation by these two strains.  

Structures of different Nod factors share a similar chitin-like N-acetyl 

glucosamine oligosaccharide backbone with a fatty acyl chain at the non-

reducing end. However, the variable length of backbone, different size 

and saturation of fatty acyl chain in addition with other decorations at both 

ends of the molecules play a decisive role in the specific communication 

between rhizobia and their host plants (Lerouge et al., 1990). Crucial 

structures of Nod factors are synthesized by products of the nodABC 
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genes. In general, nodulation genes, especially nodD and nodABC genes 

are the determinants of the host range in most rhizobia (Roche et al., 

1996, Schlaman et al., 1992). Thus loss or mutations of these genes 

entirely prevents the establishment of symbiosis. Downie and Surin (1990) 

found that one R. leguminosarum biovar viciae mutant lacking nodFEL, 

nodMNT and nodO region could not nodulate on Pisum sativum and Vicia 

hirsuta, but the complementary strains created using either partial nodFE 

or nodO genes were found to possess some nodulation ability. Their 

results suggested either pathway could independently activate nodulation.  

When plants perceive Nod factors, a series of plant responses occurs 

including root hair branching, deformation, curling and cell wall hydrolysis 

(Oldroyd et al., 2011). Rhizobia then enter into the curling root hairs and 

cause invagination of plasma membrane of the cells of the root hair of the 

plant. The plant deposits new cell wall material to synthesize and form an 

infection thread which cover rhizobia, enabling them to enter the root hairs 

(Rae et al., 1992).  

Two types of nodules may be developed in legumes : determinate and 

indeterminate nodules. Determinate nodules do not contain a persistent 

meristem unlike indeterminate nodules (Cohn et al., 1998). During the 

formation of the infection thread, hypodermis cells of determinate nodules 

and root cortical cells in indeterminate nodules start to form a nodule 

primordium (Hadri et al., 1998). When rhizobia reach the primordium, 

morphogenesis occurs and rod-shaped cells of rhizobia change into 

pleomorphic endosymbiotic form, called bacteroids (Sprent and Sprent, 

1990). The nodules thereafter develop into their nitrogen fixing forms.  

Besides the common infection route through the root hair mediated by the 

flavonoids and the nod factors, others modes of infection like crack entry 

and entry through intact epidermis have also been identified and studied 

by some groups (Chandler et al., 1982, De Faria et al., 1988). However, 

the determining partner of rhizobial infection route and nodule formation 

process is the plant, not the bacteria. A single rhizobial strain can infect 

plants in different ways. This suggests that the host plants possess the 

genetic information required for the establishment of symbiosis and the 

rhizobia have to adapt accordingly (Denarie et al., 1992). 
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1.2.5.2. Nitrogen fixation  

After rhizobia enter the cells of the root and form mature nodules, the 

functional bacteroids present within the nodules are ready to fix nitrogen 

in co-operation with the plants (Mylona et al., 1995). Two groups of genes 

are essential for nitrogen fixation - nif and fix. nif genes are homologous in 

most nitrogen-fixing bacteria and fix genes are required for symbiotic 

nitrogen fixation. Mutation of these genes will not abolish the formation of 

nodules, but nitrogen fixation will not take place (Long, 1989). Previously, 

studies on the nitrogen fixation process concentrated on legumes of 

commercial value from the subfamily Papilionoideae (Elliott et al., 2007). 

Nitrogen fixation (nif) genes were first identified in Klebsiella pneumoniae 

and were found to be conserved in nitrogen-fixing bacteria (Merrick, 1992, 

Ruvkun and Ausubel, 1980). For example, the nifA gene which acts as 

regulator to activate other nif genes can always be found in nitrogen fixing 

bacteria. About 10 nif genes have been observed in rhizobia but their 

locations differ depending on the strain. The nitrogenase enzyme complex 

is encoded by the nif genes (Hennecke et al., 1985). The reaction 

catalysed by nitrogenase is : 

N2 + 8H+ + 8e- + 16Mg-ATP  2NH3 + H2 + 16MgADP + 16Pi 

Two enzymes form the nitrogenase enzymatic complex : the first enzyme, 

dinitrogenase, has a Fe-Mo cofactor and catalyses the main reaction. 

Dinitrogenase is encoded by nifD and nifK. High energy electrons are 

received by dinitrogenase after reduction by the second enzyme – 

dinitrogenase reductase. This reaction requires the hydrolysis of two ATP 

molecules to ADP and phosphate for each electron transferred. 

Dinitrogenase reductase is a homodimeric Fe-protein and is encoded by 

the nifH gene (Dixon and Kahn, 2004). Hadfield and Bulen (1969) found 

that the electron flux could go through hydrogen production when there is 

a lack of reducible substrates. Studies carried out by Georgiadis et al. 

(1992) showed that the electron transfer system was similar to other 

organisms (Kirn and Rees, 1992). Electrons and ATP required for 

nitrogen fixation are provided by plants from oxidation of dicarboxylic acid 

and aerobic respiration (Lodwig et al., 2003, Thorneley and Ashby, 1989). 
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Nitrogenase is oxygen sensitive since the oxygen can damage the Fe-Mo 

cofactor irreversibly (Shah and Brill, 1977). However, a large amount of 

energy required by nitrogenase for catalysis is derived from oxidation. The 

bacteria solve this problem by using different strategies. Witty et al. (1986) 

reported that the bacteria have high rates of metabolic activity. This, along 

with the presence of an oxygen diffusion barrier in the periphery of the 

nodule in the nodule parenchyma decreases the level of oxygen in the 

nodule, thus protecting the enzyme. Reguera et al. (2010) found that 

boron, an important element in the rhizobium-legume symbiosis, is 

involved in the regulation of nodule oxygen concentration. Deficiency of 

boron leads to the formation of unstable nodules and ineffective nitrogen 

fixation. The findings also suggest that the expression of nitrogenase is 

regulated by external oxygen concentration (Dixon and Kahn, 2004). 

Enzymes involved in supplying energy and electrons for nitrogen fixation 

are coded by fix genes. fix genes were first described in R. meliloti. Since 

that, they were found to form functional clusters with nif genes, and 

mutation of fix genes led to a failure to fix nitrogen (David et al., 1987, 

Renalier et al., 1987). Putnoky et al. (1988) found that proteins coded by 

fix genes had a number of functions in the plant-bacterium symbiosis 

including infection thread formation, release of rhizobia, bacteroid 

membrane formation and expression and regulation of nif genes. 

fixNOQP were found to code cbb3 cytochrome oxidase, which is related to 

oxygen metabolism. The fixGHIS operon, along with the fixNOQP operon 

adjacent to it, are speculated to mediate the copper insertion into cbb3. 

fixABCX were also generally present in rhizobia. fixLJ and fixK were 

thought to be regulators and were commonly found in the rhizobia 

(Schaechter, 2009). 

Both nif and fix genes are essential for nitrogen fixation after the formation 

of bacteroids. While nif genes encode proteins of nitrogenase, fix genes 

encode proteins involved in electron transport to nitrogenase. Low oxygen 

level change the regulation and expression of both genes and the 

mediatory mechanisms are diverse among the rhizobia strains (Udvardi 

and Poole, 2013). Mature nodules develop suitable structures for nutrient 

exchange between rhizobia and legumes. 
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1.2.6. Ecology of rhizobia 

Nitrogen is one of the important chemical elements in any biological system, 

and is required in the synthesis of amino acids, nucleotides, antibiotics and 

many other intermediates of metabolism required by the organism. Nitrogen 

content is a dominating factor contributing to agricultural productivity (Emerich 

et al., 2009). Nitrogen fertilizers have been used to meet the requirement of 

agriculture, especially in developing countries like India and China. However, 

environmental and ecological issues have been raised since the over-

utilization of nitrogen fertilizers leads to eutrophication due to fertilizer runoff. 

In addition, manufacture of nitrogen fertilizer continually contributes to the use 

of fossil fuel and the release of greenhouse gases. These factors present 

biological nitrogen fixation based on rhizobia-legume symbiosis as an eco-

friendly alternative for the future (Herridge et al., 2008). 

Symbiosis between rhizobia and legume has proved to be an important 

biological process in natural and agricultural environments. The atmospheric 

inactive dinitrogen gas can be reduced to biologically active ammonia by the 

symbiosis, which neither plants nor animals are able to perform. Also, 

biological nitrogen fixation is important in balancing the denitrification events 

of the nitrogen cycle (Lederberg et al., 2000). Recently, studies have been 

conducted in Africa and Asia on new rhizobial isolates which are potentially 

useful for improving local agricultural conditions (Aserse et al., 2012, Kficfik 

and Cevheri, 2013). Beyhaut et al. (2013) indicated that planting of legumes 

could help prairie restoration with inoculation of suitable rhizobial cultures.  

We should realize that long-term legume growth and rhizobium-legume 

symbiosis can prevent soil nitrogen leakage by using nitrogen from both the 

symbiotic partners. Also, rhizobia can convert the falling leaves to nitrogen 

sources for other neighbouring plants (Schaechter, 2009). However, soil and 

geographic conditions are different in different parts of the world and hence 

studies are required to deliver rhizobia from lab to farm application. 

1.3. Project background  

As a part of a population genomics project in the Department of Biology at the 

University of York, UK, 72 isolates were obtained from a roadside verge adjacent 

to Wentworth College on the University of York campus. The isolates were 
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obtained from two leguminous plants from an area of one square meter. Half of 

the isolates were obtained from Vicia sativa, hence called VSX strains. The other 

half were isolated from Trifolium repens, and hence called TRX strains.  

In order to investigate the relatedness between the two groups of isolates vis-à-

vis known Rhizobium strains, the strains were sequenced by 454 pyrosequencing. 

The sequence data of these strains was analysed and genes in their genomes 

were identified using the genome data from the sequenced strain R. 

leguminosarum bv. viciae 3841 (Rlv.3841), as the reference genome. The 

analysis showed the presence of five genes that were found to be present in all 

36 bv. viciae strains (i.e. strains isolated from Vicia sativa) as well as Rlv.3841, 

but absent in the bv. trifolii strains (i.e. strains isolated from Trifolium repens). 

Since these genes were specifically found in bv. viciae but not in bv. trifolii, they 

were termed “biovar viciae specific” genes, abbreviated as bvs genes. 

The five bvs genes are located on plasmid pRL8 in Rlv. 3841 (Young et al., 2006). 

We have already discussed some of the accessory genes located on pRL8. 

Previous work on 454 genome data within the research group has shown that 

these genes may be laterally transferred. Ramachandran et al. (2011) considered 

pRL8 as specific for Pisum sativum symbiosis, enabling rhizobia to form nodules 

on pea, since they found in the pea rhizosphere there was a specific increase in 

the expression of many genes on pRL8.  The bvs genes were not, however, 

among the genes that they noted. 

Complex host-range patterns were observed in biovar viciae by Mutch and Young 

(2004). Furthermore, previous studies on metabolism in different species of 

rhizobia also found diversity in the utilization of different substrates (Ramirez-

Bahena et al., 2008). Host range and metabolic patterns are important features in 

the identification and definition of unknown isolates. The analysis of new strains 

using these two criteria will contribute to our knowledge of rhizobia. 

1.4. Aims of the project. 

The project aims to investigate phenotypic features of isolates from different 

areas and study the functions of the five biovar viciae specific genes. Besides 

their location on pRL8 and putative annotation, no previous attempt has been 

made to study the enzymatic function of these genes and their role in the 

nodulation process. Partial information of genome data is available for some of 
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these strains in the BLAST database hosted at the University of York 

(http://blast.york.ac.uk/blast/blast.html). Based on the results from my initial 

BLAST search, my hypothesis for this project is : the five bvs genes are essential 

or play a role in the nodulation of plants by strains belonging to the biovar viciae. 

The aims of this project are as follows : 

a. Study the phenotypic variation in rhizobial isolates from different hosts. 

b. Study the distribution of bvs genes in isolates belonging to different biovars. 

c. Study the effect of single-gene mutation and the effect of mutation 

complementation of bvs genes under nodulation competition stress. 

d. Study the enzymatic activities of bvs genes showing altered phenotype on 

mutation to understand its role in nodulation. 

1.5. Outline of thesis. 

The following chapters are included in this thesis: 

Chapter 2 : Study of host specificity and metabolic differences in the R. 

leguminosarum complex : In this chapter of the thesis rhizobial strains were 

tested for their nodulation ability on common host plants to validate them and to 

get an idea of their host range. Moreover, their metabolism patterns were 

investigated using the BIOLOG GN2 MicroPlates and their clustering, based on 

metabolic ability, compared with phylogenetic clustering of a taxonomic marker 

gene to check for similarities and difference in information contained in data 

analysed from the  two very different methods of classification. 

Chapter 3 : Distribution and phylogenetic relation between the bvs genes in 

rhizobia : In this chapter of the thesis the distribution of bvs genes in rhizobia 

was studied using PCR and BLAST. In addition, phylogenetic network trees were 

made using the bvs genes sequences by sequencing the PCR amplicons and 

used for understanding the relationships between the test strains.  

Chapter 4 : Mutation and complementation of bvs genes and their effects 

on bacterial competition and plant growth : In this chapter of the thesis ingle 

gene mutants in the bvs genes were isolated and the effects of bvs gene 

mutation on bacteria competition and the growth of the host plant were studied. 

Cross nodulation tests were carried out using either pure culture or wild type and 

mutant mixed culture inoculations. Plant dry weights and occupancy ratios were 
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measured. Complementation of genes in mutants showing altered growth 

phenotype was carried out and the effects of complementation tested again 

using mixed culture inoculation. bvs genes playing a role in nodulation  or 

nodulation competition were identified. The possibility of bvs genes constituting 

an operon was also investigated. 

Chapter 5 : The bvs4 and bvs5 genes encode a nitrilase and sulfite oxidase : 

In this chapter we investigated the enzymatic activities of the two bvs genes. For 

bvs4, rhizobial growth tests were performed in the presence of nitrile. The 

ammonia released during the breakdown of nitrile during growth was detected by 

an ammonia assay. The aim was to check the role of bvs4 on the ability of the 

bacteria to grow in the presence of nitrile to produce ammonia. For bvs5, sulfite 

oxidase and nitrate reductase enzyme assays were carried out to clarify the 

enzymatic function of bvs5. 

Chapter 6: General discussion: A general discussion and summary of this 

project and possible future work that can be done to extend this work. 
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CHAPTER 2 : STUDY OF HOST SPECIFICITY AND METABOLIC DIFFERENCES  

IN THE R. leguminosarum SPECIES COMPLEX. 

2.1. Introduction 

Contemporary methods of bacterial classification mostly rely on their phenotypic 

characteristics. The widely accepted authoritative text on bacterial classification, 

Bergey’s Manual of Systematic Bacteriology (2001), states that the criteria used 

for classification of bacteria are based on the phenotypic behaviour of bacteria in 

order to assist the microbiologist in identifying the bacteria. Thus, bacterial strains 

at any taxonomic rank / level in the hierarchy of classification (for example, a 

species) share a number of common phenotypic characteristics (morphological, 

physiological or biochemical). Hence, the terms used to define a taxonomic rank / 

level in microbiology usually include these characteristics.  

Rhizobia were first isolated from root nodules and hence all root-nodule bacteria 

were classified under the genus Rhizobium. The early attempts to classify 

rhizobia were based on their ability to infect host plants. The bacterial isolates 

that infected identical host plants were included in a single group called a ‘cross-

inoculation’ group (Fred et al., 1932). Although it has now been abandoned as a 

reliable taxonomic marker, it is still used to investigate the host-specificity or host 

range of new root-nodule bacteria. Investigations into the growth characteristics 

of the root-nodule bacteria led to the discovery that the bacteria could be grouped 

based on their generation times into fast- and slow-growing rhizobia. The fast-

growing rhizobia have a generation time of less than 6 hours whereas the slow-

growing rhizobia had a generation time of more than 6 hours. The slow-growing 

rhizobia were later transferred to a separate genus called Bradyrhizobium 

(Jordan, 1982). 

Attempts have been made to classify rhizobia using different methods including 

serology, multilocus enzyme electrophoresis, RFLP fingerprinting, substrate 

utilization etc. (Rahmani et al., 2011, Vandamme et al., 2002). These methods 

show that the rhizobia are diverse in terms of their genetic and phenotypic 

composition. However, these methods have immense promise in their use to 

investigate the diversity of rhizobia. In some cases they have been used to define 

new species of rhizobia. For example, analysis of the genome resulted in the 

description of R. hainanense (Chen et al., 1997) whereas phenotypic differences 

were also used to describe R. multihospitium (Han et al., 2008).  
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The aim of this research is to study metabolism and host specificity in the 

Rhizobium leguminosarum species complex. Hence the study will start by looking 

at the host-specificity of the test strains by performing cross-nodulation tests. The 

metabolic profiles of the strains will be studied using the Biolog Gram Negative 2 

(GN2) MicroPlates from Biolog Inc. 

2.1.1. Cross-nodulation tests to study host-specificity / host range : 

The information relating to the host plants for the strains to be used in this 

study was available. The cross-nodulation tests were carried out to achieve 

two aims. First, the cross-nodulation test would validate the strains, i.e. they 

would confirm that the strains have retained their ability to form nodules on 

their native host plant, since the native host plants would be included as one 

of the test plants. Second, the cross-nodulation test would provide data which 

would enable us to make informed deductions about the host-range of the 

test species. Nodulation tests and cross-nodulation tests are regularly used 

for rhizobial strain validation and in the description of new species or strains 

of rhizobia (van Rhijn and Vanderleyden, 1995). 

Cross-nodulation tests have been used in different studies since described in 

–depth by Vincent (1970). The studies include microbiological investigation, 

investigations into early stage nodulation and nodulation genetics (Grassia 

and Brockwell, 1978, Marshall et al., 1993, Napoli and Hubbell, 1975). 

Spaink et al. (1989) included cross nodulation test as a main part of their 

nodE study to prove that nodE expression was controlled by the nodulation 

gene promoter which, in turn, was induced by flavonoids. They also proved 

that this gene was responsible for the difference in host range in the two 

biovars R. leguminosarum bv. viciae and bv. trifolii. Similarly, Economou et al. 

(1994) studied the effect of complementing nodO genes on nodE mutants in 

both biovars. They found that nodO gene could trigger nodE mutants of R. 

leguminosarum bv. trifolii to form nodules on Vicia hirsuta. Thus, they 

concluded that nodO could also be a determinant involved in the selection of 

host in R. leguminosarum bv. viciae. More recently, Karunakaran et al. (2009) 

studied the development of Rlv. 3841 bacteroids and effect of mutation of 

certain genes on nodulation. Pisum sativum and Vicia cracca were chosen to 

be the hosts of nodulation tests. Their data showed some genes involved in 

Rlv. 3841 metabolism and membrane synthesis played an important role in 
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the development of bacteroids. However, many of the strongly induced genes 

in both host plants were observed to be absent in other strains of rhizobia, 

which suggested that diversity of different rhizobia is related to their specific 

hosts. Van Berkum et al. (2010) applied multilocus sequence typing (MLST) 

to study the structure of megaplasmids in Medicago rhizobia, cross nodulation 

was carried out on Medicago sativa plants using a number of rhizobia 

carrying different nodC alleles and corresponding nifD. Results showed that 

failure to form symbiosis or ineffective nitrogen fixation were observed on 

recombination strains, suggested that loci on both the megaplasmids were 

essential for effective Medicago symbiosis. 

Rhizobia isolated from Vicia faba are notable since they are distinguishable 

from isolates obtained from other legumes (van Berkum et al., 1995).  The 

most interesting finding was reported by Mutch and Young (2004). They 

studied the specificity of rhizobia host range in biovar viciae strains. Cross-

nodulation tests were conducted among isolates from each of eight plant 

species in the tribe Vicieae against the other seven plants, and the results 

showed that only 34% of isolates from the other plants could form nodules on 

Vicia faba, but Vicia faba isolates could form nodules on a significant 

proportion of other host plants. They concluded that this variation could 

possibly occur due to plasmids transfer. 

Cross-nodulation tests, along with other methods, are commonly used in the 

definition of new species. Graham et al. (1991) indicated that a cross 

nodulation assay was an essential part of describing new species, since host 

range was an important feature of rhizobia. Zhou et al. (2010) described 

Mesorhizobium robiniae, isolated from Robinia pseudoacacia in Yangling, 

China. CCNWYC 115T was described as the type strain and was tested by 

cross inoculation on seven common legume plants from the same region 

which included Vicia, common bean and clover plants. Results showed that 

none of these plants could have symbiosis with this strain. Along with other 

phenotypic and genotypic results, the cross-nodulation test results were used 

in describing the new species. New Bradyrhizobium species with wider host 

ranges were discovered by Chang et al. (2011). Five isolates from Arachis 

hypogaea (peanuts) and Lablab purpureus were found to be new species and 

cross nodulation tests demonstrated their nodulation ability on these two 

hosts and Vigna unguiculata, but not on other common Vicia and clover 
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plants. Based on their observations, they described the species 

Bradyrhizobium lablabi and CCBAU 23086T was designated as the type strain. 

Lin et al. (2009) found a set of Rhizobium isolates from Sphaerophysa salsula 

in saline soil of north-west China, which they indicated were distinct from 

other recognizable rhizobia strains with respect to their 16S rRNA sequence.  

Xu et al. (2011) clarified their taxonomic relationship. Their cross nodulation 

tests carried on the original host Sphaerophysa salsula and other common 

plants of the region showed this new species could only form effective 

nodules on their original host and Medicago sativa but on no other plants. 

These strains were shown to have novel symbiotic genes and the isolates 

were described as a new species, Rhizobium sphaerophysae. Qin et al. 

(2012) isolated five strains from Sphaerophysa salsula in the same region, 

and their cross nodulation tests showed that five tested strains could only 

form nodules on their original host but no other plants that they tested. 

Rhizobium helanshanense was described by them. Mesorhizobium 

qingshengii was described by Zheng et al. (2013) - four out of five strains in 

this new species were reported to form nodules on Astragalus sinicus and 

less frequently on Astragalus adsurgens, but no other plants that they tested. 

Rhizobium qilianshanense was described by Xu et al. (2013) and all strains 

were found form nodules exclusively on Oxytropis ochrocephala. Wang et al. 

(2011) isolated four distinct rhizobia from root nodules of Phaseolus vulgaris, 

Mimosa pudica and Indigofera spicata in Yunnan. Using cross-nodulation 

tests, 16S rRNA and housekeeping genes analysis they identified the new 

type species Rhizobium vallis CCBAU 65647T with wide host range. 

Combination of cross nodulation tests with other phenotypic and genotypic 

analysis is now commonplace in the characterization of new rhizobia isolates 

and in studying the diversity of these new isolates vis-à-vis other species and 

biovars. Diouf et al. (2010) studied a group of Mesorhizobium strains isolated 

from Acacia seyal in different regions of Senegal.  Cross inoculation studies 

of these isolates on their original host and six other woody legumes showed 

that the isolates had a broad host range and hence had the potential to be 

developed as inoculants. Woody legume symbioses in Africa were also 

studied by Degefu et al. (2011). Eighteen Mesorhizobium isolates were 

obtained from nodules of Acacia abyssinica, A. senegal, A. tortilis and 

Sesbania sesban in Ethiopia. Based on 16S rRNA, these isolates were 

divided into three groups. Cross-nodulation tests showed that, regardless of 
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their genotypic groups, rhizobia-legume symbiosis could be observed using 

these isolates against other common woody legumes in the area. Degefu et al. 

(2012) indicated these results were in line with their nodC analysis. This 

suggested that the selection of the legume host was dictated to a greater 

extent by the plasmid borne symbiotic genes compared to the chromosomal 

genes.  In a second project carried out in Southern Ethiopia, Degefu et al. 

(2012) demonstrated using nodulation tests showed their Ensifer isolates 

were able to nodulate their original hosts and other closely related legumes. 

The studies suggest that these broad host-range isolates were of value in 

commercial inoculant selection. The legume Millettia pinnata was found to 

have broad symbiosis forming ability similar to rhizobia isolated by Rasul et al. 

(2012) from India.  Isolates from this legume were identified to be highly 

diverse in both genetic analysis (16S rRNA, housekeeping and nodulation 

genes) and phenotypic studies (substrate utilization). However, nodulation 

tests showed these isolates could form symbiosis with different types of 

legumes, including crop and woody legumes. They indicated that isolates 

from M. pinnata, like the African isolates, had significant value in agricultural 

use. 

These broad-host-range rhizobia isolates identified by studies above can not 

only benefit local agriculture by promoting plant growth, but also can be used 

as an important participant of ecological restoration process. Beyhaut et al. 

(2013) indicated that legumes were the key component of nitrogen-limited 

prairie ecosystems. The shortage of legume plants in certain prairie areas 

could be overcome by inoculating the legumes in the area by the use of 

suitable rhizobia strains. Their suggestion was to select legumes and study 

the local soil conditions, and then find out rhizobia strains to inoculate thus 

allowing them to nodulate their hosts continually.  

As is demonstrated in the literature cited above, cross-nodulation tests are an 

important method in rhizobia investigation and have been used in many 

studies. The main aim of the test is to identify suitable host plants for rhizobial 

strains, or to clarify the nodulation ability of test rhizobia on the target plants.  

2.1.2. Metabolic profiling using the Biolog GN2 MicroPlates : 

The phenotype of a bacterium plays a significant role in the classification of 

bacteria. Phenotypic characteristics can reflect the diversity among species. 
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Ramirez-Bahena et al. (2008) and Tian et al. (2008) have used phenotypic 

differences to describe new species of Rhizobium. Hence, studying the 

phenotypes of the strains to be used in the study was seen as a logical line of 

investigation.  

The clustering of strains using the phenotype data can be compared to 

phylogenetic clustering using sequence data of a core gene like celC to check 

for similarities and differences in the clustering patterns from two diverse 

methods. The celC gene phylogenetic tree has been demonstrated to have 

the ability to distinguish between rhizobial strains. The differences in the 

clustering patterns give an idea of the relative difference between the genetic 

and phenotypic behaviour of the strains. 

The type strains from different species will be used in a systematic phenotype 

test. The aim of this test is to look for obvious difference among these type 

strains in substrate utilization. The phenotypes of the test strains were studied 

using metabolic fingerprinting technology from Biolog Inc. The GN2 Biolog 

plates were used in this study to obtain a metabolic fingerprint of the species. 

The system uses a patented redox chemistry that responds to metabolism i.e. 

respiration rather than to metabolic by-products. The system works as a 

universal reporter of metabolism and simplifies the testing process as colour 

developing chemicals do not have to be added.  

The Biolog plate has 96 wells containing a dehydrated mixture of the redox 

dye tetrazolium violet, a buffered nutrient medium, a gelling agent and a 

different carbon source in each well except one which serves as a blank 

(Figure 2.1). The wells are hydrated by inoculating a suspension of the test 

bacterium. The plates are incubated (usually 24-48 hours) and read to 

determine substrate utilization. If the carbon substrate is utilized the dye in the 

well turns purple; if it not utilized, the dye remains colourless. The reduced 

formazan dye is insoluble and settles at the bottom of the well forming a 

purple lawn at the bottom which is clearly visible to the naked eye. A visually 

distinct pattern of purple wells forms for different microbes. The pattern is 

called the "metabolic fingerprint" of the test bacterium (Bochner, 1989).  
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Figure 2.1. Biolog GN2 MicroPlate - Gram Negative Identification Test Panel : Carbon substrates included in the Biolog GN2 plate. 
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Recent descriptions of new species of rhizobia use both genotypic and 

phenotypic methods. The convenience of the Biolog GN2 plate makes it an 

easy and simple method to carry out phenotype studies.  

Rhizobium borbori was described by Zhang et al. (2011) based on 

housekeeping genes, DNA-DNA hybridization and metabolic studies using 

Biolog plates. The type strain DN316T was compared with other new type 

strains in the study. Rhizobium pusense was described by Panday et al. 

(2011). Biolog GN2 plates were used to compare the substrate utilization 

pattern of the type strain NRCPB10T with those of other recognizable closely 

related type strains. These characters were used to characterise them and 

the new species were described. Similarly, work by Bibi et al. (2012) 

describing Rhizobium halophytocola also compared the Biolog GN2 plate 

data between the type strain of this species, YC6881T, and the type strains of 

other closely related species. Different utilization patterns supported the 

definition of new species.  

Rhizobia which are isolated from unusual environments normally show 

different substrate utilization patterns. Zhang et al. (2012) isolated two 

rhizobial strains from oil-contaminated soil. 16S rRNA analysis suggested the 

two strains should form a new species. Biolog GN2 plate data confirmed this 

hypothesis and thus they were named Rhizobium petrolearium. Two rhizobial 

isolates isolated from beach sands were confirmed to belong to a new 

species, which was later named Rhizobium subbaraonis (Ramana et al., 

2013), based on evidence that included DNA-DNA hybridization and Biolog 

GN2 study. 

Strains of a new species, Rhizobium azibense, were isolated from common 

bean (Phaseolus) by Mnasri et al. (2014), and housekeeping genes analysis, 

DNA-DNA hybridization and Biolog GN2 and GP2 plates were all used to 

define them. Two species from rice plants, Rhizobium rhizoryzae and 

Rhizobium straminoryzae were described by Zhang et al. (2014) and Lin et al. 

(2014), respectively, using similar methods including Biolog GN2 plates. 

Biolog GN2 plates were also applied to compare different rhizobia for in-depth 

studies.  

Marek-Kozaczuk et al. (2013) found that Rhizobium pisi sv. trifolii K3.22, 

although 16S rRNA and housekeeping genes analysis indicated that it 
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belonged to R.pisi due to similarity with R. pisi DSM30132T, possessed biovar 

trifolii-like nodulation genes and showed differences in Biolog GN2 data with 

its type strain. This suggests symbiotic plasmids transfer between symbiovars 

viciae and trifolii.  

Another study on Rhizobium leguminosarum bv. trifolii was conducted by 

Stasiak et al. (2014). They created Rhizobium leguminosarum bv. trifolii TA1 

derivatives by curing each of its symbiotic plasmids, and Biolog GN2 data 

showed that all derivatives had metabolic deficiencies. Their results implied 

that all these symbiotic plasmids played an important role in the growth and 

metabolism of rhizobia and possible cooperation between plasmids to support 

the phenotypic and symbiotic properties of rhizobia. 

This work studies the metabolic differences between the different species and 

biovars of rhizobia. The data obtained from the phenotype analysis will be 

used for clustering the strains using UPGMA to study the similarities and 

differences in their metabolic patterns of substrate utilization.  

Work in this chapter aims to validate the rhizobia strains which would be used 

for further study. For the nodulation tests, it is expected that all the biovar 

viciae strains and isolates will nodulate plants form the genus Vicia and other 

closely related plants forming pink, healthy, effective nodules. Rhizobial 

strains from other biovars are not expected to form symbioses with the test 

host plants. Since strains that are closely related are expected to be 

metabolically similar, the study using the Biolog GN2 MicroPlate system is 

predicted to show that the clustering of strains using the metabolic data will 

closely match their clustering using sequence data. 

2.2. Materials and methods 

2.2.1. Strains used in this study 

A total of fifteen strains were used in this study. Six of the fifteen strains were 

type strains of different species or biovars of Rhizobium. Eight field strains 

from Vicia plants were included in the study. Of the eight field strains, two 

strains were isolated in Sweden, three strains were isolated in Scotland while 

the remaining three strains were from a field adjacent to Wentworth College, 

University of York. The strains were selected to check host specificity and 

metabolic differences in the population.  
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The type strains have been described in literature and were maintained as 

glycerol stocks within the lab. Field strains from Sweden were kindly provided 

by Osei Ampomah from the Swedish University of Agricultural Sciences, 

Sweden (OYAVB 169.1 and OYAVB296.5) while the field strains from 

Scotland were kindly provided by Dr. Euan James of The James Hutton 

Institute, Scotland (S25, S34 and S36). The three VSX field strains used in 

the study (VSX11, VSX26 and VSX 36) were available within the research 

group as isolates obtained for a population genomics project conducted at the 

University of York. The strains were sequenced using the 454 

pyrosequencing technology from Roche. The data from sequencing was used 

for my study. The strains were used in this study and the relevant information 

is listed in Table 2.1. 

2.2.2. Study of host-specificity / host range using nodulation test 

In order to assess the potential host-range of the test strains their host-

specificity was studied using the host plants Vicia sativa, Vicia cracca, Pisum 

sativum and Lathyrus pratensis. 

2.2.2.1. Selection of host plants for the assay 

Vicia sativa ssp. segetalis, Vicia cracca, Pisum sativum (variety 'Douce 

Provence') and Lathyrus pratensis were selected as the host plants to 

study the host-specificity or host-range of the test strains. The seeds for 

the plants used in the nodulation tests for determining host-specificity 

were purchased from Emorsgate Seeds (Norfolk, UK).  

2.2.2.2. Strains used in the assay 

All the strains listed in Table 2.1 were included in studying their host-

specificity using nodulation test. 
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Table 2.1. Type strains and Field strains used in this study.  

* = sequence data maintained in the University of York BLAST database. 

Strain name Species Biovar Strain Type Host Described by Genome data 

USDA 2370
T
 

Rhizobium 
leguminosarum 

viciae Type Strain P. sativum Ramirez-Bahena et al. (2008) Partial 

DSM 30132
T
 

Rhizobium 
pisi 

viciae Type Strain P. sativum, V. sativa Ramirez-Bahena et al. (2008) Partial 

CCBAU 33202
T
 Rhizobium fabae viciae Type Strain 

V. faba , P. sativum and 
Lathyrus species 

Tian et al. (2008) Partial 

ATCC 14482
T
 

Rhizobium 
phaseoli 

phaseoli 
 

Type Strain P. vulgaris Ramirez-Bahena et al. (2008) Partial 

CIAT 899
T
 Rhizobium tropici 

not 
available 

Type Strain 
P. vulgaris, L. esculenta 

and L. leucocephala 
Martínez-Romero et al. (1991) 

Fully sequenced (Ormeno-
Orrillo et al., 2012) 

CFN 42
T
 

Rhizobium 
etli 

phaseoli Type Strain P. vulgaris Segovia et al. (1993) 
Fully sequenced 

 (Brom et al., 2000) 

Swedish strain 
OYAVB 169.1 

Rhizobium 
leguminosarum 

viciae Field Strain V. cracca Not available 
Partial 

VCS_3* 

Swedish strain 
OYAVB 296.5 

Rhizobium 
leguminosarum 

viciae Field Strain V. cracca Not available 
Partial 

VCS_4* 

Scottish strain 25 
(S25) 

Rhizobium 
leguminosarum 

viciae Field Strain V. faba Not available Not available 

Scottish strain 34 
(S34) 

Rhizobium 
leguminosarum 

viciae Field Strain V. faba Not available Not available 

Scottish strain 36 
(S36) 

Rhizobium 
leguminosarum 

viciae Field Strain V. faba Not available Not available 

Wentworth strain 
VSX11 

Rhizobium 
leguminosarum 

viciae Field Strain Vicia sativa Not available Partial 

Wentworth strain 
VSX26 

Rhizobium 
leguminosarum 

viciae Field Strain Vicia sativa Not available Partial 

Wentworth strain 
VSX36 

Rhizobium 
leguminosarum 

viciae Field Strain Vicia sativa Not available partial 
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2.2.2.3. Preparation of medium for plant growth 

The plants used in the nodulation competition assay were grown using 

sterile vermiculite as the supporting medium. The bigger plants, viz. 

Pisum sativum, were grown in 250 ml Pyrex borosilicate Erlenmeyer 

flasks containing 150 ml vermiculite. The smaller plants, viz. Vicia sativa, 

V. cracca, and L. pratensis were grown in 60 ml Pyrex borosilicate tubes 

containing 30 ml vermiculite.  

Before planting, the flasks and tubes containing vermiculite were plugged 

with cotton wool and autoclaved at 15 psi in an autoclave 121OC for 20 

minutes and allowed to cool. The cooled vermiculite was moistened with 

sterile Fahraeus N-free liquid medium (70 ml per flask and 14 ml per tube) 

(Vincent, 1970). The flasks and tubes were covered with sterile film and 

stored in the cold room until further use. 

2.2.2.4. Preparation of seeds for growth 

The seeds were washed with multiple rinses of tap water and left to 

imbibe in tap water for 24 hours. After imbibition the seeds were again 

rinsed with tap water. The seeds were then surface sterilized with 70% 

ethanol for 1 minute. The ethanol was removed and the seeds were 

rinsed with sterile distilled water. The seeds were then treated with 3% 

hydrogen peroxide for 1 minute. The peroxide was removed and the 

seeds were washed with seven changes of sterile distilled water.  

A small number of seeds were transferred to TY and nutrient agar plates 

to check for efficiency of sterilization (Burton et al., 1984, Somasegaran 

and Hoben, 1994, Vincent, 1970). The remaining seeds were for 

germination as described in section 2.2.2.6. 

2.2.2.5. Preparation of test cultures 

A loopful of the test cultures from glycerol stock culture was streaked on 

normal sterile TY agar plate. The plates were incubated overnight at 

28OC. A single colony from each plate was transferred to appropriately 

labelled 50 ml Corning polypropylene tubes containing 25 ml of sterile 

liquid TY medium. The tubes were vortexed briefly to disperse the 

cultures and then incubated at 28OC on a rotary shaker at 150 rpm for 24 
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hours. The cultures were centrifuged at 4000 rpm at 20OC for 10 minutes, 

washed twice in physiological saline, and resuspended in physiological 

saline to A600 = 0.1 (Burton et al., 1984, Moawad and Bohlool, 1984). 

2.2.2.6. Seed germination, inoculation and planting 

The sterilized seeds were placed in a sterile beaker containing a sterile 

moist tissue paper and incubated at room temperature until the seeds 

germinated and showed presence of a radicle. Seeds with clean and 

healthy radicles were separated from the non-germinating seeds and 

seeds with unhealthy radicals. The clean, germinating seeds were 

washed again with multiple rinses of sterile water in sterile beakers and 

used for the bacterial inoculation stage in the assay. 

The cleaned sterile seeds were then placed in the prepared bacterial 

cultures for 20 minutes so that the bacteria adsorb on the seed surface. 

Four seeds were used per test culture (replicates) (Lei et al., 2008). The 

seeds were then transferred to their respective growth container (flask / 

tube) in a laminar hood using sterile forceps. The seed was placed such 

that the radicle was embedded in the vermiculite. The seed was covered 

with a small amount of sterile vermiculite and the neck of the flasks and 

tubes were plugged with sterile cotton wool (Vincent, 1970). 

Four positive and four negative control replicates were also set up for the 

assay. The plants included in the positive and negative control were not 

inoculated with any bacterial culture. However, the plants included in the 

positive control were watered with sterile Fahraeus medium containing 

0.05% potassium nitrate as the nitrogen source (Zézé et al., 2001). The 

plants included in the negative control were watered regularly with sterile 

nitrogen-free Fahraeus medium. 

2.2.2.7. Plant growth and harvesting 

The inoculated flasks and tubes containing the inoculated seeds were 

transferred to controlled temperature plant growth room. The room had a 

light cycle of 16 hour at 22OC and dark cycle of 8 hour at 18OC. Initially, 

the plants were watered using Fahraeus medium every three days; the 

frequency was increased when the growing plants lost moisture rapidly by 

transpiration drying out the vermiculite. 
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The plants were grown for five to seven weeks before harvesting. The 

time of harvesting was different for each plant since they grow at different 

rates. The harvesting was done just before the plants started flowering 

since the nodules start to senesce when flowering begins.  

For harvesting, the vermiculite was carefully poured out of the flasks / 

tubes and the plant removed gently. The vermiculite adhering to the roots 

was dislodged by immersing the roots in warm water and removing the 

vermiculite with a brush. The entire plant was then rinsed in two changes 

of clean water. The washed plants were gently pat-dried using soft tissue 

paper and observed for presence of nodules on the roots (Moschetti et al., 

2005). 

2.2.3. Study of metabolic diversity using Biolog GN2 MicroPlates 

The metabolic diversity of the test strains was studied using the Biolog GN2 

MicroPlates. The plates contain a variety of carbon sources which can be 

used to assess metabolic diversity of bacteria as described in Section 2.1.2. 

2.2.3.1. Strains used in the assay 

Only the type strains listed in Tables 2.1 were included in the study of 

metabolic differences using the Biolog GN2 Microplate system. 

2.2.3.2. Growth of test cultures 

A loopful of test culture from glycerol stock was streak-plated on a sterile 

Tryptone-Yeast extract (TY) agar plates and incubated at 28OC for 48 

hours. A heavy inoculum from the plate was transferred to a fresh sterile 

TY agar plate and incubated at 28OC for 24 hours. 1 ml of physiological 

saline was added to the incubated plate and the bacterial growth was 

dislodged from the plate and brought into suspension using a thin, sterile, 

flexible inoculation loop. The suspension was pipetted into a sterile 2 ml 

Eppendorf tube. Additional 1 ml of physiological saline was added to the 

TY agar plate and the plate was swirled to collect the bacteria adhering to 

the plate. This washing, too, was transferred to the Eppendorf tube. 

The suspension was vortexed for 15 seconds to break up clumps of 

bacteria and then centrifuged at 13,000 rpm for 5 minutes on a bench-top 
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centrifuge. The supernatant was discarded and the pellet washed with two 

changes of physiological saline. The bacteria were then suspended in 1 

ml of physiological saline and vortexed again for 15 seconds. Small 

aliquots of the culture were added to 20 ml of sterile physiological saline 

to get an inoculum density of A610 = 0.1 as read on an ELISA reader 

(Thermomax, Thermo Scientific) using sterile saline as blank (Lad, 2013). 

2.2.3.3. Inoculation and incubation of Biolog plates 

150 μl of the inoculum was added to each well of the Biolog plate using 8-

channel multi-tip pipette. The culture was thoroughly mixed with the 

dehydrated substrate and dye in the well by gently pipetting the culture up 

and down to ensure resuspension and even distribution of the 

components. Two replicates were set up per test strain. After inoculation, 

the plate was covered with its lid and sealed along edges with Parafilm® 

to prevent drying of peripheral wells. Parafilm® has high oxygen 

permeability and low permeability to water vapour and hence would not 

affect oxygen diffusion into the plate and in turn, the growth of bacteria. 

The plates were incubated for 48 hours at 28OC in an incubator. 

2.2.3.4. Reading the plates 

After incubation, the plates were read at 590 nm on an ELISA reader 

(Thermomax, Thermo Scientific). The absorbance value from the well A1, 

not containing a carbon substrate but imbibed with the dye functioned as 

the blank. The absorbance value of A1 was subtracted from all the other 

wells to obtain the corrected absorbance. The results were printed and 

the values were manually keyed into a Microsoft Excel 2010 spreadsheet. 

2.2.3.5. Analysis  

The results of the Biolog metabolic fingerprinting experiments were 

analysed to look for patterns in the utilization of substrates. The strains 

and substrates were clustered using UPGMA and Principal Coordinate 

Analysis (PCoA) using statistiXL and R programming language 

respectively.  

UPGMA is a method of hierarchical clustering that clusters entities by 

agglomeration based on pairwise similarities of variables, assuming a 
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constant rate of change (Sokal et al., 1958). The analysis generates a 

similarity (or dissimilarity) matrix which is then used to generate a rooted 

tree or dendrogram. Clusters that are most similar (or least distant) are 

combined into a higher-level cluster. This method is used to study 

relationships between phenotypes by creating ‘phenetic trees’ or 

‘phenograms’ (Legendre and Legendre, 2012).  

PCoA is also a method to explore and visualize similarities or 

dissimilarities in data. It starts with a similarity matrix or dissimilarity matrix 

(i.e. a distance matrix) and assigns each item a location in a low-

dimensional space. Applying UPGMA and PCoA to Biolog data will 

assess the similarity in the phenotypic characteristics of the test strains.  

The clustering of strains using the phenotype data can be compared to 

phylogenetic clustering using sequence data of the celC gene to check for 

similarities and differences in the clustering patterns using the different 

approaches. The celC clustering was performed using clustalX alignment 

and SplitsTree software. 

In order to investigate the genetic basis for variation in the utilization of 

sugars a third analysis was carried out. The genes and enzymes involved 

in the utilization of sugars were identified using the KEGG PathComp tool 

(http://www.genome.jp/tools/pathcomp/). A putative catabolic pathway 

was created for each sugar substrate. The gene sequences of the 

enzymes involved in sugar utilization in R. leguminosarum biovar viciae 

were downloaded from the NCBI gene database. The gene sequences 

were used to perform Local-BLAST and NCBI-BLAST to verify the 

presence of genes in the test strains for which equences were available.  

2.3. Results 

The results of the investigation into the host-specificity and metabolic diversity of 

the rhizobium type strains and field strains is presented in this section. 

2.3.1. Study of host-specificity / host range using nodulation test 

The host-specificity / host-range of strains from different species and 

biovars of the genus Rhizobium were investigated. A nodulation test using 

the test strains was performed to see if they had the ability to form 
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nodules on select plants from the genus Vicia and the closely related 

genera Pisum and Lathyrus.  

Table 2.2. Results of study to determine the host-specificity / host range of the 

test isolates on test host plants in terms of presence (+) or absence (-) of nodules 

on the plants used in the experiment.  

 
Vicia 
sativa 

Vicia 
cracca 

Pisum 
sativum 

Lathyrus 
pratensis 

R. leguminosarum USDA 2370 + + + + 

R. pisi DSM30132 + + + + 

R. fabae CCBAU 33202 + + + + 

R. phaseoli ATCC 14482 - - - - 

R. tropici CIAT 899 - - - - 

R. etli CFN42 - - - - 

OYAVB296.5 + + + + 

OYAVB169.1 + + + + 

S25 + + + + 

S34 + + + + 

S36 + + + + 

VSX11 + + + + 

VSX26 + + + + 

VSX36 + + + + 

R. leguminosarum 3841 + + + + 

Positive control - - - - 

Negative control - - - - 

Twelve of the fifteen test strains formed large and pink effective nodules 

on the primary or upper lateral roots as described in “Legume Inoculants 

and Their Use” (1984).  The three strains that did not form nodules on any 

of the test plants were R. phaseoli ATCC 14482, R. tropici CIAT 899 and 

R. etli CFN42. This is unsurprising as the test plants are not their native 

host plants (Table 2.2).  

There is no report in the literature claiming to have isolated strains of 

these three species from plants of the genus Vicia, Pisum or Lathyrus. 
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Similar observations on host-range or host-restriction have been reported 

before by Mutch and Young (2004) and Zézé et al. (2001). 

2.3.2 Study of metabolic diversity using Biolog GN2 MicroPlates 

The absorbance data of the Biolog plates from the ELISA reader were 

converted into binary format, with ‘1’ representing the ability of a strain to 

utilize the substrate and ‘0’ representing the inability of the strain to utilize 

the substrate.  

The utilisation of the substrate was visually verified by checking for the 

presence of reduced tetrazolium dye precipitate at the bottom of the 

microtitre plate wells since exopolysaccharide formed by the bacteria 

increased absorbance values. 

Figure 2.2. shows the appearance of the Biolog GN2 Microplate results 

for the six type strains after incubation for 48 hours and Table 2.3. shows 

the variation in the utilisation of sugars in the six type strains of Rhizobium 

used in the study. 

The results of the Biolog analysis showed that a number of substrates 

were not utilized by many test strains. For example, from Table 2.3 it is 

seen that even the utilization of common sugars included in the Biolog 

GN2 MicroPlate varied considerably. R. pisi DSM30132 and R. fabae 

CCBAU33202 can use most sugar substrates in the GN2 plate whereas 

R. leguminosarum USDA2370, R. tropici CIAT899 and R. etli CFN42 can 

use several common sugars like D-Fructose and D-Glucose. However, R. 

phaseoli ATCC 14482 is different from others since it cannot utilize any of 

the common sugars. 

The results of R. phaseoli ATCC 14482 prompted an investigation into the 

genetic constitution of the strain to search for an explanation into its 

inability to utilize the common sugar substrates. Using the KEGG pathway 

and PathComp tools, putative pathways for sugar catabolism were 

identified. The genes corresponding to the enzymes involved in these 

pathways were located in Rlv. 3841 and the sequences of these genes 

were used to identify the presence of homologous genes in R.phaseoli 

ATCC 14482. An example of such a putative pathway for glucose 

utilization is shown in Figure 2.3.  
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R. leguminosarum R. pisi 

  

R. fabae R. phaseoli 

  

R. tropici R. etli 

  

Figure 2.2. Appearance of Biolog plates after inoculating and culture for 48 hours 
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Table 2.3. Biolog sugar utilization test results (For substrate legends see Figure 2.1 (Page 42)) 

 
A7 A8 A9 A10 A11 A12 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

R. leg USDA2370 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 1 1 1 0 0 1 0 0 0 1 1 0 0 

R. pisi DSM30132 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

R. fabae CCBAU33202 0 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 

R. phaseoli ATCC14482 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

R. tropici CIAT899 0 0 0 1 1 1 0 1 1 0 0 1 0 1 0 1 1 1 0 1 0 0 1 1 1 1 1 1 

R. etli CFN42 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 0 1 1 0 1 0 0 1 1 1 1 1 1 

Rlv. 3841 0 0 1 1 1 1 1 1 1 0 0 1 0 1 0 1 1 1 0 1 1 1 1 1 1 1 1 1 

S25 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 0 

S34 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 0 1 1 1 1 1 0 

S36 0 0 1 1 1 1 1 1 1 1 0 1 0 1 0 1 1 0 0 1 1 0 1 1 1 1 1 0 

OYAVB169.1 0 0 1 0 1 1 0 1 1 0 0 1 0 1 0 0 1 0 0 0 1 0 1 1 1 1 1 0 

OYAVB296.5 0 0 1 1 1 1 0 1 1 0 0 1 0 1 0 1 1 0 0 1 1 0 1 1 1 1 1 0 

VSX11 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0 1 0 1 1 1 1 1 1 

VSX26 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

VSX36 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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Figure 2.3. Putative pathway for glucose metabolism to pyruvate in Rlv. 3841. 

The genes encoding the enzymes involved in metabolism of glucose in Rlv. 

3841 have been characterised. The information about the genes predicted to 

be involved in glucose utilization in Rlv. 3841 according to the putative 

pathway is listed in Table 2.4. Some of the enzymes are coded by more than 

one gene. The data was obtained from NCBI-BLASTn search. 

The gene sequences of the genes listed in Table 2.4 were used to search for 

homologous genes in the test strains for which complete or partial genome 

data was available. It was observed that some strains carried all the genes 

involved in the metabolic pathway of the substrates. Other strains lacked one 

or more genes required for catabolism of the substrate. For example, all the 

genes required for utilization of glucose were present in CFN42, WSM1325, 

WSM2304, VSX11, VSX26, VSX36, OYAVB169.1 and OYAVB 296.5.  

All the strains tested using the Biolog plates could utilize glucose, except R. 

phaseoli ATCC 14482 (Table 2.3). The results of the BLAST search for the 

presence of glucose utilization genes showed that the fully sequenced strains 

- R.etli CFN42T, R. leguminosarum WSM1325 and WSM2304 have genes for 

encoding all the enzymes of the putative pathway for glucose utilization. The 

field strains VSX11, VSX26, VSX36 from Wentworth and OYAVB169.1 and 

OYAVB 296.5 from Sweden were also found to have all the genes for glucose 

metabolism. Genome data for the three Scottish strains was not available and 

hence they could not be tested for the presence of genes (Table 2.5). 
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Table 2.4. List of genes encoding enzymes involved in the putative pathway for glucose utilization along with its relevant details. 

Gene/Enzyme 
Description 

Symbol GeneID 
Locus 
Tag 

From To Product 
EC 

Number 
Reaction 
Number 

Substrate 
(C Number) 

KEGG Database 

Product 
(C Number) 

KEGG Database 

glucokinase glk 4400349 RL0182 217115 218140 YP_765787.1/ 
YP_764551.1 2.7.1.2 R01786 alpha-D-Glucose 

(C00267) 

alpha-D-Glucose 6-
phosphate 
(C00668) 

glucose-6-phosphate 
isomerase pgi 4402124 RL0504 541877 543559 YP_766113.1 5.3.1.9 R02739 

alpha-D-Glucose 6-
phosphate 
(C00668) 

beta-D-Glucose 6-
phosphate 
(C01172) 

aldose 1-epimerase galM 4401803 RL4605 4893131 4894141 YP_770169.1 5.1.3.3 R01602 alpha-D-Glucose 
(C00267) 

beta-D-Glucose 
(C00221) 

glucose-6-phosphate 1-
dehydrogenase zwf 4401982 RL0753 803477 804952 YP_766363.1 1.1.1.49 R02736 

beta-D-Glucose 6-
phosphate 
(C01172) 

D-Glucono-1,5-
lactone 6-phosphate 

(C01236) 

glucose-6-phosphate 1-
dehydrogenase zwf 4401983 RL1315 1378039 1379547 YP_766921.1 1.1.1.49 R02736 

beta-D-Glucose 6-
phosphate 
(C01172) 

D-Glucono-1,5-
lactone 6-phosphate 

(C01236) 

glucose-6-phosphate 1-
dehydrogenase pRL120561 4398348 pRL120561 611772 613238 YP_765066.1 1.1.1.49 R02736 

beta-D-Glucose 6-
phosphate 
(C01172) 

D-Glucono-1,5-
lactone 6-phosphate 

(C01236) 

6-
phosphogluconolactonase pgl 4402126 RL0752 802768 803466 YP_766362.1 3.1.1.31 R02035 

D-Glucono-1,5-
lactone 6-phosphate 

(C01236) 

6-Phospho-D-
gluconate 
(C00345) 

6-phosphogluconate 
dehydratase edd 4401542 RL0751 800868 802691 YP_766361.1 4.2.1.12 R02036 

6-Phospho-D-
gluconate 
(C00345) 

2-Dehydro-3-deoxy-
6-phospho-D-

gluconate 
(C04442) 

keto-hydroxyglutarate-
aldolase/keto-deoxy-
phosphogluconate 

aldolase 

eda 4401541 RL4162 4410279 4410917 YP_769737.1 4.1.2.14 R05605 

2-Dehydro-3-deoxy-
6-phospho-D-

gluconate 
(C04442) 

D-Glyceraldehyde 3-
phosphate 
(C00118) 
pyruvate 
(C00022) 
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glyceraldehyde-3-
phosphate 

dehydrogenase 
gap 4401804 RL4007 4234629 4235639 YP_769584.1 1.2.1.12 R01061 

D-Glyceraldehyde 3-
phosphate 
(C00118) 

3-Phospho-D-
glyceroyl phosphate 

(C00236) 

phosphoglycerate kinase pgk 4402125 RL4011 4239030 4240235 YP_769588.1 2.7.2.3 R01512 
3-Phospho-D-

glyceroyl phosphate 
(C00236) 

3-Phospho-D-
glycerate 
(C00197) 

phosphoglyceromutase gpmA 4402944 RL0179 213683 214318 YP_765784.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphoglyceromutase gpmB 4402945 RL0954 1028003 1028584 YP_766566.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphoglyceromutase gpmB 4402946 RL1010 1093702 1094292 YP_766621.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphoglyceromutase RL2665 4400179 RL2665 2813734 2814483 YP_768249.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphoglyceromutase RL2997 4399156 RL2997 3161952 3162581 YP_768580.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphoglyceromutase RL3898 4403643 RL3898 4126413 4126967 YP_769476.1 5.4.2.1 R01518 
3-Phospho-D-

glycerate 
(C00197) 

2-Phospho-D-
glycerate 
(C00631) 

phosphopyruvate 
hydratase eno 4401545 RL2239 2360835 2362109 YP_767833.1 4.2.1.1 R00658 

2-Phospho-D-
glycerate 
(C00631) 

Phosphoenolpyruvate 
(C00074) 

pyruvate kinase pykA 4399238 RL4060 4288486 4289925 YP_769637.1 2.7.1.40 

R00200 
R01138 
R00430 
R01858 
R02320 

Phosphoenolpyruvate 
(C00074) 

Pyruvate 
(C00022) 
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Table 2.5. Presence of putative enzymes of glucose metabolism in test strains 

analysed using BLAST and gene sequence of Rlv. 3841 as query sequences. 

Key (+) = gene present, (-) = gene absent 

The genes for which partial sequence data is available were found to be 

lacking some of the genes involved with glucose metabolism. The fact that 

the strains can still utilize glucose may reflect upon the quality of the 

Enzyme 

R. 

leguminosaru

m USDA 2370 

R. pisi 

DSM30132 

R. fabae 

CCBAU 33202 

R. phaseoli 

ATCC 14482 

Glucose Utilization Yes Yes Yes No 

glucokinase + + + + 

aldose 1-epimerase + + + + 

glucose-6-phosphate 

isomerase 
+ - + - 

glucose-6-phosphate 

1-dehydrogenase 
+ + + + 

6-phospho 

gluconolactonase 
- - - - 

phosphogluconate 

dehydratase 
+ - + + 

KDPG aldolase + - + + 

glyceraldehyde-3-

phosphate 

dehydrogenase 

+ + - - 

phosphoglycerate 

kinase 
+ + + + 

phospho-

glyceromutase 
+ + + + 

phosphopyruvate 

hydratase 
+ + + + 

pyruvate kinase + - + + 



60 
 

sequence data which could have returned some false negative results. In the 

case of R. phaseoli ATCC 14482 the inability to use glucose as a carbon 

source could possibly be attributed to the missing genes in its genome. 

However, the results would have been more convincing if the genome data 

were more complete with better sequence coverage. R. leguminosarum 

USDA 2370, R. fabae CCBAU 33202 and R. phaseoli ATCC 14482 had a 

sequence coverage value of 3.9X while R. pisi DSM30132 had a sequence 

coverage value of 5X 

2.3.3 Analysis of Biolog results 

The results of the Biolog study were analysed to search for patterns in 

metabolism of carbon substrates. The analysis was carried out using the data 

from the entire Biolog GN2 MicroPlate. Since the strains showed a good 

amount of variation in the ability to utilize sugars, a second investigation was 

carried out using only the data from the metabolism of sugars.  

Two types of analysis were performed viz. Principal Coordinate Analysis and 

clustering of strains using UPGMA. The results of the analysis were 

compared with the clustering of strains in a network tree constructed using 

the celC gene sequence from the test strains. 

2.3.3.1. Clustering of strains using Principal Co-ordinates Analysis 

Figure 2.4. shows the clustering of strains using Principal Co-ordinate 

Analysis using the Biolog GN2 MicroPlate data. PCoA shows R.pisi DSM 

30132 and R.fabae CCBAU 33202 have more common preference for 

substrates than others. Moreover, R.phaseoli ATCC 14482 and R.etli 

CFN 42 are more similar based on substrates. 
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Figure 2.4. Principal Coordinate Analysis of Biolog data for the strains using (a) data from the 

metabolism of all substrates and (b) data from the metabolism of sugar substrates. 
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2.3.3.2. Clustering of strains using UPGMA 

Figure 2.5. shows the clustering of strains using UPGMA from the Biolog GN2 

MicroPlate data. 

 

 

Figure 2.5. UPGMA clustering of strains using Biolog data from (a) data from the 

metabolism of all substrates and (b) data from the metabolism of sugar substrates. 

2.3.3.3. Network tree of the celC gene : 

Robledo et al. (2011) recommended the use of celC gene as a new 

phylogenetic marker for the classification of rhizobia strains. In order to 

order to see similarities and differences between the clustering of strains 

using Biolog data with PCoA / UPGMA and phylogenetic clustering, a 

celC network tree was constructed. Comparisons were drawn from the 

clustering patterns obtained from these analyses. 
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Figure 2.6. Phylogenetic-network tree based on celC gene sequences of strains. 

Type strains (blue) Swedish strains (green), Scottish strains (red), VSX field 

strains (purple), Rlv. 3841 reference strain (black). 

On comparing the clustering patterns from the Biolog data and the celC 

data, it was seen that the strains R. pisi DSM30132 and R. fabae CCBAU 

33202 are closely related in both the analyses. Similarly, the strains R. 

phaseoli ATCC 14482 and R. etli CFN42 are closer to each other than 

others in both the analyses.  

R. tropici CIAT 899 is distant from any of the other species in sugar 

metabolism in PCoA analysis and in the celC tree. The strain R. 

leguminosarum USDA 2370 strain more closely resembles R. phaseoli 

ATCC 14482 and R. etli CFN42 than R. leguminosarum biovar viciae 

strain 3841 which, in fact clusters intimately with the Swedish strains.  

2.4. Discussion 

The strains to be used in the project were studied for their ability to nodulate their 

native and closely-related host plants. This was essential as it would give an idea 

of their host-range / host-specificity. This would also help in validating the strains 

as nodulation is an important criterion (rather, the only criterion) for validation of 

rhizobium isolates.  
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Twelve of the fifteen test strains formed large, pink, effective nodules on the 

primary or upper lateral roots as described in “Legume Inoculants and Their Use” 

(1984).  The three strains that did not form nodules on any of the test plants were 

R. phaseoli ATCC 14482, R. tropici CIAT 899 and R. etli CFN42. This is not 

surprising as the test plants are not native host plants for these three strains and 

hence were not expected to form nodules on the selected host plants. There is no 

report in literature claiming to isolate any of these three species from plants 

belonging to the genera Vicia, Pisum or Lathyrus and hence the results can be 

said to follow the current trends. The observations are in line with the 

observations of Mutch and Young (2004) who had performed similar cross-

nodulation tests and found that most biovar viciae isolates from the wild can form 

effective nitrogen-fixing nodules on these four plants (Mutch and Young, 2004, 

Zézé et al., 2001). All the bacterial strains belonging to biovar viciae which are to 

be used in the later part of the study have retained their ability to nodulate their 

native plant species. The validated isolates were now ready for use in the study. 

Using the results of the Biolog data in conjunction with the BLAST search results 

for the genes of the enzymes involved in the metabolism of sugars it was seen 

that a number of strains were not able to utilize the sugars because they lacked 

the key enzymes of the metabolic pathways. Using the example of glucose, it 

was observed that the four fully sequenced strains R. etli CFN42T, R. 

leguminosarum 3841, R. leguminosarum WSM1325 and WSM2304 possessed 

all the enzymes required for the catabolism of glucose. The BLAST results 

obtained from the other strains for which the genome data is not complete, it was 

found that although the strains were able to utilize glucose, they lacked some or 

many of the enzymes required for metabolising glucose, for example R. 

leguminosarum USDA2370T, R. pisi DSM30132T and R. fabae CCBAU33202T 

were expected to have genes coding for the enzyme 6-phosphogluconolactonase, 

which is an essential enzyme in the pathway from glucose to pyruvate, but in the 

BLAST results all the above strains were found to be lacking in the gene 

encoding this enzyme. A similar situation was seen in R. fabae CCBAU33202T for 

the gene encoding glyceraldehyde-3-phosphate dehydrogenase. The incomplete 

nature of the sequence data (or rather not being assembled into complete 

genome in terms of replicons) makes it difficult to explain the results of the Biolog 

test. It could be possible that the genes are present in the strain but because of 

poor coverage in those regions of the genome (3X - 5X), the BLAST search was 

not able to detect it and returned a false negative result. Alternately, it is also 
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possible that even though the sequence data is not assembled it is still reliable 

for BLAST search and that the BLAST results obtained are reliable. In such a 

scenario, the presence of isozymes (different enzymes catalysing the same 

reaction) cannot be ruled out. It is also possible that the metabolism of the sugar 

proceeds through a completely different pathway requiring a completely different 

set of enzymes. 

An interesting strain that stands out from the others in terms of sugar metabolism 

is R. phaseoli ATCC 14482. This strain was unable to metabolise any of the 

common sugars incorporated in the Biolog GN2 MicroPlate. The strain has also 

been noted to be poor in metabolizing pyruvate (Ramirez-Bahena et al., 2008). 

BLAST search for the genes involved in sugar metabolism indicate that some 

genes required for the metabolism of glucose and other common sugars were 

missing. For example, 6-phosphogluconolactonase and glyceraldehyde-3-

phosphate dehydrogenase, both essential in glucose metabolism, were absent in 

the BLAST results for R. phaseoli ATCC 14482T. Whilst this could be a possible 

reason for the inability to utilize sugars, the incomplete assembly of the sequence 

data once again casts doubt on the BLAST results. Hence, it would make an 

interesting project to study the metabolism of this strain in depth and investigate 

the abnormal metabolic pattern of this strain. 

The analysis of the Biolog results using PCoA and UPGMA to cluster data and 

comparison of this clustering with the clustering of strains using the phylogenetic 

network tree obtained using the sequence data of the celC gene shows some 

striking similarities in the clustering. The strains R. pisi DSM30132 and R. fabae 

CCBAU 33202 are closely related in both the analyses.  

Similarly, the strains R. phaseoli ATCC 14482 and R. etli CFN42 are closer to 

each other than others in both the analyses. R. tropici CIAT 899 is distant from 

any of the other species in sugar metabolism in PCoA analysis and in the celC 

tree. The strain R. leguminosarum USDA 2370 more closely resembles R. 

phaseoli ATCC 14482 and R. etli CFN42 than R. leguminosarum biovar viciae 

strain 3841 which, in fact, clusters intimately with the Swedish strains.  

To conclude, we can say that the strains used in the study have retained their 

host specificity. Their metabolic ability is diverse, yet there are patterns in the 

diversity. The following chapters in the thesis will focus on the differences 

between two biovars of R. leguminosarum, viz. biovar viciae and biovar trifolii.   
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CHAPTER 3 : DISTRIBUTION AND PHYLOGENETIC RELATIONSHIPS  

BETWEEN THE bvs GENES IN RHIZOBIA. 

3.1. Introduction 

The study of the host-specificity and metabolic differences amongst the members 

of the R. leguminosarum species complex in Chapter 2 showed that the members 

of the group vary considerably in their phenotypes. No clear distinction was seen 

between the members included in the species complex using results from 

metabolic fingerprinting or from nodulation tests. 

It is known that the ability of rhizobia to nodulate specific host plants is dictated 

by a set of genes called the nod or nodulation genes (located on the plasmid 

pRL10 in Rlv. 3841). The nod genes from different species differ in their 

sequence and these differences can be used to differentiate or identify different 

symbiovars of the R. leguminosarum species complex. Such an approach to link 

differences in genotype to the ability of the bacteria to establish symbiosis with 

specific host plants has been used in a study by Mutch and Young (2004) who 

showed that isolates from Vicia faba, which had a distinct nodD sequence, could 

nodulate a large number of other host plants that they tested. The host-range of 

some wild type strains whose genome sequences are known have been 

discussed by Rogel et al. (2011). 

We can speculate that, like the nod genes, there may be other genes that are 

exclusive to a species or a biovar. Hence, a comparative genomics approach 

could be used to search for differences between the members of the species 

complex. Such an approach was used in the analysis of genome sequences of 

strains from two biovars of R. leguminosarum. The analysis showed that there 

were five genes that were found exclusively in the biovar viciae isolates. None of 

the biovar trifolii isolates had these genes. Since these genes were specifically 

found in the biovar viciae, they were referred to ‘biovar viciae specific’ genes or 

bvs genes. 

In Rlv. 3841, the five bvs genes are found on the plasmid pRL8, the smallest 

plasmid in the strain (147,463 bp). Based on findings of sequence similarity, the 

five genes have been assigned putative functions. The arrangement of the five 

bvs genes on pRL8 and their direction of transcription are shown in Figure 3.1. 
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Figure 3.1. The arrangement of bvs genes on pRL8 in Rlv. 3841. 

The putative functions assigned to the five bvs genes are as follows : 

3.1.1. bvs1 (pRL80073) : Putative cysteine desulfurase (1206 bp) 

The enzyme cysteine desulfurase catalyses transfer of sulfur from L-cysteine 

to acceptor molecules. The enzyme forms a transient intermediate to form 

sulfane sulfur from which the sulfur is then transferred to the acceptor 

molecule. In some organisms like A. vinelandii, the enzyme can act on 

cysteine as well as selenocysteine to form alanine and precipitate elemental 

sulfur or selenium respectively (Mihara and Esaki, 2002, Mihara et al., 1997). 

In some rhizobial strains, cysteine desulfurase is encoded by nifS gene and 

increases the activities of both component proteins of nitrogenase, a complex 

metalloenzyme that contain iron and sulfur. Thus cysteine desulfurase, the 

product of nifS gene might play a key role in providing those two elements for 

metallocluster formation (Ribbe et al., 2013, Zheng et al., 1993). Nogales et al. 

(2002) found one mutant of Rhizobium tropici CIAT 899 that was less tolerant 

to saline and hyperosmotic media and the wild type of this strain carried a 

gene homologous to nifS. 

There is a nifS gene on the Rlv 3841 chromosome, whereas bvs1 is located 

on pRL8. Two genes may have same function without clearly defined roles. 

However, it is possible that the NifS gene may be functional in metabolism 

while bvs1 may have a role in symbiosis. 

3.1.2. bvs2 (pRL80074) : LysR family transcriptional regulator (921 bp) 

The LysR-Type Transcriptional Regulators (LTTRs) constitutes diverse family 

of oligomeric bacterial transcription factors first described by Henikoff et al. 

(1988). The family is perhaps the largest and the most common family of 

transcriptional regulators among prokaryotes with over 40,000 potential 

members (Knapp and Hu, 2010). The conserved structure of this family is an 

    bvs1       bvs2     bvs3      bvs4     bvs5 
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N-terminal DNA-binding helix–turn–helix motif and a C-terminal co-inducer-

binding domain (Cai et al., 2009). Although the structures and functions of this 

family are conserved, LTTRs are involved in regulation of a wide range of 

genes e.g. virulence, metabolism, quorum sensing and motility (Maddocks 

and Oyston, 2008). The bvs2 gene has been annotated as a LysR family 

transcriptional regulator, but the function has not been experimentally verified 

and the genes controlled by it are not known. 

3.1.3. bvs3 (pRL80075) : Putative endoribonuclease L-PSP (384 bp) 

Putative endoribonuclease L-PSP (liver perchloric acid soluble protein) is an 

enzyme that belongs to a large family of proteins present in bacteria, archaea, 

and eukaryotes. Oka et al. (1995) first reported the presence of a 136-amino 

acid perchloric acid-soluble (L-PSP) protein from rat-liver which inhibited 

protein synthesis. Because of its kinetics, they thought that it inhibited protein 

synthesis by inhibiting initiation of protein synthesis. Later studies showed 

that the protein exhibits endoribonuclease activity on single-stranded mRNA. 

Hence, it is now assumed that the enzyme may be involved in the inhibition of 

protein synthesis by cleavage of mRNA (Morishita et al., 1999).  

Homology studies of the protein shows that it belongs to a family of small 

proteins with presently unknown function, named YER057c/YjgF/UK114 

(Schmiedeknecht et al., 1996). Members of the YjgF family (renamed RidA) 

are enamine/imine deaminases. They hydrolyse reactive intermediates 

released by PLP-dependent enzymes, including threonine dehydratase 

(Lambrecht et al., 2012). In Bacillus subtilus, the enzyme has been shown to 

be involved in the regulation of purine synthesis (Rappu et al., 1999). YjgF 

also prevents inhibition of transaminase B (IlvE) in Salmonella enterica 

serovar typhimurium (Christopherson et al., 2012, Schmitz and Downs, 2004). 

However, the function of the enzyme in in rhizobia remains unknown. 

3.1.4. bvs4 (pRL80076) : Putative aliphatic nitrilase (1022 bp) 

The catalytic function of nitrilase is to convert nitrile compounds to their 

corresponding carboxylic acids and ammonia. Recently the functions of 

nitrilases in biological processes have been studied in detail. Their 

contribution to the interactions between plants and microorganisms are 

considerable. Howden and Preston (2009) indicated plant-associated 
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microorganisms may produce nitrilases to convert plant nitriles to carbon and 

nitrogen sources that they can use. Spaepen et al. (2007) studied bacteria 

that hydrolyse arylacetonitriles to produce auxin phytohormone indole-3-

acetic acid, which promote the growth of plants. 

In Rhizobium the bvs 4 gene may encode a nitrilase that influences the 

symbiosis since these enzymes may relate to interaction between host plants 

and rhizobia. These enzymes may contribute to defence, detoxification, 

nitrogen utilization and plant hormone synthesis. Some of them have been 

shown to increase tolerance of cyanide and nitrile. Sorghum plants store the 

cyanogenic glycoside dhurrin which is thought to act as a defence compound 

(Legras et al., 1990). In Trifolium, cyanogenesis had been reported by Conn 

(1979), who found cyanogenic glycosides could be synthesised by white 

clover and used by plants as defence against herbivores because of its 

toxicity. Furthermore, Collinge and Hughes (1982) studied the pathway of 

cyanogenesis in white clover during tissue damage and observed that 2-

hydroxy-2-methylpropanenitrile  and  2-hydroxy-2-methylbutanenitrile were 

synthesised by the plant as the aglycone  precursors of cyanogenic  

glucosides,  linamarin  and  lotaustralin. Olsen et al. (2008) studied the genes 

of cyanogenesis and molecular basis of cyanogenic polymorphism in white 

clover. Their findings suggested that the allotetraploid clover evolved from 

cyanogenic and acyanogenic diploid progenitors. Similar study in multiple 

species by Olsen et al. (2014) provided evidence for parallel evolution of 

adaptive biochemical polymorphisms through recurrent gene deletions. P. 

fluorescens SBW25 forms symbiosis with plants and promote its growth. The 

bacterium produces β-cyano-L-alanine nitrilase that enables it to tolerate toxic 

concentrations of nitriles (Howden et al., 2009). R. leguminosarum 3841 has 

a chromosomal nitrilase gene in addition to one on pRL8. It would be 

interesting to test for functional differences between the two nitrilase genes. 

3.1.5. bvs5 (pRL80077) : Putative Mo-binding oxidoreductase (990 bp) 

The bvs5 gene encodes a putative enzyme that belongs to the group of 

Molybdenum-binding oxidoreductases. More than 50 molybdoenzymes have 

been identified in bacteria. They are involved in a wide variety of 

transformation by enzymes of carbon, sulfur and nitrogen metabolism 

(Mendel and Bittner, 2006). Main members of this family are nitrate reductase 
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(NR) and sulfite oxidase (SO). SO catalyses the terminal reaction in oxidative 

degradation of the sulfur-containing amino acids. Assimilatory NRs catalyse 

the reduction of nitrate to nitrite. Known members of this family possess a 

single pterin cofactor and a cysteine ligand that catalyse transfer of oxygen to 

or from a lone pair of electrons on the substrate (Marchler-Bauer et al., 2013). 

Amongst the Wentworth isolates, the bvs genes were found only in the 

isolates from Vicia sativa i.e. biovar viciae strains. This biovar-specific 

distribution of genes posed a question – are these genes restricted to biovar 

viciae isolates from Wentworth only or are the genes found in biovar viciae 

isolates from other locations as well; while being excluded from other biovars 

of rhizobia. 

The distribution and phylogenetic relatedness of the bvs genes from type 

strains and field strains of Rhizobium belonging to different species and 

biovars is investigated in this part of the work. Based on the BLAST results in 

Wentworth strains, it is expected that all five bvs genes occur widely in biovar 

viciae strains but are rare in other biovars. Phylogenetic trees based on bvs 

genes are expected to show a clustering of rhizobial strains and isolates from 

same or similar host plants. 

3.2. Materials and Methods  

3.2.1. Test strains :  

Six type strains of Rhizobium from different species and biovars, eight field 

strains of Rhizobium leguminosarum biovar viciae and one reference strain 

(Rlv. 3841) were used to study the distribution of bvs genes. The type strains 

and field strains used in the study are listed in Tables 2.1 and 2.2 along with 

their relevant details (Pages 45 and 46 respectively). 

3.2.2. Investigating the distribution of bvs genes  

The distribution and diversity of bvs gene homologs in different sets of 

rhizobial strains was investigated. The sequence of bvs genes from the fully 

sequenced reference strain Rlv. 3841 (Young et al., 2006) was used as the 

query sequence for the investigations. Two approaches were used to detect 

the presence of the genes in the population viz. BLAST (Basic Local 

Alignment Search Tool) and PCR (Polymerase Chain Reaction).  
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3.2.2.1. Basic Local Alignment Search Tool  (BLAST) 

BLAST is a sophisticated, single most important software package in 

bioinformatics. It is a powerful, fast, reliable and flexible tool used for 

searching regions of similarity between sequences. The program was 

developed by Altschul et al. (1990) at NCBI (National Center for 

Biotechnology Information, part of the National Institutes of Health, a U.S. 

government-funded center for the curation and presentation of public 

biological knowledge. The BLAST program can be used to compare 

nucleotide or protein sequences to sequence databases and calculate the 

statistical significance of matches. BLAST can also be used to infer 

functional and evolutionary relationships between sequences as well as 

help identify members of gene families. 

BLAST can be used in five different ways : using the BLAST site on NCBI 

(http://blast.ncbi.nlm.nih.gov/), as an Application Programming Interface 

(API) using HTTP-encoded requests directed to the NCBI cgi-bin program 

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) on the NCBI web server, as a 

BLAST standalone application, as the BLAST+ remote service application 

or using the C++ Application Programming Interface (API).  In this study, 

the NCBI-BLAST and BLAST standalone applications were used. 

The BLAST searches can be grouped into two main categories : the basic 

BLAST search and the specialised BLAST search. There are five types of 

basic BLAST searches viz. nucleotide BLAST (BLASTn, to search 

nucleotide database using a nucleotide query set), protein BLAST 

(BLASTp, to search protein database using a protein query set), blastx (to 

search protein database using a translated nucleotide query), tblastn (to 

search translated nucleotide database using a protein query) and tblastx 

(to search translated nucleotide database using a translated nucleotide 

query). Based on the algorithm used there are many different sub-types of 

nucleotide BLAST and protein BLAST searches. There are many 

specialised BLAST search which can be used for different purposes like 

finding conserved domains in sequences, sequence alignments, primer 

designing for PCR etc. (http://blast.ncbi.nlm.nih.gov/Blast.cgi). In this part 

of the study, the BLASTn and BLASTp algorithms were used for 

searching the nucleotide and protein databases.  
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The BLAST tool was used to search for presence of bvs genes in the type 

strains and field strains listed in Tables 2.1 and 2.2. The gene sequence 

of the five bvs genes from Rlv. 3841 were used as the query sequence for 

the nucleotide BLAST (BLASTn) search. The information for the five bvs 

genes, including sequence, size, direction of transcription and putative 

function were downloaded from Rlv.3841 genome data (NCBI) as FASTA 

files.  The genome data of Rhizobium etli CFN42T was also saved as 

FASTA files from NCBI database (Segovia et al., 1993). Genome data of 

other rhizobia strains have been sequenced (partially or entirely) were 

also stored in the University of York BLAST server database 

(http://blast.york.ac.uk/blast/blast.html). The two other closely related 

rhizobia that have been fully sequenced are R. leguminosarum bv. trifolii 

WSM1325 and R. leguminosarum bv trifolii WSM2304. Their genome 

information was obtained from Genbank. The genome data from these 

two strains was also included in Local-BLAST searches (Reeve et al., 

2010a, Reeve et al., 2010b). 

Protein-BLAST (BLASTp) was performed (http://blast.ncbi.nlm.nih.gov/ 

Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=bla

sthome) using the amino acid sequence of the five bvs genes from Rlv. 

3841 to search for homologous proteins in other species. 

3.2.2.2. Polymerase Chain Reaction (PCR)  

The PCR technique, developed by Mullis et al. (1987) uses a 

thermostable DNA polymerase (Saiki et al., 1988) to synthesize a 

complementary strand on a single stranded DNA template. The DNA 

polymerase cannot synthesize DNA strand de-novo and requires a primer 

for extending its 3’-OH end. Because of this dependency, the PCR can be 

used to amplify specific regions of DNA whose ends are marked by the 

binding of sequence-specific primers. The result of this specific 

amplification is billions of copies or amplicons of the segment of DNA 

flanked or flanked on both the ends by the primers.  

In addition to the BLAST search for the presence of genes in the type and 

field strains, the presence of genes was also verified using PCR. This was 

done since the sequence data was not available for all the strains under 

investigation.  
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 Extraction of DNA for PCR : 

A loopful of glycerol stock culture of the six test cultures, five field cultures 

and the reference strain (Rlv. 3841) was streak-plated onto a sterile TY 

agar. The plates were incubated at 28OC for 48 hours. A single colony 

from each plate was transferred onto a new sterile TY agar plate which 

was incubated at 28OC for 24 hours. A loopful of culture from this plate 

was transferred to 25 ml of sterile TY broth prewarmed to 28OC in a 50 ml 

Corning polypropylene tube. The tube was briefly vortexed to disperse the 

inoculum evenly and then incubated at 28OC on a rotary shaker for 24 

hours. After incubation, the culture was centrifuged at 4000 rpm for 15 

minutes at 20OC and the resulting bacterial pellet was washed in two 

changes of physiological saline to remove traces of polysaccharide since 

it decreased the quality and quantity of the DNA extracted. 

The pellet of bacteria obtained after the final centrifugation was 

suspended in 200 µl of filter sterilized distilled water. This suspension was 

used to extract the DNA using the FastDNA® SPIN KIT from MP 

Biomedicals using the manufacturer’s protocol.  

The quality of the DNA was checked by running the DNA on a gel and by 

running it on the NanoDrop from Thermo Scientific. The absorbance curve 

was studied and the 230:260 and 260:280 ratios determined to assess the 

purity of the DNA extracted. The extracted DNA was stored at -20OC until 

further use. 

 Designing PCR primers for amplification of bvs genes 

Primer pairs for each of the five genes were designed by Primer-BLAST 

on NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primer-BLAST 

was developed at NCBI to help users to design primers that are specific to 

an intended PCR target. It uses Primer3 (http://primer3.wi.mit.edu/) to 

design PCR primers and then uses BLAST and global alignment 

algorithm to screen primers against a user-selected database in order to 

avoid primer pairs (all combinations including forward-reverse primer pair, 

forward-forward as well as reverse-reverse pairs) that can cause non-

specific amplifications (Ye et al., 2012). The primer sequences are listed 

in Table 3.1. 
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Table 3.1. Sequence of primers designed to search bvs genes using PCR. 

Primer name Sequence (5’3’) 
PCR product 

size 
PCR product 

range on pRL8 

bvs1 forward ATTGACGCAGTGATTGGGTA 
 

1045 bp 
 

76351 - 77395 
bvs1 reverse CCTCAATTTCCTCCTCCGAA 

bvs2 forward GATCATCTTGACTGGGACGA 
 

667 bp 
 

77923 - 78589 
bvs2 reverse ACATCATGCTGTTTGAGCTG 

bvs3 forward AGTAGGACCATATTCGCACG 
 

202 bp 
 

78822 - 79023 
bvs3 reverse GGTGAGATAAACGTTGACGG 

bvs4 forward GAAAAAGCTTGCTCGGTGAT 
 

811 bp 
 

79303 - 80113 
bvs4 reverse GAAATCGTTTCGGCTCAACA 

bvs5 forward TAAATCGTGGATCACCCCTG 
 

867 bp 
 

80333 - 81199 
bvs5 reverse TCAGATACCGGCTGTTCTTC 

 Composition of PCR mastermix for amplification of bvs genes 

33μl of PCR mastermix was used in the amplification of the bvs genes 

containing 22.575 μl of PCR grade water, 1X FlexiGreen buffer, 0.25mM 

dNTP, 1.5mM MgCl2, 0.4pM each of forward and reverse primer and 

0.025u/μl Gotaq DNA polymerase in 200μl PCR tubes. To 33 μl of the 

mastermix, 2 µl of the DNA was added to bring the final volume to 35 µl. 

The PCR was carried out with an initial denaturation at 95OC for 3 minutes; 

followed by 35 rounds of amplification consisting of denaturation at 94OC 

for 1 minute, primer annealing at 57OC for 1 minute and extension at 72OC 

for 1 minute. A final extension elongation step was carried out at 72OC for 

10 minutes following which the DNA was stored at 4OC. 

The PCR products were checked by electrophoresis. 5 μl of the PCR 

products was run on a 1.5% agarose gel with 0.1X SYBR® Safe DNA gel 

stain (Invitrogen). The gel was run at 120V for 30 minutes and visualised 

over blue light on a Safe Imager™ Blue Light Transilluminator (Life 
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Technologies Corporation). The gel images were captured using the gel 

documentation system and software from Ultra-Violet Products Ltd. 

The results from the PCR of the five bvs genes were compared with results from 

the Local-BLAST search conducted on the strains for which the genome data 

were available in the genome database maintained at University of York. 

3.2.3. Phylogeny of bvs genes 

The products of PCR amplification were sent for sequencing to Macrogen Inc. 

(South Korea) for sequencing using the Sanger Dye-Termination sequencing 

technology. The sequencing of PCR products was carried out in both the 

directions. 

The sequencing data obtained was used to make network trees using 

Molecular Evolutionary Genetics Analysis (MEGA) (Version 6) (Tamura et al., 

2013) , ClustalX (Version 2.1) (Larkin et al., 2007) and SplitsTree (Version 4) 

(Huson and Bryant, 2006).  

MEGA is a software designed for comparative analysis of homologous gene 

sequences with emphasis on inferring evolutionary relationships and patterns 

of DNA and protein evolution. MEGA can be used for the assembly of 

sequence data sets from files or web-based repositories and includes tools 

for presenting results in the form of interactive phylogenetic trees and 

evolutionary distance matrices (Kumar et al., 2008).  

ClustalX is the graphical user interface for the ClustalW multiple sequence 

alignment program for performing multiple sequence / profile alignments and 

analysing results. The sequence alignment is displayed in a window on the 

screen with versatile colouring scheme to highlight conserved features in the 

alignment. The sequences can be moved to change the order of the 

alignment; to select a subset of sequences to be aligned; or select a sub-

range of the alignment to be realigned and inserted back into the original 

alignment. Alignment quality analysis can be performed and low-scoring 

segments or exceptional residues can be highlighted (Jeanmougin et al., 

1998, Larkin et al., 2007). 

SplitsTree4 is an application for computing unrooted phylogenetic networks 

from molecular sequence data. The program computes a phylogenetic tree or 
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network from given a given sequence alignment, a distance matrix or a set of 

trees, using methods such as split decomposition, neighbor-net, consensus 

network, super networks methods or methods for computing hybridization or 

simple recombination networks (Huson and Bryant, 2006). 

The network trees obtained from the sequence of bvs genes was compared 

to the network tree obtained from the sequence of celC gene from the strains 

studied. The celC gene codes for a cellulase which takes part in the infection 

process of clover by R. leguminosarum. It forms part of an operon (celABC) in 

R. leguminosarum, R. etli and R. radiobacter. The celC gene was studied as 

phylogenetic marker by Robledo et al. (2011) using data from several species. 

The network tree of the celC gene was compared to the network trees 

obtained from the sequence of the five bvs genes. 

3.3. Results : 

Complete genome sequence information was available for some of the strains. 

Most strains had incomplete or no sequence data at all (Tables 2.1 and 2.2). To 

ensure reliability of results, both approaches (viz. BLAST and PCR) were used 

for all the strains studied. Rlv. 3841 was used as the reference strain i.e. the 

sequence data of the five bvs genes from Rlv. 3841 was used to perform BLAST 

searches as well as to design specific primers to amplify the bvs genes.  

3.3.1 Investigating presence of bvs genes using BLAST  

3.3.1.1. Investigating presence of bvs genes using Local-BLAST 

The distribution of the bvs genes in the six type strains and five field 

strains was investigated using BLAST using query sequences from the 

reference strain Rlv. 3841 and the genome data available on the BLAST 

server at the University of York.  

The BLAST hits with e-value (expect value) below 10-5 and bit-score 

above 200 were considered as positive. The bit-score gives a statistical 

significance of the alignment. The higher the bit score, the more similar 

the two sequences. The e-value gives a measure of statistical significance. 

It describes the number of hits one can "expect" to see just by chance 

when searching a database of a particular size. The results of the 

investigation are presented in Table 3.2. 
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Table 3.2. Local BLAST results of 5 bvs genes against the genome data of rhizobium 

strains. 

Strain  Gene bvs1 bvs2 bvs3 bvs4 bvs5 

R. leguminosarum 
USDA 2370 

+ + - - - 

R.pisi DSM 30132 + + + + + 

R.fabae CCBAU 33202 - - - - - 

R.phaseoli ATCC 14482 - - - - - 

R.tropici CIAT899 - - - - - 

R.etli CFN 42 - - - - - 

R.leguminosarum bv trifolii 
WSM1325 

- - - - - 

R.leguminosarum bv trifolii 
WSM2304 

+ + + + + 

Key : + = hit, - = no hit 

3.3.1.2. Distribution of bvs homologous proteins using NCBI-BLAST 

The distribution of proteins encoded by the bvs genes was studied using 

the amino acid sequences of the five bvs genes. The organism search set 

was limited to the family Proteobacteriaceae to search for homologous 

proteins in the family. The search was repeated after limiting the organism 

search set to the genus Rhizobium to check for additional species of 

Rhizobium having these genes. The results of NCBI-BLASTp results were 

screened and the arguments presented are based on the results with an 

alignment score greater than 200 and e-value less than 10-5. The NCBI-

BLASTp results for the bvs protein homologs within the family 

Proteobacteriaceae show that : 

 bvs1 homologs are aminotransferase Class V enzymes specifically 

annotated as a cysteine desulfurase in some strains of Bradyrhizobium, 

Sinorhizobium, Pseudomonas and Achromobacter.  

 bvs2 homologs are universally labelled as a LysR family transcriptional 

regulator or as a transcriptional regulator.  
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 bvs3 homologs are also universally labelled as an endoribonuclease L-

PSP.  

 bvs4 homologs are widely distributed in the Proteobacteriaceae and are 

labelled as a nitrilase / aliphatic nitrilase / cyanide hydratase. 

 bvs5 is annotated as a molybdenum / molybdopterin binding 

oxidoreductase or specifically as a sulfite oxidase.  

Restricting the search to the genus Rhizobium showed that only one 

strain viz. R. leguminosarum bv trifolii WSM2304 (besides Rlv. 3841), 

possessed all the bvs genes.  The annotation of homologous proteins is in 

line with annotation of bvs genes in Rlv. 3841 and BLASTp results in 

Rhizobium are in line with local-BLASTn results. 

3.3.2 Investigating presence of bvs genes using PCR 

The distribution of the bvs genes in the six type strains and five field strains of 

the Rhizobium strains from different biovars were also checked using PCR 

with primers designed for the bvs genes listed in Table 3.1. The results of the 

investigation are as follows. 

3.3.2.1. Presence of bvs genes in the six type strains 

The distribution (presence / absence) of the bvs genes in the six type 

strains was carried out using PCR. The gel images of the electrophoretic 

runs are produced in Figure 3.2. (i to v). 
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Figure 3.2. Agarose gel electrophoresis of PCR amplicons of bvs genes bvs1-

bvs5 correspond to Figures 3.2 iv. a = R. leguminosarum USDA 2370
T
 , b = 

R. pisi DSM 30132
T
, c = R. fabae CCBAU 33202

T
, d = R. phaseoli ATCC 14482

T
, 

e = R. tropici CIAT 899
T
, f = R. etli CFN 42

T
, P = positive control (Rlv. 3841), N = 

negative control (water), L = molecular weight marker (100bp DNA Marker). 

3.3.2.2. Presence of bvs genes in the five field strains 

The distribution of the bvs genes in the five strains was studied using 

PCR. 5 μl from each of the amplification product was electrophoresed on 

agarose gel. The VSX field strains from Wentworth were not included 

since the presence of bvs genes in these strains has been demonstrated. 

The gel images of the electrophoretic runs are shown in Figure 3.3. (i to v). 
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Figure 3.3. Agarose gel electrophoresis of PCR amplicons of bvs genes bvs1-

bvs5 correspond to Figures 3.2 iv. a = Swedish strain OYAVB 169.1, b = 

Swedish strain OYAVB 296.5, c = Scottish strain 25 (S25), d = Scottish strain 34 

(S34), e = Scottish strain 36 (S36), P = positive control (Rlv. 3841), N = negative 

control (water), L = molecular weight marker (100bp DNA Marker). 

The results of the PCR from the gels of the six type strains and nine wild 

isolates are tabulated in Table 3.3. The results from the PCR analysis 

shows that amongst all the strains that belong to the biovar viciae (test 

and field strains), all the strains except R. fabae possess all the bvs genes.  

  

 v 
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Table 3.3. PCR results of five bvs genes in tested rhizobial strains. 

Strain  Gene 
Strain 
type 

Biovar bvs1 bvs2 bvs3 bvs4 bvs5 

R. leguminosarum 
USDA 2370 

Type 
strain 

Viciae + + + + + 

R.pisi DSM 30132 
Type 
strain 

Viciae + + + + + 

R.fabae CCBAU 33202 
Type 
strain 

Viciae - - - - - 

R.phaseoli ATCC 14482 
Type 
strain 

Phaseoli - - - - - 

R.tropici CIAT899 
Type 
strain 

Phaseoli - - - - - 

R.etli CFN 42 
Type 
strain 

Phaseoli - - - - - 

OYAVB 296.5 
Field 
strain 

Viciae + + + + + 

OYAVB169.1 
Field 
strain 

Viciae + + + + + 

Scottish strain 25(S25) 
Field 
strain 

Viciae + + + + + 

Scottish strain 34(S34) 
Field 
strain 

Viciae + + + + + 

Scottish strain 36(S36) 
Field 
strain 

Viciae + + + + + 

VSX 11 
Field 
strain 

Viciae + + + + + 

VSX 26 
Field 
strain 

Viciae + + + + + 

VSX 36 
Field 
strain 

Viciae + + + + + 

R.leguminosarum 3841 
Field 
strain 

Viciae + + + + + 

3.3.3 Phylogeny of bvs genes 

The products of the PCR reactions from the amplification of bvs genes from 

the type strains and field strains were sequenced and the sequences were 

used for the construction of phylogenetic network trees. The network trees 

from the sequence of five bvs genes are shown in Figure 3.4. The network 

tree obtained using the sequence of celC gene from all the strains included in 

this study is shown in Figure 3.5. to compare the network trees of bvs genes 

with a reference gene suggested for used in rhizobium phylogenies. 
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Figure 3.4. Phylogenetic-network trees based on bvs gene sequences from test and field 

strains. (bvs1-bvs5). Type strains (blue) Swedish strains (green), Scottish strains (red), VSX 

field strains (purple), Rlv. 3841 reference strain (black).  

 

Figure 3.5. Phylogenetic-network tree based on celC gene sequences from test and field 

strains. Type strains (blue) Swedish strains (green), Scottish strains (red), VSX field strains 

(purple), Rlv. 3841 reference strain (black). 
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3.4. Discussion : 

In the previous part of this study, the host-specificity and metabolic differences 

within the members of the R. leguminosarum species complex were studied by 

carrying out nodulation tests and metabolic fingerprinting using the Biolog GN2 

MicroPlate. The results of the two analyses showed considerable variation in host 

specificity and metabolic profiles. No clear patterns were evident to suggest any 

differences between the members of the species complex indicating that the 

members of the R. leguminosarum species complex probably are phenotypically 

different. 

Traditionally, the members of the genus Rhizobium were further subdivided 

based on their host range. It was later observed that the ability to nodulate 

different host plants was dictated by the nod genes (Long, 2001). Based on 

differences in the nod gene sequence, it was possible to differentiate between 

different biovars of Rhizobium. Hence, there existed a chance that there might be 

other genes or sets of genes that tend to occur more frequently in one species or 

biovar over the other. 

Ramachandran et.al (2011) considered pRL8 to be a Pisum sativum specific 

symbiosis plasmid that enables rhizobia to form nodules on pea since they found 

that the expression of many of the genes on pRL8 was specifically increased in 

pea rhizosphere. 

Since the bvs genes were found in strains that belonged to biovar viciae and 

since they reside on pRL8 which has been shown to be associated with the pea 

plant, a native host of R. leguminosarum biovar viciae, the distribution of the 

genes in the different species of Rhizobium was investigated using the BLAST 

sequence search tool and PCR. Phylogenetic network trees were constructed 

using bvs gene sequences and compared to the network tree of celC gene, a 

new phylogenetic marker suggested by Robledo et al. (2011) for use in 

taxonomic study of rhizobia. 

The results of bvs gene distribution in rhizobial strains show that the five bvs 

genes are widely distributed in the rhizobial biovar viciae strains. BLASTp results 

were in line with Local-BLASTn results and Rlv. 3841 annotation. Amongst the 

many type strains studied, the three strains that did not belong to the biovar 

viciae (viz. R. phaseoli ATCC14482, R. tropici CIAT899 and R. etli CFN42) did 
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not have any of the five bvs genes as was seen in the results of BLAST as well 

as PCR. The results of the analysis are in line with the fact that there is no report 

of these bacteria nodulating Vicia plants. The Local-BLAST searches in R. 

leguminosarum bv. trifolii WSM1325 and R. leguminosarum bv trifolii WSM2304, 

however, were contrary to the expectation. Both the strains belong to the biovar 

trifolii but R. leguminosarum bv trifolii WSM2304 shows the presence of all the 

five bvs genes in its genome sequence whereas R. leguminosarum bv trifolii 

WSM1325 did not show the presence of any of the bvs genes. However, the bvs 

genes of WSM2304 show only 80% similarity to the bvs genes in the Wentworth 

population and the strain is more competitive as compared to other biovar trifolii 

strains (Reeve et al., 2010a, Reeve et al., 2010b). 

Amongst the rhizobial biovar viciae type strains, R.pisi DSM30132 shows the 

existence of all five bvs genes in the results of Local BLAST as well as PCR. 

However, the host range of DSM 30132 T includes V. sativa and in nodulation 

tests the nodulation ability of DSM 30132 T on V. sativa was observed to be 

similar to that of other native symbionts of the legume plant. Since the bvs genes 

are associated with the ability to nodulate Vicia plants, the results of PCR 

amplification and Local-BLAST of bvs genes showing that DSM30132 T has all 5 

bvs genes is not surprising and is again in line with the observation that is similar 

to other biovar viciae strains in the study. 

Local-BLAST search for the five bvs genes in R. leguminosarum USDA 2370 

shows that three of the five genes are missing. However, PCR amplification 

shows that all the five bvs genes are present in the strains. Nodulation test 

results show that R. leguminosarum USDA 2370 possessed the ability to 

effectively nodulate Vicia plants, suggesting shared similarities with other biovar 

viciae strains. The results of the PCR amplification also support the hypothesis 

that the existence of bvs genes promotes the ability of rhizobia to nodulate Vicia 

legume plants. The genome data available for R. leguminosarum USDA 2370 is 

not complete. Hence, the genes that were not detected in the Local-BLAST 

searches may be a result of the genome’s low genome sequencing coverage. 

PCR amplification and Local-BLAST search for the bvs genes showed that the 

genes are absent in R.fabae CCBAU33202T. Santillana et al. (2008) reported 

isolates from nodules of Vicia faba plants from Peru that were different from R. 

pisi DSM30132 T. The information on nodulation of Vicia faba by other species of 
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Rhizobium is insufficient. R. fabae CCBAU33202T has been reported to nodulate 

Vicia faba. Mutch and Young (2004) have demonstrated that root-nodule isolates 

from Vicia faba can form effective nodules on other legume plants but isolates 

from other legumes are much less able to nodulate Vicia faba. Isolates from Vicia 

faba are unique from other rhizobia of biovar viciae (Mutch and Young, 2004).  

Possibly, R. fabae CCBAU33202T has an alternate mechanism to carry out the 

functions conferred by the bvs genes. 

All field strains isolated from Vicia plants from different places showed the 

presence of all the five bvs genes in PCR study lending strength to the relation 

between the presence of bvs genes and the ability to nodulate Vicia plants.   

Phylogenetic network trees constructed using bvs gene sequence from strains 

investigated were compared to the phylogenetic network tree of celC. It was seen 

that in celC tree the strains from Scotland viz. S25, S34 and S36 belong to one 

cluster. Similarly, the strains from Sweden OYAVB296.5 and OYAVB169.1 also 

cluster together. However, the network trees of bvs genes did not show this 

pattern. Instead, in most cases, it clustered the Swedish and Scottish strains 

together.  Also, the network trees of bvs genes suggest that, OYAVB296.5 and 

R.pisi DSM30132T and similarly Rlv. 3841 and VSX11 are closely related to each 

other suggesting that horizontal gene transfer between the strain pairs. 

In conclusion, the results of the Local-BLAST and PCR of rhizobial strains 

suggests that Rhizobium biovar viciae strains that form a symbiosis with the Vicia 

plants carry a set of genes, the bvs genes, that are rare in other biovars. BLAST 

shows the presence of all five bvs genes in Rhizobium leguminosarum bv. trifolii 

WSM2304, although it is less similar to the bv. viciae strains (80% sequence 

similarity). R. fabae CCBAU 33202T does not have any of the five genes even 

though it belongs to biovar viciae strains. This suggests that the bvs genes, 

although not crucially important, may have some role to play in the nodulation 

process. However, it is not known which aspect of nodulation process they 

influence. Possible avenues include host range selection, nodule growth and 

nodulation competitiveness. A deeper investigation into the role of the bvs genes 

will form the core of the studies conducted in the remaining part of this study. 
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CHAPTER 4 : MUTATION AND COMPLEMENTATION OF bvs GENES AND 

THEIR EFFECT ON BACTERIAL COMPETITION AND PLANT GROWTH. 

4.1. Introduction 

The analysis of sequence data from Wentworth strains, presented in Chapter 3, 

revealed the presence of five genes consistently present in all the Rhizobium 

leguminosarum biovar viciae isolates but absent in the strains belonging to biovar 

trifolii obtained from the same area. Since the genes were specifically found in 

the biovar viciae isolates, they were designated as ‘biovar viciae specific’ or ‘bvs’ 

genes. A detailed description of the five genes and their putative functions has 

been given in the previous chapter.  

The study of distribution of bvs gene was extended to cover more members of 

the Rhizobium leguminosarum species complex. The results of the study showed 

that the five bvs genes were widespread amongst the biovar viciae species 

(Table 3.3). Only one biovar viciae strain, viz. Rhizobium fabae CCBAU 33202T 

did not possess any of the five genes.  

In the sequenced reference strain Rhizobium leguminosarum biovar viciae 3841, 

the bvs genes are present on the plasmid pRL8, the smallest plasmid of that 

strain. The plasmid harbours many genes with unknown functions, but it has 

been speculated that the plasmid may contain genes with some relationship to 

the rhizobial symbiosis and metabolism (Young et al., 2006). Studies performed 

using transcriptomics and gene mutation studies have proposed that the plasmid 

pRL8 harbours genes that are essential for the utilization of the α-amino acid 

homoserine (Ramachandran et al., 2011, Vanderlinde et al., 2014). 

The study of genetic difference between the strains from biovar viciae and trifolii 

showed that the five bvs genes were present in only the biovar viciae strains. 

Since they are rare in trifolii strains, it seems reasonable to assume that the 

genes may, in some way, be related to or involved in the process of nodulation. 

This involvement could be direct and affect the host-specificity of the strain; or 

indirect, altering the nodulation competitiveness of the strains and tilting it in the 

favour of the strains harbouring these genes. Hence, it is important to investigate 

the functions of these genes and the role they play in the process of nodulation 

and / or the host-specificity. 
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The functions of the bvs genes have not been verified experimentally. Because of 

their biovar-specific distribution, perhaps the most efficient way of studying the 

functions of these genes would be to mutate the genes and observe the effect of 

mutation on the symbiosis. The possible effects studied could include the ability 

of the mutant to nodulate the host plant (i.e. presence / absence of nodules on 

the root of the plant) and the effect of mutant culture on plant growth itself, which 

could be measured in terms of the plant dry weight. It is also possible that the 

mutation of the genes may affect the ability of the mutant to compete with the 

other strains in the environment to infect the plant and form nodules. Hence, the 

effects of mutation on the proportion of the wild-type to mutant strains in the 

nodules of the test plant as compared to that in the surrounding environment was 

studied, using appropriate genetic markers.  

The arrangement of the bvs genes on pRL8 and the putative functions they 

encode have been described in detail in Chapter 3. The analysis of the genome 

by bioinformatic tools also suggested the existence of at least two operons that 

could possibly contain the five bvs genes. Creating mutants in these genes and 

studying their effect on different aspects of the symbiosis as mentioned in the 

above paragraph is an interesting aspect of this study.  

Genes arranged in operons in bacteria transcribe a polycistronic mRNA. 

Mutations in genes contained within an operon exhibit a polarity in mutation 

wherein a mutation in the gene upstream in the operon affects the expression of 

the genes downstream in the operon cluster. Complementing these mutants with 

genes cloned in a suitable plasmid and introducing them into the mutant strains in 

different combinations would allow us to investigate if the mutations exhibit 

polarity, which would be a strong indicator of genes being arranged or grouped 

into operons. 

To summarise, the aim of this chapter is to see the effect of bvs gene mutations 

and also to evaluate the effect of gene complementation on phenotype reversion. 

Thus, mutations will be introduced in each of the five genes in the bvs gene set. 

The effect of these mutations on the ability to nodulate, nodulation competition 

and plant growth will be studied. The gene which shows a change in nodulation 

or plant growth phenotype when mutated will be complemented with a working 

copy of the mutated gene as well as other gene(s) under investigation to check 

for reversion of phenotype to wild-type and the polar effect of mutation. It is 
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expected that the mutation of bvs genes should not change the host plants of 

rhizobial strains; since R. fabae CCBAU33202T biovar viciae does not have any 

of the bvs genes yet it is able to effectively nodulate plants belonging to the 

genus Viciae. However, it is expected that at least one of these five genes should 

show some effect on rhizobial competition in nodulating Vicia plants. 

4.2. Materials and methods 

The technique to mutate the genes and introduce the mutated construct into Rlv 

3841 was kindly provided by Dr. Jürgen Prell, and as described in Karunakaran 

et al. (2010). The technique is based on the principle of gene disruption using 

homologous recombination. The steps involved in the process are shown in 

Figure 4.1 : 

 

Figure 4.1. Schematic of cloning into pK19mob. The PCR amplicon with RE sites is 

added to plasmid pK19mob in presence of restriction enzymes. The linearized vector and 

amplicon, both with sticky ends, ligate to form a composite molecule which is transformed 

into E.coli for blue-white selection (pK19mob map from the cloning vector collection at 

shigen.nig.ac.jp). 
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The clones containing the desired insert were conjugated by triparental mating 

into recipient Rlv 3841 using the helper strain pRK2013 (Figure 4.2) and selected 

on TY agar plates containing Streptomycin and Neomycin. The Streptomycin 

inhibits the growth of E.coli whereas the Neomycin inhibits the growth of Rlv 3841 

not carrying a copy of the pK19mob. The transconjugant clones were checked by 

PCR using M13 primers and a chromosomal primer outside the fragment used for 

the insertion (junction PCR). The clones yielding the desired results were then 

used for gene complementation studies. 

2.  

Figure 4.2. Schematic of triparental mating : The E. coli helper and donor strains are 

mixed together with the Rhizobium recipient strain. (A) The E. coli helper strain transfers 

the self-transmissible plasmid pRK2013 (solid circles) to E. coli donor strain. (B) The E. 

coli donor strain carries an engineered plasmid that is mobilizable but not self-

transmissible (dotted circles). (C) The donor strain acquires pRK2013 from the helper 

strain and now carries both plasmids. (D) Using transfer functions supplied by pRK2013, 

the donor strain transfers the engineered plasmid to the Rhizobium recipient. (E) The 

engineered plasmid undergoes homologous recombination with the target gene in the 

Rhizobium cells. From Wise et al. (2006). 
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Gene complementation studies were carried out using a modified version of the 

protocol used by Vanderlinde et al. (2014). The method uses the vector pDG71 

for complementation (Vanderlinde et al., 2013, Vanderlinde et al., 2009b). The 

plasmid possesses a strong trp promoter and a BamHI site adjacent to it. The 

proximity of the restriction site to the promoter made it an ideal site for cloning.  

The genes were cloned into the plasmid using BamHI adapters and the construct 

was transformed into chemically competent Rlv 3841 cells. The cells were 

selected on Streptomycin-tetracycline plates. The direction of the insert was 

checked by PCR before using the strains for any further work. 

Nodulation competition tests were used to study the effect of the single gene 

mutation. The test is designed to create a competition stress by mixing different 

rhizobial strains in a predetermined ratio and using this mixed inoculum to 

inoculate the host plants. At the end of the test, the nodules are harvested from 

the plants and the occupancy ratio of the strains in the nodules can be calculated 

and compared to the initial ratio. Thus, changes in occupancy ratio can be used 

to demonstrate an increase or decrease in nodulation competitiveness amongst 

test strains. Svenning et al. (2001) used nodulation competition tests in field 

experiments to observe nodule occupancy in white clover using three Rhizobium 

leguminosarum bv. trifolii strains. Rangin et al. (2008) studied 223 Sinorhizobium 

strains of which 13 reference strains were mixed with each other to compare their 

competitiveness on four test plants. 

A marker or reporter gene can be added to one of the competitor strains in the 

assay to aid in easier identification of the strain. Barreto et al. (2012) used the gfp 

gene as a marker in one of their competition tests. In my work, plasmid pK19mob 

carries a Neomycin resistance gene and pDG71 carries a Tetracycline resistance 

gene. The wild-type Rlv. 3841 does not have resistance to either of these 

antibiotics. Hence, Rlv. 3841 can be identified by its inability to grow on selective 

medium containing Neomycin and Tetracycline, unlike the engineered strains.  

The following section describes the materials and methods used in the 

construction of gene mutants, gene complemented strains and the effect of 

mutation on nodulation and nodule competition. 

4.2.1. Mutating the genes by plasmid insertion 

The method used for constructing mutants has been described by Prell et 

al. (2009). The method makes use of the vector, pK19mob, described by 
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Schafer et al. (1994), that can be easily transferred to a number of Gram 

positive and Gram negative bacteria to cause gene disruption by 

homologous recombination (Schafer et al., 1994). 

4.2.1.1. Primer design 

All primers were designed using the online Primer-BLAST tool on the 

NCBI website (http://www.ncbi.nlm.nih.gov/ tools/primer-blast/). Two 

sets of primers were used in the study. The first set of primers, 

referred to as the “inside primers” were used to amplify a 600 bp 

region of the gene within the gene to be inactivated. This region was 

to be used to disrupt the gene later by homologous recombination. 

Primers were designed with an XbaI restriction-recognition site on the 

forward primers and a HindIII restriction-recognition site on the 

reverse primers. The regions that were selected for amplification were 

checked for presence of Xbal or HindIII site which could affect the 

creation of plasmid construct for use in gene disruption later (Schafer 

et al., 1994). 

The second sets of primers were called “outside primers” which were 

designed to amplify portion of the gene longer than the 600 bp region 

i.e. the primer binding sites were located “outside” the 600 bp region, 

one primer binding site on either side. These primers were used to 

confirm the direction of the insert in the transformed cells. 

The genes, primer names and sequences are shown in Table 4.1. 
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Table 4.1. Genes, primer name and primer sequences used in creating and 

identifying gene mutant and gene complement strains. Lowercase letter show 

restriction site for enzymes XbaI on forward and HindIII on reverse primers. 

Gene Primer name Primer sequence 5’3’ 
PCR 

product size 
PCR  

product range 

Chromosomal 
nitrilase 

InsideChrNF ttttctagaATGCCTTCGCCTTCCGTGAG 

632 bp 709265 - 709896 

InsideChrNR tttaagcttTTTTCTTTCGTGCTGCCGCC 

OutsideChrNF AAGATGCAGCAGCTCGGGTC 

755 bp 709171 - 709925 

OutsideChrNR CCAGGGGACGAAGGTTTCGG 

bvs1 

Insidebvs1F ttttctagaCAGCGCGCCTTCTATTCCCT 

613 bp 76618 – 77230 

Insidebvs1R tttaagcttAGCGCGCTTCGATGTTTTCG 

Outsidebvs1F TCGCCTGCGTGCTGATACTC 

907 bp 76571 - 77477 

Outsidebvs1R AAGGTCTGAGGGGGATGCGT 

bvs2 

Inside bvs2F ttttctagaGACTTCTGCTGACCCCAGCC 

268 bp 78165 - 78432 

Insidebvs2R tttaagcttAAAAGATCTGCCTCCCGGCG 

Outsidebvs2F CGCACTCGTCGAAAGGACCA 

352 bp 78098 - 78449 

Outsidebvs2R TCGGACGCTTCAAGACTGGC 

bvs3 

Insidebvs3F ttttctagaTCCAGCACCGGCAAACTTGT 

210 bp 78892 - 79101 

Insidebvs3R tttaagcttGATTGTGGTGCGGGCAGGAT 

Outsidebvs3F ATGGGCCGGCAACCTGTTA 

314 bp 78846 - 79159 

Outsidebvs3R CGGTCTAACGGCAAAACGGC 

bvs4 

Insidebvs4F ttttctagaGGTTTTTCCGAGCGCAACCC 

577 bp 79528 - 80104 

Insidebvs4R tttaagcttTCGGCTCAACACAGTCGTCG 

Outsidebvs4F GCTGCTCATATTGCCCCCGT 

952 bp 79258 - 80209 

Outsidebvs4R ATTTTTGGAAGGCCGCGCTG 

bvs5 

Insidebvs5F ttttctagaAATGCCACAGCGCGAGTACA 

591 bp 80474 - 81064 

Insidebvs5R tttaagcttCATGAGCCTCCACCGTCCAC 

Outsidebvs5F TGGAGATCGACCCCGAGCAT 

848 bp 80309 - 81156 

Outsidebvs5R AGGCCCCCACGTCCTGTTAT 
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4.2.1.2. Preparation of pK19mob  

The plasmid pK19mob was provided by Dr. Jürgen Prell and used to 

create a pK19mob-bearing E.coli DH5 glycerol stock culture. A 

loopful of the glycerol stock culture was transferred to LB agar plate 

containing 25 μg/ml of Kanamycin (Sambrook, 1989) and incubated 

overnight at 37OC. A single colony from the plate was transferred to 

sterile 5ml LB-Kanamycin broth medium in a 15 ml Corning tube and 

incubated on a rotary shaker at 150 rpm overnight at 37OC. The 

plasmid was extracted from the overnight culture using the QIAprep 

Spin MiniPrep Kit from Qiagen using the protocol provided by the 

manufacturer. 

4.2.1.3. DNA preparation : 

The method for DNA extraction has been described in Chapter 3. 

4.2.1.4. Amplification of internal region of the gene 

The primers flanked by the recognition site for the restriction enzyme 

were used to amplify a 600 bp internal region of the genes which were 

to be inactivated by disruption. Six PCR reactions were setup, one for 

each of the bvs genes and one for the chromosomal nitrilase gene. 

 The working concentration of PCR mastermix, PCR conditions and 

PCR products confirmation method are listed in Chapter 3.  

The remaining PCR product (about 30μl) was purified using QIAquick 

PCR Purification Kit (Qiagen) using the protocol provided by the 

manufacturer. The elution volume, however, was reduced to 20 µl and 

the eluate was stored at -20OC until further use. 

4.2.1.5. Restriction digestion of pK19mob plasmid and PCR 

products : 

A mixture of the plasmid pK19mob and one of the PCR products was 

double digested using the restriction enzymes HindIII and BamHI 

(Fermentas). Six double digests were set up corresponding to PCR 

products obtained from the five bvs genes and chromosomal nitrilase.   
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In a clean sterile tube, 5 μl of the plasmid pK19mob and 5 μl of PCR 

product was mixed with 10 μl of 2X Tango Buffer (Fermentas) with 

restriction enzymes and incubated at 37OC for 1 hour as per the 

manufacturer’s instructions. After incubation, the mixture was cleaned 

using QIAquick Gel Extraction kit (Qiagen) and eluted in 25 μl of 

elution buffer. 5 μl of each clean-up product was transferred to a new 

tube, stored at -20OC as the ‘pre-ligation’ sample to run on an agarose 

gel. 17 μl of the leftover elution product was used for ligating the 

plasmid and the PCR product. 

4.2.1.6. Ligation of pK19mob and PCR product 

The eluate from the cleaned-up double digest contains the PCR 

product and the plasmid pK19mob product cleaved at the HindIII and 

BamHI sites, both of which generate 5’ overhangs or ‘sticky ends’. The 

restriction site for the enzymes resided in the MCS region of pK19mob 

and is separated by a distance of 30 bp whereas the restriction sites in 

the PCR products resided in the flanking sequences of the primers.  

As both the molecules (pK19 and PCR products) possessed 

complementary sticky ends, they were annealed by adding a ligase in 

the presence of an appropriate buffer. The DNA ligase formed a stable 

hybrid by forming a phosphodiester bond. Six ligation reactions were 

set up corresponding to the restriction digests from the five bvs genes 

and chromosomal nitrilase. 

17 μl of the eluate from the double digest mix was used for ligation 

which was performed in PCR tubes. 2 μl of 10X ligation buffer (New 

England Biolabs) was added to each tube followed by 1μl of T4 DNA 

ligase (New England Biolabs). The resulting 20 μl mixture was 

incubated at 16OC overnight. 5 μl of ligation product was transferred to 

a new tube and stored at -20OC as ‘post-ligation’ sample to run on an 

agarose gel. The remaining ligation product was stored at -20OC for 

use in transformation of chemically competent E.coli DH5 cells. 
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4.2.1.7. Preparing of chemical competent E.coli DH5 cells 

The protocol for preparing chemically competent E.coli DH5 cells for 

transformation was kindly provided by Ms. Madhuri Barge from Dr. 

Daniella Barilla’s lab, University of York. 

A loopful of E.coli DH5 culture from the glycerol stock was streaked 

on sterile LB agar plate and incubated at 37OC for 48 hours.  A single 

colony from this plate was transferred to a fresh sterile LB agar plate 

and incubated at 37OC for 24 hours. A single colony the second plate 

was transferred to 10 ml of sterile LB broth in a 50 ml Corning 

polypropylene tube and incubated on a rotary shaker overnight at 150 

rpm. 300 μl of the overnight culture was transferred to 60 ml sterile LB 

broth in a 250 ml Erlenmeyer flask and incubated at 37OC on a rotary 

shaker at 150 rpm until the A600 was between 0.4 and 0.6 ( 4 hours). 

The flask was cooled on ice for 10 minutes. All operations from this 

point were carried out in ice-cold conditions using precooled materials 

and equipment. 

RF1 solution contained 4.6M Glycerol, 100mM RbCl, 50mM MnCl2, 

30mM K-acetate and 10mM CaCl2, pH 5.8 adjusted with acetic acid. 

RF2 solution contained 4.6M Glycerol, 10Mm MOPS, 10mM RbCl and 

75mM CaCl2, pH 6.8 adjusted with NaOH. Both solutions were stored 

at 4 OC. 

The culture was transferred to two 50 ml Corning polypropylene tubes 

(30 ml per tube) and centrifuged at 5000 rpm (3000g) for 5 minutes 

in a precooled centrifuge. The supernatant was discarded and each 

pellet was suspended in 10 ml of ice-cold RF1 solution. The cell 

suspension was incubated on ice for 15 minutes and then centrifuged 

at 5000 rpm (3000g) for 5 minutes in a precooled centrifuge. The 

supernatant was discarded and each pellet was suspended in 2.4 ml 

of ice-cold RF2 solution. The cell suspension was incubated on ice for 

15 minutes and then 50 µl of the suspension was transferred to sterile 

pre-cooled 500 µl flip-top tubes. The cells were frozen by dipping the 

tubes in liquid nitrogen till the cell-suspension turned solid and opaque 

and transferred immediately to a -80OC freezer for storage until use. 
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4.2.1.8. Transformation of chemical competent E.coli DH5 cells 

Six tubes, each containing 50 µl of chemically competent E.coli DH5 

cells and the tubes containing the ligation preparations for the six 

genes were thawed on ice. 2 µl of the ligation preparation was added 

to the cells in appropriately labelled tubes and mixed by pipetting. The 

tubes were incubated on ice for 30 minutes and then heat-shocked by 

immersing them in a water bath at 42OC for 90 seconds. The tubes 

were removed from the water-bath and 250 µl of SOC medium, 

prewarmed to 37OC, was added to each tube. The tubes were 

incubated at 37OC for 2 hours without agitation. The entire contents of 

the tube were plated, as follows, on sterile LB agar plate containing 25 

µg/ml Kanamycin and 40 μg/ml X-gal : 100 µl on two plates and 25 µl 

on two plates. The plates were incubated at 37OC for 48 hours before 

observing for blue and white coloured colonies of transformants.  

Two white colonies from the chromosomal nitrilase transformation 

reaction and four white colonies from the others were selected for 

screening and transferred to sterile LB agar slants containing 

Kanamycin (25 μg/ml). The slants were incubated at 37OC overnight. 

The slants were used to prepare glycerol stocks and perform colony 

PCR to confirm the presence of the desired insert in the clones with 

primers used in amplification of internal region of the gene, but lacking 

restriction sites.  

4.2.1.9. Tri-parental mating for plasmid transfer to Rlv.3841 

Using the tri-parental mating protocol tri-parental mating was carried 

out as described below for each of the six plasmid constructs. 

A loopful of the donor, recipient and helper cultures were transferred 

from glycerol stock onto agar media plates containing antibiotics (LB 

agar with 25 µg/ml of Kanamycin for donor and helper, TY with 500 

µg/ml Streptomycin for the recipient). The E.coli culture plates (donor 

and helper) were incubated at 37OC whereas the Rlv 3841 culture 

(recipient) was incubated at 28OC. All cultures were incubated for 48 

hours and subcultured on fresh media plates which were then 

incubated for 24 hours to obtain cultures in vigorous growth phase. 
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A loopful of culture was transferred to 10 ml of sterile broth medium 

containing appropriate antibiotics (LB broth with 25 µg/ml of 

Kanamycin for donor and helper, TY broth with 500 µg/ml 

Streptomycin for the recipient) and incubated at appropriate 

temperatures overnight (37OC for donor and helper, 28OC for the 

recipient) on shaker at 150 rpm.  

The recipient Rlv 3841 culture for triparental mating was required in 

the stationary phase (A600 ≈ 1.0) and required no further treatment. 

The donor and helper cultures were required in the mid-logarithmic 

phase. Hence, the donor and helper cultures were centrifuged and 

resuspended in 1 ml sterile saline. 100 µl of this suspension was 

transferred to fresh 10 ml of sterile broth and further incubated for 3 

hours at 37OC (A600  0.4) on a shaker at 150 rpm. 

After incubating the donor and helper strains to the required growth 

phase, 700 µl of recipient culture and 350 µl each of donor and helper 

cultures were mixed and centrifuged on a bench-top centrifuge at 

13,000 rpm (10400g) for 5 min. The supernatant was discarded and 

the pellet was vortexed briefly to resuspend the pellet in the residual 

supernatant. 50 μl of the cell mixture was transferred onto a sterile 

nitrocellulose membrane filter disk placed on a sterile TY agar plate 

without antibiotics and incubated upright at 28OC overnight. After 

incubation, the filter was resuspended in 1 ml sterile TY broth and the 

resulting bacterial suspension was spread-plated on three sterile TY 

agar plates containing 500 µg/ml Streptomycin and 80 µg/ml 

neomycin (10 µl, 100 µl and remaining suspension). The plates were 

then incubated at 28OC for three days to allow for the growth of 

recombinants. 

12 colonies from each triparental mating growing on the Streptomycin-

neomycin TY agar plates were transferred onto sterile TY agar slants 

containing Streptomycin-neomycin and incubated at 28OC until a good 

growth was observed. The agar slants were used to prepare glycerol 

stocks before using the colonies for further analysis.  

The 12 clones from each gene mutation preparation were checked for 

gene insertion by colony PCR using an M13 primer and a 
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chromosomal primer outside the region of the gene used for insertion 

into the plasmid pK19mob. The clones showing insertion in the 

required region were used for further studies. 

4.2.2. Nodulation competition assay 

The nodulation competition assay was carried out to study the effect of 

gene mutation on nodulation, competition for nodule formation with the 

wild-type strain and the effect on plant growth.  

4.2.2.1. Selection of host plants for the assay 

The native host plants from the family Fabaceae viz. Vicia sativa, Vicia 

faba and Pisum sativum were selected as the host plants for use in 

the nodulation competition assay using Rlv. 3841 gene mutants. 

4.2.2.2. Strains used in the assay 

The strains used in the nodulation competition assay were Rlv. 3841 

gene-disruption mutants in the chromosomal nitrilase and the five bvs 

genes. The wild-type Rlv. 3841 was used as the positive control. 

4.2.2.3. Preparation of medium for plant growth 

The plants used in the nodulation competition assay were grown in 

sterile vermiculite. The bigger plants, viz. Pisum sativum and Vicia 

faba were grown in 250 ml Pyrex borosilicate Erlenmeyer flasks 

containing 150 ml vermiculite. The smaller plants viz. Vicia sativa were 

grown in 60 ml Pyrex borosilicate tubes containing 30 ml vermiculite. 

Before planting, the flasks and tubes containing vermiculite were 

plugged with cotton wool and autoclaved at 15 psi in an autoclave 

121OC for 20 minutes and allowed to cool. The cooled vermiculite was 

moistened with sterile Fahraeus N-free liquid medium (70 ml per flask 

and 14 ml per tube). The flasks and tubes were covered with sterile 

film and stored in the cold room until further use. 

4.2.2.4. Preparation of seeds for growth 

The seeds for V. sativa ssp. segetalis and P. sativum (variety 'Douce 

Provence') were purchased from Emorsgate Seeds (Norfolk, UK). The 
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seeds for V. faba were purchased from Victoriana Seeds (Kent, UK). 

The seeds of V. sativa and P. sativum were washed with multiple 

rinses of tap water and left to imbibe in tap water for 24 hours. The 

seeds of V. faba were washed with multiple rinses of tap water and 

soaked in running tap water overnight. After imbibition the seeds were 

again rinsed with tap water. The seeds were then surface sterilized 

with 70% ethanol for 1 minute. The ethanol was removed and the 

seeds were rinsed with sterile distilled water. The seeds were then 

treated with 3% hydrogen peroxide for 1 minute. The peroxide was 

removed and the seeds were washed with seven changes of sterile 

distilled water. A small number of seeds were transferred to TY and 

nutrient agar plates to check for efficiency of sterilization. The 

remaining seeds were for germination as described in section 4.2.2.6. 

4.2.2.5. Preparation of test cultures 

A loopful of the wild-type Rlv 3841 glycerol stock culture was streaked 

on normal TY agar plate. Similarly, a loopful of glycerol stock cultures 

of the mutants were streaked on TY-Streptomycin-Neomycin agar 

plates. The plates were incubated overnight at 28OC. A single copy 

from each plate was transferred to appropriately labelled 50 ml 

Corning polypropylene tubes containing 25 ml of sterile liquid TY 

medium supplemented with antibiotics as required. The tubes were 

vortexed briefly to disperse the cultures and then incubated at 28OC 

on a rotary shaker at 150 rpm for 24 hours. 100 μl of the culture was 

then transferred to identically labelled tubes containing identical 

medium and incubated under identical conditions for 6 hours. The 

cultures, now in their logarithmic phase of growth, were centrifuged, 

washed twice in physiological saline, and resuspended in 

physiological saline to A600 = 0.1.  

Six test mixtures were prepared for the nodulation competition assay. 

Each mixture contained one part of the wild-type Rlv. 3841 culture and 

nine parts of one of the mutant cultures (1:9) i.e. the resulting 

suspension contained 10% wild-type and 90% mutant cell population. 

The Rlv. 3841 culture was used as positive control whereas the plants 

included in the negative control were not inoculated with any bacteria. 
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4.2.2.6. Seed germination, inoculation and planting 

The sterilized seeds were placed in a sterile beaker containing a 

sterile moist tissue paper and incubated at room temperature until the 

seeds germinated and showed presence of a radicle. Seeds with 

clean and healthy radicles were separated from the non-germinating 

seeds and seeds with unhealthy radicles. The clean, germinating 

seeds were washed again with multiple rinses of sterile water in sterile 

beakers to remove the debris left over from unhealthy seeds and used 

for the bacterial inoculation stage in the nodulation competition assay. 

The cleaned sterile seeds were then placed in the prepared bacterial 

cultures for 20 minutes so that the bacteria adsorb on the seed 

surface. Four seeds were used per test mixed culture (replicates). The 

seeds were then transferred to their respective growth container (flask 

/ tube) in a laminar hood using sterile forceps. The seed was placed 

such that the radicle was embedded in the vermiculite. The neck of 

the flasks and tubes were plugged with sterile cotton wool.  

Four positive and four negative control replicates were also set up for 

the assay. The plants included in the positive control were inoculated 

with the pure culture of wild-type Rlv. 3841. The negative control was 

not inoculated with any bacterial culture. The test plants and the 

control plants were watered regularly with equal volumes of N-free 

Fahraeus medium. 

4.2.2.7. Plant growth and harvesting 

The inoculated flasks and tubes containing the inoculated seeds were 

transferred to controlled temperature plant growth room. The room 

had a light cycle of 16 hour at 22OC and dark cycle of 8 hour at 18OC. 

Initially, the plants were watered using Fahraeus medium every three 

days; the frequency was increased when the growing plants lost 

moisture rapidly by transpiration drying out the vermiculite.  

The plants were grown for five to seven weeks before harvesting. The 

time of harvesting was different for each plant since they grow at 

different rates. The harvesting was done just before the plants started 

flowering since the nodules start to senesce when flowering begins. 
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For harvesting, the vermiculite was carefully poured out from the 

flasks / tubes and the plant was removed gently. The vermiculite 

adhering to the roots was dislodged by immersing the roots in warm 

water and removing the vermiculite with a brush. The entire plant was 

then rinsed in two changes of clean water. 

4.2.2.8. Nodules collection and calculation of population ratios 

The roots of the cleaned plants were rinsed in 70% alcohol in a 

laminar flow hood. 100 nodules were picked from every set of plant 

replicates from each group (except negative control plants which 

lacked nodules). The nodules were squeezed gently between the tips 

of a sterile blunt forceps and exudate was streaked gently `on sterile 

TY agar plates divided into six sectors. The plates were incubated at 

28OC for 48 hours. The growth from TY plates was transferred to 

identical TY-Streptomycin-Neomycin agar plates and incubated at 

28OC for 48 hours to determine the antibiotic resistant population 

within the population isolated from the nodules. 

4.2.3. Complementation of genes 

Mutations in bvs4 and bvs5 were complemented with functional copies of 

these genes. The complementation of gene function was carried out by 

using the method described by Vanderlinde et al. (2013), with some 

modifications.  

4.2.3.1. Primers design 

The primer design tool from NCBI was used to design suitable primers 

to amplify the entire bvs4 and bvs5 genes for cloning. The primers 

were designed using the following criteria : 

 The forward primer binding site was designed to be as close as 

possible to the start codon of the gene to ensure that after cloning it 

was close to the promoter in the plasmid vector used for cloning. 

 The difference in the Tm of the primers was  1OC. 

 The primers had low possibility of hairpin formation, self-dimer 

formation and hetero-dimer formation. 

 The primers were specific for R. leguminosarum biovar viciae 3841. 
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Table 4.2. Primer sequences for genes used in complementation 

Gene Primer name Primer sequence 5’3’ PCR product 
size 

PCR product 
range 

bvs4 

Complementary primer 
bvs4F 

CTTGTCGAAATGGCTGATGG 

1117 bp 79184 - 80300 

Complementary primer 
bvs4R 

GGAGAAACCCTTCTTGGTCA 

bvs5 

Complementary primer 
bvs5F 

CGATATTTTCGACGTCACCG 

1133 bp 80142 - 81274 

Complementary primer 
bvs5R 

CACCTCCTGATTGCTGTAGA 

Primers were designed within the trp promoter of the plasmid pDG71. 

With the help of these primers and another set of primers within the 

gene in the opposite direction on the complementary strand, the 

presence and the direction of the insert after the complementation 

protocol could be determined. The sequence of these primers was as 

follows : 

TrpF primer : TGGGCAAATATACTGAAATAGGTC 

TrpR primer : GCCCGCTATCAGGAAGTG 

4.2.3.2. PCR amplification of genes 

The bvs4 and bvs5 genes were amplified by PCR using the primers 

listed in Table 4.2 

The PCR was carried out with an initial denaturation at 95OC for 3 

minutes; followed by 35 rounds of amplification consisting of 

denaturation at 95OC for 1 minute, primer annealing at 57OC for 1 

minute and extension at 72OC for 4 minutes. A final extension 

elongation step was carried out at 72OC for 10 minutes following which 

the DNA was stored at 4OC. 

The GoTaq Flexi DNA polymerase normally used for PCR gives 3’A 

overhangs which are not suitable for adapter ligation. The overhang 

needs to be digested using a single-strand nuclease with 3’5’ 

exonuclease activity. Hence, the high-fidelity Pfu DNA polymerase 

(New England Biolabs) was used for the PCR amplification (using 
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manufacturer’s protocol) since it has 3’5’ proof reading exonuclease 

activity resulting in PCR products with blunt ends that are better suited 

for adapter ligation. The PCR product was checked for quality by 

running on an agarose gel and later purified using QIAquick PCR 

Purification Kit from Qiagen using the manufacturer’s protocol. 

4.2.3.3. Preparation of BamHI adapter complex 

The genes bvs4 and bvs5 were each cloned in the plasmid pDG71 as 

described by Vanderlinde (2013, 2009a), with modifications. The 

plasmid has a strong trp promoter from Salmonella that is also 

expressed in Rhizobium and Ensifer (Sinorhizobium) spp. A BamHI 

site is located close to the trp promoter. The proximity of the restriction 

site makes it an ideal site for cloning. However, the bvs4 gene has a 

BamHI site within the amplified region so it was not possible to use 

primers with BamHI sites as was done for cloning in pK19mob. Hence, 

the cloning was carried out using adapters with BamHI overhangs and 

using the adapter-ligated construct for cloning in pDG71 linearized 

with BamHI and cleaned to remove the enzyme. 

The BamHI adapter was designed as an inverted-repeat palindrome 

(5'TACCGGGATCCCGGTA3'). The single stranded sequence was 

dimerized by heating the solution to 65OC and then cooling it to 15OC 

using a step-down program on a thermal cycler, ramping at 1OC/min. 

The dimerization was confirmed by running an aliquot of the sample 

before and after the step-down process. 

4.2.3.4. Preparation of BamHI adapter 

The adapter complex was incubated with BamHI and calf-intestinal 

phosphatase (CIP) in ‘universal’ NEB Buffer 3 from New England 

Biolabs to form dephosphorylated BamHI adapters. The 

dephosphorylation was performed to ensure that the ‘sticky ends’ of 

the adapters do not self-ligate. The adapters were purified using 

phenol-chloroform-isoamyl alcohol treatment and followed by ethanol 

precipitation to remove the enzymes and other molecules. 
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4.2.3.5. Ligation of adapter and PCR product 

The dephosphorylated BamHI adapter was ligated to the purified PCR 

product using T4 polynucleotide kinase and T4 DNA ligase from New 

England Biolabs using the manufacturer’s protocol. The ligation was 

carried out at room temperature for 30 minutes. 

4.2.3.6. Linearization of plasmid pDG71 and BamHI 

The plasmid pDG71 was linearized using the restriction enzyme 

BamHI using the manufacturer’s protocol. After linearization, the 

plasmid was purified using QIAquick Spin Column from Qiagen using 

the manufacturer’s protocol.  This was done to remove BamHI which 

would otherwise cleave the BamHI site within the gene. . 

4.2.3.7. Cloning the PCR-adapter construct into linearized pDG71 

The linearized and cleaned pDG71 was mixed with the PCR product-

adapter complex containing T4 polynucleotide kinase and T4 DNA 

ligase. The mixture was incubated at 16OC overnight to form a ligation 

product of the PCR amplicon and pDG71. 

4.2.3.8. Inserting the recombinant plasmid into Rlv.3841 mutants 

The recombinant plasmid was inserted into chemically competent Rlv. 

3841 mutant cells by chemical transformation using the heat-shock 

method. Chemically competent cells for bvs4 / bvs5 gene mutant were 

prepared using the protocol described for preparing chemically 

competent cells for E.coli DH5 (Section 4.2.1.7). 5 µl of the 

recombinant plasmid ligation mixture was used to transform the 

competent cells by heat-shock using the protocol in section 4.2.1.8.  

One tube of chemically competent bvs4 mutant cells was transformed 

with the bvs4 gene while another tube was transformed with the bvs5 

gene. Similar transformation was done for the competent bvs5 mutant 

cell tubes. The transformants were selected on Streptomycin-

tetracycline plates. The direction of the insert was checked by PCR 

before using the strains for any further work. 

 



109 
 

4.2.4. Competitiveness nodulation test of gene complementary strains 

The aim of complementing gene mutations was to observe for reversion 

to wild-type phenotype. In order to assess this reversion, the nodulation 

competition assay was performed again as described in section 4.2.2. 

replacing the mutants with the gene complemented strains. 

4.3. Results 

4.3.1. Creating mutants in chromosomal nitrilase and five bvs genes 

4.3.1.1. Amplification of central portion of gene by PCR 

The central portion of chrN and each of the five bvs genes were 

amplified using the designed “inside” primers (section 4.2.1.4) to form 

PCR  products of about 200 bp (bvs2 and bvs3) or 600bp 

(chromosomal nitrilase, bvs1, bvs4 and bvs5). Each PCR product was 

checked by agarose gel electrophoresis of 5μl as shown in Figure 4.3. 

 

 

Figure 4.3. Gel picture of the two replicate amplifications of Rlv.3841 

Chromosomal nitrilase gene (well 2
nd

 and 3
rd

) and bvs1 (well 5
th
 and 6

th
), 

bvs2 (well 8
th
 and 9

th
), bvs3 (well 11

th
 and 12

th
), bvs4 (well14

th
 and 15

th
) and 

bvs5 (well17
th
 and 18

th
). The 1

st
 and 20

th
 wells contain the DNA molecular 

weight marker Smart Ladder MW-1700-10 from Eurogentec. 
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4.3.1.2. Restriction digestion and ligation of PCR product and 

plasmid 

The pre-ligation and post-ligation samples were electrophoresed on 

an agarose gel to check for a ligation product of higher molecular 

weight and the simultaneous fading of the bands corresponding to the 

PCR product and plasmid. The image of the gel after electrophoresis 

of the pre-ligation and post-ligation samples is shown in Figure 4.4. 

 

Figure 4.4. Gel electrophoresis of the samples before and after ligation. The 

3
rd

, 5
th
, 7

th
, 9

th
, 11

th
 and 13

th
 wells contain the linearized pK19mob and one of 

the six PCR products (Chromosomal nitrilase, bvs1, bvs2, bvs3, bvs4 and 

bvs5 respectively) before ligation. The 4
th
, 6

th
, 8

th
, 10

th
, 12

th
 and 14

th
 wells 

contain the ligation products. 1
st
 and 15

th
 well contain DNA molecular weight 

marker Smart Ladder MW-1700-10 from Eurogentec. 

4.3.1.3. Screening of transformed DH5 clones for presence of 

plasmid with insert : 

Following transformation of E.coli DH5 cells, two white colonies from 

the chromosomal nitrilase ligation reaction and four white colonies 

each of the bvs gene ligation reaction were screened for the presence 

of insert by PCR using ‘inside’ gene primers lacking the RE sites. The 

PCR products were electrophoresed on a 2% agarose gel containing 

1X SybrSafe and visualised over blue light shown in Figure 4.5. 

     1    2     3    4     5      6     7     8     9    10  11   12    13   14   15 

Smart Ladder  

MW-1700-10 
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Figure 4.5. Gel electrophoresis of PCR products to check presence of cloned 

partial gene region in E.coli DH5 clones using inside primers. Different 

numbers of clones were checked. Figure 4.5.a: Chromosomal nitrilase (2
nd

 

and 3
rd

 well) and bvs1 (6
th
, 7th, 8th and 9

th
 well) clones; Figure 4.5.b: bvs2 

(2
nd

, 3
rd

, 4
th
 and 5

th
 well), bvs3 (8

th
, 9

th
, 10

th
 and 11

th
 well), bvs4 (14

th
, 15

th
, 

16
th
 and 17

th
) and bvs5 (20

th
, 21

st
, 22

nd
 and 23

rd
 well) clones. The DNA 

molecular weight marker used is the 100bp ladder from Invitrogen (Gel a: 

wells 1 and 12, Gel b: wells 1 and 26). 

4.3.1.4. Screening of Rlv. 3841 transconjugants for plasmid 

insertion using PCR : 

During triparental mating the plasmid pK19mob was transferred to Rlv. 

3841 using the mob function of pRK2013. The plasmid integrates into 

the target gene by homologous recombination, thereby inactivating it. 

The transconjugants were screened by junction PCR using an M13 

primer with a binding site on the plasmid and another primer binding in 

a 

b 

    1       2       3       4      5       6      7       8       9     10    11     12     

       1     2    3    4     5    6   7    8    9   10   11  12  13 14  15   16  17  18  19  20  21  22   23  24  25  26 
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the disrupted gene but outside the region used for initial amplification. 

The results of the gel electrophoresis are shown in Figure 4.6. 

 

 

Figure 4.6. Gel electrophoresis of PCR products to check the presence of 

pK19mob in the disrupted genes of Rlv.3841 after tri-parental mating using a 

forward primer located in the uncloned region of the gene and a M13 reverse 

primer. Three clones for each gene insertion were checked with negative 

control. Figure 4.6.a: Chromosomal nitrilase (7
th
, 8

th
 and 9

th
 well) and bvs1 

(12
th
, 13

th
 and 14

th 
well) clones; Figure 4.6.b: bvs2 (2

nd
, 3

rd
 and 4

th
 well), bvs3 

(7
th
, 8

th
 and 9

th
 well), bvs4 (12

th
, 13

th
 and 14

th
 well) and bvs5 (17

th
, 18

th
 and 

19
th
 well) clones. 1

st
 and 22

nd
 wells in both figures contain DNA molecular 

weight marker Smart Ladder MW-1700-10 from Eurogentec. 

a 

b 
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4.3.2. Complementation of bvs4 and bvs5 genes 

4.3.2.1. Whole gene amplification of bvs4 and bvs5 genes and 

cloning into pDG71 

For complementation of the bvs4 and bvs5 genes, the entire genes 

were amplified from Rlv. 3841 as described in sections 4.2.3.1 and 

4.2.3.2. The PCR products were ligated with the adapters and cloned 

into the plasmid pDG71. The aliquots from each of these steps in the 

manipulation of DNA are shown in Figure 4.7. 

 

Figure 4.7. Gel electrophoresis of aliquots from DNA manipulations to 

generate recombinant pDG71 plasmid.  1
st
 well: BamHI complex after ethanol 

precipitation; 2
nd

 well: bvs4 whole gene PCR product; 3
rd

 well: bvs5 whole 

gene PCR product; 5
th
 well: plasmid pDG71; 6

th
 well: plasmid pDG71 with 

bvs4; 7
th
 well: plasmid pDG71 with bvs5; 8

th
 well: DNA molecular weight 

marker 100bp ladder from Invitrogen. 

4.3.2.2. Screening of Rlv. 3841 transformants to check for insert 

The chemically competent cells of Rlv. 3841 mutants were 

complemented with a copy of functional gene cloned on the plasmid 

pDG71. The bvs4 mutants were complemented with a copy of 

functional bvs4 gene or bvs5 gene. Similarly bvs5 mutants were 

  1       2       3      4       5      6       7       8   
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complemented with a copy of bvs5 gene or bvs4 gene. This was done 

to check if the genes are organised into an operon.  

If the genes are independent then they will not exhibit a polar effect of 

mutation commonly observed with genes arranged in operons wherein 

mutation in a gene placed transcriptionally upstream abolishes the 

functions of genes located downstream to it. 

 

 

Figure 4.8. Gel electrophoresis to determine the presence and orientation of 

insert. Colony PCR of six clones of transformants from each gene was done 

using a forward primer within trp promoter in pDG71 and a reverse primer 

located within the gene. Clones which show bands were inserted in correct 

direction. Fig 4.8.a: Rlv.3841 bvs4 mutant strains complemented with bvs4 

(2
nd

 to 7
th
 well) or bvs5 (9

th
 to 14

th
 well); Fig 4.8.b: Rlv.3841 bvs5 mutant 

strains complemented with bvs4 (2
nd

 to 7
th
 well) or bvs5 (9

th
 to 14

th
 well). 

a 

b 
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4.3.3. Nodulation and Nodulation competition assays using mutants 

4.3.3.1. Dry weight of plants inoculated with pure culture of 

mutant strains and wild-type Rlv. 3841. 

The nodulation test was performed to study the effect of mutation of 

chromosomal nitrilase and the five bvs genes (independently) on the 

ability of the mutants to form nodules on the host plants and effect on 

plant growth as measured by its dry weight. 

 Table 4.3. Dry weight data for V. sativa plants included in nodulation test to 

study effect of gene mutation on nodulation and plant growth. All 

measurements are expressed in grams. 

Culture Replicate1 Replicate2 Replicate3 Replicate4 Replicate5 Mean 

ChrN 
mutant 

0.0576 0.0862 0.1082 0.0691 0.1007 0.0760 

bvs1 
mutant 

0.0730 0.0832 0.0950 0.0892 0.0850 0.0851 

bvs2 
mutant 

0.1794 0.0649 0.0906 0.0684 0.0702 0.0947 

bvs3 
mutant 

0.0972 0.0556 0.0924 0.0969 0.0596 0.0803 

bvs4 
mutant 

0.0940 0.0509 0.1033 0.0806 0.0427 0.0743 

bvs5 
mutant 

0.0769 0.0820 0.1132 0.0428 0.0820 0.0794 

Rlv. 3841 0.0576 0.0862 0.1082 0.0691 0.1007 0.0844 

Negative 
control 

0.0302 0.0306 0.0361 0.0334 0.0365 0.0334 

The analysis of the data by the Kolmogorov-Smirnov test showed that 

the plant dry weights were normally distributed. Hence, the data were 

analysed using the one-way ANOVA test. 

Table 4.4. Results of the ANOVA test for V. sativa dry weight data. 

ANOVA 

V. sativa dry weight 

 Sum of Squares df Mean Square F Sig. 

Between cultures .012 7 .002 2.681 .026 
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The results of the analysis indicates that there is a significant 

difference in the means, F (7, N = 40) = 2.681, p = 0.026. 

Since p-value = 0.026 ≤ 0.05 = , we reject the null hypothesis and 

accept the alternate hypothesis. 

At  = 0.05 level of significance, there exists enough evidence to 

conclude that there is significant difference in the mean dry weights of 

the V. sativa plants inoculated with different cultures. 

 

Figure 4.9. Differences in the mean dry weight of V. sativa plants used in the 

nodulation test from ANOVA. 

In order to analyse the pattern of difference between means, the one-

way ANOVA was followed by a post-hoc LSD (least significant 

difference) test to carry out specific pairwise comparisons. 

The analysis of the dry weight data by LSD showed that amongst all 

the groups, the only group that differed from other groups was the 

negative control. There was no difference in the pairwise comparisons 

of any other groups. 

a a 
a 

a 

a a a 

b 
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Table 4.5. Dry weight data for V. faba plants included in nodulation test to 

study effect of gene mutation on nodulation and plant growth. All 

measurements are expressed in grams. 

Culture Replicate1 Replicate2 Replicate3 Mean 

ChrN mutant 1.7119 1.6235 1.6607 1.6654 

bvs1 mutant 1.2495 1.4715 1.7275 1.4828 

bvs2 mutant 1.2036 0.9076 0.6609 0.9240 

bvs3 mutant 0.9028 1.2004 1.0040 1.0357 

bvs4 mutant 1.5447 1.0970 1.2385 1.2934 

bvs5 mutant 1.4405 1.4787 1.9332 1.6175 

Rlv. 3841 1.9853 1.5365 1.2641 1.5953 

Negative control 1.0518 0.0000 0.5303 0.5274 

The analysis of the data by the Kolmogorov-Smirnov test showed that 

the data of plant dry weights were normally distributed. Hence, the 

data was analysed using the one-way ANOVA test. 

Table 4.6. Results of the ANOVA test for V. faba dry weight data. 

ANOVA 

V. faba dry weight 

 Sum of Squares df Mean Square F Sig. 

Between Groups 3.464 7 .495 5.716 .002 

The results of the analysis indicates that there is a significant 

difference in the means, F (7, N = 24) = 5.716, p = 0.02. 

Since p-value = 0.02 ≤ 0.05 = , we reject the null hypothesis and 

accept the alternate hypothesis. 

At  = 0.05 level of significance, there exists enough evidence to 

conclude that there is significant difference in the mean dry weights of 

V. faba plants inoculated with different cultures. 
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Figure 4.10. Differences in the mean dry weight of V. faba plants used in the 

nodulation test from ANOVA. 

In order to analyse the pattern of difference between means, the one-

way ANOVA was followed by a post-hoc LSD (least significant 

difference) test to carry out specific pairwise comparisons. 

The analysis of the dry weight data by LSD showed that the means of 

dry weights of plants from the bvs2, bvs3 mutants and negative 

control were similar to each other and differed from plants from the 

other groups. Similarly, the means of the dry weights of plants from 

ChrN, bvs1, bvs4, bvs5 mutants and positive control were similar to 

each other but different from plants in the other three groups. 

The results indicate that the effect of mutating the bvs2 and bvs3 is 

similar to the plants included in the negative control which did not 

receive any bacterial inoculum i.e. it adversely affected plant growth. 

The effect of mutating the ChrN, bvs1, bvs4 and bvs5 genes had no 

observable effect on plant growth as there was no statistical difference 

between plants inoculated with bacteria having mutation in these 

genes and the plants inoculated with Rlv. 3841 (positive control). 
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Table 4.7. Dry weight data for P. sativum plants included in nodulation test to 

study effect of gene mutation on nodulation and plant growth. All 

measurements are expressed in grams. 

Culture Replicate1 Replicate2 Replicate3 Mean 

ChrN mutant 0.3825 0.4750 0.4256 0.4277 

bvs1 mutant 0.3498 0.4115 0.4038 0.3884 

bvs2 mutant 0.2349 0.4732 0.5846 0.4309 

bvs3 mutant 0.5674 0.4365 0.2495 0.4178 

bvs4 mutant 0.5126 0.4345 0.6523 0.5331 

bvs5 mutant 0.4355 0.3926 0.3516 0.3932 

Rlv. 3841 0.4516 0.3964 0.3555 0.4012 

Negative control 0.4127 0.3402 0.3217 0.3582 

The analysis of the data by the Kolmogorov-Smirnov test showed that 

the data of plant dry weights were normally distributed. Hence, the 

data was analysed using the one-way ANOVA test. 

Table 4.8. Results of the ANOVA test for P. sativum dry weight data. 

ANOVA 

P. sativum dry weight 

 Sum of Squares df Mean Square F Sig. 

Between 

Groups 
.057 7 .008 .816 .588 

The results of the analysis indicates that there is a significant 

difference in the means, F (7, N = 24) = 0.816, p = 0.558. 

Since p-value = 0.558 ≥ 0.05 = , we do not reject the null hypothesis. 

At  = 0.05 level of significance, there exists enough evidence to 

conclude that there is no significant difference in the mean dry weights 

of P. sativum plants inoculated with different cultures. 
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Figure 4.11. Differences in the mean dry weight of P. sativum plants used in the 

nodulation test from ANOVA. 

In the pea plants (P. sativum) no difference was observed in the 

growth of any plants used in the test, including negative control. In 

contrast, the V. sativa plants showed difference only between the 

plants included in the negative control and other groups indicating that 

while the mutation of the genes did not have any effect on plant 

growth, the absence of the nodulating bacteria was detrimental to the 

growth of the plant. The V. faba plants differed to a much greater 

extent. It was observed that plants infected with bacteria having 

mutation in bvs2 and bvs3 showed growth that was statistically similar 

to that of negative control whereas the plants that were treated with 

cultures mutated in genes ChrN, bvs1, bvs4 and bvs5 were not 

different from plants included in the Rlv. 3841 positive control group. 

4.3.3.2.  Results of nodulation competition assay between wild-

type Rlv. 3841 and gene mutants 

The results of the nodulation test gave a mixed verdict in terms of the 

ability of gene mutation to affect the growth of plants. The effect of the 
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mutation on plant growth differed with the host. The same host plants 

were hence included in the nodulation competition assay and 

inoculated with a mixed bacterial culture containing wild-type Rlv. 

3841 and mutants in the ratio of 1:10 (or 10% of the population) to 

study the effect of mutation on the ability of the strain to compete for 

nodulation.  

The results of the nodulation competition assay carried out on different 

host plants are shown in Figure 4.12. 
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Figure 4.12. Comparison of wild-type Rlv. 3841 mutants at the beginning and end of the 

nodulation competition assay for the host plants V. sativa, V. faba and P. sativum (Figures 

4.12 a, b and c respectively). The initial bar is representational and shows the estimated 

percentage of wild-type Rlv. 3841 population at the beginning of the assay (i.e. 10%). The 

other bars show the actual percentage of wild-type Rlv. 3841 population at the end of the 

assay when mixed with the cultures indicated at the base of the bar. 

The data from the nodulation competition assay was analysed using 

the chi-squared test to see if there is a significant difference in the 

initial and final values of the proportion of wild-type Rlv. 3841 

populations in the nodulation competition assay.  

The chi-squared test is a statistical method used to assess the 

goodness of fit between a set of observed values and those expected 

theoretically or, in other words, to evaluate how likely it is that any 

observed difference between the observed and the expected values 

arose by chance. The chi-squared test here refers to the Pearson's 

chi-squared test, also known as the chi-squared goodness-of-fit test. 

Table 4.9. Chi-squared analysis of wild type Rlv.3841 nodulation ratios at the end of the 

nodulation competition assay in the three host plants using mixed cultures to test whether the 

proportion of wild-type nodules at the end differ significantly from the expected value of 1 in 

10 (Significant results highlighted with a grey background). 
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a. Vicia sativa nodulation competition assay chi-squared test results 

ChrN mutant -squared = 0.1818 df = 1 p-value = 0.6698 

bvs1 mutant -squared = 0.2222 df = 1 p-value = 0.6374 

bvs2 mutant -squared = 0.2222 df = 1 p-value = 0.6374 

bvs3 mutant -squared = 0.3913 df = 1 p-value = 0.5316 

bvs4 mutant -squared = 7.8108 df = 1 p-value = 0.005193 

bvs5 mutant -squared = 10.7561 df = 1 p-value = 0.001039 

 

b. Vicia faba nodulation competition assay chi-squared test results 

ChrN mutant -squared = 1 df = 1 p-value = 0.3173 

bvs1 mutant -squared = 0.0476 df = 1 p-value = 0.8273 

bvs2 mutant -squared = 0 df = 1 p-value = 1 

bvs3 mutant -squared = 0.2222 df = 1 p-value = 0.6374 

bvs4 mutant -squared = 4.5 df = 1 p-value = 0.03389 

bvs5 mutant -squared = 7.8108 df = 1 p-value = 0.005193 

 

c. Pisum sativum nodulation competition assay chi-squared test results 

ChrN mutant -squared = 3.7692 df = 1 p-value = 0.0522 

bvs1 mutant -squared = 0.0526 df = 1 p-value = 0.8185 

bvs2 mutant -squared = 1.6667 df = 1 p-value = 0.1967 

bvs3 mutant -squared = 0 df = 1 p-value = 1 

bvs4 mutant -squared = 8.5263 df = 1 p-value = 0.0035 

bvs5 mutant -squared = 12.3023 df = 1 p-value = 0.0004524 
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From the results of the chi-squared tests in Table 4.9, it is clear that 

mutating the ChrN, bvs1, bvs2 and bvs3 had no effect on the ability of 

the mutants to compete for nodulation in all the three host plant V. 

sativa, V. faba and P. sativum (p≥0.05). However mutating the bvs4 

and bvs5 genes adversely affected the ability of the mutants to 

compete and form nodules on all the three host plants (p0.05).  

The results from the nodulation tests and from the nodulation 

competition tests could be used to argue that while the plants 

exhibited different growth response when inoculated with pure cultures 

of mutants in the nodulation test, the effect of mutation on the 

nodulation competition is the same in all the host plants viz. mutating 

the bvs4 and bvs5 genes adversely affects the ability of the bacterium 

to compete and form nodules on the host plant. 

4.3.4. Nodulation competition assay using mutant gene complemented 

strains 

4.3.4.1. Results of nodulation competition assay between wild-

type Rlv. 3841 and mutant gene complemented strains 

The results of the nodulation competition assay are shown in Figure 

4.13. 
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Figure 4.13. Comparison of wild-type Rlv. 3841 mutants at the beginning and end of the 

nodulation competition assay for the host plants V. sativa, V. faba and P. sativum (Figures 

4.13 a, b and c respectively). The initial bar is representational and shows the estimated 

percentage of wild-type Rlv. 3841 population at the beginning of the assay (i.e. 10%). The 

other bars show the actual percentage of wild-type Rlv. 3841 population at the end of the 

assay when mixed with the cultures indicated at the base of the bar. 

The data from the nodulation competition assay was analysed using 

the chi-squared test to see if there is a significant difference in the 

initial and final values of the proportion of wild-type Rlv. 3841 

populations in the nodulation competition assay. 
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Table 4.10. Chi-squared analysis of wild type Rlv.3841 nodulation ratios at the beginning and 

the end of the nodulation competition assay in the three host plants using mixed cultures 

(Significant results highlighted with a grey background). 

a. Vicia sativa nodulation competition assay chi-squared test results 

bvs4 mutant -squared = 7.8108 df = 1 p-value = 0.005193 

bvs5 mutant -squared = 10.7561 df = 1 p-value = 0.001039 

bvs4 mutant + bvs4 -squared = 1 df = 1 p-value = 0.3173 

bvs4 mutant + bvs5 -squared = 0.2222 df = 1 p-value = 0.6374 

bvs5 mutant + bvs4 -squared = 13.8889 df = 1 p-value = 0.0001939 

bvs5 mutant + bvs5 -squared = 0.2222 df = 1 p-value = 1 

 

b. Vicia faba nodulation competition assay chi-squared test results 

bvs4 mutant -squared = 4.5 df = 1 p-value = 0.03389 

bvs5 mutant -squared = 7.8108 df = 1 p-value = 0.005193 

bvs4 mutant + bvs4 -squared = 3.3333 df = 1 p-value = 0.06789 

bvs4 mutant + bvs5 -squared = 0.0476 df = 1 p-value = 0.8273 

bvs5 mutant + bvs4 -squared = 4.5 df = 1 p-value = 0.03389 

bvs5 mutant + bvs5 -squared = 0.0526 df = 1 p-value = 0.8185 

 

c. Pisum sativum nodulation competition assay chi-squared test results 

bvs4 mutant -squared = 8.5263 df = 1 p-value = 0.0035 

bvs5 mutant -squared = 12.3023 df = 1 p-value = 0.0004524 

bvs4 mutant + bvs4 -squared = 9.2564 df = 1 p-value = 0.002347 

bvs4 mutant + bvs5 -squared = 0.5294 df = 1 p-value = 0.4669 

bvs5 mutant + bvs4 -squared = 6.4286 df = 1 p-value = 0.01123 

bvs5 mutant + bvs5 -squared = 0.0476 df = 1 p-value = 0.8273 
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From the results of the chi-squared test in Table 4.10, it can be said 

that in all the three host plants, mutating the bvs4 and bvs5 genes 

adversely affected the nodule occupancy ratio of the mutant (p0.05). 

It was also observed that when the bvs4 mutant was complemented 

with a functional copy of bvs4 gene, the effect of mutation on the 

nodulation competition ability was reversed in V. sativa and V. faba 

(p≥0.05) but not in P. sativum (p0.05). However, when the bvs4 

mutant was complemented with a copy of bvs5 gene, the mutant 

strain regained its ability to compete and form nodules (p≥0.05) in all 

the three host plants. When bvs5 gene mutant was complemented 

with a copy of bvs4 gene, the ability to compete for nodulation was not 

restored in any of the three host plants (p0.05). However, 

complementing the mutation in bvs5 with a copy of functional bvs5 

gene significantly restored the ability of the mutants to compete and 

form nodules on all the three host plants (p≥0.05). 

4.4. Discussion 

In the previous chapter it was reasoned that since the bvs genes were only found 

in the strains that belonged to the biovar viciae of the Rhizobium leguminosarum 

species complex they may have some role in the nodulation process. The aim of 

this chapter was to investigate this line of reasoning. 

In order to study the effect that bvs genes have on nodulation, mutants were 

isolated for each of the five bvs genes and the chromosomal nitrilase gene and 

used to perform nodulation tests with three of the natural hosts of the biovar 

viciae group viz. V. sativa, V. faba  and P. sativum. The three plants showed 

different growth reaction (in terms of plant dry weight) to the mutation of the 

genes. P. sativum did not exhibit reaction even to the presence of inoculants 

whereas V. sativa showed difference between the inoculated and uninoculated 

plants (negative control) but no difference between the mutated and not mutated 

(positive control) inoculum. The V. faba plants infected with bacteria having 

mutation in bvs2 and bvs3 showed growth that was statistically similar to that of 

negative control whereas the plants that were treated with cultures mutated in 

genes ChrN, bvs1, bvs4 and bvs5 were not different from plants included in the 

Rlv. 3841 positive control group. 
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When the mutants were used to test their ability to compete with the wild-type 

Rlv. 3841 strain, it was observed that mutation in the genes ChrN, bvs1, bvs2 

and bvs3 did not have any effect on the ability of the mutants to compete with the 

wild-type strain. However, mutating the bvs4 and bvs5 genes greatly diminished 

the ability of these strains to compete and form nodules on all the three host 

plants. 

The results suggest that mutating the bvs genes might not have a significant 

effect on the host plant; the effect would perhaps range from no effect to 

significant effect depending on the host plant species. What is more striking 

probably is the effect of mutating the bvs genes on nodulation competition.  

The effects of mutating the bvs4 and bvs5 genes were seen clearly and verified 

statistically. The nodulation competition assay using the strains complemented 

with functional genes showed that complementing the mutants with a functional 

copy of bvs5 gene significantly restored the nodulation competition ability of the 

mutant strains irrespective of gene mutated (bvs4 or bvs5). This suggests a 

greater role for bvs5 gene in conferring nodulation competition ability on the 

biovar viciae strains. It may also suggest that if the bvs4 and bvs5 genes form an 

operon as suggested by using bioinformatic tools, then the bvs5 gene is 

positioned transcriptionally downstream to the bvs4 gene thus accounting for the 

polarity of mutation as suggested by the results of complementation analysis. 

Previously competition tests have demonstrated that some genes were able to 

affect rhizobial competitiveness. Triplett (1990) found that tfx genes in R. 

leguminosarum bv. trifolii T24 play an important role in biosynthesis of trifolitoxin. 

This compound was found to inhibit nodulation of clover by other R. 

leguminosarum bv. trifolii strains. Transformation of this gene to other Rhizobium 

strains could also enhance the competitiveness. Using nodulation competition 

tests, Miller et al. (2007) demonstrated that in R. leguminosarum bv. viciae, the 

cluster of genes involved in chemotaxis, che1, could be linked to competitiveness. 

Using the same technique, Williams et al. (2008) showed that genes mediating 

root hair surface attachment in R. leguminosarum were important for competition. 

Eda et al. (2011) demonstrated that in Sinorhizobium meliloti, gene cluster 

smeAB, encoding a multidrug efflux pump increased resistance of rhizobia to 

antibiotics, detergents and plant-derived compounds, affecting competitiveness.  
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Genes involved in utilization of galactose and trehalose were also demonstrated 

to affect competitiveness in Mesorhizobium loti and Sinorhizobium meliloti 

(Ampomah and Jensen, 2013, Geddes and Oresnik, 2012). In my work, bvs5 was 

found to affect rhizobial competitiveness since sulfite oxidase might increase 

detoxification ability to support formation of symbiosis. The results confirmed the 

notion that genes which are related to process of nodulation and symbiosis 

formation are essential for rhizobial competition, as indicated by Pérez-Giménez 

et al. (2011). 

The next logical step in the study would be to investigate the biochemical / 

enzymatic functions of the bvs4 and bvs5 genes. In Rlv. 3841, the genes are 

annotated as an aliphatic nitrilase (bvs4) and a molybdenum-binding 

oxidoreductase (bvs5) that could either be a sulfite oxidase or nitrate reductase. 

Since these annotations are based on sequence similarities of the genes with 

those found in other organisms in which the enzyme activity may have been 

practically demonstrated, it would be a good idea to use these annotations as the 

starting point to investigate the biochemical / enzymatic functions of these genes.  
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CHAPTER 5 : THE bvs4 AND bvs5 GENES ENCODE A NITRILASE AND A 

SULFITE OXIDASE. 

5.1. Introduction 

The bvs4 and bvs5 genes are two of five genes found in Rlv. 3841 and all biovar 

viciae isolates from Wentworth College, but none of the biovar trifolii isolates from 

the same area. In Rhizobium leguminosarum biovar viciae strain 3841, the five 

genes are located on pRL8, the smallest plasmid. The arrangement of the five 

bvs genes on pRL8 in Rlv. 3841 (pRL80073 – pRL80077) is shown below in 

Figure 5.1 :  

 

Figure 5.1. The arrangement of bvs genes on pRL8 in Rlv. 3841 coloured by GC content. 

The mutation of bvs4 and bvs5 genes and the analysis of the results obtained 

from competition assays in the previous chapter show that the bvs4 and bvs5 

genes affect the ability of Rlv. 3841 to compete for nodulation of the host plant 

compared to the native Rlv. 3841 isolate. The mutation of other three genes did 

not demonstrate any significant difference in the ability of the bacteria to nodulate 

the host plants. This indicates that the products of bvs4 and bvs5 expression are 

required by the bacteria in order to effectively compete for nodulation of the host 

plant.  

The putative functions of the bvs4 and bvs5 genes have been postulated using 

bioinformatic tools but have not been experimentally verified (Young et al., 2006). 

In the previous chapter, we have determined that the products of bvs4 and bvs5 

are essential in the symbiotic association by mutating the genes and 

complementing them and testing the effect on plant growth. It is therefore 

necessary to investigate the enzymatic functions of these genes in order to 

comment on their role in the symbiosis. The best point to start, perhaps, is to start 

by investigating the putative functions of the genes as postulated by the 

bioinformatic analysis and used in annotating the genome of Rlv. 3841. 

bvs1      bvs2     bvs3      bvs4     bvs5 
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5.1.1. Putative functions of bvs4 and bvs5  

The bvs4 and bvs5 genes in the Rlv. 3841 genome are annotated as a 

putative aliphatic nitrilase and a putative molybdenum-binding oxidoreductase 

respectively. Hence, a short review of the structure and possible functions of 

the two enzymes is presented here, based on the annotation of the genes on 

the Rlv. 3841 genome. 

5.1.1.1. bvs4 : putative aliphatic nitrilase (pRL80076) 

The bvs4 gene is a 1.33 kb gene located on the plasmid pRL8 of Rlv. 

3841. The sequence putatively encodes a 340 amino acid containing 

aliphatic nitrilase similar to the aliphatic nitrilase of Rhodococcus 

rhodochrous (Young et al., 2006).  

The nitrilases belong to the nitrilase superfamily (Pace and Brenner, 

2001). The enzymes of this superfamily are also called as carbon-nitrogen 

hydrolases (CN-hydrolases) first described by Bork and Koonin (1994) 

and belong to the Pfam family PF00795. The C-N hydrolases catalyse the 

breakdown of non-peptide C-N bonds. Based on sequence identity and 

catalytic activity, the C-N hydrolases are divided into 13 branches and 

includes enzymes such as nitrilase, aliphatic amidase, biotinidase, -

ureidopropionase, amongst others (Pace and Brenner, 2001).  

Nitrilase, cyanide dihydratase and cyanide hydratase are a group of 

closely related proteins belonging to the C-N hydrolase family. The 

proteins of the nitrilase superfamily generally have a conserved glutamic 

acid, lysine and cysteine (E-K-C) catalytic triad. The role of the amino acid 

in the catalytic triad has been proposed as follows : cysteine and glutamic 

acid residues assume the roles of a nucleophile and a general base, 

respectively, while the lysine residue is involved in the stabilization of the 

tetrahedral intermediate (Yeom et al., 2008). 

The enzymes of the nitrilase branch are multimeric alpha-beta-beta-alpha 

sandwich proteins and can be differentiated from other members of the 

superfamily by the presence of a conserved cysteine-tryptophan-glutamic 

acid (C-W-E) motif positioned at the cysteine residue of the catalytic triad. 

The cysteine residue is thought to form the active site of the enzyme 

(Brenner, 2002).   
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Nitrilases also have a sulfhydryl group that is essential for catalytic activity. 

Thus, they are also thiol enzymes. Like other thiol enzymes, their activity 

may be inhibited by thiol binding compounds like silver nitrate and copper 

sulfate, and enhanced by thiol-reducing agents such as dithiothreitol 

(Layh et al., 1998, O'Reilly and Turner, 2003, Podar et al., 2005) 

These enzymes, although similar in their amino acid composition and 

protein structure, differ in their catalytic ability. Nitrilases catalyse the 

hydrolysis of nitriles to carboxylic acid and ammonia. They are produced 

by a variety of organisms and vary significantly in their specificity (O'Reilly 

and Turner, 2003). Cyanide hydratase preferentially hydrolyses cyanide to 

formamide while cyanide dihydratase specifically hydrolyses cyanide to 

formic acid and ammonia (O'Reilly and Turner, 2003, Singh et al., 2006). 

 

Figure 5.2. The nitrilase reaction. Nitrilase catalyses the hydrolysis of nitriles to 

the corresponding carboxylic acid plus ammonia. 

Nitrilases can be grouped into three categories based on their substrate 

specificity viz. aliphatic nitrilases (acting on aliphatic nitriles such as 

acrylonitrile), aromatic and heterocyclic nitrilases (acting on aromatic or 

heterocyclic nitriles such as benzonitrile) and arylacetonitrilases (acting on 

arylacetonitriles such as indole-3-acetonitrile and phenylpropio-nitrile) 

(Brenner, 2002, O'Reilly and Turner, 2003). Some nitrilases are extremely 

substrate specific, for example, the nitrilase of Klebsiella pneumoniae sp. 

ozaenae (McBride et al., 1986), catalyses the hydrolysis of bromoxynil. 

Others nitrilases, in contrast, have a broad substrate range, such as the 

nitrilase of Bacillus pallidus Dac521, which hydrolyses aromatic, aliphatic 

and heterocyclic nitriles (Almatawah et al., 1999). 

Nitrilases are produced by a wide range of organisms, including bacteria, 

fungi and plants, but their metabolic role is poorly understood. Nitrilases 

may play important roles in a number of biological processes.  
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Nitrilase activity was first detected in plants by Thimann and Mahadevan 

(1958) and in soil bacteria by Robinson and Hook (1964). Many microbial 

nitrilases from the nitrilase superfamily have since been identified in 

organisms isolated from cyanide or nitrile-contaminated land and water. 

The presence of the enzymes was shown to increase the cyanide and 

nitrile tolerance of the organisms that produced them suggesting that 

these enzymes are probably involved in cyanide and nitrile detoxification.  

Microbes may also use nitrilase activity for the detoxification and 

assimilation of nitriles and cyanide present in the plant environment. Nitrile 

compounds are abundant in the plant environment and since the enzymes 

are produced by plants and soil bacteria it has been suggested that the 

activity of the enzymes might play an important role in interaction between 

plant and bacteria. It has been suggested that the nitrilases might indeed 

form part of an array of mechanisms that facilitate microbial colonization 

of plants, with possible roles in plant hormone synthesis, nitrogen 

utilization, the catabolism of cyanogenic glycosides and glucosinolates 

and the detoxification of nitriles and cyanide (Howden et al., 2009a, Kiziak 

et al., 2005, O'Reilly and Turner, 2003).  

5.1.1.2. bvs5 : putative Mo-binding oxidoreductase (pRL80077) 

The bvs5 gene is a 1.28 kb gene located on the plasmid pRL8 of Rlv. 

3841. The sequence putatively encodes a 329 amino acid oxidoreductase 

containing a molybdenum cofactor (Moco) binding domain. The gene 

shows sequence similarity with genes that encode enzymes involved in 

sulphur metabolism in extremophiles like Paracoccus denitrificans and  

Thermus thermophilus. 

The molybdenum cofactor is formed as a result of binding of the element 

molybdenum to a special co-factor molecule, called pterin. The Mo is 

coordinated to a dithiolene group on the 6-alkyl side chain of the pterin to 

form molybdopterin (MPT).  The metal itself is biologically inactive. The 

binding results in gain of catalytic activity. The molybdenum atom forms 

coordination with a cysteine ligand of the protein and catalyses transfer of 

oxygen to or from a lone pair of electrons on the substrate (Hille et al., 

2014, Mendel, 2009, Mendel, 2013, Schwarz, 2005, Schwarz and Mendel, 

2006).  
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More than 50 molybdoenzymes have been identified in bacteria to date. 

They are involved in a wide variety of transformation by enzymes 

catalysing diverse key reactions in the global carbon, sulfur and nitrogen 

metabolism which include the transfer of an oxo group or two electrons to 

or from the substrate. The Moco is the catalytically active region found at 

the catalytic site of all molybdoenzymes, except bacterial Mo-nitrogenase 

where Mo is a constituent of the FeMo-cofactor (Mendel, 2013, Schwarz 

and Mendel, 2006). Moreover, all Mo-enzymes, except plant sulfite 

oxidase, need at least one more redox active centre, many of them 

involving iron in electron transfer (Mendel and Bittner, 2006). 

The Molybdenum cofactor is synthesized via an ancient, ubiquitous and 

highly conserved pathway. The biosynthetic pathway of Moco involves 

interaction of seven proteins along with iron, ATP, SAM, copper and Mg+2. 

The synthesized Moco is most likely distributed to the apoproteins of Mo-

enzymes by putative Moco-carrier proteins. Since it is a part of many 

important proteins with enzymatic activities, a deficiency in the 

biosynthesis of Moco results in a pleiotropic loss of all Mo-enzyme 

activities and can be lethal for the organism (Mendel, 2013, Mendel and 

Schwarz, 2002, Schwarz and Mendel, 2006). 

The synthesis of Moco can be divided into four steps viz.  conversion of 

GTP into cPMP, synthesis of the molybdopterin dithiolate, adenylylation of 

molybdopterin dithiolate and finally, insertion of molybdenum to form 

Moco. Additional modification of Moco leading to its maturation as a result 

of modifications can be described as the fifth step in Moco synthesis. The 

modifications result in different catalytic Mo centres. (Schwarz G 2005).  

The molybdenum cofactor exists in three basic configurations at the 

molybdenum atom (Kisker et al., 1997). Hence, the molybdoenzymes are 

categorized into three families based on the type of cofactor bound, which 

is mainly classified by the ligands at the molybdenum atom : the xanthine 

oxidase family, the DMSO reductase family and the sulfite oxidase family 

(Hille, 1996, Hille et al., 2014).  

The xanthine oxidase family contains a sulfurated molybdopterin cytosine 

dinucleotide cofactor. This final maturation step is catalysed by a Moco-

sulfurase enzyme, which mobilizes sulfur from L-cysteine in a pyridoxal 
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phosphate-dependent manner typical of cysteine desulfurases. Enzymes 

of the xanthine oxidase family catalyse the oxidation of hypoxanthine to 

xanthine and further oxidation of xanthine to uric acid. These enzymes 

play an important role in the catabolism of purines in some species. 

Members of the xanthine oxidase family include xanthine dehydrogenase 

and periplasmic aldehyde oxidoreductase.  

The DMSO reductase family contains two molybdopterin guanine 

dinucleotides ligated to one molybdenum atom with additional ligands 

being an O/S, and a sixth ligand X, which can be a serine, a cysteine, a 

selenocysteine, an aspartate or a hydroxide and/or water molecule. 

Members of the DMSO reductase family are found only in prokaryotes 

and include nitrate reductases, formate dehydrogenases, trimethylamine-

N-oxide (TMAO) reductases, DMSO reductase and biotin sulfoxide 

reductases.  

Prokaryotic nitrate reductases are molybdoenzymes that reduce nitrate 

(NO−3) to nitrite (NO−2). Organisms reduce nitrate for three main reasons : 

to incorporate nitrogen into biomolecules (assimilatory nitrate reduction); 

to generate energy for cellular function (respiration, denitrification) or to 

eliminate energy excess generated by the cell metabolism (dissimilatory 

nitrate reduction). Most nitrate reductases are mononuclear molybdenum-

containing enzymes which have, in addition to molybdenum active site, 

additional redox cofactors that mediate electron transfer reactions 

between the electron donor and the electron acceptor (nitrate) (Gonzalez 

et al., 2006, Hille, 2013, Hille et al., 2014, Tavares et al., 2006).  

Prokaryotic nitrate reductases can be classified into three groups 

(according to different criteria such as: cell localization, protein structure 

and molecular properties of the catalytic centre and  metabolic routes) viz. 

assimilatory nitrate reductases (Nas), respiratory nitrate reductase (Nar), 

and periplasmic nitrate reductases (Nap). Nas are cytoplasmic enzymes 

involved in nitrate assimilation, whereas Nar are membrane-bound 

enzymes involved exclusively in denitrification. In contrast. Nap does not 

have a well-defined function (Bittner, 2014, Iobbi-Nivol and Leimkuhler, 

2013, Mendel and Bittner, 2006, Schwarz and Mendel, 2006, Tavares et 

al., 2006).  
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Assimilatory nitrate reductases catalyse the reduction of nitrate to nitrite 

which is subsequently converted to NH4

+
 by nitrite reductase. The 

reduction of nitrate starts in the cytoplasm and the process is used by the 

cell to incorporate nitrogen into biomolecules. The dissimilatory processes 

involve the conversion of nitrate into N2 (respiration) or into ammonia 

(respiration/ammonification). The intermediates of the process are nitrite, 

nitric oxide and nitrous oxide – which are amongst the most important 

global warming compounds. Heterotrophic soil bacteria are involved in 

this process and a very low concentration of oxygen is required (Carlson 

and Ingraham, 1983). Respiration is used by the cell to generate the 

proton motive force (PMF) across the cytoplasmic membrane. 

Dissimilatory ammonification also starts with the reduction of nitrate to 

nitrite, but then nitrite is reduced to ammonia. (Gonzalez et al., 2006, 

Iobbi-Nivol and Leimkuhler, 2013, Mendel and Bittner, 2006). 

Dissimilatory nitrate reduction to ammonia (DNRA) is less common than 

the process which produces molecular nitrogen. Many rhizobial strains 

such as Bradyrhizobium japonicum have been reported to have enzymes 

required for this process (Liu et al., 2003). Rütting et al. (2011) concluded 

that the significance of DNRA in the terrestrial nitrogen cycles might be 

increasing under the changing climatic conditions and that DNRA could 

act as an indicator for nitrogen retention in ecosystems. 

The sulfite oxidase family is characterized by a di-oxo Moco with an 

additional protein ligand, which usually is a cysteine. The sulfite oxidase 

family comprises eukaryotic nitrate reductases (Euk-NR) and sulfite-

oxidizing enzymes from animals, plants and bacteria. Sulfite oxidase and 

nitrate reductase are so related that altering three residues of chicken and 

human sulfite oxidase decreased sulfite oxidase activity and conferred 

nitrate reductase activity (Qiu et al., 2012, Tavares et al., 2006). 

The sulfite-oxidizing enzymes can be separated into two classes, the 

sulfite oxidases (SO), found in animals and plants (EC 1.8.3.1), and the 

sulfite dehydrogenases (SDH), found in bacteria (EC 1.8.2.1). Bacterial 

enzymes of the SO family appear to be located in the bacterial periplasm, 

i.e. in the extracellular compartment. (Aguey-Zinsou et al., 2003, Kappler, 

2011). 
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Unlike the prokaryotic nitrate reductase, the sulfite oxidases found in 

plants and animals use molecular oxygen as an electron acceptor 

whereas the sulfite dehydrogenases of bacteria use other electron 

acceptors such as cytochrome c. Sulfite oxidase catalyses the terminal 

reaction in the oxidative degradation of the sulfur-containing amino acids 

cysteine and methionine. The enzyme also plays an important role in 

detoxifying exogenously supplied sulfite and sulfur dioxide. The general 

reaction catalysed by these enzymes is SO3
−2 + H2O  SO4

−2 + 2H+ + 2e−, 

which in the case of oxygen as the electron acceptor for sulfite oxidase 

leads to the production of hydrogen peroxide, whereas in the case of 

sulfite dehydrogenases reduced cytochrome c is produced.  (Feng et al., 

2007, Kappler, 2011). 

Bacteria that have sulphur-oxidizing abilities could substantially benefit the 

neighbouring ecology by converting sulphur-containing compounds to 

essential nutrients for plants and other bacteria (Anandham et al., 2007). 

Sulphur was found to be important in nitrogen fixation in Vicia faba and 

chickpea (Habtegebrial Habtemichial et al., 2007, Togay et al., 2008). In 

rhizobia, a number of enzymes are linked to sulphur. Fe-S clusters are 

found in nitrogenase and ferredoxin, which are essential for nitrogen 

fixation (Tabatabai, 1986). Several rhizobia strains have sulphur-oxidizing 

enzymes and form symbiosis under stressful conditions (El-Tarabily et al., 

2006, Ghosh and Roy, 2006). The evidence suggests that sulphur-

oxidizing enzymes may support the rhizobial symbiosis and nodulation 

processes. 

Enzyme assays in this chapter are designed to observe the enzymatic 

activities of bvs4 and bvs5 genes. Based on BLAST the results from NCBI, 

bvs4 and bvs5 might have nitrilase and nitrate reductase/sulphite oxidase 

activities, respectively. Mutation of bvs4 genes should abolish the ability 

of Rlv.3841 to grow on media containing nitriles and produce ammonia, 

these abilities should be restored by complementation of bvs4 mutant with 

a functional copy of the bvs4 gene. Mutation of bvs5 genes should abolish 

the nitrate reductase/sulphite oxidase activity of Rlv. 3841 in a specific 

assay. This activity should be restored by complementation of bvs5 

mutant with a functional copy of the bvs5 gene. 
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5.1.2. Methods for investigating bvs4 and bvs5 function  

Since the putative enzymatic functions of bvs4 and bvs5 have been described 

in Rlv 3841, these functions were tested using the appropriate enzyme and 

growth assays. 

5.1.2.1. Investigating bvs4 gene function 

The bvs4 gene is annotated as a nitrilase. If the gene encodes a nitrilase, 

then the strain having the gene such as wild-type Rlv 3841 should be able 

to grow on some of the nitriles associated with plants. This trait should be 

absent in the bvs4 mutant but should be present in the strain 

complemented with a working copy of bvs4. In order to ascertain their 

ability to grow in the presence of nitriles, the wild-type Rlv. 3841, the bvs4 

mutant and the complemented strain were grown on solidified medium 

containing different concentrations of plant-associated nitriles. 

The ability to grow in the presence of nitrile does not specifically indicate 

nitrilase activity. The bacteria growing in the presence of nitriles and 

producing the enzyme nitrilase would cleave the nitrile into a carboxylic 

acid and ammonia. In order to confirm that the isolates that grow in the 

presence of nitriles in the previous half of the experiment were actually 

cleaving the nitrile, an ammonia assay was set up to detect and quantify 

the amount of ammonia liberated as a result of enzymatic breakdown of 

the nitrile.  

5.1.2.2. Investigating bvs5 gene function 

The bvs5 gene annotation suggests that it a molydoenzyme and may 

either be a nitrate reductase or a sulfite oxidase. Hence the enzyme 

assays were carried out to investigate enzyme activities for both the 

enzymes.  

As in the tests carried out to verify bvs4 function, the native Rlv 3841 

possessing the bvs5 gene was expected to have the nitrate reductase or 

sulfite oxidase function. The bvs5 mutant was expected to lose the 

enzyme function and the mutant strain complemented with a working copy 

of the bvs5 gene was expected to have regained the nitrate reductase / 

sulfite oxidase activity. 
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5.2. Materials and methods 

bvs4 is annotated as putative aliphatic nitrilase and bvs5 as putative 

molybdenum-binding oxidoreductase which could either be a nitrate reductase or 

sulfite oxidase. Since the enzymatic functions have not been verified 

experimentally, the following assays were carried out to confirm their functions :  

5.2.1. Test for bvs4 - aliphatic nitrilase 

The test for bvs4 function is divided into two parts. In the first part, the 

nitrilase growth assay, the cultures (Rlv 3841, gene mutants and gene 

complements) were grown different concentration of three different nitriles to 

assess the diversity of nitriles that can be used as substrates. In the second 

part, the ammonia assay, the cultures were tested for their ability to produce 

ammonia as a result of the breakdown of nitrile into carboxylic acid and 

ammonia. 

5.2.1.1. Nitrile growth assay 

The nitrile growth assay was carried out as a quantitative assay to test the 

ability of the different cultures to grow on a variety of nitriles. The method 

used here was suggested by Dr. Gail Preston (Howden et al., 2009a, 

Howden et al., 2009b) and uses Rhizobium Defined Medium, a defined 

minimal mineral medium for the assay. 

5.2.1.1.1. Preparation of reagents 

A. Rhizobium Defined Medium (Vincent, 1970) 

Rhizobium Defined Medium (RDM) is a minimum medium for rhizobia. 

The recipe of RDM is listed in Appendix A. The list of nitriles and the 

concentrations used are listed in the following section. 

B. The test nitriles 

The test nitriles were sterilized by filtration and added to sterile, cool, 

complete RDM medium directly or after dilution in sterile RDM broth. 

The concentration of nitriles used was as follows : propionitrile (1mM, 

2mM, 5mM and 10mM), 3-phenyl propionitrile (1mM, 2mM, 5mM and 

10mM) and 3-indole acetonitrile (0.5mM, 1mM and 2mM). 
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5.2.1.1.2. Procedure 

i. The actively growing cultures of mutant and control strains were 

streaked on sterile RDM medium agar plates containing different 

concentrations of nitriles. 

ii. The plates were incubated at 28OC for a week to observe for 

evidence of growth.  

iii. The nitrile(s) showing growth were used for assessing the ability of 

the cultures to cleave the nitrile to form carboxylic acid and liberate 

ammonia. 

5.2.1.2. Assay for ammonia production 

The hydrolysis of nitriles produces carboxylic acid and ammonia. 

Ammonia reacts with a-ketoglutaric acid (KGA) and reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) in the presence of L-glutamate 

dehydrogenase (GDH) to form L-glutamate and oxidized nicotinamide 

adenine dinucleotide phosphate (NADP+) as follows: 

KGA + NH4++ NADPH   GDH     L-Glutamate + NADP+ +H2O 

The decrease in absorbance at 340 nm, due to the oxidation of NADPH, is 

proportional to the ammonia concentration. L-Glutamate dehydrogenase 

reacts specifically with ammonia. The Ammonia Assay Kit (Sigma) may be 

used to determine ammonia concentrations in the range of 0.2–15 mg/ml. 

5.2.1.2.1. Preparation of reagents 

A. The Ammonia Assay Kit : (Catalog Number AA0100, Sigma) used in 

the detection and estimation of ammonia includes : 

i. Ammonia Assay Reagent  (Catalog Number A0853, Sigma) : The 

dry reagent contains -ketoglutaric acid, NADPH, buffers, 

stabilizers, and nonreactive fillers. The reagent is stored at 2-8OC. 

ii. L-Glutamate Dehydrogenase from bovine liver (Catalog Number 

G2294, Sigma) : The enzyme is supplied as a solution in 

phosphate buffer, pH 7.4, with 50% glycerol. Store at 2-8OC.  

Activity : ≥ 1,200 units/ml. 
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iii. Ammonia Standard Solution  (Catalog Number A0978, Sigma) : 

The ammonia concentration of the standard solution is ~10 mg/ml 

(~588 mM as ammonium sulfate). 

B. The test strains : Rlv.3841, Rlv.3841 Chr. nitrilase , bvs4 and bvs5 

gene disruption mutants 

C. Media : TY media with appropriate antibiotic, RDM (Rhizobia 

definition media) with 10mM propionitrile.  

The RDM medium contains KNO3 as a nitrogen source which could 

potentially serve as a source of nitrogen. Hence, the assay was 

repeated using RDM medium lacking KNO3 but supplemented with 

10mM propionitrile and RDM medium containing KNO3 but lacking 

propionitrile with Rlv. 3841 as the positive control, bvs4 mutant as the 

test and water as the blank.  

5.2.1.2.2. Procedure 

A. Rhizobial culture suspension : The ammonia assay was performed 

on the wild-type Rlv 3841, disruption mutants for the bvs4, bvs5, Chr. 

Nitrilase mutant and the complemented strains. The cultures for the 

ammonia assay were prepared as follows : 

i. Fresh rhizobium cultures were inoculated in 35ml TY in 50ml 

Corning tubes with appropriate antibiotic and incubated on a 

rotary shaker incubator at 150rpm at 28°C for 24 hours.  

ii. The cultures were then transferred to 35ml RDM media with 10 

mM propionitrile and incubated as before for 24 hours.  

iii. The cultures were then centrifuged and the supernatant was 

transferred to clean sterile tubes and used in the assay. 

B. Ammonia assay 

i. Pipette the solutions into appropriately marked cuvettes as shown 

in Table 5.1. 
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Table 5.1. Ammonia assay protocol 

Cuvette 
Ammonia 

Assay 
Reagent (ml) 

Ammonia 
Standard 

Solution (ml) 

Sample 
(ml) 

Water 
(ml) 

Reagent 
Blank 

1.0 - - 0.1 

Test 1.0 - 0.1 - 

Standard 1.0 0.05 - - 

ii. Set the spectrophotometer to 340 nm and the absorbance to zero 

using water as the reference. 

iii. Mix the contents in each cuvette and incubate for 5 minutes at 

28OC. Measure the absorbance of each solution at 340 nm. 

iv. Add 10 μl of L-Glutamate Dehydrogenase solution to each cuvette. 

v. Mix the contents of each cuvette and incubate for 5 minutes at 

28OC.  

vi. Measure the absorbance of each solution at 340 nm. 

The response of the assay was checked for linearity between 0-

20mM of ammonia using a 20mM solution of ammonia (~1176 mM 

as ammonium sulfate). 

C. Calculation : Determine 340 for the Reagent Blank, Test, and 

Standard. For each: ∆340  = AInitial – AFinal 

∆ (∆340)Test or Standard = ∆340 (Test or Standard) – ∆340 (Blank) mg of 

NH3/ml of original sample 

     

Where, 

A = ∆ (∆340)Test or Standard,    

TV = Total Assay Volume in ml (1.1ml) 
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SV = Sample Volume in ml (0.1ml),   

d = Light path (cm) = 1 cm 

MW of Ammonia = 17 g/mole or equivalently 17 mg/mM 

F = Dilution Factor from Sample Preparation (=1). 

 = Millimolar Extinction Coefficient for NADPH at 340 nm [mM-1 cm –1 

or equivalently(ml/mM)(1/cm)] 

5.2.2. Test for bvs5 - molybdenum-binding oxidoreductase 

The bvs5 gene is annotated as putative molybdenum-binding oxidoreductase 

which could either be a nitrate reductase (NR) or sulfite oxidase (SO). Hence, 

both the enzyme assays were carried out to characterise the gene function. 

5.2.2.1. Assay for nitrate reductase 

In this assay the nitrate from sodium nitrate is reduced by the enzyme 

nitrate reductase in the presence of a methyl viologen (1,1’-dimethyl-

1,4,4’-bipyridinium dichloride).  

Methyl viologen acts as a redox agent, donates an electron for the 

reduction of nitrate to nitrite and in the process gets oxidised to a 

colourless product. 

Methyl Viologen(red) + Nitrate --NR→ Methyl Viologen(ox) + Nitrite + H2O 

Red = reduced, ox = oxidized, NR = nitrate reductase. 

The nitrate reductase assay is a colorimetric assay carried out at 30OC 

and at pH = 7. The disappearance of colour is measured at 600 nm using 

a cuvette with a path length of 1 cm. 

5.2.2.1.1. Preparation of reagents 

Dissolve all reagents in deionized water which has been boiled for 10 

minutes and cooled. After cooling, degas the water to further ensure 

the removal of oxygen. To dissolve the reagents mix gently to avoid 

aeration. Never shake any reagent. After preparing the different 

reagents, store in vials which are tightly capped. Store on ice at 0-5°C. 

It is best to have a minimum volume of air in these containers. 
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i. 150 mM Potassium Phosphate Buffer, pH 7.0 at 30°C : Prepare 

200 ml in deionized water using 4.08g Potassium Phosphate, 

Monobasic, Anhydrous. Adjust to pH 7.0 at 30°C with 1 M KOH. 

(PREPARE FRESH.) 

ii. 100 mM Sodium Nitrate Solution (NaNO3) : Prepare 10 ml in 

deionized water using 0.088g Sodium Nitrate. (PREPARE FRESH.) 

iii. 1mM Methyl Viologen Solution (Viologen) : Prepare 10 ml in 

deionized water using 100mg Methyl Viologen. (PREPARE 

FRESH.) 

iv. 0.8% (w/v) Sodium Hydrosulfite Solution (HS) (Prepare 5 ml in 

deionized water using 40mg Sodium Hydrosulfite. PREPARE 

FRESH.) 

v. 0.8% (w/v) Sodium Bicarbonate Solution (Bicarb) : Prepare 5 ml in 

deionized water using 40mg Sodium Bicarbonate. 

vi. Sodium Hydrosulfite/Sodium Bicarbonate Solution (Hydro/Bicarb) : 

Immediately before use, prepare by adding 5 ml of Reagent D and 

5 ml of Reagent E to a suitable container. Do not shake. 

5.2.2.1.2. Preparation of cell lysate for the enzyme assay : 

The nitrate reductase assay was performed on wild-type Rlv 3841, 

gene mutants and complemented strains. E.coli DH5 was included 

as the positive control since it has nitrate reductase activity (Bonnefoy 

and Demoss, 1994). The cell lysates were prepared as follows : 

i. Rhizobium cultures were inoculated in 35 ml TY broth in 50ml 

Corning tubes with appropriate antibiotics. The E.coli DH5 

was inoculated in 35 ml LB broth. The cultures were incubated 

on a rotary shaker incubator at 150rpm at 28°C for 24 hours. 

ii. The cultures were then centrifuged, washed and resuspended 

in 20ml of 100mM potassium phosphate buffer pH 7.6.  

iii. The cell suspension (15 ml per conical tube) was sonicated on 

ice (Bandelin sonoplus, 70 W) in a 50 ml conical tube (1 cycle 

of 30 sec).  

iv. Cell extracts were stored at -80 and used for nitrate reductase 

and sulfite oxidase assays. 
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5.2.2.1.3. Procedure 

i. Pipette (in millilitres) the reagents from Table 5.2 into suitable 

containers : (Allow the reagents to flow down the side of the vial. It 

is essential that all of the reagents be virtually free of oxygen in 

order to prevent the oxidation of the reduced methyl viologen, the 

substrate for the reaction. If the substrate is oxidized, no blue 

colour will appear and no enzymatic reaction will occur). 

Table 5.2. Nitrate reductase protocol 

Reagent Test Blank 

Deionized Water - 0.15 

Reagent A (Buffer) 0.90 0.90 

Reagent B (NaNO3) 0.15 0.15 

Reagent C (Viologen) 0.15 0.15 

Reagent J (Enzyme Solution) 0.15 - 

Mix by inversion and equilibrate to 30OC. Then add … 

Reagent F (Hydro/Bicarb) 0.15 0.15 

Before the addition of Reagent F (Hydro/Bicarb) gently invert the 

container. Do not agitate or mix the solution since this may 

introduce oxygen into the mixture. 

ii. Mix by inversion and record the decreasing A600 nm for both the 

Test and Blank using a suitable spectrophotometer. 

5.2.2.2. Assay for sulfite oxidase 

In this assay the sulfite from sodium sulfite is oxidized to sodium sulfate 

by sulfite oxidase. During the process, the iron in cytochrome c gets 

reduced from Fe+3 to Fe+2 resulting in a decrease in the intensity of colour 

of the cytochrome C solution which can be monitored at 550nm by an 

increase in absorbance due to formation of reduced cytochrome c which 

has an absorption peak at 550 nm. 
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Sulfite + O2 + H2O + Cyt c(Ox) --
SO→ Sulfate + Cyt c(Red) + H2O2 

Ox = oxidised, Red = reduced, SO = sulfite oxidase 

The sulfite oxidase assay is a colorimetric assay performed at 25OC and 

pH = 8.5. The decrease in the intensity of colour / increase in absorbance 

is measured at 550 nm using a cuvette with a path length of 1 cm 

5.2.2.2.1. Preparation of reagents 

i. 100 mM Tris HCl Buffer, pH 8.5 at 25OC : Prepare 200 ml in 

deionized water using 3.15g Trizma Base. Adjust to pH 8.5 at 

25OC  with 1 M HCl. 

ii. 33 mM Sodium Sulfite Solution : Prepare 10 ml in Reagent A using 

0.042g Sodium Sulfite, Anhydrous. 

iii. 2mM Cytochrome c : Prepare 10 ml in Reagent A using 1.25mg 

Cytochrome c, from Horse Heart. 

iv. Cell lysate to test enzyme activity : From nitrate reductase assay. 

E.coli DH5 lysate was used for the positive control.  

5.2.2.2.2. Procedure 

i. Pipette (in millilitres) the following reagents into suitable cuvettes : 

Table 5.3. Sulfite oxidase protocol 

Reagent Test Blank 

Reagent A (Buffer) 2.77 2.77 

Reagent B (Sodium Sulfite) 0.03 - 

Reagent C (Cytochrome c) 0.10 0.10 

Deionized Water - 0.03 

Equilibrate to 25°C. Monitor the A550nm until constant, using a 
suitably thermostatted spectrophotometer. Then add: 

Reagent D (Enzyme Solution) 0.10 0.10 

ii. Immediately mix by inversion and record the increase in A550 for 

approximately 5 minutes. 
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5.3. Results 

5.3.1. Test for bvs4 - aliphatic nitrilase 

5.3.1.1. Nitrile growth assay 

The results of the nitrile growth assay shows that native Rlv 3841 was 

capable of growing in presence of propionitrile but does not grow in the 

presence of 3-phenyl propionitrile or 3-indoleacetonitrile (Table 5.4).  

The ability to grow in presence of propionitrile, seen in the form of 

increase in turbidity of the bacterial suspension, was observed from 1mM 

to 10mM of phenylpropionitrile. The ability to grow in the presence of 

phenylpropionitrile was lost when the bvs4 gene encoding the putative 

nitrilase is mutated. The ability to grow in presence of propionitrile was 

regained when the bvs4 mutant was complemented with a functional copy 

of the bvs4 gene. This ability to use nitrilase for detoxification of nitriles 

and grow in its presence was not restored when the bvs4 mutant is 

complemented with a copy of bvs5 gene indicating that presence of bvs4 

gene was necessary and sufficient to grow in the presence of propionitrile. 

Table 5.4. Table showing the growth of cultures on different of nitriles. 

 

Propio- 
nitrile 
1mM 

Propio- 
nitrile 
2mM 

Propio- 
nitrile 
5mM 

Propio- 
nitrile 
10mM 

3-phenyl 
propio-
nitrile 

3-indole 
aceto-
nitrile 

no 
nitrile 

3841 + + + + − − + 

bvs4 mutant − − − − − − + 

bvs5 mutant + + + + − − + 

bvs4 mutant + 
bvs4 

+ + + + − − + 

bvs4 mutant + 
bvs5 

− − − − − − + 

bvs5 mutant + 
bvs4 

+ + + + − − + 

bvs5 mutant + 
bvs5 

+ + + + − − + 

Key : + = growth, − = no growth. 
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The loss of ability to grow in presence of phenylpropionitrile when the 

bvs4 gene is mutated suggests that bvs4 gene may be associated with 

nitrilase activity.  

5.3.1.2. Assay for ammonia production 

In order to verify the presence of a functional nitrilase, it is necessary to 

detect either the reduction in nitrile concentration or an increase in the 

concentration of the reaction products. The ammonia assay was hence 

used to detect the liberation of the reaction end product, ammonia, from 

phenylpropionitrile as evidence of nitrilase activity. 

The test to determine the linear response range of the assay showed that 

the response of the assay was linear upto 16mM of ammonia and was in 

agreement with the value provided by the supplier in the kit. 

Table 5.5. The average A340 values for reduction in NADPH absorbance 

for the different test cultures after reaction starting 5 minutes. 

Test sample A340 Ammonia production (ug/ml) 

Standard 0.336 10.08 

WT3841 0.312 9.36 

bvs4mut 0.075 2.25 

bvs5mut 0.305 9.15 

bvs4mut+bvs4 0.341 10.23 

bvs4mut+bvs5 0.062 1.86 

bvs5mut+bvs4 0.350 10.50 

bvs5mut+bvs5 0.321 9.63 

ChrNmut 0.276 8.28 

Blank 0.000 0.00 
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Figure 5.3. Calculated ammonia production from the test strains grown on 

RDM using phenylpropionitrile as a nitrogen source. 

The analysis of data from the ammonia assay by the Kolmogorov–

Smirnov test indicated that the data were normally distributed. Hence, the 

data were analysed using one-way ANOVA (Analysis of Variance), a 

parametric statistical test to check whether or not the means of groups are 

equal. The analysis was performed to check for difference in means in the 

amount of ammonia produced by different cultures as a result of nitrilase 

activity using the ‘IBM SPSS Statistics’ software package (Version 21) 

from IBM Corporation. 

Table 5.6. Results of ANOVA to check difference between the amount of 

ammonia produced by different cultures as a result of nitrilase activity. 

ANOVA 

Ammonia production (ug/ml) 

 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
275.831 8 34.479 72.127 .000 

The results of the analysis indicates that there is a significant difference in 

the means, F (8, N = 27) = 72.127, p ≤ 0.05. 
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Since p-value ≤ 0.05 = , we reject the null hypothesis and accept the 

alternate hypothesis i.e. at  = 0.05 level of significance, there exists 

enough evidence to conclude that there is significant difference in the 

mean test scores among the test subjects. In order to analyse the pattern 

of difference between means, the one-way ANOVA was followed by a 

post-hoc LSD (least significant difference) test to carry out pairwise 

comparisons.  

The results of the pairwise analysis shows that of the eight cultures tested, 

the amount of ammonia produced by the two cultures that do not carry a 

functional copy of bvs4 differed significantly from those carrying a 

functional copy of bvs4. The loss of bvs4 severely affected the nitrilase 

activity of the culture which resulted in decreased ammonia production as 

quantified by the assay. The ability to cleave propionitrile and form 

ammonia is regained when the bvs4 mutant is complemented with a 

functional copy of the bvs4 gene. This ability is not restored when the 

bvs4 mutant is complemented with a copy of bvs5 gene (Figure 5.4).  

The results of the post-hoc LSD test are shown in the figure below. 

 

Figure 5.4. Result of the post-hoc LSD test showing pairwise comparison of 

ammonia estimated in the ammonia assay. 
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To test the effect of KNO3 on ammonia production, the assay was repeated 

with RDM medium lacking KNO3 but supplemented with 10mM propionitrile 

and RDM medium containing KNO3 but lacking propionitrile, using Rlv. 3841 

as the positive control, bvs4 mutant as the test and water as the blank. Using 

the Kolmogorov–Smirnov test, the assay results were found to be normally 

distributed, so the data were analysed using one-way ANOVA. 

Table 5.7. Results of ANOVA to check the effect of KNO3 on ammonia 

produced by different cultures as a result of nitrilase activity. 

ANOVA 

Ammonia production (ug/ml) 

 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
289.119 11 26.284 317.147 .000 

The results of the analysis indicates that there is a significant difference in the 

means, F (11, N = 36) = 317.147, p ≤ 0.05. 

Since p-value ≤ 0.05 = , we reject the null hypothesis and accept the 

alternate hypothesis i.e. at  = 0.05 level of significance, there exists enough 

evidence to conclude that there is significant difference in the mean test 

scores among the test subjects. In order to analyse the pattern of difference 

between means, the one-way ANOVA was followed by a post-hoc LSD (least 

significant difference) test to carry out pairwise comparisons. 

The results from the test show that production of ammonia by Rlv. 3841 in the 

presence of nitrile is significantly different from the synthesis of ammonia by 

the mutant. Also, the synthesis of ammonia by Rlv. 3841 in the presence of 

KNO3 is higher than in its absence and is statistically significant. This 

difference can be attributed to two different phenomena. It is possible that the 

presence of a ready source of nitrate like KNO3 stimulated the growth of 

rhizobia, resulting in higher enzyme activity and hence a greater utilization of 

the nitrile resulting in more ammonia being produced. There is also a 

possibility that the nitrate-nitrogen of KNO3 may have been channelled into 

the formation of ammonia-nitrogen as a result of bacterial metabolism 

resulting in an increase in the formation of ammonia. 

The results of the post-hoc LSD test are shown in the figure below. 
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Figure 5.5. Result of the post-hoc LSD test showing pairwise comparisons to 

check the effect of presence of KNO3 in the ammonia assay. Histogram bar 

values with the same letter are not significantly different at p = 0.05 using LSD. 

5.3.2. Test for bvs5 - putative Mo-binding oxidoreductase 

5.3.2.1. Nitrate reductase assay 

The results of the nitrate reductase test are tabulated in Table 5.7. The 

rate of reduction of methyl viologen was highest for E.coli DH5, which 

possesses an active nitrate reductase. Other strains did not demonstrate 

any significant enzyme activity. The small reduction in the colour of methyl 

viologen in other cultures might be due to other metabolic process not 

related to nitrate reductase activity. In E.coli DH5, the reduction of the 

dye progresses for about 16 minutes and then backtracks probably due to 

the reoxidation of the dye by atmospheric oxygen. This reason might also 

explain the plateauing of the rate of decrease in readings in some of the 

strains when the rate of reduction of methyl viologen would equal the rate 

of its reoxidation by atmospheric oxygen. 
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Table 5.8. The average A600 values for reduction of methyl viologen for 

the test cultures at different time intervals in minutes (Ainitial – Afinal). 

Culture / Time (min) → 0 4 8 12 16 20 

3841 
0 0.001 0.002 0.003 0.003 0.002 

bvs4 mutant 
0 0 0.002 0.003 0.003 0.004 

bvs5 mutant 
0 0.001 0.001 0.002 0.003 0.003 

bvs4 mutant + bvs4 
0 0 0.001 0.003 0.003 0.003 

bvs4 mutant + bvs5 
0 0.001 0.002 0.004 0.003 0.004 

bvs5 mutant + bvs4 
0 0.001 0.001 0.003 0.003 0.003 

bvs5 mutant + bvs5 
0 0 0.001 0.002 0.002 0.003 

Positive control 

(E.coli DH5) 
0 0.008 0.01 0.01 0.009 0.008 

Negative control 
0 0 0 0 0 0 

Graphical representation of data : nitrate reductase assay : 

 

Figure 5.6. Nitrate reductase assay : Plot of A600 values for reduction of 

methyl viologen for test cultures at different time intervals in minutes. 
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The analysis of data from the nitrate reductase test by the Kolmogorov–

Smirnov test indicated that the data were normally distributed. Hence, the 

data were analysed using ANOVA (Analysis of Variance).  

Table 5.9. Results of ANOVA to check differences in the nitrate reductase 

activities of difference cultures. 

ANOVA 

Nitrate reductase activity 

 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between Groups .000 7 .000 10.192 .000 

The results of the analysis indicates that there is a significant difference in 

the means, F (7, N = 24) = 10.192, p ≤ 0.05. 

Since p-value ≤ 0.05 = , we reject the null hypothesis and accept the 

alternate hypothesis i.e. at  = 0.05 level of significance, there exists 

enough evidence to conclude that there is significant difference in the 

mean test scores among the test subjects.  

To analyse the pattern of difference between means, the one-way ANOVA 

was followed by a post-hoc LSD (least significant difference) test to carry 

out specific pairwise comparisons.  

The results of the pairwise analysis shows that of the eight cultures tested, 

the positive control, i.e. E.coli DH5, with known nitrate reductase activity, 

differs significantly from the six test cultures. The means of the six test 

cultures did not differ significantly from each other (except 3841 and bvs4 

mutant) but differed significantly from the positive control. The results 

indicate that except for the positive control i.e. E.coli DH5, none of the 

six test cultures possess nitrate reductase activity.  

As mentioned before the small amount of reduction in the colour of methyl 

viologen in the other cultures could be a result of other metabolic process 

not related to nitrate reductase activity and the plateauing of the rate of 

decrease in readings in these strains occurs when the rate of reduction of 

methyl viologen would equal the rate of its reoxidation by atmospheric 

oxygen. 
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The results of the post-hoc LSD test are shown in the figure below. 

 

Figure 5.7. Result of the post-hoc LSD test showing pairwise comparison 

of nitrate reductase activity.  

5.3.2.2. Sulfite oxidase assay 

The results of the sulfite oxidase assay are tabulated in Table 5.9. It was 

observed that conversion of the oxidised cytochrome c to its reduced form 

occurred in all strains carrying a functional bvs5 gene, including the wild-

type Rlv 3841 and the positive control E.coli DH5. The negative control 

and the strains lacking a copy of bvs4 or carrying a disrupted copy of the 

gene showed absence of sulfite oxidase activity. The sulfite oxidase 

activity was regained when the bvs5 mutant was complemented with a 

functional copy of the bvs5 gene. The sulfite oxidase activity was not 

restored when the bvs5 mutant is complemented with a copy of bvs4 gene 

indicating that presence of bvs5 gene was necessary and sufficient to 

exhibit sulfite oxidase activity. Also, the strains carrying the 

complementary copy of the bvs5 gene showed enhanced activity of sulfite 

oxidase, as seen in Figure 5.7. 
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Table 5.10. The average A550 values for reduction of cytochrome c for the 

test cultures at different time intervals in minutes. 

Culture / Time (min) → 0 1 2 3 4 5 6 

3841 
0 0 0.011 0.144 0.221 0.338 0.453 

bvs4 mutant 
0 -0.006 -0.005 -0.004 -0.003 -0.003 -0.002 

bvs5 mutant 
0 0.002 0.002 0.003 0.003 0.003 0.004 

bvs4 mutant + bvs4 
0 -0.002 -0.002 -0.001 -0.001 -0.001 0 

bvs4 mutant + bvs5 
0 0.005 0.073 0.16 0.437 0.688 0.81 

bvs5 mutant + bvs4 
0 0.002 0.002 0.003 0.003 0.003 0.004 

bvs5 mutant + bvs5 
0 0.005 0.006 0.02 0.045 0.786 0.954 

Positive control 

 (E.coli DH5) 
0 0.001 0.011 0.138 0.286 0.42 0.564 

Negative control 
0 0 0 0 0 0 0 

Graphical representation of data : Sulfite oxidase assay : 

 

Figure 5.8. Sulfite oxidase assay : Plot of average A550 values for 

reduction of cytochrome c for test cultures at different time intervals in 

minutes. 
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Amongst the strains showing sulfite oxidase activity, the strains carrying 

bvs5 under the control of a native promoter showed an early onset of 

sulfite oxidase activity which increases gradually with time suggesting 

non-cooperative enzyme kinetics. In contrast, the strains carrying the bvs5 

gene under the control of a strong promoter exhibits sigmoidal kinetics 

typical of enzymes showing co-operative binding. This activity is less 

pronounced in the bvs4 mutant carrying bvs5 complement since it has its 

native functional bvs5 gene which can function in a non-cooperative 

fashion; but can be very clearly observed in the case of bvs5 mutant 

carrying a bvs5 complementary gene in which the only sulfite reductase 

activity observed comes from the complementary bvs5 gene and not from 

the disrupted inactive native bvs5 gene. 

The analysis of data from the sulfite oxidase test by the Kolmogorov–

Smirnov test indicated that the data were normally distributed. Hence, the 

data were analysed using ANOVA (Analysis of Variance). 

Table 5.11. Results of ANOVA to check differences in sulfite oxidase 

activities of difference cultures. 

ANOVA 

Sulfite oxidase activity 

 
Sum of 

Squares 
df 

Mean 

Square 
F Sig. 

Between 

Groups 
3.355 7 .479 105.904 .000 

The results of the analysis indicates that there is a significant difference in 

the means, F (7, N = 24) = 105.904, p ≤ 0.05. 

Since p-value ≤ 0.05 = , we reject the null hypothesis and accept the 

alternate hypothesis i.e. at  = 0.05 level of significance, there exists 

enough evidence to conclude that there is significant difference in the 

mean test scores among the test subjects. 

To analyse the pattern of difference between means, the one-way ANOVA 

was followed by a post-hoc LSD (least significant difference) test to carry 

out specific pairwise comparisons. The results of the pairwise analysis 

shows that the strains carrying a functional bvs5 gene, including the wild-
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type Rlv 3841 and the positive control E.coli DH5 exhibit sulfite oxidase 

activity. The negative control and the strains lacking a copy of bvs4 or 

carrying a disrupted copy of the gene lacked sulfite oxidase activity. 

The results of the post-hoc LSD test are shown in the figure below. 

 

Figure 5.9. Result of the post-hoc LSD test showing pairwise comparison 

of sulfite oxidase activity. 

5.4. Discussion  

The results of the enzyme assays give us some insight into the possible functions 

of the enzymes / proteins encoded by these genes.  

The pRL80076 (bvs4) gene that is annotated as an aliphatic nitrilase showed 

evidence of nitrilase activity. Of the three nitriles tested for detoxification viz. 3-

Indole acetonitrile, Propionitrile, and Phenylpropionitrile, tested at concentrations 

of 0.5, 1, 2, 5 and 10mM in a defined mineral medium, the native Rlv. 3841 strain 

was able to grow only on propionitrile at all the concentrations. This indicates that 

Rlv. 3841 is probably able to use propionitrile as a nitrogen source, but not the 

other two nitriles. The mutation of bvs4 gene abolished the ability of the 
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bacterium to grow on propionitrile. Mutation in bvs5 gene had no effect on the 

ability of the organism to grow in the presence on propionitrile. Presence of KNO3 

in the RDM medium was found to stimulate ammonia synthesis. 

Complementing the bvs4 mutant with a copy of the gene cloned into a plasmid 

under the control of a strong promoter restored the ability of the mutant to grow 

on propionitrile. Complementing the bvs4 mutant with a complement of the bvs5 

gene had no effect on the mutation. This suggests that if bvs4 and bvs5 form an 

operon then the bvs4 gene is upstream to the bvs5 gene, mutation of bvs4 will 

abolish bvs5 transcription but not vice-versa.  Such an arrangement would 

explain the results obtained from mutation and complementation studies. 

Native Rlv 3841, mutant strains and complemented strains were grown in RDM 

with 10 mM propionitrile. The supernatants of the cultures were tested for the 

presence of ammonia which would form as a result of nitrilase action. The results 

of the ammonia assay were in line with the growth assay. The native Rlv 3841 

and the strains bearing a copy of the bvs4 gene introduced using plasmid 

showed presence of ammonia indicating nitrilase activity. These strains did not 

show a significant difference between the levels of ammonia produced by nitrilase 

action. The strains containing disrupted bvs4 gene or lacking a functional bvs4 

(complemented with bvs5) did not show significant production of ammonia. This 

indicates that the bvs4 most probably functions as a nitrilase. 

The pRL80077 (bvs5) gene that is annotated as a molybdenum-binding 

oxidoreductase contains domains that suggest that the gene could code for either 

a nitrate reductase or a sulfite oxidase. Hence, the strains were subjected to both 

the enzyme assays along with E.coli DH5 strain as the positive control since it is 

known to exhibit both the enzyme activities. The results of the nitrate reductase 

assay show that there is a rapid oxidation of methyl viologen in the setup for 

E.coli DH5 but not in Rlv. 3841 or any of the mutant or complemented strains. 

This suggests that there is no evidence to support the hypothesis that the bvs5 

gene encodes nitrate reductase function.  

In contrast, the sulfite oxidase assay showed activity with both the native Rlv. 

3841 and with E.coli DH5. This activity was abolished in the bvs5 mutant. The 

activity was restored when the bvs5 mutant was complemented with an intact 

copy of the gene cloned in a plasmid. The complemented strain contained the 

gene being expressed under the control of a strong promoter. This probably 
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explains the reason why the complemented strain carrying the copy of bvs5 gene 

shows a higher activity as compared to the native Rlv. 3841 strain. The highest 

activity is seen in the bvs4 mutant complemented with a functional copy of bvs5. 

This strain, therefore, has two copies of the bvs5 gene.  The cloning of bvs5 gene 

in plasmid pDG71 under the control of a strong promoter could explain the very 

high rates of sulfite oxidase activity in the complemented strain. 

It was also observed that mutation in bvs4 also affected bvs5 (sulfite oxidase) 

activity which was restored on complementing the mutant with a functional copy 

of bvs5. However, mutations in bvs5 did not affect the bvs4 (nitrilase) activity of 

mutants. This suggests that bvs4 and bvs5 may constitute an operon in which 

bvs4 is upstream to bvs5 explaining the polar effect of mutation where bvs4 

mutation affects bvs5 function and not vice-versa. 

From the results and discussion, there is evidence to suggest that the bvs4 and 

bvs5 gene encode the enzymes nitrilase and sulfite oxidase, respectively.  

Plants synthesize nitrile compounds as a defence strategy to protect the plant 

against herbivore and pathogen attack. Since hydrolysis of these compounds 

results in the production of cyanohydrin, which subsequently decomposes to 

liberate hydrogen cyanide, this defence strategy is also linked in many cases, 

with the metabolism of cyanide. The nitrilase could also play a role in the 

detoxification of certain nitriles to form compounds that may act as plant 

hormones. The nitriles liberated by plants could also serve as a potential source 

of nitrogen for bacteria in the rhizosphere due to the presence of nitrilase.  

Reduced sulfur compounds are found in soil in the form of inorganic minerals like 

pyrite or in organic forms such as the sulfur-containing amino acids, cysteine and 

methionine. Sulfite can cause damage to plant roots, especially in acid soils 

(Chen et al., 2009). The sulfite anion is highly reactive and can reacts with vital 

cell components such as DNA (by converting cytosine into uracil), proteins (by 

reducing disulphide bonds) and lipids (by lipoperoxidation). Hence, the bacteria 

(and plants) that are exposed to sulfite that is generated internally, as a result of 

metabolism, or externally, need to be able to detoxify it efficiently. Using sulfite 

oxidase encoded by bvs5, this detoxification can occur via the reduction of the 

sulfite to elemental sulfur or, more commonly by oxidation to sulphate, which 

could be used by both plants and rhizobia in biosynthesis of protein, pigment or 

flavonoids.  
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CHAPTER 6 : DISCUSSION. 

6.1. Introduction 

The work described in this thesis was carried out to study the metabolism and 

host-specificity in the Rhizobium leguminosarum species complex. In order to 

investigate these two criteria a number of strains from within the species complex 

and from related species were investigated. During the investigation, five genes 

were found to be strongly correlated with the biovar viciae strains, irrespective of 

site from where the strain originated. Hence, the focus of the work was shifted to 

these five genes. These five genes that were strongly correlated with the biovar 

viciae strains were called as the ‘biovar viciae specific’ genes, abbreviated as 

‘bvs’ genes. 

The thesis sought to investigate the five bvs genes associated with the biovar 

viciae strains of Rhizobium leguminosarum. The investigations include the 

distribution of these genes in isolates from different places, the role of these 

genes in nodulation and an attempt to deduce the functions of these genes based 

on laboratory work. The five bvs genes are located in a contiguous manner on 

the smallest plasmid in the reference strain R. leguminosarum biovar viciae pRL8 

with NCBI gene accession numbers pRL80073-pRL80077 (Young et al., 2006).  

The association between the bvs genes and the biovar viciae was derived from 

the genomic data of 72 R. leguminosarum isolates from a field adjacent to 

Wentworth College in the University of York campus. Of the 72 strains 

investigated, 36 strains were isolated from Trifolium repens plants and belonged 

to biovar trifolii (called the TRX strains) while the remaining 36 strains were 

isolated from Vicia sativa plants and belonged to biovar viciae (called the VSX 

strains). Comparative genomics of the genomic data showed that the five bvs 

genes were found in all the 36 VSX strains but none of the 36 TRX strains; and 

hence the term ‘bvs’ genes. 

The bvs genes found on pRL8 in Rlv. 3841 have been ascribed putative functions 

based on sequence similarities and homology studies. These annotations can be 

found on the NCBI server, but there is no experimental evidence confirming these 

functions. However, being fully sequenced and possessing the bvs genes, Rlv. 

3841 plays an important role as a reference strain for this thesis.   
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In the 2nd chapter of the thesis, 15 strains from different Rhizobium species and 

biovars were studied for their ability to form nodules on two plants from the genus 

Vicia viz. Vicia sativa and Vicia cracca as well as plants from the closely related 

genera Pisum (Pisum sativum) and Lathyrus (Lathyrus pratensis). The results of 

our cross-nodulation tests showed that 12 of the 15 strains belonging to the 

biovar viciae were able to form pink, healthy and effective nodules on all the four 

test plants.  

These results of the nodulation tests correspond to earlier studies investigating 

the diversity of rhizobium biovar viciae strains (Mutch and Young, 2004). The 3 

strains that did not belong to biovar viciae were not able to form nodules on any 

of the four host plants and these observations correspond to their description in 

literature (Martínez-Romero et al., 1991, Ramirez-Bahena et al., 2008, Segovia et 

al., 1993). This observation points to the host-specificity or the inability of isolates 

belonging to other species to form nodules on these host plants. However, since 

the results were in line with the reported observations, the tests also functioned 

as a means of validating the strains for further use in the study.  

In addition to the cross nodulation test, a phenotypic assessment was carried out 

to investigate the metabolic diversity within the test strains using the Biolog Gram 

Negative 2 or GN2 MicroPlate system. Recent studies have also used Biolog as 

an important tool to characterize new bacteria (Kaeppel et al., 2012, Tsubouchi et 

al., 2013)   or to differentiate isolates based on specific criteria as done by Rahi et 

al. (2012). In addition, PCA and UPGMA are commonly used to analysis Biolog 

substrate utilization data to observe the strain clusters and patterns of substrate 

utilization (Medina-Pascual et al., 2012, Wong and Lee, 2014). These methods 

have been used in my studies to differentiate Rhizobium isolates. 

The pattern resulting from the utilization / non-utilization of substrate is referred to 

as a metabolic fingerprint and used to identify bacteria. The metabolic fingerprint 

of each isolate used in the Biolog assay was different and distinct indicating that 

the strains used in the study are metabolically diverse; although a huge fraction 

of the test strains were R. leguminosarum biovar viciae. The PCA analysis and 

UPGMA clustering of the data also showed that it was difficult to cluster the 

strains into phenotypically similar groups. Some strains showed inability to utilise 

the common sugars since they lacked some of the key enzymes of sugar 

metabolic pathways. 
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In the 3rd chapter of the thesis, the distribution of bvs genes in different species 

and strains of Rhizobium was studied. The study was performed using computer 

and laboratory-based analysis. The computer studies used the BLASTn and 

BLASTp NCBI web-tool with NCBI database or a standalone application with a 

local database. The laboratory studies consisted of using PCR amplification of 

bvs genes using specific primers. The PCR amplicons were sequenced and the 

sequences were used to infer relationships from phylogenetic trees.  

The analysis of data from the BLAST and PCR experiments suggest that the bvs 

genes are widely distributed in the biovar viciae strains of rhizobium including R. 

leguminosarum USDA2370T, R. pisi DSM30132T and all field isolates from Vicia 

sativa, Vicia cracca, Vicia faba and Pisum sativum. Type strains belonging to 

other biovars did not possess any of the five genes. The two exceptions to the 

rule are R. fabae CCBAU33202T and R. leguminosarum bv. trifolii WSM2304. R. 

fabae CCBAU33202T, is a member of biovar viciae. It can form a symbiosis with 

plants belonging to the genus Vicia and form effective nodules on their roots. 

Although it belongs to biovar viciae the strain lacks all of the five bvs genes in its 

genome. In contrast, the strain R. leguminosarum bv trifolii WSM2304 belongs to 

the biovar trifolii yet it shows the presence of all the five bvs genes in its genome 

sequence. The strain has been reported to have more competitiveness for 

nodulation of Trifolium compared to other biovar trifolii strains (Reeve et al., 

2010b, Reeve et al., 2010c).  

The sequence data obtained from the sequencing of PCR amplicons of the bvs 

genes was used to construct phylogenetic network trees. The relationships 

inferred from these phylogenetic network trees of bvs genes was compared to the 

relationship between the strains obtained using a phylogenetic network tree 

constructed using sequence of celC gene from the test strains. The celC gene 

was used as it has been recommended by Robledo et al. (2011) as a reliable 

phylogenetic marker for taxonomic studies in rhizobia. Faghire et al. (2012) 

mentioned that celC genes were found to exist in different positions : in 

Rhizobium they are present on the chromosome but in Sinorhizobium they are 

found on plasmids. The clustering of the strains in the network trees of bvs genes 

was observed to be different from that of the celC network tree. The high degree 

of correlation between the presence of bvs genes and their ability to infect plants 

belonging to the genus Vicia indicate that the five bvs genes may directly or 

indirectly play a role in ability of rhizobia to nodulate Vicia plants. 
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In the 4th chapter of the thesis the effect of bvs genes on nodulation was studied. 

This was done by mutating each of the five bvs genes and the chromosomal 

nitrilase gene using the technique of gene mutation by disruption. The disruption 

of the gene was achieved by using a plasmid spliced with a significant portion of 

the target gene facilitating integration into the target gene by homologous 

recombination. The mutations in the genes were confirmed using PCR. The 

mutants were then used to perform nodulation tests and nodulation competition 

tests using native wild-type Rlv. 3841 as competitors. The results obtained from 

the dry weights of the plants in the normal nodulation tests showed that mutating 

the bvs genes had no detrimental effect on the ability of the mutants to nodulate 

the host plants. The results of the nodulation competition assay, however, told a 

different story. Mutating the chromosomal nitrilase, bvs1, bvs2 and bvs3 genes 

did not affect the ability of the bacteria to compete with the wild-type Rlv. 3841 to 

form nodules on the host plants. The occupancy ratio of wild-type to mutants in 

the nodules at the end of the experiment did not differ significantly with respect to 

their ratios at the beginning of the experiment. However, mutating the bvs4 and 

bvs5 genes severely affected the ability of the mutants to compete and form 

nodules on the host plants which was reflected in a significantly higher wild-type 

to mutant nodule occupancy ratio at the end of the experiment as compared to 

the ratio at the beginning of the experiment. 

In order to confirm the role of bvs4 and bvs5 genes in nodulation competition, the 

strains carrying mutations in these two genes were complemented with a 

functional copy of the genes. The mutant received a copy of either bvs4 or bvs5 

gene irrespective of the mutant gene it carried. Thus four complemented strains 

were obtained : the bvs4 mutant complemented with bvs4 or bvs5 and the bvs5 

mutant complemented with bvs4 or bvs5. A reversal to wild-type phenotype in 

terms of nodulation competition would effectively prove the role of the two genes 

in nodulation competition. The nodulation competition assay was carried out as 

before using the complemented strains instead of the mutants. The results 

showed that complementing the mutant strains with a functional copy of bvs5 

gene significantly restored the nodulation competition ability of the mutant strains 

irrespective of gene mutated (bvs4 or bvs5). Thus, while mutation of the two 

genes significantly hampered the ability of the strain to compete with the wild-

type strains for nodulation, there is probably a greater role played by bvs5 gene 

in conferring the nodulation ability in the biovar viciae strains. Because of this 

distinctive feature of the mutation, the organisation of these genes on pRL8 was 
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studied using bioinformatic tools for operon prediction. The analysis indicated that 

the bvs4 and bvs5 may form an operon and within the operon, the bvs5 gene is 

positioned transcriptionally downstream of the bvs4 gene. This may account for 

the polar nature of the mutations as suggested by the results of the 

complementation tests. In order to study gene effects, gene mutation and 

complementation were widely used in recent studies. Ding et al. (2012) carried 

out a similar competition test. They mutated and complemented genes in R. 

leguminosarum VF39 in order to study the effect of glycerol utilization genes on 

rhizobial competitiveness. 

In the 5th chapter of the thesis, the enzymatic functions of bvs4 and bvs5 genes 

were investigated using enzyme assays. Enzyme assays are the key to study 

genes involved in rhizobial growth or nodulation and have been used before to 

investigate the role of enzyme function in the symbiosis between rhizobia and the 

host plant. For example, Esfahani and Mostajeran (2011) tested enzyme 

activities of four antioxidant enzymes and demonstrated that two of the four 

enzymes - peroxidase (POX) and Ascorbate peroxidase (APX) played a role in 

symbiosis adaptation under drought stress condition.  A similar study on other 

antioxidants was conducted by Bianucci et al. (2012). Their aim was to identify 

enzymes involved in Bradyrhizobium tolerance of cadmium, and their findings 

suggested that glutathione content and related enzymes were contributing to 

tolerance of cadmium and cellular redox balance. 

The gene annotations on the NCBI database were used as the starting point for 

the investigations. The bvs4 gene is annotated as an aliphatic nitrilase while the 

bvs5 gene is annotated as a molybdenum-binding oxidoreductase. Since the 

bvs4 gene was annotated as an aliphatic nitrilase, the first study was designed to 

test the ability of the wild-type Rlv. 3841, bvs4 / bvs5 gene mutant and 

complemented strains to grow on defined medium (RDM) containing different 

concentration of three different nitriles. Of the three nitriles, two were toxic and 

did not support the growth of any test culture. Only one aliphatic nitrile, 

propionitrile, allowed the growth of wild-type Rlv. 3841, and was used for further 

work. The results showed that the strains lacking a copy of a functional bvs4 

gene (bvs4 mutant strain and bvs4 mutant complemented with a copy of bvs5 

gene) were unable to grow in the presence of propionitrile. The bvs4 mutant 

complemented with the bvs4 gene and all the other strains were able to grow in 

the presence of propionitrile.  
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The ability of the strains to grow in the presence of nitrile was not sufficient to 

indicate that the nitrile was indeed cleaved and detoxified. In order to verify the 

breakdown of the nitrile into ammonia and carboxylic acid, an ammonia assay 

was performed to detect the presence of ammonia formed as a result of the 

cleavage of the nitrile. The bacteria were grown in liquid RDM media in presence 

of the nitrile and after incubation, the medium was centrifuged and the clear 

supernatant used to detect the presence of ammonia. Once again, the results 

showed that the strains lacking a copy of a functional bvs4 gene (bvs4 mutant 

strain and bvs4 mutant complemented with a copy of bvs5 gene) did not show a 

significant amount of ammonia production indicating that they were unable to 

metabolise and cleave the propionitrile. The bvs4 mutant complemented with the 

bvs4 gene and all the other strains demonstrated significant a significant level of 

ammonia production suggesting that they were able to grow in the presence of 

propionitrile and break it down to form carboxylic acid and ammonia. The inability 

of the bvs4 mutant to neither grow in the presence of nitrile nor cleave it to form 

ammonia and the reversion of mutation on complementation presents compelling 

evidence that bvs4 is indeed an aliphatic nitrilase. 

The bvs5 gene was annotated as a molybdenum-binding oxidoreductase 

containing domains which suggested that the gene could code for either a nitrate 

reductase or a sulphite oxidase. The BLASTp results from Chapter 3 were 

strongly in favour of the gene coding for a sulphite oxidase. However, it was 

decided to test Rlv. 3841, bvs4 / bvs5 gene mutants and complemented strains 

for enzymatic activities of both the enzymes. The strain E.coli DH5, which has 

both the enzyme activities, was used as the reference strain (positive control). 

The results of the nitrate reductase assay presented no evidence to support the 

hypothesis that the bvs5 gene encodes nitrate reductase function since neither 

the Rlv.3841 wild type nor the mutants / complemented strains showed indication 

of any nitrate reductase activity. However, since the native Rlv. 3841 showed 

sulphite oxidase activity vis-à-vis E.coli DH5, the mutants and complemented 

strains were also investigated for sulphite oxidase activity. The results showed 

that the sulphite oxidase activity was abolished in the bvs5 mutant. The activity 

was restored when the bvs5 mutant was complemented with an intact copy of the 

bvs5 gene. Complementation of bvs5 mutant with bvs4 gene did not restore 

enzymatic activity. These observations are sufficient to show that the bvs5 gene 

functions as a sulphite oxidase and not as a nitrate reductase. 
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Mutation in bvs4 (aliphatic nitrilase) affected bvs5 (sulphite oxidase) activity 

which was restored on complementing the mutant with a functional copy of bvs5. 

However, mutations in bvs5 did not affect the bvs4 (nitrilase) activity of mutants. 

This suggests that bvs4 and bvs5 may constitute an operon and that they might 

be transcribed as a polycistronic mRNA in which bvs4 is upstream to bvs5 

explaining why bvs4 mutation affects bvs5 function and not vice-versa. This 

observation was in line with the predictions of the bioinformatic tools used for 

operon prediction. 

In this part of thesis, we have just reviewed the work described in the previous 

chapters. We will now discuss the significance of this work in investigating the 

roles played by genes in bacteria and more specifically in rhizobia and rhizobial 

symbiosis. The contribution and limitations of this work will also be discussed. 

Based on the data and knowledge gathered from this work, we will also discuss 

possible future work which could be carried out in determining enzyme function 

and annotation and in operon prediction. 

6.2. Significance and contributions of this thesis in rhizobia study 

The term symbiosis is used to describe interaction between two or more different 

biological species. The symbiosis between rhizobia and legumes is an 

endosymbiotic interaction, which means that one partner lives within the tissue of 

the other, either within the cells or extracellularly.  

6.2.1. Symbiosis, gene transfer and bacterial competition 

Symbiosis is being increasingly recognized as an important selective force 

behind evolution, with many species having a long history of interdependent 

co-evolution. In rhizobia-legume symbiosis, evolutionary processes like gene 

transfer may have occurred in order to promote plant infection and enhance 

bacterial competition.  

Recent studies appear to confirm the above hypothesis. Lorenz and 

Wackernagel (1994) reviewed natural gene transfer in bacteria. They 

mentioned that gene transfer normally happened in communities of bacteria 

for adapting to environments like water and soil. Soil bacteria like R. 

leguminosarum and S. meliloti were found to be capable of gene transfer by 

natural transformation (Courtois et al., 1988, Selander et al., 1986).  

Interspecies transformation was also found to happen in rhizobia, e.g. nif 
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genes were observed to be conserved within species but the arrangement of 

genes in the operon was different (Kaluza et al., 1985).  

Gene transfers happen frequently in Rhizobium and Burkholderia which might 

ensure higher genetic cohesion and prevent clonal population structure 

(Souza et al., 1992, Wise et al., 1995). Eisen (2000) reviewed and analyzed 

complete genome sequences of different bacteria and found that the 

influence of horizontal gene transfer (HGT) was more common than mutation 

in acquiring new functions in the bacterial genome and in its evolution. Eisen 

found that, in rhizobia, megaplasmids were transferred only between closely 

related strains or species, which suggested relatively narrow evolution 

occurring within rhizobia. Turner and Young (2000)  studied glutamine 

synthetases in rhizobia and found that this gene was transferred between 

different rhizobia (Rhizobium, Mesorhizobium and Bradyrhizobium). This 

result was cited by Gogarten et al. (2002) as evidence of HGT effecting 

prokaryotic evolution. However, Philippe and Douady (2003) indicated that 

orthologous genes were less affected by HGT, so the history of 

microorganisms should be represent by both orthologous genes and genes 

acquired from other strains. Tian et al. (2010) reported lateral gene transfer in 

isolates from Vicia faba, which was thought to be a driver of evolution in 

rhizobia. Rogel et al. (2011) indicated that HGT was the important factor to 

extend host range of species or genera in rhizobia by transferring symbiotic 

plasmids or genes. 

The plasmid pRL8 of R. leguminosarum 3841 is the smallest plasmid in the 

strain. The genes on the plasmid have attracted less attention unlike the 

genes on plasmid pRL10 which harbors genes that are important in 

nodulation, host-range determination, nitrogen fixation etc. However, recent 

studies have started to shed some light on the importance of the genes 

located on pRL8. For example, the gene expression analysis by 

Ramachandran et al. (2011) showed that many genes present on pRL8 were 

specifically up-regulated in the rhizosphere of the pea plant, a plant closely 

related to the genus Vicia.  

pRL8 is as a conjugative plasmid and is thus easily transferred between 

strains of rhizobia. Vanderlinde et al. (2014b) identified a gene cluster on 

pRL8 that was required for homoserine utilization by Rlv. 3841. Mutation of 
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these genes resulted in a decreased ability of the mutant to compete and 

nodulate pea and lentil plants. L-homoserine is secreted by pea roots and 

found in the pea rhizosphere. The ability to utilize homoserine is positively 

correlated with competitiveness for nodulation of pea plants. Since the 

mutants were not capable of utilizing homoserine they were at a disadvantage 

over the wild-type strains that could metabolize the homoserine and 

successfully nodulate the host plant, which clearly showed  that these kinds of 

mutation would lead negative effects on nodulation competition. The same 

study also noted that transfer of pRL8 by conjugation within the population 

resulted in the transfer of the ability to utilize homoserine within the population.  

The above studies suggest that the transfer of pRL8 is a means of 

evolutionary adaptation to the rhizosphere of the pea and closely related 

plants resulting in transfer of the competitiveness for nodulation of these 

plants. In my work, the bvs5 gene was demonstrated to be involved in 

rhizobia nodulation competition for Vicia plants and pea. Since it is located on 

pRL8, like homoserine metabolic relevant gene which were discussed by 

Vanderlinde et al. (2014a), this result suggests that more competitiveness 

relevant genes could possibly be found on pRL8. Young et al. (2006) 

suggested that pRL8 was conjugative plasmid and a number of genes on it 

having unknown functions were transferred from other bacteria. 

Ramachandran et al. (2011) studied the expression of genes on pRL8 and 

found that many genes on it were upregulated in pea rhizosphere. The 

evidence suggests that the genes on pRL8 might be transferred among 

bacteria in the rhizoshpere of pea or related plants which might have a similar 

selection stress for rhizobia. 

6.2.2. Use of plasmids in the study of gene inactivation 

During the course of this work, we demonstrated the usefulness of the 

technique of gene inactivation using the plasmid pK19mob for mediating gene 

insertion and inactivation. Gene inactivation by transformation is 

commonplace in studying the effects and functions of genes in rhizobia. 

Schafer et al. (1994) introduced the suicide plasmid pK18mob and pK19mob 

which are widely used. Karunakaran et al. (2010) used pK19mob insertion to 

identify the role of Rhizobium BacA genes in bacteroid formation on galegoid, 

but not phaseoloid legumes. Yurgel et al. (2013) created a Sinorhizobium 
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meliloti Rm1021 pSymA deletion mutant library using pK19mob insertion to 

study the effect of mutating different regions of pSymA on bacteria growth 

and symbiosis. 

The plasmid pDG71 was used to complement the mutations in the inactivated 

genes using a novel protocol designed by Lad (2013). The success of both 

the techniques was verified using PCR. The plasmid pDG71 has a strong 

promoter and the complemented strains showed excellent expression of the 

cloned genes in terms of enzyme activity. Vanderlinde et al. (2009) and 

Vanderlinde et al. (2011) used pDG71 to construct gene complementation 

strains to study lipopolysaccharide synthesis genes and genes involved in cell 

envelope development. The protocol for the complementation can be used to 

clone any gene regardless of the restriction sites contained in it. Also, the 

protocol used the technique of rubidium chloride mediated chemical 

transformation (heat-shock method) to transform the plasmid into Rlv. 3841, 

which we believe, is the first time this has been used in R. leguminosarum.  

Other methods were previously used for introducing genes into rhizobia. Garg 

et al. (1999) introduced electroporation as a transformation method for R. 

leguminosarum, and this was applied by Brito et al. (2010) to study the effect 

of hupE  on R. leguminosarum hydrogenase activity. Calcium chloride, 

magnesium chloride and rubidium chloride have also been used to perform 

chemical transformation in other bacteria, but never for rhizobia (Bullerjahn 

and Benzinger, 1982, Karbarz et al., 2009, Krysciak et al., 2011).   

The use of these techniques proved to be useful in unraveling the functions of 

bvs4 and bvs5 genes as they had the following advantages: high 

transformation rate, easily detectable and stable in medium without antibiotic. 

The study clearly demonstrates the use of these two plasmids in 

understanding gene function in Rlv. 3841. The technique could be used to 

understand the functions of other genes in Rlv. 3841 or could be used in other 

strains and biovars of rhizobium for the same purpose. 

6.2.3. Operon-prediction 

Operon prediction using bioinformatic tools was performed as a part of the 

research work. The results suggest that the bvs genes in Rlv. 3841 and R. 

leguminosarum WSM2304 may form operons. Based on nodulation 
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competition tests and enzyme assays using wild-type Rlv. 3841, bvs4 and 

bvs5 mutants, complemented and cross-completed strains, we speculate that 

in Rlv. 3841, the bvs4 and bvs5 genes may form an operon or part of an 

operon wherein the former gene is upstream to the latter.  

Although further studies are required to completely characterize the operon to 

locate it promoter, operator and regulatory genes, we consider that the ability 

to predict an operon and verify it by polarity of gene mutation is of significance. 

6.2.4. Demonstration of enzyme activity 

Perhaps the most important contribution of this thesis has been the 

demonstration of enzyme activities of the bvs4 and bvs5 genes. Although the 

genes were annotated based on sequence similarity and homology studies, 

there was no clear evidence to suggest that the functions ascribed in the 

annotations were correct. Once again, using the wild-type Rlv. 3841, bvs4 

and bvs4 mutants, complemented and cross-complemented strains the 

enzymatic activities of the two genes were revealed without leaving any doubt. 

The bvs4 can now be annotated as an aliphatic nitrilase (without calling it 

‘putative’) while bvs5 can be annotated specifically as a sulphite oxidase. This 

approach using the published putative annotation to confirm gene function by 

mutation and complementation can be used to determine functions of other 

genes thus removing the ambiguity in the annotation of genes. 

6.2.5. Strain competition : genetic factors and effectiveness of rhizobia 

Strain competition is an important factor in assessing rhizobial inoculation 

effectiveness. Rhizobia can fix nitrogen by forming symbiosis with legumes, 

which makes them a valuable nitrogen provider in agriculture and natural 

ecosystem. Some institutions and companies have applied rhizobial 

inoculants to home-based, small legume fields and large scale in order to 

promote the growth of crops. Examples could be found in soybean 

inoculations in Brazil, South Africa, America and Europe (Albareda et al., 

2009, Botha et al., 2004, Rumjanek et al., 1993).  

Screening effective rhizobial inoculants is the key step in evaluating rhizobia. 

Previous studies show that native rhizobia strains are better at nitrogen 

fixation and competition as compared to inoculants (Tian, C.F. and James, E. 

Personal communication). However, if the soil lacks the native strains 
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required for the nodulation of legumes, rhizobial inoculants could be used with 

the crops for better yields. In order to identify good inoculants, field nodulation 

test and lab-based competition nodulation tests are necessary for determine 

the superiority of rhizobia strains for use as inoculants. 

Recent studies on rhizobial competition have led to the discovery of a number 

of genes involved in symbiosis and competition. Wang et al. (2010) carried 

out pK19mob insertion mediated gene disruption in Sinorhizobium meliloti 

Rm1021 to create mutants in 14 different genes. Competition tests showed 

decreased competitiveness in 11 mutants. They concluded that these genes 

might play roles in rhizobium physiology and interaction between rhizobia and 

host plants. Another studied conducted by Kohler et al. (2010) found that 

mutating putative inositol catabolic genes of Sinorhizobium meliloti strains led 

to decreased competitiveness and nodule occupancy. Hence they concluded 

that inositol metabolism and regulation were important for Sinorhizobium 

meliloti symbiosis. Utilization of galactose and glycerol has also been shown 

to be connected to symbiosis and affecting rhizobial competition (Ding et al., 

2012, Geddes and Oresnik, 2012). An interesting study was carried out by 

Ampomah and Jensen (2013) to show that, unlike the case in Sinorhizobium 

meliloti 1021, mutation of trehalose utilization genes in Mesorhizobium loti 

MAFF303099 had no effect on rhizobial competitiveness, suggesting that 

trehalose utilization genes were not involved in Mesorhizobium loti symbiosis. 

Work contained in this thesis is a good example of laboratory experimentation 

to evaluate competition between two strains for nodule formation in a single 

plant, especially if one of the competitors is genetically modified. Pérez-

Giménez et al. (2011) reviewed rhizobial competition and indicated that genes 

which are related to symbiosis formation would have obvious effect on 

competition, which could possibly suggest that bvs genes might also involve 

in symbiosis. Work in this thesis suggests that bvs5 genes might play a role in 

the symbiosis process. Sulfur is an essential element for both plants and 

bacteria in synthesis of protein, essential vitamins and co-factors. Rhizobia, 

which possess sulfur-oxidizing enzymes can promote plant growth when co-

inoculated with their hosts (Anandham et al., 2007). Manyani et al. (2005) 

points to the presence of an iron-sulfur subunit in Ni-Fe hydrogenase of R. 

leguminosarum biovar viciae UPM791. Although information is limited, sulfur-

oxidation is seen in some Rhizobium strains. El-Tarabily et al. (2006) found 
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two Rhizobium strains that exhibit sulfur-oxidizing activities and could 

promote maize growth. The product of the bvs5 gene could be involved 

directly or indirectly in the symbiotic process by influencing or taking part in 

these activities. 

6.2.6. Study of metabolic diversity of test strains and field strains 

The study of metabolic patterns using the Biolog GN2 MicroPlate system 

showed that the strains used in the study were metabolically similar.  The 

Biolog GN2 Microplate system is a convenient method to assess carbon 

substrate utilization in rhizobia. Phenotypic features are important in defining 

new species and recent studies have applied Biolog GN2 plates for 

characterization of phenotypes. Pulawska et al. (2012) isolated three 

rhizobium strains from cherry plum. 16S rRNA analysis showed that these 

three isolates were probably identical to each other but DNA-DNA 

hybridization distinguished them from other species. In the Biolog GN2 results, 

the novel isolates were all able to metabolise beta-hydroxybutyric acid but not 

L-fucose. Along with genotypic study results, they defined these isolates as a 

new species, Rhizobium skierniewicense. Silva et al. (2014) analysed six 

rhizobium strains from cowpea in North Brazil. Housekeeping gene analysis 

showed their closest strain was Bradyrhizobium huanghuaihaiense CCBAU 

23303T. DNA-DNA hybridization, antibiotic resistance and Biolog metabolic 

study showed that they were distinct from other Bradyrhizobium strains. They 

defined the isolates as members of a new species - Bradyrhizobium 

manausense. 

Physiological studies on rhizobia have also used Biolog GN2 MicroPlates. 

Florentino et al. (2012) studied 25 rhizobia strains isolated from nodules of 

Leucaena leucocephala and Phaseolus vulgaris trap plants. They evaluated 

the ability of these strains to fix nitrogen using carbon sources included in the 

Biolog GN2 MicroPlate. Their results showed that the inability to use the 

substrates was directly related to their inability to fix nitrogen and lowered 

their competitiveness. Similarly, Wielbo et al. (2012) assessed the effect of 

biotic and physical factors in soil on the metabolism using the Biolog GN2 

system and competitiveness studies. Their results revealed that a number of 

physiological traits could affect rhizobial metabolism and competition, and 

perhaps the more important factors were the environment factors.  
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The use of Biolog data for clustering is common in recent studies to describe 

new species (Xu et al., 2011, Zheng et al., 2013) and to investigate the host 

diversity of new isolates (Degefu et al., 2012, Noisangiam et al., 2012).  

Beauregard et al. (2004) analysed 13 rhizobia isolates from Kura clover 

(Trifolium ambiguum M.B.). The data from the Biolog GN2 MicroPlate was 

clustered using UPGMA to demonstrate their diversity. The results showed 

that the similarities between groups varied from 38% to 92% and the results 

differed from their host specificities and the results of genetic analysis. Some 

of the isolates showed unique substrate utilization. Wolde-meskel et al. 

(2004a) studied 87 rhizobia strains from native woody legumes in Southern 

Ethiopia. Biolog GN2 data and clustering analysis showed that 32 slow-

growing strains and Bradyrhizobium reference strain grouped together; 

subgroups were also observed. They indicated suggested that the Biolog 

method had the capability of discriminating bacterial strains. Another South 

Ethiopian rhizobial diversity study was carried out by Wolde-meskel et al. 

(2004b). Biolog GN2 data analysed using UPGMA separated these isolates 

into 13 clusters and only 20% of strains were linked to reference strains. Their 

results suggested that these isolates were formed different metabolic and 

genetic groups and were less likely to be linked to reference strains. Wielbo et 

al. (2010) came to some interesting conclusions from their studies using 

Biolog and clustering analysis : rhizobial strains utilizing more of the non-

sugar substrates demonstrate more competitiveness. Wielbo concluded that 

in rhizobial nodule populations, the balance between sugar and non-sugar 

utilization normally serves as a standard to group different strains.  

To summarize, Biolog GN2 metabolic fingerprinting method and clustering 

analysis are useful in describing new species and in diversity studies. Such 

studies can not only help group metabolically similar rhizobia together but 

also help identify unique substrate utilization patterns which may aid their 

identification. In my study, clustering of rhizobia in Biolog GN2 assay was 

clearly observed based on this method and was seen to be similar to celC 

phylogenetic network. Studies using this method showed differences in 

utilization of carbon sources and clusters were observed grouping Scottish 

strains, Swedish strains, R. pisi DSM30132 with R. fabae CCBAU33202 and 

R. phaseoli ATCC14482 with R. etli CFN42, respectively. In sugar utilization, 

similar differences and clustering were observed. R. phaseoli ATCC14482 did 

not utilize of the sugars in the Biolog GN2 plate. This work could contribute to 
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further study of rhizobial metabolism of certain substrates to investigate 

utilization pathways and genes associated with them. 

6.2.7. Shortcomings of this study 

However, the study is not without its share of shortcomings. Perhaps, one of 

the most important shortcomings was the lack of reliable completely 

assembled genome sequences for all the test strains. Of all the fully 

sequenced strains only Rlv. 3841 and R. leguminosarum WSM2304 were 

found to carry all the five bvs genes using BLASTn. The genome data for 

other strains was incomplete resulting in mismatch between the results of 

BLAST search for bvs genes in the sequence data and the results obtained 

by PCR amplification of the genes. For example BLAST search for bvs genes 

in the sequence data of R. leguminosarum USDA2370T showed the presence 

of only bvs1 and bvs2 in the strain. However, PCR amplification using primers 

specific to each of the bvs genes showed that all the five genes were present 

in the strain. The presence of such scenarios leads to confusion and 

misinterpretation of data and results. However, it would also be prudent to 

acknowledge that sequencing all the strains of rhizobium might be an 

expensive task. A global initiative led by Dr. Wayne Reeve of Murdoch 

University is underway to sequence a large number of rhizobial strains under 

the Genomics Encyclopedia of Bacteria and Archaea-Root Nodule Bacteria 

(GEBA-RNB) initiative. Such initiatives will result in more assembled 

genomes which can then be used reliably for the type of work described in 

this thesis.  

The Genomic Encyclopedia of Bacteria and Archaea (GEBA) 

project sequenced thousands of bacterial and archaeal genomes. The results 

of this project have widely benefited scientific investigations such as 

improving genome annotation, phylogenetic analysis, gene discovery, 

genome evolution and transfer, microbial classification and establishing 

relationship between the genotype and phenotype (Reeve, 2013).  GEBA-

RNB is one branch of the project which aims at sequencing 100 RNB (Root 

Nodulating Bacteria) strains isolated from different regions of the world. The 

aim of the project is the study of evolution and mechanisms of symbiotic 

nitrogen fixation (SNF) by RNB. The results of the project are expected to 

benefit world agricultural productivity, farming economy and environmental 
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sustainability. The fully assembled genome sequences of some of the strains 

used in the project have recently been published (Reeve, 2013, Reeve et al., 

2010a, Reeve et al., 2013). 

6.3. Possible further study based on data of this thesis 

During the course of investigation into the association between the presence of 

bvs genes and the ability of the strain to nodulate Vicia or related plants, two 

strains were exception to the rule that ability to infect Vicia or related plants 

correlates to the presence of bvs genes. These two strains were R. fabae 

CCBAU33202T and R. leguminosarum WSM2304. 

R. fabae CCBAU33202T can form effective nodules on common Vicia and related 

plants. Results from celC gene phylogeny show that the strain is closely related 

to R. pisi DSM30132T. R. fabae CCBAU33202T genome was found to be wanting 

in all the five bvs genes in both PCR and local BLAST analysis. Most isolates 

from Vicia faba have a wide host range and possess all of the five bvs genes. 

There is a possibility that the strain might have a different and unrelated 

nodulation competition mechanism. The opposite scenario was observed in R. 

leguminosarum WSM2304 which is a biovar trifolii strain but possesses all the 

five bvs genes on its plasmid pRLG201. Reeve et al. (2010b) sequenced this 

strain and reported that R. leguminosarum WSM2304 had a better competitive 

ability and a wider host range than other rhizobial strains from biovar trifolii.  

One possible explanation for the behavior of the two strains could be that the 

genes were horizontally transferred between the biovars, thus providing 

exogenous genes and improving the ability of the biovar to compete and form 

nodules on the host plants. R. leguminosarum WSM2304 was found to possess 

all five bvs genes and studies by Ramachandran et al. (2011) and Vanderlinde et 

al. (2014b) suggest that genes on pRL8 may be involved in determining rhizobial 

host range competition ability. It would be interesting to see if the genes could 

also increase the competitiveness of R. leguminosarum biovar trifolii WSM2304 

for nodulation of some clover species as they do in Rlv. 3841 for Vicia plants.  

Enzyme assays to elucidate the functions of bvs4 and bvs5 genes have 

suggested that the bvs4 and bvs5 genes may constitute or be a part the 

functional genes of an operon. Further studies are required for the complete 

characterization of the operon to locate its promoter, operator and regulatory 
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genes. In an operon, a single polycistronic mRNA translates a number of 

functional genes. A possible method to identify an operon could be to reverse 

transcribe the mRNA and check the sequence of product against the genome 

sequence to determine the number of genes contained in it.  An investigation of 

the Mesorhizobium loti glycogen operon was conducted by Lepek et al. (2002) 

using this method. Besides, application of RT(reverse transcription)-PCR has 

also been applied to identify operons in Azoarcus, Xanthomonas and 

Cyanobacterium (Egener et al., 2001, Nguyen et al., 2012, Weber et al., 2007).  

Enzymatic function of bvs5 has been identified and has been shown to play an 

important role in nodulation competition. Hence, it would be an interesting project 

to study the plant exudates, especially from Vicia plants, to detect presence of 

compounds that can be used as substrates by bvs5 gene product. This will help 

identify the precise compounds that confer nodulation advantage to the strains 

carrying this gene.   

Recent studies investigating the role of nitrilases in plant-microbial associations 

have helped understand the possible role of bvs4 gene in the light of its function 

as derived from this study. Gong et al. (2012) have indicated that nitrilases are 

widely found in plants and bacteria and the enzyme family is involved in a range 

of metabolic processes. Spaepen and Vanderleyden (2011) reviewed the 

pathway on plant auxin production in plant-bacterial symbiosis. They found the 

presence of specific nitrilases in bacteria that convert indole-3-acetonitrile (IAN) 

to the plant auxin indole-3-acetic acid (IAA). However, in my work Rlv. 3841 did 

not demonstrate the ability to growth on indole-3-acetonitrile in minimum medium. 

Study by Mano and Nemoto (2012) and Zhao (2012) also mentioned that this 

pathway was not the main source of IAA synthesis, and nitrilases of this pathway 

were normally produced by plants. Ahsan and Stevenson (2014) mentioned that 

some nitrilases found in bacteria were involved in nitrogen assimilation and other 

processes. According to Piotrowski et al. (2001) and Piotrowski (2008), nitrilases 

could participate in nitrogen transport mechanisms in which bacterial nitrilases 

could also play a part in assimilation nitrogen (Howden et al., 2009).  

Studies on plant symbiosis and pathogenic bacteria generally support the idea 

that bacterial hydrolysis of nitriles plays a role of detoxification. Stam et al. (1985) 

mentioned that Rhizobium ORS571 could assimilate cyanide but the key enzyme 

responsible in the assimilation process was nitrogenase. Legras et al. (1990) 
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reviewed different pathways of hydrolysis of nitriles and indicated that nitrilase 

and nitrile hydratase were commonly involved in the detoxification process. 

Fallon et al. (1997) studied a plant pathogen, Pseudomonas putida, and found it 

could degrade nitriles. Wittstock and Gershenzon (2002) pointed out that nitriles 

were a kind of toxin produced by plants as a defence against pathogens, whose 

mechanism was confirmed by Banerjee et al. (2002).  Feng et al. (2008) found 

that Mesorhizobium spp. F28, isolated from a wastewater treatment system, has 

a nitrile hydratase (NHase)–amidase (AMase) system to convert nitrile that could 

possibly be used for nitrile biotransformation.  Veselá et al. (2010) studied the soil 

actinobacteria Rhodococcus rhodochrous PA-34, Rhodococcus sp. NDB 1165 

and Nocardia globerula NHB-2 grown in the presence of isobutyronitrile and 

found that the strains exhibited nitrilase activities towards a benzonitrile system. 

The studies mentioned above have demonstrated that the nitrile hydrolysis 

enzymes are widely present on genomes of soil bacteria and serve different roles 

to adapt to the environment. Based on the studies above, it is possible that bvs4 

may have a role to play in rhizobium-plant defence, nitrogen assimilation and 

transport or may be involved in the detoxification of toxic nitriles. Further studies 

could be carried out concentrating on potential substrates of bvs4 to understand 

its role in legume plants and possible detoxification processes. Root exudates of 

the host plants of biovar viciae like pea can be analysed to detect the presence of 

nitriles that can be metabolised by the nitrilase produced by bvs4 to elucidate its 

function in the symbiotic process. 

Workun et al. (2008) observed that the enzyme sulphite oxidase (bvs5) contained 

a Mo-PPT cofactor and a Cys-protein-Mo ligand that played critical role in 

maintaining the integrity and sustainability of the enzyme. Kappler (2011) 

indicated that the enzymes could be linked to the detoxification of sulphite 

produced from amino acid degradation in animals and plants. Mihara and Esaki 

(2002) indicated that cysteine desulfurase could provide sulphur source for 

biosynthesis of molybdopterin cofactor, a component of the enzymes belonging 

to the family of Mo-binding oxidoreductases; of which bvs5 is a member. Rubio 

and Ludden (2008) mentioned that cysteine desulfurase could support the 

synthesis of iron-Mo cofactor in nitrogenase.  These studies suggest two possible 

pathways that bvs1 could join : synthesis of bvs5 cofactor or nitrogenase cofactor. 
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In soil, sulphite can be found in both inorganic and organic forms and it is thought 

to damage plant roots, especially in acidic conditions (Chen et al., 2009). Sulphite 

oxidation may occur in both plants and rhizobia for detoxification in the 

rhizosphere. Other protective functions like preventing DNA, protein and lipid 

damage may also be performed by these enzymes. In addition, sulfur-metal 

clusters are needed for nitrogen fixation as a part of the enzyme nitrogenase 

(Howard and Rees, 2006). Further studies on bvs5 could investigate sulphite 

oxidase function in symbiosis, including identifying the bvs5 substrates in plant 

secretions or exudates which could tell us the participation of this enzyme in 

symbiosis. Sugiyama and Yazaki (2012) suggested that some root volatiles from 

legumes could attract rhizobia from distance. Hence, it is possible that the 

rhizobial detection and processing of sulfur-containing flavonoids and root 

volatiles might need the activity of sulfite oxidase.  The studies might also be able 

to suggest if bvs1 and bvs5 genes are connected to each other as a part sulfur 

metabolism. 

The function of bvs4 and bvs5 genes being elucidated, the structure prediction of 

bvs4 and bvs5 encoded proteins using computer modeling can be done using a 

variety of software as a part of the future work in order to study the protein-

substrate binding. However, as in the case of confirming bioinformatic predictions 

with laboratory based work, it would be a good idea to confirm the 3-D structure 

of the crystallized protein using X-ray diffractometry or X-ray crystallography.  

Looking at the bigger picture involving all the five bvs genes, we can say that the 

enzymatic activities of bvs4 and bvs5 have been confirmed, bvs1 could possibly 

be linked to biosynthesis of cofactor required by the bvs5 coded enzyme. Genes 

in the families that contain bvs2 and bvs3 have been reported as potential 

regulators of a number of genes (Christopherson et al., 2012, Maddocks and 

Oyston, 2008). Since they are always found together in different strains, they are 

likely all involved in the same process. But their functions are unknown and have 

not been observed to have any obvious effect on rhizobial growth and nodulation. 

Further studies could be carried out to clarify the organization and functioning of 

the operon, these studies could possibly be reverse transcription PCR and 

competitiveness test using more R. leguminosarum biovar viciae strains. 

The study of the metabolic profiles of the test strain revealed an interesting 

finding. The strain R. phaseoli ATCC14482T lacks the ability to utilize all of the 
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common sugar substrates included in the Biolog GN2 MicroPlate. Ramirez-

Bahena et al. (2008) have reported similar findings wherein they found that the 

strain utilized pyruvate, an important metabolic intermediate, very poorly. This 

distinct metabolic trait of the strain is worth further investigation and could help 

shed light on the metabolism in rhizobia.  A thorough investigation into the 

genetic differences between R. phaseoli ATCC14482T and Rlv. 3841 may shed 

some light on the metabolism in rhizobia.  

6.4. Final remarks 

 

Plants release specific flavonoid 

 

Rhizobia approach plants roots 

 

NodD expression 

 

Flavonoid bind with NodD 

 

Activate nod genes coding nod factors 

 

Root-hair curling, cell wall breakdown, cell membrane invagination 

 

Rhizobia form infection thread, enter root cells, form bacteroid 

 

Nodules formed, nitrogen fixation start 

Figure 6.1. Steps involved in the Nodulation process 

Symbiosis between rhizobia and legumes involves a number of biochemical 

reactions, changes and processes including flavonoid synthesis and recognition, 

nodulation protein synthesis, changes in legume root structures, formation of 

bacteroids and finally, nitrogen fixation. During this process, relevant genes 

participate in two ways : by joining the main metabolism for symbiosis - like the 

nodulation genes, which determine the biovar of rhizobia strains; or by supporting 

the formation of symbiosis. Genes relevant to rhizobial competitiveness and 

others that help overcoming plants specific defense barriers are also important in 

nodulation. 
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Starting with the discovery of five genes in one biovar of a species but not 

another in a local population, the study of bvs genes was extended to a number 

of strains from species and biovars from different locations. As more and more 

genomes are sequenced, more genes will be discovered which may show 

preponderance in one species or biovar over other. As was observed for the bvs 

genes, such genes may confer traits that provide an adaptive advantage to the 

strain or species carrying those genes.  Further investigations on bvs genes 

should be done to understand in-depth the detailed mechanism of their effects on 

rhizobium biovar viciae strain competitiveness, especially on the pathway which 

they participate during the formation of symbiosis. In addition, more and better 

quality sequence data from other Rhizobium biovar viciae strains, coupled with 

laboratory based evidence of bvs genes and other possible specific gene 

functions are the need of the day to better understand the relationship between 

these genes and the environment. 
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APPENDIX : MEDIA COMPOSITION 

1. Tryptone-Yeast extract (TY) medium 

 

2. Fahraeus medium  

3. Physiological saline 

 

 

 

Tryptone 5 g 

Yeast extract 3 g 

CaCl2 0.89 g 

Agar (for plates) 15 g 

pH 7.2-7.4 

  Deionized Water Bring up to 1 litre 

CaCl2 0.132 g 

MgSO4.7H2O 0.12 g 

KH2PO4 0.1 g 

Na2HPO4 0.075 g 

Fe-citrate 5 mg 

MnCl2.4H2O 0.07 mg 

CuSO4.5H2O 0.07 mg 

ZnCl2 0.07 mg 

H3BO3 0.07 mg 

Na2MoO4.2H2O 0.07 mg 

pH 7.5 

  Deionized Water Bring up to 1 litre 

NaCl  9 g 

Deionized water Bring up to 1 Litre 
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4. Rhizobium Defined Medium (RDF) 
 
Stocks: 
 
RDM A stock (10X) : 

RDM B stock (10X) : 

Biotin stock :  

Thiamine stock : 10 mg/mL 

RDM : 

 

KNO3 6 g 

CaCl2.2H2O 1 g 

MgSO4.7H2O 2.5 g 

FeCl3.6H2O 0.1 g 

  Deionized Water Bring up to 1 litre 

K2HPO4 10 g 

KH2PO4 10 g 

  Deionized Water Bring up to 1 litre 

Biotin 0.0125 g 

  Deionized Water Bring up to 50 ml 

Thiamine 0.5 g 

  Deionized Water Bring up to 50 ml 

RDM A stock  100 ml 

RDM B stock 100 ml  

Sucrose 5 g 

Thiamine stock 1 ml 

Biotin stock 4 ml 

Agar (for plate culture) 15 g 

  Deionized Water Bring up to 1 litre 
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LIST OF ABBREVIATIONS 

ACC 1-Aminocyclopropane-1-Carboxylate  

AFLP Amplified Fragment Length Polymorphisms  

ANOVA  Analysis of Variance 

API Application Programming Interface  

APX Ascorbate Peroxidase 

ARDRA Amplified rDNA (Ribosomal DNA) Restriction Analysis 

ATCC American Type Culture Collection 

ATP Adenosine Triphosphate 

BLAST Basic Local Alignment Search Tool 

BLASTn Basic Local Alignment Search Tool for nucleotide 

BLASTp Basic Local Alignment Search Tool for protein 

bvs biovar viciae specific 

CCBAU Culture Collection, Beijing Agricultural University 

CFN Centro de Investigacion sobre Fijacion de Nitrogeno 

ChrN Chromosomal nitrilase 

CIAT Centro Internacional de Agricultura Tropical 

CIP Calf-Intestinal Phosphatase 

CN-hydrolases Carbon-Nitrogen hydrolases 

cPMP Cyclic Pyranopterin Monophosphate 

C-W-E motif  Cysteine-Tryptophan-Glutamic acid motif  

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic acid  

DNRA 
dNTP 

Dissimilatory Nitrate Reduction to Ammonia 
deoxyribonucleic acid 

DSM 
Deutsche Sammlung von Mikroorganismen und 
Zellkulturen 

E-K-C catalytic triad Glutamic acid, Lysine and Cysteine catalytic triad 

Euk-NR Eukaryotic Nitrate Reductases  

FAME Fatty Acid Methyl Ester  

FASTA  FAST Alignment 

GN Gram Negative 

GTP Guanosine Triphosphate 

HGT Horizontal Gene transfer 

IAA Indole-3-Acetic Acid  

IAN Indole-3-Acetonitrile  

ITS Internal Transcribed Spacer 

KDO 2-keto-3-deoxyoctanoic acid  

KDPG 2-dehydro-3-deoxy-phosphogluconate aldolase 

KEGG Kyoto Encyclopedia of Genes and Genomes 

KGA a-Ketoglutaric Acid  

LB Luria Broth 

LMG Laboratorium voor Microbiologie 

LPS lipopolysaccharide  

L-PSP  liver perchloric acid soluble protein 

LSD Least Significant Difference 

LTTRs LysR-Type Transcriptional Regulators  
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MCS  Multiple Cloning Site 

MEGA Molecular Evolutionary Genetics Analysis  

MLST Multilocus Sequence Typing 

MPT Molybdopterin 

NADP+ oxidized Nicotinamide Adenine Dinucleotide Phosphate 

NADPH reduced Nicotinamide Adenine Dinucleotide Phosphate  

NCBI National Center for Biotechnology Information 

NEB New England Biolabs 

NR Nitrate Reductase 

NRCPB National Research Centre on Plant Biotechnology  

PCA Principal Component Analysis 

PCR Polymerase Chain Reaction 

pfu Pyrococcus furiosus 

PLP Pyridoxal 5’-Phosphate  

PMF Proton Motive Force  

POX Peroxidase  

pSym Symbiosis plasmid 

QS Quorum Sensing  

RDM Rhizobia Definition Media 

RFLP Restriction Fragment Length Polymorphism 

Rlv Rhizobium Leguminosarum 

RNA Ribonucleic Acid 

rRNA Ribosomal RNA 

RT-PCR  Reverse Transcription PCR 

SAM S-Adenosyl Methionine 

SNF Symbiotic Nitrogen Fixation 

SO Sulfite Oxidases  

TMAO Trimethylamine-N-Oxide 

TPF Targeted PCR Fingerprinting  

TY Tryptone Yeast 

UPGMA Unweighted Pair Group Method with Arithmetic Mean 

USDA  United States Department of Agriculture  

X-gal  5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
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